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Abstract

This master thesis focuses on the acoustic scattering and diffusion of an object on a back-
ground surface. Geometric acoustic prediction models use the scattering and diffusion for
calculating the room acoustic parameters. Usually, the effect of an object on a surface is
not calculated and taken as negligible. However, for large spaces with little absorption the
effect on the diffusion might be different than expected. This exploratory study focuses on
the low frequency effect. Simulations using the boundary element method are performed
and the scattering and diffusion coefficient of different shaped objects on a rigid surface are
determined. The different shaped objects are compared to a reference model. The reference
model has an object with a measure of 1 meter by 2 meter and a thickness of 0.1 meter. The
object is centred on a background surface of 4 meter by 8 meter. The results show that a
scattering coefficient of 0.1 can be found for the reference model. For thicker objects the
scattering coefficient will increase to 0.2. The width and height of the object does not have
a large influence on the scattering coefficient, it increases a little compared to the reference
model. As regards the diffusion coefficient, the results show that the prescribed methods are
not suitable. Therefore an adapted method was designed to calculate the diffusion coeffi-
cient. This study shows that the reference model has a diffusion coefficient between 0.1 and
0.2. Concluding, the calculated coefficients do differ from the assumed values used by the
geometric acoustic prediction models and it is recommended to add calculated coefficients
to these prediction models. Further research about the method of calculating the diffusion
coefficient, the high frequency effects and the effect on the results of the geometric acoustic
prediction models is recommended.
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1
INTRODUCTION

The behaviour of sound in enclosed spaces is a major topic in the field of room acoustics.
The acoustic quality of a room is quantified by its acoustic parameters. In order to deter-
mine the acoustic quality of the room before it is built, the acoustic parameters are pre-
dicted during the design phase of a project. Those predictions are performed using geomet-
ric room acoustic prediction models, which are relatively simple simulation models that will
give a quick understanding of the acoustic parameters. These prediction models demand
the properties of all materials used in the room, for instance the absorption coefficient and
the transmission coefficient. In addition in the early 90’s, the importance of the diffusion co-
efficient and the scattering coefficient, which describe the characteristics of the reflection of
an incoming wave, was acknowledged [34]. For large rooms with little absorption, the scat-
tering and diffusion are important for the acoustic quality of the room. If the sound wave
is not absorbed, the sound wave will be reflected and those reflections can cause a longer
reverberation time. Low frequencies are harder to absorb by most materials and therefore,
the low frequency scattering and diffusion will be used in this study.

This study focusses on the determination of the scattering coefficient and the diffusion co-
efficient of an object on a background surface. This applies for instance for a classroom
with a blackboard or for a museum with art on the wall. The scattering coefficient and diffu-
sion coefficient of an object and the background surface is generally not calculated because
first an object is assumed interior and therefore not added to the design phase of a building
project in which the acoustic predictions are made. Second, the coefficient is mostly un-
known because there is not yet such a thing as a material database, and the coefficients are
therefore assumed to be low (0.1) or high (0.7) [7, 8, 24]. However, for large spaces with little
absorption these objects can have a major influence on the reflection and therefore on the
room acoustic properties and the comfort and usability of the room. It may be concluded
that it is important to calculate the actual value of these coefficients during the design phase
of a project and implement the accurate values into the prediction models. The research
question of this study will therefore be as follows.

What is the scattering and diffusion coefficient of an object on a background
surface for low frequencies?

It is expected that the scattering and diffusion coefficient will depend on the ratio between
the studied frequency and the thickness of the object or the size of the irregularities, due
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2 1. INTRODUCTION

to the fact that the dimensions of the object should be in the order of magnitude of the
wavelength. The smaller the irregularities are, the higher the frequency and the smaller
the wavelength has to be to influence the reflection and the scattering and diffusion coeffi-
cient. Therefore, the coefficients in this study are expected to be low and only large adjust-
ments of the object are expected to have an influence on the results. For this study different
shapes and positions of the object are modelled and simulations using the boundary ele-
ment method with the program OpenBEM are performed.

More information about the background of research and the literature can be found in
Chapter 2. The calculation of the scattering coefficient will be based on the ISO-standard
17497 and the calculation of the diffusion coefficient will be based on the AES-standard 4id-
2001 [1, 18]. A definition of the of the scattering coefficient and the diffusion coefficient can
be found in Chapter 3 as can the mathematics of the simulation method. The methodology
and the model designed for this study can be found in Chapter 4. The results, discussion
and conclusions of this study can be found in Chapter 5, Chapter 6 and Chapter 7.



2
BACKGROUND

When a sound wave hits a surface, the wave will be absorbed, reflected and transmitted. The
reflection has two main forms. First, the reflection can be specular to the incoming wave or
second the surface can spread the wave into different directions. Figure 2.1 shows the effect
in time and direction for absorption, specular reflection and diffuse reflection. As seen in

Figure 2.1 Characteristics in temporal response and polar response of absorption, specular re-
flection and diffuse reflection of an incident sound wave [13]
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4 2. BACKGROUND

Figure 2.1, if the wave is absorbed, the reflection has less energy than the incoming wave.
If the wave is specularly reflected, there is a clear and short time range of the reflection.
Also the specular reflected sound wave has a clear direction, the specular direction. If the
reflection is diffuse, the reflected energy has a broader range in time and scatters energy in
all directions.

In a real-world situation the reflection is always partly specular and partly diffuse. An inci-
dent sound wave is inevitably scattered in directions other than the specular direction. The
amount of this spreading depends on the geometry of the surface, the frequency and on the
angle of incidence of the incoming wave. There is a range of frequencies, depending on the
roughness depth and the repeat distance, for which a wave causes a diffuse reflection, this
is shown in Figure 2.2. The centre picture of Figure 2.2 shows the effect if the frequency ( f )

Figure 2.2 Depending on the roughness depth (h) and the repeat distance (a), only a certain
frequency range causes diffuse reflections [12]

is almost equal to c/2a (speed of sound divided by two times the size of the irregularity) and
causing a diffuse reflection. This means that for a wave of 500 Hz, the irregularities should
have a measure of about 0.3 m. If the frequency is much lower, the wavelength will be large
(λ= c/ f ) and the small irregularities do not cause diffusion (left side of Figure 2.2). On the
other hand if the frequency is much higher, the irregularities are not be ‘seen’ by the wave
because of the small wavelength, and the wave acts like an incident wave on a flat surface
(right side of Figure 2.2).

Diffuse reflections are defined by two coefficients. The first is the scattering coefficient,
which is concerned with the amount of energy reflected in the non-specular direction and
second, the diffusion coefficient is concerned with the distribution of the reflected energy,
see Chapter 3. Due to these definitions, the scattering coefficient is mainly used for rough
surfaces. The direction of the diffuse reflected energy is not of any interest when determin-
ing the scattering coefficient. The diffusion coefficient on the other hand is mainly used
for diffusers. Those diffusers are objects specially designed to create a diffuse sound field
which can lead to a lower reverberation time and less echoes in spaces where the sound is
important, like in a concert hall. Research about the scattering and diffusion coefficient is
primarily concerned with the determination of the scattering and diffusion coefficients of
rough surfaces and diffusers [25].

Figure 2.3 shows the scattering coefficient for a plate with 1D sinusoidal periods, 2D sinu-
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soidal periods and a pseudo-random rough surface. The irregularities of these geometries
are small and have a height of 0.06 m and a repeat distance of 0.2 m. Therefore the reflection
will only be influenced if the frequency is high enough (in accordance with Figure 2.2). For
this example the scattering coefficient increases if the frequency becomes higher than 700
Hz for all variants.

Figure 2.3 Example of the scattering coefficient for a 1D sinusoidal periods (Type 1), 2D sinu-
soidal periods (Type 2) and pseudo-random rough surface (Type 3) [22]

Figure 2.4 shows an example of different shaped diffusers and the corresponding diffusion
coefficient. The diffuser is designed to provide a more uniform ambient sound field while
limiting the amount of sound energy removed by absorption. Because the diffuser is com-
monly visible by the users of the room, also the aesthetics are important. Depending on
the type of diffuser, the diffusion coefficient will increases or decrease if the frequency in-
creases. This dependency on the frequency can be explained by the fact a high frequency
has a smaller wavelength and will therefore interact in a different way with the diffuser.

Figure 2.4 Example of the diffusion coefficient for different shaped diffusers [13]

Acoustic parameters and especially the reverberation time can be predicted using a geo-
metric room acoustic prediction model. This means that a model of a room is created and
performing a simulation predicts among others the reverberation time of this room. Geo-
metric room acoustic prediction models use only the scattering coefficient as a input vari-
able. Knowing of the amount of energy that is specular reflected is enough to predict the
room acoustic parameters. The direction of the scattered energy is assumed using mathe-
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matical distributions. Therefore the scattering coefficient and not the diffusion coefficient
is used in these models.

Formerly, diffuse reflections where not included in geometric room acoustic prediction
models but in 1995 a study about the accuracy of these models shows the importance of in-
cluding the diffuse reflections in prediction models [34]. In this round robin investigation,
simulation programs with and without including the scattering coefficient were investigated
and the simulations where compared to measurements. The results show a remarkably bet-
ter similarity between the simulated and measured reverberation time when diffuse reflec-
tions were included in the prediction model. Only the three models that include diffuse
reflections show results within the tolerance boundaries of the reverberation time [34]. Sev-
eral studies about the prediction models and diffuse reflections later on showed the same
result [2, 25]. Since this effect as been recognized the coefficient is added to most predic-
tion methods. Therefore the second and third round robin studies of the prediction models
do not show such a remarkable difference. Concluded in these studies is the importance
of modelling a diffuse surface by planes with the correct absorption and scattering coeffi-
cients [3, 4, 5]. The results of these studies have led to the adoption of the coefficients in the
standards in 2001 [1, 18, 34].

Recent research focuses generally on the measurements of room acoustic parameters. For
instance for concert halls the sound diffusing elements are considered one of the most crit-
ical aspects in the acoustic design. These measurements are concerned with the determi-
nation of the appropriate location and shape of the diffuser without reducing the attention
for the aesthetics [19, 20]. A first study about the effect of different scattering coefficients
on the room acoustic parameters and the perception of the users of the room shows that
the effects are low [32]. The direct link between the diffusion and scattering coefficient and
the room acoustic quality of a space is a subject for further research. Also a database for
scattering coefficients of materials still is a subject of research. As mentioned before, the
scattering coefficient of most materials is assumed low or high but for more and more ma-
terials a database is constructed [7, 8, 24]. Concerning the determination of the scattering
and diffusion coefficients new and easier methods with a higher accuracy are also a subject
of research [12, 30].

Geometric acoustic analysis is based on the energy propagation neglecting the wave na-
ture of sound. In this way the analyses need less computational power and it is widely used
for practical acoustic design. Nevertheless it is nothing more than an approximation of the
wave propagation, and not a model of the real-world. This type of simulations are called ray
based [29]. Besides the geometric acoustic analyses also wave based analyses are developed.
Wave based acoustic analyses models a sound field as a discrete system in time or frequency
domain and solves the wave equation. This results in more accurate values, but also requires
more computational power and measurement time. Therefore the ray based methods are a
fair approximation and a good alternative to the more complex wave based methods dur-
ing the design phase of a building project. For this study a wave based simulation will be
performed to determine the correct values for the input of a ray based simulation.

Simulation of sound is generally performed using the Finite Element Method (FEM) or the
Boundary Element Method (BEM), which are wave based methods. The boundary element
methods became an attractive alternative to the finite element methods when better accu-
racy and therefore more computational power was required and for cases where the domain
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extended to infinity. Since for the boundary element method only requires a discretization
of the surface rather than the volume, the computational effort is reduced considerably. Be-
sides, the generation of the models and meshes is easier for the boundary element methods
and therefore changes of the design do not require complete remeshing of the surfaces or
the volume [9, 33].

A simple simulation with Comsol Multiphysics was performed in order to determine the
feasibility of using FEM [10]. The feasibility study can be found in Appendix A. Comsol has
the benefit of combining different areas of investigation. It is possible to also take into ac-
count the structural effects, for instance the movement of the object. For this study there
will only be a focus on the acoustic effects, but for follow-up studies this can be impor-
tant. The results of the feasibility study show that a FEM analyses was not the most ideal
for this research. The computational power could not meet the requirements and the using
Comsol was not the easiest method to carry out this study. In the case of this study a value
on the boundaries is enough to calculate the sound pressure at a selected receiver point.
Therefore the more simplistic approach of BEM was chosen by using the open source soft-
ware OpenBEM [21]. This is an open source Matlab script that uses the boundary element
method to determine the sound pressure on the receiver points. The sound pressures are
used to calculate the scattering and diffusion coefficient of the objects on the background
surface. More information about the mathematics of BEM and the software can be found in
Chapter 3.





3
THEORY

There are two measures involving the diffuse reflection of a material, the scattering coeffi-
cient and diffusion coefficient. These two coefficients are regularly confused and the dif-
ference has only been captured since two international standard working groups created
two standards [17]. In 2001 the measurement method for obtaining the random incidence
scattering coefficient has been defined in the ISO 17497-1: Acoustics - Measurement of the
sound scattering properties of surfaces [18]. Thereby an official definition of the scattering
coefficient was created. Not long after this ISO standard also the definition and measure-
ment method of the diffusion coefficient was defined in the standard AES-4id-2001 [1].

The difference between the two coefficients concerns the focus on the distribution of the
reflected energy. The scattering coefficient does not take into account the direction of the
scattered energy but only focuses on the amount of sound energy scattered away from the
specular reflection direction (the quantity of the diffuse reflection). On the other hand, the
diffusion coefficient measures the spatial distribution of reflections in terms of the similar-
ity between the scattered polar distribution and a uniform distribution (the quality of the
diffuse reflection) [12]. As an example, when imagining two scattered polar distributions
which differ to each other in all directions except for the specular direction, the scattering
coefficient will be the same for both cases since the amount of energy scattered away from
the specular direction is the same. The diffusion coefficient will differ in both cases because
the homogeneity of the scattered energy differs.

3.1. SCATTERING COEFFICIENT

The scattering coefficient is defined as the ratio between the non-specularly reflected sound
energy and the totally reflected energy. The principle of the coefficient is to separate the
reflected energy into a specular part and a scattered part. In Figure 3.1 the total incoming
energy Etot al is divided into absorbed energy (αs), specular reflected energy (Espec = (1−
αs)(1− s)) and diffuse reflected energy ((1−αs)s).

Espec = (1−αs)(1− s) ≡ (1−αspec ),

Etot al = (1−αs).
(3.1)

Equation (3.1) results from Figure 3.1 and is used to determine the scattering coefficient
[35, 13]. This equation gives the definition of the specular reflected energy (Espec ) and the

9



10 3. THEORY

Figure 3.1 Scattering from a rough surface and the separation of reflected energy into scattered
and specular components [12]

total energy (Etot al ) in terms of the scattering coefficient (s), the absorption coefficient (αs),
and the apparent specular absorption coefficient (αspec ). The specular absorption coeffi-
cient is the energy dispersed from the specular reflection directions. Using Equation 3.1 it
is possible to determine the scattering coefficient s. Both the total energy and the specular
reflected energy will be used for this definition.

sφ = αspec −αs

1−αs
= 1− Espec

Etot al
. (3.2)

The scattering coefficient depends on the angle of incidence (φ) and on the frequency, but
analogue to the absorption coefficient also an angular averaged scattering coefficient can
be obtained. This is the so-called random incidence scattering coefficient and can be cal-
culated per 1/3 octave band.

The scattering does not include any information about the directivity of the scattered en-
ergy. Computer models use statistical methods to define the direction of the diffuse reflec-
tion. Although generally not physically exact, in room acoustical prediction methods the
directional energy distribution may be expressed in terms of Lambert’s cosine law if the
scattering coefficient s is known, see Equation (3.3).

Ir = Ii dS
cosθr cosθi

πr 2 . (3.3)

In this Equation the distribution of the diffuse reflections depends on the angle of incidence.
The intensity (in W /m2) of the incidence ray is defined as Ii , which contacts with a surface
area dS at an angle θi . Then the reflected intensity Ir (at angle θr and distance r ) is given by
Lambert’s cosine law [23, 35].

3.2. DIFFUSION COEFFICIENT

The diffusion coefficient describes, contrary to the scattering coefficient, the quality of the
diffusion and it will give a measure to the uniformity of the diffusion. To receive this mea-
sure, the energy reflected from the surface is represented as a free-field polar response. An
example of such a polar response can be found in Figure 3.2. The diffusion coefficient is
than a single value that represents the uniformity using an autocorrelation function. An
autocorrelation function is commonly used to measure the similarity between a signal and
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Figure 3.2 Polar responses with an incidence source at 2800 Hz and 30◦, with left a standard
curved diffuser and right a standard curved diffuser (thick) compared with an opti-
mized diffuser (thin) [11]

a delay version of itself. For the diffusion coefficient the autocorrelation function is used
to measure the similarity of the direction of the scattered energy. A surface which scatters
sound uniformly to all receivers will produce a high value in the autocorrelation function.
If the same energy is scattered in all directions, then the diffusion coefficient is one; this is
termed complete diffusion. If all the energy is scattered in one direction, than the diffusion
coefficient is zero [12, 13]. This means that first the polar responses need to be determined
and then the data is reduced from the polar response to a single figure of merit. The standard
AES-4id-2001 [1] gives the autocorrelation diffusion coefficient as being the most robust and
useful measure [17]. For a fixed source position the diffusion coefficient will be calculated
using Equation (3.4).

dφ =
(∑n

i=1 10Li /10
)2 −∑n

i=1

(
10Li /10

)2

(n −1)
∑n

i=1

(
10Li /10

)2 ,

≈
(∑n

i=1 10Li /10
)2

n
∑n

i=1

(
10Li /10

)2 ,

(3.4)

where Li is the set of sound pressure levels, n is the number of receiver points and φ is the
angle of incidence [12, 17]. Also an angular average over all angles on incidence can be taken
for the diffusion coefficient to calculate the random incidence diffusion coefficient.

3.3. BOUNDARY ELEMENT METHOD

To determine the reflection of an object on a background surface, a 3D BEM analysis is per-
formed. The boundary element method is a numerical method to solve scattering and radi-
ation problems in acoustics. It has emerged as a powerful alternative to the finite element
method used by programs such as Comsol. The software OpenBEM, developed by Peter
Juhl and Vicente Cutanda Henriquez from the University of South Denmark, is used [14].
OpenBEM is a collection of Matlab codes that can be used to solve the Helmholtz equation
with a focus towards acoustics. This section provides more information about the Boundary
Element Method and the OpenBEM software.
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To define the behaviour of a sound wave in space and time, the wave equation is used. This
equation includes several assumptions about the nature of the medium. The medium fol-
lows the theory of the conservation of mass and Newton’s second law of motion. Equation
(3.5) shows the homogeneous wave equation which is a linear partial differential equation
of second order and describes the propagation of sound waves in terms of pressure [21, 28].

∇2p = 1

c2

∂2p

∂t 2 . (3.5)

With p the sound pressure and c is the speed of sound (343 m/s, dry air at 20 ◦C). Where
∇2 is the laplacian sum of the second derivatives, the divergence of the gradient and ∇2p
is the instant variation of pressure from the equilibrium pressure. For this study only time
harmonic waves will be used since the frequency will be the depended variable. Therefore
p(x, y, z, t ) = Re(p(x, y, z)e iωt ) whereω is the circular frequency withω= 2π f , where f is the
frequency. Equation (3.6) shows the Helmholtz equation for time harmonic waves where the
time factor e iωt is omitted [6].

∇2p +k2p = 0, (3.6)

where k is the wave number given by k = ω
c = 2π

λ .

Considering a three dimensional volume bounded by surface S in a medium V with density
ρ0 and without sound sources in medium V , see Figure 3.3. A fundamental solution for the

Figure 3.3 Volume bounded by surface S with receiver point P at r0 and point Q at r [21]

.

pressure at point P caused by a point source at point Q, is Equation (3.7).

∆G(~r ,~r0)+k2G(~r ,~r0) =−4π δ(~r −~r0), (3.7)

where δ is the Dirac delta function and G is the Green function. A fundamental solution of
the Green function is Equation (3.8), the so-called free-space Green’s function.

G(~r ,~r0) = e j k|~r−~r0|

~r −~r0
. (3.8)
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When subtracting Equation (3.6) multiplied by G from Equation (3.7) multiplied by p Equa-
tion (3.9) can be received.

−4πpδ(~r ,~r0) =G∆p −p∆G . (3.9)

Equation (3.9) will be integrated over volume V to get Equation (3.10).∫
(G∆p −p∆G)dV =−4π

∫
pδ(~r ,~r0)dV. (3.10)

The left side holds if ~r0 is in volume V . Using the Gauss theorem Equation (3.10) can be
formulated as an integral over the surface S (Equation (3.11)).

4π
∫

pδ(~r ,~r0)dV =
∫ (

G
∂p

∂n
−p

∂G

∂n

)
dS, (3.11)

where n is the unit vector perpendicular to S pointing into V . The free-space Green’s func-
tion and the pressure p satisfy Sommerfeld’s radiation condition which means that far from
the sources any radiated pressure will go to zero. When the normalized surface impedances
Z are known, the normal velocities ν at the surface and the the solution of p(~r0) can be
found using following Equations (3.12).

∂p

∂n
=−ρ∂ν

∂t
= iωρν,

Z = p

ν
.

(3.12)

Equation (3.11) is reformulated into a boundary integral equation defined on the boundary
surface S (Equation (3.13)).

4π
∫

pδ(~r )− (~r0)dV =
∫ (

p
∂G

∂n
+ i k ZνG

)
dS. (3.13)

The left side of Equation (3.13) depends on the place of P (~r0). This term will be zero within
surface S, it will be 4πp(~r0) outside surface S and it will be C (~r0)p(~r0) when placed on the
surface S. Where C (~r0) is the solid angle measured from V . Equation (3.13) can be refor-
mulated when knowing point P at the distance ~r0 outside the surface S and Q at a distance
~r .

C (P )p(P ) =
∫ (

p(Q)
∂G(P,Q)

∂n
+ i kzν(Q)G(Q,P )

)
dS. (3.14)

C (P ) = 4π for point P placed in the domain V . When calculating a scattering problem also
a term p I has to be taken into account. p I is the complex amplitude of the incoming wave
in absence of the body. For a radiation problem p I vanishes.

Concluding for a time-harmonic wave and with the time factor e iωt omitted, the Helmholtz
integral formula can be expressed in terms of the complex pressure p and the complex
surface velocity normal to the body ν. This formula is valid in an infinite homogeneous
medium outside a closed volume with a surface S (Equation (3.15)).

C (P )p(P ) =
∫ (

p(Q)
∂G(R)

∂n
+ i kzν(Q)G(R)

)
dS +4πp I (P ), (3.15)
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where P is a point either inside, on the surface of, or outside the volume bounded by surface
S. Point Q is a point on the surface S. The distance between Pand Q is R = |P −Q| and
G(R) = e−i kr /R, the free-space Green’s function. The wave number k =ω/c, where ω is the
angular frequency, c is the speed of sound, Z is the characteristic impedance and n is the
unit vector perpendicular to the surface S [21, 29].

3.3.1. OPENBEM

To apply the boundary element method Peter Juhl and Vicente Cutanda Henriquez from the
University of South Denmark developed the software OpenBEM. This is an open source col-
lection of Matlab codes to solve the above mentioned equation (3.15) in 2D and 3D [15]. The
collection of Matlab codes is used to solve the Helmholtz equation numerically. OpenBEM
uses the BEM variant called direct collocation method, which deals directly with the acous-
tic variables (the pressure p and the particle velocity ν). The body is therefore divided into
N elements with M nodes. For every node the influence on the receiver point is calculated.
The simulation program rewrites Equation (3.15) to create a pressure matrix A, a velocity
matrix B containing all nodes on the surface and constants C which relates to the solid an-
gles as seen from the surface. OpenBEM discretizes the surface which results into a matrix
equation, see Equation (3.16).

C p = Ap +B(−i kρc)ν+4πp I (3.16)

Here p and v denote the pressure and normal velocities at the nodes. With point P placed at
the surface, the left-hand side can be subtracted from the first term in the right-hand side of
Equation (3.16). Then the pressure on the nodes can be expressed as a function of the nor-
mal velocity or the incident pressure on the surface depending on a radiation or a scattering
problem. In the case of this study it is a scattering problem and therefore the pressure p can
be expressed as a function of the incident pressure p I .
The matrix B has to be multiplied by i kρc to get the velocity matrix B . The impedance
Z in Equation (3.15) is rewritten to ρc (density of the material multiplied by the speed of
sound) using Equation (3.13). The factor 4πp I will be the pressure of the incident pressure
field. With these matrices Equation (3.17) is solved to get the pressure on the surface (pp).

A ·pp =−B ·4πp I (3.17)

With the pressures on every node at the surface a set of field points is created to examine
the scattered field. Equation (3.16) and Equation (3.17) are again solved and for every field
point a row in the pressure matrix A and the velocity matrix B is created. Knowing the con-
tribution of the velocity and the pressure, the acoustic pressure at the field points can be
calculated [15, 21].

The input file created for OpenBEM can be found in Appendix C.1. This only shows the in-
put file and not the scripts created by OpenBEM, those can be found online [14]. The results
of these simulations are 325 complex pressures per angle of incidence and per frequency.
Those values will be used to calculate the scattering coefficient and the diffusion coeffi-
cient. The Matlab files for the post-processing and the determination of the scattering and
diffusion coefficient can be found in Appendix C.2. To verify the correct use of the software



3.3. BOUNDARY ELEMENT METHOD 15

OpenBEM, a validation was performed. This validation can be found in Appendix B. This
validation compared a simulation in OpenBEM with a benchmark created for this purpose
[31]. The validation shows a similarity between the results of the OpenBEM simulation and
the benchmark that indicates accurate values and therefore the software OpenBEM can be
used as mentioned above.





4
METHODOLOGY

Different geometries of the object are designed to gain knowledge about the effect of dif-
ferent shaped objects on the scattering and diffusion coefficient. This chapter clarifies the
choices made for the geometries, the frequencies and the angles of incidence. Also the the-
ories explained in the previous chapters will now be adjusted to the simulation method.

4.1. MODEL

The model used for determining both the scattering and the diffusion coefficient consists of
a surface with an object. The dimensions make the simulation representable for classrooms
with blackboards or for museums with art on the wall. The object has a varying shape to
detect the influence of different dimensions of an object. A reference model is created to
compare the different objects. The reference model is a surface with a centred object. The
object has a width of 2 meter, a height of 1 meter en a thickness of 0.1 meter, see Figure 4.1.
The background surface has a width of 8 meter, a height of 4 meter and a thickness of 0.1
meter. The thickness of the background surface is added because the simulation configura-
tion does not allow infinitely thin surfaces.

Figure 4.1 Reference model with a surface of 8 meter by 4 meter and an object of 2 meter by 1
meter and a thickness of 0.1 meter

17
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4.1.1. GEOMETRY

There are 5 different characteristics of the object that will be studied. The characteristics
are selected because they are expected as most influential on the scattering and diffusion
coefficient. The objects will be designed as follows and they are shown in Figure 4.2 to Figure
4.6:

A Thickness of the object
A1 the object has a thickness of 0.5 m
A2 the object has a thickness of 1 m

B Size of the object compared to the size of the background surface
B1 the object has a size of 2 m by 4 m (25% of the surface)
B2 the object has a size of 3.5 m by 7 m (77% of the surface)

C Position of the object on the background surface
C1 the object has been moved to the top of the surface
C2 the object has been moved to the left side of the surface
C3 the object has been moved to the left top of the surface

D Cavity between the object and the background surface
D1 the object has a cavity of 0.05 m and a thickness of 0.05 m

E Duplication of the object
E1 the object has been duplicated to the left side, the top and the left top of the surface

The models A and B are expected as the most influential models considering the theory.
The position of the object and a cavity behind the object are not expected to have a large
influence on the reflection but it is important to exclude this influence. The duplication will
clarify the importance of the edge diffraction. Model E can be compared with the effects of
model B to determine the effect of more edges.

Figure 4.2 Geometry A: Thickness of
the object

Figure 4.3 Geometry B: Size of the ob-
ject
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Figure 4.4 Geometry C: Position of the
object

Figure 4.5 Geometry D: Cavity between
the object and the surface

Figure 4.6 Geometry E: Duplication of
the object

4.1.2. FREQUENCIES

The coefficients are calculated for the 1/6 octave band centre frequencies. The frequencies
chosen for this study are in the low frequency range. The importance of low frequency scat-
tering is major because the absorption for low frequencies is hard to achieve and therefore
more energy in low frequencies will linger in a space. The frequencies up to 400 Hz are
added to this study. Besides, a study about the frequencies, the calculation time and the re-
quired computational power showed a calculation time of 12 hours for the 500 Hz frequency
per geometry and per angle of incidence. This means that with the number of simulations
for this study the total calculation time exceeded the time and computational power avail-
able. Depending on these frequencies a mesh is created with the measurement points. For
accurate results of these simulations at least 6 measurement points per wavelength are re-
quired [26]. The mesh is created with the open source program Gmsh [16]. This program
creates a 2D mesh (only on the surface) of nodes which will be connected to triangular el-
ements. To minimize the number of simulations, different frequencies are measured with
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Figure 4.7 Mesh created for the reference model for the frequency of 400 Hz

the same mesh and therefore some frequencies have a mesh density higher than 6 measure-
ment points per wavelength. The mesh created for the reference model for 400 Hz is shown
in Figure 4.7. Table 4.1 shows the used frequencies, the corresponding wavelength and the
total number of elements.

Table 4.1 Performed frequencies for all object shapes

Frequency [Hz] Wavelength [m] Number of elements in
the reference model

125 2.74 1630
140 2.43 1630
160 2.14 1630
178 1.93 3806
200 1.72 3806
224 1.53 3806
250 1.37 3806
282 1.22 5866
315 1.09 5866
355 0.97 8594
400 0.86 8594

4.1.3. INCIDENT PLANE WAVE

The incident sound wave will be modelled as a plane wave with a direction defined by the
angle ϕ′ in the xy-plane and θ′ in the xz-plane, see Figure 4.8. For the determination of the
normal incidence scattering and diffusion coefficients only a plane wave in the negative z-
direction will be used, ϕ′ = 0◦ and θ′ = 0◦. Besides the normal incidence coefficient also the
random incidence scattering and diffusion coefficient is added to this study. This coefficient
is obtained by averaging the results of all angles of incidence and can therefore give a general
value to the scattering and diffusion independent of the position of the source and useful
with a diffuse field. To determine the random incidence coefficient the average over every
3◦ for low frequencies and every 1.5◦ for high frequencies should be calculated [1, 18, 25].



4.1. MODEL 21

This study only gives an estimation of the random incidence coefficient. This estimation
will give a first indication of the random incidence coefficients and will show whether there
are grounds to calculate the prescribed random incidence coefficient. Therefore an average
over the following combinations of ϕ′ = 0◦, 30◦, 45◦, 60◦ and 85◦ and θ′ = 0◦, 30◦, 45◦, 60◦

and 85◦ is taken.

Figure 4.8 Different angles of incidence, ϕ′ in the xy-plane and θ′ in the xz-plane [25]

4.1.4. RECEIVER POINTS

The receiver points will be placed at a sphere with an equal distance of 100 meter to the
centre of the surface. This distance will ensure far-field condition which is necessary to
ensure that the energy detected at a receiver point will all have the same direction, namely
from the centre of the surface. The receiver points are divided on a sphere, with a receiver
point defined at angle ϕ in the xy-plane and θ in the xz-plane as shown in Figure 4.8. At
every 10◦ in ϕ from 0◦ to 350◦ and every 10◦ in θ from 0◦ to 90◦ a receiver point is placed,
which results in 360 receiver points. The receiver points with θ = 0◦ and any given value ofϕ
will give the same value because they are all places on the top of the sphere. Those receiver
points will be neglected and there will be 325 receiver points. The receiver points are located
as shown in Figure 4.9.

The higher the receiver points get on the z-axis, the smaller the distance between two points
will be because the same number of receiver points is divided over a smaller circle. Because
the pressures at all receiver points will be used to calculate the coefficients, the points will be
weighted to the surface area they cover using the following equations. The 10 receiver points
in the xz-plane are divided over an arc with a length of a quarter of a circle with a radius of
100 m. The length of the arc in the xy-plane depends on the height of the arc. The radius
of the circle will be equal to Equation (4.1a) and will be divided by 360 equal elements. The
highest element on the z-axis and lowest elements on the z-axis will be divided by 2 because
they only have half the area.
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Figure 4.9 Receiver points divided on a sphere with a radius of 100m

Rx y = sin
(
θ · π

180

)
·100, (4.1a)

Rxz = 100, (4.1b)

dx y =
2π ·Rx y

36
, (4.1c)

dxz =
1
4 ·2π ·Rxz

9
, (4.1d)

A = dxz ·dx y . (4.1e)

Now that the area covered by every receiver point is known, the energy on every receiver
point will be weighted. The energy is equal to p2 and the pressure p at every single receiver
point will be changed to the new weighted pressure pw using equation 4.2.

pw =
p

Ai ·pi√∑
i=1 Ai

, (4.2)

where i is the number of receiver points.

4.2. SCATTERING COEFFICIENT

The measurement methods for the scattering coefficient are standardized by ISO 17497-1
[18]. The definition of the scattering coefficient is shown in Equation (4.3)

s = αspec −αs

1−αs
= 1− Espec

Etot al
. (4.3)

This definition has to be adjusted to be used for numerical prediction models as BEM. In
this way, the pressure on the receiver points can be used to calculate the scattering coeffi-
cient. Besides the measurement methods in the standards, also different methods for nu-
merical evaluation of directional scattering coefficients have been developed [22, 25, 35].
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The method for numerical simulation will be based on the measurement in free-field [27].
Mommertz developed a method to calculate the directional scattering coefficient using the
correlation between to reflection directivities from a sample and a reference plate [27]. This
is a measurement method in free-field and obtained by phase-locked averaging several free-
field responses. Every orientation of a corrugated surface will give a different impulse re-
sponse. The initial parts of the reflections are highly correlated and these parts are the
specular components. The later parts of the pulses are not correlated and depend on the
angle of incidence and this is the scattered component. By averaging all the pulses of all the
different orientations, the scattered components will average to zero and only the specular
energy remains [13]. Using BEM as described in Chapter 3.3, the complex sound pressure at
the receiver point at different angles is calculated for the surface with an object as well as for
the surface without an object. According to Mommertz definition the directional scattering
coefficient for each incidence condition is given by Equation (4.4).

S(θ′,ϕ′) = 1−
∣∣∑n

i=1 p · p̂∗∣∣2∑N
m=1

∣∣p∣∣2 ·∑N
m=1

∣∣p̂∣∣2 , (4.4)

where the scattering coefficient (S) depends on the angle of incidence (θ′,ϕ′), p and p̂ are
the complex sound pressure received from the surface with an object and the surface with-
out an object and p̂∗ is the complex conjugated of p̂. Using the pressures from the simula-
tion without an object neglects the effect of the surface and only the effect of the object will
be added to the scattering coefficient. Because the simulation without the object will give a
complete specular reflection, Equation (4.4) will sum the energy in only the specular direc-
tion on every receiver point to receive the total energy in the specular direction. Because of
the definition of the scattering coefficient (the energy in the non-specular direction) one mi-
nus this summation will be called the scattering coefficient. The random incidence scatter-
ing coefficient can be obtained by statistical averaging of directional coefficients according
to Paris’ formula [23, 25, 27].

4.3. DIFFUSION COEFFICIENT

For a fixed source position the diffusion coefficient will be calculated using the following
equation. This is based on the AES standard 4is-2001 [1].

d(θ′,ϕ′) =
(∑n

i=1 10Li /10
)2 −∑n

i=1

(
10Li /10

)2

(n −1)
∑n

i=1

(
10Li /10

)2 ,

≈
(∑n

i=1 10Li /10
)2

n
∑n

i=1

(
10Li /10

)2 ,

(4.5)

where Li is the set of sound pressure levels, n is the number of receiver points and θ′ and ϕ′

are the angles of incidence [12, 17].

In contrast to the scattering coefficient, Equation (4.5) does not take into account a pressure
field without the object. This means that the effect of the surface has not been taken into
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account and cannot be neglected. The results of this simulation in Chapter 5 therefore have
a remarkable pattern. The surface will have such a large effect on the diffusion coefficient
that there will not be any difference between the geometries of the object as can be seen
in Figure 5.13 and Figure 5.14. It is necessary to create an adjusted model to calculate the
diffusion coefficient. Normally the diffusion coefficient is only used for objects and not for
an object on a background surface. Therefore in this case of an object on a background
surface, the method prescribed cannot be used directly.

4.3.1. ADAPTED METHOD FOR CALCULATING THE DIFFUSION COEFFICIENT

Preferable would be a model with an infinitely thin background surface with the previous
dimensions of 4 m by 8 m. Therefore the model in OpenBEM should be created with a in-
finitely thin surface and for this moment this is only possible for 2D simulations. An adapted
model has to be designed to create a situation that is equal to an infinitely thin surface. This
can be achieved by using a mirrored source. Given an object on a reflective surface which
is infinite thin, there are 4 possible ways for the wave to move from the source to the re-
ceiver, see the schematic representation in Figure 4.10. It can be reflected only by the object
(yellow), it can first be reflected by the surface and than by the object (light blue), it can be
reflected by the object and than by the surface (dark blue) or it can be reflected by the sur-
face on the left and on the right side of the object (red). In this case, where it is not possible
to model an infinite thin surface, the surface can be replaced by mirrored source. The right
side of Figure 4.10 shows the new model with an imaginary source with a negative z position
compared to the normal source, it is mirrored in the plane z = 0. The object should be twice
as thick with the axis z = 0 in the centre of the object, because the paths of the possible re-
flections has to be the same for the original model and the model with the imaginary source.
In this way it is possible to substitute the infinite thin surface.

Figure 4.10 Possible wave transmissions of an object on a surface and the adjusted model to
substitute for the surface

This seems to be a reliable solution to the problem with the surface. However, for a proper
use of the definitions of the diffusion coefficient, the receiver points should be in far field
conditions so all energy at a given receiver point will have the same direction, namely from
the middle of the model. This far field condition is necessary as some receivers will be out-
side the specular zone. Unless receivers are placed both outside and within the specular
zone, measuring energy levels alone will not detect the effect of diffuse reflections. If they
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are only placed inside the specular zone, only the specular reflection is measured. The spec-
ular zone is defined in Figure 4.11.

Figure 4.11 Definition of the region over which a geometric reflection occurs, the specular zone
[13, 17]

Even though the object is about 100 m away from the receiver points, the imaginary surface
is not. Using the imaginary source will provide an infinitely large surface. This means that
the modelled surface is close to the receiver points and the direction of the energy cannot
be assumed equal for every receiver point. Besides this problem with the direction of the
energy also the effect of the object on the coefficient will become smaller and smaller as
the receiver points are further away and the imaginary surface becomes larger compared to
the object. Therefore it is not possible to use the equations from the standards. So besides
an adapted geometric model also a new definition for the diffusion coefficient has to be
created.

The diffusion coefficient is a measure to the spreading of the sound energy and gives a value
to the amount of energy that is send in a given direction. Therefore it is possible to use Equa-
tion (4.4) which was first used for determining the scattering coefficient. This equation does
exactly what needs to be determined, but only for the specular direction. For determining
the diffusion coefficient not only the energy in the specular direction but the energy in any
given direction is interesting. Therefore the equation for determining the scattering coeffi-
cient will be modified to receive the energy in any given direction depending on the angles
of incidence. Equation 4.6 defines the new parameter τ which will give the energy in a fixed
direction.

τ(ϕ′,θ′,ϕ′′,θ′′) =
∣∣∑n

i=1 p · p̂∗∣∣2∑N
m=1

∣∣p∣∣2 ·∑N
m=1

∣∣p̂∣∣2 , (4.6)

This way a value τ can be computed which will depend on the angles of incidence (ϕ′,θ′)
and the angles of the direction of the reflected energy (ϕ′′,θ′′). The pressures at the receiver
points of a model with an infinite surface and an object are p(ϕ′,θ′) and the pressure at the
receiver points from an infinite surface alone, in a given direction are p̂(ϕ′′,θ′′). The values
of p(ϕ′′,θ′′) will be determined for all receiver points using Equation (4.7).
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p̂(ϕ′′,θ′′) = e−i ·k·ki m ,

ki m = kx · x +ky · y +kz · z,

kx = si n(θ′′)+ cos(ϕ′′),

ky = si n(θ′′)+ si n(ϕ′′),

kz = cos(θ′′)

(4.7)

The direction of the energy is defined by the angles ϕ′′ in the xy-plane and θ′′ in the xz-
plane and can be calculated for every range of directions. The energy directions are defined
at every 1◦ in ϕ′′ from 0◦ to 90◦ and every 1◦ in θ′′ from 0◦ to 360◦. The effect of taking
different step sizes for ϕ′′ and θ′′ has been investigated. For every frequency, geometry,
angle of incidence and direction of the energy a value of τ will be determined. The adjusted
diffusion coefficient can then be determined with the same equation as in de standards with
the use of τ.

d(θ′,ϕ′) =
(∑m

i=1τm
)2 −∑m

i=1 (τm)2

(m −1)
∑m

i=1 (τm)2 ,

≈
(∑m

i=1τm
)2

m
∑m

i=1 (τm)2 ,

(4.8)

This will give a value to the diffusion coefficient which should be close to the diffusion co-
efficient defined in the standards. This renewed method will be used to calculate the diffu-
sion coefficient for the reference model and for the models A and B. The receiver points are
placed at a sphere with a radius of 8 meter to achieve approximately the same dimensions
as the original model.

The fact that an adapted method was needed for determining the diffusion coefficient is
due to the fact that the direction of the diffuse reflection is not of any interest for most used
geometric acoustic prediction models. It is possible to make a good approximation of the
direction by using Lambert’s Law and therefore the diffusion coefficient of rough surfaces
will not be calculated that often. Usually, or the diffusion coefficient or the scattering coef-
ficient of an object is calculated and the definition of the diffusion coefficient is not suitable
for rough surfaces as explained in this chapter.



5
RESULTS

The results of the OpenBEM simulation are a matrix with a complex pressure value on every
receiver point. The results of the BEM simulation are used to calculate the scattering coeffi-
cient and the diffusion coefficient. The simulations are performed for 125 Hz up to 400 Hz
for every 1/6 octave band centre frequency. The coefficients for different angles of incidence
are investigated.

Figure 5.1 shows a polar plot of the pressures at the receiver points located at the plane
y = 0. The direction of the reflection depends on the direction of the incoming wave. The

Figure 5.1 Polar plot with pressure (Pa) of the reflection at the receiver points on the plane y =
0 (ϕ= 0◦) for angles of incidence ϕ′ = 0◦,θ′ = 0◦ and ϕ′ = 0◦,θ′ = 45◦

pressure increases as the frequency increases. The scattering by the object is visible creating
some irregularities in other directions than the specular direction. But as expected, this
irregularities are small and therefore predict low scattering and diffusion coefficients.

5.1. SCATTERING COEFFICIENT

The scattering coefficient will be calculated using the equations explained in Section 4.2.
The scattering coefficient depends on the angle of incidence (θ′,ϕ′) and will be shown for
every calculated frequency. The figures show a comparison between the different shaped
object and the reference model so the effect of the different object shapes can be deter-
mined.

27
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5.1.1. NORMAL INCIDENCE SCATTERING COEFFICIENT

The normal incidence scattering coefficient is the scattering coefficient of an incident plane
wave in the negative z-direction with an angle of incidence θ′ = 0◦ and ϕ′ = 0◦. The differ-
ent geometries are compared to the reference geometry to determine the effect of different
shapes of the object.

Figures 5.2 to 5.6 show the different scattering coefficients for the geometries A, B, C, D and
E.

Figure 5.2 Normal incidence scattering coefficient (θ′ = 0◦, ϕ′ = 0◦) for geometry A

Figure 5.3 Normal incidence scattering coefficient (θ′ = 0◦, ϕ′ = 0◦) for geometry B
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Figure 5.4 Normal incidence scattering coefficient (θ′ = 0◦, ϕ′ = 0◦) for geometry C

Figure 5.5 Normal incidence scattering coefficient (θ′ = 0◦, ϕ′ = 0◦) for geometry D

Figure 5.6 Normal incidence scattering coefficient (θ′ = 0◦, ϕ′ = 0◦) for geometry E
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5.1.2. RANDOM INCIDENCE SCATTERING COEFFICIENT

Besides the normal incidence scattering coefficient also the scattering coefficient for other
angles of incidence has been calculated. This study includes angles of incidence with ϕ′ =
0◦, 30◦, 45◦, 60◦, 90◦ and θ′ = 0◦, 30◦, 45◦, 60◦,85◦. The results of the different angles of in-
cidence are used to calculate an estimation of the random incidence scattering coefficient.

The differences between the normal incidence scattering coefficient and the random inci-
dence scattering coefficients are caused by the other angles of incidence. Figure 5.7 was
created to examine the effect of a different angle of incidence. The figure shows the scat-
tering coefficient for different angles of incidence of the reference model. The figure shows

Figure 5.7 Scattering coefficient for different angles of incidence in the xz-plane (θ′) for the ref-
erence model

that the scattering coefficient increases strongly for an angle of incidence with θ = 85◦. This
means that averaging the results for all angles of incidence is heavily influenced by this angle
of incidence. The random incidence scattering coefficient is therefore expected to be larger
than the normal incidence scattering coefficient. Figures 5.8 to 5.12 show the estimated
random incidence scattering coefficient for all frequencies.
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Figure 5.8 Estimated random incidence scattering coefficient for geometry A

Figure 5.9 Estimated random incidence scattering coefficient for geometry B

Figure 5.10 Estimated random incidence scattering coefficient for geometry C
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Figure 5.11 Estimated random incidence scattering coefficient for geometry D

Figure 5.12 Estimated random incidence scattering coefficient for geometry E
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5.2. DIFFUSION COEFFICIENT

First, the diffusion coefficient is calculated using the equations described in the standard
AES-id-2001. The results show that this method is not suitable for this study. An adapted
method was designed to calculate the diffusion coefficient. This adapted method uses τ
which gives the amount of energy in a given direction, detected on every receiver point.

5.2.1. AES-STANDARD METHOD

First the method prescribed in the AES-standard was used to calculate the diffusion coeffi-
cient. The mathematics of this method are explained in Section 4.3. For calculating the nor-
mal incidence diffusion coefficient the plane wave is moving into the negative z-direction
and the angles of incidence are θ′ = 0 and ϕ′ = 0. Figure 5.13 shows the normal incidence
diffusion coefficients for the geometry variants A, B, C, D and E.

Figure 5.13 Normal incidence diffusion coefficient (θ′ = 0◦,ϕ′ = 0◦)

The diffusion coefficient has also been calculated for different angles of incidence. To re-
trieve an estimation of random incidence diffusion coefficient the values for angles of in-
cidence ϕ′ = 0◦, 30◦, 45◦, 60◦, 90◦ and θ = 0◦, 30◦, 45◦, 60◦, 85◦ are averaged. Figure 5.14
shows the estimation of the random incidence diffusion coefficient.
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Figure 5.14 Estimated random incidence diffusion coefficient

The figure shows that the different geometries do not have a large influence on the diffusion
coefficient. The geometries A1 and A2 do differ a little from the reference model. This differ-
ence can be explained by the fact that the 85◦ angle of incidence is taken into account. This
angle of incidence is almost parallel to the surface and therefore more affected by a thicker
object. Still the differences are small and considering the results of the normal incidence
diffusion coefficient an adapted method was created. This adapted method will exclude the
possibility that the diffusion coefficient is only influenced by the background surface.

5.2.2. ADAPTED METHOD

The results show that the prescribed calculation method for the diffusion coefficient is not
a suitable method for this study. An adapted model is designed using an infinite large back-
ground. This method is explained in chapter 4.3.1. Using a new simulation method and a
new post processing method other diffusion coefficients can be calculated. Again the nor-
mal incidence diffusion coefficient and the random incidence diffusion coefficient are de-
termined. For this adapted model only the simulations for geometry variant A and B are
performed. These geometries are expected as the geometries with the largest effect on the
diffusion coefficient and will therefore be used to verify if the new method gives reliable
results. Figure 5.15 shows the polar responses of the reference model calculated with the
adapted method. The responses have a less clear direction than the responses of the origi-
nal model (see Figure 5.1). This can be explained by the fact that the distance of the object
to the receiver points is now 8 meter (required by the adapted method) and therefore there
is not a far field condition. This means that the polar response does not show the direction
of the energy only the amount of energy on a receiver position. Still the specular direction is
visible by larger irregularities than in the non-specular directions.



5.2. DIFFUSION COEFFICIENT 35

Figure 5.15 Polar plot with the pressure (Pa) of the reflection at the receiver points on the plane
y = 0 for angles of incidence ϕ′ = 0◦,θ′ = 0◦ and ϕ′ = 0◦,θ′ = 45◦

The new model uses τ, which gives the amount of energy in any direction, to calculate the
diffusion coefficient. τ shows the total amount of all energy on all receiver points in a given
direction. Figure 5.16 and Figure 5.17 show τ for the reference model and for 400 Hz.

Figure 5.16 τ (dB) for an angle of incidence ϕ′ = 0◦, θ′ = 0◦ of the reference model

Figure 5.17 τ (dB) for an angle of incidence ϕ′ = 0◦, θ′ = 45◦ of the reference model



36 5. RESULTS

Figure 5.18 shows the polar plot of τ on the line ϕ= 0 of the reference model.

Figure 5.18 Polar plot of τ for an angle of incidence ϕ′ = 0◦ and θ′ = 0◦ or θ′ = 45◦ for 400 Hz

The accuracy of the adapted method depends on the step size of the direction. If the step
size decreases the accuracy will increase. Figure 5.19 shows the diffusion coefficient of the
adapted method for step sizes of τ of 1◦,5◦ and 10◦. However, more step sizes also indicates
more computational power. The variation of the diffusion coefficient is given by the black

Figure 5.19 Diffusion coefficient depending on the step size of τ

lined boundaries in Figure 5.19. These deviations show that the smaller the step size of τ the
less variation there is. For the following calculations a step size of 1◦ is taken.

Using the values of τ for all angles of incidence and all frequencies, the new value of the
diffusion coefficient can be calculated using equation (4.8). Figures 5.20 and 5.21 show the
normal incidence diffusion coefficient for variant A and B using the new method compared
to the results of the prescribed method. Figure 5.22 and 5.23 show the estimation of the
random incidence diffusion coefficient which is an average over 25 angles of incidence.
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Figure 5.20 Normal incidence diffusion coefficient using the adapted model for geometry A

Figure 5.21 Normal incidence diffusion coefficient using the adapted model for geometry B

Figure 5.22 Estimated random incidence diffusion coefficient using the adapted model for ge-
ometry A
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Figure 5.23 Estimated random incidence diffusion coefficient using the adapted model for ge-
ometry B

The results show that the diffusion coefficient does not correspond to the results of the orig-
inal method. This can be explained by the fact that the original method was not satisfying
for this study. However, on the other hand, the diffusion coefficient calculated with the
adapted method still does not show any difference between the reference model, geometry
A and geometry B. The fact that the problems detected by the results of the original method
are not solved may suggest that this adapted method is not correct as well. However, it can
also be concluded that diffusion coefficient is low and the effect of the different objects can
therefore be too small to be detected.

Because the low values for the scattering coefficient of those geometries, it is known that the
diffusion coefficient will be low. Because most energy is directed to the specular direction.
To define the spreading of the energy in any other direction also the diffusion coefficient
without the specular direction has been calculated. To calculate the diffusion coefficient
without the specular direction the same equations are used as before, only τ of the specular
direction has been neglected. Figures 5.24 and 5.25 show the normal incidence diffusion
coefficient and Figures 5.26 and 5.27 show the random incidence diffusion coefficient for
geometry A and B.



5.2. DIFFUSION COEFFICIENT 39

Figure 5.24 Normal incidence diffusion coefficient without the specular direction using the
adapted model for geometry A

Figure 5.25 Normal incidence diffusion coefficient without the specular direction using the
adapted model for geometry B
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Figure 5.26 Estimated random incidence diffusion coefficient without the specular direction
using the adapted model for geometry A

Figure 5.27 Estimated random incidence diffusion coefficient without the specular direction
using the adapted model for geometry B

These figures show that the omitting the exact specular direction (1◦) does not have a large
influence on the diffusion coefficient. This can be explained by the fact that also the direc-
tions close to the exact specular direction are influenced by the specular direction. This is
also visible in the polar responses in Figure 5.18 in which more directions than the exact
specular direction are visible. Besides, also the spreading of the energy in the other direc-
tions than the specular direction is not equal as is visible in Figure 5.18, this corresponds to
the results of the diffusion coefficient without the specular direction.
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DISCUSSION

The aim of this study is to get a better understanding of the diffuse reflections from objects
on a background surface. Chapter 5 shows the results of the calculation of the scattering
and diffusion coefficients and as expected the coefficients are low.

This study focuses on low frequencies in rooms because on average, they are absorbed
poorly compared to high frequencies. Therefore more energy lingers in a room in the low
frequency range. As a result, low frequencies have a major influence on the acoustic qual-
ity of the room. The simulations are performed for the 1/6 octave band centre frequencies
between 125 Hz and 400 Hz. All these frequencies are low frequencies and therefore the
wavelengths are large. A frequency of 125 Hz has a wavelength of 2.7 m (c/ f ; the speed of
sound (c = 343 m/s in dry air with 20◦C) divided by the frequency) and a frequency of 400
Hz has a wavelength of 0.85 m. This means that the effect of an object with a thickness of
0.1 m on the sound wave will almost be negligible. Although the study investigates a range
of frequencies, the scattering coefficient does not show major differences if the frequency
increases. It is expected that for higher frequencies (>1000 Hz), the scattering and diffusion
coefficient will show a dependency on the frequency [25].

For the random incidence coefficient, the average over all angles of incidence has been
taken. As is prescribed in the standards, every 3 degrees an angle of incidence should be
taken into account. Although only 25 angles of incidence have been modelled, the average
can be used as an estimation of the random incidence coefficient. The number of simu-
lations which has to be performed in order to meet the requirements in the standards de-
mands more computational power than available for this study. Because of this simplifi-
cation the influence of every individual angle is large. Figure 5.7 shows that the angle of
θ = 85◦ has the largest effect on the estimated random incidence diffusion and scattering
coefficient. This is as expected. A wave with an angle of θ = 85◦ is almost parallel to the sur-
face and therefore any object on the surface has a major effect, especially for thicker objects.
Because of this dissimilarity between the angles of incidence it is highly recommended to
calculate the random incidence coefficient with the prescribed number of angles. The effect
of the large angles of incidence will then be relatively less.

The polar responses in Figure 5.1 show the pressure on the receiver positions and can give
an indication of the calculated coefficients. Both figures show a clear peak in the specular
direction. Most of the energy is reflected in the specular direction and therefore a low scat-
tering and diffusion coefficient is measured. On the other hand, the polar response of the
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pressures calculated with the adapted method created for calculating the diffusion coeffi-
cient show a far less clear direction, see Figure 5.15. This is due to the fact that the receiver
positions are now placed at only 8 m from the object with a infinite large background sur-
face while in the original method the receiver positions where placed at 100 m with a finite
large background surface. Therefore, the polar response for the adapted method does not
indicate the direction of the energy, only the amount of energy on the receiver position. Still
the specular direction is noticeable by a little more irregularities.

Chapter 5.1 shows results of the calculated scattering coefficient for different object shapes.
The calculated scattering coefficients are between 0.1 and 0.2.
With geometry A the thickness of the object is increasing. Figure 5.2 and Figure 5.8 show
that the thicker the object is, the more it will influence the incoming wave. The scattering
coefficient seems to be independent of the frequency although the normal incidence scat-
tering coefficient shows a remarkable decrease at 355 Hz. For the random incidence scatter-
ing coefficient this decrease is not visible and therefore expected as a coincidence between
the wavelength and the size of the object creating a distortion. Although the figures show a
relative large difference between A1 and A2 compared with the rest of the results from the
simulations, the differences are small and the scattering coefficient is still close to 0.
The scattering coefficient of geometry B shows a smaller dependency of the frequency than
geometry A. Model B1, which is about 4 times larger than the reference study, seems to
have a slightly decreasing scattering coefficient when the frequency increases. On the other
hand, when the object is about 12 times larger than the reference object (geometry B2) the
scattering coefficient is increasing with an increasing frequency. This implicates that for low
frequencies and large wavelengths the distance between edge of the object and the edge of
the surface in geometry B2 is too small to be ‘seen’ by the sound wave. For low frequencies
only diffraction by one edge occurs. It was expected that the scattering coefficient would
increase with an increasing frequency and a larger object, but this is not confirmed.
The expected negligible change for Variant C can be confirmed. The position of the object
does have little influence on the scattering coefficient determined in far field and this is
visible in Figure 5.4 and Figure 5.10. For the variants D and E the absolute changes in the
scattering coefficient are small. For the normal incidence scattering coefficient of D1 (Fig-
ure 5.5) there is a remarkable increase at 224 Hz and this is probably due to the wavelength
compared with the width of the cavity which causes interference. Remarkable in Figure 5.12
is the pattern of the scattering coefficient of E1. This is very similar to the reference model
only the scattering coefficient is a little higher. This indicates that the scattering coefficient
depends on the amount of edges and the diffraction those edges cause. Model E1 has ex-
actly twice more edges than the reference study and this seems to explain the increase in
scattering coefficient.

Chapter 5.2 shows the results of the calculated diffusion coefficient. The fact that the diffu-
sion coefficient for all variants is about 0.05 to 0.1 indicates that the energy is mostly pointed
on one direction, the specular direction. If the frequency becomes higher, the diffusion co-
efficient is lower and therefore the spreading of the energy is less.
Initially, the methodology for calculating the diffusion coefficient in the standards was used.
The results show that this method is insufficient. Figure 5.13 shows the normal incidence
diffusion coefficient which is the same for all models and geometries. This can be explained
by the fact that the standards refer to simulations of objects without a background surface.
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It can be concluded that the edge of the background surface (required by the computational
method) dominates the results and the effects of the object on the diffusion coefficient is
not visible. In Figure 5.14, the random incidence diffusion coefficient differs a little and this
is due to the including of the angle of incidence with θ = 85◦, which is almost parallel to the
background surface. Therefore it will be influenced more by adding any object but still the
changes are almost negligible.
An adapted method was designed to exclude the effect of the background surface. There-
fore a new parameter τ was defined to shows the amount of energy in every direction on
every receiver position. With this value it is possible to calculate the diffusion coefficient in
a different way. Figures 5.16 and 5.17 show a pattern for the values of τ that indicates an ad-
equate method for calculating the direction of the energy. Figure 5.16 shows τ for the angle
of incidence in the negative z direction and therefore a large τ can be found in the positive
z-direction. The other directions show a clear circular pattern, this is created by the scat-
tering from the object. Figure 5.17 shows an increase in the specular direction and a wave
motion is visible in the other directions. The polar plots of τ (Figure 5.18) show a straight
pattern in the energy which is as expected.
The diffusion coefficients using the adapted method are only calculated for model A and
B in order to approve the adapted method. Notwithstanding, the diffusion still gives only
small changes for the different shapes of the object and therefore it can be concluded that
the adapted method coefficient using τ may not be yet fully developed. The differences be-
tween the method prescribed in the AES-standard and the adapted method is visible. On
the other hand, no noticeable difference between the reference model and the models A
and B is visible for both the prescribed method as the adapted method, see Figure 5.20 and
5.21. This is a remarkable result and it suggests that the object just have no influence on the
results. In further research is recommended to gain more knowledge about the transmission
from the direction τ to a single value diffusion coefficient D .

In order to get a better understanding of the results, the diffusion coefficient was also cal-
culated without the energy in the specular direction, see Figure 5.24 and 5.25. In this way
the distribution of the energy in the non-specular direction can be investigated. However,
the results showed that compared to the results including the specular direction, there is
not a significant difference. This may be explained by the fact that only the exact specular
direction has been neglected while also the degrees close to the exact specular direction are
influenced. A second reason to investigate the diffusion coefficient without the specular di-
rection relates to Lambert’s law. The geometric acoustic prediction models use Lambert’s
law to define the direction of the non-specular energy with a mathematical deviation. It is
recommended to conduct further research in order to explain these results in the applica-
tion of Lambert’s law in geometric acoustic prediction models.

The importance of adding the scattering coefficient to the geometric acoustic prediction
models has already been proven by different round robin investigations [3, 4, 5, 34]. The
geometric acoustic prediction models require the scattering coefficient as an input variable
and almost always these are assumed to be low (0.1) or high (0.9). In this specific case it
would be 0.1. The actual results show that the scattering coefficient is somewhere between
0.002 and 0.2. An assumption of 0.1 is in the range of the results and therefore it is satisfying
from a theoretical perspective. Nevertheless, the lack of correspondence between such an
assumption and actual values is large. From this point of view, the influence on the results
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of the prediction models should not be neglected. Adding calculated coefficients to the
geometric acoustic prediction models has not yet been integrated in the design process.
Also one scattering coefficient for the combination of an object and a surface, as shown in
this study, is not yet applied. It is recommended to investigate the effect of adding exact
coefficients into the prediction models.

In general, more research on the relationship between diffuse reflection of solid objects and
the effect of these coefficients in geometric acoustic prediction models is needed. The cal-
culation methods for the diffusion coefficient should be developed to understand the distri-
bution of the diffuse reflected energy. Whether the results are correct and can be explained
by the used frequency or the used model should be further examined. At the same time a
better understanding is needed on the relationship between the coefficients and the out-
come of the geometric acoustic prediction models.



7
CONCLUSION

Most studies about diffuse reflections focus on calculating the diffusion coefficient for large
objects (diffusers) and determining the scattering coefficient for rough surfaces. The com-
bination of calculating both coefficients is unusual as is the determination of one coefficient
for the combination of an object and a surface. The effect of both ‘interior’ objects and back-
ground surfaces could have a major impact on the diffuse reflections. The coefficients are
an important input for the geometric acoustic prediction models and therefore these ob-
jects should be taken into account in the design phase of a project. This study about objects
on surfaces can emphasize the importance of adding calculated scattering and diffusion
coefficients to geometric acoustic prediction models instead of assumed values. The simu-
lations are performed for a low frequency range because low frequencies can have a major
influence in a room with little absorption. This research aims at determining the effects of
different shaped objects on the scattering and the diffusion coefficient.

What is the scattering and diffusion coefficient of an object on a background
surface for low frequencies?

The calculated scattering and diffusion coefficient are low, as expected. The values of the
coefficients assumed by the geometric prediction models are within the range of the results
of this study. Nevertheless, the calculated range is large and the assumed values are not
always close to the calculated value. Therefore, the influence of adding calculated values on
the results of the prediction models should not be neglected.

The calculated scattering coefficient is close to 0. This means that almost all energy is scat-
tered in the specular direction and the object is almost negligible. The results show a normal
incidence scattering coefficient between 0 and 0.02 for geometry A (relates to the thickness
of the object) or between 0 and 0.01 for the other geometries. This implicates that the thick-
ness of the object has the largest influence on the scattering coefficient. For the random
incidence scattering coefficient, the results show a value between 0 and 0.2 for geometry A
and between 0 and 0.1 for the other geometries. This significantly higher scattering coeffi-
cient emphasizes the effect of the larger angles of incidence.

The results of the calculated diffusion coefficient show a low value which is as expected con-
sidering the low scattering coefficients. The low scattering coefficients implicate that most
energy is directed into the specular direction, which automatically results in non-uniform
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distribution of the energy. Therefore, the diffusion coefficient cannot be large. Using the
standardized method a diffusion coefficient between 0.1 and 0.2 for all geometries has been
found. This means that most of the energy is pointed on one direction, the specular direc-
tion. The results indicate that the prescribed method for calculating the diffusion coefficient
is not satisfying. It can be concluded that the edge of the background surface dominates the
results and the effects of the object on the diffusion coefficient is not visible. The back-
ground surface has to have a thickness because of the used computational method that
does not allow infinite thin surfaces. An adapted method was designed to exclude the ef-
fect of the background with a thickness. The adapted method uses a imaginary source to
model a infinite thin background surface. The adapted method for calculating the diffusion
coefficient uses a parameter τ to determine the direction of the sound energy. The value
of this parameter τ represents the energy in the given direction. The results of the adapted
method show a diffusion coefficient between 0.05 and 0.1. Differences between the method
prescribed in the AES-standard and the adapted method are visible. Nevertheless, there is
still no noticeable difference between the reference model and the models A and B. This is
a remarkable result and it suggests that the object just has no influence on the diffusion co-
efficient. The adapted method should be validated to ensure it is valid for calculating the
diffusion coefficient.

Calculating the diffusion coefficient without τ in the specular direction show the distribu-
tion of the energy in the non-specular direction. This could be meaningful for the pre-
diction models which do not refer to measured data but use mathematical distributions
such as Lambert’s Law. However, even if the specular direction is omitted the results still do
not show a higher diffusion coefficient. This might be explained by the fact that the omis-
sion only concerned one single degree where as a broader range could be more influential.
Studying the spreading of the energy without the specular direction will approve the use of
Lambert’s Law by the prediction models.

Finally, this study, about the scattering and diffusion coefficients of an object and its back-
ground surface, indicates that for low frequencies there is some diffuse reflection caused by
the object. In addition to this study further investigation about the influence of a higher fre-
quency range is recommended. In order to investigate high frequencies, which still require
six measurement elements per wavelength, more computational power is needed. Like-
wise, the effect of taking into account more angles of incidence for calculating the random
incidence coefficient is recommended. Nevertheless, this study already proves that it is im-
portant to calculate the diffuse reflection and incorporate the effect of low frequencies in
geometric acoustic prediction models.



BIBLIOGRAPHY

[1] Audio Engineering Society. AES-4id-2001(r2007): AES information document for room
acoustics and sound reinforcement systems - Characterization and measurement of sur-
face scattering uniformity. Audio Engineering Society, 2001.

[2] S. R. Bistafa and J. S. Bradley. Predicting reverberation times in a simulated classroom.
The Journal of the Acoustical Society of America, 108(4):1721–1731, 2000.

[3] I. Bork. A comparison of room simulation software-the 2nd round robin on room
acoustical computer simulation. Acta Acustica united with Acustica, 86(6):943–956,
2000.

[4] I. Bork. Report on the 3rd round robin on room acoustical computer simulation–part
i: Measurements. Acta Acustica united with Acustica, 91(4):740–752, 2005.

[5] I. Bork. Report on the 3rd round robin on room acoustical computer simulation–part
ii: Calculations. Acta Acustica united with Acustica, 91(4):753–763, 2005.

[6] S. Chandler-Wilde and S. Langdon. Boundary element methods for acoustics. Depart-
ment of Mathematics, University of Reading, 2007.

[7] C. L. Christensen and G. Koutsouris. ODEON Room Acoustics Software User Manual.
ODEON.

[8] C. L. Christensen and J. H. Rindel. A new scattering method that combines roughness
and diffraction effects. In Forum Acousticum, Budapest, Hungary, 2005.

[9] R. Ciskowski and C. Brebbia. Boundary Element Methods in Acoustics. Computational
engineering. Springer Netherlands, 1991.

[10] COMSOL Inc. Comsol multiphysics modeling software. http://www.comsol.com/.
(Visited on 06/05/2015).

[11] T. J. Cox. Designing curved diffusers for performance spaces. J. Audio Eng. Soc,
44(5):354–364, 1996.

[12] T. J. Cox, B.-I. Dalenback, P. D’Antonio, J.-J. Embrechts, J. Y. Jeon, E. Mommertz, and
M. Vorländer. A tutorial on scattering and diffusion coefficients for room acoustic sur-
faces. Acta Acustica united with Acustica, 92(1):1–15, 2006.

[13] T. J. Cox and P. D’Antonio. Acoustic absorbers and diffusers: theory, design and applica-
tion. CRC Press, 2009.

[14] V. Cutanda Henriquez and P. M. Juhl. Openbem. http://www.openbem.dk/. (Visited
on 06/11/2015).

47



48 BIBLIOGRAPHY

[15] V. Cutanda Henriquez and P. M. Juhl. Openbem - an open source boundary element
method software in acoustics. Internoise 2010, pages 1–10, 2010.

[16] C. Geuzaine and J.-F. Remacle. Gmsh Reference Manual. http://www.geuz.org/gmsh,
1.12 edition, aug 2003.

[17] T. J. Hargreaves, T. J. Cox, Y. W. Lam, and P. D’Antonio. Surface diffusion coefficients for
room acoustics: Free-field measures. The Journal of the Acoustical Society of America,
108(4):1710–1720, 2000.

[18] International Organization for Standardization. ISO/FDIS 17497-1:2004: Acoustics –
Sound-scattering properties of surfaces – Part 1: Measurement of the random-incidence
scattering coefficient in a reverberation room. ISO, Geneva, Switzerland, 2004.

[19] J. Y. Jeon, H. S. Jang, Y. H. Kim, and M. Vorländer. Influence of wall scattering on the
early fine structures of measured room impulse responses. The Journal of the Acousti-
cal Society of America, 137(3):1108–1116, 2015.

[20] J. Y. Jeon, C. K. Seo, Y. H. Kim, and P. J. Lee. Wall diffuser designs for acoustical renova-
tion of small performing spaces. Applied Acoustics, 73(8):828–835, 2012.

[21] P. M. Juhl. The boundary element method for sound field calculations. PhD thesis, The
Acoustics Laboratory, Technical University of Denmark, 1993.

[22] Y. Kosaka and T. Sakuma. Numerical examination on scattering coefficients of architec-
tural surfaces using the boundary element method. Acoustical science and technology,
26(2):136–144, 2005.

[23] H. Kuttruff. Room acoustics. CRC Press, 2009.

[24] Y. Lam. On the modelling of diffuse reflections in room acoustics prediction. In Ref-
ereed Invited Paper, Proc. BEPAC & EPSRC Conference on Sustainable Building, pages
106–113, 1997.

[25] H. Lee and T. Sakuma. Numerical characterization of acoustic scattering coefficients
of one-dimensional periodic surfaces. Applied Acoustics, 88:129–136, 2015.

[26] S. Marburg, B. Nolte, R. Bernhard, and S. Wang. Computational acoustics of noise prop-
agation in fluids: finite and boundary element methods. Springer, 2008.

[27] E. Mommertz. Determination of scattering coefficients from the reflection directivity
of architectural surfaces. Applied Acoustics, 60(2):201–203, 2000.

[28] A. D. Pierce et al. Acoustics: an introduction to its physical principles and applications.
Acoustical Society of America Melville, NY, 1991.

[29] T. Sakuma, S. Sakamoto, and T. Otsuru. Computational Simulation in Architectural and
Environmental Acoustics. Springer, 2014.

[30] R. Sauro. A better method or methodology for the measurement of diffusers. The Jour-
nal of the Acoustical Society of America, 137(4):2334–2334, 2015.



BIBLIOGRAPHY 49

[31] R. Tomiku. Benchmark platform on computatinal methods for archtectural/environ-
mental acoustics. http://gacoust.hwe.oita-u.ac.jp/AIJ-BPCA/index.html.
(Visited on 05/11/2015).

[32] R. Vitale. Perceptual Aspects Of Sound Scattering In Concert Halls. Logos Verlag Berlin
GmbH, 2015.

[33] O. von Estorff. Boundary elements in acoustics: advances and applications, volume 9.
Wit Pr/Computational Mechanics, 2000.

[34] M. Vorländer. International round robin on room acoustical computer simulations. In
15th International Congress on Acoustics, Trondheim, Norway, pages 689–692, 1995.

[35] M. Vorländer and E. Mommertz. Definition and measurement of random-incidence
scattering coefficients. Applied Acoustics, 60(2):187–199, 2000.





Appendices

51





A
FEASIBILITY STUDY COMSOL

MULTIPHYSICS

Comsol Multiphysics is a worldwide used simulation program for a wide range of different
studies. It provides software solutions for real world multiphysics modelling. Comsol has
the benefit of combining different areas creating a model that represents the real world. For
this study the use of Comsol is only profitable for possible follow-up studies. Because this
study assumes a rigid surface and no movement of the object or the surface only the acous-
tics are of influence. While in possible follow-up studies also the effect of the sound on the
construction can be taken into account easily with Comsol. A feasibility study is performed
to determine whether it is possible to use Comsol taking into account the computational
power and memory.

For this feasibility study a 2D model is created using the Acoustics Module of Comsol. A
simple geometry of 4m by 4m is created with 3 boundaries with a complete absorption and
1 boundary will be a rigid surface with a complete reflection. The reflection coefficient of
the bottom boundary will be calculated using the comparison between the pressures with a
rigid boundary and without a rigid boundary. The value of the reflection coefficient should
be 1 because the bottom boundary is complete reflective. The results of this calculation
can confirm the proper use of Comsol. The reflection coefficient can be calculated using
equation (A.1).

R = ptot al −pr e f

pr e f
(A.1)

Here the total pressure (reflection and direct field) will be compared to the direct pressure
to retrieve the reflection coefficient and determine the proper use of Comsol.

There are different possibilities in Comsol that will be verified in this study. The most impor-
tant is the boundary definition. It is important that the 3 absorptive boundaries do absorb
all energy is all directions. Therefore it is possible to use a perfectly matched layer (PML) as
a boundary condition. A PML is an artificial absorption layer for wave equations to simu-
late open boundaries. It is based on simulating an absorbing layer of anisotropic damping
material surrounding the domain of interest. This method is known as perfectly matched
because the interface between the physical domain and the absorbing layer does not pro-
duce spurious reflections inside the domain of interest [26]. For this study also a boundary
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with a plane wave radiation of 0 Pa is used. This is another way of simulating an absorbent
boundary. By defining a boundary as a source, the boundary will absorb all energy. The
benefit of this last type of boundary is the smaller surface that has to be simulated. This
results in less computational power needed. Figure A.1a and Figure A.1b show the geometry
and the sound pressure of a domain with these two boundary types. The source in these ge-
ometries is defined as a background pressure field. This is a plane wave which is defined on
the total background of the domain. It will interact with the rigid boundary on the bottom
of the domain. The frequency used for this simulation is 500 Hz and the domain has a mesh
of 10 points per wavelength which meet the requirements [26]. The PML on the other hand
has a mesh density of 3 points per wavelength because the computational power available
was not sufficient for a finer mesh.

(a) Geometry with perfectly matched layers (b) Geometry with a plane wave radiation

Figure A.1 Sound pressure of a geometry with different boundary conditions

As can be seen in both figures, the reflection is not as clear as it should be taking into ac-
count that there is nothing to interact with the sound except for the rigid boundary. Also
the different sound pressure in the PML shows that not all energy is absorbed by the PML.
Figure A.2a and Figure A.2b show the reflection coefficient on 4000 points in the domain
(0.1<x<3.9;0.1<y<3.9).

(a) Reflection coefficient of the geometry with per-
fectly matched layers

(b) Reflection coefficient of the geometry with a
plane wave radiation

Figure A.2 Reflection coefficient of a geometry with different boundary conditions

As can be seen in those graphs, the reflection coefficient is not 1 as it should be. The reflec-
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tion coefficient fluctuates around 1, but has a deviation of more than 20%.

Second, a geometry of half a circle was created using PML as a boundary condition. For this
geometry a simulation with an incident plane wave at the circular boundary was performed,
see Figure A.3a. The boundary condition of an incident plane wave is totally absorptive in
all directions and therefore it is not necessary to apply a PML. Also the before mentioned
background pressure field at the domain was used with a PML at the circular boundary, see
Figure A.3b. This simulation has been performed for a frequency of 500 Hz. The PML has
a mesh density of only 3 measurement points per wavelength because the computational
power available.

(a) Spherical geometry with perfectly matched lay-
ers and an incident pressure field

(b) Spherical geometry with perfectly matched lay-
ers and a background pressure field

Figure A.3 Sound pressure of a geometry with sound pressure fields definitions

The same irregularities visible as before. The pressure in the domain is not as clear as ex-
pected. This is also visible in the calculated reflection coefficient, see Figure A.4a and Figure
A.4b.

(a) Reflection coefficient of a spherical geometry
with perfectly matched layers and an incident
pressure field

(b) Reflection coefficient of a spherical geome-
try with perfectly matched layers and a back-
ground pressure field

Figure A.4 Reflection coefficient of a geometry with sound pressure field definitions

The above mentioned simulations are the most important simulations, but more different
possibilities have been tried. First thing to be concluded are the difficulties Comsol has with
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the boundaries. For these simulations it was not possible to retrieve a reflection coefficient
close to the expected value 1 but the deviation is more than 20%. This is due to the fact
that Comsol is not developed to simulate such model-based geometries. Adding a surface
that is totally reflective and of infinite length is not easy in Comsol because in the real-world
this will never occur. Also the computational power required is far larger than available
especially given the fact that this is only a 2D simulation of a relative small surface. The
need of a PML and therefore the enlargement of the geometry and the increasing number of
measurement points for the final simulations will only enlarge the need for computational
power.
More reliable results can be achieved by using the boundary element method instead of
the finite element method, because BEM only needs a mesh of the boundary instead of the
volume. For using BEM there are less complex programs such as OpenBEM which can be
used. Therefore it was decided not to use Comsol for this study.



B
VALIDATION OPENBEM

To verify the software used for this study, a validation was performed. Therefore the bench-
mark created by the Working Group on Computational Method for Environmental Acoustics
was used [31]. This site aims at providing a round robin test on wave-based computational
methods to all colleagues in the field of Computational Acoustics. The simulation called
A0-F5 with the following geometry was used, see Figure B.1.

Figure B.1 Geometry of the validation simulation

The benchmark simulation is a rectangular plate situated at the middle of a free field and
all faces are rigid boundaries. A sound source is located at (-10.6, 0, 10.6), assuming its
stationary vibration with volume acceleration amplitude 1.0 m3/s2. The volume acceler-
ation amplitude can be transformed to an amplitude in Pascal by multiplying with ρ/4π.
The result of this simulation is a sound pressure amplitude in Pascal at 181 receiver points
on a circle with a radius of 11.25m on the plane y = 0, located at 1 degree intervals (θ =
0, 1, 2, ..., 180◦). The simulation will be performed at the octave-band mid-frequencies
( f = 31.5, 63, 125, 250, 500, 1000, 2000 and 4000 Hz). The results will be compared with
the results already posted in the benchmark. Because for the final study only low frequen-
cies are used and the computational power available will not meet the requirements, this
validation is only performed for the low frequencies ( f = 31.5, 63, 125 and 250 Hz). This
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means that the high frequencies will not be validated, but the results of the low frequen-
cies will give an indication of the accuracy of the total simulation. The simulation will be
performed with at least 6 measurement points per wavelength.

Figure B.2 shows the results of all frequencies. The source was positioned on the left side,
resulting in a maximum pressure at the field points on the right side.

Figure B.2 Results of the pressure (Pa) at the field points for all frequencies.

Figure B.3 shows the results of this validation in comparison with the results of the bench-
mark for every frequency. For low frequencies some deviation between the benchmark and
the validation results is visible. For the higher frequencies this deviation becomes smaller.
However it should be taken into account that the absolute deviation in Pascal is the same
in all cases because for low frequencies the pressure is lower and the deviation is relatively
larger.

The deviation between the simulation performed and the benchmark (average of the three
different benchmarks) will be calculated using Equation (B.1).

D = |ps |− |pb |
|pb |

, (B.1)

where ps is the pressure in Pa on the field points obtained by the simulation and pb the pres-
sure obtained by the benchmark. The results of D are shown in Figure B.4 for all frequencies.

The mean deviation will be calculated for every frequency as will the standard deviation
which gives a quantity to the amount of variation. The larger this value is, the more the data
varies from the mean.
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Figure B.3 Pressure (Pa) at the field points from the validation simulation and the benchmark

Table B.1 Results of the deviation between the performed simulation and the benchmark

f [Hz] Mean Standard Deviation
31.5 -0.35 0.13
63 -0.31 0.10
125 -0.17 0.13
250 -0.01 0.24
500 -0.05 0.15
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Figure B.4 Deviation between the simulation and the benchmark.

This validation shows a deviation between the results from the OpenBEM simulation and
the benchmark created by the Working Group on Computational Method for Environmen-
tal Acoustics [31]. Figure B.2 shows the pressure on the field points for all frequencies. Fig-
ure B.3 shows a large similarity between the performed simulation and the benchmark. Al-
though Figure B.4 shows a deviation between the performed simulation and the benchmark,
the deviation is small. The larger deviation (for instance for 250 Hz at point 100) will only be
found on the points with a low pressure. This means that a little deviation from this small
value will give a large deviation using Equation B.1. Although the results do not exactly agree
with the benchmark, the deviation is small and it can be concluded that the simulation with
OpenBEM gives reliable results.



C
MATLAB CODES

C.1. INPUT CODE FOR OPENBEM
The following code gives the input for OpenBEM for the reference model. The other geome-
tries are simulated in the same way with other meshes. The scripts referred to in this code
can be obtained on the website of OpenBEM and will not be shown [14].

freq=[125 140 160 178 200 224 250 282 315 355 400];
i_theta=[0 30 45 60 85]; % Angles of incidence xz-plane
i_phi=[0 30 45 60 90]; % Angles of incidence xy-plane

%% NODES AND ELEMENTS
for ff=1:length(freq); % Different frequencies
for pp=1:length(i_phi); % Different angles incident plane wave xy plane
for tt=1:length(i_theta); % Different angles incident plane wave xz plane

if freq(ff)<161
nodes('RO125.msh'); nodes=data; nodes(:,1)=[];
elements_RO125('RO125.msh'); elements=data; elements(:,1:5)=[]; ...

elements(:,4)=elements(:,3);
elseif freq(ff)>159 && freq(ff)<251

nodes('RO250.msh'); nodes=data; nodes(:,1)=[];
elements_RO250('RO250.msh'); elements=data; elements(:,1:5)=[]; ...

elements(:,4)=elements(:,3);
elseif freq(ff)>281 && freq(ff)<316

nodes('RO315.msh'); nodes=data; nodes(:,1)=[];
elements_RO315('RO315.msh'); elements=data; elements(:,1:5)=[]; ...

elements(:,4)=elements(:,3);
else

nodes('RO400.msh'); nodes=data; nodes(:,1)=[];
elements_RO400('RO400.msh'); elements=data; elements(:,1:5)=[]; ...

elements(:,4)=elements(:,3);
end

%% INPUT
pa=101325; % Static pressure [Pa]
t=20; % Temperature [C]
Hr=50; % Relative humidity [%]
f=freq(ff); % Frequencies [Hz]
[rho,c,cf,CpCv,nu,alfa]=amb2prop(pa,t,Hr,f);
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% VARIABLES
k=2*pi*f/c; % Wavenumber [1/m]
Tole=1e-6; % Tolerance for the near-singular check. It must be ...

of the order of the smallest relative distance
nsingON=1; % Deal with near-singular integrals
TRI=1; % set to: 1-triangular elements, 2-quadrilateral ...

elements

% check geometry and add body numbers
[nodesb,topologyb,toposhrinkb,tim,segmopen]=bodyfind(nodes,elements);
if TRI, topologyb=toposhrinkb; end % for triangular elements, shrink ...

elements matrix

M=size(nodesb,1); N=size(topologyb,1);

%% INCIDENT PLANE WAVE
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]
i_thetar_im=(180-i_theta(tt))*(pi/180);

rx=nodesb(:,1); % Direction x
ry=nodesb(:,2); % Direction y
rz=nodesb(:,3); % Direction z
kx=sin(i_thetar)*cos(i_phir); % x component of k
ky=sin(i_thetar)*sin(i_phir); % y component of k
kz=cos(i_thetar); % z component of k
kx_im=sin(i_thetar_im)*cos(i_phir); % x imaginair component of k
ky_im=sin(i_thetar_im)*sin(i_phir); % y imaginair component of k
kz_im=cos(i_thetar_im); % z imaginair component of k

k_re=kx.*rx+ky.*ry+kz.*rz;
k_im=kx_im.*rx+ky_im.*ry+kz_im.*rz;

pI=exp(-1i*k*k_re)+exp(-1i*k*k_im);

%% PRESSURE ON SURFACE
% Calculate the BEM matrices and solve the pressures on the surface
if TRI

[A,B,CConst]=TriQuadEquat(nodesb,topologyb,topologyb,ones(N,1),...
k,nsingON,Tole); % triangular

else
[A,B,CConst]=TriQuadEquat(nodesb,topologyb,topologyb,zeros(N,1),...
k,nsingON,Tole); % quadrilateral

end
disp(['Condition numbers, A: ' num2str(cond(A)) ' B: ' num2str(cond(B))])
B=1i*k*rho*c*B;
psc=A\(-4*pi*pI);
clear A B

%% FIELD POINTS
R=100; % Radius of the fieldpoints
theta_min=0; theta_max=90;
phi_min=0; phi_max=350;

Mfp_theta=10; % Number of field points on angle theta
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Mfp_phi=36; % Number of field points on angle phi

thetafp=linspace(theta_min*pi/180,theta_max*pi/180,Mfp_theta)';
phifp=linspace(phi_min*pi/180,phi_max*pi/180,Mfp_phi)';

for ii=1:Mfp_theta
for jj=1:Mfp_phi

a=((ii-1)*Mfp_phi)+jj;
xyzFP(a,:)=R*[sin(thetafp(ii))*cos(phifp(jj)) ...

sin(thetafp(ii))*sin(phifp(jj)) cos(thetafp(ii)) 0 0];
xyzFP(a,4)=thetafp(ii)/(pi/180); xyzFP(a,5)=phifp(jj)/(pi/180);

end
end

% Calculate field points
if TRI

[Afp,Bfp,Cfp]=point(nodesb,topologyb,topologyb,ones(N,1),...
k,xyzFP,nsingON,Tole); % triangular

else
[Afp,Bfp,Cfp]=point(nodesb,topologyb,topologyb,zeros(N,1),...
k,xyzFP,nsingON,Tole); % quadrilateral

end
pscFP=(Afp*psc)./Cfp;

%% Save solution
FPO=[xyzFP pscFP];
eval(['save RO',num2str(freq(ff)),'_',num2str(i_phi(pp)),'_',...

num2str(i_theta(tt)),' FPO']);
end
end
end

C.2. SCATTERING AND DIFFUSION COEFFICIENT

The following Matlab code calculates the scattering coefficient and the diffusion coefficient
using the complex pressures at the receiver points recieved by the BEM simulation.

%% LOAD DATA
g=['RO' 'RS' 'A1' 'A2' 'B1' 'B2' 'C1' 'C2' 'C3' 'D1' 'E1'];
f=[125 141 160 178 200 224 250 282 315 355 400];
phi_i=[0 30 45 60 90];
theta_i=[0 30 45 60 85];

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(theta_i(tt)),'_',...
num2str(phi_i(pp)),' 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
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end
end
end
end

%% POLAR RESPONS
for gg=1:2:length(g)
for tt=1:length(theta_i)
for ff=1:length(f)

eval(['u=',num2str(g(gg)),num2str(g(gg+1)),num2str(f(ff)),'_0_',...
num2str(theta_i(tt)),';']);
u1=u; u1(u1(:,5)~=0,:)=[]; u1=sortrows(u1,4); u1=flipud(u1);
u2=u;
u2(u2(:,5)~=180,:)=[];
u2=sortrows(u2,4);
eval(['polar',num2str(g(gg)),num2str(g(gg+1)),'_',...
num2str(theta_i(tt)),'(1:10,ff)=abs(u1(:,6));']);
eval(['polar',num2str(g(gg)),num2str(g(gg+1)),'_',...
num2str(theta_i(tt)),'(11:19,ff)=abs(u2(:,6));']);

end
eval(['save ...

P_',num2str(g(gg)),num2str(g(gg+1)),num2str(theta_i(tt)),' ...
polar',...

num2str(g(gg)),num2str(g(gg+1)),'_',num2str(theta_i(tt)),';']);
end
end

%% SCATTERING COEFFICIENT
for gg=1:2:length(g)

a=0;
for tt=1:length(theta)
for pp=1:length(phi)

a = a+1;
for ff=1:length(f)

if theta(tt)==0 && phi(pp)~=0
else
eval(['u=',num2str(g(gg)),num2str(g(gg+1)),num2str(f(ff)),'_',...
num2str(phi(pp)),'_',num2str(theta(tt)),';']);
ru=sin(u(:,4)*pi/180)*100; dxy=(2*pi*ru)/36;
dxz=((2*pi*100)/4)/9;
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));
eval(['v=RS',num2str(f(ff)),'_',num2str(phi(pp)),'_',...
num2str(theta(tt)),';']); v(:,4)=round(v(:,4));
rv=sin(v(:,4)*pi/180)*100;
dxy=(2*pi*rv)/36; dxz=((2*pi*100)/4)/9; v(:,7)=dxy*dxz;

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

end
end
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v(:,8)=v(:,7)/sum(v(:,7))*length(v);
vd=(u(:,8).*v(:,6));
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(pp);'])
eval(['S_',num2str(g(gg)),num2str(g(gg+1)),'(a,2)=theta(tt);'])
eval(['S_',num2str(g(gg)),num2str(g(gg+1)),'(a,ff+2)=S;'])

end
end
end

for ii=1:13;
if theta(tt)==0
eval(['SA_',num2str(g(gg)),num2str(g(gg+1)),'(1,ii)=S_',...
num2str(g(gg)),num2str(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));'])
end

end
end

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

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

end

%% 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=',num2str(g(gg)),num2str(g(gg+1)),num2str(f(ff)),'_',...
num2str(phi_i(ppi)),'_',num2str(theta_i(tti)),';']);
ru=sin(u(:,4)*pi/180)*8; dxy=(2*pi*ru)/36;
dxz=((2*pi*8)/4)/9;
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));

L=20*log10(abs(ud)./(20e-5));
D=(sum(10.^(L./10))^2-sum(10.^(L./10).^2))/...
((length(ud)-1)*sum(10.^(L./10).^2));

eval(['D_',num2str(g(gg)),num2str(g(gg+1)),'(a,1)=phi_i(ppi);'])
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
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for ii=1:13;
if tti==1
eval(['DA_',num2str(g(gg)),num2str(g(gg+1)),'(1,ii)=D_',...
num2str(g(gg)),num2str(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));'])
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

C.3. ADAPTED METHOD FOR CALCULATING THE DIFFUSION COEFFICIENT

The following Matlab code calculates the diffusion coefficient using the complex pressures
at the receiver points received by the BEM simulation. This is the adapted method which
uses τ to calculate the diffusion coefficient.

%% LOAD DATA
g=['RO']; %geometries
f=[125 141 160 178 200 224 250 282 315 355 400]; %frequencies
phi_i=[0 30 45 60 90]; %angle of incidence xy-plane
theta_i=[0 30 45 60 85]; %angle of incidence xz-plane

%loading pressures at receiver points at a sphere with a radius of 8 meter
%with [x-coordinate, y-coordinate, z-coordinate, aoi theta, aoi phi, ...

pressure]

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,:)=[]; %deleting copies at top of the sphere
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 WITH SPECULAR DIRECTION
phi_d=(0:1:360); %direction angle in xy-plane
theta_d=(0:1:90); %direction angle in xz-plane

for gg=1:2:length(g)
for ppi=1:length(phi_i)
for tti=1:length(theta_i)
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a=0;
for ppd=1:length(phi_d)
for ttd=1:length(theta_d)

if theta_d(ttd)==0 && phi_d(ppd)~=0 %deleting copies for the ...
negative z direction

else
a = a+1;
for ff=1:length(f)
if theta_i(tti)==0 && phi_i(ppi)~=0 %deleting calculation for the ...

copies at the top of the sphere
else
eval(['u=',num2str(g(gg)),num2str(g(gg+1)),num2str(f(ff)),...
'_',num2str(phi_i(ppi)),'_',num2str(theta_i(tti)),';']);
ru=sin(u(:,4)*pi/180)*8; dxy=(2*pi*ru)/36; %calculating the width of ...

the area covered by 1 receiver point
dxz=((2*pi*8)/4)/9; %calculating the height of the area covered by 1 ...

receiver point
u(:,7)=dxy*dxz; %defining the area covered by 1 receiver point
for i = 1: length(u) %for the lowest areas only half the height is taken
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)); %weighted pressures

%creating matrix with direction values and related pressures ...
v=[x-coordinate,

%y-coordinate, z-coordinate, specular direction xz-plane, specular ...
direction xy-plane, pressures]

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)); %including same weighting as with the simulated ...

values

%creating matrix tau with [direction angle xy-plane, direction angle ...
xz-plane, (11 columns) tau per frequency]

Tw=((abs(sum(ud.*conj(vd)))^2)/((sum(abs(ud).^2)).*(sum(abs(vd).^2))));
eval(['Tw_',num2str(g(gg)),num2str(g(gg+1)),'_',num2str(phi_i(ppi)),...
'_',num2str(theta_i(tti)),'(a,1)=phi_d(ppd);'])
eval(['Tw_',num2str(g(gg)),num2str(g(gg+1)),'_',num2str(phi_i(ppi)),...
'_',num2str(theta_i(tti)),'(a,2)=theta_d(ttd);'])
eval(['Tw_',num2str(g(gg)),num2str(g(gg+1)),'_',num2str(phi_i(ppi)),...
'_',num2str(theta_i(tti)),'(a,ff+2)=Tw;'])
end
end
end

end
end
end
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end
end

%% 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=Tw_',num2str(g(gg)),num2str(g(gg+1)),'_',...
num2str(phi_i(ppi)),'_',num2str(theta_i(tti)),';'])
spec=u(:,3)==0; u(spec,:)=[]; %deleting the rows with zero

%creating matrix diffusion coefficient with [aoi xy-plane, aoi angle ...
xz-plane, (11 columns) diffusion per frequency]

Dw=(sum(u(:,ff+2))^2-sum(u(:,ff+2).^2))/((length(u)-1)*...
sum(u(:,ff+2).^2));
eval(['Dw_',num2str(g(gg)),num2str(g(gg+1)),'(a,1)=phi_i(ppi);'])
eval(['Dw_',num2str(g(gg)),num2str(g(gg+1)),'(a,2)=theta_i(tti);'])
eval(['Dw_',num2str(g(gg)),num2str(g(gg+1)),'(a,ff+2)=Dw;'])
end

end
end
end

eval(['save D_',num2str(g(gg)),num2str(g(gg+1)),'s ...
Dw_',num2str(g(gg)),num2str(g(gg+1)),';']);

end
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