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Abstract 
 

This thesis addresses the need of incorporating the wave based model in room acoustics to 
extend the existing sound particle models like ray tracing and image source methods. Chapter 1 
starts with the introduction of approaches being used for auralization purpose in room acoustics. 
Detailed methodology behind particle approaches are discussed. However, such particle or ray 
based approaches are not sufficient in small and complex shaped rooms to take proper account of 
the wave nature of the sound field. These methods fail to obtain room acoustic characteristics of 
higher quality in the low frequency bands. In order to effectively simulate the sound field at low 
frequencies, where the dimensions of the walls are comparable to the wavelength, one needs to 
clearly know the reflection and diffraction properties of walls. This thesis presents the use of  
numerical techniques like finite element method (FEM) and boundary element method (BEM) to 
solve the Helmholtz wave equation in order to obtain a better or more realistic impulse response. 

Solving differential equations using numerical methods like FEM and BEM require 
discretization or “mesh” of continuous geometrical domain. Several algorithms have been 
developed to automate the process of mesh generation, but most of them do not provide a 
guarantee about the quality of the resulting mesh. Generally, hexahedrals  are preferred over 
tetrahedrals as they avoid flat and sharp angles hence better mesh quality can be obtained. But no 
approach so far guarantees the automatic hexahedral mesh generation of the whole domain. This 
thesis in Chapter 2, introduces a new approach “cutting plane algorithm” to generate an all- 
hexahedral mesh. The cutting plane algorithm is based upon cutting the polyhedron as proposed 
by Chazelle [24] into simpler shaped elements and the main emphasis in this work is to 
investigate it’s practical applicability in architectural designs. It is shown that after applying a 
sequence of cuts on the given arbitrary polyhedron, one can obtain convex and trivalent 
polyhedrons. These polyhedrons can then be converted into a hexahedral mesh using Mid-Point 
subdivision scheme. Special cutting schemes are suggested using examples for typical 
architectural designs. Special considerations are given to mesh quality in acoustical models 
where balconies, domes (for mosques), stairs, pillers etc. are very common. Furthermore, for 
curved surfaces a new projection algorithm is introduced. It is shown that with proper 
combination of cutting plane and projection algorithms, a good quality mesh can be obtained.   

Chapter 3 discusses the detailed acoustical analysis using the FEM. An overview of using the 
FEM for performing modal analysis and frequency domain simulation in closed environments is 
presented. Moreover, the diffraction effect which is not possible to observe below Schroeder 
frequency by means of particle models is viewed using FEM. For this purpose the solution of the 
general quadratic eigenvalue problem arising from the finite element analysis in enclosures with 
complex shapes and general impedance boundary condition is considered. This work is mainly 
concerned with the attempt of showing the practical feasibility of FEM in room acoustics and to 
combine it with particle models in order to obtain the broad band response of the room. Also, 
fundamental points regarding the finite element method, iterative methods and required mesh 
quality are discussed. 

In Chapter 4,  the thesis tries to investigate the scattering behavior of incident plane waves at 
arbitrarily shaped wall surfaces using BEM. For comparison purposes, a simple point-source 
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based model to calculate scattered wave fronts is also introduced. The incident plane waves are 
considered at various angles and scattering coefficients computed in both models are then 
compared with the measured data. It is found that while the point-source model can give 
reasonable asymptotic results, the advanced numerical model matches with the measurement 
data significantly better in quantity and quality.  

Chapter 5 concludes the thesis by summarizing the work and provides some guidelines for future 
work. 
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1. CHAPTER 
 

Approaches in Room Acoustics 
 

1.1.     INTRODUCTION 

The acoustics of enclosures like concert halls, theatres, worship spaces etc for auralization [1] 
purpose has been investigated for many years. One needs to predict the acoustic behavior of such 
spaces at the design stage so as to avoid the problems after they are built. The sound field created 
in such rooms depends upon many parameters like volume, absorbing materials, geometry type 
and the frequency at which the sound is considered. The modeling of enclosures with all these 
parameters is not simple and so far different approaches have been proposed. We can classify 
these methods/approaches depending upon the methodology (arranged left to right in 
chronological order) they follow as mentioned below (fig. 1.1): 

 

Fig 1.1: Approaches in Room Acoustics 

As mentioned in fig. 1.1, one can classify the modeling algorithms in three categories. The first 
and the initial approach to model the sound field was based on statistical [2] assumptions. An 
example of one such approach is SEA [3, 4]. Generally SEA is used for prediction of noise levels 
where sound is propagated mainly by structures. Second is particle based approaches [5, 6, 7] 
where sound is considered to behave like a particle. Image source method and ray tracing method 
are two examples of particle based approach. Some hybrid approaches [8, 9] are also proposed 
where image source is used for early reflections and ray tracing method for late reflections. 
However, the particle based assumption of sound is valid only when the wavelength considered 
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is small compared to the area of wall surfaces. Therefore, the wave effects like diffraction and 
interference are not taken into account. Hence, one needs to solve the wave equation to model 
the actual sound field at low frequencies. As the analytic solution for complicated surfaces with 
different boundary conditions is almost impossible, a third model based on numerical methods 
like finite element method (FEM) [10, 11, 12], boundary element method (BEM) [13, 14] and 
finite difference methods (FDM) like finite difference time domain method (FDTD) [15, 16] is 
proposed. These methods can be applied quite effectively but the associated computational cost 
increases as the frequency increases. However, with the fast improving computational facilities, 
efforts are being made to make use of these approaches more and more to simulate the sound 
field. BEM requires discretization or “mesh” of the boundary surface of the given geometry 
whereas in FEM the whole domain needs to be discretized. Both approaches have some 
advantages and disadvantages over the other.  In the next section, we explain all the approaches 
shortly. 

1.2. PARTICLE APPROACHES 

1.2.1. Ray Tracing Method 

Ray tracing method is a well known geometrical based approach. Rays are emitted by a sound 
source and the sound field is modelled by following the path taken by these rays as they interact 
with surfaces. Therefore the sound is behaved to be like a particle where certain particles are 
emanating from the speaker and then they are bouncing back on forth following the specular 
reflection rule i.e. angle of incidence equals angle of reflection.  

 

Fig 1.2: Ray Tracing Method 
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One needs to keep track of all the audible rays at the desired listener locations. The figure (1.2)  
illustrates the priniciple of ray tracing for a simple room with one source. It shows the sound rays 
coming out from the speaker and getting reflected due to walls. The objective is to discover all 
possible reflection paths. Monte-Carlo [17, 18] ray tracing simulation is quite effective to handle 
the complex geometric models.  

Nowadays many efforts are being made to incorporate the scattering coefficient as well into the 
ray tracing model. However, the literature for scattering coefficient [19] data is very limited and 
it’s quite impractical to measure for all the real life geometrical shapes. Particulary when they are 
fixed on wall structures. Hence, in this work, a computation tool using Boundary element 
method (BEM ) to calculate the scattering coefficient  for any given arbritrary surface has been 
developed. Then the simulated data were compared with the measured data [20] and they were 
quite in agreement with each other. We shall discuss about it in detail in the chapter 3 of this 
thesis.    

The assumption of considering sound to behave like a particle is valid only when the room 
dimensions are large enough compared to the wavelength. At low frequencies, as room size 
decreases the wavelength becomes comparable to room dimensions and the wave nature of 
sound cannot be ignored. 

1.2.2. Image Source Method 

The image-source method is a procedure to simulate a room by replacing all surface reflections 
at receiver locations with image sources. The assumptions made here are same as that for ray 
tracing method. In this approach also no scattering is taken into account. Basic principle is 
shown below for one source. 
 

 

Fig. 1.3a; 1.3b 

So, in the example above it is shown that the contribution of sound energy by the reflected ray at 
receiver location is being replaced by the direct sound from the image source. Similarly, when 
there are more surfaces there will be more mirror image sources. Generally speaking, a sound ray 
is reflected by multiple surfaces before arriving to a listener. 
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Example figure (1.4) shows how one can visualize direct sound, first order and second order 
reflections using image source method. Ifloor is the image of the source due to the first order floor 
reflection and similarly Iceiling is due to the ceiling wall. Ifloor_ceiling denotes the image created by 
second order reflection of floor’s image with that of ceiling. The graphical ray diagram shows 
how to calculate the contribution of various “visible” sound sources at receiver location. For 
instance, the contribution from Iceiling_floor will not be counted at receiver location in this case as it 
in not visible due to an obstacle.  Therefor after every image calculations, visibility check must 
be performed. 

 

Fig. 1.4: Mirror Image Method 

1.2.3. Comparison between Ray Tracing and Image Source Methods 

The ray tracing method is simple and easy to be applied but the image source method can 
provide more exact results as early reflections are more accurately calculated in image source 
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method. However, with the increase in number of reflections, the images increases exponentially 
[8, 9]. Hence hybrid approaches are also preferred where image source is used for early 
reflections and ray tracing for later reflections. 

However, still both approaches fail when the room dimensions are comparable to the 
wavelength, and there exists some energy distribution due to the wave nature of sound. Roughly 
speaking below Schroeder frequency, such wave related features like diffraction and interference 
cannot be ignored. Schroeder frequency is an approximate transition frequency and below this 
the modal density in small rooms is low. Therefore, the uniform distribution of sound energy 
cannot be assumed as used in statistical approaches. Hence, for low frequency bands it is 
essential to consider an approach of solving the wave equation for sound in order to obtain the 
room acoustic characteristics of higher quality. More detailed modal analysis and comparison is 
provided in chapter 3. 

1.3. WAVE BASED APPROACHES 

These approaches try to solve the wave equation directly. As the analytical solution is not 
possible for all arbitrary shapes and boundary conditions, one needs to rely upon numerical 
methods. In this chapter only the wave based methods have been introduced and in the later 
chapters, detailed analysis will be provided.  

The general methodology followed in wave approaches is mentioned in the chart below. For any 
given physical system i.e. any closed space in our case, the mathematical system is derived based 
on certain assumptions and phenomenon which expresses the state of the system mathematically. 
In our case, the mathematical system is the Helmholtz equation. Afterwards, the equation 
described over continuous geometry is approximated by a discrete model. This step of 
subdividing the domain into smaller elements is called as mesh generation. The contribution 
from each discretised element is then added to the global matrix and finally the global matrix is 
then solved to obtain the solution at each nodal points. Each of the modeling step is explained in 
detail in the coming sections.  

 

 

 

 

 

 

  

 

                Fig 1.5 

PHYSICAL SYSTEM (Room) 

 
MATHEMATICAL MODEL 

(Helmholtz Equation) 

 
DISCRETE MODEL ( Mesh 

generation) 

SOLUTION (AX=B) 
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One can further classify between wave based models as element or difference based approaches. 

In element based approaches, the continuous domain is discretized into elements and basis /trial 
functions are then defined over nodes of element. The solution is then approximated as a linear 
combination of such basis functions. Examples of such type of approaches include BEM and 
FEM. 

However, in difference based approaches (FDM), the derivatives are directly approximated by an 
algebraic expression. Finite difference time domain (FDTD) is an example of one such approach.  

Difference based approaches utilizes uniformly spaced grid whereas element based approaches 
utilizes either uniform or non-uniformly spaced grids. Therefore, element based approaches 
offers more powerful method to model engineering problems involving complex three 
dimensional domain. In this work, we have chosen FEM and BEM approaches to simulate the 
sound field in room acoustics. 

FEM  is quite popular technique to solve the partial differential equations. Adaptiveness and the 
ease of incorporating the impedance boundary conditions makes it even more preferred over 
other approaches. However, here the whole volume needs to be discretized while in BEM only 
the boundary surface needs to be meshed. Therefore the final system matrix in FEM is very large 
but sparse and symmetric. In BEM, the size of the final matrix is small because of less number of 
discretized elements but the system matrix is very dense and highly asymmetric.  

Before explaining the theory behind FEM and BEM, first as an introduction we explain basic 
mathematical concepts behind element based [21, 22, 23] methodology.  

1.3.1. Discretization and Basis Functions 

Consider a one dimensional field where we seek to find a mathematical expression to evaluate 
U(x). For acoustics purpose, U(x) could be the sound pressure distribution over the one 
dimensional field. 

If we discretize the field into four elements, the five nodes numbered (N1, N2, N3, N4, N5) will 
look as follows. 

 

Fig.1.6a 

If we define the linear variation between two nodal values, then U can be interpolated as follows: 

                       U(�) =  u1*�  +  u2*(1- �) 

where 0< � <1 and for the first element, u1 = N1,  u2 = N2. For second element, u1 = N2,  u2 = 
N3. Similarly for the third element, u1 = N3,  u2 = N4 and so on.  
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It is shown in the figure (1.6b), that each of the elements in the physical space (x) is mapped onto 
the mathematical space (�).  

 

Fig.1.6b: Mapping onto Mathematical Space 

Further we define:  

�1(�) = 1-� 

�2(�)= � 

Such that the following holds: 

                                                U(�) =  �1(�)*u1 + �2(�)*u2 

These �1(�) and �2(�) are then called as linear basis functions for the nodes u1 and u2. Therefore 
we have a piecewise continuous representation of sound field U(�). However, to calculate U(X), 
one needs to define the mapping between x and � for each element. A simpler way to do that is to 
define X as an interpolation of the nodal values of x: 

                                                X(�) = �1(�)*x1 + �2(�)*x2      

where x1 <  x  <  x2  and 0 < � < 1 for each element. Here, x1 and x2 are the nodal values of the 
element in physical space. 

Now, we come to some properties of basis functions. They can be regarded as a weighting 
function on the nodal parameters. Basis function for an associated node takes the value one when 
evaluated at that point and is zero at all other element nodes. Keeping this in mind, one can 
define basis functions for two and three dimensional elements as well. For example, for two 
dimensional four noded element (fig. 1.7a), one can define: 
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              U(�1, �2) =  �1(�1, �2)u1 + �2(�1, �2)u2+ �3(�1, �2)u3 + �4(�1, �2)u4 

 

Fig 1.7a:  4-noded element                                     Fig. 1.7b:  8-noded element 

where, 

�1(�1, �2) = (1- �1) (1- �2),  �2(�1, �2) = (1- �1) �2, �3(�1, �2) = �1 (1- �2) and  �4(�1, �2) = �1�2. 

Similarly for 8 noded hexahedral element (fig. 1.7b) in 3D, one can calculate the corresponding 
linear basis functions. One thing to note here is one can mesh the domain into triangles or 
tetrahedrals as well. Some more mesh elements are shown in figure 1.7c. 
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Fig 1.7c:  3D Mesh Elements   

1.3.2. Finite Element Method 

1.3.2.1. Theoretical Background 

1.3.2.1.1. Helmholtz Equation and FEM Formulation 

The behavior of sound inside an enclosure (Ω) we are trying to analyze can be expressed 
mathematically using Helmholtz equation as follows: 

0)()( 22 =+∇ xpkxp    ,          Ω∈x                                      (1.1) 

where p is the acoustic pressure and k is the wavenumber, x is a coordinate belonging to Ω.. First 
we define an approximate solution p over each mesh/finite element as the linear combination of 
basis functions (ϕ) as defined earlier:                 

ppp i
i

i ≈=�ϕ~                                                                        (1.2) 

On substituting 1.2 into 1.1, leaves a residual R: 

                       022 ≠+∇= pkpR                                             (1.3) 

If  p were an exact solution, the residual would be zero everywhere over the whole domain. But 
it’s not the case in numerical problems. Next, instead of solving equation 1.1 directly, we form 
the weighted residual as follows:  
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                                               �
Ω

=Ω 0.dwR                                                         (1.4) 

where w is the weighting function. Equation 1.4 is also called as the weak form of the original 
equation and FEM uses this integral form to find the approximate solution. Basically it tries to 
distribute the residual or error evenly over the domain.  

Substituting R from eq. 1.3 into eq. 1.4, we have: 

                                              �
Ω

=Ω+∇ 0)( 22 dpkpw                                          (1.5) 

Integrating the weak form (eq. 1.5) by parts, one has : 

                     0)()()( 2 =Γ
∂
∂+Ω+Ω∇∇− ���

ΓΩΩ

d
n
p

wdpwkdpw                              (1.6) 

where 
n
p

∂
∂

denotes the normal derivative of pressure p. 

In the Galerkin formulation [21], the weighting function is chosen to be the basis function itself. 
Moreover, in the third term of equation (1.6), one can incorporate the impedance Robin 
boundary conditions defined as:  
    

                                                   
Z
pi

n
p ρω−=

∂
∂

,                                                      (1.7) 

to obtain the final FEM formulation matrices: 

                                   [K]{p} + iω[C]{p} - ω²[M]{p} = -ρω² u{W }                     (1.8) 

where u: Displacement, and {W}: Nodal distribution vector respectively. K: Global stiffness 
matrix, C : Global damping matrix, M: Global mass matrix are defined as follows: 

� � { }( ) ΩΦ∇Φ∇= �
Ω

dK .][ , 

� �{ } ΓΦΦ= �
Γ

d
Z

C )(][
ρ

, 

� �{ }( )�
Ω

ΩΦΦ= d
c

M
2

1
][  

Numerical evaluation of these matrices for each mesh element will be explained using an 
example in the section 1.3.2.2. 
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1.3.2.1.2. Modal Analysis 

For modal analysis, we need to consider the steady state solution. Hence, the equation (1.8) 
reduces to the following quadratic eigenvalue problem: 

                                          [K]{p} + iω[C]{p} - ω²[M]{p} = 0                                (1.9) 

The quadratic eigenvalue problem can be linearized to, 

                                        �
�

�

0
K

�
�

�

M

0
�
�

�
�
�

�

p

p

ω
=ω �

�

�−
M

iC
�
�

�

0
M

�
�

�
�
�

�

p

p

ω
                                    (1.10)      

With this approach, the dimension of the problem is doubled but on the other hand the advantage 
is that we can use the currently existing linear eigenvalue solvers  that solve problems of the 
type: 

                                        AX = BX �                                                                        (1.11) 

 
1.3.2.1.3. Transfer Function 

A transfer function determines the relation between input and output of a system. It is the 
measure of any system's response at the output to a signal of varying frequency at its input. 

 

Fig. 1.8 

For transfer function calculations using FEM, one can enter the input in the right hand side of 
equation (1.8) and can solve the system of equations for every value of ω. So the problem 
reduces to solving the linear matrix equation, for values of  ω in the desired range 

 
                [A]{p}= [b]                                                                                 (1.12) 

where A = K + iωC - ω²M. Equation (1.12) then can be solved by effective iterative methods 
[43, 44]. These equations are solved for each frequency of interest and the sound pressure level 
can be determined at any observation point. In the next example, we illustrate the how to solve 
the Helmholtz equation for a given geometry using FEM. 
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1.3.2.2. Example: Rectangular Model (2D)  

Consider the rectangular model (2x1 m2) shown in figure (1.9). 

                                        

Fig. 1.9:  2D Rectangular Shaped Geometry 

 
1.3.2.2.1. Discretization and Basis Functions 

Now if one meshes the rectangular model into 8 equal pieces (0.5x0.5 m2), then the mapping 
would look like as follows (fig 1.10):             
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Fig. 1.10: Mapping of each element 

Every element is numbered and mapped onto the mathematical space. Next if we take the linear 
2D FEM element (fig 1.11) for Ωi as also defined earlier, we have: 
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Fig. 1.11: 4-noded 2d element 

where, 

                 �1(�1, �2) = (1- �1) (1- �2),      )1( 2
1

1 ξ
ξ

−−=
∂
Φ∂

 ; )1( 1
2

1 ξ
ξ

−−=
∂
Φ∂

 

                 �2(�1, �2) = (1- �1) �2,             2
1

2 ξ
ξ

−=
∂
Φ∂

;          )1( 1
2

2 ξ
ξ

−=
∂
Φ∂
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1.3.2.2.2. Element Integrals 

Now, going back to our integral (equation 1.5) which we want to solve: 
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Now for a Galerkin formulation, we have: 

                            mw Φ=   

and for each Ωj  the pressure p can be expressed as nn pp �Φ=  
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Moreover,  if we take impedance boundary conditions (equation 1.7):  
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                                                                                                                    …….     (1.13) 

For 2 dimensional rectangle with 8 elements, the above domain integrals can be replaced by the 
sum of integrals taken over 8 elements: 
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Now in the integrand, mΦ and nΦ are functions of 1ξ  and 2ξ , one needs to convert the 
derivatives with .respect to x and y to  derivatives with respect to  1ξ  and 2ξ . This will basically 
map the integral onto ξ  space.   

So every integral can be mapped as follows: 
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where J is the Jacobian for the required transformation and the derivatives can be calculated 
using the chain rule: 
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then equation 1.13 takes the form: 

                                          Kmn pn + iωCmn - ω² Mmn pn = 0 

Where, Kmn (stiffness matrix), Cmn (damping matrix) and Mmn (mass matrix) are: 
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and m = 1, 2, 3, 4 and n =1, 2, 3, 4 for Ωi. 

Now we illustrate how to calculate these integrals using above mentioned rules.  

For first element i.e. Ω1,  
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Substituting the earlier calculated linear 2d basis functions, we obtain: 
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similarly for K12, we obtain: 
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And finally after calculating all the Kmn , we obtain the following  4 x 4 matrix : 
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In the same manner, one can also calculate the element mass matrix for Ω1. However, for the 
damping matrix, one needs to evaluate integral only at the boundary. Afterwards, the 
contributions of each of the element matrix is needed to be assembled into global stiffness matrix 
K, global damping matrix C and global mass matrix M.  

Next, we start adding the contribution from Ω1. It has global numbers 1, 2, 6, 7 and local number 
as 1, 2, 3, 4. So the contribution of Ω1 into global K and M can be viewed as follows. 
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Fig. 1.12: Showing local and global numbering for Ω1 

 

K12 corresponds to global K12 whereas K13 corresponds to global K16 . Similarly, K33 to K66 and so 
on. The matrix below further shows the addition of local stiffness matrix into global one.  
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So one can see in the above matrix (15x15) for 15 mesh nodes, initially all the elements were 
zero. Afterwards the values are added for Ω1 at the respective global nodes i.e. 1, 2, 6, 7. For 
each Ωi, one can calculate integrals and keep adding the contributions to the global matrices K 
and M. Similarly, one can calculate damping matrix for each iΓ along with its impedance value 
and keep adding it to the global C. Finally these global matrices can then be solved for 
eigenmodes or transfer function using effective iterative methods. Physically, it means that every 
element is connected with other elements and there is flow of sound energy between nodes. The 
contribution of energy from each of the individual elements is calculated and assembled in the 
final system matrix at their associated location nodes. This system matrix contains the interaction 
information between these nodes. This matrix can then be solved to calculate the sound pressure 
level at these nodes. 

 
1.3.2.2.3. Assembly and Gaussian Quadrature 

Due to a large number of elements, it is practically impossible to evaluate and assemble 
manually all local stiffness and mass matrices into global matrices, one can make use of data 
processing array (DPA). DPA keeps tracks of global number associated with each of the local 
node and would help in assembling the matrices. Furthermore, it is also practically impossible to 
evaluate the integrals Kmn and Mmn manually for large number of elements. In most real world 
problems the mesh could contain thousands of elements. Hence, a numerical integration scheme 
has to be used. Gaussian quadrature [45] is one such reliable scheme. One can approximate the 
integral for a given function f(x), using Gaussian points as follows: 
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where, Wi  are the weights associated with points xi and N denotes the number of Gaussian points 
chosen. For the list of gauss- legendre weights and associated sample gauss points one can see 
the table [Appendix A]. 

The pseudo code (fig. 1.13) further summarizes the above mentioned methodology. As written in 
the pseudo code, first a suitable Gaussian scheme is defined using GaussQuadrature function. 
The function returns the number of GaussPoints , weights and corresponding sample points 
array.  Afterwards,  one element at a time is read from already generated mesh using fscanf 
function. All the coordinates for element are arranged according to their local numbering as 1, 2, 
3,..N.  CoordinateArray variable stores the x, y, z coordinates of each node in the element and 
DPA is a data processing array storing the corresponding global number of each node. 

Now for the element under consideration, the local stiffness and mass matrix is calculated using 
the earlier defined Gaussian scheme. Jacobian, basis functions and their derivatives are evaluated 
at each gauss sample point and are accordingly assigned as they are defined for stiffness and 
mass matrices. 
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Finally after obtaining the element stiffness/mass matrix, each of its entry values are added to 
global stiffness/mass matrices at locations calculated using DPA.                                      

 

Fig. 1.13: Pseudo Code 

Similarly for each boundary mesh elements, one can follow the same procedure as mentioned 
above to calculate the global damping matrix. One thing to observe is that the matrix size could 
be large and most of the elements in the matrix are zero. Therefore, to store large sparse matrices 
effectively, compressed storage formats (CSR) are used. For instance, one can store only the 
non-zero entries in one matrix and the associated row-column indices in another matrix.  
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1.3.3. Boundary Element Method 

1.3.3.1. Mathematical Formulation 

The first step in the mathematical formulation of the BEM is to convert the differential equation 
governing the problem into a boundary integral equation/value problem [54]. We again start with 
the Helmholtz equation in frequency domain: 
 
                                                  )()( 22 rpkrp +∇ =0 ,              Ω∈r                                                (1.15) 
 
where k is the wavenumber and p denotes the pressure at position r belonging to Ω. 

Before trying to solve any problem using BEM, one needs to have the fundamental solution G 
(also called the freespace Green’s function) of the problem. Next, similar to FEM, we form an 
integral from the Helmholtz equation by using a weighted residual method as follows: 
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The fundamental solution of a particular equation is the weighting function that is used in the 
boundary element formulation of that equation. It is therefore important to be able to find the 
fundamental solution for a particular equation. The Greens function for Helmholtz equation is 
given by [54]: 
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where H0
(1)  is the Hankel function of first kind of order zero and r is the distance between  points 

ri and rj. 

Applying the Green-Gauss divergence theorem, equation (1.16) becomes: 
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One can notice that equation 1.17 contains only boundary integrals and no domain integrals as in 
FEM, hence called as boundary integral equation. Thus we solve for the boundary first and 
volume data can be obtained as a next separate step. 

Next we divide the boundary into boundary elements, where each element has a center node 
representing a field quantity (here pressure) of the element. The surface Γ can then be expressed 
as follows: 
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So the equation (1.17) is transformed into algebraic system of equations with relation to the 
center node quantity p(r) and �p(r)/�n. 
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where, inp represents the pressure of the incident wave.   

1.3.3.2. Element Integrals 

The integrals in equation 1.14 can be evaluated numerically. Gaussian quadrature is  one such 
very widely used and reliable numerical integration scheme.   

 

Fig. 1.14: Meshed 2D Surface  

One can observe that, if the node point i is well removed from jΓ  standard Gaussian quadrature 

can be used. However if it lies within jΓ , then as ri approaches zero, the fundamental solution G 

tends to ∞. Therefore the integrand can become singular. Therefore, adaptive quadrature 
schemes [45, 61, 62] should be used to evaluate the integrals as the integral values are largest in 
magnitude in such cases and have the most influence in the results.  

1.3.4. Comparison between FEM and BEM approaches 

In this section,  we briefly compare FEM and BEM approaches. First from the discretization 
point of view, FEM needs whole volume to be dicretized whereas in BEM the equations are 
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defined over boundary, hence only the boundary needs to be discretized. Therefore, the 
complexity associated with generating mesh for arbitrary enclosures is more for FEM.  However, 
BEM mostly assumes the domain to be homogenous due to difficulties associated with finding a 
fundamental solution (Green’s function). So the variations in the interior of domain if any can be 
modeled by FEM more effectively. Moreover, after discretization  the evaluation of some 
element integrals for BEM require special attention as the integrand can become singular. For 
FEM, for every element, any quadrature scheme with sufficient number of gauss points can be 
employed. The final matrices are sparse, symmetric and large in FEM but small, asymmetric and 
highly dense in BEM. Storage requirement is lesser for BEM but again effective solvers are 
needed to solve the BEM matrix. After solving, the solution is obtained everywhere in FEM 
whereas in BEM the solution is obtained at the boundary first, and as a second step the solution 
can be obtained on the whole domain.  

A brief overview of FEM and BEM is once again provided in the table (1.1). It is worth to note 
that while BEM is quite effective for exterior problems involving infinite homogenous domain, 
FEM is more adaptive and reliable for interior problems involving fluid structure interactions. As 
it is difficult to model exterior infinite sized domain using FEM, for scattering behavior 
calculations in chapter 4, we have chosen BEM. 

 FEM BEM 

Discretization / Mesh Whole volume needs to be 
meshed. 

Only the boundary needs to be 
meshed. Hence avoiding the 
complexity involved with 
meshing complex 3d 
geometries. 

Evaluation of Element 
Integrals Easy to evaluate. Special quadrature schemes 

required.  

Storage (Matrix Size) Matrix is large but sparse and 
symmetric. Therefore, easier 
to solve. 

Final Matrix is small but dense 
and highly asymmetric.  

Solution Solution on entire domain is 
obtained. 

Solution on the boundary is 
obtained first. 

Approximations Differential equation is 
approximated.  

Boundary conditions are 
approximated. 

Applicability Can be applied to non-linear 
problems as well. 

Cannot even solve all linear 
problems due to difficulties 
associated with finding a 
fundamental solution. 

Table 1.1 Comparison between FEM and BEM approaches 
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In the next section, as meshing is integral part of both FEM and BEM, we shortly describe the 
state of existing meshing algorithms for FEM and BEM applications. 

1.3.5. Meshing Algorithms: State of the Art 

An important and difficult step in numerical computation using FEM and BEM is to find a 
proper discretization of a continuous domain. The process of dividing the domain into small and 
simpler elements like triangles and quadrilaterals in 2D and tetrahedrals [25, 26], and 
hexahedrals [27, 28, 29] in 3D is called mesh generation. As described in the previous sections, 
once we have a discretization or “mesh”, differential equation for sound wave is then 
approximated by finite element or boundary element formulations. Discretization errors depend 
on the geometric shape and size of the elements while the computational complexity for finding 
the numerical solution depends on the number of elements in the mesh and often the overall 
geometric quality of the mesh as well. Generally speaking, for good quality mesh elements 
should not have edges creating flat (~180° ) or sharp angles (~ 0°) internally (fig. 1.15a, 1.15b). 
For a mesh to be useful in approximating partial differential equations, it is necessary that the 
basis/shape functions generated from the mesh are capable of approximating the solutions 
required. After every meshing algorithm, some post-processing steps like smoothing and clean 
up etc. are required to improve the overall quality of the mesh [30, 31, 32]. In the end, sometimes 
mesh refinement is needed to achieve the desired resolution [33].  

 

 

Fig.1.15a:  Edges creating Flat Angle ; 1.15b: Edges creating Sharp Angle 
 
The most general and versatile mesh is an unstructured triangular mesh in 2d and 
tetrahedralization in 3d. Such a mesh is simply a triangulation of the input domain (e.g., a 
polygon), along with some undesired extra vertices, called Steiner points [34]. Octree 
decomposition, Delaunay approach, advancing front methods are some of the algorithms 
available for triangulations and tetrahedrons [25, 35, 36, 37]. The Octree technique was primarily 
developed in the 1980s. With octree method, cubes containing the geometric model are 
recursively subdivided until the desired resolution is reached. The most popular of the triangle 
and tetrahedral meshing techniques are those utilizing the Delaunay criterion. The Delaunay 
criterion states that any node must not be contained within the circumsphere of any tetrahedra 
within the mesh. A circumsphere can be defined as the sphere passing through all four vertices of 
a tetrahedron. In advancing front method, the tetrahedra are built progressively inward from the 
triangulated surface. An active front is maintained where new tetrahedra are formed. However, 
hexahedrals are preferred over tetrahedrons as they avoid flat and sharp angles hence better mesh 
quality can be obtained. Obtaining an automated hexahedral mesh generator is a major 
bottleneck in the field of computational geometry. Dividing the domain automatically into 
hexahedrals is not an easy task. Many approaches have been suggested like Plastering [38], 
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advancing front method [26], octree decomposition [35], shrinking mapping method [29], medial 
surface subdivision [27, 28] etc. But no approach so far guarantees the automatic hexahedral 
mesh generation of the whole domain. In other words, no mathematically sound procedure for 
obtaining the ‘best’ mesh generation is currently available. The criteria are usually based on 
commonsense rule. 
 
In this work, we introduce a new meshing approach called “cutting plane algorithm” to obtain 
automated hexahedral meshes for room acoustics models. This new meshing approach is inspired 
by Chazelle [24]. Chapter 2 provides a detailed explanation of cutting plane algorithm and its 
practical feasibilty in architectural designs is investigated. 

1.4.      SCOPE OF THE THESIS 

In this thesis, we have investigated both BEM and FEM approaches to extend the sound particle 
model at low frequencies. As the mesh generation is an integral part of both the approaches and 
it is very difficult to obtain a good quality mesh, in this work a new meshing algorithm called 
“cutting plane algorithm” to obtain hexahedral mesh elements has been developed.  

This thesis is organized as follows. After having introduced the theory behind meshing elements, 
chapter 2 gives the introduction and description of new meshing algorithm to discretize the 
geometry into hexahedral elements. We will explain using real life indoor room models how one 
can obtain a quality mesh especially suited for architectural surfaces using our newly developed 
cutting plane algorithm. Chapter 3 provides a detailed FEM analysis of how to obtain 
eigenmodes and transfer function in rooms. Needless to say that for FEM meshing purposes, we 
have applied our own mesh generation algorithm discussed in chapter 2. Chapter 4 gives an 
overview of how one can investigate the scattering behavior of incident plane waves using BEM. 
Chapter 5 concludes the thesis along with future directions. 
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2. CHAPTER 
 

A New Meshing Approach: Cutting Plane Algorithm 
for Architectural Designs 
 

2.1.      INTRODUCTION 

In this chapter we introduce a new scheme called “cutting plane algorithm” (based on cutting the 
polyhedron) in order to obtain an all hexahedral mesh. Though our approach can be applied to 
other fields as well, we have given more considerations to room acoustics indoor models. We 
demonstrate how one can obtain good quality mesh especially suited to architectural designs 
using our approach. A good quality mesh element (in physical space) is one which is close to its 
FEM element (in mathematical space). For instance, a hexahedral mesh element is best if all the 
angles are close to 90°. In room acoustic models with plane walls, most of the edges lie in all 
three perpendicular directions therefore quite useful and desired for hexahedral mesh generation. 
A mesh generation software is written using the cutting plane algorithm and the results are 
presented in this work. 

The cutting plane algorithm is inspired by the idea proposed by Chazelle [24]. It has been shown 
by Chazelle that the worst case time for obtaining O(N²) convex polyhedrons from a polyhedron 
without holes is O(nN²(N+logn)), where n and N designate respectively the size of the input and 
the number of reflex angles or notches into the polyhedron. Reflex edges/Notches are the edges 
whose adjacent faces make an interior dihedral angle greater than 180 degree with each other. 
Furthermore, it is also mentioned by Chazelle that repeating the cutting process on each 
remaining non-convex parts will eventually produce a convex decomposition in a finite number 
of cuts. 

In this approach, apart from cutting notches, we are removing multivalent vertices (valence 
greater than three) as well. The valence of a vertex is defined as the number of edges connected 
to it. This would further increase the worst case time calculations. We do not perform its worst 
case calculations but as a first step, our main emphasis is to investigate its practical applicability 
in architectural designs. Here we include more degenerate cases which are not explained in [24].  
As mentioned by B. Joe [25], it is more important to obtain better shaped convex polyhedrons, 
hence much consideration has been given to it in this work.  

First we describe the general methodology of the meshing procedure using the cutting plane 
algorithm and then we illustrate our algorithm using indoor room examples. We explain in detail 
how one can cut the polyhedron into two polyhedrons along a defined cutting plane. Afterwards, 
we show that with the proper choice of the cutting plane one can reduce the number of cuts and 
good mesh quality can be obtained as well. Finally, for rooms with too many curved surfaces and 
dome-like structures requiring too many cuts to generate simple polyhedrons, a new scheme 
called projection technique is proposed. It is shown that after obtaining convex polyhedrons, the 
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projection algorithm can also be applied directly on some polyhedrons to further subdivide the 
polyhedron.  

2.2.      CUTTING PLANE ALGORITHM 

The cutting plane algorithm is based upon applying a series of cuts on a complex shaped 
geometry along certain defined directions and notches until one obtains only simple shaped 
trivalent and convex bodies. After this cutting procedure, we use the mid-point subdivision 
scheme to obtain an all-hexahedral mesh. We are applying a series of cuts because the mid-point 
subdivision scheme can result into all hexahedrons only if the body is convex and all the vertices 
are trivalent. So the first series of cuts is to obtain all convex shaped geometries [25]. The second 
series of cuts is to ensure all vertices are trivalent. After that, it is also cut based upon the aspect 
ratio of the elements as elements should not be very thin or elongated. First, we describe the 
general methodology used in the cutting plane algorithm and then we shall explain each step in 
detail.  

Any architectural closed space can be treated as a polyhedron of arbitrary shape. As it is very 
difficult to obtain an automated mesh for complicated shapes, the cutting plane algorithm aims at 
reducing the complexity of the original polyhedron by applying a series of cuts unless one 
obtains only simple shaped polyhedrons. Two of such complexities which the cutting plane 
algorithm tries to remove are: 

1. Notches / Reflex Edges : Edges whose adjacent faces make an interior dihedral angle greater 
than 180 degree with each other are called notches or reflex edges. In the illustration (figure 
2.1a), one can see there is one such notch edge (marked with thick/bold line). The algorithm to 
detect a notch in a given polyhedra is mentioned in Appendix B. 

 
 

 

Fig. 2.1a:  L-Shaped room; 2.1b: Notch Cut ; 2.1c: MPS 

A cut is defined to be the procedure of cutting the polyhedron along such notches so as to 
remove the concavity in the geometry. For example, figure 2.1b shows two polyhedrons (P1 and 
P2) obtained after cutting along the notch.  

2. Multivalent Vertices: Next, one should observe that even after cutting notches, we might not 
be able to obtain all trivalent polyhedrons. For example, see figure 2.2a.  Here the topmost vertex 
is four-valent. Hence we need to find some routine to decrease the valence of such vertices. For 
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such multivalent vertices, valence can be decreased by cutting along two adjacent edges such 
that at least two other adjacent edges are on the opposite side of the cutting plane. See figures 
2.2b and 2.3a.   

 

Fig 2.2a ; 2.2b 

Now the topmost vertex is 3-valent in both polyhedrons.  

 

 

Fig 2.3a ; 2.3b 
 
Now, after having removed these two complexities in the original geometry, one would obtain 
convex and trivalent polyhedrons. In the next step we further subdivide them using the midpoint 
subdivision approach [ 39] as shown in figures (2.1c, 2.3b). For example consider the shoebox 
model as shown in figure 4a. 

 

              Fig. 2.4a: Shoebox Model ; 2.4b: Illustration of Mid-Point Subdivision scheme. 
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First, one needs to calculate the body-mid point of the geometry. Then for each face and edge, 
the face mid-point and edge mid-point are required. Afterwards for each vertex v, one has to find 
its three adjacent faces (trivalent) and join the corresponding face midpoints with the body 
midpoint and edge mid points.  In the example (fig.2.4b), it is shown that 8-vertices shoebox 
model results into 8 hexahedrons of half side length. Similarly one can perform midpoint 
subdivision for any convex and trivalent polyhedron. For any such polyhedron with n vertices, 
one obtains the same number of hexahedrons.  

After obtaining hexahedrons, one can keep applying the same scheme on each of the obtained 
polyhedron until the desired resolution has reached. One important thing to note here is that, 
shapes propagate in this scheme. If we start performing on perfect hexahedral, we will be 
obtaining all perfect hexahedrons and the same way if the initial polyhedron is not well shaped, 
one can expect to obtain the bad shaped hexahedral elements accordingly.  

 

Fig. 2.5: Combination of Notches and multivalent vertices 

Generally speaking, in any complex shaped rooms there are many notches or multivalent vertices 
or combinations of both (fig. 2.5). As mentioned before, shapes propagate in midpoint division 
scheme. Therefore in order to ensure that one obtains well-shaped elements, it is essential to 
define proper cutting schemes and algorithms involving decision-making as in which notch is 
better to cut first, which cutting plane to be chosen and so on. In the later parts [section 4] of this 
chapter, we will show using examples how the predetermined choices of cutting schemes can 
provide better shaped elements with a minimum number of cuts. For instance, it will be shown 
that balconies or stairs which are very typical in a room are actually nothing but continuous and 
consecutive notches and these can be removed by a single cut. Hence the number of cuts can also 
be reduced with the proper choice. 

The chart (fig. 2.6) further explains the basic methodology adopted for mesh generation using the 
cutting plane algorithm. The cutting plane algorithm starts with examining the geometry type of 
the given room. Firstly, on the basis of geometry, it suggests some initial cutting directions. For 
instance, removing consecutive notches all at once or resolving some specific room structures 
like domes, stairs, holes, pillars etc. If initially one does not treat them in a proper manner, a 
random cutting scheme could destroy their identity and create badly-shaped polyhedrons. 
Furthermore, one can also make use of the symmetric nature of the geometry. This part we shall 
explain more in detail with examples later. 
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So first we cut the polyhedron along those predetermined specific cuts. Secondly, we check the 
notches one by one and remove them. Then in the third step, we remove multivalent vertices one 
by one. Fourth step is mainly to check and cut to improve aspect ratio of elements (needed only 
if the elements are stretched or elongated) and then finally in the fifth step, the simple shaped 
polyhedrons are meshed using midpoint division scheme to obtain a hexahedral mesh. 

 

 

Fig. 2.6: Chart 

Here, one can observe that the main algorithm is the cut procedure. No matter whether it is 
cutting specific notches, normal notches or multivalent vertices, the basic cut procedure is the 
same for all of them only the definition of cutting plane changes. Hence, in the next section we 
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will describe mathematically, how one can cut the polyhedron P into two parts namely P1 and 
P2 and how the cut procedure works. 

2.2.1. Cutting Procedure 

In this section we shall explain the basic mathematical background and algorithms used in the 
cutting plane algorithm. One can classify the cutting procedure in three phases or cutting 
sequences priority wise as follows: 
1. Examining and Suggesting Predetermined Cuts. 
2. Cutting Notches. 
3. Cutting Multivalent vertices. 

 
The pseudo code for the first series of cuts is shown below (fig.2.7): 
 

 

Fig. 2.7 

The first objective is to examine the geometry and suggesting some specific cuts  which would 
ease the overall cutting procedure. This basically means identifying typical room elements like 
balconies, domes etc. and defining cutting scheme especially suited and reducing the number of 
cuts for such structures. Therefore, the algorithm tries to identify such elements and suggests 
specific edges to be cut initially.   

In the pseudo code above, first the given polyhedron is assigned to an array of PolyList at zero 
index. Then the PolyList is examined using the Examine_Suggest function one by one. If the 
function returns the value one, it means that specific cuts are required and  the Cut_Poly routine 
is called to cut the polyhedron into two pieces (P1 and P2) along the defined cutting plane. Then 
P1 and P2 are assigned to the PolyList. After that, the adjacent polyhedrons affected (if any) due 
to the cut are updated at common intersection boundaries with edges or nodes so as to maintain 
the same number of nodes at common faces. This will be explained clearly using an illustration 
in next sections. Then the same algorithm continues for all of the polyhedrons in the PolyList 
unless one requires no specific predetermined cuts for any of the polyhedrons.  

Afterwards, the similar cutting procedure for removing remaining notches is performed (fig 2.8). 
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Fig. 2.8 

As one can see the basic pseudo code is the same for the notch-cutting procedure. All the 
polyhedrons in the PolyList are now checked for remaining notches. Notches are detected using 
the Notch_Detect function and a cutting plane is defined. The polyhedron is cut along the plane 
and the two obtained polyhedrons are assigned to the PolyList. After updating the adjacent 
polyhedrons again the procedure keeps on cutting unless only all convex polyhedrons remain. 

Similarly then, for the multivalent cuts, using the Multivalent_Detect function, multivalent 
vertices are identified and then the cut procedure is followed in a similar manner unless one 
obtains all trivalent polyhedrons. 

In the above written pseudo codes (fig 2.7, 2.8 ), the Cut_Poly function is the most difficult part 
to compute because it requires several other algorithms to calculate vertices and the face-to-edge 
list of newly obtained polyhedrons (P1 and P2) after every cut. Hence, it is the major part of the 
algorithm. Once we clearly define this function incorporating all the degenerate cases, one can 
keep applying this function on any polyhedron with the desired cutting plane along any edge. 
Next, we provide an overview of the algorithm to explain how one can obtain two polyhedrons 
using the Cut_Poly function. 

2.2.1.1. Description of Cut_Poly function  

We have implemented and added new algorithms to solve more degenerate cases in order to 
obtain P1 and P2. Regarding notations, we have tried to follow the same terminology for and 
definitions as introduced in [24]. We will explain them shortly here.  

Every polyhedron can be represented using these three data structures: 
 

1. Face to edge list: Sequence of vertices for each face in a consistent proper order 
(clockwise / anticlockwise) 

2. Edge to face list: List of two adjacent faces for each edge. 
3. Adjacency list: List showing connectivity of each vertex with others. 
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Our aim in this section is to compute face to edge lists of polyhedrons (P1 and P2) obtained due 
to cuts. Afterwards, remaining two lists (Edge to face list and Adjacency list) can be obtained 
from it easily. Next, we list some more definitions which we need in order to understand our 
cutting procedure. 

1. Cutting Plane T: plane defined along the notch to be cut.  

2. Cut : procedure of cutting the polyhedron. 

3. Cut Face S : is the unique face obtained for each cut and is common to P1 and P2. 

4. Maximum: maximum is the closed loop/boundary which is not contained inside any other 
loop/boundary. 

5. Adj(q):  the list storing the vertices adjacent to q. 

Let us assume that we are trying to cut the notch g, whose adjacent faces are f1 and f2. The unique 
face containing g and shared by P1 and P2 is called the cut face S. One can divide the Cut_Poly 
function into several steps. We shall explain them shortly one by one. 

 
a) For each Face finding those edges which are cut. 

The very first objective is to calculate the list of edges being cut by the cutting plane T. This can 
be calculated easily using plane and line segment intersection algorithms. 

For each face of the polyhedron,  those edges are added in the list which are cut by the plane. 
Then we arrange the intersection points pair-wise along the plane in a pair-wise sequence. 
Consider the face Fj with two holes (fig. 2.9a),  
The cut pair set becomes :  
 

)}6,5(),4,3(),2,1{( aaaaaaA j =  
 
Next, we define: 
 

},...,{ 21 nAAAU =  

 where, iA is cut pairs list for thi  face number  and  n is the number of faces.  

Basically the set U contains the list of all the cut pairs for each face which is cut by the cutting 
plane. In a more general sense, this pairing explains which vertex is connected to which one and 
that there is no air/hole between these two vertices. For example in fig. 2.9a, a1 is connected to 
a2 but a2 is not connected to a3 as there is a hole/air between them.  
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Fig. 2.9a ; 2.9b 

When the plane passes through the edge, we may end up having an odd number of points in the 
face.  

Consider for example, the face (fig 2.9b): here there are only 3 points through which the cutting 
plane is passing. To handle this, we introduce the concept of duplicating vertices. Here we 
duplicate the middle vertex and the cut pair set for the face becomes: 
                 

)}3,2(),2,1{( aaaaA j =  

This duplicate vertex will help in determining the Cut Face S. The idea behind duplicating is to 
ensure the connectivity of a2 with a1 and a3 both. One thing to note is that not all vertices lying 
on the cutting plane have to be duplicated.  

 

Fig. 2.10 

We duplicate only those vertices lying on the cutting plane, for which if we take two test 
coordinates at small epsilon distance (ε >0) from the vertex on both sides (left and right) along 
the plane T: either it should lie in or on the Face. Figure 2.10 shows that only two vertices a1 and 
a2 are lying on T. Out of these two, only a2 can be duplicated as a1’s left coordinate is outside 
the face. Any test coordinate should not be outside the face. Consider the case in face (fig. 2.11). 
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Here only p2 and p5 need to be duplicated. P1 and P4 cannot be duplicated as if one takes a test 
coordinate in left side it will be outside the face. Therefore, the cut pair sequence becomes:  
  

)}6,5(),5,4(),3,2(),2,1{( aaaaaaaaA j =  

Note that we actually do not duplicate the vertex, rather we just added it twice to the Aj list to 
maintain the connectivity between vertices. 

 

Fig. 2.11 
 

b) Finding the Cut Face S, the face generated due to cut and common to P1 and P2. 

The cut face S is the unique face obtained for each cut (Fig. 2.12) and is common to P1 and P2. 

 

Fig. 2.12 

The cut face S is comprised of outer and inner boundaries. Inner boundaries are obtained when 
the polyhedron has a hole and the cut is passing through it. Next we explain the algorithm used 
to calculate this cut face S for any notch cut. 

To start with, we take the notch edge which is being cut. It has two end vertices say v1 and v2. 
Now, the initial vertex in S is v1, and we look for another pair from the U  list which has one 
vertex as v1 and the other is not v2 . Say this next vertex is v3. Now, we again search for the pair 
having v3 and not v2. This way we keep on following all the pairs unless we end up having v2 as 
our last vertex. Every boundary forms a closed loop so the search ends at the starting notch edge.   
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Therefore the boundary S* becomes:   

)2...........5431(* vvnvvvvS −−−−=  

And this forms the outer boundary S* of the cut face S.  

Now we come to the calculation part of inner boundaries of S. First of all we determine all the 
inner closed loops/boundaries present in S and then we discard those which are not maxima. A 
maximum is the closed loop/boundary which is not contained inside any other loop/boundary. 
We follow the same procedure as used for S*. First we check if all the new vertices  created are 
all exhausted. If not, we take any edge pair which is not in S*. Then we perform the same 
calculation with this pair as v1 and v2 to obtain a closed loop. After this, we again check if all 
the new vertices are exhausted. At last we have all the closed loops. Then, if any loop is inside 
any other closed loop, we discard it as it cannot be a maximum. In the end we have only maxima 
and S* which comprises our S. 

See the figure (2.13a, 2.13b). It is a polyhedron with a hole and a block is coming out it. If one 
cuts along the notch (p7-p18) marked by a bold thick line as shown in figure 14a, the Cut Face S 
will look like in fig.14c. Here one can see that there are initially two inner boundaries obtained 
due to cut inside S* (fig. 2.14b), but only the maximum was taken for S (fig. 2.14c). 

 

 

Fig. 2.13a: Model containing a hole; 2.13b: 3D Shaded Model 
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Fig. 2.14a:Dotted Surface T; 2.14b: All the boundaries formed by the cut; 2.14c:  Actual Cut Face S 

c)     Creating Adjacency List of  P1 

After calculating the Cut Face S, we can calculate the actual edges which are being cut by the 
polyhedron. This we do by checking if our initial edge list has an intersection point belonging to 
S. The cut face S also helps in calculating the adjacency list for P1. First we define Adj(q) to be 
the list storing the vertices adjacent to q. 

Next, we choose any start vertex W on one side of the cutting plane and we call it as belonging 
to P1. Afterwards, for each edge pq which is cut by T but not lying on T, let v be the intersection 
and the unique vertex of S lying on pq. We can always assume that p lies on the same side of T 
as W, that is, is a vertex of polyhedron being cut whereas q is a vertex of P2. If v is distinct from 
p, we replace q by v in the list Adj (p) and delete the list Adj (q). If v is equal to p, we simply 
delete q from Adj (p) as well as the list Adj (q). Repeating these operations for all of the cut 
edges which do not lie on T has the effect of disconnecting P1 from P2. Finally, since we have a 
description of the boundaries of S, we can set up the adjacency lists of the new vertices, that is, 
the vertices of P1 lying on S.  

 d) Finding vertices of P1 and P2 using depth first search. 

First we calculate the vertices of P1 (containing W) and then the remaining ones belong to P2 
automatically. We perform depth first search starting with W on the adjacency list of P1 in order 
to obtain vertices belonging to P1. For the polyhedron without holes, all the vertices of P1 are 
connected and the remaining ones including common intersection vertices belong to P2. In some 



 48 

cases, for polyhedrons with holes, it is quite possible that performing depth first search on W 
may  not return  all vertices of P1. This can happen when the adjacency list is not interconnected 
with faces attached to internal holes and outer faces. 

For that, one can verify that all the edges which are being cut by the plane should have one end 
vertex belonging to P1. So we check for all the edges if they have at least one vertex belonging 
to P1 or not. If not, we make that vertex (on P1 side) as new second start vertex W2 and again 
start performing depth first search.  

e)  Finding face to edge list for P1 

Now the last step of the cut procedure is to find the face-to-edge list of P1 and P2. This we do by 
traversing each face Fi of P one by one and making use of Ai’s list. We will explain this for P1 
and P2 follows automatically. 

First of all, we discard those faces all of whose vertices do not belong to P1.  Then, since all the 
faces of P intersecting S have been previously calculated, it is easy to compute a description of 
the parts of those faces which lie in P1. Let Fi be such a face, with a1,.a2, .., ak from 
corresponding Ai’s list being the vertices of S lying on F. Note that these ai’s are in pairs and 
sorted along the face from one end to the other. The basic idea is to traverse along the face Fi 
taking each pairs of Ai’s one by one. We discard those vertices which don’t belong to P1. 

For example consider the face shown in figure 2.9a. Suppose the upper part of the face belongs 
to P1. The face for P1 would be as shown in figure 2.15.  

 

Fig. 2.15 

From the edges being cut by T, first the starting vertex (here v1) on P1  is chosen such that a1 is 
the intersection point. Then for a2,  next vertex is chosen on P1 (here v6) and it is traversed 
along the face unless the intersection with the next pair (a3, a4) is found. Then again the vertex 
for a4 is chosen on P1 and again it is traversed along the face unless the intersection with next 
pair (a5, a6) is found. We keep on performing the similar procedure unless all the pairs are 
exhausted and we reach the end vertex as our starting vertex. So the resulting face for P1 in this 
case would be consisting of vertices as follows.  

                                    Fp1 = (v1, a1, a2, v6, a3, a4, v9, a5, a6, v5) 
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Similarly, for P2 (below part) the face would be as follows. 

                                    Fp2   = (v2, a1, a2, v7, v8, a3, a4, v10, v11, v12, a5, a6, v4, v3) 

The computation part of P1 and P2 is now complete.  

2.2.1.2. Updating Adjacent Polyhedrons and Cutting Procedure 

After every cut, the adjacent polyhedrons need to be updated or modified as the faces and nodes 
should match at the common boundary faces of all polyhedrons. In this section, we shall explain 
clearly what we mean by updating adjacent polyhedrons and how to perform it after every cut.  

We illustrate a cutting scheme using a simple example, and show how one can update the 
adjacent polyhedrons after every cut. Consider a polyhedron (fig. 2.16a) with two notches 
marked with bold lines. Now after having identified the notches, we illustrate graphically how to 
obtain convex polyhedrons. Fig. 2.16b shows two polyhedrons (P1 and P2) obtained after cutting 
along one of the notches. 

 

Fig. 2.16a; 2.16b 

After the first cut, no update for adjacent polyhedrons is needed as there are only two 
polyhedrons and both have the same faces and nodes at the common intersection face. P1 is now 
convex but there is still one notch in P2. Therefore one still needs one more cut. 
 
Fig. 2.17b shows two polyhedron obtained due to second cut. 
 

 

Fig. 2.17a; 2.17b 

In order to maintain the same location of nodes, faces and edges at the common intersection 
faces of adjacent polyhedrons, here P1 was updated by introducing the edge after the second cut 
(fig. 2.17a). One can see that the edge had to be introduced in P1 because earlier face F was 
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common between P1 and P2 but after the second cut, face F gets divided into two faces F1 and 
F2. And now P1 shares F1 with P2 and F2 with P3.  This procedure of introducing edges and 
faces to the adjacent polyhedrons, is performed by the routine called UpdateAdjacentPolys  in 
the pseudo code (fig. 2.7, 2.8). 

 

Fig. 2.18 

One can see that for given example, convex decompositions can be obtained with two cuts(fig. 
2.18) only. Below in the same figure 2.18 also illustrates the application of midpoint subdivision 
on each polyhedron. However if one looks closely at the side view (fig. 2.19a) of polyhedral  P1, 
one can observe that it is not giving the desired mesh quality because of that extra edge 
introduced while updating P1 after second cut.  This extra edge has an internal angle of adjacent 
faces creating dihedral angle close to 180°. Hence if we perform mid-point subdivision on P1, it 
would look like the one in side view as shown in figure 2.19b.   
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Fig. 2.19a:  Side view of P1 showing vertices; 2.19b:  Meshed Using Midpoint Subdivision 

As shown in the figure 2.19b, the bad shaped element has one vertex p whose edges establish an 
internal angle of 180 degree. For better mesh quality, the internal angles of each hexahedral 
element should be close to 90° so that it approximates the FEM hexahedral element as close as 
possible.   

However, one thing to note is that if we further cut P1 along that extra introduced edge using the 
same cutting plane which was used for second cut. The cut sequence looks like:   

 

Fig. 2.20 

Now in the second cut sequence we have cut the original polyhedron into four pieces (fig.2.20).  
And P1 is further divided into two Polyhedrons namely P1 and P4. The mesh quality of the 
overall polyhedrons is improved and displayed in fig. 2.21. 

 

Fig. 2.21: Side view: mesh part belonged to P1 



 52 

Looking at side view of meshes (fig. 2.19b, 2.21) one can compare between the two obtained 
meshes. In the latter case there are less flat and sharp angled edges. Moreover, side views (fig. 
2.22a, 2.22b) show again the comparison after two levels of midpoint subdivision for both cases. 

 

Fig. 2.22a: Cutting only 2 notches; 2.22b: Cutting all through 

Hence, if the first level is better, the subsequent iterations of midpoint scheme will provide better 
results. This clearly shows that bad and good shapes propagate in this algorithm. 

Hence, though the third cut was not needed (as all the three polyhedrons were already convex 
and trivalent),  we still performed it in order to ensure better shaped elements i.e. avoiding edges 
having internal dihedral angle close to 180 degree. So this way we have always extended our cut 
all through the polyhedrons. Actually one can imagine the second and the third cut as only one 
cut sequence along one starting direction. Although for bigger and more complicated shaped 
polyhedrons, this approach of cutting all through can create many polyhedrons, still their number 
would be finite as the polyhedron is of finite size.  

Once again, we would like to emphasize that the reason behind cutting all through the 
polyhedron is that we perform mid-point subdivision later to obtain a hexahedral mesh. For that, 
it is better to have well-shaped polyhedrons not having sharp or large angles. Hence, if one plans 
not to use a mid-point subdivision scheme later and is only interested in having convex 
polyhedrons, it is better not to cut all through.  

To summarize, so far we have seen how one can cut or divide a polyhedron into two parts and 
that after applying such cuts several times, many intermediate polyhedrons will be obtained. 
These intermediate polyhedrons have many common faces with each other. As the nodes and 
edges should match at these common faces, for each cut of a polyhedron, one has to update and 
perform the corresponding changes at common boundaries of all of the other adjacent 
polyhedrons. Moreover, we further extend the cut along adjacent polyhedrons. The main routine 
called cut-procedure has already been explained in the previous section. In cuts of multivalent 
vertices only the cutting plane passes through the multivalent vertex instead of notches, the rest 
of the procedure is similar to that of cutting notches. Here, again after every cut we update the 
adjacent polyhedrons and cut the polyhedrons all through. 

2.3. INTERMEDIATE ALGORITHMS 

In addition to the above mentioned schemes, some other intermediate schemes have also been 
developed in general. Specifically we try to remove vertices located very close to each other, 
polyhedrons of near-zero volume and other degenerate conditions. 
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For instance, sometimes the cutting plane T passes very near to some vertices of a polyhedron 
but not exactly touching them. After the cutting procedure, this would lead to one polyhedron 
having some very nearby or close vertices. To avoid this, while cutting, we move the vertex 
slightly so that it exactly fits the cutting plane. For room acoustics purposes, such small 
variations in geometry are allowed as it does not make much of the difference especially when 
solving the equation of sound at low frequencies. Below 340 Hz where the wavelength is above 
1 m, moving the vertex for 1-5 cm is quite admissible. In the example (fig 2.23a), p1 and p2 are 
very near to the cutting plane T, hence they are moved upwards (fig. 2.23b) so that they fit the 
cutting plane exactly.  

    

Fig. 2.23a; 2.23b 

Furthermore, before every cut, we check if two vertices are very near to each other or very sharp 
angles in the polyhedron have been created due to previous cuts. If so, we join the two vertices or 
remove the two edges creating sharp angles and join them to a single edge (fig 2.24a, 2.24b). 
Subsequently, in order to maintain the conformity, the corresponding changes are performed in 
all the nearby polyhedrons sharing those two vertices or edges. 

 

Fig. 2.24a; 2.24b 

Figure 2.24b shows how one can remove undesired close vertices and sharp angles. Although the 
procedure looks simple it needs to be implemented with proper care as while joining the vertices, 
all the neighboring elements have to be updated and moreover with one less vertex, the 
renumbering of vertices has to be performed as well. So the disadvantage of joining such close 
vertices is  the added complexity of verifying that the neighboring elements have been updated 



 54 

properly especially if already many cuts have been performed and one is working in the middle 
of the complex shaped geometry. 

2.4. CHOICE OF CUTTING PLANE 

So far we have seen how, one can obtain simple shaped polyhedrons after applying a series of 
cuts. This sections now belongs to the part of our algorithm where we “examine, suggest, cut”. 
For complicated rooms where there are many notches like balconies or stairs of room, it is better 
to define cutting schemes priority-wise. Otherwise, cutting one notch can multiply other notches 
and thus create more notches. Sometimes notches associated with symmetrical structures are to 
be cut first or else the symmetry could be lost because of other cuts. So the idea is to identify 
such notches which should be cut first and what cutting plane direction to be chosen and so on. 
This is mainly important to ease the overall cutting procedure and to also minimize the number 
of cuts as well as enhance the mesh quality. 

In this section, we shall examine one by one for various architectural spaces, how one can 
identify the basic features of room like balconies, domes, stairs etc and choose the direction of 
the cutting plane accordingly in order to obtain good quality elements while minimizing the total 
number of cuts as well.  

2.4.1. Cutting Consecutive Notches in one Cut 

Balconies in a room is a very common feature in acoustic indoor models. One thing to observe is 
that they create continuously attached notches and can be identified using pre-checking 
algorithms. If we choose the direction of the cutting plane such that it cuts multiple or 
consecutive notches at the same time, we can reduce the number of cuts. See for example ( 
Theatre, fig 2.25a) there are total 6 notches (marked by bold edges) all of which lie in two 
sequences of three notches each. So if we choose our cutting plane passing through three notches 
at a time, only two cuts (fig. 2.25b) are needed. 

                                



 55 

 

Fig. 2.25a: Theatre (6 Notches); 2.25b: Two cuts; 2.25c:  Mesh; 2.25d: Side –View of Mesh 

Corresponding to the approach mentioned (fig. 2.6), identifying these consecutive notches 
belongs to the part of the cut procedure concerned with “examining and suggesting”. Therefore, 
only two specific, predetermined cuts have resulted into a set of convex polyhedrons. In the 
second part of the algorithm we check for normal notches, but for the above example there is 
none. Hence it goes directly to the third part of the procedure where it checks and transforms 
multivalent to trivalent vertices. And finally two levels of mid-point subdivision are performed 
(fig. 2.25c). 

One can observe in the side-view (fig. 2.25d) of the meshed theatre that with the proper choice of 
the cutting plane T, the calculation time of the algorithm has been improved by minimizing the 
cuts and good mesh quality has been obtained as well. A good quality mesh element (in physical 
space) is one which is close to its FEM element (in mathematical space). For instance, a 
hexahedral mesh element is best if all the angles are close to 90°. 
 

2.4.2. Cutting Consecutive Multivalent Vertices 

Similar to consecutive notches, there are many typical examples of rooms where continuously 
attached or consecutive multivalent vertices exist. Consider the sporting hall as shown in figure 
2.26a. Here the top four vertices are seven-valent and further connected with other multivalent 
(>3) vertices. If we do not decide properly, the random normal cutting procedure could  result in 
very bad shaped elements and the symmetry of the room could be lost. However, such 
consecutive multivalent vertices can be handled if we define the cutting plane wisely.  Here also, 
we look for that cutting plane first, which removes the maximum number of continuous 
multivalent vertices in a single cut (fig 2.26b). The resultant mesh obtained is shown in the 
figures (2.26c, 2.26d). 
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Fig. 2.26a; 2.26b; 2.26c; 2.26d 

In the middle part of the hall (top view), the majority of the elements is almost well- shaped 
hexahedral although the aspect ratio is not very good. Aspect ratios can be treated later but our 
main concern is to avoid flat or sharp angles in elements. Hence,  it can be observed that better 
choice of cutting sequence helps greatly in obtaining a good quality mesh.  

2.4.3. Meshing Dome Like Structures 

The presented cutting algorithm may not be able to cut geometrical shapes with too many curved 
surfaces.  Surfaces like domes (figure 2.27) contain many four-valent vertices and it would 
require too many cuts in close neighborhood to obtain three-valent vertices. It is quite difficult or 
even impossible to keep cutting so closely and it is not easy to update the common intersection 
boundaries as many degenerate cases may arise. Moreover, even if one manages to perform all 
the cuts, the shapes of obtained polyhedrons would not be good. 

 

Fig. 2.27 
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Therefore, in order to treat such curved surfaces where decreasing valence to three is quite 
difficult for all vertices, we introduce one more algorithm called projection technique. One still 
needs to perform the cutting plane algorithm to obtain the convex polyhedrons as the projection 
algorithm can be applied only on convex polyhedrons. First we describe the methodology behind 
the projection algorithm and then we show how to apply it to real-world examples. 

The algorithm is based upon projecting the outer faces inwards towards a medial surface at a 
certain distance. The idea is based on the fact that when one projects or extrudes the face it gives 
rise to a three dimensional polyhedron. Similarly, here the projected and original faces creates 
convex and trivalent polyhedrons. Then we apply midpoint subdivision on each of these 
polyhedrons. The basic principle is demonstrated in the figure shown below (fig. 2.28a) for the 
shoebox model.  

               

Fig. 2.28a; 2.28b; 2.28c 

First, the average angle bisector for each vertex is calculated. Afterwards, every edge is taken 
and it is projected inwards along the angle bisectors. In the figure above, the first figure (2.28a) 
shows a shoebox model. The idea is to project every face by projecting its edges inward. The 
second figure (2.28b) displays how one can obtain a projected face for a given outer face. 
Similarly the third figure 2.28c shows the result after projecting every face. Now, if a face in two 
dimension is extruded, it yields a three dimensional polyhedron. Similarly, one can observe in 
the second figure, that the projection has created a polyhedron consisting of the projected face, 
the original outer face and the faces created due to connecting edges. In the next step, we 
perform midpoint subdivision on this newly created polyhedron (fig. 2.29a).  Similarly one can 
perform these steps for all of the faces and their polyhedrons (fig. 2.29b). 

 



 58 

Fig. 2.29a; 2.29b 

Now this set of projected faces can be further projected inside as long as the resolution permits. 
The figure below (2.30a, 2.30b) shows the second level of projection. Convergence criterion is 
that if the shortest distance of the body midpoint (defined as the average centre/ centroid of 
polyhedron) to any projected face is less than the desired projected distance, we do not project 
them further but rather we just join the midpoint with all the innermost projected faces. Hence, 
one can understand that if the model is radially symmetric, all the faces would converge to a 
single point. Every face projection results in a polyhedron and then mid-point subdivision is 
performed on it.   

                              

Fig. 2.30a: Two projections; 2.30b: MPS 

The next set of figures (2.31a, 2.31b) shows the convergence criterion of the projection 
algorithm and demonstrates how it fills the void in the interior. Figure 31a shows all the possible 
projections. Then in the second figure 31b, all of the innermost projected faces are joined with 
the body midpoint. Such faces then create pyramids inside. These pyramids are further meshed 
using midpoint subdivision as applied to other polyhedrons. The advantage of using midpoint 
subdivision is that the nodes match at adjacent polyhedrons, so one does not have to worry about 
the location of nodes at common boundaries. 

 

Fig. 2.31a: All projections; 2.31b: Filling Void 

Now we would like to explain why we are projecting the faces edge-wise. For complicated 
projects, it is highly possible that while projecting inwards, the edges intersect each other (fig. 
2.32b) and the projection is not possible for the given resolution Ro.  

Now there could be two cases as shown in figures 2.32a and 2.32b: 
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Fig. 2.32a: Successful projection; 2.32b:  Intersection 

So after every projection one needs to check if any of the edges of every face projected is 
intersecting. If so, one can find the intersection points (fig. 2.33) and based on that the allowed 
maximum projection distance (Rn) is calculated. Then all of the other faces are projected for this 
new projection distance. 

 

Fig. 2.33 

So the objective is to keep projecting each edge inwards unless it is collapsed or converged or no 
more projection is possible or needed. Then in the end, the innermost projected faces are joined 
with the body midpoint to fill the remaining void.  

Now we show some results for more complicated architectural spaces. We start with the same 
mosque (fig. 2.27) and try to solve it using the projection approach. First, we apply a series of 
cuts to obtain convex polyhedrons. Then, the projection algorithm can be applied on each of the 
polyhedrons. The upper dome can be removed in a single cut (fig.2.34a). The second figure (fig. 
2.34b) shows a small dome inside the dome. It is obtained due to the projection of each of the 
outer faces. The distance for the projection was assigned as the average of all of the edge lengths. 
The third figure 2.34c illustrates again how to obtain polyhedrons by joining the outer and 
projected face. Finally the result is shown for all faces (fig. 2.34d) with one level of projection 
and mid-point subdivision each.   
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 Fig. 2.34a; 2.34b; 2.34c; 2.34d                                    

Similarly if one keeps on performing the projection, one obtains the results as shown in the next 
set of figures (fig 2.35a, 2.35b). 

 

Fig. 2.35a; 2.35b 

One can clearly notice the projected faces as domes inside the domes. The mesh seems to be of 
reasonable good quality. Hence, after obtaining convex decomposition using the cutting plane 
algorithm, when the number of multivalent vertices is large, one can directly apply the projection 
technique to some polyhedrons to further subdivide the domain. Afterwards, all the parts can be 
assembled together to realize the mesh for the whole room. Though this algorithm is best suitable 
for radially symmetrical geometries, one can still apply it to other bodies at least to have a 
starting mesh. Hence, one can see how to obtain a mesh for projects having complicated or 
curved geometries. 

2.5. REAL WORLD APPLICATIONS 

In order to demonstrate the applicability and advantages of our algorithm, we show how one can 
apply it to more complicated and real-life typical rooms where much acoustical considerations 
are needed. Consider, the Church example (fig. 2.36a) . This room is a combination of 
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consecutive reflex edges and multivalent vertices. Figure 36b shows the mesh after applying the 
proper sequence of cutting planes. This mesh can be used by any FEM solver in order to simulate 
the sound field inside the church.  

 

 

              Fig. 2.36a; 2.36b; 2.36c 

Next, we consider a more complicated shaped room. See the Gothic Dome example (figure 
2.37a). It is again a combination of continuous notches in addition to a half dome like structure 
in the right side. First the dome was removed and then the consecutive notches were cut 
sequentially in order to obtain the mesh shown in figure 2.37b. 

 

Fig. 2.37a; 2.37b 

 
The rough cutting scheme can be realized as follows:   
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Fig. 2.38 

From the above illustrated examples, it is quite clear that using our approach many such 
complicated real-life geometry examples can be meshed. Afterwards, these meshes can be used 
to simulate the sound field in such spaces using finite element method [40]. 

2.6. FURTHER DISCUSSION 

In this section we briefly discuss about advantages and disadvantages of using the cutting plane 
algorithm. First, as it looks, the approach of obtaining convex polyhedrons is easy to understand 
though complex to implement. In this work we have used the midpoint subdivision scheme to 
further subdivide the polyhedrons, however one can use any other desired or better scheme for 
the subdivision of convex polyhedrons. 

As we have seen, for rooms with symmetrical structure and plane surfaces, cutting plane 
algorithm can provide a very good quality automated hexahedral mesh and for curved surfaces 
projection technique can be applied. It automatically minimizes the number of cuts by 
identifying the consecutive notches, consecutive multivalent vertices etc and defining the cut 
sequence accordingly. All other available meshing schemes require human intervention at some 
level or a prior knowledge of mesh generation softwares. This work is aimed at obtaining an 
automated hexahedral mesh just by the click of a button. In that respect, for geometries with not 
many notches, we have been able to discretize them successfully using our cutting plane 
approach.  

However, roughly speaking for geometries containing more than 40-50 notches, automated 
cutting plane approach could be difficult to perform. For instance, geometries involving diffusers 
or stairs could contain large number of closed notches and it would be then impossible to 
predefine cutting schemes for such designs. See the figure 2.39.  
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Fig. 2.39 

It is a recording studio with diffusers at the rear side. If one looks on the top view (z-view), the 
diffuser (encircled and zoomed in) is creating too many closed reflex edges and its difficult to 
identify and define cutting schemes automatically for such shapes. Moreover, cutting only one 
notch at a time could create polyhedrons with bad aspect ratios. As a future work, for such 
projects a better cutting approach is required.  

2.7. CONCLUSIONS 

A new scheme called cutting plane algorithm has been suggested to obtain an automatic 
hexahedral mesh. It has been shown that with the proper choice of the cutting scheme, a quality 
hexahedral mesh for many surfaces can be obtained in an automated manner. Special schemes 
have been suggested and the general idea of a cutting procedure especially suited for 
architectural spaces has been given. The cutting procedure is not very specific or fixed, it can be 
modified according to the desired outcome. For instance, if only convex polyhedrons are needed, 
one does not have to cut the polyhedron all through and no more multivalent vertex cuts are 
required. Furthermore, to model curved geometries, a new projection technique has been 
introduced. It has been shown that for curved polyhedrons it is quite effective. A robust and 
automatic mesh generator is very hard to realize. This chapter has given an approach which is 
quite effective to generate meshes especially suited to architectural spaces.  
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3. CHAPTER 

Extension of Sound Particle Model using FEM 
 

3.1. INTRODUCTION 

Various methods based on geometrical and statistical approaches have been suggested and are 
being used for simulation in room acoustics, but it is always a problem when detailed acoustic 
investigation is needed in the low frequency region for small rooms with complex shapes. The 
ray tracing method as explained in chapter 1 is simple and easy to be applied but the image 
source method can provide more exact results in closed cavities. However, it is also not 
sufficient to consider the diffraction effect below Schroeder frequency.  

As introduced in chapter 1, several wave models based on numerical methods and involving 
large computational requirements have been suggested like FEM, BEM and finite difference 
method. In all the above mentioned methods, the most difficult part is to define the boundary 
conditions. Generally complex impedance data is required but it is rarely measured or published. 

The finite element method is being used extensively nowadays because of its adaptiveness and 
the simplicity in handling the complex absorbing boundary conditions as well as complex 
shapes. Basic modeling in FEM includes discretization, evaluation of element integrals, 
assembling into global matrices and then solving the large sparse system of equations using 
direct or indirect methods [43, 44]. 

In this chapter the finite element method has been used to obtain the eigenmodes and the transfer 
function of complex rooms with general boundary conditions and its practical feasibility in room 
acoustics has been investigated.  

3.2. MODAL ANALYSIS 

3.2.1.  Shoebox Model 

After explaining the main steps behind FEM approach in chapter 1, now we move on directly to 
calculations in three dimensional rooms. First, we carried out the modal analysis for a shoebox 
model (fig.3.1a) in order to verify it first with the existing analytic solution for rigid case and 
then we moved to general complex shaped rooms. 
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Fig. 3.1a: Shoebox Model created in EASE; 3.1b: Mesh. 

Using the linearized approach as mentioned earlier (for the 2D rectangular case), for a shoebox 
model (fig.3.1) of size (3 x 2.5 x 2) m³, we calculated the eigenmodes first for rigid walls and 
then with the absorbing surfaces having different impedance values. Regarding mesh generation, 
the room was discretized by performing three levels of Mid-point subdivisions. Here no cuts are 
required as the polyhedron is already convex and trivalent. We used an 8-noded linear (Lin8) 
finite element. As a general rule of thumb 6 nodes per wavelength for linear and 3 nodes per 
wavelength for a quadratic element are needed. With this mesh, we can perform the FEM 
analysis roughly up to 250 Hz. The Gaussian integration [45] scheme was used for evaluating 
element integrals.  

Treating the shoebox case analytically, eigenmodes were calculated using the well known 
relation: 

                                                ( ) ( ) ( )
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++=               

where c is the velocity of sound and p, q, r are numbers taking values : 0, 1, 2, 3… 

The values of p, q, r determine if the mode is axial, tangential or oblique. If only one of them is 
positive the mode is axial and if two of them are positive the mode is tangential and if all of them 
are positive then the mode is oblique. 

The first six eigenfrequencies obtained in each case are shown in Table 3.1. 

 
Mode 
(p,q,r) 

 
Analytic, 
   f(Hz) 

FEM 
(Rigid) 
     f(Hz) 

FEM 
(Z/�c=2) 
     f(Hz) 

(1,0,0) 57.16 57.62 53.84 
(0,1,0) 68.60 69.15 66.70 
(0,0,1) 85.75 86.43 85.66 
(1,1,0) 89.29 90.02 88.14 
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(1,0,1) 103.05 103.89 103.21 
(0,1,1) 109.81 110.71 110.42 

Table 3.1 Comparing the modes of the analytic and of the FEM modal analysis. 

       

Fig. 3.2a: Analytic, 3.2b: FEM rigid, 3.2c: FEM with normalized acoustic impedance Zn = 2 at each walls. 

From the Table 3.1, one can see that the frequencies in the rigid case match fairly with the 
analytic solution. For a larger view, we are showing the frequencies up to 250 Hz for all the three 
cases in the figure 3.2. 

In the fourth column of Table 3.1, only the real part of the complex eigenfrequencies have been 
shown. These are also called the natural frequencies of the system.  

The expected shift in the natural frequencies of the eigenmodes towards smaller values due to 
resistance can be seen when we move from rigid walls to absorbing surfaces. Hence it is 
essential to take proper account of absorption at the walls.  

3.2.2. L-Shaped Room 

Next as a second example where the analytic approach is not easily applicable, we analyzed the 
eigenmodes for a L-shaped room shown (fig. 3.3a). 
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                                                                   Fig. 3.3a: L-shaped Room; 3.3b: Mesh. 

Room coordinates are as follows: 

 
Vertex   X(m) Y(m) Z(m) 
P1   -2.50 -1.50 2.00 
P2   -2.50 -1.50 0.00 
P3    1.00  1.00 2.00 
P4   1.00 -1.50 2.00 
P5 - 2.50 1.00 2.00 
P6 - 2.50 1.00 0.00 
P7 1.00 -1.50 0.50 
P8 1.00  1.00 0.50 
P9 0.00 -1.50 0.50 
P10 0.00 -1.50 0.00 
P11 0.00  1.00 0.50 
P12 0.00  1.00 0.00 

                                                           Table 3.2 L-Shaped Room Coordinates. 

The impedance boundary condition (equation 1.7) is used: : 

            
Z

pi
n
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∂
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We can write the surface impedance Z as follows: 
 
              Z = R + i I                                                                                                                                                                   

Here the real part R represents the resistance which contributes to the damping and shifting of 
the modes and the imaginary part I is the reactance which causes phase changes in the system. 

As an approximation, the impedance is assumed to be real and for FEM calculations, its value 
was estimated from the statistical absorption coefficient by use of an equivalent angle of 
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incidence around 60° [46]. The relation between absorption coefficient and impedance values 
obtained can be viewed as follows (fig. 3.4a): 

 

Fig. 3.4a 

For the L-shaped room shown (fig.3.3), we calculated the eigenmodes for both rigid and 
absorptive surfaces (absorption coefficient of all walls α=0.2). The used mesh was discretized 
with an average element edge length of 25 cm. Fig. 3.4b shows the eigenmodes spectrum for 
absorption case. 

 

                         Fig. 3.4b: Eigenmodes Spectrum (Absorption coefficient of all the walls α=0.2). 
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      Rigid Walls, 
           f(Hz) 

αααα = 0.2 of each wall, 
           f(Hz) 

       50.35    50.33 
       68.93    68.92 
       85.36    85.35 
       87.25    87.24 
       95.53    95.53 
      111.20    111.19 

Table 3.3 Real part of  eigenfrequencies for L-shaped Room. 

Next to roughly visualize the number of modes below Schroeder frequency, we calculate it using 
the relation: 

                                         
V

Tf 602000≅                                

where, T 60  is the reverberation time and V is the volume occupied by the given room. 

The Schroeder frequency for the room (fig. 3.3) is 265 Hz. As one can see from the graph above 
(fig. 3.4), the density of modes below Schroeder frequency is lower than in higher frequency 
region so a uniform distribution of sound energy cannot be assumed. Hence the proper care of 
absorption is required to solve the problem of undesired resonances. Moreover, we can also 
expect feedback problems at the preferred frequencies. Such detailed investigation is not possible 
with the particle model.  

3.2.3.  Loudspeaker Placement 

Room modes develop as reflected sound interferes with itself. Interference causes additions of up 
to 6 dB where two equal reflections sum, as well as cancellations of the whole signal where they 
are of opposite phase. Every modal frequency has an associated three dimensional pressure 
distribution in the given room. Some mode shapes (in the X-Y plane, Z= 0) for the shoebox 
model, have been shown in the figures (fig.3.5) plotted using Matlab. 
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Fig. 3.5: Eigenmodes 

In order to have the better listening experience at the listener position, the dimensional ratios of 
walls should be chosen in such a way such that the modal frequencies are uniformly spaced. 
However, we must also consider the fact that the listener and source will interact most efficiently 
when sound sources are placed in the high pressure region of the mode. The loudspeaker 
placement will accentuate or diminish the coupling with the modal pressure variations at each of 
the modal frequencies. Similarly, a listener will hear different modal emphasis depending on 
where he is seated. For example even for the good sound systems, if the source is placed at the 
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minimum pressure region of the mode, the room may not respond to that frequency. Physically it 
means that the signal would not be heard at this particular frequency. Hence it is essential to 
know the location of antinodes (maximum pressure) and nodes (minimum pressure) to approach 
the problem of subwoofer placement.  

Figures (3.5) show mode shapes for some eigenmodes. So one can clearly see the minimum 
pressure lines from the graph and hence can decide where one should not place a sound source. 
There is a large amount of literature available for the speaker placement problem [47, 48]. 

3.3. Transfer Function Calculations 

In the previous section, we calculated the stiffness, mass and damping matrices for the general 
room which are needed for the calculation of eigenmodes. Also, using the same matrices one can 
perform frequency domain simulations in order to obtain the transfer function and time domain 
simulations to obtain the impulse response of the system. The transfer function of  the room as 
mentioned previously can be calculated after solving the FEM linear set of equations as 
explained in chapter 1 (equations 1.8 and 1.12) for the low frequency region and with the desired 
step size i.e. at the frequencies with some fixed intervals. We are restricted to the low frequency 
region because of the large computational time required for calculating all frequencies in a high 
resolution mesh grid model.  

 

Fig. 3.6 

For the same L-Shaped room shown in the previous section (fig.3.3), transfer functions in the 
low frequency region were calculated using FEM and then using the mirror image method in 
EASE at two different locations (Fig. 3.6), one in the shadowed area and the other facing directly 
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the speaker. A point source (S) is located at (3.48, 1.25, 0.75), with the assumption that it 
vibrates with the volume velocity amplitude of 1.0 m³/s.     

The reason behind choosing the two different locations and comparing the two approaches, is 
that in the direct field the sound field is mainly generated due to direct sound and strong early 
reflections, one can expect to observe the reasonable similar results between particle approaches 
and FEM. At the second location, the results could differ due to diffraction and late reflections at 
shadowed region. Hence transfer functions were calculated using mirror image method and FEM 
at both the locations.     

 
Case 1. Direct Field  
 
Room L-shaped (fig.3.6) 
Methods Mirror Image and FEM 
Field Direct 
Listener position R1 {1,1.25,1} 

A mirror image calculation was performed using the first 25 orders. The reflectogram and 
frequency response obtained in the low frequency region are shown below(fig. 3.7, fig. 3.8a).  

 

 

Fig. 3.7 
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Fig. 3.8a Frequency Response Using Mirror Image Method; 3.8b: Using FEM. 

Then we performed the FEM analysis to calculate the transfer function at the listener position. 
The used mesh was discretized with an average element edge length of 25 cm and 12.5 cm. The 
results obtained is shown in figure (fig. 3.8b). 

We have shown the comparison between 100-180 Hz. Below 90 Hz, its not possible to simulate 
the result using image source method in EASE. Although the transfer functions obtained are 
quite similar, still the transfer function obtained using FEM (fig. 3.8b) is slightly shifted towards 
higher frequencies because of mesh size and non-exact impedance value assumed. However, the 
shift is lesser in case of 12.5 cm as compare to 25 cm. This further implies that as frequency 
increases, better resolution is required.  
 
Case 2. Shadowed 
 
Room L-shaped (fig.3.6) 
Methods Mirror Image and FEM 
Field Shadowed  
Listener position R2 {2.5,1.25,0.25} 
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Similarly for the same order in mirror image and same mesh size in FEM, we calculated the 
transfer function at the second location. The graphs obtained are shown below (fig.3.9a, 
fig.3.9b). 

 

Fig. 3.9a: Frequency Response using FEM; 3.9b: Mirror Image Method. 

For a more detailed picture, we plotted the eigenmodes and frequency response for both 
locations on the same plot (fig. 3.10). 
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Fig. 3.10: Frequency responses and modes spectrum (FEM). 

One can see in the transfer function obtained from FEM that there are peaks corresponding to 
eigenmodes (fig. 3.10) calculated in the previous section for the same room and with the same 
absorption coefficient at walls. 

The transfer function obtained from the FEM model was different from the particle model in the 
shadowed region, but showed great similarity at the second location where the receiver was 
facing the speaker directly. This can be explained by the fact that in the second case, direct sound 
and first order reflections dominate the pressure distribution whereas in the shadowed region 
there is no direct sound. Moreover, in the shadowed region there exists some energy distribution 
due to diffraction at edges. One can clearly compare the behavior for both cases. However still 
better resolution and higher order elements [12] are needed to apply the model at higher 
frequencies.  

Although the FEM analysis is time intensive, once it has been completed the results can be 
examined at any number of observation points. The limitation of FEM is that the acoustical 
properties of the room must be known precisely. As of now, the data for the complex impedance 
for walls and the general materials used are only partially available. Once these data become 
more widely accessible, development in complex shaped room predictions using FEM will play a 
more important role in room acoustics. 
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3.4.   Comparison with Benchmark Problem 

A set of benchmark problems [49] are available where acousticians can compare their results 
with others. Hence it is like a common platform to compare the results with different approaches. 
Next to compare our simulation results with measurements, we solved one of the computational 
benchmark problems. Problem B1-3f (fig. 3.11) was chosen to calculate the sound pressure level 
at 28 locations.                                   

 

Fig. 3.11 

Geometry: 

Irregularly shaped reverberation room (about 165 m3) with a point source. 

Boundary Condition: 

The absorbing coefficient of all faces is 0.01. A point source (S1) is located at ( 2.45, 0.0, 1.38), 
assuming its stationary vibration with volume acceleration amplitude 1.0 m3/s2. 

First we applied our meshing scheme to divide the whole geometry into small elements (Figure 
3.12). Then we evaluated the local integrals for each element using Gaussian quadrature. The   
mesh contains around 11913 nodes. Hence there arises the question of handling such large 
matrices. Compressed Storage Format (CSR) has been used to handle the large sparse matrices. 
For transfer function calculations, the whole set of algebraic equations was solved using quasi 
minimal residual method [44]. 
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Fig. 3.12 

Sound pressure levels at initial 28 locations were calculated. The coordinates of 28 points are 
listed in Appendix C. 

The obtained results at 31.5 Hz and 63 Hz were then compared with the measured and others 
simulation data as shown in the next set of figures (fig 3.13, 3.14). First at 31.5 Hz, a qualitative 
comparison between both FEM calculations (Imoto, Bansal) shows the peak at 7th  and 22nd 

receiver locations. The measured data shows the dip at 15th receiver location and in FEM plots as 
well. At 63 Hz, in all the three plots, a dip can be observed around 10th and 25th receiver 
locations. However, a slight shift in the FEM plot can be observed in Bansal as compare to 
Imoto. This could be due to errors associated with the impedance values assumed for the walls 
and slight inexactness of receiver locations (meshing nodes locations). In our case, we assumed 
all the walls to be rigid as the absorption coefficient is very low.  

Hence considering the errors associated one can observe that the results obtained with our 
meshing scheme are quite in agreement with others measured and simulated data.  
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                                                                     Fig. 3.13 
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Fig. 3.14 
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3.5.  Concluding Remarks 

In this chapter we have investigated the sound behavior using our meshing approach and FEM. 
First, modal analysis was performed for rigid cases and then we moved to the general quadratic 
eigenvalue problem. With absorbing surfaces at the walls, a shift in the modal spectrum was 
seen. Also, the nodal lines (minimum pressure) for the non-rectangular room can be obtained 
which further helps in determining where to place the loudspeakers optimally.  

Then the calculated transfer function obtained by FEM analysis gave a more detailed picture of 
acoustic behavior. In the shadowed region, it showed the rise in sound energy distribution as 
compared to particle model due to diffraction. Moreover, peaks corresponding to eigenmodes 
were obtained. Finally we have performed the FEM analysis on the benchmark problem and we 
have compared the results. We have shown that with our new meshing scheme, the results are 
quite in agreement with the measured data. We conclude that this wave based method makes it 
possible to perform the broad-band acoustic analysis for a given room. However, for the mid-
frequency bands the large memory requirements and accuracy expected may afford special care. 
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4. CHAPTER 
 

Extension of Sound Particle Model using BEM 
 

4.1.     INTRODUCTION 

As we have seen in the previous chapter, particle-based approaches like ray tracing and image 
source methods are not fully complete without taking into account the wave nature of the sound. 
For instance, scattering behavior of incident plane wave on arbitrary surface cannot be explained 
only by these approaches. Hence, in order to study the behavior of sound field effectively, need 
of incorporating the scattering behavior into existing particle model arises. 

There are many researches concerning scattering behavior and many scattering indices have been 
proposed [19, 51, 52].  As one of the indices, the scattering coefficient is defined as the ratio of 
the non-specularly reflected sound energy to the total reflected energy [19]. Due to measurement 
difficulties, the available literature for scattering coefficient values is very limited [20, 53]. 
Hence the need of a computational tool in order to predict the scattering coefficient arises. 

In this chapter we investigate the use of BEM in order to calculate the Mommertz [19] incident 
angle dependent scattering coefficient of any arbitrary surface and then we compare it with the 
available measured data [20]. We also introduce a point source model in order to verify our 
approach asymptotically. As part of the research a new software tool “EASE Scatterer” was 
developed and is presented here. 

4.2.     SCATTERING COEFFICIENT 

The scattering coefficient is defined as the ratio of the non-specularly reflected sound energy 
(fig. 4.1) to the total reflected energy. Specularly reflected rays are those which follow the 
Snell’s law i.e.  angle of incident is equal to the angle of reflection. 

 

Fig.  4.1a 
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Mathematically in 2D it can be written as follows: 

                                                         
total

spec

E

E
S −= 1)(θ  

where, Espec is speculary reflected and Etotal is the total scattered energy. The scattering 
coefficients can be incorporated in the existed particle models to simulate the sound field 
effectively. Therefore, evaluation of scattering coefficients for arbitrary and periodic surfaces 
(like staircase, repetitive designs on walls etc) is highly desirable for the ideal sound field 
simulation. 

4.2.1. Boundary Element Method 

Mommertz proposed the approach of calculating scattering coefficients utilizing the reflection 
directivity of surfaces in free field. This approach suits the numerical modeling using BEM as 
well.  Consider an incident plane wave as shown in figure 4.1a on any arbitrary surface. Then the 
governing equation can be expressed using 1.17: 
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First we discretize the surface into small elements (fig. 4.1b) such that: 
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Fig.  4.1b 

Now, we recall the equation 1.18 for discretized surface from the first chapter: 



 83 

n

rp
rdrrGrprd

n
rrG

rprprc j
ij

i
iinii

jj
∂

∂

��

�
�
�

��

�
�
�

Γ=
��

�
�
�

��

�
�
�

Γ
∂

∂
++ � �� �

ΓΓ

)(
)();()()(

);(
)()()(  

For the rigid case,  
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Therefore the right hand side of equation 1.18 vanishes. 

Next, we calculate the incident pressure inp at each node. It is difficult to compute this incident 
wave pressure at boundary element points, which are shadowed or cannot be seen directly by the 
incident wave. As an approximation in this model, we have calculated the incident pressure at 
such points assuming them to be in direct sound field. In other words, one reference line was 
taken and the incident pressures were calculated on nodes depending upon the distance from the 
line. 

Finally, the algebraic system of equations (eq. 1.18) can be solved to obtain reflected pressure at 
boundaries using effective solvers. In the next step, pressure at desired receiver locations can be 
obtained again using the equation. For scattering coefficient calculations, the reflected pressure 
at some far field distance (depending on the size of surface) can be calculated. 

The incidence angle dependent scattering coefficient is calculated from the reflection 
directivities (R) for the given sample and for the flat reference plate of negligible thickness with 
the same size. Mathematically it can be represented by: 
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where, 

RSample is the summation of product of scattered (from sample) sound pressure and its complex 
conjugate. RReference is the summation of product of scattered (from reference plate) sound 
pressure and its complex conjugate. RSample_Reference is the summation of product of scattered 
sound pressures of sample and complex conjugates of reference plate.     

4.2.2. Point Source Model 

In addition to the BEM model, the complex reflection properties are also calculated utilizing an 
elementary wave method [55] based on the geometrical parameters of the surface. Radiating 
point sources are placed along the boundary (fig. 4.2) of the structure utilizing a density 
sufficient for the considered wavelength. Based on the source locations the complex pressures of 
the individual elementary waves are summed up in the far field to obtain the polar response. 
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Fig. 4.2: Scat. Behavior for Incident Angle: –56.9° 

In short, a fairly simple approach is used to compute the reflected wave front. Naturally, this 
response depends on the angle of incidence and on the frequency. Fig. 4.2 illustrates the 
scattering behavior at –56.9° using the point source model at 1 KHz. It is noteworthy that with 
this model algorithm neither shadowing nor diffraction effects are taken into account explicitly. 

4.3.     EXAMPLES AND RESULTS 

Next we apply our methodology of both approaches to different surfaces to investigate the 
scattering behavior of incident plane waves. 

4.3.1. Semi Ellipses (10 cm deep) 

A model was created in EASE Scatterer as shown in fig. 4.3 and the scattering coefficients for 
1/3 octave center frequencies were calculated using BEM and point source model for different 
incident angles. Throughout the chapter, the surfaces are assumed to be rigid. 
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Fig. 4.3: Semi Ellipses Model 
 

4.3.1.1. Qualitative Analysis 

Figures 4.4a and 4.4b show the simulated results at 1/3-octave center frequencies. One can 
observe that for normal angle of incidence (0°), point source model and BEM matches fairly well 
but for oblique incidence (-56.9°), the BEM gives more accurate results if one compares them 
with the measured data. This may be due to the fact that in this case, for oblique incidence, the 
interaction between the neighboring elements is taken care of by the BEM approach more 
effectively. For instance, there are first and second order reflections taking place within the 
structure and the point source approach does not take this into account.  

Furthermore, the average of the values of scattering coefficients at 1/12 and 1/24 octave band 
center frequencies in 1/3 octave band were also calculated (fig. 4.4a, 4.4b) to verify and avoid 
numerical inaccuracies at certain frequencies (if any). They also matches fairly well with the 
measured data. Therefore, single frequency analysis at 1/3 octave band center frequencies is 
sufficient and quite practical to roughly estimate the scattering coefficients in this case. 
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Scatt. Coeffs. of 1/3 octave-bands, 10 cm deep, 0°
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Fig. 4.4a: Incident Angle 0° 
 

Scatt. Coeffs. of 1/3 octave-bands, 10 cm deep, 56.9°
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Fig. 4.4b: Incident Angle -56.9° 
 

4.3.1.2. Quantitative Analysis 

Next we try to observe the quantitative differences between measured and simulated data. 
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Fig. (4.5a, 4.5b) shows the differences between measured and simulated data over frequencies 
using BEM and point source approaches.  

 

Fig. 4.5a: Incident Angle 0° 

 

Fig. 4.5b: Incident Angle -56.9° 

Now to compare the point source model and BEM quantitatively, we calculated the root mean 
square errors (Table 4.1) for both the cases.   

                                  
Table 4.1.- Root Mean square errors 

 
Incident Angle BEM Point Source 

0° 0.0479 0.08366 
-56.9° 0.0734 0.2387 

       

From the data (Table 4.1), it is quite clear that the point source model can provide a good 
estimation of scattering coefficients but BEM is more accurate.  

Figures below (4.6a, 4.6b) show some more results for 20 cm deep semi ellipses model.  It 
becomes again clear that the BEM approach is more effective to investigate scattering behavior. 
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20 cm deep, 0°
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Fig. 4.6a 

20 cm deep, 56.9°

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

10
0

12
5

16
0

20
0

25
0

31
5

40
0

50
0

63
0

80
0

10
00

12
50

16
00

20
00

25
00

31
50

40
00

50
00

Point Source

Measured

BEM

1/12 average

1/24 average

 

Fig. 4.6b 
 

4.3.2. Schroeder Diffusers 

Now we take a little complicated project to compare our results. A Schroeder diffuser model was 
created as shown in Figure 4.7: 
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Fig. 4.7: Scattering behavior using BEM 

4.3.2.1. Qualitative Analysis 

Fig. 4.8a shows the scattering coefficients for the Schroeder diffuser for normal angle of 
incidence. As there is not much interaction between neighboring elements, point source model 
and BEM both are effective in predicting the scattering behavior. In fig 4.8a. at 1000 Hz and in 
fig. 4.8b at 630 Hz there are some mismatches with the measured data. Again, the average of the 
values of scattering coefficients at 1/12 and 1/24 octave band center frequencies in 1/3 octave 
band were also calculated. One can notice that after taking average scattering coefficient values  
the mismatches are removed. Such “fictitious” frequencies could be due to numerical 
inaccuracies associated with BEM model. However, once again it can be observed from fig. 4.8b 
that for oblique angles, the point source model is not reliable for complicated surfaces whereas 
BEM is quite efficient considering the errors associated with the measurements as well.  
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N=7 QRD, 6 Periods, 0.2m deep, 0°
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Fig. 4.8a: Incident Angle 0° 

N=7 QRD, 6 periods, 0.2m deep, 56.9°
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Fig. 4.8b: Incident Angle -56.9° 
 

4.3.2.2. Quantitative Analysis  

As before, plots (fig. 4.9a, 4.9b) show deviations from measured data for both cases: 
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                Fig. 4.9a: Incident Angle 0°                                      Fig. 4.9b: Incident Angle -56.9° 
 

Table 4.2.- Root Mean Square errors 
 

Incident Angle BEM Point Source 
0° 0.1736 0.19 

-56.9° 0.2001 0.4040 
 

Table 4.2 further confirms that errors associated with the point source approach are comparable 
to the BEM for normal incident angle but almost double in case of oblique angle of incidence. 

4.3.3. Semi-Cylinders (12 periods, 7.32 m wide, Incident Angle: -56.9°) 

In this example, we just provide a qualitative overview of obtained simulation results. 

 

 

Fig. 4.10a: Scattering behavior at –56.9° 
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12 periods, 7.32m wide, 0°

0

0.2

0.4

0.6

0.8

1

1.2

10
0

12
5

16
0

20
0

25
0

31
5

40
0

50
0

63
0

80
0

10
00

12
50

16
00

20
00

25
00

31
50

40
00

50
00

Measure

BEM

1/12 average

1/24 average

Point Source

 

Fig. 4.10b: Comparison ( BEM, Point Source) 
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Fig. 4.10c : Comparison ( BEM, Point Source) 
 

Looking at the figures 4.10b, 4.10c, and from the previous examples, it is quite clear that the 
advanced BEM approach matches significantly better with the measured data compared to the 
point source model. For simple geometries point source approach is also acceptable whereas for 
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complicated geometries like Schroeder diffusers, BEM is needed. This might be as sharp edges 
cause wave related phenomena like diffraction and more interaction within the structure. BEM 
takes all these interactions into account. Hence we conclude that BEM can be used effectively in 
predicting scattering coefficients for various surfaces. 
 

4.4.     RANDOM INCIDENT SCATTERING COEFFICIENT 

Next we will discuss whether using a single incident scattering coefficient for all incident angles 
is valid for room acoustic modeling. We will consider different geometries and examine the 
scattering coefficients for various incident angles. The objective here is to observe the behavior 
of scattering coefficients over various incident angles and to further emphasize that using a 
single scattering coefficient is just an approximation. Normally such single random incident 
scattering coefficients are calculated using Paris’ formula [56]. 
 

4.4.1. Triangles (9 periods, 45°) 

A model consisting of nine triangles each having 45° angle (fig. 4.11a) was created in EASE 
Scatterer and scattering coefficients were calculated from 90° to -90° at an interval of 5°. 
. 

 

Fig. 4.11: Triangle Model (9 periods) 

The next plot (4.11b) shows the angle dependent scattering coefficients at different frequencies 
for triangles with 9 periods. 
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Fig. 4.11b: Scat. Coeff. for different incident angles 
 

4.4.2. Schroeder diffuser (N=7,QRD)     

Similarly, for Schroeder diffuser the angle dependent scattering coefficients at 1 KHz were 
calculated. The results are shown in figure 4.12. 

 

Fig. 4.12: Scat. Coeff., Schroeder 

4.4.3. Semi-Ellipse : 10 cm deep 

The results for semi-ellipse geometry at 1 KHz are plotted in figure 4.13. 
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Fig. 4.13: Scat. Coeff., Semi Ellipses 

One can observe from the figure 4.11b, that the scattering coefficient values at 1 KHz are 
ranging from 0.223 to 0.958 and 0.3 to 0.95 in figure 4.12. Therefore, using only a single 
scattering coefficient for all incident angles and for a single reflection does not seem to be valid. 
However, roughly speaking if the order of reflections n is high in room acoustic simulations, 
then one can assume that the incident ray is coming at various angles and therefore in an average 
sense, a random incident scattering coefficient can be calculated by integrating the directional 
scattering coefficients in the upper semicircle using the Paris’ formula.  

If one considers the Semi Ellipses model (fig 4.3) at 1 KHz, the scattering coefficients (fig 4.13) 
are not varying much over various incident angles. This explains that depending upon the 
geometry as well; the values of scattering coefficients should be used with care. 

4.5.     CONCLUDING REMARKS 

The scattering behavior of incident plane waves at arbitrary surfaces using BEM and point 
source model has been investigated. It has been shown that while the point source model gives 
reasonable good results, the BEM approach is more effective in terms of quality and quantity. A 
new computational tool called EASE Scatterer has been developed to calculate the angle 
dependent scattering coefficients of any arbitrary surface. This will help in simulating the sound 
field for arbitrary surfaces more accurately. Moreover, the variations of scattering coefficients as 
the incident angle changes have been shown and the resulting limitations of use of a single 
scattering coefficient in room-acoustic modeling have been discussed.  
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5. CHAPTER 
 

Conclusions and Future Work 
 

5.1.  SUMMARY  

In this thesis, we have investigated the use of powerful numerical methods like FEM and BEM 
to extend the existing sound particle models. We have shown for low frequencies, how one can 
incorporate the wave nature of sound to obtain a better impulse response.  

Chapter 1 starts with discussing the existing approaches and models for simulation in room 
acoustics. It explains shortly the methodology behind ray tracing and mirror image methods. It 
has been shown that these approaches consider sound to behave like a particle.  At high 
frequencies and for larger rooms, these approaches are very effective to obtain impulse response 
of a system. However, when the dimensions of room become comparable to the wavelength, 
these approaches fail to model the wave nature of sound like diffraction and interference. 
Therefore the need of incorporating the wave model arises.  Hence the first chapter introduces 
then the methodology behind wave based approaches (FEM, BEM, FDM). The first step of such 
approaches includes discretization of the given geometrical domain. This step of subdividing into 
small elements is also called as mesh generation. Then the basis/shape functions are defined 
along each node of meshed element. The mathematical theory behind element based approaches 
has been discussed. It has been shown using examples how to define basis functions for the 
given meshed element.  

Chapter 2, is mainly devoted to mesh generation. This chapter introduces a newly developed 
meshing approach called cutting plane algorithm. The cutting plane algorithm is based upon 
applying a sequence of cuts on the given room to obtain  convex and trivalent polyhedrons. This 
simple shaped polyhedrons can then meshed into hexahedral elements using mid-point 
subdivision scheme. It has been shown that with the proper choice of the cutting scheme, a 
quality automated hexahedral mesh for many surfaces can be obtained. Special schemes have 
been suggested and the general idea of cutting procedure especially suited for architectural 
spaces has been given. The cutting procedure is not very specific or fixed, it can be modified 
according to the desired outcome. For instance, if only convex polyhedrons are needed, one 
doesn’t have to cut the polyhedron all through and no more multivalent vertex cuts are required. 
Furthermore,  to model curved geometries, a new projection technique has been introduced. It 
has been shown that for curved polyhedrons it is quite effective. A robust and automatic mesh 
generator is very hard to realize. This work as a first step has given an approach which is quite 
effective to generate mesh especially suited to architectural spaces.  

In Chapter 3, the wave nature of sound in closed shapes using FEM was investigated. First, 
modal analysis was performed for rigid cases and then we moved to the general quadratic 
eigenvalue problem. With absorbing surfaces at the walls, a shift in the modal spectrum was 
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seen. Also, the nodal lines (minimum pressure) for the non-rectangular room can be obtained 
which further helps in determining where to place the loudspeakers optimally.  

Then the calculated transfer function obtained by FEM analysis gave a more detailed picture of 
acoustic behavior. In the shadowed region, it showed the rise in sound energy distribution as 
compared to particle model due to diffraction. Moreover, peaks corresponding to eigenmodes 
were obtained. Finally we have performed the FEM analysis on the benchmark problem and we 
have compared the results. We have shown that with our new meshing scheme, the results are 
quite in agreement with the measured data. 

In chapter 4, the scattering behavior of incident plane waves at arbitrary surfaces using BEM and 
point source model has been investigated. A new computational tool EASE Scatterer has been 
developed. It has been shown that while the point source model gives reasonable good results, 
the BEM approach is more effective in terms of quality and quantity. Some mismatches were 
observed at certain fictitious frequencies for complicated surfaces like Schroeder diffusers. These 
mismatches were then removed after taking the average  scattering coefficient value. Afterwards, 
the variations of scattering coefficients as the incident angle changes have been analyzed and the 
resulting limitations for use in room-acoustic modeling have been discussed. 

5.2.  FUTURE WORK 

The contributions made in this thesis may be viewed in terms of future work, as follows. The 
new meshing scheme can possibly be useful for other application field as well. As it is already 
mentioned that geometries with roughly less than 40-50 notches can be meshed automatically 
using our cutting plane algorithm just by the click of the button, there is still a need of having 
more predetermined cutting schemes to obtain quality shaped convex polyhedrons.  Moreover, 
due to lack of measurement data we were unable to simulate the results of real life acoustic 
model. Hence as a next step, a real life studio measurement and simulation comparison using our 
meshing approach is to be performed. In the fourth chapter, we have developed a computational 
tool EASE Scatterer to investigate scattering from arbitrary 2D surfaces. Therefore to simulate 
more realistic geometries, need of incorporating 3D geometries as well in the computational tool.   
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Appendix A 

Legendre - Gauss Quadrature 

Weighting 

Factors 

Function 

Arguments 

N = 2 
000000000.11 =W  

000000000.12 =W  

N = 3 
555555556.01 =W  

888888889.02 =W  

555555556.03 =W  

N = 4 
347854845.01 =W  

652145155.02 =W  

652145155.03 =W  

347854845.04 =W  

N = 5 
236926885.01 =W  

478628670.02 =W  

568888889.03 =W  

478628670.04 =W  

236926885.05 =W  

N = 6 
171324492.01 =W  

360761573.02 =W  

467913935.03 =W  

467913935.04 =W  

360761573.05 =W  

171324492.06 =W  

 
577350269.01 −=x  

577350269.02 =x  

 
774596669.01 −=x  

000000000.02 =x  

774596669.03 =x  

 
861136312.01 −=x  

339981044.02 −=x  

339981044.03 =x  

861136312.04 =x  

 
906179846.01 −=x  

538469310.02 −=x  

000000000.03 =x  

538469310.04 =x  

906179846.05 =x  

 
932469514.01 −=x  

661209386.02 −=x  

238619186.03 −=x  

238619186.04 =x  

661209386.05 =x  

932469514.06 =x  
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Appendix B 

Notch Detect Algorithm 

A notch is defined to be an edge whose adjacent faces create internal dihedral angle greater than 
180°.  To identify such edges we have used the following algorithm: 

Algorithm: 

For the edge under consideration g connected by vertices v1 and v2, we find its two adjacent 
faces i.e. F1 and F2. Then first, we calculate the face normal of F1 say N1. Afterwards, we find 
an edge on F2 having one vertex from g say v2 to v3 or from v1 to v3.  

 

                                                     

           Fig. A1 

If the angle between this edge vector and N1  is less than 90°, then the edge is a notch.  In the 
above example (fig A1), the edge (marked by thick black bold line) is a notch as both the vectors 
N1 and (v1-v3) are creating an angle 0° (< 90°). 

 

Intersection Algorithms 

Here we explain some standard intersection algorithms used in our meshing scheme.  

Plane-Line intersection: 

A plane having normal (A, B, C) can be represented by the equation  

                                           A x + B y + C z + D = 0                                     (1) 



 105 

where all points (x, y, z) lie on the plane. Equation of the line through points P1 (x1, y1, 

z1) and P2 (x2, y2, z2) is given by: 

                                     P = P1 + u (P2 - P1)                                                     (2) 

Substituting (1) into (2) gives: 

        A (x1 + u (x2 - x1)) + B (y1 + u (y2 - y1)) + C (z1 + u (z2 - z1)) + D = 0 

Finally solving for u results: 

                        

o the denominator is 0 then the normal to the plane is perpendicular to the line. 

Thus the line is either parallel to the plane and there are no solutions or the line is 

on the plane in which case are infinite solutions. 

o if it is necessary to determine the intersection of the line segment between P1 and 

P2 then just check that u is between 0 and 1.  
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Appendix C 

 

Receiver 
location 

Coordinates (x  y  z) 

1 0.000  0.000  1.200 

2 0.409  0.000  1.200 

3 0.818  0.000  1.200 

4 1.227  0.000  1.200 

5 1.636  0.000  1.200 

6 2.046  0.000  1.200 

7 2.455  0.000  1.200 

8 2.864  0.000  1.200 

9 3.273  0.000  1.200 

10 3.683  0.000  1.200 

11 4.092  0.000  1.200 

12 4.501  0.000  1.200 

13 4.910  0.000  1.200 

14 5.320  0.000  1.200 

15 -0.081  0.180  1.200 

16 0.345  0.192  1.200 

17 0.773  0.204  1.200 

18 1.200  0.215  1.200 

19 1.628  0.227  1.200 
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20 2.055  0.238  1.200 

21 2.482  0.250  1.200 

22 2.910  0.262  1.200 

23 3.337  0.273  1.200 

24 3.764  0.285  1.200 

25 4.190  0.297  1.200 

26 4.619  0.308  1.200 

27 5.047  0.320  1.200 

28 5.474  0.332  1.200 

 

 

 

 

 

 

 

 

 
 


