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  Abstract  

 
Abstract. 
 
 Breast compression during Mammography is currently being 

simulated using FEM analysis, which due to its computational greed, forces 

the use of a relatively small number of nodes leading to a low resolution 

image of the compressed breast. Moreover the mesh generation of the 

volume under compression is a tedious and complex task which demands 

user interaction.  

In the current work a novel method for simulating compression 

during mammography which uses a high resolution 3D Breast Phantom 

with any geometrical structure and contents has been developed. This work 

was not focused on producing a precise model of the structure and behavior 

of human tissues, but on achieving realistic results of breast compression 

during mammography, and therefore contributing to a more accurate 

mammography simulation. 

This method is based on a linear spring model and uses a repetitive 

random process to reach the equilibrium position for all the discrete points 

in the volume (nodes). The elements of the model consist of 27 nodes each, 

1 center node and 26 neighbor nodes. Moreover neighbor elements share 

common nodes, and therefore overlap each other. The very critical issue of 

volume preservation was resolved by the introduction of variable 

equilibrium length springs which, depending on the compression applied on 

each element, expand or contract in order for the volume of each element to 

be preserved. Finally, user interaction is minimized by dismissing the tedious 

and time consuming need for a mesh generation and using a fully automated 

voxel based model instead. 

Applying this method it was made possible to compute the new 

position of each of the 500.000 nodes of a Breast Phantom subjected to 
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50% compression, which was composed of fatty tissue, gland and various 

abnormalities, with an average deviation less than 0.1 mm.  

The reversibility of the algorithm as well as the validity of the 

deviation estimator were verified by the means of a “reverse simulation” 

during which the compressed breast phantom was perfectly decompressed 

to its initial uncompressed state. The entire process both for compression 

and decompression took approximately 12 hours each on a WinXp PC 2.4 

GHz. The source code is written in Java language. 

 The results show that it is possible to obtain a 512x512x512 

compressed 3D Breast Phantom with unlimited number of different tissues 

and structures which can be used in high resolution mammography 

simulation. 
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1. INTRODUCTION 

 

 

 Mammographic imaging is among the most demanding of the x-ray imaging 

procedures. The identification of breast cancer in early stages requires the ability to 

resolve very fine detail over a wide range of contrasts. To allow the visualisation of 

these details, mammographic images must be of the highest quality. 

 Computer modelling and simulation may provide an appropriate 

inexpensive, practical and flexible alternative for carrying out image quality and 

dosimetry studies, evaluation of new imaging technologies and applications. 

Software simulators may also be used for training purposes. For this purpose 

sophisticated software breast phantoms have been developed that include complex 

structures of the breast. 

 On the other hand even though mammography simulation nowadays can 

indeed provide a very thorough insight to this lifesaving imaging modality, it 

ignores a very important step of the examination procedure, that of breast 

compression. 

Although deformable models have been extensively used in a large number 

of fields, its applications on simulating the deformations in soft tissue is only 

recent. Various representations for deformable volumes have been used till today, 

including mass-spring models, B-spline representations, implicit surfaces and most 

important finite element models. 

Even though many of these techniques are promising, they lack the ability to 

perform a compression to a fine resolution volume within a reasonable time-frame 

and accuracy. For this purpose a novel method for simulating breast compression 

that alleviates the above issues has been developed in order to provide a deeper 

insight to the real conditions during mammography. 
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1.1 Breast compression issues 

 Mammography is the basic imaging modality that can find up to 85% of 

abnormalities (Kerlikowske at al 1995). Compression of the breast is the most 

important part during this examination. First of all because the radiation dose 

decreases since the x-rays have to travel smaller distance and thus the absorption is 

smaller. Secondly, breast compression optimises image quality and hence the 

visualisation of small lesions by reducing breast thickness (Ann Poulos and Don 

McLean 2004). Lastly by applying compression to the breast we minimize patient 

movement which would cause blurring of the mammogram. 

However, breast compression is a painful process for the patient but the most 

sensitive part is that it leads to shifting of the tissues and shape deformations. That 

means that the position of a malignant tissue that is visualised in a mammogram, is 

actually the position in the compressed breast and thus is very difficult for the 

physician to pick a sample from this specific area of the uncompressed breast in 

order to perform a biopsy (Azar et al 2000). 

1.2  The need for breast compression simulation 

From the above it was made obvious that simulating breast compression is a 

necessity if we demand a more realistic mammography simulation that could reveal 

how much the abnormalities are compressed compared to normal tissue, how 

much is the offset from their 3D location and finally would allow studies of breast 

imaging with compression against the new breast imaging techniques that use 

uncompressed breast. The latter allows the important studies of dose absorbed in 

the breast.  
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1.3 Approaches to deformable volumes 

Although deformable models have been extensively used in a large number 

of fields, its applications on simulating the deformations in soft tissue is only 

recent. Physical models are among the first to be used. Among these physical 

models, elastic (linear and visco-elastic) models have been extensively described in 

the literature (Speeter 1992, Chen and Zeltzer 1992). 

 The most widely used representations for deformable volumes are 

parametric models with B-spline representation (Zienkiewich 1977). In this 

technique the shape can be represented as a collection of parameterized curves, i.e., 

parameterize the geometric shape directly. The template is represented by a set of 

curves which is uniquely described by some parameters. The geometrical shape of 

the template can be changed by using different values of the parameters. Variations 

in the shape are determined by the distribution of the admissible parameter values. 

The main limits of these representations lie in the fact that their manipulation 

requires significant mathematical knowledge and skill during shaping, thus making 

this task tedious and cumbersome. Sometimes, changing a small detail is really 

difficult and it can be as time consuming as recreating the whole model. 

Furthermore, these models do not maintain sufficient dependency relationships 

between the geometric elements of an object. 

Other possible models are the mass-spring models (Luciani et al 1991). This 

model can be seen as a discrete approximation of a finite-element method for 

integrating the Lagrange partial derivative equation of motion. The need for solving 

a linear system is alleviated through the use of a predictor-corrector approach: 

Firstly a rapid approximation of the implicit integration is computed and then this 

estimation is corrected in a post-step process to preserve momentum. Combined 

with an inverse dynamics process to implement collisions and other constraints, 

this method provides a simple, stable and tuneable model for deformable objects 

suitable for virtual reality. The mass-spring methods have been used most of the 

time for surgery simulation due to their simplicity of implementation and their 
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lower computational complexity. However, this kind of approximation cannot be 

used for accurate simulations. (Baumann and Glauser 1996, Meseure and Chailou 

1997). 

 Implicit surfaces (Desbrun and Gascuel 1995) constitute another method 

for modeling deformation. As with many computer techniques the idea of an 

implicit surface is a very simple one. An Implicit Surface can be defined by the use 

of an implicit function F(P) (scalar field function), and the threshold value or Iso 

value at which an Iso surface is extracted. Each implicit function has an associated 

primitive (e.g. a point or a line) around which it acts. An interesting property of the 

implicit model is that it allows us to consider a surface consisting of m primitives 

by simply adding their scalar fields. This process is called blending and defines a 

method for calculating overall field values. One problem is that of volume loss 

when objects are squashed. Moreover the problem of unwanted blending has been 

around since the creation of implicit surfaces. 

Finite element models are less widely used due the difficulty of their 

implementation and their larger computing time. The basic concept is that a body 

or structure may be divided into smaller elements of finite dimensions called as 

“Finite Elements” usually by using a meshing technique. The original body or 

structure is then considered as an assemblage of these elements connected at a 

finite number of joints called as “Nodes” or “Nodal Points”. The properties of the 

elements are formulated and combined to obtain the properties of the entire body. 

The equations of equilibrium for the entire structure or body are then 

obtained by combining the equilibrium equation of each element such that the 

continuity is ensured at each node. The necessary boundary conditions are then 

imposed and the equations of equilibrium are then solved to obtain the required 

variables such as Stress, Strain, Temperature Distribution or Velocity Flow 

depending on the application. 

Thus instead of solving the problem for the entire structure or body in one 

operation, in the FE method attention is mainly devoted to the formulation of 
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properties of the constituent elements. A common procedure is adopted for 

combining the elements, solution of equations and evaluation of the required 

variables in all fields. Thus the modular structure of the method is well exploited in 

various disciplines of Engineering. 

 There are many powerful commercial FEM packages that allow complex 

simulations of deformation such as ABAQUS. However the required 

computational time can extend to several days on a SGI Indico2 workstation (Azar 

et al 2000). Moreover the mesh generation of the volume under compression poses 

a tedious and complex task which demands user interaction. 

On the other hand, FEM analysis is also prone to inaccurate results. The 

main sources are badly shaped elements, errors with respect to the position of the 

mesh, the values of the physical properties, the boundary conditions, and the 

mathematical algorithms.  

Finally, validations of the biomechanical breast models is a difficult task 

itself since the true displacements are unknown. So far, biomechanical breast 

models have been assessed by visual comparison or by using anatomical landmarks. 

(C. Tanner et al 2002) 

 

1.4  Motivation 

The motivation of this work was to climb a step closer to the real conditions 

during mammography, and provide a useful tool to the research of this imaging 

modality that can save thousands of women lives all over the world. 

1.5  Objectives 

In the current work the main objective was to develop a general algorithm that 

simulates compression of a high resolution 3D object with any geometrical 

structure and contents within a reasonable time-frame and without the need of a 

mesh generation. The modeling of the tissue structure and behavior was not aimed 

at producing a real-life model, but a model that is as realistic as possible based on a 
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simple spring concept. This algorithm is presented thoroughly in Chapter 1. The 

next step was to apply this algorithm in the case of 3D Breast Phantoms in order to 

study the deformations that occur in a Breast during mammography. These results 

are presented in Chapter 2. 
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2. MATERIALS & METHODS 

 

 

 In this chapter the whole methodology and the model developed, as well as 

the assumptions made will be presented to the reader. This work represents the 

results of an effort to come up with a general method, applicable to any object 

regardless of its size or contents, with any boundary conditions needed. It should 

be underlined that the main objective was not to produce a precise model of the 

structure and behavior of human tissues, but to achieve realistic results of breast 

compression during mammography within a reasonable time frame, in order to 

assist mammography simulation. 

Starting the description of the model we will introduce the basic concept 

that lie beneath this model, that of a simple spring. Next the elements of the model 

and the interactions among them will be presented. Here a new concept of 

elements, which overlap each other, is put forward. Then the volume preservation 

issue is discussed, where a novel method using variable equilibrium length springs 

is proposed. In the paragraphs that follow the equilibrium conditions and the initial 

conditions of the elements are being discussed. Finally, a flowchart of the whole 

algorithm is presented at the end of the chapter. 

 

 

 

 

 



2. Materials & Methods   - 8 - 

2.1 The Springs Concept 

 According to Hooke’s Law, the elastic properties of a material whose stress-

strain relationship is linear, can be mathematically represented by the relationship: 

ε⋅= Es  

Where ε denotes the normal strain of the specimen which is equal to the 

total elongation ∆ of the specimen divided by its total length Deq, i.e. ε=∆/Deq , s 

denotes the normal stress which may be obtained by the use of the relation s=P/A, 

with P denoting the axial load and A the original cross-sectional area. 

The quantity E, i.e. the ratio of the unit stress to the unit strain, is the 

modulus of elasticity of the material, or as it is often called, Young’s Modulus. 

Thus, a simple spring (figure 2.1.1) can be defined by two parameters: 

1. Modulus of Elasticity, E 

2. Equilibrium Length, Deq 

 
Figure 2.1.1 Spring Parameters and Forces 

 In figure 2.1.1 the spring is being deformed from its equilibrium state, to a 

new state that can be defined by the coordinates of the spring’s edges. As a result 

of this deformation a force Fx will appear on the spring which can easily be 

calculated from the following mathematical relationship. 

X2X1

D = X2-X1

Fx Fx 

Deq 

E

E
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Where X1, X2 are the coordinates of the spring edges. 

If we introduce a modified modulus of elasticity the relation [2.1.1] can be 

simplified to 

( ) mod

mod

EDDF

D
EE

eqx

eq

⋅−=

=
 [2.2.2] 

 At this work and for the sake of simplicity we consider the spring Modulus 

of Elasticity Linear, meaning that E is constant for all the range of deformations 

that can be applied on the simple spring. 

 

2.2 The Elements of the Model 

 The model is based on a 3D matrix with N•N•N nodes (figure 2.2.1). Each 

node is placed normally to the surrounding nodes. 

 
Figure 2.2.1 Representation of the surrounding nodes (Element). 

1 unit 1 unit

1 unit

1 unit

1 unit

1 unit



2. Materials & Methods   - 10 - 

 This Cube that consists of 27 nodes we call it an element. Each node 

(Center Node) is connected with 26 neighbor nodes. For each node there is one 

element that has that specific node in its centre, so the elements are as many as 

the nodes and are therefore overlapping each other. 

 

2.3 Defining the Springs between the nodes in the Element 

 Each node represents a part of a tissue and hence it inherits the Modulus of 

elasticity of that tissue.  

Between the Centre Node and its surrounding nodes, we assume that springs 

along x, y and z direction exist, the purpose of which is to set the relative 

position of the two nodes to its equilibrium state. How is this achieved? 

Let’s take the Center Node and one of its surroundings: 

 
Figure 2.3.1 Springs between the center node and one surrounding node. 

 

 Figure 2.3.1 shows that when a node is not at its equilibrium position, forces 

which are due to spring deformations, along x, y and z direction will appear on the 

node, in an attempt to retract it to its initial position. The Modulus of Elasticity 

of these springs is assumed to be equal to the smaller one of the two nodes. 

Another assumption is the combination of the two (Linear or Parallel), but what is 

of crucial importance here is that the calculation of the spring Modulus of 

Spring along Z 

Spring along Y

Spring along X STIFF BARS 
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Elasticity (E) between the two nodes has to be the same regardless of which 

of the two nodes is the Centre node (1st Rule). If this condition is not satisfied, 

the equilibrium state will never be reached, since the equilibrium of the node_1 

relative to node_2 will be different than the equilibrium of node_2 relative to 

node_1. 

 

2.4 Defining the Spring Equilibrium Length 

 Figure 2.4.1 represents a graphical description of the equilibrium lengths of 

the springs in section 2.3. 

 
Figure 2.4.1 Equilibrium lengths of the springs between the center node and one surrounding 

node. 

 

 As seen from figure 2.4.1, the equilibrium lengths of the springs between the 

two depicted nodes will be 1 unit for all the directions.  

 Different cases are shown in figures 2.4.2-2.4.4 where the equilibrium length 

of a spring along a certain direction is zero. 

 

Deqx = 1 unit STIFF BARS 
Deqz = 1 unit 

Deqy = 1 unit 
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Figure 2.4.2 Equilibrium lengths of the springs between the center node and one surrounding nod 

with Deqz=0. 

 

 In figure 2.4.2, the equilibrium length of the spring along z-axis between the 

depicted nodes is zero, while the equilibrium lengths of the springs along x and y 

axis is 1 unit. 

 
Figure 2.4.3 Equilibrium lengths of the springs between the center node and one surrounding node 

with Deqy=0. 

 

In figure 2.4.3, the equilibrium length of the spring along y-axis between the 

depicted nodes is zero, while the equilibrium lengths of the springs along x and z 

axis are 1 unit. 

Deqx = 1 unit 

STIFF BARS 
Deqz = 1 unit 

Deqy = 0 unit 

Deqx = 1 unit 

STIFF BARS 

Deqz = 0 unit 

Deqy = 1 unit 
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Figure 2.4.4 Equilibrium lengths of the springs between the center node and one surrounding node 

with both Deqx=0 and Deqz=0. 

 

In figure 2.4.4, the equilibrium lengths of the springs along z and x axis 

between the depicted nodes are zero, while the equilibrium length of the spring 

along y axis is 1 unit. 

 These figures illustrate how the springs equilibrium lengths force the 

element to maintain its shape, and if for any reason (for example external forces), a 

deformation occurs, the forces that will appear between the nodes will try to retract 

the nodes to their initial state. 

 

2.5 Preserving the Volume 

2.5.1 Overall view 

 The next issue that appears is about the volume of the compressed object. If 

we adopt the previous concept, the volume will not remain the same as we apply a 

compression to the element. That is evident from the above description because no 

expansion along x and y axis will occur since no forces on the x-y plane appear no 

matter how much we compress the elements. 

 The solution to this problem is to use variable equilibrium lengths for 

the springs among the nodes that are depended on the compression 

intensity.  

Deqx = 0 unit 
Deqz = 0 unit 

Deqy = 1 unit 
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This is explained with the example presented in figures 2.5.1 and 2.5.2. 

Figure 2.5.1 shows an uncompressed element, where the equilibrium lengths 

between the two elements correspond to 1 unit along each direction. 

 
Figure 2.5.1 Equilibrium lengths of the springs between the center node and one surrounding 

node. 

 Figure 2.5.2 shows the same two nodes with applied 50% compression. 

 
Figure 2.5.2 Equilibrium lengths of the springs between the center node and one surrounding node 

50% compression. 

 In figure 2.5.2 we can easily see that if the equilibrium length of the springs 

along x and y axis would remain the same (1 unit) the element would reduce its 

volume because of the compression. Obviously, this conclusion is wrong.  

 So in order to remedy this problem the equilibrium lengths Deqx and Deqy 

are being calculated, as it is shown in subsection 2.5.3, so that the volume will be 

maintained at equilibrium state. It is very important to understand that we do 

not apply a shift of the nodes so that the volume is maintained constant but 

instead we change the equilibrium lengths of the springs and let it find its 

equilibrium after many repetitions.   

Deqx =? unit Deqz = 1 unit 

Deqy =? unit 

Deqx = 1 unit STIFF BARS 
Deqz = 1 unit 

Deqy = 1 unit 



2. Materials & Methods   - 15 - 

( ) ( ) ( ) ( )
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2.5.2 Compression of an Element 

 The element of our model is divided into 8 sub-elements. Each sub-

element is composed of 8 nodes some of which are common with other sub-

elements. The mean compression of a sub-element (Figure 2.5.3) can be easily 

calculated as follows: 

 

Figure 2.5.3 One of the 8 sub-elements of an element 

 

Compressionmean= (1-∆Ζmean) 

In the above example the variable Node_XYZ that appears near a node, 

represents the z position of the node in (X, Y, Z) position of the 3D Matrix. In this 

example, if we assume that the nodes are located normally to its other, the above 

expression yields: 

 
 

 

 

Thus,  

Node_001 Node_101 

Node_000 
Node_111 

Node_010 Node_110 

Node_011 

Node_XYZ 

Node_100 

( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) unit 

NodeNode NodeNodeNodeNode Node Node 
∆Zmean 

1 
4 

1 1 1 1 
4

110_111_ 010 _011_100_101_ 000 _001 _ 

= + + + 

=
−+ −+−+ − 

= 
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Compressionmean= (1-∆Ζmean) =0 

2.5.3 Calculating the Equilibrium Lengths 

Using the mean compression, we recalculate the dimensions of each sub-

element (the volume is maintained) with the following equations: 

∆Χ=∆Υ
=∆⋅∆⋅∆ 1XYZ

     [2.5.3.1] 

Z
1YX
∆

=∆=∆      [2.5.3.2] 

Where ∆Χ, ∆Y,∆Z represent the X, Y, Z dimensions of the sub-element 

 

 The new X, Y dimensions of the sub-element are defined from the 

expression 2.5.3.2 assuming that the expansion along X axis is equal to the 

expansion along Y axis. This assumption is thought to be reasonable if we take 

into consideration that the complete model consists of 8 million nodes-elements 

(2003). The material that is represented by a sub-element can be considered 

homogenous and therefore should have a symmetrical expansion along the x-y 

plane during its compression. 

This procedure is repeated for all 8 sub-elements of a single element. Finally, 

the dimensions of each sub-element will be defined in such a way that the volume 

of the compressed element will be preserved.  

The next question is what happens with the adjacent sub-elements and their 

dimensions. The calculations applied before would lead to contradicting 

dimensions of the adjacent sub-elements that share common nodes. So in order to 

remedy this problem, we calculate the average length of each of the lines of 

the geometrical structure of one element. So the length of a line that belongs to 

2 sub-elements (see figure 2.5.4), will be the average of the two lengths calculated in 

each sub-element. In a similar way a line that belongs to 4 sub-elements, will be 

calculated by the average of the 4 lengths that have been calculated for the 4 sub-

elements.  
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Figure 2.5.4 Example for the calculation of the common dimensions of the sub-elements 

 

 Besides the fact that we have calculated the geometrical structure of the 

element, so that the volume is kept constant after the compression, we have 

defined as well the new equilibrium lengths of the springs between the center node 

and its 28 neighbors. Therefore, if we update the Deq of the springs along x, y-axis 

(Deq along z-axis is always equal to 1) of all the elements, in each repetition of the 

algorithm (loop), the volume of the material under compression will be preserved. 

 The whole methodology may sound complicated but was tailored to suit a 

very crucial and specific issue: That is the fact that the equilibrium lengths that 

are calculated between any two nodes should be the same regardless of 

which of the two nodes is considered to be the center node (2nd Rule). 

 This rule is demonstrated with the following examples in figures 2.5.5 and 

2.5.6. 

i j

i 

2
kj +

m 
k

km

j
2
ji +

2
mk +

2
mi +
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Figure 2.5.5 Node N1 is considered the Center Node and Node N2 is considered a surrounding 

node 

 
Figure 2.5.6 Node N2 is considered the Center Node and Node N1 is considered a surrounding 

node 

 As seen from the figures, in the first case the node N1 is the Center Node 

and node N2 is a surrounding node, while the opposite happens in the second case. 

In order for this method to work, the equilibrium lengths that are calculated in 

both cases must be the same, or else the equilibrium would never be reached. 

 

N1 

N2 

N1 
N2 
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2.6 Equilibrium Conditions 

 This subsection concerns the forces that are exerted among the nodes and 

conditions under which the equilibrium is achieved. 

 Figure 2.6.1 graphically depicts the forces that arise between the center node 

and one surrounding node. According to the law of action-reaction, the forces that 

will act upon a certain node when it is driven out of its equilibrium state, will be 

equal in magnitude but of opposite sign with the ones that act on the center node. 

Therefore, we can calculate the net forces along x, y and z axis that will be exerted 

on the center node that are due to all the 26 surrounding nodes. 

 
  Figure 2.6.1 Forces between the center node and one surrounding node. 

 

 The next step would be to move the center node in such a way that the net 

forces that will be exerted on it will be zero at the new (x, y, z) position. This 

position can easily be defined as follows: 
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   [2.6.1] 

 

Fix, Fiy, Fiz are the forces along x, y and z axis that are exerted on the center node 

because of its surrounding nodes. 

Fxexternal , Fyexternal , Fzexternal are the forces along x, y and z axis that are exerted on the 

center node due to external factors (i.e. Gravity). 

 If the center node is moved from the point (Xo, Yo, Zo) to the point 

(Xequilibrium, Yequilibrium, Zequilibrium) as shown in figure 2.6.2, the net forces that will act 

on it at this new position will be zero. Therefore, we can conclude that the center 

node is equilibrated relative to its neighbors. 

 
Figure 2.6.2 Equilibrium position of the center node. 

 

 

(Xeq ,Yeq ,Zeq)

(Xo,Yo ,Zo) 
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2.7 Initial Conditions of Compression 

 In order for the algorithm to converge faster, proper initial conditions that 

approximate the final state as closely as possible should be created. For this 

purpose we have used a technique that is described analytically below. A simpler 

method less efficient would be to compress the volume assuming the latter is 

homogenous. Obviously, this would lead to initial conditions that can be quite far 

from the true ones, leading to more loops and thus more computation time.  

The initial conditions in the current work are being set using the simple rule 

of action-reaction and the Hooke’s Law. More specifically, when n linear springs 

(figure 1.7.1) are connected in series the force of spring 1 is transmitted to spring 2 

and so on.  

 

 

 

 

 

 

Figure 2.7.1 Linear springs connected in series 

Following this law, we can easily calculate the distribution of the compression of 

each spring if we know the total compression of the n springs in series (∆ltotal).  
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 If this simple rule is applied to the whole volume under compression, we can 

predict the final position of each element and applying these calculations before the 

main algorithm starts, convergence can be achieved faster. 

 

2.8 Flow of the method 

Figure 2.8 shows the flowchart of the proposed method. The algorithm 

starts with a pre-compression of the volume (initial conditions) in order the 

algorithm to converge faster, since the nodes will have to travel smaller distances 

until their global equilibrium position is found.  

For each loop that follows, an element is picked using a random process and 

is moved in such a way that it equilibrates relative to its 26 neighbors. In every loop 

all the elements are moved once. 

The convergence is monitored by calculating the net forces that have been 

exerted on all the nodes, before equilibrating them. In that way we can calculate the 

average movement of the nodes and if that movement is within the accuracy we 

want, the repetitive loops of the main process stop. 

We can conclude that following this method, the global equilibrium or 

convergence will always be reached after a finite number of loops and 

regardless of the initial and boundary conditions, provided that the 1st and 

2nd Rule are fulfilled. 

The results of this method are demonstrated in the next Chapter, where 

compressed Breast phantoms are presented. 
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Figure 2.8. Flowchart of the proposed method
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3. RESULTS 

 BREAST COMPRESSION 

 
 
 
 
 This chapter begins with the breast phantom description that has been used 

in the simulation. The boundary conditions are being explained and a series of 

graphical representations of the compressed breast phantom is presented in order 

to provide a qualitative insight of the compression algorithm described in chapter 

2. Convergence curves as well as accuracy issues are shown next in attempt to 

quantitatively assess the model. Finally, at the end of this chapter a reverse 

simulation (decompression) of the compressed Breast phantom is presented in 

order to verify the validity of both the compression algorithm and the deviation 

estimator. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



                       3. Results, Breast Compression   - 25 - 

3.1 Breast Phantom Description 
 
 The Breast Phantom that has been used is composed of fatty tissue, gland, 

and abnormality (Bliznakova et al 2003). The Modulus of Elasticity for each tissue is 

chosen according to published data by Paris et al (1999) and was found to be: 

EFAT=4.5 KN/m2 

EGLAND=15 KN/m2 

EABNORMALITY=45 KN/m2 

 

 The abnormality tissue was approximated with CaCo3 which can closely 

represent breast calcification. For the sake of simplicity and computation speed, the 

tissues were assumed to behave like linear springs. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

 
Figure 3.1.1 Breast Phantom views 

  

In figure 3.1.1 the breast phantom that has been used for compression 

simulation is being presented. We can distinguish the fat (light blue), the gland 
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tissue which form the tree-like structure (dark blue) and a number of abnormalities 

(green) distributed in the breast. In the three different views that are provided in 

this figure (CC, Lateral and Front view) the geometrical structure of the breast 

tissues is being demonstrated. If we assume that the above breast phantom 

represents a small breast, we can estimate that each unit represents 1 mm 

approximately. That would lead to a breast with dimensions: 12 cm height, 6 cm 

width and 13 cm length. 

 
3.2 Boundary Conditions 

 The boundary conditions in the case of breast compression during 

mammography are the chest region that restrains the tissue from moving in any 

direction, and the compression plates that restrict the movement of the tissue only 

in z direction. In order to define the position of an element after a loop, the 

algorithms check if its new position violates the boundary conditions and define 

the final (x, y, z) coordinates of the element accordingly. 

 
 
3.3 Breast Phantom Compression 

 This section presents the quality evaluations of the compressed breast 

phantom through a series of graphical representations. Firstly we will present the 

breast phantom being gradually compressed. Then a qualitative comparison of the 

compressed and uncompressed breast is being performed. Finally a series of 

graphical representations of the breast phantom without the fatty tissue will be 

presented in order for the gland and abnormalities tissues to be better visualized. 
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3.3.1 Visualization of the compressed phantom 

a.       b. 

 

c.       d. 



                       3. Results, Breast Compression   - 28 - 

 
e.          f. 

 
Figures 3.3.1 (a-f) Breast 3D views for various compressions 

 
 In figure 3.3.1 (a-f) the breast phantom is demonstrated as it is being 

subjected gradually to more compression, which can be observed by the position of 

the upper and lower compression plates. 

At first glance we can see how the breast is being expanded along x-axis 

(width). Let’s take the two extreme cases, the uncompressed breast and the 

maximum compression from the above cases, and provide a Medio-Lateral Oblique 

(MLO), a frontal and a Cranio-Caudal (CC) view. 
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Figure 3.3.2 Breast MLO views 

 

 
Figure 3.3.3 Breast CC views 
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Figure 3.3.4 Breast Front views 
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From the figures 3.3.2, 3.3.3, 3.3.4 we can notice the expansion of the breast 

to the x-y plane as it is being compressed in order to maintain a constant volume. 

Moreover it can be observed that the stiffer tissues (abnormalities) maintain their 

shape and dimensions regardless the compression that has been applied, while the 

surrounding tissues (Fat, Gland) undergo noticeable compression and deformation. 

Furthermore the position of each element can be shifted several units from its 

uncompressed state.  

In order to provide a deeper insight to the movement of the different 

tissues, we provide a visualization of the compressed breast without the fatty tissue 

in the next figures. For this purpose we have used again the two extreme cases for 

comparison.   
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3.3.2 Visualization of the compressed breast without the fat 

 

 
Figure 3.3.5 Breast 3D View without fat 
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Figure 3.3.6 Breast lateral View without fat 
 

 

 
Figure 3.3.7 Breast CC View without fat 
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Figure 3.3.8 Breast Front View without fat 
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 Using the figures 3.3.5-3.3.8 we can see clearly the movement of the 

abnormality masses by more than 10 units, which in the current example represent 

more than 1 centimeter. 

 In the section that follows, two important issues of the compression 

simulation will be discussed. These are the convergence speed and accuracy. 

 
3.4 Convergence Curve, Accuracy 

 Convergence curves from the simulations that have been conducted are 

presented in the figures bellow. The Y axis of these curves represent the sum of the 

absolute values of the displacements of all the elements and is given in a 

logarithmic scale, while in the x-axis is represented the number of loop. In each 

graph, the convergence along x, y and z axis separately are demonstrated. 

Moreover, the same graph is used to predict the average movement of an element 

after theoretically infinite loops as it will be shown below. 

 A mathematical formula of an exponential curve that can fit the simulation 

data in this work is given by: 

)bxaexp(yaverage +⋅−=    [3.4.1] 

 In order to define the two parameters a, b we need two points from the x-y 

plane. The first corresponds to x1=1/3 *xmax and the second point to x2= xmax. 

 The average deviation can then be calculated from the sum of the sums of 

the movement of each point in all the loops which would follow if the simulation 

continued till infinity. 
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ι

= i
averageaverage ydeviation    [3.4.4] 

 

where ∆Χ,∆Υ,∆Ζ represent the movement of an element; i is the loop 

number and x,y,z the coordinates of the element in the three-dimensional grid. 

If the yaverage defined by 3.4.1 is substituted in equation 3.4.4 then the 

following expression is obtained for the average deviation: 

∫∫∑
++

⋅+⋅−=⋅==
00

loop_final

00

loop_final
average

x
average dx)bxaexp(dxy)x(ydeviation  [3.4.5] 

 The simulation repetitive loops stop as soon as the average displacement of 

the nodes in the 3D object under compression drops below 1/10000 of the unit. 

This condition was found to be a good time-accuracy trade and is shown in the 

figures bellow. Perfect convergence can be obtained if the repetitive loops 

continue.  
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Figure 3.4.1 Convergence curves for case UpperPlate:100 LowerPlate:15 
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Figure 3.4.2 Convergence curves for case UpperPlate:95 LowerPlate:20 
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Figure 3.4.3 Convergence curves for case UpperPlate:90 LowerPlate:25 
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Figure 3.4.4 Convergence curves for case UpperPlate:85 LowerPlate:30 
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UpperPlate:80 LowerPlate:35 

 

 
Figure 3.4.5 Convergence curves for case UpperPlate:80 LowerPlate:35 
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 From the above simulations we can derive the mathematical formula of an 

average exponential curve by defining the average values for the parameters a and b 

of the mathematical formula [3.4.1] : 

 
 
 
 
 
 
 
 
 
Table 3.4.1 Values of the parameters a and b from the cases in 

figures 3.4.1 -3.4.5 and calculation of the average. 
 

)0959.60011.0exp(

)exp(

+⋅−=

⇒+⋅−=

xy

bxay

average

averageaverageaverage
    [3.4.6] 

 

Using  [3.4.6] and [3.4.5] we get 

 

[3.4.7] 

 

 From [3.4.7]  it is possible to make a graphical representation of simulation 

time versus deviation: 

Loops Time (hours) Deviation (units)

200 0.7 1.54277 
500 1.7 1.10914 

1000 3.4 0.63992 
2000 6.9 0.21301 
3500 12.0 0.04091 

5000 17.1 0.00786 
10000 34.3 0.00003 

 
Table 3.4.4 Time vs. Deviation 

 

Case a b 

100-15 0.0011 5.6539
95-20 0.001 5.9016
90-25 0.0011 6.0898
85-30 0.0011 6.3369
80-35 0.0011 6.4975

Average: 0.0011 6.0959

∫∫
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00
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00
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loopFinalloopFinal

average dxxdxydeviation
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Time vs Deviation
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Figure 3.4.6 Time versus Deviation of the breast compression simulations 
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Figure 3.4.7 Time versus Deviation of the breast compression simulations  
With deviation axis in logarithmic scale 
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Figures 3.4.1-3.4.5 demonstrate the route towards convergence of the 

simulations performed. As can be observed, the convergence curves follow an 

exponential law and for the accuracy goal “1/10000” to be achieved, 3500 loops 

and 12 hours of computing time on a winXp 2.4 GHz Pentium4 Celeron with 256 

RAM were required. The average deviation of each point from its final position 

after theoretically infinite loops never exceeded 9% of a unit. 

In figures 3.4.6, 3.4.7 the average deviation vs. time of the above cases is 

being graphically represented and reveals that the simulation time can drop 

significantly if the accuracy is not a crucial issue. So the simulation can provide 

results with a deviation that does not exceed 0.4 units within 5 hours or results with 

a deviation less than 1 unit within 2 hours. 
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3.5 Reverse Simulation, Real Deviation 

The graphical representations of the compressed breast, provided a 

qualitative insight of the compression method that has been developed. Moreover 

an attempt to quantitatively assess the model has been explained in paragraph 3.4 

where convergence issues were discussed. 

In this paragraph the estimator used as well as the compression algorithm 

are being assessed by the means of a reverse simulation. To be more specific, firstly 

we apply a compression to the breast phantom using proper boundary conditions. 

Then the compression plates are removed from the boundary conditions and the 

algorithm starts decompressing the phantom. During the simulation we can 

calculate the deviation of the final position of each element since the final position 

coincides with the initial equilibrium state of the uncompressed phantom and 

compare it with the estimated. Moreover the reversibility of the procedure is also 

proven. 

 The breast phantom that has been used for this purpose is the same that has 

been used in the previous paragraphs. The results of the reverse simulation are 

presented in the figures 3.5.1 a-f. 

 
a. Compressed Breast    b. Reverse after 100 loops 
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c. Reverse after 250 loops    d. Reverse after 500 loops 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

e. Reverse after 1000 loops   f. Reverse after 2000 loops 
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g. Reverse after 4000 loops   h. Reverse after 8000 loops 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figures 3.5.1 (a-h) Reverse simulation (decompression) 

 

From figures 3.5.1 (a-h) can be noticed that the thickness of the breast is 

rapidly regained but the width reaches its initial state slowly. This is due to the fact 

the equilibrium lengths of the springs along the x and y axis change gradually 

according to the compression. So in the first 1000 loops the breast regains its 

thickness (height) but it takes 4000 loops in total for the expansion to be reversed.  
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Figure 3.5.2 Uncompressed and decompressed breast phantom. 

 

Figure 3.5.2 presents the uncompressed and the decompressed breast 

phantoms. From the visual inspection we can observe that the breast phantom has 

regained its initial shape and geometry with slight variations. The reverse process 

required 4300 loops to achieve the desired accuracy (1/10000). This is close to the 

number of loops that where required for the forward simulation (compression). To 

be accurate the decompression required 800 loops more than the compression. 

This difference is due to the absence of initialization to the decompression process, 

and proves that the initial conditions can indeed speed up the simulation by 

approximately 25%. 
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 During the reverse simulation, the real deviation was calculated by 

subtracting the current position of a node from its initial uncompressed state. 

Results are demonstrated in Table 3.5.1 were the estimated deviation as well as the 

estimator parameters are shown. Figure 3.5.3 presents a graphical representation of 

the calculated and estimated deviation. 

DEVIATION (units) ESTIMATOR  y=exp(-a*x+b) 
Loops Calculated Estimated a b 

Calculated - Estimated    
Deviation (units) 

100 1.948 Too soon - - - 
250 1.624 1.066 0.0025 7.7555 0.559 
500 1.207 0.754 0.0021 7.6803 0.453 

1000 0.699 0.567 0.0015 7.4639 0.132 
2000 0.283 0.227 0.0012 7.319 0.056 
4000 0.075 0.058 0.0009 7.0185 0.017 

6000 0.041 0.017 0.0008 6.6873 0.023 

8000 0.021 0.006 0.0007 6.4355 0.015 

Table 3.5.1 Calculated and Estimated Deviation 

Calculated and Estimated Deviation
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Figure 3.5.3 Calculated and Estimated Deviation 

From table 3.5.1 and figure 3.5.3 can be observed that the estimator that has 

been chosen can indeed predict the deviation from the final equilibrium state with 
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an error that does not exceed 2% of a unit or in our case 0.02 mm, when the 

criterion “1/10000” is fulfilled (4300 loops). The error between the estimated and 

calculated deviations is a result of the estimator chosen. As can be seen from 

figures 3.5.4 and 3.5.5 the parameters a, b of the estimator do not remain constant 

during the simulation. 
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Figure 3.5.4 Parameter a 
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Figure 3.5.5 Parameter b 
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 With the above data it is possible to construct an estimator that can perfectly 

describe the convergence curve and therefore estimate the final deviation with the 

finest accuracy but this exceeds the objectives of the present work since using the 

simple exponential estimator, the deviation can be calculated with adequate 

accuracy. 
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4. DISCUSSION 

 

 

Simulation results showed that the shape of a breast as well as its internal 

geometry can vary significantly between its compressed and uncompressed state. 

To be more specific, the simulation showed us the following important issues that 

should be taken into account. 

The position of the tissues inside the breast change significantly during 

compression, which could lead in some cases to unsuccessful biopsy sampling. In 

Figures 3.3.1(a-f) the total displacement of the breast edge is found to be more than 

13 mm. That can be easily calculated if we considered that the nipple position at 

the uncompressed state is at x=0 and is shifted at x=-13 when we apply the 

maximum compression in the current example (figure 3.3.1 f). Therefore, as we 

have assumed that one unit corresponds to 1 mm, it follows that the total 

movement of the nipple is 13 mm.  

In Figures 3.3.5-3.3.8 where the breast is visualized without the Fat, it can be 

observed more clearly that while the abnormalities retain their shape and geometry, 

the surrounding tissue undergoes the bulk of the compression. Moreover in the 

figure 3.3.6 it can be measured that the abnormalities are shifted by 8 units or 0.8 

cm after the compression.  

As from the figures and the calculated deviations, in section 3.4, the average 

deviation from the final position of each element is in all cases lower than 9% of 

the unit while it can be as low as 3%. Moreover, if we considered the deviation in 

each direction separately, we would notice that the deviation is as lower as 0.01% 

of the unit. (i.e. UpperPlate:80 LowerPlate:35, z-axis curve). To achieve this goal 

nevertheless 12 hours on pentium4 2.4 GHz with 256 RAM were required. 

In figures 3.4.6, 3.4.7 the average deviation vs. time of the above cases is 

being graphically represented and reveals that the simulation time can drop 

significantly if the accuracy is not a crucial issue. So the simulation can provide 
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results with a deviation that does not exceed 0.4 units within 5 hours or results with 

a deviation less than 1 unit within 2 hours. 

The reverse simulation that is presented in paragraph 3.5 proved that the 

estimated deviation presented above does not vary significantly from the real 

deviation and the error is as close as 2% of a unit, as can be seen in table 3.5.1, 

when convergence criterion “1/10000” is fulfilled. Moreover using the data from 

figures 3.5.4 and 3.4.5 a more accurate estimator can be constructed. Last but not 

least, figures 3.5.1 and 3.5.2 as well as table 3.5.1 can prove the reversibility of the 

compression method both by visual and numerical assessment. 

Concluding it could be said that using the compression method proposed, it 

was made possible to produce a fine resolution (1 mm) compressed breast 

phantom and it is possible to perform an even higher resolution simulation, capable 

of including various tissues and structures inside the breast with fine accuracy, with 

the computation power that almost any scientific laboratory possesses nowadays. 

So, mammography simulation can benefit from the use of a compressed breast 

phantom which would provide more realistic images that could serve both for 

educational and research purposes. 
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5. CONCLUSION 

 

The current work has been conducted in a spirit of experimenting and presents 

an effort to provide a new approach to compression modeling. Since the true 

displacements inside a breast during compression are still unknown, the main 

objective was a general but realistic method that can be applied to a fine resolution 

volume within a reasonable time-frame. The novelty of this work is that the 

solution is reached using a random process based only on primitive rules and 

boundary restrictions. The general model that has been proposed was made 

applicable to any volume regardless of it’s a) geometry, b) size and c) structure 

complexity. Moreover, user interaction is necessary only for the setting of the 

proper boundary conditions while convergence is always achieved following an 

exponential curve regardless of the structure and complexity of the volume under 

compression. 

Another advantage is that this method is very fast compared to finite element 

analysis. To be more specific, the breast model that has been used in chapter 3 for 

compression simulation consisted of 500.000 nodes approximately if we exclude 

the air that surrounds the phantom. If we take into account that these 500.000 

nodes were processed over 3.500 times each, in less than 12 hours using a PC that 

any western 9-year old child owns nowadays, we can see why it is promising. 

 Lastly the average deviation of a node from its final position never exceeded 

10% of the unit, which corresponds to less than 0.1 mm for the demonstrated 

cases. If we take into account that a node can move more than 10 units during 

compression in the examples that have been presented in chapter 3, the deviation is 

less than 1% of its whole journey, so the accuracy can be considered to be adequate 

at least for simulation purposes. Moreover if there is willingness to sacrifice some 

accuracy, the simulation time can drop significantly since the convergence follows 

an exponential curve. 
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Future work is directed to the introduction of non-linear springs in the 

model, in order to come closer to the human tissue behavior, as well as the 

introduction of skin and more complex structures in the breast under compression. 

A comparison of the proposed method with a FEM analysis is necessary to be 

accomplished as well. In this way, the compression modeling could be effectively 

verified in terms of accuracy. A future experimental work using a hardware 

phantom is also planned to provide experimental results for the scheduled 

comparison. 



References - 56 - 

 REFERENCES 

 

Azar FS, Metaxas DN, Schnall MD 2000 A Finite Element Model of the 

Breast for Predicting Mechanical Deformations during Biopsy Procedures in 

Proc. of the IEEE Workshop on Math. Methods in Biomedical Image 

Analysis (2000) 38–45. 

 

Ann Poulos, Don McLean 2004 The application of breast compression in 

Mammography: a new perspective Radiography (2004) 10, 131e137 

 

 

Baumann R., Glauser D 1996 Force feedback for virtual reality based 

minimally invasive surgery simulator. Medicine meets virtual reality, San 

Diego CA. 

 

Bliznakova Kristina 2003 Study and development of software simulation for 

x-ray imaging. PhD Thesis 

 

Bliznakova K., Z. Bliznakov, V. Bravou, Z. Kolitsi and N. Pallikarakis 2003 

A three dimensional breast software phantom for mammography 

simulation. Phys. Med. Biol. 48(2003) 3699-3719. 

 

C. Tanner, A. Degenhard, J. A. Schnabel, C. Hayes, L. I. Sonoda, M. O. 

Leach, D. R. Hose, D. L. G. Hill, D. J. Hawkes 2002. A comparison of 

biomechanical breast models: a case study. In Proc. SPIE Medical Imaging 

2002: Image Processing, volume 4683, pages 1807-1818. SPIE, 2002 

 



References - 57 - 

Chen DT, Zeltzer D 1992 Pump it Up: Computer animation of a 

biomechanically based model of the muscle using finite element method. 

Computer graphics 26: 89-98 (1992) 

 

David Roylance 1996 Mechanics of materials,  John wiley & sons INC 

 

William A. Nash 1957 Theory and problems of strength of materials, shaum 

publishing co. 

 

Desbrun M, Gascuel MP 1995 Animating soft substances with implicit 

surfaces. Computer graphics siggragh’95:287-290(1995). 

 

Luciani A, Jimenez S, Florens JL, Cadon C, Raoult O 1991 Computational 

Physics: a modeler simulator for animated physical objects. Eurographics 

Workshop on animation and simulation:425-437 (1991) 

 

Meseure P, Chailou C 1997 Deformable body simulation with adaptive 

subdivision and cuttings. Proceedings of the WSCG’97:361-370 (1997) 

 

Parris S. Wellman, Robert D. Howe Breast Tissue Stiffness in Compression 

is correlated to histological Diagnosis. Harvard Bio Robotics Laboratory 

Technical Report, 1999 

 

Speeter TH 1992 Three Dimensional Finite Element Analysis of Elastic 

Continua for Tactile Sensing. Int1 Journal of Robotics research, 11 No 1:1-

19 (1992). 

 

Zienkiewich OC 1977 The finite element method. McGraw-Hill, London, 

3rd edition (1977) 



Appendix - 58 - 

APPENDIX 

 

 

Graphical User Interface 

 

 
 

 Using the very simple window of the simulation program, the user 

can quickly insert the desired accuracy, the maximum number of loops and 

define the boundary conditions which in our case are the chest, and the 

position of the upper and lower plate. As the loops begin, the program also 

shows the current convergence values. 
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Source Code (JAVA) 

Simulation Code 
package cris; 

 

import java.lang.Math; 

import java.util.Date; 

import java.io.*; 

 

public class simulation implements Runnable { 

 

    static Thread runner; 

    static simInterface frame; 

    static int Nxyz, Nx, Ny, Nz, MaxLoops, upLimitGlobal, 

            downLimitGlobal, 

            chestPosition, platePosition, loop, countTotalCalculatedXYZ; 

    static int[] ijk; 

    static float accuracyVariable; 

    static float[][][] xe, ye, ze, K; 

    static float[][][] Eijk; 

    static float[][][][] deqijk; 

    static float[][] siglisi; 

    static String breastPath; 

 

    // The Spring Constants ( E= Ec*exp(Enl*e) ) 

    static final float[] Ec = {0.001f, 4.5f, 15, 45, 16}; 

    static final float[] Enl = {0, 7.5f, 10, 20, 20}; 

 

    // The constructor of simulation 

    public simulation(int IMaxLoops, int IaccuracyVariable, 

                      String IbreastPath, int IupLimitGlobal, 

                      int IdownLimitGlobal, int IchestPosition, 

                      int IplatePosition, simInterface Iframe) { 

        frame = Iframe; 

        MaxLoops = IMaxLoops; 

        breastPath = IbreastPath; 

        upLimitGlobal = IupLimitGlobal; 

        downLimitGlobal = IdownLimitGlobal; 

        chestPosition = IchestPosition; 

        platePosition = IplatePosition; 

        accuracyVariable = IaccuracyVariable; 

 

        File breast = new File(breastPath); 

        Nxyz = (int) (Math.pow((double) (breast.length() / 2), 0.333333) + 0.1); 

 

        siglisi = new float[3][MaxLoops]; 

 

        // Priority settings 

        frame.Jpriority.setMinimum(runner.MIN_PRIORITY); 

        frame.Jpriority.setMaximum(runner.MAX_PRIORITY); 

        frame.Jpriority.setValue(runner.MIN_PRIORITY + 



Appendix - 60 - 

                                 (runner.MAX_PRIORITY - runner.MIN_PRIORITY) / 

                                 2); 

 

        if (runner == null) { 

            runner = new Thread(this); 

            runner.start(); 

            runner.setPriority(frame.Jpriority.getValue()); 

        } 

    } 

 

    static int[] ijk_cubes(int x, int N) { 

        if (x < 0.1) { 

            ijk = new int[1]; 

            ijk[0] = 1; 

        } else if (x > (N - 1.1)) { 

            ijk = new int[1]; 

            ijk[0] = -1; 

        } else { 

            ijk = new int[2]; 

            ijk[0] = -1; 

            ijk[1] = 1; 

        } 

        return ijk; 

    } 

 

    static int[] ijk_all(int x, int N) { 

        if (x < 0.1) { 

            ijk = new int[2]; 

            ijk[0] = 0; 

            ijk[1] = 1; 

        } else if (x > (N - 1.1)) { 

            ijk = new int[2]; 

            ijk[0] = -1; 

            ijk[1] = 0; 

        } else { 

            ijk = new int[3]; 

            ijk[0] = -1; 

            ijk[1] = 0; 

            ijk[2] = 1; 

        } 

        return ijk; 

    } 

 

//  Υπολογισµος Σταθερας γραµµικου ελατηριου 

    static float Calc_Eijk(int x, int y, int z) { 

        Eijk = new float[3][3][3]; 

        float metritis = 0; 

        int index1, index2, index3, i, j, k; 

        int[] ii, jj, kk; 

 

        ii = ijk_all(x, Nx); 

        jj = ijk_all(y, Ny); 
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        kk = ijk_all(z, Nz); 

        for (index1 = 0; index1 < kk.length; index1++) { 

            k = kk[index1]; 

            for (index2 = 0; index2 < jj.length; index2++) { 

                j = jj[index2]; 

                for (index3 = 0; index3 < ii.length; index3++) { 

                    i = ii[index3]; 

                    Eijk[1 + i][1 + j][1 + 

                            k] = Math.min(K[x][y][z], K[x + i][y + j][z + k]); 

                    metritis += Eijk[1 + i][1 + j][1 + k]; 

                } 

            } 

        } 

        // Η Ισοδυναµη σταθερα ελατηριου του καθε στοιχειου λογω συγγενειας 

        return metritis; 

    } 

 

    static float[] Folxyz(int x, int y, int z) { 

        float[] Fol = new float[3]; 

        float fxe, fye, fze; 

        int index1, index2, index3, i, j, k; 

        int[] ii, jj, kk; 

 

        ii = ijk_all(x, Nx); 

        jj = ijk_all(y, Ny); 

        kk = ijk_all(z, Nz); 

        for (index1 = 0; index1 < kk.length; index1++) { 

            k = kk[index1]; 

            for (index2 = 0; index2 < jj.length; index2++) { 

                j = jj[index2]; 

                for (index3 = 0; index3 < ii.length; index3++) { 

                    i = ii[index3]; 

                    // The forces along x,y,z axes 

                    fxe = Eijk[1 + i][1 + j][1 + 

                          k] * (( -xe[x][y][z] + xe[x + i][y + j][z + k]) - 

                                deqijk[0][1 + i][1 + j][1 + k]); 

                    fye = Eijk[1 + i][1 + j][1 + 

                          k] * (( -ye[x][y][z] + ye[x + i][y + j][z + k]) - 

                                deqijk[1][1 + i][1 + j][1 + k]); 

                    fze = Eijk[1 + i][1 + j][1 + 

                          k] * (( -ze[x][y][z] + ze[x + i][y + j][z + k]) - 

                                deqijk[2][1 + i][1 + j][1 + k]); 

                    Fol[0] += fxe; 

                    Fol[1] += fye; 

                    Fol[2] += fze; 

                } 

            } 

        } 

        return Fol; 

    } 

 

    static int[] randperm(int N) { 
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        float[] Rrandom = new float[N]; 

        int[] R = new int[N]; 

        int index; 

 

        for (int i = 0; i < N; i++) { 

            Rrandom[i] = (float) java.lang.Math.random(); 

        } 

        for (int i = 0; i < N; i++) { 

            index = 0; 

            for (int j = 0; j < N; j++) { 

                if (Rrandom[j] > Rrandom[i]) { 

                    index++; 

                } 

            } 

            R[i] = index; 

        } 

        return R; 

    } 

 

    static float[][][] inputRead(String path) { 

        float[][][] Matrix = new float[Nxyz][Nxyz][Nxyz]; 

        float[][][] MatrixReduced; 

        try { 

            { 

                // The tempData Matrix is local 

                byte[] tempData = new byte[Nxyz * Nxyz * Nxyz * 2]; 

                // Open the original file 

                InputStream fileIn = new FileInputStream(path); 

                BufferedInputStream buff = new BufferedInputStream(fileIn); 

                DataInputStream data = new DataInputStream(buff); 

                for (int i = 0; i < Nxyz * Nxyz * Nxyz * 2; i++) { 

                    tempData[2 * Nxyz * Nxyz * Nxyz - i - 1] = data.readByte(); 

                } 

                data.close(); 

                fileIn.close(); 

 

                // Save the reversed File 

                FileOutputStream temp = new FileOutputStream("Files/temp.bin"); 

                BufferedOutputStream bufftemp = new BufferedOutputStream(temp); 

                DataOutputStream datatemp = new DataOutputStream(bufftemp); 

                for (int i = 0; i < Nxyz * Nxyz * Nxyz * 2; i++) { 

                    datatemp.writeByte(tempData[i]); 

                } 

                datatemp.flush(); 

                datatemp.close(); 

                temp.close(); 

            } 

 

            // Read the reversed file 

            short value; 
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            InputStream fileIn2 = new FileInputStream("Files/temp.bin"); 

            BufferedInputStream buff2 = new BufferedInputStream(fileIn2); 

            DataInputStream dataReversed = new DataInputStream(buff2); 

 

            for (int i = (Nxyz - 1); i >= 0; i--) { 

                for (int k = (Nxyz - 1); k >= 0; k--) { 

                    for (int j = (Nxyz - 1); j >= 0; j--) { 

                        value = dataReversed.readShort(); 

                        switch (value) { 

                        case 220: // Air 

                            Matrix[i][j][k] = Ec[0]; 

                            break; 

                        case 203: // Fat 

                            Matrix[i][j][k] = Ec[1]; 

                            break; 

                        case 216: // Gland 

                            Matrix[i][j][k] = Ec[2]; 

                            break; 

                        case 201: // Abnormality 

                            Matrix[i][j][k] = Ec[3]; 

                            break; 

                        default: // Fat 

                            Matrix[i][j][k] = Ec[1]; 

                        } 

                    } 

                } 

            } 

            fileIn2.close(); 

            dataReversed.close(); 

            File temp = new File("Files/temp.bin"); 

            temp.delete(); 

 

        } catch (FileNotFoundException e) { 

            frame.simMonitor.setText("Breast File NOT FOUND, CHECK PATH!"); 

            MaxLoops = 0; 

        } catch (IOException e) { 

            frame.simMonitor.setText("Error in Breast File:" + e); 

            MaxLoops = 0; 

        } 

 

        // Calculte the optimum Matrix Dimensions 

        int NxDown = 0, NxUp = Nxyz, NyDown = 0, NyUp = Nxyz, NzDown = 0, 

                NzUp = Nxyz; 

 

        boolean isTissuePrevious = false, isTissueNow = false; 

        // For i dimension 

        for (int i = 0; i < Nxyz; i++) { 

            isTissuePrevious = isTissueNow; 

            isTissueNow = false; 

            for (int j = 0; j < Nxyz; j++) { 

                for (int k = 0; k < Nxyz; k++) { 

                    if (Matrix[i][j][k] > Ec[0]) { 
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                        isTissueNow = true; 

                        break; 

                    } 

                } 

            } 

            if (!isTissuePrevious && isTissueNow) { 

                NxDown = i; 

            } 

            if (isTissuePrevious && !isTissueNow) { 

                NxUp = i; 

            } 

 

        } 

        Nx = (NxUp - NxDown); 

 

        isTissuePrevious = isTissueNow = false; 

        // For j dimension 

        isTissueNow = false; 

        for (int j = 0; j < Nxyz; j++) { 

            isTissuePrevious = isTissueNow; 

            isTissueNow = false; 

            for (int i = 0; i < Nxyz; i++) { 

                for (int k = 0; k < Nxyz; k++) { 

                    if (Matrix[i][j][k] > Ec[0]) { 

                        isTissueNow = true; 

                        break; 

                    } 

                } 

            } 

            if (!isTissuePrevious && isTissueNow) { 

                NyDown = j; 

            } 

            if (isTissuePrevious && !isTissueNow) { 

                NyUp = j; 

            } 

 

        } 

        Ny = (NyUp - NyDown); 

 

        isTissuePrevious = isTissueNow = false; 

        // For k dimension 

        isTissueNow = false; 

        for (int k = 0; k < Nxyz; k++) { 

            isTissuePrevious = isTissueNow; 

            isTissueNow = false; 

            for (int i = 0; i < Nxyz; i++) { 

                for (int j = 0; j < Nxyz; j++) { 

                    if (Matrix[i][j][k] > Ec[0]) { 

                        isTissueNow = true; 

                        break; 

                    } 

                } 
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            } 

            if (!isTissuePrevious && isTissueNow) { 

                NzDown = k; 

            } 

            if (isTissuePrevious && !isTissueNow) { 

                NzUp = k; 

            } 

 

        } 

        Nz = (NzUp - NzDown); 

 

        frame.fieldNxyz.setText(" Nx:" + Nx + "  Ny:" + Ny + "  Nz:" + Nz); 

        // Save the reduce Matrix 

        MatrixReduced = new float[Nx][Ny][Nz]; 

        for (int i = 0; i < Nx; i++) { 

            for (int j = 0; j < Ny; j++) { 

                for (int k = 0; k < Nz; k++) { 

                    MatrixReduced[i][j][k] = Matrix[NxDown + i][NyDown + j] 

                                             [NzDown + k]; 

                } 

            } 

        } 

 

        return MatrixReduced; 

    } 

 

    static void fileConvert(String path, int length) { 

        byte[] tempData = new byte[length]; 

        try { 

            // Open the original file 

            InputStream fileIn = new FileInputStream(path); 

            BufferedInputStream buff = new BufferedInputStream( 

                    fileIn); 

            DataInputStream data = new DataInputStream(buff); 

 

            int count = 0; 

            for (count = 0; count < length; count++) { 

                tempData[length - count - 1] = data.readByte(); 

            } 

            data.close(); 

 

            // Save the reversed File to the original one 

            FileOutputStream temp = new FileOutputStream(path); 

            BufferedOutputStream bufftemp = new 

                                            BufferedOutputStream(temp); 

            DataOutputStream datatemp = new DataOutputStream( 

                    bufftemp); 

            for (count = 0; count < length; count++) { 

                datatemp.writeByte(tempData[count]); 

            } 

            datatemp.flush(); 

            datatemp.close(); 
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        } catch (FileNotFoundException e) { 

        } catch (IOException e) { 

        } 

    } 

 

    static void initializeCompression() { 

        int i, j, k; 

        //---------------- Initialize the coordinates matrices----------------- 

        for (i = 0; i < Nx; i++) { 

            for (j = 0; j < Ny; j++) { 

                for (k = 0; k < Nz; k++) { 

                    ze[i][j][k] = k; 

                    ye[i][j][k] = j; 

                    xe[i][j][k] = i; 

                } 

            } 

        } 

 

        //------------------------ Complex stretch----------------------------- 

        float totalLength, startPosition, 

                matrixMaximum = (Nz - 1), 

                                matrixMinimum = 0; 

        float upperLimit = 0, lowerLimit = 0; 

        float[][][] xyzMatrix = new float[Nx][Ny][Nz]; 

        int[] countMaterial; 

        int totalMaterial; 

        float[] materialNextPlace; 

 

        for (i = chestPosition; i >= 0; i--) { 

            for (j = 0; j < Ny; j++) { 

                materialNextPlace = new float[Ec.length]; 

                countMaterial = new int[Ec.length]; 

                totalMaterial = 0; 

                // Count all the elements in the column 

                for (k = 0; k < Nz; k++) { 

                    // How many are fat,gland,abnormaliy...? 

                    for (int ii = 1; ii < Ec.length; ii++) { 

                        if (Math.abs(K[i][j][k] - Ec[ii]) < 0.001) { 

                            countMaterial[ii]++; 

                            totalMaterial++; 

                        } 

                    } 

                } 

                // Where the brest begins and ends in the 3D Matrix? 

                for (k = 0; k < Nz; k++) { 

                    // Starting from below when the air is finished the breast is found! 

                    if (K[chestPosition][j][k] > 0.1) { 

                        matrixMinimum = k; 

                        matrixMaximum = k + totalMaterial; 

                        break; 

                    } 
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                } 

 

                // Define the UpperLimit and LowerLimit for compression 

                if (i < platePosition) { 

                    // The region whithin the plates 

                    upperLimit = upLimitGlobal; 

                    lowerLimit = downLimitGlobal; 

                } else { 

                    // A linear compression profile out of the plates 

                    upperLimit = (matrixMaximum - upLimitGlobal) * 

                                 (i - platePosition) / 

                                 (chestPosition - platePosition) + 

                                 upLimitGlobal; 

                    lowerLimit = (downLimitGlobal - matrixMinimum) * 

                                 (chestPosition - i) / 

                                 (chestPosition - platePosition) + 

                                 matrixMinimum; 

                } 

                totalLength = (upperLimit - lowerLimit); 

                // COMPRESS THE MATERIAL 

                // CASE 1 

                //If the compression is applied on air=> No material compression 

                if (totalMaterial < totalLength) { 

                    startPosition = lowerLimit + 

                                    (totalLength - totalMaterial) / 

                                    2; 

                    ze[i][j][0] = startPosition; 

                    for (k = 1; k < Nz; k++) { 

                        if (K[i][j][k] > 0.1) { // If material is found define its next position 

                            ze[i][j][k] = ze[i][j][k - 1] + 1; 

                        } else { //else stay at the same spot until material is found 

                            ze[i][j][k] = ze[i][j][k - 1]; 

                        } 

                    } 

                    for (int ii = 0; ii < Ec.length; ii++) { 

                        materialNextPlace[ii] = 1; 

                    } 

 

                    // CASE 2 

                    // If the compression will compress the material too 

                } else { 

                    float totalCompression = totalMaterial - 

                                             totalLength; 

                    float denominator = 0, compressionFat; 

                    startPosition = lowerLimit; 

 

                    // Define the compression of the Fat 

                    for (int ii = 1; ii < Ec.length; ii++) { 

                        denominator = denominator + 

                                      countMaterial[ii] * 

                                      (Ec[1] / Ec[ii]); 

                    } 
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                    compressionFat = totalCompression / denominator; 

                    if (compressionFat > 0.9) { 

                        System.out.println( 

                                "compression of Fat(i,j,:)=" + 

                                compressionFat + "  at (" + i + "," + 

                                j + ")"); 

                        compressionFat = 0.9f; 

                    } 

                    // Define The Relative Position of the elements in a column 

                    materialNextPlace[0] = 0; // Air 

                    for (int ii = 1; ii < Ec.length; ii++) { 

                        materialNextPlace[ii] = 1 - 

                                                compressionFat * (Ec[1] / Ec[ii]); 

                    } 

                    // Apply The compression to the column i,j 

                    ze[i][j][0] = startPosition; 

                    for (k = 1; k < Nz; k++) { 

                        for (int ii = 0; ii < Ec.length; ii++) { 

                            if (Math.abs(K[i][j][k] - Ec[ii]) < 

                                0.001) { 

                                ze[i][j][k] = ze[i][j][k - 1] + 

                                              materialNextPlace[ii]; 

                            } 

                        } 

                    } 

                } 

 

                // The expansion of the element x,y,z 

                // Solution of the equation X*Y*Z=(1)*(1)*(1) => X=Y=XY => 

                materialNextPlace[0] = 1; 

                for (k = 0; k < Nz; k++) { 

                    for (int ii = 0; ii < Ec.length; ii++) { 

                        if (Math.abs(K[i][j][k] - Ec[ii]) < 0.001) { 

                            xyzMatrix[i][j][k] = (float) Math.sqrt( 

                                    1 / 

                                    (materialNextPlace[ii])); 

                        } 

                    } 

                } 

 

            } //For j 

        } // For i 

 

        // Apply Stretch along X,Y axis to all elements ( Initial Conditions ) 

        float ExpandY; 

        for (k = 0; k < Nz; k++) { 

            for (i = (int) (chestPosition - 1); i >= 0; i--) { 

                ExpandY = 0; 

                for (int jj = 0; jj < Ny; jj++) { 

                    ExpandY += xyzMatrix[i][jj][k]; 

                } 

                for (j = 1; j < Ny; j++) { 
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                    //Stretch along Y-axis 

                    ye[i][0][k] = ((Ny - 1) - (ExpandY - 1)) / 2; 

                    ye[i][j][k] = ye[i][j - 1][k] + 

                                  xyzMatrix[i][j][k]; 

                } 

                for (j = 0; j < Ny; j++) { 

                    //Stretch along X-axis ( along j line ) 

                    xe[(int) chestPosition][j][k] = chestPosition; 

                    xe[i][j][k] = xe[i + 1][j][k] - 

                                  xyzMatrix[i][j][k]; 

                } 

            } 

        } 

    } 

 

    public void saveXYZK() { 

        //---------------Save the files on the Hard Disk-------------------------SAVE 

        try { 

            // Save the coordinates and the springs matrix 

            FileOutputStream outX = new FileOutputStream( 

                    "Files/outX.bin"); 

            FileOutputStream outY = new FileOutputStream( 

                    "Files/outY.bin"); 

            FileOutputStream outZ = new FileOutputStream( 

                    "Files/outZ.bin"); 

            FileOutputStream outK = new FileOutputStream( 

                    "Files/outK.bin"); 

            BufferedOutputStream buffX = new BufferedOutputStream( 

                    outX); 

            BufferedOutputStream buffY = new BufferedOutputStream( 

                    outY); 

            BufferedOutputStream buffZ = new BufferedOutputStream( 

                    outZ); 

            BufferedOutputStream buffK = new BufferedOutputStream( 

                    outK); 

            DataOutputStream dataX = new DataOutputStream(buffX); 

            DataOutputStream dataY = new DataOutputStream(buffY); 

            DataOutputStream dataZ = new DataOutputStream(buffZ); 

            DataOutputStream dataK = new DataOutputStream(buffK); 

 

            for (int x = (Nx - 1); x >= 0; x--) { 

                for (int y = (Ny - 1); y >= 0; y--) { 

                    for (int z = (Nz - 1); z >= 0; z--) { 

                        dataX.writeFloat(xe[x][y][z]); 

                        dataY.writeFloat(ye[x][y][z]); 

                        dataZ.writeFloat(ze[x][y][z]); 

                        dataK.writeFloat(K[x][y][z]); 

                    } 

                } 

            } 

            dataX.flush(); 

            dataY.flush(); 
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            dataZ.flush(); 

            dataK.flush(); 

            dataX.close(); 

            dataY.close(); 

            dataZ.close(); 

            dataK.close(); 

 

            // Save Varius Parameters 

            FileOutputStream par = new FileOutputStream( 

                    "Files/parameters.bin"); 

            BufferedOutputStream buffpar = new BufferedOutputStream( 

                    par); 

            DataOutputStream datapar = new DataOutputStream(buffpar); 

            // Store the parameters in the parameters.bin 

            datapar.writeFloat(countTotalCalculatedXYZ); 

            datapar.writeFloat(downLimitGlobal); 

            datapar.writeFloat(upLimitGlobal); 

            datapar.writeFloat(loop); 

            datapar.writeFloat(accuracyVariable); 

            datapar.writeFloat(platePosition); 

            datapar.writeFloat(Nz); 

            datapar.writeFloat(Ny); 

            datapar.writeFloat(Nx); 

 

            datapar.flush(); 

            datapar.close(); 

 

            // Save the Convergence Files 

            FileOutputStream outSiglisi = new FileOutputStream( 

                    "Files/outSiglisi.bin"); 

            BufferedOutputStream buffS = new BufferedOutputStream( 

                    outSiglisi); 

            DataOutputStream dataS = new DataOutputStream(buffS); 

            for (int i = (loop - 1); i >= 0; i--) { 

                dataS.writeFloat(siglisi[2][i]); 

                dataS.writeFloat(siglisi[1][i]); 

                dataS.writeFloat(siglisi[0][i]); 

            } 

            dataS.flush(); 

            dataS.close(); 

 

        } catch (IOException e) { // try ends here 

            System.out.println("Error: " + e); 

            System.exit(1); 

        } // catch ends here 

    } 

 

    public void volumeBugs() { 

        float compressedVolume = 0, uncompressedVolume = 0; 

        int countBugs = 0; 

 

        for (int x = 0; x < chestPosition; x++) { 
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            for (int y = 0; y < Ny; y++) { 

                for (int z = 0; z < Nz; z++) { 

                    //------ Total Volume calculation ----------------------- 

                    if (x < (Nx - 1) && y < (Ny - 1) && 

                        z < (Nz - 1)) { 

                        if (K[x][y][z] > 0.1 && 

                            K[x + 1][y][z] > 0.1 && 

                            K[x][y + 1][z] > 0.1 && 

                            K[x + 1][y + 1][z] > 0.1 && 

                            K[x][y][z + 1] > 0.1 && 

                            K[x + 1][y][z + 1] > 0.1 && 

                            K[x][y + 1][z + 1] > 0.1 && 

                            K[x + 1][y + 1][z + 1] > 0.1) { 

                            compressedVolume += 

                                    (ze[x][y][z + 1] + ze[x + 1][y][z +  1] + 

                                     ze[x][y + 1][z + 1] + ze[x + 1][y + 1][z + 1]  - ze[x][y][z] - ze[x + 

                                     1][y][z]  -ze[x][y + 1][z] - ze[x + 1][y + 1][z]) * 

                                    (xe[x + 1][y][z] + xe[x +  1][y + 1][z] + 

                                     xe[x + 1][y][z + 1] + xe[x + 1][y + 1][z + 1] 

                                     - xe[x][y][z] - xe[x][y +  1][z] + 

                                     -xe[x][y][z + 1] - xe[x][y +  1][z +1]) * 

                                    (ye[x][y + 1][z] + ye[x +  1][y +  1][z] + 

                                     ye[x][y + 1][z + 1] + ye[x +  1][y +  1][z + 1] 

                                     - ye[x][y][z] - ye[x +  1][y][z] + 

                                     -ye[x][y][z + 1] - ye[x +  1][y][z +  1]) / 64; 

 

                            uncompressedVolume++; 

                            // Count the "BUGS" of the simulation 

                            if (xe[x][y][z] > xe[x + 1][y][z] | 

                                ye[x][y][z] > ye[x][y + 1][z] | 

                                ze[x][y][z] > ze[x][y][z + 1]) { 

                                countBugs++; 

                            } 

                        } 

                    } 

                } 

            } 

        } 

        frame.fieldVolume.setText("  DVol(%):" + 

                                  (float) Math.round(1000 * 

                (uncompressedVolume - compressedVolume) / 

                uncompressedVolume) / 10 + "  Bugs:" + countBugs); 

    } 

 

 

    public boolean mainSimulation(int loop) { 

        // ------------------- The Simulation Starts Here ---------------------- 

        int i, j, k, x, y, z, countTotalCalculated = 0; 

        int[] Rx, Ry, Rz; 

        float Eeq, DX = 0, DY = 0, DZ = 0, zeold, accuracy = 0; 

        float[] Fol; 

        boolean breaknow = false; 
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        countTotalCalculatedXYZ = 0; 

        Rz = randperm(Nz); 

        Ry = randperm(Ny); 

        Rx = randperm((int) chestPosition); 

        //----------------------- Steps 1,2,3,4,5 --------------------------5 STEPS 

        for (i = 0; i < chestPosition; i++) { 

            x = Rx[i]; 

            for (j = 0; j < Ny; j++) { 

                y = Ry[j]; 

                for (k = 0; k < Nz; k++) { 

                    z = Rz[k]; 

                    // Don't Calculate the Air - elements! 

                    if (K[x][y][z] > 1) { 

                        //-1 - Calculation of the d_equilibrium 

                        calc_deq(x, y, z); 

                        //-2 - Calculation of the Spring Modulus of Elasticity 

                        Eeq = Calc_Eijk(x, y, z); 

                        //-3 - Calculation of the net forces on each node 

                        Fol = Folxyz(x, y, z); 

                        //-4 - Calculation of the new position of the element(x, y, z) 

                        xe[x][y][z] += Fol[0] / Eeq; 

                        ye[x][y][z] += Fol[1] / Eeq; 

                        zeold = ze[x][y][z]; 

                        ze[x][y][z] += Fol[2] / Eeq; 

 

                        //----5 Apply the boundary conditions----------------Boundaries 

                        // Compression plates boundaries 

                        if (ze[x][y][z] > upLimitGlobal && 

                            zeold < (upLimitGlobal + 0.001f) && 

                            xe[x][y][z] < platePosition) { 

                            ze[x][y][z] = upLimitGlobal; 

                        } 

                        if (ze[x][y][z] < downLimitGlobal && 

                            zeold > (downLimitGlobal - 0.001f) && 

                            xe[x][y][z] < platePosition) { 

                            ze[x][y][z] = downLimitGlobal; 

                        } 

 

                        // Chest boundaries (The chestElements are not calculated) 

                        // This is for the ones that may cross the chest boundary 

                        if (xe[x][y][z] > chestPosition) { 

                            xe[x][y][z] = chestPosition; 

                        } 

                        //------- Supervise The Convergence-------------------Convergence 

                        if (ze[x][y][z] > downLimitGlobal && 

                            ze[x][y][z] < upLimitGlobal && 

                            xe[x][y][z] < platePosition) { 

 

                            DX += Math.abs(Fol[0]) / Eeq; 

                            DY += Math.abs(Fol[1]) / Eeq; 

                            DZ += Math.abs(Fol[2]) / Eeq; 
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                            // Count the elements that are calculated for SUM(x,y,z) 

                            countTotalCalculatedXYZ++; 

                        } 

                        // Count all the elements that are calculated 

                        countTotalCalculated++; 

                    } // if K[x][y][z]>0.1 

                } 

            } 

        } 

        siglisi[0][loop] = DX; 

        siglisi[1][loop] = DY; 

        siglisi[2][loop] = DZ; 

        // Calculate the desired average movement of an element 

        accuracy = countTotalCalculatedXYZ / accuracyVariable; 

 

        frame.progress.setValue((1000 * (loop + 1) / MaxLoops)); 

        frame.simMonitor.setText("Desired<=" + (accuracy) + 

                                 "   SumDZ=" + Math.round(DZ) + 

                                 "   SumDY=" + Math.round(DY) + 

                                 "   SumDX=" + Math.round(DX) + 

                                 "   TotalElements:" + 

                                 countTotalCalculated); 

 

        // Break the MasterLoop if the accuracy is achieved 

        if (DZ < accuracy && DY < accuracy && DX < accuracy) { 

            frame.simMonitor.setText( 

                    "Convergence achieved!! at loop:" + loop); 

            breaknow = true; ; 

        } 

        // If the cancel button is pressed then break the MasterLoop 

        if (!frame.JBcancel.isEnabled()) { 

            frame.simMonitor.setText( 

                    "Simulation Cancelled!! at loop:" + 

                    loop + " RESULTS UNTIL NOW ARE SAVED"); 

            breaknow = true; 

        } 

        return breaknow; 

    } 

 

    public void run() { 

        long time1 = 0, time2 = 0, timeFinal; 

        Date time; 

 

        //-------------------- Load The Anatomy from file----------------------- 

        K = inputRead(breastPath); 

        // Initialize the matrices 

        xe = new float[Nx][Ny][Nz]; 

        ye = new float[Nx][Ny][Nz]; 

        ze = new float[Nx][Ny][Nz]; 

 

        // ------------------- Initialize the compression ---------------------- 

        initializeCompression(); 
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        //--------------------- RUN THE MAIN SIMULATION ------------------------ 

        boolean breaknow; 

 

        for (loop = 0; loop < MaxLoops; loop++) { 

            time = new Date(); 

            time1 = time.getTime(); 

            runner.setPriority(frame.Jpriority.getValue()); 

 

            breaknow = mainSimulation(loop); 

            if (breaknow) { 

                break; 

            } 

 

            time = new Date(); 

            time2 = time.getTime(); 

            timeFinal = (time1 + (time2 - time1) * (MaxLoops - loop)); 

            time.setTime(timeFinal); 

            frame.fieldTime.setText(time.toString()); 

        } 

 

        //------ Total Volume and "Bugs" calculation --------------------------- 

        volumeBugs(); 

 

        //---------------------- SAVE THE FILES TO HARD DISK ------------------- 

        saveXYZK(); 

 

        // Reverse the byte sequence in binary files in order to read them in MATLAB 

        fileConvert("Files/outX.bin", Nx * Ny * Nz * 4); 

        fileConvert("Files/outY.bin", Nx * Ny * Nz * 4); 

        fileConvert("Files/outZ.bin", Nx * Ny * Nz * 4); 

        fileConvert("Files/outK.bin", Nx * Ny * Nz * 4); 

        fileConvert("Files/parameters.bin", 9 * 4); 

        fileConvert("Files/outSiglisi.bin", loop * 4 * 3); 

 

        //---------------------------------------------------------------------- 

        time = new Date(); 

        frame.fieldTime.setText(time.toString()); 

        frame.JBsimulate.setEnabled(true); 

        frame.progress.setIndeterminate(true); 

        frame.progress.setStringPainted(false); 

        runner = null; 

 

    } // void run 

} // Class simulate 
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ABBREVIATIONS 

 

 

E: Spring Modulus of Elasticity 

Deq: Equilibrium length of the spring 

D: Deformed spring length 

Fx: Force acting on x-axis 

N: The number of elements in each direction of the 3D object 

Deqx: Equilibrium length of the spring along x-axis between two nodes 

Deqy: Equilibrium length of the spring along y-axis between two nodes 

Deqz: Equilibrium length of the spring along z-axis between two nodes 

Node_XYZ:  Represents the z position of the node in (X, Y, Z) position of the 3D 

Matrix 

Compressionmean: Average compression of a subelement 

∆Χ: The distance along x-axis between two neighbor nodes 

∆Y: The distance along y-axis between two neighbor nodes 

∆Ζ: The distance along z-axis between two neighbor nodes 

Fix, Fiy, Fiz :  The forces along x, y and z axis that are exerted on the center node 

because of its surrounding nodes. 

Fxexternal , Fyexternal , Fzexternal : The forces along x, y and z axis that are exerted on the 

center node due to external factors.  

  (i.e. Gravity) 

 


