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[bookmark: _Toc481061084]ABSTRACT
This project aims to research a Joint Constraint method from Herda et al [1] [2] which uses Quaternion Field Boundaries to construct a boundary around valid orientations and subsequently correct the invalid orientations. The project identifies the different parts that build the approach and identify other approaches to Joint Constraints. The Quaternion Field Boundary approach implementation is a key aspect of the project and is documented in this report.
The implementation is then used as experimental apparatus and results are gathered on the performance of the method, using Mean Squared Error of the distance of corrected orientations from the closest valid orientation. The results generated from the implementation are analysed and compared to an approach from Jenkins and Dacey called Self Organizing Maps [4]. 
[bookmark: _GoBack]The results from the experiments show that the Quaternion Field Boundary method has superior performance at larger ranges and when a small amount of points are used to create the boundary. Future projects are also recommended and discussed, including the possibility of using this approach for Real Time Applications.
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[bookmark: _Toc481061086]Introduction
Joint Constraints are an important and effective way of correcting and limiting joint orientations to make sure they are in a correct orientation. This improves the performance in systems by removing the need to consider incorrect orientations and to make sure poses look accurate by discarding invalid orientations.
The project aims to investigate the use of Quaternion Field Boundaries for joint constraining and will look to implement an approach produced by Herda et al[1] [2]. The effectiveness of this approach will be compared to other approaches looking at its accuracy and performance. The objectives of the project are:
1. To conduct a literature review of approaches to Joint Constraints/Limits
2. Implement Herda’s Quaternion Field Boundary approach
3. Compare the results of the chosen approach with alternate approaches to Joint Constraining.
The following chapters will discuss the purpose of Joint Constraints and its applications in computer graphics, followed by an analysis of different approaches to Joint Constraints.

[bookmark: _Toc481061087]Research and Review of Literature
Literature Review - Introduction
There are many different aspects of the application of Joint Constraints and the project as a whole. The first section of the review will take a look at what Joint Constraints are with a look at the approach from Herda et al [1] [2] and other methods of applying Joint Constraints. Limiting the orientations of Joints requires a flexible method of representing orientations/rotations, so there will be a section comparing different ways of representing orientations, identifying the one used in the approach and why this is the case. The end of the literature review will look at implicit surfaces, as it is a key element of the project.


Literature Review – Joint Constraints
Joint Constraints are a method of ensuring realistic representations of limbs and joints, by aiming to represent the dependencies between joints and to stop limbs from intersecting each other. Joint and limb orientation can be very complex and may be dependent on other limbs connected. For example, the lower arms position is dependent on your upper arm and shoulder, and the orientation is restricted. [3], [4] 
Joint Constraints are used in medicine and also animation to represent realistic character movement [4]. 
 

Literature Review – Rotational Representation
Rotations can be described in several different ways. This section will look at the different ways of representing a rotation and how they compare. The section will end with a focus on Unit Quaternions, which are used in the joint constraint approach this project implements.
Euler Angles
Euler Angles are generally the most common way of describing rotations, and arguably the most intuitive way of describing rotations. Three angles are used to describe any orientation. These are three successive rotations around three different axes. There are 24 different combinations of rotation orders. For example, if the rotation order was (x,y,z) and the Euler angles are (a,b,c), The x axis is rotated by a, y axis is rotated by b and the z axis is rotated by angle c. The (x,y,z) order is the common order used in Computer Graphics. Two of the same axes can be used (z,x,z) as long as the axis that is repeated isn’t used twice in a row. If an axis is duplicated like (x,x,y) there is no extra degree of freedom as each of the axis are an independent degree of freedom, rotating the same axis consecutively would just rotate the same axis two different times. Using the (x, x, y) example earlier, if an object is rotated about the x axis by 45 degrees, then 45 degrees again, then finally 30 around the y axis, it is the same as a 90 degree rotation about x and 30 about y. This is just two degrees of freedom. [5] 
Rotations can be applied in different orders and can give different results depending on the order chosen. Rotations can be applied locally around the objects axes or globally around one of the world axes. The rotations around the axes have different names. They could be called x – roll, y – roll and z- roll, or another description is roll, pitch and yaw which is similar to the orientation of aircraft. [5]
Rotations can be combined together to rotate multiple axes. Rotations can be applied successively but could suffer from the problem of two axes aligning. This means a degree of freedom is lost and you cannot rotate around an axis. They need to be converted to a matrix, multiplied together and then converted back to the 3 Euler Angles to describe the rotation. This can be costly to perform. [5]
Euler angles suffer from Gimbal Lock. Similar to where the two axis on a gimbal device align, a degree of freedom is lost when two axes align. These singularities are the reason for other approaches using different rotational representations. The advantage Euler angles has over the other approaches is its simplicity and familiarity. Euler angles is a common parameterization and a constraint can be placed by simply limiting the amount of rotation around an axis. [4], [5]


Rotation Matrices
Rotation matrices are another method of representing rotations. They are a 3x3 matrix, so they consist of 9 values. Rotation matrices are advantageous as you can concatenate multiple rotation matrices together by doing a matrix multiplication. You can then multiply a point by this new matrix that will transform the point by the rotations specified.
There are different matrices for different axes.
This is a rotation around the X axis: 

[5]
This is a rotation around the Y axis:

[5]
And a rotation around the Z axis:

[5]
They can be combined to form a single rotation matrix performing all three rotations around the respective axes. This is done via matrix multiplication, multiplying two rotation matrices together will give another rotation matrix that will perform both rotations when applied to a point. The order of how they are multiplied is important, Matrix Multiplication is not commutative (AB != BA) so the way they are multiplied affects the final outcome. [5]
When trying to represent a rotation in 3D space, a homogenous coordinate is added (making it a 4x4 matrix). The homogenous coordinate is an extra value that is usually kept at 1 or 0 This is because some transformations are non-linear but can be represented as linear in a higher dimension. [5]
A point is transformed to a new point by pre – multiplying it by the rotation matrix. The rotation matrix can be an x, y or z rotation, or the individual rotation matrices can be multiplied together to produce a single rotation matrix to multiply the point by. 
Matrix approaches are very useful as they are very efficient, GPUs can perform many matrix multiplications in parallel, as to perform a rotation a matrix – vector multiplication is performed. A large amount of values can be transformed quickly. The amount of storage is a downside, 9 values are needed to represent a rotation matrix. [5] Which is more than double of what is needed from any of the other representations. Matrices as a representation work well for high speed, but for storage requirements they take up the most resources.
Exponential Map
Exponential Map is a way of mapping a vector in the third dimension to the corresponding rotation. The mapping is from the third dimension (R3) to a rotation group called SO(3). SO(3) (Special Orthogonal group of order 3) is a group of rotation matrices that describe all rotations about the origin in 3D space. Exponential map is similar to the Axis Angle approach in that it takes an axis angle (vector) representation and maps it to a rotation with 3 degrees of freedom. [6]
The exponential map can avoid singularities by using a technique called dynamic reparameterization. [6] But without this, exponential maps can still suffer from gimbal lock and the loss of a degree of freedom. 
The exponential map approach from Grassia [6]uses quaternions anyway and raises a question of why this approach would be chosen over simply using a strictly quaternion based approach. It is useful as it uses parameterizations that are common and many people are familiar with (axis-angle, euler angles, rotation matrices).
A limitation of the exponential map approach is there is no straightforward way of concatenating rotations compared to Quaternions and Matrices which can achieve it by simple multiplication.


Axis Angle
Axis angle approach extends the Euler angle approach by introducing a vector for the axis. Any orientation can be described by a single unit vector e and an angle θ. The vector e is the axis that you want to rotate around and the angle θ. Axis Angle representation uses a Formula for rotation of a vector and providing a new vector, the Rodrigues formula. 
The Axis angle representation has a major downside compared to other representations and that is rotations cannot be combined directly. They must be converted to a matrix or quaternion form to calculate the new values after the rotations have been applied, then converted back. This in a way makes the representation a lot less useful, as you have to convert to another representation to concatenate rotations. [5]
Rotation vectors are another slightly different form of representing a rotation. Unlike standard axis angle, the rotation is represented by a single non-unit vector. Its direction is the axis and its length or magnitude is the angle of the rotation around that axis. This reduces the parameters needed by 1. [6]

Quaternions
Complex numbers existed which consisted of 2 real numbers and an imaginary number (a + bi, a and b are real numbers, I is imaginary where i2 = -1). This complex number describes a complex plane. The real part is the horizontal axis and the vertical axis is the imaginary part of the complex number. A Quaternion is a complex number with 4 real parts, and 3 imaginary parts: a + bi + cj + dk. They can also be represented in a vector – scalar form [s, v] where s is the scalar, or the a in the equation above and the b + c + d are represented by a vector. [3], [4]
Quaternions have many different operations and are a great use in rotations and can be used for spherical linear interpolation. Quaternions can do basic addition and subtraction between two Quaternions:
	Q2 = Q0 + Q1
	Q2 = (Q0a + Q1a) + (Q0b + Q1b) + (Q0c + Q1c) + (Q0d + Q1d) [7]
And then subtraction is:
	Q2 = Q0 - Q1
	Q2 = (Q0a - Q1a) + (Q0b - Q1b) + (Q0c - Q1c) + (Q0d - Q1d) [7]
Each component is either added or subtracted to give the resulting component in the new quaternion.
A Quaternion can be normalized by diving each component of its length or magnitude. A normalized quaternion has a length of 1. A Quaternion with a length of 1 becomes a Unit Quaternion. These Unit Quaternions are used to describe orientations and rotations. [6]
The length of a Quaternion is given by:
Magnitude (|Q|) =  [7]
Then a normalized Quaternion is:
Q Normalized =  [7]
Quaternions can be multiplied together to give another quaternion, the product of 2 quaternions. This can be used to combine multiple different quaternions together, by multiplying them together. Multiplication is not commutative as it involves a cross product. Q0 x Q1 is not the same as Q1 x Q0. 
The Conjugate operation on a Quaternion can give the inverse quaternion, which is needed to correctly rotate a point in 3D space. The Conjugate operation is simply negation of the vector part of the quaternion Q- = [w, -v], but this is only true when the quaternion is a unit quaternion. Rotations use unit quaternions so the quaternions used to rotate a point should always be a unit quaternion, if not they should be normalized beforehand. [7]
To rotate a point in 3d space, you must pre-multiply the point by the quaternion and then post multiply it by the inverse quaternion. This doesn’t undo the previous rotation. The point can be made into a pure quaternion, this is a quaternion with a 0 scalar part. [0, v]
QPQ-
[5], [7]
Unit Quaternion
Unit quaternions are a way of describing pure rotations and orientations. Quaternions along cant represent a rotation, the length of the Quaternion must be unit length, or equal to one.
Multiplication of a quaternion results in another quaternion. Quaternions can be converted to matrices to be multiplied together which could be faster for GPUs or systems that perform parallel matrix multiplication. [5] This shows quaternions can be quite flexible in that they can be converted to other approaches if needed.
Avoid the problem of Gimbal Lock as Quaternions do not have any singularities, and this is a major advantage of using Quaternions as a representation over Euler angle, which does suffer from Gimbal Lock. [4]

Literature Review – Implicit Surfaces
An implicit surface is a surface defined by a function F(x,y,z). Implicit functions can only test if a point belongs to a surface, it cannot be used to find whether a point is on the surface, only to test if an existing point in space is on the surface, a point is considered:
On the surface if F(x,y,z) = 0,
Inside the surface if F(x,y,z) < 0,
Outside the surface if F(x,y,z) > 0. [8]
The function that defines whether a point is on the surface or not is a Field Function. Thresholding can also be used in the field function equation. This can extend the range of the surface to consider points that wouldn’t normally be on or inside the surface if points are being tested against the formula. For example:
F(x,y,z) = G(x,y,z) – T
Where G is the field function on a point and T is the threshold value. Once again if it’s on the surface the equation F(x,y,z) will be equal to 0. [8]
Two different field functions of shapes can be combined to create a blend of the two shapes. If there are two functions, F(x,y,z) = 0 and G(x,y,z) = 0, then the addition of the two functions (F+G = 0) is the blend of the two shapes defined by the field functions. This can be called a Blobby Model. [9]
The Blobby Model describes a surface in a scalar field defined by many different primitives that generates the field. A field value at any point created by a primitive at another point is generated by:
Vi(x,y,z) = bi * exp(-ai * fi(x,y,z))
The Field Function F defines the shape of the scalar field. Ai affects the strength of the decay which is caused by the distance between the two different points. Bi affects the strength of the field. [9] The approach from Herda et al [2]uses blobby models as a basis for its implicit surface construction. The significant difference is the use of voxelization to form a basis and approximation of the surface.
Many primitives can also be used. If there are multiple different primitives they can all be summed together. So the field value is calculated for each primitive and then added together. These groups of primitives are blended together to form another more complex shape.
Scalar fields produce a single value for each point in 3d space. The field function as discussed earlier will produce a single scalar value for that point in 3D space. The actual field function can be any equation. [10]
Herda’s approach uses spherical primitives to form a complex boundary of all the valid orientations. [2]  A Spherical field function is defined as F(x,y,z) = x2 + y2 + z2 – d [8]

Literature Review – Quaternion Field Boundary
There are two approaches from Herda et al [1] [2] which differ slightly.
The first approach suggested by Herda et al [2] is a quaternion based approach for applying joint constraints. The choice of quaternions provides two distinct advantages over approaches using Euler angles. The quaternion based approach does not suffer from Gimbal Lock which is when two axes align and a degree of freedom is lost. Each axis is treated independently and does not account for the dependencies between them. Quaternions evaluate the dependencies between all three axes, making it perfect for arms and shoulders, where the position of the arm depends on the shoulder. This is another reason why the quaternion based approach has an advantage over hard limits, the orientation of the parent can affect the child and Quaternions can represent this.
Optical motion capture is used to capture the full range that the joint can move to. Each joint orientation is represented as a 3x3 matrix for every frame of the image sequence, these are then converted to unit quaternions. This creates a point cloud on a 3-sphere which is in 4-D space. The point cloud represents all valid orientations of the joint. These 4D orientations can be represented on a conventional Cartesian 3D axis by simply using the x,y,z values which also allows easy visualization of the procedure. 
The space that contains all of these orientations is voxelized and each of the orientations belong to a voxel in this space. Each of these voxels is assigned a point count or density that is sub divided if it is above or below a certain threshold. These voxels containing the points already give an approximation of the surface, and depending on the threshold value, the better the overall representation of the surface. Each voxel then has a spherical primitive placed at the centre, with a radius that is half the width of the voxel. The spherical primitives form the implicit surface by blending together with the surface formula. There are different parameters for the surface and the primitives, like blending factors and influence radius that can change how tight a fit the implicit surface is.
Once the surface has been created you can then correct the invalid orientations. This trivializes the correction of invalid orientations to a simple check of the orientation to see if it is within the boundary/surface. If it isn’t inside the surface then it is not a valid orientation, as the surface only holds all possible, valid, orientations. There are different ways of correcting the orientation, the one which will be used in the project is correction by dichotomy, which is taking the distance between the closest correct orientation and the invalid orientation, and moving the invalid orientation by half that distance each time. This is repeated until the invalid orientation is inside the surface, which means it is valid.


The second approach [1] is slightly different from the first in a couple of ways. The second approach uses energy minimization to divide the spherical primitives forming the surface, rather than sub dividing the voxels like the previous approach. In fact, this approach doesn’t use voxels whatsoever. A sphere is placed at the centre of the point cloud and subdivided until the energy is below a certain amount. The surface quality depends on how much it is subdivided, controlled by the energy threshold.
The first, [2] earlier approach from Herda is the approach that is going to be implemented in the project. There are other methods to applying and correcting joint constraints. One is using hard limits on Euler Angles, often called Box Limits [11] This involves applying limits to the angle range, for example, a limit of 0 – 90 degrees would mean anything exceeding 90 degrees would be clamped to 90. This is very easy to implement as it’s a simple range check but as described in the earlier section on rotational representation, it is wrought with problems. Euler angles suffer from gimbal lock which can cause a loss of a degree of freedom.


Literature Review – Other Approaches
Self Organizing Maps (SOMs) creates a boundary between valid and invalid orientations. It is a neural network based method and uses training and learning to get the best results. A set of randomly generated valid orientations are created, making a point cloud of valid orientations. The SOMs are trained by randomizing the values of the node connections between the input and output nodes. The output nodes are arranged into a grid and a set of input patterns are loaded. The squared distance between the input pattern and the connection is calculated for each one and the smallest is then updated. The connection is moved to the input pattern dependent on the value of the learning rate. There is also a small neighbourhood around the node with the shortest distance, any output patterns within the neighbourhood are also updated. [4]
Once the training was done, orientations could be tested and the SOM would return the closest valid orientation. This is very similar to the approach that this project aims to implement, in that it tried to correct an invalid orientation to the closest valid orientation. [4] The key difference is how the space of valid orientations is formed and how the correction is done. The Quaternion Field Boundary  approach iteratively moves the invalid orientation by half the distance each time until it is within the valid orientation boundary. 
Another approach is from Norregard, Niebe and Erleben [11] using Signed Distance Fields (SDF). Once again like the other two approaches, a boundary of valid orientations are created and once it has been created, it is a simple in or out test whether an orientation is valid or not. The signed distance field approach differs in the orientation representation that is used. The previous two approaches are quaternion based whereas the SDF approach uses Z-Y-Z Euler angles. Like Quaternion Field Boundaries, a grid is created of a variable resolution covering the range of Euler angles, each grid node is then given a value of infinity. The value stored is the distance. [11]


[bookmark: _Toc481061088]Research, Experiment and Development Methodology
This chapter aims to describe the research process undertaken for the project.
Ellis and Levy [12] suggest an approach called Design and Development Research. Ellis and Levy describe it as finding and researching a problem and then creating something to try and solve the problem that has been identified. [12] There are 6 main steps to Design and Development Research. First you identify the problem that you want to solve then create a set of objectives that you want to achieve with the project. You then develop and test the solution and gather results from it. You then finally report the results from what has been developed. [12] The reason this was chosen is because it fits the project really well as a piece of software needs to be developed for the project, and a set of results also need to be generated to compare performance with other approaches. 
The research performed and described earlier in the report identified the problem and the objectives. The review of literature looked at different aspects of the problem that would need to be considered when developing the software, and also looked at other approaches giving a really clear problem and set of objectives to achieve with the deliverable which was an implementation of the Quaternion Field Boundary approach and the testing of its performance against other approaches.
The research begins with looking at the fundamentals of the approach from Herda et al [2] and picking out the key elements that will contribute to the project. Research is put into 2 main sections, rotational representation and implicit surfaces. Rotational representation is important to research as it provided reasons as to why Quaternions are used as a representation for rotations. Implicit surfaces is a fundamental aspect of the approach, the boundary that represents the valid orientations is an implicit surface. This was conducted in the literature review, to give a good understanding of the pieces that are needed to solve the problem and to give a better understanding of the approach as well as the other approaches.



Experiment Methodology
The hypothesis of the experiment is:
It is expected that increasing the density and size of the voxels used to create the implicit surface will improve the performance of the Quaternion Field Boundary approach. Before the surface is fit around the orientation point cloud, the voxels give a fairly good approximation of the surface. So an increase in voxels should approximate the surface better.
It is expected that modifying the blending and influence values of the Implicit Surface will create a tighter fit surface and will increase performance. Increasing the radius of influence is expected to decrease performance as large influence radius may include invalid points.
It is expected that increasing the amount of points to build the surface will increase the performance of the approach.
As the swing range is increased, the performance of the approach is expected to stay relatively the same throughout.
Computers of high specification will be used. Multiple computers are used to run many experiments in parallel. There is a substantial amount of variables that need to be tested so having multiple computers run experiments for different variables would allow quite a large data set for the results. 
The approach is programmed into experimental apparatus. The visualization component of the tool is disabled and only the surface generation and corrections are done, without it being drawn to the screen. The application then exits automatically outputting the results to a Comma Separated Variable (CSV) file to be used in spreadsheet software.
The experiment application also has the ability to accept parameters for the experiment. So the different experiment variables can be tweaked externally as well as loading different test files. This means it can be automated as an external application or script can launch the experiment application with different launch parameters.
Python will be used to create and execute scripts. These scripts will run through a range of different parameters and will be sent as arguments to the experiment software. The python script can create many instances. There will be a lot of experiments that have to be run, so each of these scripts will run a different data set on different computers. Many scripts can also be run on the same computer so a large amount of experiments can be run in parallel.
Microsoft Excel will be used to receive data from the experiments, allowing analysis of the data and the visualization of the data in diagrams to get more meaning from the data.
Each experiment is repeated 3 times to ensure validity in the results. The results of these will be averaged. The performance will be measured with the Mean Squared Error from the corrected orientation to the closest valid orientation. The Mean Squared Error measurement will also allow the results to be compared to the Self Organizing Maps approach that also uses Mean Squared Error as a measurement of performance.


The inputs to the experiment are:
Surface Parameters: The surface parameters slightly adjust the fitting of the surface around the valid orientation point cloud. Modifying the parameters should create a tighter or looser fit surface. It is expected that loosening the fit of the surface around the point cloud will result in worse performance compared to a tightly fitted surface. The three surface parameters that will be adjusted are ISO (This determines how far a point can be away from the surface while still being considered on or inside the surface), Blending (the blending factor between the primitives, gaps between the implicit surface spherical primitives will be blended and points in these gaps should count as being on or in the surface.
Swing Range: The swing joint range will be experimented with. The approach will be run with a number of swing ranges ranging from 10 – 170 degrees. The performance of the approach on each swing range will be measured as an average of the MSEs from all the experiments on that particular range. This data is also collected in the SOM approach and would be a good comparison point between both of the approaches.
Point Count: For a 90 Degree swing range, the amount of points used to create the boundary and the amount of points to correct will be varied. The different point counts will be 250, 500, 1500 and 2500 points. Collecting data from this experiment would form another comparison with the SOM approach.
Voxel Dimensions: A voxel grid is used to give a rough approximation of the surface and forms the basis for creating the implicit surface. The dimensions of the voxels used to create the surface will be varied and the performance will be measured. The voxels are essentially cubes, so the width, depth and height of the voxels will be equal. 
Point Density Threshold: Every voxel will have a point density assigned to it. Voxels are subdivided into smaller voxels until a voxels point count or density is below the threshold. A lower point density would mean more sub divisions, especially for higher point counts. The accuracy should increase with the greater voxel count from the subdivisions. 
The experiment will be conducted on multiple machines and as described in the previous paragraphs, the experiments will be run via Python scripts. A serious of scripts will load up separate pattern files and will run through a set of different parameters. Each of these parameters will be sent to the application and ran. Each of the experiments will output the data to a CSV file.

Development Methodology
For the experiment the approach had to be implemented in an application that would correct invalid orientations, visualize the correction and the components used to build the surface and finally output results to a file. A suitable development methodology had to be chosen that was suitable for the project. Agile Unified Process (Agile UP, AUP) is the development methodology that was chosen for this project. AUP is an iterative approach that incorporates Agile principles [13], [14]. Each iteration has different phases of analysis and design, followed by implementation, testing and integration. Each phase aims to produce some sort of component that performs a task and can be tested. 
The process starts off with the inception phase which does a little bit of research into the problem. Inception drafts a very basic list of requirements but its main aim is to see if the project is feasible and is worth doing.  The improvement and expansion of requirements into diagrams like use case diagrams is done after inception has been complete, in the first iteration in a phase called elaboration. Each iteration elaborates or builds upon the previous, by modifying and updating requirements. It also has its own design phase where class diagrams and other Unified Modelling Language (UML) diagrams are created. [13]
Each iteration has an implementation phase where you implement the component that you have designed throughout the iteration. Each one of the components is derived from a use case which originates from the initial requirements gathering, and each new iteration aims to implement a new requirement or use case to ensure the project meets the needs. Each implementation phase is then finished off with testing. Unit testing is performed on the different parts of the system. [13]
Agile Unified Process was chose for this project for a number of different reasons. The first being its flexibility. It is an iterative approach with different stages that allows for refinements to requirements and design as you progress through each iteration. That means if small changes need to be made that will improve the project, they can be made and implemented in a future iteration. 
The iterative approach provides a very strong focus on requirements. This focus makes sure the project is on track throughout the whole development process. Each iteration is a crucial requirement of the system so each deliverable at the end of each iteration matches the requirements and ensures the application satisfies the requirements and does exactly what it needs to.
A downside is time constraints. This is a problem of other methodologies and possibly the project as a whole. The iterative and requirement based AUP methodology tackled this element, identifying the requirements and iterations early formed a project development plan that identified when each iteration should be started and finished.
There is a range of software that is required for the project that will be used. Visual Studio 2015 will be used to create the project and the code of the application. It is an IDE with a lot of features and has a compiler for the language chosen for the project, C++. One of the main advantages of Visual Studio and one of the main reasons for selecting this software is the integration with GitHub. Visual Studio provides a quick and friendly interface with the GitHub website to manage your project from within the IDE.
GitHub is a version control software that allows you store a code repository online and manage the code. Branches can be created which can be used to develop a feature of the application away from the main code. Iterations can be branches and once an iteration is finished it can be merged into the main branch/code. The language chosen for this project is C++ as it is a very common and familiar language.


[bookmark: _Toc481061089]Design and Implementation
Design
The project required an implementation of an approach to perform the experiments, using the AUP development methodology the project application was completed and satisfied the requirements it set out to do.
Inception
The design of the application started out with a short Inception phase. This phase was used to research the problem more and elicit a small set of basic requirements that the application must do. From this some simple use cases were created of different requirements. The use cases that were created from the requirements would be slightly altered and adjusted throughout the development, but this small inception phase ensured that the project was feasible and the functionality had been identified.
The inception phase produced 4 core use cases that would go on to become features and the basis for each iteration, some smaller requirements would also be implemented as part of an iteration:
-Loading of Test and Training data and conversion of the data to Quaternions
-Fitting of the implicit surface around the Quaternion field/point cloud
-Applying corrections and saving results to files
-Visualization of the procedure
Each one of these would become an iteration and would be allocated a timescale on its complexity, this formed the iteration plan and the direction of the implementation phase. As described in the development methodology section, the inception phase is about exploring the problem. A prototype was also created during Inception. This was extremely helpful as it gauged the difficulty of these requirements and if they could be completed before the project deadline and also allow room for experimentation. The prototyped proved that the iterations were manageable, a very simple and trivial 2D version of the Quaternion Field Boundary approach was implemented. Extending a lot of what was done in the prototype into 3 Dimensions was also trivial and provided a nice foundation for the application and also pick out any immediate problems.
Alongside the prototype and initial brief and casual use cases, a vision document was created. A vision document is a key AUP artefact. [13] The brief Vision document identified the problem the application will aim to solve and the high level goals of the system.
Elaboration
The design documents are available for viewing in the appendix.
Elaboration was where the design took shape for the iterations. There were 4 main functions the program had to perform, which was the basis for each iteration:
-Data Loading
-Surface Fitting
-Corrections
-Visualization
Each of these went through a phase of design before the implementation of each feature was done.


Implementation
Implementation began quite early in the project during the inception phase with a prototype. The prototype was developed to get a better understanding of what needed to be implemented and identify any problems or tricky areas straight away. The prototype was a small 2D implementation that fit a surface around a 2D orientation point cloud ready for corrections. Developing the prototype was helpful in gaining familiarity with libraries that were being used to develop the application. Simple Fast Media Library (SFML) was chosen for rendering and visualization as it is a lightweight library and provides a context (window) for OpenGL 3D rendering. One of the requirements was visualization so gaining familiarity with the graphics APIs was essential.
The implementation strategy was iteration based, like previously described in the design section, there were 4 core functions the application needed to be used as experimental apparatus:
Data loading and conversion
This iteration focused on loading in the pattern data and creating the point clouds from the pattern files as well as developing basic, essential classes that would be needed for the application. The visualization component was also briefly developed here to display the data on screen. Visualization was finalized in the last iteration, but was also slowly developed throughout as a kind of debugging validation tool throughout. Once this iteration was complete, the system could:
1. Load in pattern file data
2. Convert the data to quaternion format
3. Create a point cloud from these quaternions
4. Display the point cloud on screen
Surface Fitting
The second iteration was fitting the surface to the point cloud. A voxel grid would be placed over all of the points in the cloud and each point was assigned to a voxel. These voxels were subdivided based off of how many points were inside the voxels until they were below the density threshold. This created the approximation of the boundary with just the voxels. The surface was the created by placing primitives at the centre of these voxels. All these primitives would create an implicit surface, using a formula to test if a point was on or inside the surface. Once this iteration was complete, the system could:
1. Create Voxel Grid
2. Assign points to voxels
3. Sub divide voxels
4. Place primitives in voxels
5. Test points against the implicit surface formula to see if it belongs on the surface
6. Display Voxel Grid on screen
7. Display surface approximation using influence radius
Correct invalid orientations
The next iteration was the correction of points to the closest valid orientation by dichotomy. The closest valid point would be found from the cloud and the distance would be checked against each valid point. After it found it, the invalid point would be moved by half until it is within the boundary. After this iteration was complete the system could:
1. Correct Invalid points
2. Differentiate Between Invalid and Valid points
3. Display the different types of points on screen
Visualization
The final iteration was enhancement of the visualization of the procedure as well as fixing various parts that were behaving differently than expected or incorrectly. Also some small experimentation was done here to see how the different parameters affect the outcome, with the system accepting parameters at start up to become experimental apparatus. After this final iteration, the system could:
1. Perform real time simulation/visualization of the procedure
2. Clearly identify each of the points
3. Set up ready to be used as experimental apparatus
Visualization was a very interesting part of the problem. Even though visualization is not necessarily needed for the software (in fact, the software when running experiments disables the simulation/visualization) it became much more important than initially thought. Visualization of the procedure became a great way of debugging and testing the aspects of the software. Parts of the visualization were built up as each iteration was being completed, after the data loading points were drawn to the screen to check that the data was being loaded correctly. Likewise when fitting a surface, visualizing the approximation of the surface made it significantly clearer how the surface is formed and how the parameters affect it. It is also clear to see from a visualization if parts of the surface fitting was malfunctioning (for example, points not being picked up as inside or on the surface boundary).
An interesting problem that arose when developing the solution was point testing and essentially collision/intersection testing in a very basic form. Each voxel needs to be assigned a point density, which means finding out how many points belong to a voxel. Some form of intersection or collision checking needs to be done for this. There were two different methods that could be used, using a sphere test or testing if a point is inside a cube. Both methods were tried but in the end the point – plane method was chosen. That method was much more accurate than the cheaper but less accurate sphere test. The sphere test would accept points that were actually outside the voxel if it was too big, or not pick up points that were in the voxel if it was too small (this was a big problem at the corners of voxels). The trade-off for the loss of accuracy wasn’t worth using the sphere test for, as it affected the quality of the boundary created, not representing the area of valid orientations accurately.


Experiment Results
The Data for the results can be found on the disc submitted alongside the project. The amount of data collected was too large to display as raw tables or to place in the appendix. The python scripts used to execute the experiments are in the appendix.

[bookmark: _Toc481059436]Figure 1: Graph displaying MSE in relation to Surface Influence for 2500 points


[bookmark: _Toc481059437]Figure 2: Graph displaying MSE in relation to Voxel Size/Density for 2500 points


[bookmark: _Toc481059438]Figure 3: Graph displaying MSE in relation to Surface Influence for 1500 Points


[bookmark: _Toc481059439]Figure 4: Graph displaying MSE in relation to Voxel Size/Density for 1500 Points


[bookmark: _Toc481059440]Figure 5: Graph displaying Mean Squared Error in relation to Surface Influence for 500 points

[bookmark: _Toc481059441]Figure 6: Graph displaying Mean Squared Error in relation to Voxel Size/Density for 500 Points



[bookmark: _Toc481059442]Figure 7: Graph displaying Mean Squared Error in relation to Surface Influence for 250 points

[bookmark: _Toc481059443]Figure 8: Graph displaying Mean Squared Error in relation to Voxel Size/Density for 250 points



[bookmark: _Toc481059444]Figure 9: Graph displaying time taken in seconds dependent on Voxel Size and Point Density Threshold for 250, 500, 1500 and 2500



[bookmark: _Toc481059445]Figure 10: Graph displaying Average Mean Squared Error for different swing ranges


Results Analysis
Figure 1 and Figure 2 are the results from the correction of 2500 points for the 90 degree swing range. They compare the Mean Square Error of the corrected point to the closest valid orientation and also the Mean Squared Error of the Self Organising Maps approach compared to the valid points. As we increase the influence factor of the primitives the Mean Squared Error increases. The influence factor of the surface modifies the size pf each blobby/spherical primitive that makes up the surface. The smaller the value the larges the sphere. This result is not what was expected. The smaller the influence, the tighter the surface should be and therefore the results should be better. After analysing the results and watching the simulation it became clear why this is the case. The larger influence spheres would accept invalid points as being on the boundary or inside the surface and some points would correct to them. Some of them invalid points would also then become the closest valid orientation.
Another anomaly is the start of Figure 1 with low influence values. This is due to floating point error and the program was unable to represent these numbers properly and returned them as NaN (Not a Number). Floating point numbers were used throughout the program for calculations and may not be accurate to represent some of these values.
The Figure 2 shows the voxel density and size and how it affected the performance. The approach would perform better than the SOM approach when the size of the voxels were increased. Once again at first this is not what is expected, the expected result was the smaller the voxel size, the better the result. Because it better represented the surface. This is once again a case of the voxels being large and the influence spheres being large enough to believe that some invalid orientations belong to the surface. Another reason could be the subdivision of the voxels. A large voxel placed over the points then a subdivision of these voxels into smaller voxels could prove to have a better representation of the surface than just a dense set of small voxels.
One of the experiment hypotheses that has been met is the amount of points to create the surface. The greater the amount of points used to create the boundary/surface, the better the results produced from the approach. The MSE of the corrections would drop below 0.001 when creating boundaries from 2500 points. When using a small amount of points, the lowest MSE would be around the 0.005 mark which shows supports the hypothesis of greater point counts providing better results.
Another interesting result is the performance of this approach at low point counts. The performance of the Quaternion Field Boundary approach gets worse as the point count decreases, but does not degrade as much as the Self organising Maps. The Quaternion Field Boundary approach ends up performing much better than the SOM approach as you can see by the 250 point graphs, Figures 7 and 8.
Figures 3 and 4 are from a lower point count used to create the boundary, 1500 points. The performance as a whole gets worse which is expected, as the higher point counts should prove to make a more accurate surface. Although the performance is getting worse it is starting to perform slightly better than the SOM approach at this point.
When only using 500 points to generate the boundary, the Quaternion Field Boundary starts to outperform the SOM a lot more when the influence factor is small and for an increase on voxel size as you can see in Figures 5 and 6. Like stated previously the increase in performance with the increase in voxel size was not expected, but gives results that are better than the SOM.
Figures 7 and 8 show the Mean Squared Error when using only 250 points to create the boundary. The results are worse than using higher point counts, but at a lower point count this approach outperforms the SOM regardless of the different parameters used. So for low point counts this approach could possibly be far superior especially with an optimal set of parameters.
The experiment shown in Figure 9 focused on the time taken to generate the boundary and then correct the points. The voxel density plays the biggest factor in the time taken to generate the surface. The start of the graph shows the time taken when the voxel size is small. With very small voxel sizes the system took much longer to generate a boundary and correct points, reaching 12 seconds. When the voxel size was increased the amount of time to create the boundary from these voxels decreased rapidly which was certainly expected. The less voxels, the less point – voxel tests are needed to see what points are inside particular voxels. For example 2500 points being checked against 10,000 voxels is 25 million checks alone, whereas 2500 points being checked against 10 voxels is much smaller (25,000 checks).
As you can see Figure 9 is spiky and changes rapidly, especially for 2500 points. This is due to the experiment and another variable that affects the voxel count. For each voxel size, a different point density threshold was used. The density threshold determines how many times a voxel needs to be subdivided into smaller voxels, each voxel is divided until the amount of points inside is below the suggested threshold. When the voxel count was low, but the point density was also low, the time taken to perform the boundary creation and corrections would be much higher, reaching nearly 16 seconds for the application to complete its procedure. When sub dividing the voxels, old voxels are removed and then the voxels need to be checked again to see if points are inside the voxels. This process is very costly as all the point checks need to be performed again after all the voxels have been subdivided into smaller voxels. This means more checks against and increasing voxel count and therefore a large increase in time.
Figure 10 is a comparison of the SOM approach to the Quaternion Field Boundary approach for different swing ranges. The amount of points used to create the boundary is fixed at 250 points. This result was not expected, it was expected that the QFB approach would remain consistent regardless of the swing range, possibly getting worse as the swing range increases, as the data would become increasingly sparse and may produce gaps and holes in the surface. The opposite occurs when the experiments were ran. The QFB approach would perform a lot worse than the SOM approach at small ranges but would perform better at larger ranges. This was not the expected result. This could be because of point density/voxelization parameters. These experiments ran through a set of different influence radius and voxel sizes and took the average of all these results. So some suboptimal parameters are included in these average results. For example, the point density was fixed at a hundred for these experiments so almost no subdivision was performed from these low point counts.
From these sets of results it’s possible to do an analysis of the effects on different parameters on the performance of the system and its use of resources. There were many parameters that were experimented with throughout the experiments phase.
Surface Parameters were the first set of results to be tested. There are three main parameters that are used in creating the implicit surface boundary, blending, iso value and influence radius. All these factors are used in a calculation to test if a point is on the surface or not. Blending controls the blend of all the placed spherical primitives while iso and influence factors control how far a point can stray from the surface or boundary. Experiments were ran changing the value of each of these parameters, with the influence radius making the biggest impact on the performance of the system, in fact there was no change in the performance when adjusting the blend and iso values which was not expected.
Table 1: Table showing Mean Squared Error with different Surface Parameter values on a 90 Swing range 500 point pattern file
	Blend Factor
	Mean Squared Error
	ISO
	Mean Squared Error
	Influence
	Mean Squared Error

	0
	0.013415
	0
	0.013415
	6.5
	0.010242

	1
	0.013415
	1
	0.013415
	10
	0.007511

	2
	0.013415
	2
	0.013415
	20
	0.013415

	3
	0.013415
	3
	0.013415
	30
	0.016451

	4
	0.013415
	4
	0.013415
	40
	0.020812

	5
	0.013415
	5
	0.013415
	50
	0.022418

	6
	0.013415
	6
	0.013415
	60
	0.022571

	7
	0.013415
	7
	0.013415
	70
	0.022019

	8
	0.013415
	8
	0.013415
	80
	0.021265

	9
	0.013415
	9
	0.013415
	90
	0.020625



Table 1 shows the difference in performance when each of these surface parameters were tweaked. This is only showing a small subset of the results but gives a good representation of how the performance changed. Blend and ISO values didn’t make any difference to the performance, this may be because it is used in conjunction with other parameters. Influence is directly influenced by voxel size, as the spherical primitives are made to be half the width of a voxel. The strong link between the influence radius of each spherical primitive and the voxels is shown by how much it affects the performance. The larger the influence factor the greater the mean squared error, meaning worse performance.


[bookmark: _Toc481061090]Evaluation, Conclusion and recommendations 
In Conclusion, from the experiments on the current implementation, the approach performs worse than the Self Organizing Maps approach for large point counts, but outperforms it when the point count to create the boundary is small. The time take to generate solutions can be very fast if large voxel and point densities are used, but becomes large when voxel sizes or small or a large amount of sub divisions and voxel point reassignments need to be done. More experimentation certainly needs to be done as there is a large range of parameters that can be tweaked to modify the approach and as discussed in the results analysis, there were some unexpected results.
The amount of variables that contribute to the performance of the approach is substantial. A lot of experiments were run and each parameter was modified to see how it contributed to the performance of the approach. Due to time constraints a full range of parameters were not tested, especially combinations of parameters that could give different results. The results produced from the current set of experiments show that more experimentation needs to be done.
An example is the voxel size and point density parameters. There are a number of new considerations that have come forward after the experimentation:
Voxel Size versus Point Density Threshold: It was thought at first that placing a large number of small voxels would provide better performance. Which from the results is not the case, but this could be due to the point density threshold. Placing a large voxel or a few large voxels over the point cloud then subdividing them to until each voxel has a low point density could be a better method that placing a lot of smaller voxels. The only downside is the time taken to generate surfaces with a large amount of voxels can be very large. For large point counts the subdivision would be very costly, as for each subdivided voxel you will have to re assign points to that voxel, which means checking every point against voxels again to update where they are and obtain a new voxel density. But the results should be much better. 
Variable voxel and point density thresholds based off of the number of points used to create the boundary: The point density threshold and voxel sizes should vary at different point counts and should be tested. Throughout the experiment a range of 1000 down to 100 was used as the point density threshold. This could go much lower for small point counts like 250 and could possibly become a lot more accurate because of this and increase the performance of the approach for small data sets, which is already better than the SOM approach, especially at 250 points.
Reviewing the original aims and objectives:
1. To conduct a literature review of approaches to Joint Constraints/Limits
2. Implement Herda’s Quaternion Field Boundary approach
3. Compare the results of the chosen approach with alternate approaches to Joint Constraining.
The project satisfies the objectives of the project. A literature review was conducted that identified parts that needed to be considered for the implementation and identified different approaches to joint constraints.
An implementation of the Quaternion Field Boundary approach was created and used for experimentation to measure performance and the results were compared to the Self Organizing Maps approach. The results showed that the Quaternion Field Boundary approach was superior compared to the Self Organizing Maps approach at low point counts for creating the surface, but the Self Organizing Maps approach was superior at higher point counts. Overall the Quaternion Field Boundary method performed worse, as at the majority of swing ranges, Self Organizing Maps performed better. 
These outcomes satisfy the original aims of the project and also provide avenues of future research and experimentation.
The results were surprising, it was originally expected that the Quaternion Field Boundary would perform better due the use of implicit surfaces.


There are a lot of ideas for future research after completing this project. Here are some suggestions:
-Detailed parametric study/experiment on the large amount of parameters to try and find the optimal ones for performance
-Feasibility of using this approach in Real Time Applications. The most expensive part of the process was generating the surface to correct to, rather than corrections. These could possibly be baked offline and stored as files and then used in Real Time Applications to correct invalid orientations.




[bookmark: _Toc481061091]Reflection
The Project was an interesting and fun experience. There are a lot of points to take away from the project and a lot was learnt. Following a development methodology, like the Agile UP methodology used throughout the project, is extremely important. It provided a solid plan for the implementation and resulted in the creation of pretty solid software for the experimentation. One thing that could’ve been done much better is testing. The testing of the software was minimal and overlooked throughout the project. Googletest test harness was used but not nearly effectively as it should have been and this is reflected in the software. 
The research into the topic could have been performed better by having a better research plan. The research that was performed definitely provided sufficient knowledge to undertake the task of implementing the chosen approach and also the experimentation of the approach. More research could have gone into other approaches, and possibly during this phase existing implementations of these approaches could have been used to gather data for the experiments to compare the methods and get more meaningful results. Even though the results produced are meaningful and are compared to the existing SOM approach, it could have been better using data from other approaches too and using implementations to gather data for comparisons.
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The code and experiment data will be viewable on the disc provided with the project.
These are design documents that were used to design and implement the approach.
Vision Draft
Introduction
The project aim is to implement a Quaternion based joint constraint approach suggested by Herda et al. The system will accept data from optical motion tracking devices and use them to create boundaries around all the valid orientations. This will be represented as an implicit surface, where orientations can be tested to see if they are in the boundary, and then corrected to the nearest correct pose if it is incorrect. A visualization will also be produced, displaying the surface containing the valid orientations on screen.
Problem Statement
Alternate approaches to applying joint constraints use Euler angles, which has the problem of treating each axis independent of each other, which does not accurately represent joints like the shoulder/am (ball and socket joints) where rotations are dependent on each other. The quaternion based approach accounts for these dependencies and does not suffer from Gimbal Lock, where a degree of freedom is lost from two axes aligning. This is troublesome for animators who must think very carefully about crafting poses between frames to make sure Gimbal Lock doesn’t occur. This in turn would slow down production of animated sequences as it must be considered for every frame.
High level Goals
	-Convert joint orientations to unit Quaternions
	-Ability to correct invalid orientations
-Should be able to display the boundary around the orientations on screen as a 3D surface
Features
	-File parsing
		-Read file data (multiple formats?)
		-Store data from the file
	-Create Implicit surface
		-Convert data to joint poses in joint orientation space
		-Create Quaternion boundary representation (implicit surface)
	-Display boundary
-Use marching cubes to convert the implicit surface to a voxelized 3d surface for displaying on screen
	-Correct invalid orientations


	Use Case
	Rank (Priority)
	Iteration

	Load Data
	High
	1

	Fitting Surface
	High
	2

	Applying Corrections
	High
	3

	Visualization
	Medium
	4

	Export
	Medium
	Potentially 4 or maybe a 5th iteration if time allows





Use Cases:
Black Box Use Cases:
-The system will load data from a file.
-The system will fit an implicit surface around the cloud.
-The system will correct invalid orientations.
-The system will display the boundary to the user as a 3D model.
-The system could export the generated model into a common model file format


Brief Use Cases:
1. Load Data: A script or user will launch the system and can choose to load a model file. The model file will be loaded into the system and the data will be converted to Quaternion format. The system will report the result of the model loading to the user. 
2. Fit Surface: The Quaternions will be loaded into the system; this will form a point cloud. The space will be voxelized with each voxel containing a certain point density. Each voxel will have a sphere placed at the centre of it to form the implicit surface.
3. Applying Correction: The system will test to see if an orientation is inside or outside of the surface. Any orientations outside the surface are invalid and will be corrected by the system.
4. Visualization: The system will display a 3D model of the implicit surface to the user. The user will be able to manipulate the surface by rotating it and changing different parameters for generating the surface. Changing these parameters the user can choose to generate a new surface. 
5. Export: The system could write the data of the model into a common model file format to be opened in other modelling programs.



Casual Use Cases:
Load Data
Main Success Scenario: The system is launched and a script or user will select a file to load. The file will be checked that it is valid and that the path is valid and the data will be loaded. The system will report to the user that the loading was successful and the data will be ready for implicit surface fitting.
Alternate Scenarios:
If the file path is not valid, report back to the user and prompt them to choose another file to load.
If the file fails to load, report back to the user and prompt them to choose another file to load.
Fit Surface
Main Success Scenario: The data is loaded and a Quaternion point cloud/field is generated. The field is voxelized until each one has a certain point density value. A primitive is then placed at the centre of each voxel to create the implicit surface.
Alternate Scenarios:
If the data contains an invalid value in a loaded Quaternion, that Quaternion will be skipped and any invalid Quaternion values will be reported to the user. 
Apply Corrections
Main Success Scenario: Each Quaternion is tested to see if it is inside or on the implicit surface. If an orientation is outside the surface it is then corrected and clamped to the nearest valid orientation.
Alternate Scenarios:
If an orientation is valid, then it doesn’t need any correction.
Visualization
Main Success Scenario: The surface will be drawn as a 3D model and will be displayed on screen to the user. The user can adjust parameters to change the surface in Real Time or to generate a new surface.
Export
Main Success Scenario: The user can choose to export the model into a common model file format to be opened in another modelling program.
Alternate Scenarios:
The file cannot be created. The user is notified of this and can be asked to try again
Not enough memory on the disk to write the file. The user will be notified and asked to clear space on the disk to save the model.
Error occurs while writing data. Stop writing the data and delete the file. Notify the user of the error.


	Actor
	Goals
	Use Case

	Script
	Start up system
	Load Data

	Script
	Load Data into system
	Load Data

	User
	Load Data into system
	Load Data

	-
	Fit implicit surface
	Fit Surface

	-
	Apply corrections
	Apply Corrections

	User
	View surface
	Visualization

	User
	Adjust parameters
	Visualization
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Fully Dressed Use Case: Load Data
Primary Actor: Script
Preconditions: 
	-File path is valid.
	-File can be opened.
	-File is not corrupted.
Post Conditions:
	-Memory is allocated.
	-File is opened and data is read correctly.
	-Data is stored as Quaternions.
Main Success Scenario:
1. File is opened
2. Data is read
3. Data is stored as Quaternions
4. File is closed
5. Quaternion point cloud is created
Alternate Flows:
1. File is opened
a. Check file path is valid
i. If it doesn’t exist, report back to user 
ii. Prompt user to load another file or exit
b. Check file can be opened
i. If it cannot be opened report back to user
ii. Prompt user to load another file or exit
2. Data is read
a. File is corrupted
i. If there is an unexpected end of file or data is corrupted stop reading file
ii. Close file
iii. Report to user that file is possibly corrupted
iv. Prompt user to load another file or exit
3. Data is stored as Quaternions
a. Check integrity of values
i. If value is not valid, discard the Quaternion
ii. Add to error list
iii. After all Quaternions are loaded report any errors to User
b. Check sign of scalar value
i. If it is negative, change it to positive.
4. File is closed
5. Quaternion point cloud is generated
Special Requirements:
-If the system can read data from a file, it should continue and give the user the option to use the data that has been read, even if it isn’t all of it.
Technology/Data Variations Constraints:
	-File can be loaded through command line or possibly via a user interface on the system
	-The files will be SNNS (Stuttgart Neural Network Simulator) format, and will then be    converted into Quaternions ready for the implicit surface fitting procedure.
Frequency of Occurrence:
	-At system start up
	-Whenever a new file is loaded
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Mean Squared Error in Relation to Surface Influence (2500 Points)
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Mean Squared Error in Relation to Voxel Size/Density (2500 Points)

MSE CVO	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	9.5069999999999998E-3	7.7889999999999999E-3	7.404E-3	2.5669999999999998E-3	2.6199999999999999E-3	1.9729999999999999E-3	5.8259999999999996E-3	3.6029999999999999E-3	5.0899999999999999E-3	5.3249999999999999E-3	5.5149999999999999E-3	1.712E-3	5.2839999999999996E-3	2.0630000000000002E-3	9.0700000000000004E-4	8.5700000000000001E-4	8.6600000000000002E-4	1.199E-3	MSE SOM	2.8501199999999998E-3	2.8501199999999998E-3	2.8501199999999998E-3	2.8501199999999998E-3	2.8501199999999998E-3	2.8501199999999998E-3	2.8501199999999998E-3	2.8501199999999998E-3	2.8501199999999998E-3	2.8501199999999998E-3	2.8501199999999998E-3	2.8501199999999998E-3	2.8501199999999998E-3	2.8501199999999998E-3	2.8501199999999998E-3	2.8501199999999998E-3	2.8501199999999998E-3	2.8501199999999998E-3	MSE SNNS	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	4.1728000000000001E-2	7.3474999999999999E-2	8.6610000000000006E-2	0.14104800000000001	0.121085	0.10829800000000001	7.3796E-2	7.5110999999999997E-2	8.4183999999999995E-2	7.1965000000000001E-2	6.4153000000000002E-2	5.8620999999999999E-2	8.5531999999999997E-2	5.7424000000000003E-2	5.4573999999999998E-2	5.7577999999999997E-2	5.4393999999999998E-2	6.5491999999999995E-2	



Mean Squared Error in Relation to Surface Influence (1500 Points)
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Mean Squared Error in Relation to Voxel Size/Density (1500 Points)

MSE CVO	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	9.5069999999999998E-3	7.7889999999999999E-3	7.404E-3	2.5669999999999998E-3	2.6199999999999999E-3	1.9729999999999999E-3	5.8259999999999996E-3	3.6029999999999999E-3	5.0899999999999999E-3	5.3249999999999999E-3	5.5149999999999999E-3	1.712E-3	5.2839999999999996E-3	2.0630000000000002E-3	9.0700000000000004E-4	8.5700000000000001E-4	8.6600000000000002E-4	1.199E-3	MSE SOM	3.9222099999999998E-3	3.9222099999999998E-3	3.9222099999999998E-3	3.9222099999999998E-3	3.9222099999999998E-3	3.9222099999999998E-3	3.9222099999999998E-3	3.9222099999999998E-3	3.9222099999999998E-3	3.9222099999999998E-3	3.9222099999999998E-3	3.9222099999999998E-3	3.9222099999999998E-3	3.9222099999999998E-3	3.9222099999999998E-3	3.9222099999999998E-3	3.9222099999999998E-3	3.9222099999999998E-3	MSE SNNS	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	4.1728000000000001E-2	7.3474999999999999E-2	8.6610000000000006E-2	0.14104800000000001	0.121085	0.10829800000000001	7.3796E-2	7.5110999999999997E-2	8.4183999999999995E-2	7.1965000000000001E-2	6.4153000000000002E-2	5.8620999999999999E-2	8.5531999999999997E-2	5.7424000000000003E-2	5.4573999999999998E-2	5.7577999999999997E-2	5.4393999999999998E-2	6.5491999999999995E-2	



Mean Squared Error in Relation to Surface Influence (500 Points)
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Mean Squared Error in Relation to Voxel Size/Density (500 Points)

MSE CVO	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	1.2655E-2	9.6629999999999997E-3	9.1590000000000005E-3	5.7710000000000001E-3	4.5389999999999996E-3	3.3649999999999999E-3	7.28E-3	4.1359999999999999E-3	7.2620000000000002E-3	5.8079999999999998E-3	8.9110000000000005E-3	7.4269999999999996E-3	1.1162999999999999E-2	3.3739999999999998E-3	2.2669999999999999E-3	2.5730000000000002E-3	2.2989999999999998E-3	2.5170000000000001E-3	MSE SOM	9.0188300000000002E-3	9.0188300000000002E-3	9.0188300000000002E-3	9.0188300000000002E-3	9.0188300000000002E-3	9.0188300000000002E-3	9.0188300000000002E-3	9.0188300000000002E-3	9.0188300000000002E-3	9.0188300000000002E-3	9.0188300000000002E-3	9.0188300000000002E-3	9.0188300000000002E-3	9.0188300000000002E-3	9.0188300000000002E-3	9.0188300000000002E-3	9.0188300000000002E-3	9.0188300000000002E-3	MSE SNNS	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	3.6528999999999999E-2	6.9407999999999997E-2	8.2439999999999999E-2	0.107764	0.103696	0.102941	7.1288000000000004E-2	7.6157000000000002E-2	8.5427000000000003E-2	7.8400999999999998E-2	6.7585999999999993E-2	6.5032000000000006E-2	6.5453999999999998E-2	5.9491000000000002E-2	5.2041999999999998E-2	5.5627999999999997E-2	5.5653000000000001E-2	5.2153999999999999E-2	



Mean Squared Error in Relation to Surface Influence (250 Points) 
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Mean Squared Error in Relation to Voxel Size/Density (250 Points)

MSE CVO	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	1.3415E-2	1.5192000000000001E-2	1.4442999999999999E-2	9.2049999999999996E-3	6.097E-3	5.842E-3	1.0134000000000001E-2	7.4830000000000001E-3	9.2420000000000002E-3	7.8289999999999992E-3	1.0155000000000001E-2	1.0318000000000001E-2	1.2460000000000001E-2	6.4070000000000004E-3	4.8869999999999999E-3	4.4270000000000004E-3	4.3699999999999998E-3	4.542E-3	MSE SOM	3.9443499999999999E-2	3.9443499999999999E-2	3.9443499999999999E-2	3.9443499999999999E-2	3.9443499999999999E-2	3.9443499999999999E-2	3.9443499999999999E-2	3.9443499999999999E-2	3.9443499999999999E-2	3.9443499999999999E-2	3.9443499999999999E-2	3.9443499999999999E-2	3.9443499999999999E-2	3.9443499999999999E-2	3.9443499999999999E-2	3.9443499999999999E-2	3.9443499999999999E-2	3.9443499999999999E-2	MSE SNNS	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	3.6757999999999999E-2	5.9274E-2	6.1828000000000001E-2	7.7994999999999995E-2	7.8296000000000004E-2	9.1920000000000002E-2	4.3782000000000001E-2	5.8809E-2	7.3321999999999998E-2	5.5709000000000002E-2	4.6774000000000003E-2	8.5955000000000004E-2	7.0144999999999999E-2	7.6327999999999993E-2	5.5423E-2	4.1403000000000002E-2	4.5203E-2	4.7184999999999998E-2	



Time Taken (Points)
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Swing Range Performance (Average of Results)

SOM	10	20	30	40	50	60	70	80	90	100	110	120	130	140	150	160	170	4.0599999999999998E-5	1.563E-4	2.8160000000000001E-4	4.4650000000000001E-4	6.4190000000000004E-4	1.0252E-3	1.7474000000000001E-3	2.8833999999999999E-3	2.7085999999999998E-3	2.6066000000000001E-3	3.4353000000000001E-3	3.7753999999999999E-3	3.1443E-3	4.2256000000000004E-3	6.0067999999999996E-3	1.1542699999999999E-2	1.4009600000000001E-2	QFB	5.8614568999999998E-2	8.2665971000000005E-2	6.9402087000000001E-2	6.2359878000000001E-2	5.2953168000000002E-2	4.1088087000000002E-2	3.3106483999999999E-2	2.6660652E-2	9.1482119999999993E-3	8.95636E-3	6.2627179999999996E-3	4.1144450000000004E-3	2.795507E-3	1.8448480000000001E-3	1.613845E-3	2.469808E-3	2.1541329999999999E-3	



image2.png
[0 ExWoior rjsciDesin bt o - osing Dol Dsgrm o i

QalRanDm v - %5500

e e

P E———

st Quatamion
i uteron Gstarion
Corhasie) Qumemion
nemle)Qurmion

gt
e —
1
1
S
it

ety

Gumerienimydorion
oo
“aesriadeie

4 et 10





image3.png
o

@laan Do

-y EsT0

-

o BT

p—

4O et/





image4.png
QlaanDm o

€O et/

EERE]

i
k4

neckril)

Ivald e

Eo





image5.png
Elbjr P Desn i ¢

@lQan D [EEEID

4 et 10





image6.png
QlaanDm o

€O et/

EERE]

e
=





image1.jpeg
Prifysgol Cymru
Y Drindod Dewi Sant

University of Wales
Trinity Saint David





