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This report will look into the steps taken to develop a working 3D morphing algorithm which has the intention to be implemented into a virtual reality environment. The developer provides research into other methods that have been proposed to solve this problem and will take influence from these to develop this project. To reach the aim of creating a working algorithm, the developer firsts implements a 2D algorithm to gain a base line to start the 3D algorithm. The report will also discuss any the methodologies that have been chosen and any features which have been identified for the success of the project. Which will be followed by the developer discussing what they have developed and why they have chosen to develop it in this way. At the end of the report the developer will evaluate the project and discuss any improvements that could have been made.
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Section 1 - Introduction

The proposed project is to develop an algorithm which can morph two 3D objects and is able to display this in Virtual reality. Morphing refers to shape interpolation, where the points of one object will transform into the points of another object. The goal is to be able to morph two simple 3D objects into one another and display them to the screen. Displaying this in Virtual Reality is not the main focus of this project, however, it is something that is intended to be implemented along with the project.
The overall aim of this project is to successfully develop a working 3d mesh morphing algorithm and implement it into a virtual reality environment.  Although this is the main goal of the project, there are a few milestones that can be considered goals. 
Firstly, create a correspondence between two 2D objects, then successfully morph between them. Once this is done the developer can then work on implementing in 3D.  This is not something that necessarily needs to be done to have a working 3D morphing algorithm, however, it is something that the developer feels would advantageous to do.
The first objective in 3D is to Create a correspondence between two 3 dimensional objects. The next goal is to successfully interpolate between these two objects to create a morph sequence. This is where the bulk of the work will be and will likely be the most difficult part.
The final milestone is to take this working morphing algorithm and implement it into a Virtual reality environment using the oculus rift headset.  The Virtual Reality will act as a camera to allow a user to move around the object and inspect the morph sequence in an immersive experience which will also allow for the quality of the morph to be seen. This is the least essential objective in the project and isn’t required for this project to be a success.
In the following section, the developer will discuss some of the findings from the research that has been carried out in order to complete this project. The research will be followed shortly by the methods used by the developer to complete the project and the evaluation of the results from the project.


[bookmark: _Toc7607907]Section 2 - Background Literature

In the background literature of this project, the author will investigate different methods used to create a successful morphing sequence. Although the project is primarily focused on morphing objects in a 3D space, this report will also briefly look into 2D morphing techniques as the core concepts remain the same. While researching morphing for the project it was soon evident that there is not a lot of easily accessible information about the logic behind morphing and there isn't a method which has been generally accepted as the best method. However, there are a plethora of different methods which all have the same result but with varying levels of complexity and quality in regards to the final product. In the section below you will find a few of the many different successful methods of 3D morphing that were found while researching the chosen topic.

[bookmark: _Toc7607908]Morphing (general)

Morphing is a form of keyframe animation in which one object is seamlessly transformed (morphed) into another. This type of animation uses automatic generation of intermediate frames, called in-betweens[1]. These in-betweens are made by interpolating keyframes that are given to the morphing algorithm. Hong defines this technique as defining two keyframes in advance in 3D, then producing a series of in-between images so that the transformation can be controlled by a real parameter varying from 0 to 1 [1]. Although this definition is given for 3D keyframe interpolation, the same principle applies for 2D keyframe interpolation.

[bookmark: _Toc7607909]2D Morphing

2D morphing is used to transform one image into another. It is a useful technique and is often used for education or entertainment [2]. The simplest method used to morph in 2d is to cross-dissolve them[2]. This involves interpolating the colour value of a pixel from the source image to the corresponding colour value of the target image[2]. Another common method is to use a 2D particle system to map pixels from the source image onto the pixels of the target image [2]. The method proposed by Beier and Neely is called field morphing [2]. 
According to Beier, there are two different ways to map an image [2], the first is known as forward-mapping [2]. This method scans each individual pixel in the source image and makes a copy of these on the target image in the correct place [2]. The other method is called reverse or inverse mapping [2]. As suggested by the difference in names, this method is essentially the reverse of forward-mapping. It scans every pixel in the target image and samples the corresponding pixel from the source image[2]. The important difference between these two methods is that with reverse mapping, every pixel in the target image will have something appropriate set to it [2]. This is an issue with forward-mapping as some pixels on the target image may not get set, as such, they would have to be interpolated [2]. In Beier and Neely’s proposed morphing algorithm they have opted to use reverse mapping. 
With regards to morphing two images, Beier describes it as blending between two images [2]. This requires corresponding lines between the two images to be defined [2]. Each individual intermediate frame in the morph sequence is created by creating new line segments from interpolating lines from the source to the target image [2]. 
Beier and Neely have used two different methods of interpolating the lines. The first method is to interpolate the endpoints of the source and target image [2]. With this method, a line that is being rotated would shrink in the middle of the morph [2]. The other method is to interpolate the centre and orientation of every line and then interpolate the length of these lines [2]. With this method, the interpolation isn't obvious to the animator [2].
The method proposed by Beier and Neely reportedly has a runtime that is proportional to the number of lines multiplied by the number of pixels in the image [2]. An example was given of a morph sequence that has 100 line pairs running at video resolution (720x486), it is reported that this would take 2 minutes per frame [2].  It takes 10 times as long to set up the morph than it does to actually compute the morph [2]. This is because even though the algorithm is straightforward and relatively easy to set up, it requires a lot of user input [2]. Figure 1 below shows a morph sequence between two images that have been created using Beier and Neely's algorithm for 2D morphing. 
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[bookmark: _Toc534749162][bookmark: _Toc7606781]Figure 1. Morph between two images


[bookmark: _Toc7607910]3D Morphing

There are two main types of 3D morphing, the first is based on the volumetric representation of objects and the other being based on a boundary representation of objects. Volumetric approaches generally have a better transition visually between the source and the target objects [3].  However, these methods tend to be more computationally expensive and take a much longer time compared to the boundary based counterparts [3]. 
 [image: ]
[bookmark: _Toc534749163][bookmark: _Toc7606782]Figure 2. Different methods of 3D morphing [3]
Figure 1 above shows a table with a general overview of some of the most notable morphing techniques. It has both volume-based and boundary-based methods, which both branch off into further subcategories which eventually lead to the techniques which fall into these categories
Figure 2 below shows a general overview of what a morphing algorithm needs to achieve in order to obtain a successful interpolation. As you can see from the image, the beginning, and end of a morphing technique are generally the same for most methods, the main difference comes from how the objects are parameterized.  
[image: ]
[bookmark: _Toc534749164][bookmark: _Toc7606783]Figure 3. Generic 3D morphing template [4]

[bookmark: _Toc7607911]Volume Based Morphing

When provided with a source and a target volume, it is then possible to obtain intermediate volumes (morphs / in-betweens). These morphs will be produced to be realistic and smooth. The morphs should keep the essential features of both the source and the target volumes [5]. The transition between the volumes must be a smooth transition, this happens with the renderings of the morphs.
There are various ways in which volumetric data can be obtained. For example, volumes can be acquired by using scanning technologies. Good examples of these are CT scans and MRI machines that are used in hospitals. Another method that can be used is to voxelize the objects which will generate a volume-based representation. The object can be voxelized using anti-aliasing techniques[5]. Other methods involve interactive sculpting[5] and procedurally defining hyper texture volumes[5].
For a warp + interpolation method of morphing such as the method proposed by Lerios et al [5], the first step after obtaining the volumetric data is to warp both the source and the target volumes. There are two different types of warping techniques, the first of which allows for minimal user control. Algorithms such as this will automatically find similarities between the two volumes and will then find the warp which transforms the source into the target. The user would only be able to input a few parameters. The other type of technique is when the user can manually select the warp for a selection of points in the volume. The rest of the data is gathered by interpolating the warping function [5]
The solution proposed by Lerios et al is a feature-based solution to 3d morphing. This means that a ‘feature element' is selected, this is a part of the object that will be the focus of the morphing. They state that these elements come in pairs, one on the source object and one on the target object. These pairs of elements identify the parts of the object which should be directly changed into each other [5]. An example is given of a dart and a plane (see figure 2), the element of the dart would be the tip and for the plane, it would be the nose. In turn, this means that the tip of the dart would transform into the tip of the plane. There can be more than one pair of elements in a morph sequence and the more elements you have to morph between, the better the morph will be [5]. This method works in a two-step process, warping and then blending [2] [3]. Firstly a warping of the volumes is found which is then followed by blending the warped volumes to obtain the intermediate objects for the morphing [3]. The work that Lerios propose is an extension of the 2D morphing solution that is proposed by Beier and Neely [3][2].  This method will warp a 300^3 volume at approximately 3 minutes per frame [5]. This is a very time and space consuming method of morphing [3]. With an example that they provided of transforming a human skull into an orang-utan skull, it was shown to take 8 hours when done by a novice and 3 when done by an expert. This example used 26 elements pairs yet the intermediate shapes were not precise and had a fuzzy zone surrounding them [3].
[image: ][bookmark: _Toc534749165][bookmark: _Toc7606784]Figure 4. Morphing of a dart into a jet [4]

Another approach to volumetric morphing is proposed by Hughes [6]. The method involves gradually removing the high frequencies from the first volume and interpolate to the low frequencies of the second volume and finally blending in the high frequencies of the second model [6]. There is a specific order in which the high frequencies are removed and blended and this is called a schedule [6]. The reason the high frequencies are removed is that the method is more concerned with the interpolation of the general shape of the object so it removes the features of the objects to reduce the amount of work needed and makes establishing a correspondence between the objects simpler [6][3]. The schedule is the key aspect of this method, it controls how smooth the blending will be between the objects, therefore it determines how smooth the morph sequence will be. Hughes states that despite the size of the volumes that are being used, this method is able to smoothly transition between two volumes even with widely varied topologies with ease [6] and that it can be implemented in a few hours.  
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[bookmark: _Toc534749166][bookmark: _Toc7606785]Figure 5. Morphing of a cube to 2-holed Taurus [6]
Figure 4 above shows an example of a morph that was created using the approach proposed by Hughes. 

[bookmark: _Toc7607912]Boundary Based morphing

Boundary Based morphing can be broken down into two distinct steps. Firstly, the correspondence process, this is where points on the boundary of the source object are mapped to a point on the target object[3]. For example, the corner of a cube to the tip of a pyramid. The next step is the interpolation process, this defines the trajectory between the corresponding points [3]. essentially it tells us how the corner of the cube will become the tip of the pyramid. 
One method of Boundary-based morphing is proposed by Hong et al. The method is a correspondence method which is used by objects that are represented by facets (faces) [1]. The method does not go into detail about how to interpolate between the objects but instead mainly focuses on the correspondence between the objects. Hong states that the problem is a lot more complex with objects than it would be with line drawings because the source and target objects very often have a different number of total vertices and faces, and the faces generally correspond to a face with a different number of vertices [1].[image: ]
[bookmark: _Toc534749167][bookmark: _Toc7606786]Figure 6. Interpolation between two objects with different number of faces [1]
As seen in figure 5 above, the two objects have a different number of faces. The cube has 6 and the pyramid has 5. This makes it difficult to easily create a correspondence between the two images as the faces on the cube mostly need to reduce the number of vertices, to match the pyramid. The most obvious of this is the top face of the cube into the top vertex of the pyramid.
The algorithm that Hong has proposed to solve the correspondence problem has been sectioned into 4 steps. Firstly, an initial check is done to make sure that the number of faces on the source object is greater than the number of faces on the target object. If this is false then the objects "roles" are reversed in the algorithm [1].
The second step is to perform a correspondence between faces [1]. Initially, before performing the correspondence, the centroids of both objects will need to be normalized [1]. Normalizing, in this case, refers to translating and scaling before correspondence [1]. After normalizing, the algorithm makes the faces correspond using a technique called dynamic minimization or minimal dynamic distance [1]. This means that the distance from each face on the source to each face on the target are calculated and faces are linked based on which set of faces has the smallest distance.
After corresponding the faces, the third step is to make a correspondence between the vertices of these faces [1]. Consider two corresponding faces from the target and source objects. The vertices on the face of the target volume will need to be arranged so that all the vertices lie in the plane of the source volume. This is to ensure that neither of the faces gets reversed in the morphing process. These sets of vertices then need to be normalized and then a correspondence can be found using the algorithm. The final step in the algorithm is to build the in-between faces for the transition [1].
Hong et al state that the algorithm is able to transform and facet-based object into any other facet based object and will provide good results in most cases [1]. It is stated, however, that if the shapes of the objects are too different then the results may not be aesthetically pleasing[1], even though they will still morph into the correct shape.
One thing to note about this method is that it is entirely automatic [3], meaning that there is no user interaction at all. This does, however, mean that the algorithm is very maths heavy and would require a lot of calculations to be done. Figure 6 below shows an example of a morph that has been made using Hong’s algorithm the sequence takes 100 frames to complete. No timing is reported on the algorithm.
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[bookmark: _Toc534749168][bookmark: _Toc7606787]Figure 7. Morphing of a sphere into a revolution surface [1]

Another well-known method for 3D morphing was proposed by Kent et al. The proposed method is an extension to a previous method by the Kent et al which allowed for morphing between two star-based polyhedral objects [7]. The newly proposed method now allows for morphing between more complex polyhedral objects [7]. The method has two steps, firstly the correspondence problem and secondly the interpolation problem [7]. The correspondence problem is solved in this method by establishing a correspondence between each vertex of the source and target models rather than mapping every single vertex from source to target [7]. The next step would be to interpolate the position of each corresponding set of vertices [7]. Kent et al mainly focus on how to solve the correspondence problem with this method however there is a brief explanation on how to interpolate between models. 
Kent et al explain the method of solving the correspondence issue as inflating the two objects as if they were balloons until they become spherical, so each vertex of the object is mapped on to a specific point on the surface of the sphere [7]. This establishes a one-to-one correspondence between the objects as one point on the sphere will be linked to both a single point on the source object and a single point on the target object [7]. So to solve the correspondence issue the first step is as stated above, to project both objects onto a unit sphere [7]. The next step is to get the projected faces of each object and to clip them to the projected face of the other model, this merges the two topologies [7]. Topologies, in this case, means the vertices, edges, and faces of the object [7]. Two new objects are now created by mapping the merged topology onto the original objects [7].  This can be seen below in figure 8. These two new objects are exactly the same in shape as the original but now share a common topology [7]. Using these two new objects, a transformation between the two objects can be computed by interpolating the coordinates of the pairs of corresponding vertices [7].
 
[image: ]
[bookmark: _Toc534749169][bookmark: _Toc7606788]Figure 8. Two objects mapped with a common topology [7]
There are various ways in which an object can be mapped onto a sphere. However, any method used must satisfy two conditions. The first condition is that the projection needs to be one-to-one., meaning every point on the surface of the object must map to a unique point on the sphere's surface [7]. Secondly, when projecting, points that have a small radius of a point must be within a small radius of the projection of that point when they are projected [7]. The method used for mapping the objects to the sphere will define how the morphing looks. This means that the option to choose from different methods of mapping can give the user some control over the morphing if desired. 
The first, and possibly one of the more simple methods of projection requires the object to have 1 point inside of the object that can see every vertex of the object [7]. If this condition is met, then the object can be mapped by taking an interior point of the object and moving it to the origin, this point can now be considered the centre point of the object [7]. After moving the point to the origin, each vertex can be moved toward or away from the centre point in a straight line in order to be a unit distance away from the centre point [7], i.e. on the surface of the sphere. The centre point can be selected by calculating the half spaces of the interior of all planes of the surface of the object [7]. However, if the object is a convex polyhedron, such as a cube or a pyramid, then any point inside the object will suffice as all interior points of a convex object are able to see all the vertices of the object. This type of projection can be verified in real time by checking that the outward of each face of the object is directed away from the centre point [7].
Other methods of projection can be undertaken if knowledge of how the objects are constructed is known [7].  A type of polyhedral objects that are called revolution objects is constructed using a set of planar contours that are at angular increments around the objects axis [7]. These types of objects can be projected in real time by positioning the points of each contour along an arc that is longitudinal of a sphere that has a matching north and south pole of the object [7]. Each arc needs to have its endpoints on the axis, be on the same side of the axis as the contour and should lie in the same plane as the contour [7]. There are two main methods for spacing the contour points along a semi-circle [7]. The first of which positions the points in a way which makes the distance between points on the rib is proportional to the corresponding arc lengths between points [7]. The other method involves projecting the contours onto the convex hull of the object using a recursive method [7]. Once it has been mapped onto a convex hull it can be projected onto a sphere using the same method that is used for convex objects that are moving the points further or closer away until it rests on the unit sphere[7]. The points are moved based on their distance from the midpoint of the axis through the point [7]. There are other methods for mapping this type of object, however, methods that keep the objects geometric information will lead to a better result visually [7].
Another type of polyhedral objects are extruded objects [7], these are generated by a planar polygon that is moved along a straight line, this sweeps out a solid volume [7]. This polygon is copied and both copies are used to cap either end of the object [7]. These types of objects can be projected by having each of the two caps mapped to the convex hull [7]. Once on the convex hull they can be projected onto a unit sphere by moving the points based on the centre point as mentioned previously for both convex and revolution objects [7].
Another type of projection method exists and it involves treating the projection like a physical-based simulation, this means that the object is treated as a flexible object with each vertex and edge is modelled as a mass/spring [7]. This type of projection is particularly useful whenever a concave region of an object occurs. If the object is surrounded by a planar convex ring of edges that lie on the convex hull, then a simulation can be run in which the vertices that lie on this ring are fixed, and the remaining vertices and edges that are inside the ring are treated as a mass which is then snapped out onto the plane of the convex ring [7]. This scenario is known as a surrounded ring [7]. This can be seen in figure 9 below.
[image: ]
[bookmark: _Toc534749170][bookmark: _Toc7606789]Figure 9. An object being snapped onto the convex hull [7]
There is a final type of projection that is known as hybrid projection, This type of projection uses the knowledge of an object along with the idea of a physical simulation [7]. This type of projection is used for objects that are lofted or tubular. These types of objects contain various contours which are joined along a path which is potentially curved [7]. For this method of projection, you need to pick two adjacent contour lines, if these are not convex then project them onto the convex hull using methods previously stated for projecting objects with model knowledge [7].  These contours will now act as a surrounded region [7], much like what was mentioned earlier for projection based on physical simulation.  Running a simulation on these contours will cause the interior of each section of the object to snap into the same plane as the contour [7]. This method of projection does not require any user interaction if desired, however, it is recommended that the two contours are selected by the user for optimal results. Also, the two contours do not need to have the same number of points, but they do, however, need to be a simple planar polygon [7]. Figure 9 below shows an example of this method. 
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[bookmark: _Toc534749171][bookmark: _Toc7606790]Figure 10. Snapping of tubular object [7]
After the objects have been successfully projected, the next step is to merge the topologies. This is done by clipping the projected faces of the objects [7]. The algorithm requires that each projected edge of both objects intersect [7]. Since the edges of the projections are mapped on to circles of the unit sphere, the calculations find the intersection of the circular arcs. The algorithm for merging the algorithm is explained by Kent et al as a six-step process. The first step is to read in all topological data from the original models and the projected models [7]. The second step intersects each edge of the projected source object with a subset of edges from the projected target volume [7]. This step continues until all the edges have been processed. Step 3 of the algorithm sorts the intersection of every edge from the projected target volume using data from the topology of the projected source volume, this ensures that the ordering is valid [7]. Step 3 is also used to find which face of the projected source volume contains each vertex of the projected target volume [7]. Steps 4 and 5 use information on which face of the projected objects holds the vertices of the other projected object [7].  Barycentric coordinates are then used in order to determine where the vertices of one object map onto the other object [7]. Barycentric coordinates are a set of three numbers that correspond to “masses” on each vertex of a reference triangle, these masses are used to find a point which is the geometric centroid of the coordinates [8]. The final step traces out the faces of the combined objects, this step uses the sorted intersections from step 3 and the original topologies [7]. 
After the correspondence issue has been solved, only the interpolation remains. To solve the interpolation problem, Kent et al state that the in-between frames are calculated by interpolating between the pairs of the corresponding vertices [7].  Kent states that there are two potential issues with the interpolation. Firstly, if an object has a face with more than 3 edges then it isn’t guaranteed that the faces will stay planar. However, this can be solved by triangulating the faces before interpolation [7]. The other issue is that an object may penetrate itself during interpolation[7], however, this wouldn't be a very big issue for a small project.  This algorithm also allows for easy interpolation of non-geometric values such as colour or texture [7].  Figures 11 and 12 below show two different examples of morphing using the technique proposed by Kent et al.
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[bookmark: _Toc534749172][bookmark: _Toc7606791]Figure 11. Morphing of a tubular object into a chalice [7]
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[bookmark: _Toc534749173][bookmark: _Toc7606792]Figure 12. Different stages of morphing, each section incrementing by 25%, starting at 0% and ending at 100% [7]


The literature review in this section has covered a few different successful methods which have been implemented to morph 3D objects. The research will be used by the developer to influence the development of the morphing algorithm to make sure that it is a success. The work proposed by Kent et al will have the biggest influence as it works with similar sets of data and the developer of this project finds the methods used to be the most effective out of all the methods that have been researched. Another major plus to the work by Kent et al is that it requires no user input which is what this project aims to achieve.


[bookmark: _Toc7607913]Section 3 - Research methodology

The initial step to the project is to decide on the methodology that will be used. The first stage to this is deciding on the philosophy. There are two options when selecting the philosophy, first being Positivism. Positivism is a belief that reality is stable and can be measured, described and observed from an objective viewpoint [9]. Positivists argue that observations should be repeatable and phenomena should be isolated [9]. This philosophy is generally concerned with facts, figures, and data. The other philosophy to be considered is phenomenology. Phenomenologists state that reality can only be fully understood through a subjective interpretation of intervention in reality [9]. This project slots into the positivism philosophy as it is more concerned with the recreating the same result every time by manipulating data rather than hoping for a phenomenon to occur.
Following the selection of the philosophy, a suitable approach also needs to be decided. Again, there are two main options to decide from and each of these compliment different philosophies. The first is a deductive approach which is an analytical approach which is focused on making a hypothesis and gathering data by testing the hypothesis. The other approach is called an inductive approach. This approach is more focused on making theories and getting data to back up the theories from human experiences and opinions. As this project will be using the Positivist philosophy, the approach I will be using will be the deductive approach. 
The next step in choosing the methodology is to decide on the three main strategies that will be used for this project. For this project one strategy that is more obvious than most is the software development strategy, this strategy involves the design, development, and testing of software. This is suitable because to reach the goal of this project, the software will need to be developed. The second strategy that has been chosen is the experiment strategy. This strategy involves undertaking experiments to prove or disprove a chosen hypothesis. The final strategy chosen is the document analysis. This involves collecting data from a group of documents using a set of research questions. This is used in the project for the literature review.

[bookmark: _Toc7607914]Development methodology

For this project, there were many different development methodologies which could have been chosen, but the development methodology which was chosen is Feature-driven development. The methodology is largely used in software development and has a big focus on iterations. It is a type of agile methodology that revolves around quick 2-week development cycles. It works very well with systems and software that develop constantly [10]. As part of feature-driven development, there are five processes. These are:
· Develop an overall Model – The aim here is to create an object model of a high level which has a lot more shape than content, while still addressing the fundamental issue of the project. Over time this model will be built upon slowly and will begin to take the shape of the final product.
· Build a feature list – In this section the goal is to decide on a list of features that the final product will have, these list of features will be grouped into specific sets and subject areas [11]
· Plan by feature – This step involves providing each feature with an owner to be in charge of the feature. However, in this project, there is only one developer which means each feature will have the same owner.
· Design by feature – For each feature set in the feature list, a design package should be produced. This will also add more content to the base object model.
· Build by feature – In this step, the goal is to plan out the work that is required to complete the feature and then to develop the code which will produce the feature.
This methodology is well suited to this project as it breaks up the problem into manageable tasks that will slowly become the final product. As the project is being undertaken by a single developer it could be overwhelming to simply have a final goal to work towards. Also if at the end there isn’t enough time to complete a certain task then it is easy to tell which feature was the problem. At the same time, if a feature has taken longer than 2- weeks then it shows that it has taken too long and a decision can be made to continue with the feature or move on if it’s not essential.
One downside to feature-driven development is the 2-week cycles. Despite them being helpful for the development timeframe of the project, some tasks are just too big for a single developer to complete in just 2-weeks.
[bookmark: _Toc7607915]Feature List

This section of the report will discuss the features that have been selected for this project. All of these features will build upon each other to construct the final 3D morphing algorithm. These features were what the developer considered essential to the success of the project. 
· Render objects using OpenGL – The first thing that needs to be done is to create a simple program that can render any object given to it using OpenGL. Without this, the project would have no visuals 

· Storing 2D objects – Saving 2D objects is essential to completing the 2D morphing algorithm


· Corresponding 2D objects – Linking two 2D objects is the Core part of the 2D morphing algorithm, once this has been completed the 2D algorithm will only require simple interpolation to be finished

· Interpolating 2D objects – Once the objects have been linked the points can be directly interpolated between each other using linear interpolation.  This essentially means moving points of one object towards another based on a value provided to the interpolation function.

· Storing and 3D objects – After 2D morphing has been completed there will be a starting point for 3D morphing which is the real aim of this project. However, much like 2D, objects will need to be saved in order to be able to use the data. 

· Corresponding 3D objects – Linking the 3D objects is an essential task to the completion of this project.  It is far more complex than the correspondence required for 2D so will likely require extra time.

· Interpolating 3D objects – This feature is fairly straight forward, again it will require simply interpolating between points.

· Implement into Virtual Reality – This should be straight forward to implement as Virtual Reality is essentially acts as a camera for a scene.

If all of these features are completed on time and to a high standard the project can be considered a success.
[bookmark: _Toc7607916]Section 4 - Design and implementation

This section will discuss the software which was developed for this project. It will discuss what was done for each iteration of the project and it will also talk about what methods and designs were chosen for this project and why they were chosen. Finally, these sections will look at the results from the testing of the data. 
[bookmark: _Toc7607917]Approach

The aim of this project is to create a working 3D morphing algorithm and because this is a development project, not an experiment project the aim was to develop a unique algorithm based on the research of other methods that have been proposed.
The implementation of this project incorporates ideas from a few of the methods that have been researched however the research from Kent et al was the biggest influence for the implementation. The project was created in Visual Studio using C++ and uses an object-oriented design. 
[bookmark: _Toc7607918]2D implementation

The first step that was undertaken in the development of this project was to create a simpler 2-dimensional version of the project. The idea being that once a working 2D version of the project has been created, it can be used as a baseline to make the implementation of the 3d version easier. 
The first step for 2d was to create 2 simple 2d objects and be able to render them on screen via OpenGL, a triangle, and a square was chosen for this because they are simple with a small number of points which is ideal for getting initial code functioning. After successfully loading in both objects, the next step was to create a correspondence between them, this means linking the points so that the software knows what points to interpolate between.
To create this correspondence, the objects were first changed to be unit length and centred about the origin, this was an idea proposed by Kent et al in their method of correspondence for shape interpolation. To do this, the centre point of the original object was calculated by getting the sum of the maximum and minimum points and dividing them by 2. Every point on the object is subtracted by the centre point so that the object is centred at the origin. All of the points are then divided by the distance between the object and the origin. The reasoning behind scaling and centring the objects is that all of the points can be considered as being on a single unit circle which has a centre around the origin and a radius of 1. All of the points can be combined into 1 large mesh of which contains all geometric data of both objects. 
With all of the points in one mesh, the algorithm can produce two objects which are identical in shape to the original un-altered objects but with additional points. Having both objects have the same number of points makes it a lot easier to interpolate between them. Every point on the object a will correspond to a single point on object b. The next problem to solve was how to make the objects look like the original. With the 2D implementation, this was fairly simple. If the points are ordered in a clockwise order you can use the points from one object to help align points from the other object. For example, the top of the triangle would be between the top left and top right points of the square but will have a different y-axis. The algorithm will then find the midpoint of the top points of the square and move the point of the triangle to that midpoint, this way the point on the triangle will align with the points of the square and will give the illusion that there is a straight line between two points when in fact there is a 3rd point hidden along the line. This is done for all points on both of the new shapes so that there are 2 new shapes which look identical to the original shapes. These new shapes will be referred to as shapes c and d from this point onwards
As stated prior, the points need to first be ordered in clockwise order. Many different methods were attempted to order these points, most notably being Grahams scan and Jarvis march convex hull algorithms. In theory, as all points are unit length away, one could assume that the points already form a convex hull that is unordered, therefore a convex hull algorithm should sort them with ease. However, after implementing these algorithms it was found that both algorithms would miss out a point or two from the convex hull. This was even the case for the sample code of these algorithms. This, of course, meant that they were unable to be used for this project. Therefore, because the method used to sort the points will have no effect on the overall outcome of the morphing, it was decided that the points will be sorted using loops and if statements. By moving from left to right in the x-axis, while making sure points have a positive y value, and storing the points in an array. This is then followed by doing the same thing but from right to left with a negative y value, and storing the points in the same array, will create an array of points sorted in a clockwise order starting at the furthest left point above the origin.
With shapes c and d having points in clockwise order and both shapes looking like the original shapes, it is now possible to directly interpolate between the frames to get the positions of the points for the in-between frames. With the points being in order it is known that point 2 on c and d will be the same point but in different positions. For example, the tip of the triangle will be in line with the square on shape c but will be at the top of the triangle on shape d. So interpolating between these points will move the point from the edge of the square to the tip of the triangle. This happens to all the points at the same time which will cause the shape to “morph” from one shape to the other. This can be seen in figure 13 below. The shape in the middle is an in-between frame of the morph sequence between the shape on the left and the shape on the right. 
[image: ]
[bookmark: _Toc7606793]Figure 13 screenshot of the 2d morphing algorithm, it shows the source and target shapes along with an in-between frame.
 
The interpolation between the points uses linear interpolation. Other interpolation methods were considered but linear is the most used out of all the algorithms found from the research and it is very simple to implement and works well for the purpose of this project. To save time, a simple linear interpolation function was found online and was used [12]. This function will return a value in-between two points based on a value between 0 and 1 that is passed to the function. This function is used in the morphing functions of this project. It is called for the x, y and z values of each point. The number of in-between frames determined by a constant integer in the code called “MORPHS”. The higher the number, the smoother the morph sequence will appear, this is done by taking the value and dividing 1 by that number. This will give a small value between 0 and 1. If the value of morphs was 10, it will give a value of 0.1, this will be used by the interpolation function to save in-between frames by interpolating between objects by 0.1, then 0.1 + 0.1, and so on until the value reaches 1. This will provide a full selection of in-between frames which can be used for the morph sequence.  The current in-between being displayed is determined by the current value of a counter in the update function. The counter will add or subtract from the current morph number depending on the value of this counter. i.e. if the counter is 1, the morph sequence will be moving toward the target shape, or if it's -1 it will move toward the source shape. The user can change this counter using the keys "w" and "s" which will add and subtract from the counter respectively. It was decided that the number of morphs will be 100 as it provides a smooth transition and doesn't take too long to complete.
[bookmark: _Toc7607919]2D Morphing Testing

Tests have been carried out to ensure that all of the objects which have been implemented into 2D start and end in the shape that they are meant to. The developer will also check to see if the morphing sequence looks plausible, e.g. the shape doesn’t collapse in on itself. For the purpose of testing, I added more shapes to show the algorithm can work with any data. 

[bookmark: _Toc7607920]Square and Triangle

The first morph sequence being tested is the morph between a square and triangle.  The morph sequence can be seen below in figure 14 below. The morph between these two shapes should produce a simple morph which should look plausible. 
[image: ]
[bookmark: _Toc7606794]Figure 14 Morph sequence between square and triangle with two in-between frames
As seen from the image above. The algorithm produces a morph sequence that starts and ends in the shape which is intended. Also, the in-between frames look reasonable and provide a visually pleasing morph, however, the morph could be improved as the bottom right and left corners of both shapes are in the same position so there is no real reason to morph them. This could be completed by a simple check to see if the points are in the same position and link them together, however as the 2D implementation was a stepping stone to the 3D implementation there was little need to make it perfect.

[bookmark: _Toc7607921]Square and diamond

The second test carried out was testing the morph between the square and diamond.   The square is expected to morph into the diamond smoothly without any noticeable visual errors. Again the algorithm produced a visually pleasing morph sequence that has correct geometry throughout the morph. The results of this test were as expected. The test can be seen in figure 15 below.
[image: ]
[bookmark: _Toc7606795]Figure 15 Morph sequence between a square and triangle with 2 in-between frames
   
[bookmark: _Toc7607922]Square and Polygon

The next test is in regards to the morphing of a square into a multi-sided polygon. The square is supposed to change into the polygon while remaining similar to the objects original shapes. The test shows that the morph does this and therefore the test is a success. The test can be seen in figure 16 below.
[image: ]
[bookmark: _Toc7606796]Figure 16 Morph from square to multi-sided polygon
  






[bookmark: _Toc7607923]Triangle and Diamond
This test is testing the morph sequence between a triangle and a diamond. This is a fairly simple morph sequence as there is only 1 single point difference. Therefore the morph should be fairly simple. The test supports this as the bottom of the triangle extends out to form the diamond. This test was a success. This test can be seen in figure 17 below
[image: ]
[bookmark: _Toc7606797]Figure 17 Morph from triangle to Diamond
[bookmark: _Toc7607924]Triangle and Polygon
 
This test is testing the morph between the triangle and the multi-sided polygon. This is a morph between the object with the least sides and the object with the most sides. The test is expected to look a little unusual but still, have a smooth transition. The test can be seen in figure 18 below. The test results were as expected
[image: ]
[bookmark: _Toc7606798]Figure 18 Morph from triangle to multi-sided Polygon





[bookmark: _Toc7607925]Diamond and Polygon

The final 2D test is between the diamond and the multi-sided polygon. This test should be fairly similar to the triangle due to the diamond and triangle being similar. The test is expected to produce a smooth reasonable morph. The test results were as expected and can be seen below in figure 19.
[image: ]
[bookmark: _Toc7606799]Figure 19 Morph from diamond to Multi-sided Polygon

[bookmark: _Toc7607926]3D Implementation

Once the 2D morphing algorithm was completed and was functioning to a good enough standard the 3D implementation can begin. Although there is only one extra value for points in 3D space compared to 2D space, the amount of work required to convert from 2D to 3D was surprisingly extensive. Much like the 2D implementation, the first step was to load in two objects in a 3D space. It was contemplated whether or not to load in an object using an object loader. But after consideration, it was decided that it was a non-essential feature and was to only be added as an extra if and when all objectives were completed. 
Since the objects were hardcoded it was important to consider the order of the points in the array of the object. The order of the points will determine how OpenGL draws the objects, therefore if the points are stored in the wrong order then the object will have an inward facing normal and would not be visually pleasing. The points were set in sets of three, this was because the objects were initially being drawn using OpenGL's function for drawing triangles. However, it was found that when the points from both objects were combined, the resulting object would draw incorrectly when drawn using the triangles function. Due to this, the decision was made to use OpenGL's polygon drawing function, this appears to work just as well as the triangles function. Also, the structure used to store objects for 2D needed to be altered to store which face the point was originally on and which object the point was originally from, therefore one point will store the data of its position in 3D space, which object it belongs to and which face it belongs to on that object. Knowing which face the point belongs to helps us later on when the algorithm is linking points between objects. Once both objects were loaded in and could be seen graphically using OpenGL the work on the algorithm could begin.
The first thing to be considered is of course that there is an extra dimension so any code which does calculations for the algorithm will need to be modified to incorporate the z-axis. For example, any code which would calculate the distance between points would need to also include the z-axis. Much like the 2D algorithm, the first step after setting up the objects is to create the correspondence between the objects. Again, much like the 2D algorithm, the objects must be moved to be centred around the origin and scaled to unit length to allow for easier correspondence. This is done in almost the exact same way as with 2D but with an added dimension. This will cause all of the points from both objects to be on the boundary of a theoretical unit length sphere. All of the points will be stored into a single array and will be considered as a new object. It is important to ensure that the position of the points is being stored along with what face the point is from and which shape the point is from. Once all of the points are stored correctly the array is copied so there are now two new objects with the combined topologies, these will become our final shapes for the morph. 
The next step is to find the highest face number for each object, this is done by looping through all of the points and checking the face number, if the face number is higher than a temp value that is used to store the previous highest value, make the highest face number equal to the current face number. Once all of the points have been checked and the highest face numbers for each original shape has been found, the values can be used to store the midpoint of each face. 
After initial object set up has been completed, the next thing to do is to correct the shape of the two new objects so that they look identical to each of the starting objects. The first thing the algorithm will check is whether or not points from the original objects share coordinates. If points share coordinates then they will not have their positions corrected, this will cause the points not to move when interpolation happens. However, for every point that doesn’t share coordinates, they will need to have their positions corrected so that they fit the shape of the original object. With the midpoint of each face being calculated in advance, the algorithm can now compare the distance of each point from one original object against the centre of all the faces on the other original object. The algorithm will then move the point to the position of the closest midpoint, this will cause the object to take the shape of the object whose faces you are comparing against. For example, if you are comparing the points of a cube against the faces of a pyramid. The cube’s points will move to the centre of the pyramid’s face, resulting in the object looking like the pyramid. This is done for both new objects but swapping what shape you compare against. This will result in two new objects with a combined topology but with the shape of the original objects. Initially, in the development of the 3D morphing algorithm, there was an attempt made to move the points using the same method used for the 2D implementation, where the points are moved to the midpoint of a line based on the surrounding points, rather than the midpoint of a face. This resulted in a rather unpleasant morphing sequence, and as a result, a decision was made to try other methods of shape correction. 
Once the shapes of the new objects have been corrected, the next step is the interpolation. This proved to be a lot more challenging than initially thought to be. There were many different attempts in this project to morph between the two 3D shapes, the first being to morph each point in the array of one object against the same element in the array of the other object. The problem with doing this was that the points were moved based on distance from faces and not ordered in any way. This meant that point 1 in object 1 could be on the opposite face to point 1 in object 2. This resulted in visually unpleasant morphs as the object seemed to collapse in on itself. Another method which was attempted was to morph the corners of object 1's faces to the point which lies on the midpoint of that face from object 2. This, in theory, would create the best morph as the corners have multiple points due to the way the objects were saved, which should cause object 1 to bend into the shape of object 2 and vice versa. However, when implemented it would cause an unexpected error which would cause entire faces of the objects to not render at all. This, of course, is not ideal for a project based on morphing, and after attempting to fix the error for a few days, the decision was made to redo the morphing method due to the fact that it was taking too much time and would hinder the quality of the rest of the project.
The final method of morphing was far simpler than the method previously stated, however, the final morph sequence which is produced from the new method provides satisfying visuals for the morph. The method used involves using a distance calculation to find which point from one object is closest to each point on the other object. Every point will morph to the closest point and because of this, it produces stable morphs that look visually pleasing. One major issue with doing it this way is that if two points on opposite sides of the object have the same distance, then part of the shape will not be interpolated and therefore, would not render causing an incorrect morph when certain objects are used in the algorithm. This is of course not ideal but due to time constraints, the most functioning method was used. Linear interpolation is used in the same way as the 2D implementation.
When being rendered to the user the object will rotate as when the object is rendered using OpenGL's polygon function, the object appears flat as there is no shading on the object. The rotation helps the user to see the object in full 3D. Also, the rotation is a good way to see if any part of the object is incorrect when morphing, e.g. any inward facing normals.

[bookmark: _Toc7607927]3D Morphing Testing

In this testing section, the developer will be testing the morphing algorithm for 3D morphing.

[bookmark: _Toc7607928]Cube to Pyramid

This test will be checking the morph sequence between a cube and a pyramid. In this test it is expected that only the top points of the cube will morph, they should converge in to become the pyramid's point. This can be seen in figure 20 below. The figure shows that the top of the cube does, in fact, converge into the tip of the pyramid. This test can be considered a success. The figure shows both a solid polygon version and a wire mesh version of the morph sequence. This is because as mentioned prior, OpenGL's polygon rendering function doesn't work with lighting, therefore it is difficult to see the edges of the object in a still image, hence why the object rotates. However, the wire mesh shows much better the position of the points in the morph. The lines in the mesh version are only there because it's the order in which OpenGL draws the points, they do not necessarily represent faces.
[image: ]
[bookmark: _Toc7606800]Figure 20 Morph sequence from a cube to Pyramid 

  

[bookmark: _Toc7607929]Diamond to Pyramid

This test shows the morph sequence between a diamond and a pyramid. It is expected that this test should be a bit more complex than the first, in theory, the bottom of the diamond should raise up into the pyramid. Instead, what happens is that the bottom of the diamond moves to be a corner of the pyramid. This, of course, is not the intended outcome of the test, however, the morph sequence is still smooth. This can be seen in figure 21 below. Something important to note is that this pyramid is the same model as used in test 1. This is important because in test 2 the pyramid is triangle-based but in test 1 it is square-based. This is most likely due to the method of morphing chosen, where it is based on the distance between points, and if points are the same distance it can cause faces to not render as intended.

[image: ]
[bookmark: _Toc7606801]Figure 21 Morph between diamond and pyramid

[bookmark: _Toc7607930]Menu and User Inputs 

The developer of this project decided to add a menu to the project as an additional feature, this will allow users to easily select different types of morphs to choose from without needing to alter any code. The user will also be able to manipulate the scene using different keys that will allow them to move in a positive and negative direction in the x-axis, the y-axis, and the z-axis. This will make it easier to see different parts of the morph and objects. It also has very useful for testing as it allows for a quick swap between tests. The user will also be able to control the morph sequence as they will be able to move backward and forward through the morphs using 2 separate keys. 

[bookmark: _Toc7607931]Menu Testing

[bookmark: _Toc7607932]Main Menu test

The first screen of the menu can be seen below in figure 22, it will provide the user with the option of choosing between 2D and 3D morphing. When selected, option 1 should output a new message to the user regarding 2D morphing, and option 2 should display a message to the user regarding 3D morphing. When tested option 1 and 2 both output the appropriate message and therefore this test was a success. Also, it should be noted that if the user inputs any invalid data then they will be prompted with the same message each time until they input a valid option. 
 [image: ]
[bookmark: _Toc7606802]Figure 22 First screen of Menu

[bookmark: _Toc7607933]2D morphing menu test

If the user selects 2D Morphing as an option then they will be presented with an object to select for morphing, when selected the user should then be able to select another object for the morph sequence. Once two objects have been selected the program should then run and display the 2D morph sequence. When tested the menu provided the user with both options and then displayed the morph. So this test was a success. This can be seen in figure 23
[bookmark: _Toc7606675][bookmark: _Toc7607934][image: ]
[bookmark: _Toc7606803]Figure 23 menu for 2D Morphing
 

[bookmark: _Toc7607935]3D morphing menu test

If the user selected 3D morphing they will be presented with the menu as seen in figure 24 below. They will have 2 morph sequences to choose from. When either option is selected the program should correctly display the correct morph. The menu was tested and it was found that it works as intended and therefore the test was a success.
[bookmark: _Toc7606677][bookmark: _Toc7607936][image: ]
[bookmark: _Toc7606804]Figure 24 Menu for 3D morphing
 
[bookmark: _Toc7607937]User Input test

In this test, the developer will test the user inputs. The test is to check that all keys that can be used to manipulate the scene work as intended and the user can also move through the morphs using the appropriate keys. After testing it was found that the user inputs work as intended.

[bookmark: _Toc7607938]Virtual Reality

Unfortunately, due to time constraints the virtual reality aspect of this project needed to be left out. Although it was part of the aims and objectives for this project, the developer feels that the project can still be considered successful as implementing into virtual reality was simply just using a different camera to view the program. Although it would have been simple to implement, there was just no way to justify implementing this over other key aspects of the project.
[bookmark: _Toc7607939]
Section 5 – Evaluation

After evaluating the final product from this project it can be seen that a working morphing algorithm has been implemented successfully, albeit limited to the objects in which it is able to morph. It can also be seen that the project is not where it could be with regards to what the morphing algorithm can do and what it could do. From the research shown in section 2, it is evident that there are many different successful methods for morphing 3D objects, all of which are very different but all of which (to some degree) perform the same task.  This Project contributes to the research which has been carried out as it supports the fact that morphing between two objects is something that is possible to do even with a short timescale. 
This project did not technically meet its initial aim of developing a working 3D morphing algorithm which is implemented in a virtual environment because it was not implemented into a virtual environment. However, this was a non-essential aspect of the project which means that the project could be considered a success. The reason Virtual Reality was not implemented was simply due to time constraints, it was decided that the time was better spent working on improving the actual morph algorithm and then implementing the Virtual reality if there was time. In this case, unfortunately, there wasn't enough time.
Despite not technically completing the aim because of Virtual Reality, most of the objectives were completed successfully. The project was successfully implemented in 2D. The correspondence for the 2D implementation was quite effective and allowed for rather adequate morphs. Due to the lack of a third dimension, it was relatively simple to implement the correspondence because points could be ordered in a clockwise or counter-clockwise sequence, making it easy to move the object to the midpoint of a line from the other shape. The interpolation for the 2D was also simple as it would just loop through all of the points in the array of one object and interpolate them towards the same element in the array of the second object.
The 3D implementation was also successful in this project. The correspondence wasn't a complete success however it is able to correctly link certain simple objects which satisfies the aim of the project. If the topology of an object would be too complicated, then the algorithm would incorrectly move the points so that some faces would be missing or have an incorrect shape. The correspondence then, of course, has a direct effect on the interpolation. If the objects do not correspond correctly, then the morph can look unsatisfying or not even produce the correct shape after the morph sequence. The Interpolation for 3D was more complicated than the 2D counterpart, due to the fact that the points could not be ordered as easily as they could be in 2D. If the project was to be done again and the 3D correspondence and/or interpolation was to be remade, the developer would consider trying to find a way to order the points for the 3D shape or find a more suitable way to link the points for interpolation, compared to the current distance check method which has been used. 
If the Project was to be done again, more consideration would go into time management. The developer feels like the balancing of time with other deadlines and non-university commitments were poor and if this was managed better, the quality of the work produced would reflect that.


[bookmark: _Toc7607940]Section 6 – Conclusion and Recommendations

[bookmark: _Toc7607941]Summary of Literature

From the research that was undertaken it was found there are many different successful methods that can be used to morph between two 3D objects. The research helped to find a good starting point on which to build a morphing algorithm. The biggest influence being the algorithm which was proposed by Kent et al, more specifically the work that they have done on corresponding the objects. It was found that there are two distinct types of morphing, which ensured that the developer knew which type of morphing algorithm they were aiming to produce.  The research also allowed for the developer to find key features which should be used in the algorithm, because a few things found from the research where used in all of the algorithms that has been researched and therefore could be considered essential.

[bookmark: _Toc7607942]Summary of Development

The development of this project was done in several iterations based upon the features that were identified in the development methodology. The iterations allowed for simpler goals which were manageable and could build upon each other to produce the final product. The first iteration was to implement the algorithm into 2D, with the hope that it would build a baseline for the 3D algorithm. The 2d implementation was quick to implement and was quite effective for its task. It allowed the developer to have a good idea of what to do when moving onto the 3D implementation.
The development of the 3D algorithm turned out to be a lot more challenging than the developer initially anticipated which caused time to become a big issue. There were many different iterations of each aspect of the 3D morphing due to unexpected outcome of the code. Eventually a working algorithm was created which successfully morphs two simple 3D objects. The algorithm is far from perfect and has many improvements that could be made. The algorithm will only work with certain objects and will produce unexpected results. Despite all of this, the algorithm produces smooth, plausible and visually pleasing morphs.
Due to the increase in time taken to implement 3D morphing, the final objective of implementing the algorithm into a virtual reality environment had to be left out. This was disappointing, however, the success of the project was not reliant on this implementation despite being part of the aim. 

[bookmark: _Toc7607943]Summary of Results

When testing the project, the developer found that the code was working as intended despite a few features only working with certain objects. The test data which was obtained showed smooth morphing transitions that were aesthetically pleasing and plausible. The user interface and inputs were all functioning as intended and the 2D implementation was better than the developer expected, regardless of its importance to the project’s success. Overall the developer is pleased with the final algorithm.
[bookmark: _Toc7607944]Suggestions for further work

There are a few things that the developer could add and improve upon in the project. The most obvious being the implementation of the algorithm into a virtual reality environment. This was an objective for the project and as mentioned before, if there was more time or better time management then this could have been implemented. But regardless, this is something that the developer would like to implement in the future. 
[bookmark: _GoBack]Another thing that the developer would like to implement in future is the ability to use any 3D object. From research it was found that only a few of the algorithms had the functionality to allow for any object. So at the very least the developer would like to be able to implement any basic 3D object into the algorithm and be able to successfully morph it into any other basic 3D object.
An interesting feature to implement would be to have a morph sequence between three objects. Where object a will morph into object b which will morph into object c. The developer feels like this would be a complicated feature yet it would be very visually interesting and would show off the power of the algorithm.


[bookmark: _Toc7607945]Section 7 - Reflection

From this project there has been a lot of knowledge that has been gained, whether it is based on morphing or otherwise. Morphing is very complex and requires a lot of planning and logic to be completed. The main area of concern with a morphing algorithm is the correspondence. How the objects are linked has a large impact on the quality and success of the morph sequence. The correspondence of the algorithm that the developer has produced is sub-par and could be improved dramatically if more time was put in to the project. The simplicity is evident from comparing the length of the algorithms which have been found through research and that of the developer. There is a lot more code and a lot more logic behind the algorithms that were found during research. Of course, it is important to remember that these algorithms likely had a larger timescale and most definitely had a larger team behind the algorithm. This however has shown the developer should spend more time producing the logic for the algorithm before the coding even starts. If more planning was more adequate, then it is possible that the algorithm would have been more successful. Planning is one of the biggest downfalls of this project, poor planning led to the project not completing all of the objectives. If this project was done again the developer would definitely spend more time planning the algorithm.
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[bookmark: _Toc7607948]Globals.h
#pragma once
#include "math.h"

const int MORPHS = 100;
const int SHAPE_1_POINTS = 8;
const int SHAPE_2_POINTS = 3;
const int SHAPE_3_POINTS = 4;
const int cubePoints = 36;
const int pyrPoints = 18;
const int diamondPoints = 24;

struct point {
	float x = 0.0, y = 0.0, z = 0.5;
	//float distance;
	bool shape1 = false;
	bool shape2 = false;
	int face = 0;
	int faceLink = 0;
	bool morphed = false;;
};
struct morph {
	point p[1000];
};


[bookmark: _Toc7607949]MathFunc.h
#pragma once
#include "globals.h" 



class mathFunc
{
public:
	mathFunc();
	~mathFunc();
	point midPoint(point p1, point p2);
	point faceMidPoint(int facenum, point p1[], int count, int shapenum);
	float distance(point p1, point p2);
};


[bookmark: _Toc7607950]Morph2D.h
#pragma once
#include "objects.h"


class morph2D
{
private:

	mathFunc math;
public:
	morph2D();
	~morph2D();



	point shape3[100];
	point shape4[100];

	int shape4Count = 0;
	int shape3Count = 0;

	
	void start(point p1[], point p2[], int count1, int count2);
	void scale();
	//void correspond();
	void correspond1();
	void correctionShape3();
	void correctionShape4();
	


};


[bookmark: _Toc7607951]Morph3D.h
#pragma once
#include "morph2D.h"

//calss which handles 3d morphing
class morph3D
{
private:

	//stroes data for objects
	point new3d1[cubePoints + pyrPoints];
	point new3d2[cubePoints + pyrPoints];

	point* obj1;
	point* obj2;

	point centreFace1[20];
	point centreFace2[20];

	int newCount = 0;

	mathFunc math;
	objects o;

	int maxFace1 = 0;
	int maxFace2 = 0;
public:
	morph3D();
	~morph3D();

	void morph(point shape1[], point shape2[], int shape1count, int shape2count);

	void correction3D();
	void storeFaceMP();
	point* getObject1();
	point* getObject2();
	int getCount();
};


[bookmark: _Toc7607952]Objects.h
#pragma once
#include "mathFunc.h" 


//class used to set objects

class objects
{
private:
	point cube[cubePoints];
	point pyramid[pyrPoints];
	point diamond[diamondPoints];

	//used for 2d objects
	point shape1[SHAPE_1_POINTS];
	point shape2[SHAPE_2_POINTS];
	point shape3[SHAPE_3_POINTS];
	point shape4[SHAPE_3_POINTS];

	mathFunc math;
public:
	objects();
	~objects();
	point* cubeSet();
	point* pyramidSet();
	point* diamondSet();
	point* polygon2d();
	point* triangle2d();
	point* diamond2d();
	point* square2d();
};


[bookmark: _Toc7607953]Main.cpp

#include <iostream>
#include "glut.h"
#include "morph3D.h"


using namespace std;

//init classes
mathFunc math;
objects o;
morph2D m;
morph3D m3;

//set up variables to hold objects
point* object1;
point* object2;
int objCount = 0;

//used for 2d objects
point shape1[SHAPE_1_POINTS];
point shape2[SHAPE_2_POINTS];

//holds all morphing data
morph pointMorphs[MORPHS];


//init global variables
int counter = 0;
int model = 0;
float increment = 0;
float movex = 0, movey = 0, movez = 0;
float turn = 0;
int numMorph = 0;
bool canRotate = false;
//basic linear interpolation function
float lerp(float a, float b, float f)
{
	//https://stackoverflow.com/questions/4353525/floating-point-linear-interpolation //
	return (a * (1.0 - f)) + (b * f);
}
//2d morphing fnction
int morphing2D(int shape3Count, point p1[], point p2[])
{
	//divide 1 by amount of frames to know the interval for the morphs
	//i.e if 100 morphs, 1/100 = 0.01
	float count = (1.0 / (float)MORPHS);

	//init total interval
	float lerpCount = 0;

	for (int i = 0; i < MORPHS + 1; i++)
	{
		for (int j = 0; j < shape3Count; j++)
		{
			//interpolate betwen shape1 and shape2
			pointMorphs[i].p[j].x = lerp(p1[j].x, p2[j].x, lerpCount);
			pointMorphs[i].p[j].y = lerp(p1[j].y, p2[j].y, lerpCount);
		}
		//increase total by count
		//i.e if count is 0.01 increase by 0.01 each time until lerpcount = 1
		lerpCount += count;
	}


	return shape3Count;
}
int morphing3D(int shape3Count, point temp1[], point temp2[])
{
	//divide 1 by amount of frames to know the interval for the morphs
	//i.e if 100 morphs, 1/100 = 0.01
	float count = (1.0 / (float)MORPHS);
	float lerpCount = 0;
	int morphNum = 0;

	for (int i = 0; i < MORPHS + 1; i++)
	{
		morphNum = 0;
		/*for (int j = 0; j < shape3Count; j++)
		{
			pointMorphs[i].p[j].x = lerp(temp1[j].x, temp2[j].x, lerpCount);
			pointMorphs[i].p[j].y = lerp(temp1[j].y, temp2[j].y, lerpCount);
			pointMorphs[i].p[j].z = lerp(temp1[j].z, temp2[j].z, lerpCount);

		}*/
		/*for (int j = 0; j < shape3Count; j++)
		{
			if (temp1[j].shape2 == true)
			{
				if (temp1[j].faceLink != 0)
				{

					point tempmorph[100];
					int tempCount = 0;

					for (int k = 0; k < shape3Count; k++)
					{

						temp1[j].morphed = true;
						if (temp2[k].face == temp1[j].faceLink)
						{
							tempmorph[tempCount] = temp2[k];
							temp2[k].morphed = true;
							tempCount++;
						}
					}


					for (int k = 0; k < tempCount; k++)
					{
						pointMorphs[i].p[morphNum].x = lerp(tempmorph[k].x, temp1[j].x, lerpCount);
						pointMorphs[i].p[morphNum].y = lerp(tempmorph[k].y, temp1[j].y, lerpCount);
						pointMorphs[i].p[morphNum].z = lerp(tempmorph[k].z, temp1[j].z, lerpCount);
						morphNum++;
					}
				}
			}
		}*/
				
		for (int k = 0; k < shape3Count; k++)
		{
			
			int minDistCount = 0;
			int minDis = 999;

			for (int l = 0; l < shape3Count; l++)
			{
				//morph between the closest points of both objects
					if (math.distance(temp1[k], temp2[l]) < minDis)
					{
						minDis = math.distance(temp1[k], temp2[l]);
						minDistCount = l;
					}
					

			}
			//linear interpolate between each object
			pointMorphs[i].p[morphNum].x = lerp(temp1[k].x, temp2[minDistCount].x, lerpCount);
			pointMorphs[i].p[morphNum].y = lerp(temp1[k].y, temp2[minDistCount].y, lerpCount);
			pointMorphs[i].p[morphNum].z = lerp(temp1[k].z, temp2[minDistCount].z, lerpCount);
			//set morphed to true for those points
			temp1[k].morphed = true;
			temp2[k].morphed = true;
			morphNum++;
			

		}
			
		/*for (int k = 0; k < shape3Count; k++)
		{

			int minDistCount = 0;
			int minDis = 999;
			for (int l = 0; l < shape3Count; l++)
			{

				if (math.distance(temp2[k], temp1[l]) < minDis)
				{
					minDis = math.distance(temp2[k], temp1[l]);
					minDistCount = l;
				}

			}
			pointMorphs[i].p[morphNum].x = lerp(temp1[minDistCount].x, temp2[k].x, lerpCount);
			pointMorphs[i].p[morphNum].y = lerp(temp1[minDistCount].y, temp2[k].y, lerpCount);
			pointMorphs[i].p[morphNum].z = lerp(temp1[minDistCount].z, temp2[k].z, lerpCount);
			temp1[minDistCount].morphed = true;
			temp2[k].morphed = true;
			morphNum++;



		}*/

		//loop through again to make sure all points have been morphed
		//only perform a morph if is morphed == true
		//this shouldnt be entered
		for (int k = 0; k < shape3Count; k++)
		{
			if (temp1[k].morphed == false)
			{
				int minDistCount = 0;
				int minDis = 999;
				for (int l = 0; l < shape3Count; l++)
				{

					if (math.distance(temp2[k], temp1[l]) < minDis)
					{
						minDis = math.distance(temp2[k], temp1[l]);
						minDistCount = l;
					}

				}
				pointMorphs[i].p[morphNum].x = lerp(temp1[minDistCount].x, temp2[k].x, lerpCount);
				pointMorphs[i].p[morphNum].y = lerp(temp1[minDistCount].y, temp2[k].y, lerpCount);
				pointMorphs[i].p[morphNum].z = lerp(temp1[minDistCount].z, temp2[k].z, lerpCount);
				temp1[minDistCount].morphed = true;
				morphNum++;
			}

		}
			/*	for (int k = 0; k < shape3Count; k++)
				{
					if (temp2[k].morphed == false)
					{
						int minDistCount = 0;
						int minDis = 999;
						for (int l = 0; l < shape3Count; l++)
						{

							if (math.distance(temp1[k], temp2[l]) < minDis)
							{
								minDis = math.distance(temp1[k], temp2[l]);
								minDistCount = k;
							}

						}
						pointMorphs[i].p[morphNum].x = lerp(temp1[minDistCount].x, temp2[k].x, lerpCount);
						pointMorphs[i].p[morphNum].y = lerp(temp1[minDistCount].y, temp2[k].y, lerpCount);
						pointMorphs[i].p[morphNum].z = lerp(temp1[minDistCount].z, temp2[k].z, lerpCount);
						temp1[minDistCount].morphed = true;
						morphNum++;
					}

				}*/
			
		//}


		lerpCount += count;
	}


	return shape3Count;
}

void update()
{
	//change which frame is dispalyed based on user input
	model += increment;

	//set limits for user inputs
	if (model >= MORPHS)
	{
		model = MORPHS;
		increment = 0;

	}
	if (model <= 0)
	{
		model = 0;
		increment = 0;

	}


	//call display
	glutPostRedisplay();
}


void init()
{
	bool d3 = false;
	bool d2 = false;

	bool valid = false;
	while (valid == false)
	{
		char g;
		
		cout << "Which type of morph would you like to see?" << endl << "please select 1 for 2D or 2 for 3D" << endl;
		cin >> g;

		switch (g)
		{
			case '1':
			{
				d2 = true;
				d3 = false;
				valid = true;
				break;
			}

			case '2':
			{
				d2 = false;
				d3 = true;
				valid = true;
				break;
			}
		}
		
	}
	
	//3D MORPHING
	///////////////////////
	if (d3 == true)
	{
		bool valid = false;
	
		while (valid == false)
		{
			char g;

			cout << "Which morph sequence would you like to see?" << endl << "1 - Morph between cube and Pyramid" << endl << "2 - Morph between diamond and Pyramid" << endl;
			cin >> g;

			switch (g)
			{
				case '1':
				{
					object1 = o.cubeSet();
					object2 = o.pyramidSet();
					m3.morph(object1, object2, cubePoints, pyrPoints);
					valid = true;
					break;
				}

				case '2':
				{
					object1 = o.diamondSet();
					object2 = o.pyramidSet();
					m3.morph(object1, object2, diamondPoints, pyrPoints);
					valid = true;
					break;
				}
			}

		}
		canRotate = true;
		object1 = m3.getObject1();
		object2 = m3.getObject2();
		objCount = m3.getCount();
		numMorph = morphing3D(objCount, object1, object2);
	}
	///////////////////////

	//2D MORPHING
	///////////////////////
	else if (d2 == true)
	{
		int count1 = 0, count2 = 0;
		bool valid = false;

		while (valid == false)
		{
			char g;

			cout << "Which morph sequence would you like to see?" << endl << "Please select the first object" <<endl << "1 - Square" << endl << "2 - Diamond" 
				<< endl << "3 - Triangle" << endl << "4 - Multi-sided polygon" << endl;
			cin >> g;

			switch (g)
			{
				case '1':
				{
					object1 = o.square2d(); 
					count1 = SHAPE_3_POINTS;
					valid = true;
					break;
				}

				case '2':
				{
					object1 = o.diamond2d();
					count1 = SHAPE_3_POINTS;
					valid = true;
					break;
				}
				case '3':
				{
					object1 = o.triangle2d();
					count1 = SHAPE_2_POINTS;
					valid = true;
					break;
				}

				case '4':
				{
					object1 = o.polygon2d();
					count1 = SHAPE_1_POINTS;
					valid = true;
					break;
				}
			}

		}

		valid = false;

		while (valid == false)
		{
			char g;

			cout <<  endl << "Please select the second object" << endl << "1 - Square" << endl << "2 - Diamond"
				<< endl << "3 - Triangle" << endl << "4 - Multi-sided polygon" << endl;
			cin >> g;

			switch (g)
			{
			case '1':
			{
				object2 = o.square2d();
				count2 = SHAPE_3_POINTS; 
				valid = true;
				break;
			}

			case '2':
			{
				object2 = o.diamond2d();
				count2 = SHAPE_3_POINTS; 
				valid = true;
				break;
			}
			case '3':
			{
				object2 = o.triangle2d();
				count2 = SHAPE_2_POINTS; 
				valid = true;
				break;
			}

			case '4':
			{
				object2 = o.polygon2d();
				count2 = SHAPE_1_POINTS;
				valid = true;
				break;
			}
			}

		}
		
		m.start(object1, object2, count1, count2);
		numMorph = morphing2D(m.shape3Count, m.shape3, m.shape4);
	}
	///////////////////////

}
void reshape(int w, int h)
//reshape
//************************************************************************
//OpenGL reshape callback is called when the window is resized
{
	float size = 5;
	glViewport(0, 0, (GLsizei)w, (GLsizei)h); //respecify size of view port to match new w and h
	glMatrixMode(GL_PROJECTION);  //go into projection mode
	glLoadIdentity();   //reset projection matrix
	//glOrtho(-size, size, -size, size, 0.0, 200.0); //defines orthoganal projection (parrallel
													   // viewing volume
													   // window limits of display
													   // left =0.0, right =2.0,
													   // bottom = 0.0, top = 2.0
													   // near =0.0, far = 100.0
													   gluPerspective(90,(GLfloat)w/(GLfloat)h,0.1,1000);  //redefine projection matrix to match changes in w and h
	glMatrixMode(GL_MODELVIEW);  //switch back to modelview mode
	glLoadIdentity(); //reset modelview matrix
	gluLookAt(0.0, 0.0, 1.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0); //reset camera position
}
void display()
{
	glClear(GL_COLOR_BUFFER_BIT | GL_DEPTH_BUFFER_BIT);		// clear screen and depth buffer]
	glEnable(GL_DEPTH_TEST);
	
	glLoadIdentity();										// reset modelview matrix



	glColor3f(0.0, 1.0, 0.0);
	glTranslatef(0.0, 0.0, -2.0);
	gluLookAt(0.0, 0.0, 1.0, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0); //reset camera position

	
	if (canRotate == true)
	{
		glRotatef(turn, 0.0, 1.0, 0.0);
		turn++;
	}
	
	glTranslatef(movex, movey, movez);

	GLfloat lightpos0[] = { 0.0f, 2.0f, 0.85f, 0.0f };
	glLightfv(GL_LIGHT0, GL_POSITION, lightpos0);

	GLfloat lightpos1[] = { 1.707f, -1.707f, -1.0f, 0.0f };
	glLightfv(GL_LIGHT1, GL_POSITION, lightpos1);

	glEnable(GL_LIGHTING);
	glEnable(GL_LIGHT0);
	glShadeModel(GL_SMOOTH);
	//glEnable(GL_LIGHT1);
	

	//draw current frame of the morph
	glPushMatrix();
	glBegin(GL_POLYGON);
	glColor3f(0.0, 1.0, 0.0);
	for (int i = 0; i < numMorph; i++)
	{
		glVertex3f(pointMorphs[model].p[i].x, pointMorphs[model].p[i].y, pointMorphs[model].p[i].z);

	}
	glEnd();
	glPopMatrix();
	

	glFlush();  //force drawing

	glutSwapBuffers();			// bring backbuffer to foreground
								//any errors then display error codes 
	GLenum errCode;
	const GLubyte *errString;
	if ((errCode = glGetError()) != GL_NO_ERROR)
	{
		errString = gluErrorString(errCode);
		fprintf(stderr, "OpenGL error : %s\n", errString);
	}

	update();

}
void keyboardread(unsigned char key, int x, int y)
{
	//user inputs
	//w and s for moving between morphs
	//t,y,g,h,b,n for moving around the scene
	//x,x,y,y,z,z respectively
	float distance = 0.5;
	switch (key)
	{
	case 'w':
	{	
		//increase frame by 1
		increment += 1;
		glutPostRedisplay();
		break;
	}
	case 's':
	{
		//decrease frame by 1
		increment -= 1;
		glutPostRedisplay();
		break;
	}

	case 't':
	{
		//move in x by 1
		movex += distance;
		glutPostRedisplay();
		break;
	}
	case 'y':
	{
		//move in x by -1
		movex -= distance;
		glutPostRedisplay();
		break;
	}

	case 'g':
	{
		//move in y by 1
		movey += distance;
		glutPostRedisplay();
		break;
	}
	case 'h':
	{
		//move in y by -1
		movey -= distance;
		glutPostRedisplay();
		break;
	}
	case 'b':
	{
		//move in z by 1
		movez += distance;
		glutPostRedisplay();
		break;
	}
	case 'n':
	{
		//move in z by -1
		movez -= distance;
		glutPostRedisplay();
		break;
	}
	default:
			break;
	}
}
int main(int argc, char** argv)
{
	//openGL init
	glutInit(&argc, argv);
	glutInitDisplayMode(GLUT_DOUBLE | GLUT_RGB | GLUT_DEPTH);
	glutInitWindowSize(800, 800);
	glutInitWindowPosition(100, 100);
	init();
	glutCreateWindow(argv[0]);
	glutDisplayFunc(display);
	glutReshapeFunc(reshape);
	glutKeyboardFunc(keyboardread);
	glutMainLoop();
	return 0;
}
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#include "mathFunc.h"



mathFunc::mathFunc()
{
}


mathFunc::~mathFunc()
{
}

float mathFunc::distance(point p1, point p2)
{
	//returns distance between two points
	float length = sqrt(((p2.x - p1.x)*(p2.x - p1.x)) + ((p2.y - p1.y)*(p2.y - p1.y)) + +((p2.z - p1.z)*(p2.z - p1.z)));
	return length;
}

point mathFunc::midPoint(point p1, point p2)
{
	//finds the midpoints between 2 points
	point mp;
	mp.x = p1.x + p2.x;
	mp.x /= 2;

	mp.y = p1.y + p2.y;
	mp.y /= 2;

	mp.z = p1.z + p2.z;
	mp.z /= 2;

	return mp;
}

point mathFunc::faceMidPoint(int facenum, point p1[], int count, int shapenum)
{
	//finds the midpoint of a face
	point mp;
	int county = 0;

	float maxX = 999;
	float minX = -999;
	float maxY = 999;
	float minY = -999;
	float maxZ = 999;
	float minZ = -999;

	for (int i = 0; i < count; i++)
	{
		if (shapenum == 1)
		{
			if (p1[i].shape1 == true)
			{
				if (p1[i].face == facenum)
				{
					if (p1[i].x > minX)
						minX = p1[i].x;
					if (p1[i].x < maxX)
						maxX = p1[i].x;
					if (p1[i].y > minY)
						minY = p1[i].y;
					if (p1[i].y < maxY)
						maxY = p1[i].y;
					if (p1[i].z > minZ)
						minZ = p1[i].z;
					if (p1[i].z < maxZ)
						maxZ = p1[i].z;

					/*mp.x += p1[i].x;
					mp.y += p1[i].y;
					mp.z += p1[i].z;
					county++;*/
				}
			}
		}
		if (shapenum == 2)
		{
			if (p1[i].shape2 == true)
			{
				if (p1[i].face == facenum)
				{
					if (p1[i].x > minX)
						minX = p1[i].x;
					if (p1[i].x < maxX)
						maxX = p1[i].x;
					if (p1[i].y > minY)
						minY = p1[i].y;
					if (p1[i].y < maxY)
						maxY = p1[i].y;
					if (p1[i].z > minZ)
						minZ = p1[i].z;
					if (p1[i].z < maxZ)
						maxZ = p1[i].z;

					/*mp.x += p1[i].x;
					mp.y += p1[i].y;
					mp.z += p1[i].z;
					county++;*/
				}
			}
		}
	}
	//mp.x /= county;
	//mp.y /= county;
	//mp.z /= county;

	mp.x = ((maxX + minX) / 2);
	mp.y = ((maxY + minY) / 2);
	mp.z = ((maxZ + minZ) / 2);

	return mp;
}

[bookmark: _Toc7607955]Morph2D.cpp
#include "morph2D.h"



morph2D::morph2D()
{
}


morph2D::~morph2D()
{
}


void morph2D::start(point shape1[], point shape2[], int count1, int count2)
{
	for (int i = 0; i < count1; i++)
	{

		bool can = true;
		for (int j = 0; j < shape3Count; j++)
		{
			if (shape1[i].x == shape3[j].x && shape1[i].y == shape3[j].y)
				can = false;
		}

		if (can == true)
		{

			shape3[shape3Count].x = shape1[i].x;
			shape3[shape3Count].y = shape1[i].y;
			shape3[shape3Count].shape1 = true;
			shape3Count++;
		}
	}
	for (int i = 0; i < count2; i++)
	{
		bool can = true;
		for (int j = 0; j < shape3Count; j++)
		{
			if (shape2[i].x == shape3[j].x && shape2[i].y == shape3[j].y)
			{
				shape3[j].shape2 = true;
				can = false;
			}
		}

		if (can == true)
		{
			shape3[shape3Count].x = shape2[i].x;
			shape3[shape3Count].y = shape2[i].y;
			shape3[shape3Count].shape2 = true;
			shape3Count++;
		}
	}

	correspond1();
	correctionShape3();
	correctionShape4();
	//scale();
	
}


void morph2D::scale()
{
	for (int i = 0; i < shape3Count; i++)
	{
		shape3[i].x *= 100;
		shape3[i].y *= 100;
	}

	for (int i = 0; i < shape4Count; i++)
	{
		shape4[i].x *= 100;
		shape4[i].y *= 100;
	}
}
//void morph2D::correspond()
//{
//
//	for (int i = 0; i < SHAPE_1_POINTS; i++)
//	{
//
//		float minLen = 999;
//		int tag;
//		for (int j = 0; j < SHAPE_2_POINTS; j++)
//		{
//			shape2[j].distance = distance(shape1[i], shape2[j]);
//
//		}
//
//		for (int j = 0; j < SHAPE_2_POINTS; j++)
//		{
//			if (shape2[j].distance < minLen)
//			{
//				minLen = shape2[j].distance;
//				tag = j;
//			}
//
//		}
//		shape1[i].flag = tag;
//
//
//	}
//
//	for (int i = 0; i < SHAPE_2_POINTS; i++)
//	{
//
//		float minLen = 999;
//		int tag;
//		for (int j = 0; j < SHAPE_1_POINTS; j++)
//		{
//			shape1[j].distance = distance(shape2[i], shape1[j]);
//
//		}
//
//		for (int j = 0; j < SHAPE_1_POINTS; j++)
//		{
//			if (shape1[j].distance < minLen)
//			{
//				minLen = shape1[j].distance;
//				tag = j;
//			}
//
//		}
//		shape2[i].flag = tag;
//
//	}
//
//}

void morph2D::correctionShape3()
{
	int prev = 0;
	int after = 0;

	bool prevFound = false;
	bool afterFound = false;

	int next = 0;
	for (int i = 0; i < shape3Count; i++)
	{
		prev = 0;
		after = 0;

		prevFound = false;
		afterFound = false;
		if (shape3[i].shape1 == false)
		{

			prev = i - 1;
			while (prev >= 0 && prevFound == false)
			{
				if (shape3[prev].shape1 == true)
				{
					prevFound = true;
				}
				else if (shape3[prev].shape1 == false)
				{
					prev--;
				}

			}
			if (prev < 0)
			{

				prev = shape3Count - 1;

				while (prevFound == false)
				{
					if (shape3[prev].shape1 == true)
					{
						prevFound = true;
					}
					else if (shape3[prev].shape1 == false)
					{
						prev--;
					}
				}
			}

			after = i + 1;
			while (after <= shape3Count - 1 && afterFound == false)
			{
				if (shape3[after].shape1 == true)
				{
					afterFound = true;
				}
				else if (shape3[after].shape1 == false)
				{
					after++;
				}

			}
			if (after >= shape3Count)
			{
				after = 0;

				while (afterFound == false)
				{
					if (shape3[after].shape1 == true)
					{
						afterFound = true;
					}
					else if (shape3[after].shape1 == false)
					{
						after++;
					}
				}

			}

			point temp = math.midPoint(shape3[prev], shape3[after]);
			shape3[i].x = temp.x;
			shape3[i].y = temp.y;
		}

	}
	//for (int j = 0; j < shape3Count; j++)
	//{
	//	cout << "p" << j << " x = " << shape3[j].x << " y = " << shape3[j].y << endl;
		//cout << "shape1 - " << shape4[j].shape1 << "\nshape2 - " << shape4[j].shape2 << endl << endl;
	//}

	/*if (shape3[shape3Count-1].shape1 == false)
	{
		if (shape3[shape3Count - 2].shape1 == true && shape3[0].shape1 == true)
		{
			point temp = midPoint(shape3[shape3Count - 2], shape3[0]);
			shape3[shape3Count-1].x = temp.x;
			shape3[shape3Count-1].y = temp.y;
		}
	}



	if (shape3[0].shape1 == false)
	{
		if (shape3[shape3Count - 1].shape1 == true && shape3[1].shape1 == true)
		{
			point temp = midPoint(shape3[shape3Count-1], shape3[1]);
			shape3[0].x = temp.x;
			shape3[0].y = temp.y;
		}
	}*/



}
void morph2D::correctionShape4()
{

	int prev = 0;
	int after = 0;

	bool prevFound = false;
	bool afterFound = false;

	int next = 0;
	for (int i = 0; i < shape4Count; i++)
	{
		prev = 0;
		after = 0;
		prevFound = false;
		afterFound = false;
		if (shape4[i].shape2 == false)
		{

			prev = i - 1;
			while (prev >= 0 && prevFound == false)
			{
				if (shape4[prev].shape2 == true)
				{
					prevFound = true;
				}
				else if (shape4[prev].shape2 == false)
				{
					prev--;
				}

			}
			if (prev < 0)
			{

				prev = shape4Count - 1;

				while (prevFound == false)
				{
					if (shape4[prev].shape2 == true)
					{
						prevFound = true;
					}
					else if (shape4[prev].shape2 == false)
					{
						prev--;
					}
				}
			}

			after = i + 1;
			while (after <= shape4Count - 1 && afterFound == false)
			{
				if (shape4[after].shape2 == true)
				{
					afterFound = true;
				}
				else if (shape4[after].shape2 == false)
				{
					after++;
				}

			}
			if (after >= shape4Count)
			{
				after = 0;

				while (afterFound == false)
				{
					if (shape4[after].shape2 == true)
					{
						afterFound = true;
					}
					else if (shape4[after].shape2 == false)
					{
						after++;
					}
				}

			}

			point temp = math.midPoint(shape4[prev], shape4[after]);
			shape4[i].x = temp.x;
			shape4[i].y = temp.y;
		}

	}
	for (int j = 0; j < shape4Count; j++)
	{
		//cout << "p" << j << " x = " << shape4[j].x << " y = " << shape4[j].y << endl;
		//cout << "shape1 - " << shape4[j].shape1 << "\nshape2 - " << shape4[j].shape2 << endl << endl;
	}


}
void morph2D::correspond1()
{
	point minx;
	bool yes;
	int posCount = 0;

	for (int i = 0; i < shape3Count; i++)
	{
		if (shape3[i].y >= 0)
		{
			posCount++;
		}
	}


	while (shape4Count != posCount)
	{
		minx.x = 999;
		minx.y = 0;
		for (int i = 0; i < shape3Count; i++)
		{
			if (shape3[i].y >= 0)
			{
				if ((shape3[i].x < minx.x) || (shape3[i].x == minx.x && shape3[i].y < minx.y))
				{
					yes = false;
					for (int j = 0; j < shape4Count; j++)
					{
						if (shape3[i].x == shape4[j].x && shape3[i].y == shape4[j].y)
						{
							yes = true;
						}
					}
					if (yes == false)
					{
						shape4[shape4Count].x = shape3[i].x;
						shape4[shape4Count].y = shape3[i].y;
						shape4[shape4Count].shape1 = shape3[i].shape1;
						shape4[shape4Count].shape2 = shape3[i].shape2;
						minx.x = shape3[i].x;
						minx.y = shape3[i].y;
					}

				}
			}

		}

		shape4Count++;
	}
	while (shape4Count != shape3Count)
	{
		minx.x = -999;
		minx.y = 0;
		for (int i = 0; i < shape3Count; i++)
		{
			if (shape3[i].y < 0)
			{
				if ((shape3[i].x > minx.x) || (shape3[i].x == minx.x && shape3[i].y < minx.y))
				{
					yes = false;
					for (int j = 0; j < shape4Count; j++)
					{
						if (shape3[i].x == shape4[j].x && shape3[i].y == shape4[j].y)
						{
							yes = true;
						}
					}
					if (yes == false)
					{
						shape4[shape4Count].x = shape3[i].x;
						shape4[shape4Count].y = shape3[i].y;
						shape4[shape4Count].shape1 = shape3[i].shape1;
						shape4[shape4Count].shape2 = shape3[i].shape2;
						minx.x = shape3[i].x;
						minx.y = shape3[i].y;
					}

				}
			}

		}

		shape4Count++;
	}
	for (int j = 0; j < shape4Count; j++)
	{
		//cout << "p" << j << " x = " << shape4[j].x << " y = " << shape4[j].y << endl;
		//cout << "shape1 - " << shape4[j].shape1 << "\nshape2 - " << shape4[j].shape2 << endl << endl;
	}
	for (int j = 0; j < shape4Count; j++)
	{
		shape3[j] = shape4[j];
	}
	shape3Count = shape4Count;
}

[bookmark: _Toc7607956]Morph3D.cpp
#include "mathFunc.h"



mathFunc::mathFunc()
{
}


mathFunc::~mathFunc()
{
}

float mathFunc::distance(point p1, point p2)
{
	//returns distance between two points
	float length = sqrt(((p2.x - p1.x)*(p2.x - p1.x)) + ((p2.y - p1.y)*(p2.y - p1.y)) + +((p2.z - p1.z)*(p2.z - p1.z)));
	return length;
}

point mathFunc::midPoint(point p1, point p2)
{
	//finds the midpoints between 2 points
	point mp;
	mp.x = p1.x + p2.x;
	mp.x /= 2;

	mp.y = p1.y + p2.y;
	mp.y /= 2;

	mp.z = p1.z + p2.z;
	mp.z /= 2;

	return mp;
}

point mathFunc::faceMidPoint(int facenum, point p1[], int count, int shapenum)
{
	//finds the midpoint of a face
	point mp;
	int county = 0;

	float maxX = 999;
	float minX = -999;
	float maxY = 999;
	float minY = -999;
	float maxZ = 999;
	float minZ = -999;

	for (int i = 0; i < count; i++)
	{
		if (shapenum == 1)
		{
			if (p1[i].shape1 == true)
			{
				if (p1[i].face == facenum)
				{
					if (p1[i].x > minX)
						minX = p1[i].x;
					if (p1[i].x < maxX)
						maxX = p1[i].x;
					if (p1[i].y > minY)
						minY = p1[i].y;
					if (p1[i].y < maxY)
						maxY = p1[i].y;
					if (p1[i].z > minZ)
						minZ = p1[i].z;
					if (p1[i].z < maxZ)
						maxZ = p1[i].z;

					/*mp.x += p1[i].x;
					mp.y += p1[i].y;
					mp.z += p1[i].z;
					county++;*/
				}
			}
		}
		if (shapenum == 2)
		{
			if (p1[i].shape2 == true)
			{
				if (p1[i].face == facenum)
				{
					if (p1[i].x > minX)
						minX = p1[i].x;
					if (p1[i].x < maxX)
						maxX = p1[i].x;
					if (p1[i].y > minY)
						minY = p1[i].y;
					if (p1[i].y < maxY)
						maxY = p1[i].y;
					if (p1[i].z > minZ)
						minZ = p1[i].z;
					if (p1[i].z < maxZ)
						maxZ = p1[i].z;

					/*mp.x += p1[i].x;
					mp.y += p1[i].y;
					mp.z += p1[i].z;
					county++;*/
				}
			}
		}
	}
	//mp.x /= county;
	//mp.y /= county;
	//mp.z /= county;

	mp.x = ((maxX + minX) / 2);
	mp.y = ((maxY + minY) / 2);
	mp.z = ((maxZ + minZ) / 2);

	return mp;
}
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#include "objects.h"



objects::objects()
{
}


objects::~objects()
{
	
}

point* objects::cubeSet()
{
	//set max and min points
	int min = 40, max = 80;

	float mp;
	point cp;

	point p0, p1, p2, p3, p4, p5, p6, p7;

	//set points
	p0.x = min, p0.y = min, p0.z = min;//FBL
	p1.x = max, p1.y = min, p1.z = min;//FBR
	p2.x = max, p2.y = max, p2.z = min;//FTR
	p3.x = min, p3.y = max, p3.z = min;//FTL
	p4.x = min, p4.y = min, p4.z = max;//BBL
	p5.x = max, p5.y = min, p5.z = max;//BBR
	p6.x = max, p6.y = max, p6.z = max;//BTR
	p7.x = min, p7.y = max, p7.z = max;//BTL

	mp = max - min;
	mp /= 2;
	mp = min + mp;
	//find centre point
	cp.x = mp;
	cp.y = mp;
	cp.z = mp;

	/*cube[0] = p0;
	cube[1] = p1;
	cube[2] = p2;
	cube[3] = p3;
	cube[4] = p4;
	cube[5] = p5;
	cube[6] = p6;
	cube[7] = p7;*/
	///////////////////////////////////// front face
	cube[0] = p0; cube[0].face = 1;// triangle 1 : begin
	cube[1] = p1; cube[1].face = 1;
	cube[2] = p2; cube[2].face = 1;// triangle 1 : end

	cube[3] = p2; cube[3].face = 1;// triangle 2 : begin
	cube[4] = p3; cube[4].face = 1;
	cube[5] = p0; cube[5].face = 1; // triangle 2 : end
///////////////////////////////////
/////////////////////////////////// bottom face
	cube[6] = p0; cube[6].face = 2;
	cube[7] = p1; cube[7].face = 2;
	cube[8] = p5; cube[8].face = 2;

	cube[9] = p5; cube[9].face = 2;
	cube[10] = p4; cube[10].face = 2;
	cube[11] = p0; cube[11].face = 2;
	///////////////////////////////////
	/////////////////////////////////// left face
	cube[12] = p3; cube[12].face = 3;
	cube[13] = p7; cube[13].face = 3;
	cube[14] = p4; cube[14].face = 3;

	cube[15] = p4; cube[15].face = 3;
	cube[16] = p0; cube[16].face = 3;
	cube[17] = p3; cube[17].face = 3;
	///////////////////////////////////
	/////////////////////////////////// right face
	cube[18] = p5; cube[18].face = 4;
	cube[19] = p1; cube[19].face = 4;
	cube[20] = p2; cube[20].face = 4;

	cube[21] = p2; cube[21].face = 4;
	cube[22] = p6; cube[22].face = 4;
	cube[23] = p5; cube[23].face = 4;
	///////////////////////////////////
	/////////////////////////////////// top face
	cube[24] = p7; cube[24].face = 5;
	cube[25] = p3; cube[25].face = 5;
	cube[26] = p2; cube[26].face = 5;

	cube[27] = p2; cube[27].face = 5;
	cube[28] = p6; cube[28].face = 5;
	cube[29] = p7; cube[29].face = 5;
	///////////////////////////////////
	/////////////////////////////////// back face
	cube[30] = p4; cube[30].face = 6;
	cube[31] = p5; cube[31].face = 6;
	cube[32] = p6; cube[32].face = 6;

	cube[33] = p6; cube[33].face = 6;
	cube[34] = p7; cube[34].face = 6;
	cube[35] = p4; cube[35].face = 6;
	//////////////////////////
	/////////////////////////

	for (int i = 0; i < cubePoints; i++)
	{
		cube[i].x -= cp.x;
		cube[i].y -= cp.y;
		cube[i].z -= cp.z;
	}

	for (int i = 0; i < cubePoints; i++)
	{
		point origin;
		float scale = math.distance(origin, cube[i]);


		cube[i].x /= scale;
		cube[i].y /= scale;
		cube[i].z /= scale;
	}

	return cube;
}

point* objects::pyramidSet()
{
	//set max and min points
	int min = 20, max = 80;

	float mp;
	point cp;

	point p0, p1, p2, p3, p4, p5, p6, p7;

	//find centre point
	mp = max + min;
	mp /= 2;

	cp.x = mp;
	cp.y = mp;
	cp.z = mp;

	p0.x = min, p0.y = min, p0.z = min;//FML
	p1.x = max, p1.y = min, p1.z = min;//FMR
	p2.x = max, p2.y = min, p2.z = max;//BMR
	p3.x = min, p3.y = min, p3.z = max;//BML
	p4.x = mp, p4.y = max, p4.z = mp;//MTM
	//p5.x = mp, p5.y = min, p5.z = mp;//MBM


	pyramid[0] = p0; pyramid[0].face = 1;
	pyramid[1] = p1; pyramid[1].face = 1;
	pyramid[2] = p2; pyramid[2].face = 1;

	pyramid[3] = p2; pyramid[3].face = 1;
	pyramid[4] = p3; pyramid[4].face = 1;
	pyramid[5] = p0; pyramid[5].face = 1;

	pyramid[6] = p0; pyramid[6].face = 2;
	pyramid[7] = p1; pyramid[7].face = 2;
	pyramid[8] = p4; pyramid[8].face = 2;

	pyramid[9] = p1; pyramid[9].face = 3;
	pyramid[10] = p2; pyramid[10].face = 3;
	pyramid[11] = p4; pyramid[11].face = 3;

	pyramid[12] = p2; pyramid[12].face = 4;
	pyramid[13] = p3; pyramid[13].face = 4;
	pyramid[14] = p4; pyramid[14].face = 4;

	pyramid[15] = p3; pyramid[15].face = 5;
	pyramid[16] = p0; pyramid[16].face = 5;
	pyramid[17] = p4; pyramid[17].face = 5;

	
	//move centre of object to origin
	for (int i = 0; i < pyrPoints; i++)
	{
		pyramid[i].x -= cp.x;
		pyramid[i].y -= cp.y;
		pyramid[i].z -= cp.z;
	}

	//scale to unit length
	for (int i = 0; i < pyrPoints; i++)
	{
		point origin;
		float scale = math.distance(origin, pyramid[i]);


		pyramid[i].x /= scale;
		pyramid[i].y /= scale;
		pyramid[i].z /= scale;
	}
	return pyramid;
}

point* objects::diamondSet()
{
	//set max and min points
	int min = 20, max = 80;

	float mp;
	point cp;

	point p0, p1, p2, p3, p4, p5, p6, p7;

	//find centre point
	mp = max + min;
	mp /= 2;

	cp.x = mp;
	cp.y = mp;
	cp.z = mp;

	p0.x = min, p0.y = mp, p0.z = min;//FML
	p1.x = max, p1.y = mp, p1.z = min;//FMR
	p2.x = max, p2.y = mp, p2.z = max;//BMR
	p3.x = min, p3.y = mp, p3.z = max;//BML
	p4.x = mp, p4.y = max, p4.z = mp;//MTM
	p5.x = mp, p5.y = min, p5.z = mp;//MBM


	diamond[0] = p0; diamond[0].face = 1;
	diamond[1] = p1; diamond[1].face = 1;
	diamond[2] = p4; diamond[2].face = 1;

	diamond[3] = p1; diamond[3].face = 2;
	diamond[4] = p2; diamond[4].face = 2;
	diamond[5] = p4; diamond[5].face = 2;

	diamond[6] = p2; diamond[6].face = 3;
	diamond[7] = p3; diamond[7].face = 3;
	diamond[8] = p4; diamond[8].face = 3;

	diamond[9] = p3; diamond[9].face = 4;
	diamond[10] = p0; diamond[10].face = 4;
	diamond[11] = p4; diamond[11].face = 4;

	diamond[12] = p0; diamond[12].face = 5;
	diamond[13] = p5; diamond[13].face = 5;
	diamond[14] = p1; diamond[14].face = 5;

	diamond[15] = p1; diamond[15].face = 6;
	diamond[16] = p5; diamond[16].face = 6;
	diamond[17] = p2; diamond[17].face = 6;

	diamond[18] = p2; diamond[18].face = 7;
	diamond[19] = p5; diamond[19].face =7;
	diamond[20] = p3; diamond[20].face = 7;

	diamond[21] = p3; diamond[21].face = 8;
	diamond[22] = p5; diamond[22].face = 8;
	diamond[23] = p0; diamond[23].face = 8;

	/*diamond[22] = p3; diamond[22].face = 8;
	diamond[23] = p0; diamond[23].face = 8;
	diamond[24] = p4; diamond[24].face = 8;*/


	//move centre point to origin
	for (int i = 0; i < diamondPoints; i++)
	{
		diamond[i].x -= cp.x;
		diamond[i].y -= cp.y;
		diamond[i].z -= cp.z;
	}

	//sacle to unit length
	for (int i = 0; i < diamondPoints; i++)
	{
		point origin;
		float scale = math.distance(origin, diamond[i]);


		diamond[i].x /= scale;
		diamond[i].y /= scale;
		diamond[i].z /= scale;
	}
	return diamond;
}

point* objects::polygon2d()
{
	//set limits for coordinates
	float max = 100;
	float min = 50;
	float mp;
	point cp;

	//find centre point
	mp = max - min;
	mp /= 2;
	mp = min + mp;

	cp.x = mp;
	cp.y = mp;

	//set coordinates for multi sided polygon
	shape1[0].x = min;
	shape1[0].y = min;

	shape1[1].x = -mp;
	shape1[1].y = mp + 10;

	shape1[2].x = min;
	shape1[2].y = max;

	shape1[3].x = mp;
	shape1[3].y = mp + 10;

	shape1[4].x = max;
	shape1[4].y = max;

	shape1[5].x = max + mp;
	shape1[5].y = mp;

	shape1[6].x = max;
	shape1[6].y = min;

	shape1[7].x = mp;
	shape1[7].y = min - mp;


	//move centre of shape to origin
	for (int i = 0; i < SHAPE_1_POINTS; i++)
	{
		shape1[i].x -= cp.x;
		shape1[i].y -= cp.y;
	}

	//scale object to unit length
	for (int i = 0; i < SHAPE_1_POINTS; i++)
	{
		point origin;
		float scale = math.distance(origin, shape1[i]);


		shape1[i].x /= scale;
		shape1[i].y /= scale;
	}

	return shape1;
}
point* objects::triangle2d()
{
	//set limits for coordinates
	float max = 100;
	float min = 5;
	float mp;
	point cp;

	//find centre point
	mp = max + min;
	mp /= 2;


	cp.x = mp;
	cp.y = mp;

	//set coordinates for triangle
	shape2[0].x = min - mp;
	shape2[0].y = min;

	shape2[1].x = mp;
	shape2[1].y = max;

	shape2[2].x = max + mp;
	shape2[2].y = min;

	/*shape2[3].x = mp;
	shape2[3].y = -min;
*/

	//move centre of object to origin
	for (int i = 0; i < SHAPE_2_POINTS; i++)
	{
		shape2[i].x -= cp.x;
		shape2[i].y -= cp.y;
	}

	//scale to unit length
	for (int i = 0; i < SHAPE_2_POINTS; i++)
	{
		point origin;
		float scale = math.distance(origin, shape2[i]);

		shape2[i].x /= scale;
		shape2[i].y /= scale;
	}

	return shape2;
}


point* objects::square2d()
{
	//set limits for coordinates
	float max = 100;
	float min = 5;
	float mp;
	point cp;

	//find centre point
	mp = max + min;
	mp /= 2;


	cp.x = mp;
	cp.y = mp;

	//set coordinates for triangle
	shape3[0].x = min;
	shape3[0].y = min;

	shape3[1].x = max;
	shape3[1].y = min;

	shape3[2].x = max;
	shape3[2].y = max;

	shape3[3].x = min;
	shape3[3].y = max;


	//move centre of object to origin
	for (int i = 0; i < SHAPE_3_POINTS; i++)
	{
		shape3[i].x -= cp.x;
		shape3[i].y -= cp.y;
	}

	//scale to unit length
	for (int i = 0; i < SHAPE_3_POINTS; i++)
	{
		point origin;
		float scale = math.distance(origin, shape3[i]);

		shape3[i].x /= scale;
		shape3[i].y /= scale;
	}

	return shape3;
}

point* objects::diamond2d()
{
	//set limits for coordinates
	float max = 100;
	float min = 5;
	float mp;
	point cp;

	//find centre point
	mp = max + min;
	mp /= 2;


	cp.x = mp;
	cp.y = mp;

	//set coordinates for triangle
	shape4[0].x = min - mp;
	shape4[0].y = min;

	shape4[1].x = mp;
	shape4[1].y = max;

	shape4[2].x = max + mp;
	shape4[2].y = min;

	shape4[3].x = mp;
	shape4[3].y = -min;



	//move centre of object to origin
	for (int i = 0; i < SHAPE_3_POINTS; i++)
	{
		shape4[i].x -= cp.x;
		shape4[i].y -= cp.y;
	}

	//scale to unit length
	for (int i = 0; i < SHAPE_3_POINTS; i++)
	{
		point origin;
		float scale = math.distance(origin, shape4[i]);

		shape4[i].x /= scale;
		shape4[i].y /= scale;
	}

	return shape4;
}
2
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(a) Dart volume from scan-converted polygon mesh. (6) X-29 volume from scan~converted polygon mes! (©) Volume morph halfway between dart and X-29.
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Figure 6: A cube becomes a 2-holed torus.
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which type of morph would you like to see?
please select 1 for 20 or 2 for 3D
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lhich type of morph would you like to see?
please select 1 for 20 or 2 for 3D
1
hich morph sequence would you like to see?
Please select the first object
1 - Square
2 - Diamond
3 - Triangle
- Multi-sided polygon
2

Please select the second object
1 - Square
2 - Diamond
3 - Triangle
- Multi-sided polygon
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Which type of morph would you like to see?
please select 1 for 2 or 2 for 3D

2

which morph sequence would you like to see?
1 - Morph between cube and Pyramid

2 - Morph between diamond and Pyramid
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