[image: ]

How the Implementation of a Bounding Volume Hierarchy Affects the Time Taken to Render a Ray-Traced 3D Scene
by
Samuel Mounter

Supervisor: Andrew Baker
Second Marker: Nik Whitehead

Project submitted as part of the requirements for the award of BSc (Hons) Computer Games Development

April 2018
Declaration of Originality
I, ............................................………………………………… (FULL NAME) declare that I am the sole author of this Project; that all references cited have been consulted; that I have conducted all work of which this is a record, and that the finished work lies within the prescribed word limits. 
This work has not previously been accepted as part of any other degree submission. 

Signed: ............................................. 

Date: ............................................... 
Form of Consent
I ............................................………………………………… (FULL NAME) hereby consent that my Project, submitted in candidature for the B.Sc.(Hons) Computer Games Development degree, if successful, may be made available for inter-library loan or photocopying (subject to the law of copyright), and that the title and abstract may be made available to outside organisations. 

Signed : ............................................. 

		Date : ...............................................
Copyright Acknowledgement
I acknowledge that the copyright of this project report, and any product developed as part of the project, belong to University of Wales Trinity Saint David, Swansea.



Abstract
Ray-tracing is a 3D rendering technique that is commonly used by graphics artists and animators for its ability to realistically simulate reflections, refractions and shadows. However, this technique is not often utilised in games engine rendering, as the time taken to ray-trace an image usually exceeds what would be considered acceptable for a real-time performance. Many different techniques might be utilised to help simulate the effect of ray-traced surfaces at a smaller computational cost, some of which can be classified as acceleration structures. These divide the render scene up into smaller subsections, either by the dimensions of the scene or the positions of the objects. When a ray is cast into the scene, it only tests for collisions with objects contained in bounding boxes that it intersects with.
The primary aim of this project is to develop a 3D ray-tracing program, with the impact of implementing an acceleration structure on the time taken to render the scene assessed. A literature review into some of technqiues commonly used to supplement ray-tracing is conducted, which is used to help define a list of project requirements. A select range of development methodologies are also discussed, with one chosen based upon its suitability for the project. The first iteration of development focusses on the implementation of implicit shapes, with simple light-matter interaction. The second iteration introduces an acceleration structure, with the rendering times of several different images before and after this implementation compared. The third iteration will be primarily about the implementation of polygonal models loaded from a file, with the building and rendering times measured against their complexity. These conclusions are brought together in the Conclusion section and used to assess the overall effect of acceleration structures on the ray-tracing process.
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[bookmark: _Toc511318677]Introduction
The use of light and colour to determine how objects in a computer-generated scene may be shaded was initially proposed by Appel in 1968. [1] He argued that without shading, there was no way to determine the positions of objects when looking at a rendered image of a scene, using Figure 1 to illustrate his point. A digital plotter was used to draw a scene of geometric objects with lighting data, with the size of a plus symbol drawn at a certain point calculated using 
hHs(1 - cosL) (h = constant factor = 0.8, Hs = maximum plotter size, cosL = angle between surface and light) with Hs used when a surface is in shadow. 
This is essentially a primitive version of how images are generated nowadays, with the colour of an individual pixel determined by the object intersection point nearest to a ray cast from that pixel, as well as how the light interacts with the object surface at that point.
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[bookmark: _Toc511318652]Figure 1: A computer-generated shape without and with shading [1]
Whitted took Appel’s algorithm and used it to develop his own simulation that also took global scene data into account in 1980. [2] Unlike previous models, Whitted’s algorithm does not cease visibility calculations when each ray finds the nearest object intersection, but rather continuously disperses into reflected, refracted and shadow rays until no new objects are detected. This was largely inspired by techniques developed by Blinn [3] and Phong, [4] with Whitted offering the opinion that while his algorithm gave realistic results, it was slow when operating on contemporary technology. This was a hugely influential paper, setting the computer graphics industry on a trajectory towards heightened realism.
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[bookmark: _Toc511318653]Figure 2: An image rendered using Whitted’s algorithm [2]
A large part of the ray-tracing technique’s popularity can be attributed to the realism it produces compared to other rendering techniques; reflections, refractions and shadows are difficult to simulate using scanline rendering, for example. Theoretically speaking, it is possible to produce an image that is indistinguishable from a real-life photograph, but this would take an impractically long time to render. Conversely, a program that cuts corners in rendering time will most likely produce an inferior image. An ideal ray-tracing simulation would aim to find a balance between the computational time and the quality of the produced image.
Acceleration structures are used in ray-tracing algorithms in order to reduce their computational cost. The issue of the performance time of a ray-tracing algorithm has been long understood, with a major contributing factor being the time taken to calculate the intersection between a ray and an object. In Whitted’s [2] pioneering paper, 75% of the time taken to render a simple scene was occupied by intersections, a figure that went as high as 95% for more complex images. Several different methods have since been devised to reduce the number of intersectional calculations required, and therefore the time taken to build the image.
The primary aim of this project is to design, develop and test a ray-tracing program that incorporates an acceleration structure as a means of reducing the time taken to render an image.
The objectives are as follows:
· To conduct a literary review some of the most commonly utilised rendering techniques, including spatial partitioning.
· To use this research to draw up a list of prioritised requirements for the project.
· To select a few of these requirements per iteration and design class diagrams to determine their functionality.
· To develop, test and integrate the chosen requirements into the program using the diagrams.
· Repeat the above two objectives until every essential requirement has been satisfied.
The Literature Review provides the background to a select number of techniques commonly utilised in ray-tracing programs, as well as some of the most recent research proposals in the development of each respective field.
Development Methodology assesses several different commonly-used production processes, with a decision made on which one will be used for the development of the project. 
Requirements and Design defines the requirements that are to be implemented at each iteration of the project, with class design diagrams included to show how they would interact with the rest of the program on an abstract level. 
Development displays the code produced for each iteration, with comments added to either explain any deviations from the diagrams or how the software functions.
Results and Analysis displays test renderings of the program alongside an analysis of their number of ray-object collisions and rendering time for each iteration. These results will be used to draw conclusions regarding the newly implemented features of the renderer.
Conclusions summarises the conclusions that the author has made in each chapter, which he then uses to assess the overall impact of an acceleration structure on the renderer. 
Reflections gives the author a chance to look back on the project as a whole; how well have the objectives identified earlier have been satisfied, what changes were made from the original research proposal, and how were any problems that arose resolved.
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[bookmark: _Toc511318679]Introduction
In this section, several different techniques commonly used to improve the image quality and/or the performance times of a ray-tracing program will be analysed, including discussion of some of the most recently proposed solutions to these problems. This review will be partitioned into six different sub-headers: 
· “Acceleration Structures”, which looks at methods to determine how a scene may be split up, so that only specific objects are rendered at a certain point.
· “Anti-Aliasing”, where common graphics artefacts are identified, as well as methods to remove them.
· “Indirect Illumination”, which demonstrates how lighting effects from sources other than direct lighting may be simulated.
· “Caustic Effects”, which focusses on secondary light sources from reflected/refracted surfaces. 
· “Depth of Field”, which entails how objects might appear based upon their distance from the camera.
· “GPU Parallelisation”, which discusses how information might be fed through a graphics processor for maximum efficiency.
Note that there will be some overlap between topics of a similar disposition; for example, “Caustic Effects” is a more specialised extension of “Indirect Illumination”.
[bookmark: _Toc511318680]Acceleration Structures
There are three types of structure that are commonly used. The first are the spatial subdivision algorithms, where the scene is partitioned into a select number of smaller, non-overlapping regions. These tend to be hierarchal, meaning that one subsection can have the same partitioning algorithm applied to it recursively. There exist several different algorithms to determine how the scene should be split up. The octrees [5] keep dividing each section into eight until each subsection (or “voxel”, as in “volume element”) contains less than the maximum number of objects, each of which contains a list of objects it intersects with, if any. Octrees are able to represent any type of shape, but the downside of this is that only an approximation of this shape will be preserved. Properties such as curvature cannot be fully recreated regardless of how many decompositions are made.
The k-dimensional (or kd) tree [6] is a binary structure whereby every node is a k-dimensional point in the scene. Each node that is not an ending point, or a “leaf”, splits their section of the scene in two. All points to the left of this split can be accessed through the left node, whereas all of the rightward points can be found in the right node. These are particularly useful for nearest neighbour searches, since each leaf is built according to the location of the point it contains in the scene. However, the tree’s construction has a time complexity of O(n log n); there are probably faster methods available.
The second is a uniform grid, [7] where the scene is divided into equally-sized voxels and any objects that overlap with a certain voxel are placed into the corresponding cell. When a ray is cast into a scene, only the cells that are known to have objects in them are tested for an intersection. A traversal algorithm called 3DDDA is implemented by Fujimoto et al. [7] which is essentially a 3D extension of the Digital Differential Analyser (DDA) 2D line interpolation method. The “driving axis” is the one with the largest slope, with the other two “passive axes” being incremented as well if certain error criteria are satisfied. This incrementation occurs if the ray has not collided with an object within a voxel. Hapala [8] et al argue that this technique could be useful in real-time applications since their build algorithm has a linear time complexity, but scenes with a non-uniform distribution might see a decrease in performance times.
The third is a bounding volume hierarchy, [9] which is a type of tree structure whereby every geometric object in a scene is stored in a bounding volume, each of which makes up a node of the tree itself. These will then be grouped into larger volumes in a recursive manner until the entire scene has been grouped in an even larger volume encompassing all objects. This can also be built the other way around, starting with a root volume containing all of the objects, and the derivative nodes constructed based upon the position of the objects in the scene. The use of a hierarchy to store these objects reduces the time complexity of the scene to a logarithmic with regards to the number of objects in the scene, and also means that child nodes do not need to be examined if their parents do not pass the collision detection test. This method is at its most effective when the bounding volumes tightly fit the objects that they represent, which will not always be the case.
In his book “Ray Tracing from the Ground Up”, which serves as an entry-level stepping stone for ray-tracer design, Suffern [10] chooses a uniform grid to demonstrate the concept of acceleration structures in the simplest possible form. First, the minimum and maximum coordinates of the bounding box are determined, after which the grid is divided into cells. A ray is then cast into the scene and starts traversing the grid after it makes contact. For each cell that the ray collides with, if the ray collides with an object in that cell, it stops traversing. He goes on to suggest that bounding volume hierarchies are better for scenes with an uneven object distribution since the cells are determined by the geometric elements themselves. At the same time, however, he claims that it would be difficult to handle rays that originate within the hierarchy, as they may start off “deep within”.
Wang, Guo and Duan [11] have proposed a new hybrid acceleration structure, where all the objects in a scene are organised into a bounding volume hierarchy with each object group node restricted to one object, from which a localised acceleration structure will be constructed for each object. The scene is then divided up into static and moving, or ‘dynamic’, sections with only the latter updated after each frame. Also, an efficient information storage format is organised on the GPU, which will then be used to execute parallelised ray-tracing techniques.
The performance of this method [11] was compared with a gkD-tree algorithm [12] and a sort kd-tree [13] in several scenes of varying complexity. The proposed method spends less time on the combined construction and traversal of the scene and its hierarchies than either of the control methods. This is because the hybrid algorithm has two separate depths, those of the BVH and the local kd-tree, meaning that with an increase in primitives will result in a smaller increase in depth compared with the gkD-tree. In terms of the real-time performance of the scenes, the hybrid method requires less time to generate the dynamic elements of a scene than gkD-tree. This is especially apparent for scenes with a large primitive count; whilst the gkD-tree draws each polygon as is, the hybrid acceleration structure stores dynamic objects in a uniform grid.
One of the limitations currently associated with ray-tracing is the simulation of motion blur, a photography technique whereby moving objects have a streaking effect applied to them. In particular, there may be a large amount of overlap between hierarchal bounding volumes, which can negatively impact the performance of ray-tracing algorithms. Grunchloss et al. [14] were assigned by NVIDIA to devise a solution to this problem. The end result is a solution where a description of the scene to be generated is received, and a hierarchal acceleration structure is built which supports the tracing of motion blur. It is not specified in the patent which structure should be used to store scene information, although several possibilities are mentioned. These include a splitting bounding volume hierarchy, whereby the scene is split up so as to leave no overlapping regions, as well as a node hierarchy, in which each node may contain any number of bounding boxes. The patent draws no conclusions about how the specification must be used, leaving plenty of opportunity for potential future research.
Another patent issued by Gies et al. [15] of Imagination Technologies explores the potential of using shapes other than rectangles as bounding volumes, specifically by using the intersection between two bounding shapes to contain a geometric object, which then serves as its own bounding volume. The shapes have a volume larger than the minimum required to contain an object, and if a ray fails to intersect any of the volumes that surround a synthetic element, then the ray is not tested any further. In another scenario, illustrated in Figure 3, a series of bounding volumes smaller than the geometric object are strung together to form a continuous volume. If a ray intersects with any part of this volume, then it can be tested for collision with the object. The most important part of this method is that it must test the ray collision with the bounding object before doing so with the primitive, although the author does question the purpose of unconventional bounding volume shapes.
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[bookmark: _Toc511318654]Figure 3: Using spherical bounding volumes to contain a primitive shape [15]
[bookmark: _Toc511318681]Anti-Aliasing
Aliasing [16] is an inevitable consequence of working with a set number of colours and pixels, as is customary in a computer simulation. Ray-tracing is a “point-sampling” process, whereby finite pixel areas are used to represent infinitely small sample points. This combined with the regular grid-like structure of the pixel image means that a few minor errors in scene representation are expected, although these can be reduced. Jagged edges, where pixels that represent object edges produce an uneven-looking effect, are the most common aliasing artefact, although there are others like moiré patterns, which occur when regular line patterns overlap each other.
There are several simple antialiasing methods in common usage in the graphics industry. [17] The simplest way is to increase the resolution at which the image is rendered, therefore reducing the visual impact of the alias artefacts. However, this will cause a noticeable increase in memory and computational time, and even then, the visual results are not as satisfying compared to some of the other methods. An alternative technique is unweighted area sampling [17] whereby any pixels that intersect with a shape are coloured on a scale between the shape and background colours, with the intensity determined by the proportion of the pixel that intersects with the shape. This produces more visually appealing results than binary shading. Weighted area sampling [17] works similarly, with the key differences being that a pixel contributes a larger intensity the closer it is to the object centre and will also have a circular area that determines the intensity, even if the pixel is outside of the shape area.
Grahn [18] compares two post-processing anti-aliasing methods that are popularly used in real-time rendering. Fast Approximate Anti-Aliasing (FXAA) [19] works by acquiring the luminance of each pixel, using edge detection to remove unwanted pixels, performing a subpixel aliasing test on neighbouring pixels, determining the direction and end of the edge, and finally applying colour using the gathered information. Sub-Morphological Anti-Aliasing (SMAA) [20] has three render passes: finding the edges by using pixel luminance, identifying any predefined patterns using blending weights, and blending this with neighbouring pixels to produce the final image. These algorithms are then tested using DirectX 11 running on three different computers with different specification levels; low, medium and high. All run on an Intel processor and NVIDIA graphics card. FXAA consistently produces higher framerates and shorter processing times than SMAA across all three specifications, which means it can run more effectively on less-powerful computers, but it also has problems with the proper aliasing of diagonal edges. SMAA aims to produce a more refined image, which makes it more suitable for higher-end systems.
Anti-aliasing techniques are commonly used in mapping methods that are designed to increase the realism of a scene, but virtually all of them are used to treat directly visible surfaces. The implementation of a similar method for global illumination would require the “pixel footprint” to be tracked across multiple surfaces, but the pre-existing proposals of this type do not take the light frequencies at each vertex into account. Belcour et al. [21] aim to rectify this by means of proposing the first method for the anti-aliasing of globally-traced textures that is both efficient and accurate, which takes colour, normal and displacement maps into account. Two types of anti-aliasing are considered here: unidirectional, where a covariance matrix is used to store pixel filtering information as a ray travels around a scene, and bidirectional, where a covariance matrix is collected for the light sub-path as well, which will combine with the camera path to form a 6D covariance matrix. 
Both algorithms [21] were tested against several more-popular methods in scenes with complicated lighting and reflective setups, all running on a system with a four-core Intel i7 processor and 8GB of RAM. The unidirectional covariance path-tracing algorithm renders reflections from surfaces with multiple bidirectional reflectance distribution functions (BRDFs) with more accurate results than conventional path-tracing, and the same can be said with regards to indirect texture filtering from other objects in the scene, even at lower sampling rates. When it comes to scenes with more complex reflective surfaces, covariance path-tracing produces less noisy reflections than traditional path-tracing within the same rendering time, even with a smaller sampling rate. This is because of the covariant method’s ability to predict the path of a light ray more accurately. The bidirectional implementation, when tested in a scene containing a mixture of reflections and refractions, produces more thorough results than either the uni- or bidirectional unfiltered path-tracing methods with the same rendering time and sample rate. Both covariance methods can be easily implemented in rendering functions.
There has also been some discussion of aliasing effects aside from the well-documented issue of jagged edges. Siegl et al. [22] have identified a different type of aliasing; specular highlights along sharp features that degrade into a series of bright spots. They refer to this type of aliasing as a “bead chain”, after the Baily’s Bead phenomenon which occurs when the Moon grazes by the Sun during a solar eclipse. They think that this problem can be solved by using object space to identify any polygons that could potentially cause artefacts, and enforce high sampling rates for those only.
Three different methods of rendering accurate highlights are looked at. [22] Super-Sample Anti-Aliasing (SSAA) [23] works by generating the image at a larger resolution, and then downsizing it to what is intended by the user. This will produce good results with a large sampling rate, but at the expense of fast rendering times. For Multi-Sample Anti-Aliasing (MSAA), [24] if any of the samples within a pixel are covered by a particular triangle, then the primitive in question must be shaded. This calculation is only performed once, regardless of how many samples are taken, with the result applied to any pixel that covers the triangle. The third method is one proposed by the researchers; MSAA is used to render the scene into a buffer, with this image and the depth buffer used to determine which triangles need to have additional sampling applied to them. If any of the mutual angles between the vertex normals of a triangle exceed a certain threshold, then that triangle is marked for sampling. This is called SSS, which can be divided into three further approaches. The first uses the geometry shading stage of the graphics pipeline to calculate both its size within the scene and the variation between its vertex normal values. This information is used to determine whether a triangle should be marked as critical for evaluation by the fragment shader. The second takes the triangle vertex information and calculates its lighting data, removing the necessity of the rest of the pipeline and decreasing rendering time. The last creates linked-lists for every targeted pixel in the triangle, with a node-buffer used to store the information from the list elements, and a head-buffer used to point to the last element in the buffer.
MSAA on its own shows very little visual improvement compared to a scene rendered with antialiasing; there is still clear aliasing along specular highlights on sharp edges. [22] SSAA, on the other hand, shows the gaps between the “beads” closing up, with a sample rate of 64 per-pixel almost presenting one continuous highlight compared with 16 per-pixel. All three variations of SSS produced an image quality on par with 64-per-pixel SSAA, with subtle visual differences attributable to the sampling methods used. With regards to performance rates, all three SSS implementations are slower than MSAA, which considering that the former are essentially extensions of the latter, is not unexpected. When compared with 64-per-pixel SSAA, all proposed algorithms record a higher framerate. This is desirable, considering 64xSSAA provides the highest quality image of the control methods. These can be adjusted to match system runtime limits, but the performance might degrade with complex shading setups, as the proposal only used Phong shading.
[bookmark: _Toc511318682]Indirect Illumination
The earliest shading functions were based upon Lambert’s cosine law, which states that the intensity of a light ray being reflected from a surface is proportional to the cosine of the angle between the surface normal and the direction the light hits the surface from. This forms the basis for diffuse shading, which produces a dull, flat-looking effect on the surface of an object. A more-realistic shading model proposed by Phong in 1975 [4] combines this diffuse shading with specular highlights from the light sources in a scene and fixed-intensity ambient lighting that permeates every part of the image. However, Blinn and Newell [3] believe that the Phong model does not account for light emanating from other objects in the scene and aim to rectify this by mapping the environment onto an infinitely large sphere that surrounds the scene. Whitted [2] expands on these previous proposals to use global scene illumination to be factored into surface reflections, allowing for more convincing specular effects.
Global (or indirect) illumination refers to light that is reflected off of multiple surfaces before reaching the eye, as opposed to direct illumination, which bounces off a surface only once. This is difficult to simulate using backwards tracing techniques, of the type commonly used in ray-tracing algorithms, as there is no way of knowing how many surfaces a ray will reflect from before reaching a light source. 
Kajiya [25] discusses the rendering equation, which approximates the light being reflected from a point in terms of the light being emitted from that point plus the light from any other sources in the scene that reflect from that point. A distinction is made between view-dependent and view-independent algorithms. The former utilises the viewer’s perspective and is well-suited for specular lighting. The latter only requires the environmental lighting data and describes diffuse lighting efficiently. He goes on to suggest an alternative algorithm, whereby rays are cast from light sources to the viewer, but he recognises that very few of these rays will reach the “camera”. 
One method of simulating indirect lighting is through the path tracing technique, which is also proposed by Kajiya as a means of finding a numerical solution to the rendering equation. [25] Rays are cast into a scene, as with traditional ray-tracing, with a key difference being that when it hits a surface, the direction that the ray travels in is determined by the value of a Bidirectional Reflectance Distribution Function (BRDF). The ray continues to reflect and sample surfaces until it either reaches a light source, reaches the maximum recursion depth, or leaves the scene. This is an “unbiased” rendering technique, in that it aims to provide as accurate a solution to the rendering equation as possible. However, there are some major downsides to this technique. Light sources tend to be small compared to other objects in the scene, and so the proportion of rays that actually hit a source will be small, resulting in noisy images. This can be rectified by using a large sample of rays per pixel, but the trade-off will be increased rendering times. It is also difficult to use these techniques to render directional and point lights, as these will have no physical surface.
A commonly utilised technique of simulating indirect lighting is photon mapping, [26] where photons are traced as they travel from the light sources into the rest of the scene, with their illumination values combined with that of the camera’s rays to produce radiation in shaded areas. This is a “biased” rendering technique, in the sense that it prioritises efficient rendering over finding an accurate answer to Kajiya’s equation. These techniques are regularly used in pre-rendered imagery, as is seen in film and television, but when it comes to dynamic scenes, the rendering times are far below the framerate. 
Chang, Park and Ihm [27] propose a method of cutting rendering time that involves the generation of three grids. The first is a “voxelisation grid”, which voxelates the scene and stores photon information in each unit. The second is a “multilevel radiance grid”, which takes the photon data and converts it into radiation. The third is a “spherical harmonics grid”, where the intensity of light in close proximity to geometric surfaces is calculated, which helps with final gathering, where photon illumination is sampled in different directions to estimate indirect illumination values. These methods were then integrated into a Whitted-style ray-tracer, which was then implemented on a NVIDIA GeForce GTX TITAN GPU. The algorithm achieved a framerate of 3-6 frames per second when rendering the sample images, which is an improvement over the interactive global illumination method proposed by Wang et al. [28] when that was tested on less complex scenes. However, the performance rate is affected by certain factors that occur during the building of the scene, such as voxelization and photon tracing. In terms of visual quality, the images produced results that were indistinguishable from those made using an offline renderer.
Path tracing traditionally utilises a graphics-specific variant of Monte Carlo sampling, whereby a pixel is sampled at multiple points within its area, and the average of these samples is used to determine a colour that matches the rendering equation. There is an alternative method called Metropolis sampling, [29] where neighbouring pixels are used to produce samples in addition to the one being tested. However, this is hard to implement, and the non-uniform nature in which it explores path spaces results in dark/light spots instead of noise. 
Kettunen et al. [30] claim that image gradients are possible using Monte Carlo techniques, with a proposal to back it up. In addition to typical path tracer sampling methods, an offset ray path is determined using shift mapping, with the difference between that and the base path (the intended pixel’s ray) contributing to the sampled value of the pixel. The samples are then passed through a Poisson algorithm, whereby regular Monte Carlo samples provide lower frequencies, and the gradient samples provide the higher frequencies. A comparison of this algorithm to a standard path tracer yields considerably less-noisy images after two hours of rendering, despite the sparser sampling rate (2000 v 5000 per-pixel). For several different scenes of varying complexity, the gradient-domain method consistently has a smaller relative mean squared error than path-tracing at any given rendering time. However, one potential weakness that the researchers identify is the sampling of the light in complex scenarios, such as reflective surfaces. The potential is there for other researchers to solve these problems in the future, as well as to further integrate gradient-domain sampling into the Monte Carlo technique.
[bookmark: _Toc511318683]Caustic Effects
Many modern ray-tracers provide “caustic effects”, whereby lighting that has been reflected or refracted from another surface, such as a mirror or a glass, is accounted for in surface calculations. [10] These cannot be produced in traditional forward ray-tracing techniques because only direct illumination will be calculated. As described in the “Indirect Illumination” section, path-tracing [25] and photon mapping [26] are two techniques commonly used to provide caustics. The latter can provide a broader range of lighting effects than the former, particularly for point and directional lights, whereas the former requires less time to calculate.
Transparent materials such as glass are simultaneously reflective and refractive, with the proportion of incident light that performs either one of the two functions depending on the angle at which a light ray hits a caustic surface. The proportion of light that gets reflected increases with the size of the angle of incidence from the surface normal. If a caustic surface were to be observed at a near-parallel angle, it would appear almost entirely reflective, whereas looking at the surface perpendicularly will cause it to seem almost fully transparent. Fresnel, the French 19th century physicist, described two different equations for the reflectance of light; one each for parallel and perpendicular polarised light waves, seen in Figure 4. [31] The average of these will give us a general proportion of reflected light; a ratio for transmitted light can be found by subtracting this from 1.
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[bookmark: _Toc511318655]Figure 4: Fresnel equations for parallel (ry) and perpendicular (rx) polarised light
As yet, it is very difficult to produce noise-free images within interactive time frames. An alternative method of reducing noise in real-time images is to utilise image space filtering. Schwenk, Behr, and Fellner [32] propose a method for noise reduction that is in turn an extension of a previous proposal of theirs. [33] The original method begins with the separation of the high- and low-variance light rays into their own buffers. The high-variance buffer is then filtered to reduce noise, but retain edges, which is then blended with the unfiltered original, and subsequently added to the low-variance buffer to produce the final result. However, there are several issues with this method, such as the high-variance filter being computationally expensive, and an inability to handle anti-aliasing well.
The newer paper [32] describes four extensions to the original algorithm that aims to rectify these issues. The first replaces the filtering process with a faster approximation, at the slight expense of image quality. The second introduces a flexible spatial kernel width, which aims to reduce artefact blurring. The third removes spike noise from the image to make it smoother. The fourth extends the filtering process to include functionality to recover anti-aliased pixel information. Testing shows that all four of these extensions are faster than the original proposal, especially with regards to features such as caustic effects and reflective surfaces. However, a few issues remain unresolved, such as edge blurring.
[bookmark: _Toc511318684]Depth of Field
Any objects that have been captured in a real-life photograph will have various degrees of focus, depending on their distance from the camera. The “depth of field” of the camera is the range of distances from the camera at which objects will appear to be adequately in focus, with the “focal distance” being the ideal focus point. The depth of field can be adjusted using a real-life camera, so it would make sense from a realism standpoint to try to simulate this using computer imagery.
Consider a lens of negligible thickness, with a focal plane perpendicular to its axis, like what Suffern describes. [10] Point ‘p’ is focussed through the lens into a corresponding position on the image plane, which would be the case for every point on the focal plane. However, any points that do not line up with the focal distance, as can be seen with ‘q’ in Figure 5, will converge at a point away from the image plane, resulting in a ‘circle of confusion’. The radius of this is the largest blurring area on the image which is indistinguishable from an in-focus point; any parts of the image that have a convergence circle larger than this will undergo blurring.
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[bookmark: _Toc511318656]Figure 5: A thin-lens demonstration of how images are focussed [10]
Depth of field effects can be produced by simulating the process of an optical lens as the image is being rendered, [34] but this takes up a lot of computational time. Alternatively, there are post-processing algorithms, where effects are applied to an image that has been rendered beforehand. [35] These are typically much faster, but they can produce rather obstructive artefacts, especially when an out-of-focus object obscures the camera’s target. Liu and Rokne [36] propose a solution that takes a select number of views from the centre of the lens, as well as a few periphery viewpoints, and warps them together to create a Layered Depth Image. All 3D points that are located within the same central viewing ray will be stacked on the same pixel of the Layered Depth Image. Each pixel of this image will then be scattered into a Point-Spread Function, and then blended in order of their depth. 
The proposal is tested on a scene with a thin mesh structure using 4, 5, 7 and 9 viewpoints. [36] With a smaller number of viewpoints, some partially-obscured in-focus objects are not rendered, with the out-of-focus background being drawn instead. This error is absent from images produced with more viewpoints, so this is used as the standard number for testing. The performance times of the proposed method are compared with that of distributed ray-tracing, [37] two-layer [38] and scatter functions. [39] The sparse views algorithm is considerably faster than distributed ray-tracing, but still requires more time than the latter two methods, especially with regards to reflective and refractive objects. In terms of visual appearance, using sparse views as described in the proposal produces results that are by-and-large similar to those produced by distributed ray-tracing, but superior to the other two methods, which produce artefacts whereby blurred objects can be seen occluding in-focus ones. The sparse-views algorithm may be useful as an “intermediate” (in terms of balancing quality with performance times) alternative to the object-space and post-processing algorithms.
Producing convincing depth of field effects in real-time rendering can be difficult, given the large computational cost required. Gardiner and Buckmiller [40] of avionics company Rockwell Collins have issued a patent for a system that simulates depth of field in a real-time computer display, as can be seen in a flight simulator. One exemplary embodiment describes an image generation circuit that uses a single blur parameter for each object in a scene, with a lens focal distance used to calculate the magnitude of blur. Another embodiment is described which is largely similar to the first one, except that a spatially variant filter is used to give each pixel a weighted value based upon the blur magnitude and the relative distance of the neighbouring pixels. 
There is also an embodiment that describes the anti-aliasing of the image, [40] whereby blur and relative distance information is derived for each subpixel of a pixel. An anti-aliasing non-average output value is calculated for each pixel using this data, in a way that favours the object closest to the camera in that particular pixel. In a case where half of a pixel represents a distant object, and the other half denotes a close object, an averaging method would produce an in-focus pixel, which could potentially result in image artefacts. Various conventional methods of achieving depth of field are described, ray-tracing being among them. This produces accurate results but requires a lengthy computing process. The same is said of accumulation buffers, where multiple views of the scene are utilised to produce a depth-of-field effect. The techniques described in the patent might be used for more conventional rendering purposes, in lieu of more computationally expensive processes.
Post-processing methods of calculating the depth of field tend to be faster than real-time optical effects, but they also have their own downsides. Image artefacts can occur if in-focus pixels are included in circle of confusion calculations, for example. Fang et al. [41] aim to rectify this by proposing a method that uses single-layer composition. A “pinhole” version of the image without any blurring effects is stored as a texture alongside a depth map, which is used to calculate the diameter of the circle of confusion for each pixel. For every pixel in the image, the neighbouring pixels will be blurred depending on their relative distance to the original pixel, which will later be gathered and normalised to produce the final result. 
The method proposed by Fang et al. [41] is compared to Haeberli and Akeley’s accumulation buffer method, [23] and the layered method from Schedl and Wimmer. [42] Because the proposed algorithm is single-layer, it avoids the visual problems seen in the others, such as the over-blurring of pixel boundaries between in- and out-of-focus area seen with the layered algorithm. On the subject of performance times, the single-layered method is much faster than either the multi-layered one or the accumulation buffer, even in more complex scenes. However, there is a considerable drop in performance when the maximum diameter of the circle of confusion for each pixel is increased. This might be a worthwhile problem to solve in future research.
[bookmark: _Toc511318685]GPU Parallelisation
In the 1990s, the increased prevalence of 3D computer graphics in film and gaming created a gap in the consumer market for such graphical capabilities on PC systems, write Sanders and Kandrot. [43] Entry-level graphics processing units were released to the public, resulting in further developments in that field. The release of the GeForce 256 by NVIDIA allowed for transformations and lighting data to be calculated on the GPU, with the release of the GeForce 3 series in 2001 bringing programmable vertex and pixel shaders to users for the first time ever. However, the potential of using GPU shaders to build general-purpose algorithms was limited until the GeForce 8800 GTX was release in 2006. This was the first processor that was built using NVIDIA’s CUDA architecture, which allowed any of its arithmetic logic units to be used for any purpose, whereas previous chips had partitioned vertex and pixel shaders.
Early GPU implementations of ray-tracing programs utilised similar data structures to their CPU counterparts, and therefore were difficult to integrate into the rasterization pipeline. Later, scene representation techniques were employed, such as voxelization, but these were limited in which global effects they could produce. Hu et al. [44] propose a method whereby a uniform voxel grid and a linked-list A-buffer are used to represent scene objects, which the rays are then tested against for intersections. Rays are traced through the GPU rasterization process, which allows the algorithm to be easily implemented and integrated into the rendering pipeline.
A visual comparison between an implementation of Whitted’s method rendered using this framework [44] and some test images built with NVIDIA’s Optix ray-tracing engine [45] yield virtually matching results. A comparison of the performance times between the rasterization-based method and the sparse voxel octree (SVO) method proposed by Crassin et al. [46] shows that the former requires less rendering time. The SVO algorithm is used to store a hierarchal voxel representation of a scene on the GPU, and a voxel cone tracing technique is used to estimate the visibility and energy of indirect light in the scene. This allows scenes to be described more accurately than with conventional voxels. However, it also has limitations on performance in dynamic scenes, a void which the rasterization-based algorithm satisfies in less time at a similar image quality. The proposed function also has its own drawbacks, as with the size of the grid and buffers for more complex scenes, so there is definitely room for improvement in the future.
The increasingly widespread availability of multi-core GPUs on computer systems has allowed scientific problems, especially parallelisable subjects such as ray-tracing, to be executed at a speed that surpasses similar solutions that have been implemented on a CPU. However, complex shading often produces incoherent memory accessing and divergent execution, resulting in less-than-ideal efficiency on the GPU. Yang et al. [47] propose a method of accelerating the computation of complex scenes by sorting shading jobs based upon their complexity and potential memory access. The CPU is used to sort shading jobs by their complexity, with these jobs then scheduled to execute on a CUDA block. The number of shading jobs for each material is counted, with the necessary memory allocated. After that, all of the jobs within the same material are grouped by their coordinating image textures. Then, each job with the same texture is divided into four quadrants based upon their texture coordinates. Multiple threads on the CPU are utilised to compute the sorting in parallel.
This proposed complexity sorting method [47] is tested against SIMD packet tracing implemented on the GPU. There is an improvement in performance times for scenes with complex shading, but the time taken up by the sorting process actually results in a slight decrease for simpler, untextured scenes. When comparing the proportion of the GPU utilised by both techniques when building a scene with 5 forced specular bounces, the use of scheduled rendering results in an improvement in densely textured scenes, but a slight decrease with simpler images, much like with the performance times. The groundwork has been laid to improve on this method in the future, especially with the introduction of cache support on NVIDIA cards. This might even become useful to researchers in fields outside of computer graphics, with regards to utilising the maximum potential of both the CPU and GPU combined.
Structured Adaptive Mesh Refinement (SAMR) is a technique commonly used to measure processes with high spatial range, [48] such as the formation of the Universe, where the width of the galaxy, which amounts to thousands of light years, is measured alongside the stars, which were formed in hours. It works by combining grid structures with recursive functions that produce more detailed grid structures where they are needed. However, the irregularity and complexity of this method has thus far been problematic in terms of GPU rendering costs. 
Kaehler and Abel [49] propose a single-pass GPU ray-casting algorithm for SAMR, which partitions the scene into a k-dimensional tree with a minimal number of non-overlapping nodes, and encodes it with 3D texture data, allowing for efficient traversal on the GPU. Two different data collection strategies are compared; a “packing” method that stores the textures for each dimension of the model into a list, [50] and one based upon NVIDIA’s Bindless Texture extension, which allows shader applications to access any number of texture objects without the need to bind them on the CPU first. [51] 
The GPU memory, pre-processing times and performance rates required by the single-pass algorithms [49] are compared with those resulting from a multi-pass algorithm, [52] which renders each individual node of the k-dimensional tree by binding the texture to its corresponding unit and rendering the node to initialise the fragment shaders. In a comparison between the two single-pass algorithms, the packing method offers a higher rendering performance, whereas the Bindless Texture approach required less texture memory. In comparison to the multi-pass method, the packing approach had faster computing times, with both proposed methods having the advantage of full access to the fragment shader, which allows shading techniques to be implemented more easily. The new methods are implemented entirely on the GPU, with performance times expected to improve with the increased number of shading cores.
[bookmark: _Toc511318686]Conclusion
From this Literature Review, the author now understands some of the techniques that might be implemented in ray-tracing either to reduce rendering times or increase the realism of the final image. Acceleration Structures explores some of the different types of spatial partitioning that can be implemented to reduce rendering times. Anti-Aliasing discusses some common image rendering artefacts, including how to alleviate their effects. Indirect Illumination evaluates some techniques commonly used to simulate indirect lighting. Caustic Effects looks at how reflective and refractive surfaces are simulated. Depth of Field shows how a renderer might blur parts of an image to replicate real-life photography. GPU Parallelisation discusses a brief history of shading languages, including how they might be used to solve common rendering problems.














[bookmark: _Toc511318687]Development Methodology
The previous section was an extensive analysis of many of the possible features that can be implemented in a ray-tracing program either to speed up rendering times or improve image quality. That serves as a starting point for what to include in this project. Without a development methodology to follow, however, many things can go wrong. It could take a long time to implement certain functionalities which might not even be functioning in the most practical way possible. This section will discuss how these will be added; a development methodology that the author feels will work best for the project will be chosen, with justification included.
[bookmark: _Toc511318688]Waterfall
The waterfall model [53] is considered to be a primitive methodology, and consists of a series of linear phases:
· Requirements and Analysis – all requirements of the project are determined and documented.
· Design – A system design is prepared based upon the requirements found in the previous stage.
· Implementation – The system is developed in units, which are then tested and integrated together later on.
· Verification – The software is checked to ensure that it satisfies its requirements, and then released to an audience.
· Maintenance – Issues are identified by the customer base and rectified in later versions.
Development can only flow downwards, like a real-life waterfall. Each phase must be fully completed before work can begin on the next; no overlap is generally permitted. This has obvious drawbacks, such as the inability to turn back if any of the stakeholders of the project were to change their mind. In such an event, the entire project would need to be retooled from the earliest phase where changes need to be made. Ironically, Royce’s [53] original demonstration of what would later be dubbed the “waterfall model” was meant to show the risks of such an approach. This methodology might be acceptable for use in smaller projects where the goals are very clearly defined, but the author would prefer an approach which would allow him to fully consider what he wants to include in the project, as well as to turn back if any complications arise.
[bookmark: _Toc511318689]Rapid Application Development
Martin’s Rapid Application Development methodology [54] serves as an alternative to the waterfall model. It is designed to put more emphasis on the code building than on the planning, as well as stakeholder involvement throughout development. This method primarily consists of four stages: 
· Requirements planning – the development team determines the key issues they want to solve with this project.
· User design – models and prototypes are built based on the requirements as well as customer feedback.
· Construction – the code is built, with customers allowed to provide suggestions and improvements.
· Cutover – the system is tested and released to the public.
The second and third stages are repeated for so long as there are requirements that need to be satisfied. This method is especially useful for applications where user interface interaction is involved, which provides more reliable feedback than standard requirements analysis. Prototypes are often built in conjunction with, or even in place of, more traditional designs. This will allow the potentially more-difficult requirements to be tested early on, which could help the developer realise the scale of the project more easily. Elements of these prototypes can even be reused in the final product. A downside to this approach is that its emphasis on knowledge as a driving force throughout the project may require more-experienced developers who might otherwise be part of the running of the business to invest, which could require some persuasion. This methodology is also not particularly well suited to projects where control and thorough requirements design are important, such as safety-critical systems. 
[bookmark: _Toc511318690]Agile
Agile methods generally aim to develop the project incrementally, delivering and testing a select few requirements at a time. The purpose of this is to minimise risk, as bugs and other potential errors can be detected early on. The Manifesto for Agile Software Development was published in 2001 [55] as a means of summarising the principles and values that form the central characteristics of all Agile-based procedures. The seventeen signatories behind the manifesto proclaim that they value:
· Individuals and interactions over processes and tools.
· Working software over comprehensive documentation.
· Customer collaboration over contract negotiation.
· Responding to change over following a plan.
Twelve principles for Agile development are also summarised in the manifesto:
· Customer satisfaction through early and continuous software development.
· Welcome any change in requirements, even later on in development.
· Deliver working software frequently, ideally in a few weeks.
· Business people and developers must work together.
· Trust and support motivated individuals to get the job done.
· Face-to-face conversations are the ideal form of communication.
· Working software is the main measure of progress.
· Sustainable development, working at a constant pace.
· Continuous attention to technical excellence and good design.
· Keep it simple; maximise the work not done.
· The best architectures, requirements and designs come from self-organised teams.
· The team reflects on and adjusts their effectivity on a regular basis.
There are many different variations of the Agile process suited to specific customer needs, many of which actually predate the manifesto. Rapid Application Development, as described in the previous subsection, is based upon incremental development. Scrum [56] aims to break up development into tasks that can be completed within a fixed duration of time called a “sprint”, with 15-minute stand-up meetings used to measure progress. Extreme programming [57] includes processes aimed at improving coding capabilities, such as pair programming, unit testing, and code simplicity.
While the early detection of potential issues can save a lot of time and money when compared with more rigid methodologies, the agile methods also come with their own problems. The de-emphasis on written documentation could be problematic if the team acquires any new members during development, who will need to be briefed on the current status of the project somehow. The pressure to deliver a fixed set of functionalities within a span of weeks could put undue pressure on the developers, or they might not be sufficiently trained in the principles and processes involved in agile development.
[bookmark: _Toc511318691]DevOps
DevOps [58] aims to integrate the development, operations and quality assurance teams more closely together in order to continuously develop, integrate and deliver the code for the project that they are working on. A typical DevOps toolchain will encompass the following phases:
· Plan – Find the application’s requirements, as well as its business value.
· Create – Build, code and configure the program.
· Verify – Ensure the software is of an acceptable quality.
· Packaging – Prepare the software for deployment
· Release – Deploy the software into production.
· Configure – Provision the application and the network.
· Monitor – Identify issues and impact on end-users.
Some reported benefits from organisations that have implemented this methodology include shorter production times, improved productivity, more reliable releases and higher levels of customer satisfaction. [59] Like any development process, however, it comes with its own drawbacks. For example, there may be differences in how each department operates that can cause issues, or the question of whether continuous software updates are truly necessary. The author is not likely to use this process for his own project, as there seems to be a disproportionate amount of attention placed on testing and maintenance. He would prefer to use a process that will allow him to consider the requirements of the project more thoroughly, as he feels that he needs to select from a wide-range of topics.
[bookmark: _Toc511318692]Unified Process
The Unified Process [60] is an iterative development model which can be customised for specific businesses or projects. Its main defining characteristics are that it is:
· Iterative and incremental – the project is divided up into a series of iterations, each of which results in new functionalities (or increments).
· Architecture-centric – the system architecture is in the centrepiece of the project’s development.
· Risk-focused – the most critical system risks are identified and solved first.
Each project developed using the Unified Process is divided up into four phases: 
· Inception – define a vision and a business case for the project, as well as an approximate cost and timeframe. Most of the work for this is done in the first iteration.
· Elaboration – identify risk factors, validate the system architecture and define most of the requirements.
· Construction – build the system features in timeboxed iterations based upon the framework identified during Elaboration.
· Transition – the system is published to its target audience, with feedback used to feed into later iterations of development.
Aside from the customisability of this process, it also helps minimise the risks involved with a stakeholder asking for a change of requirements. These changes can easily be incorporated into the planning documentation and the code structure for the next iteration. Components developed in earlier iterations can be reused and modified in later ones, reducing development time considerably. This methodology might not be suitable for less-experienced developers, since a lot of the documentation seems to rely on a fairly comprehensive understanding of system architecture.
For this project, the author is looking for a methodology that will allow him to plan and deliver the project in manageable increments, but does not place too much emphasis on aspects that he is unfamiliar with, such as system architecture or integration testing. Out of all of the methods discussed here, he thinks that a generalised Agile approach would be the best way of approaching the subject, as it satisfies both the basic requirements and his current ability level. System analysis and design are both important parts of the project, however, so he will also aim to utilise some of the Unified Process documentation, such as the use-case.
[bookmark: _Toc511318693]Code Implementation
C++ will be used for the development of the code; not only because that is the language with which the author has the most familiarity and experience, but also because of its object-oriented design capabilities and its efficiency. Visual Studio 2015 will be used to build, compile and run the program. The OpenGL Utility Toolkit will be used to set up the render window and draw pixels onscreen. If, at any stage of development, implementation on the GPU is required, CUDA C will be used to design and execute code to be run on a NVIDIA processor. A Google Test harness will be used to perform unit tests on the program throughout its development to ensure accuracy, whereas computational times will be tested using the clock() functionality in time.h.

















[bookmark: _Toc511318694]First Iteration – A Simple Tracer
[bookmark: _Toc511318695]Introduction
The first iteration of development is fairly uncomplicated; the main aim will be to implement a scene with primitive objects and lights added to it, with Lambertian shading applied to the objects to allow them to simulate basic light-matter interaction. These shapes are then used to build and render a set of images, and the time taken to produce these images will be assessed alongside the number of ray-object intersection tests performed.
[bookmark: _Toc511318696]Requirements and Design
A typical software development project will include a “design” stage, which helps a developer identify what features need to be included, as well as how these might be incorporated into the overall design in the most time-efficient and manageable way possible. There are some fundamental features of a ray-tracing program that need to be included in this project, such as the ability to approximate geometric shading information from lighting and colour data in the scene, as well as the calculation of shadows cast by objects relative to direction-based light sources. These need to be sorted from potential aspects of the program that might be less important, such as the use of image mapped textures. 
The Requirements and Design subsection of each development iteration uses the Literature Review, as well as any previously undertaken work, to identify which features of the ray-tracing program are to be implemented. A list of requirements for the overall project has been drawn up and categorised according to the MoSCoW criteria.
These requirements must be in the program:
· Create a three-dimensional geometric scene.
· Establish a camera positioned in the scene. 
· Create primitive objects (such as spheres and planes) and add them to the scene.
· Add basic light sources into the scene.
· Apply flat colours to the objects.
· Use normal data to find out how a surface must be shaded.
· Trace light rays from the camera to the scene.
· Record the colour of a pixel based upon lighting and shading data.
· Simulate basic ray effects, like reflection and refraction.
· Test for occluding objects that will cast shadows on other objects.
· Apply an acceleration structure to the scene to reduce the time spent calculating object collisions.
These requirements should be in the program:
· Apply anti-aliasing samples to reduce the impact of jagged edges in the image.
· Add global illumination effects to account for secondary rays.
· Simulate light falloff effects.
· Use the Fresnel equations to more-accurately simulate reflective objects.
· Image mapping for more sophisticated texturing.
· Adjustable image size.
These requirements could be in the program:
· Allocate memory blocks on the GPU for parallelisable rendering.
· Read polygonal objects from file and load into the scene.
· Transform objects in the scene in real-time.
· Orthographic projection viewpoints, where the rays hit the camera in a parallel setup.
· Procedural (mathematical-based) texturing effects.
These requirements will not be in the program:
· Unusual projection viewpoints, such as “fisheye” lens, will not be included.
· Complex keyframe animation functionality.
· Stereoscopic 3D imagery.
The following requirements have been selected for this particular iteration:
· To establish a three-dimensional scene.
· To add basic geometric objects into the scene.
· To add lighting information to the scene.
· To apply flat colour shading to the objects.
· To cast rays from the camera into the scene.
· To define a parametric equation for each object type.
· To determine the normal at any ray-sphere intersection point.
· To determine pixel colour based upon shading and information.
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[bookmark: _Toc511318657]Figure 6: Part of the class diagram for the first development iteration
The World class basically represents the 3D scene. It contains all of the objects and lights that are used by the scene, with the build() function used to describe the scene relative to the default camera position. objCollision() takes a Ray as a parameter and performs collision tests with each of the objects in a scene. The texture information gathered from the collision point nearest to the camera will then be measured against all of the lights in the scene to determine the pixel colour. The responsibility of testing light-object interactions is placed here because it knows the position and direction coordinates of the Lighting objects in the scene.
Tracer contains all of the information required to determine the colour of a pixel. The coordinates of a surface are used to find the normal, which will later be used to determine the colour of a pixel; how this is found depends on the object type being tested. This class serves as a bridge between the tested object and the rest of the scene. This functionality has been kept separate from both the Ray and World objects so as to maintain high cohesion within both. Ray must be primarily responsible for defining itself as in Figure 8, and World mainly exists to contain the scene.
The reason why the variables in Lighting are marked as protected is so they can be used by any inherited types, which will share the universal lighting components of colour and intensity. Directional is the only inherited class that has been designed at the moment, although more may be added later to represent different types of lighting typically seen in 3D graphics. getLightInfo() is responsible for returning the intensity of the light relative to the position and normal stored in the Tracer parameter. This has been made a virtual function because the intensity value returned will depend on the type of lighting being tested. There may be other factors to be considered, such as the radius or the falloff.
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[bookmark: _Toc511318658]Figure 7: Part of the class diagram for the first development iteration
GeometricObject contains a separate pointer to ShadingInfo, which defines the colour and reflectivity (or the ‘albedo’) properties of the object’s surface. This has been spun off into its own class so as to increase cohesion between the functionalities of GeometricObject. The ShadingInfo class has been designed in anticipation of further surface types being added to the program in later iterations. This is the reason why Lambert is an inherited class, despite the lack of individual functionality.
The Point3D and Normal classes are very similar on a superficial level. They both contain variables for the x, y and z Cartesian coordinates, as well as some of the same assignment operators. The reason they are contained within separate objects is to reduce coupling. In a hypothetical situation whereby a single XYZ class is used to define points, vectors, and normals all at once, there will be large portions of code relying on this one class. If any changes were to be made to the XYZ class, any code that utilises its functions will have to be refactored. The functionality between these classes is also different enough to not make polymorphism a practical option. Splitting these features up across their own objects will make the process easier for developers.
The arithmetic operators are designed to simplify vector calculations for the software engineer. There are many scenarios in 3D geometric design where two vectors will need to be added or multiplied together to find a new vector. An example of this is the multiplication of a surface normal by a light vector to find the dot product, which is an efficient method of calculating light intensity.
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[bookmark: _Toc511318659]Figure 8: Part of the class diagram for the first development iteration
The purpose of polymorphism in software design is to group similar objects together under one parent which supplies basic information, making the addition of new variations easier. GeometricObject passes on its functionality to three different child objects; Sphere, Disk and Plane. Each of these comes with its own defining variables, as well as its own parametric surface algorithm, which is described in the hit() function. This has been designated as virtual in GeometricObject because how a ray interacts with an object will obviously depend on its shape. The application of shading information will remain the same across each object type, so this is defined in the parent class. These particular shapes were chosen because they are relatively simple to describe using an implicit function; more complex primitives might be explored in future iterations of development. 
GraphicsWindow is responsible for functionalities that specifically pertain to the image rendering process, another example of highly-cohesive design. The colour buffer has its memory dynamically allocated in the constructor, the size of which will depend on the values set for the screen dimensions. maxToOne() is called whenever a pixel is about to be drawn to the colour buffer, with the purpose of clamping the colour values down if any of RGB components exceed a value of 1.0. render() passes the colour buffer to OpenGL so the stored image can be displayed onscreen, whereas clear() wipes the colour information stored on the buffer.
[bookmark: _Toc511318697]Development
This subsection serves as an analysis of how the literary research, requirements elicitation and object interaction designs are all translated into working C++ code. These are combined with methods of simplifying the development process from a human perspective and accelerating the compilation process to produce an implementation that satisfies the author’s vision for the project. For the first iteration of development, the entire implementation will be shown here, with comments added in areas where the author feels further elaboration is necessary to explain why certain techniques have been used. All subsequent iterations will only show areas of code that have been changed according to new requirements defined during the design stage.

[bookmark: _Toc511318698]Maths
Maths.h:
#pragma once

inline double
max(double x0, double x1);

inline double
max(double x0, double x1)
{
	if (x0 > x1)
		return x0;
	else
		return x1;
}
This simply contains a function that accepts two double values as parameters and returns the larger of the two. There already exists a pre-defined ‘max’ function in C++, but the author has chosen to define his own function to reduce computational time. This is done through the use of an inline function, which means that any instance of max() that is called at compile time will be replaced with the contents of the function. Note that this is merely a suggestion to the compiler; it can choose to execute the function as normal if it is judged to be too complex.
[bookmark: _Toc511318699]Matrix
Matrix.h:
#pragma once

class Matrix
{
public:
	Matrix();
	Matrix(const Matrix& mat); 
	~Matrix();

	double m[4][4];
	Matrix& operator= (const Matrix& rightSide);
	Matrix operator* (const Matrix& matrix) const;
	Matrix operator/ (const double d);
	void setIdentity();
};
Matrix.cpp:
#include "Matrix.h"

Matrix::Matrix() //constructor
{
	for (int x = 0; x < 4; x++)
	{
		for (int y = 0; y < 4; y++) 
		{
			if (x == y)
			{
				m[x][y] = 1.0;
			}
			else
			{
				m[x][y] = 0.0;
			}
		}
	}
}

Matrix::Matrix(const Matrix& mat) //copy constructor
{
	for (int x = 0; x < 4; x++)
	{
		for (int y = 0; y < 4; y++)
		{
			m[x][y] = mat.m[x][y];
		}
	}
}

Matrix::~Matrix() {} //destructor

Matrix & Matrix::operator=(const Matrix & rightSide) //assignment operator
{
	if (this == &rightSide)
	{
		return *this;
	}

	for (int x = 0; x < 4; x++)
	{
		for (int y = 0; y < 4; y++)
		{
			m[x][y] = rightSide.m[x][y];
		}
	}

	return *this;
}

Matrix Matrix::operator*(const Matrix & matrix) const //multiplication operator
{
	Matrix product;
	for (int y = 0; y < 4; y++)
	{
		for (int x = 0; x < 4; x++)
		{
			double sum = 0.0;

			for (int j = 0; j < 4; j++)
			{
				sum += m[x][j] * matrix.m[j][y];
			}
			product.m[x][y] = sum;
		}
	}
	return product;
}

Matrix Matrix::operator/(const double d) //division operator (by a double)
{
	for (int x = 0; x < 4; x++)
	{
		for (int y = 0; y < 4; y++)
		{
			m[x][y] /= d;
		}
	}
	return *this;
}

void Matrix::setIdentity() //set to identity matrix
{
	for (int x = 0; x < 4; x++)
	{
		for (int y = 0; y < 4; y++)
		{
			if (x == y)
			{
				m[x][y] = 1.0;
			}
			else
			{
				m[x][y] = 0.0;
			}
		}
	}
}

The identity matrix, whereby the cells along the primary diagonal are set to 1 and all the others to 0, is a unit matrix; multiplying any given matrix by one of these will output the same matrix that was passed in. This is why a Matrix object is declared an identity one upon construction, although there is separate functionality available to set the object to its identity settings.
Overloaded operators define the functionality in instances where an object interacts with other sections of the program either on a mathematical or bitwise level. The parameter interacts with the object containing the function to return a value of a specific type; how this interaction occurs is defined by the symbol right next to ‘operator’. In this case, a Matrix divided by a double will result in the value of each cell of the Matrix divided by the double, with a new divided Matrix object returned. These are utilised a lot throughout the entire project, as they simplify mathematical object interactions within the code. Instead of having to perform individual arithmetical operations on the x, y, and z components of two vectors, for example, a developer can add or multiply them together, with the relevant operator called to satisfy a defined set of functionalities.
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Point3D.h:
#pragma once
#include "Matrix.h"
#include "Vector3D.h"

class Point3D
{
public:
	Point3D();
	Point3D(const double a);
	Point3D(const double a, const double b, const double c);
	Point3D(const Point3D& p);
	~Point3D();

	double x, y, z;
	Point3D& operator= (const Point3D& p);
	Point3D operator- () const;
	Vector3D operator- (const Point3D& p) const;
	Point3D operator+ (const Vector3D& v) const;
	Point3D operator- (const Vector3D& v) const;
	Point3D operator* (const double a) const;
	double dSquared(const Point3D& p) const;
	double distance(const Point3D& p) const;
};

inline Point3D Point3D::operator- (void) const //minus point
{
	return Point3D(-x, -y, -z);
}

inline Vector3D Point3D::operator- (const Point3D& p) const //vector between two points
{
	return Vector3D(x - p.x, y - p.y, z - p.z);
}

inline Point3D Point3D::operator+ (const Vector3D& v) const //addition of vector and point
{
	return Point3D(x + v.x, y + v.y, z + v.z);
}

inline Point3D Point3D::operator- (const Vector3D& v) const //subtraction of vector from point
{
	return Point3D(x - v.x, y - v.y, z - v.z);
}

inline Point3D Point3D::operator* (const double a) const //multiplication by double on right
{
	return Point3D(x * a, y * a, z * a);
}

inline double Point3D::dSquared(const Point3D& p) const //squared distance between two points
{
	return ((x - p.x) * (x - p.x) + (y - p.y) * (y - p.y) + (z - p.z) * (z - p.z));
}

Point3D operator* (double a, const Point3D& p);

inline Point3D operator* (double a, const Point3D& p) //multiplication by double on left
{
	return Point3D(a * p.x, a * p.y, a * p.z);
}

Point3D operator* (const Matrix& mat, const Point3D& p);
Point3D.cpp:
#include <math.h>
#include "Point3D.h"

Point3D::Point3D() : x(0), y(0), z(0) //default constructor
{
}

Point3D::Point3D(const double a) : x(a), y(a), z(a)
{
}

Point3D::Point3D(const double a, const double b, const double c) : x(a), y(b), z(c)
{
}

Point3D::Point3D(const Point3D & p) : x(p.x), y(p.y), z(p.z)
{
}

Point3D::~Point3D() //destructor
{
}

Point3D& Point3D::operator= (const Point3D& rhs) //assignment operator
{
	if (this == &rhs)
	{
		return *this;
	}

	x = rhs.x; y = rhs.y; z = rhs.z;
	return *this;
}

double Point3D::distance(const Point3D& p) const //distance between two points
{
	return (sqrt((x - p.x) * (x - p.x)
		+ (y - p.y) * (y - p.y)
		+ (z - p.z) * (z - p.z)));
}

Point3D operator* (const Matrix& mat, const Point3D& p) //mulitplication by matrix on left
{
	return Point3D(mat.m[0][0] * p.x + mat.m[0][1] * p.y + mat.m[0][2] * p.z + mat.m[0][3],
		mat.m[1][0] * p.x + mat.m[1][1] * p.y + mat.m[1][2] * p.z + mat.m[1][3],
		mat.m[2][0] * p.x + mat.m[2][1] * p.y + mat.m[2][2] * p.z + mat.m[2][3]);
}
The Point3D object contains a function that will take in another object of the same type as a parameter and calculate the distance between them. This is useful for testing whether a point in 3D space interacts with an object, especially one with a defined radius. A dSquared() function has also been defined as a means of reducing collision detection time, since this can be tested without applying the computationally-expensive square root (declared using the sqrt() function) by using the squared radius, for example. Unlike distance(), which is called as a normal function due to its use of sqrt(), dSquared() can be called inline. This reduces the computational time even further.
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Vector3D.h:
#pragma once
#include "Matrix.h"
class Normal;
class Point3D;

class Vector3D
{
public:
	Vector3D();
	Vector3D(double a);
	Vector3D(double _x, double _y, double _z);
	Vector3D(const Vector3D& v);
	Vector3D(const Normal& n);
	Vector3D(const Point3D& p);
	~Vector3D();

	double x, y, z;
	Vector3D& operator= (const Vector3D& rhs);
	Vector3D& operator= (const Normal& rhs);
	Vector3D& operator= (const Point3D& rhs);
	Vector3D operator- () const;
	double length();
	double lengthSquared();
	Vector3D operator* (const double a) const;
	Vector3D operator/ (const double a) const;
	Vector3D operator+ (const Vector3D& v) const;
	Vector3D& operator+= (const Vector3D& v);
	Vector3D operator- (const Vector3D& v) const;
	double operator* (const Vector3D& b) const;
	Vector3D operator^ (const Vector3D& v) const;
	void normalise();
	Vector3D& hat();
};

inline Vector3D Vector3D::operator- (void) const //minus vector
{
	return Vector3D(-x, -y, -z);
}

inline double Vector3D::lengthSquared(void) //square of the length
{
	return (x * x + y * y + z * z);
}

inline Vector3D Vector3D::operator* (const double a) const //mulitplication by double on right
{
	return Vector3D(x * a, y * a, z * a);
}

inline Vector3D Vector3D::operator/ (const double a) const //division by a double
{
	return Vector3D(x / a, y / a, z / a);
}

inline Vector3D Vector3D::operator+ (const Vector3D& v) const //vector addition
{
	return Vector3D(x + v.x, y + v.y, z + v.z);
}

inline Vector3D Vector3D::operator- (const Vector3D& v) const //vector subtraction
{
	return Vector3D(x - v.x, y - v.y, z - v.z);
}

inline double Vector3D::operator* (const Vector3D& v) const //dot product
{
	return (x * v.x + y * v.y + z * v.z);
}

inline Vector3D Vector3D::operator^ (const Vector3D& v) const //cross product
{
	return Vector3D(y * v.z - z * v.y, z * v.x - x * v.z, x * v.y - y * v.x);
}

inline Vector3D& Vector3D::operator+= (const Vector3D& v) //compund addition
{
	x += v.x; y += v.y; z += v.z;
	return *this;
}

Vector3D operator* (const double a, const Vector3D& v);

inline Vector3D operator* (const double a, const Vector3D& v) //mulitiplication by double oon left
{
	return Vector3D(a * v.x, a * v.y, a * v.z);
}

Vector3D operator* (const Matrix& mat, const Vector3D& v); //multiplication by matrix on left
Vector3D.cpp:
#include <math.h>
#include "Vector3D.h"
#include "Normal.h"
#include "Point3D.h"

Vector3D::Vector3D() : x(0.0), y(0.0), z(0.0) //default constructor
{
}

Vector3D::Vector3D(double a) : x(a), y(a), z(a)
{
}

Vector3D::Vector3D(double _x, double _y, double _z) : x(_x), y(_y), z(_z)
{
}

Vector3D::Vector3D(const Vector3D & v) : x(v.x), y(v.y), z(v.z)
{
}

Vector3D::Vector3D(const Normal & n) : x(n.x), y(n.y), z(n.z)
{
}

Vector3D::Vector3D(const Point3D & p) : x(p.x), y(p.y), z(p.z)
{
}

Vector3D::~Vector3D() //destructor
{
}

Vector3D& Vector3D::operator= (const Vector3D& rhs) //assignment operator
{
	if (this == &rhs)
	{
		return *this;
	}

	x = rhs.x; y = rhs.y; z = rhs.z;
	return *this;
}

Vector3D& Vector3D::operator= (const Normal& rhs) //assign normal to vector
{
	x = rhs.x; y = rhs.y; z = rhs.z;
	return *this;
}

Vector3D& Vector3D::operator= (const Point3D& rhs) //assign point to vector
{
	x = rhs.x; y = rhs.y; z = rhs.z;
	return *this;
}

double Vector3D::length(void) //vector length
{
	return sqrt(x * x + y * y + z * z);
}

void Vector3D::normalise(void) //converts to unit vector
{
	double length = sqrt(x * x + y * y + z * z);
	x /= length; y /= length; z /= length;
}

Vector3D& Vector3D::hat(void) //converts to unit vector and returns it
{
	double length = sqrt(x * x + y * y + z * z);
	x /= length; y /= length; z /= length;
	return *this;
}

Vector3D operator* (const Matrix& mat, const Vector3D& v) //multiplication by matrix on left
{
	return Point3D(mat.m[0][0] * v.x + mat.m[0][1] * v.y + mat.m[0][2] * v.z,
		mat.m[1][0] * v.x + mat.m[1][1] * v.y + mat.m[1][2] * v.z,
		mat.m[2][0] * v.x + mat.m[2][1] * v.y + mat.m[2][2] * v.z);
}
Multiplying two Vector3D objects together will return a value for the dot product. This is an important component of 3D geometrical scene simulation; it determines how much influence a light ray will have on a surface defined using a normal, for example. Both the normalise() and hat() functions convert the vector length to a value of one. The former applies this transformation to the x, y and z variables of the object itself, whereas the latter returns a separate unit vector. The process of vector normalisation is important because it ensures that values for the dot product are being returned on a scale between 0 and 1, which simplifies the rendering process.
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Normal.h:
#pragma once
#include "Matrix.h"
#include "Vector3D.h"
#include "Point3D.h"

class Normal
{
public:
	Normal();
	Normal(double a);
	Normal(double _x, double _y, double _z);
	Normal(const Normal& n);
	Normal(const Vector3D& v);
	~Normal();

	double x, y, z;
	Normal& operator= (const Normal& rhs);
	Normal& operator= (const Vector3D& rhs);
	Normal& operator= (const Point3D& rhs);
	Normal operator- (void) const;
	Normal operator+ (const Normal& n) const;
	Normal& operator+= (const Normal& n);
	double operator* (const Vector3D& v) const;
	Normal operator* (const double a) const;
	void normalise();
};

inline Normal Normal::operator- (void) const //negative normal 
{
	return Normal(-x, -y, -z);
}

inline Normal Normal::operator+ (const Normal& n) const //normal addition
{
	return Normal(x + n.x, y + n.y, z + n.z);
}

inline Normal& Normal::operator+= (const Normal& n) //compound normal addition
{
	x += n.x; y += n.y; z += n.z;
	return *this;
}

inline double Normal::operator* (const Vector3D& v) const //normal left, vector right
{
	return (x * v.x + y * v.y + z * v.z);
}

inline Normal Normal::operator* (const double a) const //double multiplication on right
{
	return Normal(x * a, y * a, z * a);
}

Normal operator* (const double a, const Normal& n);

inline Normal operator*(const double f, const Normal& n) //double mulitiplication on left 
{
	return Normal(f * n.x, f * n.y, f * n.z);
}

Vector3D operator+ (const Vector3D& v, const Normal& n);

inline Vector3D
operator+ (const Vector3D& v, const Normal& n) //add to a vector on left
{
	return Vector3D(v.x + n.x, v.y + n.y, v.z + n.z);
}

Vector3D operator- (const Vector3D&, const Normal& n);

inline Vector3D operator- (const Vector3D& v, const Normal& n) //subtract a vector on the left
{
	return Vector3D(v.x - n.x, v.y - n.y, v.z - n.z);
}

double operator* (const Vector3D& v, const Normal& n);

inline double operator* (const Vector3D& v, const Normal& n) //multiply by vector on left
{
	return (v.x * n.x + v.y * n.y + v.z * n.z);
}

Normal operator* (const Matrix& mat, const Normal& n); //multiply by matrix on left
Normal.cpp:
#include <math.h>
#include "Normal.h"

Normal::Normal() : x(0.0), y(0.0), z(0.0) // default constructor
{
}

Normal::Normal(double a) : x(a), y(a), z(a)
{
}

Normal::Normal(double _x, double _y, double _z) : x(_x), y(_y), z(_z)
{
}

Normal::Normal(const Normal & n) : x(n.x), y(n.y), z(n.z) //copy constructor
{
}

Normal::Normal(const Vector3D & v) : x(v.x), y(v.y), z(v.z) //construct a normal from a vector
{
}

Normal::~Normal() //destructor
{
}

Normal & Normal::operator=(const Normal & rhs) //assignment operator
{
	if (this == &rhs)
	{
		return *this;
	}

	x = rhs.x; y = rhs.y; z = rhs.z;
	return *this;
}

Normal & Normal::operator=(const Vector3D & rhs) //assignment of vector to normal
{
	x = rhs.x; y = rhs.y; z = rhs.z;
	return *this;
}

Normal & Normal::operator=(const Point3D & rhs) //assignment of point to normal
{
	x = rhs.x; y = rhs.y; z = rhs.z;
	return *this;
}

void Normal::normalise() //convert vector length to 1
{
	double length = sqrt(x * x + y * y + z * z);
	x /= length; y /= length; z /= length;
}

Normal operator* (const Matrix& mat, const Normal& n) //multiplication by matrix on left
{
	return Normal(mat.m[0][0] * n.x + mat.m[1][0] * n.y + mat.m[2][0] * n.z,
		mat.m[0][1] * n.x + mat.m[1][1] * n.y + mat.m[2][1] * n.z,
		mat.m[0][2] * n.x + mat.m[1][2] * n.y + mat.m[2][2] * n.z);
}
This object is designed to help the user of the software visualise ray-surface interaction more easily, even though it has much of the same functionality as Vector3D. The normalise() function is called by the code if a unit normal is needed at any point.
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Ray.h:
#pragma once
#include "Point3D.h"
#include "Vector3D.h"

class Ray
{
public:
	Ray();
	Ray(const Point3D& origin, const Vector3D& dir);
	Ray(const Ray& ray);
	~Ray();

	Point3D o; //origin
	Vector3D d; //direction
	Ray& operator= (const Ray& rhs);
};

Ray.cpp:
#include "Ray.h"

Ray::Ray() : o(0.0), d(0.0, 0.0, 1.0) //default constructor
{
}

Ray::Ray(const Point3D& origin, const Vector3D& dir): o(origin),  d(dir)
{
}

Ray::Ray(const Ray& ray) : o(ray.o), d(ray.d)
{
}

Ray::~Ray() //destructor
{
}

Ray& Ray::operator= (const Ray& rhs) //assignment operator
{
	if (this == &rhs)
	{
		return *this;
	}

	o = rhs.o;
	d = rhs.d;
	return *this;
}
This is essentially a composite of the Point3D and Vector3D objects. It is possible, hypothetically speaking, to pass a starting point and a vector separately into a ray intersection function, but as with the Normal object, this is easier for a user to comprehend.
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RGBColour.h:
#pragma once
class RGBColour
{
public:
	RGBColour();
	RGBColour(float c);
	RGBColour(float _r, float _g, float _b);
	RGBColour(const RGBColour& c);
	~RGBColour();

	float r, g, b;
	RGBColour& operator= (const RGBColour& rhs);
	RGBColour operator+ (const RGBColour& c) const;
	RGBColour& operator+= (const RGBColour& c);
	RGBColour operator* (const float a) const;
	RGBColour& operator*= (const float a);
	RGBColour operator/ (const float a) const;
	RGBColour& operator/= (const float a);
	RGBColour operator* (const RGBColour& c) const;
	bool operator== (const RGBColour& c) const;
	RGBColour powc(double p) const;
	float average() const;
};

inline RGBColour RGBColour::operator+ (const RGBColour& c) const //add two colours
{
	return RGBColour(r + c.r, g + c.g, b + c.b);
}

inline RGBColour& RGBColour::operator+= (const RGBColour& c) //compund addition
{
	r += c.r; g += c.g; b += c.b;
	return *this;
}

inline RGBColour RGBColour::operator* (const float a) const //multiply by float on right
{
	return RGBColour(r * a, g * a, b * a);
}

inline RGBColour& RGBColour::operator*= (const float a) //compund multiplication
{
	r *= a; g *= a; b *= a;
	return *this;
}

inline RGBColour RGBColour::operator/ (const float a) const //division by float
{
	return RGBColour(r / a, g / a, b / a);
}

inline RGBColour& RGBColour::operator/= (const float a) //compound division
{
	r /= a; g /= a; b /= a;
	return *this;
}

inline RGBColour RGBColour::operator* (const RGBColour& c) const //component multiplication
{
	return RGBColour(r * c.r, g * c.g, b * c.b);
}

inline bool RGBColour::operator== (const RGBColour& c) const //are they equal
{
	return (r == c.r && g == c.g && b == c.b);
}

inline float RGBColour::average(void) const //average of three components
{
	return (0.333333333333 * (r + g + b));
}

RGBColour operator* (const float a, const RGBColour& c);

inline RGBColour operator* (const float a, const RGBColour& c) //multiply by float on left
{
	return RGBColour(a * c.r, a * c.g, a * c.b);
}
RGBColour.cpp:
#include <math.h>
#include "RGBColour.h"

RGBColour::RGBColour() : r(0.0), g(0.0), b(0.0) //default constructor
{
}

RGBColour::RGBColour(float c) : r(c), g(c), b(c)
{
}

RGBColour::RGBColour(float _r, float _g, float _b) : r(_r), g(_g), b(_b)
{
}

RGBColour::RGBColour(const RGBColour & c) : r(c.r), g(c.g), b(c.b)
{
}

RGBColour::~RGBColour() //destructor
{
}

RGBColour& RGBColour::operator= (const RGBColour& rhs) //assignment operator
{
	if (this == &rhs)
	{
		return *this;
	}

	r = rhs.r; g = rhs.g; b = rhs.b;
	return *this;
}

RGBColour RGBColour::powc(double p) const //raise to specified power
{
	return RGBColour(pow(r, p), pow(g, p), pow(b, p));
}
This represents the colour values used in scene elements like object textures and lights, as well as the pixels of the rendered image. Functions like average() might be used later on in the development process, to help determine pixel colours that have had anti-aliasing filters applied to them.
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Constants.h:
#pragma once
#include <stdlib.h>
#include "RGBColour.h"

const double 	PI = 3.1415926535897932384;
const double 	TWO_PI = 6.2831853071795864769;
const double 	PI_ON_180 = 0.0174532925199432957;
const double 	invPI = 0.3183098861837906715;
const double 	invTWO_PI = 0.1591549430918953358;

const double 	kEpsilon = 0.0001;
const double	kHugeValue = 1.0E10;

const RGBColour	black(0.0);
const RGBColour	white(1.0);
Pi is an exorbitantly expensive number to perform calculations with, so it helps to define it alongside some derivatives as a constant set of values with a fixed degree of accuracy. An example of where these values may be used is with the conversion of angular values between radians and degrees. PI_ON_180 can be multiplied by a degree-based angle to find its equivalent in radians. kEpsilon might be seen as a buffer for parametric ray values; if the t-value of an intersection point between a ray and an object is larger than 0.0001, then it is accepted as within the camera’s field of vision. Black and white are simple to define as they have absolute values for red, green and blue, so they are included here.
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Tracer.h:
#pragma once
#include "Constants.h"
#include "Ray.h"
#include "RGBColour.h"
#include "Normal.h"

class Tracer
{
public:
	Tracer();
	Tracer(const Tracer& _tracer);
	~Tracer();

	bool hitObject;
	RGBColour pixelColour;
	Point3D hitPoint;
	Normal normal;
};

Tracer.cpp:
#include "Tracer.h"

Tracer::Tracer() : hitObject(false), hitPoint(), normal(), pixelColour(black)
{
}

Tracer::Tracer(const Tracer & _tracer) : hitObject(_tracer.hitObject), hitPoint(_tracer.hitPoint), normal(_tracer.normal), pixelColour(_tracer.pixelColour)
{
}

Tracer::~Tracer()
{
}
In the event of a ray’s interaction with the surface of an object, Tracer consolidates all of the variables needed to determine the colour of the pixel from which the ray originates. The normal vector used to determine how a light source interacts with a surface is stored in this object.
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Lighting.h:
#pragma once
#include "RGBColour.h"
#include "Tracer.h"

class Lighting
{
protected:
	double intensity;
	RGBColour colour;

public:
	Lighting();
	Lighting(RGBColour& _c, double intense);
	Lighting(double _r, double _g, double _b, double intense);
	virtual ~Lighting();

	virtual Lighting* clone() const = 0;
	void setColour(RGBColour& _c);
	void setColour(double _r, double _g, double _b);
	void setIntensity(double intense);
	virtual RGBColour getLightInfo(Tracer& tracer) = 0;
};

inline void Lighting::setColour(RGBColour& _c)
{
	colour = _c;
}

inline void Lighting::setColour(double _r, double _g, double _b)
{
	colour.r = _r;
	colour.g = _g;
	colour.b = _b;
}

inline void Lighting::setIntensity(double intense)
{
	intensity = intense;
}
Lighting.cpp:
#include "Lighting.h"

Lighting::Lighting() : intensity(1.0f), colour(white)
{
}

Lighting::Lighting(RGBColour & _c, double intense) : intensity(intense), colour(_c)
{
}

Lighting::Lighting(double _r, double _g, double _b, double intense) : colour(_r, _g, _b), intensity(intense)
{
}

Lighting::~Lighting()
{
}
This is a parent class from which children are derived with more specialised functionality. Intensity and colour are declared here, as these are attributes universal to every light source regardless of type. The destructor has been defined as virtual, which will ensure that the destructors of both the base and derived classes are called upon deletion.
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Directional.h:
#pragma once
#include "Lighting.h"

class Directional :	public Lighting
{
private:
	Vector3D direction;

public:
	Directional();
	Directional(RGBColour& _c, double intense, Vector3D& d);
	Directional(double _r, double _g, double _b, double intense, Vector3D& d);
	virtual ~Directional();

	virtual Directional* clone() const;
	void setDirection(const Vector3D& d);
	void setDirection(double _x, double _y, double _z);
	virtual RGBColour getLightInfo(Tracer& tracer);
};

inline void Directional::setDirection(const Vector3D& d)
{
	direction = d;
}

inline void Directional::setDirection(double _x, double _y, double _z)
{
	direction.x = _x;
	direction.y = _y;
	direction.z = _z;
}
Directional.cpp:
#include "Directional.h"

Directional::Directional() : Lighting(), direction(0.0f, 1.0f, 0.0f)
{
}

Directional::Directional(RGBColour & _c, double intense, Vector3D & d) : Lighting(_c, intense), direction(d)
{
}

Directional::Directional(double _r, double _g, double _b, double intense, Vector3D & d) : Lighting(_r, _g, _b, intense), direction(d)
{
}

Directional::~Directional()
{
}

Directional * Directional::clone() const
{
	return new Directional(*this);
}

RGBColour Directional::getLightInfo(Tracer & tracer)
{
	if (direction.lengthSquared() - 1.0f > 0.1f || direction.lengthSquared() + 1.0f < -0.1f) //if light direction hasn't been normalised
	{
		direction.normalise();
	}
	
	double dotProduct = tracer.normal*(-direction);
	if (dotProduct > 0.0f)
	{
		return colour * (intensity * dotProduct);
	}
	else
	{
		return black;
	}
}
Directional is a subclass of Lighting, and so will inherit all of the functionality declared in that class. This particular definition of getLightInfo() finds the normalised dot product between the light’s negative direction vector and the surface normal as stored in the Tracer parameter. If the dot product is larger than 0 (in other words, if the angle between the light direction and the normal is acute), then the product of that and the light’s intensity and colour will be returned. Otherwise, a black pixel is used. The normal has already been normalised by the object’s hit() function, as will be explained later on.
[bookmark: _Toc511318709]ShadingInfo
ShadingInfo.h:
#pragma once
#include "RGBColour.h"
#include "Tracer.h"

class ShadingInfo
{
protected:
	RGBColour colour;
	double albedo;

public:
	ShadingInfo();
	ShadingInfo(float r, float g, float b, double reflect);
	ShadingInfo(const ShadingInfo& shade);
	ShadingInfo(const RGBColour& _colour, double reflect);
	~ShadingInfo();

	void setColour(const RGBColour& c);
	void setColour(float r, float g, float b);
	RGBColour getColour();
	void setAlbedo(double a);
	double getAlbedo();
	virtual RGBColour getReflectedColour(Tracer& t) const = 0;
};

inline void ShadingInfo::setColour(const RGBColour& c)
{
	colour = c;
}

inline void ShadingInfo::setColour(float r, float g, float b)
{
	colour.r = r;
	colour.g = g;
	colour.b = b;
}

inline RGBColour ShadingInfo::getColour()
{
	return colour;
}

inline void ShadingInfo::setAlbedo(double a)
{
	albedo = a;
}

inline double ShadingInfo::getAlbedo()
{
	return albedo;
}
ShadingInfo.cpp:
#include "ShadingInfo.h"

ShadingInfo::ShadingInfo() : colour(0.0, 0.0, 0.0), albedo(0.18)
{
}

ShadingInfo::ShadingInfo(float r, float g, float b, double reflect) : colour(r, g, b), albedo(reflect)
{
}

ShadingInfo::ShadingInfo(const ShadingInfo & shade) : colour(shade.colour), albedo(shade.albedo)
{
}

ShadingInfo::ShadingInfo(const RGBColour & _colour, double reflect) : colour(_colour), albedo(reflect)
{
}

ShadingInfo::~ShadingInfo()
{
}
All derivatives of ShadingInfo, the class that contains information about how the surface of a geometric object must be shaded, will contain values for the colour and the reflectivity (or the ‘albedo’). The albedo has been set to 0.18 in the default constructor because that is the average portion of light reflected by a real-life object.
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Lambert.h:
#pragma once
#include "ShadingInfo.h"

class Lambert : public ShadingInfo
{
public:
	Lambert();
	Lambert(float r, float g, float b, double reflect);
	Lambert(const Lambert& shade);
	Lambert(const RGBColour& _colour, double reflect);
	~Lambert();

	virtual RGBColour getReflectedColour(Tracer& t) const;
};
Lambert.cpp:
#include "Lambert.h"

Lambert::Lambert() : ShadingInfo()
{
}

Lambert::Lambert(float r, float g, float b, double reflect) : ShadingInfo(r, g, b, reflect)
{
}

Lambert::Lambert(const Lambert & shade) : ShadingInfo(shade.colour, shade.albedo)
{
}

Lambert::Lambert(const RGBColour & _colour, double reflect) : ShadingInfo(_colour, reflect)
{
}

Lambert::~Lambert()
{
}

RGBColour Lambert::getReflectedColour(Tracer & t) const
{
	return colour * albedo;
}
All objects that have Lambert shading applied to them will produce a matte colouring effect when light interacts with a surface. The pixel colour representing a ray that intersects with a Lambert-shaded object is not affected by the angle at which the object is viewed, so getReflectedColour() only needs to return a value for the reflected colour.
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GeometricObject.h:
#pragma once
#include "RGBColour.h"
#include "Point3D.h"
#include "Normal.h"
#include "Ray.h"
#include "Constants.h"
#include "ShadingInfo.h"
#include "Tracer.h"

class GeometricObject
{
protected:
	GeometricObject& operator= (const GeometricObject& rhs);
public:
	GeometricObject();
	GeometricObject(const GeometricObject& object);
	virtual GeometricObject* clone() const = 0;
	virtual ~GeometricObject();
	ShadingInfo* shader;

	virtual bool hit(const Ray& ray, double& t, Tracer& tr) const = 0;
};
GeometricObject.cpp:
#include "Constants.h"
#include "GeometricObject.h"

GeometricObject::GeometricObject() : shader(NULL) //default constructor
{
}

GeometricObject::GeometricObject(const GeometricObject& object) : shader(object.shader)
{
}

GeometricObject& GeometricObject::operator= (const GeometricObject& rhs) 
{
	if (this == &rhs)
	{
		return *this;
	}

	shader = rhs.shader;
	return *this;
}

GeometricObject::~GeometricObject() //destructor
{
	if (shader)
	{
		delete shader;
		shader = NULL;
	}
}
The only attribute that each GeometricObject shares is a pointer to ShadingInfo, which describes how the object surface interacts with light. Any of ShadingInfo’s derivatives can be assigned to the pointer, with the object type determining the surface properties. The shading information is then deleted upon object destruction so as to prevent any memory leaks. The definition of the hit() function is dependent on which subclass an instance of a GeometricObject is a part of.
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Sphere.h:
#pragma once
#include "GeometricObject.h"
#include "Tracer.h"

class Sphere : public GeometricObject
{
private:
	Point3D center;
	double radius;
	static const double kEpsilon; //for shadows and secondary rays
public:
	Sphere();
	Sphere(Point3D c, double r);
	Sphere(const Sphere& sphere);
	virtual Sphere* clone() const;
	virtual ~Sphere();
	Sphere& operator= (const Sphere& sphere);
	void setCenter(const Point3D& c);
	void setCenter(const double x, const double y, const double z);
	void setRadius(const double r);
	virtual bool hit(const Ray& ray, double& tmin, Tracer& tr) const;
};

inline void Sphere::setCenter(const Point3D& c) 
{
	center = c;
}

inline void Sphere::setCenter(const double x, const double y, const double z) 
{
	center.x = x;
	center.y = y;
	center.z = z;
}

inline void Sphere::setRadius(const double r) 
{
	radius = r;
}
Sphere.cpp:
#include "Sphere.h"
#include "math.h"
const double Sphere::kEpsilon = 0.001;

Sphere::Sphere() : GeometricObject(), center(0.0), radius(1.0) //default constructor
{
}

Sphere::Sphere(Point3D c, double r) : GeometricObject(), center(c), radius(r)
{
}

Sphere::Sphere(const Sphere & sphere) : GeometricObject(sphere), center(sphere.center), radius(sphere.radius)
{
}

Sphere * Sphere::clone() const
{
	return new Sphere(*this);
}

Sphere::~Sphere() //destructor
{
}

Sphere & Sphere::operator=(const Sphere & sphere) //assignment operator
{
	if (this == &sphere)
	{
		return *this;
	}

	GeometricObject::operator=(sphere);
	center = sphere.center;
	radius = sphere.radius;
	return *this;
}

bool Sphere::hit(const Ray & ray, double & tmin, Tracer & tr) const
{
	double t;
	Vector3D temp = ray.o - center;
	double a = ray.d * ray.d;
	double b = 2.0 * temp * ray.d;
	double c = temp * temp - radius * radius;
	double disc = b * b - 4.0 * a * c;

	if (disc < 0.0)
	{
		return false;
	}
	else 
	{
		double e = sqrt(disc);
		double denom = 2.0 * a;
		t = (-b - e) / denom;    // smaller root

		if (t > kEpsilon) 
		{
			tmin = t;
			tr.normal = (temp + t * ray.d) / radius;
			tr.hitPoint = ray.o + t * ray.d;
			return true;
		}

		t = (-b + e) / denom;    // larger root
		if (t > kEpsilon) 
		{
			tmin = t;
			tr.normal = (temp + t * ray.d) / radius;
			tr.hitPoint = ray.o + t * ray.d;
			return true;
		}
	}
	return false;
}
The squared magnitude of a vector connecting a point on a sphere’s surface to its centre is equal to the radius squared. If any part of a ray intersects with the surface of a sphere, the parametric equation of the ray can substitute for the surface point. This can be expanded into a quadratic equation for the t-value of the ray, where a is the squared dot product of the ray’s direction, b is the dot product between the doubled vector between the ray origin and the sphere centre and the ray direction, and c is the squared dot product of the vector between the ray origin and the sphere centre subtracted by the squared radius. 
The hit() function of a Sphere starts by approximating a value from the above quadratic equation. A negative value means that the ray does not intersect with the Sphere, so it would be a waste of time to perform further calculations. The same applies to a value of 0, which means the ray grazes the surface of the object. A larger value means that the ray has two intersection points. The t-value for the ray at the closer point is calculated. If this is larger than kEpsilon, it is designated as the point from which the colour values of the corresponding pixel will be derived. If not, then the process is repeated for the more distant point.
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Plane.h:
#pragma once
#include "GeometricObject.h"

class Plane : public GeometricObject
{
private:
	Point3D a;
	Normal n;
	static const double kEpsilon;
public:
	Plane();
	Plane(const Point3D& point, const Normal& normal);
	Plane(const Plane& plane);
	virtual Plane* clone() const;
	virtual ~Plane();

	Plane& operator= (const Plane& rhs);
	virtual bool hit(const Ray& ray, double& tmin, Tracer& tr) const;
};
Plane.cpp:
#include "Plane.h"
const double Plane::kEpsilon = 0.001;

Plane::Plane() : GeometricObject(), a(0.0), n(0, 1, 0)
{
}

Plane::Plane(const Point3D & point, const Normal & normal) : GeometricObject(), a(point), n(normal)
{
	n.normalise();
}

Plane::Plane(const Plane & plane) : GeometricObject(plane), a(plane.a), n(plane.n)
{
}

Plane * Plane::clone() const
{
	return new Plane(*this);
}

Plane::~Plane()
{
}

Plane & Plane::operator=(const Plane & rhs)
{
	if (this == &rhs)
	{
		return *this;
	}

	GeometricObject::operator= (rhs);
	a = rhs.a;
	n = rhs.n;
	return *this;
}

bool Plane::hit(const Ray & ray, double & tmin, Tracer & tr) const
{
	float t = (a - ray.o) * n / (ray.d * n);
	if (t > kEpsilon) 
	{
		tmin = t;
		tr.normal = n;
		tr.hitPoint = ray.o + t * ray.d;
		return true;
	}

	return false;
}
The hit() functionality for the Plane starts by dividing the dot product between the vector connecting the given point on the plane to the ray origin and the normal by the dot product between the ray direction and the normal. If this is within viewing range of the camera, the intersection point is found by substituting the t-value into the parametric ray equation, and the normal vector is borrowed by the Tracer.
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Disk.h:
#pragma once
#include "GeometricObject.h"

class Disk : public GeometricObject
{
private:
	Point3D center;
	Normal n;
	double radius;
	double radiusSquared;

public:
	Disk();
	Disk(const Point3D& _p, const Normal& _n, double _r);
	Disk(const Disk& disk);
	virtual ~Disk();

	virtual Disk* clone() const;
	void setRadius(const double r);
	virtual bool hit(const Ray& ray, double& tmin, Tracer& tr) const;
	Disk& operator=(const Disk& rightSide);
};

inline void Disk::setRadius(const double r)
{
	radius = r;
	radiusSquared = radius * radius;
}
Disk.cpp:
#include "Disk.h"

Disk::Disk() : GeometricObject(), center(0.0), n(0.0, 1.0, 0.0), radius(1.0), radiusSquared(1.0)
{
}

Disk::Disk(const Point3D & _p, const Normal & _n, double _r) : GeometricObject(), center(_p), n(_n), radius(_r), radiusSquared(_r * _r)
{
	n.normalise();
}

Disk::Disk(const Disk & disk) : GeometricObject(disk), center(disk.center), n(disk.n), radius(disk.radius), radiusSquared(disk.radiusSquared)
{
}

Disk::~Disk()
{
}

Disk * Disk::clone() const
{
	return new Disk(*this);
}

bool Disk::hit(const Ray & ray, double & tmin, Tracer & tr) const
{
	float t = (center - ray.o) * n / (ray.d * n); //test plane on which the disk lies
	if (t > kEpsilon) //if there is an intersection
	{
		Point3D point = ray.o + t * ray.d;
		Vector3D v = point - center;
		if (v * v <= radiusSquared)
		{
			tmin = t;
			tr.normal = n;
			tr.hitPoint = point;
			return true;
		}

		return false;
	}

	return false;
}

Disk & Disk::operator=(const Disk & rightSide)
{
	if (this == &rightSide)
	{
		return *this;
	}

	GeometricObject::operator=(rightSide);
	center = rightSide.center;
	radius = rightSide.radius;
	radiusSquared = rightSide.radiusSquared;
	n = rightSide.n;
	return *this;
}
Disk takes the hit() functionality defined for Plane and then tests the intersection point between the plane and the ray against the radius. If the squared vector between the intersection and centre points is smaller than the squared radius, there is also an intersection with the contained disk. radiusSquared is defined alongside the radius as this will avoid the computational time needed to calculate the square root.
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World.h:
#pragma once
#include <vector>
#include "GraphicsWindow.h"
#include "Lighting.h"
#include "RGBColour.h"
#include "Tracer.h"
#include "Ray.h"
#include "GeometricObject.h"
using namespace std;

class World
{
private:
	void deleteObjects();
	void deleteLights();
public:
	World();
	~World();

	vector<GeometricObject*> objects;
	vector<Lighting*> lights;
	RGBColour backgroundColour;

	void addObject(GeometricObject* objectPtr);
	void addLight(Lighting* lightPtr);
	void build();
	Tracer objCollision(const Ray& ray);
};

inline void World::addObject(GeometricObject * objectPtr)
{
	objects.push_back(objectPtr);
}

inline void World::addLight(Lighting* lightPtr)
{
	lights.push_back(lightPtr);
}

World.cpp:
//include opengl page

#include "World.h"
#include "Constants.h"

// geometric objects

#include "Plane.h"
#include "Sphere.h"
#include "Disk.h"

// tracer

#include "Tracer.h"

// lights

#include "Directional.h"

// utilities

#include "Vector3D.h"
#include "Point3D.h"
#include "Normal.h"
#include "Maths.h"
#include "Lambert.h"
#include <time.h>

World::World() : backgroundColour(black)
{
}

World::~World()
{
	deleteObjects();
	deleteLights();
}

void World::build()
{
	clock_t t = clock();
	backgroundColour = RGBColour(0.0);

	Sphere* sphere1 = new Sphere(Point3D(-150, 150, 0), 100);
	sphere1->shader = new Lambert(1.0, 0.0, 0.0, 0.18);
	addObject(sphere1);

	Sphere* sphere2 = new Sphere(Point3D(0, 0, 0), 100);
	sphere2->shader = new Lambert(0.0, 1.0, 1.0, 0.18);
	addObject(sphere2);

	Sphere* sphere3 = new Sphere(Point3D(150, -150, 0), 100);
	sphere3->shader = new Lambert(0.0, 0.0, 1.0, 0.18);
	addObject(sphere3);
	
	Plane* plane = new Plane(Point3D(0.0, 0.0, -100.0), Normal(0.0, 0.0, 1.0));
	plane->shader = new Lambert(0.5, 0.5, 0.5, 0.18);
	addObject(plane);
	
	Disk* disk1 = new Disk(Point3D(150, 150, 0), Normal(1.0, -1.0, 1.0), 100);
	disk1->shader = new Lambert(0, 1, 0, 0.18);
	addObject(disk1);

	Disk* disk2 = new Disk(Point3D(-150, -150, 0), Normal(-1.0, 1.0, 1.0), 100);
	disk2->shader = new Lambert(1, 0, 1, 0.18);
	addObject(disk2);

	Directional* light = new Directional();
	light->setColour(1.0, 1.0, 1.0);
	light->setIntensity(6.0);
	light->setDirection(1.0, -1.0, -1.0);
	addLight(light);

	Directional* light2 = new Directional();
	light2->setColour(1.0, 1.0, 1.0);
	light2->setIntensity(6.0);
	light2->setDirection(-1.0, 1.0, -1.0);
	addLight(light2);

	t = clock() - t;
	printf("Scene building time: %f ms\n", (float)(t));
}

int collisions = 0;
Tracer World::objCollision(const Ray & ray)
{
	Tracer tr(this);
	double t;
	float tmin = kHugeValue;
	int numObjects = objects.size();

	for (int j = 0; j < numObjects; j++)
	{
		if (objects[j]->hit(ray, t, tr) && (t < tmin))
		{
			collisions++;
			tr.hitObject = true;
			tmin = t;
			tr.pixelColour = black;
			int numLights = lights.size();
			for (int i = 0; i < numLights; i++)
			{
				tr.pixelColour += (lights[i]->getLightInfo(tr) * objects[j]->shader->getReflectedColour(tr));
			}
		}
	}

	if (tr.hitObject == false)
		tr.pixelColour = backgroundColour;
	return tr;
}

void World::deleteObjects()
{
	int numObjects = objects.size();
	printf("Successful collisions: %d\n", collisions);
	for (int j = 0; j < numObjects; j++)
	{
		delete objects[j];
		objects[j] = NULL;
	}

	objects.erase(objects.begin(), objects.end());
}

void World::deleteLights()
{
	int numLights = lights.size();
	for (int j = 0; j < numLights; j++)
	{
		delete lights[j];
		lights[j] = NULL;
	}

	lights.erase(lights.begin(), lights.end());
}
The time taken to build the scene is measured using a clock_t variable, and printed out onto the console just before the build() function ends. 
Every ray that originates from the camera is passed into objCollision(). If an intersection is found between the ray and any of the objects in the scene AND a particular object is closer to the camera than one tested previously, the pixel colour is reset to black to prevent any ghosting effects from objects further along the ray. After that, the influence of each light source on the collision point is multiplied by the colour reflected from the shaded surface of the object and added onto the pixel colour. Alternatively, if the ray does not detect a collision with any of the objects, the scene’s background colour is returned.
deleteObjects() and deleteLights() are called in the destructor so as to prevent memory leaks from the use of stored pointer variables. The collisions variable keeps track of the number of successful collisions between a ray and an object, and outputs the final number before the objects are deleted.
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GraphicsWindow.h:
#pragma once
#include "RGBColour.h"
const int SCREEN_WIDTH = 500;
const int SCREEN_HEIGHT = 500;

class GraphicsWindow
{
public:
	float* colourBuffer;

public:
	GraphicsWindow();
	GraphicsWindow(const GraphicsWindow& vp);
	~GraphicsWindow();

	GraphicsWindow& operator=(const GraphicsWindow& rhs);
	void displayPixel(const int row, const int column, const RGBColour & pixel_color);
	RGBColour maxToOne(const RGBColour & c);
	void drawPixel(int x, int y, const RGBColour &c);
	void render();
	void clear();
};
GraphicsWindow.cpp:
#include "GraphicsWindow.h"
#include "World.h"
#include "Maths.h"
#include "glut.h"
World scene;

void winReshapeFunc(GLint w, GLint h);

GraphicsWindow::GraphicsWindow()
{
	int totalCount = SCREEN_WIDTH * SCREEN_HEIGHT * 3;

	colourBuffer = new float[totalCount];

	for (int i = 0; i < totalCount; i++)
	{
		colourBuffer[i] = 0;
	}
}

GraphicsWindow::GraphicsWindow(const GraphicsWindow& vp)
{
	int totalCount = SCREEN_WIDTH * SCREEN_HEIGHT * 3;

	colourBuffer = new float[totalCount];

	for (int i = 0; i < totalCount; i++)
	{
		colourBuffer[i] = 0;
	}
}

GraphicsWindow::~GraphicsWindow()
{
	delete[] colourBuffer;
}

GraphicsWindow & GraphicsWindow::operator=(const GraphicsWindow & rhs)
{
	if (this == &rhs)
	{
		return *this;
	}

	colourBuffer = rhs.colourBuffer;
	return *this;
}

void GraphicsWindow::displayPixel(const int row, const int column, const RGBColour & pixel_color)
{
	RGBColour mappedColour = maxToOne(pixel_color);

	//have to start from max y coordinate to convert to screen coordinates
	int x = column;
	int y = row;

	drawPixel(x, y, mappedColour);
}

RGBColour GraphicsWindow::maxToOne(const RGBColour & c)
{
	float maxValue = max(c.r, max(c.g, c.b));

	if (maxValue > 1.0)
		return c / maxValue;
	else
		return c;
}

void GraphicsWindow::drawPixel(int x, int y, const RGBColour & c)
{
	int start, end;

	start = -(1 / 2);
	end = (int)((1 / 2.0f) + 0.5);

	for (int i = start; i < end; i++)
	{
		for (int j = start; j < end; j++)
		{
			if ((x + j < 0) || (x + j >= SCREEN_WIDTH))
				continue;

			if ((y + i < 0) || (y + i >= SCREEN_HEIGHT))
				continue;

			colourBuffer[(((y + i)*SCREEN_WIDTH + (x + j)) * 3) + 0] = c.r;
			colourBuffer[(((y + i)*SCREEN_WIDTH + (x + j)) * 3) + 1] = c.g;
			colourBuffer[(((y + i)*SCREEN_WIDTH + (x + j)) * 3) + 2] = c.b;
		}
	}
}

void GraphicsWindow::render()
{
	// clear the back buffer
	glClear(GL_COLOR_BUFFER_BIT | GL_DEPTH_BUFFER_BIT);

	// draw the pixels onscreen
	glDrawPixels(SCREEN_WIDTH, SCREEN_HEIGHT, GL_RGB, GL_FLOAT, colourBuffer);

	// swap the buffers of the current window
	glutSwapBuffers();

	// clear out the buffer
	clear();
}

void GraphicsWindow::clear()
{
	memset(colourBuffer, 0, sizeof(float)*SCREEN_WIDTH*SCREEN_HEIGHT * 3);
}
The colourBuffer array is used to store the individual colour components for each pixel. This is declared dynamically in the constructor, as its size will depend on the intended resolution of the image. 
displayPixel() takes in a pixel’s intended colour alongside its onscreen dimensions. If any of the colour components exceed 1.0, the values of the RGBColour object are clamped down by maxToOne(). This is then passed on to drawPixel(), where the colour values are passed on to their own locations in the colourBuffer. Render() is then called, which draws the contents of the buffer onto the screen using OpenGL.
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Main.cpp:
#include <stdlib.h>
#include <time.h>
#include <iostream>
#include "GraphicsWindow.h"
#include "World.h"
#include "RGBColour.h"
#include "Ray.h"
#include "glut.h"

GraphicsWindow graphics;
World tracerScene;

void winReshapeFunc(GLint w, GLint h)
{
	// specify current matrix
	glMatrixMode(GL_PROJECTION);

	// load an identity matrix
	glLoadIdentity();

	// create a projection matrix... i.e. 2D projection onto xy plane
	glOrtho(-SCREEN_WIDTH, SCREEN_WIDTH, -SCREEN_HEIGHT, SCREEN_HEIGHT, -100, 100);
	glMatrixMode(GL_MODELVIEW);
	glLoadIdentity();

	// set up the viewport
	glViewport
	(
		0,				// lower left x position
		0,				// lower left y position
		(GLsizei)SCREEN_WIDTH,	// viewport width
		(GLsizei)SCREEN_HEIGHT	// viewport height
	);
}

void renderScene()
{
	clock_t t = clock();
	RGBColour pixelColor;
	Ray	ray;
	float zw = 100.0;			// hardwired in

	ray.d = Vector3D(0, 0, -1);
	printf("Collision tests: %d\n", SCREEN_HEIGHT*SCREEN_WIDTH*tracerScene.objects.size());

	for (int r = 0; r < SCREEN_HEIGHT; r++) // up
		for (int c = 0; c <= SCREEN_WIDTH; c++) // across 	
		{
			ray.o = Point3D(1 * (c - SCREEN_WIDTH / 2.0 + 0.5), 1 * (r - SCREEN_HEIGHT / 2.0 + 0.5), zw);
			pixelColor = tracerScene.objCollision(ray).pixelColour;
			graphics.displayPixel(r, c, pixelColor);
		}

	graphics.render();
	t = clock() - t;
	printf("Scene rendering time: %f ms\n", (float)(t));
}

int main(int argc, char **argv)
{
	tracerScene.build();
	glutInit(&argc, argv);
	glutInitDisplayMode(GLUT_DOUBLE | GLUT_RGB);
	glutInitWindowPosition(100, 100);
	glutInitWindowSize(SCREEN_WIDTH, SCREEN_HEIGHT);
	glutCreateWindow("Ray Tracing!");
	glutReshapeFunc(winReshapeFunc);
	glutDisplayFunc(renderScene);
	glutMainLoop();
	return 0;
}
In the main function, from which everything is executed, the scene is built before the OpenGL driver is initiated. In renderScene(), the total number of collision tests to be performed is found by multiplying the image resolution by the number of tested objects in the scene. This will be compared to the number of successful collisions carried out by the scene during the testing process. The origin of each ray from the viewing perspective is found by approximating the centre of the pixel relative to the centre of the image. The ray is then cast into the scene, with the pixel colour determined by how it interacts with the objects. The time taken to draw the image onscreen is measured using clock_t and then output onto the console.
winReshapeFunc() is supposed to adjust the resolution of the image to fit the size of the OpenGL window. However, when the window is expanded, the image lingers in the bottom left corner of the screen at the same resolution as it was rendered. Future iterations of development will most likely remove this functionality, as it is not particularly important to the author’s vision for the project. 
[bookmark: _Toc511318718]Results and Analysis
At the end of each development iteration, the program is tested for both computational performance and system functionality. The latter is conducted using a test harness running a series of Google Test units for each object, which can be found in the appendix of this report. The former is elaborated on in more detail in this subsection. The number of ray collision calculations that occur at runtime is calculated for each scene, with a separate tally kept for the successful ones. The average computational time taken to render the scenes is also measured. The scenes are then tested again with the implementation of a bounding volume hierarchy, with the results compared to those found without the use of one.
As the bounding volume structure has yet to be built at this point, the main focus of the testing process will be on how the addition of certain objects to a scene will affect the time taken to render the image. Figures 9a and 9b show a single sphere placed in the centre of the scene, with the latter having a radius twice as large as the former. Figure 9c shows three spheres of different colours positioned along the screen in a diagonal line. Figure 9d adds two disks to the remaining corners of the image. Figure 9e places a plane in the background that faces towards the camera. Two perpendicular light sources are cast into the scenes, both of which point away from the camera. It is expected that the two major factors that will increase the rendering time of an image are the size of the objects, and the number of objects in the scene. This is because more collision calculations would need to be performed in either case.
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[bookmark: _Toc511318660]Figure 9: Five scenes rendered using the first implemented iteration
Table 1 shows the number of collisions, successful or otherwise, performed in the scene measured against the rendering time of each image. With regards to the first two images, doubling the radius of the sphere quadruples both the number and the percentage of successful ray-object collisions, which includes an approximately 50% increase in computational time. The addition of two more spheres with the same radius as Figure 9a across different areas of the scene in Figure 9c results in a proportion of successful ray-object collisions similar to that of 9a, with an almost doubled average rendering time. Figure 9d adds disks to the image; this results in a 40% increase in rendering time, as well as a slightly smaller percentage of collisions that produced an intersection. Figure 9e includes a plane in the background and has a higher percentage of successful collisions than 9d, in addition to a 33% increase in computational time. The percentage of intersection tests that yield a successful collision increases when the objects of a scene are spread out across the area of the image.
	Rendered Scene
	Collisions
	Successful Collisions
	% Successful Collisions
	Avg. Rendering Time (ms)
	Performance (frames per second)

	Figure 9a
	250,000
	31,428
	12.6%
	624.0
	1.60

	Figure 9b
	250,000
	125,676
	50.3%
	938.4
	1.07

	Figure 9c
	750,000
	94,284
	12.5%
	1227.1
	0.81

	Figure 9d
	1,250,000
	130,564
	10.5%
	1710.7
	0.58

	Figure 9e
	1,500,000
	286,780
	19.1%
	2282.1
	0.44


[bookmark: _Toc511318669]Table 1: A comparison of the rendering properties of the images in Figure 9
The performance of the renderer is found by dividing 1000 milliseconds by the average rendering time of each image in Figure 9. Even the least computationally expensive image only has a framerate of 1.60. This slows down even further as more objects are added to the scene, with 9e only performing at 0.44 frames per second. The author is not aiming for real-time performance with this project, so this is not too much of an issue. However, it does support the point that he has made about the large amount of time needed to produce a ray-traced image, and the necessity of implementing an acceleration structure in order to bring these times down.
[bookmark: _Toc511318719]Conclusion
In this iteration, a simple ray-tracing renderer has been developed that builds a 3D scene from a description of geometric shapes and lighting provided by the developer. During the rendering process, a ray is cast into the scene from a location that represents a pixel in the final image and determines the colour of that pixel based upon the surface and the lighting that it interacts with. Tests show that scenes with a larger number of objects took more time to render, with even the simplest image having a performance well below what would be acceptable in a real time renderer. The next iteration of development will focus on the implementation of bounding volumes to reduce the number of intersection tests required.

[bookmark: _Toc511318720]Second Iteration – Bounding Box Hierarchy
[bookmark: _Toc511318721]Introduction
The primary objective of the second iteration of project development is to implement an acceleration structure, with the aim of reducing the number of ray-object collisions required during rendering, and therefore the time taken to process the image. During rendering time, this structure will be traversed by the ray sent from the camera. Any bounding volumes that the ray collides with will be tested for pointers to any sub-nodes. If it has none, the objects contained within the current node will be tested for ray collisions. 
A bounding volume hierarchy is implemented as it appears to be the easiest to implement and the most time-efficient of the structures, based upon the Literature Review. A bounding box containing every object in the scene will be created at the start. If there are more than two objects in the scene, two smaller bounding boxes will be created to contain half of the objects stored in the parent box each. This process is recursively called until each leaf node of the hierarchy has no more than two objects. A top-down approach has been chosen because the author thinks that it would be more practical to break-down a large list of objects than to try and find them from a lower level.
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[bookmark: _Toc511318661]Figure 10: The objects representing the bounding volume hierarchy
AccelerationStructure contains the root of the bounding volume hierarchy, as well as a Tracer object to contain the surface intersection information of the GeometricObject closest to the ray. The constructor with the object vector parameter initiates the building of the hierarchy by calling build() in the root bounding volume node. This is recursively called until each leaf node contains no more than two objects. 
The search() function calls traverse() in the root node, which tests for an intersection between the ray and the bounding volume using intersect(). If this returns a positive result, then the left and right nodes are tested. If the current bounding volume is a leaf, the contained objects will be tested for ray intersections. The localObjs vector contains the objects held by the bounding volume.
On an abstract level, the acceleration structure contains the bounding volumes used to build the hierarchy, hence the aggregation relationship presented in Figure 10. The Tracer is supposed to know the coordinates of the objects contained in the entire structure, so it is placed in the AccelerationStructure object. BoundingBox has the primary purpose of containing a certain set of objects, with each function maintaining this cohesion. Each individual BoundingBox contains pointers to both a left and a right node, with the objects stored in these children being derived from those stored in the parent.
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[bookmark: _Toc511318662]Figure 11: The addition of maxBoundCoords() and minBoundCoords() to GeometricObject
The responsibility of finding the bounding box coordinates for each object will be assigned to the objects themselves. This is because they have the information necessary to fulfil the task, such as radius and central position. maxBoundCoords() and minBoundCoords() are both virtual functions, as how the bounding volume coordinates are calculated will depend on the object’s geometric type.
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[bookmark: _Toc511318663]Figure 12: The AccelerationStructure object within World
An AccelerationStructure object has been added to World, with build() used to construct the hierarchy after the scene has been described, and objCollision() repurposed to utilise the Tracer in the structure. The return type of the latter function has been changed to RGBColour because most of the object collision functionality will be carried out within the hierarchy instead.
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AccelerationStructure.h:
#pragma once
#include "BoundingVolume.h"
#include "Tracer.h"
#include "GeometricObject.h"
#include <vector>
using namespace std;

class AccelerationStructure
{
public:
	AccelerationStructure();
	AccelerationStructure(vector<GeometricObject*>& objects);
	~AccelerationStructure();

	BoundingVolume* root;
	Tracer tr;
	int totalCol;
	int successCol;

	void build(vector<GeometricObject*>& objects);
	void search(const Ray& ray);
};
The number of collisions, successful or otherwise, need to be counted as the ray traverses through the bounding volume hierarchy. The int variables totalCol and successCol have been added here as a means of tracking this. They are better placed here than in BoundingVolume because they are supposed to count the collision numbers for the entire hierarchy, which is initiated from the root. The build() function initiates the construction of the hierarchy given a vector of objects, and search() starts testing the ray parameter against its constituent bounding volumes.
AccelerationStructure.cpp:
#include "AccelerationStructure.h"

AccelerationStructure::AccelerationStructure() : root(NULL), totalCol(0), successCol(0)
{
}

AccelerationStructure::AccelerationStructure(vector<GeometricObject*>& objects) : root(NULL), totalCol(0), successCol(0)
{
	build(objects);
}

AccelerationStructure::~AccelerationStructure()
{
	if (root != NULL)
	{
		delete root;
		root = NULL;
	}
}

void AccelerationStructure::build(vector<GeometricObject*>& objects)
{
	root = new BoundingVolume(objects);
}

void AccelerationStructure::search(const Ray & ray)
{
	if (root != NULL)
	{
		tr.hitObject = false;
		tr.hitPoint = Point3D(0.0);
		tr.normal = Normal(0.0);
		tr.pixelColour = black;

		double t = 1000;
		root->traverse(ray, tr, t, totalCol, successCol);
	}
}
The copy constructor calls the build() function so that the object vector that has been passed in can be immediately applied to the construction of the hierarchy. The search() function will be called for each ray that is cast from a pixel, with the variables contained within the Tracer tr object reset before the intersectional values are found.
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BoundingVolume.h:

#pragma once
#include "Point3D.h"
#include "BoundingVolume.h"
#include "GeometricObject.h"
#include <vector>
using namespace std;

class BoundingVolume
{
private:
	Point3D maxCoord;
	Point3D minCoord;
	vector<GeometricObject*> localObjs;
	BoundingVolume* left;
	BoundingVolume* right;

	bool intersect(const Ray& ray);

public:
	BoundingVolume();
	BoundingVolume(vector<GeometricObject*>& objects);
	~BoundingVolume();

	void build(vector<GeometricObject*>& objects);
	void traverse(const Ray& ray, Tracer& tr, double& t, int& col, int& success);
	void testCollisions(const Ray& ray, Tracer& tr, double& t, int& col, int& success);
};
BoundingVolume.cpp:
#include "BoundingVolume.h"
#include "Maths.h"

bool BoundingVolume::intersect(const Ray & ray) //test for an intersection between the ray and the bounding volume
{
	float tXmin = (minCoord.x - ray.o.x) / ray.d.x;
	float tXmax = (maxCoord.x - ray.o.x) / ray.d.x;

	float tYmin = (minCoord.y - ray.o.y) / ray.d.y;
	float tYmax = (maxCoord.y - ray.o.y) / ray.d.y;

	if (tXmin > tYmax || tYmin > tXmax) return false;

	float tmin;
	if (tXmin > tYmin)
		tmin = tXmin;
	else
		tmin = tYmin;

	float tmax;
	if (tXmax < tYmax)
		tmax = tXmax;
	else
		tmax = tYmax;

	float tZmin = (minCoord.z - ray.o.z) / ray.d.z;
	float tZmax = (maxCoord.z - ray.o.z) / ray.d.z;

	if (tmin > tZmax || tZmin > tmax) return false;

	if (tZmin > tmin) tmin = tZmin;
	if (tZmax < tmax) tmax = tZmax;
	return true;
}

BoundingVolume::BoundingVolume() : maxCoord(Point3D(0.0, 0.0, 0.0)), minCoord(Point3D(0.0, 0.0, 0.0)), left(NULL), right(NULL)
{
}

BoundingVolume::BoundingVolume(vector<GeometricObject*>& objects) : maxCoord(Point3D(0.0, 0.0, 0.0)), minCoord(Point3D(0.0, 0.0, 0.0)), 
left(NULL), right(NULL)
{
	build(objects);
}

BoundingVolume::~BoundingVolume()
{
	if (left == NULL && right == NULL)
	{
		int size = localObjs.size();
		for (int i = 0; i < size; i++)
		{
			delete localObjs[i];
			localObjs[i] = NULL;
		}
		localObjs.erase(localObjs.begin(), localObjs.end());
	}

	if (left != NULL)
	{
		delete left;
		left = NULL;
	}

	if (right != NULL)
	{
		delete right;
		right = NULL;
	}
}

void BoundingVolume::build(vector<GeometricObject*>& objects)
{
	for (int i = 0; i < objects.size(); i++)
	{
		//(250, 250, 100) is based upon the current dimention of the screen
		//i might want to consider making this more flexible in the future

		if (objects[i]->maxBoundCoords().x > maxCoord.x)	maxCoord.x = min(250, objects[i]->maxBoundCoords().x);
		if (objects[i]->maxBoundCoords().y > maxCoord.y)	maxCoord.y = min(250, objects[i]->maxBoundCoords().y);
		if (objects[i]->maxBoundCoords().z > maxCoord.z)	maxCoord.z = min(100, objects[i]->maxBoundCoords().z);

		if (objects[i]->minBoundCoords().x < minCoord.x)	minCoord.x = max(-250, objects[i]->minBoundCoords().x);
		if (objects[i]->minBoundCoords().y < minCoord.y)	minCoord.y = max(-250, objects[i]->minBoundCoords().y);
		if (objects[i]->minBoundCoords().z < minCoord.z)	minCoord.z = max(-100, objects[i]->minBoundCoords().z);
	}
	
	if (objects.size() > 2)
	{
		int xDiff = abs(maxCoord.x - minCoord.x), yDiff = abs(maxCoord.y - minCoord.y), zDiff = abs(maxCoord.z - minCoord.z);
		int size = objects.size();
		int indexSmall;

		if (xDiff >= yDiff && xDiff >= zDiff)
		{
			//add objects to localObjs in order of ascending x-position

			while (localObjs.size() < size)
			{
				indexSmall = 0;
				for (int i = 1; i < objects.size(); i++)
				{
					if (((objects[i]->maxBoundCoords().x + objects[i]->minBoundCoords().x) / 2) < 
						((objects[indexSmall]->maxBoundCoords().x + objects[indexSmall]->minBoundCoords().x) / 2)) indexSmall = i;
				}

				localObjs.push_back(objects[indexSmall]);
				objects.erase(objects.begin() + indexSmall);
			}
		}
		else if (yDiff >= zDiff)
		{
			//add objects to localObjs in order of ascending y-position

			while (localObjs.size() < size)
			{
				indexSmall = 0;
				for (int i = 1; i < objects.size(); i++)
				{
					if (((objects[i]->maxBoundCoords().y + objects[i]->minBoundCoords().y) / 2) <
						((objects[indexSmall]->maxBoundCoords().y + objects[indexSmall]->minBoundCoords().y) / 2)) indexSmall = i;
				}

				localObjs.push_back(objects[indexSmall]);
				objects.erase(objects.begin() + indexSmall);
			}
		}
		else
		{
			//add objects to localObjs in order of ascending z-position

			while (localObjs.size() < size)
			{
				indexSmall = 0;
				for (int i = 1; i < objects.size(); i++)
				{
					if (((objects[i]->maxBoundCoords().z + objects[i]->minBoundCoords().z) / 2) <
						((objects[indexSmall]->maxBoundCoords().z + objects[indexSmall]->minBoundCoords().z) / 2)) indexSmall = i;
				}

				localObjs.push_back(objects[indexSmall]);
				objects.erase(objects.begin() + indexSmall);
			}
		}		

		//use the positions of the objects in the scene
		//to find a splitting point
		//about half of the objects go into the left node
		//the other half to the right

		left = new BoundingVolume(vector<GeometricObject*>(localObjs.begin(), localObjs.begin() + (localObjs.size() / 2)));
		right = new BoundingVolume(vector<GeometricObject*>(localObjs.begin() + (localObjs.size() / 2), localObjs.end()));
	}
	else
	{
		//just add 'em to the bounding box

		int size = objects.size();
		for (int i = 0; i < size; i++)
		{
			localObjs.push_back(objects[0]);
			objects.erase(objects.begin());
		}
	}
}

void BoundingVolume::traverse(const Ray & ray, Tracer & tr, double& t, int& col, int& success)
{
	if (intersect(ray)) 
	{
		if (left == NULL && right == NULL) //if there are no child nodes
		{
			testCollisions(ray, tr, t, col, success);
		}
		else //if there are children
		{
			left->traverse(ray, tr, t, col, success);
			right->traverse(ray, tr, t, col, success);
		}
	}
}

void BoundingVolume::testCollisions(const Ray & ray, Tracer & tr, double& t, int& col, int& success)
{
	Tracer test = tr;
	double tmin;
	int numObjects = localObjs.size();
	for (int i = 0; i < numObjects; i++)
	{
		col++;
		if (localObjs[i]->hit(ray, tmin, test) && tmin < t)
		{
			success++;
			test.hitObject = true;
			t = tmin;
			test.pixelColour = localObjs[i]->shader->getReflectedColour(test);
			tr = test;
		}
	}
}

Build() starts off by finding the maximum and minimum bounding volume coordinates based upon the objects contained in the vector parameter. The x- and y-coordinates are clamped to the resolution of the rendered image, as the ray is unlikely to test for any collisions outside of that region. If this vector consists of two objects or less, then they are simply added to localObjs in the BoundingVolume object, and the build terminates. Otherwise, the absolute differences between the maximum and minimum x-, y- and z-coordinates are found, with the largest of these used to determine the order in which the objects are added into localObjs. The list is then split in half, with one half used to build the left node, and the other the right.
Traverse() tests whether a ray intersects with the bounding volume before deciding where it goes next. The maximum and minimum coordinates of a bounding volume can be thought of as the intersection points between three planes parallel to the x-, y- and z-axes, all of which can have a ray intersection value calculated in terms of t. The tmin variable is set to the largest t-value at the intersection between the ray and any of the minimum planes, as this is where the ray enters the box. Likewise, tmax is found from the smallest t-value between the ray and the maximum planes. The intersect() function has been declared as private as it only needs to be used by the BoundingVolume object itself.
testCollisions() is called when the number of objects contained in a box is smaller than 3, and therefore does not have any derivatives. For every true ray-object intersection that is closer to the camera than one tested previously, the t-value and the reflected pixel colour are updated. Both the t-value and the collision tallies are passed in by reference so that they can be updated and utilised later on in the search.
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World.h:
class World
{
private:
	void deleteObjects();
	void deleteLights();
public:
	World();
	~World();

	vector<GeometricObject*> objects;
	vector<Lighting*> lights;
	RGBColour backgroundColour;
	AccelerationStructure bvh;

	void addObject(GeometricObject* objectPtr);
	void addLight(Lighting* lightPtr);
	void build();
	RGBColour objCollision(const Ray& ray);
};
World.cpp:
World::World() : backgroundColour(black)
{
}

World::~World()
{
	printf("Total collisions: %d\n", bvh.totalCol);
	printf("Successful collisions: %d\n", bvh.successCol);
	deleteObjects();
	deleteLights();
}

void World::build()
{
	clock_t t = clock();
	backgroundColour = RGBColour(0.0);

	Sphere* sphere1 = new Sphere(Point3D(-150, 150, 0), 100);
	sphere1->shader = new Lambert(1.0, 0.0, 0.0, 0.18);
	addObject(sphere1);
	
	Sphere* sphere2 = new Sphere(Point3D(0, 0, 0), 100);
	sphere2->shader = new Lambert(0.0, 1.0, 0.0, 0.18);
	addObject(sphere2);
	
	Sphere* sphere3 = new Sphere(Point3D(150, -150, 0), 100);
	sphere3->shader = new Lambert(0.0, 0.0, 1.0, 0.18);
	addObject(sphere3);
	
	Plane* plane = new Plane(Point3D(0.0, 0.0, -100.0), Normal(0.0, 0.0, 1.0));
	plane->shader = new Lambert(0.5, 0.5, 0.5, 0.18);
	addObject(plane);
	
	Disk* disk1 = new Disk(Point3D(150, 150, 0), Normal(1.0, -1.0, 1.0), 100);
	disk1->shader = new Lambert(1, 1, 0, 0.18);
	addObject(disk1);
	
	Disk* disk2 = new Disk(Point3D(-150, -150, 0), Normal(-1.0, 1.0, 1.0), 100);
	disk2->shader = new Lambert(1, 0, 1, 0.18);
	addObject(disk2);
	
	Directional* light = new Directional();
	light->setColour(1.0, 1.0, 1.0);
	light->setIntensity(6.0);
	light->setDirection(1.0, -1.0, -1.0);
	addLight(light);

	Directional* light2 = new Directional();
	light2->setColour(1.0, 1.0, 1.0);
	light2->setIntensity(6.0);
	light2->setDirection(-1.0, 1.0, -1.0);
	addLight(light2);

	bvh.build(objects);

	t = clock() - t;
	printf("Scene building time: %f ms\n", (float)(t));
}

RGBColour World::objCollision(const Ray & ray)
{
	Tracer tr;
	bvh.search(ray);
	tr = bvh.tr;

	RGBColour pixel = black;
	if (tr.hitObject)
	{
		int numLights = lights.size();
		for (int i = 0; i < numLights; i++)
		{
			pixel += (lights[i]->getLightInfo(tr) * tr.pixelColour);
		}
	}

	return pixel;
}
An AccelerationStructure object has been added to World, which is utilised as a storage location for the objects declared in build(). objCollision() has also been reconfigured to use the hierarchy’s search() function, with the colour and normal values found by the Tracer tested against the light sources in the scene to find a final colour value for the pixel.
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inline double
min(double x0, double x1);

inline double
min(double x0, double x1)
{
	if (x0 < x1)
		return x0;
	else
		return x1;
}
A min() function has been added to Maths.h to help with the construction of the bounding volume, and provide a counterpart to max().
[bookmark: _Toc511318728]Sphere
Sphere.cpp:
Point3D Sphere::maxBoundCoords() const
{
	return Point3D(center.x + radius, center.y + radius, center.z + radius);
}

Point3D Sphere::minBoundCoords() const
{
	return Point3D(center.x - radius, center.y - radius, center.z - radius);
}
These functions were originally named max() and min() in the class diagram, but there are already similarly named functions in Maths.h, so a name change was necessary.
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Plane.cpp:
Point3D Plane::maxBoundCoords() const
{
	return Point3D(250, 250, 100);
	//hardwired in
	//based upon the screen resolution
	//and the pixel ray's origin along the z-axis
}

Point3D Plane::minBoundCoords() const
{
	return Point3D(-250, -250, -100);
	//hardwired in
	//based upon the screen resolution
	//and the pixel ray's origin along the z-axis
}
The Plane object is infinite, as there are no defined starting and end points. This has been solved by returning a bounding volume that is the same size as the rendering area. The returned values are hardwired in at the moment, using the resolution of the output image. Future iterations of development might explore the calculation of bounding coordinates based upon a user-defined image resolution.
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Disk.cpp:
Point3D Disk::maxBoundCoords() const
{
	return Point3D(center.x + (radius * sqrt(1.0 - (n.x * n.x))), center.y + (radius * sqrt(1.0 - (n.y * n.y))),
		center.z + (radius * sqrt(1.0 - (n.z * n.z))));
}

Point3D Disk::minBoundCoords() const
{
	return Point3D(center.x - (radius * sqrt(1.0 - (n.x * n.x))), center.y - (radius * sqrt(1.0 - (n.y * n.y))),
		center.z - (radius * sqrt(1.0 - (n.z * n.z))));
}
The maximum distance from the central coordinate of a disk along any of the x-, y- or z-components is proportional to the square root of the squared equivalent component of the normal vector subtracted from 1. A disk with a normal parallel to the x-axis would have virtually no distance along that axis, but the length of its bounding volume along the other two axes would be equal to its radius.
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For this iteration, the scenes shown in Figure 9 are rendered again, but with the implementation of a bounding volume hierarchy to contain the objects this time. Table 2 shows the total number of ray-object collisions tested alongside the number and percentage of these that return a successful collision. The images portraying a single sphere both saw 78.5% of the collisions tested returning a hit, which is larger than the 12.5% and 50% recorded without the bounding volume. The other images all improved on the success rate achieved by their first iteration equivalents, but none of them recorded a figure larger than 40%. If the bounding volume hierarchy contains one object, then the bounding area will only cover that object, hence the high success rate for Figures 9a and 9b. However, with a larger number of objects spread out across the render area, the bounding volumes are inevitably going to have regions which do not return collisions.
A percentage reduction in the number of collisions tested as a result of the hierarchy has also been calculated. Figures 9a to 9d all more than halved the number of collision calculations required; even Figure 9e, which had the smallest reduction of the set, still saw a 36% cut in the number of collision tests. Two factors that appear to contribute to the collision reduction rate are the area of the root bounding volume and the number of objects in the scene. Compare Figures 9a and 9b; the sphere with the larger radius had the smaller reduction in collisions, and if the bounding area had filled the entire image, a hierarchy would have been pointless. Figures 9c to 9e actually do fill the screen, and yet they still see a considerable reduction in the number of collision tests. There are regions of the scene where a ray enters the hierarchy through the root node but does not intersect with any of its children. In such a case, there would be no object collision detections recorded, unlike in the first iteration, where every object in the scene is tested for each pixel.
	Rendered Scene
	Collisions
	% Less Collisions
	Successful Collisions
	% Successful Collisions

	Figure 9a
	40,000
	84.0%
	31,428
	78.6%

	Figure 9b
	160,000
	36.0%
	125,676
	78.5%

	Figure 9c
	307,500
	59.0%
	94,284
	30.7%

	Figure 9d
	523,948
	58.1%
	130,564
	24.9%

	Figure 9e
	789,824
	47.3%
	299,568
	37.9%


[bookmark: _Toc511318670]Table 2: The number of collision calculations recorded for each scene
Table 3 shows the average rendering times of each scene, including the improvement rate from the first iteration and the performance in frames per second. The most interesting result here is the mere 2% reduction in the average rendering time of Figure 9b after the implementation of a bounding volume hierarchy. This reinforces the point made with Figure 9b’s collision reduction rate and is an example of the combined time taken to build and search the hierarchy matching or exceeding that spent rendering the scene without bounding volumes. As for the other results, Figure 9d saw the largest reduction in rendering times – down by a quarter – but adding a plane in the background (Figure 9e) halved this reduction. This might be a by-product of the plane occupying the entire screen, which defaults to using the entire render area as its bounding volume. Despite the large reduction in ray-object intersection calculations, none of the rendering time reduction rates were larger than a quarter, which suggests that the bounding volume intersection calculations might be a contributing factor. The performance rates are still far below what would be considered acceptable for real-time image generation.
	Rendered Scene
	Avg. Rendering Time (ms)
	% Improvement from Iteration 1
	Performance (frames per second)

	Figure 9a
	501.0
	19.7%
	2.00

	Figure 9b
	919.7
	2.0%
	1.09

	Figure 9c
	961.4
	21.7%
	1.04

	Figure 9d
	1278.1
	25.3%
	0.78

	Figure 9e
	1991.2
	12.7%
	0.50


[bookmark: _Toc511318671]Table 3: The rendering times for each scene, including performance
Table 4 shows the number of collisions recorded for each scene when the ray-bounding volume intersection tests are included. The number of ray-volume intersection tests is found by subtracting the ray-object collision count from the total number of collisions. The number of collisions tested for each image with the bounding volume hierarchy is actually larger than those recorded without it; the reduction in rendering times can be attributed to the shorter time taken to test an intersection between a ray and a bounding volume, compared with an object. Figure 9a has a considerably higher proportion of ray-volume collisions, which suggests that scenes with a smaller root bounding volume will have a larger proportion of ray-volume collisions.
	Rendered Scene
	Total # of Collisions
	# of Ray-Volume Collisions
	% Ray-Volume Collisions

	Figure 9a
	290,500
	250,500
	86.2%

	Figure 9b
	410,500
	250,500
	61.0%

	Figure 9c
	1,058,000
	750,500
	70.9%

	Figure 9d
	1,611,848
	1,087,900
	67.5%

	Figure 9e
	2,377,724
	1,587,900
	66.8%


[bookmark: _Toc511318672]Table 4: The number of collisions tested for each scene with ray-volume intersections included
[bookmark: _Toc511318732]Conclusion
Bounding boxes have been added to the building process of the renderer to reduce the number of object intersection tests required during rendering. A hierarchy is constructed from a bounding box containing all of the objects in the scene; these objects are recursively transferred into smaller boxes until each leaf node (any box that does not have any derivatives) does not contain more than 2 objects. Each test scene records a smaller number of ray-object collisions than their Iteration 1 counterparts, as well as an improvement in average rendering time. All of these tests have been conducted using implicit shapes; for the next iteration of development, the author plans on investigating how polygonal models are built and tested.


















[bookmark: _Toc511318733]Third Iteration – Polygonal Objects
[bookmark: _Toc511318734]Introduction
The primary objective of this iteration is the implementation of the polygon as a geometric object, and its use in constructing models that can be displayed in the scene alongside implicit shapes. Each polygon will consist of a defined triangular shape, as well as a normal vector to distinguish the direction in which it is facing; only polygons that are tested to be facing the camera will be rendered. During the building of the bounding volume hierarchy, a model is loaded from an obj file, with the polygons created and arranged in the scene based upon the object’s description and added to the list of objects in the scene. Each polygon will be treated as its own GeometricObject, with new bounding boxes recursively created until each leaf box contains a maximum of two polygons. The effect of the implementation of a polygonal model on the time taken to construct and search the hierarchy will be measured.
[bookmark: _Toc511318735]Requirements and Design
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[bookmark: _Toc511318664]Figure 13: The Polygon class
A Polygon object is defined using three co-planar points and a normal vector perpendicular to the surface. The normal is calculated by finding the cross product of the two edges connected to a given vertex, and the order in which the points are defined determines the direction of the normal. Given a Polygon that lies on the xy-plane, if p0, p1 and p2 are counter-clockwise, the normal will point positively along the z-axis. Otherwise, it will point in its negative direction. This is found using isClockwise(), which returns whether the points are in clockwise order or not. 
When a ray is passed into hit(), the normal is tested first to determine whether the Polygon is facing the camera. If that condition is satisfied, the intersection point between the ray and the plane on which the polygon is located will be found. After that, the cross product between each edge (defined as a vector pointing in the counter-clockwise direction of the vertex order) and the vector connecting each vertex to the intersection points v0, v1 and v2 (in that order) is calculated. If any of these calculations return a negative value, then the intersection point is outside of the shape.
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[bookmark: _Toc511318665]Figure 14: The ObjLoader class
The primary purpose of the ObjLoader class is to load and store vertex, face and normal information about a specified obj file, and pass the face information along to the World. The loadObj() function takes the name of an obj file as a parameter. If this corresponds to a file located in the project area, the file is read and the relevant information is extracted. It is possible to display what has been extracted in the console using printInfo(). scaleValue can be used to scale the positions of the vertices in the scene so that they fit the render area.
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[bookmark: _Toc511318666]Figure 15: loader in World class
An instance of ObjLoader named ‘loader’ has been added to the World class. During the scene build, loadObj() is called from ‘loader’, and the list of polygons collected from the file is passed on into objectsList. The polygons will be among the objects contained by the bounding volume hierarchy.
[bookmark: _Toc511318736]Development
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Polygon.h:
#pragma once
#include "GeometricObject.h"
#include "Lambert.h"

class Polygon : public GeometricObject
{
private:
	Point3D p0, p1, p2;
	Normal n0, n1, n2;

	bool isInsidePoly(Point3D point, Normal _n) const;
	virtual Polygon* clone() const { return new Polygon(*this); } //no need to clone a polygon

public:
	Polygon();
	Polygon(Point3D, Point3D, Point3D, Normal, Normal, Normal);
	virtual ~Polygon();

	virtual bool hit(const Ray& ray, double& tmin, Tracer& tr) const;
	virtual Point3D maxBoundCoords() const;
	virtual Point3D minBoundCoords() const;
};
The faces that constitute a 3D model can either be described in an obj file using vertices only, or with normal vectors attached to the vertices as well. The author decided to include these normal vectors in the extraction process for each polygon as they were present in many of the obj files he looked at. This necessitated the inclusion of Normal variables n0, n1 and n2, a deviation from the original plan of one normal for each face.
The getNormal() and isClockwise() functions described in the class design have not been implemented as a result of the inclusion of the vertex normal vectors. There is no longer a need to derive a surface normal from the positions and order of the vertices.
Polygon.cpp:
#include "Polygon.h"
#include <math.h>

Polygon::Polygon()
{
	shader = new Lambert(1.0, 1.0, 1.0, 0.18);
}

Polygon::Polygon(Point3D one, Point3D two, Point3D three, Normal nOne, Normal nTwo, Normal nThree) 
	: GeometricObject(), p0(one), p1(two), p2(three), n0(nOne), n1(nTwo), n2(nThree)
{
	shader = new Lambert(1.0, 1.0, 1.0, 0.18);
}

Polygon::~Polygon()
{
}

bool Polygon::isInsidePoly(Point3D point, Normal _n) const
{
	Vector3D perp, edge, p;

	//edge 1
	edge = p1 - p0;
	p = point - p0;
	perp = edge^p;
	if ((_n*perp) < 0) return false; //outside triangle boundaries

	//edge 2
	edge = p2 - p1;
	p = point - p1;
	perp = edge^p;
	if ((_n*perp) < 0) return false; //outside triangle boundaries

	//edge 3
	edge = p0 - p2;
	p = point - p2;
	perp = edge^p;
	if ((_n*perp) < 0) return false; //outside triangle boundaries

	return true;
}

bool Polygon::hit(const Ray & ray, double & tmin, Tracer & tr) const
{
	//find a temporary planar normal
	//just to find the intersection point
	//between the ray and the plane

	Vector3D v1, v2;
	v1 = p1 - p0;
	v2 = p2 - p0;

	Normal n = v1^v2; //cross product
//	n.normalise();

	double dotProduct = n*(-ray.d);
	if (fabs(dotProduct) < 0.0001)
	{
		return false;
	}
	//if (dotProduct <= 0.0f) //if the angle between ray and normal is larger than 180
	//{
		//return false;
	//}

	double d = n*p0;
	double t = ((n*ray.o) - d) / dotProduct;
	if (t >= 0) //if polygon is within view
	{
		Point3D p = ray.o + t*(ray.d);

		if (isInsidePoly(p, n))
		{
			float u, v;
			u = n*((p2 - p1)^(p - p1));
			v = n*((p0 - p2)^(p - p2));

			float nSquared = (n.x*n.x) + (n.y*n.y) + (n.z*n.z);
			u /= nSquared;
			v /= nSquared;

			//interpolate normal
			n = (u * n0) + (v * n1) + ((1 - u - v) * n2);
			n.normalise();

			tr.hitObject = true;
			tr.hitPoint = p;
			tr.normal = n;
			tmin = t;

			return true;
		}
	}

	return false;
}

Point3D Polygon::maxBoundCoords() const
{
	double maxX = -100000.0, maxY = -100000.0, maxZ = -100000.0;

	if (p0.x > maxX) maxX = p0.x;
	if (p0.y > maxY) maxY = p0.y;
	if (p0.z > maxZ) maxZ = p0.z;

	if (p1.x > maxX) maxX = p1.x;
	if (p1.y > maxY) maxY = p1.y;
	if (p1.z > maxZ) maxZ = p1.z;

	if (p2.x > maxX) maxX = p2.x;
	if (p2.y > maxY) maxY = p2.y;
	if (p2.z > maxZ) maxZ = p2.z;

	return Point3D(maxX, maxY, maxZ);
}

Point3D Polygon::minBoundCoords() const
{
	double minX = 100000.0, minY = 100000.0, minZ = 100000.0;

	if (p0.x < minX) minX = p0.x;
	if (p0.y < minY) minY = p0.y;
	if (p0.z < minZ) minZ = p0.z;

	if (p1.x < minX) minX = p1.x;
	if (p1.y < minY) minY = p1.y;
	if (p1.z < minZ) minZ = p1.z;

	if (p2.x < minX) minX = p2.x;
	if (p2.y < minY) minY = p2.y;
	if (p2.z < minZ) minZ = p2.z;

	return Point3D(minX, minY, minZ);
}
When a ray is passed into the hit() function of a Polygon object, the first thing that happens is that a temporary surface normal is derived from the cross-product of the two edges that meet at p0. It does not matter whether this normal is normalised or not, as the same t-value is reached eventually. If the dot product between the normal and the ray direction is close to zero, then the surface is known to be almost parallel with the ray, so no collision is returned. Otherwise, the d-component of the plane on which the Polygon lies is found using the dot product of the normal and any of the Polygon’s vertices (p0 in this case). 
The t-value at which the ray intersects with the plane is found by dividing the difference between the dot product of the normal and the ray origin and the d-component by the dot product between the ray and the normal. If this t-value contains a positive number, then the surface is within range of the camera. The collision point between the ray and the plane is found using the ray equation (origin + t*direction), which is then passed into the isInsidePoly() function alongside the normal. 
The isInsidePoly() function assumes the coordinates of a triangle are arranged in counter-clockwise order. For each vertex, two vectors are derived; one joining the vertex to its counter-clockwise neighbour, the other to the intersection point between the ray and the plane. The cross product between these two vectors is calculated and measured against the normal. If the direction of the cross-product points from the same side of the Polygon as the normal (i.e. their dot product is positive), then the intersection point is confirmed to be on the left side of the edge vector, and the process continues. A true value is returned if the intersection point is tested to be on the left side of all three edges, measured counter-clockwise.
If the intersection point is within the Polygon’s boundaries, a normal is interpolated for the point from the normal vectors attached to the vertices of the Polygon. U determines how much n0 contributes to the returned normal, V determines the influence of n1, and the addition of n2 can be found by subtracting the sum of U and V from 1.
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ObjLoader.h:
#pragma once
#include "Point3D.h"
#include "Normal.h"
#include "Polygon.h"
#include <vector>
using namespace std;

class ObjLoader
{
private:
	char name[20];
	vector<Point3D*> vertices;
	vector<Normal*> normals;

	int numVert;
	int numPoly;
	int numNorm;
	int scaleValue;

public:
	ObjLoader();
	ObjLoader(char* filename);
	~ObjLoader();

	vector<Polygon*> polygons;

	int loadObj(char* filename);
	int printInfo();
};
The list of polygons collected by the obj file loader has been made public so that its contents can be accessed by the World and added to the bounding volume hierarchy later on.
ObjLoader.cpp:
#include "ObjLoader.h"

ObjLoader::ObjLoader()
{
}

ObjLoader::ObjLoader(char * filename)
{
	loadObj(filename);
}

ObjLoader::~ObjLoader()
{
	//delete polygons
	int numPolyEnd = polygons.size();
	for (int j = 0; j < numPolyEnd; j++)
	{
		delete polygons[j];
		polygons[j] = NULL;
	}

	polygons.erase(polygons.begin(), polygons.end());

	//delete vertices
	int numVertEnd = vertices.size();
	for (int j = 0; j < numVertEnd; j++)
	{
		delete vertices[j];
		vertices[j] = NULL;
	}

	vertices.erase(vertices.begin(), vertices.end());

	//delete normals
	int numNormEnd = normals.size();
	for (int j = 0; j < numNormEnd; j++)
	{
		delete normals[j];
		normals[j] = NULL;
	}

	normals.erase(normals.begin(), normals.end());
}

int ObjLoader::loadObj(char * filename)
{
	numVert = 0;
	numPoly = 0;
	numNorm = 0;
	scaleValue = 100;
	strcpy(name, filename);

	FILE *file;
	char charVariable, line[256];
	if ((file = fopen(name, "rt")) == NULL) //if no such file exists
	{
		printf("File not found\n");
		return 1; //error
	}

	float v1, v2, v3;
	while (!feof(file))
	{
		fscanf(file, "%c", &charVariable);
		if (charVariable == '\n') fscanf(file, "%c", &charVariable); //move to the next line

		if (charVariable == 'v') //vertex
		{
			fscanf(file, "%c", &charVariable);

			if (charVariable == ' ') //standard vertex
			{
				fscanf(file, "%f %f %f", &v1, &v2, &v3);
				Point3D* vert = new Point3D(v1, v2, v3);
				vertices.push_back(vert);
				numVert++;
			}
			else if (charVariable == 'n') //normal
			{
				fscanf(file, "%f %f %f", &v1, &v2, &v3);
				Normal* norm = new Normal(v1, v2, v3);
				normals.push_back(norm);
				numNorm++;
			}
		}
		else if (charVariable == 'f') //face
		{
			int p1, p2, p3, n1, n2, n3;

			//assuming a structure like this - f 1//1 2//2 3//3
			fscanf(file, "%c", &charVariable); //read space char - ignore this
			fscanf(file, "%d", &p1); //read vertex.
			fscanf(file, "%c", &charVariable); //read space char - ignore this
			fscanf(file, "%c", &charVariable); //read space char - ignore this
			fscanf(file, "%d", &n1); //read normal.

			fscanf(file, "%c", &charVariable); //read space char - ignore this
			fscanf(file, "%d", &p2); //read vertex.
			fscanf(file, "%c", &charVariable); //read space char - ignore this
			fscanf(file, "%c", &charVariable); //read space char - ignore this
			fscanf(file, "%d", &n2); //read normal.

			fscanf(file, "%c", &charVariable); //read space char - ignore this
			fscanf(file, "%d", &p3); //read vertex.
			fscanf(file, "%c", &charVariable); //read space char - ignore this
			fscanf(file, "%c", &charVariable); //read space char - ignore this
			fscanf(file, "%d", &n3); //read normal.
			
			Polygon* poly = new Polygon(
				Point3D(vertices[p1 - 1]->x * scaleValue, vertices[p1 - 1]->y * scaleValue, vertices[p1 - 1]->z * scaleValue),
				Point3D(vertices[p2 - 1]->x * scaleValue, vertices[p2 - 1]->y * scaleValue, vertices[p2 - 1]->z * scaleValue),
				Point3D(vertices[p3 - 1]->x * scaleValue, vertices[p3 - 1]->y * scaleValue, vertices[p3 - 1]->z * scaleValue),
				Normal(normals[n1 - 1]->x, normals[n1 - 1]->y, normals[n1 - 1]->z), 
				Normal(normals[n2 - 1]->x, normals[n2 - 1]->y, normals[n2 - 1]->z),
				Normal(normals[n3 - 1]->x, normals[n3 - 1]->y, normals[n3 - 1]->z)
			);
			polygons.push_back(poly);
			numPoly++;
		}
		else //comment line
		{
			fgets(line, 256, file);
		}
	}

	fclose(file);
	return 0; //no error
}

int ObjLoader::printInfo()
{
	int i;

	printf("VERTICES: %d\n", numVert);
	for (i = 0; i < numVert; i++)
	{
		printf("%f %f %f\n", vertices[i]->x, vertices[i]->y, vertices[i]->z);
	}

	printf("NORMALS: %d\n", numNorm);
	for (i = 0; i < numNorm; i++)
	{
		printf("%f %f %f\n", normals[i]->x, normals[i]->y, normals[i]->z);
	}

	printf("POLYGONS: %d\n", numPoly);
	for (i = 0; i < numPoly; i++) //for each vertex of polygon (triangle)
	{
		printf("Number - %d\n", i + 1);
	}

	return 0;
}
loadObj() starts by using the filename parameter to find the specified file in the project area. If this is successfully opened, the file is read from start to finish. If a ‘v’ character is read at any point, and is immediately succeeded by a blank space, it knows that it is about to read in a new Point3D object. Otherwise, a ‘vn’ tells the file-reader that the following three floating point values will belong to a Normal. An ‘f’ indicates the start of the description of a new Polygon, which will be structured like ‘n//n n//n n//n’. For each ‘n//n’, the first ‘n’ will indicate the index of the Point3D object that will be assigned to p0/1/2, whilst the other ‘n’ contains the index of the normal attached to that vertex.
printInfo() prints out the full list of vertices and normals loaded in from the obj file. The number of polygons is printed out as well, though not their constituent vertices and normal vectors, as these are private variables.
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World.h:
class World
{
private:
	void deleteObjects();
	void deleteLights();
public:
	World();
	~World();

	vector<GeometricObject*> objects;
	vector<Lighting*> lights;
	RGBColour backgroundColour;
	AccelerationStructure bvh;
	ObjLoader loader;

	void addObject(GeometricObject* objectPtr);
	void addLight(Lighting* lightPtr);
	void build();
	RGBColour objCollision(const Ray& ray);
};
The only major change to the World object is the addition of the loader variable for adding models extracted from obj files into the scene.
World.cpp:
void World::build()
{
	clock_t t = clock();
	backgroundColour = RGBColour(0.0);
	/*
	Sphere* sphere1 = new Sphere(Point3D(-150, 150, 0), 100);
	sphere1->shader = new Lambert(1.0, 0.0, 0.0, 0.18);
	addObject(sphere1);
	*/
	//Sphere* sphere2 = new Sphere(Point3D(0, 0, 0), 100);
	//sphere2->shader = new Lambert(0.0, 1.0, 0.0, 0.18);
	//addObject(sphere2);
	/*
	Sphere* sphere3 = new Sphere(Point3D(150, -150, 0), 100);
	sphere3->shader = new Lambert(0.0, 0.0, 1.0, 0.18);
	addObject(sphere3);
	
	Plane* plane = new Plane(Point3D(0.0, 0.0, -100.0), Normal(0.0, 0.0, 1.0));
	plane->shader = new Lambert(0.5, 0.5, 0.5, 0.18);
	addObject(plane);
	
	Disk* disk1 = new Disk(Point3D(150, 150, 0), Normal(1.0, -1.0, 1.0), 100);
	disk1->shader = new Lambert(1, 1, 0, 0.18);
	addObject(disk1);
	
	Disk* disk2 = new Disk(Point3D(-150, -150, 0), Normal(-1.0, 1.0, 1.0), 100);
	disk2->shader = new Lambert(1, 0, 1, 0.18);
	addObject(disk2);
	*/
	loader.loadObj("cube.obj");
	//loader.loadObj("sphere.obj");
	//loader.loadObj("suzanne.obj");
	loader.printInfo();
	while (!loader.polygons.empty())
	{
		addObject(loader.polygons.back());
		loader.polygons.pop_back();
	}
	
	Directional* light = new Directional();
	light->setColour(1.0, 1.0, 1.0);
	light->setIntensity(6.0);
	light->setDirection(1.0, -1.0, -1.0);
	addLight(light);

	Directional* light2 = new Directional();
	light2->setColour(1.0, 1.0, 1.0);
	light2->setIntensity(6.0);
	light2->setDirection(-1.0, 1.0, -1.0);
	addLight(light2);

	bvh.build(objects);

	t = clock() - t;
	printf("Scene building time: %f ms\n", (float)(t));
}
When the build() function is called, the loader variable loads a 3D model into the scene from an obj file, prints out the collected data into the console, and adds the polygons that constitute the model to the bounding volume hierarchy.
[bookmark: _Toc511318740]Results and Analysis
Three variously complex obj files are used to test the model loader, renders of which are pictured in Figure 16. Cube.obj simply depicts a cube with 8 vertices, 24 normal vectors, and 12 faces. Sphere.obj describes a sphere with 114 vertices with the same number of normal vectors, which are used to assemble 224 faces. Suzanne.obj is derived from the monkey head test model used in the 3D graphics toolkit Blender. This is significantly more detailed than the other two models, with 7830 vertices and normal vectors used to describe 15,488 faces. The same light positions and directions used to test the implicit shapes are used here, with the images rendered at the same resolution.
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[bookmark: _Toc511318667]Figure 16: Rendered images of cube.obj (16a), sphere.obj (16b), and suzanne.obj (16c)
Table 5 shows the total number of ray-object intersection tests recorded for each scene in Figure 16, including ray-volume collisions. This is measured alongside the number of tests that resulted in a successful collision, with a corresponding percentage calculated. The cube recorded a successful collision rate of 31%, whilst the latter two images saw half of their ray-object intersections return a collision. The latter two images occupy a larger section of the image than Figure 16a, which suggests that may affect the successful collision rate. However, another factor to consider is that of the 12 faces loaded from cube.obj, only 4 of them are not parallel to the ray direction. With a parallel face, an unsuccessful collision with the ray will be recorded. The other two scenes have a much smaller proportion of parallel faces, so this will not be as influential of a factor. Figure 16b records a near-identical success rate to 16c, despite the larger complexity of the model. This implies that the model complexity does not affect the rate of successful collisions.


	Rendered Scene
	Collisions
	Successful Collisions
	% Successful Collisions

	Figure 16a
	485,500
	150,000
	30.9%

	Figure 16b
	2,872,219
	1,433,588
	49.9%

	Figure 16c
	65,647,804
	33,427,205
	50.9%


[bookmark: _Toc511318673]Table 5: Number of ray-object collisions for each scene including ray-volume intersections
Excluding the ray-volume intersection tests from the rendering process (only the collisions between the ray and the polygons are recorded) results in a much smaller successful collision rate for the scenes in Figure 16. The rendering of cube.obj has a successful collision rate of 21%, which decreases to 6% for sphere.obj and below 1% for suzanne.obj. Despite the total number of ray-polygon intersection tests obviously increasing with the number of polygons in the scene, the number of successful collisions only marginally increases between Figures 16b and 16c. It might be worth changing the scale value in ObjLoader and observing the effect this has on the number of collision calculations performed during rendering.
	Rendered Scene
	Collisions
	Successful Collisions
	% Successful Collisions

	Figure 16a
	95,000
	20,000
	21.1%

	Figure 16b
	954,763
	61,352
	6.43%

	Figure 16c
	26,912,070
	63,533
	0.24%


[bookmark: _Toc511318674]Table 6: Number of ray-object collisions for each scene not including ray-volume intersections
Table 7 shows the average time spent on building the bounding volume hierarchy and rendering the final image for each scene. This includes the proportion of the time spent on building, as well as the performance in terms of frames-per-second. The total time taken to generate the image increases with the number of intersection tests performed, as expected. The two scenes with the smaller number of polygons spent more than 90% of the image generation time on rendering, whereas Figure 16c spends 87.5% of that time of hierarchy building. This suggests that there is a defined number of polygons where an equal amount of time is spent on both building and rendering.
	Rendered Scene
	Avg. Build Time (ms)
	Avg. Render Time (ms)
	% Time Spent Building
	Performance (fps)

	Figure 16a
	14.0
	613.4
	2.2%
	1.59

	Figure 16b
	228.3
	2944.7
	7.2%
	0.32

	Figure 16c
	556,003.4
	79,363.2
	87.5%
	0.0016


[bookmark: _Toc511318675]Table 7: Average time taken to build and render each scene in Figure 16, including the proportion of time spent on building
Figure 17 shows sphere.obj loaded into the scene with different scale values applied to it. Figure 17a shows a rendering of the scene with a scale value of 50 applied to the model, Figure 17b has a scale value of 100, and Figure 17c is scaled by a factor of 200. The coordinates have also been translated by 100 along the negative z-axis to prevent the faces closest to the camera from being clipped.
[image: ][image: ][image: ]
[bookmark: _Toc511318668]Figure 17: Sphere.obj rendered at a scale factor of 50 (17a), 100 (17b), and 200 (17c)
Table 8 shows the average build and rendering times of sphere.obj with different scale values applied to it, as well as the number of ray-polygon intersection tests carried out. The average time taken to build the bounding volume hierarchy containing the polygons remains roughly consistent across all scale values, but the average rendering time increases with the scale value. The same model is being used for all three scale values, so the conclusion can be drawn that the scale value of the model only affects the image drawing process. The number of successful collisions also increases with the scale value applied to the model, with the proportion of successful collisions only increasing slightly for larger scale values. This suggests that the stagnancy seen in the number of successful collisions for Figures 17b and 17c in Table 6 can be attributed to the constant scale value.
	Scale Value
	Avg. Build Time (ms)
	Avg. Render Time (ms)
	Collisions
	Successful Collisions
	% Successful Collisions

	50
	229.2
	1332.2
	328,568
	15,352
	4.67%

	100
	222.8
	3082.8
	945,733
	60,655
	6.41%

	200
	227.3
	10508.0
	3,759,553
	234,245
	6.23%


[bookmark: _Toc511318676]Table 8: The time taken and number of collisions required to produce an image of sphere.obj using different scale values
[bookmark: _Toc511318741]Conclusion
For this iteration, polygons have been added to the renderer as a type of geometric object. When an obj file is loaded into the renderer, information on the vertices and normal vectors used in the model is transferred to relevant vectors in the objLoader class, which are then used to construct faces as they are described in the file. A bounding volume hierarchy is constructed from the polygons until each leaf node has no more than two polygons (just like with implicit shapes), and the scene is rendered as with the previous two iterations. Tests have been conducted which show that the time taken to build the hierarchy is only affected by the number of polygons in the scene, but that the rendering time can also increase along with the scale value of the model. When collisions between a ray and any bounding volumes are excluded, only a small percentage of intersection tests return a successful result.








[bookmark: _Toc511318742]Conclusions
After conducting a literature review into how ray-tracing works and some of the techniques that may be applied to either reduce rendering times or increase realism, development on a ray-tracing program was carried out in three iterations. The first iteration saw the inclusion of implicit shapes and lighting, with basic Lambertian shading used to simulate how light interacts with a flat surface in real life. The second iteration introduced bounding volume hierarchies as a means of reducing the number of ray-object collisions, and therefore time, required during the rendering process. The third iteration added polygonal model loading capabilities, with individual polygons added to the hierarchy similarly to the implicit shapes. 
From tests conducted during the first iteration, even simple scenes containing one object had a performance rate well below what would be acceptable in a real-time games engine, an issue that was compounded by the addition of more objects. The second iteration aimed to rectify this with the introduction of bounding boxes. This saw a clear reduction in both collision tests and rendering time, although still not sufficient for a real-time renderer. The third iteration tested the performance of different polygonal models of varying complexity. Whereas the time taken to build the scene before rendering was negligible for the previous two iterations, this figure increased with the number of polygons loaded from the file. Increasing the scale value of the model had no effect on the building time, but it did result in an increase in both the number of collisions and the rendering time.
One clear direction to go in next would be to include reflective surfaces to be applied to the objects and to measure the effect this has on the rendering time of the image. Another possible field to explore is the implementation of secondary shadow rays, as these are not possible to apply to the image using traditional forward-rendering alone. Reflective surfaces and shadows are both areas of rendering which ray-tracing appears particularly well equipped to deal with, so the author thinks that this would be feasible in a future iteration of development. Regarding the list of program requirements outlined in the design stage of the first iteration, those are the only two ‘must’ requirements that have not been implemented yet. After that, it might be a good idea to explore some of the less important requirements, such as the implementation of anti-aliasing or texture mapping. Alternatively, further research can be conducted into the number of collision tests performed during runtime and how it can be reduced further.





















[bookmark: _Toc511318743]Reflections
The primary aim of the project, as it is described in Introduction, was to design, develop and test a ray-tracing program that incorporates an acceleration structure as a means of reducing the time taken to render an image. On a broad level, this has been achieved with some success. The bounding volume hierarchy chosen for this project is built and structured as expected regardless of the number of objects in the scene, with tests showing a reduction in rendering time when compared to scenes rendered without any type of acceleration.
To help achieve this overarching aim, the project was broken down into a list of objectives:
· To conduct a literary review some of the most commonly utilised rendering techniques, including spatial partitioning.
· To use this research to draw up a list of prioritised requirements for the project.
· To select a few of these requirements per iteration and design class diagrams to determine their functionality.
· To develop, test and integrate the chosen requirements into the program using the diagrams.
· Repeat the above two objectives until every essential requirement has been satisfied.
The first four objectives have certainly been satisfied to what the author considers to be an acceptable degree. The literature review allowed the author to explore the many topics associated with rendering and select those he wanted to explore further, helping to define a trajectory for the project to take early on. Because ray-tracing is such a vast field of study with many possible research opportunities, selecting a certain number of requirements and deciding which of these were most important helped the author decide where to go first with the project. 
The last objective has been nearly satisfied; only the reflections, refractions and shadows still need to be implemented. The author had actually considered implementing these for the third iteration of development, but he decided to explore the implementation of polygonal models instead as a means of comparing them with the implicit shapes. This was also identified on the list of requirements but was considered at the time to be less important. The author does not regret this decision as he felt that it would be interesting to compare the implicit shapes with a model that has to be loaded from file. However, had there been time for a fourth iteration of development, it would have been primarily focussed on simulating reflective surfaces.
Early on in the planning stages, the author had considered focussing his research on the implementation of two different versions of the ray-tracer; one for the CPU, and another using CUDA to run on a NVIDIA GPU. There is another module on his course that is specifically designed to teach students about CUDA programming, and the author had planned on using this knowledge in the project. Later on, the author realised that he was going to have to use that knowledge anyway on a smaller project for that module, so he decided to instead focus on acceleration structures, an area that would not be practically covered in any of his other modules. 
As a starting point for the project, the tutor recommended a book named “Ray Tracing from the Ground Up” by Suffern, which is intended to be an introduction to ray-traced rendering for those not entirely familiar with the subject. The author identified the most important points in the book, read them quickly, and used them as a baseline for the literature review. The key problem with this approach was that the author was basing most of his research on this one book. The tutor advised the author that, although the book is an excellent resource, he should be verifying anything that he cites in the book by looking at a few other sources, and also to use these sources to build upon the research.
Another difficult period that occurred in the third iteration involved the calculation of t-values to determine whether a polygon was visible to the camera or not. The d-component of the polygon is calculated by finding the dot product between the surface normal and any of the points that constitute the polygon. This is then added to the dot product between the normal and the camera ray’s origin, which gets divided by the dot product between the ray’s direction and the normal to get the t-value at which a ray intersects the polygon. This approach returned the expected absolute t-value, but because the ray was being cast along the negative z-axis, a negative result was returned. This was rectified by subtracting the d-component from normal*ray origin instead of adding them together.
Five potential risks were identified in the Research Proposal:
· A lack of knowledge of the subject being investigated.
· An insufficient amount of time being spent on development or testing.
· Not many ‘stakeholders’ from which to obtain feedback.
· Having too much work to complete in a certain period of time.
· Inappropriate software being chosen to build and test the project
All of these have been generally avoided. A sufficient amount of time was spent on the literature review, and the requirements for each iteration of development were chosen and planned out carefully. The author knew that the software would be suitable because he had worked with it previously, for a purpose not dissimilar to that of the project. The third risk is somewhat debatable, as the tutor was the only source of feedback throughout the project, but the author decided to go with a development methodology that did not place as much emphasis on customer feedback, so this is not a big issue.
The initial and final project plans (see Appendices) are difficult to compare for two key reasons; they were produced with different research aims, and the final plan describes an incremental approach, rather than the more Waterfall-oriented original. The time spent on the literature review is as long as the author planned to spend on research and requirements analysis. The combined development and testing stages for all iterations used a bit more time than originally planned, but the report was continuously worked on throughout the project, so not as much time was needed to finish it at the end.
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Tracing a Ray – Sunny Day Scenario
1. A ray is cast into a scene and hits an object.
2. The parametric values at which the ray collides with an object surface are calculated.
3. The surface normal is found at the object collision point with the smallest positive parametric value.
4. The dot product between the surface normal and the inverse of the light source’s direction is found.
5. The object’s surface reflectivity is multiplied by the intensity of the light to find the RGB colour value for the pixel.
6. This colour value is assigned to the pixel when the image is rendered.
Tracing a Ray – Alternative Scenarios
     1a. The ray does not collide with an object.
1. Set the pixel to the background colour.
     3a. The surface which the ray collides with is reflective.
1. Use the surface normal and the incident ray to calculate the values of the reflected ray.
1a. The ray collides with a non-reflective object.
1. As with steps 3-6 of the sunny day scenario.
1b. The ray collides with another reflective surface.
1.  Find the new reflected ray, and repeat as above. 
1c. The ray fails to collide with anything.
1. Set the pixel to the background colour. 
         1d. The ray reaches its maximum recursion depth.
1. Set the pixel to the background colour.
     3b. The surface which the ray collides with is refractive.
1. Use the object’s index of refraction to find the new angle relative to the normal.
2. Use this new angle to calculate the direction of the ray, using the intersection point as the origin.
     4a. The light source has no directional properties.
1. Only the colour intensity of the light is factored into step 5.
     4b. The dot product between the surface and the light produces a negative value (in other words, the surface point does not interact with the light).
1. The pixel colour is set to black.
    5a. There are multiple light sources in the scene.
1. Add the calculated colour intensities for each light onto the pixel colour.
1a. Any of the colour value’s red, green, and blue components are larger than 1.
1. Normalise the colour value as with a vector.
    5b. The reflected colour value depends on the viewer’s perspective.
1. Find the vector between the reflection point and the camera.
2. Use the angle between this vector and the reflected ray to approximate the colour value.
    5c. The reflected colour value does not depend on light direction.
1. Only the reflected colour has any influence on the pixel.
Bounding Box Hierarchy – Sunny Day Scenario
1. Find the coordinates of a bounding box that contains every object in the scene.
2. Assign this bounding box to the root node.
3. Sort each object by their central position along the wider axis of the bounding volume.
4. Find a midpoint based upon the median position of the objects in the scene.
5. Use the midpoint to split the bounding volume in half.
6. Calculate two separate bounding volumes for the objects contained in both halves of the original volume.
7. Repeat with both of the new bounding volumes.
Bounding Box Hierarchy – Alternative Scenarios
1a. The bounding volume coordinates of a sphere need to be found.
1. The maximum coordinate is equal to the centre with the radius added onto it.
2. The minimum coordinate is equal to the centre with the radius subtracted from it.
1b. The bounding volume coordinates of a plane need to be found.
1. The maximum and minimum coordinates are set to a large number, as the plane is infinite and would therefore have no starting or ending points.
1c. The bounding volume coordinates of a disk need to be found.
1. The maximum coordinates are found by adding the dot product of the radius and the square root of 1 subtracted by the squared normal onto the centre point.
2. The minimum coordinates are found by adding the dot product of the radius and the square root of 1 subtracted by the squared normal onto the centre point.
3a. The node contains two objects or less.
1. The recursive function terminates.
4a. There are an odd number of objects in the bounding volume, resulting in a midpoint that intersects with an object.
1. Put this object in the left node. 
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