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[bookmark: _Toc48407310]Abstract
Deferred rendering provides a decoupled approach for handling geometry and lighting in separate passes. This yields the benefit of rendering a large number of light sources at interactive frame rates with the drawback of losing alpha blending. Detailed data of geometry is captured through a single pass, outputting the data into multiple render targets. Lighting is then calculated by sampling the multiple render targets as input. With alpha blending no longer available, this makes deferred rendering unable to handle transparency through traditional methods.
Research on techniques to achieve transparency within the context of a deferred rendering pipeline are reviewed. A performance evaluation of the depth-peeling algorithm utilising a custom deferred rendering engine is conducted. Observation of the computational span for a single rendered frame under a strict benchmark environment reveals the performance of depth-peeling over varying levels of scene complexity.
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1. [bookmark: _Toc48407313]Introduction
1.1. [bookmark: _Toc48407314]Project Overview
Performance in real-time rendering is an important metric in judging how well a real-time application is operating.
The main objective of the project surrounds deferred rendering with specific attention to how transparency is handled. An analysis of the chosen transparency algorithm and its performance under a deferred rendering pipeline is the primary focus.
In order to achieve this, the design and implementation of a custom deferred rendering engine is required, such a system should provide support for efficiently rendering complex scenes with a high number of lights and transparent objects.
1.1.1. [bookmark: _Toc48407315]Project Aim
The aim of the project is as follows:
Perform an analysis of the performance for depth-peeling to evaluate the impact of transparency in a deferred rendering pipeline.
1.1.2. [bookmark: _Toc48407316]Project Objectives
The project objectives consist of four primary targets:
i. Develop an editor layer to accommodate for quick iterations when composing scene data.
ii. Design an appropriate benchmark to recognize what data is required to be collected.
iii. Investigate and select suitable third-party tools that will allow for the accumulated data to be tested in a stable environment.
iv. Evaluate completed works to ensure project integrity has been maintained.
2. [bookmark: _Toc48407317]Review of Literature
An investigation into the available research applicable to rendering techniques and transparency is reviewed below.
Each area is highly relevant to the focus of the project and every section aims to provide general knowledge for all methods discussed. A critical analysis of research along with a conclusion ends the review, providing a thorough examination of research and a final recap on the areas that have been covered.
2.1. [bookmark: _Toc48407318]Prerequisites
Discussion on the origins of computer graphics and how the technology progressed provides a general base of how computer graphics came to be. A brief overview of the history of computing, graphics and hardware is explored.
Many areas of the timeline have been omitted to focus on the more relevant topics that shaped computer graphics into what it is today.
Before probing into the rendering techniques that form the main discussion of the project’s interests and related works, a review of the graphics pipeline is documented to provide fundamental knowledge towards subsequent sections and discussions.
2.1.1. [bookmark: _Toc48407319]History of Computer Graphics
The term “computer graphics” was first conceived by William Fetter during the 1970’s who worked at The Boeing Company as an art director. Fetter researched into using computer graphics as a viable solution to assist in the design and engineering of cockpits for Boeing aircraft. This was done by using a 3D wireframe of a human figure known as “The Boeing Man” [1].
Computer graphics plays a major part in the technology of visualization and computing in general. Without computer graphics the devices used today could have potentially taken a rather different route in terms of design and usability. The ISO (International Standards Organization) characterises computer graphics as the complete “methods and techniques for converting data for a graphics device by computer” [2]. The first three words of this statement reflect rather well in providing a subtle introduction into the history of computer graphics. This is due to discoveries being made by a variety of pioneers in the field throughout history.
[image: ]
[bookmark: _Toc48393968]Figure 1 - Brief CG timeline of notable events within the early days of graphics, adapted from [3]
Computer graphics advanced rapidly during the late 1940’s to 1950’s [4] and received a lot of funding through government agencies. The US Airforce took a big interest in computer graphics which led to the funding of the “Whirlwind I”, a project executed at MIT (Massachusetts Institute of Technology). Whirlwind I was the very first digital computer which provided real-time feedback via a vector display that produced images based on the input of the user [5].
One of the most influential developments commonly attributed to the birth of computer graphics came from scientist and engineer Ivan Sutherland. Whilst studying at MIT, Sutherland utilized the TX-2 to develop his PhD thesis “Sketchpad: A man-machine graphical communication system” [6]. Sketchpad was a graphics application that allowed the user to draw curved and straight lines along with complete geometric shapes directly on to the TX-2 vector display using an input device known as a light pen. Alongside this development the world saw the very first computer game “Spacewar!” which was developed by Steve Russell at MIT using the PDP-1 [7].
Starting less than a decade later the field of computer graphics saw a whole host of new algorithms and research through a variety of educational institutes. Most notably, a new computer science department at the University of Utah opened which was founded and headed by David Evans and Ivan Sutherland. The department received regular funding through government agencies to continue and push the development of electronics and computer graphics further [4].
During this period, pioneers in computer graphics such as, Henri Gouraud, Edwin Catmull, Jim Blinn and many others would make discoveries that would further contribute to the development of computer graphics. This led to the many different algorithms that are used today in most popular graphics API’s (application programming interfaces) and applications such as, z-buffering [8], texture mapping [9], Phong reflection model [10].
2.1.2. [bookmark: _Toc48407320]Hardware
Alongside the advancements being made in computer graphics came a plethora of new hardware and display devices due to the discovery of the transistor [11].
During the early days of graphics, programmers had to directly access the display hardware to program graphics capable applications. With technology constantly progressing, this led to software having to be rewritten to support new hardware. Alongside this, manufacturers of personal computers produced their own architectures that managed the operations of their computer systems, this meant that support for graphics had to be implemented per-system.
With the introduction of VGA (video graphics array) from IBM, then new manufacturing companies such as NVIDIA and AMD started to follow suit to push the boundaries of what current VGA’s were capable of. Most notably, a company named 3dfx Interactive introduced a new “add in” graphics processor called the Voodoo1 in 1996 which saw most of its lifetime in arcade gaming machines, offering hardware acceleration of 3D graphics [4]. 
The support of common graphics operations such as vertex transformations and texture-mapping slowly started to make its way onto graphics chips, allowing programmers to move away from performing these operations on the CPU.
With new hardware reaching the market, a standard had to be realised to support interoperability between various systems and hardware. During the early 70’s a standard was being worked on by ISO named PHIGS (programmers hierarchical interactive graphics standard). PHIGS provided functionality for drawing simple geometric shapes and provided some portability across various hardware vendors who supported it [12].
The PHIGS API was eventually superseded by the now known OpenGL, the reasoning for this is seen in various discussions in literature [12], [13], [14]. Ultimately, the then known GL library offered many features for graphics programmers such as texture mapping and eventually a programmable pipeline for custom shading algorithms. This led to the advent of many other successful API’s that are now used today, along with the evolution of the graphics pipeline.
2.1.3. [bookmark: _Toc48407321]The Graphics Pipeline
Nowadays, many graphics processing units support multiple graphics API’s such as OpenGL, DirectX and Vulkan. To unify the operations of these API’s, which fundamentally control the inner workings of the GPU, the graphics pipeline defines a standard description of how data flows through the GPU’s architecture.
Many changes have happened to the graphics pipeline over the years, new and old API’s have been conceived with the goal of offering programmers an interface to manipulate the hardware. 
The graphics pipeline offers a conceptual model of the processes involved in rendering graphics through dedicated hardware. Various API’s define their own model of the pipeline, by and large each model remains fairly consistent between each API, with minimal differences.
Manufactures of graphics processing units are now bound to implementing the available graphics libraries which are packaged in the hardware’s drivers. The implementation of each graphics library follows a specification governed and maintained by the owners. Microsoft control the specification of DirectX and Khronos Group maintain the OpenGL and Vulkan specifications.
An overview of the pipeline shows that each stage performs specific operations for computing data that is initially CPU-bound. The pipeline defines each stage the GPU executes (see Figure 2 - High-level overview of generic graphics pipeline).
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[bookmark: _Ref45395172][bookmark: _Toc48393969]Figure 2 - High-level overview of generic graphics pipeline
Whilst all the above stages are common in every API’s graphics pipeline there are many other processes in between each stage before and after rasterization, and even before the final output is written to video memory for displaying on-screen.
Rasterization is one of the core stages, its goal is to ensure that each pixel on the display device is filled relative to the transformed vertex data that is processed in the first stage of the pipeline.
A primitive is defined so that a set of vertices can be assembled for interpolation at the rasterization stage, in most cases the primitive of choice is a triangle due to its planar qualities.
Vertex positions can be arbitrarily positioned in 3D-space, the rasterizer takes as input the modified positions of each vertex, which already have undergone specific transformations in the earlier pipeline stages to ensure correct projection and clipping within the constraints of the viewing frustrum. The positions of each vertex are mapped to screen coordinates and are filled based on the chosen primitive. 
With the primitive and screen coordinates defined, the rasterizer can proceed to fill each pixel (see Figure 3 - Rasterization of a triangle).
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[bookmark: _Ref45413753][bookmark: _Toc48393970]Figure 3 - Rasterization of a triangle
2.1.4. [bookmark: _Ref45965672][bookmark: _Toc48407322]The OpenGL Graphics Pipeline
Delving deeper into the graphics pipeline within the context of OpenGL, more processes are involved that follow the OpenGL specification.
Whereas vertex processing sits at the first stage in the pipeline, many other processes follow before rasterization and after (see Figure 4 – Overview of OpenGL graphics pipeline)
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[bookmark: _Ref45419451][bookmark: _Toc48393971]Figure 4 – Overview of OpenGL graphics pipeline, adapted from [14, pp. 10 - 13]
Within each stage further processing is required before reaching the next section of the pipeline. 
Since OpenGL version 2.0 programmable parts of the pipeline were added with the addition of a new shading language known as GLSL. Before this, the pipeline was fixed (commonly known as fixed function) [16]. 
Programmable sections of the pipeline are controlled through use of shaders, each shader must be compiled and linked to a program which resides on the graphics card.
The GLSL language offers built-in variables that offer a way for storing the results of common operations such as vertex clipping, retrieving fragment coordinates, checking a fragments depth, etc.
OpenGL still has multiple components within its pipeline that remain fixed, these are the core operations that are required to be executed for data to be successfully passed down the pipeline.
Vertex processing consists of several other states, each operating on the vertices passed down the pipeline. There are three programmable parts of the pipeline within the vertex processing stage, the vertex shader, tessellation shader and geometry shader (see Figure 5 - Vertex processing stage of OpenGL pipeline).
Vertex data that is passed down the pipeline is commonly composed of multiple components such as, positions, colour values, texture-coordinates, etc. Before being passed down the pipeline the vertex data is organised into its individual components contiguously for every vertex. OpenGL refers to this layout as the vertex specification, the layout is defined via the client/application.
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[bookmark: _Ref45422128][bookmark: _Toc48393972]Figure 5 - Vertex processing stage of OpenGL pipeline
The vertex shader is controlled by the programmer and outputs a single vertex, it is executed for every vertex that is passed down the pipeline. 
The role of the vertex shader is to perform transformation calculations, converting arbitrary coordinates from 3D-space to 2D screen-coordinates through matrix multiplication [17]. If enabled, the optional parts of the pipeline take the vertex shaders output as input for further processing, otherwise the output from the vertex shader is then forwarded to the vertex post-processing stage.
During vertex post-processing two fixed pipeline stages are executed, transform feedback and clipping. OpenGL stores the output of each transformed vertex within an internal buffer, this allows quick redrawing of primitives if required. Transform feedback also sets up the rendering primitive. In the instance of a triangle, when three vertices are output from the vertex shader, transform feedback stores those three vertices in the format of the rendering primitive.
Finally, clipping is performed on each vertex by checking if the post-projected vertex is within the viewing frustrum. This ensures that vertices outside of clip-space have no further processing due to not being seen on-screen, avoiding wasted computation.
Other pipeline states can be executed early within the vertex processing stage, this depends on if either a tessellation shader or geometry shader is present. Both stages are slightly more advanced and out of the scope of discussion but, the general use of these stages is to further modify the vertices output from the vertex shader to perform advanced visual effects by procedurally producing geometry.
Primitive assembly is the next section of the OpenGL graphics pipeline and also consists of other stages that operate on the final output of the vertex post-processing stage (see Figure 6 - Primitive assembly stage of OpenGL pipeline).
As mentioned above, the vertices produced by the vertex post-processing stage are stored in an internal buffer in sequential order. Depending on if the optional stages for vertex processing are enabled this will alter the order of primitives generated at the end of the vertex post-processing stage. Ordering of primitives is essential for face culling to operate as each primitive will own a winding-order that defines which direction it is facing.
To maintain ordering of primitives OpenGL defines a set of rules that grant which generated primitives are prioritized for achieving appropriate order. In general, any primitives which are generated via the initial vertex data passed down the pipeline are ordered sequentially per draw call, this is true for subsequent draw calls.
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[bookmark: _Ref45426339][bookmark: _Toc48393973]Figure 6 - Primitive assembly stage of OpenGL pipeline
The following two stages of the pipeline need to be explicitly enabled and offer optimizations to generated primitives to solve hidden geometry.
Rasterization is a fixed operation within the OpenGL pipeline. As previously discussed, the role of rasterization is to break down each primitive into samples (pixels) based on the primitive’s coverage.
When the rasterization process is complete and all samples have been collected, the next stage of the pipeline is the fragment shader. Each sample produced by the rasterizer will be passed to the fragment shader, it is here that programmers can directly modify the fragment. When the rasterizer outputs a fragment, attached to it are additional values such as its clipped position on screen as well as its depth on the z-axis.
Like the vertex shader the fragment shader is run for every fragment the rasterizer produces. Fragment shaders are expensive due to the amount of invocations they receive, common operations such as per-pixel lighting are performed in the fragment shader to determine a fragments final colour. The output of a fragments colour is written to a framebuffer object, OpenGL makes extensive use of framebuffers for displaying rendered results. Framebuffers have multiple attachments which is OpenGL’s terminology for textures, also commonly known as buffers. In practice, a default framebuffer is created when a rendering context is made. It is this framebuffer that the fragment shader writes to, unless a user-created framebuffer has been made and set as the rendering target.
A framebuffer will consist of a colour attachment, depth attachment and an optional stencil attachment.
Fragment colours are written to the active framebuffer’s colour attachment whilst a fragments depth is stored in the depth attachment.
The final stage of the OpenGL graphics pipeline is where per-sample operations are executed. Most of the operations can be enabled or disabled making them optional features. Some operations can also be executed early, before any output from the fragment shader (see Figure 7 - Per-sample operations stage of OpenGL pipeline). [image: ]
[bookmark: _Ref45432853][bookmark: _Toc48393974]Figure 7 - Per-sample operations stage of OpenGL pipeline
Some stages are omitted from Figure 7 to discuss the more relevant processes within the per-sample operations stage of the pipeline.
Conveniently, OpenGL performs the pixel ownership test which determines if pixels belonging to the rendering context aren’t obscured by another window. Any pixels which are partially or completely covered by another applications window that isn’t owned by the rendering context are discarded. This test only applies to the default framebuffer that is created when setting up the rendering context.
If enabled, the scissor test can create a rectangular region within the framebuffer to define which fragments are written. Any fragments that fall outside the region are discarded and not written to the framebuffer.
Multisampling is a very large topic and is used extensively in modern graphics applications. One common use is to achieve anti-aliasing (MSAA) [18] by sampling various positions within a fragment, multiple times. This is done by applying a small offset to the screen each sample-pass, only at the edges of the geometry. Other multisampling operations are performed at this stage and depend on the technique that utilizes multisampling. 
Nearing the end of the per-sample operations, the depth test is an optional stage of the pipeline that checks the depth of a fragment. A conditional test can be enforced to discard fragments that have a lesser, greater, or equal too value than the previous fragment that resides in the depth buffer. Many algorithms have been discovered that utilize the depth test such as shadow mapping [19].
The final stage of the pipeline is also optional, and like multisampling is a broad topic of discussion. Blending offers a variety of ways to mix fragment colours together and can operate based on a blending equation that can be defined by the user. Different blending equations can be applied to achieve diverse ways to blend incoming fragment colours against previously rendered fragment colours. Interesting results can be accomplished with blending enabled allowing rendering of partially transparent and fully transparent surfaces.
2.2. [bookmark: _Ref40275495][bookmark: _Toc48407323]Rendering
Rendering is one of the fundamental building blocks of computer graphics, it is the process that defines the automation of creating computer generated images [20].
There are a multitude of rendering techniques that have been developed over the years, each with their advantages and disadvantages. 
Solutions that rendering try to solve focus on areas of illumination, surface determination, reflection and refraction, etc. Whilst not in the scope of discussion, further rendering techniques that refer to these areas are discussed within Appendix A1 – Radiosity, Appendix A2 – Raytracing.
Real-time rendering is an adaptation of traditional rendering that aims to produce images at interactive frame rates.
Techniques aimed towards real-time rendering tend to have the strict goal of efficiency, keeping complexity to a minimum due to hardware and processing constraints. In most cases the measurements that drive these techniques are frame times along with memory usage.
2.2.1. [bookmark: _Ref39921604][bookmark: _Toc48407324]Painters Algorithm
Hidden-surface removal is a well-researched area in computer graphics, also known as the visibility problem [21]. The painter’s algorithm is an effort focused at solving the visibility problem by determining the order in which objects should be rendered in a scene.
The algorithm relies on geometry being sorted before getting passed down the graphics pipeline. As an example, geometry that is sorted from back to front would be drawn in the order of furthest to nearest, solving the visibility problem (see Figure 8). Whilst this does result in a correctly rendered scene there are multiple drawbacks to this method.
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[bookmark: _Ref39886603][bookmark: _Ref39886561][bookmark: _Toc48393975]Figure 8 – A scene consisting of a yellow cube and red sphere.
Large scenes with a lot of geometry would result in a performance hit in terms of render time. This is due to the sort process that needs to be performed before geometry is passed down the pipeline to be rendered. The most performant sorting algorithm has a complexity of  where  is the number of objects and  is the run time. This infers that the run time of the algorithm would have an exponential impact based on the amount of geometry within the scene.
Another disadvantage of the algorithm is that it doesn’t solve intersecting or cyclic overlap of geometry. Intersecting and overlapping geometry are difficult to sort as the order can’t be fully determined due to the ambiguities in the position of each geometric shape (see Figure 9).
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[bookmark: _Ref39887441][bookmark: _Toc48393976]Figure 9 - Cyclic overlap of geometry where the order of each polygon can’t be determined.
An improvement to the painter’s algorithm was developed by Newell and Sancha [22] to tackle the issue of cyclic overlap of geometry within a scene. Geometry that does overlap and intersect are split at the point of convergence and are then sorted by depth. 
The criteria for splitting geometry can usually be found when multiple polygons have  values that overlap. If the  and  coordinates of the object also overlap, then the polygon can become a good candidate for splitting.
Other techniques that surround hidden-surface removal include mutations of a variety of algorithms that provide various other approaches such as the use of Binary Space Partitioning (BSP Trees) [23].
Other methods that revolve around determining surface visibility provide ways that evaluate geometry in image and also object space [21]. Whilst out of the scope of this discussion the highlighting factor of these algorithms is the focus of reducing algorithmic complexity to gain improvements in performance.
A substantial discovery for solving hidden-surface removal was developed by Edwin Catmull at Utah University in 1974, known as z-buffering or also referred to as depth buffering [8]. 
Whilst this method of surface removal operates in screen-space it is now the most widely used technique that has made its way into a variety of graphics API’s. In comparison to the painter’s algorithm, depth buffering fits considerably well in the realm of raster graphics.
With graphics processing technology employing a parallel architecture, depth buffering provides quicker performance gains as opposed to the computationally expensive sorting that painter’s algorithm requires [24].
Although depth-buffering seems to have larger benefits, painter’s algorithm is still commonly used to order geometry under specific circumstances. An example of this would be an implementation of the painter’s algorithm for sorting geometry with transparent properties. In combination with depth buffering these circumstances would still be a suitable solution for an interactive application.
Painter’s algorithm is also the default sorting method used by OpenGL where objects are drawn automatically from back-to-front.
2.2.2. [bookmark: _Toc48407325]Forward Rendering
As an “out of the box” solution to getting data through the graphics pipeline the default method is known as forward rendering. Most graphics API’s typically operate this way when no modifications or advanced rendering concepts are applied.
In its simplest form, forward rendering works on a per-object basis. This means that any data representing a 3D object goes straight through the graphics pipeline with the end result being rendered immediately to the display. Any techniques or algorithms employed at the programmable stages of the pipeline are executed for each object that is passed down the pipeline.
Inherently there are some drawbacks to this method of rendering, fragments that have already been modified at the last stage of the pipeline by the fragment shader could later be processed and evaluated again due to other objects in the scene occluding previous fragments. This scenario is called overdraw and can often cause a lot of trouble for performance in complex scenes.
Most hardware is equipped with a feature that performs a depth-test that makes use of a z-buffer (also known as a depth-buffer). The z-buffer is used to determine what fragments are closer to the viewing point. If a fragment has a distance closer to the viewing point than the previous, then the closer fragment passes the depth-test and overwrites the previous fragment. The z-buffer can be modified in most graphics API’s to change how it evaluates a fragments depth value. Options that allow checking of a fragments distance that is greater or less than the destination fragment provide alternative choices for dealing with depth within a 3D scene.
The problem of overdraw in a forward rendering pipeline causes an even bigger issue when per-pixel lighting is introduced. With 3D scenes that have a large number of light sources, each object that is passed through the pipeline to reach the final step of calculations performed by the fragment shader must be tested against all lights within the scene to determine the overall amount of light intensity the object will receive. With lighting calculations processed and calculated for every pixel of each object against all lights this causes a dramatic performance hit.


[bookmark: _Toc48393977]Figure 10 - Pseudo-code of forward rendering cycle
The complexity of forward rendering can be defined as  where  is the number of objects and  is the number of lights.
2.2.3. [bookmark: _Ref46151123][bookmark: _Toc48407326]Deferred Rendering
A very common rendering technique that attempts to decouple the processing of geometry and shading calculations is known as deferred rendering. Deferred rendering is an extremely popular rendering technique due to its ability to support a heavy amount of lights within a scene. The performance gains are a lot quicker than forward rendering with scenes that have a high number of light sources [25].
The aim of deferred rendering is to defer the expensive lighting calculations until all geometry has been processed, capturing only the surfaces that are visible from the camera’s perspective. This would require depth-testing to get all fragments that are at the absolute front of the scene. When the lighting calculations are finally performed, it is only the visible surfaces that are then processed.
To achieve this, deferred rendering commonly works in two render passes. The first pass will process all geometry within the scene to retrieve all surfaces that are closest to the camera, overdraw can still happen at this phase of rendering as geometry still has to be evaluated by the depth-test to determine which surfaces are nearest to the viewpoint [26].
Within this first pass the front-most fragments are written into a g-buffer which consists of multiple render targets (MRT’s) [27]. The g-buffer resides on the GPU’s dedicated video memory with each render target owning a texture attachment that the surface data is drawn to. Attributes that are associated to the components that make up a surface are stored in each texture attachment and usually consist of position and normal vectors, specular and albedo/diffuse intensity, where a simple lighting solution is applied. For each texture attachment the g-buffer collectively consumes a considerable amount of video memory leaving a notable footprint and also high-bandwidth consumption for texture lookups from video memory. It is common practice when using a deferred rendering pipeline to set a target for the maximum memory usage of the g-buffer, this acts as a constraint on hardware resources allowing headroom for video memory to be utilised elsewhere.
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[bookmark: _Toc48393978]Figure 11 - Positions, normals, albedo, specular output from g-buffer. Render from Lucid Engine.
In the second pass the g-buffer is utilized to perform all shading calculations. Each texture attachment is sampled within the fragment shader to calculate shading of surfaces within the scene. In comparison to forward rendering, expense is spared as lighting is applied for visible surfaces only due to the upfront gathering of surface data during the first geometry pass [26]. Visually, the results are the same as forward rendering with the added improvement of supporting multiple light sources as well as allowing easy post-processing to be applied to the final output for a variety of visual effects such as motion blur or blooming of light sources [28].
As discussed above, an obvious drawback to this method is dealing with the capacity of the g-buffer in terms of video memory usage. In most cases, more data is required to fill the g-buffer in a deferred rendering pipeline if support for material variety is desired. With the fragment shader sampling the contents of the g-buffer, applying lighting to different surfaces would involve storing more data that describes the material of a surface. This data is usually stored as additional textures that are packed in various channels of the current texture attachments which reside in the g-buffer. Packing the textures that describe a materials surface into various channels of the texture attachments adds some slight advantage to lowering the amount of texture attachments in the g-buffer, but still takes additional memory that ultimately expands the g-buffers footprint.
Transparency is also no longer available when utilizing deferred rendering as all surface data that is captured during the first render pass contains the front-most fragments. This discards the use of alpha-blending as any fragments that failed the depth-test would be removed from the final render. Multiple techniques exist that offer the ability to achieve transparency within a deferred rendering pipeline but come with an additional performance cost.
2.3. [bookmark: _Toc48407327]Transparency
The effect of transparency can be described as a surface that is completely or partially opaque. This is measured in computer graphics through an alpha component that determines the amount of transparency a surface has [29].
Computer graphics takes a familiar approach to modelling transparency that is often associated with a similar technique to how photographers and filmmakers used to overlay images.
The following sections aim to provide a general understanding of how transparency is handled within the context of real-time rendering.
2.3.1. [bookmark: _Ref40045209][bookmark: _Toc48407328]Modelling Transparency
The model of transparency in computer graphics follows a similar technique of applying mattes to film. The concept of mattes involves masking portions of film to hide elements of a scene. When overlaying mattes, it creates the illusion of a seamless scene that is otherwise a combination of two or more layers of film that are superimposed. The same principle is applied to computer graphics where images are digitally overlaid, coverage is expressed through an alpha component that controls the visibility of a pixel’s colour intensity.
In the context of OpenGL, the output of an image is rendered to a colour buffer where the contents of the final image are stored. Each pixel within the colour buffer will generally have an alpha value along with its , ,  components. The alpha value describes the coverage of the pixel where  is completely transparent, meaning the pixel has no coverage, and  is fully opaque providing full coverage [30].
When the next frame or image is rendered to the colour buffer, each pixel’s alpha and colour components are evaluated through a simple formula that equates to the new pixel output. The source pixel is the current pixel to be rendered, and the destination pixel is what resides in the colour buffer (see Figure 12).
The formula determines both source and destination pixels colour intensities by multiplying the alpha component against each colour component, this is done for both source and destination respectively. Once the product of the colour and alpha components are retrieved an additional calculation of the sources alpha component is computed. This sort of blending is known as over blending as it gives the impression of “overlaying” the source pixels on top of the destination pixels. By rearranging the order of how the alpha component is computed provides different ways to blend pixels. This technique is known as alpha-blending or alpha-compositing [31]. 
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[bookmark: _Ref39920819][bookmark: _Toc48393979]Figure 12 - Blending destination and source fragments with over operator.

2.3.2. [bookmark: _Toc48407329]Issues with Transparency:
Whilst the current model of transparency provides a simple way to determine the visibility or coverage of a pixel, there are inherently a couple of drawbacks to creating the illusion of transparency in computer graphics.
If a 3D scene has multiple objects that exhibit some form of transparency, those objects would need to be ordered in the correct way to determine the right results of blending (see Painters Algorithm).
The blending function also needs to abide by the order of how objects are rendered, as over blending will produce a different result when objects are rendered front to back.
In the context of complex scenes that may display hundreds of transparent objects, keeping track of the order of all geometry becomes cumbersome and too expensive to compute each frame.
2.3.3. [bookmark: _Toc48407330]Order-independent Transparency
An attempt at overcoming the complications of ordering geometry for correct transparency is a technique known as order-independent transparency (OIT).
Order-independent transparency is a branch of methods that deal with transparency without relying on the prerequisite of sorting geometry based on depth. The concept of OIT is simple and has brought to computer graphics a whole host of new algorithms for achieving transparency [32], [33].
Whilst the idea of OIT sounds appealing, there are other complexities that are introduced. Most OIT methods deal with transparency in screen-space and require multiple render passes to resolve, relying heavily on the depth-buffer to sort fragments.
Discussion of two popular OIT methods can be found within Appendix A3 – Per-pixel Lists (A-buffer) and Appendix A4 – Weighted, Blended Order-Independent Transparency.
2.4. [bookmark: _Toc48407331]Transparency Techniques
A collection of transparency techniques pertinent to the aims of the project is reviewed below.
A brief description of how each technique operates, along with a summary of its application is discussed to provide some insight into its usages.
2.4.1. [bookmark: _Toc48407332]Alpha-blending
As previously discussed in Modelling Transparency, alpha-blending is the process of achieving transparency through blending of pixels based on an alpha component and a blending equation that determines how the alpha and colour components are calculated. Traditionally, alpha is used to compute transparency, and this will be the context of alpha in most cases. But an important note is that alpha could also be used for a variety of other things depending on the intentions of its usage at the programmable parts of the graphics pipeline.
OpenGL offers blending through a simple function call that takes arguments for calculating alpha, the example from Figure 12 shows the over operator where the source fragments are overlaid on top of the destination fragments.
Mathematically this can be expressed through the following formula:

: the final fragments colour output after blending, : source fragments alpha, : source fragments R, G, B colour components, : destination fragments R, G, B colour components.
Ensuring that objects are rendered in the correct order of furthest to nearest, the over operator simply takes the source fragments alpha component and multiplies it with each of the source R, G, B colour components. This result is then summed to the  term, which is then multiplied with the destination fragments R, G, B, colour components.
Further adjustment can be applied to how the alpha component is calculated, one popular technique is known as pre-multiplied alpha [34]. Pre-multiplied alpha is where each of the images R, G, B colour components are already multiplied by their corresponding alpha. This results in the R, G, B components having “baked” colour values based on the multiplication of their respective alpha value. This requires a slightly modified blending equation as alpha no longer needs to be multiplied by each colour component.
One interesting observation when using pre-multiplied alpha is that mipmap textures provide a more accurate result when blending is performed. Mipmaps are in essence pre-filtered textures that have varying levels of resolution. When creating a texture, it is common practice to create its relating mipmaps for performance reasons. If a high-resolution texture is loaded from video memory for sampling and the camera within the 3D scene is far away from the object, this can cause unnecessary processing as most of the detail in the texture won’t be visible. This is known as oversampling, and in this scenario will cause aliasing artefacts which will affect the final quality of the rendered image.
By pre-multiplying alpha, when blending is computed the colour components of the source and destination pixels no longer need to be multiplied by their alpha counterpart. This results in a slightly quicker calculation. Another benefit is that filtering no longer leaves aliasing artefacts or incorrect blending as the colour values are already encoded with correct values when alpha is at play.


Pre-multiplied alpha:  and  no longer need to be multiplied.
Throughout literature, researchers agree that the use of pre-multiplied alpha is preferred as the results are more accurate with no artefacts in the final image on areas that show transparency [35], [36], [37], [38]. Porter and Duff also refer to pre-multiplying alpha with a pixels colour components, as opposed to using straight alpha [31].
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[bookmark: _Toc48393980]Figure 13 - Pre-multiplied and post-multiplied alpha results on a 2x1 pixel image.
2.4.2. [bookmark: _Toc48407333]Stochastic Transparency
Stochastic transparency is a method of order-independent transparency. It offers transparency without the need of sorting geometry and results in an averaged weighting between all colours that contribute to the final pixel [39].
The technique is commonly thought of as an extension of screen-door transparency which makes use of stipple patterns. The process of stippling involves creating pixel-aligned patterns that acts as a mask where each pixel within the pattern has a bit value associated to it. If a pixel within the pattern has a bit value of 0 then the pixel is completely discarded, resulting in whatever object is behind it becoming visible when depth testing is set and enabled. The result is a rather crude approximation of transparency as the final effect introduces subtle noise to the image due to discarded pixels revealing a staggered view of any background elements behind transparent objects.
One benefit to this method is that no alpha-blending is required as certain pixels for all transparent surfaces are physically discarded depending on the stipple pattern used. The downside to this is that only a certain number of transparent surfaces can be rendered at one time until the illusion of transparency is broken. The effect relies on spatial integration of the human eye, due to pixels being finitely small in size, at a moderate distance the pattern of pixels is perceived as a single colour.
Depth-testing is still used in the conventional way to solve the depth of any pixels that overlap each other. This can happen when stipple patterns are similar between multiple overlapping surfaces, where some fragments may be visible behind or on top of other fragments. Although objects don’t need to be sorted for this technique, in this scenario the final output may result in incorrect levels of transparency between the surfaces due to the stipple patterns used. A careful balance between the design of stipple patterns must be considered for plausible results [40].
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[bookmark: _Toc48393981]Figure 14 - Stippling example, red surface has 50% alpha
Stochastic transparency works in very much the same way as screen-door transparency but with a slight difference. Rather than applying the stipple pattern to a complete pixel, stipple patterns now contribute to the selection of sub-pixels which determine the entire coverage of a complete pixel.
Most hardware nowadays offers a feature known as alpha-to-coverage [41]. This technique offers a simple way to deal with the selection of sub-samples and how much coverage they receive in the final pixel. To achieve this, the hardware automatically generates a bitmask that is proportional to the number of sub-samples per-pixel. The number of sub-samples collected will be determined by the alpha value of the fragment, which defines the coverage of the fragment. As an example, to solve the coverage of a fragment, let the sample count be  per-pixel and let the fragments alpha value be . The coverage  of the transparent fragment will resolve to four of the sub-samples (). The four samples that are actually collected will be based on the coverage of geometry within the fragment, as per normal rasterization operations (see The OpenGL Graphics Pipeline).
Depth-testing also works on a per-sub-sample basis, offering depth-based sorting of each sub-sample per-fragment. This offers a much more granular level of control for the depth of each transparent surface and is why the technique is considered order independent as it relies on the depth of each sub-sample to offer accurate sorting of transparent surfaces that results in the averaged colour of the final pixel.
Extending this concept to stochastic transparency, the only difference is in the way sampling takes place. Alpha-to-coverage will perform sampling in a dithered manner [42], stochastic transparency alters this to apply stochastic patterns for a more unordered sampling process. The benefit of this is that detectable patterns are a lot more difficult to notice but the downside, just like screen-door transparency, is that noise is introduced if a low number of sub-samples are used. Multiple approaches are commonly applied to combat noisy output in contrast to using more sub-samples. Blurring of pixels using Monte Carlo techniques provide a much smoother result but often come with a performance cost [39].
In comparison to sorting transparent geometry and then rendering each transparent surface utilizing conventional alpha-blending, stochastic transparency is a lot more appealing. This is due to hardware now offering dedicated support for multisampling with quick depth-based sorting of sub-samples. Put in the context of more complex transparent geometry such as hair or fur, stochastic transparency certainly outweighs the former but at the cost of diminished visual quality if not enough sub-samples are used during the blending stage.
2.4.3. [bookmark: _Toc48407334]Depth-peeling
A technique that makes extensive use of the depth buffer for achieving transparency is depth-peeling, which works in multiple passes. The term peeling derives from the fact that the depth of each fragment is “peeled” away from the existing depth information captured during the prior pass [43].
In order to get multiple layers of depth,  render passes are required; this means that each render pass will traverse deeper into the scene. In most cases a threshold is required to apply a hard limit to how many render passes are desired to obtain increasing levels of depth.
With a high amount of passes more levels of depth can be retrieved.
In order for depth-peeling to work, two depth buffers are required, depth-buffer A which returns the results of a conventional depth-test, and depth-buffer B which stores the new depth-values. Due to GPU’s offering a massively parallel architecture, to avoid read-modify-write hazards both A and B are swapped at each render pass. 
During the first render pass the depth test will capture all fragments that are closest to the viewing plane, these results would be written to depth-buffer A. During the second render pass the depth-test will utilize A to return any fragments that are closest to the viewing plane. Buffer A now acts as the new minimum depth, values that are closer to the viewing plane in respect to A are ignored (see Figure 15).
This process is repeated each render pass, where buffer B is what is bound during the third pass, buffer A will then be bound during the fourth pass, etc. This is known as ping-ponging, allowing each buffer that is bound to be the source for the depth-test and the opposing buffer being the destination.
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[bookmark: _Ref46029717][bookmark: _Toc48393982]Figure 15 – Diagram of depth-peeling for a scene with a box and circle and plane
In the context of deferred rendering where alpha-blending is no longer an option, depth-peeling seems to be one suitable consideration to achieve transparency although multiple passes are required to accomplish this.
Each render pass writes the fragments colour into the colour buffer at its returned depth position. For transparency, traditional alpha-blending is then applied to get the colour intensity of that pixel at each render pass, providing alpha-blended transparency for as many layers of transparency that’s desired within the limits of the hardware.
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[bookmark: _Toc48393983]Figure 16 - Dual depth-peeling algorithm
Considering that deferred rendering is already a multi-pass technique, adding further passes to acquire transparency creates more overhead per-frame. With the introduction of a second frame buffer to write depth information, this also brings more overhead on video memory as deferred rendering already relies on the g-buffer to write its surface data to.
Since the release of Everitt’s paper on depth-peeling [43], further work has been made to optimize the process of depth-peeling which resulted in the improved extension, dual depth-peeling [38]. In comparison to original depth-peeling, dual depth-peeling works by peeling away the fragments of both the front and back simultaneously.
Dual depth-peeling does yield more overhead to the algorithm as multiple buffers are required to blend the captured results of both front and back fragments. Various state changes are also needed in order to correctly blend front and back fragments via over and under blending methods [44]. In contrast, dual depth-peeling is a much quicker algorithm.
2.5. [bookmark: _Toc48407335]Related Works
The deferred rendering technique has the main advantage of supporting multiple light sources which is documented in many sources [45], [46], [27], [25]. The ability to render multiple light sources at reasonable frame rates has been a big interest in the games industry. Considerable research on other methods of real-time rendering such as Forward+ [47], Clustered Shading [48] all have the same goal of supporting a heavy amount of lights in a real-time environment.
In comparison to forward rendering, deferred rendering excels at efficiently handling multiple light sources as all shading of the affecting lights are done on only the visible surfaces. As noted by Beyen [45] and in the work of Ferko [49], forward rendering requires every object to be calculated against its nearby light sources. They noted that this can be costly as calculations could be performed for objects that may never be seen on screen.
Whilst the benefits of increased lights sound appealing, as mentioned previously deferred rendering introduces issues with transparency due to the lack of support for alpha-blending. Saito and Takahashi [26] briefly discuss the complications of transparency when using deferred rendering by outlining a variation of the a-buffer method [50] to store surface attributes of overlapping pixels. They refer to this as “Extended G-buffers” and briefly cover their intentions of its usage, concluding that “more investigation is required”.
An implementation of deferred rendering by Shishkovtsov [51] displayed that transparency was best handled by rendering all transparent surfaces using forward rendering in order to gain back alpha-blending support. Policarpo and Fonseca [52] along with Kircher and Lawrence [53], amongst other researchers [54], [55] also agree with this claim.
Shishkovtsov considered depth-peeling to solve transparency for his implementation and recorded that hardware at the time wasn’t capable of achieving depth-peeling at interactive frame rates. Although, prior work on depth-peeling showed conducive results that were considered interactive in a paper by Everitt [43], the opinions and results could be considered biased as tests were performed exclusively on NVIDIA hardware.
Many other papers disagree and discuss that depth-peeling becomes unstable with complex scenes that contain a lot of geometry [49], [56], [57], [58]. Most sources are dated, and hardware has since progressed which offers an opportunity to revisit the performance of depth-peeling with modern hardware to discover if it is now a viable option for handling transparency in a deferred rendering pipeline.
Heppner. et al implemented and tested the performance of OIT methods within the constraints of a deferred rendering pipeline. The test cases comprised of weighted, blended order-independent transparency [59], inferred lighting [53] and per-pixel linked-lists [50]. Their results found that WBOIT offered desirable results when surfaces inherited a low alpha value, but in the instance of surfaces with a high alpha value the results showed degradation in visual quality [60]. McGuire and Bavoil discuss the key component to achieving expected results when using WBOIT heavily rely on the weighting function used. The results achieved by McGuire and Bavoil closely resemble similar quality to over blending, with no sorting of geometry but both do state that their implementation isn’t a catch all for every use case and express that careful consideration is needed when determining the weighting function that is applied [59].
Further tests by Heppner. et al demonstrated that their preferred transparency algorithm led to per-pixel linked-lists, documenting that it had much less issues with visual quality and performed at acceptable standards [60]. According to Heppner. et al, WBOIT provided a good fall back in the case of hardware that doesn’t support per-pixel linked-lists. Heppner. et al, did not discuss any further information when testing WBOIT other than claiming the quality wasn’t as expected, throughout the paper their WBOIT implementation was not documented for further exploration.
2.6. [bookmark: _Toc48407336]Conclusion
Reviewing a small portion of the research that directly correlates to the topic of the project, it is true to conclude that transparency is difficult to handle efficiently in real-time rendering, especially within the context of deferred rendering.
Some authors express that further work is needed, whilst others have reported fair results with existing methods. In either case it is clear that further work is required to improve the handling of transparency in a real-time environment where rasterized rendering techniques are concerned. 
With the advancements being made in technology from companies such as NVIDIA and their adaptation of real-time raytracing could make it possible to bypass the need for OIT methods altogether. Until this technology becomes mainstream, further work for newer and improved algorithms for order-independent transparency would be conducive to the field.
3. [bookmark: _Toc48407337]Theory & Methodology
Below provides a discussion on the theory and methodology applied to the project. Review of the methods and how they fit into the project’s requirements are explained.
3.1. [bookmark: _Toc48407338]Research
Towards the beginning of the project a research methodology was quickly realised in order to determine the underlying procedure required to handle the aims and objectives of the project and also direct the course of research.
Further explanation on the chosen methodology for the project is discussed. 
3.1.1. [bookmark: _Toc48407339]Philosophy
Data collection is one of the main goals of the project, in order to fulfil the aim of the performance analysis, data is required to be evaluated. Given that the project will be based around retrieving numerical data that is factual and concrete, the most suited philosophy that follows these constraints would be positivism.
Early in the lifetime of the project opportunities were left open in the event of change as the project naturally produces visual output which could have also potentially suited a phenomenological approach to research. This would have provided different options for other strategies that could have been tailored towards the goals and deliverables of the project, such as a survey for producing research results on visual quality.
As the project is targeted towards real-time rendering, metrics on computational performance felt more appealing and appropriate for the conclusive aims and objects that drive the project.
3.1.2. [bookmark: _Toc48407340]Approach
As the project surrounds a performance analysis, an assumption has been formed on the expected results.
The overarching topic of the project involves research pertaining to the impact transparency has on a deferred rendering pipeline. The most logical approach that fits the requirements of the project and accommodates all other components is deductive.
The hypothesis surrounding the project considers that depth-peelings performance will drop as scene complexity rises. Two potential factors will contribute to the performance of depth-peeling; the number of layers to peel and amount of transparent objects. As the number of layers rises, performance is expected to decrease in correlation to the complexity of transparent surfaces. The number of overlapping transparent surfaces will have a direct impact on the duration of the rendered frame. The more transparent surfaces that exist in the scene will require more layers to be peeled for calculating transparency for required objects.
3.1.3. [bookmark: _Toc48407341]Strategies
Based on the approach described above multiple strategies have been enforced in order to fulfil the research approach and philosophy. Software development is one of a single strategy that would contribute to the collection of data.
A custom deferred rendering engine will be developed supporting the chosen transparency algorithm. The rendering engine and editor will play a pinnacle role in providing test data for both algorithms and will be used with accompanying software to retrieve the data that will later be analysed.
A document review will be authored with a particular focus on collecting, organising and presenting all related research and works that are relevant to the area of computer graphics under study. A recapitulation of project planning and preparation will also be reported within the document review to record and cite the focal areas of the underlying components of the project along with the research and development methods that have been applied for project fruition.
As stated previously, a hypothesis based on the expected performance of depth-peeling within the constraints of a deferred rendering pipeline is the main focus. Evaluating the depth-peeling algorithm through testing and analysis will require a deductive approach where all data needs to be quantifiable.
3.1.4. [bookmark: _Toc48407342]Data Accumulation
Employing a deductive research approach and forming the strategies previously discussed, data will be extracted and gathered for analysis. All data that is produced through testing will meet quantifiable standards. Data is produced through the software development strategy and will be accumulated and analysed through use a of third-party application named RenderDoc, an open-source, professional, industry used graphics profiling system.
The data to be targeted and measured for evaluation consists of timings of each rendered frame the rendering engine produces. The data is comprised of draw call operations, each with its own recorded timing value that measures the duration of a single submission of data through the graphics pipeline.
Compilation of all draw call operations will be quantified by RenderDoc. The process consists of summing all draw call operations to produce a single timing value which will be noted as the complete frame time. The complete frame time will provide a numerical value that will accurately measure the span of computation for a single rendered frame, described in milliseconds.
To achieve this goal the strategy applied has been categorised as experimental with the proposed experiment forming the design of a benchmark. Data pertaining to the performance of depth-peeling under certain circumstances outlines the framework of the benchmark. 
A scene environment will be created with a static number of lights, a single opaque object and 16 transparent objects, applying these restrictions will ensure a fair testing environment for each stage of the benchmark. The number of peeled layers will vary across each test, starting at 4 layers, reaching the maximum capacity of 24 layers. The number of peeled layers is the absolute interest of the experiment and directly correlates to the hypothesis of peeled layers affecting frame time duration. 
Each test will increase the number of layer peels by 4, resulting in a total of 6 benchmark stages. A final test will be conducted rendering the same scene environment with no transparent surfaces, results will be compared and evaluated to quantifiably deduce the computational span of performance and reveal the impact transparency has on a deferred rendered pipeline.
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[bookmark: _Toc48393984]Figure 17 - Benchmark framework outline test scenarios
3.1.5. [bookmark: _Toc48407343]Generalisability
In respect to the type of data that is collected, the general measure for statistical analysis pertaining to this area of graphical performance usually consists of hardware timings that range from CPU cycles, to memory bandwidth. GPU timing metrics such as frames per second, amount of draw calls made per frame along with their duration, and also dedicated hardware memory usage are the primary values of interest. The data associated to the project lends an approved general consensus on graphics performance that are the standard metrics of interest for benchmarking and evaluating performance in a computer graphics application.
3.1.6. [bookmark: _Toc48407344]Reliability
To determine the reliability of data, the testing phase will employ a test-retest reliability method where data will be tested multiple times through the same benchmark framework described above. This will reassure data reliability and eliminate any artefacts or one-off cases from the integrity of the data.
Each pass of data collection will be recorded, and the results will be evaluated against each retest to ensure reliability of data. The pass count will be a minimum of 3 trials per benchmark until stable results are retrieved.
3.1.7. [bookmark: _Toc48407345]Validity
Through many other projects in the industry that measure similar scopes of interest, performance metrics that are deemed reliable and concrete lean towards profiling and recording timing data from hardware, alongside memory footprint and bandwidth.
Through observation and research from a handful of other projects relevant to the field, the key areas of interest in judging and evaluating performance to gauge reliable data always fell back to the previously discussed metrics [61], [62], [63].
This verifies credibility in the data examined which provides a proven track record of the metrics reliability in determining the measurement of performance.
3.1.8. [bookmark: _Toc48407346]Combating Risks
Various risks were considered during the initial phase of the project. To ensure project completion and put effective solutions in place in the event of a risk, the most relevant threats to the project where recorded.
The risks considered were based on potential outcomes that related to resources utilised throughout the project. Other risks that considered experience and knowledge were also included during risk analysis. The final list of risks was compiled through selection of the most sensible and relevant issues that were deemed the most realistic and probable.
· A: Knowledge gaps or further learning required.
· B: Sickness or health issues.
· C: No access to required resources.
· D: Lost, corrupt or damaged work.
· E: Changes to applications/tools the project depends on.
The above risks posed the most potential threat to project integrity, other risks were noted but not considered substantial enough to include. During development of the project two of the selected risks did occur which caused a detrimental impact to the projects progress. A worldwide pandemic caused complete lockdown; certain circumstances led to loss of access to the resources required to continue development. Through risk analysis and planning a solution was applied in the event of this risk which provided an extension to the project’s deadline. Whilst further actions towards combatting the risk were not definitively noted, a blanket solution which was to gain an extension provided further time to overcome the risk of losing access to resources.
Another risk that occurred prevented usage of a particular application that contributed to the analysis stage of the project. With a fallback in place for other software the project depended on, this provided a resolution to eliminate the potential problems that may have developed. 
The technique employed to analyse each risk was to develop a risk matrix after realisation of all potential threats. Each risk was categorised based on the likelihood of its occurrence and assigned an attribute of impact along with a unique letter. This provided a simple but quantifiable measurement on the potential outcome of the risk along with how much damage it could cause to progress and project completion.
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[bookmark: _Toc48393985]Figure 18 – Final risks evaluated through risk matrix
Knowledge gaps were considered to have a fairly likely occurrence with a low impact. To combat further learning, resources were purchased that were pertinent to the projects aim. Books and private tutoring sessions, communicating with the project supervisor wherever needed was all fully utilised to not hinder development time. This ensured progress could move at a consistent pace with little threat to uncertainty causing pauses in development time to learn new concepts and material.
All files and work were backed up on a weekly basis to a memory stick, cloud storage was also used with a live sync feature allowing the most up to date files to be available, with the fall back of weekly backups on USB storage. Github was utilised throughout development providing tools to manage the software’s codebase. Github offered branching and merging of code, complete history of the software’s development time provided the option to roll back to a variety of points in the software’s timeline. This gave freedom in managing code giving development a rich set of options that otherwise would be difficult to maintain through other manual and non-automated methods.
One of the goals noted within the projects aims and objectives was to investigate available third-party software to ensure a stable environment for analysis and evaluation of research. Putting this as a priority, available options were found to cover the risk of tools and applications changing throughout the project’s lifetime. As previously mentioned, one software the project depended on was made obsolete and later deemed unstable due to various changes. By investigating other avenues of available third-party applications gave a list of options that lessened the impact of the risk for change in the project’s dependencies.
Risk analysis proved incredibly useful as both encountered risks were not expected and could have easily been overlooked. In the event of each risks occurrence a solution was applied and allowed development to continue along with covering other bases where risks posed a potential threat.
3.2. [bookmark: _Toc48407347]Development
Throughout the lifetime of the project development changed tremendously. High iterations on existing features of the engine determined the growth of the codebase. The initial iteration of the engine started as a simple window with an application loop that managed rendering of objects, this provided the foundations to expand the architecture of the engine and also gave aid to further design of features through a highly dynamic requirements gathering process.
The codebase blossomed from a single application loop to the introduction of a layer system, shader library system, scene renderer, etc. Many areas of the engine started to form the fully functioning components that were realised at the starting design phase through an iterative design approach. The initial structure of the engine began as a simple high-level design of common components such as a window, shader parser and loader, logging output, etc.
The development cycle of the engine is discussed below with focus on the methodology chosen and brief highlights of the design of some application components that eventually formed the minimum viable product.
3.2.1. [bookmark: _Toc48407348]Development Methodology
Careful review of available development methodologies such as extreme programming, rapid application development, and lean development were considered. It was found that a more suitable development methodology known as feature-driven development better fitted the scope of the project and accommodated the team size.
Utilizing feature driven development provided a useful framework for iterating over software designs. Employing this method of development allowed for designs to be implemented with minimal requirements where features could then be expanded on through an iterative development process. Feature-driven development sculpted software components from simple working designs to more advanced implementations that led to a stable minimal viable product.
Features were determined through user stories (user requirements) which ultimately compiled into a comprehensive feature list that offered the bare essentials of the targeted component.
Any components that were considered as non-essential were excluded and other components that had a low priority were tasked last. This allowed for strict development of critical working systems, leading to better time management and resources which increased the projects likelihood of success.
Weekly tasks were recorded which highlighted the main components of the engine. Sub-tasks were encapsulated within the main components with milestones that signified major progress towards the completion of required systems. Retrospectives were held each week which provided an outlet to review progress as well as outstanding tasks that needed completion. A clear development path was achieved by following tasks that went through iterative change at each retrospective. Further iteration on completed systems shifted progress to allow for a much more advanced and cleaner implementation of engine components.
3.2.2. [bookmark: _Toc48407349]Resources
Prerequisites were realised at the planning phase of the project. After forming a research methodology, resources were factored into the projects dependencies to satisfy development needs along with project integrity. 
A list of the resources the project relied on consists of the following inventory:
· Desktop or laptop with compatible OpenGL graphics processing unit.
· Visual Studio 2019.
· Microsoft Word.
· RenderDoc.
· Stable internet connection.
· Mendeley.
· Learning resources.
· Cloud storage/back up equipment.
Visual Studio and RenderDoc played a heavy role in the research phase, specifically for development, testing and analysis. Visual Studio provided a stable platform for C/C++ development of the rendering engine. RenderDoc provided a feature rich and stable profiling experience with minimal integration.
The NVIDIA Nsight profiling tool was considered as a solution for data accumulation and testing but didn’t provide the ease of use RenderDoc granted as it needed to be integrated into the development environment. RenderDoc provided a simple and clear solution to attach to the engine’s executable with very little work and didn’t require as much of a steep learning curve as opposed to Nsight. During the span of the project the Nsight profiling application for Visual Studio was made obsolete, other versions of Nsight were available as standalone but not considered as this change didn’t offer reliable stability and was considered a risk to the project.
4. [bookmark: _Toc48407350]Design & Implementation
Strict measures were applied throughout the design and especially the implementation stage of development. As the implementation of the engine progressed, new designs of required systems had development time pull focus to other areas of engine architecture to implement underpinning systems that were also required.
By employing a feature-driven development methodology this provided room for implementation of such systems allowing development time to shift to other areas of engine architecture without leading to too much compromise. The result of this led to a clean code base that allowed further extendibility, having a positive impact on other implementations that were required to meet the project aims.
4.1. [bookmark: _Toc48407351]Requirements
Requirements gathering was a vital stage of development as this gave a structured approach that led to the realisation of how the application should operate and what primary features should be a priority. It provided a starting point to build upon and also shed light on where the focus of development should be directed to.
Requirements were placed in two categories to distinguish their meaning and provide context. This follows the same structure as detailed in [64 pp. 101-104] where requirements are either user or system requirements
4.1.1. [bookmark: _Toc48407352]User Requirements
User requirements were gathered through use of user stories that provided, at a glance the requirements needed, from various perspectives. System requirements expanded on documented user stories to provide an explanation of what would be involved in the implementation of the feature.
Various user stories were recorded at the requirements stage and prioritized based on usability. Each story contained a priority attribute that expressed its importance. Following the iterative approach feature-driven development provided, the same procedure was applied to future requirements gathering which offered a stable framework for documenting further requirements.
User stories followed a conventional format adopted by the software engineering community where each story aimed to answer three questions.
· Who requires the feature?
· What is the goal of the feature?
· What is the reason for the feature?
By following this convention each documented feature recorded its purpose giving a clear and concise description that avoided adding features that had very little weight to development
Below are a small handful of recorded user stories thought-out the development of the project, in no particular order:
	Priority
	User Story

	High
	As a developer I want the ability to manage shader data so that I can control what information is uploaded to each shader program

	High
	As a developer I want a way to easily create and maintain render passes so that each render pass is self-contained and more flexible and manageable

	Medium
	As a user I want to be able to navigate a camera around the viewport so that I can easily control what I am viewing and how I’m viewing it

	High
	As a developer I want a way to log errors and important information so that debugging is more intuitive and streamlined

	Low
	As a developer I want to easily manage events so that I can control how and when and where events are processed

	Low
	As a user I want to be able to select intuitively select tools and toggle options in the editor so that I can easily control the editor’s parameters interactively

	Low
	As a user I want an easy way to visualize the g-buffer so that I can see the results of deferred rendering



As development progressed, more user requirements were realised as concepts became clearer. This resulted in a dynamic list that changed throughout development and was the driving force that gave direction to the progression of development.
4.1.2. [bookmark: _Toc48407353]System Requirements
As described above, system requirements expanded on user requirements to elaborate on the implementation aspect. They complimented each user requirement with a slightly lower level view of how each feature could potentially be developed.
To accomplish this, a variety of techniques were employed such as data flow, state and use case diagrams. This gave a visual way of conveying concepts and also testing the proof and logic of ideas (see Figure 19).
[image: ]
[bookmark: _Ref47226580][bookmark: _Toc48393986]Figure 19 – Matured design of event system
Each design incorporated vague details of simplistic API ideas along with a schematic of the system. This later proved useful when the actual implementation began as less work towards API design was required as it was captured during the initial design phase. This convention was followed wherever possible and led to further system requirements advancing from simple concepts to more refined features.
Whilst gathering requirements a first iteration of the engine was produced. This provided a simple window as a rendering context and an application loop which operated as a render cycle. As the starting foundations of the engine, this prototype provided a good overview of the general lifecycle at a high-level. This gave strong context to the solutions required to implement a more flexible, diverse and advanced version of the engine that suited all requirements.
The initial design placed a simple model of how the application should operate giving clearer ideas for what further requirements would be.
[image: ]
[bookmark: _Toc48393987]Figure 20 - High-level overview of application lifecycle
Further designs throughout development led to the concept of abstracting the simple lifecycle of the application into a more advanced lifecycle that met the requirements of the project. Each iteration gave a more defined view on how the application could expand. As an example, managing draw calls and OpenGL state changes within the first iteration of the engine proved too clumsy and didn’t offer much flexibility in terms of code management and feature implementations. Noting each disadvantage gave insight towards new requirements. some that may possibly have been overlooked.
By building upon each newly formed component of the engine that met the changing requirements, a more defined lifecycle started to form giving a much more intricate idea of how the application should flow. This provided a target for reaching a new iteration of the engine for further testing and development. Through the iterative approach of feature-driven development, ideas matured into functioning components and stapled a firmer foundation to continue development from.
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[bookmark: _Toc48393988]Figure 21 - Improved high-level overview of application lifecycle
As development progressed, project objectives changed. Through-out development a lot of time was spent creating 3D scenes for testing certain implementations of features. This became incredibly cumbersome and the desire to interactively place objects along with saving and loading of 3D scenes started to shift focus towards the idea of an editor. Further research into available technologies later in development made this possible, allowing an extra objective to be added to the project. The editor offered benefits such as quick creation of scenes, improved debugging, saving and loading of scene data and easy visualization of render passes.
4.2. [bookmark: _Toc48407354]Design
As previously mentioned, an initial prototype was developed to further refine requirements. This decision was made to get a better understanding of what requirements were needed on top of the already existing requirements made.
Alongside this, research was undertaken to review what options were available to accommodate the analysis stage. With an already large aim of developing a custom deferred rendering engine the decision to discover available options for the analysis phase of the project was decided early on. This was to cut down on development workload. With a variety of options available, two thirty-party applications were chosen based on user reviews and recommendations. Relying on third-party software had a dramatic decrease in workload as the software development process no longer needed to offer requirements to capture data for analysis. By adopting professional third-party profiling software to contribute to the analysis stage also ensured a high degree of reliability and stability in comparison to a potentially naïve profiling implementation.
The ability to write code in an object-oriented fashion was also a heavy requirement as this allowed a modular approach that fitted the development methodology. C++ was the chosen language for development as most libraries and resources gathered during the research phase were also developed using C++. Later in the development cycle further considerations were made towards what version of C++ would best fit the needs of the project as more advanced features of the language were being utilized. This became more obvious as development progressed and resulted in the choice of C++ 17 being the most suitable due to its various features such as filesystem management, auto deduction and template argument deduction. Many other C++ 17 features were utilized throughout development and proved extremely useful. 
Employing an object-oriented approach to development faired extremely well as the chosen development methodology offered an iterative development process which required features to be implemented exclusively within their own context. The modular design of features best suited an OOP approach as systems could be broken down into smaller components to ease design and development allowing problems to be solved on a smaller scale.
With the initial implementation of the engine complete, this offered valuable insight into the further requirements that were necessary. This provided a very useful starting point for realising and documenting additional requirements that may not have been considered. Decisions on developing a queue system for handling rendering commands was realised amongst other components such as a reference counting system that utilised an invasive counting technique for handling the scope of shared objects.
[image: ]
[bookmark: _Toc48393989]Figure 22 – Top-level engine components
With such components realised an increase in extendibility for further systems implemented later on in development became much easier to discover and design. An added benefit was that previous recorded requirements were being satisfied which boosted motivation and confidence and gave reassurance that development was headed in the right direction.
4.3. [bookmark: _Toc48407355]Implementation
Below outlines a brief description and explanation of the implementations for the three main components of the engine.
The underlying rendering architecture of the engine lends a similar approach to a construct know as a swap chain; a method intrinsic to the Vulkan graphics API. A swap chain, at its core is a queue of rendered images that are waiting to be presented to the display. The process of how each image is presented depends on the swap chain implementation.
The engine follows a similar concept abstracted as a Scene Renderer which contains a collection of render passes. Each render pass contains a framebuffer and is bound by the renderer. The render pass holds all the rendering logic to be executed and is then later sampled at the last composite render pass to finally be displayed on screen.
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[bookmark: _Toc48393990]Figure 23 - Scene Renderer procedure
This method of managing render passes and framebuffers leads to a logical and streamlined approach, offering a large amount of flexibility. The core of the engine lies at this component, where all rendering procedures are maintained within each render pass.
4.3.1. [bookmark: _Toc48407356]Deferred Rendering
With the implementation of the scene renderer handling render passes, the process of developing the multiple passes required for deferred rendering was fully realised. Framebuffers and their corresponding attachments are categorised as Framebuffer Specifications. The specification relates to the necessary data that is required to fulfil the creation of a custom framebuffer, which is a buffer that stores the results of a render pass.


[bookmark: _Toc48393991]Figure 24 - Framebuffer storage
Each render pass implements the logic that defines the subsequent actions that are executed for a given pass. In terms of deferred rendering this results in a geometry pass which inherits its own framebuffer specification that determines the storage of data. The engines lighting solution depends on albedo, normal and position data along with specular and gloss information for describing the surface of all geometry.
[image: ]
[bookmark: _Toc48393992]Figure 25 – Lucid Engine geometry buffer (omitting position data), consisting of albedo, normal, gloss and specular surface attributes
Processing of geometry is handled by the renderer. Submission of geometry consists of iterating over all meshes in the scene to be submitted to the renderer for drawing. The submit method for geometry requires passing the current mesh along with its material, with each material owning a shader, all the necessary data is uploaded to the shader program residing on the graphics processing unit, when geometry is submitted to the renderer it invokes a draw call that is queued in the render command queue, ready to be executed when the queue is traversed.


With the shader program writing to multiple render targets, as per the framebuffer specification. All surface attributes of the geometry are captured and stored in each specified render target.


[bookmark: _Toc48393993]Figure 26 - Lighting pass method
Scene renderer also contains a Light Environment which defines all light sources present in the scene. When the lighting pass commences all render targets from the geometry pass are bound for sampling. Every light is processed with its attributes being uploaded to the shader program that performs the lighting calculations.
4.3.2. [bookmark: _Toc48407357]Depth-peeling
The initial implementation of the depth-peeling algorithm worked on a single layer principle. Each frame, only one layer of peeled fragments was processed. Further iterations on the design of the depth-peeling system allowed simultaneous peeling of layers from the front and back perspectives of the view frustrum. This resulted in a more advanced depth-peeling algorithm where transparent objects could be completely clear, with the ability to view the entire scene through multiple transparent objects.
The algorithm relies on a single depth texture that captures the extent of fragments on the  axis. The depth texture is used as a custom depth-test allowing logical ordering of fragments from front to back. Extending this to dual depth-peeling a second depth texture is required for fragments that reside furthest away from the camera.
The implementation requires multiple buffers for storing the output of fragments from each depth test. Alternating between buffers is a technique that avoids read and write hazards, buffers are swapped for each layer pass where the results are blended through a min and max blending equation.
During the final composite pass after all layers have been processed, blending is disabled, and the results are rendered to a full screen quad.


[bookmark: _Toc48393994]Figure 27 - Compositing dual depth-peeling results
4.3.3. [bookmark: _Toc48407358]Problems & Challenges
Various issues where introduced throughout development, most notably management of scene data. In previous versions of the engine geometry data was hard coded to produce 3D scenes in order to provide information to capture. The capturing of visually complex frames would form the data that would later be profiled for quantitative analysis.
Changing variables throughout the engine’s codebase became too cumbersome as the ability to easily add and remove geometry and light sources intuitively without introducing unwanted bugs was lacking.
This problem was noted during a retrospective towards the middle of development and recognized as a serious issue that needed a suitable solution. Requirements gathering commenced and research into available technologies that offered simple integrations with minimal effort resulted in a list of options for further testing on usability. Testing resulted in the use of a third-party library known as ImGui that offered easy implementation for creating the editor’s user-interface.
Another challenge recognized early in development related to the implementation of deferred rendering. As the technique relies on multiple passes a scalable solution was required that offered easy implementation of each pass. As previously discussed, the final solution resolved to a system that manages render passes intuitively which satisfied the user requirements.
Towards the end of development restrictions relating to the process of creating framebuffer objects were found. This had a severe impact on the implementation of depth-peeling as freedom to create various texture types and formats for framebuffers was a user requirement associated to the depth-peeling algorithm. During a weekly retrospective for further requirements gathering a new design was created to accommodate for a new framebuffer creation process. With the already existing framebuffer system in place, the design and implementation for further extending the framebuffer class was quickly executed with minimal issues. 
4.4. [bookmark: _Toc48407359]Conclusion
Selection of the correct development methodology that suits the projects needs proved a very rewarding investment. With such a dynamic project, requirements constantly changed. Feature-driven development adapted incredibly well to satisfy the demand of tackling new issues.
Integrating retrospective reviews on a weekly basis also enhanced a solid workflow for realising new requirements and recognizing potential and direct challenges. As an added benefit, retrospectives offered encouragement and motivation, as a weekly step back to review progress and previously tackled issues gave a high sense of achievement. The results throughout the project slowly shifted towards a fluid workflow that offered a streamlined development process, especially towards the end of the project. 
5. [bookmark: _Toc48407360]Analysis
With the results gathered and recorded an overview of the performance of depth-peeling is discussed below with reflection on the performance results.
5.1. [bookmark: _Toc48407361]Introduction
Following the benchmark framework designed for the experiment the results were recorded for both re-test and stable passes.
The results are displayed and discussed below with a review of the process for conducting the experiment.
5.2. [bookmark: _Toc48407362]Results
The data showed that as layer peels increased, as expected the frame time also increased. Interestingly, the first test of 4 layer peels, when compared with the results of a single rendered frame with no transparent objects were extremely close.
When increased to 20 layer peels the results seemed to plateau, with further benchmark stages applied and a higher layer count this could have been confirmed.
[image: ]
[bookmark: _Toc48393995]Figure 28 - Frame time results of all benchmark stages including re-test average
By employing a test re-test technique, this offered reassurance that results would be stable readings. This also offered the opportunity to find the average frame time across each stage of the benchmark providing further insight into performance.
Following the test re-test results, final frame time results did not stray too far from the average results of the re-test. At 8 and 16 layer peels the average frame times deviated slightly when compared with the final test results.
Overall, the data provided valuable insight into the performance of transparency in a deferred rendered pipeline.
Raw data was collected during the experiment and can be viewed from Appendix B1 – Raw Performance Results.
Analysis resulted in a streamlined approach and execution due to ease of use from the editor. By launching the engine via RenderDoc all controls for manipulating the camera and layer peels provided easy capturing of data with minimal time being wasted. Without the convenience of the editor, source code would have had to have been modified each benchmark stage resulting in a slow experiment process with the potential introduction of miscellaneous errors.
Comparing the results above against the same scene with no transparent objects a clear divide can be seen.
A frame time of 1.8ms was captured when rendering the scene with no transparent objects. This result is the same as the first benchmark stage which tested 4 layer peels. This suggests that 4 layer peels with a significant number of transparent objects gave little overhead. Past the first stage further layer peels added considerable overhead by almost a whole millisecond each stage.
5.3. [bookmark: _Toc48407363]Conclusion
With the results captured and analysed, the projects hypothesis stands true in terms of layer peels affecting performance. During testing one interesting observation occurred, it was found that lighting had a very minimal impact on the frame time, irrespective of the amount of lights. It is suspected that with an extremely high volume of lights within a scene a significant impact on frame times may be revealed.
Through research and evaluation of the project to obtain the above results, the experiment shows that depth-peeling could be considered a valid approach for handling transparency in a deferred pipeline for interactive graphics applications. With related works suggesting its poor performance, verification that depth-peeling works and performs at an acceptable rate for a deferred renderer is proven.
Regarding use cases, performance will vary in more complex 3D scenes, with the test scene environment utilised for the project, triangle count sat at 90,400 at a resolution of 1920 x 1080.
Whilst these metrics could have been integrated into the experiment the main focus related to frame time to gauge a generalisation on performance.
5.4. [bookmark: _Toc48407364]Project Analysis
5.4.1. [bookmark: _Toc48407365]Project Aim
Through utilising feature driven development and reviewing literature pertaining to the project’s interests, knowledge gathered to reach the aim of the project provided successful completion. Research towards the appropriate metrics for measuring performance gave a clear goal towards the design of the experiment and further research into the applied techniques used for deferred rendering and rendering transparency provided big insight towards knowledge of the topic.
Refinements could be made for the software development strategy where further iterations could have produced better renderer architecture, following the scope of the project it is fair to conclude that correct decisions were made to reach the aim of creating a deferred rendering engine that meets the criteria set by the goals of the project.
5.4.2. [bookmark: _Toc48407366]Project Requirements
With the catalogue of user and system requirements made throughout development the approach taken for managing the design and implementation of the project resulted in a clear fit for the creation of the engine. Due to team size, handling software bugs and testing of the editor proved difficult to juggle and tracking all potential bugs and software artefacts seemed poorly managed. For future projects with similar scope and more contributors a focus on handling testing and bug tracking would result in a cleaner solution to managing such errors.
5.4.3. [bookmark: _Toc48407367]Conclusion
Results show a successful implementation of software that reaches the projects requirements, research paved the way towards unlocking intimate knowledge in the projects interests of handling transparency in a deferred pipeline.
6. [bookmark: _Toc48407368]Evaluation
Evaluating the execution and management of the project overall, improvements toward bug tracking could have been made when developing the software for the project. More time on further research into available techniques could have been factored into the projects timeline to accommodate this.
The chosen development methodology was felt to be the correct choice and resulted in a successful implementation reaching the projects goal of integrating an interactive editor and working deferred renderer. The strategies applied proved to be successful in respect to the projects aim, further work on the design of the benchmark could have included other metrics of interests such as resolution of each frame, memory consumption and frames per second. Overall frame time was chosen to provide a general insight into performance at a slightly higher level as opposed to targeting deeper performance analysis with other variables in mind.
Review of research to obtain knowledge towards the projects subject provided a wealth of sources to review. It is felt that all appropriate areas of research were covered with considerable insight and documentation.
7. [bookmark: _Toc48407369]Future Work
Further work aimed at more complex transparent phenomena such as particles could provide interesting results. With many transparent objects on screen it would be interesting to observe the complications that could be introduced and how it affects transparency in a deferred pipeline.
Other transparent algorithms could also be investigated to give further insight into the compatibility between them and deferred rendering. Whilst depth-peeling was the chosen algorithm, other implementations of weighted, blended OIT and the a-buffer could potentially out-perform depth-peeling providing much better results of performance.
Considerations towards testing other algorithms in various graphics API’s could present different performance results, OpenGL is thought to be quite a dated graphics library with the advent of Vulkan and DirectX 12. Extending the engine to support multiple API’s could be further work towards gaining more diverse performance metrics across different graphics libraries.
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[bookmark: _Ref46141676][bookmark: _Toc48407373]9.1. Appendix A1 – Radiosity
Popular lighting models in computer graphics simulate light interactions for specular reflections and diffuse intensity. The results are visually appealing and somewhat convincing but don’t account for diffuse reflections and instead require an ambient light constant which simulates the indirect illumination within a 3D scene [65].
Diffuse reflections are a phenomenon found in the physics of light where the diffuse characteristics of one surface merge with another surface within close proximity (see Figure 29). The effect occurs when light rays scatter across each surface they encounter. Each ray of light absorbs the diffuse properties of its previously hit surface and carries it to another surface where the resulting colour is a blend of the previous and current surface [66].
[image: ]
[bookmark: _Toc48393996][bookmark: _Ref48407632]Figure 29 - Diffuse reflections of yellow wall reflecting its colour onto the blue wall
Radiosity works by dividing the 3D scene up into small patches. Each patch receives and emits energy to other patches within the scene. A pair of patches is required in order to calculate the transmission of energy to simulate the illusion of light bouncing from surface to surface. The algorithm iteratively calculates the energy of each patch until all energy from all patches has been exhausted.
The approximation of the bounced lighting produces realistically rendered images for diffuse reflections. Each iteration of the algorithm provides a bigger contributing factor to the final output until further iterations arrive at a stable state with visual quality hitting the maximum threshold. This method of radiosity is known as progressive refinement and is the most commonly used technique to accomplish radiosity as developments of this method provide visual feedback on the progression of the final rendered image [67].
An advantage of using progressive refinement is that the results are viewpoint independent meaning that the scene only needs to be computed once and can be viewed from multiple different angles. One downside is that it only captures diffuse interactions of light, solutions for computing lighting of other material properties such as specular reflections would need to be implemented through other methods.
A single patch has various attributes that each correspond to the terms by the equation of the algorithm. A form factor is required to evaluate the radiance leaving a single patch that arrives at its accompanying patch.
In mathematical form, a finite number of planar patches exist in a scene and their energy, reflectivity and form factors are evaluated with the following formula:

E: energy, : reflectivity, F: form factor, B: radiosity
Whilst providing impressive results for rendering diffuse reflections there are a few issues that are introduced. For good results that eliminate any artefacts in the final output, patches must be of a small size where radiosity fluctuates. By not dividing patches to a small enough area would introduce an unwanted abrupt effect of colour variation across surface of the geometry, eradicating the desired visual effect.
Another complication directly affects computation of each patches form factor. The below expression evaluates patches  and  to solve their form factors:

: area of patch , : both terms solve the orientation of patch  and  along the normal vector that joins them, : distance between patch  and 
Each patches form factor can be evaluated with a complexity of  where  defines the number of patches within the scene, making this method of rendering illumination not viable for real-time applications.
It is usually common to see a high number of patches within a scene. To alleviate runtime a geometric abstraction is utilized with the aim of calculating the corresponding patches form factors through approximation, this geometric abstraction is known as a hemicube.
To produce this approximation the hemicube is arranged at the middle of a given patch, . By dividing the faces of the hemicube into cells,  is then projected onto the hemicube. Each cell of the hemicube has an associated weight that represents its contribution to the form factor of both patches. By summing the weights of all cells  is projected onto, an approximation of the form factor can be made.
[image: ]
[bookmark: _Toc48393997]Figure 30 - Hemicube projection
With hardware now offering support for this, a considerable gain in performance makes the process of calculating form factors through approximation a lot faster. Coupled with a technique known as adaptive subdivision where patches can be subdivided only in regions where there is a high variation of radiosity. This targets patches that need higher levels of subdivision, leaving large surfaces with minimal subdivision for patches that have little change in radiosity [68].
Radiosity can be implemented in a pre-processing step. Taking into consideration all calculations required to compute the radiosity of each patch, the results can be rendered to a texture and composited into the final rendered scene. This solution is usually best suited for closed indoor scenes that are static, as any dynamic lighting would require recalculating all patches each time a change in the scenes lighting occurs.
[bookmark: _Ref46141741][bookmark: _Toc48407374]9.2. Appendix A2 – Raytracing
One commonly used technique for rendering realistic shading of digital images is raytracing. The principles of raytracing are intuitive and simple to grasp and have been applied to solve a variety of problems in computer graphics from physics calculations to rendering photorealistic refractive and reflective materials [69], [70], [71].
Due to the amount of operations required to evaluate tracing a ray and the high number of ray cast instructions, raytracing has primarily been used as an offline rendering method which has many implementations in well-known 3D software such as Autodesk’s 3D package Maya and Blender Foundations popular open source graphics package Blender.
However, recent research and progress in graphics hardware has made major leaps to bring raytracing to a real-time environment, which permits raytracing at interactive frame rates [72].
Raytracing consists of shooting “rays” from every pixel of the screen in a given direction. Each ray is then tested along its path of distribution to check for any intersections with objects within the scene. The first rays that are fired into the scene are known as primary rays and their direction is determined based off the camera’s origin and the center point of a pixel.
[image: ]
[bookmark: _Ref39891966][bookmark: _Toc48393998][bookmark: _Ref48407693]Figure 31 - Raytracing a scene containing a sphere with a single light source.
[bookmark: _GoBack]Following the example above (see Figure 31.) two rays intersect the sphere. The resulting rays are then reflected from the sphere and are directed towards the light source. At the intersecting areas of the object the colour intensity is evaluated to display the resulting colour of those points, this is done by spawning secondary rays that reflect in a direction directed towards the light source.
Whilst tracing rays from the viewpoint towards the light doesn’t seem intuitive there is good reason for this approach. Commonly known as backward-tracing, this technique evaluates the rays that will be seen from the perspective of the camera. Consider the inverse which is how the properties of light work in reality. Beams of light emit from a light source and interact with the physical world by reflecting off of objects. Most rays that emit from the light source may not reach the viewers eye; from a real-time rendering standpoint this is considered wasted computation. 
Offline renderers tend to make use of this technique which is known as forward-tracing, the results are often extremely realistic as all light interactions are taken into account.
Generally, when tracing a ray in most cases a parametric function is used where a value is passed as a parameter to return a point along the vector.
In mathematical form this can be expressed through the following equation:

t: parameter, A: first point along the vector, B: second point along the vector
As the value  moves along the vector between points  and , a single point can be returned at any section.

[image: ]
[bookmark: _Toc48393999]Figure 32 - The value of  is obtained by interpolating between points  and 
Directional vectors are most frequently used in computer graphics and can be expressed in the following manner:

d: directional vector, B: second point along a vector, A: first point along a vector
The two attributes associated with a directional vector are its origin and direction. Replacing the parametric equation above with a directional vector, its origin and direction can be introduced into the parametric equation:

0: ray origin (point A), d: directional vector (point B), t: parameter
Vectors can be infinite in length and so in practice  is normalised to produce a unit vector which results in a length of 1, this allows scaling of the unit vector in any given direction. An advantage of normalising the vector is that the value  can now be represented as the signed value from the vector’s origin to determine a point that can be negative or positive in a given direction in 3D space.
As previously discussed, the point of interest when tracing a ray is generally at an intersection along the vector where the ray has collided with the surface of some geometry within the scene. Boundaries can be set for each ray to optimize the testing of intersections. The value of  could potentially be evaluated indefinitely if a ray never strikes any surface within the scene, to avoid this  can be confined within some limits which are expressed as  and  [73]. This effectively sets the minimum and maximum ranges when evaluating a ray’s extents. It is also possible for a single ray to collide with multiple surfaces in a scene. If this case occurs, then the distance of each intersection can be checked relative to the ray’s origin point, the collision with the shortest distance wins as it resides closer to the image plane.
The process of tracing a ray to find intersections is one of the most intensive parts of ray tracing due to the large number of intersection tests and ray casts. When a collision occurs, each ray is checked against every object in the scene to determine what object the ray intersected.
Depending on the material properties of the surface that the primary ray hit, it can be deduced what secondary ray must be spawned and in what direction. This could be used to compute shadows, diffuse intensity, reflection or refraction of surfaces, etc [74].
[bookmark: _Ref46142070][bookmark: _Ref46155511][bookmark: _Toc48407375]9.3. Appendix A3 – Per-pixel Lists (A-buffer)
Originally developed by Loren Carpenter at Lucas Films, the a-buffer method [50] is an extension of Catmull’s popular z-buffer method [8]. With z-buffering each fragment holds a depth value to determine its position along the z-axis. The a-buffer method pertains to each fragment holding multiple values that determines its depth along with its colour intensity, coverage and other information.
Each pixel within the a-buffer will initially store a depth value that is a signed integer, along with the colour intensity at that pixel. If multiple fragments overlap the pixel, which is determined by the pixel’s initial depth value, then an integer value is provided as a pointer to a new entry in the list for the overlapping fragment. This fragment also has a depth value along with other information as mentioned above and likewise will hold a pointer value if further fragments overlap at that pixel.
[image: ]
[bookmark: _Toc48394000]Figure 33 - Surfaces within the a-buffer and their colour values
In the above example five surfaces are displayed within the a-buffer along with their associated colour values. With each pixel storing a linked-list of overlapping fragments that are depth-ordered, their colour values are then summed to produce the final colour of the pixel. The aggregation of colour values is also why the a-buffer is commonly labelled as the accumulation buffer.
More information is stored for each surface if multiple fragments overlap a particular pixel. The collection of these surfaces within the a-buffer is known as the surface buffer. Each surface is comprised of varying attributes:
· R, G, B colour component that describes the surface’s colour intensity.
· Opacity parameter which is expressed through an alpha component describing how transparent the surface is.
· Depth value that describes the depth-complexity of the surface.
· Coverage value that describes the percentage of the area the surface has.
When the accumulation of surface colours is computed the depth and opacity values are used to determine the final colour of the pixel when all colour components of each surface are summed.
Initially this method of visible surface determination saw its first implementation in the proprietary REYES (Render Everything You Ever Saw) engine [50]. Since its conception, developments in graphics hardware now allow the creation of advanced data structures through the use of compute shaders. With this new addition to the rendering pipeline, the a-buffer method has seen many variations in its implementation with the added advantage of hardware acceleration [75]. This opens the doors to new research and development into potentially better algorithms that could turn focus to creating solutions for a variety of other graphics problems.
[bookmark: _Ref46142076][bookmark: _Ref46176281][bookmark: _Toc48407376]9.4. Appendix A4 – Weighted, Blended Order-Independent Transparency
In contrast to the complexity of per-pixel lists, another OIT technique known as weighted, blended order-independent transparency (BOIT) aims to correctly blend surfaces together using a heuristic function per-surface [59].
For each surface that overlaps a pixel a weight is associated to it, this weight is then multiplied by the colour of the surface, with successive overlapping surfaces being summed and multiplied by their own weights.

: final colour,: additional surface colour,: : additional surface alpha,: additional surface depth, : background colour,: weighting function, adapted from [59]
[bookmark: _Ref48395042]The weighting function is comprised of the surface’s depth value and alpha, both values are multiplied by the colour of the surface. This has the effect of surfaces that are further away from the viewing plane having less of an influence on the colour of the final pixel. The results are said to be similar to over blending [59][76], which is the default way of blending pixels that relies on geometry being ordered from back to front.


[bookmark: _Toc48407377]9.5. Appendix B1 – Raw Performance Results
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Figure 34 - 4 layer peels
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Figure 35 - 8 layer peels
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Figure 36 - 12 layer peels
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Figure 37 - 16 layer peels
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Figure 38 - 20 layer peels
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Figure 39 - 24 layer peels


[bookmark: _Toc48407378]9.6. Appendix C1 - Lucid Engine Editor Manual
[image: ]Lucid Engine v2.1
Engine Iteration: 21
Editor Iteration: 11



[bookmark: _Toc48407379]9.6.1. User Interface
When managing scenes within the Lucid Engine editor the ability to open and save scenes resides in the applications main tool bar, at the top of the window:
[image: ]
When opening a scene, the operating systems file explorer dialog will display, allowing navigation to a scene file. Scene files are in .lcd format and contain a full serialization of all entities and attributes associated with the scene such as, light attributes, model attributes, etc.
Within the project directory resides an assets folder, it is here that the existing scene file for the projects test data has been saved within the scenes folder.
Creating entities within the editor involves using the scene hierarchy, the panel to the left of the interface.
To create an entity simply right click within the panel to reveal the “Create Empty Entity” option. By selecting this option, a new empty entity has been created by the editor.
 [image: ]
After creating an empty entity, a new entry in the scene hierarchy panel will appear, this is the created newly created entity with the default name of “Empty Entity”.
To the bottom right of the interface is the properties panel, it is here that modifications to an entity can be made. The entity component system allows attaching multiple components to a single entity, as of v2.1 existing components are Light and Mesh.
By selecting the “Add Component” button in the properties panel a new component will be created and its attributes will appear.
[image: ]
Changing the name of the entity can be done by clicking the string field at the top of the properties panel (where the default entity name appears), changes to the entity name will also be reflected in the scene hierarchy panel.
Lucid Engine allows creating up to 100 light sources (as of v.2.1), each scene also consists of a single directional light with a variety of attributes.
Modifications to light direction, light colour and exposure can be made through the environment panel at the top right of the interface.
[image: ]
The editor’s viewpoint will update in real-time with the changes made to the environment light. Further modifications to the lights ambient constant and brightness can also be made and visualised in real-time.


The viewport offers a toolbar with accessible tools for creating copies of entities, translating entities in the scene along with toggling visualizers such as the grid and bounding boxes.
All tools are reflected in the viewport in real-time. The following tools are noted below starting from the left:
[image: ]
1. Toggling bounding boxes of mesh objects.
2. Toggling visualization of the grid.
3. Pointer tool for deselecting the viewports gizmo.
4. Translation tool for moving an object around the scene.
5. Rotation tool for spinning an object around the scene.
6. Scale tool for resizing an object.
7. Duplication tool for copying an object.
8. Toggling grid snapping.
9. Visualization of the position’s component within the g-buffer.
10. Visualization of the normals component within the g-buffer.
11. Visualization of the diffuse component within the g-buffer.
12. Visualization of the specular/gloss component within the g-buffer.
13. Slider for controlling the number of layer peels for dual depth-peeling algorithm.
14. Slider for controlling the speed of the editor’s camera.
[bookmark: _Toc48407380]9.6.2. Viewport Navigation
The viewport navigation follows similar operation as other graphics applications. Two camera controls can be executed within the viewport Orbital and Free look.
To operate the camera in orbit mode simply hold down left-alt and drag the mouse across the viewport, the camera will orbit around a focal point that is at the center of 3D space. Other manoeuvres can be accomplished such as zooming and panning by holding down the right mouse button and dragging up and down for pulling zoom in an out or by holding middle mouse button and dragging the mouse for panning the camera. All operations must be made when holding down the left-alt key.
Free look mode operates like a first-person camera and can be activated by holding down the right mouse button and dragging the mouse around the viewport. Whilst in free look mode the camera can be moved using the W, A, S and D keys for forwards, backwards, left and right movement. The camera speed for free look mode can be adjusted by dragging the camera speed slider in the viewport tools to higher value.
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foreach (object in the scene)   {     foreach (light in the scene)     {       render(object, light)     }   }  
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enum   class   FramebufferFormat   {        None   =   0 ,        RGBA8   =   1 ,        RGBA16F   =   2   };     struct   FramebufferSpecification   {        uint32_t   Width   =   1280 ;        uint32_t   Height   =   720 ;          glm::vec4   ClearColour;          FramebufferFormat   Format;          //   Multisampling        uint32_t   Samples   =   1 ;          bool   ScreenBufferTarget   =   false ;   };  


Microsoft_Word_Document.docx
enum class FramebufferFormat

{

    None = 0,

    RGBA8 = 1,

    RGBA16F = 2

};



struct FramebufferSpecification

{

    uint32_t Width = 1280;

    uint32_t Height = 720;



    glm::vec4 ClearColour;



    FramebufferFormat Format;



    // Multisampling

    uint32_t Samples = 1;



    bool ScreenBufferTarget = false;

};
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void   SceneRenderer::GeometryPass()   {        Renderer::BeginRenderPass(s_Data.GeometryPass);          auto   viewProjection   =   s_Data.SceneData.SceneCamera.Camera.GetProjectionMatrix()   *   s_Dat a.SceneData.SceneCamera.ViewMatrix;        glm::vec3   cameraPosition   =   glm::inverse(s_Data.SceneData.SceneCamera.ViewMatrix)[ 3 ];          //   Render     meshes        for   ( auto &   dc   :   s_Dat a.MeshDrawList)        {            auto   baseMaterial   =   dc.Mesh - >GetMaterial();            auto   shader   =   baseMaterial - >GetShader();              baseMaterial - >Set( "u_ViewProjectionMatrix" ,   viewProjection);              Renderer::SubmitMesh(dc.Mesh,   dc.Transform);        }          Renderer::EndRenderPass();   }    
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void SceneRenderer::GeometryPass()

{

    Renderer::BeginRenderPass(s_Data.GeometryPass);



    auto viewProjection = s_Data.SceneData.SceneCamera.Camera.GetProjectionMatrix() * s_Data.SceneData.SceneCamera.ViewMatrix;

    glm::vec3 cameraPosition = glm::inverse(s_Data.SceneData.SceneCamera.ViewMatrix)[3];



    // Render  meshes

    for (auto& dc : s_Data.MeshDrawList)

    {

        auto baseMaterial = dc.Mesh->GetMaterial();

        auto shader = baseMaterial->GetShader();



        baseMaterial->Set("u_ViewProjectionMatrix", viewProjection);



        Renderer::SubmitMesh(dc.Mesh, dc.Transform);

    }



    Renderer::EndRenderPass();

}
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void   SceneRenderer::LightingPass()   {        Renderer::BeginRenderPass(s_Data.LightingPass);          ... Get camera view matrix and bind lighting shader          //   Bind   colour   attachments        s_Data.GeometryPass - >GetSpecification().TargetFramebuffer - >BindColourAttachment( 0 ,   0 );        s_Data.GeometryPass - >GetSpecification().TargetFramebuffer - >BindColourAttachment( 1 ,   1 );        s_Data.GeometryPass - >GetSpecification().TargetFramebuffer - >BindColourA ttachment( 2 ,   2 );        s_Data.GeometryPass - >GetSpecification().TargetFramebuffer - >BindColourAttachment( 3 ,   3 );     ... Set directional light uniforms          //   Point   lights        int   it   =   0 ;          //   Iterate   over   all   point   lights        for   (it;   it   <   100 ;   it++)        {             auto &   pointLight   =   s_Data.SceneData.LightEnv.PointLights[it];            if   (pointLight.Brightness   ==   0.0f )            {                break ;            }     ... Set point light uniforms          Renderer::SubmitFullscreenQuad( nullptr );          Renderer:: EndRenderPass();   }    
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void SceneRenderer::LightingPass()

{

    Renderer::BeginRenderPass(s_Data.LightingPass);



    ... Get camera view matrix and bind lighting shader



    // Bind colour attachments

    s_Data.GeometryPass->GetSpecification().TargetFramebuffer->BindColourAttachment(0, 0);

    s_Data.GeometryPass->GetSpecification().TargetFramebuffer->BindColourAttachment(1, 1);

    s_Data.GeometryPass->GetSpecification().TargetFramebuffer->BindColourAttachment(2, 2);

    s_Data.GeometryPass->GetSpecification().TargetFramebuffer->BindColourAttachment(3, 3);



... Set directional light uniforms



    // Point lights

    int it = 0;



    // Iterate over all point lights

    for (it; it < 100; it++)

    {

        auto& pointLight = s_Data.SceneData.LightEnv.PointLights[it];

        if (pointLight.Brightness == 0.0f)

        {

            break;

        }



... Set point light uniforms



    Renderer::SubmitFullscreenQuad(nullptr);



    Renderer::EndRenderPass();

}
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     //   Bind   our   composite   framebuffer   here        s_Data.TransparencyComposite - >Bind();          //   Bind   our   depth   attachment   to   texture   unit   0   (alternate   between   our   first   and   last   de pth   texture)        s_Data.TransparencyPass - >GetSpecification().TargetFramebuffer - >BindColourAttachment(depthAttachments[currentAttachment],   0 );          //   Bind   our   front   attachments   to   texture   unit   1        s_Data.TransparencyPass - >GetSpecification().TargetFramebuffer - >BindColourAttachment(frontAttachments[currentAttachment],   1 );          //   Bind   our   colour   blend   texture   to   texture   unit   2        s_Data.TransparencyPass - >GetSpecifica tion().TargetFramebuffer - >BindColourAttachment( 6 ,   2 );          //   Render   final   results   to   full - screen   quad        Renderer::SubmitFullscreenQuad(s_Data.DualDepthPeelComposite);        Renderer::EndRenderPass();    
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    // Bind our composite framebuffer here

    s_Data.TransparencyComposite->Bind();



    // Bind our depth attachment to texture unit 0 (alternate between our first and last depth texture)

    s_Data.TransparencyPass->GetSpecification().TargetFramebuffer->BindColourAttachment(depthAttachments[currentAttachment], 0);



    // Bind our front attachments to texture unit 1

    s_Data.TransparencyPass->GetSpecification().TargetFramebuffer->BindColourAttachment(frontAttachments[currentAttachment], 1);



    // Bind our colour blend texture to texture unit 2

    s_Data.TransparencyPass->GetSpecification().TargetFramebuffer->BindColourAttachment(6, 2);



    // Render final results to full-screen quad

    Renderer::SubmitFullscreenQuad(s_Data.DualDepthPeelComposite);

    Renderer::EndRenderPass();
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