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[bookmark: _Toc7545780]Abstract
This report describes the research and the development of an adaptive level of detail system. The system aims to be applied to a scene running at a low frame rate and increase that frame rate to a desired level.
 Research into existing mesh simplification algorithms is presented, along with common frameworks used for level of detail systems. A brief look into existing frame rate schedulers is provided. Based on this research, Low and Tan’s vertex cell collapse is chosen for the implementation.
The research methodologies are described, outlining a quantitative approach to measuring the implementation. The required tools are described.
The development of the final product is described, making note of an implementation of vertex cell collapse, a framework to load an object from a provided .obj file and the system developed to measure the amount of time a frame takes to complete. The challenges presented during the development are discussed, such as reducing the number of distance checks required for a vertex cell collapse implementation.
The final implementation is evaluated and it is concluded that while the frame measurement system is adequate and will request a scene be simplified if under a targeted frame rate, the mesh simplification algorithm used adds more work time to a frame than it can save, resulting in the final implementation failing to achieve the projects aims.
Some further research is suggested that may help future projects succeed where this project failed, including research into parallelisation. It is also suggested that Low and Tan’s vertex clustering algorithm is simply just more suited to discrete level of detail systems, removing the processing time of the algorithm from run time.
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[bookmark: _Toc7545781]Introduction
3D games have come a long way in improving the amount of detail that can be shown to a player at one time. Much of this can be attributed to hardware improving, making more resources available to developers; however, the introduction of level of detail systems helped early 3D applications go above and beyond. To this day, these systems are being utilised to shift resources away from areas where they are not needed to areas where the user can see and appreciate them.
	Level of detail systems are frameworks in place that analyse the contents of a scene and adjust certain parts to remove unneeded work where it cannot be seen. For example, an object close to a camera may have many polygons, but the further away from the camera it becomes, the less polygons the user is able to perceive. Since this detail cannot be seen, there’s no reason to draw that detail and instead, that saved detail can be used to draw more detail where it would be visible.
	While level of detail systems can control many aspects of a game, from texture details to animation details, this project will focus only on controlling mesh details.
[bookmark: _Toc7545782]Aims and Objectives
This project is being developed with the following aims in mind
· Develop a working level of detail of system that can maximise the perceived detail of a 3D scene
· Using this system, ensure a steady desired framerate can be achieved
Based on these aims, the following objectives have been laid out
· Create a sufficiently complex 3D scene
· In order to properly ensure that the level of detail system works as desired, there must first be an overly complex 3D scene. Every object should be highly detailed and rendering this scene without any modifications should result in a low framerate
· Create a level of detail system that can decide when an object can be simplified
· This is the part of the framework that decides if an object is too detailed for the scene where it stands. How this is decided is just as important as how objects are simplified.
· Create a mesh simplification algorithm that sufficiently reduces the detail of an object when requested by the system
· This is the meat of the framework – how a mesh is simplified impacts both the framerate and the ways the framework can decide how much detail to draw.
· Test the framework on a complex 3D scene
· This project can be considered a success if a 3D scene can be supplied and ran at a target framerate. The supplied 3D scene must run at a low framerate without the system in place to properly show that the system is working as intended. This should also be achieved while maintaining an acceptable amount of detail visible in the scene.
This report begins with a look at existing research and work relating to mesh simplification and level of detail systems. The methodologies used to ensure the project succeeds are then laid out. The design and implementation of the framework follows this, with a look at key points of the resulting project. Lastly, an evaluation of the project’s success is made, followed by some final thoughts and a reflection.

[bookmark: _Toc7545783]Literature Review
For this project to be successful, it is important to understand the material that has already been published regarding related topics.
This section contains research on three main topics; mesh simplification (with a brief look at framework types), detail control (understanding when detail needs to be controlled) and framerate schedulers (ways to understand when too much or too little detail is being used). A brief summary is made at the end of the chapter.
[bookmark: _Toc7545784]Level of Detail
Much of this project is focused on producing a working level of detail system. Level of detail systems can be traced back to October 1976, where John H. Clark proposed a generalised frame work incorporating various advancements made in computer graphics, allowing for control of how a scene is rendered [1]. Since then mesh simplification and level of detail systems in general have become common practice in almost all games.
[bookmark: _Toc7545785]Level of Detail Frameworks
Level of detail systems often fall under one of a selection of frameworks. These frameworks broadly define the way the system works. At the time of writing, there are four main frameworks [2]:
Discrete
Discrete frameworks are modelled after the traditional approach to level of detail systems outlined by Clark [1] [2] [3]. This is one of the simplest ways to control level of detail and is very simple to program. Before run-time, a 3D object is simplified to various levels and each level is stored. At run-time, the appropriate model is selected depending on various factors (such as distance from the camera) [2]. This simplification and selection process helps reduce the number of polygons in a scene by using simpler models where detail cannot be distinguished.
	The advantage of discrete frameworks are numerous. As mentioned before, this is a simple approach to program, as simplification and rendering occur separately. This allows the simplification algorithm to run as long as necessary to produce as many levels of detail for an object as desired. At run-time, only selection of a simplified model needs to occur, since they are already simplified beforehand [3]. The framework is also flexible enough to be applicable to most graphics hardware – since the simplified model data is calculated beforehand, the data can be structured in whichever way best suits the developer’s needs [3]. However, the approach does not cope well with drastic simplification, nor does it scale well to large objects [2].
Continuous
Continuous frameworks are a departure from the discrete frameworks. In this framework, rather than creating simplified models before run-time, a data structure defining a continuous spectrum of detail is created. From this structure, an exact level of complexity can be extracted, allowing for more accurate representations [3].
	The main advantage of continuous frameworks is their granularity – no more polygons are used than necessary, freeing up polygons to be used in other models, which use nor more polygons than necessary, freeing up more polygons, and so on. However, this framework presents another advantage in its ability to support streaming of polygonal models [3].
	Continuous frameworks may also be called “progressive meshes”, as Hoppe [4] called the framework when proposing his progressive mesh representations in 1996.
View-Dependent
Considered a continuation of continuous frameworks, view-dependent frame works will simplify a scene for the current view [3]. Very large polygonal objects such as terrain meshes or just a very large object in the camera’s view are often best simplified within this framework.
	Consider how terrain would be simplified within the two previous frameworks. Within a discrete framework, the terrain is always very close to a player, while also having parts of the mesh being far away. If discrete simplification using the closer terrain as the reference is used, the whole terrain mesh is too detailed for acceptable, while the reverse is true when using the distant terrain as a reference. Since continuous frameworks often simplify whole objects too, the same can happen in those frameworks.
	Enter the view-dependent framework, an anisotropic framework – a framework that solves the problem of large polygonal object simplification by allowing one object to be represented by different resolutions at certain points [2] [3]. Terrain can prioritise detail closer to the camera and be simplified further away; a large object can use more detail along its silhouette, allowing it to keep a detailed form without using more polygons where less detail is needed.
	View-dependent frameworks can be useful for any render that contains large polygonal objects, becoming useful for visualising MRI scans, or for scientific visualisation.
	One of the main drawbacks of this framework, however, is the required processing power, as objects need to be evaluated, simplified and refined all at run time [3]. This process is often done on the CPU, however, there exist implementations of the framework on the GPU [5].
Hierarchical
While not always considered a framework, hierarchical frameworks often compliment view-dependent frameworks. Smaller objects don’t benefit greatly from view-dependent frameworks, so hierarchical frameworks will treat an entire scene as a single object, allowing the scene to be simplified using a view-dependent style [2].
[bookmark: _Toc7545786]Existing Mesh Simplification Methods
Many mesh simplification algorithms exist, as do variations upon each. This section contains a selection of those algorithms.
Edge Collapse
Edge collapse algorithms attempt to reduce a mesh’s complexity by reducing the number vertices. First proposed by Hoppe et al. [6], this method has been used in both view-independent [4] frameworks and view-dependent [7] frameworks.
	Edge collapse simplifies meshes by taking an edge, and “collapsing” the two vertices into one. This effectively also removes triangles from the mesh. There are two ways to collapse the vertices into one, often called half-edge collapse and full-edge collapse – although the latter is more often simply referred to as edge collapse [3]. Half-edge collapse targets one of the line’s endpoints for the new vertex, while full-edge collapse will compute a new vertex to collapse to. While a full edge collapse allows for great fidelity when creating accurate representations of the original mesh, a half edge collapsed mesh has vertices that are a subset of the original mesh, allowing for more memory efficient implementations of the method.
	One of the useful features of edge collapse methods comes from its inverse operation – vertex split. A vertex split will add a line (and as a result, an additional vertex) to a mesh, increasing its complexity. A mesh’s complexity can therefore be decreased and increased within this one method.
	However, this method presents a problem in the form of “mesh fold-overs”. Certain edges, when collapsed, will cause the mesh to fold over itself, removing the appearance of one continuous surface on the mesh [8]. It is possible to analyse the normals of a mesh resulting from a collapse to avoid this, however this becomes computationally expensive. Additionally, it is advisable to avoid creating a non-manifold edge (edges with one, or three, or more adjacent triangles [3]). This allows algorithms that rely on manifold edges, as many do, to be implemented without additional problems.
	Edge collapses are very simple to implement, making them a strong method for many level of detail systems [3].
Vertex Pair collapse
Vertex pair collapse methods work in much the same way as edge collapse, aside from one key difference – the vertices being collapsed are unconnected [9] [10] [11]. Triangles are updated as if an edge was removed, as such this method is also referred to as virtual edge collapse. Unconnected components can be connected this way, while holes in a mesh are able to be closed.
	One issue with vertex pair collapsing arises from the number of possible collapses, since any vertex may collapse into another. A mesh with a vertex count n may potentially have up to O(n²) virtual edges [3]. An algorithm that considers every one of these connections would be extremely slow. As such, most implementations make use of some heuristic to limit with vertices may form a virtual edge together – this heuristic can be something such as the distance between vertices.
	Just as the vertex pair collapse method is much the same as the edge collapse method, it has the same advantage of being simple to implement [3].
Triangle Collapse
Triangle collapse is, again, somewhat of an extension on edge collapsing. This method removes an entire triangle from a mesh, collapsing the edges associated with it into either one of its own vertices or a new calculated vertex [12]. This operation is essentially two edge collapses done simultaneously, however the hierarchies associated with this method are much smaller than those required for edge collapses, making this method more memory efficient [3]. This is also the methods weakness, as only being able to collapse whole triangles results in a much coarser refinement of a mesh.
	Once more, just like the previous collapse methods, triangle collapse can be simple to implement [3].
Cell Collapse
Cell collapse simplifies a mesh using a grid overlaid on the mesh [13] or some division method such as an octree [14]. For this method, every vertex in a cell is collapsed to one single vertex – be it an existing one chosen by some heuristic such as vertex importance, or a newly computed one, perhaps the average of all vertices being collapsed. This is also often called vertex clustering.
	One of the main downsides of this method is that a mesh’s topology is not preserved, often resulting in coarser meshes not being an accurate representation of the original mesh [3]. However, the method is simple to implement and runs swiftly.
	Care must be taken when implementing cell collapse methods, as the rotation and translation of a mesh will influence how it is simplified. Additionally, holes can prove tricky to deal with – a hole on the boundary of a cell is likely to be magnified, while a hole entirely within a cell will vanish completely.
	A brief extension on the implementation originally proposed by Rossignac and Borrel [13] exists by Low and Tan [15]. This extension uses floating cells, rather than a static grid. By sorting the vertices in a model by order of importance, it’s possible to centre a cell around each important vertex and then perform vertex clustering around those. This allows for much more consistency when simplifying models and can greatly reduce the number of artefacts that often result from the original implementation [3].
	This extension is not without its own downsides however – Low and Tan’s implementation runs quicker than Rossignac and Borrel’s uniform grid implementation, but only for smaller models. Utilising a quicksort algorithm on the vertices allows the extended implementation to run quicker for all but the largest of models – at which size the uniform grid method is much faster [3].
	To determine vertex importance, a model can be traversed before run time, and certain heuristics analysed to produce a value. Rossignac and Borrel use the sum of the longest associated edge and the probability of the vertex lying on high curvature – calculated by the reciprocal of the largest angle between associated edge pairs [13] [3]. Low and Tan argue that cos(θ/2) provides a better approximation of a vertex’s high curvature probability [3].
Vertex removal
Vertex removal methods work in a similar fashion to the edge collapse methods. A vertex is chosen for removal by some heuristic and all associated edges and triangles are removed. The resulting polygon is then re-triangulated [16]. There are a number of ways to fill the hole left by a vertex removal – one of which results in the same operation as a half edge collapse [17]. Choosing from one of these ways of triangulation is considered an optimization problem [3].
Polygon Merging
One of the first ways to simplify meshes was with polygon merging. This method takes polygons that are almost coplanar and merges them into one single polygon [18]. This new polygon is then re-triangulated, just as with the vertex removal method. This method is more general than the vertex removal method, however, as whole polygons can be combined, and several vertices and triangles can be removed as a result.
General Geometric Replacement
General geometric replacement takes a collection of triangles, takes note of their boundaries, and replaces the collection with a simplified geometric set [19]. Since the simplified set can be simplified in many ways – including using some of the methods listed above – this method is a useful way to encode simplifications into a mesh.


[bookmark: _Toc7545787]Level of Detail Management
Knowing how to simplify a mesh is only half the problem solved – it is just as important to know when to simplify an object at run time. The following frameworks are just a few examples of run time level of detail management.
Distance based
First used in flight simulators [20], this is one of the simplest ways to manage levels of detail. Based on the distance to the camera in a scene, models are simplified. While this is easily implemented into a discrete framework, the Unreal engine used distance-based heuristics alongside a continuous simplification algorithm [21]. 
	For a discrete implementation of this system, a set of ranges is defined, and different levels of detail for a model are specified for each range. For example, for a model with three different levels of detail, the lowest detail model may be shown when the model is further than 150 units away, the highest detail model may be shown when the object is closer than 75 units and everything in between uses the remaining model [3].
	Thanks to the simplicity of this system, the only computationally expensive operation would be calculating the distance between the model and the camera – an operation which has already seen many optimisations already [22]. However, despite the simplicity an issue arises when choosing a point in a model to calculate distances from – simply choosing the centre of the mesh means that parts of the object are closer than desired, but not yet had their complexity increased. A simple solution would be to choose the point on the object closest to the camera [3]. An additional issue arises from the way the ranges are used in these systems – objects that would teeter on the border of a range would constantly switch between two levels of detail, causing the object to appear to flicker.
Hysteresis
Expanding on distance-based systems, hysteresis solves the flickering problem by introducing a lag of sorts to when objects switch between levels of detail [3]. For example, where an object might switch resolution when it’s further than 100 units away, introducing hysteresis would have the object switch at, perhaps, 110 units to a lower resolution, then switch back at 90 units. The most favourable values for these distances have been found to be 10% up and down from the value of the range boundary [23].
Size Based
Size based systems choose the level of detail for an object based on their screen size – the bigger the object appears on screen, the more detailed it shall be. The most common way to determine an objects screen size is to project its bounding volume onto a 2D plane and measure that [24]. This method lends itself well to continuous and view-dependent based frameworks.
	One issue to note with size-based systems comes from the choice of bounding volume – while using spherical bounding volumes leads to lightweight calculations, it can often lead to undesirable simplifications of a scene [3]. Other bounding volumes have been suggested [14] – the choice of bounding volume makes a large impact on a scene simplified this way.

Priority Based
Sometimes, a scene contains objects that must never be simplified, such as the walls of a building. If these were simplified equally alongside everything else, to the point of having virtually disappeared, it would have great impact on the scene, more so than something as small as a pencil vanishing from a desk [3].
	A simple way around this is to use a priority-based system. By assigning priorities to objects within scene, it’s possible to ensure that crucial meshes are always rendered at an appropriate level of detail. A good example of this comes from Holloway’s implementation, where objects are assigned high or low priority, where high priority objects were always displayed at their highest resolution [25]. This system may be best suited to use in conjunction with another system.
Additional Solutions
Additional solutions exist to help further refine and reduce detail where it’s needed least. An interesting way to allow a distance-based system to reduce the distance of the ranges used to define detail is to introduce fog into an environment, allowing for more objects to be less detailed much closer to the camera [26]. This implementation saw a lot of use in early 3D games to help reduce the amount of detail needed for an environment. However, using fog to hide artefacts is an incredibly situational implementation and is used less and less in the modern day [3].
	Another way to reduce the amount of detail in a scene would have us understand how the human eye cannot perceive as much detail in its peripheral vision. Leubke et al. suggests that reducing detail at the edges of a camera’s view would possibly help reduce unneeded detail in a scene [3].
[bookmark: _Toc7545788]Frame Rate Schedulers
Simplification algorithms show how to simplify, management systems tell an engine when (and to some extent what) to simplify – frame rate schedulers are tied to the reason why an engine must simplify.
	While entirely possible to have a scene rendered with a variable frame rate, there are problems that arise from doing so. A user’s perception of velocity is directly impacted by a variable frame rate, causing problems in games that may require temporal co-ordination [3]. Users of training simulators might start to associate frame rate drops with certain events, such as an opponent entering a scene [3]. It’s even possible for users to experience motion sickness with variable frame rates [27].
[bookmark: _Toc7545789]Reactive Scheduler
Reactive schedulers adjust the level of detail in a scene based on a target frame rate and the time the previous frame took to draw [3]. If a frame finishes drawing after its deadline, detail in a scene should be reduced in an attempt to have the next frame on target; if a frame finishes before its deadline, there’s room to have a scene’s detail be increased.
	Systems such as Hitchner’s and McGreevy’s Virtual Planetary Testbed [28] and Holloway’s Viper system [25] use a reactive fixed-framerate scheduler. In the latter, Holloway suggests that adjusting detail as quick as possible could result in sudden image changes, and often oscillating images. Holloway’s response to this was to add a form of hysteresis to the changes in detail, adjusting the detail gradually to prevent these problems.
	A patent submitted by Microsoft contains an implementation of a reactive frame rate scheduler for a desktop environment [29]. This implementation reduces the number of screen refreshes a frame is displayed for based on how long the previous frame took to render so as to maintain a fixed frame rate. If the number of refreshes falls below a certain threshold, then the chance to render the frame has been missed entirely. This implementation allows for a fixed frame rate, though may result in frames being skipped if the work for each frame becomes large [29].
	Lubke Et Al. note that often, a scene’s complexity reaches a low enough point that it no longer becomes the bottleneck for frame rates – in these cases it is usually the fill rate [3]. OpenGL Performer addresses this issue with its dynamic video resolution feature – by reducing the resolution of the frame and then scaling it back up, less pixels are required to be filled, effective applying a form of level of detail control to the fill rate [30].
[bookmark: _Toc7545790]Predictive Framerate Schedulers
Predictive framerate schedulers become largely more complex to implement than the previous approach. Predictive schedulers estimate how complex a frame is going to be and adjusts detail so that the hardware can always render each frame without ever exceeding a deadline [3]. This is in contrast to reactive schedulers, which may run below the target framerate for a few frames before the system is able to adjust to an appropriate level of detail [3].
Predictive Framerate scheduling for View-Independent Systems
An implementation of a predictive scheduler exists from Funkhouser and Séquin’s architectural walkthrough system [31]. In their implementation, a set of objects, each with attributes O, L, R (where O is an object, L is the current level of detail and R is the render algorithm used to render it), is analysed to estimate their cost on a scene. From this estimated cost, the system attempts to maximise the benefit of each item in the set.
[image: ]
fig 1. Funkhouser and Séquin’s benefit heuristic [3]
The cost to render each operation is estimated by assuming a two-stage pipeline – one stage working per primitive and the other working per pixel. With this assumption, only one of these stages should be bottlenecking software – the maximum time from each stage is used.
[image: ]
fig. 2 The heuristic when considering two stage pipelines [3]
To calculate the benefit of an object to a scene, Funkhouser and Séquin primarily use screen size as an indicator. They also estimate the accuracy of the object – assuming a textured, lit model would have greater accuracy than that of an unlit, untextured model. Lastly, some manually weighted scaling factors are used – object importance (i.e. priority in the scene), focus (eccentricity) and motion (i.e. velocity).
[image: ]
fig 3. Benefit calculation for Funkhouser and Séquin’s system [3]
Funkhouser and Séquin’s results – shown in the table below – indicate that this implementation is comparable to a reactive system. While the predictive system needs slightly more compute time, the mean time needed to draw each frame was identical to a reactive system and was more consistent to that mean than it as well.
[image: ]
fig 4. Results from Funkhouser and Séquin’s system [3] [31]
A hybrid approach was implemented by Mason and Blake using Funkhouser and Séquin’s predictive scheduler [31] alongside Maciel and Shirley’s imposter technique [32] – which allows objects at the bottom of the scene hierarchy to be represented by one coarse object – to create a hierarchical level of detail system which recursively replaces smaller objects in a scene with a single larger object [33]. Mason and Blake extend Funkhouser and Séquin’s optimization algorithm, introducing support for hierarchical level of detail and opting to update the results of the previous frame, allowing for more coherence between frames [3] [33]. The results of this extended system were positive, producing results which were perceived as “better” than Funkhouser and Séquin’s algorithm could [3].
Predictive Framerate scheduling for Continuous Level of Detail Systems
Gobetti and Bouvier, using Funkhouser and Séquin’s work as a basis, produced a predictive fixed-frame rate system capable of working with continuous level of detail systems [34]. Using a similar cost/benefit architecture, a value between 0 and 1 is applied to each object in a set of visible objects. This value represents the degree of simplification of the model. A factor W is also used to represent the camera and lights in a scene. With these parameters, Gobetti and Bouvier’s solution is as follows:
[image: ]
fig 5. Gobetti and Bouvier’s solution [3]
Their benefit heuristic was calculated with four parameters:
· Coverage – an estimate of the number of pixels an object covers
· Focus – a measure of an object’s distance from the screen’s midpoint
· Semantics – A priority value, which is user defined
· Accuracy – A measurement of how well a mesh at a certain resolution represents the same mesh at full resolution
These parameters give the benefit value as follows:
[image: ]
fig 6. Gobetti and Bouvier’s benefit equation [3]
To estimate the cost of a frame, Gobetti and Bouvier consider not only the rendering of each object, but also the initialisation and finalisation phases for each frame. They give their cost value as the following:
[image: ]
fig 7. Gobetti and Bouvier’s frame cost equation [3]
When testing this system, they reported that a scene requiring drastic variations in scene content that ran without the system had a varying frame time between 50 and 1950ms. With their system in place, they found they could request a frame time of 100ms and never exceed that threshold [3] [34].
Predictive Framerate Scheduler challenges
While predictive systems have proven to be effective, they present a problem – they all rely on a need for estimations. Many of these predictive systems use user defined values for things such as an object’s importance. Users of these systems would require sufficient experience in setting these values per scene in order to maximise the benefit of predictive based scheduling [3].
[bookmark: _Toc7545791]Level of Detail and Virtual Reality
Virtual reality has come far in recent years, with applications becoming much realistic and immersive. As with any graphics application, level of detail systems play a large role in allowing these applications to run smoothly.
[bookmark: _Toc7545792]Lag and its prevention in VR
Lag can be seen in two ways in graphical applications [35]:
· Update Rate: More commonly known as framerate. A low framerate suggests high lag.
· Transport Delay: the period of delay between input and effect of that input being displayed. High delay implies high lag.
Within VR, there are three main factors that contribute to increasing lag [36]:
· Sensor Delay: the delay between movement in the real world and the VR sensors notifying the computer of this event
· Processing Delay: The delay of all of the calculations associated with managing an environment, from scene behaviour management to collision detection
· Rendering Delay: The delay of all the calculations associated with rendering a graphical environment, including but not limited to object clipping, back face removal, applying textures and so on.
High lag in a virtual reality system can lead to degraded user performance [37], motion sickness (as a result of the difference in perception of the user’s visual and vestibular senses [38]) and a degraded sense of “presence” – “presence” referring to the degree of which ha user feels present within a virtual environment, a concept developed by Sheridan [39].
Briefly below is a summary of Reddy’s list of proposed lag prevention techniques [36]:
· Motion Prediction: By watching how a user moves and extrapolating how they may continue to move, movement can be estimated until a sensor sends a new signal, helping to reduce system lag.
· Update Rates: Termed differently to update rate above, update rates refer to how often an object’s state is recalculated. A lower update rate for slow moving or static objects eases processing required.
· Visibility Culling: In order to reduce the impact of rendering, all objects not in view should be discarded, along with any back-facing polygons and ideally, non-visible polygons.
· Frameless Rendering: rather than wait for a whole frame to render, this technique renders each pixel as they update. Pixels are rendered in a pseudo-random fashion to reduce the visibility of pixels updating to the user [40].
· Galilean Antialiasing: This technique introduces a buffer with stores pixel velocity and acceleration, allowing the buffer to generate intermediate frames through extrapolation while waiting for a frame, preserving the update rate of the system [41].
· World Subdivision: A virtual environment is segmented into smaller sections, and each section is only considered for rendering if the user is occupying or can see the section. This technique is not always applicable, such as in wide open spaces.
· Employ Parallelism: To reduce the strain on the CPU, many processes can be moved over to the GPU to be processed, often resulting in faster results allowing for increased frame rates.
· Level of Detail: Level of detail systems can be applied to virtual environments in many of the ways described in the previous sections to reduce scene complexity and increase framerate.
Of these techniques, Reddy suggests that only level of detail and update rates are able to balance to load of an application in real time – the other techniques provide a single reduction in lag for an application [36].
[bookmark: _Toc7545793]The Importance of Framerates in Virtual Reality
In order to provide the best user experience, manufacturers of virtual reality headsets recommend software runs at 90 frames per second to match the common refresh rate of 90 Hz. Some software distributors, such as Oculus, refuse to distribute software that cannot consistently hit this target on their recommended specification of hardware [42]. This consistent framerate can help reduce many of the effects of lag listed above. The ability for level of detail systems to rapidly adapt to frame rates and keep them constant in real time make them a valuable asset when developing applications for virtual reality.
[bookmark: _Toc7545794]Noteworthy Observations
The way the human eye works becomes even more useful to consider when controlling level of detail in virtual reality. The human eye, though able to see great detail at certain distances, is not able to process detail past a certain point [43]. As such, there is an upper bound to the amount of detail needed to be shown by meshes – should the (at the time of writing) nigh impossible event occur when this amount of detail is reached at an acceptable framerate, resources would then be best put into other systems, such as A.I. calculations or the like. 
Reddy also notes that the human eye can perceive much less detail its peripheral vision [36], providing an area of the screen in virtual reality systems where detail could be reduced without losing any benefit to the user. Additionally, Reddy notes that the most detail is perceived in the centre of view and drops of linearly towards the peripheral of view.
Rapidly moving objects are seen as blurring by the human eye, due to the eye’s inability to track fast moving objects [36]. Motion blur has been used in many games to imply speed or more accurately represent fast moving objects. It is possible that fast moving objects in virtual environments are perceived in the same way, allowing some detail to be removed from objects such as this.
[bookmark: _Toc7545795]Summary
To summarise the chapter, the main level of detail frameworks were first discussed. Following these discussions, existing mesh simplifications were presented, with some pros and cons noted where applicable. Some ways to assess an object’s impact on a scene were discussed. Lastly, framerate schedulers are considered, alongside some other noteworthy observations, with special consideration to VR situations in mind.
[bookmark: _Toc7545796]Research and Development Methodology
In this chapter, the research and development design are laid out. The objectives are considered alongside these to justify the design choices made, with the hope that should this project be replicated, it can be done so in the same way as originally intended.
[bookmark: _Toc7545797]Overview
[bookmark: _Toc7545798]Research process
This project will be approached with a deductive approach – based on research and prior knowledge a hypothesis can be produced – in this case, it is hypothesised that the produced level of detail framework will increase the average framerate of a 3D scene to the targeted value. To test this hypothesis, the project will need to produce some form of results.
[bookmark: _Toc7545799]Research Philosophy
This project will rely on quantitative research; research that can produce statistical data. While the success of any detail distribution used in a scene may vary depending on the person viewing the scene, the objectives laid out for this project specify that the scene should run at a specified target framerate or higher. We can measure this using average framerate measurements – hard, quantitative data. This will allow the result to try to balance detail and framerates, however the emphasis will be purely on reaching that targeted framerate. 
This does produce the issue of detail being a subjective thing to measure, hence this focus on the framerates. While hitting a targeted framerate is important for situations that call for constant framerates, such as VR applications and requested limited framerates ion traditional computer games, it is not advisable to base the success of a full finished framework purely on framerate measurements without also ensuring that the scene’s detail is of a high enough standard. This is discussed again at the end of the report.
[bookmark: _Toc7545800]Research Methodology
The research methodologies used throughout this project are as follows:
· Document Review
· Titled “Literature Review” above, this methodology is used to identify the main existing theories and confirms that the project is practical. Once the project is completed, the results produced can compared to existing research to see if they support or contradict the findings. Since level of detail systems are an established practice, the project will benefit hugely from existing research.
· Software Development
· The main crux of this project relies on this methodology. To properly test the design of a framework it must be developed. Without this method, the project would be a failure.
· Case Study
· While not carried out to its full form, an adapted version of this methodology is used, based off previous research. The design of the software developed is impacted by existing framework development projects, such as Holloway’s Viper System [25]. A useful resource for this methodology comes from YouTube series “Low Poly” and “Boundary Break”, where communities have come together to hack existing games [44] [45]. Some of these hacks allow the camera to move independently of its intended position, giving huge insight into existing level of detail implementations within the industry. Case studies provide a large insight to the intricacies of level of detail systems and can help guide the project to a successful result.
[bookmark: _Toc7545801]Additional Notes
Additional notes about the planned development are provided in this section.
[bookmark: _Toc7545802]Required Tools
For this project to be a success, the tools used need to be considered. Below is a list of hardware and software needed for this project.
· Hardware
· Workstation with a GPU card
· Due to the framework’s aim of taking any scene and adjusting detail until the desired framerate is hit, the specifications of the workstation required are not set in stone. All the required workstation needs for this project are a GPU card, and all the standard fittings you may find in a standard workstation – storage capability, a CPU capable of running modern programs etc.
· VR Headset
· While not required for the success of the project, being able to run the framework on a VR headset is considered a bonus objective for this project. Without this hardware the framework can simply be showcased on a standard screen, as the framework is contextualised with virtual reality in mind. This hardware is non-essential, but desired.

· Software
· C++ and Visual Studio IDE
· This project will use Microsoft’s C++ programming language. This language has plenty of support and additional libraries that are capable of supporting the development of this project.
· OpenGL
· OpenGL is capable of rendering the 3D scenes required for this project. It is compatible with C++ and works smoothly in tandem with many of the existing data types found within.
· Microsoft Word
· Essential for word processing and writing the reports of this project.
· Autodesk Maya
· Used to create complex objects and export them as .obj files
[bookmark: _Toc7545803]Evaluation Criteria
In order to correctly evaluate the success of the project the following criteria are laid out based on the project objectives:
· The resulting program should be able to load a .obj file into an appropriate data structure
· In order for there to be any objects to work with, an existing object - saved as a .obj file – should be able to be loaded into the program. This allows sufficiently complex objects to be created. Objects can be created and exported in Autodesk Maya.
· The resulting program should be able to render a 3D scene full of object meshes
· For this project, since the focus is mesh simplification, there is no need to worry about rendering textures and animations on top of the meshes.
· The resulting program should be able to appropriately reduce the complexity of any given object mesh
· To control the detail in a scene, a fully detail object needs to lose some of its detail at some given point. This may be by removing vertices or edges. This can only be met if the resulting simplifications are an appropriate approximation of the original mesh.
· The resulting program should be able to adjust the amount of detail required in a scene based off the current framerate
· The program will be constantly measuring the work done each frame and creating a projected measure of the frames per second. Using this, the program can make decisions about the amount of detail being used in a scene.
· The resulting program should be able to maintain a targeted framerate while running
· This covers the overarching goal of the project – to be able to render scenes at stable framerates by adjusting that scenes detail. Most virtual reality headsets target 90 frames a second, to match the headset screen’s refresh rates.
Each of these criteria relies on the previous being met, so in order for the project to be considered a success, all criteria must be met.
[bookmark: _Toc7545804]Summary
In this chapter, the research methodologies were laid out. Their advantages and disadvantages to this project were discussed. The required tools were laid out, and justifications for their use discussed. Most importantly, the success criteria for the project were discussed.
[bookmark: _Toc7545805]Design and Implementation
In this chapter, the process used to make design choices is outlined. Justification for the decisions based on the established requirements is provided alongside this.
	The final product is a 3D rendered application that draws imported objects from .obj files. The frame rate is constantly measured, and the detail of the objects being drawn is requested to be changed based on the frame rate. The meshes are then simplified in such a way that their silhouettes remain accurate to the original object, but requires less polygons to be drawn.
	The final product can be viewed as three main sections – the object file reader, the mesh simplification algorithm and the frame rate controller.
[bookmark: _Toc7545806]Object file reader
The object file reader contributes to the fulfilment of the following requirements:
· Create a sufficiently complex 3D scene
· In order for the scene to be rendered, an object must be loaded
· Create a mesh simplification algorithm that sufficiently reduces the detail of an object when requested by the system
· The object loader stores the loaded data in a way that allows mesh simplification to be performed
The object loader lays the foundation for the entire project. In order for there to be a complex scene rendered, custom objects need to be loaded. In order for there to be a mesh with enough complexity to simplify, these custom objects must be created and loaded in.
	Before creating the object loader, a program to create the objects and generate a .obj file was required. Autodesk Maya was chosen for this purpose, both for its familiarity and its ease of mesh manipulation. Autodesk Maya contains tools to create many primitive mesh shapes which can be used to create complex objects. Autodesk Maya is also capable of adding detail to a mesh, increasing the number of polygons used to draw it. Both of these tools, along with the ability to export these meshes out as a .obj file, were necessary to create adequate meshes. For an explanation of the layout of the .obj files, see fig 8 below.
	With the exported file in hand, a suitable data structure was required to store the data. Before creating a structure to store this data it was important to understand which data was relevant to the project. A .obj file contains the following elements:
· The associated material file (.mtl file) that contains texture and material data to be applied to the object.
· The vertex coordinate data for the object
· The vertex texture coordinate data for the object
· The vertex normal data for the object
· The face data for each object, where each point of a face is made of three indexes, pointing to a vertex coordinate, a vertex texture coordinate and a vertex normal respectively


[image: ]Face data – formatted as v/vt/vn index
Which material should be applied to the object
Which group the following data belongs to
Which element of which group the following data belongs to
Material library name
Vertex normal data
Vertex texture coordinate data
Vertex coordinate data

fig 8. An example of a .obj file, with elements explained


Since this project is focussed on mesh simplification purely, and requires no texturing of objects, the associated .mtl file is not loaded, nor is the mtllib data from the .obj file required to be stored.
	A data structure to store the data was created using these decisions. The obj.h object contains the following structures:
· Vertex – contains floats x, y, z
· This structure can effectively store a line of vertex data as a readable format.
· vTexture – contains floats x, y
· This structure can effectively store a line of vertex texture coordinate data as a readable format.
· vNormal
· This structure can effectively store a line of vertex normal data as a readable format.
· Face – contains integers v1, v2, v3; vt1, vt2, vt3; vn1, vn2, vn3
· This structure stores the indexes stored in the .obj file in a readable format. These indexes point to the corresponding index location of each required data in their own arrays.
The obj.h object is capable of storing the following:
· The number of pieces of vertex coordinate data
· The number of pieces of vertex texture coordinate data
· The number of pieces of vertex normal data
· The number of pieces of face data
· A list of Vertex structures
· A list of vTexture structures
· A list of vNormal structures
· A list of Face structures
During development of the mesh simplification algorithm, it was required to analyse edge attributes. Following this, an additional structure and list were added to the obj.h object:
· Structure Edge – containing integers v1, v2
· These integers are the indexes of each vertex attached to this edge
· List eList
· A list of Edge structures
Using this storage system, individual vertex coordinates can be accessed when drawing a face of an object. By stepping through each face, the index of each vertex coordinate is used to access the actual data in the Vertex list. This is then supplied to the rendering engine to draw the object on screen.
	To retrieve the data from the .obj file, the C++ fstream library is used to open and read the .obj file. One scan through the file is done to count how many lines of each data type exist, in order to create an obj object containing lists for each data type that are the exact size, so as not to waste memory. Once this object is created, a second scan is completed, extracting the data from the file and placing them into the lists appropriately.

[bookmark: _Toc7545807]Mesh Simplification Algorithm
The mesh simplification algorithm contributes to fulfilment of the following requirements:
· Create a level of detail system that can decide when an object can be simplified
· This algorithm provides the means for the level of detail system to simplify objects when required.
· Create a mesh simplification algorithm that sufficiently reduces the detail of an object when requested by the system
· This is the algorithm required to fulfil this requirement.
The mesh simplification algorithm can be considered one half of the main chunk of this project, the other half being the frame rate controller. The goal of the mesh simplification algorithm is to produce a simplification that accurately represents the original mesh, while using less polygons.
	Using the information gathered through the literature review, Low and Tan’s floating cell collapse algorithm was chosen for this project. This decision was based on the algorithm’s tendency to provide a good approximation of an object when simplified, and its ability to provide a continuous spectrum of simplifications depending on the size of the floating cell used [3] [15].
	In order to properly place the floating cells, vertices must be assigned an importance value. This is calculated by the sum of the longest associated edge and an estimation of the probability of the vertex lying on a point of high curvature. Calculating high curvature probability is done with cos(θ/2), as suggested by Low and Tan [3] [15].
	In order to store this vertex importance, the obj.h object’s Vertex structure was given an additional float parameter, Importance. As the algorithm will need to access vertices in order of importance when simplifying, a new list of vertex indexes was also added. As part of the vertex importance calculation algorithm, this list has its indexes sorted so the most important vertex indexes are at the front of the list. This sort is done using a bubble sort.
	The vertex importance values for each object are calculated before running the scene, shifting processing for this stage to before run time. This allows the scene itself to not be burdened by this processing as we only need to calculate these once.
	With the vertex importance calculated, mesh simplification is carried out by checking the distance between an important vertex and other vertices to determine if they should be collapsed. In order to store information about collapsed vertices a Boolean, Active, and an integer index, collapsedTo, were added to the obj.h Vertex structure. When a vertex is collapsed, its Active Boolean is set to false and the index of the vertex it is collapsed into is placed in collapsedTo. This allows for a vertex, if inactive, to indicate which vertex should be drawn instead.
	In order to minimize the number of distance checks performed, a grid, with cells the same size as the floating cell, is overlaid on the object and vertices store their position in this grid. When checking for collapsible vertices, only the vertices that lay in same or adjacent cells of this whole-object grid are considered for collapsing.


[bookmark: _Toc7545808]Frame Rate Controller
The frame rate controller contributes to the fulfilment of the following objectives:
· Create a level of detail system that can decide when an object can be simplified
· The frame rate controller is the tool that measure the frame rate and adjusts scene detail to compensate for lower frame rates.
The frame rate controller is an adaptive system that measures the amount of time spent drawing a frame and increases or reduces detail in a scene in an attempt to target a desired frame rate.
	To measure a frame accurately, the Windows library Chrono is utilised. Chrono contains functions to return the time since epoch in milliseconds. Calling this function at the start and end of a frame, then finding the difference between the two gives us the time elapsed between those two calls in milliseconds.
	By defining a target work time in milliseconds, comparing the actual work time to the target time can determine if the scene is running ahead or behind target. If the scene is running behind target, then the amount of detail in the scene can be increased. This is achieved by increasing the size of the floating cells used in the mesh simplification algorithm. The reverse is true for scenes running ahead of target.
	Controlling detail based on frame rate in this way creates a continuous level of detail system that is adaptive to the current frame rate level.
[bookmark: _Toc7545809]Additional Notes
This section contains additional notes about the implementation.
[bookmark: _Toc7545810]Challenges
During the implementation the following challenges presented themselves:
· Mesh simplification requires too much processing time
· The floating cell collapse implementation checks the distance between points frequently. This was causing each simplification to require a high amount of processing time. A solution to this problem was present in section 5.2 above. While this improved the speed of the algorithm somewhat, it is still too slow to run alongside the continuous level of detail system. This challenge was not overcome.
· Measuring frame rate
· Early implementations of the frame rate measurement system would simply count how many frames are drawn in the last second. This is considered an inaccurate measurement of frame rate [46] [47]. This measurement was refined by averaging out the average work time of a frame over one second, and by also reporting the work time every frame. This solved this challenge.
· Autodesk Maya’s .obj file exports held no data representing object edges
· While Autodesk Maya allows you to manipulate edges in its editor, there is no explicit data relating to object edges in the .obj files that Autodesk Maya exports. This posed a problem when calculating vertex importance, as most of the heuristics used rely on a vertex’s associated edges. The solution to this problem was to create a list of edges in an object based off the faces already stored. New edges being created would be checked to ensure no duplicate edges were being stored. This solved this challenge.
[bookmark: _Toc7545811]Testing
Testing of the product was carried out in stages, since the three main features of the product relied on a previous one being completed. The first stage was to run a unit test once each feature was coded to ensure it worked correctly.
	The unit test of the .obj file loader proved successful, likely due to previous experiences with file handling and the .obj format. See fig. 9 for an example of the comparisons with the objects in Autodesk Maya and the ones loaded in by the program.
[image: https://cdn.discordapp.com/attachments/331960438113959950/572520895797657611/unknown.png]
fig 9. The program loading a .obj file and the same .obj file reimported to Autodesk Maya
	To test the mesh simplification algorithm, the scene is rendered with a simple distance check for the object from the camera being performed every frame. The mesh is simplified the further it gets from the camera, to allow a spectrum of simplifications to be viewed and tested. This test proved successful and showcased the algorithms capability to simplify a mesh across a spectrum of levels of detail. See figs. 10 and 11 for a comparison of a mesh at high and low levels of detail.
[image: cid:image002.png@01D4F5E9.8A61B030][image: cid:image006.png@01D4F5E9.8A61B030]
figs. 10 (left). A mesh at high detail
fig 11 (right). A mesh simplified to a lower level of detail
	Once the frame rate controller was ready to test, the program was ready for system testing as a whole. While the frame rate controller was successful in recognising a below target frame work time, the system was not able to decrease the work per frame enough to achieve a target frame rate. Situations where the system was able to simplify and still hit the targeted frame rate were situations where the scene was being drawn above target before simplification. In all situations, the simplification algorithm produced more work per frame. Thus, the program failed the system tests.
[bookmark: _Toc7545812]Evaluation
In this chapter, the product is evaluated against the aims, objectives, and evaluation criteria laid out throughout this report. These are used to determine to what extent the product achieves its goals.
	To recap, the aims, objectives and evaluation criteria are as follows:
· Aims
· Develop a working level of detail of system that can maximise the perceived detail of a 3D scene
· Using this system, ensure a steady desired framerate can be achieved
· Objectives
· Create a sufficiently complex 3D scene
· Create a level of detail system that can decide when an object can be simplified
· Create a mesh simplification algorithm that sufficiently reduces the detail of an object when requested by the system
· Test the framework on a complex 3D scene
· Evaluation Criteria
· The resulting program should be able to load a .obj file into an appropriate data structure
· The resulting program should be able to render a 3D scene full of object meshes
· The resulting program should be able to appropriately reduce the complexity of any given object mesh
· The resulting program should be able to adjust the amount of detail required in a scene based off the current framerate
· The resulting program should be able to maintain a targeted framerate while running
For more information on each of these see sections 2.1 and 4.2.2, where an explanation for the creation of each of these can be found.
To properly assess the final products success, each of these criteria will be assessed, starting with the evaluation criteria and working up towards assessing the overall aims. Should not all criteria be reached successfully, a half success may be settled on depending on how close to completing the criteria the program comes.
[bookmark: _Toc7545813]Assessing Evaluation Criteria
Each of the evaluation criteria is presented, with an analysis of the program’s attempt to complete the criteria.
· The resulting program should be able to load a .obj file into an appropriate data structure: SUCCESS
The program needed to be able to load in the data from a .obj file and store it adequately. The program succeeds at meeting this criterion, as objects exported from Autodesk Maya are able to be successfully loaded in (see fig. 9 above for an example of this). All the necessary data from the files are stored in a readable and accessible format, which can be passed straight to the rendering engine from the created obj structure. For this program, the obj structure does not store any material information from the associated .mtl file, although vertex normals and texture coordinates are saved and never used.
In another implementation of this program, it would be better practice to save all the information associated with an object, to ensure that this structure and the programs methods aren’t affected by a slightly larger structure. This also makes the program easily expanded upon into a full rendering and level of detail system, drawing the required textures and lighting.
· The resulting program should be able to render a 3D scene full of object meshes: SUCCESS
The program is able to utilise the previous object loader to create multiple custom 3D objects. The readable format made passing vertex coordinate data to the OpenGL renderer simple to do. The standard process for drawing all objects in the scene followed these steps:
· For every object present in a scene…
· Draw every face in the object…
· By drawing every point in the face….
· By accessing the vertex data defined by the index stored in the face data structure.
This made adding objects to a scene as simple as adding the loaded object to a “master” array of objects – an array of obj data structures that held every object in the scene. The renderer could then be told to draw every object in this array for however many were present, making drawing any number of objects simple. This allows the program to meet this criterion successfully.
· The resulting program should be able to appropriately reduce the complexity of any given object mesh: SUCCESS
Utilising Low and Tan’s vertex clustering, the program is able to successfully reduce the complexity of any given mesh. This is done without changing the original data of a mesh, allowing traversal up and down of a mesh’s complexity. The processing time of the simplification is reduced as much as possible through two methods – the first is to perform the necessary vertex importance calculation when an object is loaded, before the scene’s run time, and the second is to reduce the number of distance calculations performed (explained above in section 5.2).
The resulting meshes produced using this algorithm provide a good approximation of the original model, mainly through preserving the silhouette of the object. The program meets this criterion successfully.
· The resulting program should be able to adjust the amount of detail required in a scene based off the current framerate: SUCCESS
The program needs to be able to recognise when the scene is running below the targeted frame rate. In order to accurately determine this, we use the work time per frame to measure a frame rate, rather than a frames per second measurement. In order to measure this, the Chrono library is utilised and frame work times are correctly measured and compared against a target time. Should this time be below target, the scene’s detail would be requested to be reduced.
	The program is able to achieve all this and will lower detail when a scene is below target and increase a scenes detail when the scene is running some time ahead of target. Frame targets are hard coded into the program but allowing user control of these targets within the program is feasible. The program successfully meets this criterion.
· The resulting program should be able to maintain a targeted framerate while running: FAIL
All these systems together should produce a system that can run a scene that is running below target and lower the detail within to allow it to run on target. The implemented solution to increasing simplification levels changes the size of the cells used when simplifying meshes based on how long below or above target the scene spends. 
However, despite attempting to reduce the number of distance calculations in the mesh simplification algorithm, the scene tends to spend more work per frame, resulting in worse frame rates than before applying the system. The situations where the system was able to meet frame targets while also simplifying objects were situations where the scene was already ahead of target. As such, the program fails to meet this criterion.
[bookmark: _Toc7545814]Assessing Objectives
The project objectives are assessed briefly below. Explanations of the programs attempts to meet these are brief and will point back to the same explanations used when assessing the evaluation criteria.
· Create a sufficiently complex 3D scene: SUCCESS
The program is able to render up to 500 objects, of any complexity. These objects are loaded in from .obj files, allowing their complexity to be hand crafted. Using these features, scenes that run below target frame rates can be easily created. This objective has been successfully met.
· Create a level of detail system that can decide when an object can be simplified: HALF SUCCESS
The program is able to accurately measure when a scene is running below target, however it is not able to use the provided algorithms to bring the scene up to a targeted framerate. This is due to the mesh simplification algorithm requiring too much processing time to run, meaning that any scene that was being simplified was running with more work time per frame than its un-simplified counterpart. 
This objective is met with a half success, due to the simplification request being successful, but the simplification itself being unable to reach the targets.
· Create a mesh simplification algorithm that sufficiently reduces the detail of an object when requested by the system: SUCCESS
This objective closely resembles one of the evaluation criteria above. On its own, the mesh simplification algorithm works entirely as intended – a cell size is determined based on some factor, and then the simplification is carried out. Based on this, this objective is met successfully. However, as mentioned in the analysis of the previous objective, the mesh simplification is not adequate when applied to the system as a whole.
· Test the framework on a complex 3D scene: SUCCESS
With everything in place, the system is able to be run on a 3D scene that is running below the target frame rate. By printing the frame work time and the projected frames per second every frame, the system is able to be tested. The ease of scene creation, along with a simple function to scatter objects around a scene randomly, allows many different complex scenes to be created and tested. This objective is met successfully.
[bookmark: _Toc7545815]Assessing Aims
The overall aims of the project are the most important to meet, since these aims were one of the first guidelines set out for the project. These aims also guides the decision of how well the project succeeds.
· Develop a working level of detail of system that can maximise the perceived detail of a 3D scene: HALF SUCCESS
Based on the analysis of the objectives and evaluation criteria, this aim can be considered to be half met. The project can measure the time a frame takes to complete and control the detail of a scene by requesting objects be simplified. The amount of work the simplification takes to complete however, reduces the overall frame rate of the scene.
· Using this system, ensure a steady desired framerate can be achieved: FAIL
For the same reasons above, this aim was failed to be met. This is entirely due to the mesh simplification algorithm’s required processing time making it unfit for a continuously adjusted level of detail system. Any scene that runs below a targeted frame rate will run at an even lower frame rate due to this.
[bookmark: _Toc7545816]Final Considerations
In this section, some final considerations regarding the project are laid out. These mainly include alternative development options that could be used based on the results of this project. 
[bookmark: _Toc7545817]Addressing the Processing Requirements of the Implemented Mesh Simplification Algorithm
The failure of certain aims and objectives can be attributed to the mesh simplification algorithm. Should this project be repeated with the aim of improving the system, the following considerations should be kept in mind.
· The required number of distance-based calculations in Low and Tan’s vertex collapse requires too much processing to be called for a large number of objects every frame.
· A system focussing purely on mesh level of detail may not be enough to increase a scene’s framerate enough without also utilising texture and animation levels of detail.
While the latter would require some additional research to assess, the former could have been discovered earlier in the project had the frame rate control system been the first part of the program to be completed. Had this been the case, additional options would have been available:
· Use a different mesh simplification algorithm that relies less on functions that require as much processing.
· Test whether a parallelised approach on the GPU would be quicker.
· Use a discrete level of detail system that has access to multiple meshes simplified by vertex clustering, removing the processing time from run time of the scene.
[bookmark: _Toc7545818]Conclusions and Recommendations
This chapter summarises the project as a whole and concludes the results and outcomes. Some recommendations for further research are supplied.
[bookmark: _Toc7545819]Summary
In this report, some aims and objectives for a level of detail system were laid out. The reasons for choosing these objectives are provided alongside them. These aims and objectives guided the development and research carried out to produce the final project.
	A literature review was completed, looking at established mesh simplification algorithms, ways of reacting to frame rates and some considerations of virtual reality’s need for stable frame rates. This literature review was the basis of the decision to use Low and Tan’s algorithm in the final implementation.
	The research and development methodology were described, alongside any required tools and additional guidelines.
	The design of the final implementation was discussed, along with the process used to come to those decisions and their contribution to meeting aims and objectives. Some challenges the project presented were discussed, along with their solutions.
	An evaluation of the final product against the aims and objectives was carried out, and an explanation for how the project met or failed to meet each of these is provided.
[bookmark: _Toc7545820]Conclusion
The main output of this project was a level of detail control system, the reacted to a scene’s frame rate. The system then uses a mesh simplification algorithm to attempt to increase that frame rate when it falls below a target.
Once the system was developed, testing made it clear that the system was unable to increase the frame rate of any scene below the frame rate target. Any scene that was already above this target would not require this system in place. In all cases, the frame work time would increase when a simplification was being applied.
The conclusion to be drawn from developing this system is that this implementation of Low and Tan’s vertex clustering is not capable of running in a continuous level of detail system. This shows that any simplification that utilises distance checks between points would likely fail in this system in the same way.
[bookmark: _Toc7545821]Recommendations for Further Research
Following this project’s results, further research can be conducted. With the availability of GPU parallelisation, a common programming practice in the modern era, it would be appropriate to test an implementation of vertex clustering using the GPU. The ability to run multiple simplifications in parallel may reduce the processing time enough to allow the scene to increase its frame rate.
	Implementation of a different simplification algorithm in this system is the most likely way to bring future implementations to success. An example of an algorithm that does not require distance checks is Hoppe’s edge collapse [6], where the required edge collapses may be defined using a tree structure, where each level of the tree contains vertices that should be drawn. This may allow for a continuous traversal through an object’s complexity without the required processing power of Low and Tan’s algorithm.
	Due to time constraints, no simplification method that is based on the quirks of virtual reality and the human eye was implemented in this project, nor was the system ran on a virtual reality headset. To compliment this project, research into ways to lower detail where the human eye cannot see them would be appropriate.


[bookmark: _Toc7545822]Reflections
During the course of this project, some key lessons were learnt.
[bookmark: _Toc7545823]Project Planning
The project was given a timed plan from very early on, something not frequently utilised by the author. Learning how to use planning tools, such as Gantt charts, has provided the knowledge to become better organised and understand when a project may be falling behind schedule. However, even with this in place, the plan was not referenced as often as it could have been. In future, this would be a beneficial practice to improve upon.
[bookmark: _Toc7545824]Order of Implementation
During the implementation, the tools used to measure the efficiency of a 3D scene, the frame time measurement, was one of the last things developed. Had this feature been one of the earliest completed, it may have helped to identify issues with other features earlier, allowing for a much better final implementation.
Additionally, usage of the profiling tools in Visual Studio would allow for an external measurement of the time spent in specific functions, allowing for an early and accurate look at the processing time required by certain features. Correct usage of measurement tools has been made clear through the failings of the implementation produced for the project, and future development projects should keep this in mind to help bring the quality above and beyond what the author is currently capable of.
[bookmark: _Toc7545825]Usage of New Hardware
Towards the end of the time spent on this project, some time was spent with a PlayStation 4 development kit, in order to assess if there was time to port the implementation over to some form of virtual reality hardware. While time constraints prevented that outcome, the knowledge gained from trying to understand the PlayStation 4’s hardware and software will no doubt prove invaluable when developing projects in the future.
[bookmark: _Toc7545826]Communication
Throughout this project, feedback was not frequently provided to the assigned supervisor. While the feedback that was provided was enough to show progress on the project, updates were too few and too infrequent. It is possible that with more feedback and updates provided to the supervisor, certain problems with the implementation could have been identified earlier. In future supervised projects, this would be incredibly beneficial to keep in mind.
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Table 4.1 Results for Funkhouser and Séquin’s evaluation of four different
LOD models, including their own predictive fixed-frame rate system.

Compute Time (s) Frame Time (s)
LOD Algorithm Mean  Max Mean Max  Std Dev
No LOD 000 0.00 043 099 0305
Distance LOD only  0.00 001 011 020 0.048
Reactive System 000 001 010 016 0.026

Predictive System  0.01  0.03 010 013 0.008





image6.png
benefit(W, S(r))
Subject to:
cost (W, S(r) < TargetFrameTime




image7.png
benefit(W,S(r)) = Emm,,(s,w; * focus(S;, W) * semantics(S;) * accuracy(S;, r;,)




image8.png
cost(W, S(0) = T 4 TF! 4 37 T/ 4 =




image9.png
[ This £ile uses cemtimeters as units for non-parametric

i
i

seound:pCunel
Gotmed sround:snteialShadingszons
17172727272 37473
a/s/3 21203 31305
37815 378 5107
/el arale a5/
s/e/s er5/20 /511
/813 €500 877722
77813 877718 1720015
1015 /7728 3/s/1e
272117 81118 as3n18
2375 a/11/10 €/12/20




image10.png
® ¢ CREEENS - = =

DO joran

212

B oAm oz o B




image11.png




image12.png




image1.jpeg
M Prifysgol Cymru
% Y Drindod Dewi Sant
% University of Wales
Trinity Saint David





image2.png
> Benefit(0, L, R)
5

Subject to:

Y Cost(O, L, R) < TargetFrameTime
g




image3.png
CiPoly(0, 1) + Gy Vert (0, L)

Cost(0, L, R) = max l CyPix(0)




image4.png
Benefit(0, L, R) = Size(0) * Accuracy(O, L, R) * Importance(O)
+ Focus(0) + Motion(0)  Hysteresis(O, L, R)




