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Between the 1970s and 1980s, videogames were restricted to an 8-bit aesthetic due to console graphics hardware limitations (Wolf, 2008). Graphics hardware improved gradually over the years; games were developed in 16-bit, 32-bit, 64-bit, until bit-size became an obsolete measurement of graphical capabilities. Contemporary game engines can now utilise graphic cards to generate near realistic-looking 3D environments. Whilst there is a continuous movement in the gaming community that fixate on achieving realistic graphics, others favour aesthetic and style (Hayward, 2005). 
Aesthetics are known as the set of principles underlying the work of an artist or artistic movement (Oxford Dictionaries | English, n.d.). 8-bit was once the result of graphical limitation, but now many developers use bit-size to create a deliberate pixelated aesthetic for their game. Another commonly used aesthetic is Cel-Shading, which makes 3D environments appear flat and cartoon-like (Kinkley, 2014). 
Aesthetic in games, whether it be stylised, realistic, or abstract, is a creative decision made by artists to influence the tone of a videogame. Presumably, videogames that have a cartoon-stylised aesthetic appear more appealing to younger audiences, whereas videogames with a realistic aesthetic attract older audiences. However, research suggests this is not always the case (Keo, 2017). From a creative standpoint, it would be beneficial for designers and artists to consider the lengths to which aesthetics may impact the tone of a videogame. From a technical standpoint, it is beneficial to understand the theory behind aesthetic-construction within videogames so that developers can realistically aim towards developing a specific look for their game.
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All contemporary game engines utilise the Graphics Processing Unit (GPU) to create graphics. Researchers at UC Davis state the following,” The graphics processing unit (GPU) has become an integral part of today’s mainstream computing systems… there has been a marked increase in the performance and capabilities of GPUs. The modern GPU is not only a powerful graphics engine but also a highly-parallel programmable processor featuring peak arithmetic and memory bandwidth that substantially outpaces its CPU counterpart. The GPU’s rapid increase in both programmability and capability has spawned a research community that has successfully mapped a broad range of computationally demanding, complex problems to the GPU.”  (Owens et al., 2008). From a research perspective, any problems related to GPU computation is significant to computer science research communities. From a technical artist’s perspective, understanding how to utilise and measure GPU performance is an important step in creating game aesthetics that can perform at a reasonable frame-rate across multiple platforms i.e. computers and games consoles.
Unreal Engine 4 is a versatile game engine that allows artists to utilise post-process effects to tweak the overall look and feel of a scene. Post-processing is where filters and effects are applied to the game camera’s image buffer before drawing the frame on screen (Laukkanen, 2018). These features can be accessed by adding a post-process volume into the scene. Within a post-process volume, artists can use post-processing materials to create certain aesthetics, the most common of which is cel-shading (or toon-shading). Constructing post-process materials is a technical process that requires an understanding of expressions and UVs within the material editor of Unreal 4 (Docs.unrealengine.com, 2017). Exploring the tonal impact of these post-process effects could influence the creative and technical decision-making in game development. However, the costs of post-process materials will likely vary. It would be interesting to see how different post-processing materials affect performance, and how games handle post-process effects being stacked on top of each other. 
In game engines, assets such as 3d objects, textures, scripts, etc., must be built in way that maintains a good level of performance and a high frame-rate. For example, VR developers must have their game projects running at above 90 frames per second, or else the user is likely to experience disorientation, nausea, and other negative effects (IrisVR, 2018). Performance drops will occur when adding almost anything to game project. However, the impact on performance can be drastically reduced when the game undergoes a process known as optimisation. 
Eric Preisz, course director for optimization at Full Sail Real World, splits videogame optimisation into 3 levels, “There are three levels of VGO [videogame optimisation], the system level, the application level, and the micro level. The system level of optimization is where we as programmers examine our architecture and compare it to our system specs. System level questions include: “How many cores do we support?”, or “Do we require a minimum level of shader support?”. The application level of optimization is usually implemented at the class level. Examples include quad trees, occlusion culling, and instancing. Micro level optimizations, the most tangible and arguable level, are easily recognized since they exist within the domain of several, or single, lines of code” (Preisz, 2007). By this definition, system level optimisation measures how the game engine performs on a computer’s hardware. This is important when developing games for a range of computers with different graphical capabilities. The application level of optimisation is important for identifying GPU bottlenecks i.e. things in the game that hugely cut down the frames per second, which is caused by geometry, lighting, post-processing, textures, skeletal meshes, and so on. Micro level optimisation looks at altering lines of code within the game engine, which goes beyond the scope of this proposal.
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Measuring performance of computer software/ hardware is a very specific procedure, and typically involves measuring changes in performance when modifications have been made to software and/ or hardware. Lazowska et al. developed a methodology in 1984 for gathering quantitative data on system performance called the ‘Modelling Cycle’. The Modelling Cycle comprises of 3 phases, validation, projection, and verification.
To put in simpler terms, the validation phase involves gathering performance data with no modifications, the projection phase involves theorising how a modification will impact performance, and the verification phase involves comparing the theorised performance change with the actual change in performance of the modified system. (Lazowska et al., 1984, pp. 24 -26)
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Figure 1, The Modelling Cycle: Case Study 2, System 2, (Lazowska et al. 1984, P.26).
Within Unreal 4, ‘The GPU Visualizer’ is used to measure the performance of a single frame in a scene (Świerad, 2017). The GPU visualizer measures in milliseconds the time it takes for ‘render passes’ to draw a scene. Świerad explains that: ‘A pass is a set of draw calls… executed on the GPU. They are grouped together by the function they have in the pipeline, like rendering transparent meshes or doing post processing. This organization is done for convenience and to ensure proper order of execution - as some passes may need the output of a previous pass’ (Świerad, 2018). In other words, a render pass is rendering a group of things that share the same function. Several render passes are required to draw a scene for each frame in Unreal 4. Performance issues can be identified by examining the cost of each render pass i.e. the number of milliseconds to complete the render pass.
The Modelling Cycle is a suitable methodology for gathering quantitative data in graphics performance within a game engine. Using Unreal 4’s GPU Visualizer, the base cost of post-processing can be compared to the modified post-processing, and those changes can be measured in milliseconds. By analysing such data, it can be determined whether the modified post-processing is a cost-effective way in achieving certain aesthetics and visual effects in games.
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The test will measure the performance of 3 different Post-Process materials using the GPU Visualiser. Performance in the GPU Visualiser is measured by determining the number of milliseconds post-processing takes to draw a frame. The number of milliseconds should vary between post-process materials. The post-process materials to be measured are Pixilation, Cel-Shading, and Depth-Fade. Each will be measured individually, and then combined for a final measure to see how post-process materials perform when stacked. The extra performance cost on the post-processing render pass will be calculated for each material. The test will be conducted on a computer with the following specs: Intel Core i7-6700 CPU @ 3.40GHz, 16.00 RAM, NVIDIA GeForce GTX 980 Ti.
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	Post-Process Material
	Duration (milliseconds)
	Percentage Increase on Post-Processing Render Pass (%)

	Pixilation
	0.00
	0%

	Cel-Shading
	0.00
	0%

	Depth-Fade
	0.00
	0%

	Combined (Pixilation, Cel-Shading, Depth-Fade)
	0.00
	0%



Test Pipeline and Results Table Example
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It can be assumed that the results will depict different graphical costs for each post-process material. The second assumption is that stacking the post-process materials will gradually reduce the frames per second. The third assumption is that the pixilation and cel-shading material will produce graphical errors when stacked. The test will indicate whether it is performant to stack post-process materials. It will also indicate whether there is any significant difference in performance between these post-process materials. 
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The objective of this proposal is to give game developers an idea of how performant it is to use post-processing to create aesthetics. The second objective is to explore how performance issues are identified and optimised within Unreal 4. To gain a better idea of which post-processing materials are performant, three different materials are created, then measured using Unreal 4’s GPU visualizer, and compared following Lazowska et al’s Modelling Cycle methodology. 
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perf. workload | original | original | modified | modified
measure | component | system | model | model | system
graphics 76% 740 4% 2%
CPU wiil batch 11% 0% | 13% 13%
total §Th 34% £ 85%

resp time | graphics | 5.2secs | 48secs | S0secs. | 5.6 secs.
Cput batch 28/hr._ | 27/ | 35/ 30/hr.

Table 2.2 — The Modelling Cycle: Case Study 2, System 2





