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1. [bookmark: _Toc229143193]Introduction 
Raytracing refers to an application of the ray casting process; Where initially this referred to a ray being fired from a location to determine what objects are in a particular direction, ray tracing instead uses rays “to determine the light transport between various scene elements” [1]. These rays are cast from a view camera through a pixel grid (2D viewing plane) out onto a 3D scene, and on contact with an object, are traced back to the light source. By interacting with different objects in the scene, depending on their properties, like how much light touches the object, the direction of light touching the object, the object’s surface properties, and the position relative to the observer, raytracing can accurately simulate effects like reflection, refraction, and absorption [2]. In this way, raytracing mimics the real-world behaviour of light for the sake of greater physical accuracy, allowing for the rendering of highly realistic graphics. “In gaming and virtual environments, more accurate simulation of complex physical behaviours and interactions is used to create more immersive environments and experiences. However, this need not be limited solely to light-based rendering. As ray tracing is based on the interactions and physical properties of light, these same properties of reflection, refraction and absorption can be applied to simulate other environmental factors, such as those for sound. By focusing on achieving greater accuracy for sound simulation in gaming, more realistic and immersive experiences can be created, resulting in more enjoyable experiences for the end user” [3].

To this end, one must also understand how sound is implemented in games. Typically, immersive sound is synonymous with spatial audio, which aims to replicate or synthesise a complete and realistic acoustic environment, using techniques and technologies like binaural recording (where audio is recorded from two sources, designed to replicate the human experience of sounds in two ears) and stereo speakers for playback (audio is separated into two distinct left and right channels) [4]. This is extended to binaural rendering, where 3D spatial audio is simulated over headphones to mimic natural human hearing (Head Related Transfer Function), using dual-microphone setups for recording (a dummy head recording), with sound propagation relegated to specialised audio engines during implementation [5]. These implementations however are often abstracted or simplified to only seem stereophonic, with industry methods (such as room-based audio rendering) for acoustic modelling not accounting for the full range of acoustic phenomena [6]. 
This is what raytraced audio would address; This project seeks to apply raytracing methods and methodologies as proof-of-concept towards the simulation of acoustic phenomena in virtual environments, implemented as a visualisation-based solution. A full acoustically-aligned implementation would be ideal, but sound engineering is somewhat beyond personal capability, and is thus separated with regards to scope, instead focusing on using preexisting ray tracing methodologies to implement a potential simulation and solution. 
Thus, this project aims to:
· Design and develop a raytracing algorithm for the sake of modelling sound instead of light, accounting for additional acoustic phenomena such as occlusion and reverberation.
· Implement and integrate this algorithm into a 3D virtual environment, rendering sound as abstracted “rays,” using a graphics API such as OpenGL or Vulkan.
· Optimise the implementation such that it can perform seamlessly on its own at a stable 60 frames per second.
These aims can be tentatively accomplished through the following objectives:
· Investigate any potential additional acoustic phenomena, such as varying ray travel times for low or high frequency sound.
· Construct a raytracing algorithm with OpenGL or Vulkan capable of visualising sound as rays in a 3D virtual environment, using light-based implementations as a basis for a sound-based implementation.
· Integrate this raytracing algorithm into a simple 3D virtual environment, including at minimum a player, an object, and a non-symmetrical room.
· Expand on the raytracing algorithm to include occlusion and reverberation as factors influencing ray propagation and decay.
· Benchmark the full implementation to function at a stable 60 frames per second, at a maximum resolution of 1920x1080 pixels (1080p).
· Compare the finished proof-of-concept to an industry standard raytracing implementation, with considerations towards individual model performances on different hardware where possible, using metrics like average FPS and GPU memory usage (expressed as a percentage).
· Document results from individual benchmarks as graphs for simple visual comparison between implementations.
This report is structured in such a way where first, research and background material will be covered, which will help inform the development methodology, which in turn affects the design and implementation (including testing where appropriate). Following this, the implementation will be evaluated, and the report will be concluded with additional reflection. 



2. [bookmark: _Toc229143194]Research & Literature Review 
This literature review is designed to explore common methods of sound simulation in virtual environments, with a particular focus on wave-based methods and geometrical acoustics. The following subsections are divided into separate sources, starting with SonoTraceLab for an acoustic modelling system, development on acoustic simulation, an example of raytraced audio with an additional public demo, a study on a combined wave-based approach for sound propagation in virtual environments, a study on 3D interpolation in wave-based acoustic simulation, the modelling of complex geometries and boundary conditions in Finite Difference/Finite Volume Time Domain room acoustics simulation, a comparative study through visualisation between wave-based methods and geometric acoustics, a survey on sound synthesis, propagation and rendering, a brief look into the effects of geometrical acoustics model simplification on binaural reverberation, concluded with a summary of key points and any identified knowledge gaps.
2.1. [bookmark: _Toc229143195]SonoTraceLab – A Raytracing-Based Acoustic Modelling System for Simulating Echolocation Behaviour of Bats
· Jansen and Steckel [7].
· Study of echolocation, looking into the “underlying perception mechanisms…of the reflected signals that the bat perceives”
· Studies focused on the above through ensonification experiments yield informative results, but at a large time cost
· Developed SonoTraceLab, “an open-source software package for simulating both technical as well as biological sonar systems in complex scenes”  seeking to address the time costs and material complexity in performing real-world experiments
· Software “allows the simulation of both technical as well as biological sonar sensor systems using straightforward object meshes”
· Important: Solved Helmholtz equation via two methods: raytracing for specular reflections, and “Monte Carlo approximation using importance sampling over mesh curvature for the diffraction echoes”
· SonoTraceLab exists to address the time costs in echolocation studies through simulation – the paper provides several “validation experimentations…in simulating relevant biological cues present in real-world echolocation scenarios”. It is not intended to entirely replace real-world studies, and suggests in the conclusion that these can be performed to validate any simulation results. Ultimately, it exists to quickly iterate over many different hypotheses.
· Important: SonoTraceLab only approximates the solution of the Helmholtz equation, and thus “will never replace a real partial differential equation solver”.
· Additionally, SonoTraceLab cannot easily perform large-scale raytracing simulations (with tens of millions of rays). The paper suggests utilising the NVIDIA OptiX raytracing library as potential optimisation and improvement.
Above is a good summary. To improve, incorporate some quantitative evidence towards the decrease in time and material costs. Afterwards, analyse the methodology and critique.
Good point of critique: because Sono is intended to reduce the time costs, the Helmholtz equation is not fully solved; it is only estimated using the Monte Carlo approximation. It explicitly avoids solving the equation using FEM or BEM approaches. While this is by design to reduce scaling problems in computational complexity, it nevertheless sacrifices fully realistic approximations of echolocation. An argument can be made that full solutions to the equation are not fully necessary in ray acoustics, and thus by extension in this project, but this could be another gap worth exploring.
Additionally, how is this paper relevant to the project? And finally, what gaps exist to be covered? Make that absolutely clear. 
2.2. [bookmark: _Toc229143196]Specular Path Generation and Near-Reflective Diffraction in Interactive Acoustic Simulations
· Pisha and Yadegari [8]. 
· Study seeks to address physical inaccuracies in approximating acoustic reflection within simulations.
· Notes that existing methods for accurate results are “too slow to be used in most interactive applications with dynamic scenes” – Link to games!
· Proposes “a method for reflections modelling called spatially sampled near-reflective diffraction (SSNRD)”
· SSNRD is “based on an existing approximate diffraction model, Volumetric Diffraction and Transmission (VDaT)”
· Produces results “accurate to within 1-2dB [with a DNN] on average compared to edge diffraction, and is fast enough to generate thousands of paths in a few milliseconds in large scenes”
· The generation speed is thanks in part to NVIDIA’s RT core, used for radius search and computing mesh connectivity, in addition to raytracing.
· SSNRD is “able to smoothly fade the magnitude response of reflection paths as they cross edges, take into account the size and shape of nearby geometry at a reflection point, and distinguish polygonal meshes representing smooth surfaces from those representing real edges”
· The model itself achieves the above by “encompassing scene geometry processing, path trajectory generation, spatial sampling for diffraction modelling, and a small deep neural network (DNN) to produce the final response of each path” (where the DNN approximates ground-truth edge diffraction results).
Relevant to project as the study is estimating acoustic reflection in simulated environments/applications. The project is trying to do just that, albeit with less of a focus on physical accuracy, and more of a general “can the same methodology and school of thought be applied to sound, rather than just light as is more typical of raytracing in games?”.
Same advice as SonoTraceLab applies here: provide some more data to prove the bulletpoint staements above. The 1-2dB average accuracy result is a good start, but the more the merrier. Finally, analyse the methodology, critique, identify any gaps.
2.3. [bookmark: _Toc229143197]Vercidium Audio
· Vercidium [9].
· Developed a raytraced audio SDK.
· Advertises itself as “a high performance raytracing solution for every game”.
· Focuses on occlusion (muffle sounds in real time) and reverb (accurate echo simulation with various materials), with extra considerations towards SDK accessibility (3D audio visualisation and in-depth customisation) and performance (Innovative event-based raytracing system).
· Occlusion – “Thousands of audio rays originate from the player and collide against a low-poly version of the world. Sounds are muffled based on the amount (and length) of rays that reach them. Rays are cast in real time, meaning sounds will automatically become clear/muffled when the player moves around, or when the environment changes.”
· Support for cubes, prisms, spheres, cylinders, cones, triangles, planes, and meshes
· Ray travel time – “instantly traverse large distances, meaning both open-world and indoor environments are a perfect fit for raytraced audio”.
· Reverb – “Audio rays bounce around the environment before returning back to the player. These rays lose energy based on the types of surfaces they hit (wood, metal, grass, etc). The total energy returning to the player, as well as the elapsed time, are two of many statistics used to produce echo that matches the environment. Returning rays are also occluded by primitives.”
· Includes echograms – “provide realistic echo responses”
· “Environmental and material statistics are also used to determine the final reverb sound.”
· “Each material has low-frequency and high-frequency absorption and scattering properties” – site makes note of energy LF, energy HF, diffusion, decay time, decay LF, and decay HF. LF denoted around 300Hz, HF denoted around 4000Hz.
· “Reverb properties are calculated using environmental data” – Making note of room size, energy, outside factor, scattering, echo time, and diffusion. “Outside” in this instance exists to blend between indoor and outdoor environments, based on how many rays escape the bounds of an area [10].
· Platforms – the SDK is intented to be available in many forms, with game engine plugins handling the heavy lifting for simple implementations, and cross-platform APKs providing low-level APIs for experts. Site makes note of Godot and Unreal as plugins for ease-of-integration, and C# and C SDKs for maximum performance.
· Also a focus on accessibility; Vercidium Audio uses raytracing “to visualise audio for deaf players, rendering shapes or icons where rays bounce, allowing 3D audio to be painted directly onto the game world.” The site provides some example shapes/icons for different types of sound, such as those originating from danger, from allies, warnings, and information.
· The SDK provides performance tweaks vis-à-vis custom ray amounts, custom bounce amounts, custom materials (reflective/absorbant, smooth/rough), and even custom occlusion and reverb formulas.
· Notably, this does not run on the GPU – claiming high performance, “Vercidium Audio uses an innovative raytracing algorithm that runs on background threads on the CPU. Smart caching systems and event-based updates ensure that rays are only cast when they need to be.” However, higher ray counts can be achieved by dedicating more threads to audio raytracing, or by using OpenGL compute shaders. Essentially the graphics pipeline is sidestepped in favour of background threads on the CPU, with output sent to the user’s headphones.
· The SDK allows for complex simulations of realistic acoustic phenomena in virtual environments, with extra attention given towards echo, weather, and permeation effects.
· While not in the scope of this project, the extra accessibility for deaf users from ray visualisation is worth consideration in future studies.
· “The raytracing is performed against a voxel grid, which is much faster to raytrace against than triangulated models. The size of the voxels can also be increased to make it run even faster.” A demo is shown off using the metric of rays per second, reaching approximately 280000 rays per second at worst as shown, displaying a proportional relationship between voxel grid size and rays per second. 
Some extra considerations  Why not use the GPU to render the audio, integrating the SDK into the preexisting classical graphics pipeline? OpenGL compute shaders can be used for this purpose, but some stress testing of both implementations would be wise. Vercidium notes in his first look at video, “One reason this runs on the CPU - and not a compute shader on the GPU - is because Raytraced Audio doesn't need many rays. These demos use 1000 rays, whereas raytraced graphics needs to cast one ray per pixel. On a 1920x1080px screen, that's 2 million rays per frame” [10].
Additionally, the SDK assumes the end user is using headphones – what about alternate stereo setups, like speakers? 
Also note, Vercidium Audio relies on a voxel grid – unclear how this applies to more standard mesh setups. Are voxel grids generated based on meshes? Does this have a notable effect on performance as the environment dynamically changes, like with destructibles? Again, from video: “The voxel-ised version of the world will support rotated models, so that they will match the angle of the ground/walls/etc and correctly reflect sounds. Since this Raytraced Audio system was built for Sector's Edge - a voxel game - I didn't need to consider rotated models until now. I have some pretty cool ideas to keep the raytracing super-fast, even though everything isn't constrained to the one voxel grid” [10]. 
Not yet implemented in the SDK is diffraction – “the deviation of waves from straight-line propagation due to an obstacle or through an aperture, without any change in their energy” [11]. 
This also brings up the potential necessity to shortlist sound wave behaviours for future implementation, such as reflection, transmission, absorption, attenuation, etc.
Access to Vercidium Audio is potentially difficult, locked behind a waitlist on the Vercidium website. However, a very recent interactive demo for raytraced audio has been released! Good point of reference, could even be the building on Vercidium Audio section. Take a look at the different metrics, see if that can inform this project. Look for forest folder.
2.4. [bookmark: _Toc229143198]Vercidium Audio “forest” Case Study
· Vercidium [12].
· Vercidium recently released an interactive demo of their raytraced audio system.
· Runs on Windows, potentially on Linux via Wine or Proton. Requires OpenGL support, thus Mac functionality is unclear (deprecated).
· Third-person demo allowing for various benchmarks, notably main thread time, preparation time, raytracing time (collated across multiple threads), and analysis time (measured in ms).
[bookmark: _Toc228121137][image: ]Figure 1 - Screenshot of "forest" demo showcasing benchmarks
· Settings menu allows for tweaking of numerous ray and bounce settings, as well as test of audio visualisation system (currently limited).
[bookmark: _Toc228121138][image: ]Figure 2 - Screenshot of "forest" demo showcasing ray and bounce settings
· Issue with ambient sound – “The ambient sound files are only 4 channel (left/forward/right/back) so they don't have any vertical directionality” [13]. Cannot say with absolute certainty that the demo fully addresses the 3D aspect of ray emittance. 
Eggs! May need more details. Unsure tbh.
2.5. [bookmark: _Toc229143199]WAVE: Interactive Wave-based Sound Propagation for Virtual Environments
· Ravish Mehra, Atul Rungta, Abhinav Golas, Ming Lin, and Dinesh Manocha [14].
· They “present an interactive wave-based sound propagation system that generates accurate, realistic sound in virtual environments for dynamic (moving) sources and listeners,” titled WAVE (Wave-based Acoustics for Virtual Environments)
· Introduces “a novel algorithm to accurately solve the wave equation for dynamic sources and listeners using a combination of precomputation techniques and GPU-based runtime evaluation”
· Can “handle large environments typically used in VR applications, compute spatial sound corresponding to listener’s motion (including head tracking) and handle both omnidirectional and directional sources, all at interactive rates”
· Proposed algorithm delivers “significant improvement in runtime memory”
· Creates both a sound propagation and rendering system, “integrated with the Half-Life 2 game engine, Oculus-Rift head-mounted display, and the Xbox game controller to enable users to experience high-quality acoustic effects (e.g., amplification, diffraction low-passing, high-order scattering) and spatial audio, based on their interactions in the VR application.”
· Bases project success by comparison with other wave-based methods in set scenes, citing benefits to runtime memory:
[bookmark: _Toc228121955][image: ]Table 1 - Runtime memory requirements for sound propagation for dynamic sources using the sampling-based approach by Raghuvanshi et al. and Mehra et al., and the WAVE system at maximum simulation frequency νmax = 1018Hz [14].
· Notably, the article also cites improvements to user task performance through this wave-based system as apposed to more typical geometric sound simulation systems (based on user evaluation results)
[bookmark: _Toc228121956][image: ]Table 2 - Average task completion times and standard deviations of subjects' navigations for acoustic system, WAVE system (without spatial sound) and WAVE system (with spatial sound) [14].
· “In future work, we would like to explore perceptually-driven compression schemes to further reduce the memory requirements” – Runtime overhead increases with maximum simulation frequencies, requiring GBs of memory.
· Another future consideration – combining the WAVE system with hybrid propagation methods
· “Preliminary evaluation of wave-based vs. geometric simulation systems only demonstrates quantitative benefits in a single scenario” 
Could add more detail at this stage, but considering I wanna add a few more studies from my desktop, well,, Mightn’t have enough space. We’ll come back to this on the rewrite.
Something to note: “Most interactive wave-based techniques can handle either dynamic sources or dynamic listeners but not both simultaneously”. Could be something worth following up on.
2.6. [bookmark: _Toc229143200]3D Interpolation in Wave-Based Acoustic Simulation
· Stefan Bilbao [15].
· “In this short contribution, it is shown that highly accurate optimised designs are available if particular features of acoustic wave propagation and numerical scheme design are incorporated: performance can be tuned to an acoustic wavenumber range of interest, taking into account numerical dispersion artefacts, and the interdependence of the solution to the acoustic wave equation at neighbouring time steps can be further exploited, leading to extremely compact locally-defined interpolation designs.”
· “Numerical dispersion has been assumed confined outside a scheme-dependent confidence range of wavenumber, and is not employed in the optimisation (though it possible to do so through insertion of the numerical dispersion relation (5) into (22). When multilevel interpolants are employed, the spatial “footprint” of the interpolant can be made extremely small—a desirable attribute in wave-based acoustics.”
· “The optimisation requires an initial solution of a linear system (similar to the case of polynomial interpolants), and there is thus an additional fixed cost relative to, e.g., windowed sinc interpolants. However, once the interpolant is designed, there is no additional computational cost in the run-time loop.”
Look I’ll be real I don’t fully get what’s going on with this one, it’s super complex, and I’m having a tough time understanding it at all. I’m including it for its mention of the FDTD method, but it seems more focused on interpolation in a number of different scenarios? Need to read carefully – potentially out of scope.
2.7. [bookmark: _Toc229143201]Modeling of Complex Geometries and Boundary Conditions in Finite Difference/Finite Volume Time Domain Room Acoustics Simulation
· Stefan Bilbao [16].
· “…Room acoustics simulation in 3D using time stepping schemes is becoming a viable alternative to standard methods based on ray tracing and the image source method. Finite Difference Time Domain (FDTD) methods, operating over regular grids, are perhaps the best known among such methods, which simulate the acoustic field in its entirety over the problem domain.”
· “In a realistic room acoustics setting, working over a regular grid is attractive from a computational standpoint, but is complicated by geometrical considerations, particularly when the geometry does not conform neatly to the grid, and those of boundary conditions which emulate the properties of real wall materials.” To consider, a virtual environment often takes either creative liberties, or makes simplifications and abstractions in order to make optimisations. While the above study considers realistic room acoustics settings, the results must be considered in non-realistic environments as well, making particular note of, say, vertex count as optimisation towards geometrical considerations.
· “Both such features may be dealt with through an appeal to methods operating over unstructured grids, such as finite volume methods, which reduce to FDTD when employed over regular grids. Through numerical energy analysis, such methods lead to direct stability conditions for complex problems, including convenient geometrical conditions at irregular boundaries.”
2.8. [bookmark: _Toc229143202]Comparative Visualization for Wave-based and Geometric Acoustics
· Eduard Deines, Martin Bertram, Jan Mohring, Jevgenij Jegorovs, Frank Michel, Hans Hagen, and Gregory M. Nielson [17].
· Presents “a comparative visualization of the acoustic simulation results obtained by two different approaches that were combined into a single simulation algorithm.”
· “The first method solves the wave equation on a volume grid based on finite elements.” 
· The second method – phonon tracing – is a geometric approach previously developed by the selfsame authors for “interactive simulation, visualization and modeling of room acoustics.”
· “Geometric approaches of this kind are more efficient than FEM in the high and medium frequency range.” This is in line with other studies in the literature review, which claim similar.
· “For low frequencies they fail to represent diffraction, which on the other hand can be simulated properly by means of FEM,” however other methods such as boundary-elements for scalar wave equations can also be explored.
· “When combining both methods [the researchers] need to calibrate [the methods] properly and estimate in which frequency range they provide comparable results. For this purpose, [they] use an acoustic metric called gain and display the resulting error.” 
· Furthermore, interference patterns are visualised, as “these depend not only on diffraction, but also exhibit phase-dependent amplification and neutralization effects.”
2.9. [bookmark: _Toc229143203]Sound Synthesis, Propagation, and Rendering: A Survey
· Shiguang Liu and Dinesh Manocha [18].
· “This paper gives a broad overview of research works on sound simulation in virtual reality, games, etc. We first survey various sound synthesis methods, including harmonic synthesis, texture synthesis, spectral analysis, and physics-based synthesis. Then, we summarize popular sound propagation techniques, namely wave-based methods, geometric-based methods, and hybrid methods. Next, the sound rendering methods are reviewed. We also highlight some recent methods that use machine learning techniques for synthesis, propagation, and some inverse problems.”
· WIP
2.10. [bookmark: _Toc229143204]Effects of Geometrical Acoustics Model Simplification on Binaural Reverberation
· Vincent Martin, Isaac Engel, and Lorenzo Picinali [19].
· “While comprehensive modeling approaches can account for all aspects of an acoustic environment, they often incur high computational cost that may be perceptually unnecessary. Therefore, finding a trade-off between perceptual authenticity and model complexity becomes a relevant challenge.”
· To address this, the study “investigates such compromise through the use of geometrical acoustics to render Ambisonics-based binaural reverberation.”
· “The accuracy of the rendering is determined, among other factors, by its fidelity to the room’s geometry and to the acoustic properties of its materials. In particular, the model fidelity is varied by simplifying the room geometry and frequency resolution of the absorption coefficients”
· “Several decimated models based on a single room were perceptually evaluated using a multi-stimulus comparison method. Additionally, these differences were numerically assessed through the comparison of acoustic parameters of the rendered reverberation. According to numerical and perceptual evaluations, lowering the frequency resolution of absorption coefficients can have a significant impact on the perception of reverberation, while a smaller impact was observed when decimating the geometry of the model.”
· WIP
2.11. [bookmark: _Toc229143205]Conclusions and Summary of Key Points
Eggs!
· Summarise differences between wave-based FEM/BEM methods and geometrical acoustics. That’s probably the most important one here. Geometric acoustics cover raytraced methods (good at high frequencies, can handle large environments, and both dynamic sources and listeners), while wave-based methods allow for modelling wave effects like diffraction and interference at all frequencies at arguably higher accuracies [14] [20] [21].
· Worth mentioning that for physical accuracy, wave-based methods are better
· Assuming I can’t fit in the above formatting (i.e., wave based methods overview, Helmholtz equation (frequency domain), scalar wave equation (time domain), finite element methods, boundary element methods, hybrid FEM-BEM methods, geometrical acoustics and hybrid approaches combining wave-based simulations and raytracing), I’ll want to fit in as much detail here as possible, noting what they are, what they do, etc. Brief detail, will have to be based on whatever articles and such I can fit in the lit review.
· Also worth covering some of how sound is modelled visually, e.g. with SonoTraceLab vs Vercidium
· Conclusions though? Unsure. Above studies are greatly focused on accuracy, and thus greatly favour use of wave-based methods. A few studies covering geometrical acoustics note their limitations on a frequency basis, and thus there is a potential knowledge gap towards both the accuracy with parity towards sound abstraction in virtual environments (i.e., only considering a limited number of physical phenomena, or only considering set frequencies modelled within an acceptable range, e.g. following average human hearing range (20-20k Hz)), as well as considerations towards system efficiency, i.e., following an active game environment.
· Update 1/5: Cutting myself off on papers to include. Means I’ve not found something for: hybrid approaches combining wave-based simulations and raytracing, Helmholtz equation (frequency domain), possibly other bits? The survey sort of covers most approaches as general, so that kind of covers my bases? But worst case, the hybrid methods subheading is the most lacklustre.



3. [bookmark: _Toc229143206]Development Methodology 
This section needs:
· A chosen software development methodology, named and justified (e.g. Agile, Waterfall, Scrum, etc.)
· Advantages of chosen methodology explained in the context of this project
· Disadvantages and how these are/were addressed
· Languages and frameworks, chosen and justified
· Any required hardware, chosen and justified
· Tools and libraries, chosen and justified
Biggest difference between software development methodologies is whether the phases are sequential or iterative. Sequential methodologies rely on detailed project requirements/planning and clear project scope to create a predictable timeline. Ideally this would be complimented with detailed documentation. Could follow waterfall, v-model, rapid application development, spiral, or incremental. Iterative (agile) methodologies allow for quick deliverables and adjustments to project requirements. Examples include scrum, kanban, scrumban, scrum of scrums, large scale scrum, scaled agile framework, etcetera. Ideally this project would’ve benefitted from a more iterative approach, using a cyclic development life cycle over short periods to create iterative solutions to raytraced audio (e.g., starting simple, using ray casting to intersect with an object which would then play a sound, then building from there). However, if the requirements are established early, then maybe sequential methodologies could work?
ABOVE NOTES BASED ON: https://www.itransition.com/software-development/methodologies
As for languages and frameworks, I am most proficient in C++, thus I will be using that. Additionally, most graphics APIs are programmed and implemented in C++ regardless, so implementation is somewhat streamlined.
Hardware is easy, do not need anything too complex. More rays would technically equal more physical accuracy, thus requiring a semi-modern GPU (remember, not skipping the graphics pipeline like Vercidium does (CPU direct to headphones)), but in all honesty, my laptop can handle a simple simulation (player object, sound source, non-symmetrical room). A good goal would be 1000 rays cast and traced (again, referencing Vercidium). Still though, my laptop struggled with Vercidium’s raytraced audio demo… Said demo does include a fair bit more extant material than what I plan to include, which likely affects my system more than necessary, but just in case the project solution is slow, I can use either my home PC (fairly modern CPU and GPU), or the university PCs.
Tools and libraries… Are a bit more of a complex problem. Visual Studio 2022 is most familiar, so will likely use that, but beyond that, unsure. The IDE does not matter too much, as long as it can support C++ and OpenGL (or whichever graphics API of choice). On that note, worth looking into other graphics APIs? Vulkan was a potential contender for some time, though others do exist, like NVIDIA’s OptiX API. Considering time requirements in research, familiarisation and implementation however, use of Vulkan would likely be better for future work.
Worth looking into:
· NVIDIA OptiX  https://developer.nvidia.com/rtx/ray-tracing/optix
· Raycasting (in general)
· Meta XR audio SDK
· Steam audio API/SDK
· Google resonance
· Wwise (audiokinetic)
· Acoustic-Raytracing Github: Cindytb/acoustic-raytracing
· Lib_raytrace by github: valschmidt
· Vulkan Ray Tracing Extensions (VK_KHR_ray_tracing and VK_NV_ray_tracing). NVIDIA provides comprehensive tutorials at nvpro-samples including vk_raytracing_tutorial_KHR.



4. [bookmark: _Toc229143207]Design & Implementation 
This section will cover specific implementation requirements, preliminary design, and coverage and development of the implementation itself.
4.1. [bookmark: _Toc229143208]Requirements
This section needs:
· Project requirements identified and documented
· Method of requirements elicitation described
· Requirements specification included (in appendix if detailed)

· Take from the aims and objectives to inform the requirements.
· Also take from the literature review, citing any identified knowledge gaps.
· Assuming specific formatting, look into requirements specifications.
4.2. [bookmark: _Toc229143209]Design
This section needs:
· System models included where relevant (e.g. UML use case, class, ER, BPMD diagrams)
· Interface designs included (e.g. wireframes, storyboards, prototypes)
· Design decisions explained and justified, not just listed
· Explanation of why a particular design approach was chosen over alternatives
· Algorithms and data structures described where relevant
Look into:
· DrawIO (wireframes)

· Explanations for design approaches can be informed from the chosen development methodology. Beyond that though, cite relevant APIs and requirements.
· Algorithms will probably cover basic raytracing implementations?
· Data structures will likely be satisfied by either SOLID (class-based coding principles) or through a brief overview of the graphics pipeline.
4.3. [bookmark: _Toc229143210]Implementation
This section needs:
· Key implementation decisions described and justified
· Code snippets included to illustrate techniques (not full listings)
· Problems encountered and how they were resolved described
· For iterative methodology: each iteration/sprint documented

· Mostly self-explanatory, bar the iterative methodology part. While this will likely be following a plan-and-do methodology like waterfall, ideally some kind of development diary should be included in the project. Considering remaining time, this will have to be heavily embellished.
4.4. [bookmark: _Toc229143211]Testing
This section needs:
· Unit testing described (individual components)
· System testing described (whole system)
· Usability testing described (interface)
· Acceptance testing described (does it meet requirements?)
· Test data included in appendices
Eggs!
· See embellishment from above. Testing is a potentially big part of the implementation, and considering time remaining, any testing will be baked into the program itself (e.g. std::cerr << “GLFW failed to init!” << std::endl;). Take screenshots where appropriate, and include with captions.



5. [bookmark: _Toc229143212]Evaluation – Results & Discussions 
This section needs:
· Deliverable compared against original objective
· Results compared with literature review findings where relevant
· Objectives assessed: met, partially met, or not met, with explanation
· Reflection on what would be done differently



6. [bookmark: _Toc229143213]Conclusions and Recommendations 
This section needs:
· Summary of the entire project
· How the work met the stated aim
· Benefits of the work identified (not personal benefits)
· Suggestions for further work included and justified



7. [bookmark: _Toc229143214]Reflection 
· Time management is the biggest thing for this project. Motivation, mood, sleep, outside-of-uni life events (you know the ones), all of this affected the project massively, namely in the half-month crunch to get this in on time.
· The regular meetings with a supervisor were a definite help, though mostly as a potential hazard to avoid (i.e., “get something done or you’ll disappoint Nathan”), but it still ended up being motivation all the same – hindsight, should’ve set up regular meetings much much earlier, around the interim viva ideally.
· Considering the workload, this project would’ve been much less stressful working little and often, but I find I am not good at self-discipline – hence the positivity from the regular supervisor meetings. I’ve found that working in a team, or working in a scenario where I have genuine and frequent accountability, is a very effective motivator. This has been reflected in the Emerging Trends module, for example.
· Technical skills? I suppose I learned a lot about formatting with word, I’ve used a lot more of the pre-existing systems which would’ve helped a lot in previous work throughout uni, but I am nevertheless thankful to know now.
· Coding-wise, I CAN BULLSHIT SOMETHING ABOUT PLANNING CODE BEFORE WRITING IT, AND MAYBE SOME STUFF ABOUT REGULAR DOCUMENTATION AS BOTH JOURNAL AND CHANGELOG FORMATS, CITING WIREFRAME DESIGN OR UML DIAGRAMS. COULD EVEN MENTION USER STORIES IF I’M SAUCY WITH IT.
· Personal learning is a bit of a weird one though, kind of vague? I dunno, it’ll be a lot of bullshitting.
· Vis-à-vis honest improvements, I’ve found the literature review has been in my head very extant, almost disconnected from what I want to make? It’s taken me some time to realise the importance of it and how it informs the subsequent headings (both in terms of formatting and research’s favourite “knowledge gaps”). Because of this, a lot of the reports I’ve included have been relevant mostly as further reading, or by tangential recommendation from interim viva attendees, and thus over time have become arguably irrelevant? They build good background, but absolute relevancy should’ve veered more towards raytracing graphically, as a visual thing – you know, like the actual implementation is meant to be.
· Time again is gonna be a big thing, I wish I’d worked on this more, because as-is, it’s not work I’m fully proud of. It’s work I’m interested in, but work I’ve come to almost resent for the stress it’s put me under. Ideally I would work on this in my own time as, say, potential coding portfolio work, but as is, this project would’ve benefitted much more from a version of myself that doesn’t have massive motivational issues.
· Literature review; Found that as I went on, things were very focused on advice from the interim viva (i.e., following FEM/BEM/FEM-BEM/FDTD/Geometrical acoustics), which made things very focused on the acoustic sciences. Problem is, this project is meant to be a visual abstraction of the given problem, and almost none of the studies included cover this in detail. Part of this is due to the aforementioned time issues, but another attempt at this project should see more varied areas of study (relevancy allowing).
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[bookmark: _Toc229143219]Appendix 2 – Submission Code
Link here!
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