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[bookmark: _Toc204319954]Abstract
The aim of this project is to conduct an in-depth review of NVIDIA’s Ada Lovelace graphical architecture, with a focus on Ray Tracing, DLSS, and its use in video games and media. To achieve this, research was conducted into these technologies, breaking down ray tracing and DLSS, and discussing the hardware used in order to enable the use of these technologies such as ray tracing cores, specialised cores for processing ray tracing calculations, and tensor cores, cores used to improve matrix multiply operations to improve AI tasks. Important innovations and features introduced in the Ada Lovelace graphical architecture were also researched, such as shader execution reordering, improving ray tracing performance, and frame generation, enabling the generation of new frames to supplement existing frames and improve the number of frames per second rendered, including a brief investigation into other innovations such as NVIDIA Reflex and AV1 encoders. 
Once research was complete, a ray tracing demonstration was used compare the research findings against, and to measure the performance of the Ada Lovelace graphical architecture in a ray traced scene. This demonstration used Peter Shirley’s Ray Tracing in One Weekend as a guide, to create a ray traced environment, with shadows and reflections, various ray tracing settings, a statistics counter to measure performance and different scenes to showcase different effects of ray tracing.
The findings of this project conclude that ray tracing quality and performance increased due to these innovations, alongside dramatic improvements to DLSS, with DLSS frame generation in particular greatly increasing performance without imposing visual quality drawbacks. 











[bookmark: _Toc204319955]Glossary
GPU – Graphical Processing Unit
DLSS – Deep Learning Super Sampling
RTX – Ray-Tracing Texel eXtreme
RT cores – Ray Tracing cores
AI – Artificial Intelligence
API – Application Programming Interface
FoV – Field of Vision
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1.0 [bookmark: _Toc204319956]Introduction
The RTX 40 series graphics cards were created by NVIDIA and released between 2022-2023, with the earliest 4080 card being released September 20th, 2022, the flagship 4090 card released October 12th, 2022, and the 4070 and 4060 cards released April 13th, 2023, and June 29th, 2023. These were followed by Ti and Super models, upgraded with additional video memory and additional CUDA cores to increase performance further. Every 40 series card has been created using the Ada Lovelace graphical architecture, which was created specifically for high performance using ray tracing and AI-based neural graphics [1]. 
As the end of Moore’s law is becoming apparent [9], and in the optimization of hardware becoming increasingly more difficult without increasing physical size, the role of software, and graphical architecture in graphics cards is increasingly important to increase performance, especially when making extremely performance intensive ray tracing calculations. While specialised ray tracing cores make the GPU better at calculating ray tracing, tensor cores and DLSS are becoming increasingly necessary, to increase performance by as much as x5 in some scenarios [1] and offset the extreme performance costs of ray tracing.
[bookmark: _Toc204319957]1.1 	Project Aim
The primary aim of the project is to provide an in-depth analysis of the features of the Ada Lovelace graphical architecture, with a primary focus on ray tracing, DLSS and its applications in video games and media, and an end goal of gaining a greater understanding into the way these features work and interact with one another. 
To fulfil this aim, a general overview of the technologies will be given within a literature review, detailing important hardware or software that is necessary for these technologies to function, before explaining how these technologies can be utilised in video games and other media, such as film and video. A raycasting demo will also be created, using the book Ray Tracing in One Weekend as a basis for a working demo, then implementing an option to enable DLSS with the goal of improving performance, which will be measured by also implementing a simple framerate counter.






[bookmark: _Toc204319958]2.0 	Literature Review
When researching for similar projects, several projects were found reviewing the specific features of the Lovelace architecture, such as DLSS and ray tracing, but none reviewing the architecture as a whole. Most other sources found went into detail on a specific feature of the architecture or focussed on solving a different problem [9], which, while useful for an individual analysis of a feature, is not useful when observing the way each feature of the Lovelace architecture interacts with one another.
The primary source found for an overview of the Lovelace architecture was the NVIDIA website’s overview of the Lovelace architecture [1], explaining the key new technologies used to create the architecture, highlighted as fourth generation Tensor cores, Third generation ray tracing cores, shader execution reordering, DLSS 3 and AV1 encoders [1]. The website gives a summary of these technologies and the improvements over previous iterations or solutions, explaining the concept of the technology and allowing for further research to be conducted on individual components. The website also contains several hyperlinks to articles written on other technologies used in the Lovelace architecture, such as on NVIDIA Tensor cores and NVIDIA DLSS.
Additional research into this topic consisted primarily of overviews of various technologies, such as ray tracing, and DLSS, from either independent tech related journalistic websites, or directly from NVIDIA, the creators of the Ada Lovelace architecture and the 40 series of GPUs. This was found through either the NVIDIA website, showcasing their products and their capabilities, as well as announcing news about games, new products or technologies, often with information related to this project, such as Cyberpunk 2077 articles going into depth on updated ray tracing technologies [23], or their developer blog website, which broke down technologies used, and offered ways to implement these technologies for the use of developers.









[bookmark: _Toc204319959]2.1 	Research Strategy and Philosophy
In order to produce effectively research this project, a research strategy needs to be defined, with an overall philosophy to guide this strategy. 
The research philosophy used for this project, based on the research onion, will be based on Positivism. Due to the technical nature of this project, the information gathered while researching will need to be quantitative, with little room for subjectivity. The aims outlined for this project align with this philosophy; the aim is to understand how exactly these technologies function, so as a result empirical knowledge on this subject is the primary aim. 
Building from this philosophy, in order to improve understanding into this topic, action research is the most suitable strategy that can be used for the project. This research strategy focuses on the researcher’s personal understanding of a project to be developed over the course of a project, rather than focussing on researching a topic on the basis of a hypothesis or specific goal.

[bookmark: _Toc204319960]2.2 	Development Methodology
When creating the practical implementation, the development methodology that will be used will be similar to the Waterfall methodology. As the design for the project is already laid out, and is unlikely to change, flexibility is not needed; as a result, the weaknesses of the Waterfall methodology, primarily it’s lack of flexibility, will not become an issue. The Waterfall methodology comprises of a linear set of phases, where once one phase has been completed, a new phase can commence. This works well with the project, as the project is already structured in a linear way, with initial research into the topic, followed by a practical demo for the project, and subsequent evaluation of this demo and comparison against the gathered research. This also allows for planning to be quick, reducing the amount of time needed to be spent on planning, freeing up more time to work on the project.





[bookmark: _Toc204319961]2.3 	Ray Tracing
[bookmark: _Toc204319962]2.3.1 	Ray Tracing Fundamentals
Ray tracing is the process of simulating rays of light in a 3D environment to simulate a real life scene. By implementing ray tracing, these rays of light can interact with their environment, allowing them to bounce off of objects, or change colour or brightness [16]. This often greatly improves an environment’s visual detail and quality, with substantial improvements to lighting, reflections, and shadows in a scene [14].
In video games, where performance is important as a scene must be rendered 30-60 times per second, the standard for graphical rendering is rasterization. Rasterization uses polygons in order to create 3D models and scenes, and uses information from the vertices used to create these polygons to determine a variety of factors, such as texture displayed, its colour, and the direction the polygon is facing. [17] Rasterization, however, lacks detail in lighting and reflections; without rays of light being used to create reflections as in ray tracing, a second scene would need to be rendered from a different perspective to facilitate a reflection, for example. [16] This can lead to situations where certain surfaces that should create a reflection may not be able to, due to performance constraints.
Partial ray tracing, commonly used in games, where a complex environment may heavily impact performance using full ray tracing, comprises of a hybrid of rasterization that most games use, while incorporating ray tracing, allow for higher graphical quality, with realistic lighting and reflections, without heavily compromising performance. [13] This uses the high performance that rasterization provides while supplementing it with the improvements to lighting and reflections that ray tracing provides.
Path tracing is a form of ray tracing that forgoes rasterization, using only ray tracing to render light, improving quality further but heavily impacting performance. Instead of rendering every ray in a scene, the path tracing algorithm instead only follows the most likely path for the ray of light to take [15].
However, ray tracing is incredibly demanding on graphical hardware, drastically reducing the number of frames that can be rendered in a second. Before the creation of dedicated ray tracing cores, rendering speed for ray tracing and particularly path tracing was infeasible for games due to the high amount of processing power to render even a singular frame. [18] With the creation of dedicated ray tracing cores (RT Cores), as well as calculation optimisations such as shader execution reordering, alongside other rendering innovations such as DLSS, this performance demand has been vastly reduced, allowing for seamless real time use of ray tracing in complex environments.

[bookmark: _Toc204319963]2.3.2 	RT Cores
To facilitate the complex calculation necessary for real-time ray tracing, ray tracing cores were created, designed to specifically handle the workload necessary for ray tracing. Each RT core features a box intersection, for calculating bounding volume hierarchy traversal, and ray-triangle intersection evaluator, to calculate a ray hitting a triangle [6]. The Lovelace architecture uses third generation RT cores, featuring “twice the ray-triangle intersection throughput”, to greatly increase performance [1]. These new generation RT cores also feature an opacity micromap engine, as well as a displaced micro-mesh engine, to further optimise ray tracing calculations and increase performance.
[bookmark: _Toc204319964]2.3.3 	Opacity Micromap Engine
An Opacity Micromesh Engine is used to accelerate ray tracing workloads [19] in order to ‘directly alpha-test geometry and significantly reduce shader-based alpha computations.’ [20] This is used to apply an opacity micromap, made up of micro-triangles, to check an object’s opacity; if an object is opaque, a ray of light hitting the object would be registered, and if the object is transparent, the ray of light passes through. This is particularly useful for highly detailed geometry, such as leaves, or a chandelier [19] [20].
[bookmark: _Toc204319965]2.3.4	Displaced Micro-Mesh Engine
A Displaced Micro-Mesh Engine is used to create micro-triangles from a triangle and displacement map, which helps to greatly improve object quality using additional triangles for further detail, without compromising performance, creating objects that are faster to render and require less storage [20] [21].
[bookmark: _Toc204319966]2.3.5	Shader Execution Reordering
Shader Execution Reordering is a feature created for the Ada Lovelace architecture, designed to optimise shader performance, specifically with ray tracing, by reducing divergence of ray tracing shaders. This divergence primarily occurs in two ways; execution divergence, where different threads execute different shaders or branches within a shader, and data divergence, where different threads access memory resources that are hard to cache [20] [25].





[bookmark: _Toc204319967]2.3.6	Applications in Gaming
Ray tracing has historically been difficult to implement in games due to the heavy performance costs of rendering scenes with ray tracing. Due to the nature of video games, a scene needs to be rendered at a minimum of 30 frames per second, with more than 60 frames per second being preferred. As a result, until recently, with the creation of RTX GPUs and their associated GPU architecture, real time ray tracing in games has been unfeasible. With the Ada Lovelace architecture, however, the performance cost has been greatly reduced, due to the creation of dedicated ray tracing cores to handle ray tracing operations, and deep learning super sampling to further enhance performance, allowing for real time ray tracing to become relatively easy to render. As a result, more games have options to use ray tracing, with some even offering the more complex path tracing as an option for rendering a scene. 
Ray tracing in games has been heavily used in recent games to increase graphical fidelity and realism. Due to the high-performance demands of ray tracing however, the types of games ray tracing can be effectively utilised in are limited, as many games, particularly competitive games, value performance over most other factors. While ray tracing can be included in these titles, such as Call of Duty [22], it may see limited use outside of some modes such as single player, due to the higher emphasis on frames per second and consistent performance, which ray tracing can struggle with.
Ray tracing is therefore primarily utilised in single-player games, where the reduced performance is less of a downside, and increased graphical quality is more important to deliver a more cinematic scene. Many recent games, such as Cyberpunk 2077, make use of ray tracing to drastically improve graphical quality, with realistic lighting and reflections to further immerse players. These games often have a variety of options to change the quality of ray tracing, which can allow players to control the balance between quality and performance. Some games even have options to use path tracing, such as Cyberpunk 2077, further enhancing the quality of ray tracing [23]. Some newer games, such as Indiana Jones and the Great Circle, have listed ray tracing as a requirement rather than an optional feature [7], highlighting the growing importance of ray tracing for improving and pushing the boundaries of graphical fidelity.
Often, games that include ray tracing also have options to use DLSS, in order to increase performance. This is particularly important when combined with ray tracing, as it greatly offsets the performance losses ray tracing invokes while in some cases further enhancing the quality of ray tracing, such as with DLSS 3.5’s introduction of ray reconstruction. [24]

[bookmark: _Toc204319968]2.3.7	Applications in Media
Until recent advances, ray tracing has been primarily used for computer animations and effects, such as in TV shows or films. This has been because while rendering a scene using ray tracing is costly, these scenes can be rendered using an offline renderer [17], with the end result being edited together to create a coherent scene. As a result, the time taken to render a scene is largely unimportant, and due to this, most ray traced animations make use of path tracing. Alongside the Ada Lovelace architecture and the RTX 40 series of GPUs, great improvements have been made to the speed at which a ray traced scene can be rendered, freeing up much more time to work with and tweak a scene, where previously the render time may have made such tweaks infeasible. 



















[bookmark: _Toc204319969]2.4	Deep Learning Super Sampling 3
[bookmark: _Toc204319970]2.4.1	DLSS Fundamentals
Deep Learning Super Sampling (DLSS) is an AI technology that upscales images in real time. This technology allows for a game or animation to run in a lower resolution, increasing performance, by relying on DLSS to upscale the resolution from a lower rendered resolution to the target resolution, with the goal of increasing performance while the graphical quality remains comparable to running the native resolution.
DLSS was originally created for the RTX 2000 series, using the Turing graphical architecture. Tensor cores, specialised computer cores specifically created to enhance AI tasks and performance, are used, with these tensor cores accommodating software to enable the use of DLSS. This data is obtained by extracting “perfect frames” for a target game, then uploading these perfect frames to a supercomputer, which is used to train DLSS. This training helps the DLSS algorithm to generate anti-aliased frames that resemble these perfect frames as much as possible. This is then repeated with the instruction to generate additional pixels, which increases the resolution of the input, which, when paired with a DLSS anti-aliased image, allows for the creation of a fully rendered frame from a lower resolution that has been upscaled to the target resolution [2]. Due to not having to render the frame at a higher resolution, the scene renders faster, rendering more frames per second and thereby improving performance. 
DLSS 3 is also capable of generating entirely new frames, using frame generation. Rather than only upscaling an image, DLSS is capable of creating new frames, which supplement existing frames, massively increasing performance.
DLSS notably increases performance when used in combination with ray tracing, which is heavily performance intensive. Over time, hardware advancements have made it possible to create graphics cards with higher counts of tensor cores, and further improvements with DLSS technology have allowed DLSS to become more efficient and increase performance. 
[bookmark: _Toc204319971]2.4.2	Tensor Cores
Tensor cores are specialised cores designed to improve AI performance, created to improve matrix multiply operations, and accumulate math performance, which are used extensively in AI tasks [20]. With the Ada Lovelace architecture are the 4th generation of Tensor cores, doubling the throughput of AI operations over previous iterations [20]. These tensor cores are essential for DLSS and DLSS operations, as DLSS would not be possible with these tensor cores, and the performance of DLSS would be greatly reduced with a smaller number of these cores.
[bookmark: _Toc204319972]2.4.3	Improvements over previous versions
The Ada Lovelace architecture features performance upgrades over previous generations, due to improved hardware capabilities, newer generation tensor cores, and additional features such as frame generation compared to previous generations. [27] [28] This combines to allow for higher performance for DLSS compared to previous generations and enables DLSS to operate at a higher quality without sacrificing performance. Frame generation in particular provides massive boosts to performance by generating new frames as well as upscaling existing frames, whereas previous generations of GPUs were only capable of DLSS upscaling, without the ability for frame generation [29] [12].
[bookmark: _Toc204319973]2.4.4	Performance improvements
As DLSS does not need to render the native resolution, performance is improved, as there are less pixels that needs to be rendered on screen, thus heavily reducing the workload of the GPU, freeing up resources to generate more frames. This is further improved by frame generation, as additional frames can be created alongside existing frames, often leading to doubling the average frames per second, which can be particularly helpful to assist with ray tracing. Ray reconstruction, a feature created for DLSS 3.5, can also be used alongside ray tracing, in order to improve ray tracing lighting quality, without heavily affecting performance.












[bookmark: _Toc204319974]2.4.5	Image quality
As the primary role of DLSS is to increase performance, the use of DLSS does not often increase visual quality. Most games that support DLSS have several settings, with the most common available settings being quality (focussing on minimising the quality drop of DLSS or even improving the quality over native resolution), balanced (providing a high quality output while still prioritising performance gains), performance (Providing a higher performance at the cost of a reduced, often blurry resolution) and ultra performance (Focussing entirely on maximising performance, noticeably reducing visual quality). Some games also feature Auto DLSS, which dynamically changes the ratio of performance to quality based on performance, automatically lowering quality to keep performance stable in intensive areas or sequences.
DLSS upscaling can result in lower overall image quality, particularly on some settings such as performance and ultra performance, sacrificing visual quality for improved performance, as well as creating visual artefacts or “hallucinations” where the technology has failed to simulate an area, such as complex textures and shaders, which can be noticeable. However, as the technology has evolved over previous architectures, the image quality has increased substantially, with the image quality often being unaffected or slightly improved over native rendering.
[bookmark: _Toc204319975]2.4.6 Optical Flow Acceleration
Optical Flow Acceleration is a feature of RTX GPUs, being first introduced with the Turing graphical architecture. On these RTX GPUs are hardware accelerators, designed specifically for “computing optical flow and stereo disparity between frames” [31]. The functionality of this is split into two features: the Optical Flow Mode generates flow vectors between two frames to return the X and Y coordinates of the flow vectors [31], and the Stereo Disparity Mode generates flow vectors only in the X direction [31]. By utilising these features, the rest of the GPU is freed up to perform other tasks as it no longer needs to perform these common tasks.






[bookmark: _Toc204319976]2.5.7	Frame Generation
The Lovelace architecture allowed for a new feature of DLSS, where frames are partially generated to increase total frames generated per second. This occurs by taking 4 inputs: the current frame of a game, the prior frames of a game, the optical flow field created by the optical flow accelerator, and game engine data such as motion vectors and depth [26], reconstructing three fourths of the initial frame using standard DLSS upscaling, then entirely reconstructing the second frame using frame generation [26].
The result allows for vastly reduced frametimes; seven eighths of the pixels in two frames are reconstructed by DLSS upscaling and frame generation combined [26]. This massively reduces the time required to render a frame, subsequently vastly increasing framerates and improving the smoothness of the application.
[bookmark: _Toc204319977]2.5.8	Ray Reconstruction
Ray Reconstruction is a technique utilised by DLSS that “Enhances image quality by using AI to generate additional pixels for intensive ray-traced scenes.” [12] This technique allows for a higher quality when using ray tracing by replacing a standard denoiser with ray reconstruction, using an AI network to generate higher quality pixels between sampled rays [30]. This network is trained on an offline renderer with high quality images, so the network can attempt to recreate these images during gameplay, improving quality of lighting and reflections without increasing the performance cost due to the lack of need for a denoiser.
[bookmark: _Toc204319978]2.5.9	Applications in gaming
DLSS is used in gaming primarily to optionally boost performance. This can be configured depending on the user’s preference of performance to quality, which changes the balance of quality against performance, thus increasing or decreasing the workload needed to upscale a scene’s resolution. This is especially useful in combination with ray tracing, heavily offsetting the high performance costs of ray tracing, such as in games like Cyberpunk 2077, where ray tracing enabled on a RTX 4070 GPU could result in an average framerate of 22.2 frames per second, whereas with DLSS 3 enabled, this is boosted to an average of 70.2 frames per second [23].
DLSS is often used in order to offset the performance demands of ray tracing, however it is also used to maximise performance in supported games. One genre that uses DLSS well are competitive shooters, where the increased performance can allow for players to make faster decisions based on available information, and in turn increase reaction speeds. Similarly, faster paced games with lots of movement also use DLSS to maximise frames per second, to make the on-screen movement smoother and easier to follow for the player. 
[bookmark: _Toc204319979]2.5.10	Applications in media
DLSS, while extremely useful for real time ray tracing, is not as important in most other types of media; media that could utilise DLSS, such as for animation or film effects, do not require DLSS as real time ray tracing is not as important as maximising quality, as individual frames can be rendered using an offline renderer [17], then edit the rendered frames together to create a full scene. However, DLSS can speed up particularly long scenes, which can be helpful when time is limited, and a finished scene is necessary as soon as possible. Features of DLSS such as ray reconstruction can also be very useful by providing visual improvements to a scene.

[bookmark: _Toc204319980]2.5.11	DLSS 4 and Potential Updates
While the technology for DLSS 4 was created for the RTX 50 series and the Blackwell graphical architecture, a number of enhancements for several features, such DLSS Frame Generation, DLSS Ray Reconstruction, DLSS Super Resolution and Deep Learning Anti-Aliasing (DLAA) were released, among general optimisations to increase performance and reduce VRAM usage [10] alongside the release of the RTX 50 series and the Blackwell architecture. These enhancements improve performance further for DLSS without necessarily improving the quality of the hardware of the GPU or causing a higher strain on the GPU.
These updates also represent a potential for the continued updates and improvements for the Lovelace architecture and RTX 40 series, and highlight a major advantage of the increasing use of software to supplement and enhance hardware through the use of features such as DLSS; these features can be continually improved and updated over time, ensuring that even as hardware becomes obsolete over time, DLSS can continue to improve to allow for aging hardware to remain up to date.








[bookmark: _Toc204319981]2.6	Additional Features of Lovelace Architecture
[bookmark: _Toc204319982]2.6.1	AV1 Encoders
AV1 encoders were a new feature included with the Ada Lovelace graphical architecture [29], designed to enhance streaming quality by up to 40%, and drastically increase the resolution at which a user can stream a game [1] [20]. AV1 is a video coding format that boasts large performance boosts over previous formats, such as H.264 [32]. With the AV1 encoder, PSNR (Peak Signal to Noise Range) and VMAF (Video Multimethod Assessment Fusion) are greatly increased, having the greatest effect at lower bit rates in comparison to the previous standard video format, H264 [33] [34].
[bookmark: _Toc204319983]2.6.2 NVIDIA Reflex
NVIDIA Reflex is a feature originally created for the RTX 30 series GPUs, designed to greatly reduce input latency and thereby increase input speed. In order to accomplish this, supported games integrate the NVIDIA Reflex API, which then aligns the game engine to complete it’s work in sync with the GPU, thereby eliminating the GPU’s render time and reducing CPU pressure when the GPU is rendering intensive scenes [34]. This can be particularly useful in competitive games, such as Overwatch 2, where precise timings, hit confirmations and quick response to inputs are vital. Due to the nature of the Lovelace architecture, with features such as DLSS being able to be updated to support newer software and updates to optimise performance, NVIDIA Reflex 2 can also be supported by the Ada Lovelace graphical architecture, which boasts further reductions in latency thanks to frame warp, which takes the latest frame rendered and warps it to the most recent position of the game camera, further increasing input feedback [35].










[bookmark: _Toc204319984]3.0	Project Development
[bookmark: _Toc204319985]3.1	Project Design
The practical demonstration is a 3D ray traced scene using, using a GitHub project adapted from an industry standard book for ray tracing, Ray Tracing in One Weekend. As implementing the Ray Tracing in One Weekend book solution is infeasible due to the use of CMake, a variant of the guide will be used, that uses the Vulkan API in place of CMake [37]. This results in a fully ray traced 3D environment, with various options to control ray tracing quality, toggle ray tracing on or off, and change scenes.
Initially, the practical project was planned to be a hand-made ray traced environment, using Ray Tracing in One Weekend as a basis to set up the scene and ray tracer, then implement DLSS alongside this environment, with options to enable and disable DLSS, and include an FPS tracker to measure performance, intended to measure performance with DLSS and without. However, due to time constraints, unexpected difficulties and issues involving the creation of the initial scene using Ray Tracing in One Weekend, an alternate solution had to be found. Entirely changing the practical project was considered, from using a project of implementing ray tracing into Quake 2 to compare visual quality against the original Quake 2 [38], to simply using ray tracing and DLSS in supported games, using videos and screenshots, as well as measuring the average frame rate over a short time, in order to demonstrate ray tracing and DLSS, and highlight visual and performance improvements. However, a GitHub project was found that had implemented Ray Tracing in One Weekend, replacing CMake with Vulkan, a graphics API, and NVIDIA RTX. This project included several features that aligned with what was planned for the original project, such as a ray traced scene and a framerate counter, and additional features such as options to customise the scene, additional scenes, the ability to toggle ray tracing on or off, and options to customize the number of samples or bounces used in the rays in the project. However, this project did not include any options for DLSS. As a result of this, combined with increasing time constraints, DLSS implementation was not included in the project, with the focus of the project being solely on ray tracing.
The overall goal of this project is to demonstrate a fully functional, real-time ray traced environment, to showcase the capabilities of the Ada Lovelace architecture. As a result of the features of the Lovelace architecture, such as dedicated ray tracing cores, this results in a real-time ray traced scene running around 200 frames per second on an RTX 4070 super GPU, at a basis of rendering 8 samples per pixel and 16 ray bounces. The highest settings able to rendered at a stable framerate were 55 samples per pixel, with the maximum 32 bounces at an average of 30 frames per second. Increasing the samples per pixel to their maximum allowed amount, 200, had severe implications on performance, running at an average of 10 frames per second. 
[bookmark: _Toc204319986]3.2	Project Implementation
The project’s primary feature is the usage of real-time ray traced reflections. This can be controlled through settings by setting the number of times a ray of light can bounce, with the default setting being 16 times. This number can be changed to be increased or decreased, from 1 bounce to 32 bounces. When set for light to only bounce once, this results in rays never bouncing; as a result, the scene effectively has no lighting, with objects being covered in shadow. Increasing this value to 2 bounces adds light to the scene, however reflective surfaces are rendered as mostly covered in shadow, with few reflections. These surfaces gradually increase in quality as more bounces are added, with the effect no longer being noticeable at 10 bounces and onwards. Beyond 16 bounces, the default number of bounces when the program is run, there is little visual improvement, however performance is not severely impacted either.
The project also includes several scenes, ranging from a simple cube surrounded by spheres, a plane with balls of various sizes and textures, a similar plane where larger balls are replaced with large statues with various textures, and a Cornell Box scene [39]. These scenes help convey different effects for ray tracing, such as reflective surfaces in the plane with balls scene, transparency with the plane with statues scene, and rays bouncing from a coloured wall to a colourless object, illuminating that object in the colour of the wall, in the Cornell Box scene. The ray tracing effects can also be toggled on or off, to highlight the effect that ray tracing has on a scene; reflective surfaces can no longer create reflections, transparent surfaces are now solid and as no lighting exists, objects appear flat and lacking detail: in the Cornell Box scene, the corners of the room appear flatter, colour from the walls does not bounce from the wall onto the cubes in the scene, and shadows are absent from the scene. 
Finally, the project includes a camera, which can be used to observe the scene from different angles; it can be moved using the W, A, S and D keys to move forwards, left, backwards and right, respectively, SHIFT to move the camera up and CTRL to move the camera down. Alternatively, using the left mouse button rotates the camera while the right mouse button rotates the scene. The camera can also have various settings adjusted, such as the camera’s FoV, as well as the aperture and focus of the camera. These can be used to highlight specific parts of the scene, or get a wider view over the scene. A heatmap setting is also included, used to determine where the shadows in a scene are located quickly, as well as a statistics counter used to measure the framerate, the primary ray rate, and the total accumulated samples rendered in the scene.



[bookmark: _Toc204319987]4.0	Evaluation
With the completion of the practical implementation, a working demo was available to compare the research conducted to. The implementation inclusion of ray tracing allowed for the confirmation of previous research, such as for rays of light interacting with their environment to bounce colour from an object, or to change the brightness of an object. As the demo also included a lot of reflective objects, this gave a point of reference to compare the gathered research on this topic against. As well as this, the implementation also allowed for ray tracing to be disabled, allowing for a direct comparison between scenes with or without ray tracing.
Initially, the plan for the project included the implementation of DLSS, and an FPS (frames per second) counter, with the goal of reviewing how DLSS can boost performance. However, after working on the project, it became clear that implementing this as a feature would be too time consuming and would not majorly improve the project. As a result, this was not implemented in the final project.
Comparing the finished project to the initial aim of the project, the objectives that were stated in the initial project aims were partially fulfilled. An overview of the technologies that were utilised in the Ada Lovelace architecture were outlined, describing these features and going into detail on how these technologies functioned, while also smaller features these features utilised, such as shader execution reordering, ray reconstruction and frame generation. The hardware used to enable and enhance these features were also explored, such as ray tracing cores and tensor cores, and the role they played in enabling ray tracing and DLSS, respectively. An overview of how these technologies could be utilised were also explained for gaming and other media.
However, the demo encountered issues with implementation; the initial planned guide, Ray Tracing in One Weekend [36], that would be used to create the raycasting demo was created using CMake. After attempts were made to attempt to navigate and learn to use CMake, it was determined that there was not enough time left to implement the solution from Ray Tracing in One Weekend. Therefore, a solution was found on GitHib [37] that used the Vulkan API instead of CMake; this was far easier to implement, however due to a lack of a guide for this alternate solution and a lack of time, the implementation could not be created by hand, so this aim was not met. Due to the previous time that had been lost attempting to learn to use CMake, less time was available for developing the demo. As a result, the planned DLSS implementation was no longer feasible. Therefore, the plan was discontinued, along with the FPS counter that would have been created to measure performance, leaving the practical implementation with only the raycasting demo.

Given the opportunity to receive additional time to continue development, a hand-made ray casting demo would be made from the basis of the original Ray Tracing in One Weekend book, which could include path tracing, depending on the amount of time available. Additionally, the DLSS implementation would be completed, with options to enable and disable the feature, as well as configure the quality, with an FPS counter to measure the performance difference of DLSS and the various settings. If possible, several scenes for the raycaster would be available to choose from, from a singular ball to a large scale scene with several reflective spheres. Finally, movement controls could be implemented to move the camera around the scenes, to see different angles. In order to implement a working project, one of two solutions would need to be implemented: either CMake would have to be learned, in order to gain access to the functions much of the Ray Tracing in One Weekend guide relies upon, or Vulkan would have to be used in place of CMake, which would require more independent work from using Vulkan’s functions in place of CMake’s. The solution used would likely depend on the amount of time available to continue development; if only a short amount of time would be available, the CMake solution would likely be easier to implement, however given a longer period of time to work on the project, the Vulkan solution offers better opportunities to learn in depth how to develop a ray caster, even if it would result in more difficulties in development from having to deviate from the Ray Tracing in One Weekend solution.












[bookmark: _Toc204319988]5.0	Conclusion
During the project, an investigation was conducted into the Ada Lovelace graphical architecture, and the RTX 40 series GPUs, with a focus on important features that were either key focuses or components of the architecture, and into new features that were created for the Ada Lovelace architecture that were not present in previous generations of GPUs. During this time, the key points of investigation were into ray tracing, a rendering technique to simulate rays of light in a 3D environment, and deep learning super sampling, an AI tool designed to upscale lower resolution frames, reducing GPU workload and improving performance through the creation of additional frames per second, as well as the ability to generate entirely new frames to further improve performance. Other important innovations and features were investigated in less depth, such as AV1 encoders, to enable more efficient usage of the emerging AV1 video format [32], thereby allowing users to stream in higher resolutions compared to previous video formats, and NVIDIA Reflex, a technology introduced in order to reduce input latency, helping to improve user feedback and being particularly useful in competitive games, where lower latency can greatly improve player performance.
Ray tracing is a key focus of the RTX series of GPUs; RTX stands for Ray-Tracing Texel eXtreme, and the focus on ray tracing was major enough for NVIDIA to change their naming conventions for their GPUs, from the previous GTX series (Giga Texel shader eXtreme) to RTX for the 20 series and onwards of GPUs to emphasise this. Ray tracing is the process of rendering rays of light to determine the lighting of a scene, and consequent colour of objects within that scene, rather than relying on the higher performance but lower lighting quality of rasterization. Ray tracing can be implemented in combination with rasterization as partial ray tracing; this combines the performance gains that rasterization provides while enhancing rendered scenes with the visual quality of ray tracing. Path tracing can also be implemented, replacing rasterization entirely with path tracing, further increasing quality at heavy performance costs. In order to make real time ray tracing feasible, ray tracing cores are used, dedicated processing cores for ray tracing calculations.






DLSS was also a key part of the RTX series, with DLSS being introduced with the Turing graphical architecture. The Lovelace architecture makes use of the third generation of DLSS, DLSS 3. DLSS was created to upscale an image; by taking a lower resolution image of a scene, and using AI to upscale the quality, visual quality of a scene can remain unchanged, while the amount of work the GPU needs to complete to render the scene is reduced, improving the average number of frames that can be generated per second. This is possible by training an AI model to identify and reconstruct perfect frames for a given program, which can be used to create and display anti-aliased frames. This is possible due to the use of tensor cores, specially designed to improve tasks performed by AI, enabling DLSS to upscale frames in real time. DLSS 3 features a number of innovations over previous generations; frame generation is used to generate entirely new frames to supplement upscaled frames, massively improving performance, while ray reconstruction can be used to enhance ray tracing quality by replacing the standard denoiser with the ray reconstructor, creating higher quality pixels between sampled rays.
Other features of the Lovelace architecture were investigated, such as AV1 encoders, useful for livestreaming by enabling the use of AV1, a video coding format with higher performance over previous types of video coding formats, and NVIDIA Reflex, a feature designed to heavily reduce input latency, leading to improved performance and input feedback in games.
Finally, a practical demonstration of ray tracing was used to show the effects of ray tracing, using a project based on Peter Shirley’s Ray Tracing in One Weekend [36]. This demo displays a fully ray traced scene, with options to change scenes, enable or disable ray tracing, increase the number of samples per pixel and number of times a ray bounces in the scene, and a camera to navigate these scenes. The project also includes statistics to measure the scene’s frames per second, primary ray rate, and total accumulated samples in the scene.

[bookmark: _Toc204319989]5.1 Suggestions for further work
Further work could be conducted into the research of DLSS 4, and future generations of DLSS. As this technology allows for continuous updates, the features and performance of DLSS can continue to increase, while new generations of DLSS can become available to be used on the Lovelace Architecture. 


[bookmark: _Toc204319990]6.0	Reflection
While working on the project, a number of issues were encountered. The most impactful issue faced in this project was time management. Due to a lack of efficient time management, a lot of time that was allocated to work on the project was wasted, effectively reducing the amount of time available to finish the project and polish it to a good standard. This also greatly impacted the practical project; issues were encountered with the project’s implementation, as the guide Ray Tracing in One Weekend [36] used CMake, with which experience and knowledge with the use of this program was limited. As a result of this, time needed to be allotted to learn how to use CMake in order to implement the guide. However, as the amount of time available at that stage of the project was limited due to so much time not effectively used in the early stages of the project, this idea had to be abandoned. As a result of this setback, the idea of the demo was almost abandoned in favour of recording the use of DLSS and ray tracing in games. Even after a new guide was found, using the original guide as a basis but replacing CMake with the Vulkan API and NVIDIA RTX, the planned implementation of DLSS in the project also had to be abandoned due to a lack of available time. Similarly, planning for the project became an issue; while timeframes and goals were set out for tasks, the amount of time needed for tasks often took longer than planned. This, in combination with poor time management, resulted in plans often having to be remade. As a result of this poor planning, the project proceeded at a poor pace, resulting in poor time allotment due to constant timeframe changes. Given the chance to work on this project again, more rigid and detailed planning would be created, both to ensure the impact of unforeseen events is minimalised, as well as to have better, more clearly defined goals in place to make time management easier; instead of only planning for large sections of work to be complete over the course of weeks, once these sections are being actively worked on, these tasks could be split into smaller, more focused tasks that can be completed over a few days. Additionally, more options would be considered for backups in case the practical aspect of the project proves infeasible, reducing time wasted looking for a new project idea or implementation. 






While working on the project, various skills were employed in the creation of the project. Researching skills were heavily developed; With limited previous experience, only using this skill on smaller, more concise projects, this proved to be an important skill to develop. By focussing on a well documented, primary source in the form of NVIDIA and the various resources they offered on their website, a good number of reliable sources were found, explaining concepts in detail, and often including links to other sources that could be referenced. Alongside this, an understanding of how reliable a source is was developed, with several less reliable sources not being included. When researching, links to social media sites such as Reddit often appeared alongside other sources such as educational websites and NVIDIA articles, which, while potentially useful to get a quick overview on a topic, often did not present any useful new information and were unreliable as sources. Due to this, cited sources were carefully curated, to ensure that they provided useful information while being reliable. This also led to the development of quickly separating important information from irrelevant information, as sources needed analysed for important information to support a point being made, or to explain a concept, separating important information from irrelevant information, while wasting as little time as possible in the process.
Similarly, organisation skills were used in order to separate sections of the project to form a coherent final project, with the research on the Lovelace architecture’s features being broken into different categories, with a general description of a feature, followed by a more in depth review of a particular aspect that is used for or alongside this feature, such as breaking down ray tracing cores separate from the ray tracing fundamentals section, even though RT cores were briefly mentioned in the fundamentals section. 
Discussions of the report were also vital in ensuring the quality of the project; talking to peers during development for assistance and advice in formatting, recommendations for areas of research or points of interest to pursue, and discussions of how to create a suitable practical demo were incredibly important during the creation of the project, and often helped offset time lost from poor time management.
A final skill developed, in line with the initial aim of the project, was to develop understanding of the features of the Lovelace architecture. With the completion of the project, a solid grasp of how ray tracing and DLSS functions has been developed, as well as knowledge into how these features interact and compliment one another, such as through DLSS ray reconstruction enhancing the quality and performance of ray tracing. As a result of this, going into future projects, this information will be useful in explaining the concepts of ray tracing or DLSS to peers, or for implementations of these technologies. As difficulties during the implementation prevented any experience in developing these technologies into a working project, the information learned throughout the course of the creation of the project will nevertheless be incredibly useful for future projects involving ray tracing or DLSS.
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