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The invention of general purpose computing on graphics processing units helped create a massive leap in the power of computers and shape the way modern computing is developed today. This report is an investigation on the use of graphics cards to help complete non graphics related tasks in computing. This topic is very relevant to many if not all aspects of software development in the modern day. Everything from mobile phones to laptops and desktop computers has some level of graphics processing unit in the hardware. By understanding where and when making use of the graphics card to speed up processes is useful programs can be optimised to make use of all resources available saving the end user time over the course of a piece of technologies life. 
	In order to test and explore the implementation of general purpose computing on graphics processing units within a program this investigation has opted to use Nvidia graphics processing units and compare the results to that of the central processing unit performing tasks on its own. Two major tests were derived to collect relevant data, a test using the central processing unit of the computer, and a test using the graphics processing unit. 
	The findings from this investigation will help gauge whether it is worth spending the extra time optimising a program to use the graphics card or not. In general when performing a lot of mathematical data calculations the graphics processing unit is faster than the central processing unit with large amounts of data. However, graphics processing units do have a shortcoming when dealing with small amounts of data.
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In this report the use and importance of GPGPU will be discussed as well as the need for faster computation in modern day computing. GPGPU is the use of the GPU in a computer to perform what is usually considered “general” programming tasks. This often means assisting with computations of various apps and processes that aren’t directly related 3D graphics. GPUs were initially used to speed up the processing of 3D images, the most common application of this is in gaming millions of matrix multiplications are performed constantly in order to render the image at a high quality. Matrix multiplication is the core of what GPUs are good at because of the architecture in the GPU they can perform millions of operations parallelly at any given time [1]. 
Nearly all computers regardless of how big or small they are, have a way of processing graphical data whether it is for data representation, data analysis, or rendering 3d images in cases such as games. These processes are usually done by what is known as the GPU. When performing calculations and tasks the PC will use the CPU to complete these tasks. However, by making use of the GPU the CPU can free up some of its processing power to aid with other more important processes that may be more vital to the overall health of the PC. In some cases, it may be more beneficial for the CPU to complete the processes as it may be faster to avoid the intricacies of moving data over to the GPU [2]. 
It is very vital for programmers and software engineers to understand when and where is best to use GPU acceleration in their programs, if a program does not lend itself well to the architecture and strong points of the GPU a developer could be massively slowing down the performance and effectiveness of their program. The aim of this study is to help evaluate in what kind of conditions GPU acceleration would benefit a given piece of software. Even with all the benefits of GPU acceleration there are quite a few cases in which the CPU will perform a task both more efficiently and faster than the GPU would. 
This report will cover a comparison between a CPU based threaded application of Pi estimation and a GPU based threaded application. An application being threaded allows it to make use of a computers resources better and run far smoother and faster to satisfy the end user. Although end user satisfaction is not of the utmost priority in this investigation it is still important to note how this investigation can related to real world applications. 
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This literature review will focus on what CUDA is, as well as some background on the technology used leading up to the creating of CUDA namely the introduction of GPGPU, what it has done for technology in terms of computational power, and some limitations of the framework. 
	At their first conception GPUs were used to decrease the time it would take to render 2D and 3D graphics. With gaming starting to get more popular in the 80s it become more and more apparent that a system would be needed in order to process these games images at a reasonable speed [3]. In the early 2000s CPUs were starting to reach a point in development where generational improvements where only yielding very small improvements compared to previous years. Around 2000 to 2006 CPU performance had stayed in a relatively similar state with processors struggling to get past 3.6 GHz clock speeds [4]. The combination of CPU development reaching a difficult point in its life and the success of the GPU in aiding games and other forms of 3D graphics with rendering times and increases in quality due to the GPUs ability to process texture maps and vertex shaders far quicker than the CPU, researchers began to look at ways in which they could utilise the GPU for tasks that were not necessarily graphics related [5]. GPGPU is essentially a way for software to use the GPU in order to assist the CPU with some processing. To write a GPU enabled application the developer will need a way to program their application with the correct algorithms for utilising the GPU. A plethora of APIs are available to developers in order to make their program GPU enabled [6]. This is where the creation and invention of CUDA by Nvidia becomes immeasurably useful for software developers and engineers.
The CUDA framework is an architecture that allows software to use GPUs for general purpose processing and not exclusively parallel computations. This allows the CPU to offload some of the processing tasks to the GPU speeding up processing times [7]. When talking about CUDA it is important to note the architectural differences between the CPU and the GPU that make CUDA such an efficient way of processing. Looking at figure 1 the major differences between the CPU and GPU can be seen. The GPU is comprised of hundreds of cores allowing it to carry out many parallel process much faster than the CPU is capable of [8]. 
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Nvidia are the creators of CUDA and have been a major part in the reason process such as CUDA and similar ones are popular today. In order to make CUDA accessible and easy to implement to projects Nvidia designed it using C/C++ languages and even provide a Software Development Kit (SDK) to aid with the process. The SDK is an incredibly useful tool for developers and is a huge bonus when looking to implement CUDA into a project [9]. When taking advantage of CUDA multithreaded applications and highly parallel algorithms yield the highest benefit in processing times [10]. Coding in C/C++ gives the program an edge when it comes to CUDA performance and allows for breaking down a program into thousands of threads. If a program can not be broken down into a large number of threads then it may be more beneficial to not use CUDA. This is something that can be explored and tested in more detail during the project. The CUDA API is an incredible invention and was a major breakthrough in computing, it allows the everyday developer to create GPU enabled software and improve computational efficiency without requiring extensive background knowledge on the inner workings of GPUs and coding. However, there are some shortcomings for CUDA, the major one being CUDA can only run on Nvidia graphics cards as it is of course created by Nvidia [11]. This means that a program designed only with CUDA would not work with GPUs from other manufacturers such as AMD or Intel. 
	In order to account for the variety of computers and systems the OpenCL API was developed by Apple Inc and the Khronos Group. OpenCL provides a way for developers to code GPU enabled software that will work on a variety of systems regardless of the manufacturer of the GPU in the system. A group of large companies have also submitted conformance tests with OpenCL to ensure that the software create with OpenCL will work on the respective systems [12]. OpenCL generally provides a better standard if a developer wishes to have their app or program run on a plethora of systems, as CUDA is only available to work with Nvidia GPUs and on the major operating systems Windows, Linux, and MacOS. Because of the CUDA API and framework being owned by Nvidia they provide good support in order to make sure that the app or program a developer might be creating runs well on their devices [13]. Because of this using CUDA generally makes for a smoother and more efficient application. However, of course this is heavily reliant on the skills of the developer, if a developer is proficient with the OpenCL API and has made numerous apps or programs with it before then they may well create a better program than say a novice who chooses to use CUDA because of the support available to them.
	When benchmarking applications there are two common ways to think about how the application is being benchmarked. The first of these is the synthetic benchmark. Synthetic benchmarks are a way for the developer to try and emulate what a user might be doing when they are using the program. Because of the specificity gained from the synthetic benchmark it is often a good way to test specific components in a computer e.g. the CPU, Hard Drive Disk (HDD), or a Solid State Drive (SSD) [14].
	In order to test the efficiency of each algorithm created with the CUDA framework a number of benchmarks will be run to help gather a range of results. When benchmarking a GPUs performance there is a number of factors to take into account one of them is the overall hardware in the computer system and how this is affecting the graphics card, along with considering the hardware in the system the potential bottlenecks created by this hardware must also be considered [15]. A number of components in the system can cause a bottleneck. However, in the case of this investigation the CPU is the biggest culprit of possible bottlenecks To help eliminate the risk of a CPU bottleneck a number of features built into systems such as CPU frequency scaling. CPU frequency scaling, also known as CPU performance scaling, is when the operating system scales the CPU up or down depending on the tasks it is presented with and the system load [16]. Running appropriate benchmarks on the software being developed is incredibly important for the efficiency of the program and finding any potential bottlenecks in the system that might not be hardware related. It is important to look at execution times of programs to analyse the effectiveness of CUDA in relation to each program. A common way to benchmark GPUs themselves is to use CUDA enabled applications with a Nvidia card, for example a GeForce RTX 3080 and to look at how each of these applications performs with the GPU. Depending on what a user wants out of a GPU then different programs would better suit their needs when benchmarking. For gaming and other video rendering related tasks software such as 3DMark, MSI AfterBurner, Cinebench, and a number of other tools are great for showing how fast a GPU can render a scene or how well it does rendering a high resolution video [17]. There are of course other ways a user may wish to utilise a GPU and those might include processing large datasets or running a large amount of calculations on those datasets, and even in some cases training a neural network although specialised GPUs may be better suited for such tasks. Regardless of tasks CUDA is useful in all of these applications. As an example a study was done where performance data of GPUs was used in conjunction with some machine learning technology in an attempt to predict and model performance efficiency and power of some GPU systems [18]. These are just a few examples of the different ways GPUs are used in the real world and how benchmarking can be a very different process depending on the needs of the user or application being tested. 
	When programming in CUDA it is a relatively simple and straightforward process with no need for incredibly specialist systems. In order to make CUDA simple and straightforward Nvidia developed it with C/C++ programming languages in mind which allow the user to program CUDA applications without any extensive background knowledge of how GPUs are programmed and how to build GPUs themselves. All that is really needed to get started with programming CUDA is visual studio code or another that will allow you to download the CUDA toolkit and begin programming.
	Analysing the data created from benchmarks and performance testing is vital for the investigation and drawing a sound conclusion for the project in the final report. Data gathered from the tests will include execution times of programs, a few functions can be applied to CUDA applications in order to help with load order and data usage to make sure an algorithm or program is running as efficient as possible. Once data has been collected it can be put into a number of visualisations to support the final report of the project and can be easily added in the form of figures. The visualisation of data in simple form such as scatter plots or line graphs will make it easy to compare each of the tested points against one another and present them to the reader in an easy to digest form.
	Similarly to CUDA the OpenCL language uses the C or C++ derived library n order to allow the programmer to code GPU accelerated programs. In recent years OpenCL has opted to use a C++ based programming language to make the basis easier to use for the masses [19]. OpenCL is making many attempts to catch up to Nvidia and combat them in the space of GPU acceleration. OpenCL has been working with Vulkan to merge processes and create an even more powerful suite that would allow users to code incredibly up to date GPU accelerated programs [20]. Vulkan is an API that is used quite regularly in gaming. It is used for high performance streaming of real time 3D graphics such as games and video streaming [21]. By working together with Khronos, AMD could create a platform to rival CUDA and create a major competitor to the CUDA framework. This could lead to more advances in GPU technology and further the landscape and future of powerful computation [22]. In many ways OpenCL is similar to CUDA they are both C and C++ based languages that allow a user or a programmer to code applications that can make use of the GPU. On a grander note although competition is healthy Nvidia paved the way of modern GPU integration in computer systems which is why they are the main focus of this investigation [23]. Understanding the background of the GPU and the advancements will bring a better understanding of why this topic is being investigated today.
	In summary CUDA has been and will be an incredibly useful tool for developers for the foreseeable future. Nvidia GPUs continue to grow in performance at an incredible rate and so do their manufacturing competitors namely AMD who were very close to having a GPU many would consider to be better than the 30 series from the previous generation of cards. OpenCL will always have limitations in how efficient you can optimise a program for such a wide variety of systems and has a long way to go in order to catch up to CUDA which has been such a vital addition in the world of modern technology.
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This project will focus on what CUDA is and how it can benefit efficiency and execution times in programs. CUDA allows general processing functions to happen on the GPU of a computer system. This is beneficial because rather than having the CPU do all the calculations for these types of processes the GPU is able to offload some of the tasks and improve the efficiency of the program massively. In this case CUDA is specific to the NVidia brand of GPUs. However, there are similar forms of processes such as OpenCL that allow other manufacturers of GPUs to achieve similar things. 
	The hypothesis for this experiment is “Does CUDA improve the efficiency and processing times of programs when using the framework to aid with the workload”. The tests chosen will help see if this hypothesis can be accepted or not. Previous testing of the CUDA framework has concluded that when dealing with smaller sets of data for processing CUDA is often not very efficient [24]. When the datasets are significantly larger CUDA performs far better. This means that when creating CUDA applications it may be hard to test the true efficiency if the program is not large enough to process big bits of data. 
	When benchmarking CUDA for this research project the Nvidia visual profiler and Nvidia nsight tools will prove useful to the research. First the Nvidia visual profiler is a useful way to see the execution times in parts of the program that have been set to use the GPU. This will prove useful as it will allow for analysis on which parts of the program are running well and which parts may need some more optimisation. In addition to this, the Nvidia nsight tool will show which parts of the program are bottlenecking. Being able to see the bottlenecks of the program will make optimisation far easier than simply looking at execution times. This is because when looking at execution times a slow execution may not necessarily mean that that part of the program has a bottleneck. From previous research done by others it is apparent that small data sets can be difficult for CUDA to deal with. A slow execution time may be because the data in that part is relatively small in comparison to other parts of the program.
	A couple of things need to be considered when starting to test the program. There are two main types of testing that can be done. The first of the two is white box testing, this involves the tester knowing the ins and outs of the program and being able to understand what is desired from the outputs and how the program should be functioning. The other is black box testing, this relies on a user being able to test the program without looking at the internal functions of the program. In some cases black box testing is the best fit however, in this case it is virtually impossible to test the programs without understanding the internals. To change the values of the sample size and the amount of threads available to the program for doing calculations a user needs to be able to access the inner workings of the program [25]. Additionally to back box test this code unnecessary and ultimately useless features will need to be added in order to allow the user to input the sample size they want and the thread count they want. Not only could this cause some major problems if a user was to input a value outside of an accepted range the program would remain running forever unable to perform the proper calculations needed. This would leave the end user sitting and waiting for what could be an eternity which would waste both time and resources this project does not have.
To best test the program it will undergo a number of white box tests done by the investigator themselves. Although black box testing has it’s benefits in this case it would be incredibly hard for a user without a good knowledge of the codebase to perform relevant tests on the program. Leaving the testing to someone with knowledge of how to fix any errors leads to less time being wasted if issues such as the one mentioned are to be found. Black box testing allows for the program to be terminated if there are any immediate issues when running and also allows for features to be updated as the program is tested. 
	This project will follow the agile development principles. This will allow things to change as needed throughout development. The basis of the agile principles is that the customers’ needs are the highest priority and to provide full transparency on what is capable during the time frame and resources provided [26]. In this investigation the “customer” is the investigator and the needs are tailored to this project. The program will inevitably go through a few iterations before the ideal outcome. By following the agile principles the project will be allowed far more leniency in the development phases, if an issue arises that has some challenging obstacles to overcome and would push the development phase on for too long then the goals of the program can be re assessed and features changed accordingly. In total the testing will consist of three separate runs of the program with the mean execution time being taken and the mean Pi estimation. This data will be corroborated into graphs and charts for analysis later on in the project. The evaluation section of this document will cover the findings and inferences of the investigation.
	There are alternate methodologies that could be used for development such as the waterfall method. However, by using the waterfall methodology it would mean that the entire project will have to be coded from start to finish with no changes to the scope. In an ideal world this would be a great approach if it was possible to foresee everything that could go wrong with the project, that is unrealistic and often not the case. Looking at figure 2 the steps that must be followed using the waterfall method are shown. The steps used by the method themselves are not bad and are even adopted in the agile principles, but when following waterfall once a phase is complete it is impossible to go back up the waterfall “Once water falls down, it cannot go back up” [27]. 
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[bookmark: _Toc133374818]Figure 2 Waterfall method development stages



In order to allow for flexibility the agile principles and methodologies work best in this investigation. Should the project run into any issues a re-assessment will take place and then the goals can be changed accordingly. By following agile principles there is also room for expansion later in the project. An example of this would be creating an OpenCL variant of the code and testing it on AMD graphics card based systems. However, in doing this the time and resources needed for the project may be taken over the scope due to accessibility of such systems to the investigator.
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The main bulk of development for this project will be done using the Nvidia CUDA suite in addition to visual studio code. CUDA programs are coded in C/C++ which makes them easy to pick up and learn for the first time. In order to make sure the development process goes as smoothly as possible and has minimal hiccups along the way a FDD approach will be used. To adhere to the FDD principles a model of the whole program will first be created, then a required features list will be created and the most vital features to the program will be planned out first. Once the initial important features are coded and working the development of additional features can then be undertaken. In this case the initial program will be a relatively small CUDA program that will allow the researcher to obtain some useful data and analyse this, more on the data collection later. 
	In order to be as efficient as possible with the programming first a look at what GPUs do best is needed. GPUs were invented to accelerate the process of rendering 3D and in some cases 2D images, they are heavily used in modern day gaming and the majority if not all of modern day PCs have a GPU. When processing all of this graphical data GPUs will do a huge amount of matrix multiplications. Matrix multiplication in its simplest for is taking two matrices (a chunk of data relating to a 3d object or other process) and multiplying them together. GPUs do this over and over again thousands of times and this process is how the GPU renders 3D images and assists with processing.
	For developing the application for this project nearly anything can be taken and broken down into matrix multiplications, there are a few options for what could best suit the needs of this project. Firstly a simple CUDA application that does some mathematical formulas could be use e.g. Pythagoras theorem, Area of a cube, circumference of a circle. These are all basic formulae that could be turned into CUDA code and due to the nature of maths generating a large dataset of numbers is relatively easy. Using this approach the main result gained from running this program would be the execution time of the program in ms. This will allow us to compare the different mathematical formula against each other and test different sizes of data in order to see how CUDA performs when dealing with larger and smaller data sets. 
	The final choice for the development of the app will be to create an application that is capable of estimating the value of Pi. Pi is a constant in maths that represents the ratio of a circumference of a circle to the diameter of the circle. The nature of Pi means that there are set formulas and equations in place that allow the investigator to estimate it’s value using a few different methods. To best calculate the estimate of Pi the program will use what is known as the Monte Carlo method to generate a number of points and perform a calculation on the points generated in order to estimate the value of Pi. When creating CUDA programs it is often easy to run into bottlenecking there are a number of tools available created by Nvidia in order to help breakdown where and what in the code is causing the issues. 
	The testing of the data will be centred around a batching methodology. The code will create an array of threads that are used to complete a set amount of data allocated by the program. In this specific instance the program will generate a set amount of points, allocate an area on a grid and then calculate the value of Pi from this generated data, more on this in the implementation section. To make best use of the program the user will enter a number of values they wish the use for the sample size and the CUDA program will take it and allocate the samples on a grid once finished it will return a results with the estimation of Pi and an execution time in ms. Data collection in this project will be very straightforward as most of the data required will be automatically given by the coding suite after the program is run. Additionally any extra data can be programmed into the output screen so there will be no need for guessing or filling in any gaps to predict what the outcome was.
	The Monte Carlo method used to in both the CPU and GPU implementations of the program is the core of what makes the estimation possible. In basic terms the Monte Carlo method takes a set number of values that are given, in this case the sample size and then assigns them onto a grid using some standard distribution equations [28]. Once all the points are assigned to the grid a section of the grid is designated and then the total number of samples inside the designated area is divided by the total number of samples and then multiplied by 4. Done correctly this should output a value that is close to the mathematical constant Pi.
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The implementation for this code will be done in the Visual Studio 2019 IDE. This IDE is perfect for CUDA code as Nvidia themselves offers a number of tools and easy to install extensions to allow CUDA code to be written. Nvidia themselves offers a plethora of data and examples of how to code in CUDA if a programmer is new to the code [29]. This document was used a lot for examples and tips when working out errors in the code. This segment of the report will cover a few issues that were ran into during the development of the program and how they were overcame. 
	The first step in implementation was writing a version of the code that could be ran on the CPU. A few iterations of the program were made and those can be seen in figures 1, 2, and 3 in the bibliography. An initial version was created that ran a very basic well known Pi estimation formula this program was straightforward and didn’t run into any issues.
	The second iteration of the program was coded alongside the investigators attendance of the Socket Programming and Concurrency class. This proved to be very useful as a number of the topics covered in that class were directly relevant to the investigation. To name a few the use of atomic integers and threads resulted in a direct increase in performance of the program. Figure 2 in the bibliography shows this line of code “atomic<int> hits(0); “ here the atomic variable is used to count the number of “hits” that are inside the designated area of the program. By having this variable be an atomic it means that no parts of the program outside the scope that has been set are allowed to interact or change this variable in anyway. This provides a thread safe way to count and total the number of hits inside the circle. Using the thread function in C++ the workload can be split up across the CPU and work on simultaneously providing a more efficient and accurate outcome.
	Finally the GPU implementation ran into a few problems, having been the first CUDA code the investigator had written there was a learning curve to the nuances of coding a GPU accelerated program. When coding CUDA programs there are a few main differences, the code that is most important in this case the calculations for the estimate are put into what is known as the kernel. The kernel is the portion of the code that gets sent to the GPU with instructions on what to do and how to split up the work [30]. The first hurdle in writing threaded CUDA applications is making sure that all threads are summed and output correctly. To best achieve this consistently what is known as a reduction algorithm was added to the [image: Text
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Looking at figure 3 a portion of the reuction algorithm is shown. The part shown here is the final step where the if loop checks to see that the thread id and block id are zero, the loop then initialises the totalHits variable to zero and then loops through the outputs from each thread and adds them all to the global hits variable for sure later in the application. Through the process of troubleshooting and implementation the CUDA handbook was an invaluable resource providing a plethora of information on which specific parts change when developing CUDA code [31].
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The aim of this investigation was to find out if GPU acceleration has any value in being implemented into software that lends itself well. From prior research done if there is a small amount of data or if the calculations needed to be done on a piece of software are relatively small then it will be more beneficial to use the CPU instead of the GPU.
	When dealing with data being sent to the GPU there is a very specific process that must take place data must be copied from the host device and sent to the GPU [32]. In this case the host device refers to the CPU. Unlike the CPU the GPU cannot grab any data it wishes and is not involved in the timing of tasks or sequence of process to the same level that the CPU is. In order to make use of the GPU in a program data must be input and delt with in the host device our CPU, the data is then copied and sent to allocated memory on the GPU and then the programmed kernel will be executed. Once the kernel is finished the data will be sent back to the host device and can be output to the screen. In the case of this program a simple console output screen with the desired data was shown see figure 4.
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Looking at the data gathered from the project in figure 5 and 6 it is clear that both version of both CPU and GPU Pi estimation are getting similar results in terms of the actual estimation of Pi values. The interesting part of the data is the execution time of the programs. Given both versions were fed the same formula for calculating Pi it is expected that the outcomes of Pi would be similar. Looking at the breakdown of data from both versions of the program it is clear that the timing of the CPU program is far lower in the earlier numbers, this is inline with the hypothesis that transferring data to the GPU is quite an intensive task and requires a lot of computation. Because of this transferring small amounts of data to and from the GPU is incredibly inefficient. The data transfer needs to happen to and from the GPU meaning data needs to be input, copied, sent to the GPU, and only then can the calculations be done and the sum returned. It is clear that this process is incredibly resource intensive if a program is only sending a small amount of data. 
	When testing with a samples size of 1000(one thousand) the CPU is far faster than the GPU and this is something to note when creating GPU accelerated programs. It is safe to assume that it is only valuable to make use of the GPU if the program is sending a substantial amount of data to and from the hardware. A good example of this would be modern day gaming. Mentioned previously GPUs are incredibly good at matrix multiplication, this could possibly be why the larger sample sizes run at lower execution times on the GPU. Because the CPU is so heavily relied on by other parts of the computer it’s resources are often stretched thin. The windows scheduler is in charge of what processes happen and when they happen in a windows operating system. It is entirely possible and plausible that the event scheduler will say the program that is attempting to use the CPU is currently not important enough to warrant wasting precious resources on at the time of the request being made. 
	Looking at the data with larger samples when running on the GPU the program performs the Pi estimation with 100000000(one hundred million) executed at nearly an entire second faster on average than the CPU version did. This is something to consider when writing a program that will run on millions of systems out in the real world. In this case the testing and sample size were controlled. However, if a program is being shipped to a large user base and millions of users are accessing the same application transferring data between one another these one second gaps in execution time will be exacerbated and become incredibly obvious when a piece of software sits there for a few seconds to load. In the modern day it has become second nature to not have to wait for load times on web pages and applications on a computer. It is safe to assume from this data if a program wants to make a billion calculations it could be worthwhile to send the data to the GPU and have that perform the calculations then send the results back to the CPU.
	Of course programming a GPU accelerated piece of software is not without it’s drawbacks. As mentioned earlier in the investigation GPUS are incredibly good at matrix multiplication and that is what they are entirely designed to do. Looking back at the earlier figure 1 the very architecture of the GPU is set up for matrix multiplication meaning it does very little else. In many cases it is possible to turn the task a program needs to do into matrix multiplication for the benefit of speed in execution. In theory this sounds incredibly useful but one has to consider what the task or series of operations is and can they really be broken down into matrix multiplication.
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[bookmark: _Toc133374821]Figure 5 Results data for the RTX 2060 GPU
[bookmark: _Toc133374822]Figure 6 Results data for the CPU program

In order to better understand the efficiency of these programs figures 7 and 8 have broken down the results gathered into line graphs. Taking a look at figure 7 the Geforce GTX 1050Ti is clearly somewhat of an outlier in terms of execution time. It is important to note that this specific graphics card is running on far older technology that the RTX 2060 and 2070. The RTX on the two cards denotes Nvidia’s relatively new Ray tracing technology [33]. Because of the gap in technology the 1050Ti does not perform to the level expected of the other cards. An interesting note on this is in figure 8 the Intel i5-7600K is also a much older piece of technology compared to the other CPUs tested however, the gap in performance is not nearly as large. This is largely to the incredible strides made in GPU technology in recent years. CPUs have a long history and in some respects have reach the limit of how many components they can fit. What is referred to as the clock speed meaning the operating speed of the CPU haven’t seen an incredible increase in performance since around the mid-2000s [34]. In contrast to this GPUs have seen an incredible increase in performance and from the 10 series of graphics card to the second newest series of 30 cards the CUDA cores on the GPUs have more than doubled [35]. It is safe to assume that considering Nvidia has been the popular choice among the gaming community they will continue to develop their cards and attempt to increase performance. An area not covered by this study is the Artificial intelligence space which receives an honourable mention as GPU performance is incredibly important in this field.
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[bookmark: _Toc133374823]Figure 7 Line graph showing execution time of estimation on the GPU
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[bookmark: _Toc133374824]Figure 8 Execution time of Pi estimation on the CPU
Comparing the GPU and CPU directly with an even larger number here of 1000000000(one billion) it is clear that the GPU is far faster with larger amounts of data. Interestingly the Pi estimation however, loses some accuracy when using a larger samples size. There are a number of reasons that this could be happening the first and most likely is the timing of threads in the CUDA program. When creating threaded applications it is incredibly important to make sure the data being worked on in the threads is ordered split up and synchronised while still avoiding transforming the program into a serial one. That is to say negating the effects of having threaded the programs and only running one thread at a time. In regular C++ there are a number of ways threads can be synchronised but this often leads to the program becoming serial so it is best to limit this. In CUDA code there are also ways of synchronising threads albeit a bit harder. With limited time and resources the investigator was unable to figure out a proper solution to the synchronisation of threads leading to these larger numbers being omitted for accuracy purposes. The data is still valuable though in the hands of someone with more expertise this program would have a nearly whopping five times faster execution time utilising the GPU and this clearly demonstrates the benefits of making use of GPU acceleration in cases like this. 
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[bookmark: _Toc133374825]Figure 9 Test of GPU(left) and CPU(right) with 1000000000(one billion)  samples

It is clear from the data when using larger numbers the GPU often outperforms a threaded CPU application. Interestingly with a smaller sample size the CPU is superior, needing to copy data to and from the GPU creates an incredible amount of latency that would almost definitely create larger problems should a program not properly suiting the GPUs strengths make use of it.
	Of course improvements to technology are being made every year and there are often technologies unavailable to the regular end user that could massively benefit them but be far too expensive to mass produce at this time. This study would definitely benefit from being re done in a few years’ time and even having it’s scope expanded. With the limited amount of data and platforms tested here the results provide a good picture of where a GPUs strengths lie and where it’s weaknesses are. In addition there is a number of factors in each computer affecting the speed of every process done on it. It is safe to say from the data collected here the GPU is faster with larger amounts of data and the CPU is faster with smaller amounts of data. Just as in this project each program and piece of software created should be assessed and the relevant development phases followed.
	On a final note of evaluation it is interesting to note that as a precaution the maximum integer value, integer being a numerical variable in coding, lead to the CUDA program being unable to complete. Taking a brief look at figure 10 it took the CPU program around a minute and ten seconds to run the max integer value through the process. When testing this same integer value the CUDA code would not complete. In order to make sure that the GPU accelerated program was not just taking a long time to complete the program was left to run for around 30 minutes and no data had sown up on the output screen.
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[bookmark: _Toc133374826]Figure 10 results for the maximum integer value ran on the CPU

It is entirely plausible that the program would have compiled had it been left for hours or even days but this is unlikely to ever be allowed to take that long in a real world scenario. This is the most extreme case and if coding a real world application proper error handling and overflow backups would be put into place to avoid such a scenario from happening. An example of this can often be seen on the windows operating system, if the event scheduler deems a process to be low priority the focused application may turn white and show a small “(Not Responding)” message on top of the window.


[bookmark: _Toc133379535]Conclusion

Creating software in the modern day is incredibly intricate with every PC being different in terms of operating systems and hardware it is often impossible to code a program that works perfectly on every system. In many cases a developer may choose one manufacturer to work with to best optimise their program and minimise the amount of resources needed in the development phase. Here in this study only Nvidia GPUs were tested as the implementation of CUDA code was being assessed. CUDA is an Nvidia only coding language meaning if this code was to be run on and AMD GPU system it would not work. As mentioned OpenCL is often the choice for GPU acceleration when using a product that isn’t based on the Nvidia architecture. If this study was to be revisited it could be beneficial to also write an OpenCL version of the program and test against that. In an ideal world every component but the GPU would be the same and the code would be run with the different GPUs on the same CPU and component base. This was not possible for this project. Due to the nature of the systems available and resources it would have been an incredible waste of time and resources to take apart different computers and build an ideal test bench. With more time and resources this study would greatly benefit from that regardless of this meaningful data was still collected and assessed. 
From the graphs and results shown it is clear that GPUs are far better at dealing with large amounts of data than CPUs are and this is often the case for all systems. A few years ago not every system would have had a dedicated graphics card. Increases in both video resolution and technology available for creating 3D images has led to the need for a dedicated PC component that can perform the billions of calculations needed for this at a high speed without slowing down and dissatisfying the end user. The use of GPU acceleration is incredibly useful and should be opted for wherever possible in the modern day. As technology progresses it is more and more important for the end user to be happy with the service they are receiving, if a program is taking even up to five minutes to load some info or a feature end users are often upset and offput by this and this could lead to the demise of any project, service, or application before it has even begun to be shipped and sold. 
	Although this investigation was on a smaller scale than most brands and companies work with the data is still incredibly valuable for what to look for. Yes, CUDA code and programs have their limitations but these are not too be the spotlight. All forms of coding have drawbacks and weaknesses that are often ignored or pushed to the side. A plethora of systems and languages exist for each unique aspect of computing that someone may wish to go into. This is part of the beauty of programming, although Nvidia has a large market share on GPUs they aren’t the only option and the benefits of what Nvidia have invented and updated over the years get to be enjoyed by all end users.
	To close, CUDA has it’s benefits clearly seen in the results the GPUs ability to process incredible amounts of data and calculations is unmatched and used in conjunction to the CPU a program can play on both of the strengths in the components. GPUs are incredibly valuable and being able to interface with them in such a simple way has allowed technology to come leaps and bounds in a relatively short amount of time. The quality of these components is not to be understated. GPUs are incredible powerhouses in data crunching and running billions of calculations a second to bring the fastest and best experience possible to the end user. 

[bookmark: _Toc133379536]Reflection
During this project I feel as if my ability to research and select relevant data has expanded a lot. Before starting the individual project I had never done a proper literature review before starting an investigation or assignment. Making sure that all the background research was sound before starting the project gave me a head start when learning the coding portion. As I had never coded with CUDA before there was a learning curve but using the literature review I was able to understand the concepts very easily and quickly realise the differences between regular C++ code and CUDA code. By doing this I felt like the learning process was a lot shorter than it would have been had I not done a comprehensive literature review. 
	Another aspect of the project I had never really taken upon myself seriously was learning a coding language from scratch myself. Although in the past I had done some initial research into other coding languages in order to further my skills I had not really taken it any further than coding a few simple problems and programs in any given language. Even with the shared base language between C++ which I am very familiar with and CUDA which I wasn’t familiar with there are still certain aspects that are different. Along with learning a new language the ability to troubleshoot my code has never been a strongpoint of mine alongside my socket programming and concurrency class I had with Dr Tim Bashford I was able to realise the importance of adding outputs and ways to test the values of each variable in a program. Learning this helped me directly with the project as I was able to use these techniques a number of times when needing to know what the hits variable was doing in my program.
	Outside of the coding portion I learned quite a bit about agile principles that are used in the workplace [36]. Learning about the need to be transparent with your team despite my project being individual was very useful. I took the agile principles and applied them to myself breaking down the steps I needed during the development phases and allowing me to have a clear and concise picture of what features were needed to give me a successful program and useful results. I think becoming more familiar with the agile principles will aid me greatly when joining a new workplace as I will not need to be taught all the basics from the ground up. I will be familiar with user stories and relationship classes and be able to jump straight into joining a team of programmers or engineers working on a project.
	If I was to redo this project in the future I think I would aim to get access to some computers that have different graphics card bases on them such as AMD or Intel graphics cards and write an additional program using the OpenCL language to test if CUDA is more efficient in certain aspects to OpenCL or if the difference between them is relatively small. In the real world Nvidia has a massive market share and essentially founded GPUGPU programming giving them a huge edge. However, I do believe other companies are making strides in the right direction for creating back end languages that are just as good as CUDA in software development. I would have opted to try this method this time around but I was unable to get access to any AMD or Intel GPU systems which in some ways I do see as beneficial as it allowed me to stay focused on which aspects of the project I wanted to focus on. Had the project been far more open ended and including multiple types of computers I do feel I may have been side tracked and wasted a lot of resources in areas that I wouldn’t have needed to.
	I think that the coding skills and knowledge I have learned along the course of this project are incredibly valuable and will greatly benefit me in my career. Having now worked with GPU programming on an albeit small scale compared to what many do I can see the usefulness of this technology in the real world and am considering pursuing a career in this path. It has been an immense amount of fun and challenge working on this project and I only wish I had more resources available to me to further the scope. As mentioned before the resources available to me greatly limited the cross manufacturer testing I could do and not having a proper testing PC setup could have impacted the results. On the same note as this I do think the data is still valuable, in an ideal scenario everything but the GPU would be the same but that just is not the case in the real world. With modern day PC building being so easy it is highly unlikely two people have the same system and just different GPUs. On that same note even if two people are to buy the same components there are a number of factors influencing how each component turns out and performs [37] [38]. In that respect I think this project provides a good look into how CUDA and CPU driven codes can or will perform in the real world. The sentiment stays that GPUs are faster with larger amounts of data and CPUs can be incredibly fast at performing small calculations. 
	Not only has this project improved my coding skills I also feel like my reporting and writing skills have improved. In order to create accurate and pleasant descriptions of the data I collected I was tested in my ability to put complex computing terms in layman’s terms for any reader to be able to digest. Although it is safe to assume many reading will have a common understanding of how computer’s worked I did my best to describe it all in detail and provide explanations for terms used along the way. I found that challenging as to me using the words “host” and “device” when referring to components had almost become second nature. It was a test to break my own thinking down and explain clearly to the reader what is being said and why it is relevant.
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1. First Iteration of the Pi estimate program on the CPU
#include <iostream>
#include <math.h>
#include <cmath>

using namespace std;

int main()
{
    //declare variables
    int iter;
    double pi = 1;
    double RealPi = 3.1415;
    double Acc;
    
    {
        //tell the user what the program is for
        cout << "Welcome to the Pi guesstimator!" << endl;
        cout << "Enter the number of iterations to run the pi estimate forumla for" << endl;
        cin >> iter;

        //start the loop for estimating pi
        if (iter > 0)
        {
            // Loop will run the amount of times specified by the user
            for (int i = 1; i <= iter; i++)
            {
                pi += 4 * (pow(-1, i)) / ((2 * i) + 1); // formula for estimating pi
            }

            // When done add 3 to the value of the loop for final estimate
            pi += 3;

            // Calculate the degree of accuracy of the estimate
            Acc = ((RealPi - pi) / RealPi) * 100;
            Acc = abs(Acc);

            // Output the results to the user with the %degree of accuracy
            cout << "The estimated value of pi is " << pi << endl;
            cout << "Pi was calculated with " << Acc << "% accuracy " << endl;
 

        }
        // Output error if the user enters an invalid number
        else cout << endl << "Please enter a valid number! Number must be positive!" << endl;
    }

    return 0;
}

2. Pi estimation second CPU version using threads and Monte Carlo
#include <iostream>
#include <random>
#include <thread>
#include <atomic>
#include <chrono>

using namespace std;

// making the thread count and sample size constants so that they can easily be changed for testing on different systems
const int threadNum = 6;
const int samples = 2147483647;

atomic<int> hits(0); // number of points inside the circle as an atomic so that nothing can potential mess with the final number

void monte_carlo_pi(int samplesPerThread) {
    default_random_engine generator; //using the random library to create the random numbers as it is thread safe
    uniform_real_distribution<double> distribution(-1.0, 1.0);

    int hitCalc = 0;
    for (int i = 0; i < samplesPerThread; i++) {
        double x = distribution(generator);
        double y = distribution(generator);
        if (x * x + y * y <= 1.0) { //checking that x^2 + y^2 is less than or equal to 1 if yes then we can increment the number of points inside the circle
            hitCalc++;
        }
    }
    hits += hitCalc; //Adds the recently calculate number of hits to the atmoic of total hits
}

int main() {
    auto start = chrono::high_resolution_clock::now(); //starting the timer
    thread threads[threadNum]; //creating our threads

    int samplesPerThread = samples / threadNum;
    int remainder = samples % threadNum;

    for (int i = 0; i < threadNum; i++) { //loop creates the threads and checks to make sure any workload left at the last thread is all loaded onto that one
        if (i == threadNum - 1) {
            samplesPerThread += remainder;
        }
        threads[i] = thread(monte_carlo_pi, samplesPerThread);
    }

    for (int i = 0; i < threadNum; i++) {
        threads[i].join(); // closing any threads used once finished to avoid any leaks
    }

    //Ending the timer and calculating how long the program took to estimate pi
    auto end = chrono::high_resolution_clock::now();
    auto timeTaken = chrono::duration_cast<chrono::milliseconds>(end - start).count();

    //multiply the number of hits divided by the number of samples by 4 to get the approcimation of Pi
    double pi_estimate = 4.0 * static_cast<double>(hits) / static_cast<double>(samples);
    cout << "The estimated Pi value is " << pi_estimate << endl;
    cout << "The program executed in " << timeTaken << " milliseconds" << endl;
    cout << samples << endl;
    cout << hits << endl;

    getchar();
}
3. CUDA program to estimate Pi using the Monte Carlo method
#include <device_launch_parameters.h>
#include <cuda_runtime.h>
#include <curand_kernel.h>
#include <iostream>
#include <chrono>
#include <thread>
#include <random>

using namespace std;

#define BLOCK_SIZE 32
#define GRID_SIZE 32

__global__ void calculate_pi(int n, int* hits) {
    int threadId = threadIdx.x + blockIdx.x * blockDim.x;
    int stride = blockDim.x * gridDim.x;

    __shared__ int localHits[GRID_SIZE];
    memset(localHits, 0, sizeof(int) * GRID_SIZE);

    curandState state;
    curand_init(threadId, 0, 0, &state);

    // loop to find how many points "hit" the inside of the circle and increasing the count
    int hitCalc = 0;
    for (int i = threadId; i < n; i += stride)
    {
        float x = 2 * curand_uniform(&state) - 1;
        float y = 2 * curand_uniform(&state) - 1;
        if (x * x + y * y <= 1.0f)
        {
            hitCalc++;
        }
    }

    localHits[threadIdx.x] = hitCalc;

    for (int i = blockDim.x / 2; i > 0; i >>= 1)
    {
        if (threadIdx.x < i)
        {
            localHits[threadIdx.x] += localHits[threadIdx.x + i];
        }
    }

    if (threadIdx.x == 0)
    {
        hits[blockIdx.x] = localHits[0];
    }

    if (blockIdx.x == 0 && threadIdx.x == 0)
    {
        int totalHits = 0;
        for (int i = 0; i < gridDim.x; i++)
        {
            totalHits += hits[i];
        }
        *hits = totalHits;
    }
}

int main() {
    int samples = 100000000;
    auto start = chrono::high_resolution_clock::now(); //Starting the timer

    int* hits;
    cudaMalloc(&hits, sizeof(int)); //Allocating device memory
    cudaMemset(hits, 0, sizeof(int));

    calculate_pi<<<GRID_SIZE, BLOCK_SIZE>>> (samples, hits); //Problem 2: Launching the calculate pi kernel. Not sure what expression is expected " <<<GRID_SIZE " here
    cudaDeviceSynchronize();

    int results = 0;
    cudaMemcpy(&results, hits, sizeof(int), cudaMemcpyDeviceToHost); //copying data from the GPU back to the host device (CPU)
    cudaFree(hits);
 
    float pi_estimate = 4.0f * (float)results / (float)samples; //multiplying hits divided by samples by 4 to get pi approximation 
    //Ending the timer and calculating how long the program took to estimate pi
    auto end = chrono::high_resolution_clock::now();
    auto timeTaken = chrono::duration_cast<chrono::milliseconds>(end - start).count();

    cout << "The estimated value of pi is " << pi_estimate << endl;
    cout << "The program executed in " << timeTaken << " milliseconds" << endl;
    cout << samples << endl;
    cout << "Points generated inside the circle " << results << endl;
    getchar();
}
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