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To identify the areas where the greatest areas of improvement are required, the built-in performance tool analyser in Microsoft Visual Studio 2015 was used. This was tested with the input_200.txt file to quickly identify the classes and functions to optimise. This tool is beneficial for all the three methods of optimising the code, as this information can be used to reduce the execution time as much as possible. The longest time is caused by the ‘Computation’ class at 195 milliseconds, followed by ‘File write’ at 80ms, and ‘Setting C & D’ at 73ms. This can be broken up by analysing the functions for CPU intensity and time:
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Due to the times calculated by the performance tool analyser, the first class threaded was the ‘Computation Engine’. The method ‘SetCD’ had the longest runtime, and was parallelised by using an additional array to reduce time.
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The main method was also updated to speed up the overall computation and file write time, by adding in threading (with a thread manager as an array), and an additional method for each thread to run. They are deleted at the end of the main, with the exception of the thread array, as it considers itself to still be in scope, despite the threads being joined.
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The MPI project was created using the original project, with the ‘SetCD’ method copied from the threading project. The additional variables for the MPI rank and size were created and the relevant methods were used to create the MPI project.
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	Original Program
	Threading

	File read
	0 milliseconds
	0 milliseconds

	Initialising variables
	0 milliseconds
	0 milliseconds

	Setting A
	0 milliseconds
	0 milliseconds

	Setting B
	0 milliseconds
	0 milliseconds

	Inverting A
	13 milliseconds
	0 milliseconds

	Inverting B
	12 milliseconds
	0 milliseconds

	Setting A’ and B’
	29 milliseconds
	20 milliseconds

	Setting C and D
	48 milliseconds
	35 milliseconds

	Setting E
	36 milliseconds
	0 milliseconds

	Setting results
	0 milliseconds
	0 milliseconds

	Computation
	126 milliseconds
	40 milliseconds

	File write
	22 milliseconds
	4 milliseconds

	Deallocating variables
	0 milliseconds
	0 milliseconds

	Entire program
	156 milliseconds
	90 milliseconds
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There are many limitations to threading, including the following:
Security issues can arise as threads within a program share the same data, therefore unknown threads may overwrite the existing data [1]. This is similar to when synchronisation issues arise, caused when two or more processes are executed simultaneously. These can interact by using the same resources, causing race conditions. This can be resolved by the use of a mutex or semaphore [2].
Slowing down or blocking the program occurs when the processor is overloaded with threads, or if a single kernel thread stops, such as the main thread of execution [1]. This reduction in execution speed can often be due to rapid construction and synchronisation of threads, which are CPU/ memory intensive.
Existing code often requires significant re-architecting to allow multithreading to exist. This includes the removing of static variables, and replacing any function calls, or other code, that is not thread-safe. These changes must be thoroughly tested, increasing the cost of the application [3, Ch. 1–2], [4].
Threading increases the complexity of these applications, making them harder to write. This requires programming experience to code these types of applications effectively. Bad design and programming of threads can lead to 'thread starvation', which occurs when a thread has not been allocated enough CPU time [5].
There is a decrease in the ease of replicating, identifying, and verifying errors within the code source. This can be due to unpredictable results, which are often timing related, which are less common in single-threaded applications. This causes problems during the debugging stages, as these may not be identified previously, or even during this or the testing stages.
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There are several limitations to MPI:
1. Changes are required from serial to parallel versions of code, which are required for effective MPI code. These changes, along with MPI being harder to debug than other communication libraries, is sometimes not worth the effort of the complex code changes required. 
2. When new versions are released, there is a need to ensure all workstations/ clusters are up to date with these changes, and are all running the dame version [3, Ch. 1–2], [4].
3. Cluster computing and MPI require specialist hardware to implement, and its performance is limited by the communication network between the nodes [3, Ch. 1–2], [4], [6].
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This method of reducing execution time has a major limitation, in which it requires a compatible NVIDIA graphics card, with a compatible version of CUDA installed for operations. 
[bookmark: _Toc513843984]Conclusion
In conclusion, I believe that the use of threading is the best for speed, using a single device. If there are multiple, then MPI can be utilised to the best of its capabilities, providing it is set up correctly. Threading is better utilised for the smaller sized input values, due to its small start-up costs, compared to the use of MPI, where the high start-up costs, and the queue on the service can prevent the results from being accessed quickly. Threading is also more versatile, and can easily be expanded with more threads (up to a point), and it can also be used within MPI to speed up the tasks.
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