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Parallelism, otherwise known as parallel computing, is where many calculations are performed simultaneously through the use of two or more processors working concurrently. Parallel computing differs for non-parallel computing because it allows for a process to be split up indefinitely to increase the speed at which the problem is solved. A metaphor that could be used to describe this is if there were 100 balls on the floor that needed to be put into a bucket, by increasing the number of people putting the balls into the bucket, the time it take it takes for the task to be completed decreases, contrast this with a metaphor for non-parallelism; If there was the task to count to 100, no matter how many people were trying to complete the task it would still take just as long to complete.[1]
The parallel computing of tasks is why there has been a shift in the way computer processors have been designed, in the 1940s the computers used clocks that ticked at approximately 5,000 times in one second (5KHz)[2], and in 2003 the standard clock speed of a high-end desktop processor would be approximately 4,000,000,000 times in one second (4GHz). However, in 2019 clock speeds have stayed relatively similar to those found in 2003, this is because the number of cores in processor has increased from the single cores found in the past and in most cases it is impossible to find a modern computer that does not have at least two cores, meaning that tasks can now be parallelised, thus increasing the speed at what computers can process dramatically. 
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Parallel computing has been in development since the 1950s, with the largest advancements appearing in the 1960’s and 1970’s. These early advancements were the creation of multiprocessors that shared memory – processers that worked concurrently on data that was shared. This first big advancement in parallelism came in the mid-1980s after 64 Intel 8086/8087 processors were used to build a supercomputer for scientific usage by the Caltech Concurrent Computation project. This gave birth to the term MPP which stands for massively parallel processors which caused a cascade that saw MPPs grow phenomenally in their size and power, with the record for one trillion floating point operations being achieved in 1997. [3][4]
The MPPs did end up getting replaced in the late 1980s by clusters, which were a type of parallel computer that was built out of an array of separate non-custom, commercial stock, computers that were all connected through a standard, commercial stock, network. Clusters have now become the standard architecture for scientific computing. 
Clusters are connected through Network Bridges, otherwise known as a layer 2 switch, which are hardware devices specifically designed top connect two or more Local Area Networks that are using the same protocol, an example of such a protocol is Ethernet. Any device that is connected to a Local Area Network using the Ethernet protocol will connect through an Ethernet adapter card which has a MAC address, which stands for Media Access Control, this is the physical address of the hardware and is what is used by the bridge to uniquely identify the device and, by that, the network to which the device is connected.[5][6][7]
The bridge is the device that is used to determine whether a message is being passed to a device on its LAN or whether the message is forwarded to a device on one of the interconnected LANs. They are able to broadcast data to every node in a network, however it uses a database to discern whether it will pass or forward the message, this is done by checking if the node MAC address is on the same host network or if it’s of the interconnected network.

The next step for parallelism was multi-core processors that allowed for parallel to become mainstream, thus making it an option for the everyday consumer.
[bookmark: _Toc2118533]Multi-Core Processors
A multicore processor is single integrated computer circuit that contains multiple processing cores – core processing units. These processors are more advanced than single core processors because they allow for parallelisation of tasks and thus a faster execution times, this is because multithreading of processes can be achieved when running programs. Moreover, the use of multi-core processors allows for an Increased throughput which means it can handle more complex algorithms and multi-task.[8][9] 
Multi-core processors also have different core types, these are:
· Homogenous cores – All of the cores are the same type in a multicore processor, this means that the cores are used as general-purpose CPUs (Central processing units) that only run a single multicore operating system.
· Heterogenous cores – In these processors the cores are a mix of different types that are used to run different operating system, such as GPUs (Graphical processing units).
In 1980, the microprocessor was without a cache, however, in 1995, the 2-level cache was introduced and now some have multiple caches because of the changes in parallel computing. Caches are pools of memory that are small in size and store the information that is mostly likely to be needed next by the CPU; when the CPU finds the instruction already loaded into the cache when it looks for it this is called a cache hit. The levels of cache were introduced because an instruction is not already loaded into the cache when the CPU looks for it a cache miss will occur, and the CPU will have to look for the data in a different location - the DRAM (Direct RAM), the second layer cache is used so that if the CPU cannot find the instruction in the first level of cache it will find it in the second level of cache. Second level Caches are much larger than first level caches and allow for a better hit rate – increasing the speed of the computing.
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Parallelism can take multiple different forms, these are:
· Bit Level Parallelism
· Instruction-level Parallelism
· Task Parallelism
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The form of parallelism is based upon the increase of the word size of the processor. By increasing the word size, the number of instructions that the processor must execute is reduced, but only if the instructions are used to perform operations on variables which are greater in size than the length of the word.[10]
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Instruction-Level Parallelism, otherwise known as ILP, is a form of parallelism where the amount of the operation that can be carried out by the operating system at one time is calculated. It can be represented through the metaphor of recipes and cooks in a kitchen making food. The cooks represent the hardware and the recipe represents the software, ILP optimises the recipe for the number of cooks, so if there were four tasks to be performed to make the food and two cooks, each with four hands, the recipe would be optimised so that all four tasks were performed at once by the two cooks using their four hands, rather than the cooks completing one task at once leaving their extra pair of hands free not doing anything. This means, in computing terms, that the execution of instructions are overlapped through the use of pipelining so that they can run independent of each other at the same time. [11][12]
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This is a form of parallelism that works by distributing different tasks, rather than data, across multiple computing cores so that they can be performed by different threads or processors contemporaneously.[13] This works by dedicating certain processors or threads to tasks that can be performed in parallel whilst staying independent of other tasks – unique operations that have no dependencies on other tasks. [14] The metaphor that could be used to describe this is if a group of individuals each needed to write a report, the individual sections of that report could be written as separate task and thus each member of the group could be tasked with writing up a section each at the same time, which would ultimately speed up the process of writing the report. An example of this in a computer system could be if several functions were being performed on the same data set, such as finding the mode, median, range and average of a sequence of numbers.
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Threads are named as such because they refer to threads of execution. They are a basic unit of CPU utilization that have several attributes, these are: A thread ID, to give it a unique identifier; A program counter, containing the address of the instruction being executed; a stack, from which values can be push on and popped off for use in the instruction being executed; a register, a small set of data locations for the internal use of the processor. By having multiple threads, a process can perform multiple tasks at once, this is called multithreading and is different to a single threaded process that can only perform a single task at one time.[15]
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Cluster processing is processing done through cluster computing, which is a form of processing that works by connecting a group of computers together so that that can act as a single entity, this is usually done through the use of a LAN (Local area network).[16][17] This type of processing is effective because it reduces downtime and has a much larger storage capacity than a standard desktop computer, for this reason it is commonly used in computer networks that host websites as the workload for incoming requests can be distributed across all the machines, therefore, allowing for a smoother browsing experience and a large number of visitors. Cluster computing can take two classifications, these being: Open Cluster, where all the nodes are IPs that are accessible through the internet; and Close Cluster, where the cluster is hidden behind the gateway node – this provides much better security. As mentioned previously workloads can be spread across multiple computers which is a type of cluster computing called Load-balancing clusters, the other two types of clusters are: HP (High performance) clusters, which is the use of cluster computing to solve advanced computational problems; and HA (High Availability) Clusters, which is the use of multiple machines so that, in the event of node failure, they can be utilised reliably for redundant operations.
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MPI stands for message passing interface and is a standard for portable message passing between multiple computing machines that are running a parallelised program across distributed memory; it was created by researchers from both industry and academia in order to function on a variety of different parallel computing architecture. [18] This standard denotes each computer, or processing core, as a node which works in parallel with the other nodes to process a portion of the overall problem that is being computed. This means that the data from one process can be moved from its current address space to the address space of another process through the cooperative operations of each node.[19] 
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The term GPGPU stands for General-Purpose Computing on Graphics Processing Units, and is a term used to describe the use of a GPU (Graphics Card) which is being used to handle the computation of processes that would usually be performed by the CPU. GPUs are specialized processors with dedicated memory (Random Access Memory – RAM) that are usually used to perform operations on floating points to render graphics.[20] GPUs are generally favourable for data parallelism, this is because rendering, what GPUs are designed for, is a highly parallel task. GPUs use graphics pipelines, which put simply are processes that run parallel but are blocked from completion until the slowest process has been completed.[21] An example of GPGPU usage could be Bitcoin mining; this is because a cryptographic problem has to be solved and thus the GPU can be used to parallelize the task so that they can be done concurrently. The reason GPUs outperform CPUs for parallel tasks is because high end GPUs can have thousands of shader cores, whereas a high-performance CPU may only have eight or twelve cores, the difference being that CPU cores are built to handle far more complex processes, especially non-parallel processes.[22] 
Tasks that are most suited to GPGPU are tasks that are well suited to SIMD (Single instruction, multiple data) parallelisation, this is because these tasks are parallelised through the use of distribution of data amongst different computing nodes. SIMD achieves data-parallelisation by executing the same instruction on multiple pieces of data.[23]
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CUDA, which was originally an acronym standing for Compute Unified Device Architecture, is a parallel computing and platforming model that was created for the purpose of GPGPU, it was created by NVIDIA Corporation in 2007, so that software developers can have direct access the virtual instruction set of the GPU and its parallel computational elements; thus allowing parallel programs to be written in its supported languages such as C and C++.[24] It was also designed so that OpenCL, a programming framework, was supported. [25] CUDA works by first copying the processing data from the main memory to the memory of the GPU, then the CPU instructs the GPU of the processing that is to be done by initiating the GPU compute kernel – otherwise known as the compute shaders, this is followed by the GPU executing the process (the compute kernel) in parallel on each of the GPUs cores, from this the result is then copied from the GPUs memory into the Main memory. The advantages of CUDA are that it’s specifically designed for the hardware which it is executed on, unlike OpenCL, which means that the performance is optimised as it better matches the computing profile of the NVIDIA GPU.
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OpenCL, which stands for Open Computing Language, differs from CUDA in the fact that it is much more versatile because it can be used in the programming of GPUs, CPUs and other devices, unlike CUDA which is limited to just NVIDIA GPUs. It is a proprietary API that is used for writing programs designed to work across platforms that are heterogeneous. [26][27] It uses a four level hierarchy for memory, which is the following:
· Global memory – This is memory that is shared by all the elements involved in processing, however it has high latency
· Read-only memory – This is memory that is writable by the CPU that is host but not the computing devices, moreover it has lower latency but is ultimately smaller in size
· Local memory – This is the memory that is shared the group of elements that are processing
· Per-element private memory – This just refers to the registers
OpenCL is different from CUDA in that the OpenCL kernel can be compiled at its runtime, which can eliminate the dependencies on instruction sets, which does add extra length to its runtime, however, this type of compile could allow the code generated by the compiler to use the target GPU in a more efficient manner as it allows for changes to be made to instruction sets by hardware vendors. Based upon a paper that made an experimental comparison of CUDA and OpenCL [25], CUDA achieves a higher performance for data transfer to and from the GPU, this is due to it’s kernel execution being faster than that of OpenCL even when running identical code.

[bookmark: _Toc2118545]Limitations of Parallel Computing
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A race condition is a bug that can occur in parallel computing where two threads or more are trying to access the same memory location, with the final result of the process depending on the order in which the threads are executed.[28] The bug occurs when one of the threads is writing to the memory location; this is because the other thread(s) are using a variable which is being changed, this either results in a corruption of the data or the use of an incorrect variable. The metaphor that could be used to describe this is if there were two light switches being used for the same light in a house, by flicking both of the switches at the same time the circuit breaker may be tripped, or one of the instructions would cancel out the other and nothing would happen. A common example of a race condition in computer science is if one thread is reading the data whilst another thread is overwriting that same data with a new value. 
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A deadlock refers to a situation in parallel computing where two or more processes are sharing the same resources they need to complete, and neither will give theirs up until the other thread gives up it’s resource.[29] For Example, Thread A requests the use of resource 1, receiving said resource, whilst Thread B requests the use of resource 2, also receiving said resource. The problem arises when both Thread A and Thread B request the resource that the other thread is using, this causes both of the threads to queue, pending on the release of the resource they need to continue. This is a deadlock because the threads will not release their resource, meaning the only course of action is to abort one of the processes. [30][31] For deadlock to occur four conditions must be achieved, which are the following:
· Mutex (Mutual Exclusion) – This is when a minimum of one resource is being held in a mode in which it is non-shareable, when a separate process tries to access this resource that is already in use it must wait until said resource is released.
· No Pre-emption – This is where as resource is being held by a process, and in this state that resource cannot be removed from that process until that process releases it voluntarily.
· Circular Wait – This is where there is a set of processes that are each waiting upon the completion of the process that was successive to itself.
· Hold and Wait – This is where a process is holding a minimum of one resource whilst also concurrently waiting for another resource to be released that is being held by a different process.
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This law is a formula that is used to identify the potential performance gains that can be achieved through the addition of further computing cores to an application that has components that are both parallel and non-parallel. The formula is as follows:

The symbol S refers to the proportion of the application that is serial (non-parallel), whereas N refers to the number of processing cores available for the operation.
An example that can be used to demonstrate Amdahl’s law is a system that has 75% of the application free to be parallelised. By increasing the number of cores from one to two, this task can improve its speed by a factor of 1.6, and with the addition of a further two cores the task can have its speed improved by a factor of 2.28. Amdahl’s law also shows how the effectiveness of increasing cores is reduced exponentially, this is because the higher number of cores just brings the speed closer to 1/S. The speed is still limited by the speed of the non-parallel portion of the application that must be performed.
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