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The world of computers has progressed through the years into a position where it was increasingly more difficult and expensive to produce hardware that would provide the level of processing power required by applications. In order to combat this the industry adopted the usage of parallelism through introducing multicore processors, threaded operations and cluster computing.
A multicore processor means that, rather than using one large processor to perform work in a serial fashion, multiple smaller cores can be utilised to perform tasks in parallel. The dispersal of load among cores means that each core need not be individually as powerful as its counterpart in a single core system and with less work the cores produce less heat and are subjected to less stress.
Multicore capabilities do however require that software be written differently in order to gain the benefits as historically programs would be written in a serial fashion. In order to utilise multiple cores, software must be written with parallelism in mind so that work can be split amongst the cores appropriately.
This report will discuss some of the parallel computing approaches and the limitations of such approaches.
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A thread is a lightweight process that operates in its own right, however these lightweight processes are parts of a larger process; this process would create multiple threads at the same time allowing these threads to operate distinctly from one another in parallel rather than in serial, thereby meaning each can carry out their tasks regardless of the state of the other threads. When one thread is waiting for resource or input, other threads can continue to operate.
Each thread is allocated time slices individually by the work scheduler, therefore each thread runs separately from each other. Due to the non-deterministic nature of CPU scheduling it is impossible to predict the order in which threads are executed and/or complete, therefore it is important to ensure that threads need not be completed in a specific order; if this is required then parallel threading is unlikely to be an acceptable solution to the issue.
It is important to realise that whilst threads operate separately, they may interact with each other through usage of shared resources (such as memory) or can cause unexpected results if they interfere with each other.
Functions that can be used by multiple threads at once without causing unexpected behaviour are thread safe functions; this can be achieved through mutual exclusion (Mutex), local scoping of variable, atomic operations and re-entrancy.
Mutual exclusions are used to ensure that only a single thread can operate a section of code at a single point of time, this will be discussed in more detail later in this document.
Atomic operations cannot be interrupted as these are the smallest operations possible, therefore these see use in threading in particular for mutual exclusion. 
Re-entrancy means that a function can be accessed by multiple tasks at the same time, but each task that enters it will maintain its own scope and not require usage of any shared data that may be liable to change from one call of the function to the next. This essentially means that re-entrant functions should be self contained.
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Taking the idea of parallelism through multiple cores and threading, it is possible to go beyond the cores found within a single machine and instead utilise the cores of many machines. Rather than using one extremely powerful and exorbitantly expensive machine; utilising a larger number of cheaper, more commercially available computers in a parallel fashion through use of cluster computing.
Cluster computing introduces many challenges as now processes may need shared resources which are not even located on the machine running the process; in order to facilitate this messages must be passed between the machines, the de-facto standard for this is through utilising an Message Passing Interface (MPI) software. 
Protopopov and Skjellum (1) proposed an MPI solution based off the MPICH framework that would allow for portable, efficient thread safe MPI implementations. Their design involved preemptive threading whereby the threads are later managed by the operating systems thread scheduling algorithms; these threads would be assigned work and set to sleep upon completion before being set more work when needed.
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In recent years there has been a rise in the usage of General Purpose Graphics Processing Units (GPGPU’s); this rise is due to the fact that a GPU can perform calculations at higher rates than a CPU and thus by pairing multiple GPU’s rather than multiple CPU’s we can see a far greater increase in performance. Whilst CPU’s often run at higher clock speeds in comparison to a GPU, GPU’s possess a far greater number of cores and as such can lead to vastly improved performance when used by parallel programmed applications. 
There are two prevalent examples of GPGPU in Nvidea’s CUDA and Apple’s OpenCL; the prior being higher performance than the latter but is restricted to Nvidea GPU’s whereas the latter is available for wider application. 
Michel Müller and Takayuki Aoki (2) found that through leveraging GPGPU they were able to speed up a full scale production run of a weather prediction model at 3.5 times the speed of the reference model with only a 5% larger code base. This demonstrates that not only does GPGPU not lead to excessive amounts of code, but it can lead to vastly improved performance in parallelisable applications.
Libo Huang et al (3) argue that whilst CUDA is an effective method of improving performance, for some workloads the overheads inherent in it can outweigh its benefit. In such circumstances it is possible to use work-queues, in particular their chosen design DaQueue was well suited to work with complex data types and irregular parallel workloads. They found that DaQueue was an effective design in regards to improving performance speed with such workloads.
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When working with parallel computing it is important to realise that the complexity of parallel computing introduces a number of potential issues.
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One such issue is that of race conditions; such conditions arise when two parallel processes attempt to access and/or modify a piece of memory that another process is currently accessing and/or modifying. A symptom of a race condition is the prevalence of the ABA problem, this results in the following sequence of events:
1. Thread A accesses integer x (value is 5)
2. Thread B accesses integer x (value is 5)
3. Thread A adds 5 to integer x (value is now 10)
4. Thread B adds 5 to integer x (value is now 10)
In this situation both threads are attempting to add 5 to the value of x, as such the resultant value should be 15, however due to each thread reading the value of x as 5 then writing back x + 5, both threads write down that the value of x is 10. This demonstrates that even simple operations such as adding two numbers have the potential to result in erroneous behaviours when carried out in parallel.
The most important consideration when creating code to be run in parallel is to ensure it is as self contained as possible, using shared resources only when unavoidable. When shared resources must be used, for example a list of data that must be accessed by all parallel operations, the access and usage of such a resource must be forced into a serial fashion. 
Forcing parallel operations to operate in a serial fashion is called synchronisation; the simplest and most common form of which utilises the concept of locks in order to synchronise parallel operations. In such an instance, shared resources are surrounded by a mutex or lock object that which will only allow a single operation to access them at one time, leading to other operations waiting for the lock to become available again. This allows the operation currently accessing the lock the ability to safely access and/or modify shared resources, then release it for another operation to do the same.
Demonstrating the same example as prior, albeit employing locks, would now yield the following sequence of events:
1. Thread A gains access to the lock for integer X (value is 5)
2. Thread B waits for access to integer X
3. Thread A adds 5 to integer X (value is now 10)
4. Thread A releases lock on integer X
5. Thread B gains access to the lock for integer X (value is 10)
6. Thread B adds 5 to integer x (value is now 15)
7. Thread B releases lock on integer X
Synchronisation however has the inherent issue in that by its nature, it contradicts the benefits of parallel programming. Parallel programming leads to benefits arising from multiple operations being able to run in parallel without having to wait for other operations to finish first; synchronisation means that this benefit is lost for the synchronised section of code.
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Deadlocks are another potential issue that can arise from parallelisation. Deadlocks occur when operations require multiple shared resources but due to parallel operations, it is impossible for operations to gain access to both. This can be demonstrated by the following sequence of events:
1. Thread A gains access to the lock for list X
2. Thread B gains access to the lock for list Y
3. Thread A waits for access to list Y
4. Thread B waits for access to list X
Whilst this example might be simplistic, it serves to highlight that operations will hold locks on resources needed by other operations until they have removed the lock, however there could be instances where in order to proceed they need access to other locked resources and will wait until it becomes available. A deadlock is where the operations will never be able to proceed as they are in direct conflict with another operation over unique access.
Deadlocks are a far more challenging problem for parallel systems to overcome. The main control for this is for the parallel code to be programmed in such a way that only one shared resource need be accessed by an operation at a given time. This is not always possible of course; in such situations one approach to avoid deadlocks would be to access the shared resources in order and not release until all the needed resources have been used, for example:
1. Thread A gains access to the lock for list X
2. Thread B waits for access to list x
3. Thread A gains access to the lock for list Y
4. Thread A releases lock for list Y
5. Thread A releases lock for list X
6. Thread B gains access to the lock for list X
7. Thread B gains access to the lock for list Y
8. Thread B releases lock for list Y
9. Thread B releases lock for list X
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Amdahls law highlights the primary concern with parallel computing in that the foremost limiting factor of maximum speed improvements derived from parallelism is the code that cannot be made parallel. The following formula demonstrates this:

Where:
· Smax is the maximum speed improvement
· P represents the parts of the system that can be improved
· S represents the performance improvement factor, or in other words the number of parallel processes that would be available
Therefore in a situation where only half of the operation can be made parallel and 4 parallel threads are created, there is a maximum potential speed improvement of 1.6.

Alternatively if three quarters of the operation could be made parallel there is a maximum potential speed improvement of 2.29 times.

This highlights that in this situation there is a 43% potential speed increase between code that can be 50% parallelised and code that can be 75% parallelised.
Alternatively, it is possible to increase the number of parallels that are available, however this demonstrates a far smaller benefit.

This shows that by increasing the number of parallels by 50% there is a much smaller potential speed increase compared to the previous number of parallels. This 50% increase in parallels leads to only a 7% difference.
According to the research of Yavits et al (4); whilst Amdahl’s law indicates that as the amount of code that that can be parallelised approaches 100%, the optimal number of cores begins to approach infinite, they found that applications with a high amount of inter-core communication would benefit from being used with fewer cores whilst applications with a small amount of inter-core communication would follow Amdahl’s law more appropriately.
This demonstrates that whilst Amdahl’s law is an effective guideline for system performance improvements; these improvements can be affected not only by synchronisation but also by other factors such as connectivity.

[bookmark: _Toc1397824]Conclusion
Whilst there are a number of issues to consider when introducing parallelism to an application, the potential performance improvements far outweigh the negatives in a large number of situations.
Over the last few decades software has become increasingly reliant on parallel computing, and as we continue to tackle increasing more difficult issues, this trend is unlikely to change. In fact it is highly likely that parallel computing will be a focal point of advancement in the industry.
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