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1. [bookmark: _Toc1594095]Parallelism – Historical Context
Parallel computing can be defined as a type of computation in which tasks are executed concurrently. This is done by dividing tasks into smaller subtasks which can be solved synchronously. The Analytical Engine, commonly known as the world’s first computer, was a mechanical general-purpose computer designed by Charles Babbage in 1834. Although never constructed, Luigi Menabrea envisioned an extension to Babbage’s machine which would allow for multiple tasks to be processed simultaneously. He then wrote a French journal on his theory called ‘Notions sur la machine analytique de M Charles Babbage’. Although one could argue that this was the first step in the creation of parallel computing, the most critical advancements occurred from the 1950’s all the way through to the 1970’s. 
IBM is an American computer hardware company responsible for many advancements when it comes to parallelism. Gene Amdahl was a computer architect who is primarily responsible for the architecture of the first computer to contain a hardware floating point arithmetic unit. This machine was produced for the public in 1955 and was named the IBM 704. Being the first of its kind, it was significantly faster than other computers. In 1962, the Atlas computer was created. This was the first machine to use virtual memory and paging. In the same year, symmetrical multiprocessors were being launched, each with one to four central processing units that had access to one to sixteen memory modules. In 1964 central processing units started using scoreboards for instruction dependency management. In the same year, Douglas Engelbart presented a protype with a mouse and a graphical user interface (GUI). In the same year, 32-bit floating point operations started being seen in commercial machines in 1968, and a year later, systems contained symmetrical multiprocessors with up to 8 processors.
[bookmark: year1982]Computer processing evolved in 1971, when Intel produced the world’s first microprocessor, also known as a single-chip central processing unit. In the consecutive 10 years, different companies focused on increasing processing power and in 1981, the first 64-bit array processor was produced. A year later, Michael Wolfe's wrote a thesis on optimizing compilers for supercomputers which comprised of “program transformations for vectorization and shared-memory parallelization” [1]. The new millennium brought the first multicore processor, created by IBM in 2001.








2. [bookmark: _Toc1594096]Paradigms and Tools Available
2.1. [bookmark: _Toc1594097]Threading
2.1.1. [bookmark: _Toc1594098]Overview and Situations in Which Threads Could be Applied
Threading is defined by many as “the smallest sequence of programmed instructions that can be managed independently by a scheduler” [2][3][4]. Every process commences with a single thread, commonly known as the Primary Thread, and consists of at least one thread of execution. Each thread contains unique identification, a program counter to the address of the consecutive thread, a stack, and a set of registers. Threads are sometimes referred to as lightweight processes.
Similarly, multithreading allows for multiple threads within one process, thus switching between threads is more efficient. Threads can be used whilst programming when wanting to run different instructions concurrently.


2.1.2. [bookmark: _Toc1594099]Benefits and Situations in Which Threading Can be Applied
Because the creation of threads does not use many of the operating system’s resources, and threads only need a stack and a storage for registers, they are considered cheap to create. Threads can access every address in a process and thus can communicate shared data quickly. 
Multithreading allows concurrent threads of execution, which can lead to a much faster processing speed as well as faster context switching. Context switching refers to the time the central processing unit takes to switch from one process or thread to another. Threads allow for greater efficiency when using multiprocessor architecture and thus allow for a more complex system.


2.1.3. [bookmark: _Toc1594100]Limitations
Communication between threads and the operating system’s kernel is not always coordinated and as such can cause errors. Furthermore, multithreaded programs must be designed in a very precise manner. Lastly, splitting instructions to different threads only runs faster if the thread can indeed execute simultaneously, and this is rarely the case as a thread may have to end before others can commence.
 

2.2. [bookmark: _Toc1594101]Cluster Processing
2.2.1. [bookmark: _Toc1594102]Overview and Situations in Which Cluster Computing Can be Applied
Computer clustering is the process of connecting two or more servers to make them work as one. This enables many computers to connect to each other and be viewed as a single system. Big companies will choose to have access to computer clusters as it is more reliable.
2.2.2. [bookmark: _Toc1594103]Benefits
Cluster computing has high scalability, availability, and stability. As such, the failover support allows for resources to be added after the initial cluster activation, and that if one server fails, the other available servers will keep running, allowing for easy maintenance. This is done by a process called work fencing, in which malfunctioning nodes are isolated. In the same context, if more users were to join the server, hardware would keep being added without ever needing to shut down the server. 
Resource management is also a benefit of cluster computing as one can choose what machines to be running during which projects, allowing a more flexible system. The server load can also be balanced through server management. As the machines work together to create a single system, they provide more processing power and thus increase the machine’s performance. 


2.2.3. [bookmark: _Toc1594104]Limitations
As computer clusters contain hardware with high specifications, the cost effectiveness decreases substantially. Along with the cost effectiveness, the second main limitation of clustering is the maintenance of the hardware, as there is a large amount of it.


2.3. [bookmark: _Toc1594105]GPGPU
2.3.1. [bookmark: _Toc1594106]Overview and Situations in Which They Can be Applied
A general-purpose GPU, also known as a GPGPU, is a graphics processing unit that performs tasks typically assigned to the central processing unit. These are now found in all gaming systems, whether it’s computers or laptops, in the form of graphics cards. These enable a higher graphical processing power which is key in modern-day gaming. GPUs can also be used to increase graphics when watching movies, or viewing images.


2.3.2. [bookmark: _Toc1594107]Benefits
Graphics processing units add speed to computers. Power is also increased with the use of GPUs. As GPUs work in parallel to CPUs, they are designed for parallelism.


2.3.3. [bookmark: _Toc1594108]Limitations
Graphics processing units are not as powerful as central processing units. However, as they are used in parallel to CPUs, it is not a problematic limitation. 
2.4. [bookmark: _Toc1594109]MPI
2.4.1. [bookmark: _Toc1594110]Info and Situations in Which MPI Can be Applied
Message Passing Interface is a communication protocol which has become the standard for process communication. This specification is used in computer clustering as communication between libraries and the different systems.


2.4.2. [bookmark: _Toc1594111]Benefits
One of MPI’s main benefits is the sending of messages without Processes can access their memory effectively. 


2.4.3. [bookmark: _Toc1594112]Limitations
When using the message passing interface, communication of processes has to be defined explicitly by the programmer. Furthermore, task synchronization is also done by the programmer, making what one could call ‘maintenance’ high. 


3. [bookmark: _Toc1594113]Pitfalls and limitations of parallel computing
3.3. [bookmark: _Toc1594114]Race Conditions
One of the pitfalls of parallel computing is called the race condition. This occurs when two or more threads attempt to access and change shared data contemporarily or more accurately, “a race condition is usually when multiple processes are accessing data that is shared among them, but the correct outcome depends on the execution order of the processes” [5].


3.4. [bookmark: _Toc1594115]Deadlocks
“A deadlock is a situation in which some processes wait for each other's actions indefinitely” [6]. To prevent this pitfall, one can use the lock timeout prevention mechanism. This can be seen as an instruction for each thread, where a thread will give up if the wanted action has not occurred in a timely fashion, and let the consecutive thread take over.

 
3.5. [bookmark: _Toc1594116]Amdahl’s Law
Amdahl’s law is a mathematical equation used to theoretically predict the maximum speed increase for programs using multiple processors, before other parts of the system start underperforming. In 1967, computer architects Gene Amdahl and Daniel Slotnick published a discussion about the limits of parallelism now known as Amdahl’s law. The equation of Amdahl’s law is as such; increase in speed by using multiprocessor = execution time using one processor / execution time using a multiprocessor with p processors.
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