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[bookmark: _Toc1597308]What is Parallelism 
The first idea of parallel computing came around in the mid-1800s with Charles Babbage’s analytical engine, an account of which was written by Luigi Menabrea. This was the first principals of parallelisms  where Luigi states that a “machine can be brought into play so as to give several results at the same time”[1]. 
Parallelism is also known as parallel computing. It covers the development of system architecture and programs to allow applications to run simultaneously.  Large problems are resolved by the problem being broken down into chunks, then these instructions are solved concurrently in the processor. This increases the available computational power as the system has more than one processor in a computer system.  The parallel computing process is used to separate and distribute the workload to more than one processing unit. It is up to the developers to implement the use of parallelism within the computer programs.[2]
The first advances in parallel computing came about in the 60’s with the first supercomputers. These were based on a model in which they used shared memory between the multiple processors[2]. They were used for high computing throughput and were useful for programs that required a large dataset. [3]  
Moore’s law stated that the speed of the processors or more accurately the number of transistors used in the computer would double every two years.[4] In the early years of computers, it was easy to see the speed change but more recently it is the number of transistors that are increasing. It is because of the increased numbers of transistors that parallelisms are possible. This includes increasing word sizes, out of order execution, multi-threading, memory access controllers. Before multicore processors different sized caches determined the number of transistors used. [5] 
[image: MooresLaw2]
Figure 1- Moore's Law showing the increase of transistors in a processor

There are different types of parallel computing including: bit level, task level and data level. Some are dependent on the hardware that is used such as bit level. Bit Level is the increase in the word size so that the number of instructions needed to execute a piece of code is reduced. This parallelism is independent of the application but dependent on the hardware. Instruction level parallelism is where the instructions that are not dependent on one another can be executed at the same time reducing the amount of time taken.  Data level parallelism is where the instructions are executed on all data at the same time. The amount of data that is executed at once is dependent on how wide the architecture is. This parallelism is used in Single Instruction Multiple Data architectures (SIMD). [6] Find Reference of bit level etc. 
[bookmark: _Toc1597309]Multi-core processors
Multiprocessors started as multiple single core chips but now have progressed to multiple cores on a chip. This improves performance as the communication is on the chip which is quicker than chip to chip.  Multi-core processors are when there is more than one processor on a chip. This enhances the performance and improves the power delivery. By increasing the number (N) of processors the amount of work in a given time increases but by slightly less than N times a certain amount of time is needed to communicate between the processors. Multicore processors can be cheaper than running many single processors as resources such as storage and power supplies can be shared. Multicore processors can be more reliable if the functions can be shared then if there is a failure this will only result in a reduction of output rather than a system failure. [4][7]
There are two types of multicore systems Symmetric and Asymmetric. Symmetric systems are more common with all processors performing all tasks.  A benefit of this is that the system can run many processes at once. Asymmetric system is where there is one master processor controlling the other processors. Each processor completes their own tasks. Multiple cores are not faster if one of the cores is running at maximum capacity all the other cores will have to wait for this one core to finish executing before moving on to the next instruction.  
[bookmark: _Toc1597310]Implications on hardware

[bookmark: _Toc1597311]Cache 
The CPU cache is a specialized memory that is integrated with the CPU. As CPUs clock speeds got faster this was needed because accessing the RAM was time consuming causing a bottleneck. The cache held the instructions that the CPU needed to access frequently. This memory is incredibly fast compared to the RAM that is used to store programs. There are different types of cache in the CPUs. Level 1 (L1) and Level 2 (L2) are private to the CPU. L1 is smaller but faster than L2. L2 is used to improve the cache hit rate where the CPU is looking for the next piece of data to be loaded in the cache. Some CPUs have the cache mirror the data in L1 and L2, whereas other designs do not share data in the caches. Increasing the size of the cache increases the performance of the CPU which enables more instructions to be executed in parallel computing. [8] Level 3 (L3) is a larger and slower version of L2 and was originally used to increase performance by connecting onto the back-side of the motherboard. More recently the L3 cache has been used as shared memory between all cores on multi-core processors, an example of this is shown below. However, when the data is used there might be an issue with a cache coherence problem. [9]
[image: Haswell-E]
Figure 2 - Intel Haswell E architecture showing L3 shared cache
L1 and L2 caches are used to reduce the likelihood of conflict of data and algorithms are used so that data stored in L3 is located nearest to the CPU cores that requires the instructions. L3 cache can be shared with other devices such as bridges. [9] 
[bookmark: _Toc1597312]Bridges
Inside the CPU there are some important chipsets within the system architecture. There are two main chipsets within the processor called the northbridge and southbridge. Northbridge originally used technology called the Frontside Bus (FSB) and the Backside Bus (BSB). The Northbridge manages the dataflow and tends to be closer to the CPU than the Southbridge. The Southbridge is the input and output controller. In the AMD Opteron architecture, the northbridge contains all the logic outside the processor. The Northbridge communicates with RAM and the GPU that is connected through the PCI-E lanes that connects back to the CPU.[10]  From 2011 on the Northbridge now resides on the CPU die on Intel CPUs. [11] The Southbridge is connected directly to the Northbridge, but the bus has a slower speed. 
[bookmark: _Toc1597313]Parallel computing paradigms and tools available 

[bookmark: _Toc1597314]Threading 
Threading is where multiple threads run at the same time by an application. To be efficient the system needs to be designed with the instructions as independent as possible. Synchronization must be added where there are dependencies. Less threads have less synchronization and communication needed so that more threads may not be necessarily faster. For parallel programming there are several models. Shared memory where the program is a collection of threads. The access to the shared data must be synchronised. The second model is message passing where each thread is independent and has a unique ID and communicates with other threads. 
[bookmark: _Toc1597315]Cluster processing
Cluster computing is where there are a group of computers or nodes are connected to each other through a LAN solving complex calculations more efficiently and faster than a single computer.
Each thread only has access to its own memory directly. To share the data this must explicitly be communicated using send and receive messages. Message Passing Interface (MPI) is the most commonly used model for scalable cluster computing. It is a method for writing message passing programs for high performance cluster platforms that was originally designed for distributed memory architectures but is now used on all different types of hardware. As long as the hardware support MPI the software can be easily ported with very little modification of the code. [12] MPI is supported by many languages and many routines have been defined in it. There are currently three standards in use. MPI-1 deals with a static process model whereas MPI-2 includes a dynamic process management as well. MPI-3 has nonblocking operations.  [13]Some benefits are it can be used by computers on fast or slow networks and over a wide variety of problems. Also, each process has its own local variables and avoids race conditions. However, this does require converting the code from serial to parallel and can be hard to debug. 
There are several types of cluster computers. These are high availability and high performance computing. High availability is where there is a high level of redundancy built into the system so that when one node fails another one takes its place. This is either asymmetric where there is a node on standby monitoring a system and takes over if the monitored system fails. Only a short interruption occurs.  Or symmetric where the nodes are both monitoring and monitored. If one fails, the tasks are shared amongst the other nodes. This is more efficient as it makes use of all cores. This type of cluster is used for mail and application servers. High performance computing is where the clusters are used to provide large computational power. Software needs to be written to make use of parallelization to utilize all the nodes in the cluster. Scientific computing and financial analysis use high performance clusters.  One benefit of clustering is that it is scalable, and more resources can be added if needed. It can be reconfigured if the loading needs to be changed and can be maintained without the services being stopped. The cost of the system can initially be high because of the hardware needed. [4] [14] [15]


[bookmark: _Toc1597316]GPGPU
General Purpose Graphic Processing Unit (GPGPU) usually gives higher processing performances than CPUs in parallel computing as GPUs tend to have more cores. OpenCL which is open source and CUDA which is proprietary are software frameworks that allow GPGPU’s to increase processing performance. The use of CUDA and OpenCL programming models reduces the amount of development needed to parallelised programs. AMD hardware supports OpenCL and Nvidia supports CUDA although OpenCL will work on Nvidia as well but not as well as on AMD. Large scale high-performance computing is achievable using these tools. With this brings the concern of reliability. Traditionally GPUs were used for graphical applications where there may be errors of a couple of pixels that can be corrected quickly and would not be critical. In high performance computing these errors are more critical. Some of these errors are related to hardware and are challenging to overcome. Transient fault can cause computational errors and are predicted in the future to increase as features are reducing in size with more cores on individual chips. [16]  CUDA helps programmers to implement parallelization issuing and managing computations on the GPU. A limitation of CUDA is that it does not support texture rendering. It can however compute many complex calculations In a shorter amount of time than a CPU does. [17] GPGPU gives huge performance benefits especially when dealing with images or video.
[bookmark: _Toc1597317]Potential pitfalls and limitations of parallel computing 
There are limitations to parallelism as extra code is needed to manage and communicate to the subtasks. Therefore, the time taken may not be less than if the code was serial.  
[bookmark: _Toc1597318]Race conditions 
Race conditions occur with multi-core processors with shared memory when there are two or more threads accessing the same memory space. The problem happens when the threads are writing to the same memory space. Access to shared memory must be synchronised to prevent a race condition. Race conditions can be avoided using mutual exclusion locks (mutex) where once the space is accessed another thread cannot access it until it has been released. Using a mutex can lead to a deadlock condition.   [7]



[bookmark: _Toc1597319]Code Example for Mutex
using System;
using System.Collections.Generic;
using System.Linq;
using System.Text;
using System.Threading;
using System.Threading.Tasks;

namespace DCC_Assignment
{
    class Program
    {
        // Setting up a mutex
        private static Mutex mutex = new Mutex();  
        private const int numhits = 1;  
        private const int numThreads = 10;  // Number of threads
        private static void ProcessingThread()  // Function for creating a thread process
        {  
            for (int i = 0; i < numhits; i++)  
            {  
                MutexExample();  
            }  
        }  
        private static void MutexExample()  
        {  
            mutex.WaitOne();   // This will make sure it safe to enter the mutex. 
            Console.WriteLine("{0} Starts ", Thread.CurrentThread.Name);   // Obtaining the name of starting thread
            Console.WriteLine("{0} ends \r\n", Thread.CurrentThread.Name);  // Obtaining the name of ending thread
            mutex.ReleaseMutex();    // Releases the Mutex.  
        }  
        static void Main(string[] args)
        {// Looping through the number of threads
             for (int i = 0; i < numThreads; i++)  
            {  
                Thread thr = new Thread(new ThreadStart(ProcessingThread));   
                thr.Name = String.Format("Thread{0}", i+1);  // Formatting string 
                thr.Start();  // Starting the thread
            }  
            Console.Read();  
        }
    }
}
[bookmark: _Toc1597320]Deadlocks 
Deadlock occurs when there are more than two processes require the same mutex. This happens when more than one process is trying to access another resource that has been locked by another process. The first way of avoid a deadlock is to use as few mutexes as possible. [18] Mutexes can be avoided by replicating code to run the code in serial rather than parallel. Synchronizing the access of the code can also be used to prevent a deadlock. This means that the mutexes are used in the same order by the processes so cannot lock each other. A method of preventing a deadlock is to only have one mutex locked at one time. Another solution for preventing a deadlock is to allocate the mutexes a memory address and executing in a set order each time. This is more complex if the memory is not allocated in same way each time the program is run. When a process cannot acquire a mutex then releasing any mutexes that it holds and reattempting the execution again will prevent deadlocks. It is possible to detect and recover from deadlocks, but it is better to avoid them. To recover them they first need to be detected using algorithms. Methods for recovery are preemption, rollback and killing. Recovery through preemption is where the resource is removed from one process and given to another process. This can only be done with certain resources as the process to needs to able to resume without any issues. Rollback can be used when the developer knows that deadlocks are probable within a program. Checkpoints are placed in to record the current state of a process. When a deadlock occurs, the process can be rolled back to its previous checkpoint. The last method is killing the process and starting it again. Not all processes can be restarted safely. [7]
[bookmark: _Toc1597321]Amdahl’s law
Amdahl’s law is used to calculate the estimation for the time speed up when rewriting serial program into a parallel program. The equation below is the theoretical maximum speed up where f the amount of parallelisms  and p is the total program. [19] 

Figure 3 - Formula for estimation of speed up in parallelisms.

Assumptions have been made that the amount of workload in the serial and parallel program are similar. The limiting factor for the speed up is the part of the code that needs to be run in serial. A good speed up requires most of the program to be parallelized 

Conclusion
[bookmark: _GoBack]Parallel computing has changed throughout the years and the amount of changes are still occurring.  This has gone from single core processors to using multiple cores on a single chip. The amount of processing power available has increased exponentially. There are many tools available to help developers to program in parallel computing and cluster computing. 
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