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[bookmark: _Toc1582428]1. Introduction
This report will explain paradigms pertaining to the use of parallelism in software development. It will include the historical context of parallelism, which will explain the reason why multi-threaded applications are desirable. 
The report will have code examples displayed in-line where necessary to further illustrate concepts in parallel computing.
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In Software Development, Parallelism is the term used to describe software that is running on multiple CPU (Central Processing Unit) cores simultaneously. [1, p. 166] It is worth acknowledging that this is different to concurrency (where software executes in a way that may visually represent parallelism, but is in fact being executed in small time slices, making the user believe they are processes that are executing at the same time.
To understand parallelism in more detail, knowledge of the CPU itself is required.
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A CPU (Central Processing Unit) is the component of the computer that is responsible for executing instructions that are fetched from memory, decoded by the CPU, and executed. This process is known as the fetch-execute cycle. [2]
The main specifications of the CPU consist of CPU cores, cache, and frequency.
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A CPU core represents a physical CPU that is capable of executing instructions using the fetch-execute cycle. A single CPU (with only one core) will use time slices that will create the illusion of parallel execution - this is the result of the CPU scheduler giving CPU time to different processes. [1, p. 110]
Modern CPUs come bundled with multiple cores. This allows for true parallelism, where software developers can actually create software to run on more than one core at the same time. This theoretically doubles the performance of a process on a dual-core system (opposed to a single core system) – however, this is the most ideal scenario where all of the code would be parallelable, where in-fact, some processes are difficult to parallelise (which will be discussed in Section 6.3).
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The Cache on a CPU is on-chip memory that is very fast to access (opposed to accessing memory from physical RAM, Random Access Memory modules).  Historically, memory was stored quite far from the CPU (Compared to modern day systems). This made memory access times quite expensive as the CPU would be required to make costly trips to retrieve data every time it needed to. [3]
As technology advanced, CPU manufacturers started integrating memory on to the CPU itself, as part of a CPU Cache.
CPU Cache is categorised into three layers (abbreviated to L1, L2, and L3). 
L1 Cache would ideally hold the more frequently accessed memory blocks. This is the fastest memory available to the CPU, however, it is also a very small amount of memory. When this layer of memory is filled, a bit of memory is removed it (However, it should still be present in the L2 Cache, as when data is copied to the L1, it is also copied to L2 – which is larger and slower than L1, but not as inefficient as accessing system memory modules).
L3 Cache works similar to L2; however, modern CPUs implement the concept known as a shared L3 cache. This is a block of memory that can be shared amongst multiple CPU cores (where-as, L2 and L1 will be local to each CPU core). [4] Below is a diagram from Intel that illustrates this on their 4th generation CPUs.
[image: https://www.researchgate.net/profile/Ian_Langmore/publication/321485663/figure/fig9/AS:567626472869894@1512344105941/Picture-of-an-Intel-core-i7-chip-showing-shared-L3-cache-L1-and-L2-cache-as-well-as.png]
Figure 1 Slide illustrating shared L3 Cache in Intel's 4th generation processors
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The motherboard has bridges that are known as South Bridge and North Bridge. Bridges are used to communicate different types of data with the CPU.
The North Bridge is connected directly to the FSB (Front side bus) of the CPU. This allows for very fast access to the CPU for the components that use it. Typically, the FSB will be used by devices requiring high amounts of data bandwidth to be exchanged with the CPU. This accounts for components such as graphics cards, m.2 solid state drives, and other devices. [5]
The South Bridge is used for lower-bandwidth interfaces – such as SATA for disk drives or hard drives.
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CPU Frequency is a measurement of how frequent a clock cycle can execute on a CPU. This is typically measured in GHz (Gigahertz). This, in conjunction with measures that improve IPC (Instructions Per Clock), ultimately represent the speed of a CPU core.
The number of transistors on the CPU has a direct impact on the performance of the CPU. Over-time, Moore’s Law has been used to predict performance of future processors. This is useful information as it allows software developers to develop for future platforms that may be able to leverage more computing resources (for example, developing a game that is to be released in four years). 
Moore’s Law states that the transistor count on CPUs doubles roughly every two years. [6] This has been a reliable law to follow. However, in recent years, CPU trends show that Moore’s law is in-fact slowing down, thus Intel and AMD (the main semiconductor manufacturers) have been bundling their CPUs with more cores. This can create substantial performance improvements that will be discussed in the following sections compared to the minor improvements in CPU frequency.
The picture below illustrates the diminishing returns on transistor count in recent years.
[image: Image result for moores' law]
Figure 2 Moore's Law Graph from Max Roser from Wikipedia (https://en.wikipedia.org/wiki/Moore%27s_law#/media/File:Moore%27s_Law_Transistor_Count_1971-2016.png)
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As illustrated in the previous section, parallelism is key for the future of software development. The remainder of the report will discuss the main paradigms in parallel computing and the common problems.
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A thread is considered a process in execution. [3, p. 163] Programs can spawn multiple threads that can be run concurrently through the use of a process scheduler. This provides the illusion of programs running simultaneously.
Meanwhile concurrency may seem like parallelism, true parallel execution consists of multiple physical CPU cores executing code at the same time.
It may seem like having twice the amount of threads would double performance, however, a doubling in performance may not be the case as that would require every process to be parallelable. Amdahl’s law provides a formula that illustrates the potential speed-up of a program using multiple threads (weighing code that can be run in parallel, and code that cannot, which is discussed in section 6.3).
In addition to physical CPU threads, Modern CPUs have SMT (Simultaneous multi-threading, also known as HyperThreading on Intel systems) which allows CPU manufacturers to add two threads per core, rather than one. [7] 
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Thread synchronisation is important when creating multi-threaded programs. If thread synchronisation is not used, problems such as race conditions can occur (which is discussed in Section 6.1). 
Thread synchronisation mechanisms provide ways of ensuring that a thread can only access a given resource at a time. As there is no knowing the point a time a thread will grab a resource, a thread synchronisation method must be used.
A Mutual Exclusion lock (or mutex) is an example of a thread synchronisation mechanism that allows a programmer to lock or unlock a section of a process. [1, p. 212] The portion of code between when a lock is used and released is known as the critical section. The use of a mutex will effectively synchronise threads, effectively creation an area of a process that is run in serial rather than in parallel.
It is important to acknowledge that having a critical section will remove the benefits of parallel computing when in use, so it is ideal for the programmer to have as little as possible if the creation of one can be avoided.
Alternatively, a semaphore can be used to synchronise threads. This utilises a semaphore variable that decrements and increments pending on the queue of threads that need to use it. A semaphore that can be incremented more than once, is known as a counting semaphore (oppose to binary semaphores, which are essentially the same as a mutex). [1, p. 213]
Multi-threaded applications are prominent in programs where code can be run in parallel. An example of such a program could be video encoding and compiling code (the former being more useful in GPGPU as discussed in Section 5).
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A computer cluster is a number of computers which co-operate to achieve a desired goal. The benefit of this is that it provides more processing power with the availability of more CPU cores provided by each computer on a network. However, this does suffer the same synchronisation problems that any multi-threaded application suffers from.
Synchronisation on clustered computers is achieved through message passing. This is an inter-process communication method used to share data amongst co-operating processes. It ultimately consists of two processes having communication through send and receive methods. [1, p. 122]
A standard known as MPI (Message Passing Interface) is a widely used standard to allow developers to create libraries that will enable message passing functionality over a cluster of computers. The benefit of having this as a standard is that other developers will be able to write code that complies with the rules of the standard. This could enable compatibility with other software that respects the standard, or allow other developers to understand what has been implemented.[8, p. 1]
MPI-3 is the newest revision of the MPI standard which was accepted in September 2012. [8, p. 622]
MVAPICH is an example of an MPI implementation which is being used on TaihuLight, the third fastest supercomputer in the world as of the writing of this report. [9]
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GPGPU (General-purpose computing graphics processing units) defines the use of using Graphics Processing Units (or GPUs) for computation. GPUs are not only capable of carrying out graphics-related operations, they can also be utilised to carry out parallel computation.
This is desirable wherever it can be utilised as GPUs have much more processing cores than that available on a CPU. A GPU, in comparison to a CPU will typically have thousands of cores. For example, NVIDIA’s flagship graphics card, the GeForce RTX 2080 Ti has 4352 CUDA cores. [10]
CUDA (Compute Unified Device Architecture) is an example of a programming platform which allows developers to utilise the GPU for GPGPU tasks (The AMD equivalent being OpenCL). Due to the high number of cores available to developers, CUDA is commonly used for tasks such as video encoding, machine learning, and cryptocurrency mining. [11]
Meanwhile many processes can be run on the GPU, it is important to note that not all processes can run on a GPU, such as compiling code for a CPU.
In comparison to a CPU, it is also important to acknowledge that core frequencies are also quite important, as when a program enters a critical section, it can carry out those single-threaded instructions quickly. This explains why tasks such as playing games typically favour single threaded CPU performance.
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As previously alluded to, parallel computing has problems that a developer must cater for. Some common problems are detailed below, as well as crucial information on Amdahl’s law.
Code will be provided in-line to illustrate the problems and their solutions.
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A race condition occurs when multiple threads try to access a variable at the same time. This can cause undesirable results; however, it may also produce the right results. As the threads are executing in parallel, there is no guarantee that the variable will be changed in the desired order.
An example of this problem is shown below.


This can be fixed by introducing a mutex to lock the critical section of the function. As a result, the variable will be changed in serial.

The possible output of this code is the display of 1, 2, or 3. However, it is impossible to predict the output due to the race condition.
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Deadlocks occur when a process is awaiting on a resource to become available from another process, resulting in a “deadlock”, effectively stopping the program until that resource is available.
An example of this is a thread that has been run where a mutex object is locked and never unlocked (this may happen in the case where the critical section of a function has code that prevents the function from executing further, such as waiting on a hardware resource). [1, p. 315]
The following code demonstrates a deadlock. The second thread cannot continue its operation until the previous thread has released the mutex lock.  As a result, the second thread will have to wait 10 seconds, due to the call to Thread.Sleep() method. However, in production code, it could be waiting on a hardware resource to become ready.



[bookmark: _Toc1582443]6.3 Amdahl’s law
It is not always possible to run a program fully in parallel. Amdahl‘s law shows the maximum speed-up available given the areas of the code that can be made parallel, and areas that cannot. [1, p. 167] Below is a graph that illustrates this speed-up. 
[image: https://upload.wikimedia.org/wikipedia/commons/thumb/e/ea/AmdahlsLaw.svg/1920px-AmdahlsLaw.svg.png]
Figure  3 Graph taken from Wikipedia (https://en.wikipedia.org/wiki/Amdahl%27s_law#/media/File:AmdahlsLaw.svg)
The above graph demonstrates the potential speed increases given the available parallel portions.
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The A-B-A problem occurs when two threads read and set a value, however, as there is no knowing if the timing is synchronised, a read may happen at an undesirable time, returning the initial value. This problem may not appear present at every run as it is possible that threads are executed in the desired order.
The solution to this problem is to incorporate a mutex lock to synchronise the critical section of the function. The working code for this is shown below.
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static   Mutex mutex;     publi c   static   class   Number   {        public   static   int   number = 1;   }   static   void   operation ()   {        mutex.WaitOne();        Console.WriteLine( "[1] Running..." );        System.Threading.Thread.Sleep(10000);        mutex.ReleaseMutex();        Console.WriteLine( "[1] Done" );   }   static   void   operation2()   {        mutex.WaitOne();        Console.WriteLine( "[2] Running..." );        mutex.ReleaseMutex();        Console.WriteLine( "[2] Done" );   }   static   void   Main( string [] args)   {        mutex =  new   Mutex();        Thre ad t =  new   Thread(operation);        Thread t2 =  new   Thread(operation2);          t.Start();        t2.Start();          t.Join();        t2.Join();   }  
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static   Mutex mutex;     public   static   class   Number   {        public   static   int   number = 32;   }     static   void   add ()   {        mutex.WaitOne();        Number.number += 1;        Console.WriteLine( "Number: "   + Number.number);        mutex.ReleaseMutex();   }     static   void   Main( string [] args)   {          mutex =  new   Mutex();        Thread t =  new   Thread(add);        Thread t2 =  new   Thread(add);          t.Start();        t2.Start();          t.Join();        t2.Join();   }  
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Moore’s Law — The number of transistors on integrated circuit chips (1971-2016)
Moore's law describes the empirical regularity that the number of transistors on integrated circuits doubles approximately every two years.

This advancement is important as other aspects of technological progress — such as processing speed or the price of electronic products — are
strongly linked to Moore's law.

20,000,000,000

1BM 213 Storage Controllr.

10,000,000,000 18-core Xeon Haswell-E5 \ SEARC MY
oo Ors oS\ 9 922000 eon st 5
5,000,000,000 izcore eon xgﬁ = gﬂ core Xeon vy Bridge-BX
g-core Xeon Nahwie E; B i cora vt mobie 5001
Duacon i @ ’B & Cusord + BRI Gore 17 Broacuell
ual-core tanum 2@ ’ O e GPU GTe Gore 17 Shytare K
Pentium D Prester vac6re - GPU Core 7 Haswel
Powerg
1,000,000,000 o S0 Applo AT (Gual-coro ARMA mobio SoG?)
500,000,000 Hio Yoore 7 (Quad)

SLND K0 avedcore oM Lo

Itanium 2 Mnmsun SMQ B KRR
T S
Pentium A Prescon 2 .PCOV‘E enD“ug:d\:nﬂa‘\‘e
100,000,000 AMDKED D 4 Prescott
Pertum s Nt
= 50,000,000 ot s itaneted .0, 0% gnom
3 FeNAmIMOLEIr 8. gppertim i Copparmine $ARM Corochd
3 AMD Ke-lil
i<} 10,000,000 AMD Ks, @Pentiym Il Katmai
2 00000 . ¥
E ' 7 Pentiume, ’AM K5
e B
000000 ey o
500,000 TEaie @
g | s ®asua
Motorola 68020 ¢ 9 .
o ur
100,000 P e 2
(Lo 4t
50’000 Qintel 80186
ntel 8086@ € Intel 8088 gz e
g o e @
10,000 THsgoo  Zieazsy o et
RCA 1802 65602
5,000 i Poagron
® oo MGS Tectnology
el ddoa 0800
1,000
Q AV A> Ao S & O D N o> P DS & L K O O N> o
REAISCIIE A A R S G R R R

Year of introduction
Data source: Wikipedia (https:/en.wikipedia.org/wiki/Transistor_count)
The data visualization s available at OurWorldinData.org. There you find more visualizations and research on this topic. Licensed under CC-BY-SA by the author Max Roser.
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public   static   class   Number   {        public   static   int   number = 0;   }     static   void   setNumber()   {        Number.number = 1;   }     static   void   setNumber2()   {        Number.number = 2;   }     static   void   setNumber3()   {        Number.number = 3;   }     static   void   Main( string [] args)   {        Thread t =  new   Thread(setNumber);        Thread t2 =  new   Thread(setNumber2);        Thread t3 =  new   Thread(setNumber3);          t.Start();        t2.Start();        t3.Start();          Console.WriteLine(Number.number);          t.Join();        t2.Join();        t3.Join();   }  
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