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[bookmark: _Toc513496080]1. Parallel Programming

Originally computer programs were written completely sequential, meaning each line of code is executed one after the other [1]. CPU’s are very good at these sequential types of programs, some problems cannot be converted from this sequential type of execution or would be very challenging to implement [1], [2]. There are also problems that are considered embarrassingly parallel, introducing parallel programming to these problems can drastically increase the speed of execution, as it is possible to run chunks of code at the same time that does not need access to other parts of the program or other data (for example, a for loop) [2]. Intel announced the MMX instruction set was to be included on its P5 processors in 1997 [3], to allow for single instruction multiple data (SIMD) calculations to be performed on the CPU for the home user [3]. There was a drawback in the parallelisation available in the MMX instruction set, MMX only supported integer calculations and had a low combined bit size, four 16-bit values or two 32-bit values at the same time [2]. AMD extended the MMX instruction set in their extension called 3Dnow, which added support to include floating point calculations [2], [4].
Parallel programming has been around for many decades, mainly in the high performance computing sector, limiting programs needing to be written with parallelisation [1], since becoming available on microprocessors accessible to the home user, parallel programs have had a dramatic increase in demand, which has led to more programs being required to be written with parallel components [5], [6].
Graphics Processing Units (GPU’s) are great candidates for running parallel programs, this is due to their architecture design difference to CPUs. They consist of multiple small processor cores that can be setup to run several small parts of a program in parallel [1]. Most programs will use both CPU and GPU program code, due to CPUs being incredibly optimised at running sequential code and the GPU at parallel code [1], [5], [7].


[bookmark: _Toc513496081]1.1 General Purpose Computing with a GPU
	
	In 2001 NVIDIA released its GeForce 3 series graphics card, and with it came a change from a fixed graphics pipeline, to a partly programmable graphics pipeline, there were two stages made accessible to developers to manually program, these were the vertex and pixel shading steps of the graphics pipeline [6]. A programmable graphics pipeline was primarily targeted at the rendering of real-time applications market and was seen to be useful to the scientific and engineering communities, allowing the use of GPUs to run CPU code in parallel much faster than on a single CPU [8]. To enable data manipulation within the pipeline, the dataset would need to be stored in ways to make the GPU work with the data through the Graphics API library [6], [1], [7]. The data is usually an x and y co-ordinate and variables to determine the colour output, the GPGPU community realised any data can be set in these variables and could be used to manipulate the GPU into doing other calculations with larger datasets [1], [6], [8], [9], [7].
	GPU code should focus on the parts of a program that can be run in parallel and require throughput more than a low latency, the high throughput will make up for the lower latency on a GPU [8], [9]. If low latency is required, it might be better to run these parts of the code on the CPU which can handle data with low latency much faster than data that requires a high throughput [8], [9]. 
	Access to the architecture of multiple low frequency processors could allow faster calculations. The downfall of the way the data had to be manipulated in the form of a texture map and the differences in how GPUs handled floating point numbers (if they handled them at all) caused issues during configuration of datasets [6]. If a program was to return no values of just fail to execute could also get frustrating without any way to easily debug the code being executed [1], [6]. The need for a programming language specifically targeted at GPGPU arose and NVIDIA worked on creating the first GPGPU  language from 2006 which is now known as CUDA (Compute Unified Device Architecture) [1], [6], [7], [10].

[bookmark: _Toc513496082]1.2 CUDA 

	CUDA was created by NVIDIA in 2006 and was aimed to allow programming of the graphics pipeline by more than just programs aimed at rendering real-time applications [1], [6], [7], [10]. CUDA introduced a shader pipeline that could do more than just graphics and was able to perform in general computing. The change in the GPU architecture involved giving access to each arithmetic logic unit (ALU) and read and write access to shared memory for programs written by the developer leading to a much more controllable environment for general computing tasks than before CUDA was created [1], [6].
	NVIDIA took a very well used and common language C and added a few keywords to its compiler CUDA C to allow direct access to the GPU architecture without the need of accessing through a graphics library [1], [6], [10]. Using the C language as the basis of the CUDA C language allowed NVIDIA to access many potential programmers without the need for programmers to learn a complete new language and continue in a familiar environment [1], [6]. CUDA C programs can only run on a system than has CUDA cores within its system architecture, this is easily achieved however since NVIDIA releases their new graphics cards with CUDA cores ever since the GeForce 8800 in 2001 and more prominently since 2007 [6], [11].
	The architecture of CUDA is setup in such a way that different generations have a different amount of cores available to be processed on [7], [11], [12]. CUDA cores are arranged in different configurations of threads and blocks depending on the device installed on the system [7], [12]. There are other standards that allow programs to run on any processor that allows parallel execution, OpenCL is one of these standards. On a system that has both OpenCL and CUDA possibilities, the speed will be greatly higher with code written in CUDA directly than the OpenCL language [7]. CUDA also benefits from access to shared memory on the NVIDIA GPU allowing variables to be copied into shared memory directly on the GPU but are hidden from other blocks, making them unable to be changed by other blocks [7], [12]. 
	CUDA parallel programming is designed around the basis of a GPU being capable of running multiple threads at the same time, which in turn should allow faster execution of a program [7], [13]. A CUDA program can be configured to work on a set number of blocks and threads, this is limited by the hardware available for the program to run on due to different architecture designs [7], [10], [11], [13]. CUDA programs are referred to as kernels and on setting up a kernel for use, the programmer is able to set the size of blocks and threads in the initialisation stage [6], [7], [13]. If parameters are not set on kernel initialisation their default value of 1 is set [13]. 
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As with any parallel programming applications, an issue becomes apparent when you want to write to the same part of memory at the same time as another part of the program, or when you want to ensure synchronisation such as not executing one bit of code until all other required bits of code are finished executing [7], [12], [13]. There are design patterns in place for parallel programming specifically:

[image: ]Map  [13] - Read and write from specific data elementsFigure 1 [13]: Map memory copy design pattern



· Map has a 1 to 1 relationship between input and output
· Useful for threads that do a specific task
· Not very flexible for other situations

Gather [13] – Compute multiple values into a single output result
[image: ]
Figure 2 [13]: Calculate many inputs into a single output

· Gather has a many input to 1 output relationship
· Used for calculating many input values into a single output answer

Scatter [13] – Compute a single input value and output to multiple places
[image: ]Figure 3 [13]: Compute a single input to output in multiple places

· Scatter has a 1 input to many output locations relationship
· Each thread can compute where its output will be stored
· For Example, a data sort function

Stencil [13] – Read input from a fixed neighbourhood array stencil

· 2D Von NeumannFigure 4 [13]: 2D Von Neumann

[image: ]

· 2D MooreFigure 5 [13]: 2D Moore

[image: ]
· 3D variants also – 3D Von NeumannFigure 6 [13]: 3D Von Neumann

[image: ]
· Data reuse is very high with this design patterns use.



Transpose [13] – Reorder data elements in memory
[image: ]
Figure 7 [13]: Sort data elements in memory
· Makes use of the Gather or Scatter design patterns to reorder an array of elements.
· Useful for matrices and calculating the same type of data all at once.
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Converting code from CPU to GPU would include a focus on the parallel parts of the code or algorithm in question [7], [12], [13]. Here is a simplified version of this process in pseudocode form.

1. Allow access to variables for both the CPU and GPU
· cudaMallocManaged(&a, SIZE * sizeof(int));
2. Specify launch configuration for the kernel
· VectorAdd <<<1, SIZE>>>
· cudaDeviceSynchronize() could be used here to tell the CPU to wait until kernel is complete before proceeding. 
3. Parallelise the kernel function to run on the GPU
· No need to loop each step of a loop here as each step in a loop is launched as an individual thread
4. Free device memory
· cudaFree(a);

[bookmark: _Toc513496085]2. Colour Models
	Colour models explain the characteristics of a colour, no single colour model can be used to explain the characteristics of all colours [14]. Different colour models exist for different use circumstances [14]. This project will be looking at the conversion from RGB colour model to the HSV colour model.

[bookmark: _Toc513496086]2.1 RGB Colour Model
Eyes determine colours through the intensity of three pigments in the eyes retina [14], [15], [16]. This is also the basis of displaying colour to an electronic screen, using the colours red, green and blue, known as the RGB colour model. Intensity values for each of the red, green and blue values is changed to produce different colours [14], [15]. For example, if red, green and blue were all set to 0, then the output colour would result as black. If red, green and blue were all set to 1, then the output colour would result in white.
Using the RGB Colour model unit cube shown in Figure 8 and Figure 9, it is clear to see how to change the RGB component values to make other colours [14], [15]. Here are a few examples of this in practice:

Red (1, 0, 0) + Blue (0, 0, 1)	= Magenta (1, 0, 1)
Red (1, 0, 0) + Green (0, 1, 0) 	= Yellow (1, 1, 0)
Green (0, 1, 0) + Blue (0, 0, 1) 	= Cyan (0, 1, 1)

The above is not an exhaustive list and any colour value mix can be made from 0 – 1 to make a multitude of colours [14], [15].

[image: ]
Figure 8 [13]: RGB colour model in unit space
[image: ]
Figure 9 [13]: RBG Colour model cube
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	The HSV colour model uses Hue, Saturation and Value as its parameters to create different colours [14]. Hue is the amount in degrees around the hex cone (can also be shown as a cylinder), (hex cone as shown in figure 10), ultimately selecting the main colour aspect [14], [15]. Saturation along the horizontal axis is also calculated into the resulting colour to allow for a higher or lower intensity of the selected hue value (as shown in figure 10) [14]. Value is the amount of white added to the resulting colour, the most vibrant, whitest value being 1, when the value is set to be the closet to the hue hexagon (as shown in figure 10) [14].
	HSV as a colour model is seen to be more intuitive and allows people to perceive the colour change in a different way to the RGB colour model [14]. The hue hexagon is taken from the RGB colour model, take the red value and set it at 0° hue, trace around the outer edge, ignoring the lines that connect to white and black, assigning each colour in order to each point on the hexagon, green will be set as 120° and blue as 240° and the interim colours set at each point [image: ]between them [14].
Figure 10 [14]: (left) HSV colour model cone and (right) HSV colour model hexagon view
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	The algorithm that will be used to convert between RGB and HSV values in a PNG image is a modified version of the algorithm set out by Hearn and Baker [14]. The image will be loaded using the LodePNG image loader code for both CPU and GPU aspects of image loading and saving [17].

[bookmark: _Toc513496089]3.1 RGB to HSV – Hearn and Baker

	Original algorithm used to modify for CPU implementation of full image and GPU implementation of full image with CUDA.

[image: ]
Figure 11 [14]: Original Hearn and Baker RGB to HSV CPU code for each pixel colour value.

[bookmark: _Toc513496090]3.2 CPU RGB to HSV – Code
	
	This section of the report will show the modified algorithm from Hearn and Baker [14] to incorporate the timer and LodePNG [17] image loader for use in the CPU implementation using the C++ language.

[bookmark: _Toc513496091]3.2.1 Timer Class

	The Timer class is used for both CPU and GPU algorithms to time execution.




Timer Class Test Output

[image: ]
Figure 12: Test of Timer class output (performed in the same code, latency expected for hardcoded due to timer class being performed just before).

Timer.h

/***********************************************************************
****		Windows High Resolution Timer Class 					****
****																****
****		Can Output MicroSeconds, MilliSeconds and Seconds		****
****		Requires <window.h> and <iostream>						****
****				Created by Michael Johns						****
***********************************************************************/

// windows.h library used for LARGE_INTEGER
#include <Windows.h>
#include <iostream>

using std::endl; using std::cout;

// informational documentation used to create this class https://msdn.microsoft.com/en-us/library/windows/desktop/dn553408(v=vs.85).aspx

// High Performance Timer Class
class Timer
{
	private:
		double TimerElapsed = 0.0;
		LARGE_INTEGER StartingTime, EndingTime, ElapsedMicroseconds;
		LARGE_INTEGER Frequency;

	public:
		Timer();
		~Timer();
		
		// Start timer
		void Start();
		// Stop Timer
		void Stop();

		// Reset Time elapsed to zero
		void Reset();
		// Reset Time Elapsed and Start Timer
		void ResetAndStart();

		// Display time taken in one millionth of a second
		void DisplayMicroSeconds();
		// Display time taken in one thousandth of a second
		void DisplayMilliSeconds();
		// Display time taken in seconds
		void DisplaySeconds();

		// Stop and Display time taken in one millionth of a second
		void StopAndDisplayMicroSeconds();
		// Stop and Display time taken in one thousandth of a second
		void StopAndDisplayMilliSeconds();
		// Stop and Display time taken in seconds
		void StopAndDisplaySeconds();
};



Timer.cpp

/***********************************************************************
****		Windows High Resolution Timer Class (Requires Timer.h)	****
****																****
****		Can Output MicroSeconds, MilliSeconds and Seconds		****
****																****
****				Created by Michael Johns						****
***********************************************************************/

#include "Timer.h"

// Timer constructor - Create Timer and reset time elapsed to zero
Timer::Timer()
{
	TimerElapsed = 0;
}

// Timer Destructor
Timer::~Timer()
{
	// Destructor
}

// Start timer
void Timer::Start()
{
	QueryPerformanceFrequency(&Frequency);
	QueryPerformanceCounter(&StartingTime);
}

// Stop Timer
void Timer::Stop()
{
	QueryPerformanceCounter(&EndingTime);
	ElapsedMicroseconds.QuadPart = EndingTime.QuadPart - StartingTime.QuadPart;
	// We now have the elapsed number of ticks, along with the
	// number of ticks-per-second. We use these values
	// to convert to the number of elapsed microseconds.
	// To guard against loss-of-precision, we convert
	// to microseconds *before* dividing by ticks-per-second.
	ElapsedMicroseconds.QuadPart *= 1000000;
	TimerElapsed = ElapsedMicroseconds.QuadPart /= Frequency.QuadPart;
}

// Reset Time elapsed to zero
void Timer::Reset()
{
	// Set time elapsed to zero
	TimerElapsed = 0;
}

// Reset Time Elapsed and Start Timer
void Timer::ResetAndStart()
{
	Reset();
	Start();
}

// Display time taken in one millionth of a second
void Timer::DisplayMicroSeconds()
{
	// If timer has counted display time taken
	if (TimerElapsed > 0)
	{
		cout << "Timer (MicroSeconds) = " << TimerElapsed << endl;
		//cout << TimerElapsed << endl;
	}
	else
	{
		cout << "Timer = N/A, (could mean total time taken was less than 1 microsecond)" << endl;
	}
}

// Display time taken in one thousandth of a second
void Timer::DisplayMilliSeconds()
{
	// If timer has counted display time taken
	if (TimerElapsed > 0)
	{
		cout << "Timer (Milliseconds) = " << TimerElapsed / 1000 << endl;
	}
	else
	{
		cout << "Timer = N/A, (could mean total time taken was less than 1 microsecond)" << endl;
	}
}

// Display time taken in seconds
void Timer::DisplaySeconds()
{
	// If timer has counted display time taken
	if (TimerElapsed > 0)
	{
		cout << "Timer (seconds) = " << TimerElapsed / 1000000 << endl;
	}
	else
	{
		cout << "Timer = N/A, (could mean total time taken was less than 1 microsecond)" << endl;
	}
}

// Stop and Display time taken in one millionth of a second
void Timer::StopAndDisplayMicroSeconds()
{
	Stop();
	DisplayMicroSeconds();
}

// Stop and Display time taken in one thousandth of a second
void Timer::StopAndDisplayMilliSeconds()
{
	Stop();
	DisplayMilliSeconds();
}

// Stop and Display time taken in seconds
void Timer::StopAndDisplaySeconds()
{
	Stop();
	DisplaySeconds();
}
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	The CpuRgbHsv Class is used to run the algorithm on the CPU to convert between RGB and HSV within the file input in the main.cpp.

CpuRgbHsv.h
#pragma once
/***********************************************************************
****		Conversion between RGB and HSV							****
****																****
****		Requires 	<math.h and <iostream>						****
****																****
***********************************************************************/

#include <math.h>
#include <iostream>

using namespace std;

#define MIN(a,b) (a<b?a:b)
#define MAX(a,b) (a>b?a:b)
#define NO_HUE -1

class CpuRgbHsv
{
private:
	// HsvToRGB Variables
	int hexZone;
	float aa, bb, cc;
	// variable to store the remainder of h
	float f;

	// RgbToHsv Variables temporary values for loop calculations
	float r, g, b, max, min, delta;

public:
	CpuRgbHsv();
	~CpuRgbHsv();

	/* Input:		h, s, v in range [0 .. 1]
	Outputs:	r, g, b, in range [0 .. 1] */
	void hsvToRgb(float h, float s, float v, float * r, float * g, float * b);

	/* Input:		h, s, v in range [0 .. 1]
	Outputs:	r, g, b, in range [0 .. 1] */
	void rgbToHsv(unsigned char* image_in, unsigned char* image_out, int image_width, int image_height);
};


CpuRgbHsv.cpp
/***********************************************************************
****		Conversion between RGB and HSV							****
****																****
****		Requires 	CpuRgbHsv.h and 	Timer.h					****
****																****
***********************************************************************/

#include "CpuRgbHsv.h"
#include "Timer.h"

CpuRgbHsv::CpuRgbHsv()
{

}


CpuRgbHsv::~CpuRgbHsv()
{

}

/* Input:		h, s, v in range [0 .. 1]
Outputs:	r, g, b, in range [0 .. 1] */
void CpuRgbHsv::hsvToRgb(float h, float s, float v, float *r, float *g, float *b)
{
	// output initial HSV Value
	cout << "Hue (0.0-1.0)\t=\t\t" << h << endl;
	cout << "Saturation (0.0-1.0)\t=\t" << s << endl;
	cout << "Value (0.0-1.0)\t=\t\t" << v << endl;

	// if greyscale pixel
	if (s == 0.0f)
	{
		// set individual r, g, b values to the white black value from the HSV model
		*r = v;
		*g = v;
		*b = v;
	}
	// if coloured pixel
	else
	{
		// if h equals 1.0 (360 degrees), reset the angle to zero
		if (h == 1.0f)
		{
			h = 0.0f;
		}

		h = h * 6.0f;

		// round the float h down (which hex zone is the colour from)
		hexZone = floorf(h);

		// set f as the remainder of h (how far through hex zone is the colour shade)
		f = h - hexZone;

		// calculate the values
		aa = v * (1 - s);
		bb = v * (1 - (s * f));
		cc = v * (1 - (s*(1 - f)));

		switch (hexZone)
		{
		case 0:
			*r = v;
			*g = cc;
			*b = aa;
			break;
		case 1:
			*r = bb;
			*g = v;
			*b = aa;
			break;
		case 2:
			*r = aa;
			*g = v;
			*b = cc;
			break;
		case 3:
			*r = aa;
			*g = bb;
			*b = v;
			break;
		case 4:
			*r = cc;
			*g = aa;
			*b = v;
			break;
		case 5:
			*r = v;
			*g = aa;
			*b = bb;
			break;
		}
	}

	// Output resulting RGB Values
	cout << "Red (0.0-1.0)\t=\t" << *r << endl;
	cout << "Green (0.0-1.0)\t=\t" << *g << endl;
	cout << "Blue (0.0-1.0)\t=\t" << *b << endl;

	// Output resulting RGB Values in 0 - 255 model
	cout << "Red (0-255)\t=\t" << *r * 255 << endl;
	cout << "Green (0-255)\t=\t" << *g * 255 << endl;
	cout << "Blue (0-255)\t=\t" << *b * 255 << endl;
}

void DisplayHsvToRgb()
{
	
}

/* Input:		h, s, v in range [0 .. 1]
Outputs:	r, g, b, in range [0 .. 1] 
using the same code as gpu is executing only sequentially with a loop */
void CpuRgbHsv::rgbToHsv(unsigned char* image_in, unsigned char* image_out, int image_width, int image_height)
{
	Timer timer;

	// start timer for whole Cuda process
	// this includes memory allocations and bus traversal between host and device 
	timer.ResetAndStart();

	/* Test of timer class code, ignore
	// setup timer
	double timer1;
	// https://msdn.microsoft.com/en-us/library/windows/desktop/dn553408(v=vs.85).aspx
	LARGE_INTEGER StartingTime, EndingTime, ElapsedMicroseconds;
	LARGE_INTEGER Frequency;
	QueryPerformanceFrequency(&Frequency);
	QueryPerformanceCounter(&StartingTime);
	*/

	// initialise temp values to zero
	r = g = b = max = min = delta = 0.0f;
	int offset = 0;
	// Image variables
	int x = offset % image_width;
	int y = (offset - x) / image_width;

	// set offset to adjust correct pixel color values
	max = MAX(r, MAX(g, b));
	min = MIN(r, MIN(g, b));
	delta = max - min;

	// if end of image file has not been reached (currently set as a 1D vector array)
	while (offset < image_width*image_height)
	{
		float output_Hue = 0;
		float output_Saturation = 0;
		float output_Value = 0;

		// used to set values in correct position of output image
		int position = 0;

		// if within boundaries of image width and height
		if (x > -1 && x < image_width && y > -1 && y < image_height)
		{
			// set offset to adjust correct pixel color values
			const int currentoffset = (offset + image_width) * 3;
			max = MAX(r, MAX(g, b));
			min = MIN(r, MIN(g, b));
			delta = max - min;

			// set value from max calculation
			output_Value = max;
			if (max != 0.0f)
			{
				output_Saturation = delta / max;
			}
			else
			{
				output_Saturation = 0.0f;
			}

			if (output_Saturation == 0.0f)
			{
				output_Hue = NO_HUE;
			}
			else if (r == max)
			{
				output_Hue = (g - b) / delta;
			}
			else if (g == max)
			{
				output_Hue = 2 + (b - r) / delta;
			}
			else if (b == max)
			{
				output_Hue = 4 + (r - g) / delta;
			}

			output_Hue = output_Hue * 60.0f;

			if (output_Hue < 0)\
			{
				output_Hue = output_Hue + 360.0f;
			}
			output_Hue = output_Hue / 360.0f;

			output_Hue = output_Hue + image_in[currentoffset];
			output_Saturation = output_Saturation + image_in[currentoffset + 1];
			output_Value = output_Value + image_in[currentoffset + 2];
			position++;
		}

		// set hsv values for picture
		image_out[offset * 3] = output_Hue / position;
		image_out[offset * 3 + 1] = output_Saturation / position;
		image_out[offset * 3 + 2] = output_Value / position;

		// increase position for loop
		offset++;
	}

	timer.Stop();
	//cout << "CPU Rgb To HSV.";
	timer.DisplayMicroSeconds();

	/* Test of timer class code, ignore
	QueryPerformanceCounter(&EndingTime);
	ElapsedMicroseconds.QuadPart = EndingTime.QuadPart - StartingTime.QuadPart;
	// We now have the elapsed number of ticks, along with the
	// number of ticks-per-second. We use these values
	// to convert to the number of elapsed microseconds.
	// To guard against loss-of-precision, we convert
	// to microseconds *before* dividing by ticks-per-second.
	ElapsedMicroseconds.QuadPart *= 1000000;
	timer1 = ElapsedMicroseconds.QuadPart /= Frequency.QuadPart;
	cout << "CPU Rgb To HSV hardcoded timer = " << timer1 << endl;
	*/
}

[bookmark: _Toc513496093]3.2.3 main.cpp

	The same main.cpp file is used to execute both CPU and GPU algorithms while controlling the image loader using LodePNG [17].

/***************************************************************************
****		main.cpp													****
****		Conversion between RGB and HSV on CPU and GPU CUDA			****
****																	****
**** Requires <stdio.h>, lodepng.h, CpuRgbHsv.h, GpuRgbToHsvKernel.cuh,	****
**** Image File in program directory "Lenna.png", CUDA Capable Device	****
***************************************************************************/


#include <stdio.h>
#include "lodepng.h"
#include "CpuRgbHsv.h"
#include "GpuRgbToHsvKernel.cuh"

using std::cout; using std::endl;

int main(void)
{
	// load image with lodepng
	const char* input_file = "Lenna.png";

#pragma region CPU_Conversion_Code

	// cpu functions for conversion
	CpuRgbHsv cpuRGB;

	// output file
	const char* cpu_output_file = "Lenna_CPU_Ouput.png";

	// variables to store loaded image
	vector<unsigned char> cpu_in_image;
	unsigned int cpu_width, cpu_height;
	// Load the data using lodepng
	unsigned cpu_error = lodepng::decode(cpu_in_image, cpu_width, cpu_height, input_file);
	if (cpu_error) cout << "decoder error " << cpu_error << ": " << lodepng_error_text(cpu_error) << endl;

	// Prepare the data
	unsigned char* cpu_input_image = new unsigned char[cpu_in_image.size() * 3];
	unsigned char* cpu_output_image = new unsigned char[cpu_in_image.size() * 3];

	// count what value we are at ( image height * image width * 3 color values, should be the total)
	int where = 0;

	// add image to a 1D array
	for (int i = 0; i < cpu_in_image.size(); ++i)
	{
		// set alpha channel as 255 if present
		if ((i + 1) % 4 != 0)
		{
			cpu_input_image[where] = cpu_in_image.at(i);
			cpu_output_image[where] = 255;
			where++;
		}
	}

	for (int i = 0; i < 100; i++)
	{
		// cpu function
		cpuRGB.rgbToHsv(cpu_input_image, cpu_output_image, cpu_width, cpu_height);
	}
	// Output image vector storage
	vector<unsigned char> cpu_out_image;

	for (int i = 0; i < cpu_in_image.size(); ++i)
	{
		// sort output ready to store in file
		cpu_out_image.push_back(cpu_output_image[i]);

		// set alpha channel as 255 if present
		if ((i + 1) % 3 == 0)
		{
			cpu_out_image.push_back(255);
		}
	}

	// Output the data to file
	cpu_error = lodepng::encode(cpu_output_file, cpu_out_image, cpu_width, cpu_height);

	//if there's an error, display it
	if (cpu_error)
	{
		cout << "encoder error " << cpu_error << ": " << lodepng_error_text(cpu_error) << endl;
	}
	else
	{
		cout << "conversion success" << endl;
	}

#pragma endregion CPU_Conversion_Code

#pragma region GPU_Conversion_Code
	const char* output_file = "Lenna_GPU_Ouput.png";

	// variables to store loaded image
	vector<unsigned char> in_image;
	unsigned int width, height;

	// Load the data using lodepng
	unsigned error = lodepng::decode(in_image, width, height, input_file);
	if (error) cout << "decoder error " << error << ": " << lodepng_error_text(error) << endl;

	// Prepare the data
	unsigned char* input_image = new unsigned char[in_image.size() * 3];
	unsigned char* output_image = new unsigned char[in_image.size() * 3];

	// count what value we are at ( image height * image width * 3 color values, should be the total)
	int cpu_where = 0;

	// add image to a 1D array
	for (int i = 0; i < in_image.size(); ++i) 
	{
		// set alpha channel as 255 if present
		if ((i + 1) % 4 != 0) 
		{
			input_image[cpu_where] = in_image.at(i);
			output_image[cpu_where] = 255;
			cpu_where++;
		}
	}

	for (int i = 0; i < 101; i++)
	{
		// Run the kernel on image ( Timers are inside this wrapper function )
		// (Input_image, Output_image, image_width, image_height, block amount, threads per block)
		_gpuRgbToHsv(input_image, output_image, width, height, 512, 512);

	}
	// Output image vector storage
	vector<unsigned char> out_image;

	for (int i = 0; i < in_image.size(); ++i) 
	{
		// sort output ready to store in file
		out_image.push_back(output_image[i]);

		// set alpha channel as 255 if present
		if ((i + 1) % 3 == 0) 
		{
			out_image.push_back(255);
		}
	}

	// Output the data to file
	error = lodepng::encode(output_file, out_image, width, height);

	//if there's an error, display it
	if (error)
	{
		cout << "encoder error " << error << ": " << lodepng_error_text(error) << endl;
	}
	else
	{
		cout << "conversion success" << endl;
	}

#pragma endregion GPU_Conversion_Code

	// delete storage arrays
	delete[] cpu_input_image;
	delete[] cpu_output_image;
	delete[] input_image;
	delete[] output_image;

	return 0;
}

[bookmark: _Toc513496094]4. Parallelisation of Algorithm

In a serial program running on a CPU with a single core and no hyper threading, each colour value would need to be updated one at a time. This would have to be performed for each pixel that makes up the screen image. It is possible to speed up this process by using multiple core CPUs with hyper threading.
Parallelisation of this algorithm will allow for a multitude of kernels launching several threads. Loops that would be used in the serial implementation of this algorithm could be opened out and setup in a way to use a single thread for each iteration of the loop and run in parallel. An increase in speed is therefore foreseen with this method of parallelisation.

[bookmark: _Toc513496095]4.1 GPU RGB to HSV – Code

	This section of the report will show the modified algorithm from Hearn and Baker [14] to incorporate the timer and LodePNG [17] image loader for use in the GPU implementation using the CUDA language and C++ Wrapper code to enable object oriented CUDA structure.

[bookmark: _Toc513496096]4.1.2 GpuRgbToHsv Class

	The GpuRgbToHsv Class is used to run the algorithm on the GPU in separate kernels. Block configuration of 512 x 512 was used in respect to the image size to be converted between RGB and HSV. Main.cpp is used to load and save the file and execute the C++ wrapper code that ultimately executes the CUDA Kernel code.

GpuRgbToHsvKernel.cuh
#pragma once
/***********************************************************************
****		Conversion between RGB and HSV on GPU CUDA				****
****																****
****		Requires 	cuda_runtime.h and 	<iostream>				****
****					CUDA Capable Device							****
***********************************************************************/

#include <iostream>
#include "cuda_runtime.h"

using std::endl; using std::cout;

// C++ Wrapper code, intialisation of device parameters
// (Input_image, Output_image, image_width, image_height, block amount, threads per block)
void _gpuRgbToHsv(unsigned char* input_image, unsigned char* output_image, int width, int height, int , int);

// Used to minimise code reuse for cuda error checking, argument = (cudaError_t)
// Function checks error and if not successful returns error to screen
void ErrorCheck(cudaError_t error);

GpuRgbToHsv.cu
/***********************************************************************
****		Conversion between RGB and HSV on GPU CUDA				****
****																****
****		Requires 	GpuRgbToHsvKernel.cuh and 	Timer.h			****
****					CUDA Capable Device							****
***********************************************************************/

#include "GpuRgbToHsvKernel.cuh"
#include "Timer.h"

// define variables for RGBtoHSV calculation
#define MIN(a,b) (a<b?a:b)
#define MAX(a,b) (a>b?a:b)
#define NO_HUE -1

/* Cuda Kernel - gpuRgbToHsv
(Input_image, Output_image, image_width, image_height)
using the same code as cpu is executing only parallel with cuda threads */
__global__ void gpuRgbToHsv(unsigned char* image_in, unsigned char* image_out, int image_width, int image_height)
{
	// calculate position within grid
	const unsigned int offset = blockIdx.x * blockDim.x + threadIdx.x;

	int x = offset % image_width;
	int y = (offset - x) / image_width;

	// RgbToHsv Variables temporary values for loop calculations
	float r, g, b, max, min, delta;
	// initialise temp values to zero
	r = g = b = max = min = delta = 0.0f;

	// if end of image file has not been reached (currently set as a 1D vector array)
	if (offset < image_width*image_height) 
	{
		float output_Hue = 0;
		float output_Saturation = 0;
		float output_Value = 0;

		// used to set values in correct position of output image
		int position = 0;

		// if within boundaries of image width and height
		if (x > -1 && x < image_width && y > -1 && y < image_height) 
		{
			// set offset to adjust correct pixel color values
			const int currentoffset = (offset + image_width) * 3;
			max = MAX(r, MAX(g, b));
			min = MIN(r, MIN(g, b));
			delta = max - min;

			// set value from max calculation
			output_Value = max;
			if (max != 0.0f)
			{
				output_Saturation = delta / max;
			}
			else
			{
				output_Saturation = 0.0f;
			}

			if (output_Saturation == 0.0f)
			{
				output_Hue = NO_HUE;
			}
			else if (r == max)
			{
				output_Hue = (g - b) / delta;
			}
			else if (g == max)
			{
				output_Hue = 2 + (b - r) / delta;
			}
			else if (b == max)
			{
				output_Hue = 4 + (r - g) / delta;
			}

			output_Hue = output_Hue * 60.0f;

			if (output_Hue < 0)\
			{
				output_Hue = output_Hue + 360.0f;
			}
			output_Hue = output_Hue / 360.0f;

			output_Hue = output_Hue + image_in[currentoffset];
			output_Saturation = output_Saturation + image_in[currentoffset + 1];
			output_Value = output_Value + image_in[currentoffset + 2];
			position++;
		}

		image_out[offset * 3] = output_Hue / position;
		image_out[offset * 3 + 1] = output_Saturation / position;
		image_out[offset * 3 + 2] = output_Value / position;
	}
}

// C++ Wrapper code, intialisation of device parameters
// (Input_image, Output_image, image_width, image_height)
void _gpuRgbToHsv(unsigned char* image_in, unsigned char* image_out, int image_width, int image_height, int blocks, int threads) {
	
	Timer timer;

	// start timer for whole Cuda process
	// this includes memory allocations and bus traversal between host and device 
	timer.ResetAndStart();

	/* Test of timer class code, ignore
	// setup timer
	double timer1;
	// https://msdn.microsoft.com/en-us/library/windows/desktop/dn553408(v=vs.85).aspx
	LARGE_INTEGER StartingTime, EndingTime, ElapsedMicroseconds;
	LARGE_INTEGER Frequency;
	QueryPerformanceFrequency(&Frequency);
	QueryPerformanceCounter(&StartingTime);
	*/

	// assign image pointers to be sent to and retrieved from device memory
	unsigned char* dev_input;
	unsigned char* dev_output;

	// setup memory allocation on device
	// image width * image height * color values(3) * sizeof an unsigned char
	ErrorCheck(cudaMalloc((void**)&dev_input, image_width * image_height * 3 * sizeof(unsigned char)));

	// copy memory to device memory
	ErrorCheck(cudaMemcpy(dev_input, image_in, image_width*image_height * 3 * sizeof(unsigned char), cudaMemcpyHostToDevice));
	ErrorCheck(cudaMalloc((void**)&dev_output, image_width*image_height * 3 * sizeof(unsigned char)));

	gpuRgbToHsv <<<blocks, threads>>>(dev_input, dev_output, image_width, image_height);

	// cpu to wait for kernel to finish before proceeding
	cudaDeviceSynchronize();

	// copy memory from device to host
	ErrorCheck(cudaMemcpy(image_out, dev_output, image_width*image_height * 3 * sizeof(unsigned char), cudaMemcpyDeviceToHost));

	timer.Stop();
	//cout << "GPU Rgb To HSV.";
	//timer.DisplaySeconds();
	//timer.DisplayMilliSeconds();
	timer.DisplayMicroSeconds();


	/* Test of timer class code, ignore
	QueryPerformanceCounter(&EndingTime);
	ElapsedMicroseconds.QuadPart = EndingTime.QuadPart - StartingTime.QuadPart;
	// We now have the elapsed number of ticks, along with the
	// number of ticks-per-second. We use these values
	// to convert to the number of elapsed microseconds.
	// To guard against loss-of-precision, we convert
	// to microseconds *before* dividing by ticks-per-second.
	ElapsedMicroseconds.QuadPart *= 1000000;
	timer1 = ElapsedMicroseconds.QuadPart /= Frequency.QuadPart;
	cout << "GPU Rgb To HSV hardcoded timer = " << timer1 << endl;
	*/


	ErrorCheck(cudaFree(dev_input));
	ErrorCheck(cudaFree(dev_output));
}

// Used to minimise code reuse for cuda error checking, argument = (cudaError_t)
void ErrorCheck(cudaError_t error)
{
	// if error occurred
	if (error != cudaSuccess)
	{
		// print error to console
		cout << "Cuda Error " << cudaGetErrorString(error) << endl;
	}
}

[bookmark: _Toc513496097]5. Results

	This section shows the results from timings taken from both CPU C++ algorithm and GPU CUDA with C++ wrapper algorithms.


Figure 13: RGB to HSV, CPU vs GPU runtime of algorithm (excluding file load and save)


Figure 14: RGB to HSV, CPU vs GPU Average run time (100 iterations for each CPU and GPU), Average from Figure 12.
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