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[bookmark: _Toc8856561]Introduction 
There are several methods for parallelising programs Threading, CUDA and Message Passing Interface are examples of three of them. Scientific code was given to optimise by parallelising the code. This was done using the threading methods in C++.
[bookmark: _Toc8856562]Improving performance by using threading
In the program the performance can be improved by identifying portions of code that are done in sequence and then using threads to do these actions simultaneously. Firstly, the original code run as a benchmark system with results shown in the table below.

	Inputs
	200
	500
	1000
	2000
	5000
	10000
	20000

	File Read
	0.000
	0
	0
	0.001
	0.002
	0.004
	0.022

	Initialising variables
	0.000
	0
	0
	0
	0.002
	0.011
	0.621

	Set A
	0.000
	0.001
	0.004
	0.02
	0.132
	0.542
	2

	Set B
	0.000
	0.001
	0.005
	0.019
	0.142
	0.541
	2

	Invert A
	0.006
	0.099
	1
	14
	219
	1699
	13924

	Invert B
	0.006
	0.099
	1
	14
	225
	1703
	13756

	Set A’ B’
	0.015
	0.204
	3
	28
	442
	3403
	27703

	Set C & D
	0.026
	0.69
	7
	78
	1582
	16725
	325262

	Set E
	0.025
	0.403
	3
	34
	765
	8659
	

	Set Result
	0.000
	0
	0.001
	0.016
	0.065
	0.241
	

	Computation
	0.079
	0.001
	14
	142
	2795
	28789
	

	File Write
	0.007
	0.009
	0.022
	0.022
	0.038
	0.486
	

	Deallocate
	0.000
	0.001
	0.006
	0.022
	0.132
	0.574
	

	Entire Program
	0.094
	1
	14
	142
	2795
	28790
	


 Table 1 - Results of running original program on PC
From the original results there are various areas that can be looked at to improve performance. Such as Set E and even the initialisation can be improved. 
Firstly, the setting up of the methods in the main function was parallelised using Lambda functions. [1] There are some important libraries to import in the program to be able to thread. 
[image: ]
Figure 1- Imported Libraries added to the program

[image: ]
Figure 2- Lambda Functions threading main function
[image: ][image: ]Figure 3- Results after Lambda in main - input_200.txt
Figure 4- Results after Lambda in main- input_1000.txt


In this section of parallelisation, the results for small dataset increases the length of time but for the larger dataset the time reduces. This is because there is an overhead of code that takes a finite amount of time which is insignificant in larger datasets. 
[image: ]
Figure 5- Threading for deleting variables that are no longer used
The lambda function was also used for deleting variables that were used for initialisation in the computationEngine.cpp.  This also improved the speed a little.  The final part that the lambda function was used in was the matrix inversion shown below. 
[image: ]
Figure 6 - Lambda Function for threading initialisation of variables

This helped to improved the initialisation and the overall timings of the small dataset although the larger dataset didn’t change much.

[image: ][image: ]Figure 7- Improved speed in the 1000.txt file.
Figure 8- Included code from the matrix Inverse setting an array 200.txt

[image: ] Another way of threading is using functions. In serval of the sections there were several for loops. The lambda function was not easy to use in the nested for loops. Therefore, functions were created in the header and cpp file. There were many Setting functions to apply this method to such as Set E.
Figure 9- Threading using C++ Standard of functions
[image: ][image: ]Figure 10 - Testing for all the threading 2000.txt

Figure 11- Testing with all the threading for 200.txt
 
Here is the test with all the threading included. The test for the 2000 dataset improved by half. There are still more for loops that could be threaded. In some of the large datasets results there were a problem trying to divide by zero. This means the variables need to defined more locally so that each variable is used privately so that this is not affected by other threads. 
 


  
In the Matrix Inverse function lambda function thread was added to the first two for loops. It made the Inversion slightly quicker for B but slower for A.
[image: ]
Figure 12 - Lambda functions for initialising M2
[bookmark: _Toc8856563]
Cuda
CUDA can also be used to speed up a programming using GPGPU. When programming for CUDA the section of the program are passed from the host device to the  GPU and pass the results back to the host device. An example is shown below. Using the CudaMemset and cudaMemcpy to move the contents from the GPU to the host and vice versa. [2]
[image: ]
Figure 13 – Example CUDA Code required for parallel computing. 
[bookmark: _Toc8856564]MPI
Message Passing Interface is another method for parallel programming. This method uses a cluster of computers to pass the instructions to a master computer. [3]
[bookmark: _Toc8856565]Conclusion 
The author has learned a bit about threading using the C++ Library. There were some issues with variables that need to be locally declared. Not all the for loops could be parallelised but there were some additional ones that could have been done. The speed of the program was increased, however, neither CUDA or MPI attempted and therefore it is not known if these would have been a better choice.   CUDA is possibly the better way because there are more cores placed on the GPU than the CPU and so the program can be loaded more evenly. 

[bookmark: _Toc8856566]Appendices 
[bookmark: _Toc8856567]Screenshots from original program
These are screen shots from the program running without any threading 
[bookmark: _Toc8856568]Input_200.txt
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[bookmark: _Toc8856569]Input_500.txt
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[bookmark: _Toc8856570]Input_1000.txt
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[bookmark: _Toc8856571]Input_2000.txt
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//cout << " Inversion of a matrix in progress” << endl;
int x, i, j, pos, nbreLC;
double perm, div, interim;
const long fixed = 0x1000;

auto forone = [&]()

{
for (i i< NN i+d)
M2[i] = e.0;
b
auto forTwo = [&]()
{
for (i =0; i < NNj it+)
M2[i*NN 4+ i] = 1.0;
std::thread tforonesetA(forone);
std::thread tforTwosetB(forTwo);

tforonesetA.join();
tforTwoSetB. join();
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INDOWS\system32\cmd.exe

complete "File Read”: 6 milliseconds.
complete "Initialising variables”: @ milliseconds.
complete "Setting A": 6 milliseconds.
complete "Setting B": 6 milliseconds.
complete "Setting Result”: @ milliseconds.
complete "Inverting A": 11 milliseconds.
complete "Inverting B”: 13 milliseconds.
complete "Setting ADash and BDash”: 27 milliseconds.
complete "Setting C and D": 27 milliseconds.
complete "Setting E": 27 milliseconds.
complete "Computation™: 34 milliseconds.
complete "File write”: 57 milliseconds.
complete "Deallocating variables”: @ milliseconds.
complete "Entire Program”: 98 milliseconds.

Press <Enter> to exit.
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name to read:
Ltxt

to complete "File Read”: @ milliseconds.

to complete "Initialising variables”: @ milliseconds.
to complete "Setting 8": 7 milliseconds.

to complete "Setting A": 10 milliseconds.

to complete "Setting Result”: 9 milliseconds.

to complete "Inverting A™: 3 seconds.

to complete "Setting E": 4 seconds.

to complete "Inverting B": 3 seconds.

to complete "Setting ADash and BDash”: 7 seconds.

to complete "Setting C and D": 8 seconds.

to complete "Computation”: 8 seconds.

to complete "File write”: 33 milliseconds.

to complete "Deallocating variables™: 5 milliseconds.
to complete "Entire Program”: 8 seconds.

Press <Enter> to exit.
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-vold Computationtngine::SetE(void)

€
ScopedTiner *st = new ScopedTiner("etting E%);
size_t temp = arrsize;
vector <thread*> bgw;
. for (sizet L= 05 L < arrSize; L)
{
bgw.push_back(new thread([&]{ this->setEthread(temp, L); }));
3
- std::for_each(bg.begin(), bgw.end(), [I(thread® t)
{
t>join();
delete(t);
N
delete(st);
¥

void Computationngine: :SetEthread(size ¢ arrsize, Int L)
«

L for (sizet T = 0 Tcarrsize; T+4)

sizet b = Lvarrsize + 1;

nE[b] = 0.0;
) for (size t 3 = 05 J<arrsize; Iet)
{
size t k1 = L*arrsize + 3
size t k2 = 14 J*arrsize;
nE[b] += nc[k1] * no[k2];
}

3

1
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name to read:

Ltxt
to
to
to
to

to
to
to
to
to
to
to
to
to

complete
complete
complete
complete

complete
complete
complete
complete
complete
complete
complete
complete
complete

“File Read": 1 milliseconds.
“Initialising variables”: @ milliseconds.

“Setting B": 40 milliseconds.

“Setting A": 43 milliseconds.Time taken to complete "Setting Result": 43 milliseconds.

“Inverting A": 31 seconds.
“Setting E": 41 seconds.

“Inverting B": 31 seconds.

"Setting ADash and BDash”: [ seconds.
“Setting C and D": 87 seconds.
“Computation”: 87 seconds.

“File write": 53 milliseconds.
“Deallocating variables”: 23 milliseconds.
“Entire Progran”: 87 seconds.

Press <Enter> to exit.
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INDOWS\system32\cmd.exe

complete "File Read”: 6 milliseconds.
complete "Initialising variables”: @ milliseconds.
complete "Setting A": 6 milliseconds.
complete "Setting B": 6 milliseconds.
complete "Setting Result”: @ milliseconds.
complete "Inverting A": 16 milliseconds.
complete "Setting C and D": 28 milliseconds.
complete "Inverting B”: 28 milliseconds.
complete "Setting E": 28 milliseconds.
complete "Setting ADash and BDash”: 32 milliseconds.
complete "Computation”: 37 milliseconds.
complete "File write”: 1 milliseconds.
complete "Deallocating variables”: @ milliseconds.
complete "Entire Program”: 46 milliseconds.

Press <Enter> to exit.
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auto threadlInitialtion =
{
for (i = @; i<NNANN; i++)
M2[i] = 0.0;
¥
auto thread2Initialtion =

{

for (i = @; i<NN; i++)
MR[LENN + 1] = 1.0;

thread thi(threadlInitialtion,
thread th2(thread2Initialtion,

thi.join();
th2.30in();

2

2

=1(int

=](int i
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// malloc host memory
host_array = (int*)malloc(num bytes);

77 cudalialloc device memory

cudalalloc((void**)&device_array, num_bytes);

/1 zero out the device array with cudaMemset

cudallemset (device_array, @, num_bytes);

// copy the contents of the device array to the host

cudaMemcpy (host_array, device_array, num_bytes, cudaMemcpyDeviceToHost);
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INDOWS\system32\cmd.exe

complete "File Read”: 6 milliseconds.
complete "Initialising variables”: @ milliseconds.
complete "Setting A": 6 milliseconds.
complete "Setting B": 6 milliseconds.
complete "Inverting A": 6 milliseconds.
complete "Inverting B”: 6 milliseconds.
complete "Setting ADash and BDash”: 15 milliseconds.
complete "Setting C and D": 26 milliseconds.
complete "Setting E": 25 milliseconds.
complete "Setting Result”: @ milliseconds.
complete "Computation”: 79 milliseconds.
complete "File write”: 7 milliseconds.
complete "Deallocating variables”: @ milliseconds.
complete "Entire Program”: 94 milliseconds.

Press <Enter> to exit.
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INDO

stem32\cmd.exe

complete "File Read”: 6

milliseconds.

complete "Initialising variables”: @ milliseconds.

complete "Setting A": 1

complete "Setting B": 1
complete "Inverting A":
complete "Inverting B

complete "Setting ADash
complete "Setting C and
complete "Setting E": 463 milliseconds.

complete "Setting Result”:

complete "Computation”:
complete "File write”

milliseconds.
milliseconds.

99 milliseconds.

99 milliseconds.

and BDash": 204 milliseconds.
D": 690 milliseconds.

© milliseconds.
1 seconds.

9 milliseconds.

complete "Deallocating variables”: 1 milliseconds.
complete "Entire Program”: 1 seconds.

Press <Enter> to exit.
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INDOWS\system32\cmd.exe

name to read:
Ltxt
to complete "File Read”: @ milliseconds.
to complete "Initialising variables™: @ milliseconds.
to complete "Setting A": 4 milliseconds.
5

to complete "Setting 8": 5 milliseconds.

to complete "Inverting A™: 1 seconds.

to complete "Inverting B": 1 seconds.

to complete "Setting ADash and BDash”: 3 seconds.
to complete "Setting C and D": 7 seconds.

to complete "Setting E": 3 seconds.

to complete "Setting Result”: 1 milliseconds.

to complete "Computation”: 14 seconds.

to complete "File write”: 22 milliseconds.

to complete "Deallocating variables™: 6 milliseconds.
to complete "Entire Program”: 14 seconds.

Press <Enter> to exit.
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INDO

stem32\cmd.exe

name to read:
Ltxt

to
to
to
to
to
to
to
to
to
to
to
to
to
to

complete
complete
complete
complete
complete
complete
complete
complete
complete
complete
complete
complete
complete
complete

"File Read”: 1 milliseconds.
“Initialising variables”: 6 milliseconds.
"Setting A": 20 milliseconds.

"Setting B": 19 milliseconds.

“Inverting A": 14 seconds.

“Inverting B": 14 seconds.

"Setting ADash and BDash”: 28 seconds.
"Setting C and D": 78 seconds.

"Setting E": 34 seconds.

"Setting Result”: 16 milliseconds.
"Computation”: 142 seconds.

"File write”: 22 milliseconds.
"Deallocating variables”: 22 milliseconds.
“Entire Program”: 142 seconds.

Press <Enter> to exit.
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INDOWS\system32\cmd.exe

name to read:
Ltxt

to complete "File Read": 2 milliseconds.

to complete "Initialising variables™: 2 milliseconds.
to complete "Setting A": 132 milliseconds.

to complete "Setting 8": 142 milliseconds.

to complete "Inverting A": 219 seconds.

to complete "Inverting B": 225 seconds.

to complete "Setting ADash and BDash”: 445 seconds.

to complete "Setting C and D": 1584 seconds.

to complete "Setting E": 765 seconds.

to complete "Setting Result”: 65 milliseconds.

to complete "Computation”: 2795 seconds.

to complete "File write”: 38 milliseconds.

to complete "Deallocating variables”: 132 milliseconds.
to complete "Entire Program”: 2795 seconds.

Press <Enter> to exit.
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INDOWS\system32\cmd.exe

"File Read”: 4 milliseconds.
“Initialising variables”: 11 milliseconds.
"Setting A": 542 milliseconds.
"Setting B": 541 milliseconds.
“Inverting A": 1699 seconds.
“Inverting B": 1763 seconds.
"Setting ADash and BDash”: 3463 seconds.
"Setting C and D": 16725 seconds.
"Setting E": 8659 seconds.
"Setting Result”: 241 milliseconds.
"Computation”: 28789 seconds.
"File write": 486 milliseconds.
"Deallocating variables”: 574 milliseconds.
“Entire Program”: 28796 seconds.

Press <Enter> to exit.
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Possible file names: ~
input_1000. txt

input_10060. txt

input_200. txt

input_2000. txt

input_20060. txt

input_500. txt

input_5000. txt

Enter file name to read:
input_20060. txt

Time taken to complete "File Read”: 22 milliseconds.

Time taken to complete "Initialising variables™: 621 milliseconds.
Time taken to complete "Setting A": 2 seconds.

Time taken to complete "Setting B": 2 seconds.

Time taken to complete "Inverting A": 13924 seconds.

Time taken to complete "Inverting B": 13756 seconds.

Time taken to complete "Setting ADash and BDash”: 27763 seconds.
Time taken to complete "Setting C and D": 325262 seconds.
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S#include "ComputationEngine.h”
#include <thread>
#include <iostream>
#include <sstream>
#include <vector>
#include <mutex>
#include <algorithm>
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auto thrsetcd = [&]()

{

ce->Setd();
b
auto thrsete = [&]()
{

ce->SetE();
b
auto thrsetRes = [&]()
{

ce->SetResults();
b

tInit(thrInit);
tsetA(thrseta);
tsetB(thrsets);
‘tsetABDash(thrsetaBDash);
tsetcD(thrsetcp);
tsetE(thrsetE);

‘tsetRes (thrsetRes);

tInit.join();
tsetA.join();
tsetB.join();|
tsetABDash.join();
tsetcD.join();
tsete.join();
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complete "File Read”: 6 milliseconds.
complete "Initialising variables”: @ milliseconds.
complete "Setting B": 6 milliseconds.
complete "Setting A": 6 milliseconds.
complete "Setting Result”: © milliseconds.
complete "Inverting A": 16 milliseconds.
complete "Inverting B”: 9 milliseconds.
complete "Setting ADash and BDash”: 24 milliseconds.
complete "Setting C and D": 20 milliseconds.
complete "Setting E": 31 milliseconds.
complete "Computation™: 35 milliseconds.
complete "File write”: 62 milliseconds.
complete "Deallocating variables”: @ milliseconds.
complete "Entire Program”: 164 milliseconds.

Press <Enter> to exit.
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name to read:
Ltxt

to complete "File Read”: @ milliseconds.

to complete "Initialising variables™: @ milliseconds.

to complete "Setting B": 8 milliseconds.

to complete "Setting A": 12 milliseconds.Time taken to complete "Setting Result”: 12 milliseconds.

to complete "Inverting A™: 2 seconds.
to complete "Inverting B": 2 seconds.

to complete "Setting ADash and BDash": 4 seconds.

to complete "Setting E": 5 seconds.

to complete "Setting C and D": 8 seconds.

to complete "Computation”: 8 seconds.

to complete "File write”: 79 milliseconds.

to complete "Deallocating variables™: 6 milliseconds.
to complete "Entire Program”: 8 seconds.

Press <Enter> to exit.
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auto thest = [&]()

delete(st);

tTheNA(theNA);
+tTheNB(theNB);

tTheNC (theNC);
tTheND(theND) ;

tTheNE (theNE);
‘tTheNADash (theNADash) ;
‘tTheNBDash (theNBDash) ;
tTheRes (theRes);
tThest (thest);

tTheNa. join();
tThenB.join();




