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Introduction

In the field of computer engineering, it is crucial to be able
to build applications that can operate with maximum capacity of
computer hardware. This can be achieved through the ability to
operate with parallel threads, which allows for the use of
multiple cores of the central processor during the program's
operation. Unfortunately, many students learn how to compose
program code without taking into consideration the possibility
of executing it on parallel threads.

However, the advantages of parallel computing go beyond
just using the central processor's multiple cores. Modern
computers possess powerful computing devices like graphics
cards, which can often execute code hundreds of thousands of
times faster than on dozens of powerful CPU cores. By acquiring
knowledge and skills in parallel computing, one can build
effective programs that extract the maximum potential of the
hardware.

The discipline «Parallel and Distributed Computing» is an
optional component of the educational program 123 "Computer
Engineering” at the bachelor's level of education. The subject
provides basic training for a specialist in parallel programming
and distributed computing, setting the trajectory for further
application of the acquired skills in other aspects of the specialty
defined in the Bachelor of Computer Engineering course.

Students studying this subject will acquire theoretical
knowledge and basic practical skills in creating parallel
programs using common specialized libraries. In addition to the
three laboratory works, it is possible to complete other tasks or
use other high-performance computing technologies on
CPUs/graphics cards or arbitrary programming languages with
the consent of the lecturer.

Presenting reports is not required, however, to obtain at
least a minimal mark, students should be able to explain each

4



line of code. Only such an approach can help you understand
when a given application requires parallelization and what
technology should be used.

Finally, completing the course will enable graduates to
design and develop parallel and distributed programs. This will
prove valuable when planning and executing scientific research,
creating games, cryptocurrency mining, or implementing real-
time information systems.

As a result of completing all laboratory works of the first
module, students should:

know:

— advantages and disadvantages of wusing parallel
computing;

— cases when it is advisable to replace non-parallel code with
parallel code;

— basic syntax of CUDA, OpenCL, MPI, OpenMP
technologies.

to be able to:

— install libraries for working with CUDA, OpenCL, MPI,
OpenMP on various platforms, update drivers, and customize
development environments;

— modify non-parallel code into parallel code;

— operate with video card memory and RAM,;

— develop parallel programs in teams;

— analyze the characteristics of computing devices
according to the criteria of the possibility and feasibility of
parallelization;

— successfully  combine  several  high-performance
computing technologies;

— programing in accordance with the principles of Coding
Conventions.



Beryn

VY rany3i KOMIT'IOTEpHOI iHXKEHepii 1y>Ke BaKJIMBO BMITH
CTBOPIOBaTH  IIpOrpamMH, $KI 37aTHI  BUKOPUCTOBYBATU
MaKCUMaJIbHi OTYXHOCT1 KOMIT'FoTepHOTro 00nanHanus. L{poro
MO’KHA JIOCSITTH 3aB/ISKM BUKOPUCTAHHIO MapaJieIbHUX OTOKIB,
IO JI03BOJISIE 3aiIOBAaTH JIEKUIbKa sI€p LEHTPAIBHOTO
nporecopa mif yac poboru nporpamu. Ha »xanb, 3a3Buuaii
CTY/ICHTIB HAaBYAIOTh MUCATU MIPOrpaMHUN KO/ 0€3 BpaxyBaHHs
MO’KJIMBOCT] HOTO BUKOHAHHS Ha MapajelIbHUX MOTOKaX.

OpHak mepeBaru mnapajeJbHUX OOYUCIICHb BUXOJSTH 32
PaMKH POCTOr0 BUKOPUCTAHHS JEKIIbKOX sIep LIEHTPaIbHOIO
mporecopa.  CydacHi  KOMITIOTEPHM  MaloTh  TOTYXKHI
0OYHCITIOBAJIBHI TMPUCTPOi, Taki SK BiJICOKAPTH, SKI YaCTO
MOKYTh BUKOHYBATH KOJl y COTHI THUCSY pa3iB MIBHIIE, HIXK HA
JecATKax HOTYKHHMX sJep LEHTPAJIbHOIO  IpoLecopa.
3100yBIIM 3HAHHS Ta HABUYKH MapalelIbHUX OOYHMCIICHB,
CTY/I€HTH 3MOXKYTb CTBOPIOBATH €()EeKTUBHHUI IPOrpaMHUil KO,
SAKHA BPaxOBY€ MAaKCHUMaJbHHMH TIOTECHLIAN  AarmapaTHOTO
3a0e3neyeHHs.

OcsiTHs KoMIoHeHTa «llapanenbHi Ta pPO3MNOAUIEHI
00YHCIIEHHS» € BUOIPKOBOIO CKJIaJOBOIO OCBITHBO-TIPOdeciiHOT
nporpamMu 123 «Komn'totepHa 1HXKeHepis» OakaaaBpCbKOro
piBHA BUIIOi ocBiTH. HaBuanpHa [OucCHUIUTIHA 3a0e3nedye
0a30BY MiJArOTOBKY (haxiBLs 3 MapajelbHOI0 IPOrpaMyBaHHs Ta
pO3MOAIIEHUX  OOYHMCICHb, 33Jal0OYH  TPAEKTOPIIO  JUIA
MOJAJBIIOr0 3aCTOCYBaHHS HAOyTHX HAaBHYOK B IHIIUX
acleKkTax CHeliabHOCTI, BU3HAUYEHUX Yy KypcCl MIArOTOBKU
OaxayiaBpa 3 KOMI'FOTEPHO1 1HXXEHepii.

CryneHTtd, sKi BUBYAIOTh L0 JAUCLUILIIHY, OTPUMAIOTh
TEOPETUYH1 3HaHHA Ta 0a30Bl MPAKTUYHI HaBUYKU CTBOPEHHS
napajgeIbHUX MOporpaM 3 BHUKOPUCTaHHSAM  IOLIUPEHUX
crerianizoBanux 016morek. B mexax ipaboparopHux poOiT, 3a
3roJI0I0 BHUKJaJaya, MOXXHAa BUKOHYBAaTH U IHIN, OKpiM
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3aMporOHOBAHKX BUKJIa/laueM, 3aBJIJaHHS a00 BUKOPUCTOBYBATH
1HII MOBH IIporpaMyBaHHs qn TEXHOJIOT11
BHCOKOIPOAYKTHBHUX OOYUCIICHD Ha MpoIiecopax/BicoKapTax.

[IpencraBieHHsT 3BiTIB HE BUMAraeThCs, OJHAK JUIS
OTpUMaHHS Xoya O MIHIMaJIbHOI OIIHKK 3 HaBYaJIbHOI
JTUCIUIUTIHU, CTYJICHTH MIOBUHHI BMITH MOSICHUTH KOXXEH PSAIOK
Kofy. JIuie Takux miAxig CIpusTUME PO3YMIHHIO TOTO, B SIKUX
BUIA/IKaX KOHKPETHA MporpaMa BHMAarae po3mapaleiOBaHHs
00YHCIICHB 1 KY TEXHOJIOTIF0 BAPTO BUKOPHUCTATH.

BukoHaHHs yciX HaBeJICHHMX 3aBJIaHb JIO3BOJIHTH
BUIYCKHUKAM TMPOEKTYBAaTH Ta pO3pOOJATH mapajielibHi 1
po3nonineHi nporpamu. Lle ctane B Haroni npu IiaHyBaHHI Ta
BUKOHAHHI HAyKOBHX JOCHIJKEHb, CTBOPEHHI Irop, MalHIHTY
KPUNTOBAIIOT YW BIOPOBA/DKCHHI 1H(OPMAIIMHAX CHUCTEM
peabHOTO Yacy.

Y pe3ynbraTi BUKOHAHHS BCIX JIa0OpPaTOpHUX pOOIT
MEepIIOr0 MOAYJS CTYIACHTH TIOBHHHI 3HAaTH TMepeBaru Ta
HEJOJIKA BUKOPHCTAHHS MapaJeTbHUX OOYUCIICHb, BUIIAIKH,
KOJM JOIUIBHO 3aMIHUTH 3BUYAWHUN KOJ Ha MapalielbHUil,
6azoBuii cuntakcuc TexHojorii CUDA, OpenCL, MPI,
OpenMP; BMmiTu: BCTaHOBIIOBATH 0i0mioTekH sl poOOTH 3
CUDA, OpenCL, MPI, OpenMP Ha pi3Hux miaatdopmax,
OHOBJIIOBATH JpaliBepu Ta HAJIANITOBYBAaTH CEPEIOBHILA
po3pobku, Moau(iKyBaTH 3BHYAMHMI KOJ y HapajelbHUH,
MIPAIFOBATH 3 MaM'ATTIO BiJICOKAPTH Ta OMEPATUBHOIO MaM'SITTIO,
KOMaHIHO  PO3po0sTH nporpamu 3 peani3alli€ro
po3mnapaneieHHs, aHai3yBaTu XapaKTePUCTUKU
OOYHCITIOBAJIBHUX TPUCTPOIB 3a KPUTEPISIMU MOXKIMBOCTI Ta
JOLTFHOCTI PO3MAapaleNiOBaHHs, BJAIO MOEJIHYIOTh JEKiIbKa
BUCOKOITPOAYKTUBHUX 00YHCITIOBAIBHIX TEXHOJIOT1H,
notpumyBartuch npuniunis Coding Conventions.



Laboratory work 1
High-performance computing using video cards

Goals
l.Learn how to investigate hardware to check its
compatibility with various HPC technologies on graphics cards.
2.Learn to code relatively simple parallel programs using
high-performance computing technologies on video cards.

1.1. Introduction to OpenCL and CUDA technologies

CUDA (Compute Unified Device Architecture) is a
software and hardware architecture for parallel computing that
enhances computing performance through the use of NVIDIA
graphics processors. The CUDA SDK provides the possibility to
include calls to subprograms executed on NVIDIA GPUs to the
code of C programs. This is achieved through commands written
in a special dialect of C. The CUDA architecture allows
developers to organize access to the instruction set of the
graphics accelerator and manage its memory at the
programmer’s discretion.

OpenCL (Open Computing Language) is a framework that
allows for parallelization of computing on GPUs and CPUs, as
well as on FPGAs. The framework includes a programming
language based on the C99 standard and an application
programming interface (API). OpenCL provides instruction-
level and data-level parallelism, complementing the capabilities
of the GPU.

The goal of OpenCL is to complement OpenGL and
OpenAL, which are industry standards for three-dimensional
computer graphics and sound, by leveraging the capabilities of
the GPU. It is a fully open standard available under free licenses



and is developed and supported by the Khronos Group, a
consortium of large companies.

For viewing the video characteristics of your computer,
you can use the free GPU Caps Viewer software, available for
download at the following link: https://www.geeks3d.com/
dl/show/710.

1.2.Provide OpenCL programming capabilities in
Microsoft Visual Studio with an existing NVIDIA
graphics card

Installing OpenCL

To ensure your driver supports OpenCL technology, you
can utilize the GPU Caps Viewer program (Fig. 1.1) or inspect
the driver settings (Fig. 1.2). If OpenCL support is not present,
consider updating to a more modern driver version. If the latest
driver does not support OpenCL, you might need to upgrade to
a newer graphics card or execute tasks on a different computer
or in the cloud.

If your existing driver version does support OpenCL, the
next step is to install the CUDA-Toolkit from the official
NVIDIA website. However, it is essential to first determine
which versions of the CUDA-Toolkit are compatible with your
driver. To do this, follow these steps:


https://www.geeks3d.com/dl/show/710
https://www.geeks3d.com/dl/show/710

H Geeks3D GPU Caps Viewer 1.54.0.0 - >

GPU OpenGL CUDA OpenCL Vulkan 3D Demos Tools

| Mumber of CL platforms: 1 | 1: NVIDIA CUDA ~ |
Version Profile UDA 11.4.153 FULL_PROFILE
Devices
| Mumber of CL devices: 1 | 1: NVIDIA GeForce GT 730 ~ |
Type GPU —

Clodk| 1006MH “
i 2 o z
Compute Units s ‘/a

Ver, | OpenCL 3.0 CUDA  Driver 472,50

Global Mem. 1024MB (Cache: 32KE) OpenCL
Local Mem. 43KB Constant buffer |  64B
2D image size | 16384 x 16334 Max Samplers | 32

3D image size [ 4096 x 4096 x 4096 OpenCL extensions | 20
Work Item Sizes | 1024 x 1024 x 64 Waork group size | 1024

Mare OpenCL information. ..

OpenCL demos - Device index selection for the current platform

CpenCL & Geeks3D.com OpenCL @& Khronos

Fig. 1.1. An example of the GPU Caps Viewer program’s tray
in case of OpenCL technology support (the presence of the
OpenCL version indicates support)

1.Check the version of your graphics card driver using a
resource like: https://www.nvidia.com/download/index.aspx.

2.Visit  https://docs.nvidia.com/cuda/cuda-toolkit-release-
notes/index.html and identify the suitable version of the CUDA-
Toolkit (see Table 2 or Table 3 on the web page).

3.Proceed to install the CUDA-Toolkit from
https://developer.nvidia.com/cuda-toolkit-archive.

4. After installation, ensure to restart your computer to save
the new system paths settings.
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W device. ] Driver Date: Driverfiles
| | EJcawINDows system32 it pb ~
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Fig. 1.2. A typical sequence of steps to check OpenCL

technology support (support is indicated by the presence of the
OpenCL.dll file)

Digital Signer:  Microsoft Windows Hardware Compatibility

v oV v v

In scenarios where older driver versions necessitate additional
component installations apart from the CUDA-Toolkit, it is
advisable to seek guidance from your lecturer.
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Creating your first OpenCL project
It is convenient to develop parallel programs using

Microsoft Visual Studio. In order to create and run an OpenCL
project for NVIDIA graphics cards under a 64-bit Windows
operating system, you only need to create an empty C++ console
project. To create your first OpenCL project, follow these steps
to ensure smooth development:

1.Create an empty C++ console project to get started.

2.Include the path of header files (e.g., C:\Program
Files\NVIDIA GPU Computing Toolkit\CUDA\v11.5\include) in
the properties of the project at C/C++ — General — Additional
Include Directories (Fig. 1.3). This directory is created upon
installing the CUDA-Toolkit.

3.Add a required path like C:\Program Files\NVIDIA GPU
Computing Toolkit\CUDA\W11.5\lib\x64 to the location Linker
— General — Additional Library Directories (Fig. 1.4).

4. Specify the file name OpenCL.lib in the location Linker —
Input — Additional Dependencies t0 complete the setup (refer
to Fig. 1.5 for illustrations).

vectorAdd Property Pages ? *
Configuration: | Active(Debug) ~ | Platform: | x64 ~ | | Configuration Manager...
4 Configuration Properties & VLR E NN AT G C:\Program Files\NVIDIA GPL« | A
General Additional #using Directories
Advanced Additional BMI Directories
vepkg ) Additional Module Dependen
Debugging Additional Header Unit Depen
VC++ Directories

Scan Sources for Module Depr Mo

4 CfC++

B I Translate Includes to Imports Mo
enera

s Debug Information Format  Program Database for Edit And Ce

Optimization

Support Just My Code Debuge Yes (/IMC)

Preprocessor

Code Generation Common Language RunTime b

Language Additional Include Directories

Precompiled He- ¥ Specifies one or more directories to add to the include path. Separate w
< > (/1[path])

Cancel Apply

Fig. 1.3. Example of adding the path of the OpenCL header
files location
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vectorAdd Property Pages

Configuration: Platform:  xB4

Active(Debug) ~ h
4 Configuration Properties A Output File
General Show Progress
Advanced Version
vepkg Enable Incremental Linking
Debugging

Incremental Link Database File
VC++ Directories

? X

Configuratien Manager...

$(OutDir)fvectorAdd.exe »
Mot Set

Yes (/INCREMENTAL)
S(IntDir)5(TargetMame).ilk

i Suppress Startup Banner Yes (/NOLOGO)

b g Ignare Import Library MNa

I CUDA C/C++ Register Output N

4 Linker egister Ou Fu - o

Per-user Redirection No
General - . . .
Input UL DL ETENLTE LI e L CAProgram Files\NVID) ~ |
Manifest File Additional Library Directories
Debugging v Allows the user to override the environmental library path. (/LIBPAT
< >

Cancel Apply

Fig. 1.4. An example of adding the path to the location of

OpenCL library files

vectorAdd Property Pages

Configuration: | Active(Debug) *~ Platform: x84

e

? X

Configuration Manager...

4 Configuration Properties A OpenCLlib;kernel32.lit ~
General Ignore All Default Libraries
Advanced Ignaore Specific Default Libraries
vepkg Module Definition File
Debugg?ng . Add Module to Assembly
V(E++ Directories Embed Managed Resource File
b C/Ce+ . Force Symbol References
': EigE:: ElCe Delay Loaded Dis
General Assembly Link Resource
Input Additional Dependencies
Manifest File w Specifies additional items to add to the link cormmmand line. [i.e, kernel3:
< >

Cancel Apply

Fig.
additional dependency
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There are only 2 files we just need to create:

1.Kernel file: vector_add_kernel.cl with code:
1. _ kernel void vector_add(__global const int* A,
__global const int* B, __global int* C)

1. {

N

//Get the index of the current item for further
processing
int i = get_global_id(9);
// Adding vectors
C[i] = A[i] + B[i];
-}
.A file of the form *.cpp:
#define _CRT_SECURE_NO_WARNINGS
#include <stdio.h>
#include <stdlib.h>

#pragma comment(lib, "OpenCL.1lib");

#ifdef _ APPLE__
#include <OpenCL/opencl.h>
ttelse
10. #include <CL/cl.h>
11. #endif
12. #define MAX_SOURCE_SIZE (0x100000)

WONOUDWNRNOUDAW

14. int main(void)

15. {

16. // creating two vectors

17. int i;

18. const int LIST_SIZE = 1024;

19. int* A = (int*)malloc(sizeof(int) * LIST_SIZE);

20. int* B = (int*)malloc(sizeof(int) * LIST_SIZE);
21. for (i = @; i < LIST_SIZE; i++)

22. |

23. A[i] = i;

24. B[i] = LIST_SIZE - ij;

25. }

26. // reading kernel source code from
vector_add_kernel.cl
27. FILE* fp;

14



28.
29.
30.
31.
32.
33.
34.
35.
36.
37.

38.
39.
40.
41.
42.
43.
44,

45.

46.

47.

48.

49.

50.

51.
52.

53.
54.

55.
56.

57.
58.

char* source_str;

size_t source_size;

fp = fopen("vector_add_kernel.cl", "r");

if (!fp)

{
fprintf(stderr, "Failed to load kernel.\n");
exit(1);

}

source_str = (char*)malloc(MAX_SOURCE_SIZE);

source_size = fread(source_str, 1,
MAX_SOURCE_SIZE, fp);

fclose(fp);

// Get information about platforms and devices

cl_platform_id platform_id = NULL;

cl device id device_id = NULL;

cl_uint ret_num_devices;

cl_uint ret_num_platforms;

cl int ret = clGetPlatformIDs(1, &platform_id,
&ret_num_platforms);

ret = clGetDeviceIDs(platform_id,
CL_DEVICE_TYPE_GPU, 1, &device_id,
&ret_num_devices);

// Creating an OpenCL context

cl context context = clCreateContext(NULL, 1,
&device_id, NULL, NULL, &ret);

// Creating a command queue

cl_command_queue command_queue =
clCreateCommandQueue(context, device_id, o,
&ret);

// Creating memory buffers on the device for each

vector

cl _mem a_mem_obj = clCreateBuffer(context,
CL_MEM_READ_ONLY, LIST_SIZE * sizeof(int),
NULL, &ret);

cl _mem b_mem_obj = clCreateBuffer(context,
CL_MEM_READ_ONLY, LIST_SIZE * sizeof(int),
NULL, &ret);

cl _mem c_mem_obj = clCreateBuffer(context,
CL_MEM_WRITE_ONLY, LIST_SIZE * sizeof(int),
NULL, &ret);

// Copying vectors to memory buffers

ret = clEnqueueWriteBuffer(command_queue,
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59.

60.
61.

62.
63.

64.

65.
66.

67.
68.

69.
70.

71.

72.

73.
74.
75.
76.
77.
78.
79.

80.
81.
82.

83.
84.
85.
86.
87.
88.
89.

a_mem_obj, CL_TRUE, @, LIST_SIZE * sizeof(int),
A, ©, NULL, NULL);

ret = clEnqueueWriteBuffer(command_queue,
b_mem_obj, CL_TRUE, @, LIST_SIZE * sizeof(int),
B, ©, NULL, NULL);

// Creating a program from the kernel source code

cl _program program =
clCreateProgramWithSource(context, 1,
(const char**)&source_str, (const
size t*)&source_size, &ret);

// Creating an executable file

ret = clBuildProgram(program, 1, &device_id,
NULL, NULL, NULL);

// Creating an OpenCL kernel

cl _kernel kernel = clCreateKernel(program,
"vector_add", &ret);

// Setting kernel arguments

ret = clSetKernelArg(kernel, 0, sizeof(cl mem),
(void*)&a_mem_obj);

ret = clSetKernelArg(kernel, 1, sizeof(cl _mem),
(void*)&b_mem_obj);

ret = clSetKernelArg(kernel, 2, sizeof(cl _mem),
(void*)&c_mem_obj);

// Executing the kernel

size_t global_item_size = LIST_SIZE;

size t local_item_size = 64;

ret = clEnqueueNDRangeKernel(command_queue,
kernel, 1, NULL, &global_item_size,
&local_item_size, ©, NULL, NULL);

// Reading the result from the device to the
local list C

int* C = (int*)malloc(sizeof(int) * LIST_SIZE);

ret = clEnqueueReadBuffer(command_queue,
c_mem_obj, CL_TRUE, @, LIST SIZE * sizeof(int),
C, 0, NULL, NULL);

ret = clFlush(command_queue);

ret = clFinish(command_queue);

ret = clReleaseKernel(kernel);

ret = clReleaseProgram(program);

ret = clReleaseMemObject(a_mem_obj);

ret = clReleaseMemObject(b_mem_obj);

ret = clReleaseMemObject(c_mem_obj);
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99. ret = clReleaseCommandQueue(command_queue);
91. ret = clReleaseContext(context);

92. free(A);

93. free(B);

94. free(C);

95. return 0;

9. }

If we include the print function, the last lines of the
program result may look like the one shown in Fig. 1.6.

B Microsoft Visual Studio Debug Console — O >

o R o

[

,8

Fig. 1.6. An example of displaying the last lines in the console
window

Additionally
There may be cases when the code works correctly, but
there is no syntax highlighting for OpenCL. This problem can
be solved as follows:
1.Choose the Tools — Options menu item.
2.Find the Text Editor — File Extension in the list of
options.
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3.Type cl in the Extension field; Microsoft Visual C++ in
the Editor field.

4.Click Add.

5.Click OK.

6. Restart the Microsoft Visual Studio environment.

1.3. Provide CUDA programming capabilities in Microsoft
Visual Studio with an existing NVIDIA graphics card

Installing CUDA
To verify CUDA technology support, utilize the GPU
Caps Viewer program (Fig. 1.7) or inspect the driver settings
(Fig. 1.8). If the driver does not support CUDA, consider
installing a more recent version or upgrading to a more modern
graphics card. Alternatively, you can perform tasks on another

computer or in the cloud.
n Geeks3D GPU Caps Viewer 1.34.0.0 — *

GPU OpenGL CUDA OpenCL Vulkan 3D Demos Tools

¢Eumber of CUDA devices: I> | 1: NVIDIA GeForce GT 730 ~ |

Core data

Name MVIDIA GeForce GT 730 =
S NVIDIA.

Compute Capability 3.5
Core dock 1006 MHz C U D A
Mem dock 2505 MHz
Merm bus width 64-bit Memary data

Total memory 1024 MB
PCI bus ID 1

Bandwidth 40 GB/fs
MultiProcessors 2 (384 cores) andw /

512KB

Warp size 32 L2 cache

Shared mem / block | 48 KB
Threads / block 1024

Total constant 64 KB
Registers  block 65536

Tex. alignment | 512 bytes
Block dim 1024 x 1024 x 64

Grid Size

2147483647 x 65535 x 65535
CUDA @ NVIDIA

Fig. 1.7. An example of the GPU Caps Viewer program’s
wreath in the case of CUDA technology support (the number of
devices is greater than 0, which indicates CUDA support)
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Pin to Quick access

Manage

Settin — O X
Pin to Start
Map network drive...

o] Disconnect network drive... Abo Ut

y Create shortcut System protection )
Fin 2

Delete
Rename 1 Advanced system settings
@pmiED Rename this PC (advanced)

I Display

Syste

Help from the web
i)  Sound

NVIDIA GeForce GT 730 Properties X

Dri :
Advanced System Protection Remote e Ve Detaly Driver File Details X

! NVIDIA GeForg)
snager lists all the hardware devices installed
ter. Use the Device Manager to change the Driver Provider:

W device 3 Driver Date: Driver files:
[ 4 Device Manager b Driver Version: WINDOW S system 32 lxss lib\nvidia-smi ~

& Device Manager — Digital Signer: WINDOWS system 32\nveuda di

! NVIDIA GeForce GT 730

‘ File Action View Help | WINDOWS system32\nvdispcof447250.dI
| @ E HE B R \WINDOWS system32\nvaispgencoB447250dl
~ & DESKTOP-1GNGH40 Update: Driver < =
> iq Audio inputs and outputs X .
N @ Cameras Roll Back Driver Provider: NWIDIA Corporation
> g Computer File version: 30.0.14.7250
» = Disk drives 4 Disable Device Copyright {C) 2021 NVIDIA Corporation. All rights reserved
~ [ Display adapte

Digital Signer:  Microsoft Windows Hardware Compatibility
Uningtall Device
> (@i Human Interface Devices

> =@ IDE ATA/ATAPI controllers
b Keyboards

M doth inting devi
» ﬂ Ice and other pointing ewcx—v-

Fig. 1.8. A typical sequence of steps to check for CUDA
support (the presence of a text like in the Driver File Details
window is a sign of support)

Follow these steps to ensure the possibility of
programming in CUDA:
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1.Use the following link: https://www.nvidia.com/
download/index.aspx, select the current driver version for your
graphics card, and install it (see Fig. 1.9).

2.Compare the driver version with Table 2 or 3 at
https://docs.nvidia.com/cuda/cuda-toolkit-release-notes/index.
html to determine the compatible CUDA Toolkit version.

3.Install the identified driver and CUDA-Toolkit from
https://developer.nvidia.com/cuda-toolkit-archive.

4. After installation, restart your computer.

nvidia.com/download/driverResults.aspx/132841/en-us/

NVIDIA. Products Solutions Industries  For You

Download Drivers

NVIDIA > Drivers

GeForce RTX™ 40 Series Laptops GeForce Game Ready Driver
BEYOND FAST [ileea ——

Release Date: 2018.3.27
Operating System: Windows 10 64-bit
Language: English (US)
e J File Size: 44539 MB
| Download
Release Highlights Suppo
I mvioia
Studio As part of the NVIDIA k v ,this i
notebook GPUs. However, please note that your notebt
Your Ideas’ drivers for your specific notebook on their website. NV
Accelerated about recommended software updates for your noteb:
Revalutianize your creative
wmuwnhnmawm,,/ arise from the use of this driver.
Fig. 1.9. A window with the latest version of some NVIDIA
driver
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Creating your first CUDA project
To create your first CUDA project on a 64-bit Windows

operating system in Microsoft Visual Studio, follow these steps:

1.Start Microsoft Visual Studio and search among the
project templates for one containing the word “CUDA”. Create
a project using this template.

2.1f the CUDA template is not available, create an empty
C++ console project instead.

3.Access the properties of the created project and add the
header files' address located at C:\Programme Files\NVIDIA
GPU Computing Toolkit\CUDA\11.5\include\ to the location
C/C++ — General — Additional Include Directories as shown
in Fig. 1.10. This directory is created during CUDA-Toolkit
installation.

4.Next, add a path such as C:\Program Files\NVIDIA GPU
Computing Toolkit\CUDA\W11.5\lib\x64 to the location Linker
— General — Additional Library Directories as shown in
Fig. 1.11.

5.Finally, locate the Linker — Input — Additional
Dependencies location and add a file similar to CUDA.lib, as
displayed in Fig. 1.12 to complete the setup.
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vectorAdd Property Pages

Configuration:

Active(Debug) ~

4 Configuration Properties
General
Advanced
vepkg
Debugging
WC++ Directories
4 CfC++
General
Optimization
Preprocessor
Code Generation
Language
Precomoiled He-
£ >

~

L

Platform: | x64

? s

~ Configuration Manager...

LULLTBENGEE LR T SIS C:\Program Files\NVIDIA GPL | A

Additional #using Directories
Additional BMI Directories

Additional Module Dependen
Additional Header Unit Depen

Scan Sources for Module Depr Mo
Translate Includes to Imports Mo
Program Database for Edit And Cc

Debug Information Format

Support Just My Code Debugr Yes (/IMC)

Commen Language RunTime
Additional Include Directories

Specifies one or more directories to add to the include path. Separate w

(/llpathl)

Cancel Apply

Fig. 1.10. Example of adding the address of the location of

CUDA header files

vectorAdd Property Pages

Configuration:

Active(Debug)

4 Configuration Properties
General
Advanced
vepkg
Debugging
VC++ Directories
C/C++
I CUDAC/C++
4 Linker
General

-

Input
Manifest File
Debugging

~

'

Platform: | x6d

Qutput File
Show Progress
Version

Enable Incremental Linking

Incremental Link Database File

Suppress Startup Banner
Igneore Import Library
Register Qutput
Per-user Redirection

? X
Canfiguration Manager...

$(OutDir)/vectorAdd.exe ~
Mot Set

Yes (/INCREMENTAL)
S(IntDir)5(TargetMame).ilk
Yes (fNOLOGO)

Ma

Ma

Mo

PN LG EINRLTELN (e LT C:\Program Files\NVID « |

Additional Library Directories

Allows the user to override the environmental library path. (/LIBPAT

Cancel Apply

Fig. 1.11. Example of adding a path to the location of CUDA

library files
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vectorAdd Property Pages ? X

Configuration: | Active(Debug) ~ | Platform: | x64 ~| | Configuration Manager...
4 Configuration Properties A Additional Dependencies CUDAlb;kernel32 lib;u
General Ignore All Default Libraries
Advanced Ignore Specific Default Libraries
cokaly Module Definition File
Debugging Add Module to Assembly
WC++ Directories

Embed Managed Resource File

E E[JCDJ:C(C i Force Symbol References
JC++
4 Linker Delay Load?d Dlls
Assembly Link Resource

General

Input Additional Dependencies

Manifest File v Specifies additional items to add to the link command line. [i.e. kernel3:
£ >

Cancel Apply

Fig. 1.12. Example of adding the CUDA.lib library as an
additional dependency

It remains to create 1 file:

1. _ global__ void vectorAdd(const float *A, const
float *B, float *C, int numElements)

2. {

3 int i = blockDim.x * blockIdx.x + threadIdx.x;

4 if (i < numElements)

5. {

6. C[i] = A[i] + B[i];

7

8. }

9. int main()

10. {

11. cudaError_t err = cudaSuccess;

12. int numElements = 50000000;

13. size_t size = numElements * sizeof(float);

14. printf("[Vector addition of %d elements]\n",
numkElements);

15.

16. float *h_A = (float *)malloc(size);

17. float *h_B = (float *)malloc(size);
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18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.

43.

44,
45,
46.

47.
48.
49.
50.
51.

52.

53.

float *h_C = (float *)malloc(size);

if (h_A == NULL || h_B == NULL || h_C == NULL)
exit (EXIT_FAILURE);

for (int i = @; i < numElements; ++i)

{
h_A[i]
h_B[1i]

}

float *d_A = NULL;
float *d_B = NULL;

float *d_C = NULL;

rand()/(float)RAND_MAX;
rand()/(float)RAND_MAX;

err = cudaMalloc((void **)&d_A, size);
if (err != cudaSuccess)
exit (EXIT_FAILURE);
err = cudaMalloc((void **)&d_B, size);
if (err != cudaSuccess)
exit (EXIT_FAILURE);
err = cudaMalloc((void **)&d_C, size);
if (err != cudaSuccess)
exit(EXIT_FAILURE);

printf("Copy input data from the host memory to
the CUDA device\n");

err = cudaMemcpy(d_A, h_A, size,
cudaMemcpyHostToDevice);

if (err != cudaSuccess)
exit(EXIT_FAILURE);

err = cudaMemcpy(d_B, h_B, size,
cudaMemcpyHostToDevice);

if (err != cudaSuccess)
exit(EXIT_FAILURE);

int threadsPerBlock = 256;

int blocksPerGrid = (numElements +
threadsPerBlock - 1) / threadsPerBlock;

printf("CUDA kernel launch with %d blocks of %d
threads\n", blocksPerGrid, threadsPerBlock);

vectorAdd<<<blocksPerGrid,
threadsPerBlock>>>(d_A, d_B, d_C, numElements);
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54. err = cudaGetLastError();

55. if (err != cudaSuccess)
56. exit (EXIT_FAILURE);
57.

58. printf("Copy output data from the CUDA device to
the host memory\n");

59. err = cudaMemcpy(h_C, d_C, size,
cudaMemcpyDeviceToHost);

60. if (err != cudaSuccess)
61. exit (EXIT_FAILURE);
62.

63. err = cudaFree(d_A);
64. if (err != cudaSuccess)
65. exit (EXIT_FAILURE);
66. err = cudaFree(d_B);
67. if (err != cudaSuccess)
68. exit (EXIT_FAILURE);
69. err = cudaFree(d_C);
70. if (err != cudaSuccess)
71. exit (EXIT_FAILURE);
72.

73. free(h_A);

74. free(h_B);

75. free(h_C);

76.

77. printf("Done\n");
78. return 0;

79. }

If you also add output functions, the last lines of the
program result may look like the one shown in Fig. 1.6.

Additionally
There may be cases when the code works correctly, but
there is no syntax highlighting for CUDA. This problem can be
solved as follows:
1.Select the Tools — Options menu item.
2.Search for Text Editor — File Extension in the list of
options
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3.Type cu in the Extension field; select Microsoft Visual
C++ in the Editor field.

4.Click Add.

5.Click OK.

6. Restart the Microsoft Visual Studio environment.

1.4. Provide OpenCL programming capabilities in
Microsoft Visual Studio with an existing AMD graphics
card

Installing OpenCL
To determine if your driver supports OpenCL technology,
check with the GPU Caps Viewer program (Fig. 1.1) or refer to
the driver settings. An indication of support is the existence of a
file like OpenCL.dll (Fig. 1.2). If this specific file is not present,
it is recommended to update to a more recent version of the
driver. In cases where the latest driver version does not offer
OpenCL support, consider upgrading to a more modern graphics
card or completing tasks on a different computer or in the cloud.
If the current driver version does support OpenCL, the
next step involves downloading the SDK through one of the two
methods provided:
1. Utilizing vepkg (this’s preferred method).
1.1. Install Git for Windows from
https://gitforwindows.org/ and then restart your computer.
1.2. Use a command prompt in administrator mode to
execute the following steps sequentially:
cd c:\Program Files
e it clone https://github.com/Microsoft/vcpkg.git
e .\vcpkg\bootstrap-vcpkg.bat
e .\vcpkg install opencl:x64-windows
e .\vcpkg integrate install
1.3. Restart your computer to apply the changes.
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2.Access the open source project on GitHub by visiting:
https://github.com/GPUOpen-LibrariesAndSDKs/OCL -
SDK/releases.

Creating your first OpenCL project
If you want to create and execute your first OpenCL
project for AMD graphics card on a 64-bit Windows operating
system, it is beneficial to use Microsoft Visual Studio. Utilize an
empty C++ console project as the basis for development. Should
any obstacles arise when attempting to access libraries, follow
the listed steps:
1.Create an empty C++ console project.
2.In the project's properties, go to C/C++ — General —
Additional Include Directories and add the path of header files,
such as C:\Users\Roma\Downloads\lightOCLSDK\include,
from the unzipped SDK downloaded on GitHub.
3.Add a new path, such as
C:\Users\Roma\Downloads\lightOCLSDK\lib\x86_64, to the
project's properties location Linker — General — Additional
Library Directories.
4.Add a filename like OpenCL.lib to the Linker — Input —
Additional Dependencies location in the project's properties.
It remains to create 2 files:

1.The kernel file: vector_add_kernel.cl with the code
1. _ _kernel void vector_add(__global const int* A,
__global const int* B, _ global int* C)
{

//Get the index of the current item to process
int i = get_global_id(9);
// Adding vectors
C[i] = A[i] + B[1i];
-}
.A file of the form *.cpp:
. #define _CRT_SECURE_NO_WARNINGS
. #include <stdio.h>
. #include <stdlib.h>
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#pragma comment(lib, "OpenCL.1lib");

#ifdef __ APPLE__
#include <OpenCL/opencl.h>
ttelse

10 #include <CL/cl.h>

11. #endif

12. #define MAX_SOURCE_SIZE (0x100000)

13.

14. int main(void)

15. {

16. // creating two vectors

17. int i;

18. const int LIST_SIZE = 100000000 / 2;

19. int* A = (int*)malloc(sizeof(int) *LIST_SIZE

20. int* B = (int*)malloc(sizeof(int) *LIST_SIZE

21. for (i = @; i < LIST_SIZE; i++)

22. {

23. Ali] = i;

24. B[i] = LIST_SIZE - i;

25. }

26. // reading kernel source code from
vector_add_kernel.cl

27. FILE* fp;

28. char* source_str;

29. size t source_size;

30. fp = fopen("vector_add_kernel.cl", "r");

31. if (!fp)

32. {

33. fprintf(stderr, "Failed to load kernel.\n");

34. exit(1);

35. }

36. source_str = (char*)malloc(MAX_SOURCE_SIZE);

37. source_size = fread(source_str, 1,
MAX_SOURCE_SIZE, fp);

38. fclose(fp);

39. // Get information about platforms and devices

40. cl_platform_id platform_id = NULL;

41. cl device id device_id = NULL;

42. cl uint ret_num_devices;

43. cl_uint ret_num_platforms;
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44.

45.

46.

47.

48.

49.

50.

51.
52.

53.
54.

55.
56.

57.
58.
59.

60.
61.

62.
63.

64.

65.
66.

67.
68.

69.

cl int ret = clGetPlatformIDs(1, &platform_id,
&ret_num_platforms);

ret = clGetDeviceIDs(platform_id,
CL_DEVICE_TYPE_GPU, 1, &device_id,
&ret_num_devices);

// Creating an OpenCL context

cl context context = clCreateContext(NULL, 1,
&device_id, NULL, NULL, &ret);

// Creating a command queue

cl_command_queue command_queue =
clCreateCommandQueue(context, device_id, 0,
&ret);

// Creating memory buffers on the device for each
vector

cl mem a_mem_obj = clCreateBuffer(context,
CL_MEM_READ_ONLY, LIST_SIZE * sizeof(int),
NULL, &ret);

cl _mem b_mem_obj = clCreateBuffer(context,
CL_MEM_READ_ONLY, LIST_SIZE * sizeof(int),
NULL, &ret);

cl _mem c_mem_obj = clCreateBuffer(context,
CL_MEM_WRITE_ONLY, LIST_SIZE * sizeof(int),
NULL, &ret);

// Copying vectors to memory buffers

ret = clEnqueueWriteBuffer(command_queue,
a_mem_obj, CL_TRUE, @, LIST_SIZE * sizeof(int),
A, 0, NULL, NULL);

ret = clEnqueueWriteBuffer(command_queue,
b_mem_obj, CL_TRUE, ©, LIST_SIZE * sizeof(int),
B, ©, NULL, NULL);

// Creating a program from the kernel source code

cl program program =
clCreateProgramWithSource(context, 1,

(const char**)&source_str, (const
size t*)&source_size, &ret);

// Creating an executable file

ret = clBuildProgram(program, 1, &device_id,
NULL, NULL, NULL);

// Creating an OpenCL kernel

cl kernel kernel = clCreateKernel(program,
"vector_add", &ret);

// Setting kernel arguments
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70. ret = clSetKernelArg(kernel, 0, sizeof(cl mem),
(void*)&a_mem_obj);

71. ret = clSetKernelArg(kernel, 1, sizeof(cl mem),
(void*)&b_mem_obj);

72. ret = clSetKernelArg(kernel, 2, sizeof(cl _mem),
(void*)&c_mem_obj);

73. // Executing the kernel

74. size_t global_item_size = LIST_SIZE;

75. size t local_item_size = 64;

76. ret = clEnqueueNDRangeKernel(command_queue,

77. kernel, 1, NULL, &global_item_size,

78. &local_item_size, ©, NULL, NULL);

79. // Reading the result from the device to the
local list C

80. int* C = (int*)malloc(sizeof(int) * LIST_SIZE);

81. ret = clEnqueueReadBuffer(command_queue,

82. c_mem_obj, CL_TRUE, @, LIST_SIZE * sizeof(int),
C, 0, NULL, NULL);

83. ret = clFlush(command_queue);

84. ret = clFinish(command_queue);

85. ret = clReleaseKernel(kernel);

86. ret = clReleaseProgram(program);

87. ret = clReleaseMemObject(a_mem_obj);

88. ret = clReleaseMemObject(b_mem_obj);

89. ret = clReleaseMemObject(c_mem_obj);

90. ret = clReleaseCommandQueue(command_queue);

91. ret = clReleaseContext(context);

92. free(A),

93. free(B);

94. free(C);

95. return 0;

9. }

If you also add output functions, the last lines of the
program result can look like the one shown in Fig. 1.13.
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B Microsoft Visual Studio Debug Console — O *

close this window . . .

Fig. 1.13. Example of the last lines of the output window that
displays the result of adding two vectors

Additionally
There may be cases when the code works correctly, but

there is no syntax highlighting for OpenCL. This problem can
be solved as follows:

1.Select the Tools — Options menu item.

2.1In the list of options, find Text Editor — File Extension.

3.Enter cl in the Extension field; select Microsoft Visual
C++ in the Editor field.

4.Click Add.

5.Click OK.

6. Restart the Microsoft Visual Studio environment.

1.5. Statements

1.Configure the working capability of OpenCL or CUDA on
your computer or laptop (20% of points).
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2.Create two separate kernel functions, each dedicated to its
unique operation according to the chosen option. If OpenCL
technology is being used, it is recommended to create two
corresponding files with the extension *.cl (10% of points).

3.Determine the number of array elements to check the
maximum capabilities of your computing device (10% of
points).

4.Implement the execution of both cores separately and in
parallel according to the chosen option (50% of points).

5.Programmatically compare the amount of time required to
perform calculations in parallel versus sequentially (10% of
points).

6. Analyze and explain the calculated results.

Options for accomplishing the task
The following options are available for selecting the
operation to be performed:
Option 1. Addition and subtraction.
Option 2.  Addition and multiplication.
Option 3. Addition and division.
Option 4. Addition and floor division.
Option 5.  Addition and division with remainder.
Option 6. Subtraction and multiplication.
Option 7. Subtraction and division.
Option 8. Subtraction and floor division.
Option 9.  Subtraction and division with remainder.
Option 10. Multiplication and division.
Option 11. Multiplication and floor division.
Option 12. Multiplication and division with remainder.
Option 13. Division and floor division.
Option 14. Division and division with remainder.
Option 15. Floor division and division with remainder.
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Additional materials

1. An introductory video on CUDA basics and some
examples in Python:
https://www.youtube.com/watch?v=r9lgwpMRI9TE&list=PLqg
XS1b2IRpYTUHPPp2MYkgXS7v6qA-JsF.

2. Lessons about CUDA:
https://www.youtube.com/watch?v=mOnhePeHwFs&list=PLK
K11Ligqititws0ZOoGk3SW-TZCar4dK&index=1

3. An introductory video about OpenCL.:
https://www.youtube.com/watch?v=V4RfPfHOPC8&list=PL.i
witliVUib9s6vyEqdpcgAq7NBRIpIMAY &index=1

4. Lectures about OpenCL.:
https://www.youtube.com/watch?v=8D6yhpiQVVI&Ilist=PLDi
VN33Lbf6cLgZ5 i kOKeMaQKEctMgS

Questions for independent training

1. What is the __global__ qualifier used for?

2. What is the blockdim.x * blockidx.x + threadidx.x
expression for?

3. Why is it important to specify an if statement
if (i < numElements) in the kernel?

4. What serious limitation has the new operator compared to
the malloc function?

5. Why is it advisable to use the if statement directly after
using the malloc function?

6. What is the difference between the malloc and cudamalloc
functions?

7. How does the cudamemcpy function perform?

8. What are the essence of the threadsperblock and
blockspergrid Vvariables?

9. What do angle brackets mean in the expression
func<<<blockspergrid, threadsperblock>>>(d_a, d_b, d_c,

numeElements)?

33


https://www.youtube.com/watch?v=r9IqwpMR9TE&list=PLqXS1b2lRpYTUHPp2MYkgXS7v6qA-JsF
https://www.youtube.com/watch?v=r9IqwpMR9TE&list=PLqXS1b2lRpYTUHPp2MYkgXS7v6qA-JsF
https://www.youtube.com/watch?v=m0nhePeHwFs&list=PLKK11Ligqititws0ZOoGk3SW-TZCar4dK&index=1
https://www.youtube.com/watch?v=m0nhePeHwFs&list=PLKK11Ligqititws0ZOoGk3SW-TZCar4dK&index=1
https://www.youtube.com/watch?v=V4RfPfHQPC8&list=PLiwt1iVUib9s6vyEqdpcgAq7NBRlp9mAY&index=1
https://www.youtube.com/watch?v=V4RfPfHQPC8&list=PLiwt1iVUib9s6vyEqdpcgAq7NBRlp9mAY&index=1
https://www.youtube.com/watch?v=8D6yhpiQVVI&list=PLDivN33Lbf6cLqZ5_i_k0KeMaQKEctMgS
https://www.youtube.com/watch?v=8D6yhpiQVVI&list=PLDivN33Lbf6cLqZ5_i_k0KeMaQKEctMgS

10. What is the difference between the cudafree and free
functions?

11. What is the difference between a device and a host in
CUDA terminology?

12. What is the __kernel keyword used for?

13. What is the purpose of the get_global_id(e) function?

14. What is the difference between the clGetPlatformIDs
and clGetbeviceIDs functions?

15. What is the purpose of the c1createcontext function?

16. What is the purpose of the clcreateCommandQueue
function?

17. How do the clEnqueueWriteBuffer and
clEnqueueReadBuffer functions performs?

18. What is the purpose of the c1BuildProgram function?

19. What is the purpose of the cicreatekernel function?

20. What is the purpose of the clEnqueueNDRangeKernel
function?
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Laboratory work 2
High-performance computing on processors

Goals
1.Learn how to create relatively simple programs using
high-performance computing technologies on CPU cores.
2.Learn how to analyze and compare different HPC
technologies.

2.1. Introduction to MPI technology

Message Passing Interface (MPI) serves as a critical
software interface (API) for facilitating information transfer by
enabling the communication of messages among processes
striving for a shared objective. Essentially, the concept behind
MPI involves adapting the technology of message transmission
between pairs or groups of subscribers for the realm of parallel
computing.

The utilization of MPI stands as the predominant standard
for data exchange interfaces in the realm of parallel
programming, with implementations available across a plethora
of computer platforms. This technology is particularly
instrumental in crafting programs designed for clusters and
supercomputers, with the primary mode of communication
among MPI processes involving the exchange of messages with
one another.

2.2. Provide MPI programming capabilities in Microsoft
Visual Studio with an existing AMD graphics card

Installing MPI
A guide for Installing MPI on a Windows operating
system and creating the first MPI project is as below.

35



Implementing MPI Technology:
1.Begin by installing  Microsoft MPI  from
https://www.microsoft.com/en-us/download/details.aspx?id=
100593. Following the installation, restart the computer.
2.Proceed by installing Git for Windows, which can be
obtained from https://gitforwindows.org, and then restart the
computer.
3.Using acommand prompt that runs in administrator mode,
execute the following steps in sequence:
3.1. Navigate to the directory by typing "cd c:\Program
Files".
3.2. Clone the vcpkg repository by running the command
"git clone https://github.com/Microsoft/vcpkg.qit™.
3.3. Execute the bootstrap-vcpkg.bat file by typing
" \vcpkg\bootstrap-vcpkg.bat".
3.4. Install the msmpi package for x64 Windows using
"\vcpkg install msmpi:x64-windows".
3.5. Integrate the installed by running ".\vcpkg integrate
install”. After completing these steps, restart the computer.

Creating the first MPI project
Microsoft Visual Studio provides a convenient
environment for developing parallel programs. To set up an MPI
project for a 64-bit Windows operating system, simply create an
empty C++ console project and input the desired MPI code.
Should issues relating to library access arise, you will need to
follow these steps:
1. Start by creating an empty C++ console project.
2.In the project's properties, navigate to C/C++ — General
— Additional Include Directories and include the path of the
header  files, such as  C:/Users/I-HAVE-NO-TIME-
for/vcpkg/packages/msmpi_x64-windows/include/. This
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directory becomes accessible after installing the msmpi package
(refer to Fig. 2.1 for guidance).

vectorAdd Property Pages ? X
Configuration: | Active(Debug) ~ | Platform: | x64 ~ | | Configuration Manager...
4 Configuration Properties A VGG L O (TR BT C:f Users/1-HAVE-NO-TIME-fc + | ~
General Additional #using Directories
Advanced Additional BMI Directories
vepkg Additional Medule Dependen
Debugg?ng _ Additional Header Unit Depen
WEH' Rliteciones Scan Sources for Module Depr Mo
4 ¢ Cli;;neral Translate Includes to lmports Mo
S Debug Information Format  Program Database for Edit And Cc
Sprzen Support Just My Code Debuge Yes (/JMC)
Preprocessar =

W
Code Generation Commeon Language RunTime
Language Additional Include Directories

Precompiled He- | | Specifies one or more directories to add to the include path. Separate w
< > (/I[path])

Cancel Apply

Fig. 2.1. Example of insert the address of MP1 header files
location

We need to place the following code in a *.c or *.cpp file:

1. #include "mpi.h"

2. #include <stdio.h>

3. #include <stdlib.h>

4.

5. #define MASTER @ //Create a synonym for the rank
of the main process

6. #define ARRAY_SIZE 1024 //Set the sizes for
arrays.

7.

8. int main(int argc, char* argv[]) //Entry point to
the parallel program

9. {

10.

11. // Create pointers to the addresses where the
arrays will be located

12. int* a = NULL;
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13.
14.
15.
16.
17.
18.

19.
20.
21.
22.

23.
24.
25.
26.
27.

28.
29.

30.
31.

32.
33.
34.
35.
36.

37.
38.
39.
40.
41.
42.
43.
44,
45.
46.
47.
48.

int* b
int* c

NULL;
NULL;

int total_proc; // total number of processes

int rank; // the rank of each process

int n_per_proc; // elements allocated to the
process

int n = ARRAY_SIZE;

int i;

MPI_Status status; // used to check for MPI
errors.

// 1. Initialize the MPI environment

MPI_Init(&argc, &argv);

MPI_Comm_size(MPI_COMM_WORLD, &total_proc);

// 2. Assign the total number of processes to
the total_proc variable

MPI_Comm_rank(MPI_COMM_WORLD, &rank);

// 3. Assign the number of the current process
to the rank variable

// Pointers to a number of short arrays that
will be used for parallel additions

int* ap;

int* bp;

int* cp;

// 4. The main process initializes the arrays
that will be used for addition.

if (rank == MASTER)

{

a = (int*)malloc(sizeof(int) * n);
b = (int*)malloc(sizeof(int) * n);
¢ = (int*)malloc(sizeof(int) * n);

for (1 =0; i< n; i++)
{

a[i] =1 + 1;
}
for (1 =0; i< n; i++)
{
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49.
50.
51.
52.
53.

54.
55.
56.
57.
58.
59.
60.
61.

62.

63.

64.

65.
66.

67.
68.
69.
70.
71.
72.

73.

74.
75.
76.
77.
78.
79.
80.

81.

b[i] = i * 2;
}
}

// set the number of pairs of elements that will
be added in each process

n_per_proc = n / total_proc;

// 5. Memory allocation for shortened arrays

ap = (int*)malloc(sizeof(int) * n_per_proc);
bp = (int*)malloc(sizeof(int) * n_per_proc);
cp = (int*)malloc(sizeof(int) * n_per_proc);

// 6. Uniform distribution of array a into
shortened arrays ap

MPI_Scatter(a, n_per_proc, MPI_INT, ap,
n_per_proc, MPI_INT, MASTER, MPI_COMM_WORLD);

// Uniform distribution of array b into
shortened arrays bp

MPI_Scatter(b, n_per_proc, MPI_INT, bp,
n_per_proc, MPI_INT, MASTER, MPI_COMM_WORLD);

// 7. Pairwise addition of elements of shortened
arrays
for (i = @; i < n_per_proc; i++)

cp[i] = ap[i] + bp[i];

// 8. Collecting shortened arrays cp into a
single array c

MPI_Gather(cp, n_per_proc, MPI_INT, c,
n_per_proc, MPI_INT, MASTER, MPI_COMM_WORLD);

// Outputting results in the main process
if (rank == MASTER)

{
for (1 =0; i < n; i++)
{
printf("%11d + %11d = %11d\n", a[i], b[i],
c[il);
}
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82. }

83.

84. // Freeing up memory
85.  if (rank == MASTER)
86. {

87. free(a);

88. free(b);

89. free(c);

%. }

91. free(ap);
92. free(bp);
93. free(cp);

94.

95. // 9. Terminating MPI processes and environment
96. MPI_Finalize();

97.

98. return 0;

99. }

An example of outputting the last lines of the program
result is shown in Fig. 2.2,

If you are executing the provided code from the Microsoft
Visual Studio environment, it is important to note that the
computations will be carried out on a single processor core. For
actual parallelization, it is recommended to utilize the command
line of your operating system, preferably in administrator mode.
By making a few adjustments to the source code and assuming
the mpiexec file is situated in the folder C:\Program
Files\Microsoft MPI\Bin, while the compiled C++ project
executable file is located in C:\Users\I-HAVE-NO-TIME-
for\source\repos\MPI\x64\Debug\mpi, the command line
prompt may resemble the example depicted in Fig. 2.3.
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B Microsoft Visual Studio Debug Console — O X

Fig. 2.2. Console window of outputting the result of the
program for adding two vectors

BN Administrator: Command Prompt — O ®

C:\Program Files\Microsoft MPI\Bin»_

Fig. 2.3. Examples of executing a parallel program on MPI
technology using a different number of threads

Additionally
It is recommended to install the Microsoft MP1 program in
the default folder. Otherwise, you may have problems with the
installation of the msmpi package.
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2.3. Statements

1.Configure MPI technology on your computer or laptop to
enable its functionality (20% of points).

2.Adjust the existing code based on the chosen option from
the first lab (50% of points).

3. Efficiently distribute the workload among processor cores
to ensure optimal performance of the operations in accordance
the chosen option (10% of points).

4.Determine the appropriate number of processes to check
the maximum capabilities of your computing device (10% of
points).

5.Perform a programmatically time-based comparison of the
calculation performance across MPI, CUDA(OpenCL), and
sequential technologies (10% of points).

6.Perform a thorough analysis of the results obtained and
provide insightful explanations.

Additional materials
1. Fundamentals of MPI:
https://www.youtube.com/watch?v=c0C9mQaxsD4
2. More complex cases of MPI usage:
https://www.youtube.com/watch?v=q90fXis50Rg

Questions for independent training

1. What is the purpose of the mp1_1nit function?

2. What is the difference between the MPI_comm_size and
MPI_comm_rank functions?

3. What is a process rank?

4. What does the MP1_scatter function do?

5. What does the Mp1_gather function do?

6. What is the purpose of the MPI_Finalize function?

7. Which rank is usually used as the main process?
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8. What does MPI_comMM_WORLD mean?

9. What types of data are available in MPI?

10. What function is used to free previously allocated
memory in MPI technology?

11. What of the well-known things does MPI technology
imitate?

12. What physical device is designed for MPI computing?

13. What is the usual limitation when running an MPI
program in Microsoft Visual Studio?

14. What command should be entered to calculate on exactly
two threads?

15. How many threads/cores are used by default to perform
calculations when running an MPI program from the command
line?

16. Which of the following functions does not exist in MPI:
MPI_Init, MPI_Send, MPI_Free?

17. What is MPI_status?

18. What arguments does the mp1_1nit function receive?

19. What does the mp1_Recv function do?

20. What does the mp1_Reduce function do?
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Laboratory work 3
Compatible high-performance computing on graphics
cards and central processors

Goals
1.Learn how to use a fast method of parallelizing
computations on processors.
2.Learn how to combine the computing resources of HPC of
video cards and processors.
3.Learn ways to analyse different computing technologies.

3.1. Introduction to OpenMP technology

OpenMP, which stands for Open Multi-Processing, is an
open standard for parallelizing programs between processor
cores. It employs preprocessor directives, or “pragmas”, library
procedures, and environment variables to facilitate the creation
of multi-threaded applications intended for wuse on
multiprocessor systems with shared memory.

Key elements of the standard include structures for
creating threads (parallel directive), work distribution between
threads (DO/for and section directives), data management (use
of the shared and private memory classes to define variable
memory), thread synchronization (critical, atomic, and barrier
directives), and runtime support library procedures (such as
omp_get_thread num) and environment variables (e.g.
OMP_NUM_THREADS).

3.2. Creating the first OpenMP project in Microsoft
Visual Studio

Developing parallel programs with Microsoft Visual
Studio is a convenient option. To create a relatively simplistic
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program, such as one that adds two vectors with OpenMP
parallelization, follow the below-mentioned steps:

1.Create an empty C++ console project.

2.Place the following code in a *.c or *.cpp file:

#include <omp.h>
#include <iostream>

1

2

3

4. int main()

5. {

6. const long n = 100;

7 int* a = (int*)malloc(sizeof(int) * n);
8 int* b = (int*)malloc(sizeof(int) * n);
9 int* ¢ (int*)malloc(sizeof(int) * n);
10. for (int i = 0; i < n; i++)

1. {

12. a[i] = i;
13. b[i] = i;
14. }

15.

16. #pragma omp parallel for
17. for (int i = 0; i < n; i++)

19. c[i] = a[i] + b[i];
20. }

22. for (int i = 0; i < n; i++)
23. {

24, printf("%i ", c[i]);

25. }

26. }

An example of the output is shown in Fig. 3.1.
3.3.Statements

The tasks involve the integration of CUDA/OpenCL and
OpenMP technologies to enhance performance, compare
calculation times across multiple technologies, and analyze the
obtained results.
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B Microsoft Visual Studic Debug Console — O x

Fig. 3.1. An example of executing a program code using
OpenMP technology

1. Adjust the existing code based on your chosen option from
the first lab (10% of points).

2. Integrate the capabilities of CUDA/OpenCL and OpenMP
technologies effectively to combine their power and efficiency
(50% of points).

3.Compare the time performance of computations using
MPI, OpenMP, CUDA (OpenCL) and sequential technologies
programmatically (20% of points).

4.Provide a comprehensive analysis of the results and
explain them in detail to demonstrate your understanding
(20% of points).

Additional materials
1. Video tutorials about OpenMP:
https://www.youtube.com/watch?v=SLnh7yS52-
|&list=PL3xCBlatwrsWhsdHg3JFJiuQ60gHz YtFU&index=1.
2. Fundamentals of OpenMP:
https://www.youtube.com/watch?v=YdHv 2AT4GI&list=PLQ
squrGJM5piDXUKHX15VexrAFHzzZWfMh&index=2.
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Questions for independent training

1. What is the purpose of the omp.h library?

2. How can the #pragma omp parallel fragment affect on
program execution?

3. How does the omp_get_thread_num() function work?

4. What is the difference between shared and private
variables?

5. What does #pragma omp barrier mean?

6. What does #pragma omp critical { ... } mean?

7. How does the code controlled by the #pragma omp for {
... } directive work?

8. What does the #pragma omp parallel
private(partial_Sum) shared(total_Sum) mean?

9. What is the complexity of combining several HPC
technologies?

10. What might be the compiler’s reaction if you use #pragma
omp Without connecting the omp.h library?

11. What construction is used to create threads?

12. What structures exist for distributing work between
threads?

13. What constructions are used for determining the memory
class of variables?

14. What are the ways to synchronize threads?

15. What is OMP_NUM_THREADS?

16. What technology is more efficient: MPI or OpenMP?

17. What does the #pragma omp master String mean?

18. What steps should be performed to ensure the ability to
use OpenMP?

19. What is the difference between the #pragma omp parallel
and #pragma omp expressions in the case of adding elements of
two arrays?

20. How does the compiler react on the #pragma parallel
omp parallel entry?
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