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Paralelni a distribuované vypocty

. - Programovani v
Paralelni programovani . , ,
distribuovanych systémech

« 1 program, 1 stroj, vicero * vicero stroju komunikujicich po
jader sitovych rozhranich

. vo L . (napf. InfiniBand)
« sdilena pamet, hierarchie

vyrovnavacich paméti « distribuovana data

« pouziti synchronizacnich « komunikacni slozitost,
primitiv, datové struktury +HW na zakazku *

« OpenMP, C++20, Go « MPI, k8s, Spark

Rychleji nalézt reseni + Zvysit robustnost reseni



Motivace

Co je to moderni procesor?
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Obrazky prevzaty z:
https://www.tomshardware.com/news/amd-zen-3-ryzen-5000-release-date-
specifications-pricing-benchmarks-all-we-know

«  https://www.amd.com/system/files/documents/tr-pro-thought-leadership.pdf

» https://techgage.com/article/amd-ryzen-threadripper-3990x-64-core-linux-
performance/



https://www.tomshardware.com/news/amd-zen-3-ryzen-5000-release-date-specifications-pricing-benchmarks-all-we-know
https://www.amd.com/system/files/documents/tr-pro-thought-leadership.pdf

Motivace:

Narust poctu transistoru

Moore’s Law: The number of transistors on microchips doubles every two years [SgWCuE!

Moore's law describes the empirical regularity that the number of transistors on integrated circuits doubles approximately every two years.
This advancement is important for other aspects of technological progress in computing - such as processing speed or the price of computers.
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Data source: Wikipedia (wikipedia.org/wiki/Transistor_count)
OurWorldinData.org — Research and data to make progress against the world’s largest problems.

Obrazky prevzaty z:
https://en.wikipedia.org/wiki/Moore%27s_law

Year in which the microchip was first introduced

Licensed under CC-BY by the authors Hannah Ritchie and Max Roser.



Motivace

Narust vykonu jednotlivého jadra; poctu jader

48 Years of Microprocessor Trend Data
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Original data up to the year 2010 collected and plotted by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond, and C. Batten
New plot and data collected for 2010-2019 by K. Rupp

Data viz:
+ https://zenodo.org/record/3947824#.YCBhyhNKhpl



Motivace

Mame cloud, ne?
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For SR-IOV enabled RDMA capable VMs, CentOS-HPC version 7.6 or a later 2 version VM images in the
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MPI libraries and scientific computing packages and are the easiest way to get started.
Vice viz:
«  https://docs.aws.amazon.com/parallelcluster/latest/ug/tutorials 03 batch_mpi.html « https://kubernetes.io/docs/tasks/run-application/horizontal-pod-autoscale/
«  https://cloud.google.com/solutions/best-practices-for-using-mpi-on-compute- + https://spark.apache.org/

engine

« https://docs.microsoft.com/en-us/azure/virtual-machines/workloads/hpc/setup-mpi



https://docs.aws.amazon.com/parallelcluster/latest/ug/tutorials_03_batch_mpi.html
https://cloud.google.com/solutions/best-practices-for-using-mpi-on-compute-engine
https://docs.microsoft.com/en-us/azure/virtual-machines/workloads/hpc/setup-mpi
https://kubernetes.io/docs/tasks/run-application/horizontal-pod-autoscale/
https://spark.apache.org/
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Organizace a prehled

Paralelni cast

 Paralelni programovani jednoduchych algoritmu

 Vliv riznych zpUsobu paralelizace na rychlost vypoctu

Distribuovana cast

« Problémy v distribuovanych systémech (shoda, konzistence dat)

« Navrzeni robustnych reseni

CourseWare
« https://cw.fel.cvut.cz/wiki/courses/b4b36pdv/start Eu'-l E

[=]-

Quizzes

Bookmark
« https://goo.gl/a6BEMb




Prehled paralelni casti

« Zakladni Uvod

« Vlakna, synchronizace, mutexy

« Pthread (jiz by jste meli znat), C++11 thready

« OpenMP

« nadstavba nad C kompilatorem pro zjednoduseni implementace
paralelnich program

« Techniky dekompozice
« Datove struktury umoznujici pristup vicero vlaken
« Zakladni paralelni radici algoritmy a vektorové instrukce

« Zakladni paralelni maticové algoritmy



yr I

Materialy k paralelni casti

« Standardni ucebnice: The Art of Multiprocessor
Programming (by Maurice Herlihy, Nir Shavit, Victor
Luchangco, and Michael Spear). Vydani z roku 2012 je
zdarma dostupné on-line po piihlaseni pres CVUT SSO,

 Priklady ze standardni dokumentace OpenMP v C i PDF,
https://github.com/OpenMP/Examples/

« Velmi praktické rady: Using OpenMP (Portable Shared
Memory Parallel Programming, by Barbara Chapman,
Gabriele Jost and Ruud van der Pas). Vydani z roku 2007 je
dostupné pres NTK.

« Neformalni uvod: Programming on Parallel Machines (by
Norm Matloff), 2012, k dispozici zdarma on-line



Hodnoceni

« Domaci ukoly (40%)
Malé domaci ukoly (7x)

Velké domaci ukoly (2x)
 Prakticky test z paralelniho programovani (20%)

« Teoreticky test (40%)

Pro uspésné ukonceni musite ziskat alespon 50% z kazde casti




Hodnoceni

« Mala tolerance zpozdeni u odevzdavani uloh
« Problémy je dobré resit vcas na foru CourseWare

« Prostredi BRUTE, CLion (https://download.cvut.cz/jetbrains/),
prip. Windows Subsystem for Linux

Malé ulohy Semestralni dlohy
Zpozdéni Penalizace Zpozdéni Penalizace
Oh < x < 1h -0.5b Oh < x < 1h -1b
1h < x < 24h -1b l1h < x < 12h -2b
24h < x -2b 12h < x < 3d -6b
3d < x < 6d -10b
6d < x -100%



https://download.cvut.cz/jetbrains/

Co udelat pro uspeésneée zvladnuti PDV?

« Programovat

« zkousejte si kody z prednasek, upravujte jej, analyzujte co se
stane

« nechte si Cas na vypracovani domacich ukolu

s Vs
a - Premyslet
« paralelni / distribuované programy se spatné ladi N

« vicevlaknové chyby v debug-modu neodhalite (muzou pomoct
ladici vypisy)

« pokud program nepracuje jak oCekavate (napr. neni dostatecne
rychly, vysledek neni spravny), zastavte se a zamyslete se proc
tomu tak je




Prehled dnesni prednasky

« Vliv architektury
« Pthreads vs. C++ vs. OpenMP
« Potrebny HW zaklad a kratka historie

« Pokrocilejsi priklad



Vliv architektury

Cache

« Proc je dulezité védét o architekture?

« Uvazme priklad nasobeni matice vektorem

int x[MAXIMUM], int y[MAXIMUM], int A[MAXIMUM*MAXIMUM]

Varianta A Varianta B
for ( int i = 0; i < MAXIMUM ; i ++) for ( int j = 0; j < MAXIMUM ; j ++)
for ( int j = 0; j < MAXIMUM ; J ++) for ( int 1 = 0; 1 < MAXIMUM ; 1 ++)
y[i] += A->at(i * MAXIMUM + j)*x[j]; y [i] += A->at(i * MAXIMUM + j)*x[j];

Ktery kod bude rychlejsi?




Vliv architektury

Cache
for ( int 1 = 0; 1 < MAXIMUM ; 1 ++) for ( int j = 0; j < MAXIMUM ; j ++)
for ( int j = 0; j < MAXIMUM ; j ++) for ( int 1 = 0; 1 < MAXIMUM ; 1 ++)
y[i] += A->at(i * MAXIMUM + j)*x[j]; y [1] += A-=at(1i * MAXIMUM + j)*x[j];

) &

« Pole jsou v pameéti ulozena sekvencné (po radcich)

« CPU pri pristupu k A[0][0] nacte do cache vicero hodnot

(CaChe ||ne) \ Cache Line Elements of A
~>

0 ALOJ[O0] A[OJ[1] A[OJ[2] A[O0J[3]

4 AC1100] AC1J[1] ACIIC2] A[1][3]

|
2 AL2100]1 AC21[11 AC2102]1 A[2]103]
3 AL3100]1 AC31[11 A[C3102] A[3][3]

 Pri pristupu k A[1][0] se zmeni cely radek

V ramci paralelnich programiu muze k

podobnym problémum dochazet Casté;ji



Paralelizace

Jednoduchy priklad

« Suma vektoru cisel

0 |1 |2 |3 14 |5 [6 |.. .. 5x10°
17 2 9 4 22 0 1 8

Jak paralelizovat?

« Meéjme 4 jadra — kazdé jadro muze secist Ctvrtinu vektoru,
pak seCteme cCastecné soucty

I N E N

0.389s 0.262s 0.258s 0.244s

Méreno na 8 jadrovém (16 vlaknovém) Intel Xeon v4 E5-2620



Paralelizace

Jednoduchy priklad

« Suma vektoru cisel

Co kdyz mame tisice jader?

« Pokud castecne soucty scita pouze jedno jadro, kod neni
velmi efektivni

Obrazek prevzat z knihy Parallel Programming (by Peter Pacheco)



Hlavni cil paralelni casti

« Paralelizace ukoll / dat
« Rozdéleni ukolu na jiné soucasti a jejich paralelizace
« Rozdeéleni dat a jejich (témer) stejné paralelni zpracovani

« Opravovani pisemky (rozdéleni po otazkach/studentech)

« Komunikace a synchronizace mezi vlakny/procesy

« Pristup ke spolecné pameti

\ 4

Ziskat zakladni informace a prostor pro praktickeé
zkusenosti v oblasti programovani efektivnich paralelnich
programu



Pthreads vs. C+ + vs.

Ochutnavka (pthreads)

#include <stdio.h>
#include <stdlib.h>
#include <pthread.h>

const int thread_count = 10;
void* Hello(void* rank);

int main(int argc, char* argv[]) {

long thread;

pthread_t *thread_handles;

thread_handles = (pthread_t*)malloc(thread_count * sizeof(pthread_t));

for (thread = 0; thread < thread_count; thread++)
pthread_create(&thread_handles[thread], NULL,

Hello, (void *) thread);

printf("Hello from the main thread\n");

for (thread = 0; thread < thread_count; thread++)
pthread_join(thread_handles[thread], NULL);

free(thread_handles);
return 0;

}

void* Hello(void* rank) {
long my_rank = (long) rank;
printf("Hello from thread %ld of %d\n", my_rank, thread_count);
return NULL;

}




Pthreads vs. C+ + vs.

Ochutnavka (C++11)

#include <iostream>
#include <thread>
#include <vector>

const int thread_count = 10;
void Hello(long my_rank);

int main(int argc, char* argv[]) {
std::vector<std::thread> threads;
for (int thread=0; thread < thread_count; thread++) {
threads.push_back(std::thread(Hello, thread));
3

std::cout << "Hello from the main thread\n";

for (int thread=0; thread < thread_count; thread++) {
threads[thread].join();

}

return 0;

}

void Hello(long my_rank) {
std::cout << "Hello from thread " << my_rank << " of " << thread_count << std::endl;

}

Nicolai Josuttis: “it is almost impossible to use it easily and right”



Pthreads vs. C++ vs. OpenMP

Ochutnavka (C++20)

#include <iostream>
#include <thread>
#include <vector>

const int thread_count = 10;
void Hello(long my_rank);

int main(int argc, char* argv[]) {
std::vector<std::thread> threads;
for (int thread=0; thread < thread_count; thread++) {
threads.push_back(std::jthread(Hello, thread));
3

std::cout << "Hello from the main thread\n";

return 0;

}

void Hello(long my_rank) {
std::cout << "Hello from thread " << my_rank << " of " << thread_count << std::endl;

}

To je budoucnost — ale specifikace byla schvalena v listopadu 2020.
GCC 10 zatim kompiluje zhruba polovinu testl ze specifikace.



Pthreads vs. C++ vs. OpenMP

Ochutnavka (OpenMP)

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

const int thread_count = 10;

void Hello() {
int my_rank = omp_get_thread_num();
int threads = omp_get_num_threads();
std::cout << "Hello from thread " << my_rank << " of " << threads << std::endl;

}

int main(int argc, char* argv[]) {

#pragma omp parallel num_threads(thread_count)
Hello();
return 0;

}

« nutno prekladat s prepinacem —fopenmp

« (napr. g++ -fopenmp openmp-hello.cpp -0 openmp-hello)



Potrebny HW zaklad

Von Neumannova architektura

Vykonavani instrukci

— [

Kritické misto__,

zpomaleni

Pamet —

Obrazek prevzat z knihy Parallel Programming (by Peter Pacheco)
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Kratka historie paralelnich vypoctu
Dnesni paralelni stroje
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Kratka historie paralelnich vypoctu

TOP 500 superpocitacu
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Kratka historie paralelnich vypoctu

Co u nas?

« RCI CVUT cluster

« n01-20 CPU nodes: 24 cores/48 threads 3.2GHz (2 x Intel Xeon
Scalable Gold 6146), 384GB RAM,

« n21-n32 GPU nodes: 36 cores/72 threads 2.7GHz (2 x Intel Xeon
Scalable Gold 6150), 384GB RAM, 4 x Tesla V100 with NVLink,

« n33 multi-CPU node: 192 cores/ 384 threads 2.1GHz (8 x Intel Xeon
Scalable Platinum 8160), 1536GB RAM




Kratka historie paralelnich vypoctu

Co u nas?

e IT4Innovations (www.it4i.cz)
« 180x 16 Core CPUs, 23x Kepler GPUs, 4x Xeon Phi
« 1008x 2x12 Core CPUs

« komercni vypocty, |ze zazadat a ziskat vypocetni cas pro vyzkum

« Metacentrum
« spojeni vypocetnich prostredkl akademické sité
« volne dostupné pro akademické pracovniky, studenty

« mnoho dostupnych stroji (CPU, GPU, Xeon Phi)
https://metavo.metacentrum.cz/pbsmon2/hardware



Potrebny HW zaklad

Levny moderni procesor

« Vyrovnavaci pamet (CPU cache)
« Programy casto pristupuji k pameéti lokalné (lokalita v prostoru a case)

« Cache se upravuje po radcich (lines)

« Kazdé jadro ma vlastni cache + existuje spolecna cache

B8 BEE BE BEE

L1Cache L1 Cache L1 Cache L1 Cache
L2Cache L2 Cache L2 Cache L2 Cache
4— On-chip
: interconnect
Memory
L3 Cache Controller

Memory Bus i
(to DRAM)

Obrazky prevzaty z kurzu CMU 15-418/618 na CMU.edu



Potrebny HW zaklad

Pipelines

« Kazdé jadro je velmi slozité. Zminime 5 klicovych konceptu.

« Paralelizace na urovni instrukci (ILP). Priklad:
« Chceme secist 2 vektory realnych cisel (float [1000])

« 1 soucet - 7 operaci
Nacteni (fetch)
Porovnani exponent
Posun
Soucet
Normalizace
Zaokrouhleni
Ulozeni vysledku

« BezILP - 7x1000x (Cas 1 operace; 1ns)



Potrebny HW zaklad

Pipelines

« Paralelizace na Urovni instrukci (ILP)

« Priklad:
« Chceme secist 2 vektory realnych cisel (float [1000])
« 1 soucet - 7 operaci

« BezILP - 7x1000x (Cas 1 operace; 1ns)

Table 2.3 Pipelined Addition. Numbers in the Table Are
. Subscripts of Operands/Results
* S IL P (a 7 Jed n Ote k) - 100 5 ns Time Fetch Compare Shift Add Normalize Round Store
0 0
1 1 0
2 2 1 0
3 3 2 1 0
4 4 3 2 1 0
5 5 4 3 2 1 0
6 6 5 4 3 2 1 0
999 999 998 997 996 995 994 993
1000 999 998 997 996 995 994
1001 999 998 997 996 995
1002 999 998 997 996
1003 999 998 997
1004 999 998
1005 999

Obrazek prevzat z knihy Parallel Programming (by Peter Pacheco)



Potrebny HW zaklad

Superskalarni procesory

« Soucasne vyhodnoceni vicero instrukci

« uvazme cyklus

for (i=0; i< ; i++)
z[i]=x[1]+Y[i];

« jedna jednotka muze pocitat z[0], druha z[1], ...

« Spekulativni vyhodnoceni

Z=X+Y,

if (z > 0)
W = X;

else
W=y,




Potrebny HW zaklad

Paralelni hardware — Flynnova taxonomie

« SIMD (Single Instruction Multiple Data)
« Jedna ridici jednotka, vicero ALU jednotek
« Datovy paralelismus
« Vektorové procesory, GPU
« Beézné jadra CPU podporuji SIMD paralelizmus
« instrukce SSE, AVX
« MIMD (Multiple Instruction Multiple Data)
« Vice-jadrové procesory
« napfr. i v mobilnich telefonech

« RUzné jadra vykonavaji ruzné instrukce

« Viceprocesorové pocitace

Obrazky prevzaty z kurzu CMU 15-418/618 na CMU.edu
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Pokrocilejsi priklad

« Vratme se k prikladu se scitanim vektoru cisel

« (ted budeme scitat celou cast druhych odmocnin)

sCitané pole id vlakna pole pro dil¢i soucty

long sum(std::vector<int>& vector_to_sum,fint thread}|std::vector<long>& sums)

for (int i=thread; i<SIZE; i += thread_count)
sums[thread] += sqrt(vector_to_sum[i]);

(int j=1; j<log2(thread_count)+1; j++) {
if ((thread % (int)pow(Z,j)) != 0) break;
int k = (int)pow(Z,j-1); > <

if ((thread + k) >= thread_count) break;
if (threads[thread + k].joinable()) threads[thread + k].join();
sums[thread] += sums[thread + k];

kazdé vlakno zapisuje na
vlastni index pole

logaritmicky
soucet dilcich
vysledk



Pokrocilejsi priklad

Jak nam to bude fungovat?

01 c) \‘ ‘

SN

== multi thread
== single thread

Average time [s]
w

N

0 2 4 6 8 10 12
Threads

Méreno na 8 jadrovém (16 vlaknovém) Intel Xeon v4 E5-2620



Pokrocilejsi priklad

Kde je chyba? i @\“7
NY,

long sum(std::vector<int>& vector_to_sum, int thread, std::vector<long>& sums) {
for (int i=thread; i<SIZE; i += thread_count)
sums[thread] += sqrt(vector_to_sum[i]);

for (ipt j=1; j<log2(thread_count)+1; j++) {

if ((thread % (int)pow(2,j)) != 0) break;

ink k = (int)pow(2,j-1);

iff ((thread + k) >= thread_count) break;

if (threads[thread + k].joinable()) threads[thread + k].join();
ms[thread] += sums[thread + k];

kazdé viakno zapisuje na o [ 2[5 e s o 17 e [o
17 2 9 4 22 0 1 0 0 8

vlastni index pole



Pokrocilejsi priklad

Kde je chyba?

long sum(std::vector<int>& vector_to_sum, int thread, std::vector<long>& sums) {
for (int i=thread; i<SIZE; i += thread_count)
sums[thread] += sqrt(vector_to_sum[i]);

for (ipt j=1; j<log2(thread_count)+1; j++) {

if ((thread % (int)pow(2,j)) != 0) break;

ink k = (int)pow(2,j-1);

iff ((thread + k) >= thread_count) break;

if (threads[thread + k].joinable()) threads[thread + k].join();
ms[thread] += sums[thread + k];

vlakno 0 upravi hodnotu
jenze vlakno 0 ma cely vektor
sums v cache jadra

a podobné i jiné vlakna

pri zmene 1 hodnoty se musi Ealse Shari
zabezpecit konzistence dlse€ sharing

0 11 |2 13 |4 [5 |6 [7 |8 |9 |
2 9 4 22 0 1 0 0 8




False Sharing

mozné reseni

long sum_local(std::vector<int>& vector_to_sum, int thread, std::vector<long>& sums) {
long local = 0;
for (int i=thread; i<SIZE; i += thread_count) {
local += sqrt(vector_to_suml[i]);

}

sumsf thread] = local;

for (int j=1; j<log2(thread_coORy)+1; j++) {

iff ((thread % (int)pow(2,j)) != reak;
int k = (int)pow(2,j-1);
if ((thread + k) >= thread_count) break
f (threads[thread + k].joinable()) thread
ocal += sums[thread + k];

hread + k].join();

s[thread] = local;

| N
kazdé vlakno zapisuje pouze finalni vysledek
do lokalni proménné se zapise do vektoru




Potrebny HW zaklad
False Sharing

lokalni proménna — opravdu to pomuze?
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=== single thread
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Threads



Paralelni programovani
Meéreni zrychleni

Je dané zrychleni dostatecné? Muzeme byt rychlejsi?

« V optimalnim pripadé se paralelni verze zrychluje
proporcv:né s poctem jader

Viken |1 2 3[4
Cas

X X/2 x/3 xX/4

s Casto vyjadreno jako
—4-= single thread Z ryc h I e n i:

optimal

Average time [s]

Tserial

Tparallel




Paralelni programovani
Meéreni zrychleni

Mulzeme se vzdy dostat k linearnimu zrychleni?

« Paralelni verze algoritmu maji (témeér) vzdy dalsi rezii
« spousténi vliaken
« zamky
« synchronizace

« Program/algoritmus casto vyzaduje urcitou seriovou cast

« Necht jsme schopni prepsat 90% kodu s linearnim
zrychlenim
R Tserial < Tserial

T. . =
0.9x Segl“l+o.1szerial 0.1XTserial

« To znamena, ze pokud sériovy program trva 20 sekund,

nikdy nedosahneme zrychleni vétsi nez 10
Amdahlav zakon



Prehled paralelni casti

« Zakladni Uvod

« Vlakna, synchronizace, mutexy

« Pthread (jiz by jste meli znat), C++11 thready

« OpenMP

« nadstavba nad C kompilatorem pro zjednoduseni implementace
paralelnich program

« Techniky dekompozice
« Datove struktury umoznujici pristup vicero vlaken
« Zakladni paralelni radici algoritmy a vektorové instrukce

« Zakladni paralelni maticové algoritmy



