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Focus on this course: performance engineering

How:

— understanding the organization of computer system (its architecture) to
develop efficient algorithms and program & data structures

— profiling & measuring the execution efficiency

Where in the hardware:

— in a memory hierarchy
« multi-level caches

— in sequential code with ILP
* pipelining
» superscalar w/ out-of-order exec
* vector processing

— in code with thread parallelism | Baiiresakin
« multithreading in-core (SMT)
« multithreading in multicore
« multithreading in multiple devices

— in code with process parallelism
* multiprocessing in a computer cluster

Vector width

Superscalar

Pipelining

AJProenca, Parallel Computing, MEI, UMinho, 2021/22 =



Niveis de paralelismo

0O Instrugao (ILP)

= Execucdao de multiplas instrugcdes de um
programa em paralelo

» Processamento vetorial

m Limitado pelas dependéncias de dados/controlo
do programa

o Tarefas / fios de execucgao

= multiplos fluxos instrucbes de um mesmo
programa executam em paralelo

m Limitado pelas dependéncias e caracteristicas do
algoritmo

0 Processos

= Multiplos processos de um mesmo programa/ ou
varios programas

JLSobral, CompPar, MIEF, 2020/21
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Meméria partilhada vs. memoéria distribuida

o Meméria partilhada
= Processadores partilham um canal de acesso a memoria
m Caches reduzem o trafego e a latencia dos acessos a membdria

» Largura de banda de acesso a meméria partilhada por varias UPs
=> |limitacdao a escalabilidade deste tipo de arquitetura

o Memoria distribuida

= Cada processador contém a sua prépria memoria, existindo uma
rede de interligagao entre os processadores

o Sistemas hibridos
m Acesso ndo uniforme a memodria (NUMA)

Intel® Xeon® Scalable Processor Family X AMD Naples
Architected for the Data Center Repurposed Desktop Die for Server
* 2 socket servers have 2 CPUs - 2 NUMA domains * 2 socket server has 8 different desktop dies
= Consistent performance, consistent latency = 8 different NUMA domains
JLSobral,

= Difficult to get optimal application performance
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Os alunos deverao ser capazes de projetar e otimizar aplicagbes que
executem de forma eficiente nas arquiteturas (paralelas) atuais:

m  Escrever cédigos sequenciais eficientes
= Implementar e otimizar cédigos paralelos em sistemas de memoria partilhada
m  Desenhar e implementar codigos para sistemas de memoria distribuida

Programa (versao resumida)
o Desempenho “single core”

= Medicao de desempenho e métricas
- Hierarquia de memédria
- Otimizacgdes para paralelismo ao nivel da instrucao

o Programacao de sistemas de memoria partilhada
m Modelos baseados em fios de execugao
- Medicao e otimizagao de desempenho

o Sistemas de memoria distribuida

m Modelo de processos comunicantes
m Desenho de aplicagoes

o Algoritmos paralelos
m Andlise da complexidade e escalabilidade

JLSobral, CompPar, MIEF, 2020/21



Background for Advanced Architectures

Key concepts to revise:

— numerical data representation (integers & FP)

— ISA (Instruction Set Architecture)

— how C compilers generate code (a look into assembly code)
» how scalar and structured data are allocated
* how control structures are implemented
» how to call/return from function/procedures
» what architecture features impact performance

— improvements to enhance performance in a single PU
» ILP: pipeline, multiple issue, ...
* data parallelism: SIMD/vector processing, ... ( Keyword: paralellism
 thread-level parallelism
 memory hierarchy: cache levels, ...
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Key textbook (1)

Copyrighted Material TG b I e Of CO nte ntS

Printed Text
1. Fundamentals of Quantitative Design and Analysis
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2. Memory Hierarchy Design
3. Instruction-Level Parallelism and Its Exploitation
4. Data-Level Parallelism in Vector, SIMD, and GPU Architectures
John L. Hennessy | David A. Patterson 5. Multiprocessors and Thread-Level Parallelism
6. The Warehouse-Scale Computer
C O M P UT E R 7. Domain Specific Architectures
ARC H IT E CTU RE A. Instruction Set Principles
B. Review of Memory Hierarchy
A Quantitative Approach C. Pipelining: Basic and Intermediate Concepts
p NS Online
D. Storage Systems
E. Embedded Systems
F. Interconnection Networks
G. Vector Processors
H. Hardware and Software for VLIW and EPIC
. Large-Scale Multiprocessors and Scientific Applications
J. Computer Arithmetic
K. Survey of Instruction Set Architectures
L. Advanced Concepts on Address Translation
M. Historical Perspectives and References




A New Golden
Age for

Computer Growth of computer performance
Architecture

m BY JOHN L. HENNESSY AND DAVID A. PATTERSON

DN Figure 6. Growth of computer performance using integer programs (SPECintCPU).
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an informa business

Taylor & Francis Group Key tethOOk (2)

TABLE OF CONTENTS
1. Uniprocessor Computers
2. Processor Physics and Moore’s Law
Section | Genesis of Parallel Computing
3. Processor Basics
4. Networking Basics
5. Distributed Systems Basics
Section |l Road to Parallel Computing
6. Parallel Systems
7. Parallel Computing Models
8. Parallel Algorithms
Section Il Parallel Computing Architectures
9. Parallel Computing Architecture Basics
10. Shared Memory Architecture
11. Message-Passing Architecture

PARALLEL c 0 M PUTI N G 12. Stream Processing Architecture
ARCHITECTURES AND APIS Section IV Parallel Computing Programming

13. Parallel Computing Programming Basics
14. Shared-memory Parallel Programming with OpenMP
15.Message Passing Parallel Programming with MPI
16. Stream Processing Programming with CUDA, OpenCL, and
OpenACC
Section V Internet of Things Big Data Stream Processing
17. Internet of Things (loT) Technologies
18. Sensor Data Processing
19. Big Data Computing
@ it 20. Big Data Stream Processing
A CHAPMAN & HALL BOOK Epilogue: Quantum Computing 11

loT Big Data Stream Processing

Vivek Kale




Structured Parallel
Programmin

) 14 f
Patterns for ficien ombutation

Key textbook 3

Table of contents

1 - Introduction

2 - Background

3 - Patterns

4 - Map

5 - Collectives

6 - Data Reorganization

7 - Stencil and Recurrence

8 - Fork—Join

9 - Pipeline

10 - Forward Seismic Simulation
11 - K-Means Clustering

12 - Bzip2 Data Compression
13 - Merge Sort

14 - Sample Sort

15 - Cholesky Factorization
Appendices



Recommended textbook (1)

Contents

David B. Kirk

Wen-mei W. HW}/ . Introduction

. Data parallel computing
. Scalable parallel execution
. Memory and data locality
. Performance considerations
. Numerical considerations
. Parallel patterns: Convolution
. Parallel patterns: Prefix Sum
. Parallel patterns : Parallel Histogram Computation
€ 10. Parallel patterns: Sparse Matrix Computation
N A -, 11. Parallel patterns: Merge Sort
o . . \ 12. Parallel patterns: Graph Searches
13. CUDA dynamic parallelism
14. Application case study—non-Cartesian magnetic ...
15. Application case study—molecular visualization ...

Programmi ng Massive ly 16. Application case study—machine learning
., 17. Parallel programming and computational thinking
Parallel Processors

18. Programming a heterogeneous computing cluster
¥\ Hands-on Approach

OO NOO O~ WN -

i

THIRD EDITION

19. Parallel programming with OpenACC

20. More on CUDA and graphics processing computing

21. Conclusion and outlook

NVIDIA

Appendix A. An introduction to OpenCL

Appendix B. THRUST: a productivity-oriented library for
CUDA




INTEL" XEON PHI"™

Recommended textbook (2

Table of Contents

PROC ESSOR Section I: Knights Landing.
HIGH PERFORMANCE Chapter 1: Introduction
PROG RAMMING Chapter 2: Knights Landing Overview

Chapter 3:
Chapter 4:

Programming MCDRAM and Cluster Modes
Knights Landing Architecture

Jim Jeffers | James Reinders | Avinash Sodani Chapter 5: Intel Omni-Path Fabric
Chapter 6: parch Optimization Advice

Section II: Parallel Programming

Chapter 7:

Programming Overview for Knights Landing

Chapter 8: Tasks and Threads
Chapter 9: Vectorization

Chapter 10
Chapter 11
Chapter 12

Section llI:

: Vectorization Advisor

: Vectorization with SDLT

: Vectorization with AVX-512 Infrinsics
Chapter 13:
Chapter 14:
Chapter 15:
Chapter 16:
Chapter 17:
Chapter 18:
Chapter 19:

Performance Libraries
Profiling and Timing

MPI

PGAS Programming Models
Software Defined Visualization
Offload to Knights Landing
Power Analysis

Pearls

Chapters 20-26: Results on LAMMPS, SeisSol, WRF,
N-Body Simulations, Machine Learning,
Trinity mini-applications and QCD are discussed.



Background concepts from
a basic Computer Systems course
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Some notes/comments for this course:

— some slides are borrowed from

and some from

COMPUTER oAD 2o0TOR
ORGANIZATION COMPUTER SYSTEMS
AND DESIGN

THE HARDWARE / SOFTW ARE INTERFACE

A PROGRAMMER'S PERSPECTIVE

DAVID A. PATTERSON
JOHN L. HENNESSY
BRYANT « O'HALLARON

| more details at
http://gec.di.uminho.pt/miei/sc2021/
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Desempenho do CPU

Previsao do tempo de execugao (Tgyec) de um programa numa
maquina - requer um modelo que relacione o desempenho
com as caracteristicas do sistema de computacao (hw+sw)

Um programa numa magquina
executa num determinado nimero

O periodo do relégio do CPU é

meédio de ciclos de reldgio: CONSEARte:
= 810 Tecc=1/f

# clock cycles

Texec = # clock cycles * Tec

LPSantos, ArqComp, MIEI, 2019/20

AC - Avaliacdo do Desempenho
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Desempenho do CPU

* De que depende o numero médio de ciclos
necessarios para executar um programa?

Numero médio de ciclos nUmero de instrucées

JUISESSSEIe) PR IE @ Bl executadas de um programa:

uma instrucao: #i
CPI

# clock cycles = CPI * #l

Texec = # clock cycles * Tcc = CPl * #1 * Tcc = CPI * #1 / f

LPSantos, ArqComp, MIEI, 2019/20

AC - Avaliacdo do Desempenho

17



CPU Time (single-core)

The BIG Picture

Paralellism helps to significantly reduce CPI

AJProenga, Parallel Computing, MEI, UMinho, 2021/22 18
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Desempenho do CPU

e Calcule o tempo de execucao do programa abaixo
numa maquina com um relogio de 2 GHz e CPI=1.5

movl 10, %eax

movl 0, %ecx
ciclo:

addl %eax, %ecx

decl %eax

jnz ciclo

#l =32
NOTA: numero de instrucdes executadas.

Texec=32%15/2E9=24E-9s=24ns

LPSantos, ArqComp, MIEI, 2019/20



Relacao entre as métricas

Tixee =CPI*#1/ f

* #| —depende do algoritmo, do compilador e da arquitectura (ISA)

* CPl - depende da arquitectura (ISA), da mistura de instrucoes
efectivamente utilizadas, da organizacao do processador e da
organizacao dos restantes componentes do sistema (ex., memaria)

* f—depende da organizacao do processador e da tecnologia utilizada

“A Unica métrica completa e fiavel para avaliar o desempenho de um
computador é o tempo de execu¢ao”

As métricas CPI, f e #] nao podem ser avaliadas isoladamente, devendo
ser sempre consideradas em conjunto, pois dependem umas das
outras.

LPSantos, ArqComp, MIEI, 2019/20



Desempenho do CPU - MIPS

MIPS (milhdes de instrugdes por segundo) — uma métrica enganadora

#]
*10°

MIPS =

exec

1. MIPS especifica a taxa de execuc¢ao das instrucdes, mas nao
considera o trabalho feito por cada instrucao. CPUs com
diferentes instruction sets nao podem ser comparados.

2.  MIPS varia entre diferentes programas no mesmo CPU

3. MIPS pode variar inversamente com o desempenho

Esta métrica pode ser usada para comparar o desempenho do
mesmo programa em CPUs com 0 mesmo conjunto de
instrucdes, mas micro-arquitecturas e/ou frequéncias do relégio
diferentes.

LPSantos, ArqComp, MIEI, 2019/20



Desempenho do CPU- MIPS

MIPS de pico— maxima taxa possivel de execucao de instrucdes

E a métrica mais enganadora, pois corresponde a sequéncias de codigo
gue apenas tenham instrucées com o CPl mais baixo possivel.

Este tipo de sequéncias de instrucdes nao realizam, regra geral,
trabalho util; consistem apenas em operacoes elementares com
operandos em registos.

Pode ser visto como “a velocidade da luz” do CPU, e portanto,
inatingivel.

O principal problema é que é muitas vezes publicitada pelos

fabricantes/vendedores como uma medida de desempenho das suas
magquinas!

LPSantos, ArqComp, MIEI, 2019/20



Background for Advanced Architectures

Key concepts to revise:

— numerical data representation (integers & FP)

— ISA (Instruction Set Architecture)

— how C compilers generate code (a look into assembly code)
» how scalar and structured data are allocated
* how control structures are implemented
» how to call/return from function/procedures
» what architecture features impact performance

— improvements to enhance performance in a single PU
» ILP: pipeline, multiple issue, ...
* data parallelism: SIMD/vector processing, ... ( Keyword: paralellism
 thread-level parallelism
 memory hierarchy: cache levels, ...

AJProenca, Parallel Programming, LEF, UMinho, 2021/22 23



Paralelismo no processador

Exemplo 1

Exemplo de
pipeline

Objetivo
-CPI =1

Problemas:

St

Instruction
fetch
unit

S2

S3

S4

*dependéncias de dados

Y

S5

Instruction Operand Instruction
decode > fetch execution
unit unit unit
(a)

st: ([1]|[2]|[3]|[4]|(2]|[e] |[=]|[e]|[=]
s2: [6]
s: 0|z EEE|E|E -
s4: O|EEEE|E
85! 3]([4]|[5]
1 2 3 4 5 6 7 8 9
Time —

sJaténcias nos acessos a memoria

(b)

Y

Write
back
unit

saltos condicionais; propostas de solucdo para minimizar perdas:

e executar sempre a instrucao "que se segue”

 usar o historial dos saltos anteriores (1 ou mais bits)
« executar os 2 percursos alternativos até a tomada de decisao

AJProenca, Sistemas de Computagdo, UMinho, 2020/21
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Pipeline Summary

* Pipelining improves performance by increasing
instruction throughput
— Executes multiple instructions in parallel

— Each instruction has the same latency
* Subject to hazards
— Structure, data, control

* |nstruction set design affects complexity of
pipeline implementation

AJProencga, Parallel Computing, MEI, UMinho, 2021/22 25
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Paralelismo no processador

Exemplo 2

Exemplo de superescalaridade (2 vias)

ST

S5

Instruction
fetch
unit

Write
back
unit

S2 S3 S4
Instruction Operand Instruction
decode [—>| fetch [— execution
unit unit unit
Instruction Operand Instruction
decode [—>| fetch [— execution
unit unit unit

Write
back
unit

AJProenca, Sistemas de Computagdo, UMinho, 2020/21
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Does Multiple Issue Work?

* Yes, but not as much as we’ d like
* Programs have real dependencies that limit ILP
« Some dependencies are hard to eliminate

— e.g., pointer aliasing
« Some parallelism is hard to expose

— Limited window size during instruction issue
 Memory delays and limited bandwidth

— Hard to keep pipelines full
« Speculation can help if done well

AJProencga, Parallel Computing, MEI, UMinho, 2021/22 27
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Organizacdao hierarquica da memoria

A
Registos no CPU tém valores retirados
Componentes Lo: it da cache no nivel 1 (Level 1, L1)
menores registo
mais rapidos, L1: / cache L1 Cache L1 tem linhas de cache
e "/ dedic (SRAM) retiradas da memdoria cache L2
mais caros [ 2- cache L2 Cache L2 tem linhas de cache
(por byte) '/ dedic/partilh (SRAM) retiradas da memoria cache L3
cache L3 Cache L3 tem linhas de cache
L3: partilhada (SRAM) retiradas da memdria principal
memoria principal ) .
Componentes . ) - ’ZIM A/KIUM 2 Mem princ tem paginas
. L4: organizacao retiradas de “discos” locais
maiores (DRAM)
mais lentos, . . o
e 15 memoria secundaria local Armazen loc tem ficheiros
: y Solid State Drives, Hard Disk Drives retirados de “discos” em
mais baratos ( ’ ) servidores de rede remotos
(por byte)
L6: memoria secundaria remota
v (distributed file systems, web servers, cloud)

AJProenca, Sistemas de Computagdo, UMinho, 2020/21 28



A cache em arquiteturas multicore

| d\ )
PU banco de registos "\ Nucleos num
ch ip y aLu chip (cores)
3
Q caches L1 & L2
E
S T oI T
8 <1:1em cha 1nels> hub / router /I fastlinterconnect >
\° .‘-.g' .k \l
;E) §...........I‘.‘.E-....-.-I-.‘.‘.'. ...... &)
g i cache L3 | |&
:
Notas: V.

*as caches L1 de dados e de instrucées sao normalmente distintas
*as caches L2 em multicores podem ser partilhadas por outras cores

*muitos cores partilhando uma unica memoria traz complexidades:
* manutengao da coeréncia da informagao nas caches
* encaminhamento e partilha dos circuitos de acesso a memoria

AJProenca, Sistemas de Computagdo, UMinho, 2020/21 29



Multicore architecture in a server system
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A

(C) PU banco de registos <‘\\ Nucleos num (C ) PU

chip_1 a al | | [T P aee chip 2

JC

caches L1 & L2

T T L

Ve

Ve

memoria primatria

@em chal 7nels> hub / router < fast| interconnect YY)

1L

cache L3

< /(0] Iinks>
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Multicore architectures

VAN
L
IN/N

Questions/homework:

1. ldentify the current available devices
with the largest #cores; state how many
in the device/package & show an image

a) Designed by Intel o T B o
b) Designed by AMD %%

c) Designed by ARM T

d) Designed by a japanese company &

e) Designed by chinese company

f)  Worldwide

2. What are the key chalenges to design a chip with a very large
number of cores?

AJProencga, Parallel Computing, MEI, UMinho, 2021/22 32




