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Notas complementares:
• UC para MIEI, MEI & LEF
• UC de JLS, excecionalmente com AJP este ano
• background esperado: Lic Engª Informática
• 1ªs semanas para revisão de conceitos básicos
• língua de comunicação escrita: inglês
• data última modificação do website: confiável
• convém ler sempre os avisos
• sumários e slides: atualizados semanalmente
• feriados em dezembro…
• turnos práticos: possível usar horário de PLs em LEF
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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
• multithreading in-core (SMT)
• multithreading in multicore
• multithreading in multiple devices

– in code with process parallelism
• multiprocessing in a computer cluster
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Computação Paralela

Níveis de paralelismo

p Instrução (ILP)
n Execução de múltiplas instruções de um
programa em paralelo

n Processamento vetorial
n Limitado pelas dependências de dados/controlo
do programa

p Tarefas / fios de execução
n múltiplos fluxos instruções de um mesmo
programa executam em paralelo

n Limitado pelas dependências e características do
algoritmo

p Processos
n Múltiplos processos de um mesmo programa / ou
vários programas

CS4/MSc Parallel Architectures - 2015-2016

Lect. 2: Types of  Parallelism

▪ Parallelism in Hardware (Uniprocessor) 
▪ Parallelism in a Uniprocessor  

– Pipelining 
– Superscalar, VLIW etc. 

▪ SIMD instructions, Vector processors, GPUs 
▪ Multiprocessor 

– Shared-memory multiprocessors 
– Distributed-memory multiprocessors 
– Chip-multiprocessors a.k.a. Multi-cores 

▪ Multicomputers a.k.a. clusters 
▪ Parallelism in Software 

▪ Instruction level parallelism 
▪ Task-level parallelism 
▪ Data parallelism 
▪ Transaction level parallelism 
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CS4/MSc Parallel Architectures - 2015-2016

Taxonomy of  Parallel Computers
▪ According to physical organization of  processors and memory: 

– Physically distributed memory, non-uniform memory access (NUMA) 
▪ A portion of  memory is allocated with each processor (node) 
▪ Accessing local memory is much faster than remote memory 
▪ If  most accesses are to local memory than overall memory bandwidth increases 

linearly with the number of  processors 
▪ Used in multi-socket CMPs E.g Intel Nehalem 
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Figure 1: Block diagram of the AMD (left) and Intel (right) system architecture

2. BACKGROUND AND TEST SYSTEMS
Dual-socket SMP systems based on AMD Opteron 23**

(Shanghai) and Intel Xeon 55** (Nehalem-EP) processors
have a similar high level design as depicted in Figure 1.
The L1 and L2 caches are implemented per core, while the
L3 cache is shared among all cores of one processor. The
serial point-to-point links HyperTransport (HT) and Quick
Path Interconnect (QPI) are used for inter-processor and
chipset communication. Moreover, each processor contains
its own integrated memory controller (IMC).

Although the number of cores, clockrates, and cache sizes
are similar, benchmark results can di↵er significantly. For
example in SPEC’s CPU2006 benchmark, the Nehalem typ-
ically outperforms AMD’s Shanghai [1]. This is a result
of multiple aspects such as di↵erent instruction-level par-
allelism, Simultaneous Multi-Threading (SMT), and Intel’s
Turbo Boost Technology. Another important factor is the
architecture of the memory subsystem in conjunction with
the cache coherency protocol [12].

While the basic memory hierarchy structure is similar for
Nehalem and Shanghai systems, the implementation details
di↵er significantly. Intel implements an inclusive last level
cache in order to filter unnecessary snoop tra�c. Core valid
bits within the L3 cache indicate that a cache line may be
present in a certain core. If a bit is not set, the associated
core certainly does not hold a copy of the cache line, thus
reducing snoop tra�c to that core. However, unmodified
cache lines may be evicted from a core’s cache without noti-
fication of the L3 cache. Therefore, a set core valid bit does
not guarantee a cache line’s presence in a higher level cache.

AMD’s last level cache is non-inclusive [6], i.e neither ex-
clusive nor inclusive. If a cache line is transferred from the
L3 cache into the L1 of any core the line can be removed from
the L3. According to AMD this happens if it is “likely” [3]
(further details are undisclosed) that the line is only used
by one core, otherwise a copy can be kept in the L3. Both
processors use extended versions of the well-known MESI [7]
protocol to ensure cache coherency. AMD Opteron proces-
sors implement the MOESI protocol [2, 5]. The additional
state owned (O) allows to share modified data without a
write-back to main memory. Nehalem processors implement
the MESIF protocol [9] and use the forward (F) state to en-
sure that shared unmodified data is forwarded only once.

The configuration of both test systems is detailed in Ta-
ble 1. The listing shows a major disparity with respect to
the main memory configuration. We can assume that Ne-
halem’s three DDR3-1333 channels outperform Shanghai’s
two DDR2-667 channels (DDR2-800 is supported by the
CPU but not by our test system). However, the main mem-
ory performance of AMD processors will improve by switch-
ing to new sockets with more memory channels and DDR3.

We disable Turbo Boost in our Intel test system as it in-
troduces result perturbations that are often unpredictable.
Our benchmarks require only one thread per core to access
all caches and we therefore disable the potentially disadvan-
tageous SMT feature. We disable the hardware prefetchers
for all latency measurements as they introduce result varia-
tions that distract from the actual hardware properties. The
bandwidth measurements are more robust and we enable the
hardware prefetchers unless noted otherwise.

Test system Sun Fire X4140 Intel Evaluation Platform
Processors 2x AMD Opteron 2384 2x Intel Xeon X5570
Codename Shanghai Nehalem-EP

Core/Uncore frequency 2.7 GHz / 2.2 GHz 2.933 GHz / 2.666 GHz
Processor Interconnect HyperTransport, 8 GB/s QuickPath Interconnect, 25.6 GB/s

Cache line size 64 Bytes
L1 cache 64 KiB/64 KiB (per core) 32 KiB/32 KiB (per core)
L2 cache 512 KiB (per core), exclusive of L1 256 KiB (per core), non-inclusive
L3 cache 6 MiB (shared), non-inclusive 8 MiB (shared), inclusive of L1 and L2

Cache coherency protocol MOESI MESIF
Integrated memory controller yes, 2 channel yes, 3 channel

Main memory
8 x 4 GiB DDR2-667, registered, ECC 6x 2 GiB DDR3-1333, registered, ECC

(4 DIMMS per processor) (3 DIMMS per processor)
Operating system Debian 5.0, Kernel 2.6.28.1

Table 1: Configuration of the test systems
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(Shanghai) and Intel Xeon 55** (Nehalem-EP) processors
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The L1 and L2 caches are implemented per core, while the
L3 cache is shared among all cores of one processor. The
serial point-to-point links HyperTransport (HT) and Quick
Path Interconnect (QPI) are used for inter-processor and
chipset communication. Moreover, each processor contains
its own integrated memory controller (IMC).

Although the number of cores, clockrates, and cache sizes
are similar, benchmark results can di↵er significantly. For
example in SPEC’s CPU2006 benchmark, the Nehalem typ-
ically outperforms AMD’s Shanghai [1]. This is a result
of multiple aspects such as di↵erent instruction-level par-
allelism, Simultaneous Multi-Threading (SMT), and Intel’s
Turbo Boost Technology. Another important factor is the
architecture of the memory subsystem in conjunction with
the cache coherency protocol [12].

While the basic memory hierarchy structure is similar for
Nehalem and Shanghai systems, the implementation details
di↵er significantly. Intel implements an inclusive last level
cache in order to filter unnecessary snoop tra�c. Core valid
bits within the L3 cache indicate that a cache line may be
present in a certain core. If a bit is not set, the associated
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Computação Paralela

Memória partilhada vs. memória distribuída

p Memória partilhada
n Processadores partilham um canal de acesso à memória
n Caches reduzem o tráfego e a late ̂ncia dos acessos à memória
n Largura de banda de acesso à memória partilhada por várias UPs

=> limitac ̧ão à escalabilidade deste tipo de arquitetura 

p Memória distribuída
n Cada processador contém a sua própria memória, existindo uma 

rede de interligação entre os processadores

p Sistemas híbridos
n Acesso não uniforme à memória (NUMA)
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2. BACKGROUND AND TEST SYSTEMS
Dual-socket SMP systems based on AMD Opteron 23**

(Shanghai) and Intel Xeon 55** (Nehalem-EP) processors
have a similar high level design as depicted in Figure 1.
The L1 and L2 caches are implemented per core, while the
L3 cache is shared among all cores of one processor. The
serial point-to-point links HyperTransport (HT) and Quick
Path Interconnect (QPI) are used for inter-processor and
chipset communication. Moreover, each processor contains
its own integrated memory controller (IMC).

Although the number of cores, clockrates, and cache sizes
are similar, benchmark results can di↵er significantly. For
example in SPEC’s CPU2006 benchmark, the Nehalem typ-
ically outperforms AMD’s Shanghai [1]. This is a result
of multiple aspects such as di↵erent instruction-level par-
allelism, Simultaneous Multi-Threading (SMT), and Intel’s
Turbo Boost Technology. Another important factor is the
architecture of the memory subsystem in conjunction with
the cache coherency protocol [12].

While the basic memory hierarchy structure is similar for
Nehalem and Shanghai systems, the implementation details
di↵er significantly. Intel implements an inclusive last level
cache in order to filter unnecessary snoop tra�c. Core valid
bits within the L3 cache indicate that a cache line may be
present in a certain core. If a bit is not set, the associated
core certainly does not hold a copy of the cache line, thus
reducing snoop tra�c to that core. However, unmodified
cache lines may be evicted from a core’s cache without noti-
fication of the L3 cache. Therefore, a set core valid bit does
not guarantee a cache line’s presence in a higher level cache.

AMD’s last level cache is non-inclusive [6], i.e neither ex-
clusive nor inclusive. If a cache line is transferred from the
L3 cache into the L1 of any core the line can be removed from
the L3. According to AMD this happens if it is “likely” [3]
(further details are undisclosed) that the line is only used
by one core, otherwise a copy can be kept in the L3. Both
processors use extended versions of the well-known MESI [7]
protocol to ensure cache coherency. AMD Opteron proces-
sors implement the MOESI protocol [2, 5]. The additional
state owned (O) allows to share modified data without a
write-back to main memory. Nehalem processors implement
the MESIF protocol [9] and use the forward (F) state to en-
sure that shared unmodified data is forwarded only once.

The configuration of both test systems is detailed in Ta-
ble 1. The listing shows a major disparity with respect to
the main memory configuration. We can assume that Ne-
halem’s three DDR3-1333 channels outperform Shanghai’s
two DDR2-667 channels (DDR2-800 is supported by the
CPU but not by our test system). However, the main mem-
ory performance of AMD processors will improve by switch-
ing to new sockets with more memory channels and DDR3.

We disable Turbo Boost in our Intel test system as it in-
troduces result perturbations that are often unpredictable.
Our benchmarks require only one thread per core to access
all caches and we therefore disable the potentially disadvan-
tageous SMT feature. We disable the hardware prefetchers
for all latency measurements as they introduce result varia-
tions that distract from the actual hardware properties. The
bandwidth measurements are more robust and we enable the
hardware prefetchers unless noted otherwise.
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Taxonomy of  Parallel Computers
▪ According to physical organization of  processors and memory: 

– Physically centralized memory, uniform memory access (UMA) 
▪ All memory is allocated at same distance from all processors 
▪ Also called symmetric multiprocessors (SMP) 
▪ Memory bandwidth is fixed and must accommodate all processors → does not 

scale to large number of  processors 
▪ Used in CMPs today (e.g., Intel Core)
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have a similar high level design as depicted in Figure 1.
The L1 and L2 caches are implemented per core, while the
L3 cache is shared among all cores of one processor. The
serial point-to-point links HyperTransport (HT) and Quick
Path Interconnect (QPI) are used for inter-processor and
chipset communication. Moreover, each processor contains
its own integrated memory controller (IMC).
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(further details are undisclosed) that the line is only used
by one core, otherwise a copy can be kept in the L3. Both
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the main memory configuration. We can assume that Ne-
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two DDR2-667 channels (DDR2-800 is supported by the
CPU but not by our test system). However, the main mem-
ory performance of AMD processors will improve by switch-
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troduces result perturbations that are often unpredictable.
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for all latency measurements as they introduce result varia-
tions that distract from the actual hardware properties. The
bandwidth measurements are more robust and we enable the
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Computação Paralela

Os alunos deverão ser capazes de projetar e otimizar aplicações que
executem de forma eficiente nas arquiteturas (paralelas) atuais:
n Escrever códigos sequenciais eficientes
n Implementar e otimizar códigos paralelos em sistemas de memória partilhada
n Desenhar e implementar códigos para sistemas de memória distribuída

Programa (versão resumida)
p Desempenho “single core”

n Medição de desempenho e métricas
n Hierarquia de memória
n Otimizações para paralelismo ao nível da instrução

p Programação de sistemas de memória partilhada
n Modelos baseados em fios de execução
n Medição e otimização de desempenho

p Sistemas de memória distribuída
n Modelo de processos comunicantes
n Desenho de aplicações

p Algoritmos paralelos
n Análise da complexidade e escalabilidade
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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, ...
• thread-level parallelism
• memory hierarchy: cache levels, ...

Keyword: paralellism}



Key textbook (1)
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Growth of computer performance
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Key textbook (2)

TABLE OF CONTENTS
1. Uniprocessor Computers
2. Processor Physics and Moore’s Law

Section I Genesis of Parallel Computing
3. Processor Basics
4. Networking Basics
5. Distributed Systems Basics

Section II Road to Parallel Computing
6. Parallel Systems
7. Parallel Computing Models
8. Parallel Algorithms

Section III Parallel Computing Architectures
9. Parallel Computing Architecture Basics

10. Shared Memory Architecture
11. Message-Passing Architecture
12. Stream Processing Architecture

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 (IoT) Technologies
18. Sensor Data Processing
19. Big Data Computing
20. Big Data Stream Processing

Epilogue: Quantum Computing 



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)

1. Introduction
2. Data parallel computing
3. Scalable parallel execution
4. Memory and data locality
5. Performance considerations
6. Numerical considerations
7. Parallel patterns: Convolution
8. Parallel patterns: Prefix Sum
9. Parallel patterns : Parallel Histogram Computation
10. Parallel patterns: Sparse Matrix Computation
11. Parallel patterns: Merge Sort
12. Parallel patterns: Graph Searches
13. CUDA dynamic parallelism
14. Application case study—non-Cartesian magnetic …
15. Application case study—molecular visualization …
16. Application case study—machine learning
17. Parallel programming and computational thinking
18. Programming a heterogeneous computing cluster
19. Parallel programming with OpenACC
20. More on CUDA and graphics processing computing
21. Conclusion and outlook

Appendix A. An introduction to OpenCL
Appendix B. THRUST: a productivity-oriented library for 

CUDA



Recommended textbook (2)
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Background concepts from 
a basic Computer Systems course

Some notes/comments for this course:
– some slides are borrowed from
– . and some from

more details at
http://gec.di.uminho.pt/miei/sc2021/ 
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Desempenho do CPU
Previsão do tempo de execução (TEXEC) de um programa numa

máquina - requer um  modelo que relacione o desempenho
com as caracterís>cas do sistema de computação (hw+sw)
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Um programa numa máquina 
executa num determinado número 

médio de ciclos de relógio:
# clock cycles

O período do relógio do CPU é 
constante:
Tcc = 1 / f

TEXEC = # clock cycles * Tcc



LPSantos, ArqComp, MIEI, 2019/20

Desempenho do CPU
• De que depende o número médio de ciclos

necessários para executar um programa?

17

AC
 -

Av
al

ia
çã

o 
do

 D
es

em
pe

nh
o

Número médio de ciclos
necessário para executar

uma instrução:
CPI

número de instruções
executadas de um programa:

#I

# clock cycles = CPI * #I

TEXEC = # clock cycles * Tcc = CPI * #I * Tcc = CPI * #I / f
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CPU Time (single-core)

Rate Clock
Cycles Clock CPU

Time Cycle ClockCycles Clock CPUTime CPU
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Rate Clock
CPICount nInstructio

Time Cycle ClockCPICount nInstructioTime CPU

nInstructio per CyclesCount nInstructioCycles Clock

´
=

´´=

´=

cycle Clock
Seconds

nInstructio
cycles Clock

Program
nsInstructioTime CPU ´´=

The BIG Picture

Paralellism helps to significantly reduce CPI
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Desempenho do CPU

• Calcule o tempo de execução do programa abaixo
numa máquina com um relógio de 2 GHz e CPI=1.5
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movl 10, %eax
movl 0, %ecx

ciclo:
addl %eax, %ecx
decl %eax
jnz ciclo

#I = 32
NOTA: número de instruções executadas.

Texec = 32 * 1.5 / 2 E9 = 24 E-9 s = 24 ns
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Relação entre as métricas

• #I – depende do algoritmo, do compilador e da arquitectura (ISA)

• CPI – depende da arquitectura (ISA), da mistura de instruções

efecKvamente uKlizadas, da organização do processador e da

organização dos restantes componentes do sistema (ex., memória)

• f – depende da organização do processador e da tecnologia uKlizada

“A única métrica completa e fiável para avaliar o desempenho de um 
computador é o tempo de execução”

As métricas CPI, f e #I não podem ser avaliadas isoladamente, devendo 

ser sempre consideradas em conjunto, pois dependem umas das 

outras.
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TEXEC =CPI*# I f
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Desempenho do CPU - MIPS
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MIPS (milhões de instruções por segundo) – uma métrica enganadora

610*
#

execT
I

=MIPS 

1. MIPS especifica a taxa de execução das instruções, mas não 

considera o trabalho feito por cada instrução. CPUs com 

diferentes instruc)on sets não 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 o mesmo conjunto de 

instruções, mas micro-arquitecturas e/ou frequências do relógio 

diferentes.



LPSantos, ArqComp, MIEI, 2019/20LPSantos, ArqComp, MIEI, 2019/20

Desempenho do CPU - MIPS
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MIPS de pico– máxima taxa possível de execução de instruções

É a métrica mais enganadora, pois corresponde a sequências de código 

que apenas tenham instruções com o CPI mais baixo possível.

Este Kpo de sequências de instruções não realizam, regra geral, 

trabalho úKl; consistem apenas em operações elementares com 

operandos em registos.

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

inaKngível.

O principal problema é que é muitas vezes publicitada pelos 

fabricantes/vendedores como uma medida de desempenho das suas 

máquinas!
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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, ...
• thread-level parallelism
• memory hierarchy: cache levels, ...

Keyword: paralellism}
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Paralelismo no processador
Exemplo 1

Exemplo de
pipeline

Objetivo
•CPI = 1

Problemas:
•dependências de dados
•latências nos acessos à memória
•saltos condicionais; propostas de solução para minimizar perdas:

• executar sempre a instrução "que se segue"
• usar o historial dos saltos anteriores (1 ou mais bits)
• executar os 2 percursos alternativos até à tomada de decisão
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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

• Instruction set design affects complexity of 
pipeline implementation

The BIG Picture
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Paralelismo no processador
Exemplo 2

Exemplo de superescalaridade (2 vias)
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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

The BIG Picture
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Cache L1 tem linhas de cache
retiradas da memória cache L2

Registos no CPU têm valores retirados 
da cache no nível 1  (Level 1, L1)

Cache L2 tem linhas de cache
retiradas da memória cache L3

registos
cache L1

dedic (SRAM)

memória principal
organização UMA/NUMA 

(DRAM)
memória secundária local

(Solid State Drives, Hard Disk Drives)

memória secundária remota
(distributed file systems, web servers, cloud)

cache L2
dedic/partilh (SRAM)

L0:

L1:

L2:

L3:

L4:

L6:

Componentes
menores

mais rápidos,
e

mais caros
(por byte)

cache L3
partilhada (SRAM)

L5:

Componentes
maiores

mais lentos,
e

mais baratos
(por byte)

Cache L3 tem linhas de cache
retiradas da memória principal

Mem princ tem páginas 
retiradas de “discos” locais

Armazen loc tem ficheiros 
retirados de “discos” em 
servidores de rede remotos

Organização hierárquica da memória
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A cache em arquiteturas multicore
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cache L3

ALU

banco de registos Núcleos num
chip (cores)

…

caches L1 & L2

hub / router

PU
chip

…

…

fast  interconnectmem channels

I/O
 li
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Notas:
•as caches L1 de dados e de instruções são normalmente distintas
•as caches L2 em multicores podem ser partilhadas por outras cores
•muitos cores partilhando uma única memória traz complexidades:

• manutenção da coerência da informação nas caches
• encaminhamento e partilha dos circuitos de acesso à memória
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cache L3

ALU

banco de registos Núcleos num
chip (cores)

Multicore architecture in a server system

…

caches L1 & L2

hub / router

(C)PU
chip_1

…

… (C)PU
chip_2���

fast  interconnectmem channels
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nk
s

���



AJProença, Parallel Computing, MEI, UMinho, 2021/22 31
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Multicore architectures

Questions/homework:
1. Identify the current available devices 

with the largest #cores; state how many 
in the device/package & show an image
a) Designed by Intel
b) Designed by AMD
c) Designed by ARM
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?


