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Tópicos 

• Classes of Computers 

• Computer Architecture (def) 

• Trends: technology, power, cost 

• Dependability 

• Measurements / performance 

• Quantitative Principles 
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Chapter 1 

Fundamentals of Quantitative Design and Analysis 

Computer Architecture 
A Quantitative Approach, Fifth Edition 

Slides do curso baseados em: 

• slides da editora MK 

• slides de MO401 preparados pelo Prof. Centoducatte 
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Computer Technology 

• Performance improvements: 
– Smarphone 2012 (USD$500)  mesma 

capacidade de um computador de $1M em 1985 

– Improvements in semiconductor technology 
• Feature size, clock speed 

– Improvements in computer architectures 
• Enabled by HLL compilers, UNIX 

• Lead to RISC architectures 

 

– Together have enabled: 
• Lightweight computers 

• Productivity-based managed/interpreted programming 
languages 
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Single Processor Performance 
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RISC 

Move to multi-processor 
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RISC 

Desempenho fclk 
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Current Trends in Architecture 

• Cannot continue to leverage Instruction-Level 
parallelism (ILP) 
– Single processor performance improvement 

ended in 2003 

 

• New models for performance: 
– Data-level parallelism (DLP) 

– Thread-level parallelism (TLP) 

– Request-level parallelism (RLP) 

 

• These require explicit restructuring of the 
application 
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1.2 Classes of Computers 

• Personal Mobile Device (PMD) 
– e.g. smart phones, tablet computers 

– Emphasis on energy efficiency and real-time 

• Desktop Computing 
– Emphasis on price-performance 

• Servers 
– Emphasis on availability, scalability, throughput 

• Clusters / Warehouse Scale Computers 
– Used for “Software as a Service (SaaS)” 

– Emphasis on availability and price-performance 

– Sub-class:  Supercomputers, emphasis:  floating-point 
performance and fast internal networks 

• Embedded Computers 
– Emphasis:  price 
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Fig 1.2: classes de computadores 
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Fig 1.3: custo downtime servidores 
C

la
s
s
e
s
 o

f C
o
m

p
u
te

rs
 



MO401 – 2014    11 

IC-UNICAMP 

Parallelism 

• Classes of parallelism in applications: 
– Data-Level Parallelism (DLP): vários dados 

manipulados simultaneamente 

– Task-Level Parallelism (TLP): tarefas 
independentes em execução simultânea 

 

• Classes of architectural parallelism: 
– Instruction-Level Parallelism (ILP): m-arquitetura 

– Vector architectures/Graphic Processor Units 
(GPUs): dados paralelos 

– Thread-Level Parallelism 

– Request-Level Parallelism: multi-programação 
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Flynn’s Taxonomy 

• Single instruction stream, single data stream (SISD) 

 

• Single instruction stream, multiple data streams 
(SIMD) 
– Vector architectures 

– Multimedia extensions 

– Graphics processor units 

 

• Multiple instruction streams, single data stream 
(MISD) 
– No commercial implementation 

 

• Multiple instruction streams, multiple data streams 
(MIMD) 
– Tightly-coupled MIMD 

– Loosely-coupled MIMD 
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1.3 Defining Computer Architecture 

• “Old” view of computer architecture: 
– Instruction Set Architecture (ISA) design 

– i.e. decisions regarding: 
• registers, memory addressing, addressing modes, 

instruction operands, available operations, control flow 
instructions, instruction encoding 

 

• “Real” computer architecture: 
– Specific requirements of the target machine 

• (detalhes à frente) 
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Organização vs Hardware 

• Organização e hardware: 
– Organização (ou micro arquitetura): alto-nível  

sistema de memória, interconexão com memória, 
projeto do processador 

• exemplo: o i7 e AMD Opteron usam mesmo ISA mas tem 
micro arquiteturas diferentes (pipeline, cache etc) 

– Hardware: detalhes do projeto lógico e 
empacotamento 

• exemplo: Intel Core i7 e Intel Xeon 7560 são quase 
idênticos mas têm diferenças no clock e no sistema de 
memória 

– Neste livro: arquitetura = ISA + m-arquitetura + 
hardware 
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Requisitos de arquitetura 

• “Real” computer architecture: 

– Specific requirements of the target machine 

– Design to maximize performance within constraints: 

cost, power, and availability 

– Includes ISA, microarchitecture, hardware 
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Fig 1.7: Requisitos funcionais 
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Fig 1.7: Requisitos funcionais 
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1.4 Trends in Technology 

• Integrated circuit technology 
– Transistor density:  35%/year 

– Die size:  10-20%/year 

– Integration overall:  40-55%/year 

 

• DRAM capacity:  25-40%/year (slowing) 

 

• Flash capacity:  50-60%/year 
– 15-20X cheaper/bit than DRAM 

 

• Magnetic disk technology:  40%/year 
– 15-25X cheaper/bit then Flash 

– 300-500X cheaper/bit than DRAM 
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Fig 1.8: evolução de DRAM 
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Bandwidth and Latency 

• Bandwidth or throughput 
– Total work done in a given time 

– 10,000-25,000X improvement for processors 

– 300-1200X improvement for memory and disks 

 

• Latency or response time 
– Time between start and completion of an event 

– 30-80X improvement for processors 

– 6-8X improvement for memory and disks 

 

• rule of thumb:  
(improvements BW) = (improvements latency)2 
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Bandwidth and Latency 

Log-log plot of bandwidth and latency milestones 
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Figure 1.9 Log–log plot of bandwidth and latency milestones from Figure 1.10 relative to the first 

milestone. Note that latency improved 6X to 80X while bandwidth improved about 300X to 25,000X. 

Updated from Patterson [2004].  
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Fig 1.10: performance milestones 
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Fig 1.10: performance milestones 
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Transistors and Wires 

• Feature size 
– Minimum size of transistor or wire in x or y 

dimension 

– From mm to nm 
• 10 mm in 1971 to 32 nm in 2011 

– Transistor performance scales linearly 
• Wire delay does not improve with feature size! 

– Integration density scales quadratically 
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1.5 Power and Energy 

• Problem:  Get power in, get power out 

• Thermal Design Power (TDP) 
– Characterizes sustained power consumption 

– Used as target for power supply and cooling 
system 

– Lower than peak power, higher than average 
power consumption 

• Clock rate can be reduced dynamically to 
limit power consumption 

• Energy per task is often a better 
measurement 
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Dynamic Energy and Power 

• Dynamic energy 
– Transistor switch from 0 -> 1 or 1 -> 0 

– ½ x Capacitive load x Voltage2 

 

• Dynamic power 
– ½ x Capacitive load x Voltage2 x Frequency 

switched 

 

• Reducing clock rate reduces power, not 
energy 

T
re

n
d
s
 in

 P
o
w

e
r a

n
d
 E

n
e
rg

y
 



MO401 – 2014    27 

IC-UNICAMP 

Exmpl P23: dynamic energy  
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Power e clock rate 

• Intel 80386 
consumed ~ 2 W 

• 3.3 GHz Intel 
Core i7 consumes 
130 W 

• Heat must be 
dissipated from 
1.5 x 1.5 cm chip 

• This is the limit of 
what can be 
cooled by air 
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Reducing Power 

• Techniques for reducing power: 
– Do nothing well: unidades inativas  power down 

– Dynamic Voltage-Frequency Scaling: alguns 
valores de Vdd e freq disponíveis (fig 1.12) 

– Low power state for DRAM, disks 

– Overclocking, turning off cores: desligar alguns 
cores e rodar demais em overclocking 
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Fig 1.12: power savings DVFS  
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Figure 1.12 Energy savings for a server using an AMD Opteron microprocessor, 8 GB of DRAM, and one 

ATA disk.  At 1.8 GHz, the server can only handle up to two-thirds of the workload without causing service 

level violations, and, at 1.0 GHz, it can only safely handle one-third of the workload. (Figure 5.11 in Barroso 

and Hölzle [2009].) 



MO401 – 2014    31 

IC-UNICAMP 

Static Power 

• Static power consumption 
– Leakage current: corrente de fuga (estática) 

– Currentstatic x Voltage 

– Scales with number of transistors 

– To reduce:  power gating 
• áreas inativas  desligar alimentação (gating) 

• evita corrente de fuga 
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1.6 Trends in Cost 

• Cost driven down by learning curve 
– Yield 

 

• DRAM:  price closely tracks cost 

 

• Microprocessors:  price depends on volume 
– 10% less for each doubling of volume 
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Figure 1.13 Photograph of an Intel Core i7 microprocessor die, which is evaluated in Chapters 2 

through 5. The dimensions are 18.9 mm by 13.6 mm (257 mm2) in a 45 nm process. (Courtesy Intel.)  

Fig 1.13: die do Intel Core i7 
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Figure 1.14 Floorplan of Core i7 die in Figure 1.13 on left with close-up of floorplan of second core on right. 

Fig 1.14: Floorplan do Intel Core i7 
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Figure 1.15 This 300 mm wafer contains 280 full Sandy Bridge dies, each 20.7 by 10.5 mm in a 32 

nm process. (Sandy Bridge is Intel’s successor to Nehalem used in the Core i7.) At 216 mm2, the 

formula for dies per wafer estimates 282. (Courtesy Intel.)  

Fig 1.15: wafer com 280 dies 
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Integrated Circuit Cost 

• Integrated circuit 

 

 

 

 

 
 

• Bose-Einstein formula: 

 
 

• Defects per unit area = 0.016-0.057 defects per square cm 
(2010) 

• N = process-complexity factor = 11.5-15.5 (40 nm, 2010) 
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Exmpl 

P31: 

dies/wafer  
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Exmpl P31: yield  
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1.7 Dependability 
• Module reliability 

– Mean time to failure (MTTF) 

– Mean time to repair (MTTR) 

– Mean time between failures (MTBF) = MTTF + MTTR 

– Availability = MTTF / MTBF 

• Taxa de falhas = 1 / MTTF 
– FIT (failures in time) = taxa de falhas = nº de falhas em 

um bilhão de horas = nº falhas / 109 h 

– Ex: se MTTF = 106 h  1000 FIT 

• Hipótese comum: 
– distribuição exponencial 

– taxa de falhas constante 

– taxa de falhas de n módulos independentes = Soma 
(taxa de falhas de cada módulo) 
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Exmpl 

P34: 

depend  
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Exmpl P35: 

Reliability 

redundant 

power  

system  
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Custo de Circuito Integrado (IC) 

Custo do Die é proporcional à (área do die)4 
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Examplos Reais 

 

Chip  Metal Line  Wafer Defect Area Dies/ Yield Die  

                  layers  width  cost /cm2    mm2    wafer   Cost 

386DX  2 0.90 $900  1.0  43  360  71% $4  

486DX2 3 0.80 $1200  1.0  81  181  54% $12  

PowerPC 601 4 0.80 $1700  1.3  121  115  28% $53  

HP PA 7100 3 0.80 $1300  1.0  196  66  27% $73  

DEC Alpha 3 0.70 $1500  1.2  234  53  19% $149  

SuperSPARC 3 0.70 $1700  1.6  256  48  13% $272  

Pentium 3 0.80 $1500  1.5  296  40  9% $417  

 

– From "Estimating IC Manufacturing Costs,” by Linley Gwennap, 

Microprocessor Report, August 2, 1993, p. 15    
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1.8 Measuring Performance 

• Typical performance metrics: 

– Response time 

– Throughput 

 

• Speedup of X relative to Y 

– Execution timeY / Execution timeX 

 

• Execution time 

– Wall clock time:  includes all system overheads 

– CPU time:  only computation time 

 

• Benchmarks 

– Kernels (e.g. matrix multiply) 

– Toy programs (e.g. sorting) 

– Synthetic benchmarks (e.g. Dhrystone) 

– Benchmark suites (e.g. SPEC06fp, TPC-C) 
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Fig 1.16: Evolução SPEC 
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Fig 1.17: SPEC 3 máquinas 
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Exmpl P43: geometric mean  
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Medidas 

? 

 

• Como descrever em forma numérica o 

desempenho dos computadores? 

 

• Quais ferramentas (ou qual ferramental) usar 

para realizar e apresentar as medidas? 
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Métricas 

• Tempo para executar uma tarefa  (ExTime) 

–Execution time, response time, latency 

• Tarefas por dia, hora, semana, segundo, ns, … 

(Desempenho) 

–Throughput, bandwidth 

Plane 

Boeing 747 

BAD/Sud 
Concorde 

Speed 

610 mph 

1350 mph 

DC to Paris 

6.5 hours 

3 hours 

Passengers 

470 

132 

Throughput 
(pmph) 

286,700 

178,200 
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Métricas 

Comparação 

"X é n vezes mais rápido que Y"  significa:  
 

 ExTime(Y)       Performance(X)   

 ---------  =  ---------------  

 ExTime(X)       Performance(Y) 
 
 

Velocidade do Concorde vs. Boeing 747 

 

Throughput do Boeing 747 vs. Concorde 
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Métricas 

 Throughput 

Compiler 

Programming  

Language 

Application 

Datapath 
Control 

Transistors Wires Pins 

ISA 

Function Units 

(millions) of Instructions per second: MIPS 

(millions) of (FP) operations per second: MFLOP/s 

Cycles per second (clock rate) 

Megabytes per second 

Respostas por dia, mês, .. 

Operações por segundo 



MO401 – 2014    53 

IC-UNICAMP 

Métodos para Estimar o Desempenho 

 

• Benchmarks, Traces, Mixes 

 

• Hardware: custo, delay, área, consumo de 
energia 

 

• Simulação  (vários níveis) 

– ISA, RT, Gate, Circuito 

• Teoria das Filas 

 

• Regras Práticas 

 

• “Leis”/Princípios 
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Benchmarks 

• Aplicações Reais 
– Compiladores, processadores de texto,  ... 

– Problema de portabilidade, dificil medir o tempo de 
execução 

• Aplicações Modificadas 
– Melhora a portabilidade, pode ser refinado para medir um 

certo aspecto de interesse (exp: tempo de cpu) 

• Kernels 
– Usados para avaliar caractrísticas específicas 

– Livermore Loops, Linpack 

• Toy Benchmarks 
– 10 a 100 linhas de código, fácil de programar, avaliação 

inicial 

• Benchmarks Sintéticos 
– Semelhantes aos Kernels   

– Whetstone, Dhrystone 
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Benchmarks 

• Desktop 

– SPEC (http://www.spec.org) 

• Servidores 

– SPEC 

• Sistemas Embarcados 

– EEMBC  (Embedded Microprocessor Benchmark 

Consortium) 

   (http://www.eembc.org) 

• Automotivo 

• Consumidor 

• Rede 

• Automação de Escritório 

• telecomunicações 
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Benchmarks 

 SPEC: Standard Performance Evaluation Corporative 

(http://www.spec.org) 

• Primeira Versão - 1989 

– 10 programas (“SPECmarks”) 
 

• Segunda Versão - 1992 

– SPECInt92 (6 programas) 
– SPECfp92  (14 programas) 

• Compiler Flags: livre 
 

• Terceira Versão - 1995 

– SPECint95 (8 programas) 
– SPECfp95 (10 programas)  
– SPECint_base95, SPECfp_base95 

• “benchmarks útil por 3 anos” 
• Compiler Flags: controladas 
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Benchmarks 

 SPEC CPU2000 - CINT2000  

Programa Linguagem  Finalidade 

164.gzip  C  Compression 

175.vpr  C  FPGA Circuit Placement and Routing 

176.gcc  C  C Programming Language Compiler 

181.mcf  C  Combinatorial Optimization 

186.crafty C  Game Playing: Chess 

197.parser C  Word Processing 

252.eon  C++  Computer Visualization 

253.perlbmk C  PERL Programming Language 

254.gap  C   Group Theory, Interpreter 

255.vortex C  Object-oriented Database 

256.bzip2 C  Compression 

300.twolf C  Place and Route Simulator 

http://www.spec.org/osg/cpu2000/CINT2000/ 
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Benchmarks 

 SPEC CPU2000 - CFP2000 

Program  Linguagem          Finalidade 
 

168.wupwise Fortran 77 Physics / Quantum Chromodynamics 
171.swim Fortran 77 Shallow Water Modeling 
172.mgrid Fortran 77 Multi-grid Solver: 3D Potential Field 
173.applu Fortran 77 Parabolic / Elliptic Differential Equations 
177.mesa C  3-D Graphics Library 
178.galgel Fortran 90 Computational Fluid Dynamics 
179.art   C   Image Recognition / Neural Networks 
183.equake C  Seismic Wave Propagation Simulation 
187.facerec Fortran 90 Image Processing: Face Recognition 
188.ammp C  Computational Chemistry 
189.lucas Fortran 90 Number Theory / Primality Testing 
191.fma3d Fortran 90 Finite-element Crash Simulation 
200.sixtrack Fortran 77 High Energy Physics Accelerator Design 
301.apsi Fortran 77 Meteorology: Pollutant Distribution 

http://www.spec.org/osg/cpu2000/CFP2000/ 
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Exemplo: SpecINT2000 

   

                         Base         Base       Base      Peak        Peak        Peak 

Benchmarks           Ref Time   Run Time   Ratio    Ref Time  Run Time   Ratio 

164.gzip           1400       277       505*     1400       270       518* 

175.vpr            1400       419       334*     1400       417       336* 

176.gcc            1100       275       399*     1100       272       405* 

181.mcf            1800       621       290*     1800       619       291* 

186.crafty         1000       191       522*     1000       191       523* 

197.parser         1800       500       360*     1800       499       361* 

252.eon            1300       267       486*     1300       267       486* 

253.perlbmk        1800       302       596*     1800       302       596* 

254.gap            1100       249       442*     1100       248       443* 

255.vortex        1900       268       710*     1900       264       719* 

256.bzip2          1500       389       386*     1500       375       400* 

300.twolf          3000       784       382*     3000       776       387* 

SPECint_base2000                             438 

SPECint2000                                                                442 

http://www.spec.org/osg/cpu2000/results/res2000q3/cpu2000-20000718-00168.asc 

Intel OR840(1 GHz 

Pentium III processor) 
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Benchmarks 

Como Apresentar o Desempenho? 

Gerentes gostam de números.  

Técnicos querem mais: 

• Reprodutibilidade – informações que permitam que o experimento 

seja repetido (reproduzido) 

• Consistência nos dados, ié se o experimento é repetido os dados 

devem ser compativeis entre si 

Como Apresentar os Dados? 

Computador A Computador B Computador C 

Programa P1 (secs) 1 10 20 

Programa P2 (secs) 1000 100 20 

Total Time (secs) 1001 110 40 
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Como Apresentar os Dados 
• Média Aritmética (média aritmética ponderada)  

 

  (Ti)/n or (Wi*Ti) 

 

• Média Harmônica (média harmônica ponderada) 

  

  n/(1/Ri) or n/(Wi/Ri) 

 

• Média geométrica    (  Tj / Nj )
1/n 

 

• Tempo de execução normalizado (e.g., X vezes melhor que 

SPARCstation 10 - Spec) 

– Não use média aritmética para tempos de execução normalizado (o 

resultado, quando comparado n máquinas, depende de qual máquina é 

usada como referência), use média geométrica 
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Como Apresentar os Dados 

 máquina            A                  B 

 programa 1    10 => t1A        20 => t1B 

 programa 2    30 => t2A         5 => t2B 

 

Média aritmética normalizada em A:   

(t1A/t1A + t2A/t2A)/2 = 1 < (t1B/t1A+t2B/t2A)/2 = 13/12 

Média aritmética normalizada em B:   

(t1A/t1B + t2A/t2B)/2 = 13/4 > (t1B/t1B + t2B/t2B)/2 = 1 

                                       CONTRADIÇÃO!!!!   

 Média Geométrica : 

((t1A* t2A)/(t1A*t2A))^-.5 = 1 > ((t1B*t2B)/(t1A*t2A))^-.5 = (1/3)^-.5  => 

normalizado em A 

 

((t1A* t2A)/(t1B*t2B))^-.5 = 3^-.5 > ((t1B*t2B)/(t1B*t2B))^-.5 = 1  => normalizado 

em B 
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1.9 Principles of Computer Design 

• Take Advantage of Parallelism 
– e.g. multiple processors, disks, memory banks, 

pipelining, multiple functional units 

 

• Principle of Locality 
– Reuse of data and instructions 

 

• Focus on the Common Case 
– Amdahl’s Law 
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Abordagem Quantitativa 

• Faça o caso comum ser mais rápido  

 

• Amdahl’s Law: 

– Relaciona o speedup total de um sistema 

com o speedup de uma porção do sistema 

 

 
O speedup no desempenho obtido por uma melhoria é  
limitado pela fração do tempo na qual a melhoria é utilizada   
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Speedup devido a uma melhoria E: 

Fração melhorada 

t Enhancemen Without e Performanc 
t Enhancemen With e Performanc 

t Enhancemen With Time Execution 
t Enhancemen Without Time Execution 

E Speedup 
_ _ 

_ _ 
_ _ _ 

_ _ _ 
) (   

Abordagem Quantitativa  

Amdahl's Law 
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Abordagem Quantitativa  

Amdahl's Law 

S

STT

TT

T
S

T

TT

T

T

nFF

nFF

nF
F

nFF

New

Old











TOld = TF + TnF 
 
TNew = TF/S + TnF 

nFF

nFF

STT

TTS
Speedup






)( Lim TnF ->0 ? 

Lim F ->0 ? 

Suponha que a melhoria E acelera a execução de uma fração F da 

tarefa de um fator S  e que o restante da tarefa não é afetado  

pela melhoria E. Qual o speedup? 
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ExTimenew = ExTimeold x   (1 - Fractionenhanced) +  Fractionenhanced 

Speedupoverall   = 
ExTimeold 
 
ExTimenew 

Speedupenhanced 

= 

1 

(1 - Fractionenhanced) +  Fractionenhanced 

Speedupenhanced 

 Fração Melhorada 

ExTimeold ExTimenew 

Abordagem Quantitativa  

Amdahl's Law 
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• Exemplo: Suponha que as instruções de ponto flutuante 

foram melhoradas e executam 2 vezes mais rápidas, 

porém somente 10% das instruções, em um programa, são 

FP 

Speedupoverall = 
1 

0.95 

= 1.053 

ExTimenew = ExTimeold x  (0.9 +  0.1/2) = 0.95 x ExTimeold 

Abordagem Quantitativa  

Amdahl's Law 
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Amdahl's Law  
Execução de um programa em N processadores 
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Exmpl 

P47: 

Amdhal  
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Exmpl 

P47: 

Amdhal  
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Exmpl P48: Amdhal  
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Principles of Computer Design 

• The Processor Performance Equation 
 

P
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Principles of Computer Design 
P

rin
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ip
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s
 

• Different instruction types having different 

CPIs 
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Exmpl P50: Amdhal (1)  
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Exmpl 

P50: 

Amdhal  

(2) 
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1.10 Putting all together:  

performance, price and power 
• Benchmark ssj_ops: server side java ops per sec) 

– exercita não só o processador (como o SPEC) mas também: 

caches, memória, interconexão 

• Tabela: comparação de desempenho e desempenho / $ 

(winner : maior nº de cores) 

• Figura: duas curvas 

– (ssj_ops / watt) vs workload 

– potência média (watts) vs workload 

• ssj_ops / watt = ssj_operations / joule 

• SPECpower usa   

–  ssj_ops (p cada workload) /  power 

• somas p cada valor de workload 

• Se compararmos (desemp/watt)/ preço, agora o winner é o 

R710 (resultado inverso do anterior) 
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Fig. 1.18: Servidores da Dell 
P
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Figure 1.19 Power-performance of the three servers in Figure 1.18. Ssj_ops/watt values are on the left axis, with the 

three columns associated with it, and watts are on the right axis, with the three lines associated with it. The horizontal 

axis shows the target workload, as it varies from 100% to Active Idle. The Intel-based R715 has the best ssj_ops/watt 

at each workload level, and it also consumes the lowest power at each level.  

Fig. 1.19: Preço/desempenho 


