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Topicos de revisao

IC-UNICAMP
* Revisao:
— Pipelining
— Desempenho
— Hierarquia de Memorias (cache)
— ISA MIPS64

e Referéncias

— Livro Texto: “Computer Architecture: A
Quantitative Approach” — 5th edition, Hennessy
& Patterson

— Revisao: “Computer Organization and Design
the hardware / software interface”
Patterson & Hennessy

— material: Prof. Paulo Centoducatte
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Revisao: Pipeline



Pipelining - Conceito
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 Exemplo: Lavanderia

* 4 trouxas para serem lavadas &5@@

S —

— Lavar: 30 minutos

— Secar: 40 minutos

— Passar: 20 minutos o

b



Lavanderia Seqguencial
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6 7 8 9 10 11 Horas
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« Lavanderia seqguencial: 6 horas para lavar 4 trouxas
« Se for usado pipelining, quanto tempo?
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Lavanderia Pipelined
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« Lavanderia Pipelined: 3.5 horas para 4 trouxas
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O Pipelining ndo ajuda na
laténcia de uma tarefa, ajuda no
throughput de toda a carga de
trabalho

O periodo do Pipeline é limitado
pelo estagio mais lento

Multiplas tarefas simultaneas
Speedup potencial = NUmero de
estagios

Estagios n&do balanceados
reduzem o speedup

O Tempo de “preenchimento” e
de “esvaziamento” reduzem o
speedup



CPU Pipelines
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« Executam bilh6es de instrucoes: throughput

« Caracteristicas desejaveis em um conjunto de
Instrucoes (ISA) para pipelining?
— InstrucOes de tamanho variavel vs.
Todas instru¢coes do mesmo tamanho?

— Operandos em memoria em qg operacdes vs. operandos
em memoria somente para loads e stores?

— Formato das instrucdes irregular vs. formato regular das
Instrucoes (ie. Operandos nos mesmos lugares)?



S Um RISC Tipico
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» Formato de instrucoes de 32-bit (3 formatos)
* Acesso a memaria somente via load/store
« 32 GPR de 32-bits (RO contém zero)

* Instrucoes aritméticas: 3-address, reg-reqg,
registradores no mesmo lugar

 Modo de enderecamento para load/store
(base + displacement). Sem indirecao

« Condicoes simples para o branch

» Delayed branch

— SPARC, MIPS, HP PA-Risc, DEC Alpha, IBM
PowerPC, CDC 6600, CDC 7600, Cray-1, Cray-2,
Cray-3



Exemplo: MIPS (Localizacao dos regs)
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Register-Register

31 26 25 2120 16 15 1110 6 5 0
op | rst | rsz2 [ Rd | Opx
Register-Immediate
31 26 25 2120 16 15 0
Op I Rs1 I Rd I immediate
Branch
31 26 25 2120 16 15 0
Op I Rs1 I Rg2 I immediate
Jump / Call
31 26 25 0

Op I Target
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MIPS Datapath - 5 estagios

Memory EWr'i're
Access ;chk

Instruction Instr. Decode Execute :
Fetch Reg. Fetch : Addr. Calc :
Next PC ; >
| Next SEQPC | _’,
: —>|Zero?

WB Data

11



IC-UNICAMP

Instruction Instr. Decode

Fetch i Reg. Fetch

MIPS Datapath - 5 estagios

Execute Memory éWr'iTe

Addr. Calc i{  Access

I

Next PC
Next SEQ PC

RS!

RS2

Imm

Back

WB Data
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Pipelining

Time ( clock cyc/es)

Cycle 1: Cycle 2: Cycle 3 Cycle 4 Cycle 5 : Cycle 6: Cycle 7

=}

1[

13



S Limites de Pipelining
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* Hazards: impedem que a proxima instrucao seja
executada no ciclo de clock “previsto” para ela

—Structural hazards: O HW nao suporta uma dada
combinacao de instrucoes

—Data hazards: Uma Instrucao depende do
resultado da instrucéo anterior que ainda esta no
pipeline

—Control hazards: Causado pelo delay entre o
fetching de uma Instrucao e a decisao sobre a
mudanca do fluxo de execucao (branches e
jumps).
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RN B

S0 Q3Q

Time (clock cycles)

Memoria Unica (D/I) - Structural Hazards

Cycle IECycIe 2 ECycle 3E Cycle 4ECycIe 5E Cycle 6§Cycle 7 '

Load

Instr

Instr

Instr

Instr

Ifetch I

Ifetch I

II#;?

:  |Ifetch

I

DMem

Ifetch

:  |Ifetch

DMem

II#;?

DMem
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s Memoria Unica (D/I) - Structural Hazards
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Time (clock cycles)

LOad Ifefch:I: DMem
Instr 1 ”e“":I: RS I.B

Ins tr 2 Ifetch

I+ u3 N

Stall

ST0QYQ

InStr 3 Ifetch

Cycle IECycIe 2 ECycIe 3 Cycle 4§Cycle 5 Cycle 6§Cycle 7 '

DMem
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Data Hazards
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* Read After Write (RAW)

Instr, Ié o operando antes da Instr, escreve-lo

<:jI: add rl,r2,r3
J: sub r4d,rl,r3

— Causada por uma “Dependéncia” (nomenclatura de
compiladores).

17
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N0 Q3Q

Data Hazard em R1

UNICAMP

Time (clock cycles)

IF ID/RF EX MEM WB

add r1,r2,r3 [fetch

sub r4,rl,r3

and r6,rl,r7

or r8,rl,r9

| xor rl0,rl,rll

Efe‘rcP

A=

| »sa] IE ﬂJ"El

[fetch

[fetch

Efetci

il

i |l>2
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Data Hazards
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* Write After Read (WAR)
Instr; escreve o operando antes que a Instr, 0 leia

I: sub r4,rl,r3
J: add rl,r2,r3
K: mul r6,rl,xr7

 Chamada “anti-dependéncia” (nomenclatura de
compiladores). Devido ao reuso do nome “r1”.

* Nao ocorre no pipeline do MIPS:
— Todas instrucdoes usam 5 estagios, e

— Leituras s&o no estagio 2, e
— Escritas sao no estagio 5

19



Data Hazards
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* Write After Write (WAW)
InstrJ escreve o0 operando antes que a Instrl o

escreva.
I: sub ,rd , r3

J: add ,r2,r3

K: mul r6,rl,r7
 Chamada “dependéncia de saida” (homenclatura
de compiladores). Devido ao reuso do nome “r1”.

« Nao ocorre no pipeline do MIPS:
— Todas Instrucoes sao de 5 estagios, e

— Escritas sao sempre no 5 estagio
— (WAR e WAW ocorrem em pipelines mais sofisticados)

20



Data Hazards — Solucao por SW
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e Com
a ord

nilador reconhece o data hazard e troca

em das instrucoes (quando possivel)

nilador reconhece o data hazard e

« Com
adiciona nops

« Exemplo:
sub R2, R1,
nop;
nop
nop
and R12, R2,
or R13, R6,
add R14, R2,

SW

100 R2) ,

R3;

RS5;

R2
R2
R15

reg R2 escrito por sub
no operation

resultado do sub
disponivel
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Data Hazard Control: Stalls
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« Hazard ocorre quando a instr. Lé (no estagio ID)
um reg que sera escrito, por uma instr. anterior (no
estagio EX, MEM, WB)

« Solucao: Detectar o hazard e parar a instrucao no
pipeline até o hazard ser resolvido

« Detectar o hazard pela comparacao do campo read
no IF/ID pipeline register com o campo write dos
outros pipeline registers (ID/EX, EXIMEM,
MEM/WB)

 Adicionar bubble no pipeline
— Preservar o PC e o IF/ID pipeline register

22
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MIPS Datapath - 5 estagios

Instruction Instr. Decode Execute Memory Write
Fetch i Reg. Fetch i Addr. Calc i Access i Back

I

Next PC
Next SEQ PC

RS!

RS2

Imm

WB Data




Reducao do Data Hazard - Forwarding
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‘\W‘ARN

S0 QO

add

sub

and

or

XOor

Time (clock cycles)

rl,r2 , r3ffer

rd,rl,r3

r6,rl,xr’7

r8,rl,r9

rl0,rl,rll

DMen
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NextPC

SJU24S162y

Immediate

HW para Forwarding

A 4 VVVVI

xXnw

XnWw

Data
Memory

Xnw
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Data Hazard com Forwarding
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Time (clock cycles)

I (r2) [reren] .B |.2 DMem H
n
: L
1 sub r4 , , ré6 Ifetch] | .H i .2 \ Ha
r. —
‘.
9| and r6,rl,r7 prercr] W réa [ .'a
r
d
i or r8,rl,r9 [fetch] IB | .B

DMem
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Data Hazard com Forwarding
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Time (clock cycles)
I
n
< (r2) el .H i .2 DMem a
" \
r.

DMem 29

|
sub r4, ' ,r6 e ) ® I[wlbla

and r6,r1,r7 Hetchl lwl %] IB

DMem

S0 Q3Q

or r8,r1,r9 ”e“" ik |.B Diem




Load Hazards - Software Scheduling
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Codigo para (a, b, c, d ,e, f na memodria).

a=Db+c;
d=e-f;
Slow code: Fast code:
L\W Rb,b LW Rb,b
W Re.cC LW Rc,C
W Re,e
ADD Ra,RDb,Rc ADD Ra,Rb,Rc
SW a,Ra LW Rf,f
LW Re.e SW a,Ra
SUB Rd,Re,Rf
SUB Rd,Re,Rf
SW d,Rd

28
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10:

14:

18:

22 :

36:

beq

and

or

add

Xor

Control Hazard - Branches

(3 estagios de Stall)

r2,r3,r5

r6,rl,r7

r8,rl,r9

rl0,rl,rll

rl,r3,36 I‘ac
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MIPS Datapath - 5 estagios

Instruction Instr. Decode Execute Memory Write
Fetch i Reg. Fetch i Addr. Calc i Access i Back

I

Next PC
Next SEQ PC

RS!

RS2

Imm

WB Data




Exemplo: Impacto do Branch Stall
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« Se CPI =1, 30% branches, 3-cycle stall

— CPI =1.9!

« Solucao para minimizar os efeitos:

— Determinar branch taken ou n&do o mais cedo, e
— Calcular o endereco alvo do branch logo

 MIPS branch: testasereg=00u=0

« Solucao MIPS:
— Zero test no estagio ID/RF
— Adder para calcular o novo PC no estagio ID/RF
— 1 clock cycle penalty por branch versus 3
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Pipelined MIPS Datapath
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Instruction Instr. Decode Execute Memory Write
Fetch : Reg. Fetch { Addr. Calc | Access : Back
Next PC P Next : : :

PR

RS2

WB Data
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Alternativas para Branch Hazard
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#1: Stall até a decisao se o branch sera tomado ou nao

#2: Predict Branch Not Taken

— Executar a proxima instrucao

— “Invalidar” as instrucoes no pipeline se branch é tomado

— Vantagem: retarda a atualizacao do pipeline

— 47% dos branches no MIPS n&o sao tomados, em media

— PC+4 ja esta computado, use-0 para pegar a proxima instrucao
#3: Predict Branch Taken

— 53% dos branches do MIPS sao tomados, em média

— “branch target address” no MIPS ainda nao foi calculado
« 1 cycle branch penalty
« Em outras maquinas esse penalty pode n&o ocorrer

33



Alternativas para Branch Hazard
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#4: Delayed Branch

— Define-se que o branch sera tamado APOS a uma dada
guantidade de instrucoes

branch 1nstruction
sequential successor,
sequential successor,

-------- "Branch delay de tamanho »
sequential successor, (n slots delay)

branch target 1f taken —

— 1 slot delay permite a decisao e o calculo do “branch
target address” no pipeline de 5 estagios

— MIPS usa esta solucéo
34



Delayed Branch
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* Qual instrucao usar para preencher o branch delay
slot?

— Antes do branch (melhor opcao)
— Do target address ( avaliada somente se branch taken)

— Apo0s ao branch (somente avaliada se branch not taken)

35
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(a) From before

(b) From target

DADD R1, R2, R3

if R2 =0 then

Delay slot

becomes

DSUB R4, R5, R6 —<—

DADD R1, R2, R3

if R1 =0 then

Delay slot

becomes

if R2 = 0 then

DADD R1, R2, R3

DSUB R4, R5, R6

-

DADD R1, R2, R3

if R1 =0 then

DSUB R4, R5, R6

Apéndice C, Fig C14

Delayed Branch

(c) From fall-through

DADD R1, R2, R3

if R1 =0 then

Delay slot

OR R7, R8, R9

DSUB R4, R5, R6 <—

becomes

DADD R1, R2, R3

if R1 =0 then

OR R7, R8, R9

DSUB R4, R5, R6 <——

36



Delayed Branch
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« Compilador: single branch delay slot:

— Preenche +/- 60% dos branch delay slots

— +/- 80% das instrucdes executadas no branch delay slots
Sao utéis a computacao

— +/- 50% (60% x 80%) dos slots preenchidos sao uteis

37
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Revisao: Desempenho



Qual o mais rapido?
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6.5 hours | 610 mph 470 286,700

3 hours 1350 mph 132 178,200

- Time to run the task (ExTime)

- Execution time, response time, latency

* Tasks per day, hour, week, sec, ns ..
(Desempenho)
- Throughput, bandwidth



Deflnlgpes
cuncyesempenho (performance) é em unidades por

segundo
- Quanto maior melhor

performance(x) = 1
execution_time(x)

" X énvezes mais rapido que Y" significa que:

Performance(X) Execution_time(Y)

Performance(Y) Execution_time(X)
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Aspectos sobre Desempenho de CPU
(CPU Law)

CPUtime = Seconds

= Instructions x Cycles x Seconds

Program Program Instruction  Cycle
Inst Count | CPI Clock Rate
Program X
Compiler X (X)
Inst. Set. X X
Organization | X X
Technology X

41



Instrucoes por Ciclo
o S (Throughput)

"Cycles per Instruction” meédio

CPI = (CPU Time * Clock Rate) / Instruction Count
= Cycles / Instruction Count

CPU time = Cycle Time x ¥ CPI x I,

j=1

"Freqiiéncia das Instrugoes”

n I
CPI = 3CPI; x F, where F. = ‘

izl I Instruction Count

42



Exemplo: Calculando CPI

IC-UNICAMP

Base Machine (Reg / Reg)

Op Freq Cycles CPI(i) (% Time)
ALU 50%| 1 .5 (33%)
Load 20%| 2 4 (27 %)
Store 10%| 2 .2 (13%)
Branch 20%| 2 4 (27 %)
/ .5

Mix tipico de

instrugoes em

programas

43



Exemplo: Impacto de Branch Stall

IC-UNICAMP

« Assuma: CPI = 1.0 (ignorando branches
stall por 3 ciclos)

« Se 30% sao branch, Stall 3 ciclos

« Op Freqg Cycles CPI(i) (% Time)
e Other 0% 1 v (37%)
« Branch 30% 4 1.2 (63%)

« =>novo CPIl = 1.9, ou aproximadamente 2 vezes
mais lento



Desempenho pipelines com stalls (C-12)

IC-UNICAMP . L .
Average nstruction time unpipelined

Average instruction time pipelined

Speedup from pipelining =

_ CPI unpipelined x Clock cycle unpipelined
~ CPI pipelined x Clock cycle pipelined

_ CPI unpipelined y Clock cycle unpipelined
CPI pipelined Clock cycle pipelined
* Objetivo do Pipeline: diminuir CPI ou cycletime
» Primeiro caso: diminuir CPI (CPI ideal com pipeline = 1)
CPI pipelined = Ideal CPI + Pipeline stall clock cycles per instruction
= | + Pipeline stall clock cycles per instruction

« Assumindo overhead=0, pipeline balanceado, cycletimes iguais

CPI unpipelined

Speedup = —_— . .
P P I + Pipeline stall cycles per instruction

« Caso especial (frequente), laténcia de todas instrucoes = estagios
Pipeline depth
1 + Pipeline stall cycles per instruction

Speedup =

* Intuicdo OK: se stall = 0, speedup = pipeline depth

45



Desempenho pipelines com stalls (cont)
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« Segundo caso: diminuir cycletime - CPI =1 com ou sem pipeline

CPI unpipelined . Clock cycle unpipelined
CPI pipelined Clock cycle pipelined

Speedup from pipelining =

l Clock cycle unpipelined
T : — X T
| + Pipeline stall cycles per instruction  Clock cycle pipelined

« Se pipeline balanceado e overhead = 0 = ganho no cycletime = pipeline

depth Clock cycle unpipelined

Clock cycle pipelined =
ock cycle pipeline Pipeline depth

Clock cycle unpipelined

Pipeline depth =
el P Clock cycle pipelined

! “ Clock cycle unpipelined
! + Pipeline stall cycles per instruction  Clock cycle pipelined

! — .
= X
1 + Pipeline stall cycles per instruction Pipeline depth

* Intuicdo OK: se stall = 0, speedup = pipeline depth

Speedup from pipelining =

46



Exemplo 3: Branch Alternativas (C-257?)
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SURT _ Pipeline depth

Pipeline speedup 1 +Branch frequency x Branch penalty
Scheduling Branch CPl speedup v.

scheme penalty stall
Stall pipeline 3 1.42 1.0
Predict taken 1 1.14 1.26
Predict not taken 1 1.09 1.29
Delayed branch 0.5 1.07 1.31



Exemplo 4: Dual-port vs. Single-port
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« Maquina A: Dual ported memory (“Harvard Architecture™)

Maquina B: Single ported memory, porém seu pipelined é
1.05 vezes mais rapido (clock rate)

CPI Ideal = 1 para ambas

Loads: 40% das instrucfes executadas
SpeedUp, = Pipeline Depth/(1 + 0) x (clock
= Pipeline Depth
SpeedUpg = Pipeline Depth/(1 + 0.4 x 1) x (clock
= (Pipeline Depth/1.4) x 1.05
= 0.75 x Pipeline Depth
SpeedUp, / SpeedUpg = Pipeline Depth/(0.75 x Pipeline Depth) = 1.33

Maquina A € 1.33 mais rapida que a B

/clock

unpipe pipe)

/(clock / 1.05)

unpipe unpipe
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Revisao: Hierarquia de Memorias



Processor-DRAM Memory Gap (latency

IC-UNICAMP

1000
Q

=

c 100
£

S
“ 10
o
a

"Moore's Law’

......... " LProc
60°/o/yr'.
(2X/1.5yr

Performance Gap:
(grows 50% / year)

~— DRAM
ream Q%/yr.
(2X/10yrs)
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Nivels em uma Hierarquia de Memarias
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5apacidc;f{e CPU Upper Level
ccess Time Staging
Custo Xfer Unit *+ faster
CPU Registers .
100s Bytes Registers
<1s ns .
Instr. Operands  Prog./compiler
Cache v Y
10s-100s K Bytes C
1-10 ns ache
310/ MByte cache cntl
Blocks 8-128 bytes
Main Memory
M Bytes
50ns- 70ns Memory
$1/ MByte o0s
Pages 512-4K bytes
Disk
10s G Bytes, 10 ms Disk
(10,000,000 ns) IS
30.002/ MByte 1 Files user/operator I
Mbytes
- y Larger
ape
“infinito” Tape Lower Level
sec-min

$0.0014/ MByte
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Principio da Localidadde
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 Principio da Localidade:

— Programas acessam relativamente uma pequena porgcao
do espaco de enderecamento em um dado instante de
tempo.

* Dolis tipos de Localidade:

— Localidadde Temporal (Localidade no Tempo): Se um
item é referenciado, ele tende a ser referenciado outra
vez em um curto espaco de tempo (loops)

— Localidade Espacial (Localidade no Espaco): Se um item
é referenciado, itens proximos também tendem a serem
referenciados em um curto espaco de tempo (acesso a
array)
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Hierarquia de Memoarias: Terminologia
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 Hit: o dado esta no upper level (exemplo: Block X)
— Hit Rate: taxa de hit no upper level no acesso a memaria
— Hit Time: Tempo para 0 acesso no upper level, consiste em:
RAM access time + Time to determine hit/miss
* Miss: o dado precisa ser buscado em um bloco no lower
level (Block Y)
— Miss Rate =1 - (Hit Rate)
— Miss Penalty: Tempo para colocar um bloco no upper level +
Tempo para disponibilizar o dado para o processador

« Hit Time << Miss Penalty (500 instrucdes no 21264!)

Lower Level
To Processor Upper Level Memory
Memory
Blk X
From Processor R - BIKY
H .




Cache: Direct Mapped
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ng:gg Memory 4 Byte Direct Mapped Cache
0 Cache Index
. 0
, 1
; 2
A 3
2 * Posicao 0 pode ser ocupada por dados
7 dos enderecos em memoria:
g - 0,4,8, ... etc.
9 — Em geral: qg endereco cujos 2 LSBs séo
A Os
5 — Address<1:0> => cache index
C « Qual dado deve ser colocado na cache?
D « Como definir o local, na cache, para
E cada dado?
F
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1 KB Direct Mapped Cache, 32B blocks
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« Para uma cache de 2 ** N byte:

— Os (32 - N) bits de mais alta ordem sao “Cache Tag”
— Os M bits de mais baixa ordem sao “Byte Select” (Block Size = 2 ** M)

31 9 4 0
Cache Tag Example: 0x50 Cache Index Byte Select
Ex: 0x01 Ex: 0x00
Stored as part
of the cache “state”
Valid Bit Cache Tag Cache Data
Byte31] " |Bytel |Bytd0 |0
0x50 Byte 63 Byte 33| Byte 32| 1+—
2
3
Byte 1023 Byte 992 | 31

55



Two-way Set Associative Cache
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» N-way set associative: N entradas para cada Cache Index
— N direct mapped caches opera em paralelo (N tipico: 2 a 4)
« Examplo: Two-way set associative cache
— Cache Index: seleciona um “set” na cache
— As duas tags no set sdo comparadas em paralelo
— O Dado ¢ selecionado basedo no resultado da comparacéo das tag

Valid Cache Tag

Cache Data

Cache Block 0

Cache Index

Cache Data

Cache Tag Valid

Cache Block 0

A

. Cache Block

ompare)+————
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Desvantagem de Set Associative Cache
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* N-way Set Associative Cache v. Direct Mapped Cache:
— N comparadores vs. 1
— MUX extra, atrasa 0 acesso ao dado
— Dado disponivel APOS Hit/Miss
» Direct mapped cache: Cache Block disponivel ANTES do Hit/Miss:
E possivel assumir um hit e continuar. Se miss, Recover.

Cache Index
Valid Cache Tag Cache Data Cache Data Cache Tag Valid
Cache Block 0 Cache Block 0

Adr Tag w-\ v v v
Compar j_ﬁsm L Mux O SeIO,/_C_ @

] l 1l Cache Block
Hit 57



Hierarquia de Memoria: 4 Questoes
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* Q1: Em que lugar colocar um bloco no upper level?
-> (Block placement)

* Q2: Como localizar o bloco se ele esta no upper
level? - (Block identification)

* Q3: Qual bloco deve ser trocado em um miss? -
(Block replacement)

* Q4: O que ocorre em um write? = .(Write strategy)

58



upper level?

 Colocar o Bloco 12 em uma cache de 8 blocos :

— Fully associative, direct mapped, 2-way set associative
— S.A. Mapping = Block Number Modulo Number Sets

Direct Mapped  2-Way Assoc

Full Mapped 15 1 0d 8)= 4 (12 mod 4) = O
01234567 01234567 01234567
Cache
1111111111222222222233
01234567890123456789012345678901
Memory

Q1: Em que lugar colocar um bloco no

59



Q2: Como localizar o bloco se ele esta

no upper level?
 Tag em cada bloco
—Nao é necessario testar o index ou block offset

« O aumento da associatividade reduz o index e
aumenta a tag

Block Address Block
Offset

Tag Index




Q3: Qual bloco deve ser trocado em um
IC—AMP miSS?

« Facil para Direct Mapped
« Set Associative or Fully Associative:

— Random
— LRU (Least Recently Used)
— FIFO
Assoc 2-way 4-way 8-way

Size LRU Ran LRU Ran LRU Ran
16 KB 52% 57% 47% 53% 4.4% 5.0%
64KB 1.9% 2.0% 15% 1.7% 14% 1.5%
256 KB 1.15% 1.17%1.13% 1.13% 1.12% 1.12%

Taxa de misses na cache: blocos de 16 bytes na arquitetura Vax;
acessos de usuarios e do sistema operacional
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Q4: O que ocorre em um write?
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« Write through — A informacao é escrita tanto no bloco da
cache gquanto no bloco do lower-level memory.

« Write back — A informacéao € escrita somente no bloco da
cache. O bloco da cache modificado é escrito na memoria
principal somente quando ele é trocaddo.

— block clean or dirty?

* Pros e Contras?
— WT: read misses nao pode resultar em writes
— WB: n&o ha repeticdo de writes na mesma posicao

« WT, em geral, € combinado com write buffers, assim n&o ha
espera pelo lower level memory
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Write Buffer para Write Through

IC-UNICAMP

< *| Cache |[«&=—
Processor DRAM

Write Buffer

« Um Write Buffer colocado entre a Cache e a Memory
— Processador: escreve o dado na cache e no write buffer
— Memory controller: escreve o conteudo do buffer na memoaria

 Write buffer € uma FIFO:

— NUmero tipico de entradas: 4
— Trabalha bem se: freqUéncia de escrita (w.r.t. time) << 1/ DRAM
write cycle
 Memory system € um pesadelo para o projetista :
— frequéncia de escrita (w.r.t. time) -> 1/ DRAM write cycle
— Saturacéo do Write buffer
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« Tirando vantagens do principio da localidade:

— Prové ao usuario o maximo de memoaria disponibilizada

pela tecnologia mais barata.

— Prové acesso na velocidade oferecida
pela tecnologia mais rapida.

Hierarquia de Memoria Moderna

Processor
Control Tertiary
/ Secondary Storage
Second Main S(tDo:rSakg)e (Disk/Tape)
2 o9 Level Memory
Datapathf<. 11 1 8 & Cache | | (DRAM)
—+ o0
2 e (SRAM)
_\ |
— ]
\
Speed (ns): 1s 10s 100s  10,000,000s 10,000,000,000s
Size (bytes): 100s (10s ms) (10s sec)
Ks Ms Gs Ts
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Resumo #1/3:

Pipelining & Desempenho

* Sobreposicao de tarefas; facil se as tarefas sao
Independentes

« Speed Up < Pipeline Depth; Se CPI ideal for 1, entao:

Pipeline depth CYC|3 Time ielined
1 + Pipeline stall CPI Cycle Time,; cjined

« Hazards limita o desempenho nos computadores:
— Estrutural: € necessario mais recursos de HW
— Dados (RAW,WAR,WAW): forwarding, compiler scheduling
— Controle: delayed branch, prediction

Speedup =

+ Tempo é a medida de desempenho: laténcia ou
throughput

« CPI Law:

CPUtime = Seconds = Instructions x Cycles x Seconds

Program Program Instruction Cycle
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Resumo #2/3: Caches
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 Principio da Localidade:

— Programas acessam relativamente uma pequena porcao
do espaco de enderecamento em um dado instante de
tempo.

« Localidadde Temporal :Localidade no Tempo
« Localidade Espacial : Localidade no Espaco

« Cache Misses: 3 categorias
— Compulsory Misses
— Capacity Misses
— Conflict Misses

 Politicas de Escrita:
— Write Through: (write buffer)
— Write Back
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Resumo #3/3:

Cache Design

« Varias Dimensdes interagindo
— cache size
— block size
— associativity
— replacement policy
— write-through vs write-back

« Solucao 6tima € um compromiso
— Depende da caracteristica dos acessos

* workload
* |-cache, D-cache, TLB

— Depende da raz&o tecnologia / custo

Cache Size

A

Associativity

Block Size

Bad

Good Factor Factor B

Less More
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Revisao: ISA MIPS64



Conjunto de instrucoes: MIPS64
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« Referéncia: Apéndice A (CAQAD)

« MIPS64 é usado em todo o curso como base para
analise de todas as questdes e problemas
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Operation and | Address Address Address Address
no. of operands | specifier 1 | field 1 specifier n field n

(a) Variable (e.g., Intel 80x86, VAX)

IC-UNICAMP

Operation Address Address Address
field 1 field 2 field 3

(b) Fixed (e.g., Alpha, ARM, MIPS, PowerPC, SPARC, SuperH)

Operation Address Address
specifier field

Operation Address Address Address
specifier 1 specifier 2 field

Operation Address Address Address
specifier field 1 field 2

(c) Hybrid (e.g., IBM 360/370, MIPS16, Thumb, TI TMS320C54x)

Figure A.18 Three basic variations in instruction encoding: variable length, fixed length, and hybrid. The variable format
can support any number of operands, with each address specifier determining the addressing mode and the length of the specifier
for that operand. It generally enables the smallest code representation, since unused fields need not be included. The fixed format
always has the same number of operands, with the addressing modes (if options exist) specified as part of the opcode. It generally
results in the largest code size. Although the fields tend not to vary in their location, they will be used for different purposes by
different instructions. The hybrid approach has multiple formats specified by the opcode, adding one or two fields to specify the
addressing mode and one or two fields to specify the operand address.
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FR

Fl

Basic instruction formats

opcode rs rd shamt funct
31 26 25 21 20 16 15 11 10 65
opcode rs immediate
31 26 25 21 20 16 15
opcode address
31 26 25
Floating-point instruction formats
opcode fmt fs fd funct
31 26 25 21 20 16 15 11 10 65
opcode fmt immediate
31 26 25 21 20 16 15

Figure 1.6 MIPS64 instruction set architecture formats. All instructions are 32 bits long. The R format is for integer
register-to-register operations, such as DADDU, DSUBU, and so on. The | format is for data transfers, branches,
and immediate instructions, such as LD, SD, BEQZ, and DADDIs. The J format is for jumps, the FR format for

floating-point operations, and the FI format for floating-point branches.
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Registradores

IC-UNICAMP

* Integer Registers

— 32 reqistradores de 64 bits: GPR (general purpose
registers) 2 RO, R1, ..., R31

— RO =0 (sempre)
* Floating Point Registers

— 32 registradores de 64 bits: FPR - FO, F1, ..., F31

— permitem armazenar 32 numeros FP de precisao
simples (32b) ou dupla (64b)
— se FPR contéem n° de precisao simples - metade nao é
usada
« Ha instrucoes para FPR <> GPR e para usar 2
dados c/ precisao simples em um unico FPR
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Tipos de dados
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Bytes

Meia palavra: 16 bits

Palavra: 32 bits

Palavra dupla: 64 bits

— Inteiros

— FP precisao simples (32b) ou dupla (64b)
Operacoes sobre dados

— Palavra e palavra dupla

— loads de bytes, meia palavras e palavras > MSB
completados com zeros ou sign extend
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Formato das instrucoes
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I-type instruction
6 5 5 16
Opcode rs rt Immediate

Encodes: Loads and stores of bytes, half words, words,
double words. All immediates (rt = rs op immediate)

Conditional branch instructions (rs is register, rd unused)
Jump register, jump and link register
(rd=0, rs=destination, immediate =0)

R-type instruction
6 5 5 5 5 6

Opcode rs rt rd shamt funct

Register-register ALU operations: rd =- rs funct rt

Function encodes the data path operation: Add, Sub, . ..

Read/write special registers and moves

J-type instruction
6 26

Opcode Offset added to PC

Jump and jump and link
Trap and return from exception
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Modos de enderecamento
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* Imediato (16bits) e displacement
— Endereco = conteudo registrador + imediato

« Para enderecamento indireto registrador Ri
— fazer imediato = 0

* Endereco de 64 bits, byte addressable
— Mode bit-> SW pode selecionar big/little endian
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Operacoes

IC-UNICAMP

» 4 classes:

— loads e stores ; ALU; controle de fluxo; ponto flutuante
* Notacao

— bits dos registradores: 0 (MSB) - 63 (LSB)

— Reg[R1] €4, Mem[30+Regs[R2]] : transferéncia de 64
bits da posicdo de memoadria 30+R2

— Regs[R4], : bit 0 de R4

— Regs[R3]:; &3 : byte menos significativo de R3
— 048 : campo com 48 zeros

— a## b: aconcatenado comb
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Load e Store

Example instruction

Instruction name

Meaning

LD R1,30(R2)

Load double word

Regs [R1] ¢, Mem[30+Regs[R2] ]

LD R1,1000{R0) Load double word Regs [R1] &g, Mem[1000+0]

LW R1,60(R2) Load word Regs [R1]¢¢q (Mem[60+Regs[R2]1,)* ## Mem[60+Regs[R2]]

LB R1,40(R3) Load byte Regs [R1] e, (Mem[40+Regs[R3]],)%¢ #4
Mem[40+Regs [R3]]

LBU R1,40(R3) Load byte unsigned ~ Regs[R1]«—g; 0°° ## Mem[40+Regs[R3]]

LH R1,40(R3) Load half word Regs[R1] «¢4 (r-'lfern[:fl0+|ilf:~;r.=,[Ra]]{]}43 #4
Mem[40+Regs[R3]] ## Mem[41+Regs[R3]]

L.S F0,50(R3) Load FP single Regs [F0] «¢, Mem[50+Regs[R3]] ## 0°*

L.D FO,50(R2) Load FP double Regs [FO] «¢, Mem[50+Regs [R2]]

S0 R3,500(R4)

Store double word

Mem[560+Regs [R4]] ¢, Regs [R3]

SW R3,500(R4) Store word Mem[500+Regs [R4]] 3, Regs[R3] 3, 43
S.S F0,40(R3) Store FP single Mem[40+Regs [R3] ]« 5, Regs [F0], s,
S.D FO,40(R3) Store FP double Mem[40+Regs [R3]] ¢4 Regs [FO]

SH R3,502(R2) Store half Mem[ 502+Regs [R2] ] ¢4 Regs[R3] 4 ¢3
SB R2,41(R3) Store byte Mem[41+Regs [R3]] «; Regs [R2] s¢ 43

Figure A.23 The load and store instructions in MIPS. All use a single addressing mode and require that the mem-
ory value be aligned. Of course, both loads and stores are available for all the data types shown.



ALU
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Example instruction  Instruction name Meaning

DADDU R1,R2,R3 Add unsigned Regs [R1]« Regs [R2]+Regs[R3]

DADDIU R1,R2,#3 Add immediate unsigned Regs[R1]« Regs[R2]+3

LU RI,#42 Load upper immediate ~ Regs[R1]« 0**##424#0'°

DSLL  R1,RZ,#5 Shift left logical Regs[R1] « Regs[R2]<<§

SLT R1,R2,R3 Set less than if (Regs[R2]<Regs[R3]) |
Regs[R1] « 1 else Regs|[R1]«-0

Figure A.24 Examples of arithmetic/logical instructions on MIPS, both with and
without immediates.
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Controle Ee fluxo

Example
instruction Instruction name  Meaning
J name Jump PCy. g3¢—name -
JAL name Jump and link Regs [R31]«-PC+8; PCy5 gy¢—name;

((PC +4)-227) < name < ((PC+4)+2%7)
JALR R? Jump and link register Regs[R31] «PC+8; PC«Regs[R2]
JR R3 Jump register PCeRegs[R3]

BEQZ R4,name

Branch equal zero

if (Regs[R4]==0) PCe—name;
((PC"‘4)-21?) < name < ((PC+4)+2”)

BNE R3,R4,name

Branch not equal zero

if (Regs[R3]!= Regs[R4]) PCe—name;
((PC+4)-2'7) < name < ((PC+8)+2")

MCVZ R1,RZ2,R3

Conditional move
if zero

if (Regs[R3]==0) Regs[R1]«Regs[R2]

E— —— S — -

Figure A,25 Typical control flow instructions in MIPS. All control instructions, except
jumps to an address in a register, are PC-relative. Note that the branch distances are
longer than the address field would suggest; since MIPS instructions are all 32 bits long,
the byte branch address is multiplied by 4 to get a longer distance.
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Ponto flutuante
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Floating point FP operations on DP and SP formats

ADD.D,ADD.S,ADD.PS Add DP, SP numbers, and pairs of SP numbers

SuB.D,SUB.S,SUB.PS Subtract DP, SP numbers, and pairs of SP numbers

MUL.D,MUL.S,MUL.PS Multiply DP, SP floating point, and pairs of SP numbers

MADD.D,MADD.S,MADD.PS Multiply-add DP, SP numbers, and pairs of SP numbers

DIV.D,DIV.S,DIV.PS Divide DP, SP floating point, and pairs of SP numbers

CVT. . Convert instructions: CVT. x.y converts from type X to type y, where x and y are L
(64-bit integer), W (32-bit integer), D (DP), or S (SP). Both operands are FPRs.

C. .D,C. .S DP and SP compares: “__" = LT,GT,LE,GE, EQ,NE; sets bit in FP status register
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Instruction type/opcode

Instruction meaning

Data transfers

Move data between registers and memory, or between the imeger and FP or special
registers; only memory address mode is 16-bit displacement + contents of a GPR

LB, LBU, S8 Load byte, load byie unsigned, store byte (to/from integer regisiers)

LH, LHU, SH Load half word, load half word unsigned, store half word (1o/from integer registers)
LW, LWU, 5K Load word, load word unsigned, store ward (to/from integer registers)

LD,S0 Load double word, store double word (toffrom integer registers)

L.5,L.0,5.5,5.D0 Load SP float, load DP float, store 8P [loat, store DP float

MFCO,MTCO Copy from/to GPR wifrom a special register

MOV, 5, ,MOV.D Copy one SP or DP FP register to another FP register

MFC1,MTC1 Copy 32 bits to/from FP registers fromfio integer registers

Arithmetic/logical Operations on integer or logical data in GPRs; signed arithmetic trap on overflow
DADD, DADDI ,DADDY ,DADDIU  Add, add immediate (all immediates are 16 bits); signed and unsigned

DSUB, DSUBL Subtract; signed and unsigned

DMUL, DMULY,DDIV, Multiply and divide, signed and unsigned; multiply-add; all operations take and yield 64-
DOIVU,MADD bit values

AND,ANDI And, and immediate

OR, ORI, X0R,XORI Or, or immediate, exclusive or, exclusive or immediate

LUt Load upper immediate; loads bits 32 10 47 of register with immediate, then sign-extends

DSLL,DSRL, DSRA,DSLLY,
DSRLV,DSRAV

Shifts: both immediate (DS_ ) and variable form (DS__V); shafts are shift left logical,
right logical, right arithmetic

SLY,SLYI,SLTU,SLTIU Set less than, set less than immediale; signed and unsigned

Control Conditional branches and jumps: PC-relative or through register

BEQZ,BNEZ Branch GPRs equal/not equal to zero; 16-bit offset from PC + 4

BEQ, BNE Branch GPR equal/not equal; 16-bit offset from PC + 4

BC1T,BCLF Test comparison bit in the FP status register and branch; 16-bit offset from PC + 4
MOVN, MOV Copy GPR to another GPR if third GPR is negative, zero

JJR Jumps: 26-bit offset from PC + 4 (J) or target in register (JR)

JAL,JALR Jump and link: save PC + 4 in R31, target is PC-relative (JAL) or a register (JALR)
TRAP Transfer 1o operating sysiem at a veclored address

ERET Retumn 1o user code from an exception; restore user made

Floating poim FP operations on DP and SP formars

ADD.D,ADD.5,ADD. PS Add DF, 5P numbers, and pairs of SP numbers

SUB,D,5UB,5,5UB,PS
MUL.D,MUL.5,MUL.PS
MADD. D, MADD. S, MADD. PS
DIV.D,DIV.5,DIV.PS
CvT. .

— -

C._.D,C._.5

Subtract DP, SP numbers, and pairs of SP numbers
Multiply DP, SP floating point, and pairs of SP numbers
Multiply-add DP, SP numbers, and pairs of SP numbers
Divide DF, SP floating point, and pairs of SP numbers

Conven instructions: CYT.x.y convens from type x to type ¥, where x and y are L
(64-bt integer), W (32-bit integer), D (DP), or § (SP). Both operands are FPRs.

DP and SP compares: “__ " = LT,G6T,LE,GE, EQ, NE: sets bit in FP status register 81




ISA de outros computadores
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* Ver apéndice K
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