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Material de Apoio

» “Computer Organization and Design: The Hardware / Software
Interface”
David A. Patterson, John L. Hennessy; 5th Edition, 2013

* Seccao 4.10 (pags. 332 .. 344) — Parallelism via instructions
* Seccao 4.11 (pags. 344 .. 351) — Real Stuff

* “Computer Systems: a Programmer's Perspective”; Randal E. Bryant,
David R. O'Hallaron--Pearson (2nd ed., 2011)

* Seccdo 5.7 (pags. 496 .. 500) — Understanding modern processors

* ADVANCED MATERIAL:
Seccdo 5.7.2 .. 5.9 (pags. 523 .. 446) — Understanding modern processors
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Pipelining
Explora ILP (/Instruction Level Parallelism) por permitir a
execucao simultanea de multiplas instrucdoes em diferentes

estagios

OP1
OP2
OP3

Time

[
»

Permite aumentar a frequéncia, relativamente a organizacoes
de ciclo unico
O CPl ideal é 1, mas dificil de manter devido a

e dependéncias de dados;
e dependéncias de controlo;
e atrasos nos acessos a memoria
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Multiple Issue

* Uma abordagem complementar consiste em ter
multiplas unidades funcionais, permitindo a execucao
simultanea de multiplas instrucées -> multiple issue

FO F1 F2 DO D1 D2 D3 D4 EO E1 E2 E3 E4 ES

Branch mispredict
penalty=13 cycles Instruction execute and load/store

>
2 2 unidades
RAM |, |12-entry ) f?i 7 f . .
AGUp + [7] feten Instruction decode = ' uncionals
TLB queue ((.5 A h .
(pipes)

Savedo) [
update

[ FIGURE 4.75 — Patterson & Hennessy; Computer Organization & Design — 5 Edition,
Elsevier, 2013 ---  The A8 pipeline]
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Multiple Issue

* As multiplas unidades funcionais permitem o
lancamento (issue) de mais do que uma instrucao
por ciclo, logo, potencialmente podemos ter CPI< 1

* Os processadores actuais mais avancados tentam
lancar (issue) 3 a 6 instrucoes por ciclo
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Multiple Issue: Limitacoes

e Existem no entanto limitacdes ao numero de instrucoes
gue podem executar em simultaneo:
» dependéncias de dados e/ou controlo

 disponibilidade de recursos: numero e tipo de unidades
funcionais, laténcia de diferentes instrucdes, atrasos no
acesso a memoria

* Quem determina quais as instrucdes que podem ser
lancadas simultaneamente?

compilador processador
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Static in-order Multiple Issue

* O compilador agrupa em pacotes as instrucdes que serao lancadas (issued)
em cada ciclo do reldgio

* Estes pacotes de instrugdes concatenadas podem ser vistos como uma
Unica instrucao com multiplas operacdes:
VLIW — Very Long Instruction Word

 Uma VLIW comporta tantas instrucdes quantos os pipelines (unidades
funcionais) disponiveis

* O compilador é responsavel por:
e garantir que nao ha dependéncias dentro de uma VLIW

* gue as instrucdes integradas numa VLIW podem ser executadas pelas unidades
funcionais

* resolver dependéncias de controlo ou dependéncias de dados entre diferentes
VLIW
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Static in-order Multiple Issue —ARM Cortex A8

FO F1 F2 DO D1 D2 D3 D4 EO E1 E2 E3 E4 E5

Branch mispredict
penalty=13 cycles Instruction execute and load/store

movi=S10, %ra

addlL.96rL, J6v2 Instruction decode
Y OI‘ >

ALU/MUL pipe 0

update

LS pipe 0 or 1 P-l

3|1} 48181631 |BINJOBNIYOIY

jneiahel
movl-510, Yl

movl $10, %r1 movl (%r2), %r3
movl $10, %r1 addl %r1, %r3
movl (%r2), %r3 movl (%r4), %r5
mov $10,%r1 jne label
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Dependéncias: dados e controlo

* Podem inviabilizar a execucao simultanea (ou fora
de ordem) de multiplas instrucoes

e RAW — Read After Write

A instrucao |. com Loop:
’ lw St0, 0(Ssl)

dependéncia RAW de |. 2ddu St0. 570, Ss2

v SRR oo e, =750 0
QISINECICIO POSLEriOrgEloNe[SuF addi $s1,%s1,-4

bne $.1,$zero, Loop
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Dependéncias: dados e controlo

* Podem inviabilizar a execucao simultanea (ou fora
de ordem) de multiplas instrucoes

e WAR —Write After Read

Loop:
1w St0, 0($sl)
addu $t0,$t0,3s2
sw $t0, 0(Ssl)
addi $sl1,S5sl,-4
bne $sl, S$Szero, Loop

A instrugao |, com
dependéncia WAR de |.
pode ser executada
gledmesmo ciclo [sINA
mas nao antes de |.
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Dependéncias: dados e controlo

* Podem inviabilizar a execucao simultanea (ou fora
de ordem) de multiplas instrucoes

e WAW —Write After Write

A instrugao |, com
dependéncia WAW de |.
tem

que ser executada
gl¥[pgliciclo posterior cleNe[cHE

addi $t0, $0, 10
addi $t0, $0, 20
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Dependéncias: dados e controlo

* Podem inviabilizar a execucao simultanea (ou fora
de ordem) de multiplas instrucoes

* dependéncia de controlo

Instrucdes apds um salto Loop:
1w St0, 0($sl)

condicional s6 podem ser
executadas no m addu $t0,$t0, $s2
SW $tOI 0 ($Sl)

(ou antes) FERENI I Addi $s1,$s1,-4

0 rocssador suortar “bne $s1,Szero, Loop
execucao especulativa
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Grafo de dependéncias

I1l: addi $sl, Szero, 8
I2: addi $s2, Szero, 100
Loop:

I3: 1w $t0, 0(S$sl)

I4: addu $t0,$t0, Ss?2

I5: sw $t0, 0(S$sl)

I6: addi $sl1,S$sl,-4

I7: bne $sl,Szero,Loop

——p RAW
= WAW
-==» WAR

=== Branch
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Static in-order Multiple Issue — MIPS

* Considere uma versao com static multiple issue do
MIPS, com 2 pipelines: Loop:
* Pipe 0: ALU ou branch I1: 1w 5t0, 0(5sl)
) _ I2: addu $t0,$t0,8s2
Pipe 1 : load / store I3: sw St0, 0(Ssl)

T4: addi S$sl1,$sl, -4
I5: bne $sl1,S$Szero,Loop

St0
T >
/StQ/ Pipe 0 (ALU/Branch) Pipe 1 (LS)
1 1w $t0,0(Ssl)
= t4 2 addu $t0,$t0, $s2
Ss1 .
3 addi S$sl1,S$sl,-4 sw $t0,4(Ssl)
I5
4 bne S$sl,Szero,Loop
CPI 4/5=0.8
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Loop Unrolling— Exe

Loop:
1w $t0, 0(S$sl)
addu $t0,$t0,S$s2
sw $t0, 0(Ssl)
addi $sl,$sl,-4
bne $sl, $zero,Loop

anti-dependéncia -> register renaming
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mplo: MIPS

Loop:
1w $t0, 0($sl)
addu $t0, $t0, Ss2
sw St0,70($sl)
1w/ $tlk, -4 ($sl)
addu $tl, $tl, $s2
sw. $tlh, /-4 ($sl)
addi S$sl,$sl,-8
bne $sl, $zero, Loop

()




Loop Unrolling— Exemplo: MIPS

St1 Loop:

Pt0 . T1: 1w $t0, 0(Ssl)
I2: addu $t0,$t0, Ss2
. I3: sw $t0, 0($sl)

T4: 1w $tl, -4($sl)
/ ‘ Stl I5: addu $tl1,$t1, $s2

I6: sw $tl, -4($sl)
I7: addi $sl1,S$sl1l,-8
I8: bne $sl1,Szero,Loop

Pipe 0 (ALU/Branch) Pipe 1 (LS)

1 lw $t0, 0($sl)

2 addu $t0, $t0, $s2 W
3 addu $t1,$tl,$s2 sw St0, 0(Ssl)

4 addi S$sl1,$sl, -8 sw Stl, -4 ($sl)

5 bne $sl, $zero,Loop

(o ]| 5/8=0.625
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Loop Unrolling

* Consiste em fazer multiplas copias do corpo de um ciclo

(normalmente feito pelo compilador)

for (i=0 ; 1i<N ; 1i++) { for (i=0 ; i<N ; 1i+=3) {
ali] = a[1] + wvar; ali] = a[i] + wvar;

} ali+l] = a[i+1l] + wvar;

ali+2] = al[i+2] + wvar;

e O seu efeito no desempenho nem sempre € positivo

e Contribui para:
e disponibilizar mais instrucdes independentes para aumentar o ILP, e
consequentemente reduzir o CPI
e reduzir o numero de instrucdes executadas
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Static in-order Multiple Issue: Limitacao

* O codigo gerado depende da organizacao do
processador (numero, tipo e desempenho das
unidades funcionais)

* A mudanca para diferentes implementacoes da
mesma arquitectura:

* frequentemente exige recompilacao para que o codigo
execute;

* noutros casos, exige recompilacdao para manter um
desempenho aceitavel

AC — ILP : Super Escalaridade 18



Dynamic Multiple Issue

* O processador selecciona dinamicamente, em
tempo de execugao, quais as instrucdes a executar
em cada pipeline (unidade funcional)

* Diminui a dependéncia da compilacao,
relativamente a abordagem estatica, pois é o
hardware que selecciona as instrucdes de acordo
COMm a sua propria organizacao
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SuperEscalaridade: dynamic in-order scheduling

* jn-order scheduling: instrucoes seleccionadas na ordem com que
aparecem no programa, baseado na disponibilidade dos
operandos e de unidades funcionais apropriadas

I1 I3
I1l: 1w $St0, 20($s2)
I2: addu S$tl1,$t0,st2 f $t0 4 $s4
I3: sub $s4,$s4,S$t3
I4: addi $t5, $s4, 20 i) 14

Pipe 0 (ALU/Branch)

1 nop 1w $t0, 20(S$s2)
2 addu $tl1,s$t0,$s2 nop

3 sub $s4,$s4,$t3 nop

4 addi $tb5, $s4, 20 nop

cPI 4/4=1
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Su pe rEscalaridade: dynamic out-of-order
scheduling

out-of-order scheduling: as instrucdes sao reordenadas pelo
processador para minimizar o CPI, garantindo a correcta execucao
do programa

speculative execution: as instrucoes sao executadas pelo
processador antes de determinar se devem ser executadas.
Exemplo: apds um salto condicional ainda nao avaliado

in-order commit: os resultados das instrucoes executadas fora de
ordem e/ou especulativamente sé sao escritos quando é
determinado que estao correctos

Escrita (commit) pela ordem do programa sequencial (in-order)

AC — ILP : Super Escalaridade 21



Superkscalaridade: organizacao

Instruction fetch

, In-order issue
and decode unit

. fetch das instrugdes

Reservation | | Reservation Reservation | | Reservation . descodificacao
station station station station . .
. Envia para a unidade

funcional correspondente

Floqtirt}g Out-of-order execute
poin

Commit In-order commit
unit

[ FIGURE 4.72 — Patterson & Hennessy; Computer Organization & Design — 5t Edition,
Elsevier, 2013 ---  As 3 unidades primarias para dynamic pipeline scheduling]
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Superkscalaridade: organizacao

Ins(;rgctnog fe‘cﬁ In-order issue R

S EEERHe) Buffers que mantém as
operacdes a realizar e os
respectivos operandos.

. . . . Quando os operandos
Reservation | | Reservation Reservation | | Reservation - -
station station station station de uma operagao estdo

disponiveis e a unidade

funcional livre, a
Floating operagao é escalonada e
e tager point EEERE R 0 resultado calculado.

Commit In-order commit
unit

[ FIGURE 4.72 — Patterson & Hennessy; Computer Organization & Design — 5t Edition,
Elsevier, 2013 ---  As 3 unidades primarias para dynamic pipeline scheduling]
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Superkscalaridade: organizacao

Instruction fetch

_ In-order issue
and decode unit

Assim que um resultado é

calculado é enviado para:
station station station station .
stations que possam estar

a espera deste valor;

. Para a commit unit
Floating ’
Integer Integer point

Commit
unit

In-order commit

[ FIGURE 4.72 — Patterson & Hennessy; Computer Organization & Design — 5t Edition,
Elsevier, 2013 ---  As 3 unidades primarias para dynamic pipeline scheduling]
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Superkscalaridade: organizacao

Instruction fetch

_ In-order issue
and decode unit

Armazena resultados no

reorder buffer até que
Reservation | | Reservation Reservation | | Reservation ff . 9
station station station station possam ser escritos no

seu destino final

(registos/memoria),
Floating : o devido a execugao
Integer Integer Soint Out-of-order execute especulativa.
O reorder buffer é

usado para alimentar as
reservation units com
resultados que ainda

Commit nao tenham sido

; In-order commit
unit escritos.

[ FIGURE 4.72 — Patterson & Hennessy; Computer Organization & Design — 5t Edition,
Elsevier, 2013 ---  As 3 unidades primarias para dynamic pipeline scheduling]
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e out-of-order scheduling: as instrucoes sao reordenadas pelo

Su pe rEscalaridade: dynamic out-of-order

scheduling

processador para minimizar o CPI, garantindo a correcta execucao
do programa

I1:
I2:
I3:
I4:

1w $t0, 20($s2)
addu $tl1,$t0,S$t2
sub $s4,$s4,5t3
addi $t5, $s4, 20

I1

t sto

I2

Pipe 0 (ALU/Branch) Pipe 1 (LS)
1 sub $s4,S$s4,5t3 lw $t0, 20($s2)
2 addu $tl1,$t0,$s2 nop
3 addi $t5, $s4, 20  NOp
CPI 3/4=0.75
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Scheduling - Exercicios

* Implementacao do MIPS com 2 unidade funcionais:
* 0:operacoes sobre inteiros e saltos (1 ciclo)

e 1:/oads (2 ciclos) e stores (1 ciclo)
Apesar de 1 load tomar 2 ciclos, pode-se iniciar uma instrucao
a cada ciclo (pipeline profundidade 2)

* Previsao de salto tomado

e Para o programa abaixo e para 2 iteracoes, calcule #l,
#tcc e CPI, para cada politica de escalonamento

I1: 1w $t0, 0 (%s0)
I2: addi $t0, %t0, $20
T3: SW $t0, 0(%s0)
I4: addi $s0, %s0, -4
I5: bnz Il
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Grafo de dependéncias

I1: 1w St0, 0(S$s0)
I2: addi $t0,s$t0, 20
I3: sw $t0, 0($s0)
I4: addi $s0,$s0, -4
I5: bne $s0, $zero, Il

——p RAW
= WAW
-==» WAR

=== Branch
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I1:
I2:
I3:
I4:
I5:

1w %
addi

t0, 0(%s0)

sw 3t0, 0(%s0)

addi

$s0, %s0,

bne $s0, $zero, Il

o
®
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$20

-4

Scheduling: in-order multiple issue

CC 0 (int + b) 1 (load / store)
1 nop 1w $t0, 0(%s0)
2 nop

3 addi $t0,$t0, 20 nop

4 addi %s0,$s0,-4 sw %t0, 0(%s0)
5 bnz I1 1w %t0, 0(%s0)
o nop I
I addi %t0,s$t0, 20 nop

8 addi %s0,$s0,-4 sw %t0, 0(%s0)
9 bne $s0, $zero, Il

10

#1 =10
#Hcc=9
CPI=0.9
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Scheduling: in-order multiple issue; unroll = 2

0.
@

I1: 1w %t0, 0(%s0)

I12: addi $t0, %tO0,
I3:sw %t0, 0(%s0)

I4: 1w %tl, -4 (%s0)
I5: addi $tl, %tl,
I6: sw %tl, -4(%s0)
I7:addi %$s0, %s0,
I8: bne $s0,Szero, Il

——p RAW
= WAW
—==p» \WAR

=== Branch
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$20

$20

-8

30



I1:
I2:
I3:
I4:
I5:
I16:
I7:
I8:

SsOf

1w 3t0, 0(%s0)
addi $t0, %t0, $20

sw %$t0, 0 (%s0)
lw %tl, -4 (%s0)
addi $tl, %tl, $20
sw %tl, -4 (%s0)

addi %$s0, %s0, -8
bne $s0, $zero, Il

St0

Y

St0
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Scheduling: in-order multiple
issue; unroll =2

CC 0 (int + b) 1 (load / store)
1 nop 1w $t0, 0(%s0) [
2 |
3 addi %t0,%t0,20 nop
4 nop sw %$t0, 0(%s0)
5 nop 1w %tl, -4(%s0)
6 nop
7 addi $t1,%tl1,20 nop
8 addi $s0,%s0,-8| [sw st1, -4(3s0)
9 bne $s0, $Szero, Il
10

Hl =

H#cc=9

CPI=1.125
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I1: 1w %t0, 0(%s0)
12:addi  %t0, %to, $20 Scheduling: out of order multiple
[3:sw 5t0, 0(5s0) issue; unroll = 2

I4: 1w 5%tl, -4(%s0)

I5: addi $tl, %$tl, $20

CC 0 (int + b) 1 (load / store)
I6:sw %tl, —-4(%s0) - _
I7:addi  %s0, %s0, -8 ! i tw st0, 0(5s0) [
I8: bne $s0,Szero, Il 2 nop 1w $tl, -4(%s0) L
3 laddi %t0,%t0,$20
Sto
<\\\- 4 |addi %$tl,%tl, $20 sw %$t0, 0(%s0)
) 5 |addi %s0, %s0, -8 sw $tl, -4 (%s0)
o bne $s0, $zero, Il
7
Stl 8
—
‘ 9
$t1 10
SsOf
# =8
Hcc=6
CPI=0.75
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Vox\Vote

e Goto

* Enter pin number: 127845
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ILP: [imitacdes

* Pipelining e multiple issue sao usados para explorar
Instruction Level Parallelism (ILP)

* No entanto, na maior parte das aplicacoes é dificil lancar
mais do que duas instrucdes por ciclo:

1. Existem dependéncias de controlo e dados no cdédigo que limitam
o paralelismo disponivel,

2. Penalizacdes devido ao acesso a memoria limitam a capacidade
de manter os multiplos pipelines constantemente ocupados.
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RM Cortex-A8 vs Intel Core i/

ARM A8 intel Core i7 920

E e I S S

e R S N S
Dynamic Outoforder with Speculation
oo wroreg || aewe

[ FIGURE 4.74 — Patterson & Hennessy; Computer Organization & Design — 5t Edition, Elsevier, 2013 ]
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ARM Cortex A8

FO F1 F2 DO D1 D2 D3 D4

Branch mispredict
penalty=13 cycles

Instruction decode

Instruction execute and load/store

ALU/MUL pipe 0

BP
update
. BP
LS pipe 0 or 1

ALU pipe 1

>
=
o
=%
(]
2 !
c
=
i
-
o
o,
23
©
ey
=
©

[ FIGURE 4.75 — Patterson & Hennessy; Computer Organization & Design — 5™ Edition,

Elsevier, 2013 ---  The A8 pipeline]
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ARM Cortex A8 - Desempenho

Memory hierarchy stalls
Pipeline stalls
M Ideal CPI

CPI

_
mcf

i H B B EEEENENN

twolf bzip2 gzip parser gap perlbmk gcc crafty vpr vortex eon

CPl on ARM Cortex A8 for the Minnespec benchmarks, which are small versions of the SPEC2000 benchmarks.
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128-Entry | 32 KB Inst. cache (four-way associative)

inst. TLB
(four-way)

16-Byte pre-decode + macro-op
fusion, fetch buffer

Intel Core i7

Instruction
fetch
hardware

18-Entry instruction queue

Complex Simple Simple Simple
macro-op macro-op macro-op macro-op
decoder decoder decoder decoder

28-Entry micro-op loop stream detect buffer

Register alias table and allocator
Retirement

register file 128-Entry reorder buffer

36-Entry reservation station

ALU ALU Load Store Store ALU
shift shift address address data shift
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SSE
shuffle
ALU

128-bit
FMUL
FDIV

512-Entry unified
L2 TLB (4-way)

SSE

shuffle Memory order buffer
ALU

128-bit
FMUL Store
FDIV & load

| 64-Entry data TLB || 32-KB dual-ported data
(4-way associative) || cache (8-way associative) |

8 MB all core shared and inclusive L3
cache (16-way associative)

SSE
shuffle
ALU

128-bit
FMUL
FDIV

256 KB unified 12
cache (eight-way)

Uncore arbiter (handles scheduling and
clock/power state differences)




Intel Core 17 920 - Desempenho

Stalls, misspeculation

= |deal CPI

CPI of Intel Core i7 920 running SPEC2006 integer benchmarks.
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