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Pipelining - Conceito

- Exemplo: Lavanderia

4 trouxas para serem lavadas @@&

- Lavar: 30 minutes

- Secar: 40 minutes

- Passar: 20 minutes q;c
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Lavanderia seqiiencial: 6 horas para lavar 4 trouxas
Se for usado pipelining, quanto tempo?
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Lavanderia Pipelined
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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 = Nimero
de estdgios

Estdgios ndo balanceados
reduzem o speedup

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

©1998 Morgan Kaufmann Publishers 7



CPU Pipelines

Executam bilhdes de instrugoes: throughput

Caracteristicas desejaveis em um conjunto de instrugdes
(ISA) para pipelining?

- Instrugdes de tamanho variavel vs.
Todas instrugoes do mesmo tamanho?

- Operandos em memoria em qq operagoes Vs.
operandos em memoria somente para loads e
stores?

- Formato das instrugdes irregular vs. formato
regular das instrugoes (ié. Operandos nos
mesmos lugares)?
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Um RISC Tipico

Formato de instrugoes de 32-bit (3 formatos)
Acesso a memoria somente via instrugdes load/store
32 32-bit GPR (RO contains zero)

Instrugoes aritméticas: 3-address, reg-reg,
registradores no mesmo lugar

Modo de enderegamento simples para load/store
(base + displacement)

- Sem indiregado
Condigoes simples de branch
Delayed branch

SPARC, MIPS, HP PA-Risc, DEC Alpha, IBM PowerPC,
CDC 6600, €DC 7600, Cray-1, Cray-2, Cray-3
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Exemplo: MIPS (Localizagdo dos regs)

Register-Register

31 26 25 2120 16 15 1110 6 5 0
Op I Rsi I Rs2 I Rd I 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 ksz/op)l immediate
Jump / Call
31 26 25 0
Op I target
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Pipeline de instrugoes no MIPS
+ Fetch da instrugao
+ Leitura dos registradores e decodificagdo
+ Execugdo da operagdo ou cdlculo de enderego
+ Acesso ao operando na memoria

+ Escrita do resultado em um registrador
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Exemplo

- Compare o tempo médio entre instrugoes da implementagdo
em single-cycle (uma instrugdo por ciclo) com uma
implementagdo com pipeline. Supor maior tempo de operagado
para acesso a memoria = 2ns, operacdo da ULA = 2ns e
acesso ao register file = 1ns. (Instrs lw, sw, add, sub,
and, or slt e beq).

- Inicialmente suponha a execugdo de 3 instrugoes Iw (tempo
entre o inicio da 1° instrugdo e o inicio da 4 instrugdo)
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Tempo Total para as Oito Instrugoes
Calculado a Partir do Tempo de cada

Componente

Instruction | Register ALU Data Register
fetch read uparatmn access write

Luaﬂ worfj h.} 2 ns 1ns 2 ns 2 ns 1ns
Stc-re word (s ,u} 2ns 1ns 2 ns 2ns ? ns
_Hformat (aﬂu sub, and, or, 511:} 2ns 1 ns 2ns 1ns 6 ns
Branch (beq) | 2ns 1ns 2ns 5 ns
©1998 Morgan Kaufmann Publishers 13
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Execugdo Ndo-Pipeline X Pipeline

Program
execution . 2 4 6 8 10 12 14 16 18
order Time T I | | T | I | >
(in instructions)
w $1, 100($0) Instruction Reg ALU Data Reg
? fetch access
< »|Instruction Data
w $2, 200($0) 8 ns fetch Reg| ALU ACCESS Reg
< > Instruction
Iw $3, 300($0) 8 ns
v 3*8 =24 ns fetch
44— [ R —-}
8 ns
Program 2 4 6 8 10 12 14
execution Time , | ' ' | | ' >
order
(in instructions)
Instruction Data
lw $1, 100($0) fetch Reg ALU access Reg
Instruction Data
lw $2, 200($0) 2 ns etch Reg| AW | =7 |Reg 14 ns
<+——¥||nstruction Data
| lw $3, 300($0) 2 ns fetch Reg ALU access Reg
P Pt PC—————PC———»
2 ns 2ns 2 ns 2 ns 2ns
©1998 Morgan Kaufmann Publishers 1 4
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OBS.:

Sob condigoes ideais, com estadgios balanceados, o speedup
do pipeline é igual ao nimero de estdgios do pipeline ( 5
estdgios , 5 vezes mais rapido)

Na realidade o tempo de execugdo de uma instrugdo & um
pouco superior (overheads) = speedup é menor que o nimero
de estdgios do pipeline

Desempenho do pipeline
Suponha a execucao de 1003 instrucoes € devido ao aumento do

throughput.
com pipeline =
1000 X 2ns + 14 = 2014 (para cada instrucao adiciono 2ns)

sem pipeline = 1000 X 8ns + 24 = 8024

spedup = 8024 /2014 =3.98 ~~ 8 /2
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Limites de Pipelining
Hazards: impedem que a proxima instrugdo seja executada no

ciclo de clock "previsto” para ela.

- Structural hazards: O HW ndo suporta uma dada
combinagdo de instrugoes

- Data hazards: Uma Instrugdo depende do resultado da
instrugdo anterior que ainda esta no pipeline

- Control hazards: Causado pelo delay entre o fetching de
uma instrugdo e a decisdo sobre a mudanga do fluxo de
execugdo (branches e jumps).
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Projeto de um Conjunto de Instrugoes para
Pipeline

e O que torna a implementagdo mais facil?

- Instrugoes de mesmo tamanho

- Poucos formatos, com campos de registradores sempre
dispostos no mesmo lugar (Simetria, no 2° estdgio
podemos ler registradores e decodificar ao mesmo
tempo).

- Acesso a memoria apenas com as instrugoes lw e sw.
- Operandos alinhados na meméria: o dado pode ser
- transferido da memodria para a CPU e CPU para a

memoria em um Unico estdgio do pipeline.
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Projeto de um Conjunto de Instrugoes para
Pipeline
e O que torna a implementagdo mais dificil?

- Hazard
- Hazard Estrural

- Hazard de Controle

- Hazard de Dados
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Pipeline Hazards

- Hazard Estrutural

- O hardware ndo suporta uma combinagdo de instrugoes
que queremos executar em um Unico periodo de clock

- Ex.: escrever e ler da memoria em um mesmo ciclo

Paulo C. Centoducatte — MC542 - IC/Unicamp- 2006s2 ©1898 Morgan Kaufmann Publishers
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Meméria Unica (D/I) - Structural Hazards

Time (clock cycles)

Cycle 1§Cycle 2 §Cycle 35 Cycle 4§Cycle 5 Cycle 6§Cycle 7

I | Load Ifefch:I: Reg | | .B DMem eg
” .
s :
+ Instr 1 Ifefch:I: :

Instr 2
0 .
r I t 3 Ifetch
d | ~hStr : : :
e
r| Instr 4 i
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Memoria uUnica (D/I) - Structural Hazards

Time (clock cycles)

Cycle 1§Cycle 2 ECycIe 3 Cycle 4§Cycle 5 Cycle 6§Cycle 7 '

Load Ifefch:I: D‘AemT_I—E
metr 1 FASHEE |

InStr 2 Ifetch

I3 N

Stall

DMem

S0 QYQ

Instr 3 § E E E Tfetch
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Pipeline Hazards

* Hazard de Controle
- Problemas devido a execugdo de instrugoes de desvio

- Ex.: Quando um branch é tomado, como tratar a(s)
instrugoes que seguem (fisicamente) o branch no
programa e que ja estdo no pipeline
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10:

14:

18:

22 :

36:

Control Hazard - Branches
(3 Estdgios de Stall)

and r2,r3,r5

or r6,rl,r7

add r8,rl, r9

xor rl0,rl,rll

beq rl,r3, 36 I

reref ] = |'E PertRes

fetch .B I .E

I = .E |.E
I et |H |'E

pretc | .B I .E

DMent
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Alternativas para Branch Hazard

#1: Stall até a decisdo se o branch sera tomado ou ndo

#2: Predict Branch Not Taken
- Executar a proxima instrugdo
- “Invalidar” as instrugoes no pipeline se branch é tamado
- Vantagem: retarda a atualizagdo do pipeline
- 47% dos branches no MIPS ndo sdo tomados, em média
- PC+4 ja estd computado, use-o para pegar a proxima
instrugdo

#3: Predict Branch Taken
- 53% dos branches do MIPS sdo tomados, em média

- "branch target address” no MIPS ainda ndo foi calculado
- 1 cycle branch penalty
+ Em outras mdquinas esse penalty pode ndo ocorrer
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Alternativas para Branch Hazard

#4: Delayed Branch

- Define-se que o branch serd tamado APOS a uma
dada quantidade de instrugoes

branch instruction
sequential successor)
sequential successor,
........ /Branch delay de tamanho »

sequential successor, (n slots delay)

branch target if taken
- 1 slot delay permite a decisdo e o calculo do

"branch target address” no pipeline de 5 estagios
- MIPS usa esta solugdo
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Delayed Branch

*  Qual instrugdo usar para preencher o branch delay slot?
- Antes do branch

- Do target address ( avaliada somente se branch
taken)

- Apos ao branch (somente avaliada se branch not
taken)
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(a) From before

DADD R1, R2, R3

if R2 = 0 then

Delay slot

becomes

if R2 = 0 then

DADD R1, R2, R3

Paulo (

(b) From target

DSUB R4, R5, R6 =—

DADD R1, R2, R3

if R1 =0 then

Delay slot

becomes

DSUB R4, R5, R6

B T —

DADD R1, R2, R3

if R1 =0 then

DSUB R4, R5, R6

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 <——

g EPCHRREN. R OIL S, 1 1S AN R | G S ST R |
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Delayed Branch

Compilador: single branch delay slot:
- Preenche +/- 60% dos branch delay slots

- +/- 80% das instrugoes executadas no branch delay
slots sdo utéis a computagdo

- +/- 50% (60% x 80%) dos slots preencidos sao utéis

Paulo C. Centoducatte — MC542 - IC/Unicamp- 200652 ©1898 Morgan Kaufmann Publishers

28



Pipelining stalling para Instrugoes Branch

Program
execution _ 2 4 6 8 10 12 14 16
order Time i I | 1 T
(in instructions)
Instruction Data
add $4, $5, $6 fetch Reg( ALU access | 19
Instruction Data
beq $1, $2, 40 <—2n_s_> fetch Reg| ALU acCeSsS Reg
Instruction Data
lw $3, 300($0) <3 ) tetch Reg| ALU access | €9
v ns
«—>
2ns
©1998 Morgan Kaufmann Publishers 29
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Branch prediction: Tentar “Adivinhar” qual dos
Caminhos do Branch sera Tomado

Program
execution
order

(in instructions)

add $4, $5, $6

Time

beq $1, $2, 40

Iw $3, 300($0)

Program
execution
order

(in instructions)

add $4, $5 ,$6

Time

beq $1, $2, 40

or $7, $8, $9

\4

Paulo C. Centoducatte —

2 4 6 8 10 12 14
I I I I I I I >
Instruction Reg ALU Data Reg O branch nao
fetch access ,
sera tomado
Instruction Data
W fetch Reg ALU access Reg
Insftructlon Reg ALU Data Reg
2 ns etch access
2 4 6 8 10 12 14
I I I I I i >
Instruction Data
fetch Reg ALU access Reg
Instructlon Data
‘ 2 ns ’ fetch access
bubble bubble bubble bubble bubble
Instructlon Data Re
4 ns fetch access 9
MC542 - IC/Unicamp- 2006s2 ©1998 Morgan Kaufmann Publishers 30



Program
execution
order Time
(in instructions)
beq $1, $2, 40
add $4, $5, $6

(Delayed branch slot) 2 ns
i Iw $3, 300($0)

Pipeline Delayed Branch

2 4 6 10 12 14
| | | |
Instruction Data
fetch Reg ALU access Reg
Instruction Data
«—>
fetch Reg ALU access Reg
Instruction Data
«—>
2 ns fetch Reg ALU access Reg
“—>
2ns
©1998 Morgan Kaufmann Publishers 31
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Exemplo: Impacto do Branch Stall

Se CPI = 1, 30% branches, 3-cycle stall
- CPI = 1.9

Solugdo para minimizar os efeitos:

- Determinar branch taken ou ndo o mais cedo, e
- Calcular o enderego alvo do branch logo

MIPS branch: testa se reg = O ou # O

Solugdo MIPS:

- Zero test no estagio ID/RF

- Adder para calcular o novo PC no estdagio ID/RF
- 1 clock cycle penalty por branch versus 3

Paulo C. Centoducatte — MC542 - IC/Unicamp- 200652 ©1898 Morgan Kaufmann Publishers
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Hazard de Dados

Quando uma instrugdo necessita de um dado que ainda ndo
foi calculado

- Ex.:
add $s0,$t0,5t1

sub $t2,$s0,$t3

Solucoes :
Compilador (programador) gera codigo livre de
data hazard (introduzindo, por ex., instrucoes nop
no codigo; alterando a ordem das instrucoes; ...)

Stall; Forwarding ou bypassing
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Data Hazards

Read After Write (RAW)

Instr; tenta ler o operando antes da Instr; escreve-la
<: I: add ,r2,r3
J: sub r4, , 3

- Causada por uma "Dependéncia” (nomenclatura de
compiladores).

Paulo C. Centoducatte — MC542 - IC/Unicamp- 200652 ©1898 Morgan Kaufmann Publishers
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Data Hazards

Write After Read (WAR)
Instr; escreve o operando antes que a Instr;o leia

I: sub r4,rl, 3
J: add rl,r2,r3
K: mul r6,rl, r7

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

Nado ocorre no pipeline do MIPS:
- Todas instrugoes usam 5 estdgios, e

- Leituras sd@o no estdgio 2, e
- Escritas sdo no estdgio 5

©1998 Morgan Kaufmann Publishers
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I+ N

S0 Q3Q

Data Hazard em R1

Time (clock cycles)

IF ID/RF EX MEM WB

add rl, r2, r3 [ i |?

sub r4,rl,r3 Fretel

and r6,rl, r7

or r8,rl, r9

xor rl0,rl, rll
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ALV

[fetcH

DMen
2
< M g
R Mem
)
[fetch R :(‘
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Data Hazards

Write After Write (WAW)
Instr; escreve o operando antes que a Instr; o escreva.

I: sub rl,r4,r3
J: add rl,r2,r3
K: mul r6,rl, r7

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

Ndo ocorre no pipeline do MIPS:
- Todas Instrugdes sdo de 5 estagios, e

- Escritas sdo sempre no 5 estdgio
- (WAR e WAW ocorrem em pipes mais sofisticados)
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Data Hazards - Solugao SW

Compilador reconhece o data hazard e adiciona nops
Compilador reconhece o data hazard e troca a

ordem das instrugoes (quando possivel)

Exemplo:

sub R2, R1, R3 : reg R2 escrito por sub
nop . ho operation

nop

nop

and R12, R2, R5 : resultado do sub disponivel
or R13, R6, R2

add R14, R2, R2

sw 100 (R2), R15

Paulo C. Centoducatte — MC542 - IC/Unicamp- 2006s2 ©1898 Morgan Kaufmann Publishers
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Data Hazard Control: Stalls

Hazard ocorre guando a instr. L& (no estdgio ID)
um reg que sera escrito, por uma instr. anterior (no
estdgio ID)

Solugdo: Detectar o hazard e parar a instrugdo no
pipeline até o hazard ser resolvido

Detectar o hazard pela comparagdo do campo read
no IF/ID pipeline r'e?isfer' com o campo write dos
outros pipeline registers (ID/EX, EX/MEM,
MEM/WB)

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

Paulo C. Centoducatte — MC542 - IC/Unicamp- 200652 ©1898 Morgan Kaufmann Publishers
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)‘F"S:H

S0 Q0

Redugdo do Data Hazard - Forwarding

Time (clock cycles)

add rl, r2, r3[fer .B I .2 pMer a

sub r4 ’ rl p r3 [fetch

and r6,rl, r7 [fetch

[fetch

or r8,rl,r9

[fetcH

xor rl0,rl,rll
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HW para Forwarding

NextPC
2
(73 X
(a)
NN
_|-
Q)
@
3
c
x
Immediate

Data

v

Memory

xXnw

v
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IS0 N

S0 Q3Q

Data Hazard com Forwarding

Time (clock cycles)

lw rl , 0 (r2) Tfetc I .B I .2 DMem

Al
sub r4,rl, r6 nrerer] | |.g ‘Eﬁ
|

Tfetch .B i .:a

and r6,rl, r7

or r8,rl,r9

rfetch .B i .B

Paulo C. Centoducatte — MC542 - IC/Unicamp- 2006s2 ©1898 Morgan Kaufmann Publishers 42




Data Hazard com Forwarding

Time (clock cycles)

I
T liwrt,0r2) Felfidw |rﬁ
"
r. I
, | subra,r1,r6 l[@lqa
r
d
- | and r6,r1,r7
r

or r8,r1,r9
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v

DMem

“H

DMem 2g

DMem

Lrero 1@1 iR31 rﬁ
r

DMem

Gf=imfol
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Hazard de Dados

. 2 4 6 8 10
Time I I I I I >
add $s0, $t0, $t1 IF LD >E MEM—{ WB
Program
execution | o 4 6 8 10
order Time I I | | | >
(in instructions)
add $t0, $t1 | IF 01D EXte—MEM WB
! sub $t2, $s0, $t3 IF —H ID SEX—MEM— WB
©1998 Morgan Kaufmann Publishers 44
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Hazard de Dados

. 2 4 6 8 10 12 14
Program Time I I l | T | T
execution
order
(in instructions) Stall
w $s0, 20($t1) | IF |—O ID SE MEM B
v sub $t2, $s0, $t3 13 O D SE MEM \/‘}’B

©1998 Morgan Kaufmann Publishers
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Exemplo

Encontre o hazard no cédigo abaixo e resolva-o:

Iw
Iw
SW
SW

Solucao:

Iw
Iw
SW
SW

Paulo C. Centoducatte — MC542 - IC/Unicamp- 2006s2

$t0, 0($t1)
4($t1)
0($t1)
$t0, 4($t1)

$t0, 0($t1)
$t2,4($t1)
$t0, 4($t1)
$t2, 0($t1)

# $t1 tem o end. de v[K]
# $t0 = v[K]

# $t2 = v[k+1]

# vlk] = $t2

# v[k+1] = $t0

# $t1 tem o end. de v[k]
# $t0 = v[k]

# $t2 = v[k+1]

# v[k+1] = $t0

# v[Kk] = $t2

©1998 Morgan Kaufmann Publishers
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Pipeline: Idéia Basica
+ 5 estdgios: Fetch; Decodificagdo e leitura dos regs: execugdo
ou cdlculo de end. ; acesso a memoria; escrita no reg. destino

IF: Instruction fetch ID: Instruction decode/ EX: Execute/ MEM: Memory access | WB: Write back
register file read address calculation

O que € necessario
para tornar cada
divisdo em estagios?

Shift
left 2

J

Read

b— Address register 1 Read
Read data 1
register 2

Instruction . Registers Read AU Ay
Write data 2 0 result Address Read 1
Instryction register '\lf Diia M
me| : u
pory gvanée 1x memory c)'(
Write
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Instrugoes Sendo Executadas pelo Datapath

Time (in clock cycles) >
Program CC 1 CC 2 cC 3 CC 4 CC5 CCé6 CC7
execution
order
(in instructions)
lw $1, 100($0) |+| [l Rbg >AL Rkg

Iw $2, 200($0)

o
lw $3, 300($0) IM [l Reg a DM Reg
v |
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Pipelined Datapath

IFAD ID/EX EX/MEM

>Add > > \
> hdd ool
left 2

MEM/WB

Address E "| register 1 Read \
data 1 > "
Read
Instryction £ register 2 _ Zero - [~
methory — Write COSErS Read| [, >A'-U ALU IR Read
P register data 2 result f——— ss road —
Dgta
Write / memory
data |
Write
data
2
\ Sign 3
N lextend

Pode acontecer algum problema nesta soluc¢ao se nao
existir dependéncia de dados?
A execucao de qual instrucao causa o problema?

©1998 Morgan Kaufmann Publishers
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Pipelined Datapath

w I

Instruction fetch

. IF/ID ID/EX EX/MEM MEM/WB
. Add
4 >Add result
Shift
left 2
5 Read
Address g register 1 Read| . \
g Read , data 1 R
; £ register >
gy ! | . Registers Read 5 AW Ay
ry Write data 2 result A Read
register M data
u
Write X /
data b—>| 1
Write
g data
16 o\ 32
A\ Sign -
N lextend|

Oxec=z =
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T xcZ©

Pipelined Datapath

| Iw

| Instruction decode

—( PC

Paulo C. Centoducatte — MC542 - IC/Unicamp- 2006s2

16 32
\ @\

IF/ID
> hdd . \‘
Add
4 Add result
Shift
left 2
c Read
Address 2 register 1 Read \
% Read data 1 o
; £ | register 2
Inri(g;ch:)n = _ Registers Read 5 ALU ALu
y Write data 2 result
register M
u
Write X /
data 1

\ @ \

Address

Write
data

Data
memory

Read
data

MEM/WB

Oxec=z
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Pipelined Datapath

PC

16 /\32
A\ Sign |\

\@\

| Iw |
pr— 0
| | Execution |
X
1
> IF/ID ID/EX EX/MEM
> Addf—b—s ﬁ\
_ Add
! Add result
Shift
left 2
5 »| Read
Address B register 1 Read \
= data 1 g
@ »| Read .
Instrdction = register 2 Zero o [
> Registers R ALU
merpor . ead ) ALU
’ Wiite data 2 result Address
register M
u = D
Write X /
| data 1
Write
- data

Read
data
ata

memory

MEM/WB

Oxcz—
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—>PC

Pipelined Datapath

16 32
\ @

\@\

| [w |
0 | |
v Memory
u
X
1
IF/ID ID/EX EX/MEM MEM/WB
Add \‘
- Add
! >Add result
Shift
left 2
5 Read
Address 5 register 1 Read \
% ot 2 o Zero >
Instruction = register 2 >
memory ) _ Registers Read 5 ALU ALU Foad
Write data 2 result s Address adl— (1
register M o ata y
u
Write X / memory u
data 1 ox
Write
data
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Pipelined Datapath

—{0 lw
M }_—‘
X Write back!
N
IF/ID ID/EX EX/MEM MEM/WB
Add
Add
4 Add result
Shift
left 2
c Read
Address 3 register 1 Read \
S > >
2 FeZ?sdter 2 e Zero = —
Instruction L) = " Registers Read ALU ALy .
memory Write data 2 0 result Address ead 1
register M Data  data M
u
Write X / memory g
data | 1 0
Write
[\ v data
16 32
\ Sign |\ >
\ @ \
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Pipelined Datapath

| sSw
0 .
M | Execution ‘
u
X
1
IF/ID ID/EX EX/MEM MEM/WB
>ndd \
Add
4 >Add result
Shift
left 2
5 »| Read
—| Address 5 register 1 Read \
S > >
£ Read data 1 B . N
; £ | register 2 >
Instryction L ' Registers  Read >ALU ALL -
merpory Write data2 [ >0 result Address iea
register M Data o
u q
Write X merpory
data 1
Write
" "| data
16 . 32
\ [ Sign |\ =
| V@ |

Oxc=z—
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“xc=Z°

Pipelined Datapath

—> PC

IF/D ID/EX
Add
4 ]
Shift
left 2
c Read
Address 2 register 1 Read
=)
E Read data 1
. k= register 2
Instruction L Registers Read
memory Write data 2 0
register M
u
Write X
data 1
) 32
\ Sign
\ “lextend

| SW |
| Memory |
EX/MEM MEM/WB
ﬂ
Zero > >
ALU ALU
result Address %%?g | ——(1
Data '\Lf
memory o
Write 0
data
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Pipelined Datapath

16 32
N Q\

\ w \

0
M
u
X
1
N IF/ID ID/EX EX/MEM
Add
) Add
4 Add result
Shift
left 2
c Read
Address £ register 1 Read \
=}
g Read , data 1 2o . -,
i < register -
Instruction L) ~ Registers Read ALU ALu
memory Write data 2 0 result Address
register M
u Data
Write X memory
data -y
Write
. "| data

Read
data

Sw

MEM/WB

Write back

Cxecz
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Datapath Correto

Problema na execucdo da instrucao load.
Qual € o erro?

.H

Paulo C. Centoducatte — MC542 - IC/Unicamp- 2006s2

'\ IF/ID ID/EX EX'MEM MEM/WB
> Add
. Add
4 / >Add result
Shift
left 2
g Read
Address g register 1 Read \
% | Read \ data 1 o 1L
: k= register >
Instruction L, Registers Read AU AU
memory Write data 2 0 result Address Read 1
register M data M
u Data
Write X / memory ;’
data 1 0
Write
e data
16 [ |32
\—,| Sign >
| @ |
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Datapath com os estagios usados para um
instrucdo lw

“xc=©°

.H
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V\ IF/ID ID/EX EX'MEM MEM/WB
> Add 4\‘
4 — / Add Add
Shift
left 2
5 Read
» Address g register 1 Read
,E Read data 1 " "
i Zero > >
Instruction = register 2
methory I __ Registers Read o >A'-U ALU Read
Write data 2 result Address 1
register M data M
u
o Y / 0 ;,
data 1 0
Write
/\_L ' =
16 32
A Sign
\ W \
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Representagoes Grafica do Pipeline

\/

Time (in clock cycles)
Program

. CC 1 CC 2 cC 3 cCC 4 CC5 CC 6
execution
order — — —
(in instructions)
lw $10, 20($1) I+I | Reg ALU DM Reg
sub $11, $2, $3 IM - RFg > ALU DM Reg
v J

Ajuda a responder perguntas como:
Quantos ciclos sdo gasto para executar este codigo?
O que a ALU esta fazendo durante o ciclo 10?

Ajuda a entender os datapaths
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Representagoes Grafica do Pipeline

Program
execution
order

(in instructions)

lw $10, $20($1)

sub $11, $2, $3

Paulo C. Centoducatte — MC542 -

Time ( in clock cycles)

CC 1 CC?2 CC3 CC4 CC 5 CCo6
Instruction Instruction Execution Data .
fetch decode access Write back
Instruction Instruction . Data .
fetch decode Execution 2CCess Write back
©1998 Morgan Kaufmann Publishers 61
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lw $10, 20($1)

Instruction fetch

“ xc=Z O

IF/ID ID/EX EX'MEM MEM/WB
— —

>Add S \
R Add
4 >Add result
Shift
left 2

s Read
Address g register 1 Read \
=}
= Read , data 1 S ‘ R
Instruction = register 2 N
memory = Write Reg|sterstead 5 ALU ALU - -
ata 2 | , ress
register M result e
Writ Y / Data
rite X
data 1 memory
Write
data
16 ) 32
A\ Sign |\ X

\@\

Oxec=Zz—

Clock 1 T L [ __‘l

©1998 Morgan Kaufmann Publishers
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sub $11, $2, $3 lw $10, 20($1)

Instruction fetch Instruction decode

0
M
u
X

—

-

IF/ID ID/EX EX/MEM MEM/WB
—L— L -

> Add
Add
4 / Add result
Shift
left 2

s Read
PC Address g register 1 Read \
B Rea c{ , data 1 o . N
: £ register "
'”ﬁ:“:;:t'o” - ~ Registers Read ALU ALy
emory Write data 2 0 result Address Read
register M data
Write . / Data
I X
data b—>| 1 memory
Write
"| data

16 32
\ @\
| W |

Clock 2 T - - ]

Oxec=Zz—
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PC

sub $11, $2, $3

lw $10, 20($1)

Instruction decode

Execution

Read
data

MEM/WB
—

0
M
u
X
1
IF/ID ID/EX EX/MEM
i —L —
Add > > '\‘
. Add
4 Add result
Shift
left 2
s Read
Address 3 register 1 Read \
% Read , data 1 o - N
; k= register 7
Instruction L) * Registers Read >ALU ALU
memory Write data 2 0 result Address
register M
Writ x / Pata
rite X
data 1 memory
Write
" | data
16 ) 32
\ Sign |\
\ @ \
Clock 3 = N

OxcZz—
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PC

- sub $11, $2, $3 lw $10, 20($1)
M Execution Memory
X
1
IF/ID ID/EX EX/MEM
i i —L
Add > > =
R Add
4 Add result
Shift
left 2
c Read
Address g register 1 Read \
% Read , data 1 » . N
; k= register —>
Inrs;]t;l;::(t)lroyn = Registers Read A >ALU ALU Read
Write Address
register data 2 M result RhiE
i u Data
X\g{l;e 1X memory
Write
data
16 ) 32
\ Sign |\
| @
Clock 4 — —

T

Oxc=zz—
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—>(PC

sub $11, $2, $3

lw $10, 20($1)

0
M
u Memory
X
N
IF/ID ID/EX EX/MEM
—L —L L
Add =
R Add
4 Add result
Shift
left 2
c Read
Address = register 1 Read ’\
% Read data 1 B, X .
; i= register 2 —>
IH;ZL:T?SZ/“ = Registers Read 5 ALU ALU Read
Write data 2 ea
register ata M result Address s
u Data
Write X
data L4 memory
Write
data
16 . 32
\ Sign |\
\ @ \
Clock 5 L L

Write back

MEM/WB
—L

OxcZ—
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sub $11, $2, $3 |

0
u Write back
X
N
IF/ID ID/EX EX/MEM MEM/WB
1 L L L
Add > \‘
Add
4 Add result
Shift
left 2
s Read
Address 2 register 1 Read \
% Read data 1 o . N
; £ register 2 7
'”;m;?g?” L ~ Registers Read ALU AL
emory Write data 2 0 result Address Readl 1
register M data M
u Data
Write X / memory ;(J
data > 1 0
Write
/\ data
16 . 32
A Sign |\ L
\ W A}
Clock 6 — L .

Paulo C. Centoducatte — MC542 - IC/Unicamp- 2006s2

©1998 Morgan Kaufmann Publishers

67



Controle do Pipeline

PCSrc
p—- O
M
u
X
|
IF/ID ID/EX EX/MEM MEM/WB
Add
Add
4 = Add esult
Branch
Shift
RegWrite left 2
s Read MemWrite
PC Address 3 register 1 Read ,\
=4 data 1 )
Instruction £ ﬁe%?sdter 2 ALUSte Zero MemtoReg
~ Registers Read ALU ALU
memory Write data 2 result Address Read 1
register data M
Write Data u
| data | memory x
Write
data
Instruction T
_ 16 . 32
[15-0] \ Sign ? ALU l
N "|extend A control MemRead
Instruction
[20-16] /O\
. M ALUOp
Instruction u
[15—11] X
I
RegDst
: ©1998 Morgan Kaufmann Publishers
Paulo C. Centoducatte — MC542 - IC/Unicamp- 200652 9 68



Controle do Pipeline

5 estdgios. O que deve ser controlado em cada estdgio?

- 19: Fetch da instrugdo e incremento do PC

- 29: Decodificagdo da instrugdo e Fetch dos
registradores

- 39: Execucgado
- 49: Acesso a meméria
- B9: Write back

©1998 Morgan Kaufmann Publishers
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Sinais de Controle

opcode operation Function cnde ALU action input
Fﬂad word :

| SW ' 00 i stﬂre word , m i add _ 3 ﬂDiD
Branch equal 01 branch equal j XXX  subtract 110
Rtype 10 | add | 100000 | add . 010
R-type 10 | subtract | 100010 subtract 110
R-type 10 | AND 100100 and 000
Rtype 10 |OR g 100101 or 001
R-type 10 | seton less than 101010 | seton less than | i
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Sinais de Controle

Effect when deasserted (0) L e ——

| RegDst ' The register destination number for the Write register | The register destination number for the Write register
£ comes from the rt field (bits 20-186). by | comes fmm_ the rd field (bits 15-11). :

RegWrite None | The register on the Write register input is written with
the value on the Write data input.

ALUSrc The second ALU operand comes from the second The second ALU operand is the sign-extended, lower

register file output (Read data 2). 16 bits of the instruction.

PCSrc The PC is replaced by the output of the adder that The PC is replaced by the output of the adder that

computes the value of PC + 4. computes the branch target.

MemRead | None Data memory contents designated by the address

: _ input are put on the Read data output.

MemWrite None Data memory contents designated by the address
input are replaced by the value on the Write data
input.

MemtoReg The value fed to the register Write data input comes | The value fed to the register Write data input comes

from the ALU. _ | from the data memory.
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Sinais de Controle

Execution/Address Write-back
Calculation stage |Memory access stage| stage control
control lines control lines lines
Reg | ALU | ALU [ALU Mem | Mem | Reg [Mem to
Instruction | Dst | Op1 | Op0 | Src | Branch | Read | Write | write | Reg
R-format 1 1 0 0 0 0 0 1 0
1w 0 0 0 1 0 1 0 1 1
SW X 0 0 1 0 0 1 0 X
beq X 0 1 0 1 0 0 0 X
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Unidade de Controle

WB
Instructio_n> Control _; M WB
— — L
EX'E —E M — | |ws[
IF/ID ID/EX EX/MEM MEM/WB
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Datapath com Controle

PC

I_NLEM/WB

WB

PCSrc
0 ID/EX
M —
x e EX/MEM
1 — —
Control M WB
\ IF/ID EX M
>Add
4 —»/
[0}
3; Branch
* 2
- ALUSrc D g
< Read %
o ?
Address g register 1 Read I\ =
=
? Ree.‘dt , data 1 > ‘ |
Instruction = register . >
memory | . Registers  Read o ALU ALy fong
o data 2 result Address ea
register M data
u Data
| Write X memory
data 1
Write
data
Instruction
16 32 6
[15-0] AN Sign \
N extgnd A) MemRead
Instruction
[20- 16] -
A
Instruction ;1
1

[15- 11]

RegDst

A MemtoReg

O xecZ
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Iw
sub
and
or
add

$10, 20 ($1)
$11, 52, $3
$12, 34, $5
$13, $6, $7
$14, $8, $9

12 ciclo

EX: before<2>

_H

EX/MEM

Add result

MEM: before<3>

WB: before<4>

MEM/WB

Write

data

Address

Data
memory

Read
data

IF: lw $10, 20($1) ID: before<1>
—-(0 IF/ID lD/xEX
M
u
X
=~
—
-
Add
4 e
5 Read
Address 2 register 1 fond
>
B Read data 1
Instruction = register 2
= Registers Read
memory Write s
register
Write
1 data
Instruction
(15-0l Sign
extend
Instruction
[20-16] ;
m
Instruction u
[15-11] QXJ
Clock 1

T
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Iw
sub
and
or
add

$10, 20 ($1)
$11, 82, $3
$12, $4, $5
$13, $6, $7
$14, $8, $9

20 ciclo

MEM: before<2>

EX/MEM

Address Read
data
Data
memory
Write
data

WB: before<3>

MEM/WB

OxcZ ™

|_‘

IF: sub $11, $2, $3 ID: lw $10, 20($1) EX: before<1>
) IF/ID I?ﬁEX
M 11
u WB
X —
E 1 [
w 010 M
0001 EX
pr—— | | |
Add N‘
Add
4 Add result
5 ! Read
PC Address 5 register 1 Read| $1
% X Read , data 1
i £ register
Instruction N Registers Read| $X ALU aALU
memory Write data2 0 result
register M
u
Write X
| data =%
Instruction
20 | [15-0] Sign 20
extend
Instruction
10 | [20-16] 10 5
m
Instruction u
X | [15-11] X \U
Clock 2 L |

'
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w  $10, 20 ($1)

sub $11, $2, $3 0 A
and  $12, $4, $5 32 ciclo
or $13, $6, $7

add $14,$8, $9

IF: and $12, $4, $5 ID: sub $11, $2, $3 ‘ EX:Ilw $10, . .. MEM: before<1> WB: before<2>
—(0 IF/ID IE/EX EX/MEM MEM/WB
l\lﬁl 10 wel!
1X sub mo V 010 L’—V_VB
- | o B "
1100 EX ?0 M

Add N‘
4 — Add

result

Add

Shift
left 2

)2 Read
—| PC Address = register 1 Read| $2 $1
% 3 Read data 1
i £ register 2
InstnCEOR g O Registers $3 ALU
memory ; Read ALU Read
Write data 2 result Address pood pnd I e
register Data ata iy
Write memory u
| data OX
Write
data

Instruction
extend
Instruction
X [20-16] X 10

Instruction
11 | [15-11] 11

Clock 3 —( L |
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Iw
sub
and
or
add

$10, 20 ($1)
$11, 82, $3
$12, $4, $5
$13, $6, $7
$14, $8, $9

40 ciclo

WB: before<1>

MEM/WB

WB

Oxczz ™

IF: or $13, $6, $7 ID: and $12, $2, $3 ‘EX: sub $11, ... MEM: lw $10, . ..
0 IF/ID ID/EX EX/MEM
o
M
u 10 WB 10
X " L
E 1 and
Control 000 M 000 WB i
) mp |
1100 EX 10 M 1
—— ae ||
Add N‘
Add
4= Add requit
ALUSIc|
5 4 Read
| PC Address = register 1 Read| $4
>
5 5 Readt , data 1
i £ register
Instrugtel > — ~ Registers Read| $5 ALU ALU|
memory Write data 2 result Address Read L_
register data
Data
Write memo
| data v
Write
data
Instruction /\
X [15-01 Sign X MemRead
extend
Instruction
X | [20-16] X 5
Instruction u
12 | [15-11] 12 11 1X
CIOCk 4 —( 1 RegDst 1
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Iw
sub
and
or
add

$10, 20 ($1)
$11, 82, $3
$12, $4, $5
$13, $6, $7
$14, $8, $9

5° ciclo

IF: add $14, $8, $9 ID: or $13, $6, $7 EX:and $12, . .. MEM: sub $11, ... WB: Iw $10, . ..
0 IF/ID ID/EX EX/MEM MEM/WB
M
u [\—10 weL
: \ L
1
| > Control 00 M 000 WB 0
/ 1 |_.— — 1
[\ 1100_| £y [0 o wals
Add
4 ey
[}
S
o
o
= Read 2
PC Address 2 register 1 Read| $6 o«
% 7 Read , data 1 %
: i register =S
Instruction L = g Registers Reag| $7
memory 10 Write data 2 Address Read 1
register Data data M
Write memory u
| data (;(
Write ‘
data
Instruction [\
x | 115-0] Sign X
@
Instruction
X | 120-16] X
11 10
{nstruction
13 15-11 13
Clock 5 L | -

'
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w  $10, 20 ($1)

sub $11, $2, $3 0 A
and  $12, $4, $5 6 ciclo
or $13, $6, $7

add $14, $8, $9

IF: after<1> ID: add $14, $8, $9 EX:or $13, ... MEM: and $12, . .. WB: sub $11, . ..
0 IF/ID I&EX EX/MEM MEM/WB
M
y 10 WB 10
; " L1
1 add
Control 900 M 000 WB 0
— o L~ LL.
1100 EX 10 M wel o
. | B | _
Add \
Add
4 ® Add result
= Shift
g left 2
© ALUSrc
s 48 Read g
L PC Address 5 register 1 Read| $8 S
% 9 Read , data 1 %
; £ register >
Instruction N —, Registers Read| $9
memory Write data 2 Address Read | .7
register Data data M
Write memory "
1 data 5(
Write
data
Instruction
X ] [15-0] Sign X ALU
extend control
Instruction
X | [20-16] X
0 ALUOp
M 12 11
Instruction U
14 | [15-11] 14 13 1"

Clock 6 T — oone . |
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lw $10, 20 ($1)

sub $11, $2, $3 0 A
and $12, $4, $5 7¢ ciclo
or $13, $6, $7

add $14,$8, $9

IF: after<2> ID: after<1> EX: add $14, . .. MEM: or $13, . .. WB: and $12, . ..
0 IF/ID IDEX EX/MEM MEM/WB
M
u WB 10
X N L L
1
M 000 WB 10
— ip L~ L L.
EX M wa| 0
Add {\‘
4 Add
2
= Shift
o left 2
= ALUSrc
s Read =
—|PC Address 5 register 1 Read $8 g
£ Read data 1 g
; £ register 2 =
Instruction L 12 ~ Registers Read $9 /~ ALU aALu
memory Write data 2 v result Address Readl | |_.(]
register M D data M
Wi u ata ¥
rite X memory
[ data P OX
Write
data
Instruction
[15-0] Sign
extend
Instruction
[20-16]
13 12
Instruction e
[15-11] 14

| 1
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Iw
sub
and
or
add

$10, 20 ($1)
$11, 82, $3
$12, $4, $5
$13, $6, $7
$14, $8, $9

82 ciclo

IF: after<3> ID: after<2> EX: after<1> MEM: add $14, . .. WB: or $13, . ..
0 IF/ID IDlEX EX/MEM MEM/WB
M
u
X L
1
| WB 0
] 11
M WB]| 0
Add
4
2
= Shift
3 left 2
o
5 Read 5
| PC Address = register 1 Read S
% Read data 1 g
Instruction = register 2 =
memory > 13 ., Regsiers Read 0 Read
Write data 2 Address (1
register M data
u Data M
Write X memory u
| data | 1 OX
Write
data
Instruction
[15-0] Sign
extend
Instruction
[20-16] s
Instruction u
[15—11] QXJ
Clock 8 T T T T
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Iw $10, 20 ($1)

sub $11, $2, $3 0 A
and  $12, $4, $5 9¢ ciclo
or $13, $6, $7

add $14,$8, $9

IF: after<4> ID: after<3> EX: after<2> MEM: after<1> WB: add $14, . ..
0 IF/ID IDlEX EX/MEM MEM/WB
M
u
X
1
-1 1
WBJ| 0
Add ‘\
Add
4 @ Add ot
§ Shift
08:’ left 2
s Read 2
| PC Address 5 register 1 Read S
% Resd data 1 ’qé)
i £ register 2 b=
In;trtrftlon =] V14 . Registers Reaq 0 ALU ALU R
emory Write data 2 result Address eadl 1 (]
register M data M
u Data M
Write X memory
| data -y (;‘
Write
data
Instruction [\
[15-0] Sign

extend
Instruction
[20—16]

Instruction
[15—11]

Clock 9 T T
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