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Dependéncias

Problema com iniciar a execugdo de uma instrugdo antes do
término da anterior

- Exemplo: Instrugées com dependéncias

sub # reg $2 modificado
and # valor (1° operando) de $2
# depende do sub
or # idem (2' operando)
add # idem (1" e 2° operando)
SW # idem (base do enderecamento)
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»
»

Time (in clock cycles)

CC 4
10

register $2: 10 10 10
Program
execution
order
(in instructions) ] ]
sub $2, $1, $3 IV}/I Reg[ |
B =
and $12, $2, $5 IV}/I — 1 RrEg

add $14, $2, $2

sw $15, 100($2)
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Solugdo por Software

Compilador garante um codigo sem Hazard inserindo nops
- Onde inserir os nops?

sub $2, $1, $3

sub  $2, $1, $3 nop
and $12, $2, $5 nop

or $13, $6, $2 and  $12,%2, $5
add  $14, $2, $2 or $13, $6, $2
SW $15, 100($2) add  $14, $2, $2

SW $15, 100($2)

Problema: reduz o desempenho
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Solugdo por Hardware

 Usar o resultado assim que calculado, ndo esperar que ele
seja escrito.

* Neste caso é necessario mecanismo para detectar o hazard.
Qual a condigdo para que haja hazard?

Quando uma instrucao tenta ler um registrador
(estagio EX) e esse registrador sera escrito por
uma instrucao anterior no estagio WB
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Time (in clock cycles)

Forwarding

CC 1 CC2
Value of register $2 : 10 10
Value of EXMEM : X X
Value of MEM/WB : X X
Program
execution order
(in instructions)
sub $2, $1, $3 IM Reg
and $12, $2, $5 M —

or $13, $6, $2

add $14, $2, $2

sw $15, 100($2)

O que ocorre se $13 no lugar de $2
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Condigoes que determinam Hazards de dados

EX/MEM
- EX/MEM.RegisterRd = ID/EX.RegisterRs
- EX/MEM.RegisterRd = ID/EX.RegisterRt
MEM/WB
- MEM/WB . .RegisterRd = ID/EX.RegisterRs

- MEM/WB.RegisterRd = ID/EX.RegisterRt

Paulo C. Centoducatte — MC542 - IC/Unicamp- 2006s2 ©1998 Morgan Kaufmann Publishers 9



Condigoes que determinam Hazards de dados

Exemplo:

sub $2, $1, $3 # reg $2 modificado

and $12, $2, $5 # valor de $2 depende do sub

or $13, $6, $2 # idem (2° operando)

add $14,92, $2 # idem (1" e 2° operandos)

SW $15, 100($2) # idem (base do enderecamento)

- sub-and: EX/MEM.RegisterRd = ID/EX.RegisterRs = $2

- sub-or: MEM/WB .RegisterRd = ID/EX.RegisterRt = $2
- sub-add: nao tem hazard

- sub-sw: nao tem hazard
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Condigoes que determinam Hazards de dados

Esta ndo é uma politica precisa, pois existem instrugdes que
ndo escrevem no register file.

- solugdo seria verificar o sinal RegWrite

e MIPS usa $0 para operandos de valor 0. Para instrugdes
onde $0 é destino?

e sll $0, $1, 2
e valor diferente de zero nos regs de pipeline
e add $3, $0, $2
e se houver fowarding, $3 tera valor errado no fim da
instrugdo add

e Para isto temos que incluir as condigoes
e EX/MEM.registerRd <> 0 (1° hazard)
e MEM/WB.registerRd <> 0 (2° hazard)
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Datapath sem Forwarding

ID/EX

!

Registers 5ALU

v

EX/MEM

MEM/WB

> > Data R
memory . M
u
. ‘ X
a. No forwarding
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Datapath com Forwarding ( para add, sub, and e

or )
ID/EX EX/MEM MEM/WB
— > >
M
- > U »>
— v
Registers
>ALU ey
m Data N N
6 B )li memory g g
£
Rs ‘
Rt ¢ >
il »| M EX/MEM.ReqisterRd
Rd u .Register ]
9,

v

A I A4

MEM/WB.RegisterRd _‘

v

[

b. With forwarding
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Valores dos Sinais ForwardA e ForwardB

Mux Control Source Explanacao

ForwardA =00 | ID/EX |Primeiro operando da ULA =
register file

ForwardA = 10 | EXMEM |Primeiro operando da ULA =
resultado anteiror da ULA

ForwardA = 01 | MEM/WB |Primeiro operando da ULA ¢
antecipado da memoria de dados
ou um resultado anterior da ULA

ForwardB = 00 ID/EX |Segundo operando da ULA =
register file

ForwardB = 10 | EXMEM |Segundo operando da ULA =
resultado anteiror da ULA

ForwardB = 01 | MEM/WB |Segundo operando da ULA ¢
antecipado da memoria de dados
ou um resultado anterior da ULA

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

©1998 Morgan Kaufmann Publishers

14



Deteccdo e Controle de Hazard

¢ O controle de fowarding sera no estagio EX, pois
¢ neste estagio que se encontram os multiplexadores
de fowarding da ULA. Portanto devemos passar o nimero
do registrador operando do estagio ID via registrador de
pipeline ID/EX =» adicionar campo rs (bits 25-21).
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Condigoes para Detec¢do de Hazard

EX hazard
if (EX/MEM.RegWrite and (EX/MEM.RegisterRd <> 0 )
and (EX/MEM.RegisterRd = ID/EX.RegisterRs))
FowardA =10
if (EX/MEM.RegWrite and (EX/MEM.RegisterRd <> 0 )
and (EX/MEM.RegisterRd = ID/EX.RegisterRt))
FowardB =10

MEM hazard
if MEM/WB.RegWrite and (MEM/WB.RegisterRd <> () )
and (MEM/WB.RegisterRd = ID/EX.RegisterRs))
FowardA =01
if MEM/WB.RegWrite and (MEM/WB.RegisterRd <> () )
and (MEM/WB.RegisterRd = ID/EX.RegisterRt))
FowardB = 01
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Observacoes:

+ Ndo existe data hazard no estdgio WB, pois estamos
assumindo que o register file supre o resultado correto se a
instrugdo no estdagio ID é o mesmo registrador escrito pela
instrugdo no estdgio WB =» forwarding no register file

- Na 1¢ edigdo do livro P&H tem hazard
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Observacgoes:

* Um data hazard potencial pode ocorrer entre o resultado
de uma instrugdo em WB, o resultado de uma instrugdo em
MEM e o operando fonte da instrugdo no estdgio da ULA

add $1, $1, $2
add $1, $1, $3
add $1, $1, $4

* Neste caso o resultado é antecipado do estdgio MEM
porque o resultado neste estdgio é mais recente

if (MEM/WB.RegWrite and (MEM/WB.RegisterRd <> 0 )
and (EX/MEM.RegisterRd <> ID/EX.registerRs)
and (MEM/WB.RegisterRd = ID/EX.RegisterRs)) FowardA = 01

if MEM/WB.RegWrite and (MEM/WB.RegisterRd <> 0 )
and (EX/MEM.RegisterRd <> ID/EX.registerRt)
and (MEM/WB.RegisterRd = ID/EX.RegisterRt)) FowardB = 01
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Datapath Modificado para Fowarding

Instruction
memory

I-I\iEM/WB
WB

ID/EX
|"' e I_IiX/MEM
Control L M WB
IF/ID EX 7| M
— 4:(-\
- M
2 u >
g X
= —>
@ Registers _/
c
£ t >ALU Data |
memory
— o )
M
—> U —
X
, N
IF/ID.RegisterRs Rs g
IF/ID.RegisterRt Rt
IF/ID.RegisterRt Rt
> > M EX/MEM.RegisterRd
IF/ID.RegisterRd Rd J »>
> > X
K Forwi,rtdmg D MEM/WB.RegisterRd
v uni <
> /:

X C
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or $4, $4, $2

Clock 3
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Instruction
memory

Forwarding sub  $2,91,$3
and $4, $2, $5
or $4, $4, $2

and $4, $2, $5 sub $2, $1, $3 before<1> before<2>
ID/EX
i
10 WE 10
AT m—
»{ Control L M WB MEI\/J/WB
U i
2 $2 $1 ~
c . - Im
A |
E Registers N~ >ALU s Data N
$5 $3 N\ memory '\lﬁl
g M X
—| U
2 1
5 : 3 ~
M
4 2 )L(‘
Nomimin} 1 i
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add $9, $4, $2

Instruction
memory

Clock 4
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I_I\iEM/WB
!
WB

$2, $1, $3
$4, $2, $5
$4, $4, $2
$9, $4, $2

before<1>

Forwarding sub
and
or
add

or $4, $4, $2 and $4, $2, $5 sub $2, . ..
ID/EX
-
10 . 10
/\ rw“ |_IiX/MEM
— S —
» Control > M WB 10
L_‘ [
IF/ID EX M
1 || ||
$4 $2 ™\
c i - M
o u
g X
B Registers _/
£ R Data
] $2 $5 (\L >ALU |  memory
] M
u >
X
/
2 2
6 )
M 2
4 4 u
X
\— Forwarding
unit
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after<1>

Instruction
memory

Clock 5

I_i
o

add $9, $4, $2

Instruction

()

'me

Registers

. sub $2, $19 $3
Forwarding R G o
or $4, $4, $2
add $9, $4, $2
or $4, $4, $2 and $4, . .. sub $2, ...
ID/EX
1(I)—'WB - EX/MEM
L M we|2 I_'\iE_MLWB
EX > M wel-
$4 $4 ™\
- M
i >ALU o Daa | ,
$2 $2 /\ memory |\l{||
- - M r X
. >
2 M
- M 4 5
9 4 Y >
~ L Forwarding ___‘
unit
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after<2>

Instruction
memory

Clock 6
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. sub $2, $19 $3
Forwarding D G ob
or $4, $4, $2
add $9, $4, $2
after<1> add $9, $4, $2 or$4, ... and $4, ...
ID/EX
] 10
WB E)ﬁI\ﬂEM
> M I—vWB 10
MEM/WB
— -
o i &l Lf
> > $4 >
c M |
E 4 Registers T_ >ALU Data e .
— X $2 'q memory |\IS|
M X
, >
i 2
T T \)j Forwarding ~__ ___‘
unit J
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Forwarding: Datapath para Entrada Signed-
imediate Necessdria para lw e sw

ID/EX

v V‘ v
< xc< ’

Registers

EX/MEM

MEM/WB

> of )
M M Data —
8 )L: )L(’ memory M
—> u
‘ X
. I
- M |
— U >
>
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Data Hazard e Stalls

v

Time (in clock cycles)

Program CC 1 CC2 CC3
execution
order

(in instructions)

lw $2, 20($1) | IM Reg >

and $4, $2, $5

or $8, $2, $6

add $9, $4, $2

slt $1, $6, $7
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DM

R.eg

— Reg

CC6 CC7
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Data Hazards e Stalls

e Quando uma instrugdo tenta ler um registrador precedida
por uma instrugdo de load, que escreve no mesmo registrador
= o0 dado tem que ser mantido (ciclo 4) enquanto a ULA
executa a operagdo => atrasar o pipeline para que a
instrugcdo leia o valor correto.

e Condigdo de detecgdo de hazard para atraso no pipeline

# testa se é um load:
if ID/EX.MemRead and

# verifica se registrador destino da instrucao load em EX ¢ o registrador
fonte da instrucao em ID:

((ID/EX.RegisterRt = IF/ID.RegisterRs) or
( ID/EX.RegisterRt = IF/ID.RegisterRt)))
stall pipeline
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Data Hazards e Stalls

Program Time (in clock cycles) N
execution CC 1 CC2 CC3 CC4 CC5 CC6 CC7 CC38 CC9 CC 10
order
(in instructions) — _
Iw $2, 20($1) IM Reg| | | | DM || R’.eg
] [
pre— Z‘ ) v pre—
and $4, $2, $5 M — HRegl 4 EHReg | j— DM He— Reg
| | ; [T
or $8, 52, $6 IM IM r,_ L1 Reg DM [H (HReg
— bubble —-> — — — —
add $9, $4, $2 M |H IH Reg| ]| —[ DM |H  Reg
slt $1, $6, $7 M — HReg[ ] DM Reg
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Data Hazards e Stalls

¢ Se a instrucao no estagio ID é atrasada, a instrucao no
estagio IF também deve ser atrasada

e Como fazer?
Impedir a mudanca no PC e no registrador IF/IF. A
instrucao em IF continua sendo lida e em ID continuam
sendo lido os mesmos campos da instrucao.

o Stall pipeline: mesmo efeito da instrucao nop comecando
pelo estagio EX = desativar os 9 sinais de controle dos
estagios EX, MEM e WB
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Datapath com torwarding e data hazard
detection

ID/EX.MemRead

PCWrite

c

Hazard <
detection
unit ID/EX
x_/ pr—
e e EX/MEM
; —— "
o M
w » Control > U M WB
T b BEM/WB
0 —» —
IF/ID =X v e
\4 1
, R )
c M
o = U >
v g > R X
@ Registers
Instruction = T— ALU Dara ]
PC memory ) ' ) memery
, ' LY
= U >
X
IF/ID.RegisterRs
IF/ID.RegisterRt
IF/ID.RegisterRt . Rt m EX/MEM .RegisterRd
IF/ID.RegisterRd R Rd \%J L
ID/EX.RegisterRt Rs| Forwarding |¢ MEM/WB.RegisterRd
Rt unit b '
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Seqiiencia de Execugdo do Exemplo
Anterior

and $4, $2, $5 lw $2, 20($1) before<1> before<2> before<3>
1 '
B IDEX
(0]
L EX/MEM
; |
Q
= Control v MEM/WB
|
If/ID
| |
e 1 $1
= g M
g é X —>| u
S X
7 Registers
= Instruction | | = R >ALU > Data |
memory $X remen '\ljl
. . M X
p—>{ U >
X
A\
]
X —~
2 M
u
— X oy
ID/EX.RegisterRt \_/ _‘
Clock 2
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Seqiiencia de Execugdo do Exemplo
Anterior

| | ‘ ‘

or$4, 84, 52 and $4, $2, $5 Iw $2, 20($1) before<1> before<2>
Hazard
detectlon ID/EX.MemRead
= unit ID/EX
5
11
e EX/MEM
| Y
»1 Control M - e
0 — == | /
IF/ID EX ,
| | Y|
2 $2 $1
5 M
£ 3 —> U >
3 > X
9 Registers
PC Instruction | _| £ gAL V - B
memory $5 sx omory '\L/JI
. M
—| u >
X
A\ X
2 1
5 X ~
2 M
4 g Y .
g X
ID/EX.RegisterRt \_/ _‘
Clock 3
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Seqiiencia de Execugdo do Exemplo
Anterior

PCWrite

or $4, $4, $2 and $4, $2, $5 bubble w $2, ... before<1>
21— |
ID/EX
5T ‘ L
® 10 WB 00
g EX/MEM
S M [ ] 11
T Control )lj M W BEMMB
i |
1F/ID EX M WB
4 — p—
2 $2 $2
c M
g 5 > U >
I S > %
= U
i) Registers
PG Instruction | | = | >ALU > mzritgry - —
memor: M
Yy $5 $5 e u
> M X
—{ u >
X
U N
2 | |2
5 5
, ) 2
4 4 u >
ID/EX.RegisterRt .| Forwarding |[¢
, unit < ? .
Clock 4
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Seqiiencia de Execugdo do Exemplo
Anterior

|_NiEM/WB
—l
Wn

11

w $2, . ..

add $9, $4, $2 or $4, $4, $2 and $4, $2, $5 bubble
4 — i
o ID/EX
® 10 WB 10
£ [\ EX/MEM
= - L
@) M 0
L »| Control > U M WB
X
IR/ID U EX | M
2 4 $4 $2
= M
é_) IS 2 —>| u
1) Registers
Instruction < 2 ALU Data
= memory ) $2 $5 T_ > memory
D : m
> u
U
2
()
4 4 u >
X

ID/EX.RegisterRt Forwarding

unit

Clock 5
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after<1>

Instruction
memory

Clock 6
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Seqiiencia de Execugdo do Exemp
Anterior

lo

bubble

|_|\/|fM/WB
0
WB

M
u
X

add $9, $4, $2 or $4, $4, $2 and $4, . ..
|
N ID/EX
21— 1
10 |10
WB EX/MEM
M [ 10
»| Control u M WB
X
IF/ID EX |M
R |
4 $4 $4 M
c M
9 2 —| U =>
‘g X
% Registers NS
c t >ALU Data N
memory
$2 $2 )
M
> u —)
> X
\_/
4 4
—
() .
9 4 u >
T T )
ID/EX.RegisterRt .| Forwarding
unit

©1998 Morgan Kaufmann Publishers

34




Seqiiencia de Execugdo do Exemplo
Anterior

after<2> after<1> add $9, $4, $2 or%4,. .. and $4, ...
el
e ID/EX
10 WB 10
EX/MEM
-
] 10
M Gz BEM/WB
| 1
IF/ID EX M wB
$4 )
c M
9o = U >
© X
E U
@ Registers
Instruction = 4 T_ > ALU N Data | .
PC memorv |1 v memory M
y $2 ) T
> M X
> U >
X
\_/ .
4
2 M
M 4 4
9 u >
ol & |
ID/EXReglsterRt u Forwarding <
unit b
Clock 7
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Branch Hazards

* Devemos ter um fetch de instrucao por ciclo de clock, decisao:
qual caminho de um branch deve ocorrer até o estagio MEM.

Program Time (in clock cycles) >
gﬁgfﬁon CC 1 ccC2 ©CC3 CC4 ©CC5 CC6 CC7 CC8  CCO

(in instructions)

40 beq $1, $3, 7 IM ~|:|—EReg %— -[DM— — Reg

44 and $12, $2, $5 IM —H Hq{Reg| | %— —I: DM Reg

— — 1 £ _

48 or $13, $6, $2 IM |H 9 Reg[ %— DM HReg

- : - = - _

52 add $14, $2, $2 IM (— F9Reg[ :D— DM HReg
b i =T

72 lw $4, 50($7) O Reg[ | %— ﬂT_|:|~ Reg

L L L
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Branch Hazards

e Tés esquemas para resolver control hazard :
 Branch-delay Slots
e Assume Branch Not Taken
e Dynamic Branch Prediction
e Assume Branch Not Taken
e continua a execucao seqiiencialmente e se o branch for
tomado, descarta as instrucoes entre a instrucao de

branch e a instrucao no endereco alvo, fazendo seus
sinais de controle iguais a zero

Paulo C. Centoducatte — MC542 - IC/Unicamp- 2006s2 ©1998 Morgan Kaufmann Publishers
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Branch Hazards

¢ Reducao do atraso de branches

¢ reduzir o custo se o branch for tomado

¢ adiantar a execucao de uma instrucao de branch.

¢ O next PC para uma instrucao de branch € selecionado
no estagio MEM

e executar o branch no estagio ID
(apenas uma instrucao sera descartada)

e deslocar o calculo do endereco de branch (branch adder)

do MEM para o ID e comparando os registradores lidos
do register file.
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IF.Flush

Branch Hazards

!
xcZ

I‘

Hazard <

detection

unit /

[\;

C\Omr/()

Instruction
memory

Shift

left 2

Paulo C.
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Registers

ID/EX

X/MEM

|_E,
WB

ALU

M

|_IVI>EM/WB
WB

extend

—~( *Ci)r’(“i)
\/

Data
memory

||

Forwarding

unit p

xX c
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Branch Hazards (exemplo)

36 sub $10, $4, $8
40 beq $1, $3,7 #PC € 40+4+7%4=72
44 and $12, $2, $5
48 or $13, $2, $6
52 add $14, $4, $2
56 slt $15, $6, $7

72 lw $4, 50($7)
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Branch Hazards (exemplo)

and $12, $2, $5 beq $1, $3, 7 sub $10, $4, $8 before<1> before<2>
IF.Flush
[ Hazard Ve
_.@cﬂon
unit
72 _J ID/EX
=i -
u
281 x e I-EX/MEM
M — -
p{ Control u M WB
2 )| = [
> I£E) EX M WB
48 44 S — — —
>+
4
$1 ™\
Shift M| 4
tftZ u \
v X
Regist -/
P;I Instruction | | > I T_ > ALU Data | |
72 44 memory $3 —~ memory ’\S
M $8 X
7 - ;(J >
\ u ]
Sign T_
10
T Forwarding - l _——l
—— unit
Clock 3
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Branch Hazards (exemplo)

lw $4, 50($7) bubble (nop) beq $1, $3,7 sub $10, . ..
IF.Flush
/ Hazard \‘
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Dymanic Branch Prediction

e Branch not taken
e forma de branch predicton que assume que o
branch ndo sera tomado.
e Dymanic Branch Prediction
e descobre se o branch foi tomado ou ndo na ultima vez

que foi executado e faz o fetch das instrugoes pelo
mesmo local da dltima vez.
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Dymanic Branch Prediction

e Implementagdo
e branch prediction buffer
e branch history table

e Branch prediction buffer: pequena memoria indexada por
bits menos significativos do enderego da instrugdo de
branch. Ela contém um bit que diz se o branch foi
recentemente tomado ou ndo (Neste esquema ndo sabemos
se a previsdo é correta ou ndo, pois este buffer pode ser
alterado por outra instrugdo de branch que tem os mesmos
bits menos significativos de endereco).
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