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Time (in clock cycles) >
CC1 CC2 CC3 CC4 CC5 CCe6 CcC7 CCs8 CC9

Program
execution
order

(in instructions)

Iw $10, 20($1)

sub $11, $2, $3

add $12, $3, $4

lw $13, 24($1)

add $14, $5, $6
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Program
execution
order

(in instructions)

Iw $10, 20($1)
sub $11, $2, $3
add $12, $3, $4
Iw $13, 24($1)

add $14, $5, $6
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Time (in clock cycles)

CC1 CcC2 CC3 CC4 CC5 CCe6 CC7 CCS8 CC9
Instruction | Instruction Exacution Data Write back
fetch decode access
Instruction | Instruction Execution Data Write back
fetch decode access
Instruction | Instruction Execution Data Write back
fetch decode access
Instruction | Instruction . Data .
fetch j— Execution . Write back
Instruction | Instruction . Data ,
fetch decode Execution access Write back




S ST o @ g Wb loged=—
JSaw Ay )y alg) ba Clls

add $14, $5, $6 | Iw $13, 24 ($1) | add $12, $3, $4 | sub $11, $2, §3 | Iw $10, 20($1) |
Instruction fetch | Instruction decode | Execution | Memory |  Write-back |
IF/ID ID/EX EX/MEM MEM/WB
i |
Add >
4
.
—»-| Address Read S
< i ea ~
% register 1 et
= Read -
Instruction E register2 A
—r R ead
memory Wite egisters E‘:t‘:dg ~ Address data - ——— OM
© | register Data u
Wit X
= dE[tla e memory 1
_ | Write
~ | data
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PCSrc
IF/ID ID/EX EX/MEM MEM/WB
Add - - > \
4 AddA9d ~
Shift result Branch
left 2 I_D_
0 RegWrite
M 1
u PC &—[Address & _|Read :
x g ™ register 1 Read > MemWrite
{ g data 1 1
@ ~ Fte:;mlt » ALUSTC Zero MemtoReg
Instruction — register < Add a1y Read
memory g i _ | Write Reglsmmﬂead - =g - >|Adaress gatE ™
register data 2 Data
—»-| Write memory
data L
_ | Write
: o data
Instruction I
(15-0) 16 [ gjgn. | 32 6 [ A T >
| extend "\ control MemRead
Instruction
(20-16)
= 0 ) ALUOPp
M - ~—
Instruction ,"('
(15-11) 1
- —
RegDst
b ad R
E)
re) L
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< " Branch, MemRead, MemWkite
Instruction Control M “|wB L
IF/ID / ID/EX EX/MEM MEM/WB W
S G (W i = MemtoReg, RegWrite D
2 b ) daa,/./ RegDst, ALUOp, ALUSrc — &V
_ (5

&
PeunlS csjloxn



an))) ddg) W |US sa)g=—

PCSre
ID/EX
Wb LEX;MEM
Control M we | MEMWE
> EX M WB [~
IFND
Add - > ~ \I
4 Add A4
Shift ==l Branch
pe left 2 L]
S ALUSrc :>__
[=)]
S —
Gl = £
M = g
u PC Address 5 »|Read ; Flead E <
3 E el data 1 e > \ = 5
g ~ Re:_adl ) Zero — =
Instruction _ = AR ALU o1y Read
memory Write Registers gooq _ — resutt [T »| Address data [T1 (0
L= register data 2 M D "
u ata u
Write x i
Wit &l memory 1
_ Write
- 7| data
Instruction
[15-0) 1? _ | Sign- 32 "\5_ ALU
| extend * | control MemRead
Instruction
[20-16] . ALUOp
M -
Instruction u
[15-11] 1)(
L RegDst — -
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sub $2, $1,%$3
and $12,%$2,%5
or $13,%$6,%2

add $14.,%2,%2
sw  $15,100($2)
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Time (in clock cycles) >
Value of CC 1 cC2 CC3 CC4 CC5 CC6 CC7 CcC8 CC9

register $2: 10 10 10 10 1020 -20  -20 20 20
Program
execution - = . . = < .
order Db Chlw Cr v Az )0 (I [y G Ay C’b/év’/é‘A
(in instructions) =
1= I
sub$2,$1,$3  |IM lReg :D

and $12, $2, $5 IM | —E:F;ei

Ll

or $13. $6, $2 M F=Ré

i —1
add $14, $2,$2 IM —dLFieI A M e

} sw$15, 100(52) MH FeRe :>~ DM (HReg
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ID/EX.RegisterRs

CI o o CIE oo’ CS o™
I Ay 55 ID/EX <ot p
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ID/EX. RegisterRs, ID/EX.RegisterRt
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la. EX/MEM.RegisterRd = ID/EX.RegisterRs
Ib. EX/MEM.RegisterRd = ID/EX.RegisterRt
2a. MEMYWB.RegisterRd = ID/EX.RegisterRs
2b. MEMYWB. RegisterRd = ID/EX.RegisterRt

$2, $1,83
ara || $12, %2, %5
1@ $13,%6, 52

$14,%2, %2
$15,100($2)
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PILRPIRY AR, [X/MEM.RegisterRd = ID/EX.RegisterRs=3$2
and $12,° .85

QYA alwgi U )3 ALU (8943 JIrdo (sloLa)giws (saas )
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EX/MEM.RegWrite, MEM/WB. RegWrite
Jodws (U snds glyic @y 6w (so)lal O a3 (T)e0 )3 JLisas

AT s50ls H3lwps iy jl A0 bl o3ub 03 Tw]

) EX/MEM. RegisterRd = O, P
PROO cg) MEM/WB. RegisterRd = O
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Time (in clock cycles) >
CE1 CC2 C€C3 CC4 <C€CC5 CCBs CC7 C€C8 CC9
Value of register $2: 10 10 10 10 10/~20 =20 -20 -20 -20
Value of EX/MEM: X X X -20 X X X X X
Value of MEM/WB: X X X X -20 X X X X

Program
execution
order

(in instructions)

sub $2, $1, $3

and $12, $2, $5

or $13, $6, $2

add $14,52, $2

sw $15, 100(52)




forwarding unit

ID/EX

(- a0)0)) 50)5 Clwd i s =—

EX/MEM MEM/WB

AR

Registers

Yy v
xc=s )
y

Y

{ ForwardA
> ALU | —

Y

Rs

Rt

Rt

Data .

r memory

EX/MEM.RegisterRd

Y
A

Y
Y

r xc=)

ForwardB

-
\

Rd

Yy
(xes )

mj MEM/WB.RegisterRd

:l. unit |

b. With forwarding
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Registers

(cea)s)) 230 ol ¢y

EX/MEM MEM/WB

ALU—~

ForwardB

e

§;|§|E

Gez) (xe=)
:

Data - I
memory

EX/MEM.RegisterRd

— [T

1Forwardl'ng ~<—— | MEM/WB.RegisterRd

unit
e

b. With forwarding

| Muxcontrol | Sowce | Exlamation

|

ForwardA = 00 ID/EX The first ALU operand comes from the register file.

ForwardA = 10 EX/MEM The first ALU operand is forwarded from the prior ALU result.

ForwardA = 01 MEM/WB The first ALU operand is forwarded from data memory or an earlier
ALU result.

ForwardB = 00 ID/EX The second ALU operand comes from the register file.

ForwardB = 10 EX/MEM The second ALU operand is forwarded from the prior ALU result.

ForwardB = 01 MEM/WB The second ALU operand is forwarded from data memory or an
earlier ALU result.
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« EX hazard

— if (EX/IMEM.RegWrite and (EX/MEM.RegisterRd # 0)
and (EX/MEM.RegisterRd = ID/EX.RegisterRs))
ForwardA = 10

— if (EX/MEM.RegWrite and (EX/MEM.RegisterRd # 0)
and (EX/MEM.RegisterRd = ID/EX.RegisterRt))
ForwardB = 10

 MEM hazard

— if (MEM/WB.RegWrite and (MEM/WB.RegisterRd # 0)
and (MEM/WB.RegisterRd = ID/EX.RegisterRs))

ForwardA = 01
— if (MEM/WB.RegWrite and (MEM/WB.RegisterRd # 0)
and (MEM/WB.RegisterRd = ID/EX.RegisterRt)) ol
ForwardB = 01 ‘bjgb

i pad . E Z | "o
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ID/EX EX/MEM MEM/WB
p— . — -
— M
— — Ll
add $1,51,$2 B
b b e Y.
Reglsters 4 Forward A ALU—
dd $1,51,$3 allmi
™ M Data
a— bJ bJ Y memory | @
“’\._J
4
add $ I $ I $4, F0r\l.'.'ardB
b bJ _|
':_s_ /ﬂ EEEEE .RegisterRd
Rd u
— X Y~ o
J { F“""‘uif'”g }=—| MEMWB RegisterRd
. e

= Do w0l Cuy Sl V6 ol p
o aviw MEM Cspoio p_spppo CSalpard p

@dosy MEM (sopblio ) ¢ Thuci sab oolpls © - RS
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 MEM hazard

— if (MEM/WB.RegWrite and (MEM/WB.RegisterRd # 0)
and not (EX/MEM.RegWrite and (EX/MEM.RegisterRd # 0)
and (EX/MEM.RegisterRd = ID/EX.RegisterRs))
and (MEM/WB.RegisterRd = ID/EX.RegisterRs))
ForwardA = 01

— if (MEM/WB.RegWrite and (MEM/WB.RegisterRd # 0)
and not (EX/MEM.RegWrite and (EX/MEM.RegisterRd # 0)
and (EX/MEM.RegisterRd = ID/EX.RegisterRt))
and (MEM/WB.RegisterRd = ID/EX.RegisterRt))
ForwardB = 01
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Control ’—t

EX/MEM

IF/ID

— QD

[ Instruction
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Registers

ALU

MEM/WB
WBI

Y

Data
memory

IF/ID.RegisterRs Rs
IF/ID.RegisterRt |  [Rt
IF/ID-RegisterRt__|  [Rt] .
IF/ID.RegisterRd__|  |Rd .

= ) ~ xc= ’—'(ﬁi)

Y

Y

Y

P
-

EX/MEM.RegisterRd

(Lc

T\

unit

|

MEM/WB.RegisterRd

)=

®xec=s

et ok Coo oy ALU s 00 TSy eI St oo cME ot
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ID/EX EX/MEM MEM/WB
"Im
o - U
X
o
Registers A
' | ALUSrc >
. =/—\ ALU —
M
1y / Data .
X memory
[ 2 o
A > P —
:"m -
)L

,/ B -“\\
»| Forwarding \—-
> unit -
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if at first you don’t succeed, redefine success
= 9 ol iy =—

Time (in clock cycles) >~
CC1 CC2 CC3 CC4 CC5s CCe6 CC7 CCs CCo

Program

execution
qrd_er _ —
(in instructions) _

Iw $2, 20($1) IM Reg :D—

and $4, $2, $5 M |H FReg TEe_gi
-1
or $8, $2, $6 IM — i[ DM — —Eeg:
add $9, $4, 52 _} o s

r— N -1
slt $1, $6, $7 IM [ 9Reg _> DM Reg! -

(U bl Carbiile lprs CLE o Cas oy Cofpil Ctfods
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Hazard detection
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QW0 (N335 Jaadlygiws aS s@ia 1D ys °
30,0 (;)) d)blas £odg
Jd ) sosls j axlatwl )y JOs plgic @ e
S0
sola IF/ID.RegisterRs, IF/ID.RegisterRt —
A0, ALU siglac slacbl (so)lois

ID/EX.MemRead and
((ID/EX.RegisterRt = IF/ID.RegisterRs) or
(ID/EX.RegisterRt = IF/ID.RegisterRt))
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30,0 Ayl b 3)lg (nop) (.67 )o3ws Jla o3l ys *
306, (107 0 pip) Jdlad pe ()65 boba eled —
(0G5 (80 jabs «absls )y ibgs sladBSww o @ *
RV IS ATV N
2003 gl PC ylsbs —
S0, (S1g 2)09y Jaadl)gims —
30,0 (U535 0)l9s § —

The BIG Picture
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Time (in clock cycles) >
CC1 CC2 CC3 CcC4 CC5 cCé6 CC7 cCs8 CC9 CcC 10

Program
execution
order

(in instructions) _ _ _

Iw $2, 20($1) IM 'l_eg :D

and becomes nop IM — —‘:‘tﬁﬁ_
and $4, $2, $5 IM —
or $8, $2, $6

| add $9, $4, $2
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PCWrite

e ID/EX.MemRead
o detection |«
>\ unit /
_% A
s ID/EX
T m @ I-’WB EX/MEM
»(Control >l u M wB LTEMIWB
X || || —
IF/ID U OU |_. EX M 8
(M)
- - = M
> U -
5 - X
5 Registers T\
S ™ M
Instruction = M X
memo Data
v > u memory "~
» X
IF/ID.RegisterRs
IF/ID.RegisterRt . ()
IF/ID.RegisterRt Rt M
IF/ID.RegisterRd Rd g g
S ID/EX.RegisterRt — \_/ . -
Rs Forwarding
At unit )=
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Time (in clock cycles)
e 4 ol alls] (alalis] S A [t ol ~ ~e o it ol ] (alalls] lalalls]
IFD IDEX EXAERS MEMWE
e
Add > \
. Add
4 Shift :?Aﬁdtesm o
lef2
-
s
pC Actd: % Head
£ register 1 Fead
— ) data 1

= Read - =

Instruction register 2 Read
+ Registers >
e —§ Bead - Address )
¥ o] Vi data 2 dala
register Data
> Wiile MEMOTY e
data ‘ .:. i
~ 5| White 2
data
16 Sign- | 92 >
= extend —
0 N
§ /2w $4, 50($/) F)
-~ *
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$10, $4, 38
$1, $3, 7
$12, $2, $5
$13, $2, 36
$14, $4, $2
$15, $6, $7

$4, 50($7)
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before<2>
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Forwarding
unit

beq $1, $3, 7

and $12, $2, $5

Hazard

l

unit J

detection

IF.Flush

Clock 3

Pq
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lw $4, 50($7)
IF.Flush

(...aw)>)) b

Bubble (nop)

beq $1, $3, 7 sub $10, ...

QA poC o )3 =—

before<1>

Hazard

Clock 4
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S0 Al aL3s) slosls @ alEs G303 aS¢3)p0 )y °
3¢, B) 0313 (so)blas i Jusss jois a5

add $1, $2, $3 IF H /D EX MEM} 1072
add $4, $5, $6 IF /D EX }W/EM WB
- - - \ - _
IF /D \(X MEM ||| W

beq $1, $4, target IF IA EX ||| IMEM
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