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ForwardA = 00 ID/EX The first ALU operand comes from the register file.
ForwardA = 10 EX/MEM The first ALL 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.
ID/EX EX/MEM MEM/WB @4'53
[ ] i; ] ] if (EX/MEM.RegWrite
iy L —lu and (EX/MEM.RegisterRd = 0)
—| ~) and (EX/MEM.RegisterRd = ID/EX.RegisterRsl)) ForwardA
Registers 4 ForwardA
’ . ALY if (EX/MEM.RegWrite
™ ] "M Data | and (EX/MEM.RegisterRd = 0)
h:: memory []- and (EX/MEM.RegisterRd = ID/EX.RegisterRs2)) ForwardB
N
Forward) if (MEM/WB.RegWrite
e , and (MEM/WB.RegisterRd # 0)
— EX/MEM.RegisterRd .
B = ID/EX_.RegisterRs)) ForwardA

{ Forwardmg\r._
- unit

MEM/WB.RegisterRd

and (MEM/WB.RegisterRd
_W if (MEM/WB.RegWrite

S S/

and (MEM/WB.RegisterRd # 0)
and (MEM/WB.RegisterRd ID/EX.RegisterRt)) ForwardB

10

10

01

01



Ak . Sk A,
P E—%, B

if (MEM/WB.RegWrite
and (MEM/WB.RegisterRd = 0)
and (MEM/WB.RegisterRd = ID/EX.RegisterRsl)) ForwardA = 01

sub x2, x1, x3

and x12, x2, x5
or x13, x6, xZ
add x14, x2, x2
sd  x15, 100(x2)

KA B ARBE —F

add x1, x1, xZ2
add x1, x1, x3
add x1, x1, x4

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.RegisterRsl))
and (MEM/WB.RegisterRd = ID/EX.RegisterRsl)) ForwardA = 01




if

(MEM/WB.RegWrite

if (EX/MEM.RegWrite and (MEM/WB.RegisterRd = 0)
and (EX/MEM.RegisterRd = 0) and not(EX/MEM.RegWrite and (EX/MEM.RegisterRd # 0)
and (EX/MEM.RegisterRd = ID/EX.RegisterRsl)) ForwardA = 10 and (EX/MEM.RegisterRd = ID/EX.RegisterRsl))
and (MEM/WB.RegisterRd = ID/EX.RegisterRsl)) ForwardA = 01
if (EX/MEM.RegWrite _ _
and (EX/MEM.RegisterRd = 0) ‘fd mgmmg-geg‘f‘r;te% o)
: — . _ an egister
and (EX/MEM.RegisterRd = ID/EX.RegisterRs2)) ForwardB = 10 and not(EX/MEM.Reglrite and (EX/MEM.RegisterRd = 0)
LA — AL b/\ Y. and (EX/MEM.RegisterRd = ID/EX.RegisterRs?2))
EX hazards: IR @E%’lﬂ%‘ % and (MEM/WB.RegisterRd = ID/EX.RegisterRs2)) ForwardB = 01
EX hazards: % =%k78 @E’ﬁ"’“*%
ID/EX EXIMEM MEM/WB
/ W AR — 2%
gl
i > U
x MEﬂWB
- =
Registers A -~ " registers L
7/ N\ -
ALUSfC> = pata | | |
/ ALU (— mmary
' Data .
- u | , - » EX/MEM RegisterRd
memo L]
X \\ / v _M
L & o \ ]
/
T \\\// - o
SR I-type ALU: S7.H[1%]
> orwarfdmg | ]
4-55 A K4-527
immediate[11:0] rsl funct3 rd opcode l-type




b > > )

EXEHTfE: 24

',/—7 N WB ?
\ EX'MEM /
—’.‘Comml‘ M —=|WB MEMWE
IFAD i EX o M WB
(I ) \
= "1 \
S1— =
T { ForwardA
2 Registers >ALU . > - M
e o
| Instruction = | _— - <
memory = M Data .
- - u
x memory
>
ForwardB i
IF/ID.RegisterRs1 Rs1 s 4
IF/ID.RegisterRs2 Rs2
IF/ID.RegisteRd | |Rd - EX/MEM.RegisterRd
—| Forwarding T | | MEWWB RegisterRd
> unit - +
>
K4-54 I

HEXIMEM (ALUZ 5 FIMEM/WB (ALUNWSS 5 i BEXEE (ALUBIN) e



47454 BB et ] R

st x1,100[x1]
Id x3, 200[x2]

Id x2, 100(x1)
sd x2, 110(x1)

BB Storets 214 7 AT



store-hazard: p214f5 iR R4 ?

« MEM copyla|@i: “RISCH', mem-to-mem#% U1 Jii%”
— MHiw-swsZHl:  “loads immediately followed by stores ”

* ﬁﬂ IW $1’ addrl; SW $1’ addrz Load| Ifetch Reg IEK:!C Ilvlr:m Wr

o MEME&%E% MEM/WB => MEM store| Ifetch | Reg | Exec | Mem

— HPE, FPEEk? EX/MEM MEM/WE

- %%?ﬁj)\bUbble! Rs.addr Mem.out
| addr —
ld x2, 100(x1) MEM
Sd X2, 110()(1) Rs.data p
or x13, x6 x2 o
add x14, x2, x2
Sd X15, 100()(2) X ForwardMem
: |~ : : : : Rt.data T T Rd.data
——hed AL :
| B |
i o i o i i ~ _ I-(Forwarding Unit)-l .
[ e e Seor,

| RegisterRd



if (EX/MEM. MenWrite and MEM/WE. MemtoReg
= and (EX/MEM. RegisterRt \= 0)

A YN
|W-SW HU j: N ? and (MEM/WB.RegisterRd = EX/MEM. RegisterRt) ) ForwardMEM = 1

Loadl Ifetch I Reg IExec IMem I Wr |

et
Hazard f Ao -
—  detection |« ID/EX.MemRead Sturel Ifetchl Reg IExec I Mem |
_—— unit /
L
é 'y
= ID/EX
0 ../.-_K\ WE
= . |" e EX/MEM
| I A 1=
= / X
ii |F}|D "'-.\‘ ./." ) = L EX | M WBH—
O
a
+* +* = M
= U
& x
B Registers N
i g JForwardAl Bt M
® > = >ALU u
PC Instruction £ -
l M X
memaory u - Data —
" memo
X ry
A
t
ForwardB
IF/ID.RegisterRs1 ~ -
IF/ID.RegisterRs2
IF/ID.RegisterRd Rd - T =
- "
@4-58 _f"._ _."\ _ { Farwarderng Urnt '
L." Forwarding | N pu
L'l_ unit - ~t—
M -




[1

[2

[3

14

[5

[6

[7

Multilevel Bypass: FHEZABai#!

Data
read

Instr
Issue

AGU

Data

Data
X:Ei{:hﬂ ~ache

Fault
ALU
\

MT

Fault

Write-
back

\

& MT
\

Instr
Issue

Data
read

GU

\
ﬁ?ata

cache

U

ata u
cache

H' ult
&

Fault
& MT

[Write-
back

|
Instr UDuta

[ssue

read

?GU

ta
cathe

]
D
|

Fault

Fault

& MT|&

MT

'Write-
back

Instr
Issue

/
UData
rea

d

AU

ALU

Fault
I& MT

Write-
back

Fault
& MT

/

[nstr
[ssue

uData

read

Ddta

Data
cache

ALU

Fault | Fault
& MT]S: MT

Write-
back

W8 J L P gl iy 34 2198 J L !
REEPRARHPE K

Eﬂ?hﬂ
|

Possible value bypassing paths
for the Intel Atom in-order
execution engine

/
Instr uDuta

Issue | read

U

Data
cache

Data
cache

Fault

ALU & MT

Fault
& MT

‘Write-
back

Issue

/
[nstr uDatu

read

AGU

Data
cache

Data
cache

ALU

Fault

Fault

& MT

& MT

I'Write—

back

Antonio Gonzalez, Processor Microarchitecture_ An Implementation Perspective -Morgan & Claypool Publishers, 2010



forwarding Al {HEFIRAW

Time (in clock cycles) >
CC1 CC2 CC3 CC4 CC5 CC6 CC7 CC8 CCH9
Value of register $2 : 10 10 10 10 10/-20 -20 -20 -20 -20
Value of EXIMEM : X X X -20 X X X X X
Value of MEM/WB : X X X X -20 X X X X
Program COD4K[4-53 (25COD5K|4-51)

execution order

(in instructions) ﬂi B E }A-E%%ﬁ%gWK%RFE@%E <|Z§]

sub $2, $1,$3 | IM DM |— Reg 4-50) Eﬂ‘i*ﬁ?é/ NE

Reg

J R A N[ D2a
- - - AT A B=>" — A
and $12, $2, $5 M (— FHReg | DM Reg
J— U u=u—
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| | | | _—\—_l__

add $14, $2, $2 M I Reg %— - DM H [ Reg
|| Ll Ll F_
sw $15, 100($2) IM — HqReg | :EF ~|7D_,I\/I4_|:|—Reg
v

$45.2
RISC ISARZE VUAMNERE:  “BKFe N ERE — M/KEE —1NER” , Fl+forwarding! 30




forwarding TiEB R FIRAW: backwards

Time (in clock cycles)
CC 1 CC2 CC3 CcC4 CC5 CC6 CC7 CC8 CC9

Pogam — ffil . |0ad-use-data hazard (JRFRload-used hazard)
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load-use-data hazard, $4.5.2
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Subtract R9, R2. #30 F




Code Scheduling: Zwi¥, $4.5.2

B ALE
EI/Q‘\_E

LHE . R ERAT

— RISC-V code for a=b+e; c=b+f:
— “Pr24-cycle” ?

o NEFTH TR,

x1,
X2,
X3,
X3,
x4,
x5,
x5,

0(x31)
8(x31)
x1l, x2
24 (x31)
16(x31)
x1l, x4
32(x31)

[/
[/
[/
[/
[/
[/
[/

—Y a

FHRHE T (
1d
Load b
Load e Id
b + e 1d
Store a add
bt s
Store c add
Sd

B ArtE, B2
Yk I

1) |

A I g

x1,
X2,
X3,
X3,
Xh,
X5,

0(x31)
8(x31)
16(x31)
X1, xZ
24(x31)
x1, x4
32(x31)



RAW Stall: Interlocking, $4.7

Time (in clock cycles)
CC1 CC2 CC3 CC4 CC5s CCe CC7 CC8 CC9 CC 10

Program IE — 1D MEM| « {WB |
execution ‘ ‘

.

order : Ve \Yy
20t | MHERE § i ST5
= — bubble L s
. - A K4-28: R TR
s - e N | | T3L NoaLn
and becomes nop \ IM —oR . ng | 1E21X|\/|E|\/|/WB il j:ﬁ
\\ WAt S
| a
/
//
.and x4, x2, x5 e
= 5]4-57
or x8, x2, x6 ld x2, 20(x1) IM JL~bubble?
and x4, x2, x5
or X8, x2, X6 -
4 X0 v 15 add x9, x4, x2 —
1 v
y AGEXE T sub x1, x6, x7 Reg




Interlock: load-use-data stalling

 We can stall the pipeline by

keeping an

Instruction in the same stage

« Stallif X: freeze up and bubble down

—  URETH AT TR KB 2 E

S EEE, IF, ID

NP FE 5 PCWrite MIF/ID

Write

EPCAIF/NDIRS Bh G a%: FH1EFE FPCAHIF/ID
— [\ HEE KBS AN DR, FEE) MLk

ID/IEXIEZ:  “let them percolate through the pipeline”

 HDU(hazard detection unit):

« load-use-data stalling#i i 2

(Rl



PCWrite

1T (ID/EX.MemRead and
((ID/EX.RegisterRd = IF/ID.RegisterRsl) or

4 lock
IDEXInter OC (ID/EX.RegisterRd = IF/ID.RegisterRs2)))

stall the pipeline
Id x2, 20(x1)

—
— -~

P e - ~
fre/eie up - interlock "« L 1d? and x4, x2, X5
/" Hazard \ f ;
/ \ N —= detection !: 7 ID/EX.MemRead or X8a X21 X6
— unit
o Noop =27 _ bubbledown  3ddx9,x4,x2
= - ID/EX sub x1, x6, x7
/
a P .
T . | EX/MEM
= :Controll' - M ~|\WB MEM/WB
IF(ID \_/ \ o EX M WBI—
oy
< < = M
= U
8 _ X
T Registers - )
' = R I Dr‘.‘rardr-x>ALU = M
. @ Yy u
PC Instruction = -
memory . f:: . Data X
X memory
L
t
ForwardB
IF/ID.RegisterRs1 ~ -
IF/ID.RegisterRs2
IF/ID.RegisterRd . Rd
@4-58 LT/;;FWL'IFdiI_];\\]-‘_ -‘
L‘E unit P
. A




or x4,

Clock 3

x4,

XZ

Instruction

1d x2, 40(x1)
and x4, x2, xb
load-used, single-cycle diagram o x4 x4, x2
add X9, x4, x2
and x4, x2, xb v 1d x2, 40(x1) ' before<1> ' before<2>
—— d:;ﬁ::n ID/EX MemReaad i ; i
\5:_-;[. unit , \IT i E
' (1lr (i} MB 11 Em:HEM E
#=-| Control 1: M s |—'W5 I.'IEI.:Il'I.I'i'E
[ L], L |
2 - x2 %1
E Fegiites i ata P
o s || DAL ™ mE'nﬂ'v ™ gl
2__ 1 1 .
3 VA EAN
4| [z ])
- \\~_‘ = * -
ID/EX RegisterRd | [ ‘ - - T—‘
N + T 5
$4.13%FIG e4.13.18: HDU% Hlandig4 2, 5 F—Z&IdirdAise, M4L5IFFID, ﬁrﬂ%zo'o



1d x2, 40(x1)
and x4, x2, x5

load-used, single-cycle diagram °, I

Clock 4

or x4, x4, x2 ,and x4, x2, xb  Bubble Cld X2, ... , before<i=
i i I i
: : : :
T I | 1
"l—2 ey 1 | I
i ;O | ;
1 A ( 10 ‘_hill. ! 1
I AN Bl EX/MEM !
| r————— M WE 1 I
] - L"_ |:.'I.E_F|:.1.MB
IFIID EX M L=
y!
Ty — - |
2 x2 2
P —|
c E
= 5 = u -
Y o - %
= —-—
7 Registers .
Instruction = . A SALU - Data 1| | — &/
|E|‘ memary | - - — } memaory "
- - ") |
I - M X
| - -
| "L’_‘, _'
L = '
2 2
5 5
4 4 2
_‘!_ D/EX RegisterRd _.'_ | . | Forwarding "_':_—'_|— T ‘
! ' . . unit = = :
1 I 1
1 | 1
i I i
1 | 1
T 1 T
| i I
:

FIGURE e4.13.19: andflorEE&, EXEbubble. JF&, HHMFWWTAE, HILE.



add x9, x4, x?

1d x2, 40(x1)
and x4, x2, x5
I d_ d " . or x4, x4, x2
Oad-used, single-cycle diagram 3., 15 1 %
ror x4, x4, xZ2 vand x4, x2, x5 ' Bubble v 1d x2, ...
I e I%x : i
| EX/MEM |
| I L+ |
0
i S l WE ETE
| 11
' EX M WB—
i = _“_
N x4__ w2 o
g - (/ E -\
‘E 2 Registers Y h'yi-f'
— = - - ‘/+ >ﬂ.ll' - - ME:::I‘!’ —- = "
= '.'-ﬁ u
- M x
i I
1 - " -
N ER
E: \\_5/./1 AT~
4.- 4 4 3 |\
. - * - (\ 7
_!_ IDVEX.R _:_ _ Forwarding "Ir _!_j|/
l H ;l unit ]_:.* I
: i i i

Clock 5

Instruction
memory

FIGURE €4.13.19: andif AEX, fRFWUMMEM/WBHI#EX2. SELEAIdE R (JeSE) , HorE7FFW x2




/NG FEARSBURUKE ) E R

o fRis: B BAERECEAE, R UTAE
— RO FEARUKER I H & HER, Joiistall
« MEME—EixH: IF, MEM
« RFE—5im: lw-Rtype
o BfREG: “RAWPRHZE T REI& AIFEIDSS f ph R !
— RAWIKH:: Ar=F-{HTE, WHERR T4, “=FGIixr”
o ALUJRHRIES: miHE, WHBR
- “BEBALREANER, HRAEWBESRF”
— load-used-hazard: stall+FiffE, ZZf%
« Store-hazard: Iw-sw, RFi#E, &

— B
. BEAFE: FWU (EEEE4S) , interlock (R, stall) , flush
— “HEARH BRI R EIDE AN E, HEASHFHZE”
« RAWTLAL (CPI/IPC?) : HidfE, T82HREE (e , FM/AAL
— ALUJRER/ER: MEXBATHE, EX/IME, ME/WB
« load-used-hazard: [FIEXEEHi#E, ME/WB
— Store-hazard: FMEEEi#, ME/WB




e

Wake- Data |Source Result | Write-
up Select read | Drive ALU drive | back

« B

Wake- D S Result | Write-
~ PRI el ? 1 R

— SR K S B 45 1 R 2R A TR £ 2
— WRLLTE I A BRid K Zestall, A MR L fg e 7 = 7
. StallffJif X & “freeze up, bubble down” , #n{a]szHj?
o FRWIKE PN B B AR ?
o HWRLERAWZEAY ?
« MEMELHIHE R 25 ?
« fA[I S ZFW Allinterlock ?
+ load-use-data Forwarding#i | ?
 |d/sdfFAEDSMHR?
o gmiFEas Tt istall?
— SR OS5 HE AE SR B AR o [X ) 2
— NfTRISC A Hload-storetg 21 172
— RIIRISC— 45 A AL TG — AN KBS A L2
« {EMk: 4.16.4~5, 4.22
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