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ForwardA = 10 EX/MEM The first ALL operand is forwarded from the prior ALU result.
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o FAEHKHR [load-used] : EXB{ER:, one stall
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Loadl Ifetch | F.eg IExec Il'»tlem | Wr |
R-I}'pel Ift}l-:hl Reg ] Exec l Mem I Wr ]

e add x9, x4, x2 Store| Ifetch | Reg | Exec | Mem |
s sub x1, x6, x7
—  [EEEF Al 100[x1]H OvFRER, X2 B NiZFEEHE M Z NAF TG
* Iw x3, 100[x1]
sw x2, 200[x3]

o AR AR U MMB% (5, Jostall
* Sw X2’ 1OO[X1] Stnrel Ifetch I Reg IE_'-:ec I Mem I

lw X2’ 1OO[X1] Loadl Ifetch I Reg | Exec | Mem I Wr [
* Xxor X1, x2, x2

— Copy: A[FHibE, FiHE

e |wx2 100(X1) Loadl Ifelchl Reg IExec IMem I Wr E

SW X2, 110()(1) Sturel Ifetchl Reg IE_\'ec I Mem ! - |‘ ’ <I-l&I_lj

« COD p225#ffi#t: “loads immediately followed by stores” , 457




forwarding Al {HEFIRAW

Time (in clock cycles)

CC1

Value of register $2 : 10
Value of EXIMEM : X
Value of MEM/WB : X

Program
execution order

CC2 CC3 CC4 CC5
10 10 10 10/-20
X X -20 X
X X X -20

and $12, $2, $5

or $13, $6, $2

add $14, $2, $2

sw $15, 100($2)

v

$4.6.2, p201

RISC ISAR)ZE VYA FAIE -

(in instructions) B
sub $2, $1,$3 | IM Reg| | DM |— Reg
p
||

IM H HdReg

IM — HHReg

| ]

—[DM— — Reg

%— ——DM—r — Reg

CCo6 CC7 CC38 CCH9
-20 -20 -20 -20
X X X X
X X X X

COD4[&4-53 (ZXRVE4-55)
ME B A A ERFEIAE (HF
4-54) FHHIR R

HIFHE: = AT A =>T — A ]

|| Reg 2. load-store

“BRkAR N RE — MRS g R, Al Fforwarding! 31



forwarding TiEB R FIRAW: backwards

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

Pogem {5, |oad-use-data hazard (7FFRload-used hazard)

order
(in instructions)

M M m Loadl Ifetch | Reg l Exec I Mem | Wr |
- -1 R-I}'pfl Ifetch l Reg l Exec I Mem I Wr ]
id x2, 20(x1) IM Reg DM —J—E;g

T “=APIF”
r— | H H
and x4, x2, x5 IM — _E:Reg f H__DM_I- Re | )::J:ﬁ él HU)—J H >_I: }—J H
L || L
— _L\ —
or x8, x2, x6 IM — —E‘F_Reg_ . } ﬁgﬂ

I ) -1

add x9, x4, x2 IM — F2Reg ED~ DM — —Eﬁg'
L | [ 7

r— — 1

sub x1, x6, x7 K4-60 IM — —=Reg _> Wﬂ}_‘ﬁg
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load-use-data hazard, $4.6.2

Program

execution _ 200 400 600 800 1000 1200 1400
order Time : : : : . . —

(in instructions) o |
Id x1, 0(x2) IF — ID %MEM_._ WB |
T %4-32

L e I' .-l'

sub x4, x1, x5 IF —= ID :%—MEM we

o MRk fEAnop (=sl1$0,%$0,0) , EIESEAF

\
\ \ !
VN A 1) -

-'...._._I.bll_lbbhlfl-\f.'l f'_'_:bubt:lle; (bubble/\ ‘bubble, bubble,) load delay slot
e ) e ) T O,/ o J - k 1’|

° ﬁﬁﬁiﬁi InterIOCking Clock cycle a4 .. ——= Time

— stall: stretch & delay
— FW: MEM/WB->EX Load R2.(R3) F| Dl C]|M|W

— FlE?

o
@

M

Subtract R9, R2. #30 F




Code Scheduling: Zwi¥, $4.6.2

B A&
EI/Q‘\_E

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

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

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

o NEFTH TR,

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

FHRHE T (

1d

Load b

Load e ]q

b + e 1d

Store a add

Load f Xe

b + f

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, $4.8

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

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

order
(in instructions) _ _ _

Cbubble,) ( bubble) ( bubble,)| C'bubble,) C bubble)

S ) ?
Id x2, 20(x1) IM Reg | —[DM T_ g9 E—: \ —%MEM L

o \ = Bl B L et 428 fRUHE

 and becomes nop . _Egj' RIXMEM/WB R] Jii i 22 EXEL
1
/

.and x4, x2, x5 //

______ <14-61
or x8, x2, x6 ld x2, 20(x1) IM — JL{~bubble?
and x4, x2, x5

or X8, x2, X6
add x9, x4, x2

209 X402 ub x1, X6, X7




Interlock: load-use-data stalling

« Stallif X : freeze up and bubble down

— We can stall the pipeline by keeping an instruction in
the same stage

* |oad-use-data stalling
—  RESEXHTTHM BT A WK BIFFIID, iz 55 HE

WA NMEFE S PCWriteflIF/IDWrite
EPCAHNF/IDRI B2 5k FH1EFE #rPCHIIF/ID

= E;Q:}:H/J/)lLﬂ(aEXﬁ?)\ MR, IR MRS

ID/IEXIE %, H. “let them percolate through the pipeline”

. HDU(hazard detection unit): ]
— load-use-data stalling#i ] ?



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
@4-62 LT/;;FWL'IFdiI_];\\]-‘_ -‘
L‘E unit P
. A




or x4,

Clock 3

x4,

XZ

Instruction

1d x2, 40(x1)
and x4, x2, x5
load-used, single-cycle diagram or 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 MemPBead 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 - el xi
E Fegiites i ata P
o s || DAL ™ mE'nﬂ'v ™ gl
2__ 1 1 -
3 VA ERN
4| [z ])
- \\~_‘ = ¥ -
ID/EX RegisterRd | [ ‘ - - T—‘
b e - i E
$4.1475FIG e4.13.18: HDU &k Flandig 4 #FiLx2, 5E —2kIdiIrd IS, 42 LEIFAID, 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




WB

m , .m“.mﬁ_lm_wwn_
_._M._ |oJjuo9 .v.+_nh,ﬁ..un: HM |
|
4 r 4 I
|
|
| — s [
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|
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|
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/NG FEARSBURUKE ) E R

o AR FEIHAEREGEA, WU AT
— ZEMIMER: [F—cc, M+ Rtypefs S EHAWB, JHER, Todistall
o HIRIIMEM: IF, MEM
« RFE—HFiml: lw-Rtype
o T “RAWBHZER] feid sIFEIDSS f ph e ” 2
— RAWIKHS: AlElce, Ar=&-H%E, HERT4A, “=FIUxK”

« ID. EX. MEM., WB?

o ALUJGRERVEX: midE, WEBR Load| Ifetch | Reg | Exec | Mem | wr |
— “FERARE AR, HHRAEWBBERF” R-type | Ifeich | Reg | Exec | Mem | wr |
— load-used-hazard: stall+Hi{f, Z2fiF Smrel Ifetchl Reg IExec IMem |
« Store-hazard: Iw-sw, FIHE, VHEER
- X

e ERAH. FWU COEEEX1E) , interlock (KU, stall) , flush
—  CRRTIBRUKE T B AR IDB AN 5E, HE A S RHIE”
« RAW1RAL (CPI/IPC?) : HIHE, 84 ARE (k) , FU/AEL
— ALUJE¥:/EH: MDEX/IME. ME/WB /A EXER Fi
 load-used-hazard: HEXEXRETH#E, ME/WB

— Store-hazard: MME/WB[r]ME B i #






e

Wake-

Select
25| up
AN

Data
read

Source
Drive

ALU

Result
drive

Write-
back

— KRR TR T ?
o $4.18 =KLk
— SN K 2R B A HE ) IR 25 A TR 2

— WRLLIE T T REE K Zestall, A MRS R ?
. StalliJi5& X & “freeze up, bubble down” , H{a Sz ?

o FEAUMKEHIEMANI B = A AR ?
o HIFLERAWSH?
o MEMBEZHIHER) HIHE 2
o fATETAE EF FW Allinterlock ?
« load-use-data Forwarding#i | ?
o |d/sdfFEDS$HIZ?
o gmikdsanfiiistall?
— AR O S AR R AR 5 X 2
— NFTRISC R A load-storefg 2 i 17 ?

Wake-
up

Select

ZDam
read

Source
Drive

ALU

Result
drive

Write-
back

— ANARISC— &8 MNAE IR G — MIUKE S — 4R ?

E\V: 4.16.4~5, 4.22
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