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Pipeline Control

x How does the CU keep track of what each stage should lbe doing for each
instruction in the pipe?

® At decode, It generates all of the control signals for the current instruction,
for every stage, and stores them In a set of control registers

®x [he control registers are also pipelined

® At each stage, one register Is “consumed” and the others are passed on to
the next stage



TLWLS
L.

W\

(L

O]
At Al

{
L0

(

AN L‘g,

o0

A\

P TLUO LT TIPS

S

CHCICIC IO IO AT IO
(O[O0 0[0]00[0]0 00000000000 0000/008

A\

O

(LD

\

FATLTLTLS
{

LA

Wi\ V.O\W.C
PIPIPP.T.@.C.@

w Pold P B B B D D N S N N NS S B NS NS NS NSNS DS NS NS YN N YN NS NS NS WS NS S WS - )
FIIGIFINIGIG IS I IS IS IS IS IS IS IS IS I S S SIS S S IS S S S S IS )
3T IL I ILII I PP PP PP I PP I ILILI I I PLPLPIPLILILI LIS
FIIIITILILIIPL PP I PP PP ILIL I PP PP IE PP I PP IIILIL I I
000000808, 026000600,620 826,06 008 PRI 3

2
J
J

¢ LIPS ) JJJ D, )JJ JJJJ ")JJ O J‘)J‘ ® 20 @ o
33323 S 33 3 ® 828500 0 80808 28 8 e e 8808
3292354353555 555553 3 3 IS S S 555
820 050,00 8,8 o : ® , ) 2@ o : 820.0, 0,800,
o 322 8 : ® o o 3233335
00,8000 : PP P 050
0,0.0.020.0.6,6.0.0.00.0.0.0 e ‘
o 00005000 00000, 050

858
3333 I3
33 82000500000 828 658

o 8200, ceceo00e0e000000 000 0 0 00000000000
8205058, 82050 ® PIILILTILILIPLIIIIPIFIN IR IGIS IS
SO O®, B0 000 0 0 0 00 RPN
©5606065800000026260000000030000000000000 0000000000000 20 005008000000 000600

IS ™ ° o 820! IIII)
Jjgjngqu%){)%))?giﬁjijng?{JJJ%JJ oo Setesesete R

egeg000e
éggg, 393333 cogegegedecece
jeasiEasitess

sesssssces
3333

LWL LTS

S OO 08
? S
P9

\ AP
820
©0,0,0,0.0
33505052
050e0,05858y
JJ ‘)J‘) PP

LTI
( {

L0 0 L C L L O L C A C
{ (X

OO OO
L L L
@

@[0/0/0]
01."69}0'
@

5

s

WA

A AT
A ot Nt Nt
L A A

S

(A

SR
016/6/676/6/6 6 6

A A A P P PPl P Dl DL DL L P Pl L DL DL WL LWL

Sosetete
05950605 »
0,00,
8006006000 . 650000
S 0.9 SIS )
o 0202000020
® P ) )
; 0. ©.8 ®
B o 0 0 B B 0,86
6.0.9,.0.0.0.0.0.0
5 0,0.0.0,0.0,0.00,0
0,0.00. 0,00 8.0
) 80000 0,000
b 2RI IR I IR
) )) )‘) )'~) |J \_)')J‘;"J )"er




Y J ) AN NS )J - ’J - - o P - - - - 4 - — - — -’ - - — - - - - — -4 - o P NS - -
qJ::iJjJﬁJ;J4)3){)j)ﬁJ<)j)ijJjJﬁ)jgj)j)ﬁ)ijJj)jJ{Jﬁ)j)j)f){)j)j)j)j)j)
JJJf);J{Jqu)JJ)J.J)JjJ))J)QJJJQJJJJJJJQJ))J))J))j)JJJJJJJJJJJJ)JJJ)))J
DO 000 . 0000, 0. 0.0.0_0.0.0.0.60_0.0_60.0_0.0.0._0_0_8_0.0.0_80_0.9.0.0
0,.0.0,0,6.0.0 o 0. 0.0, ©.8.0 B0 0 0B BB OO BB D
D080, 0.0.00.0.0.0.0.0,0.0.0.0.0.0.6.0.0.0.0.0.0.0.0,0,0.0,0.0,0 .
0,0,0,0.0 00,00 - 0.0 J .0 0,08 ® o
000,600 : J 0.0, 0, 0, . 0,06 6.6
0, 0,0,0.0 ) . PP ‘ . o_6
0,0,0.0_0,.0_0 > o © : PPN )20 , ) 5®.
00,0 0,0 e o | ~ . oqe \ ele .
J ‘ 0 0 .
BB 0000000000 S 0.0.0._0 0000 00 _0_-0_0_0.0._0_-0_0_0
0y J)Jjjgdeijgngog 333q3)j33J%)jQ§)QQ3)33333)3333343Q343JijQnggng
) p OS058,0:-000:0.00500-0,00-0 O, 0502002000 0 0000 _0_0-8
< L ) o ®, © o ® o o, o, o, 0000 0.0
@ 0 _® L L) ) 0 @ O 295 C P> P <) 0. 0.0 ®,
050 50506050505050595050,0,0,0,0,0,6 v 050 ! 5. 0459,
' jﬁ333333333333J33333433343Q3 og¢ o IIIIITN sec000 >33 , ,JJJJ e%ee®,
J )J)J3J3J3J33333333333334§3) JJJJ' 0g0s0sesesesesesec00000 0%6°6%6%0°%6°%¢! 0526
d sg808000000 0000000000800 05000000 I IR I
7 Sesessssseassasesesetssesasases sessesess |
cecese 00000000 ) .

9,
Seseses
®

0595,

oges00e
csgese

AN
@]

\WLIWLLE

@]

R T e P W W ) D WD W W

O

UK
00

o

5005
e

{ J
0000
0666066

S
.’&‘mmﬁ%

AN J

AU LA
& (A

OO0 ¢
00500
323
0005000
0008

3

9,
5
J

AN NN AN A S AN A AN AN N

O[0[000/0/0/0.00/0[0/6[0/0]6[0[0[0[0[0[0[0[0[009 000 0[0 ®0]

L.V,

S S S P S Y P PO P Y P P L DL L OLL

o4
000 0/00.60/0,6,0,00/00/6/6/60/0/0/6/00/000/00/0,0/0/0/00/0/001¢

15523
933333
S506%%
2 J ‘.‘l ,“ ®
® 0 o ® o
‘jlj)ji
SN
J )"‘:_)JJJ)
‘ Jj_)j)j)
P o -
059950
0505050 ,
JJj)JJ)J )
Sessssestst ,
DO B0 B0 0 0 S=0=-0-0-0-06.0 ' <
oS08 0862600 0200000 60 ¢ ' )
B0 8 0.8 _0_.0.0.06_06.0_6 3 L
DEOEO0 8.0 0 .0.0.,06.0_06 ®, J
;1J1J%)ij)ij)jqujq)) ) )
3 '/)J‘;Jj.)J_))‘)\)‘)‘)J)J\)\)J)\) 59,
D0 8,0.0.80.0_0 )JJ ‘ 2=
;Jj)ﬂ)j)jjﬁ)jJJJ 3)
OG0 000,00
BB O 0000
DB L0 B B0 0. 00
D00 0, 00.0.0
333N
<) ~
DE® @ @0 O
00,080,008,
OB 0 ol
D9
IR P NAND 3
80 0.0
‘};J)J)4)‘
05%6%6%%
P Y
PRI
=P 2 PR
4 ))J)JJ
D ) 2 e \
NS J v
N /.JJ,J') 3
) ’] R 4" )’
PSISJ J
PRSP ®
PP ® J -
’/'{)/.) »_)J 3 JJJJ i
ssessssscs ssset Sesssasscssstess
58505908 | » 0080060000 300020
IR sss sssessss Sessssistssstetnsts
Sesssess ssssess Sesssesssesssssetssesssess RIRRRIITIN
323 ~ 8005005000250 ¢ | IS 8202028 3IIRIIITIIIISS
05, 0% | : , JJ)JJ 80000 00! LI PRI I IIL LIS
3 ° 850 ‘ TIIIIIILILNLILIIIIIS 0800 008 8 008 8 b
O® X \)\)J\)\)\)\JJ)\).) o L) J\)\.)\).)\)\)J\)\)JJ\)\)JJJ‘)\))JJJ J JJ_)_)_))_)J.JJ‘))J)J OB
934 80008000600000000000000000: cesegesececese0 00008 | | P IRIITIN
3432 NN IIIIIIILIILIII L5552 33
LI IR PPN IL I II NI I I35 552
3 P IIILTIIILILIIIIILILIIILIIIIIIILI I I I5I5 95050505
J ¢ ‘ : ® o J
=0 020°020,0.620.0°0,0.00900 00020000 0 058 50 00
5 0,080,000, 00,0000, 0,0-0.0:0 000000 @ =B @
< 0,0,0,0.0°0,0.0.6.0.0.0°0.000.0.0,8.00.8.8.0.0
” I IILIIIEILILIIFLPIPIIT NI IINITII I
0,0.0.0.00.0.000,0,0,00,0.0.0.0 0.0 8y =
& J)))J~ )J)JJJJJ)JJJJJ)J)J,J,J}J)ng <)
)JJ)))))j)JJJJ\J,)))Jjj;,Jjjj){z);)J =
00000500000 0 B8 L0 0 8 ® BB B :
sSsseettutututetutetetetetosutes
3 J{)%)f)ijﬂ)f)3,f,] @
PIIII5455



9.0.0.U.V.@.

0.0 0.
IIII
) < P P P )
05000 000060000 000
0909000002000 0,0
sgec020 0 :

02020 20
J’33333J3 820%0
005008200060558500%
IIIIRITIIITITIN
2620202020020 00,
eg0g000 JJJ) 000000
JJ 0200

o

-

0,9,

0-0.0._0_0
SIS P )
J))J))JJJJJ

gS-S=S=0=0=8.

sgogesese

0g00000 026
egeo0c0le.

I3
0500000 0200
RIS

9.9.0. 0.9,
{

LWL

P.V.O.@

{

(

AN

LWL WL WL WL LWL WL LWL WL

LA

000000000000 00 000000000000
PPOP.P V.0 P.V0 PPV UVU UU.VO.UVY.U.U.W..

006

O

000

J
FI33333I3IIIIIIIY
8000000000000 00505050 °
0500000000 0000000 e
sSssstessatesssatesss |
3IIIITIIIIITR
0005800002000 00000
TITITILILILILIEN J
8505006080000000000000000 00000
8000850000000 000000 oo
> J)))J)JJJJJJQ)))ng 0505050500
6%6°%6%6%6%6%6°6%6%6%0° : 05
, S, 95°5%0°%6%6%0 %% %6 ° o o
558500000 0000000000 0050500050 0000
eSesssesetesesstesesesesesesaseseseses
IR R
PO OO0 8 0 0 8 00 0008 2050
6005058080000 00 000000000000 0000,
I3 00059500000 0000000 0 .
PILILIL TIIIEIM 933333333‘
2008005620 0300000000000
PP ) ® 0505050,0,050.0
323 REIIILILILILIY soe pILIN see
. %66 %6 : ; 307 o000
0,09 - s“sr 020 S : 008 23 _
o 3333§43Q)%)3 Sege s 23 RIRIRIIIIRIITIITIITITIITIN o
oeeeee80s00s0s 000000 SIIIIITIIIIIIITHITIILIITIIN | o
ege00000300000 000 | 0000000000000 og0g00000e00 000 0! . PP
eg0c0c0s000 : o° eg0c000S0 0000000 00000000000 . ©
eg00000. egecec000000000 0 o o 2
JJ\)\J JJJJ } () o, \)\)\)\)\)\)\)\)\)\)\)J\)\)\)\) )J),))J))))J JJ)J ) et
cegege e, 03030200000005030008 2ITITILIY
PIEIEN ege RIILIIITN RILIIITIN
ceoes cosesecese 0000000000 0905050 23323332
eS0003000060000300050000000000000 0S¢ 193
0000000000000 03006000020000000060000560800 0 6 0 0L 5
0 00000900505050 00800 0508 000,0,0,0,0,08 06 05
0050500000000 0 000 @800
)))))JJ)))_))JJ)J) ),/J,))))/“,J‘_) O SO50 5
I IIITITIITITITITIITITI I ‘®
0026%:%6%6%6%6%0%6%6%: %

COoC0 0 0 0 X

WIS












N Y Y Y Y Y Y Y Y Y YYY Yy
XXX XXXY)
YY Y Y XYY )X)

YYY Y Y Y Y Y

WX XX XXX
'y .»J Yy .J

) 00000000
NAANAASSAAA

NANINTNIT S

Y X ﬂ ® 000
10000000000000000000008
10000000000000000008

000000

0000000000000 000C0 0 Y V)
POOOOCOOO0000O00000000Oee
000000000000 0000
1 0000000000000 006068e
0000000000000000000000000

),,)J,)\J.)JJJ)..JJ.J}.JJ)
) 0000000000000 OOCS

000000000000 00000000COCO0 G
0000000000000 00000000000C000
0000000000000 000000 O
90 eannannannnnssnscnanas
X X X X XN X XXX XXX XXX X X))

0000000000000

- 200000
0000000000
200000
'@

0000000

0000000000000 00 0000

“J\J\)“J./<./, N~

N7

et

NPT

)

J ~A
N YA Y Y Y Y Y Y
~N7y A

)

>

Y )
A~

NS
1000 000e

)

000006

000000
> 2000000

5




RIIIITITITITIIT
) 5020505050000,
IR
) @00 0 _0 ©.06,.0_6_0_
y P3Pl B P Pt et Dt Pt ot e B e D S
B e e s s s e s s ssesese
05%6°6%8°%6 2626262626 °6°6°0°%6 262626 %62
© -0 ,3,1J;Jjj))))j)JJJJJJ))J)))))J)JJJJ
OGO OO 0O 0000 2000,0000260020003000500000000
O 0 0e0505050505050,00,0,0,0,0,0,6,0,0,06,06,0, 0,0
e 0e00000000850000000000000508000050000000000000500000!
s8g00000060000500000 050 000000 000 0000020000000 20 000,
yeg00000 0000000000 ©00505036000000200000600000020200000000000
RIS 0000000020 0 000000 000000000000 00000, '
00000000006 000 0 N eges0s0! ege0000 00 I 399
3058000200030 000 ‘ RIS RIIIIIITI ’ =23 %0 3
05000 05000 0%6%6%6%0%:% % M3 %6000, ©%e® 00
09000, 2626268000 ,Q=‘l}>ag§§>‘: | ' IIITRIIIITIN o0 000005
' ) ~ o 0202020202020 0 s - 0a0a o6
) e ° 20000 » | S PR3 HIIE
‘ | | . o : I PRI
! K 026202525 RN 020069
| 02026 eces0c00000 000200
> ‘ eS0360000 0o8 50
| P . ) 0. 0,00 0,0, 6
3 i ! J 05059595
3 - - e- oo hegegegecese:
i ""8333 05959 20 >
) ) 3
3 2%e%s ‘.i.. J
soessssee |
B T 5
sesesessse

000!

'6.00
OO
(X

)

S

O
00000
10,0000
06,660

e durgg %6
X

00
00000 b
0000( 00

00

0

J v

S

Soese’ Sesesesetese ) ‘
8°6°%5°6 626%2s o
DI ' ‘ oo
¢ <) ’:_:)J ® ) ) “g“ i‘%
- 9.0.0.0 <) °®

33303 IIIITIIIIITIIIIIIIIN s
PRI I P ILY I 059, sisﬁi

RIIITI ceo0s0c000 000 000000000008

000000000 IITIEILIEITIN I

P52 )’)) )_))‘)‘) ° QJJJJJJJ J\)\)\)) . ‘ ) e?‘shs!

5 °. «/'))J')jjj)j)_))):))\)j\):)) 05%5%:%:%:% P sggsgggsg
05050,0.6.6.6_06_0_0 o J e

SHRRnen s

e
e
UG
(X

(A
’%

00000
secoe
!'ﬂqgg"

O
<
-

O
"X ‘1 00
Op.

.X‘?}.x

Y
00000
100,00

) ®

® 000208

3 J gsgs!% %

Do > ® ?6“.:‘ 05%6%
z ssassssetates
o I o

‘zé

RS
o
&

9000

0000

@

I

LK

'o'0'6

e

JO)
..‘.IOX

0202020500000
00000002000 202020
05000, 050 0202008
egos00 0 000 0 00
o J)J)J) S 0.0

4J333§3g333g3g333)3§3§j§3§3g33303§33333§33

3JQJﬁ)3J3J3JQJ3J3J3J3J3)3)3J§)3)3)3)3)3)3‘) %)

0202026202020 26 2626262626200 2626 2626 20 20 20 20 >

Jﬁ)j)ﬁ)%)ﬂ)j)ﬂ)ﬁ)ﬁ)jJj)ﬁJﬁ)iJﬁJj)iJjji)j ﬂ 5

8200626202626 262626262626 26 26 26 06 26 26 06
coo8 e

)
¢ 0.9,
005959
sesetetstel
)JJJJJJJJJ \J

o
o N

8200

S

000000000000 002030 0 000006
0.0 )\JJ) )J
525068 500056
55 0o: 505028
)) 3
J

000000 0 e
22620 202000

Yt Y

WG V.9.U.© A
DID.ICIVVIVV.VIP.V.V.P.0.0.0.0.0.0.0.0.0.0.00.0.0.0.0.0.0.0.0.0.C

{

PIPP.V.0.©

P.9.0.0.0.@

OIP.PIO.O.O.O.0.OL

P.U.9.0.0.0.0.@
@

@ 0.90.90.90.0.0.0090900000000000000ee

NN AN

L WAL

P V9.V

9. 9.0 9.9.P.V.V .0 V.V .V.9.U.C

WL

I\

P.V.V.U.U. W\

MAA N

(LWL

.U 0. 9.C.V.O.@
CIC N X (

AN AN

P PIFIT.P.C

(



0O BB OB OB
SRS PP PSSP
@ O O D W ® ) )
‘ B o0 ® B B B @ W
e .JiJj)j)jzf);<ﬂfﬁ‘ )
0000 0,0.0. 0. 0. 0. 0000, )
I RRRIIIITITITIITI
® \)\)\)\)\)\)\)\)‘)\)‘)\)\)\)\)\)\)\)\) o PN ))) 2 »><J P
1 058.0.0.0,.0.0.-0.0.6 0,0,0,0,.0,.0.0._8 8. 9
J‘)J\)JJ\)‘) ‘)\)\)\)‘)\)\)\)‘)JJ o )_-)JJ._)))J)),))!‘,"‘
000050000000 000000, 0000000000000 000 c 0
IR 008080028 88080
N 3 3> 0500000006 8000
PP } 000 )Q))J)J)Jj;ﬂJg.
ssssse SSsssessossetesss
3323333 I IIIIIIIIID
J\)\)\)J\))J:)))SJJ‘_ ® 24 © 95%6%6°%5°%
‘ egoo0cesec0ce 3440
95959, : ‘ 00
o0 53
IS
58626600 %6°.
0505000000
pIILILIIEILS
I 0500000050 00
0202020 eg0s00000 0 608
. ceoe 00000050
i eoe00eS000 00000
i P  JJJJJQJJ
! ic - og0g0 0y
< - | 62058,
J [ ;g 85059,
) - gi i~ 0008
) %% o

X
G

000000
90/0/0/0/0]

OOERREEEE

)
m:ivmmmmmm
GO IOC OO OCIOT)

X

2

5O,

™

0,00 p P P2
jjjﬁjjg eg000 ssetes
S0 0 0000000 %606,
'._)‘f} )

R

828 5%

0000000000 0oeveoee

jJ )
o 8
: ©, 333@ o ©,0.8 3 3-
©, O ~ 0,0,0.0 0 )
393333 RIRIIIIRIIIIIIIIIIITIITI
33 egegecey S IPLILILTIIMN
o, %55 %%
Jﬁ){
28 2O

O[00/0/0]0/0,0/0.0000/0/0/0/006.0000,000000.0000.600060000 06

O[0[90[00]0000/000000/0/0000.06] , JC
O[9[0[0[0000000000/0000.00 0000000000000 0000 e6008¢

o
o
s®.
3
O
550 ”
Do |
P quﬁqﬂ
3 o ;{%)
3 ) 0500000
I3 65062606
os> 000002020000 20 )
33 IIILPLILILIY ,
o8 8000020000006
> <) 009,090 00 )
egele eg0o0 0 0 000 ,
305000 ‘ PP ITILIL LY >
0524 ° 5‘ 05959, ‘

o ' '

eg03030000

egee .

J)J)JQJ?3Q)QJJ§i3

o o 2
3

sessesessssssses 3J33§3§3§3§§303333333J33§3
3333 I I I
2 P OO0 ))-J).) «_)))_)J_),)‘).)_)‘ '

Q0000
FITILIITH

4
J
J
o
J
J
N
J
o
S
o
2
J
J
-
o
S
2
®
J
J
J
-/
9
2
=
o
J
o)
o)
o)
J
) -4 g

A A

A OO OO

P P.0.9.0.0.0.0.0.0.0.0.0.0.0.0.C

LA

V.0 0.0.W.C

.U O.V.U.0.0.9. O .0

P 0. 0.0V 0V oVPereee

PL@P. 9.9, 0.0.0 9.0 PPV P P VU U VU C.U.W.U.U.E.
( { @

P PP P.9.0.0.@.9.C

L

\AN UL

AU U A U
\WL L LTI L DL WL L Wit




IGIGIGIGIGISIS IS SIS IS IS I IS
' ) ) - » ) ) )
600000005000 00,800 8082080 000 80,0 836,80,
FITPIILIIPIIIIIIIIFIPIFIFIPIG I TIPS TP IG5
) 0,0, 0 0.0 0 _0_©_ 0 _ 0.0 _0_0_ 0. 0.0 0 _0_0_-0_0_0_0_0._0.0_0_9
) J)J)J)JJ)JJJJ)JJJJJJJJJ)J)J)J))JJJJ)J)))JJJ)J)J)JJ) )-J)J)))JJ
3TN ILILILIL I I I I PP I IL PRI IE IR IR P :
T33050 332533533 IIIIIIIIIIILILILINL PP
3333333 ISP III I I I I I PPN
0000000000026,60608000000,020000000005006000000002050,60800002620606
3333339 Y 28 egoo0 00000

seast 3*8&@5E§j;§;p§5§g§)q3gﬁ§g§33§§5g;9}§§93;g{§§p§>
o> Sede? RIS | Seolele

D 3

-
6%
23
Jj‘
J

JJ)Q)JJJj)

\.)
egoce
00090
0009
0000 ®

RN
\J ; ' ( o,
g§55?i§5

030! 000000
Bee 0800000000020 %
IIRIIITIINIIIIILIN
0000000300030 00 0! 3?233339 ,
' { <)

52826 °6°0°0°0°6°0
)J333J$g33i§§3§2§33
8205860050
8286200,

059
05959,
33
9,
Seseses
®

0595,

oges00e
csgese

AN
@]

\WLIWLLE

@]

R T e P W W ) D WD W W

O

UK

o

5005
e

{ J
0000
0666066

S
. .‘x 066

AN J

AU LA
& (A

OO0 ¢
00500
323
0005000
0008

3

AN NN AN A S AN A AN AN N

9,
5
J

PIPIP.C.0.0P.C.V.0.0.0.0 V..V .P.0.0.P.U.P.P.V.0.UC.V.C.O.U.C.U.O AL
R AP P P P LV PP Pl PP PIVIVI Pl Pl P VLIV PL L DL L1 VACLULS

L.V,

o4
000 0/00.60/0,6,0,00/00/6/6/60/0/0/6/00/000/00/0,0/0/0/00/0/001¢

O5®,

A\ WAL T WL

(O]

3333 e
INIHIH) P
506050, oe
OO0 50 ¢ )
VBB B
I ‘31
) })’.:,"’) J‘ %i
1239333 ol
=@ 0 =0 ¢
5950606 ege
I :
) 2 ® 009
I <
) 50 2D @ -
DD o 2 i <
33339333 s
BOEOES
20,008 \ Q
» o
‘:4) _)_)JJ_)J _)‘)\)‘)_)‘)\)\)Jj‘)\)‘) JJ L) ! i
’ ’“)JJ -'_)J o JJ)‘))\)JJ JJ <
S "/’ J \JBJJ < ) JJJJ‘) \)\)J) 4 N
=4 /’ ')J‘JT,)J J)JJJJJ\)J ¢ - ® OO OO
58585958 $5%6%6° I PPN
POOPPY ) 0,0,0.0_0
050595, 95°, 05050505%5°.
PSP ) ) v J 0,059 0.9
OO .0 ° 0,900,900
PO P P ) ) L=C P P )
AU ) AP P P P P4 )
PE P ) LS P P ) ‘
D525 26 %8 > 000 0®
<) 9% %6
339 33
Jj)j)
3
=9
jJJJ
)JJ.)
JJ))
D500
I35
) @ =
558
)j)
D ®
D0
D

.9 JJJJJgggj) 82656
o » : 000000000020 000,
: > 0.0 <)
! soses sSsssteseseiatatesesst Ssssssssesssesesessss
< ) 0o ©26°6°%6%6 ¢ ' ‘ 00 82020502 IRIIL IS
3 0% : : , JJ)JJ IS LITILIA I ILIL I
° o200, | TIIILILILILILILILILIIS 5262656566066 0658 2
900300000 egec0c0l0c0000000 0 000000000000 IIIIIIIITIN
80008000600000000000000000: cesegesecece 000 00008000 | I
R e s s s sesesss
IR PPN IL I II NI I I35 5555
coceses0se0000 00000 0000000 0 0 000 b b b e b ELE
05°26°%628%0°%6 %6 %8 %6 %6 26 26 20 > ))J))J>))J)7)J)j)3)j)_
JJ))JJJJJJJJ))J)JJJ)J)J)J))JJ)JJJ).)J)J’J D =@ =0 = i
LI IRIRIR LIPS IGII IS I I I IS0
)JJ)j)j)j)ﬁJjJ%J{Jﬁ)jj%;{JfJﬂ){zj;jj' =
I I P I I I IS I
O 9 D @ O O O D J P ) )
J{)j)jjjj{)%ljlj S
3335393993933



TLWLS
L.

W\

(L

O]
At Al

{
L0

(

AN L‘g,

o0

A\

P TLUO LT TIPS

S

CHCICIC IO IO AT IO
(O[O0 0[0]00[0]0 00000000000 0000/008

A\

O

(LD

\

FATLTLTLS
{

LA

Wi\ V.O\W.C
PIPIPP.T.@.C.@

w Pold P B B B D D N S N N NS S B NS NS NS NSNS DS NS NS YN N YN NS NS NS WS NS S WS - )
FIIGIFINIGIG IS I IS IS IS IS IS IS IS IS I S S SIS S S IS S S S S IS )
3T IL I ILII I PP PP PP I PP I ILILI I I PLPLPIPLILILI LIS
FIIIITILILIIPL PP I PP PP ILIL I PP PP IE PP I PP IIILIL I I
000000808, 026000600,620 826,06 008 PRI 3

2
J
J

¢ LIPS ) JJJ D, )JJ JJJJ ")JJ O J‘)J‘ ® 20 @ o
33323 S 33 3 ® 828500 0 80808 28 8 e e 8808
3292354353555 555553 3 3 IS S S 555
820 050,00 8,8 o : ® , ) 2@ o : 820.0, 0,800,
o 322 8 : ® o o 3233335
00,8000 : PP P 050
0,0.0.020.0.6,6.0.0.00.0.0.0 e ‘
o 00005000 00000, 050

858
3333 I3
33 82000500000 828 658

o 8200, ceceo00e0e000000 000 0 0 00000000000
8205058, 82050 ® PIILILTILILIPLIIIIPIFIN IR IGIS IS
SO O®, B0 000 0 0 0 00 RPN
©5606065800000026260000000030000000000000 0000000000000 20 005008000000 000600

IS ™ ° o 820! IIII)
Jjgjngqu%){)%))?giﬁjijng?{JJJ%JJ oo Setesesete R

egeg000e
éggg, 393333 cogegegedecece
jeasiEasitess

sesssssces
3333

LWL LTS

S OO 08
? S
P9

\ AP
820
©0,0,0,0.0
33505052
050e0,05858y
JJ ‘)J‘) PP

LTI
( {

L0 0 L C L L O L C A C
{ (X

OO OO
L L L
@

@[0/0/0]
01."69}0'
@

5

s

WA

A AT
A ot Nt Nt
L A A

S

(A

SR
016/6/676/6/6 6 6

A A A P P PPl P Dl DL DL L P Pl L DL DL WL LWL

Sosetete
05950605 »
0,00,
8006006000 . 650000
S 0.9 SIS )
o 0202000020
® P ) )
; 0. ©.8 ®
B o 0 0 B B 0,86
6.0.9,.0.0.0.0.0.0
5 0,0.0.0,0.0,0.00,0
0,0.00. 0,00 8.0
) 80000 0,000
b 2RI IR I IR
) )) )‘) )'~) |J \_)')J‘;"J )"er




Simulation

®x On each cycle, evaluation proceeds back to front

®x \\Vhen a stage advances, Its opens a space for the one behind it to advance
(lilke a queue)

® Stages that take multiple cycles don’t advance, and a “bubble” occurs

x A stage Is blocked from advancing If the next stage is still full

® A multl-cycle operation may be able to do work while blocked from
advancing (e.g., FP. DIV in Execute while a cache miss is serviced in
Memory)
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E Instruction takes 3 cycles



Bubble (NOP) is inserted, and pipe stalls behind E
(structural hazard)
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Simulation

®x \\When Fetch stage Is reached, an instruction iIs fetcheo

® Decode examines a fetched instruction and creates an object that has all of
the control information (type, opcode, condition, addressing mode, etc.)
broken into fields by stage, plus execution state fields (operands, result)

® At each stage, the corresponding control field In the instruction object is
examined and selects branches to carry out the operation (may be NOP)

® Using the state of the instruction (e.g., operand values), the stage carries

out its task (e.g., computes a result), and updates the state (e.g., puts result
N result field)



Simulation

® Non-piped simulation can still use the pipeline
x Just block fetch until the current instruction writes pack
x  Only one instruction will be in the pipe at a given time
x \\ill take at least 5 cycles to pass through (can be delayed)

® Since the pipe would be clocked roughly 5 times as fast, this will give a
reasonable comparison



Pipelined Instruction Flow and Hazards
With Rescheduling to Improve Efficiency



Hazards

® Data Hazard: An Instruction depends on a value from another instruction
ahead of It In the pipe, which has not yet been computed

® Structural Hazard: A resource Is not available (e.g., the FP unit is still busy
with a DIV, or a cache miss occurs, or the next stage is stalled)

®x Control Hazard: A conditional boranch is evaluated in a later stage, and
instructions from the wrong path are benind it in the pipeline



Simulating Data Hazards

®x Each instruction object has a Target field with the number of the register it will write
(if any)

®x Decode stalls an instruction If it has an operand that Is a larget in any instructions
ahead of it in the pipe

x \Write Back deletes the instruction object after putting the value in the register,
enabling Decode to advance

® Forwarding allows a later stage to send a result to an earlier stage

® Fasy in simple pipes, but harder for longer pipes when handling faults/interrupts



Simulating Structural Hazards

® Back-to-front evaluation simulates blocking due to stalled stages
®x Memory (or cache) can make a stage (fetch or memory) wait

®x Slow operations (e.d., FDIV, vector logarithm) can make execute walit



Simulating Control Hazards

® |[f a conditional branch Is taken, mark instructions behind it as sguashed
x Set PC to new location so next fetch will get correct instruction
®x Sguashed instructions flow through the pipe as NOPs behind the branch

®x Could just change those instruction to NOPs, but that can lbe confusing
for debugging via the Ul, as it shows the instructions in the pipe in single
step mode, and they aren’t the same as In the program code



Example

® | et’s look at a longer pipe, to see more realistic effect (MIPS R4400)
®x Run /7 Instructions through

= No branches so only data and structural hazards (D and S)



MIPS R4400 Pipe

® |F: Instruction First (I-cache fetch part 1)

® |S: Instruction Second (I-cache & decode)

x RF: Register File (Get operands)

®x EX: EXecute (Perform operation)

= DF: Data First (D-cache fetch part 1)

x DS: Data Second (D-cache fetch part 2)

x [C: Tag Check (Check for miss) 1G can forward a result to EX
x \WB: Write Back (Save result)



Ld R1, A

IF

Ld R2, B

Mul R3, R1, R2

Add R3, R1, R3

Add RS, R4, R2

Add R6, R7, RS

Sub R10, R8, R9




Ld R1, A

IF

1S

Ld R2, B

|

Mul R3, R1, R2

Add R3, R1, R3

Add RS, R4, R2

Add R6, R7, RS

Sub R10, R8, R9




Ld R1, A IF | 1S |RF
Ld R2, B IF 1 1S
Mul R3, R1, R2 |
Add R3, R1, R3
Add RS, R4, R2
Add R6, R7, RS

Sub R10, R8, R9




Ld R1, A IF IS |RF|E
Ld R2, B IES Rl SRR
Mul R3, R1, R2 |esi sei s
Add R3, R1, R3 |
Add RS, R4, R2

Add R6, R7, RS

Sub R10, R8, R9




Ld R1, A IF | IS |RF | EX|DF
Ld R2, B IF | IS |RF | EX
Mul R3, R1, R2 eSS RERE
Add R3, R1, R3 IF | 1S
Add RS, R4, R2 IF
Add R6, R7, RS

Sub R10, R8, R9




Ld R1, A IF | IS |RF| EX|DF [DS
Eef ptid 2 IF | IS | RF | EX | DFE
Mul R3, R1, |esi sei s

Add R3, R1, R3 |

Add RS, R4, R2

Add R6, R7, RS

Sub R10, R8, R9




Ld R1, A IF | IS |RF|EX|DF|DS|TC
Eef ptih 2 IF | IS | RF [ EX | DF | DS
Mul R3, R1, |esi sei s

Add R3, R1, R3 |

Add RS, R4, R2

Add R6, R7, RS

Sub R10, R8, R9




Ld R1, A IF | IS |RF|EX|DF |DS| TC |WB
Ld R2, B |

Mul R3, R2, R2 |

Add R3, R1, R3

Add RS, R4, R2

Add R6, R7, RS

Sub R10, R8, R9




Ld R1, A IF | IS |RF|EX|DF |DS| TC |WB

Eef ptih e IF | IS |RF[EX|DF|DS| TC|WB
Mul —2, R2, R2 |esi sei s

Add R3, R1, |

Add RS, R4, R2

Add R6, R7, RS

Sub R10, R8, R9




Ld R1, A IF | IS |RF|EX|DF |DS| TC |WB

Eef ptih e IF | IS |RF[EX|DF|DS| TC|WB
Mul —2, R2, R2 |esi sei s

Add R3, R1, |

Add RS, R4, R2

Add R6, R7, RS

Sub R10, R8, R9




Ld R1, A IF | IS |RF|EX|DF |DS| TC |WB

Eef ptih e IF | IS |RF[EX|DF|DS| TC|WB
Mul R3, R2, R2 |esi sei s

Add R3, R1, R3 |

Add RS, R4, R2

Add R6, R7, RS

Sub R10, R8, R9




Ld R1, A IF 1 IS [|RF|EX|DF[DS|TC [WB

bej pra = IF | IS |RF[EX|DF|DS| TC |WB
Mul R3, R2, R2 IF 1 1S

Add R3, R1, R3 |

Add R5, R4, R2

Add R6, R7, RS

Sub R10, R8, R9




Ld R1, A IF | IS |RF|EX|DF |DS| TC |WB

Eef ptih e IF | IS |RF[EX|DF|DS| TC|WB
Mul R3, R2, R2 |esi sei s

Add R3, R1, R3 |

Add -5, R4, R2

Add Ro6, R7,

Sub R10, R8, R9




Ld R1, A IF | IS |RF|EX|DF |DS| TC |WB

Ld R2, B IF | IS |RF[EX|DF|DS| TC|WB
Mul R3, R2, R2 |esi sei s

Add R3, R1, R3 |

Add -5, R4, R2

Add Ro6, R7,

Sub R10, R8, R9




Ld R1, A IF | IS |RF|EX|DF |DS| TC |WB

Ld R2, B IF | IS |RF[EX|DF|DS| TC|WB
Mul R3, R2, R2 |esi sei s

Add R3, R1, R3 |

Add RS, R4, R2

Add R6, R7, RS

Sub R10, R8, R9




Ld R1, A IF | IS |RF|EX|DF |DS| TC |WB

Ld R2, B IF | IS |RF[EX|DF|DS| TC|WB
Mul R3, R2, R2 |esi sei s

Add R3, R1, R3 |

Add RS, R4, R2

Add R6, R7, RS

Sub R10, R8, R9




Ld R1, A IF | IS |RF|EX|DF |DS| TC |WB

Ld R2, B IF | IS |RF[EX|DF|DS| TC|WB
Mul R3, R2, R2 |esi sei s

Add R3, R1, R3 |

Add RS, R4, R2

Add R6, R7, RS

Sub R10, R8, R9




Ld R1, A IF | IS |RF|EX|DF |DS| TC |WB

Eef ptih e IF | IS |RF[EX|DF|DS| TC|WB
Mul R3, R2, R2 |esi sei s

Add R3, R1, R3 |

Add RS, R4, R2

Add R6, R7, RS

Sub R10, R8, R9




Ld R1, A IF | IS |RF|EX|DF |DS| TC |WB

Eef ptih e IF | IS |RF[EX|DF|DS| TC|WB
Mul R3, R2, R2 |esi sei s

Add R3, R1, R3 |

Add RS, R4, R2

Add R6, R7, RS

Sub R10, R8, R9




Ld R1, A IF | IS |RF|EX|DF |DS| TC |WB

Eef ptih e IF | IS |RF[EX|DF|DS| TC|WB
Mul R3, R2, R2 |esi sei s

Add R3, R1, R3 |

Add RS, R4, R2

Add R6, R7, RS

Sub R10, R8, R9

Optimal 14 / Actual 20 = 70% efficient




Reschedule

® | et's see what happens If we reorder ops
® Move the Sub up, to follow loads

» Reverse order of first two Add ops



Ld R1, A

IF

Ld R2, B

Sub R10, R8, R9

Mul R3, R1, R2

Add RS, R4, R2

Add R3, R1, R3

Add Ro6, R7, RS




Ld R1, A

IF

1S

Ld R2, B

|

Sub R10, R8, R9

Mul R3, R1, R2

Add RS, R4, R2

Add R3, R1, R3

Add Ro6, R7, RS




Ld R1, A IF | 1S |RF
Ld R2, B IF 1 1S
Sub R10, R8, R9 |
Mul R3, R1, R2
Add RS, R4, R2
Add R3, R1, R3

Add Ro6, R7, RS




Ld R1, A IF IS |RF|E
Ld R2, B IES Rl SRR
Sub R10, R8, R9 IE 1S
Mul R3, R1, R2 |
Add RS, R4, R2

Add R3, R1, R3

Add Ro6, R7, RS




Ld R1, A IF | IS |RF | EX|DF
Ld R2, B IF | IS |RF | EX
Sub R10, R8, R9 eSS RERE
Mul R3, R1, R2 IF | 1S
Add RS, R4, R2 IF
Add R3, R1, R3

Add Ro6, R7, RS




Ld R1, A IF | IS | RF | EX|DF [DS
Ld R2, B IF | IS | RF | EX | DFE
Sub R10, R8, R9 el SRR P
Mul R3, R1, R2 [gesissi g iy
Add RS, R4, R2 IE 1S
Add R3, R1, R3 IF

Add Ro6, R7, RS




Ld R1, A IF | IS |RF|EX|DF |[DS|TC
Eef ptih 2 IF | IS | RF [ EX | DF | DS
Sub R10; R8, R9 IF | IS | RF | EX | DF
Mul R3, R1, IF | 1S

Add RS, R4, R2 IF

Add R3, R1, R3

Add Ro6, R7, RS




Ld R1, A IF | IS |RF|EX|DF |DS| TC |WB
Ld R2, B IF | IS |RF|EX|DF|DS|TC
Sub R10, R8, R9 IF | IS | RF | EX | DF DS
Mul R3, R1, R2 IF | 1S

Add RS, R4, R2 IF

Add R3, R1, R3

Add Ro6, R7, RS




Ld R1, A IF | IS |RF|EX|DF |DS| TC |WB

Ld R2, B IF | IS [RF|EX|DF|[DS|TC [WB
Sub R10, R8, R9 IF 1 IS |RF|EX|DF|DS|TC
Mul R3, R1, R2 IF | 1S

Add RS, R4, R2 IF

Add R3, R1, R3

Add Ro6, R7, RS




Ld R1, A IF | IS |RF|EX|DF |DS| TC |WB

Ld R2, B IF | IS [RF|EX|DF|[DS|TC [WB
Sub R10, R8, R9 IF 1 IS | RF|EX|DF DS | TC|WB
Mul —=, R1, R2 IF | 1S

Add R5, R4, R2 IF

Add R3, R1,

Add Ro6, R7, RS




Ld R1, A IF | IS |RF|EX|DF |DS| TC |WB

Ld R2, B IF | IS [RF|EX|DF|[DS|TC [WB
Sub R10, R8, R9 IF 1 IS | RF|EX|DF DS | TC|WB
Mul R3, R1, R2 IF | 1S

Add RS, R4, R2 IF

Add R3, R1, R3

Add Ro6, R7, RS




Ld R1, A IF | IS |RF|EX|DF |DS| TC |WB

Ld R2, B IF | IS [RF|EX|DF|[DS|TC [WB
Sub R10, R8, R9 IF 1 IS | RF|EX|DF DS | TC|WB
Mul R3, R1, R2 IF | 1S

Add RS, R4, R2 IF

Add R3, R1, R3

Add Ro6, R7, RS




Ld R1, A IF | IS |RF|EX|DF |DS| TC |WB

Ld R2, B IF | IS [RF|EX|DF|[DS|TC [WB
Sub R10, R8, R9 IF 1 IS | RF|EX|DF DS | TC|WB
Mul R3, R1, R2 IF | 1S

Add RS, R4, R2 IF

Add R3, R1, R3

Add Ro6, R7, RS




Ld R1, A IF | IS |RF|EX|DF |DS| TC |WB

Ld R2, B IF | IS [RF|EX|DF|[DS|TC [WB
Sub R10, R8, R9 IF 1 IS | RF|EX|DF DS | TC|WB
Mul R3, R1, R2 IF | 1S

Add RS, R4, R2 IF

Add R3, R1, R3

Add Ro6, R7, RS




Ld R1, A IF | IS |RF|EX|DF |DS| TC |WB

Ld R2, B IF | IS [RF|EX|DF|[DS|TC [WB
Sub R10, R8, R9 IF 1 IS | RF|EX|DF DS | TC|WB
Mul R3, R1, R2 IF | 1S

Add RS, R4, R2 IF

Add R3, R1, R3

Add Ro6, R7, RS




Ld R1, A IF | IS |RF|EX|DF |DS| TC |WB

Ld R2, B IF | IS [RF|EX|DF|[DS|TC [WB

Sub R10, R8, R9 IF 1 IS | RF|EX|DF DS | TC|WB

Mul R3, R1, R2 IF | 1S DFE DS | TG [WB

Add RS, R4, R2 IF =X | DE DS | TC |WB

Add R3, R1, R3 RFE| D |EX|DF|DS|TC |WB
Add Ro6, R7, RS 1S . RFE{EX|DF DS | TC |WB

Optimal 14 / Actual 16 = 88% efficient




Conclusion

® |nstruction rescheduling significantly boosts efficiency
x NO HARDWARE CHANGE REQUIRED!
® Fairly simple compiler analysis

® Done In hardware on modern Processors

®x Only possible for separable operations



Exercise: Determine the efficiency of the
following, and then reschedule the instructions
to Improve the etficiency

Ld R1, A

Add R5, R4, R1

Ld R2, B

Add R7, Ro, R2

Ld R3, C

Add R8, R6, R3

Add R9, R7, R3

Add R10, RS, R2




Ld R1, A

|

Add R5, R4, R1

Ld R2, B

Add R7, Ro, R2

Ld R3, C

Add R8, R6, R3

Add R9, R7, R3

Add R10, RS, R2




Ld R1, A

|

1S

Add R5, R4, R1

|

Ld R2, B

Add R7, Ro, R2

Ld R3, C

Add R8, R6, R3

Add R9, R7, R3

Add R10, RS, R2




Ld R1, A

|

S

RF

Add R5, R4, R

|

1S

Ld R2, B

|

Add R7, Ro, R2

Ld R3, C

Add R8, R6, R3

Add R9, R7, R8

Add R10, RS, R2




Ld R1, A IF | 1S | RF [ EX
Add R5, R4, R1 IF 1 1S | RF
Ld R2, B IF | 1S
Add R7, R6, R2 IF
Ld R3, C

Add R8, R6, R3

Add R9, R7, R3

Add R10, RS, R2




Ld R1, A

|

1S

RF

EX

DF

Add RS, R4, R1

|

1S

Ld R2, B

|

Add R7, Ro, R2

Ld R3, C

Add R8, R6, R3

Add R9, R7, R3

Add R10, RS, R2




Ld R1, A

|

1S

RF

EX

DF

DS

Add RS, R4, R1

|

1S

Ld R2, B

|

Add R7, R6, R2

Ld R3, C

Add R8, R6, R3

Add R9, R7, R3

Add R10, R5, R2




Ld R1, A

|

1S

RF

EX

DF

DS

1C

Add RS, R4, R1

|

1S

Ld R2, B

|

Add R7, R6, R2

Ld R3, C

Add R8, R6, R3

Add R9, R7, R3

Add R10, R5, R2




Ld R1, A

|

1S

RF

EX

DF

DS

1C

WB

Add RS, R4, R1

|

1S

Ld R2, B

|

Add R7, R6, R2

Ld R3, C

Add R8, R6, R3

Add R9, R7, R3

Add R10, R5, R2




Ld R1, A

|

1S

RF

EX

DF

DS

1C

Add RS, R4, R1

|

1S

Ld R2, B

|

Add R7, R6, R2

Ld R3, C

Add R8, R6, R3

Add R9, R7, R3

Add R10, R5, R2




Ld R1, A

|

1S

RF

EX

DF

DS

1C

Add RS, R4, R1

|

1S

Ld R2, B

|

Add R7, R6, R2

Ld R3, C

Add R8, R6, R3

Add R9, R7, R3

Add R10, R5, R2




Ld R1, A

|

1S

RF

EX

DF

DS

1C

Add RS, R4, R1

|

1S

Ld R2, B

|

Add R7, R6, R2

Ld R3, C

Add R8, R6, R3

Add R9, R7, R3

Add R10, R5, R2




Ld R1, A

|

1S

RF

EX

DF

DS

1C

Add RS, R4, R1

|

1S

Ld R2, B

|

Add R7, R6, R2

Ld R3, C

Add R8, R6, R3

Add R9, R7, R3

Add R10, R5, R2




Ld R1, A

|

1S

RF

EX

DF

DS

1C

Add RS, R4, R1

|

1S

Ld R2, B

|

Add R7, R6, R2

Ld R3, C

Add R8, R6, R3

Add R9, R7, R3

Add R10, R5, R2




Ld R1, A

|

1S

RF

EX

DF

DS

1C

Add RS, R4, R1

|

1S

Ld R2, B

|

Add R7, R6, R2

Ld R3, C

Add R8, R6, R3

Add R9, R7, R3

Add R10, R5, R2




Ld R1, A

|

1S

RF

EX

DF

DS

1C

Add RS, R4, R1

|

1S

Ld R2, B

|

Add R7, R6, R2

Ld R3, C

Add R8, R6, R3

Add R9, R7, R3

Add R10, R5, R2




Ld R1, A

|

1S

RF

EX

DF

DS

1C

Add RS, R4, R1

|

1S

Ld R2, B

|

Add R7, R6, R2

Ld R3, C

Add R8, R6, R3

Add R9, R7, R3

Add R10, R5, R2




Ld R1, A IF 1 IS |RF|EX|{DF|DS|TC |WB

Add RS, R4, R1 IF | 1S

Ld R2, B | WB

Add R7, Ro, R2 DF [DS | TG |WB

Ld R3, C =X | DEIDS | TC |WB
Add R8, R6, R3 RF

Add R9, R7, R3 1S

Add R10, R5, R2 |




Ld R1, A

|

1S

RF

EX

DF

DS

1C

Add RS, R4, R1

|

1S

Ld R2, B

|

Add R7, R6, R2

Ld R3, C

Add R8, R6, R3

Add R9, R7, R3

Add R10, R5, R2




Ld R1, A

|

1S

RF

EX

DF

DS

1C

Add RS, R4, R1

|

1S

Ld R2, B

|

Add R7, R6, R2

Ld R3, C

Add R8, R6, R3

Add R9, R7, R3

Add R10, R5, R2




Ld R1, A

|

1S

RF

EX

DF

DS

1C

Add RS, R4, R1

|

1S

Ld R2, B

|

Add R7, R6, R2

Ld R3, C

Add R8, R6, R3

Add R9, R7, R3

Add R10, R5, R2




Ld R1, A

|

1S

RF

EX

DF

DS

1C

Add RS, R4, R1

|

1S

Ld R2, B

|

Add R7, R6, R2

Ld R3, C

Add R8, R6, R3

Add R9, R7, R3

Add R10, R5, R2




Ld R1, A

|

1S

RF

EX

DF

DS

1C

Add RS, R4, R1

|

1S

Ld R2, B

|

Add R7, R6, R2

Ld R3, C

Add R8, R6, R3

Add R9, R7, R3

Add R10, R5, R2




Ld R1, A

|

1S

RF

EX

DF

DS

1C

Add RS, R4, R1

|

1S

Ld R2, B

|

Add R7, R6, R2

Ld R3, C

Add R8, R6, R3

Add R9, R7, R3

Add R10, R5, R2

Optimal 15 / Actual 23 = 65% efficient
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Optimal 15 / Actual 16 = 94% efficient

Ld R3, C IF 1 IS |RF|EX|{DF|DS|TC |WB

Ld R1, A IF 1 1S [|RF|EX|DF|DS|TC |WB

Ld R2, B IF 1 1S |RFEX|DE DS | TC |WB

Add R8, R6, R3 IF 1 1S |RF[EX|DF|DS|TC |WB

Add RS, R4, R1 IF 1 IS |RFEX|DE|DS| TG |WB

Add R7, R, R2 IF 1 1S | RFEIEX|DE DS | TC |WB

Add R10, RS, R2 IF 1 IS |RF| D |EX|DF[DS|TC |WB
Add R9, R7, R3 IF 1S . RF|EX|DF[DS| TC |WB




Simulating Forwarding (5-stage pipe)

Alternatively, as an instruction enters Write Back, Its result can be copied to
the operand field of the instruction in Decode

lts value will still be written to the register on the next cycle
Once the instruction in Decode has all of its operand values, it can advance

f the forwarded value Is the last one it needs, a cycle Is saved over waiting
for the result to be put In the register



