=

Pipeline: ‘'Evao mtapaoerypo oo ...t kaOnuepiviy o

[TAvvinplo
2TEYVOTNPLO0
Almlopo
amobnKevon

cslab@ntua © 2004-05

Time

6 PM
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Task[]
order

A

B

C
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> elplakn
npoogyyion via 4

popTia = 8h
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30 min kaO¢e «paomn»

7

Task[]

order

A

B

8 9 10 11 12 1 2 AM
Pipelined
= npoceyyion vyia 4
%.. gopTia = 3.5h

c

[__o]
I

O

—

O

To kaBe «PopTio» ouvexilel va BeAeI
2h, OUWC NEPICOOTEPA «POPTIia»
oAokAnpwvovTal ava wpa



Evroréc MIPS

11évte otaoio.:

1.
2.

O¢épe v evroAn and ) pvnun (IF-Instruction Fetch)

AldPace Toug KaToymPNTES, EVM OTOKMOKOTOIEIS TNV EVIOAN
(ID+RegisterFile Read) (ot0 €Eng Oa Acue: ID)

. ExtéAleon g evtoAng 11 voAoyiopnog otevbuvonc (pecw ALU)

(EX-execute)
IIpoonédaon uviung (MEM)
Eyypaon anoteAéouatog oto RegisterFile (WB-write back)
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Single-cycle vs pipelined performance:

Single cycle: 6Aeg 01 EVTOAEC O10pKOVV Eva KUKAO POAOY10V, 160 UE TO
UNKOG TNG 7O ¥POVOPOPOL EVIOANC

‘Eotw: 2 ns yio ALU, MEM avayvoon 1 eyypooen kot 1 ns yio

register file avayvwoon 1 eyypaen

Instruction Instruct. Register ALU Data access | Register Total Time
class fetch read operation Write

Load word (lw) | 2ns 1ns 2Nns 2Nns 1ns 8ns

Store word (sw) | 2ns 1ns 2ns 2ns 7ns
R-Type 2ns 1ns 2ns 2ns 1ns éns
(add,sub,and,

or, slt)

Branch(beq) 2ns 1ns 2ns 5ns
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‘Eocto o1 mopakdtm evioléc Iw:

_ 2 ) 5] 8 10 12 14 16
Time T T T T T T T T g
Instruction R ALU Cata R
lw $1, 100($0) fetch %9 acCcess =4 Kd&0Os 2ns teAsivel
Instruction Cata Ko ].ll(l SVTOQ\‘T,]!
lw $2, 200($0) fetch Reg ALY BCCess Reg
Instruction Cata
Iw $31 300($0) fetch Reg e access Reg
. 2 4 g 8 10 12 14 16
Time T T T T T T T T o
I nstruction Diata
fetch Reg A aEGESs Reg
I nstruction R ALU Data R
fatch =9 aeCaEcs =
3 X8:24HS [ nstruction Data
p Heg aLy Rag
atch atress

Edw ol BaBuidec dev sival anoAuTa ioec. ZTnv 10avikn NepinTwon:

time_between_instructions,;,¢ineq=

time_between_instructions
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¢/ humber of pipe stages

non_pipeline



211 single cycle vAomoinomn, n evtoAn olapKel Evol KOKAO 160 HE TNV MO
ypovoBopa (€0m: 8 ns)

211 pipeline vAomoinen, 10 poAdol kaOe edonc (otdoto-pipeline stage)
olapkel (2 ns), akOUa Kot oV DITAPYOLY GTAOO TOV 1ns

210 Tponyovuevo wapdoeryuo 14 ns yia pipeline, 24ns yia single
cycle, apa 1,71 emtdyvvon.

Av giyope 1000 evioréc axoua: pipeline 1000x2ns + 14 ns = 2014 ns

Single cycle 1000x8ns + 24 ns = 8024 ns

Apa emrayovon: 8024/2014=3,98 ~4 (8ns/2ns ratio petacd eVTor®V)
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2713010 01000V 0£00UEVMV EVOS KUKAOV (single cycle datapath):

IF: Instruction fetch

ID: Instruction decode/
register file read

EX: Execute/
address calculation

Add
4
—H Address
Instruction
Instruction
memory

Por) ekTEAEONC EVTOAWV- Bséopevoov ano aplcrrspc'l npoc Ta O&ia
Wirite-back| ka

E€aipeon?

Kivouvog dedopévwy ( data hazard)
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o] Read
register 1 Read
Read data 1
register 2

~ Registers Read

\hrite data 2
register
A ite
data

(3

Add result

Shitt A

ALU AU

16 /_-\32
5 Signh Ly

|
|
|
|
|
|
|
|
|
|
|
|
|
|
\
\
|
|
|
|
|
|
|
|
|
|
|
\
|
|
|
|
|
|
|
|
|
I
1
|

Zero —-‘—»

MEM: Memory accessi WB: Write back

EX (ALU result)

CET

\'@\

Address

\Write
data

Data
meamory

Read
data

MEM (DM result

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

I

| left 2
! H
| H
| H
| [\
!
|
|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

eniAoyn véou PC

Kivouvog gAéyxou ( control hazard) 6



Extéleon aywyov (pipelined execution)

Time (in clock cycles)

Program

. cc1 | ¢cc2 | c¢cc3
execution | |
order | |
(in instructions) : —— : \
| — :
lw $1, 100($0) IM —:—E Reg| | DAL
| e — i
|
L
lw $2, 200($0) M L3 Reg
[ S—

lw $3, 300(30)
v

CC7

v

Ti1 Ba yivel av XpnoigonoloUKe TNV i01a AsIToUupyIkn povada

(Functional Unit), n.x. IM, RegFile, ALU, DM o¢

KUKAOUC VIa
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Movo yio RegFile:
Mnopovue va owaPdcovue kat va ypdwyovpue to RegFile otov
1010 kOKA0: (O poc Pondncel e amopvyn Kivovvmvy hazards)

Y10 TPMOTO GO TOV KOKAOL YpApovue (GKLOGUEVO OPIETEPR)—| Reg |

KOl GTO 0EVTEPO UIGO OPACovpe (OKIAOUEVO OECIN) B
| Reg

[ T———

KOKAOG: YpA@OoLLE-O103ALOVE

I'svikd via Functional Units:

Ortav éva functional unit 1] évac pipeline register ivan
GKIOOUEVO GNUALIVEL OTL YPTCLULOTOLEITUL Y10l VALYV
(oKlaGUEVO 0ECIN) N €YYPaPT (OKLUGUEVO OPLGTEPD.)

|
|
|
DM | M =
| i|
|
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211V vAomoinomn tov multicycle datapath, siyoue tnv oo povaoa

VO, YPNGIUOTOLEITOL ATTO TNV (0100 EVTOAN] GE O10POPETIKOVC
KOKAovLG, T.y. ALU 1 MEM

>V pipelined vAomoinom tov datapath, yovue v oo povaoo
VO, YPNOILOTOLELTOL OO O10POPETIKES (O1000YIKES ) EVIOAEC OE
OLOLPOPETIKOVE (010.00Y1KODE) KOKAOVG

IHog oraceariletar opbotnta extéleonc KAOE EVIOANC;

Katayopntég karaiiniov,,,; neyeboug avaueoo G o100y KA
otdowa (pipeline stages)

cslab@ntua © 2004-05



Pipelined exooyn tov single cycle datapath

(npocOicape Tovg KoTaympnTéc-pipeline registers avapeca ot dlodoyikd

oTho10L)
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3

EXMEM

)

T

Zaro
>ALU ALU

16 maz
AN Sign Ly

IF/ID ID/EX
>Add
4 — /
Shift
left 2
= Read
PC Address 2 register 1 Read
=
E Read data 1
i =] register 2
Inrfﬁt::;:tt;on d ,  Registers Read
i \White data 2
ragister
Write
data

result

/

{(“=xc=Z 2}

\@\

Read

Address data

Data
memory

Write
data

MEMANB

Qxecz

10



Read_Register_1 Read_Register_2

'-* 4

I-Type: op rs rt address_offset
6 bits 5 bits 5 bits 16 bits
Iw $rt, address offset($rs)
R-Type: op rs rt rd shamt funct
(register type) 6 bits 5bits 5bits Sbits 5bits Obits

add $rd, $rs, $rt
Write Register

Op: opcode

rs, rt:register source operands
Rd: register destination operand
Shamt: shift amount

Funct : op specific (function code)

cslab@ntua © 2004-05

11



cslab@ntua © 2004-05

hw

J—

Instruction fetch

Ls

IFAD IDFEX, EXMEM MEKAS
Pdd
+ A cesult
Shik
laft 2
3 Read
PC Address E register 1 Pead
E]
| RETSQ ) data 1 o L,
S reqister
Inatr/EHON | Registers Read ALY py
rerRel wite data 2 4 result Address Readl__| 3
register M data M
Wit u Data u
ite x
data 1 mernory ux
Write
data
18 az
iy Slgn | s
extend
| w |
[1
W | Instruction decode |
u
x
I—- 1
IFAD IDFEX EXANEM MEMANE
Add
Agd
4 Add 'Esuj
shin
left 2
c Read
PG Address £ register 1 Read
2 Fowd data1 [ | S
£ register 2 &ro =
Instruction - Registers Raad ALU AL
memaory ite 2 .| a resulkt Address Raad 1
register M data M
WM X Oatz u
@ ®
"1 data L. g memany ;
ifrite
data
16
kY Sign —
* 7 extend

12



| Iw |

a
M ! Execution |
X
1
. IFfID IDFEX EXMEM MEMANB
>Add
> Add
4 / >Add result
Shift
left 2
= Read
PC Address % register 1 Read \
= data 1
2z Re?d Zero > —>
Instruction [ = register2
memory . Registers Read s ALU alu fond
\ikite data 2 result > Address ea
register M data
Wit x / Data
| \Afite X
data 1 memory
Virite
data
16 _ 32
| Sign [N N -
N Tlextend]

Qxexz
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q
M Memory
u
X
1
IFAD IDVEX EXMEM MEMWE
Add
Ada
4 —_ A g suit
Shift
left 2
s Read
PC Address = registar 1
T Read .
= data 1
= Read | .
= reqister 2
'":‘le""r:zlc'" —  — Registers Read
Y b datal Address imi - 1
register Data Wb
Write mamony u
data X
Werite 2
data
18 3
Y Sign |y
extend
o 1\l
M |—|
u
r Write back
U
IFND IVEX EX/MEM MEMWE
Add
4
d
PG Address 3 register 1 Read
data 1
i -
Instruction register 2
| Registers gaag
memeny aata 2 Address Read ||
register data
mermony
—|
Write
data
16 .
Sign
autand

14



PC

swW
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Read
data

MEMANB

0 -
M ! Execution
u
X
1
IF/ID ID/EX EXAEM
>Add
N Add
¢ / >Add result
Shift
left 2
= Rea_ad
Addrass § register 1 Read \
2 Regd e Zero b ==
Instruction = register 2
memo = ~ Registers Read ALU a1
v Write data 2 o result Address
register M
u Data
o \Afrite X mermory
data 1
Wirite
data

16 . 32

4\ 3ign &\

N Tlextend! M

Oxecg—

15



sw
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0
M | Memory
]
®
1
IFAD IDFEX EXMERM MEMAVE
Audd
* Auddd result
Shitt
left 2
g Read
P el Aicre 55 - register 1 Raad
2 data 1
k= Read
Instruction = registar 2 Zeme _-‘
F— ot — Registers Reaad ALU pu
o Witte data 2 result Address Raead e 1
registar ata W
Wit Data :I
rite o
[ data il o
WVirite
data
16 . 32
Sign
N Tlextend| M
S 1 sw
vl .
u I Write back
®
1
IF/D IVEX EX/MEM MEMANVE
Add
Add
4 Aidd result
Shift
laft 2
5 Read
PO pp] ACITES S E register 1
E ; Rtea1d
= Read ata 2
E register 2 ero —
l“:r:::nﬂo“ - —  Registers Read ALY a1y
k4 irite data 2 rasult Addrass Readl | 1
register data M
Data o
Wirite mamaory
*| data a*‘
Wifrite
data
16 _ 3z
N Sign Ly >
extend

16



To owopOwpévo pipeline yvo tnv Iw:

ID/EX

| register 1 Read
Read data 1
| register 2

IF/ID
>Add
4 —b/
=
PC » Address %
2
2
Instruction L =
memory

Read

Registers Regad

data 2

Wirite
data

16 msz
N Sign N

A w A"

EXMEM
ﬁ
>Add result
Shift
left 2
Zero [t
ALU a1y
1] > Add Read
M result ress data
u Data
X memory
1
| \rite
data

MEM/NEB

O xeczZ

O ap1Buog tov write register Epyetot Ko avLTOC UEGH amtd T pipeline

T CMOOTH GTLYUN
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Ta tupata Tov datapath mov ypnopomomOnkay
KoTd TNV eKTéEAESN TNG Iw:

‘\ IF/ID IDFEX EXMEM MEMANB

Add
>Add result

T

= Regd
PC Address -% register 1 o
=
5 Read data 1 B .
i = register 2 »
Instru g = Registers Read >ALU ALU
el White data 2 g result Address Read
register %] data
u Cata
o] White X memory
data 1
. \Afrite
data
16 i 32
\ Sign .\

Y @ Y

D xecg
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Program
execution
order

(in instructions)

w $10, 20($1)

sub $11, $2, $3

Program
execution
order

(in instructions)

lw $10, $20($1)

sub $11, $2, $3
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Time (in clock cycles)

A 4

CC 1 CC?2 CC3 CC 4 CC5 CC6
IM T Reg > ALU DM Reg |
- i
IV i Reg > ALU DM Reg |
Time ( in clock cycles) >
CC1 CC2 CC3 CC4 CC 5 CC6
Instruction Instruction : Data .
fetch decode Execution access Wiite back
Instruction Instruction . Data .
fetch decode Execution access Write back

19
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| lw$10,20(81) | : l !
] 1 1
I Instruction fetch | i i i
! [ ! !
| H | |
1 ] 1 1
B | ! H ! !
| H | |
| H | |
| H | |
1 1] 1 1
| 1 | |
| i | I
|
] 1 ] ]
i i i i
IFJI'ID IW:E-". EWEM MELIU"NE
4
Read
Address register 1 Read
Read dote 1 .
register 2
InatrsEson —  — e Registers Read
mamary Wite data 2 Address Fead
register data
Data
| Wte memory
Wirite
data
16 32
A Sign X
@
Clock 1 — e 5
] [ !
1 [ |
|
| sub $11, $2, $3 | hw $10, 20($1) | ' !
| |
I Instruction fetch l Instruction decode I ] j
1 ] 1 1
@ : : : :
| H | |
| H | |
| 1 | |
1 I 1 1
! 1 ! !
] 1 ] ]
| 1 | |
1 1] 1 1
T T T 1
T H T |
| | | |
IF!I'ID IOI;EK. EXJ":AEM MELIUWE
4
Read
Address ragistar 1 Read
|
R-al':“ . data 1 L,
L r
Instruction N 9 Reoisters Read
memaory Wkite data 2 === Address Readl 1
register data
} Data
| ke memory
White
m data
18 32
syl sign 13
‘ w ‘
Clock 2 L - o ]

20



cslab@ntua © 2004-05

sub $11, $2, $3

w $10, 20($1)

Instruction decode

Execution

e

IFAD ID{EX E. . EM ME}.IU\.'\OB
Read
Addrass register 1 Read
Read data i) N
Instruction 'W""'Rz.ﬂhm —
memaony Wiite data 2 [ Address 2’;:;‘ —_—
register
Data
Vurite memony
data
Write:
data
1%
Sign
- extend
Clock 3 : | : -|
)
\ ' ! !
i
. I sub $11, $2, $3 | Iw $10, 20($1) |
| a
h I Execution I Memory I
: 1
: i i :
H 1
h | | .
i | | |
[ i i
IFAD ID/EX EXMEM MEMAMVE
Ads
4
H Read
Address 2 register 1 Read| |
g
ﬁ Read data 1 |
" E register 2
Instruction - & Registers Read -
mermory WWrite data 2 [ Address —
register . data
Write memary
data
Wite
data
16 m 2
3 Shgn |y
l w ‘
Clock 4 -

H

H

5

21



. . | sub$11,$2, 83 | Iw$10,20(31) |
] ]
| | | Memory I Write back I
1 1
r i I ! |
H H ! |
i i i |
: ! I I
IFFID ID/EX EXMEM MEMWE
it e k' i
“
= Read
PG Address E] register 1 —
JE e et Zero =
Instruct = register 2
nmemoroyn Registers Read| | (] A AW Read
regiater data 2 " result Address data [ l‘
et Data
Write x =
oata 1 memany nx
Write
data
16 m 32
Sign | s N
\ @
Clock S L] L L _‘I
1 e | L
1 ] ] ]
]
- | sub $11, 82, $3 |
M | | I Write back |
x : 1 :
1 | i |
1 ] ]
T T ]
] 1 I
: i ’
IF/ID EXMEM MEM/WB
kit ikt —
4
= Read
PC Addrass E register 1 Raad
_E Resd data 1 .
Instrust = register 2
";sn:a;" e Registers 5009 fead
Write data 2 Address Pkl m—
register data
Data
wite ey
Write
data
AN
Slgn
@ \
Clock 6 - 1
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Kivouvolr ZmAnvemong
(Pipeline Hazards)

* Aowkoi Kivovvor (structural hazards)

To VAKO 0ev umopel vo, VITOGTNPIEEL TO GLVOVLAGLO TV EVIOAWMV TOL BEAOLLE VO
EKTEAEGOVLE GTOV 1010 KOKAO pnyavig. (m.y. eviaia. L1 $ yio I & D)

* Kivovvol EA&éyyov (control hazards)

To VMKO 0gv umopel v TPOY®PNGEL TNV EKTEAECT ETOU,EVOV EVTOADY KOOMDC
OLVOLLEVETOL 1) OLOKANP®OT) TNG EKTEAEOTC LoG EVTOANG (m.y. Branches)

* Kivovvol Aeoopévov (data hazards)

23
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Kivbouvol Asdopévwy (Data Hazards) / To oxiua rpowOnong (forwarding)

sub $2, S1, $3 # xoatoxwening $2 ypdhestoal and Tn sub
and $12, S$2, S5 # 1°¢ 1eAeotéog ($2) efaptd&Ttal amd sub
or $13, S$S6, S2 # 2°¢ 1eAeotéoq ($2) cefaprd&Ttol amd sub
add $14, $2, $2  # 1°6&2°¢ teAegotéoc $2) -//- amd sub
SW $15, 100(S$S2) # offset ($2) -//- omnd sub
Time (in clock cycles) >
Value of  CC 1 cc2 cc3 cc 4 ccs cce cc7 ccs cco
register $2: 10 10 10 10 10/ 20 20 20 20 20
Program
execution
order
(in instructions) . ] ] ]
sub$2,%1,%3 | IM Reg DM | |— Rgo
I=i el
— /;/ :/ _
and $12, 52, $5 m H S Lo %—/T_DMA\K - {Reg
or $13, $6, $2 M J:Rleé §}\1 DM+ Reg
add $14, $2, $2 M~ FRreg | —[DM— L {Reg

sw $15, 100($2) IM -I:Rzgf: % -ﬂT_I:|‘Reg
v -
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ECaptoeic Aeoousvav

'RAW
« RAW (Read-After-Write) (true-dependence)
- WA H avdyvoon evog katoympnt npénel vo, akolovdel tnv
EYYPOPT GTOV 1010 KATAYWOPNTN 0td TPOTYOOLEVT
X+« Y4+K )
S EVTOAN
Ye=X+S o WAR: (Write-After-Read) (anti-dependence)
Y<—Z+K H eyypaen ce Eva Kataympnt TpeETEL Vo, akoAovOel
— TNV QVAYVOGT] TOL A0 TPOTYOVUEVT] EVIOAT
waw ° WAW: (Write-After-Write) (output-dependence)

H eyypaen ce Eva Kataympnt TpeEneL vo, akoAovOet
OAEC TIC EYYPAPEC GTOV 1010 KOATOYDPNTH OO
TPONYOVUEVEC EVTOAEG

25
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RAW -

add $t0, $s0, $s1
sub $t2, $t0, $s3
or $s3, $t7, $s2
mult $t2, $t7, $s0

True dependence —

cslab@ntua © 2004-05
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WAR -

add $t0, $s0, $s1
sub $t2, $t0, $s3
or $s3, $t7, $s2
mult $t2, $t7, $s0

Name dependence -
antidependence —

cslab@ntua © 2004-05
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WAW -

add $t0, $s0, $s1
sub $t2, $t0, $s3
or $s3, $t7, $s2
mult $t2, $t7, $s0

name dependence -
output dependence —

cslab@ntua © 2004-05
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Identify all of the dependencies

RAW

WAW

add $t0, $s0, $s1
sub $t2, $t0, $s3

or $s3, $t7, $s2
mul $t2, $t7, $s0

cslab@ntua © 2004-05

IF

ID

IF

ID

IF

ID

IF

29



Which dependencies cause hazards?

(stalls)
RAW
WAW
add $t0, $s0, $s1 IF D > v | [we

sub $t2, $t0, IF ID 5 MEM WB
or 3 $t7, $52 IF ID 9 MEM WB

mUI $t2, $t7, $SO IF ID |?> MEM WB
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RAW

WAW

add $t0, $s0, $s1
sub $t2, $t0,

or  $t7, $s2
mul $t2, $t7, $s0

cslab@ntua © 2004-05

[.et’s reorder the or

IF

ID

IF

WB

| MEM

MEM

WB

31



RAW

WAW

add $t0, $s0, $s1

or , $t7, $s2
RAW

sub $t2, $t0,
mul $t2, $t7, $s0
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IF

ID

MEM

IF

ID

IF

MEM

[.et’s reorder the or

MEM

WB

IF

ID

MEM

WB

32



[et’s reorder the mul

RAW

WAW

add $t0, $s0, $s1 w] e %’IE’

sub $t2, $t0, $s3 = 5 E\
or $s3, $t7, $s2 v > \
mul $t2, $t7, $s0 | IF D 9 ME\J[
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RAW

WAW

add $t0, $s0, $s1

mul $t2, $t7, $s0

sub $t2, $t0, $s3
or $s3, $t7, $s2
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[et’s reorder the mul

IF

ID

IF

34



How to alleviate name dependencies?

add $t0, $s0, $s1 v | [ o 5 ] o
IF I | MEM

sub $t2, $t0, | >

or ’ $t7, $32 IF ID >

mul $t2, $t7, $SO IF ID

M,
=
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Data Hazards:

O1 evtoA£g avTaAAAGooVY LETOED TOVE OEO0UEVA LEC® TOV Register
File ka1 tng pvnunc.

Otav n emOUEVN EVTOAN-EC APELALETOAL VIOl OPICLLOL (owowvoacm) KATL

OV O€V E£YEL TPOAAPEL va ypa\|/81 n nponyov peyn-

It 137 5 6 7 3 9
sub$2,$1,$3 _F [ID [EX |MEM |WB
and $12,$2.$5 IF |ID |EX |MEM |WB
or $13,$6, $2 IF [ID |EX |MEM |WB
add $14, $2,52 IF [ID |EX |MEM |WB
sw $15, 100($2) IF [ID EX |MEM |WB

cslab@ntua © 2004-05
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Mio Avon givon n kaBvotépnon(stall) tov aywyov (pipeline):

[IpocOétm ovo sub $2, $1, $3
evioAéc NOP: nop
nop
and $12, 52, $5 STALL
or 813, $6, $2 - (koKL
add $14, $2, $2 avapoviic)
sw $15, 100($2)
sub$2,$1,$3  |IF |[ID |EX |MEM |WB-|
nop <E /ﬁ>/ L@
nop A N
and $12,$2.$5 " |IF  |ID |EX |MEM |WB
or $13,$6, $2 IF |ID |EX |MEM |WB
add $14, $2,$2 IF |ID |EX |MEM |WB
sw $15, 100($2) IF |[ID |EX |MEM |WB
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1110 xouyn Adon eivon N tpo®Bnon (forwarding):

‘Eyovue e€aptnon ocoouevov RAW. Ta aroteréopata ypdepovtot ite
otV uvnun eite oto register file.

v wepintwon R-TYPE:

Amobnkevovtal 6to RegFile, mapdyovior opmc peta tmv ALU, dpa
etvan ow0Esiua otov EX/MEM

Nwc 6a Bpouv N €NOPEVN KAl N
uebenopevn evtoAn otn ¢aon EX ta
owoTa opiopaTa: - @ O

1. ITpowBovue 10 EX/MEM anotélecua o (6000
v v ALU mtpd&n g enduevng evioang

Eic060 otnqv ALU oy
novo amo ID/EX
Kotoyopnti!!

2. To 1010 Kdvovue Yo T pnEBemduevn evioan,
tpowBovue to MEM/WB anotéleoa, og 16000
yio v ALU mtpdén g pebemdpuevnc evioin

cslab@ntua © 2004-05

38



1a. EXMEM.RegisterRd = ID/EX.RegisterRs
1b. EXMEM.RegisterRd = ID/EX.RegisterRt

2a. MEM/WB.RegisterRd = ID/EX.RegisterRs
2b. MEM/WB.RegisterRd = ID/EX.RegisterRt

Time (in clock cycles)
Value of CC 1 cc2 cc3 cc4 CC5 CC6 cC cCc 8 cco9
register $2: 10 10/ 20 20 20 20 20
Program
execution
order
(in instructions) _ ]
sub 52, $1,$3 | IM Reg| | AvUo nepinTwoeig (aitieg) yia hazard:
- /E:L” Ano ¢aon EX ka1 ané ¢aon MEM
and $12, $2, $5 M - e Reg|_|
or $13, $6, $2 M F=r : Reg
add $14, $2, 2 IM —|: DM+ | Reg

sub-and hazard: EX/MEM.RegisterRd = ID/EX.RegisterRs = $2
sub-or hazard: MEM/WB.RegisterRd = ID/EX.RegisterRt = $2

cslab@ntua © 2004-05

39



Forwarding:

IIpwta aviyvevovue tnv mhavn artio Kivovvou
Metd kdvovue TpomBNGN TNEC KATAIAANANG TIUNG

Time (in clock cycles) >
CC1 Ccc2 CC3 CcC 4 CC5 CCs8 CcCc7 cCca8 CC9
Value of register $2: 10 10 10 10 10/ 20 20 20 20 20
Value of EX/IMEM : X X X 20 X X X X X
Value of MEMAWWB : X X X X 20 X X X X
Program Forwa rdlng yia

execution order

(in instructions) [ ] ] s anoq)uvr'l EX
sub $2, $1, $3 IM _|:|_I: Reg %— e haza r d

Forwarding via

and $12, , 55 IM v
e ano(puvn MEM
hazard
or $13, $6,
NO hazard!!
add $14, | [Req
sw $15, 100 -|: DM}‘ }~Reg
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YOVONKES EAEYYOV TOV KIVOUVOV:

1. EX hazard:

if (EX/MEM.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
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2. MEM hazard:

if (MEM/WB.RegWrite

and (MEM/WB.RegisterRd # 0)

and (MEM/WB.RegisterRd = ID/EX.RegisterRs)

and (EX/MEM.RegisterRd # ID/EX.RegisterRs )) ForwardA = 01

if (MEM/WB RegWrite

and (MEM/WB.RegisterRd # 0)

and (MEM/WB.RegisterRd = ID/EX.RegisterRt)

and (EX/MEM.RegisterRd # ID/EX.RegisterRt )) ForwardB = 01
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ID/EX EX/MEM MEMMB
—
—
—
Registers >ALU
/ Data L,
memory M
u
a. No forwarding
ID/EX EX/MEM MEMAMB
— o )
M
—- u
— X
—
Registers -/
ForwardA >ALU
() s |
;' memory
GH\J
Rs ForwardB
Rt q —
Rt M .
Rd " u EX/MEM.RegisterRd |
9
MEM/MWVB.RegisterRd

b. With forwarding

Pipelining xwpic
forwarding

Forwarding paths:
Ano:

a) EX/MEM register
Kal ano:

b) MEM/WB register
NpogG TIG €10000UC TNG
ALU
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Datapath to resolve hazards via forwarding:

IF/ID

Instruction
memory

PC

Instruction

(o [F

» Control >
U L EX

|_E:(ll\/lEIVI

WB

Registers
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|_M.EIVINVB
WB

Data

><c§>|—><><c§)

y

memory M

®

EX/MEM.RegisterRd

MEMANVB. RegisterRd _‘

IF/ID.RegisterRs Rs
IF/ID.RegisterRt Rt
- "
IF/ID.RegisterRt Rt M
IF/ID.RegisterRd Rd |
* x
7 Forwarding [*
\ unit -
> /e
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memaory

or $4, 34, $2
Clock 3

add $9, $4, $2
Clock 4
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Registers

ID/EX

(*;5)

(xci

1
xc<Z

EX/MEM

v

vy

v

Data
memory

MEM/MWB

v

xcZ
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Kivouvvol ocoopnsvov (data hazards) Kol avomo@evuKTeS
koOvotepnoerg (stalls) €€’ artiag Tovg

Otav n evtoAn mov kavel write givon R-TYPE, t0te 10 amotéleona
etval eroruo oty eacn EX (é€oooc ALU) ko amoOnkévetal, 610
TEL0G TOL KUKAOL, 6Tov EX/MEM xataympnt.

O emopevec ypetdlovtal ta opicuata otnv eacn EX omodte 10
forwarding oovAgvet. (apov 1 evtoAn mov kdvel write o

Bpicketon otic MEM kot WB)

To forwarding ogv otvel Opmc mévta Avon!!
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avaToQevKTeS KaBvotepnoseig (stalls):

Ortav n wponyovuevn evtoAn (mov kavel write) givon load 1 store,
TOTE TO AMOTELEGHO. Elval ETo10 01O TEAOG TG PAonc MEM 1) ko
WB (akoua yepdtepa)

Time (in clock cycles) >

Program cC 1 cc 2 cc3 cC 4 ccs cC6 cCc7 cc 8 cco
execution
order
(in instructions) ] ]

Iw $2, 20(31) | IM Reg[ | DM |— Reg

and $4, $2, $5 M | H=Reg[ | DM |— Reg

— [

or $8, 52, $6 M [ = Reg[] j— DM | | Reg

add $9, $4, $2 M < FEReg -|: DM |- I Reg

st $1, $6, $7 IM | |5 Regl ] % %RGQ
v
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Avon: avaropevkteg KaBvotepnoeig (stalls) oto pipeline

Program Time (in clock cycles) »
execution CC 1 cc2 CC3 cC4 CC5 CC&6 CC7 cCC 8 CC9 CC10
order
(in instructions) _

w $2, 20($1) IM ﬂ.[ Reg[ | ®_|: DM || Reg

|— | |— ®
— . ’—V\
and $4, $2, $5 IM — 5 Reg i
or $8, 52, $6 iM — Reg
: /bubble S _

add $9, 54, 52 ,‘i i _|: DM |- —| Reg

v ' ,’

EnavoaiapPdvoopue tic iotec pdoeic: ID ywa tqv and kou IF yia v or.
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[T aviyvedovue TIC avamdPevKTeEC KAOVGTEPNGEILC:

Hazard detection unit

Agrtovpyet ot edon ID wote va farel kaBvotépnomn Hetacd Tov
load ko g ¥pNGILOTOINGNC TV ATOTEAECUATOV TOV.

If (ID/EX.MemRead and
((ID/EX.RegisterRt = IF/ID RegisterRs) or
(ID/EX.RegisterRt = IF/ID.RegisterRt)))

Stall the pipeline

T1 onuaiver stall: Eunodifoupe To PC kai Tov IF/ID va aAAG&ouv-
apa diaBadletal og duo 61adoxIKoUC KUKAOUC N
id1a evToAn kal anokwdikonolgital n idia

enopevn TNG OUO (POPEC CUVEXOMUEVA
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Pipelined Control:

4 Hazard \ ID/EX MemRead

detection —
unit ID/EX
_.;_/ b
% we EX/MEM
o M
- =
T Control i M WB MEMMWB
0 |
IFAID EX M WB
. A —
£ 7
= M
S 5 |
v E > X
M Registers \T-:
PC Instruction L = >ALU Data —
memory memory
N
M
= U >
X

»® o

IF/ID.RegisterRs

IF/ID.RegisterRt N

IF/ID.RegisterRt Rt M EX/MEM.RegisterRd

IF/ID.RegisterRd Rd )L(‘

ID/EX.RegisterRt R N Forwarding | MEMMB RegisterRd
Rt unit - '
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