=

Pipeline: ‘Eva mapdoerypo amo ...t kaOnuepiviy Lo

[TAvvinpro
LTEYVOTNPLO
Almlopo,
amoBnKevon
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Time

Task[d

order

6 PM

7 8 9 10 11 12 1 2 AM

P T T — .

[ )

O

6 PM

. >elplakn
= . npooegyyion yia 4
. popTia = 8h

]:
[O|=

30 min kaBOe «paon»

7 8 9 10 11 12 1 2 AM

NEes——""1

Task[d

order

A

B

C

—

Pipelined
— npooeyyion yia 4
OJE = popTia = 3.5h
ol

SloEl

= To kGBe «popTio» cuveXilel va BEAE
m O .. 2h, OUWC NEPIOOOTEPA «POPTia»
oAoKAnpwvovTal ava wpa




Evroiréc MIPS

llévte otdoia:
1. ®épe v evron) and 1 wvnun (IF-Instruction Fetch)

2. AdPace Toug KOTAYOPNTES, EVO UTOKMOIKOTOLEIC TNV EVIOAN
(ID+RegisterFile Read) (ot0 €Enc Oa Acue: ID)

3. ExtéAleomn g evioAnc 1 vmoloyiopdg oevbvvong (uéow ALU)
(EX-execute)

4. Ilpoornéhaom pvnunc (MEM)
5. Eyypaoen anoterécuatog oto RegisterFile (WB-write back)
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Single-cycle vs pipelined performance:

Single cycle: 0Aeg 01 EVTOAEC O10PKOVV Eva KUKAO POAOY10V, 16O LLE TO
UNKOG TNG Lo YPOVOPOPOL EVTOANG

‘Eotw: 2 ns yio ALU, MEM avdyvoon 1§ eyypaen kot 1 ns yo

register file avayvwoon 1 eyypaen

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

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

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

or, slt)

Branch(beq) 2ns 1ns 2ns 5ns
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‘Eotm o1 mapakatm evioléc Iw:

_ 2 4 5] 5 10 12 14 16
Time T T T T T T T T o
[nstruction R ALU Cata R i
lw $1, 100($0) fatch =g acoEss =4 Kabe 2ns tedsiovel
Instruction Cata Kot Ml(l SVT()?\'T:I '
Iw $2, 200($0) fateh Reg ALU access Reg
[nstruction Cata
Iw $3r 300($0) fatch Reg e atccess Reg
_ 2 4 3 ) 10 12 14 16
Time T T T T T T T T o
| nstrustion Data
fatch Reg . BCCESS Reg
[ nstrustion R ALU Dlata R
fetch =4 BCCEss =
3 X8:24HS | nstruction Data
fetch Reg ALY ACCESs Reg

Edw o1 BaBuidec dev sival anoAuTa ioec. ZTnv 10avikn nepinTwon:

time_between_instructions,; ¢jineq=

time_between_instructions,,, ,i,eined/ NUMber of pipe stages
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21 single cycle vAomoinon, n evtoAn olapkel Eva KOKAO 160 e TNV 7o
ypovoPopa (€0m: 8 ns)

211 pipeline vAomoinon, 10 pordl kaBe pdonc (otddto-pipeline stage)
OlapKel (2 ns), aKOUa Kot av LITAPYOLY GTAO TOV 1ns

210 ponyovuevo mapdoctypo 14 ns yio pipeline, 24ns yia single
cycle, apa 1,71 emtbyvvon,.

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

Single cycle 1000x8ns + 24 ns = 8024 ns

Apa emtdyovon: 8024/2014=3,98 ~4 (8ns/2ns ratio HeTAED EVIOADMV)
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2 TGoL0 01000V 0£00uEVOV £VOS KUKAOV (single cycle datapath):

EX: Execute/f
address calculation

ID: Instruction decode/
register file read

IF: Instruction fetch MEM: Memory access i WB: Write back

EX (ALU result)

\
I
I
Add ‘ I
\ ' MEM (DM result)
Add !
4 Add o gyt }
I
Shift A }
I
I
I
I
I
register 2 [
Instruction . Registers Raag I
Write data 2 " ’ * Address Read ‘ ’ 1
Instruction register ] data ‘ M
memory Data } u
» Write memo
data v } CIX
\\rite |
data
16 i 32
N Sign |y

\'W\

|
|
I
I
I
|
I
I
I
|
I
|
|
|
|
[
I
|
I
I
I
|
|
I
|
|
|
|
|
I
| left 2
I
|
I
I
I
|
I
I
|
|
|
|
[
I
I
I
|
I
I
I
|
|
|
|
|
|
|
|
|
I
I

I
I
I
I
I
I
I
I
I
I
I
|
I
I
\
\
I
I
I
I
I
I
|
i
I
I
|
I
I
|
I
I
I
I
} »| Read
PC Address } register 1 Read

} Regd data 1
\
|
I
I
I
I
I
I
I
I
I
I
I
I
I
I
|
I
|
I
I
I
I
I
I
I
I
I
I
I

Por ekTeEAEONC EVTOAWV-OEOOMEVWV: ano aplc)‘rspa npoc Ta O&ia

E€aipeon? Write-back|ka

eniAoyn véou PC

KivOuvocg dedopevwy ( data hazard) Kivduvog eAeyxou ( control hazard) 6
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Extéleon ayoyov (pipelined execution)

Time (in clock cycles) >
Program cc1 | c¢cc2 | ¢c3 | cc4a | ccs |
execution | | | | |
order | | | | |
(in instructions) : ——— : \ : I I I
| — : | | |
lw $1, 100(30) IM [—-L5 Reg| | >ﬁ - DM [—— Reg| |
H— | | —d
| | 4r| |
| | |
| | |
| | |
= DN :
lw $2, 200(30) M L Reg [ DM (—
T =

|

|

|

|

|

w $3, 300(50)
v

CC7

DM >

Ti1 ©a yivel av xpnoigonoloUue TNV id1a AEIToupylkn povada

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

KUKAOUC VIa
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Movo yio RegFile:
Mnopovue va owfdcovue kai va ypdwyovopue to RegFile otov
1010 KUKAO: (Ba poc Bonbnoet og amoguyn Kivovvov» hazards)

Y10 TPMTO HIGO TOV KOKAOL YPAQOLUE (CKLOUGUEVO OPIETEPD)— Reg |

Kal 6TO 0€VTEPO UIGO O Alovpe (CKIOUGUEVO 0EELN) i
| Reg

o e e d

KOKAOC: Ypdpovue-otapalovpe

I'svikad via Functional Units:

Ortav éva functional unit 1} évog pipeline register eivou
OKLOGUEVO GNUAIVEL OTL YPTNCLULOTOLELTAUL Y10 OVAYVOCT
(oKLGUEVO OECIA) N €YYPOPN (CKLAGUEVO OPLOTEPY)

|
|
|
I
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211V vAomoinomn tov multicycle datapath, siyope tnv oo povdoa

VoL YPNGLUOTOLEITOL OTTO TNV (0100 EVTOAN GE O10LPOPETIKOVC
KOKAoLG, 1.y. ALU 1 MEM

2V pipelined vAomoinomn tov datapath, Eyovue v (o10 povdaoo
VoL YPNGIUOTOLEITOL OTTO OL0LPOPETIKES (O1000YIKEC) EVIOAEG OE
OLOLPOPETIKOVE (01000 1KODE) KOKAOVG

[ oaceariletar opbotnta extéleonc KAOE EVIOANC;

Katoayopntéc katdiinion;;; ney€0oug avauecsa o€ 01000y KA
otdola (pipeline stages)
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Pipelined exoo0yn tov single cycle datapath

(npocOicape Toug Kotaywmpntéc-pipeline registers avipeco og Stadoyikd

6Tad10)
a
M
u
X
1
IF/ID IB/EX EXMEM
>Add
. Add
* / >Add result
Shift
left 2
[= Read
s °
PC Address £ register 1 Read \
= data 1
Instructi E 2:?;?:ter 2 Zero >
nstruction = .
memory ] . Registers Read 5 >ALU ALU fea
Wirite data 2 result Address ea
register M data
u Data
Write X / memor
data 1 b
\Wite
data
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16 maz
5 Sign Ly

\ @

Ay

MEMANB

OxezZ =

10



Read_Register_l Read Register 2

: P 4
1 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 _A shamt funct
(re gister typ 6) 6 bits Sbits Sbits 5bits 5bits 6bits
add $rd, $rs, $rt S

Write_Register

Op: opcode

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

Funct : op specific (function code)

cslab@ntua © 2006-07
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I

Instruction fetch

IFAD IDVEX EXMEN MEKANE
Add
+ Add e sult
Shik
loft 2
5 Read
PC Addrass E register 1 Read
3
8 RET;,Q 2 et Zero —
£ ragister
Instruction el | —4 Registers Read ALY apu
me Wwito data 2 u result Address Readl | |
register M data M
Wik it u Data u
N ite x
data 1 rarary ux
Vrite
data
16
Slgn
T lextend [
| w |
a !
W | Instruction decode |
u
%
I—- 1
IFAD IDVEX EXMEM MEMMAWE
Add
Aad
4 Add “jj
shin
left2
c Read
PC Address ﬁ reqgister 1 Read
& Read el
&
£ register 2 Zero P
'"if:::;" ™ Registers Read 0 AL ALy Read
ite data 2 it Agdress — 1
register M resy data W
WL i Cata u
@ x
| data ! memery n,
rite
data
16
5 Sign ]
* | extend

12



0
A
u
X

1

hw

Execution

PC

Read
data

MEMAVE

\ IF/ID IDVEX EX/MEM
>Add \‘
Add
' / >Add result
Shift
left 2
c Read
Address 2 register 1
g Read
= Read data 1 i ‘ N
Instruction = register 2 ero
memo =" _ Registers Read ALU ALy
’ ke data 2 ¢ result Address
register M
Wit X / Data
ite >
data 1 memory
\Write
data
16 _ 3
Ay Sign \
N Ulextend|
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DXCz_l
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il
M Memory
u
x
1
IFAD IDVEX EXMEM MEMVVE
4
= Read
PG Address -‘E ragister 1 Read
£ Read data 1 R
£ register 2
v Iste dala2 Address 'm _— 1
register Dets "
Wirite memary u
data “
Uirite a
data
16 3z
5 sign |y
extend
| Iw
M |—|
u
X Wirite back!
1
IFAD IDVEX EXMEM MEMANE
A
4
s Read
PC Address 5 register 1 Read
é Read data 1 L,
e S I
o Wite data 2 Address Read ||
register Data data
mermany
Wikite
data
Write:
data
16
kY Sign
extend

14



“xeZ @

sSwW

Execution

PC
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Read
data

MEMANE

IF/ID ID/EX EX/MEM
>Add \‘
Add
' / >Add result
Shift
left 2
[ Read
Address = register 1
E Read
= Read data 1 Z ‘ N
Instruction = register 2 ero
mearmory 1 . Registers Read - ALU Ay
\ite data 2 result Address
register M
u Cata
Write o1 mermary
data 1
\Write
data
16 ) 32
AN Sign |y
N Tlextend| M

DXCZ_‘
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| Sw |

]
M | Memory
u
®
1
IFAD ID/EX EXAMIEM MEMANE
Add
4
5 Read
PO ptte| Piliiress £ register 1 Read
2 data 1
& Read Zero -
Instruction = register 2
memo = Registers Reag| | AU Ly
Y Wurite data 2 result Add Read 1
ragistar data "
Data
N Write memory u
data (:(
rite
data
. a2
Sign
N Ulextend]
A [ swW
M .
u I Write back
®
1
IF/ID IDVEX EXMEM MEMAVE
4
= Read
PC | Address F register 1
E Read
B R data 1
] e?cit 2 Fero —
= register
Instruction e — Registers gaad ALY
memory Wirite data 2 rasult Address Read__| 1
registar data
Data hlf}
- Write mamaory
data a)‘
Virite
data
16 _ az
kY Sign Ly
extend| *
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To dwpOBmuévo pipeline yia v lw:

_B

. IF/ID ID/EX EXMAER MEMANNB
> Add \
N Add
* / >Add result
Shift
left 2
c Read
Address § register 1 Read
= data 1
Instructi £ EZ?s?ter 2 Zero —
nstruction s | Registers Read >ALU ALU
memary data 2 0 result Address Read
M data
u Data
Wite X memory
data 1
Write
data

16 /_—\32
v | Sign N

Ay @ LY

Qg

O ap19uog tov write register Epyeton Kot avTOC UEGa amd 1o pipeline
TN CMWOTN CTLYUN
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To Tuqpoato Tov datapath mov ypnopomomOnkay
KOTA TNV eKTéEAESN TNG Iw:

-

a
Y|
u
X
IF/ID ID/EX EXMEM

Add

>Add result
Shift
left 2

MEMANE

N

o Read
PC Address -% register 1 E
3
g e e Zero |
i = register 2 >
Instruction - Registers Read . h >ALU ALU
e Wirite data 2 g result Address Read
register V] data
u Data
Write X memory
data [ 1
. Wifrite
data
16 . 32
\ Sign \

hY @ hY

O xcZ
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Program
execution
order

(in instructions)

iw $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)

\ 4

CC1 CC?2 CC3 CC 4 CC5 CC6
— i
M * Reg ALU DM Reg ;
IM = Re > i
1 g ALU DM Reg !
Time ( in clock cycles) >
CC1 CC2 CC3 CC4 CC 5 CC&6
Instruction Instruction ; Data .
fetch decode Execution access Write back
Instruction Instruction . Data .
fetoh decode Execution access Write back

19
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l Iw $10, 20($1) | ! | i
| | |
I Instruction fetch | i i i
| [ | |
| | | |
! | | | | |
| | | |
| | | |
| [ | |
1 1 1 1
| | | |
| i | |
| | | |
| | | |
- - - |
] ] ] ]
[ i i i i
IFJI'ID I IEJ'E EWEM MEhll-"n'\fB
4 —V
Read
PG Addrass register 1 Read
Read sata 1 L.
register 2
Instruction —-{ —t Registers Read
mermary Wite data Address Read |
register data
Data
o its mamneey
Write
data
16 /\ 32
sign |y,
@
Clock 1 L L L T”]
| i I T
| sub$11, $2, 3 | w $10, 20(81) | ! !
| |
I Instruction fetch | Instruction decode | | |
i i | |
| | | |
| | | |
1 1 1 1
| | | |
| | | |
| | | |
] ] ] ]
1 1 1 1
| | | |
: i : |
- - - |
1 1 1 |
| | | |
IFJI10 |01:EK E)LMIAEH MERIU\NE
4
Read
register 1
PC Address g g_‘,
s -
e r
Instruction . 9 HRegle B
marnory Wikite data 2 [™"] Address Read [_]
regicter data
B Data
oy Wto meamory
Wite
data
1 a2
kY Sign
* | eutend
Clock 2 — — -




I sub $11, $2, $3 | w$10, 20($1) I
I Instruction decode I Execution I
H i i i
: : : |
i i i i
1 ] I 1
[ i i i
[ 1 ] 1
[ i i i
1 I I 1
' | | |
i
H 1 1 i
i i | i
IFAD IDFEX EXMEM MEMAMB
4
Read
PC| Address register 1 Raad
R"i: , data 1 n
Instruction register
= — Ragisters
ey White o ‘:‘:’; o Address Read ||
ragistar data
Data
—| :':l';s memory
Write
data
1% 3z
Sign |y, —
@
Clock3 | | | | _y
! 5 E 5
) | sub $11, $2, 3 | Iw $10, 20($1) |
| Execution I Memory I
i | | i
' i | |
. i i i
i 1 1 :
1 1 I 1
i i | i
IFAD IDVEX EXMEM MEMMVE
4
= Read
PC Addrass - register 1 Read
§ Read a1 L
Instruction (- ,_E regmterﬂi gisters Read
memory WWrite data 2 "1 Address
register
Data
—] e memory
Wviite
data
5 Sign LA —
@ ‘
i . .
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sub $11, $2, 33

Iw $10, 20($1)

2 | | |
M ' .
u 1 I Memory I Write back
]
x ' ! |
ru ! ' :
|
H
: ! |
N ' |
IFID EXMEM MEMANE
— ke i
Add
&
5 A
Address 8 regis Read
g |
E R et Zero =
£ register 2
B — Registers moag| 5 ALY ALy
¥ i data 2 M result Address F‘:ﬁ:: _— 1
M
hot Data u
Arite x
data N FreTnony nx
Virite
data
18 ) 12
i Sign -
extend
Clock 5 L] L L _'—I
i H H !
J 1 ] ]
] - - -
- ]sub$11,$2,$3 |
u | | | ! Write back |
i i
% ' i | i
1 ] ] | i
i 1 ] I
T T T I
1 1 1 1
] 1 1 ]
] ] |
IFD ID/EX EX/MEM MEMANE
Add
4
g il o
PG Address £ register - ’\
—
‘E Reg.dm , data 1 .
. = register
Instrustion L Registers roag
MEmary VWrite data z 1 Address Rd;ad
register Ll
Data
m’ memory
\Write
data
AN
A Slgm | o
@ \
Clock 6 n ]

22



Kivouvol ZoAnvmong
(P1ipeline Hazards)

* Aoukoi Kivovvol (structural hazards)

To vAKO dev umopel va LTOGTNPIEEL TO GLVOLACUO TV EVIOAMYV OV BEAOVLE VOl
eKTELEGOVLE OTOV 1010 KOKAO pnyavig. (m.y. eviaia L1 $ yio I & D)

* Kivovvol EA&yyov (control hazards)

To vAKo dev umopel va TpoymPNCEL TNV EKTEAECT] ETOL,EVOV EVTOADV KAOMD]
QVOLLEVETOL 1] OLOKANp®ON TNG EKTEAEOTC LaC EVTOANG (mt.y. Branches)

* Kivovvol Aeoouevmv (data hazards)

23
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Kivouvol Aedopevwy (Data Hazards) / To oxnipa mrpowOnong (forwarding)

sub $2, S1, $3
and $s12, $2, S5 # 1°¢ teAeotéoc (S2)
or $13, S6, S$2 # 2°¢ 1eAegotéoc (S2)
add $14, $2, S2 # 106§2°C TeAgoTéoC $2)
sw $15, 100($2) # offset ($2)
Time (in clock cycles)
Value of CC1 cc2 cc3 cc4 ccs cC6
register $2: 10 10 10 10 10/ 20 20
Program
execution
order
(in instructions) ]
sub 52, $1,83 | IM «{ }-EReglz % i oml| | [Reg
- | / ]
and $12, 52, $5 M |— JZ“;‘(;: %/T—Dn\i\i Reg
or $13, $6, 52 IM | Lﬁé

add $14, $2, $2

sw 315, 100(%2)
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# rataxwentnc $2 ypdeetal ond tn sub

efaptdtal oamd sub
efaptdtal oamd sub

-//- ond sub
-//- aund sub

CC7 cCcs8
20 20

Reg

CC9
20

ﬂ}

Regé

24



ECoptoeic Aeoousvav

« RAW (Read-After-Write) (true-dependence)
- WA H avdyvoon evog kataympnt npénel vo akoAovdel tnv
X e—Y+K £YYpaON OTOV 1010 KOToyympmn T oo TPOTNYOOLEVT
A EVIOAN
Y*‘—XJFS « WAR: (Write-After-Read) (anti-dependence)
Y<—Z+K H eyypapn e Eva Katoympnt TpeEnEL vo, akoAovOel
TNV AVAYV®OGT] TOL OO TPOTYOVLEVT] EVTOAN
S waw © WAW: (Write-After-Write) (output-dependence)

H eyypapn 6e Eva Kotoympnt TpENEL Vo, akoAoLOEl
OAEC TIC EYYPAPEC GTOV 1010 KOTOY®PNTH 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 © 2006-07

26



WAR -

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

Name dependence -
antidependence —

cslab@ntua © 2006-07
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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 © 2006-07
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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 © 2006-07

IF

ID

IF

ID

IF

ID

IF

29



Which dependencies cause hazards?

(stalls)
RAW
WAW
add $t0, $s0, $s1 IF ID 5 Mem | | w

SUb $t2’ $t0, IF ID 5 MEM WB
or ’ $t7; $82 IF ID 5 MEM WB

mul $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
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[.et’s reorder the or

IF

ID

IF

MEM

IF

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

[.et’s reorder the or

MEM

WB

IF

ID

MEM

WB

32



RAW

WAW

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

or $s3, $t7, $s2
mul $t2, $t7, $s0
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Iet’s reorder the mul

MEM
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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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Iet’s reorder the mul

IF

ID

IF

ID

IF

MEM

IF

MEM

WB
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How to alleviate name dependencies?

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

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

ID

IF

s|\V/

IF

-~

AL
T
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Data Hazards:

O1 evtoA£g avTaAldcoovy LeTaED TOVE 0edouUEVA LEcw Tov Register
File ko tnc pvnunc.

Otav n enduevn evioAn-gg ypetdletal yio Opioua (owayvcocm) KATL

OV 0EV £YEL TPOAAPEL va ypa\pa n nponyov peyn-

1 137 5 6 7 ] 9
sub $2,$1,$3 _[IF |ID |EX |MEM |WB
and $12,$2,$5 [F |ID |EX |MEM |WB
or $13,36, $2 IF |ID |EX |MEM |WB
add $14, $2,$2 IF |ID |EX MEM | WB
sw $15, 100($2) IF |ID EX |MEM | WB

cslab@ntua © 2006-07
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Mio Aon eivon n kaBvetépnon(stall) Tov aywyov (pipeline):

[IpocBétm ovo sub $2, $1, $3
evioAéc NOP: HoP
nop
and $12, $2, S5 STALL
or $13, S$6, $2 - (KOKMOL
sw $15, 100($2)
1 (2 |3 |4 s |6 t7 |8 9 —
sub$2,$1,83  |IF |[ID |EX |MEM |WB-|
nop <E/ﬂ)/ /@
nop A AN A
and $12,$2,$5 " |iF  |ID |EX |MEM |WB
or $13,36, $2 IF |ID |EX |MEM |WB
add $14, $2.$2 IF |ID |EX |MEM |WB
sw $15, 100($2) IF |[ID |EX |MEM |WB

cslab@ntua © 2006-07
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IT1o Kouwn Avon givon N Tpowbnon (forwarding):

‘Exovue e€dptnon oeoouevov RAW. Ta amoteAéopata ypdpovton €ite
oTNV Uvnun gite oto register file.

2tV nepintoon R-TYPE:

AmoOnkevovtal oto RegFile, mapdyovtor Oumg petd tmv ALU, dpa
etval owBéoua otov EX/MEM

Nwc 6a Bpouv N €NOPEVN KAl N
nEBeNONEVN evTOAN oTn paon EX Ta
owoTa opiouaTa: o O O

1. ITpowBovue 10 EX/MEM anotéhecua g 16000
yio v ALU mtpdién g emOUEVNC EVIOANG

Eicoo0 otnv ALU o
novo a6 ID/EX
KatoyopnT!!

2. To 1010 kdvovpue yio T uEBemOUEVN EVIOAT,
rpowBovue to MEM/WB anotéheopa, o¢ 16000
v v ALU mtpdén e pebemdpuevnc evioin
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1a. EX/MEM.RegisterRd = ID/EX.RegisterRs
1b. EX/MEM.RegisterRd = ID/EX.RegisterRt

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

Time (in clock cycles) »
Value of CC1 cc2 cc3 cc4 CC5 CC6 cC ccs cco
register $2: 10 10 0 10 10/ 20 20 20 20 20
Program
execution
order
{in instructions) [ ] [
sub 2, $1,$3 | IM ~|:|—E Reg[ | £l>>7 DM (— "59 Avo nepinTwoeig (aitieg) yia hazard:
! [0
0 A :7\ = Ano gaon EX ka1 anoé paon MEM
and $12, $2, $5 M |— = H'C:;: /T_DM L Reg
¢ ]
or $13, $8, $2 M HEreg | :E}\—[ DM | +—Reg
add $14, 52, 2 M o Req ] -|: DM [ | Reg
. —
sw $15, 100($2) M — HEReg | %ﬁ ﬂT—l:P -
v

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

IIpwta aviyvevovue tnv mhovn artio Kivovvou
Metd kdvouue TpomBNGN TS KATAAANANC TIUNG

>
|

Time (in clock cycles)

CC1 cc2 CC3 cc4 CC5 CC86 CcCc7 cCcs8 CcC9o

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 MEM/MB : X X X X 20 X X X X

Forwarding yia
anopuyn EX
hazard

Program
execution order

(in instructions) B o o I
sub $2, $1,$3 | IM Reg oARegi

Forwarding yia

and $12, $2, $5 IM E h
=0 | \== = a"o¢uvn MEM
hazard
or $13, $6,
NO hazard!!
add $14, | [Reg
sw $15, 100 -|: DM}‘ }~Reg
— 40

cslab@ntua © 2006-07



2OVONKES EAEYYOV TOV KIVOUVEOV:

1. 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
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2. MEM hazard:

if (MEM/WB.RegWrite
and (MEM/WB.RegisterRd+0)

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)) ForwardB = 01
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ID/EX EX/MEM MEMM/B
—
— >
—
Registers >ALU
/ Data N
memory M
u
X
a. No forwarding
ID/EX EX/MEM MEMM/B
—
—
—
Registers
Data -
memory M
u
X
Rs
Rt —
Rt .
EX/MEM.RegisterRd
Rd —
MEM/WB.RegisterRd

b. With forwarding

Pipelining xwpic
forwarding

Forwarding paths:
Ano:

a) EX/MEM register
Kal ano:

b) MEM/WB register
Npo¢G TIC EIGOO0UC TNC
ALU
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Datapath to resolve hazards via forwarding:

ID/EX

/\ r WEB EXIM EM
> M WE EMMB

PC

® C

»{ Control L B
IF/ID U EX | M WB
. . ol )
= M
2 > U >
G X
= 1
b Registers
Instruction £ f >ALU . Data L
memory —~ memory
M
=l >
X
IF/ID.RegisterRs - Rs
IF/ID.RegisterRt Rt
, £
IF/ID.RegisterRt Rt )
> M EX/MEM.RegisterRd
IF/ID.RegisterRd N Rd | u >
X | —
Ny .
| Forwarding I3 MEMAAB. RegisterRd
\ unit <
>
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Registers

ID/EX

G=)

(z==)

xc=Z

EX/MEM

Data
memory

MEM/WB

vy

XcZ
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Kivovvol deoousvov (data hazards) Kot avomoQevKTES
koOvotepnoerg (stalls) €€’ artiog Tovg

Otav n evioAn mov kaver write eival R-TYPE, t6te 10 amotélheona
etvan éroyo oty eaon EX (é€oooc ALU) ko amoOnkévetal, 610
TEAOC TOL KUKAOV, 6tov EX/MEM kataympnt.

O1 emdueveg yperdlovtal ta opicuota otnv edon EX ondte 10
forwarding oovAgvet. (a@ov 1 VoA Tov KAveL write Oa
Bpioketal otic MEM xor WB)

To forwarding oev otvel Opwmg mévta Avon!!

48
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avaro@evkTeS KaBvotepnoscig (stalls):

Ortav n mponyoduevn evtoAn (mov kdvel write) eivon load 1 store,
TOTE T0 AMOTELEGNO. Elvan ETo1i0 aTo TEL0S TG donc MEM 1) kot

WB (axoua yeipdtepa)

Time (in clock cycles)

Program CC1 CC2 CC3 CcC4 CC5 CC6 CC7
execution
order
(in instructions) ] ]
w $2, 20(31) | IM Reg[ | DM Reg
and $4, $2, $5 M H F= Reg[ | DM (— Reg
— [
or $8, $2, $6 M H H=Reg| | j— DM — —Reg
L =
add $9, %4, $2 M H = Reg -|: DM |—
sit $1, $6, $7 IM — - Reg| ]| %*
v
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Avon: avomopevkTeg KaOvotepnoelg (stalls) oto pipeline

Program Time (in clock cycles) >
execution CC1 CC2 CC3 CcC4 CC5 CC®6 CC7 cCcs8 CcC9 CC10
order

(in instructions)

w $2, 20($1) IM ﬂ.l: Reg[ ] % T DM {_fof | Reg

and $4, $2, $5 IM | J:Rég;c o Reg [ j— -|: DM | Reg

T im T»FREIZ% DM | [ Reg
_fbubble ) - -

add $9, $4, $2 _;‘ i IM {5 Reg|[ ] _[ DM |- | Reg

v ' ‘.' [—

Enavaiappdvovpue tig i01eg paoels: ID yia tnv and ko IF yio tnv or.

or $8, $2, $6 M

50
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[Hwg aviyvevoovue TIC AVATOPEVKTEC KAOLOTEPNGELC:

Hazard detection unit

Agrtovpyet ot edon ID wote va Barel kabvotéEpnon Hetacd tov
load ka1 ™G ¥pNoILOTOINGNC TOV ATOTEAECUATOV TOV.

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

Stall the pipeline

Ti onuaiver stall: Epnodifoupe To PC kai Tov IF/ID va aAAGEouv-
apa diapaderal o dUO d1adoXIKOUG KUKAOUC N
id1a evToAn kal anokwdoikonoleital n idia

ENOMEVN TNG OUO (POPEC OUVEXOMEVA
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Pipelined Control:

ID/EX.MemRead

X c

Hazard -
detection
\ unit / ID/EX
f{=]
§ WE EX/MEM
@) M
I Control u M WB
= « MEMAB
0 —_—
IF/ID EX M = VWB
- A —
&2
= M
i S - U
v g X
» Registers
Instruction = I ALU Data -
PC memory d memory
Y
M
p—>1 U
X
IF/ID.RegisterRs
|IF/ID.RegisterRt P
IF/ID.RegisterRt Rt M EX/MEM RegisterRd
IF/ID.RegisterRd Rg )‘j
[D/EX RegisterRt Ry | 7 Forwarding I3 MEMAAB. RegisterRd
Rt - unit “
~—_
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