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Evroiéc MIPS

I[1évte otdowo :

Dépe v evioAn amd ™ pvnun (IF-Instruction Fetch)

2. AldPooce Toug KaTaympnTES, EVO OTOKMOIKOTOLEIS TNV EVTIOAN
(ID+RegisterFile Read) (oto €€n¢ Ba Aéue: ID)

3. Extéleom tnc evioAng 11 vmoAoyiouog oevbvvong (uécm ALU)
(EX-execute)

4. Ilpoocméraon uvnung (MEM)
5. Eyypaon amoteréopatog oto RegisterFile (WB-write back)
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Single-cycle vs pipelined performance:

Single cycle: 6lec o1 evtoréc dropkovV Evol KOKAO pOAOYLOV, 160 LE TO
UNKOG TNG Lo YPpOovoPOPOV EVTOANG

‘Eotw: 2 ns yio ALU, MEM avayvmon 1 €yypaen 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 2ns 2ns 1ns 8ns

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

or, slt)

Branch(beq) 2ns 1ns 2ns 5ns
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‘Ecto o1 mapakdtm evioleg Iw:

_ 2 4 3 8 10 12 14 16
Time T T T T T T 1 T »
| nstruction Data
fetch Reg ALY aeCass Reg
Iw $1I 100($0) I nstruction R ALU Daata R
fetch =g aECESs =
Iw $2, 200($0) .
3x8=24ns '"5:'”“"”" Reg| Al | P |gey
atch aCCESs
lw $3, 300(%$0)
_ 2 4 8 8 10 12 14 16
Time T T T T T T T T *
[ nstruction Cata
fetoh Reg| ALY 1 occess | Ro® Ka0g 2ns telsidvet
: Lt KOt (oL evToan!
In s;cru clion Reg ALU Cata Reg H n
etch acness
[nstruction R ALU Cata R
fetch =g acnass ed

Edw o1 BaBuidec dev €ival andAuTa ioec. ZTnv 10aVIKN NEPINTWON:

time,ieined=tiMenon pipeined/ NUMber of pipe stages

I Technical y of Athens
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211 single cycle vAomoinon, 1 evioAn owopkel £va KOKAO 160 LE TNV TTo
ypovoPBopa (edw: 8 ns)

>1tn pipeline viomoinomn, To poAot kdOe pdonc (otdoto-pipeline stage)
otapkel (2 ns), akOLo Kol oV VITAPYOLY GTAdLN TOVL 1NS

210 mpornyovuevo mapadstyua 14 ns yio pipeline, 24ns yio single
cycle, dpa 1,71 emtdyvvon.

Av giyoue 1000 eviorég axopa: pipeline 1000x2ns + 14 ns = 2014 ns

Single cycle 1000x8ns + 24 ns = 8024 ns

Apa emtdyvvon: 8024/2014=3,98 ~4 (8ns/2ns ratio petad EVIOAMV)
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2TA0L0 01000V 0EO0UEVMV £VOS KUKAOD (single cycle datapath):

EX: Execute/
acddress calculation

ID: Instruction decode/
register file read

IF: Instruction fetch MEM: Memory accessi WB: Write back

\'W\
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|
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Add \ |
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: Add (o " MEM (DM result)
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: . |
ragister 2 Zero— |
Instruction . Registers Read ALY auyl o f |

\iite data 2 result e - Address %ea?g I -

Instruction register ‘ Sata I}
remory .| Write i memory !
data 1
Wiite !
data :
16 i 32 :
N Sigh Ly

I
I
I
I
I
I
I
I
I
I
I
I
I
I

4
ol
|
|
|
I
I
I
I
I
I
I
I
I
I
|
|
|
I
|
I
I
I
I
I
I
I

Por| ekTeAeONG evToAwV-QEBOUEVWV: AN apq;%-rspc'l npoc Ta de€ia
E€aipeon? Write-back | kailenihoyn veou PC | kivduvoc eAéyxou (control hazard)

Kivduvog dedouevwy (data hazard)
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Extéleon aywyov (pipelined execution)

Time (in clock cycles) >
Program cc1 | ¢c2 | ¢cc3 | cc4 |, ccs5 | cce | cc7
execution | | | | | |
order | | | | | |
(in instructions) | pmme— | \ | | e | |
I - ; | I | I
lw $1, 100(30) IM —:J: Reg | | >ﬁ —— DM [—— Reg| | |
R S | | o |
I I | I | I
I I | I | I
I I | I | I
I I | I | I
| = DN HewE
lw $2, 200(30) | M L Reg [ >ﬁ —— DM [—— Reg| |
| - | | | ! e
I I | I | I
I I | I | I
I I | I | I
I I | I | I
: : e DN o
lw $3, 300(30) | | M —:J: Reg | | - DM [—+—{ Reg
A | | R i | | [ S——
I I I | I
I I I | I

Ti1 ©a yivel av xpnoigonoloUUE TNV id1a AEITOUpYIKN povada
(Functional Unit), n.x. IM, RegFile, ALU, DM o€ diapopeTIKOUC
KUKAOUG YI1a OI0MOPETIKEC EVTOANEG?
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Movo yia ReqgFile:

Mnopovue va dafdcovue ko va ypdyooue to RegFile otov
1010 KOKAO: (Ba pac Pondnocet oe amopuvyn Kvovvomv» hazards)

210 TPAOTO GO TOL KOKAOL YPAOOVUE (GKIOGUEVO aploTEP() — Res |

e e ey

[ I———

KOKAOG: Ypapovue-o1aalovpe
I'evikd yro, Functional Units:

Ortav éva functional unit 1] évag pipeline register ivou
OKLOGUEVO GTUOUVEL OTL YPMNGIUOTOLELTAL VIOl AVAYVMGO)
(OKLOGHEVO 0ECLA) T EYYPOOT| (CKIOOUEVO OPLOTEPQ)

I
I
|
I
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211V vAomoinon tov multicycle datapath, giyape tnv oo povaoa

VoL YPNGLUOTOLEITOL OTTO TNV (0100 EVTOAT] GE O10LPOPETIKOVE
KuKAovg, T.y. ALU 1 MEM

>1nv pipelined vAomoinon tov datapath, Eyovue v (010 povada
VoL YPNGLUOTOLEITOL OTTO OL0LPOPETIKES (O10O0YIKES) EVIOAEG OE
OLOLPOPETIKOVE (01000Y1KOVEC) KOKAOVC

I owcpaiiletor opbotnta ekteleoTC KAOE EVIOANG;

Koatoayopntég karaiinlov;;; neyeébovg avapecsa o€ 01000y KA
otdoa (pipeline stages)
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Pipelined gkooyn Tov single cycle datapath

(mpocOécape Tovg KoTompnTéc-pipeline registers avapeca og Stadoytcd 6Tad1o)

4]
%l
u
X
1
IF/ID ID/EX EXMEM MEM/WWB
>Add \
. Add
* / >Add result
Shift
left 2
= Read
H "
PC Address = register 1 Read
=3
B Read data 1 , . |,
Instruction = register 2 ero »
memo ]  Registers Read a ALU alu
i Vikite data 2 result Address Read 1
register M data M
. u Data u
:;I'\:tlée 1X memory GX
Write
i data
16 i 32
AN Sign Ly
N @ \
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Read_Register_1 Read Register 2

I-Type: e
op rs rt address_offset
6 bits 5 bits 5 bits 16 bits
lw $rt, address offset(Srs)
R_Type: op rs rt rd shamt funct
(re gl ster typ e) 6 bits Sbits Sbits Sbits Sbits 6bits

add $rd, $rs, Srt ..
* Write_Register

Op: opcode

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

Funct : op specific (function code)

© © © © Nahonal Technical y of Athens
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hw |

Instruction fetch I

o
L%
u
S
1
IFAD IDFEX EXAMAEN o E MANE
Add
~Add
“ A9 e suit
= Read
Address = register 1 Road
=
= Read data 1
Instruction = register 2 ™
mernay — ) Registers Read Read
\rite data 2 result Address cadl .| 1
register data a1
Cata
Wirite Fre Frio i u
data b >
VWrite g
data
16 ‘ 3z
Sign
extend
— .
T | Instruction decode 1
u
€
I—» 1
IFAD IDFEX EXMAER P E RANAE
~Add
Add
4 Add result
= Read
Address £ register 1 Read
__g Read data 1
Instruction = register 2 -
rmemory e B Registers Rraad Read
Write data 2 result Address — 3
register data M
Data
nrite rmernor "
data - ¥ >
Wirite 2
data
16 N 32
A Sign
~ extend

£
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PC

a
M
u
X
1

| Iw |

I Execution !

’ IFAID ID/EX EXMEM MEMANB
>Add » : \
Add .
b= / >Add result
Shift
laft 2
s > Rea_ad
» Address E register 1 Read . '\
g Re?d e Zaro i -
Instruction £ register 2 v
memory = _ Registers Read 3 ALU ALL fead
Wite data 2 " result » »| Address ea o1
register M data M
Whit » / Data u
.| Akite X
data ] memory OX
. Whrite
data
16 )32
s | Sign |y ~ -
N Tlextend| M
OO0~ I Tech y of Athens =
[
> I
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— [ Y 1
L emory
u
»
1
IFAD 1FEX EX/MAERM M ERMANVE
Add
pr
= Read
PC Address ;§ register 1 Read
-1 Readt . data 1
. = register >
Instruction Registers Read
memory Wwrite data 2 Address Read ]| 1
register Data data ™
wwrite mergeey o
data G"
Write
data
16 . 3z
Zign
extend
o
A
u
x
I—. 1
IFAD IFEX EXUTA EM MEMANE
Add
4
= Read
PC Address = register 1 Read
=
= Raad data 1
Instruction = register 2
memory 1 — Registers Raoaa Read
Wirite data 2 Address —] 1
register ata data M
Write memory u
[ data ﬂ"
Whirite
data
186 . az
Sign
extend
© O © O National Technical y of Athens
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SW

PC

0 .
M ! Execution
u
X
1
-\ IF/ID ID/EX EX /M EM W EMANB
>Add »
N Add N
4 / >Add result
Shift
left 2
S Regd
fddress E register 1 Read \
E Regd e Zero > —
Instruction £ register 2 i
rnemo =1 _ Registers Read ALU alu
v Wiite data 2 = result » » Address Read 1
register M data
u Data M
Wirite X memory u
data 4 1 Ux
. Write
data
16 _ 32
4\ Sign Ly
N Tlextend|
QOO I Technical y of Athens
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| SW |

a
M I Memory
u
3¢
1
IFAIC ID/E> EX/MAEM M EMANWE
Add
4
s Read
PC Address ,§ register 1 Read
£ Read data 1
i = register 2 -
In:::erl:;:gon == ) Registers Read
4 Write data 2 result Address Read 1
register data "
it Cata u
—] rite memo
data 4 C)l(
Write
data
16 . 32
Sign
extend
a | SV
Y .
o | WVirite back
3¢
1
IFAID ID/EX EX/MAEM MEMANE
Add
Add
* Add result
s Read
Address = register 1 Read
=
B Read data 1
i = register 2 ™
Instruction Registers Read
memory Vwrite data 2 Address Read 1
register data
Data LYl
»| VVTite memory u
data C)l(
Write
data
16 . 32
Sign
extend
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To ow0pOBmpévo pipeline yio Tnv Iw:

0
I
u
X

-

IFAD ID/EX EX/MER MEM/ANB
>Add \
Add
* / >Add result
Shift
left 2
= Read
FC Address % register 1 Read
= data 1
Instructi E Ea%?s(.jter 2 Zero » —»
nerucion — Registers Read DAL ALy
memery »| Mite data 2 ¢ result Address Read 1
register M data
u Data M
Wirite X memory ;;I
data 4 1 .
» \Write
data
16 ) 32
Ay SiON Ly .
3 @ 3

O ap1Ouog Tov write register Epyeton Ko 0wtog peca amd 1o pipeline
T1 GOGTY GTIYUN
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To Tupata Tov datapath mov ypnoporomOnkay
KOTd TNV EKTELEGT) TNG IW:

“xeZ 9

IF/1D IDFEX EXAMEM MEMANB

Add

>Add result
Shift
laft 2

i
S

!
S xexg ™

c »| Read
PC » Address % register 1 F— \
= Lt -
g S e Zero —
i £ "| register 2 =
Instr = Registers Reaad N - >ALU ALU
e p| Witite data 2 L result N » Address Read
register M data
u Cata
White X memory
| data 1
> Write
i | data
16 . 32
N Sign N

\@\

- "&
ﬁw
NPOMHOEVS -
A Smi==a| Y
nvppopes
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\ 4

Time (in clock cycles)

Program CC 1 cc2 cc3 CC 4 cCs5 CC6
execution
order — — — —
(in instructions) S I
w $10, 20($1) | IM - Reg > ALU DM Reg |
sub $11, $2, $3 IM C Reg S ALU DM Reg |
v ] |‘ R
Program Time ( in clock cycles) >
execution
o_rd_er _ CC1 CC2 CC3 CC4 CC 5 CC6
(in instructions)
w$10,520(91) | Insinietion | Inginustion | execuion | 02 | wiite back
Instruction Instruction . Data .
sub $11, $2, $3 fetoh decode Execution B0CESS Write back
O OO O Nan Technical y of Athens
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Iw $10, 20($1)

INnstructiaon fetch

a
A
u
ks
B
IFIIID II:!;‘I EX rME rulli\.’\FB
Audd
A
e Add result
= Read
P Address % register 1 Read
_g Read data 1
Instruction = ragister = =
[ Registers Read
mermony W ite data = Address Read
register data
k. Oata
wwrite
data memnory
WWrite
data
16 a2
Sign
) @ )
Clock 1 L L L |
i T T
sub $11, $2, $3 hw $10, 20(351) | ' '
i i
INnstruction fetch Instruction decode ] 1 H
| i 1
i | 1
Q i ] :
kA I
o |
> I
1 |
|
|
|
IFJI‘ID 1w IE)( EJ(!I\I;I ER1 rE lulli'\.fVB
Add
Add
e s result
= Read
PG Address = register 1 Read
= data 1
— = fegetar 2 zero .
rorea — Registers mead — ALU ap o o
= wwrite data 2 result Address ==
register rA data
it Lo Dat=
wwrite x
L K rernory
Uurite
data
16 . 3z
Sign
@
Clock 2

T
L
|
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sub $11, $2, $3

hw $10, 20(51)

INnstruction decode

Execution

| \ . ,
i ! H !
a i | H H
na ! ! i ;
u ! ! ' |
< : : H :
1 [ ! i :
| ! H i
+ i [
1 H + i
i ! ' :
i ! ' i
. IFAD [[=¥{="3 E3MA En FAE A AV
Add
Add
4 9 rasun
Shift
left 2
= Read
P Address % register 1 e
E
= Read data 1
Instructian = register 2 -
=1 Registers Read
meamory ite doie = Address Read 4
register o ata .
Wit Crata o
ite
data memany ux
Wwrite
data
18 : 3z
o Sign
@
Clock 3
i ; . .
i ! v T
i ! L "
1
= , 1 sub $11, $2, $3 \ w $10, 20($1) I
i
i i I Execution I Memory I
3¢ | , . .
1 i i H H
1 1 H H
T : i
1 1 H !
i | H :
i
IF/D IV EX E2MA Eha ME M ANE
Add
Add
* Add agun
= Read
P Address = register 1 Read
= Read data 1
. = register 2
Imstruction Registers Read -
mermory - write geas Address Read 5
register data o
it Data u
ite
data e mo Ny -
Whrite
data
16 : 3z
X Sign
@
Clock 4 T — ; .
H [ i |
| | L ;
1 ] '
4
QOO0 N I T I y of Athens _%__
>m g
° o
?.I.O-
L
8 >
Y (3
c
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sub $11, $2, $3 w $10, 20($1)

" . | | |
i i
X -
u i i I Memory I Write back
- | i | |
1 1
1 1 1 i |
i i | |
h H ! !
| |
i i ! i
! ! 1 1
IF/D IDJEX EXYMEM M EMANE
R — R T H .
Add
Add
4 AdD L asuit
= Read
Address = register 1 Read
E — data 1
] i Zero b
Instruction = rglsiicy 2
mermary = Registers readg ALY a0 o ad
Wirite data 2 result Address Rl S 1
register data M
. Data u
— memory x
widrite
data
16 . sz
5, Sign | N
@ \
Clock 5 L | . - | —I
1 L L 1
1 [l 1 ]
1 T T
= sub $11, $2, $3
M
u

|
! Write back
|

E

IFAD IDIIEX EX-"I\IAEM MEMANVB
Add
Add
+ Add | gsult
= Re@d
Address % register 1 Read
E
= Read data 1
Instruction = reB'Stekzegi s Reas
ste ea
mermaory \Airite data 2 result Address Readl |
register data
write Data
—| dete memory
\ATite
data
16 _ az
Sign
@

Clock 6 — — ] ——l

7

VP poros
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Kivouvol ZwAnvwonc (Pipeline Hazards)

* Aoukot Kivouvol (structural hazards)

To UALKO bev pumopet val uTtootnpiéel To cuvOUACUO TWV EVTOAWYV Iou BEAOUE va
eKTEAECOUE oTOV (610 KUKAO pnxavnc. (r.x. eviaia L1S ywo | & D)

* Kivbuvol EAeyxou (control hazards)

To UALKO &€V UImOpEL VOl TTPOXWPNOEL TNV EKTEAECH ETMIOUEVWY EVTOAWV KOOWC
QVOLUEVETOL N OAOKANpWON TNC EKTEAEONC HLag EVTOANC (m.x. Branches)

* Kivduvol Aedouevwy (data hazards)

cslab@ntua 2018-2019



Kivouvol Aedopévwy (Data Hazards) / To oxnua rpowOnong (forwarding)

sub $2, S1, S3 # xoatoaxwenthg S$2 ypdestoal amnd Tn sub
and $12, S$S2, S5 # 1°° 1teAeotéog ($2) cfaptd&Tal oamd sub
#
#

or $13, S$S6, S2 2°¢ teAegotéoc (S2) efapthdtal amd sub
add $14, $2, $2 106g2°¢ telsotéoc $2) -//- and sub
SW $15, 100(S$S2) # offset (S$2) -//- and sub
Time (in clock cycles) >
Value of CC1 cc?2 CC3 cc4 CC5 CCé6 CcCCc7 ccs8 CC9
register $2: 10 10 10 10 10/ 20 20 20 20 20
Program
execution

order

(in instructions) ] ] ]
sub $2,$1,$3 | IM Reg[ | I DM [ (— g9
and $12, $2, $5 NP %/7
[

TC
or $13, $6, $2 M 4 HE Rregl | E DM HReg

add $14, $2, $2 IM

A

~ ][
<

Reg

|
-
|

Regl |

sw $15, 100(52) IM —




E¢aptnoeic Asdbopevwyv

 RAW (Read-After-Write) (true-dependence)

' RAW
H avayvwon evog Kataxwpntn IPETEL va aAKOAOUOEL
TNV eyypadn otov idlo kataxwpntn amno
7 WAR TPONYOUEVN EVTOAN
X*—Y+K  WAR: (Write-After-Read) (anti-dependence)
YL X+S H eyypadr o€ éva kataxwpnth TPEmeL vo akoAouBel
TNV avAyvwor) Tou armo TTPonNyYoUEVN EVIOAN
Y—7Z+K

e WAW: (Write-After-Write) (output-dependence)

H eyypadn o€ eva kataxwpntr MPETMEL vo. aKOAOUBEL
- WAW OAEG TIC eyypadEG oTOV 1610 KaTAXWPNTH ATo
TPONYOUEVEC EVTOAEG
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RAW

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

True dependence —
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WAR

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

Name dependence -
antidependence —
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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 —
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ldentify all the dependencies

RAW

WAR

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

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

IF ID 5 vem | [ we
IF ID 5 MEM we
IF ID 5 MEM wB
IF ID IP> MEM we
2 3 4 5 6 7 8
© © © © Natonl Techmal
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‘Which dependencies cause hazards? (stalls)

RAW
WAR
WAW
add $t0, $s0, $s1 IF ID > MEM WB
sub $t2, $t0, $s3 I ID 5 MEM WB
Or $831 $t71 $82 IF ID 5 MEM WwWB
mul $t2, $t7, $s0 = . IP) — —
b >

1 2 3 4 5 6 7 g

OOOO“- 1 Tech |

SRR
y of Athens &,
QO §‘: o 2m§
::CSLab i}
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Let’s reorder the or

RAW
WAR
WAW

add $t0, $s0, $s1 "

sub $t2, $t0, $s3

or $s3, $t7, $s2

mul $t2, $t7, $s0
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Let’s reorder the or

RAW
WAR
WAW

add $t0, $s0, $s1 " ® > Ve !;

or $s3, $t7, $s2 " P
RAW
sub $t2, $t0, $s3 "

mul $t2, $t7, $s0
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Let’s reorder the mul

RAW
WAR
WAW

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

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

cslab@ntua 2018-2019
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Let’s reorder the mul

RAW

WAR

WAW
add $t0. $s0, $s1 F D 5 5
mul $t2, $t7, $s0 Fo] e

sub $t2, $t0, $s3

or $s3, $t7, $s2 "
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How to alleviate name dependencies?

add $t0, $s0, $s1 IF ID 5 ven | [we
sub $t2, $t0, $s3 IF | ‘%
or $s3, $t7, $s2 IF ID >
mul $t2, $t7, $s0 .
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Data Hazards:

O1 evtoA£C avTaAMAGGOVY LETAED TOVG 0EO00UEVH. LECH TOV Register
File ko tg pvniune.

Otav n enduevn evioin-ec ypetdletor yio Optoua (avayvoon) KAt
OV 0€V E£YEL TPOAAPEL va ypdyel N nponyoﬁug}m/'/

5 6 7 8 9
sub$2.$1,$3 __[HIF|[ID |EX |MEM |WB

and $12,$2,$5 IF |[ID |EX |MEM |WB

or $13,$6, $2 IF |ID |EX |MEM |wWB

add $14, $2,$2 IF ID |EX MEM | WB

sw $15, 100($2) IF ID EX |MEM |WB
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Mio Aon givon n kaBvotépnon(stall) tov aywyov (pipeline):

[IpocOétm ovo sub $2, $1, $3

evtoléc NOP: nop STALL
nop (kOKAoL
and $12, $2, $5 GVOPOVIG)

or $13, $6I $2 .........................
add $14, $2, $2
sw  $15, 100(52)

1 2 3 4 5 6 — 5 5 ™ 7
sub$2,$1,83  |IF [ID |EX |MEM |WB-|
nop T /ID/L@ .....
nop ‘%/\“:/\/\I‘[ﬁ
and $12,$2,5 T ID |EX |MEM |WB
or $13,$6, $2 IF |[ID |EX |MEM |wB
add $14, $2,52 F |ID |EX |MEM |wB
sw $15, 100(52) IF D |EX |MEM |WB
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IT1o xouym Avon gival n tpowbnon (forwarding):

‘Exovue e€aptnon dedopévav RAW. Ta amoteAéopata ypdpovton gite
oTNV UVNUN €ite oto register file.

Xy nepintwon R-TYPE:
AmoOnkevovton oto RegFile, mapdyovton dumc petd tmv ALU, dpa
etval owbéoua otov EX/MEM

Nwc Ba BpoUv N eNOPEVN Kal N
uedenopevn evroAn orn ¢aon EX Ta
owoTa opiopaTa: o O Q

1. IIpowBovue to EX/MEM oamotélecpa w¢ (6000
yio, TNV ALU mpdén e emOUeEVNS EVTOANC

Eicodo atnv ALU oy
povo ané ID/EX

KotoyopnT!!

2. To 1010 Kdvovue yio T LEBETOUEVT] EVTOAT),
npomBovue to MEM/WB anotédecua, o¢ 16000

yio, TNV ALU mpdén e pnebemduevng evioan
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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 cCc1 cc?2 cC4 CC5 CC6 CcC ccs CcCco9
register $2:. 10 10 10 10/ 20 20 20 20 20
Program
execution

order

CC3
0
(in instructions) [
sub $2, $1,%$3 | IM Reg[ |

AvUo nepinTwoeig (aitieg) yia hazard:
N = Ano gaon EX ka1 ano paon MEM
and $12, $2, $5 M H HERreol
or $13, $6, $2 IM (— — Reg
add $14, $2, $2 -|: DM < +—Reg
sw $15, 100(52) M Re ] % %Reg

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

© O OO Hanonal Techmal

y of Athens
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Forwarding:

IIpwta aviyvevovue v mbavn) attio, KtvoHvov
Metd kdvovue TpomONG™M NG KOATAAANANG TIUNG

Time (in clock cycles)

CC1 CcC2 CC3 cC4 CCsS CC6 CC7

Value of register $2: 10 10 10 10 10/ 20 20 20
Value of EX/IMEM : X X X 20 X X X
Value of MEMAWB : X X X X 20 X X

Program
execution order

(in instructions)
sub $2, $1, $3 M

and $12, $2, $5

or $13, $6, 52

add $14, $2, $2

sw $15, 100(%2)

cslab@ntua 2018-2019 Og@ S L a b

ccs8 CCo
20 20
X X
X X

Forwarding yia
anoguyn EX
hazard

Forwarding yia

......... CI"O(pUYI’] MEM

hazard

e NO hazard!!

Tﬂ} e
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20VONKEG EAEYYOV TOV KIVOUVOV:

1. EX hazard:

if (EX/IMEM.RegWrite
and (EX/MEM.RegisterRd#0)
and (EX/MEM.RegisterRd = ID/EX.RegisterRs)) ForwardA = 10

if (EXIMEM.RegWrite
and (EX/IMEM.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 MEMANB
—
— »
—
Registers >ALU
> / Data L
memory M
u
X
a. No forwarding
ID/EX EX/MEM MEMANB
—
()
— u
X
—| —
Registers
ForwardA >ALU
M
/:] Data L]
x memory M
L u
X
Rs ForwardB,|
Rt f} —
Rt M .
Rd u _ EX/IVIEM.Reglstech:i |
W

Forwarding
unit

MEMMEB .RegisterRd

b. With forwarding

cslab@ntua 2018-2019

Pipelining xwpic
forwarding

Forwarding paths:
Ano:

a) EX/MEM register
Kal ano:

b) MEM/WB register
Npo¢ TIC E10000UC TNG
ALU




Datapath to resolve hazards via forwarding:

IF/D

Instruction
memory

Instruction

A

h@

Registers

|_E:(f|\/|EIVI
WB

|_I\/lEMNVB
WB

Data

'x:g)r.(x:g‘)
\/
')_>
C

N:

memory

EX/MEM.RegisterRd

IF/ID.RegisterRs Rs
IF/ID.RegisterRt Rt
, * £
IF/ID.RegisterRt Rt ol M
IF/ID.RegisterRd - Rd u >
> X
~ | Forwarding [*
"\ unit -
g

MEM/M/B. RegisterRd

© O OO Hanonal Techmal

y of Athens
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2xeblaopoc Control

 Eloobol Ji) I

— Mebla Tou instruction Combinational —

, control logic ——— Datapath control cutputs
* E¢obdol —

— 2Apata eAéyyou ALU Outputs 4 [——

— ZApoTa EAEYXOU UVAMNG

— [oAUTTAEKTEC

Inputs

* Finite State Machine [ | | I | [ .

Inputs from instruction State register

register opcode field

OO0 w I Technical U y of Athens
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2xedloopoc Control FSM (Multicycle datapath)

¥ [nEtrustian f=ieh Instruction decode
M=mR=ad semEr e
o ALUErCA =0 1

o

lorD = O

IR it
Start ALUSICE = 01

AL WD - 00
F o b
FPCSource = 00

ALUSrCS = 0
ALUIrcE = 11
ALLUNCD = 00

Op="1

El=rmaory addr=ss
Cormpu tathom

Branch

LI TR

Executlon COMmEsETor i COMpEtiion
2 pres — E- T E e — 5 g ey
- ALUSroA, - 1 )
ALUSrzA 1 ALISrCA, = ALUSHCS = 00 PO rite
ALUSICE = 10 ALUSICH = 00 - B = 10
ALUCHD = OO ALUCHD = 10 ALUDD - O
FCWrteCond
— _ e PoSource = 01
# ; R —
Pl i b= rmory
;3; _Aaccess BOCOEEE R-type completicn

3 5 - 7 - -
r=mT=a B e H;DDW? ;E"
=y m lorD == 4 EQVET
El=mioReg = O

sdmmeory resd
COmMPIston STsp

NPOMHOEY S
VP $oROs

N

o — -
Regst -N
R it 3
FA=rmicRag = O E TS TaN I T gwed i} ty ol b
23
b
Q
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Multicycle datapath

te IRWrlte RegDst RegWwrite ALUSrcA
PC . Instruction Read
t ACOress [25—21] register 1
1 Instruction Read data 1
Memaory [20-1E] | P register 2
MemData
- Instruction M . Reglaters ALUOUL
[15—0] | |instruction| u gglftnr S
Wirlte 15—=111 X =] 2
| aata instruction | 4! =1 data
reglster Wvrite
- data
Instruction 'ﬁ"
[13—0] x -
1 - -
| M';?t':';y JE | sign | 3¢ Shitt { A\
=1 extend laft 2 [ ALU
reglater | control |
.\l"'\.\\‘ .l-.-...-
Instruction [5—0]
MemioRes ALUSrcE ALUOD
y 1oAY
QOOOHnN I Technical U y of Athens \gf
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Datapath to resolve hazards via forwarding:

IF/D

Instruction
memory

Instruction

A

h@

Registers

|_E:(f|\/|EIVI
WB

|_I\/lEMNVB
WB

Data

'x:g)r.(x:g‘)
\/
')_>
C

N:

memory

EX/MEM.RegisterRd

IF/ID.RegisterRs Rs
IF/ID.RegisterRt Rt
, * £
IF/ID.RegisterRt Rt ol M
IF/ID.RegisterRd - Rd u >
> X
~ | Forwarding [*
"\ unit -
g

MEM/M/B. RegisterRd

© O OO Hanonal Techmal

y of Athens
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or $4, $4, $2

Clock 3

Instruction
memory

add $9, 34, $2

Clock 4

Instruction
memory

1 ] 1 ]
rand $4, $2, $5 I sub $2, $1, $3 | before<1= | before=2=
H i i i
1 ] ] ]
| IDVEX ' 1
E 10 10 ! !
] m SE EXMEM i
: I — | :
i Control n Wi MErul'lN\fB
H I _— I | H
":,;”:, U Ex v
L —— e —
2 52 $1
[ = — L
=
£ 5 g \I
= Registers —
= Data
>ALL' memory [
S5 $3 u
L] x
— u
o
S
2 1
5 3 —
nA
4 2 @
H 1 — —v—]_'_ 1
H i : i
1 1 I I
1 1
1 ]
] |
i T
H |
1 | I
1 ] ] ]
1 or $4, $4, $2 and $4, $2, $5 P sub $2, . .. I before<1=
H | i i
1 1 1 1
! IDVEX ! |
; e [ ]1e i !
H /‘\ I_' E | EXMEM i
1 . R N 1
1 10 1
i Control ] VWE| !
; I MEMAVE
.F,;”:, I—- EX n |—- WB
4 $4 $2
- n
"é & — \I
= Registers
= Data
>ALL' memaory (%]
2 55 o
[\ x
— u
o
S
2 2
S S N
M 2
4 4 u l
BS N SN
: I ~— I Forwarding e —|
1 unit |
i /
]
1
1}
: 1
1 1 1 1
P
© © © © National Technical of Athens ho
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ID/EX EX/MEM MEMANB
)
M
u >
X
i \_/
Registers ALUSrC
| > ALU e
M M Data
u u
x X memory M
u
$ > ’ X
L
¢ > =
S| (W)
u > > -
: =1
Forwarding
> unit «
OCOON | Technical y of Athens
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Kivovvol ogoopévev (data hazards) ko avamo@evkTeg

kaQvotepnosic (stalls) €€’ artiog TOVS

Otav 1 evtoAn mwov kavel write eival R-TYPE, t01e 10 amotéleopna
etvai eroruo oty eaon EX (€€oooc ALU) kot anoOnkéveton, 6To
TEAOC TOL KUKAOL, 6Tov EX/MEM xataympnt.

O emopevec ypeldlovtal ta opicuata oty edon EX omote 10
forwarding oovAgvet. (apov 1 evToAn mov kdvel write Oa
Bpiocketal otic MEM xo1r WB)

To forwarding ogv divel dumw¢ mavta Avon!!
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avomToQEVKTES KaBvoTepnosig (stalls):

Otav n Tponyoduevn evioln (mov kdvel write) etvan load 1 store,
10T€ TO AMOTEAEGNO. Elvol ETo10 0TO TEAOS TNG Pdlonc MEM 1 kot
WB (axoua yeypotepa)

Time (in clock cycles) >

Program CC1 CcC2 CC3 CC4 CC5 CC&6 CcCc7 cC8 CC9
execution
order
(in instructions) ] ]
lw $2, 20(31) | IM Reg[ | DM |— Reg
and $4, $2, $5 M H HF= Reg[ | DM |— Reg
— [
or $8, $2, $6 IM H HFHERegl | j— DM [ Reg
P
add $9, 54, $2 IM < HEReg -|: DM~ — Reg
slt $1, $6, $7 M | | Regl ™ % ~|ﬂT_|:|~Reg
v

© © © © Nahonal Technical y of Athens
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Avon: avoropevkteg Kabvetepnoelg (stalls) 6to pipeline

Program Time (in clock cycles) >
execution CC1 CcC2 CC3 CC4 CC5 CCe6 CC7 ccs8 CC9 CC 10
order

(in instructions)

w $2, 20($1)

and $4, $2, $5

or $8, 32, $6

add $9, $4, 52

—[DM— —| Reg

] ' [ ]
v ! !

OO h I Tech | yo ens
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I g aviyvevovue TIS avamTOPeVKTES KaBvotepnoels:

Hazard detection unit

Agrtovpyel otn edon ID dote va Bfarel kabBvotépnon petad tov
load ko TNC ¥pNOLOTOINGNC TOV ATOTEAEGUATOV 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 aAAa&ouv-
apa oiaBadletal og duo d1adoXIKOUG KUKAOUC N
id1a evToAn kal anokwdikonolgiTal n idia

ENOMEVN TNG OUO (POPEC OUVEXOMEVA

© © O © HNatonal Technical yo
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Final Pipeline:

ID/EX . MemRead

Hazard <
detection
> unit J ID/EX
% e EX/MEM
& M
L Control g M WR MEMAVE
0
IF/ID EX »{ M WB
v
= ™
= j i | m
£ 5 —{ U >
o X
E »
g7 Registers Y
Instruction |_| = >ALU . . mEe)sr:ciry .
memory , Ve i
> M X
b L >
X
IF/ID.RegisterRs
IF/ID.RegisterRt - —~
IF/ID.RegisterRt - | Rt o M EX/MEM RegisterRd
IF/ID.RegisterRd - Rd . )L(‘
i N ; ‘
D/EX RegisterRt i | y| Forwarding [Z MEMMB. RegisterRd
Rt unit -
KEXNE
x =
© © O © Natonal Techmcl unmversy of thens /7 \ T S0
00 ¥ HH
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Aoknon Pipeline

Aedopeva

‘Exoupe €va loop...

Rep:
1w $2,100($3)
sub $2,5%2,8$5
sw $2,100($3)
sub $3,$3,56
sub $1,381,8$7
bne $1,5$0, Rep

Exit:
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Aoknon Pipeline

Aedopeva

, , KAl auTn TNV apxIKN KATGoTaon OTOUG
Exouue Eva loop...

KATAXWPENTEC
Rep: $1: 500
1w $2,100($3) $7: 5
sub $2,$2,5%5
sw $2,100($3) *Aev undpxel cache miss
sub S$3,$3, 560 *Cache hit oeg 1lcc
sub $1,51,S87 *branches yivovial resolve oto MEM stage
bne $1,5$0, Rep
Exit:
© © O © Nanonal Technical y of Athens
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/NTOUUEVO

Mo to 1° LOOP (pexpt kat to lw tou 2° LOOP)

Na deitete ta Suadopa otadia tou pipeline (Ataypappo xpoviopou)

TIOU TIEPVAVE OL EVTOAEC.
Ynodeiéte kal e€nyeiote ta mbBava hazards rmou pmopouv va

npokUPouV KaTA TNV EKTEAEON, KOBWC Kal TOV TPOTIO TTOU
avTLHETWi(ovTal.

(S]] '
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Zntoupevo (2)

[MoooL KUKAOL amattoUVvTol CUVOALKA yLa vo. oAoKANpwOEeL o
Bpoxoc (yia OAec T emavaAnPeLg Tou, OxL povo yla tnv 1n);

Rep:
1w $2,100($3)
sub $2,5$2,5%5
sw $2,100($3)
sub $3,83,56
sub $1,51,87
bne $1,50, Rep

Exit:
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Amavtnon

Rep: $1: 500
1w $2,100($3) $7: 5
sub $2,52,5$5 Aev undpxel cache miss
sw 52,100 ($3) cache hit og 1lcc

sub $3,$3,56
sub $1,$1,$7 =——> $1 = 500, 495, 490, 485,
bne $1,50, Rep

Exit:

O Bpoxoc Ba ekteAeotet yia 500 / 5 = 100 enavaAneLc.
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To dLaypoappa xpoviopou tou pipeline yia tn xpovikn dtapkela ou {nteital
elval to akoAouBo:

QOO0 N I Technical y of Athens
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'H TILO CUUTTILECLEVO YLaL VAL XWPAEL O Lo oeAida ©

ID EX M WB

EX M wB

NRRNNNC
SRRRENE

SHNSNE

TR
Tk
Th
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Hazards

ID EX M WB

SNNENE
SENEE

IF ID a5 a5 EX M WB
55 IF ID EX M WB

Rep: Stalls otouc kUKAouc 4,5:

1w $2,100($3)

sub $2,%$2,$5 ' ’

sw $2,100 ($3) O kataxwpntnc $2 yia tnv evtoAn sub $2,52,55

SUE ii zi 25 (n avayvwon tou omnoiou yivetat oto otddio ID)

Su ’ ’ ’ ’ ’ 1 7

bne $1,50, Rep yLveTOL §Laeectuoq loro TEAOC TOU KUKAOU 5 (otadLo
Exit: WB) armo tnv evitoAn lw.

QoOOoOOnN I Technical y of Athens
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Hazards

T N D
IF 55 ID EX M WB
QQ IF ID EX m | ws
QQ IF ID EX M | ws
QQ IF ID QQ EX M | we
QQ QQ IF ID EX M wWB
Rep:
lw $2,100(%3) Stalls otouc kUkAouc 7,8:
sub $2,$2,$5
sw $2,100($3)
sub $3,$3,56 O S2 yia tnVv evtoAn sw $2,100(S3)
sub $1,81,87 yivetot StaBéopoc oto TéAo¢ Tou KUKAoU 8.
bne $1,50, Rep
Exit:
©© © O Hetonal Tedwmat Unversy of Athens
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Hazards

IF ID - o EX M WB
IF 55 ID QQ EX M WB
QQ IF QQ ID EX m | ws
QQ QQ IF ID EX M WB
QQ QQ IF ID EX M WB
B O o> o o
Rep:
lw $2,100(83) Stalls otouc kUkAouc 12,13:
sub $2,5%2,55
sw $2,100 ($3)
sub $3,$3,$6 O S1 yuwa tnv evtoAn bne $1,50,Rep
sub $1,81,87 yivetal Stabéopoc oto teAoc tou KUKAoU 13.
bne $1,$0, Rep
Exit:
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Hazards

IF ID QQ EX M WB
o B o [ w [w
QQ IF QQ ID EX M WB
QQ QQ IF ID EX M WB
T o e [l = [w [
TR T e o o [ [

To 8€UTEPO OTLYULOTUTIO TNG EVIOANC Iw $2,100(S3)
apxllel va ekteAeiton oo Tov KUKAo 16,
S10tL n anmodaon yia tnv dtakAadwaon eAndOn otov kKUkAo 15.
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Y moAoyiopog ypovou

IF ID QQ EX M WB
IF QQ ID QQ EX M WB
QQ IF QQ ID EX M WB
K E A oo m[w
B0 S0 I O % I I I 0 I B
S S W WENE o o [ [

15 kUKAoL poAoyLoU

Mo ta pwta 99 loops €xoupe 99 x 15cc= 1485cc.
Mo tnv 100" emavaAnyn €xoupe 16cc.

YUVOALKA artaittouvtol 1485cc + 16cc = 1501cc yia tnv ektEAeon tou Bpoxou.

© O © O National Technical

y of Athens
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Pipeline 2

Mo tnVv Lo akoAouBia evtoAwv, deiéte kot e€nyelote Tov XpovIoUO ToU
pipeline, Bewpwvtac Twpa OTL UITAPXEL XA tpowOnonc. Oswpeiote
OTL oL armodaoelc yia Tic dStakAadwoelc AappBavovtoal oto otadio MEM.

Moool KUKAOL arattoUvtotl CUVOALKA yia va oAoKANPwOEL o Bpoxoc;

Rep:
lw $2,100($3)
sub $2,5$2,8$5
sw 52,100 ($3)
sub $3,5$3,56
sub $1,51,8$7
bne $1,50, Rep

Exit:
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lc mpowBnon

7

Me / Xwp

WB

EX

ID

WB

IF

WwWB

WB

EX

WB

SOE SE

ID

WB

EX

ID QQ EX

WB

IF

EX

ID

WB

WB

EX

wB

WB

EXq M

ID

QQ IF
L

L

WB

EX

ID

IF

ID

IF

WB

A

SE e

L SE

UL SE

WB

EX

\-N!mnr
EX

ID

IF

EX

ID QQ EX

IF QQ ID QQ EX

EX

ID

IF

ID

IF

ID

IF

IF

IF

o
N~
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Hazards

Rep:
1w $2,100($3)
sub $2,%$2,585
sw $2,100(S$3)
sub $3,$3,56
sub $1,%$1,357
bne $1,$0,Rep

Exit:

Jtov KUKAO 4 untdpyet stall. Moed;
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Hazards

Rep:

lw $2,100($3)
sub $2,8$2,$5
sw $2,100($3)
sub $3,83, %6
sub $1,$1,87
bne $1,5$0,Rep

Exit:

H T tng 6€onc pvApng 100(S3), mou Ba anobnkeutel otov S2,
dev umopet va eivat dtaBeoiun mpv to otadto MEM.

Otav opwce Ba yivel SLaBEoiun oto TEAOG ToU KUKAOU auTtoU
Ba npowBNBel otic eloddouc tng ALU, wote va ekteAeoTtel n evioAn sub
$2,52,55 xwpic va mepLUEVOUE va ypadTel n Tipn otov S2.

Anodevyetau to stall mov eiyope oTnV MPONYOUEVN EPLMTWON GTNV
KUkAo 5 ©

IF ID EX WB
IF ID EX MEM wB
IF 1D EX MEM WB
IF ID EX MEM WB
IF ID EX MEM WB
IF ID EX
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To (610 LoyVeL kot yia ta stalls mou eiyope otoug KUKAOUG 7, 8

IF ID EX M WB
IF ID QQ EX M WwB
IF QQ ID EX M wWB
QQ IF ID EX M WB
QQ IF ID EX M WB
QQ IF ID QQ EX M WwWB
QQ QQ IF ID EX M WB

IF ID EX M WB
IF ID Q EX M WB
IF Q ID EX M WB
Q IF ID EX M WB
Q IF ID EX M wWB
Q IF ID EX M WB
e
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To (610 LoyVeL kot yia ta stalls mou eiyope otoug KUKAouG 12, 13.

IF ID QQ EX M WB
IF QQ ID QQ EX M WB
o L o o | w | w
B I B EE I I
S 5E I 0 2 I A I [
QQ Q@ IF ID EX M WB

IF ID EX M WB
IF ID Q EX M WB
IF Q ID EX M WB
Q IF ID EX M WB
Q IF ID EX M wWB
Q IF ID EX M WB
e

cslab@ntua 2018-2019



Y TOAOYIGLOG Y pOVOL

IF ID EX M wB
IF ID Q EX M wB
IF Q ID EX M WB
Q IF ID EX M WB
Q IF ID EX M wB
Q IF ID EX M wB
Q IF ID EX M WB
<€ >

10 kUKAoL poAoyLoU

[a Ta mpwta 99 loops €xoupe 99 x 10cc = 990cc.
[a v 100N etravaAnyn €xoupue 1lcc.

2 UVOAIKG atraitouvTal 990cc + 11cc = 1001cc yia Tnv ekTéAeon Tou Bpoxou.

Xwpig TNV TTpowbnaon xpelaotikaue 1501cc.

QOO I Technical y of Athens
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