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Evroiréc MIPS

[1évte otdow :

1. ®dépe v evroin amod ) uvnun (IF-Instruction Fetch)

2. AWPace ToOVG KOTOYOPNTES, EVD OTTOKMOUKOTOLELS TNV EVTOAN
(ID+RegisterFile Read) (ot0 €&nc Oa Aéue: ID)

3. ExtéAleom g evioAnc 1 vroAoyiopoc otevbuvvonc (uéow ALU)
(EX-execute)

4. Ilpoornéhaomn wnunc (MEM)
5. Eyypoaon amoteAéopartoc oto RegisterFile (WB-write back)
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Single-cycle vs pipelined performance:

Single cycle: 6ieg o1 evtorég dropkoHV Eva KOKAO poAoYLOV, 100 LE TO
UNKOG TNG 7o YPOvOPOPOL EVTOANG

‘Eotm: 2 ns yio ALU, MEM avdyvoon 1 eyypaen kot 1 ns yio

register file avayvwoon 1 eyypoen

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

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

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

or, slt)

Branch(beq) 2ns 1ns 2ns 5ns

© © © © Nahonal Technical University of Athens
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‘Eotm o1 mopakdtom eviodéc 1w:

_ 2 4 5 8 10 12 14 16
Time T T T T T T 1 T »
| nstrustion Data
fetch Reg ALY aeCass Reg
Iw $1, 100($0 ; -
$ 7 ($ ) Ina]:[;;iimn Reg ALU ;;::5 Reg
Iw $2, 200($0) -
3x8=24ns '”5:'”“““" Reg| A | DA lpey
atch aOLESs
Ilw $3, 300($0)
_ 2 4 g 8 10 12 14 16
Time T T T T T T T T *
[ nstruction Cata
fetoh Regl AU | ccess | RO Kd0¢g 2ns telsidvet
: ot Kot (oL evtoan!
[ ns;[ru ction Reg ALU Cata Reg ]J T]
atch acness
[nstruction Cata
fetch Reg ALL acnass Reg

Edw ol BaBpidec dev €ival andAuTa ioec. ZTnv 10aviKn NEPIiNTwon:

time,ipeinea=tiMenon pipeiined/ NUMber of pipe stages

© © © © Nahonal Technical University of Athens
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211 single cycle vAomoinom, 1 evioAn olopkel Eva KOKAO 160 UE TNV 7o
ypovoPopa. (edm: 8 Nns)

>1n pipeline viomoinon, To poAol kébe paonc (otddoto-pipeline stage)
otapkel (2 ns), akoOLo Kol oV VITAPYOLVY GTAOIA TOV 1NS

210 mpornyovuevo mopadstypa 14 ns yio pipeline, 24ns yio single
cycle, apa 1,71 emtdyvvon.

Av eiyoue 1000 evroréc axopa: pipeline 1000x2ns + 14 ns = 2014 ns

Single cycle 1000x8ns + 24 ns = 8024 ns

Apa emtdyvvon: 8024/2014=3,98 ~4 (8ns/2ns ratio peta&d svrokoav)
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2T3A0L0 01000V 0EO0UEVMV €VOS KUKAOD (single cycle datapath):

EX: Execute/
address calculation

ID: Instruction decode/
register file read

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

—
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I
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I
I
EX (ALU result)
I
Add :
o I
I
¢ Add (oo . MEM (DM result)
I
Shift 4 I
left 2 H | s
I
I
I
I
I
: . i
. - o
register 2 Zero —'—'—>__. |
Instruction . Registers Read ALY ary| |
\Arite data 2 result - Address %‘;?g I -
Instruction register ‘ Sata I}
memory _— Wiite H memory l
data |
Write I
data :
16 ) 32 !
N Sign |y
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Por) ekTeAeoNC EVTO)\(bV-QEé‘OLIéV(DIV: ano ap_l_.%‘repc'l npoc Ta Oc&ia
E€aipeon? Write-back | kailenihoyn veou PC | «ivduvoc ehéyyou (control hazard)

KivOuvog dedopévwy (data hazard) © © © O Natonal Techmcl Uneversy of thens

0
cslab@ntua 2011-2012 88@ S L a b



Extéleon aywyov (pipelined execution)

Time (in clock cycles) >
Program cc1 |, ¢€cc2 | ©c3 |, cc4 | cC5 |, CcC6 | CC7
execution | | | | | |
order | | | | | |
(in instructions) : —— : \ : I S I I
= : | | | |
lw $1, 100($0) IM —:J: Reg [ | >ﬁ —— DM [—— Reg| | |
R S | | o |
| | | | | |
| | | | | |
I I | I | I
| | | | | |
: = DN el
lw $2, 200(30) | M L Reg [ >ﬁ —— DM [——f Reg| |
| - | | | ! e
| | | | | |
I I | I | I
I I | I | I
| | | | | |
| | e DN o
lw $3, 300(30) | ] M —:J: Reg| | - DM [—+—{ Reg
v | | R i | | [ S——
| | | | |
I I I | I

Ti1 Ba yivel av xpnoipgonoloUe TNV id1a AsIToupyikn povada
(Functional Unit), n.x. IM, RegFile, ALU, DM o€ diapopeTikoUc
KUKAOUG YI1a OI0(MOPETIKEC EVTOANEG?

© © © © Nahonal Technical University of Athens
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Moévo yio RegFile:
Mnopovue va owafdcovpe kal va ypdyoopue to RegFile otov
1010 kOKAO0: (Do poc Pondnoel e amoevyn Kivouveovy hazards)

310 TPOTO GO TOL KOKAOL YPAPOLLE (CKIOGUEVO aploTEPH) — Res |

= e e

——

KOKAOC: Ypapovue-otaalovpe
Ievikd yro_Functional Units:

Otav éva functional unit 1) évag pipeline register givat
OKLUGLLEVO GNUOLVEL OTL ¥PNCILLOTOLEITAL Y10 AVAYVOON
(OKLOGLEVO 0ECLA) T EYYPOQT] (CKIOGUEVO OPLOTEPQ)

I
|
|
I

| © © © © Nahonal Technical University of Athens
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21V vAomoinon tov multicycle datapath, eiyoue v ioto povaoo

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

21nv pipelined vAomoinon tov datapath, Eyovue tnv (010 povada
VO, YPNOLOTOLELTO ATTO O10POPETIKES (O1000YIKES) EVIOAEG OE
OLOLPOPETIKOVE (010100} 1KOVC) KOKAOLC

[ ocpariletar opbotnta exteéleonc KAOE EVIOANC;

Katayopntég karaiiniov;;; neyeBoug avauesa Ge o000y KA
otdola (pipeline stages)
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Pipelined gxooy1 Tov single cycle datapath

(mpocOécaype Tovg KoTowpnTéc-pipeline registers avapeca og Stadoytcd 6Tad10)

_H

MEMANB

IF/ID ID/EX EXMEM
>Add \
. Add
* / >Add result
Shift
left 2
c Read
Address -% register 1 Read
S data 1
2 ze?sdter 2 Zero > =
Instruction = 9 :
memory ) _ Registers Raad . ALU ALy o
Write data 2 result Address ea
register M data
i u Data
g‘a’ft';e 1X memory
Wirite
data
16 ) 32
3 Sign Ly

\ w

Ay

Oxcg =

cslab@ntua 2011-2012
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Read_Register_1 Read Register 2

I-Type: P
op rs rt address_offset
6 bits 5 bits 5 bits 16 bits
lw Srt, address offset(Srs)
R_Type: op rs rt rd shamt funct
(re gister typ 6) 6 bits Sbits Sbits Sbits Sbits 6bits

add $rd, Srs, Srt ..
* Write_Register

Op: opcode

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

Funct : op specific (function code)

© © © © Nahonal Technical University of Athens
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hww |

Instruction fetch

o
A
u
»
1
IF/ID IDVEX EXUAMAER i E RSB
A
~Add
“ A9 e suit
= Read
Address = register 1 Road
=
= Read data 1
Instruction = register 2 ™
e oy —s ) Registers Read Read
\irite data 2 result Address cadl .| 1
register data a1
Data
Wirite Frie Mo u
data b4 >
Vwrite g
data
16 X 3z
Sign
extend
— 0 .
o | Instruction decode 1
u
€
I—» 1
IFAD IDFEX EXATAER Pl E MANE
~Add
Add
4 Add result
= Read
Address = register 1 Read
__g Read data 1
Instruction = register 2 ”
ermory - B Registers Rreaad Read
W ite data 2 result Address — 3
register data M
Data
write memory u
data e a
rite
data
16 R 3z
AN Sign
~ extend ~

£

VP poros

© © © © MNational Technical University of Athens
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| W |
° | - |
! Execution
X
1

:\ IF/D ID/EX EXMEM MEMANB
>Add , > \
4_'/ > ad S8 ’

Shift

left 2

4 Add
| Read
| register 1 Read \
Read data 1 . "

s
» Address =
(%]
=
£ i z i
Instruction £ register 2 ero
memo "  Registers Read ALU ALy
Y \Arite data 2 ’ *10 result » »| Address Read o7
register M ks ]
Wit u / Data u
o | Write X
data 1 memory OX
» WWrite
data
18 . 32
v | Sign s N )

N Tlextend| M
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° | nn
n Memory
u
»x
1
IFAD 1DFEX EXMEM M ERANE
Add
a
= Read
PC Address = register 1 Read
=
= Read data 1
. = register 2 *
'”f:e"::z“" —i — ] Registars Read
"y Wwrite data 2 result Address Readl 1
register Data =t 7]
o] vvrite mergeey o
data G"
Write
data
186 . az
Zign
extend
o
kA
u
P
I—— 1
IFAD IDVEX EXUNA ER MEMNANVE
Add
a
= Read
PG Address £ register 1 Read
= — data 1
Instruction = register 2
memony p—i p— Registers Raoad R a
\rite data 2 Address sadl ] 1
register Data data h
rmernory u
irite
[ 7| data 0"
rite
data
16 3z
Sign
extend

© © © © MNational Technical University of Athens
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PC

“xecZz e

SW

Execution

> IFAD ID/EX EX/MEM MEMANB
> Add . \
N Add .
4 / >Add result
Shift
left 2
S Regd
Address E register 1 Read \
E Regd e Zero > —t=
Instruction £ register2 "
memo = _ Registers Read ALU ALu
v \Afite data 2 d result » Address Read 1
register M data
u Data M
Wirite X memory u
data 4 1 (]X
. Wihrite
data
16 _ 32
\ Sign Ly
N Tlextend| M
© © © © MNational Technical University of Athens \:%
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| SWW |

a
M I Memory
u
>
1
IFAI ID/EX EX/MEM MM EMANYE
Add
4
= Read
PC Address % register 1 Read
=
£ Read data 1
i = register 2 -
In:::::gon i ) Registers Read
4 \rite data 2 result Address 'zead — 1
register ata "
Cata
| vvrite memory u
data C)l(
Write
data
16 . 32
Sign
extend
o I SV
¥ | f
o Virite back
3¢
1
IFAIC ID/EX EX/MAEM MEMANE
Add
Add
* Add result
= Read
Address = register 1 Read
S
E Read data 1
N = register 2
I"::::;:gon = ) Registers Read R a
Y rite data 2 Address ea 1
register data
Cata '\I'J“
WWirite memory
data C)l(
Write
data
16 . 32
Sign
extend
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To ow0pOBmuévo pipeline yia v Iw:

IFAD IB/EX EX/MEM MEMANVB
> Add \
Add
* / >Add result
Shift
left 2
= Read
PC Address % register 1 Read
3
2 Re?dt 2 e Zero —>
i = register -
Instruction . Registers Read >ALU ALU
memery »| \VVrite data 2 0 result Address Read 1
register M data
u Data M
White X memory :
data 4 1 .
» \Wirite
data
16 . 32
Ay SiON Ly .
kY @ Ay

O ap1Buoc Tov write register £pyeton Kot avtdg pEca and 1o pipeline
1 6O GTIYUT ©© ©© Nevs et ey f o

0
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To Tpqpota Tov datapath mov ypnopnomomOnkayv
Kot TNV EKTéAEoT TG Iw: .

a
|
u
X
1
> IF/ID I/VEX EXMEM MEMANVB
> Add \
. Add
4 / >Add rasult
Shift
left 2
c .| Read
PC » Address % register 1 Read . \
= data 1 i i
Insti ti E T rReeg?:lterZ Zero = [~
n;;t;:‘;on b _ Registers Reaag 5 >ALU ALU
i »| WFite data 2 result > » Address Read 1
register M data M
u / Data u
WVifite X mermo
data 1 i GX
. Write
" | data
16 ) 3z
5 Sign [y
AY w AY

© © © © Nahonal Technical University of Athens
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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

Time (in clock cycles)

\ 4

CC 1 CC 2 CC3 CC 4 CC5 CC6
- i
M + Reg ALU DM Reg ;
IM L Reg > ALU Reg |

Time ( in clock cycles)

CC1 CC2 CC3 CC4 CC 5 CC6
Instruction Instruction i Data .

fetch decode Execution access Wiite back

Instruction Instruction . Data .
fetch decode Execution acCess Write back

cslab@ntua 2011-2012
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w $10, 20($1)

Instruction fetch

a
rA
o
0
B
IF IIID II:!;‘I EX rAE r_,lv\.'\rB
Add
A gl
e Add result
= Read
PC Address % register 1 Reaad
-E Read data 1
Instruction = register 2 >
|—1 Registers Read
memaony W ite aata = Address Read
register data
N Oata
wwrite
data memnory
WWrite
data
16 az
Sign
) @ )
Clock 1 L L L
i T T
sub $11, $2, $3 hw $10, 2005 1) | ' '
i i
Instruction fetch Instruction decode ] 1 H
| i 1
i ] 1
i i 1
° |
e |
= |
- :
|
|
IF JI‘ID 1w IEX EJ(!I\I;I EhA rAE lulli'\.f\l"B
Add
A
e sl result
= Read
PC Address = registar 1 Read
=
= Read data 1 Zero =
Instruction = register .
g — Registers Read e AL a1 Reae=ad
WA ite data 2 result Address = e
register (] data
it u Data
wwrite x
bt J remory
WWrite
data
16 . 3z
, Sign N
@
Clock 2 S

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

hw $10, 20(51)

INnstruction decode

Execution

\ \ ' |
| | H H
a I | " I
: | ! :
[=] 1 1 L] 1
> | | H i
1 1 I [ 1
1 | " ]
+ + 1
T 1 T H
| | H i
i i H i
. IFAD IDFEX E20MA ER LME R AAVE
Add
Add
4 — 9 resun
Shift
left 2
= RQ?G
PG Address 8 register 1 Read
E
= on gata 1
Instructian = register 2 -
TG e Registers Read . a
s W ite data 2 Address == 1
register data "
N Crata o
write
it memany &
Whrite
m data
1g X 3z
Sign
@
Clock 3
7 7 ¥ 7
| H H H
| 1 v |
1
= . I sub $11, $2, $3 l hw $10, 20($1) I
|
n i I Execution | Memory |
> i | ' |
1 i i H H
| | \ i
T | 1
1 1 L] ]
i i i H
|
IF/ID IDsEX E XA ERa ME M ANE
Add
Add
+ Add agam
= Read
PC Addrass = register 1 Read
% Read data 1
. = register = —
Imstruction Registers Read
nemory W ite data 2 Address Read 9
register data A
it Data w
Wurite -
data mergesy =
Whrite
data
16 ) az
Sign
@
Clock < — | L — —l
. 1 |
| ] + t
I T T
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sub $11, $2, $3

w $10, 20($1)

o | | l |
(X} : : I I 1
u i i Memory Wirite back
" | i | |
1 1
i ! ! i |
- = : :
| I 1 1
I I
! ' i i
IFAD ID/EX EX/MEN MEMANE
" il L : i
Add
Add
+ Add Faguit
= Read
FPC Addrass % register 1 Read
£ — data 1
= register 2 Zero |—=
Instruction Pocters Rond AL
mermary ALL Read
Write data 2 result Address E—— 1
register data M
N Data i
s rmemoary x
Vifrite
data
16 ) EH
X, Sign X
@ \
Clock 5 L | S - f—l
1 L L 1
1 [l 1 ]
1 T T
- |sub$11,$2, 3
1 1 1 =
W | : | I Write back
g : | | |
I—D 4 i | | |
1 1 ! 1
T T T |
I 1 I |
1 1 ] 1
| 1 i !
IFAD IDFEX EX/TAE M MEMANVE
—————— | \ b
Add
Add
4 Add Fosult
= Read
PC Address E] register 1 Read
= Read data 1
Instruction = gl 2 ”
merory — Registers peoag -
\Write data 2 result Address g S—
register data
Write Data
date memory
virrite
data
16 _ az
Sign
@
Clock 6 — —— - —
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Kivbuvol ZwAnvwonc (Pipeline Hazards)

* Aopwkot Kivéuvol (structural hazards)

To UALKO eV pmopet va unootnpiéel To cuvduAOHO TWV EVTOAWY TIou BEAov e va
ekTEAECOUE OTOV 1610 KUKAO pnxovnc. (r.x. eviaio L1S ya | & D)

* Kivbuvol EAeyyou (control hazards)

To UALKO OevV UTTOPEL va TIPOXWPNOEL TNV EKTEAECN EMOW, EVWV EVIOAWV KABWC
ovapEVETAL N oOAokKANpwon TNS ekTtéEAeonC pLog evtoAnc (m.x. Branches)

e Kivbuvol Asdopevwy (data hazards)
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Kivouvol Aedopevwy (Data Hazards) / To oxnua mpowénong (forwarding)

sub $2, S1, $3 # xroatoaxwentng S2 ypdesetoal and Tn sub
and $12, $2, S5 # 1°¢ 1eAeotéog ($2) efaptd&Tal amd sub

or $13, S6, $2 # 2° 1eAeotéog ($2) efaprd&rtol amd sub
add $14, $2, $2 # 1°9&2°° teAegotéoc $2) -//- amd sub
SW $15, 100(S$S2) # offset (S2) -//- and sub
Time (in clock cycles) >
Value of  CC 1 cc2 cc3 cc 4 ccs cce cc7 cc8 cco
register $2: 10 10 10 10 10/ 20 20 20 20 20
Program
execution
order
(in instructions) ] ]
sub $2, $1,$3 | IM ~|:|—|: Reg[ | %— ﬂ Reg
-
and $12, $2, $5 M |~ - Reg: -I—_DM Reg
or $13, $6, $2 IM J:R‘eg: E DM+ HReg
add $14, 52, $2 M H FeRreg ] -[DM— L Reg
sw $15, 100(52) M FERls ] % DM Reg

0
0
-~
0
U
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E¢aptnoeic Asdbopevwv

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

' RAW
H avayvwon evoc Kataxwpentn IPEMEL Vol olkoAOUBEL
NV gyypadn otov idLo Kataxwpntn amno
7 WAR T(PONYOUHEVN EVIOAN
X YAK * WAR: (Write-After-Read) (anti-dependence)
Yé__X_I_S H eyypadn o€ éva katoxwpntr TpEMeL vo. okohouBetl
TNV AvVAyvwor] Tou armo TIPoNYOUEVN EVTOAN
Y«+—Z7Z+K

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

H eyypadr o€ eva kataxwpntn IPEMEL va akoAouBel
- WAW OAeG TIC eyypadEG oTov 1810 KaTaxwpnth amno
TPONYOUUEVEC EVTOAEC
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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, $s0O

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

F 0 > v | [we
F 0 > vew | [
F B > vew | [we
F [ o 9 vew | [
2 3 4 5 6 7 8

O O O O National Technical Un
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wersity of Athens LY
aa ¥ e >m 2
o)
0w IR
S = [l &
De =5
A £
a N




‘Which dependencies cause hazards? (stalls)

RAW
WAR
WAW
add $t0, $s0, $s1 IF ID > MEM WB
sub $t2, $t0, $s3 IF ID > MEM WB
Or $831 $t7, $52 IF ID > MEM WB
mul $t2, $t7, $s0 = . 5 — —
b >

1 2 3 4 5 6 7 8

O O O O National Technical Un

‘:ﬁU‘NEr\
wersity of Athens _{"i ) A
OO §U 1% ;;mi
::CSLab ©&¢
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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 IF ID 5 MEM wa

© © © © Nahonal Technical University of Athens
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Let’s reorder the or

RAW
WAR
WAW

add $t0, $s0, $s1 " ' > VN

or $s3, $t7, $s2 " P
RAW

sub $t2, $t0, $s3 "
mul $t2, $t7, $s0 IF ID El MEM WB
1 2 3 4 5 6 7 8

MEM WwB

© © © © Nahonal Technical University of Athens
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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

MEM E\

IF ID > MEM \B\
IF ID 5 ME\J [
2 3 4 5 6 7 8

O O O O National Technical Un
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Let’s reorder the mul

RAW

WAR

WAW
add $t0, $s0, $s1 " °
mul $t2, $t7, $s0 "

sub $t2, $t0, $s3

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

add $t0, $s0, $s1 IF ID > wew | [we
sub $t2, $t0, $s3 IF i ‘N
or $s3, $t7, $s2 IF ID B
mul $t2, $t7, $s0 -
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Data Hazards:

O1 evtoA£g avTaALAGGOVY LETAED TOVG 0Ed0UEVD. LEGH TOV Register
File ko tg pvnunc.

Otav n enduevn evioAn-ec ypetdletor yia Opioua (avayvmon) KaTt
OV 0EV £YEL TPOAAPEL va ypdiyel N Tcponyc)l’)ug,}m/””'

5 6 7 8 9
sub$2,$1,$3 __|HF|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,$2 IF ID |EX MEM | WB

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

[IpocOétm ovo sub $2, $1, $3

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

or $13/ $6/ $2 ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
add $14, $2, $2
sw $15, 100(32)

1 [2 3 & 5 [6 = Js8 Jo Jwo |u
sub$2,$1,$3  |IF |ID |EX |[MEM |WB-|
nop hhiaY e @
nop I A N
and $12,$2,5 = ID |EX |MEM |WB
or $13,$6, $2 IF |ID |[EX |MEM |wB
add $14, $2,$2 F [ID |EX |MEM |wB
sw $15, 100($2) IF D |EX |MEM |wB

© © © © Nahonal Technical University of Athens
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ITio xouwm Avon stvon n tpowOnon (forwarding):

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

21V nepintoon R-TYPE:
Anobnkevovtal oto RegFile, mapdyovion dumc petd tnv ALU, dpa
etval owBéoua otov EX/MEM

Nwc 6a Bpouv N €NOPEVN KAl N
ueBenouevn evroAn orn ¢paon EX ta
owoTa opiouaTa: o O O
1. IIpowBovue to EX/MEM anotélecua og 16000
yio TNV ALU mtpdén e enduevng VIO

Eico060 otnv ALU o
novo oo ID/EX

Kotayopnt!!

2. To 1010 xdvouvue yia TN LEBETOUEVT EVTOAN,
tpowBovue to MEM/WB anotéleoia, g 16000

yio v ALU mtpdén ¢ pnebemduevng evioin

cslab@ntua 2011-2012



1a. EX/MEM.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 cCc1 ccz2 cc4 cCcs5 cceo cC ccs8 cco
register $2. 10 10 10 10/ 20 20 20 20 20
Program
execution

order

CC3
0
(in instructions) ]
sub 52, $1,$3 | IM ﬂ-t Reg[ ] % gﬁ; x° Avo nepinTwoeig (aitieg) yia hazard:

|1
u = Ano gaon EX ka1 ano paon MEM
and $12, $2, $5 M | S Reg: %T
or $13, $6, $2 M - F\"eg: E — Reg
add $14, $2, $2 M — = —|: DM — —Reg
sw $15, 100(32) M~ H= R;g: %— ~|ﬂT_|:|> Reg
A4

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

© © © © Nahonal Technical University of Athens
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Forwarding:

IIpowta aviyvevovue tnv mhovn artio Kivovvou
Metd kdvovue TpPo®OBNGT TNEG KOATAAANANG TIUNG

Time (in clock cycles) >

CC1 cCc2 CCc3 cc4 CC5 CC&6 cc7 CC38 Ccc9
Value of register $2: 10 10 10 10 10/ 20 20 20 20 20
Value of EXIMEM : X X X 20 X X X X X
Value of MEMAWVB : X X X X 20 X X X X
Program Forwarding vyia

execution order

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

and $12, 52, $5

anopuyn EX
hazard

Forwarding vyia
.......................................... ano(puvﬁ MEM
hazard

or $13, $6, $2

R NO hazard!!

add $14, 52, $2

sw $15, 100(52) M S Reg ] % TiT_H‘Reg
v

© © © © Nahonal Technical University of Athens
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2VVONKES EAEYYOV TOV KIVOOVOV:

1. EX hazard:

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

if (EX/IMEM.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 MEMANB

L1
N4
|
(=2)

Registers ALU

Pipelining xwpic
forwarding

Data
memory

a. No forwarding

ID/EX EX/MEM MEMANB
— () Forwarding paths:
— Registers _'; Anc'):
Foruah - ALy ‘ a) EX/MEM register
(0] o | - Kal ano:
=~ _ b) MEM/WB register
N | P i Npog¢ TIC €10000UC TNG
) | | [omemmensen | ALU
U T For\:\::irtding ‘_I MEM/WB.RegisterRd

b. With forwarding ) © © Nahonal Technical University of Athens
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Datapath to resolve hazards via forwarding:

> M WB

»{ Control L |_IV1EMN\IB
IF/ID U EX | M WEB
. . ol )
c M
o » U >
T X
=2 =1
? Registers
Instruction || = f >ALU N Data [, | N
memory M
memory , , v
M
=] U »
X
IF/ID.RegisterRs - Rs
IF/ID.RegisterRt Rt
. > N
IF/ID.RegisterRt Rt )
> »| M EX/MEM.RegisterRd
IF/ID.RegisterRd Rd u >
* x | U
N/ )
- Forwa_rdlng < MEMANVB.RegisterRd
\ unit “
R »

© © © © Nahonal Technical University of Athens
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2xedblaopoc Control

 Etoobol J) —

— Mebla Tou instruction Combinational —

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

— 2Rpata eAéyyou ALU Outputs 4 [——

— ZApoTa EAEYXOU UVAMNG

— [MOAUTIAEKTEC

Inputs

* Finite State Machine I | | ] | [ S

State register

Inputs from instruction
register opcode field

© O OO Nohonel T u

+ of th
Q0
5
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2xeblaopoc Control FSM (Multicycle datapath)

""". uction fetch

rulem Hean:l

o ALUSENTA -
lorD = O
IR rite

Start

El=rmaory addr=ss
Co o tathom

Branch
Cio -'n|' e=Hon

ALUSrTS -
ALUZrcB = 10
AL LS D = 00

ALSreA - 4
ALLUESrCE = oo
ALUCSD - 01
PCWIriteZomd
PCSource = 04

ALUSrCA -
ALUSrcB = 00
ALLCD = 10

Imstructiocn decode
reglster fetoh

—

ALJSrCAs = 0
ALUZrcB = 11
ALUSGD = 00

_-I":l

- =tlon

Pt
FCEource = 10

Pl iy

C- -

P S e Fe=glet =
lorDy = Reg\h rite
El=mioReg = 0

sdmmeory resd
Cl:il""" DIETOn STEp

_ _'u:i:e:-:-

hle=m~E=ad
liorD

FReglDat =
Hen'l.l".n'rrl:e 3

Fl=micReg = O
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Multicycle datapath

lorD MemRead MemWrite IRWrle RegDst RegWwrie LUSrcA
PC ¥ Instruction Read
g Address [25—21] register 1
1 Instruction Read data
Memor -
MEP‘D'-""EE [20—1E] T 5 register 2
- Instruction M . Reglsiers AL
[15-0] | |mnstruction| u Fz-glt;.atnr =a3d
Wirlte 15—111 X =] 2
| aats Inatruction : - 1 data
reglster Wirite
- data
Instruction 'ﬁ"
[15—0] X -
1 - -
| M';?t':';? JE | sign |37 shirt . A\
= | extand laft 2 [ ALU L
reqlater | Comtrol |
.l\.x'\- -'.-l-l..
Instruction [5—0]
MemioRed | USrcE ALUOD
R
OO QO Wanonai™ y of Ath 2
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Datapath to resolve hazards via forwarding:

> M WB

»{ Control L |_IV1EMN\IB
IF/ID U EX | M WEB
. . ol )
c M
o » U >
T X
=2 =1
? Registers
Instruction || = f >ALU N Data [, | N
memory M
memory , , v
M
=] U »
X
IF/ID.RegisterRs - Rs
IF/ID.RegisterRt Rt
. > N
IF/ID.RegisterRt Rt )
> »| M EX/MEM.RegisterRd
IF/ID.RegisterRd Rd u >
* x | U
N/ )
- Forwa_rdlng < MEMANVB.RegisterRd
\ unit “
R »
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or $4, $4, $2

Clock 3

Instruction
memory

add $9, $4, $2

Clock 4

Instruction
memory

E and $4, $2, $5 i sub $2, $1, $3 i before<1=> i before<2=
H i i i
1 ] ] ]
H IDVEX ' 1
E 1G 10 i i
H m VB EX/MEM i
: I — | = :
1 . 1
; Control v We MERMANE
! | || I - :
|
IF/ID ExX L
i — L | -
2 S52 51
¥
s —
% 1 x \I
= Registers Nt
= Data
>ALL' memory [
S5 $3 u
L) e
— u
e
G
= 1
5 3 —
]
4 2 u
Y
H 1 ~— —v—]_'_ 1
i i ' i
1 1 I I
1 ]
1 ]
] |
i T
h i
1 1 ]
1 ] ] ]
! or $4, $4, $2 L and $4, $2, $5 I sub $2, . .. I before<s1=
H | i i
1 1 1 1
! IDVEX ! !
g 10 1 10 i |
H RN EX/MEM i
1 . R N 1
! ) 10 |
; Control N = MEMANE
! | || I | —
":,;”:, ExX ¥ WEB
4 $S4 F2
- ¥
k=3 =3 =1 Y
E x \I
@B Registers
= Data
>ALL' memaory el
s2 55 o
[\ x
g u
Ed
N
F 2
= S ™
Y] 2
4 4 u
x _I ]
I e I Forwarding | — —|
| unit |
A
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Registers

ID/EX

ALUS
© >ALU

xXc=

C:;E)r—(xcz r»(xcz)

Forwarding

unit

vy

EX/MEM MEM/MWB
——
Data
memaory
[ | » _

xc<g

cslab@ntua 2011-2012
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Kivovvol ocoousvov (data hazards) Kor ovamoQevKTES

kofvoTepnosic (stalls) €€’ artiag ToVg

Ortav n evioAn mov kavel write eivan R-TYPE, t0te 10 amotéleona
etvar roro oty eaon EX (é€odogc ALU) ko amoOnkévetal, 6To
TEAOC TOL KUKAOL, 6tov EX/MEM kataympnt.

O emopevec ypeldlovtol ta opicuata oty edon EX omnote 10
forwarding oovAgvet. (a@ov 1 EVIOAN OV KAvEL write O
Bpiocketar otic MEM xow WB)

To forwarding ogv dtvel oum¢ mavta Avon!!
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aVOTOQEVKTES KoOvoTEPN6ELS (Stalls):

Ortav n wponyovuevn evtoAn (mov kavel write) eivon load 1 store,
101€ T0 amOTEAEGNO. Elval £T0110 oTo TE40¢ TG Pdonc MEM 1) ko

WB (axdua yepotepa)

Time (in clock cycles)

Program CC1 cc2 CC3 CcC4 CC5 CC®6
execution
order
(in instructions) ] ]
Iw $2, 20($1) | IM Reg[ | DM |— Reg
and $4, $2, $5 IM |4 HEReg| | DM Reg
— [
or $8, 52, $6 M [ D Rreg ] j— DM |—
add $9, $4, $2 M [ HEReg
slt $1, $6, $7 IM — = Reg[ |
v

CC7

© © © © Nahonal Technical University of Athens
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Avon: avaro@evkTeg Kabvotepnosig (stalls) oto pipeline

Program Time (in clock cycles) >
execution CC1 CC2 CC3 CC4 CCS5 CCe6 CC7 cCcs8 CC9 CC 10
order

(in instructions)

w $2, 20($1) IM

and 54, $2, $5

or $8, $2, $6

add $9, 54, 52

—[DM— —| Reg

] ' [ ]
v ! !

© © © © Nahonal Technical University of Athens )
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I g aviyvevovue TS avomOQPeVKTES KoBvoTepnoaic:

Hazard detection unit

Agrtovpyet otn eaon ID wote va Pdiel kaBvotépnon uetald Tov
load ka1 ¢ ¥pNGIUOTOINGNC TV ATOTEAEGUAT®V TOV.

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

Stall the pipeline

T1 onuaiver stall: Epnodioupe To PC kal Tov IF/ID va aAAG&ouv-
apa diapaleral og dUO d1adOXIKOUC KUKAOUC N
id1a evToAn kal anokwoikonolgital n idia
eNOPevVN TNG OUO (POPEC CUVEXOMEVA

© © © © Nahonal Technical University of Athens
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Final Pipeline:

ID/EX . MemRead

PCWrite

Hazard <
detection
> unit J ID/EX
% WB EX/MEM
b M
i » Control u M WR
w N MEMMB
0
IF/ID =X "| M e
v
R . ol )
c M
o - U >
5 X
2 >
A7 Registers
Instruction | = \T/— >A|-U > > G
ey —~ memory
. i M
=>1 U >
| x
IF/ID.RegisterRs -
IF/ID.RegisterRt N P
IF/ID.RegisterRt - RY 1 I wm EX/MEM.RegisterRd
IF/ID.RegisterRd . Rd | )L(‘ > >
ID/EX.RegisterRt RS N Forwarding  |* MEMAWB. RegisterRd
Rt - unit b *

[

© © © © Nahonal Technical University of Athens
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Aoknon Pipeline

AgdoueEva

‘Exoupe €va loop...

Rep:
1w $2,100($3)
sub $2,$2,5$5
sw $2,100($3)
sub $3,83,56
sub S$1,51,8$7
bne $1,50, Rep

Exit:
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Aoknon Pipeline

AgdoueEva

, , KAl QuTn TNV apXIKr Kartaotaon oTou
Exoupe €va loop... "I Y GPXIKN >

KATAXWPENTEC
Rep: $1: 500
lw $2,100($3) $7: 5
sub $2,5$2,$5
sw 52,100 ($3) *Aev undpxel cache miss
sub $3,5$3,5$6 *Cache hit oe lcc
sub $1,51,5S57 *branches yivovial resolve oto MEM stage
bne $1,50, Rep
Exit:

© © © © Nahonal Technical University of Athens
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/NTOUUEVO

Moo to 1° LOOP (péxpt kat to lw tou 2°V LOOP)

Na beitete ta duadopa otadia tov pipeline (Aldypappa xpoviopou)
TIOU TIEPVALVE OL EVTOAEC.
Ynodeiéte kal e€nyeiote ta miBava hazards rmouv pmopouv va

nPokUPouV KATA TNV EKTEAEDN, KAOWC KAl TOV TPOTIO TTOU
avtlpetwrnilovrad.

© © © © MNational Technical University of Athens
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Zntoupuevo (2)

MoooL KUKAOL araltoUVToL GUVOALKA yLa val oAokKAnpwBel o
Bpoxoc (yla OAec TIc emavaAnP el tou, OxL povo yia tnv 1n);

Rep:
lw $2,100($3)
sub $2,%$2,8$5
sw $2,100($3)
sub $3,$3,5$6
sub $1,$1,S$7
bne $1,$0, Rep

Exit:

© © © © MNational Technical University of Athens
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Amavtnon

Rep: $1: 500
lw $2,100($3) $7: 5
sub $2,52, %5 Aev und&pyxel cache miss
sw $2,100(S3) cache hit og 1lcc

sub $3,$3,5$6
sub $1,%1,S7 =——> $1 = 500, 495, 490, 485,
bne $1,5$0, Rep

Exit:

O Bpoyxoc Ba ekteAeotel yia 500 / 5 = 100 emavaAnPeLc.

© © © © Nahonal Technical University of Athens
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To duaypappa xpoviopou tou pipeline yia tn xpovikn Stapkela tou I{nteital
elval to akoAouBo:

© © © © MNational Technical University of Athens
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'H TILO CUUTILECMEVO VLA VOL XWPOEL O pLa ogAida ©

ID EX M WB

EX M WB

SRRNRENC
SEERNNE

SNNENE

TR
Tk
Tk

© © © © MNational Technical University of Athens
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Hazards

ID EX M WB

NNANNE
SNuNE

IF ID 2 a5 EX M WB
55 IF ID EX M WB

Rep: Stalls otouc kUkAouc 4,5:

1w $2,100($3)

sub $2,$2,8$5 ’ ’

sw $2,100($3) O kaTaxwpntnc $2 yLa tnv evtoAn sub $2,52,55

SUE zi zi 23 (n avdyvwon tou omolou yivetal oto otddio ID)

Su ’ ’ ' ' ' ’ ’

bne $1.50, Rep yLVETOLL §Laeeotuoq ’oto TEAOC TOU KUKAOU 5 (otadlo
Exit: WB) amo tnv evtoAn lw.

© © © © MNational Technical University of Athens
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Hazards

IF ID - T EX
IF 55 ID EX M WB
QQ IF ID EX m | ws
QQ IF ID EX M | ws
Q@ IF ID @K_\) x | m | we
= = S
K\/)K\/) K\) IF ID EX wB
Rep:
lw 32,100(83) Stalls otoug kUKAoug 7,8:
sub $2,52,$5
sw $2,100($3)
sub $3,$3,56 O S2 yla tnv evioAn sw $2,100(S3)
sub $1,%$1,$7 yivetat dtaBeoipoc oto tEAOC Tou KUKAOU 8.
bne $1,$0, Rep
Exit:

cslab@ntua 2011-2012
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Hazards

IF ID Q@ EX M WB
IF QQ ID QQ EX M WB
QQ IF QQ ID EX M WB
T o e[
o oA [ v [
Cr o o [ w |

Rep:
lw $2,100($3)
sub $2,52,$5
sw $2,100($3)
sub $3,$3,5$6
sub $1,S81,S$7
bne $1,$0, Rep

Exit:

Stalls otouc kUkAouc 12,13:

O S1 yia tnv evtoAn bne $1,50,Rep
yivetat dStaBeoipoc oto tEAog tou KUKAou 13.

cslab@ntua 2011-2012
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Hazards

IF ID Q@ EX M WB
IF QQ ID QQ EX M WB
QQ IF QQ ID EX M WB
QQ QQ IF ID EX M WB
o oo e e e v [
S 0E I S S o e o o [

To 8€UTEPO OTLYULOTUTIO TNC EVTOANC Iw $2,100(S3)
apxileL va ekteAeital armo tov KUKAo 16,
S10TL n amodaon yia tnv StakAadwaon eAndOn otov kUkAo 15.

© © © © Natonal Techmeal Us ..,f|.
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Y ToAOYIGLOG Y POVOL

IF ID EX M WB
IF ID QQ EX M WB
IF QQ ID QQ EX M WB
Qf\ﬂy IF QK\NY ID EX M WB
QQ QQ IF ID EX M WB
S0 50 I . 0 I I I O 0 I B
SOE SE I EE e e o o [ w [
<€ >

15 KUkAoL poAoyLoU

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

YUVOALKA amoatouvton 1485cc + 16¢c = 1501cc yia tnVv ektEAeon tou Bpoxou.

© © © © MNational Technical University of Athens

00
cslab@ntua 2011-2012 88@ S L a b




Pipeline 2

Mo tnVv Lo akoAouBia evtoAwyv, deiéte kol e€nyelote ToV XpOVIOUO TOU
pipeline, BewpwvTtac Twpa OTL UTAPXEL XA TtpowOnong. Oswpeiote
OTL oL armodaoelc yia Tic dStakAadwoelg AappBavovtal oto otadlo MEM.

Maool KUKAOL aattouvtal GUVOALKA yia va oAokAnpwOEei o Bpoxoc;

Rep:
lw $2,100($3)
sub $2,52,$5
sw $2,100($3)
sub $3,$3,5$6
sub $1,581,8%7
bne $1,50, Rep

Exit:

© © © © Nahonal Technical University of Athens
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Me / Xwplc mpowBnon

ID EX M WB

EX M WB

SNNENNE

i
-

E

IF Q ID EX M WB
Q IF ID EX M WB
Q IF ID EX\ M WB
C) IF ID EX M WB
e

IF ID EX M WwB
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Hazards

Rep:
1w $2,100(S$3)
sub $2,$2,5$5
sw $2,100($3)
sub $3,83, 560
sub $1,81,$7
bne $1,$0,Rep

Exit:

Ytov KUKAO 4 umtapyetl stall. Foetd;

© © © © MNational Technical University of Athens

00
cslab@ntua 2011-2012 88@ S L a b




Hazards

Rep:

lw $2,100($3)
sub $2,$2,$5
sw $2,100($3)
sub $3,83,56
sub $1,81,87
bne $1,$0,Rep

Exit:

H T tng 6€onc pvApng 100(S3), mou Ba arodnkeutel otov S2,
dev pmopei va eivat StaBgoun mptv to otadio MEM.

Otav opwc Ba yivel Stabéoiun oto TEAOC Tou KUKAOU auTtoU
Ba npowBNBel otic eloodouc tne ALU, wote va ekteAeoTel n evioAn sub
$2,52,55 xwpic va mepueEVou e va ypadtel n Tiun otov S2.

Anodevyetau 1o stall movu eixape otnv MPonyoUREVN tEPiNTWGN oTNV
KUkAo 5 ©

IF ID EX MEM WB

IF ID
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To 1610 LoxVeL kat yia Ta stalls mou elyape otoug kKUKAoug 7, 8

IF ID EX M WB
IF ID QQ EX M WB
IF QQ ID EX M WB
QQ IF ID EX M WB
QQ IF ID EX M WB
QQ IF ID @Q EX M WB
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 WB
Q IF ID EX M WB
e
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To (610 woxVeL kot yia Ta stalls tou elyope otoug KUKAoug 12, 13.

IF ID QQ EX M WwB
IF QQ ID QQ EX M WwWB
A r o o [ | w | w
B S S A
9% 595 I . O B A I v [
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 WB
Q IF ID EX M WB
e

IF ID EX M WB
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Y moAoyiopog ypOvou

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 TpwTa 99 loops £xoupe 99 x 10cc = 990cc.
[a Tnv 100N etravaAnyn £xoupue 11cc.

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

Xwpic Tnv Tpowdnon xpelaoTtnkaue 1501cc.
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