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Moore’s Law (1964) :

- # Transistors per IC doubles every 2 years (or 18 months)

» [1paKTIKA N anodoon tou enefepyaoctr Suthaclaletal KAOe 2 xpovla.

* ‘OAo kall teplocotepa MpoBANHATO...

* Memory wall
- 1980 memory latency ~ 1 instruction
- 2006 memory latency ~ 1000 instructions

* Power and cooling walls

* AU&non moAumAokotntog oxedblaopou kat emaAnBevong (design
and test complexity)

* MNeploplopeva meplBwpla mepattepw ekpetallevonc ILP
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* OL moAuveneepyaotec yvwploav wOlaitepn avamtuén amo tn
dekaetia twv 90s :

- Servers

- Supercomputers yla tnv €nitevén peyaAltepnc enidoong oe olykplon &va
eNeEepyaoti

* 2TLC LEPEC pog (CMPs) :

- Melwon kootoug oxedlaocpol pEow emavaxpnolpomnoinong (replication)
oxedlwv

- ExpetdaAAevon Thread-Level Parallelism (TLP) ywat tnv OVTILETWILON TOU
memory wall

- XapnAotepo per-core power, EPLOCOTEPO COres.

* AmoboTilkl xpnoiuomoinon mnoAuvenetepyaotwyv (Ldlaitepa o€
servers) ormou umnapyel thread-level parallelism

- AU€&non evéladEpovtoc yia tn oxediaon servers Kol TNV anodoon Toug
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* OAa autd odnyouv Oe€ plO VEQ €TOXN OTOU TOV KUPLO POAO
Stadpapatilouv oL TOAVENEEEPYOUOTES

- Desktop pnxovipata yla kKaBe xpnotn Ue 2, 4, 6, 8, ... TUPAVEC

- Intel CEO Paul Otellini, 2005
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 Single Instruction stream, Single Data stream (SISD)

- Single Instruction stream, Multiple Data streams (SIMD)

- MoAharmAol enefepyaoteg, Ole¢ eviolég, Oladopetika Oedouéva (data-level
parallelism).

- Multiple Instruction streams, Single Data stream (MISD)

- MéxpL onpepa dev €xeL epdaviotel otnv ayopd KAmolo TETolo ocvotnua (eival
Kupilwg ywa fault tolerance, .. UTTOAOYLOTEC TTOU EAEYXOULV TITHON ALEPOCKADWV).

* Multiple Instruction streams, Multiple Data streams (MIMD)

- O kB¢ emnetepyaotnc ekTeAeL TIC OIKEC TOU eVTOAEC Kol emeéepyaletal Tat SLKA TOU
debdopéva. MoAhamAad napdAAnAa vipoata (thread-level parallelism).

* Oa aoxoAnBoupe KUPLWC UE cuotAuoTa.
- Thread-level parallelism

- EveAila: Aeswtoupyla eite wg single-user multiprocessors eotialovtag otnv
anodoon plac epapuoyne, eite we multiprogrammed multiprocessors ekteAwvtog
TMIOAAQTTAEC AELTOUPYLEC TAUTOXPOVAL.

- MAeovektpoata KOotouc-anodoonc xpnotpomnowwvtag off-the-self emeéepyaotec.
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SISD

Instruction Pool

Data Pool

SIMD

Instruction Pool

Data Pool
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* MNapadeiypata MIMD cuotnuatwv

Clusters (commodity/custom clusters)
Multicore systems

* KaBe emetepyaotng ektelel SladpopeTiko process (dlepyaoia).

: “A segment of code that can be executed independently”. 3e &va
TIOAUTIPOYPOLLLOTLOTIKO TtepLBAAAOV, oL emetepyaoteg ekteAouv dladopetika tasks
KL ETTOUEVWCE KABE process eival aveédaptntn armo TG UTTOAOLTEC.

Otav moAAamAd processes polpalovtol Kwolka Kol xwpo SltevuBuvoewv (address
space) 10te ovopadlovtol

JAuepa o opog thread xpnoiwuormoleital yia va meplypaPel YEVIKA TTOAAQTTAEC
EKTEAEOCELG, oOL oOmolec pmopel va mpaypatonownBouvv oe  SLadpopeTIKOUC
ETEEEPYAOTEC aveEAPTNTA ATTO TO av polpalovtal ) oxL to address space.

Ot multithreaded (MOAUVNUOTIKEG) OPXLTEKTOVIKEG ETULTPEMOUV TNV TAUTOXPOVN
eKTEAEON TMOANAmMAwWV processes pe OSladopetikd address space, kKoBwg Kot
noAAamAwv threads mou potpalovtal to idLlo address space.
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* [ tnv anodotikn xprnon evoc MIMD cuotripatog He
arattouvtal

- Anuloupyla amo Tov mpoypapLUaTLoT) R Tov compiler

. : To “peyebog” (amount of computation) tou kaBe thread

- Fine-grain: Meplkéc O6ekadec evtoAeg (m.x. kamoleg emavaAnPelc evog loop,
instruction-level parallelism)

- Coarse-grain: Ekatoppupla evtoAéc (thread-level parallelism)

* Ta MIMD ovotipata xwpilovtal oe 2 Kotnyopiec pe Bacn tnv
OpYAvVWaonN NG LEPAPXIAG TNG UVAKNG TOUG.
- Centralized shared-memory architectures (ApXLTEKTOVIKEC CUYKEVTPWUEVNG KOLVIG
HVAKNG)
- Distributed memory architectures (ApXLTEKTOVIKEG PUOLKA KOTAVEUNUEVNE UVANG)
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* MwkpOc aplBuoc emeéepyaotwy
()\LVéTEpOL ané 100 TO 2006), Processor Processor Processor Processor

* OAoL ol enetepyaoteg potpalovral
LLLOL KEVTPLKA MVAMN

One or One or
more levels more levels
of cache of cache

One or One or

-1 O)\?\OLT[}\d ba N kS more levels more levels

of cache of cache

- point-to-point connections, switches

- Meploplopévo scalability

* Symmetric multiprocessors (SMPs)

- H pvAun €XeL CUPUETPLKA OXEON E
TOUC ETEEEPYAOTEC

- Opolopopdocg xpovoc TPOCTIEAACNG
(Uniform Memory Access — UMA)

Main memory I/0 system

©2007 Elsavier, Inc. All rights resarved.
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Distributed Memory Architectures (1)

H pvun potpadstol Tomika o KaBe eneéepyaotn.

MAgovekTApoTA

- MeyaAutepo eUpog {wvng LVAUNG av
n mAeloPnodia Twv nMpoomeAAcEWV

ylvovtal tomika og kaBe ko po. —@‘Memory'— 10 iMemoryI— 10

- Meilwon xpovou npoéoBaocnc os
dedopéva anobnkevpéva otnv
VAN Tou KABe kOuBou. Interconnection network

+ cache

+ cache +cache +cache

Melovektrpata

- ﬂo)\urtl)\om avraMo’Lvn Sséousvwv 0 10} [Wemory ft={ 10} Wemory 0
HeTafL emeepyaoTWV.

- Mo duokoAn napaywyn software yua .
TNV EKUETAAAELON TOU QUENUEVOU + cache

£0POUG {WVNG TNG UVAKNG.

Processor
+cache

Processor
+cache

Processor
+cache

£2007 Eleevier, Inc. All ights reserved.

AUO povtéla eTtiikowvwviacg yo avtaAdayn dedopevwy
- Shared Address space

- Message Passing

cslab@ntua 2012-2013 10



- Shared address space

- Ol dUOLKA KATOVEUNUEVEC UVALEC Machine Physical Address Space

Virtual address spaces for a

XPNOLLOTIOLOLVTAL OaV £VAG collection of processes communicating 1 Puprivate
IJ.OVG.SLKé(;, SLGHOLPGZ(’)HSVOC via Shared Addresses /
Xwpog dedopevwv. load / ///
/] 1 ’ Pn A= a8 /P/ ; ///
- H bwa puowkn dtevBuvon oe 2 % P
ET[EEEDV(IOTEC OLVOLCI)EpETOLL oty Pl = | I~ /// : = - Common Physical
oTo PO [ L e / Addresses
I /] L ~1 /
NG GUOLKNAG LVAUNG. \ > /// -] y
I 4 ! s e "
- Emwolwvwvia pEocw tou Kowvou SLore . /= "| P2private
' . . . ' ' Shared Portion ~
xwpou (implicitly, pe xpon amiwv of Address Space [
Loads ka Stores o€ shared variables). L=
I I —— > .
- OumoAueneéepyaoteC avtol ol P1 private
A Private Portion T =
OVOl.laZOVTal of Address Space ] TR
— * ]
| PO private
- O xpovoc npocPaonc s€aptatal

armo tnv tonobeoia otnv omnoia Bpiokovtal ta
debopéva -

cslab@ntua 2012-2013 11



* Private address space

- 0O KkaBe enetepyaotn £xeL To HLKO

Tou address space, To omnoio dev
Uropel va nmpoomnelaotel amno
KAToLov AAAo.

- H idta puoikn dtevBuvon ot 2
eTeEEPYAOTEC QVAPEPETAL OF

- Emwkowvwvia (explicitly) péow
HNVUUATWY =

address Y

address X

Local Process
Address Space

Local Process
Address Space

Process P

Process Q

- KaBe ouvbuaouog send-receive mpayUoTomoLeL Eva ocuyxpoviouo {euyouc (pairwise
synchronization) kaBw¢ kot pwa puetaopo SeSouEVWY QO UVAUN OE UVAUN

(memory-to-memory copy)
- T1u.X. clusters

cslab@ntua 2012-2013
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switch

(interleaved)
first-level cache

Cache I Cache I
bus

(interleaved)
main memory

I Memory I I/0 Devices

(a) Shared Cache (b) Bus-based Shared Memory

(¢) Dance-hall (d) Distributed Memory

cslab@ntua 2012-2013 13



* Baowkn 1dLoTNTA TWV CUCTNUATWY HUVALNG

- Kade avayvwon utac tomodeoiac, Ua MPEMEL va ETIOTPEPEL TNV TEAEUTAlN
TLUN TTOU YPOPTNKE OE aUTH).

- Baolkny dotnta T000 Yyl TA OELPLOKA TIPOYPAUUOTA, OCO Kol yla Ta
nopaAAnAa.

* H wbotnta avtn dtatnpeital otav moAAamnAd threads ekteAouvtol
o€ €va eneéepyaotn, KaBwc “BAEmouv” tnv dla Lepapyiot pvrApnc.

* 2TO TIOAUETEEEPYOOTIKA CUOTHLLATA, OUWC, KABE emeéepyaoTnC EXEL
™ 6KN Tou povada kpudpnc uvnung (cache).

* MBava mpofAfuata :

- Avtiypada piog petaBAntAc eivol mBoavov val UTTAPYXOUV OE TIAPATIAVW OTtO
uia caches.

- Av uLa eyypadn dev eivat opatr) amno OAoUC TouC ETEEEPYAOTEC, TOTE UTTAPXEL
neplmtwon Karmotlot va nmpooneAdlouv tnv TOALA TR TNG HeTaBANTAC mou
elval amoBnkeupévn otnv cache touc.

- MpoPAnua :

cslab@ntua 2012-2013 14
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MpoBAnua coherence ota

HMOVOETEEEPYOOTIKA cuoTpoTa?

15



DMA — CPU otnv pvAun:

X old value = X ) QN TR
Y new value cache

Nuoeig:

DMA,

External Memory

a) HW: cache invalidation for DMA writes or cache flush for DMA reads

b) SW: OS must ensure that the cache lines are flushed before an outgoing
DMA transfer is started and invalidated before a memory range affected by

an incoming DMA transfer is accessed

c) Non cacheable DMAs

cslab@ntua 2012-2013 16



VO devices
v )

Memory

= O ene€epyaoteC PAENOUV SLOOPETIKA TIUA YL TN LETABANTA U HETA TN ASLTOoUpYLa
3

= Me t¢ write back caches, n T mou ypdadetal niow otn pvAun e€aptdtal oo to
niola cache kot mote Stwyvel ) avtypadel dedopéva

= Antapadekto, aAld cupBaivel cuyva!

cslab@ntua 2012-2013 17



Processor 0

» addi rl,accts,x3
- 1d 0(xr3) ,rd

: blt r4,r2,6

: sub r4,r2, rd

. st r4,0(x3)

: call spew _cash

n = W RO

Processor 1

= W N PO

: addi rl,accts,x3
: 1d 0(x3) ,r4

: blt rd,x2,6

: sub r4d,r2, r4

: 3t r4,0(x3)

5:

call spew _cash

cPu0 ] cput

Meml

* AUo tavtoxpovec avaAnyPelc €100 amno tov idlo Aoyaploouo amo 2

Sdtadpopetikd ATMs.

* KaOe transaction o dladopetiko enetepyaoth.

* H 81evBuvaon mepLEXETAL OTOV KOTOXWPNTH Sr3.

cslab@ntua 2012-2013
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Processor 0

n &= W B O

addi rl,accts,xr3
1d 0(xr3) ,rd

blt r4,x2,6

sub r4,xr2,r4

=t rd4,0(xr3)

call spew_ cash

cslab@ntua 2012-2013

Processor 1

n &= W N B O

addi rl,accts,x3
1d O0(xr3) ,rd

blt r4d ,xr2,6

sub r4,r2,r4

st r4,0(x3)

call spew_cash

* Xwplic caches = kaveva nmpoBAnpo!

200
200

400

400

300
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Processor 0

- addi rl,accts,r3
1d 0(r3) ,rd

: blt r4,x2,6

: sub r4,xr2,r4d

st r4d,0(x3)

: call spew_cash

o = W PO

Processor 1

bn &= W o B O

addi rl,accts,r3
ld 0(x3), x4

: blt r4,r2,6

sub rd r2,réd
st r4d,0(x3)

call spew_cash

* 3 mbava avtiypada : memory, p0S, p1S

* To cvotnua eival mBavo va eivat incoherent.

cslab@ntua 2012-2013

cPuo [ cPut [vem]

| 500
V:500 500
[D:400] 500 ]

I D:-’-IDDI‘U:EDD | 500 I

[D:400] D:400

500 ]
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Processor 0

- addi rl,accts,r3
1d 0(r3) ,rd

: blt r4,x2,6

: sub r4,xr2,r4d

st r4,0(x3)

: call spew_cash

o = W PO

Twpa

Processor 1

» addi rl,accts,x3
: 1d 0(x3), x4

: blt r4,r2,6

: sub rd,r2, r4

: st r4,0(x3)

: call spew_cash

bn &= W o B O

avtiypada!

cpuo [ cput [Mem]

500
\:500 500
\:400 400

v:400] v:400] 400]

| V:400 I \V:300 | 300 I

* Kot oAt mpoPAnual! (m.x. €otw otL o p0 ekteAel kat AAAn avainn)

* Ouwrite-through caches 6gv AUvouv to tpoBAnpual

cslab@ntua 2012-2013
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Awatipnon tng Baoikng tdlotntog

- KaUe avayvwon utoc tornoveoiac, da mpEMEL va ETTIOTPEPEL TNV
TLUL TTOU YPOPTNKE OE aUTH).

Nwc opiletal TO ;

Y ELPLOKOL TTPOVPALLLLOLTOL

- Opiletal cLpPwWvA e TN oeLpA IOV MLBAAAETAL ATIO TOV KWOLKOAL.

NopaAAnAa TpoypAULOTO

- AUo threads pmopei va ypagouv otnv ba dtevBuvon tnv bl Xpovikn
OTLYMN.

- ‘Eva thread pmopel va dtafaocel pa petoBAnti akpltBwe PeTa TNV eyypadn
NG amo Kamowo AaAAo, aAAd AOyw TNC TOXUtntag peTadoong n eyypadn
autn 6ev €xeL yivel akopa opatn.

- H oepad mou emiBailel o kwdkag opiletal evtoc tou thread.

- Anatteital OpwWE Kol 0 OPLOUOC HLaC OELPAC TTou va adopd
(global ordering).

cslab@ntua 2012-2013
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‘EOTw OTL UTTAPXEL LLOL KEVTPLKN UVALN KAl Kapio cache.
- KaBe Asttoupyia o pla 6€on pvAung npoorneAaleL tnv ibta duokn B€on.

- H pvAun emPariet po OTLC Asltoupyiec OAwv Twv threads
o€ auth tn B€on.

- Ot Aewtoupyliec kaBe thread dtatnpoulv TN CELPA TOU TIPOYPOAOTOC TOU.
- KaBe olataén mou dlatnpel tn OEpd TwWV AELTOUPYLWV TWV ETILUEPOUC
TPOYPOUUATWY £lval amodektn / €ykupn.

Qc “ ” oplletal n 1o mpoodatn Aswtoupyla oe pla
uTtoBeTIKA akoAouBia tou dLatnpet TIg mopamavw LOLOTNTEC.
Y€ £Va TIPOYHATIKO cUoTnua SEV UTTOPEL VAL KOTOLOKEUALOTEL AUTH N
KotBoALKN oeLpaL.

- Xpnon caches.

- Amnoduyn serialization.

To ocvotnua Va €LVl KATOLOKEUOIOMEVO WOTE TA TIPOYP AT VAL
oupneplpEpovTaL autn N KaBoAwkn oelpa.

cslab@ntua 2012-2013
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* Eva ocvotnua sival (ouvapec) av yla KaBe ektéleon ta
QTOTEAECUOTO (Ol TIUEC TTOU ETILOTPEPOVTAL ATTO TLC AELTOUPYIEC
avayvwonc) elval tetowa, wote oe kABe Beon va pmopou e va
KOTOLOKEUQLOOUE MLaL OAWV TWV
Aeltoupywwyv otn O€on auth, TTOU va €ival CUVEMNC ME Ta
QTMTOTEAEOUOTO TNG EKTEAEONC KAl OTNV omola :

- OL Aettoupyiec kaBe thread mpaypatonoloUviol PE TNV CELPA KATA TNV
ornola KAnBnkav amnod auto to thread.

- H Tt mov enmiotpedeTal amod pa Aettoupyla avayvwong eivat n TR g
TeEAevTalag eyypadnc otn OUYKEKPLUEVN Bfon oludwva HE TNV
UTtOOETLKN atkoAouBLakr oeLpa.

* 3 ouvOnkec ywa va eivat Eva cuotnua coherent.

cslab@ntua 2012-2013
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. A read by processor P to a location X that follows a write by P to X, with no
writes of X by another processor occurring between the write and the read
by P, always returns the value written by P.

- Alatripnon TN oELpAG TOU TPOYPAUHATOC.
- loyxUeL KoL yla uniprocessors.

.A read by a processor to location X that follows a write by another processor
to X returns the written value if the read and write are sufficiently separated
in time and no other writes to X occur between the two accesses.

- Mua Aettoupyio avayvwonc 6ev pnopel va emotpedel MAALOTEPEC TIUEC.

. Writes to the same location are serialized; that is, two writes to the same
location by any two processors are seen in the same order by all processors.
(e.g. if values 1 and then 2 are written to a location, processors can never the
value of the location as 2 and then later read it as 1)

- . Xpelwalopaote read serialization;

cslab@ntua 2012-2013 25



- Xpnon Sdtadpopou
- Mpoodépel pa amAn kot kopdpn vdomoinon ywa cache coherence.
- MpoPAnuata scalability.

* OAec oL ouoKkeueéc mou elval ouvdbedbeupevec mavw oto Oladpopo
urtopouv va ntapoakoAouBouv 0Aa ta bus transactions.

* Tpelc dpaoelc os kABe transaction

- Awutnoia: O bus arbiter amodacifel mowa ocuokeun €xeL To SKaiwpa vo
XPNOLLOTIOLNCEL TO bus

- AmootoAn evroAnc¢/dievduvong: H emleyuevn ocuokeun petadidel 1o eldog tNC
evtoAnc (read / write) kaBwe kot tn O6levBuvon tng avtiotoyng O€onc. OAol
nopakoAouBouv kot armodacilouv av toug “eviladépel” R OxL.

- Metawopa dedoUEVWV

cslab@ntua 2012-2013

26



* EkpetaAAevon tou cache block state

- KaBe cache pall pe ta tag kot data amoBnkeVel Kal TNV KATAOTAON OTNV
ortola Bpiloketal to block (m.x. invalid, valid, dirty).

* QuolaoTtika yia kKaBe block ‘Aettoupyel’ pa pnyavr MEMEPACLEVWV
KataotaoewV (FSM)

- KaBe npooBaocn oe éva block | oe kamota dtevBuvon TMOU AVTLOTOLXEL OTO
(6o cache line pe auto 1o block, mpokaAet pla petafoln tou state i aAALwg
ula aAAayn kataotaong oto FSM.

« e multiprocessor cuotiuoata to state evoc block eival évoc mivakag
LLAKOUC p, OTTOU p 0 aplOpo¢ Twv caches.

- To i6lo FSM kaBoplilel tic aAAayeg kataotdoswyv yia oAa ta blocks og OAec
TIC caches.

- To state evocg block pumopet va dtadépet amo cache oe cache.

cslab@ntua 2012-2013 27
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* Coherence Controller (CC)

* MNapoakoAouBel tnv Kivnon oto
Sdtadpopo (btevuBuvoelc kat dedopeval)

* EkteAel To MPWTOKOAAO cuvadeLlog
(coherence protocol).
- Anodaoilel Tt Oa KAVEL PE TO TOTILKO

avtiypado pe Baon avtd mou PAEMEL va
netadidovrtal oto dadpopo.
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* O eAeyktNC TNC cache d€xetal eilcodo amo 2 UEPLEC
- AtAoelg mpooBaonc otn MV Ao Tov eneéepyaotn.

- O “katackomoc” (bus snooper) evnuepwvel vy bus transactions Tou
TipayLatortoloVV oL UTtoAoLteg caches.

« J€ KAOe mepimTwon avtamokplveToal
- Evnuepwvel TNV kataotaon tou block pe Baon to FSM.
- AmnootoAn dedopsvwy.
- Mapaywyn VEwv bus transactions.

* KaBe npwtokoAAo armoteAeital amo ta mopakATw OOULKA OTOLXELA
- To oUvolo Twv emtpentwy states yla kaBe block otic caches.

- To state transition diagram mou pe eicodo 10 state tou block kat tn aitnon tou
enefepyaot) N TO Tapatnpoupevo bus transaction umodewkvuel wg €€odo TO
ETIOLLEVO ETILTPEMTO state yia to block auto.

- Tic evépyelec ou eTiBAAAETAL Vo TTpaypoTtonolnBoulyv Katd TV aAlayr KATtdotaong
Tou block.

cslab@ntua 2012-2013
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- write-through, write-no-allocate cac

- 2 states ywa kaBe block
- Valid
- Invalid

* Je meplntwon eyypadnc evog block

- EvnuepwveTtal N KUPLO VAN LECW
gVOG bus transaction.

- KaBe bus snooper evnuepwvel tov cach
controller tou, o omolog akupwveL TO

TOTILKO avtiypado av umapxeL.

* Emutpémovtal moAAATTAEC TOLUTOXPOVEC

avayvwoels (multiple readers). Mwa
gyypodr OUwWE TOUC OLKUPWVEL.

* Elvat coherent ;

cslab@ntua 2012-2013

hes PrRd / -- Prwr / BusWr

BusRd / --
\
\
PrRd / BusR | BusWr/ --
|
/
€ P
Prwr / BusW

— = Processor initiated transactions

- — = Bus-snooper initiated transactions
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MrmopoUE Vo KOTAOKEUACOUME Mot KAOOALKN) OELPA TIOU VAL LKOWVOTIOLEL
TN OELPA TOU TIPOYPALLOTOC KOl TN OELpLOTIOLNoN TWV Eyypadwv;

YrioB€tou e bus transactions kot memory operations.
- ‘Eva transaction kdBe ¢popa oto bus.

- KabBe emetepyaotr)c mMePLUEVEL VO OAOKANPWOEL pla tpoofacn Tou oTn UVAKN TPLWV
attnBel kawvoupla.

- OL gyypadec (kal ol akupwoell) oAokAnpwvovtal katd tn Sldpkelo tou bus
transactions.

OAec oL eyypadec epdavitovral oto bus (write-through protocol).

- O gyypadec o pla B€on oeslplomolovvtol cUpPwvA HE TN OEPA HE TNV omola
gudavitovral oto bus. ( )

- OLoKUpWOELC Ttpaypatornololvtal eniong cupudwva Ye To bus order.

Nw¢ mapeUBANAOUUE TIG AVAYVWOELG OTN CELPA QUTH;

- OL avayvwoelg Oev elvol UTOXPEWTIKO va TiPoKaAEoouv bus transaction kat
UItopoUV val EKTEAOUVTOL AVEEAPTNTA KoL TOLUTOXPOVA OTLC caches.

cslab@ntua 2012-2013



* JElplOTIOLNON OVAYVWOEWV

Read hit } read miss?

- |kavomoleital péow bus transaction. Emopévwe oelplomoleitatl pali pe tic eyypadEc.
- Oa deL TNV TN TNC TeAeutaiac eyypadnc cupudwva pe to bus order.

- IkavoroLeital amo tnv T ov Pploketal pEoa otnv cache.

- BAEmeL TNV TN TNG TILO PoodaTNnG arno tov (610 enefepyaotn N TNG MLO
npoodatng (read miss).

- Kot ta 2 (write kat read miss) wkavormolouvtol pHEow bus transactions.

- Emopévwc kat ta read hits BAEnouv TI¢ TLHEC oUWV e To bus order.
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Processor 0

- addi rl,accts,r3
- 1d 0(x3) ,xr4d

: blt r4,r2,6

: sub r4,r2,r4

: st r4,0(x3)

: call spew_cash

o = Ww M H o

Processor 1

o &= WM P O

: addi rl,accts,r3
- 1ld 0(x3),r4

: blt r4,r2,6

: sub r4,r2,r4

: st r4,0(x3)

: call spew_cash

* To Id tou p1 dnulovpyei Eéva BusRd

[cruo] crput Jmem]

I I [ 500 |
V5001 | 500 |
[V:400] [ 500 ]

[V-a00]Vv:2a00([ 400 |

| v:300] 400 |

* O p0 anavta ypadovtocg nicw to modified block (WB) kot akupwvovtag to
otnv cache tou (petafaon otnv katdotaon |)
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To VI mpwtokoAAo dev gival amodoTLKo

- “Inaolpo” tov V o€ 2 KATOLOTAOELC

3 Kataotaoelc (states)

1. Tpomomnotlnuévn

2. Motpalopevn

3. Akupn
* 2 TUTIOL QLLITACEWV ATIO TOV ETEEEPYAOTH)
- PrRd (avayvwon) ko Prr (eyypodn)

3 bus transactions
- BusRd : Znta avtiypado xwplc okomo va To TPOToToLr &l
- BusRdX : Znta avtiypado yla va To TPOTOMOoLRoEL
- BusWB : EvnuepwVEL TN LvAun

cslab@ntua 2012-2013
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* Alaypappa Metafaong Kataotdoswv

—> MetaBaoelc e€attiog AsLToUpYLWY TOU
“tomikoV” emetepyaotn.

---->MetaBadoelg e€attiag Twv mapatnpoU HEVWY
bus transactions.

A/B Av o cache controller mapatnpriosL to A, tote
EKTOC OO TN METAPOON OTN VEA KATAOTOON
npokKaAel kot to B.

P PrWr / BusRd

-- Kapla evépyela.

* Aev teplhapBavovtol ot LETABACELS KO
Ol EVEPYELEC KATA TNV AVILKOTAOTOON
evog block otnv cache. PrRd / BusRd

* Ooo mo “PpnAda” oto dtaypoppa
Bploketal éva block, tOco MO Prwr / BusRdX
oteva ocuvdedepgvo (bound) gival pe tov
enetepyaotn.

cslab@ntua 2012-2013
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Processor 0

addi rl,accts,r3
1d 0(r3) , rd

: blt r4,x2,6

sub r4,r2,r4d

st rd 0(xr3)

call spew_cash

n = W B PO

° To

Processor 1

= W N 2O

5.
Tou pl dnuioupyel Eva BusRd

addi rl,accts,x3
ld 0(x3),xr4

: blt r4,xr2,6

sub rd4,r2,r4
st r4d,0(x3)

call spew cash

cpuo [ cPu1 [mem]

200
=500 200
M 400 500

=400 54001 400

I M:300] 400

* O p0 amnavta ypadovtac niow to modified block (WB) kot aAAdalovtac to

avtiypado tou o€ S

* To

tou pl dnuoupyel Eva BusRdX

* O p0 amravtad akupwvovtac To avtiypado tou (petaBaocn oc |)
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* Hdwadoon twv eyypadwv eival mpodavnc.

« Jelpormoinon eyypadpwy :

- OAec oL eyypadéc mou epdavidovtal oto dtadpopo (BusRdX) ditatacoovral
Qo AUTOV.

- OL avayvwoelc nou epdavitovral oto SLadpopo dltatdooovtal wE POC TLC
eyypadEg.
- Ta g eyypadec mou dev epdavidovral oto dStadpopo:

Mo akoAouBia tétowwv eyypadwyv petatl 2 bus transactions yia to idto block
MPEMEL VO TTPOEPYOVTAL Ao Tov (dLo enetepyaotn P.

Ytn oslplomoinon n akoAouBia epdaviletal petald avtwy tTwv 2 transactions.
OL avayvwoelg amno tov P Ba BAEnMouv TIC eyypadEG PUE AUTH TN OEPA WCE TIPOC
TLC UTTOAOLTTEG eYYPADEG.

OL avayvwoelg ano dAlouc enefepyaotec Sltaxwpilovrat amo tnv akoAoudia pe
€va bus transaction, n omoia tIg TOMOOETEL £T0L 0€ CEPA WCE MPOG TLG EYYPAPEG.
OL avayvwoeLg amo 0Aouc Touc emeéepyaoteg BAEMOUV TIC eyypadEC UE TNV WOLa
oELpa.
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* MpoBAnua MSI
- 2 transactions ywa avayvwon kat tpornornoinon evog block, akopa kat av dev
To potpadetal Kavelc.

* 4 kataotaoelc (states)
1. TpomomoLlnuevn

2. ATIOKAELOTLKN — Movo autl n cache €xeL avtiypado (un
TPOTIOTIOLNUEVO).

3. Motpalopevn — AUO0 1 teplocotepeC caches €xouv avtiypado.

4. Akupn

* Av Kkaveic dev €xeL avtiypado Ttou block, tote €va PrRd €xeL cav
amoteAeopa tnv petafaon | = E.
- 2to SLadpopo xpelaletal Eva onpa shared we amavtnon o€ €va BusRd.
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PrWr /
* Alaypappa MetaBaong Kataotaoswv .
; / / N N
—> D/IeraBach’aq gtattiag A:ELTOUpVLU)V TOoU \ \ BusRdX /Flush
TorukoU” eneéepyaotn. BusRd / Flush\ \
——--> MetaBaoslc €attiog Twv MapATNPOUEVWY \ \\
bus transactions. \ ;
A/B Av o cache controller mapatnpnostL 1o A, A SN | \
TOTE €KTOC Ao TN HeTafaon otn vea N \
/ , BusRd /
KOTaoTaon POoKaAEL Kal To B. A \

-- Kapia evépyela. PrWr / BusRdX

* Eva block pumopel va Bpioketal oe

14 ’ ’ ’ 4y I
Kataotaon S evw Oev umapxouv aAla — ,ﬁlush,//
avtiypada. et |
- I‘Id)q, BusRd / Flush™ | /
PrRd / L 7 7
N 484
4
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* AlotnpoUpE Tov enetepyaotn, T KUPLOL LVAUN KoL TS caches.
- Eméktaon tou cache controller - ekpetdAAevon tou bus.
* Write-back caches
- Amnodotikn alomoinon tou meploplopévou bus bandwidth.
- Aev tpokaouv bus transactions OAec oL AeLTOUPYLEC LVALNG.
- Mo SuokoAn vlomoinon tn¢ cuvadeLac.
« Xpnron tou (tpomomnolnuevn Kataotaon)
- — Oev umndpyetl aAAo €ykupo avtiypado.
- H kUpla pvApn MIMopEL val €XEL N va NV €XEL avtiypado.
- H cache eival unevBuvn va mapéxel 1o block og 6molov to {ntno=L.

. (armokAeLotIKOTNTAL)

- H cache umopel va tpomomnownoetl to block xwpic va sldomolnoel kaveva -

Mplv TNV eyypadn VOl OTTOKTAOEL ATTOKAELOTIKOTNTAL.
- Akopa kat av 1o block eivat valid -
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* Write-miss

MpokaAel éva €lO61kO transaction :

Etdomolel Ttoug umoOAowmtouc OTL akoAouBel eyypadry Kol OITOKTA
QTIOKAELOTLKN dLloKTNnola.

OMAol 6ool dLaBEtouv avtiypado tou block to dtaypdadouv.

Movo pa RdX emituyyavel kaBe dopad. MoANATTAEC ALTHOELG CELpLOTIOLOUVTOL
aro to dtadpopo.

TeAwka ta vea dedopéva ypadovtal otnv Kupla pvApn otav to block
ekOLWYOEeL amod tnv cache.

Av éva block 6ev €xeL tpomtontoinBei (modified state), tote dev xpelaletal va
ypadtel otnv KUPLA pvAun otav ekdlwyxBel amo tnv cache.
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* Mua Aettoupyia eyypadng eVNUEPWVEL Kol Tuxov avtiypada tou block
OTLC UTtOAOUtEC caches.

* [AeovekTnpata
- Mikpotepn kaBuotepnon npocPfaong oto block armo tic dAAec caches.
- OMol evnuepwvovtal e Eva povo transaction.

* Melovektipata

- MoA\amAég eyypadéc oto block amd tov idlo emetepyaotry mpokalouv
rnoAAamAd transactions yLa TLG EVNUEPWOELG.

cslab@ntua 2012-2013
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* 4 kataotaoeslc (states)

1. AMOKAELOTIKNA — Movo autn n cache gxeL avtiypado (un
TPOTIOTIOLNMEVO). H KUpLaL Lvrun €ivan evnuepwpévn (up-to-date).

2. Motpalopevn-kaBapn — AUO 1 TteploocOTEPEG caches
gxouv avtiypado. H kUpla pvipn 6&v eiva uMoXPEwWTIKA up-to-date.

3. MolpalOUeVN-TPOTIOTIOLNHEVN — AUO R
NMEPLOOOTEPEC caches €xouv avtiypado, n kupLa pvrpn dev eivat up-to-date
Kot n cache autrn €xeL tnv euBUVN VOl EVNEPWOEL TNV KUPLOL VAN OTAV
ekOLwéeL To block.

4. Tpomomolnpevn — Movo n cache autn dlabéteL to
Tpomornotnuevo block evw n kUpla pvAun dev eivan up-to-date.

« Aev unapyxel Invalid state.

-  To npwtokoAlo dtatnpet mavrta ta blocks mou Bpilokovtatl otic caches up-to-
date.

* AUO VEeC aTnoELS amo tov eneéepyaotn : PrRdMiss, PrWrMiss

* ‘Eva véo bus transaction : BusUpd
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PrRd/ --

PrRd / -- BusUpd / Update
E BusRd / --
PrRdMiss / BusRd(S) PrRdMiss / BusRd(S)
Prwr / -
PrWr / BusUpd(S)

PrWr / BusUpd(S)
BusUpd / Update
BusRd / Flush
PrWrMiss / BusRd(S); BusUpd PrWrMiss / BusRd(3)
PrWr / BusUpd(S)
PrRd/ --
PrWr / BusUpd(S) PrRd / --
BusRd / Flush PrWr / -
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Dragon — MNapadeiypa

Ta 6ebouéva

Evépysia otov  Kataotaon ) ) Evépyeia oto )
) Karaotaon P2 Kataotraon P3 ) apexovtal
eneéepyaotn P1 éwabdpopo )
ano

P1 dtaBaleL u E BusRd Mem

P3 StafaleL u Sc --- Sc BusRd Mem

P3 ypdadeL u Sc Sm BusUpd P3 Cache
P1 dtaBaleL u Sc --- Sm --- ---

P2 dtaBaleL u Sc Sc Sm BusRd P3 Cache
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« 2e kAmowa cache yivetat syypadn oe gva block. Mpwv tnv enopevn
geyypadn oto ibLo block, BeAeL kamolog aAlog va to dtaBaoel;

* Noat:

» Read-miss — mBavwc noAarnAd transactions @

» Read-hit av siyav amnoé npwv avtiypadpa— svnuépwaon Ue €va povo transaction ©

» MoA\amA£c eyypadEc xwplic emuthéov kivnon oto bus ©
» EkkaBaplon avtiypadwyv mou &g xpnotponotovvrotl ©

» NoAANAAEC axpElaoTEC EVNUEPWOELC (Kot o€ TBavwe “vekpd” avtiypoda) @
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* H oxeblaon mMoAVENEEEPYAOTIKWY CUCTNUATWY Elval TTOAUTIAOKN
- AplOuoc enetepyaotwy
- lepapyxia pviung (levels, size, associativity, bs, ...)
- Aladpopocg
- Memory System (interleaved banks, width of banks, ...)
- 1/O subsystem

+ (Protocol class, states, actions, ...)

* To MPWTOKOANO emnpedlel YOPOAKTNPLOTIKA TOU OUCTAMOTOC, OTWG
KOLL

* H emloyn tou MpwTokKOAAoOU emnpeaddletol anod tn {ntovuevn amnodoon
KOl OUMTEPLPOPA TOU CUOTHAHATOC KABWC Kol amod tTnv opyavwon Tng
LEpapxloc VNG KoL TNE EMIKOWVWVLALC.
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* Write-Update vs. Write-Invalidate

* Write-run: Muwa oelpa eyypadwv amo éva smnetepyaotr) o eva block
LVANG, N apxn Kal To TEAOC NG omolag opilovtal amod AELTOUPYLEC OE
auTO to block amo aAAoucg emeepyaoTec.

- W2, R1, W1, W1, R1, W1, R3
- Write-run length = 3

* Write-Invalidate: Eva write-run omoloudnmnote pakouc Ba dnuloupynoel
£€va povadlko coherence miss.

* Write-Update: Eva write-run pakoug L Ba pokaAéoel L updates.
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Compulsory misses (cold)
- Mpwtn npooBaon o Eva block.
- AU€&non tou block size.

Capacity misses
- To block &€ xwpa otnv cache (akopa kot o€ full associative cache).
- AuU€non cache size.

Conflict misses
- To block 6g xwpd oto set mou yivetal mapped.
- Au&non associativity.

. (communication)

- : Otav €va data word xpnolpomoleital amo 2 | mapomnavw
eMEeEEPYAOTEC.

- : Otav aveédaptnta data words mou ypnolpomnolouvtal oo
dladopeTikouC emeepyaoteC aviikouv oto oLo cache block.
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first reference to
memory block by PE

Miss Classification

-

reason

written
before

modified
word(s) accessed
during lifetime

3. false-sharing-

cold

4. true-sharing-
cold

5.false-sharing-

inval-cap
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word(s) accessed
during lifetime

for miss

reason for
elimination of
last copy

replacement

invalidation

old copy
with state=invalid
still there?

modified

word(s) accessed yes

during lifetime

6. true-sharing-
inval-cap 7. pure-
false-sharing 8. pure-

true-sharing

no word(s) accessed
during lifetime

9. false-sharing-10. true-sharing-
cap-inval cap-inval

11. pure-
capacity

during lifetime

12. true-sharing-
capacity
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* Cache Block Size

* AvU&non tou block size pmopet va odnynoet :
V Meiwon tou miss rate (good spatial locality).
X Au€énon tou miss penalty kat lowc Tou hit cost.
X AUEnon tou miss rate e€attiag false sharing (poor spatial locality).

X Abénon tou traffic oto bus, Aoyw petadopdg «oxpelootwv» SeSopEVWY
(mismatch fetch/access size, false sharing).

* YLApPXEL N TAON YL Xpnoluomnoinon peyoAutepwy cache blocks.

- AnooBeon kootouc tou bus transaction kal tng mpoocfoong otn MVAUN
uetadepovtac neplocotepa Sedopeva.

- Hardware kat software pnyaviopot yla avtipetwriion tou false sharing.
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1. BeAtwwpévo data layout mpokelpévou va amnodevyBel n tomoBeTnon
aveéaptntwyv dedopevwy oto idLo block.
- Data Padding

- eg. Dummy variables petafl lock variables mou eivat tomoBetnueEvec Kovta
N KL oTtnVv AAAn.

- Tradeoff :

*  Xpnon array of arrays wote va BeBowwBolpe otTL kKABe submatrix ival
TOTIOOETNUEVO CUVEXOUEVA OTN UVAMN.
- Tradeoff :

2. Partial-Block Invalidation

- To block “omael” oe sub-blocks, yia kaBe éva amnod ta onoia diatnpeital to
state.

- e kaBe miss pEpvoupe oAa ta invalid sub-blocks.

- Kavoupe invalidate povo to sub-block mou meplexel ta dedopéva mou Ba
TpomornoLlnBouv.

- Tradeoff :
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* Ta ovotripata tov otnpilovtol otn xpnon dtadpopou dev eival scalable.
- OAa ta modules (cores, memories, etc) ouvdcovtal e €va set KaAwSiwv.

- MNeploplopévo bandwidth - Aev av€avetal pe tnv mpocBeon mapamavw
EMEEEPYOAOTWY > (kopeolOG).

- MeyaAutepo bus - MeyaAutepo latency.
* ‘Eva scalable cUotnua npemnel va avtletwnilel avtd T mpofAnuata.

- To ouvoAwkd bandwidth Ba mpémet va auédvel pe tov aplOpd Ttwv
ETEEEPYAOTWV.

- O XpOVOC TIOU QTTOULTELTAL YLl KATola evepyela Oe Ba mpEmeL va auéAvel
ToAU (rtx. EkBetikd) pe 1o péyebog Tou cUOTHUATOC.

- MpéneLva eival cost-effective.

» Xavoupe Baolkeg LdLotnteg Tou dladpopovu.
- AyvwoTtog aplOpoc tavtoxpovwy transactions.
- Aev unapyel global arbitration.

- Ta amoteAeéopata (my. aAAayEc oto state) yivovtal amevbeiog opatd pHovo
arto Tou¢ KOUPBouC mov CUHETEXOUV oTo transaction.
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* |Interconnect

- Avtikataotoaon tou dtadpopou pe scalable interconnects (point-to-point
networks, eg. mesh)

* Processor snooping bandwidth
- MéxpLtwpa ta tpwTtokoAAa ekavayv broadcast (spam everyone!)
- Meyaho ocooto snoops Hev pokaAouv Karmola petaBaon

- T loosely shared data, katd naca mBavotnTa LOVO EVOC EMEEEPYAOTHC
ExeL avtiypado

- Ewbomolnon HOVOo Twv Eemnefepyaotwy TIOU TOUG evoladEpel Eva
ouyKeKkpLlEvo block (spam only those that care!)
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Directory Memory Directory Memory

O

| Scalable Interconnection Network I

Ll

* To cache block state dev pmopet va kaBoplotel mA£ov napakoAovOwvTog
Ta requests oto shared bus. (implicit determination)

* KoBopiletal kat dtatnpeital o eva pepog (directory) omou ta requests

urmopoulv va amevBuvBolv kot va TO avakaAvupouv. (explicit
determination)

* KaBe memory block €xeL éva directory entry

- Book-keeping (motwotL nodes €xouv avtiypada, To state tov memory copy, ...)
- OAa ta requests yia to block mnyaivouv oto directory.
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Directory-Based Cache Coherence (2)

Requestor

i Read request

to directory

2
Reply with
3 owner identity

Read req.
to owner

Directory node
for block

4a.

4b.

Revision message
to directory

Node with
dirty copy

(a) Read miss to a block in dirty state
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Directory-Based Cache Coherence (3)

Requestor

1.
RdEx request

Inval. req. Inval. req.
to sharer to sharer

4a.
I Inval. ac:lci

Sharer

2.
Reply with
sharers identity

to directory

Directory node
for block

Inval. acld

L/

L/
\2
NS

\3

NN
X N
N

77

Sharer

\

(b) Write miss to a block with two sharers
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Directory Storage Schemes

Flat Centralized Hierarchical

(Hierarchy of caches that

guarantee the mclusion property.
Each parent keeps track of exactly ~
which of its immediate children
have a copy of the block.)
Memory-based Cache-based Examples: Data Diffusion

Finding source of
directory information

Locating Copies

(Directory information collocated ~ (Caches holding a copy of the memory ~ Machine.
with memory module that is home block form a linked list; memory holds
for that memory block) pomter to head of linked list)

Examples: Stanford DASH/FLASH, ~ Examples: IEEE 5CI, Sequent NUMA-Q.
MIT Alewite, SGI Origin, HAL.
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* Directory Protocols
+ XapunAotepn katavaAlwon bandwidth
- MeyalUtepec kaBuotepnoelg (latency)

* Avo mepuTTWOoELC read miss : 200D MiSS
- 'If F'HI"—.“{ F'-H_I
—> get data from memory . Y
» Bus : 2 hops (PO - memory - PO) \ - Jf
r
» Directory : 2 hops (PO - memory - PO) I:RD";]

-~ — get data from processor (P1)

» Bus : 2 hops (PO - P1 - PO) (umtoBetovtag otL emutpenetal n cache-
to-cache petadopa dSedbopevwv)

» Directory : (PO - memory - P1-> PO)

- H O6eltepn mepimtwon mnopatnpeital OopPKETA ouxvad o€
TIOAVETEEEPYAOTIKA CUOTHLATAL

- YynAn riBavotnta va £xet to block évac eneéepyaotnic
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