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Moore’s Law (1964) :

- # Transistors per IC doubles every 2 years (or 18 months)
» [1paKTIKA N anodoon tou enefepyaoctr Suthacialetal KABe 2 xpovla.

* 'OMAo KoL meploootepa poBARpaTa...

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

* Power and cooling walls

* AU&non moAumAokotntac oxedlaopou Kot emaAnBsvonc (design
and test complexity)

* Meploplopeva meplOwpla mepALTEPW eKPETAAAEVONC ILP
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* OL moAuveneepyaotec yvwploav wWOlaitepn avamtuén amod tn
dekaetia twv 90s :

- Servers

- Supercomputers yla tnv €nitevén peyaAltepnc enidoong oe olykplon Eva
eneEepyaoti

* 2TLC LEPEC pog (CMPs) :

- Melwon kootoug oxedlaopol péow emavaxpnolpomnoinong (replication)
oxedlwv

- ExkpetdAAevon Thread-Level Parallelism (TLP) ywa tnv OVTILETWTLON TOU
memory wall

- XapnAOtepPO per-core power, MEPLOCOTEPO COres.

* AmoboTikl xpnoiwuomoinon TmoAuvenetepyaotwyv (Olaitepa o€
servers) omou umtapxeL thread-level parallelism

- AU€&non evéladEpovtoc yia tn oxediaon servers Ko TNV anodoon Toug
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* OAa autd odnyoUv Oe€ HlO VEQ €TOXN OTOU TOV KUPLO POAO
Stadpapatilouv oL TOAVENEEEPYOULOTEC

- Desktop pnxovipata yia KaBe xpriotn Ue 2, 4, 6, 8, ... TUPNAVEC

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

Single Instruction stream, Multiple Data streams (SIMD)

- MoM\armAol enefepyaoteg, 1Ole¢ eviolég, Oladopetika Odedouéva (data-level
parallelism).

Multiple Instruction streams, Single Data stream (MISD)
- MéxpL onpepa dev €xeL epdaviotel otnv ayopd KATolo TETolo ocvotnua (egival
Kupilwg yLa fault tolerance, 1.X. UTTOAOYLOTEC TTOU EAEYXOULV TITHON ALEPOCKADWV).

Multiple Instruction streams, Multiple Data streams (MIMD)

- O KkABe emetepyaotnC eKTEAEL TIC OIKEC TOU €VTOAEC Kol eTteéepyaletal Ta SLKA ToU
debdopéva. MoAhamAad napdAAnAa vipoata (thread-level parallelism).

Oa aoxoAnBoupue Kuplwe pe cuotAuoTa.
- Thread-level parallelism

- Eueliia: Astoupyla eite wg single-user multiprocessors eotidlovtag otnv
arnodoon pLag epappoyng, eite we multiprogrammed multiprocessors ekteAwvtag
TIOAAATTAEG AELTOUPYLEC TOUTOXPOVAL.

- MAeovektpata KOotouc-anodoonc xpnotpomnowwvrtag off-the-self emeéepyaotec.

cslab@ntua 2010-2011



BIBD Irstruction Fool

Data Pool

PU

/(MDD [nstruction Pool
———|PU|~
IE s | P | ] [ i
8
o

cslab@ntua 2010-2011

Data Pool

Instruction Fool

-EPU-

—l—PU

Instruction Fool

Data Pool

PU

PU

PU

PU

ATl

PU

PU

PU

PU




* Napadeiypata MIMD cuotnuatwv

- Clusters (commodity/custom clusters)

Multicore systems

« KaBe enetepyaotnc ektelel StadopeTiko process (dlepyaoia).

: “A segment of code that can be executed independently”. 3e éva
TTOAUTIPOYPOLLUOTLOTIKO TIEPLBAAAOV, Ol emeéepyaoTEC ekTeEAOUV SladopeTika tasks
KL ETIOMEVWC KABE process ival aveEdptntn oo TG UTTOAOLITEC.

Otav noAAamAd processes potpaloviol Kwolka Kot xwpo dtevbuvoewv (address

space) tote ovopalovtal

YAuepa o 0poc thread ypnoiwuormoleital yla va meplypaPel yeEVIKA TIOAATIAEC
EKTEAECEL, oL omolec umopel va mpaypatononBouv oe OLadoPETIKOUC
EMEEEPYAOTEC aveEapTNTA Ao TO av potpalovtal [ OxL to address space.

Ot multithreaded (mMOAUVNUOTIKEG) OPXLTEKTOVIKEG ETLTPEMOUV TNV TAUTOXPOVN
eKTEAEON TOANAMAWV processes pe Oladopetikd address space, kKoBwg Kot
noAAamAwv threads mou potpadovtal to idLo address space.

cslab@ntua 2010-2011



* [ tnv anmodotikn xpnon evo¢ MIMD cuothpatog e
arattouvtal

- Anuloupyla amo Tov MPoypapLUaTLOTH R Tov compiler

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

- Fine-grain: Meplkéc Oekadec evtoAéc (m.x. kamoleg emavaAnPelg evog loop,
instruction-level parallelism)

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

* Ta MIMD ovuotipata xwpilovtal oe 2 Kotnyopiec pe PBaon tnv
OpYAvVWaon TG LEPAPXIG TNG UVAKNG TOUG.
- Centralized shared-memory architectures (ApXLTEKTOVLKEC CUYKEVIPWHEVNG KOLVAG
HvApNg)
- Distributed memory architectures (ApXLTEKTOVIKEC GUOLKA KATAVEUNUEVNC LVAMNC)
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* MwkpOc aplOuoc emeéepyaotwy
(Ayotepot amo 100 to 2006).

Processor Processor

* OAoL ol emetepyaoteg potpalovral

Processor

Processor

LLLOL KEVTPLKA MVAMN
- NoAAamAd banks
- point-to-point connections, switches

One or
more levels

One or
more levels
of cache

of cache

- Meploplopévo scalability

more levels

One or One or
more levels

of cache of cache

* Symmetric multiprocessors (SMPs)

- H pvrAun €XEL CUPUETPLKN OXEON HE
TOUG EMEEEPYAOTEG

- Opowopopdoc xpovoc TPOCTIEAACNC
(Uniform Memory Access — UMA)

Main memory

cslab@ntua 2010-2011
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* H pvAun potpalstol Tomika o KABe enetepyaotn.

* [AeoveKkTnuaTA

- MeyaAutepo elpog {wvng LVAKNG av
n mAeloPnodio Twv npoomeAdoswV
yilvovtal tomikd o kaBe ko po.

Processor
+ cache

Processor
+ cache

Processor
+ cache

Processor
+ cache

- Meilwon xpovou npoécBaong os
dedopéva anobnkevpéva otnv
HVRN Tou KABe KOpBou. Interconnection network

* Melovektipata

- MoAUmAokn avtaAAayr dedopévwv
HETAEL eMeepyOOTWV.

Memory 10) Memory 110

- Mo SuokoAn mapaywyn software yLa
TNV EKUETAAAELON TOU QUENUEVOU + eache

gUPOUG {WVNG TNG UVAKNG.

+ cache + cache + cache

2007 Eteawier, Inc. All rights reserved

* AUO povteAa emkolvwviog yia avtaAAayn dedopevwv
- Shared Address space

- Message Passing
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« Shared address space

- Ol dUOLKA KATOVEUNUEVEC UVHUEC Machine Physical Address Space

Virtual address spaces for a

Xpl’]O’LLlOT[OLOl'JVT(IL oav éVGC collection of processes communicating A oy oeiviti
Hovaleéq’ SLGHOLDGZ(I)HEVOC; via Shared Addresses / P
wpo¢ SeSOUEVWV. / w7
xor HEvey o2 17/
- H bwa puowkn dtevBuvon oe 2 % P
EMECEPYAOTEC QvaPEPETAL OTNV o P2 g A .
oTo PO | I / Addresses
14 14 R =1 /
NG GUOLKNAG LVAUNG. N 8 V// e /
F
I 14 I " .
- Emwkowvwvia pEcw TOu KOwouU Store _ /= | P2private
' . .. ‘ ‘ Shared Portion —~
xwpou (implicitly, pe xprion amAwv of Address Space L
Loads kat Stores o€ shared variables). L=
— |l - - — — — = P ;
- OwmoAvenefepyaocteg autol | P1 private
A Private Portion T — _
OVO[J.(IZOVTCXL of Address Space - S
e * ]
| PO private
- O xpovog npocPaong e€aptatal

aro tnv tonobeoia otnv onoia Bpickovtal ta
dedopéva -

cslab@ntua 2010-2011 11



* Private address space

O kA Be enetepyaotic €xeL To OIKO

Tou address space, to omoio dev
UItopel va mpoomeAaotel amno
KArolov aAAo.

H idta duowkn dtevBuvon oe 2
EMEEEPYOOTEC aVaDEPETAL OE

Ertikowvwvia (explicitly) péow
HNVUMATWY =

address Y

address X

Local Process
Address Space

Local Process
Address Space

Process P

Process Q

KaBe ouvbuaouoc send-receive mpoyUATOTOLEL Eval ouyxpoviouo {euyouc (pairwise
synchronization) kaBw¢ kot pwa puetagopo Sedouevwy amd UVAUN OE UVAUN

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

cslab@ntua 2010-2011
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(interleaved)
first-level cache

(interleaved)
main memory

(a) Shared Cache

(¢) Dance-hall
cslab@ntua 2010-2011

Cache

| M;_—:,nu)[}r I /O Devices

(b) Bus-based Shared Memory

| Interconnection Network

(d) Distributed Memory
13



* Baolkn OLOTNTA TWV CUCTNHATWY UVAUNG

- KaUe avayvwon utoac torrodeoioc, Ja MPEMEL va EMIOTPEPEL TNV TEAsUTaIA
TLUN TTOU YPOPTNKE OE QUTH).

- Baolwkl WOLOTNTA TOOO YL TA OCELPLOKA TIPOYPAUHATA, 000 KOl yla Ta
nopAAAnAa.

* H botnta avtn dwatnpeital otav moAlamAd threads ekteAouvtal
o€ €va enetepyaotn, kaBwe “BAEmouv” tnv 16La Lepapyia LvAUNG.

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

* MBava mpofAfuoata :

- Avtiypada piog petaAntAC elvol mBavov vol UTIAPYXOUV OE TIAPATIAVW OTtO
uia caches.

- Av uia eyypadn dev eival opatr amd OAOUC TOUC EMEEEPYAOTEC, TOTE UTIAPXEL
TMEPUTTWON KATIOLOL va TIPooTteAA{ouV TNV TOALA TIMA TNC HETAPBANTAC TTOU
elval amoBnkevpévn otnv cache touc.

- MpoBAnua :

cslab@ntua 2010-2011 14
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MpoBAnpa coherence ota

MOVOEMEEEPYOOTIKA cuoTRpaTa?
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DMA — CPU otnv pvAun:

X: okl value X | X g Y Y
¥ new value Cache External Memory

Nuoeig:

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 2010-2011 16



A
. 4

$
u:s
@ I/0O devices
us5 —m | @

Memory

" Ol ene€epyaoTteC PAETIOUV SLODOPETIKA TLUA yLa TN LETABANTA U HETA TN AELToupyia
3

= Me t¢ write back caches, n tTiui mou ypdadetal miocw otn pvApn e€aptatol oo To
niota cache kot mote Stwyvel ) avtypadel dedopéva

= Antapadekto, aAlad cupBaivel cuyva!

cslab@ntua 2010-2011
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Processor 0 Processor 1

0: addi rl acets, r3

1: 1d 0(x3) ,rd

2: blt r4,x2,6

3: sub r4 , r2,rd

4: st r4,0(x3)

5: call spew _cash 0: addi rl,accts,z3
1: 1d 0(x3),r4
2: blt r4,x2,6
3: sub rd,r2,rd
4: st r4,0(x3)
5: call spew_cash

cpuo J cpus

Meml

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

Sdtadopetikad ATMs.

* KaOe transaction o dtadopetiko enetepyaoth.

* H SlevBuvon TEPLEXETOL OTOV KOTOXWPNTN Sr3.

cslab@ntua 2010-2011
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Processor 0

oo WM HE o

addi rl,accts,xr3
1d O0(xr3) ,r4d

blt r4,x2,6

sub r4,r2,r4d

=t r4 0(xr3)

call spew_ cash

cslab@ntua 2010-2011

Processor 1

bk W NP O

addi rl,accts,r3
1d 0(xr3) ,rd

blt r4 ,x2,6

sub r4,xr2,r4

st r4,0(x3)

call spew_ cash

* Xwplic caches = kaveva npoBAnpo!

200
200

400

|

400

300
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Processor 0

- addi rl,accts,r3
1d 0(x3) , x4

: blt r4,x2,6

: sub r4,xr2,r4d

st r4,0(x3)

: call spew_cash

n = W M B O

Processor 1

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

: blt r4,r2,6

: sub rd,r2,réd

: st r4d,0(x3)

: call spew_cash

n &= Wk B O

3 mubava avtiypada : memory, p0S, plS

* To ocvotnua eival mBavo va eivat incoherent.

cslab@ntua 2010-2011

cpuo [ cPut [mem]

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

I D:-‘-IDDIU:EDG | 500 I

[D:400]D:400] 500]
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Processor 0

- addi rl,accts,r3
1d 0(x3) , x4

: blt r4,x2,6

: sub r4,xr2,r4d

st r4,0(x3)

: call spew_cash

n = W M B O

Twpa

Processor 1

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

: blt r4,r2,6

: sub rd,r2,réd

: st r4d,0(x3)

: call spew_cash

n &= Wk B O

avtiypada!

cpuo [ cput [Mem]

500
\V: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 avaAndn)

* Ouwrite-through caches 6gv AUvouv to tpoBAnual

cslab@ntua 2010-2011
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Awatipnon tn¢ Baotkng tdlotntog

- KaUe avayvwon utoc tonoveoiac, da mpEMEL va EMIOTPEPEL TNV
TLUL TTOU YPOIPTNKE OE aUTH.

Nwc opiletal To ;

> ELPLOKA TTPOYPALLLLOTOL

- Opiletal cvpPwvaA LE TN oELPA TTOU ETLRAAAETAL ATTO TOV KWOLKAL.

NopaAAnAa tpoypAULOTO

- AvUo threads pmopei va ypagouv otnv ba dtevBuvon tnv dla xpovikn
OTLYMN.

- Eva thread pmopetl va dtafaoel pia petaBAnti akpltBwe peta tnv eyypodn
NG amo KAmowo AAAo, aAld Aoyw tn¢ taxuvtntac petadoonc n eyypodn
autn 6ev €xeL yivel akopa opatn.

- H oepad mou eniBailel o kwokag opiletal evtog tou thread.

- Anatteital OpwWE Kol 0 OpLOMOC HLaG OELPAC TTou va adopad
(global ordering).

cslab@ntua 2010-2011
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* Eotw OTL UTTAPYXEL LDl KEVTPLKA MVAMN Kol Kopta cache.
- KaBe Asttoupyia o pla 6€on pvAung npoorieAaleL tnv ibta duokn B€on.

- H pvAun emiPariet pla OTLC Asltoupyiec OAwv Twv threads
o€ auth tn B€on.

- Ot Aewtoupyieg kaBe thread dlatnpouv tn CELPA TOU TIPOYPAUATOC TOU.
- KaBe ouataén mou dwatnpel tn OEpd TwV AELTOUPYLWV TWV ETILUEPOUC
TPOYPOAUATWY ival amodekth / €ykupn.
* Qc “ ” opiletal n mo mpoodatn Aswtoupylo o pLa
UTtOBETLKN akoAouBia rov Slatnpet TIg apamavw LOLOTNTEC.
* 2€ EVO TIPOYHUATIKO cUoTNUO SEV UTTOPEL VO KATOLOKEVAOTEL QUTA N
KolBOALKN oElpaL.
- Xpnon caches.
- Amoduyn serialization.

* To ocvotnua va €lvoll KOTOLOKEUAOUEVO WOTE TA TIPOYPAUUOTA VAL
ocuunepLpEpovTal auUTA N KaBOALKN oELpa.

cslab@ntua 2010-2011
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* Eva obotnua eival (ouvapéec) av yla KABe ektéAeon ta
ATMOTEAECUATA (Ol TIUEC TTOU ETLOTPEPOVTAL ATTO TIC AELTOUPYIEC
avayvwonc) elval tetola, wote o€ KABe B€on va pUmopou e va
KOTOLOKEUALOOU UE MLaL OAWV TWV
Aeltoupylwyv otn O€on authl, TTOU va €ival CUVEMNC ME T
QTOTEAECLATA TNC EKTEAECNC KOL OTNV oTolia :

- Ou Aewtoupyieg kaBe thread mpaypotomolouvTal PE TNV OELPA KATA TNV
omola KAnBnkav amnod auto to thread.

- H tun mov eniotpEdeTal amod pa Attoupyla avayvwong eivat n TR tng
TeEAevTalag eyypadnc otn OUYKEKPLUEVN B€on olpudwva HE TNV
uTtoBeTIK akoAouBlakn oepa.

* 3 ouvOnkec yla va eival eva cvotnua coherent.

cslab@ntua 2010-2011
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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.

- Alatipnon tnN¢ oELPAG TOU TPOYPAUHUATOC.
- 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 Aettoupyia avayvwong 6ev pmopel 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)

- . Xpewalopoaote read serialization;
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« Xpnon dtadpopou
- Mpoodépel pa amAn ko kopdry vAomoinon yla cache coherence.
- MpoPAnuata scalability.

* OAec oL ouoKkeueg mou elval ouvdebepevec mavw oto Oladpopuo
Ltopouv va mapokoAouBouv oAa ta bus transactions.

* Tpelc dpaoelc oe kKABe transaction

- Awoutnoia: O bus arbiter amodoaocilel mowa cuokeun €xel 1o SKaiwpa va
XPNOLUOTIOLAOEL TO bus

- AnootoAn evroAnc¢/dievduvong: H emleyuévn ocuokeun petadidel to €lbog NG
evtoAnc (read / write) kaBwc kot tn O6levBuvon tng avtiotowxng O€ong. OAol
nopakoAouBouv kat amodacilouv av toug “eviladépel” n oxL.

- Metagpopa dedbouevwv
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* EkpetaAAevon tou cache block state

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

* QuolaoTtika yla kaBe block ‘Aettoupyel’ pa pnxovn MEMEPACLEVWV
Kataotaoewv (FSM)

- KaBe nmpooBaocn oe éva block i oe kamota StevBuvon MOU AVTLOTOLXEL OTO
(6o cache line pe auto to block, mpokaAet pia petafoln tou state 1 aAAlwg
ula aAAayn kataotaong oto FSM.

« e multiprocessor cuotiuoata to state evoc block eival évac mivakaog
LLAKOUC p, OTtOU p 0 aplBuoc twv caches.

- To i6lo FSM kaBopilel tic aAAayeg kataotdoswyv yia oAa ta blocks o OAec
TIC caches.

- To state evocg block pmopei va dtadEpet amnod cache oe cache.
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* Coherence Controller (CC)

* MNapoakoAouBel tnv Kivnon oto
dtadpopo (bteuBuvoelc kat dedopeva)

* EkteAel To MPWTOKOAAO cuvadELaC
(coherence protocol).
- Anodaoilel TL Ba KAVEL YUE TO TOTIUKO
avtiypado pe Baon avtd mou BAEMEL va
pnetadidbovrat oto dtadpopo.
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* O eAeyktNC TNC cache d€xetal ilcodo amo 2 HEPLEC
- Atioelg mpooBaong otn MV Ao Tov eneéepyaotn.

- O “katackomoc” (bus snooper) evnuepwvel yw bus transactions Tmou
TipayLatontoloVV oL uTtoAouneg caches.

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

* KaBe npwtokoAAo amoteAeital amo T MoPoKATW SOULKA OToLXEL
- To oUvolo Twv emtpentwy states yla kaBe block otic caches.

- To state transition diagram mou pe €icodo to state tou block kat tn aitnon tou
enefepyaot) N 1O TaApATNPoOUpEVO bus transaction umodewkviel w¢ €€odo 1O
ETIOLLEVO ETILTPETTO state yla to block auto.

- Tic evépyeleg ou eTiBAAAETAL VO TpaypatonolnBolv Katd TV aAlayr KATtdotaong
Tou block.
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- write-through, write-no-allocate caches PrRd/--  PrWr/BusWr

, BusRd / --
« 2 states yia kaBe block e

- Valid
- Invalid .

* Je meplntwon eyypadnc evog block
PrRd / BusR | BusWr/ --

- EvnuepwveTtal n KUPLO YVAN LECW
€VOG bus transaction. 1’

- KaBe bus snooper evnuepwvel tov cache pe
controller tou, o omolog akupwveL To

TOTILKO avtiypado av umapxeL.

, ' , Prwr / BusW
* Erutpemovtoal moAAAMAEG TAUTOXPOVEC

avayvwoels (multiple readers). Mwa
gyvpadn OLwWC TOUC aKUPWVEL.
YYp cbr] HWG G P — = Processor initiated transactions

/ - — = Bus-snooper initiated transactions
* Elvai coherent ;
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MrmopoUE VO KOTAOKEUAOOUME Lot KAOOALKN) OELPA TTIOU VAL LKOWVOTIOLEL
TN OELPA TOU TIPOYPALLOTOC KOlL TN OELpLOTIOLNoN TWV gyypadwv;

YroBetoupe bus transactions koLt memory operations.

- ‘Eva transaction kdBe ¢popa oto bus.

- KadbBe emetepyaotnc mePLUEVEL VO OAOKANPWOEL pla tpoofacn Tou otn UVAUN TPV
attnBel kawvoupla.

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

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

- OL gyypadec os pla B€on oeslplomolovvtol cUpuPwva HE TN OEPA HE TNV omola
geudavitovral oto bus. ( )

- Ol aKUpWOELC Ttpayatontolovvtal eniong cupudpwva pe to bus order.

Nw¢ mapeUBANAOUUE TIG AVAYVWOELG OTN CELPA QUTH;

- OL avayvwoelg O6ev elval UTIOXPEWTLKO va TiPokKaAéoouv bus transaction kat
UItopoUV val EKTEAOUVTOL AVEEAPTNTA KoL TAUTOXPOVA OTLC caches.
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* JElploTiolnon avayvWoEwWV

Read hit } read miss?

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

- |kavormoleital amnod tnv T ov Bpioketal péoa otnv cache.

- BA£meL TNV TWA TNG TILO TtPpoodatng arno tov iéto enefepyaotn N TNG TLO
npoodaTng (read miss).

- Kat ta 2 (write kat read miss) tkavormolouvtol pHEow bus transactions.
- Emopévwc kat ta read hits BAEnouv TI¢ TLHEC oUWV e To bus order.
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Processor 0

: addi rl,acects,r3
: 1ld 0(x3) ,r4d

- blt r4,x2,6

: sub r4,r2,r4

- st rd4,0(x3)

: call spew_cash

o = WM - O

Processor 1

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

: blt r4,r2,6

: sub r4,r2,r4d

: st r4,0(x3)

: call spew_cash

o = W NN FE O

* To Id tou pl dnuloupyel eva BusRd

[cruo ] crput [mem]

I I [ 500 |
V5001 | 500 |
[V:a00] [ 500 |

| V:400] Vv:400] 400 |

| | |]v:300] 400 |

O p0 amnavta ypadovtac niow to modified block (WB) kal akupwvovtag To
otnv cache tou (petaBaon otnv kataotaon |)
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To VI mpwtokoAAo dev gival amodoTLko

- “Inaolpo” tov V o€ 2 KATOLOTAOELC

3 kataotaoelc (states)

1. Tpomomnolnueévn

2. Motpalopevn

3. Akupn
* 2 TUTIOL QLLITACEWV ATIO TOV ETEEEPYAOTN
- PrRd (avayvwon) ko Prwr (eyypoadn)

3 bus transactions
- BusRd : Znta avtiypado xwpic okomo va To TPOTOTIOLNCEL
- BusRdX : Znta avtiypado yla va To TPOTOMOoLRoEL
- BusWB : EvnuepwVeL TN LvAuNn
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* Alaypappa MetaBaong Kataotdoswv Prwr / --

—> MetaBaoelc e€attiog AELTOUPYLWY TOU
“tomikoV” emegepyaotn.

---->Metafaoelg e€altiog Twy mopatnpoUUEVWY RN
bus transactions.

A/B Av o cache controller mapatnprjost to A, tote
EKTOC OO TN METAPoon oTn VEA KATAOTOON
NPOKAAEL KoL TO B. PeWr / BusRd / \

-- Kapla evépyela.

* Aev teplAapBavovtol ol LETABACELS KoL
Ol EVEPYELEC KATA TNV AVILKOTAOTOON
evog block otnv cache. PrRd / BusRd

PrRd / --

* Ooco o “PnAa” oto dtaypappa BusRd/-- | /

Bploketal éva block, toco MO Prwr / BusRdX
oteva ocuvdedepevo (bound) gival pe tov
enetepyaotn.
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Processor 0

N s W R P O

addi rl, accts, r3
ld 0(xr3) ,rd

: blt r4,x2,6

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

call spew cash

Processor 1

b= W R RO

5 .

addi rl,accts,r3
1ld 0(x3),x4

: blt rd ,x2,6

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

call spew cash

* To Id tou p1 dnuloupyei E€va BusRd

cpuo [ cPu1 [mem]

200

=000 200

400 500

S:4001 54001 400

I M:300]1 400

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

* To

avtiypado tou o€ S

tou pl dnuovupyel eva BusRdX

* O p0 amavtad akupwvovtacg To avtiypado tou (petafaon oc l)
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* Hdladoon twv eyypadwv ival mpodavic.
« Jelpormoinon eyypadpwy :

- OAec oL eyypadéc mou epdavidovtal oto dtadpopo (BusRdX) dltatdcoovral
arto auTOV.

- OL avayvwoelc niou epdavitovtal oto dLadpopo dlatdooovtal wE POC TLG
eyypadEg.
- Ta T eyypadeg mou dev spdaviovral oto dtadpopo:

" Mo akoAouBia tétowwv eyypadwyv petatv 2 bus transactions yia to idto block
MPEMEL Va TTPOEPYOVTAL amo Tov idLo enetepyaotn P.

" ¥tn oslplomoinon n akoAouBia epdavitetal petafl avtwyv Twv 2 transactions.

= OLavayvwoelg amod tov P Ba BAEMouv TIC eyypadEC LE AUTH TN OELPA WG TIPOC
TLC UTTOAOLTTEG eyypadEC.

= OLavayvwoelg oo dAAouc eneéepyaoteg Staxwpilovtal amod tnv akoAoudia pe
gva bus transaction, n omola tIg TomoBetel £T0L 0 OELPA W IPOC TIC EYYpAPEC.

= OL aVOyVWOELC o OAOUC TOUG eMEEEPYAOTEC BAETTOUV TIG eyYpPAdEC e TNV Ol
ocLpa.
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* MNpoBAnua MSI
- 2 transactions ywa avayvwon kot tpomnornoinon evog block, akopa kat av dev
To potpadetal Kavelc.

* 4 kataotaoelc (states)
1. Tpomomotnuevn

2. ATIOKAELOTLKN — Movo autl n cache gxeL avtiypado (un
TPOTIOTIOLNLEVO).

3. Motpalopevn — AU0 1 teplocotepeC caches €xouv avtiypado.

4. Akupn

* Av Kkaveic dev €xeL avtiypado tou block, tote éva PrRd €xeL cav
amnoteAeopa tnv petaBaon | = E.
- 2to SLadpopo xpetaletal Eva onpa shared wg amavinon o€ éva BusRd.
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* Alaypappa MetaBaong Kataotaoswv

—Metafaoelg e€attiac AsltoupyLlwyv Tou
“romikoV” emetepyaoty).

\ N\ BusRdX /Flush
BusRd / Flush \

---->etafaoelc e€attiog Twv nMapaATnPOUUEVWV
bus transactions.

A/B Av o cache controller mapatnpnosL 1o A,

w \
~
TOTE €KTOC Qo TN HeTafaon otn Ve Bu\q T | \
Kotdotaon mpokaAel kal to B. F]dgr f}\ 1
-- Kaptia evépyela. PrWr / BusRdX . BustX:fFlush
* Eva block pumopel va Bpiloketal o€ y \
’ 1 7 ’ N 57 I
KATAOoTOON S EVW dev unapyxouv aAla il T— fﬁlush’f”
avtlypada. bt/ | ;
- I‘I(bg, BusRd / Flush™ | /
L & 7
I A 4
d

cslab@ntua 2010-2011 39



* AloTtnpoUlE Tov enteéepyaotn, T KUPLOL LVAUN Kot TS caches.
- Eméktaon tou cache controller - ekpetdAAevon tou bus.
* Write-back caches
- Amnodbotikn alomoinon tou meploplopevou bus bandwidth.
- Aev pokaouv bus transactions OAec oL AELTOUPYLEC LVALNG.
- Mo duokoAn vAomoinon tng cuvadeLlag.
« Xpnron tou (tpomomnolnuevn Kataotaon)
- — Oev umntdpyxetl aAo €ykupo avtiypado.
- H kUpla pvApn MIMOPEL val €XEL 1) val NV €XEL avtiypado.
- H cache eival unmtevBuvn va napexel to block og omolov 1o {nTtNOoEL.

. (amokAeLotiKOTNTAL)

- H cache pmopel va tpomomnowjoetl to block xwpic va elbomolnoel kaveva -

Mpv TNV eyypadn VOl OTTOKTAOEL ATTOKAELOTIKOTNTAL.
- Akopa kat av to block sivat valid -
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* Write-miss

MpokaAel éva €01kO transaction :

Ewdomolel Ttoug umoAoutoug OtL  oakoAouBel eyypadrn Kol QATOKTA
QTOKAELOTIKA OloKTNOoLa.

OAoL 6ool dLaBtouv avtiypado tou block to dtaypadouv.

Movo pwa RdX emituyyxavel kabe popa. MoAAATAEG ALTAOELC OELpLTOLOUVTOL
aro to dtadpopo.

TeAwka ta vea dedopéva ypadovtal otnv kupla pvAun otav to block
ekOLWYOeL amo tnv cache.

Av gva block dev €xeL tpomomnolnBel (modified state), tote dev xpeltaletal va
ypadtel otnv KUpLa pvrpn otav ekdlwxOel amo tnv cache.
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* Muwa Asettoupyia eyypadnc eVnUEPWVEL Kol Tuxov avtiypada tou block
OTLC UTtOAOUEC caches.

* [AeovekTnuaTa
- Mkpotepn kaBuotepnon npocPaong oto block armod tic dAAec caches.
- OMol evnuepwvovtal Pe Eva povo transaction.

* Melovektnpata

- MoA\amAég eyypadéc oto block amd tov idlo emetepyaot) mpokalouv
noAAaAd transactions yLa TLG EVNUEPWOELG.
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* 4 kataotaoelc (states)

1. AmOKAELOTIKNA — Movo autn n cache €xeL avtiypado (un
TPOTIOTIOLNMEVO). H KUpLaL Lvrun €ivat evnuepwpévn (up-to-date).

2. Motpalopevn-kaBoapn — AUO 1 TepLocOTEPEG caches
gxouv avtiypado. H kUpla pvpn 6&v eival umoxPewTIKA up-to-date.

3. MolpalOUeVN-TPOTIOTIOLNHEVN — AUO R
TEPLOOOTEPEC caches £xouv avtiypado, n kupLa pvipn dev eivat up-to-date
Kot n cache avutrn €xeLtnv euBUVN VOl EVNLEPWOEL TNV KUPLO VAN OTAV
ekOwéeL to block.

4. TpomomoLlnpevn — Movo n cache avutn dlabéteL to
tpornornotnuevo block evw n kUpLa pvRun d€v eivan up-to-date.

« Aev unapyxel Invalid state.

-  To npwtokoAlo dtatnpet mavta ta blocks mou Bpiokovtat otic caches up-to-
date.

* AUO VEEC aTNOELG amo tov eneéepyaotn : PrRdMiss, PrWrMiss

* ‘Eva véo bus transaction : BusUpd
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PrWrMiss / BusRd(S); BusUpd

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)
Prwr / BusUpd(S)
PrRd/ --
PrWr / BusUpd(S) PrRd/ --
BusRd / Flush PrWr/ -
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P1 StaBadleL u E BusRd Mem

P3 Stafalet u Sc --- Sc BusRd Mem
P3 ypdadeL u Sc Sm BusUpd P3 Cache

P1 StafaleL u Sc --- Sm --- ---

P2 StaBadeL u Sc Sc Sm BusRd P3 Cache
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* Y& Kkamowa cache yivetat eyypadn oe gva block. Mpw tnv enopevn
geyypadn oto ibLo block, BeAeL kamolog aAlog va to dtafaoel;

* Noat:

» Read-miss — mBavwc rtoAamnAd transactions @

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

» MoA\arA£c eyypadec xwplig emutAéov kivnon oto bus ©
» EkkaBaplon avtypadwv mou de xpnotponotovvrotl ©

» NoAANAAEC apElOOTEC EVNUEPWOELC (Kot o€ TBavwe “vekpd” avtiypoda) @

cslab@ntua 2010-2011 46



* H oxeblaon moAVEMEEEPYAOTIKWY CUCTNUATWYV Elval TTOAUTIAOKN
- AplOuoc¢ enetepyaotwy
- lepapyxia pvAung (levels, size, associativity, bs, ...)
- Aladpopocg
- Memory System (interleaved banks, width of banks, ...)
- 1/O subsystem
+ (Protocol class, states, actions, ...)

* To TMPWTOKOAAO eTnNpeAlel YXOPAKTNPLOTIKA TOU OCUOCTAMUOTOC, OTWE
KoLl

* H emloyn tou MpwTtokOAAou emnpeddletal anod tn {ntovpevn amnodoon
KOl OUMTEPLPOPA TOU OUOTHHATOC KABwWC Kol amd tnv opyavwon Tng
LEpapxlog LVNUNG KAt TNE EMKOWVWVLAC.
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- Write-Update vs. Write-Invalidate

* Write-run: M oslpad eyypadwv amo €va emnefepyaotn oe eva block
LVANG, N apxn Kol To TEAOG NG omoilac opilovtal amo AELTOUPYLEC O€
auTo to block amo aAAoucg emeepyaoTec.

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

* Write-Invalidate: Eva write-run omoloudnmnote pnkouc Ba dnuLloupynoel
£€va povadiko coherence miss.

* Write-Update: Eva write-run pakoug L Ba tpokaAéoel L updates.
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Compulsory misses (cold)
- Mpwtn npoofaon os €va block.
- Aué&non tou block size.

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

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

. (communication)

- : Otav €va data word ypnolpomnoleital amnod 2 i mopanavw
ETEEEPYAOTEC.

- : Otav aveédptnta data words mou xpnotuomnolovvial amno
SladopeTikou¢ emetepyaoteC avikouy oto idLo cache block.
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Miss Classification

first reference to i
memory block by PE

reason for
elimination of
last copy

replacement

written

before invalidation

old copy
with state=1nvalid

still there?

word(s) accessed
during lifetime

3. false-sharing- yes
cold

modified
word(s) accessed

4. true-sharing- during lifetime

cold

yes

during lifetime

5.false-sharing-

has block
inval-cap

been modified sin
replacement

yes no
6. true-sharing-

inval-cap

7. pure-

false-sharing 8. pure-

true-sharing

no word(s) accessec
during lifetime

no word(s) accessed

during lifetime

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

11. pure- 12. true-sharing-
capacit}r 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 kot lowc Tou hit cost.
X AUEnon tou miss rate e€attiag false sharing (poor spatial locality).

X Ab€énon tou traffic oto bus, Aoyw petadopdc «oxpslootwv» SeSoueEVWY
(mismatch fetch/access size, false sharing).

* YApPXEL N TAON YyLa Xpnolpomnoinon peyoAvtepwy cache blocks.

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

- Hardware kat software punyaviopot yla avtipetwriion tou false sharing.
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1. BeAtwwpévo data layout mpokelpévou va amodeuxBel n tomoBeTnonN
aveédptntwy dedopgvwy oto dLo block.
- Data Padding

- eg. Dummy variables peta&l lock variables mou eivatl tomoBetnueveg kKovta
N Ko otnv aAAn.

- Tradeoff :

*  Xpnon array of arrays wote va BeBoawwBolpe otTL kKABe submatrix ival
TOTIOBETNUEVO CUVEXOUEVA OTN UVAUN.

- Tradeoff :

2. Partial-Block Invalidation

- To block “omael” oe sub-blocks, yia kdBe €va amo ta omoia diatnpeital to
state.

- 2e KABe miss dpEpvoupe 0Aa ta invalid sub-blocks.

- Kavoupe invalidate povo to sub-block mou meplExel ta dedopéva mou Ba
TpomornolnBouv.

- Tradeoff :
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* Ta ovotrpata tov otnpilovtol otn xpnon dtadpopou dev sival scalable.
- OAa ta modules (cores, memories, etc) cuvdcovtal pe Eva set KAAWSLwv.

- MMeploplopévo bandwidth - Aev auvéavetal pe tnv mpooBeon nmapamavw
eneéepyaoTwy - (kopeolOg).

- MeyaAutepo bus - MeyalUtepo latency.

* ‘Eva scalable cUotnuo mpémnetl va avtlpetwrnilel avta ta npoBAnpata.

- To ouvoAlkd6 bandwidth 6o mpemel va oauéavel pe tov aplOpo Twv
EMEEEPYOAOTWV.

- O xpOvoC TOU aralteltal ywo KAamolo evepyelo 0 Ba mpEmel va auv€avel
ToAU (). EKBeTIKA) e TO HEYEBOC TOU CUOTAUATOC.

- NMpéeneLva eival cost-effective.

« Xavoupue Baotkee LdLotntec tov Stadpouov.
- AyvwoToc aplOpoc tautoxpovwy transactions.
- Aev unapyel global arbitration.

- Ta amnoteAeéopata (my. aAAayEg oto state) yivovtal ameuBeiog opatd pHovo
arto TouC KOUPBoUC Tou CUPETEXOUV OTO transaction.
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* Interconnect

- Avtikataotoon tou Stadpopou pe scalable interconnects (point-to-point

networks, eg. mesh)

* Processor snooping bandwidth

MexpL Twpa Ta TPWTOKOAAa £kavayv broadcast (spam everyone!)
MeyaAo mooooto snoops v mpokaAoUv KaTola HetaBaon

Ma loosely shared data, katd maoca Bavotnta POVo EVaC EMEEEPYAOTNAC
ExeL avtiypado

Eldomoinon HOvo Twv enefepyaoctwyv TOU TOUC evlladepel Eva
ouyKkekpLlpEvo block (spam only those that care!)
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Directory Memory Directory Memory

Ll

| Scalable Interconnection Network I

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

* KoBopiletal kat dtatnpeital oe eva pEpog (directory) omou ta requests

urmopouv va amevBuvBouv kot va TtOo avakaAvpouv. (explicit
determination)

« KaBe memory block €xeL €éva directory entry

- Book-keeping (molot nodes €xouv avtiypada, to state tou memory copy, ...)
- OAa ta requests yia to block mnyaivouv oto directory.

cslab@ntua 2010-2011 55



Directory-Based Cache Coherence (2)

Requestor

1.
e Read request
CLCH to directory

-]
2

k Reply with
3 owner identity
Read req.
to owner

Directory node
for block

4b.

Revision message
to directory

Node with
dirty copy

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

Requestor 1

RdAEx request
e to directory

S I (-
Reply with
sharers 1dentity
. / : -

Directory node

Inval. req. |IIW-'=11- r e":l-l for block
to sharer to sharer
4a.
I Inval. ac:lcl Inval. ack
75,
&
Ve
9‘;:
A J_': "ol
¢ '
Sharer - 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 inclusion 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

(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) pointer to head of linked list)

Examples: Stanford DASH/FLASH, ~ Examples: IEEE SCI, Sequent NUMA-Q.
MIT Alewite, SGI Origin, HAL.

Finding source of
directory information

Locating Copies
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* Directory Protocols

+ XapnAotepn katavalwon bandwidth
- MeyalUtepec kaBuotepnoelg (latency)

« AUO TEPUTTWOELC read miss : 2.hob Mmiss
; . .
- - get data from memory \ F'c | \1
» Bus : 2 hops (PO - memory - PO) \ -
» Directory : 2 hops (PO > memory - PO) Iler;

-~ — get data from processor (P1)

» Bus : 2 hops (PO - P1 - PO) (umoBetovtag OtL emutpEmneTal n cache-
to-cache petadopa dedbopevwv)

» Directory : (PO - memory - P1-> PO)

- H O6eltepn meplmtwon TmopaAtnpEeitol OAPKETA OUXVA OfF
TIOAVETEEEPYAOTIKA CUOTHLATAL

- YynAn riBavotnta va £xet to block évac emeéepyaotnic
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