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Moore’s Law (1964) :

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

» [NPaKTIKA N anodoon tou eneepyaotr Sumaotaletal kabe 2 xpovia.

* ‘OMo koL meploocotepa npoBAnuata...

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

* Power and cooling walls

* Av&non moAumAokotntac oxedlaopol kot enaAnBevoncg (design
and test complexity)

* [eploplopeva mepLlbwpLa mepaLTEPW EKUETAAAELONC ILP
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* OL moAueneéepyaotec yvwplooav Lolaitepn oavamtuén amo n
dekaetia twv 90s :
- Servers

- Supercomputers ywa TNV €nitevén peyoAutepnc enidoonc os cuyKpLon Eva
EMEEEPYOOTH

* 2T LEPeC pog (CMPs) :
- Meilwon kootoug oxedlaopol pEow emavaxpnowuonoinonc (replication)
oxedlwv
- ExkpetaAAevon Thread-Level Parallelism (TLP) yw tnv avrtipetwrnion tou
memory wall

- XapunAOtepo per-core power, MEPLOCOTEPQ COres.

* Anodotikl xpnoipomoinon mnoAveneéepyaotwy (Ldlailtepa o€
servers) omou uttapxel thread-level parallelism

- Aué&non evdladeEpovtoc ya tn oxediaon servers kat tnv anodoon Toug
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* OAa auta odnyoUV Oe€ ML VEQL EMOXN OMOU TOV KUPLO POAO
Stadpapatilouv ol TOAVENEEEPYOLOTEC

- Desktop pnyavnpata ywa Kabs xpnotn 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)

- MoA\armhol enefepyaoteg, 0leg evitoAgg, Suwadopetika Oedopéva (data-level
parallelism).

* Multiple Instruction streams, Single Data stream (MISD)
- Mé&xpL onuepa dev €xeL eudaviotel otnv ayopd KATOlO TETOLO cvotnua (givat
Kupilwc yla fault tolerance, 1.x. UTTOAOYLOTEC TTOU EAEYXOUV TITHON AEPOCTKAPwWV).
* Multiple Instruction streams, Multiple Data streams (MIMD)

- O kA B¢ enetepyaotn ekTeAel TIC OLKEC TOU EVTOAEC Kol emeEepyaletal To SIKA TOU
dedopéva. MoAamAd mapdAAnAa viipata (thread-level parallelism).

* Oa aoxoAnBolpe Kupiwg pe cuoTAuoTA.
- Thread-level parallelism

- Eueli&io: Asttoupyia eite wg single-user multiprocessors eotidlovtag otnv
anodoon pag ebappoyne, eite we multiprogrammed multiprocessors ekteAwvtag
TIOMATIAEG AeLTOUpYLeG TaUTOXpOVAL.

- [MAeovektpoata Kootouc-anodoong xpnotponolwvtac off-the-self emeéepyaotéc.
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SISD

Instruction Pool

Data Pool

SIMD

Instruction Pool

Data Pool
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* Napadeiypota MIMD cuotnuatwv

Clusters (commodity/custom clusters)
Multicore systems

* KdabBe enetepyaotrnc ektelel Sladopetikod process (depyaoia).

: “A segment of code that can be executed independently”. e €va
TIOAUTIPOYPOLLUATLOTIKO TtEpLBAAAOV, oL emefepyaoTeC ekteAoUV SLadopeTika tasks
KL EMOMEVWC KAOE process glvat aveEaptnTtn oo TLC UTTOAOLTEC.

Otav moMarmAd processes polpalovtol Kwoika Kal xwpo SteuBivoewv (address
space) Tote ovopalovtol

JApeEpa o 0po¢ thread ypnoilpormoleital yia va meplypaP el YeEVIKA TIOAAATIAEC
EKTEAECELG, OL oTmolec pmopel va mpaypatonoltnBolv oe  SladopeTkoUC
EMEeEEPYAOTEC aveEdpTnTa Ao 1o av potpalovtal r} oL to address space.

Ot multithreaded (MOAUVNUOTIKEG) QPXLTEKTOVLKEC ETUTPEMOUV TNV TOUTOXPOVN
eKTéEAeon moOANaTAwV processes pe OSlodopetikd address space, KaBwc Ko
noAarAwv threads mou potpdadovtal to ibLo address space.
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* [ TNV anodotikn xpnon svoc MIMD cuotrijpatoc pe
artouLTouVTOL

- Anuoupyila oo Tov MPoypapUOTIOTA A ToV compiler

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

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

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

* Ta MIMD ovotpuoata ywpilovtat oe 2 katnyopie¢ pe PBaon tnv
OpYavwon tng LEpapxiag tNG LVAHUNG Toug.

- Centralized shared-memory architectures (ApXLTEKTOVLKEG CUYKEVTPWHEVNG KOLVAG
HVAHNG)

- Distributed memory architectures (ApXLTEKTOVIKEC PUOLKA KATAVELNMUEVNE LVAKNG)
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* MkpOC aplBUOC emetepyaoTwy
()\LVéTEpOL aT[(l) 100 T0O 2006). Processor Processor Processor Processor

* OMAol oL emetepyaoteg polpadlovral
LLLOL KEVTPLKA UVAMN

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

One or One or

- O}\}\G.T[)\d banks more levels more levels

of cache of cache

- point-to-pointconnections, switches

- Meploplopéevo scalability

* Symmetric multiprocessors (SMPs)

- H pvAun €XeL CUPUETPLKA OXEON E
TOUC EMEEEPYAOTEC

- OpoLopopdoc XpOVoG IPOCTIEAALONC
(Uniform Memory Access — UMA)

Main memory I/0 system

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

H puvAun potpadetol Tomka o€ KAOe emetepyaotn.

MAgovekTpoTa

- MeyaAutepo eUpo¢ {wvne LVAUNG av
n mietoPndia Twv MpoomeAACEWV

ylvovtal Tomkd o€ KaBe koppo. —@‘Memory'— 0 ‘Memory'— I0

- Meilwon xpovou npocBaonc os
dedopéva anobnkevpEva otnv
HVAUN Tou KABe kopPou. Interconnection network

+cache +cache +cache + cache

Melovektripato

= MoAvThokn avtalayn 5850“8"‘*"’ 0 10 N | Memory bt 10 | Memory 0
HETAEL eMeepyqOTWV.

- Mo 5UquAq mapaywyn softw’a re Yy o sescor
TNV EKUETAAEVON TOU auénUEVOU + cache

£UPOUG LWVNG TNG UVIHNG.

Processor
+cache

Processor
+cache

Processor
+cache

£2007 Eleevier, Inc. All ights reserved.

AUOo povtela emnkolvwviog yia avtaAlayn dedopevwy

- Shared Address space
- Message Passing

cslab@ntua 2013-2014 10



* Shared address space

- Ol PUOLKA KATOVEUNUEVEC UVHUEG Machine Physical Address Space

Virtual address spaces for a

XPNOLUOTIOLOUVTOL OOV EVAG collection of processes communicating A o odvite
H.OV(IGLK(')(;, GLGHOLPQZ(') LEVOC via Shared Addresses / P
Xwpog SedopEVwV. load =N
, e 2 17/
- Hibwa puowkn dtevBuvon oe 2 % P
EMEEEPYAOTEG OVOPEPETAL OTNV P2 A ~/ R
oTo PO [ L e / Addresses
7 ] L ~1 /
™G GUOLKAG LVAKNG. N N/ ] y
7 7 ’ Stor /' =
- Emkowwvia HECw TOU KOLvoU . 5 /= "| P2private
1 . o . 1 1 onare oraon .
xwpou (implicitly, pe xprion amAwv of Address Space |
Loads ka Stores o€ shared variables). | =
Y N — » .
- OLmoAveneéepyaoteg avtol ol P1 private
A Private Portion ==
OVOIJ.QCOVTQL of Address Space ] TR
— * ]
| PO private
- O xpovoc npooPaong e€aptatal

aro tnv tonoBecia otnv omoia Bplokovral ta
dedopéva -
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* Private address space

O kA Be enefepyaoTic £XEL TO OLKO

Tou address space, To onoio dev
uropel va mpooTmeAaotel amno
KAToLov AAAo.

H idwa puoikn dtevBuvon oe 2
EMEEEPYOOTEC QVAPEPETOL OF

Emikowvwvia (explicitly) péow
HNVUUATWY =

RecvY, P t

address X

Local Process
Address Space

Process P

address Y

Local Process
Address Space

Process Q

KaBe ocuvbuaopog send-receive mpayUaTOTIOLEL EVOL ocUy)poVvIoUO {eUyouc (pairwise
synchronization) kabwc¢ kal pla petopopda Sedoucvwv amo HUvAUn OE pvnun

(memory-to-memory copy)

T..X. clusters

cslab@ntua 2013-2014

12



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
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* Baolkn 1OLOTNTA TWV CUCTNMATWY MVAMNG

- Kade avayvwon uiac tormovdeoiac, Ja MpEMEL va ETIIOTPEPEL TNV TEAeuTalA
TIUN TTOU YPOIPTNKE OE QUTH].

- Baown 0Tt TO00 YLl T OELPLOKA TIPOYPAUUATA, OCO KOl Yol T
napaAAnAa.

* H wbotnta avty dwatnpeitatl otav noAAamAad threads ekteAovvrtol
o€ €va eneepyaotn, KaBwc “PAEmouv” TNV WOLa Lepapyia LvAUNC.

* 2T0 MOAUETEEEPYOOTIKA CUOTNLOTA, OPWC, KAOE emeepyaotnC €XEL
™ S1Kn Tou povada kpudpnc uvnung (cache).

* MBava npofAnuata :

- Avtiypada piag petaBAntng eival mBavov va uTtapXoUV O TIOPATIAVW OO
uia caches.

- Av pla eyypadn Sev eivat opatr) amno OAOUC TOUG EMEEEPYAOTEC, TOTE UTTAPXEL
nepimtwon kamowot va dtafdalouvv tnv MaAld THq tng HeTaBANTAC ov sival
amoBOnkevEvn otnv cache touc.

- NpoBAnua:

cslab@ntua 2013-2014 14
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MpeoBAnna coherence ota

HOVOEMEEEPYAOTIKA GUCTAOTO?

15



*  DMA-CPU otnv pvAun:

¥ old value = * ) T TR
Y new value cache

*  NUoEL:

DMA,
External Memaory

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 2013-2014 16



A
'u'l‘i_c

I/O devices
o ()

Memory

" OLeneéepyaotec PAEMOUV SLAPOPETLKN TN YLo TN HETAPANTA U LETA TN AsLTOUpYia
3

= Me tc write back caches, n tiun mou ypadetat niow otn pvApun e€aptatol anod to
niota cache kot tote Stwyvel n avtlypadeltdedopeva

= Antapadekto, aAAd oupBaivel ouyva!

cslab@ntua 2013-2014 17



Processor 0

» addi rl,accts,x3
- 1d 0(xr3) ,rd

: blt r4,r2,6

: sub r4,r2, r4

. 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

* Avo tautoyxpovec avainyeilc €100 amo tov 1dLo Aoyaplacpo oo 2

Stadopetika ATMs.

« KaBe transaction og SlodpopeTIKO enetepyaotn.

* H 8ievBuvon mepLEXETAL OTOV KATOXWPNTA Sr3.

cslab@ntua 2013-2014
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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 r4 0(r3)

call spew_ cash

cslab@ntua 2013-2014

Processor 1

n &= W N B O

addi rl,accts,x3
1d 0(x3) ,xr4

blt r4d ,xr2,6

sub r4,xr2,r4

st r4,0(x3)

call spew_ cash

* Xwpic caches = kaveva npofAnpa!

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 rd4d,0(x3)

: call spew_cash

L) I S S R % B S -

Processor 1

bn &= W o B O

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

: blt rd , x2,6

sub rd r2,réd
st r4d,0(x3)

call spew_cash

* 3 mbava avtiypadoa : memory, p0S, p1S

* To oVotnua eival Bavo va ival incoherent.

cslab@ntua 2013-2014

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

L) I S S R % B S -

- Twpa

Processor 1

» addi rl,accts,x3
: 1d 0(x3), x4

: blt rd , x2,6

: sub rd,r2, ré4

: 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 maALttpopAnual (m.x. €otw OtL 0 p0 ekteAel kat AAAN avaAnyn)

* Ouwrite-through caches 6gv Auvouv 1o tpoBAnual

cslab@ntua 2013-2014
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Altatripnon tng Baolknicg tdlotntag

- Kade avayvwon utoc tornodeoiag, Ja mPEMEL Vo EMIOTPEPEL TNV
TIUN TTOU YPOPTNKE OE QUTH.

Nwc oplletal to ;

> ELPLAKOA TTPOVPOLLLLLOTOL

- Opiletal cupdwva UE TN OEPA TIOU ETURAAAETOL ATTO TOV KWOLKAL.

NapAAANAQ TTOOVOALLLLOTOL

- AUo threads pmopel va ypagouv otnv ida dtevBuvon tnv Wbla xpovikn
oTLyHn.

- Eva thread pmopet va dtafdost pa petapfAnt) akplPwc PETA TNV gyypadn
NG amo KAmowo AdAAo, oAAd Aoyw tNnN¢ taxvumntag petadoonc n eyypadn
auTtn dev €xeL yivel akopo opatn.

- H ospd nou emiPaAAetl o kwdikag opiletal evtog tou thread.

- Amouteital OpwE Kol 0 OPLOUOC HLOG OELPAC TTou va adopd
(global ordering).
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EOTW OTL UTTAPYXEL LLLOL KEVTPLKN VAN KoL Kopia cache.
- KaBe Aettoupyla oe pia B€on pvApng npoomnelalel tnv dla puowkn B€on.

- H pvAun emBarAel po oTLC Asttoupylec OAwv Twv threads
o€ autn T B€on.

- Ot Aettoupyiec kaBe thread dlatnpouv tn OEPA TOU TIPOYPALLOTOC TOU.
- KaBe dwataén mou OSwatnpel tn oepd Twv AETOUPYWV TWV ETUUEPOUC
TPOYPOLLUATWY lval amodekth / €ykupn.
* Qc “ ” oplletal n mwo mpoodatn Asltoupyia OE pLa
uTtoBeTIk akoAouBia ov dlatnpet TG tapamavw LOLOTNTEC.

* J€ EVA TIPOYUATIKO cUoTNHa SEV UMOPEL VO KATOLOKEVOLOTEL QUTA N
KaBoALkN oeLpa.
- Xpnon caches.
- Amnoduyn serialization.

* To obotnua va €lvoll KOTOLOKEUQLOEVO WOTE TA TIPOYP AU OTA VL
ouumepLpEpovral AUt N KABOoAKA OELpa.

cslab@ntua 2013-2014
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* BEva ovotnua eival (ouvapéec) av ylo KaBe ekTEAeoN T
amoteAEopATO (Ol TLUEC TTOU ETTLOTPEPOVTOL ATTO TLC AELTOUPYIEC
avayvwonc) elvol Tetola, wote o KABe B€on va pmopouE va
KOTOLOKEUALOOUE HLOL OAWV TWV
AelToupylwyv otn O€on autnl, TTOU VO €lval OUVETIAGC UE Ta
QATMOTEAECMATA TNC EKTEAEONC KOL OTNV oTola :

- O Asttoupyieg kaBe thread mpaypatonolovvtal UE TNV CEPA KATA TNV
ortola KABnkav armod avto to thread.

- H Tt mou emiotpedetal amo pla Asttoupyla avayvwong eivat n Twun tne
Tehevtailag eyypadnc otn OUYKEKPLUEVN Ofon ovpdwva PE TNV
UTtOOETIKN akoAouBLaKr oelpaA.

* 3 ouvOnKec yla va eivatl eva cvotnua coherent.

cslab@ntua 2013-2014
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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.

- AloTtpnon Tn¢ oELPAC TOU TIPOYPAUATOG.
- loyUEeL Kall yLoL 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.

- M Asttoupyia avayvwong dev pumopel va emlotpéPel MTAALOTEPEC TLUEC.

. 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
see the value of the location as 2 and then later read it as 1)

- . Xpelalopoaote read serialization;
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« Xpnon étadpopou

- MpoodEpel pla amAn kat kopr) uAomoinon yia cache coherence.
- MpoPAnuata scalability.

* OAec oL ouokevec mou eival ouvbdebepevec mavw oto Oladpouo
LUrtopouv va rtapakoAouBouv oAa ta bus transactions.

* Tpelc dpaoelg os kaBe transaction

- Awattnoia: O bus arbiter amodaocilelt mola ocuokeur) €xeL TO OSlkaiwpa va
XpnoLuoTmoLlosL to bus

- AnootoAn _evioAng/Sievduvong: H emheypgvn ouokeurn petadidel to €ldoC NG

evtoAnc (read / write) kaBwg kat tn &tevBuvon ¢ avtiotolyng B€onc. OAot
napakoAouBouv kal anodacilouv av Toug “eviladEpel” ) oxL.

- Metapopda SESOUEVWV
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* ExpetaAAevon tou cache block state

- KaBe cache pali pe ta tag kol data amoBnkevel Kal tnv KotAoTAONn OTNV
orntoia Bploketal to block (.. invalid, valid, dirty).

* Quolaotika yla kaBe block ‘Asttoupyel’ pla pnyovn MEMEPACUEVWV
Kataotaoswv (FSM)

- KaBe npooBaon oe eva block i oe kamola StevBuvon mou avtlotol el oto
(6o cache line pe avto to block, mpokaAetl pia petafoAn tou state 1 aAALwG
ua aAAayn kataotaong oto FSM.

« 2e multiprocessor cuotnuata to state evoc block givat €vac mivakaog
LLAKOUC p, OTIOU p 0 aplOuoc Twv caches.

- To (6o FSM kaBopilel tic aAAayeg Kataotaoswyv yia oAa ta blocks oe OAec
TG caches.

- To state evog block pumopet va StadEpel amo cache oe cache.

cslab@ntua 2013-2014 27
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* Coherence Controller (CC)

* MNapakoAouBel tnv kivnon oto
dtadpopo (dtevBuvoeLc ko bedopeva)

* Extelelto mpwtokoANo cuvadeLag
(coherence protocol).
- Anodoaoilel TL Ba KAVEL LLE TO TOTILKO

avtiypado pe Baon avtd tov BAENELva
uetadidovral oto dtadpopo.
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* O eAeykTNC TNC cache dgxetal elcodo amo 2 PEPLEC
- ALTAOELC MPOCBaonG ot VAN ATO TOV EMEEEPYAOTN.

- O “kataockomoc” (bus snooper) evnuepwvel vy bus transactions Tmou
TPAYLOTOTIOLOUV Ol UTtOAOLTTEC caches.

* Je KABe mepintwon avrtamnokpivetal
- Evnuepwvel tnv kataotaon tou block pe Baon to FSM.
- AmnootoArn 6ebopévwv.
- Moapaywyn véwv bus transactions.

* KaBe mpwtokoAo armoteAeital oo ta MapaKATw OOULKA OTOLXEL
- To ouvolAo Twv enitpentwy states yia kaBe block otic caches.

- To state transition diagram mou pe eicodo to state tou block kot tn aitnon tou
enetepyaotn N 1o mopatnpoUpevo bus transaction umodelkviel w¢ £€€odo 1O
ETIOLLEVO ETUTPETTO state yia to block avuto.

- Tic evépyeleg Ttou eTLBAAAETAL Vo TTpaypatorioltnBoUv Katd tnv aAAayr Katdotaong
Tou block.
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- write-through, write-no-allocate caches PrRd/--  PrWr/BusWr

, BusRd / --
2 states ywa kaBe block "

- Valid

- |nvalid b

« Je meplmtwon gyypadnc evog block \
- Evnuepwvetaln kUpLa pvhun péow  PrRd/ BusR | BusWr/ --
evoc bus transaction. I

- KabBe bus snooper evnuepwvel tov cache
controller tou, o omolog akUpwWVEL TO
TOTILKO avTiypado av UmapxeL.

: , / Prwr / BusW
* Erutpenovratl moANAMAEC TAUTOXPOVES
avayvwoelg (multiple readers). Mwa

7 7 _[ K 7 V L' o .
syvpacl)r] OHWGE TOUG AkUpWVE ——m» Processor initiated transactions

/ - — = Bus-snooper initiated transactions
* Eilval coherent ;
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MropoUE VOL KATOOKEUAOOU UE Lol KABOALKA OELpA TIOU VOl LKOVOTIOLEL
TN OELPA TOU TIPOYPAUMOTOC KOl TN CELPLOTIONoN TWV yypadwy;

YroBgtouue bus transactions kot memory operations.
- Eva transaction kdBe ¢popad oto bus.

- KabBe enefepyaotnc mePLUEVEL VAL OAOKANPWOEL pla tpooBacn Tou oTn UV TPV
aLltnBet kavolpla.

- OL eyypadéc (kat ol akupwoelg) oAokAnpwvovtatl Katd tn Oldpkelad tou bus
transactions.

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

- OL gyypadéc oe pa B€on oelplomololvtal cUpPwWvVO HE TN COELPA HE TNV oToid
eudavilovtal oto bus. ( )

- OL aKUPWOELC TtpayaToTolouvTal emionc cupdwva pe to bus order.
Nwc mapeUBANOUE TIC AVOYVWOELG OTN CELPA QUTNA;

- OL avayvwoelg dev eilval UTIOXPEWTIKO va mpokaAéoouv bus transaction kau
UIoPoUV va eKTeEAoUVTAL AVEEAPTNTA KOL TOLUTOXPOVA OTLG caches.
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* JElplomoinon ovayvwoewvV

Read hit ) read miss?

- |kowvormoleital peéocw bus transaction. Emopévwc ostlplomnoteital poli pe twe eyypodEc.
- Oa deL TNV TIUA TNS TEAeuTaliac eyypadpnc cuudwva pe to bus order.

- |kowvormoleitat amnod tnv T mou Bpiloketal péca otnv cache.

- BA£MeL TNV TIUA TNG TILo MPOodaTNC armo tov (6lo enetepyaotn N TNG TILO
npoodatnC (read miss).

- Katta 2 (write kot read miss) Lkovomolouvtal pEow bus transactions.
- Emopévwce kot ta read hits BAEmouv TLS TLHEC oUupdwva pe 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 &dnuiovpyel €va BusRd

[cruo] crput Jmem]

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

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

| v:300] 400 |

* 0 p0 amnavta ypadovtag niow to modified block (WB) kat akupwvovtoag to
otnv cache tou (petaBaon otnv kataotoon )
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To VI mpwtokoAAo Sev eival amodoTko

- “Indolpo” tou V o€ 2 KOTOOTAOELG

3 Kataotaoelc (states)

1. Tpomomnolnuevn

2. Motlpalopevn

3.Akupn
* 2 TUTIOL OULTNOEWV ATIO TOV EMEEEPYOOTN
- PrRd (avayvwon) kat Prwr (eyypadn)

3 bus transactions
- BusRd: Znta avtiypado xwpic okomo va To TPOTIOMOL) o€l
- BusRdX: Znta avtiypoado yla vo To TPOTomnoLnoEL
- BusWB : EvnuepwVELTN VAN

cslab@ntua 2013-2014
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« Awaypoppa Metafaong Kataotaocewv Prwr / --

—> Metafaoelg e€attiog AeLToupyLWY TOoU
“tomikoV” enetepyaotn.

---->MetaBaoslc e€attiag Twv mapatnPOU UEVWV TN\
bus transactions. BusRd / Flush\
A/B Av o cache controller mapatnprioeL to A, TOTe | \
EKTOC aro tn METAPaon otn VEA KATAOTAON
npokaAel kot To B. PeWr / BusRd / \
, , ‘ \
- Kapla evepyela. BusRdX / Flush
* Aev nepthapfavovtal ol peTafAaoceLg Kol % |
Ol EVEPYELEC KOTA TNV QVTLKOTAOTOON s \dX/ "/
gvog block otnv cache. PrRd / BusRd o
* Ooo 1o “YnAa” oto Slaypappa Bplf?ﬁld/ A
Bploketal eva block, TOoo Mo Prwr/BusRdX ;)
A

oteva ouvdedbepevo (bound) ival pe tov
eneéepyaotr).
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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

S:
Tou pl dnuovupyet €va 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 amnavtd ypadovtoc nicw to modified block (WB) kat aAAdlovtog Tto

avtiypado tou o S

* To

Tou pl dnuioupyel Eva BusRdX

* O p0 amnavtd akupwvovtac to avtiypado tou (petdBaon ot |)
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* H dwadoon twv eyypadwv eival mpodavic.

 Jelpormoinon syypadwy :

- OAec oL eyypadec nou epdavidovral oto dtadpopo (BusRdX) dwatdooovtal
arto AUTOV.

- OL avayvwoelg mou spdavilovtal oto SLadpopo SlatdocovTol WS TTPOC TLG
eyypadEG.
- Mt eyypadéc mou dev spdavidovral oto dtadpopo:

Mua akoAouBia tétolwyv eyypadwyv petatd 2 bus transactions yia to 6o block
TIPETIEL VAL TIPOEPYOVTaL arto Tov (dlo enetepyaotn P.

2Tn oglplomnoinon n akoAouBia epdavidetol petaofL avtwy Twv 2 transactions.

OL avayvwoelg amo tov P Ba BAEmouv TLC eyypadEC UE QUTH TN CELPA WCE TIPOC
TLG UTTOAOLTIEC eyypadEC.

Ot avayvwoelg amnd aAloug enefepyaoteg Staxwpilovtal amod tnv akoAoubia pe
€va bus transaction, n omotia TL¢ TomoBeTel £T0L 0€ OELPA WG TIPOC TLC EYYPAPEC.
OL avayvwoeLg armo OAoOUC Toug enetepyaote BAEMOUV TLG eyypadEC Le TNV 0L
oeLpa.
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* MNpoBAnua MSI
- 2 transactions yla avayvwon Kot tpormornoinon evog block, akopa kat av dgv
Ta polpadetal KOVeLC.

* 4 katootaoelc (states)
1. Tpomomotlnpuévn

2. ATTIOKAELOTIKA — Movo aut] n cache g€xeL avtiypado (un
TPOTIOTIOLNLEVO).

3. Mowpalopevn — AUO N mepLoooTepeC caches €xouv avtiypado.

4.Akupn

* Av kaveic dev €xeL avtiypado tou block, tote eéva PrRd €xeL ocav
anoteAeopa tnv petaPfaon | - E.

- 210 SLadpopo xpealetal éva onpa shared wg amavtnon o€ €va BusRd.
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Prwr/
* Aldypappo MetaBaong Katootdoswy -
™
/ / ' N K
—> Metafaoelc e€attiag AeltoupyLlwy ToU \  \BusRdX /Flush

“Torukov” eneéepya o). BusRd / Flush

Vo
----> MetaBaoeig e€altiag Twv mapatnPoUEVWV \ \\
bus transactions. \ \
A/B Av o cache controller napatnprjosL to A, N | \
TOTE €KTOC Ao TN HeTdPoon otn VEQ N \
: / BusRd /
KOTAoTaon MPOKAAEL kal To B. N \

-- Kapia evépyela. PrWr / BusRdX

* Eva block pmopel va Bploketal oe

I ’ 14 ’ AT I
karaotaon S evw dgv uTtapyouv oA T— ,ﬁlush,//
avtiypada. . |
- I'Id)q, BusRd / Flush™ | /
PrRd / L & o/
N 484
7
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* AlatnpoUuE ToV EMeCEPYAOTH, TN KUPLO MV N Kot TG caches.
- Eméktaon tou cache controller - ekpetdAAevon tou bus.
* Write-back caches
- Amnodotikn aélomoinon tou neploplopévou bus bandwidth.
- Aev mpokaAoUv bus transactions OAec oL Aettoupyieg pvnpNC.
- Mo SVokoAn vAomoinon tn¢ cuvadeLlac.
« Xpnon tou (tpomomnolnuevn Kataotaon)
- — Sev untdpyel aAAo Eykupo avtiypado.
- H kUpLo pvipn Umopet va €XeLn va pnv €xeL avtiypoado.
- H cache givat untevBuvn va napeyel 1o block og omolov 1o {NTRoEL

. (artokAeLoTIKOTN T

- H cache umnopel va tpomonowjost to block xwpic va sbomoliosl kaveva =

- Mpw TNV eyypadn VOl OTTOKTH OEL OTTOKAELOTLKOTNTAL.
- Akopa kat av 1o block givau valid -
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* Write-miss

MpokaAei Eva 01KO transaction :

Ewbomolel toug umoAoutouc OTL akoAouBel eyypadry KoL OITOKTA
aToKAELOTIKN WOloKTnoia.

OAoLoool dtaBetouv avtiypado tou block to Staypadouv.

Movo o RdX emituyyavel kaBe dopad. MoANaAEC altr oELg oelpLlomolouvTal
aro to dwadpopo.

TeAwa ta vea 6edopeva ypadovtal otnv Kupwr pvAun otav to block
ekOLwxOel amo tnv cache.

Av gva block &ev €xel tpomomnoinBel (modified state), tote dev ypeldletal va
ypadtel otnv KUpLa pvApn otav ekdlwyOel amod tnv cache.
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* Mua Asttoupyla eyypadnc sevnuePwVEL Kal tuxov avtiypada tou block
OTLC UTtOAOLTteC caches.

* [Aeovektpata
- Mwpotepn kaBuotepnon npooBaong oto block armo tic aAAec caches.
- OMAolevnuepwvovtal e Eva pLovo transaction.

* Melovektpata

- NoMar\éc eyypadéc oto block amd tov idlo emetepyoaoty nmpokaAolv
rnoAAamAd transactions yLo Tl EVNULEPWOELC.
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* 4 kataotdoelc (states)

1. ATOKAELOTIKN — Movo autn n cache €xet avtiypado (Hn
TPOTIOTOLNMEVO). H KUpLa Lvrun elvat evnpuepwpévn (up-to-date).

2. Motpalopevn-kaBapn — AUO 1| eplocotepPEC caches
gxouv avtiypado. H kUpLa pvipn dev eivat unmoxpewTtika up-to-date.

3. MolpalOUEVN-TPOTIOTIOLNLEVN — AUo N
TEPLOOOTEPEC caches €xouv avtiypado, n kUpLa pvrpn 6ev givat up-to-date
Kat n cache autn £xeL tv evBUVN VA EVUEPWOEL TNV KUPLA UV LN OTOV
ekdlwéel to block.

4. Tpomomounpevn — Movo n cache autr dtaBetel to
Tpomormnolnpevo block evw n kUpLa pvpn 6gv eivat up-to-date.

* Aev umtapyel Invalid state.

-  To nmpwtokoAAo dtatnpel mavta ta blocks mou Bplokovtal otic caches up-to-
date.

* AUO0 véec autnoelg amo tov enetepyaotn : PrRdMiss, PrWWrMiss

* ‘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 — Mapadsiypa

Ta dedboucva

Evépyeia otov Kataotaon ) ) Evépyela oto )
) Kataotaon P2 Karaotaon P3 ) TapEXOVTOAL
eneéepyaotn P1 oladpouo )
ano

P1 SwafaleL u E - - BusRd Mem

P3 StafaleL u Sc - Sc BusRd Mem

P3 ypadeL u Sc - Sm BusUpd P3 Cache
P1 SaBalet u Sc - Sm - -

P2 StaBaleL u Sc Sc Sm BusRd P3 Cache
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« 2e Kkamowa cache yivetat eyypadn oe €va block. Mpwv tnv enopevn
eyypadn oto iblo block, B€Ael kamoloc adAAog va to dlafaoel;

* Nout:

» Read-miss — mBavwc moAamAd transactions @

» Read-hit av siyav amnod nplv avtiypada— svnpEpwaon Ue Eva povo transaction ©

» MoA\amA£c syypadEc xwplc smumAgov kivnon oto bus ©
» EkkaOaplon avilypddwv tov S xpnotpomnotovvtal ©

» MoA\amAEC axpelaoteg evnUeEPWOELC (KoL o€ TBavwe “vekpd” avtiypada) @
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* H oxebiaon MOAUVEMEEEPYACTIKWY CUCTNUATWY £ivoll TTOAUTIAOKN
- AplBuoC enetepyaoTwy
- lepapyia pvAunc (levels, size, associativity, bs, ...)
- Awadpopog
- Memory System (interleaved banks, width of banks, ...)
- 1/0 subsystem

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

* To MPWTOKOANO €mMNPeAlel XOPOKTNPLOTIKA TOU OCUOCTAUATOC, OTWC
Kol

* H emloyn tou MPWTOKOAOU emnpealetal anod tn {ntovpevn anodoon
KOIL CUMTTEPLPOPA TOU oUOTAUATOC KOBWC Kal armo TNV opyavwaon tng
LEpapXLloC LVANG KOl TNG ETILKOVWVLOC.
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* Write-Update vs. Write-Invalidate

* Write-run: Mwa oslpd syypadwv amo éva enefepyaoty oe €va block
UVAUNG, N apxn Kol To TEAOG NG omoiag opilovtoal amo AELTOUPYLEC O€
auto to block amo aAAoug enefepyaoTec.

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

* Write-Invalidate: Eva write-run omoloudnmnote puikoug Ba dnpuLoupynoet
€va povadiko coherence miss.

* Write-Update: Eva write-run pRkoug L Ba mpokaAéoel L updates.
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Compulsory misses (cold)
- Npwtn npooPaon oe €va block.
- AU&non tou block size.

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

Conflict misses
- To block & xwpad oto set rou yivetat mapped.
- Au€&non associativity.

. (communication)

- : Otav €va data word ypnoluormnoleital ano 2 [ mopomavw
EMEEEPYOOTEC.

- : Otav aveéaptnta data words mou Ypnolpomnolouvtal amno
Sladopetikol ¢ emetepyaoTteC avikouv oto idlo 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

* AU¢&non tou block size pmopet va odnynoet :
V Meilwon tou miss rate (good spatial locality).
X AU€&non tou miss penalty kot iowg Tou hit cost.
X Au&non tou miss rate s€attiag false sharing (poor spatial locality).

X Abvénon tou traffic oto bus, Aoyw petadopdc «axpsiactwv» SeSopEvwy
(mismatch fetch/access size, false sharing).

* YApxeL n tdon yla xpnowpomnoinon peyoAvtepwyv cache blocks.

- AnooPeon ko6otoug tou bus transaction kal tng mMpooPfoong otn MVAUN
uetadpEpovrag neploocotepa Sedopéva.

- Hardware kat software pnxaviopot yia avtypetwriion tou false sharing.
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1. BeAtwwpévo data layout mpokelpevou va amodeuvyxBel n tomobetnon
avetéaptntwyv dedopevwy oto idto block.
- Data Padding

- eg. Dummy variables petaél lock variables mou eival tomoBetnuéveg Kovta
N Lo otnVv aAAn.

- Tradeoff :

- Xpnon array of arrays wote va BePatwBolpe ot kKABs submatrix eivol
TOTIOOETNEVO CUVEXOUEVO OTN MVAMN.
- Tradeoff :

2. Partial-Block Invalidation

- To block “omael” oe sub-blocks, yia kdBe €va amo ta onola datnpeital To
state.

- Je KaBe miss dEpvoupe oAa ta invalid sub-blocks.

- Kavoupe invalidate povo to sub-block mou mepléxel ta dedbopéva mouv Ba
TpormornolnBouv.

- Tradeoff :
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* Ta cuotipata nou otnpilovtal otn xpnon dtadpopou dev eival scalable.
- OAa ta modules (cores, memories, etc) cuvbéovtal pe eva set KaAwdiwv.

- Neploplopévo bandwidth = Asv auvédvetal pe tnv mpooBeon mapanavw
eneepyaoctwy - (kopeoUOC).

- MeyaAutepo bus - MeyaAutepo latency.

* ‘Eva scalable cuotnua mpemel va avTlpeTwnillel auta ta mpofARpoTa.

- To ouvoAlkO bandwidth Ba mpémel va aufavel pe tov oplOUO TwV
ETECEPYOOTWV.

- O xpOvo¢ mou armoatteital ywo kamola evépyela 6 Ba mpEMeL va auEavel
oAU (rty. EkBetika) pe to peyeboc Tou cuoTrpaToc.

- Mpéenelva eival cost-effective.

* Xavoupe Baolkeg OLOTNTEC Tou Sladpopou.
- Ayvwotoc aplOpoc TauTtoXpovwy transactions.
- Aev untapyeLglobal arbitration.

- Ta anoteAéopata (Y. aAayEc oto state) yivovtal ameuBeiag opatd Hovo
arto ToUuC KOUBOUG MOV CUUETEXOUV OTO transaction.
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* Interconnect

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

* Processor snooping bandwidth
- MéxpLtwpa ta mpwtokoAAa ekavav broadcast (spam everyone!)
- Meyaho tooooto snoops dev MPOoKAAOUV Karola LLETaBaon

- T loosely shared data, kata taca mBavoTNTA LOVO EVOC EMEEEPYAOTHC
EXeL avtiypado

- Ebomoinon pOvo Ttwv emefepyaoctwyv TOU TOUC evOlodEpel Eva
OUYKEKPLUEVO block (spam only those that care!)
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Directory Memory Directory Memory

S=

| Scalable Interconnection Network I

Ll

To cache block state dev pmopetl va kaBoplotel mAEov apakoAovOwvTtog
Ta requests oto shared bus. (implicit determination)

KaBopiletal kot datnpeitol oe éva pEpocg (directory) omou ta requests

urtopolv  va  amevBuvBouv kot va TO avakaAvpouv. (explicit
determination)

* KaBe memory block €xel €va directory entry

- Book-keeping (rtolot nodes €xouv avtiypada, To state tou memory copy, ...)
- OAa ta requests yia to block tnyaivouv 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

cslab@ntua 2013-2014

56



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

+ XapnAotepn katavalwon bandwidth
- MeyaAUtepec kaBuotepnoelg (latency)

* Avo MePUTTWOELC read miss : oD Miss
' Y N
- - get data from memory \ ey .
» Bus : 2 hops (PO > memory - PO) \f___{f’
» Directory : 2 hops (PO > memory > PO) IZRD";]

- —> get data from processor (P1)

» Bus : 2 hops (PO - P1 - P0) (urtoB€tovtag OTL eMLTpEMETOL N cache-
to-cache petadopd dedopcvwy)

» Directory : (PO - memory - P1- PO)
- H O6eutepn meplmtwon TmopATNPEITOL OPKETA OUXVA OEF
TTOAVETEEEPYAOTLKA CUOTLOTO
- YynAn miBavotnta va £xeL to block évac emeéepyaotnc
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