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1. Parallel Computer Architecture: A Hardware/Software Approach, D. E. Culler, J.
P. Singh, Morgan Kaufmann Publishers, INC. 1999.

2. Transactional Memory, D. Wood, Lecture Notes in ACACES 2009
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Moore’s Law (1964) :

- # Transistors per IC doubles every 2 years (or 18 months)
» [1paKTIKA N anodoon tou enefepyaoth Suthacilaletal KAOe 2 xpovia.

* OMo kal meploootepa MPoPARUATA...
* Memory wall

- 1980 memory latency ~ 1 instruction
- 2006 memory latency ~ 1000 instructions

* Power and cooling walls

* AUénon moAumAokotntag oxedlaopou kol emaAnBsvonc (design
and test complexity)

* MNeploplopeva meplBwpla mepatepw eKPETAAAEVONC ILP
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* OL moAuvenetepyaotec yvwploav wolaitepn avamtuén amo tn
dekaetia twv 90s :

- Servers

- Supercomputers ylo. TNV €nitevén peyautepnc eniboong oe oUyKpLon Eva
enetepyaotn

* 2TIC nEPeC pa (CMPs) :

- Meilwon kootoug oxedlacpol pEow emavaxpnotpomnoinong (replication)
oxebiwv

- EkpetaAAevon Thread-Level Parallelism (TLP) yia tnv QvTlUETWTLON TOU
memory wall

- XapunAOtepo per-core power, MEPLOCOTEPQ COres.

* Amodotikr) xpnolpomnoinon TmoAvenetepyaoctwy (Olaltepa o€
servers) omovu unapyel thread-level parallelism

- AU€énon evéladEpovtocg yia tn oxediaon servers kol TNV anodoon TouG
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* OAa autd odnyouv Oe€ Hla VEQ €TOXN OMOU TOV KUPLO POAO
Stadpapatilouv oL TOAVEMEEEPYOULOTEC

- Desktop pnxavipota ylo kaBe xpnotn Ue 2, 4, 6, 8, ... TUPNVEC

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

 Single Instruction stream, Multiple Data streams (SIMD)

- MoM\amAol enefepyaotég, 1Olec evioAég, Olwadopetika dedopéva (data-level
parallelism).

- Multiple Instruction streams, Single Data stream (MISD)
- MéxpL onuepa dev €xeL spdavioTtel otnv ayopd KAmolo TtEtolo ocvotnua (eival
Kupilwg ywa fault tolerance, 1.X. UTTOAOYLOTEC TTOU EAEYXOUV TITHON AEPOOKADWV).
* Multiple Instruction streams, Multiple Data streams (MIMD)

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

* Oa aoxoAnBoupue KLUPLWC e cuoTHUaTA.
- Thread-level parallelism

- Euel&la: Asttoupyia eite wg single-user multiprocessors eotialovtag otnv
anodoon pag epappoync, eite we multiprogrammed multiprocessors ekteAwvToC
TIOAAQTTAEC AELTOUPYLEC TAUTOXPOVAL.

- MAeovektipata KOotouc-anodoong xpnotpomnowwvtag off-the-self emeéepyaotec.
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515D

Instruction Pool

Data Pool

SIMD

Instruction Pool

Data Pool
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* Napadeiypata MIMD cuotnudatwv

Clusters (commodity/custom clusters)
Multicore systems

« KaBe enetepyaotnic ekteAel StadbopeTiko process (depyaoia).

: “A segment of code that can be executed independently”. e €va
TTOAUTIPOYPOLLLOTLOTIKO TteEpLBAAAOV, oL emetepyaotec ekteAouv dladopetika tasks
KL ETMTOUEVWCE KABE process eival aveédptnTn oo TG UTTOAOLTEC.

Otav moAAamAd processes polpalovtol Kwolka kat xwpo SlteuBuvoswv (address
space) tote ovopalovtal

JAuepa o opoc thread xpnoipormoleital yia va meplypaPel YeVIKA TTOAAQTTAEC
EKTEAEOELG, oOL ormole¢ pmopel va mpaypatonownBouv oe  SladpopeTIkoUC
eMEeEEPYAOTEC aveEaptnTa Ao To av potpalovrtal i 0xL to address space.

Ot multithreaded (MOAUVNUOTIKEG) OPXLTEKTOVIKEG ETUTPETOUV TNV TAUTOXPOVN
eKtéEAeon moAAamAwv processes pe OSladopetikd address space, KoBwc Ko
noAAamAwv threads mou potwpalovtol to idLo address space.
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* [ TNV amodotikn xprnon evoc MIMD cuotripatog Ue
arattouvtal

- Anuwoupyia amod Tov mpoypappaTioT ) Tov compiler

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

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

- Coarse-grain: EkatoppUpla evioAég (thread-level parallelism)

* Ta MIMD ovotipata xwpilovtal oe 2 Katnyopiec pe PBaon tnv
OpYAvVWaon NG LEPAPXIAG TNG MVAKNG TOUG.
- Centralized shared-memory architectures (ApXLTEKTOVLKEC CUYKEVIPWHEVNG KOLVAG
HvApNe)
- Distributed memory architectures (ApXLTEKTOVIKEC PUOLKA KATAVEUNUEVNS UVANG)
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* MwpOC aplBuoc enetepyaoctwy
(ALV(’)TEpOL aT[(’) 100 TO 2006). Processor Processor Processor Processor

* OAoL ol emetepyaoteg potpalovrol
LLLOL KEVTPLKN MVAMN

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

One or One or

- 1 O)\)\OLT[)\éL 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 ME
TOUC ETEEEPYAOTEC

- Opolopopdoc 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 uvAun polpadetol ToTikad o€ KaBe enetepyaotn.

[MAgovektipata

- MeyaAutepo elpoc {wvng LVAKNG av
n mAeloPnodia Twv NPoomeAAcEWV

ylvovtal tomika og kaBe koupo. —@’Memory'— 0 ‘Memory'— 10

- Melwon xpovou npooBaong oe
dedopéva amobnkevpéva otnv
UVAMN Tou KABe kOuBou. Interconnection network

Processor
+cache

Processor
+cache

Processor
+cache

Processor
+ cache

MelovekTrpata

B |_|07\UT[’?\OKr] OLVTOLM\OILW] 5850[18va IO et /0 | | Memory /0 || Memory i0
HETalL emetepyaoTwy.

- Mo dVuokoAn mapaywyn software yLa A
TNV EKPETAANELON TOU AUENUEVOU + cache

€UPOUG {WVNG TNG UV KNG,

Processor
+cache

Processor
+cache

Processor
+cache

£2007 Elsavier, Inc. All rights reserved.

AUo povtéla emikolvwviog yia avtaAlayr 6edopevwy
- Shared Address space

- Message Passing
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- Shared address space

- OL UOLKA KOTOVEUNUEVEG UVAUEC Machine Physical Address Space

Virtual address spaces for a

XPNOLLLOTIOLOUVTAL OOV EVOG collection of processes communicating 1 o oeivite
uovaélKéq’ 6LauOLpaZéuevoq via Shared Addresses /
XWPOoG debOpEVWV. load /;/ ¥ %
- H 6wa puoikn dtevBuvon oe 2 % P
eMeePYOOTEC avaPEPETAL OTNV o P2 e e ~/ T —
oTo PO ] L o / Addresses
JJ /] B T /
NG GUOLKNAG LVAUNG. \ 8 7// L ] /
7 7 ] A ¥ .
- Emwolwvwvia HECW TOU KOLVoU Sore e /= 7| P2private
[ . . . ) ] onare ortion ~
xwpou (implicitly, pe xpnon amAwv of Address Space | =
Loads ka Stores o€ shared variables). L=
= T - » .
- OumoAueneéepyaoteg avtol | P1 private
A Private Portion T - —
OVOH(XZOVTQL of Address Space ] SR e
I " o privat
private
- O xpovoc npooPaong e€aptatal

arno tnv tonobeoia otnv omnoia Bplokovtal ta
dedopéva -
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* Private address space

- O KkAaBe enetepyaotnc £xeL To HLKO

Tou address space, 10 onoio dev
Urtopel va mpooTmeAaoTEL Ao
KAToLov AdAAo.

- H idwa puoikny dtevBbuvon oe 2
ETEEEPYAOTEC avaPEPETOAL OF

- Emwkowvwvia (explicitly) péow
HNVUUATWY =

RecvY, P t

address X

Local Process
Address Space

Process P

address Y

Local Process
Address Space

Process Q

- KaBe ouvbuaouocg send-receive mpayUATOTOLEL Eva cuYxpoVIoUO (euyouc (pairwise
synchronization) kaBwc¢ kot po petapopa Sedoucvwv omo pvAun oe Uvnun

(memory-to-memory copy)
- 1uX. clusters

cslab@ntua 2014-2015
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switch

(interleaved)
first-level cache

(interleaved)
main memory

I Memory I I/0O Devices

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

(¢) Dance-hall (d) Distributed Memory
cslab@ntua 2014-2015 13



* Baowkn 1610tNTA TWV CUCTNAUATWY MVAMNG

- Kave avayvwon utoc torrodeoiog, Ja mPEMeL va EMIOTPEPEL TNV TEAEUTOIA
TLUL TTOU YPOPTNKE OE QUTH).

- Baolky dlotnta 1000 Yyl TA OCEPLOKA TIPOYPALUOTA, OCO0 KOl ylo Ta
o paAAnAa.

* H wwotnta auvtn dtatnpeital otav moAAamAad threads ektelouvrol
o€ eva enetepyaotn, kabwce “BAemouv” tnv LdLa Lepapyia LvAUNG.

* 2TO TIOAUETEEEPYAOTIKA CUOTHLLATA, OUWC, KABE enMeéepyaoTnC EXEL
N 6Kn Tou povada kpudnc uvnung (cache).

* MBava npoBAnpaTa :

- Avtiypada pioag petapAntng eival mBavov va umdpxouv O€ TAPATIAVW ATto
uia caches.

- Av uLa eyypadn 6ev elvat opatry amo OAouc TouC EMEEEPYAOTEC, TOTE UTTAPXEL
nepimtwon kamnotot va dtafdalouvv tnv maAld Tl tng LeTaBAnTAC ou eival
amoBnkevpévn otnv cache touc.

- MpoPAnua :

cslab@ntua 2014-2015 14
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MpoBAnna coherence ota

MOVOEMEEEPYOOTIKA cUCTAMOTA?

15



DMA — CPU otnv pvAun:

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

Nuoegic:

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 2014-2015 16



@ @ I/O devices

Memory

= OL ene€epyaoTEC BAETTOUV SLAPOPETLKI TLUA YL TN LETOBANTH U LETA TN AELTOUpYLia
3

= Me t1c write back caches, n tiun mov ypadetal niow otn pvAun e€aptatol ano to
niota cache kot mote Stwyvel ) aviypadel dedopeva

= Antapadekto, aAld cupBaivel cuyva!

cslab@ntua 2014-2015 17



Processor 0 Processor 1

0: addi rl,accts,r3

1: 1d 0(x3),r4d

2: blt r4,x2,6

3: sub r4,r2,rd

4: st r4,0(x3)

5: call spew_cash 0: addi rl,accts,r3
1: 1d 0(x3) ,r4
2: blt r4,x2,6
3: sub r4,r2,rd
4: st r4,0(x3)
5: call spew _cash

cPuo J crut

Meml

* AUo tavtoxpovec avaAnyPetlc €100 amno tov idlo Aoyaploouod amo 2

Stadopetikd ATMs.

« KaBe transaction og SlodpopeTiko eneepyaoTy).

* H 81eBuvon mePLEXETAL OTOV KOTOXWPNTH Sr3.

cslab@ntua 2014-2015
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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 2014-2015

Processor 1

bk W N E O

addi rl,accts,x3
1d 0(xr3) ,r4d

blt r4d ,xr2,6

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(r3) ,rd

0
1:
2: blt rd4d, xr2,6
3:
4
5

sub r4,x2,r4d
st rd, 0(xr3)

: call spew_cash

cslab@ntua 2014-2015

Processor 1

n &= W o B O

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

: blt r4,r2,6

sub r4,r2,ré
st r4d,0(x3)

call spew_cash

* 3 mbava avtiypada : memory, p0S, p1S

* To ocvotnua eivat mBavo va eivat incoherent.

cpuo [ cPut [mem]

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

I D:-’-IDDIU:EDD | 500 I

[D:400]D:400

500 ]
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Processor 0 Processor 1

cpuo [ cput [Mem]

0: addi rl,accts, r3
1: 1d 0(z3),x4 500
2: blt r4,r2,6 V:500 500
3: sub r4,x2,rd
4: st r4,0(x3)
5: call spew cash 0: addi rl,acects, x3 \:400 400
1: 1d 0(x3),x4
2: blt rd,r2,6 v:400] v:400] 400]
3: sub rd,r2,ré4
4: st r4,0(x3)
5: call spew_cash Imm
Twpa avtiypada!

Kat rmaAL mpoPAnual (r.x. €otw ot 0 p0 ekteAel kat AAAN avainyn)

* O write-through caches dev AUvouv 1o poPfAnual

cslab@ntua 2014-2015 21



Alatripnon tng Baolkng blotntag

- Kade avayvwon utac torrodeoiacg, So MPEMEL va ETIIOTPEPEL TNV
TLUI TTOU YPOPTNKE OE QUTH).

Nwc opiletal to ;

Y ELPLOKA TTPOYPALLLOTOL

- Opiletatl cupdwva Pe TN CELPA TTOU ETIRAAAETAL ATIO TOV KWOLKAL.

NopaAANAa TPOYPALLATO

- Avo threads pmopet va ypaygouv otnv ibua dtevBuvon tnv WL XPOoVvIKA
oTLyun.

- Eva thread pmopetl va dtafaocetl pa petaBAnt akplBwc HETA TNV gyypadn
NG amo Kamowo AaAAo, aAAd AOyw tNG TOxutntag petadoong n eyypadn
autn 6ev €xeL ylvel akopa opath.

- H oslpd mou emiBaiAel o kwdikag opiletal evtog tou thread.

- Amnouteital OpwWE Kol 0 OpLOMOC HLaG OELpAC TTou va adopd
(global ordering).

cslab@ntua 2014-2015
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EOTw OTL UTTAPXEL LLOL KEVTPLKN UVAKN Katl Kapia cache.
- KaBe Asttoupyia o pla 6€on pvAung npoornieAaleL tnv iba duokn B€on.

- H pvAun emPariet pla OTLC Asltoupylec OAwv twv threads
o€ auTn tn B€on.

- O Aewtoupyieg kaBe thread dtatnpouv TN CELPA TOU TIPOYPAUATOC TOU.
- KaBe oduataén mou Slatnpel Tt OEpAd TWV AELTOUPYLWV TWV ETLUEPOUC
NPOYPAUATWY lvol amodekth / €ykupn.

Qc “ ” opiletol n mo mpoodatn Aewtoupyla o pa
uTtoBetikn akoAouBia mou dtatnpel TIg mopamavw LOLOTNTEC.
Y€ £Va TIPOYHOTIKO cUoTNpa SEV UTTOPEL VAL KOTALOKEUALOTEL AUTA N
KotBoALKN oelpa.

- Xpnon caches.

- Amnoduyn serialization.

To cvotnua va €lvoll KOTOLOKEUQLOEVO WOTE TA TIPOYPAUUOTA VAL
ocuunepldbEpovral auTA N KaBOALKN OELpa.

cslab@ntua 2014-2015
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* Eva ocvotnua sival (ouvapec) av yla KaBe ektéleon ta
amoteAeopata (oL TIUEC TTOU ETILOTPEPOVTAL A0 TIC AELTOUPYIEC
avayvwornc) elval tetoln, wote o kKABe B€on va pnmopoupe va
KOTOLOKEUQLOOUE JLaL OAWV TWV
Aeltoupylwv otn O€on autni, TTOU val €lval OUVETNG HE T
QTMOTEAECMATA TNE EKTEAEONC KAl OTNV omola :

- O Aettoupyiec kaBe thread mpaypatomolovvtol PE TNV CELPA KOTA TNV
omola KAOnkav armo avto to thread.

- H T mou enotpedeTal amod pa Asttovpyia avayvwaong eivat n T tne
TeAevtaiog eyypadnC oTn OUYKEKPLUEVN Beon ovpdwva HPE TNV
uTtoBEeTIKN akoAouBLakn oelpa.

* 3 ouvBnKec yLla va eivatl Eva cvotnua coherent.

cslab@ntua 2014-2015
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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¢ o€LpAc TOU MPOYPAUUOTOC.
- loyUEeL Kal 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 avayvwonc dev pumopel va emotpEPel TAALOTEPEC 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.qg. 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)

- . Xpewalopaote read serialization;
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* Xpnon dtadpopou
- Npoodepel pLa amAr kat kopdr) uhomoinon yla cache coherence.
- MpoBAnpata scalability.

* OAec oL ouokeuec mou elval ouvdebepevec mavw oto Oladpopo
Ltopouv va mapoakoAovBouv oAa ta bus transactions.

* Tpelc daoelc o kKABe transaction

- Awutnoia: O bus arbiter amodacifel mola cuokeun €xeL TO OKalwpa vol
XPNOLLOTIOLNCEL TO bus

- AmootoAn evroAng/disvBuvong: H emleyuévn ocuokeun petadidel to eldog tNC
evtoAnc (read / write) kaBwce kat tn OSevBuvon tng avtiotoxng O€ong. OAol
nopoakoAouBouv kot anmodacilouv av toug “eviladépel” i OxL.

- Metapopa SeOOUEVWV

cslab@ntua 2014-2015
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* ExpetaAAevon tou cache block state

- KaBe cache pali pe ta tag kot data amoBOnkeVel Kal TNV KATAOTOON OTNV
ortola Bpioketatl to block (m.x. invalid, valid, dirty).

* QuolaoTtika yia kaBe block ‘Aettoupyel’ pa pnxovr MEMEPOCLEVWV
Kataotaoswv (FSM)

- KabBe nmpooBaon oe €va block  oe kamoiwa dtevBuvon MOU AVTLOTOLXEL OTO
(6lo cache line pe avuto to block, mpokaAei pla petaBoAn tou state [ aAALwG
la aAAayn Kataotaong oto FSM.

« e multiprocessor cuotnuata to state evoc block sivat évac niivakoc
LLAKOUC p, OTIOU p 0 apLlOuoc Twv caches.

- To (6lo FSM kaBopilel Tic aAAayEC Kataotdoswyv yia oAa ta blocks og OAec
TI¢ caches.

- To state evoc block pmopet va dtadépetl amnod cache og cache.

cslab@ntua 2014-2015 27



cslab@ntua 2014-2015

* Coherence Controller (CC)

* MNapakoAouBel tnv Kivnon oto
dtadpopo (btevBuvoelc kal dedopeval)

* Extelel to mpwtoOkoANO cuvadeLog
(coherence protocol).
- Anodaoilel TL Oa KAVEL LLE TO TOTIKO

avtiypado pe Baon auvta mou PBAEMEL va
pnetadidovtal oto dtadpopo.
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* 0O eAeyktNC NG cache dexetal l00d0 Ao 2 HEPLEC
- Awnoelg mpooBaong otn PvAUN oo Tov EMeEEpyaoTn.

- O “kataockomocg” (bus snooper) evnuepwvel ywa bus transactions ToU
TipaypatonololV ol urtoAouneg caches.

* J€ KAOe mepimtwon avtanokpivetal
- Evnuepwvel Tnv kataotaon tou block pe faon to FSM.
- AmootoAn dedopévwy.
- Mapaywyn VEwv bus transactions.

* KaBe npwtokoAAo armoteAeital amo ta mopakatw OOULKA OTOLXELA
- To oUvolo tTwv ertpentwy states ywa kaBe block otic caches.

- To state transition diagram mou pe gicodo to state tou block kat tn aitnon tou
enefepyaoty N TO TApATNPOUpEVO bus transaction umodewkvuel wg €€odo TO
ETIOMEVO ETUTPENTO state yia to block auto.

- Tig evépyeleg oV eMIBAAAETAL VO TipayLaTtotolnBouv Katd tnv aAAayr KATAoTaon
Tou block.

cslab@ntua 2014-2015
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- write-through, write-no-allocate cac

- 2 states ywa kaBe block
- Valid
- Invalid

« Je meplmtwon eyypadnc evoc block

- EvnuepwveTal n KUPLA LWVAKN LECW
€vOG bus transaction.

- KabBe bus snooper evnuepwvel Tov cach
controller Tou, 0 omOLOC AKUPWVEL TO

TOTILKO avtiypado av uTtapyeL.

* Emutpenovrol moAAATIAEC TAUTOXPOVEC

avayvwoelc (multiple readers). Muwa
gyypadn OLwWE TOUC OLKUPWVEL.

* Elvouw coherent ;

cslab@ntua 2014-2015

hes PrRd / -- Prwr / BusWr

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

— = Processor initiated transactions

- — = Bus-snooper initiated transactions
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MropoUpE v KOTAOKEUACOUME Lot KAOOALKN) OELPA TIOU VAL LKOWVOTIOLEL
TN OELPA TOU TIPOYPALLUOTOC KOL TN OELPLOTIOLNGN TWV eyypadwy;

YrioBEtoupue bus transactions kot memory operations.

- 'Eva transaction kdBe popad oto bus.

- KadbBe emeepyaotnic MePLUEVEL VoL OAOKANPWOEL pla tpoofaon Tou otn UvAUN TPW
attnBel kawvoupla.

- OL gyypadec (kal ol akupwoelg) oAokAnpwvovtal katd tn OSldpkelo tou bus
transactions.

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

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

- Ol aKUPpWOELC TtpaypaTtonolovvtal eniong cupudwva pe to bus order.

MNwg mapeUPANAOUE TIG AVAYVWOELG OTN CELPA QUTH);

- OL avayvwoelc 6ev elvol UTIOXPEWTIKO va TPOKAAEoouv bus transaction kat
UrtopoUV val EKTEAOUVTOL AVEEAPTNTA KOL TUTOXPOVA OTLC caches.
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* JELPLOTIOLNON OVAYVWOEWV

Read hit | read miss?

- Ikavoroleital peow bus transaction. Emopévwe ostplomoleitot padl pe Tt eyypadeg.
- Oa deL TNV TN TNC TeAeutalag eyypadnc cupudwva pe to bus order.

- |kavormoleital amo tnv TN mou Bploketal pEoa otnv cache.

- BA£meL TNV T TNS TILo TPOodaTNnG amno tov (610 enefepyaotn 1 TNG TLO
npoodatng (read miss).

- Kot ta 2 (write kot read miss) tkavorolouvtol HEow bus transactions.
- Emopévwc kat ta read hits BAEnouv TI¢ TLpEC oUWV Le To bus order.
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Processor 0

- addi rl,accts,r3
- 1d 0(x3) ,xr4

: blt r4,x2,6

: sub r4,r2,r4

: st r4,0(x3)

: call spew_cash

oh = W MM B O

Processor 1

b0 &= W B 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 dnuiovupyei Eva BusRd

[cruo] cPut Jmem]

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

[V-a00] V200 400 |

| v:300] 400 |

* O pO0 amavta ypadovtog nicw to modified block (WB) kat akupwvovtag to
otnv cache tou (petaBaon otnv kataotoon |)
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To VI mpwtokoAAo dev gival amodoTLko

- “Indolpo” Tou V o€ 2 KATAOTAOELG

3 Kataotaoelc (states)

1. TpomomoLlnuevn

2. Motpalopevn

3.Akupn
* 2 TUTIOL QLLITACEWV QTTO TOV ETEEEPYOLOTH)
- PrRd (avayvwon) kat PrwWr (eyypadn)

3 bus transactions
- BusRd : Zntd avtiypado xwplc oKomo va To TPOTOoTOoLroEL
- BusRdX : Znta avtiypado yla va To TPOTomnoLioel
- BusWB : EvUEPWVEL TN UVAHN
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* Aldypappa MetaBaong Kataotaoswv

—> Metafadaoslg e€altiag AeLtoupyLwyv Tou
“tomikoV” emetepyaoth.

---->MetaBaoelg e€altiag Twv mapatnpoUUEVWY
bus transactions.

A/B Av o cache controller mapatnpnost to A, tote
EKTOC ao TN METAPoon oTn VEA KATAOTAON
TIPOKOAEL KalL TO B. PrWr / BusRd

-- Koapia evépyela.

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

* Ooo no “YnAd” oto dtaypappa
Bploketal eva block, T0co IO Prwr / BusRdX
oteva ouvdedepévo (bound) eival pe tov
enetepyaotn.
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Processor 0

0
1
2
3:
!
5

* To

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

: blt r4,x2,6

sub r4d,r2,r4
st rd 0(xr3)

call spew_ cash

Procesgssor 1

(1= TS T % T S |

5:

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

: blt r4,x2,6

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

call spew_cash

Tou pl dnuiovpyel Eva BusRd

cpuo [ cPu1 [mem]

200

S:500 200

400 500

S:4001 54001 400

I M:300] 400

* O p0 amavta ypdadovtoag nicow to modified block (WB) kat aAAalovtag to

* To

avtiypado tou o€ S

Tou pl dnuiovpyel Eva BusRdX

* O p0 amavtd akupwvovtog to avtiypado tou (petafaon oe 1)
cslab@ntua 2014-2015
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* Hdwadoon twv eyypadwv ival mpodavic.

 Jelpormoinon syypadpwv :

- OAec oL eyypadec ou eudavidovrol oto dtadpopo (BusRdX) datdooovtal
QIO QLUTOV.

- Ot avayvwoelg nou gudavidovratl oto dtadpopo dlataocoovial w¢ MPoc TLG
eyypadEg.
- Ta g eyypadeg mou dev epdavidovral oto dtadpopo:

Mo akoAouBia tetowwyv gyypadwyv petaét 2 bus transactions yia to 6o block
MPETEL VO TtPpOEPYOVTaL amo tov (dLo enefepyaotn P.

2tn oslplomoinon n akoAouBia epdavidetal petafy avtwyv Twv 2 transactions.
OL avayvwoelg amno tov P Ba BAEnMouv TIC eyypadEC UE AUTH TN OEPA WE TTIPOC
TLC UTTOAOLTTEG EYYPADEG.

OL avayvwoelg ano aAlouc eneéepyaoTtec Staxwpilovtat ano tnv akoAouBia pe
gva bus transaction, n omoia TI¢ TomoBeTel £T0L 0 OELPA WC IIPOC TLC EYYPAPEC.
OL avayvwoeLg oo 0AoUC Touc enteéepyaoTeC BAEMOUV TIC eyypadEC e TNV WL
oELlpaA.
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* MNpoBAnpa MSI

- 2 transactions ywa avayvwon kot tpornonoinon evog block, akopa kat av dev
To polpadstal Kavelc.

* 4 kataotaoeslc (states)
1. Tpomomnolnueévn

2. ATTOKAELOTLKNA — Movo aut) n cache €xeL avtiypado (pn
TPOTIOTIOLNUEVO).

3. Motpalopevn — AUO N eplocotepec caches €xouv avtiypado.

4. Akupn

* Av Kkaveic dev €xeL avtiypado tou block, tote éva PrRd €xetL cav
amoteAeoua TNV petafoon | > E.

- 2to duadpopo xpetaletal Eva onpa shared we amavinon o€ €éva BusRd.
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Prwr/
« Aldypappa MetaBaong Kataotdoswv .
. / / N N
— D/IsraBa’cf’em etattiag }\’&‘LTOUpVLwV TOoU \  \BusRdX /Flush
ToTKoU” emetepyaoth. BusRd/ F‘“Sh\ \
----> MetaBadoslc e€altiag Twv mapaTnPoOUUEVWY \ \\
bus transactions. \ \
A/B Av o cache controller mapatnpnostL 1o A, - o g | \
TOTE €KTOC Ao TN HeTafaon otn vea N \
/ ; BusRd /
Kataotaon POoKaAEeL kal to B. A \

-- Kapia evépyela. PrWr / BusRdX

* Eva block pumopel va Bpioketal oe

I ’ ’ ! oy |
kataotaon S evw Ogv umapxouv aAla — /ﬁlush,//
avtiypada. Seatt . /)
- I‘I(bq, BusRd / Flush™ | /
L 7 7
| LA
7
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* AlatnpoUlE ToV EMeEEPYAOTN, TN KUPLO VAN KoL TLG caches.
- Eméxtaon tou cache controller - ekpetaAAeuvon tou bus.
* Write-back caches
- Anodotikn alomoinon tou meploplopEvou bus bandwidth.
- Aev tpokaAoUv bus transactions 0Aec ol AeLToupyiec pvnung.
- Mo duokoAn vlomoinon tng cuvadeLag.
« Xpnon tou (tpomomolnuEvn Kataotaon)
- — Ogv umtapxeL aAAo Eykupo aviiypado.
- H kUpla pvApn UIopeL val €XEL N va KNV EXEL avtiypado.
- H cache eivat unmevBuvn va napéxel 1o block og 6molov to {ntroeL.

. (amokAeloTikOTNTA)

- H cache pmopel va tpomomnowioet to block xwpic va elbomolioel kaveva =

Mpw TNV eyypadn VO OTTOKTAOEL ATIOKAELOTIKOTNTAL.
- Axkopa kat av to block eivad valid -
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* Write-miss

MpokaAel Eva €l61KO transaction :

Ewdomolel Ttouc umoAoutouc OtL okoAouBei eyypadrn Kol QTOKTA
armokAELoTIKN Wloktnola.

OAoL 6ool SlaBtouv avtiypado tou block to dtaypadouv.

Movo po RdX emituyyavel kaBe dopd. MoAAATIAEC ALTACELS OELPLOTIOLOVUVTOL
arno to Stadpopo.

TeAlka Tt vea dedopéva ypadovtal otnv Kupla pvApn otav to block
ekOLwXOel amo tnv cache.

Av éva block dev €xel tpomtontoinBeil (modified state), tote dev xpelaletal va
ypadtel otnv KUpLA pvAun otav ekdlwyxBel amo tnv cache.
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* Muwa Asttoupyia eyypadnc evnUEPWVEL Kol TUXov avtiypada tou block
OTLC uTtOAoLTteC caches.

* [MAeovekTApoTa
- Mwkpotepn kaBuotépnon npocPaong oto block amo tig dAAeg caches.
- OMol evnuepwvovTtal UE Eva povo transaction.

* Melovektpata

- MoA\amAéc eyypadéc oto block amd tov idlo emetepyaoty mpokaAouv
rnoAAamAd transactions yLa TLG EVNUEPWOELG.
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* 4 Katootaoelc (states)

1. ATOKAELOTLKN — Movo autn n cache €xeL avtiypado (pn
TPOTOTOLNMEVO). H KUpLa Lvrpn elvai evnuepwpévn (up-to-date).

2. Molpalopevn-kabopn — AUO A MeploooTePEC caches
gxouv avtiypado. H kUpLa pvripn 8&v eival untoxpewtika up-to-date.

3. MolpalOpevn-TpOoTOTOLNEVN — Ao N
NEPLOOOTEPEC caches €xouv avtiypado, n kupla pvAun 6gv eivar up-to-date
Kol n cache autn €xeL tnv evBUVN va EVNUEPWOEL TNV KUPLA VA LN OTOV
ekOLwéeL To block.

4. TpormomoLlnuevn — Movo n cache auth dlaBeteL To
Tporomnolnuévo block evw n kUpLa pvAun dev eivan up-to-date.

* Aev urntapyel Invalid state.

-  To npwtokoAho Sdtatnpet mavrta ta blocks mou Bpilokovtal otic caches up-to-
date.

* AUO VEEC aTROELC amo tov eneepyaoth : PrRdMiss, PrWrMiss

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

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

PrWr / BusUpd(S)
BusUpd / Update
BusRd / Flush
PrWrMiss / BusRd(S); BusUpd PrWrMiss / BusRd(S)
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 ) noapexovroal
eneéepyaotn P1 dwadpouo )
ano

P1 dwaBaleL u E BusRd Mem

P3 SwaBaleL u Sc --- Sc BusRd Mem

P3 ypadeL u Sc Sm BusUpd P3 Cache
P1 dwaBaleL u Sc Sm ---
P2 daBaleL u Sc Sc Sm BusRd P3 Cache
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« 2e kamowa cache yivetat eyypadnn oe €va block. Mpwv tnv emopevn
geyypadn oto iblo block, B€AeL kamoloc aAAog va to dtaBaoel;

* Noaut:

» Read-miss — miBavwc moA\armAd transactions @

» Read-hit av siyov ano npv avtiypoado— svnuEPwon e Eva povo transaction ©

» NoAAamAEC eyypadEC xwplc emumAgov Kivnon oto bus ©
» EkkaBapilon avtlypadwv rou & xpnotpomnoovvtal ©

» MNoA\ammAec axpeiaotec evnuepwoelC (kat o mBavwe “vekpd” avtiypada) @
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* H oxeblaon mMoAVENEEEPYAOTIKWY CUCTNUATWY £lval TTOAUTIAOKN
- AplOuoc enetepyaotwy
- lepapyxia pvAunc (levels, size, associativity, bs, ...)
- Awadpopocg
- Memory System (interleaved banks, width of banks, ...)
- 1/0 subsystem
+ (Protocol class, states, actions, ...)

* To MPWTOKOANO eTnNpPedAlel XOPOAKTNPLOTIKA TOU OCUOTAMOTOC, OTWC
Kol

* H emloyn tou MPpWTOKOAAOU emnpedletol anod tn {ntovpevn amnodoon
KOl CUMTIEPLPOPA TOU CUOTAUATOC KaBwC Kal amo thv opyavwon tng
LEpap)loC LVALNG KOl TNE ETLKOWVWVLAC.
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* Write-Update vs. Write-Invalidate

* Write-run: Mo oelpd eyypadwv amod €va emefepyaot o €va block
LVANG, N apxn Kol To TEAOC TnG omoiac opilovtal amo AELTOUPYLIEC O€
auTO to block amo aAAouc enetepyaoTec.

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

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

* Write-Update: Eva write-run pakoug L Ba tpokaAéoel L updates.
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Compulsory misses (cold)
- Mpwtn npoofaon oe eva block.
- Au€énon tou block size.

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

Conflict misses
- To block 6g xwpa oto set mou yivetat mapped.
- AuU&non associativity.

. (communication)

- : Otav €va data word ypnolpomoleitatl anod 2 r mapamnavw
EMEEEPYOAOTEC.

- : Otav aveéaptnta data words mou ypnoiluomnolouviol amno
Sdladopetikolc emetepyaoteg avrikouv oto (dlo 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

been modified sinc
replacement

11. pure-
capacity

word(s) accessed
during lifetime

12. true-sharing-
capacity
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* Cache Block Size

* Avu&non tou block size pmopei va odnynoet :
V Meilwon tou miss rate (good spatial locality).
X AU€énon tou miss penalty kot lowc tou hit cost.
X Ab€&non tou miss rate s€autiag false sharing (poor spatial locality).

X Ab€non tou traffic oto bus, Aoyw petadopdc «axpeiaotwvy SeSopEvwy
(mismatch fetch/access size, false sharing).

* YLApPXEL N TAON YL Xpnoluomnoinon peyoAutepwy cache blocks.

- AnooBeon kootoucg tou bus transaction kat tng mMpooPfaong otn HVAUN
uetadepovroag neplocotepa dedopeva.

- Hardware kalt software pnyaviopoti yla avtipetwriion tou false sharing.
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1. BeAtwwpévo data layout mpokelpévou va amnodevxBel n tomoBeTnon
aveEédptntwy dedbopevwy oto oo block.
- Data Padding

- eg. Dummy variables petatl lock variables mou eivat tomoBetnueveg kovta
N ULt otnv AAAn.

- Tradeoff :

2. Partial-Block Invalidation

- To block “omdel” oe sub-blocks, yia kaBe €va ano ta omnola dlatnpeital To
state.

- 2e KABe miss pEpvoupe OAa ta invalid sub-blocks.

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

Tradeoff :
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* Ta ouotnuata tou otnpilovtat otn xpnon Stadpopou dev ival scalable.
- OAa ta modules (cores, memories, etc) cuvdcovtal pe eva set KAAwWSILwv.

- Meploplopévo bandwidth = Aev avédvetol pe tnv MPOoOson MOPATTAVW
EMEEEPYOOTWY = (kopeopog).

- MeyaAutepo bus - MeyaAUtepo latency.
* ‘Eva scalable cUotnua mpémnet va avilpetwnilel avta ta npoBAnuata.

- To ouvoAwlko bandwidth Ba mpémel va auédavel pe tov aplOpod Ttwv
ETMEEEPYOAOTWV.

- O XpOVOC TIOU QTTOLTELTOL YLt KATola evepyela &g Ba mpEmeL va auEavel
oAU (rty. EkBeTikd) pe to pEyeboc Tov cuoTrpatoc.

- MMpéEneL va eival cost-effective.

« Xavoupue Baolkeg LdLotnteg Tou dtadpopov.
- AyvwoTtog aplBuog tautoxpovwy transactions.
- Aev umtapyel global arbitration.

- Ta amnoteAcopata (rmy. aAlayEg oto state) yivovtal ameuBeiog opatd pHovo
Ao TouC KOUBoUC ou CUMETEXOUV OTO transaction.

cslab@ntua 2014-2015 53



* |Interconnect

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

* Processor snooping bandwidth
- MéexpL Twpa Ta TPWTOKOoAAa Ekavayv broadcast (spam everyone!)
- MeydAo tooooto snoops v MpokaAoUv Karmola Petafaon

- T loosely shared data, kata maoca nBavotnTa LOVO EVOC EMEEEPYOOTNG
ExeL avtiypado

- Eldomolnon HOVO Twv E€mnefepyaotwy TIOU TouC evoladepel £va
ouykekpLpEvo block (spam only those that care!)
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Directory Memory Directory Memory

Ll

| Scalable Interconnection Network I

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

* KaBopitetal kat dtatnpeital oe eva pepocg (directory) omou ta requests

uropolv va ameuvBuvBolv kot va TOo oavakaAUpouv. (explicit
determination)

* KaBe memory block €xeL éva directory entry

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

Requestor

B
G { Read request

1 to directory
g ik

Repl y with
owner identity

Read req.
to owner

Directory node
for block

4a.

Data
Reply

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.
RdAEx request

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

4a.
I Inval. aclci

Sharer

2.
Reply with
sharers 1identity

to directory

Directory node
for block

Inval. ack

9

NN
X N
N

\

\X
AN

77

Sharer

\

(b) Write miss to a block with two sharers

cslab@ntua 2014-2015

57



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

(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 kaBuotepnoelc (latency)

, . 3 hop miss
* Avo mepuTtWOoELC read miss : . .
- 'If F'H\“I . F'-HI
— get data from memory . \_
» Bus : 2 hops (PO - memory - PO) \ - ;’f
X
» Directory : 2 hops (PO &> memory = PO0) ':ED”;'

- —> get data from processor (P1)

» Bus : 2 hops (PO - P1 - PO) (umoBetovtag OtL emutpEneTaL n cache-
to-cache petadopda dedopcvwy)

» Directory : (PO - memory - P1- PO)

* H O&eltepn meplmtwon mapATNPELTAL OPKETA OUXVA OEF
NMOAVEMEEEPYAOTIKA oUOT AT
- YynAn itBavotnta va £xeL to block évac eneéepyaotnic
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