Figures, examples amo

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 dumhaoialetal KAbe 2 xpovia.

* OMo koL meploootepa tpoBARATAL...
* Memory wall

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

* Power and cooling walls

* AU&non moAumAokotntac oxedlaopol kat emaAnBesuvonc (design
and test complexity)

* Meploplopeva meplOwpLa mepaLTEPW EKPETAAAEVONC ILP
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* OL ToAUEeTEEEPYAOTEC Yyvwploav Lolaltepn avamtuén amo 1n
dekaetia Twv 90s :

- Servers

- Supercomputers yla tnv €nitevén peyalltepnc enidboong o ocuyKpLon Eva
enesepyaoti

* 2TIC LEPEC pog (CMPs) :

- Melwon kootoug oxedloopol HEow emavaxpnotpornoinong (replication)
oxedlwv

- EkpetaMevon Thread-Level Parallelism (TLP) yia tnv QvTILETWTLON TOU
memory wall

- XapnAodtepo per-core power, MEPLOCOTEPQ COres.

* AmoboTikl xpnowuomoinon TmoAveneéepyaotwy (WOlaitepa o€
servers) omou unapyet thread-level parallelism

- Au&non evéladEpovtoc yia tn oxediaon servers kat tnv anodoon Toug
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* OAa autd odnyouv O HLAL VEQL €TOXN OTMOU TOV KUPLO POAO
Stadpapatilouv oL TOAVENEEEPYAOTEC

- Desktop pnxavipata ywa kaBe xpriotn pe 2, 4, 6, 8, ... TUPAVEG

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

- Single Instruction stream, Multiple Data streams (SIMD)

- MoA\armAoi emetepyaotég, 1Olec evitolég, OSwadopetika Oedbopeva (data-level
parallelism).

* Multiple Instruction streams, Single Data stream (MISD)

- MéxpL onuepa dev €xel epdavioTtel otnv ayopa KAMolo TETolo ocvotnua (eival
Kupilwcg ywa fault tolerance, m.x. UTTOAOYLOTEG TTOU EAEYXOUV TITON AgpPOooKadwv).

* Multiple Instruction streams, Multiple Data streams (MIMD)

- O KkABe emetepyaotiC eKTEAEL TIC OLKEC TOU €VTOAEC Ko emeéepyaletal To HLKA TOU
debdopéva. MoAamAda mapdAAnAa vipota (thread-level parallelism).

* Oa aoxoAnboupue KUpLWC UE OUOTAUOTO.
- Thread-level parallelism

- EueAiéia: Asttoupyla eite wg single-user multiprocessors eotidlovtag otnv
anodoon pac epappoyne, eite we multiprogrammed multiprocessors eKTeEAWVTOC
TIOAAQTTAEC AELTOUPYLEC TAUTOXPOVAL.

- MAgovektnuoata kootouc-anodoonc xpnolpomowwvrtog off-the-self emeéepyaotec.
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SISD

Instruction Pool

Data Pool

SIMD

Instruction Pool

Data Pool
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* Napadeiypata MIMD cuotnuatwyv

Clusters (commodity/custom clusters)
Multicore systems

« KaBe emetepyaotnc ekteAel StadpopeTikO process (dlepyaoia).

: “A segment of code that can be executed independently”. e éva
TTOAUTIPOYPALLUATIOTLKO TIEPLPAAAOV, OL emetepyaoTeC ekTeAOUV SladopeTikd tasks
KL EMOMEVWC KAOE process eival aveEdptntn oo TL¢ UTTOAOLTTEC.

Otav noA\amAd processes potpalovral Kwoka Kot xwpo dtevubuvoewv (address
space) tote ovopalovtol

JAueEpa o 0po¢ thread ypnolpormoleital yla va meplypaPel Yevika TTOAAATTAEC
EKTEAECEL, OL oOTmoiec wpmopel va mpaypatonoinBouv oe  SLadopPETIKOUC
eneepyaoteC aveEédptnta ano to av potpalovral i oxL to address space.

Ot multithreaded (MOAUVNUOTIKEC) OQPXLTEKTOVIKEC ETUTPETIOUV TNV TAUTOXPOVN
eKTEAEON TOAAATAWV processes pe Oladopetikd address space, kaBwg Kol
rnoAaAwy threads mou potpdalovtal to idlo address space.
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* [ tnv anodotikn xprion evo¢ MIMD cuotripatog Ue
aroLtouvtal

- Anpwoupyia amo Tov mpoypapatiotn i Tov compiler

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

- Fine-grain: Mepikéc O6ekadec evtoAecg (m.x. kamoleg emavaAnPelc evoc loop,
instruction-level parallelism)

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

* Ta MIMD ovotiuata xwpilovtal oe 2 katnyopiec pe Baon tnv
OpYAvVWaon TNG LEPAPXLAG TNG UVI NG TOUG.
- Centralized shared-memory architectures (ApXLTEKTOVLKEC CUYKEVTPWHEVNC KOLWVAC
HvAung)
- Distributed memory architectures (ApXLTeKTOVIKEG GUCLKA KATAVEUNUEVNG UVANG)
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* MwkpOC aplOuoc enetepyaotwy
(ALVéTEpOL aT[(’) 100 TO 2006). Processor Processor Processor Processor

* OMAoLol emetepyaoTteC potpalovral
LLLOL KEVTPLKN UVAUN

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

One or One or

- 1 O)\)\OLT[)\éL banks more levels more levels

of cache of cache

- point-to-point connections, switches
- Meploplopévo scalability

* Symmetric multiprocessors (SMPs)

- H pvAun €XeL CUPUETPLKA OXEON UE
TOUC ETEEEPYOLOTEC

- OpoLopopdOC XPOVOC TPOOTIEAAONG
(Uniform Memory Access — UMA)

Main memory I/0 system

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

H pvrun potpaletol Tomika o€ KaBe eneéepyaotn).

MAeovekTRpata

- MeyaAutepo eUpog {wvng LVAKNG oV
n mAeoPnodio Twv npooneAdocswv

yivovtal tomika og kaBe kopufo. —@‘Memory'— 0 iMemoryI— 10

- Melwon xpovou npocPaong oe
dedopéva anobBnkevpéva otnv
HLVAMN Tou KABe kOpBou. Interconnection network

+ cache

+ cache +cache +cache

Melovektnpota

- I'Io}\urs)\om avra)\)\qvn Gséouevwv 0 10} [Wemory ft={ 10} Wemory 0
HeTalL emeéepyaoTwy.

- Mo duokoAn mapaywyr) software yia Processor
TNV EKUETAAAELON TOU QUENUEVOU + cache

£UPOUG {WVNG TNG UVIKNG.

Processor
+cache

Processor
+cache

Processor
+cache

£2007 Eleevier, Inc. All ights reserved.

AUo povteAa emikowvwviog yia avtaAdayr dedopévwy
- Shared Address space

- Message Passing
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» Shared address space

- Ol dUOLKA KOTOVEUNUEVEC UVAMEC Machine Physical Address Space

Virtual address spaces for a

XPNOLUOTIOLOUVTAL GOV EVOG collection of processes communicating 1 Pnprivate
: : ria Shared Addresses .
pnovadlkog, dStapolpalOpEeEVO(Q via /
XwWPOoG SebopEVWV. / ///
I ’ ’ load Pn A= - /P/ ; ///
- H idwa puowkn dtevBuvon oe 2 % P
eneepPyaoTEC avadEPETAL OTNV " P2 b -/ R
oTOo el e / Addresses
1 1 B T /
NG GUOLKNG LVAUNG. \ ,/// -] y
’ 1 ’ A ¥ g
- Emwkowvwvia HEcw TOU Kolvou Ll . /=7 P2private
' . . . ' ' Shared Portion ~
xwpou (implicitly, pe xprion amAwv of Address Space s
Loads kat Stores o€ shared variables). L >
e » .
- Ounolvenefepyaoteg avtol ol P1 private
A Private Portion =
OVOHQZOVT(IL of Address Space ] TR
— * ]
| PO private
- O xpovocg npooPaonc e€aptatal

aro tnv tonobeoia otnv omoia Bpiokovtal ta
debopéva -
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* Private address space

O KABe enefepyaotnc €XeL TO OLIKO

Tou address space, To omnoio dev
Uropel voa mpoormnelaotel ano
KArolov aAAo.

H idta duowkn dtevBuvon oe 2
eNeLepyaoTeC avadEpPeTaL O

Ermtikowvwvia (explicitly) péow
HNVUMATWY =

address Y

address X

Local Process
Address Space

Local Process
Address Space

Process P

Process Q

KaBe cuvduaouog send-receive mpoyUOTOTOLEL Eval ouyxpoviouo {euyouc (pairwise
synchronization) kaBw¢ kol pa puetagpopa OeSOUEVWY QIO UVAUN OCE UVAUN

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

cslab@ntua 2015-2016
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switch

(interleaved)
first-level cache

Cache I Cache I
bus

(interleaved)
main memory

I Memory I I/0 Devices

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

(¢) Dance-hall (d) Distributed Memory
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* Baolkn OLotTNTA TWV CUCTNUATWY MVAUNG

- KaUe avayvwon utoac torrodeoiac, Ja mPENMEL va EMIOTPEPEL TNV TEAsUTaiA
TLUL TTOU YPOPTNKE OE QUTH).

- Baolkg 8LOTNTA TOOO YLO TA OCELPLOKA TIPOYPAMUATA, OCO0 KOl yla Ta
napAaAAnAa.

* H botnta avtn) dtatnpeital otav moAlamnAd threads ekteAovuvral
o€ eva eneepyaotn, kaBwe “BAEnouv” Tnv 1dLa Lepapyia pvAunc.

* 210 TOAUETEEEPYAOTIKA OUOTNMOTA, OUWC, KAOE eMeEepyaoTnC £XEL
N 6N Tou povada kpudnc pvnung (cache).

* MBava mpofAfpaTa :

- Avtiypada pioc petapfAntnc eivat mBavov vo uTtaAPXoUV O TIOPATIAVW OTtO
uia caches.

- Av uia eyypadn dev elval opatr amod OAOUC TOUC ETEEEPYAOTEC, TOTE UTIAPXEL
nepintwon kamotot va dtafalouv tnv mMoALd TR TG METABANTAC TTOU €lval
arnoBbnkeupevn otnv cache touc.

- MpoBAnua :
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MpoBAnuna coherence ota

MOVOEMEEEPYOOTIKA cUOTAMATO?

15



DMA — CPU otnv pvnun:

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

NUoeLg:

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 2015-2016 16



I/O devices
v ()

Memory

" OLemneéepyaoteC PAEMOUV SLaPOPETLKA TLUA YA TN HETABANTA U LETA TN AElToupyila
3

= Me t¢ write back caches, n tiuq mou ypdadetal nicw otn pvApn e€aptatal amno To

niola cache kot mote StwyveL A avtypddel dedopsva

= Antapadekto, aAAa cupPaivel cuyva!
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Processor 0

» addi rl,accts,x3
- 1d 0(xr3) ,rd

: blt r4,r2,6

: sub r4,r2, rd

. st r4,0(x3)

: call spew _cash

n = W RO

Processor 1

= W N PO

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

: blt rd,x2,6

: sub r4d,r2, r4

: 3t r4,0(x3)

5:

call spew _cash

cPu0 ] cput

Meml

* AvUo tavtoxpovec avaAnyPelc €100 armo tov idlo Aoyaplacuo armno 2

Stapopetikd ATMs.

* KaBe transaction o dLadopetiko enetepyaotn).

* H SlevBuvon mepLEXETOL OTOV KOTOXWPNTA Sr3.

cslab@ntua 2015-2016
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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

st r4 0(xr3)

call spew_ cash

cslab@ntua 2015-2016

Processor 1

n &= W N B O

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

blt r4d ,xr2,6

sub r4,r2,r4

st r4,0(x3)

call spew_cash

* Xwplc caches = kavevo rpofAnpo!

200
200

400

400

300
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Processor 0

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

: blt r4,x2,6

: sub r4,xr2,r4d

st r4d,0(x3)

: call spew_cash

o = W PO

Processor 1

bn &= W o B O

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

: blt r4,r2,6

sub rd r2,réd
st r4d,0(x3)

call spew_cash

« 3 mbava avtiypada : memory, p0S, plS

* To ocvotnua eivat mBavo va eival incoherent.

cslab@ntua 2015-2016

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 Processor 1

cpuo [ cput [Mem]

0: addi rl,accts,r3
1: 1d 0(x3),r4 500
2: blt r4,z2,6 V:500 500
3: sub r4,x2,r4
4: st r4,0(x3)
5: call spew cash 0: addi rl,acets, x3 \:400 400
1: 1d 0(x3),x4
2: blt rd,r2,6 v:400] v:400] 400]
3: sub r4,r2,r4
4: st r4,0(x3)
5: ecall spew _cash Imm
Twpa avtiypada!

Kat rtaAL tpoBAnual (r.x. €otw otL o p0 ekteAel kot AAAN avaAnyn)

* Ouwrite-through caches 6gv AUvouv 1o tpofAnua!
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Alatripnon tTng Baotknc tbLotntag

- KaUe avayvwon utoc tormoveoiac, Ja mpEMEL va ETTIOTPEPEL TNV
TUUL TTOU YPOPTNKE CE aUTH.

MNwc opiletal TO ;

Y ELPLOKA TIPOYPOLLLLOLTOL

- Opiletal cupdwva Pe TN OELPA IOV ETPAANNETAL ATIO TOV KWOLKAL.

NopaAAnAd TpoypAULATO

- AvUo threads pmopei va ypaygouv otnv idta dtevBuvon tnv Bl Xpovikn
oTLyUn.

- ‘Eva thread pmopet va dtafaoel plor petaBAntn akplPwg HETA TNV gyypadn
NG amo Kamolwo AAAo, aAAd Aoyw tNC taxvtntog petadoon n syypadn
autn 6ev €xeL yivel akopa opath.

- H oelpa mou emiBarAet o kwdikag opiletal evtog tou thread.

- ATtouTelTOol OMWCE KOL O OPLOKOC MLOG OELPAC TTou va adopa
(global ordering).

cslab@ntua 2015-2016
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Eotw OTL UTTIAPXEL LLAL KEVTPLKN VAN KAl Kapia cache.
- KaBe Asttoupyia o€ pla O€on pvAung npoormnedalel tnv idwa duokn B€on.

- H pvAun emPariet pla OTLC AslToupyiec OAwv Twv threads
o€ autn tn B€on.

- Ot Aewtoupyieg kaBe thread dtatnpoulv TN CELPA TOU TIPOYPALOTOC TOU.
- KaBe ouataén mou dlatnpel tn OEpA TWV AELTOUPYLWV TWV ETLUEPOUC
TPOYPOUUATWY elval amodektn / €ykupn.

Qc “ ” opiletal n o Mpoodatn Aewtoupylo O pLa
uTtoBeTIKN akoAouBia rov Slatnpet TIC apamAvw LOLOTNTEC.
Y€ €Va MIPOYMATLKO cUoTnUa SV UMOPEL VAL KATOLOKEUOLOTEL AUTA N
KotBoALKN oElpa.

- Xpnon caches.

- Amoduyn serialization.

To cuoTtnua Va ELVOlL KOTOLOKEU QLOLEVO WOTE T TIPOYPAUOTA VAL
ouunepldpEpovtal autn n kaBoAwkr oelpa.

cslab@ntua 2015-2016
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* Eva ovotnpa gival (ouvaéec) av ylo KABe exkteAeon ta
ATMOTEAECUATA (Ol TIUEC TTOU ETLOTPEPOVTOL ATTO TIC AELTOUPYIEC
avayvwoncg) eival TEtoln, wote oe KaBe Beon va pmopouue va
KOTOLOKEUGLOOULE HLLaL OAWV TWV
Asltoupywwyv otn O€on auth, TTOU va €lval OUVEMNC ME T
QTMOTEAECMATA TNC EKTEAEONC KOL TNV oTolia :

- Ot Aettoupyiec kaBe thread mpaypatomoloUvTol UE TNV CELPA KATA TNV
ormola KAnBnkav armo avto to thread.

- H T movu eniotpedeTal amo pLa AslToupyia avayvwong eivat n T tng
teAevtailoc eyypadnC otn OUYKEKPLUEVN Ofon ovpdwva HE TNV
uTtoBeTIKA akoAouBLakn oeLpa.

* 3 ouvOnkec ywa va eivat Eva cuotnua coherent.

cslab@ntua 2015-2016
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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 ¢ OEPAC TOU TPOYPAUUATOC.

- loyxUeL Ko 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 Asttoupyia avayvwonc 6ev pumopel va emtotpedel MAALOTEPEC 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 dtadpopuou
- MpoodEpel pa amAn kat kopp i uAomoinon yla cache coherence.
- MpoBAnuata scalability.

* OAec oL OUOKeUEC Tou elval ouvdebepevec mavw oto OLadpopuo
Ltopouv va mapokoAovBouv O0Aa ta bus transactions.

* Tpelc paoelc o kKABe transaction

- Awutnoia: O bus arbiter amodaocilel moia ocuokeunp €xeL to Okaiwpa va
XpnolpomoLlnoeL To bus

- AmogtoArn evroAng/bievuduvong: H emiheyuevn ouvokeur HeTodibel To €ld0C NG

evtoAnc (read / write) kaBwg kot Tt SevBuvon ¢ avtiotowyng B€onc. OAol
napakoAouBouv kal anodacilouv av touc “evdladepel” n oxL.

- Metapopd SeOOUEVWYV

cslab@ntua 2015-2016
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* EkpetaAAevon tou cache block state

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

* QuolaoTika yla kaBe block ‘Aettoupyel’ piat pnxavn mMEMEPACUEVWVY
Kotaotaoewv (FSM)

- KabBe mpooPacn oe €va block 1 oe kamota dtevBuvon mMou AVTLOTOLXEL OTO
(01to cache line pe auto to block, mpokaAel pia petafoln tou state  aAAlwg
pia aAAayn kataotaong oto FSM.

+ 2& multiprocessor cuotnuata to state evoc block eivat evag mivakog
LLAKOUC p, OTIOU p 0 apLlBuoc Twv caches.

- To i6lo FSM kaBoplilel tic aAdayeg kataotaoswy ylo OAa ta blocks og OAec
TIC caches.

- To state evoc block pmopei va StadEpel anod cache oe cache.
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* Coherence Controller (CC)

* MNapakoAouBel tnV Kivnon oto
dtadpopo (dtevuBuvoelg kot dedbopeval)

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

avtiypado pe Baon autd ov PAEMEL va
netadidovral oto dadpopo.
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* O eAeyktnC NG cache d€xetal elc0d0 MO 2 HEPLEC
- ALTAOELC TPOOBaonC ot MVAN ATtO TOV EMEEEPYOOTH).

- O “kataockomocg” (bus snooper) evnuepwvel vy bus transactions ToU
npoypatornoloVV oL urtodounec caches.

* J€ KAOe mepimtwon avtamnokpivetal
- Evnpepwvel Tnv kataotoon tou block pe Baon to FSM.
- AmnootoAr dedopEvwv.
- Mapaywyn VEwv bus transactions.

* KaBe mpwtokoAAo armoteAeital amo To mMapokATw SOULKA OToLXELD
- To ocuvoAo Twv enttpentwy states yia kaBe block otic caches.

- To state transition diagram mou pe €icodo 1o state tou block kat tn aitnon tou
enefepyaotn N TO TapATnpPoUpevo bus transaction umodelkviel wg €€odo TO
ETIOLLEVO ETULTPENTO state yila to block auto.

- Tig evépyeleg ou et BAAAETAL va TipaypatorolnBolyv Katd TNV aAlayr KAtdotoong
Tou block.

cslab@ntua 2015-2016
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- write-through, write-no-allocate cac

- 2 states yia kaBe block
- Valid
- Invalid

* 2e mepintwon eyypadnc evog block

- Evnuepwvetal n KUPLO LVAUN LECW
€VOC bus transaction.

- KaBe bus snooper evnuepwvel tov cach
controller tou, o omolog¢ akUpwWVEL TO
TOTILKO avtiypado av umapxeL.

* Emutpemovtal moAAATIAEC TOLUTOXPOVEC

avayvwoelc (multiple readers). Muwa
gyypodr OUWE TOUC OLKUPWVEL.

* Elvatl coherent ;

cslab@ntua 2015-2016

hes PrRd / -- Prwr / BusWr

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

— = Processor initiated transactions

- — = Bus-snooper initiated transactions
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MropoUHE va KOTAOKEUACOUME pLot KAOOALKN) OELPA TTOU VAL LKOWVOTIOLEL
TN OELPA TOU TIPOYPAUHUOTOC KAl TN OELpLoToinon TwVv gyypadwy;

YroBetoupe bus transactions koLt memory operations.
- ‘Eva transaction kaBe ¢popa oto bus.

- KadBe emetepyaotnc mePLUEVEL VO OAOKANPWOEL pla mpooPfaon Tou oTn VAN TPV
attnOel kawvoupla.

- OL egyypadec (kal ol akupwoelg) oAokAnpwvovtal katd tn OStdpkewa tou bus
transactions.

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

- O gyypadéc oe pa B€on oslplomotlovvtal cUUdwWvA PE TN OELPA HE TNV oOmoia
geudavitovrat oto bus. ( )

- Ol AKUPWOELG TTpayLaToTtoloUvVTaL Miong ocupudwva e To bus order.

Nwc mapeUPBAAAOUUE TIC AVOYVWOELC OTN OELPA QUTH;

- OUL avayvwoelc 6ev elval UTOXPEWTIKO va TtPokKaAéoouv bus transaction kal
UItopoUV va EKTEAOUVTOL AVEEAPTNTO KOl TLUTOXPOVA OTLC caches.
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* Jelplomoilnon ovayvwoewvV

- Read hit  read miss?

- |kavormoleital péow bus transaction. Emopévwe oslplomoleital pall pe tig eyypadEc.
- Oa deL TNV TN TNS TEAeuTaiog eyypadnc cuudwva pe to bus order.

- Ikavoroleital amnod tnv TN mov Pploketal péoa otnv cache.

- BA£meL TNV TIUA TNC Lo PO daTng amno tov (b6to enefepyaotn R TNC TILO
npoodpaTng (read miss).

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

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

: blt r4,r2,6

: sub r4,r2,r4

: st r4,0(x3)

: call spew_cash

o = Ww M H o

Processor 1

o &= WM P O

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

: blt r4,r2,6

: sub r4,r2,r4

: st r4,0(x3)

: call spew_cash

* To Id tou pl dnuioupyel Eva BusRd

[cruo] crput Jmem]

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

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

| v:300] 400 |

* O pO0 amavta ypadovtoc nicw to modified block (WB) kat akupwvovtog to
otnv cache tou (petafoaon otnv kataotaon |)
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To VI mpwtokoAAo dev eival amodoTLKO

- “Indolpo” tou V o€ 2 KATAOTAOELG

3 Kataotaoelc (states)

1. TpoTtoTOLNUEVN

2. Motpalopevn

3.Akupn
* 2 TUTIOL QLLTACEWV OTTO TOV EMEEEPYAOTN
- PrRd (avayvwon) kat PrwWr (eyypadn)

3 bus transactions
- BusRd : Znta avtiypado xwpic okomo va To TpOmomnoLioel
- BusRdX : Znta avtiypado yla vo To TpOTomoLnoEl
- BusWB : EvnuepWVEL TN LVAUN
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* Awaypappa MetaBaong Kataotaoswv Prwr / --

—> Metafadoslc e€aLtiac AeltoupyLlwy Tou
“tomukol” enetepyaotn).

---->Metafaoelc e€attioc Twv napatnPoOUUEVWY NN
bus transactions. BusRd / Flysh \
A/B Av o cache controller mopatnprjosL to A, Tote | \
EKTOC OO TN METAPOON OTN VEA KOTAOTAON
TPOKAAEL koL To B. Prwr / BusRd / \
- Kapio evepyela. Bust\IX / Flush
* Aev niepthapPavovtal ol LeTABACELC KoL % |
OL EVEPYELEC KATA TNV QVTLKOTAOTAON tilis \dX f "/
evog block otnv cache. PrRd / BusRd o
* Ooco 1o “PYnAd” oto dtaypappa Bplfflfd/ A
Bploketal eva block, toco Mo Prwr / BusRdX ;)
oteva ocuvdebepevo (bound) eival pe tov /

enetepyaoth).
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Processor 0

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

: blt r4,x2,6

sub r4,r2,r4d

st rd 0(xr3)

call spew_cash

n = W B PO

° To

Processor 1

= W N 2O

5 .

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

: blt r4,xr2,6

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

call spew cash

Tou pl dnuioupyel eva BusRd

cpuo [ cPu1 [mem]

200
=500 200
M 400 500

=400 54001 400

I M:300] 400

* O p0 amavta ypadovrog niow to modified block (WB) kat aAAdlovtag to

avtiypado tou o€ S
* To

ToU pl dnuioupyel eva BusRdX

* O p0 amravta akvpwvovtac to avtiypado tou (petaBaon os |)
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* Hdwadoon twv eyypadwyv givat mpodavic.

* Jelpormoinon syypadwy :

- OAec oL eyypadec ou epdavidovrol oto dtadpopo (BusRdX) datdoocovtal
QIO QUTOV.

- Ol avayvwoelg nou gpdavidovratl oto dtadpopo dlatdocoovial w¢ MPocC TLG
eyypadeg.
- [ tLc eyypadeg nou dev epdavidovral oto dtadpopo:

Mo akoAouBia tétowwv eyypadwv petatl 2 bus transactions yia to idto block
MPEMEL VO TTPOEPXOVTAL armo Tov (dLo enetepyaotn P.

Ytn oslplomoinon n akoAouBia epdaviletal petaéy avtwyv Twy 2 transactions.
OL avayvwoelg amno tov P Ba PAEmouv TIC eyypadEC e QUTH TN OELPA WCE TTIPOC
TLC UTTOAOLTTEC eyypadEC.

Ol avayvwoelg amno aAlouc eneéepyaocteg Sltaxwpilovtal amo tnv akolouBia pe
gva bus transaction, n omoia tI¢ TomoBeTel £T0L 0€ OELPA WC TIPOC TLG EYYPAPEC.
OL avayvwoeLg amo 0Aoug Toug eneéepyaoteg BAEMOUV TIC eyypadEC HE TNV WL
oELpa.

cslab@ntua 2015-2016

37



* MNpoBAnuoa MSI

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

* 4 katootaoelc (states)
1. Tpomomotlnpuévn

2. ATTOKAELOTLKN — Movo autn n cache €xeL avtiypado (un
TPOTIOTIOLNLEVO).

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

4. Akupn

* Av kaveic bev €xeL avtiypado Ttou block, tote eva PrRd €xeL cav
amotéAeopa tnv petafaon | > E.
- 2to dtadpopo xpetaletal Eva onua shared (S) we anavinon o €éva BusRd.
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PrWr /
* Alaypappa Metapoaong Kataotaoswyv e
, , , \
—> D/IETOLBOL’CZ’ELC gtautiag )\’ewoupytwv TOU \ A \ BusRdX /Elish
TorkoUu” ene€epyaotn). BusRd / Flush\ \
----> MetaBadoslc €attiog Twv mopatnPOUEVWY \ \\
bus transactions. \ ,
A/B Av o cache controller mapatnpnostL 1o A, 2 o g | \
TOTE €KTOC ATO TN HeTABaon ot VEQ N \
/ , BusRd /
Kataotoon PoKaAEL kal to B. A \

-- Koaplia evépyela. PrWr / BusRdX

* Eva block punopei va Bploketal oe

’ ’ s ’ F I
KaTaotaon S evw dev unapyxouv alla S— ,ﬁlush,//
avtlypada. et |
- I'I(bq, BusRd / Flush | /
PrRd / L & 7
N 484
4
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* AlatnpoUUE ToV eMeEepyaoTr), TN KUPLA VLN KoL TLG caches.
- Eméxtaon tou cache controller - ekpetd@AAeuvon tou bus.
* Write-back caches
- Amodotikn aflomoinon tou neploplopEvou bus bandwidth.
- Aev mpokaAouv bus transactions OAec oL Aettoupyleg pvAunG.
- Mo 6VokoAn vAomoinon tng cuvadelag.
« Xpnon tou (tpomomolnuevn Kataotaon)
- — 6ev umtdpyeLl AAAo €ykupo avtiypado.
- H kUpLa pvrpn Hmopet va €xeL n va punv €xetL avtiypado.
- H cache eivat uneBuvn va napéxel to block o dmolov to {nTroeL.

. (armokAeLoTikOTNTA)

- H cache pmopel va tpomonotioetl to block ywpic va sldomnotosl kavéva =

Mpw tnVv eyypadn VO QTTOKTHOEL ATTOKAELOTLKOTNTAL.
- Akopa ko av to block eivat valid -
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* Write-miss

MpokaAel éva €161kO transaction :

Eldomolel Ttoug umoAoutoug OTL okoAouBel eyypadn Kol QmOKTA
amokAELoTIKN dlokTnolia.

OMAol 600l dLaBEtouv avtiypado tou block to dtaypadouv.

Movo pa RdX emituyydvel kaBe dopd. MoANATAEC ALTACELS OELPLOTIOLOUVTOLL
aro to Sadpopo.

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

Av €va block dev €xeL tpomomolnBei (modified state), tote dev ypelaletal va
ypadtel otnv KUpLa pvrpn otav ekdLwxOel amo tnv cache.
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* Mua Asettoupyila eyypadnc evnUeEPWVEL Kol Tuxov avtiypada tou block
OTLC uTtOAoLteC caches.

* [MAeovektpata
- Mkpotepn kaBuotepnon npooPaong oto block amo tig dAAeg caches.
- OMol evnuepwvovtal Ue €va povo transaction.

* Melovektipota

- MoA\armAec eyypadec oto block amo tov iblo emefepyaoty mpokaAouv
noAAamAd transactions yLo TLG EVNULEPWOELC.
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* 4 katootaoelg (states)

1. ATMOKA£LOTIKN — Movo autn n cache €xeL avtiypado (pun
TpOoToToLNMEVO). H KUpLa pvAun eivan evnuepwpévn (up-to-date).

2. Molpalopevn-kaBapn — AUO N meploootepec caches
gxouv avtiypado. H kupLa pvripn 6&v eiva umoxpewTikA up-to-date.

3. MotlpalOUeEVN-TPOTIOTIOLNUEVN — Ao n
NMEPLOOOTEPEC caches €xouv avtiypado, n kupla pvun 8gv eivat up-to-date
Kol N cache avutrn €xeL tnv evBUVN va EVNUEPWOEL TNV KUPLA LVAUN OTAV
ekblwéel to block.

4. TpomoTmoLlnpevn — Movo n cache autn dlaBEteL To
Tpormornotnpevo block evw n kUpLa pvun 8gv eiva up-to-date.

» Aev umtapyxet Invalid state.

-  To mpwtokoAho diatnpel mavta ta blocks mou Bplokovtal otic caches up-to-
date.

* AUO0 VEEG alTNOELG amo tov eneéepyaotn : PrRdMiss, PrWrMiss

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

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

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

Ta 6eboucva

Evépysia otov  Katraotaon ) ) Evépyeila oto )
) Kataotaon P2 Kataotaon P3 ) noapeyovrol
eneepyaotn P1 éwabdbpouo )
ano

P1 StafaleL u E BusRd Mem

P3 dtaBaleL u Sc --- Sc BusRd Mem

P3 ypdadeLu Sc Sm BusUpd P3 Cache
P1 StafaleL u Sc Sm
P2 dtafaleL u Sc Sc Sm BusRd P3 Cache
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« 2e kamowa cache yivetalr eyypadn oe €va block. Mpwv tnv emnopevn
eyypoaodn oto idlo block, B€AeL kamoloc aAAocg va to Stadaoel;

* Nat:

» Read-miss — mBavwc toANamAd transactions @

» Read-hit av eiyov ano npwv avilypada— svnuEPWon HE Eva povo transaction ©

» MoA\amA£c syypadeg xwplc emuthéov kivnon oto bus ©
» EkkaBdapilon avtlypddwv rou & xpnopornotovvral ©

» MoA\aAEC axpeiaoTeC EVNUEPWOELC (Kal og TOavwe “vekpd” avtiypada) @
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* H oxeblaon moAvemneéepyaoTIKWV CUOTNUATWY £lval TTOAUTIAOKN
- AplOuoc enetepyaotwy
- lepapyia pvAung (levels, size, associativity, bs, ...)
- Awadpopocg
- Memory System (interleaved banks, width of banks, ...)
- 1/0 subsystem

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

* To MPWTOKOAO EemnNpPeAlel XOPOKTNPLOTIKA TOU OUOCTAHMATOC, OTWCE
Kl

* H em\oyn tou PpWTokKOAAoU emnpeadletal ano tn {ntolpevn amodoon
KOl CUUTEPLPOPA TOU CUOTNHATOC KaBWC Kol amo tTnv opyavwaon Tng
LEpopXLloC LVNNG KOl TNE ETLKOLVWVLALC.
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* Write-Update vs. Write-Invalidate

* Write-run: Mwa oelpd eyypadwv amod €va emneéepyaotny oe eva block
LVAUNG, N opXn Kol To TEAOC TNC omoloc opilovtal amo Astoupylec o€
auTo to block amo aAAoug emeepyaoTEc.

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

* Write-Invalidate: Eva write-run omotoudnmnote pnkoug Ba dnuiouvpynoel
€va povadiko coherence miss.

* Write-Update: Eva write-run pikoug L Oa pokaA£oel L updates.
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Compulsory misses (cold)
- Mpwtn npooBaon os eva block.
- Aué&non tou block size.

Capacity misses
- To block 6g xwpa otnv cache (akopa kat oe full associative cache).
- AuU€non cache size.

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

. (communication)

- : Otav €va data word yxpnolpormoleitol amo 2 3 mapanavw
EMEEEPYAOTEC.

- : Otav aveéaptnta data words mou xpnolpomolouvtal oo
SdladopeTikoUC emetepyaoTeC aviikouv oto bLo cache block.
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first reference to
memory block by PE

Miss Classification

-

reason

written
before

modified
word(s) accessed
during lifetime

3. false-sharing-

cold

4. true-sharing-
cold

5.false-sharing-

inval-cap
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word(s) accessed
during lifetime

for miss

reason for
elimination of
last copy

replacement

invalidation

old copy
with state=invalid
still there?

modified

word(s) accessed yes

during lifetime

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

true-sharing

no word(s) accessed
during lifetime

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

11. pure-
capacity

during lifetime

12. true-sharing-
capacity
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* Cache Block Size

* AvU&non tou block size pmopet va odnynoet :
V Meilwon tou miss rate (good spatial locality).
X Au&non tou miss penalty kot lowc Tou hit cost.
X Au&non tou miss rate €awtiog false sharing (poor spatial locality).

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

* YnapyxeL n taon yla xpnotpornoinon peyaAvtepwv cache blocks.

- Anoofeon kootoug tou bus transaction kat tng mpocfaong otn MVAUN
uetadepovtag neplocotepa dedopeva.

- Hardware kat software pnyaviopol yia avtipetwrnion tou false sharing.
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1. BeAtwwpevo data layout mpokewévou va amnodevxBel n tomoBeTnon
aveéaptntwyv dedopevwy oto Lo block.
- Data Padding

- eg. Dummy variables peta€v lock variables mou eival tomoBetnueveg kovta
N Ko otnv aAAn.

- Tradeoff :
2. Partial-Block Invalidation

- To block “omdael” oe sub-blocks, yia kdBe éva amnd ta onoia diatnpeital to
state.

- 2e KABe miss pEpvoupe O0Aa ta invalid sub-blocks.

- Kavoupe invalidate povo to sub-block mou mepilexel ta dedopéva mouv Ba
TpoTonoLnBouv.

Tradeoff :
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* Ta ovotipata nou otnpilovtal otn xpnon dtadpopou dev eival scalable.
- OAa ta modules (cores, memories, etc) cuvdEovtal pe Eva set KAAwSiwv.

- MMeploplopévo bandwidth = Aev auédvetol pe tnv mMPOoOson mapamavw
eneéepyaotwy - (kopeolOG).

- MeyaAUtepo bus - MeyaAutepo latency.

* ‘Eva scalable cuotnua mpemet va avtipetwnilel autd ta TpoBANpaTaL.

- To ouvoAiko bandwidth Ba mpémet va aufdvel pe tov aplOpd Twv
EMEEEPYAOTWV.

- O YpOvoC TIoU armoLteital ywa Kamola evepyela de Ba mpémel va auéavel
TOAU (rtx. EKBeTikad) pe to péyeboc Tou ouoTHUATOC.

- Mpénetl va eival cost-effective.
* Xavoupe Baolkeg LdLotntec tou dtadpopou.
- AyvwoToc aplOpocg tautoxpovwy transactions.

- Aev unapyel global arbitration.

- Ta amoteAéopata (my. aAAayEC oto state) yivovrtal ameuvbeiog opatd HOvVo
Qo Toug KOUPOUC IOV CUMMETEXOUV OTO transaction.
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* Interconnect

- Avtikatdaotoon tou Stadpopou pe scalable interconnects (point-to-point
networks, eg. mesh)

* Processor snooping bandwidth
- MéxpL twpa Ta TPWTOKOAAA £kavayv broadcast (spam everyone!)
- MeyaAo nmocooto snoops Oev mpokaAdoUv Karmola petafoon

- N loosely shared data, kata maoca mBavoTNTA LOVO EVaG EMEEEPYAOTNAC
EXEL avTiypado

- Eldomoinon HOVO TwVv E€mMeEepyaoTwV TIOU TOUuC evOladEPEL Eva
ouykekpLuévo block (spam only those that care!)
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Directory Memory Directory Memory

O

| Scalable Interconnection Network I

Ll

* To cache block state dev pmopei va kaBoplotei mAeov apakoAouBwvtag
ta requests oto shared bus. (implicit determination)

* KaBopiletal kat dtatnpeital oe €va pepog (directory) omou ta requests

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

« KaBe memory block €xeL éva directory entry

- Book-keeping (oot nodes £xouv avtiypada, to state tou memory copy, ...)
- OAa ta requests yia to block mnyaivouv oto directory.
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Directory-Based Cache Coherence (2)

Requestor

i Read request

to directory

2
Reply with
3 owner identity

Read req.
to owner

Directory node
for block

4a.

4b.

Revision message
to directory

Node with
dirty copy

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

Requestor

1.
RdEx request

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

4a.
I Inval. ac:lci

Sharer

2.
Reply with
sharers identity

to directory

Directory node
for block

Inval. acld

L/

L/
\2
NS

\3

NN
X N
N

77

Sharer

\

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

Flat Centralized Hierarchical

(Hierarchy of caches that

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

Finding source of
directory information

Locating Copies

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

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

' - 3 hop miss
* AuO TEPUTTWOELC read miss : . —
- - get data from memory N, .
» Bus : 2 hops (PO -> memory - PO) _ \ . ;’f _
» Directory : 2 hops (PO - memory - P0) I:J:D"j]

-~ — get data from processor (P1)

» Bus : 2 hops (PO - P1 - PO) (umoB&tovtag otL emLtpEnetal n cache-
to-cache petadopad dedopévwy)

» Directory : (PO - memory - P1- PO)

* H O&eltepn meplmtwon mMAPATNPELTOL OPKETA OUXVA OEF
TIOAVETMEEEPYOOTIKA OUOTAMOTO

- YynAnR mBavotnta va €xeL to block €vac eneéepyaotnc
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CPU read hit

Write miss for this block

Invalidate for

Shared

CPU read this block Shared
I -
Place read miss on bus fpens onty) (read only)
CPU -
read
CPU write et read

miss
Place read

o
o miss on bus

Place write
miss on bus
abort memory
access

Write miss
for this block

Write-back block;

Read miss

for this block | cache state transitions based
on requests from the bus

Exclusive
(read/write)

Exclusive
(read/write)

Cache state transitions
based on requests from CPU
CPU write miss

Write-back cache block
Place write miss on bus

CPU write hit
CPU read hit
£ 2007 Elsevier, Inc. Al rights reserved.

cslab@ntua 2015-2016 60



Write miss for this block

Invalidate for this block

CPU read

Y

Place read miss on bus

CPU write

Write-back block
Place write miss on bus

—y
-

Write miss
for block

Exclusive

(read/write)
CPU write miss

CPU write hit
CPU read hit
Write-back data

Place write miss on bus
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Shared
(read only)

CPU
read
miss

Place read
miss on bus
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