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NoAveneéepyaotec (Multiprocessors)

* MoAAarAol Emeéepyaotec, yia aélomoinon MapaAAnAtopou
* eite Aveéaptntec Alepyaoiec (Processes) — 1o amAoVUoTEPO
* N NapaAAnAa Mpoypappota — Task Parallelism

— elte ouvepyalopevec (emikolvwvoUoec) Alepyaoieg
— N oA arAd NApata (Threads) eAéyyou péoca otnv idla dtepyaocia

— “Thread-Level Parallelism (TLP)”, og avtidLaotoAn mpog
“Instruction-Level Parallelism (ILP)” o€ pipelines (esp. out-of-order)

e Juvepyaotia (Emkowvwvia) peow:
— elte Kowoyxpnotngc Mvnunc (Shared Memory)
— N AvtaAlaync Mnvupatwyv (Message Passing)
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NMoAurntupnvol Enteéepyaotec (Multicore Processors)

* AUO N mepLocoTepol enteéepyaoteC oto OLo chip
— “Multicore”: ouvnBwce 2 €wc 8 (ypnyopol) emetepyaotec/chip
— “Manycore”: ouvnBwc dekadec (amAovotepol) enetepy./chip
* Opoloytia: IP Core = Intellectual Property Core

— OL KaTta.oKeLaoTEC TWV System-on-Chip (SoC) ayopalouv (license)
Sdtadopa IP cores amo dtadopouc oxeOLAOTEC, KOl TAL CUVEVWVOUV

— Opoilwc kot oL multicore processors rteplexouv moAAamAa IP cores
* Enikowvwvia (Zuvepyooia):

—Eva  Alya multicores: oxedov navta peow Kowoxpnotng Mvaung
— MeyaAa manycores ) ToAAd multicores: ocuxva pecw Mnvupatwyv
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AntAO mapadsyua MoAunmupnvou Enteéepyaotn

Core 0 Core 1 Core 2 Core 3
Processor Processor Processor Processor
everchycle everchycIe everchycIe everchycle
Private Private Private Private
L1 (D) Cache L1 (D) Cache L1 (D) Cache L1 (D) Cache

on missesTon/y on missesTonly on missesTonly on missesTon/y
v v Bus Y " —
| Arbiter

Shared Memory

(Shared rest—of-Memory Hierarchy)

* Emkolvwvio/ouvepyooio LECW KOWVOXPNOTNC LVALNG
—yla VoL apKel Eva kolvoXpnoto Bus yLa TIC CUVOALKEC OLOTOXLEC:
£wc =8 enetepyaotec (A =16 €av kat oL L2 caches sival private)
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Neplroootepol Mupnvee, MeyaAutepn Mapoyxn

Core 0 Core 1 Core 2 Core 3 Core 4 Core 5 Core 6 Core 7
Z Proc. Proc. Proc. Proc. Proc. Proc. Proc. Proc. &
C (=
§ Private| |Private| |Private| |Private| |Private( |Private| [Private| [Private EU
(&) L1 or L1 or L1 or L1 or L1 or L1 or L1 or L1 or &)
s | |L1&L2] [L1&L2| |L1&L2| [L1&L2] |L1&L2| |[L1&L2] [L1 &L2| |[L1&L2 s
< <
o || || || || || || || || o
= Interconnection Network =
- >
© | ---44------- [ 1 0 P 4- - o
= &
(] | ! ()
= | =
2 | Bank 0| | Bank 1 Bank2| | Bank 3| |Bank4| |Bank5| |Bank6| |Bank7|.| &
| | 5
= | =
B Shared and Interleaved Last-Level Cache (LLC) (L2 orL3),orL2&L3 J

e AtapUAAwon Kpudpwv Mvnuwv yla peyaAutepn mapoxn (throughput)
* Ataomopad dedbopevwy otlc Banks: ava cache-line i ava oeAida;
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Uniform Mem. Access (UMA) or Non-Uniform (NUMA)?

e UMA — Uniform Memory Access:
—'I610¢ xpovocg npoomeAaonC (e€umnpetnong aotoxiog) os OAEC TLC
B<oelc pvnung, avesaptntwe dtevBuvonc
— Kowoyxpnotn(gg) kpudn(eg) pvnun(eg) & KeVIpLkn pvrun
elte evialec N loec amootaoelg ano oAa ta StapulAwpéva Banks
— MAeovekTnua: AMAO oTOV MPOYPAUUOTIONO
— Mewovektnpa: Mn KALHokwaolpo yior avéov mAnBoc emeepyootwy

e NUMA — Non-Uniform Memory Access:
— XpOvoc mPooTEANONC TIOKIAAEL pe amtootaon/dlevubuvoelc pviung
— Aflomolel tomkotnta, aAAd SuokoAevel n BeAtiotomnoinon
— Kivntpo yia dtaocmopa dtapuAlwonc ava oeAida, avti cache line
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Non-Uniform Cache Access (NUCA) — NUMA too

Core 0 Core 1 Core 2 Core 3 Core 4 Core 5 Core 6 Core 7
Proc. Proc. Proc. Proc. Proc. Proc. Proc. Proc.
Private Private Private Private Private Private Private Private
Cache(s)| [Cache(s)] |Cache(s)] [Cache(s)| |Cache(s)] |[Cache(s)| [Cache(s)] |Cache(s)
e e e s e e P s [ FApE g
Bank 0 Bank 1 Bank 2 Bank 3 Bank 4 Bank 5 Bank 6 Bank 7
of Shared of Shared of Shared of Shared of Shared of Shared of Shared of Shared
LLC LLC LLC LLC LLC LLC LLC LLC

Il nterconnection

Network

| Multiple Memory (DRAM) Channels |

| Multiple Memory (DRAM) Channels |

* O KaBe enetepyaotic KoviuTEPA O€ Eva oo ta Banks tng kowoxpn-
otn¢ KpuPpnc pvnung teAevtaiov ermumedou (Last-Level Cache — LLC)

* Taxutepn n pooPfaocn oto koviuvo Bank arm’ 0co ota unoAouna
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To npoBAnua tnc 2uvoxnc (Coherence) Kpudwv M.

Core A Core B
Processor Processor
loc\zd st0|re load loaa’ 77
1 3
U\ Ul—zz U\ U"?'?
1c0400/-2|13 1c0400[-2]|13|117
Private \ Private/(
Cache Cache
@\ Bus /@ Arbiter
miss\ /miss
\ /
1c0400-2/13
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7Y

Shared Last-Level Cache & Memory

e MoAAammAQ avtituma tng
(dlac mAnpodopioc

e Otav to €va aAAAlel, ta
AAAQL TL KAVOUV;

* Mpog MvAun/LLC ¢po-
vtileL to write-back

* Mpoc aAAec Caches??

* Z€peL O A OTL Kol AAAEC
caches €xyouv avtituna
¢ ypapuuncg 1c0400 ?

* No ta evnUEPWOEL
N VOl TOL AKUPWOEL;



— I ° I I I I
Lo KaBe cache line pou, €epw gav TNV £Youv Kol aAAoL;
Core A Core B Core C Core A
Processor Processor Processor Processor Processor Processor Processor Processor
store store
| |
1-22 1-22
400 A7 ] 400[[[117]] | | 400[[[117]] 400 [ IA7]]
Private '\ Private Priv. [ Priv. [ Private \\ Private Priv. Priv.
Cache \ Cache Caehe Caehe Cache D Cache Cache Cache
I N_ J[Bus ~ J| _— [|l— '~ |[ Bus [ _»??7  Jl—
~ = _— Arbiter| | o~ —— Arbiter
future write—back Do "somethiplg" — what?? future write—back \ Wasted| pction!...
4 4
| 400[ [ [117]] Shared LLC (& Memory) | 400 [ [117]] Shared LLC (& Memory)

e Eav urntapyxeL n mAnpodopia OtL N
cache line 400 sival “Shared” =
* ] VOL EVNULEPWOOULLE

N VO LKUPWOOUE

TOL UTTOAOLTTOL AVTLTUTIA TNG

e Edv OpWC EEPOUE OTL EXOUE
tnv cache line 400 “Exclusive” =

* Ba Atav oaTtaAn va amna-
oXoAoU e To Bus aveu Aoyou
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Write-Update versus Write-Invalidate

Core A Core B Core C Core A Core B Core C
Processor Processor Processor Processor Processor Processor Processor Processor
SZOII’E stolre
1-22 1-22
200[T[Z#71] 400[T 37T | | 400 B 400[TZ#71] 20 IR]] | | 2e0( 3R]
22 22
Private '\ Private Priv, Priv Private '\ Private Priv, Priv.
Cache A Cache Cache Caehe Cache A Cache Cache Caehe
I N JlBus ~ || _— Jl— L N JlBus ~ [ _— Jl—
—~ = —— Arbiter| I —~ = ——— Arbiter
future write=back\  Update: brogdlcast Address, new Value future write=back\  [nyalidate: brpadcast the line Address
1 )
| 400[ [ [117]] Shared LLC (& Memory) | 400 [ [117]] Shared LLC (& Memory)

* Write to Shared: Update all others < Write to Shared: Invalidate others

* Onwc to write-through, petadepel  * «Ag amoteAelwow gyw tn OOUAELA
AEEN-AEEN, avTi OAOKANPN YPOUUA LLOU TOTTLKQ, KOl LETA OTIOLOC AAAOG
* AEV TO TPOTIUAME: cuyxva n xpron  ta BeAeL ag ta {avalntnoew

véwv data amno6 aAloug emes. apyel o To guvnOLopEVO NPWTOKOANO
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Snooping Coherence — Zuvoyn neow MapakoAouOnonc

* Snoop: NMapakoAouvBw, Kpupokoltalw, KATACKOTIEU W

* Kowvoxpnoto Bus, tou oAec ot Kpudpec Mvripeg
TO TtapatkoAouBouv, Kal OoTtou OAeC SLaAaAoUV

(broadcast) oAa 6oa rtpemeL ot AAAEC va EEpouv Englo?y,
— To amAouotepo MPwTokoAAo Zuvoxng Kpudpwv Mvnuwv M. schulz
— ATTOS0TLKO yla EwG Tiepimou 8 KpudEC [ Fueee, v | [ Prosesser

LVALEG — TIEPAV TOUTOU N Kivnon | T e
yivetat amayopeutikd moAAR T — j Tm o
— O Awowtntic (Arbiter) opiteL tnv W D gl e
KOALOOALKN) OELPA TWV YEYOVOTWVY - vl ll o
(Memory Consistency — Zuveneia) -

— Tags: 600 avtiypada — birmoptn avayvwon — BAéne endpevn Sadavela
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Processor
Proc. Processor
sw DM[400] =— new .
Address AData A Address AData
! /1] ! L ! L
Search R S’rch Search P
read/cmpT ywrite T v read/cmpT ywrite
VDE VDE
(110707 400 | N [¥1070] 400 ]
11 | | old”| 0 | oid ]
Tags \ XS Tag‘&
\ e o o X
VDE VDE
K I?fl)?fl 400\ | HO/I,@l@l\AOO’1
Copy of Tags Data Cop:y\qf ¥§gs Data
read/cmpy ' read/cmp
Moam‘or Cache Momtor MOTI Cache
\broadcast: Invalidate! | Snooping Bus A :
Png Arbiter
| M e mory
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Kataotaon (State) kaBe MNoapunc: opoAoyia “MOESI”

Obliged to Write—back

my copy is up to date;
M . O the memory version is outdated;
odified wned I am responsible to write back to
memory, and also to provide this
up to date version to other caches

Free to Evict

I |: S Ehe mei,lmory or danother cache
1 ave the up to date version,
xclusive hared and I have a copy of that, which
I am free to evict at any time

Guaranteed Exclusive  Potentially Shared
it 1s guaranteed that my copy other caches may have I 1
is the only copy currently copies of this line nvalid
existing in any cache (not known for sure)

nothing in this cache line

e Enéktaon twv Valid-Dirty (per line) bits: Tt E&€pw yLad TNV ypopun avtn
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“MSI"”: To anAouoTeEPO MPWTOKOAANO shooping coher.

TpEeLC LOVOoV SUVATEC KATOLOTAOELC YLa TNV KABE ypaUUA:

* M (Modified): 6rwc to kKAaiooko Dirty, avaykaotika Kot exclusive

— To amotéAeopa Sikov pov store, ou avaykalel Invalidation vmtoAoinwv

— Edv aAAn cache pou {ntnoest avtiypado (LEow miss TNC), KAvw write-
back otn Mvniun, onote to maipvel kat N AAAN cache amo to Bus, kot
TA e Kat oL Suo pag oe kataotaon S (Shared)

* S (Shared): 6mwc kat to kKAaootkd Clean

— Mo amAotnta, dev KpatApe otolxeia yo dAAAeC caches, dpa Bewpolpe
oUVTNPNTLKA OTL UTIAPXOUV, UE UTTOXPEWTLKA ETioNC KaBapo avtiypado
— Y& 81KO povu store, mpemnet umoypewTika vo. oTtelAw Invalidation oto Bus

* | (Invalid): 6mwc kot to KAaooko Invalid
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[NMAnpodopia Exclusive versus Shared: mwc¢ to &€pw;

Core A

Core A Core B
Processor Processor Processor Processor Processor Processor Processor Processor
load\ load\ load\
| | s |
400[[[117]]E 400 [[117] K 400 [[117]]S
Private \ Private Private Private Private \ Private Priv Private
Cache Cache Cache Cache Cache Cache Cathe Cache
miss|request Bus Bus miss request
TN ] T [\ JlBus “ndf e
\Memory/LLC serves the miss request

Private L1 Cache A (faster than Memory/LLC) serves the miss request

\
| 400 [[117]] Shared Memory & LLC | 400 [ [117] | Shared Memory & LLC

* Edv og miss amavtiosl n Mviun,
TOTE KoL AAAN cache dev to €)el

e Apa Eépw OtL elpan E (Exclusive)

* Edv o¢ E kAvw store, dev xpelaletal
va oteilw Invalidation oto Bus:

* MAeovékTnua — MpwtokoAo “MESI”
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* 2€ Miss AAAWV, €AV EYW TO EXW,
JTPETTEL VAL ATIOVTAOW 71OtV TN Mvnun

* Tote Kol ol U0 MANE OE KATAOTOAON
S (Shared) — 6nwc kat n S Tou MSI

e Mmtopel 0AotL oL dAAoL va KAVouV
evict & va peivw povocg — dev 1o E€pw
15




“MOESI": To MOAUTTAOKOTEPO MPWTOKOAAO snooping

Kall oL TTEVTE SUVATEC KATAOTAOELG YLa TNV KAOE YpOUUA:

* M (Modified): 6rmwc¢ to kKAaoko Dirty, cuv é€pw OTL sipal exclusive
— Eav aAAoc {ntroel avtiypado (miss), Tou to divw Kal TAw O€ KATAoTOoN
Owned, aA\d Sev kdvw write-back twpa, dpa taxVtepo amd MSI/MESI

* O (Owned): Dirty wc mpoc tn HVAN, EYW £XW TNV UTIOXPEWON Write-
back- pmopet kot aAAot va. £xouv (evnuepwHEVO) avtiypado o€ Kat. S

* E (Exclusive): clean & exclusive

* S (Shared): umopet va TNV £xouv Kot AAAOL, TIAVTWCE EYW OEV EXW
urtoxpEwon write-back (eite clean, n dAAog Ba kavel to write-back)

* | (Invalid): 6mwc kot to kKAaooko Invalid
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Directory-based Coherence, ywa meplocotepec caches

e Y& snooping coherence 1o kowoxpnoto peoo (bus) eivat bottleneck
— Broadcast 0Awv TwV eVToAwV: LOVOV €vac oTEAVEL KOs popa, arta-
OXOAWVTOC TOUC TTAVTEG, £0TW Kal av n evioAn adopad Alyouc povov
* Directory-based Coherence ylo. va uteprindnooupe to bottleneck:

— Eva kowoxpnoto Directory kpatd mAnpodopia, ylo KABe ypappL mou
urapxeL o€ >1 private cache, rtotec private caches €xouv avtiypado

— Otav npemnetl va kavou e Invalidate, pwtdpe to Directory molot €xouv
avtiypado, Kol CTEAVOUE TNV EVTOAN UOVoV o€ autouc (multicast)

— To Directory ocuxva «SUmAo» otnv Kowoxpnotn Kpudn LvAun

— [N va pn yivel bottleneck to 6o to Directory, cuxva To KAVOUUE
AtapuAAwpevo (Interleaved)
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