Aiktua Alaouvdeong
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TEPUATLKOG TepUATLKOG TepUATLKOG

* Ailktua dtacuvdeong yla T K61Boc K61BOC K6HBOC
oUvOEON MOAAWV «KOUOKEUWV» OE
gvol cuoTnUa Nemad nenad Diemad
AOYLOMIKOU NOYLOpLKOU e NOYLOpLKOU
Atemadn YAtkou Atemadn YAtkoU Atemadn YAtkoU

e AMO TL anoteAeltol Eva SLKTUO;

— Teppatikoi koOpPol (end nodes)

Juvdéoelg
YuvbEoelg
Juvbéoelg

— Juvbéoelg (links)

Aiktuo dlacuvdeong

— Awtuoka otolxeia (routers,
switches)

* MNapadelypata:
— EnefepyaoTtEC Kal EMEEEPYAOTEC — Kpudeg pvpeg kat KpUDEG LVAKEG
— EmefepyaoTéC KAl UVAKEC — Ene€epyaotéc kal ouokeveg E/E

— Eme€epyaoTtEC Kol KPUPEC MVAULEC
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* Ta diktua Stacuvdeonc oxedlalovtal wWOoTE:
— va petadépouv tn peylotn duvatn mAnpodopia (eVpoc {wvng - bandwidth)
— oTov eAaxLoto duvato xpovo (xpovog amokplong - latency)
— xwplic va dnuloupyouv bottlenecks (kAlpakwolpotnta - scalability)

— MUE To eAA)LoTo SuvaTo KOOTOC KL TNV EAAXLOTN SuvaTth KOTAVAAWGCN EVEPYELAC

* Emnpedlouv TNV KAILAKWOLUOTNTA TOU CUCTAMATOC
— Nooo peyala cuotpaTa UToPOoUUE VO GTIAEOUUE;

— MNooo eVUKOAA UTTOPOUE VO TIPOCOBECOUE EMUITAEOV CUOKEUEG;

* Emnpealouv tnv enidoon Kol tnv EVEPYELAKN amddoon
— MNooo ypriyopa UmopouUV Vo ETILKOLVWVIOOUV EMEEEPYAOTEG, KPUDEC UVIUEC, UVAHN;
— Nooo diapkel n mpocPfaon otn UVAUN;

— Noon evépyela KATAVOAWVETOL OTNV ETUKOLVWVIQ;
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* Endpoint
— Axkpaio onueio oto diktuo amo omou ewodyovtal/s€ayovral dedopéva and/mpog to Siktuo
* Aenadn diktvov (network interface)
— H povada mou cuvdéel ta endpoints (akpaia onueia) oto diktuo
e XUvbeopog (link)
— To «kaAwdlo» mou petadEpeL Eva onpa
¢ KavaAi (channel)
— H Aoyikr) ouvdeon petafl dtokomtwv/SpopoloynTwy
e Awakomng/6popoloyntig (switch/router)

— H povada mou cuvdEeL MEMEPACUEVO APLOUO KOVOALWY ELOOOOU UE TIEMEPACTHUEVO APLOUO KAVOALWY
e€odou

* KopBog (node)
— Awakontng/dpopoloyntig evtocg Tou SikTtuou
*  Mnvupa (message)
— Movada petadopag Se50UEVWV YLa TIG CUCKEUEC TOU SLKTUOU

* Noakéto (packet)

— Movada petagdopadg ya to Siktuo
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* Enidoon

— Xpovoc amnokplonc (Latency): o xpOvog Tou armalteitat ywo vo. $ptaoeL To mpwTto byte
nAnpodopiag amod Tov anooTtoAEa oToV TOPAAARTITN

— Eupoc lwvnc (Bandwidth): o puBuoc petadoonc tng mAnpodopiog

* Kootog / KatavaAwon evépyeLog
— ApLBUOC ports oToug SLOKOTITEC
— ApLBuOC SlakomTwy

— ApLBUOC cuvbEoewv

o  KAlpakwolpotnto/EneKtaotpotnta

— H duvatotnta tou diktuou va uootnpiéel eméktaon o€ peyaAutepo MARO0C cuoKEL WV
Xwplic bottlenecks
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* Ta diktua StaocuvdeoNC KATNYOPLOTIOLOUVTOL LE TPELG TPOTIOUC:
1. Me Badaon to mARBo¢ KoL TNV amooTachn TwV CUCKEU WV Ttpog Sltaclvdeon
2. Me Baon tnv tomoloyia

3. Me Baon tov TUTOo TWV cUVOECEWVY
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* On-Chip Network (OCN) ) Network-On-Chip (NoC)
— Caches
— Cores
— CMPs

» System/Storage Area Networks (SAN)
— Enetepyaotéc pe povadeg pvnpung
— YMOAOYLOTEG PEeTagl TOUG
— YmoAoylotég pe ouokeuég E/E
* Local Area Networks (LAN)
— YMOAOVYLOTEG 0€ €val TOTUKO SikTuo
* Wide Area Networks (WAN)

— YmoAoyloTtéG omouSAMOTE 0ToV KOO0
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Katnyopieg Siktuwv pe Baon Tnv anootoocn Twv
OUGKEUWV

5x 106

AnooTtaon (m)
x
2

5x 100 ’

5 x 10-3 \:l\
1 10 100 1,000 10,000 >100,000

MANRB0OG 31a0UVIEDEPEVV
CUOKEUWV
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» Shared-medium Networks

— OAec ol ouokeuEg (endpoints) potpalovrat to ibto peco Staovvdeong

— Movo pla cuokeun UmopeL va xpnoLpomolel To péco Sltaouvdeong kabes popa
* Direct / Point-to-point Networks

— KaBe ouokeun (endpoint) cuvdéetal og €va router

— KaBe router cuvbéetal pe cUVOEDELC LE €va ) TtEpLoocOTEPA AN routers

— OL OUOKEUEG UmopoUV va Xpnotpomolouyv to Siktuo tTautoyxpova

* Indirect / Switch-based Networks
— Aev untapyel aneuBeiog cuvdeon petafLv 6Vo cuokevwv (endpoints)
— KaBe ocuokeun €xeL €vav tpooappoyEa SIKTUOU Kal pia cuvdeon tpog Evayv SLoKOTTN

— Evog R meploootepol Stakomtec avaAapfavouv tn ovvdeon petal SUO CUOKELV WY
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Shared-medium Networks

* MAgoveKktRpata Bus - OCN
, , (Intel FSB, -2004)
— EAaxiotn moAumnAokotnta

— Avuvatotnta broadcast

* INUAVTLKO yla snoop cache coherence
protocols, barriers...

* MelovekTpota
— NMNeploplopevo bandwidth

— Yrootiplen Ukpou aplBpol CUCKEL WV

cslab@ntua 2017-2018
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Direct Networks

* MAeovekTApOTA
— Eivaw kKAlpokwolpa

— Elval emektaolpa

Point-to-point - OCN
(Intel Nehalem,2007)

* Mewovektipato
Chipset

— Xpewalovtau routers

* O enefepyaotn UMOPEL va KAVEL TO routing o€
HKpN KA{paKka

— XpeLalovtal MEPLOCOTEPOUC CUVOECHUOUC

*  XpNOLUOTIOLOUVTAL EUPEWG OE CUOTHUATA
HEYAANG KALpOKOG

— TomoAoyieg n-6ldotatou MAEYUATOC, TOPOU,
uTtepKUBou

3D-mesh - SAN
(Cray XT3 “Seastar” 2004)
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Indirect Networks

. Crossbar network - OCN
* nAGOVG Ktnpata (Intel Xeon, 2008-)
— Eilval kKAlpokwotlpa

— Elval emektaoipa

— MpoodEpouv peyaAutepo eVpog {wvng QP links |

* MeloveKkTipota

— Xpelalovtat switches (peydlo k6otog)

BEE & §EE § EEk §
Fat Tree - SAN
(InfiniBand fat tree)
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e Ztatkd Aiktua
— OLouVOEDELG PETAEY TWV CUCKEUWV ELVOL TIPOKOBOPLOUEVEC KOl OTOTIKEG
— Ta direct networks gival otatika
* KdabBe cuokeun eival Evag KOpBog
* OLouvdéoelg petall Twv KOUPBwV eival otatikeg kat kaBopilovtal amo tnv TonmoAoyia
e Auvapika Aiktva
— OLouvdeaoelg dnuloupyouvtal amno to Siktuo otav xpeLalovral
— Ta indirect networks givat Suvapika
» KaBe Stakomtng ivat évag Koppog

* O blakomnteg Tou Siktuou kabopilouv Tic cuvOETELG SUVaLKA

cslab@ntua 2017-2018
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* TomoAoyia
— KaBopilel Tov TpomMo TNC oUVEEONC TWV KOUBWV/CUCKEU WV
— Emnpeadel tn 6popoAdynon (routing), To throughput, To xpovo anokplong, TNV eUKoAia
KOTALOKEU N C Tou SLktuou Sltaolvdeong
* ApopoAodynon (Routing)
— Adopa 1o nw¢ StaBLfaletal Eva pAvupa amo TNV adeTnpio 6ToV MPoopLoUo
— Mrnopei va gival otatikn rp Suvapkn
* AnoOnkevon (Buffering) kot €éAeyxo¢ pon¢ (Flow control)
— TLamoBnkevetal oto 6ikTuo; (Tirmota, OAOKANPA TIAKETO, KATIOLO TLOKETA KATL.)

— Tuylvetal av éva takETo Sev pnopel va petadepBei Aoyw cupudopnong; Mwg KAVoU e
throttling;

— To buffering kat to flow control oxetifovtal pe tn otpatnyky SpopoAoynong

cslab@ntua 2017-2018
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To uAvupa sival pia akoAouBia amnod bytes nou npénel va petadepbel ano tnv
adeTnpio 0TOV MPOOPLOUO

Av €va pvupa eivat oAU peyado, dlalpeital o€ HOVASEC UE TTEPLOPLOUEVO HEYLOTO
N KOC, TIOU AEYETAL TTAKETO

MnAvuua

Nakéto | Rl | SN

— Y

Header Body flit
RI: routing information

SN: sequence number

* To maketo pnopet va dtatpeitat mepattepw oe flits
— BoolKEC pOVADEC TOU EAEYXOU PONG

cslab@ntua 2017-2018
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Fevikn apxLtektovikn Evog SpopoAoyntn (router)

Injection /W

Channel Channel
| [
\ Y
LC LC
t

=T|LC

Input Channels

—>|LC

i

Switch

v

-

e
b

Output Channels

!
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* Pipeline 5 octadiwv

1.

4.

cslab@ntua 2017-2018

BW: Buffer write — Mpoowpvn arnoBnkevon otnv oupad twv buffers

‘Eva MAKETO eLoEp)ETOL 0TO dpopoloyntn Kat arnoBnkevetat otov buffer etcd6dou

To otadio napaleinetal av dev unapyouv buffers (bufferless routers)

RC: Routing computation — YrtoAoylopog mpooplopol

H povada SpopoAoynong kat Stattnoioag mpoodlopilel ToV MPOOPLOUO TOU TIKETOU

SA: Switch allocation — Aéopevon tou dlakomtn

H povada dpopoAoynong kat dtattnoiag deopevel to Slakormtn Kat B€Tel KATAAANAQ TNV
eloobo kat tnv €€odo

ST: Switch traversal — Aldoxlon Tou Slakomtn

To nakEto dLaoyilel to dLakormtn

LT: Link traversal — Aldoxion Tou cuvdéopou

To nakéto dLaoyilel to cuvdeopo e€660U MPOG TOV TPOOPLOO
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* Eotw OtL V0 makETa BEAOLV va xpnoLoToLjoouV Tov idlo cuvdeopo tnv dLa
OTLyun

e TLemAOYEC UTIAPXOLV;

cslab@ntua 2017-2018
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‘EAeyxog pong

* Eotw OTL SU0 MakETa BEAOLV va XpNOLUOTIOL)COUV ToV 610 cuvdeopo TV bl
OTLYMA
e TLemAOYEC UTIAPXOLV;
1. Buffering - oTéAvw TO £€va MAKETO, ATOBNKEVW TIPOCWPLVA TO AANO

* Movo ywa buffered networks

* Antauteitat EAeyxoc ponc yia to buffering

cslab@ntua 2017-2018
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‘EAeyxog pong

* Eotw OTL SU0 MakETa BEAOLV va XpNOLUOTIOL)COUV ToV 610 cuvdeopo TV bl
OTLyHn
e TLemAOYEC UTIAPXOLV;
1. Buffering - oTéAvw TO £€va MAKETO, ATOBNKEVW TIPOCWPLVA TO AANO
* Movo ywa buffered networks

2. Drop — oTéAVW TO £va TTAKETO, TIETAW TO AAAO

* O amootoAéac npémnet va éavaoteiAel To unvuuo B

cslab@ntua 2017-2018
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* Eotw OtL V0 makETa BEAOLV va xpnoLoToLjoouV Tov idlo cuvdeopo tnv dLa
OTLyun
e TLemAOYEC UTIAPXOLV;
1. Buffering - otéAvw 10 €va TOKETO, AmoBNKELW MPOCWPLVA TO AAAO
* Movo yiwa buffered networks
Drop — otéAvw TO €va TTAKETO, TETAW TO AAAO

Deflect — otéAvw TO £va MAKETO, OTEAVW TO SEUTEPO TTAKETO KATIOU AAAOU

Vo

0—>

irl-‘

v

* To makeTo TOU Unvuuato¢ B mpemnet va éavadpouoroyndei apyotepa oto Siktuo

*  [vwoto kot w¢ hot-potato routing
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* Eotw OTL OéAw va otelAw €va pAvupa oo to 2 oto 5

* Me circuit switching:
— To povomaTtL KaTtaokeUAleTaAL TIPLV EEKLVAOEL N ATTOOTOAN
* Anpwoupyeital éva KUKAwpa ano to 2 oto 5

— To povonartt kataotpedetal adou TEAELWOEL N ATTOOTOAN

cslab@ntua 2017-2018
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 Circuit switching: M£6oboc eAeyxou ponc yia bufferless diktua

— Npwv tnv anootoAn, Snuioupyeital Eva KUKAwpA (circuit) amo tnv adetnpia wg tov
TIPOOPLOUO

— OAa ta TaKETA A0 TN OUYKEKPLUEVN adETNPLOL OTO CUYKEKPLUEVO TIPOOPLOUO OTEAVOVTOL
HEOW TOU KUKAWUOTOC

— Av dgv umdpyouv AAAQ TTOKETA TIPOC ATIOCTOAN, TO KUKAWHO areAeuBepwveTal

— Ot oUvdeopol ou amaptilouv To KUKAwA §EV UITOPOoUV va XxpnoLpornolnfouyv yia dAla
KUKAwpaTo

* [MAeovektApata
— Ipnyopn Srattnoia (m.x. oe crossbar diktua)
— Aev anatteital buffering
— Ae pe evlladEpPeL TO PEYEBOC TOU UNVULATOC
* MeloveKkTipota

— H dnuloupyia Tou KUKAWPATOC KOOTL(EL OE XpOVO

— OLoUvéeopOoL TOU KUKAWHOTOG UTTOPEL VAL UTTO-XpNoLHoTolouvTal
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* Eotw OTL BéAw va oteilw €va pvupo amnod to 2 oto 1

* Me store-and-forward switching:

cslab@ntua 2017-2018

‘Eva makéto dpopoAoyeital ano tnv adetnpia o€ Evav KOUBo tou Siktvou
To makETo anobnkeveTal OAOKANPO O AUTO TOV KO PO
To nmakEto SpopoAoyeital otov EMOPEVO KOUPBo

H dtadikaoia emavadapBavetal pexpL va GTACEL OTOV TIPOOPLOLLO

O o o o
© o o o
mm @) O O O
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» Store-and-forward packet switching: M&Boboc eA€yxou ponc yia buffered diktua
— KaBe makEto SpopoAoyeital Eexwplota
— To makeéto anodnkeveTal tavra pLv powbnOel

— Av évag oUvdeopog Oe XPNOLUOTIOLELTAL, OTIOLOOATIOTE TIAKETO UTopEL va petadepOetl
TIAVW OO AUTOV

* MMAeovektApata
— Aev amatteital xpovocg yla tn dSnpLloupylot KUKAWUATOC
— OLoUvbeopol xpnoLLoToLoUVTOL KOAUTEPQ
— A€&lToupyel KAAUTEPA VLA ILKPQA, CUXVA UNVU T
* Melovektipata
— H pon elvat Suvapkn
* OQewPNTIKA 0 EAeYXOG PONG UMOpPEL va KOOTI{EL IEPLOCOTEPO
* H Slaipeon og makéta £XeL KATTOLO KOOTOC

— O XpOVOoC amoOKpLONG OVA TIAKETO €lval uPnAog

cslab@ntua 2017-2018
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Virtual cut-through (packet) switching

* Eotw OTL OéAw va otelAw €va pAvupa oo to 2 oto 1

* Me virtual cut-through switching:

— Av unapyel amoBnKeUTIKOC Xwpog otnVv £€060, To MpwTto naketo (header) SpopoAoyeital
arno tnv adetnpia mMPog Tov MPoopPLoUO

— Ta umtoAouna makETa akoAouBouv pe pipelined tpomo

OO O

O
© o o o
O

OO O
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* Virtual cut-through switching: M€éBo&o¢ eAéyxou porig yia buffered diktua
— KaBe maketo Spopoloyeital Eexwplota
— Av o buffer oto kavaAL e€6dou eival eAevBepog, Eekva n SpopoAdynon Tou TTAKETOU
* O header tou TakETou MePLEXEL TNV MANPOdOopia SPOUOAOYNONC KoL ATIOOTEAANETAL TIPWTOC
* Ta unmolouna bytes petadepovral pe pipelined tpomo
— Av évag oUvOeooC &€ XpNOLUOTIOLELTAL, OTIOLOOATIOTE TTAKETO UMOPEL Vo LeTadepOel mavw
Qo AUTOV
* MNAeovektpata
— Agev amnaltteital xpovog ylo tn Snuioupyilot KUKAWUATOC
— MelwveTal o xpovog amokpLong o€ oxeon Ue to store-and-forward
* OxLoLamnattioelg os buffers!

— OLouvbeopol xpnoLpomnoLlouvtal KaAuTtepa

* Mewovektipato
— H pon eivat Suvapkn
— Av o header prtAokapeL otnv £€060, ATTALTELTOL APKETOC ATTOONKEUTIKOC XWPOE YLt OAO TO
TIOKETO
— ExkduAiletal o store-and-forward o€ neputtwoelc uPnAol AvTaywvLoHOU

— Anouwtel daxeiplon deadlocks
cslab@ntua 2017-2018
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* Wormhole switching: MéBodoc eAéyxou ponc ywa buffered diktua
— KaBe flit evog makeétou SpopoAoyeital Eexwplotd

— O €Aeyxoc pong¢ yLa kaBe flit elval avtiotolxog e Tov EAeyXo pong MakETwy oto virtual
cut-through switching

» Av o buffer oto kavaAt e€66ou eival eAeUBepog, Eekiva n SpopoAoynon tou header flit
* Ta untolouna flits Spopoloyouvral pe pipelined tpomno
— Ta dtadopa flits mou amoteAovv €va nakeETo pmopouv va tpowBouvtat oto SiKTuo
— Flits Tou (6lov makeEtou pmopel va Bpiokovrtal anoBnkevpéva oe buffers dtadopetikwy
routers mpLv TNV OAOKARPWON TNE ATTOCTOANG TOU TTOKETOU
* MAeovektpata
— Anauteital HkpOTEPOC AmoONKEUTIKOG XWPOG ava router
* Flit bytes << Packet bytes
— O xpovog amokplong kaBopiletal amod to peyebog tou flit
* Melovektipata
— Av 1o header flit prtAokapel, OAOKANPO TO TIAKETO UTTAOKAPEL

— MeyaAutepn moAumhokotnta otnv anoduyn deadlocks

* MoAAa flits Tou (6lou makEtou og StadopeTIKOUG routers
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From/To Local Processor

| )
LC LC
Input Queues | | Output Queues
(Virtual Channels) (Virtual Channels)
Physical Input Channels f Physical Output Channels
= LC S et [ C i
| Switch :

Virtual B g ~—— VC-Virtual
channels: channel
MoAlarmAa —_—] C Ol [ C bt controller:

ELKOVLKQ f Avohappavel

KavOALa yio : TNV MOAUTIAES Lt
K&Be PuoLKO || Routingand TWV ELKOVIKWV
KOVOAL Arbitration KOVOALWYV OTO
PUOLKO KavaAL

¢ Xwpic elkovika KavaAla, av éva pAvupa kataAdpel pia oupa amnod buffers, kavéva aAlo
HAVU MO €V UTTOPEL VAL XPNOLLOTIOLOEL TO KOVAAL

* Ta €LKOVIKA KaVAALX AELTOUPYOUV oaVv TTIOANATIAA GUGCLKA KOVAALO ILKPOTEPNG TAXUTNTOC

* BeAtwwvouv to Xpovo amnokplong Kat to throughput tou diktvou

cslab@ntua 2017-2018
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* YITAPXOUV TPELC UNXaviopotl SpopoAoynong

— AplOuntikA: Baoiletal og amAn aplOuntikn yia va tpoodlopiosl Eva LLOVOTIATL O

KOWVOVLKEC TOTIOAOYIEC, ) oTn Sldotaon o€ 1o cuvOeTeg TomoAoyieg (dimension-order
routing)

— Me Baon thv adetnpia: H adetnpia emiAéyel Tnv mopta e€660u og KABE SLAKOTTN OTO
LOVOTTATL

— Me avalntnon os nivaka (table lookup): H mopta e€66ou avalnteital og €vav nivoaka

* Xpnolpomoleital kupiwg oto packet switching
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e Yrapxouv TpeLg TUTOL aAyopiBuwv dpopoAdynong
— Deterministic: ' éva cuykekpLévo (eUyog adeTnplag-tpoopLopol, ETIAEYETAL TTAVTA
10 (610 povomatt
— Oblivious: lNa éva ocuykekpLpevo (eVyog adeTnplac-MpoopLopoU, ETUAEYOVTAL
SLahOPETIKA LOVOTIATLO, ACXETA E TNV KATAOTOON TOU SLKTUOU
— Adaptive: lNa €va cuykekpLévo (eVyoC adeTnplac-MpoopLopoU, ETUAEYOVTaL
SladopeTikA povomatia, avaAoya HE TNV Katdotaon Tou Stktuou

e o TNV Mpoocapuoyn otnVv Katdotoon Tou SIKkTtuou amnatteitatl tpododotnon armod 1o diktuo
(Tomka ) cuVoALKA)

* Ta StadopeTika povomatia Pmopel va eival eAaylota i pun eAayLlota

cslab@ntua 2017-2018
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e JTN VIETEPULVLOTLKN) SPOLLOAOYN O, OAQ TO TIAKETO O ol CUYKEKPLUEVN adeTNpLa
0€ €VaV OCUYKEKPLUEVO TIPOOPLOUO atkoAouBouv tnv WbLa dtadpoun
— Aev artautel circuit switching
« Dimension-order routing: AAyOpLOLOC VIETEPULVLOTIKNC SpopoAdynong
— Aldoylon tou diktuou ava diactaon
* [.x. og éva 2D-mesh, mpwta dtaoxlon katad X, peta dtdoyion kata Y
— MAgovekTpota
e AmAGG aAyoplOpog
* Ae dnuoupyel deadlocks oti¢ meptoodtepec tomoAoyiec
— Melovektripato

* Mmnopei va dnpioupynoel patvopeva avtaywvlopoU

* Aev alonolel ta StadopeTikd povomadtia oto SikTuo

cslab@ntua 2017-2018
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* Deadlock: Mo kataotaon omou dev umtdpxeL TPOodoC POC TO EUTPOC
— NpokaAeitat anod KUKALKEC e€apTroelc oto diktuo

— Eva mokEto mepLpével yia evav buffer mou kataAapBavetal amd KAmolo AAAO TTAKETO ToU
KWeltaw mpog tnv idla katevBuvon

* Emilvon deadlocks:
— Amoduyn KUKAwv otn dpopoAdynon
* Dimension-order routing i D C 5
» Kivnon pe ouykekplpEvn katevBuvon [; "D ﬂ 'D D
— EmutA€ov mpoowpLvocg amoBbnKeUTIKOC XWPOG L] !
— Evtomiopocg twv deadlocks kat emiAuvon P
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* Xtnv oblivious 6popoAoynon, Ta MAKETA Uopouv va KlvnBouv armo dtadopeTika
LLOVOTTATLOL OO TNV adeTnpla otov mpoopLlopo, xwpeic va Aappdvouv urtoyn tnv
Kotdotaon tou dtktuou

* AAyopLOpog Valiant: AAyoplOuocg yia oblivious dpopoAoynon

1. Tuyxaia emthoyn evog evOLAUETOU TTPOOPLOUOU
2. ApopoAoynon amno tnv adetnpla wg Tov EVOLAUESO TTPOOPLOLO
3. ApopoAoynon amo Tov eVOLAUECO TIPOOPLOO OTOV TEALKO TPOOPLOUO
* Hevdlapeon dpopoloynon umopel va eivatl dtapopetikn - r.x. dimension-order
— MAeovekTpota
* H emloyn TuxoilwVv MPOOPLOUWY KATOVEUEL TTIEPLOCOTEPO OpoLOpopda to poptio oto Siktuo
— Random pattern -> Uniform traffic
— Melovektripato
* Toa povomartia tou emAéyovtal Sev eival eAaxLota
— EvaAAaKTKa

» Atilel va xpnolpomolnBei 6tav to poptio oto diktuo eivat uPpnAo

cslab@ntua 2017-2018 34



* TNV MPOCOPUOOTIK SpOUOAdYNON, TA TTAKETA UTTOPOUV va KlvnBolv amo dtadopeTika
HOVOTIATLO aTto TNV adeTnpia otov mpooplopo, Aappavoviag umoyn tTnv TPEXOUOCO KATAOTOON
Tou SLKTUOoU

* EAayiotn npooappoyr: AAYyOpLOuocC yla mpooapUooTLK) SpopoAoynon

— O 8popoloyntric eAEyXeEL TNV KaTAOTAON TOU SLKTUOU yla va amodacioel mol Ba otelAel Eva
TIOKETO

— EmAéyel o port ou lval Lo KOVTA 0TOV MPOOPLOUO -> EAAXLOTA LOVOTIATLA
— MAgovekTApOTA
* Exel eMiyvwon Twv TOTKWV GALVOUEVWV OVTAYWVLIOHOU
— Mewovektipata
* H emloyn eAdxLoTou HovomaTtiol UelwVeL Tn duvatotnta e§looppomnnaong tou ¢optiou
* Mn-gAayiotn npoocappoyn: AAyoplopog yla mpooappooTtikr) SpopoAdynon

— O SpopoloyntAg OTEAVEL TTOKETA O€ KATIOLO onpeLlo oto Siktuo, AoYETA LE TNV OMOCTOON
TOU aTto TOV MPOOPLOUO

— MAgovekTpaTA

* Mropel va emtuxel e€loopponnon poptiou Kot KAAUTEPN Xprion Tou SIKTUOoU
— Mewovektipata

* Mpénetva dtaodpalilel otL 6 Ba epdaviotel livelock
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* Bus

— 1 anmAovoTepn TomoAoyia
* Point-to-point ouvdéoelg

— 1 Taxutepn aAAd o akpiLBn tomoAoyia
* Crossbar

— Alyotepo akpLBn amno Ti¢ point-to-point cuvOEoEeLC

* Ring
e Tree
* Omega

* Hypercube

* Mesh

* Torus

* Butterfly
* Dragonfly

* Slimfly

cslab@ntua 2017-2018
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* Xpovog amnokplong (latency)

— Xxetiletal pe TV TEXVOoAoyia Tou SiKkTUoU Kot Tov aAyoplbpo SpopoAdynong
* EUpoc¢ {wvnc (bandwidth)

— Xxetiletal pe TNV TEXVOAOoyia Tou SiktUou

* EUpoc tounc (bisection bandwidth)

— Yxetiletol pe TNV tomoAoyia Tou SiKTUou Kal To peEyeboc tou Stktuou
o ALQUETPOC

— Xxetiletal pe TNV TomoAoyia Tou SiktUou Kal To peEyeBog tou diktuou

» Kootog

— MARBo¢ diktuakwyv otolxeiwv, TANB0o¢ cuvdEouwy, HEyeOOC/MOAUTIAOKOTNTA SLKTU KWV
OTOLYELWV

e Avtaywviopog — 2uudopnon (Contention - Congestion)
e KatavaAwon eveépyelag

* JUVOALWKN €midoon TOU CUCTAMATOC
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* XpOvoc aniékKpLong: o XpOVOC TOU ATTOLTELTOL YLOL TNV ATTOOTOAN TNG MPWTNG Hovadag
TOU MNVUUOTOC
— Opiletal w¢ xpovoc yLa To PwTo byte, To mMpwto nmaketo, to npwTto flit
— E¢aptatal amo tnv texvoloyia tou SIkTUoU aAAd Kol TOV TPOTIO Kol ToV aAyoplopo
&popoloynong

* EUpog Iwvng: o puBuoc petadoonc tou pnvupatog (bytes/second)

— E¢aptatat amo tnv texvoloyia tou Siktuou
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* EUpoc tounc: To aBpolopa tou eUpouc {wvng OAWV TwV CUVOECUWYV av SLaLPECOUE
To Siktuo o€ SUO UEpN UE Loo aplOpd KOUPwV

— E¢aptatal amo tnv tonoloyia kal to péyebog tou Siktlou

o ALAPETPOC: TO HEYOAUTEPO EAAXLOTO OVOTIATL peTalL omowwvdnmnote SV0 KOUBwWV
oto biktuo

— E¢aptatat amo tnv tonoloyia kal to péyebog tou Siktlou

o [Mapadetyua: Aiktua 16 KOpPPwV pe cuvdeopoug 1GB/s SutAng katevBuvong
EI"'"E""EI-.,.AMHHPOC =8

EI.'Jp(')q 5 EUpog E E
TOMNG ! - { \
a*1ces 11— , :01“6";/ g )
= 4GB/s T b i ZGB/ss B e ]
0O O O 0 L =
‘ 0 =
D D Auilzlllstpcln;l =6 ] [] L]

cslab@ntua 2017-2018

39



* To kootocg tou Siktuou kaBopiletal amno:
—  T0 MARB0C TWV SIKTUAKWYV OTOLXELWY
— TOo peyebocg R/katl TNV MOAUTTAOKOTNTA TWV SIKTUOKWY OTOLXELWV

— 10 MARBOG TWV CUVOECUWVY

o [lapadeyua: Aiktva 16 KOpBwvV

S N _m S-m
CH{F+—1T1F—[1] -166wkénteg .

-4 BUpec/SLokomTn O
1 O O O -24 guvbeapol b
—O—— L]
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|
|2NHeio kopeopoU

a I

14

£00C XPOVOG amoKpLoNG

Average Latency

14

M

v

Load
Eloepyxopeva attipota oto diktuo
* AladopeTikeG TomoAloyieg mapouotalouvv SLadpopeTIKA onpeia KopeopoU
*  ALapOPETIKEC TEXVIKEC SpopoAdynong mapouotdlouv SLadopeTIKA ONUELD KOPECUOU

o  ALAOPETIKEG TEXVLKEC EAEYXOU poN ¢ TtapouaoLalouv SLadopeTIKA onUeia KopeouoU
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000600000

Bus

* Bus: O\oL oL kOpBolL cuvdéovtal o€ €vav ocUVOECHO

* [MAeovektApata

— A0 8iktuo pe xapnAo KOoTog yia pkpo TARBo¢ KopBwv

— AnAn dpopoAoynon — bev amattet switching

— H ulomoinon coherence ival eUkoAn (snooping, serialization)

* Melovektipota

— Agev KAHOKWVEL 0€ peyaAo ARBoc¢ KopPwv

* To gVpog {wvng elvalL IEPLOPLOUEVO

* Ynapxouv meploplopol otnv avénon tng ouxvotntag yo avénon tou evpouc Lwvng

— Epdavitovral patvopeva avtaywviopoU Kat ypriyopos KOPECUOG

cslab@ntua 2017-2018

* Aev UmOpoUV Va ETLKOLVWVHOOUV TaUTOXpova O0Aa ta duvatd {euyn
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* Point-to-point: KaBe koppog
ouvoEetal pe KAaBs aAAo KOUBO
le evav amnevbeiac ouvdeouo

* [MAeovektApata
— EAGXLOTOG QVTOYWVLOOC
— EAdxLotog XpoOvog amokpLong
— Meéyiotn enidoon
* Melovektipota
— Méyioto K6oToG
* O(N) cuvbéoelg/ports ava kopupo
* O(N?) ouvbéeaopuol
— Agv KALLOKWVEL AOYW KOoTOUC!
— YAormoteital SuokoAa oto hardware

* MoAUTAokn ocuvdeopoloyia

o |Savika F€Aouue tnv eriboon tou point-to-point SIKTUOU KAl TO KOOTOG TOU bus

cslab@ntua 2017-2018
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* Crossbar: KaBe kopBoc cuvdéetal pe
KaBe AANO KOUPO pe puotpalouevous
oUVOEOOUC KoL SLAKOTITEC
— Avuvauko kat indirect diktuo

— H moAumAokotnta Bpioketat

OTOUG EVOLAUECOUG SLOKOTITEC

o ETTPEMEL TAUTOXPOVEC LETAPOPEC

O—0-0-0-0090
O—0-0-0-0090
O—0-0-0-0090
O—0-0-0-0090
O—0-0-0-0090
O—0-0-0-0090
00000000

av oL tpooplopol dev givat avrtaywviotikoi

o
o
o
o
o
o

NJolnleJwin - o
0O 0000O0O00O0

e Exel xapnAo KOOTOC yLa Ukpo AnBo¢ KopBwv
« MAegoveKTApATA moggageo
— MuKpOC XpOVOC amoKpLonG
— Meyadho throughput
* Melovektipota

— A&V KAHOKWVEL
* O(N?) StakomTeg
— AUokoAn dwatnoia (EAeyxoc e€66ou - arbitration)
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* To mpoBAnua ota crossbar networks eivat n dtattnoia
— Kamolog npenel va anodaciost mwg Ba ptaoel Eva MakETo arno tnv eloodo otnv £€060
 [pLv TNV AMOCTOAN TOU HNVUUATOC
— Anatteital Keviplkog Spopoloyntng

* MeyaAn moAumAokotnta

* EvaAdaktika: pmopw va anoBnkelw maketa oto Siktuo pe xprnon buffers

— H dlattnoia yivetal o eUKoAN

cslab@ntua 2017-2018
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e Otav uTApPYOUV AVTAYWVLOTLKOL
T(POOPLOKOL, O KEVTPLKOC dLlattntng
anodaocilel va oelplomoinoet
TIOKETA

e XaunAo throughput!

cslab@ntua 2017-2018
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* [pooBnkn oupwv yia buffering oe
OAOUC TOUC EVOLAPECOUC OLOKOTITEG 0!-) T .L
— Meyalo koéotoc: O(N?) buffers @ L?-_I,
o Amnatteitat EAeyXoc pOng yLa tn 0=_>
Slaxeiplon Twv oupwv B
— o anoduyn unepxelilong Q -

utpu
rbit

utpu utpu
rbit rbit

utpu
rbit

©-f
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Bus Crossbar  Point-to-point

»
»

14

£00C XPOVOG amoKpLoNG

Average Latency

14

M

Load
Eloepyxopeva attipota oto diktuo

e Throughput: Point-to-point >> Crossbar >> Bus
» Kootog: Point-to-point >> Crossbar >> Bus

* MrmopoUuE va SlatnproouE TNV KaAR enidoon pelwvovtag To KOoTOC;

cslab@ntua 2017-2018
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Multistage Interconnection Networks (MINs)

e AvTlKOTAOTOON EVOC peyaAou (akplpou) SLaKOTTN LE TIEPLOCOTEPOUC ULKPOTEPOUC
(pBnvotepouc) Slakomreg oe enineda/otadla

Butterfly
(2-ary 3-fly from 2x2 crossbars)

8x8 crossbar

o
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Multistage Interconnection Networks

* MAeovekTApato
— Kootoc: O(NlogN) duakomteg

* MeloveKktipota
— Movadiko povonatt ano kabe adetnpio o€ KAOE MPOOPLOUO
— MNePLooOTEPOC AVTAYWVLIOHOC — HLKPOTEPO throughput o oxéon pe buffered crossbar

0

1
)
3

5

* [loAAEc Tomtoloyieg MIN: Butterfly, Omega, Benes, Banyan k.d.
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'R [R] [Rl Rl Rl [R] |[R [R
Ring

. Ring:'K('Jes KC')|J[30C5 ouvOEeTal e dUO AAAOUC KOUBOUC - OAoI 01 KOPBOoI axnuaTi(ouv €va
OUVEXOUEVO LOVONATI
« Ala@epel ano To bus
— Xpnoiuonolgi d1akOnTeC
— Ynapyouv point-to-point ouvd£oeiC HETAEU TwV OIAKONTWV
* MNAeoveKkTpata
— Kootog: O(N) e
— Armhol 2x2 Slakomnteg o kKAOe kOpBo (m.x. 2x2 crossbar)

* Mewovektipato IE

— Meyalog xpovocg amnokpiong: O(N)

~
S

— Y100gpd €VPOC TOUNAC

— Aev KAPOKWVEL AOYW €VPOUC TOUNC
cslab@ntua 2017-2018



* EvaAdaktika oto amAo unidirectional ring

— Bidirectional ring 00000000
— MNoAAamAd rings

— lepapxlka rings Q

00000000
* [MMAeovekTtApata

— MuKpOTEPOG XPOVOC ATIOKPLONG
— KoAutepn KALHOKWOLUOTNTA
* MeloveKktipota

— MeyaAutepn MOAUTTAOKOTNTA OTOV EAEYXO PONC

cslab@ntua 2017-2018
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* 2D-Mesh: Kabe kopBoc ouvbeetal HEow €VOC

SLAKOTITN UE TOUC 4 YELTOVIKOUC Tou KOUPBoUC
oto SLdlaotato MAEypa

— 2TaTko kot direct diktuo

* [MMAeovekTApata

— Kootoc: O(N) dtakomteg

— Méooc xpdvog amdkpionc: O(VN)

— EUKoAn vAomoinon os chip

— MNoAAamAd povondtia ano évav KOpBo o évav

AANO -> UKPOTEPOG OVTAYWVLOHOG

* Melovektipota

— NoAumAokot dtakomteg (m.x. 5x5 crossbar)
— H enidoon e€aptatal anod tn B€on oto MAEyUa

* Auon: tormoAoyia Topou

cslab@ntua 2017-2018
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Xpnon SIKTUWV O€ MPOYUATIKA CUOCTHHOTO

» Enefepyaotég Intel Xeon

cslab@ntua 2017-2018

\

HEW

E5-2600 v3
A HS
HSW
Shared Shared
13 13 HOW
Cache Cache
HSW
(45MB) :
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Xpnon S1KTUWV O€ MPAYHATIKA CUOTAMOTO

» Juveneepyaotng Intel Xeon Phi Knight’s Corner (KNC)
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Xpnon SIKTUWV O€ MPOYUATIKA CUOCTHHOTO

o Juvenetepyaotnic Intel Xeon Phi Knight’s Landing (KNL)
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Xpnon SIKTUWV O€ MPOYUOTIKA CUOTALOTA

 ARM big.LITTLE - CorelLink CCI400

— AiKTUO YaUNAOU KOOTOUC KOl KATavAaAwong L.oxuocg yia mobile mAatdopuec

big and LITTLE
processor clusters with
GIC-400 to distribute
interrupts

GPU with 10 coherency

10 Coherent Masters and
GIC-400 Interrupt Control CorelLink NIC-400
Display Cortex-A57 -
and Vides Cortex-A53
Sub-
system - -
LZ Cache
—{ apBao0 pb—— Aps-s00 |— Anu;m ADB-400

MMU-500

CoreLink MMU-500

TZC-400 TrustZone Address Space Controller |

System MMU enables
Virtualisation of HW

v |

CoreLink DMC-400

Dynamic Memaony Controller

DDRALPDDR

DORALPDOR
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To Peripheral Interconnect

CoreLink MIC-400
Network Interconnect
with Quality of Service

Hardware coherency

simplifies software,
enables big.LITTLE
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Xpnon SIKTUWV O€ MPOYUATIKA CUOCTHHOTO

 ARM big.LITTLE - CorelLink CCN512
— Aiktuo uPnAol KOoTOUC Kal KATavAAwonG Loxvog yla servers

Heterogeneous processors — CPU, GPU, DSP and
accelerators

Upto 4 I v —— I
cores irtualize \nterrupr_s
4
per \ ’ ‘\
4 [ ] V
Cluster GIC-500 ’ \
¢
I I Cortex CPU [ Cortex CPU L;nlform
I I or CHI or CHI stem
J J _I _I master master Y
Cortex-A57 Cortex-A57 memory
>
’f

Cortex-A57 Cortex-A57
NIC-400 -

Cortex CPU | Cortex CPU

Upto I2
coherent [~ __II _I __II _J or CHI or CHI
(B (ASEER 11O Virtualisation CoreLink MMU-500 Upto 241/0
coherent interfaces

clusters Cortex-A53 Jl Cortex-A53 AR Cortex-A53 JL Cortex-A53
I s iy
CoreLink™ CCN-512 Cache Coherent Network for
accelerators
1-32MB L3 cache Snoop Filter and /O
IntegratEd Memory Memory Memory Memory
L3 cache Controllar Controller Controller Controller Network Interconnect Network Interconnect
omcs20 M omcso M omeso DMC-520 e A
x72 x72 x72 x72
gnnm-szooj (ooreso ) ( porese | [ ooresno ()5 (@) (&) (B
1
! I
Up to Quad channel 1
I \ Peripheral address space I

DDR3/4 x72
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* Ta ocuvotipata PHEYAANG KALpaKOG €xouv SLaPOPETIKEC ATTALTOELS o Ta Siktua
Slaolvdeonc oe chip

— Opolopopdn eniboon, kO60TOC, KALHAKWOLHOTNTA (o€ XIALAdeg KOUPBOUG)
o Awadedopéveg tonoAloyieg
* Topog
— Opolopopdn KATOVOUN TNE EMLO00NG O€ OXEON LE TA TTAEY AT
— Muwpn Stapetpoc og uPnAEC SlaoTAOELG
* Fattree
— Meyaho eUpoC TOUAG, LEYAAO KOOTOC SLAKOTITWY
* YmnepkufBog
— MIKPOG LEOOC XPOVOG ATIOKPLONG, ULKPO KOOTOG CUVOECUWY
* Dragonfly
— Meydho eUpoc ToUNAC, XapLc ota duo eminedba cuvdeopoloyiag

s [leptoodtepa oto padnua «>votiuata MoapaAinAng Encéspyaociacy ©

cslab@ntua 2017-2018
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Ta diktua Staocuvdeong €xouv MOAU CNUAVTIKO pOAO OTNV APXLTEKTOVLKA UTIOAOYLOTWY

— Zto mapAdAAnAo cuoTApaTa, KUPLOG 0TOXOC ElvalL N LELWON TOU XPOVOU HETAPOPAC
dedopévwv

H oxebiaon tou Siktvou Stacuvdeong yivetal PLe otoxo TN petadopa tng LeyoAutepnC SUVATAG
nAnpodoplac oTo HUKPOTEPO SUVATO XPOVO UE TO HLKPOTEPO SUVATO KOOTOG KOL TN HLKPOTEPN
duvatn Katavalwaon eVEPYELOG, XwpPLE va TtpoKaAeital cupdopnon oto Siktuo

H oxebilaon tou Siktvou Stacuvdeon amaltel OALOTLKN TTPOOEYYLON
— Slenadn pe cuokeuEg, Texvoloyla Siktuou, texvoloyia/Slenadn ouvdEouwy
— TomoAovyia, SpopoAdynon, dattnoia, EAeyxoc pong

— epapUOYEG Kal patterns emikolvwviog

Aev untapyxet Lbaviko diktuo dtacuvdeonc yla KABe epinmtwon

— Anouteltal tautoxpovn afloAoynon MOAAWVY LETPLKWV £T600NC/KOOTOUC/KATOVAAWGONG
LoXVOG

— Arnaltteital HeEAETN TwV epapuoywyv Tou Ba xpnotpomnololv to Siktuo og KABe mepimtwon
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* “Computer Architecture — A quantitative approach”, John Hennessy, David
Patterson, 5t edition, Morgan Kaufman Publishers, Appendix F

* “Principles and Practices of Interconnection Networks”, William James Dally, Brian
Patrick Towles, Morgan Kaufman Publishers, 2004

* “Interconnection Networks — An engineering approach”, José Duato, Sudhakar
Yalamanchali, Lionel Ni, Morgan Kaufman Publishers, 2003

e Onur Mutlu, “Interconnects”, Computer Architecture - Lecture 21 — ETH, 2017
(slides)
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http://booksite.mkp.com/9780123838728/references/appendix_f.pdf
https://safari.ethz.ch/architecture/fall2017/lib/exe/fetch.php?media=onur-comparch-fall2017-lecture22-interconnects-ii-afterlecture.pdf

