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Iepinyn

Kabwg o pvOpog pe tov omoio dnpovpyovvrat dedopéva oto
o0YXPOVO KOOHO ALEAVETAL GLVEXWG, VTTAPXEL OAOEVA KAL TILO £VTO-
Vi N avaykn ya avgnon g Stab€oiung vToAoyLoTIKNG LOXVOG.
[Tap’ OAa avtd, N TPOVTAPXOLOA TAGT KAHAKWONG TWV TUPTVWV
OTIG SLAPOPEG YEVIEG APYLTEKTOVIKWV TTAPOLOLACEL EVAL EYYEVEG OPLO
yta o dpeco péAAov. Ze avtod To TAAIOLO, OL ETOTHIOVEG KAl EPEV-
VITEG EKTLHOVV OTL O TpOTIOG eMegepyaoiog Twv dedopévwy Ba tpo-
OapUOOTEL 08 AUTEG TIG VEEG OLVOTKEG Kat Ta HEAAOVTIKA KEVTPQL
dedopévwv (data centers) otadiaxd Oa petakivnBobv oe o ete-
poyeviy meparlovTa vVoBETWVTAG VITOAOYLOTIKOVG TTOPOVG ETIL-
TAXVVTWV.

Tnv idta otrypn, to cloud computing Stadpapartifet eEapett-
KA oNpavTikd podo oe TOANG kEVTpa deSopévwy TPoopEpovVTag
TAEOVEKTIHIATA TOOO Yl TOVG TEALKOVG XPTOTEG OO0 KAl Yia TOVG
Tapdxovg, Omwg yla mapddetypa, eveliia, evomoinon twv Stabé-
OLUWV QUOIKWV KOUPwV, HelwoT TOV KOGTOVG KAL TILO ATTOTEAETHA-
TIKT Xpnolpomnoinon twv noépwv. Me tnv mpoavagpepBeioa duva-
KT TIOV ep@avilovy oL £TEPOYEVEIG APXITEKTOVIKEG KAl TILO OL-
YKEKPLUEVQL OL ETUTAXVVTEG, Snuiovpyeitat pia av§avopevn ava-
yKn ya évtadn avtov ota vdpxovta cloud mepipariovrta. Ov-
OlAOTIKA, OL VTTOSOEG ELKOVIKOTIOINONG XPELAlETAL VA EVOWHATOD-
OOV T GLOTNPATA ETUTAXVVTWV AappdvovTtag vrtoyn ta e&etdi-
KEVUEVA YAPAKTNPLOTLKA AVTOV TOV TUTIOL TWV GUOKEVWV.

Ye auth) TV epyacia, eEepevvolpe TIG CLVETIELEG TNG EVTa-
&€NG TWV GLOKEVWY EMUTAYVVONG OTA CUOTHHATA ELKOVIKOTIOINOTG.
Avayvwpilovpe Ti Baoikég SuokoAieg Kat TPOKANOELS TNG ELKOVL-
KOTIOINONG EMTAXVVTWV KAl OKLAYPAPOVLE TOVG AOYOVG YLa TOVG
omoiovg ot tapadootakég pebodot eikovikomoinong E/E Sev eivat
ot TAéov KaTAAANAEG yla avTéG Tig e€etdikevpéveg ovokevéq. Ege-
PELVODVIE TEXVIKEG elkOVIKOTIOINONG e Bdon dbo Snpogiheig ot-

KOYéVeLeG eTTaxLVTWYV, Ti¢ NVIDIA GPUs kat Toug cuveneepya-



ii

otég Intel Xeon Phi, akohovBwvtag StapopeTikég mpooeyyioelg pe
Bdon tn @vomn kabe VOGS amd TOVG TIPOAVAPEPDEVTEG ETAXVVTEG.
ZXETIKA e TNV TPOOEYYLOT) Hag Yia etkovikonoinon GPU, po-
TEIVOVLE TN XPNOLHOTIOINOT) EVOG EPYAAEIOV ATTOUAKPVOUEVNG ETIL-
TAXVVONG 0T0 TAiGLo ToL iStov Puotkol kOUPov cLVSLALOVTAG
TO pe éva amodoTikd oVOTNHA Ylo ETKOVWYVia EVTOG TOv iStov
KOUPov. AvTo éxel G amOTEAEOUA ONUAVTIKA KaAVTep emidoon
katd t Sadikacia offloading epappoywv oe ewovikomomuéva
neptPailovra. Zop@wva e T oxediaon Tov CLOTAUATOG ETIKOL-
voviag, To povomatt dedopévwv mepthapfavel TNV eumAokn Tov
vrepenontn (hypervisor) wg diktvakod uéoov, avti yia To Tpovo-
povyo driver domain. Emuméov, a§lohoyove To ovoTnpa koL
VViag KAvovTag TO00 Xpron SIKTLAK®V (KPO-HETPOTIPOYPAUA-
TwV, 600 Kat evog kotvov GPU mupnva, deiyvovtag 0Tt 1 GLVOAL-
K1} vrodour| amoteAel pia Blwotun TPOTAOT Yia T AOYIOHIKA ETTL-
TAXLVTWV OV KVKAOQOPOVV e kAeloTég adeteg. ITo ovykekpipé-
Va, T TEPAPATIKA anoTeAéopata Seiyvouv OTL 1) TPOCEYYLOT] HAG
BeAtiwvel TN petagpopa dedopévwy wg kat 6.3 popég o GLYKPLOT
[ TO AMOUAKPVOUEVO TIPOKABOPLOUEVO HOVOTIATL, EVMD TTPOTOETEL
éva K60T0G 15% katd tnv ektéheon Tov GPU vroAoylotiko m-
priva oe oXéon e TNV TepinTwon anevbeiag avabeong ovokevnc.
ZOpgwva pe oa yvwpilovye, n TPOCEYYLOT| HAG YL ELKOVIKO-
noinon Xeon Phi ovvene€epyaotav eivat n mpadtn kat n povadikr
auTh] T oTLypr} mov vootnpilet To Stapotpacud evog Xeon Phi
eMTALVTH HeTa&D TOANATAWDY EIKOVIKWY UNXAVWDV TTOV EKTEAOD-
VTaL 0ToV 1810 PuOtKo KOpBo. AkolovBovpe TNV TEXVIKY TNG Ta-
POEIKOVIKOTIOINONG GTOXEVOVTAG TO XAHUNAO eminedo peTaopdg
NG avtioTtotxng otoifag Aoylopikod. Me avtd tov Tpomo, ot fact-
KEG OXESLAOTIKEG APYXES TNG TTPOTEYYLOTG HAG LTOPOVY VA EQAPHLO-
0TOVV OTIG HeEAAOVTIKEG TexVONOYieg emTaxvvTwy. H metpapatikr
QATOTIUNOT TOL TPWTOTVTIOL pag SeiX Vel OTL Umopel va empEpeL Ka-
AOTepn XPNOLULOTIOINGOT) TOV ETUTAXVVTI OTAV AVTOG XPNOLUOTIOLE(-
Tat and TOANATAEG EIKOVIKEG HNXAVES, ALEAVOVTAG TO GUVOAIKO

throughput éwg 3.56x o oxéon pe pia host epappoyr, n omoia



avamaploTd TNy mepintwon tng anevdeiog avabeong ovokevig.

AgEeig-kAetdua: Eikovikomnoinon Emrayvvtwy, Alapolpacpog Emi-

Taxvvtay, Etkovikég Mnxavég, Nepobmohoytotikd ITeptBailovta
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Abstract

As data creation worldwide in today’s world keeps growing
with remarkable rates, the processing power needs to be increased
proportionally. However, the multicore scaling trend presents a
limit in the foreseeable future, which is referred in the literature as
the dark silicon era. In this context, computer scientists and pro-
fessionals estimate that the way data are processed will adapt to
the new conditions and future data centers will gradually move
from the scale-up paradigm to more heterogeneous architectures
embracing accelerating resources.

At the same time, cloud computing has been established in
many data center infrastructures offering benefits both for the end
users as well as the service providers, such as flexibility, server con-
solidation, cost reduction and better resource utilization among
others. With the aforementioned potential that heterogeneous com-
puting and accelerators appears to develop, there is a growing need
for integration in the current cloud stacks. In essence, virtualization-
aware systems need to embrace accelerators by adapting their com-
ponents into the specialized nature of this kind of hardware.

In this thesis, we explore the implications of integrating accel-
erator devices into the virtualization ecosystem. We identify the
key challenges of virtualizing accelerator resources and we out-
line the reasons that the traditional I/O virtualization methods are
not adequate for this kind of specialized devices. We explore vir-
tualization techniques targeting two popular accelerator families,
NVIDIA GPUs and Intel Xeon Phi coprocessors, following differ-
ent approaches based on the nature of each accelerator environ-
ment.

In our GPU virtualization approach, we propose the use of
a remote acceleration framework in a single-node virtualization
platform combined with a low overhead intra-node framework

which results in efficient application offloading in virtualized en-



vironments. The data path in the design of our intra-node frame-
work is realized through the hypervisor as the network medium,
instead of the driver domain. Furthermore, we evaluate our proto-
type using both network microbenchmarks and analyzing a com-
mon GPU stencil, showing that it is a viable approach for acceler-
ator software stacks that are released in a closed manner. Specifi-
cally, evaluation results show that our approach boosts the transfer
throughput by a factor of up to 6.3 compared to the remote default
path, while it adds an overhead of 15% in terms of GPU execution
compared to direct device assignment configuration.

Regarding our Xeon Phi virtualization approach, to the best
of our knowledge it is the first and currently the only solution that
enables sharing of a Xeon Phi device by multiple virtual machines
running on the same physical node. We follow the paravirtualiza-
tion technique targeting the low-level transport layer of the soft-
ware stack. In this way, the design principles of our approach can
be applied to future accelerator technologies as well. Evaluation
shows that our prototype can enable better accelerator utilization
when it is used by multiple VMs, increasing up to 3.56x the total
throughput versus a single host application, which represents the

direct device assignment configuration.

Keywords: Accelerator Virtualization, Accelerator Sharing, Vir-

tual Machines, Cloud Environments
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AvTti mpoAdyou

H napovoa SiSaktopikr| StatptPr ekmoviOnke oto Epyaotripto Ymohoyt-
OTIKWV ZvoTnuatwv T ZxoAng HAektpoloywv Mnxavikwv kat Mnxavikov
Ynoloytotwv tov E6vikod Metoofiov IToAvtexveiov. ITepthapPavet Tny €pev-
VAL KAl To AMOTEAEOUATA TWV HETATTUXLAKWY [ov otovdwv ot ZHMMY tov
EMII. KaBag kAeivel avtdg o kOkA0G, atoBdvopal T avdykn va evxaploTrow
Tovg avBpwmovg mov ovvéPalav otnv odokArpwaorn avtig TG StatptPng aAld
Ka eKEiVOUG IOV Stadpapdtioay onuavtiko poro otny eEENEN pov we epevvnt
Kal YEVIKOTEPA WG &vBpwTTO.

Apxikd, 0¢Aw va evxaplotiow Wiaitepa Tov emPAémovtd pov, Kabnyntn
Nektdpto KoQopn, yta tnv vrootrpi&n kat tnv eumiotoovvn nov enédetée ato
TPOOoWTO pHov kal’ OAn TN Sidpkela eKTOVNONG TG Tapovoag epyaciag. Mov
£dwoe TN SLVATOTNTA VA CUUHETEXW OF £VaL KALVOTOUO KAl DYLEG EPEVVITIKO
neparlov, 6To omoio emkpatel Tvebua ovvepyacsiag Kat katavonons. Etot,
N\Ba o€ emagn pe ouvapTaoTIKEG TEXVOAOYIEG Kal epydAoTnKa og éva KAipa
yoviung elevbepiag kat SnuovpylkoTnTAC.

Ztn ovvéxela, Oa nBela va evxaptothow Tov Enikovpo Kabnyntn Iiwpyo
TkoVpa, 0 omoiog vt p&e TOADTIHOG apwYOG 0e avTr| pov tnv topeia. O Twpyog
pe BorBnoe ovolaoTikd oe Stagopa emimeda KATA Ta XpOVIA AVTA Kal TAV
Tapwv yia va pe otnpifet kat va pe kaBodnyroet 1000 oe emituxieg kot OeTikég
OTIYUEG OO0 KAl OE ATOTLXIEG KL ATTOYONTEVOELG, TTOL TTAVTOTE CLVLTIAPXOLV
otny gpevvnTiki poodo piag Sidaktopikng StatpiPrc.

EmmAéov, Ba 10eda va ekppdow Tig evxaptotieg pov otov Kabnyntn Ay-
yeho MmiAa, o omoiog e foridnoe ota tehevtaia Prpata TG StatpiPnig pe Ta

OVOLAOTIKA Kat EMOIKOSOUNTIKA TOL oxOAla. OEAw, akoua, va eVXApLOTHOW

xiii



Avti mpoloyov

xiv

tovg KaOnyntég [Mavayuwtn Toavaka kat Nikohao [amaomopov, péAn tng tpt-
pehovg oupPovAevTIKNG Hov emiTpOTG yia TN PorBetd Tovg kad” OAn N dSidp-
Keta Tov omovdwv pov. Evxapiotw tov Kabnynt Anpntpio Zovvtpn kat tov
Avaminpwthy Kabnynt Ztépylo Avaotactadn yla Trn OLHUETOXT) TOVG 0TV
emtportn e&étaong tng Sidaktopikng pov StatptPrg.

Emmnpoofétwe, evyaptotw amd tnyv kapdid pov to Apa. Taoo Navo, o omoi-
06, KUPIWG 0Ta apXIkd PrjpaTa avTrg TNG Topeiag, aAld Kat apyoTepa, CUVETE-
\eoe kaBoplotikd otny eEEMEN TG StatpiPng pov e To dnpovpyIko Tov Tved-
Hot, TIG avefavTinteg 18éeg Tov kat TV TexVikn Tov kaBodnynon. E§apetikd
XPNOLHES TNV apXT} TOL SISAKTOPLKOV LTI PEAV Kat OL TEXVIKEG AVAAVOELG TOV
Apa. BayyéAn Kovkn mov pe forinoav va oke@tw kat va Sokipdaow evaria-
KTIKA LOVOTIATLAL.

Ola avtd Ta Xpovia Tng mapovaiag pov oto Epyactriplo Ynoloylotikav
Svotnuatwy ovvurpéa pe aflodoyovg avBpwmovg, makidTepa kal veotepa
HEAN TOV EpYAOTNPiOV, 1) TAPOVOIA TWV OTIOIWY GTO XWPO AVTO CLVELTPEPELOTN
Snovpyia VoG LVYNAOY EMOTNUOVIKOD Kal TVEVHATIKOD emTESOV Kat 0TV
KaAALEpYELa ayaoTrG ouvepyaoiag. XTo mAaiolo avtd, emopévws, embuuw va
EVXAPLOTAOW Ta PEAT TNG EPEVVNTIKAG Hag opddag, Anuntpn Ziakafapa, XAon
ANBéptn, ABnva EAagpob, Ztpato Yopadakn, Apa. Bacikn Kapakwota, Apa.
Nikéla ITaradonovAov, Apa. Baciln Kapakdon, Apa. Kwotn Nika, Taoo Ka-
totytdvvn, Koot Hanalageipomnovio, Opéotn Adyka NikoAo, Xpiotiva Lav-
vovla, AAéEavSpo Xapitato, BayyéAn Ayyéhov, Tavvn Ianadaxn, Niko Tpua-
vTagUAAD, IIETpo Avaotaotddn kabwg kat OAovg Tovg cuvadéd@oug Tov epya-
oTnpiov, Talatotepa kat vedTepa LEAT, vTOYNPLOVG StdaKTOpEG, puetadtdakTo-
PLKOVG EPELYNTEG KAl SLOIKNTIKOVG UTTAAANAOVG TOV EPYAOTNPIOL YL TN YEVIKO-
Tepn ouvOTapén, TV avtaddayr 8ewv, Tn GCUUPOAT} TOVG OE EPEVVITIKA, TEXVL-
K4 1] Ypagelokpatika {nripata kat Tig Staopeg cu{THoEL TOL KAVApLE EVTOG
Kal EKTOG TOV gpyaoTnpiov. AKOpa, evxaplotw Tov BaoiAn, tov Xtpdto, Tnv
XAon, Tov Kwotn kabwg kat Tov Xprioto Katoakiwpn mov agiépwaoav xpovo
OTNV aVAYyVWOoT| Kat TNV anoo@alpdtwon avthg g StatpiPrc.

Q¢ voyn@log Siddktwp virp&a ovvemPAENWY SITAWUATIKOY EPYATIDOV
Kat féow auTwv pov 00nke n evkatpia va eEepevviiow evallakTikd epevuvnTikd
HovoTmdtia Tov oxeTilovTal He To avTikeifevo Tng mapovoag Statptfrig kat va

ovvepyaoTtw pe aflodoyovg kat evdiagpépovteg gottntés. Etot, embupw va gvya-



plotriow Wiaitepa tovg Avtwvn KapkatoovAn, Anunten Baotha, Katepiva Kov-
kiov, MixdAn Polr}, Awidio Toalandtn, Kovotavtivo Qeptékn kat Anurten
KahoyepomovAo. Eniong, evxapiotw tnv Iwdvva AA@iepdkn, Tov ouveloépepe
pe T StmAwpatikn Tng otn dnpooievon epyaciag.

K\eivovtag, 8¢ Oa umopobdoe va Aeimet amo avtég TG ypPappes n avapopd
otV owkoyévetd pov. Opeilw gVYVWHOODVN GTOV TTATEPA [LOV, ZWTNPN, OTN
untépa pov Ale§dvdpa kat oty ade@n pov ABnva, ot omoiot and ta maudikd
pov xpovia ovvéPalav kaboploTikd o SlapdpPwon TNG TPOCWTIKOTNTAG
OV e TNV OVOLACTIKN TOVG ovpmapdoTacn. TéAog, evxaplotd To Sitkd pov
avBpwmo, Tn oVVTPoPo pov, Iwdvva,  omola pe TNV aydmnn TG KoL Tny aoTeipev-
T1) VTTOHOVT KAl EMUOVE TNG KaTdpepve va pe fondnoet va avTileTwmiow Tig
SVokoAeg oTLyuég oe ath TV Topeia. Xwpig tnyv mapovoia g otn {wr| pov,

de Ba pmopovoa va ovveyiow.
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Ektetapévn mepiAnyn

Elcaywyn

210 ovyxpovo Staovvdedepévo kdopo, Ta dedopéva mapdyovTal e Ta-
XVTaTovg pubrove Kat cvuewva pe Tig TpoPAEyels [35] avapévetat €va Mo
¢vtovo mepBailov oto dueco péAAov (Xxnpa 1). Ze avtod To mhaioto, Snuovp-
yeitau piot oAoéva kot av§avopevn avaykn yla enegepyacTiki lOXY, TPOKELE-
vou va ovpPadioet pe Tov puOuo mapaywyng dedopévwv. Tnv idta otrypun ma-
patnpeitat pia empPpadvvon oty KAPAKWON TV TOAVTOPNVOY aApYLTEKTOVL-
KV, 1 omoia avagépetal otn PiAoypagia wg n emoxn Tov dark silicon (dark
silicon era) [16, 17]. E§autiag avtod tov evepyetakol mpoPAnuatog, Snpovp-
yeitat n anaitnon ya avgnpévn enidoon ota kévtpa dedopévwv (data centers)
Statnpdvtag TNV KatavdAwon oxvog 660 To Suvatov xaunAdTepr. Xe avtn
T ovvexn mpoonabela, n €éAevon Twv MAATQOpHWV emTéxLvong (accelerator
platforms) 1 emrayvvtav (accelerators), 6nwg ot GPGPUs, Intel Xeon Phi,
FPGAS KA., éxel HETAOXNHATIOEL TO VTTOAOYLOTIKO TOTI0, Kabwg avTod Tov &i-
S0VG 0L CVOKEVEG TTAPAYOLV WG ATTOTENETA EVa TIOAD KaADTEPO AOY0 eTidoong
avda watt o€ oxéon pe TIG TapadooLakég VTOAOYLOTIKEG HOVASEG.

Emumhéov, apketég pehéteg [4, 5] €xovv Seifel otL, mapd tnv debovn vio-
AoytoTikn 1ox0 mov Statifetar ota chyxpova kévipa dedouévwy, LOAIG Eva -
KPO TTOCOOTO AVTHG XPNOLHOTOLEiTAL Amd TovG Tapoxovs. Evag anod tovg Pa-
OlKOVG AOYOLG aUTOV TOL QaLvopévou eivat 1 alAnAenidpaon Twv Stagope-
TIKWV EQAPUOYWDV TIOV EKTEAOVVTAL OTOV 1810 KOpPO peldvovTag dpaoTikd Tn
ovVvoMIKT emidoom péow Slapdpwy TPOTWY, Tapd To yeyovog ot ot dtabéotpol

VTIOAOYLOTIKOL TTOPOL EiVaL VTIEPAPKETOL WOTE Ol SLAPOPETIKEG EPAPHOYES VL
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ovvundpyovv [45, 13]. Emopévwg, oL mdpoxol vInpeoLwy TeiVOvV va LTTOXPT-
OLHOTIOLOVY KATIOLOVG aTTd TOVG TTOPOVG TOVG VTIEP iag o otabepng katdoTa-
onG He HKpEG peTaPoAEG emidoong yia Tovg meAdTeg Tovg. Ot epevvnTéG €XOVV
TIPOTELVEL OTL it 0TASLAKT HETAPAOT TIPOG ETEPOYEVEIG TAATYOPUEG UTTOPEL VAL
Snuovpynoet Tig ovvOKeg TpokelEvoL va ehaxiotonomnBodv oL EMMTWOELG
avtov Tov poPAnuartog [29, 40].

Ev 1w petakd, ot ve@olhmoloyloTikég TeXvoloyieg 1} VTOAOYIOTIKA VEPN
(cloud computing) pmopovv va Aettovpynoovy wg pict TAEOVEKTIKI| TTPOTEYYL-
OT WG TPOG TN peiwon ToL KOGTOVG YL Tovg Tapdxovg vinpectwv. Kabwg n
Snuo@iAia TwV LTTOAOYLOTIKDV VEQWYV £iXe ApXiOEL VA AvATTTOOCETAL TIG TEAEL-
Taieg dexaetieg, vmplav mpoomdbeleg mpokeévov Ta diapopa eidn TOpwv
va egvtaxfobv otadiakd ota mepipdAlovta eikovikonoinong (virtualization).
Epevvnrég kat pnyavikoi Aoylopikod (software) kat vAtkov (hardware) apxt-
oav va ovoxedtdfovv Ta SLdQopa VTOCVOTHHATA EIKOVIKOTIOINONG apXtkd yia
KME (CPU) kat pvrpn kat apyotepa yia vynArg enidoong ovokevég Eiloodov/
E&660v (E/E), kaBwg kat autog o topéag épotale EAKVOTIKOG Ao TNV OTITIKN

ywvia TNG ELKOVIKOTOINOTG.

47% CAGR 2016-2021

&0

~ 49 EB

Exabytes 40

35 EB
er Month
E 20 24 EB
20 17 EB
11 EB
10 7EB -
, 1IN

2016 2017 2018 2019 2020 2021

IxAua 1: H Cisco mpoBAémet 49 exabytes kivnong deSopévwv amd KIvntég OLOKEVEG
ava prva péxpt o 2021 (IIqyn: Cisco VNI Mobile, 2017)

AxolovBwvtag avtr v katevBuvvon g vep-ovykAiong (hyper-con-
vergence) o€ ovvOvaOUO e TIG TpoavapepBeioeg mapatnproelg anod Ta me-

Sla TNG ApXITEKTOVIKNG KAl TWV VTTOAOYLOTIKWY VTTOSOUWY, TIPOEKVYE 1) AVALYKT



gvtadng Twv TAATPOPUOY ETUTAYVVONG OTO VEQODTOAOYLOTIKO 0IKOGVOTNHAL.
2e autd TO TAAIOLO, LTIAPXOVV ONUAVTIKEG TIPOOTIADELEG TIPOKELHEVOD OL Suva-
TOTNTEG TWV ETUTAXVVTWV VA UTOPOVV Va alomonfovv amod TiG EKOVIKEG [n-
xavég. Ta mponyodpeva xpovia Snpootevdnke mAn0og aftoloywy oxetikwy ep-
yaolwv pe emikevtpo kvpiwg tig GPUs [25, 26, 81, 71, 76, 41, 69, 62]. EmumAéov,
OTOV EMIYELPTHATIKO TOHEQ, OL £TALPELEG EXOVV apyioel va mpoopépovy GPU-
w¢-vmmpeoia (GPU-as-a-service) oe mAaiota VTOAOYIOTIKWV VeQwV [77, 50].
ITap’ OAa avTd, OL TPEXOVOEG TIPAKTIKEG OTOV TOHEN TNG TAPAYWYNG TEPLAAL-
Bavovv ovvnBwg TN xpron oTatikwy kat Atyodtepo evéikTwv pebodwy, omwg
v anevbeiag avibeon ovokevis N TG mpooeyyioelg IOV.

Ze avtr) Tn StatpiPr, Stepevvove TIg SLVATOTNTES EVTAENG TWV CLOKEVWY
EMTAYVVONG OTA CLOTHHATA ELKOVIKOTIOINOTG GTOXEVOVTAG OTLG AKOAOVOEG 1810
TNTEG: OTO SLAUOLPATHUO TOV ETUTAYVVTH HETAED EIKOVIKWY UNXAVWY, OTNV V-
elia (m.x. otn SuvatdTnTa yla migration 1} ylo eQappoyr| TOATIKOV XpOVO-
dpopoloynong), 0Tn Heiwon TOL GUVOAKOD KOGTOVG piag VEQOVTOAOYIOTIKAG
vrodopng, otn Stagavela, oTn pkpoTepn Suvath eneuPatikOTNTA, 0T Helw-
OT] TOL KOGTOVG ELKOVIKOTIOINONG KAl OTNV TIO ATOTEAECUATIKY XPNOLULOTOL-
non Twv TOpwV TOL EMTAXLVTH. X& aVTO TO TMAAiolo, TpoTeivovpe dVo ov-
otiuata [51, 21, 22] otoxevovtag SVo SnHOPLAEiG CVOKEVEG EUTAXVVONG, TIG
NVIDIA GPUs kat to Intel Xeon Phi, mpoketpévov va a§tohoynoovpe Tig mpo-
oeyyioelg pag oe Stapopetika meppaAlovta emrdyvvong. Evronilovpe Tig fa-
OLKOTEPEG TPOKATOELG EIKOVIKOTIOINOTG TWV SLapOpwV LTTOAOYIOTIKWY TOPWYV
EMTAXVVONG KAl OKLAYPAPOVHE TOVG AOYOUG Yla TOVG omoiovg ot mapadoata-
Kkég peBodot ewovikonoinong E/E dev emapkodv yua tnv kaAvyn twv e&etdt-
KEVHEVWY aUTWV ovokevwy. Emmpoobeta, eEetalovpe Tig Svo mhéov Stadedo-
péveg mhat@opueg eikovikomoinong (Xen kat QEMU-KVM) otny gpevvntikn
KOLVOTNTA, TIPOKELUEVOD VO SLEPEVVI|TOVE TIG SLVATOTNTEG EPAPUOYNG TEXVL-
KWV ELKOVIKOTIOINONG EMTAXLVTWYV o€ vrepenodnteg (hypervisors) Tomov-1 kot
TUTIOV-2.

v pwtn katevBuvon, oxedialovpe to V4VSockets [51], éva ovpPatd
pe sockets, vynAnG enidoong cVOTNHA eMKOVWViAG PeTagD KOUPwV (evOokop-
Bko (intra-node)) mov agopd eikovikég pnxavég atov hypervisor Xen kat to
XPTOLLOTIOLOVE O CLVOVACHO (e €va SNUOPIAEG ATOPAKPVOUEVO OVOTNUA
ektéleong GPU epyaociwv (rCUDA [62]), pe 0TOXO Vol EMTUXOVHE EMUTAYVV-
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OT) EPAPUOYWYV EVTOG EIKOVIKWYV UNXAVWYV e XapnAo k6otog. To povomdtt Se-
dopévwv 010 oXedlaopd Tov eviokopPikoy CLOTARATOG Hag SiEpXeTAL HECW
Tov hypervisor wg diktvakov péoov avti yua to driver domain. Xe avtifeon
Le TIG avTioTolyeg Tpooeyyioel etkovikomoinong GPU, n cuvolikn pag pédo-
dog mapéxet Ta akoAovba xapaktnploTika: enidoon, Stapdavela (transparency)
oTIG eQappoyég kat ovpPatotnta petald Stapopetikwy ekdooewv PiPAiodn-
KOV kat runtimes emtaxLvToy, kabwg dev efapTdtar amd cvykekpipévn k-
doon tov cvotpatog rCUDA. Ta mepapatikd anotedéopata Seixyvovv 0TLn
TMpoogyyLlon pag Pektiwvel tn petagopd dedopEévwy £wg kat 6.3 opég o€ oL-
YKPLOT] [E TO ATOHAKPLOUEVO TTPOKABOPIOpEVO HOVOTIATL, VW TTpoaBEéTel éva
K00T0G 15% Katd TV ekTédeon evog GPU vmoloyloTikod muprva og oxéon e
v nepintwon anevdeiag avabeong cvokevng.

H debtepn pag mpooéyyion, to vPHI [21, 22], anoteheitat amod éva ov-
oTnUa Tapaglkovikomnoinong (paravirtualization) mov emtpénel 0TI EIKOVIKEG
pnxavég va kdvovv offload epyacieg o ovokeveg Intel Xeon Phi pe Stagavr yia
TIG EPAPUOYEG TPOTIO. ZVUPwva e doa yvwpilovpe, To vPHI eivan ) mpwtn kot
€Ml TOL TAPOVTOG 1 HOVASIKT TTPOCEYYLOT) IOV TrapExel SuvatoTnTeg Stapotpa-
opov evog ovvenegepyaoth (coprocessor) Xeon Phi peta&d moAamAdv ewko-
VIKWV UNXAVWV TTOV EKTEAOVVTAL 0TO {810 PUOIKO pnxavnua. YAOTolovpe To
vPHI xpnotponowwvtag to QEMU-KVM wg tov hypervisor kat mpoxwpovpe
0€ EIKOVIKOTIOINOT) TOV eMIMESOV HETAPOPAG TNG 0TOIPAG AOYIOUIKOV CLOTH-
HATOG TOV EMTAXLVTN. Z€ avTd TO TAQIOL0, Ol BACIKEG APXEG TNG TTAPOVOOG
EPYACIag UTOPOVY VA EQAPUOCTOVV Kal 0g 0TOIBeG AOYIOUIKOD HEAAOVTIKWY
enefepyaoTWV OTNV TEPIMTWOT KATA TNV OTtoila 1 €V AOYw GLOKELT TapEXeL
TIPOYPAUHATIOTIKT] SleTa@r) emméSov HeTapopds, kKabwg kat o€ SLaPopeTIKEG
TAATPOPLES elkovikoToinong, dedopévov ott o avtiototyog hypervisor vmo-
otnpilet Suvarotnreg mapaekovikomnoinong. H mewpapatikn amotipnon Sei-
xveL 01t to VPHI pmopel va emi@épel kahvTepT Xp1OLHOTOINOT) TOV EMUTAXVVTH
OTav avTO XpnotpoToLeiTaL amd TOANATAEG EIKOVIKEG UNXAVES, avEdvovTag To
ovvoAko throughput éwg 3.56x oe oxéon pe pio host epappoyr, n omoia ava-

TAPLOTA TNV TepinTwon TN anevbeiag avabeong ovokevrg.

H ovvelopopa avtrig tng StatpiPrig ouvoyiletal ota akdAovba:
« Katnyoplomotovpe kat meptypdgovpe Tig mapadootakég uebodovg euo-

vikoroinong E/E kat mapovotd{ovpe to TAEOVEKTHHATO KAL T HELOVE-



KTHpaTa Kabe piag amd avTe.

Evtoni{ovpe Tig Pactkotepes TPOKANOELG ELKOVIKOTIOINONG TV SLago-
PWV VTTOAOYLOTIKWYV TTOPWYV EMUTAXVVOTG KL OKLAYPAPOVLE TOUG AOYOVG
yta tovg omoiovg ot tapadootakég pébodot etkovikomoinong E/E dev emap-
KOVV WOTE Vo KAADYOLV TIG AVAYKEG TWV eQAapUOywV o TeplPaAlovTta

Slapotpacol emTAXVVTOV.

[Mapabétovpe TIG OXETIKEG EpYasieq 0TO avTioTolXo Tedio Kat OXOALd-
{ovpe Ta 0@EAN aANd Kat TOVG TIEPLOPLOUOVG TWV PACIKOTEPWY TIPOTEY-

yiogwv.

[Mapovotalovpe Ti Tpooeyyioelg pag, To V4VSockets kat to vPHI, Ste-
PEVVWVTAG VO KLPLAPXOVG ETMITAXVVTEG, KAADTITOVTAG TAVTOXPOVA TIG
Lo SNUOPIAELG TAATPOPLLES EIKOVIKOTIOINONG OTNYV EPEVVNTIKI| KOLVOTN-

Ta.

Extelolpe melpdpata mpokepévou va afloAoyrGovE Ta GUGTAHATA HAG
KaL VoL aVAADOOVLE TT) CUUTIEPLPOPE TOVG O SLapopa aevapLa.

Me Bdaon TV TEPAUOTIKT ATOTIUNOT), EVTOTI{OVE TNV EMPPOT) TWV O)E-
SlaoTIKWV pag eMAOYWYV yia Ta TpoavagepBEévTa oVoTHNATA, OL OToiEG

£YLVAV TIPOKELUEVOD VO ETUTVYXAVOVTAL TA ETOVUNTA XAPAKTNPLOTIKA.

Zv(nrape TG TpovodEsElg IOV TA CLOTAHATA EMITAYVVONG EMOUEVNG
YeVIaG xpetdletatl va TANPoOY TPOKEIUEVOD OL EPEVVITEG Kat oL oxedia-
OTEG CLOTNUATWY Va Ta EVTAEOVV TILO OHANA OTIG LEANOVTIKEG OTOIPES

AOYLOULKOV EIKOVIKOTIOINOTG.

YnoBabpo

Ze auTi TNV EVOTNTA TTAPEXOVE CUVOTITIKA TO amapaitnto voBabpo oxe-

TIKA [E TIG TEXVOAOYIEG TIG OTIOIEG XPT|OLUOTIOLOVE OTIG TTPOTEYYIOELG HaG. Ap-

Xtkd, Sivovpe pio yEVIKT €1KOVA TWV EMTAXVVTWV DAIKOD Kol WG AUTH 0T}

yaye Vv etepoyéveta ota mapadootakd vToAoyloTikd mepipdAlovra. Zvyke-

KPLHEVQ, 0TIALOVIE OTIG GUOKEVEG ETUTAXVVONG KAl OTIG AVTIOTOLXEG OTOIPEG

Aoylopikov Tov xpnotpomotovvTatl ouviOwg. 3T CLVEELQ, ETIOTHAIVOVHE TIG

dVo Paoticég TAATPOPUESG EIKOVIKOTIOINONG EVTOG TNG EPEVVNTIKNG Kat akadn)-

HaiKTG KOLVOTNTAG KAl TIEPLYPAPOVLE EV CUVTOIA TIG TEXVIKEG ELKOVIKOTION -
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ong E/E kai moteg and avtég eivat ot kataAAnAdTEpeG avd epintwor. Me Baon
QUTT| TNV TIPOCEYYLOT), OTNV EMOUEVT EVOTNTA OKLAYPAPOVHE TIG PACIKEG TTPO-
KANOEIG EVOWHATWONG TWV EMTAYVVTOV 0T TEPIPAAAOVTA EIKOVIKOTIOINONG
kaBwg KaL Tovg AOYoLG YLa Tovg 0moiog ot tpoavagepBeioeg péBodot dev pmo-
pobV va xpnotpomomnBovv (e tov iSto Tpomo e Tov omoio epappolovtal oTIg

napadooilakég TexVikég elkovikomoinong E/E.

Emtaxuvon YAikou

Ze éva TUTIKO VTTOAOYLOTIKO oVOTNHA 0 Baotkog vtevBuvog ekTéAeong
evog mpoypappatog eivat f KME (Kevtpik) Movada Ene€epyaoiag). H KME
0T OVYXPOVA CLOTHHATA amoTeleiTat and e§apTrpaTa LALKOV YEVIKOV OKO-
7oV VIO TN PIlOVTAG €Va EVPD PACHA EVTOAWY KAl ETOL TTOPEL VAL X PTOLULOTIOL-
nOei oe SlaQOPETIKWY TUTWV VTIOAOYIOTIKEG EQAPHOYEG. ATIO TNV AAAN TTAgL-
pa, 1 EMLTAYVVOT) VAIKOD EMUTPETIEL TNV EKTENEDT] ATIO €EELOIKEVUEVEG CLOKEVEG
AelTovpyLwV AOYLO[IKOD, oL oTtoieg ovopdlovtal mupnves (kernels), cuykekpt-
pévev amartioewy. Me Baon avtd ta XapakTnpLoTiKd, Ol TUPTVEG AVTOL £XOVV
oxedlaotel wote va eivar e§atpeTikd anodotikoi yla avtiotoov idovg Aet-
Tovpyies. Avto emTvyxavetal kKabwg cvVNBWG oL emTAXVVTEG TapEXoLV palL-
KO TapaAAnAiopo dedopévwy yla ovykekpiuéveg Aettovpyieg oe avtibeon pe
pia, 1) xat eplocoTEPES, yevikov okonov KME. 2tn ovvéyela, meptypagouye
oVVOTTIKA 800 Stadopéveg TAATPOPLES EMUTAXVVONG OTIG OTtoieG Baot{opaoTe

o€ autr) T StatpPn.

Movadec Ene§epyaciag Mpagikwv

O1 Movadeg Enekepyaciag Ipagukwv (Graphics Processing Units (GPUs))
ATOTEAOVY TUTIKO TTAPASELY LA ETUTAYVVTWY IOV EKTEAOVV amod0TIKA AetTovp-
yieg ot omoieg mepthapPavovtal 6TovG TOpELS epappoyv enegepyaoiag ypa-
PKwv. Iotopikd, pe TIg 0Aoéva Kat avEavOEVES AMALTHOELS TNG AVATTVOGO-
Hevng Propnxaviag NAEKTPOVIKWY At VISLDY, Ol HNXAVIKOL ApYLoaY Vo TIapd-
Youv eEaUpETIKA LOYXVPEG OVOKEVEG, TIPOKELUEVOL VA AVTIUETWTIOOVY TNV ETte-
Eepyacia peydAov OyKov ypa@ikwv SeSopEVWY 0€ GYETIKA TEPLOPLOEVO XPO-
vo [12, 47]. Ot oxedlaotég cLOTNUATWY, EUTTVELOUEVOL Ao aTéG Tig eEei-

Eelg, dnovpynoav emtaxvvtég otoxevovtag emniong kat to HPC mnedio ka-



Owg Kkat KAmoLeg Ao TIG EMOTNHOVIKEG eQapoyEG €vTaong dedopévwy (data-
intensive). Etol, meplocotepo amo pia Sekaetia mpy, ot eTatpeieg Eexivoay va
kvkAo@opovv Tevikod Zxonod GPUs (General Purpose GPUs (GPGPUs)) pe
Vv avtioTotXn otoifa Aoyloutkov.

ZuviiBwg, n Tumkn offload onpactoloyia mov Sagaivetat oTov MpoypaL-
HaTIOTH eQappoywv ovpmepthapPavet (Exnua 2) i) tn petagopa dedopévav
amo TNV KVUPLA VAT OTN LWV TOV EMITAYVVTH Tdvw and to diavho mepie-
petakav (m.x. PCle), otov onoio n ovokevr| eivar ovvdedepévn, ii) Tov vtoho-
YLOTIKO TIUPTVA TIOL TIPOKELTAL V0L EKTEAETTEL ATIO TH) CVOKELT| EMTAXVVONG Kl
iii) T peTa@opd TWV AMOTEAEOUATWY TOW OTNV KOPLA VTN TIPOKELHEVOD 1)
KME va éxet mpooPaon oe avtd. Onwg eivar avapevopevo, avtég ot dbo pe-
Tagopég SedopEvwy €XOVV €va ONUAVTIKO KOOTOG emidoong kat xpetdletal va
Aappéavovtat vtoyn dTav yivetal cUYKPLOT TNG eMIB00NG KATTOLAG EQAPHOYNG
nov €xet ektedeotel oty KME kat ot GPU avtiotoiya.

CPU
= D = Root
T Complex
4
o / .
: S
2 ! e‘@\/
i .
\ “o“\ /,’
: o
L
E) kernel
______ execution
IxApa 2: Tomikod oftload povomdrtt yia cvokevég emiTdyvvong
CUDA

Ye autd 1o mAaioto, N NVIDIA mapéxet T Sk NG MPOYPAUUATIOTIKY
Siemaqr), mov ovopaletar CUDA [53] mpoxkeipévov ot NVIDIA GPUs va xpn-

otporrotnBovv yia offload epyaciwv. Ztnv mpdtn and Tig Tpooeyyioels pag Pa-



Extetapévn mepihnyn

owopaote 610 CUDA, kaBdg mpokettat yia pia and i kupiapyes TAATQOpueS
oto medio offload epyaoiav. ITap’ 6Aa avtd, n Baotkr 18é¢a umopel va epappo-
otel kat o€ avtioTolxeg 0ToiPeg AoyLoptkov mov akolovBovv avtd To povtélo

offload extéleons. Mia eikdva G otoifag Aoyiopkod CUDA @aivetat 6to

Zxfua 3.
Application
CUDA Runtime API
A\
CUDA Driver API
A\
CUDA Kernel Driver
IxAua 3: Zroifa Aoyioukov CUDA

rCUDA

To rCUDA [62] eivat éva ev8lapeco oVOTNA TO OTOLO EMITPETEL LTTONO-
ylotikodg kopBovg mov dev eivat eEomhiopévor pe GPUs va €xovv amopakpu-
opévn npooPaon oe GPUs mavw amd diktvo (Zxniua 4). Me avto tov Tpomo,
pio epapuoyn ypappévn oe CUDA pmopei va ekKIviOeL O€ £€va VTOAOYLOTIKO
Koppo xwpic ovokevég GPU kat TeAIKA va EKTEAETTEL O€ £VAV ATTOHAKPVOUEVO
kopupo efomhiopévo pe GPU. Ze avthy T Stadikaocia, dev anartovvrar allayég
oTov KWJKa, aAAd oVTE Kat 0TO eKTEAEDIHO apyeio. Ze avTd To mAaioto, o ap-
XtkoG kopPog Aettovpyei wg rCUDA meldtng (client), evw o koppog mov eival
egomMopévog pe GPU Aetrtovpyei wg rCUDA efumnpetntrig (server).

2y mpwTn pag mpooéyylon, xpnotpomnotovue o rCUDA og eikovikomot-

nuévo mepiPdAlov pe okomo va mapéxovpue CUDA cupfatotnta oTig vmap-



XOVOEG TTPOHETAYAWTTIOUEVEG ePappoYEG. Ot ovyypageig Tov rCUDA [62] ma-
povatalovv pia avalvon enidoong, oOpPwva pe Ty omnoia 1 tapadootakn St-
ktvakry TCP/IP otoifa ovvemdyetal €va vYynlo KOOTOG Yl TIG EQAPHOYEG,
petatpénovrag Tn Xpron anopakpvopévwv GPU oe un Puwotun Avon yia ta
diktva TCP/IP/Ethernet. Etol, oxediacav 1o obotnud tovg pe éva dopootot-
xelwto Tpémo (modular) wg mPOG TO PNXAVIOUO EMKOLVWYVIAG KAl TIPOTEIVOLY
™ xpnon Stacvvdéoewv (interconncets) xapunAov latency kat vynAov through-
put, 6mtwg To Infiniband [36], mpokelpévov va petwoovy atoBntd to SikTvakd
KOOTOG. ZTNV TIPWTN Hag TPOTEYYLoT), kavovpe xprion tov rCUDA oe eixoviko-
MO EVO TEPBAANOV KAl HLELWVOVE TO HOVOTIATL ETUKOVWVIAG HETAED TWV €L-
KOVIK®V UNYavav xpnotponolwvtag To V4VSockets wg éva xaunlov k60tovg
evOOKOUPIKO UNXAVIOUO ETKOLVWVIAG, TIPOKELHEVOD OL EIKOVIKEG UNXAVEG Va

kavovv offload oe GPUs pe Biwopo tpomo.

Intel Xeon Phi

216 apyég G Tpéxovoag dekaetiag, n Intel avakoivwoe v kvklogo-
pla TG SIKNG TNG CLOKEVNG EMTAYVVONG, TNV omoia ovopace Xeon Phi [39].
To Xeon Phi ovo1a0TIKAd ava@épetal o€ pia olKoyéveLa EMEEEPYATTOV OL OTIOI-
ot k&vovv xpron g apxitektovikng MIC (Many Integrated Core) tng Intel.
Amoteleitan anod pia oepd and mohvmdpnvovg (manycore) enefepyaotég kot
umopel va xpnotponotndei wg ovuvene§epyaoTig yla va emrtaxOVeL éva oVOTN-
Hot, 1 akopa Kat wg Paoiko enefepyaotng (m.x. Knights Landing).

To Baotkd avTaywVIoTIKO TAEOVEKTN A ATIO TNV OTITIKN] ywvia TOL TPO-
ypappatioTn epappoywv o oxéon pe i GPUs tng NVIDIA eivou 61t i) Intel

mapéyxel X86 oLUPATOTNTA Kal £TOL EQAPHOYEG OL OTIOIEG EXOVV Ypa@Tel yla éva

<:> - ==

ZxAua 4: Zevapio xpriong rCUDA
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x86 enefepyaotn) umopolv va ekteleaTobV Xwpig aAlayég oTov KdSIKa € Eva
Xeon Phi ovvene€epyaotr). Ztnv npakn, mapa TadTa, oL TPOYPARUATIOTEG XPELL-
(eTat TPOOEKTIKA va HeTAPANOVY EAAPPWG TIG EUTAEKOUEVEG EQAPUOYEG 1) PL-
PAioBrikeg, mpokepévon va aglomotjoovy mANPwS Tov TapaAAnAopd mov o
ovvenelepyaoTng mPoo@Epet kat £Tot va emitvxovy avaloyn enidoon [11, 65,
68, 15].

H Sevtepn mpooéyylon mov mapovoialovpe oe avtn T SatpiPr Pacie-
tat oto Xeon Phi tng Intel wg ovokevy emrayvvong. Ipokelpévov va yivovv
Katavontd ta {ntripata oxedlaopo kat LAOTOINoNG TNG Epyaciag (ag, oTn ov-
VEXELQL AVAPEPOVILE CUVOTITIKA TIG BaotiéG LOEEG Kal Ta KDPLO ETWTEPIKA XapaL-
KTNPLOTIKA Tov povTéhov ekTéeong Tov Xeon Phi kabwg kat tng avtiotorxng

otoifag Aoyloputkov.

MovTtéAo ektéheong Tou Xeon Phi

H Intel opilet éva povtélo ektéleong To omoio vtootnpilet Tpia oxrpaTa
TPOYPAUUATIONOD TIPOKEUEVOL VL IKAVOTIOLOEL TIG AVTIOTOLXEG AVAYKEG AVl
Aoya e TO EKAOTOTE OEVAPLO XPNONG: TO Yyyevés (native) oxnua, to offload
KAl TO OUUUETPIKOG (symmetric). £To native oXnpa 0 XproTNG TAPEXEL TO EKTE-
Aéowpo apyeio amevBeiag oty kdpta Xeon Phi. To offload oxnpa emitpénet oto
XPNoTn va ekteléoel pia e@appoyn otov host kat va kavet offload oto ouve-
ne€epyaoTn) KATOLA AMATNTIKE WG TPOG TOV VTTOAOYLOHO KOHUATIA KAVOVTAG
Xpnon twv avtiototywv katevbuvtipiwv odnywv (directives) oe kamoto me-
ptpaAAov, .x. OpenMP. TéNog, 0TO GLPUETPIKO oXNHa To Xeon Phi pmopei va
AVTIHETWTILOTEL WG EVag ave§apTNTOG KOUPOG KAl [ AUTO TOV TPOTIO O XPHOTNG
Umopel va @optwoel kamoleg Stepyacieg amo v idia mapdAAnAn epapuoyn
otnv mAevpd Tov host kat kamoleg AANEG OTOV EMUTAXVVTT, XPNOLUOTIOLWVTAG,

yta mtapaderypa, to MPIL.

Ztoifa Aoylopikol cuotrpatog tou Xeon Phi

Ot ovokevég Xeon Phi eivat Staovvdedepéveg pe 1o oboTNUa HECW TOV
StavAov PCle. H Intel mapéyet to SCIF (Symmetric Communication Interface),
EVa AQALPETIKO OTpWa XapnAol emmédov mavw and to PCle, mpokepévov va
ETUTPETEL 0T AVDTEPA OTPpWHATA Va aftomotioovy Tig Suvatdtnteg DMA Tov

Xeon Phi xwpig va eumAakovv anevdeiag pe tig Aettovpyieg PCle. Me 1o vPHI,



oVOLAOTIKA TTapEXOLUE £va oxTpa etkovikomoinong tov SCIE npoxepuévov va

EVEPYOTIOLNOOVE TNV (810 AEITOVPYIKOTITA VLo ELKOVIKEG UNXAVEG.

Host Xeon Phi
runtime / app COIl deamon
COl library COl library

SCIF library SCIF library

IxApa 5: Emkowvwvia petad host kat Xeon Phi

To Zxnua 5 anetkovilet Tn yeVIKT apXITEKTOVIKY TNG 0ToiBag AoyLopikon
OVLOTNIATOG 1 OTIOLAL XPTOLUOTIOLELTAL OE VA TUTILKO [U1)-ELKOVIKOTIOLNUEVO TIEPL-
BaAlov Xeon Phi. Xpnowponoiwvtag to SCIE ot epappoyég mov Tpéxovy 1060
oTtov host 600 kL 0TN CVOKELT] HTOPODV VAL ENMKOLVWVHCOVV HETAED TOVG e
v it mpoypappatiotikn Stemaer. IIpokepévov va emrevyBel katL Tétolo,
70 Xeon Phi and tnv mhevpd Tov ekKivel éva eEAa@piTEPO AELTOVPYLIKO OVOTN-
pa (4OS), To omoio amoteleital and £vav Tpomomotnpévo mupnva Linux, mov
nepLéxel évav odnyo (driver) SCIE Emiong, yia va Stagavei n Stemagn SCIE yi-
vetat xprion pag PtpAodnkng SCIF (1ibscif) and g avwteped PtpAodrkeg
1 runtimes. EmumAéov, n otoifa Aoyiopikod ovotrpatog tov Xeon Phi mept-
AapPavet évav efopotwpévo odnyod Siktvov wg pépog tov uOsS, o omoiog Ki-
vet xprjon tov SCIF, kat emTpénel 6TouG XPHOTEG VA KAVOUV Xprjon SIKTVAKWY
epyaleiwv (m.x. ssh) kat va ovvdéovtal otn cvokevr) Xeon Phi. Me avto tov
TPOTIO, TTOPOVV VAL EKTENOVV EQAPHOYEG OTO CLVETIEEEPYATTH KAVOVTAG XPTOT)
evog hotov (shell). Avtiototxa pe tn Xeon Phi kapta, Ta avtiototya voov-
othpata, 6nwg 1 libscif kat 0 08nyog SCIE, éxovv vAomoinBei kat oTny mevpd

Tov host.

11
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Eikovikomoinon uAtkoU

H eikovikomoinomn vAkov avagépetat otn dadikacio mov €xet oTdXO TNV
Tapovoiaot piag mAaT@OpHag VAIKOD 1) oToia LIIAPYEL KAl AELTOVPYEL E0WTE-
pikd o€ eminedo Aoyloptkov. H mapayoduevn elKOVIKOTOHEVT) OVTOTNTA OVO-
naletan erkovikn unyoavy (virtual machine (VM)), domain 1| emokéntyg (guest),
avaloya e To avapepOuevo TAIOLO, Kat I avTioTolXn ovToTnTa AOYLOHKOD
nov eivat vrevBouvn yia v VAomoinon ¢ Stadkaciag etkovikomoinong Aé-
yetou vmepenéntys (hypervisor), eAeykThG eicovikwy unyavwy (virtual machine
monitor (VMM)) 1 evpOtepa Eeviotris (host). Etot g évav hypervisor umopovv
va ekTeAoDVTAL TOANATIAEG EIKOVIKEG HNYAVEG.

Ze avtn N SatpiPny, xtiCovpe Ta GLOTHUATA pag Y SVo amd Tovg TLo
yvwotolg hypervisors oty epgvuvntikn kowvotnta, Snhadn tov Xen [3] kat to
KVM [43]. Avtoi ot hypervisors eivat factopévol oe SLa@opETIKEG APXITEKTO-
VIKEG AOYLOUIKOD Kal 0XeSLA0TIKEG ap)EG. Ze eVVOLOAOYLKO eTimedo, o Xen eivat
évag hypervisor T07ov-1, 10 omoio onpaivel 0Tt ekteAeitat anevbeiog 610 uot-
KO VAo, evw to KVM avriket otnv katnyopia hypervisors tommov-2, to onoio
onuaivel OTL ekTeEAEITAL WG HEPOG TOV AELTOVPYLKOV OVOTHHATOG ToL host. ITé-
pav NG dnuo@thiag Tovg, emAégapie va epyacTove e StagopeTikovs hypervi-
SOI'S TIPOKEIUEVOL VoL SLATILOTWOOVE TIG TIPOKANOELG TNG EVOWIATWONG TNG Ao-
YIKAG TWV EMTAXVVTOV O€ TOIKINOHOPPEG TAATPOPHEG ELKOVIKOTIOINONG. XT1
OVVEXELQ, AVAPEPOLAOTE OYXNUATIKA OTNV APXITEKTOVIKY Kabe £vog amd av-
T& T Vo mepiPdAlovTa eikovikomoinong kabwg kat og kamoteg Paotkég ap-
XéG Aettovpyiag tovg. Iptv amd avto, mapabétovpe TepIANTTIKA TO OVOLWOEG
vnoPabpo oxeTIKd He TIG SLAPOPETIKEG TPOOEYYIOELS EIKOVIKOTIOINONG VALKOD,
eotialovtag katd kvpto Adyo atnv ewkovikornoinon E/E. Me Baon avtr t ov-
{\TNomn, EMONUAIVOLE OF EMOUEVT EVOTNTA TIG TTPOKATOELG EUTAOVTIOHOD TWV

TePIPAAAOVIWY EIKOVIKOTIOINONG e OTHACLONOYIA ETUTAXVVTWYV.

E€EMEN TNG ElkoviKomoinong

H wotopia ewovikonoinong vAikod mepthapPdvet éva evpv oOVOAo amo
EQPAPUOOUEVEG TEXVIKEG Kal TIPOOEYYioelg Le okomo va Statnpn el n Stapdveta
Kat va peylotonoindei n emidoon yla Tig epappoyés. Ze avtod To MAicL0, E0TIA-

(ovpe og Tpia vToovoThpata etkovikomoinong: v KME, tnv kVpta pviun kat



v E/E kat oxohalovpie Tt €i0vg TPaKTIKEG eivat auTEG TTOV TEAIKA EMKPATN-
oav oe kdBe £va amo avTd, evw cuiNTApLE EMTIONG TIG OHOLOTNTEG Kat TIG Stao-
pEG peTad Tovg kabwg Kat Tovg avTtioTolyovg cuuPtBacpons, mov xpetaletat
va yivouv oxed0v mdvtote 0TiG Stadikacieg oXeSLaooD VTOAOYLOTIKWY OVOTN-
HLATWY.

IoTopIKA, OL TIPWTEG ATOTELPEG ELKOVIKOTOINOTG VAIKOD OTPAPNKAY OTNV
KME, kafa¢ mpoékvmtav (Nripata emiAvong Twv Hn-€KOVIKOTOOLU®Y Xa-
paktnplotikwy [20] ovykekpipévwv ISA (m.x. x86). Tétoleg mpooeyyioelg me-
pthaupavovv tnv mAfpn edopoiwon enekepyaaty (full processor emulation), tn
petappaon Tov binary (binary translation) kaw tnyv vofonBovuevy amo To vAiko
eikovikomoinon (hardware-assisted virtualization). Ot tpwteg SV, dvTag TPO-
0€eYYIoELG AoyLOKOV, uvendyovTtal peydho emegepyaoctikd k6oTog egattiag
Tov peydhov aptBpod and traps 6tav ekteleitat kwdikag guest (emulation) N
KATA TO OLVEXT EAEYXO KAl HETAPPATT) CUYKEKPLUEVWY KOUHUATLWV ATIO EVTO-
Aéc (binary translation). To mheovéktnua tovg eivat ott talatotepeg KME mov
8¢ yvwpifouv OTL LIOKEIVTAL EIKOVIKOTIONOT UTOPOVV e TN XPHON KATOLAG
amd avTég TIG TEXVIKEG va xpnotpomnomnBobdv oe meptBallovta elkovikomoin-
onG. Amo v AAAn mAevpd, pe TV vrofonBovpevn amod To VAIKO EIKOVIKOTOI-
non, n KME npénet Bdoet oxediaopov va éxet yvawaon g vapdng ovioTritwy
EIKOVIKOTIOINONG. Me auTo TOV TPOTIO, AUTH| 1) TEXVIKI} CLVETAyeTaL EEAPETIK
emidoon, aAAd& amattei v vmapén enektaoewv ewovikomoinong otnv KME.
KaBwg apketéq etatpeieg ene§epyaotwv (m.x. Intel, AMD) mAéov evowpatw-
vouv o¢ kabe TepinTwon avtd Ta xapakTnpLoTikd ota chips tovg, n vropon-
Bovpevn and To VAKO elkovikoToinom €xet emkpatioet wg 1 mAéov dadedo-
HEVI AVOT| Yl VEQODTIOAOYIOTIKEG VTINPETIEG TIPOOTIEPVDVTAG TIG TPOOEYYIOELG
Aoylopikov.

Zvveyilovtag v avadpour) otnv EEMEN TG €KOVIKOTIOINONG TOV VAL-
KOV, TO EMOUEVO PrHa VLA TOVG OXESLAOTEG CLOTNUATWY HTAV 1) EKOVIKOTIOIN-
o NG Stayeiptong Pvnung yla TOANATAEG ELKOVIKEG UNXAVEG LELDVOVTAG TAD-
TOXpOVA TO KOOTOG TNG TPOTOTOINoNG TOL Tivaka oeAidwv yla kdbe ewkovikn
pnxovr). AkohovBwvtag to mapadetypa tng KME, ot texvikég Aoylopikod npo-
bmnp&av twv Aoewv ot eninedo vVAkoU. Ot oxiwdeis mivakes oeridwy (shadow
page tables) eMTPETOVY GTOV EAEYKTI| EIKOVIKWV UNXAVWYV VO EMOTTEVEL TIG A~

Aayég oTovg mivakeg oelidwv vAomowwvTag Tig avtiotolxeg dopég oe emimedo

13
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Aoylopkov. ApydTepa, oL eTaLpeieg EL0TIYayaV EVIOXVUEVEG TEXVIKEG OF ETime-
8o vAkov mpoobétovtag yvwon otn Movada Atayeipiong Mviung (Memory
Management Unit (MMU)) oxetikd pe tnv Omtapén Eexwplotwv mvdkwy oeAi-
Swv ava ewcovikn pnxavn (1. eppwievuévor (nested)/extetapévor (extended)
nivakeg oeAidwv (page tables)). Avtiotoya pe Tnv nepintwon g KME, ot po-
oeyyioeig oe eminedo VAo Bewpodvtanr mMAfov ot de-facto unxaviopoi otig

OVYXPOVEG VEQOUTIOAOYLOTIKEG VTTOSOUEG.

Texvikég eikovikomoinong E/E

Evd ta povtéla etkovikomoinong tng KME kat tng MMU npoogépovtal
Ylot EQAPUOYEG TIOV EIVAL ATAUTNTIKEG O VTTOAOYIOHO, [le TNV €AEVOT| TWV Ve-
QOVTTONOYLOTIKWYV LTINPECLWY, TIPOEKVYE 1] AVAYKI] YLa ELKOVIKOTIOINOT TOpWYV
E/E pe éva anodektd dvw 0pto KOOTOVG. Ze aUTO TO TAAICLO, APKETEG TEXVIKEG
TPOTAONKAV L00PPOTIWVTAG HETAED APEVOS TOV KOOTOVG ELKOVIKOTIOMNONG Kol
AQETEPOL TNG TOALTTAOKOTNTAG Kat TNG dapavelag Tov kwdika. apakdtw,
AVOPEPOVYLE EMYPAUUATIKA TIG VTIAPXOVOEG IPOTEYYIOELS VLol ELKOVIKOTIONOT)
ovokevwv E/E kat mapovotdlovpe Ta TAEOVEKTHUATA KAl T HELOVEKTHATA

kaBe pe@ddov. Etot, kavovpe tnv akdAlovdn katnyoptomoinon:

« AmevOeiag avabeon ovokevng (Direct device assignment) (Zxnpa 6): 1
ovokevr| avatiBetat anevbeiag kat aMOKAELOTIKA O€ pia ELKOVIKT Unxa-
V1], ATOTPEMOVTAG TIG VTTOAOLTIEG EIKOVIKEG HNYAVEG Va €OV TTIpOoPao

O QUTI] TI] CUOKELT).

ssedAq

N Hypervisor

D e e

IxApa 6: AnevBeiag avabeon ovokevng (Direct device assignment)



« Xvokevég IOV (I0V-enabled devices) (Zxnpa 7):  uotkn cvoKeLn Ka-
Beavtn Sabétet Eva uéyloto aplBuo amod eikovikég cvokevEG kat kabe pia
amo avtég pmopel va avatedei anevbeiag oe kamola elkoviKr pxavi.

EBRED

! Hypervisor

<
=

e e o
ssedAq

~
ssedA

i

1

Virtual Virtual . Virtual
device1 device2 deviceN

TxAupa 7: Zvokevég IOV (I0V-enabled device)

VM

Native driver
A

\ 4

4‘ Emulated device }7

Hypervisor

Ixua 8: Eopoiwon E/E (I/O emulation)

« Efopoiwon E/E (I/0 emulation) (Zxfiua 8): 0 0dnyog otnv mAevpd Tov
guest mapapével apeTaPAntog, eva vomoteitan éva backend otov host,

T0 0710{0 €EO{OLWVEL TN AELTOVPYIKOTITA IOV AVAUEVEL O guest.

o IMapagikovikonoinon (Paravirtualization) (Zxrpa 9): évag odnyog (frontend)

15
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LLE YVWOT] OTL VTTOKELTAL ELKOVIKOTIOLNOT) ELOAYETAL OTOV guest Kol 0 avTi-

ototxog 0dnyog backend exteheitat otnv mAevpd Tov host.

VM

Frontend driver

A

A 4

Backend driver

Hypervisor

Ixnua 9: Ilapaeikovikonoinon (Paravirtualization)

Mia ovpnTuypévn 00YKPLOT) TWV TAEOVEKTNHATWY KAl TWV LELOVEKTNUA-
TwV Twv Tpoavapepdelcdv texvikwy eikovikomoinong E/E ovvoyiletat otov

ITivaka 1.

Mivakag 1: Zoykpion petald Twv TUTKOY TeEXVIKWV elkovikomoinong E/E

IMAeovexthpata Mewovektnpata
AmnevBeiag avabeon | - [Tapopota emidoon e tn native mepintwon - Aev vmootnpiletat  Stapolpacpdg ov-
OVOKELNG OKEVWV
- ZNTHato EAACTIKOTNTAG KAl KALLAKWOlL-
poTnTag
- Ileploptopévn vrootpi&n ya migration
Yvokevn IOV - ITapopota emidoomn e tn native mepintwon - Antauteitat e€etdikevpévo LAKO
- Yrnootnpietat Stapotpacpog - ZnTpata EAaoTIKOTNTOG KAl KALHLAKWOIULO-
™rog
- ITepropropévn vrootrpi&n yla migration
E§opoiwon E/E - Mn tpomomoinpévo guest Aettovpykd cvotnua | - XapnAn enidoon
- Yrootnpietat Stapotpacpog
IMapagikovikomoinon | - Znuavtikd xapnAdTepo KOGTOG EIKOVIKOTOINONG | - ATauTeital TpOTOTOINoN 0To guest Aettovp-
- Yrnootnpiletat Stapotpacpog YIKO cUGTNHA

16



2T OUVEXELQ, TTEPLYPAPOVIE CLVOTITIKA ATTO TNV OTTIKY Ywvia TNG apyl-
TEKTOVIKNG AOYLIOHKOD TIG VO TAATQOPLES ELKOVIKOTIOINONG TLG OTIOIEG XPNOL-

pomolove og avtr| TN dtatpPy.

MAat@dppa sikovikomoinong Xen

H yevikr apxirektovikr) Tov hypervisor Xen [3] amewoviCetat oto Zxn-
pa 10. O Xen Paoiletar otny €vvola TnG mapacikovikomoinons (paravirtualiza-
tion (PV)) eidika yia to povomnatt E/E. Zopgwva pe avtn ) pébodo, o Xen
KAvel xpron evog povtélov split-driver, ooppwva pe 1o omoio €vag 0dnyog
frontend exteAeital 0T guest EKOVIKI UNXAV] TAPEXOVTAG OTO XWPO XPNOTN
1 0TO XWPO TVPTVa ia Stemagr] avd KAAOT CLOKELWYV KAl O AVTICTOLX0G 0dn-
Y06 backend o omoiog ekTeAeiTal and TPOVOULOVXEG guest ELKOVIKEG UNXAVEG
nov ovopalovtat driver domains. Me avtd Tov Tpomo, Ta driver domains xetpi-
Covtat tnv mpooPaocn oe Sedopéva Kat £TOL OVOLACTIKA ETUTPETOVY OTIG ELKOVL-
KEG UNXavEG va aAANAeTdpolv pe To VAKO. ZvvnBwe, ota mepiPpdAlovta Xen
vnapyet éva driver domain, mov ovopaletat dom0. Ot pn-mpovopLODXES EIKO-
VIKEG pnXavég, Ta domUs, emkotvwvovy pe To dom0 yia va XproLoToLcovV

TO LAIKO.

User User User
Software Software Software

GuestOS GuestOS GuestOS

(XenoLinux) (XenoBSD) (XenoXP)
Xeno-Aware Xeno-Aware Xeno-Aware Xeno-Aware
Device Drivers Device Drivers Device Drivers Device Drivers

Domain0
control

=
interface x86 CPU  phy mem network  blockdev

IxAHa 10: Apyitektovikr Aoyiopukod Xen (ITnyr [3])

2mx
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Y1ov Xen 1 Uviun ELKOVIKOTIOLELTAL TIPOKEILEVOD VOl TTAPEXEL CUVEXOUEVEG
TEPLOXEG OTA AELTOVPYIKA CLOTHHATA IOV EKTEAOVVTAL 0T guest domains. Av-
10 emTvyXAveTal TpooBéTovtag éva agatpeTikd eninedo pvrung ava domain,
10 omoio ovopdletat yevdo-puakn uviun (pseudo-physical memory). Enopé-
vwg, otov Xen, N uviun unyavys (machine memory) ava@€peTat 0T GUOLKN
HVAUN OAOKAN POV TOV CLOTHHATOG, EVW 1) YELOO-PLOIKN HVIUN avapEpeTal
0TI QUOIKY PN TNV onoia avTidapPavetal To kdbe guest Aettovpyikd ov-

OTnaL.

Request Producer

Request Consumer /‘ D

Private pointer y b Shared pointer

in Xen \/ \ / \\A/ updated by guest OS
f > A Y

,/’

Response Producer
Shared pointer
updated by
Xen

N /
> S of
- ¢ ~/
L y
.-//
P Response Consumer
o \/ Private pointer

in guest OS

[ |Request queue - Descriptors queued by the VM but not yet accepted by Xen
|:] Outstanding descriptors - Descriptor slots awaiting a response from Xen
|:| Response queue - Descriptors returned by Xen in response to serviced requests
[ ] Unused descriptors

IxAua 11: Aopr| Saxtvhiov Xen (ITyn [3])

I[Ipokeévov ta guest domains va Stapopalovta oelideg, o Xen efayet
gvav Unxaviopo mapaywpnons (grant). Ta grants Tov Xen amoBnkevovtal o€
mivakes mapaywpnons (grant tables) kat map€xovy éva YeVIKO pnxaviopo dia-
Hotpacpov uviung peta&d twv domains. Ot odnyoi cvokevwvy Stktvov Paoci-
{ovTal o€ aUTOV TO UNXAVIOUO Yla Va avTAANdooovV TANpo@opieg eEAéyxov
kat dedopéva. Avo guests eykabiotovv peta&d tovg éva kavad ocvpufavrwy
(event channel), To omoio Tpokalel TNV eKTEAEOT) TWV AVTIOCTOLXWV XELPLOTWY.
Ot daxtvAior E/E (I/O rings) (ZxAua 11) eivan kvkAwkoi buffers, mov amorte-
Aovv pia TuTtkr dopr xwpig avaykn KAEISWUATOG Yia EMKOLVWVia Tapaywyov-

katavalwth. Méow twv daktuliwv E/E, o Xen mapéxet pia amhn agpatpetikn



Sopn avtallayng UNVUHATOY AV Ao TOVG UNXAVIOUOVG TwV grant kat event
channel. KaBwg pe 1o V4VSockets Bektiotonotovpe tnyv entkovwvia petadd
EIKOVIKADV HNYAVWYV EVTOG TOL 1810V KOUPOV, TTEPLYPAPOVILE EV GUVTOHIA OTIG
EMOUEVEG TTAPAYPAPOVG TO TipoKaBoplopévo SikTuakd Hovomdtt yia tnv eveo-

KOpPLKr emKovwvia.

Awtuakn E/E mapagikovikomoinong (PV) otov Xen

H mo kown péfodog emkotvwviag Twv ekoviKOY unxavwv otov Xen ei-
vat p€ow TG SIKTLAKNG APXITEKTOVIKNG TTapagtkovikomoinong (PV). Ztig guest
EIKOVIKEG UNnYavéG ekTeleiTal 0 avTioTotyog odnyog netfront, o omoiog e&ayet
pia yevikr diemagny Ethernet oto xwpo muprva. Xto driver domain exteleitat
0 avtiotoiyog e§eldikevpévog 0dnyog vAkoD kat o 08nyog netback, o omoiog
emkowvwvei pe to frontend péow tov pnyaviopov event channel kat elodyet
mAaiota (frames) oe pia yépupa Aoylopikov (software bridge).

Ta dedopéva etoépyovtat kat e§€pxovTal amd TV ELKOVIKT Ui} Kavo-
VTag XPrion TOL HNXaViopol grant, eV oL el0TOLOELG VAOTIOLODVTAL [E TN
xpnon twv event channels, Tov etkovikov pnyaviopov IRQ mov mapéyet o Xen.
Ot Miyotepo kpiotpeg Aertovpyieg vhomotovvtar amd 1o Xenstore (apiBunon

Slema@av, avtaAlayn XapakTnpLOTIKWV KATL.).

vml ‘ vm2

Application Application
‘ driver domain ‘ N
[ [ user

S — "_ —_— e —_— — —
TCP/IP stack netback TCP/IP stack kernel
netfront Software bridge netfront
| l
B Memory | B Memory [skb] | skb|  Memory
\ \ g |

. R hypervisor

MAP

hardware

IxApa 12: Tevikog pnxaviopog evéokopPikng emkovwviag otov Xen

TIpOKELHEVOL OL EIKOVIKEG [NXAVEG TTOV CUVUTIAPXOLY GTO {810 YUOLKO [N-
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XAvNpa va emtkovwvovy petafd tovg, xpetaletat va mepaoovy and to software
bridge tov driver domain. Xto Zxfua 12 anekovifetal To povomndtt Sedoué-
Vv 600 TETOLWV EIKOVIKWOV pnxavwy mov avtaAldacoovy dedopéva. H kivnon
Twv dedopévwy mpaypatomoteital pe tn xprion Stapotpalopevwy oehidwv mov
eykabioTavtal xpnotpomoldvrag to pnxaviopo grant. Kabe aitnon petadoong
TEPLEXEL [ia avagopd grant kat éva offset evtog tng Stapopalopevng oehi-
dag. Avto emtpémel amootalOévteg kaw An@Oévteg buffers va emavaypnoipo-
nomnBovy, anotpémovtag ovxvég avavewoels Tov TLB (Translation Lookaside
Buffer). Katd tn Afyn makétwv, to guest domain eiodyet pia aitnon Ayng
oto SakTOAL0, VITodelkvboVTag IOV va amobnkevtei To makéto, kat To driver

domain tomo0etei ekei Ta avTioTo A TEPLEXOUEVAL

MAat@oppa eikovikomoinong KVM

Onwg avagépape mpwtvTtepa, o hypervisor KVM [43] ekteleital o€ €va
Aettovpytkd ovotnpa Linux. Etol, avtd 1o Aettovpykd obotnua pmopel va
vrootnpi&et 1000 Stepyacieg 600 Kat TANPELG EKOVIKEG HYavéG. Ze avtd To
nAaioto, To KVM anoteleitan and éva module muprva, pe To omoio dnovp-
yeitau pia etcovikr ovokevr| (cvykekpiévan /dev/kvm) kat e§dyet vav apt-
HOG amd evToAég ioctl yia avtr T ovokevr. [la mapddetypa, ekTeA@vTag TNV
ioctl kAfon ovotparog KVM_CREATE_VM ot ovokevry KVM, dnovpyeital
éva véog guest, 0 omoiog and tnv mAevpd tov host dev eivat Timota TEPLOTO-
Tepo amo pia Siepyaocia xpnotn pe o Sikd TG lKOVIKO Xwpo dievBuvoewv.
Amé v omtTiKr| ywvia Tov guest, avtdg 0 Xwpog StevBuvoewv petappaletal
0€ aUTO TIOL ATOKAAEITAL YUOIKOG XWPOG dlevBhvoewv Tov guest Kal avTIpe-
Twniletat wg Tumkn guokn pvnun. To KVM kavet xprion twv uvatotritwv
EIKOVIKOTIOINONG TOL LALKOV (T.X. emektdoelg Intel VT, AMD-V) npoxkeipévov
va eikovikomotnoet Tig Aettovpyieg tng KME kat tng MMU. To KVM xpnoipo-
noteitat kvpiwg padi pe to QEMU [6], To omoio amoteei évav egopotwtn) oV
ekteleital otov host kat mpokalel kKAfoelg cvotnpatog oto /dev/kvm.

>to vPHI xpnotponotovpe to QEMU-KVM w¢ tov hypervisor padi pe to
Virtio wg To PNXaviopo emkovwviag petagd tov host kat Twv eKOVIKOVY pHnxa-
vav. To virtio [67] eivau pia Tumomouévn dlemagr) mov XpnoLoToLEiTAL Yia

TNV AVATTUEN EIKOVIKOTIONPUEVWY GUOKELWY aKOAOVBWVTAG TNV TIPOGEyyLon



NG mapaglkovikomnoinong. Omwg avagépape vwpitepa, 1 TAPAEIKOVIKOTOIN-
o1 emTpénel YapnAo k60tog eikovikonoinong E/E eykabiotwvtag éva amodo-
TIKO Kavalt emikowvwviag petafd tov host kat Tng elkovikng pnxavng (guest).
Kavovtag xprion avtiig g pedodov, 1o eikovikd vAkd mapéxet pia Stemagn
AoyLOpLKOV 0TOV avTioToLXo 08nYyd aToV guest, 0 0moiog éxeL yvwor OTL vo-
KELTAL EIKOVIKOTIOMNOT) Kat £TOL pelwvel Ty omota mepttth| kiviion E/E mov évag

odnyo¢ xwpic avtiotoxn yvwon Ba mapryaye.

a VM

» Frontend S

~

virtual

interrupt notify

o -

Backend

Hypervisor

Zxnua 13: Mnxaviopog petagopdg virtio

AvrtioTotya pe T puébodo E/E tov Xen, to virtio akolovBel nv mpooéyyion
Tov povtéAov split-driver, oOpQwva pe TV omoia €vag TAPAEIKOVIKOTIOE-
vog frontend o8nydg elodyetal 6Tov guest, EMKOVWVOVTAG e TO AVTIOTOLXO
backend otnv mAevpd tov host. [ta va emtevyOei n emikotvwvia, pia dopr kot-
vov daktuliov eykaBidpvetal peta&d Tov guest kaw tov host (Exrpa 13). O 0dn-
Y06 frontend vroBariet artroeig E/E tonoBetwvtag tovg avtiototyoug buffers
oTov kotvo SakTOALo kal eldomotei To backend. Ztn ovvéxela, To backend eme-
Eepyaletat To ovpPav, e€opotwvet Tnv E/E mov tov {ntnOnke kat mapdyet éva
avtiototyo amotéAeopa. TomoOetei v amdavinon oto SakTOAo Kat eidomotel
NV TAevpd TV guest HEow piag etkovikng Stakomng (virtual interrupt). O guest

TepLPéVeL eite KaAvovTtag busy-wait 0Tov kovo SakTOALO, KATAVAAWVOVTAG KV-
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khovg KME, eite umhokdpovtag €wg 6tov 1 aitnon ohokAnpwBei. Ztnv tehev-
Taia mepintwon, n Stakomn ov mapayetat and tov host Eumvael Tov guest, o
omoiog mpowbei TPog Ta MAVW TNV ATAVTNOT OTA AVWDTEPA OTPWHATA. ZE AVTO
To onpeio emonpaivovpe OTL KAT& TNV EMKOVWYVIA peTa&y TOL guest Kat TOv
host dev mpokaleital kapia avtypa@n, kabwg xpnotpomoLeital pia mepLoxn
KOLVAG uvnung kat o host pmopei va éxet mpooPaotn 0to uotko xwpo Stevduv-
O£WV TOL guest Kal va amelkovioel (map) Tovg avtiotoryovg bufters oto diko

ToL XWpo Slevbvvoewy.

MPOKANCEIG KATA TNV EIKOVIKOTIOINGCN EMTAXUVTWVY

Ot gmtayvvtég anotehovy éva efetdikevpévo vtoovvolo ovokevwy E/E,
kaBwg mépav Twv TvmKWY XapaktnploTikwy E/E mpoogépovv kat vtoloylott-
K1) 1oX0. EMOpéVWG, yla va eLkOVIKOTIO|OEL KATTOLOG évay EMLTayLVTh, Xpetale-
Tat va eMADOEL TEPAY TV TTpoava@epOelo®V SVOKOALWY TNG EIKOVIKOTIOINOTG
E/E, emmAéov apkeTég meplocotepes mpokAnoels egattiog tng etdikng uong
TWV CUOKEVWY QUTWYV. X€ AUTI| TNV EVOTNTA, EVTOTICOVIE TIG KUPLOTEPES TIPO-
KANOEIG EIKOVIKOTIOINONG TWV OVOKEV@V ETITAXVVONG KAl TPOXWPOVHE OTNV

akoAovbn katnyoplomoinon.

MoAUTAOKOTNTA GUOKEUNG

Mia napadoaotakr ovokevn E/E ovuvrifwg mepidapPdvet éva ovvolo and
kataxwpntég E/E kat pviun. Kamoteg mo mohbmhokeg cuokevég (0nwg ot mpo-
oappoyeig Siktvov 10Gbps) eivat eEomhiopéveg emiong e pikpoenegepyaotr,
wote va mpaypatonolovy offload eidikwv Aertovpylwy, 6nwg TCP offload yia
115 pnxavég TSO (TCP Segmentation Offload). Ané tnv dAAn mAevpd, n apxt-
TEKTOVIKI] TV OVYXPOVWY EMUTAXVVTWOV eival AKpwG TOADTAOKT Og GUYKPLOT
AKOUA KAl HE TIG TILO OVYXPOVES, XaunAov latency kat vynAov bandwidth ov-
okeLEG SikTOOV. Ot emiTayvVvTEG eivat eEomAlopévol pe ToANovG Tupriveg (cores),
HTopovV va Xelplotodv ekatovtddeg vipata (threads) kat StaBétovv tn Sikry
Tovg TOAVTAOKT povada Staxeiplong pviung. Xe KAMoLeG TePIMTWOoEeLG dvva-
VTAL AKOA KAl VA EKKIVI|O0LY éva aveEdpTnTo AelTovpytkd cVOTNHA, OTIWG
ovpPaivel pe to Intel Xeon Phi, To omoio umopei va exkAngbei wg évag kata-

VEUNUEVOG KOPPBOG EVTOG TOV (010U GVLOTAUATOG. ZVVETWG, O SlaXWPLOUOG TNG



AOYIKNG OLOKEVHG Ad TN QUOLKY TNG LAOTIOINOTN 08 AVTO TO TAQICLO TTAPOL-

014lel peydheg TPOKANTELG.

Tnupactoloyia xpovodpopoAdynong

Agdopévwy TWV AVWTEPW, OL GVOKEVEG ETMITAYVVOTG ETUTAEOV VTIAKOVV OE
eVTEAWG SLaPOPETIKT OTHACLOAOYia XPOVOSPOOAOYNONG 08 OXEDT e TNV Ttal-
padoaotakr Stadikacia tng xpovodpopordynong KME. Ia mapddetypa, TovAd-
xtotov oTig tapadootakés GPUs Sev vmdpxel To xapakTnpLoTikd Tov Stapotpa-
opov xpovov kat £1ot ot GPU epyaoieg dev umopovv va Stakomovv o€ eminedo
evtodwv VAkov. Emopévwg, otnv mepintwon mov vmapxel CLVAYWVIOUOG [e-
TakV piag pikpng kat piag peydAn epyaciog kaw ouppei n peydAn epyacio va
npoAdPet va deopedoet T GPU, toTe 1) LikpoTepn epyaoia Oa xpelaoTei va me-
PLUEVEL TNV OAOKAT}pwOT) TNG HEYAANG, YEYOVOG TIOL avEAVEL TO GUVOALKO XpOVo
avapovng Twv epyactwv. Katt tétoo Suokolevet tn Stadkaoio mohvmhetiag
Twv artnuatov E/E kat katd ovvémela to Stapolpacpd tng avtiotong ov-
okevnG petadd moAamAwv mehatav. IIpdopateg e€ehi&elg oTny apxITeKTOVIKY
twv GPUs vrootnpifovv t Stakomr| piag epyaciog péow evog tpomov Stapot-
pacpol xpdvov mpoo@épovTag évav mo Aemtopepny Edeyxo [57]. ITapd tavTa,
dev vrdpyel, TovAdxtoTov Snpocta, Stabéoiun mAnpogopia ov va Seiyvel TV
vrap&n pnxaviopov eréyxov ot entinedo Aoytopkov [84]. EmmAéov, otig mapa-
Soataxég GPUs Sev vmdpyet vmootrpi&n ovTe yia SLapolpacpo Xwpov, YeYovog
TIOV CUVETIAYETAL TN OELPLAKT EKTENEOT) OTH OLOKELT), AKOA KAl O TEPIMTW-
on Tov ot avTtioTolyeg epyaoieg Ba umopovoav va ekteAecTOVV TALTOXPOVA
ot GPU. ITpokeluévov va HETPLAGTOVV OL ETUMTWOELG AVTHG TNG aduvapiag, N
NVIDIA ¢xet kvkhogoprioet To Multi-Process Service (MPS) [56] yia Tig veo-
tepeg GPUs NG, Héow TOL OO0V TaPEXEL TO XAPAKTNPLOTIKO TOv Stapotpa-
opoD xwpov o€ ToANanAéG epyaoies. To MPS ovotaotikd amoteAeitat amo évay
proxy/daipova o omoiog VTOPAAAEL AUTHOELG OTT) GVOKELT| €K HEPOVG TWV ApP)XL-
kwv GPU gpyaociwv. Me avtd Tov TpOTO, Ot auTroelg vToPdAlovTat eVTdg Tov
idtov GPU mhatsiov (GPU context), To 0m0i0 €YKVHOVEL EMMTWOELS WG TIPOG
™V ao@dlela og €va elkovikononuévo meptBaiiov Siapotpacpov GPU. Ilap’
Ola avtd, pe TNy Kukhogopia Tng apxitektovikng Volta [58], n NVIDIA ava-
véwoe To vtoovotnpa MPS emtpémovtag otig GPU epyaoieg va ektedovvtat

anevBeiag 0TOV EMTAXVVTH Kat SNUIOVPYWDVTAG ATIOUOVWOT] HETAED QUTWYV pé-
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ow avdBeong Eexwplotav xwpwv Stevbvvoewy. H puedétn tov molitikwv xpo-
VOSPOUOAOYNOTG EIKOVIKWY HNXAVMDV KAL ) ATOTIHN 0T TWV avTioTOLXwV alyo-
piBuwv eivar ekTog TOL MAALoiov avTtrg TG StatpPrig. Ilap’ OAa avtd, kabwg
He TN ovykekppévn StatpiPn mapéxovpe CLOTHHATA Yla SIAUOLPATUO EMITA-
XVVTWV xprotponolwvTag anodoTikég uebodovg oe tétota meptpaAiovta, ka-
Oiotovpe duvath TNV avtiotoryn peAlovtikn épevva mov Ba AapPdvet voyn
TN XpOovoSpopoAdyNnon LETAED TV EIKOVIKWY UNXAVOV. APKETEG ATO TIG OXe-
TIKEG EPYATIEG TG EPEVVNTIKNG KOLVOTNTAG TIOV AVAPEPOVE OTNV avTioToryn
gvOTNTA OXETIKA pe TNV eikovikomoinon GPU ovokevwv e€etdlovv (ntipata
XPOVOSPOUOAOYNONG OTA CUOTHHATA TOVG. ZXETIKA [ TA XAPAKTNPLOTIKA TOV
Xeon Phi oto mhaioto Tng Xpovodpopoldynong emTaxuvIwy, avtd vooTnpi-
(et T0 SLapopaco TOG0 TOL XPOVOL OO0 Kat TOL XWPovL Kat Stabétel avTd Ta
XAPAKTNPLOTIKA LECW TOV [UKPOAEITOVPYLKOD CLOTHUATOG TOV, TO OTOIO EKTE-
Aeital o€ évav amokAeloTikd muprva (core).

EmmpooBeta, 6mwg apketég amo Tig epyaoieg ot GPU epegvvntiki kotvo-
Ta avagépovv [72, 60, 44, 10], To context switch otig apytrextovikég SIMT
eivat Tagng-peyéBovg mo apyo. Xe avTod To KOGTOG XPOVodpopoloynong, mpé-
el emiong va AdPovpe vtoYn To KOGTOG TNG EMAVAPOPTWONG 0TI UV TOV
emTayvvth péow tov StavAov PCle Twv Sedopévwy piag mponyovpévwg Stake-
Koppévng epyaociog. Kabwg eivat kotvd amodekto otL n aviypaen dedopévwv
amd kat mpog TN ovokevr péow tov PCle amotelel TNV KupldTEPN OTEVWTO
(bottlekneck) katd T Aettovpyieg offload mpog T cvokevn, AVTO TO KOGTOG
elvat oxeTikd vYNAo. Téhog, Bewpwvtag To yeyovog otL, OTwg o€ kdbe uébodo
ewkovikoroinong E/E, éva emmAéov eninedo xpovodpopoloynong mpootide-
Tat oty OAn Sadkacia, kabiotatal cagég OTL N TPOTPOPAE VYNANG TOLOTNTAG

vmnpeoiag eivat e§atpetikd SOOKOAN.

NOYIGHUIKO CUOTHHATOG KAELIOTOU KwdIKa

‘Eva emumAéov epmddio edikd ylo Ty mepintwon g ewkovikomnoinong GPU
TIPOKVTITEL ATIO TO YEYOVOG OTL oL Pactiég eTatpeieg kataokevnig GPU mapéxovv
TOVG avTioToLoVG 00N YoUG He £vay KAELoTO TpoTo. AvTtd kablotd apketd §v-
OKOAO Lot TOVG [NXAVIKOUG KAl TOVG EPEVVNTEG VAL KATAVOT|OOVY TATpWG TN
BabvTtepn apXITEKTOVIKY TOV CLUOTAUATOG TTPOKELUEVOL VAL TTApEXOLV piat Sta-

XWPLOHEVN eKOVIKY avokevr|. IIpog avtd To 0TdX0, éxOVV TpaypatonownOel



agloonueiwteg mpoondbeleg yla TNV KAADTEPT KaTavonon Kat Slepevuvnon g
e0wTEPIKNG AetTovpyiag TnG kAelotrig GPU apXITeKTOVIKNG Kal TwV avTioTol-
X@V 08Ny®V CLOKEVNG KAL Yo TNV AVTIOTOLXN TTAPOXT TPOG TNV EPEVVITIKT
KOLVOTNTA EVAANAKTIKWYV avotyTod kddika akoAovBwvtag to Svokolo popo
Tov reverse engineering [86, 61, 49]. AvTéc ot Sovhelég éxovv Béoel Ta Depéhia
yla Tn peTEMELTa €pevva 0ToV Topéa TG ewkovikomnoinong GPU. ITap” 0Oha av-
T4, oL TeXViKéG reverse engineering Bvalalovv oe kamoto Pabuo v alomotia,
NV emidoon akdpua Kat €va VTTOGVUVOAO XAPAKTNPLOTIKWY (e OKOTIO TO AvoLy-
pa TG oToifag AoyLopkol TnG ekAoTOTE CLOKEVNG. ATIO TNV AAAN TAeLPA, pia
SlaQOopETIKN TPOOEYYLOT EIKOVIKOTIOINOTG TAATQOPUWY EMTAXVVONG €ival va
TapEXEL KATIOL0G oVpBATOTNTA He VYNAOTEPOL EMTESOV TIPOYPAUUATIOTIKEG
Siemagég avakatevBuvovtdg Tig oe éva dAAo backend pe tn xprion Stagopwy
Texvikwy. To Paciko HELOVEKTNHA AVTHAG TNG TIPOCEYYLONG eivat OTL eapTdTat
amod OLYKEKPIUEVESG EKSOOELG TTPOYPAUUATIOTIKWY SlEMa@WV Kat £TOL, Ta TTPO-
KUTTOVTa VO THpaTa Sev mapapévovy ovpPatd pe peAlovTikég ekdooelg [31].

TNV TTPOOEYYLOT HAG, TTIPOTEIVOLE pia EUpeat) VYNAOTEPOL emESOL Ué-
0080, cVp@wva pe TNV omoia 1 xprion evog amopakpvopévov GPU ovotripatog
BehtioTomoteital pEow £vOG amodoTiko PNXavIoUoD eVOOKOUPIKNG EMIKOLV®-
viag. Me auTd Tov TpOTO, 1 TPOCEYYLON HAG UITOPEL Vo Ttapapével cuppatn
pe peAlovTikég ekdoaelg Tng avtiotoixng PipAtodnkng, kabwg avtn n pédodog
Baciletal o€ £va ATOHAKPLOUEVO CVOTNUA TIOV TTAPAUEVEL EVIEPO e TiG host
BiPAoOnkeg mapéxovTtag ouxva TIG avTioTolkes véeg ekdooels. EmmAéoy, 0nwg
Seixvovpe oty emdpevn evotnta, n HEBodog pag ovpPaAlet oe onpavTIK ab-
Enon ¢ enidoong oe ovyKpLon pe To TPokaboplopEVo SIKTVAKO LOVOTIATL ETIL-
Kolvwviag kat ouvolika pmopel va amotehéoet pia Biwotun Abon mpokelpévov
TOANATTAEG ELKOVIKEG UNXAVEG VAL LTTOPOVV Va £Xovv anodoTikn mpdoPaot oe
pia GPU.

Mn yvwon glkovikomoinong

Amé v dAAN TAEVPA, AKOHA KAl OTNV TEPIMTWOTN TNG OTOIPag eMTAYV-
VIWV avoLyToL AOYLOpIKOD, 1] [elwoT) TOV KOGTOVG ELKOVIKOTIOINONG TOPAEVEL
£VAG amALTNTIKOG OTOXOG, AKOUA KAl Yl EIKOVIKEG NXAVEG TIOL dev VTTOPAA-
Aovv TavTdXpOVeG AUTHOELG Kal eV TIPOKVTITEL AVAYKT Yo XpOovodpopoloyn-

OT) OTIG OUYKEKPIUEVEG TEPIMTWOELS. Evag amd tovg facikovg Aoyoug yia avTo
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elvat 0Tt To native AOyLO[KO CLOTHHATOG AYVOEL EYYEVWS OTL OL TTOPOL TTOL T~
péxeL vOKeLvTaL etkovikomoinon. a mapddetypa, oTny mepinTwon g etkovi-
komoinong tov Xeon Phi, To Aoyloptkd cvoTHHATOG IOV eKTEAEITAL OTOV ETIL-
TayvvTn kot StaxelpileTat Tn Hvrpn TG CLOKEVNG XPELAleTaL va éXeL yvwon og
Kamolo Pabuod T vITOKELTAL EIKOVIKOTIOINOT) 1] TOVAAYLOTOV VA TTapEXEL KATTOLAL
Siemaqn yla drayeipion pvrpng oe eminedo oeAidag, mpokeluévov va petwdei o
KOOTOG EIKOVIKOTIOINONG, KabWwg KaTd TNV €1KOVIKOTOINOT EUMAEKOVTAL TIEPLO-
ootepa enineda xwpwv Stevdvvoewy, Ta onoia 0T yevikn mepinTwon Ppioko-

vtat StdomapTa 0T HVRun.

Emimedo diagaveiag

Eva gmmhéov {inpa yo tnv moddmhokn apyitektovik E/E tov emta-
XVVTWV gival 0 0plopog KATAAANANG OHACIONOYIAG Yo TIG EIKOVIKEG CVOKEV-
£¢ kal TIG avtioTolxeg diemagég kabwg kat o emimedo NG Sta@dvelag ylo TG
eQappoyég. AapBavovrag voyn avTo, 1 EPEVVINTIKY KOVOTNTA £XEL TIPOOPE-
PEL TIPOOEYYIOELG Yl EIKOVIKOTIOINOT] EMTAYVVTWV akoAovOwVTaG KATOLOVG
ovppipacpods. Meta&d avtwy, vITaPXOLY TAPAANAYEG THG TAT}POVG ELKOVIKO-
noinong (full virtualization) o€ eninedo Aoylopikod, katd Tnv omoia pia euko-
VIKT] 0LOKeLT pe akptPwg TNV idta Stemagn pe T Qo cvokevr) e§dyetal
01O XWpo XpNotn. Onwg avagépape vwpitepa, e VTN TNV TPOCEYYLON 1 EL-
KOVIKT] HNYQVT] ayVOEL OTL O AV TIOTOLXOG ETUTAYVVTIG ELVAL ELKOVIKOTIOLNUEVOG,.
AvTo €xet To mAeovéKTN A TNG Slagdvetag, kabwg dev amautovvTal aAlayég og
kavéva eninedo NG otoifag Aoytopkov, aAAd emigéper avinuévo kOOTOG eTi-
doong, Sott mepthapBaver Ty e€opoiwon piag apketd TOANOTAOKNG CLOKELVT.
Me tnv mpoo€yyLon g MANPOVG elkoViKoToinong ouvhfwg o elkovikdg odn-
YOG cuokeLng Tapapével dABkTog Kat eEopowvovTaL oL avTioTOLKEG AelTOVPYi-
eg maytdevovtag (trapping) mpog Tov hypervisor kdbe popd mov o guest mpo-
Baivet oe pia aitnon E/E i og pia avtiotoxn npocBaocn. O avinuévog 6ykog
AUTWV TWV traps GUVELOPEPEL OTO OLUVOAIKO KOGTOG, kabwg To kdbe trap €xel
anodetxOei k0oTOPOPO. XT0 AANO AKPO TWV TPOTELVOUEVWY AVCEWY, TIAPEXE-
Tat pia etkovikr) cvokevr| pe €& ohokAnpov véa Siemagr, oxedaouévn va ei-
vat amhn kat arodotikr, Buotalovtag tn ovpPatdotnta. Kdmov peta&d avtwv
TWV AKpwV BpioKovTaL OL TPOOEYYIOEIG TTAPAEIKOVIKOTIOINONG, CUUPWVA [LE TIG

omoieg évag 0dnyoc¢ frontend elodyetal 6Tov guest e yvwor OTL O EMTAXVVTHG



VTOKELTAL ELKOVIKOTIOINOT. Me auTh TN yvwon, To frontend koppdtt avakatev-
Buvel T por eAéyxov kat Sedopévwy Kat emKovwvel amodoTikd Ue To avTi-
ototxo backend pépog, To omoio Ppioketal oe éva mpovopovyo eminedo (eko-
vikn unxavn 1} hypervisor). Onwg neprypdgpovpe mapakdtw, To vVPHI amotelei
TPOOEYYLON TIAPAEIKOVIKOTIOINONG 08 GLVOVAGUO [LE TT) GTOXEVOT| ELKOVIKOTIOI-
Nong Tov XapnAov emmédov OTPWHUATOG HETAPOPAG, [e OTOXO Tr cvupfatdTnTa
pe peAlovTikd vynlov emmédov runtimes kat PrpAodnkes kKabwg kot pe dia-
QopeTIkéG ekdO0elg. TéNoG, mpokeluévou va Eemepactoy ta {ntrpata 1600
™G Stagavetag 600 kat TG enidoong, ot eTatpeieg TpoobéTovy vtoatripLEn LAL-
KOV OTIG QPUOIKEG TVOKEVEG AKOAOVOWVTAG TO povTéNo TnG amevBeiag avdbeong
OVOKELVNG. Me auTo TOV TPOTIO, EMTPEMOVY OTOVG EMTAXVVTEG VA TTPOCAPT)-
Oovv anevBeiag oTNVY ELKOVIKT PNV TPOoPEPOVTAG eMid0oN TTOAD KOVTA 0TN
native, aAA& amokAeiovTag To SLAHOLPACHO TNG CVOKELVTG Kat TNV KALAKWOL-
potnTa. Ze avtod to mhaioto, n NVIDIA éxet mpoonabnoet va apuPArvvet ta {ntn-
HoTa KALHOKOOILOTNTAG Kat va ipooappooTei mpog v IOV mpooéyyion. Etot,
0€ KATIOLEG ATO TIG KAPTEG TNG Tapéxel 0TO XpnoTn TN Suvatdtnta va opioel
OTaTIKA éva péyloto aplBpod amo eikovikég GPUs oto eminedo Tov vAkoD Kat
va avabéoel anevBeiag kabe pia and avtég oe pia mOavd diapopeTikn elkovi-
KN pnxavn [78]. Onwg meptypdyapie Tponyovpévwe, Ta KUPLAL HELOVEKTHHOTA
QUTHG TNG TTPOCEYYLONG €ivat 1 aveAaoTIKOTNTA Kat 1] SVOKOALA KALHAKWOLHLO-
rag oe Suvaptkda vepoimoloylotikd meptBaAlovta, dmov To migration kat n
Svvapukn mpdobeon/agaipeon (hot plugging/unplugging) ovokevav ocvpPai-

VEL KATA TAKTA XPOVIKA StaoTripata.

BeAtiotomoinon tng evOOKOUBIKAG EMKOIVWVIAG Yia amopa-

Kpuopévo offloading GPU gpyaciwv

Ze auTr TNV evVOTNTA TTAPOLOLAJOVHE TNV TIPOCEYYLOT| HAG Ylot TNV EVep-
yomoinon emtayxvvong GPU yia elkovikég unyavég mov ektehodvTal aTov idlo
uotko kopPo. Eotialovpe oe NVIDIA GPUs kat tpoteivoupie pia opnth pe-
0080 pe Stagopetikég exdooelg PipAoOnkwv tng NVIDIA CUDA. Emtvyxa-
voupe avTn TNV 180T Ta KdvovTag xpromn Tov rCUDA, £vOg amopakpuopévov
ovotnpartog mpooPaong oe GPU. Onwg avagépapie og TPONYOVUEVT EVOTNTA,

TO ONHavTIKOTEPO petovékTnua Tov rCUDA wg pog To KOOTOG eKTENEONG €i-
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vat Tt tapovatdlet xapnAn enidoon dtav epapuoletat oe Slatdgelg pe TuTIKEG
otoifeg dikthov. AVt avTov, ot ovyypageig Tov rCUDA mpoteivovy TN xpnon
dwtdwv dtaohvdeong xaunAov latency kat vynlov throughput wote va kata-
OTel QKT HE PLOOLUO TPOTIO 1) ETMUTAYVVOT EQAPHOYWYV Yia KOHPOVG OV dev
elvaw eEomhiopévor pe GPUs.

Ye avto To mAaioto, xpnotpomnotovpe To rCUDA og €vav guotko KopBo o
omoiog QAogevei TOANATAEG elkoVIKEG PnXaVEG kat BeATIoTOTOLODE TNV £VEO-
KoUK emikovwvia peTadd avTwV Twv eovikwy pnxavwy. ITio ovykekpiué-
va, akohovBvtag To oxfpa Tov rCUDA, vrtdpyovv dvo edwv kouPwv o éva
HPC cluster: ot GPU koéppot, ot omoiot Aettovpyovv wg rCUDA servers, kat ot
un-GPU koppot, ot omoiot Aertovpyovv wg rCUDA clients kat mpowBovv Tig
CUDA aUTH0€LG 0TOVG aVTIOTOLXOVG servers péow StkThov. Xto Xxnua 14 arnel-
koviCetat n tn Sdtagn mov xpnotpomnotovpe. Eykabiotovpe €va guotkd koupo
egomAopévo pe pia GPU ovokevr| kat Ty avabétovpe anevbeiag oe pia ewo-
VIKT] pnxaviy, n omoia Aertovpyei wg rCUDA server. Enetta, ekkivovpe pia et-
KOVIKT| pnxavr ov Stadpapatifet to podo Tov rCUDA client kat €Tot €xet po-
oPaon ot GPU péow tov rCUDA ovotrpatog. ITap’ Oha avtd, petwvovye at-
00ntd To SikTvaKd KOOTOG VAOTIOLWVTAG Kat XprotponolwvTag To V4VSockets,
éva e€atpeTikd anodoTiko Kat Stapavég oVOTNHA eVOOKOUPIKNG ETUKOVWVIAG
pHeTaD EKOVIKWY UNXavwy TTov ekTeAobvTaL 6ToV i8to euotkod koppo. ITapd to
YEYOVOG OTL 0€ aLTH) TN SLATPLPT) EMKEVIPWVOUACTE OE £Val OEVAPLO XPTIONG HE
GPU, 10 V4VSockets pnopei va xpnotpomotndei kat oe &AAa oevipla egap-
poywv sockets peta&d oLVLTAPXOVOWV EIKOVIKDOV UNXAVDY, TIPOKELHEVOL VL
petwOei atodntd To KOOoTOG EMIKOVWVIAG.

2T OLVEXELA TIEPLYPAPOVE CUVOTITIKA TO oXedlaoo Tov V4VSockets kd-
VOVTaG Xprom Tov Xen wg mAAT@OpHa ELKOVIKOTIOINONG KAt Tapovatafovpe ta

anoteléopata aglohdynong TG TPOoEYYLONG Hag.

Txeblaopog tou V4VSockets

To V4VSockets eivat éva egatpetikd anodotikd cbotnua ev8okopPikng
emkowvwviag otn Xen miat@oppa. H mpooéyyion pag eivat xTiopévn oto V4V,
10 omoio amotelel pépog Tov €pyov Xenclient [80]. To V4V amotelei évav

APALPETIKO PNXAVIOUO TIOL TlapéxeTat amod Tov hypervisor Xen vootnpilovtag
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Ixfipa 14: rCUDA ndvw and V4VSockets

TPWTOYEVEIG AELTOVPYIEG EMKOVWVIAG HETAED OLVVTIAPXOVOWYV ELKOVIKWYV (N-
XAVOV.

To V4VSockets amotelei ovotaotikd éva yevikd otpwpa socket yo 1o
V4V pnxaviopo HeTaopag Kat EMITPETEL EPAPHOYEG IOV EKTEAOVVTAL OTO XW-
PO XPNOTN HIAG EIKOVIKNG HNXAVHG VA EMKOLVWVODV Ue AANEG CUVVTIAPYOVOES
EIKOVIKEG [NXAVEG TIOV ekTEAODVTAL 0TO (810 PuOIKO pnxavnua. To V4VSockets
amoTeheital and €vav 0dnyod ovokevrG, oL TapExet pia socket mpoypappart-
0TIk Slema@n 6To Xwpo XpNHoTh, kat 1o V4V unxaviopo petapopds, o omoiog
Tap€xeTal wg eméktaon tov hypervisor Xen. Mia avaloyia pe mpwtokdAlov
TCP/IP anewovi(etat oto Zyrjua 15.

To V4VSockets eivat vAomomnpuévo wg éva o0oTNUA (e TPWTOKOAAO TAR-
povg-otoifag kat vtootnpilel emkowwvia peer-to-peer peta&d cuvvmapxov-
OWV EIKOVIKWYV pnxavav. Ze avtifeon pe tn ovvnOn mpaktikn Tng anodéopev-
ONgG TNG EMKOVWYViaG o€ ot TPOVOULIODXO ELKOVIKI] UNXavY a@rivovTag Ttov
hypervisor va Staxetpifetal povo ta {nripata ac@alelag, emAEYoLpE va ma-

paKAUYoLE TO TTpoavapepBEy evSiLapueso oTpwHA Kat va XPrOLHOTOOOVHE
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IxAipa 15: TCP/IP kat V4VSockets

Tov hypervisor wg eminedo eAéyxov kot dedopévwv. Etol, Ta dedopéva péovv
peta&d SVO EIKOVIKWY UNXAVWY XWpiG TNV TapéUPacT) TPiTNG EIKOVIKNG HnXa-
V|G, TTAPEXOVTAG LLE AVTO TOV TPOTIO KAADTEPT) ATOUOVWOT KAl KAIHAKWOLHOTN -
Ta. EmmAéov, amogebyovpe Ty texvikn Stapotpacpod oedidwv avapeoa otnv
ELKOVIKI] HNXAVT| TINYNG KAL TNV ELKOVIK HNXAVI] TPOOPLOHOD TTOV HTOpPEL va
odnynoet og Stagopa {nrripata acdietag (.. Stappor dedopévwy petakd
Twv SVO EKOVIKWDV UNXAVWYV) KAl AVTi aUTOD XPIOLUOTIOLODUE AVTLYPAPES VT -
HNG OTIG aVTIOTOLXEG PAOELG TOV povoratiov dedouévwy. Iapéyovue pia emi-
OKOTINOT| TNG APXITEKTOVIKNG AVTHG OTLG EMOUEVEG TTAPAYPAPOVG, TTEPLYPAPO-
VTG OLVOTITIKA TIG Aettovpyieg kabe emmédov.

Eninedo Epapuoyns: Mia amo Tig TO ONHAVTIKEG TTUXEG TOV OXESLAGHOD
elvat 1 ovpPatoTnTA e KATTOoLA YEVIKT] TIPOYPAUHATIOTIKY Slemapr] Kat ovyke-
Kppéva t Stemagn socket. Eidikotepa, oToxevovpe 0TNV TIAPOXT EVOG XN -
Ao¥-k00TOVG CVOTHHATOG socket emKOLVWVIAG TTPOG TIG EPAPULOYEG TIOV EKTE-
AoVVTaL 0€ CUVUTIAPXOVOEG EIKOVIKEG UNXAVES XWPIG TNV avdykn avadounong,
emavablomoinong 1 emavapetaylwttiong avtwyv. Etol, oto V4VSockets, to

eminedo eQapUOYNG AVAPEPETAL OTIG KOLVEG KA OeLG emimédov socket (socket (),



bind (), connect () kAm.), TOL TPOWBOVV TIG AVTIOTOLXEG AElTOVPYiEG Kat Ta
avtioTotya opiopata 0To eminedo HETAPOPAG.

TNV TpooEYyLon Hag To enmimedo MeTagopds BpiokeTal 0TOV TUPHVA TNG
EIKOVIKNG unxavne. OvotaoTikd, vhomotel Tig kAN oelg socket kat TiG apyég emt-
KOLVWVIAG TOV TIPWTOKOANOVL eMIKOLVWVIAG TdvVw and To SIkTvako péco (otnv
nepintwor) pog tov hypervisor Xen). ITio ovykekpipéva, To eminedo petapopag
Xetpiletat T onpactoloyia TwV eKOVIKWY cLVOETEWY HETAED TWV EIKOVIKWVY
HNXAVWV TIOL XPeLaleTat va emkovwvioovy, eivat viebBuvo yia vo katatpn-
o€l Kal va oTelAel Ta TaKéTa oTa avdTepa emimeda KAAWVTAG TIG AVTIOTOLXEG
vnepkAnoelg (hypercalls) otov hypervisor (eminedo Siktvov), kat mapéxet Eva
HNXAVIOUO €1OOTIOINOTG TOV XWPOL XPT|O TN TNG ELKOVIKAG HNXAVAG Yiat TN Ajyn
TWV TAKETWY, OTIWG eTioNG Kat yia EAeyxo Aabwv.

To eminedo Awtiov/Zvvdéopov Bpioketar otov hypervisor, mapéyet evOv-
AdKWOT TWV UNVVHATOV ToV avdTepwy emmédwv o makéta mov Ba anoota-
AoVV GTOV TIPOOPLOUO TOVG, OVHPWVA e TN onpactoloyia Tov V4V, kabwg kat
napadoon twv makétwv avtav. To eminedo avto eivat vevBuvo yla TNV amo-
OTOAT TOV €KAOTOTE MAKETOL OTOV TIPOOPLOUO TOV, IOV OTNV TEPIMTWOT UG
ovvIoTd pia avtypaen pviune. Emopévwg, otny mepintwon anootolng evog
nakétov, o hypervisor Tomofetei Ta dedopéva oTov avtioToo XWPO UVIUNG
TOL TTaPAANTTN Kat L00ToLEl TO eMinMedO HETAPOPAG OXETIKA e TO eloeAOEV
TIAKETO.

Eva mapddetypa avtallayng dedopévwv pe xprion tov V4VSockets ma-
povotdletat 0to Zxnpa 16. e autd To onuEio, 0 AVAYVWOTNG UITOPEL va ava-
Tpéet oTo ZxNpa 12 o€ Tponyobpevn eVOTNTA, TPOKELEVOL VAL CUYKPIVEL OTITL-

K& Ta dvo avtioTorya povormdtia dedopévwy.

A&1oAdynon tn¢ emidoong tou V4VSockets

Ze auT TNV EVOTNTA apXIKA TIEPLYPAPOVUE TOL TIEIPAMATA TTOV EKTEAEDAL-
LE TIPOKEWWEVOL VA AVAADTOVE Tr ovpTepLpopd Tov V4VSockets kavovTtag
XP1oN SIKTLAKWY HETPOTPOYPAUUATWY KAl 0T CUVEXELX TTAPOVOLALOVLE TNV
a§LOAOYNOT TOL CUOTHHATOG [AG GE GEVAPLA TTOV TIEPIAAUPAVOLY EIKOVIKEG UN)-
Xavég pe mpooPaon oe GPU.

EykaBiotobpe éva guotkd unxavnua pe 2x Intel X5650 (Chipset 5520)
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IxApa 16: Zvvontikn etkova Tov V4VSockets

kat 48GB RAM (@1333MHz) kat ekteholpe d00 Pactkd Melpapata pe Xpron
ULKPO-UETPOTIPOYPAUUATWY, TIPOKELUEVOV VO TTAPOVCLACOVE T TIPOTEPTILATA
Kat TG advvaplieg TG mPooéyylong pag xwpig to 06pvBo mov Ba mpooébetav
potifa emkovwviag peyaldtepwy epappoywv. Télog, mapovatalovpe kat éva
TpiTo MO pealloTikod meipapa xpnotpomotdvtag pia CUDA epappoyn anod to
nedio tov GPGPU.

A1oAdynon tou V4VSockets HEOW UIKPO-UETPOTIPOYPAUUATWV

EykaBiotobpe éva @uotkd kopBo wg host elkovikwv unxavaov kat ekkl-
voupe éwg 16 povombpnveg etkovikég unxavég (VM,VMy, ..., VM 6). Xpnot-
porotovpe To NetPIPE [52] wg éva Uikpo-pHeTpOTPOYpApHA, TTPOKELUEVOL VaL
ovykpivovpe 1o V4VSockets pe 1o mpokaBopiopévo povondtt TCP/IP méavw
amo netfront/netback. Eappolovye to pkpo-petponpoypappa petald twv et-
KOVIKWV pnxavav (16 dtagopetikd otrypudtuna, to VM, pe to VM,, 10 VM3
pe To VM4 kat 00tw kdBe e€nc).

1o Zxnua 17 kat oto XxApa 18 aneikovifovtal oL avTioTOLXEG HETPTOELG
Otav 2 elkovikeég pnxaveég (to VM, pe to VM;) avtailacoovy unvopata. To

Zxnua 17 Seiyvel 0tL To latency mov emtvyxavel to V4VSockets yia éva pipvopa



2 Bytes PeAtiwvetat kata 81% oe oxéon e Tn yevikn mepintwon. ITio ovyke-
Kptpéva, To latency oto povtého split-driver eivau 86 us, evw 1o V4VSockets
oloxAnpwvet to idlo épyo o€ 16 us. Avto o@eileTan KLPiWG OTO KOOTOG eme-
Eepyaoiag tng otoifag TCP/IP, kabwg emiong kat 0To un anodoTikod HovomaTt
dedopévwv péow tov driver domain, To omoio mapakapumTETAL 6TO SIKO pag

BEATIOTOTONHEVO UNXAVIOUO HETAPOPAS.
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IxAua 17: Latency tov V4VSockets

E&etalovtag otn ovvéxeta to throughput (Zxfua 18), to V4VSockets vme-
ploxvel NG mpokaboplopévng mepintwong kat pe Paon avtr t petpikn. To
péytoto throughput tov V4VSockets eivat 2299 MB/s, 4.59x ka\vtepo and to
povtéAo split-driver, To onoio amodidet xaunAotepa ota 501 MB/s yia pnvo-
pata 1 MB.

ITpoxepévou va SlamoTwoove TOV TPOTO Ue Tov omoio To V4VSockets
KALHAKWVEL [e PAOT) KOPAVOUEVO aplOd aTd ELKOVIKEG UNXAVEG IOV AVTAA-
Adooovv pnvopata, petpape to throughput Tov ocvotpartog ya 2, 4, 8 kat
16 €IKOVIKEG UNXAVEG IOV emKOLVWVOLVY o€ Cevyn (Exnua 19). To abpoiotikod
throughput av§avetat avéloya pe Tov aplpo Twv EIKOVIKWY UNXAVWY TTOV ETL-

kotvwvovv. Ia mapddetypa, SV0 elKOVIKEG HNXAVEG eival tkavég va avTalldo-
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ZxApa 18: Throughput tov V4VSockets

oovv pnvopata 512 KB oe =~ 2 GB/s, evw 16 1koVIKEG UNXAVEG EMITLYXAVOLY
aBpototikd throughput 8x peyakvtepo (= 16 GB/s) yia 1o idto péyeBog unvo-
HaTog.

Me Baon tnv vAomoinon pag, To V4VSockets mpaypatomnotei Tpelg avi-
Ypagég dedopévwy Katd TN HeTapopd unvupdtwy: and to VM, otov Xen, and
Tov Xen oTov muprjva tov VM, kat and tov upriva tov VM, 6to xwpo xprotn
Tov VM. Autd anotelei pia oxedS1aoTikn eMAOYN, TPOKEIUEVOL Va amopevyDei
1 eVaAAaKTIKT €MAOYT TNG KOLVIG HVHNG, ) OTtoia urtopei SuvnTikd va mapov-
OLAOEL EMUMTWOELG ATPANELAG T€ SLAPOPa TEVAPLA XPTIONG. ZOUPWVA UE TNV EV
Aoyw oxedaotikn emAoyn: To VM, eldomotel péow piag kKAONG CLOTHHATOG
Kat pLiag vepkAnong OTLVTIApXeL éva prvupa yia to VM,. O Xen avtiypaget Ta
dedopéva and To xwpo xpriotn Tov VM| 010 VM, kat eldomolel Tov mopriva.
Ortav Eunvrjoet o muprvag, ta dedopéva Ppiokovtal ndn otnv cache tov eme-
Eepyaotr kat €10t Ta Sedopéva petagpépovtal anevbeiog 0To XWPO XPHOTH TOV

VM,. Qg anotéleopa, pe xpron tov V4VSockets pmopovpie va ¢Tdoovpe me-



pLocdTepo and o pod Tov bandwidth tng pvrung tov cvotHpatog!, enttpéno-
vtag ovolaotikd bandwidth cav avtiypagr pviung oe petprioelg avtalloayng
HNVOHETOVY peTa&D EIKOVIKWY UYOVMdY.
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IxAua 19: ABpoiotiké throughput tov V4VSockets

ITpokelpévov va emiPePatwoovie OTL TO OVOTNUA CUUTEPLPEPETAL [LE ATTO-
dextr) emidoomn kat pe €va PLooipo TpOTo dTav LeYAAOG aptOpOg amd eKOVIKEG
HNXAVEG aoKOVV Ttieon 0To SiavAo pviung, e§etalovpie Tt amoTéNeopa €xeL 0TO
latency o unxaviopog avraiiayng dedopévwv. Kata tnv avrailayn pikpwv
UNVOHATOY amd 16 elkoVIKEG unxaveég oe (edyn, To round trip latency mapapé-

vel oTa 16 us, emPefatwvovtag TNV KALAKWOHOTNTA TNG TTPOCEYYLOTG LAG.

Eikovikég pnxavég pe mpoofacn o GPU

Ze auTn TV evotnTa, deiyvovpe Ta mpotepripata Tov V4VSockets oe éva
O PEANIOTIKO PETPOTIPOYpapa and To medio Twv epappoywv GPU. Onwg
avagépape vopitepa, epappolovpe oto rCUDA Ttov amodotikd pag pnyavi-
oo petagopac. Xrifovtag og €va LIAPXOV CVOTIHA ATIOUAKPVOHEVNG ETITA-

Xvvong oe cuvdvaopd pe To V4VSockets, eMTPETOVE OTIG EIKOVIKEG UNXAVEG

Exteléoapie éva stream (LUKPO-{LETPOTIPOYPAUIQA KAl HeTprjoapte péytoto bandwidth puviung 27
GB/s
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va w@eAnBovv amo pia etcovikr pnxavr e§omhiopévn pe GPU n omoia extelei-
TaL 0ToVv 810 PUOIKO KOUPo, arogevyovTtag mToAvTAOKeG Statdlelg 1} akptPeg
TEXVIKEG IOV SLATAPATOOLV TIG KOLVEG VTTOJOES, OTIwg To IOV.

Kavovpe xprjon 800 eikovikdv punxavwy, Tov VM, ov Aettovpyei wg rCU-
DA server, kat tov VM, nov Aettovpyei wg rCUDA client. IIpokeipévov va ma-
péxovpe GPU npdoPaon oto VM, avabétovue tn ovokevr) GPU oe avtr v
EIKOVIKI| Hnxavr xpnowonowwvtag tnyv texvikr tov PCle passthrough. Tehi-
Kd, Oewpovpe SVO MEPIMTWOELG: TO YEVIKO UNXAVIOUO HETAPOPAG E XPT|OT) TOV
TCP/IP névw and to povtého split-driver (rCUDA generic) kat to V4VSockets
(rCUDA over V4VSockets). Q)¢ fdon ovykplong, ekteAovpe akpwg To idto mei-
papa xwpic v napépPaon tov rCUDA, anevbeiag oto VM, (passthrough)?.

Xpnotpomotovpe pio Tumikry HPC epappoyn (stencil), Tov amhng axpifetag
noAlamAactaopuod mivaka-pe-nivaka, mov mapéxet  CUDA ota samples [55]

g NVIDIA.
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IxApa 20: Zuvohikog XpOvog eKTENEOG TTOAAATTAACIAGHOD TUVAKWY

To ev Aoyw meipapa mepthapPavet Ty akohovdn dwadikacia: dvo avTi-

> Erufefoldvovpe TIG HETPTIOELS KAl O€ UN-ELKOVIKOTIOMEVO TepIPallov e idia cvokevy GPU.
Aev mapatnpioape kamota onuavtiky Stagopd wg mpog Tnv emidoon oe oxéon e TNV
passthrough extéAeon og elkovikn pnxave.
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YPAPEG TWV TUVAKWY LGOS0V aTtd TNV KVPLA (VAN TOV KOUPOL 0TI UvApn TNG
ovokevng GPU, v extéleon tov moAlamhactaopod ot GPU kat tehika pia
avtiypa@n tov mapaxfévtog mivaka micw otnv kOpLa pvhpn. O kavovikomoL-
NHEVOG OLVOAIKOG XPOVOG EKTEAEOT|G TOV HETPOTIPOYPAUHATOG TTOANATAasLa-
opov mivaka-pe-mivaka anetkovifetar oto Xxnpa 20. O dgovag Twv X avarna-
plotd to péyebog tov mivaka moAamAactaopévo emi 32 KB.

[apatnpovpe 61t o V4VSockets amodidet moAd kovtd otn fdon ovykpl-
ong. Ta évav mivaka el06dov Twv 1089 x 32 KB (2112 x 4224 ototxeia TOMOL
float) to V4VSockets mpooOétet éva 15% kOOTOG € GUYKPLOT e TNV EKTE-
Aeomn TOTIKAG, EVW 1] YEVIKT TepinTwon mpoobétet éva 71% kooTog. OvolaoTikd
auTo amotelel To 0TOXO pag: péow Tov V4VSockets kat tov rCUDA, ot eikovt-
KEG UIXAVEG EVOG PLOIKOV KOUPOUL va urtopobv va StapotpdlovTat anpookonta
pia ovokevry GPU pe éva moAD pikpo KOGTOG Og OXEOT| e TN YEVIK TEPIMTW-
o1. Aedopévov, emiong, 6Tt oL mAnpeig HPC epappoyég xpnotpomotoy mivakeg
peydhov peyéBouvg, To choTNUA pag pmopel va tapéxet To avaykaio bandwidth
npokepévov va mipaypartonoteitat offload extéheon oe GPU pe wikpd k60t0g

e§aLTiag NG AmMOUAKPLOUEVNG EKTENEDTG.
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IxAua 21: Throughput petagopdg moAamAacIaoHoD TVaKwWwY
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T va egetdoovpe Ste§odikotepa Tov avtikTuvmo tov V4VSockets ot Pel-
Tiwon Tov xpovov ekTéAeone, anetkovifovpe to throughput mov emtvyydve-
Tal KATd TNV avItypa@n evog amod Toug mivakesg L0060 amod Tny KhpLa Pvi-
un tov kopPov otn pvAun g ovokevns GPU (ovotaotika mpokettat ylo pia
kAnon cudamemcpy () oto Zxrua 21. Ao Ta peyébn Twv mvakwy Tov XxN-
HaTOG, Tapatnpove 0Tt To melpapa Baong ovykplong emtvyxdvet 3.79 GB/s
oe throughput kat avto punopei va avindei péxpt 4.42 GB/s yia oAoxAnpo To
neipapa (yla peyakvtepa peyédn ta omoia Oe @aivovtat 0To XxXNpa), EVW TO
péytoto throughput otnv amopakpvouévn nepintwon V4VSockets eivat 2.46
GB/s. ITap’ 0Aa avtd, yia évav mivaka peyéBovg 34 MB (2112 x 4224 otouyeia
TOmov float) To V4VSockets vmeploxbel TG YEVIKNG TEPIMTWONG KATA OLVTE-
Aeotr| 6.3 (0.39 GB/s).

Zovoyn

Svvovilovtag, mapovotdoape to V4VSockets, éva efapetikd anodotikd
OVOTNHA EMKOLVWVIAG YL EIKOVIKEG HNXAVEG IOV ekTeAovVTAL aTOV idlo Puaot-
K0 koppo. To V4VSockets eivar ovppatod pe socket API xou pmopet va xpnot-
pomounBei pe Stapopeg socket epappoyég MoV ekTEAOVVTAL G GLVVTIAPXOVOEG
EIKOVIKEG UNXAVEG, OTIwG web servers, servers Bacewv dedopévwy 1 StkTvakég
Aertovpyieg (firewall, e§locoppomnotég optov KAT.). Ze avtn T StatpiPry, emt-
KeTpwOnkape oto oevdapto xpnong GPU kat ovvévdoape to V4VSockets pe
10 rCUDA, éva ovotnua anopakpuopévng ektéleong GPU epapuoywv. Me
AUTO TOV TPOTIO, Katalngape o pia VYNAOD emTESOV TTPOGEYYLOT ATOPEDYO-
vTtag Y moAvmAokdtyTae piag mAnpw etkovikomotnpévng GPU kot Eemepvw-
VTaG 1000 T0 kAetoTo0 KWtk Aoylopuko cvotnpatog g GPU 600 kat tn un
YVWON 1KOVIKOTIOIN NG TOL eTuTayLVTH. EmmAéov, avtr n) mpooéyyion mapéyet
dixpaveir oe CUDA e@apoyég aAAd OxL O& aVTIOTOLXEG EQAPUOYEG YPOLLHE-
VEG 0€ OLAPOPETIKEG TTPOYPAUUATIOTIKEG Slemagé. Zyetika pe TN Stadikacia
XPovoSpouoAdynons, TAPEXOVLE TO UNXAVIOUO YL EQAPUOYT YEVIKWYV TIOALTL-
KOV, Tap’ Oha avtd 1 e€epedvnon texvikwV XpovoSpopHoAdYNong oe avTO TO
nedio eival ekTdG Tov MAatoiov avtrg TG StatpiPric. Me Baon Tny epmetpia pag,
Bewpodpe o011 eival avaykaieg aAlayég o€ eminedo VAIKOD yia TIG HEANOVTIKEG

TEXVOAOYIEG EMTAXLVTWY, TIPOKELHEVOL Va eQaprooToLV anodoTikég pébodot

XpovodpopoAdynong.



Awapoipacpog emraxuvtwv Xeon Phi o€ eikovikomoinuéva me-

pPBaAovTa

e avtn TNV evotnTa, meptypdgovpe to vPHI, éva ovotnua eikovikonoi-
nong tov Xeon Phi xaunAov k60TOVG, TOV EMTAXVVEL TIG EIKOVIKEG UNYAVEG
emTpEMOVTAG Ti§ va kavouv oftload epyaoieg oe pia kapta Xeon Phi. Zopewva
pe 6oa yvwpilovpe, to vPHI anotelel tnv mpwtn mpoceyyLon mov emTpénel To
Stapopaopuod tov Xeon Phi tng Intel petafd eikovikwv pnxavov mov ektelov-
vtatotoV idto guotko koupo. To cvoTnua pag eivat oopPato pe exTeAéotpa TOv
£XOLV TIPOKVYEL ATTO TIPOUETAYAWTTIOUEVEG EPAPHOYEG, EEANEIPOVTAG TNV AV
YK1] Yta TpOTOT0INoT), AAAd AKOpA KAl YLt ETAVAUETAYADTTLON TOV VTIAPXOVTQA
nyaiov kodtka. Eniong, vootnpilet kat ta tpia oxfpata mov opifovtal 0to
povtélo ektéleong Tov Xeon Phi, dnladn tov yryevois (native), tov offload
KOl TOV OUUUETPIKOV (symmetric).

Kavovpe xprion g apytrektoviknig tov Xeon Phi vné popen ovokevng
EMTAYVVONG WG OEVAPLO XPHONG KAl EMTPEMOVE TO SLAUOLPACHO TOV CLVE-
neEepyaotn petadd elkovikwy pnxavay mov ektehovvtal otov idto host péow
ELKOVIKOTIOINONG TOV EMMESOV HETAPOPAG TNG 0TOIRAg AOYLOUKOD TOV emLTa-
XuvTh. ZuykpivovTag avuth TNV TPoo€yylon He Ty mpoavagepbeioa Texvikn
ewkovikomoinong GPU, oe avtrj v epyacia emAéyovpe Tov emTayxvvtr Xeon
Phi, xaBwg n avtiotolyn otoifa AoylOpKOD TAPEXETAL WG AVOLXTOG KWOLKAG
Kal £€TOL LTOPOVE VA ELKOVIKOTIOCOVHE Ta XaunAoTepa emineda Tng otoifag
Kat va eEepevvrjoovpe Ta 09EAN aAAd KAt TOVG TIEPLOPLOROVG iag TETOLAG TIPO-
OEYYLONG.

[Ipokeévov va aftomomBoiv ot SuvatdtnTeg Tov GuveneEepyaotn Xeon
Phi o¢ etkovikomomuéva nepipdAlovrta, n Intel mpoogépet kdmoteg AMboelg ya
tov hypervisor KVM [23] kat yia tov hypervisor Xen [24] kdvovtag xprion Tng
ne@odov PCle passthrough. EmumAéov, n VMware vtootnpiCet to Xeon Phi pe
1o ESXi xpnowonoiwvrtag tnv idia texvikn [79]. Avtég ot mpooeyyioeig etko-
VIKOTIOINONG TTPOo@EPOLY eMidoon TOAD KOVTA 0TO native og fdpog Tng Suva-
TOTNTAG SLAPOLPACHOD €VOG eTUTAXVVTH HeTAED TOAAWY EIKOVIKWY UNXAVADY,
1 omoia Sev vooTtnpileTat pe avtég Tig peBodovg, kabwg n k&pta Xeon Phi
avatifetat amevbeiag oe pia povadikn etcovikn pnyavi). Me to vPHI katagép-

VOULE VOl VTIEPKEPATOVE AVTO TO EUTOSLO EMUTPETOVTAG TO SLAHOLPATHO Hiag
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ovokevng Xeon Phi peta&d ovvunapxovowy elkovikwy unxavav.
2TIG EMOUEVEG TIAPAYPAPOVG, TIEPLYPAPOVIE CUVOTITIKA TO OXeSLAOHO TOV
vPHI kot 01 ovvéxeta mapovotdfovpe v aflohdynon twv anoteAeopatwy

HEOW EKTENEOT|G SLAPOPWYV TIELPAUATWY.

TxeblaopoG Tou vPHI

Mia ano 115 Baoctkég mpodnmoféoeilg katd to oxediaopd tov vPHI eivar n
gvepyomoinomn tov dtapotpacov evog ovvene&epyaotr) Xeon Phi petad et-
KOVIKWV [NXAVOV TIOV GVVUTIAPXOLV 0TOV 810 uotko kopPo kat Tng dvva-
10TNTOG TAwTdXpovov offload epyactwv amd Tig TOANATAEG EIKOVIKEG UNXAVEG
TPOG ToV emitaxvvTh. YAomotovpe o VPHI kdvovtag xprion tov QEMU-KVM
w¢ hypervisor kat Tov virtio wg diemagrn mapasikovikomoinong. Onwg gaive-
Tal oto Zxfjpa 23, to vPHI anote)eitat anod évav odnyod guest muprjva kat pia
backend ovokev) QEMU vlonowmpévn oto Xwpo xpriotn tov host. Kata
@don TG vhomoinong, mpoxwpnoape otadtakd oe dOo ekdO0ELG TOV TPWTOTD-
7oL pag ya Adyovg emidoong. Ztnv mpwtn ékdoon tov VPHI, xpeidotnke va
KAvove pia pkpr Tpontonoinon oto KVM module tov mupriva tov host, mpo-
KELLEVOL va avakatevBuvovpe kataAANAwg Ta o@dlpata oelidag otov guest,
evw ot SevTepn €xdoor), Tpomomotioape Tov odnyo Xeon Phi otov host. ITapd
TO OTL O OTOXOG pag eival va eigaoTe 600 To Suvatdv AtydTepo mapepPatikoi, 1)
TPOTIOTOINOT TNG TPWTNG EKSOONG ELVAL ATIAPALTITN TIPOKELUEVOL VAL VTTOOTN-
PIEOVLE TNV ATEIKOVLOT) TWV TIEPLOXWYV V(NG TOV XWPOL XPT|O TN TOL guest 0T
pvnun tneg ovokevng Xeon Phi péow tov scif _mmap (), evw ot Tpomomnouoelg
¢ devtepng ékdoong otov 06nyo tov host Bonbolv otn Pektiwon tng emi-
doong tov vPHI, kabBwg péow avtng kabiotovpe yvwotd otov 06nyod tov host
Vv Ortap&n Steomapuévng Hviung Tov guest Kat £TOL HELWVOVHE TO AVTIOTOLXO
KOOTOG.

Ovotaotika, To vVPHI mdver ta apyikd artipata petagopdg SCIF kot ta
avakatevBovel péoa and ) backend ovokevry QEMU. Me tnv Afjyn avtwv
TV aTnpatwy, o odnyodg backend ta nmpowBei otov host 0dnyd SCIE, o omoi-
0G eAEYYeL TN QLOIKT ovokevr). Metd Tnv oAokAnpwon evog awtnpatog E/E,
Ta anotedéopata mpowbodvtal Tiow o oToiPa akolovBwvTag TV avtifetn

KatevLOVVOT, KATAAYOVTaG TEAKE OTOV apyIKO AUTOOVTA, 0 0moiog ovvHBwg



elvat éva eninedo petagopdag kamotov runtime. Tavtoxpova MOAV-VNHATIKA
AUTNHATA EKTENEOTIG ATIO SLAPOPETIKEG EIKOVIKEG UINYAVEG HITOPOVV VOl KOTA-
An&ovv va ektehovvtat tapaAinia ot cvokevr) Xeon Phi efamlwpéva otoug
Stabéatpovg muprveg (cores) TG KAPTAG. TNV TEPIMTWOT TTOL VIAPXEL VTIEPKA-
Avyn (oversubscription) wg mpog o Adyo Twv atnBEVTOY VUATWY TIPOG TOVG
QLOLKOVG TIVPTVEG, TOTE 1| TOAVTIAEEiA TWV TTOPWY TPAYUATOTIOLEITAL ATIO TO
xpovodpopodoyntr Tov uOS oV ekTEAEITAL OE £VOL ATIOPOVWOHEVO TIVPHVA TOV
Xeon Phi. Xto Xxnfpa 22 anewoviletat og pio vynAov-emméSov enokoOnMon 0
TpoOmog pe Tov onoio to VPHI kdvel xprion tov virtio mpokeluévov va emitpé-
Vel TO SLAPOLPATHO TNG GVOKEVTG ETITAYVVONG TOGO HeTAED EQAPHOYWY EVTOG
NG iS1aG EIKOVIKNG UNXAVG 000 Kat HeTAED SLAPOPETIKWY EKOVIKWV UNXAVDY
7oL eKTEAOVVTAL OTOV (010 QUOLKO KOUPO. Xe TiLo AemTopepég eninedo, 0To X1 -
pa 23 Bewpovpe éva aitnpa SCIF mov mpokaleital and pia epappoyn péoa oe
pio etkovikn pnyavn kat deixvovpe to avtiotoryo povomdtt E/E. TIpokeirat yia
£V0L AVTITPOOWTIEVTIKO OEVAPLO IOV OVLVTEAEITAL O€ OTOLOSHTIOTE Ao Tat Tpial
npoava@epBévta oxnuata ektéAeong tov Xeon Phi. Ot ovvexeig ypappés ava-
TAPLOTOVY TO HOVOTIATL EAEYXOV, EVW OL SLAKEKOUUEVEG YPAUES AVATIAPLOTOVY
TO HOVOTIATL SeSOUEVWY. ZTIG EMOUEVEG TTAPAYPAPOVG,AVAPEPOUAOTE Ot KAOe
@don Tov ZxNpatog 23 kabwg mepypdpovie kdbe vTOOVOTNHA KAt TIG AELTOVP-
yieg mov emitehei.

Me Baon to Zxfipa 23, meptypa@ovpe £va mapadelypa piog eQappoyng mov
ekTeleital oe pia etcovikn pnxavr kat mpaypatomnotei offload vroloylotikwv
mupnvwy oTnVv kdpta Xeon Phi. Onwg avagépape mponyovpévwg, avto To oe-
vapto pnopei va ovpfei mapdAAnAa pe StapopeTikéG QapHOYEG EVTOG TNG idtag
EIKOVIKNG UNXAVAG 1} AKOpa Kol amtd TOAAATTIAEG EIKOVIKEG [NXAVEG TIOV KAVOLY
xpnon tov VPHI, yeyovog to omoio emtpémnel To SLAUOLPACHO TNG CLOKEVNG
kat ota dvo emineda. Eto Xxfipa 23, Seiyvovpe éva mapddetypa V0 EKOVIKWY
pnxavav (VM_1 kat VM_N) mov mpaypatomotovv offload voloyiotikwv epya-
olwv potpalopeveg T povadikr cvokevr) Xeon Phi. Akoho0Bwc, emkevipw-
VOUpE TNV Teptypar] Hag o€ SO0 elkovikég pnxaveg, alkd n dtadikaoia eivat n
idta kat yio omotadnmote AANN elkoVIKI Hnxaviy akoAovBei avtod To mapadery-
pa. To runtime kdvet aitnua yia Aettovpyieg DMA pe 1o Xeon Phi wg mpoopt-
OO yla To ekTeEAEDtO, TG PLPA0ONKeG KATL, uéow TnG PtPAtoBnikng (1ibscif)
(Prpa ). X ovvéxela, n libscif vmoPdiet (Pripa b) Tnv avtiotoxn kAn-
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IxAHa 22: Zxnua Stapotpacpov vPHI

on ovotnparog (open(), close(), ioctl (), poll(), mmap()) avaloya pe
™ Aettovpyia ov {ntrdnke. H mhetovotnta tng Aettovpywotnrag tov SCIF
TapEXETAL OTO XWPO XPNOTN HEow StagopeTikwy eviodwv ioctl (). Epocov
to vPHI vlomotei Aettovpyieg SCIF, 1600 To runtime/epapuoyr, 600 kat 0
libscif mapapévovv dBikteg kat dev amatteital oOTE KAV EMAVAPETAYAWT-
TLon. Zuvenwe, o vToPAnBEv aitnua mavetat and tov vPHI 0dnyo frontend.

vPHI 0dnyog frontend: YAomotovpe tov vPHI 0dnyod frontend wg éva
module yia muprjva Linux 1o omoio elodyetat Suvapkd 6To Xwpo muprva Tov
guest. O 00nyog Aettovpyei wg pia “kOANa” petafd tng Libscif, nonoia ayvo-
el v Vmapén ekovikomoinong, kat TG vOAoNG oToifag, TpowbwvTag TIG
Aettovpyieg mov {ntnOnkav otn vPHI cvokevr) backend péow twv kavaliwv
emkotvwviog virtio. Metafd twv kaBnkdévtwv tov odnyot frontend eivat va
TOAVTTAEKEL T AUTHHATA KAL VO EVOPXNOTPWVEL TA VIHATA 1) TIG SLEPYATIES TOV
XWPOL XPT|OTN TIOL TEPWWEVOLY aTAVTNON and To ovveneEepyaotr. Ze avtd
1o onpeio, eixape dOo oxedlaoTikég emAoyéc: Ba pmopovoaye eite va viomoun-
oovpe pia pebodo Paoctopévn oe polling eite pia pedodo Pactopévn oe dtakomég
(interrupts). Kabwg n mpaypatomoinon busy-waiting oe kotvovg mdpovg kata-

valwvet kbkhovg KME, ek é€ape tnv mpooéyyion mov Paciletal oe Stakomé,



o

syscall

vPHI Frontend Driver I:]

~.

| kernel

|

virtual interrupt

(vl

o

notify

vPHI virtual device :r !

=3

o

syscall

o

syscall

vPHI Frontend Driver I:]

N

| kernel

!

virtual interrupt

(vl

c| notify

==

VPHI virtual device | |

o

syscall

/ V"m / Vm
f runtime / application I:] f runtime / application I:] _____ » data copy
i \ [ Vo pass by
i | alscFeal V! i al scFear Vi reference
I ! | | _____, control
. path

Ixnua 23: Apytrektovikr) Tov VPHI (povomatt deSopévwv kat eAéyxov)

MPpooBETovVTag éva KOGTOG KATA TNV EYKATACTACT TOV UNXAVIOLOD AVAUOVNG
and tov 0dnyo, LVTép TNG eMiSOONG 0TI TEPIMTWOELG: 1) TTOL avEdveTtat o aptd-
Hog amd mapdAAnAa cutfpata kat i) n 0An Stadikacia dtapkei apketd meplo-
0OTEPO ATO TNV £YKATAOTAOT TOV punxaviopov. Etot, o 0dnyog tomobetel pia
avagopa yia kamotov buffer otn Sopr| kotvod daktvAiov, 0T cvvéxela etdo-
notei T ovokevn} backend (c) 6Tt vapxet Eva ekkpepég aitnpa kat eykabiotd
TOV UNXAVIOUO avapovig péxpt va mpokAnbel éva ovpfav agdmvions. Otav
ovpPei To TedevTaio, o XelploTig Stakomwy eAEyyeL TNV TeAevTaia andvtnon
0TOV KOLVO SaKTVALO Kat aguTViCeL TV avTioTotXn ovtoTnTa, 1) oMol ouvexile
kat TpowBei Ta dedopéva mpog Ta mévw ot otoiPa. Katd tn Siapreta OAng av-

TG TNG Stadikaoiag, oL HOVEG AVTLYPAPEG IOV TTPAYUATOTIOLOVVTAL ELVAL EKELVEG

hardware
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peTa&d Tov XWPOL XPHOTH Kat Tov xWpov Tuprva o kabe katevBuvon Tov po-
vomatiov (i, ii). Omotadnmote aAAn avtallayr dedopévwy mpaypatonoteitat
HECW AVAPOPWV HELWVOVTAG TO KOOTOG ELKOVIKOTIOINONG ELOIKA YLt HETAPOPES
peydhwv dedopévwv.

vPHI ovokevn backend: Zxedidlovpe t vPHI ovokevr| backend wg pia
ewcovikny ovokevry PCI kat Tnv vhomotodpe wg enéktaon tov QEMU. Onwg
avagépape Tponyovpévwe, To backend eidomoteitat anod to frontend (c) dtav
éva véo aitnua €xet mpootedei oto SaktOALo virtio. Tote, To backend eAéyyel
Tov kowvo daktvlo kat ametkovifet Tov buffer oto Sikd Tov xwpo StevBuvoe-
wv anogevyovtag Eavd kdmola avtrypaen pviune. To backend éxet mpoofa-
OT) OTIG ATEIKOVIOELG UVIHNG PLOIKOD xDpov Stevbhvoewv Tov guest Tpog Xw-
po xpnotn tov host, kabwg exeivo eival mov eykablota Tn pviun Tov guest
OTaV EKKLVEL 1] €lKOVIKT pnxavh. Ztn ovvéxela, To backend mpaypatomnotel Tnv
avtioTtoiyn kAfon ovotripatog (d) otov 0dnyo SCIF tov host kat meptuével To
anotéAeopa. Otav i kAo CLOTAPATOG MOTPEYEL, Tpowbei To amoTéAeoua
0TOV KOO SakTVALO Kat e150T0LEL TOV guest PEow piag etkovikng Stakomng (e).
AxolovBwvTag avth TNV TPoo€yylon, kabe elkovikn unxavr oTo idlo Puokod

pnxavnua avamnapiotatar and pia Stagopetikn depyacia QEMU otov host.

Etol, kaBiotatat Suvatog o Stapoipacpdg tov Xeon Phi, kabwg and tny onti-

K1 ywvia Tov 08nyov tov host, moAamAég elkovikEég pnyavég mov vtopdAAovv
artuata SCIF amotehodv ovolaotikad moANamAég Siepyaoieg otov host mov

ekTeEAOVV TapaAnAa kAroelg cvotnparog otov odnyo SCIE

AloAoynon tng emidoong tov vPHI
Neipapatiki diataén

Ye auTn TNV evOTNTA TEPLypA@ovpe TIG ueBdSoVE TELPAPATIKNG a§LONO-
YNONG IOV XP1OLUOTIOOAE Yia VA avaADooVUE Tr ovunepipopd Tov VPHI o
Sagopa oevapia kal Tapovotdfovpe Ta anoteAéopata mov Tpogkvyav. Eyka-
Olotobpe éva guotkd pnxavnua pe 1x Intel Xeon E5-2695v2, 64GB RAM (DDR3-
1600Mhz), eEomhiopévo pe éva ovvenegepyaotn Intel Xeon Phi 3120P. Eyka6i-
OTOVE TO HNY&vnpa wg host etkovikwy pnyavwy kdvovtag xprnon tov QEMU-
KVM wg hypervisor.

Apxtkd, VAOTIOLODE £V GVVONO ATTO HIKPO-HETPOTIPOYPApUATA Yia VoL aflo-



Aoynoovpe N raw emidoon SCIF tng mpwtng ékS0ong TOL MPWTOTVTIOV {AG.
Eneita, mpaypatonolovpe €va vynAoTepov emmESov MEipaA XPNOLHOTOLW-
vtag 1o dgemm and ta samples [38] tng Intel yia moAamAactaopd mvakwy.
Ta 1o meipapa dgemm akoAovBove To native oMU EKTENEONG COPPWVA [E
To povTéNo ekTéNeong Tng Intel.

2to native oxnpa ektéAeong vapxovv dvo emroyés. O xprioTng wmopel
elTe Vo K&vel SSh OTOV EMITAYVVTH KAl Vo EKTEAECEL TOTUKA TNV EQAPUOYT, EITE
va @optwoel To ekteléoipo MIC amevBeiag and tov host. Ztnv npawtn mepi-
TTWON 0 XPNOTNG Xpetdletal va avtypdyet o i8log 0To ovvenelepyaotn ta
exteléotua, TiG PiPAoOnkeg kat Tig dAANeg eEapTroeLG Kat VOTEPA VAL EKTENETEL
NV epappoyr. Ze éva etkovikonotnpévo meptPdAloy, avtd kabiotatal Suvatd
puBuitovtag éva Siktvaxd bridge otov host peta&d g efopowuévng diena-
@16 Stktvov micO kat TnG Stemagng SikTvov mov eivat puOuLoUEVN 0TV €lkO-
vikr pnxavn. Iap” oha avtd, pia tétola pvBuion dev mpoopépetal Waitepa
yta vepovmoloylotikd meptBarlovta. Tétotov eidovg pubpioelg pmopovv va
kataAn&ovv og éva oevapto pe moANovG ouvdedepEvoug XprioTeg o€ éva Kot-
VO TepIPAAAOV ETUTAXVVTH KATACTPEPOVTAG TA XAPAKTNPLOTIKA ATIOUOVWOTG
Twv vepobmoloytotikwv vrodopwv. Etot, Sokipdlovpe to native oxnpa ké&vo-
VTaG XPONG TNG TeEAevTaiog mepinTwong mov meptypdyaype, Tnv omoia kablota
Svvarr) to vPHL

Ztn ovvéxela, aftohoyovpe t Sevtepn (BeAtiwpévn) ékdoon tov vPHI kau
ekTeEAODLE €va oVUVOAO amd VYNAoV-gmmédov melpdpata Bactopéva ot Zovi-
Ta Metpompoypappatwv KApakwopwy Etepoyevav Ynohoyiopwv (Scalable
Heterogeneous Computing Benchmark Suite (SHOC) [75]) kavovtag xprion
tov offload oxnpatog extéeong. TéNog, xpnotpomolodue éva amd Ta LETPOTPO-
ypappata SHOC yia va avadeifovpe 10 XapaktnploTiko Stapopacpol Tov
VPHI kat twg avtd oupneplpépetat OTav TOANATAEG EIKOVIKEG HNXAVEG KAVOLV

Xprion evog ovvenegepyaotn Xeon Phi.

Enidoon HIKPO-UETPOTTPOYPAUUATWY

YAomotolpe éva cUVONO Ao HIKPO-UETPOTIPOYPAUHATA TA OTIOLA AVTAA-
Adooovv dedopéva mavw amd to PCle petagd tov host kat tov Xeon Phi kd-

vovtag xprion tov SCIE Extelobpe autd Ta HETPOTPOYPAUHATA LE OKOTIO Va
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EKTIHNOOVHE TO KOOTOG ekovikomoinong tov VPHI. Avalbovpe tnv emidoon
tov VPHI xpnotpomoiwvtag T0c0 two-way emkolvwvia amooToAng-Anyng 66o
KOL ATTOHAKPVOUEVEG AEITOVPYIEG HVIHNG. APXLKA, EKTEAOVLE TO HETPOTIPOYPALL-
pa otov host, mpokeévov va Aafovpe T fdon odykpLong wg mpog Ty emido-
oT). 211 OUVEXELA, EKKIVODUE pia povomhpnvn ewovikn unxavn pe to VPHI kat
EKTEAODE TO PETPOTIPOYPANUHA OTO elkoviKomonpévo mepBariov. Kat otig
800 TEPIMTWOELG, 0 AVTIOTOLXOG server ekTeAeital 0TO ovVeneEepyaoTr, Tpo-
Kepévou va efummpetnoel artjuata anootoAng SCIF (otny mepintwon arno-
OTOANG-ANYNG) 1 VA EYKATACTHOEL KATAAAAAWG UV CLOKEVNG (OTNV Ttepi-
TTWOT) AELTOVPYIAG ATOHAKPVOUEVNG UVIUNG).

I[Ipokewévov va petprioovpe to latency, xpnolomolove T0 HETPOTPO-
VPO atOGTOANG-AYNG, oOp@wva pe to omoio évag SCIF server ekkiveitat
OTOV ETUTAXLVTH, akOVEL yla alThpata ocOvdeong kat otav eykabidpubei pia
ovvdeon, o server umhokdpet otn scif _recv(), mepiuévovtag va oepPipet Oe-
dopéva otov avtioTotyo client. e avto To mhaioto, évag SCIF client exteleiton
otov host (] 0TV ElKOVIKH Unxavin), 0 0moiog CLVOEETAL UE TOV server Kat OTEA-
veLévav aplipo ano dedopéva. Ameikovifovpte To avtioTtotyo petpndév latency

1600 yla Tov host 600 kat yia to vVPHI oo Zxrjua 24.
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IxApa 24: Latency emkovwviag anooToANG-ANyng



Ta v native (host) ektéleon To latency yia anootohn 1 Byte eivat 7 us,
EVW YlaL TIV ELKOVIKOTIOHEVT TiEpInTWOT), To avtioTolyo latency avePaivel ota
382 us.'Etot, To k60TOG elkovikomoinong tov VPHI eivat 375 us (=382—7). Ka-
Bwg mpokertan yla pia atodntr Stagopd, mpoxwprioape ot ektevéoTtepeg break-
down petprioeig yla va e§etdoovpe TepAITEPW TNV AUTiA AVTOD TOV KOGTOUG.
Me Bdon avtr tr breakdown avalvon, kataAryovpe 6Tt 0 93% avtov Tov KO-
oTovg amodidetal 0To oxrpa avapovng tov VPHI evtog tov o6nyod frontend.
ITio ovykekpipéva, 6tav o 0dnyog frontend vroPalet éva aitnua SCIF otov
Kotvo daktvlio, n avtiotoln Stepyaocio Tomobeteital o€ pia OVPAE AVALOVTG,
¢wg 0ToVL kavorotnBei to aitnua. Otav to backend tehewwoel Tnv ektédeon
TOV QUTHUATOG, TTPOKAEL it ELKOVIKT) SLAKOT KAt 0 XELPLOTHG SLAKOTWV OTOV
guest avalapPavet va Eumvijoet Oheg Tig Stepyaoieg mov EpIUEVOLY GTNY OL-
pd, oL omtoieg eEAEYXOLV TOV KOLVO SakTOALO yla va SLamoTWoovV av 1 ev Aoyw
amdvtnon eivat yio avtég. O punxaviopog avapovig kot a@Omviong amotehel
TNV KVpLa TYN yia ) pelwon tng emidoong yla epyacieg evaionteg wg mpog
1o latency. Onwg avagépape oe mponyoLUEVeEG EVOTNTEG, AVTO TO OXNUA €i-
VAL TPOTIUNTED YLa UETAPOPEG UEYAAVTEPOV OYKOU SeSOUEVWY TIPOKELUEVOL
va petwoovpe t xpnotponoinon s KME mov Oa fjrav avénpévn otnv eval-
Aaktikn uéBodo busy-wait. Mmopovpe va xpnotponotjcovpe pio mbavi vppt-
Sk mpooéyyton n omoia Oa dAAAale oXNpa AVAHOVIG AvANOYa HE TNV EQAPHO-
yn. ITio ovykekpéva, Ba umopovoe va xpnotpomnotei kdbe gopd To kakbTepo
a6 ta dvo Sabéoipa oxnuata avdloya pe To artodpevo péyebog dedopévwy,
EMTPEMOVTAG e AVTO TOV TPOTO latency Kovtd 0To native yia pkpd peyéon
dedopévwv kat Statnpwvtag anodekTo puOpuod HeTaPopds yla peyakvtepa pe-
Y£€0n. Téhog, oto Zxripa 24 mapatnpovue Tt To TpoavapepbHév k6oTOG TMapa-
pévet otabepo 600 avfavetal to puéyedog twv dedopévwy kat £TOL TPOKHTITEL
éva otabepo offset pe dpovg latency oe avykplon pe Tig petpnoetlg faong ov-
YKpLOTG.

21N ovvEéxela, eKTEAOVUE £va AANO HETPOTIPOYPALLUA KAVOVTAG XPTOT) TOV
SCIF povtéAov amopakpuopévng mpdofacng Uviung, To omoio eivat o Ka-
TAAANAO Yl HETAQOPES peYaAVTEPWY SeGOUEVWYV, TIPOKELLEVOV VAL EKTLUOOV-
pe To péyloto throughput mov to vPHI pumopei va emtdyet. e avtod to meipapa,
eKKIVOUE €va ekTeAéoipo oto Xeon Phi, To omoio akovetl opoiwg yia etogpxo-

HeVeG oLVOEOELG Kal HETA “kap@itowvel” (pin) pio meploxn Uvnpng TnG cVoKeL-
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IxAua 25: Throughput amopakpvopévng tpdopacng otn Hviun

16 pe Pdon To péyebog mov {ntnOnke kavovtag xpron tgscif _register().
Ztnv mAevpd Tov host (1) TNG EIKOVIKHG UNXAVHG) TO HETPOTPOYPAUHA LTIOPA-
Aet éva aitnua oOvdeong kat VOTEPA TIPAYHATOTIOLEL Hict ATTOUAKPLOUEVT] AVE-
yvwon anod Tn ovokevr| emtayxvvong. Ta amotedéopata anekovilovrat ato
2xnpa 25. Ilapatnpodpe OTL | ATOHAKPLOUEVT avAyVwOoT) Tov host @Tdvel Ta
6.4GB/s, evw to avtioTtotyo throughput tov vPHI eivat 4.6GB/s, To omoio t60-

Suvayei pe To 72% tng mepintwong Tov host.

Emidoon epappoywv o€ native oXUa EKTENEONC

Ye avtr TNV evotnTa deixvovpe Ta amotedéopata piag VYNAOTEPOL emL-
eSOV EPAPUOYTG IOV XpT|OLHOTIO|OaE e TNV TpwTn ékdoon Tov vVPHI. Me-
Tprjoape TNV eKTEAEOT) TOL TOAAATAACLAOUOV TIVAKWY cblas_dgemm and Ta
samples [38] tn¢ Intel, To omoio kavet xpron g PrpAtodnrng MKL [37]. Xpn-
olomnolobpe To micnativeloadex, éva epyaleio mov mapéxet n Intel yia va
emTpénel T @OpTwon ekteléoipwv MIC oto ovveneEepyaotn anevbeiag ano
Tov host, axoAovBwvtag TV mpocéyylon Tov native oxnpatoc. Onwg meptypd-

Yape TpwTOTEPA, To micnativeloadex kavel xprion g PpAodrkng COI



Kal emKovwvel xpnotponowwvtag to mpwtokoAlo SCIF pe to coi_daemon
va ekteAeitat 6to ovvene§epyaotr). O poAog Tov micnativeloadex eival va
puBuioel katdAAnAa to mepParlov, va poptwoet TiG anapaitnteg BAtodnKeg
KOl EKTEAEDLHLA KAL VAL EKKLVI|OEL TOV AUTOVHEVO aplOUd amo vipata.

Ze avTo 1o Teipapa ekTeNoV e Tomicnativeloadex [e mapexOUEVO eKTe-
Aéowo To dgemm oToV host kat oTnV elkovikn pnxavr. Agov €xet popTwdei To
ekteléopo dgemm oto Xeon Phi kat kaBwg ektedeitat wg pia oAdTNTA XWPIG
v napéuPaon tov vPHI, mapatnpovue o1t Sev viapyet peiwon tng enidoong
yta to vVPHI og ovykpion pe tov host 6cov agopd 0To Xpovo ektédeong ot
ovokeLt]. Opwg, Tpokepévov va ekTipioovpe 1o k6oTog Tov VPHI ka®’ 6An
™ Sadikacia offloading, petpdpe eniong 1o cLVOAKO XpOVO ekTéENEONG ATO
TN oTLyun 7ov to micnativeloadex @optwvetat otov host (1] otV ekovi-
K unxavn) péxpt va mapaxBovv ta tedikd amotedéopata kal To epyaleio va
Teppatioet TNV ektéAeot| Tov. MetaPdAlovpe Tov aptBud Twv vHaTwy Onwg
emiong kat o péyeBog Twv mvakwyv. O emrayvvtig Stabétet éva ohvolo and 57
TIVPTVEG, ATt TOVG 0T0{0VG ot 56 eivar Stabéatpol ipog enefepyaoia, kabwg to
uOS xpnowomnotel Tov evanopeivavta moprva. Erniong, mapéxet 4 vijpata ava
VPR VA TIPOCGPEPOVTAG Eva 0UVONO amd 224 vipata oto Xpnotn. Etol, exte-
Aove To peTpoTpOYpappa yia 56, 112 kat 224 vijpata. Anetkovilovpe ta amo-
TeAéopata 0To ZxHHa 26, 0To Xxnpa 27 Kat 0to Zxfipa 28 yua 56, 112 kat 224

vijpata avtiotora.

2 S 1

15O 3 A T

Input Data Size

[ host
M vPHI

Normalized Execution Time

IxAMa 26: PopTwon Kal eKTEAEOT) TOV dgemm XPTOLHOTIOLDVAG 56 VijHATA

O afovag Twv ¥ avamaplotd ToV KAVOVIKOTIOUHEVO XpOVo ekTéNEONG O
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IxApa 27: Poptwon kat ekTéAeotn Tov dgemm Xprolpomowdvag 112 vijpata
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IxApa 28: Poptwon kat eKTEAEOT) Tov dgemm XprolpoToldvag 224 vrijpata

omoiog mepAapPdvel T OpTWON TV anapaitntwy binary apxeiwv kavovrag
Xpnon Tov micnativeloadex and tov host (1] TV ekovikn pnyavn) Kot TV
npaypatikn ektéheon otov emtaxuvh. O dfovag Twv X avanaplotd To ovvo-
Ao péyefog twv dvo mvdkwy etcddov. Ilpoonabolue va mpaypatomnotoov-
[LE KAl Vo TTapovaLacovLe éva meipapia Tov Ba €xet vOnpa wg Tpog To GUVOALKO
HéyeBog twv Svo apxeiwv el0odov. Ao Ta avwTépw oxrpata Pyalovpe to ov-
pnépaopa Ot yla peyakvtepa meipapata (tafng peyéboug devtepoléntwy), Ta
omoia meptdapPdvovv Ppdxovg HeyaAvTepng eKTEAEONG OTIWG ETONG KAl fle-
Tagopd binary apxeiwv (PtpAiodnkec/ektedéopa) mdvw and to PCle, to k6-
0TOG €LKOVIKOTIOINONG AMOOBEVETAL KAl TO OXETIKO KOOTOG O€ OXEOT| UE TO OL-

VOMKO XpoOvo ekTéNeong eivat apeAntéo. Avtifeta, 600 pelwvetal To péyebog



Twv dedopévwy oV peTagépovTal, To KOOTOG elkovikomoinong Tov VPHI éxel
peyahvTEPO avTikTLTO, OTIWG Ta TponynBévTa melpdpata wg mpog To latency
deixvouv. ITap” OAa avtd, dedopévov Tov kdoTovg piag PCle Aettovpyiag, éva
TUTIKO OEVAPLO 0TO oToio eumAéketal évag ovveneEepyaotng ovvhBwg mept-
Aappével n @OpTWON Hiag ONUAVTIKAG ToooTNTAG dedopévmy Kat akoAovBwg
piag Paptdg vtoloytotikng @aong, kabwg oe avtiBetn mepintwon dev aiCet
Tov kOmo N mpaypartonoinon offload yua pia pikpr) ToooTTA deSopévwy Kat
piag avtiotoxng ektéleons evog eEhagpov vohoyiopov mov Ba umopovoe va

npaypatonowmnei otny Tomikry KME pe pukpd kdotog.

EniSoon epappoywv oe offload oxrua ektéAeong

Ze autr) TV evoTNTa Tapovotdfovpe anotedéopata and VYNAOGTEPOL emt-
nédov petpompoypaupata ov paypappatonotovv offload dnpo@wv vmo-
Aoylotikwv @optiwv oto Xeon Phi. Xpnotpomotovpe tn covita SHOC [75]
Kat ekTEAOVUE peETpOTIPOYpAppata i) oTo native host kat ii) evtog pioag ewko-
VIKIG pnxavng oe ovvdvaouod pe tn Sedtepn €ékdoon tov vPHI, mpoxeipévov
va poodlopicovpe To KOOTOG Kat T oTIPapdTnTa Tov cvoTHuatos. Emiong,
petapaAlovpe Ta vipata mov ektelovvtat oto Xeon Phi kat extelovpe kdbe
HETPOTIPOYPALpQA EKKIVOVTAG 56, 112 kat 224 vrjpata otov emtayuvTr. Exte-
Aovpe ta petponpoypdppata GEMM kat SPMV 10 @opég kat aneikovifovpe
TN HEOT T KAt TV TUTIKT AOKALOT).

Apxd mapovotdfovpe to GEMM, To omoio petpdet tnv enioon moAha-
TAQOLAO OV TTivaka-pe-Tivaka Xprotponolwvtag tr PtpAtodnkn tng Intel MKL
(Math Kernel Library) [37]. ExteAovpe povng akpiPetag (single precision (SP))
kat SumAng axpiPeiag (double precision (DP)) ekteAéoelg o€ native Kal £LKOVL-
koTotnpévo mepiParlov. Xpnotpomnolodpue dvo StagopeTika peyéOn mpoPAn-
patwv (s=1 kat s=2) Kal eMiONG KAVOVE XPT 0T TNG AElTOVPYiag transpose TNgG
epappoyne. Ta amotedéopata anekovifovtal oto Zxfipa 29 yia uéyebog s=1
Kat 670 Zxnpa 30 yia péyebog s=2. ITio ovykekpipéva, to péyedog mpoPAnpa-
106 s=1 avtioTotxei o€ 98304 otoryeia mivaka yia ektedéoelg SP (float) kot
32768 ototxeia mivaka ya ektedéoelg DP (double), evw To péyeBog mpoPArpa-
T0G s=2 avTioTotyei oe 1179648 otoyeia mivaka yia ektehéoelg SP (float) kot

327680 otoiyeia mivaka yia ektehéoelg DP (double). Kabe vmoloylotikog mo-
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IxAua 29: Metponpdypappa GEMM (péyebog mpoPArjparog s=1)
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DGEMM-N  DGEMM-N PCle  DGEMM-T = DGEMM-T PCle ~ SGEMM-N  SGEMM-N PCle ~ SGEMM-T ~ SGEMM-T PCle

Ixnua 30: Metponpdypappa GEMM (péyeBog mpoPfArjpatog s=2)

privag exteheitan 4 opéc. TéNog, To _PCIe emibepa vodetkviel OTL Ta amoTe-
Aéopata mepAappdvouy TOG0 TO XpOVO EKTENEOTG OO0 Kal TO XPOVO HETAPO-
pag, eV oTa vtoAotma anotedéopata mepAapPAVETAL ATOKAELOTIKA O XPOVOG
ekTéNeONG. AvTO e€nyel T xaunAotepn enidoon Twv _PCIe anoteleopdtwy o€
oUOyKkptom pe ta pun _PCIe 1000 0TN native mepinTwor 000 Kol 0TNV TEPIMTWOT

tov vVPHI. Zyxetikd pe tn Stapopd oty enidoon peta&d tov native kaw tov vPHI



0eVapiov YLa TIG PACELG VTTOAOYLOHOV, TTapatnpolue OTL 1) emid00T EIKOVIKO-
noinong eivat 47%-72% tng native mepintwong (avéhoya pe tov aplBuo twv
vnudtwv) ya to péyebog mpoPAnpatog s=1 kat 74%-94% Tng native mepintw-
ong ywa s=2. To avfnuévo k60T0g emidoong ya s=1 anodidetat 6To yeyovog
OTL 0 VTTOAOYLOTIKOG TIVPNVAG ELVAL HIKPOG KAl €TOL TO KOOTOG ELKOVIKOTIOIN-
OT)G CUHUETEYEL TIEPLOCOTEPO OTO OLVOAIKO XPOVO. ZXETIKA e TOV aplOpd Twv
VIHATWY, TOOO OTNV EIKOVIKOTIOINUEVT OG0 Kal 0TN native epintwon n enido-
on av&dvetat onpavTika Hovo yia to peyautepo (s=2) péyebog mpofAnuarog
600 avfavovpe Tov aplBud twv vnudtwv. ITio cvykekpéva, oTn native me-
pintwon, n enidoon avfavetal katd 67%-83% amnod 56 oe 112 vijpata (avdlo-
ya pe T Aertovpyia) kot katd 38%-73% amo 112 oe 224 vipata, eV yia TV
glkoviKoTomuévn mepintwon 1 enidoon avEdvetat katd 56%-77% anod 56 o€
112 vijpata kat katd 26%-63% and 112 oe 224 vrjpata. Zxetikda pe Tig _PCIe
UETPROELG, 1) ElKOVIKOTIONUEVT TepinTwor anodidet 01o 53%-70% Tng native
nepinTwong yla s=1 kat 85%-94% tng native mepintwong yia péyebog mpoPAn-
patog s=2. Xty mpwtrn £ékdoorn tov VPHI (8¢ @aivetar ota Zxnpata) virpxe
pia atoBnt) avdnon tov kdGoTOVG ElKOVIKOTOINOTG Yl Tat _PCIe anoteNéopa-
Ta 0€ OVYKPLOT) HE TIG PATELG VTTOAOYLOHOV. AvTh 1 av&non fTav avapevopuevn
yta ta _PCIe anotedéopata, kabBwg avadelkvieTal 0 XpOvog HETAQOPEG Td-
vw anod to PCle, katd ) Sidpketa Tov onoiov to SCIF eninedo eykatdotaong
(registration) (kat katd ovvénela to vPHI) xpnowonoteitat mo évrova. Opws,
ot devtepn (PeAtiwpévn) ékdoon tov VPHI mapatnpovpe 6TL dev vmdpyet ma
avtn 1 avénon, kabwg TAEOV TO KOGTOG EIKOVIKOTIOINOTG TOV registration £xet
petwOei aoBnTd. XxeTikd pe Tov aplipd Twv vpatwy yia ta _PCIe anotelé-
opata pe péyebog mpoPAnuatog s=2, n emidoon yla TN native mepintwon av-
Eavetal katd 41%-51% and 56 oe 112 vijpata kot katd 10%-36% and 112 oe
224 vrpoTa, eV Yl TNV EKOVIKOTIOMUEVT TepinTwon 1 enidoon avEdvetal
katd 31%-50% amoé 56 o 112 vrjpata kat katd 13%-30% ano 112 oe 224 vi)-
pata. Onwg meptypapove TapaKdTw, TO TPOAVAPEPBEV KOGTOG ELKOVIKOTIOL-
NoNG UMopel va amooPeoTel KATA TNV EKTENEDT] EPAPHUOYWV TIOV HETAPEPOLY
pia gopd ta dedopéva Tovg mavw and to PCle kat botepa ekteAovv moANa-
TAOVG VTTOAOYLOHODG GTOV ETUTAYVVTH.

Z1tn ovvéyela, Tapovotdfovpe Ta petpompoypappata SPMV and v idia

oovita. To Zxfipa 31 kat 1o Zxrpa 32 anetkovilovv Ta amoTeAéopata Tov meL-
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papatog SPMV yia s=1 kat s=2 avtiotoxa yia poviy kat SimAr akpifeta xpn-
opomotwvtag Ty Intel MKL. I'a to petponpdypappa SPMV, to péyebog npo-
PANuatog s=1 avtiotoiyei oe 1024 ypappés, eva to péyedog mpoPAnuartog s=2
avTtioTotyei og 8192 ypappég Tov mivaka. Kabe muprivag SPMV ekteheitar 100
@opég. ITapatnpodue 6Tt yla s=2 1o MKL_MIC-DP pe vPHI anodidet oto 90%-
96% Tng native mepintwong. Avtiototxa, n oXeTikr enidoon yia o MKL_MIC-
DP_PCIe eivat 90%-94% tng native mepintwong (yia péyebog s=2). Zyetika
e ToV aplipod TV VHATY, TApATnpPOVHE [ia TTOOT yia kpoTepo LeEyedog
npoPAnpatog tdoo yia to VPHI 600 kat yia Tr native mepintworn, v ylo s=2

1 av&non tov aptBpod Twv VNUATWV wQENEL TIG EQAPUOYEC.

I native - 56 threads
B vPHI - 56 threads
[ native - 112 threads
| 0 vPHI - 112 threads
W native - 224 threads
W vPHI - 224 threads

GFLOPS

MKL MIC-DP MKL MIC-DP PCle MKL MIC-SP MKL MIC-SP PCle

IxAua 31: Metponpoypappa SPMV (uéyebog mpoPAnuarog s=1)
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IxAua 32: Metponpoypappa SPMV (uéyebog mpoPAnuarog s=2)



AlapOIPACHOG HETAU EIKOVIKWY NXAVWY

Onwg mapatnprioae oTa TPONYOVHEVA TIEPANATA, T} TG00 TNG HETA-
Qopag Sedopévwy PELWVETAL OTNV ELKOVIKOTIONHEVN TepinTwor). Tla avtd To
\oyo, og autr| TNV evoTnTa XTilovpe oTadlakd éva 6evapLo Xpriong 0To omoio
1 emppon Twv petagopwv mdvw and to PCle eivat petwpévn. Avto emrtvy-
XAVETaL EiTE TIPAYHATOTOLWVTAG AVTEG TIG LETAPOPEG OTAV Miat AAAT EIKOVIKT
HNxavr ektelel UTOAOYLIOUOVG OTO GUVETIEEEPYATTT] EITE TTPOPOPTWVOVTAG TA
dedopéva Kal EMELTA EKTEAWVTAG GTN CLUOKEVT] AELTOVPYIEG TTOV APOPOVYV [e-
yaAvTtepng xpovikig Stapketag metpapata. Baoilovpe Tnv avélvor| pag oto pe-
tponpoypappa Reduction andé tn covita SHOC, To omoio petpdet Ty emidoon
™G Aettovpyiag abpoiopatog and pewwoelg o apldpovg Kivntig vtodlaoto-
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20

6 threads, s=1)

20 W native gS |
161 reads, s=1)
1

B vPHI
0 natlves
0O vPHI

H native
B vPHI
W native
0 vPHI

H native
0 vPHI
O native
B vPHI

12 Ihreads 1)
2threads &
g 24 threads s=1
24 threads, s=]
gﬁmreads 52

6 threads, $=2)
S 12 threads, = 2}

150

GB/s

100

12threads 5))
204 threads s=)
24 threads, s=2

Reduction Reduction-DP

IxApa 33: Metponpoypappa reduction

Apxikd, SeiyvovE TO KOOTOG ELKOVIKOTIOINONG HIAG ELKOVIKNG UNXAVHG TIOV
ektelel To petponpoypappa Reduction. Extelovpe to petpompdypappa 5 ¢o-
PG Kat LIOAOYILOVLE TN [EOT) TIT KAt TNV TUTIKT andkALon. Ametkovilovpe Ta
anmoteAéopata oTo Xxnua 33. XXeTikd pe T peyedn mpoPAnuatwv avtod Tov
petpoTpoypappatog, to uéyebog mpoPAnpatog s=1 avriotoiyei oe 1048576
otoixeia yla ektedéoel SP (float) kau 524288 otouyeia yia exteNéoeig DP (dou-
ble), evw To puéyebog mpoPAnpatog s=2 avtioTtotei oe 2097152 oTotxeia yla
ekteléoelg SP (float) kat 1048576 otoiyeia yia exteréoeig DP (double). Kdbe
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nuprivag reduction ekteleitat 256 PopEC. ZYeTIKA pe TO KOOTOG ELKOVIKOTOIN -
ong, To vPHI amodidet 610 90%-98% tn¢ native mepintwong oto Reduction-DP
yia péyebog mpoPAnpatog s=2. ZxeTikd pe Tov apliuo Twv vipdtwy, n emidoon
Tov Reduction-DP yia s=2 avfdvetar onpavtika and ta 56 ota 112 vipata
(katd 277% yia TN native mepintwon kat katd 278% yia to vPHI).

21 ovvéxela, deixvovpe TNy anotedeopatikdtnta Tov VPHI dtav xpnot-
pomoteitat mapdAAnAa and TOANATAEG EKOVIKEG UNXAVEG. Z€ AVTO TO TAALOLO,
ekkivovpe 1, 2, 4 kal 8 Slepyaciec otov host kat avriormxa 1,2, 4 ko 8 povo-
TIOPNVEG ELKOVIKEG HNXAVEG Kal ekTENODLE TO HeTpoTpOypappa Reduction and
™ oovita SHOC yia kabe eicovikny pnxavn (1 host diepyaocia) mapdAAnAa.
Ye kaBe ewcovikn pnyxavr (17 host Siepyaoia), ektelovpe To peTpoTPOYpaApIpa
Reduction 5 @opég kat Aapfdvovpe Tn HEON TIU QUTWV TWV EKTEAECEWV yla
kaBe ewkovikr pnxavn (1 host diepyaoia). Eniong, petafdAlovpe Tov apibuo
Twv Xeon Phi vipdtwv 6nwg mponyovpévwe. To Zxnpa 34 kat to Zxnua 35
anekovifouv Ta anoTeAéopatTa avtod TOV TEPAHATOS Yia SVO SlaQopeTIKA
Hey£0n mpoPAnuartog (s=1 and s=2). ITio ovykekppéva, oto Zxnpa 34 amel-
KOVI{OVLE TIG raw HETPNOELS, VA TO ZXNHa 35 SeiX Vel Ta KAVOVIKOTOHEVA
amotedéopata. Ta amotedéopata Tov ZYHHaTOG 35 €ival KAVOVIKOTOHEVA WG

npog tnv ektéleon 1 host Siepyaoiag ya kabe pvOuon vpdtwv.
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IxHa 34: Alapotpacpog Hetakd elkovikwv Pxavav (GAoT VTTOAOYIOHOD - Taw aTo-
teléoparta)

To Zxfipa 35 deixvet 0Tt yia to péyebog mpoPAnjuarog s=2 kat yta 56 vij-
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IXAHA 35: Alapotpacpog peTad EKOVIKWY PNxavay (¢acT LTTOAOYIOUOD - KAVOVIKO-
Tounpéva anoteAéopara)

pata to VPHI emtvyydvel emidoorn kovtd oTn native yla 2 IKOVIKEG HNXAVEG,
4 eIKOVIKEG UNXAVEG KAl 8 ELKOVIKEG UNXOAVEG O€ OVYKPLOT e TNV eKTENEOT) Hi-
ag host dtepyaoiag. H avti-Siaodntikn mapatiipnon g XapnAng ntwong tng
emidoong akopa Kat 0Tav KAbe eIKOVIKT Hnxav kKavel Xprion oAwv Twv Stabé-
olpwv vipdtwy (224) amodidetal oTn QUON TNG ekTéAEONS, kKabwg vTapxoLV
EMKAAVTITOHEVEG QATELG TIG OTIOiEG O XpovodpoporoynTrig Tov uOS pmopei va
eKUETAAAEVTEL TIPOKELHEVOL VA XpOVOSpopoAoynoeL VijHaTa amd SlagpopeTi-
KEG EIKOVIKEG PYavEG. Oewpolpe OTL yla emTaxLVTEG Onwg o Xeon Phi, otoug
OToiOVG TTPOOPEPETAL EVal ETIMESO HETAPOPAG Kal eMIONG eival eQIKTEG Suva-
TOTNTEG XPOVOSPOUOAOYNONG OTN OLOKEDT|, VTIAPXEL APKETOG XWPOG YLt TOVG
VEQOUTTOAOYLOTIKODG TTAPOXOVG Va VIOBETNGOVY Tal ETEPOYEVT] XAPAKTNPLOTL-
KA TV VTOSOUWV OV TTPOKVTITOLY Kal Va TTapéXovy duvnTikd SuvatoTnTeg
dlapolpacpon oTovg XproTES.

Zto televtaio meipapa, Stapop@wvovpe éva TepIBAANOV TPOKELLEVOL Va
Seifovpte T XPNOHOTNTA TOV CLOTHUATOG HAG TIPOCOUELDVOVTAG Eva TiLo v-
VAo, pealloTikd oevdpto. ITio ovykekpéva, Bewpovue éva oevapto xpn-
onG He TOAAATIAEG ELKOVIKEG UNXAVEG O €va VEQOUTOAOYLOTIKO TtepIPAAAOY,
070 omoio kabwg exTehoVV pia epappoyr otnvy KME, xpeialovrtat va Seoped-
OOV TOVG TOPOVG TOV EMTAXVVTH YA Va VTOAOYICOVV éva amoTéleopa o6oa

o dpeoa yivetal kat VoTepa ovvexilovv v extéleon) Tovg otnv KME. Me
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auTr TNV Tpooéyylon poonabovpe va mpocopotwoovpe daipgoveg (deamons)
TIOV EKTEAOVVTAL YLa HEYAAQ XPOVIKA SLAOTHHATA, £XOVV TTPOPOPTWOEL Ta Se-
SOEVA TOVG GTOV EMTAYVVTH KAL KATIOLA XPOVIKT| OTLYI Xpetdlovtat éva ypry-
YOpO VTTOAOYLOUO. AVTO eITVYXAVETAL EOW TTOANATAWY TTApAAANAWY ElKOVL-
KWV UNYAVWV TTOV XPTOLUOTIOLOVY TOV EMUTOYVVTH KATTOLA TUYAA OTIYUN KAt [e
éva ovvexn kat Suvapko tpono. H 18éa miow and avtod eivar 0tL ) mbavotn-
Ta TAVTOXPOVNG ovvekTéAeong uprvwy (kernels) otov emtaxvvth akpipag
v idta oteyun eivar atoOnté petwpévn. EmmAéoy, yivetat o anoteheopatt-
K1} Xp1oN TV TOPWV TOV EMTAXVVTH O€ OVYKPLOT| pe €va pn-Stapotpalopevo
0€VApLO, CULPWVA LLE TO OTOIO O EMITAXVLVTHG Ba umopoboe va mapapével vo-
XPNOUOTIOLOVHEVOG YIA EKTEVECTEPEG PATELG.

ITpokelué VoL va TPOCOUELWOOVE TO TTpoavaPepOEV oevaplo, TPomomoLoV-
pe to petpompdypappa Reduction and tn covita SHOC wg €&n¢: 6tav To e-
TPOTPOYPAPHA EKKIVEL OF [ia ELKOVIKT] Hxav), TpOTaA avTtypaget Ta dedopéva
navw and to PCle, mpaypatomotel pia extéleon (eotdparog (warm-up) kat
0TI OUVEXELL CLYXPOVILETAL HEXPLG OTOV OAEG OL EIKOVIKEG UIYOAVEG QTACOVY
o€ auTh TN @aon. YoTepa amd avTod To Onpeio, EKKIVOVLE TO XPOVIOTH, Kabwg
1 mpo@opTwon Twv dedopévwy Bewpeital oe aVTO TO MElPAA EKTOG TOV Kpi-
OOV HOVOTIATIO. XTI CLVEXEL, eKTENEL Eéva PpOYyX0, CUUPWVA LE TOV OTIOIO
Koot yla pia Tuxaio xpovikn nepiodo (amo to ovvolo [0..3]devtepodenta)
Kat 6tav Eumvioel, ekteei Tov muprva reduction yia 1024 emavaliyelg. Meta
NV eKTéNEOT TOL TTVPTVa, Kotpdtat Eavd. H epappoyn ovveyilet avto tov kb-
kAo pe T SeSopéva Tov HETPOTIPOYPApHATOG ST POopTwpéEVA Kat Teppatilet
HeTd amo pia ovykekpLpévn xpovikn Sidpketa. Avabétovpe oe kdbe epappoyn
224 vrpota Kot eKTEAODIE AVTOVG TOVG BPOYXOUG OTIG EIKOVIKEG HNYOVES Yia 5
Aentd ovvoAkd. Bewpolpe TNV oAokApwon piag Aettovpyiag wg To cUVoOAo
Twv 1024 emavaAfyewv Tov muprva reduction.

AvT6 10 Telpapa cuvendyetat pia Suvaptkr eKTEAEOT TOAAATAWY ELKOVL-
KOV UNXAVOV OV XPTOLULOTIOLOVY TOV EMTAXVVTH, OTav Tov XpetalovTtal pe Ta
dedopéva Tovg poptwpéva yia OAo avto To xpovikd didotnua. H petpikn oe
auTo To Teipapia eivat To ABpoLoHA TWV AEITOVP YLDV OAWYV TWV ELKOVIKWYV [NXa-
VWV IOV OAOKANPWVOVV TNV EKTENEDT] TOVG 0TO cvoTtnua. Emiong, extehovpe
10 id10 peTpompdyappa wg pia host Stepyacia kat cuykpivovpe Ta amoTeé-

opata. H 18é¢a miow amod avtr tnv emhoyr eivat, 6Tt Tapd To yeyovog OTL pia



host epappoyn unopei va éxel wg amotéAeopa kalbtepn emidoon o GUYKpLOT
UE pia ELKOVIKT Hnxav), amo TNy AAAn TAevpd 6Tav ekTeEAOVVTAL TOANATAEG €L-
KOVIKEG [NXAVEG, AELOTIOLOVY TIG AEPYEG PACELS TNG EPAPUOYNG KAl ETGL TO OL-
vohké throughput av€avetar. H extéheon oe pia host epappoyn avanapiota
v anevBeiag avdbeon Tov emTayvvth oe pia povo ovrotnra. Ze avrtifeon
e ta mponyovpeva mepdpata SHOC, ota omoia xpnotponolovoape affinity
ylot Ta VApATA TOL eMTayvvTn yio va eEamiwbodv otovg mupriveg (cores) Tng
OVOKEVNG, 0€ avTod To meipapa Bétovpe Hovo Tov aplduod Twv VATV Xwpig
™ xpnon affinity npoonabavrag va mpooeyyicovpe éva mo peakloTiko oeVA-
plo, OCOUPWVA HE TO OTOIO O XPNOTNG TNG EKOVIKNG Unxavng e yvwpilet ta
affinities TV AWV EKOVIKOV PNXAVOV KAl [E AUTO TOV TPOTIO ETUTPEMEL OTO
XpOvodpopoAoynTr Tov emTayvVTh va StaxelploTel avth TNV epyacia. Amet-

Koviovpe ta anoteléoparta otov Iivaka 2.

’ ‘ Juvolikég Aettovpyieg

1 host Siepyacia 199

1 ewovikn punxavn 188
2 EIKOVIKEG UNXAVES 370
4 EIKOVIKEG UNXAVES 709
8 EIKOVIKEG UNXavES 412

Mivakag 2: Zovolo Aettovpylwv petd and 5 Aentd ekTéAeon

[Tapatnpovpe 6Tt To cuvolikd throughput Tov ovoTpaTog avEavetat Ewg
Kat 3.56X Yia 4 EIKOVIKEG LNXAVEG KL OTN GUVEXEL, AVEAVOVTAG TOV aplipo Twv
EIKOVIKWYV UIYav@y, To ouvoliko throughput apxilet va pewwvetat e§attiog tov

AVENUEVOL AVTAYWVIOUOD GTOV EMUTAXVVTI.

Zovoyn

Ze auto To ke@dlato, Tapovoidoape to VPHI, éva ovotnpa mapaekovi-
Komoinong yta emraxvvtég Xeon Phi, To omoio emtpénet 1o Stapopacpd g
oVOKeVNG HeTalD EIKOVIKOV UNXavwV TTov eKTeEAoVVTAL GTOV iSto KOpPBo. Xxe-
Staocae kat vAomotoapie £va GTP@OA EIKOVIKOTIOINONG TOV XapnAov emméSov

HETAPOPAG, KABWG Ta avTioTOLXA UEPT) TOV AOYLOULKOD TIApEXOVTAL WG AVOL-
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X700V ki XpnOHOTOLWVTAG AVTH TNV TEXVIKT), ATOQEVYOLLE TNV ToAvmAo-
KOTHTA Piag TANPWG EIKOVIKOTIONUEVIG OVOKEVTG KAl TTAPEXOVE Slapavere
ota avwtepa emméda Tov Aoylopkov mov kavovv xprion tov SCIE EmimAé-
OV, HELWVOVE TO KOOTOG EIKOVIKOTOINONG AOYyWw TNG AVTIOTOLXNG UK Yvaons
TOV EMITAYVVTN TNG SLAOTIAPTNG PUOIKNAG UVHHNG TOL guest petaBailovtag Tov
odnYo Tov host. Katd tnv metpapatikn amotipnon g pedodov pag, mpoona-
Oroapie va 6novpynoovLE KAl VO TTAPOVOLACOVIE EVaL TIEIPALLA IOV EKTEAEITAL
yta peydho xpoviko Stdotnpa o€ £va loop pe TIG EKOVIKEG UNXAVES Va TipaLy-
HATOTIOLOVV £Vl YPIYOPO VTIOAOYLOUO OTOV ETUTAXVVTH UE TPOPOPTWUEVA Ot-
Sopéva kat 0T OLVEXEL VA KOILODVTAL yia pia Tuxaia Xpovikr Sidpketa. Me
aUTO TOV TPOTIO, 1 TBAVOTHTA TAVTOXPOVNG OLVEKTEAEOTG TP VWY (kernels)
OTOV eTUTAXVLVTH aKkpLPdG TNV iSta oTypn pewwvetar aodntd kat kdbe eko-
VIKT pnxavi propei va yivet “schedule in” otov emrayvvtn pe pkpdtepo ko-
otog egattiag Tng vITapéng Twv dedouévwy TNG TN VN TG GLOKEVHG. Me To
vPHI mapéxovpe to unxaviopd yia epappoyn akyopibuwv ypovodpopoloyn-
016, AAAG 1) ekTEVNG pehé T kat e§epevvnon oXeTIKWY HeBOSwV eivat ekTOG TOL
mAatoiov avtng g StatpiPng. IIpokelpévov va epaprooTtovy Mo anoteAeopa-
TIKEG TTOALTIKEG XpOVOSPOUOAOYNONG Kat va vitdpEet o anodoTikdg Stapotpa-
OUOG TETOLWV GLOKEVWY, BewpOoDlLe OTL OL ETTAXVVTEG VEAG YeVLAG XpetaleTal
va oXedlaotodV e yvawon g SuvnTikng HTIAPENG ELKOVIKOTIONUEVWY OVTOTH-

TWV 0TA CLOTHHATA OTA OTIOia EfvaL TTPOCAPTNLEVOL.

TYETIKEG EPYAOIEG

Ze avtn ™ SratpiPn egetdlovpe To TPOPANUA TG EKOVIKOTIOINONG GL-
OKEVWV ETUTAXVVONG KAl O€ ALTO TO TAAiCL0 €XOVLe SlepevvroeL SLAPOpeG OXe-
TIKEG TEXVIKEG ATIO TIPOT|YOVHEVEG EPYAOLEG. ZTT OUVEXEL, TEPLYPAPOVE TIG
OXETIKEG epyaoieg kat Tovifovpe Ta Pactkd xapaktnplotikd kabe pag oe oxé-
o Ue TiG SiKkéG pag mpooeyyioeLs.

EvdokopBIKA emKolvwvia

Y& TPONYOVHEVN EVOTNTA, TTEPLYpAYape Tr OIKE LG TTPOCEYYLOT XPIONG
Tov rCUDA mdvw and to V4VSockets, To feAtiotomoinuévo evéokoupPikd ob-

OTNUA pag yla emkotvwviog otov hypervisor Xen. Ze avtn Tnv evotnta mept-



YPAPOLLE TIG TIPONYOVLEVEG EpYATies yia PEATIOTOTOINGOT EKOVIKWY UNXAVWV
TIOV EKTEAOVVTAL GTOV (810 QLOIKO KOpPoO.

2to [82] o ovyypagéag mapéxet pio extevry peAéTn Twv Stabéoipwy un-
XOVIOHWV eVOOKOUPIKNG ETKOVWVIAG HETAED EIKOVIKWY UNXAVOV. € AUTO TO
TAaioto, ava@épet 0Tt | Pactkr atia KOGTOVG eVOOKOUPIKNG EMKOVWVIAG €i-
vat To TOAVTIAOKO povoTtdtt SeSouévwy HETAED TWV CUVVTIAPXOVOWY ELKOVL-
KOV pnxavav. H dictvakn kivion petadd Twv eKoVIKOV pnXavwy mTov emt-
KOWVwvoLV peta&d Tovg avakatevBovetal péow tov driver domain, yeyovog
TIOV OUVETIAYETAL ONUAVTIKY Heiwon Tng emidoong. H amootoAn kat Ay ma-
KETWV epthapBavel T Staoyion tng Siktvakng otoifag TCP/IP kat tnv exté-
Aeon moAamAwv vepkAnoewv Xen. ApkeTég PeATIOTOTOIOELG £X0VV TTPOTAL-
Oei oxeTIKd e AVTO TOV TIEPLOPLONO, OTIWG 1 XPTOT| TEXVIKWYV KOLVAG UVAHNG,
TIG omoieg mapéxet o hypervisor Xen, yia Tnv amlomnoinon g avtallayng de-
Sopévwv petald twv eovikwv unxavwv. H xprion piog Seapevig anod pot-
paloueveg oelideg yla amevbeiag avrallayn makéTwv @aivetal TOAD o amo-
dotikn og oyxéon pe TN SLAoXLon TOV SIKTLAKOV HOVOTIATION ETUKOVWVIAG |Lé-
ow Tov driver domain. To XenSocket [85] kat To IVC [33] mapéxovv éva Ba-
OlKO, one-way KavdaAl emkotvwviag e xpron onpactoloyiag socket, elodyo-
vTag éva véo Tumo owkoyévelag StevBvvoewv. To XenLoop [83], and tnv aA-
An TAeLPA, TLAVEL TIG KAOELG OTLG TOTILKEG EIKOVIKEG UNXAVEG Héow Tov Linux
pnxaviopov netfilter kat eykabiotd éva mAnpws-auidpopo kavdit dedopé-
VoV HeTald TOV EKOVIKWV pnXavdy ylo anodotikn avtailayn Sedopévwv.
Zto XWay [42] ot ovyypageig opilovv pia véa €LkOVIKT) GUOKELT| TTOV eyKaOL-
otd anevBeiog emkovwvio HeTald TWV EKOVIKOVY HNXAVWY, TAPAKAUTTOVTAG
evtelwg to driver domain. Emmnpdofeta, oto [88] ot cuyypageis mpoteivovv
éva Peltiotonomnuévo povomatt péow tov hypervisor Xen pe xpron kotwvng
pvrune, evaw to SChannel [32] mapéxet éva ap@idpopo Kavall KOG UVAHNG
péow Ttov driver domain. To MMNet [64] amotpémnel TG avIlypageég ametko-
vifovtag oAokAnpo 1o xwpo StevBhvoewv Tov TVPHVA HiAG EIKOVIKAG Unxa-
VNG OTNV aVTIOTOLYN EIKOVIKT pnxavn pe Tnv omoia emkotvwvel. EmmAéov, to
YASMIN [66] mapéxet éva PeAtioTonompuévo evOoKouBIKO HOVOTATL EMKOL-
voviag péow tov hypervisor, aAld pe xprion TG Atydtepo ac@alods TeXVIKNG
NG KOWNAG uvnung. Xto [27] ot Guan et al. mpoteivovv pia texvikn xpovodpo-

HOAOYNOTG HETAED OLVVLTIAPXOVOWY ELKOVIKDV UNXAVOY TTOL AapPAaveL vtoyn
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Vv avtioTtolyn evdokopPikn emkovwvia, Tpokelpévov va petwdei To Siktvako
latency.

[Iépav Twv mpoavagepbetowv uebodwv mov ekpetaAledovtal T ovVL-
TapEn TV EKOVIKWY HNXAVWV OV ETKOVWVODY eTa&D TOVG, £X0VV yivel on-
HavTikEG TpooTabeleg KAvovTag Xpron AlyoTepo mapepUPatikwy mpooeyyioe-
Vv pe 0To)0 TN PeATioTOoMOINON TNG LVTIAPXOLOAG SIKTVAKNG 0ToiPag Tov Xen.
T mapddetypa, ot Menon et al. [48] PeAtiwvovv T Siktvakn emidoon elod-
YOVTAG aVTLYpa®EG avTi yia emavanelkovioels oeAidwv kat k&vovTtag Xpron
TIPONYUEVWYV XAPAKTNPLOTIKWY VNG, OTwG oL superpages Kat ot KaboAikég
ATIELKOVIOELS OENIOWV.

AvTioTol eG TPOOEYYIOELS IE TIG TIpOavapepDeioeg epyacieg éxovv mpota-
Oei emiong kat yia &AAovg hypervisors [14, 28]. ITio ovykekpipéva, oto [14]
ot Diakhate et al. £xovv mpoteivel pia mpooéyyion yia 1o KVM pe xprion te-
XVIKOV KOLVIG VNG HECW WiaG EKOVIKIG GVOKEVTG AVTAAAAYNG HNVURATWY
OTOXEVOVTAG EIKOVIKOTOINUEVA TTAAiCLa epappoywyv MPI.

Ztnv mpooéyylon pag, xtilovpe oe avtd To okélog TG PpAoypagiog kat
avti va feltiotonooovpe To povomdtt dedouévwy péow tov driver domain,
TO TAPAKAUTTOVE, KAVOVTag Xpron Tov hypervisor wg diktvakov péoov. Emt-
TIAEOV, ATTOPEVYOVIE TNV TEXVIKT TNG KOLVHG HVIUNG, EVIOXDOVTAG TIG ISLOTNTEG
NG ATOUOVWONG KAl TNG ACPANELAG VLA TIG EIKOVIKEG [NXAVEG TIOV ETUKOLVW-

vouv petakd Tovg.

Eikovikomoinon emtayuviwv

Amé to medio TNG EKOVIKOTIOINOTNG EMTAYVVTWV, Ol TEPLOCOTEPEG TTPOOEY-
yioeig mov €xovv mpotabei emkevTpwvovTat kupiwg otig GPUs. Xt vegoivmo-
AoytoTtikn Bropnyxavia, moAhoi mdpoxot, 6Twg n Amazon [77], n Microsoft [50]
KATL. €xovv apxioel va mpoo@épovv vtoloyloTikovg mopovs GPU wg vmnpe-
ola. EmmAéov, pia kAdon amod mpotetvopeveg Aoelg mepthapBavet T xpron
NG Texvoloyiag passthrough yia va mapéxet oe pia elovikr unxavr anevoei-
ag mpooPaot o€ pia ovokevr) Tov host. Emumpdobeta, vapyovv Moeig [78, 41]
oL omoieg mapéxovv éva oTatiko aptipd and ewovikég GPUs, kdbe pia amd
16 omoieg avatiBetal amevbeiag oe pia etkovikn punxavi. AAAeg epyacieg vd-

yovtat otV Katnyopia Tng mAfpovg elkovikomoinong [76], cvpewva pe tnv



omoia 0gV TPAYUATOTIOLEITAL KATIOLA TPOTIOTIOINOT) 0TO guest AelTovpykod ob-
otnpa. Kdnoteg mpooeyyioeig mov éxovv mpotabei k&vovy Xprion Tng TEXVIKNAG
napaglkovikonoinong [25, 26, 81], evw dAAeg epappodfovv peBodovg kat TAR-
POVG ELKOVIKOTIOINOTG Kl Tiapagtkovikomoinong [71].

H texvikn g avakatedBvvong tng mpoypappatiotikng Stemagng (API
redirection) pe pia mpooéyylon client-server €xet xpnotponownBei anod kamoteg
EPYAOLEG TIPOKEIUEVOL VA TTPOTPEPOVY XAPAKTNPLOTIKA EtkovikoTotjong GPU
[69]. Ze avto to mAaioto, oto rCUDA [62] ot ouyypageig kabiotovv duvatn
TNV anopakpuopévn ektéleon epyaoctdv GPU, omwg éxovpe avagépet. AvTtég
oL epyaoieg Paoilovtat oe éva povtélo client-server e emkovwvia Tavw ano
éva eminedo petapopds. ITapd 1o yeyovog 0Tt avTo KAVeL AUTEG TIG TPOOEYYi-
oelg ave§dptnteg and tov hypervisor, xpetaletat va epappootody Peltioto-
TIOLNOELG YL TO CLYKEKPLHEVO eminedo petagpopag pe Baomn to Staovvdedepévo
nepBarlov. Ze avtn tn StatpiPn, epappooape to V4VSockets wg To puéco pe-
tagopag tov rCUDA, mpoketpévou va aflomotrocovpie T ovvimapén Twv eko-
VIK@OV pnxavav oto mhaioto piag GPU n omoia Stapotpdletat and moANamhég
eIKOVIKEG Pnxavég. Télog, mpoogata, oto [19] xpnoponomOnke emiong n te-
XVIKT] QTOUAKPLOUEVNG ETULTAXVVOTG Yl TO cuveneEepyaotr) Xeon Phi.

Onwg avagépaple o€ TPONYOVUEVT) EVOTNTA, Ol BACIKEG eTalpeieg KaTa-
okevnig GPU mapéxovv Tov mnyaio tovg kwdika pe évav kKAelotod tpdmo. Aapt-
Bavovtag voOYn avTod, Ol AVTICTOLXEG TTPOOEYYIOEIG IOV EIKOVIKOTIOLODV TO
OTpWHA XapnAov emméSov TG oToiPag eivat pn mpakTikes, kabwg Pacifovtal
Kupiwg o¢ peBodovg reverse engineering, ot omoieg kabioTavtal pn XpriotHeg
oe véeg ekdooelg ovokevwv GPU oty mepintwon mov oL avtioToleg eTatpei-
€G ELOAYOVV ONpavTIkéG Tpononotnoels. EmmAéoy, ot epyacieg mov vAomolodv
pio wrapper vynAov emmédov PtpAtobrikn n omoia avakatrevBOvel To povomatt
0€ TPOTIOTIONUEVA UTTOGVOTHHATA XPELACETAL VA EVILEPDVOVTAL CUVEXWG OTAY
pio véa Aettovpykotnta mpootiBetat and tovg kataokevaotég GPU. Ze av-
™ ™ StatpiPr), Pacifovpe Ty mpocéyyion pag oe £va middleware ovotnua
(rCUDA) to omoio mapapével evnuepwpévo mapéxovtag otabepd véeg exdo-
OELG.

ZxeTkd pe tnv etkovikomoinomn tov Xeon Phi, copgwva pe doa yvwpiov-
ue, n mpooéyylon pag pe to vPHI eival n mpwtn kat avtr| Tn oTLyUn n pova-

dury Aon mov kabiotd Suvatod To Sapolpacpod piag cvokevrg Xeon Phi pe-
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Tafd moAam @V elkovikdv pnxavav. Ilap” dha avtd, vEdpXOLY KATTOLEG TTPO-
oeyYyioelg Tov oXeTilovTat ue avTo To TPOPANHA HEoW iag SLaQopETIKNG OTTL-
KNG ywviag. Ze avto to mAaioto, 1) Intel mapéxet éva obvolo and patches to-
oo yta tov Xen [24], 600 kat yia o KVM [23], yia anevBeiog avabeon (PCle
passthrough) tov ovvenefepyaotn o pia povo ewkovikr pnxavn. H idia texvi-
KN xpnotpomoteitatl kat ano tr VMware [79] oto 8ikd g hypervisor (ESXi).
ITap” OAa awtd, ot péBodot mov Bacifovtat oto PCle passtrough mapovoialovy
éva Pactko HELOVEKTNHA, OTIWG TIEPLYpAYapE oe TTponyolpevn evotnta. ITapd
TO YEYOVOG OTL [t €QAPUOYT TIOVL eKTEAEITAL OE Wict TETOLA ELKOVIKT] UNXAV
unopei va anodwoel oe pvOuod kovtd oto native, dev vapxet n dvvatdoTNTA
SLapoLpACHOY Hiag QUOIKHG CLOKELVNG HETAED TOANATTAWY ELKOVIKMV UNXAVDY.

Zto mhaiolo eikovikomoinong mopwv tov Xeon Phi, n ScaleMP [1] mapéyet
pio Aoon mov Snpovpyei éva eminedo agaipeong TnG HVAHNG KAt TwV VITOAO-
YIOTIKOV TOpWV TapEXOVTAG To 670 host meptBariov. Me avtd tov Tpomo, pia
EQAPHOYT HE VYNAEG amaUTrOELG 08 TTUPTIVEG (cores) 1) Hviiun Hmopel va xpn-
OLHOTIOLOEL AVTH) TNV TAATPOPHA e Eva Stagavi} TpoTo. AvTh 1) Tpooyylon
napéyel TeAkd pio peydAn SMP vrodoun oto xpriotn avti yia éva mepipdAAov
TIOV KAVEL XprjoT Tov povTtélov ektéleong oftfload o elkovikég pnyave.

EmmAéov, vtdpyovv KATOLEG TPOOEYYIOELS IOV Ttapéxovy 1) PeATiwvouy
TEXVIKEG YLa elkovikomoinom 1 Stapotpacpd FPGAs, xpnotpomotdvtag €va ma-
padootakd FPGA wg eikoviko emavapuduioo vAko [34], pewwvovtag Tnv mo-
AvmhokOTNTa emkovwviag petald Twv epappoywy kat Twv FPGA nopwv [46],
npoopépovtag FPGA-we-Ymnpeoia [93], evowpatwvovtag tig FPGAs oTig ve-
govmoloyloTikég oToifeg [7, 9, 18, 8, 2, 73, 91, 74, 63], eMKEVTPOVOVTAG OTIG
1010tNTEG TNG XpOovodpopordynong [92, 59], Tng epmotevTikdTnTaG [87] Kat
™G aopalovg ektéheong [30] oe meptBarlovta etkovikomnoinong FPGA 1 oto-
XELOVTOG O EIKOVIKEG SIKTVAKEG eQappoyE [90].

Télog, ot Yu et al. [89] mpoTeivouy pia TpOOEYYLON YLa AUTOUAT EIKOVIKO-
noinon APIs Stagopetikwv emraxvvtov. Ilap’ Oha avTd, TPOKEILEVOL Va Ka-
TAOKEVAOOLV TA EIKOVIKOTIOLNHEVA OTPWHIATA, amalTeiTal wg eiloodog pia mpo-
Staypagr tov APL Ztn ovvéxela, 0w vToaTNPilovy oL GLYYpaPELS, £vag Tipo-
YPOAUHATIOTNG pmopei va etkovikomoinoet to véo API oe Sidotnpa Aiywv npe-

pwv.



JupmepAcpaTa Kal MEANOVTIKEG KATEVOUVOELC

H etepoyevrig vohoytotikr ene€epyacia éxet apyioet vo mailet onpavtiko
PONO 0TAL VTTOAOYLOTIKA CLOTHHATA VYNANG emtidoong kat e§attiog Twv TpoPAn-
HATWV 1oXVOG-TTUKVOTNTAG StagaiveTat OTL £xel peydAn Suvapkn yla Ta pek-
Aovtika kévtpa dedopévwv. Tnv idta otiypn, pia onpavtikny noootnta HPC
EPYAOLDV EKTEAOVVTAL O€ VEQOVTIONOYLOTIKA TIEPIPAANOVTa, AOYyw TwV TAEO-
VEKTNUATWY TIOV TTPOOPEPOVY TOGO OTOVG XPNOTEG OGO KAl OTOVG TIAPOXOUG
TwV VTodopWYV. Ze avTO TO TMAAIOLO, LTIAPYEL pia avEavouevn avaykn va yeu-
pwBei To XAopa HETAED TOV OIKOGVOTNHATOS TWV EMUTAXVVTWV KAL TOL KOOHOL
TNG ELKOVIKOTIOINONG, 0 0Toiog amoTeAel To Sopikd oTolxeio Twv vepoimoloyt-
OTIKWV TEPIPAAAOVTOV.

Me Bdon avTég TIG TapatnproeLs, avtr 1 StatpiPn emkevipwOnke oe Te-
XVIKEG ELKOVIKOTIOINONG OVOKEVWY ETITAYVVONG GTOXEVOVTAG 0T dlagaveta
TWV EQAPUOYWDY, OTN QOPNTOTNTA O HeEANOVTIKA TTEpIPAANOVTA KAl TNV VTTap-
&N amodektoh KOGTOVG AOYW TwV emMPOoHeTwV eMMESWYV ELKOVIKOTIOINONG.
[ta To oKOTO AVTO, TTEPLYPAYALE CUVOTITIKA KAl KATIYOPLOTIOIOAE TIG TIoL-
padootakég ueBodovg ewovikomoinong E/E kat fdoet avtwv evromioape Tig
Baoikég TPOKANOELG TNG ELKOVIKOTIOINONG EMTAYVVTWY O CVYKPLOT e TIG Ta-
padootakég ovokevég E/E.

[Teprypayape evAANAKTIKA LOVOTIATLA VLo HETAPOPEG SedopEVWY péow Sta-
POpWYV EMMESWYV EIKOVIKOTIOINONG KAl OKLAYPAPTTALLE TOVG KUPLOVG OXESLAOTL-
KOUG oVUPLPACHOVE Ylo ATOSOTIKA CLOTAHUATA EIKOVIKOTIOINONG EMTAXVVTWYV.
Y& avto To mhaiolo, mpoteivape dVo mpooeyyioelg yia SVo SLlaPopETIKA OLKO-
OVLOTHHATA EMTAXVVIWY, KADe £va amd Ta omoia éxel Ta SIkA TOV YapaKTNPL-
oTIkA. Me autég 11§ mpooeyyioelg, mpoomadnoape va Eemepdoovpe i va mapa-
KAUWYOVE TIG TTPOKANOELG EIKOVIKOTIOINONG EMTAXVVTWV TIOL TEPLYypAWape o€
TIPONYOVHEVT] EVOTITA, TTAPA TO YEYOVOG OTL YL OPLOHEVEG ATtO AVTEG Xpetale-
Tat SLVNTIKAE VIOGTAPIEN ATTO TO LAIKO, TIPOKELUEVOD VAL AVTIHETWTILOTODY ATTO-
teleopatikd. EmmAéoy, emkevtpwvopaote otig emBuuntég idtotnteg mov me-
pLypayape otny eloaywylkn evotnta. ITio ovykekpiuéva, kabwg mpoteivov-
He TTpooeyYioel Paclopéveg 0TO AOYIOMIKO, EVeEpYOTOLOUE TO SLAHOLPACHO
Tov emTAXVLVTH, TNV gvehi&ia (.. T SuvardTnTa ya migration 1} yia epap-

HOYT TIOALTIKWY XPOVOSPOHOAOYNONG) KAl HELWVOVHE TO GUVOALKO KOOTOG Wi-
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ag cloud vrrodopng, To omoio Ba av€avotav oty MepinTwOn XpHoNG aKpPWY
IOV Moewv. Zxetikd pe Tn Sta@dvela, 1 TpWTN Hog TPOoEYYLon eivat ovpfa-
1 pe CUDA Runtime e@appoyég, evw to devtepo framework pag Statnpel
oVUPATOTNTA He OAA TA OTPDUATA TOV AOYLOULIKOD TTOV XPTOLUOTIOLOVY TO ETti-
nedo petagopdg tov emtaxvvth. Ta cvoThpatd pog ival eniong 600 to du-
vatov Atyotepo mapepPatikd, ekTog anod pia petpiov peyébovg tpomomoinon
Tov Tpaypatomnotoape oTov host 0dnyo tov Xeon Phi yia Adyovg BertioTo-
noinong. Ze avtd to mAaioto, TPooTadroape va HEWOOVE TO KOOTOG ELKO-
VIKOTIOINONG TWV TPOCEYYIoEWV [aG 08 CUYKPLOT e native ekxteAéoels. TéAog,
Stapoppwoape éva meipapa pe éva pn-batch petpompoypappa yia va deifovpe
TNV O ATOTEAECHATIKT) XPNOLLOTOINOT) TOV EMTAXVVT.

Apxika, emkevtpwOnkape otig cvokevég NVIDIA GPU kat mpoteivape Tn
XP1ON VOGS ATOUAKPVOUEVOL CUOTHIATOG EMTAYVVOTG O€ TAATPOPLLA ELKOVL-
KOTIOINONG £VOG KOPPOL 08 oLVEVACHO e £va eVOOKOUPLKO CVOTN A ETIUKOLVW-
viag xapunAov KOGTOVG TTOV EMUTPETEL OTIG EPAPHOYEG OE EIKOVIKOTIOINUEVA TTe-
ptparrovta va mpaypatonolodv arodotikd offloading. Ileptypdyape To oxe-
Staopd tov ev8okopPikol pag GLOTAHATOG, TTov ovopdletat V4VSockets, ka-
vovtag xpnomn tov hypervisor wg diktvakov péoov, avti yia to driver domain.
[Tapd to yeyovog 0Tt oe avthy T StatpiPn emkevtpwOnikape otn xpron Tov
V4VSockets oe oevapia xpriong GPU, 1o eviokouPikd pag ovoTnua emKot-
vwviag uropei va xpnotpomotnOei kat oe cuvdvaopo pe aAheg socket epappo-
Yé¢, kabwg mapéxet socket ovpParotnra. EmmAéov, aflohoynoape tnv mpo-
O£YYLOT] HaG TOOO XPNOLHOTIOLWVTAG SIKTVAKA UKPO-UETPOTIPOYPAUHATA OGO
Kat avaAvovtag €va ovvnBeg GPU stencil. ITépav twv mAeovekTnudtwy and
TAeVpAg emidoong, Seifaple OTL | EUEDT) TPOOEYYLOT HAG YLt EIKOVIKOTIONN -
on GPU ovppPadiCel pe emtaxvvtég mov eival Pactopévol oe KAELOTEG OTOI-
Beg Aoylopikov, S10TL e avTég dev eival TPAKTIKT 1) TEXVIKI ELKOVIKOTIOINONG
XaunAoTepwy emméSwv Tov Aoylopkov cvotnuatog. Emiong, n mpooéyyion
pag datnpei tn @opnrotTnTa pe peAlovtikég ekdooelg PrpAodnkwy kat 0dn-
YWV OLOKELTG, SLOTL KAVEL XPTIOT) EVOG ATTOHAKPLOUEVOL CLOTHHATOG TTOV EVN-
pepwvetat otabepd wg mpog Tig host PiPAobnkeg mapéxovtag ocvvexwg vé-
eg exdooelc. Tlapéxovpe to V4VSockets wg Aoylopuko avorytod kwdika 6T1o
https://github.com/HPSI/V4VSockets.

X avolXTéG 0TOIBEG AOYIOMKOD EMUTAXVVTWY, OTIWG AUTH IOV TTAPEXETAL


https://github.com/HPSI/V4VSockets

pe to Intel Xeon Phi, mpoteivape tn Xprion TEXVIKWV TAPAEIKOVIKOTOINONG
oToxebOVTAG Ta XaUNAdTEpa eTMimeSa PeTAPOPAG TNG 0ToiPag. Xe avTd To TA-
olo, meptypdyape Tovg oVUPLPAcHOVS OTIG OXESIAOTIKEG EMAOYEG TOL OVLOTH-
HaToG pag, ov ovopdletal vPHI. Xe o0ykpion pe nebddovg etkovikomoinong
VYNAOTEPWV ETUTES WV, T TIPOCEYYLOT| HAG TIAPEXEL CVUUPATOTNTA [UE TIEPLOCOTE-
pa emineda TG oToifag evw Tnv idta oTLyprn| mapapévet Stapavng oe SLapopeg
TPOTIOTIOINOEIG TNG APYLTEKTOVIKAG TNG OVOKEVNG, EQOCOV 1] TEAIKH TAATPOP-
pa Paciletar oo idlo eninedo petagopds. e avtd to mAaiolo, vtootnpilovpe
OTLyLa TIG HEAAOVTIKEG CVOKEVEG EMITAYVVTWY umopei va kataPAndel mpooma-
Bela doTe va vOoTNPIfeTaL AVTO TO HOVTENO EVOG YEVIKOV KAl KOLVOV ETIUTE-
dov petagopds. Me avto Tov Tpomo, n uébodog pag Ba pumopet va egappootel
0€ AVTOVG TOVG EMTAYVVTEG KAl Vo TIPOOPEPEL Stapavi) TpOoPacn o€ etkovi-
KOTIOLNHEVEG ovTOTNTEG SivovTag Tn SuvatoTnTa OTA VEQOUTTONOYIOTIKA Tre-
pLpaAAovTa va viobetrioovv o ehkoAa TNV eEetdIKeEVUEVN QUOT AVTWV TWV
ovokev@v. EmmAéov, aglohoynoape eKTEVWG TNV TIPOOEYYLOT HaG O Evav €L-
KOVIKOTIOWNEVO server kat Seifope 0Tt TOAATAEG EIKOVIKEG UIYOVEG HLTOPOVV
va Stapotpactovy pia cvokevn Xeon Phi pe anodekto kdotog. Edikd o€ vego-
vmoloytoTikd meptBarllovta ota omoia TOANATAEG CUVVTIAPXOVOES EIKOVIKEG
HNXAVEG KAVOLY XPTIoT €VOG SLapolpalOpeVOL EMTAXVVTI YLot OUYKEKPLHEVEG
XpOoVvikég meptodoug e mpogoptwuéva ovvola dedopévwv (datasets), To vPHI
umopei va amote\éoet [ia EMw@eAN TPOOEYYLOT TTPOG TNV KateLOLVOT £VOG av-
Enuévov auvolkov throughput Tov cuothpaTog 0dnywvTag oe KaAvTepn xpn-
owomnoinomn tov emrayvvth. [Tapéxovpe to VPHI wg Aoylopkd avotytov kw-
dka oo https://github.com/sgerag/vphi.

Me Béon tnv mponyodHevn eumelpia, KATAANYOVHE OTL YLo CUOKEVEG ETIL-
TAYLVOELG IOV ayVOOUV OTL DTTOKELVTAL EIKOVIKOTIOINOT), Ol TEXVIKEG TIAPAELKO-
VIKOTIOINONG HmopovV va odnynoovy oe onpavTikd o@éAn. Mia kpiown ma-
PAUETPOG Yl va amo@aoctoTel To eminedo TG otoifag mov Ba eikovikomou-
Oei eivat av vapxoLY LITOCVOTHHATA AOYLOLIKOV TOV TIEPBAANOVTOG TOV ETIL-
TOVVTH IOV TTAPEXOVTAL e KAELOTO TPOTO Kal O¢ Tolo eminedo TG otoifag
veioTavTal XTny TEPIMTWOTN VOGS OLKOGLOTHHATOG AOYLOUKOV OXeSLIAoUEVO
{e avolyTo KWSIKa, 1] ELKOVIKOTIOINOT TwV XaunAoTepwy emmédwv Tng otoifag
umopei va kataotnoet Suvatn T ovpfatotnta pe diapopeTikd runtimes kot

BiPAoOnKeG, XAPAKTNPLOTIKO TO OTOIO ELvaL [N TTPAKTIKO O€ IOLOKTNTO AOYL-
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OULKO.

210 TAA010 TWV HEANOVTIKWY VTTOAOYLOTIKWY OVOTNHATWY, VIO TN PIfov-
HE OTL Ol VEAG YEVIAG TAATQOPEG eMITAXLVONG Ba XpelaoTel va oxediaoTovy
Aappéavovtag voyn Ti§ WOLOTNTEG TNG EIKOVIKOTOINONG Kat TO Stapotpacpod
TWV OLOKEVWV ETUTAXVVONG O€ elkovikomounpéva mepiailovra. Etot, ot pn-
xavikoi ovoTnpdtwy Ba eival oe B£0n va EVOWHATWOOVV TOVG EMTAYVVTEG OTO
VEQOVTTOAOYIOTIKO O1KOCVOTHHA e UkpOTEPT) TTPOOTIADELAL.

Ze tétola mepParlovta, 1 Siaxeipon Twv mOpwv AapBavovrag voyn
Ta TPEXOVTA VTTOAOYLOTIKA QOpTia amoTeel €va Pactkd mapdyovta PEATIOTNG
Aettovpyiag. Xe avto To MAaiolo, peAAOVTIKY épevva Pmopel va oTpagei o€ vé-
0VG TPOTOVG ANYNG SUVALIKWY ATTOQPACEWY OXETIKA [LE TN XPTOT EMTAXVVONG
0€ OUYKEKPEVA VTTOAOYLOTIKA @opTia e PAOT TOATIKEG TTPOTEPALOTHTWY,
Omwg 1 evepyelakn anodoon, n dwatoovvn, N ) [Towdtnta Ynnpeoiag (Quality
of Service (QoS)).



Introduction

In today’s interconnected world data are growing with remarkable rates
and the projections [35] forecast a more intense environment for the near fu-
ture (Figure 1.1). In this context, there is an ever growing need for processing
power to keep up with the data creation speed. However, at the same time there
is a slowdown in the multicore scaling trend, which is referred in the literature
as the dark silicon era [16, 17]. Due to this power wall problem, there is a de-
mand to provide increased performance in the data centers while keeping the
power consumption as low as possible. In this ongoing effort, the advent of
accelerator platforms, such as GPGPUs, Intel Xeon Phi, FPGAs etc, has trans-
formed the computing landscape, since this kind of devices provide a much
better performance per watt ratio than traditional computing elements.

Additionally, numerous studies [4, 5] have shown that, despite the large
amount of processing power available in modern data centers, only a small
portion of it is being utilized by the providers. One of the main reasons is that
the interference between different workloads running on the same machine
can in many ways severely hurt performance, despite the fact that the available
processing resources are more than sufficient for the workloads to co-exist [45,
13]. Hence, providers prefer to underutilize some of their resources in favor of
a more stable behavior with minimum performance variations for their clients.
Researchers have proposed that moving to heterogeneous platforms can form
a path to mitigate the consequences of this problem [29, 40].

Meanwhile, cloud computing has proven to be a beneficial approach for
service providers in terms of cost reduction. As the popularity of cloud com-
puting during the last decades started to grow, there have been efforts to grad-

ually integrate different kinds of resources into the virtualization ecosystem.
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Software and hardware researchers and engineers started to co-design virtual-
ization components for CPU and memory and later for high performance I/O

devices, as they appear more attractive from a virtualization perspective.
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Figure 1.1: Cisco forecasts 49 exabytes per month of mobile data traffic by 2021
(Source: Cisco VNI Mobile, 2017)

Following this direction towards hyper-convergence combined with the
aforementioned observations from the fields of architecture and computing
infrastructure, a need for consolidation of accelerator platforms into the cloud
ecosystem has emerged. In this regard, there are significant efforts to enable ac-
celerator capabilities in virtual machines (VMs). In the previous years, plenty
of remarkable works have been published mostly targeting GPUs [25, 26, 81,71,
76, 41, 69, 62]. Additionally, in the enterprise section, companies have started
to offer GPU-as-a-service in a cloud context [77, 50]. However, the state of
practice approaches in industry most commonly utilize static and less flexible
solutions, such as direct device assignment or IOV approaches.

In this dissertation, we explore the potential of integrating accelerator de-
vices into the virtualization ecosystem aiming at the following properties: shar-
ing of the accelerator between VMs, flexibility (e.g. ability to migrate or to ap-
ply scheduling policies), reduction of total cost of ownership in a cloud infras-
tructure, transparency, less intrusiveness, reduced virtualization overhead and
more effective accelerator utilization. In this context, we propose two frame-

works [51, 21, 22] targeting two popular acceleration devices, NVIDIA GPUs



and Intel Xeon Phi, to validate our approaches on different accelerator envi-
ronments. We identify the key challenges of virtualizing accelerator resources
and we outline the reasons that the traditional I/O virtualization methods are
not adequate for this kind of specialized devices. Additionally, we examine the
two most commonly used virtualization platforms (Xen and QEMU-KVM) by
the research community, in order to investigate the potential of applying ac-
celerator virtualization techniques to both type-1 and type-2 hypervisors.

In the firstapproach, V4VSockets [51], we design a socket-compliant, high-
performance intra-node communication framework for co-located VMs in the
Xen hypervisor and we utilize it with a popular remote GPU execution frame-
work (rCUDA [62]) to enable low-overhead acceleration of applications run-
ning inside VMs. The data path in the design of our intra-node framework is re-
alized through the hypervisor as the network medium, instead of the driver do-
main. Contrary to previous GPU virtualization approaches, the overall method
provides a combination of all of the following features: performance, applica-
tion transparency and portability across different versions of accelerator run-

times and libraries, since it is not dependent on a specific version of the rCUDA

framework. Evaluation results show that our approach boosts the transfer through-

put by a factor of up to 6.3 compared to the remote default path while it adds
an overhead of 15% in terms of GPU execution compared to a direct device
assignment configuration.

Our second approach, vPHI [21, 22], consists of a paravirtualization frame-
work that enables VMs to oftload tasks to Intel Xeon Phi devices in a transpar-
ent to the applications way. To our knowledge, vPHI is the first and currently
the only approach that provides sharing capabilities of a Xeon Phi coprocessor
to multiple virtual machines inside the same physical host. We implement vPHI
using QEMU-KVM as the hypervisor and we virtualize the transport layer of
the accelerator’s software stack. In this context, the main principles of our work
can be applied to future accelerator stacks in case the target device provides a
transport layer API, as well as different virtualization platforms, provided that
the respective hypervisor supports paravirtualization capabilities. Evaluation
shows that vPHI can enable better accelerator utilization when it is used by
multiple VMs, increasing up to 3.56x the total throughput versus a single host

application, which represents the direct device assignment configuration.
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The contribution of this thesis can be summarized as follows:

o We categorize and describe the traditional I/O virtualization methods

and present the advantages and disadvantages of each one of them.

« We identify the key challenges of virtualizing accelerator devices and
outline the reasons that the traditional I/O virtualization techniques are
not adequate to meet workloads needs in an accelerator sharing environ-

ment.

o We describe the related work in this field and comment on the benefits

and limitations of the major approaches.

« We present our approaches, V4VSockets and vPHI, exploring two dom-
inant accelerator devices and covering the most popular virtualization
platforms in the research community. We compare these frameworks

with existing approaches and mention the key differences between them.

o We execute experiments to evaluate our frameworks and to analyze their

behavior in various scenarios.

« Based on the experimental evaluation, we identify the impact of the de-
sign choices for our frameworks in order to comply with the desired fea-

tures.

« We discuss what next generation accelerated systems should meet in or-
der for system researchers and engineers to embrace them in future vir-

tualization software stacks.

1.1 Outline

The rest of this dissertation is organized as follows: in Chapter 2 we pro-
vide the necessary background. We discuss the challenges of virtualizing ac-
celerator devices in Chapter 3. Chapter 4 presents our approach on optimizing
intra-node communication for remote GPU task offloading, while in Chap-
ter 5 we describe our approach on enabling sharing of Xeon Phi accelerators in
virtualized environments. We discuss related work in Chapter 6 and finally, in

Chapter 7, we conclude and present directions of future work.



Background

In this chapter we provide background information regarding the tech-
nologies that we use in our approaches. Initially, we give an overview of hard-
ware acceleration and how it introduced heterogeneity into traditional com-
puting environments. More specifically, we focus our description on device ac-
celerator platforms and the relevant software stacks that are commonly used.
Next, we mention the two major virtualization platforms inside the research
and academic communities and we describe the I/O virtualization techniques
explaining which one is more appropriate in various use cases. Based on this
discussion, in the following chapter, we outline the major challenges for em-
bracing accelerators into virtualization environments and the reasons that the
previously described methods cannot be used in the same way that traditional

I/0 virtualization is based on.

2.1 Hardware acceleration

In a typical computing system the basic component that is in charge of
program execution is the CPU (Central Processing Unit). The CPU in modern
commodity systems consists of a general purpose hardware component that
supports a rich set of instructions and thus can be used for various types of
computing applications. Contrary to this, with hardware acceleration, specific
computational workloads, called kernels, can be executed by specialized de-
vices, that have been designed to be extremely efficient for this kind of tasks.
They accomplish this by usually providing massive data parallelism for specific

operations compared to a single, or even multiple, general purpose CPUs. In
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the following, we describe two well-known accelerator platforms that we use

as target systems in this thesis.

2.1.1 Graphics Processing Units

Graphics Processing Units (GPUs) is a typical example of accelerators that
perform efficiently for operations that are involved in a graphics application
domain. Historically, with the growing demands inside the gaming industry,
vendors started to produce extremely powerful devices in order to process large
amounts of graphical data in a relatively small period of time [12, 47]. Inspired
by this evolution, system designers created accelerators targeting also the HPC
domain and some of the data-intensive scientific applications. Thus, more than
a decade ago, vendors started to release General Purpose GPUs (or GPGPUs)
and the relevant software stacks.

Typically, the common offload semantics that are exposed to the applica-
tion programmer include (Figure 2.1) i) the data transfer from main memory
to the accelerator’s memory over the peripheral bus (e.g. PCle), to which the
device is attached, ii) the compute kernel to be executed by the accelerator de-
vice and iii) the transfer of results back to main memory to be accessed by the
CPU. As it is expected, these two data transfers have a significant performance
overhead and should be accounted when comparing application’s performance

executed on a CPU and on a GPU respectively.

CUDA

In this context, NVIDIA provides an API, called CUDA [53], for the ap-
plication developers in order to utilize NVIDIAs GPUs for task oftfloading. We
base our approach to CUDA, since it is one of the dominant platforms in the
GPU oftloading domain. However, the key idea can be applied to similar stacks
that follow the offload execution model.

A CUDA program can be written using one of the two APIs that are ex-
posed to the application (Figure 2.2), either i) the Driver API or ii) the Runtime
API The Driver API is a low-level interface that provides an additional level
of control and exposes lower level details to the application. The Runtime API

provides higher level semantics in order to hide some of the Driver APT’s de-
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Figure 2.1: Typical offload path for accelerator devices

tails. In this way, with the Runtime API, NVIDIA aims to ease the development

process and lessen the debugging effort.

Application

!
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CUDA Kernel Driver

Figure 2.2: CUDA software stack

Among other components, CUDA software stack also includes a propri-
etary compiler, nvcc [54], that is used to produce the corresponding binaries.

One of the operations that nvcc implements is the translation and mapping of
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the symbols that are used by the CUDA Runtime API (e.g. for kernel execution)
into the final binary. Being a closed-source compiler, nvcc applies techniques
for this purpose that are difficult to unveil for virtualization frameworks that

aim to provide CUDA Runtime compatibility.

rCUDA

rCUDA [62] is a middleware framework that enables computer nodes that
are not equipped with GPUs to remotely access GPUs over the network (Fig-
ure 2.3). Hence, an application that is written in CUDA can be launched in a
computing host environment without GPU devices and executed on a remote
GPU-equipped node without any modifications neither to the source code nor

to the executable binary. In this context, the former node act as the rCUDA

rCUDA
server

2
| <:>- = {E

client, while the GPU-equipped one acts as the rCUDA server.

Figure 2.3: rCUDA use case

In our first approach, we utilize rCUDA in a virtualized environment in
order to provide CUDA compatibility to existing precompiled applications.
The authors of rCUDA [62] present a performance analysis according to which
the traditional TCP/IP network stack implies a high overhead for applications,
making the use of remote GPU not a viable approach for TCP/IP/Ethernet
networks. Instead, they modularize their framework regarding the communi-
cation mechanism and propose the use of low latency and high throughput
interconnects, such as Infiniband [36], in order to significantly reduce the net-
work overhead. In our first approach, we use rCUDA in a virtualization envi-
ronment and we optimize the communication path between virtual machines

using V4VSockets as a low overhead intra-node communication mechanism,
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in order VMs to be able to offload applications to GPUs in a viable manner. We

explain this concept in greater detail in Chapter 4.

2.1.2 Intel Xeon Phi

In the beginning of this decade, Intel announced the release of its acceler-
ator device, namely Xeon Phi [39]. Xeon Phi is a product family of processors
that employ Intel's MIC (Many Integrated Core) architecture. It consists of a se-
ries of massively-parallel manycore processors and it can be used to accelerate
a system as a coprocessor, or even as a host processor (e.g. Knights Landing).

From the application programmer’s point of view, the major competitive
advantage over NVIDIAs GPUs is that Intel provides x86 compatibility, hence
applications that have been written for an x86 processor can be executed un-
modified on a Xeon Phi coprocessor. In practice, however, developers have
to carefully tune the involved applications or libraries, in order to fully ex-
ploit the parallelism that the coprocessor offers and achieve adequate perfor-
mance [11, 65, 68, 15].

The second approach which we present in this thesis targets Intel Xeon
Phi as the accelerator device. In order to understand the design aspects and
the implementation details of our framework, we briefly describe in the fol-
lowing the basic concepts and internals of the Xeon Phi execution model and

the corresponding software stack.

Xeon Phi model of execution

Intel defines a model of execution that supports three modes to meet dif-
ferent use case needs: native, offload and symmetric. In native mode the user
supplies the executable directly on the Xeon Phi card. Offload mode permits
the user to execute the application on the host CPU and offload some compute-
intensive workloads to the coprocessor using the corresponding directives of a
framework, e.g. OpenMP. Finally, in symmetric mode Xeon Phi can be viewed
as an independent node and in that way a user can launch some processes of
the same parallel application on the host side and some other processes on the

accelerator, using, for example, MPI.
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Xeon Phi system software stack

Xeon Phi devices are connected to the system through the PCle bus. Intel
provides SCIF (Symmetric Communication Interface), a low-level abstraction
layer over PCle, in order to enable higher level components to exploit DMA
capabilities of Xeon Phi without messing directly with PCle transactions. With
vPHI, we essentially provide a virtualization scheme of SCIF to enable the same
functionality for VMs. Figure 2.4 depicts the general system architecture of
the software stack that is used in a typical non-virtualized Xeon Phi environ-
ment. By using SCIF, applications running both on the host and the device can
communicate with the same APL. In order to accomplish that, Xeon Phi itself
boots a micro operating system (1#OS), which consists of a modified Linux ker-
nel, that contains a SCIF driver. Also, to expose the SCIF API, a SCIF library
(1ibscif) is used. Furthermore, the Xeon Phi software stack includes an em-
ulated network driver as part of the uOS, that uses SCIF, and enables users to
utilize network tools (e.g. ssh) and connect to the Xeon Phi device. In this way,
they can execute applications on the coprocessor using a shell. Similar to the
Xeon Phi card, the respective components, libscif and the SCIF driver, have
been implemented for the host side.

The library exposes the SCIF API to the application-side and communi-
cates with the SCIF driver by performing system calls to a character device,
namely /dev/mic/scif. The SCIF API provides both one-way and two-way
communication semantics. There is a family of socket-like SCIF calls (scif _
bind(),scif_listen(),scif_accept(),scif_connect(),scif_send(),
scif_recv()) that supports traditional send-receive communication and an-
other set of calls (scif _register(), scif_unregister(),scif_(v)read
from(),scif_(v)writeto(),scif_mmap(),scif_munmap ()),thatexposes
read/write RDMA semantics. RDMA is a common communication pattern
used in high performance interconnects domain. In such contexts, developers
frequently use a combination of RDMA and polling as an alternative to block-
ing methods, in order to notify the client of an I/O completion event. Similarly,
SCIF provides scif_poll() to inform the caller that a subsequent operation
to a specific endpoint can be performed without blocking, which for example

could mean that some data have been received. Finally, there is another set of
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SCIF calls (scif_fence_x()) that act as synchronization barriers. vPHI pro-
vides the same interface to the applications running on VMs by redirecting the
traffic through the host.

Host Xeon Phi
runtime / app COIl deamon
COl library COl library

SCIF library SCIF library

Figure 2.4: Communication between host and Xeon Phi

However, for certain use cases even SCIF exposes unnecessary details that
many runtime systems or libraries do not need to be aware of. Hence, Intel pro-
vides a higher level library which uses SCIF as the transport layer and abstracts
the low-level details (Figure 2.4). This library is called COI (Coprocessor Of-
fload Infrastructure) and can be used to build runtime frameworks in order to
query and control the state of Xeon Phi devices that are available in the system
or to offload computational workloads to the coprocessor, by loading the ap-
propriate libraries and executables, transferring the data over PCle. The Xeon
Phi device receives the respective requests from the host through a COI dae-
mon that is launched after uOS has booted. By virtualizing the SCIF transport

layer, vPHI remains compatible with higher level frameworks, such as COL.

2.2 Hardware virtualization

Hardware virtualization refers to the process of presenting a view of a hard-

ware platform that internally exists and operates purely in software. The result-
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ing virtualized entity is called virtual machine (VM), domain or guest, depend-
ing on the context, and the corresponding software entity that is in charge of
implementing the virtualization process is called hypervisor, virtual machine
monitor (VMM) or more broadly host. Thus a single hypervisor can host mul-
tiple virtual machines.

In this thesis, we build our frameworks for two of the most well known hy-
pervisors inside the research community, namely Xen [3] and KVM [43]. These
hypervisors are based on different software architecture and design principles.
At a conceptual level, Xen is a type-1 hypervisor, which means that it runs di-
rectly on the physical hardware, while KVM belongs to the category of type-2
hypervisors, which means that it runs as part of a host operating system. Be-
sides their popularity, we choose to work with different hypervisors in order
to examine the challenges of integrating accelerator logic into diverse virtual-
ization platforms. Later in this chapter, we briefly describe the architecture of
each one of them as well as some basic operation principles. Before that, we
provide the essential background regarding the different approaches for virtu-
alizing hardware, focusing primarily on I/O virtualization. Based on this dis-
cussion, we mention the challenges of enhancing virtualization environments

with accelerator semantics in the next chapter.

2.2.1 Evolution of virtualization

History of hardware virtualization includes a large set of applied tech-
niques and approaches in order to retain transparency and maximize perfor-
mance for applications. In this context, we focus on three areas of virtualiza-
tion: CPU, memory and I/O and comment on what kind of practises eventually
are established in each one of them, while also discussing commonalities and
differences as well as tradeoffs that almost always arise in the process of design-
ing computing systems.

Historically, the first approaches towards hardware virtualization targeted
CPU, while trying to overcome non-virtualizable features [20] of certain ISA
(e.g. x86). Such approaches include full processor emulation, binary translation
and hardware-assisted virtualization. The first two, being software approaches,

induce a large processing overhead due to large numbers of traps when exe-
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cuting guest code (emulation) or constantly monitoring and translating spe-
cific blocks of instructions (binary translation). The advantage is that legacy
virtualization-unaware CPUs can be used in a virtualization environment uti-
lizing one of these techniques. On the other hand, with hardware-assisted vir-
tualization, the CPU is by design aware of the existence of virtualized entities.
In this way, this technique comes with great performance boost, but requires
the existence of CPU virtualization extensions. Since many processor vendors
(e.g. Intel, AMD) integrate these features in their chips by default nowadays,
hardware-assisted virtualization has become by far the mainstream solution in
cloud services outweighing software solutions.

In the roadmap of hardware virtualization, the next step for system de-
signers was how to virtualize memory management for several virtual ma-
chines and at the same time reduce the cost of page table manipulation. Follow-
ing the CPU paradigm, software techniques preceded the hardware solutions.
Shadow page tables enable the VMM to monitor page table updates by imple-
menting associated structures at the software level. Later, vendors introduced
enhanced hardware techniques by adding awareness inside the MMU about
the existence of separate page tables per virtual machine (e.g. nested/extended
page tables). Similar to the CPU case, hardware approaches are considered the

de-facto mechanisms on commodity infrastructures for Cloud.

2.2.2 1/0 virtualization techniques

While compute intensive applications fitted well in the paradigm of CPU/
MMU virtualization, with the advent of cloud computing, the need for virtu-
alizing I/O resources at an acceptable overhead has emerged. In this context,
several techniques have been proposed balancing between virtualization over-
head on the one hand and code complexity and transparency on the other. In
this section we briefly describe the existing approaches for virtualizing an I/O
device and present the advantages and disadvantages of each method. Hence,

we proceed to the following categorization:

o Direct device assignment (Figure 2.5): the device is directly assigned
exclusively to one virtual machine (VM), preventing other VMs to have

access to that device.
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o IOV-enabled devices (Figure 2.6): the physical device per se exposes a
maximum number of virtual devices, each one of them can be directly
attached toa VM.

« I/O emulation (Figure 2.7): the guest-side driver remains intact, while

there is a backend implementation in the host.

« Paravirtualization (Figure 2.8): a virtualization-aware driver is inserted

in the guest and the associated backend driver runs at the host side.

Direct device assignment (or PCle passthrough) offers near-native perfor-
mance at the cost of limited scalability, since only one VM can have exclusive
access to the real device, hurting the sharing use case. In order to mitigate this
scalability issue, SR-IOV [70] was proposed as an alternative targeting mostly
high-speed interconnection networks. SR-IOV is a hardware extension to the
PCle specification and it consists of an IOV-enabled device solution. In a few
words, it defines a number of Virtual Functions (VFs) for each physical de-
vice and assigns each VF to an individual virtual machine. In this way, it can
achieve near-native performance for each of the VMs, the maximum number
of which still remains static regarding the virtualized device. The major down-
side of IOV-enabled approaches is that special I/O devices are needed, which
increase the total ownership cost in a cloud infrastructure. Additionally, both
of the methods described present flexibility problems and this can be a major

issue for cloud environments, which inherently feature a dynamic and elastic
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Figure 2.5: Direct device assignment
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Figure 2.6: IOV-enabled device

management of resources. For example, both methods have limited support for
migration, since in this case it is required that the current hardware configura-

tions and features to be available on the destination host as well.
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Native driver
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Figure 2.7: /O emulation

From the two remaining non-static approaches the less intrusive one is the
I/O emulation, according to which the guest device driver remains intact and
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traps the privileged instructions to the hypervisor which further proceeds and
performs the completion of the I/O operation. Since the VM is unaware that
the access to the device is being virtualized, the emulation method comes with
a relatively high performance degradation. To reduce this overhead without
any dependency on modern hardware features, paravirtualization approaches
have been proposed. According to this method, a virtualization-aware device
driver is being loaded on the guest side, which batches the operations of an I/O
request and traps to the hypervisor which satisfies the request. Essentially, it
tries to minimize the exits to the hypervisor which constitute the major factor
of overhead in this model. Depending on the specific approach, a paravirtual-
ization solution may even perform at a near-native rate, offering a major ad-
vantage in terms of performance. The downside stems from the fact that parts
of the guest operating system (usually drivers) have to be modified in order to

take full advantage of guest virtualization awareness.
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Figure 2.8: Paravirtualization

A summarized comparison between the aforementioned I/O virtualiza-

tion techniques is depicted in Table 2.1.
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Table 2.1: Comparison between typical I/O virtualization techniques

\ Advantages \ Disadvantages

Direct device assignment | - Near-native performance - No device sharing
- Flexibility and scalability issues
- Limited support for migration

IOV-enabled device - Near-native performance - Special hardware needed
- Sharing feature - Flexibility and scalability issues
- Limited support for migration
I/0 emulation - Unmodified guest OS - Low performance

- Sharing feature

- Sharing feature

In the following, we briefly describe the two virtualization platforms that

we use in this thesis from a software architectural point of view.

2.2.3 Xen virtualization platform

The general architecture of the Xen [3] hypervisor is depicted in Figure 2.9.
Xen is based on the paravirtualization (PV) concept especially for the I/O path.
According to this method, Xen utilizes a split-driver model, according to which
a frontend driver runs inside the guest VM exposing a per-device class API to
guest user space or kernel-space and the corresponding backend driver that is
executed by privileged guests called driver domains. In this way, data access
is handled by driver domains that essentially enable VMs to interact with the
hardware. In most setups, there is a single driver domain that is called dom0.
The unprivileged domains, which are called domUs, communicate with dom0
to access the hardwrare.

In Xen, memory is virtualized in order to provide contiguous regions to
OSs running on guest domains. This is achieved by adding a per-domain mem-
ory abstraction called pseudo-physical memory. Thus, in Xen, machine memory
refers to the physical memory of the entire system, whereas pseudo-physical
memory refers to the physical memory that the OS in any guest domain is aware
of.

To efficiently share pages across guest domains, Xen exports a grant mech-

anism. Xen’s grants are stored in grant tables and provide a generic mechanism

Paravirtualization - Significantly lower virtualization overhead | - Modifications to the guest OS
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Figure 2.9: Xen software architecture (Source [3])

for memory sharing between domains. Network device drivers are based on
this mechanism in order to exchange control information and data. Two guests

setup an event channel between them and exchange events that trigger the ex-
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Figure 2.10: Xen rings structure (Source [3])
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ecution of the corresponding handlers. I/O rings (Figure 2.10) are ring buffers,
a standard lock-less data structure for producer-consumer communication.
Through I/O rings, Xen provides a simple message-passing abstraction built
on top of the grant and event channel mechanisms. Since with V4VSockets
we optimize the communication between VMs running on a same node, we
briefly describe the default network path for intra-node communication in the

next section.

Xen Paravirtualization (PV) Network 1/0

The common method of VM communication in Xen is through the Par-
avirtualization (PV) network architecture. Guest VMs host the netfront driver,
which exports a generic Ethernet API to kernel-space. The driver domain hosts
a hardware specific driver and the netback driver, which communicates with
the netfront using the event channel mechanism and injects frames to a soft-
ware bridge.

Data flow in and out of the VM using the grant mechanism, while notifica-
tions are implemented using event channels, the virtual IRQ mechanism that
Xen provides. Less-critical operations are carried out by Xenstore (interface

numbering, feature exchange etc.).

vml ‘ vm2

Application |

Application
driver domain ‘ Y
| ‘ user
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- Memory | Memory |skb| | skb] Memory
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Figure 2.11: Generic intra-node communication in Xen

To communicate with each other, VMs that co-exist in the same VM host
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have to cross through the software bridge in a driver domain. Figure 2.11 presents
the data path of two VMs exchanging data. Data movement is realized using
shared pages that are set up using the grant mechanism. Each transmission re-
quest contains a grant reference and an offset within the granted page. This
allows transmit and receive buffers to be reused, preventing the TLB (Transla-
tion Lookaside Buffer) from needing frequent updates. To receive packets, the
guest domain inserts a receive request into the ring, indicating where to store

a packet, and the driver domain places the contents there.

2.2.4 KVM virtualization platform

As we mentioned previously, KVM [43] hypervisor is executed on a Linux
host operating system. This operating system can support both host processes
and full virtual machines. In this context, KVM consists of a loadable ker-
nel module, which creates a virtual device (namely /dev/kvm) and exports
a number of ioctl commands to this device. For example, by issuing a KVM_
CREATE_VM ioctl system call to the KVM device, a new guest is created, which
from the host perspective is nothing more than just a user process with its own
virtual address space. From the guest perspective this address space is trans-
lated to what is called guest physical address space and is being treated as ordi-
nary physical memory. KVM utilizes the hardware virtualization capabilities
(e.g. Intel VT, AMD-V extensions) in order to virtualize CPU and MMU op-
erations. KVM is mostly used together with QEMU [6], a user space emulator
which runs on the host and issues system calls to /dev/kvm.

In vPHI we use QEMU-KVM as the hypervisor with virtio as the commu-
nication mechanism between the host and the virtual machines. Virtio [67] is
a standardized interface used for development of virtualized devices following
the paravirtualization approach. As we mentioned earlier, paravirtualization
enables low overhead I/O virtualization by establishing an efficient communi-
cation channel between the host and the VM (guest). Using this method, the
virtual hardware exposes a software interface to the respective driver in the
guest, which is aware that is being virtualized and thus reduces any unneces-
sary I/O traffic that a virtualization-unaware driver would produce.

Similarly to the Xen I/O method, virtio follows the split-driver model ap-



2.2. Hardware virtualization

a VM

» Frontend ~

virtual
interrupt

> Backend =

Hypervisor

Figure 2.12: Virtio transport mechanism

proach, according to which a paravirtualized frontend driver is inserted into
the guest, communicating with the respective backend on the host side. To
realize the communication, a shared ring structure is registered between the
guest and the host (Figure 2.12). The frontend driver submits I/O requests by
posting the respective buffers in the shared ring and notifies the backend. Af-
terwards, the backend processes the event, emulates the I/O that is requested
and produces a corresponding response. It posts the response in the ring and
notifies the guest side via a virtual interrupt. The guest can either busy-wait on
the shared ring, consuming CPU cycles, or block until the request is fulfilled.
In the latter case, the interrupt produced by the host wakes up the guest, which
pushes up the response to the upper layers. We point out here that no copies
are involved during the communication between the guest and the host, since
a shared memory area (ring) is used and the host can access the guest’s physical

address space and map the corresponding buffers to its own address space.
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Accelerator virtualization challenges

Accelerators belong to a special part of I/O devices which offer compu-
tational power besides traditional I/O characteristics. Therefore, in order to
virtualize an accelerator, one has to resolve all the aforementioned obstacles
of I/O virtualization plus many more challenges due to their special nature. In
this chapter, we identify the major challenges of virtualizing accelerator devices

and we proceed to the following categorization.

Device complexity

A traditional I/O device usually includes a set of I/O registers and mem-
ory. Some more complicated devices (such as 10Gbps network adapters) are
equipped with a microprocessor as well, in order to offload specific operations,
like TCP oftload for TSO (TCP Segmentation Offload) engines. On the other
hand, modern accelerators’ architecture is highly complex compared even with
high end, low latency and high bandwidth network devices. They are equipped
with many cores, can handle hundreds of threads and they have their own
complicated memory management unit. They sometimes even boot an inde-
pendent operating system, as Intel Xeon Phi does, which can be viewed as a
distributed node in the same system. Decoupling the logical device from its

physical implementation in this context presents major challenges.

Scheduling semantics

Given the background, accelerator devices obey to completely different
scheduling semantics compared to the traditional CPU scheduling process.

For example, there is no time-sharing features at least on legacy GPUs and
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GPU tasks cannot be preempted at instruction level. Therefore, if there is con-
tention between a short task and a long task and happens the long one to ac-
quire the GPU, then the short job will have to wait for the completion of the
longer one, increasing the total waiting time of the tasks. This can hinder the
process of multiplexing I/O requests and consequently device sharing between
multiple clients. Recent advances in GPU architectures enable devices to sup-
port preemption in a time-sharing manner offering a more fine grained con-
trol [57]. Nevertheless, there is no publicly available information that shows
the availability of software level preemption control [84]. Additionally, there
is no space-sharing support on legacy GPUs, which results in serialized exe-
cution on the device, even if the corresponding jobs could have been executed
simultaneously on the GPU. In order to mitigate the implications of this inabil-
ity, NVIDIA has released Multi-Process Service (MPS) [56] for its newer GPUs,
which provides the feature of space-sharing to multiple tasks. MPS is essentially
a proxy/daemon which submits requests to the device on behalf of the original
GPU tasks. In this way, requests are submitted in the same GPU context, which
poses security implications in a GPU-shared virtualization environment. How-
ever, with the release of the Volta architecture [58], NVIDIA updated its MPS
subsystem allowing multiple GPU tasks to be directly executed on the accelera-
tor and enabling isolation between them through separate GPU address space
assignment. Exploring VM scheduling policies and evaluating algorithms in
accelerator virtualization systems is beyond the scope of this thesis. However,
as we provide frameworks for accelerator sharing using flexible techniques in
such environments, we enable the mechanisms for future research consider-
ing scheduling between virtual machines. Many of the works that we mention
in Chapter 6 regarding GPU virtualization also consider scheduling issues in
their frameworks. Regarding Xeon Phi characteristics in the context of accel-
erator scheduling, it supports both the features of time and space-sharing and
exposes them through its micro operating system which is executed on a ded-
icated core.

Furthermore, as many works in the GPU research community mention [72,
60, 44, 10], context switch in SIMT architectures is orders of magnitude slower.
In this scheduling overhead we have to also consider the cost of reloading data

of a previously preempted task in accelerator’s memory through the PCle bus.



Since it is commonly accepted that copying data back and forth to the device
through PCle is the major bottleneck when offloading operations to the de-
vice, this overhead is relatively high. Finally, considering the fact that, as in
every I/O virtualization method, another layer of scheduling is added to the
process, it becomes profound that offering high quality of service is extremely
difficult.

Closed-source system software

An additional obstacle specifically for the GPU virtualization case arises
from the fact that the major GPU vendors provide drivers in a closed manner.
This makes difficult for engineers and researchers to fully understand the un-
derlying system’s architecture in order to provide a decoupled virtualized de-
vice. To this end, remarkable efforts have been made to better understand and
explore the internals of closed GPU architectures and device drivers and pro-
vide open-source alternatives to the research community by following the hard
path of reverse engineering [86, 61, 49]. These works have built the ground for
follow-up research on GPU virtualization. However, reverse engineering tech-
niques sacrifice at some level the robustness, the performance and even a sub-
set of features with the purpose of opening the software stack of the device. On
the other hand, a different approach for virtualizing acceleration platforms, is
to provide compatibility with higher level APIs by redirecting them to another
backend using various techniques. The major downside of this approach is that
it is dependent on specific API versions and in this way, the resulting frame-
works do not remain portable to future versions [31].

In our approach, we propose an indirect higher level method, according
to which the use of a remote GPU framework is optimized through a highly ef-
ficient intra-node communication mechanism. In this way, our approach can
be compatible with future library versions, since this method is based on a re-
mote framework that is constantly up-to-date against the host libraries by con-
tinuously providing new releases. Additionally, as we show in Chapter 4, our
method results in signifigant performance improvement compared to the de-
fault network communication path and overall it can be a sustainable solution

for multiple virtual machines in order to be able to access efficiently a single
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GPU.

Virtualization-unawareness

On the other side, even in the open-source accelerator software case, re-
ducing the virtualization overhead still remains a challenging task, even when
VMs do not issue simultaneous requests and there is no need for scheduling at
these times. One of the main reasons is that the native system software is inher-
ently unaware that the resources it provides are being virtualized. For example,
in the case of Xeon Phi virtualization, the system software that is executed on
the accelerator and manages device memory needs to have knowledge of virtu-
alization at some degree or at least to provide interfaces for managing memory
at a page-granularity level, in order to reduce the virtualization overhead, since
more levels of address spaces are involved that are generally scattered accross

memory. We will discuss this performance issue in greater detail in Chapter 5.

Level of transparency

Another challenge for the complex I/O architecture of accelerators is to
define appropriate semantics for virtual devices and interfaces and to decide
the level of transparency for the applications. Considering this, research com-
munity has provided approaches for virtualizing accelerator following some
tradeoffs. Among these, there are variations of full virtualization in software,
where a virtual device with exactly the same interface as the physical one is ex-
posed to user space. As we mentioned previously, with this approach the VM
is unaware that the corresponding accelerator is a virtualized one. This has the
advantage of transparency, because there is no need for changes in any level
of the software stack, but comes at the cost of increased overhead, since it in-
volves the emulation of a fairly complex device. A full virtualization approach
usually leaves intact the virtual device driver and emulates the corresponding
operations by trapping at the hypervisor each time the guest driver proceeds
to an I/O request or access. This increased amount of traps contributes to the
total overhead, since the cost of each trap has proven to be expensive. On the
other end of proposed solutions, a virtual device with a completely new inter-

face is provided, designed to be simple and efficient, sacrificing compatibility.



Somewhere in the middle paravirtualization approacheslie, according to which
some kind of a frontend driver is inserted to the guest with knowledge that the
accelerator is being virtualized. With this knowledge, the frontend part redi-
rects the control and data flow and communicates efficiently with its sibling
backend component, which lives in a privilleged layer (VM or hypervisor). As
we discuss later in more detail, vPHI belongs to a paravirtualization approach
combined with the concept of targeting the low level transport layer, in order
to be compatible with future high level runtimes and libraries and be portable
across different software versions. Finally, to overcome both the transparency
and the performance issues, vendors have added hardware support to physical
devices following the direct device assignment model. In this way, they enable
accelerators to be directly attached in a virtual machine offering near-native
performance but eliminating device sharing and scalability. In this context,
NVIDIA has tried to alleviate these scalability issues and adapt to the IOV-
enabled approach. Thus, in some of its cards it provides to the user the ability
to statically define a maximum number of virtual GPUs in hardware and di-
rectly attach each one of them to a possibly different virtual machine [78]. As
we described in the previous chapter, the major drawbacks of this approach is
the flexibility and the scalability in dynamic cloud environments, where mi-
gration and device hot plugging/unplugging take place at frequent periods of

time.
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Optimizing intra-node communication for
remote GPU task offloading

In this chapter, we present our approach for enabling GPU acceleration
for virtual machines running on a physical node. We target NVIDIA GPUs and
we propose a portable method across different versions of NVIDIA's CUDA li-
braries. We achieve this property by utilizing rCUDA, a remote GPU accelera-
tion framework. As we mentioned in Chapter 2, the major drawback of rCUDA
in terms of execution overhead is that it performs poorly when it is applied in
configurations with commodity network stacks. Instead, the authors of rCUDA
propose the use of low latency and high throughput interconnects in order to
enable acceleration for nodes that are not equipped with GPUs in a viable way.

In this context, we use rCUDA in a single environment that hosts multi-
ple virtual machines and we optimize the intra-node communication between
these VMs. More specifically, following the rCUDA scheme, there are two types
of nodes in an HPC cluster: the GPU nodes, which act as rCUDA servers, and
the non-GPU nodes, which act as rCUDA clients and forward CUDA requests
to the respective servers through the network. Figure 4.1 depicts our the con-
figuration that we use. We setup a physical node equipped with a GPU device
and directly assign this device to a single VM, which acts as the rCUDA server.
Subsequently, we launch a VM that acts as the rCUDA client and can access
the GPU through the rCUDA framework. However, we significantly alleviate
the network overhead by implementing and utilizing V4VSockets, a higly ef-
ficient and transparent intra-node communication framework between VMs
running on the same physical node. Despite the fact that in this thesis we focus
on a GPU use case, V4VSockets can be used with other scenarios of socket ap-

plications between co-existing VMs to significantly reduce the communication
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Figure 4.1: rCUDA over V4VSockets

In the following, we describe the design of V4VSockets using Xen as the
virtualization platform. Afterwards, we delve into the implementaion details

and in the final section, we present the evaluation results of our approach.

4.1 Design of V4VSockets

V4VSockets is a highly efficient intra-node communication framework in
the Xen platform. Our approach builds on V4V, part of the XenClient project
[80]. V4V is an abstract mechanism provided by the Xen hypervisor that sup-
ports basic communication primitives between co-located VMs.

V4VSockets is essentially a generic socket layer for the V4V transport
mechanism that enables applications running on VMs’ user space to commu-
nicate with other VMs co-existing on the same node. V4VSockets consists of

a device driver to expose the socket API to user space and the V4V transport
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mechanism provided as an extension to the Xen hypervisor. An analogy to the

TCP/IP protocol suite is shown in Figure 4.2.
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Figure 4.2: TCP/IP and V4VSockets

V4VSockets is built as a full-stack protocol framework that supports peer-
to-peer communication between co-located VMs. Contrary to the common
approach of decoupling communication to a privileged VM, leaving only se-
curity issues to be handled by the hypervisor, we choose to bypass the inter-
mediate layer and use the hypervisor as the control and the data plane. Data
flow between two VMs without the intervention of a third VM, providing bet-
ter isolation and scalability. Additionally, we avoid the page sharing technique
between the source VM and the destination VM which can lead to various
security issues (e.g. data leakage between the two VMs) and instead we use
memory copies in the corresponding phases of the data path. To provide an
architectural overview, we briefly describe how the operations are realized in
each layer.

Application layer: One of the most important aspects of our design is the
API compatibility with generic concepts, namely the socket interface. Specifi-

cally, we aspire to provide a low-overhead socket communication framework
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to applications running in co-located VMs without the need to refactor, re-
implement or recompile them. Thus, in V4VSockets, the application layer refers
to the common socket-layer calls (socket (), bind (), connect () etc.) which
forward the relevant actions and arguments to the transport layer.

The Transport layer in our approach resides in the VM kernel. Essentially,
it implements the socket calls and the communication primitives of the com-
munication protocol over the network medium (Xen in our case). Specifically,
the transport layer handles the virtual connection semantics between peer VMs
that need to communicate, is in charge of fragmenting and sending upper-layer
packets by issuing hypercalls to the hypervisor (network layer), and provides a
notification mechanism to the VM’s user space for receiving packets, as well as
error control.

The Network/Link layer resides in the hypervisor, providing encapsulation
of upper-layer messages to packets that will be transmitted to their destina-
tion, according to V4V semantics, and packet delivery. This layer is in charge
of transmitting the packet to its destination, which in our case consists of a
memory copy. Thus, in the case of a packet send, the hypervisor places data
into the relevant memory space of the receiver and notifies the transport layer
about an incoming packet.

In the following section we describe the V4VSockets framework in detail
and present essential parts of the implementation, focusing mainly on the data

exchange mechanism.

4.2 Implementation details

The core part of our framework is the transport layer, implemented as a
VM kernel module, where all calls from user space are translated into V4V hy-
percalls and issued to the hypervisor (the network/link layer). V4V provides

basic support for communication through the following hypercalls:
o register/unregister: The register call is used when a new socket

is created and provides the necessary memory space to transfer data.

« send: This call is used when a send call is issued, providing the relevant

structures to the hypervisor that, in turn, realizes the transfer.
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« notify: When data is placed correctly, or when there’s a notification
that needs attention, the VM kernel issues this call and the hypervisor

handles all necessary steps to complete the operation (e.g. receive calls).

The interesting part of V4VSockets is mainly focused on the data path.
We base our framework on the v4v_ring structure, containing a static, pre-
allocated ring buffer that essentially simulates the network medium. This buffer
follows the generic producer-consumer concept, with two pointers rx and tx
that are altered by the VM and hypervisor respectively.

This buffer is allocated in the VM kernel and registered to the hypervisor
with the bind () system call. Essentially, this translates into a register hy-
percall and, thus, the machine frames that comprise the ring buffer are stored
and mapped in Xen, forming a shared memory region between the VM kernel
and the hypervisor.

The accept () system call initializes a receive operation: the application
listens to a specific port for incoming packets.Once data have been written to
the ring, the hypervisor updates the tx pointer. Following a recvmsg () system
call, the VM kernel copies data from the ring space to a local staging buffer.
Additionally, it updates the rx pointer (to free up space in the ring) and copies
the received packet to user space.

The sendmsg () system call initiates a send operation: the VM kernel cre-
ates an iovector from the user space arguments, packs the data into a V4V
message and issues the send hypercall. The hypervisor copies the data into the
ring of the receiver VM, updating the tx pointer.

An example of a data exchange between two peer VMs is shown in Fig-
ure 4.4. At this point, we repeat the Figure 4.3 from Chapter 2, in order to
visually compare the two data paths.

In V4VSockets, user space applications issue generic socket calls using a
custom address family constant instead of AF_INET. To keep compatibility for
applications that have this constant hard-coded, we wrap the initial socket ()
system call around a library that re-issues the call with our custom address
family. The rest of the calls (e.g. bind (), listen(), accept () etc.) use the

socket descriptor provided by the initial call so the API remains intact.
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Figure 4.4: V4VSockets overview

4.3 Performance evaluation

In this section we first describe the experiments we performed to analyze

the behavior of V4VSockets using network benchmarks and subsequently we

present the evaluation of our framework in scenarios with GPU-enabled VMs.
We setup a host machine with 2x Intel Xeon X5650 (Chipset 5520) and
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48GB RAM (@1333MHz) and perform two basic experiments using microbench-
marks, in order to illustrate the merits and shortcomings of our approach with-
out the noise of application-specific communication patterns. We also perform
a third real-life experiment using a CUDA application from the GPGPU do-

main.

4.3.1 Microbenchmark evaluation

We setup the physical machine asa VM hostand spawn up to 16 single core
VMs (VM1,VM,, ...,VMis). We use NetPIPE [52] as a microbenchmark, in or-
der to compare V4VSockets to the default TCP/IP over netfront/netback case.
We deploy the microbenchmark between VMs (16 separate instances, VM, to
VM,, VM3 to VM4 and so on).

Figure 4.5 and Figure 4.6 plot the respective measurements when two VMs
(VM to VM) exchange messages. Figure 4.5 shows that the latency achieved
by V4VSockets for a 2 Bytes message is improved by 81% compared to the
generic case. Specifically, the latency of the split driver model is 86 us, while
V4VSockets completes the same task at 16 us. This is mainly due to the process-
ing overhead of the TCP/IP stack, as well as the inefficient data path through
the driver domain (Section 2.2.3), which is bypassed in our optimized trans-
port mechanism.

In terms of throughput (Figure 4.6), V4VSockets outperforms the default
case as well. V4VSockets peaks a maximum throughput of 2299 MB/s, 4.59x
better than the split-driver, which performs poorly at 501 MB/s for 1 MB mes-
sages.

To examine how V4VSockets scale with a various number of VMs ex-
changing messages, we measure the system’s throughput for 2, 4, 8 and 16 VMs
communicating in pairs (Figure 4.7). The aggregate throughput increases pro-
portionally to the number of communicating VMs. For instance, two VMs are
able to exchange 512 KB messages at ~ 2 GB/s, while 16 VMs achieve 8x ag-
gregate throughput for the same message size (=~ 16 GB/s).

Based on our approach (Section 4.1), V4VSockets performs three data
copies when transferring messages across: VM -to-Xen, Xen-to-VM;-kernel,

VM, -kernel-to-VM,-user space. This is a design choice in order to avoid the

103



4. Optimizing intra-node communication for remote GPU task offloading

250

V4VSockets —H—
generic —6—

200 /
150 /

100 3\9/9—9—@—9——9——’9‘9—9—@/

B — =) ﬁ——E———B’/‘Er
: 555 55855 —8—&57-
1 1 1 1 1 1 1 1 1 1 1 1 1 1

16 32 64 128 256 512 1K 2K 4K 8K 16K 32K
Message Size (Bytes)

Latency (us)

[iN
N
I
[e¥]

Figure 4.5: V4VSockets latency

2500

V4VSockets —H—
generic —6— = &

2000 /
1500 Z/

1000 IZ/

500 /2/ o4
. Ej/E/K] . . . | | | | |

1K 2K 4K 8K 16K 32K 64K 128K 256K 512K 1M 2M
Message Size (Bytes)

Bandwidth (MB/s)

Figure 4.6: V4VSockets throughput

shared memory alternative, which has potential security implications for vari-

ous use cases. According to this design: VM, notifies through a system call and
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a hypercall that there is a message for VM,. Xen copies data from VM, user
space into VM, and notifies the kernel. When the kernel wakes up, data are al-
ready in the processor’s cache, and thus, data flow directly to VM, user space.
As a result, we are able to reach more than half of the system’s memory band-
width', bringing memory-copy-like bandwidth measurements to VM-to-VM
message exchange.
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Figure 4.7: V4VSockets aggregate throughput

To validate that the system sustains acceptable performance when a large
number of VMs put pressure on the memory bus, we examine the effect that
our data exchange mechanism has on latency. When 16 VMs exchange small
messages in pairs, the round trip latency remains as low as 16 us, verifying the

scalability of our approach.

4.3.2 GPU-enabled VMs

In this section, we demonstrate the merit of V4VSockets on a real-life
benchmark from the GPU applications domain. As we previously described,

we apply our efficient transport mechanism to rCUDA. Building on existing

! We performed a stream microbenchmark and measured 27 GB/s as the maximum memory
bandwidth.
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remote acceleration frameworks and V4VSockets, we enable VMs to benefit
from a GPU-equipped VM residing in the same host, without complicated se-
tups or disruptive and expensive techniques such as IOV.

We use two VMs, VM, acting as the rCUDA server, and VM, as the client.
In order to provide GPU access to the rCUDA server domain, we assign the
GPU device to this VM using PCle passthrough. Finally, we consider two cases:
the generic transport mechanism using TCP/IP over the split-driver model
(rCUDA generic) and V4VSockets (rCUDA over V4VSockets). As a baseline,
we perform the exact same experiment without the intervention of rCUDA,
directly on VM, (passthrough)®.

We use a common HPC application stencil, the single precision matrix-
matrix product, provided in CUDA by the NVIDIA samples [55].
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Figure 4.8: Matrix product total time of execution

This experiment includes the following procedure: two copies of the input
matrices from node’s main memory to GPU device memory, the product ex-
ecution on the GPU and finally one copy of the output matrix back to main

memory. The normalized total time of execution of the matrix-matrix product

2 We validate the measurements in a non-virtualized environment with an identical GPU device.

We did not observe significant difference in terms of performance compared to the passthrough
VM execution.
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benchmark is depicted in Figure 4.8. The X axis presents the array size multi-

plied by 32 KB.

We observe that V4VSockets performs really close to the baseline case.

For an input matrix size of 1089 x 32 KB (2112 x 4224 float type elements)

V4VSockets adds a 15% overhead compared to running locally, whereas the

generic case adds a 71% overhead. This is essentially our goal: through V4VSock-
ets and rCUDA, VMs can seamlessly share a GPU device in a single VM host

with a minimum overhead compared to the generic case. Given that full stack

HPC applications use large matrix sizes, our framework can provide the nec-

essary bandwidth to offload GPU execution with the minimum overhead due

to remote execution.
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Figure 4.9: Matrix product transfer throughput

To elaborate more on the impact of V4VSockets to the improvement on

the execution time, we plot the throughput achieved when copying one of the

input matrices from the machine’s main memory to the GPU device memory

(essentially this is a cudamemcpy () call) in Figure 4.9. From the array sizes pre-

sented here, the baseline experiment achieves 3.79 GB/s in terms of throughput

and it can reach 4.42 GB/s for the whole benchmark (for larger sizes not shown
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in the Figure), while the peak throughput in the remote V4VSockets case is 2.46
GB/s. However, for a matrix size of 34 MB (2112 x 4224 float type elements)
V4VSockets outperforms the generic case by a factor of 6.3 (0.39 GB/s).

44 Summary

Summarizing, we presented V4VSockets, a highly efficient communica-
tion framework for VMs running on the same physical node. V4VSockets is
compatible with socket API and can be used with various socket applications
executing on co-located VMs, such as web servers, database servers or network
functions (firewall, load balancers etc.). In this thesis, we focused on the GPU
use case and we combined V4VSockets with rCUDA, a remote GPU execution
framework. In this way, we ended up with a high-level approach avoiding the
complexity of a fully virtualized GPU and overcoming both the closed-source
GPU system software and the virtualization-unaware accelerator. Additionally,
this approach provides transparency to CUDA applications but not to GPU ker-
nels written in different APIs. Regarding the scheduling process, we provide the
mechanism for applying coarse-grained policies, although exploring schedul-
ing techniques in this context is beyond the scope of this thesis. Based on our
experience, we argue that modifications to the hardware are necessary for fu-

ture accelerator technologies, in order to apply efficient scheduling methods.



Enabling sharing of Xeon Phi accelerators
in virtualized environments

In this chapter, we describe vPHI, a low overhead Xeon Phi virtualization
framework, that accelerates virtual machines by enabling them to offload tasks
on a Xeon Phi card. To our knowledge, vPHI is the first approach that enables
Intel’s Xeon Phi sharing between multiple VMs running on the same physical
node. Our framework is binary-compatible with precompiled applications, al-
leviating the need for porting or even recompiling existing source code. It also
supports all three modes that are defined in the Xeon Phi model of execution,
i.e. native, offload and symmetric.

We use Xeon Phi architecture in the form of device accelerator as our use
case and enable coprocessor sharing between virtual machines on the same
physical host by virtualizing the transport layer of the accelerator’s software
stack. Compared to our previously described approach of GPU virtualization,
in this work we choose Xeon Phi accelerator, since the corresponding software
stack is provided as open-source and thus we are able to virtualize lower levels
of the stack and explore the benefits and limitations of such an approach.

In order to leverage Xeon Phi coprocessor capabilities in virtualized envi-
ronments, Intel offers a couple of solutions with KVM [23] and Xen hypervi-
sor [24] using the PCle passthrough method. Additionally, VMware supports
Xeon Phi with ESXi using the same technique [79]. These virtualization ap-
proaches offer near-native performance at the expense of the inability to share
a single accelerator device to many VMs, since the Xeon Phi card is being di-
rectly assigned exclusively to a single VM. With vPHI we manage to enable
sharing of a Xeon Phi device by multiple co-located virtual machines.

In the following, we describe the design and implementation of vPHI and
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afterwards we present the evaluation results executing various experiments.

5.1 Design and implementation of vPHI

One of the basic requirements in the design of vPHI is to enable sharing
of a single Xeon Phi coprocessor between co-located virtual machines on the
same physical node and to provide the ability to multiple VMs to concurrently
offload workloads to the accelerator. We implement vPHI using QEMU-KVM
as the hypervisor and virtio as the paravirtualization interface. As shown in
Figure 5.2, vPHI consists of a guest kernel driver and a QEMU backend de-
vice implemented in host user space. During the implementation phase, we
gradually proceeded with two versions of our prototype due to performance
implications. In the first version of vPHI, we needed to make a slight modifica-
tion to the KVM host kernel module, in order to properly redirect page faults
to the guest, while in the second version, we modified the host Xeon Phi driver.
Despite that our goal is to be as less intrusive as possible, the modification of
the first version is necessary in order to support mapping of guest user mem-
ory areas to Xeon Phi device memory through scif _mmap (), while the second
version’s modifications in the host driver benefit vPHI in terms of performance.
We further analyze these modifications in the following paragraphs.

Essentially, vPHI intercepts original SCIF transport requests and redirects
them through the backend QEMU device. Upon receiving these requests, the
backend driver forwards them to the host SCIF driver, which controls the phys-
ical device. After the completion of an I/O request, the results are pushed back
to the stack following the opposite direction eventually reaching the original
requester, which usually is a runtime’s transport layer. Simultaneous multi-
threaded execution requests from different VMs can end up running in parallel
on the Xeon Phi device spread across the available cores of the card. If there is
an oversubscription regarding requested threads to physical cores ratio, then
the resource multiplexing is accomplished by the scheduler of the uOS which
runs on a dedicated Xeon Phi core. Figure 5.1 demonstrates at a high-level view
the way that vPHI utilizes virtio to enable sharing of the accelerator device both
between applications inside a single VM as well as between different VMs run-

ning on the same physical host. At a more detailed level, in Figure 5.2 we con-
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sider a SCIF request triggered by an application inside a VM and show the
corresponding I/O path. This is a representative scenario that occurs in any of
the three aforementioned Xeon Phi modes of execution. Solid lines represent
the control path, while dashed lines represent the data path. We refer to each
phase of Figure 5.2 in the subsequent paragraphs, as we describe each compo-

nent and its operation.

a w VM

application application application

. /
N/

VvPHI virtual device vPHI virtual device

Hypervisor

Figure 5.1: vPHI sharing scheme

Based on Figure 5.2, we describe the example of an application executing
on a VM that offloads computational kernels to the Xeon Phi card. As we men-
tioned previously, this scenario can occur in parallel with different applications
inside a VM or even by multiple VMs using vPHI, which enables sharing at
both levels. In Figure 5.2, we show an example of two VMs (VM_1 and VM_N)
that concurrently offload computational tasks sharing the single Xeon Phi de-
cice. In the following, we focus our description on one of the two VMs, but the
procedure is the same for every other VM that follows this example. The run-
time has to request DMA transactions with Xeon Phi as the destination for the
binary, libraries etc., through (1ibscif) library (step a). Afterwards, 1ibscif
issues (step b) the corresponding system call (open(), close(), ioctl(),
poll (), mmap()) depending on the operation requested. Most of the SCIF
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functionality is exposed to user space through different ioct1() commands.

Since vPHI implements SCIF operations, both the runtime/application as well

as libscif remain intact and no recompilation is even needed. Hence, the

issued system call is intercepted by the vPHI frontend driver.
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Figure 5.2: vPHI Architecture (data and control Path)

vPHI frontend driver: We implement vPHI frontend driver as a Linux
kernel module which is inserted dynamically at guest kernel space. The driver
acts as a “glue” between virtualization-unaware 1ibscif and the rest of the
stack by forwarding the operations requested to the vPHI backend device through
virtio communication channels. Among its duties, the frontend driver multi-
plexes requests and orchestrates the user space threads or processes that are

waiting for a response from the coprocessor. We had two design choices in this
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step: we can either implement a polling-based method or an interrupt-based
one. Since busy-waiting on a shared resource consumes CPU cycles, we chose
the interrupt-based approach, adding up some extra overhead when the driver
sets up the sleeping mechanism, in favor of better performance: i) when the
number of parallel requests increases and ii) when the total procedure lasts
much more than the registration of the sleeping mechanism. Thus, the driver
places a reference to a buffer in the shared ring structure, then notifies the back-
end device (c) that there is a pending request and registers the waiting mech-
anism until a wakeup event arrives. When this happens, the interrupt handler
checks the last response in the shared ring and wakes up the respective entity
to continue and push the data up to the stack. Throughout this procedure the
only copies that occur are the ones between user space and kernel space at each
direction of the path (j, ii). Every other data exchange is realized through ref-
erences reducing the virtualization overhead especially for large data transfers.

vPHI backend device: We design vPHI backend device as a virtual PCI
device and implement it as a QEMU extension. As we mentioned previously,
the backend is notified by the frontend (c) when a new request has been pushed
to the virtio ring. Then, the backend checks the shared ring and maps the buffer
to its address space avoiding again any copies. The backend has access to the
memory mappings of guest physical address space to host user space, since
it registers guest memory when the VM boots. Afterwards, the backend per-
forms the relevant system call (d) to the host SCIF driver and waits for the
result. When the system call returns, it pushes the result to the shared ring and
notifies the guest via a virtual interrupt (e). Following this approach, every VM
on the same physical machine, is represented by a different QEMU host pro-
cess. Thus, Xeon Phi sharing is enabled, as from the host driver’s perspective,
multiple VMs issuing SCIF requests are essentially multiple host processes that
execute system calls to the SCIF driver in parallel.

Blocking vs non-blocking mode: QEMU has been implemented based
mainly on an event-driven approach. As such, QEMU handles events as they
are produced and during that time the whole VM is in blocking mode. Any pre-
viously running entity inside the guest pauses. This model prevents race con-
ditions and avoids many synchronization points at the cost of suspending the

execution of the virtual machine. That way, event handling should complete as
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early as possible to prevent noticeable pauses of the guest. In a few cases, when
this is not possible, QEMU follows a threading model, according to which it
spawns a worker thread that executes the long-running handling of the event,
and falls back to the event-driven mode unfreezing the VM.

In designing vPHI functionality, we had to decide between these two modes
for SCIF operations. Following QEMU’s approach, we chose the blocking mode
for most SCIF operations and a non-blocking mode for operations that oth-
erwise would potentially block the virtual machine for an unacceptable pe-
riod of time. For example, SCIF defines a connection-oriented model between
two endpoints before data transfers begin and in this context it implements
scif_listen() and scif_accept () with similar logic to the POSIX sock-
ets API. Hence, we implement scif_accept () in a non-blocking way, since
we do not know beforehand when a corresponding scif _connect () request
will arrive. For data transfer requests, we follow the blocking model, although
one can argue that the blocking cost increases proportionally with the data size.
The performance tradeoff to consider here arises on the one hand from the
blocking cost that prevents any other threads inside the guest to make progress,
while on the other hand from the overhead of creating and eventually destroy-
ing the worker thread. As the data size increases, the non-blocking method
appears more appealing. Hence, compared to our first prototype, we imple-
ment an additional non-blocking operation for send-receive operations and
integrated into the framework.

Guest memory registration and MMIO: Apart from two-way send-receive
communication semantics, SCIF also supports remote memory access for ex-
changing data between host and device memory, exposing the relevant API
(scif_(v)readfrom(), scif_(v)writeto()). For a buffer to be involved
in a set of remote memory operations, the relevant memory pages have to be
pinned. Memory pinning refers to a procedure according to which a page or
a set of pages are marked in a way that prevents the operating system from
swapping them out. In this way, a subsequent remote memory read from these
pages would load valid data to the remote node. If the respective pages are not
pinned, and happens to have been swapped out, the read operation will ac-
quire invalid data, without any chance to produce a page fault and bring back

the original data from the disk. Likewise, a remote memory write operation
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could overwrite data of some other process in case of a previous swap out. SCIF
exposes the memory pinning functionality through scif_register()/scif
_unregister () calls. In vPHI's implementation of memory pinning we first
pin the pages that the user requested in the guest operating system. These pages
correspond to the user-supplied buffer which refers to the guest user space.
However, the buffers which are pushed to the shared ring always refer to the
guest kernel space and subsequently, virtio translates them to guest physical
space in order to be later accessed by QEMU backend through the mapping to
its own host user space. Thus, before it uses the shared ring, vPHI first maps
the respective pinned page to a kernel address, and then it pushes this buffer
to the virtio ring for further processing. This operation must be performed for
each individual page, since a contiguous buffer is required by the host driver
and this is not guaranteed at guest physical (or equally host virtual) address
space. At this point, we perform an optimization compared to the first ver-
sion of our prototype in order to further reduce the virtualization overhead
of memory registration. Specifically, we modify the host driver by adding an-
other ioctl() operation, namely SCIF_REGYV, in order to support input of
non-contiguous buffers inside an array. As a result, the backend performs a
single ioctl () reducing the total registration overhead of the first version due
to the unawareness by the host kernel driver of the existence of scattered guest
memory.

Apart from remote read/write operations with the pinned bufters, SCIF
supports memory mapping of remote buffers to the local address space through
scif_mmap (). After a successful call to scif _mmap (), in order to access Xeon
Phi memory, the user can simply dereference (load/store) the relevant mmaped
memory address without any intermediate library or system call. This memory
access would either page fault to the host operating system, which will confirm
the validity of the mapping and fetch the corresponding frame to main memory
or retrieve the data from the main memory that a previous memory access has
forced to fetch. Inside scif _mmap () the host properly setups the correspond-
ing memory management structures pointing to device memory. In vPHI, we
perform a two-level mapping, one from the user-supplied address to a guest
physical frame and a second from the guest physical frame to the host phys-

ical frame, which corresponds to Xeon Phi memory. The problem with this
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approach lies in the fact that if an application running inside a virtual machine
performs e.g. a pointer dereference of a previously successfully mapped bufter,
then it will fault into the KVM host kernel module, which will try to examine
the situation based on the address that faulted. However, this address will be
interpreted by the host driver as a reference to its own address space leading to
an invalid memory area. In order to overcome this problem, we have to make
a slight modification to the host driver as well as the KVM. Linux kernel sepa-
rates different mappings by defining different vinas (virtual memory areas). We
therefore tag every vma that has been created by vPHI during scif _mmap ()
using a new label (VM_PFNPHI) and store the relevant physical frame number.
Then, in every fault that is triggered by a vPHI mmaped area, KVM spots the
frame number that corresponds to the respective Xeon Phi memory region.

Implementation details: During a SCIF data transfer using vPHI, the guest
frontend driver first allocates a buffer and copies the user-supplied data (for
the send/write case) or the received data (for the receive/read case). In this
step we need to allocate guest physically contiguous pages, so we use kernel’s
kmalloc () API, since this set of pages will be later used for I/O between guest
and host through virtio ring. However, the Linux memory subsystem imposes
a limitation on the maximum set of physically contiguous pages that can be
allocated. This upper limit is defined in the kernel (KMALLOC_MAX_SIZE) and
depends on the architecture. Specifically, for x86_64 architecture the limit is
4MB. Hence, if the requested data size is greater than this value, we implement
the data transfer breaking up the allocation to KMALLOC_MAX_SIZE elements
and proceed with each one of them.

The host Xeon Phi driver exposes a set of information related to the Xeon
Phi, such as the family codename of the accelerator, through the sysfs filesys-
tem. Some of Intel’s software runtimes and tools rely on this information to
operate as intended. Thus, we implement the necessary functionality, in order
to be able to offload workloads on the Xeon Phi, and we expose the same in-

formation that is provided in the host.



5.2. Performance evaluation

5.2 Performance evaluation

5.2.1 Experimental setup

In this section we describe the experimental evaluation methods we used
to analyze the behavior of vPHI in several scenarios and present the results that
emerged. We setup a host machine with 1x Intel Xeon E5-2695 v2, 64GB RAM
(DDR3-1600Mhz), equipped with an Intel Xeon Phi 3120P coprocessor. We
configure the node as a VM host using QEMU-KVM as the hypervisor.

At first, we implement a set of microbenchmarks to evaluate raw SCIF per-
formance of the first version of our prototype and we show the results in Sec-
tion 5.2.2. Next, we conduct a higher level experiment using dgemm from Intel
samples [38] for matrix multiplication. For the dgemm experiment we follow
the native mode of execution according to Intel’s execution model.

In native mode of execution there are two choices. The user can either
ssh to the accelerator and execute the application locally, or launch the MIC
executable directly from the host. In the first case the user should explicitly
copy the executables, libraries and other dependencies on the coprocessor and
then execute the application. In a virtualized environment, this can become
possible by configuring a network bridge on the host between the emulated
micO network interface and the interface that is attached to the VM. However,
this configuration is not well-suited for cloud environments. Such setups can
end up with many users logged in a shared accelerator environment ruining the
isolation characteristics of cloud computing. Hence, we test the native mode
using the latter case described, which is enabled by vPHI.

Afterwards, we evaluate the optimized version of vPHI and we conduct a
set of high-level experiments based on the Scalable Heterogeneous Computing
Benchmark Suite (SHOC) [75] using the offload mode of execution. Finally, we
use one of the SHOC benchmarks to demonstrate the sharing feature of vPHI

and how it behaves when multiple VMs use the single Xeon Phi coprocessor.

5.2.2 Microbenchmark performance

We implement a set of microbenchmarks that exchange data over the PCle

between the host and Xeon Phi using SCIE. We execute these benchmarks in
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order to estimate the virtualization overhead of vPHI. We analyze vPHI perfor-
mance using send-receive two-way communication as well as remote memory
operations. First, we execute the benchmark on the host, in order to obtain
the baseline performance. Then, we spawn a single-core VM with vPHI and
execute the benchmark in the virtualized environment. In both cases, a corre-
sponding server is executed on the coprocessor, in order to serve SCIF send
request (in the send-receive case) or properly register device memory (in the
remote memory operation case).

In order to measure latency, we use the send-receive benchmark, accord-
ing to which a SCIF server is launched on the accelerator, listens for connec-
tion requests and when a connection is established, it blocks on scif _recv (),
waiting to serve data to the respective client. In this context, a SCIF client is ex-
ecuted on the host (or on the VM), which connects to the server and sends a
number of data. We show the corresponding latency measured for the host as

well as for the vPHI in Figure 5.3.
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Figure 5.3: Send-receive communication latency

For the native (host) execution the latency for sending 1 Byte is 7 us, while

for the virtualized one, the respective latency climbs up to 382 us. Hence, the



5.2. Performance evaluation

virtualization overhead of vPHI is 375 us (=382—7). Since this is a notable in-
crease, we performed deeper breakdown measurements to further investigate
the cause of this overhead. Based on the breakdown analysis, we conclude that
93% of this overhead is attributed to the waiting scheme of vPHI inside the
frontend driver. More specifically, when the frontend driver issues a SCIF re-
quest to the shared ring, the relevant process is placed on a waiting queue, until
the request is fulfilled. When the backend has finished the execution of the re-
quest, it triggers a virtual interrupt and the interrupt handler in the guest wakes
up all sleeping processes, which check the shared ring to determine if the reply
is for them. The mechanism of sleeping and waking up is the main source of
performance degradation for latency-sensitive workloads. As we mentioned in
the previous sections, this scheme is necessary for larger data transfers in order
to reduce the CPU utilization of an alternative busy-wait method. A possible
hybrid approach can be used that can switch modes depending on the applica-
tion. More specifically, it can use each time the best of the two available schemes
depending on the requested data size, so we can enable near-native latency for
small data sizes, while retaining acceptable transfer rate for larger ones. Finally,
in Figure 5.3 we can observe that the previously mentioned overhead remains
constant as data size increases, so there is a constant offset in terms of latency
compared to the baseline measurement.

Next, we execute another benchmark using the SCIF remote memory ac-
cess model, which is more suitable for larger data transfers, in order to esti-
mate the maximum throughput that vPHI can attain. In this experiment, we
launch an executable on Xeon Phi, that again listens for incoming connec-
tions and then pins a device memory area based on the requested size using
scif_register(). In the host (or VM) side the benchmark requests a con-
nection and afterwards it performs a remote read from the accelerator device.
The results are depicted in Figure 5.4. We can observe that the host’s remote
read can reach 6.4GB/s, while vPHI’s respective throughput is 4.6GB/s, which
equals to 72% of the host case.
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Figure 5.4: Remote memory access throughput

5.2.3 Application performance in native mode of execution

In this subsection we show the results of a higher level application that
we used with the first version of vPHI. We measured the execution of cblas_
dgemm matrix multiplication from Intel samples [38], which uses the MKL [37]
library. We use micnativeloadex, a tool that Intel provides to enable launch-
ing of MIC executables to the coprocessor directly from the host, following the
native mode approach. As we previously described, micnativeloadex uses
the COI library and communicates using the SCIF protocol with coi_daemon
executed on the coprocessor. Micnativeloadex’s role is to properly setup the
environment, launch the necessary libraries and executables and spawn the re-
quested number of threads.

In this experiment we execute micnativeloadex with dgemm as the sup-
plied binary on the host and on the VM. After the moment that the dgemm
executable has been launched on Xeon Phi and since it is executed as a whole
without vPHI intervention, we observed no performance degradation for the
vPHI compared to the host concerning actual execution time on the device.

In order to estimate the overhead of vPHI in the entire offloading procedure,
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however, we also measure the total time of execution from the moment that
micnativeloadex is launched on the host (or the VM) until the final results
are produced and the tool finishes execution. We vary the number of threads
as well as the size of the matrices. The accelerator has a total of 57 cores, of
which 56 are available for processing, since the uOS uses a dedicated core. It
also provides 4 threads per core exposing a total of 224 threads for the user.
Hence, we execute the benchmark with 56, 112 and 224 threads. We plot the
results in Figure 5.5, Figure 5.6 and Figure 5.7 for 56, 112 and 224 number of

threads respectively.
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Figure 5.5: Launch and execution of dgemm using 56 threads
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Figure 5.6: Launch and execution of dgemm using 112 threads
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Figure 5.7: Launch and execution of dgemm using 224 threads

The Y axis represents the normalized total time of execution that includes
the launching of the necessary binaries usingmicnativeloadex from the host
(or the VM) and the actual execution on the accelerator. The X axis represent
the total size of the two input arrays. We try to setup and present a meaningful
experiment in terms of input data size. From the above figures we can draw the
conclusion that for larger experiments (in the order of seconds), which include
longer-running loops as well as transferring sizable binaries (libraries/executa-
bles) over the PCle, the virtualization cost of vPHI is amortized and the relative
overhead compared to the total execution time is negligible. In contrast, as the
size of transfered data decreases, vPHI’s virtualization overhead has a greater
impact, as the previous latency experiments prove. However, given the cost of a
PCle transaction, a typical scenario involving a coprocessor usually consists of
loading a substantial amount of data followed by a heavy computational phase,
because otherwise it may not worth the effort of offloading a small amount of
data and perform a light computation that could be carried out on the local
CPU with less overhead.

5.2.4 Application performance in offload mode of execution

In this subsection, we present results from high-level benchmarks that of-
fload popular computational workloads to Xeon Phi. We use the SHOC suite
[75] and execute benchmarks i) natively and ii) inside a virtual machine com-

bined with the second version of vPHI, in order to determine the overhead and
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the robustness of the system. We also vary the threads that run on the Xeon Phi
and execute each benchmark spawning 56, 112 and 224 threads on the copro-
cessor. We execute the GEMM and SPMV benchmarks 10 times and we plot

the mean and standard deviation.
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Figure 5.9: GEMM benchmark (problem size s=2)

First we present GEMM, which measures performance of matrix-matrix
multiplications using Intel MKL (Math Kernel Library) [37]. We execute sin-
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gle (SP) and double (DP) precision tests in native and virtualized environment.
We use two different problem sizes (s=1 and s=2) and also use the transpose
mode of the application. The results are depicted in Figure 5.8 for s=1 and in
Figure 5.9 for s=2. Specifically, the s=1 problem size equals to 98304 matrix el-
ements for SP (f1loat) tests and 32768 matrix elements for DP (double) tests,
while the s=2 problem size equals to 1179648 matrix elements for SP (float)
tests and 327680 matrix elements for DP (double) tests. Each compute kernel
is executed 4 times. Finally, the _PCIe suffix indicates that the results include
both the execution as well as the transfer time, while the remainders consider
solely the execution time. This explains the lower performance of the _PCIe
results compared to the non _PCIe ones both for the native and the vPHI case.
Concerning the difference in performance between the native and the vPHI
scenario for the compute phases, we can observe that the virtualized perfor-
mance is 47%-72% of the native case (depending on the number of threads) for
s=1 problem size and 74%-94% of the native case for s=2. The increased per-
formance overhead for s=1 is attributed to the fact that the computation kernel
is small and thus the virtualization overhead participates more in the total time.
Regarding the number of threads, in both the virtualized and the native case
the performance is significantly increased only for the larger (s=2) problem
size as we increase the number of threads. Specifically, for the native case, the
performance is increased to 67%-83% from 56 to 112 threads (depending on
the operation) and to 38%-73% from 112 to 224 threads, while for the virtu-
alized case the performance is increased to 56%-77% from 56 to 112 threads
and to 26%-63% from 112 to 224 threads. Regarding the _PCIe measurements,
the virtualized case performs at 53%-70% of the native case for s=1 and 85%-
94% of the native case for s=2 problem size. In the first version of vPHI (not
shown in the Figures) there was a significant increase in virtualization over-
head for the _PCIe results compared to the compute phases. This increase
was expected for the _PCIe results, since they expose the transfer time over
the PCle, during which the SCIF registration layer (and consequently vPHI) is
more heavily used. However, in the second (optimized) version of vPHI we ob-
serve that there is not such an increase, since the virtualization overhead of the
registration operations has been significantly reduced. Regarding the number

of threads for the _PCIe results in the s=2 problem size, the performance for
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the native case is increased to 41%-51% from 56 to 112 threads and to 10%-
36% from 112 to 224 threads, while for the virtualized case the performance
is increased to 31%-50% from 56 to 112 threads and to 13%-30% from 112 to
224 threads. As we describe in the next subsection, the aforementioned virtu-
alization overhead can be amortized when running applications that transfer
their data over the PCle once and then execute multiple computations on the
accelerator.

Next, we present the SPMV benchmarks of the same suite. Figure 5.10
and Figure 5.11 depict the results of SPMV experiments for s=1 and s=2 re-
spectively for single and double precision using Intel MKL. For the SPMV
benchmark, the s=1 problem size equals to 1024 rows, while the s=2 prob-
lem size equals to 8192 rows for the matrix. Each SPMV kernel is executed
100 times. We can observe that for s=2 the MKL_MIC-DP with vPHI performs
at 90%-96% of the native case. Similarly, the corresponding performance for
the MKL_MIC-DP_PCIe is at 90%-94% of the native case (for the s=2 size). Re-
garding the number of threads, we observe a dropdown for the smaller problem
size both for vPHI and the native case, while for s=2 the increase in number of

threads benefits the applications.
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Figure 5.10: SPMV benchmark (problem size s=1)
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5.2.5 VM sharing

As we observed in the previous experiments, the performance of the data
transfer is reduced in the virtualized case. For this reason, in this subsection we
gradually build a use case that reduces the significance of the transfers over the
PCle, by either performing them when another VM executes computations on
the coprocessor or by preloading the data and then execute operations on the
device for longer running experiments. We base our analysis on the Reduction
benchmark from the SHOC suite, which measures the performance of sum
reduction operation on floating point numbers.

First, we show the virtualization overhead of a single VM that executes the
Reduction benchmark. We execute the benchmark 5 times and we calculate the
mean and standard deviation. We plot the results in Figure 5.12. For the prob-
lem sizes of this benchmark, the s=1 problem size equals to 1048576 elements
for SP (f1loat) tests and 524288 elements for DP (double) tests, while the s=2
problem size equals to 2097152 elements for SP (float) tests and 1048576 el-
ements for DP (double) tests. Each reduction kernel is executed 256 times. Re-
garding the virtualization overhead, vPHI performs at 90%-98% of the native
case in the Reduction-DP for the s=2 problem size. Regarding the number of
threads, the performance of Reduction-DP for s=2 is increased significantly
from 56 to 112 threads (277% for the native case and 278% for vPHI).

In the following, we demonstrate the effectiveness of vPHI when it is uti-

126



5.2. Performance evaluation

250

200
0 vPH

0 vPHI
B native 52
B vPHI

W native
0O vPHI

i
| nanvei
;

150

GB/s

100

0 vPHI
0 native
B vPHI

Reduction Reduction-DP
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lized in parallel by multiple virtual machines. In this context, we launched 1, 2,
4 and 8 processes on the host and 1, 2, 4 and 8 single-vCPU VMs respectively
for each configuration and execute the Reduction benchmark from the SHOC
suite for each VM (or host process) in parallel. Inside each VM (or host pro-
cess), we execute the Reduction benchmark 5 times and consider the mean of
these executions for every VM (or host process). We also vary the number of
Xeon Phi threads as previously. Figure 5.13 and Figure 5.14 depict the results
of this experiment for two different problem sizes (s=1 and s=2). More specif-
ically, in Figure 5.13 we plot the raw measurements, while Figure 5.14 shows
the normalized results. The results in Figure 5.14 are normalized to the single
host process execution for each thread configuration.

Figure 5.14 shows that for the s=2 problem size and for 56 threads vPHI
achieves near-native performance for 2 VMs, 4VMs and 8 VMs compared to
the single host process execution. The counter-intuitive observation of the low
performance degradation even when every VM uses all the available threads
(224) is attributed to the nature of the execution, as there are overlapping phases
that the scheduler of the uOS can take advantage of to schedule threads from
different VMs. We believe that for accelerators like Xeon Phi, where a transport
layer is exposed and also scheduling capabilities are feasible on the device, there
is enough room for cloud providers to embrace the heterogeneous character-

istics of the resulted infrastructures and expose the sharing potential to their
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Figure 5.14: VM sharing (compute phase - normalized results)

users.

In the last experiment, we setup a configuration to demonstrate the useful-
ness of our framework simulating a more dynamic, real-world scenario. Specif-
ically, we consider the use case of multiple VMs in a cloud environment, that
while executing an application on the CPU, they need to instantly acquire the
accelerator to compute a result as quickly as possible and then continue the
execution on the CPU. With this approach we try to simulate long-running
daemons that have preloaded their data on the accelerator and at some point

in time require a fast computation. This is realized by multiple VMs in par-
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allel that acquire the accelerator at some point randomly and in a continuous
and dynamic manner. The idea is that the probability of simultaneously co-
executing kernels on the accelerator at the exact same time is highly reduced.
Additionally, the accelerator resources are utilized more effectively compared
to a non-virtualized, non-sharing scenario, during which the accelerator could
remain underutilized for much longer phases.

In order to simulate the previously described scenario, we modify the Re-
duction benchmark from the SHOC suite as follows: when the benchmark on
a VM is launched, first it copies the data over the PCle, it performs a warm-
up execution and then it synchronizes until all of the VMs have reached this
phase. After this point, we start the timer, since the preloading of data in this
experiment is considerd out of the critical path. Next, it processes a loop, ac-
cording to which it sleeps for a random period of time (from the [0..3]seconds
set) and when it wakes up, it executes the reduction kernel for 1024 iterations.
After the execution of the kernel, it sleeps again. The application continues this
cycle with the benchmark’s data already loaded and exits when a specific pe-
riod of time elapses. We assign each application with 224 threads and execute
these loops on the VMs for a total of 5 minutes. We consider a single operation
as the total of the 1024 iterations of the reduction kernel.

The result is a dynamic execution of multiple VMs that utilize the single
accelerator, when they need to with their data loaded for all this period. The
metric in this experiment is the summary of the operations of all the VMs that
are completed in the system. Also, we execute the same benchmark as a single
host application and we compare the results. The idea behind this choice is that
although a single application can result in greater performance compared to a
single VM, on the other hand when multiple VMs are launched, they leverage
the idle phases of the application and hence the overall throughput is increased.
The single applications represents the direct assignment of the accelerator to
a single entity. Contrary to the previous SHOC experiments, where we used
affinity for the accelerator threads in order to be spreaded on the device cores,
in this experiment we only set the number of threads without using affinity
trying to approach a real-world scenario, according to which the VM user is
not aware of the other VM5’ affinities and hence it allows this task to be handled
by the accelerator’s scheduler. We plot the results in Table 5.1.
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We observe that the total throughput of the system is increased by up to
3.56x for 4 VMs, compared to the single host process execution and thus vPHI
enables a better utilization of the accelerator. The total throughput reaches its
peak value at 4 VMs and beyond that, as we increase the number of virtual
machines, the total throughput starts to degrade because of the increased con-

tention on the accelerator.

Total operations

1 host process 199
1VM 188
2 VMs 370
4 VMs 709
8 VMs 412

Table 5.1: Total operations completed after 5 min of execution

5.3 Summary

In this chapter, we presented vPHI, a paravirtualization framework of Xeon
Phi accelerators which enables sharing of the device between VMs running on
the same node. We designed and implemented a virtualization layer of the low-
level transport SCIF API, since the relevant software components are provided
as open-source. Using this technique, we avoid the complexity of a fully vir-
tualized accelerator and we provide transparency to the higher level software
components that use SCIE. Furthermore, we reduce the virtualization over-
head due to the accelerator’s virtualization-unawareness of the scattered guest
physical memory by modifying the host driver. In the evaluation section, we
tried to setup and presented a long-running experiment in a loop with VMs re-
quiring a quick computation on the accelerator with preloaded data and then
sleeping for a random period of time. In this way, the probability of simultane-
ously co-executing kernels on the accelerator at the exact same time is highly
reduced and each VM can be “scheduled in” the accelerator with less over-
head due to the existence of its data in device memory. With vPHI we provide

the mechanism for applying scheduling algorithms, but the thorough study and



5.3. Summary

exploration of such techniques are beyond the scope of this thesis. In order to
apply more effective scheduling policies and to enable more efficient sharing of
such devices, we believe that next generation accelerators need to be designed
with awareness of the potential existence of virtualized entities on the systems

they are attached to.
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Related work

In this thesis we examine the problem of virtualizing accelerator devices
and in this context we have explored various related techniques from previous
work. In the following sections, we describe the related work and we mention

the key points of each one compared to our approaches.

6.1 Intra-node communication

In Chapter 4, we described our approach of utilizing rCUDA over V4VSock-
ets, our optimized intra-node communication framework in the Xen hypervi-
sor. In this section we describe the previous work towards optimizing commu-
nication of virtual machines that reside on the same physical node.

In [82] the author provides an extensive survey of the available intra-node
communication mechanisms between virtual machines. In this context, he men-
tions that a major source of intra-node communication overhead is the com-
plex data path between co-existing VMs. Network traffic between peer VMs is
redirected via the driver domain, resulting in a significant performance penalty.
Packet transmission and reception involves traversal of the TCP/IP network
stack and the invocation of multiple Xen hypercalls. Several optimizations have
been proposed regarding this limitation, such as shared memory techniques
that are provided by the Xen hypervisor and are exploited to facilitate data ex-
change between VMs. Using a pool of shared pages for direct packet exchange
seems a lot more efficient than traversing the network communication path via
the driver domain. XenSocket [85] and IVC [33] provide a basic, one-way com-
munication channel using socket semantics, introducing a new address family

type. XenLoop [83], on the contrary, intercepts calls to local VMs through the
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Linux netfilter mechanism and establishes a full-duplex data channel between
peers to efficiently exchange data. In XWay [42] the authors define a new vir-
tual device that establishes direct communication between VMs, bypassing the
driver domain completely. Additionally, in [88] the authors propose an opti-
mized path through the Xen hypervisor using shared memory, while SChan-
nel [32] provides a bidirectional shared memory channel via the driver domain.
MMNet [64] eliminates copies by mapping the entire kernel address space of
a VM into the address space of its communicating peer. Furthermore, YAS-
MIN [66] provides an optimized intra-node communication path through the
hypervisor, but using the less secure shared memory technique. In [27] Guan et
al. propose a communication-aware scheduling technique between co-located
VMs in order to reduce the corresponding network latency.

Apart from methods like the above that exploit the co-location of the com-
municating VMs, there has been great effort using less intrusive approaches for
optimizing the existing network stack in Xen. For instance, Menon et al. [48]
improve network performance by introducing copies instead of page remap-
ping and using advanced memory features, such as superpages and global page
mappings.

Similar approaches to the aforementioned works have been proposed con-
cerning other hypervisors as well [14, 28]. Specifically, in [14] Diakhate et al.
have proposed an approach for KVM using shared memory techniques via a
virtual message passing device targeting MPI applications’ virtualized context.

We build on this strand of the literature, but instead of optimizing the data
path through the driver domain, we bypass it, using the hypervisor as the net-
work medium. Additionally, we avoid the shared memory technique, reinforc-

ing the isolation and security properties for the communicating VMs.

6.2 Accelerator virtualization

From the accelerator virtualization domain, most of the approaches that
have been proposed target mainly GPUs. In the cloud industry, many providers,
such as Amazon [77], Microsoft [50] etc. have started to offer GPU computing
resources as a service. Furthermore, a class of proposed solutions includes the

use of passthrough technology to provide to a VM direct access to a host device.
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Additionally, there are solutions [78, 41] that expose a static number of virtual
GPUs, each one of them directly assigned to a virtual machine. Other works fall
into the full virtualization category [76], according to which no modification
is performed to the guest operating system. Some approaches have been pro-
posed using the paravirtualization technique [25, 26, 81], while others employ
both full virtualization and paravirtualization methods [71].

API redirection technique with a client-server approach is used by some
solutions in order to provide GPU virtualization features [69]. In this con-
text, in rCUDA [62] the authors enable remote execution of GPU tasks, as we
have mentioned previously. These works are based on a client-server model
that communicate over a transport layer. Although this makes the approches
hypervisor-independent, they need to apply transport-specific optimizations
based on the interconnecting environment. In this dissertation, we applied
V4VSockets as the transport medium of rCUDA, in order to exploit the co-
location of VMs in the context of a single GPU that is shared by multiple VMs.
Finally, recently, in [19] the remote acceleration technique is used as well tar-
geting the Xeon Phi coprocessor.

As we have mentioned in Chapter 3, the major GPU vendors provide their
source code in a closed manner. Considering this fact, the corresponding ap-
proaches that virtualize a low-level layer of the stack are impractical, since they
are mostly based on reverse engineering methods, that become unusable in
new versions of GPU devices in case the vendors introduce significant modi-
fications. Additionally, the works that implement a high-level wrapper library
which redirects the path to custom components need to continuously be up-
dated when new functionality is introduced by GPU vendors. In this thesis,
we base our approach to a middleware framework (rCUDA) which remains
updated by constantly providing new releases.

Regarding Xeon Phi virtualization, to the best of our knoweledge, our ap-
proach with vPHI is the first and currently the only solution that enables shar-
ing of a Xeon Phi device by multiple virtual machines. However, there are a few
approaches that are related to this problem from a different point of view. In
this context, Intel provides a set of patches for Xen [24], as well as KVM [23], to
directly assign (PCle passthrough) the coprocessor to a single virtual machine.

The same technique is being utilized by VMware [79], as well, to its ESXi hyper-
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visor. However, PCle passtrough-based methods present a major disadvantage,
as we described in Chapter 2. Despite the fact that an application running in
such a virtual machine can perform at a near-native rate, sharing of a single
physical device to multiple VMs is not possible.

In the context of virtualizing Xeon Phi resources, ScaleMP [1] provides a
solution that abstracts memory and computing resources and exposes them in
a host environment. In this way, an application with high demands on cores
or memory can utilize this platform in a transparent manner. This approach
eventually provides a large SMP configuration to the user rather than a setup
that uses the offload model of execution to virtual machines.

Additionally, there are some approaches towards providing or optimizing
virtualization or sharing characteristics for FPGAs, by realizing a traditional
FPGA as a virtual reconfigurable hardware [34], reducing the communica-
tion complexity between the application and the FPGA resources [46], offering
FPGA-as-a-Service [93], integrating FPGAs to cloud stacks [7, 9, 18, 8,2,73,91,
74, 63], focusing on the properties of scheduling [92, 59], confidentiality [87]
and secure execution [30] in FPGA virtualization environments or targeting
virtual networking appliances [90].

Finally, Yu et al. [89] propose an approach to automatically virtualize ar-
bitrary accelerator APIs. However, in order to construct the virtualized com-
ponents, an input API specification is required. Then, as they authors state, a

developer can virtualize the new API in a matter of days.



Conclusions and future directions

Heterogeneous processing has started to play an important role in high
performance computing systems and due to power-density problems it ap-
pears to have a great potential for future data centers. At the same time, a
large amount of HPC workloads is executed in cloud computing environments,
due to the benefits that cloud offers both for the users and the infrastructure
providers. In this context, there is a growing need to bridge the gap between
the accelerator ecosystem and the world of virtualization, which is the build-
ing block of cloud computing environments.

Based on these observations, this thesis focused on techniques of virtual-
izing accelerator devices aiming for application transparency, portability into
future environments and acceptable overhead due to the added virtualization
layers. To this end, we outlined and categorized the traditional I/O virtualiza-
tion methods and based on this ground we identified the key challenges of vir-
tualizing accelerators compared to traditional I/O devices.

We described alternative paths for data transfers through the various vir-
tualization layers and we outlined the major design tradeoffs for efficient accel-
erator virtualization frameworks. In this context, we proposed two approaches
targeting two different accelerator ecosystems, each one with its own charac-
teristics. With these approaches, we try to overcome or bypass the accelerator
virtualization challenges described in Chapter 3, although for some of them
potential support from the hardware is needed, in order to be addressed ef-
ficiently. Additionally, we focus on the desired properties that we mentioned
in Chapter 1. Specifically, since we propose software approaches, we enable
sharing of the accelerator, flexibility (e.g. ability to migrate or apply scheduling

policies) and we reduce the total cost of ownership in cloud environments that
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expensive IOV solutions would otherwise increase. Regarding transparency,
our first approach is compatible with CUDA runtime applications, while our
second framework retains compatibility with all components that utilize the
accelerator’s transport layer. Our frameworks are also as less intrusive as pos-
sible, except a modest modification that we performed in the Xeon Phi host
driver for optimization purposes. In this context, we tried to reduce the virtu-
alization overhead for our approaches compared to native executions. Finally,
we setup an experiment with a non-batch benchmark to demonstrate the more
effective utilization of the accelerator.

Regarding our approaches, at first, we targeted NVIDIA GPU devices and
we proposed the use of a remote acceleration framework in a single-node virtu-
alization platform combined with a low overhead intra-node framework which
results in efficient application oftloading in virtualized environments. We de-
scribed the design and implementation of our intra-node framework, called
V4VSockets, outlining the use of the hypervisor as the network medium, in-
stead of the driver domain. Although, in this thesis we focused on the use of
V4VSocketsin a GPU use case, our intra-node communication framework can
be combined with other socket applications as well, since it provides socket
compatibility. V4VSockets optimizes the communication of the VMs running
on the same node and besides GPU tasks it can boost socket applications ex-
ecuting on different co-located VMs, such as web servers, database servers or
network functions (firewall, load balancers etc.). Furthermore, we evaluated
our approach using both network microbenchmarks and analyzing a common
GPU stencil. Besides performance benefits, we believe that our indirect GPU
virtualization approach fits well in accelerators that are based on closed soft-
ware stacks, as in these stacks the virtualization of lower level system compo-
nents is impractical. Additionally, our approach retains portability with future
library and driver versions, since it utilizes a remote framework that is con-
stantly updated against host libraries by continuously providing new releases.
We provide V4VSockets as open-source at https://github.com/HPSI/V4VSockets.

In open accelerator software stacks, such as the one that is released with
Intel Xeon Phi, we proposed the use of paravirtualization techniques targeting
the lower transport layers of the stack. In this regard, we described the tradeofts

for our design choices in our framework, called vPHI, and we mentioned the
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key implementation details. Compared to higher level virtualization methods,
our approach provides compatibility with more levels of the stack while at the
same time remains transparent to various device architecture modifications, as
long as the resulting platform is based on the same transport layer. In this con-
text, we argue that effort can be made for future accelerator devices to support
such a generic and common transport. In this way, our method can be applied
to these accelerators and provide transparent access by virtualized entities en-
abling cloud environments to more easily adopt the specialized nature of these
devices. Additionally, we thoroughly evaluated our approach in a virtualized
server and we showed that multiple virtual machines can share a single Xeon
Phi device with acceptable overhead. Especially, in cloud environments where
multiple co-located VMs use a shared accelerator for specific periods of time
with preloaded datasets, vPHI can be a beneficial approach towards increased
overall system throughput leading to better utilization of the accelerator. We
provide vPHI as open-source at https://github.com/sgerag/vphi.

Based on the previous experience, we conclude that for non-virtualization
aware accelerator devices, paravirtualization techniques can result in major
benefits. A critical parameter to decide the target level of the stack to be virtual-
ized is if there are software components of the accelerator environment that are
provided in a closed-manner and in which level of the stack they exist. In case
of an open-source designed software ecosystem, virtualizing lower level layers
of the stack can enable compatibility with various and diverged runtimes and
libraries, a benefit which is impractical with proprietary-oriented software.

In the context of future computing systems, we argue that next genera-
tion accelerator platforms should be designed considering virtualization prop-
erties and sharing of acceleration devices in virtualized environments. Thus,
systems engineers will be able to integrate accelerators into cloud ecosystem
with minimal effort. This can enhance future cloud systems with an abstrac-
tion of heterogeneous resources that can be made available to the users in an
elastic manner.

In such environments, the management of resources considering the cur-
rently running workloads is a major factor of optimal operation. In this context,
future research can focus on new ways of taking dynamic decisions about using

acceleration on specific workloads based on policy priorities, such as energy ef-
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ficiency, fairness, or QoS (Quality of Service).
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