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KepSOOKOTILKO, EKTIALSEVTIKAG 1] EPEVVNTIKNAG PVONG, LTIO TNV TPoVTODEDT Va ava@EpeTat n) Tnyn mpo-
é\evong kat va datnpeital To mapdv upvopa. Epwtipata mov agopovv tn xprion g epyaciag yia
KePSOOTKOTIKO OKOTIO TPETEL VAL ATEVOVVOVTAL TIPOG TOV OLYYPAPEQL.
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ITepiAnyn

[Taporo mov 1o kéAVQoG UNIX XpNOHOTIOLEITAL EVPEWG OTUEPA, AVTH TN OTLYpT| SV LIIdpYEL LTTOOTH-
pLEN YL TNV QUTOHATH AVATTVEN TTPOYPAUUATOY KEADPOVG GE GVYXPOVEG TAATPOPHES XWPIG SIAKOUOTH—
X&vVOVTaG ONHAVTIKA 0QEAN OTIWG 1) EAACTIKOTNTA, 1) KAMAKWOILOTNTA, Kal I TIHOAOYNnon He Baon
™ Xprion. To SPLASH eivat éva véo oboTnua ylo TNV QUTOMATH KAUAKWOT] TPOYPAUUATWV PAOLOD

o€ VOJOEG XWPIG SLAKOWLOTT, XPNOILOTIOLOVTAG £va oLVOVACUO HeTAYAWTTIONG Kat ekTéAeong. To
SPLASH e10dyel fua oelpd véwv evToOAwV kKeADQOLG yla TV ekTéAeon Xwpig dtakopotr, eykabiotd
emkovwvia pong dedopévwv peTadd cLVAPTHCEWV Kat TAPEXEL AVTOUATT, TTAVW-OTNV-WPa avamTuln
Kat KApdkwon xwpic Stakoutotr|. Aflohoynuévo og éva GUVONO TIPAYUATIKWV TIPOYPAUHATWY KeAD-
@ovg, To SPLASH poo@épet €va e0pog emTayvvoewv oe oxéon e to Bash (0.75-14.38x, pécog 0pog:
1.75x)—xwpic va amaltel TPOTOTOLOELG OTA APXLKA TIPOYPAUUATAL.

Ag€eic kA eba
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Kegdalaio 1

Elwoaywyn

To kéAv@og UNIX eival Snpo@Aég kat loXvpod, Kat €XeL pio evpeia YKAUA EQAPUOYDY, OTIWG TPO-
YpAppata XTIoipatog, cuvexng avantuén, ouvexng evowpdtwon, eneepyacia dedopévwy, kat BlomAn-
po@oplikn. Q0TO00, OGOV aPopd TN GVYXPOVN KATACTACT TOV VTTOAOYLOUOD, TO KEAVPOG £XEL peivel
Tiow. ATO TN pia TAEVPA, OL VTIAPXOVOEG TIPOCEYYIOELG Yia TNV KAUAKWOT) TWV TPOYPARRATOV KeAD-
@ovg [34, 40, 54, 82] dev vmootnpilovy v avantvln xwpic Stakowotr. And TV dAAN TAevpd, Ta
TpEXOVTa TAaiota avantuéng xwpig Staxopotn [1, 2, 8, 15, 26, 27, 30, 33, 36, 37, 53, 58, 74, 78, 84] &i-
vat TpoopLopéva yia ovykekpipéva media. Evw oplopéva ovotrpata eivat oxedtaopéva ya avamtoln
eQappoywv xwpic Stakoplotr yevikod okomov [17, 18, 87], anattody amd Tovg TPOYPAUHATIOTES Va
XPTOLOTIOLOVY HOPPEG TIOL eival ELSIKEG YL TO EKAOTOTE CVOTNHHA Kat OeV HTOPOVY va avtanokptiodv
OTNV EKPPACTIKOTNTA Kat TN Suvapikn Oon Tov keAb@ovg. Etot, To kéAvgog xdvel auTiy Tn oTiyun
ONUAVTIKA OQENT TTOV TTPOTPEPEL O VTTOAOYLOUOG XWPIG SLAKOULOTT), OTIWG EAAOTIKOTNTA, KAILAKWOL-
HOTNTA, KAt TIHoAOYN o pe Pdon T xpron.

To SPLASH eival éva véo ocvoTnpa yia avTOUATN KALAKWOT) TIPOYPAUHATWY KeEADQOLG o€ LTTOdO-
HEG XwpiG SLaKOULOTT, XPNOHOTIOLWVTAG €Va oVVOLAOHO PETAYAWTTIONG Kat ekTéAeonG. Tla va To kd-
vel avtd, To SPLASH maipvel To apxikod mpoypappa keADPOLS wg 6080 kat avayvwpilet TuRpata TOU
pmopovv va kataveunobv oe CUVAPTHOELG. XTT) OVLVEXELQ, ELOAYEL VEEG EVTOAEG YLa AelTovpYieg Xwpig
SLaKOpLOTH—OTIWG KANOT KA ETUKOLVWYVIA CLUVAPTHOEWY, 1) aAAnAentidpaon pe ovotrpata amodrkev-
onG VEPOLG Kat ovpég pnvupdtwy. To SPLASH Snuiovpyei emiong kavdhia emkovwviag pong Hetagy
TWV CLVAPTIOEWY, ETIUTPENOVTAG OTI GUVAPTHOELS VA AVAKAAVTITOUV 1 pia Tnv dAAn kat va Eemep-
VOOV TOVG SIKTLAKOVG TIEPLOPLOUOVG TOV VITOAOYLOHOV Xwpig Stakopiotr. Télog, To SPLASH mpoo@é-
PEL VTTOOTAPIEN Yla ALTORATN AVATTVEN Kot KAUAKWOT XwpiG SIAKOMOTH e Eva KAIK, EMTPEMOVTAG
éva 00VoAo amo Suvapukég PeltioTomnotnoelg anddoong—xwpig kapia mapéupaocn tov xprotn. Aglo-
Aoynuévo oe £€va GUVONO TIPAYHATIKWV TIPOYPAUHATWY KEADQOUG, To SPLASH mpoo@pépel éva evpog
emtaybvoewv o€ oxéon pe To Bash [20], To kabiepwpévo meptBallov oelplakng ekTéNeong Tpoypat-
patwv kehvgovg (0.75-14.38x%, uécog 6pog: 1.75x).

Avtn 1) Simwpatikr epyacia ekva pe Ty avaAvon Twv anapaitntov Oepediwdwy yvwoewy yia
TOV VTTOAOYIOHO XwPiG StakoptaTh, TNV avantuvln mpoypappdtwv kehbgovg UNIX, Kat TIG Tporyov-
peveg poomadeteg KAHdKwaong mpoypappatwy keAvgoug (Kepalato 2). Ztn ovvéxela, mapovotalel
TIG TPOKANOELG TNG EKTEAEONG KEAVPOVG XwpiG SLakopoTr HEow VO Tapadelypatog, Kat Tapéyet pia
emokonnon tov SPLASH kat twv ovvelogopwv Tov (Kepdhato 3). Zvveyilet pe tnv meptypagn tng pe-
TayAWTTIONG Kot ekTéNeong Tov tpoo@épet To SPLASH (KegdAata 4 kat 5), kabwg kat tng aftohdoynong
Tov SPLASH (KegdAaio 6). TENoG, Tapéxel pio eMOKONNOT TOV TIPONYOVHEVOL EPEVVITIKOD £PYOV TIOV
oxetiCetat pe To SPLASH (Ke@dhato 7), kat TEAELWVEL e [ia avapopd TOV HEANOVTIKOD €pYOV KAl TV
ovpnepaocpdatwv (Kegpdhaio 8). To SPLASH eivat puépog tov PASH—evog épyov pe ddeta MIT mov @t-
Mo&eveitar amod 1o T8pvpa Linux. H ékdoon tov SPLASH mov meptypagetat oe autiv Tr SIMAWHATIKY
epyaoia eivat Stabéoun oto https://github. com/nikpag/splash, evw n teevtaia ékdoon eivat da-
Béoun oto https://github.com/binpash/pash.
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Kegdalaio 2

Ynopabpo

AvTO TO KEQAAALO TIAPEXEL APYLKA LA ETMLOKOTINOT] TOV VTOAOYLOUOD VEQOULG, TWV adVVALWY TOV,
KAl TNG EUPAVIONG TOL LTTOAOYIOHOD XwpiG StakoploTh oe pa Tpoonddeta va Eemepaoel avTéG TIG
advvaplies. Ztn ovvéyela, avaAvel AETTOUEPWS TOV VTTOAOYLOUO XWPIG SLAKOULOTH, TIEPLYPAPOVTAG T
O@EAN TOV, TIG TTPOKANOELG TOV, KAl TNV TPEXOVOA KATAOTACT TNG €PELVAG TTAVW GTOV VTTOAOYIOHO
xwpig daxoptotr. Enerta, emkevipwvetal 6to kéAv@og UNIX Kal TIG apatpéoels, Ta TAEOVEKTHHATA,
Kat Ta petovektipata tov. Téhog, mapéyel pa emokonnon twv napeAboviikwv mpoomabelwy yia T
BeAtiwon tng emidoong Tov KeAVPOVG, HETW AVTOATNG TTAPAAANAOTIOINONG KAl KATAVOUNG.

2.1 Ymoloyiopog Négovg

O vOAOYIOPOG VEPOLG gival 1) TPAYHATOTIOINOT] EVOG TTAAALOV OVEIPOV TOL VTTOAOYLOHOD WG VTIN-
pecia, OOV 0L XPHOTEG HITOPOVY VA TANPWVOLY Yla TOUG VTOAOYLOTIKOVG TOPOUG e Pdon Tn Xprion.
[Tapéxet 0TOVG XpOTEG TPOGPAOT OE £V KOLVOXPNOTO GVUVOLO TOPWV—VTOAOYLOTIKT LOXD, amobn-
KELOT), SIKTOVWOT—TOVG OTIOIOVG UTTOPOVV Va TipopnBevToLY Kat va amedevBepwaoovy ypriyopa, e eXd-
XloTn mpoomndBeia dtaxeipiong.

IMeovektipata O VTOAOYIOUOG VEQOLG TTPOTPEPEL apkeTd TAgovekTrHaTa. Ot XproTeg Hmopovy
va €xovv mpooPacn o€ oxedOV ameEPLOPLOTOVG VITOAOYLOTIKOVG TTOPOVG KATd BoVANOT, XWwpiG apyIkn
déopevon, kabwg MAnpwvovy yla ) Bpaxvpobeoun xpron Twv VTOAOYIOTIKOV TOPWY, OTIOTE TOVG
xpetdlovrtat. Ot TOPOL UTOPOVV VA TTIPOCPEPOVTAL OE HELWHEVO KOOTOG, ETELDT| OL TAPOXOL VTINPETLWV
VEQOUG £xovv TOANA peydha kévTpa Sedopévwy kat enw@elovvtat and otkovopieg kAipakag. H ewo-
VIKOTIOIN 0T Hopel va amhomotroel T Aettovpyia Kat va avgnoel Ty aglonoinomn. Ot mapoyot vnpe-
OV VEQOVG UTTOPOVV Vo eMITUXOLY VYMAGTEPT atomoinon Tov VAoV pe Ty mohvmhedia optiwv
arno SLagopovg opyaviopovs.

Advvapieg  TTapolo OV TO VEQPOG TIPOTPEPEL TA TIEPLOGOTEPA ATIO AVTA TA TAEOVEKTHHATA, Sev Ta-
pEXeL TANpwG Ta TehevTaia Svo—amlomoinomn g Aettovpyiog kat o@éAn and tnv movmAegia. Ocov
agopd v amhomoinon NG Aettovpyiag, To VEQog anaAldooel TOVG XPOTEG and Tn AetTovpyia TNng
QULOIKNG VITodounG, aAAd Tovg agrvel pe pia TAnBwpa elovikwy Topwv yla va Staxelpiotovy. Emi-
TAEOV, OL XPTOTEG TIPETEL AKOUA VA AVTIUETWTIOOVY TTOANEG TIPOKANOELG KATA TNV Onovpyia evog
nepIPAAAOVTOG 0TO VEQOG. ZuYKeKPIEVQ, TIPETEL (1) va éXOuv TAEOVAOUO UNXAVILATWY, WOTE 1| ATO-
TuXia €VOG HNYAVIHATOG Va UV amevepyomolel Ty vmnpeoia, (2) va davépovv avtiypaga oe dia-
QOPETIKEG YEWYPAPLKEG TIEPLOXES, YLt VAL SLATNPTIOOLY TNV VTINPETiQ € TEPIMTWOT KATATTPOPNS, (3)
Va L0OPPOTIOVY TO POPTIO Kat va §popodoyovv Ta autata amodoTikd, yia va ekpeTaAlevTovy BEA-
TLOTA TOVG TTOPOVG, (4) Va AVTOUATOTOLODV TNV KAHAKWOT avaloya pe TiG aAAayég 0To QopTio yia
va av€fooLY 1} VAl HELWOOVY TOVG TTOPOVG IOV XPTOLHOTIOLEL TO OVOTNA, (5) va mapakolovBovv Tnv
vmnpeoia ya va Befatwbody ott Aettovpyel kald, (6) va kataypdeovy pnvopata mov xpetdfovrat
yta armoo@alpdtwon 1) Pertiwon g anddoong, (7) va xepifovtat avaBabuioelg tov cvoTHATOG, GL-
pneptAapPavopévwy TV eVUEPWOEwY ac@aleiag, (8) va HETAPEPOVY Ta UNXAVILATA TOVG O VEEG
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ekd00ELG, OTaV avTéG yivovTal Stabéoipes. Ooov agopd Ta 0QEAN IOV TTPOKVTITOVY ATTO TNV TOAVTIAE-
Ela, autd mapatnpobdvtat kKupiwg oe poptia mov enegepydlovtar ovvola Sedopévwy o QATELs, OTwG
To MapReduce [13] 1} 0 vToAoyLOUOG VYNARG eMidoonG—Ta omoia umopovv va aflomotoovy TARpwe
TOUG TIOPOVG IOV EKXWPODV. AgV TTapatnpovVTaL TOGO TOAD Og LTnpeoieg ov Staxetpilovtal katd-
otaon (T.x., KaTd TN HETAPOPA ETXEPNUATIKOD AOYIOHUIKOV—OMWG cvoThpata Staxeipiong Pdoewy
dedopévwv—oTo vEQOG).

EmmAéov, ot ypryopeg kat dOokoleg otnv mpdPAeyn allayég otn {ntnon nopwv kablotovy TV
npOPAeyn mopwv pia TpdkAnon. Ot xprioTeg mpémel eite va viepmpopnOevovTat TOPovG pe LYNAO KO-
070G, €T€ Va VTTOPEPOLY aTtd LYNAN KaBvoTtépnon otav n {ftnon avidvetar andtopa. Enetdn peydha
@optia epyaciag pmopei va mpokhyovv onotadnimote oTyun—and éva peydlo aptopod Tavtoxpovwy
ATNHATWY, auTrpata Tov Xpetalovtal TOAAODG VTOAOYIOTIKOVG TOPOLG, 1) kat Ta Svo—r {rjtnon mo-
pwv Stakvpaivetal oe ypriyopes, anpoPhenteg exprigels. Evw eival Suvatdv va xpnotpomomnBovv un-
XOVIOHOL AUTORATNG KAIUAKWOTG YLA VO AVTIHETWTILOTOVV ot aAlayég otn {iiTtnon—npoobétovtag et-
KOVIKEG UNXaVEG OTav 1) {itnon avgdvetatl kat agapovtag Tig otav eivar adpaveig—ot véot koupot
xpetalovrat Sexddeg Sevtepolenta i Aemtd yla va yivovy Stabéotpol, pe amotédeopa vynAn kabv-
otépnon. Emniong, ot koppot mpémet va mapapévovy adpaveig yla KATOL0 XpOVIKO SLaoTnpa HEXPL Va
anevepyomonfobv—pe To akpiPég xpovikod SlaoTnua va e§apTatal and TNy EQapUOYH Kat TO opTio,
Kal EMOpEVWG va eivat Svokolo va poPAe@Bei—pe amotédeopa TUXOV EMMALOV XPEWOELG Yia adpavn
UNXaVHHaTaL.

2.2  Ymoloyiopog Xwpig Atakouotn

T va AvBovv ta mapamdve mpoPAfpuata—iat Adyw ThG avaykng yia akopa peyaAdtepn e aoTl-
KOTNTA KAl XPEWOT) avd pkpOTepT HoVAda XpOVOv—EXeL pQavioTel £va VEO Tapadetypa VTOAOYLOUOD
VEQOLG IOV ovopaleTal vTodoyiouos ywpis Siakopioty, To omoio dev amattei kaBolov Siaxeipion vmo-
dopng amd Tov XproTn, TAPEXOVTAG TAVTOXPOVA EAACTIKOTNTA, KAUAKWOILOTNTA, Kat otkovopia. O
VTOAOYLOpOG XwpiG StakooTn €xet vioBeTnOel eVPEWG ATO TOVG XP1OTEG VEPOVG—KAL 1] SHOTIKOTNTA
Tov e&akolovBei va avgavetat. To 2023, T0 70% twv mehatwv Tng AWS xpnoipomnoinoe npoogopég xw-
pic Stakootn, oe ovykpLon pe To 50% to 2021. H katdotaon eivat mapopota yia to Népog Google
(60%, évavti 20%) kat To Microsoft Azure (50%, évavti 35%) [11, 12].

Emoxonnon Ta va OewpnBei pia vinpeoia wg vmnpecia xwpi SLaKoWoTn, TPETEL VA KAUAKWVETAL
autopata Xwpig pntn déopevon Unxavnudtwy, kat va xpewvetat pe paon tn xpnorn. O vmoAoylopog
Xwpig Staxoptotr Slagépet amd mPonyovEVEG TPOGEYYIOELS eMeldT) amoouvdéel TOV LTTOAOYIOHO Ao
AAAOVG TTOPOLG, EMTPETEL OTOVG XPHOTEG VA ekTeENoVV kwdika Xwpig va Staxetpilovrat Tnv vrokei-
pevn vrodoun, kat Tapéxet THoAOYNon Bacel TG Xprong Topwv—kal OxL TNG SE0UEVONG TOVG. ATo-
Teleital and dvo oToleia: Xvvdptnon-ws-Ymnpeoia kat Backend-wg-Ynnpeoia. Me t Zvvaptnon-
G- YN peoia, oL XprOTEG YPAPOVV CLVAPTNOELG IOV EKTEAOVVTAL WG AVTATIOKPLOT O€ YEYOVOTA, KAl O
TAPOYOG VTINPECLOV VEPOUG avalapuPavel TG epyaaieg Staxeiplong vTodopnG—onwg kAHdkwor, ex-
Xwpnomn mopwy, kat mapakolovdnon. To Backend-wg-Ynnpeoia mepthapBavet omotadnmote vimpeoia
Xwpig StakoutoTh o TPoopileTatl yia OLYKEKPLHEVES EQAPHOYES, OTIWG amoBnkevon, Paoelg dedopé-
VoV 1§ avTaAlayr] ENVupaToy. Avtd anocuvdéel ToV VITOAOYIOHO amd AAAOVG TOPOLG, EMTPEMOVTAG
o€ kdBe Opo va KAlpakwveTal ave§aptnra.

H Baowkn povada tov vmoAoylopod xwpic SlakoutoTh givat n cuvapTNon: 0 XPNOTNG YPAPEL OF
tia YA\wooa vynhod emmédov, emAEYeL £va yeyovog TOV EVEPYOTIOLEL TN GUVAPTNOT), KAl TO CVUOTNHA
vmohoyLopov xwpig StakoptoT xetpiletat OAa Ta LTOAOLTA: EKXWPTOT TOPWY, ETAOYT UNXAVIHATWY,
QOpTWOT, Slayelplon AELTOVPYIKOD CLOTAHUATOG, LEOPPOTIIA YOPTIOV, AVTOUATH KALUAKWOT), avoxT) OQaA-
pdtwy, mtapakohovOnon, kataypar, evnuepwoelg acpaleiag kAT H mhat@odpua Eekivd kat otapatd
OLVAPTHOEL ALTOHATA, 600 N {Tnon avfdvetat kat petwvetat. Me autov Tov TpoTo, Ot TPOoYpapUa-
TIOTEG UMOpPOVV va emikevTpwbovv oTn ovyypaen kwdika yia Tig epappoyég Tovg. H xpéwon yia tov
VTOAOYLOWO XWwpiG SLAKOWOTN YiveTal og TOAD O TAKTA XPOVIKA SlaoTHHATA—TapéXOVTAG £va eNd-
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XLOTO XPOVIKO S1doTnpa Xpéwong Twv 100 ms—eva ot AANEG TPOTPOPEG VEPOLG XPEWVOLY O€ wplaia
Bdon. Me avTov TOV TPOTO, O TEAATNG XPEWVETAL HOVO Ylat TO XPOVO TIOV T} EQAPHOYT TOV EKTEAEI-
Tal MPAYHATIKA—KaL OXL Yot TOVG TOPOVG IOV SETUEVOVTAL EK TWV TIPOTEPWV YL TNV EKTEAEDT) TOV
TPOYPAHUATOG TOV.

IMeovekthpata O vTOAOYIOHOG XWPIG SLAKOULOTH TIPOCPEPEL OPEAT YLt OA T EVOLAPEPOLEVA LLEPT).
T Tovg TTApPOXOVG VEPOUG, O VTIOAOYIOHOG XWPIG SLAKOULOTI] TIPOAYEL TNV ETXELPNOLAKT] AvVATTTVED,
a@ov KabloTd TO VEQOG TILO EVKOAO 0TIV TIPOYPAUHATIONO, PonBwvTag va TpooeAkvoeL VEOUG TTENATEG,
aAAd kat va Ponbnoet Tovg VIAPXOVTEG TTEAATEG VA XPT|OLLOTIOLODY TIEPLOCOTEPO TIG TTPOTPOPEG TOV
vépovg. H pikpr) Stapketa ektéAeong, To pkpo amoTOTWUA UVAENG, Kat 1| EANEWYT) KATAOTAOTG EVIOXD-
0LV TNV 0TATIOTIKY TOAVTIAgEia, KaBWwG KAVOLV Lo VKOO GTOVG TTAPOXOVG Va PPOLY aXPNOLHOTIOI-
NTOVG TOPOLG Yla TNV eKTEAEOT) CLVAPTHOEWY. OL XPIOTEG TOV VEPOLG EMWPENOVVTAL OO AVENHEVT
TAPAYWYKOTNTA, KABWG Ot apXEpLoL UTOPOLY VA AVATITUEOVV GUVAPTNCELG XWPIG Kapia KaTavonon
NG LTTOSOUNG TOV VEPOLG, eV oL €1S1KOL €E0IKOVOHODY XpOVO avamTuEng Kat Tapapévovy eotiaoué-
Vol 0Ta TPOPARpATA TIOV eival ONUAVTIKA Yia TIG EQaproyn Tovg. Ot XprioTeG TOV VEPOVG UTOPOLV
emiong va e§otkovopncovv xpruata, kabwg oL GUVAPTNOELG EKTENOVVTAL HOVO OTAV GuUPaivovy yeyo-
VOTQ, KAl 1} TIHOAOYNOT) O€ TAKTA XPOVIKd SLaoTApata onpaivel OTt TANPOVOLY HOVO YLa TOVG TOPOVG
TIOV XPNOLHOTIOLOVY avTi yla Tovg TOpovg mov decpevovy. Ot epevvnTég Ppiokovv evolapépov oTov
VTIOAOYIOPO XwpiG SlakopoTr, emeldn) amotehel pia véa VTOAOYLOTIKI AQAIPEDT) YEVIKOD GKOTIOV, TTOV
VTOOXETAL VA Yivel TO EANOV TOV DTTOAOYLOHOD VEQOVG, Kat eMeldr) LIIAPYOLY TTOAAEG eVKaLpieg yla TNV
av&nomn e TpEXovoag amddoaong Kat TNV LIépPPact) TWV TAPOVTWY TEPLOPLOUWY TOV.

YnoAoytopog Xwpig Atakopoti yia IToAvmhokes E@appoyés  Evw ot mhat@oppeg vtodoytopod xw-
piG SLOKOLOTT APYIKA OTOXEVAY ATTAEG EPAPHOYEG [LE ia 1) AlyEG CUVAPTHTELG, AVTO TO VTTOAOYLOTIKO
povTtéo éxet amodetxOei xprioto yla o TOAOTAOKES EQAPHOYEG, TTOV AMOTEAOVVTAL ATIO TTOAAEG OV-
vapTnoelg pue mepimhokeg alAniemidpdoelg, omwg avalvon dedopévwy [33, 36,37, 38, 53, 58], aptBuntt-
KOVG VITOAOYLoNOVG [2, 15, 26, 27, 33, 74, 84], kwdikomnoinon Bivteo [1, 17, 18], unxavikn uddnon [8, 30,
78] xou petayhwttion mnyaiov kadka [18]. To 2019, n mAetoyn@ia Twv eQappoywv xwpic SlakopoTh
anoteAobVTay and pia povo cuvaptnomn, kat o 80% eixav Tpeig N Atyotepeg ovvaptroels [73]. Qotoco
onuepa, ot TOAUTAOKEG eQapHOYES xwpig StakoptoTn Oev eivat TAéov omavieg. Mia mpoo@atn HeAETn
EQAPLOYWYV AVOLIKTOV KWSIKA TIOV XPTOLUOTIOLOVY VTTOAOYLOWO Xwpig Stakoutotr ovupmnépave 6TLTo 31%
TV HeEAETNUEVOY EQapHOYWYV £XoVV dopr poav [14]. Amo To 2019 éwg To 2022, 1) SUOTIKOTHTA TWV
powv xwpig Stakoputotn ov Sopovvtal wg KatevBuvopevor Akvkikoi Ipdgot éxet avdndei katd 6 go-
pég oto Microsoft Azure [42]. H av€nuévn ToATAOKOTNTA TV EQAPHOYDV XWPIG SIAKOWLOTT Uopel
va anodoBei aTNV wpipavon Twv Tpoceopwy Kat aTNY avENUEVN eUTELpia TWV TIPOYPAUUATIOTOV [57].

IIpoxAnoeg  ITapd Ta 0@éAn TOV, 0 VTOAOYIOHOG XWwPiG SLAKOULOTH ELOAYEL EVa GUVONO TIPOKANOEWY.

« H avdntodn epappoywv xwpic SLakopoTn eivat mepLOPLOTIKT, ATAUTWOVTAG ATIO TOUG TIPOYPAL-
HATIOTEG VA YPAPOLY OLVAPTHOELS UE VAV OLYKEKPIUEVO TPOTO. Tl apddetypa, o vitohoyt-
OHOG XwpiG SLaKOULOTH EYYLATAL TNV EKTEAECT] CLVAPTHOEWV TOVAAXLOTOV (i QOPd, OTOTE OL
oVvVapTHoELS e eEWTePLKEG EMOPATELS TIPETIEL VA Eival TAVTOSVVALEG, YL VA HTOPODY va €T
VEKTEAEOTOVV pE AOPAAELL.

« Ol OUVaPTAOELG €XOVV TIPOOWPLVT] KATAOTAGCT 0TI UVAHN Kat 0TOV 8ioKO, OTOTE Ol TIPOypPaL-
Hattotég mpémel va Stao@alifouv 6Tt OAN 1 poviun katdotaon anobnkedetal oe e&wTepikong
Xwpovg amobrkevong (m.x., ovotnuata anobrkevong 1 Paoeig dedopévwv mov grhogevovvtat
OTO VEQOG).

« H mhat@opua xwpic Staxouotr empPardel Evav avotnpd Xpovikod TepLoplopd o€ OAeG TIG OL-
VAPTHOELG, OTIOTE OL CLVAPTHOELG EXOVV TIEPLOPLOUEVO XPOVO EKTENEOT|G—UEPIKA AEMTA—TIPLY
TEPUATIOOVY. AV KATIOLOG TIPOYPAUHATIOTHG XPELACETAL VL EKTENETEL EVAV AKPOOKEAT] LTTONO-
YLOWO, TIPETEL VO TOV XWPIOEL O€ HKPOTEPEG GUVAPTHTELG.
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+ O vTOAOYIOUOG XWPIG SLaKOUOTH VTTOPEPEL ATTO TTEPLOPLOEVEG SuVaTOTNTEG dikTVWOTG. Ot oV-
vaptnoelg Sev umopobdv va emtkovwvoLy anevbeiag Hetagd Tovg, 0mdTE OL XPHOTESG KATAPEDYOLV
0€ XELPOKIVITEG LAOTIOWOELG apYNi§ EMIKOVwYViag Pactopévn otny anmobrkevon i T pviun. Av-
TEG 0L ADOELG eite eMNpedlovy TNV anddoo, eiTe £X0VV ATAYOPEVTIKO KOOTOG, eiTe ELGGyOLV pia
Staxelpt{Opevn amd Tov XprOTI CLUVICTWOCA—AVALPWVTAG TOV OKOTIO TOV VTIOAOYIOHOD Xwpig
SakopoTn.

« H evpvekmopn), n ovvabpolon kat 1o avakdaTepa—HUePIKA and Ta o Kotvd HoTifa emkotvwviag
oe Katavepnuéva ovotnuata—aev vrootnpilovral kald and Tov VTOAoyLopd Xwpig Stakopu-
ot|. H extéAeon mov Paociletat o yeyovota kabiotd Shokohn v e§dptnon and ta anotelé-
opata TOANATADY TIPONYOUHEVWY GUVAPTHOEWV—KATL TTOV XapakTnpilet Ta potiPa ovvabpot-
ong.

« Kapio anod tig vinpeoieg amobrkevong vépoug dev Stabétet dSuvatotnteg eldomoinong. Evw ot
TIAPOYOL VEQPOUG TIPOCPEPOVV AVTOVOLEG LTINPETiEG £1d0TOINONG, AVTEG TPOoBETOVY oNHaAVTIKN
kaBvotépnon—ekatovtade XIALOOTA TOL SeVTEPOAEMTOV—KAL UTTOPEL Va eivart damavnpég dTav
XPTOLLOTIOLOVVTAL Yo AETTOUEPT] CUVTOVIOUO.

Avtadlayn Aedopévav Xwpic Atakopuotry O vTOAOYIOHOG XWPIG SLAKOMLOTT) TTAPEXEL ULt OELPA ETIL-
Aoywv yta avtadlayn Sedopévwy. IIpwTtov, ot Apeces SIKTVAKEG CLUVIETELG UTOPODY VA TIPOTPEPOLY
VYnAn andédoon xwpic va mpokalovv emmpdobeto KOOTOG yla TNV emtkovwvia. oT600, 0L CLVAPTH-
oelg Bpiokovtal miow amod peTappactég Stevbvvoewy SikTvoL Kkat Sev SéxovTal eloepXOpeveG CLVSE-
oelG. Aevtepov, 1 amobrkevon avtikelpévwy mapéxet YNAN pvBuanddoon, WXV cvvémela kat agto-
motia dedopévwv. Qotdoo, dev vrootnpilel eyypagn twv dedopévwy oe por, eloayet vynAn kabv-
otépnon kat mpokakel VYNAO kdoT0G. Tpitov, ot fdoelg dedopévwv NoSQL kat ot vinpeoieg ovpdg
UNVURATOVY TTPOo@EPOVV XapnAn kabvatépnon kat vynAn pvbuamnodoon. Qotdoo, Exovy Xapnida dpla
peyébovg kat VYNAO k60T0G. TENOG, OL VTINPESIEG POTIG ATIAULTOVY ATIO TOVG XPHOTEG VA SECHEVOVY XW-
PNTIKOTNTA EK TWV TPOTEPWY, XPEWVOVTAL AV Wpa pe Baot Tov aplBpd Twv mopwv mov deopevovral,
Kat eivat Samavnpég.

2.3 To Kélvgog Unix

To kéAvgog UNIX eivat éva mepipdAlov—ovxvd aAAnkemdpaotikd—yta tn cbvheon mpoypappd-
TwV OV ypdgovTal og pia TAnBwpa yAwoowv mpoypappatiopov. Iapéxel pa oeipd xpriotpwy otot-
Xelwv Tov ovopdfovtat evTolés, kabBwg kal LoXVPd, ave§dptnTa amod T YAWooo Toteia yia T o0Ov-
Oeon Sopkwv oTotxelwv—ovppwva pe T grlocogia Tov UNIX [55]. To kEAv@OG KATATAOCETAL OVVE-
XWG avdpeoa oTig o dnuo@iAeic YAwooeg mpoypappatiopod [22, 50], evw to 2021 katatdyOnke ékTo
otV ad&non SNUOTIKOTNTAG—TIAVW aTd YAWOOES e EVEPYEG KOLVOTNTEG, OTwg Python kat Kotlin [40].
Ta mpoypappata keEAOQOLG eival KpIoIHa Yo TPOYPAUUATIOTEG, OLOXELPLOTEG CLOTNUATWY KAl ETIL-
OTIHOVEG, Kat XprotonotovvTat otny enegepyacia SedopEvwy, TNV EVOPXIOTPWOT] CVOTIHATWV KAt
TIG AVTOUATOTIONHEVEG epyaoies, kaBwg kat oe ovyxpoves mMAat@opues omws Docker, Vagrant kat
Kubernetes.

To kéAv@og éxel pia oelpd amd o@éAn. Ilpwtov, eivat oLVOTTIKO Kat eKPPACTIKO. EKato ypappég
kwdtka Java ov ekteAovv avavon dedopévwy Bepokpaciag Hmopoly va HLETAPPATTOVV O€ Eva TIPO-
ypappa Bash pag ypapung [25]. Aedtepov, To kéAv@QOG ivat ypryopo. Yrootnpilet mapdAAnAiopo
AYWY@OV XPNOLHOTOLOVTAG aywyovs UNIX yla T por| dedopévwy, kat mapalAnAopd epyaciag, péow
EVTOAWYV Yla eKTENEOT) OTO TAPAOKNVIO He TOV TeAeoTn) mapaoknviov (&). Tpitov, To kéAvgog eival
Suvapko, EXOVTag XAPAKTNPLOTIKA OTIWG AVTIKATACTAOT) EVTOAWY Kat avantudn petafAntav.

Agapéoeig Kehvgovg  To kéhvgog Tov UNIX Tapéxet pia oelpd xpnolpwv agalpécewy. [pwtov, ot
poé¢ Seopévwv Tov UNIX eivat akolovBieg and bytes, ouviBwg eme§epyalopeves ypapun-ypapur kat
OVXVA aVAPEPOUEVES LE TO OVOA EVOG apXeiov. AlevkoAvvouy T o0vBeon evToddy, kabwg n ¢é§odog
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#!/bin/bash

mkfifo t1 t2

grep ”foo” f1 >t1 &
grep "foo” f2 >t2 &
cat t1 t2

Kodwkag 2.1: Okvnpia oto mhaioto tov kehvgovs. H evtolr cat Ba Eexivijoet va katavalwvel eicodo
Ao TOV aywyo t2 HOVO a@ov TEAEIWOEL e TNV AvAyvwon Tov t1, TpoKaAwvTag vIoxpn-
olpomoinon.

oG eVToAn§ eivat 1) ei00dog pag aAAng. Ot poég dedopévwy Hmopovy va eivat TPoowpLvoi, avavoupot
AYWYOI—TIOL EKPPALOVTAL XPIOLHOTIOLDVTAG TOV XAPAKTI PO AywYOV—T| HOVLHOL, ETWVVHOL AywYOoi—
Unix FIFOs—mov dnpiovpyodvtal pe tnv evtor mkfifo. Ot poég dedopévwv etodyovv mapdAAnin
ekTéNeon petall eVToAWy, kat o uprvag tov UNIX e§ao@alilet T Spopoloynon, Ty emkovwvia, kat
TOV OVYXPOVIOUO, OTO TTAPACKIVLO.

AghTepoV, oL evTOAEG eivar ave§dpTnTe ovadeg vToAoyLopov. AtaPdfovv pia 1) TepLOcOTEPEG POEG
10080V, Kal TapdyoLy pia 1 meplocdTepes poég e&ddov. Mia onpavtikr Staopd pe aAleg YAwooeg
TIPOYPAUUATIOHOD TIOL £XOVV £Va KAELOTO GVUVOAO EVTOAWY, €ival OTL LTIAPYEL EVAG ATEPLOPLOTOG aplO-
1oG evtodwv UNIX, kat kaBe evToAn pmopei va éxet avBaipetn ovpnepipopd. OLevToléG avTég umopovv
Va ypa@todV o€ 0moladnmoTe Y\wooa—1) Vo VIAPXOLV akOHa Kat og Suadikn Hop@ni—kAaTL Tov kabi-
0Td SUOKOAN TNV AVAALOT TWV XAPAKTNPLOTIKWYV eMG00NG TOVG. Ot eVTOAEG UmopovV va puOuoTovy
xpnotpomotwvtag petaPAntég mepPpdAlovtog kat onuaieg. Iia mapddetypa, n evtoAn we vootnpilet
TIG onpaieg -1, -w, Kat ~c—yta TNV KATapétpnon Tov aptdpod Twv ypappwy, Agewy, Kat Xapaktripwy,
avtiototya. Ot onuaieg eivat onuavtikég otnv avalvon e enidoong, ylati pmopovv va alka&ovv tnv
napaAAnlomomotudtnTa pag evrodng.! Ot evIoAEg eival oL VA OKVIPEG—KATAVAADVOLY TIG EL0O-
dovg Tovg Hovo dTav eival €Tolueg va emefepyactovy Kt AAa Sedopéva—idTt Tov cuxva odnyei o€
vnoekpetdAAevon tov enegepyaotr| (Kodikag 2.1).

Téhog, To kéAvpog UNIX mepthapPavel pia oeipd and teleotés ovvleong. O oelplakodg TeAeoTrg
(;) extehel evtolég oelplakd, o TeleoTtng MapdAAnAng ovvBeong (&) ektelel evioAég mapdAAnia, o
TeAeoTn aywyoD (|) ouvdéet v €£000 iag evTolrg pe Ty €080 pag AAANG, Kat oL Aoytkoi TENETTEG
(88, | |) extedovV eVTONEG pe Baomn TV eMmITUYIA 1) TNV ATOTVXIA TPONYOUUEVWY EVTOAWDY.

IlpokAnoes  Ilapd ta 0@éAn TOv, TO KEANVQOG TTapovaLdlet oplopéveg TpokAnoets. Ilpwtov, n and-
doon Tov kéEAVPOLG Sev KAIHaKWVETAL—KAL T} TTApAAANAOTIONOT TWV TIPOYPAUHUATWY KEADPOLG aTtaTel
TOANT XelpwvakTikh mpoomdadeta. Amd Tn pia TAEVPA, OL TPOYPAUUATIOTEG EVTOAWY VAOTIOLODV HEHO-
VWUEVEG EVTONEG, epydlovTatl o€ piat LOVO YAWwooa TPoYypaUaTIopoD, kat eKBETovy Tov mapalAnAiono
péow avbaipeTwy, e101KOV yla TV EVTOAN onpatwv. ATo TV dAAn TAELPA, oL XPHiOTEG TOV KEADPOLG
ovvSLALovV TOANEG eVTOAEG a6 TTOANEG YAWOTEG OTA TPOYPALHATA TOVG, EXOVV TEPLOPLOUEVES ETILNO-
YEG yla TNV evowpdtwon mapaAAniopov, kat e§aptwvtat and epyaleia 6nws 1o GNU parallel [79],
Togsub [21] kat to SLURM [31], 1) mpémet va XprotHoTolovy TEAEOTEG Kal eVTOAEG OTwG & katwait [24].
Avtn n mpooéyyion eival xpovoPopa, [ YEVIKT, Kal EMPPETHG O OPAApATAL.

AgbTepov, To kEAVOG eivat vepPolikd avBaipeto, Suvapko, kat Suovonto. Eivat viepBolikd av-
OaipeTo, agpov mepiéxel pa ydwooa mov pmopei va xpnotponotndei yia tn ovvBeon avbaipetwy evto-
AV, ypaupévwv oe avBaipeteg yYlwooeg, kat pe avBaipeteg ouunepipopés. Eivat vepBolika Suvapliko,
kaBwg 1 ekTéleon) Tov e€apTdTal amod pia TOIKIA o SUVAUIKDOY TAPAYOVTWV—OTWG 1 KATAOTAGT) TOV
OLOTARATOG apyeiwV kal ot TIEG TwV peTaPAntwv nepipdAlovtog. Eivat vepfolika Suovonto, agov n

! Tia mapddetypa, n evioAn sed s/A/B/g file.txt eivat loxvpd naparinhomnoowun, kabwg enefepydletal kabe ypappn
avefaptnrta kat v ypdget oty tumkn é£odo. Qotdo0, N TPoadikn TG onuaiag ~i otV evtol sed TNV kdvel va eneep-
yaoTei To apyeio file. txt MTOMOV, KATL TOV ATAUITEL KATAYPAPT] ECWTEPIKNG KATAOTAOTG.
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tr f(sort]

Ixnua 2.1: Hapaderypa petatpomnng ypdgov porg dedopévwv and to PASH. (1) ITaparinlomnoinon
eVTOAWV tr; (2) Analowgr| meptrtod {evyoug cat-split; (3) Ilapalinlomoinon mpwtov
cat; (4) Xpron sort pe ovyxwvevon avti yla cat.

0
QO
p=t

ot

cat tr

®

A
)

onpactoloyia Tov keAbgovg eivat mepimhokn—kat vEapxovV TOANEG StagopeTiicég VAomotoets. OAot
auTol oL TapdyovTeg epmodifovy YEVIKEG TPOTEYYIOELS OTO KEAVPOG.

Tpitov,  avamtugn TPoypapiaT®Y KEADPOUG Eival ETPPETIG OE COAAUATA, UN-AVALUEVOLEVT), KAl
ue moAAég mapevépyetec. Ita mapddetypa, n evtodr) sudo rm -rf $DIR/ Ba Siaypdyel oAdkAnpo to
ovoTNUaA apyelwv Tov XpHoTn av n petaPAntr $DIR eival kevii—avTi va emoTpéyel OPAApa KEVHG
petapAntig. To kéhvgog eivar yepdto pe TéTolov eidovg mayideg, kabloTwvTag TNV avantvén ekvev-
PLOTIKT).

2.4  Avtoparn Khpakwon Ipoypappdtwv Kehdgovg

Me 0KOTIO TNV EMTAXVVOT TWV TPOYPAUUATWY KEADPOVG XWPIG Tt LELOVEKTAHATA TOV, EXOVV ava-
VX0l APKETA CLOTAHATA YIA TNV AVTOHATH KALAKWOT) TOV KeEADQOUG [34, 49, 54, 82]. Ao avTd, To
PASH kat To DISH oToXeboLV 0TIV auTOpHATH TApaAANAOTIOIN0T KAl KATAVOWT TTPOYPAUUATWY KeAD-
(Qovg, avTioTorya.

PASH To PASH eivat éva ovotnpa mov maipvel éva mpoypappa UNIX wg £i0080 kat To ekTehel e Ta-
paAAnAo tpdmo. AvTo yivetal KwdikomolwvTag TAnpogopieg maparlinlomnoinong yia Stapopovg Tv-
TIOVG EVTOAWV 0€ £va GUVONO aTtd eMIOTHELWOELG EVTOAWYV. [la va avTipetwioet T Suvaptkr @O Tov
KeAVQOUVG, To PASH ekteleital TaAvw-oTNV-wpa, EVAANACTOVTAG LETAED HETAYAWTTIONG KAt EKTEAEOTG,
TIPOKELHEVOV VAL OVYKEVTPWOEL TIG TILO TIPOTPATEG TANPOPOPIEG VLA TNV KATAOTACT TOV KEAVPOUG.
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PaSH

Fommmmmm - » Parsing f----------------- A
: Library |
| State (vars, set, files) !
: A :
; ; ;
script PASH instrumented L /|PASH JIT C PAth.
— (|- —»
P Preprocessor script s | Engine ompration
source jit sh! Server
User Shell

Ixnua 2.2: Emokonnon tov PASH. To PASH enefepydletal ta oevdpla e kKAOELG 0TI pnyavi mave-
otnv-wpa (PASH JIT engine), n omoia mepvd T AMOCTIACHATA TIPOYPAUHATWY GTOV SlaKo-
ot petaydwttiong (PASH compilation server) katd tnv ektéleon.

e T T T T T s T m T | 1
I

Worker 1

ilim.txt}——[ cut H grep H sort ]—»[sort —mH head Hout.txt‘i

|
|
!
|
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

| Worker 2

Zxnua 2.3: Ynoypagot tov DISH. Kabe pnxavnua Aettovpyei oe Stagpopetikd tpunua twv dedopévav
(in1.txt ko in2. txt), kat TO TEAKO AMOTEAEOHUA CLUYKEVTPWVETAL KAL ATTOOTEAAETAL GTO
KeVTPIKO pnyavnpa (host).

To PASH avayvwpiCet Suvntikd mapaAAnAoTOoLOLHES TTEPLOXEG TOV TIPOYPAUHATOG KAl TIG HETA-
TpémeL o€ ypagoug por|g dedopévay, 6mov kabe evtoln avtioTolyel oe £vav kopupo kat kabe por avri-
ototyei ¢ éva akpr. To PASH e@appolet petaoxnuatiopods naparlinlomnoinong ypdgov pong Sedoué-
VoV yla va arokaldyet Ty mapariniia oto ypdeo (Zxfipa 2.1)—ue tov fabuo mapainiiag va eivat
Suvapkd pvBulopevog ano tn onuaia --width (mAdtog). To PASH Siaomd evtohég oe cuvapTroeLg
napdAAnAng enefepyaciag dedopévwv kat cuvaptioelg ouvdbpolong. fia va 1o kavel avto, elodyet
éva oUVONO KATNYOPLDV TTapaAAnAomoinong, mov ekPpdlovtal HECW (A YAWOOOG ETOTUELWTEWY.
To PASH mephapfavel onpaieg Kat TAPAUETPOVG EVTOAWY OTIG EMONUELWOEL; TOV—KAOWG Ot onpaieg
Kat oL TapdpeTpoL umopovv va alkd&ovv v mapalinlomomotpdtnta piag eviohng (Evotnta 2.3).
A@ov e@appdoeL TIG amapaitnTes HeTATPOTES, To PASH petatpénel kdbe ypdgo pong dedopévwv Eava
TOoW O€ o TEPLoXn TPoYpapatog keAv@ovg. To PASH mpooBétel khaoikég evtoAég keAbpovg UNIX
(.., & wait) oe kdOe meploxn—mpokelpuévov va kabodnynoet pntd tnv mapalinia—kat xpnotpo-
TOLEL KATAAANAQ OVOUAGHEVOVG AyWYOUG—TIPOKELUEVOD VOl XELPLOTEL TIG €L0080VG Kat e§6d0vg Tov
kdBe apdAAnAov koppatiod Sedopévwy, ovotactikd opilovtag tn Sour Tov ypdgov porg Sedoyé-
vwv. To 2xfua 2.2 deixvel pia emokonmorn tov PASH.

DiSH To DiSH eivat éva o0OTHHA TTOV KATAVEUEL AVTOHATA TIPOYPARUATA KEAVPOVG 0 TTOANATIAL
unxavnuata. Ektog and Adoyovg emidoong, to DISH eivat xpriotpo yia peydha ovvola dedopévwy mov
UTtopel va unv xwpolv o€ £va unxavnpa—ri ylo TePIMTWOELS XPT|ONG IOV £ival amd Th ¢UoT Tovg Ka-
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2xfua 2.4: Emokonnon tov D1SH. Brjpata: (a) petayAwtTion meploxng Tov mpoypdppatog, (b) dpo-
HOAOYNON LETAYAWTTIOUEVOL YpAPOL porG OedopEvwY, (C) amoaToAr VTTOYPAPWV oTA Un-
xavnuata (nodes), (d) n peTayA@TTION AMETVXE, EMOTPOPT OTNV apxikn} £kdoon TNG me-
PLOXG TOV TIPOYPAULATOG, () EKTEAEDT) TIEPLOXTG TOV TIPOYPAUHUATOG (LETAYAWTTIOUEV T
apykn).

Tavepnuéveg petald moAamhwv vohoytotwy. Onwg kat otnv mepintwon tov PASH, to DISH xpnot-
LOTIOLEL ETLOTHELWOELG EVTOADY, KAl AetTOVpYel Tdvw-oTnv-dpa. O petayAdwTTiothg Tov DISH maipvet
wG €l0080 €va TPOYPApUA, KAl TO HETATPETEL OE YPApo por|G dedopévwv—e Pdon TAnpogopieg mov
Taipvel and TIG emonpelwoelg eviohwyv. Emmnpoofeta and to PASH, to DISH xwpilet Ttov ypago porg
dedopévwy oe LTIOYPAPOLG, Yia ekTéNeoT Oe SlagopeTikd punyavhpata (Zxnua 2.3). Yotepa and tnv
enefepyaoia Tov ypagov pong dedopévwy, To DISH atéhvel Tov ypdgo porig dedopévwv atov Spo-
pohoyntr}, mov poomadel va AVTIOTOLXIOEL TOVG VTTOYPAPOVG O€ nyavipata pe PAocn Tnv TOmKoO-
ta Sedopévwv—ryta va pewwaoet TN petagopa dedopévwy petald unyavnudtwy. Iia vy enkovwvia
petaly pnxavnuatwy, to DISH elodyel Kavalia eMKOVOVIAG AYwYw®Y, Yid Va aVTIKATAGTHOEL TOVG
kAaowkovg UNIX aywyobg ov Staoyilovv ta chvopa petadd pnxavnpatwv—kadag ot khaotkoi UNIX
aywyoi 8ev vootnpilovv SikTuakm emKowvwvia, kKal eMOPEVWS dev Umopovv va Eemepacovy ta opta
Twv pnxavnuatwv. To Xxfua 2.4 deixvel ua emokonnon tov DISH.
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Kegalao 3

Mapaderypa kat Emokonnon

To SPLASH maipvel éva poypappa kKeEAVPOVG we elcod0, TO HETATPEMEL AVTOHATA Yiot EKTEAEDT
oe meptPaAAov xwpic StakopoTn kat To ekTeAel 0To VEQOG. IlpwTa, HeTaTpémel TO MPOYPAppa KEAD-
@ovg katdAAnAa yta va elodyet taparnhia. Ztn ovvéxeta, xwpilet To TPOypaUHA 08 KOUUATLA, WOTE
kA0 KOPUATL va eKTENEOTEL O€ Hiat SLAQOPETIKE CLVAPTNOT Kat ELOAYEL ELOIKEG EVTOAEG YL UTTOAOYLOUO
Xwpig StakoptoTr), OTWG KANON Kat emKkotvwvia ovvaptrioewy. TENoG, avanTdooeL TO TPOTOTONUEVO
TIPOYPAULA KEADPOVG GTO VEPOG, HE TPOTIO TTAVW-OTNV-WPA.

3.1 Emrayvvon Avtiotoixiong Kavovikwv Ekppacewv

To NFA-Regex (Kbdikag 3.1) eivan éva mpoypappa kehbgovg mov tatptdlet pia moAvmAokn ka-
vovikn} ék@paot oe kdBe ypappr tnG et06dov." ITOAMTAOKEG KAVOVIKEG EKPPATELG OTIWG AT Eival
XPNOLHEG OF eQappoyég Omwg 1 ahAnAovyion DNA, aAld umopei va yivouv vtoloyloTikd amattn-
TkEG [7, 35, 44]. Evtuxwg, to NFA-Regex €xet moAAég Suvatotnteg yia emrayvvon. Ilpwtov, eivat
évtova TapaAAnAomotolo—omws @aivetal 6To Zxnpa 3.1—kabwg oL evToAég tr kat grep Aettovp-
YOOV 0€ HEPOVWHEVES YPAES, Kat TO anoTéAeopa KaBe ypapung eivar ave§dptnTo and Tig vtolotmeg
ypappég. Aedtepov, kavel évtovn Xprion Tov enegepyaoth, KaBwg To Taiptacpa TG TOAVTAOKNG Ka-
VOVIKNG ékppaong meptlapBavel ToANA Towyvpiopata.

AvoTUXWG, T VTIAPXOVTA CLOTHUATA YL TNV EMUTAYVVOT] TWV TPOYPARUATWV KEADPOLG OeV UITO-
pobvv va aflomooovy mAPwS 1 SUVATOTNTA TOL TPOYPAUHATOG YLot KAHAKWOT), apov £XOVV €vay
OTATIKO—KAL GLX VA TIEPLOPLOUEVO—aptBo Topwv o1 Stdbeor| Toug. To PASH meplopiletat otov aptBuo
TWV TUPHVY £VOG HNXAVIULATOG, eV To DISH €xet mpooPaot o€ évav otabepd aplOpd unxavnudtwy.
Q01600, XPNOLHOTOLOVTAG VTTOAOYIOUO XWwPiG SIAKOWOTH, 0 XPioTNG umopel va dnuovpynost ypn-
yopa ekatovtadeg ouvaptroels o€ Aiya devtepolenta—allomolwvtag évav TepaoTio aptOpud puviung
KAt VTTOAOYLOTIKWV TTOPWV—KAL VOt TIG TEPUATIOEL avTOpaTa LOALG ohokAnpwBei n extéleon.

3.2 Kopieg IIpoxAnoeig

Iap’ OX avtd, n avantuln epappoywy xwpig StakoutaTn givat TOAD SlaQopeTIKy and TNy ava-
TTuEn TPOYPAUUATWY KEADPOVG, OTIOTE 1) EKHETAANEVOT) TOV LTTOAOYLONOD XWPIG SLAKOWLOTH), HE Tav-

#!/bin/bash
cat "in.txt” | tr A-Z a-z | grep "N \) L ANTINCGN) ANV V) LA\ (L) L x\4”

Kwdkag 3.1: ITIpoypappa NFA-Regex. Avtd to mpoypappa givat évtova mapalAnAomotiotyo, eneidn
OL EVTOAEG tr Kau grep Aettovpyovv avefdptnta oe kdbe ypapun. Kavel eniong évrovn
Xpnon tov enefepyaotr), A\Oyw TNnG TOAUTAOKNG KAVOVIKNG £KPPACTG.

' H kavovikn ékgpaon Tatptalet ypappés 0mov téooepels xapaktiipes eppavifovtat Svo gopéc, pe kabe xapaxtipa mit-
Bavwg va akolovBeitat évav 1} TepLooOTEPOVG XapakTiipes TPy eppaviotel Eavd (.., AqweABrtyBCuioCDpsfD)
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in.txt

2xfua 3.1: O ypagog porg dedopévwy mov mapayetat ard To PASH yia to NFA-Regex (--width=4).
Ot evtolég eager mpootifevtat amd to PASH, Tpokelévov va avTIHETWMIOTEL 1] okvrpia
Tov keAvpovg (Kwdwkag 2.1).

TOXpOVN SLATHPNOT TV TAEOVEKTNUATWY TOL KEADQOUG, dnptovpyei £éva cVUVONO TIPOKANOEWV:

« Ev 10 kéAv@og gival évtova ekppaoTiko—umootnpilovtag pe évav oxedov SnAwtikd Tpomo
NV eMKOVWVia, TOV GLYXPOVIOO, TN SpopoAdynon, kat Tnv aAknkemidpaon pe To cvoTna
apyxeiwv—o voAoYLopoG Xwpig StakoptoTr) eMPAANEL APKETOVG TIEPLOPLOHOVG TNV EKPPAOTL-
kotnta. [la va petagpdoovy éva mpoypappa AoLov oe pia kSoxT TOL KAUAKWVETAL KOl EKTE-
Agital Xwpig SLAKOULOTH, Ol XPTOTEG TIPETIEL VAL EKPPATOLY PNTA Ta poTifa KAHONG Kal EMIKOL-
Voviag Twv ouvapThoewy, kabBwg kat Ty aAAnlenidpaon pe TNy anobnkn véQoug kat TG 0VPEG
UNVUHATWV. AVTN 1] XELPWVAKTIKE TPOCEYYLOT €ival xpovoPopa, EMPPENNG 0 CPAANATA, KAl
eTPaPVVEL TOVG TIPOYPAUHATIOTEG,

« Ev 10 kélvgog amohapBavel ta o@éhn tov mapariniiopod A\oyw tng enefepyaciag porg Se-
Sopévwy, ot cuvapTnoelg Sev emtpémetal va eykabloTovy duecesg poég SIKTVOL peTagd TOVG,
eneldn) oL CLVAPTHOELG £XOVV TIEPLOPLOEVES 1OLOTNTEG oLVSeOIHOTNTAG SikTVoL (EvotnTa 2.2).
Ta vapxovta cvoTrhpata ya TNV KAHdkwon Tov keAbgovg [34, 49] Pacilovtat emiong otny
EMKOLVWVia pOTiG YL va eQapprocovV BeATIOTOTO|OELS TTOL 081 yoVV 0g VYNAGTEPN aglomoinon
TV Opwv.”

« Toa mpoypdppata kKeADQOVG eival eyyevws Suvapikd, evw ot ovvaptroels puduilovral oTatikd
€K TV TPOTEPWV. AVTO onaivel OTL 1 Tpoomabela TOV VITOAOYLEUOD XwWPiG SLAKOWOTN VA GUL-
Badilet pe T SuvapkdTnTa TOL KEADPOVG ATTALTEL CLVEXT AVASIALOPPWOT] TWV CLVAPTHOEWV
Katd TN Stapkela TNG eKTEAEONG—TPAYHA IOV elodyel emMALOV KaBvoTeproeis.

? Tl tapdetypia, To PASH emitpénet Ty anootolr] maxétwv eval\dE oe kdBe evioln, £ToL WOTeE OAEG OL EVTONEG OF Eva
napdAAnlo atddio va mpopnBedovtar pe SeSopéva yua emegepyacio To GUVTOUOTEPO SuvaTdv.
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« Ev 1o kéAvgog vrootnpiletan anpdokomta and o UNIX Kat eival TPOEYKATEGTNHEVO O€ ONEG
TIG SLAVOLEG TOV, GTOV LTTOAOYLOHO Xwpig StakopioTr To kEAVQog dev vtootnpileTat To idto Kald
oe oxéon pe AAleg yYhwooeg vynlov emmédov [66]. Akopa Kat 1) eKTENEDT VG HOVO TIPOYPAL-
HaTOG KEADPOVG Og pix auvapTnon amattel T dnovpyia evog etdikod mepBAAAovTog ekTéNe-
ong [64]—1) v ebpeon NoEWV GUYKEKPIUEVWY GTNV EKAOTOTE TAATPOpHA. AVTH 1| ETTAEOV
emBapuvvon anobappivel Ty avdntvln kedbgovg oe meptBarlov xwpig Stakootn, kabwg ot
Xproteg mpémet va avakapfovv Tig idieg epyacieg mov mpoomabovv va amogihyovy e§apxnc—
OTWG TN SLaXelpLon TOV AEITOVPYIKOD CLOTHHATOG 1} TWV AEMTOUEPELWY TNG EKAOTOTE TAATYOP-
Hag.

3.3 Emokonnon tov SPLASH

[ va avtipetwmnioet 11§ tpoavagepbeioeg mpokAnoetg, To SPLASH:

« Avtopatomotel Tov eE0MALOUO TOV APXIKO TIPOYPAUHATOG KEADPOUG (LE VEEG EVTOAEG YL EKTE-
Aeon xwpig Stakopotr], SnAadn ya TV KAHON CLUVAPTHCEWY, TNV MKovwvia petald Tovg, T
Siaxeipion amoBrkevong vépoug, kat Tnv alknkemidpaon pe ovpég punvopatwv. Iapéxel emiong
Vv anapaitntn Voot PLEN EKTENETNG Yia AUTEG TLG EVTONEG.

« Bemepva TOVG TEPLOPLOHOVG SIKTVWONG TOL VIIOAOYLOUOD XWPIG SLAKOULOTH, TTapéxovTag pn-
XAVIOHOUG AVAKAALYNG KAl EMKOLVVIAG TTOV EMTPETOVY OTIG CLUVAPTHOELG Va SNULOVPYoovY
Kavdhia ponig dedopévwy kat va eKPeTAAAEVTOVV Ta 0QEAN TNG EKTENEOTG POT|G.

« Tapéyel éva oOoTnHa eKTENEONG XWPIG SLAKOLOTH Yl TO KEAVPOG, IOV cuVSLAleTaL He pio pn-
XOVT| HETAYAWTTIONG Yiat VTOAOYIOUO XwpiG SLAKOULOTH IOV AELTOVPYEL TAVW-OTNV-WPA, TPO-
Kelpévou va e§uywoet Tr Suvapikr OO Tov KEADPOLG Kat va Tapéxel KAUAKWOT) TOV O€ TepL-
BaANov xwpic StakoptoTH, pe Eva KAIK.

To Zxnua 3.2 deixvet Ty emokonnon tov SPLASH. Apxikd, To Tpoypappa keAv@ovg IpopodoTei-
Tt ot pnxavn PASH mavw-otnv-wpa (PASH JIT engine), n omoia mapayet évav ypdeo porg dedo-
pévev mov meptéxet mapalAnAia. O ypagog porg Sedopévwy mepvael GTOV GLVTOVIOTH PONG GUVAp-
toewv (function workflow orchestrator), o omoiog kalei Tov petaylwttiotsy Tov SPLASH (SPLASH
compiler). O petayAwttiotrg Tov SPLASH Siaupei Tov ypago porig dedopévwy og voypdepovg, mpo-
00¢tel anmapaitnteg evTolég kat peTadedopéva yia ekTéleon xwpiG SLAKOMOTN, Kat HeTatpémel kdbe
VTOYPAQPO TTAAL O€ TIPOYpapa KEADQOVG. XTT GUVEXELQ, TTEPVAEL OAA TA TTPOYPAPIATA KEADPOLG THioW
OTOV GUVTOVLIOTI| PONG CLVAPTHOEWY, O OTI0I0G KAAEL TNV TPWTN CLVAPTNOT. MeTd amd avtd, kabe
OLVAPTNON KAAEL TIG EMOUEVEG CUVAPTHOELG.

o va avakaAOmTTouy oL cuvapTnoelg N pia Ty dAAn kat va Snpovpyodv ovvEECELS, EMIKOLVW-
vouv pe évav STUN diakopiotr (STUN server) mov mapéxet Ti§ anapaitnteg mAnpogopieg Stevbuvong,
TIG OTIOIEG OL CLVAPTHOELG VOTEPA YpaPovv ot €va amobetnplo kAedtwv-Tipwv (key-value store), ya
va givat opatég amod Tig volotneg ovvaptnoelg. Ot cvuvapTioelg epwTovy To anobetrplo KAetStwyv-
TIHOV Yo va Tapovy TiG TAnpoopieg StevBuvong Twv endpevwy cuvapTioewy Kat SnUovpyovv cuv-
déoeig por|g padi Tovg. Ot ovvaptrioelg emegepyalovtal Tig 10050vG Tovg Kabwg EpxovTat, Kat oTéN-
vouv TiG e£680ovg Tovg kabwg mapayovtat. H mpdtn cvuvdptnon katePalet t1g apyikég eicodovg and
v amobnkn avtikelpévwy (object storage service) mpwv apyioet tnv ene§epyaoia, kat 1 TekevTaia
ovvaptnon avefadet Tig telikég eE60ovg oty amoBnkn avTikelwévwy HOAG OAOKANPWOEL TNV eme-
Eepyaoia. Emedn n kAfoeig eivat acVyxpoveg, 1 TEAIKI} GLUVAPTIOT EVIHEPDVEL TO UNXAVIHA-TIENATN
(client machine) yta tnv oAokAr|pwon TNG EKTENEOT|G, HECW HLLAG VTINPECIAG OVPAG UNVVUHATWY (message
queueing service). To pnxavnua-neddtng mapakolovdei Tnv avtiotoxn ovpd pexpL va Aafet avtod to
UAVUHQ, Kal HETE eMOTPEPEL TOV ENeyxo 0T pnxav PASH mavw-otnv-wpa, kat oAokAnpn 1 dtadika-
oia emavalapBaveTtal ylo To ENOUEVO HEPOG TOV TPOYPAHUUATOG KEADPOUG.
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Ixnua 3.2: Emokonnon tov SPLASH. Brjpata: (1) avayvwon mpoypappatog etcddov, (2) dnuovp-

yia mapdAAniov ypagov pong dedopévwy, (3) Swaipeon Tov ypagov porng dedopévwv oe
VIOYPAPOVG Kal TPooBNKn eVIOADV yla ekTéAeon Xwpic Stakoplotn, (4) kKAon g Tpw-
™G ovvapTtnong, (5) Ayn apxikwv eloddwy, (6) ARy idtwv mAnpogoplwv Stevbuvong, (7)
eyypagn idtwv mAnpogopiwv dtevbvvong / avayvwon mAnpogopuwv Stevbvvong emdpe-
VWV oLvapTHoewy, (8) kAo enduevwy cuvaptioewy Kal anooTohn dedopévoy, (9) peta-
@OpTwon TeAkwv e§08wv, (10) amooTolr| unvipatog ohokArnpwong, (11) Aqyn pnvopatog
olokAnpwong.

Amnotéleopa  To SPLASH pewwvel tov xpovo ektéleong tov NFA-Regex an6 10 Aentd o€ 42 Sevtepo-
Aemta (emrdyvvon 14.3x)—xwpig va amautel Kapio TpOmoToinomn 6To apXtko TPOYPAfLA.
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Kegalaio 4

MetaylwtTion

To SPLASH mapéyet Tnv vtootrpi&n HETAYAWTTIONG TTOV ATAUTEITAL YL TNV AVTONATN eKTENEOT
keAD@oVG xwpig Stakopiotr. Enekteivel Tov petaylwttiots tov PASH, Stapavrag kdbe ypago porig
dedopévwv og VIOYPAPOVG Kal avaBETOVTAG TOVG VTTOYPAPOVG 08 TTOAAATIAEG GUVAPTHOELG, AANA Kat
eumovtifovrtag kaBe Ypdgo porg Sedopévwy pe eldikég eVTOAES yla ekTéNeo XwPIG SLAKOWOTH, OTIWG
KAoN ovvapTioewy, emkotvwvia pong dedopévwy, Slaxeipion anobrkevong vépovg kat alAnAemi-
Spaon pe ovpég pnvopdtwy. Kabe evotnta oe avtod to ke@dAato epmhovtilel otadiaxd to mpdypappa
mov mapayetat and to PASH yia o NFA-Regex (Kwdwkag 4.1) pe emmAéov XapaKTNpLOTIKA Yia EKTE-
\eon xwpig Staxopotd.! Ta napakdtw Tapadeiypata xpnoonolovy --width=2 yia anotnra.

#!/bin/bash

mkfifo f{0..10}

cat in.txt >fo &

split fo f1 f2 &

eager <f1 >f3 &

eager <f2 >f4 &

tr A-Z a-z <f3 >f5 &

tr A-Z a-z <f4 >f6 &

grep "NCA)CANTINCG ) ANV L A3\ (L) . x\47 <f5 >f7 &
grep NCA)ANINCG ) CA\N2NCN) LA\ (L) . *x\47 <f6 >f8 &
eager <f7 >f9 &

eager <f8 >f10 &

merge f9 f10 >out.txt &

wait

Kwdikag 4.1: ITapaAAnho mpoypapua mov rapdayetat ard to PASH yua to NFA-Regex (--width=2).
[Mapatnpriote ta fevydpla TapdAANAwy eVTIOAWYV OTIG Ypapég 5-6, 7-8, 9-10, kaw 11-12.

#!/bin/bash
mkfifo f{0..2}
cat in.txt >fo &
split fo f1 f2 &
wait

Kwdwag 4.2: IIpoypappa keAO@ovg yia tov Yroypago 1.

! To mpoypappa Tov mapdyetat and To PASH éxet tpomomomBei ya Aoyoug amhotntag. O Kadwkag A.1 Seixver tnv mAnpn,
un Tpomomonpévr €k800T TOV TTAPAYOUEVOL TIPOYPAUUATOG.
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#!/bin/bash

mkfifo f{0..4}

eager <fo >f1 &

tr A-Z a-z <f1 >f2 &

grep 'NCA)ANINGA) AN ) L #\3N (L) . x\47 <f2 >f3 &
eager <f3 >f4 &

wait

Kwdikag 4.3: IIpoypappa keAd@ovg yia Tov Yroypdago 2.

#!/bin/bash

mkfifo f{0..4}

eager <fo >f1 &

tr A-Z a-z <f1 >f2 &

grep "NCA)ANINCG ) CAN2NCN) CA\3N (L) L x\47 <f2 >f3 &
eager <f3 >f4 &

wait

Kwdikag 4.4: IIpoypappa keAd@ovg yia Tov Yroypago 3.

#!/bin/bash

mkfifo f{0..1}

merge f@ f1 >out.txt &
wait

Kwdikag 4.5: IIpoypappa keAd@ovg yia Tov Yroypago 4.

4.1 AvdBeon Evtolwv otig Zvvaptioeig

210 PASH, ag@ov éva mapdAAnio tunpa kehvgovg éxet dnpovpyndei, o mupnvag UNIX avakapPd-
vet 1 dpopoldynon oto mapacknvio—pe Paon teAeotég OnMwg & kat |. QoTO0O0, AVTOL OL TEAEOTEG
dev Aettovpyodv yla KApdkwon og TAat@oOppeg Xwpig Stakoptoth, agod mpoopiovtat yia tnv mepi-
TTwOo™ evog pnyavipatog. To yeyovog avtd dnuovpyei Tnv avaykn pntod kaboptopod tov aptbuov
TwV ovvaptioswy mov Ba xpnotpomonBovy, kabwg kat Tov CLVOAOL evTOAwV oL Ba exTeXéoel kAOe
ovvaptnon. Zto éva dkpo, pia cuvdptnon Ba pmopovoe SuvnTikd va ekTeNEoeL TO TURHA KEADQOVG &
OAOKANPOV—KATL TO OTIOIO ELVAL TIPOPAVWG [N KAUAKWOLHO. ZTO AAAO AKpO, TOANATIAEG GUVAPTHOELS
Oa umopovoav va ekteAécoLY HOVO pia eVvTOAR 1 kabepia, k&t To omoio dev eivat anmodoTiko—kabwg
Oa elorjyaye vepPolikn kivnon Siktvov, kabBvaoTeproelg ekKiviong, Kat KOOTN KANOT.

To SPLASH Aettovpyet kdmov avdpeoa ota SO0 dkpa, ano@aci{ovtag va xwpioet Tov ypdeo ota
onpeia 6mov glodyovtal mapdAAnia otddia—péow Twv eviohwv split kat merge—eva akolovdieg
eVTOAWV 1oV Jev SlakOTTOVTAL Ao split 1) merge ovyXwveDOVTAL OE £V HOVO LTTOYPAPO (Zxpa4.1)
A@ov 10 SPLASH xwpioeL TOV Ypa@o o€ LIOYPAPOVG, Unopei va apxioet va pooBéTet eldikég evTONEG
yla TNV KANOn OLvapTioewy Kat TNV emkovwvia petafd tovg. Ot Kadikeg 4.2 ¢éwg 4.5 deiyvouvv ta mpo-
ypappata keAbgovg Tov Tapdyovtal yia kdbe voypd@o.” To SPLASH mpocfétel emtiong Tig evToAég

2 OL TIPOOEKTIKOL aVayVWOTEG UIOPEL VA TTAPATNPHIOOVY OTL OPLOHEVOL DTIOYPAPOL XLV “EekpépacTtovs” aywyovg (dn-
Aadn aywyobds twv onoiwv 1 ¢£080g dev mnyaivel tovbevd, 6mwg ot aywyoi f1, 2 atov Ynoypdgo 1, 1} mov Sev Aapfdvovv
eloodo amd movbevd, oTwg 0 aywyodg fo atov Ymoypago 2). Ot Eekpépactol aywyoi vTodNAGVOLY TNV AVAYKN Yia EMKOL-
vovia petakd ovvaptroewy, n omoia Ba cuintBei otnv Evotnta 4.3.

32



Subgraph 2 Subgraph 3

Ixfua 4.1: Ipagog porg dedouévwv peta mn Staipeon oe vmoypagovg (subgraphs).

#!/bin/bash

mkfifo f{0..2}

invoke-function $SCRIPT_ID_2 $SCRIPT_MAP &
invoke-function $SCRIPT_ID_3 $SCRIPT_MAP &
cat in.txt >fo &

split fo f1 f2 &

wait

Kwdikag 4.6: ITIpoypappa keAvgovg yia Tov Yroypdgo 1, petd tnv mpocdnkn evrodwv kAnong. O
TeAeo TG Tapaoknviov (&) xpnotpomnoteitat yia va kKAnBobv oL ouvapTioELg TO GLVTOUO-
Tepo Suvatov.

mkfifo kaw wait oe kaBe vIIOYPAPO, Aol Twpa kabe VTOYPAPOG TpEXEL Ot Eva SlapopeTikd TepBAA-
Aov.?

4.2 Evtolég KAnong

2to SPLASH, povo n mpwtn ovvaptnon kaleitat anod to pnxavnua-neddrn. Enetra, kdbe ovvap-
non KaAei Ty enopevn ovvdptnon (N TIG ENOUEVEG OCLVAPTHOELS) TNG—T] OToi [E TN OELPA TNG Ka-
\ei Tig emopeveg g ovvaptnoels. Etol, To SPLASH ewodyet pa véa evtolr (invoke-function), n

® Tia AGyovg ca@rvelag Kat OUVETELAS, oL aywyol éxouv aptBunBel and tnv apxn ya va Eekvody and to pndév oe kabe
vnoypd@o. Av kat o SPLASH 8ev apiBpei mpaypatikd and vy apxr Tovg aywyovs, 1 apibunon ano v apyr Sev Ba mpo-
KaAOVOE OUYKPOVOELG OVOULATWY, Aol KaOe LTTOYPAPOG TPEXEL TAEOV GE SLAQOPETIKT) CLVAPTNOT.
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Subgraph 2 Subgraph 3

,,,,,,,,,,,,,

Ixnua 4.2: O ypagog porg dedopévwy, epmAovtiouévos pe kAnoetg petadd twv vroypdewv. Ilapa-
pnote 0Tt 0 Yoypdog 4 mpémnet va kAnOei povo and €vav and Tovg TPornyovHEVOLG
VTTOYPAPOUG.

omoia TpooTiBeTal 0To TPOYPAUHA KEADVPOVG TWV CLUVAPTHOEWV TTOL Kahovv dAAeg cuvaptnoels. To
Zxnua 4.2 Seixvet TG kKAoelg mov yivovtat oto NFA-Regex. ITapatnprote 0Tt povo pia and Tig ov-
VAPTHCELG TTOV EUMAEKOVTAL Ot £va TapAAANAO 0TASIO TIPEMEL Va KAAEDEL TT CUVAPTNOT) IOV TIEPLEXEL
TNV €VTOAN merge.

To Tunpa TpoypAUHaTOG KeEADPOVG IOV TIpETeL va ekTeAeOTeL amd KABe CLUVAPTNOT TTAPEXETAL KATA
TN SidpkeLa TG eKTEAEOT|G—OTO QOPTiO KA ONG TG OLVAPTNONG. AVTO onpaivel OTLKADE KAADV Tpémel
va £xel To TpOYpappa keAD@ovg Tov kAnBévta. QoTd00, TPEMeL Va £xeL Kat TO TPOYpapLHa KEADQOLG
10V KANOévTar Tov KANBEVTa—alAiwg 1 mponyolpevn WoTNTa Ba Emave va LoYVEL Yo Ta EMOHEVA
otddta—xat ovtw kabene. Tia avtd to Adyo, to SPLASH mepthapPdvel ol ta TpRpata kKeAOPOG
OTNY HOP@T| £VOG Ae&IkoD oV avTioToLyi(eL avayvwploTikd o€ Tpoypappata keEAVQOLG (SCRIPT_MAP).
Yotepa, kdBe kAnon mephapPdavet avtd to Ae&ikd 0to Poptio KAoNG, padi fe To avayvwpLoTiko Tov
avTLoToLXel 0To MpOypappa Tov kAnBévta (SCRIPT_ID). H kAfjon cvuvaptroewv ovpPaivet mpdhupa—
kaBe ovvaptnon kalei TNV emopevn ovvaptnon (1] TIG EMOUEVEG CLVAPTIOELS TNG) TO GUVTOHOTEPO
Suvatov—awaote oL kAnBEVTEG va apyicovv ypriyopa va AapBavovy dedopéva amd Tovg KaAovVTEG, Kat
va emutevxOei vynAr expetaAlevon. O Kwdikag 4.6 deixvel To mpdypappa Tov TpOTOL VTOYPAPOD, e
TIG ETUMAEOV EVTONEG KAT|ONG.

4.3 Evtolég Emkowvwviag
H emkowvwvia porg Sedopévwv anattel mpooappoopévn vootipEn ya Tov vTOAOYLOUO XWwPig

Sakopotr, agol ot UNIX aywyoi Aettovpyodv otn pvhun kat dev pmopovv va Staoyicovv ta dpla
Twv ovvaptioewy. O HETAYAWTTIOTNAG aviXVEVEL TTOV TIPETEL Va YiVEL AUTH 1) eTKOVWVia, Snuiovpyei
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Subgraph 1

Subgraph 4

2xfua 4.3: O ypagog porg dedopévwy, epmAovTIouEVOG He KOUPOVG EMKOIVOVIAG.

EVTOAEG pon|G pe Ta KatdAAnAa petadedopéva—wmOoTe Ol CUVAPTNOELG Va HTOPOVV va Ppiokovy 1 pia
NV GAAAN—KaL EVOWHATOVEL CWOTA AVTEG TIG EVTONEG 0NV apXLkr| por} deSopévwy. ITio ovykekpipéva,
70 SPLASH e10dyet 800 véeg evTOoNEG (send-streamkal receive-stream), Tig omoieg TomoBe el oTa OpLa
Twv ovvapTnoewy (Zxiua 4.3). ZTnv cLVAPTNOT ATOOTOANG, 1 EVTOAT send-stream KATAVAADVEL THV
¢£080 TG TelevTaiag eVTOANG Kat oTéAvel Ta Sedopéva Héow Tov SIKTOOL. TNV ouVApTHoN AYNG, N
€VTOAN receive-stream AapPavel Ta dedopéva HECW TOL SIKTVOL Kal T TTAPEXEL OTNV TTPWTT EVTOAT.

T va tapra&et kaBe evtoln send-stream pe Tnv avtiototn eVTIOAN receive-stream—kat avtiotpoa—
10 SPLASH xpnowonotei éva povadikod kAewdi yia kabe (evydpt eviodwv send-stream kat receive-
stream (COMM_KEY). Kat ot 00 evToAég xpnoLpomolody avto to kAeldi yia va Ppovv ouyKeKpLUEVES
nmAnpogopieg dievBvvong katd TNy ektédeon—omnwg Oa meptypagei otny Evotnta 5.3. Ot Kwdikeg 4.7
Kat 4.8 SeiYvouv Tovg TpWTovG V0 VITOYPAPOVG e TIG TPOoOTKeEG EVTOAWDY EMKOLVWViaG—TapaTnprioTe
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#!/bin/bash

mkfifo f{0..2}

invoke-function $SCRIPT_ID_2 $SCRIPT_MAP &
invoke-function $SCRIPT_ID_3 $SCRIPT_MAP &
cat in.txt >fo &

split fo f1 f2 &

send-stream $COMM_KEY_1_2 <f1 &
send-stream $COMM_KEY_1_3 <f2 &

wait

Kodwkag 4.7: IIpdypappa yia tov Yroypago 1, petd tnv npoodinikn eviodwv emkotvwviag. [Ipooéte
671170 COMM_KEY_1_2 XpnoipomoLeital emiong oTnv evToAr receive-stream, Kadikag 4.8.

#!/bin/bash

mkfifo f{0..4}

invoke-function $SCRIPT_ID_4 $SCRIPT_MAP &
receive-stream $COMM_KEY_1_2 >f0o &

eager <fo >f1 &

tr A-Z a-z <f1 >f2 &

grep NG\ CANTING ) ANV N) L #\BN (L)) . x\ 47 <f2 >f3 &
eager <f3 >f4 &

send-stream $COMM_KEY_2_4 <f4 &

wait

Kadwkag 4.8: ITpoypappa yia tov Yroypago 2, petd tnv npocdnikn eviodwv emkotvwviag. [Ipooéte
0Tt To COMM_KEY_1_2 xpnotpomoteitat emiong otny evtoAn send-stream, Kadikag 4.7.

T xpnomn Tov COMM_KEY_1_2 0TI evTOAEG send-stream kal receive-stream.

4.4 Evtolég AmoOnkevong AVTIKEIPHEVWY

To SPLASH xpnotponotel amofrikevon avTIKEHEVWY YLo TNV AVAYVEOOT) TwV apXIkwv dedopévwy
e106d0v, kabwg Kat ya v eyypaen twv telkwv dedopévwv e£d6dov. Tia avtd to Adyo, to SPLASH
eloayeL 600 véeg evTohég (download-object katupload-object), mov TomoBeTovvTal TpLv amd eVToAég
nov StaBalovv apxeia, 1) HETA oo eVTOAEG IOV Ypdgovy apxeia. Kat ot §0o evtodég maipvouy o dvopia
Tov apyeiov wg mapapetpo. To Zxnua 4.4 deixvel TOG Qaivovtal avToi ot KOPBOL GTOV YPaPo pong
dedopévov, evw ot Kwdikeg 4.9 kat 4.10 deixvouv Ta TPoypaUaTa TOV TPWTOL KAl TOV TEAEVTAIOV
VTOYPAPOV, HETA TNV TIPooBKn TwV eVTOAWV amofrfikevong véoug. IIpooéte 6TL ot evToléG cat kat
merge TA£0V AAANAETISPOVY HOVO L€ EMWVVHOVG AYWYOUG—AaPOoV Ta OVOHATA apXeiwV el00d0v Kat
€£080V XpPNOLHOTIOLODVTAL OTIG EVTOAEG ATTOONKEVONG AVTIKEIUEVWY.

4.5 EvtoAég Ovpdg Mnvopatwv

To SPLASH xpnotpomotel acvyxpovn kKAon ouvapTrioewv —ot cuvaptioels Sev TEPLUEVOLY Vat
TeAelwoovv ot kAnOeioeg oLUVAPTHOELG TOVG—OTIOTE TO UNXAVHA-TIEAATNG OeV EVIUEPWVETAL AVTO-
pata 0Tav 1 TeEAevTaia oLVAPTNOT €XEL TeEAElwoel—Kal €TOL Sev umopei va ovveyioel pe aocpdlela 0To

* Avt) n emhoyn Ba e&nynOei otnv Evotnra 5.2.
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download-object

Subgraph 1

Subgraph 2

Subgraph 4

Subgraph 3

Ixnpa 4.4: O ypagog porig dedopévwy, epmlovTiouévog pe kOPBovs amoOniKeVONG AVTIKEIHEVOV.
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#!/bin/bash

mkfifo f{0..3}

invoke-function $SCRIPT_ID_2 $SCRIPT_MAP &
invoke-function $SCRIPT_ID_3 $SCRIPT_MAP &
download-object in.txt >fo &

cat fo >f1 &

split f1 f2 f3 &

send-stream $COMM_KEY_1_2 <f2 &
send-stream $COMM_KEY_1_3 <f3 &

wait

Kwdikag 4.9: ITIpoypappa yia tov Yroypdeo 1, petd tnv npoadnkn evrodwv anobnkevong avriker-
uévwv. IIpooé€te 0tL N evtoAr cat mAéov xpnotpomotei povo UNIX aywyovs.

#!/bin/bash

mkfifo f{0..2}

receive-stream $COMM_KEY_2_4 >f0o &
receive-stream $COMM_KEY_3_4 >f1 &
merge fo f1 >f2 &

upload-object <f2 out.txt &

wait

Kwdikag 4.10: IIpoypappa yia tov Ynoypago 4, petd tnv mpocdnkn evtodwv arodikevong avriket-
pévov. Ilpooégte 0T N evtolr merge mAéov xpnotpomotel povo UNIX aywyoug.

eMOUEVO [EPOG TOV TTPOYpAappatos. Iia avtd to Adyo, o SPLASH elodyet akopa pia evrohn (send-
notification), n omoia mpooTtiBetal 0To TéAOG TNG TEAEVTAIAG CLVAPTNHONG, KAVOVTAG TN Vo oTeiel
pia eildomoinon oe pia ovPA PNVLRATWY 0NV oToia akoveL To pnydvnua-mehatng (Kwdwkag 4.11). Xn-
HeLwoTe OTL 1) eVTOAN} send-notification mpémet va mpootedei petd Tnv vToAn wait, doTe va eivat
olyovpo 0TL 1 ouvdpTnoN €Xel Teletwael OAn Ty ponyobpevn enefepyacia. Ot Kodikes B.1 éwg B.4
deixvouv Ta Tedikd mpoypappata yia kabe voypdo, VoTepa Amo TNV TPOoOnRKn OAWY TWV EVTOADY
yla ektéleon xwpiG SlakoploTi—KAN o™, eMkovwvia, amofnikevor, ovVPEG UNVVHATWY.
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#!/bin/bash

mkfifo f{0..2}

receive-stream $COMM_KEY_2_4 >fo &
receive-stream $COMM_KEY_3_4 >f1 &
merge fo f1 >f2 &

upload-object <f2 out.txt &

wait

send-notification

Kwdikag 4.11: IIpoypappa yia tov Ynoypago 4, petd tnv npocdnkn eVvToAwv ovpdag Hnvupdtoy.
[Tpooé€te OTL 1) evToAr| send-notification mpootiBetal uetd amd TNy €vtolr wait,
WOTE va eival 6iyovpo Tt To LTTOAOLTTO TIPOYPApA EXEL TEAELWOEL TTPOTOV OTANEL 1) EVI)-
Hépwom OAOKANpWONG.
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Kegalaio 5

Extéeon

To SPLASH mapéyel emiong vmootrptén ekTéNeonG yia TIG véeG eVTONEG oL elodyel. PuBpilet Tig
OLVAPTHOELG KATAAANAQ Yia eKTENEDT) IAVW-OTNV-WPA, KAAEL TIG GUVAPTHOELG AGVYXPOVA, Sovpyel
Kavalia emkotvoviag pe por dedopévwy, alAnhemidpd pe v anobrkevon vépouvg, kat amooTéAAeL
e180moloelg ONOKATPWONG 0T UNXAVT-TIEAATT HECW OVPAG UNVUUATWY.

5.1 Extéleon [Mavw-otnv-Qpa

Onwg avagépOnke mponyovpévwg, To PASH xpnotpomotel avélvon mévw-otnv-wpa yia va e§dyet
TIEPLOCOTEPESG TIANPOPOPiEG ATO TO TPOYPaAppa KEAVPOUG, Kat va avénoet Ty Suvatdtnta mapaiin-
Momoinong. Avtr | Tpooéyylon Aeltovpyei KaAd Og TEPIMTWOELG HEHOVWHEVWY HNXAVIUATWV 1) OUA-
Swv unxavnpdtwv—olot oL TOPOL IOV GULHUETEXOVV OTOV VTTOAOYIOHO VTIAPXOLV €K TWV TIPOTEPWY.
Q0T1600, TNV TEPIMTWOT) VTOAOYLOUOD XWPIG SLAKOWOTH, 0 XPOTNG Tpémel va pvOpioet pia ovvap-
on mpv TNV kakéoetl. Avth ) @aon pvBuong eloayet kanola kabvotépnon, agov amaltel TNV ano-
OTOAN €VOG AUTNHATOG GTOV TTAPOXO VEPOUG, TN HETAPOPTWOT) TWV e§ApTHOEWY TNG CLVAPTNONG, Kat
TNV AVAROVT] YL ATTAVTHOT OTL ] OLVAPTNON eivat £Towun. AvTh 1 kaBvoTépnomn unopei va yivet ana-
YOpeLTIKN av elodyetal Tpty and kabe kARon ovvaptnong, avdloya pe To uéyedog Tng cuvapTNONG
KAl TNV TaXOTNTA HETAPOPTWONG TOV UNXAVIUATOG-TIEAATT).

[ta avtd 10 AOYO, To SPLASH 0XeS1d0TNKE €TOL WOTE Va amattel povo pia pvbuion cvvdptnong,
TIOL €ivat apKOOVTWG YeVIKN WoTe va ekTelel Stdpopa mpoypappata keAOQovs. AvTo onpaivel 0TL o
XPNoTNG pmopei va kabopioet povo pia puOLLOT CLVAPTNONG—OTOLASHTIOTE XPOVIKT OTLYHT, TOAD TTpLV
arnd TV eKTENEDT] TWV TIPOYPAUUATWV—KAL VL TNV EVI|UEPWVEL VO OTav aAlalovy ot eapTrhoeic—
OMwG yiveTal Kat 0TV TEPIMTWOT TWV AVTIKEUEVWY AOYIOHIKOV, 010V 0 Kwdikag xpetaletat §avd XTi-
oo dtav aAld&et. AQov to pdvo mov propel va aAAd&el katd TNy ekTéleon eivat To TURHA TOL TTPO-
ypappatog keAbgovg mov Oa exteleoTtel, To SPLASH mepvdet avtd To Tunpa wg goptio (Evotnta 4.2).
Ext6¢ and avtd, n vmapén piag povadikng pbBuiong ovvaptnong npoogépet to emmpdabeto mheo-
vékTnpa Twv Oeppwy ekkivioewy [67]. ITToAamAég kAnoeig g idtag ouvaptnong mpokakovv Ty To-
nmoBétnon Tov MePIPAAAOVTOG GTNY KPLPT LV TWV TTAPOXWV VEQOVG—OTIOTE OL EMOUEVEG KATOELG
Eektvobv Tio ypnyopa.

5.2 KAnon

KaBe kArjon ovvaptnong mepthapPdvet Eva Ae&iko Tunpatwy mpoypappdtwy keAbeovg (SCRIPT_MAP)
Kal €V avayvwpLloTIKO TUNHATOG TIPOYPAUHATOS keAD@OovG (SCRIPT_ID). O XelplOTHG OLVAPTNONG
XPTOWOTIOLEL AVTEG TIG TTAN|POPOPIEG YL VAL AVAKTHOEL TO KATAAANAO TUMHA TIPOYPAUIATOG KEADPOVG
Kat va to anobnkeboet oe éva apxeio—wboTe va umopei va To ektedéoel. O XELPLOTHG CLVAPTNONG ATTO-
Onkevel emmAéov To SCRIPT_MAP o€ éva apyeio, WOTe TO TPOYPAHA KEAVPOLG Va ptopéael apydTepa
va o cuuneptAafet 6To PopTio KAONG TwV endpevwy cuvaptinoewv (Kodkag C.2).

To SPLASH xpnotpomolei aovyxpoveg KAOELG CLVAPTHOEWV—OL CLVAPTHOELS OEV TIEPIUEVOLV VL
olokAnpwaoovy tnv ektéheon ot kAnOeioeg cuvaptroelg Tovg. AvTo yiveTal £T0L WOTE OL CUVAPTNOELG
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Phase 1:
Discovery STUN Server

A — NAT NAT |— B

Key-Value Store

Phase 2:
Communication NAT Table NAT Table
A (private) <> B (public) B (private) <> A (public)
A | NAT (fo-mmmommmoootis of NAT — B

2xfua 5.1: Ardtpnon oto mAaioto tov SPLASH. Kdfe ovvaptnon (1) Aappaver Tig dikés 146 mAnpo-
@opieg StevBuvong, (2) ypaeet Tig Stkég NG mMAnpogopieg SievBuvong oe éva anobetnplo
KAedtov-Tipwv (key-value store), amd 1o omoio StaBaletl emiong TG MAnpogopieg Stev-
Buvong g dAAAnG ovvaptnong, kat (3) mpoonabei va ovvdebel pe TV AAAN cuvapTtnon.
AnuovpyodvTal KaTaXwproelg 0TovG Tivakes peta@pactwy dievbvvong diktvov (NAT
tables), omote oL ouVdEoelg MEPVAVE EMITUXWS.

VA HTTOPOVY VA EMOTPEYOLV AUECWG META TNV OAOKAT|pwOoT| TNG OLKNG TOVG EKTENEOT|G KAl VAL UV XPELA-
{eTan va TepLEVOUV ONEG TIG GANEG CUVAPTIHOEIG—UELDVOVTAG £TOL TO KOOTOG Kal aneAevBepdvovtag
napaAAnouvg opovg. Emiong, o SPLASH puBpilet Ti¢ cuvaptrioelg wote va pnv npooradody Eavd oe
nepinTwon vrEpPaong Tov xpovov oAokApwong, kabwg n aAlendAAnAn extédeon Ba avfave onpa-
VTIKA TO KOO0TOG kat Oa peiwve Tovg mapdAAniovg mopovg. Evw ot mapodxot végovg cuviiBwg Bétovv
TIEPLOPLOPOVG 0TO [EYEBOG TOV PopTiOL Yo AcVYXPOVH KA OT), AUTOL OL TEPLOPLOOL KVHALVOVTaL GV-
v10wg 610 €VPOG TWV MB—pe TOV TILO ALOTNPO TEEPLOPLONO Va givat 256 kB otnv mepintwon tov AWS
Lambda [23, 45, 71]. To péyeBog Tov kwdika keAbpovg mov mapdyet o SPLASH yia k&b alvoida dev
vTepPaivel Ta OpLa avTd, EMOPEVWG AVTOL OL TLEPLOPLOOL SeV atoTENOVV TTPAKTIKO TTPOPANua.

5.3 Emxowwvia

Onwg éxel avagpepbel mponyovuévwg, ot cuvapPTNOELG OV UTOPOVY Vva EMTOXOVV GUEDT] ETIKOL-
voviag porg dedopévwv petald tovg, Kat ot evallaktikég péBodot emkovwviag dev eivar katdAAn-
\eg yla epappoyég keAvgovg—eivat ToAD damavnpég, evw dev vrootnpilovv avtopatn KApdkwon n
por| dedopévwy. Tia va avTipeTwnioel autiy v TpokAnoT, to SPLASH Eemepva Toug meploptopois
Siktdwong Tov serverless kat Snuiovpyei kavdAia apeong emkotvwviog pong dedopévwy petald twv
oVVaPTNOEWV—XWPIG va XpnotpoToLel emmAéov vnpeoieg ya avtailayr dedopévwv. Ta va e§aopa-
Nioet aflomotn, StateTaypévn enkovwvia—rapopola e Tovg aywyovs UNix—to SPLASH xpnotpo-
niotei 1o TCP wg mpwTOKoAO eMIKOLVWVIAG.

[ TNV eykatdotaon dpecwv kavaAlwy pong 0edopéVwY Tapd TNV Tapovoia HETAPPAOTWYV OLev-
Buvong diktvov, To SPLASH xpnoiponotel Ty texvikn g Siktprong [16]: Eotw ott Ta pnxavipata A

! Zav onpeio avagopdg, oAdkAnpog o kwdikag BTEX mov xpetdotnke yia avt T SIMAwHATIKY epyacia—keipevo, Tivakeg,
Kat oxnuata—eival pkpotepog and 256 kB.
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Kat B 6éhovv va eykataotriioovy pia ovvdeon petagd tovg. Ztnv kavovikn Sidtpnon, Ta A kot B ovv-
déovtan o€ évav dnpoota TpooPactpo evOLAETO SLAKOULOTT, O OTIOI0G ATTOKAAVTITEL TIG TTANPOPOPiES
SevBuvong Tov B o010 A, kat TIg MAnpogieg StevBuvong Tov A oto B. Yotepa, 1600 T0 A 600 KAl TO
B exkivovv pia o0vOeon 1o €va pe To AANO, XPTOLHOTIOLWVTAG AVTEG TIG VEEG TTANpOQOpieg. AvTo On-
povpyel pia véa eyypagn yia to B otov mivaka petagpaotr dievBuvong Siktvov tov A, kat avtioTtorya
pio véa eyypaen yia to A otov mivaka petagpaotr dievbvvong diktdov Tov B, mov Aettovpyodv cav
“Tpimeg’, eMTpEMOVTAG TIG ElOEPXOpEVEG OLVOETEIG—EEOD Kat 0 Opog “Sidtpnon”

2y mpaypatikotnta, To SPLASH xpnotgonotel pia ehappwg tpomononuévn ékSoon Tng TeXvL-
KNG (Zxnua 5.1). Avti va xpnotpomotel €vav evoldpeco Stakopotn yia va AdBet Tig mAnpogopieg Sied-
Bvvong TG aAAng cuvaptnong, kdbe cvvdptnon pwtdaet évav dtakopotr STUN (STUN server) [28],
0 0TI0{0G EMOTPEPEL OTN CLVAPTNOT TIG JikéG THG TANpoPopieg StevbBvvong. Ztn ovvéxela, kdbe ov-
vaptnon anobnkedel TG TAnpo@opieg StevBLVOTG TNG 0€ £va KOvd amoBeTrplo KAEWSIWV-TIHWDY, TO
omoio HmopobV va pwTHoOLY Kal ot V0 GUVAPTHCELS XPTOLHOTOLWVTAG £va kolvo COMM_KEY. Enetta,
n Stadikaoia eival TapopoLa pe TNV KAVOVIKE TEXVIKT TNG SIATPNONG: 0L GLVAPTNOELG EKKIVOUY OUVSE-
oelg petafd Tovg, SHoVPYOVVTAL KATAXWPTOELG GTOVG TTivakes HeTappactadv StebBuvong Suktvov kat
ot ovvdéaelg pmopovv va paypatonotnodyv emTvxws. Na onpeiwdei 6Tt 1600 0 Staxopiotiig STUN,
000 Kat To armoBeTrpLo KAESIOV-TILWV X PTOLLOTOLOVVTAL 4OVO Yia TTANpogopieg diebBuvonc—ady: yia
avtalhayr| peyalov 6ykov dedopévwv—wote va uny ennpedfovy TV KALAKWOILOTHTA.

54 AmnoOnkevon AVTIKEIPEVWY

ITapoho mov to SPLASH xpnotponotel ovvdéoelg pong dedopévwy yla TNV amooTolr| evSlapeowy
dedopévwy, eEakohovbei va xpetdletan va Stapalet and vrapyovta Sedopéva kat va amobnkevet ta
amoteléopata oe apyeia (Kadikeg C.5 kat C.6). To SPLASH enw@eleitat meplocotepo and amodnkev-
TIKOVG XWPOLG AVTIKELLEVWY TIOV EMITPETOVY TN Ay o€ por| dedopévav, kabag n enefepyaacia pmopei
va StadoBei ypriyopa o€ OAn TNV €KTACT) TOV YPAPOV—ETITVYXAVOVTAG £TOL VYNAN a&lomoinon, akopa
Kat yla peyala apxeia.

5.5 Ovpd Mnvopatwv

Emeidr) ot kAnoeig eivat acvyxXpoveg, To HnXAavnpa-meAdTng Sev evuepwVETAL OTAV OAOKANpWVETAL
n televtaia ovvaptnon. Etol, to SPLASH @povtile n tehevtaia cuvdptnon va oteilet pia eldomoinon
O€ L0 OVPA HNVUHATWY, OTNV oTtoia 0 TEAATNG akoveL. AoV o teAdtng AdPet Ty eldomoinon, mpoxwpd
OTNV EMOEVT TEEPLOXT| TOV TIPOYPAUUATOG KeEADQOVG. 10 SPLASH, 0 TEAATNG XPNOHOTIOLEL TNV TEXVIKN
NG HAKPAS AVAUOVHG, YA VAL EKOWOEL ALYOTEPA AUTHHATO KAl VAL LELWOEL TO KOOTOG [62], kaBwg 0 6yKkog
Twv eldomoloewy eival OXeTIKA XaunAdg—Eéva privopa yia kabe oAokAnpwiévo T KeEADPOLG.
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Kegdalao 6

A&oloynon

To SPLASH a&loloyeital 0to mOGO ypriyopa ekteleital og oxéon pe TN Oelplakn ekTéNeon KelD-
QovG, kKaBwg Kal 0To TOGO KAAA KALPAKWVEL [e TOV aplBud Twv cuvapTnoewy.

6.1 Awataén

YMomoinon H Aettovpyikodtnta tov SPLASH eivau xtiopévn mavw oe avtr) tov PASH. To SPLASH xpn-
otpomotei To Serverless Framework [29] yia 9optwon oto AWS, kat To boto3 Python AWS SDK [68]
yta alnhenidpaon pe tig vinpeoieg Tng AWS." H BipAtoBrkn Sidtpnong eivat vhomowmpévn oe Rust,
Kat poptwvetal wg eminedo AWS Lambda [65]. To SPLASH xpnopomnotei to AWS Lambda [63] (kAfon
ovvapTtrioewv), To Amazon DynamoDB [59] (amoBetripto kAetdtwv-Tipav), To Amazon S3 [61] (amo-
Onkn avtikelpévov), kat to Amazon SQS [60] (ovpd unvopdtwv).

Enueio Avagopds H emidoon tov SPLASH ovykpivetat pe to GNU Bash [20], o kate€oxnv oetplako
nepBarlov ektéleong mpoypappdtwy keAbgovg. Tooo to Bash 600 kat to SPLASH ektelovv kdbe
TPOYpappa KeEAOQOLG xwpiG Kaptia allayn. AQov avth Tr oTiypr) Sev umdpxet Kaplia ETOLN VTOGTHPLEN
yta Ty ekTéNeon poypappdtwy keAbgovg oto AWS Lambda [66], OAa ta metpapata ektehodvTal 610
neptBarlov extéleong mov mpoo@épet To SPLASH. Tia o Bash, pia cuvaptnon ektelei ohokAnpo to
apxkod mpoypappa Aoov, evw yia 1o SPLASH, Aappdavel xwpa 0An n Stadikacia peTayA@TTIONG Kot
eKTENEOTG, OTWG TtepLypageTat ota KepdAata 3 €wg 5.

Awatagn YAkov OMeg ot extedéoelg éxovv tebei wate (apxikd) va Stafalovv kat (Tehikd) va ypa-
@ovv 0to Amazon S3. Ot cvvaptrioelg €xovv pvOuotei pe 10 240 MB pvijung kat 6 €lKOVIKOUG eme-
Eepyaotég (vCPU) yua to Bash, kot pe 1769 MB pvrjung kat 1 vCPU yia to SPLASH. Avtd ta peyén
pvAun emAéyovtat yia §vo Aéyovg: mpwtov, To 10 240 MB eivat to peyaAvtepo péyebog puviung mov
eivat Stabéopo oto AWS Lambda [72], kou devtepov, ta 10 240 MB kat 1769 MB eivat ta pova §vo
pey£0n pvnung pe yvwotn avtiotoria uviung mpog vCPU [70].

6.2 Ilpoypdppata

O ITivakag 6.1 Seixvel Ta 6OVOAA TIPOYPARUATWY TIOV XPTOLLOTIOLOVVTAL Yl TV aftoAdynon Tov
SPLASH.? ZuvoMkd, XpnotpHonoovvTatl 5 tpaypatikd 6Ovola Tpoypapudtoy, Tov anotehobvTal ano
32 mpoypappata keAbgovg kat 305 ypapupés kadika (lines of code, LoC). Ta Oneliners kat Unix50
TEPLEXOVY TOOO KAAOIKA, 000 Kat Tpoc@ata (2019) mpoypdupata mov KAVouY £VTOVH Xpom TwV TTPo-
gykaotnuévwy evtohwv Tov UNIX kat Tov Linux. To COVID-mts mepléxel TEOOEPA TPOYPAHUATA TTOV
xpnotpomotOnkav ya Tnv avélvon mpaypatikav dedopévov tniepetpiag and SpopoAoyla pécwv
palikng petagopdag otny Adnva, katd t Sidpketa g mavdnuiag tov COVID-19.

! Na onpelwbei 6Tt o Texvikég mov xpnotponotet 1o SPLASH Sev elvat amokhelotikég 6o AWS, alld umopodv va xpnot-
pomomnBodv kat oe aAlovg mapdxovg vépoug. O Ilivakag D.1 deixvet i vinpeoieg Tng AWS mov xpnotpomnotel o SPLASH,
KaBwg kat Tig avtioTotxég Tovg 0to Négog Google kat 6to Microsoft Azure.

? Ouivakeg E.1 éwg E.5 meptéxovy v TP TEPLYpaP] TWV TPOYPAUUATWY TIOV XPTOLOTOLODVTAL 0TNV a&toAdynon.
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ITivakag 6.1: Emiokonnon twv mpoypappdtwy.

Benchmark Set Short Label ~ Scripts LOC Input  Source
1 Common UNIix One-Liners Oneliners 6 67 1GB [4,5,55,80]
2 Bell Labs Un1x50 Unix50 8 24 9GB [6, 39]
3 COVID-19 Mass Transit Analysis COVID-mts 4 38 22GB  [81]
4 Natural Language Processing NLP 13 160 130books [9]
5 NOAA Weather Analysis NOAA 1 16 500MB  [85]

Kowa ITpoypappata UNix Miag Ipappng  To obvolo mpoypappdtwv Oneliners mepiéxet éva o0-
VOAo KAAOIKWDV TPOYPAUUATWV-CWANVOOEWY, oL To Kabéva avadeikviel SlapopeTikd Xxapaktnpt-
otika emidoong tov keAvgovg. To NFA-Regex €xet wg emMikeVTpoO piot LTOAOYIOTIKA ATAUTNTIKY Ka-
vovikn} ék@paot). To Sort ta&tvopei pia peydAn eicodo. Ta Word-Frequency kat Top-N-Terms eivat
Baciopéva 0to kKAaoko mpdypappa katapetpnong Aégewv tov Mcllroy [5], mov xpnopomotei tafvo-
UNoM, AVTi yla Tvakomoinon, yla va Ppet ouxvovg 0povg o€ éva ovvolo Aé€ewv. To Spell, factopévo
070 TPWTOTVTIO spell mov avantvxOnke anod tov Johnson [4], eivan éva akopn KAAGIKO TIPOypajpa
UNIx: botepa and kdnola poemefepyaoia, kavel E§umvn xprion tov comm yia va Bpet Aé&elg mov dev
avrikovv 0to Ae€ko. TéNog, To Sort-Sort xpnotpHomnoLel GLUVEXOHEVES sort kol sort -r eVvTOAES, Xwpig
va elodyel avapeoa evToAEG mov petwvovy To péyebog tng elo6dov Toug (m.y., uniq).

Bell Labs UNIX50 Xtov mpoo@ato eoptacuod Twv 50 xpdvwv tov UNIX, Ta Bell Labs dnpovpynoav
€va 00VOAO amod TpokAnoelg Tov AvvovTat pe T Xpron cwAnvwoewv UNIX. Ta mpoPAnpata avtd oxe-
Staotnrav ya va avadei§ovv v onovévulwtr gtlocogia tov UNix [55]. Tia tnv a§ohoynon, xpn-
owomnolodvTat avemionueg Avoelg mov BpéBnkav oto GitHub [76], mov Bpickovtal o pop@r owAn-
vwoewv pe ToAamia otadia. Kévovv évtovn Xprion TUTKWV eVTIOADV, XPNOWHOTOL0DV ia TotkiAia
ONUALDY, KAl QaiveTal Vo £xouv ypa@Tei and pn-edikods, agov Xpnoponolodv auxvd vtoPEATioTa
KOHUATLA IOV amokAivouy eda@pa amo Tn thocogia Tov UNIX.

Avalvon Méowv Malikiig Metagopag otn Atapketa tov COVID-19 - To ovvolo COVID-mts meptéxet
TEOOEPELG CWANVWUTELG IOV XprjoLpoTotOnkay yia TNy avdAvon mpaypatikwyv 0edopévwy TnAepeTpiag
a6 Spopoldyla Aewopeiwv tng ABnvag, katd t Sidpketa tov COVID-19 [81]. Ot cwAnvioelg avtég
VTTOAOYICOVY KATTOLA OTATIOTIKA Ylat TO CUOTNHA HETAPOPAG KABe pépa, OMwG EoOG aptBpog wpwv
AetTovpyiag, kat H€cog aptOpog oxnUaTwy ava nuépa. AVTEG oL GWANVWOELG XPTOLHOTIOLOVY KAAGIKEG
evToA£G Tov UNIX Omwc sed, awk, sort, kat uniq.

EneEepyacia Pvowng Twooag To ovvolo NLP mepiéxet apketd mpoypdupata and to “UNIX yla
TOTES, éva pudbnpa yia tny avdntuén mpoypappdtwy enegepyaciag euotkng yAwooog pe xpron UNIx
kot Linux epyadeiwv. Ilepiéxel epyaoieg omwg pétpnon Aé€ewv, evpeon Aé€ewv pe téooepa ypdpparta,
Kat pétpnon akohovdiwv and cuuwva.

Avalvon Kapod E@vikov Opyaviopod Qkeavov kat Atpoogatpag twv HITA  Avtd to mpdypappa
elvat eumvevopévo amod To kevtptko mapadetypa oto PipAio “Hadoop: O Kabopiotikog Odnyog” [85],
Kat ektehel avdhvon dedopévwy Beppokpaociag, mavw oe dedopéva Tov EBvikod Opyaviopod Qkeavov
kat Atpoogatpag Twv HITA (National Oceanic and Atmospheric Administration, NOAA). Anotelei-
Tal and §Ho cwAnvwoelg, 6mov 1 kabepio vToAoyilel TV péylotn kat ehaxiotn Beppokpacia, avTi-
OTOLYL
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Zxnua 6.1: H emtayvvon tov SPLASH yua ta 6vvola Oneliners, COVID-mts, kat NOAA (peyalvTepeg
TéG eivan kavtepeg). H tipn g mapapétpov --width mov xpnotpomnoteital oe kabe mpo-
ypappa opiletal oto napaptnua (Iivaxeg E.1, E.3, kat E.5).

Unix50

Speedup vs. Bash
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2xfnua 6.2: H emtdyvvon tov SPLASH yia to Unix50 (peyalvtepeg Tiuég eivar kaAvtepeg). H tiun
™G mapapétpov --width mov xpnowponoteitat oe kdbe mpdypappa opiletal ato mMapap-
tnpa (IMivaxag E.2).

6.3 Enidoon

H emtdyvvon tov SPLASH o¢ oxéon pe to Bash aglodoyeital oe OAa ta chvola mpoypappdtwy,
Soktpalovtag SlaQopeTikég TIéG TNG Tapapétpov —-width yia kdbe mpdypappa, Kat avapépovtag
T peyalltepn emtayvvon mov enetevxdn. O okomdg eivar va aglodoynBei n péyiotn enidoon mov
unopei va metvXet To SPLASH, kat va ovykpifei pe to Bash. H tiun g mapapétpov --width mov
xpnotpomoteitat tehkd ya kdbe mpdypappa opietat otovg IMivaxeg E.1 €wg E.5.

Oneliners To Xxnua 6.1 Seiyvel 61t To NFA-Regex €xet tn peyalvtepn emrayvvon (14.38x), evw ta
VTTOAOLTIAL TIPOYPALHATA EXOVV TILO NTILEG EMUTAYVVOELG, TTOV KVHaivovTat amd 1.33x péxpt 2.05x. Oha ta
npoypappata ekTog and To NFA-Regex éxovv Trv eVTOAL} sort KATOL 0TI CWANVAOTELG TOVG, TO OTOI0
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Speedup vs. Bash
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Zxnua 6.3: H emtdyvvon tov SPLASH yia o NLP (ueyaAitepeg Tipnég eivau kavtepeg). H tiun g na-
papéTpov —-width mov xpnoonoteitat oe kabe mMpoypappa opiletal oto mapaptnpe (ITi-
vakag E.4).

(@) etodyet avfnpévn petagopd Sedopévwv petafd twv cuvaptioewv?, kat () éxet YNAS amoTL WA
uvAung. Etot, 1o SPLASH Sev pnopei va ekpetalAevtei TARpwG Toug eMITAEOV VTTOAOYLOTIKOUG TTOPOVG,
KaL 1 emTdLVOT eivat TepLloptopévn, eldikd epdoov n cuvaptnon Bash éxet 10 240 MB pvAune.* Eldika
otV mepintwon twv Sort kat Sort-Sort, To uéyebog g e10680v Sev petwvetat kabwg mpoxwpdet oTa
otadia g cwAvwong—katt mov Ba avadeikvue Ta 0gEAN Tov avnpévov TapaAAnAilopov—kal yla
AVTO TOV AOYO OL ETUTAXVVOELG AVTWV TWV VO TPOYPAUUATWY eival ot XaunAOTePEG.

Unix50 To Zynua 6.2 deixvet 6Tt To SPLASH mpoo@épel oplakég emTayOVOELG 0TIV MEPIMTWOT) TOV
Unix50—otnVv mpaypatikotnta kabvotepel 5 and ta 8 mpoypdppata. Avtd cvuPaivel emedn avtd
Ta TPOYPAUHATA XPTOLHOTIOLODY OXESOV ATOKAEIOTIKA ATAEG IEPIMTWOELG TWV EVTOAWV cut, tr, kal
grep, OV Sev KAVOLV APKETA £VTOVN XP1|OT) TOL emelepyanTh yia va SIKaloAOYiGOVV TOV TTapaTdvw
XPOVO TIOV APLEPWVETAL OTNV KATAVOT TNG SOVAELAG 08 TOANEG GLVAPTNOELS, KAOWE KaL TNV LETAPOPA
dedopévwy peta&d toug.

COVID-mts To Zxrjua 6.1 deixvel 61t o SPLASH mpoo@épet yia to COVID-mts mapopoLeg emtaydv-
0€1G 1e To Oneliners, To OTOIO Elval KATIWG AVAUEVOUEVO, APOD Ta TIPOYPAapata and ta Vo ovvola
potalovv otn Sopr| Tovg. Kiedw n vrapén g evtor|g sort meplopilet Tnv emtdyvvon mov pmopei va
npoo@épet To SPLASH.

NLP To Xxnua 6.3 deixvel pia mapopola elkova pe To Unix50, pe 1o SPLASH va emtayvvel oplakd
KATIOLOL TIPOYPAHHATA, Kat va kaBvoTepel Ta vitdlouna. QoT600, 8w 0 AOYoG eivat SlapopeTikog: kabe
npoypappa oto NLP dpa emavaAnmtikd mévw oe pia Aiota BipAiwy, kat mapd to yeyovog 0Tt 1o SPLASH
extehel kdBe emavdAnyn avtod tov Ppodxov pe maparinlia dedopévwy, o id1og o Ppdxog eEehiooeTat
oeipraxd—raBe emavaAnyn tov Bpoxov mpénet va tekelwoet ptv Eekviioet ) emopevn. Eneidn kabe Pi-
BAio amd povo tov givat pikpd, dev a&ilet va mAnpwaoetL kaveig To KOOTOG TOL OTNOIHATOS piag OAOKAN-
pNG OpAdAG CLUVAPTHOEWY KAl TNG EMKOLVWViag Tovg. Mia Abom eival va Tpéxovv TavTtoxpova ToAAEG
emavaAnyelg tov fpoxov, apov kabe emavaAnyn tov pdxov eivan ave§dptnTn and Tig vTOAOTEG—KAaL
¢toL va aAAnlogmikalbmtovTat Ta k6ot Twv cwAnvwoewyv. H vtootnpén avtrg g Aettovpyiag oto
SPLASH eivat epyaocia oe eEENED.

* To SPLASH, Onw¢ To PASH, ovvaBpoilet ta ev8idpeca anotehéopata tng evrolg sort pe devdpoedi) tpomo.

* AvTr) 1 eTUMAEOV VTN UTTOPEL VO KAVEL TIPOYPAYLLOTA TIOV XPNOLHOTIOLOVY sort va TpExouy ToAd Tio ypriyopa. Na
napadetypa, 6tav to spell.sh exteleital o¢ pia cvvaptnon pe povo 1769 MB pviung, o xpovog extéleang Simhaotddetal,
emeldn) 1 VTOAN} sort anotelel T oTEVWTO.
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nfa-regex.sh sort-sort.sh sort.sh

< /\G\'
8
v 10 1 1.0
>
S
o 0.5 A
(]
()
o
wv
O LI T T T O T T T T 0.0 T T T T
48 16 32 64 2 4 8 16 2 4 8 16
spell.sh top-n.sh wf.sh
: ) } //\ g /\-
©
[aa]
g
g 1 1 1
e
()
()
Q
wn
O T T T T O T T T T 0 T T T T
2 4 8 16 2 4 8 16 2 4 8 16
--width --width --width

2xnua 6.4: H khipakwoipotnta tov SPLASH yia to Oneliners (peyalvtepeg TIuéG eivat KalvTepeg).
H mapdpetpog ——width kvpaivetat anod 2 €wg 64, avéloya To Tpdypappa.

NOAA To Zxrjua 6.1 deixvet 0Tt To SPLASH emitaybvel To mpoypappa avalvong dedopévwv Beppo-
kpaoiag oxedov 3x. To mpdypappa avtd XpnoLonoLel emiong TNV VToAn sort, aAAd kdvel EAa@pwg
O €VTOVI XPTiom Tov enegepyaotn) and ta LTOAOTA—T AVAAOYia TWV EVTOAWY TIOL XP1OLULOTIOLOVV
évtova tov eme§epyaotr| eivat Aiyo vynAotepog.

6.4 Khpakwowpotnra

T v To Aemtopepr) avaAvon Twv XapakTnpLoTikwy enidoong tov SPLASH, 1 kKAHakwolpoTnTa
Tov SPLASH afioloyeitat 6o 6hvolo Oneliners, petaBarlovtag Tnv mapapetpo —-width® ano 2 éwg
64—avaloya To TPOYpApa—KaL LETPWVTAG TNV eMLTAYVVOT ToL SPLASH 0 oXéom e o Bash (Xxnua 6.4).

To NFA-Regex kAipakmvel oxedov ypapuikd pe tov aplipd Twv cuvaptioewv—avalevouevo,
aPoL TO TIPOYPALLLA Eival EVTOVA TAPAAANAOTIO OLHO, OTIWG AVAPEPOTKE TTPONYOUHEVWG—PTAVOVTOG
o€ éva TEApa 0TIG 64 LVaPTNOELG. AVTO TO TENHA, WOTOOO, TPOKAAELTAL ATIO TOV XpOVO TIOL Xpetale-
Tal Vo HETAYAWTTIOTEL TO TPOYpappa, va KANBohV oL CUVAPTHOELS, KAl VL EYKATAOTHOOVY OLVOEDELS
peta&d Tovg. Avth 1 kabBvoTtépnon eloayeTat pia Qopd, kat pumopei va anooPeotel 600 To péyebog el-
006dov av&dvetat. Ta Sort kat Sort-Sort ypriyopa éxovv @Bivovoeg anodooelg petd o --width=4, evw
ta Top-N-Terms kot Word-Frequency otapatovv va KALAKOVOLY peTéd and v T —-width=8. To
Spell kKAipakwvel kKdmwg mo gvvoika uéxpt To —-width=16.

Yvunépaocpa ITapolo mov 1o SPLASH pmopei va mpoo@épet TOvG TOPOVG KALLAKWOILOTNTAG TTOV
AMATOVVTAL—OTIWG Paivetal 0Ty mepintwon tov NFA-Regex—eivat onpavtikd o xprotng va Aapfa-
VELVTIOYLV TOV TN GVOT) TOL TTIPOYPAUUATOG KEAVPOVG TTOV TIPOKELTAL VaL EKTEAEOTEL AV EVa TTPOYPALULQL
KEADPOLG eival eyyevwg pn-KALaKwotpo, dev vtdpxovy TOAAG ov pmopei va kdvel To SPLASH yua

®* Na onuewdet 61t mapolo mov n mapdpetpog —-width kaBopilel eppéows tov apBud twv cvvaptioewy mov Ba
xpnotpomotnBovv—emPaAlovrag Tov aduod tov maparAnAiopod dedopévwv—o aplBuodg Twv cuvaptnoewy eivat ovvnBwg
peyahbTepog and Ty T Tng mapapétpov --width. Ta mapadetypa, evd o ypagog porg dedopévwy oto Zxnua 4.1 éxet
--width=2, To SPLASH ka\el T€00epIG OUVAPTIOEL.
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va To emrtaxOvel. Enopévwg, to SPLASH otnv mapovoa katdotaot Tov mpoopiletatl yo mpoypday-
HOTA TIOV EKTEAODVTAL YIa APKETH WA, KAVOLY £VTOVI] XPHOT TOL eme&epyaotr), kat eivat évrova
napaAinlomootpa—ikat dev eivat pia kKaBoAKr) Ao yla TNV EMTAYVVOT TPOYPAUUATWV KEADPOUG.
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Kegdalaio 7

2xetiko Epyo

To SPLASH oxetiletat pe éva peydAo oo TPONYOUUEVOL €PYOV OXETIKA HE TNV avamTuén mpo-
YPAUUATWV KEADPOVG Kol TOV DTTOAOYLOHO XwpiG SlakoutoTH.

7.1 Khpakwon IIpoypappdtwv Kehdgovg

Epyaleia mov ekBétovv mapaAinhiopd oe ovyxpova UNIX ovotrpata, onwg To gsub [21], To
SLURM [31], to AMFS [88] kat to GNU parallel [79], faciovtat aTn pntr| Kat TPOCEKTIKY TPO-
TIOTIOINOT) TWV TPOYPAUHATWY ATd TOVG XProTeG Tovg. Emiong, apketd kedben mpooBétovv evtolég
Yl N YPApIKEG TOTOAOYIEG AyWYMV—UEPIKEG ATIO TIG OTIOiEG OTOXEVOVY 0TOV TapaAAnAlouo [43,
77, 83]. Q0T000, Kt €8 AVAUEVETAL ATTO TOVUG XPTOTEG VAL HETAYPAWYOLY XELPOKIVITA TAL TTPOYPAMUATA
TOVG yla vat EKUETAANEVTODV AUTEG TIG VEEG EVTOALG, Xwpig va Stappayei n opBotnTa. Eva mpoceato
Kataveunpuévo k€Avgog, 1o POSH [54], umopei va xelplotei £éva vTogUVOLO TWV TPOYPAUHATWY KeXD-
QOVG XWpIG petaypar], aAAd amevBuvetal oe TPOYPAHUATA TTOV KAVOLV EVTOVT XP1oT TOL SiKkTOOV
KoL TWV 6LOKEVWV £10080V-eEdS0V, TepLopileTat o€ VTTOAOYLOPOVG TTOL £XOVV HOPPT} YPAPOL poTig Oe-
Sopévwv kat dev vtootnpiCel avbaipeteg ovpmEpLPOpES TOL keEADPOLG. Emmhéoy, enetdr) to POSH
elvat fa emavvlomoinon tov keAb@ovg, dev €xel L0OSVVAL CVUTEPLPOPA HE TA LVTIAPXOVTA KEAVPN
Kal, OLVETWG LTTAPXEL KivOuvog va Xaldaoel Ty 0pOOTNTa OPLOUEVWY TTPOYPAUUATWY.

AN\ ovoTrpaTa ylo TNV EMTAYVVOT) ToL KeEADPOoG epthapPavovy to HS [40], To PASH [34, 82]
kat To DISH [49]. To HS extelei evTohég ekTOG Oelpdg, eva To PASH Kkat To DISH eloéyovy mapalin-
Ao kat katavour| yia poypappata keAbQovg, avtiototxa. Amo TN pia, Ta cvoTpata dev anatodv
TPOTIOTIOWOELG OTO APXLKO TIPOYpappa, aAAd amd Ty dAAn Sev vrootnpifovy avtopatn KAHAKWOT)
yta vitohoytopo xwpic Staxopotr. To SPLASH Paciletat otig 18¢e¢—kat tnv vtodopn—tov PASH kat
Tov DISH, a§lomoiwvtag tn PipAodrikn emonpelwoewy eVIOA®Y Kat TN UNXav HETAYADTTIONG TAVW-
OTNV-wpa.

7.2  Ymoloyiopog Xwpig Atakoptotn yia EQapuoyég Ilgpav tov Xepiopov
Teyovotwyv

[ToA\& mpoogata apBpa [1, 2, 8, 15, 26, 27, 30, 33, 36, 37, 53, 58, 74, 78, 84] éxovv eepevvi)-
O€L TN XPTOT) TOV VTTOAOYLOUOD XWPIG SLAKOULOTH Yia EQApHOYEG TTEPAY TOV XELPLOPOV YeyovoTwy. Eva
Baoikd KivTPO €ival OTL OL CLVAPTHOELG EKKIVOVV TTOAD TILO YPYOPA aTtO TIG ELKOVIKEG UNKAVEG, ETUTPE-
TIOVTAG GTOVG XPTOTEG VAL EKKIVIITOVV yprjyopa TOAAOVG TTUPTVEG LTTOAOYLOHOV—YWPIG va XpetaleTat
va Seopedoovy pnyavipata ya peydlo xpovikod didotnpa. Ot mAat@opues xwpic Stakopoth mapé-
XOUV £T0L £Val KALHAKOVUEVO VTTOCTPWHA VTTOAOYLOUOV, OTIOV 1) TOGOTNTA TWV VIIOAOYIOTIKWV TIOPpwWV
mov eivau Stabéotpot propei va adhaket ypryopa. Iponyodpeveg epyaoieg éxovy ekpeTaAAevTei avTv
v evelidia yia aptBuntikog vtohoytopois [2, 15, 26, 27, 33, 74, 84], unxaviki uddnon [8, 30, 78],
avalvon dedopévwv [33, 36, 37, 38, 53, 58], enefepyacia Bivteo [1] kat ta&vounon [33, 53]. Qotooo,
emeldn| avTég oL Tpoomabeleg OTOXEVOVV OE CUYKEKPLUEVOVG TOLELG, OLXVA eival VTTOPEATIOTEG yia dA-
Aovg TUTTOVG VTTOAOYIOHOV—aV UTTOPOVY VA TOVG EKPPATOVY KA.
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7.3 Ymoloywopog Xwpig Atakopioti yia E@appoyég I'evikov Xkomov

IToAN& epyaleia éxovv avantvxBei yia Tnv amdomoinon Tov TpoypappaTIopo Xwpis SlakopoTr
Yl EQAPHOYEG YEVIKOD GKOTIOV, TOGO Ao epeLVNTIKEG epyaoieg [17, 18, 33, 87], 600 kal amd mapoxovg
VEQPOUG [46, 47, 69]. Av kat avTd Ta gpyaleia amAOTOLOVY TNV AVATTUEN EQAPUOYWY XwpiG SlakopLoTH,
£XOVV LEPIKOVG TEPLOPLOpOVG, kabwg kabe Pripa Tng pong epyaociog dnutovpyei emmAéov empPapuvon
otov mpoypappatiotr. fla va xpnotponounoet KAToLlog avTd Ta epyaleia, 0 TPOYPAUUATIOTHS TIPETEL
TpWTA va Slaxwpioet TOV VTOAOYLONUO OE UKPOTEPA KOUUATIA—TA OTIOL0L TIPETIEL VAL XWPAVE EVTOG TOV
XPOVIKOD 0piov TNG GLUVAPTNONG Kal VA TANPOVV Ui OELpd amd TEPLOPLOHOVG TTOV APOPOLY TO eKA-
0TOTE epyaleio—kal 0Tn OLVEXEL va oLVOEDEL AVTA Ta OTOLXEIR OF Ui EQapUOYT XWPIG SLAKOMLIOT
XPTOLHOTIOLWVTAG Hia HOPPT) CLYKEKPLUEVT) OTO EKACTOTE epyaleio (T.X., TEMEPACHEVEG UNXAVEG KAl
Taotacewv [17, 46, 69], 1} ypdgovg pong dedopévwy [18]), mpoobéTovtag mepattépw vonTiko QopTio.
TNo mapadetypa, to Kappa [87] anattel Tpomomotoels 6Tov KWK TNG EQAPUOYNG—O TPOYPApA-
TIOTAG TIPETEL VAL €L0AYEL KANOELG EAEYXOV 0 KATAAANAQ Onpeia TOV TIPOYPAUHATOG, VAL EMOTUAVEL
KANOELG TIOV €X0VV e§WTEPIKA OPATEG TIAPEVEPYELEG KAL VO XPT|OLUOTIOLEL TIG EVTOAEG TTapaAAnALopol
Tov Kappa avti yia Ti¢ avtiototxeg mpoemAeypéves eviolés. EmmAéov, ta mepiocdtepa amod avtd ta
epyaleia dev vootnpilovv TANPwS SuVaLKEG CUUTEPLPOPEG—OTIWE AVTEG TTOV ATIAVTWVTAL OTA TIPO-
ypapupata keAb@ovg. Avtifeta, n mpooéyylon mavw-oTnV-wpa oLV xprotpomoteital and To SPLASH
TOV ETUTPETIEL VAL EXEL TTAVTA TIG TILO EVIUEPWUEVEG TA|POPOPIEG YL TNV KATAGTACT TOV KEADPOVG, KAl
va KAMHakwveTat xwpig va ametkei nv opBotnta.

7.4 Emowwvia kat Evopynotpwon yia E@appoyés Xwpic Atakopoti

IToA\& epyaleia vootnpiovv emkovwvio Kol EVOPXHOTPWOT] VIt EQAPHOYEG VTTOAOYLIOHOD Xw-
pic StakoutoTr). Ao TN pio TAEVPA, Ta TEPLOTOTEPA ATIO AVTA CTOXEVOVV OE GUYKEKPLUEVOVG TOTTIOVG
eQappoywv kat potifa ektéleons, Omwg avdivon dedopévwy Kal KATAVEUNHEVOG GUYXPOVIOHOG [3,
37, 38, 41, 48, 52, 53] 1) unxavikn padnon [8, 32]—kat emopévwg emkevTpwvovTal oe PeATIoTOMOL-
O£LG IOV APOPOVV TOVG CLYKEKPLHEVOVG TUTTOVG AV TOVG. ATO TNV AAAN TAEVPA, HEPIKA AtO AVTA Ta
epyaleia eival oxedaopéva yla va xepifovtal TNy emKOV@VIa yia EQappoyEg yevikov okomov [17,
18, 33]. Qotd0o0, eite xpnopomotovy amobrikevon vépovg yla evdiapeoa Sedopéva—e anotéAeopa
VYNAR kaBvoTépnomn Kat KOOTOG—EiTe XPNOLUOTIOLOVY TTPOCAPHOOHEVEG ATOOTKEG, KPLQT| UV Kot
SLaKOUIOTEG UNVVHATWV—E AMOTENEOUA VA VTTOVOHEDOVV TA TAEOVEKTAHATA TOV VTTOAOYIOUOD XW-
pic Staxoputotr. Ot mapoxoL VEPovg Tpoo@épovy emtiong oplopéves Avoelg [47, 69], alAd amattovv anod
TOV XPNOTN VA HETAPPAOEL XELPOKIVITA TA TPOYPAHUUATA TOV O [ia ALyOTEPO EKPPATTIKY LOPPT], TTPLV
v ektéheot Tovg. TéNog, o FMI [10] vtootnpifet moAA& StapopeTikd meppdAlovta emkotvwviag—
amoBnkevon avTikelpévoy, arobnkevon otn pviun, emkovwvic TCP—aAAd kat TdAL anattel anoé Tov
XPNOTN VA HETAYPAVEL XELPOKIVITA T TTPOYPAUUATA TOV Yl Va XPTOLHOTIOLOeL Tig dikég Tov dlema-
Q.
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Kegdalawo 8

Jvgntnon

8.1 MeAlovtiko Epyo

To SPLASH eivau éva mpawto Prjpa mpog tnv aglomoinon tov vIoAoYLopHOD Xwpig StakooTr yia
TNV EMTAYVVOT Kol KAUAKWOT] TWV TPOYPAUHATWV KEADYOVG, OUWG LTIAPXOLY TTOANEG HEANOVTIKEG
katevBovoelg ylo peAAovTtiko épyo. Oplopéveg amod avtég mapatiBevtal edw.

Ipoypappata Makpdg Extédeong Ot mAat@opueg xwpig Stakoplotn emParlovy éva Xpovikod opLo
EKTEAEONG OTIG CLVAPTNHOEIG—15 AenTd 0TV TepinTtwon Tov AWS. AvTto onpaivel OTL Ta TPOYPAUHATA
TIOV EKTEAOVVTAL VLA TIEPLOGOTEPO XPOVO ATd AvTd TO OpLo Sev LT TN PIloVTAL—KAL ATTAUTOVVY ELSIKT
npoooxn. Epooov o teppatiopdg Aoyw vrépBacng Tov xpovikov opiov pnopel va Bewpndei wg amotv-
xla, ot 18€€G amo TNV avoxr 0g GPANHATA UTOPOVV VA EPAPHLOOTOVY Kal 0€ ALTHV TNV Tepintwon. Katt
TIov TpEmeL va An@Oel vtoyn eivat OTL Ta oEVAPLA IOV givat £vTova TapaAlAnAomoLotpa Kat Kavouv
EVTOVN XP10T) TOV eeEepyaoT) HopovV va enwPeAnBovv eplocodtepo ano to SPLASH, ondte akdpa
KLav €va TETOLO TIPOYpappa Xpetdletal ToAD XpOvo yia va eKTeENETTEL OELPLaKA, UTopei va emitayvvOei
OTNUAVTIKA OTAV XPTOLLOTIOLOVVTAL TTOAAEG CLVAPTHOELG.

Mia yevikotepn Avon Ba Tav oL CLVAPTHCELS VA EXOVV EMEYVWOT] TOL 0piov EKTENEDTIG TOVG, Ka
va egappolovv Aoyikn avakatevBuvong dedopévwv. Ta mapadetypa, av pia cuvdptnon 1on extelei-
Tat yta to 50% Tov opiov ekTENEONG TNG, UTOPEL Va KaAEL piat VEa GLVAPTNOT, KAL VA EVI|UEPWDVEL TNV
TPONYOVHEVT TNG GLVAPTNOT (1) CLVAPTHOELG) Va apyioel va oTEAveL Sedopéva o auTH TNV KAvovpyLa
OLVAPTNON—OUOIWG, UTTOPEL VAL EVIHEPWVEL TNV EMOUEVT] oLVAPTNOT (1} CLVAPTHOELS) va apyioel va
Aappavet dedopéva and avtn tn véa ovvdptnon. Qotooo, avth 1 Tpocéyylon Ba Aettovpyovoe povo
yta T0 VTOGVVOAO EVTOAWY TIOL SeV SLaTNPOVV EVOLANETT KATAGTAOT). TNV TEPIMTWOT TWV EVTIOAWV
HADPWV-KOVTIWV TIOL SLaTnpovv eVOLAEDT) KATAOTAOT), 1 anoBrkevon avTh§ TNG KataoTaong dev &i-
Vat TETPLUUEVT, KAl TO VA YIVEL AQUTO HE VAV APKETA YEVIKO TPOTIO UTOPEL VA TIPOKANETEL HEYANEG
kaBvotepnoeig. H yevikevon tng avakatevBuvong yia OAeg Tig katnyopieg eviohwv eivat €va evdia-
@épov TPpOPAnpa mpog e&epevivnon.

Metagpaon Kehvgovg yia Ynoloyiopd Xwpic Atakoptotry  H petdgpaon eviodwv kehd@ovg Onwg
sort, tr, Kat grep ylo VTOAOYIOHO XwpiG LKoo T @aiveTal va eivat amAr: oL €VTOAEG aLTEG Taip-
vouv pia eicodo, tnv enegepydlovtat, kat tapdyovv Ty avtiotowyn ¢§0do. Qotdo0, AANeg katnyopieg
evToOAWV dev éxovv TO00 EekdBapeg petagppaoes. Iia mapadetypa, mota givat 1 avapevouevn cupme-
PLPOPA OTAV O XPNOTNG TPEXEL TIG eVTONEG 1s 1) cd; TIpémel To 1s va emOTpéYeL Ta TIEPLEXOUEVA TOV
TOTIKOV KATAAOYOU, 1) Ta Tieplexopeva evog kovPd otny anodnkn avtikeluévwy vépoug; Ilpémel To
cd va aAAdEeL TOV TOTIKO KATAAOYO €pYaoiag, 1| TPETEL VA KAVEL O Ta auTrpata Tpog Ty amodrkn
AVTIKELUEVWYV VA XPTOLHOTIOLODY £Val OVYKEKPLHEVO TIPODEUA—OVOLAOTIKA, KABIOTWVTAG TIG EVTOAEG
(cd newDir; object-get myObj) kat (object-get newDir/myObj) ioodOvayleg;

ITapoho mov kamotog Ba pmopovoe amdwg va opioet pict kaBoAikrn Ao —OAeg OL EVTOAEG EQAPUO-
{ovtat 070 ToTIKO TEPIPAANOV, 1) OAEG OL EVTOAEG EQapprolovTal 0To TEPIBAANOY VEQOVG—aVTH 1) TTPO-
oéyylon Ba amékhele KATOLEG CUUTEPLPOPES, TIG omoieg Sev Ba umopovoe va vrootnpi&et anevbeiog.
Noa mapddetypa, av 1o 1s Aetrtovpyovoe povo oto tomikd meptPaAioy, ot Xprioteg mov Ba ndelav va
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Sovv ta avtikeipeva otny amodnkn vépoug Ba émpemne va aAAdEovy xelpoKivTa TA TPOYPAUHATA TOVG
ylat Vo XproomnoLoovy ia evTolr mapdpota pe to list-objects tov Amazon S3 otn 0éon tov 1s.
Mia dAAn eviiagépovoa TPooyyLon eivat 1 eL0AywYT eVOG VEOU CUVOAOV ETIOTHUELWOEWY EVTOAWY
yta vtohoytopo xwpig StakoutoTth ov propei va puBuioTei ek Twv mpotépwv. Emiong, mbavag aki-
Cer va StepevvnBei av vrdpyet agia 0to va eloaxBovv emonpelwoels VTOAWY oL ot iStot ot XprioTeg
TPOCOETOVY OTA TIPOYPAUHATA TOVG, YIa VAL OpICOLV AV KATIOLEG EVTONEG TIPETEL VA EKTEAEGTOVY GTO
Tomkd mepiPaAlov 1) oto mepIPAANoV VEQOLG, avTioToLXA.

Avoyn o Z@dalpata  To SPLASH ev vootnpilet avty T otiyur avoxn oe opdhpata. Ta tpéxovta
ovoTthpata katavepunuévng enegepyaoiag [13, 19, 86] mapéxovv avoxn oe o@dipata eite emParlovrag
OTOVG TIPOYPAHUATIOTEG £VQL TILO TIEPLOPLOTIKO HOVTENO TIPOYPAUUATIOHOD, EITE TTAPEXOVTAG LI TIPO-
kaBoplopévn diemagn mov emtpénel BEATIOTOMOOELG OTNV AVOXT| 08 OPAAHATA—OTIWG 1 SnpLovp-
yia onpeiwv ehéyxov. Avto givat SVoKONO va yivel TNV TEPIMTWOT TOL KEAVPOUG, eMeLdr) TO KEAVPOG
Aertovpyel wg YAwooa ovvBeong ya avBaipeta atoiyeia mov dev umopovv va tpomomnondovy, cuv-
dedepéva pe avbaipetovg tpomovg. Ia mapddetypa, n evtodn we -1 Slatnpel E0WTEPIKT KATAOTAOT
0TI HVAN, 0TNV om0l SV UTTOPEL 0 XPHOTNG VA €XEL TPOTPAOT| —TOVAAXIOTOV XWPiG Vo aAldEet Tnv
idta TNV vAomoinon Tov we. Avtd onaivel OTL og MEPIMTWOT OPAANATOG, OVOLAOTIKA Ba TaV ava-
YKOOTIKY Hiat TAPNG EMAVEKTENEDT), AKOA KL AV 1) EKTENEOT TNG EVTOANG we eixe oAokAnpwOei katd
99%. Eva &AAo onpeio onpaciog eivat 0Tt ot TAAT@OppEG XwpiG SlakoploTr Tapéxovy Tn SuvatoTnTa
EMAVEKTEAEOT|G TWV GUVAPTHOEWY OF TEPIMTWOT ATOTLXIAG, AANA AVTO ATALTEL OL CLVAPTHOELG Va €i-
vat TAToSVVAHEG—WOTE 1) eMaveKTENEOT Vo unv Tipokahéoel avemBvunTeg mapevépyeteg. Avto dev
LOXDEL Yl TO KEAVQOG, TIOV €XEL EYYEVWG TTAPEVEPYELEG, EVW T) ETIKOLVWVia ponG dedopévwy Suokolevet
AKOAL TIEPLOGOTEPO TA TIPAYHATAL.

Eva mAeovéktnpa mov Ba pmopovoe va xpnotponowmBel eivat n minbwpa Twv mOpwV MOV TTAPE-
XOvv ot TAaT@Oppes xwpig Stakopoth. Ot XprioTeg umopodV va ekTeAodV TOAAATAA avTiypaga Twv
OLVOPTHOEWY TTOV EKTEAOVV TO 1810 TTpOYpappa, ota idta dedopéva, TNV idta oTLypn, Kat va KpaTovy To
ATMOTENEOUA TNG TIPWTNG CLVAPTNONG IOV OAOKANPOVEL TNV EKTENEDT] TNG—UELWVOVTOG ETMUTAEOV TOVG
gpydteg mov teppatifovy kabvotepnuéva [52]. Ia va ano@evyOei To viepPoAikd otkovouLKd KOGTOG,
0 XpNoTng Hmopei va kabopioel katnyopieg cuvapTioewy TOL anattovy eldikn petaxeipton. [ia mapd-
detypa, ol cLVAPTHOELG TTOV TIPaAYHATOTOLOVY cLVABpolon prmopovy va BewpnBolv Mo kpiotleg—iat,
OLVETIWG, VL EKTEAOVVTAL O€ TTOAAATIAA AVTIYPAPA—EV® OL GUVAPTIOELS TTOV TPAYUATOTOLOVV AAOD-
OTEPEG AELTOVPYIEG UTOPOVV VAL EKTEAOVVTAL EK VEOV KATA amtaiTnon).

BéAtiotn Exxwpnon IIopwv kat POOuon Mapapétpwv  To SPLASH elodyet éva ovvolo mapapétpwy
TIOV UTTOPOVYV Vo pLOILGTOVY ATd TOV XPHOTN—ONWG TO TAATOG TaparAnlomnoinong, n uvrun kdbe ov-
VApTNOoNG, N T0 UEYEDOG TAKETOV 0T POT| EMKOIVWVIAG. AVTOL Ol TAPAYOVTEG HLTOPODY VA EMNPEACOVY
ONUAVTIKA TNV eMG00T) TOV TTPOYPAUHATOG HE [N TIPOPAVT) TPOTO, eldikd emteldr| To puéyebog puvipng kat
0 aptOUOG TWV LTOAOYLOTIKWYV VPN VWV GVVHBWG cVVOEovTal peTagd Tovg OTIG TAATPOpHES XwpiG Sta-
koptotr). EmmAéov, n xetpokivntn pbbuion avtv tov mapapétpwy eivar mohbmAokn, xpovopopa, kat
av&dvel To k60T0o6. Emopévwg, Ba ftav xpriotpo va mapéxeTat KATOL0G AUTOUATOS UNXAVIOHOG pUBuL-
ong mov Ba Tpooappolel AVTEG TIG TAPAMETPOUG e PAOT) TA XAPAKTNPLOTIKA TOV TIPOYPAUHATOG. AVTO
Oa umopovoe va yivel eite TpLv TNV eKTENEO—ia QOpa Yl KAOe EVTOAT), TApOUOLA UE TIG ETIOTUELW-
o€lg Tov PASH—eite katd TN Sidpketa TnG ekTéAeonG—rataypapovtag petadedopéva ekTéAeonG o€
TPAYUATIKO XPOVO—EITE TOGO TIPLV OGO Kol KATA TN StapKeLa.

YBp1dikn Extédeon pe Bdon 1o Kootog ‘Onwg éxet ndn avagepbei, o mapadootakog Tpomog exté-
\eong twv epyactwv oe TepdAlov xwpic Stakopotr Sev eivat pwa Avon mov tauptdlet oe OAeg TIg
TIEPIMTWOEIG—ATIAUTEL TIPOCEKTIKT) OKEYT YLo TOVG TOTIOVG TWV EPYAOLOV IOV 0 XpoTng Oélet va exte-
Aéoel, kaBwg kat T oVXVOTNTA TWV epyactwy avtdv. Puotkd, n eKTEAEOT) EPYACLWV OE TAPASOOLAKEG
VTOOOUEG VEQOUG—T] O€ PUOLKT LTTOSOUN—EXEL T OLkd TNG petovekTApata. Mia evilagépovoa kateD-
Buvon eivat va cuvduactody Ta 0pEAN Twv dVo mpooeyyicewy. Mia Avon eivat va vitapyet éva chvolo
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SeopEVUEVWY UNXAVIHATWY, KAl OTAV DTIAPXEL AVAYKT), VA YIVETAL KAPAKWOT) 08 TAAT@OpUa XWwPig
StakoploTr. Avth 1 ano@aocn KAHdKwong mpémet va Aapfavetal ypriyopa, pe BAom 1o kOGTOG Kal ToV
TUTIO TNG EPYATIAG, YL VO ATOQPACIOTEL IOl ival 1) Xpuor) Topr. Yrdpyet 110n epevvnTIKO €pyo TPOG
avtr Vv katevBuvon [51, 56].

BéAtiotn Metatpomn) tov Ipdgov pe Baon to Kootog  Avtr tn otiyur) to SPLASH Staywpilet kat
KALHAKMDVEL TOV YpAQo ponG dedouévwy e BAon 0TATIKOVG TapAyoVTEG—OTWG TO TAATOG TNG TTApaA-
Anlomoinong mov opileL 0 XproTNG, 1) TO av €va 0TASL0 TOL LTTOAOYLOUOV TeptéxeL TaparAnAia. AvTn N
TIPOOEYYLON AELTOVPYEL OE TIEPIMTTWOELG EVOG ATAOD UNXAVI|LATOG 1} EVOG OTATIKOV GLVOAOL Ao pnxa-
VAT, OOV 0 AplOHOG TWV VIHATWY 1} HNXAVAOVY Eival YVWOTOG €K TWV TPOTEPWY, Kat 1) KALHAKWOT
gXeL HKPO MMAL0V KOOTOG, KUpiwg ouvdedepévo e TNV katavalwon evépyetag. Qotdoo, 0TV mepi-
TITWOT] TOL VTTOAOYLOHOV XWPIG SlakoptoTH, kdbe KAOTN CLUVAPTNONG £XEL EvVa XPNHUATIKO KOGTOG—TO
va enekTadel KATOLOG O€ TAPATIAVW CLVAPTNOELG ATO OTL EVAL ATIAPAITNTO EXEL APVNTIKEG ETUTTWOELG.
L mapadetypa, av éva mpoypappa dev KALak®VeL KA HETA TIG 32 OLVAPTHOELS, TOTE TO Vo kKAnBovv
1000 ovvaptroels Oa mpokalovoe éva aypeiaoTo Xprpatiko kOoToc—Kat Ba umopovoe emiong va PAd-
et v emidoon. Emopévwg, o xpriotg Ba pmopovoe va opilet évav mpoimoloylopo, kat 1o SPLASH
Oa pmopovoe va mepLopiceL TNV XProN TOPWYV TOL O€ AVTOV TOV TPOVTOAOYLOUO, H—Idavikd—va PpeL
pia oxedov PEATIOTN KaTavour TOpwV yla ToV TpodmoAoytopd avtd. Katt tétolo Ba unopoboe va yi-
VEL XP1|OLLOTIOLDVTAG €VaL LOVTEAO KOGTOVG TIOL TIPOPAETIEL TO KOOTOG [iaG CUYKEKPLUEVIG EKXDPTIOTG
nopwV, Kat va kaBodnyei n dtadikacia ekxwpnong Topwv avaloya, eite 0€ TPAYHATIKO XPOVO eiTe ek
Twv MpoTépwV [75].

8.2 Xvumepacpata

To SPLASH emitpémel TNV avutopatn KAUAKWOT TWV TPOYPAUUATWY KEADPOLG LE TN XPHOT TOV
VTTOAOYLOUOD XWwPiG SLAKOULOTT), TTPOKEILEVOL VA AOKOMIoEL Ta 0@€An Tov. To meTvxaivel elodyovTag
napaAinlio ota TPOYPAHpHATA KEADPOVG KAl KATAVELOVTAG TO £pY0 O€ TOANATIAEG CLVAPTNOELG, EVX
StevkoAbVeL TNV QOpTWON Kat TNV emkotvwvia Twv cvvaptnoewv. To SPLASH Aettovpyei pe tpomo
TAVW-0TNV-Opa Kat eV anmautel kapio Tpomomoinon ota apxtkd mpoypappata. Ot petproelg Seiyvovv
0Tt To SPLASH eivat amotedeopatikod yla epyacieg mov KAVOuV VIOV Xpron TOV emegepyaoTr| Kat
eivat évrova mapaAAnAomotroLpes, TapeéXovTag éwg Kat 14.38X eMTAXVVOT) Og OXEOT UE TNV OELPLAKN
EKTENEDT] TWV TPOYPAUUATWV KEAVPOUG.
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Mapdaptnua A

IMAnpeg Ipoypappa Kehvgovg mov Iapdayetat and 1o PASH
yta o NFA-Regex

#!/bin/bash
cd ”$(dirname ”${0}”)”
[ -z "${PASH_TOP}” ]
rm_pash_fifos() {
rm -f ”/tmp/Fgq4/f2”;
rm -f 7/tmp/Fgqd/f7”
# ...similarly for the rest of the fifos...
}
mkfifo_pash_fifos() {
mkfifo ”/tmp/Fgq4/f2”
mkfifo ”/tmp/Fgq4/f7”
# ...similarly for the rest of the fifos...
}
rm_pash_fifos; mkfifo_pash_fifos; pids_to_kill=""
cat 7in.txt” >”/tmp/Fgg4/f2” & pids_to_kill="${!} ${pids_to_kill}”
r_split ”/tmp/Fgq4/f2” 1000000 ”/tmp/Fgq4/f7” ”/tmp/Fgqs/f8” &
pids_to_kill="${!} ${pids_to_kill}”
r_wrap bash -c 'tr A-Z a-z’ <”/tmp/Fgq4/f13” >”/tmp/Fgq4/f9” &
pids_to_kill="${!} ${pids_to_kill}”
r_wrap bash -c 'tr A-Z a-z’ <”/tmp/Fgqd/f14” >”/tmp/Fgq4/f10” &
pids_to_kill="${!} ${pids_to_kill}”
r_wrap bash -c “grep \(.\).*\TI\NC ) A\2NC ) L x\3N (. \) . #\4* <”/tmp/Fgg4/f9” >”/tmp/Fgqd/f11” &
pids_to_kill="${!} ${pids_to_kill}”
r_wrap bash -c “grep \(.\).*\INCAN\) AN\ L *\3N (L \) . *x\4? <”/tmp/Fgq4/f10” >”/tmp/Fgqd/f12” &
pids_to_kill="${!} ${pids_to_kill}”
dgsh-tee -i ”/tmp/Fgq4/f7” -o ”/tmp/Fgq4/f13” -b 5M & pids_to_kill="${!} ${pids_to_kill}”
dgsh-tee -i ”/tmp/Fgq4/f8” -o ”/tmp/Fgq4/f14” -b 5M & pids_to_kill="${!} ${pids_to_kill}”
dgsh-tee -i ”7/tmp/Fgq4/f11” -o ”/tmp/Fgq4/f15” -b 5M & pids_to_kill="${!} ${pids_to_kill}”
dgsh-tee -i ”/tmp/Fgq4/f12” -o ”/tmp/Fgq4/f16” -b 5M & pids_to_kill="${!} ${pids_to_kill}”
r_merge ”/tmp/Fgq4/f15” ”/tmp/Fgq4/f16” & pids_to_kill="${!} ${pids_to_kill}”
source wait_for_output_and_sigpipe_rest.sh ${!}; rm_pash_fifos; (exit ”${internal_exec_status}”)

Kwdkag A.1: IIAfpeg mpoypappa keAbgovg mov mapdayetat and to PASH yia to NFA-Regex (--
width=2).
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Mapaptnua B

TeAwca Ipoypappata KeAvgovg mov [lapayovrar ano to
SPLASH yua o NFA-Regex

#!/bin/bash

mkfifo f{0..3}

invoke-function $SCRIPT_ID_2 $SCRIPT_MAP &
invoke-function $SCRIPT_ID_3 $SCRIPT_MAP &
download-object in.txt >fo &

cat fo >f1 &

split f1 f2 f3 &

send-stream $COMM_KEY_1_2 <f2 &
send-stream $COMM_KEY_1_3 <f3 &

wait

Kaducag B.1: Tehiko mpoypappa keAD@ovg yia tov Ynoypdgo 1. Ot evToAég mov eival OXETIKEG e
eKTENEOT) XWPIG SLAKOULOTT| VAL VTTOYPAULOHE VEG.

#!/bin/bash

mkfifo f{0..4}

invoke-function $SCRIPT_ID_4 $SCRIPT_MAP &
receive-stream $COMM_KEY_1_2 >f0 &

eager <fo >f1 &

tr A-Z a-z <f1 >f2 &

grep NG\ CANTINC ) ANV N) L #\BN (L)) o x\ 47 <f2 >f3 &
eager <f3 >f4 &

send-stream $COMM_KEY_2_4 <f4 &

wait

Kwdikag B.2: Tehiko mpoypappa keAD@ovg yia Tov Yroypdgo 2. Ot evToAéG OV eival OXETIKEG pe
eKTENEOT] XWPIG SLAKOULOTH EivaL VTOYPAULIOHEVES.
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#!/bin/bash

mkfifo f{0..4}

receive-stream $COMM_KEY_1_3 >f0 &

eager <fo >f1 &

tr A-Z a-z <f1 >f2 &

grep NC ) ANINC ) AN2NCN) AN (L) o x\47 <f2 >f3 &
eager <f3 >f4 &

send-stream $COMM_KEY_3_4 <f4 &

wait

Kwdikag B.3: Tehiko mpoypappa keAb@ovg yia tov Yroypdgo 3. Ot evTolég Tov eival OXETIKEG pe
eKTEAEOT XWPIG SLAKOULOTT Eival VTOYPAULIOHEVEG.

#!/bin/bash

mkfifo f{0..2}

receive-stream $COMM_KEY_2_4 >fo &
receive-stream $COMM_KEY_3_4 >f1 &
merge fo f1 >f2 &

upload-object <f2 out.txt &

wait

send-notification

Kaducag B.4: Tehiko mpoypappa keAD@ovg yia Tov Ynoypdgo 4. Ot eVTOAEG IOV €ival OXETIKEG [e
eKTENEOT XWPIG SIAKOLOTH EiVaL VTTOYPAUIOUEVEG.
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Mapaptnpa C

Kwdwag Python yia v AAAnAenidpaon pe tig Ynnpeoieg tng

AWS

import boto3
import sys
import json

id_, data_path = sys.argv[1:]

with open(data_path, 7r”) as f:
data = f.read()

lambda_client = boto3.client(”1lambda”)

lambda_client. invoke(
FunctionName="1ambda”,
InvocationType="Event”,
LogType="None”,
Payload=json.dumps({”id”: id_, ”data”: data}),

Kwdwag C.1: KAon cvvaptnong.
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import subprocess
import json

def lambda_handler(event, context):
data = event[”data”]
id_ = event[”id”]
scripts_dict = json.loads(data)

with open(f”/tmp/data-{id_}”, ”"w”) as f:
f.write(data)

with open(f”/tmp/script-{id_}.sh”, ”w”) as f:
f.write(scripts_dict[id_])

process = subprocess.run(
[”/bin/bash”, f”/tmp/script-{id_}.sh”, f”/tmp/data-{id_}"]

Kwdikag C.2: Xelplotig ovvaptnong.

import boto3
import json

sqs_client = boto3.client(”sqgs”)
message_body = {”message”: ”done”, “output_file_id”: object_key}

try:
response = sqgs_client.send_message(
QueueUrl=f"https://sqs.us-east-1.amazonaws.com/{AWS_ACCOUNT_ID}/{QUEUE}”,
MessageBody=json.dumps(message_body),
)
except Exception as e:
print(e)

Kwdikag C.3: ATocToAr unvopatog.
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import time
import boto3

def wait_msg_done():

while Tr
sgs
queu

ue:
= boto3.client(”sqgs”)
e_url = f”’https://sqgs.us-east-1.amazonaws.com/{AWS_ACCOUNT_ID}/{QUEUE}”

response = sqgs.receive_message(

QueueUrl=queue_url,
AttributeNames=["SentTimestamp”],
MaxNumberOfMessages=1,
MessageAttributeNames=["A11"],
VisibilityTimeout=30,
WaitTimeSeconds=20,

)

try:
message = response[”Messages”][0]
receipt_handle = message[”ReceiptHandle”]
sgs.delete_message(QueueUrl=queue_url, ReceiptHandle=receipt_handle)
break

except:

time.sleep(1)

Kwdkag C.4: Afyn unvoparog.
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1 import boto3
2 import sys
3 1import os

s BUCKET = os.environ.get(”AWS_BUCKET”)

7 object_key, outfile = sys.argv[1:]
s batch = 10000

10 session = boto3.Session()
1S3 = session.client(”s3”)

12

13 try:

14 response = s3.get_object(Bucket=BUCKET, Key=object_key)
15 except Exception as e:

16 print(e)

18 with open(outfile, ”wb”) as f:

19 while True:

20 X = response[”Body”].read(batch)
21

2 if not x:

23 break

24

25 f.write(x)

26 f. flush()

Kwdkag C.5: Afjyn and anoBnikn végovs.
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import boto3
import sys
import json
import os

AWS_ACCOUNT_ID = os.environ.get(”AWS_ACCOUNT_ID”)
BUCKET = os.environ.get(”AWS_BUCKET”)
QUEUE = os.environ.get(”AWS_QUEUE”)

object_key, infile = sys.argv[1:]

session = boto3.Session()
s3 = session.client(”s3”)

with open(infile, ”rb”) as file:
object_data = file.read()

s3.put_object (Bucket=BUCKET, Key=object_key, Body=object_data)

sgs_client = boto3.client(”sgs”)
message_body = {”message”: ”done”, “output_file_id”: object_key}
try:
response = sqs_client.send_message(
QueueUrl=f"https://sqs.us-east-1.amazonaws.com/{AWS_ACCOUNT_ID}/{QUEUE}”,
MessageBody=json.dumps(message_body),

)

except Exception as e:
print(e)

Kwdikag C.6: Metagoptwon og anodnkn végoug.
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Mapdptnua D

Ioodvvapes twv AWS Ynnpeoieg oe AANovg Ilapoxovg Négoug

IMivakag D.1: Iood0vapes twv AWS vinpeoies. H xpron toodvvapwv vinpeotov and aAlovg mapo-
XOUG VEQOVG UTOPEL VAL TTPOTPEPEL LOOSVVAN OVUTIEPLPOPA, OHWG dev elvat eyyvnpévo
ot Ba mpooépet Loodvvapn enidoor.

AWS Service Google Cloud Equivalent Microsoft Azure Equivalent
AWS Lambda Google Cloud Functions ~ Azure Functions

Amazon S3 Google Cloud Storage Azure Blob Storage
Amazon DynamoDB  Google Bigtable Azure Cosmos DB
Amazon SQS Google Cloud Pub/Sub Azure Service Bus
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Mapdaptnua E

IMAnpn¢ Xapaktnpiopog twv Ipoypapudtwv mov
XpnowomomOnkav otnv A§loAoynon

MMivakag E.1: IIpoypappata kehbgovg mov nepthappavovrat 6to gOvolo Oneliners.

Script Input Seq. Time --width Notes
1 nfa-regex.sh 200 MB 598.74s 32 Match complex regex over input
2 sort-sort.sh 200 MB 20.11s 4 Calculate sort twice
3 sort.sh 200 MB 28.74s 4 Sortinput
4 spell.sh 200 MB 62.37s 16  Calculate mispelled words
5 top-n.sh 100 MB 40.98 s 8 Find top 100 terms
6 wfsh 100 MB 40.76 s 8 Sort words by frequency

IMivakag E.2: IIpoypappata keAbgovg mov mepilapfavovtat 6to obvolo Unix50.

Script  Input Seq.Time --width Notes
1 1sh 1.1GB 45.32s 2 Extract the last name
2 2sh 1.1GB 42.35s 4 Get all Unix utilities
3 3sh 1.1GB 46.28 s 4  Get lowercase first letter of last names
4 4sh 1.1GB 48.26s 4  Extract hello world
5 5sh 1.1GB 52.75s 2 Extract the word BELL
6 6.sh 1.1GB 38.14s 4 Four corners
7 7.sh 1.1GB 38.75s 2 List Turing award recipients while working at Bell Labs
8 8.sh 1.1GB 39.15 4 Year Ritchie and Thompson receive the Hamming medal

IMivaxag E.3: IIpoypappata keAbgovg mov neptdapPavovrtat 6to cvvolo COVID-mts.

Script Input Seq. Time --width Notes
1 1sh  200MB 20.29s 2 Vehicles on the road per day
2 2sh  500MB 43.35s 2 Days a vehicle is on the road
3 3sh 500 MB 48.64 s 2 Hours each vehicle is on the road
4 4sh 1GB 46.90 s 4 Hours monitored each day
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Mivakag E.4: Ipoypappata keAbdgovg mov meptdappavovrtat 6to cOvolo NLP.

Script  Input Seq. Time --width Notes

1 1sh 10 books 19.47 s 2 Count words

2 2sh 10 books 21.35s 2 Merge upper and lower counts

3 3sh 10 books 19.66 s 2 Sort

4 4sh 10 books 25.32s 2 Sort words by folding

5 5sh 10 books 19.66 s 2 Uppercase by token

6 6.sh 10 books 21.27 s 2 Uppercase by type

7 7.sh 10 books 39.81s 2 Four-letter words

8 8sh 10 books 19.11s 4 Words no vowels

9 9sh 10 books 20.49s 4 One-syllable words
10 10.sh 10 books 16.64 s 2 Two-syllable words
11 1l.sh 10 books 56.10 s 2 Verses with certain instances of the word “light”
12 12.sh 10 books 19.32s 2 Count consonant sequences
13 13.sh 10 books 21.94s 2 Vowel sequences greater than 1K

IMivakag E.5: IIpoypappata keAbgovg ov nepthapfavovtat 6to cUvolo NOAA.
Script Input Seq. Time --width Notes
1 noaash 500MB 49.98s 8 Find maximum and minimum temperature
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Abstract

Even though the Unix shell is widely used today, no support currently exists for automatically deploying
shell scripts on modern serverless platforms—missing out on key benefits such as elasticity, scalability,
and pay-as-you-go pricing. SPLASH is a new system for automatically scaling out shell scripts on server-
less infrastructure, using a combination of compilation and runtime support. SPLASH introduces a
range of new shell primitives for serverless execution, establishes pipe-like streaming communication
between functions, and provides push-button, just-in-time serverless deployment and scale-out. Eval-
uated on a set of real-world shell scripts, SPLASH offers a range of speedups over Bash (0.75-14.38x,
average: 1.75x)—without requiring any modifications to the original scripts.

Keywords

Uni1x, Shell, Serverless, Faa$, Function-as-a-Service, Cloud Computing
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Chapter 1

Introduction

The UNix shell is popular and powerful, and is applicable to a wide range of important tasks, such as build
scripts, continuous deployment, continuous integration, data processing, and bioinformatics. However,
when it comes to keeping up with the modern state of computing, the shell is lagging behind. On the
one hand, existing approaches for shell script scale-out [34, 40, 54, 83] do not support serverless shell
deployment. On the other, current serverless frameworks [1, 2, 8, 15, 26, 27, 30, 33, 36, 37, 53, 58,
75, 79, 85] are too domain-specific. While some systems are tailored for general-purpose serverless
computing [17, 18, 88], they require programmers to use framework-specific formats, and cannot match
the shell’s expressiveness and dynamism. Thus, the shell is currently missing out on key benefits of
serverless, such as elasticity, scalability, and pay-as-you-go-pricing.

SPLASH is a new system for automatically scaling out shell scripts on serverless infrastructure, using
a combination of compilation and runtime support. To do this, SPLASH takes the original shell script
as input, and identifies parts that can be distributed among serverless functions. It then introduces new
shell primitives for serverless tasks—such as function invocation and communication, or interaction
with cloud storage and messaging queues. SPLASH also establishes streaming communication channels
between functions, by allowing functions to discover each other and overcome the networking limita-
tions of serverless. Finally, SPLASH offers push-button support for serverless deployment and scale-out
in a just-in-time fashion thus allowing for a range of dynamic performance optimizations—all while
requiring zero user intervention. Evaluated on a set of real-world shell scripts, SPLASH offers a range
of speedups over Bash [20], the de facto sequential shell script execution environment (0.75-14.38x,
average: 1.75x).

This diploma thesis begins by laying down the necessary background on serverless computing, UN1x
shell scripting, and previous attempts at scaling out shell scripts (Chapter 2). It then outlines the chal-
lenges of serverless shell execution through an example, and provides an overview of SPLASH and its
contributions (Chapter 3). It goes on to describe SPLASH’s compilation and runtime support (Chap-
ters 4 and 5), as well as SPLASH’s evaluation (Chapter 6). Finally, it provides an overview of prior
work related to SPLASH (Chapter 7), before concluding (Chapter 8). SPLASH is part of PASH—an
MIT-licensed project hosted by the Linux Foundation. The version of SPLASH described in this the-
sis is available at https://github.com/nikpag/splash, while the latest version is available at https:
//github.com/binpash/pash.
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Chapter 2

Background

This chapter first gives an overview of cloud computing, its shortcomings, and the emergence of server-
less computing in an attempt to overcome them. It then goes over serverless in detail, outlining its ben-
efits, its challenges, and the current state of serverless research. After that, it switches over to the UNIx
shell and its abstractions, strengths, and weaknesses. Finally, it provides an overview of past efforts in
enhancing the shell’s performance through automatic parallelization and distribution.

2.1 Cloud Computing

Cloud computing is the realization of a long-held dream of computing as a utility, where users can pay
for computing resources on a pay-as-you-go basis. It provides users with access to a pool of shared
resources—computing power, storage, networking—that can be quickly provisioned and released with
minimal management effort.

Advantages Cloud computing offers several potential advantages. Users can have access to virtually
infinite computing resources on demand, with no up-front commitment, since they pay for the use of
computing resources on a short-term basis as needed. Resources can come at a reduced cost, because
cloud providers have many large data centers and benefit from economies of scale. Virtualization can
simplify operation and increase utilization. Cloud providers can achieve higher hardware utilization by
multiplexing workloads from different organizations.

Shortcomings While the cloud offers most of these advantages, it does not fully deliver on the last
two—simplification of operation and multiplexing benefits. In terms of simplified operation, the cloud
relieves users of operating the physical infrastructure, but leaves them with a proliferation of virtual
resources to manage. On top of that, users still have to address a multitude of challenges when setting up
an environment in the cloud. Specifically, they have to (1) provide redundancy for availability, so that a
single machine failure does not take down the service; (2) distribute redundant copies geographically, to
preserve the service in case of disaster; (3) load balance and route requests efficiently, to utilize resources;
(4) autoscale in response to changes in load to scale up or down the system; (5) monitor to make sure the
service is still running well; (6) log messages needed for debugging or performance tuning; (7) handle
system upgrades, including security patching; (8) migrate to new instances as they become available. In
terms of the benefits the come from multiplexing, these are mostly seen in batch style workloads such
as MapReduce [13] or high performance computing—which can fully utilize the instances they allocate.
They are not seen as much in stateful services (e.g., when porting enterprise software—like database
management systems—to the cloud).

Furthermore, rapid, hard to predict resource demand changes make provisioning a challenge. Users
must either over provision at excessive cost, or suffer high latency when demand spikes. Because large
workloads may occur at any moment—from a large number of concurrent requests, requests that need a
lot of computing resources, or both—resource demands fluctuate in rapid, unpredictable bursts. While
it is possible to employ auto-scaling mechanisms to handle changes in demand—by adding virtual ma-
chines (VMs) when demand rises, and removing them when they are idle—new nodes take tens of
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seconds to minutes to come online, incurring high latency. Also, nodes must remain idle for a period
of time until they are taken down—with the exact period of time depending on the application and
workload, and thus being hard to predict—leading to possibly extra charges for idle instances.

2.2 Serverless Computing

In order to solve the issues above—and because of a demand for even higher elasticity and more fine-
grained billing—a new cloud paradigm called serverless computing has emerged, which abstracts away all
infrastructure management tasks from the user, while providing elasticity, scalability, and cost-effectiveness.
Serverless has been widely adopted by cloud users—and is still increasing in popularity. In 2023, 70%
of AWS customers used serverless offerings, compared to 50% in 2021. The case is similar for Google
Cloud (60%, up from 20%) and Microsoft Azure (50%, up from 35%) [11, 12].

Overview For a service to be considered serverless, it must scale automatically with no need for ex-
plicit provisioning, and be billed based on usage. Serverless differs from previous approaches because
it decouples computation from other resources, allows users to execute code without having to manage
the underlying infrastructure, and provides pricing based on resource usage—not resource allocation.
It consists of two components: Function-as-a-Service (FaaS) and Backend-as-a-Service (BaaS). With
Faa$, users write functions that are executed in response to events, and the cloud provider takes care
of the infrastructure management tasks—such as scaling, provisioning, and monitoring. BaaS encom-
passes any application-specific serverless cloud service, such as storage, databases, or messaging. This
decouples computation from other resources, allowing each resource to scale independently.

The serverless primitive is the cloud function: the user writes in a high-level language, picks an
event that triggers the function, and the serverless system handles everything else: resource allocation,
instance selection, deployment, operating system management, load balancing, auto-scaling, fault tol-
erance, monitoring, logging, security patches, and so on. The platform transparently starts and stops
concurrent instances of a serverless function as demand rises and falls. This way, programmers can
focus on writing application code. Serverless is charged in a much more fine-grained way—providing
a minimum billing increment of 100 ms—while other cloud offerings charge by the hour. This way,
the customer is charged for the time their code is actually executing—not for the resources reserved to
execute their program.

Benefits Serverless computing provides benefits for several parties. For cloud providers, serverless
computing promotes business growth, as making the cloud easier to program helps draw in new cus-
tomers, and helps existing customers make more use of cloud offerings. Short run time, small memory
footprint, and stateless nature improve statistical multiplexing by making it easier for cloud providers
to find unused resources on which to run these tasks. Cloud users benefit from increased programming
productivity, since novices can deploy functions without any understanding of the cloud infrastructure,
while experts save development time and stay focused on problems unique to their application. Cloud
users can also save money in many scenarios, since the functions are executed only when events occur,
and fine-grained pricing means they pay only for what they use instead of what they reserve. Researchers
have been attracted to serverless computing, because it is a new general-purpose compute abstraction
that promises to become the future of cloud computing, and because there are many opportunities for
boosting the current performance and overcoming its current limitations.

Serverless for Complex Applications While serverless platforms originally targeted simple applica-
tions with one or a few functions, this paradigm has increasingly proven useful for more complex appli-
cations composed of many functions with rich, stateful interaction patterns, such as data analytics [33,
36, 37, 38, 53, 58], numerical computing [2, 15, 26, 27, 33, 75, 85], video encoding [1, 17, 18], machine
learning [8, 30, 79], and source code compilation [18]. In 2019, the majority of serverless applications
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were composed of just one function, and 80% had three or fewer functions [74]. Today however, com-
plex serverless workflows are not rare anymore. A recent study of open-source serverless projects has
identified 31% of studied applications to have workflow structures [14]. From 2019 to 2022, the popular-
ity of serverless workflows structured as Directed Acyclic Graphs (DAGs) has grown by 6x at Microsoft
Azure [42]. The increased complexity of serverless applications can be attributed to the maturation of
serverless offerings and the increased proficiency of developers [57].

Challenges Despite its benefits, serverless computing introduces its own set of challenges.

« Serverless development is more restrictive, requiring programmers to write functions in a specific
way. For example, serverless guarantees at-least-once execution, so functions with external effects
must be idempotent, to ensure that re-execution is safe.

« Functions have transient in-memory and on-disk state, so programmers have to ensure that all
persistent state is saved to external storage (e.g., cloud storage or a cloud-hosted database).

« The serverless platform imposes a hard timeout on all functions, so functions have limited runtime—
a few minutes—before they are killed. If a programmer needs to perform a lengthier computation,
they need to break it up into smaller functions.

« Serverless suffers from restricted network connectivity. Individual functions cannot communi-
cate directly with each other, so users resort to manual implementations of slow, storage-based
communication, or in-memory caches. These solutions either hamper performance, have pro-
hibitive cost, or introduce a user-managed component—defeating the purpose of serverless.

» Broadcast, aggregation, and shuffle—some of the most common communication primitives in dis-
tributed systems—are not well supported by serverless. Event-driven execution makes depending
on the results of multiple previous functions—and therefore fan-in patterns—difficult.

+ None of the existing cloud storage services come with notification capabilities. While cloud providers
do offer standalone notification services, they add significant latency—hundreds of milliseconds—
and can be costly when used for fine grained coordination.

Serverless Data Exchange Serverless has a range of options for data exchange. First, direct network
connections could offer high performance without incurring any additional cost for communication.
However, functions are hidden behind Network Address Translators (NATs), and do not accept incom-
ing connections. Second, object storage provides high throughput, strong consistency, and data reliabil-
ity. However, it does not support streaming writes, introduces high latency, and incurs high cost. Third,
NoSQL databases and message queueing services offer low latency and high throughput. However, they
have low size limits and high costs. Finally, streaming services require users to provision capacity ahead
of time, are charged hourly based on the number of resources provisioned, and are costly.

2.3 The Unix Shell

The Unix shell is an environment—often interactive—for composing programs that are written in a
plethora of programming languages. It provides a range of useful components called commands, as
well as powerful and language-agnostic primitives for composing components—in line with the toolbox
philosophy of Unix [55]. The shell has been consistently ranked among the most popular programming
languages [22, 50], while in 2021 it ranked sixth for popularity increase—above languages with active
communities, such as Python and Kotlin [40]. Shell scripts are critical infrastructure for developers,
administrators, and scientists, and are used in data processing, system orchestration, and automation
tasks, as well as in modern platforms like Docker, Vagrant, and Kubernetes.
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#!/bin/bash

mkfifo t1 t2

grep ”foo” f1 >t1 &
grep "foo” f2 >t2 &
cat t1 t2

Listing 2.1: Laziness in the context of the shell. The cat command will start consuming input from t2
only after it completes reading from t1, leading to underutilization.

The shell has a range of benefits. First, it is succinct and expressive. One hundred lines of Java code
that perform a temperature analysis task can be translated to a single-line Bash script [25]. Second,
the shell is performant. It supports pipeline parallelism by using UNIx pipes to stream data, and task
parallelism by sending commands to run in the background with the background operator (&). Third,
the shell is dynamic, having features such as command substitution and variable expansion.

Shell Abstractions The UNix shell features a series of useful abstractions. First, UnNix data streams
are sequences of bytes, commonly processed in a line-by-line fashion, and often referenced using a file-
name. They facilitate the composition of commands, in the way that the one command’s output is an-
other command’s output. Data streams can be ephemeral, unnamed pipes—expressed using the pipe
character—or persistent, named pipes—UNix FIFOs—created with mkfifo. Data streams introduce
pipeline parallelism between commands, and the Unix kernel facilitates scheduling, communication,
and synchronization behind the scenes.

Second, commands are independent computation units. They read one or more input streams, and
produce one or more output streams. One major difference with other languages that have a closed set
of primitives, is that there is an unlimited number of UNix commands, and each command can have
arbitrary behaviors. These commands may be written in any language—or exist in plain binary form—
something that makes it hard to reason about their performance characteristics. Commands can often be
configured by using environment variables and command flags. For example, the we command supports
flags -1, -w, and -c—for counting the number of lines, words, and characters, respectively. Flags are
important in performance analysis, because they may change the parallelizability of a command." Com-
mands are often lazy—they consume their inputs only when they are ready to process more—something
that often leads to CPU underutilization (Listing 2.1).

Finally, the Unix shell also features a series of composition operators. The sequential operator (;)
executes commands sequentially, the parallel composition operator (&) executes commands in paral-
lel, the pipe operator (|) connects the output of one command to the input of another, and the logical
operators (&8, | |) execute commands based on the success or failure of previous commands.

Challenges Despite its benefits, the shell poses several challenges. First, shell performance does not
scale—and parallelizing shell scripts requires a lot of manual effort. On the one hand, command devel-
opers implement individual commands, work in a single programming language, and expose parallelism
through ad-hoc, command-specific flags. On the other, shell users combine multiple commands from
many languages into their scripts, have limited options for incorporating parallelism, and rely on manual
tools such as GNU parallel [80], gsub [21], and SLURM [31], or have to make use of shell primitives
such as & and wait [24]. This approach is time-consuming, non-generalizable, and error-prone.
Second, the shell is too arbitrary, dynamic, and obscure. Itis too arbitrary, since it contains a language
that can be used to compose arbitrary commands, written in arbitrary languages and featuring arbitrary
behaviors. It is too dynamic, because its execution depends on a variety of dynamic components—such

! For example, sed s/A/B/g file.txt is highly parallelizable, since it operates on each line independently and writes to
standard output. However, passing the -i flag to sed causes it to edit file. txt in-place, which requires keeping internal state.

98



[ cat H sort }f 7»

[ cat j—»[ sort }f f

(@]
Q
~+
S
\
S

? @

0
)
=+ =
-+
9
\
S

(cat }—{ sort }---—~oup)

(4)¢

tr { tr j—»[sortj\
o f(sort)

Figure 2.1: PASH DFG transformation example. (1) Parallelize tr commands; (2) Eliminate unneces-
sary cat-split pair; (3) Parallelize first cat; (4) Use merging sort instead of cat.
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as the state of the file system and the values of environment variables. It is too obscure, since the shell’s
semantics are complicated—and lots of different implementations exist. All of these factors prevent
principled performance approaches to the shell.

Third, shell development is error-prone, counter-intuitive and heavily side-effectful. For example,
the sudo rm -rf $DIR/ command will delete the user’s entire file system if the $DIR variable is empty—
instead of issuing an “empty variable” error. The shell is inundated with these kinds of pitfalls, making
shell development frustrating.

2.4 Automatic Scale-Out of Shell Scripts

In order to accelerate shell scripts without suffering from the shell’s shortcomings, several systems have
been developed for automatic shell scale-out [34, 49, 54, 83]. Out of these, PASH and D1SH target auto-
matic shell parallelization and distribution, respectively.

PASH PASH is a system that takes a UNIX script as input, and executes it in a data-parallel fashion.
It does so by encoding parallelizability information for different kinds of commands in a set of com-
mand annotations. In order to handle the dynamic nature of the shell, PASH executes in a just-in-time
(JIT) fashion, alternating between compilation and execution, in order to gather the most up-to-date
information about the shell’s state.

PaSH identifies potentially parallelizable regions of the script, and converts them to dataflow graphs
(DFGs), where each command corresponds to a node, and each stream corresponds to an edge. PASH
applies DFG parallelization transformations in order to expose parallelism in the graph (Fig. 2.1)—with
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Figure 2.3: D1SH subgraphs. Each worker operates on a different part of the data (in1.txt and
in2.txt), and the final result is aggregated and sent to the host machine.

the degree of parallelism being configurable by the --width flag. PASH decomposes commands into data-
parallel functions and aggregation functions. In order to do this, it introduces a set of parallelizability
classes, expressible through an annotation language. PASH includes flags and command arguments in
its annotation framework—since these can alter the parallelizability of a command (Section 2.3). After
applying the necessary transformations, PASH converts each DFG back to a shell region. PASH adds
Unix shell primitives (e.g., & wait) to each region—in order to drive parallelism explicitly—and uses
appropriately named FIFOs—in order to manipulate the input and output streams of each data-parallel
instance, essentially laying down the structure of the DFG. Figure 2.2 shows PASH’s overview.

DiSH DiSH is a system that automatically distributes shell scripts to multiple machines. Besides per-
formance reasons, D1SH is useful for large datasets that may not fit on a single computer—or workloads
that are naturally distributed across multiple computers. Like PASH, D1SH uses command annotations,
and operates in a just-in-time fashion. The DiSH compiler takes an input script fragment, and trans-
forms it to a DFG—Dbased on information it gathers from command annotations. In addition to PASH,
DiSH splits the DFG into subgraphs, to execute them on different workers (Fig. 2.3). After process-
ing the DFG, DISH passes it to the scheduler, which tries to map subgraphs to workers based on data
locality—to reduce the amount of data transfer between workers. For worker communication, DiSu
introduces socket-based Remote FIFO channels, to replace Unix FIFOs that cross worker boundaries—
since traditional Un1x FIFOs do not support network communication and cannot extend across workers.
Figure 2.4 shows D1SH’s overview.
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Chapter 3

Example and Overview

SPLASH takes a shell script as input, automatically instruments it for serverless execution, and deploys it
on the cloud. First, it transforms the shell script appropriately to introduce parallelism. Then, it splits the
script into fragments, in order to execute each fragment on a different function, and introduces custom
commands for serverless tasks, such as function invocation and communication. Finally, it deploys the
instrumented shell script on the cloud, in a just-in-time fashion.

3.1 Accelerating Regular Expression Matching

NFA-Regex (Listing 3.1) is a shell script that matches a complex regular expression over each line of
the input.! Complex regular expressions like this are valuable in tasks such as DNA sequencing, but they
can be computationally expensive [7, 35, 44]. Fortunately, this script has lots of potential for acceleration.
First, it is highly parallelizable—as can be seen in Fig. 3.1—because both the tr and grep commands
operate on individual lines, and the result of each line is independent of the other lines. Second, it is
CPU-intensive, because matching the complex regular expression involves a lot of backtracking.

Unfortunately, existing systems for shell script acceleration cannot take full advantage of the script’s
potential for scale-out, since they have a static—and often limited—number of resources at their disposal.
PASH is limited to the number of cores in a single machine, while DiSH has access to a fixed number of
workers. However, by using serverless, the user can quickly spawn hundreds of functions in a matter
of seconds—tapping into a massive pool of memory and computing resources—and automatically tear
them down once execution is complete.

3.2 Key Challenges

That being said, serverless development is significantly different from shell development, so taking ad-
vantage of serverless without losing the benefits of the shell poses a set of challenges:

« While the shell is highly expressive—facilitating communication, synchronization, scheduling,
and filesystem interaction in an almost declarative manner—serverless imposes several restric-
tions in expressiveness. To translate a shell script to a scaled-out, serverless version, users must
explicitly express function invocation and communication patterns, as well as interaction with

#!/bin/bash
cat 7in.txt” | tr A-Z a-z | grep "N \) L ANINCGN) A2V V) L x\BN (L) L x\47

Listing 3.1: NFA-Regex script. This script is highly parallelizable, because tr and grep operate on each
line independently. It is also CPU-intensive, because of the complex regular expression.

! The regular expression matches lines where four characters appear twice, with each character possibly followed by one or
more characters before reappearing (e.g., AqweABrtyBCuioCDpsfD)
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in.txt

Figure 3.1: DFG produced by PASH for NFA-Regex (--width=4). The eager commands are added by
PASH, in order to address the shell’s laziness (Listing 2.1).

cloud storage and messaging queues. This manual approach is error-prone, time-consuming, and
imposes an additional burden on developers.

« While the shell enjoys the benefits of pipeline parallelism due to streaming, functions are not
allowed to directly establish streaming network connections with each other, because serverless
functions have limited network connectivity properties (Section 2.2). Existing systems for shell
scale-out [34, 49] also rely on streaming to apply optimizations that lead to higher worker utiliza-
tion.>

« Shell scripts are inherently dynamic, while functions are statically configured in advance. This
means that keeping up with the shell’s dynamism requires continuous function reconfiguration at
runtime—which introduces significant performance overhead.

« While the shell is Unix-native and comes preinstalled in all Un1x distributions, on serverless it is
not treated as favorably out of the box as other high-level languages [66]. Even running a single
shell script on a function requires building a custom runtime [64]—or finding platform-specific
workarounds. This deployment overhead discourages serverless shell development, since users
have to take care of the very tasks they try to avoid by using serverless—such as managing the
operating system or worrying about platform-specific minutiae.

? For example, PaSH allows sending batches to workers in a round-robin fashion, so that all workers in a parallel stage are
provided data to process as soon as possible.
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Figure 3.2: SPLASH overview. Steps: (1) read input script; (2) create parallel DFG; (3) split DFG to sub-
graphs and add serverless primitives; (4) invoke first function; (5) download initial inputs;
(6) get own address information; (7) write own address information / read downstream ad-
dress information; (8) invoke downstream functions and send data; (9) upload final outputs;
(10) send completion message; (11) receive completion message.

3.3 SPLASH Overview

To address the aforementioned challenges, SPLASH:

+ Automatically instruments the input shell script with new serverless primitives for function invo-
cation, function communication, cloud storage management, and message queue interaction. It
also provides the necessary runtime support for these primitives.

« Bypasses the networking restrictions of serverless, by providing discovery and communication
mechanisms that allow functions to establish streaming communication channels and exploit the
performance benefits of streaming execution.

« Provides a serverless runtime for the shell that goes hand-in-hand with a just-in-time serverless
compilation engine, in order to complement the shell’s dynamic nature and provide out-of-the-
box, push-button serverless shell scale-out.

Figure 3.2 shows SPLASH’s overview. First, the shell script gets fed into the PASH JIT engine, which
produces a DFG with parallelism introduced. The DFG then gets passed to the function workflow or-
chestrator, which calls SPLASH’s compiler. SPLASH’s compiler splits the DFG into subgraphs, adds the
necessary commands and metadata for serverless execution, and transforms each subgraph back to a
shell script. It then passes all the shell scripts back to the function workflow orchestrator, which invokes
the first function in the workflow. After that, each function invokes its downstream functions.

In order for functions to discover each other and establish connections, they communicate with a
STUN server that provides the necessary address information, which they write to a serverless key-value
store for other functions to see. Functions query the key-value store to get the address information of
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downstream functions, and establish streaming connections with them. Functions process their inputs
in a streaming fashion, and send their outputs as they are produced. The first function downloads initial
inputs from object storage before it begins processing, and the last function uploads final outputs to
object storage once it is done. Because invocation is asynchronous, the final function informs the client
machine about completed execution through a message queueing service. The client machine polls the
corresponding queue until it receives that message, after which it passes back control to the PaSH JIT
engine, and the whole process repeats for the next part of the shell script.

Result SPLASH drops the execution of NFA-Regex from 10 min to 42 s (14.3x speedup), without re-
quiring any modifications to the original script.
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Chapter 4

Compilation

SPLASH provides the compilation support necessary for automatic serverless shell execution. It ex-
tends PASH’s compiler by splitting each DFG to subgraphs and delegating them to different functions,
but also enriching each DFG with serverless-specific primitives for function invocation, streaming com-
munication, cloud storage management, and message queue interaction. Each section in this chapter
gradually augments the script produced by PASH for NFA-Regex (Listing 4.1) with additional serverless
features." The following examples use --width=2 for simplicity.

#!/bin/bash

mkfifo f{0..10}

cat in.txt >fo &

split fo f1 f2 &

eager <f1 >f3 &

eager <f2 >f4 &

tr A-Z a-z <f3 >f5 &

tr A-Z a-z <f4 >f6 &

grep "NCA) ANV ) AN ) L #\3N (L) . x\47 <f5 >f7 &
grep NG\ CANTINC ) ANV ) L #\BN (L)) . x\47 <f6 >f8 &
eager <f7 >f9 &

eager <f8 >f10 &

merge f9 f10 >out.txt &

wait

Listing 4.1: Parallel script produced by PASH for NFA-Regex (--width=2). Note the pairs of parallel
commands at lines 5-6, 7-8, 9-10, and 11-12.

#!/bin/bash
mkfifo f{0..2}
cat in.txt >fo &
split fo f1 f2 &
wait

Listing 4.2: Shell script for Subgraph 1.

! The PASH script has been modified for clarity and simplicity. Listing A.1 shows the full, unmodified version of the resulting
script.
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#!/bin/bash

mkfifo f{0..4}

eager <fo >f1 &

tr A-Z a-z <f1 >f2 &

grep 'NCA)ANINGA) AN ) L #\3N (L) . x\47 <f2 >f3 &
eager <f3 >f4 &

wait

Listing 4.3: Shell script for Subgraph 2.

#!/bin/bash

mkfifo f{0..4}

eager <fo >f1 &

tr A-Z a-z <f1 >f2 &

grep "NCA)ANINCG ) CAN2NCN) CA\3N (L) L x\47 <f2 >f3 &
eager <f3 >f4 &

wait

Listing 4.4: Shell script for Subgraph 3.

#!/bin/bash

mkfifo f{0..1}

merge f@ f1 >out.txt &
wait

Listing 4.5: Shell script for Subgraph 4.

4.1 Assigning Work to Functions

In PaSH, after a parallel shell fragment is created, the Unix kernel facilitates scheduling behind the
scenes—based on constructs such as & and |. However, these constructs do not work for serverless
scale-out, since they target single-machine settings. This creates the need to explicitly decide how many
functions to use, and which commands to run in each function. On one end of the spectrum, a single
function could execute the entire fragment—which is clearly not scalable. On the other, multiple func-
tions could execute only one command each, which is not efficient—since it would introduce excessive
network traffic, initialization overheads, and invocation costs.

SPLASH operates somewhere in between, deciding to split the graph wherever parallel stages are
introduced—through the split and merge commands—while sequences of commands not interrupted
by a split or a merge are combined in a single subgraph (Fig. 4.1). After SPLASH splits the graph into
subgraphs, it can begin adding serverless-specific primitives for function invocation and communication
between function boundaries. Listings 4.2 to 4.5 show the shell scripts produced for each subgraph.?
SPLASH adds mkfifoand wait commands to each subgraph, since now each subgraph runs in a different
environment.’

? Careful readers may notice that some subgraphs have “dangling” FIFOs (i.e., FIFOs whose output goes nowhere, such as
f1,f2 in Subgraph 1, or that receive their input from nowhere, such as f@ in Subgraph 2). Dangling FIFOs signify the need for
function communication, which will be discussed in Section 4.3.

® For clarity and consistency, FIFOs have been renumbered to start from zero in each subgraph. While SPLASH does not
actually renumber FIFOs, renumbering would not cause name collisions, since each subgraph runs on a different function.
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Figure 4.1: DFG after subgraph splitting.

#!/bin/bash

mkfifo f{0..2}

invoke-function $SCRIPT_ID_2 $SCRIPT_MAP &
invoke-function $SCRIPT_ID_3 $SCRIPT_MAP &
cat in.txt >fo &

split fo f1 f2 &

wait

Listing 4.6: Script for Subgraph 1 after invocation commands are added. The background operator (&)
is used to invoke functions as soon as possible.

4.2 Invocation Commands

In SPLASH, only the first function in a pipeline gets invoked from the client machine. After that,
each function invokes its next function(s)—which in turn invoke their next functions. Thus, SPLASH
introduces a new command (invoke-function), which is added in the shell script of functions that
invoke other functions. Figure 4.2 shows the invocations that take place in the NFA-Regex script. Note
that only one of the functions involved in a parallel stage must invoke the function containing merge.

The shell fragment to be executed by each function is provided at runtime—in the function’s invo-
cation payload. This means that each caller must have the shell fragment of their callee. However, they
must also have the shell fragment of the callee’s callee—otherwise the previous property would break for
the next stages—and so on. For this reason, SPLASH includes all shell fragments in the form of a map
that matches identifiers to scripts (SCRIPT_MAP). Then, each invocation includes this map in the pay-

109



Subgraph 2 Subgraph 3

Figure 4.2: DFG enriched with invocation between subgraphs. Note that Subgraph 4 needs to be in-
voked by only one of the previous subgraphs.

load, along with the identifier that corresponds to the callee’s script (SCRIPT_ID). Function invocation
happens eagerly; each function invokes the next function(s) as soon as possible, so callees can quickly
start receiving data from their callers, achieving high utilization. Listing 4.6 shows the script of the first
subgraph, with the invocation commands added.

4.3 Communication Commands

Streaming communication requires custom support for serverless, since Unix FIFOs operate in
memory and cannot cross function boundaries. The compiler detects where this communication must
happen, creates streaming commands with the appropriate metadata—so functions can find each other—
and correctly interposes these commands into the original dataflow. More specifically, SPLASH intro-
duces two new commands (send-stream and receive-stream), which it places at function bound-
aries (Fig. 4.3). On the sender function, the send-stream command consumes the last command’s out-
put and sends the data over the network. On the receiver function, the receive-stream command
receives the data over the network and feeds it to the first command.

In order for each send-stream to match its corresponding receive-stream and vice versa, SPLASH
uses a unique key for each pair of send-streamand receive-stream commands (COMM_KEY). Both these
commands use this key to find certain address information at runtime—as will be described in Sec-
tion 5.3. Listings 4.7 and 4.8 show the first two subgraphs with communication commands added—note
the matching COMM_KEY_1_2 in the send-stream and receive-stream commands.
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Subgraph 1

Subgraph 4

Figure 4.3: DFG enriched with communication nodes.

4.4 Object Storage Commands

SPLASH uses object storage for reading initial input data, as well as writing final output data. For
this reason, SPLASH introduces two new commands (download-object and upload-object), which
are placed before commands that read from files, or after commands that write to files. Both commands
take the name of the target file as a parameter. Figure 4.4 shows how these nodes look in the DFG,
while Listings 4.9 and 4.10 show the scripts of the first and last subgraphs with object storage commands
added. Note how the cat and merge commands now interact exclusively with named FIFOs—since the
input and output files are now specified in the object storage commands.
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#!/bin/bash

mkfifo f{0..2}

invoke-function $SCRIPT_ID_2 $SCRIPT_MAP &
invoke-function $SCRIPT_ID_3 $SCRIPT_MAP &
cat in.txt >fo &

split fo f1 f2 &

send-stream $COMM_KEY_1_2 <f1 &
send-stream $COMM_KEY_1_3 <f2 &

wait

Listing 4.7: Script for Subgraph 1 after communication commands are added.

COMM_KEY_1_2 is also used in the receive-stream command of Listing 4.8.

Note that

#!/bin/bash

mkfifo f{0..4}

invoke-function $SCRIPT_ID_4 $SCRIPT_MAP &
receive-stream $COMM_KEY_1_2 >f0@ &

eager <fo >f1 &

tr A-Z a-z <f1 >f2 &

grep PNCA) ANV ) AN L #\3N (L) o+ \47 <f2 >f3 &
eager <f3 >f4 &

send-stream $COMM_KEY_2_4 <f4 &

wait

Listing 4.8: Script for Subgraph 2 after communication commands are added.

COMM_KEY_1_2 is also used in the send-stream command of Listing 4.7

Note that

#!/bin/bash

mkfifo f{0..3}

invoke-function $SCRIPT_ID_2 $SCRIPT_MAP &
invoke-function $SCRIPT_ID_3 $SCRIPT_MAP &
download-object in.txt >f0@ &

cat fo >f1 &

split f1 f2 f3 &

send-stream $COMM_KEY_1_2 <f2 &
send-stream $COMM_KEY_1_3 <f3 &

wait

Listing 4.9: Script for Subgraph 1 after object storage commands are added. Note that the cat com-

mand now only uses UNix FIFOs.
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Figure 4.4: DFG enriched with object storage nodes.
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#!/bin/bash

mkfifo f{0..2}

receive-stream $COMM_KEY_2_4 >fo &
receive-stream $COMM_KEY_3_4 >f1 &
merge fo f1 >f2 &

upload-object <f2 out.txt &

wait

Listing 4.10: Script for Subgraph 4 after object storage commands are added. Note that the merge
command now only uses UN1x FIFOs.

#!/bin/bash

mkfifo f{0..2}

receive-stream $COMM_KEY_2_4 >f0o &
receive-stream $COMM_KEY_3_4 >f1 &
merge fo f1 >f2 &

upload-object <f2 out.txt &

wait

send-notification

Listing 4.11: Script for Subgraph 4 after message queueing commands are added. Note that the
send-notification is added after the wait command, to make sure the rest of the script
has finished before signaling completion.

4.5 Message Queueing Commands

SPLASH uses asynchronous function invocation*—each function does not wait for the invoked func-
tion to finish execution before returning—so the client machine does not get automatically notified
when the final function has finished—so it cannot safely move on to the next part of the script. For
this reason, SPLASH introduces another command (send-notification), which gets added to the end
of the last function, causing it to send a notification to a message queue that the client machine is lis-
tening on (Listing 4.11). Note that the send-notification has to be added after the wait command,
to make sure the function has finished all previous work. Listings B.1 to B.4 show the final scripts for
each subgraph, after all serverless commands have been added—invocation, communication, storage,
and messaging.

* This choice will be justified in Section 5.2.
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Chapter 5

Runtime

SPLASH also provides runtime support for the new serverless primitives it introduces. It configures func-
tions appropriately for just-in-time deployment, invokes functions asynchronously, establishes stream-
ing communication channels, interacts with cloud storage, and sends completion notifications to the
client machine through message queues.

5.1 Just-in-Time Deployment

Ashas been mentioned before, PASH instruments just-in-time analysis to extract more information from
the shell script, and increase the potential for parallelization. This approach works when deployed in a
single machine or a cluster—all the resources involved in the computation exist beforehand. However,
in the serverless case, the user must configure a function before invoking it. This configuration phase
introduces a performance overhead, since it requires initiating a request to the cloud provider, uploading
the function’s dependencies, and waiting for a response that the function is ready. This overhead can
become prohibitive if introduced before every function invocation, depending on the function’s size and
the client machine’s upload speed.

For this reason, SPLASH is designed to require only one function configuration that is general enough
for executing different shell scripts. This means that the user can specify only one function configuration—
atany point, well before the script’s execution—and only update it when dependencies change—similarly
to how they would rebuild a software artifact after changing its code. Since the only thing that can change
at runtime is the shell fragment that the function will execute, SPLASH passes that fragment as pay-
load (Section 4.2). Apart from that, having only one function configuration offers the additional benefit
of warm starts [67]; multiple invocations of the same function cause the environment to be cached—so
subsequent invocations start faster.

5.2 Invocation

Each function invocation payload includes a script fragment map (SCRIPT_MAP) and a script fragment
identifier (SCRIPT_ID). The function handler uses this information to retrieve the appropriate shell script
fragment and save it to a file—so it can then execute it. The function handler also saves SCRIPT_MAP to
a file, so the shell script can later include it in the invocation payload of the next functions (Listing C.2).

SPLASH uses asynchronous function invocation—functions do not wait for their callees to finish
execution (Listing C.1). This is done so functions can return immediately after finishing their own ex-
ecution and not have to wait for all other functions down the pipeline—thus reducing monetary cost
and freeing up concurrency resources [68]. Also, SPLASH configures functions not to retry on timeout,
since cascading re-execution would heavily increase monetary cost and reduce concurrency resources.
While cloud providers often place more restrictive limits on payload size for asynchronous invocation,
these limits are typically in the range of megabytes—with the most restrictive being 256 kB for AWS
Lambda [23, 45, 72]. These limits surpass the size of shell code produced by SPLASH for each pipeline,
and thus are not a practical concern.!

! To put things into perspective, all the BIEX code needed for this thesis—text, tables, and figures—is less than 256 kB.
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Figure 5.1: SPLASH hole punching. Each function (1) gets its own address information; (2) writes its
own address information to a key-value store, from which it also reads the other function’s
address information; (3) initiates a connection to the other function. NAT tables are created,
and connections go through.

5.3 Communication

As has been mentioned before, functions cannot achieve direct, streaming communication with each
other, and alternative methods of communication are not well-suited for shell workloads—they are ei-
ther too costly, do not autoscale, or do not support streaming. To overcome this challenge, SPLASH sur-
passes the networking limitations of serverless and establishes direct, streaming communication chan-
nels between functions—all while not using extra services for data exchange. In order to ensure reliable,
ordered communication similar to UN1x FIFOs, SPLASH uses TCP as its communication protocol.

To establish direct streaming connections despite the presence of NATs, SPLASH employs a tech-
nique called hole punching [16]: Suppose machines A and B want to establish a connection with each
other. In regular hole punching, A and B connect to a publicly reachable relay server, which then reveals
B’s address information to A, and A’s address information to B. Then, both A and B initiate a connection
to each other with this new information. This creates a new entry about B in A's NAT table, and an entry
about A in B’s NAT table—the “holes”—thus allowing incoming connections.

In reality, SPLASH uses a slightly modified version of the technique (Fig. 5.1). Instead of using a relay
server to get the other function’s information, each function queries a STUN server [28], which returns
to the function its own public address information. Then, each function saves its address information to
a common key-value store, which both functions can query based on a common COMM_KEY. After that,
the process is similar to regular hole punching; functions initiate connections to each other, NAT table
entries get created, and connections can come through. It should be noted that both the STUN server
and the key-value store are used only for address information—not heavyweight data exchange—so that
they do not affect scalability.

5.4 Object Storage

Even though SPLASH uses streaming connections for intermediate communication data, it still needs to
read from pre-existing data, and persist results to files (Listings C.5 and C.6). SPLASH benefits the most

116



from object stores that allow streaming downloads, since processing can propagate quickly through the
pipeline—thus achieving high utilization, even for large files.

5.5 Message Queueing

Because invocations are asynchronous, the client machine does not get notified when the last function
has finished. Thus, SPLASH causes the last function to send a notification to a message queue that the
client is listening on. After the client receives the notification, it moves on to the next region of the shell
script (Listings C.3 and C.4). In SPLASH, the client uses long polling while waiting for each notification,
to issue fewer requests and reduce cost [62] because notification volume is relatively low—one message
per finished pipeline.
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Chapter 6

Evaluation

SPLASH is evaluated on how fast it performs compared to the sequential shell execution, and how well
it scales with the number of functions.

6.1 Setup

Implementation SPLASH’s functionality is built on top of PASH. SPLASH uses the Serverless Frame-
work [29] for deployment on AWS, and the boto3 Python AWS SDK [69] for interacting with AWS ser-
vices." The hole punching library is implemented in Rust, and is deployed as an AWS Lambda layer [65].
SPLASH uses AWS Lambda [63] (serverless functions), Amazon DynamoDB [59] (key-value store),
Amazon S3 [61] (object storage), and Amazon SQS [60] (message queue).

Baseline SPLASH’s performance is compared against GNU Bash [20], the de facto sequential shell
script execution environment. Both Bash and SPLASH execute every shell script completely unmodified.
Since there is currently no out-of-the-box support for running shell scripts on AWS Lambda [66], all
experiments are executed on SPLASH’s runtime. For Bash, one function executes the original script in
its entirety, while for SPLASH, the entire compilation and execution process takes place, as described
in Chapters 3 to 5.

Hardware Setup  All executions are set to (initially) read from and (finally) write to Amazon S3. Func-
tions are configured with 10 240 MB of memory and 6 vCPUs for Bash, and 1769 MB of memory and 1
vCPU for SPLASH. These memory sizes are chosen for two reasons; first, 10 240 MB is the highest mem-
ory size available for AWS Lambda [73]; and second, 10 240 MB and 1769 MB are the only two memory
sizes with a documented memory-to-vCPU correspondence [71].

Table 6.1: Benchmarks overview.

Benchmark Set Short Label  Scripts LOC Input Source
1 Common UNix One-Liners Oneliners 6 67 1GB [4,5,55,81]
2 Bell Labs UN1x50 Unix50 8 24 9GB [6, 39]
3 COVID-19 Mass Transit Analysis COVID-mts 4 38 22GB  [82]
4 Natural Language Processing NLP 13 160 130books [9]
5 NOAA Weather Analysis NOAA 1 16 500MB  [86]
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6.2 Benchmarks

Table 6.1 shows the benchmark sets used to evaluate SPLASH.? In total, 5 real-world benchmark sets are
used, comprising 32 shell scripts and 305 lines of code (LOC). Oneliners and Unix50 contain classic
and recent (circa 2019) scripts that make heavy use of UNix and Linux built-in commands. COVID-mts
contains four scripts used to analyze real telemetry data from mass transit schedules during the COVID-
19 response in Athens.

Common UNix One-Liners The Oneliners benchmark set contains a range of classic pipelines, each
highlighting different performance characteristics of the shell. NFA-Regex is centered around an ex-
pensive NFA-based backtracking expression. The Sort script sorts a large input. Word-Frequency and
Top-N-Terms are based on Mcllroy’s classic word counting program [5]; they use sorting, rather than
tabulation, to identify high-frequency terms in a corpus. Spell, based on the original spell developed
by Johnson [4], is another UNix classic: after some preprocessing, it makes clever use of comm to re-
port words that do not appear in a dictionary. Finally, Sort-Sort uses consecutive sort and sort -r
commands, without interleaving them with commands that condense their input size (e.g., uniq).

Bell Labs UN1x50 In a recent celebration of UN1x’s 50-year legacy, Bell Labs created a set of challenges
solvable by UNix pipelines. The problems were designed to highlight UN1x’s modular philosophy [55].
For the evaluation, unofficial solutions found on GitHub [77] are used, expressed as single pipelines with
multiple stages. They make extensive use of standard commands, use a variety of flags, and appear to be
written by non-experts, since they often use sub-optimal or non-UNIx-y constructs.

COVID-19 Mass Transit Analysis The COVID-mts set contains four pipelines that were used to analyze
real telemetry data from bus schedules during the COVID-19 response in Athens [82]. The pipelines
compute several statistics on the transit system per day, such as average serving hours per day and average
number of vehicles per day. These pipelines use typical UNix staples such as sed, awk, sort, and uniq.

Natural Language Processing The NLP set contains several scripts from Unix-for-poets, a tutorial for
developing programs for natural-language processing out of Unix and Linux utilities. It includes tasks
such as word counting, finding four-letter words, and counting sequences of consonants.

NOAA Weather Analysis This program is inspired by the central example in “Hadoop: The Definitive
Guide” [86], and performs temperature analysis on data from the National Oceanic and Atmospheric
Administration (NOAA). It consists of two pipelines, each calculating the maximum and minimum
temperature, respectively.

6.3 Performance

SPLASH’s speedup with respect to Bash is evaluated on all the benchmark sets, by trying different --width
values for each script, and reporting on the best speedup achieved. The goal is to evaluate the maximum
performance SPLASH can achieve, and compare it with Bash. The --width that is finally used for each
script is specified in Tables E.1 to E.5.

Oneliners Figure 6.1 shows that NFA-Regex has the largest speedup (14.38x), while the rest of the
scripts have more modest speedups, ranging from 1.33x to 2.05x. All scripts except for NFA-Regex have
the sort command somewhere in the pipeline, which (i) introduces increased data exchange between

! Note that the techniques used by SPLASH are not unique to AWS, and can be used with other cloud providers as well.
Table D.1 shows the AWS services used by SPLASH and their equivalents in Google Cloud and Microsoft Azure.
* Tables E.1 to E.5 show the full specification of shell scripts used in the evaluation.

120



Oneliners COVID-mts NOAA

14
12
5
%10 -
[aa]
v
> 8 -
Q
=
] ]
v 6
Q
(%]
4 -
2 -
0 -
< < < < e < < < < < <
v v v v v 4 [ v v v v
X + + = Y= (aV] (4a) o
s 5§ § T £ = - N ©
(o] ) ) % 8— o
g E :
£ 3
fe

Figure 6.1: SPLASH’s speedup for Oneliners, COVID-mts, and NOAA (higher is better). The --width
used for each script is specified in Tables E.1, E.3 and E.5.
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Figure 6.2: SPLASH’s speedup for Unix50 (higher is better). The --width used for each script is speci-
fied in Table E.2.
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Figure 6.3: SPLASH’s speedup for NLP (higher is better). The --width used for each script is specified
in Table E.4.
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functions’, and (ii) has a high memory footprint. Thus, SPLASH is not able to take full advantage of the
extra CPU resources, and the speedup is limited, especially since the Bash function has 10240 MB of
memory.* Especially in the case of Sort and Sort-Sort, the size of the input does not get reduced through
the pipeline—which would highlight the benefits of increased parallelism—and this is why the speedups
of these two scripts are the lowest.

Unix50 Figure 6.2 shows that SPLASH offers marginal speedups in the case of Unix50—it actually
slows down 5 out of 8 scripts. This is because these scripts almost exclusively use simple instances of the
cut, tr, and grep commands, which are not computationally intensive enough to justify the overhead
of splitting the workload to functions and transferring data between them.

COVID-mts Figure 6.1 shows that SPLASH offers similar speedups for COVID-mts as it does for Oneliners,
which is somewhat expected, since the scripts from the two sets are similar in structure. Again, the ex-
istence of sort restricts the amount of speedup that SPLASH can offer.

NLP Figure 6.3 paints a similar picture to Unix50, with SPLASH marginally speeding up some scripts,
while slowing down others. However, the reason here is different; each script in NLP loops over a range
of books, and while SPLASH executes each iteration of the loop in a data-parallel manner, the loop itself
progresses in a sequential manner—each iteration of the loop must finish before the next iteration can
continue. Since each book by itself is small, it is not worth it to pay a once-per-book overhead of in-
strumenting an entire serverless workflow and exchanging data. A solution is to run multiple iterations
of the loop in parallel, since they are independent—thus overlapping the overhead of these serverless
workflows. Adding this support for SPLASH is work in progress.

NOAA Figure 6.1 shows that SPLASH speeds up the temperature analysis script by almost 3x. This
script also has a sort command, but is slightly more computationally intensive than the others—the
proportion of CPU-intensive commands is slightly higher.

6.4 Scalability

To provide a more detailed insight into SPLASH’s performance characteristics, SPLASH’s scalability is
evaluated on the Oneliners set, by varying the --width parameter® from 2 to 64—depending on the
script—and measuring SPLASH’s speedup with respect to Bash (Fig. 6.4).

NFA-Regex scales almost linearly with the number of functions—which is expected, since it is highly
parallelizable, as mentioned before—hitting a plateau at 64 functions. This plateau, however, is caused
by the time needed to compile the script, invoke functions, and make connections between them. This
is a once-off overhead, and can be amortized as the input size gets larger. Sort and Sort-Sort quickly
show diminishing returns after --width=4, while Top-N-Terms and Word-Frequency stop scaling after
--width=8. Spell scales somewhat more favorably up to --width=16.

Conclusion While SPLASH is able to provide the scalability resources needed—as can be seen in the
case of NFA-Regex—it is important to consider the nature of the shell script to be executed. If a shell
script is innately non-scalable, there is not much SPLASH can do to speed it up. Thus, SPLASH in its
current state is targeted toward long-running, CPU-intensive, highly parallelizable shell scripts, and is
not a one-size-fits-all solution for shell script acceleration.

* SPLASH, like PASH, aggregates the results of sort in a tree-like manner.

* This extra memory can make scripts that use sort much faster. For example, when spell.sh is executed on a single
function with only 1769 MB of memory, the execution time is doubled, because sort becomes a bottleneck.

* Note that while --width implicitly specifies how many functions will be used—by dictating the degree of data parallelism—
the number of functions is typically larger than the value of the --width parameter. For example, while the DFG in Fig. 4.1
has a --width=2, SPLASH invokes four functions.
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Figure 6.4: SPLASH’s scalability for Oneliners (higher is better). The --width parameter varies from

2 to 64, depending on the script.
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Chapter 7

Related Work

SPLASH is related to a large body of prior work on shell scripting and serverless computing.

7.1 Shell Script Scale-Out

Tools exposing parallelism on modern UNixes such as qsub [21], SLURM [31], AMFS [89], and GNU
parallel [80] are predicated upon explicit and careful orchestration from their users. Similarly, several
shells add primitives for non-linear pipe topologies—some of which target parallelism [43, 78, 84]. Here
too, however, users are expected to manually rewrite scripts to exploit these new primitives without
jeopardizing correctness. A recent distributed shell named POSH [54] can handle a subset of shell scripts
without rewriting, but is targeted towards networked, IO-intensive shell scripts, is limited to dataflow-
only computations, and does not support arbitrary shell behaviours. In addition, since POSH is a shell
reimplementation, it is not behaviorally equivalent with existing shells and thus risks breaking ported
scripts.

Other systems for accelerating the shell include HS [40], PASH [34, 83], and DiSH [49]. HS runs
commands speculatively out of order, while PASH and D1SH introduce parallelism and distribution to
shell scripts, respectively. These systems require no modifications to the original shell, but they do not
support automatic serverless deployment. SPLASH builds on the insights—and infrastructure—of PASH
and DiSH, by taking advantage of their command annotation library and JIT compilation engine.

7.2 Serverless Beyond Event-Handling

Many recent papers [1, 2, 8, 15, 26, 27, 30, 33, 36, 37, 53, 58, 75, 79, 85] have explored using server-
less for tasks beyond event handling. A main motivation is that functions boot much faster than VMs,
allowing tenants to quickly launch many compute cores—without provisioning a long-running cluster.
Serverless platforms thus provide a scalable computation substrate where the amount of computational
resources available to a task can be rapidly altered. Prior work has exploited this flexibility for numerical
computation [2, 15, 26, 27, 33, 75, 85], machine learning [8, 30, 79], data analytics [33, 36, 37, 38, 53,
58], video processing [1], and sorting [33, 53]. However, since these efforts target specific domains, they
are often suboptimal for other types of computation—if they can express them at all.

7.3 General-Purpose Serverless Computing

Several frameworks have been developed for simplifying general-purpose serverless computing, both
from academia [17, 18, 33, 88] and cloud providers [46, 47, 70]. While these frameworks simplify
serverless development, they share a few limitations, as each step of the workflow creates programming
burden. To use these frameworks, the programmer must first partition the computation into small
components—each of which must fit within the function time limit and meet a range of framework-
specific restrictions—and then compose these components into a serverless application using a framework-
specific format (e.g., finite state machines [17, 46, 70] or data-flow graphs [18]), adding further cogni-
tive overhead. For example, Kappa [88] requires modifications to application code—the programmer
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must insert checkpoint calls at appropriate points in the program, mark calls that have externally visible
side-effects, and use Kappa’s concurrency primitives instead of native ones. Additionally, most of these
frameworks do not support fully dynamic behaviors—such as those seen in shell scripts. On the con-
trary, SPLASH’s just-in-time approach allows it to always have the most up-to-date information on the
shell’s state, and scale out without jeopardizing correctness.

7.4 Serverless Communication and Orchestration

Several frameworks support communication and orchestration for serverless workflows. On the one
hand, most of them target specific workloads and execution patterns, such as data analytics and dis-
tributed synchronization [3, 37, 38, 41, 48, 52, 53] or machine learning [8, 32]—and thus focus on
domain-specific optimizations. On the other, some of these frameworks are designed to handle commu-
nication for general-purpose tasks [17, 18, 33]. However, they either use cloud storage for intermediate
data—thus incurring high latency and cost—or use custom stores, in-memory caches, and messaging
servers—thus compromising the advantages of serverless. Cloud providers also offer some solutions [47,
70], but they require the user to manually translate their programs to a less expressive format, ahead of
time. Finally, FMI [10] supports many different communication backends—object storage, in-memory
storage, TCP communication—but again requires the user to manually rewrite their programs to use its
APL

126



Chapter 8

Discussion

8.1 Future Work

SPLASH is only a first step in leveraging serverless for shell script acceleration and scale-out, and lots of
opportunities exist for future work. Some of them are listed here.

Long Running Scripts Serverless platforms impose an execution timeout on functions—15 min in
the case of AWS. This means that scripts that run for longer than that are not supported by default—and
thus require special care. Since timeouts could be viewed as failures, the insights from fault tolerance can
apply in this case as well. Something to keep in mind is that highly parallelizable, CPU-intensive scripts
can benefit the most from SPLASH, and even if such a script needs a long time to run in a sequential
manner, it can be drastically sped up when a large number of functions is employed.

A more general solution would be to make functions aware of their timeout, and employ some data
re-routing logic. For example, if a function has been running for 50% of its timeout, it can invoke a
new function, and notify its upstream function(s) to start sending data to that new function—similarly,
it can notify its downstream function(s) to start receiving data from that new function. However, this
approach would work only for the subset of commands that do not track intermediate state. In the case of
stateful black-box commands, saving this state is not trivial, and doing so in a general enough way could
incur high overheads. Generalizing re-routing for all classes of commands is an interesting problem to
explore.

Serverless Mappings for the Shell Porting shell commands such as sort, tr, and grep to serverless
appears to be simple; these commands take an input, process it, and produce the corresponding output.
However, other classes of commands do not have such clear serverless mappings. For example, what is
the expected behavior when the user runs 1s or cd? Should 1s return the contents of the local directory,
or the contents of a bucket in serverless object storage? Should cd change the local working directory, or
should it cause all object storage requests to use a certain prefix—i.e., making (cd newDir; object-get
myObj) equivalent to (object-get newDir/myObj)?

While one could simply define a one-size-fits-all solution for all commands—everything has local
semantics, or everything has serverless semantics—this approach would exclude some behaviors, which
it would not support out of the box. For example, if 1s had only local semantics, users that wanted
to list objects in cloud storage would have to manually modify their scripts to instead use a command
similar to Amazon S3’ list-objects. Another approach is to add a new set of serverless command
annotations that can be configured beforehand. It is also perhaps worth investigating if there is value in
introducing annotations that users place in their scripts, to specify that some commands should run in
alocal or serverless context, respectively.

Fault Tolerance SPLASH currently does not support fault tolerance. Current distributed processing
frameworks [13, 19, 87] provide fault tolerance by either confining developers to a more restrictive pro-
gramming model, or providing a pre-defined API that allows for fault tolerance optimizations—like
checkpointing. This is difficult to do in the case of the shell, because the shell acts as a composition
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language for arbitrary components that cannot be tampered with, composed in arbitrary ways. For ex-
ample, commands like we -1 track internal state in memory, and it is not possible to have access to that
state—without changing the source code of wc. This means that in case of a fault, complete re-execution,
would be required, even if the aggregation of the wc command was 99% complete. Another point is that
serverless platforms provide the option to re-execute functions in case of failure, but this requires that
the functions be idempotent—so that re-execution does not cause any unwanted side effects. This is not
the case for the shell, since it is inherently stateful, with streaming making matters even worse.

An advantage that could possibly be exploited is the abundance of resources that serverless platforms
provide. Users could execute multiple instances of functions running the same script, on the same data,
at the same time, and keep the result of the first function that completes execution—additionally reduc-
ing stragglers [52]. In order to avoid excessive monetary cost, the user could specify classes of functions
that require such special treatment. For example, functions performing aggregation could be deemed as
more valuable—and thus executed in multiple instances—while functions that perform map operations
can be re-executed as needed.

Optimal Resource Allocation and Parameter Tuning SPLASH introduces a set of parameters that are
tunable by the user—such as the parallelization width, the memory of each function, or the batch size
in streaming communication. These factors can greatly influence the performance of the script in non-
obvious ways, especially since memory and CPU resources are often coupled in serverless offerings.
Furthermore, it is complex, time-consuming, and cost-inducing to tune these parameters by hand. Thus,
it would be beneficial to provide some automatic tuning mechanism that would adjust these parameters
based on the script’s characteristics. This could be done in an offline manner—once for each command,
similar to PASH annotations—in an online manner—by logging execution metadata in real time—or a
combination of both.

Cost-Aware Hybrid Execution As has already been mentioned, the serverless paradigm is not a one-
size-fits-all solution—it requires careful thought about the types of workloads that a user wants to exe-
cute, and how frequent these workloads are. Of course, running workloads on managed clusters on the
cloud or on physical infrastructure has its own set of shortcomings. An interesting direction is how to
get the best of both worlds. One solution is to have a set of reserved instances, and when the need arises,
to burst into serverless. That decision has to be made quickly, in a cost- and workload-aware manner,
to decide what the sweet spot is. Some work has already been done on that end [51, 56].

Cost-Aware Optimal Graph Transformation Currently, SPLASH splits and scales out the dataflow
graph based on static factors—such as the parallelization width defined by the user, or whether a dataflow
segment involves a parallel stage. This approach works in single-machine or static cluster settings, where
the number of threads or nodes is known in advance, and scaling out has small monetary cost impli-
cations mostly connected to energy consumption. However, in the serverless case, every function in-
vocation has a monetary cost attached to it—expanding to more functions than necessary has negative
effects. For example, if a script does not scale well beyond 32 functions, then invoking 1000 functions
would incur an unnecessary monetary cost—and possibly hamper performance. Thus, the user could
specify a budget, and SPLASH could try to limit its resource usage to that budget, or—more ideally—
find a near-optimal resource allocation for that budget. This could be done by using an cost model that
predicts the cost of a certain resource allocation, and guide the resource allocation process accordingly,
in an online or offline manner [76].

8.2 Conclusion

SPLASH enables push-button serverless scale-out for the shell, in order to reap the benefits of serverless.
It does so by introducing parallelism to shell scripts and distributing work to multiple functions, while
facilitating function deployment and communication. SPLASH operates in a just in time manner, and
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does not require any modifications to the original scripts. SPLASH’s evaluation shows it to be effective
for CPU-intensive, highly parallelizable workloads, providing up to 14.38x speedup over sequential shell
execution.
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Appendix A

Full Shell Script Produced by PASH for NFA-Regex

#!/bin/bash
cd ”$(dirname ”${03}”)”
[ -z ”"${PASH_TOP}” 1]
rm_pash_fifos() {
rm -f ”/tmp/Fgq4/f2”;
rm -f ”/tmp/Fgqd/f7”
# ...similarly for the rest of the fifos...
h;
mkfifo_pash_fifos() {
mkfifo ”/tmp/Fgq4/f2”
mkfifo ”/tmp/Fgq4/f7”
# ...similarly for the rest of the fifos...
}
rm_pash_fifos; mkfifo_pash_fifos; pids_to_kill=""
cat 7in.txt” >”/tmp/Fgq4/f2” & pids_to_kill="${!} ${pids_to_kill}”
r_split ”/tmp/Fggq4/f2” 1000000 ”/tmp/Fgq4/f7” ”/tmp/Fgq4/f8” &
pids_to_kill="${!} ${pids_to_kill}”
r_wrap bash -c 'tr A-Z a-z’ <”/tmp/Fgq4/f13” >”/tmp/Fgq4/f9” &
pids_to_kill="${!} ${pids_to_kill}”
r_wrap bash -c 'tr A-Z a-z’ <”/tmp/Fgqd/f14” >”/tmp/Fgq4/f10” &
pids_to_kill="${!} ${pids_to_kill}”

r_wrap bash -c “grep \(.\).*\INC\) A2V ) x\3N (L \) . *\47 <"/tmp/Fgg4/f9” >”/tmp/Fgqd/f11” &

pids_to_kill="${!} ${pids_to_kill}”

r_wrap bash -c “grep \(.\).*\T\C ) A\N2NCN) L *\3N(.\) . *\4" <”/tmp/Fgq4/f10” >”/tmp/Fgqd/f12” &

pids_to_kill="${!} ${pids_to_kill}”

dgsh-tee -i ”/tmp/Fgq4/f7” -o ”/tmp/Fgq4/f13” -b 5M & pids_to_kill="${!} ${pids_to_kill}”
dgsh-tee -i ”/tmp/Fgq4/f8” -o ”/tmp/Fgq4/f14” -b 5M & pids_to_kill="${!} ${pids_to_kill}”
dgsh-tee -i ”/tmp/Fgq4/f11” -o ”/tmp/Fgq4/f15” -b 5M & pids_to_kill="${!} ${pids_to_kill}”
dgsh-tee -i ”7/tmp/Fgq4/f12” -o ”/tmp/Fgq4/f16” -b 5M & pids_to_kill="${!} ${pids_to_kill}”

r_merge ”/tmp/Fgq4/f15” ”/tmp/Fgq4/f16” & pids_to_kill="${!} ${pids_to_kill}”

source wait_for_output_and_sigpipe_rest.sh ${!}; rm_pash_fifos; (exit ”${internal_exec_status}”)

Listing A.1: Full script produced by PASH for NFA-Regex (--width=2).
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Appendix B

Final Shell Scripts Produced by SPLASH for NFA-Regex

#!/bin/bash

mkfifo f{0..3}

invoke-function $SCRIPT_ID_2 $SCRIPT_MAP &
invoke-function $SCRIPT_ID_3 $SCRIPT_MAP &
download-object in.txt >f0 &

cat fo >f1 &

split f1 f2 f3 &

send-stream $COMM_KEY_1_2 <f2 &
send-stream $COMM_KEY_1_3 <f3 &

wait

Listing B.1: Final script for Subgraph 1. Serverless-specific commands are highlighted.

#!/bin/bash

mkfifo f{0..4}

invoke-function $SCRIPT_ID_4 $SCRIPT_MAP &
receive-stream $COMM_KEY_1_2 >fo &

eager <fo >f1 &

tr A-Z a-z <f1 >f2 &

grep NG\ CANTINC ) ANV L #\BN (L) . x\ 47 <f2 >f3 &
eager <f3 >f4 &

send-stream $COMM_KEY_2_4 <f4 &

wait

Listing B.2: Final script for Subgraph 2. Serverless-specific commands are highlighted.
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#!/bin/bash

mkfifo f{0..4}

receive-stream $COMM_KEY_1_3 >f0 &

eager <fo >f1 &

tr A-Z a-z <f1 >f2 &

grep NG\ CANTINC ) ANV L #\BN (L)) o x\ 47 <f2 >f3 &
eager <f3 >f4 &

send-stream $COMM_KEY_3_4 <f4 &

wait

Listing B.3: Final script for Subgraph 3. Serverless-specific commands are highlighted.

#!/bin/bash

mkfifo f{0..2}

receive-stream $COMM_KEY_2_4 >fo &
receive-stream $COMM_KEY_3_4 >f1 &
merge fo f1 >f2 &

upload-object <f2 out.txt &

wait

send-notification

Listing B.4: Final script for Subgraph 4. Serverless-specific commands are highlighted.
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Appendix C

Python Code for Interacting With AWS

import boto3
import sys
import json

id_, data_path = sys.argv[1:]

with open(data_path, ”r”) as f:
data = f.read()

lambda_client = boto3.client(”1lambda”)

lambda_client. invoke(
FunctionName="1ambda”,
InvocationType="Event”,
LogType="None”,
Payload=json.dumps({”id”: id_, ”data”: data}),

Listing C.1: Function invocation.
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import subprocess
import json

def lambda_handler(event, context):
data = event[”data”]
id_ = event[”id”]
scripts_dict = json.loads(data)

with open(f”/tmp/data-{id_}”, ”"w”) as f:
f.write(data)

with open(f”/tmp/script-{id_}.sh”, ”w”) as f:
f.write(scripts_dict[id_])

process = subprocess.run(
[”/bin/bash”, f”/tmp/script-{id_}.sh”, f”/tmp/data-{id_}"]

Listing C.2: Function handler.

import boto3
import json

sqs_client = boto3.client(”sqgs”)
message_body = {”message”: ”done”, ”output_file_id”: object_key}

try:
response = sqgs_client.send_message(
QueueUrl=f"https://sqs.us-east-1.amazonaws.com/{AWS_ACCOUNT_ID}/{QUEUE}”,
MessageBody=json.dumps(message_body),
)
except Exception as e:
print(e)

Listing C.3: Message send.
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import time
import boto3

def wait_msg_done():

while Tr
sgs
queu

ue:
= boto3.client(”sqgs”)
e_url = f”’https://sqgs.us-east-1.amazonaws.com/{AWS_ACCOUNT_ID}/{QUEUE}”

response = sqgs.receive_message(

QueueUrl=queue_url,
AttributeNames=["SentTimestamp”],
MaxNumberOfMessages=1,
MessageAttributeNames=["A11"],
VisibilityTimeout=30,
WaitTimeSeconds=20,

)

try:
message = response[”’Messages”][0]
receipt_handle = message[”ReceiptHandle”]
sgs.delete_message(QueueUrl=queue_url, ReceiptHandle=receipt_handle)
break

except:

time.sleep(1)

Listing C.4: Message receive.
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1 import boto3
2 import sys
3 1import os

s BUCKET = os.environ.get(”AWS_BUCKET”)

7 object_key, outfile = sys.argv[1:]
s batch = 10000

10 session = boto3.Session()
1S3 = session.client(”s3”)

13 try:

14 response = s3.get_object(Bucket=BUCKET, Key=object_key)
15 except Exception as e:

16 print(e)

18 with open(outfile, ”wb”) as f:

19 while True:

20 X = response[”Body”].read(batch)
21

2 if not x:

2 break

24

25 f.write(x)

2 f. flush()

Listing C.5: Object storage download.
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import boto3
import sys
import json
import os

AWS_ACCOUNT_ID = os.environ.get(”AWS_ACCOUNT_ID”)
BUCKET = os.environ.get(”AWS_BUCKET”)
QUEUE = os.environ.get(”AWS_QUEUE”)

object_key, infile = sys.argv[1:]

session = boto3.Session()
s3 = session.client(”s3”)

with open(infile, ”rb”) as file:
object_data = file.read()

s3.put_object (Bucket=BUCKET, Key=object_key, Body=object_data)

sgs_client = boto3.client(”sgs”)
message_body = {”message”: ”done”, “output_file_id”: object_key}
try:
response = sqs_client.send_message(
QueueUrl=f"https://sqs.us-east-1.amazonaws.com/{AWS_ACCOUNT_ID}/{QUEUE}”,
MessageBody=json.dumps(message_body),

)

except Exception as e:
print(e)

Listing C.6: Object storage upload.
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Appendix D

AWS Equivalent Services in Other Cloud Providers

Table D.1: AWS equivalent services. Substituting equivalent services from other cloud providers should
provide equivalent behavior, but is not guaranteed to provide equivalent performance.

AWS Service Google Cloud Equivalent Microsoft Azure Equivalent
AWS Lambda Google Cloud Functions ~ Azure Functions

Amazon S3 Google Cloud Storage Azure Blob Storage
Amazon DynamoDB  Google Bigtable Azure Cosmos DB
Amazon SQS Google Cloud Pub/Sub Azure Service Bus
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Appendix E

Full Specification of Shell Scripts Used in Evaluation

Table E.1: Scripts included in the Oneliners benchmark set. For each script, the value of --width used
in the evaluation is shown.

Script Input Seq. Time --width Notes
1 nfa-regex.sh 200 MB 598.74s 32 Match complex regex over input
2 sort-sort.sh 200 MB 20.11s 4  Calculate sort twice
3 sortsh 200 MB 28.74s 4 Sortinput
4 spellsh 200 MB 62.37 s 16  Calculate mispelled words
5 top-n.sh 100 MB 40.98s 8 Find top 100 terms
6 wfsh 100 MB 40.76 s 8 Sort words by frequency

Table E.2: Scripts included in the Unix50 benchmark set. For each script, the value of --width used in
the evaluation is shown.

Script  Input Seq. Time --width Notes
1 1lsh 1.1GB 45.32s 2 Extract the last name
2 2sh 1.1GB 42.35s 4 Get all Unix utilities
3 3sh 1.1GB 46.28s 4 Get lowercase first letter of last names
4 4sh 1.1GB 48.26s 4  Extract hello world
5 5sh 1.1GB 52.75s 2 Extract the word BELL
6 6.sh 1.1GB 38.14s 4 Four corners
7 7.sh 1.1GB 38.75s 2 List Turing award recipients while working at Bell Labs
8 8sh 1.1GB 39.15s 4 Year Ritchie and Thompson receive the Hamming medal

Table E.3: Scripts included in the COVID-mts benchmark set. For each script, the value of --width used
in the evaluation is shown.

Script Input Seq. Time --width Notes

1.sh 200 MB 20.29s
2.sh 500 MB 43.35s
3.sh 500 MB 48.64 s
4.sh 1GB 46.90s

Vehicles on the road per day
Days a vehicle is on the road
Hours each vehicle is on the road
Hours monitored each day

B W N =
AN NN
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Table E.4: Scripts included in the NLP benchmark set. For each script, the value of --width used in the
evaluation is shown.

Script Input Seq. Time --width Notes

1 1lsh 10 books 19.47 s 2 Count words

2 2sh 10 books 21.35s 2 Merge upper and lower counts

3 3sh 10 books 19.66s 2 Sort

4 4sh 10 books 25.32s 2 Sort words by folding

5 5.sh 10 books 19.66s 2 Uppercase by token

6 6.sh 10 books 21.27s 2 Uppercase by type

7 7.sh 10 books 39.81s 2 Four-letter words

8 8.sh 10 books 19.11s 4 Words no vowels

9 9sh 10 books 20.49s 4 One-syllable words
10 10.sh 10 books 16.64s 2 Two-syllable words
11 11.sh 10 books 56.10s 2 Verses with certain instances of the word “light”
12 12.sh 10 books 19.32s 2 Count consonant sequences
13 13.sh 10 books 21.94s 2 Vowel sequences greater than 1K

Table E.5: Scripts included in the NOAA benchmark set. For each script, the value of --width used in
the evaluation is shown.

Script

Input

Seq. Time

--width Notes

1 noaash 500MB

49.98s

8 Find maximum and minimum temperature
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