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ITepiAnyn

To KOALA amotelel pa covita HeTPOTPOYpappdTwy emkevTpwuévn otny épevva aflohdynong emdo-
ogwv yla To kEAw@og UNIX kat Linux. ZuvSvddet fia cuotnpatikr] GVAAOYT and TOKINOHOpPa TTPO-
ypappata KeADQOVG TPOEPXOHEVA ATIO TIPAYUATIKA OEVAPLA XPTIOTG, PEANLOTIKA OVVOAQ £1068wV dta-
QOpwV e8WV OV VTOOTNPILOVV [KPNG KAl HEYAANG KAIHAKAG EKTENETELS YIa T TIPOYPAUHATA AVTA,
EKTEVI AvAALOT) Kal XapakTnplopo mov fondovv otny Katavonot Tovg, kabwg kat emtmAéov vrodoun
Kat epyaleia TOL OTOXEVOVY OTN XPNOTIKOTNTA KAL TNV AVATAPAYOYIHOTNTA 0TV EPELVA CLOTNHA-
twv. Ta petponpoypappata KOALA ekTeAOVV Eva evpl PAGHA KOV EpyactdV KEAV@OLG: aftomolodv
O\a T KOpLa YAWOOIKA XapakTnploTikd Tov kehvgovg POSIX- xpnotponolodv pia mowkthia anod epya-
Aeia POSIX, GNU Coreutils kat Aoyloptkod tpitwv- Aettovpyovv og el00d0vG petafarlopevon peye-
Bovg kat ovvOeoN G- Kat Tapovolalovy €va evpl Pacpa TPoPiA ekTéeon, kablotwvTag Ta Wiaitepa
eTepOYeVT Kat KatdAAnAa yia tnv a§lohdynon nowkilwv otpatnykwv Pertiotomnoinong. H epappoyn
Tov KOALA og Tévte ovoThHpata Tov emSpovV OTNV EKTENEDT) TIPOYPAUHATWY KEADPOVG TIAPEYEL HLiaL
L0 OAOKANPWEVT EIKOVA TwV HETAED TOUG CLUPLPACHWY, YEVIKEDEL Ta KUPLO EVPTIUATE TOVG KAt OUL-
BaA\et oe pia fabiTepn KATAVONOT TWV CUOTNUATWY AVTWOV.

A€Eeig kA edid

Kélvgog, UNix, Linux, Metponpoypappata, POSIX, A§loddoynon Emdocewy






Evxapiotieg

Oa 10ela va eKPPAoW TNV ELAKPLVT| OV EVYVWHOGVVH 0€ OAOVG O0OL pe oThpEay Katd TNV oONoKAT-
pwoT avtrg TG SIMAWHATIKAG epyaciag Kat ouvEPalav 0To va yivouy Ta Xpovia HOL wG QOLTNTNG
TO0O0 OVOLACTIKA KAl STILLOVPYIKA.

[Mpwtiotwg, BéAw va evxaplotiow tov emPAénovta pov, Kab. Tewpyto Tkovya, yia tnv epmioto-
ovvn Tov, TNV kaBodNynon Tov Kat yia TNV vKalpia Tov Hov £8waE va TPAyUATOTO|ow T STAWa-
Tk pov gpyaoia ato Epyactnpto Yroloyotikwv Zvotnpdtwv. H otiipién tov éxel ennpedoet onpov-
kA TV akadnuaikn pov eg€hi&n, kabwg Ta pabrpatd tov nrav kaboplotikd ya Ty avalwndpwon
Tov £vOoLOLACHOD POV Yla TOV TOPEN KATA TO TPITO £T0G TV OTIOVSWV [OVL.

Eipat emiong Babutata evyvwpwv otov Kab. Niko Baothdkn yia tnv evkaipia mov pov édwoe va
TPAYUATOTOOW aUTH TN SIMAWPATIKY gpyacia oe ovvepyaoia pe Tnv opada Atlas tov ITavemotn-
iov Brown. H ovvexng avatpogpodotnon kat i ebotoxn kabodnynor| tov viipav kaboplotikég yia
TNV OAOKATpWOT AVTAG TNG EPYATIAG KAt SLAUOPPWOAY TA TTPWTA OTASLA TNG EPEVVITIKIG [LOV TIOPELAG.
ISwaitepeg evyapiotieg opeilw atov Evayyelo Adpmpov, yia tn Stapkr| vtootrpi&r| Tov, Tig yOVIES Ov-
{ntoetg kot T Tpax Tk Tov Porfeta, kabwg kaw otov Ap. Lukas Lazarek, Tov onoiov ot ouvelo@opég
Kat Ta eVoToxXa OXOALA SLApOPPWOoaV CUAVTIKA TNV KatevBuvon kal T cagnivela avutod Tov €pyov.

KaBwg n mapovoa Simwpatikn epyacia ekmovijOnke 0to TAQIoLo [ag eVpOTEPNG EPEVVITIKNIG TIPO-
ondBetag, Oa nbela emiong va evxapiotiow tov Ethan Williams yia T onpavTikn kat ekTeviy ovvel-
0@OpA TOV, KABWG Kat TOLG LTTOAOLTOVG OVV-0LYYpAPeiG Tov ApBpov KoaLA—Zhuoxuan Zhang, Kaf.
Michael Greenberg kat Kaf. Kwvotavtivo KaAAd—yia tn ovvepyacia tovg kad’ 0An tn Stapketa Tov
EVPVTEPOV £PYOU.

EmmAéov, evxapiotw Oeppd Toug ouvadéd@oug pov amod Tny epevvnTikn povada «Apxiundne», Tnv
EAévn, tov Tidvvn kat T Aavan, yla tnv vopovi kat T otipiél Toug katd tn Stapkela TG anartnTi-
KNG Stadikaoiag ovyypagng kat OAOKANPwonG TG Tapoboag SITAWUATIKNG.

Oa nBela emiong va ekPpdow TIg vxaptoTieg pov atov IMavayuwtn, Tov «§adeA@d» pov kat ov-
vadelgo andgotto TG ZxoAng HAektpoddywv Mnxavikav kat Mnxavikwv YToloylotdv, o omoiog
pe PorOnoe otabepd va Statnpw tnv TPoonHAwat| pov kat pe otrpiée kab” OAn ) Sidpkela Twv omOL-
dwv pag oto EMII, otov @ilinmo, mov mépa and moAlég e£080vG kat SLaKoTEG LOPAOTHKALE KAl TIG
Televtaieg e€eTaoTikéG, KaBwe kat 0Tovg cLVadEAPOLG «compaiieros», Avaotaoia, Tiwpyo, NikoAa,
ABnva ko Natahia o frav dimha pov oe Stalégels, epyacieg kat e§etaoels. Evyaplotw akopa tov
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QOLTNTIKA LOV XPpOVIA Va Efval YEUATA UE TOOEG XAPOVUEVEG AVAUVIOELG.

[Tavw am’ 6ha, Ba Beha va evxaploTiow TovG yoveig pov, Zageipn kat Mapia, Twv onoiwv n
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Kegdalao 1

Ewoaywyn

To kéhvgog UNIX eivar Snuo@irég, vEAIKTO Kal LOXVPO, Ue TTOLKIAIL EQAPHOYWY TIOV EKTEVOVTAL
and v enefepyacia dedopévwv kat T Staxeiplon CLOTHUATWY €wG TN BLOTANPOPOPIKT KAl TN OL-
vexn ohokAnpwon kot avantvdn. apdAAnAa, To kKEAVQOG éxEL CUYKEVTPWOEL GIUAVTIKO EPEVVITIKO
evilapépov, e mpooatn akadnuaikn Spaotnpiotnta [1, 2, 3, 4, 5, 6, 7, 8, 9, 10] va éxel odnynoet
otV avantuln apkeTwv PEATIOTOTONTWY TTOV GTOXEVOVV OTNV ETUTAXVVOT] TTPOYPAUUATWY KEADPOUG
péow mapdAAnAwv cvotnuatwy [3, 5, 7], katavepnpévwy ovotnudtwy [1, 11, 12], kot dAAAwv popewv
KAtpaxkwong [4, 9, 13, 14].

ITap’ OAa avTd, LTIAPYEL EVaL ONUAVTIKO TPOOKOA yia TNV anoteheopatikn Ste§aywyn épevvag
YVpw and to kEAQOG: Sev LIAPXEL KATIOLA KABLEPWEVT) COVITA HETPOTIPOYPAUUATWV Yia TNV aftolo-
YNON TWV CUOTHUATWY AVTWY, He amoTéAeopa va eival Suokolo va aflodoynBobdv véa cuotrpata e
PeaALOTIKO Kat oLYKpioto TpoTo [15]. ETat, ot epevvntég ovxvd avaykalovtat va Snovpyovv avto-
oxéd1eg pkpodokipég aftohdoynong (microbenchmarks), va suAAéyovv anoonaopatikd mtapadetypota
and anoBetrpia 1) va faciovtal o€ TuOTOMUEVEG SOKLUEG TTOV EGTIALOVV KVPIWG 0TI CLUTEPLPOPIKT
toodvvapia kat 0xt oTny anodoorn. Katd ovvénela, n épevva oto medio otepeital Paotkwv TAEoveKTn-
HATWYV TNG CLOTNUATIKNAG GUYKPLTIKAG a&toAdyNong, OTwG 1 EMAVAAYILOTITA, 1] AVATAPAYWYLHOTNTA
Kkat 1 Sikaun ovykpton HeTadD SLaQopeTIKOV CLOTNHATWY.

To KOALA gival fa oovita LETPOTPOYPAUUATWY TTPOCAVATOMOUEVT GTNY épevva yla TNV a§lo-
Aoynon emdooewv [16],  omoia oToxevel 0T0 kéAVQoG UNIX Kal 0TO Aeltovpylko ovotnua Linux,
ovvSLALoVTAG GLOTNUATIKT CUANOYT| TIPOYPAUUATWY, EKTEVI] XAPAKTNPLOUO KAl ETAVOXPTOLHOTIOL] -
own vrodopr. Tia v emitevEn avtov Tov oTdXOV, To KOALA Tapéyel pia otkiAn cvAAoyT ano 126
TIPAYUATIKA TIPOYPAUHATA KEADQOVG TIOV EKTEAOVV EPYATIEG OL OTIOLEG AMAVTWVTAL GUXVA OTNY TIpAkn.
[TIpoogépet peaioTikd dedopéva el0680v ot Tpelg KAipakeg (eAaxiotn, pukpr) kat TAfpn), kabdg kat av-
TOHATOTIOHEVA EPYANEiQ YL TNV EYKATAOTAOT EEAPTNTEWY, TNV EKTENEDT] TWV HETPOTIPOYPAUUATWY,
TNV eMKVPWOT TWV ATOTEAEOUATWYV KAL TNV avagopd TnG anddoong.

H napovoa Stmdwpatikn epyacia anotelel vTOCVUVONO TNG EVPVTEPNG EPEVVNTIKNG TTpooTdOeLag
7oL Ttapovotdotnke otn dnuooievon [16] oto USENIX ATC *25. O kvplog afovag kat i factkr ov-
VELOQOPA TG TIAPOVOAG EPYATLAG EMKEVIPWVOVTAL 0TIV TIPAKTIKI EQAPHOYT], TOV HETATYNHATIOUO
TWV OeVapiwVY Kat TNV EKTEVI GUYKPLTIKN a&loAdynon Sta@opetikwy ovotnuatwy. Méoa and avtr
Sadikaoia, amodelkvoeTal EUmPaKTa n XpNooOTHTA Kat 1 avaykadtnta tng ocovitag KoALA ya v
aloAoynom 1000 VPLOTAUEVWY OO KAt LEANOVTIKWV CLOTNUATWV PEATIOTOTOINONG. ZUYKEKPLUEVA, T)
gpyacia SLepeuva TIG TPAKTIKEG TTPOEKTATELG TNG Xprong Tov KoALA aloloywvTag mévte Stagopeti-
KEG TTPOOEYYIOEIG KAl CVOTHHATA EMTAXVVONG: TOV evaAlakTiko diepunvéa zsh [17], To Shark [15], To
GNU parallel [18], to PaSH [5, 7] kat to hS [14]. Tta k&Be ohoTnUa avaAdovVTal EKTEVADG O Unxa-
VIOUOG AetTovpyiag Tov, 1 mpoomabela VIOBETNONG KAl O ATATOVUEVOL HETACKNUATIONOL KWKo Og
TPAYHATIKA TIPOYPAUUATA, EVEW TTAPOLOLALOVTAL Ol EMITAYDVOELG TIOV EMTVYXAVOVTAL, KaBWG Kat Ta
TAEOVEKTHHATA 1) HELOVEKTNHATA KABe Tpoaéyylong.

H Sopr| g mapodoag Sumhwpatikng epyaciag opyavavetal wg e&ne: Apxikd, mapovotdetal to
anapaitnto Bewpntikd vtoPabdpo, eotidlovtag oTig Pacikég agatpéoels, T por dedopévwy Kat TN
Aettovpyia Tov keAdgovg UNIx (Kegdhaio 2). Ztn ovvéxela, mapatifetal ) oxetikn epgvvntikn PpAto-
ypagia, e&etalovtag vlotapeva cuoTHHATa BEATIOTONOINONG, CLANOYEG TTPOYPAUUATWV KEADPOUG,
tomia aflohdynong kat ponyovpeves mpoomabeteg ovykprtikng pETpnong (Kegdhato 3). AkohovBei

17



1 avdAvoT EVOG AVTIMTPOCWTEVTIKOV KIVITIPLOL TTapadeiyaTogs, To omoio avadelk Vel eumpaKTwg TG
TIPOKANOELG TNG EMUTAXVVONG KEAVPOVG Kat TTPOETOLHALEL TO £8aQOG Yl TNV AvAYKN Hag OAOKANpw-
pévng vrodoung (Kegalato 4). Katomy, meptypagetar o oxedlaopog katl n VAOToinon tng oovitag
KoALA, avalbovTag Tig oxXeS1aoTikéG apyés, Ta VTOAOYLOTIKA Tedia Kat Ta CUVOAA TWV UETPOTIPOYPAL-
patwv (Kegdlato 5).

Eneita, avantdooetal o KVpLoG KOPHOG TNG ePYAciag, O OTOI0G KATAVEUETAL OF TIEVTE SLaKpPLTA
kepdhata aflohoynong ovotnudtwyv. Edkotepa, egetdletal n extéeon Twv oevapiwv péow tov Siep-
unvéa zsh (Kegalato 6), avakvovtat ot otatikoi petaoynpatiopoi fdoet tov Shark (Kegdhato 7), pe-
Aetdtat o xetpokivitog mapariniiopds pe xprion tov GNU parallel (Kegdlato 8), afiohoyeitat n
Svvapukn maparinonoinon powv dedopévav tov PASH (Kepdlaio 9), kat diepevvatal n vobetikn
ekTéNeOT) eKTOG O€Lpdg (speculative out-of-order execution) tov hS (Kepdhato 10).

Télog, n epyacio ohokAnpwvetal pe T oVVOEOT) TWV EVPNUATWY KAt T TEALKA CUUTEPACHATA TIOV
npokvTTOVY antd TNV aflohoynon (Kepdhato 11), kaBwg kat pe TNy mapovsiaon Tov TPoTeEVOUEVOL
peAdovTikov €pyouv yia tnv eméktaon g épevvag (KegaAato 12). H vtodopr kat Ta HeTpOTPOYpap-
pata g oovitag Koara datiBevrtal ehevbepa pe adeia MIT oto https://github.com/kbensh/ko
ala.
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Kegdalato 2

YnoPabpo

Ze avtd To KeQalato mapovaolaletal To anapaitnto Oewpntikd VOPabdpo ya v &g fdbog ka-
TAVONOT) TNG OVUTEPLPOPAS, TNG QOIS Kat TNG TOAVTAOKOTNTAG TWV TPOYPAUHATWY KeAbpovg UNIX.
Apyikd, avalvovtat To mepIPAAAOV TOV KEAVPOVG Kal Ot BAGLKEG APALPETELS TTOL SLETOVY TNV eKTENEDT)
Kat T o0vOeon evrolwv. Itn ovvéyela, eeTdlovTal oL eyyeVeig IBLaUTEPOTNTEG TNG YADOOAG, OTIWE N
otevn e£APTNON TNG OVVTAKTIKNG AVAAVONG ATIO TOV XPOVO EKTEAEOT|G KAl OL AVOTNPOL KAVOVEG avd-
ntvéng Aé€ewv (word expansions) Tov tpotvtov POSIX. Méoa and avth) Ty avalvon avadetkviovtal
ot Oepelwdelg TEPLOPLOOL Kat OL TEXVIKEG TTPOKANOELG TTOL KaBIoTOVV TNV avTopatn PeAtioTonoinon
Kat TOV TApaAANALOpHO TV TPOYPARUATOY KEADPOLG Eva ISLaiTEPA ATAUTNTIKO EPEVVNTIKO TTPOPANpA,
TIPOETOLHALOVTAG TO £80QOG YLat T GUGTNUATIKY HEAETT TTOV akOAOVOEL.

2.1 To Kélvgog UNIx

To kéAvg@og UNIX amotelei Tov akpoywviaio AiBo tng aAAnieniSpaong xpriotn-ovotnpatog edw
Kat SEKAETIEG, AEITOVPYWVTAG TAVTOXPOVA WG £VAG LOXVPOG dladpacTikog Steppunvéag eVIOAWY Kat
WG LA EKPPACTIKI] YAWOOA TPOYPAUUATIOHOD LYNAOD emimédov. Zopgwva e TN ethocoia Tov UNIX
[19], mapéxet amhobg Kat yevikovg pnxaviopovs cvovheong pkpav, ave§aptntwy epyaleiwv oe peyav-
Tepa mpoypappata. Méow avtov Tov meptBAAAovTog, ot XproTeg éxovv T SuvatdtnTa va cvuvhétovv
KoL va EKTENOVV TTOADTIAOKa Tipoypappata, ouvdvalovtag Hikpotepes, eEetdikevpéves kat aveEapTnTeg
eVTOANEG o€ oVVOEeTEG poég emelepyaciag.

H Aettovpyia kat  ovpnepipopd Tov keAdpovg kabopitovtat and to mpdtvmo POSIX, to omoio
BeomiCel Tovg kKavoveg oVVTAENG KAt TIG onuactoloytkég 8LoTnTeg, efaopalifovtag tn Stahettovpyt-
KOTNTA KAt TN QOPNTOTNTA TPOYPApUATWY HeTAED SLAPOPETIKWY AELTOVPYIKDOV CLGTNUATWY KAl apXL-
TeKTOVIKWYV [20]. Ze avtifeon pe Tig mapadootakés YADGOEG TTPOYPAUHATIOUOD YEVIKOV GKOTIO, OTIWG
n C N n Java, 10 kéAv@og Oev 0xXeSIAOTNKE pE TIPWTAPXIKO OTOXO TNV VAOTOINOT TOADTAOKWY akyo-
piBuwv 1 Sopwv dedopévwy, aldd yia Tov amodoTikd cLVTOVIOUO Kat Tr dlaovvSeon LTIapPXOVTWV
TIPOYPAUHATWY, EPYAAEWV KL VIINPECLOV CLOTHHATOG. Me avTdV ToV TpOMO, AetTovpyei we €va ovy-
KOAANTIKO €TTiESO NOYLOKOV, ETUTPETOVTAG OTOVG TIPOYPAUUATIOTEG VA KATATKEVALOLY Ypryopa AeL-
ToLpYIKOUG aywyovs enetepyaciag Sedopévwy, aflomolwvtag étotpa kat Sokipacpéva Sopkd oTotyeia.
H ex@paotikdtntd Tov éxel avadeixbei otn PipAioypagia, kabwg epyacieg mov anartovv ekTevi) VAO-
Toinomn o YAwooeg Onwg 1 Java Hmopody Guxvd Vo EKGPacToVV (e Hia Hovo evToAn kehvgoug [21].

Zvyxpovn Xprion kat Enpacia  ITapd tnv ep@dvion veotepwv YAwoowv kat epyaleiwy, To kKEAVPOG
Statnpel apeiwTn TN OMOLSAOTNTA TOV KAl TAPAUEVEL AVATIOOTIACTO THAKA TNG CVYXPOVNG TANPOPO-
pknG vrodopns. Katatdooetat GuoTHHATIKE avApesa OTIG Lo SNHOPIAEIG YAWTOEG TTPOYPAUUATIOUOD
[22], ev mpoo@ateg peAéTeg KaTadelkvoovy onpavTikn avfnon e xprong Tov [14]. To kéAvgog eivat
TAVTAXOV TIAPOV 0€ KPIOLOVG TONELG, OTIWwG 1) Stayeiplon cvoTnudTwy, N avtopatonoinon enavalappa-
VOUEVWV €pYaotdV, 1 palikn enegepyaoia dedopévwy, n BlomAnpopopikn, kabwg Kat n evopxHoTpwaon
VTIOAOYLOTIKWV powV O Katavepnuéva meptPaAlovra kat vodopég végoug. Idiaitepa oto ovyxpovo
owoovotnua avantvéng Aoylopikod, mov Kuptapyeitat and texvoloyie 0w to Docker kat mAat-
@oppeg omwg To Kubernetes, 1o kéAvgog anotehel To kablepwLévo TPOTLTIO YL TOV OPLOHO onpeiwy
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#!/bin/bash

mkfifo pipel pipe2

grep "Failed” logl > pipel & grep ”Failed” log2 > pipe2 &
cat pipel pipe2 | sort | uniq -c

Kodwkag 2.1: Okvnpia oe pealiotikd oevapilo enefepyaoiag kataloywv. H evtolr cat Swafale
TPWTA oo TO t1 Kat Hovo apod oAokAnpwoel Ty avayvwon avtov tov FIFO npoxwpd
oto t2. Enopévwg, n devtepn diepyacia grep pmhokdpet, emetdr) Sev vdpyet akoun Siep-
yaoia mov va dtaBalet and to t2, kat cvvexilel povo OTav TEAEWWOEL 1) TPWTT grep.

el00dov, TNV mpoetotpacia TepIPAANOVTWY Kal TNV eKTEAEOT) 0evapiwy guvexovs ohokAnpwong [23].
Qg ek TOUTOV, Ta TIPOYPARHATA KEADPOVG dev amoTeAovV amhwg Bondntikd epyaleia, aAld ekteAovV-
Taw oV VA og VITodopég peydAng khipakag, ennpedlovtag dpeoa v aflomotia, TRV TaXOTNTA KAt TN
ovvolikr) anddoon kpictuwv cvotnuatwy mapaywyns. H extetapévn avtr xprion kabota v ka-
Tavonon Twv pnxaviopv tov oe abog, kabwg kat tn PeAtioTonoinon g ekTtéAeong Tov, Wiaitepa
ONUOVTIKT] Yl TI] GUYXPOVT €PELVA CLOTNUATWV.

Baowkég Apatpéaeis kat Poég Aedopévwv  H ek@paotikr 1ox06 kat i evelidia Tov keAbgovg amop-
pEOVV amo €va GUVONO aAWV, AAXd SLaiTEPa LOXVPWY APALPECEWY, OL OTIOIEG EVOAPKWVOLV TN PL-
Nocogia Tov UNIX yla tn o0vOeon pkpwv kat e§etdikevpévwy epyaleinv. Kevtpiko polo Stadpapori-
{ouv ot poég dedopévwy, oL omtoieg LAOTIOLODVTAL WG OgLpLakeég akolovBieg bytes xwpig eyyevr Sour kat
petagépovtal petadd Slepyactwv péow UNXaviopwy Omwg ot aywyoi 1} Ta apyeia. Ot avwvupol ayw-
yoi emtpénovv Ty dpeon ovvdeon tng Tumkng eE6Sov (stdout) piag eVToAng pe Ty Tumikn €icodo
(stdin) pag dAAnG, dnovpywvtag cwAnvaaoelg (pipelines), evw ot enwvopot aywyoi (UNix FIFOs)
TPOCPEPOVV LOVILA KAVAALA ETKOLVWYVIAG 0TO OVOTNHA apyeiwV. Ze avTO TO TAAIOLO, O TTVPTVAG TOV
AelTovpytkov GLOTHHATOG avahapuPavel Tov poho TG Staxeiplong, TG SpopoAdynong Kat Tov Guyxpo-
VIOUOD TwV SeSOUEVWY, ETITPEMOVTAG TNV TALTOXPOVN EKTENEOT) TWV OVVOESEUEVWY EVTOADY XwPiG O
XPNOTNG va Xpetdletal va SLaxelploTel pnTd VijHaTa 1 HnxXaviopovs cuyxpoviopo.

Emnpoobeta, kdbe evtoAn oto meptBaAlov Tov kKeAD@OUG avTIpe TwIleTal WG Wiot AVTOVOLN KAt
ave&aptntn povada vroloytopov, n onoia Stafdlet dedopéva, ta emefepyaletat kat mapdyet anote-
Aéopata. To ohvolo twv Stabéotpwy eviodwv eival TpakTikd aneptoptoto, kabwg omolodnmote ekte-
Aéopo apyeio 0To ovoTNpa pmopel va kAnOei wg evtoln. Ot evtolég umopei va eivat vAomotnuéveg oe
omnotadnmote yYA\wooa npoypappatiopov (C, Python, Rust, k. Am.) 1} va SatiBevtan povo oe Svadikn
HOPQT), PE AyvwoTn ecwTePLKT SO Kal ovpmepLpopd. To XapakTnpLoTIKO avTo, av KAl TPOTPEPEL [Le-
YaAn evehi&ia, kaBotd draitepa SOokoAn v TPdPAeyn TG eMidOONG KAl TWV ATALTIOEWY G€ TOPOVG
XwpiG TN Slevépyeta EUTELPIKWY UETPTIOEWV.

[la TOV GLVTOVIOUO AVTWYV TWV HOVASWY, TO KEAVPOG TIAPEXEL (Lol OELPA Ao TEAEOTEG GVVOEDNG,
OTIWG 0 OELPLaKOg TEAeOTNG (;), 0 TEAETTNG EKTENEONG OTO TTaApaoKNVLo (&), 0 TeEAeaTHG aywyov ()
Kat ot Aoyikoi TeAeoTég (&8, | |). Méow auTwy, 0 TPOYPAUUATIOTHG UTTOPEL va 0pioeL pe akpiPeta Tig
XPOVIKEG Kat AoykeG e§apTrioelg peta&d twv Stepyaotiv.

Qo1600, 1) Staxeipion TG pong dedopévwy apovotdlet kat onpavtikég TpokAnoels. [IoANéG evTo-
Aég oxedialovtat va gival «okvnpég» 1) akoAovBody avotnpd oelplakn Aoyikn katavalwong, Stapalov-
Tag dedopéva povo otav eivan amoldtwg étoupeg va ta enegepyaotodv. Av Kat auTr| 1 CUUTEPLPOPA
elvat ovxvd embBount yia Ty gAaxiotonoinon Tng Xprong Hviung, oe ovvBeToug aywyovg pmopel
va o0nNynoeL e @aLvOpeVa UTAOKAPIOHATOG KAl VTTOEKUETAANEVONG TV StaBéotwy VTOAOYLIOTIKWY
OpwvV, OTWG Paivetal 0To Tapandvw mapddetypa (Kwduag 2.1).

Awakpion Kedvgovg kat Evtodwv  Tia tnv opOr avéhvon tng anodoong, eivan Oepehiwdovg onpaciog
0 0aPnG SLaxwPLOHOS TWV ApprOSOTHTWY HeTAED TOL IS0V TOL Steppnvéa KEADPOUG KAl TWV ETUUEPOVG

20



eVTOAWV 1o avtodg kael. O Sieppnvéag (m.y. bash, zsh) eivat vrevBvVVOG yla T CVVTAKTIKN AVAlvoT
Tov Kwdika, TNV avantvln petaPAntwy, ™ Saxeipton v meptypagéwy apxeiwv kat tn dnpovpyia
Siepyactwv péow Twv kKAoewv ovoTpatog fork katexec. AVTIOETWG, 0 KUPLOG VTTOAOYLOTIKOG POPTOG
kat 1 enefepyacia twv dedopévwy mpaypatonolodvTal anod Tig e§wTePIKEG EVTOALS.

Eva kpiotpo ototxeio mov ovyva mapaPArénetal givat 1) emidpacn TwV TAPAUETPWY EKTEAEONG OTN
ovpumePLPopd TwV eVTOAWV. Ot apdpeTpol avTég dev peTaBAAAOVY HOVO TN AELTOVPYIKOTNTA, AAAL
UTOPOVV Va EMNPEACOVY OHAVTIKAE TO TIPO@PIA amddoong kat tr Suvatdtnta aparAnAopod. Tia a-
padetypa, pa eVToAn mov kavovikd enefepydletat SeSopéva wg por| Hmopel, pe Ty Tpoodrkn Katd\-
AnAwv emAoywy, va anattioet TNV TANPN @OPTWOT) TOV apXeiov 0T UVIUN 1) VA TIPAYUATOTOLOEL
eMITOTIEG TPOTIOTIOW0ELG!, peTaPdAlovtag p{ika Tov TpdTo aAAnAemidpaong e To oVOTNHA apyeiwy
Kat TiG vitohourneg diepyaoieg.

IS16tvn Zuvtaktikr Avalvon kat Znpactoloyia e avtifeon pe Tig mapadootakés Y\wooeg mpo-
YPOAUHATIONOY, 1] CUVTAKTIKY avalvon (parsing) Tov keAbvgovg dev pmopel va diaxwploTel avotnpd
and tnv ektéleot| Tov. Omwg €xet avadetxBel and €pevveg yopw and Tov oxedlaoio Tov keAVPOLG WG
YAwooag edikov okomob (Domain-Specific Language) [25], n eppnveia Tov kwdika e§aptdrat dpeca
amnd TN Suvapkn Katdotaon Tov TePPAANOVTOG KATd TOV Xpovo ektéleon. Tla mapddetypa, n vmapén
gvog yevdwvipov (alias) 1 Suvapkn avaBeon wag petaPAntng propei va alaget pi{ikd tov tpomo
{e Tov omoio o Stepunvéag petappalel TNV apéowg enopevn ypauun kwdika. H apxitektovikn avtn
SlautepdTNTA £XEL KATAOTHOEL LOTOPIKA eEatpeTikd SOOoKOAN TN Snovpyia epyaleiwv OTATIKNAG ava-
Avong, kaBwg n kataokevr evog akptpovs apnpnuévov cuvtakTikod dévipov (abstract syntax tree -
AST) poimoBtet oL VA TNV EKTEAEOT] TUNHATWY TOV (SLOV TOV TPOYPAUUATOSG.

H Awdikacia Avantving Aé€ewv  'Evag amod tovg mo kpiotpovg pnxaviopods tov keAbgovg POSIX,
o0 omoiog evBvvetat oe peyalo Pabpd ya v moAvmhokdTnTa Kat T SUVALKE TOL QUON, givatl 1 av-
otnpn Stadkacia avantuing Aé€ewv mov Aapfdvel xwpa mmpiv and TNy eKTENEOT) OTOLAGONTTOTE EVTO-
Mg [25, 26]. To mpoTumo opilet pa akolovBio entd SLakpItdv oTadiwV HETATXNUATIONOV, Ta OToia
epappolovrtal Lepapyikd:

1. Avamtu€n xapaktrpa tilde (~).

2. Avantoén mapapétpwv kat petaPAntwy (parameter expansion).
3. Ynokatdotaon evrohwv (command substitution).

4. ApOuntkn avamrtvgn (arithmetic expansion).

5. Alaxwpiopog mediwv (field splitting).

6. Avantuén Stadpopwv (pathname expansion/globbing).

7. Agaipeon eloaywykav (quote removal).

H ev Aoyw Sadikacia kabotd tov kddika Tov keAb@ovg e€atpeTikd peTaPAnto. Mia amhr evToln
TIOL CLVTAKTIKA QavTalel wg pa akivduvn petagopd dedopévwy, Umopei—petd To 0TddL0 TG LTTOKA-
TAoTAONG EVTIOAWYV 1) TNG avantuéng Stadpopdv—va petatparnei oe pa faptd LITIOAOYLOTIKN epyacia
mov epmAékel XtAddeg apxeia 0To ovoTnUA. Zvvenwg, kabe mpoonabeia PeltioTomoinong i mapaiin-
Aopov ogeilet va Staogalifet 6Tt avtoi ot petaoynuatiopol €xovv aflohoynbei opbd, yeyovog mov
amodeIKVUEL TNV AVETIAPKELA TWV AHLYWS OTATIKWV TIPOCEYYICEWV OTNV TAELOVOTNTA TWV TIPAYHUATL-
KWV oevapiwv.

! Xapaxtnpotiko napddetypa anotehel n evion sed: oTny TUmKY NG Xprion Aertovpyel wg @iktpo, enttpénovag Tov
napalAnAiopo oe évav aywyd. QoTtoo0, n Xprion TG onuaiag -1 emPailel TNV eyypa@r 6To apyIko apxelo, analtdvTag Tn
Snuovpyia Tpocwptvwy apyeiwv kat mepopifovtag Tig SuvatdtnTeg mapdAAnng eneepyaoiag [24].
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ITepropiopoi kar IlpokAnoeis  Ilapd tn xpnopotnta kat TNV evpeia Stadoor| Tov, To HOVTEAO TIpO-
YPAHHATIOUOV TOV KEADYOVG XapaKTNPIifeTal amd onUavTIKOUG TEPLOPLOHONGS TTOL Suaepaivovy TNV
avamtugn amodoTIKwY Kot a§LOTIOTWY EPAPUOYWV:

« Ilepropropévn Khpakwon kat IapaAlAniiopog: Av kat 1o k€Av@og vrootnpilet Pacikég pop-

@&G TApAAANALOHOD HECW AYWYWV KAl TIAPATKIVIOKNG EKTENEDOT|G, 1] ATTOTENECUATIKY a&lOTOi-
non Twv o0YXPOVWY TOAVTIUPNVWYV ApXITEKTOVIKWYV Ttapapével SOokoAn. O xpnotng ovxvd Ka-
Tagevyel o TOADTTAOKOVG XELPOKIVITOVG XELPLOUOVG, XPTOLUOTIOLWVTAG TEAEOTEG KAl EVTOAEG
Onwg & kaw wait [25] i oe efwtepikd epyaleia, 6nwg to GNU parallel [18], Siadikacia mov
elvat xpovoPopa Kal EMPPENIG 0€ GQAApATAL.

Avvapukn kat Adtagavng Zvpnepipopd: Onwg mpoavagépbnke, Aoyw tng 8d0TLTING ONpACLO-
Moyiag kat Twv otadiwy enéKTaong, 1 ektéean evog Tpoypdupatog eEaptdtat oe peydo Babuod
amd TNv Kataotaon Tov mepAAlovtog, TNy vapén kat Ta Sikawpata apxeiwy, kabwg kat and
PLOLICEL TOV CLOTHUATOG TTOV UTTopEL Va peTaPAnBolv Suvapkd. Avtn n WdoTNTA, 08 oLVELa-
oo pe TNV adta@avela Twv e§wTePIKWY EKTEAEOIHWY, KABLOTA TNV TTPOPAEYT TG CUUTEPLPOPAG
Waitepa dvoxepn.

Emppéneia oe Zealpata kat Iepropiopévn Aopaleia: To kéAvpog otepeital MOV unxa-
VIOUWV a0@PAAELAG IOV CLVAVTWVTAL O CVYXPOVEG YAWOOEG TTPOYPAUHATIOUOD, OTIWG LOXVPO
ovotnua Tonwv 1 Sounpévn Staxeipion eatpéoewv. Q¢ anotéeopa, amAd TPOYPAUUATIOTIKA
AaOn, onwg n xpnomn pn oplopévwy HETAPANTOV 0€ KPIOLHEG EVTONEG, HTOPOLV Va EMUPEPOLY
1N avaoTpEYIEG OVVETTELEG. XAPAKTNPLOTIKO TapddeLypa amoTeAel TO KPIOILO OQAAUA TTOV €V-
TOTOTNKE OTO OEVAPLO EYKATACTAONG TNG TAATPOpaG Steam yia Linux [27], 6mov 1 éAkenyn
eAéyxov NG petaPAntrg STEAMROOT 081ynoe oTnv akovola eKTEAEOT) TG EVTOANG:

rm -rf ”$STEAMROOT/”*

2e MEPIMTWOELG OTIOV 1 LETAPANTNA TAV KEVT), 1] EVTOAT| peTaTpendTav Suvapkaoe rm —rf /7%,
TPOKAAWVTAG TN Staypagr] OAOKANPOL TOL CLOTHUATOG APXEIWV TOV XPHOTI).

Ot apamédvw 1810tnTeg ouVBETOVY €va TTePIBAAAOV 0TO OTI0IO 1) CLOTNUATIKY AVAALOT) EMOOTEWV

Kat 1 avTopatn PeATIOTOMOINOT AmoTEAODV AVOLKTA KAl AT TIKA EPEVVITIKA TTPOoPAHaTA.
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Kegalaio 3

2xetko Epyo

210 mapov ke@alato Tapovotdletat n vplotapevn PLPAoypagia Kat To evPHTEPO EPELYNTIKO TOTIO
YVpw and to kéAvpog UNIX. To kepddato StapBpwvetat oe Svo Pactkods dEoves. Apxika, egetalovtat
ot tpoomdfeleg PEATIOTOMOINONG KAl EMTAXVVOTG TWV TPOYPAUUATWV KEADPOVG, OL OTIOIEG EKTEIVOV-
Tal amd evaAlakTikog diepunveig kat mapadootakods HETAYAWTTIOTES, £wg oVYXpOova SUVAUKA Kol
KATAVEUNHEVA CLUOTHHATA. XTH CUVEXELA, AVAADETAL TO TOTIO TNG AELOAOGYNONG OTOV XWPO TWV GLOTH-
HATOV KAt TOL KEADQOVG, avadetkvOovTag TG EAAEIVELS TWV VQLOTAHEVWY GUANOYDV TIPOYPAUHATWY
KO TEKUNPLOVOVTAG TNV AVAYKI YLOL [l CVOTNHATIKT, TPOCAVATOAOUEV 0TIV Atdd00T GoviTa, OTIWG
7o KoALA.

3.1 IIpoondBeieg Emtdxvvong kot Bektiotomoinong

H avaykn yia p{ikn Bektiowon g anddoong Twv mpoypappdatwy KeADPoOG £xet TuPOSOTHOEL TNV
avantvgn mMAnBwpag CLOTNUATWY, Ta OTIOLN ETXELPOVV Va LTIEPPOVY TOVG TEPLOPLOHOVG TNG AVTTHPA
oetplakng ektéheone. H avEnuévn epevvntikn dpactnplotnta yopw and 1o kéAvgog UNIX éxel odnyn-
0€L 08 KALVOTOWEG ADOELG TTOV KAADTITOVY éVa eVPUTATO PACHA TEXVIKWY. Avapeoa o avTég Eexwpifovv
uébodot ya tn PeAtiotonoinon Aettovpywv etlo6dov/e&ddov (1/0) [15], Tnv avtopatn ovvOeon (syn-
thesis) véwv aywywv [3], Tnv avtoparn tapalinlonoinon cwinvwoewy [5, 7], kaBw¢ kat T ovvTnén
evtohwv (fusion) pe 6TOX0 TN Heiwon Tov kKOOTOVG emkovwviag petafd Twv Stepyactwy [28]. TTapd-
Anha, Slaitepo evllagépov mapovatdlovv ot peréTeg oLV anokAivovy and ta mapadootakd ovoTh-
pata, eotialovtag oty anodoTikn eKTENEOT oevapiwy oe KIvnTéG ouokevég (mobile environments)
[29] 1} oTOV Suvapkd emavanpoodioplopd (refinement) Twv kAfoewv cvoTApATog (system calls) [30].

Eiikotepa, otov Topéa g kAHdkwong (scaling) kat TG kataveunpuévng ektéAeong, n ohyxpovn
épevva mapovotalet pnéikélevdeg apyitektovikég Aoels. Tia mapadetypa, o POSH [1] vioBetei
OTPATNYIKI TNG HETAPOPTWONG e emiyvworn dedopévwy (data-aware offloading), Spoporoywvtag Tov
vroloytopo anevfeiag otnv mnyn Twv dedopévwv mpokelévov va elaxiotononei n Stktvakn ovp-
@opnon. Zroxevovtag oe Lodouég cvotowy (clusters), ovotipata 6nwg to DISH [11] kabioToV
EQPIKTH TNV AmpOOKOTTH ekTéNeon o€ TOAAAMAODG KOpBOVG, evw To FRACTAL [12] evowpatwvel emi-
TAEOV KPIOLHOVG UNXAVIOHOVG avoxns o@alpdatwy (fault tolerance). Atevphvovrag mepaltépw avTod
To medio, mhaiota 6mwg To SPLASH [24] elodyovy T0 KEAVQOG OTO OLKOGVOTNHHA TOV LTTOAOYLOTIKOD
vépovg (cloud computing), epevvwvTtag TN SLUVAUIKE KAl EAACTIK TOV KAUAKWOT| HECW HOVTEAWY
Function-as-a-Service (FaaS).

H napovoa epyacia Sev amookonei oe fua e§avTANTIKy Kataypa@n OAwV TwV Tapamavw KaTh-
yopLwv. AvTIOETWG, EMKEVTPOVETAL OE TTEVTE AVTITPOCWTIEVTIKA TepIPaAlovTa Tov eoTialovy atnv
EMTAXVVOT) O€ eMinedo pepovwHEVOL oLOTHRATOG (single-node) kat evoapkwvovv Oepehiwdwg dtago-
PETIKEG OXESLAOTIKEG PINOCOPiEG. AVTA Ta CLOTHHATA, T OTOI ATOTEAOVV KAl TO AVTIKEILEVO TNG
ekTeVOLG agloAOyNnoNG oTa emdpeva ke@alata, eivat Ta e§ng:

« zsh [17]:'Evag evalakTtikog, eatpetikd mapapetpornounotpog Stepunvéag. IapottavantoxOnke
pe yvwpova tn Pedtiwon tng StadpacTikng eumelpiag Tov XprjoTn OCLYKPLTIKA He TO bash, vAo-
TOLEL (Lt SLAPOPETIKY ECWTEPLKT UNYavr SLaXeipLlong UVAHNG KAl CLVTAKTIKAG avAaAvong, Kat
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UTTOpEL Va EMNPeAcel TNV TAXVTNTA TWV OEVAPIWY IE EVOWUATWUEVEG EVTOAEG KEADPOVG (shell
built-ins).

« Shark [15]: Amotelei éva amd To TPWOTA EPEVVITIKA CUGTHHATA TTOV AV TIHETWTILOAV T TIPOYPAYL-
pata keAbeoug e epyaleia davelopéva anod tn Bewpia Twv mapadootakwy petaylwttiotov. H
Baotk TOL KavoTopia £YKELTAL OTNV AVTIUETWTION TWV TIPOOTIEAACEWY OTO GVOTHHA apXeiwV
WG avVaPopEG oe PHeTAPANTEG. Méow TNG KATAOKEVNG KATEVOVVOUEVWY AKVKAIKWV YPAPNUATWY
(DAGs), to Shark epapuolet otatikég feATIOTOTOMOELS, OTIWG 1) EEANEWYT) TIEPITTWY AEITOVPY LDV
(T.X. ) AOKOTIN XpT)OT TNG EVTOANG cat), N AVTIKATAGTAOT TPOCWPLVWY APXEIWY e AywyoDE yla
N peiwon tov k6otovg I/0, kat 0 oTaTikdg TapaAANAOHOG aveEdpTNTWY EVTOADV.

« GNU parallel [18]: Anotelel To gvpuTEPa aMOdEKTO EPYAAeio yia Tn pNTH, XELPOKIVNTN TaL-
parAnlomoinon 6o otkoovoTna Tov UNIX. [Tapéxet 0TOVG TPOYPAUUATIOTEG TTPONYHEVOVG HN-
Xaviopovg yia tn didomaon dedopévay Kat TNV TavToxXpovn ekTéAeon MOANATAWY Slepyactay.
Q071600, N evTVTIWOtakn Tov anddoon cvvodebetal amod pia kpion anaitnomn: n evfovn yla
Statnpnon twv egaptrioewy dedopévwy kat T StacdAion g Aettovpyikng opBotnTag petarti-
Oetal amokAelOTIKA OTOV XpIOTN.

+ PASH [7]: Avtimpoowmevel T atyun TG oVYXPOVNG EPELVAG OTNV aLTOHATH TaparAnAomoi-
non péow UETayAwtTiong mavw-otnv-wpa (Just-in-Time). To ovotnua evalAdooet Suvapka
QAOELG AVANLONG KAt EKTEAEONG, HETAOXNHATIOVTAG TIG CWANVWOELG 0€ Ypdpoug por|G dedopé-
vwv (Data-Flow Graphs). Baoi(opevo o€ pia ipAiodrikn emonpeidoewyv (annotations) mov kwdi-
Komolel Tr ovpmeplpopd Twv evtodwv POSIX, To PASH elodyet mapdAAnia oxnuata ektéeong,
Staogahilovtag t onpactoloyikr| woodvvapia (semantic equivalence) pe Tnv apyikr oetplaxm
Hop@t| Tov oevapiov.

« hS [14]: TIpoteivel pia prl{oOTIACTIKY APXITEKTOVIKT] IOV AVTAEL EUTTVEVOT) OO TN UKPOAPXLTE-
KTOVIKT] TWV OVYXPOVWY EMEEEPYATTMV, ELOAYOVTAG TNV LTTODETIKT EKTENEDT) EKTOG OELPAG (spec-
ulative out-of-order execution) oo eminedo Tov Aettovpyikov cvoThpatog. To hS extelel mpoka-
Taolikd peAhovTikég eviolég oe anopovopéva eptParlovta (sandboxes). Méow ovotnuati-
k1§ yvnhatnong (tracing) tov I/0 kat Twv petaPAntav nepipdAAovTog, katoxvpvet (commits)
Ta anotedéopata epooov Sev aviyvevdovv cuyKpoLOELG, Vi 0t avTifeTn mepinTwon avalpel TNy
ektéleon (rollback) kot emoTtpépel 0TV ao@ain oeplakr por.

Ot tpooeyyioelg avtég anodetkvoovy OTL 0 XWpog PeATIOTOTOINONG TOV KEAVPOLG eivar TOALSIAL-
otatog. Evrovtolg, ) telikn anoteleopatikotnta kdbe cuotrpatog e§aptdrtat dppnKTa amo tn ouv-
TakTIKn Sopr}, Tov 0yko Sedopévwy Kkat Tr SUVANLKT] CUUTEPLPOPE TOV EKATTOTE TiPOoYpPappatos. To
YEYOVOG avtd KabloTd avaykaia Tr Xpromn evog peaAloTIKOV Kat eKTEVOLG Aatoiov aftohdynong, mpo-
KELLEVOL VAL aMOTLTIWOODV CLOTHHATIKA AVTA Ta OPLAL.

3.2 To Tomio tng Zvykprtikng A§loAdynong

H 1p60dog atov oxedlaopd VITOAOYIOTIKOV CLOTNUATWY €ival dpesa CLVVQATUEVT pe TN Suva-
1ottt aflomotng, emavaAiyung kat Sikaing ocvykptrikig aftohoynong (benchmarking). H vmapén
Kotvd anodektv covttwv (benchmark suites) emtpénet Tnv avtimapafoln SlagopeTikwY apyLTEKTOVL-
KWV VTIO KOLVEG ouVONKeG, TN SLAoTAVPWOT| TEPAPATIKDOY EVPNHUATWY KAL TT) CVOTHHATIKY HEAETN TWV
ovupBaopdv (trade-offs) peta&d anddoong kat xpriong mopwv [16]. Iotopikd, n kabiépwon TéTowwy
VTOOOUWYV ATIOTEAETE TOV KATAADTI Yl THV wpipavorn ToAA@VY epevuvnTik@y mediwy, avtikabiotovrag
TOL QTTOOTIACUATLKG TELPAUATA PE AVOTNPEG, TUTTOTIOLNHEVEG HeBodoAoyieg.

KaOiepwpéveg oviteg otnv'Epevva Zvotnuatwv

H np6odog otnv emotun Twv VITOAOYIOTWV Kat 0TO evphTePo Tedio TNG EPELVAG CLOTHHATWY
egaptdrtat oe peydo Babuod and tn SuvatdTnTa SikawY KAl AVTIKEIUEVIKOY TVYKPICEWY. L€ aUTO TO
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TAAiO10, 1) XPTIOT AVOLXTWYV KA ETAVAYPTOLLOTOOLLWY TUTTOTONUEVWY LETPOTIPOYPAUUATWY ATTOTE-
\ei o Oepéhio g emotnpovikig aftohdynonge. Xe Stapopovg Topelg, N kabiEpwon TéTowwy epyaleiwv
v p&e katavtikn: TpdTLTA agloAdynong vAkod dnwg ta SPEC [31], faoewv Sedopévwv 0nws to
TPC [32], modvmopnvwv apyitektovikwv onws To PARSEC [33] kat epappoy@wv vmoloyloTikol vé-
@ovg Oonwg to CloudSuite [34], éxovv Oeomioet avotnpég Sadikaoieg emkbpwong kat Kowvd onueia
avapopas.

AvtioTolXa, 0TOV XWPO TOV AOYLOMIKOD KAl TWV YAWCOWYV TPOYPAUUATIOHOV, T} AVAYKN Yla peaht-
oTIKA @opTia epyaciag odrynoe otn dnuovpyia eedikevpévwy epyaleinv. Zoviteg 6nwg n DaCapo
[35, 36] ya T Java, kaBwg kat Ta petponpoypappata Gabriel [37] ywa tn LISP, enétpeyav tn og Pd-
Bo¢ perétn Sayxeptlopevov meptBarlovtov ektéheong oe ovvOnKkes mapaywyng (0mwg n cvAloyn
ATOPPUUATWOV KA T) CUUTIEPLPOPA AVTIKELHEVOOTPEPWYV tepapXtwv [38]). TTapaAAnAa, n avamapayw-
YWOTNTA CVYXPOVWY EPEVLVMY LTTOOTNPileTaL evepyd amd chvola dedopévwy avagopds oe Sidpopa
nedia, onwg to EMNIST [39] ot unxavikn pabnon, to Defects4] [40] otn Sokipn Aoylopikod kat To
Magma [41] otnv afloAdynon epyaleivv ac@aletag. Koo xapaktnplotikd OAwv autwv Twv entuyn-
pévwv mpoomabelwv eival n EH@acn oe OAOKANPWUEVEG EPAPHOYEG KAl CaPWS opLopéveg Stadikaoieg
ekTéNeonG. Ze avtifeon e TIG UkpoSOKIUEG EMIBOONG TTOV ATTOUOVIDVOLV UEUOVWUEVEG AELTOVPYIEG, OL
OAOKANPWEVEG TOVITEG ATOTVTIWVOLV TIG TEPITAOKEG AAANAETUOPATELG EVOG CLOTHHATOG, AVAdEIKVD-
ovtag gatvopeva ov dev epavifovtal oe ovvBetikd oevapia. H dmapdn wag kabiepwpévng covitag
ETUTAXVVEL OVOLAOTIKA TNV e§ENIEN TOV EKAOTOTE EPEVVTIKOD XWPOU.

Ye mpoyevEoTepn Epevva éxel peetnOel n cvpmepLPopd TpoypappdTwy eite o€ epaAlovta mpo-
OOOIWONG €iTE TTAVW OE CLYKEKPLUEVEG VAOTIOIAOELG VAIKOV [42, 43, 44], 00TO0O (ua TETOLX TTPOCEY-
yton oVVOEEL TA CUUTIEPACHATA LE T OVYKEKPLHEVT TAATPOPHA EKTENEOTG KAL TO AVTIOTOLXO AELTOVP-
Yo meptPAAAOV. ZToV XWPO TOL KEAVPOLG ATaUTEITAL 1) CLOTNUATIKY avAdeln LOTHTWY oV €ival
ave§aptnteg and 1o ekaotote VAIKO (hardware) kat To AelTovpytkd oVOTNUA, WOTE TA TPOYPAUHATA
Va LITOpOovV va XpnotpomotnBovv wg yevikd kat ¢opntd goptia epyaciag yia tnv a§lohoynon Stagope-
TIKOV VTTOAOYLOTIKOV VTTOOTPpWHATWY. Katd ovvénela, kabiotatat avaykaio n Omapén pag avorxtig
KO TTPOOEKTIKA OXeSLATHEVNG ooViTaG afloAdynong etdikd TPOCAVATONOUEVNG OE TIPOYPAHATA KEND-
Qovg.

Onw¢ akptfwg mepimtwoelg oav ta DaCapo kat Gabriel kaAvyav 1otopikd kevd otny agloddynon
TWV TPOYPAUUATIOTIKWVY TEPIPAANOVTWV TNG EMOXNG TOVG, TOo ovoTNHa KOALA épxeTal va kahvyel
o avtioTotyn ovyxXpovn avaykn. AToteAel TNV mPWTN cLOTHHATIKY Tipoomabela dnpovpyiag pag
AVOLXTHG ooviTag aloAdYNong emdooewY yla TO KEAVPOG, ELGAYOVTAG T CLUOTHHATOTOINOT, TI| OVY-
KPIOLHOTNTA KAl TNV AVATIAPAYWOYIHOTNTA O £VaY TOUER TIOV UEXPL O)UEPA OTEPOVVTAV AVTIOTOLK WYV
TPOTUTIWV.

Ygiotapeveg [Ipooeyyioeig kat EXAeiverg A§iodoynong oto Kéhvgog

H mA\nfwpa twv cvotnuatwyv feATIoTONoiNonG Tov TapovslaoTNKAY TPONYOVHEVWS KATAdELKVEL
TNV EMTAKTIKT AVAYKI] Vi VO TUTTOTIOHEVO, EVXPNOTO KAl AVATAPAYWDYLHO TAioLo agloAdynong.
Evtovtolg, eleiyer piag kabiepwpévng pebodoloyiag, ot dnpovpyol avTwv Twv cLOTNHATOVY gixav
otn 8taBeon Tovg efaupeTikd TEPLOPLOUEVEG ETUAOYEG TIPOKEIUEVOD VA TEKUNPLWOOVV TA OPEAT TWV
TPOOEYYICEWV TOVG.

Ot 81a0£01EG TIPAKTIKEG TTOV XPTOLHOTIOLOVVTAL Yiat TO KEAVQOG Ta&IVOOOVTAL O TECOEPLG PaOtKkEG
Katnyopieg, kabepia and Tig omoieg mapovolalel Oepehiwdelg eEAeiyelg 6GOV aPopd TNV ATOTIHUNON
emO0eWV 0€ PEANIOTIKA CLOTHHATA:

1. Mwkpodoxipég (Shell Microbenchmarks): Xoviteg 6mwg to ShellBench [45], To zsh-bench [46],
Ta petpompoypdppata tov Oils [47] kat To UnixBench [48] mapéxovv pikpd, anopovwuéva tun-
pata kodka (cvvhwg 8 ¢wg 95 ypappwyv). Av kat glval avavTikataotata epyaleio yo Tnv
4oknom TEONG 08 HEHOVWUEVA XAPAKTNPLOTIKA TOV Steppnvéa (.. Tax\TNTA VTTOKEADPWY, av-
TIKATAoTaon HETAPANTWOV 1) HaBnpaTikég TPAgeLs), voTeEPOLY oNUAVTIKE Ot peaAtopd. AmokAi-
VOV pLiika and ta mpaypatika goptia epyaciag, kabwg dev ektelobv oAokANpwEVOLG LTTONO-

25



ytopovg (end-to-end), dev StaxetpiCovrat peydAa avvola dedopévwy kat dev evopxnotpwvouy
eTepoyeveiG eEwTepIKEG EVTONES, KaBIOTOVTAG adVvatn TNV OAOTIKY a§loAdynon Twv GLOTHUA-
TWV EMTAYLVOTG.

2. Aoxpaocieg ITpotonwy kaw OpBotntag (Correctness & Standards Tests): Epyaleia 0mwgn covita
Sokipwv POSIX [49], n covita Smoosh [8], ot Stayvwotikég povtiveg g PipAtodrikng Mod-
ernish [50], kaBwg kat Stapopa mhaiota avtopatomonuévov eAéyxov (0nwg ta shellspec [51],
shunit [52], bats-core [53] kat tetworks [54]), Stac@aliovv Tnv avatnpr| CLPLOPPWOT TNG VAO-
Toinong evog keAbpovg pe ta mpdTuTa. Emkevipwvovtal, woTtdo0o, amokKAEOTIKA 0TOV EAeYX0O
NG AELTOVPYIKOTNTAG, TTAPA GTOV XAPAKTNPLOUO CLOTHHATWY Ot TepLPdAAovTa mov mepthapfa-
vouv adtagavr (opaque) ototxeia. ASvvatwvTag va mTpocopolwoovy o péyedog, Tnv moAvmho-
KOTNTA Kat Ta Sedopéva e.00d0V TWV TPAYHATIKWY TPOYPAUUATWY, SEV TTPOTPEPOLY ATTOAVTWS
Kapa TAnpogopia yla To WG £va oVoTNpaA PEATIOTOTOINONG eMNPedlel TV TPAYUATIKY ATO-
doon oTov Xpovo exTéNeONG.

3. Avalvoeig Avoixtod Kwduca kat Epunetpucég Meléteg (Open-source / Empirical Studies): I[Tpo-
OPATEG UEAETEG CVYKEVTPDVOLV Kot AVAADOVY EKATOHUVpLa TIpOYpappata (0Twg amod to GitHub
1 mpoypdupata opnong Linux) yia va Katavonoouy mpaypaTikd oevapla Xpriong Tov KeAv-
@ovg. Meletovv tn xprion yevdwvopwyv (aliases), Ti¢ mpakTikég aopaleiog kat TNV aAAnAemi-
Spaon twv xpnotwv pe Tov kwdka [55, 56]. Tlapd tnv avektiuntn otatikn Tovg agia, avta ta
amoBetnpla dev mapéxovv TNV anapaitntn vrodoun yla TNV ekTéAeon Tovg. Tumkd dev Stabé-
Touv dedopéva 10080V, evdapla apytkomoinong (setup scripts) 1 pntég SnAwoeig eEaptroewy,
amotedwvTag ovxvd BopvPfwdn 1 nuiteAn Tppata kKwdika mov dev UTOPOLV Va XPNOLHOTIOL)-
Bovv yia Suvapkr cvykprrikn aftohdynon.

4. Avtooxédieg XvAhoyég (Ad-hoc Collections & Evaluations): Amovaoia kotvig vtodour|g a&loAo-
YNOonG Yyl To CLOTHRATA ETUTAXVVONG TIOL Tapovsldotnkay otny Evotnta 3.1, n lotopikd emt-
Kpatéotepn mpaktikn vinp&e n Snpovpyia avTooxESIWV GLVOAWY, CLXVA ETUAEYHEVWY e TO
xépt[1,7, 11,15, 29]. Exto6 and tov mpogavr) kivduvo pepoAnyiag (bias) vmép tov ekdotote ov-
OTIHHATOG, AVTEG OL UIKPEG KAl KATAKEPHATIOHEVEG OVANOYEG TAPOVOLALOVY EANELYT HNXAVIOHWV
QUTOUATOTIONHEVNG EYKATACTAONG Kat emtaAifevong. Avutd odnyel oe ddikeg kat acvuPateg ovy-
KplOoELG, avadelkvdovTag TepAITEPW TNV EMUTAKTIKN AVAYK YLa [id TUTTOTIOLNHEVT GOVITAL.

Qg amotéeopa, 1 EAENYT HLLAG TUTTOTOLNHEVNG, PEAALOTIKNG KOL ETTAVAYPT|OLUOTIOLOLNG COVITAG
aloAOYNONG éxeL OONYNOEL O€ éVa KATAKEPHATIOUEVO TOTILO, OTIOV OL LOXVPLOUOL Yia PEATIDOOELG 0TV
anddoon ovyvd Pacifovtal 0e AMOOTIACHATIKEG HETPHOELG TTOV dev pumopody va avamapaxBovv i va
ovykplBovv pe dAAeG TPOoEYYIOELG. AVTH 1] KATAOTAOT VTTOVOEVEL TV EMOTHHOVIKT TTp00d0, Kabwg
KaB1oTd SVOKOAN TNV AVTIKEIHEVIKT a§LOAOYNON TWV VEWV IEWV KAl TNV KATAVONOT] TWV TTPAYHATIKOV
oplwVy TWV CLOTNUATWY ETITAXVVOTG.

O Po)log kat n Zvvetogopd tov KoaLa  H covita KoALA oxedidotnke pe 0TdX0 va KaAdyeL avtod To
KEVO, V10O TWVTAG apXEG Tov £xovv amodetxOei emtvxeig oe AMha edia TG €pevvag CLOTNUATWY. ZVY-
KeKPLUEVQ, TTEpAAUPAVEL pEAALOTIKA TIPOYPApUATA KEADQOVG TTPOEPYOUEVA ATIO TIPAYHATIKEG EPYATIES,
KaAvTTel TOANAmAG vtoAoyloTikd media kat mapéxel SlapopeTikéG KAIAKEG LGOS0V, EMTPETOVTAG
1000 Taxeia diepevvnon kat emPePaiwon opBotntag, 600 kat ektevr) aflodoynon. [lapdAinla, cvvo-
deveTal amd AVTOHATOTOUEVT) VTTOSOUN EYKATACTAONG, EKTENEONG KAl EMKVPWOTG ATOTEAEOUATWY,
Stacgahilovtag v avanapaywypdtnta. H avdivon g covitag deixvet 0Tt kaAOTTETAL TO GOVOAO
TWV PACIKOV XAPAKTNPLOTIKOY TOV keEADPOVG POSIX, evd Ta poypappata mapovotalovy onpavTikn
TOIKIALL TOOO 0€ OTATIKA 000 Kat € SUVAUIKA XAPAKTNPLOTIKA, OTIWG ToV Xpovo enegepyaotn (CPU),
VY Katavalwon pviung kat tn dpactnpotnta elocodov/egodov (1/0). Ta goptia epyaciag kApakm-
vovtat and ohvtopa oevdpla éwg eKTENETeL Heyalng Stdpkelag oe ekteTapéva obvola Sedopévwy.
Me 1oV TpOTO QWTH, To KOALA emitpémel T pHeTAPaoT and amOOTACHATIKEG UETPTOELG OE LA OVVE-
KTIKT), avamapay®yun kat enavaypnotpomnotmotun pebodoroyia agloddynong. To miaioto avtd kabi-
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0Td duvaTh TN CLOTHUATIKT CVYKPLOT) SIAPOPETIKWY TTPOCEYYIOEWV EMTAYVVONG OTO iO10, EXEYXOHEVO
neparlov.
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Kegalaio 4

Kwvntpro Hapaderypa

T va yivel epgavng o Tpomog e tov omoio i covita KoALA vrootnpilet T ovykprtikr a§loho-
YNO1N SLAPOPETIKWV CUOTNUATWY ETUTAXVLVOTG KEAVPOUG, Eivat WPEALLO va eEETATTEL EVaL AVTITPOOW-
nevTiko mapddetypa. H avdvon evog pealiotikod oevapiov avadetkvoet T gthocoia oxedaopon,
TIG TTPOKANOELG EKTENEOT|G KAl TEKUNPLWOVEL TNV AVAYKT Yla piat OAOKANpwpévn vitodopr| a§loAdynong.

4.1 Avalvtikn Aettovpyia Tov Xevapiov Metewpoloyikwv Aedopévwv
To kvntrpLo mapadetypa—Tto oevapto weather—paoiletal 0to oevdplo temp-analytics. sh, o

OTIOL0 AVIKEL GTO GVVONO HETPOTIPOYPAUHATWY weather g covitag. O Kwdikag 4.1 mapovoialet tnv
ATAOTIOLNHEVT) LOPPT] AVTOV TOV OEVAPIOL.

#!/bin/bash

d="./data/temperatures”;
for y in $(seq $start $end); do
cat $d/$y | cut -c 89-92 | grep -v 999 | sort -rn | head -n1 > max.$y
cat $d/$y | cut -c 89-92 | grep -v 999 | sort -n | head -n1 > min.$y
cat $d/$y | cut -c 89-92 | grep -v 999 | awk ”{t += \$1; i++} END {print t/i}” >
~ avg.$y
done

Kwdikag 4.1: ITapaderypa avalvong petewpoloykwv dedouévwv 6to KoAaLA (weather). Yhomoinon
VTTOAOYLOHOD PEYLOTNG, EAAXLOTNG Kal pHéonG Beppokpaciag péow emavanmTikig Soprng
Kat aveEapTNTOV CWANVWOEWY.

H apxttekToVvIKn Kat 1] EKTEAEDT] TOV CLYKEKPLUEVOL TIpOYpAppatog Bacilovtat o évav cuvdva-
opo piag emavanmtikng Sopng eléyxov kat powv eneepyaciag Sedopévov péow cwAnvwoewv. ITo
OVYKEKPIHEVQ, O KEVTIPIKOG TTVUPHVAG TOL aevapiov eivat €vag Ppoxog for, 0 0moiog, HETw TNG EVTOANG
seq, Statpéxet Stadoxikd pa kabopiopévn akolovbia etdv (amd to $start éwg 1o $end). Katd
Siapketa kaBe emavaAnyng, To TPOYpaUHa AVaAVEeL TO AVTIOTOL(O APXEIO LOTOPIKWY HETEWPONOYIKWY
dedopévwy ($d/$y) yia va e€dyet Tpio OTATIOTIKA OTOLXElD: TN HEYLOTN, TNV EAGXLOTN Kat TN péor Oep-
pokpacia Tov €tovg. Ia v enitevén avtod Tov vIToAoytopov, To cwa Tov Ppdxov anaptiletal and
TpeLg StakpLtég, aveEaptnteg cwAnvaoets. Kabe pia amd autég Tig Tpetg cwAnvawoelg Eekivd e akpipag
Ta idta otadia npoeneEepyaoiag:

1. H evtoAn cat SaPdlet ta dedopéva tov apxeiov.

2. Hevtolr cut -c 89-92 efdyel TOUG GUYKEKPIUEVOVLG XAPAKTHPEG KAOE YpaLUNG OTTOV KaTaypd-
getal n Oeppokpaoia.
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3. Hevtohn grep -v 999 @IATpApEL KAl AOPPITITEL TIG EYYPAPEG TIOV TIEPLEXOLY TNV TIpT 999, 1

omoia Aettovpyel wg Seiktng yra eAA 1} tn €ykvpa dedopéva.

Amé avto to onpeio, Ta «kabapiopévar dedopéva akohovBolv Stapopetikn mopeia avdloya e Tn

{nrodpevn petpikn:

« Lot péyrotn Beppokpacia, ta dedopéva tagvopodvrat katd eBivovoa apBuntikn oetpa (sort
-rn), katn head -n1 aMOUOVAOVEL TNV TPWTN YPApUn, anodnkebovTdg T oTo apxeio max. $y.

« Ta v ehaxiotn Oeppokpaocia, epappoletal avfovoa aplBuntikn tagvounon (sort -n) katn
head -n1 e§ayet o anotéeopa oto min. $y.

« Tia ™ péon Bepuokpaocia, tTa dedopéva tpopodotovvtat oty awk, n omoia abpoilet Tig TG
(t += \$1), petpdet To mMANB0G Tovg (i++) Kal EKTLTWVEL TOV HETO Opo (t/1i) oTo TéNOG TNG
avayvwong (oto pumhok END).

To yeyovdg 0Tt oL ovykekpLuEveG CWANVWOEL givat dopikd avefdptnteg peta&d Tovg eviog Tov

Bpoxov, avadeikviel To oevaplo oe 8avikod medio SOKIHDV yia TN HEAETT SLAPOPETIKWY GTPATNYIKWY
ETUTAYVVOTG.

4.2 Ilpaktukca Xapaktnplotikd Tov Xevapiov

To ovykekpipévo mpoypappa emAéxOnke emeldy CLYKEVTPWVEL e AMTO TPOTIO TA TPAKTIKA XaApa-

KTNPLOTIKA EVOG PEANLGTIKOD QOPTOL EPYATIAG, EVOAPKWVOVTAG TIG 0XedLa0TIKEG apXéG TOL KOALA:

+ AvumpoownevtikotnTa kat Pealiopog: To oevdpio dev amotelei pia texvnth pikpodokipr. Av-
Ti0eTa, ekTENEl TPAYHATIKOVG GTATIOTIKOVG VTTOAOYLOHOVG TTAVW OF £Va EVPEWG YVWOTO GVUVOAO
toTopikwv dedopévwy kapov—to NOAA [57]. Eniong, xpnopomoteitat wg mapadetypa avago-
pag o€ éva kAaotko BiPAio yla to otkoovotnpa tov Hadoop [58].

« KMipdkwon (Scalability): H eyyevig Suvatdtntd tov va avalvet apyeio emavaAnmTikd yia moh-
AamAd €T onpaivel 0TL o OpTOG epyaciog Tov pmopei va avfopetwdel ebkola (m.x. avaivovrtog
pia Sexaetia Evavtt evog awwva dedopévwy). H vodopur| tov KoALa aglomotel avtd to xapaktn-
PLOTIKO yla va Ttapéxet dedopéva oe pkpr 1) peyain khipaka.

« ITowihopopgia Aopwv (Diversity): H appovikr cuvdmapén pag mapadoaotakng Soprg eAéyxov
(o Bpoxog for) pe poég dedopévwv (ot mToANamAég cwAnvaoelg) kat otkila epyaleia POSIX
(cut, grep, sort, awk), ovvOétet éva amartnTko meptPaAiov mov Sokipalet eEavTANTIKA TNV tka-
voTnTa 0MoloLdNTOTE Epyakeiov.

4.3 TIledio Aokipwv yia Ilpooeyyioeig BeAtiotonoinong

Avtr) akpipwg n pealioTikn ovvBeon Tov kwdika TPooPépet To Wavikd medio yia va avadetyBodv

ot SuvaToTNTEG, AANA Kat ot SLaQOPETIKEG amalTrioelg VIoBETNONG, TwV oVYXpOvVwWY epyaleiwy PelTi-
otonoinong. Kabe ovotnua npooeyyilet kau emtaxdvet o iSto axptpwg oevdpto e priikd StapopeTikd
TpoOMO, PeATioToMOLDVTAG StaOopeTIKEG SOpEG:
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« O diepunvéag zsh extelei To oeVApLo WG €XeL, eMmpedlovtag TNV anddoon TwV EVEWUATWHEVWV
Aertovpytwv Tov kehbvgoug (shell built-ins), dnwg n ekxwpnon petapAntav kat o Ppdxog for.

« To ovotnua Shark amattei xetpokivntn mapépPaon otov kwdika and Tov ovyypagéa. Agaipei
TIG IEPITTEG KANOEIG TNG cat (peTagépovTag Ty eicodo amevbeiag oTny cut) kat ekTeAel TIG TPELG
OWANVWOELG TAPAAANAQ OTO TTAPACKIVLO.



+ To epyaAeio GNU parallel amautei emiong xeipokivntn avadiapopgworn tov kwdka. O xpn-
otng kaheitat va emAéel moto tunpa Ba maparinhioel, epappuolovtag To eite oTov e§wTepikd
BpOXO £iTe OTO E0WTEPIKO TWV TPLOYV CWANVWDOEWY.

« To ovotnua PASH mapalAnlomotei avtopata ta eMuéPovg VITOAOYLOTIKA 0TAdIa péon o€ kabe
UEHOVWUEVT) CWAT|VWOT) XPTOLHOTIOLOVTAG €VAV HETAYAWTTIOTH Tdvw-oTnv-wpa (Just-in-Time).

« To ovotnua hS aflomotei Tnv vtoBetikn extéAeon (speculative execution) yua va «EetvAifer» Sv-
vapuka TG emavaAnyetg tov Bpoxov (loop unrolling) kat va exteléoel TIG eVTOAEG TawTOXpOVA
Kat €KTOG oelpag (out-of-order).

Kabiotatat cagég 0Tt n moAvmAokdTNTA AVTOD TOL OEVAPIOV KATASEIKVDEL EUTPAKTWG TOOO Tal
avapevopeva o@éAn (speedups) 600 kat Tovg duvnTikovg TEpLopLopos TG Kabe TpooEyylong oe pe-
aAloTikéG oLVONKeg Tapaywyng, avadetkvoovTag ylati dev apkovv oL amA£ég UKPOSOKIUEG.

4.4 H Avaykn yia pa OloxkAnpwpévn Zovita

Onwg katadetkvoeL  avdAvon Tov Tapamdvw TapadelyHatog, N EKTEAEOT 0 PEANOTIKA GEVAPLA
elvat o povadikog a&lomatog Spopog yia va amokahv@Bei n mpaypatikn cuunepipopd kdbe epyaleiov
BeAtioTomoinong. Qotdoo, Tpokelévov N a§loAdynon avTtr va givat emoTnrovikd opOn kat avama-
PAYWYLHN, ot epeLYNTEG XpetalovTat Tn SuvatdTnTa va ekTeholy Ta idla akplBwg oevdpla, pe Kotvd
dedopéva kat KATW amd éva andAvta eAeyxOpevo eplPAAAov.

Avtr) 1 StantioTwon KabloTA EMTAKTIKA TNV AvAyKn HETAPAONG amo Ta LEHOVWHEVA, OTTOPASIKA
TapadelylaTa o€ [a 0pyavwHEVT Kat TAPwG AUTOHATOTONUEVT bTodour. AvTi va avalwveTat xpo-
VOG 0TIV KATAOKELT ISLOKTNTWY Kat [N oVyKpiowy @opTiny epyaciag yia kabe véo ovotnua, anat-
Teital éva eviaio mAaiolo mov Ba mapéxet dueoa, Sikata kat ovykpiotpa armotedéopata. Me yvopova
AUTI TNV AVAYKI, OTO EMOHEVO KEPAAALO TaPOoLOLAeTAL AVAAVTIKA 1] APXLITEKTOVIKT Kat 1) VAomoinon
G oovitag KoALA, opilovtag avatnpd Tig oXeSlaoTikég apxég TG Kat eMeKTeivOVTag TN @thocogia
AUTOV TOV KLVNTPLOL TIapadeiyaTog o€ €va eVpy QAoua 126 TpayUaTIKOV TIPOYPAUUATWY.
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Kegalao 5

2xedaopog kat YAomoinon tng Xovitag Koara

‘Exovtag mapovoldoet éva avIimpoowmevTiko mapadetypa kat éva Setypa TG thocoiag TnG oovi-
TG OTO TIPONYOVHEVO KEPAAALO, TO TTAPOV KEQAAALO EGTIALEL GTNV AVAAVTIKY Tapovaiaot Tov KOALA.
Apxikd, opifovtat ot factkég oXeSlaoTIkEG TOV apyég kat 1) uebodoloyia emAOyNG TwWV HETpOTIPOYPAp-
HATWYV. ZTN CUVEXELA, TIEPLYPAPETAL T APXITEKTOVIKT| TG COLITAG, 1] oTroia TtepthapBavet cuvolikd 126
TIPOYPAUUATA TIPAYUATIKNG XPNONG antd Totkileg nyég kat vtohoytoTtikd media, n viodopr| ov e&a-
0@AAileL TNV ALTOUATOTIONUEVT KAL AVATIAPAYWDYLUN EKTEAEDT] TOVG, KAl TENOG £VAL TUM A TNG OTATIKAG
Kat SLVAIKAG avaAvVoNG TOL AVAdEIKVDEL TNV TIOLKIAOHOP@ia TNG.

5.1 Xyxedraotikég ApxEg

O oxediaopog tov KoarLa kaBodnynonke anod éva chvolo Bepellwdwv apx@y, oL OTOIEG ATOTVTIW-
VOV TIG BAOLKEG ATALTAOELG Yia pia 6OYXpovn oovita a§loAdynong ovoTNUATWY KEADPOUG.

+ AvTimpoownevTIKOTNTA: To 0EVAPLA TNG TOVITAG ATTOTEAODY TIPAYHATIKA TIPOYPAUHATO TTOV EKTE-
AoDV 0VoLA0TIKOVG VTTOAOYLOUOVG TTAvw ot ipaypatikd dedopéva. H emhoyr avtn emtpémnel
HENETN TNG OLUTEPLPOPAG TWV CLOTHHATWY O€ CLUVONKEG KOVTA OTN XPH 0T TAPAYWYT|G, O aV-
TiBeomn pe amopovwuEveg [kpoSoKLpéG emidoong.

+ Howhopopgia: H covita kakvmtel éva evpl @aopa vtoAoyloTikwy mediwy, Onwg avalvon de-
Sopévwv, PlomAnpogopikr, Slaxeiplon cVOTNUATWY Kat punxavikn padnon, pe dtaopetikd mpo-
@i\ extéleone, eva aflomotel peyalo eVPOG EVIOADV KAl XAPAKTIPLOTIKOV TOV KEAVQOLG. Me
TOV TPOTIO AVTO ATTOPEVYETAL T UTEPTIPOTAPHOYT| TNG AELOAGYNONG OE GUYKEKPIUEVA HOTIPa TTpO-
YPOHUATWY.

« Xapaktnpiopdg Poptiwv: EKTOG amo tny mapoyr| HETPOTPOYPAUUATWY, 1) coviTA cuvodeveTal
amd CLOTNUATIKO XAPAKTNPLOUO TOCO TWV OTATIKWV 000 Kal TwV Suvaptkadv dlotntwy Tovg. H
TPOCEYYLON QUTH EMITPEMEL TNV KATAVONOT] TOV TPOTIOV HE TOV OTIOI0 SLAPOPETIKA OLOTHHATA
ennpedlovy TNV eKTENEDT] TIPAYUATIKOV TIPOYPAUUATWY.

+ Khipakwon: H oovita mapéyet dedopéva eilo68ov oe moANamAég khipakeg (eEAAxLoTn, LKpr, -
YAAn), enttpénovtag 1000 ypryopn Stepehvnon 000 kat EKTETAUEVEG AELOAOYTOELG LEYAANG Stdp-
kelag. Ta mAnpn ovvola dedopévwy gTdvovy oe péyebog ekatovtadwy gigabytes, emtpémovrag
Vv avélvon gopTinv epyaciag pe £vrovn dpactnptotnta el06dov/egddov.

« Avtopartomnoinon kat Avanapaywypotnta: H covita KoaLa mapéxet vmodopn mov avtopato-
notel T pYOon Tov EPIPAANOVTOG, TNV eyKATAOoTAOT e§APTHOEWY, TNV EKTENEOT] KAl TNV ETTL-
KOPWOT AMOTEAEOUATWY, SLEVKOADVOVTAG TNV AVATApAYwY TEPAUATWV Ao SLAPOPETIKOVG
EPEVVITEG,.

Me0BodoMoyia EmAoyng Metpompoypappdtwv

H ovyxpotnon ¢ covitag Paciotnke oe ovotnuatikn Stadikacia emAoyng, pe otdxo T dnpovp-
yia €vOG aVTIMTPOOWTEVTIKOD KAl TTPAKTIKA XPHOLLOV GUVOAOL TIPOYPAUUATWY.
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IInyég Ilpoéhevong  Ta oevdpla mpoépxovTal amod TOKIAEG TTYEG TTPAYHATIKAG XPTIONG, KAADTITOVTAG
SlapopeTikéG XPOVIKEG TIEPLOOVG KAl TIPOYPAUUATIOTIKE GTUA:

« AnoBetipla avowktod kwdika: Epya and mhatgdppeg 6nwg GitHub kat GitLab, ta onoia xpn-
olpomotovVTaL o€ Tpaypatikd meptpdAlovrta [59, 60].

« Axadnpaikn PipAoypagia: Zevapia mov €xovv xpnotponomndei yio tnv agloAdynon cvotnud-
TWV EMTAXVVONG KEADPOLG [1, 4, 10].

+ Exmaudevtika mapadeiypata kat khaown ipAioypagia: Khaowd napadeiypata ovvBeong ev-
ToAdwv and ¢pya 0nwg to Unix for Poets kat To Unix50, Ta onoia avadetkvoovy tn gilocogia
tov UNIX [61, 62]. ZvpmepthapBavovrat mapadeiypata anod wotoptkd dpOpa, Prphia kat eyxetpi-
Swa [19, 58, 63].

« Z0yXpoveg poig epyaciag kat mpaypatikd dedopéva: Ia mapddetypa, oevapia mov aAnAemnt-
Spovv pe ovyxpova povtéda Bepehiowong 1y eme§epyalovrat ektev Tpaypatikd ovvola dedopé-
vwv [64, 65, 66].

Kputipa Zvopmepidnyng kar AmokAetopod  Tia tnv emloyn Twv oevapiwy eQapUOCTNKAY CUYKEKPL-
HEVA KPLTHPLA, HE TPWTAPXLKO OTOXO TN OVYKEVTPWOT) PEAMOTIKOV TlapadelypdTwy epyactwv. Emduw-
XOnke n ovpmepiAnyn Tpoypappdtwy, gite anAdv ite TOAUTAOKWY, Ta ontoia ene§epydlovtan Tpaypa-
Tikd Oedopéva kat xapakTnpilovTal amod eTepoyévela Kat TOKINOHOPPIa, TOCO WG TTPOG TA CLVTAKTIKA
xapaktnptotikd POSIX 600 kat wg Tpog Ta xapakTnploTikd ektéheong Tovg. TlapaAinia, amoged-
XOnke okompa n evowpdtwon oevapiwv xwpis Stabéoua Sedopéva 1 Aettovpyikég eaptroels, kabwg
Kat n xpron vrepPolikd amAoikwy, TETPLLUEV@Y T} HN) PEAALOTIKWV TIPOYPAUHATWY, Ta OTtoia dev avTL-
TPOCWTEVOVV TPAYHATIKEG TVVOTNKES XpTioTG.

5.2 Emokonnon tng Zovitag

Me Béon Tig tapandvew oxedlaoTikéG apyés, ovykpotnOnke To TANpeg 0OVOAO TnG covitag KOALA.
2e avtifeon pe pukpodokipég emidoong, ta mpoypappata KoALa ektedodv ohokAnpwpéveg epyaoieg,
emTpéMoVTag T HeAETn oVVOeTwY aMAnAemidpacewy petald eviolwy, powv dedopévwy kat ovoThHpa-
ToG apxeiwv.

O ITivakag 5.1 mapovotdlet GLVOTTIKA TO TATPEG CVVOAO peTpompoypappatwy KoaLa kat ta Pa-
OLKA XOPAKTNPLOTIKA TOVG. Ta TpoypappaTa opyavdvovTal og emtuépovg cVVOAQ, Ta omoia potpdlov-
Tal 1o €i80g NG epyaoiag, TNV TpoéAevon, Ta dedopéva elgOSOL 1) Ta VTOAOYLOTIKA XOPAKTNPLOTIKA.
211G eMOEVEG EVOTNTEG avalbovTal Ta Bactkd TepLypagLikd oTolxeia TG coviTag.

Yroloytotika Iledia

H oovita KOALA kaAOTITEL €va VPV PACHA VTTOAOYLOTIKWYV TTEdiWV, avTavakAwVTag TOCO mapa-
dootakég 600 kat oVyxpoveg Xprioels Tov kehbgovg. Ta media avtd cupBolilovtar pe ayyAtkd apxikd
otov ITivaka 5.1, eV TApakdTw TapovotdfovTal GUVOTTIKA (e AT PT EAANVIKT TiepLypa@r).

Ta mpoypappata avalvong dedopévwy (DA - Data Analytics) nepthapfavovy oevdpla mov e&a-
youv, petaoxnuatifovv kat cvuvoyiovv peydha ovvola dedopévwy, Omwg petewpoloytkd apxeia, de-
Sopéva dnuociwv petagopwv kat yovidiwpatikd cvvola. Zvvoltkd mepthapBavovrat 11 mpoypdy-
HATO KATAVEUNUEVA O€ TPict GUVOA HETPOTIPOYPAUHATWY.

Ta mpoypappata Swayeiptong ovotnpatog (SA - System Administration) avTioToLYoOV O€ TUTIKEG
gpyacieg pUOULONG, CLVTAPNONG Kal AVAALOTG KATAYPAPDY CLUOTHHATOS. ATTOTEAODY XAPAKTNPLOTIKO
napadetypa tng kadnpepivig xpriong Tov kKeEAVPOVG Oe TPAYHATIKA TIEPIBAAAOVTA TTAPAYWYNG KAl Tre-
pthappdavovv 7 oevapta wplopéva og S00 COVOAQ.
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Ot poég ouvexovg ohokAnpwong kat avantuéng (CI - Continuous Integration) mepthappavovv
ogvdpla Tov avTopatonolovy Stadikacieq SOUNoNG AoYIOpIKOV, avAaAvong Kat dokIpwy. 2T covita
KoALA avtimpoownebovtat and 23 mpoypdpparta katavepnuéva oe 8O0 ovVoAa.

Ta mpoypdaupata pnyavikng pabnong (ML - Machine Learning) nepthapfavovy eite oevapia mov
vloTotovy oTddta puabnong eite oevapta TOL AELTOVPYOVV WG «YAWOTA GUYKOAANONG», oLVEEoVTaAG
e§wtepikd epyaleia kat BiPAiodnkeg ot eviaieg poég epyaoiag. ITepthapBavovy 27 mpoypappata kata-
vepnuéva oe tpia cOvola.

Ta oevapia avtopatomoinong (AN - Automation) mepthapfdavovv 18 oevdpia, Kataveunuéva oe
dvo obvola, TOL AVTOHATOTIOLOVV ETEPOYEVEIG EPYATIES, OTIWG KPUTITOYPAPTOT APXEIWY, LETATPOTH
ToAVpECcWV 1) e181KkéG epyacieg enegepyaaniog meplexopévou.

Télog, n katnyopia Twv Aomwv poypappatwv (MI - Miscellaneous) mepihapBaver 40 oevapia
TIOV 8€V EVTAGOOVTAL 0€ OVYKEKPIUEVO TESIO, AAAA AVAdEIKVDOVV TNV EKPPACTIKOTNTA TOL KEAVPOLG
HEOQ ATIO ETEPOYEVEIG EPYATIES, OTIWG HETAOXNHATIOUOVG KEWWEVOL 1) VAOTIOINOT HnXavwy avalitnong.

[Tépa a6 v Tagvopnon katd nedio eappoyng, n covita cuvSLAleL kat SlaYopeTIKA GTLA VTIO-
Moytopov, Ta omoia eppavifovtat petd Ty kabeto otn oA D tovu Iivaka 5.1. [apadeiypata anote-
Aovv ta ohvola egaywyng dedopévwv (DE), ta oevipia enelepyaciag kepévov molamiwv otadiwv
(TP) xat Ta cOvola avtopatomnoinong epyactwv (AN), Ta omoia AvTITPOCWTEVOLY SLAPOPETIKA TIPO-
TUTIA XPT|ONG TOV KEADPOUG.

IMivakag 5.1: Zhvoyn twv petponpoypappdtwy tng covitag KoaLa. O mivakag ouvoyilet OAa ta vmo-
oUVOAQ HETPOTIPOYPAUUATWV TNG coviTag KOALA. XTAAN 1: xapaKkTnpLoTIKE TAVTOTOIN-
oG, 0TIV TtapoLOLdeTatL To dvopa Kabe GLVOAOL LETPOTIPOYPAUUATWY KAt (EVOEIKTIKA)
Tpoypappata mov mepthapPavel. ZTHAeq 2—-4: TEPLYPAPIKA XAPAKTNPLOTIKA, TTOV GUVO-
Yifovv 1o vtodoyloTiko medio epappoyns (D), Tov aplBud mpoypappdTwy Tov GLVOAOL
(#.sh) kat T1¢ ovvolikég ypapupés kwdika (LoC). ZtiAn 5: chvoyn tov peyéBovg Twv de-
Sopévwv el06d0v kabe Mpoypappatog. ZtnAeg 6-7: OTATIKA XapaKTNpLoTKd, Snhadr o
aptBpog ovvtakTikwv Sopwv Tov kKeAv@ovg (#Cons) kat 0 aplBuog SlakpITwV EVIOADY
(#Cmd). ZtnAeg 8-11: Suvapikd XapakTnpLOTIKA eKTEAEOTG, OTIWG O XPOVOG EKTENEONG
Tov keADQOUG (£5), 0 XpOvog ekTéNeong eVTOAWV (I¢), 1 kKatavaiworn pviung (Mem) kat
0 OVVOAIKOG OYKOg elc0dov/eEddov (I/0). Ztheg 12-13: XapaKTNPLOTIKA CLGTAUATOG,
ovpnepthapBavopévov Tov aptBuov kAfoewv ovothipatog (#SC) kat avolKTwy meptypa-
péwv apyeiwv (#FD). ZtiAn 14: myn mpoéhevong Tpoypappdtwy.

(O mivaxag mapovardletar otny emdpevy oerida)
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Yvvola Metpompoypappdtwy

H covita KoaLa anoteleitat anod Sekatécoepa 6OVOAA TIPOYPAUATWY, Ta 0TIola TTapovatdfovTtal
e aA@aPnTikr oelpd Kat KAADTITOUV SLAPOPETIKA VTTOAOYLIOTIKA TTPOTLTIA KAl GTVA XPHONG TOL KEAV-
@ovg [16]. Kabe ovvolo mepthapPdvet mpoypdppata e kowvr) mpoélevon), mapopola dedopéva eilgodov
1 AVTIOTOLYA VTTOAOYLOTIKA XAPAKTPLOTIKA.

To analytics mepthapPavel TEooepa TPOYPAUHATA AVAAVOTG APXEIWY KATAYPAPTIG, TA OTIOIL EKTE-
Aovv Aettovpyieg @UAtpapiopatog kat chvoyng yeyovotwv [1, 4]. Ta mpoypappata enefepydlovtal
ovvohikd 78.9GB ypappikwv dedopévwy, onwg ixvn TCP, apxeia mpooPaocng Nginx kat dedopéva od-
pwaong ZMap, mpoepxopeva and mpaypatikés SIKTVakEG kataypaes (79, 80, 81, 82]. H pukpr ékdoon
Twv dedopévwy anotelel TEPIKOUUEVO VTTOGHVONO TwV iStwV apyeiwy.

To bio anoteheitan and téooepa MPOYPAHATA eMeEEPYATiag YOVISLWUATIKWY KAl UETAYPAPLW-
patikwv dedopévwv. Eva mpdypappa exteei avéhvon mAnbuopiakng yoviSwpatikng (68, 69], evw
Ta vtodlowma tpia VAomolovy otddia TG mhatgoppag TERA-Seq yla ene€epyaoia arAnlovyiwv RNA
[70]. Ta oevapia eppavifouv Stakhadwon kat aVykAon powv enegepyaoiag (e Soyég fan-out/fan-in),
napaAAnAlopd Tomov ovpds epyactwv (work-queue) kat évtovn mpooPaon oe peydAa apxeia, pe ov-
vohika dedopéva eloodov 114GB [83].

To ci-cd mepthapPdvet 21 mpoypapupata dOpunong Aoylopko, Onwg oevapta SOUNONG yla ta Aoyt
optkd Lua, Memcached, Redis kat SQLite [10], kaBwg kat tn covita Sokipwv tov epyaleiov makeself
[59]. Ta TpOypPAUHATA AVTA XPNOHOTIOLOVVTAL € POEG GUVEXOVG OAOKANPWONG Kat XapakTnpilovrat
and évroveg eEapTnoeLg kat TOANOTAOKT por| eEAEyXov, aAAd Tteptoptopévo dyko dedopévwy eladdov.

To covid mepiéxel mévTe mMPOypappaTa TOL LTOAOYI{OVV GTATIOTIKA OTOLKEI SNUOCIWY CVYKOLVW-
VIOV Katd tnv epiodo ¢ mavdnpiag [66]. Ta oevapia SatiBevtal oe §0o ekdoxég: pia mov Paciletal
oe o0vOeon khaowwv epyaleiwv UNIX 6Twg cut, sort kat unig, kat pia VAomompévn wg Hovoltdikod
npoypappa awk. Ta dedopéva eloodov anotehovvtal amod 5.08GB apxeiwv CSV.

To file-mod mepthapPdvel TEVTE TPOYPAHUATA LETAOKNHUATIONOD apXeiwV, OTWG CLUTIEDT), KPL-
TTOYPAPNOT| KAl HETATPOTI| HOPPOTLTIWV. AVO amd avtd enegepydlovtat apyeia kataypapns Siktbov
Xpnotpomotwvtag openssl [55, 84], evd ta vTOAOLTA EKTENOVV HETATPOTIEG TOAVUECWY O EKATOVTA-
deg apyeia ewcovag kat fixov [1, 4], pe ovvoliko péyebog dedopévwy 39.2GB.

To inference amoteAeital amd Tpia mTpoypdupatTa oL EKTEAODV EPYATIEG CLUTEPAGHOD XPTOLHO-
nolwvTag peydla povréa Bepeliwong [65, 85, 86]. Ilapadeiypata mepthapPfdvovy meptypan eikdvwv
[71], mapaywyr playlists [64] kat Ta&vounon tepoylvgikwy eikdvwv [65]. Ta mpoypappata Aettovp-
Youv wg meptPAnpata (wrappers) yla e§wTepikég epyacieg unyavikng udbnong [87, 88, 89], enetepya-
{opeva ovvolikd 11.7GB Sedopévwv.

To ml avTtioTolKEl O€ TUTIIKO TTaPAdELypa EpYATIOV UNXaVIKAG Labnong, 6mov éva povoAifikd mpo-
ypappa Python éxet anoovvtebei oe moAamAd otadia kehbgovg (eloaywyr dedopévav, exmaidevon,
ta&vopunon kat aftohoynon), emtpénovrag Tn peAétn apBpwtwy powv epyaciag [72], pe ta dedopéva
e10000v va avépyovtat og 15.0GB.

To nlp mepthapPaver 23 oevdpla ene§epyaoiag euokng ydwooag and to tutorial Unix for Poets
[61]. Ta meptocoTEPA OO AT amotedovvTat amod pia 1 Vo ypappég Kal Hmopovv va ouvevacTovy
o€ HEYAADTEPOVG AYWYOVG, AEITOVPYWDVTAG TTAVW 08 GVANOYT dvw Twv 115.000 BifAiwvy [90].

To oneliners mepthapPdvet 11 akvoideg aywywv mov mpogpxovTatl T6co and tnv kAaowkn PrpAto-
ypagia Tov Unix 600 kot and ovyxpoves mnyég [19, 61, 63, 67, 73, 74, 75]. Ta oevapla xpnotponolodv
ovvOetovg TeAeoTéG por|g OTwG amelkovion (map), gitpapiopa (filter) kau avaywyn (reduction) kat
avadetkvoouy T glocogia ouvOeong Tov kKeEAVPOLG, epappoopéva oe dedopéva cuvolkov peyéBovg
13.5GB.

To pkg anoteheital and V0O TPOYPAUHATA IOV AVTOHATOTOLODY TNV EYKATACTAOT TTAKETWY KAl
™V avalvon dikatwpdtwv Aoylopkov [76, 91, 92]. Ot ekteléoelg mepthapfavovy Afyn, 6unon kat
avaAvon eKatovTadwy TAKETWY Yia To TPWTo Tpdypappa kat XtAtddwv yia To devtepo.

To repl mepthapPaver §0o ave§dptnta TpoypappaTa, va yia EAeyxo ac@aleiag Kat éva yia ava-
napaywyrn avantvéng Aoylopikod oe arobetrpro Git. Kat ta dvo divovv éugaon oe obvOetn alknhe-
midpaot pe To CVLOTNHA APXEiWY.
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sample-benchmark
—— scripts # Benchmark scripts

I— a.sh
— b.sh

L— ...sh
—— install.sh # Dependency installation
—— fetch.sh # Input data download/preparation
—— execute.sh # Script execution
—— validate.sh # Hash generation & verification
—— clean.sh # Input and output file cleanup

Ixnua 5.1: Apxrextovikn Atemagrig Metponpoypappdtwv. H pory epyaciwv amoteleital anod névte
omovOVAwTd oevdpla eEAéyxov. O kevTpikdg 0dnydg main. sh evopxnoTpwVeL TV EKTEAEOT),
Stao@atilovtag Ty anodoTikn Staxeiplon Twv TOPWY KaL TNV AKePALOTNTA TWV SeSOUEVWY.

To unixfun nepiéxet 36 mpoypappata and to Unix50 challenge [62], Ta omoia ppodvTat KAAoIkovg
vToAoyLopovg enegepyaciag KeleEvov o GLVOAKO Oyko Sedopévwvy 59.1GB.

To weather amoteleitat and dVo mpoypdppata mov vroAoyilovy oTATIOTIKA HeYEON Tdvw o€ LoTO-
pd dedopéva Beppokpaciag, Baoctopéva oe éva mapadetypa and to [58]. To mpwTto MPOYpappa &i-
vat TapopoLo e to mapadetypa tov ponyovpevov kegahaiov (Kodikag 4.1) evw to dedtepo extelel
emMAL0V avaAvoT kat avamapdyet To yvwoto didypappa katpod Tov Edward Tufte [93]. Opiopéveg
anod TIG QACELG EMEEEPYATIAG TOVG AVTIOTOLXOVY EVVOLONOYIKA O€ LTTOAOYLOpHOVG TUTTov MapReduce
kat Spark, avadetcvvovtag oevapia emefepyaciag Sedopévwy peydAng khipakag. Ta Sedopéva mpoép-
xovtat and to NOAA [57] kat kaAdnTovv TOANATAQ £T1 LOTOPIKWYV HETPIOEWY, GCLVOAKOD HeYEOOVG
146GB.

Téhog, To web-search vAomotei pia TAfpn por| avaditnong wotod (crawl, index, query) xpnot-
HOTIOLWVTAG ATTOKAELOTIKA epyaleio KEADPOLG Kat TIPONYHEVOLG TeEAeaTEG porg dedopévwy mavw oe
apyela peyédovg 8.61GB.

5.3 Ymodoun kat Atapopewon Extédeong

H apxirextovikn tov KoarLa Paociletat oe pua tvmomompévn Siemagr (interface) mov Siémet tov
KVKAo {wng kaBe mpoypappartog. H mpocéyyion avth Stac@alifet ToV VTIETEPUIVIOUO TWV HETPT|OEWY
KaL TNV opotopopeia petald etepoyevay opTwv epyaciag, opilovtag pntd Tig QAcELS TPOETOLLATTAG,
ekTéAeong kat emainBevong.

H npodiaypagn avtr} vhomoteital péow mévte oevapiowv vrodoung (Zxiua 5.1). Zvykekpiéva:

1. To install.sh eykafiotd 11 anapaitntes e§apTroelg AOyLo(KOV.

2. To fetch.sh avalapBaver T Aqyn i mapaywyn twv dedopévwv elcodov Kkat déxetal dplopa
nov kaBopilet To puéyedog Toug (--min, --small, --full).

3. To execute.sh ektelel Ta MpOypappaTa TOV CLVOAOL Kal CLANEYeL BaOtKEG HETPIKEG, OTIWG
XPOVO EKTEAEONG KAl KATAVAAWOT] TTOPWY.

4. To validate.sh emaknfeveL tnv opBdTNTA TNG £SOV GLYKpivOVTAG TA TTAPAYOUEVA ATTOTENE-
opata pe TPokabopLopEVveg TIUEG aVaPOPAG HECW VTTOAOYLOHOD KATAKEPHATIOUWDY.

5. To clean. sh amopakpOvel TpocwPLVA apyeia Kat TapayOpeva anoteAéopata.

Evdewktikd, oto mapaptnpa mapatiBevral ta oevapia vrodopng yia to weather (Kwdikeg A.1 éwg
AL5).
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IMivakag 5.2: EkTipwpevog xpovog eVowudtwong avd cvvolo petpompoypappdtwy. O mivakag ma-
POVGCLACEL TOV EKTILWUEVO XPOVO EVOWNATWONG (08 WpEG) YL kdBe vToovVONO peTpoTPO-
ypappdtwy tng covitag Koara. Ot ektipunoelg faoilovrat otny eumetpia Twv epeuvnTwv
Katd TN Stadikacia eVoOwHATWoNG kat TePIAAUPAVOLY TNV TPOCAPUOYT TWV UETPOTIPO-
YPOAUHATWYV KAl TNV TIPOETOLLACIA TWV TeVApiwV VTTOSOUNS.

Ynoovvoho Metpompoypappatwv  ~ T (wpeg)

analytics 40
bio 60
ci-cd 75
covid 65
file-mod 60
ml 30
inference 35
nlp 10
oneliners 10
pkg 30
repl 25
unixfun 10
weather 30
web-search 40
20volo 520

To KoaLA mepthapPdvet emiong évav kevipikd odnyd ektéAeong, To main. sh, o omoiog kakei dia-
Soxikd Ta Tapamdvw oevapla yia £va 1 meplocotepa petponpoypdppata. O odnyog déxetat mapapé-
TPOLG €iTe HEOW ONHALDV giTe péow peTaBANTOV epPaAlovTog kat Tig Tpowbel oTa empEPovg oevA-
pua. Evdewctikd, n petaAntr KOALA_SHELL kaBopilet Tov Steppnvéa keAbgoug ov Ba xpnotpomown e
(m. X. bash, zsh 1 ovykekppévn dradpourn ekteréotpov), Le mpoemAloyn to sh.

EmumAéov, mapéxovtat onpaieg yla e€etdikcevpévn ovhhoyn Sedopévav kat €éAeyxo tng eKTéAEO.
H onpaia --resources gvepyomoLel TNV KATAYPAPT) HETPIKWV SUVAUIKHG AVAAVOTIG—OTIWG O XPOVOG
EKTENEOTG, ] KATAVAAWOT) pviiUnG kat 1 évtaon dpactnplotntag etoddov/eEd6dov (I/0O)—ot omoieg ma-
povotdlovTal avalvTikd oe emopevo ke@alato. Tia amhr xpovouétpnon datiBetat n onuaia --time
(A -t). TéXog, péow TngG emAoyng --scripts (1 -s), n omoia akohovBeital and Ta ovopata Twv emOv-
UNTWV oevapiony, o xprotng Suvatal va eKTeAEoeL EMAEKTIKA CUYKEKPIUEVA OEVAPLA aTtd £va GUVOAO
petpompoypappatwv. Evag xpnotng pmopei va ekteléoel to mpoypappa temp-analytics.sh (mov
potdler pe tov Kwdika 4.1) and to weather, pe to main. sh kat tn pkpn khipaka dedopévov wg e&ng:

./main.sh --small weather --scripts temp-analytics

H oxediaon g vmodoung oToxeveL 0T Ypriyopr) GVANOY TIPOKATAPKTIKWY ATOTEAECHUATWY Kol
otn Stevkolvvon ovykpicewv peta&d cvotnudtwy. apapéver eokeppéva eEha@pLd Kat emeKTaoLun,
ETUTPEMOVTAG OTOVG XPHOTEG VA TNV TIPOCAPHOCOVV OTIG LOLAUTEPEG AVAYKEG TOVG.

Exté\eon oe Anopovopévo Iepipaiiov

H oovita KoaLA mapéxet mpoatpetikr| viootrpiln ekTéAeon o€ anmopovwuévo mepPaAlov péow
Docker. AtatiBetou apyeio Dockerfile to omoio dnutovpyei mepiarlov Baoiopévo oe Debian kat
eykabiota T faoikég eaptroelg Tng oovitag. Ynootnpiletat emiong n Suvapukn dnulovpyia edvewy
e181kd TPOCAPUOOUEVWY O€ KABE GOVOAO UETPOTIPOYPAUUATWY, LE EVOWHATWHEVT KAOT) TOL main. sh.
H xprion container emTpémel avanapaywyLpa mepAaTa Xwpig TPOTOToinat TOL CLOTHHATOG TOL XP1)-
otn. H covita anmogebyet T Xprion TpovopLakdy eVIOAwY, eplopilovTag TIG anautroels oe Stkatd-
pata SlaelpLloTr HoOvo OTov eival amoAVTwG avaykaio.
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Evowpatwon Néov Metponpoypapparog

H npooBnikn véov petpompoypappatog oto KOALA amattel TNV mpooappoyn Twv mEvTe Pactkwv
oevapiwv vtodoune. Xvykekpiuéva, mepthapPdvet: (1) tov oplopd egaptroewv oto install.sh, (2)
v mpoeTotpacia dedopévwv moAamhwv peyebav oto fetch.sh, (3) Tnv avtopatomopéEVr EKTE-
Aeon oto execute. sh, (4) Tov optopd Aoyikng emkbpwong oto validate. sh, kat (5) Tov kabBapiouo
TPOCWPLVWYV apyeiwv oto clean. sh.

O amattodpevog Xpovog evowpdtwong KupdvOnke amd 10 éwg 80 epyatowpeg avd voohvolo.
Mikpd kat avToTeA] cVUVOAA OTIwG Ta oneliners, unixfun kat nlp evowpatwOnkav oe mepimov 10-12
wpeg. AvtiBeta, ovvOeta 1} évtova efaptapeva and dedopéva ovvola omwg ta file-mod, bio kat ci-
cd anaitnoav onpavtika neplocdtepn mpoomddeia Aoyw peyéBovg, e§apTioewy Kat aOTHPWV amat-
THoewv 0pBoOTNTAG. ZNUAVTIKO HEPOG TOV XPOVOL alepwbnke oTnV Tpooapoyr dedopévmy Kkat oTn
Stao@dAion TG 0pBoTNTAG LTIO StagopeTikd TEPIPAANOVTA EKTENEOTG, YEYOVOG IOV avadEIKVDEL TN
ONHAcIa P0G ETTAVAXPTOHOTIOOLUNG KAl TUTTOTIONUEVNG VTTOSOWNG.

54 Zvvomtikog Xapaktnpiopog tng Zovitag

T va tekunprwBei 1 katoaAMANAOTNTA Kat 1] avTpoownevTikoTnTa Tov KOALA wg epyaleio akio-
Aoynong emdooewy, mpaypatonoOnke eKTEVIG XAPAKTNPLOHOG TWV HETPOTPOYPAUHATWY Tov. O Xa-
PAKTNPLOROG AVTOG avadSelkvOeL TNV eyyeVT] TOKIAOpOp@Pia TG covitag, Tpooeyyilovtag Ta oevapla
T000 and oTaTIKN (CLVTAKTIKY) 000 Kat and Suvapkn (CVUTEPLPOPA KATA TNV EKTENEOT)) OKOTILA. ZTOL-
xela TG avalvong mapovaotalovtat otov Iivaka 5.1, evw Aemtopepr Staypdppata Kat i TApngG ota-
TIOTIKI AVAAVOT TWV TOPAKATW HETPIKOV Trapaleimovtal Xapy ovvtopiag kat eivat Stabéotpa otnv
KevTpikn dnuooievon tng covitag [16].

Tratikog kat ZovtakTikos Xapaktnpopds  H e§aywyn Tov OUVTAKTIKWOV XApAKTNPLOTIKOV TpAyHA-
tomotOnke péow tng PtPAoBrknG libdash [94], ) omoia a&lomotei Tov 0plopd agnpnuévng ovvtagng
tov Smoosh [8]. H avdlvon katadetkvoeL Ty £VTOvn OLVTAKTIKY ToKAopop@ia petagd Twv vtoloyt-
otikwv mediwv: evw epyaocieg Onwg n enegepyaoia guotkng yAwooag (nlp) kat i avaivon dedopévwvy
(covid) Baoifovtal KvpiwG o€ EKTEVEIG, YPApUIKES CWANVWOELS, TTedia Omwe 1 Staxeipton vtodopwy
(ci-cd, pkg) kdvovv Papia xprion ovvhetwv Sopwv eXéyyov (if, while, case), vokeAvQWV Kal ov-
vaptrioewv. EmmAéov, empépovg oevapia (m.x. bio, web-search) evowpatwvovv pnrég KATAOKEVEG
xepokivirov mapaAinAiopov (&, wait). Ocov agopd TNV Katavour Twv EVIOAWY, HOAOVOTL WG TIPOG
T ovxvotnTa eppaviong deomofovv ta Paoikd epyateia tov UNIX (m.X. echo, cat, grep), 1o 54,4% tov
OLVOAOL TWV HOVASIKOV EVTOAWYV TNG COVITAG AVTIOTOLXEL O TPOCAPUOOUEVA eKTENEDIHA (custom
binaries) 1 Tomkég ovvaptnoels. To xapakTnpLoTikd avtod emPefatwvel Tov poAo Tov keADQOVG WG
«OVYKOAANTIKOV 10TOV» Kat avadelkvoeL To Bactko eunddio yia Ty avantuén cuoTHHATWY CTATIKAG
eTTAYLVONG, KaBwG avtd kahobvTal va SLaXepLoTovY TOV KUPLO OYKO TOV DTTOAOYLOHOV WG adta@avn
«HavpA KOUTLAN».

Avvapko ITpo@il Exktédeong Emedn n otatikn avalvon Sev amoTunwvel TG TPAyHATIKEG oTaLT-
O£1G 0€ TOPOVG, TipaypaTomolOnke ekTeEVNG SUVAULKOG XAPAKTNPLOUOG HECW TTapakoAovOnong oe emi-
nedo muprva (aglomolwvTag To elkovikd cvoTnua apxeiwv /proc, To epyaleio strace kat guvexn Sety-
patoAnyia péow psutil). Havalvon avédeile tepdotia mokilopopgia, empPefatwvovtag Otin covita
Soktpadet Ta Opta AWV TWV VTOAOYLOTIKWY LTTOCLOTNUATWY. ESikoTEPQ, 0 TPaypaTIKOG XpOVOG EKTE-
Aeong kvpaivetat amd ehdxiota Sevtepolenta (m.X. unixfun) éwg apkeTég wpeg oTa AP CVVOAQ
dedopévwv (.. bio, web-search).’Eva kpioipo ebpnpa a@opd Tny KATAVOT TOL XpOVOL eKTEAEONG:
EVW O€ OPLOHEVA TEVAPLA TO KEAVPOG KATAVAADVEL OUAVTIKO DTTOAOYLOTIKO XpOVvo, oTa Papitepa
@optia epyaciag n extéeon kuplapxeitat oxedOv MANpwg and ta ewTepikd exTeENéoIpa, KaBlOTOVTAG
ToV TapaAANALopO Tn pHovn PLOCLUN OTPATNYIKT ETUTAXVVOTS.
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H etepoyévela g oovitag avtikarontpiletan e&icov otn xprion uvriung kat t Spactnptotnta
elo6dov/e€odov (I/0). To anotdwa HvAunG ekteivetal oe mévTe Taelg ueyeBovug: amod efatpetikd
ehagpiég Stadkaoieg por| (streaming) mov anattobv Ayotepo and 1 MB, éwg epyaoieg opTwong po-
VTEAWV Kat Slatrpnong yoviStwpatikwv Sopdv mov Seopevovv dekddeg Gigabytes. Avtiotoiya, To mpo-
@IAT/O mowidet plika, mepthapBavovrag 1000 aptyws vtoloytotikd (CPU-bound) mpoypappata pe
ehaxlotn xprion diokov, 600 Kat epyacieg padikng odpwong apxeiwv (I/O-bound) pe puBpotg Srapeta-
ywyng mov ipooeyyifovv to 1 GB/s. Téhog, o Pabuog arAnAenidpaong pe Tov muprva Tov Aettovpyt-
KOV OVOTHHATOG KupaiveTat and 10 éwg oxedov 900 TavTtoxpova avolkTovg meptypageis apyeinv (file
descriptors) kat @Tavel éwg Kat ekaTovVTAdeg eKaToppLpLa KANoEeLG ovoThpatog (system calls), avadet-
KV0OVTaG To VYNAO k60T0G NG dtadtepyactakng emkotvwviag (IPC) péow avwvupwy cwAnvaoewy.

Avalvon Kopiwv Zvviotwowv (PCA) Tia va anotvmwdel ouvolikd n StagopeTikdTnTa Kat 1 mot-
Klopop@ia TG covitag, epapuoctnke avalvon kbpiwv cuvictwowv (PCA) [95] oe dvo aveEaptn-
TEG AVATIOPACTACELS TwV pHeTpompoypappdtwy. H puébodog avtr pewwver ) Staotaon twv dedopé-
VoV, SLaTnpwvTag kat avadetkvoovtag TiG factkés Soptkég Stagopég petald Twv mpoypappdtwy. Ztnv
TPWTN TPOOEYYLON, 1 avaAvon PacioTnke og £vay cuVSLACHO OTATIKWY Kat SUVAULKDY XapaKTNPLOTL-
KOV eKTENEONG, amodelkvhovTag 0Tt Ta oevapla StaokopTilovTat og £vav dtaitepa VY VTOAOYLOTIKO
XWPO HE TOIKIAA CUVTAKTIKA KL CUUTIEPLPOPIKA TIPOPIA. Ztn SevTepn mpoaéyyton, aftomomnOnkav Sia-
vuopatikég avanapaotaoels (embeddings) Tov mnyaiov kwdika, TaApAYOHEVEG A0 TO TTPOEKTIAULED-
pévo povtélo text-embedding-3-large g OpenAl [96], pe 0tdX0 TNV anoTvMwon VYNAOD emumé-
dov mAnpogopiag oxeTika pe TN dopr| kal TN onuactoloyia Twv mpoypappdtwv [97, 98]. Ta anote-
Aéopata kal Twv 600 TOALSLACTATWY AVAADCEWY GLYKALVOLY GTO 810 LoYXVPO CLUTEPAGHA: ] GOVITA
KoALa kalvmret éva efaipetikd evpd QAOUa CUVTAKTIKWY, ONHACLONOYIK®VY Kot SuVapKdY potifwy,
TaPEXOVTAG £Va TAPWG AVTITPOCWTIEVTIKO GUVOAO PEANOTIKWY QOpTiwV epyaciag.

5.5 Xbdvoyn

Me Bdon tov oxedlaopd, TV VAOTOINGT Kal TOV EKTEVH XAPAKTNPLONO TTOV TTponyROnke, n covita
KoALA ovvIOTd €va peaAlOTIKO, TOIKINOHOPPO Kat TANpwG avTopaTomonpuévo epyaleio yia tny akto-
Aoynon mpoypappdtwy keAv@ovg. H ikavotntd tng va KaADTTEL EVPV PACHA CLUVTAKTIKWV HoTifwv
Kat SUVAUIKWDV CVUTIEPLPOPWV TNV KaBLoTA £va eAeyxOpeVOo kat a&lomioTto medio SoKuwy yia tn pHehétn
VPLOTAUEVWY AANA Kat LEAAOVTIKWV CUOTNUATWY ETUTAYVVOTG.

‘Exovtag 0éoet avtod To Bepédio, To LTTONOLTIO TNG EPYATIAG ETUKEVTPWVETAL GTIV TIPAKTIKY a&LoTToi-
Nnon NG oovitag. Xta endpeva mEVTe kepdhata, To KOALA xpnotomoteitat yla tn cvotnuatikr aglo-
Aoynon mévte SlaQopeTikwY pooeyyicewv BekTioTonoinong, ot onoieg Pacifovtal e SLaPOoPETIKEG
OTPATNYLKEG:

1. Tov evalhaktiko Sieppnvéa zsh (KegdAato 6).

2. Tov petaylwttioth otatikng PeAtiotonoinong I/O Shark (Kegdlato 7).

3. To epyaleio xetpokivnrov mapariniiopov GNU parallel (Kegdhaio 8).

4. To ovotnpa duvapukng maparAnlomoinong cwAnvwoewv PASH (Kegdhato 9).

5. Tnv apyITeKTOVIKI] KAPOOKOTIKNG eKTENEONG eKTOG Oetpag hS (Kepdato 10).

H a&loloynon kdBe ovotruatog dev meplopiletar ot pétpnon tng tehikng anodoong, aAlla 8i-
VETaL avTioTOLN EUPAOT) OTNV KATAVONOT TOL TPOTOL AetTovpyiag Tov, kabwe kat oTnv mpoomdbera
vioBétnong (adoption effort)—8nAadn oto eminedo xelpokivnTng mapéuPaong, CLVTAKTIKOV TPOTOTOL-

noewv 1 mpooBnkng emonpewoewv (annotations) mOV amALTEITAL WOTE VA EKTEAEGTOVV PEANIOTIKA
ogvapla Xprong.
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H avévon Eekiva 010 enopevo ke@Aalato e TNV EKTEAEOT) TNG COVITAG HEGW TOL zsh, pe GTOXO Va
Siepevvn el epmelpikd katd TOCO 1 ATAT AVTIKATAOTACT) TOL SlepUnvEéa—xwpis kapio Tpomomoinomn
OTOV KWOIKA—TTOPEL VAL eMNpedoeL TNV andS00T AVTITPOCWTEVTIKWY POPTIWY EPYATIAC.
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Kegdalao 6

A&oloynon EvaAlaktikov Atepunvéa zsh

To mapov kePAAaLO avoiyeL TOV KOKAO TwV TELpapaTk@y aglodoyroewy tng oovitag KoALa, efeta-
{oVTag TN CLUTEPLPOPE TWV PEAMOTIKWY POPTIWY pyaciag dTav eKTEAODVTAL Ao Evav eVOANAKTIKO
Stepunvéa keAb@ovg. Zvykekpipéva, a§loloyeitat to zsh [17] (Z Shell), évag e§atpetikd Snpo@hng kat
TIAPAUETPOTIOLOLHOG SLEpUNVEQG, O 0TI0I0G artoTeNel TAEOV TNV TTpoeTAeyUévn emloyn StadpacTikov
keAv@ovg o¢ epiParlovTa omwg To macOS.

Baokdg 0tdx06 avtnig TG agloddynong eivat va StamotwOei eumelptd €av i) amhn avTKaTaoTaom
NG LTIOKEIUEVNG UNXavNG ekTédeong (engine)—xwpig TNV eQappoyn TOADTAOKWY OTATIKWY LETATKN-
HATIOHMV 1) TEXVIKOV TTaparinlomoinong—enmpealet Tnv opBotnTa Kat tnv TaxOTnTa EKTEAEONG O€-
vapiwv ypappévwv og tpotvmo POSIX, ocvykpitikd pe To kabiepwpévo bash.

6.1 Mnxaviopog Asttovpyiag kot XapakTnploTikd

Ye avtifeon pe ovotnuata mov avadiapBpwvovy evepyd tov kwdika (6nwg to Shark 1 to GNU
parallel, ta onoia Ba avalvBolv ota emopeva ke@dAala), To zsh ekTelel TO TPOYpApUA WG ExeL.
Q01600, 0 TPOTOG pe Tov omoio To zsh avalvel kau Stayelpiletat Tn pviun, kabwg kat n vAonoinon twv
E0WTEPIKWV TOL SOUWY, SLaEPovv amod TNV avtioTolyn apXITEKTOVIKY Tov bash. AvTég oL Stagopég o€
eninedo diepunvéa HMopovV Vo ENNPEACOVY TNV TAXDTNTA EKTEAEOTG TWV EVOWHATWHEVWY EVTOADY
(shell built-ins), Tnv anodotikdTnTa TNG AvdBeong peTaPAntwy, kabwg kat Ty TaxbTnta enegepyaciag
Sopwv eAéyxov (0mwg ot Ppodxot for kat while). ITpokepévov va Stao@aliotel n ovpPatdTNTA KAt 1)
opOn| extéleon mpoypappdtwy mov akolovBovv Ty avatnpn gilocogia Tov UNIX, To zsh Stabétel
pia evowpatwpévn Aettovpyia eEopoiwong (emulate sh), n omoia mpooapuodet tn onpactoloyia Tov
oTiG mpodlaypa@ég Tov mpotvmov POSIX.

6.2 To Kwvntipro Hapaderypa: To Zevapio weather

H ovunepipopd tov oevapiov weather (Kadikag 4.1) amote)ei pia xpriotun mepintwon peA€Tng.
To petponpodypappa Pacifetal oe Evav kevtptko emavaknmrkd Ppoxo (for) kat TNV EMEKTAON HETA-
PANTAOV, TPOTOV KAAECEL GTO ECWTEPLKO TOV TPELG CWANVWOELG EVTOAWY (.. awk, sort).

Aedopuévov 0Tt T zsh ekTelel AVTOV TOV KWOLKA XWPIG HETAOKNUATIOULOVG, 1| TAXVTNTA OAOKANp-
ong tov oevapiov efaptatal dpeca anod N Pektiotonoinon Twv ecwtepikwv Aettovpytwv (built-ins)
Tov Oteppnvéa. H mAnpng tavtion tng anddoong oto weather emPePaidvet epmelpikd 6Tt 1) vAomoi-
non Twv eowTeptkdv Sopwv eAéyxov kat TnG dtaxeiptong LeTaPANT@V Tov zsh eival ovykpioun pe
ekeivn Tov bash, kat dev elodyet cuppopnon (bottleneck) otnv enefepyacia tov Bpodyov.

6.3 IIpoondBeia Yio0étnong
Onwg avagépOnke kat mapandvw, oe avtiBeon pe TG pebodovg xetpokivitov mapaAAnAiopov, n
npoondBeta vIoBETNONG TOL zsh péow TG covitag KoaLa dev anautel kapia tpomomoinon kwdika. H

vnoPoln Twv 126 oevapiwv TG covitag oTov véo Steppnvéa emtevxOnke pe Ty amhi aAAayn NG
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petaAntng mepPpdArovtog KOALA_SHELL, n omoia Spopoloyei Tnv ekTéAeoT) O€ éva TPOTAPHOGHEVO,
aAAd e€atpeTikd amho, oevdpto exkiviong (Kodikag 6.1).

#!/bin/zsh

emulate sh
source ”$@”

Kodwkag 6.1: Zevapro ekkiviong tov zsh oto KoaLA. To oevaplo evepyomotei tn Aettovpyia e§opoi-
wong POSIX (emulate sh) mpwv @optwoet kat eKTEAECEL TOV KWOIKA TOV HETPOTIPOYPANL-
patog, Staopalifovtag ovppatotnra.

H a&lomoinon tng evtoAng source givat kpiown, kabwg emitpénel 0o zsh va ekteléoel Tov KOSKa
TOV HETPOTIPOYPARHATOG amevBeiag evTog Tov TpEXoVTOG epBAAAOVTOG, SlaTnpwVTAG £TOL AVETAQN
TN por EMKVPWONG Kat GVANOYNG HeTPIKwV Tov KOALA.

6.4 Avdlvon Amodoong

MeBodooyia Tia tnv e§aywyr| TWV TEPAUATIKWOV ATOTEAEOUATWY, TA HETPOTIPOYPAUHATA EKTENE-
oTnKav xpnoponolwvtag tnv ékdoon zsh v5.9 vmo tn Aettovpyia efopoiwong sh. Q¢ avotnpod onueio
avagopag (baseline) xpnoponomOnke to bash v5.2.21, eniong pvbpiopévo oe Aettovpyia ovpufatoTn-
Tag (--posix). [ta OAa ta mepdpata xpnowponowmOnke eheyxopevo mepdAlov ektédeong (oTrypo-
tuno AWS c6i.4xlarge), efomhiopévo pe 32GB pviung kat enegepyaotn 16 mupnvwv ota 3.5 GHz,
untd To Aettovpytko ovotnua Ubuntu 24.04.1. Ot petproelg mpaypatonomdnkay ota putkpd ovvola
dedopévwv (--small).

OpOotnra kat Zvvolikn Emtayvvon  Kevtpiko evpnua tng mepapatikng Stadikaoiag eivat 0TL, vmo
NV ekTéAeon Tov zsh, Kat Ta 126 HeTpomMpoypdppaTa TNG covitag oAokAnpwinkav pe emrvyia ywpic
iaitepn emPpaduvon.

2to Xxfpa 6.1 anewkovifovtal ot oxeTIkEG emTayvvoels (speedups) Tov zsh oLYKpLTIKA e TO bash.

15 | | |

I o shark

Ixnua 6.1: Txetikég emtayvvoels Tov zsh ota petponpoypappata tng covitag Koara. Ta amotelé-
opata emPBePaiwvovv 6Tt anddoon tov zsh Tavtiletat oxedov amdlvta pe Ty anodoon
TOv bash yta TN CUVTPUTTIKY TAELOVOTNTA TWV OEVAPIWY.
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Onw¢ amotunwveTtal 0To Stdypappa, 1 anodoon mapapével TPAKTIKA apeTdBANTN yia OAa Ta pe-
TPOTPOYPApHATA. ZUVOAIKE, 0 Steppnvéag zsh KATEYpoWe Lo OPLOKT KAl OTATIOTIKA ACT)HAVTH UEOT
emBpaduvon g té&ng tov 0.16% ot oxéomn pe To bash. To amotéAeopa avtod katadetkviel 6TL, Tapd
TIG E0WTEPIKEG TOVG APXLTEKTOVIKEG SLaQopEG, apgoTtepot ot Sieppnveig StaxetpifovTat Tig KAHoELG Ov-
OTHHATOG, TIG poég dedopévwy kat Tn Snovpyia Buyatpikwy Siepyactdy pe TavopoldTuTn anodoti-
KOTNTAL.

6.5 Xvvoyn

H a&loAdynon tov zsh péow tov KoaLA e&dyet éva cagég ovunépaopa: n petdfaocn and to bash
o7o zsh (vmd kaBeotag efopoiwong sh) emTvyydvetat pe anoAvTwg undevikn mpoonddeta otov -
yaio kwdika kat dev odnyei oe petpriotun emPpaduvon Katd TNy eKTENEOT) PEAAOTIKWV TIPOYPAUUA-
Twv keAv@ove. Katd ovvénela, ot xprioteg mov mpoTipodV To zsh yla Ta mponypéva StadpaoTikd Tov
XAPAKTNPLOTIKA UTTOPOVV VAL EKTEAOVV peyAANG KAIHAKAG VTTOAOYLOTIKA GevapLa SLatnpwvTag aképan
NV an6doomn ToL CLOTHHATOG.

[Tap’ OAa aVTA, N ATAT AVTIKATAOTAOT) TNG HNXavhG ekTéAeonG Oev petaBarlet Ta Baotkd onueia
ovpopnong (bottlenecks) Twv mpoypappdT@y KEAVPOVG, OTWG TN CELPLAKT] EKTEAEOT] KAL TNV EKTETA-
HEVT, CLXVA TIEPLTT), XPION TOV CLOTAATOS apXeiwy. Ta Ty emitevEn ovolACTIKWY eMtTAXOVOEWY,
amatteital ovviBwg avadiapBpwon Tov idlov Tov kwdika. Me agetnpia avth TN damioTwon, To eMo-
pevo ke@dhato mepva ano tny madntikr ektéleon oty evepyr Pertiotomnoinon, egetdlovtag to ov-
otnua Shark. Ekel avalvetal Twg n 0TATIKA avAAvon Kl 0 CUVTAKTIKOG HETACXNUATIOHOG 7Tpiv amod
v ektéleon pmopovv va eEaleiyovy To epttto I/0 kat va amokalbyovy kpupuévo maparniouo,
av&avovtag mapdAAnla v npoondfeta vioBETnoNG.
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Kegdalawo 7

A&loAoynon Shark: Zratikr) Bektiotonoinon Etco68ov/E§0d0ov

Ze auTo 1o KePdhato avalvetal kat agloloyeital | oTPATNYLIKY TNG OTATIKNG BeATioTonoinong,
XPNOHOTIOLWVTAG WG OTHeio avapopdag T @thocogia Tov cvotripatog Shark [15]. Xe avtiBeon pe tov
evaAakTikO Stepunvéa zsh mov e§eTdoTnKe 0TO TTPONYOLpHEVO KEPANLO, 1] Tipoaéyyton tov Shark
ATIAULTEL TOV EKTETAPEVO CUVTAKTIKO LETACKNHUATIONO TOV TINYAioL KWOLKA 7Tpiy amd TNV EKTENEDT] TOV.
Eotialel kupiwg otn peiwon tov kdotovg emkovwviag petald twv Stepyaoctdv kat otnv e§alewyn me-
PLTTWV AelTovpylwv oto ovotnua apyeiwv (I/0).

7.1  Mnxaviopog Asitovpyiag kat XapakTnploTika

To Shark anotelel éva and Ta TPWTA CLOTHHATA TTOL AVTILETWTICOVY Ta TPOYPAUHATA KEADPOVG
G KAVOVIKA AVTIKEIHEVA HETAYAWTTIONG, EPappofovTtag TexVikég avalvong kat Pektiotomnoinong av-
TIOTOLKES e eKEIVEG TwV TTapadooiakwy YAwoowv mpoypappatiopov. H Baowkr tov mapadoxn eivat
OTL OL TPOOTIEAAOELG OTO OVOTNHA ApXeiwV (EYYPAPES Kal avayvadaelg) pmopodv va BewpnBovv ava-
Aoyeg pe Tig avagopég o petaPAnTég oe dANeq YAwooeG. AvTth | Tapadoxr eMITPETEL TNV EQAPHOYN
avalvong eEaptroewy kat Texvikwy Petiotomoinong pong dedopévwv oe eninedo oAdkAnpov Tov po-
YPAHpaTOG.

Me Baon avtn v mpooéyylon, to Shark vhomotei éva ovvolo BektioTomotroewy e 6TOXO TN
peiwon Tng Xprong Tov GLOTHUATOG apXeiwv (To omoio amoteAel cLXVA onpeio GLUPOPNONG) Kal TN
Bertiwon tng TomkotnTag Twv Sedopévwy. O Iivakag 7.1 cvvoyilel Tig TE0TEPLG KOPLEG KATNYOpPieg
BeltioToMmOOEWV IOV £PaPUOLEL TO CVOTNHA.

BeAtiotomoinon Optopog X16)06
Zvotnpa Apxeiwv E&dewyn Snuiovpyiog meprrtwv apxeiwv  Meiwon I/O kat meptrtav
(Filesystem) VTOAOYLOHWV
Awoxétevon (Pipelining)  Metatponi) eyypa@rc/avayvwong Meiwon 1/0, BeAtiwon

apyeiwv og aywyovg (pipes) TOTIUKOTNTAG & TAVTOXPOVIOHOD
[MapaAnAiopog TavToXpOVOG TPOYPAUUATIONOG AbEnon tavtoxpoviopol
(Parallelization) aveEapTnTwy eVIoAwy
KArjon EvtoAav MeTaoXNUATIOUOG TIPOYPAUUATOG e Beltiotomoinon xpnong eviolwv

(Command Invocation)  xpnon yvwong nediov (..
cat-elimination)

IMivakag 7.1: Ot BeAtiotomouoetg Tov Shark kat ot 6Tdx0L TOVG. ATOSOOT TOL OUWVVHOV TIEVAKA ATIO
To [15].

T v emitevdn ATV TWV OTATIKWV HETATXNUATIONWY, To Shark Aertovpyei Bewpntikd wg évoag
PEATIOTOTONTIKOG HETAYAWTTIOTNG HEOW Hiag avotnpd kaboplopévng dadikaoiog (Exnua 7.1). Ap-
XIKG, AVAADEL CUVTAKTIKA TOV KOSIKA Kat KATAOKELALEL éva a@npnévo cuvTakTiko Sévtpo (AST). Xt
OVVEXELQ, KAVOVIKOTIOLEL TIG AetTOVpYieg £10080V/eE050V HETATPEMOVTAG TeG Oe (i eVOLApEDT) avama-
paotaon (I0-Scripts), n omoia anotunwvet pnTd Tig alMnAemdpdoel pe To chotnua apxeiwv. Aglo-
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Source Script
(Shell Script)

Parsing
A
Abstract Syntax Tree

(AST)

(. J

Transformation

Canonicalization into
IO-Scripts

(. J

Graph Construction

Y
e N

Data Dependency
Graph (DAG)

Dead-Code Elimination

Y
Optimized Graph )
(I/0 Removal, Pipe Usage)

Scheduling
\d

Executable Schedule
(Parallel Program)

Zxnua 7.1: Emokonnon tov Shark. Ontikonoinon tov aywyod petayAdTTiong kal PeATioTonoinong.
H Stadikaoia Eekiva pe TNV KATAOKELT) TOV GUVTAKTIKOV SEVTPOL KAl KATAAYEL OTNV TTat-
paywyn evog PertioTomomuévon oevapiov péow tng avalvong ypagwv eEaptrioewv.

ToLVTAG avTr TN Sopr], Kataokevdlet éva katevBuvopevo akvkAko ypaenpa (DAG) efaptnoewv
Sedopévwv. TIdvw oe avtd 10 ypagnua ekteleital agaipeon neptrtwv Aettovpytwv 1/0, eEaleigov-
Tag apxeia mov Snuovpyovvtat aAlda dev Stafalovrat moté. Ta evamopeivavta evildueoa apyeia pe-
TATPETIOVTAL O€ AVWVLHOVG aywyovs. Téhog, To Pektiotomomuévo ypagnua Staoyifetal katd TAdTog
(breadth-first) mtpokepévov va evromotody ave§dptntot KOpPoL, ot omoiot petatpénovtan miow o AST
G TapdAANAEG EVTOAEG TTPOG TAVTOXPOVT EKTENEDT).

[Iépa amd TOV GLUVTAKTIKO HETACXNUATIOHO, OTO apxikd ovoTnua Stvotav dlaitepn €ugaon ot
peiwon tov kKOGTOVG SNuoVpYiag Stepyaotdy, HETATPEMOVTAG OLXVA XPNOLHOTIOLOVHEVEG eEWTEPLKEG
eVTOAEG (0Twg 1) grep) o€ Suvapikég PiPAtodnkeg (shared objects / DLLs). Av kat i) mapovoa a&toho-
ynon eoTtdel AMOKAELOTIKA OTOVG OTATIKOVG LETATXNUATIOUOVE, QUTH 1} TEXVIKT SUVAULKHG QOPTWONG
anotehovoe Pacikd TUADVA yLa TV OALOTIKY EMUTAXVVOT] TNG EKTEAEOT|G OTO MPWTOTLTIO CVOTNUAL

Eivau onpavtikd va dievkptviotel 0Tt o mpwtotuno ocvotnpa Shark amotelei éva epevvnTiko €pyo
10 omoio dev eivat Stabéotpo wg Aoylopikd avoitod kwdika 1} Aettovpykd epyaleio. Kata ovvénela,
0TNY Mapovoa epyacia epapuofovral yeipokivaTa ot OewpPNTIKOL CLVTAKTIKOL HETACXNUATIOUOL TIOV
nepLtypd@et n @thocogia tov Shark oto cVvvolo Twv peTpompoypappdtwy TG covitag Koara. Xt
OVVEXELQL, EKTEAOVVTAL TOOO OL apXLkéG 000 Kal Ot PEATIOTOTIONUEVEG EKSOTELG TIPOKELUEVOD VaL Xapa-
KTnplotei n anddoon kat va avadetxBovv ta opla Twv PeATioToNOmCEWY.

7.2 Zratikog Metaoxnuatiopog: To Xevapio weather

Tl TNV KaTavonomn TG TPAKTIKNG EQAPUOYNG AVTWY TwV BeATIOTOMOLOEWY, agloTroLeiTal TO Xapa-
KTNPLOTIKO peTpompdypappa weather (Kadikag 4.1), To onoio amoteAeitat ano évav Ppoxo for mov
extelel Tpelg ave§aptnteg owinvaoets. Eapuolovtag xetpokivnta tig apxég tov Shark (Kwdikag 7.1),

vlomotovvtat §0o kOpleg TapepuPaoelg:
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1. Agaipeon neprrtwv diepyaciwv (Useless Use of Cat): Analeigetal n mepttty KAfon TG vro-
A cat (mov amAwg SLOXETEVEL Ta TIEPLEXOUEVA EVOG APXEIOV OE AYWYO), AVTIKABIOTWVTAG TNV
pe apeon avakatevBuvon eloo6dov (<). Avto eoikovoytel Tov xpovo Snuiovpyiag pag emmAéov
diepyaoiag.

2. Zratwkog IHHapaAAnAiopog: EKHeTaAAEVOUEVOL TN OTATIKY) YVWDOT OTL OL TPELG CWANVWOELG YPaL-
@ovv oe Stakpitd apxeia e§6dov kat Sev enmpedfovv n pia v aAAn (amovoia e§aptioewy ey-
Ypa@ng/avdyvwong), Tig TomobeTovE 0TO TAPACKNVIO (HEOW TOL TEAEOTN &) KAl ELGAYOVLIE TNV
€VTOAT OLYXPOVIOHOD wait 0To Tédog kdbe emavdAnyng Tov Ppoyov.

#!/bin/bash

d="./data/temperatures”

for y in $(seq $start $end); do
cut -c 89-92 < ”$d/$y” | grep -v 999 | sort -rn | head -n 1 > ”max.3%y” &
cut -c 89-92 < ”$d/$y” | grep -v 999 | sort -n | head -n 1 > ”min.3%y” &
cut -c 89-92 < ”$d/$y” | grep -v 999 | awk ’{t+=$1; i++} END {print t/i}’ >
- Tavg.$y” &
wait

done

Kwdikag 7.1: To oevaplo weather petacxnuatiopuévo pe xpnon tov Shark. H Siadikacia anaitnoe
XelpokivnTn mapéuPaot ya TNV agaipeon g cat kal v mpoodnkn teleotdv mapak-
ANALOpOY 0TO TAPACKNVLO.

Avti} i) TPOCEYYLON ETTVYXAVEL TAWTOXPOVY ekTéENEOT O€ eminedo evTolwy, aflomolwvTag Tovg
StaBéopovg Tuprveg kat HELDdVOVTAG SPATTIKA TOV GUVOMKO XpOVo oAoKApwong Tov Ppodxov. !

7.3 IIpoomnaBeia Yio0¢tnong

Evw 1o mapadetypa Tov weather anaitnoe fmieg Kat KATavonTég TapepPAceLs, n XeLPOKivITn epap-
poyn g @tloocogiag Tov Shark oe evpvTepa kat mo moAvTAOKa oevapla avalvong dedopévwv amo-
deixOnxe pia xpovoPopa kat mepimhokn Sadikaoio. Xapaktnptotikd mapadetypa anotelel 1o peTpo-
npoypappa eEaywyng Tprypappatwy (count-trigrams) and to nlp. Engewwvetat 6Tt OAOKANPOG O
TNYaiog KWOSIKAG TWV apXIKWV Kol LETACYNUATIONEVWY oevapinwy TapatifeTal avuTovoloG 0To Tapap-
o (Kodwkeg C.1 kot C.2).

v apxikn} Tov popen (Kwdikag 7.2), o akydpiBpog akohovdei pia kAaotkrn kat ac@ain mpooey-
yton «dnuiovpyiag mpoowptvav apxeiwv» (tempfiles) yia Tnv amobrkevon evdidpeowv kataotdoewv
™G pong dedopévwv.

Ta va emrevyBovv ot otd)0L TOL Shark—dnAadn n egdhenyn g eyypagng otov dioko péow av-
TIKATAOTAONG TV eVALApEcwV apxeiwv pe en@vopovg aywyovg (FIFOs) kat n) maparAnlomnoinon ave-
EdpnTV evioddv—anartiBnke ekteviig Tpomomoinon tng Soprng Tov kwdika, OTWE PaiveTat 0To Ta-
pakatw anoonacpa (Kwdwkag 7.3).

H petatponn avtr avadeikviel Tpetg Pactkég mpokAnoelg mov kabiotodv tny mpoondBeta vioBétn-
ong Wlaitepa AmAITNTIKY Yo TOV HECO XPTOTH), 1] AKOHA KAL YL CUOTHHATA AUTOHATNG HETAYADTTIONG
XWPIG LOXVPEG EYYVNOELG aoPaleiag:

! Tnuewwvetat 6TL, pOOTOV Kat oL eTavaiyels Tov Ppoxov eivat avekdptnteg, Ba Popovoe va epappoaTel kat Tapalin-
Mopdg oe eninedo enavaAnyng, tomobetwvtag oAokAnpo tov Bpdxo 6To Tapacknvio, OTwe Ba yivel LeTémetta e T Xpron
GNU parallel oto KegdAaio 8.
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TEMPDIR=$(mktemp -d)

cat > ${TEMPDIR}/${input}.words

tail +2 ${TEMPDIR}/${input}.words > ${TEMPDIR}/${input}.nextwords
tail +3 ${TEMPDIR}/${input}.words > ${TEMPDIR}/${input}.nextwords2
paste ${TEMPDIR}/${input}.words \${TEMPDIR}/${input}.nextwords

o  ${TEMPDIR}/${input}.nextwords2 |

sort | uniq -c

rm -rf ${TEMPDIR}

Kwdikag 7.2: Amdonacua and to oevaptlo count-trigrams Tov cvvolov nlp. Xpron mpoowpvav

apxeiwv ya v anobrkevon kat enegepyacia evdiapecwy powv dedopévwy TpLy and TN
OVLYXWVELOT] TOVG.

mkfifo ”$f_rawl” ”$f_raw2” ”$f_raw3” ”$f_tail2” ”$f_tail3”

tail -n +2 < ”$f_raw2” > 7"$f_tail2” &

tail -n +3 < ”$f_raw3” > 7"$f_tail3” &

paste ”$f_rawl” ”$f_tail2” ”$f_tail3” | sort | uniq -c > ”$output_file” &
agg_pid=$!

tr -c ’A-Za-z’ ’\n’ < ”$input_file” | \

grep -v '*[[:space:]]*$" | \

tee ”$f_raw2” 7$f_raw3d” > "$f_rawl”

wait $agg_pid

Kwdikag 7.3: Améonaoua and to oevaplo count-trigrams peracxnuatiopuévo pue xprion tov Shark.

Avtikataotaon mpoowptvav apxeiwv pe FIFOs kat mpooekTikn ekkivnon Twv Katova-
AwTwv 010 Tapackivio yia ano@uyn adte§ddwv (deadlocks).

1. Awyeipion IToAvmAokotnrag Powv kat Adié€oda (Deadlocks): H xprjon FIFOs empBaAlet tn
XP1on TNG eVTOANG tee (ypappr 21) ya tov Staxwptopd tng eioédov oe TOAAATAG KavaAia.
Avto elodyet dpeoa o kKhaowkd mpoPAnua cvyxpoviopov Iapaywyov-Katavalwtn. Ot evtolég
Katavdlwong (m.x. tail kat paste 0TI ypappég 14-16) mpEmeL LITOXPEWTIKA VAL EKKIVODY OTO
mapacknivio (&) mpiv o mapaywyog (tee) apyioet va ypaget ota FIFOs. Eav n oeipd avtiotpagei,
T0 KEAVPOG UTAOKAPEL TIEPILEVOVTAG AVAYVWDOTH, 0dNywvTag o€ povipo adé§odo.

2. Xepoxkivnrog Exeyyog ITopwv: KaBag to Shark Paociletat oe otatikég napeppaoes, Sev mpo-

oQépeL AUTOHATO pnXaviopo Stapotpacpov @optov (load balancing). Tia tnv amoguyr| e§avtAn-
ong Twv Stabéotpwv diepyaciwv Tov cvotnuatog (fork bomb) katd tnv extéAeon xhiadwv ap-
Xelwv, amautrBnke n xepokivitn vAomoiNoN £vOG UNXavIoHoD Slayxeiplong epyactav, e wait
Kat onpagopovg, o omoiog mapovatdletat avalvtikd oto mapdptnua (Kodikag C.2).

3. IIpoxAnon OpBotntag kat Aoykwon Kwdwka: H avayvoopuotnta tov kwdika pelwvetal at-

oOntd. H mpaypatikn emxetpnotaxn Aoyikn emkaAvntetal and molbmhokeg Aemtopépeteg Sta-
xelplong Stepyactwy, evw o kivduvog eloaywyng ovvOnkwv avtaywviopov (race conditions) ei-
vat vynAog, avgavovtag onpavtikd Tov xpovo avantuing kat aroo@aipdtwong (debugging).

7.4 Avdalvon Anodoong

Onwg anotvnwvetat 6to Zxniua 7.2, n otpatnytkn tov Shark nétvye onpavtikd képdn anddoong

oe oAOKANpn T covita KOALA, pe Tig emtaxdvoelg va kopaivovtat petagd 1.01x ko 13.43x%, ava-
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Ixfua 7.2: Txetikég emrayxvvoelg Tov Shark ota petponpoypdappata tng covitag Koara. To ov-
OTNHA ETUTVYXAVEL ONUAVTIKEG ETUTAXVVOELG O€ TevAapla e TapaAAnAopo Ppoxwv, aAAd
VOTEPEL O€ AVOTNPA TELPLAKOVG POPTOVG 1} Staovvdedepévoug aywyous.

Aoya e Ta XapaKkTnNpLOTIKA Tov ekdoTtoTe ogvapiov. Ot mo Beapatikég PeAtiwoelg mapatnpnOnkav
o€ peTpompoypappata mov mepthapPdavovy tetpippéva maparnlomnowotpeg (trivially parallelizable)
emavalnyelg Ppoxwv. Evoeiktikd, to Shark feAtiwoe ta ovvola weather kat nlp katd 13.43x kat
6.46x avtiototya, kKaBwg aveEdpTnTEG Epyasieg TPOYPAUUATIOTNKAY TAVTOXPOVA A§LOTIOLWVTAG ATTO-
TeAeopatikd Tovg Stabéotpovg mopovs. AvTifétwg, oevapla pe Woxvpég aAiniefaptnoelg mov xpnot-
poTolovy 10N EKTEVWG CWANVAOELS, OTIwG Ta covid, oneliners, bio kat unixfun, Tpoo@épovv Atyo-
Tepeg evkatpieg ya tig mapepPaoelg tov Shark, odnydvtag oe oplakég emrtaydvoel mov KupdvOnkav
petald 1.01x kat 1.06x. OUoiwg, CEVAPLA e AVOTNPEG TELPLAKEG AELTOVPYIES, OTIWG EKEIVA TOV GUVO-
Aov ci-cd, eppdavicav meploptopévn Bektiwon (1.16x). To petpompdypappa web-search mapovoiaoe
™ pkpoTepn Peltiowon (1.01x), kabwg n apyxikn Tov vAomoinomn ektelei NdN TPeLg vITOAOYLOHOVG n-
gram mapdAAna, punv emtpénovtag mepattépw maparAnAopd. Zto idto mhaioto, ot PeAtiotonooelg
TIov eMkeVTpWONKAY amokAeloTikd 0TV KANON evToAdwv (0TwG N agaipeon Tng cat 1} n mpoadnkn tng
onaiog --posix) dev eméPepav ONUAVTIKA OPEAN: O€ OEVAPLA OTIOV VTINPXAY {OVO TETOLEG EVKALPIES
(omwg 010 web-search), n péon emraxvvon NTav neploplopévn. Avtibeta, ot PeAtioTomotroelg Tov
e§aleipovv mPoowpLva apyeia yia eviapeon anodnikevon UTOPOVV va TIPOGPEPOVYV TILO OVCLACTIKEG
ETUTAXVVOELG, OUWG, OMwG avalvOnke otnv Evotnta 7.3, elo0dyovv onpavtikr moAvmAokdtnta Aoyw
NG AVAYKNG YLt ALOTNPO CLVTOVIOO HETAED TAPAYWYWYV KAl KATAVAAWTMOV.

A&iler va vmoypappuotei 0Tt otatiki gOon Tov petaoxnpatiopod Stacahilel twg to Shark mpo-
O@QépeL ATOKAELOTIKA eMITAXVVOELG (AKON Kat oplakég TG Ta&ng tov 1.01x), xwpic va elodyet kapia
emBapouvon xpovov ektéleong (runtime overhead) oe avtiBeon pe ta epyaleia Suvapkng avalvong.
Avt6 ovpPaivet S10TL oL fEATIOTOTOOELG TOV CLUOTHHATOG ATTOTEAOVY, OVGLACTIKA, TNV AVTOHATOTIOL)-
pévn epappoyn kabiepwpuévwy PEATIOTWV TPAKTIKWV TIPOYPARHATIOHOV KeEAD@OUG (shell scripting best
practices). Zrjuepa, APKETEG ATIO AVTEG TIG TAKTIKEG—OTIWG 1) §AAEWYT) TG TIEPLTTHG XPIONG TNG cat—
gxovv evowpatwel eVpEwS WG KAVOVEG OTATIKNG avalvong oe ocbyxpova gpyaleia eAéyxov kdSika
(linters), 6mwg to ShellCheck [99], emPefardvovtag tn Staxpovikr a&ia Tng pthocogiag tov Shark.

7.5 Zvvoyn

Ta anoteléopata oto KoaLa emPefaidvovv o1t ot PeAtiotomotoelg tov Shark eivar daitepa
anodoTIkEG o€ oevdpLa Tov TepthapBavouy Aettovpyieg oe TOANATAEG eL0OS0VG Kat ave§dpTnTEG EVTO-
A£G, TPOTQEPOVTAG EMITAXVVOELG WG Kat 13.43x. Q0TO00, amodelkvOOVTaL AlyOTEPO ATOTENETUATIKEG
yta scripts mov mepropifovtat and tny eicodo/eEodo (I/0-bound) 1} yia oevapia mov dev eivan ebkola
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napalinlomomoipa Aoyw woxvpwv egaptioewv. IlapdAAnia, n a§loAdynon deixvel 6TL 1 oNpavVTIKY
npoondfeta VIOBETNONG KAOLOTAE TNV AVOTNPA CTATIKH TTPOOEYYLOT) ALYOTEPO EAKVOTIKT Yl TOV HECO
XPNOTN oL avalntd e0KOAN Kat ao@AAT EMLTAYVVOT).

Zto emodpevo kepdhato egetalovpie to epyaleio GNU parallel, To onoio anattei emiong xelpoki-
vy apépBaon otov kddika, aAld avEdvel Tig emdooel OV PTOpoVV va emitevxBovv péow pnTig
napaAnlomnoinong dedopévwv.
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Kegdalao 8

A&oloynon GNU parallel: Xetpokivintog IlapalAnAiopog

Zto tapdv kepdhato e&etdletal n Tpocéyylon Tov pnTov TapaAANAOHOD, fe KVpLo Oxnua aftoho-
ynong to GNU parallel [18]. Ze avtifeon pe t otatikn avalvon tov Shark mov emiyeipel va Bekti-
otoTotfioet Tov Kwdika pe Baon avayvwpiopéva potifa eloodov/e§ddov, to GNU parallel amotelei
éva epyaleio mov mapéxet AP EAeYXO OTOV TPOYPAUUATLOTH, ATAUTWVTAG WOTOCO TNV TAR PN Tia-
peéupaot) Tov yia TNV avadidpOpwaon TG AoyIKNG TOV TIPOYPAUHATOS.

8.1 Mnxaviopog Asttovpyiag kat XapakTnploTiKda

To GNU parallel anotekei éva and ta mAéov dtadedopéva epyaleia xetpokivntng maparinio-
moinong oto otkoovotnua tov UNIX. H Aettovpytkotntd Tov mapéxetal péow Tng evioAng parallel
n omoia mpoo@épet Tr SuvatdTnTa SLAOTIAONG GVVOAWYV SedOUEVWV Kal TAVTOXPOVNG EKTENEOTG TIOA-
AamA@v aveEdptntwv Stepyactwv. ApxIKOG OKOTIOG TNG SNULovPYiag Tov HTav va Aettovpyroet Onwg
1 eVTOAN xargs, aAld pe tkavotnta va Stayetpiletat opOa ta keva Staotrpata (spaces) Kat Ta el0Ayw-
ytkd (quotes) ota opiopata. To epyadeio vmootnpilet tooo mapaAinhia Sedopévwv (data parallelism)
600 kat maparnhia epyaciwv (task parallelism), evad mapéyxet T Suvatotnta ektédeong diepyaotwv
0€ ATOPAKPLOUEVOVG KOUPOVG HEow aopaldy cuvdécewv. Anod mpoemhoyr, To GNU parallel ekte-
Aei pia epyaoia ava Stabéoipo mupriva. Eva amod ta oxvpdTepa XapakTnpLoTiKa TOV eival 1) tkavoTnTa
va StaBadet dedopéva and a cwlrvwon (pipe), va ta Staond oe pmhok (blocks) kat va Stoxetevet
kdOe umlok o€ EexwpLoTéG, TAVTOXPOVEG EVTONEG. Ze avTifeon e Ta QUTOHATA CLOTHUATA TAPAA-
Anlomoinong, to GNU parallel Sev aflomotei kapio TAnpo@opia oXETIKA pe TN onuactoloyia, To
apnpnUéVO oLVTAKTIKO SévTpo N TG e€apTroelg Tov mpoypappatos. H evBdvn yua tov 0pBo Staxwpt-
opo twv dedopévwv kal T Statipnon g Aettovpyikng opBotnTag petagépetal e§ oAokApov oTov
XPNoTn. AavOaopEVEG TTAPALETPOTIOW|OELG UTTOPOVV Va 0d1yr|oovY TOCO Og ONUavTIK emPpdduvvon
000 kal oTnY mapaywyn eo@apévov anoteleopdtwy. To GNU parallel xpnogonoteitat oTnv ma-
povoa gpyacia wg Pactkd OnNueEio avapopdg, AVIITPOCWTEVOVTAG TNV TPOCEYYLOT TNG XELPOKIVITNG
napaAinlomnoinong oe eminedo xprotn.

8.2 Xepoxkivntn Ilapalinlomnoinon: To Zevapio weather

Ta va yiver katavontodg o Tpomog Aettovpyiag Tov epyaleiov, aflomoteitat ek VEOL TO KIVITIPLO Tia-
padetypa Tov petponpoypappatog weather (Kwdikag 4.1). Tia tnv maparAnAomnoinon péow tov GNU
parallel, 8ev apkei n amAn mpooOnikn pag onpaiag 0to KEAVPOG. AVTIOETWG, TO TPOYpapLa TPETEL
va petaoxnuatiotel (Kwdikag 8.1). Zvykekpiuéva, n Aoyikr tov Bpoxov mpémet va evOvAakwbei oe pia
Staxpurr ovvaptnon (oto mapddetypa ovopdletal process_year). Katomy, n tpogodoocia twv etwv
vlomoteital ouvBwg pEow evog yevvitopa (OTwg 1 eVTOAT seq), o omoiog dtoxetevet Ta dedopéva
amnevBeiac oto parallel.

AvTn 1 mpooéyylon, av Katl amodoTIkr, HeTATPEMEL éva eviaio SOUNpUEVO aevApLo Og £va OVVOAO
arno SLakpLTéG OLVAPTHOELG.
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Task / Data List

Input Data/Task 1
Input Data/Task 2

Worker Process
(CPU Core 1)

Worker Process

Dispatch | GNU parallel (CPU Core 2) Aggregation
(Dispatcher) (Standard Out)

|Input Data/Task N | -
Worker Process

i (CPU Core N)

Exnua 8.1: Emokonnon tov GNU parallel. O Siavopéag (Dispatcher) Aapfavet pua Aiota epyaotav
1 dedopévwv kat Tig avabétel Suvapkd oe ToANamhovg epydteg (Worker Processes) mov
ekTehovVTAL TapdAANAa o€ SlagopeTIkovG Tuprveg Tov emeEepyaotr. Ta empépovg anote-
Aéopata cuANEyovTal kal ovykevipwvovTat (Aggregation) otny Tumikn é§odo.

#!/bin/bash

d="./data/temperatures”
process_year() {
y=$1
cut -c 89-92 ”$d/$y” | grep -v 999 | sort -rn | head -n 1 > ”max.$y”
cut -c 89-92 ”$d/$y” | grep -v 999 | sort -n | head -n 1 > ”min.$y”
cut -c 89-92 ”$d/$y” | grep -v 999 | awk ’{t+=$1; i++} END{print t/i}’ > ”avg.$y”

3

export -f process_year

export d

seq "$start” ”$end” | parallel --jobs ”$(nproc)” process_year

Kadwkag 8.1: To oevdplo weather petacynuatiouévo pe xpnon tov GNU parallel. H dadkacia
amoutel LK TPOTOTOINOT TNG APXLTEKTOVIKIG TOL KDSIKa, e§aywyr cuvapTnoewy Kat
pnth kKAon Tov mapaAlAnlononTy.

8.3 IIpoondBeia Yio0étnong

H e@appoyn tov epyaleiov ota petpompoypdppata tov KOALA ftav eotiaouévn oe oevapla ta
omoia amoTeAovV QUOIKEG EMAOYEG yla TapdAAnAn ekTéleon AOyw Tng Sopng Tovg. H éugaon 860nke
oe poég mov enefepyalovrat ave§dptnta apyeia eloddov, kat oTny anodotikr enegepyacia Pactopévn
oe Tunpata (segment-based processing) mov amnattei eAdx1oTo 1 kaBOAov oLyxpoVIGpO, afloToldVTag
OLXVA TNV TAPAUETPO ——pipe yla TOV TapaAiniiopod powv dedopévwv. Ilapd Tnv emAekTKn avTh
Xpron, n opdn epappoyn tov GNU parallel amodewvioetat otny mpan pa efaipetikd amoutnTik,
un tetptupévn Stadikaoia [6] Kal 1) LETATPOTT OELPLAKWY CWANVWOEWY o€ TapdAANAeg amattel cvxva
TOANQMAEG emavafyelg yla Ty emtitevén opBotnTag kat PéATioTng emidoong.

E§aywyn Meptparrovrtog kat Zvuvtaktikn IIohvmAokotnta To GNU parallel ekkivei véeg Stepya-
oieg keAv@ovg (bash -c) oto mapaokrvio. Tia va eivat Stabéoipieg ot TOMKEG CLVAPTHOELG O€ AVTA Ta
VTTOKEAVQT), O XPHOTNG TIPEMEL VITOXPEWTIKA Vat TIG e&ayet 0To meptParlov péow TnG eVTIOANG export
-f. EmumAéov, n Stayeipton petaPAntadv kat cuuPOAOCEPWY EVTOG TNG TAPAHUETPOV EKTENEOTG ATTALTEL
ToAOTAOKeG dopég XapakTipwv dtaguyng (escaping), kablotwvtag TNy anoogaipdatwon (debugging)
Wiaitepa dvoxepn.
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Awaxeipion Eviapecwv Aedopévov kat ZoAnvooewv e avtifeon pe tnv andr ovvtagn Twv ayw-
ywv (]) Tov keAbgovg, o xprotng Tov GNU parallel mpémet cuxva va SlaxelploTel pntd T por Twv
dedopévwv. Zro mapddetypa Tov oevapiov covid-1 amod to gvvolo covid, mapatnpeital n avaykn xpn-
ONG TPOCWPLVWYV KaTaAdywv (mktemp), optopo peyéBoug tepayiwv dedopévwy pEow TNG TAPAUETPOV
--block (chunk_size), kat xpriong unxaviopwv kabaptopov (trap) ya ta npoowpiva apyeia. H amin
owArvwon Tov apxtkov oevapiov (Kwdikag 8.2) petatpénetat oe éva ovvleto oevaplo (Kwdkag 8.3)
TIOL amatTel e§aywyn oVVAPTHTEWY KAl PITO CLVTOVIOUO HECW TNG TTAPAUETPOL —-pipe.

cat ”$1” |
sed ’s/T..:..:..//" |
cut -d ’,’ -f 1,3 |

Kwdikag 8.2: Andonaoua and 1o oevapto covid-1 Tov cvvolov covid. To oevdplo mepiéxel pia ow-
Arvwon pe gvkola mapaiinlomnootpa apyikd otddia. O mAnpng kwdikag mapatiBetal
oto mapdptnua (Kwdwag C.3).

chunk_size=%${chunk_size:-100M}
process_chunk() {
sed ’s/T..:..:..//"] cut -d ’,” -f 1,3
}
export -f process_chunk
tmp_dir=$(mktemp -d)
trap ”rm -rf $tmp_dir” EXIT
cat ”"$INPUT” | parallel --pipe --block ”$chunk_size” -j ”$MAX_PROCS” process_chunk
o > 7$tmp_dir/combined.tmp”

Kwdikag 8.3: Amdomaoua anod to oevapto covid-1 petaoxnuatiopévo pe xpnon tov GNU parallel.
H napaAinlomoinon amautei xeipokivito tepaxiopo dedopévwv. O mAnpng kwdikag ma-
patiBetar oto mapaptnpa (Kodikag C.4).

IToAvdokotnta Zovrafng kat OpBotnta T va mpoxwprioovpe oe mo évtovn maparAnlomnoinon,
otav n mapaAinhio dev eivat eppavig, avakdntel ovxva pia véa TpokAnon, eldikd o€ oEVApLA TTOV aTtaL-
TOUV OLYXPOVIOWO 1} Statrpnon e oelpds Twv dedopévwv. Ta mapadetypa, 6tav mapalinlomolovpe
Ta TedevTaia otddia cwAnvwoewv Tov oevapiov spell (Kwdwkag 8.4), dnpiovpyeital n avaykn yia Sia-
THPNOT TNG OELPAG (WOTE VA AEITOVPYNOOLY OWOTA EVTOAEG OTwG 1 uniq). Etol, emPdAletat n) xprion
™G onpaiag -k (keep order) [6], pe tnv mapdhewyr| TG va odnyei oe AavBaouéva anotehéopata Aoyw
TOV [UN-VTETEPUIVITTIKOD XPOVOTIPOYPAUUATIOUOD TWV EPYATLDY.

EmumAéov, 1 Stayeipton molamhwv powv elcddov/eEddov amattel ouxvd T Xetpokiviytn dnpuovp-
yia enwvopwv cwAnvwoewv (mkfifo) kat mToAvTAOKEG SouéG EVTOAWY IOV TIEPIAAUPAVOLY XAPAKTHPEG
Stapuyne. Onwg gaivetar otov Kodika 8.5, 1 evron yivetat Suoavayvworn, evd n anddoon egaptd-
Tat SpApATIKA amd «Haylkés» otabepég Omwg To --block, 6mov AavBaouévn pvBuion pnopei va odn-
ynoet oe Spapatikég kabvoteproelg [6].

8.4 Avdalvon Anodoong

YuvoAikd, 1o GNU parallel métvye pia péomn emtaxvvon tne Ta&ng tov 2.6x oe OAn TN covita, e
™ Stakdpavon petadd Twv oevapiwv va eivat peydn, alld ta anotehéopata va mapapévooy Betika
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#!/bin/bash
# Calculate mispelled words in an input

dict=$SUITE_DIR/inputs/dict.txt

cat $1 |
sed ’s/[*[:print:]]//g" | # remove non-printing characters
col -bx | # remove backspaces / linefeeds
tr -cs A-Za-z ’\n’ | # split on non-alphabetic characters
tr A-Z a-z | # map upper to lower case
tr -d ’[:punct:]’ | # remove punctuation
sort | # put words in alphabetical order
uniq | # remove duplicate words
comm -23 - $dict # report words not in dictionary

Kwdikag 8.4: To aevdpio spell tov cuvolov oneliners. Ta mpwta otddia TG CwARVWONG eivat ev-
KoAa tapaAAnAomotiotpa, v Ta teevtaia Tpia xpetalovrat mpooektikn Staxeiplon.

mkfifo $TEMP1

parallel ”cat {} | col -bx | tr -cs A-Za-z ’\n’ | tr A-Z a-z | \

tr -d ’[:punct:]’ | sort > $TEMP_C1” ::: $IN &

sort -m $TEMP1 | parallel -k --jobs ${JOBS} --pipe --block ”$BLOCK_SIZE” ”uniq” |
uniqg | parallel -k --jobs ${JOBS} --pipe --block ”$BLOCK_SIZE” ”grep -vx -f $dict -”

Kwdikag 8.5: Amdonaoua amd 1o oevapto spell petaoxnuatiopévo pe xpnon tov GNU parallel.
Anarrovvtat FIFOs kat xprion tng onpaiag -k mov Statnpei tn oepd e§6dov, eEaoqai-
Covtag opBotnTa. O mArpng kwdikag mapatiBetal oto mapdptnua ( Kodwag C.5).

yta oxedov OAa Ta HETPOTIPOYPApHATAL.

Onwg anekovifetar oto Zxnpa 8.2, n avtapoPn ya tnv vynAn npoonadeta vioBETnoNg eivat ev-
TUTWOLAKT Og oevdpla Tov Teplopiovtat and tnv eicodo/é§odo (I/O-bound) 1 eivan evkola mapal-
Anlomootpa. Tia mapadetypa, to file-mod, To omoio petatpénel TaLTOXpOva TOANATAA apXeia TTo-
Avpéowv pe vynAr aflomoinon twv Stabéopwy muprvwy, emrtaxdvOnke katd 3.85x. Iapopoiwg, To
nlp, To omoio eme&epydletal moAamAd apxeia Sedopévwv avelaptnra, onpeiwoe enttdyvvon 6.46x.

Avtibétwg, ot emtaxvvoelg Tov GNU parallel eival meploplopéveg e GeVApLa IOV OTEPOVVTAL
AVTWV TWV XAPAKTNPLOTIKWY. 210 ci-cd (1.16x), n Pektiwon frav eAdxotn, kabwg ta oevapla avtd
eite aflomotovv 10n ecwTePIKO TAPAAANALOUO KT TNV KAOT) TWV EVTOA®Y TOVG (T1.X. LETAYAWTTLON
oA @V apyeiwv), eite mepAapPdvovy evTolég mov Sev emw@elovvTal amd To HOVTENO TTapalAn-
Aomoinong tov parallel (6nwgn git 1 n find).

Téhog, vipEav mepimtTwoelg 6mov To epyaleio dev améPepe ovaolaoTikn Pektiwon 1} KAt TPOKA-
Aeoe ehagpld emPpdduvon Aoyw tng Oong Tov oevapiov. Xto peTpompoypappa unixfun (1.02x), Ta
0tddta TG owAnvwong e§aptwvtat dpeca anod v €€odo Twv mponyovpevwy otadiowv. Avtr n aAin)e-
Edptnon anétpeye to GNU parallel and 1o va ekpetallevtel TANpwg tov apalAniopd. Opoiwg,
O€VApLAL TIOV ATTAUTOVY TTOADTIAOKO SLaYWPLOpO KAl VYXWVELOT), OTwG To web-search (0.95x), mepto-
ploav dpaoTikd Tig SuvaToTNTEG TOL Epyaleiov, KataypapovTag eniPpaduvvon.
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Ixnua 8.2: Ixetikég emrayxvvoels Tov GNU parallel ota perponpoypappata tng oovitag KoALa.
To epyaleio Tpoo@épet kopu@aieg emTaybVoel og anoAvTws Tapaiinlomototua oevapla,
aAld emPapOvel pkpovS POPTOVG EpYATiag.

8.5 ZXivoyn

To GNU parallel avTimpoowmevEL o TPOCEYYLOT) APEOTS, PNTNG, XELPOKIVITNG TTapaAlnAomoi-
nong oto owkoovotnua tov UNIX. H a§loAdynon oto Koara emiPefaiwvel 0Tt pmopei va emitaxvvet
onpavtikd I/0-bound epyaoieg kat Ppdxovs xwpic alAnieEaptroeis (0nwg to file-mod), Tpoopé-
POVTAG KATA HECO Opo emitdyvvon 2.6x. Q0Td00, N anddoor Tov meplopileTal oNUAVTIKE Og oevapLa
LE OELPLAKEG AeLTOVPYiEG 1] TOADTTAOKEG amatToelg StawpLopol Kat cuyXwvevong (m.x. unixfun, web-
search).

EmmAéov, to Tipnpa avtng g anddoong eivatl To onpavTtikoé k6oTtog viodétnone. H avdykn yua
avadiapBpwaon Tov kwdika, e§aywyr ovvapTHoEwV, XelPOKIVTN SlaeipLlon TPOCWPLVWYV apyeiwV Kat
TPooeKTIK ToTofETNON onuawy (61wg 1 -k), petadétet To Bapog tng opBotnTag e§ oAokArpov otov
TIPOYPAUHATIOTT, KaBLOTWVTAG TO AtyoTEpO KATAAANAO yia TNV auTOpATOTOWEEVT BEATIOTOTOINOT
Aoytloptkov peydAng KAigakag.

Ta gvprjpata aUTd KATAGEIKVOOLY £Va GAPEG KEVO: 1] KOLVOTNTA XPELALETAL GLOTHHATA TTOV VA TIPO-
OPEPOLV TIG EVTUTIWOLAKEG emiTaxOvoelg Tov GNU parallel, alAd pe Tnv ac@daleta kot TNV evkoAia
XPNonG evog amhov Stepunvéa (0nwg eidape oto zsh). To emduevo ke@dAalo elodyeL TNV €vvola TG
avtopartng maparlinlomoinong péow Tov cvoTHHatoG PASH, TO oMoi0 ETIYELPEL VA YEPUPWOEL AVTO TO
X&OHa, TPOGPEPOVTAG ATPAAT, AVTOATO TTapaAANALOHO Sdedopévwy pe eAdytotn TapépPaon xproTn.
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Kegdalawo 9

A&lodoynon PaSH: Avtopatn Avvapikn IlapaAlAnlonoinon

Ta mponyovpeva kepdhata avédel§av 0tL, evw 1 xetpokivntn mapaliniomnoinon (GNU parallel)
Kkat n otatikn Pertiotonoinon (Shark) pmopodv va amogépovv onpavtikd képdn anddoong, anatrtovy
pLlikég mapeuPaoelg otov mnyaio kwdika kat petadétovy To Pdpog TG 0pBOTNTAG GTOV TPOYPALHA-
TLOTH. 210 Tapov kepadato eetaletal pa ovyxpovn, eVAANAKTIKT TPooéyylon uéow tov PASH, to
OTIOIO ETKELPEL VAL IPOOPEPEL AVTOPATOTIOINUEVT] ETTAYVVOT) SLATNPWVTAG THV ApXIKT| OTHActoNoYia
TOV TPOYPAUATOG.

9.1 Mnxaviopog Astrtovpyiag kat Xapaktnplotika

To PASH [7] amoteAei éva obotnpa avtopatng mapaiinlomoinong mpoypappdtwy keAbgovg POSIX,
10 omoio ekteAel mpoypdppata UNIX pe mapdAAnlo Tpomo péow pnxaviopoy SuVapKnig HETAyADTTL-
ong (Just-in-Time - JIT). [ta TNV avTipeT@mon tng Suvapkng euong Tov keAbeouvg, To PASH evalldo-
o€l PAOELG HETAYAWTTIONG Kol EKTENEOT|G, GUAAEYOVTAG OE TIPAYHATIKO XpOVO TANPOPOPIES Yl TNV
KATAOTAOT TOL KEADPOVG, TOV GVOTAHATOG ApXeiwV Kat ToL TepPAAAOVTOG.

To cvotnua (Exipa 9.1) avayvwpilet Suvntikd TapaAANAOTIO OLHES TIEPLOXES TOV TIPOYPAUUATOG
KA TIG HETATPETEL OE YPAPOLG porG OedoévwY, 0TOVG omoiovg kdbe evTOAN avTioTolxel o8 KOpUPO Kat
kaBe por| dedopévwv oe axur. H mAnpogopia maparlinlonomnouotnrag kwdikomnoteitat Héow evog
OVOTHHATOG EMONUEIWTEWY (annotations), TO OTOLO TEPLYPAPEL TIG KaTnyopieg mapaAAnAiopod twv
EVTOAWY Kat AapBAvVeL LTTOYT T OPIGHATA KAt TIG EMAOYEG TOVG. XTN OUVEXEL, EPappolovTat petaoyn-
HATIOHOL OTOVG YPAPOUG AVTOVG (e 0TOXO ToV evTomopd mapariniag dedopévwyv (data parallelism)
KAl EPYACLDY, OTIWG 1] SLACTIAOT] TWV POWV 0€ AVEEAPTNTA TUAHATA KAt 1] avaSlopyavwaoT| TwV EVTOAWY.
MeTd TV 0AOKANpWON TWV HETACYNUATIOU®DY, Ol YPAPOL LETATPETOVTAL €K VEOL 0 KWALKA KEAVPOUG,
0TOV OToi0 eLodyovTaL KATAAANAEG EVTOAEG TapaAinAiopoD (T.x. & wait) kat eMWVVHOL aywyol, WoTe
va vAomoteitat pntd 1 mtapdAAnAn ektéleon. O Babudg mapalAnliog eivat TApAUETPOTIO|OLHOG Kot
puOuiCetat Suvaukda pe xprion g onpaiag --width. Ta ™ Stao@dlion NG Aettovpyikrg toodvva-
piag pe tn oeplaxn ektéleon, To PASH Paciletat oe éva povtélo pong dedopévwy pe eniyvwon oelpdg
(order-aware dataflow) [6], To omoio Statnpel Tig anapaitnteg e§aptnoelg petadd el0d6dwv Kat eE6SwV.
EmnAéov, mptv and kabe petaoxnuatiopo, anobnkebetal 1 KATAOTACT TOV KEADQOLG YLa TNV ATOPUYN
TIAPEVEPYELDV. L€ TEPITTWOELG OTOV 1] SLUVALIKY UETAYAWDTTION AmMOTLYXAVEL 1] 1] TapaAinlomoinon
Kpivetal pn ac@alng (1.x. dyvwoteg evToAég), To PASH emotpépel avtopata (fallback) otn oeprakn
ekTéNEO.

9.2 MetayAwttion [Tavw-otnv-Qpa: To Zevdapro weather

Emotpépovtag oto mapadetypa, mapott o Xpiotng ektelel o apyiko oevdplo weather (Kwdi-
koG 4.1) apetaPpAnro, to PASH mapepfadietar Suvapkd katd v ektéheot) Tov. AwaPalovtag Tig dwa-
O¢o1p1eg EMOTHELWOELG, TO OVOTNHA AVTIAQUBAVETAL OTLT EVTOAN cut 0TV TPWTNH CWARVWOT) eivat TTAR-
pw¢ mapaAinlomnooun (xwpis E0wWTEPIKN KATAOTAON), EVW 1) EVTOAN sort amattei eldikn Aettovpyia
ovyxwvevong (merge). Baoet avtng g mAnpogopiag, To PASH kataokevdlel Kat eKTeNel E0WTEPIKA
évav ypdgo pong dedopévwv: Staomd avtopata tnyv eicodo (split), tn Stoxetedel o TOAAATAOVG
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Exnua 9.1: Emokonnon tov PASH. To PASH evopxnotpwvel Ta oevapLa e KAHOELG 0TN HNXaVT TEvo-
OTNV-WPa, 1 omola Katd Tnv ekTéAeon mpowbel TUAHATA TOV TIPOYPAUHATOG OTOV Slako-
wotn petaylottiong (PASH compilation server) yia Suvapukr enefepyacia katd tnv ekté-
Aeon).

enwVLpoLG aywyovs (FIFOs) mov avtiototyovv oto mAdtog maparniiopov (width), emegepyaleta
Ta dedopéva mapaAnla, kat Tedikd cvyxwvebel Ta empépoug anotedéopata (aglomolwvTtag Ty sort
-m).

[Mapaxdtw @aivetal lia amAOTOMUEVT AVATAPACTACT] TOL KOSIKA KEADPOVG TTOV TTapdyeTal av-
Topata anod 1o PASH yia tov ouvtoviopd avtwv twv Aettovpyldv (Kwdikag 9.1), evd To eKTEVEG TIPO-
ypappa mapatiBetat, yia Adyovg mAnpotnrag, oto mapaptnua (Kwdikag B.1).

9.3 IlpoomdaBeia YioBétnong

Ye avtifeon pe to Shark kaw to GNU parallel, i apyitektovikn Tov PASH mpoo@épet pia epmetpio
undevikng mpoonadeiag (zero-effort) vioBétnong amd v mAevpd Tov Xpriotn. O MPOYPAUUATIOTHS
anaAldooeTaL amd TNV AvAyKN TPOTOTOINONG TOL ApXIKOD KWOLKA.

H a&loAdynon péow g oovitag KoALA mpaypatomot|fnke anaut@vtog AmokKAELTTIKE TOV OpLopO
™G avtiotong petaBAntng mepiPpdAlovtog otov 0dnyo g oovitag Koara. O Babudg mapainiiag
yla Ta etpapata frav 4, kot n avtiotoyn petaPAntn meptBaAlovTtog opiotnke wg e&ng:

KOALA_SHELL="./pa.sh --width 4”

Enueiwvetat 0Tt To PASH Stabétel T duvatdtnTa VIOKATACTAONG AYVWOTWY TUNHATWY KOSIKA
péow alias 1 ovvapTHOEWY TTOL UITOPOLYV Va emonelwBodV XelpokivnTa pe TAnpo@opieg maparAnAt-
opov. Av kat avtr| ) TpakTikn Oa umopovoe va e§aydyel TEPAITEPW EMTAXVVOELG, ATOPACIOAYE VO YAV
™V e@appoocovpe, kabwg Ba amarrovoe onuavtiko emmAéov OpTo epyaciag, avalpwvTag To Pactko
TIAEOVEKTN LA TOV GLOTHUATOG.

9.4 Avdlvon Anodoong

Ta anoteréopata anoddoong anekovifovtar oto Zxfpa 9.2. To PASH enétuxe onpavTikég emitoOVv-
0€1G o€ oevVapLa e cwANVwoels ToMamA oy otadiwv (multi-stage pipelines) 1 Ppoxovg for xwpic e&op-
toelg dedopévwy petald Twv emavalnyewy. Ev8eiktikd, ota ovvola oneliners kat covid métvye
emrayvvon 2.15x kat 1.83x avtiototya, kabwg Pacilovtat oe kAaotka epyadeio POSIX mov mepidayt-
Bavovtat otn PPAoONKN eMONEWTEWY TOV CLOTHHATOG. Q0TO0O, N afloAdynon péow Tov KoAra
avédel&e kpioLovg TePLOPLOPODE IOV eMMpPedlovy SpacTikd Tn yevikevon TG anddoong Tov.

O onuavTikOTEPOG TEPLOPLOHOG £yKelTatl 0To TPOPANpa Twv emonpewoewyv (annotation burden).
Ze nedia 6oL 0 VITOAOYLOTIKOG POpTOG Stefdyetal amo eketdikevpéva ekTeléoipa TpOYpAUpaTA Yia Ta
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#!/bin/bash

mkfifo f{0..10}

cat ”./data/temperatures/2000” >fo &

split fo f1 f2 &

cut -c 89-92 <f1 >f3 &

cut -c 89-92 <f2 >f4 &

grep -v 999 <f3 >f5 &

grep -v 999 <f4 >f6 &

sort -rn <f5 >f7 &

sort -rn <f6 >f8 &

sort -rn -m f8 f9 >f10 &

head -n 1 <f10 >”max.2000” &

# ...

# --- Alternatively, for the AVG calculation (Merge -> Sequential Awk) ---
merge f9 10 | awk ’{t+=$1; i++} END {if (i>0@) print t/i}’ > ”avg.2000”
wait

rm f{0..10}

Kwdikag 9.1: Amhomoinpévn avanapdotaoct yla To CEVAPLO weather HETAGKXNUATIOUEVO e XPHON
tov PASH. ITapovoidletat o ypagog porig Sedopévwv (DFG) mov Snpiovpyei kot extelel
autopata To PASH 070 Tapaoknvio yla pio €k Twv CWANVWOEWY TOL GEVApPIOL.

omoia to PASH oTepeital emonpelwoewy, To ovotnua dev eapuolet tapadAniiopd. Q¢ anotéleopa,
o¢ o0VoAa Onwg Ta pkg (0.94x) kat file-mod (0.96x), Sev mapatnpeitar emtaxvvon, aAld avtiBeta
Kataypagetal pia pkpn empPpadvvon Aoyw tng emPapvvong (overhead) tng Suvapikng avélvong.

Emm\éov, n anovoia katdAANAwv ouvtakTikwv Sopwv Kat To avinuévo kOoToG HETAYADTTIONG
anotehobV TpocdeTovg avaotaktikovg mapdyovtes. To PASH mpovmoBétel tnv vmapén ovykekpiyé-
VOV CUVTAKTIKOV poTifwv (T.x. peydAes owAnvaoelg 1j data-parallel Bpoxovg) yla va emépfet. Xeva-
pla 0Twg Ta repl (0.77x) kat ci-cd (0.88%), Ta omoia amoTEAOVVTAL KUPIWG ATO OEIPLAKEG EVTONEG
ovoTHRATOG Kat Oev TepLEXovy dopég mov va emdéxovtat maparAnAiopo, emBpaddvovrat mepartépw,
kabwg eodyetat emmAéov emPapuvon (overhead) Aoyw tng JIT pnxavig. Téhog, a&ilet va onpewbei
OTL OTNV TEPIMTWOT TOL GUVONOV bio, 1) ekTEAEOT) AMETLXE TANPWG, KATAGEIKVVOVTAG TIG SUOKOAIEG
™G Suvapkng petayAwttiong otn Swayeipton e§apetika mohvmhokwv e§aptroewy.

9.5 ZXbvoyn

H a&loldynon oto Koara katadetkviet 61t To PASH pmopei va mpoo@épet ovotaoTikég emtayvv-
O€1G 0€ OEVAPLA TTOV EUTIMTOVY 0TO Tedio TAPAAANALOUOD TOV, UE £VAV AVTOUATOTIOHEVO KAl AGQPAAN
TpoT0. Q0TO0O, 1] AMOTEAECUATIKOTNTA TOL e€apTatat dpesa and §vo Pacikog Tapdyovteg: ) dia-
DeoLOTNTA EMUOTHELWOEWY YL TIG EKACTOTE EVTOAEG KAl TO KATA TTOOO 1| SOUN TWV TPOYPAUUATWY
eMOEXETAL TOVG PETAOXNHATIOHODG GTOVG OTOIOVG TO GVOTNHA untopei va emépPel. Otav To ovoTNHA
ovvavtd adtagavr epyaleia 1 awoTnpd OeLPLaKEG SOUEG, | TTPOCEYYLOT TG AGPANOVG VTIOXWPTONG
(conservative fallback) avatpei Ta mBavd képdn anddoong. Avtdg o meploplopog anotehel oNUAVTIKO
avolkTo {ntnua oty Tpéxovoa épevva yopw and to kéAv@og. Ta va mapakapedei 0 okoMENOG TWV
XELPOKIVITWV ETOHELWOEWY Kol TwV adlapavwy e§wTepikwy eVTOADY, amatteital o SLapopeTIKn
npooeyylon. To emdpevo, kat Tehevtaio, kepdAato tng aflohoynong Siepevvd avtr v katevBuvon
péow TOV OLOTHHATOG hS, TO OTOlO ETIXELPEL VA TIPOOPEPEL AVTOUATY ETITAXVVOT YEVIKOD OKOTIOV
a&lomoldvTag TNV LITOBETIKY EKTENEDT) EKTOG OELPAG Kat Tr SUVALUKT XVNAXTHOT).
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Ixnua 9.2: Ixetikég emrayvvoels Tov PASH ota petponpoypappata tng covitag KoaLa. To PASH
TIPOOPEPEL ETUTAYVVOELG O YVWOTA epyaleia, aANd eMOTpEPeL O€ oelplakt) ekTéNeon OTAV
anmovotdfovV oL EMOTHELWOELS 1) KATAAANAEG OUVTAKTIKEG SOHEG.
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Kegdalao 10

A&loAoynon hS: YroOetikny ExtéAleon Extog Zepdg

>10 mponyovpevo kepdhato Stamotwdnke 6Tl n avtoparn mapaAinlonoinon (péow tov PASH)
mAeovekTel xdpn otn pndevikr mpoondbeta vioBETNONG, ald meplopileTat SpacTikd and To «mpo-
PANUA TWV ETUOTUELDTEWV», ATOTVYXAVOVTAG VA EMTAXVVEL Ay VWOTa, adlagavn epyaleia. to mapov
kepdAato e€etaletal pa kavovpla, eVAANAKTIKY Tpooéyylon, To hS, To Omoio T elpel Vo TpOoPE-
PEL AVTOUATI) EMTAXVVOT] YEVIKOV OKOTIOV, TIAPAKAHUTTOVTOG TNV avaykn yla mpdobetn mAnpogopia
OXETIKA |LE TIG EVTOAEG IOV EKTEAOVVTAL

10.1 Mnyxaviopog Asitovpyiag kat XapakTnpLoTika

To hS ewodyel pa Sla@opeTikny TPOCEYYLION AVTOUATNG ETUTAXVVONG BACIOHEVT OTNV EKTEAEOT
ekTOG oelpag (out-of-order execution) [14]. Avti va akoAovBei avoTnpd T GUVTAKTIKI OELPE TOV TIPO-
YPAHHATOG, ETIXELPEL VO EKTEAEL EVTOAEG «KALPOOKOTILKA», dNAadh mpoPaivovtag oe vobeTikn exTé-
\eon (speculative execution), mpoPAénovrtag ott Sev Ba mpokvyouy tapaPidoels e§aptroewy dedopé-
vwv. H mpooéyyion avtn edpaletat otnv mapatripnomn 0Tt ToAN& Tpoypdppata KEADPOUG eivat vTiep-
PoAik& Oelplakd, mapd To yeyovog 0Tt meptéxovv avedptnteg 1} acbevwg e§aptwpeveg evroléc. To
ovoTtnpa mpoemegepydletal Tov Kwdka Kat Kataokevdlet évav ypdeo pepikng didtafng mov anotv-
TIWVEL TI) CUVTOKTIKT) O€LPA. ZT OLVEXELA, KATA TNV eKTEAEDT], GLAAEYEL SUVAULIKA TTANPOPOPIES YLa TIG
e§aptnoels péow yvnhartnong (tracing) Twv mpooneAdoewy 6TO CVOTHHA APXEWV Kat 6TO TEPIBAANOV.

Onwg @aivetat oto Zynpa 10.1, to hS ektelel peAlovTikéG eVTONEG O€ AMOpHOVWUEVA TEPLPAA-
Aovta (sandboxes), xpnOHOTOLWVTAG HNXAVIOHODG EIKOVIKOTIOINONG KAt EMKAAVTITOUEVA CLOTHHATA
apyeiwv (overlay filesystems). Ot mapevépyeleg TwV EVIOAWY KataypagovTat Tpoowptvd. Otav pua ev-
TOAT| OAokAnpwOei, Ta aMOTEAEOUATA TNG EVOWHATWVOVTAL GTO KUPLO GVGTN A (commit) Hovo epdooV
emBePaiwbei 0Tt dev mapaPidotnrav eEaptnoelg and mponyodueves eVIONEG. Te MepimTwon avixvev-
ong ovykpovong (conflict), ot vtoBeTikég exteréoelg akvpwvovtat (rollback) kat n extéAeon ovveyile-
Tal He a0QANELD COPPWVA E TN OWOTH OTUACLOAOYIKT OELPA.

O evoOWHATWUEVOG XPOVOTIPOYPAUUATIOTHG EVAANAOTEL QAoelg ekTéNeonG Kat emikVpwong. H Te-
XVIKH avth) emtpénet Ty aflomoinon mapaiinliag epyactwv o adtapavi) ekTeAéoila Xwpis ek TwV
TPOTEPWV TPOSLAYPAPES, KABLOTWVTAG TO hS éva oVOTNHA YEVIKNG XPTIOT|G.

10.2 YmnoOetwkn ExtéAeon: To Zevapio weather

Tla TNV KATavonon NG TPAKTIKNAG EQAPHOYNG TNG LB TIKNG ekTéNeon, eEeTaleTat n Aettovpyia
Tov Xpovodpopohoyntn (scheduler) tov hS oto oevdplo weather (Kwdikag 4.1). Ze avtibeon pe 1o
PASH, 10 omoio kataokevdlet otatkd FIFOs, to hS ekkivel Tig Stadoxikés cwAnvwaelg (pipelines HI,
H2, H3 tov Bpdxov) evtdg sandboxes mmpiv ohokAnpwBobv ot ponyovueves e§aptnoelg Tovg.

O Iivakag 10.1 amoTumwvel avaAVTIKA TNV E0WTEPLKT) AVTH OLUTEPLPOPE, DewpwvTag wg €Tog
ekkivinong To 2000 (start = 2000).
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Partial Program Order!

d="./data/temperatures"

—

cat $d/2000 |...> min.2000 cat $d/2001 |...> min.2001 D

hS Preprocessor ———

cat $d/2000 |...> max.2000 cat $d/2001 |...> max.2001
cat $d/2000 |...> avg.2000 cat $d/2001 |...> avg.2001

[

Preprocessed

script | Tommomoomommomoomoooomooooooooo-oooo- I """""""""""""""""""

Tracing [~ 77" updates >l Speculating
Executor < cmd Command

results

Speculating

Tracing
Command

Scheduler

Zxnua 10.1: Emokonnon tov hS. To obotnua ektelel pellovtikég eviolég mpokataBoAikd
(speculation) oe amopovwuéva meptBarlovta (sandboxes) kat evromilel TG TMpoome-
Adoeig I/0 (pe xprion ptrace) kat v katdotaon Tov eptParlovrtog. Edv dev vrapEouy
ovykpovoelg egaptroewv (conflicts), Ta amoteléopata evowpatwvovtal 6To cOOTHHA
apyelwv (commit), Stagopetikd n extéheon avaipeital (rollback) kat emavalapfdaverat
[14].

10.3 IIpoomaBeia Yio0¢tnong

Onwg axkptpwg kat to PASH, 10 hS dev anautel Tpomomoinon kwdika. Qotdo0, To hS enekteivel avT
TNV TPOCEYYLON: 1] ATTOVCIA ETUOTHELWOEWY ONUALVEL OTL O XPOTNG S&V AMALTEL YVWDOT) TNG ECWTEPLKNG
Aettovpyiag Twv evtodwv mov kakei. Avto eival 8laitepa KPIOIHO OTNV TEPIMTWOT TWV TPOCAPUO-
OUEVWYV EKTENETIHWY, T OTIOIA CLX VA AVTIHETWTILOVTAL WG «pavpa KOUTLE». OTWG TIPOKVTITEL ATTO TNV
AvAALOT) TWV TIPOYPAUUATWY, TA EKTEAECLHO AVTA CUVIOTOVV TNV TAELOVOTNTA TWV EVTOAWYV TIOV EUPa-
vifovtau ota vro e&étaon oevapia. Emmiéov, oe apkeTég mePIMTWOELG EVTATTOVTAL O¢ e§eldIKeEvpEVA
vroloytoTika media Ta omoia dev eival amapaiTNTA OIKEIA 08 YEVIKOUG TTPOYPAHUUATIOTES, OTIWG Yia
napadetypa ta epyadeio mov mepthapPavovtal 0to bio mov avijkovy oTov Topéa TNG PromAnpogopt-
kn6. Evi oe dAla ovotripata o xpriotng Ba émpemne va avalboel XelpokivTa Tn CUUTEPLPOPA AVTDV
TV Tpoypappatwv (T.x. mowa apxeia StaBalovv 1) Tpomonolovv), To hS emTpENEL TNV AUTOUATN TaL-
PAAANAN ekTéNEDT] TOVG HEOW TNG LTTOOETIKNG eKTENEONG EKTOG O€lpdG. To oboTnpa avalapPdvet T
StaopdAion g opBoTNTAG, TpoPaivovtag avtopata oe avaipeor (rollback) Tng extéleong povo edv
avixvevBel Suvapikd pa TPAYHATIKE oVYyKpovon eEapTrioewy, Xwpig emmAéov mapéuPacn amod Tov
XPnot.

KaBwg 1o hS Bpioketat avtn T oTiyur vio evepyn avamntoln, yia Ty mapovoa afloAdynomn xpnot-
pomowmOnke éva mpwipo mpwtdTLTO (early-stage prototype) mov mapaxwpnOnke and Tovg dnpovpyods
Tov. o TNy ekTéAeon Twv oevapiwv Tov KOALA, Ta peTponpoypdppata mapéuetvay apetapAnta, pe
povadikn Tpomomnoinon Tov oplopd Tng peTaPAntnig meptpdAlovtog:

KOALA_SHELL="hs”

Q0T1600, AOyw TNG MELPAUATIKNAG PVONG TOL epYaleion, OEV NTAV EPIKT 1 EMTLXNG EKTEAEOT) OAO-
KAnpng ™ oovitag KoALA. Ita ovvola 6nwg ta analytics, bio, ml, nlp, unixfun, weather kat web-

66



Xpoviko Brjpa  Evépyeia Xpovodpopoloyntn hS oto Ilapacknvio

t Exkivnon H1(2000): Exteheitat kavovikd, kabwg eivat n Tpwtn €vTOoAn Tng o€t-
pag.

4 YrnoBetikn extéAeon: Evapén twv H2(2000) kat H3(2000) o amopovwuéva mept-
BaAlovta. Ot avayvaoels/eyypapég Toug LyvnlatovvTal.

ty To kéAv@og mpoxwpd 010 eMOEVO £T0G (y=2001). Eekivan vobetikry H1(2001)
gv oL H2/H3 Tov 2000 ekteAohvTaL akdun.

t3 H H1(2000) ohokAnpwvetat e mrvyia.

t H H2(2000) ohoxAnpavetat To cvotnua ehéyxet Ta ixvn I/O kat Stamotwvet
o1t dev vdpyovv ovykpovoelg pe v H1 — Opiotikomoinon (Commit) twv
aAAaywv TNG 0TO TPAYHATIKO OVOTNHA APXELWY.

ts H H3(2000) ohokAnpwvetat. Opoiwg dev avixvevovtal ovykpovoelg — OploTt-
komoinon (Commit).

t O Bpoxog ovvexiletar, €xovtag mpakTikd emkavyet (overlap) Tov xpovo exté-

AEONG TWV EMUEPOVG EVTOAWY.

IMivakag 10.1: Aettovpyia Tov xpovoSdpopoloynti tov hS 010 oevdplo weather. Ot H1, H2 kat H3

AVTLOTOL(OVV OTIG TPELG AVeEAPTNTEG CWANVWOELS EVTOG Tov Ppodxov for.

search, 1o hS ekTéAeoe EMTUXWG TOVAAXIOTOV £Va VTTOGVUVONO TV oevapinv. AVTIOETWG, Ta VTTOGV-
vola ci-cd, file-mod, inference, oneliners, pkg kat repl anokAeiotnkav mARpwg and v aglo-

Aoynon Tov kS, kabwg 1 extéheot| Toug eite dev oAokAnpwbnke emtvxwg eite maprnyaye Aavlaopéva
anotehéopata e§attiog TnG aduvapiag Tov TPWTOTVTIOL Va SLAXELPLOTEL TIG OLYKEKPLHEVESG SOUEG TOVG.

10.4 Avdlvon Anodoong

[la TNV amotipnon Tov CLOTNPATOG, EOTIACAUE OTA HETPOTPOYPAHUUATA TIOV EKTEAECTNKAY ETUTV-
x@¢. Ta amotedéopata amotvnwvovtal 6To Xxfpa 10.2.

6

1 1 | 1 |

m,
%

Zxfua 10.2: ZxeTikég emTayvvoels Tov hS ota petponpoypaupata tng covitag Koara. To cbotnpa
npoo@épel aftohoyeg emrayvvoelg otav ot tpoPAéyels emPefatwvovTat, aAld TipwpeiTaL
AVOTNPA Ao TO KOGTOG LYVNAATNONG O¢ [KpEG Slepyaoie.

H avélvon avédeike OtL To hS mpoo@épel onpavtikd ogéln oe cevapta mov mepthapBavovy ouv-
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TAKTIKEG TIEPLOXEG Xwpig alnAegapTroels. Ot emtaybvoelg kupaivovtat and 1.53x é¢wg 4.97x%, pe ta
ovvola analytics kat unixfun va Bpiokovtat ota §Ho dxpa avtod Tov eVpoLG avtioTorya. AN pe-
TpoTIpOypAUpaTa TTOV TIapovaiacay afloonueiwTeg emrtaxvvoelg meptlapPavooy ta weather (1.64x)
Kat bio (2.10x). Zta oevdpla avtd, ot voBeTikég eVTOAEG Aettovpyoby oe aveEaptnta apxeia, pe amo-
TéAeopa ot TpoPAéyelg Tov xpovodpopoloynth va emiPePatwvovTtal cvotnuatikd (VYnAo speculation
hit rate), emtpénovtag oto ocVOTNUA VA ATOKPVYEL TANPWS TIG KABVOTEPTOELG TOV GLOTHUATOG ap-
Xelwv.

Xtov avtinoda, oevdpla oV EUTAEKOVV ApedeS eEapTroels ueTadd Twv atadivv Sev undpesav va
enw@eAnBovv and tnv vroBeTikr TPOTEYYyLoN. Ze avTd Ta oevdpla onpelwdnkav coBapég empPpadivv-
O¢LG, oL omoieg kvpdvOnkav and 0.97x (oto covid) £wg kat 0.47x (oTo web-search), StapoppwvovTog
évav ué€co 0po emiPpaduvong 0.72X yla aUTEG TIG KATNYOPIEG.

Avtég ot emPBpadivvoelg pmopody va anodobovv kupiwg aTovg effig mapdyovTeg:

1. Yvxvég Akvpwoetg (Rollbacks): Otav ta oevapia xapaktnpifovtal and oxvpés, dpeoes egap-
toelg Sedopévwy, n vtobetikn extédeon dev amodeikvietal amoteAeopatikr, odnywvTtag oe
K00TOPOpeG Stadikaoieg akbPwWONG Kot EMAVEKTENEONG.

2. Kootog Anopdvwong kat Ixvnhatnong (Isolation & Tracing Overhead): To hS Paciletat oo
ptrace yia TNV mapakoAovOnon Twv KAOEWV CLOTHHATOG KAl € EMKAAVTITOHEVA CVOTHHATA
apxelwV yla TNV anopovwor). Ze poptovg epyaciag e TOANEG ypriyopes, Bpaxvpieg Siepyaoie,
T0 KOOTOG evahAayng eptPaArovTog yia TV iyvnhatnon kdbe I/0 kArong emkpartel, vmoPabd-
piCovtag v anodoon.

TéNog, n mpooyylon meplopileTal amd eVIOAEG e [N EIKOVIKOTIOOLUES TIAPEVEPYELES, OTIWG 1 Ot-
KTLakn emkowvwvia (curl, wget), ot omoieg v Hmopovv va ekTeAeoTOVV TpoKATABOAIKA Kat va aval-
pebobv xwpic ovvémeles.

10.5 Xvvoyn

To hS vodetkvvel OTL OL apyég TNG EKTEAEONG EKTOG GELPAG UTTOPOVV VA EQAPHOCTOVYV (Le EMITUXIA
0TO Minedo TOV AeLTOVPYIKOD GLOTAHATOG Kat Tov keAbovg. H ikavotntd tov va emtayxdvel adia-
avr) Tpoypappata xwpic kapio mapépPacn and tov xpriotn anotelei onpavrikn e&EMEn pog v
TN PN avtopatonoinon. Qotooo, Ta gvpripata g oovitag Koara vroypappiCovy 011, otny tpéXovoa
TIELPAWATLKT) TOV HOP@PTY, 1) VYNAT) VTOAOYLOTIKT EMPAPVVOT) TWV UNXAVIOUWV TTapakoAovBnong kat ot
KVpwoelg and Tig Aavhaopéves vobeTikég exTeéoelg amotehoy onpavTikd eunddia mov xprfovv me-
paITépw PEATIOTOMOINONG Yl YEVIKEVHEVT XPTiOT).
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Kegdalaio 11

Xvumnepaocpata

H ovotnuartiki avévon péow g oovitag KOALA avadelkviet OTL ) eMTAXVYVOT TPOYPAUUATWY
KeADPOVG dev pmopei va avTipeTwmiotel wg éva povodidotato mpoPAnpa maparAnAiopod, aAld wg
évag oVVOeTOG XWPOG OXeSLAOTIKWY EMAOYWDV TTOV e&apTdTal amd Tn GO TWV PopTiwV epyaciag, TN
onuactoloyia Twv evtodwv kat Tn doun Twv idlwv Twv oevapiov. O ovvELACHOS oTATIKOV Kat Ov-
VA[UKOD XAPAKTNPLOUOD TWV UETPOTPOYPAUUATWY, KABWDG Kal 1) eQappoyr TOANATA®Y CLOTHHATWY
ETUTAYVVOTG TPOTPEPOLVYV (Lt OAOKATPWHEVT] EIKOVA TOV XWPOL PEATIOTOTOINOTG TOV KEAVPOUG.

11.1  Awgopetikég Zrpatnykés Ektédeons kat ta Opia tovg

H epappoyn twv ovotnuatwy zsh, Shark, GNU parallel, PASH kat hS o1n covita KoaLA Seiyvel
OTL KABE TTPOTEYYLON Elval AMOTENECHATIKT 0€ SLAPOPETIKEG KATNYOPieg Tpoypappdtwy Kat aflomotei
SapopeTikég evkatpieg PeAtioTonoinong.

+ Eval\aktikog diepunvéag (zsh): H anAn avtikatdotaon tov Stepunvéa ektédeong dev odn-
Yei o€ ovOLAOTIK HeTABOAN TNG anddooNG TwV OEVapiwY, YEYOVOG IOV VTTOSNAWVEL OTL 1) €TiL-
Aoyn Sagpopetikov dieppnvéa Sev elodyetl mpooetn emPapuvvon Katd TNV eKTENEOT) TPOYPAL-
pdtwv keAvgovs. H avdnuévn mapapetpomomotpdtnta kat ta nponypéva dtadpaotika xapa-
KTNPLOTIKA TOV zsh umopodv va vioBetnBovv xwpig va emnpedletal apvntikd n anddoon twv
VTIOAOYLOTIKWYV GEVAPIWY.

« Yvvtaktikoi petaoynuatiopoi (Shark): To Shark emrvyydvet onpoavtiké emraybvoelg o€ oeva-
pla pe aveEdptnTeg EMaVAAVELS 1) aywYoLs eVTOAWY, BAvovTag éwg kat 13.43X og opLopéveg
nepntwoelg. Ta o@éAn pewwvovtatl 6Tav ot aywyoi dedopévwy eival 11dn PeAtiotonompévol 1
otav ot eaptroelg petadd otadiwvy neplopifovv Touvg Stabéopovg HeTAoXNHATIONOVG.

+ Xepokivnrog mapariniiopog (GNU parallel): H xprion tov GNU parallel amodidet tdai-
Tepa kald oe epyacieg évtovng eloodov/eE6dov 1) oe Bpdxovs xwpic alAnle§apTroets, pe péoeg
eTUTAXOVOELG TiEpimov 2.6X. 20TO00, analtel XEpokivnTn TPOTOTOINCT TWV TIPOYPAUUATWY, YE-
Yovog mov meplopilet Tn yevikoTnTa TG TPOOEYYLONG.

+ IapaAAnlomoinon pe yvwon evrodwv (PASH): To PASH emitaxbvel avtopata oevapla mov me-
PLEXOLY AYWYOUG EVTOAWY, OUWG 1] ATTOTEAECHATIKOTNTA Tov efapTatat and T Stabecpuotnta
ETONUELWOEWY KL ATIO TO KATA TTOCO TO TPOYPAUA EUTITTEL GTO LOVTEAO TTapaAAnAoToinong
7oL VITooTNpileL.

« Extéheon extog oetpag (hS): To hS mpooépet opéAn o€ mepmTwoelg e ave§aptnra otddio vio-
Aoytlopov, aAa n anddoor} Tov ennpedleTal anod To KOGTOG AMOUOVWONG Kal LYVNAATNONG Kat
mv vrap&n egaptroewy, odnywvtag o aotdbeta 1) akopn kat emPpadiivoelg o€ opLopEva Tpo-
ypappata.

Yuvolikd, @aivetat 0Tt dev vapxet pia kabolkd PEATIOTN TEXVIKN emTd LVONG kKdbe ovoTNHA
aglomolel SLaPOPETIKA XAPAKTNPLOTIKA TOV KEADYOVG Kat ePavilel SlapopeTIkovG TEPLOPLOHOVG.
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11.2 TToAvpopgia XvpumepLpopds

H ovvtaktikr avéhvon deiyvet 6Tt Ta Tpoypappata KeEADPOUG AelTovpyodV Kupiwg wg HNXAVIoUOG
gvopxnotpwong e§wtepikwy epyaleiowv. ITapdtt ot mo cvxvEég evTohég mpogpxovtat and POSIX epya-
Aeia kat GNU Coreutils, T0 54% TwVv HOVASIKWV EVTOADV OTA HETPOTIPOYPAUHATA AVTIOTOLXEL O€ TIPO-
OappoopéVa eKTENEDLHA 1) GUVAPTHOELS XPNOoTWV. To yeyovog avTo emPePatwvel OTL TA TPAYHATIKA
TPOYPAUHATA KEADPOLG AELTOVPYODV KUPIWG WG GVVETIKOG UNXAVIOUOG TIOV EVOTIOLEL ETEPOYEVT| TIPO-
ypappata. H 1di6tnta avtr Suokolevel TG 0TaTIkEG TEXVIKEG PeATIOTOTOINONG, KABWG ) CLUTEPLPOPA
HeyAAov pEPOvG TV EVTOADV TaPaEVEL adla@avig ylo To OVOTNA emTAXVVONG [16].

O duvapukdg XapakTnpLopoG amoKaADTITEL OTL Ta gopTia epyaciag Tov KOALA kalbmTovv gvpy
QACUA CUUTIEPLPOPWY WG TPOG TOV XPOVO EKTEAEOTG KAt TH) XP1OT) TOPWY.

« O xpovog xpnong eme€epyaotn kKupaivetat and SevtepOAenTa £WG WPES.

« H xprion pviiung kat to ouvoAiko péyeog eloodov/eEodov Stagépovv katd apketég Takel -
y€0ovg.

« TToANG poypappata Kuptapxovvtal anod eEwTeptkég eVIOAES, evw aAla Samavodv onpavTiko
XpOvo otov idlo Tov diepunvéa Tov kKeAbQovg.

H noucihia avtry e€nyel yrarti texvikég mov eotialovy amokelotikd otov maparAnAiouo Sedopévwv
dev amodidovv opolopopea oe OAa Ta petponpoypdupata. To kEAV@OG XpnotpomoLeiTal OxL LOVO yla
enefepyaoia dedopévwv alld kat yia evopxnotpwon cOVOETWY EPYAcLwV CLOTAHATOG.

11.3 H Afia ¢ Zvotnpatiknig A§lodoynong

H amovoia kaBlepwpévwy LETPOTPOYPAHUUATOY ATTOTEAOVOE O HAVTIKO EUTOSI0 OTNV €pevva ETL-
Taxvvong Tov keAbgovg. H oovita KoaLA mapéxet:

+ pealloTIKa QopTia epyaociag pe mpaypatika dedopéva,
* QUTOUATOTONUEVT] EYKATACTAOT) KL EMKVPWOT] ATOTEAECUATWY,
« avamapaywyn vrodoun aftohoynong,

« gVpela KAALYT CUVTAKTIKWV KAl SUVOUIKDV XAPAKTNPLOTIKWDYV.

H e@appoyn tng oovitag oe StagopeTikég mpooeyyioelg emtdyvvong avédeiEe tn onpacio g aklo-
AOYNONG LTIO KOLVEG KAl AvATIapaywYLpeg oVVONKEG, EMTPEMOVTAG TN CAPT ATOTVTIWOT] TWV OVLUPL-
Baopwv petald anddoong, moAvmhokdTnTag vAoMoinong kat mpoomddetag vioBétnong. Emopévawg, n
VTapPEn HLaG CLUOTHATIKAG KAt KOWVE amodekTng covitag eivat amapaitnt ya dikateg ouyKpioelg kat
a&lomotn mpoodo ato nedio.

11.4 XvvoAikn Amotiunon

H avélvon péow g oovitag katadetkviel 0Tt To kéAvpog UNIX amotelel £va idiaitepa eTepo-
yevég meptBdAlov ektédeons. Ta StapopeTikd optia epyaciag, ot e§wtepikés eVTOAEG Kat 1) TOIKIAia
Suvapkwv ovpnepipop@v kablotovv SuokoAn Ty Hapén pag eviaiog oTpaTnykng emtdyvvong. H
ovpPolr] Tov KOALA £ykettal 0To OTL EMITPETEL, YA TPWTH YOPE, GLYKpion Kat ovoTnuatikr aflo-
AOYNoN CLOTNUATWY ETUTAXVVOTG 08 PEAAOTIKA OEVAPLA, AVASEIKVDOVTAG TOOO TIG dSuvatdTnTEG 600
Kol Ta OpLi TOUG.
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Kegdalaio 12

MeAlovtiko Epyo kot Zvunepaouata

H napobdoa SmAwpatikr ONOKANpWVETAL EXOVTAG TTAPOVOLATEL, AVAAVOEL KAt a§LOTIOLOEL TN GoviTa
KoALA. Méoa amo Tn ovoTnpatikn LEAETN TwV SOUK®V XAPAKTNPLOTIKWY TOL keAV@ovg UNIX kal TOV
EVTOTIOUO TWV TIPAKTIKWYV TEPLOPIOUWY TWV VYLOTAUEVWY ETUTAXVVTWV UTOPEL KAVEIG VAL KATAVOT|OEL
Tt kaBloTd TN PeATIoToMOINOT TOV KEAVPOUG Eva TOGO GVVOETO TPOPANUA (e ONUAVTIKEG TEXVIKEG TIPO-
KANoelG. Ze avTo TO TEAKO KEPAAALO, OKLOYPAPOVVTAL Ol EPEVVNTIKEG KATEVOVVOELG IOV avoiyovTal
yta to péAAov kat ouvoyilovtal Ta TEAKE CLUTEPAOHATA TNG EPYATIAG.

12.1 MeAovtiko Epyo

H vnodopr| kat Ta evpripata tng mapovoag epyaciog avoiyovv moAanlég katevfivvoelg yia
peAAovTikn €pevva.

Enéktaon g Xovitag pe Néa Motiffa Epyaciov

[Tapott n covita KOALA kalvmTel N8N éva evplh QACHA EQAPUOYWY, VEEG KATNYOPIES TeEVApiwY
UTTOPOVY VA EVIOCYXVOOLY TIEPAUTEPW TNV AVTITPOCWTEVTIKOTITA TNG:

« Xevdpla évrovng Siktvakng alknAenidpaong: Zevdpia mov Bacilovtal oe GuveXT EMKOWVWVia
LLE ATOUAKPVOUEVEG VTN PEOiEG 1) 0€ GLYXPOVIOHO dedopévwy Ba emétpenay Tn peAéTn cLoTNUA-
Twv 6mov 1 kabvotépnon Siktvov (network latency) kvplapyei Evavtt Tov Tomikov I/0.

« Mn VTETEPUIVIOTIKEG EKTEAETELG: ZEVAPLA TIOV e§APTWVTAL ATIO TUXAUOTHTA 1) AT TN SUVALLKT
KATAOTAOT TOV GUOTHHATOG HTOPOoLV va avadeifouy Tovg mepLopLoponG TEXVIKWY TapdAANANgG
EKTENEONG KAl EKTENEOT|G EKTOG OELPAG, OL oTtoieg Pacilovtat oe akpiPeic mpoPAéyelg.

« Aadpaotikég ovuvedpies: H povtelomoinon tng mpaypatikns, Stadpactikig xprong Tov keAv-
@ovg Ba emiTpéyel Tn pehétn Tov Xpovou amokpiong (latency) kat Tng cvvolikng epmetpiag xpn-
ot (QoE).

A§LoAoynon Néwv ApXITEKTOVIK@OV ZVOTNHATOVY

H mowcthia twv petpompoypappdatwy kabota to Koara davikod ya v aftohoynon véwv katn-
YOPLOV CUGTNUATWY, TEEPA AT TNV TOTIKT EMUTAXVVOT Ot £vav KOpPo:

+ Katavepnuéva shells: Zvotripata 6nwg 1o D1SH [11] kau to POSH [1] emtpénovy Tnv ektéAeon
TPOYPAPHATWY KEAD@OUG oe ToANamAovg kopPovg (clusters). Metpompoypappata pe peydho
OyKo SedolEvwV TIPOTPEPOLY TO PLOIKO eSO A&LOAGYNONG TOL KOOTOVG £VAVTL TWV OPEAWDV
™G SIKTLAKNG KATAVOUNG.

+ Avoxn 0@QAAPATWV Kal OUVEXLOT) EKTEAEONG: ZVOTHHATA OTwG To FRACTAL [12] elodyovv pn-
Xaviopovg emavagopds (checkpointing) kat ovvéxetag. Makpoxpova LETPOTPOYPAHUATA TNG
OO0LITAG UTTOPOVV VA XPNOLHOTOINB0DV yla T HETPNON TNG TPAYUATIKNG EMPAPLYVONG AVTWY
TWV TEXVIKAOV AVOXHG CQAAUATWY.
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Yxedraopog Enopevng I'eviag BeAtiotonomntwv

Ta gvprpata amo Ty eQapHOYr TWV CLOTNHATWY VTTOSEIKVDOVY BaCIKEG KATEVOVVOELG Yla TOVG
BeATIOTOTONTEG TNG EMOHEVNG YEVLAG:

« IIponypévn otatkn avalvon: [Ipooeyyioelg 6nwg avth mov mapovotdletat oto [100] oToxeD-
0LV 0TIV KAADTEPT KATAVONOT| TNG ONUACIOAOYIAG TWV GEVAPiwY KEADPOVG, YEYOVOG IOV UTOpEL
VA PELWDOEL TNV AVAYKT) Yl EMOHELWOELG 0€ Suvapikd cvoThpata Ows To PASH.

« Meiwon k6atovg mapakolovdnong: H eumnetpio and 1o hS vmodetkvieL TNV avaykn yla peta-
kivnon g txyvnAatnong (tracing) and to eminedo xprjotn (m.x. FUSE / ptrace) amevBeiag oto
eninedo tov muprva (.. péow eBPF), pewwvovrag tnv vohoytotikny emPdpvvon (overhead)
KATA TNV KALPOOKOTIKT) EKTENEOT).

« Beltiotonoinon e1008ov/e§68ov kat xwpov: H amodotikn dtaxeipion tng pong dedopévwy, n
EAAYLOTOTIOMNOT TWV TPOCWPLVWYV apXeiwv Kat 1 BeAtioTonoinon xprong uvhung eivat e§icov
ONUAVTIKEG HE TOV TTAPAAANALOUO TOV VTTOAOYLOTIKOV QOPTOL.

12.2 Telkd Zvunepdopata

H napovoa Simlwpatikn epyacia katédei&e 0Tl T0 kKEAPOG anotelel Eva TAODOLO, ETEPOYEVEG
Kat TOAVTAOKO LITOAOYLoTKO TIEpLPaAlov. H ovotnuatik avélvon kat a§toddynon péow tov Koara
EMETPEYE TN XAPTOYPAPTOT TWV TPAYUATIKDV XAPAKTNPLOTIKWY TWwV GevapiwV keAb@ovg, Tn Sikain
OVYKPLOT] SIAQOPETIKWY CLOTNUATWY EMTAYLYVONG Kat TNV avadeln Twv oxedaotikdv cupfipacpwy
IOV ATICUTOVVTAL.

Jvvovilovtag, Ta tpia KopuPikd cvpmepdopata avthg TG Simhwpatikng epyaociag eivat ta e&ig:

1. Aevvmapxet «xpvor tour» (silver bullet): H mowthia ot Suvapkn ovpmepipopd, and oevapia
devTepoAénTwY £wg PopTiat WpWV Kal amd eAAXLOTN £wG TEPAOTIAL XPHOT HVIHNG Kal AelTovp-
YoV e10080v/e€680v, amodetkvieL OTL Kapio HEHOVWEVT OTPATNYIK eTTAYVVONG eV pmopei
va KaAOYeL OAEG TIG AVAYKEG.

2. To mpoPAnpa Twv «pavpwv kovtiwv»: To kKEAVQOG AetTovpyel Kupiwg WG YA\wooo evopxRoTpw-
one. H extetapévn egaptnon anod npooappoopéva, e§wtepikd ektehéotpa KabloTd Tig Texvikeg
nov Bacifovtal aoTnpd o€ TPOVTAPXOVOES ETOUELWOELG UI) TIPAKTIKEG YL YEVIKEVHEVT] XPTIOT),
vnoypappifovtag Ty avaykn yia Suvapkr avéivon.

3. O ovpPipacpog (trade-off) petagd mpoonadeiag vioBtnong kat tedkns anddoong: Eva n xet-
pokivntn mapaAlnlonoinon pmopei Bewpntikd va mpooeyyioet Ta YA enineda anddoong,
eTPAAAEL EVaL ONUAVTIKO TPOYPAUUATIOTIKO KOOTOG. XTOV avtinoda, n avtopatomotnuévn Bel-
Tiotomnoinomn (0mwg n petaylwttion JIT tov PASH kat 1) extéheon ekTog oelpdg Tov hS) Mapéxet
{LOL TLO TIPAKTIKY EVAANAKTIKT), TPOGPEPOVTAG ONUAVTIKEG ETUTAYVVOELG pe ENAXLOTN €wG unde-
vikr) mtapépPaoct otov mnyaio kwdika. QoTO00, N TPOGEYYLON AVTH OCLVOJEDETAL ATIO VEEG TIPO-
KANoeLg, kabwg Ta ovoTrHpata KakodvTat va avTioTaduioovy To eyyevéG KOGTOG TNG SUVAULKNG
EVOPXNOTPWONG AMEVAVTL 0TA 0PENT TOL TaparAnAtopov. To yeyovog avto avadeukvoet T Sia-
QaVT), AVTOUATN ETUTAXVVOT] ASLAPAVAY EVTOAWY WG EVOL GIUAVTIKO epEVLVNTIKO (TNua yla TO
KEAVPOG.

Tehikd, n Tpdodog otV épevva yia 1o KEAPOG eEapTdtan apesa and TNy VITAPEN KOV, PEANLOTL-
KOV kat avamapaywypwy mhatoiov. To KoaLa Swatifetat wg epyaleio avoktol kMK, VM 1) HOVIUN
apxetofétnon twv dedopévwv eloodov kat Twv e§aptroewy dtaopalifet tn pakponpdBeoun avanapa-
YWYIHOTNTA TwV anmoTeAeopdtwy. Méoa amd avtd Ta xapakTnploTikd, n oovita KoarLa glodolel va
AmOTENETEL TO AMOAVTO ONpeio avapopds, ovpBarllovtag otn StapopPworn evog otabepod mhatoiov
yla o OLOTNHATIKN, SiKatn Kat oVyKpiotpn HeAAOVTIKT) EpELVa GTOV TOEQ.
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Mapdptnua A

[apadeiypata Xevapiowv Ymodoung yia to oUvolo weather

#!/bin/bash

sudo apt-get update
sudo apt-get install -y --no-install-recommends curl \
wget \
unzip \
coreutils \
gzip \
gawk \
sed \
findutils \
git \
python3 \
python3-pip \
python3-venv

pip install --break-system-packages --upgrade pip
pip install --break-system-packages \

numpy \

matplotlib

Kaoducag A.1: ITapaderypa oevapiov install. sh yia To cvvolo weather.

#!/bin/bash

TOP=$(git rev-parse --show-toplevel)

eval_dir="${TOP}/weather”
input_dir="${eval_dir}/inputs”

URL="https://atlas.cs.brown.edu/data’
URL=$URL/max-temp

FROM=2000

T0=2015

n_samples=99999
suffix="full”
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mkdi
size
for

done
if [

fi
if [

fi
if [

o
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r -p ”${input_dir}”
=full

arg in ”$@”; do

case "$arg” in
--small) size=small ;;
--min) size=min ;;
esac

[ ”$size” == ”min” ]7; then

if [[ -f ”$input_dir/temperatures.min.txt” && -f

o "$input_dir/tuft_weather.$size.txt” ]]; then
echo ”Data already downloaded and extracted.”
exit 0

fi

min_inputs="$eval_dir/min_inputs/”

mkdir -p ”$input_dir”

cp -r ”$min_inputs”/* ”$input_dir/”

python3 $eval_dir/scripts/generate_input.py $input_dir/tuft_weather.$size.txt

» --size $size

exit @

[ ”$size” == ”small” ]]; then

if [[ -f ”$input_dir/temperatures.small.txt” && -f

o "$input_dir/tuft_weather.$size.txt” ]]; then
echo ”Data already downloaded and extracted.”
exit 0

fi

data_url="${URL}/temperatures.small.tar.gz”

wget --no-check-certificate ”$data_url” -0

”$input_dir/temperatures.small.tar.gz” || {
echo ”Failed to download $data_url”
exit 1
}
tar -xzf ”$input_dir/temperatures.small.tar.gz” -C ”$input_dir” --no-same-owner
> |1 {
echo ”Failed to extract $input_dir/temperatures.small.tar.gz”
exit 1
}

rm ”$input_dir/temperatures.small.tar.gz”

mv ”$input_dir/inputs/temperatures.small.txt”

o "$input_dir/temperatures.small.txt”

rm -rf ”$input_dir/inputs”

python3 $eval_dir/scripts/generate_input.py $input_dir/tuft_weather.$size.txt
~ ~--size $size

exit @

[ -f ”$input_dir/temperatures.full.txt” && -f
"$input_dir/tuft_weather.$size.txt” ]7]; then
echo ”Data already downloaded and extracted.”
exit @
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fi
data_url="${URL}/temperatures.full.tar.gz”
wget --no-check-certificate ”$data_url” -0 ”$input_dir/temperatures.full.tar.gz” ||

- {
echo ”Failed to download $data_url”
exit 1
3
tar -xzf ”$input_dir/temperatures.full.tar.gz” -C ”$input_dir” --no-same-owner || {
echo ”Failed to extract $input_dir/temperatures.full.tar.gz”
exit 1
}

rm ”$input_dir/temperatures.full.tar.gz”

mv "$input_dir/inputs/temperatures.full.txt” ”$input_dir/temperatures.full.txt”
rm -rf ”$input_dir/inputs”

python3 $eval_dir/scripts/generate_input.py $input_dir/tuft_weather.$size.txt

~ --size $size

Kwdikag A.2: TTapaderypa oevapiov fetch. sh yia to ohvolo weather.

#!/bin/bash

TOP=$(git rev-parse --show-toplevel)
eval_dir="${TOP}/weather”
outputs_dir="${eval_dir}/outputs”
scripts_dir="${eval_dir}/scripts”
input_dir="${eval_dir}/inputs”
export LC_ALL=C
size=full
selected_scripts=""
while (($#)); do
case $1 in
--small) size=small ;;
--min) size=min ;;
-s|--scripts)
shift
while (($#)) && [[ $1 != -x ]]; do
selected_scripts+=" $1”
shift
done
continue
esac
shift
done

KOALA_SHELL=${KOALA_SHELL :-bash}
export BENCHMARK_CATEGORY="weather”

should_run() {
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script_name=$1
if [ -z ”$selected_scripts” ]; then

return 0
fi
for selected in $selected_scripts; do
if [ ”$selected” = ”$script_name” ]; then
return 0
fi
done
return 1

}
if should_run ”max-temp”; then
echo ”max-temp”
export input_file="${input_dir}/temperatures.$size.txt”
export statistics_dir="$%outputs_dir/statistics.$size”
mkdir -p ”$statistics_dir”
BENCHMARK_INPUT_FILE="$(realpath ”$input_file”)”
export BENCHMARK_INPUT_FILE
BENCHMARK_SCRIPT="$(realpath ”${scripts_dir}/temp-analytics.sh”)”
export BENCHMARK_SCRIPT
$KOALA_SHELL ”$scripts_dir/temp-analytics.sh”
echo ”7$?”
fi
if should_run ”tuft-weather”; then
echo ”tuft-weather”
export BENCHMARK_SCRIPT="$scripts_dir/tuft-weather.sh”
export BENCHMARK_INPUT_FILE="$input_dir/tuft_weather.${size}.txt”
mkdir -p ”$outputs_dir/$size”
$KOALA_SHELL ”$BENCHMARK_SCRIPT” ”$BENCHMARK_INPUT_FILE” ”$size” >
» "$outputs_dir/$size/turf_weather.log”
echo ”7$?”
rm -rf ”$outputs_dir/$size/plots” || true
mkdir -p ”$outputs_dir/$size/plots”
if [ -d ”$eval_dir/plots” 7; then
mv ”"$eval_dir/plots”/* ”$outputs_dir/$size/plots/”
fi
fi

Kwdwkag A.3: ITapaderypa oevapiov execute. sh yia to obvolo weather.

#!/bin/bash

TOP=$(git rev-parse --show-toplevel)
eval_dir="${TOP}/weather”
size="full”

generate=false

selected_scripts=""
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while (($#)); do
case $1 in
--generate) generate=true ;;
--small) size=small ;;
--min) size=min ;;
-s|--scripts)
shift
while (($#)) && [[ $1 != -x ]7; do
selected_scripts+=" $1”
shift
done
continue
esac
shift
done

statistics_dir="${eval_dir}/outputs/statistics.$size”
correct_dir="${eval_dir}/correct-results/statistics.$size”

should_run() {
script_name=$1
if [ -z ”$selected_scripts” ]; then

return 0
fi
for selected in $selected_scripts; do
if [ ”$selected” = ”$script_name” ]; then
return 0
fi
done
return 1

}
if $generate; then
if should_run ”max-temp”; then
mkdir -p ”$correct_dir”
cp -r ”$statistics_dir”/x ”$correct_dir”
fi
if should_run ”tuft-weather”; then
hash_dir="$eval_dir/hashes/$size”
hash_file="$hash_dir/tuft-weather.hash”
plot_root="$%$eval_dir/outputs/$size/plots”
mkdir -p ”$hash_dir”

find ”$plot_root” -type f -name ’'x.png’ ! -path ’*/tmp/*’ -print@ | sort -z
o | tr ’\@’ ’\n’ > ”$hash_file”

fi

exit @

fi

if should_run ”max-temp”; then
diff -q ”"$statistics_dir/average.txt” ”$correct_dir/average.txt”
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60 echo average.$size $?

61 diff -q ”$statistics_dir/min.txt” ”$correct_dir/min.txt”
62 echo min.$size $?

63 diff -q ”$statistics_dir/max.txt” ”$correct_dir/max.txt”
64 echo max.$size $?

s fi

66

&7 if should_run ”tuft-weather”; then

68 hash_dir="$eval_dir/hashes/$size”

69 hash_file="$hash_dir/tuft-weather.hash”
70 plot_root="$%$eval_dir/outputs/$size/plots”
71 all_exist=true

7 while IFS= read -r filepath; do

73 if [ ! -f ”$filepath” 7J; then

74 echo ”"Missing: $filepath”

75 all_exist=false

76 fi

77 done < ”$hash_file”

78 if [ ”$%$all_exist” = true 7]; then

79 echo ”tuft-weather 0”

80 else

81 echo ”tuft-weather 1”

82 fi

g3 fi

Kwdikag A.4: TTapaderypa oevapiov validate. sh yia 1o cvvolo weather.

1 #!/bin/bash

3 for arg in ”$@”; do

4 case "$arg” in

5 7-f7) force=true ;;
6 esac

7 done

s TOP=$(git rev-parse --show-toplevel)
9 input_dir="${TOP}/weather/inputs”

10 outputs_dir="${TOP}/weather/outputs”
nu rm -rf "${outputs_dir}”

2 if [ ”$force” = true ]; then

13 rm -rf 7${input_dir}”

u fi

Kadwcag A.5: ITapaderypa oevapiov clean. sh yia To cvvolo weather.
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Mapaptnua B

IM\npeg Ipoypappa Kehvgovg mov Iapayetat and 1o PASH

yla To mapaderypua weather

#!/bin/bash

cd ”$(dirname "${0}”)”
[ -z ”"${PASH_TOP}” ]
rm_pash_fifos() {
rm -f /tmp/xUz5/fifo9
rm -f /tmp/xUz5/fifo10@
# ...similarly for the rest of the fifos...
3
mkfifo_pash_/tmp/xUz5/fifos() {
mk/tmp/xUz5/fifo /tmp/xUz5/fifo9
mk/tmp/xUz5/fifo /tmp/xUz5/fifol10
# ...similarly for the rest of the fifos...
}

rm_pash_/tmp/xUz5/fifos; mk/tmp/xUz5/fifo_pash_/tmp/xUz5/fifos; pids_to_kill="”

d="./data/temperatures”

{ r_split ”./data/temperatures/2000” 1000000 \ /tmp/xUz5/fifo9 /tmp/xUz5/fifol10 & }

pids_to_kill="${!} ${pids_to_kill}”

{ r_wrap bash -c ’ cut -c 89-92 ’ 0< /tmp/xUz5/fifo9 > /tmp/xUz5/fifol11 & }

pids_to_kill="${!} ${pids_to_kill}”

{ r_wrap bash -c ’ cut -c 89-92 ’ 0< /tmp/xUz5/fifol1@ > /tmp/xUz5/fifo12 & }

pids_to_kill="${!} ${pids_to_kill}”

{ r_wrap bash -c ’ grep -v 999 ’ 0< /tmp/xUz5/fifol1 > /tmp/xUz5/fifo13 & }

pids_to_kill="${!} ${pids_to_kill}”

{ r_wrap bash -c ’ grep -v 999 ’ 0< /tmp/xUz5/fifol12 > /tmp/xUz5/fifo14 & }

pids_to_kill="${!} ${pids_to_kill}”
{ r_unwrap 0< /tmp/xUz5/fifol13 > /tmp/xUz5/fifo15 & }
pids_to_kill="${!} ${pids_to_kill}”
{ r_unwrap 0< /tmp/xUz5/fifol14 > /tmp/xUz5/fifo16 & }
pids_to_kill="${!} ${pids_to_kill}”

{ dgsh-tee -i /tmp/xUz5/fifo15 -o /tmp/xUz5/fifo20 -I -f -b 5M & }

pids_to_kill="${!} ${pids_to_kill}”

{ dgsh-tee -i /tmp/xUz5/fifo16 -o /tmp/xUz5/fifo21 -I -f -b 5M & }

pids_to_kill="${!} ${pids_to_kill}”
{ sort -r -n 0< /tmp/xUz5/fifo20 > /tmp/xUz5/fifol17 & }
pids_to_kill="${!} ${pids_to_kill}”
{ sort -r -n 0< /tmp/xUz5/fifo21 > /tmp/xUz5/fifol18 & }
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pids_to_kill="${!} ${pids_to_kill}”

{ dgsh-tee -i /tmp/xUz5/fifol17 -o /tmp/xUz5/fifo22 -I -f -b 5M & }
pids_to_kill="${!} ${pids_to_kill}”

{ dgsh-tee -i /tmp/xUz5/fifo18 -o /tmp/xUz5/fifo23 -I -f -b 5M & }
pids_to_kill="${!} ${pids_to_kill}”

{ sort -r -n -m /tmp/xUz5/fifo22 /tmp/xUz5/fifo23 > /tmp/xUz5/fifo6 & }
pids_to_kill="${!} ${pids_to_kill}”

{ head -n 1 0< /tmp/xUz5/fifo6 > ”"max.2000” & 7}

pids_to_kill="${!} ${pids_to_kill}”

#...

# For average calculation, replace the last two steps with:

r_merge intermediate_streaml intermediate_stream2 > merged_stream

# Process stateful commands sequentially (Reduce)

awk '{t+=$1; i++} END {if (i>@) print t/i}’ < merged_stream > ”avg.2000”
# Wait for completion, cleanup FIFOs, and exit

source wait_for_output_and_sigpipe_rest.sh ${!}; rm_pash_fifos;

(exit ”${internal_exec_status}”)

Kwdkag B.1: ITAfpeg mpoypappa keAd@ovg mov mapayetat and To PASH yua to mapaderypa weather
(--width=2). To mpoypapa avTd oLVTOVICEL TNV EKTEAEDT) TWV EVTOAWYV TOVL GEVApIOL,
Staxetpifetan Ta evOidpeoa apxeia kat TiG poég dedopévwy, Kat ekpeTaAleveTal Tov ma-
paAAnAopd 6mov eivat Suvatov.
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Mapaptnpa C

Kwdikag Zvykprtiknig A§toAoynong

C.1 Metponpoypappa count-trigrams

#!/bin/bash

IN=${IN:-$SUITE_DIR/inputs/pg}
OUT=${1:-$SUITE_DIR/outputs/4_3b/}
ENTRIES=${ENTRIES:-10007}
mkdir -p ”$0UT”
pure_func() {
input=$1
TEMPDIR=$(mktemp -d)
cat > ${TEMPDIR}/${input}.words
tail +2 ${TEMPDIR}/${input}.words > ${TEMPDIR}/${input}.nextwords
tail +3 ${TEMPDIR}/${input}.words > ${TEMPDIR}/${input}.nextwords2
paste ${TEMPDIR}/${input}.words \${TEMPDIR}/${input}.nextwords
o  ${TEMPDIR}/${input}.nextwords2 |
sort | uniq -c
rm -rf ${TEMPDIR}
}
export -f pure_func
for input in $(1s ${IN} | head -n ${ENTRIES} | xargs -I argl basename argl)
do
cat $IN/$input | tr -c ’A-Za-z’ ’\n’ | grep -v ”""\sx$” | pure_func $input >
o ${0UT}/${input}.trigrams
done

Kwdikag C.1: To oevapto count-trigrams. Xpnowomnolei mpoowpivd apyeia kal oelplakn eKTENEOT).

#!/bin/bash

IN="${IN:-$SUITE_DIR/inputs/pg}”
OUT="${1:-$SUITE_DIR/outputs/4_3b/}”
ENTRIES="${ENTRIES:-10003}”
mkdir -p 7$0UT”
pure_func() {

input_file="$1"

output_file="$2”

89



10 job_id=$(basename ”$input_file”)
1 tmp_dir="$0UT/.tmp_$$_${job_id}”; mkdir -p ”$tmp_dir”

12 f_rawl="$tmp_dir/rawl”; f_raw2="$tmp_dir/raw2”; f_raw3="$tmp_dir/raw3”
13 f_tail2="$tmp_dir/tail2”; f_tail3="$tmp_dir/tail3”

14 mkfifo ”$f_rawl” ”$f_raw2” ”$f_raw3” ”$f_tail2” ”$f_tail3”

15 tail -n +2 < ”$f_raw2” > 7"$f_tail2” &

16 tail -n +3 < ”$f_raw3” > 7"$f_tail3” &

17 paste ”$f_rawl” ”$f_tail2” ”$f_tail3” | sort | uniq -c > "$output_file” &
18 agg_pid=$!

19 tr -c ’A-Za-z’ ’\n’ < ”$input_file” | \

20 grep -v '*[[:space:]]1*$’ | \

21 tee "$f_raw2” 7$f_raw3d” > 7$f_rawl”

2 wait $agg_pid

2 rm -rf ”$tmp_dir”

1}

25 MAX_PROCS=$(nproc 2>/dev/null || echo 4)
26 job_count=0; processed_count=0
7 for file in ”$IN”/*; do

28 [ -f ”$file” ] || continue

29 if [ ”$processed_count” -ge ”$ENTRIES” 7]; then
30 break

31 fi

32 input_name=${file##x/}

33 pure_func ”$file” ”$0UT/${input_name}.trigrams” &
34 job_count=$((job_count + 1))

35 if [ ”$job_count” -ge ”$MAX_PROCS” 7; then

36 wait; job_count=0

37 fi

38 processed_count=$((processed_count + 1))

39 done

490 wait

Kwdikag C.2: To ogvdapio count-trigrams petaoynuatiopévo pe xpnon tov Shark. Xprjon FIFOs kat
TapaAANALoUoD Tapacknviov.

C.2 Metponpoypappa covid-1

1 #!/bin/bash

3 cat "$1” |

4 sed 's/T..:..:../7/" |
5 cut -d ’,” -f 1,3 |

6 sort -u |

7 cut -d ’7,’ -f 1

8 sort |

9 uniq -c |

10 awk 7{print \$2,\$1}”
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Kadwkag C.3: To oevdpro covid-1. Tomkr cwAnvwon ene§epyaoiog.

#!/bin/bash

INPUT="$1"
MAX_PROCS=${MAX_PROCS:-$(nproc)?}
chunk_size=%${chunk_size:-100M}
process_chunk() {

sed ’s/T..:..:..//’| cut -d ’,” -f 1,3
}
export -f process_chunk
tmp_dir=$(mktemp -d)
trap ”rm -rf $tmp_dir” EXIT
cat ”"$INPUT” | parallel --pipe --block ”$chunk_size” -j ”$MAX_PROCS” process_chunk
» > ”$tmp_dir/combined. tmp”
sort -u ”$tmp_dir/combined.tmp” |

cut -d ’,’ -f 1

sort |

uniq -c |

awk '{print $2,%$1}’

Kadwcag C.4: To oevdplo covid-1 petaoxnuatiopévo pe xprion tov GNU parallel. Xepokivntn
TUNHATOTOINOT KAl OPLOHOG CUVAPTHTEWV.

C.3 Metpompoypaupa spell

#!/bin/bash
# Calculate mispelled words in an input

dict=$SUITE_DIR/inputs/dict.txt

TEMP_C1="/tmp/{/}.out1”

TEMP1=$(seq -w @ $(($JOBS - 1)) | sed ’s+*+/tmp/in+’ | sed ’s/$/.out1/’ | tr ’\n’ ’
- )

TEMP1=$(echo $TEMP1)

mkfifo $TEMP1

parallel ”cat {} | col -bx | tr -cs A-Za-z ’\n’ | tr A-Z a-z | \

tr -d ’[:punct:]’ | sort > $TEMP_C1” ::: $IN &

sort -m $TEMP1 | parallel -k --jobs ${JOBS} --pipe --block ”$BLOCK_SIZE” ”uniq” |
uniq | parallel -k --jobs ${JOBS} --pipe --block ”$BLOCK_SIZE” ”grep -vx -f $dict -”
rm $TEMP1

Kwdikag C.5: To oevapio spell petaoynpatiopévo pe xpnon tov GNU parallel. IToAvmhokn Sia-
Xelpton powv.
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Abstract

KoaLa is abenchmark suite aimed at performance-oriented research targeting the Unix and Linux shell.
It combines a systematic collection of diverse shell programs derived from tasks found in the wild, vari-
ous real inputs to these programs facilitating small and large deployments, extensive analysis and charac-
terization aiding their understanding, as well as additional infrastructure and tooling aimed at usability
and reproducibility in systems research. The KoaLa benchmarks execute a broad spectrum of common
shell tasks; they leverage all main language features of the POSIX shell; they use a variety of POSIX tools,
GNU Coreutils, and third-party software; they operate on inputs of varying size and composition; and
they exhibit a wide range of performance characteristics, making them heterogeneous and suitable for
evaluating a variety of optimization strategies. Applying KoAaLA to five systems that affect shell program
execution offers a broader perspective on their trade-offs, generalizes their key results, and contributes
to a better understanding of these systems.
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99






Acknowledgements

I would like to express my sincere gratitude to everyone who supported me during the completion of
this thesis and contributed to making my years as a student so meaningful and creative.

First and foremost, I want to thank my supervisor, Prof. Georgios Goumas, for his trust, his guid-
ance, and for giving me the opportunity to conduct my thesis at the Computing Systems Laboratory.
His support has significantly influenced my academic development, as his courses were instrumental in
rekindling my enthusiasm for the field during the third year of my studies.

I am also deeply grateful to Prof. Nikos Vasilakis for the opportunity to carry out this thesis in col-
laboration with the Atlas group at Brown University. His continuous feedback and insightful guidance
were pivotal to the completion of this work and shaped the early stages of my research journey. Spe-
cial thanks are due to Evangelos Lamprou, for his constant support, fruitful discussions, and practical
assistance, as well as to Dr. Lukas Lazarek, whose contributions and insightful comments significantly
shaped the direction and clarity of this project.

As this thesis was developed within the framework of a broader research effort, I would also like to
thank Ethan Williams for his significant and extensive contribution, as well as the other co-authors of
the KoALA paper—Zhuoxuan Zhang, Prof. Michael Greenberg, and Prof. Konstantinos Kallas—for their
collaboration throughout the wider project.

Furthermore, I extend my warm thanks to my colleagues from the "Archimedes” research unit, Eleni,
Giannis, and Danai, for their patience and support during the demanding process of writing and final-
izing this thesis.

I would also like to express my thanks to Panagiotis, my “cousin” and fellow graduate of the School
of Electrical and Computer Engineering, who steadily helped me maintain my focus and supported me
throughout our studies at the NTUA; to Filippos, with whom, beyond many outings and vacations, I
shared our final exam periods; and to my fellow “comparieros”, Anastasia, Giorgos, Nikolas, Athina, and
Natalia, who were by my side during lectures, assignments, and exams. I also thank Giannis, Nikolas,
Themis, Natalia, Andronikos, Lydia, as well as all my other friends, relatives, and associates, who—each
in their own way—ensured that my student years were filled with so many happy memories.

Above all, I would like to thank my parents, Zafiris and Maria, whose endless patience, constant
support, and unwavering belief in me formed the foundation of all my efforts.

Georgios Kaoukis,

Athens, February 19, 2026

101






Contents

Abstract . . . . . .. 99
Acknowledgements . . . . . . ... 101
Contents . . . . . . . .. 103
Listof Tables . . . . . . . . . . . e 105
Listof Figures . . . . . . . . . . . . 107
List of Source Code Listings . . . . . . . . . . ... ... ... .. 109
1. Introduction . . . . . .. . . ... 111
2. Background . . . . ... 113
21 TheUnixShell .. ... ... .. .. . 113
3. Related Work . . . . . . . .. . 117
3.1 Acceleration and Optimization Efforts . . . . . ... ... ... ... .. ... ..... 117
3.2 The Benchmarking Landscape . . . . . . .. ... ... .. ... ... . ... .. 118
4. Motivating Example . . . . . . . ... L 121
4.1 Detailed Operation of the Weather Data Script . . . . . .. ... .. ... ....... 121
4.2 Practical Characteristics of the Script . . . . . . ... . ... .. oL 122
4.3 Testbed for Optimization Approaches . . . . . . ... ... ... ... ......... 122
4.4 The Need for a Comprehensive Suite . . . . . . . ... .. .. .. ... ... ... 123
5. Design and Implementation of the KoALA Suite . . . . . . . ... ... ... .. ... ... 125
5.1 DesignPrinciples . . . . . . . . . L 125
52 OverviewoftheSuite . . . . .. .. ... .. L 126
5.3 Infrastructure and Execution Configuration . . . . . . ... ... ... ... ...... 131
54 Summary Characterization of the Suite . . . . ... ... ... ... .. ... ..... 133
55 Summary . ... 134
6. Evaluation of the Alternative Interpreterzsh . . . . . . .. .. .. ... .. ... .. ... 135
6.1 Operating Mechanism and Characteristics . . . . . ... .. ... ... ........ 135
6.2 The Motivating Example: The weather Script . . . . . . . .. ... ... ... ..... 135
6.3 AdoptionEffort . . . . . ... 135
6.4 Performance Analysis. . . . . . . . .. .. 136
6.5 Summary . . . .. ... e 136



7. Evaluation of Shark: Static Input/Output Optimization . . . . . . .. ... ... ...... 139

7.1 Operating Mechanism and Characteristics . . . . ... ... ... ........... 139
7.2 Static Transformation: The weather Script . . . . . .. ... ... ... ... ..... 140
7.3 Adoption Effort . . . . . . . L 141
74 Performance Analysis. . . . . . . ... 142
7.5 SUMMALY . . . e e e e 143
8. Evaluation of GNU parallel: Manual Parallelism . . .. ... ... ... ......... 145
8.1 Operating Mechanism and Characteristics . . . . ... ... ... ........... 145
8.2 Manual Parallelization: The weather Scenario . . . . ... ... ... ... ...... 145
83 AdoptionEffort . . . . . ... 145
8.4 Performance Analysis. . . . . . . . ... 147
85 Summary . . . ... 148
9. Evaluation of PASH: Automatic Dynamic Parallelization . . . . .. ... ... ... ... .. 151
9.1 Operating Mechanism and Characteristics . . . . ... ... ... ........... 151
9.2 Just-in-Time Compilation: The weather Scenario. . . . . . ... ... ... ... ... 151
93 AdoptionEffort . . . . . ... 152
9.4 Performance Analysis. . . . . . . . ... L 153
95 Summary . . ... 153
10. Evaluation of hS: Speculative Out-of-Order Execution . . . . ... ... ... ....... 155
10.1 Operating Mechanism and Characteristics . . . . . . ... ... ... ......... 155
10.2 Speculative Execution: The weather Scenario . . . . . . .. ... ... ... ...... 156
10.3 Adoption Effort . . . . . . . . o 156
10.4 Performance Analysis. . . . . .. ... ... ... L 157
10.5 Summary . . . ... e e 158
11. Conclusions . . . . . . . . . o 159
11.1 Different Execution Strategies and Their Limits . . . . .. ... ... .. ... .. ... 159
11.2 Diversityof Behavior . . . . . . . . . .. .. 160
11.3 The Value of Systematic Evaluation . . . . ... ... ... ... ... ....... 160
11.4 Overall Assessment . . . . . . . . ... ... e 160
12. Future Work and Conclusions . . . . . . . .. .. ... . .. . 161
12.1 Future Work . . . . . . .. 161
12.2 Final Conclusions . . . . . . . . . . . e 162
Bibliography . . . . . . . . 163
Appendix 171
A. Infrastructure Script Examples for the weather Benchmark Set . . . . . . ... ... ... 171
B. Full Shell Program Generated by PASH for the weather Example . . . . . . ... ... ... 177
C. BenchmarkCode . . . . . . ... ... .. .. ... 179
C.1 Thecount-trigrams Benchmark . . .. ... .. ... ... .. ... ... . ..... 179
C.2 Thecovid-1Benchmark . . . . .. ... ... ... . ... ... 180
C.3 Thespell Benchmark . . ... ... ... ... . ... . . . . .. ... 181
D. Comparative Speedup Charts . . . . . .. ... ... ... ... ... L .. 183

104



List of Tables

5.1
5.2

7.1

10.1

Summary of the KoALA suite benchmarks. . . .. ... ... ... ... .. ..., 126
Estimated integration time per benchmarkset. . . . ... . ... ... ... ... ... 132
The optimizations of Shark and theirgoals. . . . . .. ... ... ... ... ...... 139
Operation of the hS scheduler in the weather scenario. . . . . . . . ... ... ... .. 156

105






List of Figures

5.1 Benchmark Interface Architecture. . . . . . . . ... ... .. . Lo 131
6.1 Relative speedups of zsh on the Koara suite benchmarks. . . . . ... ... ... ... 136
7.1 OverviewofShark. . . .. . ... ... . 140
7.2 Relative speedups of Shark on the Koara suite benchmarks. . . . ... ... ... ... 142
8.1 Overview of GNU parallel. . . . . . . . . . . st e e 146
8.2 Relative speedups of GNU parallel on the KoaLa suite benchmarks. . . .. ... .. 147
9.1 Overviewof PASH. . . . . . . . . .. . 152
9.2 Relative speedups of PASH on the KoaLa suite benchmarks. . . . . ... ... ... .. 153
10.1 Overview of AS. . . . . . L . L e 155
10.2 Relative speedups of hS on the KoaLa suite benchmarks. . . . . ... ... .. ... .. 157
D.1 Comparative overview of speedups. . . . . .. .. ... ... L Lo 183

107






List of Source Code Listings

2.1
4.1
6.1
7.1
7.2
7.3
8.1
8.2
8.3
8.4
8.5
9.1
Al
A2
A3
A4
A5
B.1
Cl1
C.2
C3
C4
C.5

Laziness in a realistic catalog processing scenario. . . . . . . .. .. ... ... ..... 114
Example of weather data analysis in KoALA (weather). . . . . . ... ... ... .... 121
zshstartup scriptin KoALA. . . . . .. oo o oo 136
The weather script transformed using Shark. . . . . . .. ... ... ... ... ... 141
Excerpt from the count-trigrams script of thenlpset. . . ... ... ... ... ... 141
Excerpt from the count-trigrams script transformed using Shark. . . . . .. ... .. 142
The weather scenario transformed using GNU parallel. . ... ... ... ... ... 146
Excerpt from the covid-1script of the covidset. . . . .. .. ... ... ... ..... 147
Excerpt from the covid-1 script transformed using GNU parallel. ... ... .. .. 147
The spell script of the onelinersset. . . .. .. ... ... ... ... ....... 148
Excerpt from the spell script transformed using GNU parallel.. . .. .. ... ... 148
Simplified representation for the weather script transformed using PASH. . . . . . . .. 152
Example of install.sh script for the weather benchmarkset. . . . .. ... .. ... 171
Example of fetch.sh script for the weather benchmarkset. . . . . ... ... ... .. 173
Example of execute. sh script for the weather benchmarkset. . . . .. ... ... .. 174
Example of validate. sh script for the weather benchmarkset. . . . . . .. ... ... 176
Example of clean. sh script for the weather benchmarkset. . . . . . .. ... ... .. 176
Full shell program generated by PaSH for the weather example (--width=2). . . . . .. 178
The count-trigrams script. . . . . . . . . . . L 179
The count-trigrams script transformed using Shark. . . ... ... ... ... . ... 180
The covid=Tscript. . . . . . o o o i e e 180
The covid-1 script transformed using GNU parallel. . ... ... ... ... .... 181
The spell script transformed using GNU parallel. . . . . ... .. .. ... ..... 181

109






Chapter 1

Introduction

The Unix shell is popular, versatile, and powerful, with a variety of applications ranging from data pro-
cessing and system administration to bioinformatics and continuous integration and deployment. At
the same time, the shell has garnered significant research interest, with recent academic activity [1, 2,
3,4,5,6,7,8,9, 10] having led to the development of several optimizers aimed at accelerating shell
programs via parallel systems [3, 5, 7], distributed systems [1, 11, 12], and other forms of scaling [4, 9,
13, 14].

Despite this, a major obstacle hinders the effective conduct of shell-related research: there is no es-
tablished benchmark suite for evaluating these systems, making it difficult to evaluate new systems in a
realistic and comparable manner [15]. Thus, researchers are often forced to create ad-hoc microbench-
marks, collect fragmented examples from repositories, or rely on standardized tests that focus primarily
on behavioral equivalence rather than performance. Consequently, research in the field lacks funda-
mental benefits of systematic benchmarking, such as repeatability, reproducibility, and fair comparison
among different systems.

KoALA is a research-oriented benchmark suite for performance evaluation [16], which targets the
Unix shell and the Linux operating system, combining a systematic collection of programs, extensive
characterization, and reusable infrastructure. To achieve this goal, KoaLA provides a diverse collection
of 126 real shell programs that perform tasks frequently encountered in practice. It offers realistic input
data at three scales (minimal, small, and full), as well as automated tools for dependency installation,
benchmark execution, result validation, and performance reporting.

This thesis is a subset of the broader research effort presented in the publication [16] at USENIX
ATC ’25. The main axis and core contribution of this work focus on the practical application, script
transformation, and extensive comparative evaluation of different systems. Through this process, the
utility and necessity of the KoaLra suite for evaluating both existing and future optimization systems are
practically demonstrated. Specifically, the thesis explores the practical implications of using Koara by
evaluating five different acceleration approaches and systems: the alternative interpreter zsh [17], Shark
[15], GNU parallel [18], PASH [5, 7], and hS [14]. For each system, its operating mechanism, adoption
effort, and required code transformations on real programs are extensively analyzed, while the achieved
speedups, as well as the advantages or disadvantages of each approach, are presented.

The structure of this thesis is organized as follows: Initially, the necessary theoretical background is
presented, focusing on the core abstractions, data flow, and operation of the Unix shell (Chapter 2). Next,
the relevant research literature is outlined, examining existing optimization systems, collections of shell
programs, evaluation landscapes, and previous benchmarking efforts (Chapter 3). This is followed by
the analysis of a representative motivating example, which practically highlights the challenges of shell
acceleration and sets the stage for the necessity of a comprehensive infrastructure (Chapter 4). Subse-
quently, the design and implementation of the KoaLa suite are described, detailing the design principles,
computational domains, and benchmark sets (Chapter 5).

Then, the main body of the work is developed, which is distributed across five distinct system eval-
uation chapters. Specifically, it examines the execution of scripts via the zsh interpreter (Chapter 6),
analyzes the static transformations based on Shark (Chapter 7), studies manual parallelism using GNU
parallel (Chapter 8), evaluates the dynamic data flow parallelization of PASH (Chapter 9), and explores
the speculative out-of-order execution of hS (Chapter 10).
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Finally, the thesis concludes with the synthesis of the findings and the final conclusions drawn from
the evaluation (Chapter 11), as well as the presentation of the proposed future work for extending the
research (Chapter 12). The infrastructure and benchmarks of the KoaLa suite are freely available under
the MIT license at https://github.com/kbensh/koala.
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Chapter 2

Background

This chapter presents the necessary theoretical background for an in-depth understanding of the be-
havior, structure, and complexity of UNix shell programs. First, the shell environment and the core
abstractions that govern execution and command composition are analyzed. Then, the inherent pecu-
liarities of the language are examined, such as the tight coupling of parsing to execution time and the
strict word expansion rules of the POSIX standard. Through this analysis, the fundamental limitations
and technical challenges that make the automatic optimization and parallelization of shell programs a
particularly demanding research problem are highlighted, paving the way for the systematic study that
follows.

2.1 The Unix Shell

The Unix shell has been the cornerstone of user-system interaction for decades, acting simultaneously
as a powerful interactive command interpreter and an expressive high-level programming language. Ac-
cording to the UNix philosophy [19], it provides simple and general mechanisms for composing small,
independent tools into larger programs. Through this environment, users have the ability to compose
and execute complex programs by combining smaller, specialized, and independent commands into
complex processing flows.

The operation and behavior of the shell are defined by the POSIX standard, which establishes the
syntax rules and semantic properties, ensuring interoperability and portability of programs across dif-
ferent operating systems and architectures [20]. Unlike traditional general-purpose programming lan-
guages like C or Java, the shell was not designed primarily for implementing complex algorithms or data
structures, but for the efficient coordination and interconnection of existing programs, tools, and sys-
tem services. In this way, it acts as a glue software layer, allowing developers to quickly build functional
data processing pipelines using ready-made and tested building blocks. Its expressiveness has been high-
lighted in the literature, as tasks that require extensive implementation in languages like Java can often
be expressed with a single shell command [21].

Modern Use and Significance Despite the emergence of newer languages and tools, the shell main-
tains its importance undiminished and remains an integral part of modern computing infrastructure.
It is consistently ranked among the most popular programming languages [22], while recent studies
demonstrate a significant increase in its usage [14]. The shell is ubiquitous in critical areas such as sys-
tem administration, the automation of repetitive tasks, bulk data processing, bioinformatics, as well as
the orchestration of computational workflows in distributed environments and cloud infrastructures.
Particularly in the modern software development ecosystem, dominated by technologies like Docker
and platforms like Kubernetes, the shell is the established standard for defining entry points, prepar-
ing environments, and executing continuous integration scripts [23]. Therefore, shell programs are not
merely auxiliary tools, but are frequently executed in large-scale infrastructures, directly affecting the re-
liability, speed, and overall performance of critical production systems. This extensive use makes a deep
understanding of its mechanisms, as well as the optimization of its execution, particularly important for
modern systems research.
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#!/bin/bash

mkfifo pipel pipe2

grep "Failed” logl > pipel & grep ”Failed” log2 > pipe2 &
cat pipel pipe2 | sort | uniq -c

Listing 2.1: Laziness in a realistic catalog processing scenario. The cat command first reads from t1
and only after finishing reading this FIFO does it proceed to t2. Therefore, the second grep
process blocks, because there is not yet a process reading from t2, and continues only when
the first grep finishes.

Core Abstractions and Data Flows The expressive power and flexibility of the shell stem from a set of
simple, yet highly powerful abstractions, which embody the Unix philosophy of composing small and
specialized tools. A central role is played by data flows, which are implemented as serial sequences of
bytes with no inherent structure and are transferred between processes via mechanisms like pipes or files.
Anonymous pipes allow the direct connection of the standard output (stdout) of one command to the
standard input (stdin) of another, creating pipelines, while named pipes (Unix FIFOs) offer persistent
communication channels in the file system. In this context, the operating system kernel assumes the
role of managing, routing, and synchronizing the data, allowing the concurrent execution of connected
commands without the user needing to explicitly manage threads or synchronization mechanisms.

Additionally, each command in the shell environment is treated as an autonomous and independent
computational unit that reads data, processes it, and produces results. The set of available commands
is practically limitless, as any executable file on the system can be invoked as a command. Commands
can be implemented in any programming language (C, Python, Rust, etc.) or may only be available
only in binary format, with an unknown internal structure and behavior. This feature, while offering
great flexibility, makes predicting performance and resource requirements particularly difficult without
conducting empirical measurements.

To coordinate these units, the shell provides a series of composition operators, such as the sequential
operator (; ), the background execution operator (&), the pipe operator (| ), and the logical operators (&&,
| |). Through these, the programmer can precisely define the temporal and logical dependencies between
processes.

However, data flow management also presents significant challenges. Many commands are designed
to be "lazy” or strictly follow serial consumption logic, reading data only when they are absolutely ready
to process it. Although this behavior is often desirable for minimizing memory usage, in complex
pipelines it can lead to blocking phenomena and underutilization of available computational resources,
as shown in the above example (Listing 2.1).

Distinction Between Shell and Commands For proper performance analysis, a clear separation of
responsibilities between the shell interpreter itself and the individual commands it invokes is of fun-
damental importance. The interpreter (e.g., bash, zsh) is responsible for parsing the code, expanding
variables, managing file descriptors, and creating processes via the fork and exec system calls. In con-
trast, the main computational workload and data processing are performed by the external commands.
A critical element that is often overlooked is the impact of execution parameters on command be-
havior. These parameters not only alter functionality but can significantly affect the performance profile
and parallelization potential. For example, a command that normally processes data as a stream might,
with the addition of appropriate flags, require fully loading the file into memory or perform in-place
modifications’, radically changing how it interacts with the file system and other processes.

! A characteristic example is the sed command: in its standard use, it acts as a filter, allowing parallelization in a pipeline.
However, using the -1 flag forces writing to the original file, requiring the creation of temporary files and limiting the possibil-
ities for parallel processing [24].
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Peculiar Parsing and Semantics  Unlike traditional programming languages, the parsing of the shell
cannot be strictly separated from its execution. As highlighted by research surrounding the design of
the shell as a Domain-Specific Language [25], code interpretation depends directly on the dynamic state
of the environment at runtime. For example, the existence of an alias or the dynamic assignment of a
variable can radically change how the interpreter translates the immediately following line of code. This
architectural peculiarity has historically made the creation of static analysis tools extremely difficult, as
constructing an accurate abstract syntax tree (AST) often requires executing parts of the program itself.

The Word Expansion Process One of the most critical mechanisms of the POSIX shell, which is largely
responsible for its complexity and dynamic nature, is the strict word expansion process that takes place
before the execution of any command [25, 26]. The standard defines a sequence of seven distinct trans-
formation stages, which are applied hierarchically:

1. Tilde expansion (~).

2. Parameter and variable expansion.
3. Command substitution.

4. Arithmetic expansion.

5. Field splitting.

6. Pathname expansion/globbing.

7. Quote removal.

This process makes shell code highly variable. A simple command that syntactically appears to be
a harmless data transfer can—after the command substitution or pathname expansion stage—turn into
a heavy computational task involving thousands of files in the system. Consequently, any optimization
or parallelization effort must ensure that these transformations have been correctly evaluated, demon-
strating the inadequacy of purely static approaches in the majority of real-world scenarios.

Limitations and Challenges Despite its utility and widespread adoption, the shell programming model
is characterized by significant limitations that hinder the development of efficient and reliable applica-
tions:

+ Limited Scaling and Parallelization: Although the shell supports basic forms of parallelism through
pipelines and background execution, effectively utilizing modern multi-core architectures remains
difficult. The user often resorts to complex manual manipulations, using operators and com-
mands like & and wait [25] or external tools, such as GNU parallel [18], a process that is time-
consuming and error-prone.

+ Dynamic and Opaque Behavior: As mentioned earlier, due to its peculiar semantics and expan-
sion stages, the execution of a program heavily depends on the environments state, file existence
and permissions, and system settings that may change dynamically. This property, combined with
the opacity of external binaries, makes predicting behavior particularly difficult.

+ Error-Proneness and Limited Security: The shell lacks many security mechanisms found in mod-
ern programming languages, such as a strong type system or structured exception handling. As a
result, simple programming errors, like using undefined variables in critical commands, can have
irreversible consequences. A characteristic example is the critical bug identified in the Steam in-
stallation script for Linux [27], where the lack of validation for the STEAMROOT variable led to the
unintended execution of the command:
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rm -rf ”$STEAMROOT/” *

In cases where the variable was empty, the command dynamically transformed into rm -rf /7%,
causing the deletion of the user’s entire file system.

The above properties compose an environment in which systematic performance analysis and auto-
matic optimization remain open and demanding research problems.
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Chapter 3

Related Work

This chapter presents the existing literature and the broader research landscape surrounding the Unix
shell. The chapter is structured along two main axes. First, it examines efforts to optimize and accelerate
shell programs, ranging from alternative interpreters and traditional compilers to modern dynamic and
distributed systems. Next, it analyzes the evaluation landscape in the systems and shell domain, high-
lighting the shortcomings of existing program collections and substantiating the need for a systematic,
performance-oriented suite, such as KoALA.

3.1 Acceleration and Optimization Efforts

The need for a radical improvement in the performance of shell programs has sparked the development of
numerous systems attempting to overcome the limitations of strictly serial execution. Increased research
activity around the Unix shell has led to innovative solutions covering a vast array of techniques. Among
these stand out methods for optimizing input/output (I/O) operations [15], the automatic synthesis of
new pipelines [3], the automatic parallelization of pipelines [5, 7], as well as command fusion aimed at
reducing inter-process communication overhead [28]. Concurrently, studies diverging from traditional
systems are of particular interest, focusing on efficient script execution in mobile environments [29] or
the dynamic refinement of system calls [30].

Specifically, in the domain of scaling and distributed execution, modern research presents ground-
breaking architectural solutions. For instance, POSH [1] adopts a data-aware oftloading strategy, rout-
ing computation directly to the data source to minimize network congestion. Targeting cluster infras-
tructures, systems like D1SH [11] enable seamless execution across multiple nodes, while FRAcTAL [12]
additionally integrates critical fault tolerance mechanisms. Broadening this field further, frameworks
like SPLASH [24] introduce the shell into the cloud computing ecosystem, investigating its dynamic and
elastic scaling via Function-as-a-Service (FaaS) models.

This work does not aim to provide an exhaustive catalog of all the aforementioned categories. In-
stead, it focuses on five representative environments that target single-node acceleration and embody
fundamentally different design philosophies. These systems, which are the subject of extensive evalua-
tion in the following chapters, are:

« zsh [17]: An alternative, highly customizable interpreter. Although developed with the goal of
improving the interactive user experience compared to bash, it implements a different internal
memory management and parsing engine, and can impact the execution speed of scripts with
shell built-ins.

» Shark [15]: Represents one of the first research systems to treat shell programs with tools bor-
rowed from traditional compiler theory. Its core innovation lies in treating file system accesses as
variable references. By constructing directed acyclic graphs (DAGs), Shark applies static optimiza-
tions, such as eliminating redundant operations (e.g., useless use of cat), replacing temporary files
with pipes to reduce I/O overhead, and statically parallelizing independent commands.

« GNU parallel [18]: The most widely accepted tool for explicit, manual parallelization in the
Unix ecosystem. It provides developers with advanced mechanisms for splitting data and execut-
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ing multiple processes concurrently. However, its impressive performance comes with a critical
requirement: the responsibility for maintaining data dependencies and ensuring functional cor-
rectness is shifted entirely to the user.

+ PaSH [7]: Represents the cutting edge of modern research in automatic parallelization via Just-
in-Time compilation. The system dynamically alternates between analysis and execution phases,
transforming pipelines into Data-Flow Graphs. Relying on an annotations library that encodes the
behavior of POSIX commands, PASH introduces parallel execution schemes, ensuring semantic
equivalence with the script’s original serial form.

+ hS [14]: Proposes a radical architecture drawing inspiration from the microarchitecture of mod-
ern processors, introducing speculative out-of-order execution at the operating system level. hS
prospectively executes future commands in isolated environments (sandboxes). Through system-
atic tracing of I/O and environment variables, it commits results provided no conflicts are detected,
otherwise it rolls back execution and returns to the safe serial flow.

These approaches demonstrate that the shell optimization space is multidimensional. However, the
ultimate effectiveness of each system is inextricably linked to the syntactic structure, data volume, and
dynamic behavior of the specific program. This fact necessitates the use of a realistic and extensive
evaluation framework to systematically capture these limits.

3.2 The Benchmarking Landscape

Progress in computing systems design is directly intertwined with the ability to perform reliable, repeat-
able, and fair benchmarking. The existence of commonly accepted benchmark suites allows the compar-
ison of different architectures under common conditions, the cross-validation of experimental findings,
and the systematic study of trade-offs between performance and resource utilization [16]. Historically,
the establishment of such infrastructures has been the catalyst for the maturation of many research fields,
replacing ad-hoc experiments with rigorous, standardized methodologies.

Established Suites in Systems Research

Progress in computer science and the broader field of systems research depends heavily on the capability
for fair and objective comparisons. In this context, the use of open and reusable standardized benchmarks
serves as the foundation of scientific evaluation. In various domains, the establishment of such tools
has been catalytic: hardware evaluation standards like SPEC [31], databases like TPC [32], multicore
architectures like PARSEC [33], and cloud computing applications like CloudSuite [34], have established
rigorous validation procedures and common reference points.

Similarly, in the software and programming language space, the need for realistic workloads led to
the creation of specialized tools. Suites such as DaCapo [35, 36] for Java, as well as the Gabriel bench-
marks [37] for LISP, enabled the in-depth study of managed execution environments under production
conditions (such as garbage collection and object-oriented hierarchy behavior [38]). Concurrently, the
reproducibility of modern research is actively supported by reference datasets in various fields, like EM-
NIST [39] in machine learning, Defects4] [40] in software testing, and Magma [41] in security tool
evaluation. A common characteristic of all these successful efforts is the emphasis on end-to-end ap-
plications and clearly defined execution procedures. Unlike performance microbenchmarks that isolate
individual operations, comprehensive suites capture the intricate interactions of a system, highlighting
phenomena that do not appear in synthetic scenarios. The existence of an established suite substantially
accelerates the evolution of a given research area.

Prior research has studied program behavior either in simulation environments or on specific hard-
ware implementations [42, 43, 44]; however, such an approach binds the conclusions to the specific
execution platform and the corresponding operating environment. In the shell domain, there is a need

118



to systematically highlight properties that are independent of the underlying hardware and operating
system, so that programs can be used as general and portable workloads for evaluating different compu-
tational substrates. Consequently, an open and carefully designed evaluation suite specifically tailored
for shell programs becomes necessary.

Just as suites like DaCapo and Gabriel historically filled gaps in evaluating the programming environ-
ments of their time, the KoaLA system emerges to address a corresponding modern need. It represents
the first systematic effort to create an open performance evaluation suite for the shell, introducing sys-
tematization, comparability, and reproducibility into a field that until now lacked such standards.

Existing Approaches and Evaluation Shortcomings in the Shell

The multitude of optimization systems presented earlier demonstrates the pressing need for a standard-
ized, user-friendly, and reproducible evaluation framework. However, in the absence of an established
methodology, the creators of these systems had extremely limited options at their disposal to substanti-
ate the benefits of their approaches.

The available practices used for the shell are classified into four main categories, each of which
presents fundamental shortcomings regarding performance evaluation on realistic systems:

1. Shell Microbenchmarks: Suites like ShellBench [45], zsh-bench [46], the Oils benchmarks [47],
and UnixBench [48] provide small, isolated code snippets (typically 8 to 95 lines). While they are
irreplaceable tools for stress-testing individual interpreter features (e.g., subshell speed, variable
substitution, or mathematical operations), they fall significantly short in realism. They deviate
radically from real-world workloads, as they do not perform end-to-end computations, do not
manage large datasets, and do not orchestrate heterogeneous external commands, rendering a
holistic evaluation of acceleration systems impossible.

2. Correctness & Standards Tests: Tools such as the POSIX test suite [49], the Smoosh suite [8], the
diagnostic routines of the Modernish library [50], as well as various automated testing frameworks
(like shellspec [51], shunit [52], bats-core [53], and TETworks [54]), ensure strict compliance of a
shell implementation with the standards. However, they focus exclusively on functional verifica-
tion, rather than characterizing systems in environments involving opaque components. Failing
to simulate the size, complexity, and input data of real programs, they offer absolutely no insight
into how an optimization system affects actual runtime performance.

3. Open-source and Empirical Studies: Recent studies collect and analyze millions of programs
(such as from GitHub or Linux build scripts) to understand real-world shell usage scenarios. They
study the use of aliases, security practices, and user interaction with the code [55, 56]. Despite
their invaluable static value, these repositories do not provide the necessary infrastructure for their
execution. They typically lack input data, setup scripts, or explicit dependency declarations, often
comprising noisy or incomplete code segments that cannot be used for dynamic benchmarking.

4. Ad-hoc Collections & Evaluations: In the absence of a common evaluation infrastructure for the
acceleration systems presented in Section 3.1, the historically predominant practice has been the
creation of ad-hoc, often hand-picked collections [1, 7, 11, 15, 29]. Beyond the obvious risk of bias
in favor of the respective system, these small and fragmented collections lack automated installa-
tion and verification mechanisms. This leads to unfair and incompatible comparisons, further
highlighting the urgent need for a standardized suite.

As aresult, the lack of a standardized, realistic, and reusable evaluation suite has led to a fragmented
landscape, where claims of performance improvements are often based on piecemeal measurements that
cannot be reproduced or compared with other approaches. This situation undermines scientific progress,
as it makes it difficult to objectively evaluate new ideas and understand the true limits of acceleration
systems.
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The Role and Contribution of KoaLa The KoaLa suite was designed to fill this gap, adopting princi-
ples that have proven successful in other fields of systems research. Specifically, it includes realistic shell
programs derived from real-world tasks, covers multiple computational domains, and provides differ-
ent input scales, enabling both rapid exploration for correctness verification and extensive evaluation.
Simultaneously, it is accompanied by an automated infrastructure for installation, execution, and result
validation, ensuring reproducibility. Analysis of the suite shows that it covers all the core features of
the POSIX shell, while the programs exhibit significant variety in both static and dynamic character-
istics, such as CPU time, memory consumption, and I/O activity. Workloads scale from brief scripts
to long-running executions on extensive datasets. In this way, KoaLA enables the transition from frag-
mented measurements to a cohesive, reproducible, and reusable evaluation methodology. This frame-
work makes it possible to systematically compare different acceleration approaches within the same
controlled environment.
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Chapter 4

Motivating Example

To illustrate how the KoaLA suite supports the comparative evaluation of different shell acceleration sys-
tems, it is beneficial to examine a representative example. The analysis of a realistic script highlights the
design philosophy, the execution challenges, and substantiates the need for a comprehensive evaluation
infrastructure.

4.1 Detailed Operation of the Weather Data Script

The motivating example—the weather script—is based on the temp-analytics. sh script, which be-
longs to the weather benchmark set of the suite. Listing 4.1 presents the simplified form of this script.

#!/bin/bash

d="./data/temperatures”;
for y in $(seq $start $end); do
cat $d/$y | cut -c 89-92 | grep -v 999 | sort -rn | head -n1 > max.$y
cat $d/$y | cut -c 89-92 | grep -v 999 | sort -n | head -n1 > min.$y
cat $d/$y | cut -c 89-92 | grep -v 999 | awk ”{t += \$1; i++} END {print t/i}” >
- avg.$%y
done

Listing 4.1: Example of weather data analysis in KoALA (weather). Implementation of maximum,
minimum, and average temperature calculation via an iterative structure and independent
pipelines.

The architecture and execution of this specific program are based on a combination of an iterative
control structure and data processing flows via pipelines. More specifically, the core of the script is a
for loop, which, through the seq command, sequentially iterates over a defined sequence of years (from
$start to $end). During each iteration, the program analyzes the corresponding historical weather data
file ($d/$y) to extract three statistical metrics: the maximum, minimum, and average temperature of the
year. To perform this calculation, the body of the loop consists of three distinct, independent pipelines.
Each of these three pipelines begins with exactly the same preprocessing stages:

1. The cat command reads the data from the file.

2. The cut -c 89-92 command extracts the specific characters of each line where the temperature
is recorded.

3. The grep -v 999 command filters and discards records containing the value 999, which serves
as an indicator for missing or invalid data.

From this point, the "cleaned” data follows a different path depending on the requested metric:

121



« For the maximum temperature, the data is sorted in descending numerical order (sort -rn),
and head -n1 isolates the first line, saving it to the max. $y file.

+ For the minimum temperature, ascending numerical sorting is applied (sort -n)and head -n1
outputs the result to min. $y.

« For the average temperature, the data is fed into awk, which sums the values (t += \$1), counts
them (i++), and prints the average (t/1i) at the end of the reading process (in the END block).

The fact that these specific pipelines are structurally independent of each other within the loop makes
the script an ideal testbed for studying different acceleration strategies.

4.2 Practical Characteristics of the Script

This specific program was chosen because it tangibly brings together the practical characteristics of a
realistic workload, embodying the design principles of KoaLA:

« Representativeness and Realism: The script is not an artificial microbenchmark. Instead, it per-
forms actual statistical calculations on a widely known set of historical weather data—NOAA [57].
It is also used as a reference example in a classic book on the Hadoop ecosystem [58].

« Scalability: Its inherent ability to iteratively analyze files for multiple years means its workload
can be easily scaled up or down (e.g., analyzing a decade versus a century of data). The Koara
infrastructure leverages this characteristic to provide data at a small or large scale.

« Diversity: The harmonious coexistence of a traditional control structure (the for loop) with data
flows (the multiple pipelines) and various POSIX tools (cut, grep, sort, awk), composes a de-
manding environment that exhaustively tests the capability of any tool.

4.3 Testbed for Optimization Approaches

This exact realistic composition of the code provides the ideal testing ground to highlight both the capa-
bilities and the different adoption requirements of modern optimization tools. Each system approaches
and accelerates the same script in a radically different way, optimizing different structures:

« The zsh interpreter executes the script as is, affecting the performance of shell built-ins, such as
variable assignment and the for loop.

« The Shark system requires manual code intervention from the author. It removes redundant cat
calls (passing the input directly to cut) and executes the three pipelines in parallel in the back-
ground.

+ The GNU parallel tool also requires manual code refactoring. The user must choose which part
to parallelize, applying it either to the outer loop or inside the three pipelines.

+ The PASH system automatically parallelizes the individual computational stages inside each indi-
vidual pipeline using a Just-in-Time compiler.

+ The hS system utilizes speculative execution to dynamically unroll the loop iterations and execute
the commands concurrently and out-of-order.

It becomes clear that the complexity of this script practically demonstrates both the expected speedups
and the potential limitations of each approach under realistic production conditions, highlighting why

simple microbenchmarks are insufficient.
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4.4 The Need for a Comprehensive Suite

As the analysis of the above example demonstrates, execution on realistic scripts is the only reliable way
to reveal the true behavior of each optimization tool. However, for this evaluation to be scientifically
sound and reproducible, researchers need the ability to execute the exact same scripts, with common
data, and under a completely controlled environment.

This realization makes the transition from isolated, sporadic examples to an organized and fully au-
tomated infrastructure imperative. Instead of wasting time building proprietary and non-comparable
workloads for each new system, a unified framework is required that will provide immediate, fair, and
comparable results. Guided by this need, the next chapter presents in detail the architecture and imple-
mentation of the KoALA suite, strictly defining its design principles and expanding the philosophy of
this motivating example to a broad spectrum of 126 real programs.
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Chapter 5

Design and Implementation of the KoALA Suite

Having presented a representative example and a glimpse of the suite’s philosophy in the previous chap-
ter, this chapter focuses on the detailed presentation of KoaLA. First, its core design principles and the
methodology for selecting the benchmarks are defined. Subsequently, the architecture of the suite is
described, which includes a total of 126 real-world programs from various sources and computational
domains, the infrastructure that ensures their automated and reproducible execution, and finally a sec-
tion on the static and dynamic analysis that highlights its diversity.

5.1 Design Principles

The design of KoaLA was guided by a set of fundamental principles, which capture the core requirements
for a modern shell system evaluation suite.

+ Representativeness: The scripts in the suite constitute real programs that perform substantial
computations on real data. This choice allows the study of system behavior under conditions
close to production use, as opposed to isolated performance microbenchmarks.

« Diversity: The suite covers a broad spectrum of computational domains, such as data analytics,
bioinformatics, system administration, and machine learning, with different execution profiles,
while utilizing a wide range of shell commands and features. In this way, overfitting the evaluation
to specific program patterns is avoided.

» Workload Characterization: In addition to providing benchmarks, the suite is accompanied by a
systematic characterization of both their static and dynamic properties. This approach enables an
understanding of how different systems affect the execution of real programs.

« Scaling: The suite provides input data at multiple scales (minimal, small, large), allowing for both
rapid exploration and extensive, long-running evaluations. The full datasets reach hundreds of
gigabytes in size, enabling the analysis of workloads with intense input/output activity.

+ Automation and Reproducibility: The KoaLa suite provides infrastructure that automates envi-
ronment setup, dependency installation, execution, and result validation, facilitating the repro-
duction of experiments by different researchers.

Benchmark Selection Methodology
The composition of the suite was based on a systematic selection process, aiming to create a representa-

tive and practically useful set of programs.

Sources of Origin  The scripts originate from various sources real-world usage, covering different time
periods and programming styles:

+ Open-source repositories: Projects from platforms like GitHub and GitLab, which are used in
real environments [59, 60].

125



+ Academic literature: Scripts that have been used to evaluate shell acceleration systems [1, 4, 10].

+ Educational examples and classic literature: Classic examples of command composition from
projects like Unix for Poets and Unix50, which highlight the Unix philosophy [61, 62]. Examples
from historical articles, books, and manuals are included [19, 58, 63].

« Modern workflows and real data: For example, scripts that interact with modern foundation
models or process extensive real-world datasets [64, 65, 66].

Inclusion and Exclusion Criteria Specific criteria were applied for selecting the scripts, with the pri-
mary goal of gathering realistic examples of tasks. The goal was the inclusion of programs, whether
simple or complex, that process real data and are characterized by heterogeneity and diversity, both in
terms of POSIX syntactic features and their execution characteristics. At the same time, the incorpora-
tion of scripts without available data or functional dependencies was deliberately avoided, as well as the
use of overly simplistic, trivial, or unrealistic programs that do not represent actual usage conditions.

5.2 Overview of the Suite

Based on the aforementioned design principles, the complete set of the KoALA suite was assembled.
Unlike performance microbenchmarks, Koara programs perform end-to-end tasks, allowing the study
of complex interactions among commands, data flows, and the file system.

Table 5.1 briefly presents the complete set of KoaLa benchmarks and their key characteristics. The
programs are organized into subsets, which share the type of task, origin, input data, or computational
characteristics. The following sections analyze the main descriptive elements of the suite.

Computational Domains

The KoALa suite covers a broad spectrum of computational domains, reflecting both traditional and
modern uses of the shell. These domains are denoted by their initials in Table 5.1, while below they are
briefly presented in full.

Data Analytics (DA) programs include scripts that extract, transform, and summarize large datasets,
such as meteorological records, public transit data, and genomic sets. In total, 11 programs distributed
across three benchmark sets are included.

System Administration (SA) programs correspond to typical tasks of configuration, maintenance,
and system log analysis. They represent a characteristic example of daily shell usage in real production
environments and include 7 scripts divided into two sets.

Continuous Integration (CI) flows include scripts that automate software build, analysis, and testing
processes. In the KoALA suite, they are represented by 23 programs distributed across two sets.

Machine Learning (ML) programs include either scripts implementing learning tasks or scripts act-
ing as glue code, connecting external tools and libraries into unified workflows. They comprise 27 pro-
grams distributed across three sets.

Automation (AN) scripts include 18 scripts, distributed across two sets, that automate heterogeneous
tasks, such as file encryption, media conversion, or specific content processing tasks.

Finally, the Miscellaneous (MI) category includes 40 scripts that do not fall into a specific domain
but highlight the expressiveness of the shell through heterogeneous tasks, such as text transformations
or the implementation of search engines.

Beyond the classification by application domain, the suite also combines different computational
styles, which appear after the slash in the & column of Table 5.1. Examples include data extraction (DE)
sets, multi-stage text processing (TP) scripts, and task automation (AN) sets, which represent different
patterns of shell usage.
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Table 5.1: Summary of the KoaLA suite benchmarks. The table summarizes all benchmark subsets
of the KoaLa suite. Column 1: identification characteristics, presenting the name of each
benchmark set and (indicatively) the programs it includes. Columns 2-4: descriptive charac-
teristics, summarizing the computational application domain (2 ), the number of programs
in the set (#.sh), and the total lines of code (LoC). Column 5: summary of the input data size
for each program. Columns 6-7: static characteristics, namely the number of shell syntactic
constructs (#Cons) and the number of distinct commands (#Cmd). Columns 8-11: dynamic
execution characteristics, such as shell execution time (fg), command execution time (t-),
memory consumption (Mem), and total I/O volume. Columns 12-13: system characteris-
tics, including the number of system calls (#SC) and open file descriptors (#FD). Column 14:
source of origin of the programs.

(The table is presented on the next page)
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Benchmark Sets

The KoaLa suite consists of fourteen sets of programs, which are presented in alphabetical order and
cover different computational paradigms and shell usage styles [16]. Each set includes programs with a
common origin, similar input data, or corresponding computational characteristics.

analytics includes four log file analysis programs, which perform filtering and event summariza-
tion [1, 4]. The programs process a total of 78.9GB of line-based data, such as TCP traces, Nginx access
logs, and ZMap scan data, originating from real network captures [79, 80, 81, 82]. The small version of
the data consists of a truncated subset of the same files.

bio consists of four genomic and transcriptomic data processing programs. One program performs
population genomics analysis [68, 69], while the other three implement stages of the TERA-Seq platform
for RNA sequence processing [70]. The scripts exhibit branching and merging of processing flows (with
fan-out/fan-in structures), work-queue parallelism, and intensive access to large files, with total input
data size of 114GB [83].

ci-cd includes 21 software build programs, such as build scripts for software such as Lua, Mem-
cached, Redis, and SQLite [10], as well as the test suite of the makeself tool [59]. These programs are
used in continuous integration workflows and are characterized by heavy dependencies and complex
control flow, but a limited volume of input data.

covid contains five programs that calculate public transit statistics during the pandemic period [66].
The scripts are available in two versions: one based on the composition of classic UNix tools like cut,
sort, and unig, and one implemented as a monolithic awk program. The input data consists of 5.08GB
of CSV files.

file-mod includes five file transformation programs, such as compression, encryption, and format
conversion. Two of them process network log files using openss1 [55, 84], while the rest perform media
conversions on hundreds of image and audio files [1, 4], with a total data size of 39.2GB.

inference consists of three programs that perform inference tasks using large foundation models
(65, 85, 86]. Examples include image captioning [71], playlist generation [64], and hieroglyphic image
classification [65]. The programs function as wrappers for external machine learning tasks [87, 88, 89],
processing a total of 11.7GB of data.

ml corresponds to a typical example of machine learning workflows, where a monolithic Python
program has been decomposed into multiple shell stages (data ingestion, training, classification, and
evaluation), allowing the study of modular workflows [72], with input data amounting to 15.0GB.

nlp includes 23 natural language processing scripts from the Unix for Poets tutorial [61]. Most of
these consist of one or two lines and can be combined into larger pipelines, operating on a collection of
over 115,000 books [90].

onelinersincludes 11 pipeline chains originating from both the classic Unix literature and modern
sources [19, 61, 63, 67, 73, 74, 75]. The scripts use complex flow operators such as map, filter, and
reduction, and highlight the shell’s composition philosophy, applied to data with a total size of 13.5GB.

pkg consists of two programs that automate package installation and software permissions analysis
(76,91, 92]. Executions include downloading, building, and analyzing hundreds of packages for the first
program and thousands for the second.

repl includes two independent programs, one for security auditing and one for reproducing soft-
ware development in a Git repository. Both emphasize complex interaction with the file system.

unixfun contains 36 programs from the Unix50 challenge [62], which mimic classic text processing
computations on a total data volume of 59.1GB.

weather consists of two programs that compute statistical metrics on historical temperature data,
based on an example from [58]. The first program is similar to the example from the previous chap-
ter (Listing 4.1) while the second performs additional analysis and reproduces the well-known weather
chart by Edward Tufte [93]. Some of their processing phases conceptually correspond to MapReduce
and Spark computations, highlighting large-scale data processing scenarios. The data originates from
NOAA [57] and covers multiple years of historical measurements, with a total size of 146GB.
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sample-benchmark
—— scripts # Benchmark scripts

I— a.sh
— b.sh

L— ...sh
—— install.sh Dependency installation
—— fetch.sh Input data download/preparation

—— execute.sh
—— validate.sh
—— clean.sh

Script execution
Hash generation & verification
Input and output file cleanup

+H= H= = H H

Figure 5.1: Benchmark Interface Architecture. The workflow consists of five modular control scripts.
The main driver main.sh orchestrates the execution, ensuring efficient resource manage-
ment and data integrity.

Finally, web-search implements a complete web search pipeline (crawl, index, query) using exclu-
sively shell tools and advanced data flow operators on files totaling 8.61GB.

5.3 Infrastructure and Execution Configuration

The architecture of KoaLa is based on a standardized interface that governs the lifecycle of each program.
This approach ensures deterministic measurements and uniformity across heterogeneous workloads,
explicitly defining the preparation, execution, and verification phases.

This specification is implemented via five infrastructure scripts (Fig. 5.1). Specifically:

1. install.sh installs the necessary software dependencies.

2. fetch.sh handles downloading or generating the input data and accepts an argument specifying
their size (--min, --small, --full).

3. execute. sh runs the programs of the set and collects basic metrics, such as execution time and
resource consumption.

4. validate. sh verifies the correctness of the output by comparing the generated results with pre-
defined reference values via hash computation.

5. clean.sh removes temporary files and generated results.

Indicatively, the appendix lists the infrastructure scripts for weather (Listings A.1 to A.5).

KoaLa also includes a central execution driver, main.sh, which sequentially calls the aforemen-
tioned scripts for one or more benchmarks. The driver accepts parameters either via flags or environ-
ment variables and forwards them to the individual scripts. For instance, the KOALA_SHELL variable
defines the shell interpreter to be used (e.g., bash, zsh, or a specific executable path), defaulting to sh.

Furthermore, flags are provided for specialized data collection and execution control. The --resources
flag activates the recording of dynamic analysis metrics—such as execution time, memory consumption,
and input/output (I/O) activity intensity—which are detailed in a subsequent chapter. For simple tim-
ing, the --time (or -t) flag is available. Finally, via the --scripts (or -s) option, followed by the names
of the desired scripts, the user can selectively execute specific scripts from a benchmark set. A user can
run the temp-analytics. sh program (which resembles Listing 4.1) from weather, using main. sh and
the small data scale as follows:

./main.sh --small weather --scripts temp-analytics
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Table 5.2: Estimated integration time per benchmark set. The table presents the estimated integration
time (in hours) for each benchmark subset of the KoaLaA suite. Estimates are based on the
researchers’ experience during the integration process and include adapting the benchmarks
and preparing the infrastructure scripts.

Ynoobvolo Metpompoypappatwv  ~ T (wpeg)

analytics 40
bio 60
ci-cd 75
covid 65
file-mod 60
ml 30
inference 35
nlp 10
oneliners 10
pkg 30
repl 25
unixfun 10
weather 30
web-search 40
Y0volo 520

The design of the infrastructure aims at the rapid collection of preliminary results and facilitating
comparisons between systems. It deliberately remains lightweight and extensible, allowing users to adapt
it to their specific needs.

Execution in an Isolated Environment

The KoALa suite provides optional support for execution in an isolated environment via Docker. A
Dockerfile is provided which creates a Debian-based environment and installs the suite’s base depen-
dencies. Dynamic generation of images specifically tailored to each benchmark set is also supported,
with a built-in call to main.sh. The use of containers allows reproducible experiments without mod-
ifying the user’s system. The suite avoids using privileged commands, restricting the requirement for
administrator rights only to where it is absolutely necessary.

Integrating a New Benchmark

Adding a new benchmark to KoaLa requires adapting the five base infrastructure scripts. Specifically,
it includes: (1) defining dependencies in install.sh, (2) preparing multi-sized data in fetch. sh, (3)
automated execution in execute. sh, (4) defining validation logic in validate. sh, and (5) cleaning up
temporary files in clean. sh.

The required integration time ranged from 10 to 80 person-hours per subset. Small and self-contained
sets like oneliners, unixfun, and nlp were integrated in about 10-12 hours. In contrast, complex or
heavily data-dependent sets like file-mod, bio, and ci-cd demanded significantly more effort due to
size, dependencies, and strict correctness requirements. A significant portion of the time was devoted to
data adaptation and ensuring correctness under different execution environments, a fact that highlights
the importance of a reusable and standardized infrastructure.
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5.4 Summary Characterization of the Suite

To substantiate the suitability and representativeness of KoALA as a performance evaluation tool, an ex-
tensive characterization of its benchmarks was performed. This characterization highlights the inherent
diversity of the suite, approaching the scripts from both a static (syntactic) and dynamic (runtime be-
havior) perspective. Elements of the analysis are presented in Table 5.1, while detailed charts and the full
statistical analysis of the following metrics are omitted for brevity and are available in the suite’s main
publication [16].

Staticand Syntactic Characterization The extraction of syntactic features was performed via the 1ibdash
library [94], which utilizes Smoosh’s abstract syntax definition [8]. The analysis demonstrates intense
syntactic diversity among computational domains: while tasks like natural language processing (nlp)
and data analysis (covid) rely primarily on extensive, linear pipelines, domains like infrastructure man-
agement (ci-cd, pkg) make heavy use of complex control structures (if, while, case), subshells, and
functions. Moreover, individual scripts (e.g., bio, web-search) incorporate explicit manual paralleliza-
tion constructs (& wait). Regarding command distribution, although basic UNix tools dominate in
frequency (e.g., echo, cat, grep), 54.4% of the total unique commands in the suite correspond to cus-
tom binaries or local functions. This feature confirms the shell’s role as "glue code” and highlights the
primary obstacle for developing static acceleration systems, as they are called upon to manage the bulk
of the computation as opaque “black boxes”.

Dynamic Execution Profile Because static analysis does not capture true resource requirements, exten-
sive dynamic characterization was performed via kernel-level monitoring (utilizing the /proc virtual file
system, the strace tool, and continuous sampling via psutil). The analysis revealed immense diversity,
confirming that the suite tests the limits of all computational subsystems. Specifically, actual execution
time ranges from a few seconds (e.g., unixfun) to several hours on full datasets (e.g., bio, web-search).
A crucial finding concerns the distribution of execution time: while in some scripts the shell consumes
significant computational time, in heavier workloads execution is almost entirely dominated by external
binaries, making parallelization the only viable acceleration strategy.

The heterogeneity of the suite is equally reflected in memory usage and input/output (I/O) activity.
The memory footprint spans five orders of magnitude: from extremely lightweight streaming processes
requiring less than 1 MB, to model loading and genomic structure maintenance tasks that allocate tens of
Gigabytes. Correspondingly, the I/O profile varies radically, including both purely computational (CPU-
bound) programs with minimal disk usage, and bulk file scanning tasks (I/O-bound) with throughput
rates approaching 1 GB/s. Finally, the degree of interaction with the operating system kernel ranges from
10 to nearly 900 simultaneously open file descriptors and reaches up to hundreds of millions of system
calls, highlighting the high cost of inter-process communication (IPC) via anonymous pipes.

Principal Component Analysis (PCA) To holistically capture the distinctiveness and diversity of the
suite, principal component analysis (PCA) [95] was applied to two independent representations of the
benchmarks. This method reduces data dimensionality while preserving and highlighting fundamental
structural differences among the programs. In the first approach, the analysis was based on a combina-
tion of static and dynamic execution characteristics, proving that the scripts scatter across a particularly
broad computational space with varied syntactic and behavioral profiles. In the second approach, source
code embeddings generated by OpenAT’s pre-trained text-embedding-3-1large model [96] were uti-
lized, aiming to capture high-level information regarding the structure and semantics of the programs
[97, 98]. The results of both multidimensional analyses converge on the same strong conclusion: the
KoALA suite covers an extremely broad spectrum of syntactic, semantic, and dynamic patterns, provid-
ing a fully representative set of realistic workloads.
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5.5 Summary

Based on the design, implementation, and extensive characterization that preceded, the Koara suite
constitutes a realistic, diverse, and fully automated tool for evaluating shell programs. Its ability to cover
a wide range of syntactic patterns and dynamic behaviors makes it a controlled and reliable testbed for
studying both existing and future acceleration systems.

Having established this foundation, the remainder of the work focuses on the practical utilization of
the suite. In the next five chapters, KoaLa is used to systematically evaluate five different optimization
approaches, which are based on different strategies:

1. The alternative interpreter zsh (Chapter 6).

2. The static I/O optimization compiler Shark (Chapter 7).

3. The manual parallelization tool GNU parallel (Chapter 8).

4. The dynamic pipeline parallelization system PASH (Chapter 9).

5. The speculative out-of-order execution architecture 4S (Chapter 10).

The evaluation of each system is not limited to measuring final performance, but equal emphasis is
placed on understanding its operating mode, as well as the adoption effort—namely, the level of man-
ual intervention, syntactic modifications, or addition of annotations required to execute realistic usage
scenarios.

The analysis begins in the next chapter by executing the suite through zsh, aiming to empirically
investigate whether simply replacing the interpreter—without any code modification—can affect the
performance of representative workloads.
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Chapter 6

Evaluation of the Alternative Interpreter zsh

This chapter begins the cycle of experimental evaluations of the KoALA suite, examining the behavior of
realistic workloads when executed by an alternative shell interpreter. Specifically, it evaluates zsh [17]
(Z Shell), an extremely popular and customizable interpreter that is now the default interactive shell in
environments such as macOS.

The primary goal of this evaluation is to empirically determine whether simply replacing the underly-
ing execution engine—without applying complex static transformations or parallelization techniques—
affects the correctness and execution speed of scripts written in the POSIX standard, compared to the
established bash.

6.1 Operating Mechanism and Characteristics

Unlike systems that actively restructure code (such as Shark or GNU parallel, which will be analyzed
in subsequent chapters), zsh executes the program as is. However, the way zsh parses and manages
memory, as well as the implementation of its internal structures, differ from the corresponding archi-
tecture of bash. These interpreter-level differences can affect the execution speed of shell built-ins, the
efficiency of variable assignment, and the processing speed of control structures (such as for and while
loops). To ensure compatibility and correct execution of programs that follow the strict Un1x philosophy,
zsh features a built-in emulation mode (emulate sh), which adjusts its semantics to the specifications
of the POSIX standard.

6.2 The Motivating Example: The weather Script

The behavior of the weather script (Listing 4.1) serves as a useful case study. The benchmark is based
on a central iterative loop (for) and variable expansion, before invoking three command pipelines (e.g.,
awk, sort) inside it.

Given that zsh executes this code without transformations, the completion speed of the script de-
pends directly on the optimization of the interpreter’s built-ins. The near-identical performance ob-
served in weather empirically confirms that the implementation of zsh’s internal control structures and
variable management is comparable to that of bash, and does not introduce a bottleneck in processing
the loop.

6.3 Adoption Effort

As mentioned above, unlike manual parallelization methods, the adoption effort of zsh via the Koara
suite requires no code modification. Executing the suite’s 126 scripts with the new interpreter was
achieved by simply changing the KOALA_SHELL environment variable, which routes execution to a cus-
tom yet extremely simple startup script (Listing 6.1).

The use of the source command is critical, as it allows zsh to execute the benchmark code directly
within the current environment, thus keeping Koara’s validation and metric collection flow intact.
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#!/bin/zsh

emulate sh
source ”$@”

Listing 6.1: zsh startup script in KoaLa. The script enables POSIX emulation mode (emulate sh)
before loading and executing the benchmark code, ensuring compatibility.

6.4 Performance Analysis

Methodology To extract the experimental results, the benchmarks were executed using zsh version
5.9 under sh emulation mode. bash v5.2.21, also set to compatibility mode (--posix), was used as the
strict baseline. Experiments were conducted in a controlled execution environment (AWS c6i. 4xlarge
instance), equipped with 32GB of memory and a 16-core processor at 3.5 GHz, running the Ubuntu
24.04.1 operating system. Measurements were taken on the small datasets (--small).

Correctness and Overall Speedup A key finding of the experimental process is that, under zsh execu-
tion, all 126 benchmarks of the suite completed successfully without significant slowdown.
Fig. 6.1 depicts the relative speedups of zsh compared to bash.
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Figure 6.1: Relative speedups of zsh on the KoaLa suite benchmarks. The results confirm that the
performance of zsh almost perfectly matches the performance of bash for the vast majority
of the scripts.

As shown in the chart, performance remains practically unchanged for all benchmarks. Overall, the
zsh interpreter recorded a marginal and statistically insignificant average slowdown of 0.16% relative
to bash. This result demonstrates that, despite their internal architectural differences, both interpreters
manage system calls, data flows, and child process creation with identical efficiency.

6.5 Summary

The evaluation of zsh via KoALA draws a clear conclusion: the transition from bash to zsh (under
sh emulation) is achieved with absolutely no modifications to the source code and does not lead to
measurable slowdown during the execution of realistic shell programs. Consequently, users who prefer
zsh for its advanced interactive features can execute large-scale computational scripts while maintaining
full system performance.
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Nevertheless, simply replacing the execution engine does not alter the fundamental bottlenecks of
shell programs, such as serial execution and the extensive, often unnecessary, use of the file system.
To achieve substantial speedups, restructuring the code itself is usually required. Starting from this
realization, the next chapter moves from passive execution to active optimization, examining the Shark
system. It analyzes how static analysis and syntactic transformation prior to execution can eliminate
unnecessary I/O and uncover hidden parallelism, while simultaneously increasing the adoption effort.
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Chapter 7

Evaluation of Shark: Static Input/Output Optimization

This chapter analyzes and evaluates the strategy of static optimization, using the philosophy of the Shark
system [15] as a reference point. Unlike the alternative interpreter zsh examined in the previous chapter,
the Shark approach requires extensive syntactic transformation of the source code prior to its execution.
It focuses primarily on reducing inter-process communication costs and eliminating redundant opera-
tions in the file system (I/O).

7.1 Operating Mechanism and Characteristics

Shark represents one of the first systems to treat shell programs as standard compilation objects, apply-
ing analysis and optimization techniques analogous to those of traditional programming languages. Its
fundamental assumption is that file system accesses (writes and reads) can be considered analogous to
variable references in other languages. This assumption allows the application of dependency analysis
and data flow optimization techniques at the whole-program level.

Based on this approach, Shark implements a set of optimizations aimed at reducing file system usage
(which is often a bottleneck) and improving data locality. Table 7.1 summarizes the four main categories
of optimizations implemented by the system.

Optimization Definition Goal

Filesystem Elimination of redundant file creation Reduction of I/O and redundant
computations

Pipelining Conversion of file writes/reads into pipes Reduction of I/O, improvement of
locality & concurrency

Parallelization Concurrent scheduling of independent Increase in concurrency

commands
Command Invocation Program transformation using domain Optimization of command usage

knowledge (e.g., cat-elimination)

Table 7.1: The optimizations of Shark and their goals. Translation of the namesake table from [15].

To achieve these static transformations, Shark theoretically operates as an optimizing compiler through
a strictly defined process (Fig. 7.1). First, it parses the code and constructs an abstract syntax tree (AST).
Next, it normalizes the input/output operations by converting them into an intermediate representation
(IO-Scripts), which explicitly captures the interactions with the file system. Leveraging this structure, it
constructs a directed acyclic graph (DAG) of data dependencies. On this graph, it performs the removal
of redundant I/O operations, eliminating files that are created but never read. The remaining intermedi-
ate files are converted into anonymous pipes. Finally, the optimized graph is traversed breadth-first in
order to identify independent nodes, which are converted back into an AST so that the corresponding
commands are scheduled for concurrent execution.

Beyond syntactic transformation, the original system placed particular emphasis on reducing pro-
cess creation costs by converting frequently used external commands (like grep) into dynamic libraries
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Figure 7.1: Overview of Shark. Visualization of the compilation and optimization pipeline. The pro-
cess begins with the construction of the syntax tree and concludes with the generation of an
optimized script through the analysis of dependency graphs.

(shared objects / DLLs). Although the current evaluation focuses exclusively on static transformations,
this dynamic loading technique was a core pillar for the holistic acceleration of execution in the proto-
type system.

It is important to clarify that the prototype Shark system is a research project which is not available
as open-source software or a functional tool. Consequently, in this work, the theoretical syntactic trans-
formations described by the Shark philosophy are applied manually to all benchmarks in the Koara
suite. Subsequently, both the original and optimized versions are executed in order to characterize per-
formance and highlight the limits of the optimizations.

7.2 Static Transformation: The weather Script

To understand the practical application of these optimizations, the characteristic weather benchmark (List-
ing 4.1) is utilized, which consists of a for loop executing three independent pipelines. By manually
applying the principles of Shark (Listing 7.1), two main interventions are implemented:

1. Removal of redundant processes (Useless Use of Cat): The redundant invocation of the cat com-
mand (which merely pipes the contents of a file) is eliminated, replacing it with direct input redi-
rection (<). This saves the time of creating an additional process.

2. Static Parallelization: Exploiting the static knowledge that the three pipelines write to distinct
output files and do not affect each other (i.e. there are no write/read dependencies), we place
them in the background (via the & operator) and introduce the synchronization command wait
at the end of each loop iteration.

This approach achieves concurrent execution at the command level, utilizing available cores and
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#!/bin/bash

d="./data/temperatures”

for y in $(seq $start $end); do
cut -c 89-92 < ”$d/$y” | grep -v 999 | sort -rn | head -n 1 > "max.%$y” &
cut -c 89-92 < ”$d/$y” | grep -v 999 | sort -n | head -n 1 > ”min.3%y” &
cut -c 89-92 < ”$d/$y” | grep -v 999 | awk ’{t+=$1; i++} END {print t/i}’ >
- Tavg.%y” &
wait

done

Listing 7.1: The weather script transformed using Shark. The process required manual intervention
to remove cat and add background parallelization operators.

TEMPDIR=$(mktemp -d)

cat > ${TEMPDIR}/${input}.words

tail +2 ${TEMPDIR}/${input}.words > ${TEMPDIR}/${input}.nextwords
tail +3 ${TEMPDIR}/${input}.words > ${TEMPDIR}/${input}.nextwords2
paste ${TEMPDIR}/${input}.words \${TEMPDIR}/${input}.nextwords

o  ${TEMPDIR}/${input}.nextwords2 |

sort | uniq -c

rm -rf ${TEMPDIR}

Listing 7.2: Excerpt from the count-trigrams script of the nlp set. Use of temporary files to store and
process intermediate data flows before merging them.

drastically reducing the overall completion time of the loop. *

7.3 Adoption Effort

While the weather example required mild and comprehensible interventions, the manual application of
the Shark philosophy to broader and more complex data analysis scripts proved to be a time-consuming
and complicated process. A characteristic example is the trigram extraction benchmark (count-trigrams)
from nlp. It is noted that the entire source code of the original and transformed scripts is provided ver-
batim in the appendix (Listings C.1 and C.2).

In its original form (Listing 7.2), the algorithm follows a classic and safe "temporary file creation”
(tempfiles) approach to store intermediate states of the data flow.

To achieve SharK’s goals—namely, eliminating disk writes by replacing intermediate files with named
pipes (FIFOs) and parallelizing independent commands—extensive modification of the code structure
was required, as shown in the following excerpt (Listing 7.3).

This conversion highlights three main challenges that make the adoption effort particularly demand-
ing for the average user, or even for automatic compilation systems without strong safety guarantees:

1. Flow Complexity Management and Deadlocks: The use of FIFOs mandates the use of the tee
command (line 21) to split the input into multiple channels. This immediately introduces the clas-
sic Producer-Consumer synchronization problem. Consumer commands (e.g., tail and paste

! Note that, since the loop iterations are also independent, iteration-level parallelization could also be applied by placing the
entire loop in the background, as will be done later using GNU parallel in Chapter 8.
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20

21

22

mkfifo ”$f_rawl” ”$f_raw2” ”$f_raw3d” ”$f_tail2” ”$f_tail3”

tail -n +2 < 7"$f_raw2” > 7$f_tail2” &

tail -n +3 < ”$f_raw3” > "$f_tail3” &

paste ”$f_rawl” ”$f_tail2” ”$f_tail3” | sort | uniq -c > ”$output_file” &
agg_pid=$!

tr -c ’A-Za-z’ ’\n’ < ”$input_file” | \

grep -v '“[[:space:]]*$" | \

tee "$f_raw2” ”$f_raw3d” > ”$f_rawl”

wait $agg_pid

Listing 7.3: Excerpt from the count-trigrams script transformed using Shark. Replacement of tem-
porary files with FIFOs and careful background initiation of consumers to avoid deadlocks.

on lines 14-16) must start in the background (&) before the producer (tee) begins writing to the
FIFOs. If the order is reversed, the shell blocks waiting for a reader, leading to a permanent dead-
lock.

2. Manual Resource Control: As Shark relies on static interventions, it does not offer an automatic
load balancing mechanism. To avoid exhausting the system’s available processes (fork bomb) when
processing thousands of files, the manual implementation of a job management mechanism, with
wait and semaphores, was required, which is presented in detail in the appendix (Listing C.2).

3. Correctness Challenge and Code Bloat: Code readability is noticeably reduced. The actual busi-
ness logic is overshadowed by complex process management details, while the risk of introducing
race conditions is high, significantly increasing development and debugging time.

7.4 Performance Analysis

15 1 1 | 1 1 L il 1 |

Figure 7.2: Relative speedups of Shark on the KoALA suite benchmarks. The system achieves signifi-
cant speedups in scenarios with loop parallelization, but lags in strictly serial workloads or
interconnected pipelines.

As depicted in Fig. 7.2, the Shark strategy achieved significant performance gains across the entire

KoaLA suite, with speedups ranging from 1.01x to 13.43x, depending on the characteristics of each
script. The most spectacular improvements were observed in benchmarks containing trivially paralleliz-
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able loop iterations. Indicatively, Shark improved the weather and nlp sets by 13.43x and 6.46x respec-
tively, as independent tasks were scheduled concurrently, effectively utilizing available resources. Con-
versely, scenarios with strong interdependencies that already use pipelines extensively, such as covid,
oneliners, bio, and unixfun, offer fewer opportunities for Shark’s interventions, leading to marginal
speedups that ranged between 1.01x and 1.06x. Similarly, scenarios with strictly serial operations, like
those in the ci-cd set, showed limited improvement (1.16x). The web-search benchmark presented
the smallest improvement (1.01x), as its original implementation already executes three n-gram cal-
culations in parallel, not allowing further parallelization. In the same context, optimizations focusing
exclusively on command invocation (such as removing cat or adding the --posix flag) did not yield
significant benefits: in scenarios where only such opportunities existed (like in web-search), the av-
erage speedup was limited. In contrast, optimizations that eliminate temporary files for intermediate
storage can offer more substantial speedups, but, as analyzed in Section 7.3, they introduce significant
complexity due to the need for strict coordination between producers and consumers.

It is worth underlining that the static nature of the transformation ensures that Shark offers exclu-
sively speedups (even marginal ones of the order of 1.01x), without introducing any runtime overhead,
unlike dynamic analysis tools. This occurs because the system’s optimizations correspond to the appli-
cation of established shell scripting best practices. Today, several of these tactics—such as eliminating
the useless use of cat—have been widely incorporated as static analysis rules in modern code-checking
tools (linters), like ShellCheck [99], confirming the timeless value of Shark’s philosophy.

7.5 Summary

The results in KoaLa confirm that Shark’s optimizations are particularly efficient in scenarios involving
operations on multiple inputs and independent commands, offering speedups up to 13.43x. However,
they prove less effective for scripts that are I/O-bound or for scenarios that are not easily parallelizable
due to strong dependencies. Concurrently, the evaluation shows that the significant adoption effort
makes the strictly static approach less attractive for the average user seeking easy and safe acceleration.

In the next chapter, we examine the GNU parallel tool, which also requires manual intervention
in the code, but increases the achievable performance through explicit data parallelization.
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Chapter 8

Evaluation of GNU parallel: Manual Parallelism

This chapter examines the approach of explicit parallelism, using GNU parallel [18] as the primary
evaluation vehicle. In contrast to the static analysis of Shark, which attempts to optimize code based on
recognized input/output patterns, GNU parallel is a tool that provides full control to the programmer,
while requiring their full intervention for restructuring the program logic.

8.1 Operating Mechanism and Characteristics

GNU parallel is one of the most widespread manual parallelization tools in the UNIx ecosystem. Its
functionality is provided through the parallel command, which offers the ability to split datasets and
simultaneously execute multiple independent processes. Its original purpose was to function similarly
to xargs, but with the ability to correctly handle spaces and quotes in arguments. The tool supports
both data parallelism and task parallelism, while providing the capability to execute processes on remote
nodes via secure connections. By default, GNU parallel executes one job per available core. One of its
strongest features is the ability to read data from a pipe, split it into blocks, and direct each block to sepa-
rate, concurrent commands. Unlike automatic parallelization systems, GNU parallel does not utilize
any information regarding the semantics, the abstract syntax tree, or the dependencies of the program.
The responsibility for correct data partitioning and maintaining functional correctness is transferred en-
tirely to the user. Incorrect configurations can lead to both significant slowdowns and the production
of erroneous results. GNU parallel is used in this work as a basic reference point, representing the
user-level manual parallelization approach.

8.2 Manual Parallelization: The weather Scenario

To understand how the tool operates, the motivating example of the weather benchmark is utilized
once again (Listing 4.1). For parallelization via GNU parallel, simply adding a flag to the shell is not
sufficient. Instead, the program must be transformed (Listing 8.1). Specifically, the loop logic must be
encapsulated in a discrete function (named process_year in the example). Subsequently, the year feed
is usually implemented via a generator (such as the seq command), which pipes the data directly into
parallel.

This approach, while efficient, converts a single structured script into a set of discrete functions.

8.3 Adoption Effort

The application of the tool to the Koara benchmarks was focused on scenarios that are natural choices
for parallel execution due to their structure. Emphasis was placed on flows that process independent
input files, and on efficient segment-based processing that requires little or no synchronization, often
utilizing the -pipe parameter for data flow parallelization. Despite this selective use, the correct applica-
tion of GNU parallel proves in practice to be an extremely demanding non-trivial process [6], and the
conversion of serial pipelines to parallel ones often requires multiple iterations to achieve correctness
and optimal performance.
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Figure 8.1: Overview of GNU parallel. The dispatcher receives a list of tasks or data and assigns them
dynamically to multiple worker processes running in parallel on different processor cores.
Individual results are collected and aggregated to the standard output.

#!/bin/bash

d="./data/temperatures”

process_year() {
y=$1
cut -c 89-92 ”$d/$y” | grep -v 999 | sort -rn | head -n 1 > ”max.$y”
cut -c 89-92 ”$d/$y” | grep -v 999 | sort -n | head -n 1 > ”min.$y”
cut -c 89-92 ”$d/$y” | grep -v 999 | awk ’{t+=$1; i++} END{print t/i}’ >
- Tavg.$y”

}

export -f process_year

export d

seq ”"$start” ”$end” | parallel --jobs ”$(nproc)” process_year

Listing 8.1: The weather scenario transformed using GNU parallel. The process requires a radical
modification of the code architecture, function extraction, and explicit invocation of the
parallelizer.

Environment Export and Syntactic Complexity GNU parallel starts new shell processes (bash -c)
in the background. For local functions to be available in these subshells, the user must explicitly export
them to the environment using the export -f command. Furthermore, managing variables and strings
within the execution parameter requires complex escaping patterns, making debugging particularly dif-
ficult.

Intermediate Data and Pipeline Management In contrast to the simple syntax of shell pipes (|), the
user of GNU parallel must often explicitly manage the data flow. In the example of the covid-1 script
from the covid set, there is a need to use temporary directories (mk temp), define data chunk sizes via the
-block (chunk_size) parameter, and use cleanup mechanisms (trap) for temporary files. The simple
pipeline of the original script (Listing 8.2) is transformed into a complex script (Listing 8.3) that requires
function extraction and explicit coordination via the -pipe parameter.

Syntactic Complexity and Correctness To move towards more intensive parallelization, when paral-
lelism is not obvious, a new challenge often arises, especially in scenarios requiring synchronization or
data order preservation. For example, when parallelizing the last pipeline stages of the spell script (List-
ing 8.4), the need for order preservation arises (so that commands like uniq function correctly). Thus,
the use of the -k (keep order) flag is mandated [6], as its omission leads to incorrect results due to the
non-deterministic scheduling of tasks.
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cat 7$1” |
sed 's/T..:..:../7/7 |

Listing 8.2: Excerpt from the covid-1 script of the covid set. The script contains a pipeline with easily
parallelizable initial stages. The full code is provided in the appendix (Listing C.3).

chunk_size=%${chunk_size:-100M}
process_chunk() {
sed ’s/T..:..:..//"| cut -d ’,” -f 1,3
3
export -f process_chunk
tmp_dir=$(mktemp -d)
trap ”rm -rf $tmp_dir” EXIT
cat ”"$INPUT” | parallel --pipe --block ”$chunk_size” -j ”$MAX_PROCS” process_chunk
o > 7$tmp_dir/combined. tmp”

Listing 8.3: Excerpt from the covid-1 script transformed using GNU parallel. Parallelization re-
quires manual data chunking. The full code is provided in the appendix (Listing C.4).

Furthermore, managing multiple input/output flows often requires the manual creation of named
pipes (mkfifo) and complex command structures involving escape characters. As shown in Listing 8.5,
the command becomes difficult to read, while performance depends dramatically on "magic” constants
such as --block, where incorrect tuning can lead to dramatic delays [6].

8.4 Performance Analysis

Overall, GNU parallel achieved an average speedup of approximately 2.6x across the suite, with the
varjance between scripts being high, but with results remaining positive for almost all benchmarks.

8 i 1 | | ul 1 | 1 1 |

fngnu parallel

Figure 8.2: Relative speedups of GNU parallel on the KoALA suite benchmarks. The tool offers top-
tier speedups in perfectly parallelizable scenarios but imposes overhead on small workloads.

As shown in Fig. 8.2, the reward for the high adoption effort is impressive in scenarios that are I/O-
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#!/bin/bash
# Calculate mispelled words in an input

dict=$SUITE_DIR/inputs/dict.txt

cat $1 |
sed ’s/[*[:print:]]//g" | # remove non-printing characters
col -bx | # remove backspaces / linefeeds
tr -cs A-Za-z ’\n’ | # split on non-alphabetic characters
tr A-Z a-z | # map upper to lower case
tr -d ’[:punct:]’ | # remove punctuation
sort | # put words in alphabetical order
uniq | # remove duplicate words
comm -23 - $dict # report words not in dictionary

Listing 8.4: The spell script of the oneliners set. The initial stages of the pipeline are easily paralleliz-
able, while the last three require careful management.

mkfifo $TEMP1

parallel ”cat {} | col -bx | tr -cs A-Za-z ’\n’ | tr A-Z a-z | \

tr -d ’[:punct:]’ | sort > $TEMP_C1” ::: $IN &

sort -m $TEMP1 | parallel -k --jobs ${JOBS} --pipe --block ”$BLOCK_SIZE” ”uniq” |
uniq | parallel -k --jobs ${JOBS} --pipe --block ”$BLOCK_SIZE” ”grep -vx -f $dict

”

<

Listing 8.5: Excerpt from the spell script transformed using GNU parallel. FIFOs and the use of the
-k flag to preserve output order are required, ensuring correctness. The full code is provided
in the appendix ( Listing C.5).

bound or easily parallelizable. For example, file-mod, which simultaneously converts multiple media
files with high utilization of available cores, was accelerated by 3.85x. Similarly, nlp, which processes
multiple data files independently, recorded a speedup of 6.46x.

Conversely, the speedups of GNU parallel are limited in scenarios lacking these characteristics. In
ci-cd (1.16x), the improvement was minimal, as these scripts either already exploit internal parallelism
during command invocation (e.g., multi-file compilation) or include commands that do not benefit from
the parallel model (such as git or find).

Finally, there were cases where the tool did not yield substantial improvement or even caused a
slight slowdown due to the nature of the script. In the unixfun (1.02x) benchmark, the pipeline stages
depend directly on the output of the preceding stages. This interdependence prevented GNU parallel
from fully exploiting parallelism. Similarly, scripts requiring complex splitting and merging, such as
web-search (0.95x), drastically limited the tool’s capabilities to exploit parallelism, recording a slow-
down.

8.5 Summary
GNU parallel represents an approach based on direct, explicit, manual parallelization in the Unix

ecosystem. Evaluation in KoaLA confirms that it can significantly accelerate I/O-bound tasks and loops
without interdependencies (such as file-mod), offering an average speedup of 2.6x. However, its per-
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formance is significantly limited in scenarios with serial operations or complex splitting and merging
requirements (e.g., unixfun, web-search).

Furthermore, the price of this performance is the significant adoption cost. The need for code re-
structuring, function extraction, manual temporary file management, and careful flag placement (such
as -k), shifts the burden of correctness entirely to the programmer, making it less suitable for the auto-
mated optimization of large-scale software.

These findings demonstrate a clear gap: the community needs systems that offer the impressive
speedups of GNU parallel but with the safety and ease of use of a simple interpreter (as seen with
zsh). The next chapter introduces the concept of automatic parallelization via the PASH system, which
attempts to bridge this gap by offering safe, automatic data parallelism with minimal user intervention.
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Chapter 9

Evaluation of PASH: Automatic Dynamic Parallelization

The previous chapters highlighted that while manual parallelization (GNU parallel) and static opti-
mization (Shark) can yield significant performance gains, they require radical interventions in the source
code and shift the burden of correctness to the programmer. This chapter examines a modern, alterna-
tive approach through PaSH, which attempts to provide automated acceleration while preserving the
program’s original semantics.

9.1 Operating Mechanism and Characteristics

PASH [7] is a system for the automatic parallelization of POSIX shell programs, which executes UNIx
programs in a parallel fashion via a Just-in-Time (JIT) compilation mechanism. To address the dynamic
nature of the shell, PASH interleaves compilation and execution phases, collecting real-time information
about the state of the shell, the file system, and the environment.

The system (Fig. 9.1) identifies potentially parallelizable regions of the program and converts them
into data-flow graphs, where each command corresponds to a node and each data flow to an edge. Par-
allelizability information is encoded through a system of annotations, which describe the parallelization
categories of commands and takes into account their arguments and options. Subsequently, transfor-
mations are applied to these graphs to identify data and task parallelism, such as splitting flows into
independent segments and reorganizing commands. After completing the transformations, the graphs
are converted back into shell code, into which appropriate parallelization commands (e.g., & wait) and
named pipes are inserted to explicitly implement parallel execution. The degree of parallelism is con-
figurable and adjusted dynamically using the -width flag. To ensure functional equivalence with serial
execution, PASH relies on an order-aware dataflow model [6], which maintains the necessary dependen-
cies between inputs and outputs. Furthermore, before each transformation, the shell state is saved to
avoid side effects. In cases where dynamic compilation fails or parallelization is deemed unsafe (e.g.,
unknown commands), PASH automatically falls back to serial execution.

9.2 Just-in-Time Compilation: The weather Scenario

Returning to the example, although the user executes the original weather script (Listing 4.1) unchanged,
PASH intervenes dynamically during its execution. By reading the available annotations, the system rec-
ognizes that the cut command in the first pipeline is fully parallelizable (stateless), while the sort com-
mand requires a specialized merge operation (merge). Based on this information, PASH constructs and
executes internally a data-flow graph: it automatically partitions the input (split), directs it into multi-
ple named pipes (FIFOs) corresponding to the parallelization width, processes the data in parallel, and
finally merges the individual results (utilizing sort -m).

Below is a simplified representation of the shell code generated automatically by PASH to coordi-
nate these functions (Listing 9.1), while the full program is provided, for completeness, in the appendix
(Listing B.1).
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Figure 9.1: Overview of PASH. The PASH system orchestrates scripts with calls to the JIT engine, which
during execution forwards parts of the program to the PASH compilation server for dynamic
processing at runtime.

#!/bin/bash

mkfifo f{0..10}

cat ”./data/temperatures/2000” >fo &

split fo f1 f2 &

cut -c 89-92 <f1 >f3 &

cut -c 89-92 <f2 >f4 &

grep -v 999 <f3 >f5 &

grep -v 999 <f4 >f6 &

sort -rn <f5 >f7 &

sort -rn <f6 >f8 &

sort -rn -m f8 f9 >f10 &

head -n 1 <f10 >”max.2000” &

# ...

# --- Alternatively, for the AVG calculation (Merge -> Sequential Awk) ---
merge f9 10 | awk ’{t+=$1; i++} END {if (i>0@) print t/i}’ > ”avg.2000”
wait

rm f{0..10}

Listing 9.1: Simplified representation for the weather script transformed using PASH. Shows the data-
flow graph (DFG) that PASH automatically creates and executes in the background for one
of the script’s pipelines.

9.3 Adoption Effort

In contrast to Shark and GNU parallel, the architecture of PASH offers a zero-effort adoption experi-
ence from the user’s perspective. The programmer is relieved of the need to modify the original code.

Evaluation via the KoaLa suite was performed requiring only the definition of the corresponding
environment variable in the KoaLa driver. The parallelization degree for the experiments was 4, and the
corresponding environment variable was set as follows:

KOALA_SHELL="./pa.sh --width 4”

It is noted that PASH has the capability to substitute unknown code segments via alias or functions
that can be manually annotated with parallelization information. While this practice could extract fur-
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ther speedups, we decided not to apply it, as it would require significant additional workload, negating
the system’s primary advantage.

9.4 Performance Analysis
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Figure 9.2: Relative speedups of PASH on the KoaLA suite benchmarks. PaSH offers speedups on
known tools but returns to serial execution when annotations or suitable syntactic struc-
tures are absent.

The performance results are illustrated in Fig. 9.2. PASH achieved significant speedups in scenarios
with multi-stage pipelines or for loops without data dependencies between iterations. Indicatively, in
the oneliners and covid sets, it achieved speedups of 2.15x and 1.83x% respectively, as they are based
on classic POSIX tools included in the system’s annotation library. However, evaluation via KoarLa
highlighted critical limitations that drastically affect the generalization of its performance.

The most significant limitation lies in the annotation burden. In domains where the computational
load is handled by specialized executables for which PaSH lacks annotations, the system does not apply
parallelization. As a result, for sets such as pkg (0.94x) and file-mod (0.96x), no speedup is observed;
instead, a slight slowdown is recorded due to the overhead of dynamic analysis.

Furthermore, the absence of suitable syntactic structures and the increased cost of compilation con-
stitute additional limiting factors. PASH presupposes the existence of specific syntactic patterns (e.g.,
large pipelines or data-parallel loops) to intervene. Scenarios such as repl (0.77x) and ci-cd (0.88x),
which consist mainly of serial system commands and do not contain structures amenable to paralleliza-
tion, are slowed down as additional overhead is introduced due to the JIT engine. Finally, it is worth
noting that in the case of the bio benchmark set, execution failed completely, demonstrating the diffi-
culties of dynamic compilation in managing extremely complex dependencies.

9.5 Summary

Evaluation in KoArLA demonstrates that PASH can provide substantial speedups in scenarios that fall
within its parallelization scope, in an automated and safe manner. However, its effectiveness depends
directly on two main factors: the availability of annotations for the respective commands and the extent
to which the program structure allows for the transformations the system can implement. When the
system encounters opaque tools or strictly serial structures, the conservative fallback approach negates
potential performance gains. This limitation remains a significant open issue in current shell research.
To bypass the hurdle of manual annotations and opaque external commands, a different approach is re-
quired. The next and final chapter of the evaluation explores this direction through the AS system, which
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attempts to offer general-purpose automatic acceleration by utilizing speculative out-of-order execution
and dynamic tracing.
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Chapter 10

Evaluation of hS: Speculative Out-of-Order Execution

The previous chapter demonstrated that automatic parallelization (via PASH) benefits from zero adop-
tion effort but is drastically limited by the "annotation burden,” failing to accelerate unknown, opaque
tools. This chapter examines a new, alternative approach, AS, which attempts to offer general-purpose
automatic acceleration by bypassing the need for additional information regarding the commands being
executed.

10.1 Operating Mechanism and Characteristics

hS introduces a different approach to automatic acceleration based on out-of-order execution [14]. In-
stead of strictly following the program’s syntactic order, it attempts to execute commands “opportunis-
tically;,” i.e., by performing speculative execution, predicting that no dependency violations will occur.
This approach is grounded in the observation that many shell programs are excessively serial, despite
containing independent or weakly dependent commands. The system pre-processes the code and con-
structs a partial order graph that captures the syntactic sequence. Subsequently, during execution, it
dynamically collects dependency information by tracing access to the file system and the environment.

hS Preprocessor ——

Partial Program Order :

d="./data/temperatures"

.

V| cat $d/2000 |...> max.2000 cat $d4/2001 |...> max.2001
i cat $d/2000 |...> min.2000 cat $d/2001 |...> min.2001 RO

cat $d/2000 |...> avg.2000 cat $d/2001 |...> avg.2001

Preprocessed .

5105 o o 2 e e

.......................... \
Virtualization !

env :

Tracing updates " Speculating Tracing Speculating Tracing E
Executor oo emd | Command Command T
results i

Scheduler

Figure 10.1: Overview of hS. The system executes future commands ahead of time (speculation) in iso-
lated environments (sandboxes) and detects I/O accesses (using ptrace) and environment
state. If no dependency conflicts occur, the results are incorporated into the file system
(commit); otherwise, the execution is undone (rollback) and repeated [14].
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As shown in Fig. 10.1, hS executes future commands in isolated environments (sandboxes), using
virtualization mechanisms and overlay filesystems. The side effects of the commands are recorded tem-
porarily. When a command completes, its results are merged into the main system (commit) only after
confirming that no dependencies from previous commands were violated. In the event a conflict is de-
tected, speculative executions are cancelled (rollback) and execution continues safely according to the
correct semantic order.

The integrated scheduler alternates between execution and validation phases. This technique allows
for the exploitation of task parallelism in opaque executables without prior specifications, making hS a
general-purpose system.

10.2 Speculative Execution: The weather Scenario

To understand the practical application of speculative execution, the operation of the hS scheduler is
examined in the weather scenario (Listing 4.1). In contrast to PASH, which constructs static pipelines
based on FIFOs, hS launches successive pipelines (pipelines H1, H2, H3 of the loop) within sandboxes
before their previous dependencies have completed.

Table 10.1 details this internal behavior, assuming a starting year of 2000 (start = 2000).

Time Step  hS Scheduler Action in the Background

) Start H1(2000): Executes normally, as it is the first command in the sequence.

4 Speculative execution: Start of H2(2000) and H3(2000) in isolated environments.
Their reads/writes are traced.

ty The shell proceeds to the next year (y=2001). Speculative H1(2001) begins while
H2/H3 of 2000 are still running.

t3 H1(2000) completes successfully.

ty H2(2000) completes. The system checks I/O traces and finds no conflicts with H1
— Commit of its changes to the real file system.

ts H3(2000) completes. Similarly, no conflicts are detected — Commit.

te The loop continues, having effectively overlapped the execution time of individ-

ual commands.

Table 10.1: Operation of the hS scheduler in the weather scenario. H1, H2, and H3 correspond to the
three independent pipelines within the for loop.

10.3 Adoption Effort

Just like PASH, hS does not require code modification. However, hS extends this approach: the absence of
annotations means that the user does not require knowledge of the internal workings of the commands
they call. This is particularly critical in the case of custom executables, which are often treated as "black
boxes.” As revealed by the program analysis, these executables constitute the majority of commands
appearing in the examined scenarios. Furthermore, in several cases, they fall into specialized computa-
tional fields that are not necessarily familiar to general programmers, such as the tools included in bio
which belong to the field of bioinformatics. While in other systems the user would have to manually
analyze the behavior of these programs (e.g., which files they read or modify), hS allows for their auto-
matic parallel execution through speculative out-of-order execution. The system handles correctness by
automatically performing a rollback of the execution only if a real dependency conflict is dynamically
detected, without additional user intervention.
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As hS is currently under active development, an early-stage prototype provided by its creators was
used for this evaluation. For the execution of the KoaLa scripts, the benchmarks remained unchanged,
with the only modification being the definition of the environment variable:

KOALA_SHELL="hs”

However, due to the experimental nature of the tool, it was not possible to successtully execute the en-
tire KoALA suite. For sets such as analytics, bio, ml, nlp, unixfun, weather, and web-search, hS suc-
cessfully executed at least a subset of the scripts. Conversely, the subsets ci-cd, file-mod, inference,
oneliners, pkg, and repl were completely excluded from the AS evaluation, as their execution either
did not complete successfully or produced incorrect results due to the prototype’s inability to handle
their specific structures.

10.4 Performance Analysis

For the evaluation of the system, we focused on the benchmarks that were executed successfully. The
results are depicted in Fig. 10.2.
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Figure 10.2: Relative speedups of hS on the KoaLa suite benchmarks. The system offers significant
speedups when predictions are confirmed but is severely penalized by tracing costs in small
processes.

The analysis highlighted that hS offers significant benefits in scenarios involving syntactic regions
without interdependencies. Speedups range from 1.53x to 4.97x, with the analytics and unixfun sets
at the two ends of this range, respectively. Other benchmarks showing notable speedups include weather
(1.64x) and bio (2.10x). In these scripts, speculative commands operate on independent files, resulting
in systematically confirmed scheduler predictions (high speculation hit rate), allowing the system to
tully hide file system latencies.

On the other hand, scenarios involving direct dependencies between stages were unable to benefit
from the speculative approach. These scenarios saw serious slowdowns, ranging from 0.97x (in covid)
to 0.47x (in web-search), resulting in an average slowdown of 0.72x for these categories.

These slowdowns can be primarily attributed to the following factors:

1. Frequent Rollbacks: When scripts are characterized by strong, direct data dependencies, specu-
lative execution proves ineffective, leading to costly cancellation and re-execution processes.

2. Isolation & Tracing Overhead: AhS relies on ptrace for monitoring system calls and on overlay
filesystems for isolation. In workloads with many fast, short-lived processes, the context-switching
cost for tracing every I/O call dominates, degrading performance.
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Finally, the approach is limited by commands with non-virtualizable side effects, such as network
communication (curl, wget), which cannot be executed ahead of time and undone without conse-
quences.

10.5 Summary

hS indicates that the principles of out-of-order execution can be successfully applied at the operating
system and shell levels. Its ability to accelerate opaque programs without any user intervention is a
significant development toward full automation. However, the findings of the Koara suite underscore
that, in its current experimental form, the high computational overhead of monitoring mechanisms
and the penalties from incorrect speculation are significant obstacles requiring further optimization for
generalized use.
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Chapter 11

Conclusions

The systematic analysis through the Koara suite highlights that shell program acceleration cannot be
treated as a one-dimensional parallelism problem, but rather as a complex space of design choices that
depends on the nature of the workloads, the semantics of the commands, and the structure of the scripts
themselves. The combination of static and dynamic characterization of the benchmarks, as well as the
application of multiple acceleration systems, provides a comprehensive picture of the shell optimization
space.

11.1 Different Execution Strategies and Their Limits

The application of the zsh, Shark, GNU parallel, PaSH, and kS systems to the KoaLa suite shows
that each approach is effective for different categories of programs and exploits different optimization
opportunities.

« Alternative interpreter (zsh): Simply replacing the execution interpreter does not lead to a sub-
stantial change in script performance, which suggests that choosing a different interpreter does
not introduce measurable overhead during the execution of shell programs. The increased cus-
tomizability and advanced interactive features of zsh can be adopted without negatively affecting
the performance of computational scripts.

« Syntactic transformations (Shark): Shark achieves significant speedups in scripts with indepen-
dent iterations or command pipelines, reaching up to 13.43x in some cases. The benefits decrease
when data pipelines are already optimized or when dependencies between stages limit the avail-
able transformations.

« Manual parallelism (GNU parallel): The use of GNU parallel performs particularly well
in I/O-intensive tasks or in loops without interdependencies, with average speedups of approxi-
mately 2.6x. However, it requires manual modification of the programs, which limits the practical
applicability of the approach.

» Parallelization with command awareness (PASH): PASH automatically accelerates scripts contain-
ing command pipelines; however, its effectiveness depends on the availability of annotations and
on whether the program falls within the parallelization model it supports.

+ Out-of-order execution (hS): hS offers benefits in cases with independent computation stages,

but its performance is affected by isolation and tracing costs and the presence of dependencies,
leading to instability or even slowdowns in some programs.

Overall, it appears that there is no universally optimal acceleration technique; each system exploits
different features of the shell and exhibits different limitations.

159



11.2 Diversity of Behavior

Syntactic analysis shows that shell programs function primarily as an orchestration mechanism for ex-
ternal tools. Although the most frequent commands originate from POSIX tools and GNU Coreutils,
54% of the unique commands in the benchmarks correspond to custom binaries or user functions. This
fact confirms that real-world shell programs function mainly as a connective mechanism that connects
heterogeneous programs. This property complicates static optimization techniques, as the behavior of a
large portion of the commands remains opaque to the acceleration system [16].

Dynamic characterization reveals that KoaLa workloads cover a wide range of behaviors in terms
of execution time and resource usage.

+ CPU usage time ranges from seconds to hours.
« Memory usage and total input/output volume differ by several orders of magnitude.

« Many programs are dominated by external commands, while others spend significant time within
the shell interpreter itself.

This variety explains why techniques focusing exclusively on data parallelism do not perform uni-
formly across all benchmarks. The shell is used not only for data processing but also for the orchestration

of complex system tasks.

11.3 The Value of Systematic Evaluation

The absence of established benchmarks has constituted a significant obstacle in shell acceleration re-
search. The KoALa suite provides:

« realistic workloads with real data,
« automated installation and result validation,
« reproducible evaluation infrastructure,

« broad coverage of syntactic and dynamic characteristics.

The application of the suite to different acceleration approaches highlighted the importance of eval-
uation under common and reproducible conditions, allowing a clear depiction of trade-offs between
performance, implementation complexity, and adoption effort. Therefore, the existence of a systematic
and commonly accepted suite is essential for fair comparisons and reliable progress in the field.

11.4 Overall Assessment

The analysis through the suite demonstrates that the Unix shell constitutes a particularly heterogeneous
execution environment. The different workloads, the external commands, and the variety of dynamic
behaviors make it difficult for a single acceleration strategy to dominate. The contribution of Koara
lies in the fact that it enables, for the first time, a comparable and systematic evaluation of acceleration
systems in realistic scenarios, highlighting both their capabilities and their limits.
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Chapter 12

Future Work and Conclusions

This thesis concludes after presenting, analyzing, and utilizing the KoaLa suite. Through the systematic
study of the structural characteristics of the Unix shell and the identification of the practical limitations
of existing accelerators, it becomes clear what makes shell optimization such a complex problem with
significant technical challenges. In this final chapter, the research directions for future work are outlined,
and the final conclusions of the work are summarized.

12.1 Future Work

The infrastructure and findings of the present work open multiple directions for future research.

Expanding the Suite with New Workload Patterns

Although the KoaLa suite already covers a wide range of applications, new categories of scripts could
further enhance its representativeness:

+ Network-intensive interaction scenarios: Scripts based on continuous communication with re-
mote services or data synchronization would allow the study of systems where network latency
dominates over local I/O.

+ Non-deterministic executions: Scenarios that depend on randomness or the dynamic state of the
system can highlight the limitations of parallel execution and out-of-order execution techniques,
which rely on accurate predictions.

« Interactive sessions: Modeling actual interactive shell usage will allow for the study of response
time (latency) and the overall quality of experience (QoE).

Evaluating New System Architectures

The variety of benchmarks makes Koara ideal for evaluating new categories of systems, beyond local
single-node acceleration:

« Distributed shells: Systems such as D1SH [11] and POSH [1] allow the execution of shell programs
across multiple nodes (clusters). Benchmarks with large data volumes offer a natural setting for
evaluating the cost-benefit ratio of network distribution.

« Fault tolerance and execution continuity: Systems such as FRACTAL [12] introduce checkpointing
and continuity mechanisms. Long-running benchmarks from the suite can be used to measure
the actual overhead of these fault tolerance techniques.

Designing Next-Generation Optimizers

Findings from the application of the systems indicate key directions for next-generation optimizers:
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+ Advanced static analysis: Approaches such as the one presented in [100] aim at a better under-
standing of the semantics of shell scripts, which can reduce the need for annotations in dynamic
systems such as PASH.

+ Reducing monitoring costs: Experience from hS suggests the need to move tracing from the user
level (e.g., FUSE / ptrace) directly to the kernel level (e.g., via eBPF), reducing the computational
overhead during speculative execution.

+ Input/Output and space optimization: Efficient data flow management, minimization of tempo-
rary files, and optimization of memory usage are just as important as the parallelization of the
computational workload.

12.2 Final Conclusions

This thesis has demonstrated that the shell constitutes a rich, heterogeneous, and complex computational
environment. Systematic analysis and evaluation through Koara allowed the mapping of the actual
characteristics of shell scripts, the fair comparison of different acceleration systems, and the highlighting
of the required design trade-ofs.

In summary, the three key conclusions of this thesis are as follows:

1. There is no silver bullet”: The variety in dynamic behavior, from scripts lasting seconds to work-
loads lasting hours, and from minimal to massive memory and I/O usage, proves that no single
acceleration strategy can cover all needs.

2. 'The problem of ”black boxes”: The shell functions primarily as an orchestration language. The
extensive reliance on custom, external binaries makes techniques based strictly on pre-existing
annotations impractical for generalized use, underscoring the need for dynamic analysis.

3. The trade-off between adoption effort and final performance: While manual parallelization can
theoretically approach high levels of performance, it imposes a significant programming cost. On
the other hand, automated optimization (such as the JIT compilation of PASH and the out-of-
order execution of hS) provides a more practical alternative, offering significant speedups with
minimal to zero intervention in the source code. However, this approach is accompanied by new
challenges, as systems must balance the inherent cost of dynamic orchestration against the benefits
of parallelism. This fact highlights the transparent, automatic acceleration of opaque commands
as a major research challenge for the shell.

Ultimately, progress in shell research depends directly on the existence of shared, realistic, and repro-
ducible frameworks. KoaLa is available as an open-source tool, while the permanent archiving of input
data and dependencies ensures the long-term reproducibility of the results. Through these features, the
KoaLa suite aspires to become a point of reference, contributing to the formation of a stable framework
for more systematic, fair, and comparable future research in the field.
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Appendix A

Infrastructure Script Examples for the weather Benchmark Set

#!/bin/bash

sudo apt-get update
sudo apt-get install -y --no-install-recommends curl \
wget \
unzip \
coreutils \
gzip \
gawk \
sed \
findutils \
git \
python3 \
python3-pip \
python3-venv

pip install --break-system-packages --upgrade pip
pip install --break-system-packages \

numpy \

matplotlib

Listing A.1: Example of install. sh script for the weather benchmark set.

#!/bin/bash

TOP=$(git rev-parse --show-toplevel)

eval_dir="${TOP}/weather”
input_dir="${eval_dir}/inputs”

URL="https://atlas.cs.brown.edu/data’
URL=$URL/max-temp

FROM=2000

T0=2015

n_samples=99999
suffix="full”

171



20

21

22

23

24

26

27

28

29

30

31

32

33

34

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

56

57

mkdi
size
for

done
if [

fi
if [

fi
if [

o
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r -p ”${input_dir}”
=full

arg in ”$@”; do

case "$arg” in
--small) size=small ;;
--min) size=min ;;
esac

[ ”$size” == ”min” ]7; then

if [[ -f ”$input_dir/temperatures.min.txt” && -f

o "$input_dir/tuft_weather.$size.txt” ]]; then
echo ”Data already downloaded and extracted.”
exit 0

fi

min_inputs="$eval_dir/min_inputs/”

mkdir -p ”$input_dir”

cp -r ”$min_inputs”/* ”$input_dir/”

python3 $eval_dir/scripts/generate_input.py $input_dir/tuft_weather.$size.txt

» --size $size

exit @

[ ”$size” == ”small” ]]; then

if [[ -f ”$input_dir/temperatures.small.txt” && -f

o "$input_dir/tuft_weather.$size.txt” ]]; then
echo ”Data already downloaded and extracted.”
exit 0

fi

data_url="${URL}/temperatures.small.tar.gz”

wget --no-check-certificate ”$data_url” -0
”$input_dir/temperatures.small.tar.gz” || {
echo ”Failed to download $data_url”
exit 1

tar -xzf ”$input_dir/temperatures.small.tar.gz” -C ”$input_dir”

- -—-no-same-owner || {
echo ”Failed to extract $input_dir/temperatures.small.tar.gz”
exit 1

}

rm ”$input_dir/temperatures.small.tar.gz”

mv ”$input_dir/inputs/temperatures.small.txt”

o "$input_dir/temperatures.small.txt”

rm -rf ”$input_dir/inputs”

python3 $eval_dir/scripts/generate_input.py $input_dir/tuft_weather.$size.txt

~ ~--size $size

exit @

[ -f ”$input_dir/temperatures.full.txt” && -f
"$input_dir/tuft_weather.$size.txt” ]7]; then
echo ”Data already downloaded and extracted.”
exit @
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fi
data_url="${URL}/temperatures.full.tar.gz”
wget --no-check-certificate ”$data_url” -0 ”$input_dir/temperatures.full.tar.gz”

- |l {
echo ”"Failed to download $data_url”
exit 1
3
tar -xzf ”$input_dir/temperatures.full.tar.gz” -C ”$input_dir” --no-same-owner ||
- {

echo ”Failed to extract $input_dir/temperatures.full.tar.gz”
exit 1

rm ”$input_dir/temperatures.full.tar.gz”

mv ”$input_dir/inputs/temperatures.full.txt” ”$input_dir/temperatures.full.txt”
rm -rf ”$input_dir/inputs”

python3 $eval_dir/scripts/generate_input.py $input_dir/tuft_weather.$size.txt
» --size $size

Listing A.2: Example of fetch. sh script for the weather benchmark set.

#!/bin/bash

TOP=$(git rev-parse --show-toplevel)
eval_dir="${TOP}/weather”
outputs_dir="%${eval_dir}/outputs”
scripts_dir="${eval_dir}/scripts”
input_dir="${eval_dir}/inputs”
export LC_ALL=C
size=full
selected_scripts=""
while (($#)); do
case $1 in
--small) size=small ;;
--min) size=min ;;
-s|--scripts)
shift
while (($#)) && [[ $1 != -x ]]; do
selected_scripts+=" $1”
shift
done
continue
esac
shift
done

KOALA_SHELL=${KOALA_SHELL : -bash?}
export BENCHMARK_CATEGORY="weather”
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should_run() {
script_name=%$1
if [ -z ”$selected_scripts” ]; then

return 0
fi
for selected in $selected_scripts; do
if [ ”$selected” = ”$script_name” 7; then
return 0
fi
done
return 1

}
if should_run ”max-temp”; then
echo ”"max-temp”
export input_file="${input_dir}/temperatures.$size.txt”
export statistics_dir="$outputs_dir/statistics.$size”
mkdir -p ”$statistics_dir”
BENCHMARK_INPUT_FILE="$(realpath ”$input_file”)”
export BENCHMARK_INPUT_FILE
BENCHMARK_SCRIPT="$(realpath ”${scripts_dir}/temp-analytics.sh”)”
export BENCHMARK_SCRIPT
$KOALA_SHELL ”$scripts_dir/temp-analytics.sh”
echo 7$?”
fi
if should_run ”tuft-weather”; then
echo ”tuft-weather”
export BENCHMARK_SCRIPT="$scripts_dir/tuft-weather.sh”
export BENCHMARK_INPUT_FILE="$input_dir/tuft_weather.${size}.txt”
mkdir -p ”$outputs_dir/$size”
$KOALA_SHELL ”$BENCHMARK_SCRIPT” ”$BENCHMARK_INPUT_FILE” ”$size” >
o "$outputs_dir/$size/turf_weather.log”
echo 7$?”
rm -rf ”$outputs_dir/$size/plots” || true
mkdir -p ”$outputs_dir/$size/plots”
if [ -d ”$eval_dir/plots” 7]; then
mv ”$eval_dir/plots”/* ”$outputs_dir/$size/plots/”
fi
fi

Listing A.3: Example of execute. sh script for the weather benchmark set.

#!/bin/bash

TOP=$(git rev-parse --show-toplevel)

eval_dir="${TOP}/weather”

size="full”
generate=false
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selected_scripts=""

while (($#)); do
case $1 in
--generate) generate=true ;;
--small) size=small ;;
--min) size=min ;;
-s|--scripts)
shift
while (($#)) && [[ $1 != -x ]]; do
selected_scripts+=" $1”
shift
done
continue
esac
shift
done

statistics_dir="${eval_dir}/outputs/statistics.$size”
correct_dir="${eval_dir}/correct-results/statistics.$size”

should_run() {
script_name=%$1
if [ -z ”$selected_scripts” 7; then

return 0
fi
for selected in $selected_scripts; do
if [ ”$selected” = ”$script_name” 7]; then
return 0
fi
done
return 1

b

if $generate; then

if should_run ”max-temp”; then
mkdir -p ”$correct_dir”
cp -r "$statistics_dir”/x ”$correct_dir”

fi

if should_run ”tuft-weather”; then
hash_dir="$eval_dir/hashes/$size”
hash_file="$hash_dir/tuft-weather.hash”
plot_root="$%$eval_dir/outputs/$size/plots”
mkdir -p ”$hash_dir”

find ”$plot_root” -type f -name ’'*x.png’ ! -path ’%/tmp/*’ -print@ | sort
o~ =z | tr ’\@’ ’\n’ > ”$hash_file”

fi

exit @

fi

if should_run ”max-temp”; then
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59 diff -q ”"$statistics_dir/average.txt” ”$correct_dir/average.txt”
60 echo average.$size $?

61 diff -q ”$statistics_dir/min.txt” ”$correct_dir/min.txt”
62 echo min.$size $?

63 diff -q ”$statistics_dir/max.txt” ”$correct_dir/max.txt”
64 echo max.$size $?

s fi

66

67 if should_run ”tuft-weather”; then

68 hash_dir="$eval_dir/hashes/$size”

69 hash_file="$hash_dir/tuft-weather.hash”
70 plot_root="$eval_dir/outputs/$size/plots”
71 all_exist=true

72 while IFS= read -r filepath; do

73 if [ ! -f ”$filepath” ]; then

74 echo ”Missing: $filepath”

75 all_exist=false

76 fi

77 done < ”$hash_file”

78 if [ ”$all_exist” = true ]; then

79 echo ”tuft-weather 0”

80 else

81 echo ”tuft-weather 17

82 fi

g3 fi

Listing A.4: Example of validate. sh script for the weather benchmark set.

1 #!/bin/bash

3 for arg in 7$@”; do

4 case ”$arg” in

5 7-f”) force=true ;;
6 esac

7 done

s TOP=$(git rev-parse --show-toplevel)
9 input_dir="${TOP}/weather/inputs”

10 outputs_dir="${TOP}/weather/outputs”
u rm -rf ”${outputs_dir}”

12 if [ 7$force” = true ]; then

13 rm -rf ”${input_dir}”

u fi

Listing A.5: Example of clean. sh script for the weather benchmark set.
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Appendix B

Full Shell Program Generated by PASH for the weather
Example

#!/bin/bash

cd ”$(dirname "${0}”)”
[ -z ”${PASH_TOP}” ]
rm_pash_fifos() {
rm -f /tmp/xUz5/fifo9
rm -f /tmp/xUz5/fifo10@
# ...similarly for the rest of the fifos...
3
mkfifo_pash_/tmp/xUz5/fifos() {
mk/tmp/xUz5/fifo /tmp/xUz5/fifo9
mk/tmp/xUz5/fifo /tmp/xUz5/fifol10
# ...similarly for the rest of the fifos...
3
rm_pash_/tmp/xUz5/fifos; mk/tmp/xUz5/fifo_pash_/tmp/xUz5/fifos; pids_to_kill="”
d="./data/temperatures”

{ r_split ”./data/temperatures/2000” 1000000 \ /tmp/xUz5/fifo9 /tmp/xUz5/fifo10 &
- 7

pids_to_kill="${!} ${pids_to_kill}”

{ r_wrap bash -c ’ cut -c 89-92 ’ 0< /tmp/xUz5/fifo9 > /tmp/xUz5/fifo11 & }
pids_to_kill="${!} ${pids_to_kill}”

{ r_wrap bash -c ’ cut -c 89-92 ’ 0< /tmp/xUz5/fifo1@ > /tmp/xUz5/fifo12 & }
pids_to_kill="${!} ${pids_to_kill}”

{ r_wrap bash -c ’ grep -v 999 ’ 0< /tmp/xUz5/fifol1 > /tmp/xUz5/fifo13 & }
pids_to_kill="${!} ${pids_to_kill}”

{ r_wrap bash -c ’ grep -v 999 ’ 0< /tmp/xUz5/fifol12 > /tmp/xUz5/fifo14 & }
pids_to_kill="${!} ${pids_to_kill}”

{ r_unwrap 0< /tmp/xUz5/fifo13 > /tmp/xUz5/fifo15 & }

pids_to_kill="${!} ${pids_to_kill}”

{ r_unwrap 0< /tmp/xUz5/fifo14 > /tmp/xUz5/fifo16 & 7}

pids_to_kill="${!} ${pids_to_kill}”

{ dgsh-tee -i /tmp/xUz5/fifo15 -o /tmp/xUz5/fifo20 -I -f -b 5M & }
pids_to_kill="${!} ${pids_to_kill}”

{ dgsh-tee -i /tmp/xUz5/fifo16 -o /tmp/xUz5/fifo21 -I -f -b 5M & }
pids_to_kill="${!} ${pids_to_kill}”

{ sort -r -n 0< /tmp/xUz5/fifo20 > /tmp/xUz5/fifol17 & }

pids_to_kill="${!} ${pids_to_kill}”
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{ sort -r -n 0< /tmp/xUz5/fifo21 > /tmp/xUz5/fifol18 & }
pids_to_kill="${!} ${pids_to_kill}”

{ dgsh-tee -i /tmp/xUz5/fifo17 -o /tmp/xUz5/fifo22 -I -f -b 5M & }
pids_to_kill="${!} ${pids_to_kill}”

{ dgsh-tee -i /tmp/xUz5/fifo18 -o /tmp/xUz5/fifo23 -I -f -b 5M & }
pids_to_kill="${!} ${pids_to_kill}”

{ sort -r -n -m /tmp/xUz5/fifo22 /tmp/xUz5/fifo23 > /tmp/xUz5/fifo6 & 7}
pids_to_kill="${!} ${pids_to_kill}”

{ head -n 1 0< /tmp/xUz5/fifo6 > ”max.2000” & }

pids_to_kill="${!3} ${pids_to_kill}”

#...

# For average calculation, replace the last two steps with:

r_merge intermediate_streaml intermediate_stream2 > merged_stream

# Process stateful commands sequentially (Reduce)

awk ’{t+=$1; i++} END {if (i>0@) print t/i}’ < merged_stream > ”avg.2000”
# Wait for completion, cleanup FIFOs, and exit

source wait_for_output_and_sigpipe_rest.sh ${!3}; rm_pash_fifos;

(exit ”${internal_exec_status}”)

Listing B.1: Full shell program generated by PASH for the weather example (--width=2). This pro-
gram coordinates the execution of the script's commands, manages intermediate files and
data flows, and exploits parallelism wherever possible.
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Appendix C

Benchmark Code

C.1 The count-trigrams Benchmark

#!/bin/bash

IN=${IN:-$SUITE_DIR/inputs/pg}
OUT=${1:-$SUITE_DIR/outputs/4_3b/}
ENTRIES=${ENTRIES:-1000}
mkdir -p ”$0UT”
pure_func() {
input=%1
TEMPDIR=$(mktemp -d)
cat > ${TEMPDIR}/${input?}.words
tail +2 ${TEMPDIR}/${input}.words > ${TEMPDIR}/${input}.nextwords
tail +3 ${TEMPDIR}/${input}.words > ${TEMPDIR}/${input}.nextwords?2
paste ${TEMPDIR}/${input}.words \${TEMPDIR}/${input}.nextwords
o ${TEMPDIR}/${input}.nextwords2 |
sort | uniqg -c
rm -rf ${TEMPDIR}
}
export -f pure_func
for input in $(1s ${IN} | head -n ${ENTRIES} | xargs -I argl basename argl)
do
cat $IN/$input | tr -¢ ’A-Za-z’ ’\n’ | grep -v ”"*\sx$” | pure_func $input >
o  ${OUT}/${input}.trigrams
done

Listing C.1: The count-trigrams script. Uses temporary files and sequential execution.

#!/bin/bash

IN="${IN:-$SUITE_DIR/inputs/pg}”
OUT="${1:-$SUITE_DIR/outputs/4_3b/}”
ENTRIES="${ENTRIES:-10003}”
mkdir -p 7$0UT”
pure_func() {

input_file="$1"

output_file="$2”
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job_id=$(basename ”$input_file”)
tmp_dir="$0UT/.tmp_$$_${job_id}”; mkdir -p ”$tmp_dir”
f_rawl="$tmp_dir/rawl”; f_raw2="$tmp_dir/raw2”; f_raw3="$tmp_dir/raw3”
f_tail2="$tmp_dir/tail2”; f_tail3="$tmp_dir/tail3”
mkfifo ”$f_rawl” ”$f_raw2” ”$f_raw3” ”$f_tail2” ”$f_tail3”
tail -n +2 < ”$f_raw2” > 7"$f_tail2” &
tail -n +3 < ”$f_raw3” > 7"$f_tail3” &
paste ”$f_rawl” ”$f_tail2” ”$f_tail3” | sort | uniq -c > "$output_file” &
agg_pid=$!
tr -c ’A-Za-z’ ’\n’ < ”$input_file” | \
grep -v '*[[:space:]]1*$’ | \
tee "$f_raw2” 7$f_raw3d” > 7$f_rawl”
wait $agg_pid
rm -rf ”$tmp_dir”
}
MAX_PROCS=$(nproc 2>/dev/null || echo 4)
job_count=0; processed_count=0
for file in ”$IN”/*; do
[ -f ”$file” ] || continue
if [ ”$processed_count” -ge ”$ENTRIES” 7]; then
break
fi
input_name=${file##x/}
pure_func ”$file” ”$0UT/${input_name}.trigrams” &
job_count=$((job_count + 1))
if [ ”$job_count” -ge ”$MAX_PROCS” 7; then
wait; job_count=0
fi
processed_count=$((processed_count + 1))
done
wait

Listing C.2: The count-trigrams script transformed using Shark. Usage of FIFOs and background
parallelization.

C.2 The covid-1 Benchmark

#!/bin/bash

cat 7$1”7 |
sed 's/T..:..:../7/7 |
cut -d ’,” -f 1,3 |
sort -u |
cut -d 7, -f 1
sort |
uniq -c |
awk 7{print \$2,\$1}”
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Listing C.3: The covid-1 script. Typical processing pipeline.

#!/bin/bash

INPUT="$1"
MAX_PROCS=${MAX_PROCS: -$(nproc)}
chunk_size=%${chunk_size:-100M}
process_chunk() {

sed ’s/T..:..:..//’| cut -d ’,” -f 1,3
}
export -f process_chunk
tmp_dir=$(mktemp -d)
trap ”rm -rf $tmp_dir” EXIT
cat ”"$INPUT” | parallel --pipe --block ”$chunk_size” -j ”$MAX_PROCS” process_chunk
o > ”$tmp_dir/combined. tmp”
sort -u ”$tmp_dir/combined.tmp” |

cut -d ’,’ -f 1

sort |

uniq -c |

awk "{print $2,%$1}’

Listing C.4: The covid-1 script transformed using GNU parallel. Manual chunking and function
definition.

C.3 The spell Benchmark

#!/bin/bash
# Calculate mispelled words in an input

dict=$SUITE_DIR/inputs/dict.txt

TEMP_C1="/tmp/{/}.out1”

TEMP1=$(seq -w 0 $(($JOBS - 1)) | sed ’s+*+/tmp/in+’ | sed ’s/$/.outl1/’ | tr ’\n’ ’
- )

TEMP1=$(echo $TEMP1)

mkfifo $TEMP1

parallel ”cat {} | col -bx | tr -cs A-Za-z ’\n’ | tr A-Z a-z | \

tr -d ’[:punct:]’ | sort > $TEMP_C1” ::: $IN &

sort -m $TEMP1 | parallel -k --jobs ${JOBS} --pipe --block ”$BLOCK_SIZE” ”uniq” |
uniq | parallel -k --jobs ${JOBS} --pipe --block ”$BLOCK_SIZE” ”grep -vx -f $dict

”

<

rm $TEMP1

Listing C.5: The spell script transformed using GNU parallel. Complex flow management.
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Appendix D

Comparative Speedup Charts
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Figure D.1: Comparative overview of speedups. The charts present the relative speedup for the 14 main
benchmark suites. The absence of bars indicates that the execution failed or produced in-
correct results.
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