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Amayopevetal 1 avTlypar, arofnKevon Kol Slvoun g Tapovcag epyaciag, €& oAokAnpov M
TUAMATOC QTG Yo Epmoptkd okomd. Emrpémeton n avatimmorn, amobhikevon kot davoun yio
OKOTIO U1 KEPOOGKOTIKO, EKTALOEVTIKNG 1] EPEVVITIKNG PUGTG, VIO TNV TPoUmdOeoT va avaeépeTot
N YN TPoEAELONG Kot va dtatnpeitol to mopdv ppvope. Epotiuato mov agopodv T ypnon g
EPYOGIOG Y10 KEPOOOKOMIKO GKOMO MPEMEL VA, ameLOHVOVTOL TPOG TOV GLYYPOUPEQL.

Ol amdOWYELS Kal TO CUUTEPAGLOTO TOV TEPLEXOVTUL GE OVTO TO £YYPAPO EKPPALOLY TOV GLYYPUPEN
Kot 0gv mPEMEL vo, epunvevdel 0Tl avTTpoo®nevoVy TI¢ emionueg Béoelg Tov EBvikov Metoofiov
[ToAvteyveiov.



Mepiinym

Ta televtala xpovia n avaykn yla gpyaleia mou SteukoAUvouv Tov mapAdAAnAo
TIPOYPOUUATIONO €Xel dépel To Transactional Memory (TM) oto mpooknvio. To TM
armAomnolel tnv mapalnAomnoinon noAumAokwv Sopwv dedopévwy, omwg Skip Lists, dévtpa,
TUVOKEC KATAKEPHATIOMOU, KA.

Jtn mopouoa SUMAWMOTLKA UAomoloUpe mapadAAnAec Souég Sedouévwv Skip List
xpnolpomnowwvtag Hardware Transactional Memory (HTM). Tig LEAETALE TTELPAPATLKA KOL TLG
ouykplvoupe pe uAomotnoelg mou Baocilovtal os Lock-Based kal Lock-Free texvikég. Amo tn
peAétn auth Byaloupe cupnepdopato T0oo os oxéon He tnv edappoyr] Stadopwv TEXVIKWV
HTM oe Sdopécg Sedopévwy Kal oupég potepalotntag Skip List, 600 Kal yla TV enidpaon
TIOU €XOUV OPLOUEVEG TIAPAUETPOL Onwe to Hyper-Threading r} éva cuotnua NUMA otnv
Aewtoupyio HTM ulomotfoswv. TéNog, Ta amoteAéopata avadelkviouv TTAEOVEKTAMATA KOl
pelovektApata tng HTM ekdoxng oe oxéon He TIG AAAEC TEXVIKEC KABWG KOl TIEPLOXES
edappoyng omou n HTM ulomoinon unepexel £wg Kat 250% o€ amodoon GUYKPLTIKA HUE TLG
UTTOAOLTTEC.

A€Es1c KAelS1a

Hardware Transactional Memory, MapdAAnAeg Aopéc AsdSopévwy, Oupég MpotepaldTntoc,
Skip List, SprayList






Abstract

Recently, the need for tools that simplify concurrent programming has brought
Transactional Memory (TM) to the forefront of concurrency control mechanisms. TM
attempts to simplify the parallelization of complex data structures, such as Skip Lists, trees,
hash tables etc.

In this thesis, we utilize Hardware Transactional Memory (HTM) to implement
concurrent Skip Lists. Using extensive evaluation of multiple benchmarks, we analyze these
implementations and compare them with alternatives based on lock-free and lock-based
synchronization mechanisms. The results of our evaluation reveal advantages and
disadvantages of the HTM version as well as areas of application were it outperforms other
solutions by 250%. Furthermore, we make conclusions regarding the usage of various HTM
techniques used to parallelize Skip List Data Structures and Priority Queues. Finally, we study
the impact of Hyper-Threading and NUMA on HTM and propose solutions.

Key Words

Hardware Transactional Memory, Concurrent Data Structures, Priority Queues, Skip List,
SprayList
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KoBwg péoa amd tn SbaokaAia TOU HE ELONYAyE OTIG TEPLOXEG Twv MapdAAnAwv
JUOTNUATWY KAl TNG APXLTEKTOVIKAG YMOAOYLOTWY KAl HOU KEVTPLOE To evdladEpov yla va
0oXOANOW LETEMELTO UE QUTEG.

Entiong Oa nBela va suxaplotiow Toug KaBnyntég pou, K. Mkobpa Kat k. Nika téco
yla TNV ToLoTIKA SL8aoKkaAla Toug 600 Kol Yl TLG TOAUTILES CUUPBOUAEG TIOU HOU €XOUV
dwokel.

ISaitepa Oa nBeha va suxaplotiow tov Yroyndlo Albdktwp AnpAtplo SakaBapa
yla T kaBodnynon Tou Katd tn SLApKELO EKTTOVNONG TNG SUTAWUATLKAC, TV poBupia Tou
va e BonBnoeL onotednmote xpelalopouy Bonbela Kal To cUVOALKOTEPO evSLladEpov Tou.
To oiyoupo eival 6tL xwpic TN cUKPOAA TOoU N oAokARpwon aUTAG TN epyoaciag g Ba Atav
edikrn.

Télog, Ba nNBsla va suXopLOTHOW TNV OLKOYEVELA HOU, TOUC YOVEIC HOU ylo TNV
QYATN TOUC, TNV EUMLOTOCUVN KOL TNV ATIEPLOPLOTN OTAPLER TOUG OAO AUTA TA XPOVLA KAl TOV
abepdd pou, 0 OMOLOG Ao TN MPWTN OTLYHN HEXPL KAL ONUEPA QTOTEAEL TO HeEYAAUTEPO
TPOTUTIO HOU.
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€duye npowpa amno tn Lwn.
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Ke@aiawo 1

Elcaywym

H g€éA&n tng texvoloyiag €xel obnynoel otnv KaBlEpwon TMOAUEMEEEPYOOTIKWVY
UTIOAOYLOTIKWY CUOTNUATWY HE ToV aplBpd twv Slobéoipwv mupnvwyv va aufdavetat
ouvexwg. Map' OAa autd amoteAel MPAYUATIKA TPOKANGCN YylA TOUC TIPOYPAMUOTIOTEG VOl
Snuioupynoouv ePpapUOYEG TTOU VAL EKUETAAAEVOVTAL OTO EMTAKPOV QUTNV TNV UTIOAOYLOTIKN
LoxU kaBwcg Ba mpenel va e€aodalicouv Tov Eykupo cuyxXpoVvIoUO TapdAANAwy MpooBAacewv
oe Kowd Oedopéva aAAG KAl TNV OWOTH EMKOWWVIO HETOEY TWV VNUATWY EKTEAEONG
(threads).

H mo 6Swadedopévn pEBoSoGg ouyxpoviopoU eival to kAcidwua (locking). Mo
OUYKeEKPLEVA, OTav éva tunua kwdika (critical section) amattolpe va ekteleital and to
oAU £va vipa eKTEAEONG yla Adyoucg eykupoTnToc, TOTE KAEWSWVOVTAG TNV TEPLOXA AUTH
ETUTPETOULE UOVO O€ £Va VAL, OUTO TIOU OVTAYWVLIOMEVO e GAAO amokTd to KAELS(, va
£XeL MpooBaon os autd. H mio armAr mpocéyylon KAEWOWHATOC lval To AeyOuevo coarse-
grained «Aeidwpa pe to omoio kAeldbwvoupe oAOkKANpn tn Sopr. Autdg o TpOmoc sival
Wdlaitepa amAog otnv vAomoinon aAAd uotepel onuavtikd oe anddoon kabwG ta vApaTa
OELPLOTIOLOUVTAL Yl TNV EKTEAECN HLOG Asltoupylag. Zuxva XPNOLUOTIOLE(TOL MLOL TILO
e€eldikevévn mpoaogyylon KAeldwpatog, To Asyouevo fine-grained kAelbwpa pe to omoio
npoonaBoUpe va EAQXLOTOTIOLOOULE TA LEPN TNG SOUNG TIOU ETUXELPOULE VO KAELOWOOUE.
Me ToOV TPOTO QUTO ETLTUYXAVOUUE KaAUutepn amodoon Kabwg aufdvoups Tov
mapaAnALopO al\d sival TpoypapUOTIOTIKA Tilo SUCKOAO Kol Xpeldletal Wdilaitepn mpoooxn
yla TNV €miteuén eykupotntag. MFevikd, evw n pEB0SOG KAELWOWHATOC TIPOODEPEL OPKETEG
£MAOYEG OTOV TIPOYPAUUATLOTA YLa TV Ttiteuén mopaAAnAlopol Ba mpémel vo AdPet urtdyn
TOU oplopéva poBAnRuata rou mapatnpouvtal o€ lock-based edappoyég omwg :

o 710 abieéobo (deadlock), To omoio mpokUmTEL Otav SUO I TMEPLOCOTEPA VAMATA
SnuLoupyoLV pLa KUKALKA oAuoida Omou to KABe vApa yla vo. cUVEXITEL IEPLUEVEL VOl
eleuBepwbei éva kAeibwpa to omoio €xel kataAndBel amd to emduevo vAud...
.X. ADB>T>A

e 1w Awoktovia (starvation), O6mou €va 1 MEPLOCOTEPA VAUATO TEPLUEVOUV ETT
adplotov va eleuBepwbel éva kAeldbwpa, kabwg dAAa "damAnota" vApota Tto
KataAapBAavouv aveAAUTWG.

e 10 evepyo adbié€odbo (livelock), dmou ta vAuoTa €KTEAOUV CUVEXWC TO (L0 TUNUO
KW8LKa KAl KaTaAnyouv SLapkwg otnv dla Katdotoon avaoTtoAng.

o v éAMewn avisktikotntac (lack of robustness), 6mou éva vrpo Ba pmopoloe yla
mapadelypa va katapynOel amd 1o AELTOUPYIKO CUCTNHA VW GAAA TIEPLUEVOUV VA
eAeuBepwoel KATOLO KAEOWHA e amotéAeopa va "koAARoeL" To TPOYp .
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® TNV QVTIOTPOQN MPOTEPALOTNTAC (priority inversion), 6mou KAmolo vipa uPnAOTEPNG
TIPOTEPALOTNTOG E(VOL UTIOXPEWHEVO VA TEPLUEVEL €va GAAO YapnAdtepng va
eheuBepwoel kamolo kKAeidwpa.

e 1 Snuloupyia kovBoL Adyw kAeibwuatog (lock convoying), éva mpoBAnua mou Ba
napatnpnOel apketd otn cuVEXELD TNG SUTAWLATIKAG, OTIOU £Va VIO AVACTEAAETOL
armd TO AELTOUPYLKO oUOCTNUA MECW €VOG context switch evw kpatdel kamolo
KAsibwpa pe amotédeopa aAAa mou maipvouv thv B£0n TOU Kal MEPLUEVOUV VAl TO
eAeuBepWOEL val NV UIopoUV Vo TIPOXWPHOOUV.

Mta GAAn pEB0SOG CuyXpPOVIOHOU ToU &gV TIACXEL OO QUTA TO MPOPBANUATA Kol
elvat WOlaltepa amodotkr) eival n lock-free p€EBodog n omola xpnollomolel eVTOAEg
untootnpllopeveg amd to hardware (rm.y. compare_and_swap), oL omoieg Slaodalilouv
QTOMLKN TIpooPaocn oe dedopéva. Q¢ AMOTEAECOUA TA VAHATA SEV UMAOKAPOUV TO €va TO
AaAAO, cuVENWG N ekTéAeDN Toug eival xwplg dlakomég (non-blocking). O MpoypAUUATIOTAG
nou B€AeL va uvlomouwoel lock-free sdappoyég Ba mpémel va AdPel umodn Tou TOAAEG
AEMTOUEPELEG KUPLWE WG TIPOC TN SLaodAAlon eykupOTNTOC YEYOVOC TTou KaBlotd tn pébodo
OpKETA SUOKOAN.

Jtnv Suthwpatikn outr Ba melpopartiotolpe pe Transactional Memory [1], éva
MNXOVIOUO OUYXPOVIOHOU Tou €Xel TpotaBel pe oOKOmMO va AUCEL OpLOMEVA OO Ta
npoPAnuarta twv lock-based kat lock-free texvikwv kal xpnollomnolel transactions yla Tov
OUYXPOVIOWO TapdAAnAwv TpooPdcewv o Kol pvhAun. XuvAbwg o 6pog transaction
(6ocoAnyia) eival cuoxetiopévog pe Baoelg dedopévwy. ESw, ag okedtole To transaction
WC¢ pLa AELToupyia OTOULKAG EVNUEPWONG EVOG CUVOAOU BE€0EwV HVALING, N OoTtola eKTeAeiTal
and £va vApa. Mo CUYKEKPLUEVA, O TIPOYPAUUATIOTAC EMIONUALVEL CUYKEKPLUEVO TUAMOTA
KWK, T omola TPETMEL v eKTEAECTOUV aTOMKA. To TM olothua avoAopBavel tnv
EKTEAEON QUTWV TWV TUNUATWVY WG transactions. Ka&Be transaction £xel 6Uo mBaveg
ekBAoELG:

e oplotikortoinon (commit) : to transaction oAokAnpwvetal Kol OAEC ol aAAQYEG TOU
£ylvayv evtog transaction yivovtal atoplkd opatég oTa UTTOAOLTO VI LaTa.

e avaipeon (abort) : 6Aeg ol A£G TTOU £yLvav EVTOG TOU transaction pEXpL ekeivn T
OTLyUN anoppintovral. MNa mapddelypa, edv aviyveutel kamola cUykpouon (conflict)
(Read-Write , Write-Write), tote éva 1 meploodtepa transactions mou cuoyetilovtal
e to conflict Ba amoppiPouv tnv Asttoupyia touc.

INUELWVOULE OTL LEXPL va yivel commit To transaction oL aA\ayég ou yivovtal evtog Tou
Sev eival opatég ota uMOAoUTa VAOTA I} 0T UvNUN. Mo va emiteuyBet n Aettoupyia Ttou TM
KABe transaction kpatd éva read kol €va write set Ta onola evnuepwvovtal kabe popd mou
OUVOVTAEL JLo eVTOAN read f write avtiotolya. Autd ta dU0 set amoteAoUV TO QMOTUNTWUA
(footprint) tou transaction. Kuplo emibiwén tou Transactional Memory eivat n emiteuén
T(POYPOUULATLOTLKAG eUKOALOG avaloyng pe ekeivn Tou coarse-grained locking kal emiboong
avaAoyng pe ekeivn tou fine-grained locking.

Ta cuotipato TM ywpilovtal oe Software Transactional Memory (STM) kol o€
Hardware Transactional Memory (HTM). Ta STM ouotiuota &gv  avilpetwri{ouvv
TLEPLOPLOMOUC WE TIPOG TNV EVOWHATWON TOUG OTA UTIAPXOVTA UTIOAOYLOTIKA OUCTAUATO
aAAd Adyo tou OTL xpnotpomololv software yia tnv enifAedn aAAaywv otV UvAUn Kot tov
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evtoniopo conflicts votepolv onuavtika oe enidoon oe oxéon pe ta HTM cuotiuarta.
AvtiBeta to HTM Boaoiletal oto hardware yia tov evtoropd conflicts yeyovog mou to
KaBlotd anodotikotepa. O MPOYyPAPUATIOTAG TTIou B€AeL va xpnotpomnotjost HTM Ba mpémet
ouwg va AaBel umoyn tou otL to footprint tou transaction eival meploplopévo AOyw TG
dedopévng ywpntikotntag twv hardware buffers mou anoBnkevouv to read Kat to write set
KaBw¢ emiong OtL dev UTIAPXEL Kapia eyyunon OTL €va transaction Ba oOAOKANPWOEL gV TEAEL
N Asttoupyia tou KoBwe pmopel va SexBel kamolo abort Kal og MEPIMTWOELS OMW(G interrupt
N page fault. Katd cuvénela mpémnel va efaopaiiosl pia 51E€060 ekto¢ transaction mou va
QVTLUETWTTIEL TNV Ttepimtwon Twv oAAamAwy aborts. H 81€€ob0¢ autn eival to Asyopevo
fallback path oto omolo ekteheital kwdikag OSlaxeiplong twv aborts kat cuvABwg
xpnoltomnoleitat éva kaBoAlkd mpoofdoipo KAeWSl, n amokinon tou omoiou odnyel ot
oslplomoinon OAwv Ta transactions.
Yrniapxouv Slddopol TUMoL eMeEepyaoTwy oU uttootnpilouv HTM [2],6mwg

e Rock processor (akupwBnke anod tnv Oracle).

e Blue Gene/Q processor tn¢ IBM (Sequoia supercomputer).

e |IBM zEnterprise EC12, 0 mMpwWTOG EUMOPLKOC server mou mpdoBeoe transactional
Memory EVTOAEG OTOUG EMEEEPYATTEG TOU.

e Intel's Transactional Synchronization Extensions (TSX), StaB€owuog o Haswell-based
enefepyaoTEG KAl 08 VEOTEPOUG [3].

e |BM POWERS kal vedTepOUS .

2tn SumAwpatikn autn xpnotpomnololue Intel Haswell-EP enmefepyaotég oL omoiot
€XOUV TIPOCOECEL OTNV APXLTEKTOVIK OUVOAOU evtoAwv (Instruction Set Architecture, ISA)
ToUu¢ eVTOAEC yia Transactional Memory, n kotavonon Twv onoiwv gival onUavTiki yla th
OUVEXELD, CUVETIWE Ba SWooUE pLa eMeEnynon oTo eMOUeVO KedAAalo.

Mtia ano TG Baolkotepeg edpopUOYEC TwV HEBOSWVY CUYXPOVIOUOU eival oL SOUEC
Sedopévwy. Itn mapovoa SumAwpatiky acxoholpoote pe tn Soun dedouévwv Skip List [4].
H Skip List amoteAel pia evéladépouca eVOANOKTIKN €TIAOYN aVIL ylo LOOCTAOULOUEVA
Sévtpa (balanced trees) kupiwg og epappoyeg Baoewv dedopévwy OMWE yLa TTAPASELYUA N
MemSQL, kaBbwc mpoodépel AoyoaplOulky moAumAokotnta, Siatnpel T Sldtaén Twv
Sebopévwy TNG Kal Sev amaltel avakatavopég (rebalancing) katL mou obnyel og otevwmno
andédoong Aoyw ouykpoUoewv (contention bottlenecks). Aentouépelec oxetikd pPe th Soun
dedopévwy divoupe oto emoOpevo Kedpalato.

1.1 Kivntpo

H emoyn xpnong Hardware Transactional Memory umnpfe péxpt mpoodoata
TIEPLOCOTEPO ETIAOYN VLA TIPOYPALUATIOTIKA EUKOALQ Tapd Aoy yLa €MITEVEN UEYLOTNG
anodoong. EMutA£ov, Ta MEPLOCOTEPA EUMOPLKA cUOTAUATA Xpnolpomnolouv lock-based kat
lock-free Texvikéc ywa tnv emitevén ouyypoviopol. Ta TeAeutaia Xpoviad OHWC,
QVAKOAUTITOUE SUVOTOTNTEG TIOU TOPEXEL N HTM QpXLTEKTOVIKN TIOU HOG ETUTPEMOUV vVa
avartuéoupe alyopibuoug ol omoiot TOAAEG HopEC 06nyoUV 0 UAOTIOLAOELG TIOU UTIEPEXOUV
oe anodoon ouykpltika pe Tig avtiotowxeg lock-based kot lock-free. MNa mapdadelyua,
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npoodata avantuxdnke texviky mou cuvdualel HTM kat Read-Copy-Update (RCU) [5] ywa
TNV vAomoinon ootadbuLopévwy Binary Search Trees onwg yla mapadeypa AVL, Red-Black-
Trees, B-Trees , n omnoia oe nelpapata Seixvel OTL umepéxel amd 70% £wg 220% os anodoon
OUYKPLTIKA E TIC UTLAPXOUOEG UAoToloelg. Eva aA\o mapdadslypa sival n ebpoppoyn pLog
texvikng fine-grained HTM mpoypOopUATIOHOU TIOU XPNOLUOTOLEL consistency-oblivious
programming (COP) [6], n onola dokiuaopévn os BST Selyvel peydAn BeAtiwon os anodoon
oe oxéon pe Ti§ anhovotepeg HTM TEXVIKEG HE QMALTOUUEVN TIPOYPAUUATIOTIK SUCKOALL
avtiotolyng tou fine-grained locking. Zuvenwg n xprnion HTM d&uadaivetal Slaitepa
UTTOOXOMEVN 0€ MEAOVTIKEG eDAPHUOYEG KAl N MEAETN TNG ot Slddopeg SopéG dedopévwy
eival blaitepa xproun. EmutAéov, otn napovoa BiPAoypadio Sgv umdpxel ekTeVAG HEAETN
edappoyng HTM oe Skip Lists avaloyng e ekeiveg mou umapyouv yia lock-based kat lock-
free Skip Lists, yeyovog mou amotéleos Kivntpo wote va acyoAnBolpe eueic. TéAog, ota
mAaiola tou padnuatog Mponyuéva Opoata APXLTEKTOVLKAC YITOAOYLOTWY N evacxoAnon Ue
€va project omou edappocape HTM otnv MPOCEYYLOTIKN) OUPA TPoTEPALOTNTAS Spraylist,
elye w¢ amotéAeopa tnv e€aywyr opLOUEVWY A€LOAOYWY CUUTTEPACUATWY KOl AMOTEAECE TO
£VOUOLO YLO. TNV TIEPALTEPW gVaoXOANnon ue Skip Lists.

1.2 IToxol SIMAWUATIKIG
OL oto)oL TN SUTAWHATLKAC lval oL €EAG:

1) n vlomoinon kot afloAoynon Stadpopwv texvikwv HTM oe Skip Lists kot oupég
TIPOTEPALOTNTOC.

2) n peAétn NG eMiSpaong IOV £XOUV OPLOUEVEC TTOPAUETPOL OwG To hyper-threading
f éva cuotnua NUMA otnv Asttoupyia HTM uvAomolnoewv.

3) n ovykplon Twv HTM uAomnotioswv e TiG state-of-the-art mou Baoilovral o Lock-
Based kalt Lock-Free aAyopiBuoug kat Tnv e€aywyr] CUUMEPACTUATWV.

1.3 AuxOpwon Kelpnévou
H doun twv kepalaiwv elval n akoloudn:

Kedahaio 2 - Oswpntiko unofadpo : 3to kedAAALO AUTO aPXLKA AVOTTTUGCOUE OPLOUEVEC
€VVOLEC YUPW aTtO TN cuPTEPLPOPA TTAPAAANAWY AVTIKELUEVWV. TN CUVEXELA TIEPLYPADOUE
TIC €VIOAEC ToU emekteivouv to ISA tou Haswell emefepyaotry Kal EemTPEMOUV TNV
xpnotpomnoinon Hardware Transactional Memory kaBwg KoL OpLOUEVO XOPOKTNPLOTIKA TOU
HTM mou BewpoUpe OtL eivol oKOMLUO va YWWwPIeL 0 avayvwotng. TEAOG TTaPOUCLA{OUE TIC
anapaitnteg AemtouEpeleg TNG doung dedopévwv Skip List.

Kedahawo 3 - Lock-Based kot Lock-Free Skip Lists : 3to kedpdhalo auto meplypddOUE TOUG
aAyoplBuouc ou otoxelouv otn MapAAANAn poomélaon Kal enefepyacio Sedopévwy TNG
Sdoung dedopévwy Skip List xpnotpomowwvtog Lock-Based kot Lock-Free texvikég £1oL Omwg
avadépovtat otny BLBAloypadia [7].
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Keddahawo 4 - YAoroinon Skip List xpnowonowvtag Hardware Transactional Memory : 1o
kedbalalo auto mapouotdloupe tnv HTM ekdoxn mou €xoupe uAomolnoel. Meplypddoupe
AEMTOUEPWE TOUC aAyopiBOUG TIOU XPNOLUOTIOL|CALE, ALTLOAOYOULE TNV EYKUPOTNTA TOUG
KOLL TLOPEXOU LE LEPLKEC LOEEC YA BEATLOTOMOLNOELG.

KeddaAaio 5 - A§loAdynon aAyopiBuwyv : 2to kedpdhato autd afloloyoUpe Toug ahyoplOuoug
Tou TeplypaPape ota Tponyoupeva keddhaia. Moapouctdloupe kal oxoAldloupe
TELPAPATIKA omtoTeEAEopata Kol Byaloupe CUUTEPAOUATA.

Kedahawo 6 - Skip List - Oupég mpotepadTNTAC : 3TO KEPAAALO QUTO APXLKA TIEPLYPAdOULE
TIC ONUOVTIKOTEPECG OUPEC TipotepatdtnTag Skip List mou umdpyxouv otnv BLBAloypadia Kot
OTN OUVEXELX AOXOAOULIOCTE HE TNV TIPOCEYYLOTIKI OUpa TipotepaldtnTag Spraylist omou
napouoctalou e tov alyoplBuo kabwg kot tnv HTM ekdoxn mou €Xoupe UAOTIOLOEL.

Kedahawo 7 - Emiloyog : 3t0 KepAAalo oUTO TOPOUGCLAIOULE OPLOUEVA YEVLKOTEPQ
oupmeEpAcpoTa Tou ByaAape and tn SUTAWUOTIKN Kal avadEPOUHE OPLOUEVEC UEANOVTIKEG
ETIEKTAOELG TIOU €X0OUV eVSLOPEPOV.
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Ke@aiaio 2

OzwpnTiko viioabdpo

2T0 KepAAalo QUTO OpPXLKA OVAMTUOCOUHE OPLOUEVEG £VvoleC yUpw Omd TN
ouunepldopd mMopAAANAWY AVTIKELLEVWY, OL omoieg Ba pag BonBrioouv otn CUVEXELX TNG
SUMAWUOATIKAG VA  KATOVONOOUME KoAUTEpO TNV ouumepldopd Twv  TMOPAAANAWV
UAOTIOLNCEWV TIOU BOa OUVOVTHOOUME. 3TN OCUVEXELDL TIEPLYPAPOUME TIC EVTOAEC TOU
enekteivouv to Instruction Set Architecture tou Haswell emetepyaotn kol emTtpEénouv tnv
xpnotpomnoinon Hardware Transactional Memory kaBwg Kol OpLOUEVO XOPAKTNPLOTIKA TOU
HTM mou BewpoUpe OTL elval oKOTILHO VA YWwpLlel 0 avayvwotng. TEAOG, mapouolalouE TN
Sopn dedopévwy Skip List. Ma meploodtepeg AETTOUEPELEG OXETIKA e HTM mapaméUmou e
TOV avayvwothn otn oxetikn BBAoypadia [1], [3].

2.1 TUPTEPLPOPA TAPAAANA®WV AVTIKELUEVOV

H oupmneplpopd MapdAANAWY avTKELEVWY TiEpLlypAdETOL KAAUTEPA HECA OO TIC
L6LOTNTEG EYKUPOTNTAC (Correctness) KAl TPoodou (progress) o LKAVOTIOLOUV.

2.1.1 Eykvpotnta

Eival oxetikd eUkoAo va mpoacSloplooupe Tn cwoTtr Asltoupyla EVOC AVILKELLEVOU,
OMw¢ yla mapddelypa pag FIFO oupadg, eddoov dev umapyel mMopaAANALOUOC. AUTO ToU
OpPKEL vo KAVOUUE gival va TipoaSlopiooue TTOLEG akoAouBileg eVIOAWYV lval €yKUPEC yLO TO
OUYKEKPLUEVO QVTIKE(YEVO.

Ag dolpe to mapddetypa tng FIFO oupdg. Eotw g pla oupd Kat 64 N KATAOTAON TNG
oupdg, T.X. 64,=14,2,81,7} 6mou head=4, tail=7 | 0,={} n kevr) oupd. Eotw g.enq(x) n evtoAn
mou BeTeL TNV koTdoTAON TNG OUPAG AMd O, O Oq.x Kot g.dec() n evtoAn mou Betel TNV
Kotdotoon TNG oupdg and y.o, OE Oq Kol EMUOTPEPEL y PE TN TPolndBeon OtL n oupd dev
elval kevr). Me Baon ta mapandvw opiloupe Toug €\G Lo KavOveg ou KaBopilouv OLEC
akohouBieg evtohwv eivat Eykupeg ya pia FIFO oupa:

1) Na kaBe evroAn g.dec() mou emotpédel x, Ba mpemel va €xel mponynbsl pla
avtiotolyn evtoAn g.enc(x).

2) H akohouBia twv g.dec() evtodwv mpémnel va amoteAel mpoBepa tng akoAoubiog
g.enc() evtoAwv.

Otav unelogpyetal mapoAANALOUOC OUWE Ta TPAYHOTA SUGKOAEUOUV KABWE TAEOV N
OElpA eKTEAEONG TWV evtoAwv dev eival Wolaitepa cadng: Ta SlaoTHUOTA EKTEAECNG TWV
evtohwv propei va emikadUmtovtat. Otav SUo vrApata Kalolv mepimou tnv dla Xxpovikn
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OTLyUN €VIOAEC o emiSpouv otnv (dla dopr tote gival mMoAU mBavov oL EVIOAEC AUTEG val
ETUKOAUTITOVTOL XPOVLKA N L0 E TNV GAAN LE ATMOTEAECHA VA PNV elval ocadEG Told eVToAn
EMEVEPYNOE TIPWTN KOl TIOLA& SeUTePN otn dopn.

JUVETWG N €vvola TG EYKUPOTNTOC Elval OXETIKA 0 MapAAANAQ CUCTAMATA KOL TO
noco loxupn 1 adlvoun sivat e€aptatal and 1o MOCO AMEXEL N OUPMEPLPOPA TOU
TAPAAMNAOU CUOTAUATOC MO TN CUUTNEPLPOPA TOU QVTIOTOLXOU LOAVIKOU OELPLOKOU
ouoTAMATOC. XTn ouvéxela Bo efetdcoupes TPei¢ £€vvoleg eykupotnTag TAPAAAnAwY
OVTIKELLEVWY: TNV OUVEMELA npeuiac (quiescent consistency), TV OEIPLOK OUVETTELX
(sequential consistency) kat tnv ypauutikoroinon (linearizability).

2.1.1.1 Quiescent Consistency

r.write(7)
Thread A --------  ———— T EE DR T >
r.write(=3) r.rread(—7)
Thread B ------------ | PR : oo -

IxAna 2.1 Mapadetyua eKTEAEONG EVTOAWY avayvwong KoL eyypapns oe kataxwpntr. Ot
OLOKEKOULEVES YPOUUEG TTOPLOTAVOUV TOV XPOVO KOl Ol UITHPEC AVTIOTOLYOUV OTA XPOVIKO
SlaoTHUATA EKTEAEDNC TNC EKAOTOTE EVTOANC.

MNapatnpwvtag to oxAua 2.1 BAEnoupe SU0 VALOTA VO KATAXWPOUV TAUTOXPOVA TLG
TIUEG -3 KAl 7 OTO KOWO Kataxwpntn r (n evtoAn r.read(x) onuaivet 6tL to vApa Stapalel thv
TN X Ao TOV Katoaxwpentn r, avtiotoa ypadel ywa r.write(x)). Ztn ocuvéxela éva vipa
SlaPalel tov r kal eniotpédel -7. Auth n cuunepldopd sival mpodavwg pn anodextr. Oa
epLUEVaUE va SlaBAacou e elte 7 elte -3 Ao TOV KATOXWPNTH KoL OXL pia Bién kot twv duo
TIHWV. To tapadelypa auto UTodeLkVUEL TN oUOTAGCH ToU akOAouBou aflwuaTtod.

Aiwpa 3.1. O Asttoupyieg mpénel va gudaviletal 0Tt cuppaivouv pe kamola Sladoxikn
oelpa.

ATO POVo Tou aUTO To afiwpa ival cuvABwe apkeTd adUvapo ylo va eivat xpAoLuo.
Mo mopddelypa eMITPENEL ot reads va emoTPEPOUV TAVTA TNV APXLK KATACTOOon Tou
QVTLKELUEVOU, OKOUA KOL OE OELPLOKEG EKTEAEDELG.

AkoAouBel éva LoxupoTtepo aiwpa.

Aiwpa 3.2. OL Aewtoupyieg mou Sloxwpilovtol amd pla mepiodo npeplag (period of
quiescence) mpémnel va. epdaviletal ot AapBdavouv xwpa oUWV LE TN TIPAYHATIKY OELpd
£UPAVIOAC TOUG GTOV XPOVO.

‘Eva avtikeipevo eival o quiescent katdotaon edv Sev UTAPXEL KATtola Asttoupyia
oe oyL. Mo mapadelypa, o¢ umobBécoupe OTL Ta vApata A kol B elodyouv Tautdxpova Tig
TWWEC X Kal y o pia FIFO oupd. Yotepa n oupd yivetal quiescent kal HeTd To vAua [ elodyel
™V TR Z otV oupd. ZUpdwva Pe To aflwpa 3.2 dev pnopolue va TpoBAEPoUUE TNV
OXETIKA OELPA TWV X KOL Y 0TNV oupd oA E€poupe pe BePatotnta OTL TponyouvTaL Tou z.
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Madli, Ta afiwpata 3.1 kat 3.2 opifouv pLa SLOTNTA EYKUPOTNTOC TTOU OVOoUAleTal
quiescent consistency. Me aAAa Adyla n 18LoTNTA AUt Hag A€l OTL PeTafl SU0 SLadoxLKWV
quiescent TMePLOSdWY N OElPA €KTEAEONG TWV EVIOAWV LOOSUVAUEL PE KATOLO OELPLAKD)
EKTEAEON TWV (BLWV EVIOAWV.

2.1.1.2 Sequential Consistency

r.write(7) r.write(—3) r.read(7)

| ] 1 ] ! ]
_____ f T T 1771 =" >

g.enq(x) g.deq(y)
g-enq(y) q.deq(x)
------------------- r— - - - - p—

Ixnua 2.3 Mapadetyua ektéAeonc evtoAwyv os FIFO oupd.

210 oxNUa 2.2 €va VAHa ypadeL o€ VOV KATOXWPNTA I TNV TIUR 7, UoTEPA TNV TN -
3 Ko 0To TEAOG SLaPalel ToV KOTAXWPENTH Kol ETUOTPEDEL 7. Mo LEPLKEG EPAPLOYEG QUTH N
ouunepldopd Umopel va pnv eival amodektr ylati n TR mou dafdaoctnke Sev eival n
televtala T mou ypadtnke. H oglpd pe tnv omnola €va vipa ekTteAel eVToAEg ovopdleTal
pon TPOYPAUUOTOG,.

Y& aUTO TO TaPASelypa pog AVNKE TIEPLEPYO TOU OL EVTOAEC Oev €MEVEPYNCOV
oUpdwva Ue TN por Tpoypdupatog. To mapadelypa autd umodelkvUEL TN cUoTaon TOU
akoAouBou afLwparoc.

Aiwpa 3.3. OL Asttoupyleg mpenel va gudaviletal 0Tl cupPaivouv cUPdwva PE TN Pon
T(POYPAUATOC.

To afiwpa auto pall pe to afiwpa 3.1 opilouv pa WSLOTNTA gyKLPOTNTAG TTIOU
ovopaletal sequential consistency.

H Wbotnta avtr] amaitel 0Tl oL eVIOAEG va Spouv oav va €XOUV €KTEAEOTEL UE
KATIOlQL OELPLOKA OElpd ToU O€Petal tn por mpoypaupotos. Me GAAo Adyla os KaBe
TaPAAANAN eKTEAEDN UTIAPXEL TPOTIOG va SLATAEOUE TELPLOKA TG EVIOAEG £ToL wote (1) va
elval ouvenel¢ pe tn pon mMpoypdupato¢ Kot (2) va oURPWVOUV HE TIG OELPLOKEG
nipodlaypad£EC TOU aQVTIKEWWEVOU. MMopel va UTIAPXOUV TAPATIAVW amd pia SLATAEELg
EVIOAWV TIOU €lval CUUPWVEG HE TNV LOLOTNTA aUTH. MNa Mapddelypa oto oxipa 2.3 To vAua
A gloayel og pa FIFO oupd g tnv Twun X Tnv idla xpovikn mepiodo mou o B elodyel To y otnv
g. 3TN CUVEXELX O A eMLOTPEDEL TNV TR Y UoTtepa amd ektéEAeon NG evioAng adoaipeong
otolxelou amod tnv oupd o B emiotpédel TN TN X. YIIApXouv duo miBaveg SLatdielg evioAwv
oupBatég pe tnv WBLOTNTA sequential consistency mou Ba pmopoloav va SikaloAoyroouv
TV cuunepldopd auth:
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1) (g.eng(x) A) > (g.enq(y) B) - (q.dec(x) B) -> (q.dec(y) A)
2) (g.eng(y) B) - (g.enq(x) A) > (q.dec(y) A) > (q.dec(x) B)

210 onpelo auTto va Tovicoupe OTL oL LBLOTNTEC sequential consistency kal quiescent
consistency gival aouoy£Tlotes. H 18lotnTa quiescent consistency dev dtatnpel kat' avayknv
TNV pon TOU TPOYPAUMOTOG Kol n wWblotnta sequential consistency dev emnpealetal and
quiescent meplodoug. AvtiBeta n Wotnta linearizability mou Ba SoUpe otn cuvéxela sival
LoxupOTePN Kot Twv SV0.

Eva apvnTKo otolxeio Tou sequential consistency eivat 6Tt Sev eivat compositional .
Mua sdtnta eykupotntog P eival compositional dtav kdBe avtikeipevo Tou CUCTAROTOC

kavorotel Tnv SdtnTa P = 1o clotnua cUVOALKA TNV LKAVOTIOLEL.

Ixnua 2.4 Mapadetyua ektéAeanc evtoAwv oe duo FIFO oupég.

310 oxnua 2.4 BAfmoupe éva mapddelypa mou Tapolo ot FIFO oupég p kal g
LKavoTmoLouv tnv LoLoTNTa eykupotnTag sequential consistency to cuotnua e€ohokAnpou dev
NV kavorolel. A¢ SoUpe ylarti:

H oupd p eivat FIFO kat o vApa A e€ayel To y anmd TNV oupd p CUVENWS To y Ba
TIPETEL VAL £XEL ELCOYOEl TIPLV TO X.

(p-enq(y) B) > (p.enq(x) A)
Avtiotoya,
(g.enq(x) A) > (g.enq(y) B)
H por| TEPOYPALLLATOC SHWE otalLTel 6Tt
(p.enq(x) A) > (d.enq(x) A) ke (a.eng(y) B) > (p.eng(y) B)
OL SLOTAEELC QUTEC SNULOUPYOVV TOV KUKAO
(p-enq(x) A) > (a.enq(x) A) > (g.enq(y) B) > (p.enq(y) B) > (p.enq(x) A)

OUVETWC To cuoTtnua e€oAokAnpou dev eival sequential consistent.

! AvtiBeta n 18L6TNTa quiescent consistency eivat compositional. Ma Ty andSeln Mapanépnoupe
TOV avayvwoTth oth oxetkn BLBAloypadia [7].
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2.1.1.3 Linearizability

MPOKEIMEVOU VO KAVOUUE TILO QUOTNPEC TIC OUVONKEG €eyKupOTNTAC Kal va
amnaltriooupe compositionality a¢ avtikataotriooupe to afiwpa 3.3 e To LoXupOTEPO:

Aiwpa 3.4. OL Aettoupyieg mpenel va epdaviletal 6tL Aapfdvouv xwpa oTydloia kamola
OTLYUN avApeoa oTnv KARon Kot TNV emotpodr TouG.

AUTO To aflwpa pog AgeL OTL av pLa Asttoupyia 04 eMISPA 0TO gUCTNUO TIPLV ATO JLa
Aeltoupyla 0, TOTE N 04 MPONYEiTOL TNG 0, OE MPAYUATIKO XpOvo. Ovoudloupe autn Thv
dLotnta eykupotntog linearizability.

O ouvnBnc tpomog yla va Sei€oupe OtL n uhomoinon evog mapdAANAOU AVILKELUEVOU
elval linearizable eival va evtomicoupe oe kdBe Asitoupyia €va linearization point, éva
onueio dnAadn oto omolo yivetal epdavig n enidpacn tng Asttoupyiag oto cvotnua. MNa
napadelyua, os lock-based ulomotnoelg ta linearization points punopet va sival ta kpiowua
tunpata. Xe lock-free ulomoljoslg ta linearization points elvat cuvABwg kdAmolo
OUYKEKPLUEVO TUNMO KWOLWKA, TLX. MO OTOULKA €VIOAN, OMou n &pdcn Tng Asttoupyiag
yivetal davepr otig untdAoLTeC AsLToupyiec.

Yridpyouv kot 1o "emionpol” tpdmot va amnodeiyBel to linearizability toug omoioug
Opwg 6ev Ba avaAlooupe edw kabwg dev Ba Ypelaoctouv otnv mapoloa SUTAWMATIKA,
TIAPATIEUTTOUE TIAVTWE TOV AVayVWoTh oth oXetikn BBAloypadia [7].

2.1.2 lIp6odog

Onwcg elmape otnv apyn TG evotntag N cuumnepldopd MAPAAANAWY OVTIKELLEVWV
Teplypadetal KoAUtepa péoa amd TIG OLOTNTEG yKUPOTNTAS (correctness) Kot mpoddou
(progress) mMou KOVOTOLOUV.

Ac¢ S0oUpE PEPIKEG LBLOTNTEG IPOOSOU ToU elval XPHOLWo va ywwpiloupe yla tnv
OUVEXELA.

e 816tnteg blocking kat nonblocking: M ulomoinon eivat blocking €dv n
kaBuotépnon &vog vAUAToG Umopel va odnynoel oe kabBuotépnon Kot GAAwvV
vhuatwv evw nonblocking elval ol uAomoLACELg oTIG omoieg n koBuotépnon evog
vinatoc O6ev pmopel va odnynoet oe kabuotépnon Kamowo AGA\o  vApa.
Xopaktnplotikd  mapadewypa  blocking  uvlomowjocewv eivat ot lock-based
UAOTIOLNOELC.

e M Asttoupyia eival wait-free edv eyyuadrtal otL kaBe kKAjon Ba oAokAnpwaoel TNV
EKTENECT TNG OF TIEMEPACUEVO aplOpd Bnudtwy. EAv umapyet KAmolo avwtato dplo
otov aplOpo Pnuatwyv tote Aéue OtL N Asttoupyla eival bounded wait-free. Mwa
uAormoinon eival wait-free av 0Aeg oL Asttoupyieg tng elval wait-free. loyVel otL pa
wait-free ulomoinon eivat non-blocking evw to avtiotpodo Sev oxlel. TNa
napadelyua oe lock-based ulomouwjoelg éva v Umopel ekTEAEoEL €vav
anmpPoodLOpLOTO OPLOUO QVETUTUXWY TPOOoTIABelwV oUTWE WOTE va KotaAdPel éva
KAsibwpa.

e M Aettoupyia eivat lock-free eav eyyudtal Ot amesipwg ocuxvad KAACELC TNG
Aewtoupyloc oAoKANPWVOVTAL OE TIEMEPACUEVO apLBUO BRUATWY.
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loxvel otL wait-free = lock-free, aAAG OxL to avtiotpodo. Ot lock-free alyoplBuot
EVEXOUV TNV MLBOVOTNTO OPLOPEVA VILOTO VO ALLOKTOVHOOUV.

e Mt Aettoupyia eival obstruction-free edv amno omolodnmote onuelo, LETA TO OMOLO
eKTEAE(TAL AMOUOVWUEVN, TEPUATI(EL OE IEMEPAOUEVO ApLOUO Pnudtwy. H blotnta
oautn elvat o aduvapn tng lock-free 1610tNTag. Lock-free = obstruction free, aAAa
oxL to avtiotpodo.

MoLég LBLOTNTEC IPOOSOU Kal TIOLEC LBLOTNTEG EYKUPOTNTAC Eivol KATAAANAEC yia €va
napdAnAo clotnua? H amavtnon eival otL e€aptatal and Tig avaykeg kat tn epuon Tou
ovotiuatoc. Mo mapadewypa n Wdotnta quiescent consistency eivatl KatdaAnAn ylo
edappoyég mou amattovv uPnAn eniboon pe avrtdAAoypa Toug adUVapoUE MEPLOPLOUOUG
otn oupnepldopd Twv Sladopwv AVTIKELEVWY Tou amaptilouv to clotnua. H W8otnta
sequential consistency eivat cuxvd xpriown ywa va meplypddel xapnAotepou emnumédou
ouotApata Onwc SLacuvSEcelg as pvApun VAwoU. H 1dotnta linearizability eivad xpriowun ylo
v mepypadn uPnAdtepou eMUMESOU CUCTNUATWY, TA oOmola amotelolvial amo
linearizable emipépoug umocuotuaTA.

2.2 Hardware Transactional Memory

2.2.1 Intel Transactional Synchronization Extension

H enéktaon Intel Transactional Synchronization Extension (TSX) mpood£pel ta
TAPOKATW SUO CUVOAQ EVIOAWV :

e To Hardware Lock Elision (HLE) Ttou elval pLo ETTEKTOON EVIOAWY CUUBATH HE
naAalotepa cuothuata (amoteAoUpevn amno ta npobepata XACQUIRE kat
XRELEASE).

e To Restricted Transactional Memory (RTM) Ttou sival pia véa Stemadr evtoAwv
(amoteAovpevn amo T evioAég XBEGIN, XEND ko XABORT).

Kal otig Suo Slemadég otav Eva vhApa EeKvael va ektedel kwdlka KAmolou transaction
apxka StaPalel éva koBoAikd mpoofacipo KAEWSL Av kAmola oty Kamowo GAAo vhua
KataAdPetl to KAELWSL, SnAadn ypagel otn StevBuven pvAUNG Tou gival amoBnKeupEvo To
KAELSL TOTE, OMwC avadépape otnv ewoaywyn, Adyw tou read-write conflict To mpwto vApa
Ba amoppidel tn Aettoupyila tou. To HLE smutpénel tnv ektéAeon tou critical section pia
dopa pe speculation ,6nAadn Stafdalel To KAEWSL xwpig va To KatoAapBAVEL KAl OV ATTOTUXEL
ekteAeltal tn deltepn dpopd adol mpwta kataAdBel to kAewdl. Eva mpdypappa to omnolo
xpnotuorolet to HLE ival oupBatd kot pmopel va ekteheotel kal og emefepyaotég mou Sev
umootnpilouv TSX. e autn tnVv mepintwon To critical section ekteAeital kateuOeiav os lock
mode. To RTM &ev mpoodépsl auty TNV OUPPATOTNTA HE TIPONYOUMUEVEG YEVIEG
enefepyaotwV aAAd TPoodEpeL PeyalUTePN gUeALElO WC TTPOC TLG EVEPYELEG TTOU UITopoUV va
vivouv Uotepa amd kamolo transactional abort. O mpoypappatiotng opilel pia dievBuvon
UVAUNG otnv omola Pploketal o kwdlkag o omolog Ba ekteAeotel oe mepinmtwon abort
(fallback handler).
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3TN OUVEXELQ ETMIKEVTPpWVOUAOTE otnv RTM Slemadrn onwg meplypddetal and ta
intrinsics Tou gcc kKaBwg elval aUTr TOU XPNOLLOTIOLOVE OTNV TOPOUCO SUMTAWLOTLKY).
OL eVTOA£EG TTOU XPNOLUOTIOLOUE Eival oL €€AG :

e int _xbegin(void) :

AnAwvel v apxn evog transaction. Q¢ SievBuvon tou fallback handler
opiletal n S1evBuvon akpPBwe kKATw amo tnv evtoAn _xbegin(). H Tipn emwotpodng
Xpnolporoleital yla vo E€poupe av eipaote péoa os transaction ) €xeL yivel kamolo
abort. H tiun emwotpodng eivat to meplexopevo tou EAX kataxwpntn (mou mepléxet
To status tou transaction). MmopoUpe va eAéyéoupe av to transaction €xeL ekvrioet
N av £xeL yivel abort kavovtag éva Aoytko and (teheotr¢ & otn C) avapeoa otnv TLun
€MLOTPOGNG Kol o€ KABe pio armod TG mapaKATw oTtabepéc:

=  XBEGIN_STARTED to transaction gkivnoe emituywc.
=  XABORT_{EXPLICIT,RETRY,CONFLICT,CAPACITY,DEBUG,NESTED} t0
transaction €ywve abort yLa tov avtiotolyo Adyo.
¢ void _xend(void) :

AnAwvel To TéAOG evog transaction. lMNvetal commit OAwv Twv aAAaywv mou
KAVOLLLE OTNV UVAUN.

e void _xabort(const unsigned int status) :

Explicit abort evdg transaction. To status xpnollomoleltat yla vo deixvou e
Tov Adyo yla Tov omoio €ywve to abort.

e int_xtest():
Eruotpedel 1 av tn otyun tng KARonG tng ekteAsital kamoto transaction, 0

S10pOpETIKA.
MNapdadetypa:
1:  #include "rtm.h" 30: if (status & _XBEGIN_CONFLICT)
2: 31: //> data conflict
3: intnum_retries = 10; 32:
4: int aborts =0; 33: else if (status&_XBEGIN_CAPACITY)
5. int status; 34: /1> capacity (transaction read or write set
6: some_kind_of lock lock; //>e.g. 35: 11> overflow)
7. pthread_spinlock_t lock; 36:
8: 37: ... II>Check for other abort reasons the
9:  while (1) { 38: /> same way.
10: 39:
11:  /* Avoid lemming effect. [37] */ 40: 11> 1f we exceeded the number of retries
12:  while ((Mlock_is_free(lock)); 41: /1> acquire the lock and move forward to
13: 42: II> execute the critical section. Else retry in
14: int status = _xbegin(); 43: /1> speculative mode (e.g. go back to the
15: if (status == _XBEGIN_STARTED) { 44: /1> while loop).
16:  //> Transaction started successfully 45:
17: 46: if (aborts >= num_retries)
18:  //>Check if lock is free, else abort explicitly. 47: acquire_lock(lock);
19:  //> This also adds the lock to the read set so 48: else
20:  /I> we abort if another thread acquires(writes to) 49: continue;
21: /1> the lock. 50: }
22:  if (Ylock_is_free(lock)) 51:
23: _xabort(0xff); 52: /> Critical section goes here...
24: 53:
25: Yelse{ 54: if (_xtest())
26:  //> Transaction was aborted 55: _xend();
27:  abortst+; 56: else
28: 57: release_lock(lock);
29: //> Abort reason was... 58:  break;

59: }
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2.2.2 Xapaktnprotika HTM otoug Haswell ene€epyactéc

Ta Baoclka xopaktnplotikd tou Hardware Transactional Memory otoug Haswell
eneepyaoTég elval :

e Atouikotnta (Atomicity) : To armotéheopa evog transaction gival gite va yivouv OAeg
oL eyypad£C oTN VNN MOVOULAG €ite va PNV yivel kapia. ‘Otav €xoupue transaction
commit tote OAEG oL eyypadEG MEPVAVE OTNV UVAMN KoLl OTav £XOUE transaction
abort tote Sev yivetal kapia eyypadr, oav va unv cuvéBn motE to transaction.

e Lazy versioning kau isolation : KaBe ¢opd mou éva thread kdvel kamola eyypadn
evw ekteAel kwdlka transaction, Tnv amoBnkeVeL otov write-set Tou PEXPLS OTOU
KAvel transaction commit, oMOTE TOTE EVNUEPWVEL KAL TN UVAUN. ZUVETIWG, KAVEVA
A0AAo thread &ev pmopel va mapatnpnoel T oAAAYEG TIOU €XOUV Yivel amod éva
transaction mpLv auto Kavel commit (isolation).

e Pessimistic (eager) conflict detection : Tvetal €éAeyxog yla conflicts oe kaBe load n
store kot HOALS aviyveuBel kamolo conflict Tote ToO transaction Bo KAvel AUEOWG
abort.

e Zelplomoinon (Serializability) : Ta amoteAéopata twv transactions eivatl cuvenn,
onAadn elval Sla pe autd plag avtiotolyng oelplakng eKTéAeonC. EmumAéov ta
transactions ¢aivovtal 0ttL Kdvouv commit oELPLAKE XWPLE OUWE VO UTTAPXEL KATTOLOL
€yyunon yLa to mota Ba ival n GUYKEKPLUEVN OELPA TOUG.

¢ False conflicts ko strong isolation : Ztn npd&n to TM evtonilel to read kal to write
set evog transaction péoa amnod cache lines twv 64 bytes. Mo cuykekpluéva, To read
KoL TO write set amoteloUvtal and OAeg TI§ cache lines otig omoieg To transaction
€xel SlaBaoel kot €xeL ypaP el Katd tn SLAPKELX TNG EKTEAEONG TOU. Oa avixveuBel
éva conflict o transaction av kamotwo dA\o thread ypayel oe kamola cache line tou
read-set rj StaBdoet A ypael os kamola cache line tou write-set tou transaction.
Juvenwg, umdpyxetl mbavotnta va SnuloupynBouv false conflicts, SnAadn conflicts
oc Sedopéva mou dev Sapaoctnkav f ypdadtnkav amd kdmolo transaction oAAG
tuyaivel va Bplokovtal oto 8o cache line pe GMa mou £€xouv oxéon UE TO
transaction. TéAog LoxVeL n W&LotNTa strong isolation 6mou to thread mou mpokalei
to conflict Sev xpelaletal kat' avaykn va €xeL eKTeAEoeL KWK transaction.

2.2.3 TVmol Transactional Abort

OL Adyol yla toug omoioug €va transaction pmopel va amoppidetl Tn Aettoupyia tou
elval oL €ng :

e Data conflict : Otav €va thread to onoio 6ev ekteAel kat' avaykn kwdika transaction
vpalel oe Sedopévo mou Bploketal os read r) write set kamolou aAAou transaction 1
SlaBaoel 6edopévo mou Bploketal os kAmolo write set dAAou transaction.

e Capacity abort : Otav to anotunwpa (footprint) Tou transaction Eemepdoel ta opLa
XWPNTKOTNTOC TwWV read rj write buffers.

e Explicit abort : Otav o mpoypappatiotig emitndeupéva npokalet abort.

e Other : MNpokAnon abort amnoé aA\oug Adyoug onwg interrupts, system calls k.a.
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2.3 H 8o 8edopévmwv SKip List

H Soun dedopévwy Skip List [4] amotelel pia evdladépouoa evaANAKTIKE TIAoYN
avtli ywa LoootaBuwopeva Sévipa (balanced trees), kaBw¢ mpoodépsl AoyaplOuLkN
moAumAokotnta, Statnpel tn Sataén twv SeS0UEVWY TNG KoL OEV ATIALTEL AVOKATAVOUEG
(rebalancing) katt mou odnyel oe otevwmno amodoong AOyw ouykpoUoswv (contention
bottlenecks).

Mo va katoAdBoupe dtoncOntkd tn dopn dsdopévwy Skip List ag mapatnprioovpe
QPXLKA TO oXNua 2.5 mapakdtw Xwplg va eoTldooupE 0 AeMTOUEPELEG. Mapatnpolue OTL N
Sopn amnoteleital amod MoAAEG amAd ouvdedepéve Aloteg Slatetaypéveg ava emimedo. H
Aot OTO KOTWTEPO EeMimedo mepléXel OAOUC TOUG KOUPoUC TtTNG SOUAC TAEVOUNUEVOUG
oUpdpwva pe kamolwo KAewdl. Zta avwrtepa eminmeda kabe Alota mepléxel €va UTIOGUVOAO
otolxelwv ¢ Alotag mou Bploketal oto apéows Katwtepo eminedo. Mwg Stapopdwvetal
OHWCE autn n Statoén?

H &opun Skip List amoteAel pia mibavokpatikr dour dedopévwy. Otav Snuloupyeital
€vaG VEOG KOUPOG TOTE auTtog TpootiBetal otig Aloteg w¢ €€AG: Zto Katwtepo eminedo
TPoOoTiOeTal TAVTO. 3TN ouvéxela piyvoupe éva Sikato voplopo. Av TUXEL KOpWVO TOTE
TPOoCBETOUE TOV KOUPBO Kol OTO EMOUEVO eTiMESO Kat emavaAapBavoupe tn Stadikacio £wg
OTOU TUXOUUE YPAUUOTO OMOTE KOl OTUUATAUE. TO OMOTEAECUA QUTAC TNG EVEPYELOC Elval
niepimou 1o 1/2 twv otolyeiwv va epdavilovral Katl oto Sevtepo eninedo, 1o 1/4 £wg Kol 0To
Tpito, To 1/8 Kot £WG KAl OTO TETAPTO K.O.K.

Apxika apywormololue tnv Sopun pe duo koppoug (head,tail) pe Tipég KAEWSLOU +oo
Kol -eo Kot UPOG TO HEYLOTO EMITPEMTO. TN CUVEXELD ELOAYWYEG KOUPwWV Stapopdwvouv tnv
Skip List 6nwg yla mapadelypa paivetal oto oxnua 2.5.

Y10 onpeio auto Ba emefnyrnooupe Toug oslplakols alyopiBuoug mpoomélaong Kat
enefepyaciog dedopévwy tng Sdoung Skip List. DAoL oL aAyoplOuol €xouv avapevVOUEVh
noAumAdokotnta O(log n). Mo anmodelEn napanéunoupe otn oxetikn BiBAoypadia [4], [8].
KaBe koppog €xeL éva Oplopa next otov omoio amoBnkeletal €vag mivokag SEIKTWV o€
Sladoyoug kopPoug (successors), €vag yla KaBe Alota mou mepléxel Tov kKoupo(oxnua 2.7

(a)).

level head _ - tail

o P H
= 2 5 B 3 5 ] e

IXAna 2.5 H Sourn Sedouévwy Skip List : e aquTo TO MTAPASELYUN EXOUUE TECTEPQ ETTIMESA

8

Atotwv. Kade kouBog exel éva kAetdi kat ot kouBot head kat tail Eyouv kAgldia oo . H Aiota
oto eninedo i amoteAei ouvroueuan (shortcut) omou kade pustaBoon oto eninebo auto
npoonepvael 2" kéuBoug. Na mapddeyua, oto eninedo 3 kade petdBaon npoonepva 2°
kOuBouc, oto eninedo 2 22 k6uUBouC, K.0.K .
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H cuvaptnon find() (oxnuata 2.6(a), 2.6(B)) mpoomehavvel tn doun EeKvwvTag amno
to head kal UPo¢ To pPéyloTo emuTPemnTO Kot Stooyilel Ta otolxela TnG AloTtag autou Tou
ETWESOU PEXPLG OTOU PBpel otolxelo e KAELSL peyalUtepo 1 (oo amo to KAeLSL mou Payvel.
Otav 1o Bpet anobnkelEel Tov mpokdtoxo (predecessor) kot tov Stadoyo (successor) kKOUPo
oe U0 TIVOKEG TPOKATOXWV Kol SLadoXwv avtiotolya. XTn CUVEXELX ouveXilel Tnv Sl
Sladikaoia otn AloTa Tou EMOUEVOU ETILMESOU EEKLVWVTOG QUTH TN $opd Ao ToV MPOKATOXO
KOpPBo mou oAl Bprke Tipv alhdagel eminedo. H Stadikacio oAokAnpwvetal otov £xouv
evnuepwOel oL Tivakag mpokatdxwy Kot Sladoxwyv ylo OAa ta emimeda Kol EMIOTEPEL TIUA
avaAoyn He Tov av BprKe i OXL Tov KOUPO pe To KAELSL TTou EPayve.

Mo tnv etoaywyn evog kKoppou otn doun apxkd kaloupe tn cuvaptnon find() n
omola eVNUEPWVEL TOUG TIIVOKEG TIPOKATOXWV Kal dLadoxwv Tou otolxeiou Tou Béloupe va
£L0AYOUME. TNV OUVEXELD SnuLoUpyoUE TOV VEO KOUBO Kol Tov TOToBeToUpE avapeoa
OTOUG TIPOKOTOXOUC Kol Toug Stadoxoug evnuepwvovtag toug beikteg (oxAuata 2.6(B),
2.7(v)).

MNa tv Staypapn evog koupou kaloupe maAL tnv find() n omoia Ppiokel Toug
TPOKATOXoUG Kot Sladdxoug tou otolxelou mou Béhoupe va SlaypaPoupe. ITn CUVEXELD
T(PAYMOTOTOLOUE TNV Slaypadr] eVNEPWVOVTOC TOUG SEIKTEG TWV TPOKATOXWV Va Seixvouv
otoug dtadoyoug (oxnpa 2.7(8)).

(a) (b)

level A:find(12) level A:add(12)

—Tfé‘ CEEEEER
f bttt f

preds[i] ELOGC‘SU] preds[0] suces[0] suces[1] 2:3C5[2I
preds[2] suces([3]
IxAna 2.6 H doun Sedouévwy Skip List : ouvaptroeic add() kat find() . Zto tunua (a), n find()
npooneAavvel tn doun Eekivwvtag amod to head kat UYoc To UEYLOTO EMITPENTO, 3 6w, Kal
Slaoyilel ta otolyeia tng Aiotac autoU tou emunedou UEXPLC OTou Bpel otolyeio ue kAELS(
ueyaAutepo n ioo tou 12. Otav to Bpei, edw eivat to tail, amoBnkevel Tov mpokartoyo (head)
kat tov Stadoyo (tail) oroug mivakec preds kot succs avrtiotoya. Emeita ouveyilet oto
ETTOUEVO eTtinedo K.0.K EEKLVWVTAC ATTO TOV TPOKATOXO TOU TPOonyouuevou entredou. Q¢
amotédegua oto moapadslyua outo preds[3]=head, preds[2]=preds[1]=9, preds[0]=11,
succs[0]=15, succs[1]=18, succs[2]=succs[3]=tail. H find() emiotépel false katwg Sev BpeFnke
kOuBocg ue kAeldi 12 omote uta kAnon add(12) oto tunua (b) umopei vo mpoywpnoet. Sto
tunua (b) Snutoupyeital evag véog kouBoc e tuyaio toplevel=2. To dptoua next tou kOuBou
EVNUEPWVETAL UE TOUC QVTIOTOLYOUG succs[] kouBoug kol KOs MPOKATOYOG EVNUEPWVEL TO
next opLoud Tou Wote va Seiyvel atov VEo kouBo ata kataAAnAa enineda.
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1
2
3
4.
5.
6
7
8
9

10.
11.
12.
13.
14.
15.
16.
17.

()

struct Node{
int key;
Node [] next;
int topLevel;
state state;

}
®

int find(int X, Node [] preds, Node [] succs) {
int key = x;
Node pred = head;
for (int level = MAX_LEVEL,; level >=0; level--)

Node curr = pred.next[level];
while (key > curr.key) {
pred = curr; curr = pred.next[level];

}
preds[level] = pred;
succs[level] = curr;
}
if (key == curr.key) {
return true;

}

return false;

WCoNSUOR~WNE

10.
11.
12.
13.
14.

2.3 H boun 6edopévwv Skip List

6

boolean add(int x) {
int topLevel = randomLevel();

17

Node [] preds = (Node []) new Node[MAX_LEVEL + 1];
Node [] succs = (Nod []) new Node[MAX_LEVEL + 1];

int Found = find(x, preds, succs);
if (Found ==false ) {
Node pred, succ;
Node newNode = new Node(x, topLevel);
newNode.state = INITIAL;
for (int level = 0; level <= topLevel; level++)
newNode.next[level] = succs[level];
for (int level = 0; level <= topLevel; level++)
preds[level].next[level] = newNode;
newNode.state = INSERTED;
return true;

return false;

-}

(8)

boolean remove(int x) {

Node [] preds = (Node []) new Node[MAX_LEVEL + 1];
Node [] succs = (Node []) new Node[MAX_LEVEL + 1];

int Found = find(x, preds, succs);

if (Found ==true ) {
Node pred, succ;
Node victim= pred[0].next[0];
victim.state = DELETED;

for (int level = victim.topLevel; level >= 0; level--)

pred[level].next[level] = succs[level];
return true;

}

return false;

}

IxAna 2.7 H Soun Sedouévwy Skip List : pevSokwdikes yia (a) opiouata Soung,

(8) avalntnon ototyeiou, (y) mpooBrkn otoiyeiou, (6) Staypacn otoiyeiou .
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Ke@aiawo 3

Lock-Based xat Lock-Free SKip Lists

310 mapov KedpdAalo Topoucldaloupe Toug OAyOpLOUOUC TIOU OTOXEUOUV OTh
mapAdAnAn mpoomnéhaon kal enefepyoocia Sedopévwv tng Soung Sedopévwv Skip List
xpnotworowwvtag Lock-Based kot Lock-Free Ttexvikég £tol omw¢ avadEpovtal othv
BBAloypadia [7].

3.1 Lock-Based SKip List
3.1.1 lleprypagn adyopiOpov

A¢ £eKLVAOOUE TTAPATNPWVTAG £V TAXEL TO oxnua 3.1 eotidlovtog otn Soun Twv
KOUPBwv. KaBe kOUBOC £xeL €va KAeOwa Kal Eva TTedlo popKaplopatog To onolo pag Seiyvel
av 0 KOUPOC aviKeL oTo oUVoAo Sedopévwy N €xel adatpebel Aoywka (logically removed). H
dLotnta tng Skip List (skiplist property) cOudwva pe tnv omoia KABs Alota TEPLEXEL Eval
UTIOGUVOAO oTtolxelwv TN Alotag mou BplokeTal 0To APECWE KOTWTEPO eMinedo Statnpeitat
Kol dev emnpealetal anod Tov aAyopLlopo.

AuTO cupBaivel yloti ta KAedwpata arnotpénouv aAlayEg yopw amo KOpBoug mou
npocBétovtal f dtaypadovtol kabwg kot KabBuotepolv tThv TPOCBACH O OMOLOVSNTOTE
KOUPBO gloayetal HEXPLS OTOU 0AoKANpwOEel n dladikaoia elcaywyng oe OAa ta enineda. Itn
ouvexela eme€nyol e TIC Asttoupyleg eloaywync, Staypadng katl avalAtnong otolxelwv.

Aettoupyia Eloaywyng

Mo TV elcaywyn evog véou KOpPBou apxkd kaloupe tnv find() mou sidape otnv
gvotnta 2.3, n onoia mPoomeAAUVEL TN SOUN Kol EMIOTPEDEL TOUG TIPOKATOXOUC KAl TOUG
S1060x0u¢ Tou VEOUu KOUBOU ylot OAa Ta emimeda. Itn CUVEXELR, ylat va amotpéPoupe
aAAQYEC OTOUG TPOKATOXOUG TOUC KAEWSwVOUHE Eeklvwvtag amd to eminedo 0 péxpt to
QVWTEPO ETUMESO TOU VEOU KOUPOU eVw TAUTOXpova eAEyXoule 1) av o MPOoKAToxog sival
papkaplopévog (logically deleted), 2) av o &ladoxoc eival popkaplopévog kat 3) av o
npokdtoxog &eixvel otov OLadoxo. e Tepimtwon TOU O EAEyXOG OQMOTUXEL TOTE
eheuBepwvoupe ta KAEWSwHATA Kot emavalappfdavoupe Tnv dladikaocia EavakaAwvtag tnv
find(). Av o €Aeyxoc emitUxel cuvexiloupde Pe TNV TPOCHNKN TOU KOUBOU E€VNUEPWVOVTAG
Toug Oelkteg OMWG OKPLPWE €ylve pe TNV oetplakr add mou eibape otnv evotnta 2.3.
Mpokewévou va dlachariooupe to skiplist property Bewpolpe 6tL 0 KOUPOC Sev avAKeL
AOYIKQ OTO O€T PEXPLG OTOU evnuepwBoUV OAeg oL avadopEg oe aUTOV oe OAa Ta emineda.
la to okomo auto kpatape éva niedio fullylinked to omolo AapBavel tnv T aAnBég otav o
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(@) (b)

Ieue[_n level

0 T lock o D] lock
3 = > 3 - l
1] — [1] -
2 » > 2
| o @ -
1 > - 1 =
[a ™ 5
0 ] ] l | 0 ME
= 2] |s| |8 18] [25| |+ key F« [2] key
I O I O O L0 1] [T fullyLinked [1] [ fullyLinked
o7 Fod [od h b ol [o] marked ol [0 marked
B:remove(8) A:add(18)
will succeed will fail succeeds
C: remove(18) C: remove(18)
fails suceeds

Ixnua 3.1 Lock-Based Skip List : amotuxnuUEVEG KalL EMITUXNUEVES kKANOEeLs add() kat remove().
2to tunua (a) n kArjon add(18) evronilet tov kouBo ue kAeldi 18 auapkdaptloto aAdd oxt
MANpwc¢ ouvdedeévo. Svidpel UExpt va ouvdedei mAnpwc ato tunua (b) omou kat
emoTpEpel TV T false. Xto tunua (a) n kAnnon remove(8) evromnilet tov kouBo ue kAeldi 8
QUOAPKAPLOTO Kol TIANPWG CUVSESEUEVO, TO OTTOl0 ONUAIVEL OTL Urtopel va kataAaBet To
kAeibwua tou kouBou ato tunua (b). Enetta J<tel to bit papkapiouato kat cUVeEYIleL
KAELSWVOVTOC TOUG TPOKATOXOUGC TTOU OTH CUYKEKPLUEVN TTEpIMTwon eivat o givat o kouBoc ue
KA€LSi 5. MOALc kAeldSwIel 0 TPOKATOXOC, MPAYUATONOLEL TRV PUOTLKN Staypan Tou KouBou
arno t Aiota aAdalovrac tov SeikTn oTO KATWTEPO ETTinedo Tou kouBou ue kAeldi 5
0AokAnpwvovtag EToL EMITUXWG TNV KAjon remove(). 2to tunua (a) n remove(18)
arotuyxavel, kadwc o Intouuevog kouBoc Sev xet ouvdeFei mAnpwg. H (bt kAnon
emtuyxavet ato tunua (b) yiati edw o {ntouuevog kouBog exet etoay el mAnpwc.

KOUPBOG ouvdeBel o OAa Ta emimeda. Aev eMITpENOUE TPOCoPaoh oTov KOUBO HEXPLG OTOU
gloaxBel mMAnpwg otn Sopn. lNa napadelypo n add() étav nmpoonabel va kataAhaBel av o
KOUPBoOG mou B€AeL va eloayel Bploketatl Adn otn Sopn TPEMEL va TEPLUEVEL (OTILVIAPEL)
HEXPLG OTOU ouvdeBel MANpwC. Xto oxnua 3.1 PAénmoupe pa kAnon add(18) mou omwidpet
TEPLUEVOVTAC TOV KOUPBO pe KAELSL 18 va cuvdebel mArpwc. Otav o koppog cuvbeBel MARpwWG
TOTE oAoKAnpwvetal n Stadkaoia eloaywyng kat eEAeuBepwvovtal OAa To KAEWSWHATA.

Aettoupyia Awaypadnig

Ma tnv Staypadn evog koupou kaholLue tny find() wote va evtomnicoupe tov KOUBO
pue to Intoupevo kAeldi. Av PBpebel tote e€etaloupe av o KOUPOC auTtog €xel ouvdebel
TANPWG Kal Sev elval HOpKAPLOUEVOG. Mo mapadelypa, oto TuRpa (a) Tou oxAuotog 3.1 n
remove(8) Bpiokel tov KOUPBO pe KAELSL 8 apapkdploto Kol TARPWE cuvdedepévo mou
onuaivel otL pmopel va tov Staypael. Avtibeta n kAnon remove(18) amotuyyavel ylarti
Slamiotwvel OTL 0 {NToupEevoC KOpBoC dev €xel elooyxBel mMANpwG. H 18l KAoN EMITUYXAVEL
oto tunpa (b) ylati edw o Intovpuevog kKOUPBOC £xel cuvdeBel MANPWG. Av 0 EAeyX0OG ETUTUXEL
TOTE KAELOWVOULLE TOV KOUBO KAl TOV LAPKAPOULIE.

3TN ouvéxela Eekwvwvtag amnod To emninedo 0 YEXPL TO AVWTEPO EMIMESO TOU VEOU
KOUPBOU KAELOWVOULE TOUC TIPOKOTOXOUC Kal eEAéyxoupe av Seixyvouv otov {NToUuevo KOUBo
KaBw¢ kol av eival opapkdplotol. Av ce omoloSAMote onpelo o €AeyXog amoTUXEL
ghevBepwvoupe ta KAsWbwpata Kal emavoAopBavoups tnv Stadkaoia amd tnv apxn
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EavakaAwvtag tnv find(). Av 6AoL oL €AeyxoL €MITUXOUV TOTE EEKIVWVTOG OO TO AVWTEPO
eninedo autn ™ Popd wote va dlachaAicovpe to skiplist property evnuepwvoupe Toug
SelkTeg TWV MPokATOXWV va deixvouv oToug SLadoXouG TPAYHATOTOLWVTAS £T0L TN PUOLKN
Slaypadn tou {ntoupevou KOpBou.

Ma mapadeypa, oto TuNUa (b) n remove(8) KAELWOWVEL TOV TPOKATOXO HE KAELSL 5.
MOALG KAeLbwBel o0 TpokdTo)oG, N remove Mpayuatomnolel Tnv ¢uaotkn Staypadr tou KopBou
antd tn Alota aAAalovtag tov Seiktn oto Katwrtepo eminedo tou kOpUPou pe kAeldi 5 va
Selxvel oto kOpUPo pe KAeldL 9.

Asttoupyia AvalAtnong

Ma tnv avalntnon evog kopPou kahoLpe tv find() yla va evtomnicoupe tov kKOUPO
e to {ntoupevo KAeldi. Av Bpebei o kKOUPOC, TOTE Bewpolpe OTL 0 KOUPOG AVAKEL oTNV Soun
av elval apapkaplotog Kal mANnpws cuvéedepévod. H Asttoupyla auth eival wait-free kabwg
ayvoel Ta KAeldwpata Kat aAAayEG TTou Bavov va yivovtal Tautoxpova.

3.2 Lock-Free SKip List
3.2.1 leprypagn adyopiOpov

2tn mepintwon Ttou Lock-Free oAyopiBuou emedy 6ev  xpnolpomolovvtol
kAetbwpota dev pmopel va Siaodadiotel to skiplist property, ot dnAadn kdBe Alota
TEPLEXEL €va UTOOUVOAO oTolyeiwv TNG Alotag mou PBploKeTol OTO QUECWE KOTWTEPO
eninedo. Edooov Aoumov dev pmopoUpe va SlachaAiooupe tnv WBLOTNTA auth, Ba
Bewpriooupe OtL TO abstract set Ba opiletal povo amod tn Aioto 0To KOTWTEPO eminedo: éva
KAELSL QVNKEL OTO OET Qv KOl HOVO av Umapxel KOpPBog pe autd to kAeldi otn Alota tou
Katwtepou emunedou. O kOUPBoL oTa avwtepa eninmeda Aettoupyolv Povo Bondntika yla va
dtacoupe ypnyopotepa os KOUPBoUC Tou xapnAotepou smunedou. Q¢ anotéAdeopa o lock-free
aAyoplBuoc dev xpnowpormolet to medio fullyLinked. Emiong &ev éxoupe éva marked bit yia
KABe kOpUPo oA Eva yla kaBe emimedo tou kOUPBou. MpLv ol e TIC AsLTOUpPYLEG ELCAYWYNC,
Staypadng kot avalntnong o¢ Sovpe mpwta thv cuvdptnon find() kabwg eivol Alyo
SLopopeTIKn Ao AUTAY TIOU £XOUKE SEL LEXPL TWPA.

find()

O okomog tn¢ find() elval va Stamotwoel av uTtdpxel otolxelo e to KAeldi Tou
avalntel KaBwg Kal va emoTpEPEeL €va Tiivako TIPOKATOXWV Kal €va Ttivako Stadoxwyv onwg
£Kave PEXPL Twpa. H Stadopd eival otL Twpa avalapBavel kal Eva emuTAEov pOAO AUTO TNG
duoIKnG amopdkpuvong KopBwv mou €xouv Slaypadel Aoykd (€xouv HapKapLOTEL).
ZEKWVWVTAG armd TO MPWTOo otolxeio Kal péyloto UPog Saoyilel opllovtia toug KOUPBoug
kowtalovtag av elval papkaplopévol 1 oxt. Av Ppebel papkaplopévog koppog Tote
TIPOXWPAEL XWPIG VO KOLTAEL TLUEG KAELSLWV PEXPLE OTOU CUVAVTAOEL TOV MPWTO APOPKAPLOTO
KOUPBO KOl TOV EVWVEL LE TOV TIPONYOUHEVO OUAPKAPLOTO KOUBO XPNOLUOTIOLWVTAE TNV
QTOULKN €VIOAN compareAndSet. Av amotuxel n evioAn elte SL6TL 0 KOUPOG Tou omoilou
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B€houpe va aAlafoupe tov SeikTn elval papkaplopévog, eite yloti Aéov Sev Seiyxvel ekel
Tou €d8elxve Otav e€ETAOTNKE, TOTE emavaAappavetal 6An n Sladikacia amod tnv apyn. Av
€TUTUXEL TOTE ouve)ilel T TPOCTEAAON LLE TTOPOLOLO TPOTIO HEXPL VA BPeL KOUPO HE TIUA
KAELSL0U peyalltepn A lon tou {ntolupevou KA£WSLOU. Yotepa kateBaivel eminedo Ko
enavaAappavet Tnv Stadlkaoia £wg KoL To KATWTEPO Tinedo.

Aettovpyia Eloaywyng

H Aewtoupyla eloaywyng apxikd kaAel tnv find() n omola emotpédel Toug Tivakeg
TPOKATOXWV Kol SLodoxwv. Av Sev umdpxeL RGN to KAELSL OTO GET TOTE TPOXWPAUE OTNV
Snuloupyla evog véou KOMPoU Kol OUVOEOUE TIC avadOopEC TOU HE TOUG SLadoxouq. 2Tn
OUVEXELOL EVWVOULE TOV TIPOKATOXO OTO KATWTEPO €Minmedo UE TOV VEO KOUBO HEOW TNG
OTOMLKNAG EVTOANG compareAndSet, yeyovog mou onuatodotel tnv sloaywyr] Tou VEou
KOMBOU OTO OeT. AV n OTOWUKN €VIOAN omotUxel, eite ylatl o mpokdroxog eival
pHopKoplopévog ite ylati ev Seiyvel otov 8Ladoxo, tote enavalapBdvoupe tnv Stadkaoia
artd tv opxn. Av emtuxel, TOTE ouveXiloupe oto enmdpevo eminedo evwvovtag tov
TIPOKATOXO LLE TOV VEO KOMPBO HECW evtoArig compareAndSet Kol TPOXWPALE TIPOG TO TTAVW
Kavovtag To i810. Av og OmoLoVONTIOTE EMIMESO N ATOULKA EVIOAN amOTUXEL Yl Toug iSloug
Aoyoug mou efnynoope tote kaloUpe tnv find() WoOTeE va OVAVEWOOUWE TOUC TIVAKEG
TLPOKATOXWV Kal SLaddxwv Kal cuUVEXL{OUE A0 TO EMIMESO MOU CTAUATIOALE.

Aettoupyia Ataypadnig

Onwcg Kol Pe TNV eloaywyn £Ttol Kat pe Tthv Slaypadr otolxeiou apxikd KoAoUUE TV
find(). Edooov Bpebel to otolkeio pe To INTOUEVO KAELSL TOTE EEKLVWVTOG ATIO TO AVWTEPO
eninedo tou otolyeiou Kal ylo KABe emimedo PEXPL va PTACOUUE OTO TPOTEAEUTALO OO
KAtw, Slaypddoupe Aoyikd TI¢ avadopég TOU HAPKAPOVTOC TEC UECW OTOULKWY EVIOAWV
compareAndSet. Av KATOLO. OTOLKI] EVIOAN QMOTUXEL, AUTO €xel oUUPEL yla kamolov/oug
ano toug akohouBoug Adyouc: Kamolo aAho vApo tautoxpova dlaypddel To otolyeio (€xel
BoelL to marked bit oto enimedo autd) Omou oe auth tn Tepimtwon ocuveyxiloupe oto
€MOUEVO £Ttinedo N o Seiktng o emoOUeVO KOUPO £xel aAAageL omdte Tov Eavadlapfaloupe Kat
EMAVOAAUBAVOULE TNV OTOWLKH EVTOAR 2. 5T cuvéxela Slaypddet Aoyikd Tov KOpBo amd Tnv
Kotwtepn Alota yeyovog mou onupatodotei tnv Aoyikn Staypadn tou KOUBou amod To OET.
Mpokeévou va Slaypadel duaikd o kOpPBog kalet tnv find va avalntrosl to otolyeio mou
HOALS SLeypae Aoyikd, n omola onwe eEnynoape Slaypddel Guotkd OAEG TIG LOPKAPLOUEVES
avadopEG TOU CUVOVTAEL ZUVENWC 0 KOpBo¢ Staypadetal puoikd téco amno tnv find() mou
KOAOUE gpelg 600 Kal amo kKAnoels find() mou kahouvtatl and aAAa vipata.

’H aTOULKN EVTOAN TTOU xpnotuomoleital eivat n €1¢ :
NodeToRemove.next[Level].compareAndSet(succ, succ, false, true);

To npwto kat 1o SeUTEPO Oploua TN¢ MAPEVIECEWS avapEépovtal otov dtadoyxo kouBo, evw to TPiTo
KoL TO TETOPTO Oplopa avapéepovtal oto bit papkapiopatroc. 3tn mpaén to bit upoapkapiouatog
aroteAel o mpwrto bit tou Seiktn mpog to Stadoyo. Apa o Seiktng meptéxel tn Stevduvan succ Tou
Stadoyou kat to bit HoPKAPICUATOC TO OMOI0 EVOWUATWONKE LEow TNG Aoyikn¢ mpaéng OR ue ™
Stevduvaon (to mpwrto bit ¢ dievduvong eivar mavra 0). SUVENMWG TO MPWTO KAl TO TPITO Oploud
arroteAouv TNV maAld tun tou Seiktn n omola €POCOV €ival EYKUPN UETATPENETAL OTN VEX TTOU
opiletal ano to SEUTEPO KAl TETAPTO OPLOUA.
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Asttoupyia AvalAtnong

2tov lock-free aAyoplBuo n Aettoupyia avalitnong dev umopel va Aeltoupynoet e
TOV KAOOOLKO TPOmo Omou Tmpoomelalvel tn Sopn e€etdloviag ta KAEWSWA OAWV Twv
TPOORACIUWY KOUPWY aVeEEAPTNTWE €AV Elval LOPKAPLOUEVOL I} OXL. EELOT) OL ELCAYWYEG KOl
ol Slaypadég mapapBialouv to skiplist property pnopel évag poapkaplopévog kopPog va eivat
TPOOTIEAACLUOC OE KATIOLO OVWTEPO emimedo alhd va £xel Staypadel HUOIKA OTO KOTWTEPO.
EGv ayvonBel n T Hapkapiopatog tote n Asitoupyia avaltnong Umopsl va ayvonoet
KOUBOUG Ttou elval MPOooBAGLUOL OTO KOTWTEPO ETIMESO.

Oa pmopoloe va xpnowornotnBei n find() yo avalntnon n omoia aviyuetwrilet
QUTO TO TPOPANUA. ZTIG TIEPLOCOTEPECG EPAPLOYEG OL OVALNTIOELG ELVAL TILO CUXVEG QO TLG
EVNUEPWOELC. Juvenwc n emdoyn ¢ find() Ba Snuiloupyolios mMPOPANUa KaBw TTOAAATIAEG
toutoxpoveg find() mou mpoomaBoulv va "kabBapicouv" toug iSloug kOUBoug odnyolv ot
ouvwoTtlopd. H Abon mou nmpoteivetal eival pla Asttoupyia avalitnong mou ekTeAel akpLBwg
ta 6o Bpata pe tn Asttoupyia find() xwplc duwe va mpoxwpdel os ¢uoikn Siaypadn
KOUBwWV.

Tooo o lock-free aAyopiBuog 6oo kat o lock-based eival linearizable. Tia TIq OXETIKEG
anodelfelg MAPATEUTIOUE TOV OVAYVWOTH O0TO MPWTATUTIO KEipevo [7].
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Ke@aiao 4

YAomoinon SKip List
xpnoyuonowwvtag Hardware
Transactional Memory

3to Kepa@halo auto mapoucoltdloupe tny HTM ekboxr Tou £XOUHME UAOTOLAOEL.
Meplypddoupe AEMTOUEPWS TOUG AAYOPIBLOUC TIOU XPNOLUOTIOLNCAUE, OLTLOAOYOUUE TNV
EYKUPOTNTA TOUG KOL TIAPEXOUE UEPLKEC LOEEC YLa BEATLOTOTOLNOELG.

4.1 Elcaywyi)

J1o nmponyoupevo kedpaAata idape toug lock-based kat lock-free alyopiBuoug . Kat
oL 8U0 TPOMOL UAOTIOINONG CUVLOTOUV afLOAOYEC ETUAOYEG YLOL TOUG TIPOYPAUUOTIOTEG TIOU
emBupolv va ulomotrjoouv Sopég Skip List. H evaoyxoAnon pag otn SmAwpatikn e HTM
€XEL OTOXO va SLEUPUVEL TIC EMIAOYEC TPOODEPOVTOG EVOANAKTIKEG OE TEPLTTWOELG OTIOU Ol
OAAeG péBobdoL avtetwrilouv mpoPAnuata. Ma mapddelypa Tto lock convoying mou
efnynoape oto mpwrto keddAalo anoteAel mpoPAnua yia tig lock-based uhomouwoelg evw n
T(POYPOUUATLOTIKY) TTOAUTTAOKOTNTA KAl TO KOOTOG TWV ATOULKWY evtoAwv [9] Slaitepa ot
TOAU peydAa oeT Sebopévwv Omou Sev amalteital OpKETOC CUYXPOVIOUOC ATMOTEAOUV
npoBAnuata ot lock-free vAomolioelg. Avapévoupe ot HTM UAOTIOLROELG va LNV €XOuV
t€tolou eiboug mpoBAfpato. Autod Ba StamiotwOdel oto emdpuevo kepalato.

Y& autd to Keddhalo mapouaoidlovpe Suo Sladopetikeég ekboxEC uAomoinong Skip
List xpnowomnowwvtag Hardware Transactional Memory. Apxikad neplypddoule TNV coarse-
grained HTM ekdoyn oOmou mnepikAsiovpe TOUG OelplaKkoUC alyopiBuoug emefepyaoiag
6ebouévwy e transactions kat otnv cuvéxela tnv fine-grained HTM exkdoxny omou
nipoonaBoUpe vo EAAXLOTOTIOLCOUE To PEYEBOC TWV transactions OMwG KAvVaAE avtioTolya
otnv fine-grained lock-based ekdoxn. Me tnv coarse-grained HTM ek8oxf] emLSLWKOUUE va
€AQXLOTOTIOL)COULE TNV TIPOYPAUUATLOTIKI] SUCKOALQ TTOU armatteltal evw Tautdxpova va
metuyou e KaAég amodooels. Me tnv fine-grained HTM exkdoxn ebapudloviag TEXVIKES TTOU
elaylotorololv 1o MéyeBog Twv transactions OKOMEUOUME VA EYLOTOTIOW|OOUUE TNV
anodoon.
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4.2 Coarse-Grained aAyopiOpuog
4.2.1 leprypa@n) adyopiOpov

O coarse-grained HTM skip list aAyoplBuog eivat Wdiaitepa anAdc. Ma va elodyou e
N va Slaypddoupe £va otolxelo amo tn Sopr KAAOUHE TOUG OelplakoUG aAyopiBuoug
enetepyacioag dedopévwy péoa o€ transaction onwg daivetal oto oxnua 4.1 (a). Adyw tou
peyaiou footprint Tou transaction unmdpyxet peydin mbavotnta va SextoUpe emavelAnUpUEVA
aborts kupiwg Adyw data conflict i capacity overflows. 3to oxnua 4.1(y),(8) daivetat o
aAyoplOuoc mou Staxelpiletal ta transactions kat akolouBei to mapadslypa mou sidape
otnv evotnta 2.2.1. Av éva transaction Sextel abort tote ekteleital to fallback path (oy. 4.1
(y) ypappécg 17-22) onou eite EavaektehoUpe tnv Aettoupyio o transactional mode, site av
£€xoupe uTepPei To avwtepo 6pLo emavaAnPewv katalopBavou e To KaboAkd mpooBActpo
KAeWOL kal ektedoUpe T Aswtoupyia oe non-transactional mode. Ie autn tn mepintwon
£€xoupe évav updater kat moA\ouc¢ readers.

() )
1. boolean update(int x,0peration op) { 1. int tx_start(int num_retries, lock fallback_lock)
2. boolean result; 2.
3. tx_start(max_tx_retries, global_lock); 3. int status = 0;
4.  if (op == INSERT) 4. int aborts = num_retries;
5. result = add(x); 5.
6. elseif (op == REMOVE) 6. while(1){
7. result = remove(x); 7. /* Avoid lemming effect. */
8.  tx_end(global_lock); 8. while (lock_is_free(fallback_lock));
9. return result; 9.
10.} 10. status = _xbegin();
11. if (status == XBEGIN_STARTED) {
(B) 12. if (1lock_is_free(fallback_lock))
. 13. _xabort(0xff);
1. boolean contains(int key){ 14. return num_retries - aborts;
2. boolean result=false; 15. } -
3. Node curr, pred; 16.
4. pred= head; 17. /* Abort comes here. */
5. for (inth=levelmax-1; h>=0; h--) { 18.
6. curr = pred.next[h]; 19.  if (aborts <= 0) {
I while (key > curr.key) { 20. acquire_lock(fallback_lock);
8. pred=curr; 21. return num_retries - aborts;
9. curr = pred.next[h]; 22, }
w3 23}
13 24,
12.if (key == curr.key) { 25. /* Unreachable. */
13. while(curr.state == INITIAL); 26. return -1:
14, if (curr.state = DELETED) result=true; 27} '
o ©)
16. return result;
17.} 1. void tx_end(lock fallback_lock)
2.
3. if (lock_is_free(fallback_lock))
4. _xend();
5. else
6. release_lock (fallback_lock);
7. return;
8. }

IxAna 4.1 Coarse-Grained HTM Skip List : pevuSokwdIKeS yLa (a) evnuépwaon dourng,

(8) avalntnon otoixeiou, (v),(6) diaxeipton transactions .
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Ma tnv avalntnon evog otolxelou KAAoUUE T ocuvaptnon contains omw¢ ¢aiveral
oto oxnua 4.1(B). e avtiBeon pe tn ouvaptnon update n contains dev anattel transactions
yla TtV SLlaodaALon cuyxpoviopoU. MNa va KAToVORoOoUE TOo AOYO yLa TOV OTIOL0 LoYUEL QUTO,
Ba mpenel mpwta va BEcoupe ta linearization points yla tig Stadopeg Asltoupyled.

4.2.2 Linearization Points

To linearization point ylwa update oe transactional mode eival To onueio 6mou 1O
transaction kdavelt commit. Otav eipoaote o non-transactional mode, &nAadn €xouue
KataAdPel to KAsibwua Kol sipoote ol povadikol updaters, Tote to linearization point yla
emtuxnuévo update elval To onueio omou B£Toue TN Katdotacon Tou {NToUPEVOU KOUBou
o€ INSERTED (ypauun 14 oy. 2.7 (y)) yla tn mepimtwon elcaywyng otolxeiov kat oe DELETED
(ypopun 8 oy. 2.7 (8)) ywa tn mepinmtwon diaypadnc otolxeiov. To linearization point evog
amotuxnuévou update elval To onueio 6mou SLamoTwvoupe OTL To KAeLSL Sev umapxel (yla
add) n avtiotowyo umtdpyet (yia remove) otn doun (ypapun 6 ox. 2.7 (v) kat ypapun 5 ox. 2.7
(6)). To linearization point plag kAnong contains() mou Bplokel Tov kKOUPBO pe to {NTOUNEVO
KA£LSL elval to onpeio omou Slamotwvel OtL 0 KOUPOC avikeL otn doun (ypauun 14 oy. 4.1
(B)). Av n avalntnon dev Bpel otolyeio pe to {ntolpevo KAELWSL N to Ppel kat ival oe
katdaotaon DELETED umdpyel mepintwon oto HeTtafl va €xel eloaxbel véog kOUPBOG e 6Lo
KA£LS6L. Onwe dpwg kat otn lock-based mepinmtwon £tol kal edw €xel UTIAPEEL KATIOLA OTLYUN
KOTA TNV SLAPKELA TNG EKTEAECNG TNG CUVAPTNONG contains Omou n doun 6ev mepleAapupave
otolxeio pe to {ntovpevo KAeLWSl. Emopévwe, He Ta linearization points mou Béoape €xoupe
Slaodalioel £ykupo cuyxpoviouo Ue non-transactional avalntroelg.

4.2.3 llpofApata Coarse-Grained adyopiOpov

O coarse-grained aAyoplBuog gival wdlaitepa amAog Kol AVapEVOUE LKOVOTIOLNTLKNA
eniboon Oe MEPUMTWOELG PE ULKPN AVAYKN YL CUYXPOVLOMO. TL yiveTal OpUwG OTav £XOUME
peyaAutepn cupdopnaon n otav to péEyebog tng mAnpodopiag elval apketd peyalo? Exoupue
Stamiotwoel ta €€n¢ Svo mpoPAnuaTa :

MpopAnua 1 - AveruBopunta Aborts. Onwg €xoupe mpoavadpEPel 0 OKOMOG Twv read
Kol write sets ival va evtomilouv mepUMTWOELS 0oL vApata ypadouv os dedopéva mou
£xoupe Slafadoel evtog transaction 1) dtaBdalouv/ypadouv oe Ssdopéva mou Exoupe ypdaet
(evtog transaction) £€tol wote va efaocdallotel n eykupotnTa TNC A£lTOoupyiog TOU
ekteloUpe. Ta mapadelypa, otav ekteAoUpe Ml Staypadr otolxelou to footprint tou
transaction MepLEXEL TOUC TIIVOKEG TIPOKATOXWV Kal SLadoXwv Tou oTolxeiou mou BéAou e va
Sltaypaoupe. Av amd tn oTypn mou SlaBAcoupe £vov TIPOKATOXO UEXPL TN OTLYUA Tou
Eekvnooupe va SlaypdPoupe to otolyelo Kamolo AANo v €L0AYEL €va KOUBO avapeoa
OTOV TMPOKATOXO KoL TO oTolxeio Tote To HTM ouUotnua Ba evtonicel tnv aAhayn Sgiktn Tou
"MpwnVv" mpokatoxou kal Ba amoppiPel to transaction mpoduldcoovtag pog amd pia
AavBaopévn Asttoupyia Slaypadng (Ba evwvape tov "mpwnv" TPoKAToxo e tov 61adoxo).
Agv glval OpWC OAEG OL TEPUMTWOELG IOV deXOpaoTe abort Adyw conflict anapaitnteg yia va
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efaodpoiioBel n eykupotnta tN¢ Aswtoupyiog. H tpomomoinon amd AAAo vApa &vog
dedopévou mou PBpioketal oto read set pag kat Sev €xeL AUecn oxX€on e TNV Asltoupyia
evnUépwong Tou ekteAlolUe Ba odnynoel oe meplttd abort. MNa va to KoataAdBoupe
KaAUtepa o¢ kottdéoupe to oxfua 4.2 (a). To vijpa A sktelel tnv coarse-grained Asttoupyia
Slaypadng delete(15). Me Siakekoppévn dalvetal n mopela mpoomnEAaong tg SOURC Tou
akohouBnbnke kal pe moptokaAl mAaiowo to footprint Tou transaction. Xto onueio auto
£xoupe olokAnpwoesl tnv mpoomélaon aAld Sev €xoupe EeklvAOEL TNV evnuépwaon TNG
Sdoung. 2tn ocuvéxela oto oxnua (B) éva ailho vhpa B slodyel To otolxeio pe KAWL 7 otn
doun. H aA\ayn tou &eiktn tou otolxelou pe kAeldl 5 mou daivetal pe KOKKIVO Xpwua Ba
odnynosl og abort o transaction mou skteAeital amno to vApa A kaBwg o deiktng autdc elval
oto read set tou A. To abort autd eival avermBupnto kabwg o SeiKTNG AUTOC Ot Kapia
nepintwon Sev ennpedlel tnv Staypadn tou otolyeiou pe KA£WSL 15. Itn mMpaypaTKOTNTA
HOVO aAAay£C EVTOC TOU TALOLOU LE TIPACLVO XpWHO EMNPEAlouV TNV EYKUPOTNTA Kol opOd
tote Sexopaote abort. Omoladnmote aAAayr €KTOG TOU TMPACLWVOU TAdLolou Ba emudépel
averBuunto abort. Tuvenwg napatnpouue OtL To footprint Tou transaction otnv coarse-
grained exdoxn sival opkeTd PLeyaAlTEPO Omd TG AVAYKEC LAG YLOL CUYXPOVIOUO KATL TIOU OF
TIEPUTTWOEL; OUPOpNnonG odnyel oe mapa TMOAAG avemBuunta aborts kol apa
Tieploplopévn anodoon.

(a) A : delete(15) (b) A : delete(15) B :insert(7)
Ievelidelete(ls)

3

level A :delete(15) B:insert(7)

[ ]

2

1

°“ Efﬂf:

EEETE @D —Jg

preds[0] succs[0] preds[0] succs[0]

(v) A : delete(15) B :insert(12)

level A:delete(15) B:insert(12)

—

1

+o0

_},

preds[0] succs[0]

Ixnua 4.2 NpdéPAnua 1 tng Coarse-Grained HTM Skip List : 3to tunua (o) mpoomeAauvouue
™ doun yla va Staypapoue to otolyeiov ue kAeldi 15. Me Stakekoupévn paivetal n mopeia
npoonédaonc tng doung. Me moptokaAi mAaioto eivat to footprint tou coarse-grained HTM
transaction evw to mMpaotvo eivat To LdaVIKO footprint yia T OUYKEKPLUEVN AEtToUpyia. STO
Tunua (8) etoayouue to kAgLS( 7 ue anotéAeoua o A va dexOel averttduunto abort. Sto
Tunua (y) etoayouue to kA€LSi 12 kat dnutovpyeital owoto abort kabwe yapn o auto
Staopaliletal n ocuVvETELX TNG SOUNC.
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MpoPAnua 2 - Yrepxeilion. Otav 1o oet dedouévwy amoteleital anod mapa mMoAd
debopéva (m.x. 100 ekat. otolyeia) i to péyeBog tng mAnpodoplag ival apketd Leydho oe
bytes tote 1o footprint Tou transaction pmnopel va unepPel Ta avwtepa opla Twv read Kat
write sets pe anotéAeopa va auénbolv apketa Ta capacity aborts.

4.3 Fine-Grained aAyopiOpog

‘Evag TpOmog yLa va avTlleTwnilape Ta mpoPAnuata mou npoavadEpape Ba ftav va
OTIAYAE Ta transactions o€ ULKPOTEPQ, Yla TAPASELYO OTOV TPOCTEAAUVOULE Tt Soun va
€xoupue éva transaction yla kaBe emninedo. Mapolo mou Ba avéavapue tnv anddoaon dev Ba
nAnowalope ekeivng Twv lock-based kat lock-free Texvikwv kaBwg Kat TAAL AVOUEVOULE Eval
HeEYAAo aplOud amod aborts, katL mou odnyel oe AAAEMAAANAEG EMAVATIPOOTIEAACEL TNG
Sdoung, yeyovog mou amodelyetal ot AAeG uAomolnoelg. Mevika €xet StamiotwOdel [10] ot
Ba TpEmeL va LoYUOUV Ol TOPOKATW TECOEPEL] OUVONKEG yla va emtuxoupde uPnAn
KALLOKWOLUOTNTA o€ TIapAAANAec SopEg Sedopévwy :

e H Aswtoupyia avalitnong &sv mpémel va mephappavel avapovég (waiting),
ENMAVASOKLUEG (retries) i amoBnkeloslg Sebopevwy (stores).

e H d&wdwkaocla mpoomélaong Sedopévwy KATd T SLAPKELD HLOG Agltoupylag
evnuépwong Sev mpémel va mpoPel oe  amoBnkeVoel SeSopEVWV EKTOC €AV
npoKeltol ywa cleaning okomouc kaBwg kot dev Ba mpemel va mepAapPavel
OVOLLOVEG KOlL ETTAVOTTPOOTIADELEG.

e Y& pla Aeltoupyio evnpépwaong otnv omoia n dtadikaoia mPooméAaonC AmoTUYXAVEL,
T.X. 6ev Bp€Bnke otolyeio pe To KAWL mou Payvoupe otn nepimtwon dtaypadng n
10 KA£LSL uTtApXEL (6N oe otolyelo otn meplmtwon eloaywyng, Tote Sev TPEMEL va
gxoupe ekteléoel amoOnkeloelg (stores) ektd¢ amd aAUTEG TOU Xpnolpomonkayv
otn Stadikaoia mpoonélaong yla cleaning.

e O aplOuog Twv amobnkeloEWV Kal N TEPLOXN TNG HVAMNG TIOU Tpomomnoleitatl Ba
TPETEL VA €lval TTOPOTTANOLEG UE EKEIVEC TNG OELPLOKAG EKSOXNAC.

2TOX0C Hag Aoumov ival n dnpoupyia evog alyopibuou HTM mou va LKavoTolel Tig
mapandvw ouvOnkeg. Mo va TO TETUXOUUE OUTO XPNOLUOTIOICOUE HLOL  TEXVIKA
TLPOYPOUUATIONOU, TN Aeyouevn Consistency-Oblivious Programming (COP) [6], n omola €xel
SdokLpaotel péxpl otyung oe HTM uAomounoelg mapdAAnAwv Sevépikwv Sopwv SeSopévwy.
levikd, pe tnv COP texvikn Stokpivoupe 8Uo dAoeLS : pa emtAnopova ¢acn mou TPEXOULE
XwpLig transactions 1 locks kat pla atopkn ¢daon mou gAéyxoupe av n emAnopova ¢acn
EKTEAEOTNKE OWOTA. € MePIMTwon mou dlariotwbel kamolo AdBog Eavadokiualouvpe ano
Vv apxn. H texvikn autn amnattet Wblaitepn mpoooxn yla tn StaoddaAlon eykupotnTtag Kabwg
Kal yLa Thv Stayxeiplon twv transactions oto fallback path otn mepintwon mou ulomoloUpue
NV atopkny ¢acn We transactions. Itnv emMOpevn &voTnTta £ENYOUHE aKPLBWG TIWG
edbapuoloupe TNV TEXVIKA autn ot skip lists.



30 Kepadldaio 4 - YAoroinon Skip List xpnowomnowwvtag Hardware Transactional Memory

4.3.1 AeTtTOopEPNG TIEPLYPAPT) AAYOPLOpHOV

(o) ®)
1. intinsert_TM(int key, info info) 1. int delete_TM(int key, info info)
2. { 2. {
3. inth, ret, status; 3. inth, nodeHeight, status, ret;
4. Node preds[levelmax]; 4. Node preds[levelmax];
5. Node succs[levelmax]; 5.  Node curr;
6. Node curr, pred; 6. Node pred;
7. intretry =-1; 7. intretry=-1;
8. 8.
9. start_from_scratch_i: 9. start_from_scratch_d:
10. retry++; 10. retry++;
11. if (retry >= max_invalidation_abort_retries) { 11. if (retry >= max_invalidation_abort_retries) {
12. acquire_lock(global_lock); 12.  acquire_lock (global_lock);
13.  ret=insert_seq(key,info); 13. ret=delete_seq(key,info);
14. release_lock(global_lock); 14. release_lock(global_lock);
15.  returnret; 15.  returnret;
16. } 16. }
17. pred = head; 17. pred=set.head,;
18. for ( h =levelmax-1; h >=0; h--) { 18. for ( h =levelmax-1; h >=0; h--) {
19.  curr = pred.next[h]; 19.  curr = pred.next[h];
20. while (key > curr.key) { 20. while (key > curr.key) {
21. pred = curr; 21. pred=curr;
22. curr = pred.next[h]; 22. curr = pred.next[h];
23. } 23. }
24.  preds[h] = pred; 24.  preds[h] = pred;
25.  succs[h] = curr; 25. }
26. } 26.
27. if (key == curr.key) { 27. status=tx_start(max_tx_retries, set.global_lock); //begin
28.  while (curr.state == INITIAL) ; //transaction

29. if (curr.state == DELETED) goto start_from_scratch_i; 28. if (status == INVALIDATION_ABORT){
30. else return 0; // Node exists. Linearization point for 29. goto start_from_scratch_d;
31. } // unsuccessful insertion 30. }
31. else{
32. int nodeHeight = get_rand_level(); // find the height of =~ 32.  if (curr.key == key) {
[/ the new node 33. nodeHeight=curr.height;
33. Node newNode = createNewNode(key,info,nodeHeight); 34. //check consistency

34. 35. for(h = 0; h < nodeHeight; h++) {
35. status = tx_start(max_tx_retries, global_lock); 36. if (preds[h].next[h] != curr
36. if (status == INVALIDATION_ABORT){ || preds[h].state == DELETED ){
37. goto start_from_scratch_i; 37.
38. } 38. if (_xtest())
39. 39. _xabort(Oxaa);  //force an abort
40. //check consistency 40. else {
41. for(h =0; h <nodeHeight; h++) { 41. release_lock(global_lock);
42. if (preds[h].next[h] != succs[h] 42. goto start_from_scratch_d;
|| preds[h].state == DELETED 43. }
|| suces[h].state == DELETED){ 44, }
43. 45. }
44, deleteNode(newNode); 46.
45, if (_xtest()) 47. /lupdate fields
46. _xabort(0Oxaa); //force an abort 48. curr.state = DELETED; // Linearization point in
47. else { // fallback lock mode for
48. release_lock (global_lock)); 1/ successful deletion

49, goto start_from_scratch_i;



50.
51.
52.
53.
54,
55.
56.
57.
58.
59.
60.
61.

62.

63.

64.
65.

CoNoa~WNE

}
}
}

/lupdate fields
for(h = 0; h < nodeHeight; h++)
newNode.next[h] = succs[h];

for(h = 0; h < nodeHeight; h++)
preds[h].next[h] = newNode;

newNode.state = INSERTED; // Linearization point in
/I fallback lock mode
/I for successful insertion
/lcommit
tx_end(global_lock);  // Linearization point in
/[ transactional mode

return 1;

}

)

int tx_start(int num_retries, lock fallback_lock)

{

int status = 0;
int aborts = num_retries;

while (1) {
/* Avoid lemming effect. */
while (lock_is_free(fallback_lock));

status = _xbegin();
if (status == _XBEGIN_STARTED) {
if ((Mlock_is_free(fallback_lock))
_xabort(0xff);
return num_retries - aborts;

}
/* Abort comes here. */

if (_ XABORT_CODE(status) == Oxaa)
return INVALIDATION_ABORT;

if (--aborts <= 0) {
acquire_lock(fallback_lock);
return num_retries - aborts;

/* Unreachable. */
return -1;

49.
50.
51.
52.
53.
54,

55.
56.
57.

58.
59.
60.
61.
62.

NG~ wWNE

CoNOOR~WNE
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for(h = nodeHeight-1; h > 0; h--) {
preds[h].next[h] = curr.next[h];
}
/lcommit
tx_end(sglobal_lock); // Linearization point in
// transactional mode
/I successful deletion
return 1,
}
else { /I Linearization point (transactional/
/I fallback mode) for unsuccessful
/I deletion
tx_end(global_lock);
return O;
}
}
(%)
void tx_end(lock fallback_lock)
if (lock_is_free(fallback _lock))
_xend();
else
release_lock (fallback_lock);
return;
}

(g)

boolean contains(int key){
boolean result=false;
Node curr, pred;
pred= head,;
for (inth = levelmax-1; h >=0; h--) {
curr = pred.next[h];
while (key > curr.key) {
pred=curr;
curr = pred.next[h];

}

if (key == curr.key) {
while(curr.state == INITIAL);
if (curr.state I= DELETED) result=true;

-}

}

return result;

}

Ixnua 4.3 Fine-Grained HTM Skip List : Yevbokwdikeg yia (a),(B) evnuépwaon Soutc

(v),(8) btaxeipion transactions, (€) avalntnon otolyeiou.
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Newtoupyieg Eloaywyng kot Ataypadr

Jto oxnua 4.3 mapouctaloupe toug aAyopiBuoug emnefepyaociag kat avalnTnong
Oebopévwy kabBwe Kkal Toug ahyoplBuoug enefepyaciag transaction. Otav Béloupe va
evnuepwooupe tn Sopn, elte pe insert eite pe delete, akoAouBolpe Lo TapopoLa
Sladkaoia. Apyxlkd mpoomeAaUVOUUE Tn OoUn €KTOC transaction EVNUEPWVOVIAC TOUC
TVAKEC TPOKATOXWV Kol SLodOXWV N HOvVo mpokatoxwv yia delete péxpt va ptdcoupe oto
KATWTEPO eminedo e oTdX0 va Bpoupe to otolxelo pe o {ntoluevo kAeldi mou BéAoupe va
Slaypaoupe f To onpeio 6mou BENOUE VO TIPAYULATOTIOCOUUE eloaywyn (Ypappég 17-26
yla insert / 17-25 ywo delete). Ytn ocuvéxsla evtog transaction eléyyxoupe : 1) av ot
T(pOKATOXOL KL oL dLtadoxol Bpiokovtal akopa otn Soun kat dev €xouv dlaypadel, 2) av ot
nipokatoyxol Seiyvouv otoug Sladoxoug (ywo insert)  otov koupo mou Béloups va
Staypaoupe (yio delete) (ypappég 42 / 36). 3TN MePUTTWON TIOU 0 EAEYXOC ETUTUXEL TOTE
eneldn €xoupe tomoBetnoel OAn autniv tn mMAnpodopia oto read set sipaote clyoupol otL
gxoupe e€aocdaliosl TNV eykupoTNTA TNC AstToupyiag KoBwe v Py OAOKANPWOOUE TO
transaction kamolo GAAo vipa oAAA€el kamolov Seiktn | SltaypAael KATOLO OTOLXELO TTOU
g€xoupe oto read set pog tote Ba dexboupe conflict abort kat Ba amoppipoupe TV
Aewtoupyla XwpIg va EVNUEPWOOUUE TNV UVAUN yla T aAlayég mou mibavdv va €xoups
Kavel. Av gv gxBoupe abort tote Mpoxwpape evnuepwvovtag th doun. YrnevBupilouvpe otL
OAec oL alayég mou Kavoupe Ba eudaviotolv otnv Soun adOTou MPAYUOTOTOL|COUE
transaction commit. Itn meplmTtwon TNG €LOAYWYNG OTOLXEIOU apXIKd SnUloupyouuEs Evav
KOpPo pe to {ntolpevo KAsLSL kat tuxaio UPog (32,30), LoTepa EVNEPWVOULE TOUC SEIKTEC
TOU VEou KOpBou va Seiyvouv otoug dtadoxoug (55,53) Kal OTn CUVEXELA EVNLEPWVOULE
TOoug Oelkteg TWV TpoKATOXWV Vo deixvouv oto véo kOuPBo (58,56). Itn mepimtwon tng
Slaypadng EVNUEPWVOUUE TOUG SEIKTEG TWV TIPOKATOXWV va Selyvouv otoug Sladdyoug Tou
otolxelou mou Slaypadoupe (52,50). Ot aAay£g oTnV el0aywyn yivovtal amd To KATWTEPO
TPOC TO AVWTEPO £TiNedo evw otn Slaypadn ormd To AVWTEPO TPOC TO KATWTEPO.

Tt yivetal OpwG OTav SLOMIOTWOOUNE KAToLa mapdBacn oTov EAEYX0 TIOU KAVOUUE
€VTOG transaction rj otav dextolpe kamolo abort? Katapynv, undpyxouv 0o AGyoL yLa Toug
omnolouc pmopoupe va Sextoupue conflict abort. Mpwtov emeldn kamoto aAAo viua éypalde o
6ebopévo mou eival oto read 1 oto write set pag (write conflict). Autd umopel va
XOPOKTNELOTEL BeTikd abort kabBwg ocupPdaAel otnv dlatripnon eykupotntog. AslUtepov
eneldn kamotwo alho vripa didpaoce dedopévo mou £xoupe oto write set pag (read conflict).
To write set amote)eital and oAsg TG cache lines mou mepléyouv dedopéva mou €xoupe
TPOTIOTOLOEL KATA TN OldpKela evnpépwong tnG doung, dnAadn otav aAAAloupe TOug
Oelkteg. AutO umopel va yapaktnplotel w¢ apvntikd abort kabBwg £xoupe Slatipnon
gyKupoTnTOC £lTe Yivel To abort yivel elte av dev ywotav cuvenwg €xoupe mAgovalov abort.
2TV eNopevn evotnta e€nyoUe ylati LoxUEL auTo.

Ag e€nynooupe mpwta tn mepintwaon nov dexopaote abort. Me 1o Tou SexopOOTE
abort apxLlka amoppintoupe OTL €XoUpEe oTo read Kol oTo write set Ywpig va EVNEPWOOULE
TN WVAUN. ITn ouvexela TpExoupe Kwdika tou fallback path. Zuykekpipuéva mnyaivoupe otn
ypauun 17,0x. y, ektog transaction. H tiun tng petaBAntnic status £xeL tov KwdLKo Tou £iboug
Tou abort mou €ywe. H ouvBnkn otn ypauun 19 if ( XABORT CODE(status) == Oxaa) Ogv
Kavomoteital kabmg 1 petoPAntn status Oa maper ) T 0xaa povo ov €xel mpokAnOel
explicit abort pe k®wdwkd Oxaa péom NG €vioAng _xabort(Oxaa) . ZUVETIWG TPOXWPAME OTN
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ypauun 22 omou efetaloupde av 0 aplBuodg twv aborts amod tn OTYUN TOU KAAECAUE ThV
tx_start() €xeL unepPel tov pPéyloto aplBpo emavaAnPewy , Ty 15, mou €xoupe Kabopioel.
Av 8ev tov €xeL unepPel entotépoupe oto while loop kat Eekwvape véo transaction aAALwg
kotoAapPBavoupe To KAEWSL Kal ekteAolpe To critical section w¢ povadikol updaters. Eite
elpaote oe lock mode eite eipaote oe transactional mode 6ev ekteAoUpe OAn tn Asttoupyia
Eava, dnAadn dev enavarnpoomnelavvoupe tn Soun. AvtiBeta emavalapuPAavoupe Tov EAeyxo
£YKUPOTNTAC KoL TN Stadlkaoio evUEPWONG TWV SELKTWV.

H mepintwon nou Pplokoupe mapaBacn otov EAeyXo TOU KAVOUE €VTOG transaction
avTieTwriletal SladopeTikd amod TNV nepimtwon mou Sexopoote abort. EGv Aoumov
EVTOTIIOOUE KATIOL TTapABacn onUaivel OTL oL THiVaKkeg Tpokatoxwy Kot Stadodxwv dev sival
EVNUEPWUEVOL OWOTA KaBw¢ Ba ocuvéPn kamolwa aAlayn aAmo KAMOW0 AANO VAHA TPV
T(POYLLOTOTIOL|OOUKE TOV €AEYXO, OUVEMWG Oe&v UMOPOUUE VO TIPOXWPNOOUUE OTNV
evVNUEPWON NG SOUNG. Oa MPEMEL EMOPEVWE VO EMAVOTTPOCTIEAQCOUUE TN SO WOTE va
QVOVEWOOUWE TOUG TIVOKEG TPOKATOXWV Kol Sladoxwv. lMNa va To TETUXOUHUE aUTO
tepuatiloupe pe explicit abort xabort(Oxaa) to transaction (46/39) r eAeuBepwvoups TO
KA£LSi (48/41) av elpaote oe lock mode. EAéyxoupe os Tt mode Ei0OTE PE TNV EVTOAN _ xtest()
(45/38) n omola emiotpédel 1 av eipaote oe transactional mode. Av sipaote oe transactional
mode TOTe HEOW TOU EAEYXOU TIOU KAVOUUE oTn ypauun 19 ox. v, if ( XABORT_CODE(status) ==
Oxaa) , SLATILOTWVOUNE OTL Kavape explicit abort kal emtotépoupe tov KwSKO INVALIDATION
ABORT. Zuvenwc emiotédovtag ano to fallback path Bplokdpaote otn ypapuun 35/27 os non-
transactional kat non-locking mode, Slamiotwvoupe OtL €yive invalidation abort kot
mnyaivoups péow tNG &VtoAng goto otn ypapp 9/9 . Av sipaocte oe lock mode
eAevBepwvoupe to KAeLSL (48,49 / 41,42) kaw mnyaivoups otn ypappr 9/9. Onwg petpdyape
Tov aplBuod twv aborts oto fallback path €tol katl edw petpdpe tov aplBud twv invalidation
aborts. Eav untepBole To avwTEPO Oplo Tou Exoupe BEael, . 10 invalidation aborts, tote
KataAapBdavou e To KAELSL Kol eKTEAOUE TN AELToupyia XPNOLLOTIOLWVTAG TOUG OELPLOKOUG
aAyopiBuouc (9-16 / 9-16). I autr tn mepintwon dgv XPELAIETOL VA TTIPAYLOTOTOLCOUUE
eAéyxouc kabwce eipaote ot povadikoi updaters. Enionc cupdwva pe ta linearization points
TIOU €X0oUE B€0el Kal Ba ENYOOULE OTNV EMOWEVN EVOTNTA ETITUYXAVOUUE CUYXPOVIOUO
pe TapdAnAeg ekteléoelc contains(). EGv Sev £xoupe umepPel TO AVWTEPO OPLO TWV
invalidation aborts tote emavalappavoupe tnv Stadikacio mpoomnélaong thg SOURg oe non-
transactional kat non-locking mode.

Aettoupyia Avaitnong

H ouvaptnon contains() eivat akplBwg n idla pe tnv contains() mou eidaye otov
coarse-grained aAyoplOpo.
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4.3.2 Linearization Points

e (Linearization points yia anotuxnuéva updates ) : O €Aeyxog 0Tav KAVOULE insert
yla To av o KOUPog Nén umapyxel yivetal mplv to critical section (LOALG TEAELWOEL TO
traverse, ypapupeg 27-31) kat av Bpebel (yp. 30) TOTE TO ONUELO AUTO ATOTEAEL TO
linearization point evo¢ amotuxnuévou insert. 2tn nepinmtwon tou removal o éAeyyog
yivetal péoa oto critical section (yp. 32) kat av dtamiotwBOel otL Sev uUTAPYEL TOTE TO
onpeio auto ival to linearization point yla to amotuxnuévo removal .

e (Linearization points yia netuxnuéva updates ) : Otav éva update kdavel
transaction commit tote 10 onpeio auto anotelet linearization point yla to
avtiotolyo update (yp. 60 / 54). Otav éva update ekteleital pe lock téte av to
update eival delete Otoupe to status_flag tou k6uBou pe DELETED mptv
TPAYLOTOTIOL 00U E To update (SnAadn mMpLv evnEPWOOUE TOUG pointers) (yp. 48)
KoL To onpelo auto amotelel linearization point yia to delete pe lock. Ma to insert
B£toupe to status_flag pe INSERTED petd thv oAokAfpwon tou update Kot mtpLv Tt
aneAevBEpwon tou lock (yp. 58) . Auto amoteAel to linearization point yla to insert
pe lock.

¢ (Linearization points ywa contains) : Av éva thread ektelel contains tote av o
KOpPBog rou YPayvel yivetat delete amnod kamoto aMho thread (status_flag =DELETED)
tote eniotpEdel false . Av o InToUpevog KOUPBOG yiveTal insert TOTE MePLUEVEL
(omwvidpel) péxpt to status_flag va yivel INSERTED (yp. 13) . Ta Linearization points
eival idla 6mwg otn coarse-grained HTM mnepimtwon.

Inueiwonl (parsing). Otav éva thread exktelel update pe lock kat éva aA\o kdvel parsing ,
TOTE UMApPXEL Ttepimtwon to devtepo thread va mpoomnepdoet va KOUPO mou Sev €xeL yivel
akoOua insert n va mpoomneAdoel éva kKOpPBo mou yivetal delete . Autég oL mepmTwoEelg dev
anoteAoUV MPOPANUa eykupotntog cUUdwva He ta linearization points mou €xoupe B€ocsl.
Av 10 parsing thread sktelel update TOTE OL MEPUTTWOELG AUTEG UIMOPOUV VA SNULOUPYCOUV
inconsistencies ta omola 6pwg Ba BpeBouv otov éAeyyo mou Oa yivel otn cUVEXELDL.

Inueiwon2 (ywati ta read conflict mpokaloUv apvntikd abort). Onwc eibape otnv
mponyoUUevn evoTnTo OTAV KAmolo dAlo vripo Stapdaoel Sedopévo mou €xoupe oto write set
pog, To omoio amoteAsital amo Ti¢ aAloyég otoug Oeikteg Tou eTXElproope, Tote Ba
Sextoupe conflict abort kot Ba anmoppiPoupe tn Aettoupyia poag. Autd sival Eva apvnTiko
abort to omoio 8ev cuvelodEpel otnv Slatrpnon eykupotntag tng Asttoupyiag. O Adyog tou
LoXVeL auTO eival OtL ta umolouna vApato mou SlaBalouv otolxeio Tou write set otn
TMPAYHOTIKOTNTA  StaBdlouv TIC TPONYOUUEVEG €KOOOEL TWV OTOLKElwV KOl OXL TLG
TPOTIOTOLNUEVEG. ZUVETTWCE AV TO transaction €ékave commit kot OxtL abort tote omota al\ayn
€ywve AOyw commit 1) Sev emnpedlel KAmolo vApa Tou ekteAoUoe contains() kabwg
oUpdwva pe ta linearization points mou Bécape To amotéAeopa TNG avalntnong eivat
okpBw¢ To (1610 Ue To va eixape moAoU¢ readers kat évav updater kat 2) ev emnpealel TNV
EYKUPOTNTA TNG ASLTOUPYING TWV VAUATWY TIou ektedolv update, kabwc av ot alayEg mou
£YVaV EMNPEACOUV TOUG TIIVAKEG SLadOXwV Kol TPOoKATOXWV autd Ba dlamiotwbel site pe
Tov £\eyxo mou Oa yivel site péow write conflict -> abort.
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4.3.3 BEATLOTOTIOMGELG

Mapatnpwvtag Ttoug aAyopiBuoug esloaywyng kot Slaypadng SeSopévwy

Slamiotwoape duo aAlayEg mou Bewpntikd Ba BeAtiwvav tnv yevikn anodoon.

Otav ektehoUpe eslwooywyn O6edopévou autd TOU KAVOUPE OUpdwvVA HE TOV
oAyoplBuo tou oxnuatog 4.3 eival va SnuoupyoUue VEo KOPBO pe véo UPog kABe
dopa mou Pplokoupe inconsistency kal enavanpoomnelavvoupe tn doun. Autd Ba
pnopouoe va anodevyBel edv xpnotpomnolovoape €va flag mou Ba pog emétpene va
eAéyxoupue av eival n mpwtn $dopd mou MPooTmeEAAVVOUUE TN SoUn OMOTE Kal vol
dnuloupyoloape €vav Vvéo KOuBo, 1N av Oev elvat n mpwtn ¢opd va
xpnolgomolovoape tov nAdn  umapxov. Auti n  aMayn €xel  Sokuootel
T(POYPOUUATIOTIKA OAAG yla aSleukpiviotoug Adyoug Sev BeAtiwdnke n anddoon,
HAALOTO XELPOTEPEUOE.

‘Otav ektedovpe update kat Bplokoupe inconsistency, autd mou KAvoupe cUupwva
LE Tov aAyoplBuo tou oxniuartog 4.3 elval va emavanpooneAAcoU e TN Sour anod to
OVWTEPO ETIMESO WOTE VO EVNUEPWOOUE TOUG TIVAKEG TIPOKOTOXWV Kal Stadoyxwv
ano tnv apxn. M BeAtiotonoinon Ba rtav avti va emavanpooneAdcou e Tn Soun
oo TO AVWTEPO E£Timedo va fekwvayape amo 1o eninedo mou SlamotwOnKe TO
inconsistency. MéxpL otyung Oev  €xoups  KoTadEPEL VA UAOTIOL|OOUE
TIPOYPOUUATIOTIKA auTh T PBeAtiotomoinon kabwg ol evtodég tou RTM dev
TapEXouV TPOmo va SLacwloupe TIHEG TTou SnuloupynBnkav evtog evog transaction
TIOU OTh OUVEXela amoppintetal. H Pehtiotonoinon oautr amoteAel HeANOVTIKA
ETEKTOON.
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AZLoAoynon aAyoplOpwyv

JKOMOC TOU TMapOvtog Kedbalalou elval va KOTOVONOOUUE KAAUTEPO TOUG
aAyopiBuouc mou €xoupe SeL PEXPL TWPO HECA ATIO LA TILO TIPAKTIKA OKOTILA. EKTEAWwvTOG
TELPALOTO OTOLXELOBETOUE TA EMXELPNUATA MO KAl €VIOMI{OUUE TA TPOTEPHUATA KOl
LLELOVEKTHLOTO KAOE TEXVIKAG.

JUYKEKPLUEVO, OTNV evotnta 5.1 opXLKA TOPOUGCLA{OUME TO UTIOAOYLOTIKO
nieptBarlov Omou SLe€dyoupe LETPAOELC KOL OTN CUVEXELA TIAPOUGLATOUKE Kal oXOALA{ouuE
Ta amoteAéopato SUO TMEWPAPATWY TOU TtpaypoTonowjoape. Yotepa, otnv svotnta 5.2
aglohoyoUpe tnv coarse-grained HTM ekdoxn. Ztnv evotnta 5.3 e€etdloupe KAt MOCO €va
ocvotnua NUMA emnpedlel tnv Asttoupyia twv HTM vlomotoewv KoOwe Kal MPoTEIVOUE
0pLopEVEC AUCELC. TNV evotnta 5.4 e€etdloupe Tt cupPaivel Otav eKTEAOUVTAL TTOPATIAVW
VALOTA Ao TOV GUVOALKO 0plBUd TwV TUPAVWV TOU CUCTHHATOC KAl TEAOG 0TV evoTnta 5.5
ouvoyiloupe, mMopoucLAlovTag T CUUMEPACHOTA HOC OXETIKA HE Ta duvatd kal aduvapa
onueia kaBe TeEXVIKNG.
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5.1 Mepapatikn) a&loAdynon

5.1.1 YnoAoylotiko mepiaiiov

2TOV MAPAKATW TVAKA TTOPOUGCLAIOUE TA XOPAKTNPLOTIKA TOU LNXOVALATOC OTO
OTIOLO EKTEAECQE TA TTELPAUATA LLOG.

Ovopa Haswell-EP

Emegepyaotég 2 x Intel Xeon E5-2697 v3

# Mupnvwv 2x14

# Nnuatwv 2x28

2uxvotnta ’ 2 6 GHz

Enegepyaotn

L1 (Data) 32 KB, 8-way, 64B block size

L2 256 KB, 8-way, 64B block size

13 35 MB, 20-way, 64B block size
(shared per die)

MvnAun 64 GB

AetToupyko Debian 8.1

2uothua

Mupnvag Linux 4.0.4

GCC 4.9.2 with -O3 optimization

Nivakag 5.1 Stowyeia utoAoyLoTikrG TAATEOPLAG.

Onw¢ daivetal otov Mivaka 1 o server mou XPNOLUOTOLOUUE amoteAeital and duo
enefepyaoteg Intel Xeon E5-2697 v3. H pvAun sival Slapolpoopévn oTtoug SUo EMeEepyaoTEC
oUpdpwva pe to poviého NUMA (Non-uniform memory access). Z0udwva Ue TO HOVTEAO
autd o xpdévocg mpooPacng otn pvAun efoptdtol amd tn oXeTik B€on Tou éxouv n
tonoBeoia pvAuUNG KaL o enefepyaotnc. Kabe enefepyaotng £xeL Tn SIKN TOU TOTUKI UVAKN
Kal n mpdoPaocn oe auTV €lval CNUAVTIKA ToXUTEPN QMO TN MPOOBACN G€ TOTULKN VAN
aMou enefepyaoth.

EmutAéov, TO TOpAmMAvVw ouotnua xpnolpomolel texvoloyia Hyper-threading
oUpdwva pe TNV omola kaBe duaotkdc upnvoc epdaviletal oto AETOUPYLKO cUOTNUA WG
SU0 e AMOTEAECHQ VA ETILTPEMETAL TAUTOXPOVN Spopoldynon Suo Slepyaciwy avd GucLko
nupnva. Etol o aplBuog twv Hardware threads sivat otnv oucia Suthdolog Tou aplBuol twv
nupAvwv. KaBe Teuydpt hyper-threaded vnudtwv polpdletal toug Slabéoiuoug
enefepyaoTikoUG MOPOUG TOU TTUPHVA OTO OTOLO AVKEL.
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O ene€epyaotég unootnpilouv HTM péow tng enéktaong evtoAwv TSX. Ta pey£dn
Twv transactional buffers eival ta akoAouba :

Read set (Total / Per HW thread) 4MB/2MB

Write set (Total / Per HW thread) 22KB/11KB

Nivakag 5.2 Meyedn transactional buffers tou Haswell-EP.

5.1.2 Tevikég TANPpO@OPIES

MpoKelévou Vo SOKIUACOUE TIELPOUATIKA TOug aAyoplBoug Twv TponyoUUEVWY
kedahaiwv vhomowoape tnv coarse-grained kal tnv fine-grained HTM skip list otn yAwooa
TpoypappatTiopol C kal T ocuykpivape pe tig lock-based kat lock-free vAomoiwoelg mou
napéyxovral anod tnv BLPAL0OAKN ASCYLIB [11]. ZuyKeKpLEva oL UAOTIOLOELG Ttou e€eTAloUpE
elval ot €€n¢ :

e seq : ulomoinon oelplakng skip list xwpic cuyxpoviopo. Xpnouylelel povo yla
oUyKplon amodoong He TIC UTOAOUTEG UAomolioelg kabwg mapaysl AdBog
AMOTEAEOUOTA.

e b : Herlihy et al. skip list (lock-based) [12]

e If : Fraser skip list pe BeAtiotomnoinosilg tou Herlihy (lock-free) [13]

e tx_fg: Fine-Grained HTM skip list

e tx_cg: Coarse-Grained HTM skip list

MEVIKOTEPA OTIC UETPHOELC KOL OTA AMOTEAETHATA TTOU 0KOAouBouv Loxlouv ta akoAouba
EKTOG Qv avadEpeTal SLaPOPETIKA :

e KaBe pétpnon Slapkel €va SeutepOlento, To omoio amoteAel ouvnBeg emhoyn
XPOVIKOU SLOOTAUATOG Yla TETOLOU €l80UC MELPAPOTO KAl OTO Omolo eKTeAsital
OPKETA PEYAAOG apLlOUOC AelTOUpYLWY. Ta AMOTEAECUOTA TTPOKUTITOUV WG LECOL OPOL
TECOAPWV UE €EL emavoAaUBaVOUEVWY SOKLUWV.

e KaOe software thread mpoodévetal (yivetat pinned) os éva hardware thread.

e Tl tnv amoduyn false conflicts xpnowwomnolovpe suBuypdpuion (alignment) €tol
wote KaBe KOUPoCg TNG skip list va kataAapBavet akplwg Tpetg cache lines.

e Kapio vAomoinon dev xpnoLUOTOLEL OVAKTNGN LVALNG.

o H Soun apxlkomoLelTaL amo eva VAL OTNV apxn TPV EEKLVACEL N LETPNON.

e O Aewtoupyieg evnuépwong sival mavta 50% insert, 50% delete, dnAadn petd ano
KaBe metuxnuévo insert akohouBel delete koL avtiotpoda  aAAlwg
enavalapBAavoupe to insert pEXpL va emLTUXel. Me Tov TPOTO aUTO SLATNPOUE TO
HEyeBog TNG Soung otabepo.

e 'Exoupe Bfoel Tov aplBud twv popwv mou EavaekteAeltal €va transaction mplv
kataAndBel to kAeibwpa oe 30 evw Tov aplOPO EMAVATTPOOTIEAACEWY TNG SOUNG
otav BpeBet inconsistency oe 15.
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5.1.3 leipapa 1 : Alternate

JTNV EVOTNTA AUTH TIAPOUCLAOUE TA ATTOTEAECUATO TOU TIPWTOU TELPAOTOC TIOU
ekteAéoape. MNa tn mpaypatonoinon tou BEtoupe to eUpog KAeLdLwy otnv T 100.000.000
KoL apykomotloUpe tn doun pe 1.000.000, 100.000, 10.000 r 1.000 koppoucg avaloya e TN
Sokiun mou Béloupe va tpéfoupe. Elodyoupe otolyeia pe Tuxala Ty oto eUpog KAESLWV
TIou mpoavadEpape ondte nepinou 1o 99% Twv sloaywywv Ba eival metuxnuévo (Sev Ba
Bpouv otolxeio otn Soun pe to (6lo KAeldi). KabBe Asitoupyia Soypadng Staypdadel to
otolxeio mou mpootEdnKe amd tn Mo npdodotn Asttoupyia eloaywyng armd To Slo vApa Kat
oxL oludwva e Kamoto tuxaio kAeldi. Etol avapévoupe to 100% twv Slaypadwv va Bpouv
0 KA£LS1L mou Payvouv. Télog, oL avalntioelg Paxvouv kamolo tuxaio kAeldi otn Soun av n
televtaia Asttoupyia evnuépwaong amo to (6o vAapa Atav Sitaypadn A Pdaxvouv To oTolxeio
TIOU MOALG €lonxBn av n teleutaia Asttoupyla evnuéPwong ATAV EL0AYWYN. ZUVETWG
QvOEVOULE Tepimou to 50% twv avalntioswv va Bpouv to KAelSi mou YPayvouv.

310 oxfAua 5.1 MapoucLldloupe Ta QMOTEAECHOTA TWV UETPHOEWY OE OXECN UE TNV
andédoon (throughput). Ztov opllovrio dtova eival o aplBUOC TWV VNUATWY TIOU TPEXOUVE
KOl 0TOV KABOEeTO N arnddoon mou UETPLETAL O AelToupyieg ava SeutepOAemto. ¥To oxAua 5.2
TAPOUCLAJOUKE T OTATIOTIKA O€ oX€on Me ta transactions (commits,aborts) yia tnv fine-
grained kat tnv coarse-grained HTM ulomoinon.

Mo peyaha pey£dn doung ( 1 ekat., 100 YA, KA£LSLA ) oL TtEPUMTWOELG Omtou SU0 N
TEPLOCOTEPA VALATA aAVOYKAJOVTOL VO CUYXPOVLOTOUV yLa T poofBacn o€ Kowva dsdopéva
elval Alyec. Me aAla Adyla, Tt vApOTa €KTEAOUV €VTOAEC ouyxpoviopoU (kAslbwparta,
OTOULKEG EVTOAEC, EVTOAEC transactions) ek Twv omolwv n mAsloPndia eivol yapévog xpovoce.
AOYW TOU CUYKPLTIKA LEYAAUTEPOU KOOTOUC TWV ATOULKWY evioAwv n lock-free ulomoinon
votepel oe amodoon o oxEon ME TIG UTIOAOLIEG OTA PeYAAa HeyEDN TnG SOUNG, KATL TOU
dalvetal ot ypadikég Tou oxuaroc 5.1 .

‘Ooo 1o péyebog tng Soung Hikpaivetl (10 xA. kKAeWSLa , 1000 KAELSLA) Kot 0 puBUOG
EVNUEPWOEWY HEYOAWVEL (50% , 100%) TO0G0 auEAvovTal ol CUYKPOUOELG KAl N ovAyKn yLa
OUYXPOVLOUO HEYOAWVEL. XTN MEPIMTwon OMou HeyloTomololVTaL oL cuykpouoelg (1000
kAewdla, 100% updates) mapatnpoupe otL n lock-free vhomoinon umepéxel ehadpwg. e
OPLOUEVEC TIEPLTTTWOELG apaTnPoUEe OTL N lock-based mepintwon unepéxel TNG CEPLAKAG.
AuTO odeiletal oto OTL n oslplakr VAomoinon &ev €xel opLOUEVEG ATIO TIG BEATIOTOMOLNOELG
TIOU €xouv oL AAAeg ulomolnoslg, blaitepa ot Asttoupyieg contains oUTWG WOTE va
anodevyxBolV MeEPIMTWOELS OTIWE segmentation fault.

H coarse-grained HTM ulomoinon £xel avtoywviotikr emiboon otav o puBuoc
EVNUEPWOEWV gival xaunAog (5%) kat o aplBuoc twy threads sival pikpotepocg 1 toog pe 28.
MapatnpoUue OTL 000 0 PUBLIOG EVNEPWOEWY AUEAVETAL TOCO UELWVETAL N TAPATNPOULEVN
KALLOKWOLUOTNTA AOYW TWV auénuévwy aborts omwg BAEmoupe kot oto oxnua 5.2. MdAlota
yla 42 kal 56 vipata To mooootd Twv committed transactions médptel katw ano 2%.

AvtiBeta n fine-grained HTM uAomoinon €xeL mapamnAnolo enidoon e Tig lock-based
kot lock-free ulomolnoelg oe OAa ta peyéOn Soung koL o€ OAOUG TOUuC pubuolg
evnuepwoeswv. Emiong yla peyedn doung peyaAltepa twv 10 XA, TO MTOCOOTO TwV commits
elval peyalutepo tou 50%.
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5.1.4 leipapa 2 : Random

Jtnv &votnTa OUTN TAPOUCLA{OUUE TO OMOTEAECUATA TOU O€UTEPOU TELPAUATOG TIOU
ekteAéoape. Kal ebw , apxwornoloUpe tn doun pe 1.000.000 , 100.000 , 10.000 r 1.000 k6puPBoug
oA\ BEtoupe To UpOC KAEWLWY va elval (0o pe eVpog = 2xapXLlkO HEyeBog. OL EloaywyECg Kat oL
Slaypadég yivovtal pe Baon tuxaio emiloyn kKAeSlwv oto gUPOG TOU LOYXUEL ylo. TNV TpéXouoa
Soklul pe amotéleopa mepimou 1o 50% Twv elocaywywv kal to 50% twv Slaypadwv va
grtuyxavouv. OL avalntioeslg emiong Ydyxvouv cUpdpwva He KAmolo tuxaio KAELWSi, cuvenwg
avoéVou e mepimou to 50% twv avalntioswv va Bpouv to KAelSL mou Pdyvouv.

JUpPwWva pE TIG ypadIKEG TToU akoAouBouv, Ta cuPTnepAopaTa Iou Byaloupe amd auTo To
nelpapa elvat Ta idla e autd mou ByAlaple amno To mponyoUEVO.
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5.2 [l6oo oAV vonua £xeLn Coarse-Grained ekdoxn ?

Av avatpéfoupe otnv evotnta 4.2.3 tou mponyoupevou kedaAaiou Ba BuunBolpue
OTL TO peydAo mpoPAnua tng coarse-grained HTM ekdoxng eival To umepBoALkd PeyaAo Tng
footprint mou obnyel oe avemBLuunta conflict aborts kal capacity overflows. AvtiBeta, to
footprint tn¢ fine-grained uAomoinong Bewpntikd Tautiletal pe to Waviko footprint mou
amatteitat yia v Staoddiion eykupdtntag. Itnv mpaén ta footprints kot Twv Svo
vlorotnoswv eival Alyo peyoAUtepa kabwg otav Swofdlovps | ypadoupe Ssbopéva
tomoBetoue ota read kal write sets oAOKAnpeg TG cache lines Tou meplEyouv auta ta
Sebopéva. Tuvenweg otn nepimtwon tng fine-grained uAomoinong to footprint eival Alyo
peYOAUTEPO O TO BAVLKO PE ATTOTEAECHA VO TTOPATNPOUVTAL HEPIKA avemBupnta aborts
Aoyw false sharing conflicts.

level A :delete(15)
—

Ml
3\{,'

2| = o —

preds[0] succs[0]

IXAna 5.5 Footprints twv coarse-grained kat fine-grained HTM transactions. Me uaopn
OLOKEKOULEVN PaiVETAL N TTopEeia mpooméAaanc tne doung. Me moptokali mAaioto paivetol
0 footprint Tou coarse-grained HTM transaction evw to "dewpntiko" footprint tou fine-
grained HTM transaction eivat to mpaotvo nAaioto mouv mepIKAE(ETAL o0 THV CUVEXOUEVN
ypauun kot tTautiletal Ue to t6aviko footprint. To mpacivo mAaioto mov MepIKAE(ETAL oo Th
Slakekoupévn eival pta mdavin enéxktaon tou fine-grained HTM footprint Adyw enutAgov
debougvwy mou umnopei va Bpiokovrat otig iblec cache lines e debouéva mou mepieyovral

oto Ldaviko footprint.

H umndbeonl pog oxetikd pe ta avemBuunta conflict aborts emBePfalwvetal
TIEPAUOTIKA 0TO oXAHa 5.6 mapakdtw. Metpaue ta conflict aborts yia peyébn doung 1
ekat., 100 xA., 10 y\. kat 1000. EmiAéyoupe puBuo evnuepwoewv 100% kal aplBuo
vnuatwy ico pe 14. EmA&€ape autov tov aplBuod vnuatwy ylati 1) o aplBpog ekKvnoswv
Twv transactions sival mapopolog ot duo uAomolnoslg (Alyeg meplocotepeg n fg HTM), 2)
elval amevepyomnoiwnpévo to hyper-threading kat to NUMA kat dpa 6ev ennpedlouv T
LLETPNOELC.

Ag SoUpe twpa TN cupneptdopd Twv HTM ulomolnoswv yla HeTtoPANTO péyebog
KAelWOlOU 0 TepuUTTWOEL; Omou To hyper-threading eivalr evepyd 1 avevepyo. Ta
anoteAéopata dalvovtal oTo oxrpa 5.7.
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14 threads, update rate : 100%
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IxAna 5.6 Aptduoc conflict aborts twv duo HTM vAomotnoewv yia 14 threads, 100% puduo
EVNUEPWOEWV Kol UeYEIN skip lists 1 ekart., 100 xtA., 10 ytA. kat 1000.

(a) (B)
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2 threads, set size : 1M, update rate : 100% 2 threads, set size : 1M, update rate : 100%
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4 Bytes 68 Bytes 4 Bytes 68 Bytes
(standard size) (standard size + 1 cache line) (standard size) (standard size + 1 cache line)
Key Size Key Size

IxAKa 5.7 AptBudg capacity aborts twv duo HTM uAomotjoswv yia 2 threads, 100% puduo
EVNUEPWOEWYV, UEyedoc skip list 1 exat., ueyedn kAeldiou 4 bytes kat 68 bytes (4 bytes + 1
cache line, orrou 1 cache line = 64 bytes) ue to hyper-threading va ivot evepyo r avevepyo.

Mapatnpwvtag TG YPADIKEG TOU OXNMOTOG 5.7 SLATIOTWVOUE KOl TIELPOUATIKA TNV
enidpacn mou €youv ta footprints twv ulomowjcswv otn Snuloupyia capacity aborts.
Apxkd, Slamotwvoupe OtL "umo ¢ucloloyikéG" ouvBnkeg, dnAadn otav to Héyebog
KAelSlou eival 4 bytes kal to hyper-threading eival amevepyomolnuévo, o aplBuog twv
capacity aborts otnv coarse-grained HTM ekdoxn ivot Aén apketd peyaAltepog anod tov
avtiotolyo aplBuo twv aborts tng fine-grained HTM ekdoxng (20000 évavtl 185). Itn
ouvexela PAEMoUE OTL N alénon Tou pey€Boug tou KAeldlou katd 1 poALg cache line (64
bytes) o6nyel og onuoavtiki avénon twv capacity aborts (£wg kot §¢ka popec) otnv coarse-
grained ekdoxn evw mpokaAel avemaiodntn auvénon otnv fine-grained ekdoxn. TEAog,
napatnpoUe OtTL N enidpacn tou hyper-threading, To omolo pelwvel Toug transactional
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buffers ava thread oto Hoo, eival katt mapamavw amnd alebntrn otnv coarse-grained
ekboyn, ektofevovtag Ta capacity aborts £wg kot 50 dopég o mavw evw eivat avenaicdntn
otnv fine-grained exkdoxn. Ta oamoteAéopata autd avadelkvOouv €KTOC amd TN
nipoBAnuatiky ocupmnepidpopd tou coarse-grained HTM, tnv Oetikn ocupnepidopa tou fine-
grained HTM. To yeyovog otL n mAsloPndia Twv evtoAwv mou apopouv KAELSLA cuvavTwvTal
KOTA TN PAcn MPOoTEAAONG KaL Apa EKTOC transaction og cuvduacouo e To pkpo footprint
To KaBlotd ave€aptnto Tou peyebouc kAeSL0U Kal tng epappoyng hyper-threading.

JUpPWVA HE TA TIELPAUATIKA AMOTEAEOUATA TIOU £XOUME Sel PEXPL OTLYUNG OTO
kedaAalo autd cupnepaivoupe OtTL n coarse-grained HTM amoteAel kaAr emloyn ylo anAd
data sets pe pikpny ouudopnon Kol HKpA HeYEON kAewbwwv. OL meploplopol kal ot
naBoloyieg tou HTM, onwg o uPnAdc aplBuog abort Adyw capacity opiwv, Thv Kablotouv
OUWG amoBappuVvTIK W YeVIK AUCN O EUMOPLKA CUOTNUATA TA OOl €XOUV HUEYAAN
mowkAio 6edopévwy Katl workloads. Autdg sival kat o Baotkdg Adyog mou otpadAKaAUE O
TIO EKAEMTUCUEVEC TEXVIKEC HTM MPOYpOUUATIONOU TIOU avTleTwilouv TéTolou eidoug
npoBAnuara.

5.3 HTM kot NUMA

5.3.1 Mlwg emmpeaiet éva cvetnua NUMA to HTM ?

Onwc avadépape otnv apxn Tou kedpalaiou, Otav €va VAHA TIOU QAVHKEL O €va
NUMA kopBo A xpetaletal pia tAnpodopia mou Bpioketat otnv L3 cache evog aAlou NUMA
KOUPBou, Ba bamavriosl MOAU TEPLOCOTEPO XPOVO Yyl va TNV QIOKTNOEL amd 'L av
Bplokétave otnv L3 cache tou i6lou NUMA képPou. Mo mapddelypa oto apyeio
/sys/devices/system/node/node0/distance tou GUOTHMOTOG TOU TPEXOUUE TA TELPAUATA
HOg TapatnEoU e TI¢ TiMéG 10 Kat 21 mou elval eVOEIKTIKEG YLl TOV XPOVO Tou Xpelaletal
€Val VAL YloL TNV TIPOCROCN O€ TOTUKN UVAUN KAl 0 HvAun dAlou kopBou avrtiotowa. H
enidpaon tng W8LoTNTAC QUTAG oTNV €midoon TapdAANAWY TPOYPOUUATWY HeyeBUVETAL GV
to mapaAAnAa tpoypappata eivatl vAomotnuéva pe HTM. O Adyoc yia tov omoio cupfaivet
auTo elval ylati oL katapynoelg avilypadwv oe caches yettovikwv sockets (cross-socket
cache invalidations) oényoUv oe peyaAltepo XpoOvo avdktnong mAnpodoplwv Tou
ovtiotolyo obnyouv ce avénon tou Xpdvou oAokApwong Twv transactions kol dapa
peyaAUtepo Xpovikd TeplBwplo ywa Tnv mapoucia conflicts. Ma va to kataAdPoupe
KoAUTEPQ a¢ SOUE TO MOPOKATW MAPASELYUAL:

e ‘Eotw OTL €xoupe Tpla vApata A,B,l ta onoia avrikouv otov NUMA kopBo 1.

e Apyika to dedopévo X Bpioketal otig L1 kat L3 caches tou A kat n L3 potpaletal pe
Ta UTtOAouta vipata tou NUMA 1.

e ‘Eotw eniong otL to SlaBaocpa amo tnv torkn L3 amattel 10 povadeg xpovou evw
amnd anopokpuopévn 20. To ypa o Bewpolpe otL amnattel 15 povadeg xpovou Kot
ol Aettoupyieg transaction (start, commit, abort) ané 5 povadeg n kaOe pia.

e TéMog, Ta vipata A kat B Bplokovtal eviog transaction evw To I €KTOG.
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Xpovog A B r IO
0-10 read X 5t L3 pe A = 10 xp. povadeg
10-25 write X o B ypadel oto X, X oto read set tou A
25-30 abort - data conflict > o A &€xetat abort
30-35 start commit
70-80 read X 16t L3 pe B = 10 xp. povadeg
80-95 write X

100-105 commit

120-130 read X

Ag doUpe Twpa akplpwe to i6lo mapadelypa omou ta vipota A kat I avikouv otov NUMA

Koo 1 katto B otov koupo 2.

Xpovog A B r IO
0-20 read X Slapaopa and L'3 tou A - 20 xp.
povadeg
20-35 write X
35-40 abort
. TiAéov To Sebopévo X Bploketal otnv L3
40-45 start commit r;lu NUI\EK ) 4
80-100 read X SlaBaopa and L:% Tou B - 20 xp.
pHovadeg
100-115 write X
StaBacpa amno L3 tou B = 20 xp.
povadeg
AdoU o I dlapaoeL to X Ba €xoupe
120-140 read X €ykupa avtiypada kat otnv L3 tou B
Katotnv L3 tou I
o I lafaleL to X, To X Bploketal oto
write set tou A
120-125 abort - data conflict > o A &€xetat abort
125-130 start
SlaBaopa ano tnv potpalopevn L3 twv
165-175 read X ’ ,’l:\lKaL r 9n10uxpf)u<<)v25£2
175-190 write X
195-200 commit

Onwg napatnpoupe oto TeAeutaio mapadelypa n evtoAn write X tou B odnynoe os
cross-socket cache invalidation tou X yia Tov A pe amotéAeopa tnVv enopevn ¢opad mou o A
Ba SLaPalel To X va TIpEMEL va TTApeL TV mAnpodopia and tnv L3 tou B (adou o B €xel kavel
commit) rtou PBpioketat oe dAAAo NUMA kopBo. Autog o emmAEoV XpOVOG Tou XpeLdletol o A
yla voi avoktnoel to X eival apketog wote va mpoAdPet o I, Sopdlovtag to X, va
Snuoupynoel data conflict kal dpa va odnynoel o abort tov A. Zuvenwg napatnpoUl e OTL
otn nepintwon tou HTM n avénon tou xpovikou mapadupou Twv transactions odnyel otnv
napouoia nepetaipw conflict aborts.

Néco opwg ennpedlel éva cvotnua NUMA to HTM otnv mpaén? MNa va 1o
SLOTILOTWOOUE EKTEAECALE TO TTOPAKATW TIEIPAAL:
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o Tpéyoupe to meipapa 1 mou eidape otnv evotnta 5.1.3 ekteAwvtag tnv fine-grained
HTM uAomoinon yla puBuo evnuepwoewyv 50% kat apxko néyebog skip list 10 xIA.

e JuyKplvoupe T QTMOTEALOMOTA HaG Yl SUO TIEPUTTWOELS TIOU TPEXOUME pe 14
threads, 6mou otn pla mepintwon €xoule Kot ta 14 vApata va avikouv oto (8lo
NUMA kot otn g0tepn nepimtwon £xoupe 7 vApata va avikouv ato NUMA 0 kat 7
oto NUMA 1.

e Lo va SoUpE KATA TTOCO O LOXUPLOUOG Hag OTL N al&non Tou Xpovou oAoKARpwWonNg
Twv transactions odnyel ev Té€An otnv avénon twv conflict aborts eival cwotag,
T(POCOLocaUE OTIG OUYKPLOELG oG SUO TEPUTTWOELS OTOU TPEXOUUE pe 14 threads
oto 6o NUMA otig omoieg €xoupe mpooBéoel texvntn kabuotépnon 50 kat 300
enavaAnPewv TP To commit Twv transactions oUTo¢ wote va HIUNBOUUE TN
ocupumneplpopd tou NUMA cuotrporoc. To anoteAéopato ivol Ta €€AG:

14-0 14-0
TEXVNTN TEXVNTA
threads
14-0 7-7 kaBuotépnon | kabuotépnon
(NUMAO-NUMA 1) 50 300
enavoAnPewy | emavoAnPewv
throughput 49.2M 36.5M 41.9M 18.5M
#commits 24.6M 18.2M 20.9M 9.1M
#aborts 0.6M 8.5M 2.8M 5.4M
aborts(%)
#aborts 26% 31.8% 11.6% 37.2%
#aborts+#commits
100%)
#conflict aborts 0.3M 8.3M 2.5M 5.3M
conflict aborts(%)
#conflict aborts % 57 % 98 % 91.5% 97 %
( #aborts
100%)

NMivakag 5.3 AnoteAéouara nelpauatoc ormouv oty 6eUtepn otrnAn to NUMA eivai
QTTEVEPYOTTOLNILEVO KOl OTNV TPITN EIVaL EVEPYOTTOLNUEVO. ZTH TETAPTN KOL OTNV MEUTTTN OTHAN
0 NUMA givat anevepyonotnuévo aAdd eyouvue mpoodeael texvnt KaBUuoTEPNON TTPLV
Kdvouv commit ta transactions.

MapatTnpwvTag ToV QVWTEPW TIVAKO HE TA OmoTEAEoHATA EMIBERALWVOULE OTL TO
NUMA odnyel oe peydin avénon twv conflict aborts. Avtiotolya ot dUo TeAeutaieg oTAAEG
poc Selyvouv OtTL pe Tt TpooBnkn UIKpAC¢ kaBuotépnong ta mocootd twv conflict aborts kot
KOT' eméEKTAon Twv aborts cUVOAKA auEdvovtol onNUOVTLKA, ULMOUUEVA TA OIMOTEAECHATA
miou AapBdavoupe ektehwvtog os Suo sockets.
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5.3.2 Avtipetwrnifovrag to NUMA

‘Exouv mpotoBel SLAPOPEC TEXVIKEG YL TNV OVTLUETWIILON TWV TIOPEVEPYELWY TOU
NUMA mou mnpoavadépape. Mo mopadelypa, apketeg Snuoolevoelg [14], [15], [16]
TIapaTNPOUV OTL N Xpnolpomnoinon Alyotepwy vnuATtwy amnod 1o Sltabéoipo aplBud mupAvwv
pmopet va odnynoeL o€ KAAUTEPES EMLSOOELC.

Mia dAAN Tpooéyylon yla cuothuata pe duo sockets eival va UTIOXPEWVOUUE Ta
viuata oto deUtepo socket va avaoTEAAOUV TNV AELTOUPYLA TOUG YLa £va XPOVIKO Staotnua
Tipv ava EKKLVAOOUV TNV ektéAeon evog transaction mou sixe exBei abort. 3tn dnuoocisuon
Twv Brown k.a. [17] mpoteivetal n texvikn NATLE (for NUMA-aware Transactional Lock
Elision) cOudwvo pe tnv omola yla kaBe critical section Beomiloupe Pl avayvwplotiki
niepiodo (profiling phase) kal pla UETA-avayvwploTikn iepiodo (post-profiling phase). Itnv
QVAYVWPLOTLKN TIEPL0S0 £XOUUE apXLKA £val SLACTNA OTO OTolo eKTEAOUVTAL VALATO LOVO
oo to nmpwto socket, akoAouBolpevo amod €va SLAcTnUA OTO Omoio ekteAoUVTOL VAT
HOvo amd To SsUtepo socket, akoAouBoUpevo amd va SLAoTNUo TTIoU eKTEAOUVTOL VALOTOL
Kal amo ta Vo socket. ITNV HETA-OVAYVWPELOTIKI TIEPLOSO afloAoyoUUE TIG EMLOOOELG TTIOU
metuyope ota Sddopa SLHOTAUATA TNC AVAYVWPLOTIKAG TIEPLOSOU KOL KOTOVEUOUE TOV
Xpovo ota Siadopa socket 600 to Suvatwv BEAToTa oUWV UE TA AMOTEAECHOTA TNG
aflohoynong. Katd 1tn Oldpkela €KTEAEONC €VOG TpoypAaupatog ol duo Tmeplodol
eVaAAGGOOVTAL CUVEXWG.

Mia GAAN TEXVLKA TIOU OTOXEVEL OTN UELWON TwV AMOUaKPUOPEVWY cache misses
elvat n Aeyopevn Teyvikn Eéouotodotnong (Delegation). H Baotkn &€ TG TEXVIKNG QAUTAG
glval n enkowvwvia péow KownNg pvAung Petafy client kal server threads, omou ot clients
ovaBETouv OToUG servers TNV MpOoBacn Kal EKTEAECN AELTOUPYLWY OE CUYKEKPLUEVEC SOUEC
Sebopévwy 1 kplowa tuRpata. 2tn PipAoypadia [18], [19], [20] ocuvavtdape Siadopoug
TPOMOUG UAOTIoiNGNG TNG TEXVIKAG QUTAG.

1o m\ailolo TNG SUTAWMATIKAG avamtuéape tnv €EAG mapaAdayn TNG TEXVIKAG
gfouolobotnong: Avtl yla pla eviaia doun dedopévwy dnpoupyoupe Vo 6mou n mpwtn Ba
TLEPLEXEL OTOLXELQ OTO TIPWTO HULOO Tou eUPoUC KAELSLWV evw N SelTepn Ba TepLEXEL oTOLELA
oto 8eUTEPO HLOO Tou gUpoug KAsLSLwyY. Ta threads tou mpwtou socket avalapBavouv va
ekteAéoouv Aettoupylieg emi tng mpwing SO0UAG evw ta threads tou SeUtepou socket
avaAopBavouv va ekteAéoouv Aettoupyieg ent tng SeUtepnc Soung. Av éva thread kAnBei va
eKTEAECEL KATOLO AcLTOUpYia yla oTolxeio pe KAeLSL ou 6ev avrkel oTo VPO KAELSLWY TNG
Soung mou avoAappavel tote otéAvel pRvupa oe éva thread tou AAAou socket kal Tto
gefovolobotel va ektedéoel autd TN Aswtoupyia. O  PNXOVIOUWOC HMNVUUATWY TIOU
XPNoLLoToloUpEe elval o €€nc: Kabe vua tou mpwtou socket emikowwvel pe akplpwg va
viua tou deutepou socket Kal 0 KaBopLoPOC TwV {euywV YIVETAL OTNV apxn TNG EKTEAEONG
TOU TpoypappaToc. H emikowvwvia yivetal péow oupwv. KaBe thread £xel tpelg oupég, pLa
pe otowela mou mpoopilovtal yia avalnTAoELG, L0 L€ OTOLXELO YLOL ELCAYWYEG KAL ULOL LE
otolxela yia Slaypadec. Otav éva vipa BéAel va €ouclodotrnosl éva GAAO VRUO yla HLa
Aeltoupyla TOTE £L0AGYEL GTNV AvTioTOLXN OUPA TOU AANOU VALATOG TO £V AOYW oTolxeio. Kabe
VAMQ TPV EEKLVAOEL TNV €KTEAEON MLAG AELTOUpPYlOC KOLTAEL OTNV avtioToln oupd av
UTTAPXEL KATIOLO oToLXelo Kal avahoya EekVAEeL P Asttoupyia pe KawoUplo KAEWSL 1 e to
kAeldl Tou otolxelov tTNG oUPAG. Emeldn o kGOe oupd €XoUpEe HOVO €vav TIOU ELOAYEL KOL
HOVO €vayv Tou Sltaypadel Sev amaltteital kamotla péBodog cuyxpoviopoU.
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EkTteAEOOUE MEIPAPATIKA TNV TTApamAvw UAomoinon. Na vo e€eTAcoUE TO KOOTOG
TOU UNXQVLIOHOU UNVUMATWY aAAG KOl Yl va €XOUE ULa ELKOVA TNG BEATLOTNG emidoong TG
HTM skip list oe meplBaAov NUMA vlomolloope Kal Mo €kSoxn TG Mapamavw
vloroinong xwpic efouatodotnon. Me GAAa Adyla ta vAUOTa TOou TPwTou socket Ba
5pacTNPLOTIOLOUVTAL LOVO OTN TPWTN SoWN Kol Ta vApoTa Tou Ssutepou socket Hovo ot
SeUTepn Son Xwpig va UTIAPXEL EMLKOWVWVIN LETAEL TOUC.

To amoteAéopata Twv PETPRoswv doaivovtal oto oxfua 5.8 kat akoAouBolv tnv
AoyLkr] Tou melpapatoc 1 mou eidape otnv evotnta 5.1.3. EKTeAéCOE KoL LETPAOELS e BAon
TO Telpapa 2 aAAG TA AMOTEAECHUATA ATAV TTOPOMOLO OTIOTE SEV TAL CUMTIEPIAGBALLE.
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IXNMa 5.8 Ektédeon tou nelpauatoc 1 kat mapouaioon amoteAsoudtwy yla anddoon (throughput)
kat peyedwv commit ko abort twv transactions. Ta aborts dtaywpilovratl o€
conflict,forced,capacity,explicit kot other. Ta forced aborts n aAAwwcg invalidation aborts petpouvrat
Slapopetika amo ta urtodourta explicit aborts ko TPOKUMTOUV OTAV avayka{OUaoTE va armoppihouue
Eva transaction emeldn Bpnkoe mpoBAnua kata tn SLAPKELA TOU EAEYYOU EYKUPOTNTOG OTTWE YLl
napadetyua otav preds[h].next[h] != succs[h]. Ot uAormotriosig mou eéetalouue eivat: 1) tx_fg: n
yvwotl vAormoinan tn¢ evotntac 4.3 (UA€ ypwua/mpwtn otriAn), 2) tx_fg_delegation: n mapaiiayn
¢ tx_fg udomoinong mou ypnotuonolei delegation (kokkivo xpwue/6eutepn otriAn), 3) tx_fg _opt: n
Jewpntika BeATiotn tx_fg uAomoinon omou kade socket Spactnpiomoleital o aAAn Soun ko Sev
UTtdpXEL ETIKOVWVia LETaéL TOUC (Tpdotvo xpwua/tpitn otrAn).
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Mapatnpwvtag TIC ypadlkeG ToUu oXNUATOC 5.8 cuumEepalvOUE OTL LA TEXVLKN
efouolodotnong umopel va PeAtwosl tnv anddoon HTM Skip List uAomowjoswv oe
cuotiuata pe NUMA kupiwg yla pecaio kal peydAo aplOuo vnudatwv (>28 threads). Na
ULKPOTEPO 0plOUO vnuatwy TOANEG PopEC mapatnPoUpE OTL TO KOOTOG TOU CUOTAUATOC
ETUKOLVWVIAC glval peyaAUtepo oe oxEon e T 0dEAN TIOU TPOKUTITOUV ATt TOV TIEPLOPLOUO
Twv NUMA emumtwoswyv. e oOx€éon HE TO OTOTLOTIKA Twv transactions twv Stadpopwv
vlomotnoswy, BAEMOUME OTL N TeXVIKA e€ouclodOTnong meplopilel apKeTd Tov aplOpd twv
conflict aborts kal kat' eméktacn twv aborts cuvoAwkd. Télo¢ otnv mAsloPndia Twv
petpnoswv n tx_fg_opt vAomoinon eival otabepd KaAUTEPN o€ AMOS00N CUYKPLTIKA ME TLG
UTIONOLTIEG, YEYOVOC TIOU Hag TopotpUvVeEL va  PBpolpe amodotikotepeg peOOSOUG
ovtetwriong twv NUMA emunmtwoswy og LEANOVTIKEG epyooiec.

5.4 TiovpBaivel 0Tav EKTEAOVVTAL TAPATTAV® VILATA QTIO TOV
GUVOALKO aplOpd T®wv TUPNV®V TOU GUGTILATOC ?

Itnv eloaywyn €idape otL éva amnd ta nmpoPfAnuata twv lock-based vAomolnoswv
gival n dnuwoupyia kovpoL Aoyw kAelbwpatog (lock convoying). Mo avaAutika, otav Eva
vina A kpatdel éva kAslbwpa Kol avaotaAel amd to A£lToupylkd cuotnua Adyw evocg
context switch, Tote OAa Tol VAATA TTOU TIEPLUEVOUV O To A va eAeuBepwoel To KAEdwHa
Ba mapapeivouv otacLua HEXPLG OTOU TO AELTOUPYLKO cUoTnUa etavadEPEL TO A KoL €V TEAEL
eAeuBepwBel to KAelbwpa. To dawvopevo yivetal dlaitepa €viovo OTavV 0 APLOUOC TWV
VNUATWVY TIOU TPEXOUVE €ival HeyaAUTEPOC QMO TOV APLOUO TWV TIUPAVWY TOU CUCTALATOG.
Y& QUTA TNV MEPUTTWON TA VAMATA TTOU XpnoLlgomolovv tov (dlo mupriva potpalovtal tov
XPOVO AslToupyiag Tou upRvVa Kal WG €K TOUTOU TIOPAEVOUV YLO LEYAAO XPOVIKO Sldotnua
ovevepya.

To mpoPAnua autd Sev gpdaviletal otig lock-free vhomolnoslg kabwg dtav £va
VAU avooTaAel SV KpaTAEL KATIOLO KAEISWUO OUTE €xel SNULOUPYNOEL KATIOLO EEAPTNON LE
KAToLo GAAO VAUA TTou Bal TO UTIOXPEWOEL VOL TIEPLUEVEL.

Mapopota, to mPoPAnua tou lock convoying 8ev eudaviletal oute ot HTM
vAormolnoelg KaBwg ouTe Kal 6w umapxouv e€aptnoelg avapeoa ota threads. To mpoBAnua
Tiou dnuloupyeital and tnv AAAn Opwe elval OtL ta context switches odnyolv oe aborts ta
transactions mou Slakomrtovtol. To mMpoBAnpa auto, onweg Ba Solpe otn cuvéxela, eival
OPKETA LLKPOTEPO O 0XEon Ue To lock convoying, eldikd otav ta transactions sival pikpa.

310 oxAua 5.9 daivovral To AMOTEAECUATA TOU TIELPAOTOC TIOU EKTEAECOUE UE
oKOTIO va S0UHE TIC OUMTEPLDOPEC TWV UAOTIOINOEWY OTAV O GUVOALKOC aplBuog twv
VNUATWV TIOU TPEXOUVE elval LeyaAUTEPOC Ao ToV apLlOpd TwV ITUPHVWY TOU CUCTHLATOC.
OL vlormolnoelg mou e€etdloupe elval ol (Sleg mou eidape ota melpdapata 1 kot 2 TG
evotntag 5.1. EkteAéoape petproslg omou tpexouy 1,14,28,42,56,70,84 ,98 vrjpata ta onoia
npoadévovral (yivovtal pinned) og 56 (mpwtn otnAn), 28 (Ssutepn otnAn) n 14 muprveg
(tpitn otAAN).
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IxAna 5.9 Ertiboon mapaAinAwv Skip List uAomotoewy 6tav o GUVOALKOC aptIUOC TWV VRUATWYV TTOU
TPEYOUVE €ivail UEYAAUTEPOC Qo ToV aptIUo TwV TUPHVWY Tou cuotnuatog. Ta viuata
npoodévovrat og 56 (mpwtn otniAn),28 (Seutepn otnAn) nn 14 nupnveg (tpitn otnAn) avtiotoiya.

Mapatnpwvtag TIg mapakdtw ypadikec PAémouvps tv enidpaon tou lock convoying otnv
lock-based uAomoinon. Eivat epdaveg 6tL and to onpeio mou EekvAeL To pinning Kal LETA N emidoon
¢ lock-based skip list médtel Stopkwg. To yeyovog oOtL ol ypadikéG tng HTM uAomoinong
Tapapévouy otabepég Kal aveEdptnteg amo tov aplOpd Twv vnpdtwy mou yivovtal pinned amoteAel
TO HEYANO TNG TAEOVEKTNUA KoL TNV KaBlotd aftdhoyn evaAlaktikn évavtt tng lock-based Skip List.
Evw otn yevikn mepintwon omou o k&Be mupnva eival mpoodepévo éva povo vipa n lock-based
vlomoinon unepéxel ehadpwg évavil tng HTM, mapatnpoUpe OTL 0TV €KTEAOUVTOL TOPATIAVW
VALOTA Ao TOV CUVOALKO aplBud twv mupAvwy n anddoon thg HTM ulomoinong pmopel va ivat
€Ww¢ KaL 250% kaAUtepn o oxéon pe Tnv anddoaon tng lock-based Skip List.
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5.5 T'evika cupumEpAcpaTA

210 KePAAALO AUTO UTIOPECOE HECA OTIO TIELPAUATA VA KATAVONOOUKUE KOAUTEPA
TI¢ Sladopeg ulomownoelg Skip List kaBwg Kol va €VTOMICOUME TA TPOTEPNUOTA KO
LELOVEKTHAHOTA KABE Ulag. ZUVOTITLKA TO CUUIMEPACUOTA oG ival ta g€Ng:

e HTM Based:
0 Coarse-Grained:+ moAU amAn uAomoinon
+ KaVOTIOWNTIK amodoon oe amAd set pe pikpn ocupdopnon Kat
HLKpa payloads
- oAU peydo footprint tou odnyel og averBuunta aborts kot
capacity overflows
O Fine-Grained: + oXeTKA artAr] UAomoinon, avaAoyng SuckoAiag pe ekelvng TG
lock-based uhomoinong
+ Hkp6 footprint mou mAnotalet to BEAtioTo ylo tn StacddaAion
gykupotntag - e€aodalilel afloloyeg emdOOELg
+ otaBepr) anddoon Otav eKTEAOUVTAL MOPOTAVW VAHATA OTtd ToV
OUVOALKO 0plOUd TWV MUPHAVWY TOU GUCTAUATOC
- oL eruuntwoelg tou NUMA peyeBivovtatl oto HTM
- read conflicts mpokaAoUv apvntikd (avermBounta) aborts
- 3tn mepintwon mou éva vAua T1 mepluével anod éva vApo T2 va
eheuBepwoel éva kAeidbwpa otnv lock-based ekdoxn, ot T1
kat T2 Ba odnyoloav to £€va 1 kal ta Suo vruota os abort
og avtiotolyn mepintwon otnv HTM gkdoxn.

e Lock-Based: + OXETIKA amAn ulomoinon

+ ypnyopeg non-blocking kat wait-free mpoomeAdoeLg tng SOUNg

+ TIELPAOTIKA OTLG TIEPLOCOTEPEC TIEPUTTWOELG, OTAV 0 ApLOUOC TwV
vNUATwv Tou ektehovvtal dev umepPaivel tov oUVOALKO
0pLOUG TWV MUPHVWY TOU CUCTHLOTOC, UTIEPEXEL OE
anodoaon EVavTL TwV UTIOAOUTWY UAOTIOLHOEWY

- lock convoying. Avtipetwnilel peyaAn mtwon o anodoon otav o
0pLOUOC TWV VAUATWY TTOU eKTEAOUVTOL UTIEPBOLVEL TOV
OUVOALKO 0pLlBUO TWV MUPRVWY TOU CUCTAOTOG

- locks - éM\euwn robustness

e Lock-Free: + robustness
+ non-blocking Asltoupyieg, ouvenwg TpEXEL XwWPLE AU OELS
+ KaAn enidoon 8laitepo o MEPUTTWOELG e uPnAf cupddpnon
- ToAUTIAOKN UAoTtoinon
- XPOVLKO KOOTOC OTOWLKWV AELTOUPYLWV
- OTLG eVNUEPWOELS E0beleL Xpdvo yla cleaning okomoUg
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SKip List - Ovpécg [IpoteparoTnTag

MoMég edapuoyég Omwe alyoplBuol ypadwv (m.x Dijkstra, Prim), aAyopiBuot
oupmnieong (m.x. kwdkeg Huffman), epyaocieg o Asttoupyikd cuotrpata (r.y. load balancing,
interrupt handling) k.a., xpetdlovtat va avtAnoouv Oedopéva cUpdwva UE KAmola
TPOTEPALOTNTO. AUTO TO EMITUYXAVOUV XPNOLUOTIOWWVIAS OUPEG TTPOTEPALOTNTAC (priority
queues).

H oupd mpotepalotntag eival £vag adnpnUévog TUMOC SE60UEVWVY TTIOU TIAPEXEL TIG
€€n¢ mpacgeLc:

e insert(element, key), yla Tnv elcaywyn evog otolyelou pe éva KALSL kat

e extract_highest_priorty(), ywa tnv emotpodn Kat Siaypadry Tou TPWIOU OF
TMPOTEPALOTNTA  OTolXelou. Avadoya pe To TNwG Kabopiloupe TN oOelpd
TPOTEPALOTNTAG TO OTOLXELO TIOU QaVTAOUUE Wrmopesl va sival to otolyeio pe to
LEYAAUTEPO 1 HE TO HULKPOTEPO KAELSL.

210 €€N¢ yla Aoyoug gukoAiog Ba Bewpolpe OTL TO OTOLXELO PE TN HEYLOTN MPOTEPALOTNTA
glval auTO MoU €XEL TO PLKPOTEPO KAELSL.

Ol MePLOOOTEPEG OELPLAKEC OUPEC TipoTepaLOTnTOC Bacilovtal atn dourn dedopévwv
Heap. Amo6 tnv GAAn Opwg, oL mapdMnAeg heap-based oupég mpotepatdTnTag
avTLETWTTI{ouY TPOPANUOTA OMWE QUENUEVO CUVWOTLOMO KATA Tn TPOoBocn O Kown
puvAun (memory contention) kat otevwnd andédoong AOyw avayKaoTLKAG OElplomoinong
(sequential bottlenecks), 6xL povo otav ektedouvtal mpagels Staypadng ehaxiotou aAld kat
otav yivetal petakivnon otolxeiwv og B£oelg pe uPnAdtepn MpoTEPALOTNTA.

Mo TNV AVTIPETWIILON TWV IIPOPRANUATWY QUTWV TIPOTABNKE N XPNOLUOTOLNCN OUPWV
mpotepalotNTag Poolopévwy o Skip Lists. Itn PiPAloypadia CUVAVTAHUE OPKETECG
napallayEg uhomoinong TG oupadg nmpotepatdtntag Skip List [21], [22], [7]. Zto keddAalo
outo Ba avamtuéoups cuvomtikd Suo amod Tic o Sladedopéveg UAOTOLNOELS, TV oupd
poTepaoTNTAC TwWV Lotan kat Shavit [23] kal tnv avtiotolyn twv Linden kat Jonsson [24].

YTn ouveéxela Bo aoyoAnBoUUE e HLO TIPOCEYYLOTLKI) OUPA TPOTEPALOTNTOC TTOU TO
televtaio Slaotnua £xel kepdioel To evlladEpov TNG EPEVVNTIKAC KOWVOTNTOC, TN AsyOuevn
Spraylist twv Alistarh k.a. [25]. EmutAéov, uhomouwjoape tnv (Sla oupd MPOTEPALOTNTAG
xpnotpornowwvtag HTM Kal cuykpivape Ti¢ Suo UAOTIOLNOELS TELPAPATIKA. XTO TEAOG TOU
kedaAaiou MopoucLA{OUHE TA AMOTEAECUOTA TWV UETPHOEWV.
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6.1 BiALoypa@ikéc ava@opég
6.1.1 Ovpa mpotepatdtntag twv Lotan ko Shavit

H oupd mpotepaldotntag twv Lotan kat Shavit [23], 1 aAwwg SkipQueue Onwg tnv
ovopalouve ival n mpwtn mapdAAnAn Skip List oupd mpotepatdtntag mou uAomolibnke Kat
npotddnke to 2000 pe OKOTO VO QVTLUETWIIOEL T TIpoPAnNUata Twv Heap-based oupwv
TIPOTEPALOTNTOG TTOU ATV SnUOPIAR eKelvn TNV emoxn. Ag SoUUE Twpa TWC AETOUPYEL N
SkipQueue.

Onw¢ mapatnpoUUe oto oxnpa 6.1 kaBe kOPBOC TNg Sounc £xeL kat amnod £va deleted
flag, To omoio tiBetal otn TN false otav sloépyetal otnv Sopurn. Otav éva vipa ekteAel Tnv
evtoAn DeleteMin kot BéAeL va evtomicel Tov KOUPO LE TO UIKPOTEPO KAELSL apyLlka Eekva
nipoorehalovrag tn AloTa Tou KATwTePoU eMUTESOU HEXPL va. BPEL €vav KOUBO Tou omoiou To
delete flag 6ev £xeL yivelr set. MOAlc to Bpe,, Tou alkdlet to delete flag oe true
T(PAYLOTOTOLWVTOC £T0L TN AOYLKN Staypadr) Tou. AUTO Tou UEVEL TWPA elval va adalpEosl
Tov KOpBo amd tn Soun. Emedn to vAua yvwpilel mo kopBo OéAel va adalpéosl,
xpnotlporolel tnv kAaowr Aesttoupyia Slaypoadrc mou eidape oto keddAato 3. Ytnv
uAomoinorn toug ol Lotan kat Shavit xpnolgomoloUv Lock-based texvikég, aAAd otnv
BiBAloypadia umdpyxouv Kat avtiotowxeg Lock-free ulomotoelg [7], [11]. Eival olyoupo OTL
Vo vApoata dev Ba StaypaPouv oté tov i6lo koo Kabwe pdvo Eva and ta Suo propei va
BéoeL 1o delete flag. Autd cupBaivel ylati xpnowuonoleltal n register-to-memory evioAn
SWAP yia va tebel to delete flag. Autd emutpénel oe omolovénmote aplOpd vnuatwy va
Pagouv yla to eAA)LOTO OToLXELO TAUTOXpova. O TPWTOC Tou Ba eKTEAECEL YE EMLTUXLA TNV
evioAr] SWAP n onoia Ba BéosL to delete flag and false oe true Ba TMpoxwpProeL Ye TNV
odaipeon tou KOpBou evw ol umololmol Ba cuvexicouv TPOXWPWVTAE OTnV Alota
npoomnadwvtog va fpouv tov enopevo Slabéoiuo kouPo.

MapoAo mou o n mapamndvw ulomoinon Ba Astoupyoloe otnv Tpagn, Sev eival
linearizable: éva vijpa pmopel va elodyel mpwta £va otolyeio uPnAoTepng mpoTepALOTNTAG
(xoaunAOTEPNG TLNG) KAL OTN CUVEXELA €Val OTOLXELD XAUNASTEPNG TIPOTEPALOTNTOC EVW EVA
GANo vijpa Tou TtpooTeAaUVEL TNV AloTa va BpeL Kol va ETILOTPEYPEL TO OTOLXELO XaUNAOTEPNC
npotepalotnTag. Eival dpwce quiescently consistent: av évo oTolXelO X Tav Mopov otn Soun
npwv Eekvnoel n kAnon DeleteMin, tote o otolxelo mou emiotpedel n kKAnon Ba €xeL TUR
KA£LOL0U PLKpOTEPN A lon amo tn T KAeLSLoU Tou X.

Access for Inserts
and Deletes
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Ixnua 6.1 H oupd mpotepatotntac SkipQueue.
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Mpokelpuévou va yivel o oAyoplBuog linearizable mpootébnke £€vag pnxaviopog
xpovoobpayibwv (timestamping mechanism): kdBe vrpa mou ektelel DeleteMin emotpédel
TO €AAGYLOTO OTOLXElO QVAHECA Ot QUTA TIOU elonxBnoav MARpwWG TPV EEKLVNOEL va
ekteAeltal n evtoAr. Auto smituyyxdvetal we €€ng: Katd tn Asttoupyia elcoywyng HOALC o
VEOG KOUPBOG ouvdebel MANpwE amoktd pia xpovoodpayida. Avtiotolxa pia Asttoupyia
Slaypadng elaxiotou onUELWVEL TN XPOVIKN OTLYMN €vapéng avalntnong ehayiotou Kot
g€etdlel pOvVo TOUC KOUPBOUG TIOU £XOUV TIUR Xpovoodpayibac ULKPOTEPN TNG XPOVLKAC
OTLYUAG TIOU oNnUelwoE, ayvowvtag Pe aUTOV Tov TPOTo KOUPBoUG mou eonxbnoav Katd tn
Slapkela mpoomédaonc. MNa tnv anodelén tou linearizability mapaméunoupe tov avayvwotn
OTO MPWTOTUTIO Keipevo [23].

6.1.2 Ovpa mpotepatdtntag Twv Linden kot Jonsson

Mepvape Twpa otnv oupd mMpotepaldtnTag tTwv Linden kat Jonsson [24] n omoia
amoteAel TNV Mo aviumpoowneutikn linearizable Skip List oupd mpotepaldtnTog TOU
ouvavtape otnv BBAloypadia.

Onw¢ avadépape Kal oty evotnta 5.3, Otav €vag TUPHVOCG EVNLEPWVEL KATIOLO
Kowo 6edopévo, auto Tou cupBaivel apylkd elval n akUPWON TWV OTOLWV AVILYPAPwWY
UTApXOUV OTIC GAAeC caches kol otn cuvéyxela n cache-to-cache petadopd tng cache line
TIou TiepLEXEL To Sedouévo otoug Tuprveg mou Ba to INTACOUV. JUVEMWG N eVNUEPWON
OUXVA TIPOOTIEAACLUWY BECEWV PVUNG 06NYEl 08 ONUAVTIKEG KOBUOTEPNOELG.

To mpoPAnua auvtd sivat Wblaitepa atedntd oes Skip List oupég mpotepaldtnToC
KaBw¢ Aoyw twv DeleteMin Asttoupylwv oL TteplocOTePEG alayEG yivovTal GTOUC TPWTOUC
KOpBoug TnGg Soung (oe OAa ta emineda), 6SnAadn oe Sedopéva Tou elval cuxva
T(POOTIEAACLUAL.

Mo TNV QVTLLETWTILON Tou TPpoPBARatog autou ot Linden kat Jonsson dnpoupynoav
évav alyoplBuo Staypadng elayxiotou cvudwva pe tTov omoio ot kOuPol Siaypddovral
AoyKa Kol Oxt GUCLKA Kol HOVO OTAV O GUVOAIKOG aplOuog Twv AOYLKA Slaypoppévwy
otolelwv EemepAoel €vav OUYKEKPLUEVO apPLOUO TpOXWPAUE o Hallkn adaipeon Twv
MOpPKOPLOPEVWY KOUPBwWVY amd tn Soun. O adyoplBuog autdg BonBAsL Hev OTNV AVTLLETWITLON
Tou TpoPAAUATOC TOU KOOTOUC Twv cache-to-cache petadopwv, Snuioupyel 6 TO
npOPAnua ot ot mapdAAnAeg DeleteMin Asttoupyieg avaykalovtal va Stafdacouv 1o moAAG
Sebopéva PoKeEVOU va Bpouv To otolxelo pe To gAdyloto KAEWSL. Me Bdaon €peuveg
OXETIKEG LE TO KOOTOC AELTOUPYLWY OTNV VAN [26] ot Linden kot Jonsson cupmepaivouv otL
TO KOOTOG TWV EMLMAEOV OVAYVWOEWV ELVOL OXETIKA MLKPO CUYKPLTIKA HE TO KOOTOG TIOU
dnuoupyeital amd tov peyaho aplBpd twv kabBoAwkwv eyypadwv (global writes). To
CUUTEPAOUA aUTO ETILREPRALWVETAL KOL TTELPOUOTIKA.

‘OAeg oL Aettoupyieg eival lock-free. KaBe kopBog tg dopng KpataeL Kol amd o
TN papkapiopatog n omnola amoBnkevetal poll pue tov SeiKTn POC TO EMOUEVO OTOLXELD
TOU KOTWTEPOU EemumESou Kal €dv eival set umodnAwvel OTL 0 emMOUEVOC KOUPBOG oTO
KaTwTePo eminedo eival Aoywka Staypappévos. Onweg Ba Soupe Kal otnv meplypadn tng
Aewtoupylog eloaywyng to bit papkapiopotog pag Bondast va anotpePoupe TNV elcaywyn
otolelwv avdpeoca oe KOpBoug mou eival Staypappévol Aoyikd. Etol ol Aoykd
Slaypappévol KopBoL cuviotolv eva mpoBepa tng AloTag Katwtepou emmedou.
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Asttoupyia Alaypadng EAayxiotou

MNa tv Slaypadn elaxiotou apxkAd TPOOTEAAUVOULE TNV AlOTA KOATWTEPOU
emutédou péXpL va Bpouue Evav kOpBo tou omoiou to delete flag ev £xel yivel set. MOALg
Bpebei, Tote aA\aloupe pe atopikr evtoAn to delete flag oe true mpaypatonolwvtag £I0L TN
Aoyikr) Slaypoadr Tou. e TEPIMTWON TIOU O OUVOALKOG aplOUoG Twv otolyelwv Tou
T(POOTIEAACOUE Elval HEYAAUTEPOC ATIO £VOL CUYKEKPLUEVO KATWOAL TOTE TPOXWPAE 0T
Aettoupyla avadopunonge. e avtiBetn mepinmtwon amAd eMOTPEPOULE.

H Aettoupyia avadounonc (restructure operation) amookomnel otnv palikn adaipeon
(buown Slaypadn) Aoykd Stoypappévwy KOpBwv amod oAo ta emimeda. ApXlKA oTO
KOTWTEPO eMinmebo evnuepwvoue Tov deiktn TNG Kepalng va Selyvel oTov KOUPBO TTOU PUOALG
Slaypadape Aoyikd f av Katd tn SLApKELO TPOOTIEAACNC cUVOVTHoAUE KOUPBO mou Sev eixe
eloaxOel mMAnpw¢ aAAd oto petafld sixe Staypadel and Ao vruo TOTE EVAUEPWVOULE TOV
Selktn G kepalng va Seixvel o auTov Tov KOUPO. ITN OCUVEXELX EEKLVWVTOC ATO TO
OVWTEPO eMinedo Kal mNyoivovtog mpog To KATw ocuvSEoupe kABe popd tnv KePaln He ToV
teleutaio koo tou emumédou mou £xeL Slaypadei AoyLka.

Aettoupyia Eloaywyng

H Aewtoupyla eloaywyng eival moapopola tng kAaowkng lock-free Aettoupylag
gloaywyng mou eidape oto tpito kedpdhato pe t dtadopd OTL 0 vEog KOUPBOC CUVSEETAL OTO
Katwtepo eminedo poévo edv o Sladoxoc kOUPo¢ oto emimedo autod Sev eival Aoyilka
Slaypappévog. Eav eival tote emavalapfavel Tnv Sladlkacia eUPECNG TPOKATOXWY Kal
SL06OXWV HEXPLC OTOU pmopEcoel va elcoyBel. 2to onuelo auto atilel va tovicoupe yla mLo
Aoyo 1o deleted flag evog koupou dev Bploketal og kamolo medio Tou L6iou kopBou ald oto
niedio Tou mpokatoxou polli pe To Selktn MPOC TO €MOPEVO otolxeio. Otav cuvSEouUE ToV
TIPOKATOXO HE TOV VEO KOUPBO EKTEAOULE LILOL ATOLKT) EVTOAR OaV KOl QUTA :

pred.next[0].compareAndSet(succ, newNode, false, false);

Ytn mpdén o deilktng mpog tov Sladoxo (mpwto oplopa otnv mapevbeon) kat to deleted flag
Tou SLadoxou (tpito Oplopa) slvat pia AEEN kal aAAGlel atoplkd otn A£En mou cuvtiBetal
oand 1o SeUTeEpPOo Kal TETAPTO Oplopa mou eival n StevBuvon Tou véou KOpBou Kat To bit
HOpKOPLOUATOC TOU. JUVETIWG LLE LA OITOMLKE EVTOAN eAéyxoupe av o S1adoxog KOUBOG €xel
Staypadel Aoylkd Kot v OXL TPOXWPAUE OTn CUVEEON TOU VEOU KOUBOU OTO KATWTEPO
emninedo. Onw¢ PAEMOUE KATL TETOLO £lval ePKTO povo eneldn to deleted flag Bpioketal oe
niedio Tou TpoKaTOXoU Kat OxL o€ mebio tou &iou kOpBoU.

AdoU emopévwg eloaxbel pe emtuxia o vEog KOUPBOC EMIXELPOUUE va TOV
ouvbéooupe Kkal ota untohouna enineda. Mplv yivel onoladnmote cUvdeon eAéyXoUlE €AV O
VEOC KOUPBOG €xeL Slaypadel and kamolo moapdAAnAo vhApa mou ektelel tnv Asttoupyia
Staypadng elayiotou. Eav eheyxBel OtL 0 vEéog KOUBOG £xel dlaypadel TOTE OTAUATAEL TN
Aettoupyla eloaywyng Kol emotpeédel. e avriBetn mepimtwon cuveyiloupe tn ouvdeon
akpLBwg omwg kat otov lock-free aAyoplBuo mou sidape oto tpito kepaAalo.

Mo TePLOCOTEPEG AETITOUEPELEG OXETIKA LE TOV AAYOPLOLO KaBwg Kal ylo armodeLén
linearizability mapaméunoue Tov avayvwotn oTto MPWIOTUTIO KEleVo [24].
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6.2 MIpooEYYLOTIKT OVPA TPOTEPALOTI TG SprayList

ITNV €vOTNTA QUT oOXOAOUHQOTE WE TNV T7poosyylotiky) (relaxed) oupd
npotepalotntag Spraylist twv Alistarh k.. [25]. Otav A£UEe TPOOCEYYLOTIK oupd
TIPOTEPALOTNTOG EVVOOUE HLOL OUPA TIPOTEPALOTNTOC TIOU OeV EMIOTPEDEL KAT' AVAYKN TO
otolyeio [e To eAGXLoTO KAELSL 0AAG PTtopEl val ETILOTPEPEL KOl £Va OTOLXELO e KAELOL apKeTA
KOVTA 0TO €Ad)LoTo. ESW eyelpeTal To EpWTNUA KATA TTOCO ML TETOLA OUPA TIPOTEPALOTNTOG
£xeL mpaktiky edappoyn. Autd efoptdtal amd to Katd mooco sipaote Siatebelpévol va
Buoldooupe akpiPfela ota AMOTEAECUATA HOG yLa eTtiteuén LPNAOTEPNG KALLAKWOLUOTNTAG.
AUTO TOU TOPOTNPOUUE €ilval OTL OAoEval KOl TIEPLOCOTEPEC £DAPUOYES XPNOLLOTIOLOUY
T(POOEYYLOTIKEG OUPEC TIpoTEPALOTNTAC. Ma Ttapadetypa n SpraylList €xel xpnotponownOel pe
gmtuyla oe TPoocopolwoEel; Slakpltwv yeyovotwv (discrete-event simulation) kot o€
npoBAfuata ehayiotwv povomaTiwy amo kowr adetnpia (single source shortest paths
problems) 6mwg og KowwvikoUg ypadouc, 05Lkd SikTua Kot TAEyUoTa.

O Baowkog mapdyovtag mou Teplopilel tnv anodoon twv Skip List-based oupwv
T(POTEPALOTNTAG TIOU E(SAE HEXPL OTIYUNG ELVOL TO YEYOVOC OTL OAX TAL VILOTA TIOU EKTEAOUV
tnv evioAr DeleteMin cuvwoTtilovtal 0TO MPWTO CTOLXELO - TIPAKTLIKA 0T P MPWTA OTOLXEl
av €XoUE p vApata va kalouv tnv DeleteMin tautdypova - yeyovog mou odelleTal oToug
TIEPLOPLOMOUC  EYKUPOTNTAG Tou TIpEnel va  mAnpouvtat (linearizability, quiescent
consistency). AvtiBeta av XaAOopWOOUE TOUG TIEPLOPLOUOUC Kol emtpéPoupe ota vhpata
Vo EMIOTEYPOUV OTOLXElD ME TN KAELSLOU KOVIA OTO €AAXLOTO TOTE WUMOPOUUE Vo
BeATLWOOUUE TNV KALLAKWOLLOTNTA.

6.2.1 Ieprypa@n) adyopidpov

H Baowkn 6€a tng oupdg mpotepaldtnTag Spraylist eival n ektéleon piag relaxed
evtoAn¢ DeleteMin oUpdwva pe tnv omoia fekwvape amod éva GUYKeKplUéEvo UYOC Tou
TPWTOU otolxelov kal &laoyiloupe t™n doun oLudwva pe €va Tuyalo mepimaro
kataAfyovtag o éva and ta mpwta O(p log® p) otoeia g Soprg, 6mou p eivat o
0pLOUOC TWV VAUATWYV TIoU TPEXOUVE (oxnua 6.2).

4

Sprays |
2

bo . E

IxAna 6.2 H 16éa miow aro tn Spraylist. Ta viuata Eekivouv amo to uyoc H kat ekteAovv

p polylog p

Eva tuyalio repinato npooneAavvovrac kOUBouc atnv apxn tnc SOUNC KAl OTn CUVEXELA
npoontadouv va amoktroouv tov kouBo atov omolov KATaANyEL 0 TEPINMATOC.
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Acg 6oV e Twpa TG Asettoupyieg Tng SpraylList Mo avaAuTKA:

Newtoupyieg Avalrtnong Ko Eloaywyng

OL Aettoupyieg avalitnong Kol €L00YWYNG €lval TTOVOUOLOTUTIEG UE OQUTEC TNG
kAaotkng lock-free Skip List mou sidape oto kepdiato 3.

Asttoupyia Alaypadng EAayiotou

H Aettoupyia Staypadng ehayiotou xwpiletal oe SUo empépoug Asttoupyieg. Mpwta
ekteleital n Asttoupyia Spray n omoia oToxeUeL vo TPOYUATOTOIROEL Ula opolopopdn
enoyr avdueoa ota mpwta O(p log® p) otoweia tng Soung kal Uotepa ekteleital n
Aewtoupyla DeleteKey mou otoxelel va adalpgosl ano tn dour| To otolxeio mou emAéxOnke
amo TNV Spray Kot givatl moavopolotunn Ue tnv kKAaowkn lock-free DeleteKey mou eidape oto
keddaAato 3.

H Spray Aettoupyel wg €€§ng: Apxika ekwvape amno to eninedo H = log p + K émou p
gival o apBuog twv vapdtwy mou ektedovvral Kat K sival pia otoBepd. e kabe eninedo |
™G SOUNAC apXKA eKTeAOUUE €vav tuxaio aplOpd oplloviiwv Bnudtwv e, e TO e va
en\éyetal opoldpopda oto Sidotnua [0,L], émou L = M log® p kaw M > 1 otaBepd. Itn
ouvéxela kateBaivoupe D emineda, omou D = max (1, |loglogpl). 2tn mpdén, ocuvnbwg
elvat D = 1. Enerta ouveylloupe He tnv oplloviia mpoomnélaon. Emavolappavoups thv
Sadikaoia autr PEXPLS OTou GTACOUE OTo Katwtepo eninedo. Epooov PplokOUaoTE OTO
KOTWTEPO €emimebo Kol €Xoupe OAOKANPwoel tnv opllovtio Sladkaocia TPOooTEAAONG
ETUYELPOUE VO ATIOKTCOUE (VO LOPKAPOUE KATA KATIOLOV TPOTIO) TO TPEXOV OTOoLXEl0. AV
emtUYoupe, ouveyiloupe kaAwvtag tnv KAaolkn Asttoupyia DeleteKey mou €xoupe Sel. Av
arotUyoupe, eite emavalappavoups tn Asttoupyia Spray amd tnv apxn, €ite HE PIKPN
Tubavotnta to viua yivetal cleaner thread kal mpoomeAaUvel ypauplkd Tn KAtwtepn Alota
LEXPLG OToU Bpet Stabgotpo kOpPo. Ma meploodTeEPEC AEMTOUEPELEC KAOWG KOL YLl OPLOUEVES
BeATIOTOMOLOEL TIOU TIPOTEIVOVTOL TIOPATIEUMOUME TOV  OVAYVWOTN OTN  OXETIKA
dnuoocisuon [25].

Spray

- -
oun (3] DEEBD:E -

Ixnua 6.3 Eva anAo mapadetyua tng Aettoupyiac Spray. H Spray katd tn dtadikaoia

IIi/III

TIPOOTIEAQLONC TIEPVAEL OTTO TOUG TTPATIVOUG KOUBOUGC KAl OTAUATAEL OTOV KOKKIVO KOuBo. Ot
TTopTOKaAL KOUBOL Umopouoav va giyav emAeyel yia dAuatoa aAdd Sev emiAéySnkauv.
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6.2.2 YAomoinom SprayList pe Hardware Transactional Memory kat
TELPANATIKY a§loAdynon

To yeyovog OTL otig KAaoLKEG Skip List oupég mpotepaldtnTag ta vipata Spouv ot
YELTOVIKOUC KOUBOUG yla TNV e€aywyn ehayiotwv otolyeiwv kablota avolola tnv uAomoinon
avtiotolywv HTM exkdoxwv, kabBw¢ Aoyw twv avamodeuktwy conflicts mou dnuloupyolvral
TO MOOOOTO TwV aborts Ba ival MOAU peyaho.

AvtiBeta n ektéleon DeleteMin tng SprayList powalel pe tnv ektéleon tng DeleteKey
kavovikwv Skip Lists og éva oet O(p log® p) Sebopévwy. SUVENWE n KaAn ekéva Twv HTM
UAOTIOLNCEWV O€ HIKPA data sets Tou eidape oto mponyolpevo kedpaAalo pog npoidealel OtL
pta HTM uAormoinon tng Spraylist pnopet va €xeL avtaywvioTtiki enidoon.

Ma va to dlamotwooupe, vhomotnoape pioe HTM ekdoxn tng Spraylist omou ot
Aewtoupyleg  avalntnong, slocaywyng kat dlaypadnc otolxelou eival MOVOUOLOTUTEG UE
ekeiveg tng kKAaolkng Skip List kat n Aswtoupyia Spray esival idta pe ekeivng g lock-free
ek&oxN¢ mou HOALG idape xwpig Opwg To cleaning. Itnv fine-grained HTM SprayList ekboxn
n Aettoupyla Spray ekteAeltal €KTOG transaction.

Metproape to throughput twv SprayList vAomowjoewv mou culNTACAUE Yylot OET
b6ebopévwv 1 ekat. otoeiwv Kot pubud evnuepwoswv 100% pe  evaAAOYEG
eloaywywv/Slaypadwv (Aettoupyio alternate). EmutAéov HETPAOAUE TO OTATIOTIKA TWV
transactions (commits/aborts) twv fine-grained kat coarse-grained HTM ulomouoswv.
MapouclA{oUUE Ta AMOTEAECHUATA pag ot oXpota 6.4 Kal 6.5 mou akoAouBouv.

Mapatnpwvtag Tig YpadIKEG TOU OXNUATOC 6.5 apXLKA SLATILOTWVOULE UKOAQ OTL N
coarse-grained HTM oxeblaon slvatl akatdAAnAn yla uAomoinon Spraylist. Ta mocootd Twv
aborts &emepvouv 10 90% KOL €vag MEYAAOG aplBUOG vnudtwv &ev OAOKANPWVEL TNV
Aewtoupyla Tou evtdg transaction aAAd €xovrag katalaBel to fallback-lock, botepa amod 50
enavadokIpég (tooeg €xouv Tmpokaboplotel). Autd odeiletal oto peydho mARBog
eTUKOAUTITOMEVWY footprints Twv transactions otnv apxn tng Soung.

AvtiBeta n fine-grained HTM ulomoinon ekpetaAAeuopevn tn Asltoupyia Spray
katadEpvel va meplopioel ta conflicts yeyovog mou daivetal 1600 0TA OTATIOTIKA TWV
transactions (< 2 aborts ava Aettoupyla evnuépwong) 600 KOl OTA TIOCOOTA KAELSWUATWY
(< 0,4%). Katd ouvémelo ONMwWG TMOPATNPOUUE OTO OXAMO 6.4 KatadEpvel va €Xel
avTaywvioTiky enidoon, paliota Alyo kallutepn oe oxéon Me TNV KAAolkn Spraylist. H
"kolld" otnv anodoon yla 14 wg 28 threads odeiletal otig mapevépyeleg tou NUMA.

1M keys, Update Rate: 100%
25

x10°

20

15

N4
z

0 SR
0 14 28 42 56
e Spray_original e=me== spray_htm_fg spray_htm_cg #threads
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IXAna 6.4 Ertiboon mapaAAnAwv Spraylist udomotjoswv.
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IXANA 6.5 STatioTika transactions. MNavw apLoTEPT ATTELKOVI(ETOL 0 aptTUO¢ TwV commits
kot aborts evw navw Seéla paivetat To TooooTo TwV KAELdwuatwy. Kdtw @aivovtal méoa

aborts xpeLAOTNKAV KATA UETO OPO Yla TNV 0AokAnpwan uiag Aettoupyiac update kadwe kat

avaduon twv aborts OTIC EMIUEPOUC CUVIOTWOEG.
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Ke@aiawo 7

ETtiAoyog

Me 1o kedAAaLo aUTO OAOKANPWVETOL N Ttapoloo SUTAWUATIKN epyacia Kot poll pe
QUTHV OAOKANPWVETAL LA TIPOOTIAOela evapLlon Tepimou xpovou. ITo SLAoTNUa aUTO elxa
TV eukapla va epfabuvw otn meploxn Tou TAPAAANAOU TPOYPOUUOTICUOU, va
TMEWPAPATIoTW e HTM ypddovtoc apketd KWK, va HABw TEXVIKEG CUYXPOVIOUOU aKOUa
Kol oe Sdouég Sedopcvwy dladopetikég amd Skip List, omwg B+ dévipa, Suadka Sevrpa,
OUPEGC K.a. KOL €V TEAn va oUPBGAw otn Snuloupylat vEag yvwong HeEAETWVTIAG Kol
alohoywvtog to HTM yla tnv mapaiAnAomnoinon Skip Lists.

7.1 Tvunepdopata

210 MpwTo Kepalalo eixape avadepbel oToug 0TOXOUG TNG SIMAWUATIKAG. AG TOUG
€avaBupunboU e Kal ag eEETACOU e KOTA TTOCO UMOPECALE VA TOUG TIETUXOUE.

Ol otoyxoL Tov eiyape B€oeL NTav oL €EAG:

1) Na vAomotrioouue kot va aélodoyrioouue Stapopeg texvikéc HTM oe Skip Lists kat
OUPEG MPOTEPALOTNTAC.

1o tétopto kedpdholo eidape mw¢ vo vlomoltjooupe TapdAAnAeg Skip Lists
XPNOLLOTIOLWVTAG TEXVIKEG coarse-grained kat fine-grained HTM. Xto méumrto keddAaio
aVOAUCOUE TO TTASOVEKTHHOTA KO HELOVEKTAMATA KAOE TEXVIKAG TO0O Bswpntikd 600 Kol
TIPOKTIKA KOl OTN OUVEXELDL OTO €KTO TIC €EETACAUE TAVW OTNV TIPOOEYYLOTIKY oupd
potepalotnTag Spraylist.

Jupnepaivoupe OTL n emdoyr tou coarse-grained HTM eivol pua apketd kaAn
erloyn €Av eMIOUUOUUE TIPOYPOAUUATIOTIKY] EUKOALQL Kol £YKUPEC Aettoupyleg oAAQ edv
enBupolpe vPnAég emboosLg n emthoyn tou fine-grained HTM eival povodpopog.

2) Na UeAeTriooUUE TNV €MISPAON TIOU EXOUV OPLOUEVEG MOAPAUETPOL ONwWG TO hyper-
threading 1 éva ouatnua NUMA otnv Aettoupyia HTM uAomotioswv.

Jto méumto keddlolo eidope mwe to hyper-threading emnpealet tic HTM
UAOTIOLNOELG KOL TILO CUYKEKPLUEVO TIOCO aUEAvVOVTaL Ta capacity aborts otig coarse-grained
kat fine-grained HTM ulAomnouwjoslg. Emiong eidape mwg oL mapesvépyeleg tou NUMA
peyeBuvovtal oe HTM uvlormotnoelg, avéavovtag katd oAU ta conflict aborts, kabwg Kot
e€eTAoAE OPLOUEVEG AUCELG TOU TTPOBARUATOC.

JupmEPAiVOUUE OTL VOl HEV OL TOPAUETPOL autol amoTeAoUV TEPLOPLOTIKOUG
TOPAYOVTIEG OTNV KALLOKWOLHOTNTA TapdAMnAwv HTM UAOMOINOEWY, UTAPXOUV OUWG
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OMOTEAECUATIKOL TPOMOL VA QVILHETWILOTOUV Onw¢ 1) o meploplopog tou footprint twv
transactions yw tn pelwon twv capacity aborts kat 2) n amoSOTIKOTEPN KATAVOUN TWV
gpyooclwv ota dlddopa sockets TOu CUCTAMOTOC PE TAUTOXPOVh €Aaxlotomoinon Tng
ETUKOLVWVLAG HETOEV TOUG yLa TNV peiwon twv conflict aborts.

3) Na ouykpivouue tic HTM uAomotnoeic uag Ue ti¢ state-of-the-art mov Baoilovral oe
Lock-Based kat Lock-Free adyopiBuouc¢ kat vo eédyoue CUUMEPAOUATA.

KaBe texviky cUYXPOVIOMOU €XEL TA TTAEOVEKTHOTA KOL TO LELOVEKTAUATA TNG. 2TO
Tpito kepaAalo sidape Ti¢ state-of-the-art uhomourjoeig Skip List Baoilopéveg o Lock-Based
Kot Lock-Free texvikég. Htoav TOAU ONUAVIIKO VO UTTOPECOUME VO OTOLYELOBETAOOUUE
eTYelppata mou Ba untodeikvuav MOTe KABe TeEXVIKA €lval KATAAANAN Kal Ttote OxL. MNa to
OKOTIO QUTO OTO TIEUNTO KEGAAOLO TTAPOUCLACAE KAL OELOAOYICOE TO AMOTEAECHATA EVOG
HEYAAOU 0plOUOU TIELPOUATWY TIOU TTPAYLOTOTOLCOE.

Tuunepaivoupe OtL n coarse-grained HTM ulomolnon €xel LkavomolnTikn enidoon
O£ TEPUTTWOEL, UE WIKPH oupdopnon Kal otav n mAsoPndio twv Asttoupylwv eival
OVOYVWOELG. XTI UTIOAOUTEC TEPUTTWOELC UOTEPEL onuavtikd oe avtibeon pe tnv fine-
grained ulomoinon n omola £XeL AVTAYWVLOTIKA €MiS00n o€ OAEG TIG MEPUTTWOELG. MAALoTAL
OTAV 0 CUVOALKOC aplOUOC TWV VRUATWY Tou ekteAouvTal elval peyaAltepog amd tov oplduo
TWV TUPNVWV Tou cuothpatog, tote n fine-grained HTM vAomoinon amoteAel TNV KAAUTEPN
emloyn Kabwg uTepTePEL oNUAVTIKA o amodoon oe oxéon e TS lock-based kat lock-free
ulormolnoelg pe tn Sladopd va PTAveL 0€ OPLOUEVES TIEPUTTWOELS EWG Kol 250%.

7.2 MEAAOVTIKEG EMEKTAOELG

Mla OpPKETA ONUAVILIKY TEPLOXN €peuvag Tou adopd TG MapAAAnAec SoUEC
O6ebopévwy amotehel n acdalng avaktnon UvAUNng (safe memory reclamation). Otav
adatpolpe évav KOUPo and tn dopun Sev pmopoU e amAd Vo EAEUBEPWOOUE TN KVALLN TIOU
KataAlapBdvel KabBwg GAAQ vApATa UMOPEl OKOMA va €MeVEPYoUV OTOV KOUPO. ZUVENMWCG
XPELA{OUAOTE TILO TTOAUTTAOKEG TEXVIKEG AVAKTNONG HVAUNG. 2TO TAOLOLO TNG SUTAWUATIKAG
dev aoyoAnBnkape pe memory reclamation kaBwg BEAAUE VO EOTIACOUME OTLG TEXVLKEC
OUYXPOVIOHOU QUTEG KABAUTEG. EMOMEVWCE, HLa eviladEPoUTa EMEKTOON TWV UAOTOLNCEWV
poc Oa Atav n mpocdnKn KATOLOU UNXAVIGUOU OVAKTNONG UVALNG.

2tn BBAloypadia cuvavtape SLAPoPe; TEXVIKEG OVAKTNONG HUVAUNG TG OTMOLEG
UMOPOUE Vo eVTAEOUUE OE TPELG Katnyoplec. MpwTtov, TG quiescence-based teXViKES [27],
[28] cupdwva e TIC omoleg Ta vAATA TIPOXWPOUV OE aVAKTNON UVANG 0Tav ElcEABoUV o€
plo kataotoon npepiag otnv omola kKavéva vAua dev dlatnpel avadopd oe Kowo Koupo.
AgUTEPOV TEYVIKEG KATOUETPHOEWV avadopwv (reference counting) [29], [30], [31] kat TéAog
pointer-based texVIkeéG omwe hazard pointers [32], pass-the-buck [33] 1y drop-the-anchor [34]
oUMPWVA HE TIG OTIOLEG MAPKAPOURE KOUBOUG TIOU €lval POOTIEAGCLLOL Ao GAAQ viaTa
€10l wote va amnotpéPoupe TOaAvr avAaKTNon HUVAUNG Ta TeAsutala Xpovia €xouv
avartuxBel koL TEXVIKEG TTou xpnotuomnolov HTM [35], [36].

310 Ttétapto kepdhaito otav avamrtuéoape tov fine-grained HTM aAyoplBuo
avadepBrKaUe O OPLOMEVEG PEATLOTOMOLAOELG TIou evw Bewpntikd Ba PeAtiwvav tnv
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eNidoon Twv UAOTOLNCEWV HOC, TIPOKTLKA £ite ev tnv BeAtiwoav eite dev Nrav ePpiktod va
uAomotnBouv. Mia miBavry peAAovtik eméktaon Bo £BplLoKe TPOTO va OELOTIOLNOEL TLG
BeATLOTOMOLOELG QUTEG.

TéNog, otnV &vOTNTA TIOU OUINTACOME YLO. TOUC TPOTIOUC OVTLUETWILONG TWV
napevepyelwv tou NUMA Slamiotwoape Ot urtapyouv neplbwpta BeATiWoNG KAl CUVETNWG
HMEANOVTIKEG EMIEKTACELG UTTOPOUV VO EPEUVIIOOUV OMOSOTLKOTEPEG LEBOSOUC AVTLUETWILONG
Twv NUMA erumtwoswv.
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