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NepiAnyn

O oKOTOC TNC SUTAWHATLKAC Epyaciac ATav n avamtuén alyopiBuwv yla tnv BeAtiotonoinon
¢ Stadkaoiog Katavoung epopUoywV o€ UTTOAOYLOTIKA VEDN. KaBwg n xprion Tou UoAoyLoTIKoU
vEPOUG aufdavetal, TAUTOXpOVO AUEAVOVTAL KOL OL QTOLTACELG UTTOAOYLOTIKWY TOPWV yla TNV
61dBeon unnpeclwy, O6nwg n efunnpétnon edbappoywv. OUwE, n TMOPOX UTTOAOYLOTIKWY TTOPWV
QIOTEAEL ONUOVTIKO KOOTOG Kal gival puokad adUvaTo Vo €XOULE AMEPLOPLOTOUG TTOPOUG. ZUVETWG
elval emtaktikg n UAomoinon OAYOPLOMIKWY TEXVIKWV TIOU KATOVEUOUV €POAPUOYEC OFE
UTTOAOYLOTIKQ VEDN HE TETOLOV TPOTO, WOTE APeVOS va e€0KOVOUOU LE TN SlaBeon mMOpwy KATA TO
péyloto duvato Kal adeTépou va SlatnPoUpe TNV EUMNPETNON TWV EGAPLOYWV OTO ATTALTOUHEVO
eninedo.

Ma tnv katavoun epopuoywv O€ UTTOAOYLOTIKA CUCTHUOTA, XPNOLLOTIOLELTAL EVPEWS Eva
oUOTNUO EVOPXNOTPWONG YVWoto w¢ Kubernetes. To Kubernetes aflomolel tnv xprion twv
containers yla tnv Sloxelplon Kal katavoun epoppoywv. MAaAlota £va amo Ta main components
tou Kubernetes sivat o Scheduler tou, o onoiog kaBopilel To Mwg Kot To mote Ba kataveunBouv ot
epapuoyéc mou katagtdavouv otov cluster. Ze autd akplpwg to onueio mpoomabolpue va
ELOAYOUHE OAYOPLOULKEG TEXVIKEG, oL omoieg emnpedlouv tnv cuunepidopd tou Scheduler kot
kaBopilouv Tov TpOmMo mou Ba kataveunBouv oL epapuoyeC. QG amotéAecpa, dnuLoupyolvtal
{evyn edpapuoywy, YUe OKOMO TNV KOAUTEPN €EOLKOVOUNON TWV SLOBECLUWY MOpwWV aAAA Kal ThV
adlalewntn dtoBeopudTNTA TWV EPOPUOYWV

Ma tnv newpapatikn afloAdynon Twv mapandvw, vAomownke €vag server amo GuoLKA
unxovnuata, mou erutpenel tnv efumnpétnon edappoywv. H PeAtiwon tng amoédoong twv
epapuoywv mou mapatnpnOnke opwg, dev amoteAel POVOOAUOVTO CUUPBAV TOU CUYKEKPLUEVOU
duokoU server, kKaBwg oL aAyoplOuoL ival UAOTIOLNUEVOL UE TETOLO TPOTO, WOTE va ennpealouv
Vv cuuneplpopd tou Kubernetes Scheduler aoxétwg Tou cuoTATOG TOU BpiloKovTal. ZUVETIWG, N
TOPONMAVW TEXVIKA KOATAVOUNG edappoywv, HUmopel va PBeATlwoel alobntd tnv avilotoiyon
epappoywv oe onoloSAMOTe server, EE0LKOVOUWVTAC UTIOAOYLOTLKOUG TOPOUG OTO HEYLOTO SuvaTo.

Né€erg KAewda

Katavoun sdpapuoywv, Resource Management, Kubernetes Extending, Scheduler, Plugin, Docker,
Cluster, CPU sockets, CPU pinning, Containers, NepoUmoAoylotikd cuotnua, Interference Aware,
AAyoplBuol, Virtualization, Servers, AtaBsolpotnta
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Abstract

The purpose of this thesis was the development of algorithmic concepts, in order to
optimize the process of distributing applications to cloud-based environments. Considering that the
usage of cloud computing has been increasing steadily over time, consequently has increased the
demand of more computing resources, in order to provide services, such as hosting applications.
Nonetheless, providing computing resources is a significant cost and it is physically impossible to
have unlimited assets. Therefore, it is imperative to implement algorithmic techniques, which
distribute applications to cloud computing services in such manner, so that on one hand, we save
the disposal of resources as much as possible and on the other hand, we maintain hosting
applications at the desired level.

In order to distribute applications to computing systems, an increasingly famous
orchestration system is used, known as Kubernetes. Kubernetes makes use of containers to manage
and distribute applications. Moreover, one of Kubernetes’ main components is its Scheduler, which
dictates when and how applications will be distributed, when arriving at the cluster. At that exact
point, we aim at adding algorithmic techniques, which will affect the Scheduler’s behavior and
determine the assignment of applications to server sockets. As a result, pairs of applications are
created, with the intension of conserving as many resources as possible, whilst also maintaining the
availability of our applications.

Regarding evaluating the above mentioned, a physical server was set up, so that to allow
application hosting. The improvement observed on application performance, is not dedicated to
this specific physical server, since the algorithms are constructed in such way, so that they alter the
behavior of the Kubernetes Scheduler, in spite of the system they are operating on. In conclusion,
the aforementioned technique of distributing applications, can improve noticeably the workload
share on any server, preserving computing resources as much as possible.

Keywords

Application distribution, Resource Management, Kubernetes Extending, Scheduler, Plugin, Docker,
Cluster, CPU sockets, CPU pinning, Cloud Computing, Interference Aware, Algorithms,
Virtualization, Servers, Availability
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1. Eloaywyn

Emiyelprioelg kot opyaviopol onuepa mpoomabolv OAO KOl TEPLOCOTEPO Va
£LKOVLKOTIOL)OOUV T CUCTAMOTO TOUG WOTE Vol BEATIWOOUV TNV EUTELPLO TOU XPAOTN KATA
TV Xpnon twv £papuoywv Toug. 2To TApeABOV MOU XPNOLUOTIOLOUVTIAV KATAVEUNUEVO
cuothHata Tmapatnenenkav apketd TmpoPARuata OnMw¢ aoctabsla Ttwv (Slwv Twv
ouoTnUATwy, anmwAetla SIKTUOU Kal eUKOAN Sldomaon TG achAAELaG TOUG. Q¢ AMOTEAECUA
€Xouv avamtuxBbel VEEG TEXVIKEG E TIG omoleg SnuLoupyouvTal KAAA OpYaAVWUEVO ELKOVLKA
nieptBarovta yla tnv eunnpétnon epapuoywv. Ta meptBAaAAovta autd eEUMNPETOUVTAL O
SlakopLoTEC Kal Ta debopéva Toug anobnkevovtal o data-centers, mapéxovrag £T0L LlOXUPN
ETEKTOOLUOTNTA OTLG EPOPUOYEG HUE AVTAANQY LA EVA AELTOUPYLIKO KOOTOG. JUVETTWG TTAEOV OL
XPNOTEC Xpnoldomololv TIG €dapuoyeég mou Béhouv amd kabBe tomobBeoia Xwpi¢ va
neplopidovtal armo tig SuvatdTNTES TOU UNXOVHLATOG TOUG.

AUt n VEQ TPAYHATIKOTNTA £XEL UAOTONBEL XAPLC TNV aAVATTTUEN TWV ELKOVIKWY
neplBaAlovTwy. Evag Baotkog TUTTOG ELKOVIKOTIOLNONG ELVOL N UETATPOTIH TWV £HAPLOYWV
o€ containers (containerization), o omoiog &elval €miong yvwotoC wC ELKOVIKOTOLNON
AELTOUPYIKOU CUOTAMOTOC Kal adopd TNV SuvatotnTta €vOC AEITOUPYLKOU CUCTHUOTOC va
ETUTPEMEL TNV SNuLoupyia MOAAATTAWY AMOUOVWHEVWYV TIEPLBAAAOVTWY XprRoTn. Méow aUTAG
TNG ELKOVIKOTIONONG TO AOYLOULKO UTIOPEL va TapEXeTal o€ popdn makeTwy (containers).
AUTA TO TTAKETA ETMUTPEMOUV OTLG EQAPUOYEG VA TPEEOUV TTAVTOU TTPOCdEPOVTAC ETOL UEYAAN
g€UKLWVNOLlO 0TV avamrtuén Kal €YKATAOTAON TOUG. AUTEG OL VEEC TEXVIKEC £EUTINPETNONG
epappoywVv €Xouv BEATIWOEL CNUAVTLIKA TNV EUTIELPLO TOU XPROTN KOBWG N €lKOVIKOMOinon
TWV UTTOAOYLOTIKWY CUCTNHATWV €XEL AUENOEL TN SlaBeouoTnTa TWV MOPWV OTIC EGAPLOYES
onUavtikd. Opwg mapd avtr tn BeAtiwon otnv SlaBeouotnta TV ePappoywy, n avaykn
efumnpetnong twv WBwv Kal tTwv SeSoUEVWY TOUG, €XEL TIPOKAAECEL avénon ota KOOTN
ouVTAPNONG TWV SLOKOMLOTWY Kol Twv data-centers TOuG. ZUYKEKPLUEVA, €PAPUOYEC TOU
polpalovtal TOPOUC KATA TNV €EKTEAECN TOUC, TAPATNPOUVTOL TIWG QVTLUETWT{OUV
npoPBARUaTa anodoonc mapd TNV MTOCOTLKI LKOWVOTIOLNGN TWV UTTOAOYLOTIKWY aVAYKWV TOUC.

QG amotéAeoua, yla TNV €AAXLOTOMOINON TWV KOOTWV QUTWV £XOUV avamtuxBel
Sladopeg TEXVIKEC Olaxeiplong mopwv. Opwe o€ €va UTAPXOV YVWOTO TPOYPAUUQ
gvopxnotpwong edpappoywv He to Ovopa Kubernetes, n Sloxeiplon Twv UTTOAOYLOTIKWV
TOpwv PploKETOL O TPWIMO KoL avemapkég otadlo. To Kubernetes amoteAel £vav
efalpeTikd umoPndlo yla TNV AUTOPOTOMOLNCN TNV €yKOTAOTAONG £PopUOywy, TNV
Slaxeiplon toug Kal ya TNV dlaBeoudTNTA TOUG MPOC TOV XPNOTN. QC AMOTEAECUO NTAV
QVOEVOLEVN N XPON TOU OTNV SLaXELpLON TTOKETAPLOUEVWY €POPUOYWV OTA TTAALOLO TNG
€LKOVLKOTIOLlNONG. ZKOTOC Hag €lval va emekteivoupe tov Kubernetes, wote va umopet va
avtilapPavetal moleg edpappoyEg mpokalouv mpoBAnpata anddoong HETOEU TOUG, Ko
HEOW OAYOPLOUIKWY TEXVIKWY, VA TIC OUASOTIOW)COUE KATAANAQ, HUELWVOVTAG £TOL TA
KOOTN ouvTAPNONG Tou Kat BeATiwvovtag tTng andodoaon Touc.
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2. KuBepvitng kot Elkovikomoinon

Mpotou ekwvriooupe TNV meplypadn Tng onuaciag €miyvwong Tou UTTOAOYLOTLKOU
OUCTAMATOC Ylo TAPEUPBOAEC METAL edapuoywVv o€ €va UTOAOYLOTIKO VEDOC, elval
amapaitnto va €fnynBel avaAuTik@ n €lkovikomoinon. Ta UTOAOYLOTIKA VEDN £XOuv
ETUTPEYEL TNV amoBrikeuon Kat mpooméAaon Sedopévwy PEow Tou IvtepveTt, xwpig mMAEov va
Xpelaletal n amobrnkevon Toug otov okAnpo Sioko Tou xprotn. QG amMOTEAECHA, OL XPriOTEC
UMOpoUV va XPNnoLUomolloouv £dappoyEC PEow OSLadIKTUOKWY OUVOETEWY, Xwpig va
XPELAZETOL VA EYKATOOTAOOUV KATL OTOV TIPOOWTILKO Toug uttoAoylotr. Etol, ol epaployEg
A€oV, oteyalovtal o€ EUTINPETNTI UE CUYKEKPLUEVEG OUYKEVTPWTIKEG APXLTEKTOVLKEG KL Ol
XPNOTEC UTTOPOUV VAL TIG XPNOLUOTIOW|C0UV HECW TNG KATAANANC Slemadn Kat TnG avaAoyng
SladIKTUaKAG CUVEEONC. ZUVEMWG, ELKOVIKOTIOINON €XOUHE oOtav n Yndlokn popdr HLoG
edapuoyns Snuioupyeital mpog xprion avti yla tnv idta tnv edbapuoyn kabautr. Onote pog
elval Katavonto nMw¢ To UTIOAOYLOTLKO VEDOG BacileTal oTnV €LKOVIKOTOINGN YLO VO KAVEL TNV
XPNon Twv ebapUoywV TILO EUKOAN KOL APECTH) OTOV XPNOTH.

H elkovikomoinon oto UmoAoyLoTIKO VEDOG avadEpeTal otn SNULOUPYLA ELKOVIKWY
UTTOAOYLOTIKWV HUNXOVAUATWY, AOYLOULKWY KOL AEITOUPYLKWY CUCTNUATWY, OTTOTPETIOVIAG
€TOL TNV OVAYKN ylo EEXWPLOTH €yKATAOTAON AOYLOUIKOU o€ KABe ¢duolkry pnxovn Tmou
TUPOKELTAL VA TO XpNOoLUoToLoel. Ouwg n elkovVikomoinon cuvavtdtal o€ TTOAEG LopdEG, yLa
Vo UIMOPECEL KAVEIG £TOL va LKavomol)oel TIG OladopeTIKEG avaykeg otnv Slaxeiplon
edapUOYWV Kal XpHon UTIOAOYLOTIKWY TIOpwV. OL TPELG BACIKOTEPOL TUTIOL ELKOVIKOMOLNONG
elvalt  yvwotol wg, Ewovikomoinon Awakopwotr), Eiwkovikomoinon Alemadng Kot
Ewkovikomoinon AmoBnkeutikol Ywpou. O TIO YyVWOTOC TUTOC ELKOVIKOTMOLNONG Tou
EMNPEAlel TO UTOAOYLOTIKO VEDPOG TO TEPLOCOTEPO €ilval n €lKOVIKOToinon SLakouLoTH.
JUYKEKPLUEVQ, N ELKOVLKOTIOINON SLOKOWMLOTH ETUTPEMEL OTOUG TTAPOXOUG val BEATLOTOTIOLOUV
TNV XPAON TWV PUNXOVNUATWY TOUG KOL VO ETILTPEMOUV OTLG €POPUOYEC TOUG VA TPEXOUV UE
KaAUtepn amodoon. Auto kabiotatal ePIKTo, KABWE N ELKOVIKOTOLNGN AUTH EMLTPEMEL TOV
SloXwPLoOPO KAl TNV QMOHOVWOoN TWV HNXOVNUATWY TOU UTIOAOYLOTH, OO To KABe
TIPOYPAUUA TTOU Umopel va Tpg€el og autov. OL puatkol topol Tou urmoloyloth ekdppalovrol
€TOL HUE AOYIKEC QVTUTOPAOTACELG, OMWE Yl TAPASELYUA O EMEEEPYAOTHG EVOC UTTOAOYLOTN
(CPU 6nAadn) , o onolog mAéov ekdpaletat wg vCPU, dnAadn Yndlakog emefepyaotic. Auth
N AOYLIKN QMOUOVWON TWV TOPWV €VOC UTIOAOYLOTH, EMLTPEMEL TNV SnUloUpYila ELKOVIKWV
punxavnuatwyv (VMs) otov (610 Tov UTIOAOYLOTH, EMLTPEMOVTAG TNV KOAUTEPN KOTOVOUN TWV
edapuoywv avaloyo UE TG AVAYKEC TOUG.

Mépa amo TIG ELKOVIKEG LNXAVEC, LE TNV ELKOVIKOTIOLNON €XOUKE KAL TV AVATTTUEN TWV
containers, aAALWG oTa EAANVIKA TIEPLEKTEC, LECW TWV OTOLWV UTIOpoUV va otnplxBouv Katl
va avartuxBouv epapuoyég onwe edpapuoyes dtadiktuou. Ta containers autd sival popntd
HETAEL pnYavNUATWY, aflOmoTa Kol KALLOKOUUEVA ETIITPEMOVTAG TNV EUKOAN QVATTUEN Kal
Sdlaxeiplon twv edpoapuoywv toug. To Kubernetes i oAwwg ota eAAnvika KuBepvAtng,
ETUTPEMEL TNV SLoXelpLon TETOWWV KIBWTIWV - containers Ko XpnoLUOTOLEITOL EUPEWC YLOL TNV
Sloxelplon Twv edoppoywV TOUG. Zuykekplpéva, to Kubernetes eivat pa dopntn,
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EMEKTAOLUN TIAATOPpUA avoLxToU AOYLoULIKOU Ttou SlaxelplleTal TAKETAPLOUEVEG EPAPUOYES
KOL UTNPECieg €AEyXOVTOG TNV TOPOUETPOTOLNON KalL TnV autopatomoinon toug. Qg
QTOTEAEOHQ, EXEL €V HEYAAO KOL QVAMTTUCCOUEVO OLKOCUOTNHO TO OTOLO HOG ETILTPEMEL VAl
TPEEOUUE KATAVEUNUEVO CUOTAHOTO HME Aveon Kot glaotikotnta. Etol, to Kubernetes
ETUTPENMEL OTOUG TIAPOXOUC UTINPECLWV VA XPNOLUOTIOLOUV amoSoTIKA ToUuC GUOLKOUG TOUG
TOPouU¢ evw TapaAAnAa Statnpouv To emninedo anddoong twv edpappoywv mou avalntd o
neddatng. To Kubernetes O&laxelpiletal T €PopUOYEC, QUTOUATOMOLEL TNV ovaATTuén
AoyLopLkoU Kat tpoodEpPeL HEYOAUTEPN aodAAELA.

‘Exovtag MAEOV KATAVONOEL TNV XPNoLwlotnta tou Kubernetes, €ival onuaviko va
€€NYNOOULE KOl TNV AELTOUPYLA TOU KOL TNV QPXLTEKTOVIKI) TOu. ApXLKA, Otav gykablotol e
1o Kubernetes og éva cuotnua €XOUUE pia cuotada yvwotn Kot wg cluster. H cuotada tou
Kubernetes amoteAeital amod éva MARB0G UNXavwv-Epyotwy, oL onoieg ovopdalovtal Koppot
(Nodes) koL TpEXOUV TIG TIOKETAPLOUEVEC PopUOYEG. To oUVOAO €VOC | MEPLOCOTEPWV
TETOLWV TIEPLKETWV LE KOLVOXpNoTo SiKTUO Kal Ywpo armobrikeuong ovopdletal Pod. To Pod n
ota eA\nvika KapouAa, gival To pikpotepo avamtuiLuo KOUUATL AoyLopikou oto Kubernetes
Kol Sloyelplletal éva n MEPLOCOTEPA KOVTELVEP EPapUOywWV. OL EPOPUOYEC QUTEC TPEXOUV
navta mavw otou KopBoug, dnAadn otic pnxaveg-epydtec. Opwe pia (1 Kot MePLooOTEPEC
av B€éhouvpe va €xoupe uPnAn SlaBeolpdTnNTa 0TO CUOTNUA HOC) HnXavh €XEL TOV POAO TOU
kouBou-adévtn, n omola Slaxelpiletal tn cuotdda tou Kubernetes kal tig Aeltoupyieg tou.
Jtov KOpPBo autov PBpioketal to eninedo eAéyyxou tou Kubernetes, to omoio Ba mapel Tig
anodAoelg amapaitnTteg yla tnv Astoupyia tng cuotada, KABWG Kal ylo TUXOV UETOPROAEG
Kol cupBavta oto cuotnpa. OL amodACELG KoL OL EVEPYELEC AUTEC AapBavovtal ano diadopa
UTto-Uépn tou emutédou eléyyou, onwg to Kube-apiserver, to omoio sivatl unevBuvo va
emBeBalwvel kal va emaAnBevel ta dedopéva yla AANQ AVTIKELLEVA OTIWG YL TTOPASELY A
ta Pods mou avapEpBnkav mponyouuevwg. EmutAéov, undpxel kot to Eted, to omoio eival
€VOG OUVEMNG Xwpo¢ amoBnkeuong vPnAng Sabeocudtntag yo va amobnkevel OAa ta
debopéva tnG ouotadag pag. Akoun, umapxel kalt o Controller-Manager, o omoiog TpExetl
OAeC TIC peBOSoUC eAéyxou yla TNV ouUoTASA. JUYKEKPLUEVA , £XEL TTOAAQTTAOUC EAEYKTEC OL
omoiot elval umevBUVOL yla TA TTEPLOCOTEPA KOUUATLA TNG OUOTASOC OTIWCE Yl TTapAdELyUQ,
toug KopPoug, ta Pods, tig umnpeoieg mou ekteAolvtal KA. TéEAog, To €€dptnua ToOu
Kubernetes mou Oa pag¢ amacyoAnoel meplocodtepo eival o Scheduler, i aAlwwg o
Apopoloyntrg. O Apopoloyntng mapakoAouBel cuvexwg yla véa Pods, ta onola dgv €xouv
akoun dpopoAoynbel mpog kavévav Koppo, wote va e€umnpetnBbouv. Etal, o Apopoloyntig
Ba Babuoloynoel kabe dlabeoipo kKOpBO wg mpog To vEo Pod kat pe autdv tov Tpomo Ba
ETUAEEEL TOV KAAUTEPO WG TIPOC TNV £POpUOYh.
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3. Enéktaon touv KuBepvitn ko YAomoinon AAyopiBuwv

Onwg €yve katavonto, n dtadikaaoia AnPng anodpacewv mpog tTnv SpouoAdynon Kal
KOTOaVoun Twv edpappoywv o éva cuotnua tou Kubernetes yivetal amd tov ApopoAoynth).
JUYKEKPLUEVQ, TO eTtimedo ANYNG anopacewv yla tnv popoAroynon plag epapuoyns evtog
evog Pod, mpog €vav ouykekplpévo KopBo kat dpa emakoAoUBwC o€ €val OCUYKEKPLUEVO
dUOKO punxavnua, yivetol otov ApopoAoyntr). ZUVETWG, TO EPWTNUA TIOLOL UTIOAOYLOTLKOL
mopot Ba kaAuPouv TIC AVAYKEG TNG €KAOTOTE €PapPUOYAG, QAMAVTATOL OO TOV
Apopoloyntr. H ocuveldntomoinon autr PO EMITPETMEL VA EEETACOUE TOV TPOTO UE TOV
OO0 UMOPOUUE VO EMNPEACOULE TNV CUUTEPLOPA Tou Apopoloynth Kal va kabopiooupe
TOV TPOMo mou Ba katavepnBoulv ol epapuoyeC. H owotn emthoyr) Twv KOUPwWV yla TLG
epapUOYEC TTOU TPEXOUV OTO CUCTNUO MaG, Ba amoteAéoel onUAVTIKO epyaAeio pog TNV
gfolkovounon mopwv Kal tnv tkavotnta tou Kubernetes va dtatnpet tig epapuoyeg tou o€
uynAn anédoon.

3.1 O Apopoloyntnc tou KuBepvntn

O ApopoAoyntng, mpv anodaoioel oG KOMBOG Talplalel MEPLOCOTEPO yLa KABe
Pod mou katadBavel oto cuotnua poc, AapBavel umOPLV ToU OPKETOUC TTOPAYOVTEC OTWG
Ol QTALTAOELG UTTOAOYLOTIKWVY TIOPpWV, TpodlaypadEC OUYYEVELOG, TIEPLOPLOUOL TTOALTIKAG 1)
AoylopikoU kat aAAa. MNa va ennpedcoupe tv Stadikaocio autr, npoobéoape S1koug pog
TAPAYOVTEG TPOG TNV €mloyrp Tou KatdAAnAou kopBou, emektelvovtag €10l TOV
Apopoloyntr) pe TNV xpnon mpocBetwv Asttoupywwv (plugins). MAéov o PBaotkdTePOG
mapayovtag yla tnv €mloyn tou KataAAnAou kopPou Oa eival o S1KOG poGg, o omolog
npoodidel oto Kubernetes eniyvwon napeufoAwv petall edappoywy.

H BelAtiotomoinon Xpnong Twv UTOAOYLOTIKWYV TOpwv amd tov Apopoloynth
apKoUTOV OMAQ OTOV EAEYXO VA LKAVOTIOLOUVTOL OL TEXVIKEC QMOLTAOELS TWV £QAPHOYWV Kall
epooov autég mpadyuatt kaAumttovtay, n dpopoAoynon Adppave PEPoG. Ouwg, Omweg €xeL
napatnpnOel, epopuUoyEC TOU PALVOUEVIKA KAAUTITAV KE EUKOALQ TIC OUTALTHOEL TOUG
auteg, epdavilav coBapa mpofAnuata anodoonc. Auto odelletal otic mapeBOAEG Tou
UMopel v £€XOUV OUYKEKPLUEVEG €eDAPUOYEC HE AMNEG Otav polpalovtal Kowoug
UTTOAOYLOTIKOUG TIOpOoUC. MA£0V OKOTIOG LA lval n EMEKTAOCN TOu SpooAoynTH HLE T Xpron
Twv plugins, wote va avtlhapBavetal moleg epapUoyEG MPOKAAOUV TTAPEUPBOAEG 0 AAAEG
KOLL VAL TLG KOTOVEUEL OVOAOYWG.
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3.2 Enéktaon tou Apopoloynti

H eméktaon tou Apopoloyntr WOTE VA TOU MPOCSWOOUUE TNV CUUNEPLOPA TIOU
emBupoL e yivetal pe tn BorBesia tou MAatciou ApopoAoynong i alwwg Scheduling
Framework. H cupnepidpopd tou Apopoloyntr pmopel va aAlaéel epdoov ypa el Kaveig
€va el0lkd opxelo mapapeTponoinong tou Apopoloyntry LE To omoio Ba emnpedlel TG
Sladopeg paoelg SpopoAoynong evog Pod. KaBe ddaon ektiBetal péow €vog onueiou
ETEKTAONG YVWOTO KOl WG extension point.

OAa ta mopandvw yivovtal epIKTd He TN Xprnon tou mAawsiov SpopoAdynong. To
mAaiolo SpopoAoynong sival po BUCGUOTOUUEVN QPXLTEKTOVIKN yla Tov ApopoAoynth Tou
Kubernetes. MpooBétel pla véa opdda amod eMeKTACELS oTOV umtapyovta Apopoloynth. Ot
ETEKTAOELG QUTEC UETOYAWTTI{OVTOL 0T CUVEXELO TAVW OToV dpopoAoynth Kal emnpedlouv
€TOL avaAOyw¢ tnv cupmepldopd Tou, eVvw TapAAANAa pag eMLTPENOUV va SLaTnPoUUE ToV
Apopoloyntr) eUKoAa StatnproLo Kat eEAadpu.

KaBe Stadikacia popordynong evog Pod, xwpiletal oe SUo daocelg. H mpwtn ¢paon
Aéyetalr daon Spopoioynong (scheduling cycle) kat n &eltepn ¢dpaon Aéyetal ¢aon
6éopevonc (binding cycle). Katd tnv ¢paon Spopoldynong, UmtdpXouVv CUYKEKPLUEVA ONUEla
enéktaong tou Kubernetes ta omoia €Aéyxouv tov TPOMO HE Tov omola Ta§lvopel o
Apopoloyntng ta adikvolueva Pods, GATpdpel Toug KOUBOUG £TOL WOTE VA HELVOUV HOVO
ediktol kOpPoL KaL otn cuvéxela toug Babuoloyel waote va Bpel To KaAUTepo leuyapt yla
v edpappoyn pag. Metd tnv emthoyr) Tou KotaAAnAotepou koOpBou, &skwva n ¢aon
6€opevong. Katd auth tnv ¢paon, po SLapopeTikr) opada amd onueia eMEKTAONS EEKVAEL,
nou ennpealouv tn cupnepipopd dpopoloynong mpv tng S€opeuon tng epapuoyng otov
KouBo, kata tnv didpkela tng S€0HELONG KOL PETA TO TEPAG TNG. Me autdv tov TpOmo
OAOKANPWVETAL KAL N avartuén tng ebappoyng 0TOV OTOXEUUEVO KOUPO.

H moapouoa BPA0BNkn eméktaong tou Spopoloyntr mpoodEpel MOAAA onueia
EMEKTOONG, EUEL OpWC Ba oTaBoUPE 08 AUTA TIOU ATOV AMAPALTNTA YO VO TTPOCSWOOUUE
otov Spopoloyntr tn cupneplpopd mou BEAOUUE. APXIKA, TTPWTO ONHELD EMEKTAONG TIOU
ekTiBeTaL amnod to mAaiolo Spoporoynaong eivat to OiAtpo (Filter).

To Filter Plugin xpnowuomoleitat yla va armokAELoToUV KOpBoL mou dgv umopolv va
tPE€ouv TNV edapuoyn. Av kamolo Filter plugin onuewwoel évav kOpBo w¢ akatdAAnAo, Tote
Kal OAa ta urtoAouna plugins tou idlou eidouc, Ba tov mapakaupouv.

21N ouvéxela adoul TALov £xouv eAeyxBel oL kool kat eival Stabgoipol ool povo
tatpralouv otnv epapuoyn pag, kahouvrtal plugins ta omoia adopouv ™mv
BaBoAdynon Twv EVATTOUELVAVTWY KOUBwWV. AUTO To onpelo eméktaong ovoualeTal onueio
enéktaong BabBuoloynong  alwg Scoring extension point. Plugins mou xpnolomnolouve
TO onuelo auto, €xouv Suo dacelg. Kata tnv mpwtn ¢acn, mou ovopdletal kat ¢pacn
BaBuoAdynong ot Swabéowuol kOpPoL mMou mepacav tnv  ¢daon  PAtpapiopartog
TIPONYOU HEVWE, Babuoloyolvtal avaloya HE TO XOpOKTNPLOTIKA Touc. Xtnv deltepn daon
Kol apou €xouv BabuoAoynBel 6Aol oL kKOpBOL €xoupe tnv opalomoinon Baduoioyiag N
aAww¢g "scoring normalization". Katd tn Stdpkela tng ¢Aong aUTAC, TPOTOMoLoUvTal Ol
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BaBuoloyiag tou kaBe kOuPou, TPOTOU O APOPOAOYNTAG TOPOUCLACEL TNV TEALKNA
BaBuoloyia twv kOpPwv. H ddon auti pag emutpénel va dtopbwooupe tnv Babuoloyia
TWV KOPPWV Kal va emMaAnBeVooupe MwG elval MPAyUOTL 0 €val AOYLKA OpLOUEVO TIESLO
TIHLWV.

3.3 AAVOPLOULKEC TEXYVIKEC

Otav Spopoloyol e ebpapUoyEG oTOUG KOUBOUG , o Spopoloyntrg tou KuBepvAtn
Ba tpé€el kaBe plugin otn SnAwUEVN OELPA TOUG £TOL WOTE va amodacioel Kol va eTAEEEL
TOV KaAUTEPO KOUPBO yla TNV edpoappoyr mou katepBaoe otov oépPBep. Kabe aAyoplBuikn
TEXVIKN TIOU Ttapouclaletal o autn tn SUTAWHATIKN epyacia €xel yvwpova adevog to
d\Tpaplopa TwV KOUPBWY WOTE va €XOULE LOOTOCH KOTOVOUN TWV £POPUOYWV OTOUC
SlaBéaopoug kouBoug kat adetépou tnv Pabuoldynon toug cUpdwva PE TO UTAPXOV
doptio mou €xouv. Iuykekplpéva Kotd tnVv ¢aon tng Paduoloynong twv KOpPwv, o
Spopoloyntng AapPavel to doptio epapuoywv Tou KABe KOUPBOU. ITn CUVEXELQ, CUUPWVA
LE TNV EKAOTOTE aAYOpPLOULKN) TEXVIKN, BaBpoloyel Tov KaBe kKOUPBO cUpPwWVA TTAVTA PE TNV
mBavn poodnkn tng véag adikvoupevng epoapuoyns. H Babuoloyia tou kéuBou dnladn,
umoAoyiletal otnv mepintwon mou Ba pocOetaue TNV véa edapuoyn.

H BabuoAdynon twv kopBwv Baciletal otov UTIOAOYLOHO TNG OVOUEVOUEVNS
kaBuotépnong mou Ba mpokAnBel amd tnv tomoBétnon SUo N MEPLOCOTEPWVY €PAPUOYWV
pall otov 6o koppo. Etol 600 Xelpodtepn ival n kabBuotépnon toco uPnAotepn Ba eival
Kat n BaBuoloyia Tou kKOpPouU. Auto Slopbwvetal pe avtiotpodr) tng Babuoloyiag katd TV
daon Opalomoinong BaBuoAoyioag. JuVvenwe, 600 HIKPOTEPN KOOUOTEPNON €XOUME KATA
Vv tonoBétnon epapuoywv pali, tooo kaAutepn emiloyn amoteAel o KOUPBOG auToG.

OL aAyoplOuLKEG TEXVIKEG edapuolovTal KaTa TNV Slapkela tng BabuoAoynong twv
KOUBwv, kaBwg n dpdaon Otpapiopatog eivat Kown aveEopTATWE TEXVLKIG WOTE VAL EXOUUE
LOOTIOCN KOTAVOWN TwV £PAPUOYWV OTA UEPN TOU CUOTAHOTOC. JUYKEKPLUEVA, OL TPELG
SL0POPETIKEG TEXVLKEG TTOU EPOPUOCALE Elval oL €€NC.

Mpwtn aAyopLOUIK) TEXVLIKH TIOU €EETACTNKE €lval 0 ATANOTOC AAYOPLOUOC 1 AAALWG
Greedy Algorithm, o omoiog npoonaBei va tonoBetioetl pall 6co to SuVATOV TEPLOCOTEPECG
epapuoyég, mou mpokaAoUV  Alyeg mapeUPoAEC otnv amoddoon Twv CUV-TOMOBETNUEVWY
edapuoywv. H 8eltepn alyoplBuikn TteXVKR Tpoomabel va Opdcel Pe Tov akpLBwg
avtiotpodo tpomo. Ovopaletal XopLoTIKOG aAyoplBpoc ) alwg Sparing algorithm, kaBwg
npoonaBel va xaploel tnv eniboon tTwv mMeploocotepwv edappoywyv, tormobetwvrag pall
epapuoyéc pe uvPnAn Swabson va mpokaléoouv TapPeUPBOAEC O OUV-TOMOOETNUEVEG
edappoyég. Kat’ autdv tov tpomo «Buoidlovtag» edpapuoyeg mou Ba dSnuloupyoloav
nipoBARUATa 0€ GAAEG, ETULTPEMOVTAG OTLG UTIOAOLIEG va Slatnprjoouv Tnv anddoon Toug ot
anodektd enineda. TENOG, SOKLUAOTNKE KoL €vag To oUVOeTog aAyoplOpog, Baclopévog
oTNnV TomoAoyia Twv KOpBwV Kal ovopaotnke Socket-based Algorithm. Juykekpluéva, autog
0 aAyoplBuog, mpoomnabel mo €€unmva va tonobetnosl epapuoyég pall, cuvdualovtag Tig
QVOEKTIKEG HE TIC ETUOETIKEC KAl TIC guaioOnTeg pe o APePEC. Kat’ autov Tov Tpomo ta
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levyn edapuoywv mou polpdalovtol UTIOAOYLOTIKOUG TIOPOUG HE TETOLO TPOTO WOTE va
€€olKOVOUOUVTAL OTO ETMOKPO.

3.4 XopaKkTnpLopoc ebopuLoywyv

Onwg €ylve eVKOAA QVTIANTITO, N LKAVOTNTA TWV OAYOPLOUIKWY TEXVIKWY va Spouv
Kal va mpoadEpouv otov KuPBepvAtn tnv emiyvwon mopepBoAwv OTIC amoSO0El TwV
epappoywv, Baciletal apxLlkd oTnV €Niyvwon TwV XapaKTNPLOTIKWY TWV EGAPHOYWV OUTWV.
KaBe epappoyn mou dpaotnplonoleital o€ €va GuoLKO pnxavnua dev onUaivel Twg EXeL Kal
v 6l cupnepipopd pe TIG uTtOAoueG. AvTIOETwWG, €xeL mapatnpnOel mwg n KAOe
epapuoyn 6pa Sladopetikd Otav ocuv-tomobeTeital e AAAEC KAl UTIAPYXOUV CUVETWG,
Sladpopetikol TUmoL epapuoywv He StadopeTikous Babuolg emidpaong Kal EMIOETIKOTNTOC.
Ta U0 BaokA XapaKTNPLOTIKA KABe edappoync mou kabopilouv tn cuumepldpopd NG,
opilovtal w¢ n emBetikOTNTA TNG EPapPUOYNAG KaL N evatlodnaoia tnc.

H ermubetikotnta plag epappoyng kabopilel tnv Lkavotnta tng va ennpealel tnv
anodoon AAwv edapuoywv Otav Holpalovial Kowoug TIOPOUG. ZUYKEKPLUEVA, TETOLEG
edapuoyEC MPoKAAoUV TNV Helwaon TNg amodoong Twv MEPLOCOTEPWY dapUoywy Tou Ba
tonoBetnBoUV pall Toug. Ouwg pLo emBetikn epappoyr 6 Ba To MPOKANETEL 0 OAEG TIG
epappoyéc mou Ba tomoBetnBouv pall tnG. Autd cupPaivel emeldr) UMAPXEL KoL €va
6€UTEPO ONUAVTIKO XAPAKTNPLOTIKO TwV £PAPUOYWY WE TIPOC TIC TTAPEUPBOAES peTalL TOUC.
AUTO TO XOPAKTNPLOTIKO YVWOTO W¢ evaobnaia, kabopilel av Kot KATA TOco pLa edpappoyn
Suvatal va TapousLACEL ONUOVTIKA HElwon amodoong UETA TNV TOMoBETnon NG HE AAAEG
edappoyéc. Autd ta SUO XAPAKINPLOTIKA OUVEMWG, ONULOUPYyoUV TECOEPL, KAAOELS
edapuoywv. H mpwtn KAAOn, TMOU KATA TNV OSLAPKELD TWV TELPAUOTIKWY UETPHOEWV
ovopaletol kAdon A, eivat n tafn edappoywv mou Oev eival eTIOETIKEC Kal OUTE
evaiobnteg. Tétoleg, edappoyégc Bewpouvtal LOAVIKEG KAl n KAAUTEPn e€mAoyn ylo
TomoBEtnon pe omolovdnmote GAAO TUTO £DAPHOYNAG. TN CUVEXELD, OL EQAPHOYES KAAONG
B, elval epapuoyég mou eniong Sev elval emBeTkéG, OpwWE Twpa eudavitouv auvénuévn
gvawodnoia. Edapuoyég TETOOU TUMOU £XOUV TO TPOTEPNUA VO HNV  TIPOKAAOUV
napeUPoréc otnv amoddoon AAWV ePOPUOYWY, OUWE OVTOG gvaioBNnNTeEC avTlpeTwrilouv
TPOoPBANUATA KATA TNV TOTMOBETNON TOUC PE AANEG eMIOETIKEG edappUoyEC. ATTO TNV GAAN
HEPLA, EPOPUOYEC TOU €lvol HeV eTUOETIKEC aAAd Oev elval svailoBnteg avrikouv otnv
katnyopia . TEAoG, uTtdpxouV Kal ebAPHOYEC OL OTIoLEG elval KoL EMIOETIKEG TIPOKAAWVTOG
pelwon otig anodooelg AANAwV cuv-TomoBetnuévwy edappoywyv, oAAd kat evaioBnteg dvtag
€T0L EVAAWTEC TPOG AANEG TtapeUPBOAEC. AUTEG oL edapHoyEG amoTeAoUV TNV Katnyopia A
Kol Xpl{ouv onUOVTIKAG TPOCcOoXNG Otav TomoBeTolvtal o€ Eva cUOTNUAL.
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4. Tuykpltikn A§loAoynon ko NepBaAiov Ektédeong

Jupdwva Pe T Tapanavw, n enéktacn tou KuPepvitn PBaoiletat adevog otnv
EMEKTAON TOU (610U TOu ApopoAoynth Tou, CUUPWVA HE TNV EKAOTOTE AAYOPLOULKA TEXVLKN
Kal odeTEPOU  OTNV  avayvwplon KAl TOV  XOPOKTINPWHO Twv €POPUOywV TOU
Sdpaotnplomololvtal 6To cUOTNUA Tou. H TElpapatiky afloAoynon Twv MOPATIAVW EYLVE LE
v dnuioupyia tou KatdAAnAou meplBAAAoviog ekTEAEONC KaBWC Kol HE TNV XPNHON
OUVKEKPLUEVWY YVWOTWV €PApUOYWY OPOCHHUWY, WOTE va Yivel edlkT) n UETPNON TNG
anodoong cUUPWVA LE TO TIELPAUATIKA TIPOTUTIA.

4.1 Xpnon edapuoywv opoonLwv

Ma TNV amokInon UETPNOEWV KAl TNV emaAnBeuon Twv aAYOpLOULKWY TEXVIKWV
xpnowlornownBnke n yvwotn BBAoBnkn petpompoypappdtwyv SPEC Benchmark suite. Ot
€DAPUOYEG- UETPOTIPOYPALUOTO TIOU XPNOLUOTOBnKav £XOUV OKOTIO VO TIPOCOUOLWOOUY
PEAALOTIKEG KATAOTAOELG OO TIPOYPAULLOTO EKTEAECEWV Java PEXPL CUVOETEG UTTOAOYLOTIKEC
Olepyaoiec. H BiBAoBnkn SPEC CPU emurpénel tnv afloAdynon TnNG UTOAOYLOTIKNG
LKOVOTNTAG TNG €dappoyng we MPOC TNV Xpnon tou emnefepyaot. Me autov Tov TPOToO,
Snuoupyolpe oevdpla pooopoiwong adkvoupevwy edapuoywv Kot afloAoyoUUE av
TIPAYHOTL OL AAYOPLOULKEG TEXVIKEG BEATLWVOUV TNV AMOS00N TOUG GE GUYKPLON HE TOV QA0
Ttuxaio aAyoplBpo SpopoAoynong.

Mna tnv AqPn autwv TwWV HETPHOEWY, E€LVOL AmapaitNTO VA KOTOUETPHOOUUE TOV
XPOVO EKTEAEONC TNC €KAOTOTE edappoyns. Apxikd, kabe opoonuo edapuoyng mou Oa
xpnotwonotnBei ota diadopa oevapla, TPEXEL AMOUOVWHEVO UE TIANPN EAEYXO TTAVW OTOUC
SlaBéaopuoug umoAoyloTikoUg mopouc. Etol €xoupe tnv amoddoon kaBe edpapuoyng oe
6avikd oevaplo Xwpig mMopeUPOAEG, Kal UMOPOUUE TAEOV va UTOAOyiooUUE Ttov Baduo
pelwong tng anodoong ota dadopa cevapla MPOoOUoiwaonG. ZUYKEKPLUEVD, KAOe oevaplo
ektéleonc Ba tomoBetnoel pall SUo SladopeTikEC ePapUOyEG OTOUG KOUBOUG WOTE OTN
ouvéxela va €xoupe évav mivaka NxN (omou N StadopeTikol TUTIOL LETPOTIPOYPAUUATWY) UE
TIG LETPAOELG EKTEAEDONC TNG KABE edapUOYNG.

Exovtag TAEOV TIC KATAAANAEG WETPNOELG MMOPOUME va KoataAnéoupe otnv
Katnyopla epapuoyng He tn Xxpnon Mg oelpdg amod Oeikteg mpoPAedng. O Seiking
npoBAedng autog urmoAoyilel kal TNV evalodnoia Tng ekaotote edapuoyns, cLUGWVA HE TLG
TIHEG eKTEAEONC TNG Blog, aAAA Kal TNV emBeTkOTNTA TNG oUPdWVA HE TNV UELWON
arnodoonc twv AAwv edappoywv otav tomobetnOnkav pall tng. Me autov Tov TPOMO,
kaBlotatat duvat n katnyoplomoinon tng KaBe edpoapuoyng, wote va yivel duvatn n
Slaxeiplon Toug amod TNV eKACTOTE AAYOPLOULKA TEXVLKA.
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4.2 Anuwovpyia NeptBaAlovtoc Exktéleonc

Ma tnv nepapatikn afloAoynon tng 0€ong tng SutAwpatikng, Snuwoupyndnke éva
TepLBAANOV EKTEAEDNG YL TNV TTPOCOUOLWAON PEAALOTIKWY CUVONKWVY KATA TNV €UmnpETnon
edappoywv omd €vav TAPOXO. ZUYKEKPLUEVA, OTAONKE €val UTOAOYLOTIKO oUoTNUa
BOOLOUEVO OTNV QPXLTEKTOVIKI) ELKOVIKOTIOINONG, TO OmMoilo amoteAeital amd TECOEPLS
UTTOAOYLOTEG ME TNV (6lo UTIOAOYLOTIKN LKAVOTNTO. AUTA Ta TECOEPA UTIOAOYLOTIKA
ouaotnuata anotéAsoav toug 4 KopBouc tnc ouotadag tou Kubernetes.

2Tn OUVEXELA oL EPAPUOYEC OPOCNLO TIOU XpNOoLUoToLROnKay, Katnyoplomotnonkav
MAVW O€ OQUTA TA PNXOVAHATA WOTE va Kataypadel N cupnepldpopd TOUG KATW OO TNV
OUYKEKPLUEVN QPXLTEKTOVIKN KAl UTTOAOYLOTIKA LKAVOTNTA TwV cuoTnpdtwy. MNa tnv Ajyn
LKOVOTIOINTIKAG TOoOTNTAG UETPNOEwWY, UAomowiOnkav moAlamAd ocevdpla  $poptou
epyaoiag, dladopetik €vtaong kabe dopd, wote va efetaotel o kKABe aAyoplBuog umod
kKaBe mBavr) ouvOnkn misong.

5. AnoteAéopata kot A§LloAdynon

OL OAYOPLOUIKEG TEXVIKEG WG TWPO £XOUV TIEPLOPLOTEL OTO va AApBAvouv TIG
amodACELS KATAVOUNG TwV edappoywv o€ €va uPnAo emimedo. AuTO €lval QVOUEVOUEVO
KaBwg oL alyoplbuol edapudlovtal katd tnv Siapkela tng SpopoAdynong, HECW TOU
MAatoiou ApopoAdynong. Me autov Tov TPOTO, Ol EGAPHOYEG KOTOVEUOVTAL OTOUC KOUPOoUG,
OUWCG UETA N eTAoyn TNG opadag emefepyaotwy mou Ba XpnOLUOTOLO0UV YLa TNV EKTEAEDN
TOUG MaPaUEVEL TUYALA.

Mo autov tov Adyo, ulomowBnke kal n TteXVikR tou CPU-pinning, dnAadn tou
«KOPPLTOWHOTOC» HLOC EDAPLOYNC OE L0 CUYKEKPLUEVN OUAdA ETEEEPYAOTWY. JUVETTWG
SnuoupynBnke éva DaemonSet tou Kubernetes, 6nAadn évag daipovag mou TpEXEL
TEPLOSIKA Kal KOAEL TNV AloTa Twv ePpapUoywV TTOU TPEXOUV OTOV EKAOTOTE KOUBO. Me tnv
Xpnon tTwv control groups , UMOPOUME vo KOAPPITOWOOUUE Hla edappoyrn o€ évav N
TIEPLOOOTEPOUG eMe€epyaoTEG, SnAadn kat' eméktaon o€ éva socket emegepyaotr). Me autov
TOV TPOMO HmopoUpe va SoUpe thv BeAtiwon mou mPood£pouv oL OAYOPLOULKEG TEXVLIKEG
oTNV anodoon Twv ePAPUOYWV €(TE HE TO KApDITOWHA EMEEEPYAOTH EVEPYOTIOLNUEVO ElTE
Xwpig auto.

Mo tnv ANYn amoteAeopdtwyv ta omoia Ba emaAnBeglouv TNV KAVOTNTA TOU
Spopoloynt va apoucsLdlel LkavotnTa EMlyvwong Twv mapeUPoAwv petall epoapuoywy,
elval amapaitnto va efetaotolv TOANQTAEG OSLOPOPETIKEG OUVONAKEG Tileong Tou
ouoTAMAToG. Mo autdv Ttov Aoyo, xpnolpomolnOnkav tpelg Stadopetikol TUTOL POPTOU
gpyaoiog KAlHaKoUpevnG évtaong. O PwToC TUTOC, YWWOTOC w¢ GOPTOC £pyaciog XapnAng
évtaong (low-intensity workload) amoteAeital kupiw¢ amd edappoyég oL omoieg eival
XOUNANG €TUOETIKOTNTAG. ZUYKEKPLUEVQ, N TIAELoPndia Twv edappoywv dev Ba mpokaouv
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onUavtika mpoPAnpata otnv eniboon twv GAAWV dnpoupywvtag €Tol CUVORKEG ATILOG
mieong oto oloTNUa. XTn CUVEXEla e€eTdoTnkav Kol ¢opToL gpyaciag peoaiag Evtaong
(mid-intensity), mou amoteAolvtal And LCOPPOTINUEVEG KATAVOUEG TwV Sladopwv TUTTWY
epapuoywv. Zuykekplpéva, mpoomobolv va TPOCOUOLWOOUV KATOOTACEL, UEONC TIEONC
oTo olOoTNUA yla va g€etdoouv TIC TOAVEC MapepBOAEG peTalU edappoywv OTNV TILO
ouvnBLoPEVN KOTAOTAON €VOC UTIOAOYLOTIKOU cuoThpatog. TEAog, o tpitog TUmog ¢poptou
epyaoiog ival yvwotog wg upnAng évtaong (high-intensity workloads). Me autoug toug
TUTIOUC POpToU epyaciag e€etalovtal oL Lo aKpaieg cuVONKEG Ttieong oto cuoTnua, Omou
TAéov cuoowpelovtal MOAEC edappoyég vPnAng emBetikotntag. ‘Etol pag Sivetal n
duvatotnta va €EETACOUPE TNV KOWVOTNTO TwWV aAyoplOpwVY Kol Ot TETOlEC OUOUEVEILS
ouvOnkKeg.

H amoteAeopatikotnTa TwV £PAPUOYWV OUWCG TPOUTOOETEL TOV AVOAUTIKO KOl
EekaBapo oplopd tng mapeUPoAng pag epappoyns. ApXIKA TIPETEL va 0pLoTEeL EekaBapa o€
TIOLO onUElo pelwong TN¢ anodoong pag epapuoyng Exoupe mapeUfoAr. Auth n Helwon
¢ amodoong ¢ edappoyng, MEpav Tou amodektol oplou amoteAel mapdfacn NG
oupdwviag petafl TEAATN KOl TTOPOXOU. JUYKEKPLUEVA, OTOV O TIAPOXOC £EUTINPETEL TIG
epapUoyEG KAMolou TeEAATN, cUpdwVEeital €va Oplo peiwong andédoong To omoio eivat
armodekTO. AuTtO TO Oplo av Eemepootel, TOTE €xoupe mapdBaocn kal n amodoon Twv
aAyopiBuwv pag Baoiletal akplPws mavw o auto. Mooeg mapaBLAcELS EXOULE yla TOV
EKAOTOTE OAYOpLOUO, CUUPWVA TTAVTA UE TO OPLO TOU £XEL oupdwvNOel petaty mapoyou
KoL TteAATn.

5.1 AntoteAEOULOTOL LETPNOEWV

TN ouvéxela akoAouBoUv oL HETPNOEL TOU €KAOTOTE aAyopiBuou. TMa Tov
UTTOAOYLOUO TWV QTTOTEAECUATWY XpnoLdomoltnkav tpia SlapopeTikd opla mapeUBoAnG
mou Oa pmopoucav va ocupdwvnBouv petafl meAATn Kol Tapoyxou. Auta ta opla
gMIonuaivouv avrtiotolxa, mwg ol £dappoyeg Sev pmopolv val TIAPOUCLACOUV UElwaon
anddoong peyaAltepn Tng Tang Tou 10%, 20% kot 30%. Ztnv nepimtwon mou napatnenel
Helwon tTN¢ anodoong HeyaAlTepn TOU Oplou, TOTE EXOUHE Kal pia tapdpaon.

MNapakATW atkoAoUBOUV CUYKEVTPWTLKA Ta amoteAéopata Tou KabBe alyopibuou yla
TO KABe Oplo, APXIKA HE T EPOPUOYEG “KAPPITOWUEVES” OTOUG ETECEPYAOTECG KAl OTN
OUVEXELQ XWPLC, TtavTa og oUYKPLON UE ToV KAAoOLKO Tuxaio aAyoplOpo dpopoAdynong tou
KuBepvntn.

E.M.IM — ZxoAn HAektpoAoywv Mnyavikwy kot Mnxavikwyv H/Y 19



AMNMAHZTOZ AATOPIOMO2
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XAPIZTIKOZ AATOPIOMO2Z

Random vs Sparing vs Sparing with CPU pin
10.2
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Metprioeig Xaplotikol AAyopiOuou

Onwg eUKOA Tapatnpel KOVELG, N TILO QAMOTEAECUOTLKY OAYOPLOULKA TEXVLKN
SpopoAoynong sival tou Socket-based aAyopiBuou pe evepyomnoinpévo to “kKAeiSwpa” Twv
epappoywv otoug emefepyaotec Toug. O OAyOoplOUOC OUYKEKPLUEVA, amodeUyeLl va
Snuoupynoesl onatodeg TeTPadec edapuoywv mou Oa pmopoucav va aflomolnBouv
KOAUTEPQ, OMWC akPLBwWC Kavav ot dAAot SU0 To ArAnoTolL aAyoplOpoL. ZUYKEKPLUEVA, O
oAyOpLOUOG SnULoUpYEL TIG TETPASEC e OKOTIO HETA oL Suadeg edapoywy oto Kabe socket
enefepyaotn va eival n BEATLoTn. Ma auTto akpBwe, N TEXVLKA QUTH MAPOUGCIACE CNUAVTLKH
BeAtiwon e €VEPYOTOLNUEVO TO OUOTNHA KAELWOWHATOC TWV €PAPUOYWV OTOUG
EMeEEPYAOTEC.

6. Z0voyn kat MeAAovtikn SouAeld

6.1 20von

‘Exovtag mAéov dnuloupynoel mMAnBwpa epopuoywv Mpog e€ETaon, aAYOpLOUKEG
TEXVIKEG, ouotadeg KuBepvntn kal peBddoug katnyoplomoinong edpapuoywyv, katadépape
KATL EeXwpLoTo otnv anodoaon eniyvwong mapepuBoAwv otov KuBepvAtn. Auth n Lkavotnta
Tou KuBepvAtn va pmopel MA€ov va KOTOVEHEL TO €Eumva T €APUOYEG O €va
UTIOAOYLOTIKO oloTnua, amodelyovtag £Tol TNV Snuoupyia  leuyoplwv Tou Ba
TIPOKAAECOUV TTAPEUPBOAEC PeTAEL TOUC lval KATL ToU Sev €xel SnuoupynBel eMapKkws wg
Twpa. OL oAyoplOUIKEC TEXVIKEG, HE TNV Ponbelad TOU KOPPITOWHATOG TOUG OTOUG
EMEEEPYAOTEC TIOU TOUG €XOUV avateBel and tov alyoplBuo, eMITPENOUV TNV Pelwon Twy
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napaBLlaoewv HEXPL Kal 74% otnv KaAUTepn mepimtwon. Auth n pelwon Twv mapaBLlaoewy
kKat dapa avénon 1tng amoddoong twv edapuoywv odeidetal otnv  efolkovounon
UTTOAOYLOTIKWYV TIOPWV TIOU OTOXEVEL 0 KABE adyoplBuog. Av Kal o aplOpog Twv ebapuoywy
O0POCHHUWV TIPOC €€£TOON TWV TEXVIKWV NTAV HLKPOC, KABWC Kal To mepBAANOV EKTEAEONC
armoteAoUTaV OO TECOEPLS UTIOAOYLOTEC, N OSUTAWHATIKI) OUTA OMOTEAECE TNV TPWTN
ooBapn mpoomnabela va Exoupe Evav kavo KuBepvntn e enilyvwon mibavwy nmapspoiwv
HETAEL edapUOywWV.

6.2 MeAAovTtikr) SOUAELA

Onw¢ avadépbnke, n mapovoa OSUTAWUATIKY TIEPLOPIOTNKE OF WMIKPO aplOuo
epappoywy, Kal amotéAleos to mMpwto coBapod BrAua otnv BeAtiwon tou KuBepvntn. Ouwg
yla TNV mopoucioon &vog peaAloTikol Kal lLkavou ocuotnpatog KuPBepvntn, mMpeEmeL va
efetaotel pa Sladopetikn) Kal o peaAloTiky Stadikaocio eAéyxou Twv aAyoplOpLkwy
TEXVIKWV. ZUYKEKPLUEVA, oL edopuoyeEc mAéov Oe Ba eival €vag otabepdc aplBuog
OUYKEKPLUEVOU TUTIOU UTIOAOYLOTIKAG gpyaciag Slepyaciwv, oAAd avtiBeétwg N (dnAadn
Tuxaiog kot uPnAoc aplBuog) Hikpo-unnpeaieg N aMLwg microservices ou cuvnBilovtal va
€EUTINPETOUVTAL OE UTOAOYLOTIKA OCUOCTHHATA TAPOXWV. AKOUN, oL £POpUOYEC TAEoV
npodavwg, dev Ba pmopolv va €XOUV XAPAKINPELOTEL vwpitepa adol sudavilovral yla
npwtn ¢opd otov efumnpetnti. ZUVEMWC, €ival amapaitntn n Snuwoupyla g vEag
TEXVLKAG KaTnyoplomoinong €papuoywy mou Pe TNV Xpnon alwv pécwv mpofAsegng Ba
UMopel va KaTaTAEEL TNV VEX EPOpPUOYH OE MO OO TLC TECOEPLG KOTNYOpPLEG TIpLV SpAceL o
aAyoplOpuoc dpopoldynong. Katt tétolo Ba sivat Suvato pe tn Xprion eVOG CUYKEKPLUEVOU
KevoU KOUPou omou Ba aflomoleital yla TNV Katnyoplomoinon tn¢ epapuoyns, xwpic tnv
enidpaon Kal tn Helwon TnG amodoong tng anod karnola AAAn edapuoyn.

AuTh n VEa KatdoTtaon amaltel kal KaAutepn napakoAolBnon twv epapuoywv. To
KAElOwUa Twv edapuoywv oToug enefepyaoTteg 6 Ba eival MAEOV ULt TTAN LEUOVWHEVN
ouvaptnon mou 6a akoAouBel TNV aAyopPLOULKY) TEXVIKI KOTA ToV (610 Tpomo. AvtiBstwe Ba
XPELAOTEL va tepvape TNV mMAnpodopia tn¢ B€ong Twv epapuoywv o €va Custom Resource,
6nAadn o €vav eL8IKAC KATAOKEUNG TIOPO. AUTOG 0 £L8LIKOG TTOPOG Ba meplypddel avoAUTIKA
TNV Katdotaon Tou KAaBe KOUPBO e KOWVOUG UTIOAOYLOTIKOUG TtOpouG. ETol avd mdaoa otiyun
Kol 0 aAyoplBuog SpopoAoynong aAAd Kot 0 aAyoplOpog KAEWOWUATOC TwV EPOPUOYWVY OTO
DaemonSet, Ba yvwpilouv TNV Katdotacn tou kouBou kat Ba Aapfdvouv TNV owoth
anodpaon avaloywc.

H peoAloTiki Kol €€0OVUXLOTIKN Ttapouciaon Twv mopamnavw Ba dnuoupyricouv
EMAVAOTOON 0TA VEPOUTTOAOYLOTIKA CUOTAHOTA EMTPEMOVTOG MITEAOUG otov KuPBepvntn,
va Katavéuel edapuoyeg pe TAAPN emiyvwon mBavwv mopepBolwv petafl TOUG,
ETUTPEMOVTAC £TOL OTOUG TAPOXOUC VO €EOLKOVOROUV TOPOUG Yo TG £DAPUOYEG TOUG,
Slatnpwvtag Teg OpwWG o LPNAA entineda anodoong.
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1. Introduction

1.1 Thesis Purpose

Organizations are continuously virtualizing their client architectures, data
environments, and back-end systems in order to improve the user experience provided to
customers. In the past, distributed client computing, has had and still has many limitations,
such as network losses, compromised security and unpredictability creating as a result, a
suboptimal quality of service. Virtualization has allowed a more converged infrastructure to
take place, which created well-managed virtual clients. That way, applications and client
operating environments are hosted on servers and their data are stored in data centers,
providing scalability in exchange for a monthly operating cost. Therefore, users can access
services from any location, without being tied to a single client device. However, hosting
such applications on servers is expensive and requires an important amount of computing
resources (such as CPU, RAM, etc.) to be provided. Thus, the continuous increase in number
of workloads uploaded and executed on the cloud, has forced cloud providers and data
center operators to embrace workload co-location and resource sharing as the primary
concern regarding resource efficiency. Correspondingly, one of the most common and
gradually increasing problems in informatics is about resource management and cost
reduction in providing the above-mentioned cloud services. Resource management
frameworks have been developed and are still being valued as necessary tools in resource
efficiency, by every major cloud operator that provides hosting to applications.

Another type of virtualization, that is also gaining popularity rapidly, is
containerization. Containerization also known as operating-system-level virtualization refers
to the operating system feature in which the kernel allows the existence of multiple isolated
user-space instances. This practice has led to the increasing popularity of Docker, a platform
as a service (PaaS) framework[2] that uses the aforementioned operating-system-level
virtualization, delivering software in packages called containers. Containers allow
applications to run anywhere (provided the container is targeted at the operating system)
providing great mobility on development and deployment. Furthermore, containerization
allows one application to be isolated from other applications, thus achieving easier
maintenance, testing, and debugging.

The purpose of this thesis is to provide solutions in resource management for cloud
operators and data centers. Organizations are not only using container-based virtualization
to develop their applications, but also to allow cloud computing to increase availability and
help them improve the user experience. As a result, it is imperative that computing
resources are well managed and distributed to support such cloud technologies.
Nonetheless, orchestrators focus mostly on availability rather than performance
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optimization. One exceedingly popular container orchestration system is Kubernetes.
Kubernetes has been an excellent candidate for automating software deployment, scaling,
and managing applications. However, Kubernetes still lacks interference awareness and the
ability to co-locate applications based on application usage and efficiency.

In this work, we propose a set of algorithmic solutions that customize the behavior
of the Kubernetes scheduler, implementing interference awareness. These algorithmic
concepts are deployed on the scheduler via a plug-in framework creating an out-of-tree
version of the Kubernetes scheduler, allowing it to efficiently place applications on a cluster
of physical machines. The purpose of this project is for our set of scheduler plug-ins to meet
the Quality of Service (QOS) constrains, whilst also ensuring resource utilization at the
maximum possible value. Four different algorithmic solutions are presented with this paper,
all of them outperforming the default Kubernetes scheduler in application efficiency. These
algorithmic concepts are implemented via the above-mentioned scheduler plug-ins and are
compared with the default scheduler and with each other. Several types of applications in
different sets of workloads arrived to our cluster, testing our scheduler plugins and stressing
the available resources in discrete tasks. In order to simulate the arriving applications, we
used specific benchmarks from the SPEC library, which were classified into the required
types of applications beforehand, with the use of our custom predictors.

2. Theoretical Background

2.1 The Issue

Orchestration software usability is growing rapidly, offering solutions in automation
deployment and high-availability for container-based virtualized systems. Nonetheless,
resource management is still based on coarse metrics and neglects interference effects,
overlooking the stress applied upon shared resources. More specifically, Kubernetes, a
widely used container orchestration tool lacks interference awareness when scheduling
applications on a server. The default scheduling mechanism of Kubernetes filters the
available nodes and deploys the applications given that there are enough resources.
However, the potential interference between collocated applications is not taken into
consideration by the default scheduler and as a result, performance issues appear. The
resource criteria required by every application might be met, but application
contentiousness is not considered, which can lead to performance degradation.

Applications arriving at a server have a set of characteristics that define application
intertemporality. Specifically, in the span of a server runtime, the collocation of several
applications on a CPU socket will cause significant changes on application performance,
based on a set of two characteristics, namely contentiousness and sensitivity[14].
Contentiousness defines the potential of one application, to affect other applications
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hindering their performance and increasing their runtime. Sensitivity on the other hand,
defines how susceptible one application is to performance decline because of increased
stress applied on needed resources. As a result, four sets of applications can be extracted
from the above two attributes. For an easier reference throughout this document,
applications that are insensitive (little to no change in runtime and performance when
stressed by other applications) and non-contentious (do not alter the performance of other
applications, when collocated together), will be classified under category A. On the same
page, applications that are sensitive but also non-contentious are classified under category
B, those that are insensitive but contentious are classified under category C and lastly, those
that are both sensitive and contentious are classified under category D.

2.2 Solution Setup

The purpose of this thesis and project is to create algorithmic solutions that aim to
create pairs of applications, which fit well together and eliminate performance degradation.
Applications require certain amounts of computing resources, with the most common
resource type being CPU. CPUs can have multiple cores and sockets allowing a greater
number of physical Processors to do the computational work. In order to simulate
application distribution and resource management for our project, we set up a server
consisting of four physical machines. Each CPU has two sockets and each socket has four
cores so as a result, we have a total of eight virtual CPUs (or vCPUs). In Kubernetes terms,
each physical machine (and as a result, each CPU) is set as a Kubernetes Node, where
applications will be sent to. To accurately test application degradation and sufficiently
evaluate the performance of our algorithmic solutions, we require quadruples of
applications to be formed and sent to each Node. Then accordingly, two pairs of applications
will be created, one for each socket. Therefore, our workloads consisted of sixteen
applications, distributed by the Kubernetes Scheduler as quadruples to the four Nodes.

We created several different workloads of applications to stress our server’s
resources and display different scenarios of application arrival. These workloads can be then
classified into three categories, High, Mid and Low. This characterization describes the
intensity of each workload and the contentiousness of most applications. Workloads aimed
to accurately evaluate our algorithms in different scenarios of intensity. The applications
used in the workloads, had to meet certain research criteria. Thus, we used the well-known
benchmark library named SPEC, which offered us a set of benchmarks with multiple
attribute cases. A set of predictors classified the benchmarks into the above-mentioned four
categories.

To test diverse ways of application distribution and improve application
performance, we implemented three different algorithms. The first algorithm is the greedy
one, which tries to fit as many non-contentious applications together in nodes, before
pairing other contentious applications with them. However, such an algorithm can and will
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create wasteful pairings, by not collocating contentious applications with insensitive ones as
much as possible. As a result, the second developed algorithm, named resourceful, tries to
create good socket pairs, by setting up as many good pairs as possible, avoiding pairing
insensitive applications with non-contentious ones and instead pairing them with
contentious ones. Furthermore, a third algorithm was developed in order to test a different
approach of pairing applications into quadruples. This algorithm, called neglectful, tries to
sacrifice applications that are contentious by pairing them together, in order to allow
sensitive applications to reach optimal performance. All these algorithms are evaluated by
comparing their performance with the usual random scheduling algorithm that does not
consider such application characteristics.

2.2.1 Virtualization

Before we dive into the importance of interference awareness and resource
management in cloud services, it is vital we understand the use of virtualized systems for
such operations. Virtualization and cloud computing are increasingly becoming more
popular and are a core dynamic for many organizations. Cloud computing, simply means
storing and accessing data and programs over the Internet, instead of a physical machine’s
hard drive. Users can access applications remotely through internet connection devices and
by this, computer resources are used more efficiently and effectively. As a result,
applications are centralized in server-specific architectures and then are accessed over
wireless connection based on a thin local client or a web browser. Therefore, virtualization
occurs when a virtual version of something is created, instead of an actual version. As we
can easily understand, virtualization is the backbone of Cloud Computing, since it allows the
imitation of hardware within a software program. Via virtualized systems, cloud computing
can function and provide service to end users over the Internet. To summarize, virtualization
in cloud computing refers to the creation of virtual hardware, software and operating
systems, thereby preventing the need for separately installing software on every physical
machine [1].

Different virtualization types have been developed, in order to satisfy computing
needs on software management and resource optimization. The three major types of
virtualization are known as, Server virtualization, Client Virtualization and Storage
Virtualization[1]. The most common type of virtualization, and the one that affects cloud
computing the most, is Server virtualization. Specifically, Server Virtualization in cloud
provides certain advantages like hardware optimization and improvement to application
uptime. Server virtualization accomplishes that by abstracting or isolating the computer’s
hardware from all the software that might run on that hardware. This abstraction is
achieved by the hypervisor, a specialized software product, recognizing the computer’s
physical resources and creating logical aliases for those resources. For example, a physical
processor can be abstracted into a logical representation called a virtual CPU or vCPU. The
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hypervisor is responsible for managing all the virtual resources that it abstracts and handles
all the data exchanges between virtual resources and their physical counterparts. This logical
isolation [1], combined with careful resource management, enables the creation and control
of multiple Virtual Machines on the same physical computer at the same time, with each VM
capable of acting as a complete, fully functional computer. Nonetheless, Virtual Machines
are not the only solution when creating virtual environments. Instead, containers may
provide even better support for web applications and microservices, since containers are
portable, scalable, and reliable. With the increasing popularity of Docker and Kubernetes,
container-based systems are becoming more popular, as a solution, in cloud-based Server
virtualization.

Hosted Virtualization

Application Application Application

Virtual Machine 1 Virtual Machine 2 Virtual Machine 3

Virtual Machine Monitor (VVIM)
Host Operating System

Shared Hardware

Virtualization Hierarchy

However, the actual number of VMs or container-based systems that can be created
is limited by the physical resources present on the host server and the computing demands
imposed by the enterprise applications running on the virtualized environment. The logical
representation of the computer resources is attached to the actual set of physical resources
and therefore, the provided resources to virtualized systems must be competently
managed, to save up costs. This intent has fabricated an entire new area of interest known
as, resource management.

2.2.2 Resource Management

The increasing number of CPU cores and storage capacity in data centers has
increased competition of software components for finite resources on the platform.
Applications, hosted on such data centers, compete for resource usage, and interfere with
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each other. Therefore, a negative impact is produced on service assurance, the performance
of the applications and on the end user’s overall quality of experience. Current virtualized
environments have orchestrators, which help improve workload management and
application resource allocation. Specifically, Kubernetes is a well-known orchestration tool
for managing and scheduling applications on containerized systems and has subsequently
gained a massive following in cloud-based computing. Kubernetes helps automate software
deployment, scaling, and management whilst also allocating resources to deployed
applications in a cloud-based environment. However, Kubernetes allocates resources to
hosted applications aiming to improve availability[4] rather than performance optimization.
Resource management proposals for frameworks such as Kubernetes depend on coarse
metrics like CPU or memory utilization, thus neglecting interference effects neglecting the
imposed stress from applications onto shared resources.

In this paper, we aim to examine resource management under the prism of
interference awareness, implementing a new way of monitoring applications on a server
with the use of the well-known framework Kubernetes. Kubernetes, with its default
behavior, will schedule applications onto available machines given that there are available
resources for the applications to run on. That way, not considering the contentiousness of
applications collocated together; performance issues may arrive reducing the targeted
Quality of Service (QoS) of applications. As a result, we aim to understand how applications
affect each other when hosted together on the same physical machine. The resource criteria
for the scheduled applications might be met, thus creating the assumption that applications
are running without performance degradation, however the shared pool of resources
between the applications can still be stressed to the point where performance issues come
forth.

Subsequently, it is crucial we understand how applications operate and how much
stress they impose on shared computing resources. In this paper, we study the impact that
collocated applications can have, on the resource known as CPU. Since our environment of
study is virtualized, the CPU resource type will be instead be referenced as vCPU. Collocated
applications hosted on a physical machine, will not necessarily cause performance
downgrade to each other. Instead, this possibility is examined under two sets of
characteristics, known as contentiousness and sensitivity. One application can be
contentious and as a result, stress the shared pool of resources enough to hinder the ability
of other applications to operate. On the other hand, one application can be insensitive and
being collocated with a contentious application, will cause no performance drop, as it can
withstand such a stress and operate under the targeted QoS. This revelation, generates two
tasks to carry out with the first being a way to classify the applications, and the latter being
about finding an approach to pair different types of applications together.
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2.2.3 CPU Socket Architecture

Before we can classify applications based on their characteristics, it is essential we
firstly understand how applications interact with the shared pool of CPU they have, at a
cloud-based server. In a multi-node cluster environment like most cloud systems, resources
are grouped and are assembled as separate node, with their own memory and CPU resource
count. In multiprocessing systems, which dictate and consist of most of today’s computing
environments, we have what could be called NUMA nodes. Non-uniform memory access
(NUMA) is a computer memory design used in such systems, where the memory access time
depends on the memory location relative to the processor. Under NUMA, a processor can
access its own local memory faster than non-local memory. That allows modern CPUs to
operate considerably faster than those that used a shared memory link. However, with
today’s dramatically increased size of operating systems and of the applications run on
them, a system can starve several processors at the same time, since only one processor can
access the computer’s memory. This is surpassed by grouping CPUs in a multi-channel
memory architecture. NUMA nodes consist of CPUs and one shared memory link. Not every
CPU is coupled under the same memory thus causing significant CPU throttling but instead,
different Nodes balance the memory load and serve applications with their respective CPU
resources.

This implementation allows the assemblage of several CPU sockets under a shared
memory link and a NUMA node. A CPU socket is the physical socket where the physical CPU
capsules are places. In many of today’s cloud computing designs, physical CPUs have
multiple sockets and each socket hosts several CPU cores. Then each core hosts two threads
that execute the load requested by the application. In a node environment like in
Kubernetes, physical restrictions still exist and need to be examined. Creating a NUMA node
under each physical machine, equals the creation of a group of CPU sockets with a shared
memory link. Each socket can have several amounts of CPU cores that enable it to run
applications. Those CPU cores are only accessible by applications hosted directly on those
sockets and such applications will battle for CPU resources only when collocated there.
Every socket as a result is a shared pool of CPU resources to run computational tasks and
every applications hosted on them, will affect the rest collocated there.

2.2.4 Application Characteristics

Now that we understand how applications make use of computing resources, such as
CPU, it is easy to classify them based on their behavior. Specifically, applications placed on a
physical machine, will stress the available resources, in order to complete their tasks. In a
real-time server environment, infinite space is not available and as a result, applications will
be collocated together and share resources among the pool of available ones. Several
applications might run on the same physical machine, given that there are enough resources
and their resource criteria are met. This can falsely create the belief that since their
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resource criteria are met, applications will run appropriately and show no signs of
performance degradation. This common misbelief is caused by the ignorance of application
contentiousness. Application contentiousness defines the ability of one application to
severely alter the performance of other collocated applications. More specifically, two or
more applications can be collocated, with all of their resource criteria met, and performance
degradation will still be observed, because of at least one application is contentious.
Therefore, applications observed during our time will be labeled with the contentiousness
tag, depending on whether they can alter the runtimes of other applications.

However, not all applications will display performance degradation when collocated
with contentious applications. The behavioral factor that decides whether one application
will be susceptible to performance drop is their sensitivity. Many applications can be
collocated with others, with increased stress on the shared pool of resources and still show
no sign of performance issues. Such applications will be classed as insensitive, whereas
those that do show performance decline will be classed as sensitive.

The two tags, namely contentiousness and sensitivity, describe the deciding
behavioral factors of application collocation. Resource criteria fail to explain the
interference caused between collocated applications, whereas sensitivity and
contentiousness do so. Correspondingly, it is easily understood, that four different
application categories can be created, depending on the two given tags. Under category A
(which will be called catA for the rest of this paper), we will classify applications that are
insensitive and non-contentious. Such applications cause no interference to how other
applications run, whilst also having no performance issues regardless of the amount of
stress allocated to their resources. Under category B (catB), we place applications that are
non-contentious too, but also sensitive. These applications do not cause performance issues
to other collocated applications; however, they are susceptible to performance issues on
their own. On the other hand, applications that are contentious and insensitive will be
classed under category C (catC). Such applications are insensitive and as a result can
withstand stress upon their shared resources by other applications, but also cause severe
interference to other collocated applications. Lastly, applications that are both sensitive and
contentious will be classed under category D (catD). Applications that fall under category D,
are not only susceptible to performance degradation, but also cause performance issues to
other collocated applications.

In practical terms, it is imperative that applications are classified under the
aforementioned categories, in order to have a better understanding of their behavior.
Therefore, a set of predictors need to be implemented, which will cross-validate application
runtimes when collocated together. A change in runtime performance that surpasses the
established QoS, will be the factor in deciding under which category applications will fall
onto. Correspondingly, applications will be scheduled on a virtualized system depending on
the application category they fall under.
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2.2.5 Scheduling Applications

In a virtualized system, physical resources are abstracted into logical
representations, such as the CPU cores. When scheduling applications in such systems, with
the use of well-known frameworks like Kubernetes, the criteria are limited in satisfying
resource quota and providing the necessary resources for the applications to run on. A
physical server may consist of several CPU cores, and as a result with several CPU sockets.
Given that we now are in a virtualized environment, each CPU is represented as a vCPU and
is shared between hosted applications. The default scheduling mechanism of any container-
management framework will search in satisfying the resource needs of as many applications
as possible, regardless of the interference caused by their collocation.

Thus, a new scheduling mechanism needs to be created that can understand the
category, under which an application may fall, and enforce algorithmic solutions on
distributing them to the available nodes. Kubernetes can make use of VMs or physical
machines and represent them as available nodes that will host and manage arriving
applications. When an application arrives to a server, the Kubernetes scheduler ranks the
available nodes and selects the best fit, on which to host the arriving application. In this
paper, we examine the behavioral change of the Kubernetes scheduler, when applying
plugins that implement different algorithms to application scheduling and receive
measurements in evaluating them.

With our set of scheduler plugins, we aim to change the focus of the Kubernetes
scheduler from resource quota availability to interference awareness. Regardless of which
algorithm is implemented to our scheduler, the aim is to alter the behavioral focus of
Kubernetes scheduling, in order to better pair applications together on available nodes and
reduce performance issues created by application interference.

2.2.6 Interference awareness

Many enterprises and organizations have developed interference aware[5]
scheduling mechanisms to increase resource utilization in cloud environments. Due to
concurrent running of co-located tasks on top of physical machines, the performance of
some tasks suffers significantly because of interference. Older scheduling mechanisms that
aimed into distributing applications depending on resource quota, failed to constrain
performance issues attributed to interference. To improve the QoS and reduce the amount
of Service Level Agreement (SLA) violations between the user and the cloud service
provider, interference-scheduling approaches have been developed.

Predictor models have been introduced to estimate potential interference latency
during application co-location, followed by interference aware schedulers that distribute
applications, depending on the classification imposed by the predictors[13]. Such
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mechanisms have already been developed and implemented in virtualized systems, yet no
concrete breakthrough has happened around Kubernetes. Intel has proposed a Resource
Aware CPU Scheduling mechanism, known as Intel CPU Manager for Kubernetes[3] (also
called CMK). This mechanism enables core pinning and isolation, depending on resource
qguota dictated by applications. However, interference metrics are not considered and CPU
pinning is based on CPU affinity and CPU limits, set upon the placed Pod.

Our proposal aims not only in creating a set of predictors that classify applications
based on their interference, but also in allowing actual CPU pinning on arriving applications.
The predictors cross-validate application runtimes and classify applications, in order to tag
them accordingly when arriving at a server farm. The base metrics in performance
evaluation are based on CPU stress and execution runtime. Runtimes that exceed the set
QoS are classed as SLA violations and are registered for the predictors’ evaluation. Then, the
scheduling plugins implemented on the Kubernetes scheduler filter and score available
Nodes, in order to choose the best fit for the arriving application. That way Kubernetes can
acquire interference awareness and utilize CPU resources accordingly.

2.3 Kubernetes

Though already mentioned many times in the introductory part of this thesis,
Kubernetes is a huge and complex orchestration tool that needs increased analysis into
understanding its key features. In order to efficiently comprehend and then develop an
interference aware logic, it is imperative that we firstly understand its primary features and
components.

2.3.1 Understanding Kubernetes

Before we dive into the importance of interference awareness in containerized
systems, that Kubernetes manages and orchestrates, it is important to understand the
reason behind the increased popularity of Kubernetes. An interference aware Kubernetes, is
not just a thesis topic to be examined under the prism of academic research, but an actual
practical problem in cloud-based server hosting. Kubernetes is widely used by many hosting
platforms and is a standard approach in managing and developing containerized software in
cloud-based environments, such as data centers. Early on, organizations and server
providers ran applications on physical servers. There was no way to define resource
boundaries and collocated applications on a physical machine caused resource allocations
issues. The solution to that was to run each application on a different server, which caused
resources to be unutilized and increased expenses dramatically.

In today’s virtualized and containerized deployment era, virtualization has allowed
providers to multiple VMs or containers on a single physical server’s CPU. Virtualization has
enabled applications to be isolated between VMs, have better resource utilization and
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better scalability. Containers like VMs, have relaxed isolation properties to share the
Operating System (OS) among applications. As a result, containers have become extremely
popular since they provide many benefits such as:

e Agile application creation and deployment.

e Continuous development, integration, and deployment.

e Environmental consistency across development, testing and production.

e Cloud portability. Can run on all major public clouds.

e Loosely coupled, distributed and elastic applications. Applications are broken
into smaller, independent pieces and can thus be deployed and managed
dynamically.

e Resource isolation and predictable application performance (NOT interference
aware though!)

e Resource utilization providing high efficiency and density with application

collocation.

Traditional Deployment Virtualized Deployment Container Deployment

From Traditional to Containerized Applications

Kubernetes is a portable, extensible, open-source platform for managing
containerized workloads and services that facilitates both declarative configuration and
automation. It has, as a result, a large rapidly growing ecosystem that allows us to run
distributed systems resiliently. Kubernetes has allowed service providers, to efficiently
make use of their physical machines, utilize the available resources and ensure the
desired QoS that the client demands [4]. Kubernetes manages the available resources,
automates software development and deployment, offers self-healing to the hosted
containers by restarting failed containers and allows for increased security and secret
configuration management. Nonetheless, the management of such containerized
systems is made available by the use of Container Runtime systems. Originally,
Kubernetes interfaced exclusively with Docker runtime, through “Dockershim”[2], a
platform as a service (PaaS) product that uses OS-level virtualization to deliver software
in containers.
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2.3.2 Docker

In order to understand how Kubernetes manages containers, it is imperative we
understand how Docker firstly enables the packaging of applications into containers.
Docker is an open platform for developing, shipping and running applications. Docker
allows us to separate applications from the infrastructure so that software can be
delivered quickly. Software is packaged in containers and thus can be run in a loosely
isolated environment. This isolation allows many containers to run simultaneously on a
physical host, that way improving resource utilization.

Specifically, Docker streamlines the development lifecycle by allowing developers
to work in standardized environments using local containers which provide applications
and services[2]. Docker is lightweight and fast. It provides a viable, cost-effective
alternative to hypervisor-based virtual machines, so that more of the compute capacity
can be used to achieve hosting goals. Docker manages that by using a client-server
architecture. The Docker client talks to the Docker daemon, which then builds, runs, and
distributes the Docker containers. The Docker client and daemon communicate using a
REST API, over UNIX sockets or a network interface.
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Docker is a viable and preferred option for containerizing applications in order to
manage them with the use of Kubernetes. In this thesis, Docker images are created and then
deployed as containers to run standardized tests and evaluate Kubernetes performance. A
Docker image is a Docker object and a read-only template with instructions for creating a
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Docker container. Docker images are built with the use of Dockerfiles[2] and therefore, a
change to a Dockerfile will rebuild the image, only changing the layers needed. This is part
of what makes images so lightweight, small and fast, when compared to other virtualization
technologies. Therefore, we can summarize into having lightweight, easily deployed and
isolated applications running as containers, on a virtualized system that are managed by
Kubernetes.

2.3.3 Kubernetes components

Now that we have understood the use of Kubernetes and Docker, it is time to dive
deep into the Kubernetes architecture and understand the way it implements all of its
features. Firstly, when Kubernetes is deployed on a system, we get a cluster[6]. A
Kubernetes cluster consists of a set of worker machines, called nodes that run containerized
applications. Every cluster needs to have at least one worker node. The application
workload hosted on the worker nodes, comes in containerized nature, as already described.
A group of one or more containers, with shared storage and network resources, is called a
Pod[6]. Pods are the smallest deployable units of computing that can be created and
managed in Kubernetes. Aside from the worker nodes hosting the Pods, we also have a
physical machine [or set of physical machines when aiming for High Availability (HA)] that is
the control plane, also known as the master node, which manages the cluster and its
functions.
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The control plane has components that make global decisions about the cluster, as
well as detecting and responding to cluster events. The first component we will describe is
the kube-apiserver or simply the APl server.

Kube-apiserver: The APl server is a component of the Kubernetes control plane that
exposes the Kubernetes API. It is designed to scale horizontally, by deploying more instances
and that way balancing the traffic. The Kubernetes API server is responsible for validating
and configuring data for the API objects such as Pods, services, and others[6]. The API Server
services REST operations and provides the frontend to the cluster’s shared state through
which all other components interact. It exposes an HTTP API that lets end users, different
parts of the cluster, and external components to communicate with one another.
Furthermore, the Kubernetes API allows us to query and manipulate the state of APl objects
in Kubernetes. We exploit that capability later, when we manipulate the Kubernetes
scheduler and via the Kubernetes API, we can query the cluster state and provide
interference awareness to the desired scheduler. Kubernetes stores the serialized state of
objects by writing them into the etcd[6].

Etcd: Etcd is a consistent and highly available key value store used as Kubernetes’
backing store for all cluster data. It is the primary data store of Kubernetes and allows
Kubernetes to store data and manage the critical information that distributes systems need
to keep running. The status of the system is saved at the etcd providing a single and
standard truth about the state of the system Etcd is highly available, fast and secure since it
supports TLS and SSL client certificate authentication[7].

Kube-scheduler: This control plane component watches for newly created Pods with
no assigned node and selects a node for them to run on. A node, also called a worker node,
is a physical or virtual machine that hosts deployed Pods. It ranks each valid Node and binds
the Pod to the suitable Node[6]. The scheduler considers several factors in order to decide
and find the best fit for the Pods, from the available nodes. These factors include resource
requirements, affinity specifications, software, and policy constraints, and more. For us to
implement interference awareness to Kubernetes, we created our own set of factors, via
the use of scheduler plugins, to alter the behavior of the scheduler. This will be described
thoroughly at a later stage of the thesis.

Kube-controller-manager: The controller manager is the control plane component
that runs controller processes[6]. These processes are control loops that watch the state of
the cluster, then make or request changes where needs. Each controller tries to move the
cluster from its current state, closer to the desired state. A controller tracks at least one
Kubernetes resource type. Almost every Kubernetes object includes two nested object fields
that govern the object’s configuration, the object spec and the object status. The spec field
provides the characteristics that the object wants to have, its desired state. The status field
describes the current state of the object, supplied by the Kubernetes systems and its
components. The controller will act in order to get the object to each desired state.
Sometimes the controller may carry the action out itself, though more commonly, in
Kubernetes, a controller will send messages to the API Server to proceed with the task.
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Kubernetes that way can handle constant change and could be changing at any point as
work happens and control loops automatically make changes to help the cluster reach its
desired state. Some types of controllers are:

e Node controller: Responsible for noticing and responding when nodes go down

e Job controller: Watches for Job objects that represent one-off tasks, then
created Pods to run those tasks to completion.

e Endpoints controller: Populates the Endpoints object

e Service Account & Token controllers: Create default accounts and APl access
tokens for new namespaces.

Aside from the control plane components, there are Node components that run on

every node, maintaining running pods and providing the Kubernetes runtime environment.

Kubelet: Kubelet is an agent that runs on each node in the cluster. It can register the
node with the API Server using either the hostname, a flag to override the hostname, or a
specific log for a cloud provider[6]. The kubelet works in terms of a PodSpec. A PodSpec is a
YAML or JSON object that describes a pod. The kubelet takes a set of PodSpecs that
provided through various mechanisms (primarily thought the API Server) and ensures that
the containers described in those PodSpecs are running and healthy. It will not manage
containers that were not created by Kubernetes. Other than receiving the PodSpec from the
API Server, there are three more ways that a container manifest can be provided to the
Kubelet.

e File: A container manifest can be passed as a file to the Kubelet in order to be
deployed and monitored. A path will be provided and files under it will be
monitored periodically for updates.

e HTTP endpoint: HTTP endpoints can be passed as parameters on the command
line.

e HTTP server: The kubelet can also listen for HTTP and respond to a simple API
call.

Kube-proxy: Kube-proxy is a network proxy that runs on each node in the cluster.

This reflects services as defined in the Kubernetes API on each node and can do simple TCP,
UDP, and SCTP stream forwarding or round-robin TCP, UDP, and SCTP forwarding across a
set of back-ends. More specifically, kube-proxy maintains network rules on nodes. These
network rules allow network communication to the Pods from network sessions inside or
outside the cluster.

Container runtime: The container runtime is the software that is responsible for
running the containers. As already referenced, Docker is a container runtime environment
that is used in Kubernetes, though since being deprecated in 2016; containerd and CRI-O are
used more often.

Addons: Addons use Kubernetes resources to implement cluster features. Many
add-ons extend the functionality of Kubernetes, however in this thesis we will focus more
on two specific ones, that were later used in our test environment cluster.
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Calico: The first one to describe is Calico. Calico is an open source networking and
network security solution for containers, virtual machines, and native host-based
workloads[8]. It also supports Kubernetes and was as a result used in this thesis’ testing
environment, as a networking plugin for the cluster. Calico offers rich network policy models
in order to lock down communication so that the only traffic flows are the ones the system
wants. Furthermore, Calico’s core design principles leverage best practice cloud-native
design patterns. The result is a solution with scalability in multi-node clusters. This helps
with implementing Kubernetes network policy during the development of the API. It
implements the full set of features defined by the Kubernetes-API giving users the required
flexibility.

CoreDNS: CoreDNS is a flexible, extensible DNS server that can server as the
Kubernetes cluster DNS[9]. It can replace kube-dns in the cluster in providing the DNS server
functionality. CoreDNS is a single container per instance, while kube-dns uses three. Thus,
the larger number of containers per instance in kube-dns increases base memory
requirements and adds some performance overhead, legitimizing the CoreDNS choice.

2.3.4 Pods

Aside from the vital Kubernetes components, worker nodes host applications, in
small deployable unites called Pods. A Pod is a group of one or more containers, with shared
storage and network resource, and a specification for how to run the containers[6]. A Pod’s
contents are always co-located and c-scheduler, and run in a shared context. A Pod, models
an application-specific “logical host”, which contains one or more application containers
that are relatively tightly coupled. These co-located containers form a single cohesive unit of
service and the Pod wraps these containers, storage resources, and an ephemeral network
identity together as a single unit. They are automatically co-located and co-scheduled on the
same physical or virtual machine in the cluster. They communicate with each other and
coordinate when and how they are terminated.

Pods resource sharing is enabled via data sharing and communication among their
constituent containers. A Pod can specify a set of shared storage volumes. At its core, a
volume is a directory, possibly with data in it, which is accessible to the containers in a pod.
How that directory comes to be, the medium that backs it, and the contents of it, are
determined by the particular volume type used. All containers in the Pod can access the
shared volumes, allowing those containers to share data that way. Volumes also allow
persistent data in a Pod to survive in case one of the containers within needs to be restarted
or terminated. Aside from storage sharing, Pods communicate via networking too.

Each Pod is assigned a unique IP address for each address family. Every container in
a Pod shares the network namespace, including the IP address and network ports. Inside a
Pod, the containers that belong to the Pod can communicate with one another using
localhost. When containers in a Pod communicate with entities outside the Pod, the must
coordinate how they use the shared network resources, such as ports. Within a Pod,
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containers share an IP address and port space and can find each other using standard inter-
process communications like SystemV semaphores or POSIX shared memory. Containers in
different Pods have distinct IP address and cannot communicate by IPC without special
configuration. Containers that want to interact with a container running in a different Pod
can use IP networking to communicate.

Regardless of single or multiple containers, shared storage and network
communication, all Pods are created from pods templates. Pod Templates are specifications
for creating Pods, and are included in workload resources such as Deployments, Jobs and
DaemonSets. Each controller for a workload resource uses the PodTemplate inside the
workload object to make the actual Pod[6]. The PodTemplate is part of the desired state of
the Pod. Modifying the pod template or switching to a new pod template has no direct
effect on the Pods that already exist. If a pod template for a workload resource is changes,
that resource needs to create replacement Pods that use the update template. On Nodes,
the kubelet does not directly observe or manage any of the details around pod templates
and update, since those details are abstracted anyway. That abstraction and separation of
concerns simplifies system semantics, and makes it feasible to extend the cluster’s behavior.

As already mentioned, when the Pod template for a workload resource is changed,
the controller creates new Pods based on the update template instead of updating or
patching the existing Pods. In order to update or maintain a set of Pods, workload resources
can be used.

2.3.4.1 Deployments

One workload resource that provides declarative update for Pods is the Deployment.
In the Deployment, one can describe the desired state and the Deployment Controller
changes the actual state to the desired state at a controlled rate[6]. The Deployment can
declare a new state of the Pods by updating the PodTemplateSpec of the Deployment. The
Deployment manages moving the Pods to their new state at a controlled rate. The
Deployment can also rollback the pods to an earlier version if the current state is not stable.
Furthermore, assuming that horizontal Pod auto-scaling is enabled in the cluster, an auto-
scaler can be set up for the Deployment, which chooses the minimum and maximum
number of Pods necessary to run based on the CPU utilization of the existing Pods. In order
to accomplish the aforementioned techniques, the Deployments will roll out a ReplicaSet.

2.3.4.2 ReplicaSets

A ReplicaSet’s purpose is to maintain a stable set of replica Pods running at any given
time. As such, it is often used to guarantee the availability of a specified number of identical
Pods. A ReplicaSet is defined with fields, including a selector that specifies how to identify
Pods it can acquire, a number of replicas indicating how many Pods it should be
maintaining, and a pod template specifying the data of new Pods it should create to meet
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the number of replicas criteria[6]. A ReplicaSet then fulfills its purpose by creating and
deleting Pods as needed to reach the desired number. When a ReplicaSet needs to create
new Pods, it uses its Pod template.

Conclusively, a Deployment is a high-level concept that manages ReplicaSets and
provides declarative updates to Pods along with a lot of other useful features.

2.3.4.3 DaemonSets

DaemonSets are similar to Deployments in that they both create Pods, and those
Pods have processes, which are not expected to terminate, such as web servers and storage
servers. Deployments are used for stateless services, like frontends, where scaling up and
down the number of replicas and rolling our updates are more important than controlling
exactly which host the Pod runs on. On the other hand, a DaemonSet is used when it is
important that a copy of a Pod always runs on certain hosts, if the DaemonSet provides
node-level functionality that allows other Pods to run correctly on that particular node. For
example, in a scheduling plugin, a DaemonSet component that enables the functionality of
binding a Pod to a CPU socket, will make sure that the affected Pod will run at the selected
Node.

2.3.5 Nodes

Kubernetes runs all of its components, Pods, and workload resources on Nodes. A
node may be a virtual or physical machine, depending on the cluster[6]. Each node is
managed by the control plane and contains the services necessary to run Pods.

There are two ways to have Nodes added to the API server:

1. The kubelet on a node self-registers to the control plane

2. A user manually adds a Node object

After a Node object is created the control plane checks whether new Node object is
valid. Kubernetes creates a Node object internally and checks that a kubelet has registered
to the API server matching the metadata name field of the Node. If the Node is healthy, it is
eligible to run Pods. Otherwise, the Node is ignored for any cluster activity until it becomes
healthy.

Each Node that is self-registered report their resource capacity during registration. If
it is manually added, then the user needs to set the node’s capacity information when
adding it. Then the pods can consume the available resources in order to run on them. The
Kubernetes scheduler ensures that there are enough resources for all the Pods on a Node.
The scheduler checks that the sum of the requests of containers on the node is no greater
than the node’s capacity. That sum of requests includes all containers managed by the
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kubelet, but excludes any containers started directly by the container runtime, and also
excludes any processes running outside of the kubelet’s control.

2.3.6 Cluster Architecture

Kubernetes has a “hub-and-spoke” API pattern[6]. All APl usage from nodes (or the
pods they run) terminates at the APIl-server. None of the control plane components is
designed to expose remote services. The API-server is configured to listen for remote
connections on a secure HTTPS port with one or more forms of client authentication
enabled.

The control plane components also communicate with the cluster APl-server over
the secure port. As a result, the default operating mode for connections from the nodes and
pods running on the node to the control plane is secured by default and can run over
untrusted and/or public networks.

The control plane has two primary communication paths to the nodes. The first is
from the APIl-server to the kubelet process, which runs on each node in the cluster. The
second is from the apiserver to any node, pod, or service through the apiserver’s proxy
functionality. The connections from the apiserver to the kubelet terminate at the kubelet’s
HTTPS endpoint. On the other hand, the connections from the apiserver to a node, pod, or
service default to plain HTTP connections and are therefore neither authenticated nor
encrypted. However, they can be run over a secure HTTPS connection by prefixing https: to
the node, pod, or service name.

2.3.7 Scheduler

Now, with a basic understanding of Kubernetes’ functionalities, a more thorough
understanding of the Kubernetes’ scheduler can be achieved. As already described, a
scheduler watches for newly created Pods that have no Node assigned. For every Pod that
the scheduler discovers, the scheduler becomes responsible for finding the best Node for
that Pod to run on.

The Kubernetes scheduler also known as kube-scheduler is the default scheduler and
runs as part of the control plane. Kube-scheduler is designed so that, if someone wants and
needs to, can write their own scheduling component and use that instead. For every newly
created pod or other unscheduled pods, kube-scheduler selects an optimal node for them to
run on. However, every container in pods has different requirements for resources.
Therefore, existing nodes need to be filtered according to the specific scheduling
requirements. After the scheduler finds available nodes, it runs a set of functions to score
the nodes and picks the Node with the highest score among them, to run the Pod. The
scheduler then notifies the APl server about this decision in a process called binding. The
factors that need to be taken into account for scheduling decisions include individual and
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collective resource requirements, hardware, software, and policy constraints, affinity
specifications, data locality, workload interference and so on.

Consequently, the 2-step operation, in which the kube-scheduler selects a node for
the arriving pod, comes as followed:

1. Filtering

2. Scoring

The filtering step find the set of Nodes where it is feasible to schedule the Pod. The
filters check the candidate Nodes for certain parameters, such as resource availability. If the
Node does meet the Pod’s resource requests, it adds the Node to the suitable Node list. In
the scoring step, the scheduler ranks the remaining nodes to choose the most suitable Pod
placement. The scheduler assigns a score to each Node that survived filtering, basing this
score on the active scoring rules. Finally, kube-scheduler assigns the Pod to the Node with
the highest ranking. If there is more than one node with equal scores, kube-scheduler selects
one of these at random.

The Kubernetes scheduler is configurable and one can implement different
scheduling profiles. A scheduling profile allows the configuration of different stages of
scheduling in the kube-scheduler, via extension points. Plugins provide scheduling behaviors
by implementing one or more of these extension points, such as filtering, scoring, sorting and
more. This is the basis of our interference awareness implementation. By using the plugin
extension points of the Kubernetes scheduler, we can enable our custom filtering and scoring
steps in accordance with interference avoidance and enhanced application collocation.

2.4 Benchmarking

In order to create test cases and validate the assumptions of our thesis, it is
imperative that actual applications are used, which will in fact stress the resources, cause
interference to other workloads and allow a suitable evaluation of the scheduling plugins we
have implemented. Using benchmarks, allows us to have quantitative data, choose from a
selection of different types of test applications and helps imitate real workload scenarios.

Benchmarks are the acts of running computer programs, or other operations, in
order to assess the relative performance of an object, in our case, the runtime performance
of workloads during cloud hosting.

2.4.1 SPEC Benchmarks

For our test environment, the set of benchmarks that were used originate from the
SPEC Benchmark suite. The benchmarks aim to test real-life situations from Java scenarios
to simple computation jobs. The SPEC CPU suites test CPU performance by measuring the
run time of several programs. For our workload cases, the CPU suite will be used in order to
evaluate CPU performance and provide information on interference between applications.
The 2006 SPEC CPU benchmarks contains two packages, the one being CINT2006 with two
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suites, which tests integer arithmetic programs such as compilers, word processors etc, and
the other one being CFP2006 with four suites, testing floating point performance, such as
physical simulations, image processing etc. From these benchmark suites, we selected
certain benchmarks to create different types of application templates and use them as test
workloads arriving at a server farm.
e 400.perlbench: This workload includes certain jobs, such as an email indexer and
a SPEC tool that checks benchmark outputs.
e 445 gobmk: Plays the game of Go, a simply described but deeply complex game.
e 462 .libquantum: Simulates a quantum computer, running Shor’s polynomial-
time factorization algorithm.
e 471 .omnetpp: Uses the OMNet++ discrete event simulator to model a large
Ethernet campus network.
e 434.zeusmp: ZEUS-MP is a computational fluid dynamics code developed at
NCSA for the simulation of astrophysical phenomena.
e 436.cactusADM: Solves the Einstein evolution equations using a staggered
leapfrog numerical method.
e 444.namd: Simulates large biomolecular systems.
e 450.soplex: Solves a linear program using a simplex algorithm and sparse linear
algebra. Test cases include railroad planning and military aircraft models.
e 459.GemsFDTD: Solves the Maxwell equations in 3D using the FDTD method

These benchmarks will imitate an application being hosted on a Kubernetes server. A
benchmark will be hosted on a container, and since a Pod can have multiple containers of
the same benchmark running, we are able to create widely different and complex Pod
specifications.

2.4.1.1 Runtimes

In order to evaluate benchmark and CPU performance, the benchmark runtime will
be registered. The base runtime performance that will be used as the basis for any service
level objectives, is the runtime recorded from the benchmarks when they are hosted alone.
When applications are collocated together on nodes, the new runtime performances will be
registered and compared with the base runtime of the benchmark, to determine if the
Service Level Objectives have been met.

Since benchmarks have different singular runtimes, it is also imperative that
workloads executing applications, have established common total runtimes, by repeated
benchmark executions. For example, 436.cactusADM may have a singular runtime execution
of 10 minutes and 444.namd may have a singular execution of 5 minutes. As a result, and to
have a better depiction of the performance degradation that might occur when collocating
the two different applications on a node, it is crucial that 444.namd executes twice as many
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times over the course of action, so that the total runtime is the same. Then the average
runtime is calculated and compared with the base runtime of each benchmark, to assess if
the SLOs have been met.

An SLO or also Service Level Object is a key element of a service-level agreement
(SLA) between a service provider and a customer. SLOs are agreed upon as a means of
measuring the performance of the Service Provider and are outlines as a way of avoiding
disputed between the two parties based on misunderstanding. In this thesis, we will cover
multiple SLOs in order to test the efficiency of the scheduling algorithms. These SLOs will be
determined on the runtime performances of the applications, by dividing the runtime
performance of an application when collocated with others with the base runtime that it
obtained when it operated alone. For example, the service-level agreement between a
cloud provider and the customer might have established an SLO objective of 1.2, meaning
that any application running on the server should avoid showing an increase in runtime
performance by 20% or more. Such SLA violations, will dictate how efficient one scheduling
algorithm has been, under the stress of a certain workload.

2.4.1.2 Containerization

For benchmarks to run on a computer, it was never anything more than a suite
installation, allowing users to run test workloads at ease. However, testing benchmarks via
Pod placement requires firstly the containerization of the benchmark suite.

In order to create a container that includes the SPEC Benchmark suite, we created a
Dockerfile. Docker can build images automatically by reading the instructions from a
Dockerfile. A Dockerfile is a text document that contains all the commands a user could call
on the command line to assemble an image/container. The Dockerfile is as follows:

6 lines (5 sloc) 153 Bytes

0M cmbant/docker-goc-build

MATNTAIMER jdologl@cslab.ece.ntua.gr

" SPEC_bench fbenchmarks/SPEC_bench
DIR fbenchmarks/SPEC_bench

MD ["runspec” ]

Dockerizing SPEC Library

This Dockerfile builds the image on a gcc compiler to allow the SPEC benchmark to
run on. Then it copies the SPEC benchmark suites on the Docker image and by choosing the

N.T.U.A — School of Electrical and Computer Engineering 44



correct work directory, we run the runspec tool to access the suite. The image is also
uploaded to DockerHub and can be pulled via jmmisd/testspec .

2.4.1.3 Categorization

With the benchmark suite now containerized, we are able to construct Kubernetes
Pods that can be deployed on a cluster. In order to categorize the benchmarks into the four
available categories, we first need to acquire their runtimes. Once the benchmarks have
been executed alone in the cluster, and their runtimes are registered, we can begin the
process of classifying them. The classification process of the benchmarks resides on the
cross-running of the benchmarks on the same socket. Each benchmark will run with every
other benchmark allowing us to register their runtimes when collocated together. After the
runtime data is available, we are able to start the classification progress with the use of the
whiskers. The whiskers implement a method that handles a dictionary of results for each
benchmark and calculates a limit based on the provided metrics. That limit is compared with
a maximum value calculated once again by the whisker algorithm and that comparison is
pivotal in the categorization of the application.

3. Solution Presentation

3.1 Environment Used

In order to assess the current proposal, a test environment was set up that allowed
the simulation of a hosting provider infrastructure. We set up four computing systems that
allowed as a result, the creation of a 4-node cluster to take place.

3.1.1 System Setup

The infrastructure available in our lab consists of four computing machines that are
locally connected to each other. Each computing machine has 24 CPUs in total, of x86_64
architecture. Each core has two threads and every socket consists of six cores and as a result
twelve threads. The CPU model name is an Intel Xeon CPU of 2.40 GHz frequency. In order
to evaluate different pairing algorithms and construct specific topologies where applications
will be collocated, two NUMA nodes are apparent on each machine. Each NUMA node has
its own memory link and balances its own load. NUMA nodeO has the first two sockets
meaning twelve CPUs. All of the computing machines are interconnected in a local network,
in order to communicate with each other. The first CPU, called termi7 is the machine
selected to act as the master node. However, all four of the physical machines will work also
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as worker nodes, meaning that the first master node, also works as a worker node and will
host applications, since it has the capabilities for it. The rest of the physical machines are
called termi8, termi9 and termil0 for identification purposes. All of the machines share the
same architecture, number of cores and NUMA nodes. In each NUMA nodes, there are
shared resources that up to four applications can utilize. They will be placed as pairs into the
two sockets available in one NUMA node interfering with each other.

3.1.2 Cluster Setup

With the hardware topology well known and understood, the deployment and
configuration of the cluster is now able to begin. The first terminal also called termi7 will
serve as the master node, hosting every Kubernetes core component and allowing the
cluster to take place. Then the control plane components that are created will set up the
cluster. However, the deployment of a multi-node cluster that has each node on a different
computing machine is challenging and not the same with deploying a local cluster on a
single machine.

For that reason the Kubernetes cluster was deployed with the use of Kubespray.
Kubespray is a composition of Ansible playbooks, inventory, provisioning tools, and domain
knowledge for Kubernetes configuration managements tasks[11]. Kubespray allows us to
run on bare metal, which is exactly the case for our cluster setup. It uses Ansible as its
substrate for provisioning and orchestration.

Ansible on the other hand is an IT automation engine, which automates cloud
provisioning, configuration management, intra-service orchestration and other IT needs[12].
By using an Ansible inventory, we can configure the Kubespray cluster inventory and
provision how the cluster should be installed. That way and with the use of the Ansible
playbook, we are able to deploy the Kubernetes cluster in its desired setup. Furthermore,
the Calico plugin is installed and used via the Ansible playbook to enable network
communication between the different bare metal nodes.

3.2 Kubernetes Framework

With the four-node cluster set-up and Kubernetes available and at a healthy state,
the deployment of applications can begin. However, with the cluster scheduler being at a
default state, the application deployment would completely ignore interference issues from
application collocation. Thus, it is necessary that the scheduling algorithms be implemented
via the scheduler plugins. The scheduling framework allows the creation of out-of-tree
scheduling plugins that alter the behavior of the Kubernetes scheduler.
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3.2.1 Scheduling Framework

The Kubernetes scheduler is a primary component of the Kubernetes control plane,
and as already described, it is the component that chooses which Nodes will host the
available pods that have not already been scheduled. Through filtering and scoring the
feasible nodes, the scheduler will choose the best node candidate, and the Pod will be
hosted on the selected Node. However, the default behavior of the Kubernetes scheduler is
not interference aware and mismanages resource utilization when collocating applications.
This can be altered, via the Scheduler configuration. The behavior of the scheduler can be
customized by writing a custom configuration file and passing its path as a command line
argument. A scheduling Profile allows the configuration of the different stages of scheduling
in the Kubernetes scheduler. Each stage is exposed in an extension point. Plugins provide
scheduling behaviors by implementing one or more of these extension points.

All of this is available via the implementation of the Scheduling Framework. The
scheduling framework is a pluggable architecture for the Kubernetes scheduler. It adds a
new set of plugin APIs to the existing scheduler. Plugins are compiled into the scheduler and
the APIs allow most scheduling features to be implemented as plugins, while keeping the
scheduling “core” lightweight and maintainable. The scheduling framework allows us to
write custom, performant scheduler features without forking the scheduler’s code. Custom
scheduler can write their plugins “out-of-tree” and compile a scheduler binary with their
own plugins included. A custom interference aware scheduler will make use of different
extension points to create “out-of-tree” plugins and schedule the Pods in an interference
aware manner.

3.2.1.1 Scheduling & Binding Cycle

Each attempt to schedule one pods is split into two phases, the scheduling cycle and
the binding cycle[10]. The scheduling cycle selects a node for the pod, and the binding cycle
applies that decision to the cluster. Together, a scheduling cycle and a binding cycle are
referred to as a “scheduling context”. Scheduling cycles are run serially, while binding cycles
may run concurrently. During the scheduling cycle, there are certain extension points that
the scheduling framework exposes, which control how the scheduler sorts the arriving pods,
filters the feasible nodes and scores them, to choose the correct fit. After the selection of
the best node candidate has been made, the binding cycle begins. During the binding cycle,
a different set of extension points, allows further implementation of scheduling behaviors
pre-bind, during binding time, or even post-bind. That way the available Pod is bound to the
targeted Node.
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3.2.1.2 Extension Points

Plugins can use one or more extension points to alter the scheduler behavior and

enforce different scheduling techniques during the scheduling or the bind cycle. The

extension points that the scheduling framework exposes are as follows[10]:

QueueSort: These plugins are used to sort pods into the scheduling queue. A
queue sort plugin essentially provides the ability to sort the queue of a
concurrent influx of arriving pods, to allow Kubernetes to schedule certain pods
before others. Only one QueueSort plugin may be enabled at a time.

PreFilter: These plugins are used to pre-process info about the pod, or to check
certain conditions that the cluster or the pod must meet. A pre-filter plugin
should implement a PreFilter function, and if PreFilter returns an error, the
scheduling cycle is aborted. The PreFilter plugin is called once in each scheduling
cycle.

Filter: These plugins are used to filter out nodes that cannot run the Pod. For
each node, the scheduler will call filter plugins in their configured order. If any
filter plugin marks the node as infeasible, the remaining plugins will not be called
for that node. Nodes may be evaluated concurrently, and the Filter plugin may
be called more than once in the same scheduling cycle.

PostFilter: These plugins are called after the Filter phase, but only when no
feasible nodes were found for the pod. Plugins are again called in their
configured order. If any PostFilter plugin marks the node as Schedulable, the
remaining plugins will not be called. A typical PostFilter implementation is
preemption, which tries to make the pod schedulable by preempting other Pods.
PreScore: This is an informational extension point for performing pre-scoring
work. Plugins will be called with a list of nodes that passed the filtering phase. A
plugin may use this data to update internal state or to generate logs/metrics.
Scoring: These plugins have two phases:

1. The first phase is called “score” which is used to rank nodes that have
passed the filtering phase. The scheduler will call Score of each scoring
plugin for each node.

2. The second phase is the “score normalization” phase, which is used to
modify scores before the scheduler computes a final ranking of Nodes,
and each score plugin receives scores given by the same plugin to all
nodes in “normalize scoring” phase. It is called once per plugin per
scheduling cycle right after the “score” phase.

The output of a score plugin must be an integer in range of [MinNodeScore,
MaxNodeScore]. If not, the scheduling cycle is aborted. This is the output after
running the optional NormalizeScore function of the plugin. If NormalizeScore is
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not provided, the output of Score must be in this range. After the optional
NormalizeScore, the scheduler will combine node score from all plugins
according to the configured plugin weights. If either Score or NormalizeScore
returns an error, the scheduling cycle is aborted.

e Reserve: A plugin that implements the Reserve extension has two methods,
namely Reserve and Unreserve, which back two informational scheduling phases,
with the same names respectively. Plugins, which maintain runtime state (also
known as “stateful plugins”, should use these phases to be notified by the
scheduler when resources on a node are being reserved and unreserved for a
given Pod.

The Reserve phase happens before the scheduler actually binds a Pod to
its designated node. It exists to prevent race conditions while the scheduler waits
for the bind to succeed. The Reserve method of each Reserve plugin may
succeed or fail. If one Reserve method call fails, subsequent plugins are not
executed and the Reserve phase is considered to have failed. If the Reserve
method of all plugins succeeds, the Reserve phase is considered to be successful
and the rest of the scheduling cycle and the binding cycle are executed.

The Unreserve phase is triggered if the Reserve phase or a later phase
fails. When this happens, the Unreserve method of all Reserve plugins will be
executed in the reverse order of the Reserve method calls. This phase exists to
clean up the state associated with the reserved Pod.

e Permit: These plugins are used to prevent or delay the binding of a Pod. A permit
plugin can do one of three things.

1. Approve: Once all permit plugins approve a pod, it is sent for binding.

2. Deny: If any permit plugin denies a pod it is returned to the scheduling
queue. This will trigger the Unreserve method in the Reverse plugin.

3. Wait: If a permit plugin returns “wait”, then the pod is kept in the permit
phase until a plugin approves it. If a timeout occurs, wait becomes deny
and the pod is returned to the scheduling queue, triggering the
unreserved method in the Reserve phase.

Permit plugins are executed as the last step of a scheduling cycle, however
waiting in the permit phase happens at the beginning of a binding cycle, before
PreBind plugins are executed.

While any plugin can receive the list of reserved pods from the cache and
approve them, via the FrameworkHandle, we expect only the permit plugins to
approve the binding of reserved Pods that are in a “waiting” state. Once a pod is
approved, it is sent to the pre-bind phase.

e PreBind: These plugins are used to perform any work required before a pod is
bound. For example, a pre-bind plugin may provision a network volume and
mount it on the target node before allowing the pod to run there. If any PreBind
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plugin returns an error, the pod is rejected and returned to the scheduling
queue.

e Bind: These plugins are used to bind a pod to a Node. Bind plugins will not be
called until all PreBind plugins have completed. Each bind plugin is called in the
configured order. A bind plugin may choose whether to handle the given Pod. If a
bind plugin chooses to handle a Pod, the remaining bind plugins are skipped.

e PostBind: This is an informational extension point. PostBind plugins are called
after a pod is successfully bound. This is the end of a binding cycle, and can be
used to clean up associated resources.

Based on the aforementioned extension points, the scheduling Cycle can be
summarized to the following graphic:
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3.2.1.3 Plugin API

There are two steps to the plugin API. First, plugins must register and get configured,
then they use the extension point interfaces mentioned.

Most plugin functions will be called with a CycleState argument[10]. A CycleState
represents the current scheduling context. It will provide APIs for accessing data whose
scope is the current scheduling context. Because binding cycles may execute concurrently,
plugins can use the CycleState to make sure they are handling the right request. The
CycleState also provides an APl that can be used to pass data between plugins at different
extension points. Multiple plugins can share the state or communicate via this mechanism.
This state is preserved only during a single scheduling context and the data available
through a CycleState is not valid after a scheduling context ends, so plugins should not hold
references to that data longer than necessary. It is worth noting that plugins are assumed to
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be trusted. The scheduler does not prevent one plugin from accessing or modifying another
plugin’s state.

While the CycleState provides APIs relevant to a single scheduling context, the
FrameworkHandle provides APIs relevant to the lifetime of a plugin[10]. This is how plugins
can get a client and, or read data from the scheduler’s cache of cluster state. The handle will
also provide APIs to list and approve or reject waiting pods. Frameworkhandle provides
access to both the Kubernetes API server and the scheduler’s internal cache. The two are
not guaranteed to be coordinated and extreme care should be taken when writing a plugin
that uses data from both of them. Providing plugins access to the API server is necessary to
implement useful features, especially when those features consume object types that the
scheduler does not normally consider. Providing a SharedInformerFactory allows plugins to
share caches safely.

Each plugin must define a constructor and add it to the hard-coded registry. After
the plugin is registered, the scheduler uses its configuration to decide which plugins to
instantiate. If a plugin registers for multiple extension points, it is instantiated only once.
After the plugin is registered, there are two types of concurrency that should be considered.
A plugin might be invoked several times concurrently when evaluating multiple nodes and a
plugin may be called concurrently from different scheduling contexts. In the main thread of
the scheduler, only one scheduling cycle is processed at a time. Any extension point up to
and including permit will be finished before the next scheduling cycle begins. After the
permit extension point, the binding cycle is executed asynchronously. This means that a
plugin could be called concurrently from two different scheduling contexts, if at least one of
the calls is to an extension point after permit. Stateful plugins should take care to handle
such situations. Finally, the Unreserve method in Reserve plugins may be called from either
the main thread or the bind thread, depending on how the pod was rejected.

3.2.1.4 Plugin Configuration

The scheduler’s component configuration will allow plugins to be enabled, disabled,
or otherwise configured. Plugin configuration is separated into two parts.

1. A list of enabled plugins for each extension point (and in the order they
should run in). If one of these lists is omitted, the default list will be used.

2. An optional set of custom plugin arguments for each plugin. Omitting
config arguments for a plugin is equivalent to using the default config for
that plugin.

Extension points organize the plugin configuration. A plugin that registers with
multiple points must be included in each list accordingly. When specified, the list of plugins
for a particular extension point are the only ones enabled. If an extension point is omitted
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from the config, then the default set of plugins is used for that extension point.
Furthermore, plugins may receive arguments from their config with arbitrary structure.
Because one plugin may appear in multiple extension points, the config is in a separate list
of PluginConfig[10].

The scheduling framework allows a set of use cases to be implemented.

1. Plugins can allow a functionality of co-scheduling applications. For
arriving Pods in a batch, such plugin would accumulate pods in the permit
phase by using the wait option. Because the permit stage happens after
reserve, subsequent pods will be scheduled as if the waiting pod is using
those resources. Once enough pods from the batch are waiting, they can
all be approved at the same time allowing co-scheduling to happen.

2. Plugins can also implement Dynamic Resource Binding, meaning that
Topology-Aware Volume Provisioning can be implemented as a plugin,
that registers for filter and pre-bind extension points. At the filtering
phase, the plugin can ensure that the pod will be scheduled in a zone,
which is capable of provisioning the desired volume. Then at the PreBind
phase, the plugin can provision the volume before letting the scheduler
bind the pod.

3. Last but not least, the scheduling framework allows the creation of
custom, performant scheduler features without forking the scheduler’s
code, that way keeping the scheduling “core” lightweight and
maintainable. That way the custom plugins are enabled as normal plugins
in the scheduler config, allowing the implementation of different
scheduler features. One certain example is the subject of this thesis,
aiming to create custom plugins that alter the scheduler behavior to
become interference-aware when scheduling applications on physical
servers.

The scheduling framework is expected to be backward compatible with the existing
Kubernetes scheduler. As a result, it is logical that all existing tests of the scheduler pass
during and after the framework is developed.

1. Unit Tests. Each Plugin developed for the framework is expected to have
its own unit tests with reasonable coverage.

2. Integration Tests. As we build extension points, we must add appropriate
integration tests that ensure plugins registered at these extension points
are invoked and the framework processes their return values correctly. If
a plugin adds a new functionality that didn’t exist in the pas, it must be
accompanied by integration tests with reasonable coverage.

3. End-to-end tests. These tests should be added for new scheduling
features and plugins that interact with external components of
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Kubernetes such as the APl server. They are however not needed, when
integration tests provide adequate coverage.

3.2.2 Pods Template

Before an interference-aware plugin is analyzed, a better understanding of the
applications used is necessary. As already described, the benchmarks are containerized into
Docker components, and via Kubernetes, they can be scheduled as Pods and handled by the
scheduler inside a server farm. However, for such benchmark applications to be run
correctly, a Pod template needs to be established, that will dictate how they are to be de
described in a default manner. The Pod template is as follows:

13 lines (13 sloc) 243 Bytes

apiversion: vl
kind: Pod
metadata:

name: namd

containers:
- image: jmmisd

command :

cslab-spec-static.cfg --size=ref 3

Pod Template of a SPEC Benchmark

The Pod pulls the Docker image that has the SPEC Benchmark library and then calls
the runspec commands, in order to run the desired benchmark under the targeted
configuration. From the SPEC library, ten benchmarks are used and classified accordingly.

3.3 Application Classification

Now that the benchmarks are deployable to Kubernetes, the classification progress
of each benchmark can begin. Firstly, each benchmark needs to run alone in a single socket,
allowing us to document their single runtime performance. Then every single benchmark
will run with each other benchmark in order to produce an NxN matrix (given that we have
N total benchmarks) of results about runtime performances of collocated benchmarks.
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More specifically, each script execution collocates two different SPEC benchmarks on
the same CPU socket in the same node. Then the two applications are executed at the same
time and for the same duration (with minimal time differences). Each runtime performance
is documented to be later crosschecked with the individual runtime performance of the
application.

Now with the runtime data available, we can use the whisker classification progress
to classify and categorize the ten SPEC benchmarks respectively.

3.3.1 Predictors

In order to classify and have an accurate description of each Benchmark application
used, it is imperative that a predictor is used. A predictor will decide if an application is
contentious or sensitive, before deploying it to the cluster. By running a series of tests and
recording different runtimes, a predictor algorithm is able to decide the category of an
application before it is even deployed. In order to classify a benchmark, a dictionary of every
single runtime registered is needed, when collocated with every other possible pairing on
the same socket.

Then the whisker method selects the top and bottom quartiles of that dictionary.
The top quartile is at the 75% percentile whilst the bottom quartile is the 25% percentile
from the available measurements. Then the predictor calculates the whisker limit based on
those two calculations and then compares it to the max available value. That comparison is
the deciding factor on whether that benchmarks surpasses that limit and is indeed
contentious or sensitive.

3.3.2 Classification Process

In order to classify the applications, the whisker produced from the execution of the
method is compared to a QoS standard, which has been set by us. The QoS limit that was
established on factoring one application’s sensitivity and contentiousness is 20% or
numerically 1.2. The whisker result of a SPEC benchmark application above 1.2 regarding the
Sensitivity matrix, classifies the application as a sensitive one. On the other hand a whisker
result above 1.2 regarding the Contentiousness matrix, classifies the application as a
contentious one. That way we can derive the two characteristics of our benchmarks and
conclude on which category one application is classified to. More elaborately, the script
implements the following case scenarios to decide and tag the applications depending on
their characteristics:

e If an application has a sensitivity whisker of 1.2 or higher, then it is classified as a

sensitive one.
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e If an application has a contentiousness whisker of 1.2 or higher, then it is also
classified as a contentious one.

This set of data classifies the application to category D (or catD) and the appropriate
tag is placed upon every single newly created Pod that executes that specific benchmark.

Accordingly, the sensitivity and contentiousness whiskers will classify each and every
benchmark to their respective category depending on the whisker value surpassing the QoS
value set by us. An average and standard QoS value that is largely used is the QoS of 1.2,
meaning that an increase in more than 20% of runtime performance is enough to classify
the benchmarks as contentious or sensitive, according to the current classification process.

This resulted in the following classification matrix:

Benchmark Category
Zeusmp catC
Namd catA
Gobmk catA
Omnetpp catB
Perlbench catB
cactusADM catA
libquantum?2 catD
GemsFDTD catD
Libquantum catD
soplex2 catD

3.4 Algorithms

With the cluster set-up to a stable and empty state, and with the benchmarks
containerized and classified, it is time that the algorithmic solutions of application
distributing are thoroughly described. These algorithms will then be compared to the
standard and non-interference-aware way to analyze the improvement applied to
application runtime performance. All of these algorithms are implemented with the help of
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the scheduling framework providing an easy, deployable, and easily maintained way of
adding interference awareness to the Kubernetes scheduler.
The three algorithmic solutions are as follows:

1. The Greedy Algorithm

2. The Socket-Based Algorithm
3. The Sparing Algorithm

3.4.1 Interference Impact

A random scheduler will allocate applications to nodes after checking that the
resource requirements are met. That way it seemingly ensures that applications have
enough resources to run in an efficient way and meet the service requirements. However,
Kubernetes, lacking interference awareness, will still fail to meet the service requirements
set by the client and as a result, applications will have severe performance issues.
Collocated applications may have enough resources available from the common resource
pool on the node, but will still have contentiousness issues, battling to achieve full resource
utilization when they run concurrently. This is the reason behind researching new
algorithmic solutions that utilize applications categorized depending on sensitivity and
contentiousness.

When collocating applications on a socket, the shared CPU resource pool comes
under stress and the runtime performance of applications is hindered. This can cause a
performance drop that can exceed the SLOs set from the client. This creates two issues that
require solution. The first issue resides on applications scheduling to the cluster nodes.
Before applications are even hosted on CPU sockets, Kubernetes decides the node on which
they will run on. In a small-scale test of quadruples arriving to each node, there can be
quadruples that are inherently considered a bad set and will cause SLO violations regardless
of how they are placed in sockets. That requires that algorithmic solutions are established
and implemented onto the Kubernetes scheduler in an effort to avoid such cases from
happening.

3.4.2 Algorithmic Approach

When scheduling applications on nodes, the Kubernetes scheduler will run each
plugin in the selected order to evaluate and decide which node is the best fit. Each
algorithmic solution presented in this paper, is based on a principle of filtering and scoring
the available nodes. The filtering function is mainly used to ensure the even distribution
between applications and to allow us to run standardized small workloads on our 4-node
cluster. After the filtering process has ended, the scoring plugin will rank the available nodes
and choose the best fit for our Pod, depending on its category. In a simplified explanation,
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the scoring function will give a perfect score on every empty node and accordingly score
every other node that is hosting applications already. The scoring function is dependent and
hard-coded on the algorithmic technique implemented.

When a new pod arrives at the scheduler, the scoring plugin reads the tag provided
by the Pod description template and calculates the total score that each node already has. If
a node is empty, that node is given the best score and is as a result, chosen as the best fit. If
two or more nodes are empty, then the selected node is chosen randomly. The same applies
to nodes with the same score throughout the scoring process. The scoring plugin also
utilizes a reversing function during Normalization. As already explained, Score Normalization
modify scores before the scheduler computes a final ranking of the nodes. In this case, the
plugin reverses the scoring provided from the Scoring function. This is mandatory because
the scoring plugin provides the score depending on how many applications are hosted. Each
application on a node, regardless of category has a positive weight and as a result the more
applications on a server, equate to a higher score. However, this is the opposite of what is
expected. An empty node would receive the lowest score of 0, when it should be instead the
best fit for every arriving Pod. As a result, each application provides a positive weight when
its score is calculated, and during the NormalizeScoring phase, the ranking is simply
reversed.

Thus, the final score of each node is correct after the NormalizeScoring phase, and
the best-fit node is selected for the Pod. The scoring plugin is different on every algorithmic
solution and provides different results that are thoroughly observed in the following
sections.

3.4.3 CPU Pinning

After the scheduler has distributed the Pods accordingly, depending on which
algorithm was enabled, the process of CPU pinning applications begins. The set-up
environment that is used, utilizes two CPU sockets on each node (physical machine). Thus,
each quadruple of applications arriving at a node will be randomly split into the two sockets.
This can still create not only wasteful pairs, where sockets remain un-utilized, but also
create contentious pairs that battle for resources and cause severe performance issues. As a
result, a daemon, which could also be described as an internal scheduler, is needed to
monitor and manage how the arriving applications will be split. Each node needs a running
daemon, implementing a simple utilization pairing algorithm to ensure that the best pairs
possible are created on each socket. The DaemonSet that runs on each Node uses an entry-
point via the Golang client, to periodically request the list of Pods on a specific namespace.
This is accomplished with the use of the Kubernetes API.

In order to effectively change the socket selection of a Pod, the DaemonSet then
finds and utilizes cgroups. Cgroups also known as Control Groups provide a mechanism for
aggregating and partitioning sets of tasks, with all their future children, into hierarchical
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groups of specialized behavior. More specifically, cgroup’s filesystem allows us to change
the set of cores that are used to run a Pod. Each socket has certain specific cores that it
utilizes, and with the use of cgroup’s files, we can pin each Pod to the specific set of CPU
cores we wish to do so.

3.4.4 The Greedy Algorithm

The first algorithm that was implemented to the scheduling framework is the Greedy
algorithm. As its name suggests they course of action that this plugin implements, is to
greedily assign as many non-contentious pods together in the early quadruple, so that to
minimize the chance of bad pairs forming in sockets. That way, sensitive applications are
more likely to be placed with non-contentious ones and as a result display minimal
performance degradation. However, since the algorithmic approach is in fact greedy, there
can still be certain quadruples formed which contain many contentious applications. Nodes
hosting such formations will have increased interference and as a result cause heavy
performance issues to applications hosted there.

3.44.1 Concept
The algorithm applied resides on the following principle:

Algorithm:

Input: N applications in set
Outputs: N/2 pairs per socket
Sets <- {1. non-contentious/insensitive,
2.non-contentious/sensitive,
3.Contentious/insensitive,
4.Contentious/sensitive}
Quiets <- Non-Contentious or insensitive (1,2,3)
Not quiets <- The rest (4)
For set € sets do
If set arriving is quiet then
If server is empty then
o Place set

If server is not empty then
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o Pair set with other quiet till there is a quadruple formed
(Preferring 1s, then 2s and lastly 3s)

If setis Not quiet then

o Add the set to a new empty socket or pair it randomly in a
socket if no server is empty.

Complexity: O(n)

3.4.4.2 Plugin

The Greedy plugin will only track applications that have a tag describing their
contentiousness and sensitivity. Any Pod arriving to the scheduler that does not have a tag
will be ignored and be handled with the default behavior.

Every plugin that has been created firstly filters the nodes in order to allow only
qguadruples to be formed and utilizes a hard-coded scoring function that simply calculates
the score of each node based on the applications running on it. If it is empty, it has a score
of zero and if it has applications, it calculates the total score depending on how many and
which type of Pods are hosted there. Then during the normalization phase, that scoring is
reversed and as a result, the node with the lowest score (or zero) is the one with the
highest, and as a result chosen as the best fit.

3.4.4.3 Scheduling Process

The scheduling process that the Greedy algorithm instantiates when a new Pod
arrives at the cluster is a hard-coded scoring-based function.

The Greedy algorithm has a simple scoring function that allocates a low score to
every non-contentious and insensitive app, also known as Category A. Applications under
category B (which are sensitive but non-contentious) have a slightly higher score and Pods
with the tag of category C (contentious and insensitive) have an even higher one. Lastly
applications under category D, which are both contentious and sensitive have the highest
scoring as they will ruin pairs in nodes, contradicting the very principle under which the
Greedy algorithm works on.

As a result, during every scheduling cycle the plugin will implement the following
path of execution:

e Recognize the arriving Pod and check for the available tag, indicating that the

pod is to be tracked by the plugin.

e Filter the available nodes in order to disqualify full ones.
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e Score the feasible nodes given the greedy algorithmic principle.
e Category A receives the lowest score when paired regardless with anyone,
category B the second lowest and so on.

e Normalize the scoring and choose the best fit for the new application

After the scheduling process is completed, the CPU-pinning DaemonSet will get a list
of all deployed Pods in the node with the CPU socket they are pinned at, and will decide if
the application is placed correctly. If not, Pods will be swapped around the available CPU
sockets, in order to minimize contentiousness issues.

3.4.5 The Sparing Algorithm

The second algorithm that was implemented to the scheduling framework is the
Sparing algorithm. This algorithm similarly to the Greedy one, tests a more radical and
greedy approach by inherently understand the impossibility of having perfect runtime
performances for all hosted applications, and tries as a result to pair inherently bad
applications together that way sparing the rest of the applications from being very affected.
More specifically, applications that fall under category D, meaning applications that have
both contentiousness and sensitivity, will be paired together and as a result leave the rest of
the applications free to pair each other at the rest of the nodes. The result of such an
algorithmic approach is to create a similar result with the Greedy algorithm but instead
trying to achieve good results with the exact opposite approach.

3.4.5.1 Concept

Algorithm:

Input: N applications in set

Outputs: N/2 pairs per socket

Sets <- {1. non-contentious/insensitive,
2.non-contentious/sensitive,
3.Contentious/insensitive,
4.Contentious/sensitive}

Quiets <- Non-Contentious (1,2)

Not quiets <- Contentious (3,4)

For set € sets do
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If set arriving is not quiet then
If server is empty then
o Place set
If server is not empty then

o Pair set with other not quiet till there is a quadruple formed (Preferring
4s and lastly 3s)

If setis quiet then
If server is empty then
o Place set
If server is not empty then

o Pair set with other quiet till there is a quadruple formed (Preferring 1s
and lastly 2s)

Complexity: O(n)

3.45.2 Plugin

The Sparing plugin works with the exact same mechanics as the rest of the plugins
developed. The key difference is apparent at the scoring function of the plugin, where the
lowest scores are set when pairing applications of the category D together. Every other pair
has a linear approach following the principles of the sparing algorithm concept described
above.

As a result, during the normalization phase later, we will have two main scenarios
folding out. Firstly, if the arriving application is of class category D or C, and thus considered
a bad contentious pairing component, the scheduler will try to bind it in the most clustered
node, given that there are no empty ones. The second scenario unfolds when applications of
category A or B arrives. These applications will try to create pairs together if such an
available spot is available. Thus, sensitive applications are rarely placed with contentious
ones, reducing SLO violations as much as possible.

3.4.5.3 Scheduling Process

The sparing algorithm follows another simple hard-coded process of deciding the
best node for every arriving Pod.
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More specifically the scoring plugin implements a linear scoring function. Every
arriving application under category D, has a very low score (and as a result during
normalization phase a very high score, only second to an empty node) and so does every
Pod under category C, with a slightly higher score. Then applications that are non-
contentious receive a very high score unless when paired together. Then, they are similarly
scored with a very low total in order to be paired together. Consequently, the scheduling
process is as follows:

e Recognize the arriving Pod and check for the available tag, indicating that the

pod is to be tracked by the plugin.

e Filter the available nodes in order to disqualify full ones.

e Score the feasible nodes given the sparing algorithmic principle.

e If the arriving application is a contentious one, (meaning either category C or D)

then pair it with another contentious application.

e If the arriving application is a non-contentious one (meaning category A or B)

then it is also paired with another non-contentious application.

e Schedule the Pod to the chosen node.

After the scheduling process is completed, the CPU-pinning DaemonSet will again
abide by the same rules of fitting applications in the most preferred way applicable.

3.4.6 The Socket-Based Algorithm

Finally yet importantly, there is a different approach in pairing applications together.
This algorithm is based on removing the wasteful behavior showcased by other algorithms
and tries to get good pairings between applications. This is possible by taking advantage of
the CPU-pinning DaemonSet that was created to split arriving applications on the node, into
the different sockets.

3.4.6.1 Concept

Before explaining the concept behind this application, it is imperative that pairing
between different categories is well understood.

Two characteristics describe each application. Specifically, contentiousness and sensitivity.
Thus, the applications are assigned into four categories:
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Categories Application Tags Description

Category 1 Non-contentious and Best ones, can fit
~alegory insensitive everywhere
Category 2 Non-contentious and Optimally fit with
~alegory £ sensitive Categories 1 and 2
Category 3 Contentious and Can fit with its own kind,
~alegory insensitive Category 3
Category 4 Contentious and sensitive Worst ones, can fit with

Category 1 only

As a result, we have these pairs in sockets:
Best: 1-2, 1-4, 2-2, 3-3

Worst: 2-3, 2-4, 3-4. 4-4

Wasteful: 1-1, 1-3

Wasteful pairings: This means that such pairings work perfectly but might cause problems
on different sockets by not being resourceful enough.

Then the algorithm applied resides on the following principle:

Algorithm:

Input: N applications in set

Outputs: N/2 pairs per socket

Sets <- {1. passive/insensitive,
2.Passive/sensitive,
3.Aggressivelinsensitive,

4.Aggressive/sensitive}

Quiets <- Passive or insensitive (1, 2, 3)
Not quiets <- The rest (4)
For set € sets do

If setis quiet then

If server is empty then
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o Place set
If server is not empty then
o Pair set with other quiet till there is a Best set
o If there is no best set, form a Wasteful one
If setis Not quiet then

o Add the set to a new empty socket or pair it randomly in a socket if
no server is empty.

Complexity: O(n)

3.4.6.2 Plugin

The Socket-Based Plugin aims at minimizing wasteful pairings by allowing only
specific sets of applications to fit together. More specifically, arriving Pods under category A
will be fitted preferably with Pods under category D, thus allowing applications under
category D to run in the best practice possible, since there is no other type of application
they can be placed with avoiding performance issues. On the same note, applications under
category B will prefer being placed with each other and applications under category C will
do the same.

After the arriving workload has been scheduled, a set of quadruples will be hosted
on each node. How pairs will be formed on the different CPU sockets is based on luck and
can as a result cause a variety of different performance results. This makes the CPU-pinning
DaemonSet imperative for the intended run of the plugin.

3.4.6.3 Scheduling Process

The socket-based algorithm is again based on a hard-coded scoring function that
abides on a resourceful principle. Avoid creating pairs that could have been used better. A
pairing of two applications, with each one being category A, wastes a chance of utilizing one
application to be fitted with other sensitive ones, that need non-contentious applications
with them. As a result, we have the following scheduling process.

e Recognize the arriving Pod and check for the available tag, indicating that the

pod is to be tracked by the plugin.

e Filter the available nodes in order to disqualify full ones.

e Score the feasible nodes given the socket-based algorithmic principle.
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e If the arriving application is of type A, its score will be incredibly low against
contentious applications to create good fits.
e If the arriving application is of type B, its score will be incredibly low against its
own category, but very high with every other application in a linear manner
(from category A to D).
e [f the arriving application is of type C, preferably score it with itself and if not
possible, pair it with other applications from category A.
e Lastly, if the arriving Pod is of type D, it will only have a low score when paired
with applications from category A.
e Schedule the Pod to the chosen lowest-scored node.
After the scheduling process is completed, the CPU-pinning DaemonSet will again
abide by the same rules of fitting applications in the most preferred way applicable, ensuring
that the socket-based algorithm works as intended.

4. Solution assessment

4.1 Evaluation Process

In order to evaluate and assess how each algorithm is performing, several factors
and measurements need to be examined. Each algorithm developed, will be compared to
the default Kubernetes scheduler, which will serve as the base workload performance
metric. In order for an algorithm to be effective and provide interference awareness to the
scheduler, an improvement has to be seen in comparison to the default, random way of
scheduling applications. The default scheduler will assign applications randomly, from an
interference perspective, allowing us to measure every performance runtime of the
scheduled applications. The runtime of each benchmark is registered and compared to
different SLOs

Each workload will record several if any, violations when exceeding the Service Level
Agreement (SLA) set between the service provider and the customer. The service provider
will set several Service Level Objectives (SLOs) to try to evaluate how its applications are
performing. Each application will have its runtime divided by its default one, providing a
numerical value that is later compared with the SLOs set by the service provider. If the
numerical value is greater than the SLO, then we have a violation, with each violation
hindering the efficiency score of the algorithm.

In order to efficiently measure the algorithmic performance of each plugin, every
out-of-tree scheduler will be stressed under the same number of workloads, varying in
contentiousness and load.
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4.1.1 Service Level Objectives

Whilst the increase in runtime performance of applications, is a metric that
showcases interference between applications, the performance of such applications
may not be hindered enough to cause customer discontent. This results in an
agreement, between the service provider and the customer, in order to better
understand and evaluate how applications are performing. That SLA can be about the
application uptime, the response time, or about the application performance. In our
case, every SLO is focused around application performance. Each application is running
and trying to fulfill a task in a set amount of time. An increase in runtime performance
can violate the SLO set by the service provider, and dissatisfy the customer. For our
measurements, three SLOs were set, at 1.1, 1.2 and 1.3. Respectively the three
objectives will present a violation if an application has an increase in runtime
performance of 10%, 20% or 30%.

4.1.2 Runtime Violations

The number of violations registered for each plugin and as a result each
algorithm, is providing us with the efficiency of that algorithm under a workload. The
violation is filed only if the target SLO is exceeded. Given that three different SLOs have
been set to better test and evaluate the algorithms, that runtime performance will be
compared with the entirety of the target SLOs.

4.1.3 Benchmark Runtimes

Respectively the three objectives will present a violation if an application has an
increase in runtime performance of 10%, 20% or 30%. That increase is compared to the
default benchmark runtime that was registered before the workloads were applied and
each application was running isolated on a socket. In order to calculate the benchmark
runtimes correctly during a workload run, all applications on the same node need to be run
concurrently and for the same time. Since the benchmarks have different default runtimes,
they were run recursively in different batches to have a total runtime of around the same
volume. For example, the benchmark soplex has a default runtime of 323 seconds whereas
the cactusADM benchmark has a default runtime of about 1333 seconds. Dividing these
numbers will provide us with the approximate ratio of running the applications
concurrently, which is four (4) for this example. This means that in order to concurrently run
the two benchmarks and receive correct measurements, soplex will need to run four times
more than cactusADM. The same logic applies to every concurrent run of benchmarks.
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4.1.4 Workloads

To have a concrete image of how plugins are effectively changing the interference
awareness efficiency of the Kubernetes scheduler, different sets of workloads need to be
run and evaluated. Thus, several workloads were created which could be roughly be
classified into three different major categories.

The first category of workloads is the Heavy-Workload one. This category has many
contentious applications that cause a lot of interference to collocated applications and
stress the resources to heavy amounts. Another type of workload category is the Medium-
Workload one that has a balanced amount of contentious and non-contentious applications,
in order to evaluate the algorithms under an average stress test. Lastly but not least, all
algorithms are also stressed with Low intensity workloads, namely under the category Low-
Workload. Such workloads cause little interference even when randomly scheduled and
allow us to compare different algorithms in low stress scenarios.

4.2 Algorithmic Assessment

In the following section, each algorithm is stressed under many different workloads,
evenly chosen between low, medium and heavy intensity in order to register the number of
violations happening every run. The amount of violations happening is also dependent on
the SLO objective set at the time. Then these violations are analyzed with the use of
boxplots, providing us with an average metric in order to compare algorithms sufficiently.

4.2.1 First Service Level Objective
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Under an SLO of 1.1, there are the following violations:

Here we notice that when we have an SLO that is strict, which requires that
applications do not exceed the 10% increase in performance, the overall best performer is
the Socket-Based algorithm. However, when the arriving workload is a High intensity one,
the Greedy algorithm seemed to have surpassed the others in efficiency. That is expected
since having few non-contentious applications and greedily pairing them together, will
reduce potential violations significantly more. In lower intensity workloads though, the
Socket-Based algorithm provided the least amount of violations.

4.2.2 Second Service Level Objective

Under an SLO of 1.2, there are the following violations:
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On a more conservative approach of an SLO of 1.2 (or 20%), we notice similar
efficiency from all algorithms. Every algorithm significantly outperformed the default
scheduler and reduced violations regardless of the provided workload. In the scenario
where the arriving workload is either pretty balanced or has little intensity (Low and Mid
workloads), we noticed that the Greedy algorithm failed to reduce violations as much as the
other two, though not for a significant amount. That is because the greedy nature of that
algorithm, as its name suggests, will sometimes create wasteful pairings that could have
been utilized in a more specialized manner avoiding the creation of wrongful pairs.

4.2.3 Third Service Level Objective
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Algorithms under SLO of 1.3

Under an SLO of 1.3, there are the following violations:

When the Service Level Objective is rather loose and allows violations to reach up to
30% of an increase in runtime performance, we notice that the balanced Socket-Based
approach performs in incredible fashion. By allocating applications in a selective manner
and forming quadruples of similar contentiousness, the socket-based algorithm, even
without any CPU pinning, allocated applications to Nodes in order to allow the formation of
only acceptable pairs. Even in cases where that did not succeed, the very loose SLO, did not
register enough violations, since all nodes had evenly distributed contentiousness.

4.2.4 CPU-pinning Process

Whilst algorithms have significantly improved the performance of hosted
applications, the applications are randomly hosted on the CPU-sockets. For that exact
reason, the CPU-pinning process must be enabled allowing us to choose how applications
will be paired. More specifically the DaemonSet responsible for managing applications on
each node will map the arriving applications into several hard-coded checks.

e Get the list of applications running collocated on the same CPU-socket.

e Check if the pairing that was already randomly created is sufficient and causes no

interference issues. Allowed pairings fall under these categories:
+¢ catA: No restrictions.

L)

% catB: 1) Alone, 2) with catA, 3)with cat B
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¢ catC: 1) Alone, 2) with catA, 3) with cat C

++ catD: 1)Alone, 2) with catA

e If the current state of the node is not the aimed one, start implementing each
category rule.

e [f one of the above restrictions cannot be met, skip it.

e If none of the above restrictions can be met, then pair the applications randomly.

The CPU-pinning process allowed us to improve the performance of each algorithm
by up to 27%. This is showcased in the following boxplots.
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The difference and improvement that was delivered from the CPU pinning is better
explained in the following diagrams that compare every algorithm with itself (with and
without CPU pinning) and with the default scheduler.

GREEDY ALGORITHM
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SOCKET-BASED ALGORITHM
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4.2.5 Proposed Solution

The most effective way of scheduling applications is by implementing the socket-
based algorithm with CPU-pinning. The algorithm avoids creating wasteful quadruples and
manages to efficiently schedule applications to the available nodes. Then the CPU-pinning
Daemon-Set that is present on each node, allocates the CPU resources accordingly to pairs
of applications hosted on each node. As it is obvious by the diagrams before, the Socket-
Based algorithm with CPU-pinning provides the least amount of violations for every
workload type and every SLO.

5. Conclusion

After many tests, classification processes, algorithmic implementations and
application CPU pinning, a major breakthrough is established in extending Kubernetes.
Kubernetes has lacked any interference awareness in its existence, and now we are able to
create a cloud-native way of adding that as an extension. The algorithms via the scheduling
framework, alongside with a CPU-pinning DaemonSet have reduced application interference
up to the point of a 74% reduction in SLO violations (Socket-based algorithm with CPU
pinning, when stressed under low-stress workloads). Applications have better runtimes due
to resourceful application collocation. Even though the workloads were of a moderate size,
and the test environment was rather small and limited to certain sockets, the whole project
is a first and vital step into creating a cloud-native, Kubernetes-extensible way of have
interference aware systems that utilize resources and reduce costs for cloud providers.

In a larger cloud-based environment with different types of applications, a different
and more sophisticated approach would be required. However, the core principle would still
be the same in extending Kubernetes and making it interference-aware. The scheduling
framework will schedule classified application into the available worker nodes and a CPU-
pinning internal scheduler will schedule them to the available CPU sockets. That way,
application co-location will no longer be an issue regardless of the infrastructure that hosts
the arriving workloads.

6. Related Work

6.1 Intel CPU Manager

One interference aware system for Kubernetes that has been developed in a cloud-
native way, is the Intel CPU Manager[3]. When using CPU-intensive workloads, the pods
hosted on a cloud-based system can become throttled if there is a limited amount of CPUs
available. In such a scenario, some of these pods will contend for resources available and
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cause interfering issues on one another. Intel’s CPU Manager uses a control called CPU
affinity, which dictates which CPUs a Pod can use.

By default, all the pods and the containers running on a compute node of the
Kubernetes cluster, can execute on any available cores in the system. When the CPU
Manager is enabled with the static policy, it manages a shared pool of CPUs. When Kubelet
creates a container, with a CPU request, CPUs for that container are removed from the
shared pool and assigned exclusively for the lifetime of the container.

With the use of exclusive CPUs, each container running on the cluster does not share
its resources and a better performance is expected due to isolation. In co-located workloads
with aggressive applications the shared pool of resources can be stressed thus hindering the
performance of hosted Pods. Intel’s CPU Manager provides some interference awareness to
Kubernetes by allocating CPU core to containers using the affinity metric. However, CPU
pinning is not available and providing concrete core and socket selection for the Pod is
impossible. Furthermore, applications cannot utilize the same cores from a socket thus
potentially wasting resources. In our thesis, Pods that are not aggressive can use shared CPU
cores thus not only avoiding performance degradation but also utilizing CPU quota to its
fullest.

6.2 Workload Classification

Workload classification in terms of resource consumption is an active research field
for many years and has as a result provided several models in classifying workloads on
resource usage. Researchers like Haritatos proposed a classification process that exhibits
which shared resource was pressured mostly.

In this thesis, workload classification is based on two sets of characteristics, namely
contentiousness and sensitivity. These two characteristics were proposed by Tang et al.
[14]as more elaborate metrics to capture the interference potential of applications. Zhao et
al.[18] proposed a method to directly predict performance degradation due to interference.

In that note, we aim to classify applications with the use of the contentiousness and
sensitivity tags. The metric used in classifying applications and resolving the selection of
those tags is CPU usage. ActiManager firstly implemented the same process of measuring
and classifying applications based on their interference. The whisker method used in this
research is based on a larger classification process by ActiManager, aiming to preemptively
classify applications arriving at a server[15]. Instead of quantifying these metrics, the
coarser classes of quiet and not-quiet were used in the algorithmic implementations, to
better analyze performing events.
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6.3 Interference Aware Managers

Interference awareness has existed as a major field of research and has been
implemented significantly in cloud based environments. PACMan[16] suggests the use of
laboratory nodes to profile VMs and derives the potential degradation for the co-location of
VMs, greatly limiting the applicability of their approach. DeepDive[17] does not rely on any
prior information about the application and relies on online monitoring to identify
interference. It instead, clones the VM to a sandboxed environment where it is stressed
accordingly to discover potential interference. If that interference is validated, then the
probe of the VM is generated and tested with potential destinations to pick the best
selection.

In our approach, aside from it being an extension of Kubernetes and as a result
something new to the current selection of Interference aware managers, we do not require
any prior information and also we do not interfere with the production execution of the
arriving workload. Instead every benchmark executed is classified using the established
predictor and then handled by the scheduler accordingly, without interfering with its
execution.

7. Future Work

The aim of this thesis is to be the pivotal start in creating cloud-native interference
aware systems. With the use of Kubernetes and its Scheduling Framework, we were able to
extend the Kubernetes scheduler into understanding how collocated applications affect and
interfere with each other.

However, for this proposal to succeed a much more realistic test case needs to be
examined. At first, a different test environment is required. Workloads will no longer consist
of sixteen applications arriving and running concurrently, but will instead host an N amount
of microservices. That amount is accordingly specified to imitate a live production system of
a cloud-based hosting server farm. As a result, there is no limit in how many applications will
be scheduled per Node. Instead, nodes will host applications depending on their CPU
resource quota and the scoring mechanism of the scheduler. Furthermore, all Benchmarked
applications were categorized via the use of the predictor before they arrived at the server
farm. Such an assumption is not apparent in realistic hosting server environments.
Therefore, a new kind of predictor alongside the usage of an empty Node where the
application can run is needed. There, the application can run without any interference and
can be classified during its execution. That way, not only do we succeed in allowing the
application to run without any interruption, but we also provide a realistic classification
process for newly arriving Pods.
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This new reality creates the need of better monitoring. Sockets inside NUMA nodes,
will need to be registered as a Custom Resource in a cloud-native way in order to utilize the
Kubernetes API in monitoring and logging hosted Pods per socket. That Custom Resource
Definition extends the Kubernetes API and allows us to register all running Pods per socket.
Then the Kubernetes scheduler retrieves that information to decide which socket is the best
available fit for each arriving Pod. Lastly, the internal DaemonSet will pin the Pods to the
available socket, in a similar manner with the current research. This time however, the CPU
pinning process is not a simple hardcoded function, but is instead executed based on the
available information from the Custom Resource Definition describing Sockets’ status.

A realistic and thorough examination of the above sentiment will revolutionize
cloud-native systems allowing them to become truly interference aware and save resources
reducing costs significantly. Cloud providers will be able to extend current Kubernetes-
based systems in becoming interference aware, that way utilizing computing resources.
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