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IlepiAnypn

H duvapikn) guon tov Big Data anattei tv xprjon neptB8adAoviov UTIOAOYIOTIKOV VEP®V
KAl TV U00£ton P napadoolak®v tpénev diaxeipiong toug. YAoroloupe o rieplBaiiov
Kubernetes v Apache Cassandra pe okomo tnv peA€tn tng eAactikotntag g, 6niadr
G IKAVOTNTAG TNG VA AVIATIOKPIVETal SUVAHIKA O€ TTOIKIAOUG (OPTOUS epyaociag Xwpig Xet-
poxkivnn napgpBaon. IMapdAAnda Sa edepeuvrjooupe TPOIIOUG SUVANIKIG TTAPOXHS TOUGV
Xpnotponowwviag eyyevr) ototxeia tou Kubernetes. Méow tov melpapdiov mapatnpnoape
KA1 KAtavonoape g oxedtddetal éva KAatavepnpévo UMoAOY10TIKO OUOT A PE YVOLIoVA TV
UYPnAr d1absopotnta, avioyr] og KATatinoelg 61Ktuou Kal eAactukotnta. Méowm ng nepa-
PATIKNG Amotipnong napatnproape ot mnapd toug MEPLOPLoloUs o8 IOPOUG METUXANE va

Slaxelplotovpe sdaoctuka ta 6edopéva péow g Apache Cassandra.
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Kubernetes, Apache Cassandra, Prometheus, YCSB, Auvapiky) I[Tapoxt) Topev, Ama-
zon Dynamo, EAactuikéinta, @swpnpa CAP, Katavepnpéva Zuotrjpata, YrioAoylotko Négpog
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Abstract

The dynamic nature of Big Data necessitates the use of cloud computing environ-
ments and the adoption of non traditional ways of managing them. Within a Kuberneters
environment we deployed Apache Cassandra with the aim to study its elasticity, in other
words its ability to respond dynamically to various workloads without manual interve-
ntion. At the same time, we examine ways of dynamically provisioning volumes utilizing
native elements of Kubernetes. Through the experiments we observed and concluded the
principles and methodologies by which a distributed computing system is designed with
the aim of achieving high availability and network partition tolerance. The study conclu-
des and highlights that despite the limited computing resources we successfully achieved

elastic data management with the utilization of Apache Cassandra.

Keywords

Kubernetes, Apache Cassandra, Prometheus, YCSB, Dynamic Volume Provisioning,

Amazon Dynamo, Elasticity, CAP Theorem, Distributed Systems, Cloud Computing
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Ke¢palairo E

Ewcayoyy

H paybaia e&€Ai€n tou Alabiktuou €xel 0bnyrioel oe ouvexopeva peyadutepo apldpo
d6edopévav. Auta ta dedopéva ouvrBwg artokadouvial Big Data, pe kupla xapaktn-
P1OTIKA TOV PEYAAO OYKO TOUG, TV TaxUutnia mou dnuioupyouvidal Kal IV MolKiAid ToU§ ©g
TPOG TO TI000 dopnpéva eival Kat mota €ivat ) rnyn toug [6]. Autr) n duvapikn cupnepidpopd
ToUg €xel 0dnyr ol otV avaykn g duvapikrg Siaxeipiong toug. Auth) n Suvapikn daxeipt-
on anattel H1aPoPETIKEG TEXVOAOYieg KAl UTIOB0EG, Pia amd Tig OIoieg ivat ta UTTOAOY10TIKA
vépr. Ta uroloylotikd vepn ivatl U PEoieg TIOU IPOOPEPOUV UTIOAOY10TIKY] KAl ArtoOnKeu-
TIKY] 10XU avadoya pe v ermbupntr) {qinon. Auth n duvapikn 6140eon Opev EMTPENEL TNV
Sduaxeipion v Big Data pe 1poro nou §UokoAa ta mapadootakd TOIKA KEVIPA PITOPOUV.
Néa ouotfjpata anobnkeuong kat Siaxeipiong v Sebopévev eppaviotnkav mou Propouv
va draxeiplotouv autd ta dedopéva pe anodotiko 1poro, ornwg 1o Apache Hadoop armo toug

Dean, kat Ghemawat [7].

1.1 Avukeipevo tng StmMAoOpatirygg

Oppopevol and 10 CUYKEKPIHEVT] OTPOPI] OTOV TPOTo Slaxeipiong tou uroAoyiopou Sa
g€etaocoupie, o autnv v Smdepatkny epyaocia, v edaouxrn Saxeipion debopévav oe me-
P1BAAAOVIA UMOAOYIOTIKOV VEQQOV. AUTA Ta VEPL £€X0UV OUVHO®G B1KEG TOUG adalpeoelg Iive
Ao UTOAOY10TIKOUG TIOPOUG ITOU HEV ETITPEITOUV TV EUKOAT aAAayr) mapoXou, Pe arotéAe-
opa tov eyrA@Blopo npounOeuty) [8]. Auto dAdale pe v kukAogopia tou Kubernetes [9]
orou anotedel pia Srarmdatpoppiky texvoloyia [10]. @a pedetrjooupe nMwg PIOPoUpE va
XPIOOTIO|COUHE TIS APAIPECELS KAl TA AVIIKEIPIEVA TOU 0UT®S WOTE VA UAOTIOW|O0UHE €va
ouotpa o va Ae1toupyel o€ €va UTTOAOY10TIKO VEPOG KAl va propet va diaxeipiotei arno-
Sotkda oyko Sebopévav eAdaotkd. @a e§eTACOUNE TO KATAVERNHIEVO, 1] OXEOIAKO oUCT A
Sdlaxeiplong Baceswv Sedopéveov Apache Cassandra tov Lakshman xat Malik [11], kabOwmg
Kat pia oepd arno epyaieia kat mpoypdappata rou 9a pag Bonbrjcouv oty epyaocia avtn.

Apxikd 9a e&etdooupe o dewpnuko mAaioo Siapopa media Kal teXvoAoyieg Imou pe-
Téneta 9a XPnoliornorjooullE, UAomoiwviag diadopa mnepapata edaotikng Siaxeipnong de-

Sopevav.
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OsPNTIKO unobabpo

E : TO OUYKEKPIIEVO KEPAAA10 TIAPOUOIALOVIAl AVAAUTIKA Ol TE00EPIS PACIKEG TEXVOAOYIES
IoU Xprnotponolnfnkav otnv gpyaocia, 1o ovotnpa evopynotpwmong Kubernetes, to
ouotpa diaxeiplong Pacswv 6edopévov Apache Cassandra, 1o mpoypappa agloddynong

emdooewv YCSB kat 1o epyaldeio mapakoAoubnong Prometheus.

2.1 Kubernetes

2.1.1 Tu eivar o Kubernetes

O Kubernetes eival pia miatgpoppa evopyrotpoong Containers avoiytou Kodika mou
oxedldotnKe 1€ oKoMo TNV AUToPatonoinon ot 61d0son Kat d1axeipion UMOAOYIOTIKGOV OU-
ompatev. Tnv avarmudn) g npaypartornoinoe apxika n Google to 2014, kat peténetta
ouvinpeitat and to 2015 aro 1o Cloud Native Computing Foundation (CNCF) [12]. 'Epxe-
tat oav 81ddoxog kat e&€AEn v cuotnuatev 61d0song epappoyov Container ardonolwviag
IIPOKANOELG TOV IMIPONYOUHEVAY CUCTHIAT®OV, OIS £1val 0 OUYXPOVIOHOS, 1] KATMAK®OT, €51-
00pPPOIINOT POPTOU, KAl 1] ertavekkivnon Container [9].

O Kubernetes emtpérnel otoug xprjoteg tou va daxeipiovial 11 epappoyEég Kat ta ou-
OTAIATA TOUG AVESAPTNTA ATIO TO av @IA0EEVOUVIAL 08 TOTKA Kévipa Sedopévev (on-premises)
1) oe iep1BaAdovia uroAoylotkov vepav (cloud) [10] xpnowponoidviag éva SnAotiko API [12].
O1 Sraxep1otég Kat Xprjoteg tou cluster reptypdouv mota eivat n ermbupnty) katdotaon Kat
o Kubernetes ripaypatornolei 0Aeg 11§ EVEPYEIEG V1A TNV EMHTEULNG TNG.

O Kubernetes anoteAeital arno 2 opdadeg cuotnpatev, ta ototxeia tou Emmnedou EAgyxou

(Control Plane) kat ta otoixeia tou KopBou (Node) [1].

Ztoixeia Control Plane

Ta otoikeia Control plane AapBdavouv anoddcelg yia 0Ao to ouotnpa Kabwg Kat dtaxet-
pidoviat ta yeyovota tou cluster. Tuvrfwg ta otoixeia autd @rdogevouviat otov 1610 KopBo
Kdatl ouviotatat va pnv ekteAouvial aAAot @OPTol EPpYAciag OTOV CUYKEKPIIEVO KOPBO yia TtV

o anodotikr) Aettoupyia tou Kubernetes [1].
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Ta otoixeia autd sivat:

e API Server: exkBétel 1o Kubernetes API kat Siaxeipiletatl odeg 11g aAAnAemdpaoelg

petadu tou cluster, tou cuotrPATog Kat TV Xpnotov [13].

e etcd: pia katavepnpévn Paon KA£610U-T11NG TTIOU AMTOONKEVEL TV KATAOTAOT KAl T

bebopéva rapdppnong tou cluster, e§aopadiloviag cuvoyr) oto cuotnua [14].

e Scheduler: unetBuvog yia v 6poploAoynon Kat eKX®wpnor v véav Pods kat gopteov

epyaoiag otoug katdAAnAoug képBoug [15].

e Controller Manager: extelel S1aXEPIOTIKEG €pYAOieg TMOU TMAPAKOAOUBOUV TNV Ka-
tdotaon tou cluster, tov Nodes, Kat T0U QOPTOU €PYACIHV, MTPAYHATOIIOIOVIAS OAES TIG
anapaiinteg evépyeleg ya va datnpnOet n emmbupntr) Asttoupyia 10U, ONOG KATPIAKG-

O1f), avanapay®yr Kat Enavekkivnon povadev tou cuotrpatog [16].

Y& gprnopikd rep1Bailovia UTIOAOY1I0TIKOV vepov uttapyet kat o Cloud Controller man-
ager Mmou EVOMUAT®VEL TI§ EYYEVELG UMnpeoiag Tou UTTOAOY10TIKOU VEépoug pe tov Kubernetes,

oniwg Frontend Uls, mivakeg eAéyxou kat Suvapikn rnapoyxn topev[17].

Ztowxeia Node

Ta otorxeia Node ektedouviatl oe kaBe €vav KOPBo KAl eKTEAOUV OAEG TIG EVEPYELEG TIOU

Xpetddovial yla v Kavovikr) Asttoupyia tou @optou [1]. Ta otoixeia avta sivat:

e Kubelet: exteleital oe kGBe kOPBo KAl SiaoPpaAilel 6T 01 POPTOL eKTEAOUVIAL CUPPRVA

pe v ermbupnt) Kataotaon mou opidetat anod to control plane [18].

e Kube-proxy: diaxeipiotf|g tov SIKTUaK®v Kavovey otoug KopBoug tou cluster, s€aoga-

Aidovtag v emkowvavia petadu twv Pods kat tov urnnpeoiov [19].

e Container Runtime: exteAei toug Containers kat Siaxeipidetatl 1ov kUkAo {wrg ToUg,

onwg to Docker, containerd 1 CRI-O [20].

m AinAeopatxny Epyaocia



2.1.1 Tueivatl o Kubernetes

CLUSTER
CONTROL PLANE
cloud-controller-manager e BRIt >
Node 1 Node2 |
o =l e oo ' :
kube-proxy kubelet kube-proxy
controller manager
pod pod
kube-scheduler kube-controller-manager
pod
pod

CLOUD PROVIDER AP

Yxnua 2.1: Kubernetes Architecture [1]
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2.1.2 Pods

To Pod eivat 1o oUvoro tev uninpeowwv Linux (namespaces, cgroups) i€ OKOMO TV a-
TIOPOVAOT £vOg UTTOAOylopoU [21]. Zuviotd 1 PiKpotepn povada uroAoyilopou mou dia-
9¢te1 o Kubernetes [22]. Amotedeitat amno €vav n nepiocotepoug Containters (ouvrOwg
€vav) rou daxepidetal Ko1voug IOPoug (UMOAOY10TIKOUG KAl H1KTUOU), TOPOUG KAl IIPOCHEPEL
aropoveon[23] . Ta Pods xpnopomnoovvial pe 2 tpornoug, site pe évav Container 1) pe na-
parnave ano evav [24]. Me évav Container, rou amoteldei tnv o ouvnOiopévn Stapopdwon,
10 Pod 6pa wg k€AUPog yUpe ToU mpoodépoviag anopoveon. H Siapopdpaon pe napandave
aro évav Container sivat o evéiagpépouoa kabwg eyyuatat ot o1 Containers 9a @iAogevo-
vvtat otov 1610 k6pBo, Popaldevol MOPOUG PETATU TOUG, IIPOOIIOIWVIAS TNV AEITOUPYid TOUg
oto 1610 pnxavnua. Evésiktikd, karowa aro ta rmpotura oXeb1acpou e IIapandve aro £vav

Container sivat:

e XYtevr) ouoxEtion Container péow tng Kowvrg @logeviag otov 1610 k6180, OOV PITOPOUV
va po1padovial mOPouUg yid TV 1Mo drodoTIKY EMKOIVeVid, AE1Toupyia Kat ouyXpoviopo

Toug [24].

e Tlpoturo sidecar, pe tov Tpormo autd propei va emektabel 1 AS1ITOUPYIKOTTA EVOG
Container pe v mpooBrkn evog dAdou. Karoia amd ta onpeia emnékraong eivat
n Kataypadn oupBaviwv, n napakoloubnon ng Asttoupyiag kat 1 StapecoAdBnon

6wktuou [24].

e BonOnukn Aettoupyia, omou tporonolouv v Siapopdmorn tou kupiou Container oe

Srapopeg otypeg g didprelag wrg tou (Container exkkivnong [25], Angng)[24].

Eivat onpavuiko va niapatnpnBei 6t n Asttoupyia evog Pod eivar eprjpepn [22], [26], kat
e Vv navorn) Asttoupyiag, mpoypappatiopévng 1) avanaviexng 1ote oAa ta Sedopéva kat ot
opot tou Saypdgovratl. Autd T0 XAPAKINPEIOTIKO T0 Kadiotd 16aviko yia epappoyég REST,
aAAd akatdAAndo ya epappoyég ormou 1 diatrpnon dedopévev Kal tng Kataotaong eivat
anapaitn (r.X. Pdoesig debopévav).

Ta Pods onavia spgavidoviat pova toug oe riepiBailovia nmapaywyns, €ivat ouvletuka

otoixeia dAAeV TOPWV POpPTou epyaociag [27]:

e To Deployment ermtpénet v KApAK®on Kat evnpépworn Pods, diaopadidoviag Sia-

9¢opeg kat emavadapBavopeveg avarntuielg Kat rpowbnoelg epappoywv [28].

e To DaemonSet s€aopadilel 6t éva Pod exkteldeital oe KAOe 1) o ermdeyuévoug KOpBoug

tou cluster, xprjowo yia daiploveg cuctATOS KAl IIPAKIOPESG ITApaKoAoubnong [29].

e To StatefulSet iaxeipiletal epappoyeg e Siatnpriotpin TaUToTHTA Kal otabepoug TOpoug,
16aviko yua Pdoeig dedopévav kat katavepnpéva cuotipata. @a to e§etdooupie ot -
mopevr) unogvotnta [30].

2.1.3 Persistent Volumes

'Onwg nipoavagepbnkape, Evoinra 2.1.2, ot tépol, kat n kataotaor, v Pods eivat

epnpepn [22], [26]. TMa v avipetOmon autng tng mPokAnong, oxediaotnkav ot Movipot
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2.1.3 Persistent Volumes

Topot (Persistent Volumes) [31]. Ta Persistent Volumes artoteAouv Baociko otorxeio yia
v Sraxeiplon anobBnkeutikoy xwpou ot niepiBaidovia tou Kubernetes. Amotelei topo 10U
cluster e tov 1610 tpoII0 TI0U KAOE KOPBOG eival dpog tou cluster. Yriapyet aveidptnta anod
1oV KUKAO {wng teov Pods 1) tov kopBeav, Stacpalidovrag ott ta dedopéva mapapévouv akopa
K1 av 1] EpAppoy1n 1 T0 CUCTI A TOU Ta XP1OOII00UV TEPUATIOTOUV I EMAVEKKIVIIooUV [31].

Asopevovial pe 2 1poroug, otatiko 1 Suvapiko [32]. Ta ) otatikn 6éopeuon o Siaxelpt-
otr)g tou Kubernetes dnpioupyet kat draxepidetal ta PV xeipokivrta kat o Kubernetes pro-
pel va ta xpnowornowost. H duvapiky 6¢éopevon npaypatonoteitatl péow Storage Classes
[33] xat PVCs [34] . O Kubernetes avaldoya pe v embupnt) Katdotaon pnopet va ta
deopevoel, amodeopeuvoel katl va enavadiabeoel 1oug 10110UG oToUG KOPBoug kat ota Pods
avaloya pe tig mpodiaypadEg T0U CUOTHIATOS XOPIS XEIPOKIVITEG EVEPYlEG TOU Slayelplotn.

Ta PVs £xouv peyddo Babpo dapoppnong. Iépav tng XOPNTKOTNTAG KATIOEG ATIO TIG

Katnyopieg drapodppwong toug eivat:

Tpomnog Asttoupyiag

O Gaxeplotng ermAéyel petady tporo Asttoupyiag ovotruatog apxeiov 1 block [35].

Tponog npoocBaong

e ReadWriteOnce, o top10g ToroBeteite oe €évav povo kopBo kat Pods povo amo autd tov

KOPBo pmopouv va ypayouv, avayvooouv dedopéva.
e ReadOnlyMany, o top10g propei va avayveotel arnod moAAoug KopBoug.
e ReadWriteMany, o 161106 propei va ypadtel Kat va avayveotel arod moAloug Kopboug.

e ReadWriteOncePod, o 161106 tortofeteite oe €évav povo kopBo kat povo eva Pod propet
va ypdyetl KAt va avayvooet dedopéva. Autr) ) pubpion eivat oe Sokipaotikd otadio

otnv ékdoon 1.27.

[36]

Storage Class

H Storage Class nipoogépet 0toug S1axe1ploteg v duvatodtnia va meptypdpouv g opadeg
anobrkeuong 1opwv oto cuotnpa [37], [33]. O dwaxeprotng drapopPpavet rolog Sa eivat o
61abéng twv PV, propel va ermdeyei AzureFile, CephFS, torukog, NFS, RDB, k.a. [38].
[MapdAAnda pubpidet v MOATIKY] AVAKTINONG TOP®V PETA T0 TEA0G XPpHong toug, Siaypadn 1
Slatfpnon [39]. Mia oAU onpaviikr 61apoppor eivatl autr] TOU TPOTIOU OUVAEST|G TOU TOHI0U
TOU PIopet va eivat eite apeon 1 avapovr] yla tv potn katavaieorn [40]. H apeon ocuvdeéet
1oV TOp0 Katd v dnuoupyia tou PVC, oe mepiBaldovia e TOMOAOYIKOUG IMEPIOPIOIOUS
OTI0U auTto 0dnyel otnv ouvdeon PV mpwv v yvworn oe motov kopBo Spopodoyeitat to Pod -
YEYyovog rmou propet va 0dnynoet oe adpopodoynto Pod mou dev €xet mpooBaor oto PV. Auto
10 IPOBANpa avupeweridetal pe v deutepn H1apopPeON OU MEPIPEVEL TNV dnpoupyia
tou Pod yua v ouvdeon tou pe PV. TéAog, Priopouv va oplotouv ermIperteg S1apopPpmoetg

tortodoyiag [41].
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IToAtrtiky Avaxktnong PV

'‘Otav 10 Pod 8ev xpeiddetat 1o PV n moAwtikr) avakinong kabopidel 11 9a ocupBel pe to
wopo, av 6nAadr 9a Swatnpnbet (Retain) 1) 9a Giaypagel (Delete). I[TaAaidtepa vmrpxe n

ermdoyn va avakukAabel (Recycle) o topog dAda €xet apaipebel autr) i Suvatotnta [42].

Zuyyévela ROpBwv

To PV puropet va 9€oe1 ieplop1opioug o molov kKopBo torobetnOeite. Ta Pods mou xpnot-
porolouv 1oV ouyKekpipaévo PV propouv va 6popodoynBouv povo otov CUYKEKPIEVO KOPBo
[43].

2.1.4 Deployments

Ta Deployments Siaxeipi¢oviat éva ouvodo Pods extedmviag €évav gopto epyaoiag Xopig
Kataotaot). Xprnopiornolouvial cuvhOmg yia TV KUAOPEVT evpEépmon Kat S1d0gor vEDV eK-
d8ooewv twv Pods. To Deployment dnpioupyet €va oUvolo avilypddp@v Kal auto Otr) CUVEXELA
évav ap1Opo ano Pod ta oroia eivat mmotd avtiypaga petadu toug. Kabe éva avtiypago eru-
teAel v 161a akp1Bag Asttoupyia otov cluster kat Sev untapxel kKapia onpelodoyiky dradpopd

petadu toug [28].

2.1.5 StatefulSets

Ta StatefulSets sivat ta otoixeia mou Sivouv v SuvatotIa oTov XPHOotn va diatnproet
Vv kataotaorn Pods otov Kubernetes [30]. Araxeipidovtat v rmpomOnon Kat tv KAPAK®OoT
yla évav ouvodo Pods. Autd ta Pods €xouv g i61eg mpodiaypadég aAdd 1o onpeio mou dia-
@oporotet 1o Statefulset aro éva Deployment eivat 6t ta Pods @épouv pia datnpovpevn
tautotnta, 6ndabr) ta Pods propet va eivat avadoya petadu toug [44]. Qotooo, £xel pova-
d1k6 dvopa pe deikin Kat avayveplotiko diktuou 1y yia to Statefulset my-app 1o mpwto
avtiypago sivat to my-app-0 [44], [45]. KaBe avtiypagpo Snuioupyeital pe aufouoa oeipd
arno 10 XapnAotepo oto PeEYaAUTEPO KAl AVIIOTPOP®OS KATA TNV AMTOKATPAK®ON Pe @Bivouca
og1pd.

Ta Statefulset ¢pxovral opwg kat pe meploplopovs. Ia wmyv dwatrpnon g Katdotaong
Katl tv dedopévev ypewadetal va yiver PVC. H rlpdkeorn dev diaypadet avtopata ta PVC.
Xpeladetal 1 xelpokivnin dnuoupyia aképaing unnpeoiag ya Tig Tautotnieg H1KIUOU TV
Pods. T¢Aog n Suaypagrn tou 6ev eyyudtat v Siaypadprn odeov tov Pods, mpoteivetatl Aowdv
1 anmoxkApakeon oe pndév aviiypada kat peta n Siaypadn tou [46].

Ia v dapopdwon tou Statefulset mépav and v pubpion tou mpoturniou tou Pod,
TIPETEL VA 0P10TEL 0 ap1lBpodg TV avilypddev, 1) AKEPAAT UMNPEeoia §1KTUOU, TO IIPOTUTIO TTOU
opidel mowa Storage Class 9a xpnotponown el yia tv PVC kaBwg kat i moAttikr) diatr)pnong
PVC [30].

Autr) n moAttiky) opidet 1 yivetar pe tig PVC dtav Siaypdgpovial Kat armokAPIak@voviat ta

Pods 1ou Statefulset. Mmopouv eite va Siaypadouv 1 va Siatnpnbouv [47].
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2.1.6 KAmqdkwon

2.1.6 KAwyparoorn

KAwmdkoon sivat n diadikacia katd v oroia aAAAouv 01 UTTOAOY10TIKESG 1IKAVOTITEG EVOS
ouotpatog. Auto propet va ermteuyet eite pe v opddviia 1) Ty KAtakopudr KATPAKKOOT)
Tou ouotrjpatog [48]. Opidoviia KApAK®Oo1 eivat otav npootibfetat urtoAoylotiky dUvapn oe
éva ouotnpa pe v npoobrkn unoloylotev. Autr) ival S1adOopeTIKY) Ao TNV KATAKOPUQT
KAIAK®OT) TTOU augAvovial Ot UTIOAOYIOTIKESG IKAVOTNTEG TOU CUOTHATOG HE TV augnon g
BVAHDNG, €MeSepyaoctikhg 10XU0G KAl AOONKEUTIKAG 1KAVOTNTAS XWPIG TV IIPOCONKY VEMV
urtoAoylot®v [49]. Autég o1 U0 S1aPOoPETIKEG OTPATNYIKEG £XOUV H1aPOPETIKA ITAEOVEKTIATA

KAl PEIOVEKTHATA KAl O CUPYIPIOPOG TOUG £PXETAL 0TI avayKeg Tou cuotnpatog [50].

H katakopudrn KAPAK®ON eMAEYETAL YA :

AyOtepo oNPAvVIIKA CUCTHPATA KAl (OPTOUS Epyaciag.
e Yuyuotrjpata rmou Sev avapévetal va auinbel o optog Toug oto PEAAOV.
e Meimorn T0U apX1KoU KOOTOUG.

e Yuotnuata mnou dev xpetadovial uynldn Swabeoodinta, arodoon kat §i1abeson oe da-

(POPETIKEG TIEPIOXES.
H opidéviia kAyppdkeoon srmAéyetat ya:
e Ynpaviikd ouotijpata Kat goptoug epyaoiag.
e Tuotfjpata rmou avapéveral va auinbei o poptog toug oto péAdov.

e Yuotpata nou ypetadoviat uyndn dabeopotta, anodoon kat Sidbeon oe dragpope-

TIKEG TIEPIOXEG.

[51]

2.1.7 Horizontal Pod Autoscaler

O Kubernetes tapéxet avtikeipeva yia opi{oviia [52] kat katakopugn avtopatn KApakoon[53].
[NapdéAa avtd Sa eotidooupe otov Autopato Opigoviio KAypaketr) (Horizontal Pod Autoscaler).
To HPA eivat 1o otoixeio tou Kubernetes mmou emitpénet oe évav @opto gpyaciag va KAtpa-
K®OVETAlL autopata avdloya pe v {mor. Mnopet va ouvdeBel 116vo 11e aviikeipeva mou

rAypakovovral (Deployments kat Statefulsets) [52].
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Horizontal Pod Autoscaler

Yxnua 2.2: HPA controlling Deployment [2]

Katd v diapodppwon tou HPA smidéyetal 1o avuikeipevo rou cuvdeetal padi tou, opile-
1Al 0 PEYAAUTEPOSG KAl HIKPOTEPOS ETITPEIITOS APOPOG avilypddmV, TTold HETPIKI) TIAPAKO-
AouBeital kat mota eivat n ermBupnt) cuPIePlPopd KANAKAOONG KAl AMTOKATPIAK®ONG. Agv
ermrpenetatl 1o 1610 aviikeipevo va ouvdebei pe mapanave amno éva HPA [52].

O tpomog rou doudevetl 1o HPA eivatl va rmapakoAoubel 11§ OpPlOPEVEG PETPIKEG TAKTL-
Ka (mpoermAeypévn Tipr) dexkarnévie deutepOAerta) Kal avdaloya He v XPHor g PEIPIKAS
nipoBaivel og Tporaboplopéveg evépyleg [2]. O adyopiOpikog TUMOG mou akodoubel sivat
desiredReplicas = (currentReplicas * currentMetricValue/desiredMetricValue) [2].

O1 PETPIKEG TTOU PITOPOUV va Xprotpononfouv eivat o1 petpikeg Xpriong tou Pod (xpnon
eneepyaotr), pvnpng) [54] 1) mpooappoopéveg Petpikeg (artipata ava deutepoAertto, pudbpodg
opaApdtev, evepyeg ouvdéoelg, K.0.K.) [55]. Emiong propei va yivel ouvduaoiog pPetpirav
petagu toug oto 1610 HPA [56]. Eivat onuavuxko va napatnpenOei éu to HPA maipvet tov
HE€00 0pO XPHoNg Ao 0Ad ta aviiypaga, onodte Urdapyxet 1 rnepintwon ya éva Pod va €xoupe
uriepBel 10 0p10 XProng aAdd va pnv KATPHAK®OVETAL T0 avilkeipevo kabott i xprjon o€ dAda
Pods va eivat xapnAotepn [54].

H ocupniepipopd opidel tov 1poro KAPAK®ONG KAl AMOKATPHAK®OONG TOU CUCTHHATOG, O-
pidovtag TMOAITIKEG 1€ EITTPEITIEG EVEPYELEG KAl TNV IePiodo mou kAbe moAttkr) oxvet [57].
'Otav urmapxouV MApAriave Ao Hid MOATIKEG €MMALYETAL AUTY PE TOV HeyaAutepo apiBpo
addayng [57]. H Aoywkr) tou turou 2.1.7 oe ouvduaopo pe tig evépyeleg [57] erurpénet v
duadikr Aettoupyia tou cuoTHPATOg OTIOU 1O ApPlOpog avitypddev Propel va tadavioverat
avAapeoa o KAMO1EG TIHEG. AUTO UITOPEL va TTEPIOPIOTETL € TNV XP1 0N ToU rtapabupou otabe-

portoinong [58] rou bev ertpénet oto oUotpa va rpdel Karowa evépyela avtibewn pe v
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€rmAOYH TIOU £ylve otV nipoxkabopiopiévn) riepiodo.

To HPA éxe1 meplopiopovg, ouppeva pe toug Jiang kat Wu [59]:
e O aAyop1Oog KANAK®ONG KAl ATIOKATPIAK®OONG £ival TTOAU arAog Katl aveAdoTiKog.

e To mapdabBupo otabepormoinong [58] Sev emrpénet v MePAtép® KATPAK®OL TOU OU-

oTHHaAtog.

e H niepiobog culroyrng Sedopévav dev propetl va adddgetl Suvapikd avdpeoa oe nepio-

OOTEPO 1] AYOTEPO ATIAITNTIKEG MTEPLODHOUG POPTOU.

Axkopa dev propel va oplotel mePLoXI] UOTEPTONG, OTIOU TO OUCTHA OeV KATPIAKWVEL 1] AITO-

KApakovel tov aptbuo Pods.

2.2 Apache Cassandra

H Apache Cassandra amotelei éva Katavepnpévo, [r OXeolaKO cuotnpa diaxeipong
Bacewv dedopévav. AvarmtuyxOnke ©g ouotnpa avolxtou kodika and toug Lakshman kat
Malik [11] [60] ywa v Avaditnon Mnvupdtev tou Facebook 1o 2008 kat to 2010 npow-
910nke amnod 1o Idpupa Aoylopikou Apache. Lxebidotnke pe okoro v dayeipion peydalou
oykou dedopévav pe yvopova trv 61a8eo1potnta Kal EMEKTACTIOTTA TOU OUCTHATOG £VAVTl
g ouvenelag v 6edopévav. Ta KUpla Xapakinplotikda Tou sival ta napakdte ([60] kat
Xpuooroudog [61]):

e TToAAarAn piocBworn kKOpBav ot dlaPopeTikd KEvipa dedopevav.

e ATIOREVIpOUEVH] Asttoupyia: OAOl o1 KOPBol gival 0110101, X®WPIS va UTIAPXEL KATIO0G
KUP10Gg KOpPBog, ektedouv 6dot g 161eg Asttoupyieg ermkovavoviag péow Peer-to-Peer

TIPWTOKOAAOU.

e AvekTIKOINTA 0t opdApata: ta debopéva avarapdayovial oe TMoAAoUg KOPBOUS Kal

drapopeukd kévipa debopévav, egadeipoviag ta pepovopéva onpeia actoxiag.

o EAaoukotta KAl ypappiKy EMEKTACIHOTTA : 1] TIPO0ON KL VE®V KOPBmV Sev S1aroTTTet

Vv Asttoupyia Tou cuotpatog Kat audaivel ypappikd tny andédoon tou.

e AlAPOpP®O1IN CUVETELA: TO CUCTNHA EYYUATAL TEAIKT] OUVENEIA KAl KABe ouvadAayr)
Propet va €xel d1adopetik oUVETIEld. AUTr) 1] pUOI0Y ennPeAdel TTOO01 KOPBO1 TTPETIEL

va avayvepioouv emiuxng pia ouvadiayr.

2.2.1 Movtédo Asdopivav

To Movtédo Aebopévav tng Apache Cassandra eivat jin oxXeolako, anaptietal arnod 6poug
Kat évvoleg riou Supidouv napadooiaxkd cuctrpata diaxeipiong facenv debopévav (RDBMS)
[62].
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Keyspaces

To Keyspace dndovet tov Tporio pie tov oroio debopéva avarnapdyoviat, o€ Iooa aviiypa-
@a. Eitvat ouolaotikd éva ouvolo amnd mivakeg.
ITivareg

O ITivakag aroteAeital amno otrAeg Kat oelpeg. Ot otrAeg MEPyPAPOUV TO OXNHA TRV
b6edopévav kat T turoug £xouv. Ot otrAeg PItopouv va enektabouv e pndevikr draxkornn
Aettoupyiag [62].
Katatpnon

H Katatunon opidel 1o 61dotnpa 1@V oelp@v 10U KAE1610U KATATINONG TIOU AVHKOUV Og
Kabe xopbo [62].
Zepd

H Ze1pd anotelet pia mAetdda ano dedopéva rou avayvopidetal amno Eva rmpatevov KAeHi.
To mpwtevov KAe161 ouvBETeTal amno 1o KAe161 KATtdTnong Kat poalpetika aiAeg otrleg [62].
ZtiAn

H otfAn eivat éva koppdt dedopévev e éva turo, 1 Pikpotepn evvola dedopévav [62].

cgL

H Apache Cassandra xpnoworoiet v yAoooa epotpateov Cassandra (CQL), sprveu-
opévn aro Vv yAoooa Sopnpévev epotnpdtov (SQL). IMapatnpoupe o6t KAmoleg anod tig
bopég g Apache Cassandra aviiototxouv oe auteg evog tapadooliakou RDBMS omote 6ev
etvat &évn n CQL [62], [63].

AnoOKAVOVIKOMOin o1

Zinv Apache Cassandra 1a 6edopiéva €ival armoKavoviKoIoupéva, T0 OTroio EpXETal o
avtifeon pe ta RDBMS kat dev ermtpénet evépyetleg Join kabag ta cuoxetidopeva debopéva

Bpioxkovtat oe €évav mivaka [62].

2.2.2 Amazon Dynamo

H Aettoupyia ing Apache Cassandra Baocietal mave oto katavepnpévo ouotnpa KAe1510U-
Tung Amazon Dynamo tov DeCandia, Hastorun, Jampani, Kakulapati, Lakshman, Pilchin,

Sivasubramanian, Vosshall kat Vogels [64], [65]. Ta kUpla otoikeia tou eivar:

e LUVIOVIOPOG AlPATRV O £va KATAVERNEVO 0UVOAO Sedopévav
o TloAttikn Avuypadpov

e Pubnidopevn Zuvéneia
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® YTUPHETOXN 0 BAKTUA10 KAl aviXveuorn oPaApdtev

[64], [65]

ZUVTOVIONOG ALTNRATOV O £€va KATavepnpEvVo ouvolo Sedopéivav

H Apache Cassandra ywa v ermiteuén opioviiag KAPAK®onNg Katavepetl ta dedopéva
o KOpBoug BAcel ouvapTnOnG CUVETTIOUS KATAKEPHATIONOoU [66]. Asbopéva katavépoviatl o
évav ouvexr] daxktuAio Baocel tou KAe1B10U katatpnong toug. Ot kopBotl, PApKeg, AVHKOUV
otov SaKTUA10 KAl anobnkevovidl o€ aUToug £va £UP0G KAEO1®V PETA Ao vV PApKa ToUg
[3]. Avadoya pe tov apiBpo avuypdoov tov Sedopévev ToTe autd avarnapayovidal Kat o€
enopevoug KOPBoug yia va s§aodaldiotel Asttoupyia avOektikry oe opdApata. 1o Zynpa
2.3, BAémoupe tov node4 va meplEXel Ta €Upog KAedav, tl, t2, t3 kat t4. Av teppatiotet
avartaviexa PAéroupe ot ta Hedopéva 1ou undpyouv oe dAAoug KOpPBoug OrotTe T0 cUoT A

propet va Asttoupyroet Xopig anmAia debopévav.

token(n;) = t; range(ty, ta] — {ny, n3, na}

token(n,) = t, range(t,, t3] — {n3, ns4, ns}

token(ng) =13 range(t3, t4] — [n4; nNs, nﬁ]
hash("foo")

— {1y, N3, N4}

. hash("bar")
— {n3, ny, ns}

Zxnpa 2.3: Cassandra Token Ring [3]

AitAeopatxy Epyaocia m



KepdAao 2. Oenpnukod uno8abpo

H eSiooppornon katavoprng v Sedopévov 60UAeUel erTUX®WG OTAV €XOUPE APKETOUG
KopBoug kab®g autol katavépovial opolopopdpa otov SaktuAio [3]. Auto opwg propet va
pnv oupbaivetl yla Atydtepoug kopBoug. To Amazon Dynamo aviipetorti¢el auto 1o 1ipoBAn-
Ha pe v dnpoupyila eIKOVIK®V KOPBeV e PAPKeG OTOV SAKTUAIO TOU KATAVEHPOVIAL ITO

opotopopda o autov [67].

IoArtiki) Avuiypagpov

KdaBe Keyspace opidet v moAttiky) avuypdoev tou, kabopidovtag £tol Tov TpOIo Pe oV
ortoio opidovtat avtiypaga tov Sedopévev. Auvnukd pnopet va sivat n NetworkTopologyS-
trategy, rmou kaBopidel g avitypagpovral ta Sedopiéva oe H1adopeTikd UTIOAOYIOTIKA KEVIPA,
1) ) SimpleStrategy rou anAd reptypdget oot KopBot £xouv aviiypado tev dedopévav. Lu-
viotatat oe nepiBaAdovia napaywyng va xpnowpornoteitat n NetworkTopologyStrategy kat o

niep8addovia avarttuéng n SimpleStrategy [68].

Pubpiiépevn Suvéncia

To Sswpnpa CAP tou Brewer [69], eival éva amno onpaviikd Sswprjpata otov KOOH0 TV
KATAVEPNPEVRV ouotnpateyv, oupdeva pe toug Gilbert kat Lynch [70]. Avayvepidet tpia

XAPAKTINP1oTIKA 10U S1énouv kabe tétolo ovotnua [69], [70], [71]:

e Yuvérela: KAOe aitnpa avdyveong oe kKabe KOPBO €MOTPEPEL TV IO TIPOOPATL) EY-

Ypa®1 1] arotuyyavel.

o AwaBsopomnta: kabe aitnpa AapBavel pia emtuyr AmAvinorn, X0PI§ autn va givat

AVAYKAOTIKA I IO TTPOCPATH) EYYPAPI] OT0 cUCTNHA.

e Avoyn Alaxoplopou: 1 iIKavotntd T0U CUCTHHATOS Va AETTOUpYEl akOpa Kat av UTIAPXEL

Sdlakor] oIV ermKowvevia 1oV KOpbov.

To ®ewpnpa [69], [70], [71] pag Aéel 611 €éva kKatavepnpévo ouotnpa v Pmopet va €xet
Kal Ta Tpia Xapakmpelotkd, addd povo 6Uo. Auto onpaivel ot éva cuotnua pe Avoyr) Ala-
X®P1O0U Katd v dlapkela evog diaxmwplopou Siktuou Sev propel va eyyunOet tautoxpova
Zuvénela kat AtaBeotpotnta kabwg pia cuvaidayrn Sa emotpeYPet Ty o Poohaty) eYypads)
1 Sa anotuyxel Kat tautoxpova da mpenet va AdBel andavinon xopig autn va ivat arotuyia.

H Apache Cassandra ripoodépet tig akoAoubeg eyyuroeig [72]:

e YynArn KAmpakeowotnta [73]: to cuotnpa pmnopet va npocbeétel 11 apaipei kopBog
XPNO0TIOI®VTAG TO TIPOTOKOAAO Ala0TIOPAS Y1d TNV AOSO0TIKY AvayVOP10T] IOV LEA®V

Tou.

e YynAr AwaBeopudinta: [74] xpnowornoietl éva avBektikd oe opdApata cuotnpa aro-

9nkeuvong.

o AvBekukointa [75]: aviiypada tewv dedopévev untdpyxouv oe d1apopeTikoug KOpBoug 1)
KAl UTIOAOY10TIKA KEVIPA TIOU £YyU®VIal 0Tt av Xabel évag kOpBog yia orolovdnmote

Aoyo téte Ha unapyxouv aviitypagpa tov debopévav.
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e Telkr) Zuvénela [76]: ot eyypadég Sa undpxouv oe O0Aa ta aviiypagpa tedika. Atago-
PETIKEG £KO00EIG TV Hebopévav Sa unapyxouv os S1aPopeTtikoUg KOPBOG PEXPT TEAKA

va £XOUHE GUVET] KATAOTAOT).

o EAladpiég ouvaArdayeg [77]: extedouvial O£1plakd XPNOIOIIOIWVIAS T0 IIPATOKOAAO O-
pogpeviag Paxos, pe autdv tov tporo e§aopariletal ouvenela ota aviiypapa Adye tng
ouvaAdayng Compare and Set emitpénoviag 11§ avayveooelg va PAénouv tpég dedo-

Hévav X®pig va mpaypatonolovvial aAAayeg.

o Opnadikég eyypadeg o TTOAAOUG Tivakeg [78]: eite Sa ermtuyxouv 0Asg TANP®S 1] Ka-
96)ou.

e Asutepeliovia €UPETNPLA TIOU EMITPENIOUV TNV AVANTINON OINA®V £ival eyyunpévo va

elvatl ouvernr| ota Toruka avtiypaga [79].

H Apache Cassandra 6wabételr puBpiopevn ouvénela yia kabe ocuvaddayn [76]. O
XpHotng propel va ermdéget ov fabpod ouvénelag. Meyadutepog Babuog cuvénelag emnn-
peddel apvnukda v AtaBeoipotta Kabog 10 cUoTA TIEPTHEVEL TIEPLOCOTEPA aviiypada va

ermBeBaidoouv pa ocuvaddayr) [80]. ITapatiBeviat ol pubpicelg ouveneiag [80], [81], [82]:
e 'Eva povo aviiypado
e Auo avtiypaga
e Tpia aviiypagpa
e Armaptia, n mAsoyneia 1oV avilypapav
e 'O)a ta avtiypada

e Torukn araptia, 1 mMAsOYPneia TV avilypdpav POvo VoG KEVIPOU UITOAOYIOTOV (0TO

KEVIPO UITOAOY10T®V ITOU £y1ve To aitnpa)
e Kd6e anaptia, n msioyngia yia KAOs UrtoAoyiotikod KEVIPO

e Torko éva avtiypado, autr n diapopdworn eyyudtal ot 1o aitnpa avayveoong dev

artootéAAetal o AAAO UTTOAOY10TIKO KEVTPO

e Orowdrrmote, éva povo aviiypado aravid 1 o kopBog diapecoddBrnong arnobnkeuet
pia urodedn. O Siapecorabning Ya mpoorabrioet va petagépet v petdAdain ota
avtiypaga apyotepa. H Sapopgpwon autou tou Babupou cuvéneiwag eivat diabéopo

POVO yia eyypadEg.

Zuppetoxn o SAKTUALO KAl AViXVEUOT OPAARATGOV

INa v Katatunon Aedopévav kat ) [IoAttikr) avitypddev 1o ouotnpa Xpetadetal va yve-
pidel v uyeia tov KOPBwv wote va §popoloyouvial ta attjpata ypadrng Kat avayveong a-
nodotika [83]. Autég o1 mAnpodopieg potpadoviatl pe Katavepnpévo tporo otnv Apache Cas-
sandra péow v enopevev duvatottev: [IpetokodAo Alaomiopdag kat Avayvoplong Zoai-

patev.
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[TpwtoxkoAAo Atacropdg [84] sivat éva ouotnua 6mou ot kopBot popddoviat ANPopopieg
OXETIKA Pe v S1Kld toug uyeila aAdd Kat 6owv KOpBev yvepiouv. Xpnotpornotouyv rietadeg
MOU (PEPOUV TV OVOTOVIKY] Gpd Kat v £€K6001) g MANpopopiag EMIPENOVIAg OT0US KO-
Boug va aglormolouv v 1o npoodatn £K800rn g 51a0ropdg MANEOPOPIHV KAl avayveoplor)

oparpatev. Kabe kopBog replodika:

1. evnuepwvel v KAtdotaorn vyeiag tou KAt Snpoupyet tv 0Ky oy g daomopdg

tou cluster ou yvopidet.
2. Eméyet évav tuxaio kopBo kat avtadddoel Anpopopieg draoropdg.

3. Ipoortabei rubavokpatikd va aviaAAdagetl Anpodopieg pe évav KopBo mou Sev €xel v

Katdotaor oou (av urapyet).

4. Awaornieipel MAnpodopieg pe 1ov KOPBo ekKivnong av dev ermkovovnos padi 1ou oto

devtepo Pripa.

[84]

O np®10g KOPBOG aroteAel Tov KOPBO £KKIvIOoNg KAl 1] povn §1apopd tou arnod t1oug aAAoug
KOpBoug eivat ot dev xperddoviatl dAAoug kKopBoug yia va ouvdeBouv otov daktuAlo. Aoyw®
10U Brjpatog 4 autoi ot KopBotl £xouv UYnArn xpnorn oty dadikaocia g draoropdg.

H Apache Cassandra yia tv avayveptorn opadpdiov [83] xpnowponotel pia mapaddayn
tou adyopibpou Phi Accrual Failure Detector tov D?fago, Hayashibara, Yared, Rami kat
Katayama [85], omou kaBe xkopBog amopaoilel ot karotog addog xkopbog eivat kKatw av
dev AdBel uyl) Katdotaon And AUTOV Yid CUYKEKPIHEVO XPoviko daotnpa. Tote dev Sa
Kateubuvel Tig OUVAAAQYEG AvVAYVOONG 0€ AUTOV Tov KOPBo katl Ya mepipiével va arooteilet

TG eyypadeg otav AdBet uylr] Katdotaon and auvto.

2.2.3 Mnyxavy anoBnkeuvong

H Apache Cassandra xpnotpornotel pia anokevip@pevn pnyavr) anobrkeuong n ornoia
g Sivel tv Suvatotnta yia ypryopeg eYypageg Kat avayvaoelg [86]. Yridpyxouv 6Uo kupla

Hovordatia ouvadlAayov: eyypadrng Kat avayveoong.

Movonatt Eyypagng

Kata v eyypaor [87], kabe e1oepxopevn cuvaddayr os kKaOe KopBo eyypadetal mpota
oe ¢va Commitlog, éva apyeio kataypadrg SeopeUoemV MOV EMITPETEL PLOVO TNV TIPOCHNKI)
VE®V eyypagov. Ot eyypadég anobnkevovial 0 KOPPATIA YEYOVOG TTOU EMMITPEIIEL TV A-
nodotikn eyypagr otov 6ioko. H eyypagn emrpémnetl otov kopBo va kpatdastl ta dedopéva
HeTd amod avandaviexeg anwmiesieg Asrtoupyiag [88]. L ouvéxela, ta dsbopéva tortobetouviat
oto Memtable, miivaka rmou urndpyxet oty pvhun (0opd) vAoroinpévo pe tagivounpévn dour)
dedopévav (ooppornpévo Sévbpo 1) Alota mapakapyng) [89]. O kopBog otédver ermBeba-
iwon g ouvaddayrg otav auvtr eyypagei oto Commitlog kat oto Memtable [87]. 'Otav
10 Memtable &enepaoel 1o mpoxkabopiopévo péyebog arobnrevetal otov dioko oe apyeia

SSTable, apetdBAnta, anobnkeupéva ta§ivopnpéva Bdaor tou kKAe1§10U Katatunong Kat 1ou
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KAe1610U opadoroinong. Ymapyxet np Suvatotnta petadpopdag SSTable aro addov kopBo kata
v e€loopponnorn v dedopévav [90]. H Apache Cassandra oupriéel SSTables yua v

o anodotikn Asttoupyia tou cuotrpatog [87].

Movonatt Avayvaong

Katd tv avayveon [91], kabe e1oepxopevn ocuvaddayr oe kabe kKOpBo, avaylyvowoKetal
10 Memtable kat av autr] ] avayveon dev erudépet anotédeopa tote SraBaloviat ta SSTables
aro tov dioko. Eme1dn) ta apyeia eivat ta§ivopnpéva, n Apache Cassandra propei arodotika
va evrortioet ta dedopéva xpropornolmviag ta kKAe1d1d Katdtjnong, opadonoinong kat gidtpa

Bloom [91], [90]. T¢Aog, ouyxmveuel ta dedopiéva Kal EMOTPEPEL TNV VEOTEPT] TIHL).

BAémoupe ot n pnxavry anobrkeuvong dsbopévav g Apache Cassandra mpoogépet
uvPnAn anodoorn eyypadng Kat avdyveong, avlekukotta oe opaipata Kat peyado Badbpo

pubplomotntag, kKabwg kabe mpoavagpepbev otoryeio propet va pubpotet [11], [86].

2.3 YCSB

To YCSB eivat éva nipoypappa aglodoynong ermbooenv Baoewnv 6edopévav avoitou Kodi-
Ka. AvartuyxOnke anod toug Cooper, Silberstein, Tam, Ramakrishnan kat Sears otnv Yahoo
[4] to 2010 pe oxoro v a§loAdynon véwv Siadopetikev Bdoewv Sedopévev rmou avarttuon-
Kav ekeiva ta xpovia, ouvrbwng 6xt RDBMSs. Ta tpia otoixeia mou egetadel 1o YCSB eivat
n EAaoukomta (n Suvatdtnta 10U cucthpatog va PETapEPEL T0 @OPTO OE VEOUG ITOPOUG Ka-
1d Vv Asttoupyia tou), n Yynir AwaBsompdinta (n wavotnta tou va propei va Asttoupyet
akopa Kat didpeco opaipdrev), kat 1 Opiloviia KAipdakeon (n wkavotnta tou va Siayet-
pidetat peyado oyko Sedopévev e TV MPOoONKI) TUITOMONIEVOV SErver Kal o1 PEo® NG

KAtakopudpng rApdkeong)[4].

To YCSB sivat éva ripoypappa Java [92] rou 6éxetatl U0 €180V diapoppaioetg, Tou @op-
Tou gpyaoiag kat g Sertadng Paong dedopévav. O Client tou dnpoupyet ClientThreads,
BA. Zxnua 2.4, ta oroia opiouv 10 pOpTo epyaciag tou rpoypdppatog afloAdynong Kat oty
ouvéxela n deradn opidel moleg cuvaddayeg Sa npaypatornonBouv nmave oty Pacn kabwg
UapxouVv dagopetikeég ouvaddayég petadu 1oowv dagopetikwv Bdoswv. TéEAog ektedouvial

o1 ouvadAayég e tov KaBoplopévo Tporo mave oty Paon dedopévav [93].
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Workload file Command line properties
— Read/write mix — DB to use

— Record size — Workload to use

- Popularity distribution — Target throughput

- — Number of threads

YCSB Client / s(iz}l:g

Store

Client — >~
- N~
Threads ——__~

Workload
Executor

/
F\.

R\

Stats

DB Interface
Layer

Zxnpa 2.4: YCSB Architecture [4]

Ot drapoppaoelg poptou epyaociag apopouv [93]: .
e Ap1O10g VNpATeV eregepyaotn)

ZT0X0 pubpoU NeTAdoong 1@V ouvaAAay®v

H avaloyia tou €i6oug ouvaddayev rou ektedouvial (eyypadrg, avayveong, ripoodp-

poorng, 6apeong)

Erubupntr) ouvénewa ava €idog ouvaiiaywv

Ap1B10g oglpov oty Baon dedopévav

Ap1Bpog ouvadiayov

Katavopr) ermdoyng osp@v yla 1§ ouvaldayeg

O1 drapopdaoeig diertapng faong dedopévav apopouv tov 1poro rmou ouvdéstal 1o YCSB
e v Baon kabwg kat e€e1dikeupévn dapoppwon Baong dedopévav [93].
2.4 Prometheus

O Prometheus eival éva ovotnpa napakoAouBnong Kat €16010iNong avolXtou Kootl-
Ka rmou avarrtuxdnke aro v Soundcloud to 2012 [5]. To 2016 artotédece 10 HeUtepo

npoypappa rou @llogeveite ard 1o CNCF, peta tov Kubernetes kabwg uto0etriBnke ard
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peydldo apiBpd £tapldv Kat opyaviopov. TUAAEYEL KAl arnobnKevel PETPIKEG G Hedopévav
Xpovooelpdg, dnAadn dedopéva padl pe v Xpoviky otypn kataypadng toug. Ta kupua

XOPAKTNP10TIKA TOU givat:
e IToAudiaotato poviedo debopévav pe Gebopéva xpovooelpag
e Mia eUxpnotn yAoooa epotnpdtov (PromQL)

o H culloyn tov Sedopévav akorouBel to 11oviédo €AEng edoévav 1€0® TOU IIPOTOKOA-

Aou HTTP, emutpénoviag mapakoAouBnorn Xopig v tporonoinon tov epappoyov.

e Ta dedopéva kabe Prometheus server arofnkevovial tormkd oe auto Kat dev kata-
vépoviatl oe dAAoug kopBoug. Auto errpénel otov Prometheus va pnv xpewadetatl va

OUVIOViel oUVaAAaYEG, ATTAOTTIOINVIAG TNV APXITEKTOVIKY.

[5]
Service discovery Prometheus

Short-lived alerting .« pagerduty
jobs . :
! kubernetes file_sd

push metrics Alertmanager [ * Email

atexit *
H discover .
& targots ¥ notify
: 4 etc
Pushgateway i Prometheus server
- : push
ale_rts
i ~opull ) Retrieval ~+ TSDB HTTP
metrics server
PromQL
9 i Prometheus
i web Ul
. .
exparters : i = visualization
; and export
Prometheus i
targets I AP clients

Zynpa 2.5: Prometheus Architecture [5]

Ta otoikeia mou ocuvBetouv tov Prometheus eivat, BA Zxfpa 8.2:

e O xUplog Prometheus server mou ouAAéyet debopéva kat ta anobnkevel ot Pdon

dedopévav xpovooeipag (TSDB) [5].

H mmuAn nipoodnong Ppaxubiev epyaociov [5].

JMX Exporter, Elsticsearch, PostgreSQL, Redis [94].

e To ovotnpa diayxeipiong sidororjoewv [5].

AitAeopauxny Epyaocia

Bon6nuka Frontend Ul 6niwg Graphana, Prometheus Web UI [5].

E18ikoug e€aywyeig, oxedlaopévoug apketa cuotnpa kat Bdoeig debopévav onwg [5],



KepdAao 2. Oenpnukod uno8abpo

To Grafana arotelel éva mPOypapjia AvolXToU KOOIKA IMOU EMMTPEIEL TV avadtnon,
OITTIKOTTOIN 0T, £160T101N 01 KAt e§ePeVVIOT PETPIKMV ATIO H1APOopeg TN YES, PETASU T®V OT0IRV

xat o Prometheus [95].
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Kegpalatro E

IIeprypadpn tng YAonoinong

E :to KedpdAalo autod yivetat i epiypadn g vdomnoinong. IlapaB&étovtar oAeg ot aro-
(PAOCEIG TIOU OUVElOPEPAV OTNV €IMAOYL] OUYKEKPIHEVOV TEXVOAOYIOV Katl ot Paocikoi

eploplopol g vdomnoinong.

Z16xX0G pag £ival va €§ETACOUNE TNV EAACTIKOTTA £VOG KATAVERNHEVOU ouotrpatog Se-
dopévev, os mep1BAAAoV UTTOAOYIOTIKOU VEPOUG. [a va 1o ermtuyoupe autd IPEMEL va &-
ykataotrjooupe éva nepiBdidov Kubernetes, va kataotfjooupe ikavo to Kubernetes va na-
pEXel duvapika topoug, va erkkivrjooupe tv Apache Cassandra, va oxedidooupe TTOATIKD
optdovtiag KAPAK®OoNG, va 51apopp@ooUpe TV MapaKoAoUOnorn Tou ouoTPatog, Kat vd

XPNOUHOTIO|00UHE TO Ipoypappa aglodoynong erudooewv YCSB.

3.1 Eykrataotaon rat pubpion tou Kubernetes

Ta pnxavinpata rou d9a cuvBéoouv tov Kubernetes cluster eival e1kovikég Pnxaveg rmou
apax®pninKav oto UroAoylotikd vépog tou Epyactriplo Yrodoyloukov Zuctnpdiev g
ZxoArg HAektpoddywv Mnyavikov kat Mnyavikov H/Y tou EMIL. [TpounBevutnkav 6 eikovi-
kg pnxaveg (nodel - node6) cuvbebepéveg oto 1610 Hiktuo Kat 6Aeg o1 punxavég ilogevouvtat
o€ 51aPOPETIKO KOPBO TOU UTTOAOYIOTIKOU VEPOUG. AUTO EIITPETEL OTO CUOTNHA HaAg va givat
o aopadég arod PAaBeg kat rmbavég e€avidnoeilg mopwv Kabmg 1 Aettoupyia KAOe E1KOVIKNG

pnxavrg ivat ave§dptntn and g aAAeg.

’ Host  'Ovopa 1P

cloudl node3 10.0.1.122
cloud3 node2 10.0.1.121
cloud4 node4 10.0.1.128
cloud6 nodel 10.0.1.102
cloud5 node6 10.0.1.136
cloud7 nodeb 10.0.1.125

[Tivakag 3.1: TomoAoyia KOu6wv

Yridpxouv apketég eAOYEG Yid TV £yKATAOTACT Kat pubuion tou Kubernetes:
1. Minikube [96]

2. MicroK8s [97]

AitAeopatxny Epyaocia m
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3. Kubeadm [98]
4. Kubespray [99]

ErmAggape 1o Kubespray kabwg ot ripoteg 2 ermdoyeg eivat davikeg yia ekrnaibeuorn kat
TOMmKEG eykataotaoelg [96], [97], n tpitn emdoyn eivatl yia niepiBdAdovia napayeyng [98],
eved) 10 Kubespray eival apketd €U£AIKIO QOTE va EIMTPENEL TNV €UKOAI £YKATAOTAOT TOU
cluster aveaptrtog repiBadAoviog Kat rapexet aglomoro rnepBaidov nmapaywyng [99]. Ano
Vv ékdoorn 2.3 kat petda 1o Kubespray dpyioe va xpnowporotet to Kubeadm oto eomtepiko
TOU ouoTatog yia v dnpoupyia tou cluster [100].

Xpnowonotoupe v €kboon 2.23.3 tou Kubespray kat eykafiotovpe v ékdoon 1.27
tou Kubernetes, srmAoyr) rou napeixe v rmo otabepr) eykatdotaon [101].

AAyop1Bpog A1
1. Anpoupyoupe aviiypado tou deitypatog cluster.
2. AnAwvoupe ta IP tov kopbov.

3. AnAovoupe 1o apxeio Srapoppwong kat dnuioupyoupe tov katddoyo urtodoprg Ansi-
ble.

4. Extelouye 10 BBAio epyaociav Ansible rou eykabiotd tov cluster.

Meta v eyKataotacn PIopoupe va doupe v Kataotaon tou cluster ektedoviag tnv

evtoAr) kubectl get nodes. To amotédeopa tng pag Sivel vV KATACTAON TV KOPB®V TOU

cluster.
Name Status Roles Age  Version
nodel Ready control-plane 127d v1.27.10
node2 Ready control-plane 127d v1.27.10
node3 Ready <none> 127d v1.27.10
node4 Ready <none> 127d v1.27.10
nodeb5 Ready <none> 127d v1.27.10
node6 Ready <none> 127d v1.27.10

[Tivaxag 3.2: Kataotaon cluster

[Tapatnpouvpe 6t o1 6o npwtot kopBot eivat Control planes. Adym 10 P1KPOU peyEOOUG
tou cluster, Sa xprnopomnour)ocouiie 1OVO TOV IIPAOTO oav KUp1o KopBo rou dev Sa ektedouvial

AVE TOU (POPTOl epyaciag. Ltoug addoug révie 9a nmpowdnbel 1o ouotnpa 10 NEPAPATOG.

3.2 Avuvapiry IHapoyxn Topwv

'Onwg £idape oto mPONyoupevo KePAAA10 UTIAPYXOUV APKETEG EMMAOYES Yid TNV IAPOXH
Opev (AzureFile, CephFS, toruxkog, NFS, RDB [32]). Erudé€ape tov CephFS, évav apketa
61adedopévo katavepnpévo ouotnpa apxeiov[102]. Emrpénel oe kopBoug va draxeipidoviat
éva Kowo ouotnia apXei®v npoopépoviag vpnin dabeoipomta kat KApakotpotta. E-

tvat 18aviko yla v anobrkeuor 6edopévav mou xpeiadovial Kowr) npooBaon oe emninedo

m AinAeopatxny Epyaocia



apxelwv[102]. To Rook eivat évag xeiprotrg tou Kubernetes mou 6ieukoAuvetl v 1abeon,
Sraxeipilon katl evopyrotpwon tou cuotpatog Ceph, evoopatwvovidg to otov Kubernetes
He piKpn xepoxkivntn napeépBaon [103].

Mia aro tog npoUndbeong yia v eykataoctaon tou Rook eivat i vrapgn [104]:
o ARATEPYAOTOV OUOKEU®V §10KOU

e AKATEPYAOT®V KATATHILOE@V

e Aoykev topov LVM

e AwaBéowv PV and kamnowo Storage Class oe Asttoupyia block.

- lsblk -f
NAME FSTYPE LABEL FSAVAIL FSUSE% MOUNTPOINT
loop®  squashfs 100% /snap/corel8/2829
loopl  squashfs 100% /snap/corel8/2846
loop2  squashfs 100% /snap/1xd/24061
loop3 squashfs 100% /snap/core20/2379
loop4  squashfs 100% /snap/core20/2434
loop5 squashfs 100% /snap/core22/1722
loopé6 squashfs 100% /snap/core22/1748
loop7  squashfs 100% /snap/1xd/29619
loop8  squashfs 100% /snap/snapd/23545
squashfs 100% /snap/snapd/23258

0
0
0
0
0
0
0
0
0
0

exth cloudimg-rootfs 09603282-eb3e-4e2f-bb5a-fd09629981b7 30.1G 48% /

vdal5 vfat UEFI 0845-F46B 98.3M 6% /boot/efi

Yxfpa 3.1: Isblikk command output

Extedoviag v evioAr] Isblk -f (amapibunon ouvokeuov block), BA. Zxnpa 3.1, dev
UTIAPXEL Kapia akatépyaotn ouokeurn 610KOU, KAtdtpnor) 1) Aoylkog topog. Mmopoupe va
eyrataotjooupe 1o Rook yxpnoponoidviag PV ano kanowo Storage Class. O tporog rou Sa
xpnotpormnowjoouiie tov CephFS eivat va dnpioupyrjcoupe pia Storage Class rou Sa 6iabéoet

PV yia va toug dwaxeiprotouv ta Pods pag. Ormote:
1. 9a mpénet va dnuoupyrjcovpe PVs aro kanowa Storage Class
2. mou 9a xpnoworofjoet o Rook yia va dnpioupyroet éva Ceph cluster

3. mou 9a xpnowonoteitat and pia Storage Class rou Sa dnuioupyei PVs yia ta Pods

pag.

BAénoupe ot 1o Hevtepo Pripa eival mepittdo Kabwg av KatapEpoupe va Snioupyrjcou-
pe auty v Storage Class kat PVs 16te 9a €xoupe Snpioupyrioet Tov mapoxo 0PV ITou

9¢Aoupe.

1. Anpoupyoupe pia Storage Class kat puBpidoupe povo v Aettoupyia déopeuong

TOU®V vad TEPTHEVEL TNV KATAVAA®OT A'.2.

2. Anpoupyoupe évav aptdpo amno PV, pubnidovrag ta pe tporno npooBaong ReadWriteOnce,
Xxopnukottag révie Gigabyte, moAwtikr) avdkinong Retain, tpomno Aettoupyiag ovotn-
Ha apxeiov, ouyyevela KOpBav o€ 1ovo €vav KopBo (kabe ko1Bog £xetl apketa PVs) kat

T€A0G TO TOITIKO POVOITATL TTIOU artofnkevoviatl ta dedopéva A'.3.
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IZnpewovetatl 0Tl ot dnA®oelg Kat ot dH1apopPRoelg aUutoU 10 CUCTAHATOS Bpiokovial aro-
Yetnplo avoiytou kadika [105].

Me autov 1ov 1poro opidoupe og TI010UG KopBoug propouv va dpopiodoynOouv Pods, ta
Pods dpopodoyouvial povo oe kopBoug pe PVs, £tol anokAsioupe 1ov ripohdto kopBo av dev
dnuioupyriooupe PVs oe autov. [MapdAAnda s§aopadidoupie 61t 01 TOHO1 Tapapévouy PETd 10
1éA0g tng Asttoupyiag toug Srabéoot.

Mrniopoupe va opiooupe oe eminedo Statefulset mowa eivatl n moAwukr avakinong PVC,
opidovtag Vv va draypdgetal o MePIMI®OOT ATIOKATHAKOONG KAl va TIAPAPEVEL OF TIEPITTIOOT
dlaypaogrg, propoupe va edéydoupe v {wn tou PV mou cuvdéetar oto PVC. Katd wmyv a-
moxkApakoor), Siaypdgetat 1o PVC mpaypa nou anedeubepavet 1o PV. 'Exoupie éva oevapio
Python A’.9 mou katd taktd Xpovika Staotnpata reptpévetl va PBpet anedeubepapéva PVs,
dlaypaget ta dedopéva tou (arod 1o TormKo povordaty Kat teAog avarkukAovel to PV. 'Exou-
e €101 SUVANIKY] TIAPOXT] TOH®V XPNOTH0MoI0VIag IPWIOYEV otoixeia tou Kubernetes, tou

Aetoupy1koU ocuotpatog Kat éva oevapto Python.

3.3 Apache Cassandra

IMa v vdomnoinon g Apache Cassandra ypnoworooupe Statefulset. To ouykekpt-
HEVO avUKEIPEVO pag eyyudral v Tautotnia §1KTUou Kal ONPEWaKr TaUTotnIa Imou givat

anapaitntn yia v Asttoupyia 10U KATAVEPNIEVOU CUCTHATOG.

3.3.1 Euwo6va Container

EmAéyoupe v ewkova ger.io/google-samples/cassandra:v14 rou ouvinpeitat ano wmy
Google yua rmepiBadAovia avarttugng kat épeguvag [106], o nepinoorn mou 9éhoupe va ee-
tdooupe iepiBadAovia apaywnyrg da xpnoonolovoape ite cassandra:4.1 f datastax/dse-

SErver .

3.3.2 M¢éyeBog rat Ynodoyiotikoi ITopor cluster

[Ma v exktéAeon TOU POPTOU epyaciag MPEMEL va opiooupe 1o 1Eyebog tou cluster pag.
'Exoupe dabéopoug mévie kopBoug Kubernetes, kabe évag amo autoug £xel T€00eEPIG TTU-
priveg kat oxte GB pvrung. Aniogpacioape 0t yia Vv €§€1aon g YPARHIKLG KATIAK®ONG O
€va emapkeg erminedo Ya mPETEL va PIopoUlLe va TIEVIATIAACIAC0UE TOV POPTO epyaociag. Au-
16 pag 0dnyet otnv ermAoyr] va KivnBoupe petady evog Kat révie KopBwv Apache Cassandra,
MPAYHA IoOU pag agaipel v duvatdotnta va €xoupe aviiypada tov Sedopéveov oe aAAoug
KOpPBoUg otV Mepintoorn €KKivnong tou cuothpatog. Anodaocifoupe Aorov va KivnBoupe
petady piov kat dekarévie KOpBov Cassandra e MOATIKY avitypddav 800 1] TPV avalo-
ya 1o meipapa. Oa npénet kabe k6pBog Kubernetes va propei va 61abéoet 1pelg kopBoug
Cassandra (Pods). Opidoupe ta 6pia unoAoylotikev nopev kabe Container oe évav rmuprjva
xat 6vo GiB pvrung. Ze autd 1o onpeio va onpedooUPE 0Tl Ol CUYKEKPIHEVOL TTOPOL givat
Atydtepot amo 6ooug opidovtal arod tnv EXVIKY teKkunpioon (yia nepiBailovia avartuing 2
ruprveg kat 8 GB [107] pvrung yla ouvOnKeg 1n @OpI®Oong, £va EIKOVIKO punxavnua t2.large

tou Amazon Web Services[108]) kat eivat oav éva eikoviko pnyavnpa t2.small tng Amazon
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3.3.3 Aiktuo

Web Services [108]. Auto Sa pag erurpéyet va egetacoupe neg Priopei va kApakoOel kat
va aviarokpiBei eAactika 1o ovotnpa pag A'.6, A7, A'.8.

[Tpénel va dlapoppaiooupe TG 51a0TA0Elg TNG PVAING ORPOU NG EIKOVIKING HUNXAVAS
Java (JVM). H texvikr] tekpnpioon [109] cuvictd va akoloubrjcoupe tov turo heap =
max(min(1/2 = ram, 1024MB), min(1/4 = ram, 8GB). Aut6 pag bivet péyebog owpou 1024
MB. IIpémnet va opicoupe Kat 10 pEyebog Tou TUNPATOG NG PVIHNGS Yid Ta VEéa avilKeipeva
orou cuviotdtat [109] va akoAlouBricoupe tov tumo heapnew = min(100 * cpu, 1/4 * ram).
Auto pag 6iver 100 MB, wotooo petd and nieipapatiopd eidape ot 256 MB e&aopalidouv

KaAutepn anddoorn oto cuotnpa pag.

3.3.3 Aiktuo

IMa v Aettoupyia tou Statefulset xpeiradetal pia akédadn vnnpeoia n ornoia Asttoupyet
otnv nopta 9042. INapdAAnda Sabétoupe g mopteg 7000 kat 7001 yia srmkovovia TV
KOPBwv. TEAOG TpErel va oplooupe TOUG KOPBOUG €KKIivNONG TOU CUOTHATog, 0piloupe ta
npwta 2Pods A'.4, A6, A7, A'.8.

3.3.4 Avuvapiki IHapoxn Topwv

Xpnowpornowoupe v Storage Class kat tv oAtk avaktnong PVC rou opioape otnv

IPONYOUHEVY evotntd.

3.3.5 EAactukotnta

IMa v eniteudn edactkottag mpérnet 11 Apache Cassandra va propei va KAtpakeove-
Tal Kat va anorAtpakevetat. Katd v npoobrkn véou Pod o véog Cassandra Container
ETTIKOV®VEL 11€ ToUg KOPBoUG eKKivnong, ouvdéstal otov daktuAlo Kal petadepovial ta Se-
dopéva mou tou avnkouv. Ia v aviiBetn dadikaoia, petapopd avtev twv dedopévav anod
Tov KOPBOo Kal TV areyypadr) ToU aro tov SAaKTUAlo 51ap10pP@VoUlE TOV KUKAO {®r)g ToU

Container mpocBtoviag 2 eviodég tou kopBou Cassandra:
e nodetool decommission [110]
e nodetool drain [111]

Inpewwvetatl 0Tt o1 SnA®oelg KAl o1 H1apopPHoelg aUutou T0 CUCTHATOS Bpiokovial arto-

Yetriplo avorytou kadika [105].

3.4 Opiiovtia KAyparwon

Ia v opidoviia rApdkeon Sa xpnotponowjooupe évav Server Metpikov [112], ava-
U Onke kat apéyetat and tov Kubernetes, kat ermtpénet va opicoupe HPA rou propet va
£AEYXEL TNV XPIO1) TOU EMECEPYAOTH] 1 KAl TNG PVIUNG. Aev prtopel va eAéyiel AAAeg PETPIKEG,
aAAd emAgxOnKe KAOWSG AUTEG 01 PETPIKEG PITOPOUV va §®OOOUV TV 0MOTH £1KOVA ToU cluster

KAT® arnd @opto.
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[Mapatnpoupe 6Tl AOY® NG TEPLOPIOPREVIS PVIPNG (Eva TETAPTO NG IIPOTEWVOUEVHG) TO
Pod 6eopevet 6on meploodtepn propetl (akOpa Kat mave ano 10 0plo) Kal autr] PEVEL apie-
TaBAN avedapt g tou eoptou. Omdte 1 Petpikr) rou Ya eAéyxetl to HPA eivat i) xprjon tou
enegepyaotr).

Metd and Siagopa mepdpata eidape ott KaAd opila sivat to oydovia Kat evevivia Tig
EKATO TOU EIEEEPYAOTL).

Anpioupyoupe 3 HPAs, éva yia KApdakoon otabepou @optou A'.10, éva yia KATPAK®ON
nptovoeldoug onpatog A.11 KAl €vav yia arnmokAPIAK®Oor nutovoeidoug onpatog A 12, H
dlapopd petadu wv 2 tedeutaiov HPA sivat 6t 1o A 12 eival o guaiobnto otnv anokAt-

Hakeon Kabog £xel Hikpotepn nepiodo, mapdbupo otabeportoinong Kat Pecn Xpron.

3.5 A§woAdynon Emédéocwv

[a v a§loAdynon v emdooe®v ToU oUCTHaAtog Xpnotporolovpe to YCSB. Mropoupe

va tpégoupie Popto epyacimwv pubpiloviag d1apopeg mapapérpoug.
e Ap1O0G VNpATWV eMegepyaotn)
e YL10X0 pubpou petdadoong tov ouvadAayov

e H avaloyia tou 1 €i60og ouvadldaywv ektedouvial (eyypadrg, avayveoong, Tpocdpo-

o1g, 6ap®ong)
e Erubupnntr cuvénewa ava eidog ouvailaywv
e Ap1Opog oelpav otnv Bdon Sedopévav
e Ap19pnog ouvaddayov
e Katavopr] ermoyng oslp@v ya 1§ ouvaliayeg

®a nipocappodovial autd ta otolXeia avdaloya Jie Tov otoX0 KABe elpdpatos.

IZnpavukn onpeioon eivat ot to YCSB dev untootnpidel popto petaBaiAdpevou mAdtoug.
IMa va ektedéooupe NUITOVOEISEG ONA TIPETIEL VA TO ETEKTEIVOULE.

O 1pdrog Tou eAéyxetatl o pubpog petddoong @V ocuvallaywv givatl Kkatd v Sidpreia
extéAeong kabe ocuvadlayng va unapyel pia kabuotépnon mou va opidel autov tov pubpo.
'Opwg auty) n kabuotépnon rapapével otabepry. O TPOTIOG TTOU PITOPOULE VA ETNPEACOUNE
v KaBuotépnon eival va addddoupe v TP g akKoAoubmviag €va nPItovoeldeg onpa.
Enexteivoupe auto 1o koppdt [113] tou kddika dnpiovpycviag pia Atertagn A'.13 kat §uo
Zipatnyikég pia yla v otabepr] avapovy AL 14 kat pia yua v nuuovoetdn) A.15. Kata
mv dnuoupyia kabe ClientThread Siapopdovetal 1 orpatnyikr KAt KATA TV EKIEAEOT] TOV

ouvadAayov Tou, 1 avapovr) akoAoubel v Ztpatnyikr auvt) A’ 16.

3.6 IIapaxolAou6non

IMa v napaxkoAoubnon g Katdotaong tou cluster xpnowiornoiovpe tov Prometheus.

Tov eykabiotovpe xprnoponoloviag 1o epyaleio Helm, to omoio opadortolet oe Xapteg 0Aeg
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TG dnAwoelg aviikelpévav Kubernetes, t1g diapoppaooetg toug kat mbavov didoug Xapteg,
mou ¥petadovial yia v eykatdotaon evog ouotnpatog [114]. Xpnowporoloupe tov Xaptn
mou £€xel avarntuyBel amo v Kowvotnta avorytou Kodika tou Prometheus [115]. [TapaAAnda
Slapoppwvoupe aviikeipieva mapakoAoubnong unnpeoiov t1ou Kubernetes mou opidouv tig
UTpeoieg Kat 1§ mopteg rou da xprnotponoost o Prometheus [105]. Me autdv tov 1porio
€xoupe peTpikeg anod tov Kubernetes.

Auto 6peg Sev eivatl 1Ikavo va niapakoAoubrjoet e§elbikeupéveg petpikég Apache Cassan-
dra. Twa auto to Adyo, xprotporolovpe évav esayoyéa JMX [116]. To JMX arotedei pia
Java API rtou mipoodEpet IIPOTUTIO TPOTTO Yia va mapakalobouvial epappoyég Java. O 1porog
TTOU TOV XP1O1PoTIo0UnE eivatl pe 1o va diabéooupe oe kaBs Pod dAdov évav Container pe
ouvdeopoAoyia sidecar. I[IpooBétoupe tov oplopo tou Container kat opidoupe 2 veéeg IOPTES
v 7199 yia tov eaywyéa kat v 8080 yia §1abeon tov perpikov tou kabe Pod mou tpéxet
KOpB6o Cassandra A'.6, A7, A'.8, A'.4. TIpoocappodoupe KAl Td avilkeipeva mapakoAoubnong
UTINPECIOV va XP1GIHOIIOI0UV TV TIOPTA PETPIKGOV.

Xpnowpornolovpe 1o mpoypappa Grafana yia v mapouociaon eV PEIPIKGOV TTOU PaAG
evdlagepouv yla v Asttoupyia tou mepdpatog. Autd 9a omtikortoirjoet ta dedopéva anod
avadntroelg oty yAwooa epatnpdtov t1ou Prometheus, PromQL [117].

Autég eivat ot:

e A'.17: Ta atfjpata oto cuctnpa

e A'.18: 0 ap1Buog v avilypadev

e A'.19: 10 €Upog {Wwvng el0epXOevng Kivnong Siktiou
e A'.20: 0 puBOG E10EPXOPEVOV TIAKET®V

e A.21: 10 £Upog Lwvng egepXOueVng Kivnong Siktuou
e A.22: 0 puBpROG £§ePXONEVROV TIAKETOV

e A'.23: Ta aunpata avdayveoong oto cuotnpa

e A.24: Ta AupAtd eyypadng oto cuotnpa

e A'.25: o1 Aertoupyieg IO avayveong

e A'.26: o0 pubpog IO avayveong

e A'.27: ot Aertoupyieg IO eyypaong

e A'.28: 0 pubpog IO eyypaogng

e A'.29: n XpHomn mg PVIHNG

e A’.30: 10 Op10 XPHONG NS PVHINS

e A.31: 1 Xpron eneiepyaotr)

e A'.32: 10 Op10 XP1|ONG TOU EMegePyaOTY)

A'.33: 0 Babuodg xpriong tou HPA
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3.7 IIepropropoi

O Baokog neploplopog mou Siérmet v vAoroinon auvtng g epyaociag eivatl ot 6iabeot-
pot urntodoylotikoi opot. Kabe Pod tng Apache Cassandra €xel 61a8éo110Ug IOPOUG EVOG
t2.small xat 6yt t2.1arge [108], autd odnyei v e§AVIANOTN OAGV TOV MOPEV 0 KATACTAOT) 1)-
pepiag Katl Sev EMITPETIEL TV TTAPATI PO PLEYAAUTEPOU €UPOUG AEITOUPYIAG TOU CUOTIATOG.
Kat enéxktaon meplopidet 1o €UPOG TRV MEPAPATOV TTOU YiveTal va UAOrotnOouy - evoEIKTIKA
Op1lovtieg KAtpakaoeig o drapopetikd opla. AKopa, o 1porog Asttoupyiag tou HPA Sev ertt-
TPETIEL TOV OPIOHO PNiag TIEPIOXIG UCTEPNONG, OMOU eV KATIAKOVETAL OUTE AMMOKATAKGOVETAL

10 ouotnUa.

m AinAeopatxny Epyaocia



Ke¢palaio ﬂ

IIeprwypadgr) tou Ilepapatog

E : 10 KepdAatlo autod yiveral n eptypadr) 10U mEPAPATOS.

4.1 Iesipapa PuOpiiopevng Tuviéneiag

210 ouyKkekplpévo reipapa Sa eSetdooupe g avianokpivetal 1o ouotnpa pag oe dia-

(POPETIKOUG Pabpoug ouvernelag.

Emdoyr) ‘ Twpn

Ap1Bpog Pods 10

Avtiypada 3

Nrjpata enegepyaotn 20
Ye1pEg 2000000
ZuvaAdayeg 2000000

Katavopr) ermdoyng osipov Zipfian
Babpoi cuvénelag 'Eva, Antaptia kat ‘Odot
Avaloyieg ouvaAlay®v doprog epyaoiag B, Poptog epyaociag A

[Tivaxkag 4.1: Iejpaua Zuveneiag

O doprog epyaociag A amotedeital arnd 50% avayvooelg kat 50% TpOmono|oeig, mna-
popoladoviag @opto anobrkeg kataypapng ouvedpiov. O Poptog epyaciag B armoteAeital
and 95% avayvooelg Kat 5% TPOoIornooelg, mapopoladoviag eopto epyaciag ouotatog
ermonpavong apxeiov, tpornornoinon eivat n dnuioupyia ermornpavong Kat ol EPLOCOTEPES
OUVaAAQyEg ivatl avayvaooelg.

[Teppévoupie v amodoorn Tou cUoTHPATog va Pelwveral oco aveBaloupe tov fabuod ou-
vénelag, Kabmg kabe ouvaddayr 9a MPEMEL va QTACEL O TIEPLOCOTEPA avilypada TPV ermbe-

BaiwBet.

4.2 Ileipapa KAparwong - AOKATpARGONG Xwpig Popto epya-

oiag

210 OUYKeKPEVO Teipapa 9a e§eTA00UNE MOG AVIATIOKPIVETAL TO CUCTHIA 1A OE EVIOAT)

KApdkeoong. Exkwoupe pe 3 Pods mou mepieéxouv 2000000 oesipég kat 6ivoupie €ViOAr

AinAeopatxny Epyaocia m



Kepaldawo 4. Ieprypadr) tou [lepapatog

KApdreong tou Statefulset oe 15 Pods. Tédog divoupe eviodn anokAipakoong oe 3 Pods

Sava.
Emioyn) T
Ap1Bpog Pods 3-15
Avtiypagpa 3
Lelpeg 2000000

[Tivaxag 4.2: Ieipaua KAyakwong - AmokAypdaxoong

®a napatnproovpe KOG T0 cUotnpa avildpd o KAPAK®OT), ATOKATHAK®OT, TIOG KATd-
vépoviat ta 8edopéva, Kat Toeg EVEPYELEg EKTEAOUVIAL.
4.3 Ileipapa EAactikotntag - KAtparowon

210 OUYKeKPIEVO meipapa 9a eetdooupe Mg aviarnokpivetal 1o cuotnud pag os ota-

9epo popto gpyaociag pe Stapopetikoug apiBpoug oelp®v oty Paon.

Emoyn Twn
Ap1B106g Pods 3-15
Avtiypapa 2
Nrpata ene§epyaoty) 500
Zelpég 100000, 2000000
Zuvaddayeg 55000000
Katavopr) emloyng osipov Zipfian
Babpoi cuvéneiag ‘Eva
Avaloyieg ouvadAayov doptog epyaciag A
HPA A'.10

[MTivaxkag 4.3: Ieipapua KAypakwong pe e0pto

Avapévoupe 6t 0 pikpog apBpog oepav dev Sa yepidet ta Memtables omdte oute Sa
Xpelaotel va eyypagpouv oe SSTables. Avapévoupe 011 o peyadutepog apBpog oelpov da ye-
pidet ta Memtables omnote 9a éxouv dnuoupynOei SSTables, n rpoorniédaocn v edopévav
aro ta SSTables 9a auirjoet tov apOpod twv avayveoerv arod tov §ioko. Axopa 9édoupe
va foupe ot 1o ouotna pag eivatl eAactikd Kat eivat tkavo va diaxeipiotel 1ov OyKo oUval-
Aayov nipocBEtoviag kKopBoug Xwpig va peiwbel n anodoon kat n otabepotnta tou. TeAdog
9éAdoupe va Soupe TV YPAPHIKY KATIAK®OT TOU QOPToU epyaciag Kat av 9a sivat avaloyn

G KAPAKOONG.

4.4 Ileipapa EAactikotnuag - KAtparowon pe Hpttovoeldég Znpa

210 OUYKeKRPIEVO Meipapa 9a e§eTA00UNE MG AVIATIOKPIVETAL TO CUCT A PaAg O NHt-

TovoelbEg onpa ekkivovrag anod 3 Pods.

m AinAeopatxny Epyaocia



4.5 Tleipapa EAacuxkomtag - AntokAtpakeon pe Huttovoedég Znpa

Emdoyr) Twpn
Ap1Bpog Pods 3-15
Avtiypada 2
Nrjpata enegepyaotn 15
Telpég 100000
Zuvaddayeg 5000000
Katavopr) erdoyng oslpov Zipfian
Babpoi cuvéneiag 'Eva
Avaloyieg ouvaAlaywv doptog epyaoiag A
[Tepiodog 1200
[TAdtog 100
Katakopugpn Metatorion 150
HPA A1l

[Tivaxkag 4.4: Teipapua KApuaxwong pe NUITOVOEISES ¢OPTO

Apxika 9édoupe va doupe éva nutovoeldég @opto epyaociag. Avapévoupe va doupie
o1 oglpég va xwpave ota Memtables, omdte ev 9a undpyouv avayvooelg aro tov 6ioko.
[NapdAAnda meprpévoupe KATPAK®OON KAl AMTOKATPAK®OL TOU OUCTHHATOS Pag avdaloya pe

TOV (POPTO epyaociag xopig opdaipata.

4.5 IIleipapa EAactirotntag - AORApPAKKON pe Hptrtovoe1dég
Zhpa
210 OUYKEKPIPEVO TEIPAPa KAVOUHE v aviibetn epyacia amno 1o rponyoupevo rneipapa,

9a egetaooupe MG AVIATIOKPIVETAL TO OUCTNHA PAS O IHUITOVOEIBEG ONa EKKIVOVTAG ATtd
10 Pods.

Emoyn Twn
Ap1Bpog Pods 3-15
Avtiypagpa 3
Nrpata ene€epyaotn 5
Zelpeg 2000000
Zuvaddayeg 5000000
Katavopr| ermdoyng osipov Zipfian
Babpot cuvéneiag Eva
Avaloyieg ouvadiaywv doptog epyaoiag A
[Tepiobog 1200
[TAdtog 100
Katakoépugpn Metatoron 150
HPA A 12

[Tivaxag 4.5: Iejpapa ATOKAUAKODONG UE NUTOVOELOES GOPTO

®¢loupe va doupe nwg Sa aviariokpiBei 1o cuotnpd pag oty anorkApdkeon. To onpa
IOU Xp1olpornolovupe da eival apKeto yia va yivoviat anokApakmoeslg. Ilepipévoupe o a-
PO1OG TV avilypdP®Vv va KUPAivetdl PEtady KAMoOV TIH®V, PMEYAAUTEP®OV KAT® A TV

PEY10TH T TOU NPTovoeldoUg ONaTog KAl PIKPOTEP®V KATA TNV €AAX10TH T TOU.
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Kegpalatro E

x0Altaopog Anotedsopatwv Ileipapatwv

E : 10 KePpAAalo auto rapouctadovidal Td ATOTEAECHATA TOV TEPAPAT®OV, OTIOG AUTA £X0UV

neplypagel oto mponyoupevo Kepdaldato.

5.1 PuOpuopevn Zuviénewa

v evounta rapabgtoupie ta anoteAéopata tou Ilepdpatog Pubpidopevng Zuveneiag
4.1. Tpé&ape tov @OpTO epyaociag rmou mneptypddetat otov ITivaka 4.1. Tpeig ektedéoelg pe
augavouevr ouvénewa yia tov @opto Epyaciag B kat petd g i61eg ouvéneieg yia tov ®opto

Epyaoiag A.

Total Requests

= |requests|
6000 ;

replicas
5000

4000 |

3000 | | |

2000 | | | A NACA e\ A I

1000 |

1310 13:20 12:30 13:40 13:50 14:00 14:10 12:20 14:30 14:40 14:50 15:00 15:10 15:20 15:30 15:40 15:50 16:00 16:10 16:20

Zxnpa 5.1: Pududg Aunuatov A'.17

IMapatnpoupe ot PA. Zxrua 5.1, 6oo auEavoupe v Zuvénewa (Eva aviiypago, Amap-
tia, ‘'OAa) 1600 petmvetal 1 anddoor 10U CUCTAIATOS KAl O XPOVOG EKTEAECNG TOU audavetat.
Auto eival avapevopevo kabwg nipenet va AdBoupe emBeBaiwoelg amo mapandave aro &va a-
vtiypado. Itnv npokeévn repintoon pe 3 avitypapa Aap8davoupe 1, 2, kat 3 ermbBeBaidoesig

avtiotoiyd.

AinAeopatxny Epyaocia m



KepdAaio 5. ZxoAiaopog Arnotedeopdtov [eipapatev

Kind of Requests

6000 4
5000
4000
3000
2000

1000

o4

14:00

14:10

S R Y

1

14:40

a A m f AsA A
__\.)\/..« WA AR e .
f 1 I .<.~/¢)T/\>.\/\.,.|)‘

f .

14:50 15:00 15:10 15:20 15:30 15:40

. .k./\\/!.

15:50

16:00

16:10

16:20

= reads

= Writes

Zxnpa 5.2: Xeptoudg Aunuatov A'.23, A'.24

Awtflopatkn Epyaoia



5.1 Pubpiopevn Zuvénela

[TapdAAnAa napatnpoupe ott, PA. Zxnpa 5.2, ot drapopetikol popot epyaciag eKteAouv

TNV AvVApPEVOHEVT] avaloyia EVIOA®V avayveong Kat pop@oroinong/eyypadpng.

10 Read Operations

== cassandra-0

cassandra-1
3K iofs — cassandra-2
— cassandra-3
= cassandra-4
2Kiofs = cassandra-5
== cassandra-6
== cassandra-7
= cassandra-8

cassandra-9

10 Read ThroughPut

= cassandra-0

cassandra-1
192 MiB/s — cassandra-2
= cassandra-3
\ — cassandra-4
128 MBls = cassandra-5
= cassandra-6
64 MiB/s i = cassandra-7
— cassandra-g

cassandra-¢

0Bfs

Zxnpa 5.3: Avayvooeg A'.25, A'.26

10 Write Operations

== cassandra-0
cassandra-1

15io/s == cassandra-2

— cassandra-3
) = cassandra-4
10i0/s

= cassandra-5
= cassandra-6
= cassandra-7
= cassandra-8

cassandra-8

13:30 14:00 14:30 15:00 15:30 16:00

10 Write ThroughPut

== cassandra-0

3 MiB/s cassandra-1
2.50 MiB/s = cassandra-2
— cassandra-3
2 miB

iB/s = cassandra-4
1,50 MiB/s = cassandra-5
= cassandra-6

1MiB/s
= cassandra-7
512 KiB/s ‘ = cassandra-8
cassandra-9

08B/s

Zxnpa 5.4: Eyypagég A'.27, A.28

IMapawpoupe o011, PA. Zxnua 5.3, o apiBpudg v evieAdv avd @opto epyaociag ival ma-

poO010G, YeEYOVOg ou onpaivetl 6t nj Apache Cassandra ektedel 00eg ITEPIOCOTEPES EPYATIES

propei kaBott yua tov 1610 apdpod avayveong arod tov dioko emBeBaiwvetal pikpotepn a-

nodoon. ITapdAAnia semBeBaiwvel o1l xpeitalovial reploocotepeg Siepyaoieg amno 1o cuotnpa

yla Kabe aitnpa.

[Mapawmpoupe ot BA. Zxnua 5.4, ot eyypadég dev eivat 1o 1610 otabepig, Kabig KAOe

ouvaldayn eyypadetat oto Commitlog otov dioko kat eloépyetatl oe Memtable otnv pvrun

aAdd poAig yepioet ypagetat otov dioko oe SSTable.

Receive Bandwidth

= cassandra-0
4 MBfs cassandra-1
== cassandra-2
3 MBfs == cassandra-3
== cassandra-4
2 MB/s = cassandra-5
= cassandra-6
1vBfe — cassandra-7
— cassandra-8

cassandra-9

Rate of Received Packets

= cassandra-0
% kpls cassandra-1
20 kpls == cassandra-2
== cassandra-3
15 kpls = cassandra-d.
== cassandra-5
10 kp/s = cassandra-6
— cassandra-7
Skols f— — cassandra-8

cassandra-9

opls

Zxnna 5.5: Ewepyousvn kivnon duktvov A’ 19, A'.20

Transmit Bandwidth

8 MB/s — cassandra-0
cassandra-1
6 MB/s M == cassandra-2
™ — cassandra-3

et
- = cassandra-4

et [

4 Mels = cassandra-5

pe=
= = cassandra-6
2MB/s f—| = cassandra-7
= cassandra-8
T cassandra-g

oBjs 4

12:30 14:00 14:30 15:00 15:30 16:00

Rate of Transmitted Packets
25 kols — cassandra-0

cassandra-1
20 kols = cassandra-2
— cassandra-3
15 kefs — cassandra-4
= cassandra-5
10 kpfs == cassandra-6
= cassandra-7
Skpfs — cassandra-8

cassandra-9
0pfs

13:30 14:00 14:30 15:00 15:30 16:00

Zxnpa 5.6: Efspxopevn kivnon diktvov A.21, A'.22
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Kepadao 5. ZxoAlaopodg Anotedeopdatev Ilepapdtov

[Mapatnpovpat ott, BA. Zxnua 5.1, 5.5, 5.6, eve 1 anodoon tou cuotipatog eivat ida
petady poptwv epyaociag, eve 1 XpHorn tou Siktuou eival Stadopetikn. O doptog Epyaciag
A extedel peyaldutepn avaloyia aunpdtov popdornoinong (eyypaerg) omote meploodtepa
debopéva petagpépovial yla kabe aitnpa.

AuTto 10 eipapa pag deixvel o6t n artodoorn (6riaBeoppotnta) KAt 1 CUVENELD £vOG KATA-
VEPNHEVOU OUCTIIATOG £ival avilotpodmg avaloyeg. Autr 1) oupnepipopd sival pia amo tg
eyyuroeig tng Apache Cassandra.

TéAog, eival eVIUIOOIAKO OTL O POPTOG EPYAOIAG AvVAYVOOE®V £XEL TV 161a arodoon pe

TOV POPTO £pYACiag EYYPAP®V KAl AVAYVOOEDV.

5.2 KApdroon - AoKApAR®OOon Xopig Popto epyaociag

Zinv evotnta tapabgtoupe ta anotedéopatd tou Iepapatog KApakmong - AToKATPAK®-
ong xwpis Popto spyaoiag 4.2.

TpéCape tov @opto epyaciag rmou reptypdgetat otov ITivaka 4.2. Exkivoupe pe 3 KO-
Boug pe 2000000 oe1peg eyyeypappéves. KApakavoupe kat arorAtpak®voupe v Apache
Cassandra ar6 3 oe 15 kat petd §ava 3 k6pboug.

= requests

replicas

12:30 12:35 12:40 12:45 12:50 12:55 13:00 13:05 1310 13115, 13:20 13:25

Zxnua 5.7: Apdudg Avttypagav A’ 18

Memory cPU
scis — cassanara-0 — cassanara-0
cassandra-1 cassandra-1

PPLACE

= = cassandra-10

\ = cassandra-10
\

3GiB PN
J — cassandra-11 || = cassandra-n
— cassandra-12 || = cassanara-r

| |

26— — — |+ S L — L L L — = cassandraz — cassandra-13
| I

= cassandra-14 I “ = Gassandra-14

= cassandra-2 ! / == cassandra-Z

16i8 | | ‘
| | ‘ = cassandra-3 = cassandra-3

cassandra-4 cassandra-4

|
| ]
0B’ } - - cassandra-5 - cassandra-5
12:30 12:35 12:40 12:45 12:50 12:55  13:00 13:05 13:10 1315 13:20  13:25 12:30  12:35  12:40 12:45 12:50 12:55 13:00 13:05 13:10 13:15  13:20 13:25

Zxnpa 5.8: Xpnon YroAoywotikov [10pwv A'.29, A'.30, A.31, A'.32

[Mapatnpoupe ot, PA. Zxfpata 5.7, 5.8, n xprjon pvapung kad' oAn v iapkela tou
KUKAou {wr)g evog Container Apache Cassandra eivat apketd nave arnod 1o opto. Auto dev
Hag EMMTPETIEL VA XP1 OO0 COULE TV OUYKEKPTIEVT PETPIKY] V1d KATHAK®OT] TOU CUCT -
10g¢. IMapatnpoupe akopa Ot ) XPr)or Tou enegepyaotr) Kupaivetat aro 70% péxpt 200%,
1l OUYKEKPIPEVI PETPIKL UIopel va xpnotpornownfel yia v Opiddoviia KAPAK®ON ToU oU-
otpatog. O meploplopog ot kabe Pod £xel apKetd AlyOTEPOUG UTTOAOY10TIKOUG ITOPOUG ATt
10 TIPOTEIVOHIEVO TTEPIOPILETL TOV TPOTIO 1€ TOV OITOI0 PITOPOULE VA EEETACOUHE TV EAACTIKOTITA

1ou ouotrjpatog pag. Ilapdda autd Sa v e§etdooupe pe PAor v XpHon Tou enedepyaotr).
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6pTo epyaociag

oy

AK®OT X®PIg

5.2 KAmpdakeon - ATtokAn

Receive Bandwidth

60 MB/s
50 MB/s
40 MB/s
30 MB/s
20 MB/s
10 MB/s

0 Bfs

12:30

12:40

12:50

13:00

cassandra-0
cassandra-1
cassandra-10
cassandra-11
cassandra-12
cassandra-13
cassandra-14
cassandra-2
cassandra-3
cassandra-4

cassandra-5

Rate of Received Packets

7 kpfs
6 kp/fs
Skp/s
4 kpfs
3kpls
2 kpfs
1kp/fs

0pls

13:00

13:05

13:10

13:15

13:20

13:25

cassandra-0
cassandra-1
cassandra-10
cassandra-11
cassandra-12
cassandra-13
cassandra-14
cassandra-2
cassandra-3
cassandra-4

cassandra-5

A 19, A.20

’

[ o1KTUou

Ouevn Kivnon

Ewoepxo

Zxnpa 5.9
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KepdAaio 5. ZxoAiaopog Arnotedeopdtov [eipapatev

Transmit Bandwidth

60 MB/s

50 MB/s

40 MB/s

30 MB/s

20 MB/s

10 MB/s

0B/s

12:30

13:00

cassandra-0
cassandra-1
cassandra-10
cassandra-11
cassandra-12
cassandra-13
cassandra-14
cassandra-2
cassandra-3
cassandra-4
cassandra-5

Rate of Transmitted Packets

4 kpfs

3kpls

2 kpls

Tkp/s

0pls

cassandra-0
cassandra-1
cassandra-10
cassandra-11
cassandra-12
cassandra-13
cassandra-14
cassandra-2
cassandra-3
cassandra-4
cassandra-5

A.21,A.22

"

oiktuou

Ouevn Kivnon

Egepx

Zxnpa 5.10
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6pTo epyaociag

D

AK®OT X®PIg

5.2 KAmpdakeon - ATtokAn

10 Read Operations

800 io/s

600 iofs

400 io/s

200 iofs

Oio/s

13:15

13:20

/|\\../....

13:25

cassandra-0
cassandra-1
cassandra-10
cassandra-11
cassandra-12
cassandra-13
cassandra-14
cassandra-2
cassandra-3
cassandra-4
cassandra-5

10 Read ThroughPut

12 MiB/fs
96 MiB/fs
80 MiB/s
64 MiB/s
48 MiB/fs
32 MiB/s
16 MiB/s

0B/fs

13:00

cassandra-0
cassandra-1
cassandra-10
cassandra-11
cassandra-12
cassandra-13
cassandra-14
cassandra-2
cassandra-3
cassandra-4
cassandra-5

A.25, A.26

Avayvaoeig

Zxnpa 5.11
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KepdAaio 5. ZxoAiaopog Arnotedeopdtov [eipapatev

10 Write Operations

100 iofs

B0iofs

60 iofs

40 iofs

20iofs

Qiofs

\ SRR =S

12:30

12:35  12:40 12:45 1250 12:55  13:00 13:05 130

13115

13:20

13:25

cassandra-0
cassandra-1
cassandra-10
cassandra-11
cassandra-12
cassandra-13
cassandra-14
cassandra-2
cassandra-3
cassandra-4
cassandra-5

10 Write ThroughPut

32 MiB/s

24 MiB/fs

16 MiB/s

8 MiB/fs

0 Bfs

12:30

12:40

13:00

cassandra-0
cassandra-1
cassandra-10
cassandra-11
cassandra-12
cassandra-13
cassandra-14
cassandra-2
cassandra-3
cassandra-4
cassandra-5

. Eyypagég A.27, A.28

Zxnpa 5.12
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[Mapawmpoupe o1y, BA. Zxfpata 5.9, 5.10, 5.11, 5.12, kaBog rpootiBeviatl kopBot Aap-
Bavouv (armoxAelotikd ta aviiypada tev 6edopévev Toug) Kat Aot ot rpolndpyovieg Kopbot
1a arootéAAouv. AUTO €ival avapevopevo Kat pag arodeikvuel 0Tl T0 oUoTd XP1OloTotel
E1KOVIKOUG KOPBOUG, NAPKEG, 0ToV X®po Saktuldinv, av dev umnrpxav autoi TOTe 01 avarpo-
ocappoyes Sa nrav mo torkég. ITapdAAnAa, amod 11§ avayveoelg Kal eyypagpés BAémoupie
ITlI0 AOUVETT) OUPIEPLPOPd, autr] odpeidetal OtV avarpooappoyr v dedopévav Toug mou

Xpeladetal avayvooelg Kat eyypagpeg SSTables.

Datacente ntua

Status=Up/Down
|/ State=Normal/Leaving/Joining/Moving
Address Load Tokens owns (effective) Host ID Rack
.233.74. 1.48 GiB 17.7% 72999a77-d2f8-4788-be0e-8f8ae5112e84 rackl
.233.75. 751.47 MiB 18.5% 1588345e-f1fc-40b4-aake-df2764241750 rackl
.233.71. 532.27 MiB 260f6237-eb6ae-421b-ae0c-232e0e67e243 rackl
.233.74. 471.68 MiB 1bc21661-a2al-42da-b3d7-03e03c32938f rackl
.233. . 1.09 GiB . 55c95d60-9cce-4256-b469-87f30f72139c rackl
.233.75. 2.04 GiB . f7c1fadb-eal9-4e8b-8e98-7d7elbal7b00 rackl
.233.97. 567.72 MiB . b9f8913a-9b69-4057-aec5-e88d81f342af rackl
.233.97. 2.53 GiB . 9f95425c-e48d-4f48-b902-98f2a5d9f96b rackl
.233.74. 763.4 MiB . badde8f3-6dd5-4aab-81e8-137003%9aba47 rackl
449.16 MiB . 2962d76f-329b-4fe3-aleb-8af84dcedl15f rackl
2.71 GiB . 621b56e5-c788-4958-9ec1-642e80d99544 rackl
718.13 MiB . 205a5344-c498-41b3-8b2f-fa4296585b2c rackl
1.22 GiB . 0d26ec8f-2169-4c78-a689-e9b9b1bf4134 rackl
523.06 MiB . 0621ec03-dfc4-4849-ad96-bf0d9fab33d6 rackl
1.19 GiB . 0121ae5f-42cc-4e8b-b3a0-da988d1534ad rackl

Zxnpa 5.13: Kataotaon 15 Kopu6aov

Datacenter: ntua

|/ State=Normal/Leaving/Joining/Moving

Address Load Tokens Owns (effective) Host ID Rack
10.233.71.24 4.36 GiB 32 100.0% 621b56e5-c788-4958-9ec1-642e80d99544 rackl
10.233.75.1 4.48 GiB 32 100.0% f7c1faOb-eal9-4e8b-8e98-7d7elbal7b00 rackl
10.233.97.160 4.47 GiB 32 100.0% 9f95425c-e48d-4f48-b902-98f2a5d9f96b rackl

Zxnpa 5.14: Kataotaon 3 KOu6ov

TéAog, mapatnpoupe, PA. Zxnpata 5.13, 5.14, v Katavopr) t@v dedopévav otnyv peya-
AUtepn KAl PIKPOTEPT £KTAOT) TOU ouotrpatog. Ta 6edopiéva eival katavepnpéva opoiopoppa
(petadu 16.6% xkat 22.9%). Yriapxel avavuotolyia petaiy poptou Kat kuptdtntag v dedo-
HEVeV PeTadu KOpBmVv, autd opeidetal 0To Yeyovog Ot KArola onpeia tou daktuAiou eivat mo
“Zeotd” (mpoormeddcoovial o ouxva), onodte urndpxouv neploodtepa SSTables, Commitlogs,

Srapoppwbnke amo v zipfian katavoyr).

5.3 EAaoctuikotnta - KAtjparoon

Zinv evotnta napabgtoupe ta anotedéopatd tou [epapatog EAactikotntag - KAtpakeon
4.3.
Tpétape tov @OpTo epyaociag mou meprypdgetat otov [ivaka 4.3. Avo exktedéoelg pe

O1adopetiko aplOo oslpwv.



Kepadao 5. ZxoAlaopodg Anotedeopdatev Ilepapdtov

Total Requests

— requests
15 .
replicas
40000 .
12
30000
10
8
20000
6
10000 4
| 2
o/’ e o

16:15 16:30 16:45 7:00 1715 7:30 17:45 18:00 18:15 18:30 18:45 19:00 1915 19:30 19:45 20:00 20115 20:30 20:45

Zxnpa 5.15: Puduog Attnuatov A'. 17 - Apiduog Avtypagov A'. 18

[Mapatnpoupe o1, PA. Zxrpa 5.15, kat otoug 6Uo @oépToUg 11 ArGS00N TOU CUCTHHIATOS
augdvetatl ypappikd, neviaridaoiadoviag tnyv anodoon tou kabwg rieviaridactadetatl 1o péye-
96¢ 10U axkopa Kat av o oUcTNPA €£XEl AYOTEPOUS A0 TO IIPOTEWVOHEVO TOPOUG. AUt 1)

YPAPHKY audnor g anodoong Urndpyxel avetaptriieog 10U aplOpou TV CEIP®V.

10 Read Operations 10 Read ThroughPut

— cassanara-1z == cassandra-0

. 26iB/s
25K io/s = cassandra-13 cassandra-1
= cassandra-14 — cassandra-10

20K io/s 1.50 GiB/s
== cassandra-2 == cassandra-11
15Kiofs - cassandra-3 == cassandra-12
cassandra-4 16i8/s — cassandra-13
— = cassandra-5 — cassandra-14
== cassandra-6 512 MiB/s == cassandra-2
5Kiofs - cassandra-7 == cassandra-3
[ - cassandra-8 cassandra-4
0iols = cassandra-8 0Bfs — cassandra-5

20:30 16:30 700 17:30  18:00  18:30 00 19:30  20:00  20:30

16:30 1700 17:30  18:00  18:30  19:00 19

Zxnpa 5.16: Avayveoeig A'.25, A'.26

10 Write Operations

— cassanara-1z

80io/s = cassandra-13
== cassandra-14
60 io/s = cassandra-2

= cassandra-3
40io/s cassandra-4
= cassandra-5

— cassandra-6
20io/s

= cassandra-7

10 Write ThroughPut
= cassandra-0
cassandra-1

32 MiBfs
== cassandra-10

24 MiBfs == cassandra-11
— cassandra-12

= cassandra-13

16 MiB/s
= cassandra-14

= cassandra-2

8 MiB/s
= cassandra-3

Ik

19:30  20:00  20:30

| = cassandra-8

cassandra-4

= cassandra-9 0B/

oiois It e . s bty
18:30  19:00  19:30  20:00  20:30 1630 17:00 1730 18:00 18:30  19:00 == cassandra-5

16:30 17200 17:30  18:00

Zxnpa 5.17: Eyypagéeg A.27, A'.28

Kind of Requests
= reads
writes

20000
15000

10000

5000

0l L
16:15 16:30 16:45 17:00 175 17:30 17:45 18:00 18:15. 18:30 18:45 19:00 19:15 19:30 19:45 20:00 2015 20:30 20:45

Zxnpa 5.18: Xwpioudg Artnuadtov A.23, A'.24

Axopa, o peyaldutepog aplOpog oelpav yepider ta Memtables kat o kdBs kopBog ta
aroBnkevel otov 6ioko oe SSTables, autd @aivetal and 1§ AvAyvOOELG TTOU yivovial otov
deutepo @opto epyaoiag, BA. Zxnua 5.16. Ot eyypagég eival TapopPoleg yia T0UG 2 popTtoug
EKTOG AId vV QOPTRoT TV 8ebopévav Orou otov deutepo @Opto egpyaciag £xoupe tadn

HeyeBoug meploodtepeg oelpeg, PA. Zxnpata 5.17, 5.18.

Awtflopatkn Epyaoia



5.4 EAaotukodtnta - KAypakworn pe Hpttovoebég Zhpa

Receive Bandwidth

== cassandra-0

40 MB/s

cassandra-1
— cassandra-10

30 MBfs
— cassandra-11
= cassandra-12
20 Mefs = cassandra-13
— cassandra-14
0 MBfs — cassandra-2
= cassandra-3
cassandra-4

08fs

— cassandra-5

17:30

1800 18:30

Rate of Received Packets

== cassandra-0

80ke/s cassandra-1
— cassandra-10

60 kp/s — cassandra-11
= cassandra-12

40kp/s == cassandra-13
— cassandra-14

20kpls — cassandra-2
= cassandra-3

P
o cassandra-4
Opls

16:30  17:00 B30 1900 1930 20000 20:30 — cassandra-§

17:30

18:00

Zxnpa 5.19: Ewepyopevn kivnon ductvou A.19, A'.20

Transmit Bandwidth

== cassandra-0

50 MB/s
cassandra-1
40 MB/s == cassandra-10
= cassandra-11
30 MB/s = cassandra-12
= cassandra-13
20 MB/s = cassandra-14
= cassandra-2
10 MB/s
= cassandra-3
cassandra-4
0B/s

16:30 1700 17:30 1800  18:30  19:00  19:30  20:00  20:30 = cassandra-5

Rate of Transmitted Packets

== cassandra-0

cassandra-1
60 kpls = cassandra-10
= cassandra-1l
a0 kpls = cassandra-12
= cassandra-13
= cassandra-14
20 kpls == cassandra-2
= cassandra-3

cassandra-4

0pls 4
17:00 17:30 18:00 18:30 19:00 19:30 20:00 == cassandra-5

20:30

16:30

Zxnua 5.20: Efspxouevn kivnon Siktvou A.21, A.22

[Mapawmpoupe o11, PA. Zxnpata 5.19, 5.20, 5.17, katd v KAPAKOON TOU OUCTATOS

undpxouv dApata otV Kivon tou §1KTUoU Kat Ti§ £YypadEg, ON®G MAapatnPenoape Katd 1o

mponyoupevo reipapa, kabwg petadépovial dedopéva otoug véoug KOPBOUG Katl avarpo-

oappodovial otoug mpolnapyovieg kopBoug. H kivnon autr) eivatr pikpotepr) otov @opto

gpyaoiag Ayotepav oelpwv Kabng pidape yia tagn peyéboug Atydtepa otoixeia.

Tédog, mapatnpoupe o1, BA. Zxfpa 5.15, katd v KAPAK®ON 1 anédoorn tou ou-

OTHPATOG TEPTEL V1A TIEPIOPLIOHREVO XPOvo. AUTO odeiletal 0To 0Tl UTTOAOYIOTIKOL ITOPOL TOU

ouotparog danavevial yua v petadopd dedopévav, BA. Lxnuata 5.16, 5.17, 5.19, 5.20.

H anodoon otov @opto gpyaciag moAAdv oelpav @Bivel oto 1€éAog Kabwg mpaypatonolovvial

TTOAAEG avayvmoelg ano tov dioko, BA. Zxnpa 5.16.

5.4 EAaocukotnta - KAtjparoon pe Hpttovoelbég Znpa

Ty evotnta rapabgtoupie ta anotedéopara tou [epapatog EAacukottag - KAipdkmon

pe Hutovoebég Zrpa 4.4.

Total Requests

5000

4000

3000
2000 A [ oy | A
1000

0s’

20:30 20:35 20:40 20:45 20:50 20:55 21:00 21:05

= requests

10— replicas

@w & @ o N @ ©

2110 2115 21:20 2125 21:30 2135 21:40 2145

Zxnua 5.21: Pududg Attnudtov A'. 17 - Apiduog Avtyypdagov A'. 18
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CPU

== cassandra-U

cassandra-1
= cassandra-2
== cassandra-3
== cassandra-4
== cassandra-5

( == cassandra-6

== cassandra-7

== cassandra-8
cassandra-9

== limits

20:30 20:40 20:50 21:00 2110 21:20 21:30 21:40

Zxnpa 5.22: Xpnon Yrodoywotukav Ilopwv A.29, A'.30, A'.31, A'.32, A.33

Mapatnpoupe o11, PA. Zxhpa 5.21, n tpororoinon pag oto YCSB rapdyet nuitovoeidn
onpata. Axoua, BAénoupe, BA. Zxnpa 5.22, 61 10 apXko pEyebog tou ouotrpatog dev eivat
APKETO va avtare§eédOel oto onpa Kat KAPAK®VETAl Org KAl 0Td IIPponyoueva Ielpapatd.
Katd tig eAdyioteg 11ppég 10U onpatog 1o cuotnpa aroxkAtpakevetat. ITapdAAnAa PAénoupe
otnv tpitn nepiodo pelwpévn anddoorn mou opeidetal otV KATPAKOON KAl AMMOKATIAK®OOT)
10U oUOTNATOG, KAOE T€Tola epyaocia Pelmvel otypiiaia v arnodoot) T0U CUCTHATOS KAOmG
mopot diatibeviatl yla v petagopd Kal avanpooappoyr v dedopéveov. To mAdtog tng
teAeutaiag eEP1odou PIopet va eivatl pikpOTEPO Ao 10 ovopaotiko Kabwg 1o YCSB bev £xet

OTOXO VA EKTEAEOEL 00EG OUVAAAAYEG EKTEAOUOE TIG TIPONYOUEVEG TIEPLOSOUG.

TéAog, BAEToUIE OT1 TO CUCTNHA KATAVAARDVEL OXEGOV TTIAVIA TIAVE® ATIO TNV T TIOU 0pidet

o HPA, nmapdAa autd urtapXouve PEPOVAOEVEG ATIORATIAKROOELS.

5.5 EAactuikotnta - ANoRAIpar®orn pe Hpttovoelbég npa

Zinv evounta napabétoupe ta anotedéopata tou Ileipapatog EAactuikotntag - AmoxAt-

paxkoon pe Huttovoebég Zhpa 4.5.

Total Requests

— requests
10— replicas
2000

1500

1000/

Ly | | | f [ Vo | L] (T | R
0~ AW  J _J /s L L \ L y -
16:50 17:00 1710 17:20 17:30 17:40 17:50 18:00 18:10 18:20 18:30 18:40 18:50 18:00 18:10 19:20 18:30 19:40 19:50 20:00

Zxnpa 5.23: Puduog Attnuatov A'. 17 - Apiduog Avtrypdagov A'. 18
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5.5 EAaotukdinta - AntokAipdkeorn pe Hpttovoedég Enpa

Memory cpu

= cassanara-0 = cassanara-0
4cig

cassandra-1

Mﬁ'm@ﬂ.wm'w‘ ‘ R e A PP — cassandra-2

[ | = cassandra-3

cassandra-1

— cassandra-2
36i8 = cassandra-3

= cassandra-4

" ( = cassanara-4

,,,,,,,,,,,,,,,,,,,,, — 1 = cassandra:s = cassandra-5
268 4+ =

— cassandra-6 — cassandra-6

— cassandra-7 — cassandra-7

== cassandra-8 = cassandra-8

cassandra-9 cassandra-9

== limit

17:00 17:30 18:00 18:30 19:00 19:30 20:00 17:00 17:30 18:00 18:30 18:00 19:30 2000 ™" IMMtE

Zxnua 5.24: Xpnon YroAdoywotukov Ilopwv A.29, A'.30, A'.31, A.32, A.33

[Mapatnpoupe ot PA. Zxfpa 5.23, 10 oUomua anokAPIakK®veTal Kabe gopd 1mou 1o
ofpa pndevidetal, aAAd KAPAKGOVETAl 0Tav T0 cUoTa €XEl APKETO @opto. [lapatnpoupe
TAAAQVI®OT PETASU TV TIHOV 5 Kat 7 avilypdgev (6ev eival cuyxpoviopévn He tnyv repiodo tou
ONATOG) KPATHOVIAG TTapoHiola arnodoor]. AUTr) 1) TAAAVI®OOT OPEIAETAL OTOV TPOTIO AETOUpYiag
tou HPA nou arnogaociletl riowa npdadn 9a akoAoubroetl, KAPAKGDOT 1) AMOKAPIAK®OOL], av 1)

XpHon €ivatl mave 1 KAT® Ao 10 0plo aviiotoKa.

Aev propet va dnpioupynBel éva elpog uotépnong orou kapia npadn (KApdkeor), aro-
KAPAKeO1) npaypatonoteitat. Aokipaocape va dnpoupyroouvpe duo HPAs mou va ouvdéo-
VIAl P€ T0 oUoTnid Pag, £vad yid KATPIAK®OoT) KAl £vd y1d droKATHAK®on aAAd autd dnpioupyet
opaApa kabwg povo éva HPA propel va ouvdeBel pie évav emidektn epappoyng, BA. IZxnpa
5.25.
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Name:
Namespace:
Labels:
Annotations
CreationTimestamp:
Reference
Metrics:

resource cpu on pods
Min replicas:
Max replicas:
Behavior:

Scale Up:
Stabilization Window: 360 seconds
Select Policy: Max
Policies:

- Type: Pods

Scale Down:
Select Policy:
Policies:

- Type: Percent
StatefulSet pods:
Conditions:

Type

AbleToScale

ScalingActive

Events:

Type

Warning FailedComputeMetricsReplicas

un default/cassandra-hpa-cpu-sine-up]

Warning FailedComputeMetricsReplicas

default/cassandra-hpa-cpu-sine-down]

(as a percentage of request):

Value: 1 Period: 360 seconds

Max

Value: 100 Period: 15 seconds
10 current / 0 desired

Status Reason Message
SucceededGetScale
AmbiguousSelector

Reason Age

the HPA controller

amés (x11 over

cassandra-hpa-cpu-sine-up
default

<none>

<none>

Fri, 14 Feb 2025 15:48:24 +0000
StatefulSet/cassandra

( current / target )

<unknown> / 100%

From

horizontal-pod-autoscaler

horizontal-pod-autoscaler

was able to get the target's current scale
pods by selector app=cassandra are controlled by multiple HPAs: [default/cassandra-hpa-cpu-sine-up default/cassandra-hpa-cpu-sine-down]

Message
pods by selector

ods by selector

app=cassandra are controlled by multiple HPAs: [default/cassandra-hpa-cpu-sine-do

app=cassandra are controlled by multiple HPAs: [default/cassandra-hpa-cpu-sine-up

Mnvuua X@ajuatog yia mtoffovg HPA

5.25

Zxnpa



5.6 Zuvoyrn Amnotedeopdtov

Na onpewBei ot katd v Sidprela avartuing Tev MeEPapdiav paypatonotjénkav ex-
KIVI|OE1G OTIG EIKOVIKEG PNXAVEG, KAl PETA aro KAbe t€tola Siadikaoia 1o cuotnpa dratmpouoe

TV avapevopevn Katdotaon Aoye tev duvatottev autoiaong tou Kubernetes.

5.6 ZUvown AnOteAsOpATOV

Me ta napandve MEPAPATd MApATPNoape MOG OTL 1 CUNRIEPIPOPd TOU CUOTHIATOS
avtanokpibnke katda BAocn ota avapevopeva anotedéopata Ornwg autd MEPLYPAPNKAV OTO
Yewpntiko pépog. Akopa, mapatnPnoape v eAactikr Asttoupyld g Apache Cassandra
Xpnowponowwviag eyyevny ototxeia tou Kubernetes pe gAdaxioteg tpomnonojoets. Ilapda tov
TIEPIOPIOHO OTOUG TIOPOUS Yia KAaBe Pod, €xoupe v avapevopevn ypappiky anodoor. Na
ermonpavOel otl Xpnotponourjoape 1o avtiotoryo t2.small évavit tou t2.1arge rou mpoteivetat

yla riepiBardovia pn @optou [107], [108].
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Ke¢palairo E

Enidoyog

6.1 ZTupnepaopata

Ye auto 1o onpeio Sa cuvoyicoupe ta Pacika ocupniepdopata g napovoag Sumlepatt-
K1g gpyaoiag kabwg npoxrurtel ano myv dempia Kal ta nepdpatd.

O Kubernetes €xet v ikavotnta va avtopatomnotet tnv §1abeson kat diaxeipion tou Kata-
vepnpévou ouotrpatog Apache Cassandra xopig v xelpokivntn Stapoppworn rou Sa anat-
Touoe €va T€to1o ouotnua. Ouclaotika dnAddvoviag pia Storage Class A2, éva Statefulset
A6, A7, A8, évav ap1Buo anod PVs A'.3, kat pia vrinpeoia A'.4 KatapEPAIE va OTHOOUHE TV
Apache Cassandra. [Tpaktikd pe tov 0p1op0 g UINpeoiag Kal HEPIK@V MOPTWV EMTUXANE
v opaAr] Siktuakn Asttoupyia Kat 1 ouvdeon dexkarnévie kopBwv. Ilapatnprjoape kat tv
duvatomnta autoiaong tou Kubernetes otig eMAVAKKIVHOEIS TOV EIKOVIKOV HIXAVOV.

O Kubernetes, 6vtag ayveootiky mAatdpoppa, 11ag eMIPENEL va PetadEpoupe TG dnAmoetg
o€ oTI01adIIoTE MAATPOPLA UTTOAOY10TIKOU VEPOUG £pyalOPaoTe X®PIG va Xpetadetal mpooap-
Hoopéveg dlapopPpaoelg €101kEG yia kabe mAatpoppa. Auto eival éva 18aitepa onpaAvIiKo
XOAPAKINPLOTIKO KAO®G TTPOCTATEUEL TOUG XP1OTES ATTo Suvntikny S€opeuon popunOeutr). Xpn-
olporojoape epyadeia Kal emeKkraoelg avorytou kodika (Prometheus, Metrics-server) rmou
pag emérpeypav va Kivnboupe eUEAIKTA KAl €UKOAdA, YEYOVOG TTIOU OUVOPAEL OV €UKOAia
xphong. Me gAdxioto kwbika A9 KatadpEpape va UAOTIOW)COUHE SUVARIK) TTAPOXT] TTOPKV,
YEYOVOG IOU ATTOSEIKVUEL TNV emeKTAotpotta tou Kubernetes wg texvoloyia avoixtou kodi-
Ka. Alarmotooape 10ug reploplopioug otr Asttoupyia tou HPA kabwg amotelel pn euéAikto
aviikeipevo yia oAU duvapika dedopéva.

[Mapawmproape 6t mapd T0UG MEPLOPIOPEVOUG UTTOAOY10TIKOUG ITOPOUG, UAOTTOoallE £va
ouotnpa nou avidpd eAactka otov @opto epyaciag. KAmpakaovetat opigdviia pe ypappiko
TPOITO Y1a va avtareEABel otnv {ftnon Kal Katapepe va arnodaoel, Orwg avapevotav, Xopig
opdadpata. Auvt) n pebodoAoyia xprnopomnoieital eupéa pe apylieKtovikeég Microservices,

OITOU KATPAKGOVOVTAl 0p1dovTld, aroplakpuvoviag 1ag aro HovoAlfikda cuotpata.

Méo® OV MEPAPATEV TIAPATPHOAHE KAl KATAVOnoape nwg oxediadetal éva kataveun-
HEVO UTIOAOY10TIKO OUCTNHA HE Yvopova Ty uynir Stabeopotnta, avioxr) 0 KATATUNOES
S1Kkt¥ou Katl eAacukotIa.

Eivat 6 eviunootako 10 yeyovog Ot TeXvoAoyieg avoiXtou kwbika divouv o kabe xprjotn

v Suvatotnta oxedlaopou Katl UAOTION oG 10XUP®V CUCTNHATROV.

AitAeopatxny Epyaocia
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6.2 MeAdovuireég Encrtaosig

H enavektédeon 1oV Melpapdiov Pe MEPLOOOTEPOUG UTIOAOYIOTIKOUG TOPOUS OOTE VA

npoBoUEe 0€ CUYKPITIKA CUpIiepdopatd.

H e&¢taon Siapopetikav Bacewv debopiévav, e H1aPOPETIKES EYYUNOELS J1E Tr) ITapouoda
51a110p PO TOU CUCTAHPATOG MOTE VA OUYKPIVOUHE TNV anddoon kat Asttoupyia petasu

TOUG.

H vlormoinon evog KAPAK®OT PE MEPIOOOTEPA XAPAKINPIOTIKA, TIEPIOXT] UOTEPNONG,

OUYKEPAONOG TIOAAATIA®V PETPIKOV, dUVANIKY oupmiepipopd BAocn poptou.

H napouoa epyacia propet va Asttoupyroetl og faon yia avadi)tnorn depdt®v EAAoTIKNG
B81axeiplong UMOAOYIOTIK®OV VEPOV (ITX. €AAOTIKOTTIA HE XPHon Suvapikou mpoypap-

Hatiopou, TEXVOAOY1®V PNXaVvIKGG 1dadnong, K.0.K.).
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Introduction

T1e rapid development of the internet has led to a continuous increase in the number
of data generated. This kind of data is usually described by the term Big Data,
with their large volume, their speed of production, and their high variability in struc-
ture and source being some of the core characteristics associated with them [6]. This
dynamic behavior necessitates the utilization of alternative technologies and infrastruc-
ture requirements, one example of which are the cloud computing environments. Cloud
computing environments are services that offer computing and storage capabilities de-
pendent on the demand. This dynamic supply of resources allows for the management of
Big Data in a different way to what traditional on-premises centers facilitate. We have the
emergence of new systems of data storage and management allowing improved efficiency,

like Apache Hadoop from Dean, and Ghemawat [7].

7.1 Subject of the Study

Inspired by these developments in computing, we will examine within this paper the
elastic data management in cloud computing environments. Each cloud environment
usually offers its own abstractions over compute and does not allow cloud migration, oth-
erwise referred to as vendor lock in [8]. This has changed with the release of Kubernetes|[9],
which is platform agnostic [10]. We will examine how we can use Kubernetes abstractions
and objects so that we can implement a cloud agnostic system that can manage large vol-
umes of data efficiently and in an elastic way. We will also examine the distributed, non
relational database management system Apache Cassandra from Lakshman and Malik
[11], as well as a series of tools and programs that will aid in the completion of this study
and paper.

This paper will start with examining the theoretical foundation of various fields and
technologies, which we will then utilize in order to perform experiments of data manage-

ment to assess elasticity.
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Theory

In this chapter we present in detail the four basic technologies that were utilized for
the purpose of this paper. Those are: the cloud orchestration system Kubernetes,
the data management system Apache Cassandra, the benchmark tool YCSB, and the

monitoring tool Prometheus.

8.1 Kubernetes

8.1.1 Defining Kubernetes

Kubernetes is an open source container orchestration platform that was developed and
designed to automate the deployment and management of computing systems. Google
initially developed and released it in 2014, and afterwards it is maintained by the Cloud
Native Computing Foundation (CNCF) [12]. It is the successor of container deployment
applications, simplifying challenges such as synchronization, release synchronization,
scaling, load balancing and container restart [9].

Kubernetes allows its users to manage its applications and systems regardless of
whether those are hosted on on premises centers or cloud environments [10] using a
declarative API [12]. The administrators and users declare the desired state and Kuber-
netes performs all the actions to achieve it.

Kubernetes consists of two types of components, the Control Plane components and

the Node components [1].

Control Plane Components

The Control plane components make decisions for the whole system as they manage
the cluster events. Usually, those components are hosted on the same node and it is
advised to not run other workloads in order to ensure the efficient operation of Kubernetes

[1].
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Those components are:

e API Server: exposes the Kubernetes API and manages the iterations between the

cluster, the system and the users [13].

e etcd: a distributed key-value storage that stores the state and the configuration of

the cluster, ensuring system consistency [14].

e Scheduler: is responsible for the scheduling and assignment of new Pods and work-

loads to the appropriate nodes[15].

e Controller Manager: runs management jobs that monitor the state of the cluster, the
nodes, and the workload, taking all the necessary actions to maintain the desired

state such as scaling, replication, and restarts[16].

In commercial cloud computing environments there is also a Cloud Controller man-
ager that consolidates the cloud native services with Kubernetes, such as Frontend Uls,

dashboards, and dynamic volume provisioning systems [17].

Node Components

Node components run in each node and also run all the necessary actions for the

smooth workload execution [1]. Those components are:

e Kubelet: is executed on each node and ensures that the workloads are executed in

allignment with the desired state that is defined by the control plane [18].

e Kube-proxy: network rules administrator, ensuring the communication between
the Pods and Services [19].

e Container Runtime: executes the Containers and manages their lifecycle, some

examples are Docker, containerd, or CRI-O [20].
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8.1.2 Pods

Pods are a collection of Linux services (namespaces, cgroups) that aim in the isola-
tion of compute [21]. It is the smallest unit of compute that Kubernetes offers [22]. It
consists of one or more Containers (unusually one), that manages common computing,
network resources, volumes, and offers isolation [23]. Pods are used in two ways, with
one Container or with more than one [24]. In the case of one Container, the most common
configuration, is that the Pod acts as a shell around it, offering isolation. More interesting
is the configuration with more than one Containers as it ensures that the Containers will
be hosted on the same Node sharing resources, and emulating the operation within the
same host. To demonstrate, some of the design patterns with more than one Container

are the following:

e Tight Container coupling through some node collocation, where they can share

resources for a more efficient communication, operation and synchronization [24].

e Sidecar prototype, by which the container’s functionality can be extended by the
addition of another. Some of the extension points are the logging, monitoring and

proxying [24].

e Auxilary function, that changes the configuration of the main Container during its

lifecycle (init container [25], termination) [24].

It is important to note that the operation of a Pod is ephemeral [22], [26], and upon
termination, scheduled or unexpected, then all data and volumes are deleted. This char-
acteristic makes them ideal for REST applications, but not suitable for applications where
state and data maintenance are required (i.e. databases).

Pods rarely exist by themselves in production environments, they are composite ele-

ments of other workload resources [27]:

e Deployment allows the Pods to scale and update, guaranteeing available and rolling

updates and deployments [28].

e DaemonsSet ensures that a Pod runs on either all or specific cluster nodes, useful

for system daemons and monitoring agents [29].

e StatefulSet manages applications with sticky identity and persisting resources, ideal
for databases and distributed systems [30]. We will elaborate further in a conse-

quent chapter.

8.1.3 Persistent Volumes

As previously mentioned, Chapter 8.1.2, the Pods’ volumes and states are ephemeral
[22], [26]. To overcome this limitation, we have Persistent Volumes [31]. Persistent
Volumes are a core component for storage management in Kubernetes. It is a cluster
resource, the same way that a Node is. It exists regardless of the Pod’s life cycle or
the Nodes, ensuring the data persist even in the instances of the system or application

crashing or restarting [31].
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There are two ways to be bound, static or dynamic [32]. For the static binding, the
Kubernetes administrator creates and manages the PVs manually, which then is used
by Kubernetes. The dynamic binding is facilitated by storage classes [33] and PVCs [34].
Depending on the desired behavior, Kubernetes can bind, unbind, and repurpose volumes
on the Nodes and Pods according to the system specification without manual intervention
from the administrator.

PVs have a wide configuration range. Besides the storage size, some of the configura-

tion categories are the following:

Volume Mode

The administrator can select the volume mode between the options of file system or
block storage [35].

Access Modes

e ReadWriteOnce, the volume is located in a single node and only Pods from this node

can write and read data.
e ReadOnlyMany, the volume can be read by many nodes.
e ReadWriteMany, the volume can be written by and read by many nodes.

e ReadWriteOncePod, the volume is located on a single node and only one Pod can

write and read it. This configuration is Beta in version 1.27.

[36]

Storage Class

Storage Class allows administrators to describe volume storage groups in the system
[37], [33]. The administrator selects the PV provisioner (AzureFile, CephFS, local, NFS,
RDB etc.) [38]. At the same time can configure the reclaim policy after the end of its
use, its deletion or retention [39]. One important configuration is the Volume binding
mode, which is either immediate or WaitForFirstConsumer [40]. The immediate binds the
volume during the creation of the PVC, in environments with topological restrictions this
leads to the PV binding before prior knowledge of which Node the Pod will be scheduled
on, an event that can result in an unscheduled Pod that has no access to the PV. This
limitation is overcome by the second configuration that awaits the Pod creation prior to
the PV binding. Last but not least, there is the possibility of configuring allowed topologies
[41].

PV Reclaim Policy

When the Pod does not use the PV, the reclaim policy defines what will happen to the
Volume, in other words, whether it is going to be retained or deleted. In the past, there

was the option to recycle it but this functionality has been deprecated [42].
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Node Affinity

The PV can impose limitations on which Node it will be mounted on. The Pods that

use the specific PV can only be scheduled at the specified Node [43].

8.1.4 Deployments

Deployments manage a set of Pods that run a stateless workload. They are usually
used for rolling updates and deployment of new editions of the Pods. Deployment uses
a replicaset, and consequently the replicaset a number of Pods that are exact copies.
Each copy performs the same functionality in the cluster without any semantic difference
between them [28].

8.1.5 StatefulSets

Statefulsets are objects that enable the user to persist Pods’ state in Kubernetes [30].
They manage deployment and scaling for a set of Pods that have the same specifications.
The differentiating factor between a Statefulset and a deployment is that Pods maintain a
sticky identity, in other words the Pods are analogous but not the same [44]. Nevertheless,
they have a unique indexed name, and network identifier. For instance for the Statefulset
my-app the first replica is my-app-0 [44], [45]. Every replica is created in an ascending
order starting from the lowest and thereafter increasing, and vice versa when replicas are
deleted.

Statefulsets also come with limitations. For the data and state persistence, PVCs need
to occur. Scaling down does not automatically delete PVCs. We need to create a headless
service for the Pods’ network identity. To conclude, the deletion of the statefulset does
not guarantee the deletion of all the Pods, therefore it is advised to scale down to zero the
replicas and then delete them [46].

For the configuration of the Statefulset, besides the Pod template we have to define
the number of replicas, the headless service, the storage class template that will be used
by the PVCs, as well as the PVC reclaim policy [30]. This policy defines what happens to
the PVCs after Pods are scaled down and deleted, in particular whether they will be stored
or deleted [47].

8.1.6 Scaling

Scaling is the process during which the computing capabilities of a system change.
This can happen by either horizontal or vertical scaling [48]. Horizontal scaling is when
we increase the compute power by increasing the number of computers. This differs from
the vertical scaling where computing capabilities are increased by increasing memory,
CPU power, storage capacity without the addition of computers [49]. These two different
strategies each have their own advantages and disadvantages, and the decision is made
depending on the system’s needs [50].

Vertical scaling is selected in the case of:

e Less critical systems and workloads.
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e Systems where workload is not expected to increase in the future.

e Attempt to decrease initial costs.

e Systems that do not require high availability, throughput and multi-region deploy-

ment.
Horizontal scaling is selected in the case of:

e Critical systems and workloads.

e Systems where workload is expected to increase in the future.

e Systems that require high availability, throughput and multi-region deployment.

(51]

8.1.7 Horizontal Pod Autoscaler

Kubernetes offers objects for horizontal [52] and vertical automated scaling [53].

Nonetheless, we will focus on the Horizontal Pod Autoscaler. HPA is a Kubernetes compo-

nent that allows workloads to scale based on demand. It can only be attached to objects

that scale, Deployments and Statefulsets [52].

Pod 1 Pod 2

£ b

]
]
n
LY
*
L]

Scale

""HC_{_ Deplpyment..-=*"

-
L+

A

Horizontal Pod Autoscaler

Zxfpa 8.2: HPA controlling Deployment [2]

During the configuration of HPA we select the attached object, the maximum and

minimum number of replicas, the monitored metrics, and the desired scaling up and
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down behavior. It is not allowed for more than one HPAs to attached to the same object
[52].

The way HPA works is to regularly monitor specific metrics (the default value is 15 sec-
onds) and depending on the use of this resource HPA follows predefined actions [2]. The al-
gorithm that is followed is desiredReplicas = (cuwrrentReplicas=cuwrrentMetricValue/desiredMetricValue)
[2].

The metrics that can be selected are the Pod’s usage metrics (memory, CPU) [54] or
custom metrics (requests per second, failure rate, active connections, etc.) [55]. Addition-
ally different metrics can be combined under the same HPA [56]. It is important to note
that HPA averages the usage for all the replicas, there is the possibility that a Pod is over
the limit but no scaling action is taken because the average usage is within limits [54].

The behavior defines the way of scaling up and down by defining policies with allowed
actions and the period in which every policy has effect [57]. When there are more than
one policies, the one with the larger rate of change is selected [57]. The algorithm logic
8.1.7 combined with the actions [57] allows for the binary operation of the system where
the number of the replicas can oscillate between a range of values. This can be restricted
by the selection of a stabilization window [58] that does not allow the system to perform
an opposite action in the specified period.

HPA has limitations according to Jiang and Wu [59]:
e The scaling algorithm is simplistic and not flexible.
e Stabilization windows [58] do not allow for the further scaling of the system.

e The collection period of the metrics cannot be altered dynamically between higher

and lower load periods.

Additionally, there can not be defined a hysteresis region, where the system does not scale

up of down the number of Pods.

8.2 Apache Cassandra

Apache Cassandra is a distributed, non relational database management system. It
was developed in 2008 as an open source system from Lakshman and Malik [11], [60]
for searching Facebook messages, and was released by the Apache Software Foundation
in 2010. It was designed with the goal of managing large volumes of data, while offering
scalability and availability, rather than data consistency. The main characteristics are

listed below [60], also in accordance to Chrysopoulos [61]:

e Multiple node selection in different data centers.

e Distributed operation: all the nodes are similar, without having a master node,

executing the same functionality through Peer-to-Peer protocol communication.

e Fault tolerance: data are replicated in various nodes and data centers, guaranteeing

against single point failures.
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e Elasticity and linear expansion: the addition of new nodes does not stop the system’s

operation and increases linearly its throughput.

e Tunable Consistency: the system ensures eventual consistency and each transac-
tion can have different consistency level. This configuration influences how many

nodes need to acknowledge the transaction successfully.

8.2.1 Data Model

Apache Cassandra’s Data Model is non relational and consists of terms that resemble

traditional Database Management Systems [62].

Keyspaces

Keyspace defines the way data are replicated, that is, in how many replicas. It is
essentially a container of tables.
Tables

Tables consist of columns and lines. Columns describe the shape of data and their
types. Columns can be extended with no down-time [62].
Partition

Partition defines the range of lines of the partition key that belong to each node [62].

Lines

Line is a data tuple that is recognized by a primary key. The primary key is composed
by the partition key and optionally other columns [62].
Column

Column is the chunk of typed data, the smallest unit [62].

cgL

Apache Cassandra uses the Cassandra Query Language (CQL), inspired by the Struc-
tured Query Lanaguage (SQL). We observe that some of the Apache Cassandra compo-
nents correspond to those of traditional RDMSs, therefore CQL is not unfamiliar [62],
[63].

Denormalization

In Apache Cassandra the data are denormalized, which contrasts with RDBMSs as it

does not allow Joins, because the related data are located in the same table [62].

AitAeopauxny Epyaoia m



Kepalato 8. Theory

8.2.2 Amazon Dynamo

Appache Cassandra’s functionality is based on the distributed key-value storage sys-
tem from DeCandia, Hastorun, Jampani, Kakulapati, Lakshman, Pilchin, Sivasubrama-

nian, Vosshall and Vogels [64], [65]. Its main elements are:

e Request coordination over a partitioned dataset

Replication Policy

Tunable Consistency

Cluster Membership and Failure Detection

[64], [65]

Request coordination over a partitioned dataset

For achieving horizontal scaling, Apache Cassandra distributes the data on the Nodes
based on a consistent hashing function [66]. Data is distributed in a continuous ring
based on their partition key. The Nodes, represented as tokens, belong to the ring and
store key ranges after their tokens [3]. Depending on the replicas number, data are
replicated to following Nodes in order to achieve fault tolerant functionality. In figure 8.3
we observe node 4 owning key ranges t1, t2, t3 and t4. If node 4 crashes we observe that

data exists in following nodes so the system can continue working without any data loss.
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token(ny) = t; range(ty, ta] — {n2, n3, ngj

token(ny) = t; range(ty, t3] — {n3, n4, ns}

token(n3) = t3 range(ts, ta] — {n4, ns, ne}
hash("foo")

— {ny, N3, Ny

~ hash("bar")
— {n3, ny, ns}

Zxnpa 8.3: Cassandra Token Ring [3]

The data distribution balancing works optimally when we have enough Nodes, as these
are distributed uniformly through out the ring [3]. This does not necessarily happen for
a lower number of nodes. Amazon Dynamo overcomes this challenge with the creation of

virtual node tokens that are distributed more evenly on the ring [67].

Replication Strategy

Every Keyspace defines its replication strategy, specifying the way by which data
are replicated, It can either be NetworkTopologyStrategy , that determines how data are
copied between different data centers or SimpleStrategy that describes how many nodes
have the replicas of the data. It is advised that within production environments Network-
TopologyStrategy is used and within development environments we utilize SimpleStrategy
[68].
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Tunable Consistency

The CAP Theorem of Brewer[69] is one of the most important theorems in the dis-

tributed systems world, according to Gilbert and Lynch [70]. It recognizes three charac-

teristics that govern every such system [69], [70], [71]:

e Consistency: every read request in each node returns the most recent write or fails.

e Availability: every request receives a successful response, without necessarily being

the most recent write in the system.

e Partition Tolerance: the ability of the system to operate even in the event of a

disruption in the communication of the nodes.

The theorem [69], [70], [71] states that a distributed system cannot have all three

characteristics at the same time, but only two. This means that a Partition Tolerant

system cannot ensure Consistency and Availability at the same, as a request will receive

the latest write or fail and at the same time cannot receive a response that is not a failure.

Apache Cassandra offers the following guarantees|[72]:

High Scalability [73]: the system can add or remove nodes using the Gossip protocol

for the efficient node membership.
High Availability [74]: using a fault tolerant storage engine.

Durability [75]: data are replicated at different nodes and data centers that ensure

that with the loss of one node there are enough copies of the data.

Eventual Consistency [76]: writes will eventually exist in every replica. Different

versions of the data will exist in different nodes until there is a final consistency.

Lightweight Transaction [77]: are executed sequentially using the Paxos consen-
sus protocol, ensuring consistency among replicas by using the Compare and Set

operation, allowing read transactions to only read values without changing them.
Batched writes in multiple tables [78]: either all of them succeed or all of them fail.

Secondary indexes that allow efficient column searches is guaranteed to be consis-

tent among local replicas [79].

Apache Cassandra uses tunable consistency for every transaction. The user selects

the desired degree of consistency [76]. Higher degree of consistency affects negatively the

Availability as the system waits for more replicas to acknowledge the transaction [80]. We

list the consistency configurations [80], [81], [82]:

e One replica

e Two replicas

e Three replicas
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e Quorum, the majority of the replicas
e All the replicas

e Local quorum, the majority of replicas from a specific data center (the data center

where the request was made)
e Each quorum, the majority of every data center

e Local only, this configuration ensures that the read request is not transfered to a

different data center

e Every, only one replica responds or the proxy node stores a hint. The proxy will
eventually try to transfer the change to the replicas. This configuration is only

supported for read requests.

Ring Membership and Failure Detection

For the Data Partition and Replication Strategy the system needs to know the nodes’
health so that it routes the read and write requests efficiently [83]. This information is
transferred in a distributed way using the Gossip protocol and the Failure Detection.

The Gossip protocol [84] is a system where the nodes share information regarding
their health but also of the health of the nodes they know. They use tuples that have
the monotonic time and version of the information, allowing nodes to use the most recent

version of the Gossip and fault detection. Every node periodically:
1. updates its health status and creates a local view of the cluster Gossip that it knows.
2. selects a random node and exchanges Gossip information.

3. tries to exchange Gossip information with an unreachable node (if it exists) in a

probabilistic way.
4. Gossips with a seed node if it did not communicate with it during step two.

[84]

The seed node is the initial node and the only difference between it and the other
nodes is that it does not need other nodes in order to connect to the ring. Because of step
4 these nodes have higher usage during Gossip.

For Failure detection [83] Apache Cassandra uses a modified version of Phi Accrual
Failure Detector of D?fago, Hayashibara, Yared, Rami and Katayama [85], where each
node decides that some other node is down if it does not receive a healthy state for a
specific time period. It will then not forward the read transactions to the down node and

wait for a healthy state in order to send the write transactions.

8.2.3 Storage Engine

Apache Cassandra uses a distributed storage engine that allows for fast reads and

writes [86]. There are two main request flows; write and read flows.
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Write Request Flow

During the write request flow [87], each incoming transaction is written in a Commitlog
in every node, an append only log file. The writes are written in chuncks allowing for
efficient disk write. This write allows the data persistence during crashes [88]. Following,
the data are stored in a Memtable, a table stored on the heap, implemented as a balanced
tree or a skip list [89]. The node acknowledges the request only when it is written in the
Commitlog and the Memtable [87]. When the Memtable grows larger than a specified size,
it is stored in immutable files called SSTables that are sorted based on the partition key.
There is the possibility of transferring SSTables to other nodes for data balancing [90].

Apache Cassandra compacts the SSTables for a more efficient system operation [87].

Read Request Flow

During the read request flow [91], each incoming transaction reads the Memtable and
if this request does not return a value, then it reads the SSTables from the disk. Due to
the sorted nature of these files, Apache Cassandra can retrieve the data efficiently using
partition keys, groupings and Bloom filters [91], [90]. Finally, it merges all the data and

returns the newer version of the value.

We see that the Apache Cassandra storage engine offers high read and write through-
put, crash durability and a high degree of configuration and modifiability as every men-

tioned element can be tuned [11], [86].

8.3 YCSB

YCSB is an open source database benchmark program. In 2010 it was developed
by Cooper, Silberstein, Tam, Ramakrishnan and Sears at Yahoo [4] for evaluating the
performance of novel database systems, usually not RDBMSs. The three elements that
YCSB monitors is Elasticity (ability of the system to load new nodes during operation),
High Availability (ability of the system to operate through crashes), and Horizontal Scaling
(ability of the system to handle large volume of data with the addition of commodity servers

and not vertical scaling) [4].

YCSB is a Java program [92] that uses two types of configuration, workload and
database interface. The Client spawns ClientThreads, figure 8.4, defines the workload of
the benchmark and additionally the database interfaces define which transactions will be
executed on the database as there are different transactions among different databases.

Lastly, transactions are executed in a database specified way [93].

m AinAeopatxny Epyaocia



8.4 Prometheus

Workload file Command line properties
— Read/write mix — DB to use
— Record size — Workload to use
- Popularity distribution — Target throughput
- .. — Number of threads
} Cloud
YCSB Client Serving
» Store

Client — >~
Threads ——__~

/
F\.

R\

Workload
Executor

Stats

DB Interface
Layer

Zxnua 8.4: YCSB Architecture [4]

The workload configuration concerns the [93]:

e Number of Threads

Target

e Ratio of the executed transactions (read, write, update, scan)

Desired Transaction Consistency

Record count

Operation count

Record distribution

The database interface configuration concerns the way in which YCSB connects to the

database, as well as specific database configuration [93].

8.4 Prometheus

Prometheus is a monitoring and notification open source system that was developed
by Soundcloud in 2012 [5]. In 2016 it was the second hosted project of CNCF, following
Kubernetes as it was adopted by a large number of companies and organizations. It
collects and stores metrics as time series data, in other words data accompanied by a

timestamp. The main characteristics of Prometheus are the following:
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e Time series multi-dimensional data model

o A flexible query language (PromQL)

e Pull based collection model, using the HTTP protocol, allowing for monitoring with-

out the need to modify the monitored application.

e Each Prometheus server’s data is stored locally without being distributed in other

nodes. This frees it from needing to synchronize transactions, simplifying its archi-

tecture.

(5]
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Zxnua 8.5: Prometheus Architecture [5]

The constituent components of Prometheus are, figure 8.5:

e The main Prometheus server that collects the data and stores them in a time series
database (TSDB) [5].

The Push gateway for short lived jobs [5].

Exporter, Elsticsearch, PostgreSQL, Redis [94].

The Alert Manager [5].

The auxiliary Ul like Graphana, Prometheus Web UI [5].

The specific exporters, developed for different systems and databases like [5], JMX

Grafana is an open source program that allows metrics querying, visualization, alert-

ing and investigation from different sources, one of them is Prometheus [95].
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Description of the Implementation

T11$ chapter covers the implementation details of the study. It describes the decisions
that supported the selection of the respective technologies and the main limitations
governing the implementation.

The goal is to examine the elasticity of a distributed database system, in a cloud
computing Kubernetes environment. To achieve this, we have to install a Kubernetes
environment, enable Kubernetes to dynamically provision volumes, start Apache Cassan-
dra, design the horizontal auto scaling policy, configure the monitoring metrics of the

system, and utilize the YCSB benchmark.

9.1 Kubernetes Installation and Configuration

The computers composing the Kubernetes cluster are virtual machines that were pro-
visioned by the computing cloud of the Computer Systems Laboratory of the Electrical and
Computer Engineering School of the National Technical University of Athens. Six virtual
machines were provisioned (nodel-node6), which are connected to the same network, and
all machines are hosted on different nodes of the cloud. This allows for the system to be
less susceptible to crashes and resource starvation as each virtual machine’s operation

is independent from the others.

Host  'Ovopa 1P

cloudl node3 10.0.1.122
cloud3 node2 10.0.1.121
cloud4 node4 10.0.1.128
cloud6 nodel 10.0.1.102
cloud5 node6 10.0.1.136
cloud7 nodeb5 10.0.1.125

[Tivaxkag 9.1: Node Topology
There are many options to install and configure Kubernetes:
1. Minikube [96]
2. MicroK8s [97]

3. Kubeadm [98]
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4. Kubespray [99]

We selected Kybespray as the first two options are ideal for educational and local
installations [96], [97], the third option is for production environments [98], whereas
Kubespray is flexible enough to support ease of cluster installation regardless of the
environment and offers reliability in terms of its production capabilities [99]. Since the
2.3 version Kubespray started using Kubeadm for the internal system operations for the
cluster creation [100].

We are using version 2.23.2 of Kubespray, and installing version 1.27 of Kubernetes,
selections that offer a stable installation [101].

Algorithm A’ 1:

1. We copy the cluster template.

2. We define the node IP Addresses .

3. We specify the configuration file and create the Ansible inventory.
4. We execute the Ansible playbook that installs the cluster.

After the installation we can inspect the state of the cluster by executing the command

kkubectl get nodes. The result will give us the state of the cluster.

Name Status Roles Age Version
nodel Ready control-plane 127d v1.27.10
node2 Ready control-plane 127d v1.27.10
node3 Ready <none> 127d v1.27.10
node4 Ready <none> 127d v1.27.10
node5 Ready <none> 127d v1.27.10
node6 Ready <none> 127d v1.27.10

[Mivaxag 9.2: Cluster state

We observe that the first two clusters are Control planes. Because of the small size of
the cluster, we will use only the first one as the primary cluster, on which we will not run

any workloads. On the remaining five we will run the experiments.

9.2 Dynamic Volume Provisioning

As we observed in the previous chapter, there are several options for volume provi-
sioning (AzureFile, CephFS, local, NFS, RDB [32]). We selected CephFS, a quite popular
distributed file system [102]. It allows the Nodes to manage a shared file system, offering
high availability and scalability. It is ideal for storing data that need to be shared in the
file level [102]. Rook is a Kubernetes controller that facilitates the deployment, manage-
ment, and orchestration of a Ceph system, integrating it to Kubernetes with minimum
manual effort [103].

One of the prerequisites of installing Rook is the existance of [104]:
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Raw disk devices

Raw partitions

LVM logical volumes

e Available PVs from a Storage Class in block mode.

- 1sblk -f
NAME FSTYPE LABEL FSAVAIL FSUSE% MOUNTPOINT
loop®  squashfs 0 100% /snap/corel8/2829
loopl  squashfs 100% /snap/corel8/2846
loop2  squashfs 100% /snap/1xd/24061
loop3  squashfs 100% /snap/core20/2379
loop4  squashfs 100% /snap/core20/2434
loop5  squashfs 100% /snap/core22/1722
loop6 squashfs
loop7 squashfs
loop8 squashfs
squashfs

100% /snap/core22/1748
100% /snap/1xd/29619

100% /snap/snapd/23545
100% /snap/snapd/23258

[cNoNoNoNoNoNoNoNol

exts cloudimg-rootfs 09603282-eb3e-4e2f-bb5a-fd09629981b7 30.1G 48% /

vdal5 vfat UEFI 0845-F46B 98.3M 6% /boot/efi

Zxnpa 9.1: Isblic command output

While executing the command Isblk -f (list block devices), figure 9.1, there is no raw
disk device, partition, or logical volume. We can install Rook using a PV for a storage
class. The way we will use CephFS is to create a storage class that will provision PVs that

will be mounted by our Pods. Therefore:
1. we need to create PVs from a Storage Class
2. it is going to be used by Rook to create the Ceph cluster
3. which will then be used by a Storage Class that will provision PVs for our Pods.

We see that the second step could be omitted because if we can achieve the creation

of the Storage class and the PVs, then we can provision the volumes we need.

1. We create a Storage Class and configure it in WaitForFirstConsumer mode A’".2.

2. We create a number of PVs, configuring them with the ReadWriteOnce access mode,
capacity of 5 GB, the Retain reclaim policy ,the file system mode, only one node the
node affinity (every node has enough PVs) and finally the local file path A".3.

It is to be noted that the manifests and configurations of this system are stored in the
open source repository [105].

In this way, we define on which Nodes the Pods can be scheduled, Pods can be
scheduled only on Nodes with PVs. By not creating PVs on Nodel we exclude the Pods
scheduling. Simultaneously, we ensure that the Volumes remain available after their
usage.

We can define in the Statefulset level what is the reclaim policy of the PVC, defining

it to be deleted in the case of scaling down and to remain in the case of deletion, this
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way we can control the life cycle of the PV related to this PVC. During scaling down the
PVC is deleted releasing the PV. We have a Python script A9 that regularly checks for
released PVs, deletes their data (local file path), and recycles the PV. In this way we achieve
dynamic volume provisioning, utilizing primary objects from Kubernetes, the operating

system, and a python script.

9.3 Apache Cassandra

For the implementation of Apache Cassandra we are utilizing Statefulset. This ob-
ject ensures the network and sticky identity, which is necessary for the operation of a

distributed system.

9.3.1 Container Image

We select the container image gcr.io/google-samples/cassandra:vl4 that is main-
tained by Google for development and research environments [106], in case of evaluation

production environments we would use either cassandra:4.1 or datastax/dse-server.

9.3.2 Cluster size and resources

For the execution of the workload we need to specify the cluster size. We have five
Kubernetes nodes available, each of them with four CPU cores and eight GB of memory.
We decided that for the observation of the linear scaling to a reasonable extent, we need to
be able to scale five fold. This leads to the possibility to have one to five Apache Cassandra
nodes, something that restricts the replication capability of the system. We therefore
decide to have between three and fifteen Cassandra nodes, with two to three replication
strategies depending on the experiment. This would mean that each Kubernetes node
needs to schedule three Cassandra nodes (Pods). We define the computer resources
limits for each cluster to one CPU and two GiB of memory. At this point, it is noted
that this resources are far lower than those specified in the technical documentation (for
non-load development environments, 2 CPUs and 8 GB of memory [107], a t2.large AWS
virtual machine [108]), in our case they are similar to a t2.small AWS virtual machine
[108]. This will allow as to examine how the scaling will happen and if it will respond in
an elastic way A'.6, A7, A'.8.

We have to configure the heap memory size of the Java Virtual Machine. Techni-
cal documentation [109] suggests that we follow the formula heap = max(min(1/2 =
ram, 1024MB), min(1 /4 * ram, 8GB). This gives us 1024 MB. We have to define the part
of the memory size for new objects [109], following the formula heapnew = min(100 *
cpu, 1/4 « ram). This returns 100 MB, but after experimenting we observed that 256 MB

returned improved performance.

9.3.3 Networking

For the operation of the Statefulset we need a headless service that works on port 9042.
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9.3.4 Dynamic Volume Provisioning

At the same time we have ports 7000 and 7001 available for the node communication.

Finally, we define the system seed nodes, essentially the first two Pods A'.4, A".6, A".7, A".8.

9.3.4 Dynamic Volume Provisioning

We utilize the Storage Class and PVC that we defined in a previous section.

9.3.5 Elasticity

In order to achieve elasticity Apache Cassandra has to be able to scale up and scale
down. While adding new Pods, the new Cassandra Container communicates with the seed
Nodes, connects to the token ring, and receives the data that it owns. For the opposite
activity we configure the life cycle of the Container with two Cassandra node commands

that transfers the data away from the Node and unsubscribes it from the ring.
e nodetool decommission [110]
e nodetool drain [111]

It is to be noted that the manifests and configurations of this system are stored in the

open source repository [105].

9.4 Horizontal Scaling

For the horizontal scaling we will utilize a Metrics Server [112], which is developed and
offered by Kubernetes, which allows us to use an HPA that monitors CPU and memory
usage. It can not monitor other metrics, but was selected because these metrics are
enough to assess the cluster load.

We observe that because of the limited memory (one fourth of the proposed), the Pod
restricts as much resources as it can get (even over the limit) and this metric remains
unchanged regardless of the load.

Following several experiments we observed that a good limit is eighty and ninety
percent of the CPU.

We create HPAs, one for constant load scaling A'.10, one for sine load scaling up A'.11,
and one for sine load scaling down A'.12. Comparing the last two HPAs, HPA A".12 is more
sensitive to scaling down as it has a shorter period, stabilization window, and average

utilization.

9.5 Benchmark

For evalutation of the system’s performance we use the YCSB bemchmark. We can

run loads by configuring several parametes.
e Threads

e Target
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Transaction ratio (read, write, update, scan)

Desired Transaction Consistency

Record count

Operation count
e Record selection distribution

We will modify them depending on the goal of each experiment.

It is important to note that YCSB does not support alternating target load. In order to
run a sine wave we need to extend it.

The way that the target rate is set is that during the execution of each transaction we
delay the next transaction by a specified value. But this delay remains constant. The way
that we can influence the delay is to alter it following a sine wave. We extend this code
part [113] by creating an Interface A".13 and 2 Strategy Design Patterns, one for constant
delay A'.14 and one for sine delay A.15. During the creation of each ClientThread the
Strategy is configured and during the execution of the transactions, the delay follows the
specified Strategy A'.16

9.6 Monitoring

To monitor the cluster state we use Prometheus. We install it by using the Helm
tool, which groups into charts all the Kubernetes object manifests, configurations, and
potentially other charts that are needed for the installation of a system [114]. We use the
Chart that has been developed by the Open source community of Prometheus [115]. At
the same time, we configure Kubernetes service monitors that specify the services and
ports that Prometheus will use [105]. This way we have metrics from Kubernetes.

This though is not sufficient to monitor the custom and internal Apache Cassandra
metrics. For this reason we use a JMX exporter [116]. JMX is a Java API that offers a
unified way to monitor Java applications. The way to use it is to deploy in each Pod a
container with a sidecar configuration. We add the container template and specify two
new ports 7199 for the exporter and 8080 for the metrics of each Pod that run a Cassandra
node A'.6, A7, A'.8, A".4. We configure the service monitor objects to use these ports.

We use Grafana for the presentation of the insightful metrics during the experiments.
This will aid in visualizing data from PromQL queries [117].

These queries are:

e A'17: requests
e A'.18: number of replicas
e A'.19: receive bandwidth

e A'.20: rate of received packets
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o A21:

o A'.22:

o A'.23:

o A'.24:

e A'.25:

o A.26:

o A.27:

e A'.28:

e A'.29:

e A'.30:

e A.31:

o A'.32:

e A'.33:

transmit bandwidth
rate of transmitted packets
read requests

write requests

IO read operations
IO read throughput
IO write operations
IO write throughput
memory usage
memory limit

cpu usage

cpu limit

hpa average utilization

9.7 Limitations

The main limitation that governs the implementation of this study are the available

computing resources. Every Apache Cassandra Pod has available resources of a t2.small

and not a t2.large [108], which leads to the resource exhaustion when idle and doesn’t

allow the monitoring of a larger span of operation. Subsequently, it limits the range of

experiments we can run, for example horizontal scaling with different limits. Additionally,

HPAs mode of operation doesn’t allow the creation of a hysteresis area where the system

doesn’t scale up or scale down.
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Experiment Descriptions

/ I his chapter concerns the description of the experiments.

10.1 Tunable Consistency Experiment

In this specific experiment we will examine how the system reacts to the different levels

of consistency.

Option Value
Number of Pods 10
Replicas 3
Threads 20
Record count 2000000
Operation count 2000000
Distribution Zipfian
Consistency level One, Quorum, All
Transation Ratio | Workload B, Workload A

[Tivaxkag 10.1: Consistency Expirement

Workload A consists of 50% reads and 50% updates, simulating a session storage.
Workload B consists of 95% reads and 5% updates, simulating a file tagging system,

where updates are the creation of tags and the majority of the transactions are reads.

We expect the system’s performance to decrease as we increase the consistency level,

as each transaction needs to reach more replicas before it is acknowledged.

10.2 Experiment of Scaling up and down with no workload

In this specific experiment we will examine how the system reacts to a scaling com-
mand. We start with 3 Pods that contain 2000000 records and command it to scale to 15

Pods. Finally, we command it to scale down to 3 Pods.
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Option Value

Number of Pods 3-15
Replicas 3
Record count 2000000

[Tivakag 10.2: Experiment of Scaling up and down with no workload

We will observe how the system reacts to a scale up, scale down, how the data are

distributed, and which operations are executed.

10.3 Experiment of Elasticity - Scaling up

In this experiment we will examine how the system reacts to a constant workload with

different record counts.

Option Value
Number of Pods 3-15
Replicas 2
Threads 500
Record count 100000, 2000000
Operation count 55000000
Distribution Zipfian
Consistency level One
Transaction Ratio Workload A
HPA A.10

[Tivakag 10.3: Experiment of Elasticity - Scaling up

We expect that the fewer record counts will not fill the Memtables so there will be
no need to be written in SSTables. We also expect that the larger record count will fill
the Memtables so that we will have the SSTable creation. Reading data from SSTables
will increase the number of 10 disk reads. Additionally, we want to examine that the
system is elastic and is able to manage the load by adding nodes without decreasing the
performance and stability of the system. Lastly, we want to observe the linear scaling of

the workload, and whether it will be following the escalation in an analogous way.

10.4 Experiment of Elasticity - Scaling up with sine wave

In this experiment we examine how the system reacts to a sine wave, starting from 3
Pods.
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10.5 Experiment of Elasticity - Scaling down with sine wave

Option Value

Number of Pods 3-15
Replicas 2
Threads 15

Record count 100000

Operation count 5000000

Distribution Zipfian
Consistency level One
Transaction Ratio | Workload A
Period 1200
Amplitude 100
Base target 150
HPA Alll

[Tivaxkag 10.4: Experiment of Elasticity - Scaling up with sine wave

Essentially we want to observe a sinusoidal workload. We expect that we will view that
the records will fit in the Memtables, and therefore there will be no need for disk reads.
At the same time, we expect that the scaling up and down of the system is dependent on

the load, without any errors.

10.5 Experiment of Elasticity - Scaling down with sine wave

In this experiment we do the opposite task from the previous one, we will examine

how the system reacts to a sine wave starting from 10 Pods.

Option Value
Number of Pods 3-15
Replicas 3
Threads 5
Record count 2000000
Operation count 5000000
Distribution Zipfian
Consistency level One
Transaction Ratio | Workload A
Period 1200
Amplitude 100
Base target 150
HPA A12

[Tivaxkag 10.5: Experiment of Elasticity - Scaling down with sine wave

We want to observe how the system will react to the scaling down. The wave that
we use will be sufficient to trigger scaling down. We expect that the replica number will
oscillate between some values, higher during the peak of the sine wave and lower during

the minimum value.
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Presentation and Discussion of Experiment Re-

sults

In this chapter we present the results of the experiments, as those are described in the
previous chapter.

11.1 Tunable Consistency

In this section we present the results of the Tunable Consistency Experiment 10.1.
We executed the workloads described in table 10.1. Three executions with increasing

consistency level for Workload B and the same consistencies for Workload A.

Total Requests

— |requests
6000 replicas
5000 ]

|
4000 |

3000 | | A A AN A
| FAATAVAVAVAVAWATY

| [ I
2000 | f A AR A AN DA AR | \

1000

1310 13:20 13:30 13:40 13:50 14:00 14:10 14:20 14:30 14:40 14:50 15:00 15:10 15:20 15:30 15:40 15:50 16:00 16:10 16:20

Zxnpa 11.1: Requests A'.17

We observe, figure 11.1, that as we increase the consistency (One, Quorum, All) the
throughput of the system decreases and the execution time of each run increases. This
is expected as we wait for more acknowledgments from more than one replicas. In the

specific case with 3 replicas, we receive 1, 2, 3 acknowledgments respectively.
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Kind of Requests
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Txnpa 11.2
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11.1 Tunable Consistency

At the same time we observe, figure 11.2, that different workloads execute the expected

ratio of read and update/write requests.

10 Read Operations

= cassandra-0

cassandra-1
3K iofs = cassandra-2
— cassandra-3
= cassandra-4
2K iof!

= cassandra-5
== cassandra-6

Wiofs | — — cassandra-7

= cassandra-8

¥ cassandra-9
Qiofs +

13:30 12:00 14:30 15:00

15:30 16:00

10 Read ThroughPut

= cassandra-0
cassanara-1

192 MiBfs = cassandra-2
i — cassandra-3
; = cassandra-4

128 Migfs | = cassandra-5
= cassandra-6
84 MiBfs fi_ — cassandra-7

= cassandra-8

cassandra-g
0B/s

13:30 14:00 14:30 15:00 15:30 16:00

Zxfpa 11.3: IO Reads A'.25, A'.26

10 Write Operations

== cassandra-0

cassandra-1
el = cassandra-2

— cassandra-3
10io/s = cassandra-4

= cassandra-5
cassandra-6
cassandra-7
cassandra-8

cassandra-g

13:30 14:00 14:30 15:00 15:30 16:00

10 Write ThroughPut

== cassandra-0
3 MiBls cassandra-1

2.50 MiB/s — cassandra-2

— cassandra-3
2 MiBjs
& = cassandra-4
1.50 MiBJs = cassandra-5
\ = cassandra-6
1MiB/s
= cassandra-7
512 KiB/s = cassandra-8

cassandra-9

Sxina 11.4: 10 Writes A'.27, A".28

We observe ,in figure 11.3, that the number of transactions per workload are similar,

a fact that shows that Apache Cassandra runs as many operations as it can, because

for the same number of 10 disk reads we have smaller throughput. At the same time it

confirms that it needs more transactions from the system for each request.

We observe, in figure 11.4, that the reads are not consistent, as each transaction is

written in the Commitlog in disk and stored on the Memtable on memory, but once the

Memetable is full it is written in the disk in a SSTable.

Receive Bandwidth
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4 Mbfs cassandra-1
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cassandra-9

16:00

Rate of Received Packets
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Zxnpa 11.5: Incoming Network Activity A.19, A'.20

Transmit Bandwidth
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Zxnpa 11.6: Outgoing Networlk Activity A'.21, A'.22

We observe, in figures 11.1, 11.5, 11.6, that while the throughput of the system is

the same across workloads, the network usage is different. Workload A executes more
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updates (writes) and as such more data are being transferred for each request.

This experiment shows us that throughput (availability) and consistency in a dis-
tributed system are reversely correlated. This behaviour is one of the guarantees of

Apache Cassandra.

Last but not least, it is fascinating that the workload of reads has the same throughput

as the read and write workload.

11.2 Scaling up and down with no workload

In this section we present the results of the Scaling up and down with no workload

Experiment 10.2.
We run the workload described in table 10.2. We started with 3 nodes and 2000000

records written in the table. We scaled up to 15 Apache Cassandra nodes and then scaled

down back to 3.

Total Requests

12:30 12:35 12:40 12:45 12:50 12:55 13:00 12:05 1310 1315, 13:20 13:25

YZxnpa 11.7: Replica Count A'.18

Memory cPu

1230 12:35 12:40 1245 1250 1255 1300 1305 1310 1315 1320 13:25 cassandra- 1230 12:35 12:40 12:45 1250 1255 1300 1305 1310 1315 1320 1325

Yxnua 11.8: Resource usage A'.29, A'.30, A.31, A'.32

We observed, in figures 11.7, 11.8, that the use of the memory throughout the duration
of the life cycle of an Apache Cassandra Container is substantially over the limit. This
prohibited us from using the specific metric for the scaling of our system. We also observed
that the usage of the CPU ranged from 70% to 200%, this metric can be used for the
horizontal scaling of the system. The limitation that each Pod had substantially less
computing resources from the proposed level, constrains the way in which we could
assess the elasticity of our system. Despite this, we assessed it through the usage of the
CPU.
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60 MB/s

50 MB/s

40 MB/s

30 MB/s

20 MB/s

10 MB/s

0B/s

12:30 12:40 12:50 13:00 1310 13:20

Kepdldatwo 11. Presentation and Discussion of Experiment Results

cassandra-0
cassandra-1
cassandra-10
cassandra-11
cassandra-12
cassandra-13
cassandra-14
cassandra-2
cassandra-3
cassandra-4
cassandra-5

Rate of Transmitted Packets

4 kpfs

3kpls

2 kpls

Tkp/s

0pls

cassandra-0
cassandra-1
cassandra-10
cassandra-11
cassandra-12
cassandra-13
cassandra-14
cassandra-2
cassandra-3
cassandra-4
cassandra-5

Outgoing Network Activity A'.21, A'.22

Zxnpa 11.10

Awtflopatkn Epyaoia



11.2 Scaling up and down with no workload

10 Read Operations
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10 Write Operations
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We observed, in figures 22, 11.10, 11.11, 11.12, that as we added nodes they received
(exclusively the replica of the data they own) and the preexisting nodes sent them. This
was expected and confirms that the system uses virtual nodes, tokens, in the ring. If
these did not exist then the data rebalancing would be more local. At the same time, from
the reads and writes we observed a more inconsistent behavior which was caused by the

data rebalancing that performs read and write operations on SSTables.

: ntua

Status=Up/Down
|/ State=Normal/Leaving/Joining/Moving
Address Load Tokens Owns (effective) Host ID Rack
.233.74. 1.48 GiB 17.7% 72999a77-d2f8-4788-bede-8f8ae5112e84 rackl
.233. . 751.47 MiB 18.5% 1588345e-fl1fc-40b4-aake-df2764241750 rackl
.233. . 532.27 MiB 20.3% 260f6237-ebae-421b-ae0c-232e0e67e243 rackl

.233.74. 471.68 MiB 21.1% 1bc21661-a2al-42da-b3d7-03e03¢c32938f rackl
.233.97. 1.09 GiB 22.0% 55c95d60-9cce-4256-b469-87f30f72139c rackl

.233.75. 2.04 GiB 16.6% f7c1fabb-eal9-4e8b-8e98-7d7elbal7b00 rackl
.233. . 567.72 MiB 20.2% b9f8913a-9b69-4057-aec5-e88d81f342af rackl
.233. . 2.53 GiB 19.1% 9f95425c-e48d-4f48-b902-98f2a5d9f96b rackl
763.4 MiB 21.0% ba9de8f3-6dd5-4aab-81e8-1370039aba47 rackl
449.16 MiB 21.5% 2962d76f-329b-4fe3-aleb-8af84dced15f rackl
2.71 GiB 20.5% 621b56e5-c788-4958-9ec1-642e80d99544 rackl
718.13 MiB 21.3% 205a5344-c498-41b3-8b2f-fa4s296585b2c rackl
1.22 GiB 17.5% 0d26ec8f-2169-4c78-a689-e9b9b1bf4134 rackl
523.06 MiB 19.9% 0621ec03-dfc4-4849-ad96-bfod9fab33d6 rackl
1.19 GiB 22.9% 0121ae5f-42cc-4e8b-b3a0-da988d1534ad rackl

Yxnpa 11.13: Status for 15 nodes

Datacenter: ntua

Status=Up/Down
|/ State=Normal/Leaving/Joining/Moving

Address Load Tokens Owns (effective) Host ID REY
10.233.71.24 4.36 GiB 32 100.0% 621b56e5-c788-4958-9ec1-642e80d99544 rackl
10.233.75.1 4.48 GiB 32 100.0% f7c1fa0Ob-eal9-4e8b-8e98-7d7e1bal7b00 rackl
10.233.97.160 4.47 GiB 32 100.0% 9f95425c-e48d-4f48-b902-98f2a5d9f96b rackl

xfpa 11.14: Status for 3 nodes

Lastly we observed, in figures 11.13, 11.14, the distribution of data in the largest and
smallest cluster size. The data were distributed evenly (between 16.6% and 22.9%). Load
and data owned are disproportional because some regions of the ring are “hotter” (read
more often), and therefore we had the existence of more SSTables and Commitlogs, which

were caused by the zipfian distribution.

11.3 Elasticity - Scaling up

In this section we present the results of the Elasticity - Scaling up Experiment 10.3.

We run the workload specified in table 10.3. Two execution with different record

count.
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YZxnpa 11.15: Requests A.17 - Replica Count A'. 18

We observed that, in figure 11.15, in both loads the throughput of the system increased

linearly, increasing five fold its throughput as the size of the system five folds, even if the

system had less than the proposed resource levels. This linear increase of throughput

existed regardless of the record count.
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Zxnupa 11.16: IO Reads A'.25, A'.26
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Zxnpa 11.18: Request Split A'.23, A'.24

Additionally, the larger record count filled the Memtables and each node stored them
in the SSTables disk, this was shown by the reads that took place in the second workload,

figure 11.16. The writes were similar for the two workloads, besides the loading of the

data in the second load where we had significantly more records, in figures 11.17, 11.18.
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Zxnpa 11.20: Outgoing Network Activity A.21, A.22

We observed, in figures 11.19, 11.20, 11.17, that during the scaling up of the system

we had leaps in the movement of the network and the writes, as we also observed in the

previous experiment as data were transferred to new nodes they are rebalanced. This

observation was smaller in the fewer record count workload since we were dealing with

substantially fewer elements.

Lastly, we observed, in figure 11.15, that during the scaling up, the throughput of

the system decreased for a limited time. This is a result of the computing resources of

the system which were consumed for the transfer of data, in figures 11.16, 11.17, 11.19,

11.20. The throughput for the large record count workload slightly decreased in the end

of the workload, as there were many reads from disks, in figure 11.16.

11.4 Elasticity - Scaling up with sine wave

In this section we present the results coming from the Elasticity - Scaling up with sine

wave experiment 10.4.
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Zxnpa 11.21: Requests A'.17 - Replica count A'. 18
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CPU

20:30 20:40 20:50 21:00 2110 21:20 21:30 21:40

Yxnpa 11.22: Resource usage A'.29, A'.30, A'.31, A.32, A'.33

We observed, in figure 11.21, that our YCSB extension produced a sine wave. Addi-
tionally, in figure 11.22, that the initial size of the system was not sufficient to handle
the load and was scaling similarly to the previous experiments. During minimum load,
the system scaled down. At the same time, we saw during the third period a decrease
for a moment of the system as the available resources were focused on the transfer and
balancing of the data. The amplitude of the last period can be lower than the nominal,

as YCSB does not have the target to execute as many transactions as in the previous

periods.

Lastly we understood that the system consumed almost always more resources than

cassandra-U
cassandra-1

cassandra-2
cassandra-3
cassandra-4
cassandra-5
cassandra-6
cassandra-7
cassandra-8
cassandra-9
limits

the average utilization from the HPA. Nonetheless, there were isolated scaling downs.

11.5 Elasticity - Scaling down with sine wave

In this section we present the results coming from the Elasticity - Scaling down with

sine wave experiment 10.5.
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xnua 11.23: Requests A'.17 - Replica count A'. 18
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Yxfpa 11.24: Resource usage A.29, A'.30, A.31, A.32, A'.33

We observed, in figure 11.23, that the system scaled down with zero load, but scaled

up when the system had high load. We witnessed an oscillation between 5 and 7 replicas

(not synchronized with the sine wave period), maintaining similar performance. This os-

cillation is caused by the way HPA functions, needing to scale up or scale down depending

on the usage.

It can’t create a hysteresis region where no action is taken (scaling up, scaling down).

We attempted to create 2 HPAs that are related to our system, one for scaling up and one

for scaling down, but this created error, as only one HPA can use an application selector,

in figure 11.25.
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Name:
Namespace:
Labels:
Annotations
CreationTimestamp:
Reference
Metrics:

resource cpu on pods
Min replicas:
Max replicas:
Behavior:

Scale Up:
Stabilization Window: 360 seconds
Select Policy: Max
Policies:

- Type: Pods

Scale Down:
Select Policy:
Policies:

- Type: Percent
StatefulSet pods:
Conditions:

Type

AbleToScale

ScalingActive

Events:

Type

Warning FailedComputeMetricsReplicas

un default/cassandra-hpa-cpu-sine-up]

Warning FailedComputeMetricsReplicas

default/cassandra-hpa-cpu-sine-down]

(as a percentage of request):

Value: 1 Period: 360 seconds

Max

Value: 100 Period: 15 seconds
10 current / 0 desired

Status Reason Message
SucceededGetScale
AmbiguousSelector

Reason Age

the HPA controller

amés (x11 over

cassandra-hpa-cpu-sine-up
default

<none>

<none>

Fri, 14 Feb 2025 15:48:24 +0000
StatefulSet/cassandra

( current / target )

<unknown> / 100%

From

horizontal-pod-autoscaler

horizontal-pod-autoscaler

was able to get the target's current scale
pods by selector app=cassandra are controlled by multiple HPAs: [default/cassandra-hpa-cpu-sine-up default/cassandra-hpa-cpu-sine-down]

Message
pods by selector

ods by selector

app=cassandra are controlled by

app=cassandra are controlled by

multiple HPAs: [default/cassandra-hpa-cpu-sine-do

multiple HPAs: [default/cassandra-hpa-cpu-sine-up

Multiple HPA Error Message

Yxaua 11.25



11.6 Summary of Results

It is to be noted that during the experiments, we reset the virtual machines and
after every such action the system maintained its state, demonstrating the self-healing

capabilities of Kubernetes.

11.6 Summary of Results

With the aforementioned experiments we observed that the behavior of the system
corresponded to the expected results, as those were described in the theoretical part of
this paper. Additionally, we observed the elastic behavior of Apache Cassandra, using
Kubernetes native elements with minor modifications. Despite the limitation of resources
for each Pod, we achieved the expected linear performance. It is to be highlighted that we
used t2.small instead of t2.1arge, the lateral being the proposed for non load environments
[107], [108].
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Epilogue

12.1 Conclusions

At this stage we will summarize the main conclusions we reached with this paper, as
it has been derived from the theory and the experiments.

Kubernates has the ability to automate the deployment and management of the dis-
tributed system Apache Cassandra, without the manual efforts a system like this would
require. Essentially, just by declaring a Storage Class A'.2, a Statefulset A'.6, A7, A'.8,
a number of PVs A'.3, and a service A4 we achieved to set up Apache Cassandra. In
practice, with the definition of the services and some ports we succeeded in setting up
a stable network for the communication of fifteen nodes. We observed the self-healing
capability of Kubernetes during virtual machine resets.

Kubernetes, being a platform agnostic system, allows us to transfer the manifests
in any cloud computing environment, without needing platform specific configurations.
We use tools and extensions that are open source (Prometheus, Metrics-server), which
allowed us to navigate this research process effectively and efficiently, aspects that add
to the ease of use. With minimal code A".9 we implemented dynamic volume provisioning,
which adds to the extendability capabilities of Kubernetes. We realized the limitations in
the operation of HPAs, as it is an inflexible option for very dynamic loads.

A further observation is that despite the limited resources, we set up a system that
can react elastically to load. It scaled horizontally linearly to match the load and was
able to offer the expected performance without faults. This methodology is widely adopted
with microservices architectures, that scale horizontally, moving away from monolithic
systems.

Through the experiments, we observed and comprehended how a distributed comput-
ing system is designed, governed by high availability, partition tolerance, and elasticity.

The fascinating conclusion is that open source technologies allow for each user to

design and implement powerful systems without major modifications.

12.2 Future Considerations

e The repetition of the experiments with more computing resources so that we can

perform a comparative analysis.
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e The examination of different databases, with different guarantees but maintaining
the same infrastructure so that we can compare the behavior and performance

between them.

e The implementation of an autoscaler with more features, hysteresis region, combi-

nation of multiple metrics, and dynamic behavior based on load.

e This study can act as a basis of exploration for further concepts of elastic data

management (elasticity based on dynamic programming, machine learning, etc.) .
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IIapapetpomnoinon TuotnRATOV

ZT0 OUYKEKPIIEVO TIAPAPTNIA apatifevial: ol eVIOAEG, Ta KOPHPATIA KOO1KA, ol ava-
{noeig Kat ot S1apopP@OELS TIOU XP1OIHOIOONKAV yid TV EKTEAEOH TOU MEPAPATIKAG

Aettoupyiag. KdaOe otokeio e€nyeitat oto onpeio mou e§nyeitat oto IIpakuko pépog.

Anroriemor A'.1: Kubespray Installation Commands

cp —rfp inventory/sample inventory/mycluster

declare —a IPS=(10.0.1.102 10.0.1.121 10.0.1.122 10.0.1.128 10.0.1.135 \
10.0.1.136)

CONFIG_FILE=inventory/mycluster/hosts.yaml \
python3 contrib/inventory_builder/inventory.py ${IPS[@]}

sudo ansible—playbook —i inventory/mycluster/hosts.yaml \
—private—key=/home/ubuntu/.ssh/id_rsa —u ubuntu \
—become —become—user=root cluster.yml

Anrorremor A'.2: Storage Class

apiVersion: storage.k8s.io/vl
kind: StorageClass
metadata:
name: local—storage
provisioner: kubernetes.io/no—provisioner
volumeBindingMode: WaitForFirstConsumer
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Anaroriemos A'.3: Persistant Volume

apiVersion: vl
kind: PersistentVolume
metadata:
name: local—pv—2-a
spec:
accessModes:
— ReadWriteOnce
capacity:
storage: HGi
local:
path: /mnt/data/a
nodeAffinity:
required:
nodeSelectorTerms:
— matchExpressions:
— key: kubernetes.io/hostname
operator: In
values:
— node2
persistentVolumeReclaimPolicy: Retain
storageClassName: local—storage

Aaroriemor A'.4: Cassandra Headless Service

apiVersion: vl
kind: Service
metadata:
labels:
app: cassandra
name: cassandra

spec:
clusterIP: None
ports:
— port: 9042
selector:

app: cassandra
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Aaroriemor A'.5: Cassandra Metrics Service

apiVersion: vl
kind: Service
metadata:

name: cassandra—metrics

labels:
app: cassandra
service: metrics

spec:

ports:

— port: 8080
targetPort: metrics
name: metrics

selector:
app: cassandra
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Aaroriemor A'.6: Cassandra Statefulset part 1

apiVersion: apps/vl
kind: StatefulSet
metadata:
name: cassandra
labels:
app: cassandra
spec:
persistentVolumeClaimRetentionPolicy:
whenDeleted: "Retain"
whenScaled: "Delete"
serviceName: cassandra
replicas: 3
selector:
matchLabels:
app: cassandra
template:
metadata:
labels:
app: cassandra
spec:
terminationGracePeriodSeconds: 1800
containers:
— name: cassandra
image: gcr.io/google—samples/cassandra:vl4
imagePullPolicy: Always
ports:
— containerPort: 7000
name: intra-node
— containerPort: 7001
name: tls—intra-mnode
— containerPort: 7199
name: jmx
— containerPort: 9042
name: cql
resources:
limits:
cpu: "1000m"
memory: 2Gi
requests:
cpu: "500m"
memory: 2Gi
securityContext:
capabilities:
add:
— IPC_LOCK
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Aaroriemor A'.7: Cassandra Statefulset part 2

lifecycle:
preStop:
exec:
command :
— /bin/sh
— —C
— "nodetool decommission || nodetool drain”
env:
— name: MAX HEAP SIZE
value: 1024M
— name: HEAP NEWSIZE

value: 256M
— name: CASSANDRA SEEDS
value: —| "cassandra—O0.cassandra.default.svc.cluster.local,

cassandra—1.cassandra. default.svc. cluster.local"
— name: CASSANDRA CLUSTER NAME
value: "thesis"
— name: CASSANDRA DC
value: "ntua"
— name: CASSANDRA RACK
value: "rackl"
— name: POD_IP
valueFrom:
fieldRef:
fieldPath: status.podIP
readinessProbe:
exec:
command :
— /bin/bash
— —C
— /ready—probe.sh
initialDelaySeconds: 60
timeoutSeconds: 60
volumeMounts :
— name: cassandra—data
mountPath: /cassandra_data
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Aaroriemor A'.8: Cassandra Statefulset part 3

— name: cassandra—exporter
image: bitnami/cassandra—exporter:latest
ports:
— containerPort: 8080
name: metrics

resources:
limits:
cpu: "200m"
memory: 256Mi
requests:
cpu: "200m"
memory: 256Mi
env:

— name: JVM_OPTS
value: "-Xmsl28m —Xmx128m"
— name: CONFIG
value: |
hostPort: localhost:7199
ssl: False
lowercaseOutputName: False
lowercaseOutputLabelNames: False
volumeClaimTemplates:

— metadata:
name: cassandra—data
spec:
accessModes: | "ReadWriteOnce" |
storageClassName: local-—storage
resources:
requests:

storage: 5Gi
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Anroriemor A'.9: Python Recycle Script

def monitor_released_pvs(self):
while True:
pvs = self.clients.vl.list_persistent_volume ()
released_pvs = |
pv for pv in pvs.items if pv.status.phase == ’'Released’]
self.recycle_pvs(released_pvs)
time. sleep (30)

def recycle_pvs(self, pvs: List[Any]):
for pv in pvs:
name = pv.metadata.name
path = pv.spec.local.path
node = pv.spec.node_affinity.required.node_selector_terms|
O].match_expressions[0].values[O]
self.delete_pv (name)
self.clean_mnt_directory (node, path)
logger.info (f"Persistent Volume {name} cleaned successfully.")
if pvs:
self .reset_manager. apply_manifests (
"manifests/local—pv—massive.yaml")

def clean_mnt_directory(self, node: str, path: str):
command = f"rm —rf {path}/*"
ssh_command = ["ssh", f"ubuntu@{node}", f"{command}"]
logger . info (
f ’Command for clearing the directory: {" ".join (ssh_command)} ’)
self.reset_manager. try_subprocess (ssh_command)

def delete_pv(self, pv_name: str):
try:
self.clients.vl.delete_persistent_volume (name=pv_name)
logger.info (f"Persistent Volume {pv_name} deleted successfully.")
except client.exceptions.ApiException as e:
logger.error (

f"Exception when deleting Persistent Volume {pv_name}: {e}")
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Anroriemoz A'.10: HPA Constant Scaling

apiVersion: autoscaling/v2
kind: HorizontalPodAutoscaler
metadata:
name: cassandra—hpa—cpu
namespace: default
spec:
scaleTargetRef:
apiVersion: apps/vl
kind: StatefulSet
name: cassandra
minReplicas: 3
maxReplicas: 15
metrics:
— type: Resource
resource:
name: cpu
target:
type: Utilization
averageUtilization: 80

behavior:
scaleUp:
stabilizationWindowSeconds: 600
policies:
— type: Pods
value: 1
periodSeconds: 360
scaleDown :
stabilizationWindowSeconds: 600
policies:
— type: Pods
value: 1

periodSeconds: 360
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Anroriemoz A'.11: HPA Sine Scaling

apiVersion: autoscaling/v2
kind: HorizontalPodAutoscaler
metadata:
name: cassandra—hpa—cpu—sine
namespace: default
spec:
scaleTargetRef:
apiVersion: apps/vl
kind: StatefulSet
name: cassandra
minReplicas: 3
maxReplicas: 15
metrics:
— type: Resource
resource:
name: cpu
target:
type: Utilization
averageUtilization: 80

behavior:
scaleUp:
stabilizationWindowSeconds: 360
policies:
— type: Pods
value: 1
periodSeconds: 360
scaleDown:
stabilizationWindowSeconds: 360
policies:
— type: Pods
value: 1

periodSeconds: 360
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Anroriemor A'.12: HPA Sine Scaling sensitive to scaling down

apiVersion: autoscaling/v2
kind: HorizontalPodAutoscaler
metadata:
name: cassandra—hpa—cpu—sine
namespace: default
spec:
scaleTargetRef:
apiVersion: apps/vl
kind: StatefulSet
name: cassandra
minReplicas: 3
maxReplicas: 15
metrics:
— type: Resource
resource:
name: cpu
target:
type: Utilization
averageUtilization: 90

behavior:
scaleUp:
stabilizationWindowSeconds: 360
policies:
— type: Pods
value: 1
periodSeconds: 360
scaleDown :
stabilizationWindowSeconds: 180
policies:
— type: Pods
value: 1

periodSeconds: 180

Aaroriemor A'.13: Strategy Interface

public interface TargetStrategy {
long calculate ();

}
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Anroriemoz A'.14: Constant Strategy Class

public class ConstantTargetStrategy implements TargetStrategy {
private final ClientThread clientThread;

public ConstantTargetStrategy (ClientThread clientThread) {
this.clientThread = clientThread;

@Override
public long calculate () {
return clientThread.getTargetOpsTickNs ();

}

Anroriemor A'.15: Sine Strategy Class

public class SineTargetStrategy implements TargetStrategy {
private final int period;
private final int baseTarget;
private final int amplitude;
private final long startTime;

public SineTargetStrategy (Properties properties, long startTime) {
this.startTime = startTime;
period = Integer.parselnt(properties.getProperty("period", "60"));
baseTarget = Integer.parselnt(properties.getProperty("baseTarget", "50"));
amplitude = Integer.parselnt(properties.getProperty ("amplitude", "25"));
if (baseTarget <= O || baseTarget — amplitude <= 0) {
throw new IllegalArgumentException (
String.format ("baseTarget %d and amplitude %d will lead to stuck strategy."
baseTarget, amplitude));

@Override

public long calculate () {
long now = System.currentTimeMillis ();
double radians = (2 * Math.PI * now — startTime) / (period * 1_000);
double newTarget = baseTarget + amplitude * Math. sin(radians);
double newTargetPerThreadPerMs = newTarget / 1_000.0;
return (long) (1_000_000 / newTargetPerThreadPerMs);
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Anroriemor A'.16: Strategy Usage

private void throttleNanos (long startTimeNanos) {

//throttle the operations

if (targetOpsPerMs > 0) {
long newTargetOpsTickNs = targetStrategy.calculate ();
// delay until next tick
long deadline = startTimeNanos + opsdone * newTargetOpsTickNs;
sleepUntil (deadline);
measurements. setIntendedStartTimeNs (deadline);

Anaroriemor A'.17: Requests

sum(rate (cassandra_stats {
name=-~
"org:apache:cassandra: metrics: clientrequest:write.x*:latency:count”

}[1m]))

+
sum(rate (cassandra_stats {
name=~
"org:apache:cassandra: metrics:clientrequest:read.*:latency:count"

H1m]))

Anroriemor A'.18: Number of Replicas

sum (kube_pod_status_phase {
phase="Running", pod=~"cassandra—.x*

"

, namespace="default"

}

Anroriemo: A'.19: Receive Bandwidth

sum(irate (container_network_receive_bytes_total{
job="kubelet", metrics_path="/metrics/cadvisor",
pod=~"cassandra—.x*"

}1m])) by (pod)
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Anroriemor A'.20: Rate of Received Packets

sum(rate (container_network_receive_packets_total{
job="kubelet", metrics_path="/metrics/cadvisor",
pod=~"cassandra—.*"

}2m])) by (pod)

Anroriemor A'.21: Transmit Bandwidth

sum(irate (container_network_transmit_bytes_total{
job="kubelet", metrics_path="/metrics/cadvisor",
pod=~"cassandra—.x"

}[1m])) by (pod)

Aaroriemor A'.22: Rate of Trasmitted Packets

sum(rate (container_network_transmit_packets_total{
job="kubelet", metrics_path="/metrics/cadvisor",
pod=~"cassandra—.x*"

}H2m])) by (pod)

Aaroriemor A'.23: Read Requests

sum(rate (cassandra_stats{
name=~
"org:apache:cassandra: metrics:clientrequest:read.*:latency:count"”

H1m]))

Anroriemor A'.24: Write Requests

sum(rate (cassandra_stats {
name=~
"org:apache:cassandra: metrics:clientrequest:write.x*:latency:count”

H1m]))
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Aaroriemor A'.25: IO Read Operations

(sum by(pod) (rate(container_fs_reads_total{
job="kubelet", metrics_path="/metrics/cadvisor",
device=~"(/dev/)?
(mmcblk.p.+ Invme.+ | rbd.+[sd.+1vd.+ | xvd.+ |dm—.+Imd.+ | dasd.+) ",
container!="",
pod=~"cassandra—.x"

H1m])))

Anroriemor A'.26: I0 Read ThroughPut

(sum by(pod) (rate(container_fs_reads_bytes_total{
job="kubelet", metrics_path="/metrics/cadvisor",
device=~"(/dev/)?
(mmcblk.p.+Invme.+ | rbd.+[sd.+1vd.+ | xvd.+ |dm—.+Imd.+ | dasd.+) ",
container!="",
pod=~"cassandra—.x*"

H1m])))

Aaroriemosr A'.27: 10 Write Operations

(sum by(pod) (rate(container_fs_writes_total{
job="kubelet", metrics_path="/metrics/cadvisor",
device=~"(/dev/)?
(mmcblk.p.+Invme.+ | rbd.+[sd.+1vd.+ | xvd.+ |dm—.+Imd.+ | dasd.+) ",
container!="",
pod=~"cassandra—.x*"

H1m])))

Anroriemor A'.28: 10 Write ThroughPut

(sum by(pod) (rate(container_fs_writes_bytes_total{
job="kubelet", metrics_path="/metrics/cadvisor",
device=~"(/dev/)?
(mmcblk.p.+Invme.+ | rbd.+[sd.+1vd.+ | xvd.+ |dm—.+Imd.+ | dasd.+) ",
container!="",
pod=~"cassandra—.x*"

H1m])))
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Aaroriemor A'.29: Memory Usage

sum (container_memory_working_set_bytes{
job="kubelet",
metrics_path="/metrics/cadvisor",
namespace="default",
pod=~"cassandra—.x",
container=~"cassandra"

}) by (pod)

Anroriemor A'.30: Memory Limit

sum(kube_pod_container_resource_limits {
job="kube-state—metrics",
pod="cassandra—0",
resource="memory" ,
container="cassandra"

)

Aaroriemor A'.31: CPU Usage

sum(node_namespace_pod_container:
container_cpu_usage_seconds_total:sum_irate{
pod=~"cassandra.x",

container="cassandra"
}) by (pod)

AarorieMmor A'.32: CPU Limit

sum(kube_pod_container_resource_limits {
job="kube-state—metrics",
pod="cassandra—0",
resource="cpu",
container="cassandra"

1)

Aaroriemor A’.33: HPA Utilization

sum(kube_horizontalpodautoscaler_spec_target_metric{}/100)
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