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Jlumoeka /I.B.
XapKiBCbKHI HallIOHAJIBHUH YHIBEPCUTET palioOeIeKTPOHIKN

IHTETPOBAHA APXITEKTYPA OPKECTPAIIIL
KOHTEMHEPU30BAHUX CEPBICIB
Y MYJIBTUXMAPHO-EDGE CEPEJTOBHAIII

Y cmammi npedocmasneno pesyromamu 00CHiOHCEHHA MA NPOEKMYBAHHS [HME2POBAHOI apXimeKmypu
opKecmpayii KOHMeuHepU306anHUux cepeicia y cepedoguyax, wo NOEOHYIOMs MYTbMUXMAPHI NIam@opmu ma
epanuuni obuucienns. Memoio pobomu € cmeopernts yHihiko8anoi Mooeni KepysanHs Konmetinepamu, 30am-
HOI 3a0e3neuysamu y32000CeHy 63AEMOO0LI0 MIJNC KIACMepamuy PisHUX munie i macumaois. 3anpononosanuil
nioxio NOEOHYE YeHMPAI308aHe YNPABIIHHS PeCypCcamil 3 0eYeHmpalizo8aHumM GUKOHAHHAM Cepsicie Ha nepu-
epitinux npucmposx, wo oae 3moey 00csmu OANAHCY MidiC WUBUOKOOIEI0, HAOTUHICMIO MA eKOHOMIUHICMIO.

Iumeeposana apximexkmypa b6azyemuca Ha sukopucmarnui Kubernetes ax KonmponabHo20 wiapy ma i1e2ko-
sazosux cucmem K3s i Nomad na nepugepii. ¥ pobomi cchopmynvosano yzazanvreny mamemamuiny mooeib
PO3NOOITY HABAHMAIICEHHS, Y AKIU MIHIMIZYEMbCA CepedHili yac 8ionoeioi cucmemu npu OOMedCeHHAX Ha
pecypcu ma eapmicms. [l 00CASHEHHA 2HYUKO20 OANAHCY MIdHC NPOOYKMUBHICINIO Ma 8UMPAMami 686e0eHO
HOPMANI308aHi 842081 KoeqhiyicHmu, o MOXNCYMb 3MIHIOBANMUCS OUHAMIYHO 3A/1E)CHO 8I0 CINAHY CUCmemMu ma
KAHalie 36 3Ky, NOKA3AaHi MUNosi 3uayents Koepiyicumis 6 3anrexcnocmi 6i0 cmpamezii ynpasninus. 3anpo-
NOHOBAHO CMPYKMYPHO-QYHKYIOHANBHY CXEMY apXimexkmypu, wo 8i0o0pasxcae 63aemMoodilo KOHMPOIbHO20
wapy 3 xmapHumu i edge-xkiacmepami.

Excnepumenmanviui 0ocniodcennss nposedeno Ha mecmosomy cmenoi, sikuil noconysas eyziu AWS, Azure,
GCP i nepughepitini npucmpoi 3 K3s. Ompumani pezyiomamu 0emMOHCMPYIONMb CKOPOUEHHS CePeOHbO20 YACY
8i0n06idi 00 35 % i 3Hudcenns suxopucmanms pecypcie 0o 20 % nopisusano 3 6azoeorn kongizypayicio bes
inmeepayii. Po3pobnena moodenv modice 6ymu 8npoeaddicena 6 iHpoOpMayiiHux cucmemax aHaiimuky OaHux,
NPOMUCTIOBOMY [HmMepHemi peuell ma iHmenekmyalbHux micokux naamegopmax. Takum wunom, inmeeposana
apximekxmypa € egeKmueHUM HANpAMOM PO3GUMKY CYUACHUX DPO3NOOLNeHUX [HPOPpMAyitiHux cucmem, SKi
nompeody1omo Macumabo8anocmi, A0anmueHOCMI Ma HU3LKUX 3amMpUMOK 00pOOKU OaHUX.

Knrouosi cnosa: epanuuni o6uucients, MyIbmuxmapHa apximexknypa, opKkecmpayis KoHmetinepie, onmiu-
mizayis pecypcis, po3nodineni cucmemu, iHopmayiini cucmemu, XmMapHi 004ucients, Oalancy8anHs Haeam-
MAXHCEHHSL.
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IloctanoBka mpoOgemn. PoO3BUTOK CydacHHMX
iHpOpMALIfHUX ~ TEXHOJNOTIH  CYMpOBOMKYETHCS
CTPIMKHM 3pOCTaHHsSIM OOCSTIB JAHUX 1 ITiJBHUIICH-
HSIM BHMOT [0 IIBHUIKOAII OOYMCIIIOBAIILHUX CHCTEM.
KracudaHi XMapHi apXiTeKTypH, sIKi TOHEIaBHA BBayKa-
JCS YHIBEpCABHUM PIllIEHHAM JUT MacIiTaboBaHUX
00YHCIIeHb, CHOTOJHI CTHUKAIOThCA 3 OOMEKECHHSIMHU,
MOB’SI3aHUMU 3 3aTPUMKaMM TI€PElaBaHHs JaHHX,
MEPeBaHTAKECHHSAM KaHAIIB 1 BHCOKOI BapTICTIO
yrpuManHs iHppacTpykrypu. [losBa konremnii edge
computing 4acTKOBO BHUIIIMJIA IIi MPoOIeMu, 3a0e3-
MEYMBIIY BUKOHAHHS OOYMCIICHb OMMKYE 710 JKEpe
JIAHUX, aJie BOJHOYAC CTBOPHIIA HOB1 BUKIMKH — HEOO-
XiJJHICTh KEPYBaHHS BEJIMKOIO KiJIBKICTIO PO3MOJiie-
HUX BY3J1iB 1 3a0€311CUeHHS IXHBOI Y3TOIKEHOT POoOOTH
3 XMapHUMH CEPEeIOBUILIAMU.

CyudacHi cepBicH 4acTo (YyHKIIIOHYIOTh y 3MillIa-
HOMY CEpEIOBHIL, 1€ YaCTHHA KOMIIOHEHTIB PO3rop-
HyTa y BEJIMKUX XMapHHUX kinactepax (AWS, Azure,
GCP), a iHma — y nepudepiiHux NpucTposix abo
MIKpocepBicax Ha JJOKAIbHUX By3Jax. Y TaKUX yMOBax
e(eKkTHBHA OpPKECTpaIllis KOHTCHHEPIB CTa€ KIFOUOBHUM
3aBIaHHSAM, OCKUIBKM caMe BOHA BU3HAYAE, A€ U KOJIH
MaroTh OyTH 3aIylieHi KOHKPETHI cepBicH, sK BifOy-
Ba€ThCs OalaHCYBaHHS HABAHTAKEHHS T IKUM YHHOM
3a0e3Meuy€eThesi Oe3MepepBHICT POOOTH CUCTEMHU.

Ilonpu 3HauHWIl Hporpec y PO3BUTKY CHUCTEM
KepyBaHHS KOHTEWHepamW, ICHYIOYi pillleHHI He
3a20e3Me4yI0Th TTOBHOI CYMICHOCTI MiXK MYJIBTHXMap-
HUMU Ta edge-cepenoBuiiamMu. Kubernetes noOpe
MacmTabyeThCsl, IPOTE Mae BHCOKY PECYpCOEMHICTB,
IO YCKJIaJJHIOE HOTO BHKOPUCTAHHS Ha TPHCTPOSIX
3 00OMEXCHUMHU XapaKTepucTuKaMu. HaToMicTh jerko-
BaroBi (ppeitMBopkH, Taki sk K3s abo Nomad, aymnoBo
MPaIOIOTh Y nepudepiiHuX CleHapisx, aie He Mij-
TPUMYIOTh LIEHTPATi30BAHOTO KEpyBaHHS KiJIbKoMa
KJIacTepaMy OTHOYacHO. Y pe3ysbTaTi BUHHKAE (par-
MEHTOBAHICTh 1HPPACTPYKTYpPH: KOXKHE CEpEOBHIIE
(YHKITIOHYe aBTOHOMHO, 0€3 €TMHOTO MeXaHi3My
CUHXPOHI3aIlii Ta CIIUTFHOTO YIIPABIIiHHS MO THKAMH.

L1s po3’eaHaHICTh MPHU3BOAUTH 10 HU3KU MPO-
onem. [To-mepiie, yCKiIaJHIOETHCSI pO3TOPTaHHS cep-
BICIB — KOK€H KJIacTep MmoTpelye BIAaCHUX KOHQITy-
pariii i cuenapiiB oHoBieHHA. [lo-npyre, BiacyTHICTH
€IMHOTO MOHITOPHHTY HE JI03BOJIIE€ OIEPATHBHO
OIIIHIOBATH CTaH yciei cucremu. [lo-tpete, pi3Hi mia-
XOIH A0 OallaHCyBaHHSI HAaBaHTAXXEHHS MK XMaporo
Ta MepuQepier0 CTBOPIOIOTh HAJMIPHE CIOKHBAHHS
pecypciB, 1o Oe3nocepeHbO BIUIMBAE HA EKOHO-
MigHY €(pEKTHBHICTD.

3 NPaKTUYHOTO MOMISAY NPoOJIeMa TAKOX IOJIs-
ra€ y BIJICYTHOCTI YyHIBepCaJIbHOI MOZEIN pPO3IIOo-
Jly HaBaHTaXEHH:, sIKa O OJHOYACHO BPaxoBYyBajia
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TPH BKJIMBI (AaKTOPH: Yac BiJIIOBIJI, JOCTYIHICTb
pecypciB Ta BapTiCTh iX BUKOPHUCTAHHS. TpamurliiiHi
MOJIeJi ONTHMI3allii Opi€HTOBAHI JIMIE HA OIWH i3
LUX KPUTEpiiB, 110 NPU3BOAUTH 10 HEY3TOMKCHUX
pilieHb y riOpuIHOMY CepelOBHIII.

[lle oaHi€0 CYTTEBOK MPOOIEMOI € HecTadya
CTaHIapPTHU30BaHUX MEXaHI3MIB IHTErparii MK pi3-
HOPITHUMH CHUCTEeMaMHu opkectpartii. [lompu HasB-
HicTe uucneHHux APl Ta iHCTpymeHTiB, Hemae
€IMHOTO MIPOTOKONY B3aemonii Mmixk Kubernetes i ser-
koBaroBuMu edge-opkectparopamu. Lle yckiamHroe
MoOYI0BY IUTICHOTO KEPYIOUOro Hiapy, SKuid Mir Ou
MpUIMaTH pIMIEHHS MPO PO3MIMIEHHS KOHTEHHEpiB
Ha OCHOBI y3araJlbHEHOi1 iHQopMaIlii mpo cTaH ycix
KJIACTEepiB.

TakuM YMHOM, aKTyaJbHUM € 3aBIaHHS CTBO-
PEHHSI 1HTErpOBaHOI apXiTEKTypH OpKecTpauii KOH-
TeHHepIB, 110 MOETHYE IICHTPai30BaHe YIIPaBIiHHS,
XapakTepHe UIs XMapHUX TardopM, i3 THYUYKICTIO
Ta OJIM3BKICTIO JI0 KOPUCTYBada, IPUTAMaHHOIO ITePH-
(epiitanM oOuncieHHsM. Taka cucreMa TIOBHHHA
3a0e3reuyBary: YHI(QIKOBaHUH KOHTPOJILHUM MIap
13 MOXJIMBICTIO MOHITOPUHTY Ta KOOpAWHAINI pi3-
HUX KJIACTEePiB; €JIMHUIA HAOIp TONITHK PO3TOPTAaHHS,
MacmTaOyBaHHS Ta OC3MEKH; MiHIMaIbHI 3aTPUMKHU
MIpH B3a€MO/Iii MK KOMITOHEHTaMU; aIalTUBHICTH 710
3MiH HAaBaHTAKCHHS Ta CTAHY MEPEXKi.

[MoOynoBa momiOHOT cucTeMH TOTpeOye Y3ro-
JDKEHHS TEOPETHYHMX MOJEeNeH 13 NPaKTHYHUMH
IHCTpyMEHTaMHU, IO iICHYIOTh y CyYaCHHX €KOCHCTe-
Max DevOps. BoHa mae cimpaTucst Ha MaTeMaTHIHY
(hopmautizaiiiro mMporeciB po3noaily HaBaHTaKEHHS,
sKa JIO3BOJINTH KiNBKICHO OLIHUTH €(EKTHBHICTb
3alpONIOHOBAHMUX PIllleHb 1 3AIMCHUTH TOPIBHSHHS
3 TPAJULIHHUMH ITiJIXO/IaMH.

OTxe, MocTae KOMIUIEKCHA HAyKOBO-TIPAKTHYHA
3a/1a4a — CTBOPEHHS 1HTETPOBAHOI MO OpKecTpa-
1ii KOHTeHHepiB, 10 3a0e31nedye Mpo30pe KepyBaHHS
MYJIBTHXMAapHUMHU Ta edge-KOMIIOHEHTaMH, 03BO-
JISi€ ONITHMI3yBaTH BUKOPHCTAHHS OOYHMCIIOBAILHUX
pecypciB i rapaHTye CTaOUIBHICTH POOOTH CUCTEMHU
32 yMOB MIHJINBUX HaBaHTaKCHb.

AHaJsi3 oCTaHHIX JocJaigxeHb i myOJikamii.
[Ipobnemarnka opkecTpallii KOHTEHHEpIB y pO3-
MOAUICHUX CEPEAOBHUILAX AaKTHBHO PO3IIAJAETHCS
y HayKOBill Ta TEXHIYHIH JIITEpaTypi OCTAHHIX POKIB.
3HauHy yBary MNPHUAUICHO BIOCKOHAJICHHIO CUCTEM
Kubernetes i Docker Swarm, sxi cramu me-hakto
cranmaproM y cdepi kepyBaHHS MiKpocepBicaMu
[1-2]. OgHak OLTBLIICTH POOIT (POKYCYIOTHCS Tepe-
B2)XKHO HA [IEHTPATI30BaHUX XMAPHUX PIIICHHSX, HE
BpPaxOBYIOUM OCOOIMBOCTEH mepudepiifHuX CIieHa-
piiB, 1e 0OMeXeH1 pecypcH i HecTabIbHI 3’ € THAHHS
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noTpeOyIOTh 1HIIUX MiAXOIB 10 PO3IOAITY HaBaHTa-
JKCHHSL.

YV Hu3Mi goCiKeHb [3—4] 3a1poroHOBaHO 3aCTO-
CYBaHHS JIETKOBAaroBUx (ppeiMBOpKiB, Takux sk K3s,
MicroK8s abo Nomad, mist po3roprands KOHTEHHe-
piB Ha edge-npuctposix. Lli pimeHHs 1eMOHCTPYIOTh
e(eKTHBHICTb PU MAIHX 00Csrax 00YHCIICHb, OAHAK
He 3a0e31e4yI0Th [100aIbHOT KOOPAMHALIT MiXK KiJTb-
KOMa Mepu(epiiHUMHU JOMEHAMH Ta HE JI03BOJISIOThH
CHUHXPOHI3yBaTH IOJITUKU KEPYBAaHHS 3 XMapHUMHU
raropmamu. BifcyTHICTH €IMHOTO KOHTPOJIBHOTO
mapy 3yMOBIOE HEOOXIIHICTh PO3pPOONIEHHS iHTE-
TPOBaHUX MOJENEH, 3[JaTHUX Y3rOKyBaTH poOOTYy
reTEepOTreHHUX KIIacTepiB.

OxpeMy rpyIly CTaHOBJIATH JAOCHIKEHHS y cdepi
multi-cloud orchestration [2, 5], y sSKuX po3misma-
IOTHCSl MEXaHI3MH YHi(DiKOBAaHOTO YIPaBIiHHS pecyp-
camH pi3HUX mpoBaiaepiB. Pobotu nporo Hanpsmy
aKUEHTYIOTh YBary Ha NHTaHHIX cymicHocTi API,
OanaHcyBaHHI HaBaHTa)KCHHS Ta PO3IMOJICHHI cep-
BiciB MK xmapamu. [Ipore GimbHIiCTh 3ampoOTOHO-
BaHMUX DIllIEHb PO3pPaxOBaHi Ha BHUCOKOMPOMTYKTHBHI
KJIAaCTepH ¥ HE a/IanToBaHi J0 iHTerpamii 3 nepude-
pifiHuME cucTemMaMu. TakuM YMHOM, 3aIHMIIAETHCS
BIIKPUTUM TIMTAHHS Y3TOMKEHHS IBOX MapajirM —
MYyJIBTHXMapHOCTI Ta edge computing.

Cepen cydacHUX MiAXOIB, OJMU3BKUX JO PO3IIISI-
JTyBaHOT TEMH, MOKHA BiI3HAYUTH POOOTH 3 TIOOYA0BU
federated Kubernetes clusters, sxi mnepembaudaroTh
CTBOPEHHS LIEHTPaJi30BaHOTO KOHTpOJIepa ISl KiJib-
KOX BiJijajieHuXx kiactepiB [6]. Xoua Taki pilIeHHs
MiIBHIIYIOTh KEPOBAHICTh 1HPPACTPYKTYPH, BOHH
HE BPaxOBYIOTh CTIENH(IKy TMHAMITHOTO PO3MIOALTY
00YrCIIeHp MK IIEHTPAIBHOI XMapor Ta mnepude-
piero. Kpim Toro, OumbIIicTe Mojielieli He MatOTh aHa-
JITUYHOTO anapary, siIK|id 103BOJIsIB OU KiJIbKICHO OLi-
HUTH €(PEKTUBHICTh IHTETPOBAHOI CUCTEMHU.

[IpoBenenuii anasi3 MoKa3ye, M0 HASBHI I IXOIH
OXOILTIOIOTh OKPEMi acCHeKTH TPOOJIeMH — XMapHY
abo mepudepiiiHy opkecrtpaiiito, — ane He (hopmy-
I0Th €AMHOTO YHiBepcasbHOro pimeHHs. Came ToMy
nocrae norpeda y po3poOJieHHI IHTErPOBAHOI apXi-
TEKTYpH, sKa 00’ €Hy€E NEHTPai30BaHe yIpaBIiHHS
MYJIBTHXMAapHUMHU  KJIACTEPaMU 3  JIETKOBATOBOIO
opkecTpamiero Ha mnepudepii, 3ade3medUyrodn MpU
poMy (hopMati3oBaHy MOJENb OIliHIOBaHHS e(dek-
THBHOCTI [7].

HocranoBka 3aBmanns. [IpoBejcHuii aHami3
CydJacHHMX NyOJiKaIlili 3acBiUMB HAsSBHICTh CYTTE-
BOTO PO3PHUBY MIXK JTBOMA TIiIXOAaMH J0 OpKEeCTparlii
KOHTCHHEPHU30BaHUX CEPBICIB: IIEHTPaTI30BAaHUMH
CHUCTEMaMU KepyBaHHs, SIKi JOMIHYIOTH Yy XMapHHUX
CepeloBHILAX, Ta JACUCHTPaTi30BaHUMH MOJIECIISIMH,

0 BUKOPHCTOBYIOThCS Ha mepudepii. Y Mexax
MYJBTUXMApHUX  IHPPACTPYKTYp  BHUPIMIATLHUM
€ TMTaHHS 1HTerpauii LuX OBOX MapagurM y €AuHY
KEPOBaHy CUCTEMY.

[Ipobnema, sika cTOiTH Tepen IOCIiAKECHHSM,
OJISITa€ Y CTBOPEHHI IHTEPOBAHOT MOJIEIIl OpKecTpa-
i KOHTEHHEPIB, 31aTHOT 3a0€e3MMeUNTH CIiNIbHE (PYHK-
IIOHYBaHHS XMapHUX 1 edge-KOMIIOHEHTIB TIPH MiHi-
MaJIbHUX BHUTpaTax 4acy Ta pecypciB. Taka mozmenb
MOBMHHA YHI(iKyBaTu NpOLECH PO3TOPTAaHHS, MOHi-
TOPHMHTY Ta MaclITa0yBaHHs, 30epiralouu Npu LEOMY
THYYKICTh 1 aBTOHOMHICTb JIOKaJIbHUX BY3IIiB.

BpaxoBytoun 11e, OCHOBHY METYy JOCIiPKEHHS
c(hopMyITbOBaHO Tak: PO3POOUTH y3araabHEHY apXi-
TEKTypy OpKecTpauii KOHTCHHEpU30BaHUX CEPBICiB,
IO TOEHYE MYJIbTUXMapHi Ta nepudepiiiHi odunc-
JICHHS. B €JIMHIA KepoBaHid Mojeli, 3a0e3nedyroun
aIaNTHBHUI PO3MNO/IiJ HABAHTKEHHS 1 BUCOKY e(eK-
TUBHICTh BUKOPUCTAHHS PECYPCIB.

Buxkaan ocHOBHOro MarepiaJy. 3anporoHOBaHA
IHTerpOBaHa apXiTEKTypa OpKecTparlii KOHTeHHEepiB
IPYHTY€ThCS Ha i€l MOoe€AHaHHS LEHTPaIi30BaHOTO
KepyBaHHS, BJIACTUBOTO XMapHUM Imardopmam, i3
JICTICHTPATI30BAaHUM BUKOHAHHSM, XapaKTEPHUM JIJIsI
neprdepiiiHuX 06UYMCIIeHb. [i KOHIEMIis Ionsrae
B TOMY, IIIO YCi BY3JIM, HE3aJeXKHO BiJ iX (Di3HUHOTO
po3sTarryBaHHsl 200 pecypcHOi MOTYKHOCTI, yTBOPIO-
I0Th €IMHY JIOTiYHY iH(pacTpyKTypy 3 yHidikoBa-
HUMH TIOJIITUKAMU KePYyBaHHs, MOHITOPHHTY 1 MacIl-
TaOyBaHHS.

Ha BepmmHi apXiTEeKTypH PO3MIIIICHO KOHTPOIh-
HUH 11ap, nodynoBanuii Ha ocHOBI Kubernetes, sikwuii
BIJNOBIZAa€ 3a PO3MOILI HABAaHTAXEHHS, CHHXPOHi-
3allil0 CTaHiB 1 3aCTOCYBaHHA MOJITHK Oe3neku. J{o
HOro cKkjaxy BXOISATH TPU KITFOUOBI KOMITOHEHTH:
Policy Manager, o Bu3Haua€ mpaBuia po3MIIIeHHS
KoHTelHepiB; Monitoring Module, skuii BigcTexye
CTaH BY3JIB 1 TeJeMeTpHYHI OoKa3HUKH; Ta Decision
Engine, mo ¢opmye piteHHs 11010 MacmTadyBaHHs
1l IepeHeceHHsI CepBiCiB.

Ha cepennbomy piBHI po3ramioBaHi XMapHi Kiac-
Tepu pizHUX mpoBaiiaepiB (AWS, Azure, GCP),
00’emHani yepe3 enuuuii APl. KoxkeH 3 HUX QyHK-
LIOHY€ SIK aBTOHOMHHMH OOYHMCIIOBAJbHHUN JIOMEH,
ajie MiAMOPSIKOBY€EThCSI CIIUIBHUM TIOJIITHKAM Kepy-
BaHHSA. HwkHIA piBeHb YTBOPIOIOTH mepHudepiiiHi
BY37H 3 opkecTparopamu K3s i Nomad, siki 3a0e3rre-
YYIOTb JIOKaJIbHE BUKOHAHHSI KOHTEHHEPIB y ONU3b-
KocTi 10 pkepen aanux — loT-npuctpoiB, cencopis,
KaMep CIIOCTEPEKEHHS TOILO.

B3aemogist Mixk piBHSIMH ONUCYETHCS MHOYKHHOFO
3B’s3kiB P:L,—(L,UL,), ne L, — MHOXHUHA XMapHHUX
ximactepiB (Cloud layer), L, — MHOXHHA Tepude-
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piinux xnactepiB (Edge layer), L, — ueHTpanbHuii
KoHTponbHHU 1map (Management layer), @ — Bino-
OpaskeHHs, sIKe 3a7ia€ 3B’ sI3KK MiXk piBHsIMH. Lle Bimo-
OpakeHHS BU3HAYA€ HANPSIMKH TIepelaBaHHs JIAHHX,
CUTHAJIIB KepyBaHHA Ta iHPOpMaIlii MOHITOPUHTY.

Ha ¢yHKImiOHaNEHOMY piBHI cHcTeMa po3IIisijia-
€TBCS SIK CYKYIHICTh HOTOKIB 3aIllUTIB 1 Kepylounx
BIUIMBIB. [10TiK KOPHCTYBAILKUX 3aMUTIB MO3HAYUMO
O(t), sKui PO3MOAISIETHCS MIXK JIBOMa JJOMECHAMH —
xMapHUM (A(2)) Ta TpaniyHuM (/,(t)) BIIIOBITHO 10O
TTOJTITUKY KepyBaHHS:

Q) =A)+4(1), 054, ()=0(1).

CriBBiJHOIIEHHST MK HUMH PETYIIOETHCS AUHA-
MiYHUM KoedimieHToM Py (2)€[0,1]:

Ac®)=01)Po(t),Ae()=0(1)-(1=P(1).

TakuM YMHOM, CCTEMa MOXE 3MIHIOBATH YacTKY
0OUHCIeHb, 0 BUKOHYIOTBCS B XMapi abo Ha mepu-
Gepii, y pexumi peaibHOTO Yacy 3ajeKHO BiJl [I0TOY-
HOTO HaBaHTAXEHHS, MJOCTYNMHOCTI pEecypciB Uun
BapTOCTI 1X BHUKOPHWCTAHHS. 3arajbHa IiJIb pOOOTH
cucteMu (QOpMaTi3yeThCs K 3afada MiHiMi3arii
CYMapHOT0 4acy BiAINOBiJi 3 ypaxyBaHHSIM BapTOCTi
o0uucIeHb

Ac(gi/rlle(t)aTc(/lc(t) +BT (A (1) +7C (A,
& 6 A (1)+ A3(0)=Q(&)

0= A (1) A (1)<Q(t)

Tyt 1, T, — cepenHiii 4ac BiMOBiI XMapHOTO Ta
edge-piBHiB, C, — BUTpaTH Ha BUKOPHCTAHHS XMap-
HUX PecypciB, a,f,y — BaroBi KoeQillieHTH, 110 BiJ0-
OpaxkaroTh MPIOPUTET MIBUAKOMII, CTaOLIBLHOCTI Ta
BapTocCTi. 1 mpakTu4aHOI peanizaiii MOAeIb BHKO-
PUCTOBYE aIanTUBHUHN MiAXiT 1O BU3HAYEHHS Baro-
BUX Koe(imieHTiB. Ha OCHOBI JaHWX MOHITOPHHTY
cucTeMa MepioJMYHO OHOBIIOE IXHI 3HAYEHHS, 3Mi-
HIOIOUH TIPIOPUTETH MK HIBUIKOIIEI0 Ta BapTIiCTIO.
3HaueHHs BaroBUX KOE(II[IEHTIB y TUIIYHUX CIICHA-
pisgx poOOTH CUCTEMH HABEICHO y TaO. 1.

[HTerpoBana Mozenb JO3BOJISIE pealizyBaTH aaal-
TUBHE OalaHCYBaHHS MK XMapHUMHU U TPAaHUYHUMHU
pecypcamu, MiHIMI3YIOUM 3aTPUMKY Ta IiIBUIIYIOYH
cTabuIbHICTh cucTeMd. Ha BimMiHy BiA iCHYIOYHX
TiIXOAIB, 3alIPOMIOHOBAHE PIIIEHHS TOEIHYE aHAai-
THYHY (opMaTi3allifo MpoIeciB PO3MOAUTY 3 TpaK-
THYHUMH MeXaHi3MaM# OpKecTparlii, Mo poOuTh
HOro MpUAATHUM SIK JJISl aKaJeMiuHUX J0CHiHKEHb,
TaK 1 sl IPOMHUCIIOBOTO BIIPOBA/KCHHS Y PO3MOIi-
JeHnX iHPOpPMaIifHUX cUcTeMax.

Excnepumenmanvui - 00CHiod#ceHHs ma  pe3yilb-
mamu. [y mepeBipku e(heKTUBHOCTI 3aIPOTIOHOBAHOT
IHTETPOBaHO1 apXiTEKTypH OyJIO ITPOBEICHO CEPit0 eKC-
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MEPUMEHTIB, CIIPSIMOBAHUX Ha OLIHKY il MPOAYKTHB-
HOCTI, MacIITaboBaHOCTI Ta EKOHOMIYHOI AOIIILHOCTI
B TIOPIBHIHHI 3 0a30BUMH ImiIxomamMu. ExcriepuMenT
BUKOHYBAJIMCSI B YMOBaX, MAKCUMaJIbHO HaOJIMKECHUX
70 peanbHUX CLEHapiiB BUKOPUCTAHHS MYJIbTHXMap-
HUX 1 nepudepiiinux cucrem [8].

TectoBe cepenoBuIIe BKIIOYAIO TPU XMAPHI Kiac-
Tepu — AWS, Azure Ta Google Cloud Platform — mo
JIBa BY3JTH KO)KHOTO THITY, a TaKOX TpU Tepudepiitai
npucTpoi Ha 6a3i RaspberryPi5 3 opkectparopom K3s.
VYei knactepu KOOpAWHYBAJIHCS LEHTPATbHUM KOHTP-
onbHUM mmapoM Kubernetes, sikuii peatizyBaB MOmyii
Policy Manager, Monitoring Ta Decision Engine.

Kosken By30:1 00CITyTOBYBaB KOHTCHHEPHU30BAHMIA
MikpocepBic REST-tumy, sixuii reHepyBaB i 00poOIIsiB
3aIUTH KOpHUCTyBauiB. s BUMiproBaHb BHKOpPHC-
TOBYBAJIOCS HaBaHTa)XEHHs y niana3oHi Big 100 mo
1000 3anwuTiB 3a cekyHy (rps). st mopiBHAHHS O11i-
HIOBAJIMCS J1Ba peXUMH: Base — He3asexHi Kiactepu
0e3 inTerpaiiii; Proposed — cuctema 3 nieHTpaizopa-
HUM KOHTPOJBHHM IIAPOM Ta afallTHBHAM PO3IOJIi-
JIOM HaBaHTAXKCHHSI.

VYei  eKCHepUMEHTH NPOBOIMINCS — MPOTAIOM
10-XBUTMHHNUX 1HTEPBANIB MPH CTAOLTBHOMY Mepe-
KEBOMY KaHajl 3 CepelHbOI0 3aTpuMKoio 25-30 mc
MiX PIBHAMH.

OCHOBHHM KpHUTEpieM e(PEeKTHBHOCTI Oy10 00paHO
cepenHiii gac BigmoBizi (Response Time), mmo xapak-
TepHu3y€e MIBUAKOMIIO Bciel cuctemu. Pesymprarn
HaBe/IeHO y Tal. 2.

Sk moKazajau BUMIpIOBaHHS, IHTErpOBaHa MOJEIb
MPOIEMOHCTPYBaJIa CTA0UTbHE 3HM)KEHHS 3aTPUMOK
y BCIX TecTOBUX clieHapisx. [Ipm manomy HaBaH-
Ta)XeHHI pi3HUI craHoBmwia Omm3pko 10 %, mpote
3 HOTO 3POCTAHHSM IIepeBara iHTerpOBaHOTO ITiIXOIY
craBasia Ourbm momitHo. [Ipm 1000 3ammrax 3a
CEKyHJly CEepelHIl 4ac BiJIMOBi/i B 3alpOIIOHOBaHIH
apxiTekTypi OyB MeHIIMM Ha 35 % MopiBHSIHO 3 6a30-
BOIO CUCTEMOIO.

Take moKpameHHsI TOACHIOETHCS IMHAMIYHIM
OanaHCyBaHHSIM HABAaHTAXKCHHS: CHCTEMa aBTOMa-
TUYHO CHPSMOBYBaja 4YacTHUHY 3amuTiB a0 edge-
BY3JIiB, KOJIM 3aTpUMKa y XMapHHUX KiacTepax mepe-
BumryBana mopir. OTxke, edexkT aocsaraBcs He 3a
paxyHOK 30UTbIICHHS! OOYHMCIIOBAILHUX TOTYKHOC-
TeH, a 3aBIJKM ONTHUMI3allii MapIIpyTH3AIlii 3aInTiB.

BukopucraHHs €QMHOTO KOHTPOJIBHOTO Iapy
TaKOX JO3BOJIMJIO AMHAMIYHO BUBOAUTH BY3JH 3 €KC-
Iuyaramii mig gac MpOCTOIO CEpBiCiB, TUM CaMHUM
3MEHIIYIOYH BUTPATH Ha 1HYPACTPYKTYpPY B MYJBTH-
XMapHOMY CEpPEOBHIIIL.

VY 6azoBiii cucteMi cepernHe Bukopuctanas CPU
cranoBmio moHax 80 %, Tomi SK y 3amporioHOBa-
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Tabmuus 1
3HayeHHsI BArOBUX Koe(ilieHTIB A TUNIYHUX cLieHAPiiB
- . a (Cloud p (Edge .
Cuenapiii XapakTepucTHKA 3aa4i response) response) v (Cost) Hpiopurer
Interactive analytics [IBuaxicTh Ta CTaOLIBHICT 0.45 0.45 0.1 MiHimi3awist 3aTpUMKI
10T / Smart City 3naia yactiia 00podiu 0.3 0.6 0.1 | Peaxrusmicts edge-pisns
Ha nepudepii
Big Data JloBroTpHBaLli NPOLECH, BAKITHE 0.3 0.2 0.5 Ontimisawis Baprocri
€KOHOMIYHICTh
Video-, audio- [otpebye MiHIMANBEHOT 3aTPUMKH [epebinpmeHns
. 0.25 0.65 0.1 .
streaming Ha edge edge-anaisy
Multi-cloud bananc MPOAYKTHBHOCTL 1 0.4 0.4 0.2 30anaHcoBaHe KepyBaHHS
BapTOCTI
Tabmurs 2 BucHoBkHn. Y cTarTi 3ampONOHOBAHO IHTETPO-

Cepenaniii yac BinnoBini cucremu

InTeHCHBHICTH 3anMUTIB 100 | 300 | 500 | 700 | 1000
(rps)
Base (mc) 83 | 144 | 214 | 279 | 362
Proposed (mc) 75 115 | 162 | 193 | 241
3MeHIeHHs, % 9.8 [20.0 (244 |31.2]349

Hill apxiTekTypi — nume O6au3bko 65 %. BomgHouac
KUIBKICTh aKTHBHHUX BY3JIiB CKOPOTHJIACS 3 ILECTH
JI0 9OTHPHOX 0e€3 ToripmeHHs mpoxayKTUBHOCTI. Lle
CBITYUTH MPO paIlioHaNbHINIEe BUKOPUCTAHHS 00UHC-
JIOBAJIBHUX PECypCiB 1 MEHILE €HeproCIOoKUBaHHS,
IO € KPUTUYHO BAXJIMBUM JJIsI PO3MOAIIICHUX CHUC-
TEM, OPIEHTOBAHUX Ha CTaIly poOOTY.

Oco0nuBy yBary MOpUAIICHO 3JATHOCTI CHCTEMHU
ABTOMaTHYHO pearyBaTH Ha 3MiHM HABaHTaKCHHSI.
YV 11b0My eKCTIepUMEHTI IHTEHCHBHICTD 3aIIUTIB 3pOC-
Taja yTpU4i HPOTATOM II'SITM XBWJIMH, HIiCISL 4Oro
pi3k0 crHajgasia A0 TOYaTKOBOTO piBHs. Y 0a30Bii
CUCTEMI KIJIbKICTh PEIUTiK 3aJIMIIANacs CTAJIOK, TOJI
SK y 3arpornoHoBaHiil apxitektypi Decision Engine
aBTOMATHYHO 301TbITyBaB 200 3MEHIITYBaB KUTBKICTh
AKTHBHUX €K3eMIULIPIB cepBicy. Takum ynMHOM, cuc-
TeMa MiATpUMYyBaida CTaOUIbHUI piBEHb NPOIYK-
TUBHOCTI, HE JIOITyCKAlOUM MEPEBAHTAKCHHS BY3JIiB
1 BTparu 3aruTiB.

BaHy MOJIEJIb OpKecTpallii KOHTEHHEPIB, sIKa MOEAHYE
MYJIBTHXMapHi Ta nepudepiiini oOUMCIeHHS B €1U-
Hill KepoBaHil apxiTekTypi. Mozaenb 0a3yeTbcsi Ha
LEHTPaIi30BAHOMY KOHTposibHOMY miapi Kubernetes
1 merkoBaroBux (peirimBopkax K3s Tta Nomad, mo
3a0e3IeuyIoTh THYYKE PO3TOPTaHHS CepBiCiB O
okepen ganux. @opmainbHe TOJAHHS MPOLECiB Po3-
MOJIy HaBaHTaKEHHS a0 3MOTY MiHIMi3yBaTH
CyMapHHII 4Yac BiJIOBiZl 3 ypaxyBaHHSM BapTOCTi
BHKOPUCTAHHS PECYPCIB 1 3aTPUMOK MIX PIBHSMH.

Pe3ynbrati  €KCIIEpUMEHTIB  MMATBEPAMIIN, IO
IHTeTpOBaHa apXiTeKTypa 3HIKY€E Cepe/Hil Jac Bij-
noBizi Ha 30-35 % Ta nokpaiye eh)eKTHBHICTH BUKO-
puctanHs pecypciB 10 20 % MOpiBHSIHO 3 0a30BUMH
KOH(QiryparisiMu. BripoBajykeHHsI aJaliTHBHUX Baro-
BHUX KOCQIIIEHTIB JO3BOJIUIIO PEaTi3yBaTH MEXaHi3M
CaMOHAJIAIITYBaHHS, IO IMiJBUIIYE CTAaOUIbHICTh
1 IPOJyKTHBHICTh CUCTEMH TIPH 3MiHHOMY HaBaHTa-
KCHHI.

[Momanpuri JOCHiPKEHHS JOIIBHO CHPSIMYyBaTH
Ha PO3BUTOK IHTEIEKTYAIbHUX METOMIB MPOTHO3Y-
BaHHsI HaBaHTa)KCHHS, aBTOMATHYHY 3MiHY IOJITHK
pO3MillleHHs] KOHTEHHepiB 1 BUKOPHCTAHHS TEXHO-
JIOTi MalIMHHOTO HABYAHHS IS TiIBUIICHHS edek-
TUBHOCTI MPUHUHATTS PillIEHb Yy MYJIbTUXMapHO-edge
CepeIOBUIIAX.
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ARCHITECTURE FOR ORCHESTRATATION OF CONTAINERIZED SERVICES
IN MULTI-CLOUD-EDGE ENVIRONMENT

The article presents the results of the research and design of an integrated architecture for orchestrating
containerized services in environments that combine multi-cloud platforms and edge computing. The aim of the
work is to create a unified container management model capable of ensuring coordinated interaction between
clusters of different types and scales. The proposed approach combines centralized resource management
with decentralized execution of services on peripheral devices, which allows achieving a balance between
speed, reliability and cost-effectiveness. The integrated architecture is based on the use of Kubernetes as a
control layer and lightweight K3s and Nomad systems on the periphery. The paper formulates a generalized
mathematical model of load distribution, which minimizes the average system response time under resource and
cost constraints. To achieve a flexible balance between performance and costs, normalized weight coefficients
are introduced that can change dynamically depending on the state of the system and communication channels;
typical values of the coefficients are shown depending on the management strategy. A structural and functional
architecture diagram is proposed, reflecting the interaction of the control layer with cloud and edge clusters.

Experimental studies were conducted on a test bench that combined AWS, Azure, GCP nodes and peripheral
devices with K3s. The results obtained demonstrate a reduction in average response time of up to 35% and a
reduction in resource utilization of up to 20% compared to the basic configuration without integration. The
developed model can be implemented in data analytics information systems, industrial Internet of Things and
smart city platforms. Thus, integrated architecture is an effective direction for the development of distributed
information systems that require scalability, adaptability and low data processing latency.

Key words: edge computing, multi-cloud architecture, container orchestration, resource optimization,
distributed systems, information systems, cloud computing, load balancing.
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