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MOJIEJIb CHIJIBHOI'O JUHAMIYHOTI'O PO3BAHTAXKEHHS XMAPHOI
APXITEKTYPU 3 BAJIAHCYBAHHSIM PIBHIB

Anomayisn. OcmarHivu pokamu 05l BUPTUEHHS 3a0ayi 00POONIeHHS 8elUK020 00CsA2y 3anumis
3 HU3LKOIO 3AMPUMKOI0 HAYKOBYAMU 3ANPONOHOBAHO GEIUKA KIIbKICMb Ni0X00i8 0Jisi ompu-
MAHHA XAPAKMepucmuK XMapHoi apxXimekmypu, wo MO*CYMb SUKOPUCIOBY8AMU NPUHYUNU
nobyoosu cucmemu.

Y pobomi pozensioaemovca mosciugicms cmeopents 2iOpUOHOI cucmemil, KA y C8OEMY CKAAOI
MA€ MUNOBY CUCMeEM) SPAHUYHUX, MYMAHHUX MA XMAPHUX 00YUCTIeHb O 00CNI0NCEHHs Nul-
MAaHHS ONMUMI3aYii HABAHMAJICEHHSA 3a PAXYHOK Nepepo3nooiy Yacmutu 3a80aHb MIidC Npu-
cmpoamu Ha pieusax. Hasedeno onuc mooeni, aKa nOEOHYE NPUHYUNU NPOEKMYBAHHS 2PAHUY-
HUX, MYMAHHUX Ma XMapHux obuuciens. [na nepegipku onucy nooyoo8aHoi mooeni 8UKopuc-
MaHa Mooelb 3 00MeNCeHol KLIbKICmio npucmpois y ceoemy ckiaoi. Ilposedeno amanis
OMPUMAHUX OAHUX NPO 38 30K MINC cCmMpameziero ma QYyHKYIE0 mpaekmopii Ha8anmariceHHs
XMapuoi cucmemu.

Knrouosi cnosa: mamemamuuna moodenv, cucmema XMapHux o6yuciensb, nocii008HiCms Npo-

L]€Ci6, 6a]laHC)/661HHﬂ HA6aHmMAadsiCerHA.

ITocTanoBka npodiaemu

AKTHBHE BUKOPHUCTaHHS XMapHUX CHUCTEM PI3HUX THIIIB Ta apXiTEKTypH B MPUKIIATHUX
3ajadax Ta OTPUMAaHHS BEJIMKOI KIJIBKOCTI JJAHUX Ha peajbHUX €KCIIEPUMEHTaX BiJIKPUBA€E HO-
Bl HanpsIMHM JOCJI/DKEHHS MiHIMI3allii Ta MPOTHO3YBaHHS HaBaHTa)K€HHs, BUOOPY cTpaterii
IIBUJIKOTO PO3BaHTAXXEHHSI CHCTEMH, 110 (POPMYE TOCTaTHHO BEJIMKY KUIBKICTH iH(OpMariii-
HUX TEXHOJIOTiM JJIi MOHITOPUHTY, YIPAaBIIHHA Ta aJanTalii pecypciB XMapHOIO CEepBICYy Y
PEKUMIi peaslbHOTO Yacy.
Ta)XEHHS Ha eTall MPOEKTYBaHHS 3 BUKOPUCTAaHHAM HasBHUX PECYpCIB Ta iX XapaKTEpHUCTHK,
110 BUMArae aHajizy CTPyKTYpPH XMapHOTO CEepBiCy Ta BUOOpY iCHYIOUMX iH(pOpMaliiHuX Te-
XHOJIOT1H.

AHaJi3 0CTaHHIX J0CTiIKeHb i myOJikanii

OctaHH1 JOCTIIKEHHS, K1 OB’ s3aHi 3 XMapHUMU CHUCTEMaMHM, IPOMOHYIOTh Mapajaur-
MU OOYHMCIIEHB I BUPILICHHS BEIMKOro 0OCATY 3aBJaHb PI3HOTO TUITYy 3 MiHIMAJIbHOIO 3a-
TPUMKOIO. 3alpOIIOHOBaH1 MapajurMU MOXKYTh BUKOPUCTOBYBATU PECYPCH, IPUCTPOI, BY3IIH
Ta KJIACTEPU XMApHOTO LIEHTPY. AJle OCHOBHHUM 3aBJIaHHSIM CTBOPEHHS TaKUX MapagurM € BU-
pimeHHs: mpo0ieMn PO3BaHTAKEHHSI CUCTEMH XMapHUX OOYHMCIIEHb MPH BUKOPUCTAHHI KOM-
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OiHamii iICHYIOUMX Ta HOBHX HiAxofiB. Hampuxian, mpu JOCTIIKEHHI XMAapHOI apXiTeKTYypH,
sIKa 3aIpOIIOHOBaHA Y BUTIISAL 1€papXivyHOi CHCTEMHU TpaHUYHOTO TyMaHy [ 1], 3armponoHoBaHo
3BEpHYTH yBary Ha 3MIIIEHHS MK PIBHSMHU CHCTEMH BIATIOBIAHO 0 TOJIEPAHTHOCTI KOPUCTY-
Baya J0 3aTpUMKHU. Y OaraThbox poOoTax HAYKOBIIB MPHUALICHA yBara 3ajaadi BUKOPUCTAaHHS
METOIB MAIIMHHOTO HaBYaHHS JJIs BUPILMICHHS MPOOJIEM PpO3BAHTAKEHHS OOYMCIIEHb Ta
yIpaBIiHHA MOOUTBHICTIO XMAapHOi CUCTEMH Ha Pi3HUX PIiBHAX ii apXiTEKTypH. AKTyaJIbHUM
HaNpsSMOM PO3BUTKY XMapHHUX OOYHCIICHb € BUPIMICHHS MPOoOJeMH MPOTHO3YBaHHS HaBaHTa-
KEHHs (IPOAKTHBHA ONTHUMIi3allisl) 3 BOYJAOBYBAHHSM B CHUCTEMY IHTEIEKTYyaJbHUX arcHTIB
JUI. MOHITOPHHTY, YIPABIiHHS Ta aJanTamii pecypciB XMapHOTO CEpBICY PEXUMI peabHOTO
qacy, sSKi B3aEMOJIIOTh MiXK COO0I0 Ta IICHTPATHPHIUMH OPKECTPATOPaMU JJIsi aBTOHOMHOTO Ma-
citabyBaHHS Ta CaMOBITHOBIICHHsSI cucTemu [2]. st mocmimKeHHs OLTbIN CKIIATHOI CTPYK-
TYypU CUCTEMH XMapHHUX OOYHCIICHb BUKOPUCTaHA i/1es aBTopa podotu [3] momo 3ampornoHo-
BaHOI CcTparterii JMHAMIYHOTO CHUIBHOTO PO3BAaHTAKEHHS XMApPHHUX I'PAaHUYHUX MPHUCTPOIB 3
ypaxyBaHHIM OalaHCYBaHHS HABaHTa)KEHHS.
Merta nocaiizKeHHs

MeToro JOCHIPKEHHSI € PO3IIIsA] CTparerii JUHaMiYHOTO CIUTBHOTO PO3BaHTa)KEHHS
XMapHHUX MPUCTPOIB 3 ypaxyBaHHSIM OanaHCyBaHHS HABAaHTAXKCHHS Ha IPAaHUYHUX CEepBEpax
Ta OayaHCyBaHHS ITiIKIIOYEHHS Ha TYMaHHUX BY3JIax JUIs OaraToOpiBHEBOI CTPYKTYpPH CHCTe-
MU XMapHUX o0uncieHb. [[poBeieHHs eKCIIEpUMEHTIB Ta aHaJli3 OTPUMAHUX PE3yJIbTATIB.

BukiiageHHs1 0CHOBHOIO MaTepiaJry 10C/IiKeHHA

ABTopoM poOoTH [3] mpeAcTaBieHO apXITEKTYpHE PIILIEHHS XMapHOI CUCTEMHU 3 PIBHS-
MU KiHIeBuXx npuctpoiB (DL), rpannunux cepsepiB (EL) Ta xmapnoro nentpy (CL). B 3a-
MIPOIIOHOBAHOMY JIOCTII>)KE€HH1 10/1aHo piBeHb TymaHy (FL) ans HabnukeHHs: MOJiel CUCTEMU
XMapHUX 00YHMCIEeHb 0 peanbHoi. TUnoBuil poGounii mporec cuCTeMUu XMapHUX OOUYHCIIEHb
(dbopMyeThes 3 AEKUIBKOX €TaliB: KOPUCTYBadl CTBOPIOIOTH 3aBJaHHsI, KIHIIEBI IPUCTPOI pIBHS
DL po3noauisitoTs OTpUMaHi 3aBAaHHs Ha IpaHU4HI cepBepu piBHs EL depes ocHOBHY mepe-
Ky M1JT KEpyBaHHSAM CXeMH po3BaHTaxkeHHs piBHSA DL, rpannyHi cepBepu po3MIlLyIOTh OTpH-
MaH1 3aBJIaHHA Yy 4ep3l, Ha KOKHOMY I'PaHUYHOMY CEpBEpl YaCTHMHA 3aBJlaHb OOpPOOIIOETHCS
JIOKAJIbHO, a 1HIIIA YaCTHHA MOYKE MEPEHOCUTHUCS Ha 1HIII TPaHUYHI CEpPBEpH JJIA OalaHCyBaH-
HSl HaBaHTa)XeHHs Ha piBHI EL; mapanenbHO 3aBIaHHS MOXXYTH NEPEHANPABISITHCS 33 Paxy-
HOK pOOOTH CXeMH KepyBaHHS 110]10 BUOOPY MaplIpyTHU3aTOpiB MiAKIIOUeHHs piBHA FL; yac-
THHA 3aBJaHb piBHA FL Moxke OyTH Takox mepeHarpaBiieHa 3a paxyHOK POOOTH XMapHOTO
LEHTPY Ul BIJAAJEHOi JOIIOMOTH MiJl KEpyBaHHSAM CXEMH PO3BAaHTaKEHHS XMapH, Micis 00-
poOsIeHHs 3aBJaHHs HaJIXOATh Ha KIHLEBI IPUCTPOI 10 KOPUCTYBaUiB 3 TPAHUYHUX CEPBEPIB,
TYMaHHUX BY3J1iB 200 3 XMapHOTO IEHTPY.

MatemaruyHe GopMyJIIOBaHHS 3a/1a4i.

Posrnsinemo riGpunHy cuctemy, sika BKIIIOYAEe B ceOe TUIIOBY CUCTEMY T'PaHUYHHX, TY-
MaHHHX Ta XMapHUX OOYMCIEHBb JJIA JOCTIKEHHS TMUTAHHS ONTHUMI3allii HaBaHTAXEHHS 3a
pPaxyHOK MEPEHECEHHS YaCTHHH 3aB/IaHb 3 TPAHUYHHUX CEPBEPIB 0 MAPIIPYTHU3aTOPa T IKITIO-
YeHHS, a 3 TYMaHHUX BY3JiB JI0 XMapHOTO IeHTpy. YacTuHa 1i€i CUCTEMU MPU BKIIOYCHHI
MEePIIOro Ta OCTAHHBOTO PIBHIB 3 apXITEKTYpH (TPaHUYHHKA Ta XMapHHI) TPEICTABIISIE COOOI0
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CEE, mo 3a0e3nedye mOCIyrd 3 HHU3BKOK 3aTPUMKOIO I KiHIICBUX KOPUCTYBadiB uepe3
rpaHuuHi cepepu [3].

PosrisiHeMo cucteMy XMapHUX 00YHCIIEHb, Y CKIaai skoi € N KiHIIeBUX KOPHUCTYBAiB,

ES rpannuynux ceppepiB Ta FR mapmipyruzaTopiB HaBaHTakeHHs. Hexail MHOKMHA KiHIIEBHX

kopucrysauis U = {uy, Uy, ..., Uy}, MHOKHMHA rpaHn4HUX cepBepiB S = {S1, Sy, ..., Sps},
MHOKMHA TyMaHHMX By3JiB (Mapiupyrtusatopis migkmouenns) R = {r;, 7y, ..,7gg}. B
Oynb-sikuit Moment yacy t € [0, T| wBnaKicTs BUKOHAHHS 3aBJaHb KiHIIEBUMH PHUCTPOSIMA

u; pisast DC no3nauumo sik Ums‘k(t} HIBUJIKICTh BUKOHAHHS 3aBIaHb TPAHUYHUMU CEpBe-

task

pamMu Sj piBHH EC mo3naunmo sk U (t) Ta I_HBI/II[KICTL BUKOHAHHS 3aBAdaHb TYMaHHUMU

By3iamu 73, piBust FC nosnauumo sk v ms"{(t} [IBUAKICTE XMApHOTO LEHTPY IIO3HAYUMO SIK
1, LASK : .

Vg1 (t). YacTka 3aBiams, siki € BuBaHTaXeHHME y MoMmeHT wacy t € [0, T] 3 kinmesoro
MPUCTPOIO U; Ha TPAHHYHUI CepBep S;, 3 TPAHMYHOTO CEpBePY Sj HAa TYMAHHUH BY30I T3 Ta
3 TyMAaHHOTO BY3Iy [0 XMapHOIO LEHTPY IO3HAYMMO BiINOBiZIHO x (t) x (t) Ta
xEE (1), oyuxuis x(t) = {x;(t)}yxpr w11 t € [0, T] € crpareriero po3anTaeHHs
pisaie DC, EC ta FC. HaBanTtaxeHHs (ZOBXHHA YePry 3aBlaHb) TPaHHYHHX CEPBEPIB S; Ta

. EC FC . .
TYMaHHHX BY3JIiB 1 mosHayeHo sk g~ (1) ta g~ (t) sinnosinno. HasantaxenHs xmapHo-

ro LEHTPY MO3HAYMMO (PYHKIII€IO qbal(t}. [TpocniakyBaTu 3a TPAeKTOPI€I0 HABAHTAKEHHS
MO’KHa 3a JOMOMOT0I0 QPyHKIII{
Balance (t) = {q1“ (£), ..., a5 (©),q1 “ (£), .., qrg (8,47 (D)}

[Ticns HagXomKeHHs 3aBAaHb /10 Yepr IPUCTPOIB BUKOHYETHCS YACTKOBE iX JIOKAJbHE
00poOsieHHsT a0o0 TepeHeceHHs Ha IHII MPUCTPOi 3a JOMOMOTOK CXEM pPO3BaHTAXKEH-

HS/TIJKITIOYEHHS 3 MOJalbIIMM BUBAHTAXEHHSIM Ha HACTYMHI piBHI. BU3HAUMMO MIBUIKOCTI

IIEPEHECEHHS BJIACHUX 3aBIaHb 3 S, Ha IHIMN S, JUI1 KOHTPOJIIO OalaHCyBaHHS HAaBaHTa-
(n m, QIGUEI(f},t}
Crparterito po3BaHTaKE€HHSI XMapy BU3HAYa€ MHOKHUHA

y(t) = (O, {i—?mk(t}x;ff(t}} te[0;T]

MareMaTHYHUN BUPAa3 CTPATETI PO3BAHTAXKEHHS CUCTEMHU

xeHHs piBHS EC uepes QpyHKiio frever

Posrnsuemo Ha6ip ynkmiit X(t) Ta y(t), siKi € cTpareriasMu po3BaHTaKEHHs PiBHIB

cucremu (y Bu3HaueHoMmy mpukiaai, e piBHi DC, EC ta FC) ta XmapHOro piBHA s

t € [0; T]. MuosxuHna crpareriii pO3BaHTaXEHHS CUCTEMU MOKe OYTH TIpe/ICTaBICHA SIK:
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D = {(x,y): x € RNXES X RESXFR,yERFﬁl

ES FR
x1;(t) € [0; 1], %3, (t) € [0; 1],23553(1:) —1, Z Rep) =1,
=1 k=1

V() €E0; V00 i=1,...,N,j=1,..,ES,k=1,..,FR,t €[0;T]}
PosrnsiHeMo MOXXIMBICTH 301IbIICHHS/3MEHIIICHHS] HaBaHTaXXeHHs Ha piBeHb DC, ske

TIOB’3aH0 3 3MiHaMM KiIbKOCTi 3anutiB Bix kopuctyada AR;(t) = R;(t + At) — R;(t)

npoTsAroM intepsany wacy [t; t + At].

JlocaipKeHHs 3B 3Ky MIXK cTparericro Ta ¢yHKINT TPAEKTOPIEI0 HABAHTAKEHHS

Hapani BBaskaeMo, 10 KOXKHUN 00’ €KT MOOYI0BAHOT CXEMHU CHCTEMH Ma€ 4epry 3aBJaHb
HECKIHYCHOI TOBXUHU (0€3 MpiOpUTETIB).

HapanTaxxenns pisust CC B MoMeHT vacy t + At nopiBHio€:

qP(t + At) =
FR
_ qbal(t} + ‘&tz ( C(t)) L?m'gk(t)ng(t} ﬂt5( bal(t)) ask(t}
k=1

Hapantaxenns pieHiB FC ta EC B MoMmeHT yacy t + Af 3anekuTh Bif HIBHIKOCTI BH-

KOHAHHS/OMPAIIOBAHHS 3aBJIaHb MPUCTPOSIMU PIBHIB, YACTKH BUBAaHTaKEHUX 3aBIaHb 3 MPHU-
CTpOIB PiBHIB, IIBUJIKOCTEN MEpEHECEHHS 3aBJaHb MK MPUCTPOSMM Ha piBHI (OajmaHCyBaH-

H$1), HAIBHOCTI Y€PTHU Ta 11 IOBXKHUHH.

TpaekTopis HaBauTaxeHHs ¢ynkuii Balance (t) 3anexuTs Bix MHOXKHHM cTpaTeriit
pO3BaHTaXEHHSA f-D(x, y) JTUHAMIYHOT CUCTEMU:
q"*(t) = Qo, t €[0,T]
(@R (t+ At) — g () /1At k= 1,2,...,FR,t € [0,T]
(qF(t+At)—qf“ (1) /At,j=12,..,ES, t €[0,T]

BucHoBku

VY pe3ynbTati JOCTIIKEHHS OTPUMAHO MOJIEIb €BOJIOLIT HaBaHTa)KEHHs 0araTopiBHEBOT
CHCTEMH JIJIsl aHaJIi3y BILUTUBY OOpaHUX CTpaTeriil JUist BUPIIEHHS 3a7a4yi po3BaHTaKEHHsI PiB-
HiB CHCTE€MH. 3alporIOHOBAHO MOJIENIb OAraTOpiBHEBOI CUCTEMH, KA MOEIHY€E MPUHIIUITN MTPO-
€KTYBAaHHS TPAHUYHMUX, TYMaHHUX Ta XMapHUX OOYMCIIEHb, B SKIi MpHU MEpPEeBaHTAKEHOCTI
MIPUCTPOIB HA PIBHIAX CHCTEMH YacTHHA 3aB/IaHb MOXe OYTH YaCTKOBO MEpepOo3No/IisieHa.

Hanani MoxHa po3risiHyTH TiOpUAHY CHCTEMY, sKa BKJIIOYAE B ceOe THUIOBY CHCTEMY
IpaHUYHUX, TYMAaHHUX Ta XMapHUX OOYUCIIEHb JJIs JOCIIIKEHHS TUTaHHs ONTUMI3allii HaBa-
HTaKEHHs 32 PaXyHOK MEPEHECEHHs] YaCTUHU 3aBJaHb 3 TPAHUYHUX CEPBEPIB Ta 3 TyMaHHHUX
BY3JIIB OJ[pa3y /10 XMapHOTO LEHTPY a0 3 TPAaHUYHHUX CEpBEPiB, TYMAHHHUX BY3J]iB, XMapHOTO
LEHTPY A0 LEHTPY KOHTPOJIO HABAaHTAKEHHS.
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A model of joint dynamic offloading of cloud architecture
with load balancing of layers

Analysis of recent studies and publications. Recent research related to cloud systems of-
fers computing paradigms for solving a large number of tasks of various types with minimal
latency. The proposed paradigms can use resources, devices, nodes and clusters of the cloud
center. But the main task of creating such paradigms is to solve the problem of offloading the
cloud computing system using a combination of existing and new approaches. For example,
when studying the cloud architecture, which is proposed in the form of a hierarchical bound-
ary fog system [1], it is proposed to pay attention to the shift between the levels of the system
according to the user's tolerance for latency. Many works of scientists have paid attention to
the problem of using machine learning methods to solve the problems of offloading calcula-
tions and managing the mobility of the cloud system at different levels of its architecture. The
current direction of cloud computing development is to solve the problem of load forecasting
(proactive optimization) with the integration of intelligent agents into the system for monitor-
ing, managing and adapting cloud service resources in real time, which interact with each
other and central orchestrators for autonomous scaling and self-healing of the system [2].

To study a more complex structure of the cloud computing system, the author's idea of
the work [3] was used regarding the proposed strategy of dynamic joint unloading of cloud
edge devices taking into account load balancing.

Purpose of research. The purpose of the study is to consider a strategy for dynamic
joint offloading of cloud devices, taking into account load balancing on edge servers and
connection balancing on fog nodes for a multi-tier structure of a cloud computing system.
Conducting experiments and analyzing the results.
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Presentation of the main research material. The author of the work [3] presented an ar-
chitectural solution of a cloud system with the levels of end devices (DL), edge servers (EL)
and cloud center (CL). In the proposed study, a fog level (FL) was added to approximate the
model of the cloud computing system to the real one. A typical workflow of a cloud computing
system is formed from several stages: users create tasks, end devices of the DL level distribute
the received tasks to edge servers of the EL level through the main network under the control
of the DL level offloading scheme, edge servers place the received tasks in a queue, on each
edge server part of the tasks is processed locally, and the other part can be transferred to
other edge servers for load balancing at the EL level; in parallel, tasks can be redirected due
to the operation of the control scheme for selecting connection routers of the FL level; Part of
the FL level tasks can also be redirected through the work of the cloud center for remote as-
sistance under the control of the cloud offload scheme, after processing the tasks are deliv-
ered to the end devices to users from edge servers, fog nodes or from the cloud center.

Conclusions. As a result of the study, a model of the evolution of the load of a multi-tier
system was obtained to analyze the impact of the selected strategies for solving the problem of
unloading the system levels. A model of a multi-tier system was proposed that combines the
principles of edge, fog and cloud computing design, in which, when devices at the system lev-
els are overloaded, part of the tasks can be partially redistributed.

In the future, a hybrid system can be considered that includes a typical edge, fog and
cloud computing system to study the issue of load optimization by transferring part of the
tasks from edge servers and fog nodes directly to the cloud center or from edge servers, fog
nodes, cloud center to the load control center.

Keywords: mathematical model, cloud computing system, process sequence, load bal-
ancing.
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