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EBONIOLUIMHUA METOA NMOLWYKOBOI ONTUMI3ALII HA OCHOBI PO YACTOK
TA MOAENOBAHHA WWTYYHUX IMYHHUX CUCTEM

BanpornoHoeaHo Memod onmumidauii HernepepsHuUx yHKUIi 6azambox 3MIHHUX, SIKUU 8mifoe nidxodu Memo-
dig poro Yyacmok ma MoOesio8aHHs WmMy4HOI iMyHHOT cucmemu. [TposedeHo O0CIOKEHHSI 3 MEMOK 8U3HAYEHHS
onmumMarbHUX HanawmyeaHb ansopummy, Wo peanisye 3anpornoHosaHuli Memod. [TokasaHo, Wo 3anpornoHosaHull
memod moxe 6ymu 3acmocosaHull ik cknadoea iHgpopmayitiHoT mexHonogaii cyrnposody nidmpuMKU yrpasniHCbKuX
pileHb ma po3e’sa3aHHs 3aday onmumi3ayii mexHoI02iYHUX poyecie y MemarypeailiHoMy 8upobHUUMmei.

Memoto po6omu € po3pobka opueiHanbHO20 2i6pudHo20 Memody aiobanbHol onmumisauii Ha 0cHoei Memody
wmyyHoi iMyHHOI cucmemu ma memody POk YacmUHOK, a Makox (hopMyro8aHHs1 pekomeHOauyit wodo Hanawmy-
gaHHs1 lio2o napamempig. 3anpornoHo8aHul Memod Mae nPUCKoOpUMU MPUUHAMMS pilueHb Npu KepyeaHHi MexHo-
Jio2iqHUMU fipoyecamu y MmemarypailiHoMy eupobHuUumei ma niégeuuwjumu ix mo4yHicms.

Memodosnozisa 3abe3neyeHHs pilieHHs nonseac y noedHaHHi OCHOBHUX MOWYKOBUX ornepamopie e8omoyiiHuX
mMemodie onmumisauii Ha OCHO8i PO HacmoK i MOGermoeaHHs WMyYHOI iMyHHOI cucmemu ntoduHuU. Bukopucmo-
syrombcsi mpaduuiltiHi 0551 polioBoe0 MOWYKY KPOKU 3 rOWwyKy PilueHHs1 ma obMiHy iHghopmauiero npo 3HalideHi
JioKanbHi onmumymu. Takul nowyk A0noBHIEMbCS MPUHUUNOM 3Ma2allbHOCMI, 3aro3u4eHUM y Memodi wmy4yHoi
iMyHHOI cucmemu, 05151 4020 ronyrsauis nodinaemscsi Ha MeHLWi poi abo nowykosi KomaHOU. Takox 3anpornoHO8aHi
KPpOKU KOHMPOJIO pisHOMaHimms 6 poi ma padiycy po3scitogaHHs yacmok. OcmaHHe 00380s1si€ supiluyeamu 3adadi
5K 6e3yMO8HOI, makK i yMO8HOI onmumisaujii y HerepepeHoOMy npocmopi 8UCOKOI PO3MIPHOCTI.

Haykoea Hoeu3Ha ompumaHux y pobomi pesynbmamie ronseac 8 ¢hopMyn8aHHi HOB020 €80IOUILIHO20
mMemody onmumisauyii 8 HernepepsHOMy MPOCMOpPIi Ha OCHOB8I PolioB020 iIHMeNeKmy, kUl Ha 8iOMiHy 8i0 8idoMux
paHiwe potiogux mMemodie 8UKOPUCMOBYE MPUHUUI 3Ma2aHHs1 Mid2pyrn por ma ornepamop CMUCHEHHS nonynsuil,
eracmueux memody MOOEeN8aHHsI WMyYHUX iIMyHHUX cucmeM. EMMipuyHO 8cmaHoerneHHi napamempu mMemody,
wo susHavaroms (io20 eghekmuaHicms.

BucHoeku. 3acmocysaHHs 3arporoHo08aHO20 €80rMouiliHo20 Memody nowykKogoi onmumisauii 0o MiHiMi3a-
yii mecmosux yHKUil y HerepepsHOMy rpocmopi po3mipHicmio 0o 20 rokasarsno lioeo ehekmusHicmb y nopie-
HSIHHI 3 8idoMuMU paHiwe. B nodanbwomy akmyanbHUM 6a4umbCs 3aCmocy8aHHs1 8UKTa0eHo20 anzopummy 05s
p0o38’sa3aHHs 3aday ornmumi3auii mexHoI02ivHUX npoyecie y memarypaitiHoMmy eupobHuymei. 3okpema, daHuli aneo-
pumm ebadyaembcs echekmusHUM O 3adad WuxmyeaHHsI, onmumi3auii sukopucmarHs ¢hepocrnasie y nueapHomy
8UPOBHUUMSI, @ MaKoX NpuU MPO2HO3y8aHHI MexaHIYHUX enacmugocmel 20moeoi MpodyKuji.

Knro4oei crioea: egontoyiliHull Memod, onmumisauisi, WmyyHi iMyHHi cucmemu, potiogull iHmernekm, rnomnynsuyis,
CMUCHEHHS], MEXHOJI02IS.
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THE EVOLUTIONARY METHOD BASED ON PARTICLE SWARM OPTIMIZATION
AND ARTIFICIAL IMMUNE SYSTEMS MODELLING

An optimization method, which embodies the approaches of particle swarm methods and artificial immune system
modeling, for a random multidimensional continuous function is proposed. Research was conducted to determine
the optimal settings of the algorithm that implements the proposed method. The proposed method can be applied
as a component of information technology to support management decisions and solve technological processes
optimizing problems in metallurgical production.

The purpose of the work is to develop an original hybrid method of global optimization based on the artificial
immune system method and the particle swarm method, as well as to formulate recommendations for setting
its parameters. The proposed algorithm should speed up decision-making in the management of technological
processes of metallurgical production and increase their accuracy.

The methodology of providing a solution consists in the combination of basic search operators of evolutionary
optimization methods based on the particle swarms and the human artificial immune system modeling. Traditional
swarm search steps of finding a solution and exchanging information about found local optima are used. The
search method is supplemented by the principle of competition, borrowed from the method of the artificial immune
system, for which the population is divided into smaller swarms or search teams. Steps to control the diversity in
the swarm and the patrticle scattering radius are also proposed. This hybridization allows solving both unconditional
and conditional optimization problems in a continuous high-dimensional space.

The scientific novelty of the results obtained in the work is that a new evolutionary optimization method in
a continuous space based on swarm intelligence is proposed. This method, in contrast to the previously known swarm
optimization methods, uses the principle of swarm subgroup competition and the population compression operator,
which are characteristic of the method of modeling artificial immune systems. Also, the parameters of the method
that maximize its effectiveness are empirically determined.

Conclusions. The application of the proposed evolutionary search optimization method to the minimization of test
functions in a continuous space with up to 20 dimensions showed its effectiveness in comparison with previously known
ones. The application of the described algorithm for solving the optimization problems of technological processes in
metallurgical production is considered relevant in further. This method is considered effective for smelting charging
task, for using of ferroalloys in foundry production optimization, as well as for predicting the mechanical properties
of finished melting products.

Key words: evolutionary method, optimization, artificial immune systems, swarm intelligence, population,
compression, technology.

AKTyanbHicTb npo6nemu. IHdopMaLiiHa Tex-
HOMOTis CyNnPOBOAY iHTENEKTyanbHOI NiATPUMKM NPo-
LieciB NPUIAHATTSA pilleHb B 6aratoeTanHomy npokar-
HOMY BMPOOHWLTBI nNepenbavae BUPILLEHHS Linoro
psay 3adad BiQHOCHO OKPEMMX TEXHOSOMYHMX MpPo-
LeciB, B TOMY 4uCni 3agay NporHo3yBaHHS, ONTUMI-
3avuii, popmyBaHHA pekomeHaalin Ta BigHOBNEHHSA
MaTeMaTUYHUX 3anexHOCTen. 3HayHa YacTuHa LmX
3ajad, 30Kpema ONnTMMI3auis LUMXTYBaHHS, ONTW-
Mi3aLis BMKOpuUCTaHHS dhepocnnasiB Ta nobyaosa
ONTMMAasribHUX Mogenen NPOrHO3yBaHHA MeXaHiYHMX
BMacTMBOCTEN roTOBOI NPoAyKLii MaloTb GaraTtokpu-
TepianbHWiA Ta GaraToekcTpemarbHUI XapakTep.

[na po3B’sisaHHA Takmx TUMIB 3agadv B cknagi
KOMMJIEKCHOMO NPOrpamHoro 3abesneyeHHs cynpo-

BOAY NIOTPUMKMA MPUNHATTA pilleHb Ha BUPOOHM-
LTBi COpPTOBOro MNpokaTy HeobXiaHO BUKOPUCTO-
BYBaTM HafiiHUM meTon, Skui O6u 3abe3nevyBaB
NOBTOPHOBAHWI MOLLYK EKCTPEMYMY 3a rapaHTOBa-
HUI Yac.

AHani3 ocTaHHiX gocnigXeHb i nyonikauin.
MopibHa 3agaya BUPILLYETLCA B AIMCHOMY MpoO-
CTOpi Ma€ BenuKy KinbkicTb obMexeHb (borylies-
cbkuii, 2010) Ta MOoxe posrnggatuca sk barato-
KputepianbHa, e pa3oM 3 KpPUTEPIEM MiHIMyMY
cobiBapToCTi roTOBOI CTani MOXYTb BXMBaTUCSA
ogpasy kinbka TexHomoriyHux (Kenpak, 2010).
[nsa BUpiLIEeHHA Takoro knacy 3agayv TakoX iCHy-
I0Tb SIK TOYHi MeToAn, TaK i HabnuKeHi YncenbHi
metoam (Levitin, 2012). Cepea TOYHWUX MeTOAIB
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BMpILLEHHS JaHOro kracy 3agad Hambinbll BXu-
BaHi MeTooM MHOXHMKIB JlarpaHxa Ta meTtogwm,
3acHoBaHi Ha noxigHux (MoHyapeHko, 2010)

3acTtocyBaHHS TOYHUX MeETOAIB B Mexax
iHbOpMaUINHOI TEXHONOoril, WO Ppo3rnsagaceTbCes,
obmexeHe pecypcamu 4Yacy i NpuMpogok camoi
3agadi. Aopke npy uinoyncernbHOCTI pagy 3MiH-
HUX PO3B’sI3aHHA 3agadi onTuMmisauii 6e3 ii Bpaxy-
BaHHA MOXe MpPMBECTW OO0 pe3ynbraTiB, Janekux
Big ontmumymy (Kangak, 2005). BogHoyac ans
3aCTOCYBaHHA TOYHUX METOAIB HEOOXiAHO nMpuBe-
OEHHA 3agadi 40 OQHOKpUTepianbHOI, WO B CBOO
Yyepry nepenbayvae nonepenHe BUPILLEHHST 3adad
Ha MOLWYK MiHIMYMY i MaKCUMyMy 3a KOXXHUM Kpu-
TEepieEM i BMKOHAHHA 3ropTkW, LLO HEnpunycTumo
36inbwye cknagHictb 3agadi (CeprieHko, 2001).
BiaTtak, anga po3B'a3aHHA 3agadi HeniHinHoi Gara-
TOBUMIPHOI YMOBHOI ONTUMi3aLii Hagani NponoHy-
€TbCS BUKOPUCTOBYBATM €BOSIOLLiIiHI BaraToareHTHi
meToan, Garato 3 akux po3rnsHyTi B (CyG0O0TiH,
2009), 30Kkpema reHeTUYHUA anropuTM Ta €BOrto-
LivHa cTpareris.

Cepepn BENMKOro Knacy eBOSoLiNHNX YNCNOBUX
METOAiB ONTUMI3aLUii 40 PO3B’sA3aHHA PO3rNAHYTUX
3aga4y Moxe OyTn 3acTOCOBaHMI METOA MoAento-
BaHHsA Bignany (aHrn. Simulated annealing, SA)
(Das, 2005), sk ogHakoBo Aobpe nokasye cebe
npw po3B’si3aHHi i 6e3nepepBHMX 3a4ay HENIHIAHOI
onTuUMi3auil Ta BoAHOYAC NpWU PO3B’A3aHHI KOM-
OiHaTopHUX 3agadvi — sk OBIMKOBMX, Tak i 3agay
Ha nepecTaHoBKax. IHWKMM edeKTUBHUM MEeTO-
AOM onTumisadii 4nsa gikcHoro NpocTopy € MeTos
poto 4actok (aHrn. Particle Smarm Optimization,
PSO) (Bratton, 2007), edbekT1BHMI NpY BUPILLEHHI
baratoectpemManbHux 3agad. OpgHak, Ui metoam
nepepbayatote rnobanbHy 6Ge3yMOBHY ONTUMI-
3auito i JoBoni CKNagHWn MexaHi3m BpaxyBaHHSA
oOMexXeHb, a TaKoX MatoTb 3HAYHY KiNbKiCTb napa-
METpIB, O MalTb BCTAHOBMOBATUCL EMMIPUYHO
i AyXe CyTTEBO BMNMBAOTb HA €(EKTMBHICTb
nowyky piweHHs (Karafotis, 2015).

3okpema B MeTogi PSO y KOXXHOMO NoLlyKoBOro
areHTa € A04aTKOBa XapakTepuCTMKa: KpiM Koop-
AVHaTK X (t) SK MOTOYHOrO PO3B'A3KY B MOMEHT
yacy t, NOLWYKOBMWI areHT Mae BEKTOp LUBUAOKOCTI
V (t) SK HanpAMOK ManbyTHLOTO NepeMiLLEHHs Ha
HaCTYMNHin iTepauii. HoBa Touka (pileHHa 3agadi)
3HaxXoAATbCA K nonepedHs 3 AodaBaHHAM Bek-
TOpa LWBWAKOCTI:

X(t+1)=X(t)+V(t). (1)

Mpy LbOMY BBaXXaeTbCA, LLLO KOXKEH MOLLUYKOBUI
areHT 3Hae:

— CBOI MOTOYHE TMONOXEHHs Ta 3HA4YeHHS
LinboBoi (PyHKUii B LLOMY MONOXEHHI: X(t),

F(X(0);

— Hankpalle 3 piweHb, 3HangeHnX HAM 3a Yac
nowyky: X,, F(X,);

— HaKKpalle pilleHHs1, 3HangeHe BCiM POEM 3a
uac nowyky: X,, F(X,).

CyTb anroputMmy nonsirae B ToMy, OO Ha KOX-
HOMY KpoLli t A5 KOKHOIo enemMeHTy poto i =1...n
otpumatn V, (t):

Vi(t) =a-V(t=1)+b- (X, (£)-X, (1)) +e- (X, ()-X,(1), (2)

Je a,b,c —TakK 3BaHi coLianbHO-KOrHITUBHI JOBi-
puyi koedilieHTn (MOXYTb 3MiHIOBATUCA B NPOLECI
poboTn anroputMy, Npy LbOMY a BignoBigae 3a
30epexeHHs pyxy i Ha3MBaeTbCs cneuianisalieto,
b BignoBigae 3a foBipy cobi 1 3BeTbCA HOCTarsb-
riel, a ¢ HasMBaeTbCA POMOBOKD Mopanmo i Bia-
NnoBigae 3a CXWIbHICTb IHOMBIOIB OOBIPATM OOWH
OLHOMY.

OTpumaHe 3a (2) 3Ha4YeHHd LWBUAKOCTI JO3BO-
nse KOXXHOMY MOLUYKOBOMY areHTy 34iMACHIoBaTH
nepexig 3a (1).

Metog PSO 4yacTto 3actocoByeTbCHA B cknagi
aBTOMATUYHUX Ta aBTOMATM30BaAHUX BUPOOHMYUMX
CUCTEM B SIKOCTi METOLY MOLUYKY EKCTPEMYMY MEB-
HUX QYHKLiA Yepe3 NOoro eeKTUBHICTb Y MOLLYKY
rnobanbHOro onTMMymy B GaraToBMMipHOMY Ail-
CHOMY MpOCTOpi Ta BIOHOCHY MpPOCTOTY. TakoX
METOA 4YacTO 3aCTOCOBYETbCHA Yy SKOCTi ©6a30BOro
npu nobynosi baraTbox ridpmamsadin.

[HWKA BenuMKMA  Knac iTepauiiHnX MeToAiB
YncenbHOI oNTUMI3aLii, WO MalTb Ha3By LUTYYHI
iMmyHHi cuctemun (WIC) BukopuctoBye imiTadito
BNaCTUBOCTI MPUPOAHOI iIMYHHOT CUCTEMMU i 3aCHO-
BaHi Ha NpuHUMnax comatu4dHoil Teopii (Lucinska,
2009) Ta wmepexesoi rinotesn (Rowan, 1990).
ComaTtnyHa Teopis cTBepaKye, Wo 36inbleHHSs
Pi3HOMaHITHOCTI aHTUTIN BigOyBaeTLCS 3a paxyHOK
coMaTtu4HOI pekombiHauii i myTauii reHis. B pam-
Kax MepexeBoi rinotean obrpyHTOBYETbLCA MNpW-
NYLEHHS, 3rigHO 3 AKUM KOHTPOSb PO3MHOXEHHS
KITOHIB 34iNCHIOETLCA B pe3yrnbraTi B3BaEMHOIO po3-
ni3HaBaHHA aHTUTIN, WO YHKUIOHYIOTb SK €4MHa
mepexa (Lucinska, 2009; Bernardino, 2009).

KnacnyHum anroputMm ontMmisauii, ocHoBaHWi
Ha MOAENBaHHI iIMyHHOT CUCTEMW MOAMHMU, CNn-
paEeTbCa Ha TpaauLUiHI eBOSIOLINHI onepaTopu:

— TleHepauis BMnNagkoBuUx pilleHb B obnacTi
MOLLIYKY;

— OuiHKa NpMCTOCOBAHOCTI 3a LiNbOBOK (OyHK-
Lieto, sika nepeabavae ypaxyBaHHSA 0OMEXeEHb;

— KnoHyBaHHA Kpawmux NpeacTaBHUKIB MOKO-
NiHHA B KINbKOCTI NPOMOpPLUINHIN NPUCTOCOBAHOCTI;

— BwunagkoBa myTauisi KNOHIB 3BOPOTHO MNpoO-
nopuinHa NpMCTOCOBaHOCTI;

— OHoBReHHa nonynsauii Ha OCHOBI NPUCTO-
COBaHOCTI 3 JOMOBHEHHAM BUMNAAKOBMMU OCOOU-
Hamu;
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— CTnckaHHa nonynsauii 3 ypaxyBaHHsAM Heob-
XiQHOro piBHA BIAMIHHOCTI Mi>k ocoBnHamu.

Came ocTaHHil KpOoK € 0COBMNMBICTIO anropuTmy,
o 3anobirae Noro nepeg4yacHin 36iKHOCTI.

B uncneHHux cyyacHux JocnigKeHHAX Haroso-
LWyeTbCca epekTMBHICTb nigxoay Ha ocHosi LUIC oo
po3B’A3aHHA GaraTtokpuTepianbHMX 3agad onTu-
Mi3auii y AincHOMy Ta [BiKOBOMY npocTopax
(Navarro-Caceres, 2018; Fernandez-Marquez,
2013; Li, 2022). Takox obumcnioBanbH1MA METOS,
3acHoBaHun Ha WIC, pobpe cnonyyaetbca
3 iHWKMMK obuncnioBanbHUMW MeTodamMmn nokanb-
Hoi Ta rmobGanbHoOi onTumisauii (Lin, 2019; Qi,
2018; Yildiz, 2009).

ABTOpamu paHiwe OyB 3anpoONOHOBAHWI anro-
pUTM pO3B’A3aHHA 3agady KombiHaTopHOi Ta 6es-
nepepBHOi YMOBHOI onTuMi3aLiji, Ha3BaHun HISF,
OCHOBaHUIN Ha MOAENtOBAHHI LUTYYHUX iIMYHHUX CUC-
Tem (Zheldak, 2021). BTim, 3acTocyBaHHs AaHOro
anroputMy Ao LUMPOKOro Kona 3agday nokasarno psj
npobnem, NoB’A3aHNX 3 HEMOXIMBICTIO OAHO3HAY-
Horo BUBOpPY Kepylovmx napameTpiB anroputMmy Ta
Moro Benuky oB4MCroBarnbHy PECYPCOEMHICTb ANns
NPOCTOPIB BENUNKOI pOo3MipHOCTI. [Hwa ribpmamsauis
nowykosux anropuTtmis (Avramenko, 2022) noka-
3ana eoeKTMBHICTb Y rmobarbHin onTumisavii 6ara-
TOBMMIPHUX HEMiHIMHUX (DYHKLINA, Takox notpebye
3Ha4YHMX OB4YMCNOBaNbHUX BUTPAT, MOB’SI3aHMX i3
nokanbHUM NoLLyKoM. BigTak, akTyanbHoto € 3agaya
ribpuaunsadii po3rnsHyToro MetTogy 3 iHWUMK Bigo-
MUMWU e(PEKTUBHUMM METO4aMM OMTUMI3auii, 0co-
©nnBo 419 GiNCHOro NPOCTopY.

Meta pocnigxeHHA: po3pobka opwuriHanb-
Horo ribpugHoro metogy rnobanbHOi onTMMi3auii
Ha OCHOBiI MeToAdy LUTYYHOI iIMyHHOI cuctemn Ta
MeTody PO YaCTMHOK, a TakoX hOpMYyNioBaHHS
pekomeHaaLin LWoao HanawTyBaHHs Noro napame-
TpiB. 3anponoHOBaHWI anropuTmM Mae NPUCKOPUTH
NPUAHATTSA YNPaBniHCbKNX PilleHb MPU KepyBaHHI
TEXHOMOrYHMMM npouecamMm y MeTanyprinHomy
BUPOOHMLTBI Ta NiABULLMTY X TOUHICTb.

Buknap ocHoBHoro martepiany. B ocHoBy
3anponoHOBAHOro riGpMaHOro MeTogy YMOBHOI
onTUMI3aLii NoKNagalTbCs KIacu4Hi KPOKN MeToay
PSO, gonoBHeHi ABOMa Kpokamu 3 MeTogy moge-
MNOBaHHA WTYYHMX iIMYHHUX cucTeMm. Ha gogady
[0 BiNbHOro NoLyKy B MPOCTOpi piweHb 3a (1)-(2)
MM NOZINsSEMO NONYNAL0 HA rpynu 3i 3MaraHHsAM
MiXX HUMW Ta 3aCTOCOBYEMO CTUCHEHHS nonynsauii
3 METO NpoTMAIT 36KHOCTI.

B nigcymky anroputm, WO peani3ye nporoHo-
BaHWA METOA ANd MOLyKy MiHIMymMy B r-BUMIp-
HOMY HenepepBHOMY NPOCTOPI, BUrMNsAAae HacTyn-
HUM YMHOM:

Kpok 1. leHepauis No4aTKOBOrO pilleHHs. IHi-
uianisyBatu pil 4aCTMHOK, WO MicTuTe M rpyn

3 N_ NOLUYKOBWX areHTiB (BEKTOPIB JOBXWUHOO T )
Y KOXHiW, TakMM YuMHOM, WO BCi X,,.,i=1...N_
npeacTtaBHUKM rpynn m=1...M 3HaxoAsTbCA
B OKOIi BWMaAKOBOI TOYKM XJ , TOAi SIK cami Ui
TOYKM AN KOXHOI 3 rpyn skomora Oinblie Bia-
JarneHi ogHa Big 0OgHOI 3 METOK MakCMMaribHOro
OXOMNneHHa obnacTi NpuNyCcTUMUX 3HaveHb. Ons
KOXHOI 3 YaCTOK 3reHepyBaTu BUNaaKoBUI Hanps-
MOK pyxy V,, (0)=U"(-1,1) SK r-BUMIpHWiA BEKTOP
3 PiBHOMIPHMM pO3MOoA4ifioM AOBXWHKU Big -1 Ao 1
Mo KOXHin 3 koopauHart. JliumnbHUK iTepadin t=0.
NivmneHukM nporpadis noknactn C; =0,j=1...M.
Kpalimmm BiJOMUMUW 3HAYEHHAMU ONS KOXHOMO
areHTa, Ansa rpyn i Ans pol 3ararioM MoknacTtu
4nCno, 3Ha4yHo GinbLue 3a Byab-AKuA NPUNYCTUMUIA
PO3B’sI30K 3adaui.

Fb =realmax, Vi =1,N,vm = 1,M;

F = ”;i”(;:if’m ). vm=1,Mm; ©)
min, _,
e )

Kpok 2. OuiHka npucTOCOBAHOCTI areHTiB i rpyn
B Lifiomy. [1ns1 KOXXHOro NnpeacTaBHMKa poto oB4mc-
NNTWN 3HaYEHHS LinboBoi doyHKLii. Micnsa Yoro oHo-
BUTM KpaLle 3HaYeHHs, BifoMe JaHOMY areHTy

Xil,)m :Xi,m (t) . .
{F,; ey X< @

Kpallle 3Ha4YeHHs B rpyni

{ X2 =X, (t)

Eo S F (X (1)) if F(X,,(t))<Fn;  (5)

Ta Kpalle pilleHHs Ans poto 3aranom
X =X, (1)

F* =F(X,, (1))

Kpok 3. PoroBun nowyk. JliumnbHuk iTepadin

t=t+1. Bci nowykoBi areHTU 34iNCHIOTL pyX 3a
PiBHAHHAMMU

V.(t)=av,,(t- 1)+b(x,‘jm X (t)) +c(xj, ~Xim (t)) ,(7)

i F (X, (1) <F°.  (6)

Xi,m (t) :Xi,m (t_1)+\/i,m (t) (8)
OcTaHHi piBHAHHA oTpuMaHi moaundikauieto (1)-
(2) 3 ypaxyBaHHsaM (4)-(6).
Kpok 4. KoHTponb yMOB BWKOHaHHS 3ajadi.
OBuMcnnUTK LEeHTPK Mac rpyn

Nin
X¢ = ;:x,ym (t)/N,, vYm=1M ()

i NepeBipUTN BUKOHAHHSA YMOB:

Kpok 4.1. Akwo BigcTaHb Bif KOrocb 3 areHTiB
nesHoi rpynu Vvi=1,N,, [0 LEHTpy Mac BnacHoi
rpynu Ginblia, HiXX 0O LUEHTPY Mac iHWOI rpynu,
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T06T0 |X,, (t)=X5| <|X, ()= Xi|, k=LM;k =m,
TO BEKTOP MOro LBWOKOCTI 3MiHIOOTb Ha ClpsMO-
BaHWI 40 LIEHTPY Mac BNacHoI rpynu.

V. =a(Xg = X, (1)), (10)

Kpok 4.2 £AKwo nowyKoBWIKA areHT nopyLluye
sAKecb 3 obmexeHb (BUXOAWUTb 3a Kpan obnacTi
NPUNYCTUMMKUX 3HAYEHb), MO0 BEKTOP LUBMAKOCTI
00epTaeTbCa | 3MEHLLYETLCA BAOBIYI.

_\/i,m
Vim=— (1)

Kpok 5. ImyHHe cTUCHeHHsI BcepeguHi rpyn.
Akwo HoMep iTepauii kpaTHUI Z (NapameTp anro-
pUTMY), 34INCHUTU B KOXHIM Tpyni CTUCHEHHS
nonynsuii, 3amiHMBLUN HAATO CXOXi YaCTUHKU Ha
BMMNAAKOBI B OKONi figepa rpynu, iHakwwe Kpok 6.

Xim (t) = XDy + N (01,0 |X, ., (£) = X, ()| < R,

im

Lhj=1N_;i#j, (12)

oe N’ (0;1) — HOpMarnbHU po3nogin 3 maTtemMa-
TMYHUM odikyBaHHAM O i gucnepcieto 1 (Moxe Bapi-
toBaTMCH B npoueci poboTtn anroputmy); R — TaK
3BaHWIN pajiyc CTUCHEHHS, MapaMeTp anroputmy,
AKUIA BignoBigae 3a 3anobiraHHs go4vacHin 36ik-
HOCTi anropuTMy 0 OOHOIO 3 PilLIEHb.

Kpok 6. 3maraHHa Mixk rpynamun. FAKWo Homep
iTepauii kpaTHuin f (napameTp anroputmy) (f = z),
BMKOHaTW 3MaraHHs rpyn poto mix coboto, cnnpa-
FOUMCb Ha 3HAYEHHSI KpaLLoro npeacTaBHUKA rpynum
Xy, Tpyni-nepemoxumui X, = min( X, ) NiuMnbHIK
nopasok ckuHytn B 0: C, =0, rpyni, Kpawumm npea-
CTABHUK SIKOT BUSIBUBCA Haripwmm X, = max (X, ),

aodatn nivunbHUK nporpawis C, =C, +1. PewwrTi
rpyn 3Ha4YeHHA NiYnNbHMKa HEe 3MiHIOBaTH.

Kpok 7. CTucHeHHst nonynsuii 3a paxyHOK
Hawripwol rpynu. AKWOo sKacb rpyna Habpana
C,>C,.,noe C_, — napameTp anroputmy, rpyny
po3cbopmyBatu, ii NpeacTaBHMKIB PO3NOAINUTYU MO
iHWKx rpynax. BignosigHo M =M-1; N_=N";
C,=1Vm=1M — 3MIHIOETbCA KiNbKICTb rpyn,
B KOXHIN rpyni 3MIHIOETbCA YNCENBHICTL 3a YMOBHU
NOCTIMHOIO PO3Mipy pPoto.

Kpok 8. lNepeBipka ymMOBW 3aBepLUEHHS anro-
pUTMY. AKLLO NOTOYHE YnCro rpyn BinbLue Hixk ogHa
M > 1, nepexogmMmMo A0 KPOKY 2, iHaKLle — Kpok 9.

Kpok 9. 3aBepLueHHSA anropuTMmy, BUBELAEHHS
B AKOCTIi pillEeHHs KpaLoro 3HadeHHss FY, 3Hanae-
HOro B npoueci nowyky 3a (6).

[o BMKnageHoro anroputMy MeToay, HassaHoro
astopamu HIPSO (Hybrid Immune Particle Swarm
Optimization), cnig gogatn gekinbka yTO4YHIOHYMX
3ayBaXeHb, AKi JO3BOMATb Kpalie po3ymiTn CyT-
HICTb MeToaY.

Mo-nepLue, KOXHa rpyna 3 TUX, Ha AKi noains-
€TbCA pint, Oyae MaTu BriacHy, BiAMIHHY Big iHLLMX
rpyn KinbKiCTb NpeacTaBHUKIB, SKi HE € MOCTINHNMMU

N, #const, N, =N, km=1M k=m. (13)

Lle nos’si3aHO 3 TMM, WO Ha MOYaTKOBOMY
eTani pin Mae NeBHy KifbKiCTb MOLLIYKOBUX areH-
M

TiB nPop=>)N,, Aka 36epiraeTbCa MPOTAOM
m=1

BCbOrO MOLUYKY. | SKWO HaBiTb crno4yaTtky MOXHa
pO3NoaiNuUTK areHTiB No rpynax piBHOMIPHO, BXe
nicns nepworo cTucHeHHa nonynauii (Kpok 7),
LUen piBHOMIpHWI po3nogini moxe OyTn nopylue-
Hun. Hanpwuknag, pii 3 100 ocobuH ginntbesa Ha 5
rpyn no 20, gk 3amaratoTbes, nicnst Yoro 20 0cobuH
poIo, O BUABMBCS HaMWripLUM, NPUESHYIOTLCA 00
iHWKX poiB. MNpu uboMy po3nogin Ha 4 rpynu no 25
ocib mpunycTumuin, ane He rapaHTOBaHWA, agke
KoXHa ocobuHa npucTae 4o poto, LIEeHTP Mac AKOro
HaNBNKYNIA.

Mo-gpyre, ranbMyBaHHA areHTa Ha MexXi
obnacTi NpuMnNyCcTUMUX 3HaYeHb, LU0 BUKOHYETLCS
Ha Kpoui 4.2, mae Ha MeTi 0OCTexXeHHs came rpa-
HUUi obGnacTi NpUNyCTUMMNX 3HaYEHb, agke Teope-
TMYHO [4] B 3agadax YMOBHOI onTuMisauii ontu-
MarnbHi piLUEHHSA fexaTb came B KpawHiX TouvKax,
Ae npoxoadtb ogHe abo fekinbka OobMexeHb.
BogHouac couianbHO-KOrHITMBHI AoBipyi Koediui-
€HTW, AKi BU3Ha4atoTb LWBUAKICTb pyXxy B (7) MatoTb
3abe3neuyBaTy 36epexeHHs aKkTUBHOCTI MOLUYKO-
BOro areHTa HaBiTb Nicnsa Kinbkapas3oBoro nopy-
LLUEHHS1 OOMEXEHD.

Hapewri, cnig 3ayBaxuTtu, WO napameTpu anro-
putMy z Ta f, WO BU3Ha4alOTb JOBXMHY 3Mararb-
HUX LMKNIB BiAMOBIOHO BCepeduHi rpynu Ta MK
rpynamu, MatoTb OyT MO MOXIMBOCTI HE BEMUKUMU
npocTumn Yncnamy, abu 3abesnedysBatn sikomora
pigwe HacTaHHA BUMNAOKYy, KOMM CTUCHEHHS rpyn
i CTUCHEHHS BCEpeauHi rpynu BigOyBatoTbCs Ha OAHIN
iTepauji. Takuin BUNagok HebakaHwh, amke O3Ha-
Yae haKTUYHWI nepesanyck pok (CroYaTKy KoXHa
KOMaH[a CyTTEBO OHOBIIOETLCA, MOTIM Lii HOBi areHTU
pO3noAinATLCA MO BUNAAKOBKX rpynax poto).

Hanpuknag, skwo obpatm z=10 Ta f=12,
nepesanyck poto byge Moxnueuii koxHi 60 iTe-
pauin, Todi AK Npu OGNU3bKMX 3HAYEHHAX z =11
Ta f=13 Taka cuTyauid MOXNMBa NULUE KOXHi
143 iTepauir.

BinbHMMKM napameTpamu BMKNageHoOro anro-
puTMy € 4ucno rpyn M, 3aranbHui po3Mip poto
nPop , YacToTa 3acToCyBaHHs onepadii MXrpyno-
BUX 3MaraHb f, YacToTa CTUCKaHb 3 OHOBIIEHHSIM
rpyn poto z Ta MakcMMarnbHa 4oMNyCTUMa KinbKiCTb
nporpawis C,, . Pasom 3 Tum, y (2) Ta (7) Baxnu-
BUMW NapamMeTpamu € koedilieHTn a, b Ta ¢ npu
CKagoBuMX LUBMAKOCTI, LWO BignoBigatoTb 3a iHep-
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Lo, pyX 4O BMACHOrO KPaLLoro pilleHHst Ta pyx 4o
rPynoBOro KpaLLoro pilleHHs BignoBigHO.

[na oTpuMaHHs ONTMManbHUX 3Ha4YeHb napa-
METPIB 3anponoHoBaHoOro anroputmy ©OyB npo-
BedEHUA 0B4YMCNIoBanNbHUIA EKCNEPUMEHT, SIKUN
nondraB y HacTtynHomy. 3ragaHi napametpu (a,
b, ¢, nPop, M, z, f, C,,!ax) KO,D,yIBaJ'II./II.CFl AK HeBigomi
KoopauMHaTK B 3agadi onTuMMi3auii, ska Bupily-
Banacd KNacu4HOK eBOMIOUINHOK CTpaTeriet
3 MOBTOPHMM 3anyckoM 3 BUMNAAKOBMMMK MOYaTKO-
BUMW 3HAYEHHAMM i OOMEXEHHSMM Ha Koopau-
HaTK, SKi 3a3HaYeHi B Tabnuui 1.

Bci koopguHath posrngganucs K OUCKPETHI,
OCKiNnbkn Ansa BinblIOCTi 3 HMX (KINbKICTb iTepauin,
po3Mip MOKOMiHHSA) ue npupoaHbo. KoedilieHTn
K, LLIO BM3HA4aloTb BMNIMB CKNaAoOBUX LUBUOKOCTI,
ouiHoBanuca 3 iHTepsarnom BapitoBaHHA 0,1. Taka
OVCKPETHICTb [0O3BOMSAE OUIHUTU TEHOEHUilo —
AKMM Mae ByTu cniBBiOHOLLEHHST KOeQiLlieHTiB, He
HagTO NepemMarynCb TOYHUM 3HAYEHHAM KOX-
Horo. NoLwyky Hankpalmx 3HadeHb a, b Ta ¢ ons
pPO3B’A3aHHA KOXHOI OKPEeMOI KOXHOI MpuKnag-
HOI 3agavi mae OyTu MpuUCBSiYEHE OKpeme Aocni-
[DKEHHS.

B akocTi LinboBoi yHKuUii 6yno obpaHo oby-
TOK BiAXWITIEHHA OTPMMAHOIO PO3B’A3KY Bif Hane-
pea BiZOMOro rnobanbHoOro onTMMymMy Ha TecCTo-

Bill (PYHKLUIT Ha KiNbKICTb iTepaLiin, BUTpayeHy ans
3HaXOMXKeHHS Lboro po3B’sa3ky. B skocTi TecToBumx
yHKUin Byno posrnsaHyTo dyHkui Ekni, PacTpi-
riHa Ta piBaHka (Karafotias, 2015) npu KinbKoCTi
BUMIpiB r = 2, 8 Ta 20. Ockinbkun Bci 06paHi TeCToBi
dyHKUiT HE3aNeXHO Big MiPHOCTI NMPOCTOPY MatoTb
rnobanbHUA MiHIMYM, IO AOPIBHIOE HYMO, ONTKW-
Mi3auifHa 3agaya 3 MOLWYKYy HanKpawmx Hana-
LUTYBaHb 3anpornoHOBaHOrO anroputMmy Habysae
BUrMAgy

Fone (a,b,c,M,nPop,f,z,C,..)=F,

test

-lter — min . (14)

ABY 3MeHLINTM BNNNB BUNAAKOBOro Xapaktepy
MOLUYKY PilLEeHHSA, BMACTUMBOro $K 3anponoHoBa-
HOMY anropuTMy, Tak i eBOOUINHOI cTpaTerii, Wo
Bignosigae 3a niabip Hankpalwmx napaMeTpis, Ans
OTPMMaHHS ycepeaHeHoro pesynsraty 6yno BUKO-
HaHO 20 3anyckiB MpW KOXHil KifIbKOCTi BMMIpIB
(3aranom 180 3anyckiB).

Pesynbratn, ycepegHeHi no 20 3anyckax npu
BiANOBIOHIM MIpHOCTI MpocTOpy Ta OQHaKOBUX
HanawTyBaHHSAX €eBOMOUINHOT  cTpaTerii, into-
CTPYIOTbCA pUCyHKamMu 1 i 2, a TakoX HaBedeHi
B Tabnuui 2, goe KpiMm cepefHix 3HaveHb no 20
3anyckax (Mo3Ha4YeHo 9K MaTemMaTUyHe OYiKyBaHHS
M{x}), pospaxoBaHi TaKkoX OLjHKM BNGIPKOBOT
Avcnepcii BeMMYMH (No3HaYeHo sk o, ).

Tabnuus 1
MapameTpu anroputmy metony HIPSO i mexi ix gocnigkeHHs
MapameTp . . -
anropnTMmy CeHc B anroputmi 3HaueHHs, siKi npuimMae
a KoegiuieHT cneujianisauii YyacTkm Big 0,5 oo 2 3 kpokom 0,1
b KoegiuieHT HocTanbrii YacTkm Big 0,3 oo 2 3 kpokom 0,1
c KoeiLieHT porioBOi Moparni YacTku Big 0,3 go 2 3 kpokom 0,1
M KinbkicTb rpyn B poi 3,4,5,6,8,10, 15
nPop KinbkicTb YacTok B poi 30, 40, 50, 60, 70, 80, 90, 100, 120, 150
f MepioanyHiCTb MDXIPynoBOro CTUCHEHHS 23,571, 13’4117’4139’ 23, 29,31, 37,
z MepioanyHiCTb BHYTPILLHBOrPYNOBOrO CTUCHEHHSA 23,571, 13’4117’4139’ 23, 29,31, 37,
C.ax MakcrmanbHa KinbKicTb Nopasok 2,3,4,5,6,7,8,10, 12, 15
Tabnuugs 2
OTpumaHi onTumanbHi HanawTyBaHHA anroputmy HIPSO
MNapameTp a b c M | nPop f z Cax
Ans 2-mipHoi 3apavi M{x} 0,8308 | 1,4618 | 1,4819 | 3,88 | 33 | 6,27 | 10,2 | 3,67
o, 0,0992 | 0,1348 | 0,0988 | 1,206 | 17,49 | 2,93 | 3,22 | 1,337
Ansi 8-mipHoi 3apavi M{x} 0,773 | 1,4142 | 1,5523 | 511 | 49 | 12,3 | 11,1 | 5,09
o, 0,0942 | 0,1887 | 0,1667 | 0,889 | 31,2 | 8,44 | 9,45 | 1,442
Ans 20-sumipHot M{x} 0,7519 | 1,3421 | 16729 | 6,22 | 742 | 183 | 11,9 | 5,33
3agaui
o, 0,0865 | 0,2506 | 0,1862 | 0,927 | 32,7 | 15,25 | 16,67 | 1,783

8




Information Technology: Computer Science, Software Engineering and Cyber Security, Bun. 4, 2023

Ha puc. 1 nokasaHo KOHTYpHUI rpadiik 3anex-
HOCTI LiNboBOI oyHKLUiT 3a (14) B NpocTOpi Koopaun-
HaT «KINbKICTb rpyn» Ta «MakcumaribHa KifbKOCTi
nporpawis» npy MiHiMi3auii BOBUMIPHUX (YHK-
uin. MoxxHa no6aunTu, Wwo npu 36inbLIEHHI KOXHOI
3 BENWYMH NoHag 5, UinboBa yHKLis 3Ha4HO 3poc-
Tae 3a paxyHoOK 30inbLUEHHS KiNbKOCTI iTepaLin.

Ha puc. 2 nokasaHo rpadik Ta KOHTYpHWIA rpa-
hik 3anexHoCTi uinboBoi dyHKUiT 3a (14) B npo-
CTOpi KOOpAWHAT «NEepiogUYHICTL MIKIPYNOBOro
CTUCHEHHS» Ta «NepiogUYHICTb BHYTPILLHBbOIPYMno-
BOIO CTUCHEHHSI» NMpUW pO3B’A3aHHi TeCTOBWUX 3agay
y 8-BMMipHOMY npocTopi. 3 rpadika MoXHa Nomi-
TUTK, WO 3anexHiCTb Mae OOUH eKCTpeMyM Mpu
Crony4veHHi 3HadeHb Tpoxu GinbLwe 10. Mpu Lbomy
MOMITHO, LLO AaHUA eKCTpeMyM MoXe OyTu Buai-
NEHN Ha KOXHIiM 3 KOOpAWHaT.

3a pesynbratamu y Tabnuui 2 MoxHa 3pobuTu
HaCTYMHi CNOCTEPEXEHHS:

— KoediuieHTn a, b Ta ¢ npu cKnagoBux
LWBMAKOCTI, WO BiAMNOBiAaTb 3a iHepUito, pyx 0
BMAaCHOrO KpaLloro pilleHHst Ta pyx A0 rpynoBoro
KpaLLoro pilleHHs BignoBigHO, 3 ypaxyBaHHAM iX
aucnepcin, no-neple, He 3anexartb Big PO3Mip-
HOCTi MPOCTOpYy, B SIKOMY BUPILLYETbCHA 3ajaya,
a no-gpyre, BignosigalTb TEOPETUYHOMY PO3Mo-
piny b~c~2a (Lin2019);

— [lovaTkoBa KinbKiCTb rpyn, Ha sk po3ging-
€TbCA pin, Mae 3pocTaTh 3i 3pOCTaHHAM PO3Mip-
HOCTI 3agadi, ane npu KinbkocTi 3MiHHMX o 20

He Mae nepesuwlyBat 7, 60 Ue Nuwe 3aTArye
npouec MoLyky pilweHHa 6e3 nigBuLeHHs 1Moro
TOYHOCTI;

— 3aranbHuin po3mip po Mae 3pocTatu 3i
30iMbLWEHHAM MiPHOCTI NPOCTOPY, NPUBNN3HO Npo-
NopLiMHO KiNbKOCTi rpyn po3outta. Ona poarns-
HYTUX 3adad pauioHaribHa KifbKiCTb MOLLYKOBUX
areHTiB y rpyni He 3anexana Big 3agadi h po3mip-
HocTi i cknapgana 10-12 ocobuH;

— T[lepiogu4yHiCTb  MiIDXIPynoBOro CTUCHEHHS
Mae 36inbLUyBaTMChL NPMONN3HO NPONOPLINHO PO3-
MIpHOCTi 3agavi 1 Moxe obmpartmncsa NpoCTUM Ymnc-
oM y 3Ha4YHUX Mexax (Benuka gucnepcis ontu-
ManbHUX pilleHb);

— T[lepioguyHiCTb BHYTPILLUHLOrPYNOBOrO CTUC-
HEeHHS Ons po3rnNAHYTUX 3ajadvy Maimxke He 3arne-
XWTb Bi PO3MIPHOCTI 1 MOXe 0bupaTUCs Ha piBHi
7, 11 abo 13 iTepauii;

— KinbkicTb nopasok neBHOI rpynu poto, nicns
SKOT AaHa rpyna ctae HeedeKkTUBHOIO i po3nycKa-
€TbCH, MalXe He 3anexXxuTb Big po3MipHOCTI 3aaadi
N MOXe npummMaTtucs B gianasoHi Big 3 4o 6, npu
LUbOMY MeHLUi 3Ha4YeHHsa BignosigaloTb 3agayam
MEHLLOT pO3MipHOCTI.

BucHoOBKM i nepcnekTuBM noganbLnX Aocni-
AXeHb. B gaHin crtatTi 3anponoHoBaHO anropuTtm
onTMMi3auii 4OBINbHOI yHKUIT y BaraToBUMipHOMY
AiNCHOMY NPOCTOPI, KNI BTINKOE NigX0AM poto Yac-
TOK Ta WTYYHOI iIMyHHOT cuctemu. B ocHoBy 3anpo-
NOHOBAHOroO ribpnaHOro MeTody YyMOBHOI ONTUMI-

/ f | ; l l ’ I l ll'lll‘lil"l""'\"il""l'lll.""'l" ‘
/
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Puc. 1. LlinboBa ¢yHKuUisa 3a (14) B npocTopi koopanHat MTaC__ anar=2

max
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Fsynt

Puc. 2. LlinboBa ¢yHkuin 3a (14) B npocTopi koopauHat ztafnpnr=38

3auii NoknagaTbCa KnacuyHi kpokn metogy PSO,
JOMOBHEHI [ABOMa KpokamMu 3 MeTody MOoAerto-
BaHHS LUTYYHUX IMYHHUX CMCTEM, @ came NOoAin
nonynaAuii Ha rpynu 3i 3MaraHHAM MK HUMW Ta
CTMCHEHHS nonynsuii 3 MeTo npoTuaii 36KHOCTI.
KoxHa rpyna 3 Tux, Ha 9Ki noginseTbes pin, Moxe
MaTu BNacHy, BIAMIHHY Big iHWWX rpyn KinbKicTb
npeacTaBHUKIB, siIka He € MOCTiNHOW. 3 MeTow
AoknagHiworo obcTexeHHs obnacti, npunernoi
00 Mexi B 3agadax yMOBHOT onTuMi3aLii, MOLYKOBi
areHTN ranbMylTbCA KOXHOro pasy nicns nopy-
LLEHHA OOMEXEHD.

MpoBegeHo [OCHIMKEHHA 3 METO BU3Ha-
YEeHHs ONTUMAaNbHUX HanawTyBaHb anropuTMy.
3’dacoBaHo, WO KoediuieHTn a, b Ta ¢ npu ckna-
OOBUX LUBMAKOCTI, WO BigNoBigalTb 3a iHepuito,
pyX OO0 BMacHOro Kpaworo pilleHHs Ta pyx OO0
rPynoBOro Kpawloro pilleHHs BignoBigHO He 3ane-
XaTb Bi PO3MIpHOCTI NpocTopy 3agadvi 1 Biano-
BiJaloTb TEOpeTMYHOMY po3nodiny Ans metona
PSO. Takox B xopi gocnigykeHHs BCTaHOBIEHO,
O KiNbKIiCTb FPYyN, Ha fKi pO3AiNseTbCca pin, mae
3pocTaTh 3i 3pOCTaHHAM PO3MIPHOCTI 3agadi, ane
ONa po3MMAHYTMX 3adad He Mae nepesuLLyBaTu
7, TOAI SK KiNbKICTb MOPa3oK NEBHOI rpynu poto,

nicns sKoi AaHa rpyna ctae HeedeKTUBHOM | po3-
NYCKaeTbCH, MalKe He 3aneXuTb Bid PO3MIPHOCTI
3agadi 1 MOXe npurumaTucst B gianasoHi Big 3 8o
6. 36inbLueHHs 060X LMX MapameTpiB anroputMy
NnoHag peKOMeHAOBaHi Mexi He € BUMpaBOaAHUM,
Lie Nn1Lue 3aTdarye npoLec noLyky pileHHs 6e3 nig-
BULLIEHHA MOro TOYHOCTI. 3aranbHWi po3mip poto
Mae 3pocTaTty 3i 36iNbLUEHHAM MiPHOCTI NPOCTOPY,
nNprBrn3HO NPONOPLIAHO KINbKOCTI rpyn po3buTTs.

MepiognyHiCTb  MIKXIPYNoBOro  CTUCHEHHS
Mae 36inbllyBatuUCb 3i 3BinbLUeHHAM  po3Mmip-
HOCTi 3agadi h Moxe obupatmcsa NpPoOCTUM YuUC-
NnoM y LIMpoKux mexax. BogHoyac nepiognyHicTb
BHYTPILUHBOrPYNOBOr0 CTUCHEHHS ANSA PO3rnsHy-
TUX 3aa4y Mamxe He 3anexuTb Bi PO3MIPHOCTI
N Moxe obupatucs pisHum 7, 11 abo 13 iTepauin.

B noganbLuomy akTyanbHUM 6a4nTbCs 3aCTOCY-
BaHHS BUKITA4EHOro anroputmy Ans po3s’d3aHHS
3agad  onTMMI3auii  TEXHOMOriYHMX  npoLecis
y MeTanyprinHomy BMpobHMUTBI. 30kpeMa, aaHui
anroputMm BbayaeTbca edekTMBHUM Onsi 3agad
LUNXTYBAHHS, OMNTMMI3aLii BMKOPUCTaHHA depo-
cnnasiB y NMBapHOMY BUPOBHULTBI, @ TakoX Npu
NPOrHO3YBaHHI MeXaHi4YHUX BacTUBOCTEN FOTOBOI
npoayKuii.
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FORECASTING METHODS FOR STUDYING
AND DETECTING NATURAL PHENOMENA

This article describes ways to research and detect natural phenomena based on forecasting methods
and techniques. The purpose of this work is creation of improved algorithm that will allow predicting the occurrence
of any kind of natural phenomena based on existing statistics. To create proposed algorithm and software, we used
existing forecasting methods and techniques, mathematical and causal methods as well as monitoring current affairs
will be considered. Proposed algorithm improvements give us possibility to get general prediction or get prediction
for some specific kinds of disaster. Also in that article we propose to combine mathematical methods together
with artificial intelligence. Al allow us improve accuracy of prediction and provide possibility to increase number
of parameters or characteristics to analysis. As Al is modern and fast-growing technology it provides unlimited ways to
improve our algorithm and software not only for forecasting of natural phenomena but also for simulate them, analyze
consequences, ways to minimize damage and most important — casualties. One of the main advantages of using
proposed combining atrtificial intelligence with old mathematical and statistics methods over using only mathematical
or statistical methods is a flexibility of artificial intelligence in their result as mathematical result stabilize with growing
statistics data and each new occurrence will not take so big impact on result. But for artificial intelligence each new
data can have a critical effect and can correct all forecasts together with expected consequences. As result of that
article new software complex will be implemented and integrated to scientific complex for further improvements,
learnings, researches and analysis.

Key words: natural phenomena, disaster prediction, perception architecture, neural network, prediction method,
disaster monitoring.
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METOAM NPOIrHO3YBAHHA ANA BUBYEHHA TA NONEPEAXEHHA
HAO3BUYAUHUX MPUPOOHUX ABULL,

Y cmammi onucaHo criocobu 0ocrniOXeHHS ma 8UsI8NEeHHS NPUPOOHUX S8UW Ha OCHO8I Memodie i MeXHIK npo-
2Ho3ysaHHs. Memotro daHoi pobomu € cmeopeHHs 800CKOHaNeHo20 anzopummy, akul do3eonums MposHo3yea-
Mu BUHUKHEHHST byOb-SKUX MPUPOOHUX A8UW HAa OCHOBI Hasi8BHOI cmamucmuku. [iisi cmeopeHHs 3arporoH08aHo-
20 aneopummMy ma rnpoepamMHO20 3abe3rieyeHHs MU 8UKOpUucMasnu HasieHi Memoou ma MeXHIKU po2HO3y8aHHs,
MamemMamuyHi ma npUYUHHO-HacniOkosi Memoodu, a MakoX MOHIMOpPUHa nomoyHux nodit. 3anponoHosaHi 800-
CKOHarleHHs1 anzopummy 0arome HaM MOXI/IUgiCmb ompuMamu 3a2anbHul npoeHo3 abo ompumamu npoeHo3 05s
OesKux KOHKpemHux eudie Had3suyalHUX npUpPOOHUX Aeuw. Takox y uill cmammi MU rpPOroHyeMO rnoedHamu
MameMamuy4Hi MemoOu pasom i3 WwmydHUM iHmenekmom. LI do3eonsae nidsuwumu moyHicms MpoeHo3y ma Hadae
mMoxnusicme 36inbwumu KinbKicms napamempie abo xapakmepucmuk 055 aHanisy. OCKifbKU WwmyYHUU iHmenekm
€ Cy4YaCHOK MexXHOIozi€er0, SKa WeUOKO po3su8acmbCs, 80Ha Hadae HeObMexeHi crnocobu 800CKOHaNEeHHS Halo2o
anzopummy ma npozspamMHoO20 3abesrneyeHHs He nuuwe Orisl MPO2HO3y8aHHS NMPUPOOHUX seuw, ane U Ons ix mode-
J1r08aHHs1, aHanidy Hacniokig, criocobig miHimisauii 36umkie i HalizonosHiwe — xxepms. OOHiet 3 20/108HUX MEpesas
8UKOPUCMAaHHS 3arporioH08aH020 MOEOHaHHS WMy4YHO20 iHmesieKmy 3i cmapumu MameMamu4YHUMU ma cmamuc-
mu4yHuUMuU MemoOamu rneped 8UKOPUCMAaHHAM fuWe MameMamu4yHux abo cmamucmuyHUX Memodig € eHyuYKicmb
Wmy4Ho20 iHmesneKkmy 8 ixHix pe3ynibmamax, OCKinlbKU MamemamuyHi pedynbmamu cmabinisytomscs 3i 3pocmaH-
HAIM cmamucmuy4HUx 0aHux, i KoxkHa Hosea rodis He 6yde Mamu mako2o 8e/IUKO20 8Musy Ha pe3ynibmam. Ane 0n1s
WMmy4yHO20 iHmesiekmy KoxHa Hoea iHghopmay,isi Moxe Mamu Kpumu4dHUl eghekm i MOxe ckopeaysamu 6Ci MPoeHo-
3U pa3om 3 oviKysaHUMU Hacriokamu. Sk pesynsmam uiei cmammi Hogul npoegpamHuti mpodykm byde enposadxxeHo
ma iHmeapoeaHo 8 Haykoeul KoMrnekc 05 nodanbuio2o 800CKOHANEHHS, Hag4aHHSs, 00CniOXeHb ma aHarsi3sy.

Knro4oei cnoea: rnpupodHe seuwe, nonepedxeHHs Had3guyalHuX feuW, apximekmypa repcenmpoHis,
HelpoHHa Mepexa, Memoo rnPoeHO3y8aHHS, MOHIMOPUHe Had3guYyaliHUX A8ULY,.

Introduction. Natural disasters are danger- eruptions (airborne ash) and tsunamis, as well as
ous natural phenomena of geophysical, geo- airborne pollutants (radioactive nuclides, biological
logical, atmospheric origin which are character-  and chemical agents) and heavily polluted cities [7].
ized by sudden destruction, which often leads  Thanks to them, we are finding new ways to combat
to numerous casualties among people, destruc-  natural and human-made disasters.
tion of residential infrastructure and also causes Disaster monitoring and forecasting. The
numerous secondary disasters. Hazardous nat-  general goal of monitoring hazardous phenom-
ural phenomena occur at different times and on  ena and processes in nature is to increase the
different scales and each of them is unique in its  accuracy and reliability of the forecast of natural
own way. Tornadoes and flash floods are short- phenomena based on a combination of intellec-
term destructive events affecting a relatively small ~ tual, informational and technological capabilities
area. Other hazards, such as droughts, develop  of various departments and organizations that
slowly but can affect almost an entire continent  monitor certain types of hazards. The monitoring
and entire countries within months or even years.  data serve as the basis for forecasting. Also, the
An extreme weather event can cause several more accurate and faster the forecasting data is
hazards to occur simultaneously or sequentially.  obtained, the faster and better people will have
In addition to strong winds and rain, a tropical time to prepare for the danger that awaits them.
storm can cause flooding and mudflows. In tem- All of the above forecasting natural disasters is
perate latitudes, severe thunderstorms can be aleading reflection of the probability of occurrence
accompanied by large destructive hailstones, and development of an emergency based on an
tornadoes, strong winds and rain, leading to flash ~ analysis of the causes of its occurrence, its source
floods. Winter thunderstorms with strong winds  in the past and present. Forecasting consists of dif-
and heavy snowfall or freezing rain can also con-  ferent elements. One of them is information about
tribute to avalanches on some mountain slopes the object of forecasting, which reveals its behav-
and heavy runoff or flooding in the next melt sea- ior in the past and present, as well as the patterns
son.There are also human-made threats such as  of this behavior. But there are also disasters that
dam failure, chemical spills, radioactive threats, = can behave unpredictably, which makes it difficult
etc. But some of them cannot be predicted when  to predict the occurrence of this disaster, as well
they will appear or where they will fall after they  as predict its further behavior after its occurrence.
appear. Disaster predictions methods. Forecasting

Some National Meteorological and Hydrological  natural disasters [3] is understood as a scientifi-
Services and Specialized Centers are responsible  cally based prediction of their development, nature
for studying geophysical hazards, including volcanic  and scale. The method of forecasting natural
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disasters should be understood as a method for
solving the problem of predicting a specific nat-
ural disaster with a certain lead time and using
certain initial observational materials. Obviously,
as we approach the realization of the predicted
phenomenon, i.e., as the lead time of the forecast
decreases, its accuracy should increase.

Depending on the waiting time for a natural
disaster, forecasts are divided into short-term
(less than 12-15 days) and long-term (with
greater lead time).

Method — a complex technique, an ordered set
of simple techniques aimed at developing a fore-
cast as a whole, a way to achieve the goal, based
on knowledge of the most general laws.

Forecasting methods (methods) — a certain set
of techniques (methods) for performing forecasting
operations, obtaining and processing information
about the future based on homogeneous forecast-
ing methods.

Forecasting methodology is a field of knowl-
edge about methods, methods, forecasting sys-
tems. Forecasting methodologies were divided into
the following categories: foresight, goal setting,
planning, programming, design, process develop-
ment prospects in order to identify problems to be
solved.

A forecast development methodology is a
selected specific combination of forecasting tech-
niques and methods [10]. A forecasting system
(“forecasting system”) is an ordered set of tech-
niques and technical means designed to predict
complex phenomena or processes.

Forecasting technique — a specific form of the-
oretical or practical approach to the development
of a forecast; one or more mathematical or logical
operations aimed at obtaining a specific result in
the process of developing a forecast. At the heart
of all methods, methods and techniques of fore-
casting is a heuristic or mathematical approach.
The essence of the heuristic approach is to use the
opinions of experts. It finds applications for predict-
ing processes that cannot be formalized.

The mathematical approach consists in using
the available data on some characteristics of the
predicted object, processing them by mathemat-
ical methods, obtaining a dependence that con-
nects these characteristics with time, and calculat-
ing the dependence of the object’s characteristics
at a given point in time according to the data.

This approach involves the use of modeling
or extrapolation. Forecasting in most cases is the
basis for the prevention of natural and man-made
emergencies.

In the mode of daily activities, the possibility
of natural disasters is predicted — the occurrence
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of an emergency, its place, time and intensity, the
possible scale and other characteristics of the
upcoming event.

In the event of a natural disaster, the course
of the development of the situation, the effective-
ness of certain planned measures to eliminate the
emergency, the required composition of forces and
means are predicted [9]. The most important of all
these forecasts is the forecast of the likelihood of a
natural disaster. Its results can be most effectively
used to prevent accidents and reduce possible
losses and damage in advance.

Comparison of analogues. The first analog
is the most interesting program is Natural Disas-
ter Monitor. It shows user in real time where and
when emergency events happened, for example
earthquakes, tropical cyclones, floods, volcanoes,
drought, forest fires. But the program does not
show the probability, but only collects data from
the site and shows. It just takes data from sate
https://www.gdacs.org which is created by United
Nations and the European Commission, based on
data from international organizations GDACS [4]
using JRC tools and algorithms for real-time infor-
mation exchange. It is interesting idea to use this
site which would be help us to predict natural phe-
nomena.

The second analog is Disaster Alert. As a previ-
ous analog it also shows to user natural phenom-
ena. But unlike the previous analogue, it shows
more information about natural phenomena. It
based on PDC which take date from the world and
sent user when and where natural phenomena.

The third analog Tropical Storm Risk (TSR).
TSR offers a leading resource for predicting and
mapping tropical storm activity worldwide. It pro-
vides forecasts and information to benefit basic
risk awareness and decision making from tropical
storms. It helps user to see for the detailed mapping
and prediction of tropical storm impacts worldwide.

The four analog is Hurricane Hound. It provides
hurricane tracking on a scrollable map and hurri-
cane category, 36-hour forecast, location, distance
from current location, max winds, gusts, and time.
It helps user to know where hurricane goes and
when it would be.

All analogues which were considered have their
odds and cons. But they don’t predict the natural
phenomena they only take information from the
international independent open sources about nat-
ural phenomena and compare the user's location
with a possible disaster.

Implementation. In order to solve the prob-
lems of the programs that were given above, we
conducted a study and found that the best result is
to use a neural network that will help us calculate
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the percentage of a possible natural phenomenon.
For the method of determining natural phenomena
will be given below.

A statistical method for calculating the prob-
ability of an emergency situation is proposed for
implementation. We will consider the following as
the main parameters for describing an emergency
situation:

— type of emergency situation with the index j
assigned to it;

— time interval t for assessing the probability of
an emergency occurring;

— estimated number of events N, for period
At ;

— eventintensity /;

— admissible minimum event intensity thresh-
old L.

Therefore any abnormal situation can be rep-
resented as a two-dimensional state space with
dimensions /; and N;. The axis N, is discrete
while /; is continuous. The measurements of /,
and N, are not independent and we use the prob-
ability density function d,(/,,N;) to characterize
their relationship.

As result the probability of an emergency situa-
tion can be represented as a formula:

P(t)={P, (I,Ny.t),.... P (1N )} (1)
According to the above formula, the probabil-
ity of occurrence of an emergency situation of a
certain type can be calculated by cutting the corre-
sponding function P/.(Ij,Nj,t) on some interval t.
Since the cross section is the distribution density
of a two-dimensional random variable d, (Ij,Nj),
the probability of an event with the expected inten-
sityL, </, <i equals n times in the interval

j = "max

At =t —t, can be calculated using the next formula:

P, (Lyineen ) = [ (i,0)d )

L

The main problem of this approach is the large
number of parameters in the functions P, (/,,N,.t).
With anincrease inthe analyzedinterval N, ., —
the problem of quantifying the parameters of
the function P, becomes intractable. Also /; is a
time-dependent parameter because/, , (t) 1, since
with increasing At the probability of an emergency
situation of high intensity increases.

It is possible to optimize solutions to this prob-
lem by reducing the time interval At to the point
where N, =1. As a result we get rid of the time
component in the function P, .

Therefore, when passing to periods of arbi-
trary duration yAt and number of events n the
task of calculating the probability of occurrence of
an emergency situation of a certain type can be
expressed by the following formula:

! n y-n
dn,y :me (1_pj,1) (3)

To solve these problems that are described
above was suggested to implement software com-
plex for prediction of different natural phenomena.
The program will consist of frontend for simplify
interaction with program complex, back-end for
grep and execute statistical methods for predic-
tion and database which store statistics data (see
Figure 1).

Prediction can be improved by adding neural
network [1,8] to our program. It provide possibility
to make prediction more flexible and count different
points which skipped by pure mathematical meth-
ods. For implement software complex with neural
network following step should be performed:

— selection of types and architects;

— choose data for training;

— training neural network.

To solve the problem we select perceptron
architecture (see Figure 2).

Perceptron architecture — is a linear classifier
(binary). And it is used in supervised learning. We

Methods which would
prognoze natural
phenomena

Back-end

Front-end

Database

Fig. 1. Program structure
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sum
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Fig. 2. Perceptron architecture diagram

would use — a multilayer perceptron [2]. Which
would help us to see will there be a natural phe-
nomenon. But we also need to teach our neural
network. To teach it we would use standard algo-
rithm for reverse error propagation. Propagation
the way to move from the Input layer to the Output
layer in the neural network. This algorithm is uni-
versal and it solving many problems also it has low
computational complexity.

In the back end, methods will be implemented
that will determine the accuracy of the forecast of
the prediction of a natural phenomenon. The data-
base will store users, as well as data needed to
determine the accuracy of the forecast of a nat-
ural phenomenon. It would be contains user data
(Example username, email, password) and fore-
cast data (Example air temperature, wind speed
and direction, humidity and precipitation, country
and city).
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The front-end will represent a user interface
where a person can enter data to determine the
forecast of a natural phenomenon.

Result. The solution which present in the work
would be use neural network and algorithm which
help us to predict natural phenomena. Our system
would help our user:

— when and where would be natural phenomena;

— how powerful it would be;

— where he can find shelter;

— user would have warning if near would be
natural phenomena.

Thus, the system of detecting natural phenom-
ena gives the chance to save live when near starts
natural disaster.

Conclusions. This paper represents the gen-
eral methods and approaches to predicting the
occurrence of emergency situations. In particu-
lar, the method of statistical forecasting is con-



Information Technology: Computer Science, Software Engineering and Cyber Security, Bun. 4, 2023

User

H PK | userd
Forecast
nama
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gir temperature
password
wind speed
FK | positionld
wind direction
humidity
precipitation
date
PositionUser Position
PK | positionUserld I PK | positicnld
FK | positionid country
g FK | userd city
FK | forecastid =

Fig. 3. Database diagram

sidered and a software implementation of the
solution of the problem based on this method is
proposed. The accuracy and quality of the fore-
cast depend on the detail of the description of
emergency situations that have already occurred,
but the computational complexity of the solution

also increases. Therefore, as one of the optimi-
zation methods, it was proposed to introduce a
lower event intensity threshold, which makes it
possible to discard low-intensity events from
consideration as insignificant, thereby reducing
computational complexity.
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| BATATOKPATHOTI'O NOKPUTTA MHOXWH ANA 3A0AY PO3MILLEHHA-PO3NOAOINY
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MATHEMATICAL MODELS OF MULTIPLEX PARTITIONING AND MULTIPLE COVERAGE
OF SETS FOR THE LOCATION-ALLOCATION PROBLEMS

We developed the mathematical models for the problems of optimal service centers’ placement and traffic flow
distribution, as well as area zoning to estimate the capacity of the located centers and the necessary number
of vehicles in logistics systems. Presented are models and methods of optimal division of the region into service
center zones based on the criteria of the minimum distance or the fastest service providing the service by any
of several service centers closest to consumers. The mathematical formulation of the continuous problem of optimal
multiple coverage of sets is improved by considering the peculiarity of the set on which the centers can be placed,
which ensures the avoidance of the location of centers too close to each other. Methods and approximate algorithms
for solving these problems are described. An analysis of the results of computational experiments is presented.

Key words: logistics, area zoning, multiple coverage of set, mathematical modeling, multiplex partitioning of sets,

center capacity.

BcTtyn. IcHye Benuka KinbkicTb pobiT BYe-
HUX | NpaKTUKIB, Yy SKUX NigHIMATbCA Pi3Hi
acnekTu mateMaTU4YHOro MoaentoBaHHs i MeToAiB
pO3B’sA3aHHS ONTUMI3aLiNHNX 3a4ay PO3MiLLIEHHSI-
po3noginy. Taki 3agayi BMHMKaOTb, 30Kpema, nig
yac po3pobKM Komnnekcy 3anobikHMX 3axonis
LoAo opraHisauii npouecis eBakyaLil HaceneHHs
abo HagaHHA nNepBWHHOI TFyMaHiTapHoi Aomno-
MOrM y pasi Hag3Bu4anHuX cutyauin. Ha cborogHi
B HayKoBiM niTepaTypi 3anpornoHOBaHO 4YuMano
MoJernen Ans 3agad pauioHanbHOro TepuTopi-
anbHOro po3noginy enemeHTiB CUCTEM EKCTPEHOI
norictukn. LLnpoko npencrtaBneHi OocnigXKeHHS
eBakKyauilHMX NpoueciB 3 BUKOPUCTAHHAM Mofe-
nen i metofiB mMatemMaTUYHOrO MporpamMyBaHHS
[1, 2]. Cepen HMX € mogeni po3MilLleHHA-PO3MNo-
4iny Onga cknagaHHa nnadiB eBakyauii nig vac
yparaHiB abo 3eMneTpyciB, NOLYKY ONTUMaIbHUX
MapLUpyTiB eBaKyaLii i MiCUb YKpUTTS Y BMNagkax
MICbKMX Hag3BUYanHUX cuTyauin. B gaHin pobori
3anponoHOBaHO AN MaTtemMaTU4yHoOro  onucy
onTUMI3aUiMHNX 3adad po3MilleHHs nigposainis
CUCTEM EKCTPEHOI NOriCTUKM BMKOPUCTOBYBATMU
Mogeni i Metoau Teopil oNTUManbLHOro MynbTU-
NIIEKCHOro po3buTTs i GaraTokpaTHOro MOKPUTTS
MHOXWH [3, 4].

MeTa gaHoi pobotun € po3pobrneHHs mogenen
i MeToaiB pO3B’A3aHHA ONs NOTICTUYHMX 3ajad,
30Kpema, B CUCTEMaX EKCTPEHOI IOriCTUKM, Lo
[03BONUTL 3aBYaCHO BU3HAYaTU 30HU EKCTPEHOT
[OnoMory, NpoOBOAUTU OpPraHi3auilo JTOrCTUYHMX
npouecis, pauioHanbHO PO3NOAINAYM  TpaH-
CMOPTHI Ta MaTepianbHi pecypcu.

O6’ekTOM OOCNIAXEHHA € TepuTopianbHUN
pO3MoAin erieMEHTIB TPaHCMNOPTHO-NOMCTUYHNX
CUCTEM.

lMpeomeToM OocnimpKeHHA € Mmogeni Ta meToau
ONTUMAanbHOIO PO3MIiLLLEHHSI CTPYKTYPHUX Migpos-
[iniB TPAHCMOPTHO-MOTNCTUYHNX CUCTEM 3 BU3Ha-
YEeHHSIM 30H X 06CNYroByBaHHS.

NoctaHoBka npobnemun. bygemo poarng-
JaTu HacTynHy 3apadvy. Hexan B geskomy peri-
OHi NOTPIBHO PO3MICTUTN UEeHTpU pATyBasb-
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HUX cnyX6 abo NyHKTIB NEPBUHHOI MeOUYHOI
AONOMOrM Ha BMMNAOOK HaA3BUYAWHMX CUTya-
uin y Takum cnocib, abun HagaHHs BiANOBIAHOI
nocnyrm MoxHa Oyno 3AiACHUTU B HaMKOPOT-
WA TEepMiH HaBiTb HaMBigAaneHiwomy MeLl-
KaHUto perioHy. [1o Toro », Ans KOXHOro LeHTpy
noTpiGHO BU3Ha4YMTK 30HY BignoBsiganbHocCTI. Lle
O3Havae, Wo NoTpibHO po3buTn TepUTOpIto peri-
OHY Ha nigperioHn, MeLlKaHLUi KOXHOro 3 SKuX
obcnyroByBaTUMyTbCsl MEBHUM LIEHTpOM abo
LeHTpaMu, KO NPUNYCTUTU MOXMUBICTb Nepe-
KPUTTS 30H NignopsgKyBaHHS.

INitepatypHnn ornaa. HaBegemo TyT KOpOT-
KW ornsag ocTaHHix nyonikauin, ski posrnsgarTb
NUTaHHSA MaTeMaTUYHOIro MOAENOBaHHA MpPaKTnY-
HUX 3agadv, WO 3BOAATbCA A0 3a4ad KyrnbOBOro
NMOKPUTTS MHOXWHKU. B poboTi [5] Ha ocHoBi dop-
Manisauii kpuTepiiB MOBHOTU MNOKPUTTS MNOByao-
BaHO y3aranibHeHy mMaTtemaTuyHy Mogenb 3agadi
NMOKPUTTS AOBINbHOI 00NacTi iAEHTUYHUMM KONaMMu.
Mpn uboMy OTpMMaHO 3afdadvy Hernagkol onTUMi-
3auii 3 obnacTo gonycTMMmMX po3B’s3kie, WO 3aaa-
€TbCHA cUCTEMOIO HepiBHOCTen. OCTaHHI CnyrytoTb
ANs BpaxyBaHHSA TEXHOMOTYHUX OOMEXeHb, Lo
3anucyetbca 3a gonomorot phi-cpyHKuUin. ABTO-
pamu po3pobreHo 3acobu reHepauii MHOXWHM
peanisauiin ysaranbHeHOl MaTtemMaTu4HOI mogeni
NMOKPUTTS ANA LUMPOKOTO Knacy NpuKnagHnux 3agad.
3anponoHOBaHO CTpaTerito PO3B A3KY BUHUKAKUYMX
3aiad HeniHinHOro NporpaMyBaHHS.

Mpobnema nowyky HaMkpawux Micub po3-
MiLLEHHS LEHTPIB 3 NOKpUTTAM obnacTi 3o0Hamu
obcnyrosyBaHHA Tak, abu MiHiMidyBaTK 3aranbHy
KinbKiCTb 00’€KTiB, HEOOXiAHNX ANsi 3a00BONEHHS
BCiX BMMOT, pO3rMsAHYTO B poboTi [6]. BuBYaeTbcs
HOBMI BapiaHT npobnemu, KM Ha3MBaETbLCA NPo-
6rnemolo posTallyBaHHA MOKPUTTS 3 KOHTpOSieM
nepekpuTTa. Lis 3agaya moaentoe pearnbHi KOHTEK-
CTW, MOB’A3aHI 3 NepeBaHTaXXeHUMU cucTemMamu
BiOBiQYBaHOCTI, sKi NOTPebylTb 30H MNOKPUTTH
3 nepekpuTTaAM. TakMM YMHOM, KOXHa BMMOra
Mae OyTu NokpuTa NEBHOM KiNbKICTIO A0AATKOBUX
ob’ekTiB, WoO6 rapaHTyBaTW, WO BMMOrn ByayTb
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3a[10BOJIEHI, HABITb SKLLIO NPU3HAYEeHUn 0B6’EKT He
MOXe Le 3pobuTun Yepes neBHy npobnemy ob’ekTa.
Lis dyHKuis BaxnmBa B AepXaBHUX | €KCTPEHUX
cnyxbax. lMpakTuka po3B’sisaHHA 3agad Garato-
KpaTHOro MOKPUTTA MNOKasye, LLO KifbKiCTb 4OOAaTKO-
BUX 00’€EKTIB, LLIO MOKPUBAIOTb, € HAAMIPHOIO B Aed-
KMX Toykax nonuty. B 3a3HadeHin poboTi aBTOpPUK
HamaratTbCsl 34iNCHIOBaTM KOHTponb 306iriB, wo6
BU3HAUYNTN MPIOPUTETHICTb PEriOHIB i3 BUCOKOIO
LWiNbHICTIO HaceneHHs abo MiHiMi3yBaTh KinbKiCTb
30H MOKPUTTS ANS KOXHOI TOYKM nonuty. Humn
3anponoHoOBaHO HOBY MaTemaTuyHy Mogerb, sika
KOHTPOMOE NEPEKPUTTS MidK 30HaMMU NOKPUTTS.

B [6] Takox po3rnsHYyTO Knac 3agayv noKpuTT
obnacTi MHOXWHOI reoMeTpUYHUX O0'eKTiB 3aga-
Hoi cbopmun. TyT ana copmanisauii 3agadi BUKO-
PUCTOBYETLCA MOHATTA KOHpirypauinHoro npo-
CTOpPY reomMeTpuyHux oO6’ekTiB, y3ararlbHEHUMM
3MiHHUMM SKOrO € METPUYHI Ta NapaMeTpu po3Mi-
LeHHs1. MNobygoBaHo maTeMaTU4Hy MOAernb 3agadi
K 3a4adi HeniHinHOT onTuUMiI3auii Ta 4OCNIAXKeHO i
BnacTmBocTi. MpakTnyHe 3acTocyBaHHS 3anporio-
HOBaHMX pesyrnbTaTiB ONMCcCaHo Ha Npuknagi Bupi-
WEeHHs 3ajadvi BM3HAYEHHS Micua pPO3MiLLEHHS
MOXEXHUX MOCTIB 3 METO 3a0e3MNeYEeHHsT MOXEX-
HOT 6e3neKkn HaceneHnx NyHKTIB.

3apavi onTumisauii posnoginbyunx npoue-
CiB B i€epapXiYHMX TPaHCMNOPTHO-NONCTUYHUX
cuctemax BmBYaloTbCcs B [7]. ABTOpamu 3anpo-
MOHOBaHO MaTemMaTudHi Mogeni [ABoeTanHux
i 4acTKoBO-ABOETanHMX 3adady OonTMMaribHOro
po3noainy marepianbHUX MOTOKIB B cucTeMax
€KCTPEHOI NOTiCTUKN.

Po6otu [9, 10] nponoHyTb OUCKPETHO-HEeNne-
pepBHi Mogeni Ans 3agady OnTMMAanbHOro pPos-
MiLLIEHHS1 CEPBICHUX LEHTPIB 3 OOMEXEHHAMM,
WO BpaxoByKTb BapTiCTb 00’EKTIB, BKMYaK4M
NOCTIiViHI BUTPATWN Ha BIAKPUTTA Ta 3MiHHI BUTpaTH,
MoB’si3aHi 3 MOTYXHICTIO LeHTpiB. MNMpobnema pos-
TawyBaHHsA 0O6’ekTiB nepenbavae onTumarnbHe
po3MillleHHA Habopy 06’eKkTiB, AKi MOBWMHHI 3a00-
BOMbLHATU 3anuTW Tpynu CnoXxmueadis, po3nogi-
NeHMX Ha MMAOWMUHHIN TepuTopii. B poboTi [9]
po3TallyBaHHA iCHytoUMX O6’eKTiB Bigomi Ta Kna-
CUQIKYHOTBCS SIK OKpeMi. 3 iHworo 6oky, po3Tally-
BaHHSA HOBUX 00’€KTiB, sIKi HeobXigHO 3HaMTK, KNna-
CUQiKyOTECS AK 6e3nepepBHi Ta AUCKPETHI. Kpim
TOro, onTUMarbHa KinbKiCTb HOBUX 00’€KTIB BU3Ha-
YaeTbCs 3a POPMYIOK CYMKEHHA. ABTOpamMmn pos-
pobneHo xafibHuin 6aratodasHun MeTod nokaduii
ONs 3anponoHOBaHOI 3ajadi 4acTKoBO Linoyu-
CEnbHOro MiHIMHOMO NporpamyBaHHA, KU edek-
TUBHO BM3HA4Ya€ TOYHI MiCLIE3HAXOMKEHHSA HOBUX
o0’exkTiB noetanHo. [Ana 3agay Benukoi po3mip-
HOCTi po3pobunn aMHaMiYHy iTepauifnHy 4acTKoBYy
ONTUMIi3aLito HA OCHOBI 4BOX 3MiHHMX, LWOO OTpK-
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MaTu Mamxe OnTUMarbHi piLLEHHA NPOTAromM 3aga-
Horo nimity 4vacy. B po6orti [10] 3anponoHoBaHa
MatematnyHa Modenb Ans 3agadi pauioHanbHOro
BMOOPY MiCLb pO3TallyBaHHS CEPBICHMX LIEHTPIB
Ha 6asi iCHytounx 00’eKTIB i3 OgHOYACHUM PO30OUT-
TSAM TEpUTOPIi Ha 30HM OBCnyroByBaHHS LEHTPIB
3 MOXIMBUM MEPEKPUTTAM LMX 30H 3aans 36inb-
LLIEHHS MMOBIPHOCTI OTPUMAaHHS KITiEHTOM MOCNyru.

B paHin poboTti po3rnsgaroTbCa MaTteMaTuyHi
MoZaeni Ans 3agad onTMManbHOro PO3MiLLEHHS-pO3-
noainy y BUMsAi HenepepBHUX 3adad onTumarnbs-
HOro MynbLTUNIEKCHOTO po3bUTTH Ta baraTokpaTHOro
NOKPUTTA MHOXWH. 3a CBOIMM iHTeprpeTauisMm L
3agadi € cnopigHeHumn. [Jani npogeMoHCTpOBaHO
3B’A30K MiXX BKa3aHMMM 3aga4amMm Y pi3HMX iX nocTa-
HOBKax, MOXMMBICTb BU3Ha4YaTu pafiyc Kynb0oBOro
NMOKPUTTS, PO3B’A3YIOYM HEeNepepBHi MiHiNHI 3aaaui
MYIBTUNNEKCHOro po3bUTTa MHOXWH. [lokasaHo,
AKAM Mae ByTn KpUTEepI SKOCTi MYIBTUNIIEKCHOIO
pO30MTTA MHOXWMH, abu y BigNoBigHIN 3agadvi 3 pos-
MILLEHHSIM LIEHTPIB MOXKHa Oyno 6 oTpumaTu Take
X po3TallyBaHHs, sike 3b6iraTuMeTbCcsa 3 LieHTpamu
KyNnb MiHiManbHoOro pagiycy, kKoTpi k—KpaTHO NoKpu-
BalOTb 3afaHy MHOXWHY.

Marepianun Ta Metoau. BBeoemo HacTynHi
MO3HAYEeHHS: QcE, 3aJaHUn  PEerioH;
p(X), xeQ — Hesig'eMHa dyHKUiA, WO onu-
Cy€ LWINbHICTb pO3noginy MeLlKaHuiB Ha Tepwu-
Topil perioHy Q; N — KinbKiCTb pPATYyBanbHMX

00’ekTiB, WO nNOTPIOHO pPO3MICTUTM Yy PETiOHI
Q; t,=(r§1),r§2) eQ, ana ycix i=1,..,N, -
KoopauHati  uux ob’ekTiB  (gani  UEeHTpiIB);

N={1,2,..,N} — MHOXMHa BCiX iHAEKCIB LiEHTpIB;
k — KpaTHiCTb 30HYBaHHS, TOBTO Ha 4OMOMOrY SKOI
MaKCUManbHOI KifbKOCTI pATyBanbHUX 0O’eKTIB
MOXE PO3PaxoByBaTU KITiEHT; M(N,k) — MHOXWHa
BCIX k-€NEeMEHTHUX NIAMHOXWH MHOXWHM N,
|M(N,k)|=L; o {jijéj,i} | =1,L —enemMeHTH
MHOXMHU M (N,K) ; Q, — NiAMHOXWHA TOYOK i3 Q,
I=1,L, 9ka BignoBigae enemMeHTy o, MHOXWHU
M(N,k) abo (wo € Tum camnm) Habopy LEeHTpiB
{rﬁ Ty Ty } ; XM — Knac BCiX MOXITUBUX PO36BUT-
TiB k -ro nopsaky MHOXuHM Q; ¢(x,t;)/w,; —vac,
3a AKUI MOXHa AicTtaTuca Big LEeHTPY T, A0 TOYKM
xeQ, c¢(x,7;) — MeTpuKa, Lo BU3HAYaE BiACTaHb
MK JBOMa ToYkamu, 1/w, >0 — KkoediuieHT npo-
MOPUINHOCTI; & — YMOBHa BapTiCTb HafaHHsA
nocrnyru LEHTPOM 1t,, po3paxoBaHa Ha OAHOro
NOTEHUINHOrO KnieHTa (nocTpaxganoro, KOPUCTY-
Bava), b, b,, ..., b,— TaK 3BaHi «MOTYXXHOCTi» pATY-
BanbHMX LEHTPIB, WO BU3HAYalOTb NEBHUM YNHOM
MaKCMManbHO MOXIMBY KifNbKiCTb KOpPUCTyBauiB,
Ha Ky po3paxoBaHUK BiAMNOBIAHWUI LIEHTP.
MaTtematuyHy dopmanisadito 3agadi 3pobumo
3a [JOMnoMOrow Mofernen HenepepBHUX 3adad
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MYNBTUMIEKCHOTO pPO3BUTTA MHOXWH 3 MEBHUM
KpUTEpPIEM SIKOCTI.

3apava 1. [loTpi6HO
F [m'-r’\’j = rlrl(%i(f:égn&z/x(c(x,r,)/w, +4, )p(X) - ;Z'zlﬂ , (1)
3a yMOB e
Capacity (1,)=b,, i=1p,
Capacity (1,)<b,, i=p+1N, (2)

L
ae Capacity(t,) = > J' yip(x)dx i=1,N,

=1
llieo,

a KoediuieHTn y! y niBUX YacTuHax OBMEXEeHb
3anexatb MEBHUM YMHOM Bif MOTYXXHOCTEN LieH-
TpiBignascix i=1,N, I=1,L:

ol

3)

Hanpuknag, sKWwWo BBaxaTu, WO BUKIMKA Ha
AOMOMOry MOXyTb OyTu npuiHATI | 0BpobneHi
ob’'ektammn Ha Bcii obnacti Q nponopuirnH1MK
TXHIM NOTY>XHOCTSIM, TO Ans BCiX / =1,L i Ansa BCix
j=1,N, Takux, WO JjEO,, BenuYMHa Y, MOXxe

0<vyl <1, y;, +y;, +...+y;, =1.

OyTV 3agaHa HacTyNHUM BUPA3OM: ,vf =b,/ > b,.
qq=0;
3a TakuMx MipKyBaHb OOMexeHHs (3) BKasyloTb
Ha Te, WO BCi MOXIWBOCTI UeHTpiB T;, i=1,..,p,
MatoTb OYTM MOBHICTIO BUKOPUCTAHI, a ANs peLTu
LeHTpiB T;, i = p+1,..,N, BOHN € OOMEXEHNMN.
Ctncno 3agadyy 1 HasmBaTumemo 3adayero
onmumanbHo20 bazamokpamHo20 [oKpUMms
MHOXUHU rpu 0B6MeXeHHsX 3 OrNAA0oM Ha Te, Lo
3a MNEeBHUX BUXIOHWX AaHUX LiNbOBUA OYHKLiO-
Han BM3Ha4yae BEMUYUHY pafiyca OnTUManbHOro
" . ,
NOKPUTTS R(r*) = lnfsug ,m/ch(x,r,)_

N
T xeQ =1,

HaBegemMo maTtemaTuyHy nOCTaHOBKY 3ajad
GaraTokpaTHOro NnokpmTTsa obmexeHoil B £, obnacTi
Konamu MiHiMansHOro pagiycy, BUKOPUCTOBYHOYM
MaTemMaTU4HMI anapart Teopii HenepepBHUX 3adau
ONTUManbHOIO MOKPUTTA MHOXWH [12].

Hexan Q — obwmexeHa, BuMipHa 3a Jlebe-
frOM 3aMKHeHa MHOXMHa y npoctopi E,,
Tl_:(ﬁl)ﬂgz))eg, ans ycix i=1,..,N, — peski
TOYKW, LIO 3BYTbCS «LEHTpaMm» (BOHU MOXYTb
OyTn dikcoBaHMMn abo MigNAaratm BU3HAYEHHIO).
B(1.,R)={xeE, :c(x,1,)<R} — c-kyna pagiyca
R 3LEHTPOM y TouLi T, 3 Q, ae ¢(X.7;) — meTpuka.

CyKynHiCTb LEHTpiB T, Ty 3adae Kk—kpaTHe
KynbOBE NOKPUTTS MHOXMHK Q 3 pagiycoM R, SKLLO

N
Qc|JB(x.R),
i=1
i AN KOXHOT TOYKN X € QQ BUKOHYETLCHA yMOBa

XEﬁB(r,Iﬁ), i e{l,2,. N}, k<I<N.
j=1
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Pagiyc R k—KpaTHOTO MOKPUTTS MHOXUHW Q,
KOTPE reHepyeThbCA LEHTPaMMU T,,..., T, (BEKTOpOM T"),
BM3HAYaETbCS 3@ HACTYMHOK POPMYMOH0:

S L ,
R() = sup min,e(x), @

NpY LbOMY ONS1 KOXKHOT TOYKM X € Q BUKOHY-
€TbCH YMOBa

xe(\B(x, R): k<l<n: i (1.2 N}, (B)
j=1

ne '= (t,.,1y) € EY
Bunagky, t =(Tu-Ty) € Q).

k—KpaTHe MNOKPUTTS MHOXMHM Q, WO 3aja-
€TbCA BEKTOPOM 1" =(1,,...,7, ), 3 Paiycom ﬁ’(r”),
AKWA BU3Ha4aeTbca 3a dopmynot (4) n 3apo-
BOIbHSAE ymoBu (5), € MiHiManbHUM k—KpaTHUM
C-KyNbOBUM MOKPUTTAM, siKE reHepyeTbCs BekK-
TopoM 1. Lle o3Hauae, Wo xoaeH Habip c-Kynb
MEHLLOro pafiycy 3 LEeHTpaMy B TOYKAX Tj,...,Ty
He nokpuBae k—KpaTHO MHOXWHY Q. A k—kpaTHe
NMOKPUTTS  MiHIManbHOro pafiycy HasuBaeTbCs
OoNTUManbHUM K—KpaTHUM NOKPUTTSIM.

OTxe, onsa nowyky onTuManbHOro k—kpatHoro
NOKPUTTS HEOBXiAHO BU3HAYNTK BENUYUHY pagiycy
ONTUManbHOrO NOKPUTTS

(abo, B okpemomy

PN ,
R(r*) - /gfs;ggimmc(x,r,)
i BekTOp TV = (11,...,T), ), HA AKUX AOCArAETHCS

3HayeHHs1 R(7") 3a YMOBMW BUKOHAHHS ANSA KOXHOT
TOYKM X € Q BKIOYEHHS (5).

3apgava npo nowyk pagiyca N Kynb, WO CTBO-
ploOTb k—KpaTHE C-KyNbOBE MOKPUTTS MHOXWUHMU,
Moxe ByTu dpopmanizoBaHa MaTeMaTUYHO HLLUM
cnocobom.

Hexan Q — obmexeHa 3aMKHEHA MHOXWHA
3 npoctopy E,, 1" =(1,,...,T, ) — 324aHUIA HA MHO-
XuHi Q (abo B npocTopi E, ) Habip ueHTpiB. Toukm
T Ty T, € K-Hanbnuxkynmmu cycigamm TOuKu

X € Q i3 3agaHux N TOYOK, AKLLO
vi=1k c(xt ) <c(xt,), me{l2, . NN\ iy} -

B okpemux Bunagkax ans geskux TOMoK x € Q
3HaK BWLLE3A3HAYEHOI HEepIiBHOCTI Moxe OyTu
HecTporum. Toai BBaXKaeTbCsA, WO Tovka X e Q)
Ma€e [fekinbka pi3HMX HabopiB 3 k Hanbnumxumx
cycigis, a nig Yac uncenbHOI peanisauii anropuT-
MiB TX MOLUYKY Anst OQHO3HAYHOCTI MPUNYCKaETLCS,
Lo Habip k HaNBNVK4MX CycCiaiB YTBOPIOKOTb TOUKU
T T T, SKI 38[00BONbHAOTL HACTYMHIA CuUC-
TEMi HepiBHOCTEMN

vi=1k c(xt ) <c(xt,), me{L 2 NI\ iy}

i MalOTb HaMEHLLi MOXNUBI iIHAEKCU. .
BBeneMo [0  po3misidy  MHOXUHY — Aw
N-BUMIpHNX BEKTOPIB, KOOPAWHATM SKMX MOXYTb
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npunmatu 3HaveHHs 0 abo 1, MpUYoMy y KOXKHOMY
TakoMy BEKTOPi YNCIO OAMHMULb OOPIBHIOE K:
N
A {x = (k)12 =0V L i = TN S, = k}.
i=1

N

Bouesuap, |A’,‘V| =Ck.

Toai Ansa KOXHOI TOYKM x € Q K Hanonmxkymx
cyciniB 3 cikcoaHoro Habopy To4oK (Ty.....Ty)
MOXHA 3HaWTK, pPO3B'A3ylOYM 3adady MoLUyKy
Takoro BekTopy A(X)=(A,(X),...ky(X))eA, 3a
SIKOro AoCAraeTbCsl MiHiMarnbHe 3Ha4YeHHs1 HacTyn-
HOI BENMUYUHW:

C(x)

min maxc
M(x)eA, i=1N

(x7)2 (%) . (6)

Ons KOXHOI TOYKM Xx € Q KOMMOHeHTa A, (X)
Liei BekTop-doyHKUii gopiBHIOE 1 TOAi M TiNbkM TOAj,
KONMW LEHTP 1, € OOHUM 3 K MOXIMBKX il «CyCi-
aiB». Bektop A(x), Ha siKOMy BOCSraeTbCs BENM-
YnHa C(x), BU3Ha4ae k HamMGrMK4MX A0 TOYKM
X UeHTpiB, a C(x) € pafiycom Kymnb 3 LieHTpamm
T3 T e Ty, AKI K-KPATHO MOKPUBAOTb TOYKY X
(iHOeKCK UMX LEHTPIB | OQUHUYHMUX KOMMOHEHT BEK-
Topy A(x) 36iratoTbes).

3agava npo nowwyk pagiyca N KpyriB, siki CTBO-
PtOOTb k—KpaTHEe C-KyNbOBE MOKPUTTS MHOXWUHU
nonsrae y nowyky BenmymHu

E =

Sup min maxc
xeQ MX)eAf i=1N

(Xt (x) .

3agada npo MiHiManbHe k—KpaTHe C-KynboBe
MOKPUTTS 3aMMCYETbCA Yy Takui CMocid: 3HanWTH
BENUYMHY

(75 ()‘EN)

____ N
ae Ay :{x = (Mg ) 1A, =0V L i=1LN; Y A, :k},
i=1

R inf sup min maxc
(tg00ems ‘[N)EQN XeQ }L(X)E/\’;/ i=1,N

(X,T; )}“i (X) , (7)

a TakoX BEKTOP-PYHKUi0 L' (-):VxeQ A'(x)eAy,
Ta BekTop T = (1,,...Ty) € QVCE), 3a akux
y Bupaasi (7) AOCAraeTbCs HUXKHS rpaHb.

BiaTak, BekTop-oyHKUiA A(-) BMKOPUCTOBY-
€TbCA ONA KOHCTPYKTUBHOrO 3anucy matemaTtud-
HOT Mogeni 3agadi Ta € NPOMDKHUM pe3ynbTaToM,
MICTUTb iHgPOpMaLio Npo Te, AKi caMme K LieHTpiB
€ HaNoNMXXYMMM 0 KOXKHOT To4kM 3 Q.

HaBegemo onmnc metoay posB'si3aHHS 3aadi
npo GaraTtokpaTHe KynbOBe MOKPUTTS OOMEXEHOI
MHOXMWHM | PopmMynu, SKi BU3Ha4aoTb cyorpagieHT
Hernagkoi uinboBoi pyHkuii (7).

Mo3ask Onst KOMMNAaKTHOI MHOXMHM Q 3 E,
i HenepepBHOI (PyHKLUiT c-onTumanbHe k—kpaTHe
NOKPUTTS MHOXMHM Q 3agaHuM N 4nCNoM C-Kynb
OOHAKOBOro papgiyca icHye, 3agady (7) MOxHa
3anuncaTtu y HacTynHoMYy BUrMSA:

R(tyty) —

min |
(11 e Ty )EQN

(8)
ae
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= max min maxc
xeQ A(x)eAf i=LN

R(ty,Ty) (%)% (x).

B poborti [11] HaBeneHi Aeski BNacTMBOCTI
dyHKUiT R(t,,....,Ty) 3 €BKMiJOBOK METPUKOI
c(xt)=|x-1],, 3okpema, HenepepsHicTb, nin-
LWMLUIEBICTb, HEOMYKNICTb, Mamxe Bctoan ande-
peHLINOBHICTb, BGaratoekcTpemanbHicTb.  Kpim
TOro, Ans HenycTol KOMNaKTHOT MHOXWHN Q 3 E,
i ™ =(1,,...7y) 3 Q" cnpaBeaAnuBoOK € HACTyNHa
PiBHICTb:

A~

R(ty,ty) = rgg)xh(rgirzkrz%c(x,r,)k,(x)
max maxmaxc(x,t;),

m=1M xeQ, ieT,

Ae MHOXUHU Q. m=1M, M < C,‘; , CknagarTb
k-kpaTHy giarpamy BopoHoro ang MHOXuHM Q,
TOOTO Take po30UTTS MHOXUHWU Q Ha NIAMHOXUHN
Q,,...Q,  Wo:

LAjQ, =Q; mes(Q,NQ;)=0,Vi=j,ij=1M;
i=1

Q,={xeQ:VjeT, c(x,r])<c(x,r,), ie{l,2,..,N\T,},

pe T, ={i"i5..if}, m=1M — BCi MOXNMBI
k-eneMeHTHi NiIOMHOXWHM  MHOXWHW  iHOEKCIB
{1,2,...,N}.

BpaxoBytoun BignoBigHicTb Habopy k UueH-
TpiB 3 iHAekcamu i;,iy,...,i; MHOXWHI Q_, Ans

OCTaHHbOI Hafani 6yaeMo BUKOPUCTOBYBaTK Take
T,

rnosHadyeHHsa: Q| t

,ge t = {Ti{"’Tig”""’Ti,T} . Bip-
Tak, Q, MICTUTb TOYKM MHOXMHWU Q, ANA AKX
LEHTPW 3 iHpekcamu i3 Habopy T, ={il.if,....i} |
€ k-Hanénmwx4nmun cycigamm.

YuncenbHi anropytMu po3B'a3aHHa 3agdadi (8),
HaBedeHi HWx4Ye, peanisyloTb METOA NPOEKLii y3a-
rarbHEHOro rpagieHTHOro Crnycky 3 pO3TArHEHHSIM
NPOCTOPY B HanpsIMKy Pi3HULi OBOX MOCHIZOBHUX
y3aranbHeHux rpagieHTis. [1pu LUbOMy j-t0 KOMMO-
HeHTY N-BMMIpPHOro BEKTOPY y3aranbHEHOro rpagi-

EHTa

9: (")

dyHkuii R(t,,...,1y) B TOuui T = (T Ty)
MOXHa ob4yucnoBaT gBomMa cnocobamu:

1) 3 BUKOPUCTAHHAM YMCcernbHOro andepeHtLito-
BaHHSA:

g" (") =(9y (<").g; (*"),...g; (")), (10)

Ae S-Ta KOMMOHEeHTa O04YMCnoeTbest Habnu-
XeHo 3a opMynoto:
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A — OedKuMi NpUpICT KOMMOHEHTM BeKTopa T,
napameTp meToay;

2) 3a pgonomorow k-kpaTHOI Aiarpamu Bopo-
Horo. [No3Ha4ymMmo 4vepe3 V dikcoBaHe po3BUTTH
HenycToi KOMMaKTHOI MHOXUHU Q Ha M < CY nip-
MHOXWH V,,...,V,.,...,V | KOTpi cknagaoTb k-kpaTHy

M
diarpamy BopoHoro ansa Q, npu4omy BCi V; — Herno-
POXHi, KOMMNAaKTHI. BBeAemMo TakoX ONA KOXHOro
i=1,..,N dyHKuil

R (") (11)

=max max c(x,t,).
T,,eT, T
xeV|t

Cy6rpagieHTHy MHOXUHY G, (%N) doyHKuT (11)
B TOuLi T o6uymcnoBaTMMO 3a hopMyroLo

AN —_ AN
Gy (t)=co UN Gopey(T ),

xel(T)

ae I(%N):{xzxe U Vm;C(X,%;)zR,

(12)

o

GC(X'T’)(%N) — cybamndepeHuian dyHkuii ¢(X,1;) 3a

m:ieT,

7, Ha E, npw chikcoBaHomy X € V.

Y3aranbHeHUn rpagieHT uinboBol  doyHKUIT
3agavi (8) mae HacTynHWIA BUrNAA;
9 (’EN) = (g,’;}1 (‘L'N),..., A (’EN),..., iy (’CN)), (13)

-Ta KOMMOHEHTa SIKOro € enemeHTom cybrpa-
OIEHTHOT MHOXMHU (DYHKLLT R,.(r"’), i=1LN,3(11)
B TOuUi T;, LIO 3aMMCyeTbCH TakK:

Gy (rN)za g [x,r’vj,x:c[x,r,]:m_ax max c(x,t,) ¢,

TpiieT, [jm
xeV|t
Tyt 9. [X, r”} — y3aranbHeHWU rpagieHT pyHKUii

C(X,'c,) B TOYLl ™ =(tl,...,t,.,...,r,\,), T; :(rgl),t(,z));
T — m -Ta NiAMHOXWHA (hiKCOBAHOrO K-KpaTHOro
po3outTs MHOXMHM Q. OpgHak, AKWOo po3duTTA
MHOXWHM Q Ha MNIAMHOXWHW He € iKCoBaHNM,
i He € BiOMUM pO3TaLllyBaHHA TOYOK Tyi-- Ty, SAKi
reHepupyloTb onTUMarbHe MOKPUTTS MHOXUHMK Q,
ToOTO BignoBigHe k-kpaTHe po3duTTs BopoHoro,
TO dYHKUiS R(t,,...,t,) 3adadi (8) He € onyknoto
Ha QV BHacnigoK HeonyknocTi 3a T dyHKLiT
P N ; N

r{xt min maxc(x,t, )\ (X) Ha Q.

( ) M(x)eA, i=LN ( ’) ’( )

Xoua cyHkuis r(x,t") He € onyknowo 3a T
3a Byab-akoro dikcoBaHOro X € Q, BoHa cknaga-
€TbCS 3 ONYKINX YaCTUH, AKi BignoBigaoTe MiHIMYy-
Mam yHKUiT R(t,,...,t,), TOMY il KBa3irpagieHT
30iraeTbca i3 cybrpagieHToM Ha OpHin 3 ony-
KNUX AiNstHOK, KOTpa NMpuUMUKae 00 AaHOI TOYKM.

i=1,N-

25

B po6orti [11] HaBegeHO yMOBW, 3a SKUX iCHye
MOHOTOHHO CrajiHa NOCMiAOBHICTb 3Ha4YeHb OyHK-
uii R(ty, Ty ) -

MpeactaBumo HaGnVXKeHn anropuTm
po3B’A3aHHA 3adadi Npo nowyk pagiyca N Kyneb,
O YTBOPIOKWTL K—KpaTHe C-KynbOBe MOKPUTTS
MHOXMHM Q=[0,1]x[0,1], a Takox anroputm
po3B’A3aHHA 3adadi Npo MiHiManbHe k—KpaTHe
C-KyNbOBe NOKPUTTS 3 PO3MILLEHHAM LIEHTPIB Kynb.
B anropuTmi BekTop T Mo3HayaTUMeMOo T.

3anponoHoBaHO ABa Niaxoau.

Mepwuin nigxip peanisye MatemaTudHy
mMoZenb 3agadi, CHOPMYyNbOBaHy HacCTyMHUM
YMHOM: HeXaW | — MHOXWHa BCiX KoMbiHauin 3 N
enemeHTIB N0 Kk enemeHTiB, TOBTO MHOXMHA BCiX
MOXNMBMX HOEKCIB K LEHTpiB, 30HW chnocTepe-
EHHS KX MOXYTb BOAHOYAC MOKpuBaTW Oyab-
AKY TOYKY MHOXWHW Q. MNo3Haummo | — enemeHT

MHOXWHY | . O4eBUaHO, M = C’A‘, . MoTpibHO 3HaNTK
BEINYMHY

R = max min max c(x,t;).

xeQ el iel,

(14)

Ona peanizauii (14) Q nokpuBaeTbCs NpPsSMoO-
KyTHOIO CiTKO. SAKWO Q — MHOXWHA BCiX By3niB
CiTKM, TO HabNMXeHe 3HaYEHHS LUYyKaHOro pagiycy
0BYMCIIOETLCA 38 HACTYMHOK (OPMYIo: R
= maxminmaxc(x,r,).

XeQ Iel iely,

Opyrun nipxia po3pobneHuin 3 BUKOpPUCTaH-
HAM anropuTMiB COPTYBaHHA MacuBy BigcTaHen
BiZl hikCOBAHOI TOYKN X € Q 00 3aaHunX LEeHTpIB
(ty,.-Ty) | peaniayeTbcs 3a 4OMOMOrOI0 HAaCTYM-
HOro anropuTMy.

Anroputm 1

IHiyianizauis. Q NOKPMBAEMO MPAMOKYTHOIO CiT-
Kol 3 Kpokamu A;,j=1,2; Hexaih Q — MHOXUHa
BY3niB CiTKM. 3a4aeMO po3TallyBaHHS LIEHTpIB
(tprenty )- B

Kpok 1. Ana KOXHOI TOYkM X ciTkm Q 6yay-
€MO MacuB BiACTaHeM [0 3afaHuX UEeHTpIB:
D(x)=(c(x1,), ¢(X1,), ..., ¢(X1y)).

Kpok 2. CopTyeMo D(x) 3a 3pOCTaHHsM erne-
MEHTIB AN X 3 Q) .

Kpok 3. Y BigcopToBaHOMY MacuBi BUOMpPaEMO
enemMeHT, K1 CTOITb Ha k-My MicLi (3 NOpSAKOBUM
HOMepOM k), MO3HAYMMO Liei enemeHT c* (x, r,k)

Kpok 4. Cepepn ycix BigibpaHux enemMeHTiB 3Ha-
XOOMMO HanOinbLLWNA;

R= ”Zfaxck (x,r,k ) :

OTpyvmaHe mMakcumaribHe 3Ha4vyeHHs € Habnu-
)KEHMM 3HaAYEeHHAM papfiycy Kin 3 LeHTpamMun B ToY-
Kax (t,,...,Ty), AKi K—KpaTHO MOKPMBaKOTb MHO-
XKUHY Q.

Ha ogHakoBMX MpOCTOPOBUX CiTKax YMCEnbHi
anropuTMK, 3acHOBaHi Ha UMX nigxogax, noka-
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3yl0Tb OfHaKoBi pesynbratn. Ane vac pobotu
anroputMy 1 3Ha4HO MEHLUUI, NPO WO CBIigYUTb
iHdhopmalisa, HaBegeHa B Tabn. 1. TyT 3a3Ha4veHui
yac po3B’aA3aHHsA 3adadi nowyky pagiycy N Kynb,
AKi cknagalTb K—KpaTHe C-KynboBe MOKpUTTA
oamHnuHoro  keBagpata Q=[0,1]x[0,1], komw
A; =0.005,j=1,2.

Onuwemo MOXnuBI BapiaHTW YMCEenbHUX anro-
puUTMIB pO3B’A3aHHA 3agadi (8) y mpunyLueHHi, Lo
MHOXWHa, sika NOKPUBAETLCS, Ma€E MPOCTY CTPYKTYPY.
3a ocHoBy 0bpaHo r-anropuTm LLiopa po3B'sidyBaHHSA
3agadi HegndepeHLioBaHoT onNTUMiI3aLlii.

Y nepLuiomy BapiaHTi Anst 004YMCNeHHA KOMMo-
HeHT cybrpagieHTa BUKOPUCTOBYHOTbCA (DOpMynu
yncenbHoro andepeHuiroBaHHsa (10). dpyrui Bapi-
aHT BKMoYae etan nobyaoBu k—KpaTtHoi giarpamu
BopoHoro Ta 064MCreHHs1 BEKTOPY y3aranbHEHOro
rpagieHTa LinboBoi yHKUii 3agavi (8) 3a dhopmy-
namu (13).

Anroputm 2

IHiyianizayis. Q NOKPUBAEMO MNPSMOKYTHOM
CiTKOIO 3 Kpokamm A;,j=1,2; Hexali Q — MHOXMWHa
BY3niB NPSIMOKYTHOI CITKM Ha MHOXMHI Q. 3agaemo
KPOK 4ucenbHOro audpepeHuitoBaHHa A, nodart-
koBe HabnkeHHa 1(© = (1(10),_,,,153)).

O6uncnoemo BennUMHy

Ii’(r(o))

3aCTOCOBYHOUM anropuTtm 1.

3a copmynamm (10) obuncnoemo BekTop-rpa-
AiEHT g, (t) B TOULi 1 BUBMpaemo noyatkosui
KPOK r-anroputmy h, > 0.

lMepwul kpok anropuTMy NPOBOAUMO 3a (hop-

MYIIOH0
- hogg, (T(O) )) )

P, — onepatop npoekTyBaHHA Ha MHOXWHI Q.

MepexogmMmo Ao Opyroro KPoky.

Hexaw B pesynbrati obumcneHb nicnam, m=1,
2,..., KPOKiB anroputMy OTPUMaHO MEBHUN BEKTOP

™ = (r(lm),...,rx"))-

(m+1)-U KpoK anropuTmy.

1. O6uucnoemMo 3a BiAOMUMM LIEHTpPaMKU
«™,....«" 3a ponomoroto anroputmy 1 BenMUMHY

)
e, i, e ().

ﬁ(r(m)) = max A(rxn)irZN /Inia,i(c(x, o7 )k,. (x).

2. O6uncrioemo 9- (1) 3a dopmynamn (10)
npu t=1".

3. MpoBognmo (m+1)-n KpoK r-anroputmy, ite-
pauinHa dopmyna gaKoro mae BUrnag,

H R (m)
2™ _p | ™ _p "’*19'?(1 ) , (15)

(b9, () 0, (<)

Ae H,_ ., — MaTpuusa pO3TArHEHHS NPOCTopy
3 koedilieHTOM O B HanpsaAMKY pi3HWLi ABOX nocni-
AOBHMX y3aranbHEHMWX FPadieHTIB, sika nepepaxo-
BYETbLCSI HACTYMHUM YNHOM:

H,,& et
(Hpmm)’

= 9 (") — 9, (+77).

Axkwo BHACMIAOK OKPYreHb po3paxyHKiB Hm*%
BTpayae BMacTUBICTb [A04aTHOI BW3HAYEHOCTI,
3aMiHOEMO 11 OOMHMUYHOK MaTPULELD.

Kpok h_ Bubupaemo 3 yMOBM:

minR| ™ - h Hna0s (T(m))
h>0 \/(Hm+1g§ (T(m) ),Q,;. (T(m) ))

4. Akwo ymosa

-

Hm+1 = Hm + (1/02_1)

(16)

(18)

He BUKOHYETLCS, TO Nepexoammo Ao (m+2)-ro
KPOKY, iHaKLwe — nepeXU% gon. 5.

5. BBaxaemo . , Ae | — Homep iTepa-
Lii, Ha SAKi BUKOHYEeTbCA yMoBa (18) 3aBepLueHHS
po60oTK anropuTmy.

6. OBuUMCnNIEMO 3HAYEHHST MiHIMarnbHOro pagi-
ycy NOoKpUTTS 3a OpMYroLo

R(v.) =

3a Jonomoroto anroputmy 1.

AnropuTtm 2 onncaHun.

Anroputm 3

IHiyianisauis. Q NOKPMBAEMO MNPAMOKYTHOIO
CiTKOIO 3 KPOKOM A, j=1,2. Hexat Q — MHOXMHa
BY3MiB MPAMOKYTHOI CiTKM Ha MHOXWHI Q. 3apa-

€MO noYaTkoBe po3TallyBaHHA Ll,eHTpiB NOKPUTTA
W = (0,0
©,..,1).

r(m)“ﬁs, e>0,

max min maxc(x T, A (X)
xeQ  A(x)eAk i=LN

Tabnuus 1

Yac pobotu anroputmiB npu 3agaHux KinbkocTi ueHTpiB N i KpaTHOCTI nokputTa k

BxigHi aaHi Yac po6oTtu anroputmy (Mc), sKMi peanisye
N k Mepmni nigxig Opyrvin nigxig
4 2 2,2784 0,1822
9 2 6,3777 0,3108
25 3 276,2283 0,7917

26
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Oobuucnoemo

max min maxc
xeQ A(x)eAf, i=LN

anroputmy 1. MNpu ubomy anga koxHoro i =1,...,N
obyuncnoemo

R, (’E(O))

BENUYMNHY R(r(o))

(X,rgo))k,-(x) 3a [10MOMOrol0

= max max c(x,r,(.o) )

TiieTy, [7
XeV|t
3a dopmynot (12) 6yaoyemo cybrpagieHTHY

MHOXUHY G, (r(o)) - 5{ N [},1(0)}, X: c(},r,] =

u |y .0 N .
=R (TEO)), pe 9c| XU | — yaaranbHeHWin rpagieHT

dyHkuii ¢(xt,) B Touui ™. Bubnpaemo Bektop

5:(#)< 63 (+)
3apaemo Mno4YaTKoBUN

r-anroputmy h, >0.
lMepwuli KpOK anropMTMy NPOBOAUMO 3a ¢hop-

MyII0t0
(4, ()

P, — onepartop NpoeEKTYBaHHSA HAa MHOXUHY Q.

lMepexogmMmo Ao Opyroro KPoKy.

Hexan y pesynbrati obuncneHb nicnam, m=1,
2,..., KPOKiB anroputMy OTPUMaHO NEBHUIN BEKTOP

A = (...

e Ty
(m+1)-U KpOK anropuTmy.
1.3a uentpamu ©",..., 7\

putmy 1 obuncnioemo
R(r(m)) (X, tgm))k, (X) ,

npy LbOMY ANA KOXHOTO ; _ 4 o6uncho-
€MO 3Ha4yeHHs pyHkuiT (11):

R, (‘E(m))

npooHuin KpOK

3a AonomMorow anro-

= max min maxc
xeQ A(x)eAf i=LN

= max max c(x,rg’"))_
TieT, T
xeV|t

2. 3a gopwmyrnioto (12) byayemo cybrpagieHTHy
MHOXUHY B Touwyi .

3. Bubupaemo sektop g, (™) € G, (r(’”)).

4. Mposogumo (mM+1)-A  KPOK  r-anroputmy
B H-cbopmi 3a itepauinHnmmn copmynamm (15),
(16). Kpok h,, Bubupaemo 3 ymosu (17).

5. Axkwo ymosa (18) He BUKOHYETbLCS, TO nepe-
XOAMMO [0 (m+2)-My KpOKy anropuTmy, iHakwe —
gon. 6.

6. Beaxaemo t.=1", ne | — Homep iTepa-
Lii, Ha sKin BMKOHanacs ymosa (18) 3aBepLUeHHS
poboTn anropuTmy.

7. 3a gonomoroto anroputmy 1 obuncrnoemo
3HaJYeHHs1 MiHiManbHOro pagiycy NoKpUTTS ﬁ(r*)=
max min_maxc(x,t.; ), (x).

xeQ A(x)eAk i=1N

Anroputm 3 onucaHuin.

27

HaBenemo pesynbratn geskmx obumcnioBanb-
HUX €eKCNepuMeHTiB 3 GaraTokpaTHOro MNOKPUTTH
OOWHWYHOrO KBagpaTa 3 E, y BunagKy, Konu dyHk-
uis c(x,t;) € esknigoBolo meTpukolo. Ha puc. 1
npeacTaeneHi pesynsrat ABOKPATHOrO NOKPUTTH
oguvHun4Horo keBagpata 11-ma i 15-ma konamu,
oTpuMaHi 3a gonomoroto anroputmie 2 Ta 3. Ha
puc. 2 nokasaHi TpUKpaTHi OnTUMarnbHi NOKPUTTS
3a pisHux N.

Pesynbtatm  HaBedeHMX HWXYe Ta  iHLWKMX
0ob4YMcnoBanbHUX EKCNepUMEHTIB 3 YUCENbHOro
po3B'si3aHHA 3ajadi (8) ceiguate npo 6araTo-
eKkcTpemanbHicTb i LinboBOi dyHKUii. 3a pis-
HUX noyaTKoBUX HabnmkeHb Habopy UeHTpiB
7% =( (10),...,,r§3)) MOXXHa OTPUMAaTK Pi3dHI NoKanbHi
PO3B’AA3KM.

lMpakTuka pospaxyHKiB TakoX CBiQYMTb MNpO
Te, WO Hankpawi pesynstatu 6aratokpaTHOro
NMOKPUTTS MOXHa OTpMMaTW, SKLWO CrovaTKy Ha
A0CTaTHLO TYCTiN NPOCTOPOBIN CiTLi 3HANTX ONTK-
ManbHi po3TallyBaHHSA LEHTPIB 3a [OMNOMOro0
anroputMy 2, a fnoTiM YTOMHUTU KOOpPAMHATU LMX
LeHTPIB 3a AOMNOMOrOI0 anroputmy 3.

B pocnigpxkeHHi [12] HaBegeHO MOPIBHANBbHUN
aHania pesyneraTtiB po3B'a3aHHs 6aratbox TecTo-
BMX 3aJay ONTUMarnbHOrO ABOKPaTHOro MOKPUTTH
OAMHWYHOrO KBagpaTa BiAOMMX B HAYKOBIN NniTepa-
TYpi i OTPUMaHMX 3a 4ONOMOIOK ONMCAHOro BULLE
anroputMy i3 3acTocyBaHHAM (QOpPMyNn 4ucenb-
HOro AuvdyepeHLiloBaHHA, a TakoX 3 BUKOPUCTaH-
HAM GaraTtokpaTHuKX giarpam BopoHoro.

Ha puc. 3 HaBegeHO onTumaribHi TPUMMEeKCHe
i flynnekcHe posBuTTst MHOXMHM Q =[0,1]x[0,1]
3 poamiweHHaMm N=17 i 15 ueHTpiB BIiANOBIgHO.
OBuncneHnn nNpu LboMy pagiyc NOKpUTTS Aopis-
Hioe: R=0.33232 i R=0.2961.

Ha puc. 4 niBopyd nogaHo AynnekcHe pos-
OuTTS KkBagpaTta 3 ONTUMAasNbHO PO3TaLUOBAHMMU
TpUHaAUSATbMA LeHTpamu i3 3a3HadeHHAM pagiycy
BiANOBIAHOrO ABOKPATHOrO MOKPUTTS; NpaBopyM
npeacraBneHo MiHiManbHe [OBOKpaTHE KyrnboBe
nokputTa kBagpaty anda 13 ueHtpis [13]. O6umc-
neHnn papfiyc ABOKPATHOrO MOKPUTTA AN Hase-
AeHnx npuknagis gopisHioe R=0.2961, R=0.2911
BignoBigHo.

AkicHun aHani3 pesyneraTtiB 064YNCNIOBanbHUX
eKCnepuMeHTIB [03BOMsE BUABUTU nepesarn Ta
Heponiku anroputmis. MNo-nepLue, HabNMXeHi 3Ha-
YEHHSA pagiycy NOKpUTTS i LEeHTPIB, WO MOro reHe-
pye, 3anexarb Bif BUXIOHUX AaHMX Ta napaMeTpis
anroputMy — Mo4yaTkoBOro HabnukeHHs Koopau-
HaT UEHTpIB, BEMUYNHN KPOKY MPOCTOPOBOI CiTKM,
KPOKY YMCENbHOro audepeHLitoBaHHA npyu obyunc-
NeHHi KOMMOHEHT y3ararbHEeHOoro rpagieHTa.

B po6ori [13] HaBeaeHi NOCTAHOBKM i MeTOAM
po3B’sA3aHHA HenepepBHUX 3adad baraTokpaTHOro
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6) N=15

Puc. 1. 1BoKpaTHi onTUMMarnbHi NOKPUTTA OAMHMYHOIO KBaapara,
OTPUMaHI i3 3acTOCyBaHHAM: NiBOpYyY — YncesnibHoro aundgepeHUitoBaHHS;
npaBopy4 — ABOKpATHOI Aiarpamun BopoHoro

P

(
o Pl ‘

KT

= _..-azp:.qi?.'-'-'\__-'

g e

= T

N=21

Puc. 2. TpukpaTHe NOKPUTTA OAMHUYHOrO KBagpara, |[x|| = |[x||,

NOKpUTTA 3 OOMeXeHHsIMK, SKi BignosigaloTb 3a
Take pPO3MilLleHHs LIeHTPIB, NPy AKOMY KOXHi ABa
3 Hux nepebyBann 6 Ha BigcTaHi, He MeHWiIn 3a
c . Kpim Toro, posrnsHyto BMNagku Bumor, abwu
LeHTpy Bynu po3miwieHi B obnacTti akomora piB-
HOMipHO, ab0 XOAeH 3 HMX He MoTpanuB B OEeSKY
3abopoHeHy 30Hy. Npn ubOMY BBEOEHHSA AOAAHKY

28

y dyHKUiOHan, KOTpMM BigNOBIi4aE 3a HEMOXNU-
BiCTb «3NUMNaHHA» LEHTPIB KyMb, O YTBOPHOTb
NMOKPUTTS, Ha3MBaETbCA perynapusadieto 3agadi
(dbyHKUiOHany) Npo MiHiMansHe k—KpaTHe KynboBe
NOKPUTTS.

BucHoBKkwW. MpencTasneHi MaTeMaTU4Hi
Modeni 3agad onTMMAanbHOro PO3MILLEHHS aBa-
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N=17, k=3

N=15 k=2

Puc. 3. OnTumanbHe k -KpaTHe po36uTTA KBagpaTy 3 po3miweHHAM N LeHTpiB
i pagiyc BignoBiAHOro MiHiMaribHOro NOKPUTTA

e

T

Puc. 4. lynnekcHe po36uTTa Q 3 onTUMaribHUM po3MilleHHAM 13 LeHTpiB
i BignoBiaHe MiHiManbHe NOKPUTTA

piNHO-pATYBanbHUX OO’eKTIB 3 METOK MiHimi3auii
yacy HafaHHa [OMNoMOru HaBiTb HawmBigganeHi-
LLIOMY KOPUCTYBa4y 3a[aHOro pPerioHy, siki € Hene-
pPEPBHUMKU 3adadyamu GaraToKpaTHOro MNOKPUTTS
OBMeXeHOI MHOXWHM 3 npocTopy E, c-Kynamu
HaMMeHLOoro pagiycy 3a MeBHWX YMOB pPO3Mi-
LLEHHST LIEHTPIB, WO YTBOPKOWTb NokputTs. Onu-
CaHO anropuTMu po3B'A3aHHsA 3agadi baraTokpat-
HOrO KynbOBOrO MOKPUTTS, PO3pPOBNEHi HAa OCHOBI
cybrpagieHTHUX MeTOAIB Hernagkoi onTumisadii i3
3anydeHHaM anapaTty wrpadHUX QYHKUIA Ta ere-
MEHTIB TEOpii HeNepepBHMX 3agad ONTUManbHOro
pPO30BUTTH MHOXWH.

JocnigpkeHo BNacTUMBOCTI pO3rMsHYTUMX 3agad
npo 6aratokpaTHe oNTUMarnbHe C-KyrbOBE MOKPUTTS
MHOXWHM ), BCTAHOBIEHO iX 3B’A30K i3 3aga4amm

29

ONTUMAnbHOrO MYSBTUMNIIEKCHOTO pPOo3bUTTS, LWO
A03BONA€E B TUX BUNagKax, Konu Le AouinbHo, 3B0-
OUTN pO3B'si3aHHSA 3aJadi Npo NoKpUTTA A0 3ajadi
po36uTTa. Ha npuknagax po3e’sidaaHHs HenepepBs-
HUX 3agay BaraToKpaTHOro KyrnbOBOro MOKPUTTS
MHOXMH, @ TakoX 3afay NoLuyky po30ouTTs Bigno-
BiZJHOT KpaTHOCTi X MHOXWH, MPOAEMOHCTPOBaHa
MOXITMBICTb BU3HAYEHHS pafiycy NOKPUTTS Yy Npo-
ueci po3B’si3aHHA HenepepBHUX NiHIMHUX 3agad
MYIBTUNIIEKCHOTO PO30UTTS MHOXMH. A Ans 3agaui
MYMBTUNNIEKCHOIO PO3OUTTA MHOXWHW 3 PO3Mi-
LLIEHHAM LIEHTPIB 3anpOnOHOBAHO KPUTEPI SAKOCTI
po3bUTTA, KU O03BONSE OTPUMYBaTU Take po3Ta-
LUYBaHHS LEHTPIB, ke 306iraeTbca 3 HAOOPOM LIEH-
TpiB Kynb MiHiManeHoOro pagiycy, o 6aratokpatHo
NOKPMBatoTb 3a4aHy MHOXUHY.
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SUBSTANTIATION OF REQUIREMENTS FOR THE STRUCTURAL
AND ALGORITHMIC ORGANIZATION OF AN IOT MONITORING SYSTEM FOR SOIL
AND CLIMATE PARAMETERS IN AGRICULTURAL CROP ENTERPRISES

Relevance. As one of the key sectors of the global economy, agriculture plays a decisive role in shaping
sustainable economic development and ensuring food security worldwide. Achieving satisfactory indicators of food
security and the export potential of agricultural products is a domestic priority for economic recovery and sustainable
development. Accordingly, the development and implementation of modern digital technologies in agriculture
becomes a strategically important task. The utilization of cutting-edge technologies for the agricultural sector,
coupled with the improvement of cultivation and processing methods for agricultural crops, is a key element in
ensuring the resilience and efficiency of the industry. The main aim is to conduct a critical analysis of existing
solutions in the field of information monitoring for agricultural purposes. This analysis will allow the development
of an optimized structural and algorithmic organization for the computerized system. This system is designed to
implement effective monitoring and decision support for managing agricultural processes. The research object is
existing approaches and methods for organizing monitoring systems in the agricultural sector to collect, transmit,
and process measurement data. The research subject is information and communication soffware and hardware
solutions in the field of computerized monitoring for agricultural purposes. Conclusions. It has been substantiated
that the development and implementation of conceptual software and hardware solutions in information technology
for monitoring soil and climatic parameters when cultivating agricultural crops in open-field conditions are currently
a relevant scientific and applied task. The set of requirements for the structural and algorithmic organization of the loT
technology for soil and climatic monitoring has been substantiated. An analysis and selection of technologies on
which the investigated hardware and software solution will be based have been carried out. The overall and detailed
structural and algorithmic organization of the investigated loT system for agrotechnical monitoring has been
developed, and priority directions for further research have been established.

Key words: Internet of Things, monitoring, architecture, wireless sensor network, agriculture.
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OBI'PYHTYBAHHS1 BAMOI O CTPYKTYPHO-ANTOPUTMIYHOIO
3ABE3MNEYEHHSA IOT CACTEMU MOHITOPUHIY 'PYHTOKINIMATUYHUX
NAPAMETPIBCIIbCbKOIOCNOAAPCBbKUX NiANPUEMCTB POCITUHHULITBA

AkmyanbHicmb. Cinbcbke eocrodapcmeo, sK 00Ha 3 KIo4Yosux e2arny3el €8imoeoi eKOHOMIKU, Mae
8U3HayalrlbHe 3Ha4YeHHs y (hOPMy8aHHI Cmarno2o EKOHOMIYHO20 pPo38UMKY ma 3abe3rneyeHHi rpo0ososnbyoi
besneku y ceimi. [JocsaeHeHHs 3ad08iflbHUX MOKa3HUKI8 Mpodoeosibyoi 6e3neku ma eKCropmHo20 fomeHuiany
cinbcbKo2ocnodapcbKoi npodyKuii € 0OHUM i3 8iMYU3HSHUX rpiopumemie eKOHOMIYHO20 8iOHOBMIEHHS ma cmarso20
po3sumky. BidrnosiOHo A0 ub020 pPo3pobka ma 6rpPoBadKeHHsI CydaCHUX UUGPOBUX MEXHOMORI Yy CinbCbKe
a2ocrnodapcmeo cmae cmpameaidyHO 8axnueumM 3asdaHHsIM. Adxe, BUKOpUCMaHHS HO8IMHIX mexHosnoaiti Ons uinel
azpapHoi 2arny3si, 8o0Ho4ac 3 yOOCKOHaneHHsIM Memodie eupouiysaHHs ma O0B6POOKU CiflbCbK020Crn00apChKux
Kynbmyp, € K/IK4Y08UM erieMeHmoM 3abesneqyeHHs cmilikocmi ma egekmueHocmi 2any3i. Memoro pobomu
€ KpUmUYHUU aHani3 iCHyto4ux piweHb y cebepi iHghopmauiliHoeo MOHIMopUHay a2pomexHiYHO20 NPU3HaYeHHs,
wo 003801UMb PO3POBUMU  ONMUMI308aHy CIMPYKMypPHO-ai20puMmMIiyHy Op2aHi3auito  KOMITiomepu308aHoi
cucmemu, sika CrpsiMoeaHa Ha pearsizauito egheKmusHO20 MOHIMOPUHaYy ma MiOMmpUMKU MPUUHAMMS pPilueHb
w000 KepysaHHsi agpapHuMu npouecamu. O6’ekmom AocnidxeHHs € icHyroui MNidxodu ma memoou opeaHizauii
cucmeM MOHImopuUHay 8 agpocekmopi 3 Memotro 360py, nepedadi ma 06pobku sumiprosanbHux daHux. [Tpedmemom
dociioKeHHs € iHPOKOMYHIKayilHi Mpo2paMHo-anapamHi PilueHHs1 8 2ary3i KOMITImepu308aHO020 MOHIMOPUHaY
CinbCbK020Cr00apcbko2o npu3HayeHHs. BucHoeku. [JosedeHo, wo po3pobka i 8MpoeadKeHHsI KOHUENmyanbHUX
rpoepaMHo-anapamHux pilueHb iHghopmauiliHux mexHosoeili 45151 MOHIMOPUH_2Y rPYHMOKIMamuy4yHUX napamempie
nid yac supowysaHHs1 CirlbCbK020Cn00apChKUX Kyfbmyp 8 yMoeax GiOKpumoz20 rpyHmy € akmyasbHO HayKoeo-
npuknadHor 3adadero y menepiwHiti 4ac. O6rpyHmMo8aHo CyKynHicmb geumoe 00 CMPYKMYPHO-an2opummidHor
opeaHisayii 10T mexHosnoeaii rpyHmMoKmiMamuyHo20 MOHImopuHay, 30ilicHeHO aHani3 i eubip mexHonoeil, Ha KUX
6asysamumembcsi docnidxysaHe anapamHo-ripogpamMHux pileHHs.. ObrpyHmoeaHo 3azanbHy ma Oemari3oeaHy
CMPYKMypHO-an2opummidHy — opeaHisauito  dochnidxysaHoi 10T cucmemu a2pomexHiYH020 MOHIMOpUHay
ma ecmaHOoB/IeHO fpiopumemHi HanpsaMKu nodanbuiux 00CIi0KeHb.

Knro4oei cnoea: loT-mexHonozisi, MOHIMopuHe, apximekmypa, 6e30pomoea CEeHCOpHa MEpPEXa, CiflbCbKe
aocrnodapcmeo.
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The relevance of the scientific and applied
research task. As one of the key sectors of the
global economy, agriculture plays a crucial role in
shaping sustainable economic development and
ensuring food security worldwide. The relevance
of agriculture is directly linked to its impact on the
social and economic aspects of society. Agricul-
tural activities serve as the primary source of food
production, a vital factor in providing the popula-
tion with essential food products.

In contemporary times, as the world faces
challenges such as global climate change and an
increasing population, the significance of agricul-
ture becomes even more pronounced. Achieving
food security becomes a priority, and the integration
of modern technologies into agriculture becomes a
strategically important task. The use of cutting-edge
technologies in agronomic practices, coupled with
advancements in cultivation and processing meth-
ods of agricultural crops, is a key element in ensur-
ing the resilience and efficiency of the industry.

The necessity to implement modern informa-
tion and computer technologies in agriculture is
also driven by the need to optimize production pro-
cesses. Digitization and innovations contribute to
increased productivity and quality of agricultural
products, ensuring high competitiveness in both
domestic and global markets.

The integration of modern technologies into
agriculture is not only a national necessity but also
a global trend that determines the effectiveness
and competitiveness of Ukraine in the world mar-
ket. It becomes a strategic direction of develop-
ment, combining economic, technical, ecological,
and social aspects.

The contemporary development of agriculture
is accompanied by several important trends that
define not only technological shifts but also strate-
gic directions in the industry.

Firstly, the significant impact on agriculture is
exerted by global digitization and the intellec-
tualization of production processes. The use of
modern information technologies, sensors, artifi-
cial intelligence systems, and big data allows the
optimization of production processes, resource
management, and the enhancement of farming
efficiency.

The second important trend is sustainability
and ecological resilience. Agriculture is becom-
ing increasingly oriented towards environmen-
tal conservation. The use of environmentally
friendly approaches to cultivation, the develop-
ment of organic farming, and the implementation
of resource-saving technologies become essential
in meeting consumer demands and addressing
global environmental challenges.
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The third trend is the globalization of markets
and increased competition. Agriculture is part of
a global supply chain that requires a high level of
competitiveness. Improving product quality, stand-
ardization, and the development of new markets
are strategic objectives for the agricultural sector.

Additionally, a significant trend is the develop-
ment and practical implementation of the concep-
tual principles of ‘Agriculture 4.0’. The integration
of the Internet of Things, robotics, as well as hard-
ware and software solutions into the digitization
of production processes, transforms agriculture,
making it more efficient and high-tech.

Aim and objectives of the article. The main
aim of the article is to analyse and synthesize
approaches to the development of the structural
and algorithmic organization of loT technologies
for implementing comprehensive digital monitoring
of soil and climatic parameters of open-field crop
farms. To achieve the set aim, the following objec-
tives need to be met:

— critical analysis and logical generalization of
existing approaches to the construction of infor-
mation technologies and computerized systems
for agrotechnical purposes;

— identification and study of the most effective
architectural solutions in the construction of infor-
mation technologies for agrotechnical monitoring;

— development of a structural diagram and
algorithms for the functioning of the investigated
loT technology;

— substantiation of further directions for priority
research in the declared subject area.

Critical analysis and logical generalization
of recent research, publications, and scientific
and technical developments. Based on the anal-
ysis of sources [1-3], the following aspects requir-
ing development in the domestic and global agri-
cultural sectors can be highlighted:

1. Strategies for agricultural digitization:

— investigation of specific strategies used in
different countries for the development, improve-
ment, and implementation of digital technologies
in agriculture;

— overview of programs and initiatives aimed at
supporting the digital transformation of the agricul-
tural sector.

2. Regulations and standards:

— research the regulatory environment regulat-
ing the use of digital technologies in agriculture;

— review standards for data exchange between
various agricultural systems.

3. Legislation:

— reviewing legislative initiatives aimed at sup-
porting the integration of digital technologies into
agriculture;
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— studying legal aspects related to data use in
agriculture and agrotechnologies;

— international research and collaboration;

— analysis of projects and research conducted
internationally for the development of digital agri-
culture;

— considerations of opportunities for interna-
tional cooperation in the digitization of the agricul-
tural sector.

4. Innovations and start-ups:

— investigation of the role of innovations and
start-ups in the implementation of digital technol-
ogies in agriculture;

— analysis of research works and innovative
solutions being developed in this field.

5. Efficiency and challenges:

— study the results of implementing digital tech-
nologies in agriculture and their impact on produc-
tivity and the sustainability of agricultural produc-
tion;

— analysis of challenges such as cybersecurity,
data confidentiality, and technology accessibility
for agricultural productions.

All these trends define a new dimension of agri-
cultural development, requiring a combination of
traditional methods with innovative technologies to
ensure sustainable and efficient farming [1].

The main advantages of applying digital and
information technologies include the following [2]:

— cost savings through efficient resource utili-
zation;

— optimized crop monitoring and minimization
of crop losses due to decrease of the destabilizing
factors influence such as diseases or aggressive
climatic conditions;

— predictive planning of agricultural activities.

The aforementioned features are part of the
global trend in agricultural development. Similar
stages correspond to the domestic strategy for
the development of the agricultural sector. It is
important to emphasize that the lack of uniform
standards and precise solutions complicates the
implementation of modern digitization strategies
in agriculture. This problem hinders the integration
of innovations and reduces their effectiveness,
necessitating the search for scientifically grounded
solutions. For the successful development of the
agricultural sector and to ensure its sustainable
functioning, active efforts are needed to create
unified standards and develop precise strategies
for implementing technological innovations, which
will respond to modern challenges and contribute
to the creation of a competitive and sustainable
domestic agricultural sector [3].

In terms of the possible architecture of loT
systems, various approaches to monitoring crops
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using innovative Internet of Things (loT) technol-
ogies can be implemented for the optimization of
agriculture. Through the use of high-precision sen-
sors, data collection, and analysis, comprehensive
monitoring of plant growth can be realized, sup-
porting decision-making regarding the rational use
of resources and the control of soil quality and fer-
tilizer levels. The diversity of approaches lies in the
use of various types of sensors, graphical images
obtained from drones or satellites, and automated
data collection systems that are integrated to cre-
ate comprehensive solutions aimed at optimizing
processes in agriculture [2].

The Internet of Things (loT) is based on a hier-
archical architecture that includes multiple levels
for effective data management and processing. A
typical loT architecture includes the following lev-
els, as shown in Figure 1 [2].

Cloud infrastructure
level

Metwork layer

Level of processing
nodes

Device level

Fig. 1. Generalized Architecture
of loT Systems for Agrotechnical Purposes

The main advantages of the implementation of
software and hardware solutions of loT in agricul-
ture are described in Table 1. The results of the
comparison, which are given in Table 1, are the
result of a logical generalization at the qualitative
level of current global developments and used
technologies for agrotechnical purposes [4].

Based on the conducted analysis, it can be
concluded that ground monitoring, using wireless
sensor networks, proves to be the most reason-
able approach for optimizing processes in crop
farming through the implementation of the concep-
tual loT principles based on hierarchical structural
and functional organization (see Fig. 1).

This method not only ensures high measure-
ment accuracy but also allows obtaining real-time
information about the condition of plants, soil, and
other aspects of agriculture. This approach also
considers the advantages of designing comput-
erized systems, taking into account their mobil-
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Table 1

The results of comparing loT monitoring technologies

Parameter Computerized Systems loT technologies
Support for collective farming Almost absent High level of support
Logistic and quality tracing of food production Average level High level
Direct interaction with consumers N/A Available
Harvest monitoring Available Available
Automated systems Available Available

Table 2
The results of the comparison of agrotechnical monitoring technologies
Parameter c o(r:rl;ﬁ;?zl ed Satellite Ground Stationery Ground Wireless

Coverage Low High High High
Integration Low High Medium High
Ease of Use Medium High High High
Mobility Low High High High
Resource Conservation Medium Medium Medium Medium
Energy Efficiency Low Medium Medium Medium
Maintenance Complexity Medium High Medium Low
Economic Efficiency Low Low Medium High

ity, scalability, and benefits for small and medi-
um-sized businesses in the digital agriculture
sector by realizing the following trends: precision,
responsiveness, mobility, scalability, and invest-
ment attractiveness for small and medium-sized
enterprises.

Therefore, this approach enables the creation
of flexible, mobile, and scalable solutions that meet
current conditions for projects in the field of digital
agriculture, especially for small and medium-sized
enterprises [4].

The next step in the research is to carry out a
comparative analysis of four types of

agrotechnical monitoring systems: classical
computerized, satellite-based, ground-based sta-
tionary, and ground-based wireless. During the
comparative analysis, the following criteria were
taken into account: accuracy of data collection,
reliability of data transmission, coverage area,
implementation and operating costs, the ability to
simultaneously detect various physical and chem-
ical parameters (humidity, temperature, chemical
composition of the soil, etc.), energy consumption,
protection against external influences, system
response time, weather resistance, scalability, and
ease of integration with other technological sys-
tems [5]. The qualitative results of the comparative
analysis are presented in Table 2.

Comparing the aforementioned agrotechni-
cal monitoring technologies, it can be concluded
that ground-based wireless monitoring is the most
optimal in terms of utilization based on integral
characteristics. Specifically, such systems offer
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high accuracy, mobility, a scalable coverage area,
the ability to detect multiple parameters simulta-
neously, resistance to weather conditions, low
energy consumption, and attractive investment in
implementation and ongoing maintenance.

It is also worth noting that the ground-based
wireless sensor networks demonstrate high effi-
ciency in tracking environmental parameters and
respond to changes in real-time, making them
an effective tool for resource management to
enhance crop yields. Such an approach can also
be a beneficial investment solution, ensuring opti-
mal resource utilization and improved productivity
in agriculture [6].

Research results. Based on the results of the
analysis of monitoring technologies, a generalized
structural diagram of the soil and climatic param-
eters monitoring system during the cultivation of
agricultural crops has been developed. The pro-
posed structural diagram is based on the tech-
nology of wireless sensor networks, as shown in
Figure 2.

Infrastructure for information processing is a
server environment designed for receiving, pro-
cessing, and storing data, providing access to
information for users with different rights, as well as
updating network nodes and sensors as needed.

Sensors are end devices of the technology that,
during interaction with the surrounding environ-
ment, transmit data to the network and exchange
service information with network nodes.

Further specification of requirements for the
investigated loT technology necessitates the
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Fig. 2. Generalized structural diagram
of the infocommunication network
for wireless monitoring of soil
and climatic parameters

establishment of a standard for further research
and system development. To achieve this, two main
types of interaction algorithms are proposed [7]:

1. Establishing interaction (processing and
transmission) of data between all levels of the
architecture.

2. Configuring the algorithm of actions in case
of emergencies.

The initial setup algorithm is triggered in the
event of the first installation of the technology or
its complete reboot. In such a case, the sequence
of actions after the connection and activation of all
system components is shown in Figure 3.

Also, taking into account the modern regu-
lations in the field of open-field crop production
regarding the soil and climate parameters influ-
encing the efficiency of growing agricultural crops
[8], as well as taking into account the technical
and functional characteristics of wireless informa-
tion and communication technologies, the detailed
structural diagram of the IoT technology of agro-
technical monitoring has been substantiated, as
shown in Figure 4 [9].

In the specified diagram (see Fig. 4), informa-
tion processing occurs at the processing nodes
(ZigBee) to perform preliminary analysis of the
information and unload the network at the next
level of data collection. Subsequently, the data
passes to processing centres, which are optimally
located in cloud infrastructure in terms of provid-
ing a high level of support and servicing dedicated
resources of the processing system [8, 10-12].
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Initialization of sensors and exchange of service
information with network entry nodes

Configuring routes between network nodes and
building a topology

Checking the connection between network nodes
and the information processing environment

A 4

Transmission of the test sequence from sensors to
the level of processing nodes

WV

Processing the transmission environment and
waiting for a response

Fig. 3. Algorithm for the initial setup
of the investigated loT technology

Therefore, based on the conducted research, it
has been established that the indicated structural
and algorithmic organization of the loT technology
for monitoring soil and climatic parameters during
the cultivation of crops correlates with general con-
ceptual trends in the field of information technology
in terms of precision, speed, scalability, adaptabil-
ity, and the complexity of aggregating and trans-
forming measurement data.

Priority directions for further research.
Based on the analysis and formulation of key
requirements, the next steps involve addressing
three crucial tasks:

1. Development and modelling of a network
capable of qualitatively and reliably performing
the functions of collecting and processing meas-
urement information regarding a set of soil and cli-
matic parameters at multiple hierarchical levels of
the system.

2. Development of an infocommunication stand-
ard that unifies the general concept of the architec-
ture and demonstrates the functioning aspects of
monitoring systems at all stages of system operation.

3. Experimental testing of the system and veri-
fication of algorithms under emergency conditions
of system operation.

Conclusions. It has been proven that the
development and implementation of concep-
tual hardware and software solutions of informa-
tion technologies for monitoring soil and climatic
parameters during the cultivation of crops in open-
field conditions is a relevant scientific and applied
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task at present. A set of requirements for the struc-
tural and algorithmic organization of the IoT soll
and climatic monitoring technology has been sub-
stantiated, as well as an analysis and selection of
technologies on which the investigated hardware
and software solutions will be based have been
carried out. The general and detailed structural

and algorithmic organization of the investigated
loT agricultural monitoring system has been sub-
stantiated. As a result of this scientific work, basic
principles, and directions for the development of
loT technologies for effective monitoring of soil
and climatic conditions on open-field crop farms
have been identified.
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An essential component of modern systems built on cloud technologies, which determines the performance
and efficiency of system operation, is caching methods and technologies. For systems that provide static information
to end-users, technologies such as SSG (Static Site Generation) and SSR (Server-side Rendering) are applied in
building the client side. SSG is typically used for pages with a very low frequency of content changes, as modifying
the content on one page requires rebuilding the entire site. To cache SSR application pages, the use of a cache
proxy server is recommended. An example of implementing such an approach is Nextjs Serverless. However,
because the Next.js Serverless technology employs a weak caching model, delivering up-to-date data to end users
often takes a significant amount of time, which can negatively impact user interaction.

This work is dedicated to addressing this problem. The paper proposes a flexible and efficient solution for
generating and caching static pages using a cache proxy server and invalidation for data updates by the cache proxy
server upon each change in the system's state. The integration of this solution into complex information systems is
explored, and a performance comparison and evaluation of data delivery to end-users are conducted.

The results of the conducted experiment demonstrate that the proposed approach solves the identified problem
without compromising the performance compared to the Next.js Serverless approach.
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METOAM ONTUMI3ALIT 3ABAHTAXEHHSA TA OHOBJIEHHSAA BEBCTOPIHOK
3A OMNOMOIOK XMAPHUX TEXHONOTIA

Baxnueoto cknadoeoro cydacHuUx cucmem, nobydosaHux Ha b6asi XxmapHUX mexHosogil, 6i0 KO 3anexums rpo-
dykmuesHicmb ma eghekmueHicmb (hyHKUIOHYy8aHHSI cucmemu, € memodu ma mexHonoeil kewysaHHs. [ns psdy
cucmewm, siKi Habaromb cmamuyHy iHhopMauiro KiHUe8oMy Kopucmysadesi, 0519 nobydosu KieHMCbKOI YacmuHu
3acmocosytombcsi maki mexHosoeil, sk SSG (Static Site Generation), SSR (Server-side Rendering). SSG, sik npa-
8UI10, 3aCcMocosyembCs Oris1 CIMOPIHOK, Yyacmoma 3MiHU emicmy SIKux QyXe HU3bKa, OCKifibKU Orist 3MiHU 8Micmy Ha
00HIli cmopiHui nompibHe nepe3bupaHHs 8Cb020 calimy. [ns kewysaHHs1 cmopiHok SSR-0odamkie npornoHyembcs
sukopucmosysamu kKelw-rpokci-cepeep. lNpuknadom peanizayii makozo nidxody moxe cryxumu Next.js Serverless.
lpome yepe3 me, wo mexHonozis Next.js Serverless aukopucmosye criabky Molesib KelwysaHHs, docmaska akmy-
anbHUx 0aHuX KiHUe8UM KopucmysadaMm Yacmo 3almMae 3HaqyHy KiflbKiCmb 4Yacy, Wo MOXe HeaamueHO 8MIUHymu Ha
83aemMo0il0 3 Kopucmyeadem.

BupiweHnHto yjei npobnemu npucesyeHa 0aHa poboma. Y pobomi npornoHyembCsi 2Hy4Ke ma ehekmusHe pilieH-
Hs1 Onisl eeHepauii ma KewyeaHHs1 cmamu4yHUX CMOPIHOK 3 BUKOPUCMAHHSIM KeW-rpoKci-cepgepa ma iHeanidauji
0nsa akmyanisauii daHUX Kew-npoKci-cepsepa Mpu KOXHIU 3MiHi cmaHy cucmemu. [ocnidxeHo iHmezpauito yb020
pieHHs1 8 cknadHi iHgbopmayitiHi cucmemu, rnpoeedeHo NOPIBHSIHHS MPOOyKMuUeHOCMIi ma OuiHKy docmasku daHux
KIHUe8oMy KopucmyeaJesi.

Pesynbmamu rposedeH020 ekcriepuMeHmy noKa3yrms, W0 3anpornoHosaHul nidxid eupiuye nocmasseHy rnpo-
bnemy, He ycmynarodu 8 npodykmusHocmi rnioxody Next.js Serverless.

Knro4oei cnoea: xmapHi mexHornoeii, peHOepuHa Ha boui cepsepa, cmamudyHi eebemopiHku, EOx KewysaHHs,
Keuw [lpokci-cepsep, [JomeHHo-opieHmMoesaHul [JusadH.

The trend of migrating businesses to the cloud data caching (Chockler, 2011: pp. 1-11)(Choi,
emerged long ago and has been resilient for quite ~ 2020: pp. 98-110)(Berger, 2014: pp. 2-23). Cloud
some time. Correspondingly, cloud technologies platforms provide a range of caching mechanisms,
continue to evolve. Currently, individuals are not including in-memory caches, distributed caches,
just allowed to rent space for their servers butcan  and cache on the side of content delivery net-
gradually purchase it, dynamically scaling compu-  works (CDNs). In-memory caches like Redis (8)
tational power both vertically and horizontally as  and Memcached (Fukuda, 2014) prove particularly
needed. effective in accelerating data retrieval by storing

The primary advantage of cloud technolo- frequently accessed data in RAM, enabling ultra-
gies (Thakur, 2022) lies in their flexibility. Users  low-latency access. Distributed caching solutions,
no longer need to worry about physical hardware, such as Amazon Elasticache (10), extend this
its maintenance, and updates. They can focus on  capability across multiple nodes, further enhancing
their business, leaving all technical aspects in the  the speed and reliability of data access. CDNs, on
hands of the cloud provider. This also reduces the other hand, facilitate the efficient distribution of
operational costs and enhances efficiency, allow-  content and data to multiple geographic locations,
ing companies to concentrate on the development  reducing latency for users and researchers world-
and implementation of new products and services.  wide. These caching techniques are invaluable in

With each passing year, cloud technologies scenarios where real-time access to data and ser-
become increasingly accessible. The cost of ser-  vices is critical.
vices offered makes them viable even for novice Caching in cloud services not only enhances
startups. Moreover, major conglomerates such as  the speed and efficiency of scientific computations
Amazon (2), Google (3), and Microsoft (4) provide  but also contributes to cost savings. By reducing
various discounts and free services up to spe- the amount of data transfer and computational
cific credit amounts to attract potential clients. In  overhead, researchers can optimize resource uti-
addition, user interfaces are evolving, enabling lization, ultimately leading to lower cloud service
non-technical users to leverage cloud services. bills. Moreover, caching enables the reuse of pre-
While this, on one hand, reduces the skill require-  viously computed results, minimizing redundant
ments for DevOps personnel, on the other hand, calculations and improving the sustainability of
it necessitates their familiarity with the specialized  research projects.
knowledge of using a specific console. Given the Another technology that significantly increases
multitude of options available, training and even  cloud performance is Edge caching (Wu, 2021).
user certification programs are conducted to guide  The critical component of content delivery and
users in effectively utilizing cloud systems. data distribution networks is designed to enhance

Talking about cloud services and web perfor- the speed and efficiency of content delivery to
mance optimization, special attention is given to  end-users. Unlike traditional caching, which is typ-
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ically centralized on a single server or data center,
edge caching decentralizes the caching process,
bringing content closer to the end-users by placing
cached data on edge servers distributed across
various geographic locations. This approach signif-
icantly reduces the latency and congestion associ-
ated with serving content from a centralized loca-
tion, leading to faster and more reliable access.

The best performance of edge caching is
achieved when a website is developed using
static web page technology. Pre-rendered pages
are cached at the edge, ensuring rapid and effi-
cient functionality. The concept of pre-generating
static web content (Large, 2022)(Yang, 2022),
often referred to as "static web pages", predates
the modern static site generators (Jiang, 2010:
pp: 588-591) that we use today. It's challenging
to attribute this concept to a single individual, as
it evolved gradually as the web itself developed.
Static web pages have been used since the early
days of the World Wide Web.

While the concept of static web pages was
established early in the history of the web, the
specific tools and technologies that we now asso-
ciate with modern static site generators were
developed later. Tools like Jekyll (15), Eleventy
(16), Gatsby (17), and others were created to
automate and simplify the process of generating
static websites. The idea is to generate all possi-
ble web pages in advance and cache them. This
provides significant performance improvement for
read requests. However, this approach provides a
low level of flexibility. The main con of the solution
is when content does change, the site must be
rebuilt to have these changes reflected. In prac-
tice, some hybrid approaches work. For example,
as described in (Vepsalainen, 2022), static and
dynamic parts of the page are kept separately.
The JSON for site definition is leveraged on the
client side for editing, bridging the continuum’s
ends.

Another approach is the Single Page Appli-
cation (SPA) (Fink, 2014), a web application that
loads a single HTML page and dynamically updates
its content as users interact, eliminating the need
for a full page reload. This development para-
digm has gained popularity due to its enhanced
user experience, faster navigation, and reduced
server load. However, a notable drawback of this
approach is that the page renders after the initial
load, introducing a certain delay before displaying
data to the user. Additionally, this can impact page
indexing by search engine robots, as dynamically
generated content is ignored by some bots, nega-
tively affecting Search Engine Optimization (Gudi-
vada, 2015: pp. 67-76).

42

Another option for building web clients for com-
plex information systems is Server Side Render-
ing (SSR) (Sun, 2019: pp. 191-217). When a user
requests a page from a server, the server deter-
mines which page to render and processes the
request, including any data fetching or computa-
tions needed to render the page. This may involve
querying a database, making API requests, or
other server-side logic. The server uses a tem-
plate engine (e.g., Handlebars (22), Pug (23),
etc.) to render the HTML template with the data
retrieved in the previous step. The resulting HTML
is a fully formed web page, often including the
content, layout, and initial data. The server sends
the complete HTML page, along with any associ-
ated assets like CSS and JavaScript files, to the
client's browser. Once the initial HTML is loaded
in the browser, any client-side JavaScript can take
over and enhance the page's interactivity. The
process repeats when a user navigates to another
page within the application. A new request is sent
to the server, which generates the HTML for the
new page, and the client-side JavaScript updates
the page content.

In practice, a common approach involves
employing both methods for different parts of the
system. Static pages, which do not require fre-
quent updates, are generated using a generator
and cached, while web pages in need of frequent
updates are based on SSR or SPA approaches.
Although these solutions work sufficiently, con-
cerns regarding performance and content updates
persist. Additionally, it is often a challenge for
developers to find the right balance, determining
which pages to generate and which to render in
real time.

Methods exist to optimize page load time when
using the SSR approach, such as employing a
multi-level cache (Vilas, 2006: pp. 713-720) and
a cache proxy server (Wang, 1999). The system's
operation using these methods is illustrated in
Fig. 1. When a client sends a request for a page,
the request is received by the CDN service, and
if an up-to-date version of the page is present, it
is delivered to the client. If the page is not pres-
ent or its time-to-live has expired, the request is
redirected to the cache proxy server. This cache
has a larger size, and the time-to-live for pages
can be longer. If the cache proxy server also lacks
an up-to-date version of the page, the page is
requested from the server, which renders it and
sends it to the client, also saving the updated ver-
sion on the cache proxy server.

An example of implementing such an approach
can be found in the Next.js Serverless solution (26)
(27)(28). This framework is designed to create a
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serverless architecture (Rajan, 2018), which offers
certain advantages over the traditional server archi-
tecture for certain systems. The concept involves
a resource distribution approach. In the case of
the Next.js (30) SSR framework, the conventional
server, which requires scaling and continuous
operation with associated costs, is replaced with
a storage solution for static files (AWS S3) and a
stateless worker that can be invoked on-demand
(AWS Lambda). The S3 server in this system
essentially serves as a cache proxy server, with
AWS CloudFront as the CDN service. Implemen-
tation of a system based on the Next.js Serverless
framework is depicted in Fig. 2.

This approach ensures a high level of scalabil-
ity, enabling the parallel rendering of a vast num-
ber of pages. However, the question of what cache
model, weak or strong, to use remains. Cache
invalidation operations on CDNs provided by cloud
platforms can be relatively costly, especially with
a large number of calls. Therefore, it is advisa-
ble to avoid cache invalidation unless necessary.
Another consideration is data freshness in case a
weak cache model is used.
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Next.js Serverless approach utilizes a weak
caching model, delivering up-to-date data to
end-users often takes a considerable amount of
time, which can negatively impact user experience.

Task definition. The solutions mentioned
above are aimed at systems whose data state
changes not too frequently but is not entirely static
either.

The example can be illustrated by the health
care system developed by a team from DBB Soft-
ware company (31). The system aims to provide
users with public profiles of doctors and their prac-
tices, along with reviews about these doctors. The
system undergoes changes when content man-
agers add or modify doctor profiles or their prac-
tices, and when patients add reviews. These are
not real-time operations, and the update frequency
of the page does not exceed tens of changes per
hour.

One of the possible architectural solutions con-
sidered for building such a system was the gen-
eration of static pages. However, despite the high
performance of this approach, especially when
using edge caching, such a solution was rejected
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at the planning stage. The challenge with the page
generation approach lies in the need for rebuilding
and redeploying all pages to make any changes.
Using this approach in the current scenario would
be inconvenient, as the rebuilding process takes
time, and rebuilding the entire site multiple times a
day would be resource-intensive.

The first solution implemented was the SSR
Next.js server. SSR renders pages in real-time,
and all system changes are reflected on the cli-
ent almost immediately after the system data is
updated. However, this approach comes at the cost
of performance, as each page request involves
one or more API requests, leading to increased
page load time. Even with the use of CDN cach-
ing, the average page load speed for some pages
reached up to 1700 ms.

Using the Cache Proxy Server with a weak
caching model partially addresses this issue by
introducing a second level of managed cache.
However, on some pages, data may remain
unchanged for months, while on others, it is con-
stantly added.

For example, there is a doctor who obtained
the last license several years ago and only treats
his regular patients. Such a doctor's page will not
be updated for months or even years. On the other
hand, some doctors ask their patients to leave
reviews and constantly receive new certificates. The
pages of these doctors are updated multiple times
per day. By default, the cache TTL is set the same for
all pages. To ensure users receive up-to-date data,
the TTL value should be set close to the update fre-
quency of the most frequently updated pages.

One solution to this problem could be to
implement logic on the cache proxy server that

Drarmiain Event Handler

Sends State Changed Event

Request Page render

Rendearer

is responsible for grouping pages based on their
update frequency. For each group, set a TTL that
is most suitable for that specific group. However,
with this solution, the dynamics of data changes
need to be taken into account. For example,
a doctor may start asking patients to leave
reviews, and a page that used to change once
a year will suddenly start changing several times
a day. Considering the high complexity and low
level of reliability, this solution is not considered
effective.

This article aims to find an effective solution
for the flexible response of the page generation
module to changing data. It also provides a perfor-
mance comparison and evaluates the delivery of
updated data to the end user.

Main part. Similar to the Cache Proxy Server
approach described above, we also propose ren-
dering and storing pages in a static repository but
using a strong caching model and storing not just
already requested pages, but all possible pages in
advance. The freshness of data in the storage is
ensured by regenerating pages with each change
(or some amount of changes) in the system that
concerns these pages. One or more handlers sub-
scribed to events about changes in the system's
data, determine which pages are affected by these
changes, and invoke the page renderer service
to update these pages in the cache proxy server.
After the pages are successfully rendered and
saved, a request for invalidating the CDN cache is
sent (Fig. 3).

For example, in Domain-Driven Design (DDD)
systems (Evans, 2004) (Fig. 4), one of the han-
dlers subscribed to changes in the aggregate's
state can perform this function.

Page Storage CDN

Renders the Page

Rendered Page

-

‘q_.-r)

F 1

Updates the Page

¥

Request Page Imalidation

Camain Event Hamdler

Renderer

Page Siorage CDN

Fig. 3. Update the Page flow
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This approach integrates particularly well with
an Event Sourcing system (Chamberlain, 2017),
as the implementation of sending events upon
changing the state of an aggregate forms the foun-
dation of such systems. The pre-rendered page
essentially serves as a projection in this context.

In Fig. 5, the flow of state change in the event-
sourced system is depicted. A change request
transforms into an understandable message
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for Domain (command), which is validated and
enters the domain through the command bus. The
domain comprises command handlers, a reposi-
tory, and an aggregate description. The command
handler requests the repository for the aggregate
based on the ID specified in the command. The
repository, relying on the aggregate description,
creates an empty object of the required aggre-
gate type, queries the event store for all events
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related to the aggregate, replays them on the
new object, and passes the resulting aggregate
to the command handler. The command handler,
using the aggregate's methods, modifies its state.
Upon the state change of the aggregate, multiple
events are generated. These events are sent to
the repository, saved in the event store, and an
acknowledgment response is sent to the client,
indicating that the source of truth (event store)
of the system has been successfully changed,
and all other parts of the system will be eventu-
ally updated. Subsequently, the events are sent to
the event bus, notifying numerous handlers about
the system change. One such handler determines
which pages need to be updated based on the dis-
patched events, triggers the page generator, and
invalidates the cache when pages are updated in
the Cache Proxy Server.

When a user's browser sends a request to
retrieve a page, this request goes to the CDN,
which in turn fetches data from the repository and
serves the pre-rendered page to the client.

46

In case the requested page does not exist in
the repository, the request is redirected to the gen-
erator, which renders the missing page, servesiit to
the client, and subsequently stores it in the storage
(Fig. 6). Since the proposed architecture uses a
strong caching model, such cases may occur only
under normal system operation when requesting a
new page that has not been rendered by the sys-
tem since the last update.

The described system above has been imple-
mented and deployed in a live project. Fig. 7
shows the component diagram of the implemen-
tation of this system based on AWS services and
CQRS architecture.

This approach allows generating the necessary
pages and invalidating the cache only in situations
where it is justified by changes in the system. In
scenarios where the system undergoes frequent
changes, this approach can be resource-intensive.
To enhance scalability, it is advisable to utilize an
AWS Lambda function as a hosting environment
for the renderer. This solution enables the paral-



Information Technology: Computer Science, Software Engineering and Cyber Security, Bun. 4, 2023

s

(1\

_ Requests N Takes the Page.u -
the Page l ] if it exists B
. . Save generagecl Page
Client AWS Cloudfront AWS S3

CDN Generated pages
Ask to\ generate the Page @
if it does not exist '

{fallback logic for exception cases) —» :‘1 g’
AWS API Gateway AWS Lambda
Page generator
/.—\ y,
S/
. State changed g
Domain cvent
vy

Event Bridge

Handler that
determines what
pages should be

updated

Fig. 7. Component diagram

lel invocation of multiple renders when necessary,
without incurring server maintenance costs during
periods of frequent system changes.

The main concern with this solution could be
the quantity and frequency of cache invalida-
tion requests, as a large number of requests can
become financially burdensome. This issue is
addressed by an additional service that is invoked
instead of direct invalidation. This service accumu-
lates a predefined number of invalidation requests,
aggregates them, removes duplicates, and invali-
dates all necessary pages with a single request.
Such invalidation can be triggered either upon
reaching a certain number of invalidation requests
or when a specified timeout elapses if the request
pool is not empty. This solution has also been
implemented. A timeout of 1 hour and a pool size
of 100 pages have been set. For the developed
system, this results in approximately 200,000
CDN cache invalidations per month for a thousand
pages under standard system load. Given the
prices for CloudFront invalidation (34), this costs
$1000 per month.

Methods. To assess the performance of the
solutions in this study, the average read request
time for pages with different amounts of content
is measured. The measurements were conducted
on a real system using an analytical algorithm that,
upon each page load not from the browser cache,
sent load duration statistics to the statistics server.
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Experiment. The experiment was conducted
based on the DBB Software company's (31) pro-
prietary platform, which provided the necessary
infrastructure and tools for data collection and
analysis. This platform offered essential capabil-
ities for our research, ensuring the accuracy and
reliability of our experimental results. For a typical
test system, as described above, the problem was
solved using three different methods by two mid-
dle-level developers.

This approach significantly accelerates the
delivery of up-to-date data to end users by invalidat-
ing the cache immediately after a system change
rather than waiting for its expiration. In other
words, pages of doctors who regularly receive new
certificates or have new reviews from their patients
will be updated regularly, while pages, where new
data does not appear for months, will not undergo
a rerender.

Another question is how the proposed mod-
ification affects performance compared to other
approaches. The average page load time for a
real website with varying amounts of content was
measured using three considered approaches:

— SSR application using Next JS React frame-
work, hosted on AWS Elastic Beanstalk (35) M2
instance.

— Cache Proxy Server with a weak caching
model approach as Next JS Serverless realization,
hosted on AWS Lambda function.
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Table 1
Different update frequency issue solving
SSR _ Cache Proxy §erver Suggested
with a weak caching model approach
Issue solved Yes No Yes
Table 2
Average page load time
time, ms
Page size SSR Cache Proxy Server Suggested
with a weak caching model approach
9 Mb 1782 827 799
5 Mb 496 93 89
2 Mb 301 61 55
— Custom implementation of suggested has a similarly high level of complexity, but Next.

approach on AWS Lambda function with a sub-
scription to system events.

From Table 2, it can be seen that the proposed
approach, and the Cache Proxy Server with a weak
caching model, significantly reduce page load time
compared to the pure SSR approach. This is logi-
cally explained by the fact that an SSR application
renders the page every time if it is not in the CDN
cache, and the CDN cache cannot store pages that
quickly become outdated. The proposed approach
is not inferior in speed to Cache Proxy Server with
a weak caching model, even showing a slight per-
formance improvement. This is because, using
the weak cache model, the system requests page
rendering upon user demand when the page's
time-to-live is considered outdated. The proposed
approach updates the data in the cache when the
system state changes and assumes the presence
of the page in the page storage. Thus, rendering
upon user request occurs only when the data is not
in the cache, which, under normal system opera-
tion, should not happen.

A drawback of the proposed approach is its
considerable implementation complexity. The
Cache Proxy Server with a weak caching model

js Serverless provides a ready-made implemen-
tation that can be easily used for one's system.
Similarly, the proposed approach offers a high
degree of reusability. Once implemented for one
system, it can be encapsulated into a separate
module and reused for other systems with rela-
tively small effort.

Summary. The page load time and timely deliv-
ery of up-to-date data significantly impact user
experience and are critical indicators in assessing
system performance from the end user's perspec-
tive. This article explored approaches to organiz-
ing the frontend part of the system and optimiz-
ing page load time for systems whose data state
changes not too frequently but is not entirely static.
Additionally, a modification to one of these meth-
ods was proposed, which does not lag in page
load speed compared to existing approaches and
speeds up the delivery of up-to-date data to end
users. Examples of implementing the proposed
approach for an event source and a standard
DDD system were described. An experiment was
also conducted, demonstrating that the proposed
approach, for a specific type of system, performed
no worse than existing ones.
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MOAEJb AKOCTI MPOrPAMHOIO 3ABE3MNEYEHHA ANA BIOHIYHUX NPOTE3IB

Po3pobka bioHiuHUX npome3ig ma npozpamHo20 3abe3neyeHHs, WO iX CyrnposodXye, 3a 0OCMaHHI POKU 3Ha4YHO rpo-
CyHynacsi arieped, rPOroHYYU Kopucmyseadam iHHo8auiliHi criocobu KOHmMpPOoslo ma e3aeModii 3i ceoiMu npome3amu.
Lle docniokeHHs1 3a2nubnoemsCsi 8 Pi3Hi acriekmu po3pobKu rnpoepaMHo20 3abesrnedeHHs1 Orisl biOHIYHUX rpomesis,
30CcepedXyoHUCL Ha ompuMaHHi daHux, rnepedadi makmusibHUX 8i04ymmig i 380pOMHO20 38'3Ky, MamemamuyHili
06pobui daHux i 3axodax 3abesrnedyeHHs sikocmi. OCHOBHa yeaza npudinssembcs MemodaMm ompuMaHHsl 0aHuXxX 6id
BIOHIYHUX pome3i8, SKi 8K/IHarMb MIOEMEKMPUYHE MNPSIME YrpasiliHHS, PO3i3Ha8aHHS MIOEIIEKMPUYHUX NamepHia
i ynpaerniHHs1 3a 0ornomoeao0 MexaHoMioepamu. KoxeH Memod nog'asaHull 3 yHiKaribHUMU rpobriemamu, makumu siK
308HILWHI WYyMO8i nepewKodu ma M'a308a emoma, sKi uMazaroms HalilHUX rpo2paMHUX piueHb Onsi 360py, iHmep-
npemaujii ma 06pobku 0aHux. [Nepedaya makmusibHUX 8i04ymmie i 380POMHO20 383Ky — e 00UH 8aXuauli acrekm,
KUl po3erisi0aembCsi 8 UbOMY OOCTIOKEHHI, 3 aKUEHMOM Ha ocmeornepyenuir, npocmul makmusibHUU 360p0MHUU
38'A30K | erlekmpuy4Hy cmumyrisiuiro Hepeia. [poepamHe 3abe3rneyeHHs 8idiepae K408y posib Y MOYHOMY 8i0MeopeH-
Hi cueHarnie yrnpaeriHHs, wob 3abeaneyumu Kopucmysadam peanicmuyHi makmuisibHi 8i04ymmsi i 360pOMHUL 38'A30K,
MoKpawytoyu ix 3azanbHull 0ocei0 KopucmyeaHHs MPome3oM i oyHKUioOHabHicmb. [Jocnioxyrombcs MameMamuYHi
moderni ma memodu 06pobKu 0aHuX, 8KoYarodu Memod KeliHa, ModertoeaHHs achepeHmHOI akmueHOCMI, iepapXidHy
Kracmepu3sauito ma Memoou cmamucmuyHo20 aHanidy. Lli MamemamuyHi iHcmpymeHmu dornomazaroms 3p03yMimu
PyXu Kopucmysayda, Koakmueauiro M's3ie ma echekmueHicmb cucmeM yrpaessiHHs npomesamu. Hapewmi, 3anporoHo-
8aHO KoMIIIeKCHy Modesib IKocmi MpoepamMHo20 3abesrneqeHHs Orisi GIOHIYHUX MPoMe3i8, WO OXOIMTOE BIiCiM KITHOH08UX
xapakmepucmuk: HadilHicmb, 6e3reka, Mpocmoma 8UKOPUCMaHHS, WeUOKICMb peazgysaHHs, adarnmusHicmb, 008-
208i4HiCMb, CyMiCHICMb i KOHIOeHUItHICMb. Xoya OesiKi xapakmepucmuku 8i0rnosidaroms CmaHo8eHUM MOOESIM
sKocmi npoepamHoe20o 3abesneqeHHs, makum sk SQuaRE, dodamkosi ampubymu, maki sk 6e3neka, adanmueHicmab
i 0os208i4HiCMb, PO3pPObIEHI creyianbHO Orisl PoepaMHO20 3abe3nedyeHHs1 Ons1 BioHIYHUX rpomesig.

Knrowoei cnoea: bioHiyHi npome3u, Po3pobka rnpospamHo20 3abesrnedyeHHs, YrnpaeniHHs npomesamu, Tak-
murnbHUl 3860pOMHIl 38'a30Kk, MamemamuyHe ModerntoeaHHs, 3abe3neyeHHs SKocmi.
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QUALITY MODEL FOR SOFTWARE FOR BIONIC PROSTHESES

The development of bionic prostheses and their accompanying software has advanced significantly in recent
years, offering innovative ways for users to control and interact with their prosthetic limbs. This research delves
into various aspects of software development for bionic prostheses, focusing on obtaining data, transmitting tactile
sensations and feedback, mathematical processing of data, and quality assurance measures. One primary focus
is on the methods of obtaining data from bionic prostheses, which include myoelectric direct control, recognition
of myoelectric patterns, and mechanomyogram control. Each method presents unique challenges, such as external
noise interference and muscle fatigue, which necessitate robust software solutions for data collection, interpretation,
and processing. Transmission of tactile sensations and feedback is another crucial aspect addressed in this
research, with emphasis on osteoperception, simple tactile feedback, and electrical nerve stimulation. Software plays
a pivotal role in accurately reproducing control signals to provide users with realistic tactile sensations and feedback,
enhancing their overall prosthetic limb experience and functionality. Mathematical models and methods for data
processing are explored, including the Kane method, afferent activity modeling, hierarchical clustering, and statistical
analysis techniques. These mathematical tools aid in understanding user movements, muscle coactivation,
and the effectiveness of prosthetic control systems. Finally, a comprehensive quality model for bionic prosthesis
software is proposed, encompassing eight key characteristics: reliability, security, ease of use, responsiveness,
adaptability, durability, interoperability, and privacy. While some characteristics align with established software
quality models like SQuaRE, additional attributes such as safety, adaptability, and durability are tailored specifically
for bionic prosthetic software.

Key words: Bionic prostheses, Software development, Prosthetic control, Tactile feedback, Mathematical
modeling, Quality assurance.

BceTyn. BioHidHi NpoTe3n — Le TeXHOMNOrYHI Npu-  BiAOMO, Sk BaraTo noaen B YKpaiHi BTpatunum cBoi
CTpPOI, SKi CTBOpEHi Ans BigHOBMNEHHS1 abo po3wn-  BionoriyHi KiHUIBKM i CKINbKM 3 HUX oTpumanu abo
peHHS YHKLIOHANLHOCTI BTpayeHnx abo nowko-  noTpedyloTek npotesi. OgHak BiiHa Bce Lie Tpu-
IPKEHUX YaCTWH NIOACLKOrO Tina. BoHW € cMHTE30M  Bae i KiNbKiCTb Ntogewn, aki noTpedytoTb NpoTesis,
BionoriyHMX | WTYYHMX KOMMOHEHTIB, i HagawTb  3pocTaTuMe.

MOXTMBICTb KOpUCTyBayam BiAHOBUTU MOTOPMUKY, ICHye Kinbka Tunie GioHIYHMX NPOTESiB, O OXO-
TakTUIbHI BIOQYYTTA | HaBiTb YaCTKOBO BIQHOBUTW  MNMIOKOTb Pi3Hi ranysi MeauyHol npakTukn. [Npum-
BiQuyTTA OOTUKY. Knagu BknovalTb B cebe GioHiYHI nmpoTe3n ans

IcTopis GioHikmn po3noyana CBii pO3BUTOK 3 NOA-  KiHLIBOK (PYK i Hir), a TakoX NpoTe3un Ans opraHis
BOI HOBMX MaTepianiB Ta TEXHOMOTiN, SKi JO3BO-  YyTTS, Takux siK odi abo cnyxoBi anapatu. Baxnu-
nunu CTBOPKOBATU MPUCTPOI, HAaTXHEHHi Gionoriy-  BOK CkNagoBok BiOHIYHUX NPOTE3iB € NporpaMHe
HUMK cucteMamn. OgHUM 3 KIKOYOBUX MOMEHTIB  3a0e3MeYeHHs], sike Kepye iXHbOK (pyHKLioHanb-
cTano BIigKpUTTA cnocobiB 3'edHaHHA Ckna Ta  HICTO Ta B3aemogieto 3 ntogmHoto (Abrams, 2023).
MeTany, Lo MOCnyXWo BiAnpaBHO TOYKOK ANis MporpamHe 3abe3neveHHs ans 6ioHIYHMX NpoTesiB
po3pobKM HEMpPONPOTE3iB Ta iHWKX IHHOBALUIMHMX  Bidirpae BupillanbHy ponb Yy 3abe3neyveHHi CUHX-
npucTpoiB. PO3BUTOK CKITOKEPaMiK/ Ta MPUMOIB HA  POHi3auii MK LUTYYHMMM KOMMOHEHTamMu Ta Oio-
OCHOBI CKNna [aB MOXINUBICTb LUMPOKOro 3aCTOCy-  NOMYHOK CUCTEMOI opraHismy. BoHo gae 3mory
BaHHS Pi3HOMaHITHUX MaTepianiB B MEANYHUX iMM-  NEepeBOANTU HepBOBI curHanu abo iHwi dopmun
naHTartax, BiAKPUBAK4YM HOBI rOpPU3OHTU Ana Bio-  KOmMaHa Big KopucTyBada B pyxu abo iHwi aii
HiKM Ta 11 NoTeHuiany B NOMIMWEHHI SIKOCTi XunTTa  npoTte3a. EdekTnBHe nporpamHe 3abesneqeHHs
nogen (Donaldson, 2016). 3abe3neyye nNnaBHe N TOYHE KEPYBAHHSA NPOTE30M,

Y CLWA Haniyyetbca ©ONu3bko 2 MINbAOHIB ~ MaKCUManbHO Habnwkatoum 1Horo dyHKUioHarnb-
nogen 3 amnytoBaHUMM KiHUiBKaMK, Npu LbOMY  HIiCTb JO NPUPOOHUX PYXIB.
wopivHo nposoanTbes 185 000 amnyTauin. 3rigHo Mpobnemu, 3 AKMMN CTUKAETLCA po3pobka npo-
3i CTAaTUCTUYHMMU JaHuMK HimewuunHn, Itanii ta rpamHoro 3abesneveHHs ansa GioHIYHMX nNpoTesiB,
Ipnangii, B €C Hanidyetbca 6nmabko 3,18 Minb-  OXOMSOKTL HE TiMbKA TEXHIYHI acnekTn, siK-OT
MoHa niogen 3 amnyToBaHUMU KiHUiBKamMu (4,66  CyMICHICTb i HafinHICTb, @ M BioNoriYHi YNHHMKK
MinbMoHa B ycin €sponi), i wopiyHo npoeogate  (Hong-liu, 2009). Baxnueo BpaxoByBaTu iHOW-
6nusbko 295 000 amnytauin (431 000 y Bcin  BigyanbHi OCOGMMBOCTI KOXHOIMO KOpUCTyBaua,
€sponi) (Bumbasirevi¢, 2020). OCKiNbKM aganTtauist 4o iXHboI doisionorii Ta ncmxo-

lMicna noyatky BiiHW B YkpaiHi npobnema amny-  norii Bigirpae BupillansHy ponb B YCMILHIN iHTe-
TOBaHMX KiHUIBOK rOCTPO MNOCTa€ neped HawuM  rpauii NnpoTesiB y IXHE NOBCAKAEHHE XUTTS.
CycCnifibCTBOM, a[pKke Benn4yesHa KinbKiCcTb ntogen AHani3 octaHHix gocnigxeHb. Mogenb sIKOCTi
3a3Hae TpaBM CBOIX KiHLIBOK i 3MyLUEHi 3ami- MporpamHoro 3abesneyeHHsi — e KoHuenTyanbHa
HoBaTK iX npoTe3amu. Hapasi OOCTEMEHHO He  CTPyKTypa, fKka BM3HaA4YaE KMO4YOBI acrnektu Ta
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XapakTePUCTUKN, 3@ SAKMMU MOXHA OLHUTU SKICTb
nporpamHoro npoaykTy. Lli mogeni HagatoTb Bigo-
MOCTIi MpO Te, AK BUMIpOBaTW, aHanisyBatn Ta
3abe3nedyBaTy BUCOKUIN PiBEHb SIKOCTi y Nporpam-
HOMY 3abe3neyeHHi NPOTAroM BCbOrO MOr0 XUTTE-
BOrO LIMKITY.

3apa3 0O OCHOBHUX XapaKTEPUCTUK, SKi Bpaxo-
BYIOTbCH B MoOAensx AKOCTi nporpamHoro 3abes-
neyeHHs, 3a3Bu4yar BKIOYAKOTb (YHKLiOHaNbLHY
npuaaTHICTb, HafilHICTb, ePeKTUBHICTb, Be3neky,
CMPOMOXHICTb  YTPMMYBaTUCH, MNEPEHOCUMICTb,
CYMICHICTb Ta 3pYy4HICTb BUKOPUCTAHHS.

IcHye kinbka Mogenen SKOCTi NporpamHoro
3abes3nedeHHsi, Bkntovatoum crtaHgaptm ISO/IEC
9126, ISO/IEC 25010, Ta iHwWi, Ski HagawTb Kepis-
HULTBO AN1S BU3HAYEHHS, BUMIPIOBaHHS Ta NoKpa-
LLIeHHS SKOCTi NPOrpamMHoro NpoaykTy. Ha ix ocHoBi
MixxHapogHMM KOHCOPLiyMOM 3 SKOCTi mporpam-
Horo 3abesnedeHHs (ISO/IEC JTC1/SC7) 6yno
pospobneHo mogens SQuaRE (Software Quality
Requirements and Evaluation), sika Bu3Hayae nig-
XOAM 00 OUiHKM Ta BUMOT A0 SIKOCTi MPOrpamHoro
3abe3neyveHHs.

MpoTe pisHOMaHITHICTb 3acToCyBaHb Nporpam-
Horo 3abesneyeHHs npusBena 3 4acom 40 Heob-
XiQHOCTi BpaxyBaHHSA 0OOATKOBUX XapakTepUCTUK
SKOCTI, SIKi MpUTamMaHHi KOHKPETHOMY TuMy 3acTo-
cyBaHb. Hanpuknag, ons nporpamHux cucTtem
3 efieMeHTaMMn LUTYYHOro iHTENEeKTy [O0AaTKOBO
posrnsgaetbca 11 cneundivyHmx aTpubyTiB AKOCTI
(Nascimento, 2020).

AKTyanbHicTb po6oTu. Bnnue Ha sKicTb nNpo-
rpamHoro 3abeaneyeHHs ons GioHIYHMX NpoTesiB
BionoriYHNX YNHHKKIB CYTTEBO BMSMBAE Ha Mpo-
LecC OUiHIOBaHHA SKOCTI mporpamHoro 3abesne-
yeHHs. PosnoBcrogkeHa mogenb akocTi SQuaRE
CTa€ HeadeKBaTHO Yepe3 HEMOXIUBICTb BU3Ha-
YATU BaXNUBi XapaKTepucTUkM Ta aTpubyTn
akocTi. Tomy icHye notpeba B BU3Ha4YeHHi mogeni
SIKOCTi nporpamHoro 3abesneyeHHs Anst GioHiy-
HUX NpoTe3iB.

MeTolo po6OTH € PO3LLUMPEHHA MOoAeni SKOCTI
nporpamHoro 3abe3nevyeHHa SQuaRE ans 3abes-
neyYeHHs MOXIMBOCTI OULHIOBaHHA Ta KOHTPOMO
SIKOCTi NporpamHoro 3abesnevyeHHs anga GioHIYHMX
nporesi..

Buknag oOcCHOBHOro martepiany Aaocri-
AXeHHA. |cHye 6araTo cnocobis B3aemogii npoTe-
3iB i nporpaMHoro 3abesneveHHs, ke gae 3mory
30iMCHIOBATN KOHTPOSb i KOMYHiKaLit0 3 KOPUCTY-
BayeM. Lli cuctemmn xapaktepusyeTbCsa npupoa-
HOI HeCcTabiNbHICTIO, CUMBbHUMW B3aEMO3B'A3KkaMu
Ta HeniHinHIcTIo.

Cnocobu ompumaHHsi O0aHux 3 G6iOHIYHUX
npome3ie. Cnocobu oTpMMaHHS gaHuX i nepea-
BaHHS JaHux Ao BioHIiYHOro mpoTesa Ayxe pi3Ho-
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MaHiTHi. Onuwemo HanbinbLL PO3MNOBCIOMKEHI Ha
npaktuui peanisadii (Fermin, 2019):

1. MioenekTpuiHui npsamMmm KoOHTpornb. Becepe-
AVNHY KiHLiBKM BOyOoOBYOTbCS oanH abo gBa mioe-
NEKTPUYHI AaTymkn TakK, Wwob BOHU KOHTaKTyBanu
3i LWKIpOW Ha MOBEepXHi KiHuiBKW. [aTyvku npu-
3HaveHi OAns BUSBNEHHS M'A30BUX pyxiB. Hassa
«MPSIMUIA KOHTPONb» [aHa TOMY, LIO KOpMCTyBau
NMOBWHEH akTMBYyBaTW NEBHi M'A3u, WOO6 KepyBaTtu
BMOOPOM peXnmy 3axXONSIEHHS, a TaKOX AigMN Bia-
KPUTTS | 3aKpUTTS.

2. PosnisHaBaHHs MioenekTpuyHmMx obpasis.
Y HOBUX BepCisix BIOHIYHUX NPOTE3iB BNPOBaAXEHO
po3ni3HaBaHHA MiOENeKTPUYHUX CTPYKTYP 3aMicCTb
NpsiMOro ynpaeniHHA. 3aBAsKM BENWKINA KiNbKOCTI
AaT4yvKiB Tenep MOXHa He TifNbKy BUSBASTU OKPEMI
M'S30Bi pyxu, a 1 igeHTudikyBaT 3aKOHOMIPHOCTI
B LMX pyxax. KoxeH 3pa3ok moxe 6yTu nos's3aHnm
3 KOHKpEeTHOW fJieto. Ak pesynbrat, ynpasniHHS
ctae GinblW iHTYITMBHMM, OCKIfTbKM KOPUCTyBady
BinbLue He MOTPIOHO aKTUBHO HaMPY>KyBaTW OKPeMi
M'a3n. BiH nNpocTo MUCAUTE MNpPO nepemilleHHs
cBO€l haHTOMHOI KiHLiBKW Tak, HiOM BOHa Bce Lie
npucyTHs, i BioHIiYHa Bepcia aBTOMaTMYHO BigO-
Oparkae noro Hamipu.

3. KoHTponb mexaHomiorpamu. [latumkn mexa-
HOMiOrpamun NpusHadeHi ana peectpadii MmexaHiy-
HWX CUrHaniB, WO BUHWKAIOTb Mi Yac CKOPOYEHHS
M'A3iB, Ha BiAMiHY Bif AaT4MKIB enekTpomiorpadil
(EMI), ki peecTpytoTb €NeKTPUYHI curHanmm, Lo
CTBOPIOKOTLCA M'A3aMK Nig Yac iXHbOI akTnBaLlii.

OTxe, 3aBOaHHAM nporpamHoro 3abesnevyeHHs
€ KOpeKTHa B3aeMogist i 00pobKa OTpUMaHNX JaHKX
AaTYUKIB 3 ypaxyBaHHAM ix cneumdiki. Y Bunagky
po3ni3HaBaHHA MIOENeKTpMYHMX 0bpasiB BapTo
3aBXau 3BepTaTu yBary Ha Te, L0 30BHIiLLHI Axe-
pena wymy, Taki Sk BiTep, LWyM MicTa, cepLedbunTTs
Ta iHWIi, MOXYTb BMNMBATM Ha iHTepnpeTalito
oTpMMaHux paHux. Tomy nporpamHe 3abesne-
YeHHS1 NOBMHHO He nuwe 36upaTun, nepegasaTu
Ta CerMeHTyBaTu AaHi JaTyuKiB, ane i nepesipaTtn
X Ha NpaBUMbHICTL Ta BIAMNOBIOHICTb. Y BMMNAAKy
BUKOPUCTAHHSA MEXaHorpamm NpUYMHOK HEBIPHMX
AaHUX MOXYTb BUCTYNATU iHLWI YMHHUKK, TakKi 9K
BTOMIEHICTb M'A3iB, HenepenbayyBaHiCTb Cur-
Hany, iHgueigyanbHi BigMiHHOCTI Ta iHwe. OTxe,
nporpamMHe 3abe3nevyeHHa MOBMHHO He nule
BMIiTM 30MpaTn OaHi Ta npautoBatn 3 HUMK, ane
N npaBumbHO X iHTEpnpeTyBaTh, CErMeHTyBaTMu,
OyTW 3pYYHUM Y BUKOPWUCTAHHI, PO3LLMPIOBAHNM i,
3BUYANHO X, 6e3neYHnM.

lepedaya makmunbHUx eid4yymmie i 3eo-
PpOMHO20 38°A3KYy. YacTnHOO cuctemu B3aemogil
MK KOpuCTyBayeMm i BiOHIYHMM MpoTe3oM € nepe-
Aava TakTUInbHUX Big4yTTiB. OCHOBHUMM cnocobamm
nepegadi TakTunbHUx BigyyTTiB € (Fermin, 2019):
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1. Ocrteonepuenuis. Bibpauii, wWwo nepeaa-
HOTbCA Bifg BiOHIYHOT KiHLIBKM Yepe3 OCTEOIHTErpo-
BaHWM iMNMaHTaT Y KiCTKY KYKCWU KiHLIBKMW, € NOTEH-
uinHo 6aratmm opxepenom iHpopmaldii.

2. lMpocTnin TakTUNbHWUIA 3BOPOTHUA 3B'A30K.
Hatumkn, BOyaosaHi B GiOHiYHI NpoTesn, 3BOPOTHO
3B'A3yI0TbCA 3 BibpaTtopamu, po3MiLLleHUMU B rHi3ai
npote3a. Lli BibpaTtopn BUKOPUCTOBYIOTL Pi3Hi PiBHI
i YacToTw BiOpauii 4na nepegadvi iHdopmadii. Mpu-
Knagu Takoro BUKOPUCTaHHS BKIOYaloTb nepe-
Jady KOHTakTy 3 00'ekTom (oamMHO4YHa BiGpauis),
a TaKoX CUNM CTUCHEHHA (MOBTOpPHOBaHI Bibpauii,
MOXIUBO, 3i 30iNbLUEHO IHTEHCUBHICTIO).

3. EnektpnyHa ctumynsdia HepsiB. Cuctemu
3BOPOTHOIO  3B'A3KY MparHyTb CTMMYINOBaTU
HEepPBOBiI KNITUHW Yepe3 LWKipy i NPOMiKHI TKa-
HUHW. Lle Moxe npu3BecTn 0O TOro, WO MO3OK
cnpuimMe NeBHi Big4yTTA y BIACYTHIN KiHUiBUI, AKi
MOXHa abCTPaKTHO MOPIBHATM i3 CEHCOPHUM 3BO-
POTHUM 3B'A3KOM Big BioHi4YHOro npotesy. Hanpu-
Knag, Big4vyTTS MNOKOMIOBaHHA Y BIACYTHIN pyui
MOXXEe BMHUKHYTW, KON GioHiYHa pyka B3aemogie
3 o6'ekToMm. Lle Moxxe HagaTu kopucTtyBayy GinbLu
peanicCTU4Hi Big4YyTTH, HiXXK NPOCTUA TaKTUITbHUN
3BOPOTHMI 3B'SI30K, ane obmexeHHa iHdopMallii,
sIKy MOXHa nepegaTtu B Takui cnocib, sanuvwa-
HOTbCS CYyTTEBUMM.

CTocoBHO acnekTy nepegadvi TakTUMbHUX Bia-
4yTTiB NporpamHe 3abesneyeHHs NOBMHHO aKLeH-
TyBaTW He Ha cermeHTauii abo dinbrpauii wymis,
a Ha xapakTepucTukax (cunm abo OOMEXEeHHSX)
KepiBHUX curHanis, WO BMMMBAKOTb Ha TaKTUYHI
BiguyTTA. BaxnmBo Ha etani NpoeKTyBaHHA Mpo-
rpamHoro 3abesnedyeHHs 3abe3nevnTu KOpekTHe
BiTBOPEHHS KEPIBHUX CUTHAnNIB, HaNpuknag, cunu
HaTUCKy Ans Bibpauii, abo MiHiManbHOI Ta Makcu-
MarnbHOI Hanpyrn Ans enekTPOHHOI CTUMYMNALi.
Lis iHdbopmauis mae ByTu CTporo KoHMIAEHUINHO
Ta nepenasaTtucs 6e3neyHnM cnocobom, wWwo Ges-
YMOBHO TakoX Mae BpaxoByBaTUCH Npu po3pobui
MeTOAiB B3aemogii Ta BAMuBY.

Mamemamuyruli anapam o6po6ku OaHux.
OTpumaHi gaHi noTpebyoTb agekBaTHOI 0OpobKK
3 MeToto 3abe3neveHHs kepyBaHHA GiOHIYHMM Npo-
Te3oM. 3 Liel0 METOK 3aCTOCOBYHOTb Pi3Hi MaTe-
MaTu4dHi mogeni i metogu. lMNMepeniymmo HanbinbL
BXXWBaHI.

MeTton KeinHa saBnsie coboio meton MoAernto-
BaHHS AMHaMI4YHUX CUCTEM, KW OO3BOSISIE aBTO-
MaTU4YHO BM3HA4YaTW OUHAMIYHI PIBHSAHHA 4epes
KOHLENUito y3aranbHEeHUX LWBUOKOCTEN, YaCTKO-
BUX LWIBMAKOcTeN i cun iHepuii (Menga, 2018). Lien
MeToq Aae 3MOry CrnpocTUTU MaTemarudHe nig-
I'pyHTs Ta 0bpobnaTtn cknagHiwi npobnemu. BiH
Takox 3abesnevye BMpas3n Ons MOLEMOBaHHSA Ta
pO3pOBKM KepyBaHHS, a TakoX reHepye NpoToTUNm
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BUXiOHOrO KoAy Ans PiBHSAHb Y BUMA4I 3BUY4aNHUX
andepeHuianbHNX PiBHAHD.

MogentoBaHHS aKTUBHOCTI adepeHTiB
(Hardesty, 2020) — ue mopgentoBaHHs, sike 34in-
CHIOETLCS 3 BUKOPUCTAHHSAM PiBHSHD

la(v,l)= Av®® +BI+C, 1)

ne la — wengkictb adepeHTHOI akTmeauii, | —
JOBXMHA M'A3a, WO 3MIHIOETLCS B Yaci, v — WwBua-
KiCTb 1T 3miHn Ta A, B, C — BU3Ha4eHi ekcnepumMmeH-
TOM KOHCTaHTMW.

®opmyna (1) go3sonsie NpUoAN3HO BU3HAYUTU
aKTMBHICTb adpepeHTiB nig Yac pyxy. Lle gonoma-
rae gocnigHukam 3po3ymiTtu, siki 3MiHn y doysmmo-
TOPHOMY NPUBOAI MOXYTb BMSMBATU Ha KOaKTUBa-
Lito m'asiB.

lepapxiyHa knactepusadis — Le MeTo, aHanisy
CTPYKTYPM KriacTepiB, SKUN BUKOPUCTOBYETLCA AN
NMOPIBHAHHSA CTPYKTYPU KracTepiB AOBXMHU M'A3iB
Y Pi3HUX NOMOXEHHSX i3 KNacTEPHOK CTPYKTYPOIO
CTUMYNbOBaHOI aKTUBHOCTI NepBMHHUX adepeH-
TiB. Lle gae 3mory OuiHUTU CXOXICTb MiXK SOBXW-
HOI M'A13iB | NpodiNAMKN akKTUBHOCTI adpepeHTiB 3a
dopmynoto

l--r3.|7' = 0, p
1+r,|r<0,p
1,|lp=

ae r — xoediuieHT kopensauii lNipcoHa, sKuiA
BUMIPIOE CUNY i HAMPAMOK NiHIMHOIO 3B'A3KY MiX
ABOMa 3MiHHUMMW, p — PiBEHb 3HAYYLLOCTI, SAKUA
BKasye, HaCKiflbkM MMOBIPHO OTpMMaTK Taki cami
abo 6inbl ekcTpemanbHi pesynbsrati 3a YMOBM,
WO HynboBa rinoTesa BipHa, a — BWKOPUCTOBY-
€TbCA ONs1 NO3Ha4YeHHs1 napameTpa abo koediui-
€HTa B PIBHSAHHI.

YacTto 3acToCcoBYOTb METOAM CTATUCTUYHOIO
aHaniay (Lotti, 2020) ak meTogu aHanisy AaHux, LWo
BUKOPUCTOBYETLCA AN iHTepnpeTauii pesynorartis
€KCNepuUMEHTIB i gocnigxeHb. BoHn 003BONSAKOTL
OUIHUTU BIAMIHHOCTI MiX rpynamu, BU3HAYUTU
3B'A3KM MK 3MiIHHUMMK Ta NepeBipUTU TFNOTE3MW.
3okpema, meton Komnmoroposa-CMupHOBa BUMKO-
PUCTOBYETLCA ANA MEPeBipKM TOro, HacCKiNbKu
Bnbipka OaHuX Bignosigae BigOMOMY pO3noAiny.
BiH gae 3mory ouiHUTK, Hackinbku OoOpe OaHi
BigMoBigawTb TeopeTudHomy po3anoginy. Metog
avcnepcinHoro adanisy (ANOVA) BMKOpMCTOBY-
€TbCA ON1A MOPIBHSAHHA CepefHix 3Ha4yeHb TPbOX
abo Ginbwe rpyn, Wob BU3HAYUTK, UM € CTaTuUC-
TUYHO 3HauyLWi BigmiHHOCTI Mix HUMKU. ANOVA pae
3MOry BU3HAYMTK, YN BNIIMBAKTL Pi3HI YNHHUKM Ha
3aneXHy 3MiHHY.

Lli Ta iHWi MeToan BMKOPUCTOBYHOTLCA Ha eTani
MOLENIOBaHHS MOBEAIHKA 3@ AO0MOMOrOK Pi3HUX
nporpam, Takmx sk OpenSim (Camargo, 2022),
LLO AalTb 3MOry MOAENOBATU MOXIMBI AaHi abo
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cuTyauii 3 noganblUMM 3acTOCYBaHHAM OO0 MaTe-
MaTWU4HOro onpawtoBaHHSA Ta aHaniay.

Ockinbkn matemaTtuyHUIn anapat Mae 3abes-
neyyBaTy BUCOKY TOYHICTb PO3paxyHkiB, BaXXnNBO
BpaxoByBaTW, WO WOro 3aCTOCYBaHHS MOBUHHO
OyTn cTporo pernameHToBaHO i niggaHo rmmnbo-
KOMY aHanisy i TecTyBaHHIO nepeg Tum, sk byge
BUKOPUCTaHE B MNporpamMHoOMy 3abe3neyeHHi.
AkictTb  nporpamHoro 3abesneyeHHs MNOBMHHA
BpaxoByBaTU MOXIMBI BiOXWNEHHA, aHania ekc-
NEepPUMEHTIB i JOCBIOHOrO BUKOPWUCTaHHSA, a caMi
anropuTMM Ta METoAM MOBUHHI ByTu cnpobyBaHi
crnoYaTky B MOAENbHUX CEPEdOBULLAX.

Mopaenb siKOCTi nporpaMmHoro 3abesne4vyeHHs
AnA 6ioHiYHMX npoTesiB. Hapasi B ranysi 6ioHiu-
HOro NPoTe3yBaHHA npautoe 6arato KOMMaHin, SKi
3aCTOCOBYIOTb Pi3Hi NporpamHi pilleHHsi. B BioHiy-
HUX NpoTe3ax Han4vacTille BUKOPUCTOBYIOTbL BOY-
JOBaHe nporpamHe 3abe3neveHHs, ane y 6aratbox
BepCiax € i BigganeHe nporpaMHe 3abe3neyeHHs,
O Jae 3MOry nNpoTe3y OHOBMIOBATU KOMMOHEHTMH,
nepegaBsaTu aHaniTUYHI daHi, B3aEMOoAiaT 3 nNpo-

Te3oM. [lporpamHe 3abe3nevyeHHs YHKUIOHYE
LUSISXOM 30MpaHHA curHanis Big gaTyumkiB i nepe-
JaBaHHA X OO0 KOMMOHEHTIB, BianosiganbHUX 3a
00pobneHHs gaHux.

Micnsa ysaranbHeHHs cnocobiB B3aemogii npo-
Te3iB 3 nporpamHuUM 3abe3neyeHHAM, a TaKox
ONUCIB HasiBHUX MPOMUCIIOBUX pilleHb, MOXEMO
CTBEpPOKYBaTH, WO MOAENb SIKOCTi MICTUTb BiCiM
KIMIOYOBUX XapakTepucTuk (Tabnmugd 1).

Ak MOXHa nobaynMTn, 4YacTMHa KIH4YOBUX
XapaKTePUCTUK — HaQINHICTb, 3PYYHICTb BUKO-
PUCTaHHS, 3aXMLUEHICTb — € XapakTepucTukamm
mogeni SQuaRE. Ane gopatoTtbes i cneundiydHi
XapaKTEPUCTMKK, Taki sK Beaneka, aganTUBHICTb,
JOBrOBIYHICTb.

BucHoBKN. BMBYEHHSA pi3HMX MeTOAiB OTpU-
MaHHA [OaHuX, nepedadi TakTUNbHUX BIOYYTTIB
i 3BOPOTHOrO 3B'A3KYy Ta METOAIB MareMaTU4HOI
00po0OkKM nokasano, Lo nporpaMHe 3abe3neyeHHs
Bigirpae KnyoBy ponb y 3abe3neyeHHi yHKLio-
HanbHOCTI, 3pYYHOCTi BUKOPUCTAHHA Ta 3ararbHoi
AKOCTi BiOHIYHMX KiHL|iBOK.

Tabnuus 1

XapaKTepucTuUKn AKOCTi nporpamMHoro 3abesneyeHHs ons 6ioHiYHMX NpoTesiB

XapakrepucTuka AKocTi

Onuc xapaKkTepucTUKu

HaginHictb

MporpamHe 3abe3neyeHHss BiIOHIYHMX NPOTE3IB NOBUHHO OYTN BUCOKOHAZINHMUM, W06
3abe3neunTn ctabinbHy NPOAYKTUBHICTL i poBOTY B pi3HMX ymoBax. HagiviHicTe mae
BUpilIanbHe 3HAYEeHHSA ANns Toro, Wob npotesn (PyHKUiOHYBanu Tak, sK O4iKyeTbCH,
6e3 HecnogiBaHux 300iB.

Besneka

MporpamHe 3abe3neyeHHs1 MOBUHHO BigNOBiAaTV CyBOPMM CTaHgapTaM i NpoTokonam
6e3neku, Wob MiHIMi3yBaTU pu3nk TpaBMyBaHHS KOpucTyBauiB. Lle Bkniovae B cebe
HaginHy obpobKy MOMUNOK, BiAMOBOCTIViKi MEXaHi3MWN Ta peTenbHe TeCcTyBaHHSA A
BUSIBIIEHHS T 3MEHLLUEHHS NOTEHLiIMHUX 3arpo3 GesneL,.

3pYYHiCTb BUKOPUCTaHHS

MporpamHe 3abe3nevyeHHs1 MOBUHHO MaTh iHTEPdENC KOPUCTYBaYa, KU A03BONSE
KOpUCTyBa4yaM, 4acto 3 OOMEXEHUMWU MOXIMBOCTAMU, €dEKTUBHO i KOMPOPTHO
KOHTpOntoBaTh cBOI npoTte3n. Kpim Toro, HanawTyBaHHs Ta aganTuBHi dyHKUiT
MOXYTb MiABULLUTA 3PYYHICTb BUKOPUCTAHHS, 3a40BOMNbHAKOYN iHAMBIAYaNbHI ynogo-
6aHHA Ta noTpebn KopMCTyBaudiB.

LWBunakicTb pearyBaHHsi

MporpamHe 3abe3neyeHHs NOBMHHO LUBMAKO pearyBaTtu Ha Aii KopucTyBada, 3abes-
neyyo4M 3BOPOTHUI 3B'A30K Y pearibHOMY 4aci Ta nraBHUM KOHTPOSb Haf NpoTe30M.
Hun3bka naTteHTHICTb i MiHiManbHa 3aTpMMKa MaloTb BaXKMBE 3HAYEHHS, 0cObNMBO
nig Yac QisnbHOCTI, WO BUMarae TOMHUX PyXiB i KoopguHauii.

AJanTuBHICTb

MporpamHe 3abe3neveHHs Ang GioHiYHUX NpoTesiB Mae 6yTM aganTUBHWUM, LWOG Npu-
CTOCOBYBaTMCA A0 3MiH Yy didionorii KopucTyBada, HaBKOMULLIHBOMY CepeaoBuLi Ta
MOZENSAX BUKOPUCTAHHSA 3 NIIMHOM Yacy. To6To mae 6yTn 3abe3neyeHi nocTiiHa onTu-
Mi3aLia Ta HanawTyBaHHSA (DyHKUIOHANbHOCTI NpoTe3a Ha OCHOBI igbekiB i AaHUX
KopucTyBaya.

[oBroBivHicTb

MporpamHe 3abesneveHHs mae OyTv po3pobrieHe TakMMm YMHOM, OO BUTpUMYBATU
CyBOpPi YMOBW LLIOAEHHOTO BUKOPUCTAHHS i NOTEHLINHMI 3HOC, NOB'sI3aHWI 3 NPOTE3aMM.
Lle mae npmaBecTy 4o MiHiMi3aUii noTpebu B 06cnyroByBaHHi abo 3amiHi npoTesy.

IHTeponepabenbHicTb

MporpamHe 3abe3neyeHHs BioHiYHMX NpoTesiB Mae ByTuM CymiCHUM 3 pi3HMMU ana-
paTHUMW KOMNOHEHTaMK, AaT4ynkaMm Ta KOMyHikauiiHUMKU npoTokonamu, wob noner-
WwunTK 6e3nepeLLKkogHy iHTerpauito 3 iHLIMMM AONOMKHMMM TEXHOMOTIAMY Ta Meguy-
HUMW NPUCTPOSMM.

3axuLleHicTb

3axucT gaHnx kopuctyBada i 3abesnedeHHst KOHMIAEHUINHOCTI YyTnMBOI iHbopma-
Uil € KPUTUYHO BaXXNMMBUMUK ANS NporpaMHoro 3abesneyeHHs ansi GioHIYHUX NpoTe-
3iB. HagivHe wndpyBaHHA, MexaHiaMu aBTeHTUdIKaLii Ta KOHTPOMO 4OCTYNy NOBU-
HHi OyTV BNpOBaKeHi Ans 3axXMUCTy KOHMIAEHUIMHOCTI KOpUCTyBaYiB i 3anobiraHHs
HecaHKLiOHOBaHOMY OOCTyny abo BTpyYaHHI0 B pobOTy npoTesa.
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MeTogon oTpuMaHHA OaHux, Taki sK Mioenek-
TPUYHUIA NPAMUIA KOHTPOSb | KOHTPOSIb MEXaHOMi-
orpamu, NigKpecnoTb BaXIMBICTb HaJiMHMX NPo-
rpamMHuX pilleHb Ansi TOYHOI iHTepnpeTadii Hamipis
KopucTyBaya i NepeTBOPEHHS X Y TOYHI pyxu nNpo-
Te3a. AHanorivyHo, nepegada TakTUNbHUX BigYyTTiB
i 3BOPOTHOrO 3B'AI3KY NiAKPECIOE BAXIUBICTb NPO-
rpamHoro 3abesnevyeHHs B HadaHHi KopucTyBavyam
peaniCTUYHMX CEHCOPHUX BiQYYTTIB, LLIO NOKpaLLye
TXHIO B3aEMOLiI0 3 MPOTE30M.

MeTooM  mMaTeMaTU4HOro  MOAENOBaHHSA
0alTb UiHHY iHdopMauito nNpo pyxu Kopuc-
TyBaya i KoakTumBauilo M'43iB, gonomararoumu
B po3pobui 6inbl iHTYITUBHO 3pO3YyMIinux i 4yT-
nuBMX cucteMm ynpaeniHHA npoTte3damu. Kpim

TOro, 3anpornoHoBaHa MOAENb SIKOCTi OKPECOE
KMHOYOBI XapakTepUCTUKK, HeobXxigHi onga 3abes-
nevyeHHs HaginHocTi, Oeanekn, aganTUBHOCTI
Ta iHTeponepabenbHOCTI nNporpamHoro 3abes-
nevyeHHs GIOHIYHMX MpoTesiB, WO B KiHLEBOMY
nigcymKy nigBuwye 3an0BONEHICTb i 6eaneky
KopucTyBadis.

Lle gocnigxeHHs nigkpecntoe HeBia'€eMHy posb
po3pobKM NporpamMHoro 3abesnedyeHHs y hopmy-
BaHHi ManbyTHbOro TexHonorii 6ioHiYHOro npo-
TesyBaHHs. [10CTiMHO BNpoBafXyoun iHHOBaLi Ta
BAOCKOHAs0K4YM MPOrpamMHi piLlEHHS!, M1 MOXEMO
Le OinbLue po3LWmMpUTU MOXITMBOCTI NtoAewn 3 BTpa-
TOK KiHLIBOK BecTu OinblL He3anexHe Ta MOBHO-
LiHHE XUTTA.
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OCOBJIUBOCTI MPOEKTYBAHHA MACLUTABOBAHOI
MIKPOCEPBICHOI APXITEKTYPU A1 BEBCEPBICIB

Mema po6omu. Memoto ujei po6omu € po3pobka ma aHania macwmaboeaHoi MikpocepsicHOI apximekmypu,
30amHoi 3abesneyumu 8UCoKy ocmynHicmbe ma eghekmusHicms iHmezpauii 3 xmapHumu cepsicamu. Ocobriuea
yeaza rpudindembscsi CMBOPEHHIO OMNMUMI308aHUX Memodie po320pmaHHs, MOHIMOpuHay ma ob6cry2o8y8aHHs
Mikpocepsicie y QuHaMIidYHUX yMo8ax 8UKOPUCMAaHHS, a makoxX OUiHUI ernnusy Kiflbkocmi cepeicie Ha npodykmue-
Hicmb cucmemu. [ocnidxeHHs cripsiMosaHe Ha 3ari08HEeHHS po2ariuH y HasieHUX Memodax opkecmpauii Mikpocep-
gicie, 3abesneuyroqu nidBULEHHS iX eghekmusHocmi ma mMacuimabosaHocmi.

Memodonozis. Y usomy 00ocriOxeHHi MU 3acmocysarnu KOMMIeKCHUU MioXi0, W0 6KMYaE Kiflbka KIHOo8UX
memodis:

— TeopemuyHul aHani3: BukoHaHo cucmemamuyHul 02nsd nimepamypu 0n1si ideHmucbikayii iCHyro4ux Mikpo-
cepsicHUX apximekmyp i eusisrieHHs1 nomeHyitiHux obnacmed Ons noninweHHsi. Ocobnuea yeaza byna npudineHa
docnidxeHHI0 Moxnueocmel MacwmabysaHHs i idMosocmiltkocmi.

— [lpoepamysaHHss ma po3pobka: Po3pobka npomomuriig MiKpocepsicie 3 BUKOPUCMAaHHSIM Cy4acHUX MO8 Ipo-
epamyesaHHsi ma hpelimeopkig. Peanisauisi ekmovana e cebe cmeopeHHsi RESTful API, sukopucmaHHs KOHmeUlHe-
pu3sauii 4epes Docker, ma opkecmpauyito 3a doriomozoto Kubernetes.

— bBenumapkiHe ma mecmysaHHs: [TposedeHo HU3KY mecmig npodykmueHocmi dr1a ouiHKku MacwmabosaHocmi
i weudkodii mikpocepsicie. BukopucmaHHs 3acobie HasaHmaxyeanbH020 mecmyeaHHs, makux sik JMeter, ma MoHi-
mopuHey, sk Prometheus, dnsi 360py Mempuk rnpo0yKmugHOCMI.

— AHanis aHux: 36ip ma cmamucmudHul aHani3 0aHux 0s151 BU3HAYEHHST 3aKOHOMIPHOCMeEU i 8USIBIIEHHST 8Y/3b-
KUX Micyb 8 apximekmypi, 0711 PO2HO3y8aHHs1 M08e0iHKU cUCMEMU MPpU PI3HUX CUEHAapPIsiX HagaHMa)XXeHHS.

i memodu ma nidxodu bynu iHmeeposaHi 0551 po3pobKU ma aHanisy macwmabosaHoi MiKpocepsicHOI apxXi-
mekmypu, wo 903807U0 OuiHUMU ii egbekmusHiCmb | 8U3Ha4YUMU onmumaribHi KoHebigypauii 0nsi pi3HUX muriig
HasaHmMaxeHsb i 6i3Hec-eumoa.

Haykoea Hoeu3Ha. Y uili cmammi Mu npedcmasisieMo psid 8ax/ugux HO8088e0eHb y chepi NPOEKMy8aHHS
MacuwimabosaHux MIKpoCcepegiCHUX apximekmyp:

— Pospobka iHHosauiltiHOi Moderi MacwmabyeaHHs: Hawa po3pobreHa mModesib 8idpisHAEMbCS 8i0 iCHYYUX
nioxodie 30amHicmio eghekmueHo Macwmabysamucs y 8esluKuX po3rnodineHux cucmemax, Wo epaxosye QuHaMmiy-
Hicmb HagaHmaxxeHHs1 ma po3nodin pecypcis.

— 3acmocysaHHa Hosux memodie kKoHmeliHepusauii: Mu enpoeadusnu Hosul criocibé sukopucmaHHs Docker
ma Kubernetes 0nss onmumi3auii po32opmaHHsa Mikpocepsicie, wo 3abesnedyye 3Ha4yHO Kpauje 8UKOPUCMAaHHS
pecypcig i 3HUXYE Yac 8i02yKy cucmemu.

— Poswuperull cmamucmuy4Hul aHania npodykmusHocmi: BukopucmaHHs nepedosux memodie cmamucmuy-
HO20 aHarnidy 0ns OuiHKU npodykmusHOCMI MiKpocepsicie A0380/1UI0 ompuMamu HO8i 3HaHHS PO hakmopu, [Ki
ernusaromsb Ha MacuwmabosaHicmb i eghekmueHicme.

— [lpakmuyHa uiHHicmb: Hawi 8UCHOBKU ma po3pobku Maromb 3Ha4yHUl nomeHuyian dns nokpaweHHss pobomu
pearnbHux eebcepsicie ma dodamkig, 3abe3neyyro4u iM 8UCOKY MPOOyKmMuUBHICMb i OCMYMHICMb, W0 € KPUMUYHO
saxiueum 07151 CydacHUX iHghopmauiliHux mexHorsoaill.
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BucHoeku. Y pe3ynbmami npogedeHo20 Hamu 00CIOXeHHS MU 0Cs2/1u HaCmyrnHUX KITl0H08UX pesyrbmamis:

— [lidmeepdxeHHs1 echekmusHocmi po3pobneHoi modesi MmacwmabysaHHs: Hawa iHHosauiliHa Moderb Macu-
mabyeaHHs1 MiKpocepeicie rnokasasia 3Ha4yHe MOosinWeHHsT 8 yrpaesiHHi pecypcamu i 4yacom 8i02yKy 8 rOpigHSIH-
Hi 3 mpaduyitHumu nidxo0amu. Lle 6yno nidmeepdxeHO 3a OMOMO20K0 E€KCIIEPUMEHMIB, W0 BKITHOYanu cmpec-
mecmyeaHHs1 ma aHarni3 npo0yKmueHOCMi.

— BukopucmarHsi KoHmeUHepu3auii sk Ki408020 ennemeHmy Orist onmumisauii po3eopmaHHs: 3acmocyeaHHs
Docker ma Kubernetes 0o3gorusno Ham egpekmugHO maciwmabysamu cepsicu 3 MiHiManbHUMU 3ampamamu pecyp-
cig, w0 0eMoHCcmpye 8enuKuli nomeHuyiarn Orsl IPakmMu4YHO20 8rpo8adKeHHS 8 peasibHUX cucmemax.

— PoswupeHHsi 3HaHb Mpo MacuwimabysaHHs Mikpocepsicie: Hawe AocrniOKeHHsT 8HECIO eaxrueul eknad
y PO3yMiHHST ¢hakmopig, w0 ennuearms Ha npodyKmueHicmb i MacwmabysaHHsI MIKPOCEPBICHUX apximekmyp,
3abesneyqyroyu UiHHI iHcalimu Onsi MalbymHix docidxeHb ma po3poOoK.

— [lpakmuyHe 3acmocyeaHHs ma ernue Ha iHdycmpito: BcmaHoeneHo, wo Hawi po3pobKu MOXymb 3Ha4HO
nokpawumu rnpodykmuesHicme i docmyrnHicmb eebcepsicie ma dodamkie, w0 € 0cobrueo akmyarnbHUM O11s1 cydac-
HO20 yughpoesoeo ceimy, de weudkicmb peakuii ma egpekmusHicmb 06Cs1y208y8aHHS KIliEHMI8 Maromb gupiuiasibHe
3Ha4YeHHs.

Lli sucHo8KU OeMOHCMPYoMb He Jlulle MeopPemuYHy UiHHICMb Hawo2o O0CIiOXeHHs, ane U (020 npakmu4-
HUl nomeHuian 0 enposadxeHHs1 8 peasnbHUX Bi3Hec-cuyeHapisix, 8idkpuearoHu Ho8i Moxueocmi dr1si po38UMKY
iHpopmauitiHux mexHoroail.

Knruoei cnoea: apximekmypa mikpocepsicie, MacwmabosaHicmb, eebcepsicu, opkecmposka, npooyKmus-
Hicmb.
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ASPECTS OF DESIGNING SCALABLE MICROSERVICES ARCHITECTURE
FOR WEB SERVICES

Objective of the study. The objective of this work is to develop and analyze a scalable microservice architecture
capable of ensuring high availability and efficient integration with cloud services. Particular aftention is paid to creating
optimized methods for deployment, monitoring, and maintenance of microservices under dynamic usage conditions,
as well as evaluating the impact of the number of services on system performance. The research is aimed at filling
gaps in existing orchestration methods of microservices, enhancing their efficiency and scalability.

Methodology. In this study, we applied a comprehensive approach that includes several key methods:

— Theoretical Analysis: A systematic literature review was conducted to identify existing microservice architectures
and to discover potential areas for improvement. Special attention was paid to studying scalability and fault tolerance
capabilities.

— Programming and Development: Prototypes of microservices were developed using modern programming
languages and frameworks. The implementation included the creation of RESTful APIs, the use of containerization
through Docker, and orchestration using Kubernetes.

— Benchmarking and Testing: A series of performance tests were conducted to assess the scalability and speed
of microservices. Load testing tools such as JMeter, as well as monitoring tools like Prometheus, were used to
gather performance metrics.

— Data Analysis: Collection and statistical analysis of data to identify patterns and pinpoint bottlenecks in
the architecture, and to predict system behavior under different load scenarios.

These methods and approaches were integrated to develop and analyze a scaled microservice architecture, which
made it possible to evaluate its effectiveness and determine optimal configurations for different types of equipment.
y and business-viable.

Scientific novelty. In this article, we present a series of important innovations in the field of designing scalable
microservice architectures:
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— Development of an Innovative Scaling Model: Our developed model differs from existing approaches by its
ability to scale effectively in large distributed systems, taking into account the dynamism of load and resource
distribution.

— Application of New Containerization Methods: We have introduced a new way of using Docker and Kubernetes
to optimize the deployment of microservices, which ensures significantly better resource utilization and reduces
system response time.

— Advanced Statistical Analysis of Performance: The use of advanced statistical analysis methods to assess
the performance of microservices has enabled us to gain new insights into the factors that affect scalability
and efficiency.

— Practical Value: Our findings and developments have significant potential to improve the operation of real
web services and applications, providing them with high performance and availability, which is critically important for
modern information technologies.

Conclusions. As a result of our research, we have achieved the following key outcomes:

— Validation of the effectiveness of the developed scaling model: Our innovative microservices scaling model has
shown significant improvement in resource management and response time compared to traditional approaches.
This was confirmed through experiments that included stress testing and performance analysis.

— Using containerization as a key element for deployment optimization: The application of Docker and Kubernetes
allowed us to scale services efficiently with minimal resource expenditure, demonstrating great potential for practical
implementation in real systems.

— Expanding knowledge about scaling microservices: Our research has made an important contribution to
understanding the factors affecting the performance and scalability of microservice architectures, providing valuable
insights for future research and development.

— Practical application and impact on the industry: We have established that our developments can significantly
improve the performance and availability of web services and applications, which is particularly relevant in the modern
digital world where speed of response and efficiency of customer service are crucial.

These conclusions demonstrate not only the theoretical value of our research but also its practical potential for
implementation in real business scenarios, opening new possibilities for the development of information technologies.

Key words: microservices architecture, scalability, web services, orchestration, performance.

TeopeTuyHu aHanis KoHTeHepu3auia Ta OpkecTpauis
Mikpocepsicu KoHTenHepusauia: BukopucTaHHA  KOHTen-
Mikpocepsicu — Lie MmeTogonoria po3pobku npo-  HepiB, Takux Ak Docker, go3Bonsie ynakoByBaTu
rpamMHoro 3abesneyeHHs!, ska nonsirae y BUKOPUC-  MIKpPOCEpPBICHK 3 yCiMa iX 3aneXHOCTAMU Ta KOHJI-
TaHHi Habopy HeBenuKuMx, aBTOHOMHMX CcCnyx6,  rypadieto.
WO CRINKYITbCA 4Yepes3 nerki mexadismu. Llen OpkecTtpauia KoHTenHepiB: IHCTpyMeHTH, Taki
nigxig BigpisHAETbCA Big TpaguuiiHoi MoHoniT- sk Kubernetes, go3BondAwTb ynpaensTy po3rop-
HOT apxiTeKkTypu, e BCi (byHKUii MporpamMu BTiNEHI  TaHHSAM, MacwTabyBaHHAM Ta 3abe3nevyeHHAM

B OQHOMY MpPOEKTI. BWCOKOI JOCTYMHOCTiI KOHTENHEPIB.
MNMepeBaru mikpocepsicis Mpuknagu 3actocyBaHHA MikpocepBiciB
HesanexHicTb PoaroptaHHa: KoxeH Mikpocep- E-commerce [lnatgopmu:  Mikpocepsicu
BiC MO)XEe pO3ropTaTucs, OHOBIOBATUCA Ta Macll-  [A03BOMAKTL i30Mt0BaTM OYHKLIi, Taki Kk 0bpobka
TabyBaTuCs He3anexHo. 3aMOBMEHb, YNpasniHHA 3anacamu, obcnyrosy-
MHyukicTb y Bubopi TexHonorin: Pi3Hi Mikpocep-  BaHHS KIi€HTIB.
BiCM MOXYTb BUKOPUCTOBYBATU Pi3Hi MOBM Nporpa- Megia-Cepsicu: LLBnake BnpoBagKeHHsS HOBUX
MYBaHHS Ta TEXHOMONYHI CTEKN. (PYHKLUIN Ta MaclwTabyBaHHA Nig BENUKY KiNbKiCTb
MoninweHHa MacwTtaboBaHocTi Ta HaginHOCTI:  KopucTyBadiB.
Hesenwki, aBTOHOMHI cepBicu nerwe macwtaby- KomyHikauia mix MikpocepBicamu
BaTW Ta BigHOBMOBaTK nicns 360iB. CuHxpoHHa KomyHikauis: Yepes HTTP REST
Buknuku mikpocepBiCHOI apXiTeKkTypu abo gRPC.
CknagHictb y KoopauvHadii Ta YnpasniHHi: Ynpas- AcVHXpOHHa KOMYHiKauis: Yepes Yepru nosigo-
NiHHA YUCNEHHMMM CepBiCaMu BMMarae eekTMB-  MIeHb, Taki sk RabbitMQ abo Apache Kafka.
HMX MeXaHi3MiB KoopauHaLlii Ta MOHITOPUHTY. BusasnernHa Ta Peectpauis Cepsicis: Baxnu-

3abesneveHHss besnekn Ta JloryBaHHsA: Heob-  BMM acrnekToM € MexaHi3amMu BUSIBMEHHS Ta pee-
XiQHO peTenbHO NnaHyBaTu cTpaTterii 6e3nekn Ta  cTpauii cepsiciB, Taki sk Eureka abo Consul, wo

noryBaHHsi ANg po3nogifeHnx cCUCcTeM. A03BOMSAIOTE cepBicam eekTMBHO chifkyBaTucs
Metogonoria 12-cbakTopHmx pgogatkie: Lla MiX cobolo.

METOLOOris Haf4ae KepiBHMUTBO AN CTBOPEHHS BucHoBOK

MIiKpOCepBICiB, OpieHTOBaHUX Ha aBToMaTWU3aLito MikpocepsicHa apxiTekTypa BiOKpvBaE HOBI

npoLeciB Ta He3anexHicTb cepsiciB. MOXMMBOCTI AN THYYKOCTi, MacwTabyBaHHS
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Ta LWBKAOKOrO pPO3BUTKY MNPOrpaMHUX MNPOAYK-
TiB. OpgHak, HeobXigHO BpaxoByBaTU BUKIUKW,
noB'aA3aHi 3 ynpasrniHHAM, 6e3nekolo Ta kKoopanHa-
Lieto Mk cepBicamu.

MporpamyBaHHsA Ta po3pobka

CTBOpEHHA MiKkpocepBiciB

Po3sropTtaHHA MikpocepBiciB 3a JONOMOror
Docker Ta Docker Compose

[na posropTaHHA MiKpocepBiCHOT apXiTekTypu
3 BukopuctaHHamM Docker, cnoyatky Gyno Bu3Ha-
YEHO KiNbKiCTb MeHemkepiB Ta pobo4vnx By3nis,
sKi MOBMHHI OyTn cTBOpeHi. BukopuctoBytoun
docker-machine, Gyno aBToMaTM3oBaHO NpoLEC
CTBOPEHHSA BipTyanbHUX MalUWH, Ha skux ByayTb
poamilleHi cepicu. MNoTim, 3a gonomoroto docker-
swarm, Gyro OpraHisoBaHoO Lji MalUMHK y KracTtep,
3abe3neyyoyum BUCOKY AOCTYMHICTb Ta MacLuTady-
BaHHA.

Hasegemo npuknag Bash-ckpunta gnsa crtBo-
peHHa Swarm-knactepa (puc. 1).

lMicna cTBopeHHs knacTtepa, byno CkoHQirypo-
BaHO docker-compose.yml cann ansa onucy cep-
BiciB, Mepexi Ta o6'emiB. Docker Compose [03BO-
g€ BM3HAYMTK Ta 3anyCcTUTU GaraTOKOHTEMHEpPHI
Docker gogatku, BukopmucTtoBytoun npoctun YAML
dann. Lle ocobnueo KopUCHO AMs1 MiKpOCePBICHMX
apXiTEKTYyp, e KOXEH cepBic Moxe ByTn onmcaHui
SIK OKPEMWIN KOHTENHEP.

Mpuknag danny docker-compose.yml
MiKpocepBicHoro goaarky (puc. 2).

Y ubomy panni onucaHo Tpu MiKpocepBicH:
gateway, user-service, Ta order-service, KOXeH
3 AKMX PO3ropTaeTbCs SK KOHTenHep. BkasaHo
KifTbKICTb pensiik KOXXHOro cepsicy, Lo 3abesnevye

ans

MANAGER COUNT
WORKER COUNT

i ${zrq | SMAMAGER COUMT):
docker machine create  dreiver virtualbox managerdi

i ${seq | TWORKER_COUNT) ;
dackir machine create driver virtualbox workerii

docker machine ssh managerl “docke

WORKER 30IN TOKEN $(docker machine ssh manager1l “d

i ${seq | FWORKER COUNT);
docker machine ssh worker$i "docks

HeobXxigHe HaBaHTaXkeHHs Ta BiOMOBOCTIMKICTb.
Takox Bu3Ha4yeHo mepexy mynetwork, sika 4o3so-
nse KOHTEHepaM B3aeMOLiATU MiX coboto.
3anyck cepsiciB 3 docker-compose.yml BUKO-
HyeTbcsa koMmaHaow: docker-compose up -d

MoHiTOpUHI Ta noryBaHHA

MOHITOPUHI Ta noryBaHHsA B MiKpOCEPBICHIl
apxiTekTypi BigirpatoTb BaXnMBy ponb y 3abes-
NMeYeHHi CTINKOCTI Ta OnepaTMBHOCTI BUSBMEHHS
Ta yCyHeHHsi npobnem. B pamkax uiel npakTtny-
HOi YacTmHu 6yno BnpoBagxkeHo ELK Stack ans
360py, 06pobkn Ta aHanidy foriB Bigd OKpemMux
MiKpocepBiCiB.

KoHdirypauia Logstash:

Logstash BUKOPMCTOBYETLCS ANS arperyBaHHs
Ta HopMani3auii noris nepeq ixX HagcunaHHsaM 4o
Elasticsearch. Huwx4ye HaBegeHO npuknag KOHI-
rypauii Logstash, sika 3untye noru 3 coanny i nepe-
Aae ix go Elasticsearch (puc. 3).

Lia koHdpirypauis BusHayae BxigHui nnari file,
KM 34MTYyE norn 3 nesHoro wnsxy, filter 3 Buko-
puctaHHaM grok ans po3bopy Ta CTPYKTypyBaHHSA
noeigomMneHb norie, i output ans Bignpaeku obpo-
6neHux gaHnx y Elasticsearch.

MMicnsa 36opy Ta ingekcadii norie y Elasticsearch,
Kibana BukopuctoByeTbCcsa Angd ix Bisyanisauii. Lle
A03BONSIE CTBOPIOBATY Aawwbopau, [ki Bigobpaka-
I0Tb BaXXNNBI METPUKN CUCTEMM, Hanpuknaa, Kinb-
KicTb nomunok HTTP 3a yacosuin nepiog, 4Yac Bia-
noBigi ceps.iciB TOLLO.

AHaniz npopaykTMBHOCTI Ta MaclTaboBa-
HOCTI

HaHi ©ynu 3ibpaHi 3 ycix mikpocepsiciB i 36e-
pexeHi y dopmati CSV ansa noganbLuoro aHaniay.

ddr ${docker machine ip managerl)

Loken $WORKER_JOIN_TOMEN $({docker machine ip managerl):

Puc. 1
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-service:latest

Puc. 2

input
file {

path =» "/var/log/mi
start_position => "b

output {
elasticsearch {
hosts =» ["elasti
index =» "mi

library(ggplot?2)

data <- read.csv(

message” => "X{TIMESTAMP_IS08681:timestamp} %{LOGLEV

Puc.

BukopucTtoBytoun moBy nporpamyBaHHa R, Bynu
po3pobreHi perpecinHi mogeni Ana nporHosy-
BaHHA MOBEAHKM CUCTEMM MpU MacLuTabyBaHHi.
AHarni3 403BOMMB BU3HAYUTW BNIUB KiNbKOCTi KOH-
TerHepiB Ha 3aranbHy NPOAYKTUBHICTb CUCTEMW.
[na ouiHKM NPOAYKTMBHOCTI MikpocepsiciB Oynu
BW3HAYeHi KNIOYOBI METPUKN, Taki 9K 4ac Bigryky
(naTeHTHICTb) Ta MponyckHa 34aTHICTb (KiNbKiCTb
o6pobneHnx 3anuTiB Ha oguHuUio Yacy). [aHi
MeTpukM Oynu 3ibpaHi B ymoBax pi3HUX pPiBHIB
HABaAHTaXXEHHSA, BUKOPUCTOBYHOUM IHCTPYMEHTM SIK
JMeter ta Locust ana cumynauii Tpadiky kKopucTty-
BauyiB (puc. 4).

Llen ko aHanisye B3aeMO3B'A30K MiX KiflbKiCTHO
KOHTEeNHepiB Ta YacoMm BiAryky, JO3BONSAOYN Bidy-
anbHO OLUHUTK, 9K 3MiHa KiNbKOCTi KOHTEWHepIB
BMMMBAE Ha NPOOYKTUBHICTb.

3actocyBaHHA 3akoHy Ampgana [03BONMNO0
NPOrHO3yBaTM MakKCUMasribHO MOXINUBY NPOAYK-
TUBHICTb cUCTEMM NpW 30iNbLUEHHI KiNbKOCTI KOH-
TerHepiB. OTpMMaHi 3Ha4YeHHS O BKa3ylTb Ha
MiHIManbHMA BNANB KOHKYPEHLIT MK KOHTENHe-
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model <- Im(response_time ~ number_of_containers, data = data)

ggplot(data, aes(x=number_of_containers, y=response_time)) +

geom_point() +
geom_smooth(method= ) +
theme_minimal() +
labs(title=

Puc.
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pamu, WO € NO3UTUBHUM acnekToM And Maclu-
TaboBaHoCTi. Pe3ynbratn TeCcTyBaHHA NpeacTas-
neHi B Tabnuui 1.

Tabnuugs 1
KinbkicTb KOHTENHEpIB Cepenin (q:; 3aTpuMku
10 262.78
20 178.140
30 190.40
40 164.70
50 289.30
60 416.64
70 446.34
[Ona ouiHkn macwTaboBaHOCTI apXiTekTypu

MikpocepBiciB OyB BUKOPUCTaHUI 3aranbHWIA 3aKOH
mMacliTaboBaHocTi. Yac 3anycky koHTelHepa OyB
BUKOPUCTAHUM SK 4ac BiOryky, a npoayKTUBHICTb
BM3Hayanacb LWMASXOM MHOXEHHs o6epHeHoro
3HaYeHHs Yacy 3anycKy Ha KifnbKiCTb KOHTENHEPIB.
MacwTaboBaHicTb Byna BumipsiHa Ha piBHi Opke-
cTpauii Ta Ha piBHi gogatky. [Ons BuMiptoBaHHS
MacLuTaboBaHOCTI Ha piBHI opkecTpauii 6ynu Buko-
pucTaHi gaHi. [ina nepesipkv1 macluTaboBaHOCTI 3a
AOMOMOroK0 3arafnbHOro 3akoHy MacliTaboBaHOCTI
BMKOPUCTOBYBanack nporpama R (tabn. 2).

Tabnuus 2
MponyckHa
34aTHICTb =
KinbkicTb CepepHin yac KinbKicTb
KOHTEMHEpPIB | 3aTPUMKM (McC) KOHTeMnHepiB/
3aTpMMKa
yac
10 262.78 38.16794
20 178.140 112.3596
30 190.40 157.8947
40 164.70 243.9024
50 289.30 173.0104
60 416.64 144.2308
70 446.34 156.9507

[nsa nobynosu rpacpikis MakcumanbHOT NPoayK-
TMBHOCTI B 3aNe€XHOCTi Bif, KiNbKOCTi KOHTENHEPIB
(dyHKUiOHanbHa MacwTaboBHICTL) Oynu  BUKO-
pUCTaHi BUMIpPsIHI AaHi MakCMManbHOI NPoAyKTUB-
HocTi. AHani3 perpecii Bu3Hayae, ska 3 mogenen
MacluTaboBaHOCTI Hankpalle onucye gadi. ertani
aHanisy obroeoptotoTbea B poboTi (Williams i Smith
2004). AHani3 Hagae napaMeTpu mogeni, ki NoTiM
BUKOPUCTOBYIOTLCA AN1S1 eKCcTpanonsuii noBeaiHku
00 BinbLUOi KINbKOCTi KOHTENHEPIB.

AHarnia perpecii nokasye, L0 HalkpalLe Bianosia-
HICTb BUMIpsTHUM JaHMM 3abesnedye 3akoH Amaana.
®yHKUiOHaNbHa MaclWTaboBHICTL LBLOro  AoaaTky
onucyeTbes piBHAHHAM 1 (Williams i Smith 2004).

63

i X (1w p
X () = —— !
l+e(p=1)
e:
P — KiNbKICTb KOHTENHEPIB,
Xmax(1) — MakcumanbHa npOaYKTUBHICTb

3 OAHNM KOHTEMNHEPOM,

Xmax(p) — MakcumanbHa NpoayKTUBHICTb 3 P
KOHTEenHepamu,

0 — 4yacTka poboTn, sika BUKOHYETbLCSI MOCHi-
[JOBHO.

3HadyeHHA O, oTpuMaHe 3 aHanisy perpecii,
aopisHioe 0.0000. Lle o3Hayae, WO BMMB KOHKY-
peHLUii Ha MaclTaboBaHICTb € MiHIMaNbHUM.

Xolp=X,_ Mxp

3acTocyBaHHA eKcTpanonsuii 3a A0NOMOrok
3akoHy AMaana nokasye, Lo MakcumarnbHa npo-
AyKTMBHICTL 3 100 KOHTelHepamu Oyae CTaHo-
Butn 380 3anuTis, a 3 1000 koHTenHepamn — 3800
3anuTiB. TakMm YMHOM, HeobXigHy npOAyKTUB-
HicTb 2000 moxHa gocsrtn 3 526 koHTenHepamu
(2000/380 * 100).

AHani3 nokasas, WO Npu NEBHIN KiNbKOCTi KOH-
TenHepis (6rnm3bko 40 y Hawomy BunNagky) npo-
AYKTUBHICTb MOYMHAE 3HUXYyBaTUCHA Yepe3 obme-
XeHHs cuctemHux pecypcis (O3Y, auck, LIIMTY). Le
BKa3ye Ha HeobxigHiCTb onTMmisauii pecypcis abo
po3rnsa4 ansTepHaTMBHMX MigxodiB OO Maclita-
OyBaHHS, Hanpuknag, BepTukanbLHOro macLutaby-
BaHHA abo onTMMmi3alii kogy MiKpocepsiciB.

Be3neka B MikpocepBiCHil1 apXiTeKTypi

3pincHeHo po3pobky nonituk 6e3nekn ans
MiKpOCepBiCiB, BKMOYaluM aBTeHTUdikaLito Ta
aBTopu3auito, WnpyBaHHA OaHMX Ta 6e3nedHy
KOMYHiKaLjito Mi>k cepBicamu 3a JONOMOTO MPOTO-
koniB TLS/SSL. BukoHaHO peBisito kogy Ha npea-
MeT BpasnuMBOCTeN Ta BNpOBaXeHO 3axoau Ans
TX YCYHEHHS.

ABTeHTUiKaLis Ta ABTOpU3aUis: BaXIMBUM
acnektoM 6e3nekn MikpocepsiciB € 3abe3neyeHHs
HaQiMHOI cucTemMn aBTeHTUdiKauii Ta aBTOopu3a-
uii. Ansa upboro 6yno snpoBampkeHo OAuth 2.0 Ta
OpenID Connect. MNMpuknag sukopuctaHHa OAuth
2.0 ansa aBTeHTUIKaUIl (puc. 5).

Llen dparmeHT kogy Java 3 Spring Security
HanawToByE 3axUCT pecypcCiB, [03BONSAYU
nyGniyHmn gocTyn Ao NEBHUX eHANOIHTIB Ta BUMa-
raroum aBTeHTUdIKaLil ons iHWNX.

WndppyBaHHa JaHux: ons 3axucty AaHuXx, WO
nepenarTbCsl, BUKOPUCTOBYBANOCh LUMGPYBAHHSA
TLS/SSL. HanawTtyBaHHa TLS gna sebcepsepa
MOXe BUMMS4aTv HacTyMHUM YMHOM (puc. 6).

Llen dparmeHT KoHdpirypauii Nginx Bkntovyae
BUKOPUCTaHHA SSL cepTudikaTiB Ta BKasye Ha
©e3neyHi npotokonu TLS.
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@Configuration
@EnableResourceServer )
public class ResourceServerConfig extends ResourceServerConfigurerAdapter [

@0verride

public void configure(HttpSecurity http) throws Exception {

http

.antMatchers(" /publi
-antMatchers(" /use

Puc. 5

server [

listen ssl;

server_name myservice.com;
ssl certificate /etc/ssl/certs/myservice.com.crt;

ssl_certificate key
ssl_protocols TLSvl

etc/ssl/private/myservice.com.key;
TLSv1

3

Puc. 6

Pesisia Kogy Ta 3axoam wopno BpasnusocTten.
Byno npoBegeHo peTenbHy peBisito Kogy 3 METOH
BUSIBIIEHHSA Ta YCYHEHHS BpasnumBocTen. Lle Bknto-
Yyano B cebe aBTOMaTW30BaHi IHCTPYMEHTWN aHa-
ni3y Koy, Taki sk SonarQube, Ta py4He Koa-peB'to
ekcnepTamu 3 kibepbesneku.

BanaHcyBaHHA HaBaHTaXeHHA Ta BigMo-
BOCTIMKiCTb

Crparerii banaHcyBaHHA HaBaHTaXeHHs

Peanisauia 6GanaHcyBaHHA HaBaHTAXEHHS
Oyna 3giiicHeHa gns oNTUManbHOrO po3noginy
Tpadhiky MK Mikpocepsicamu. BukopuctaHo
OanaHcyBarnbHUKM HAaBaHTaXeHHS, Taki Ak Nginx
abo HAProxy, €ki OuHamMiYyHO HanpaeBnsTb
3anuTn KOpUCTyBadiB OO0 BiANOBigHWUX cepBiciB
Ha OCHOBI iIXHbOI MOTOYHOI 3aBaHTaXEHOCTi Ta
OOCTYMHOCTI.

BnposagxeHHs MNaTepHiB BigMOBOCTINKOCTI

[nsa 3abe3nevyeHHs CTiIMKOCTi cucTtemMm 4o NomMu-
nok Ta 360iB Gynu BNpoBapKEHi NaTepHU BigMo-
BOCTINKOCTi:

Circuit Breaker

MatepH "Circuit Breaker" BMKOpUCTOBYETbCS
Ans 3anobiraHHA naHUoroBin peakuii 360iB Mix
cepBicamu. AKLO MiKpocepBic cTae HedOCTYMHNM,
"Circuit Breaker" TumyacoBo nepepuBae B3aEMO-
[it0 3 HAM, [O3BONSAKOYN CEPBICY BiHOBUTN POBOTY,
He nepeBaHTaxylun NOro 3anBnMKn 3annutamu.

Bulkhead

MatepH "Bulkhead" izontoe yactnHu cucrtemm
Takum YmMHOM, WO 36i B OQHOMY CepBici He Beae
00 noBHoro 360t0 Beiei cuctemu. Lle gocaraetbca
3a paxyHOKk oOmexeHHs1 pecypciB (Hanpuknag,
nam'ati abo MOTOKIB) ANA KOXHOrO MiKpOCepBicy
(pnc. 7).
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http |f
upstream my_microservices {
server microservicel.example.com;
server microservice?2.example.com;
server microservice3.example.com;
}
server {
location / {

proxy_pass http://my microservices;

}

Puc. 7

Lia koHdirypauisa Nginx Hanpasnsie Tpadik go
rpynu MikpocepsiciB, 3abeanevytoun ixHe GanaH-
CyBaHHS Ta BMCOKY AOCTYMHICTb.

TectyBaHHs Ta CI/CD

BcTaHoBneHo npouecu HenepepBHOI iHTerpa-
Lii Ta HenepepBHoi goctaBku (CI/CD), ski 3abes-
nevyyTb aBTOMaTM3aLilo TeCTyBaHHA Ta po3rop-
TaHHS 3MiH. BUKOpUCTaHHS IHCTPYMEHTIB, TakMX SK
Jenkins a6o GitLab Cl, cnpusie niaTpumui Bucokoi
AKOCTI Koy Ta LUBWOKOMY BMpPOBaOXEHHIO HOBUX
dyHKUiOHanbHOCTEN.

KepyBaHHs koHdirypauiero

BukopucTaHHs1 IHCTPYMEHTIB KepyBaHHSA KOH-
girypauieto, Hanpuknag, Ansible abo Terraform,
a TakoX CUCTEM YrNpaBniHHA cekpeTamu, gk Vault,
3abe3nevye Oe3nevHe Ta LeHTparnisoBaHe ynpas-
NiHHA HanawTyBaHHSAMM Ta JOCTYNOM [0 BaXnu-
BUX AaHuX.Pe3ynesraTn TecTyBaHHA NS nepesipku
MacLuTaboBaHOI apXiTEKTYpu

BucHoBoK

Y ManbyTHLOMY MiKpOCEPBICU CTaHyTb BMpu-
[O0BX NONYyrsipHOIO apXiTEKTYpolo cepea nporpa-
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MiCTiB, OCKiflbKM BOHM MalTb 3HaYHi nepeBarun
Ans po3pobku BUCokoMmacluTaboBaHMx goaatkis.
OpgHak, K i 3 Oyab-AKOK HOBOK TEXHOSOTIED,
€ Kinbka nepewkon, AK-0T HenpaBwWibHi Gi3Hec-
BUMOrK. HeMae 3HauYeHHs, HacCKifnbKn LWBUAKO MU
npoekTyeMo, BNpoBaaxyemo abo maclutabyemo
cucTemy, sKWwo Oi3HEeC-BMMOTrM HEKOpEeKTHI. Ans
NiATPMMKN MIKPOCEPBICIiB TakoX MOTPiOHI BUCOKI
HaBu4km DevOps, o6 3abe3neynTu ix gocTtyn-
HicTb Ta 6e3nepebinHy poboTy. HapewrTi, pos-
OvBalouUM MOHOMITHY CUCTEMY Ha cniBnpautotoyi
cepBicu, BBOOATbCA iHTEPdENCU MiXK cepBicamu.
KoxeH 3 umx cepgiciB noTpebye NigTpymKu npu
BUNYCKY HOBUX Bepcin. O4ikyeTbCs, WO Yy HaW-
6nuxK4YOMy ManbyTHbLOMY 3'ABMAATLCA CTaHAAPTM
Ansa MikpocepsiciB. B pesynbraTi, apxiTektyp-
HUA CTUMb MIKpOCepBIiCIB Mae nepcrnekTusu,
i 4ogaTtkyM NOCTYNOBO NepenayTb 4O apXiTEKTypu
MikpocepBiciB.

BukopuctaHHA KOHTEMHEPM3OBAHNX Mikpocep-
BiCiB JO3BONSAE AOCArHYTU (PYHKLIOHANbHOI MacLu-
TabosHocTi. 3a gonomoroto Docker Compose Ham
BAANOCHA NPOAEMOHCTPYBATK, K MOXHA MacluTa-
OyBaTn cepBic, BKasaBLIW KifbKICTb KOHTEWHEpIB
yepes iHTepdenc KomaHOHOro psaka. 3MiHHHYM
KifTbKICTb KOHTEMHEpPIB ANSA NEBHOr0 MiKpocepB.icy,
MW 3MOINn JocArTM baxkaHoi MmacluTaboBaHOCTI.

B xogi uiei po6oTtu Byno peanizoBaHO KOMMEK-
CHE pilLEHHA AN po3p06KM, MOHITOPUHTY Ta ONTK-
Mi3aLiil MikpocepBiCHOI apxiTekTypun. BaxnusicTb
uiei poboTK nonsirae B TOMy, LLLO BOHA AEMOHCTPYE
rMnBoKe Po3yMiHHSA Cy4acHMX BUMOT OO pO3pobku

nporpamHoro 3abesneyvyeHHs Ta 3abe3neveHHs
noro 6e3nepepsHOi poboTn Ta 6esneku.

— PosroptaHHsa Ta KoHdirypauia: Bukopuc-
TaHHa Docker ta Docker Compose ans posrop-
TaHHS MikpocepBiciB 3abe3neynno rHy4ykictb Ta
nerkicTb ynpaeniHHS, a TakoX CNpUAo WBUAKOMY
MacLUTabyBaHHIO.

— MoHitopuHr Ta JloryBaHHs: BnpoBagXeHHs
ELK Stack (Elasticsearch, Logstash, Kibana) gns
MOHITOPUHIY Ta aHanisy noris 403BOMUIIO OTPU-
MaTu LiHHY iHbopMaLito Npo CTaH CUCTEMU Ta CBO-
€4acHoO pearyBaTu Ha NOTEHUiViHI Npobnemu.

— Ananis TlpoayktmeBHOCTi:  BukopucTaHHs
CTaTUCTMYHUX METOAIB Ta perpeciiHoro aHanisy
B R Ans ouiHkM NpogykTMBHOCTI Ta MacwTabosa-
HOCTi CUCTEMW Aano MOXMBICTb 3pO3yMiTU BNIUB
pi3HMX (baKTopiB Ha 3aranbHy NPOOYKTUBHICTb.

— besneka: Po3pobka nonituk 6esnekun, Bkto-
Yyalum aBTeHTUiIKaLilo, aBTopm3saLito Ta wudpy-
BaHHS, rapaHTyBana 3axucT gaHux Ta CepBiciB Bif
HecaHKUiOHOBaHOro A0CTYNy Ta iHWKWX 3arpos.

— banaHcyBaHHa HaBaHTaxeHHs Ta Bigmo-
BOCTINKiCTb: BnpoBagxeHHA cTpaterii 6anaH-
CyBaHHS HaBaHTaXeHHs Ta naTepHiB BiAMOBOC-
TiINKOCTI 3a6e3neynno BUCOKY [JOCTYMHICTbL Ta
HafirHICTb CUCTEMM.

Lils poGota BigoOpaxkae cydacHun nigxig 4o
po3pobKM Ta NIATPMMKM BUCOKOLOCTYMNHUX, Ges-
neyHnx Tta edekTUBHUX MIKPOCEPBICHUX CUCTEM,
NiAKPECoYN BaXXNUBICTb MMNOOKOro po3ymiHHSA
AK TEXHIYHMX, TaK i onepaTuBHUX acnekTis iX BMNpo-
Ba[XXEHHSA Ta ynpasriHHS.
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CUCTEMHWUW AHATI3 PETIOHIB YKPATHU ANA 3ANOYATKYBAHHSA BIBHECY
Y COEPI HAOAHHA BETEPUHAPHUX NOCHYIr

3 chbopmysaHHsIM 8 YKpaiHi puHKO8UX yMO8 niKyeaHHsI meapuH ma HalaHHS eemepuHapHO-CcaHimapHUX rnocrya
ece binblwe cmaromb npepo2amueor MpueamHoi 8emepuHapHOi MeOUUUHU. He3gaxato4u Ha yMOo8U XOPCMKOI KOH-
KypeHuji, 8 sIKill npaurorome KoMepUiliHi 3aknadu ma rikapi-rnionpuemui, pPUHOK 8emepuHapHUX OCITy2 8eCb Yac 3p0C-
mae. pome us chepa 3anuwiaemscsi MEHW OOCITIOXKEHO | MOWUPEHOK MOPIBHSIHO 3 iHWuMU 2any3samu. Omxe,
3arnoqyamkysaHHs bisHecy y cohepi HadaHHS 8eMeEPUHaPHUX MOCIy2, Hagimb rpu Hass8HOCMI KOHKYPEHUI, € nepcrex-
MUBHUM HarnpsiMoM ridnpueMHUUbKOI QisiflbHOCMI, Ue 3yMOBIIIE akmyarbHicmb rposedeHo20 00CTIOKEHHS.

Memoto pobomu € 30ilicHeHHs aHanizy meHOeHyil po38UMKy eemepuHapHUX NOcya 8 Pi3HUX peecioHax YkpaiHu
ma susHa4eHHs1 obnacmed, SKi MOXymb 6ymu nomeHyitiHo npusabnueumu 0519 3ano4YamkyeaHHs 8emMepUHapPHO20
bisHecy.

Lns ybo2o nposedeHo aHarni3 Kinbkocmi 3aknadie eemepuHapHOi MeQuuuHU y pezioHax YKpaiHu, eudineHo,
n’asmb pezioHie, de criocmepizaembCs CmMpPIMKUU PO38UMOK cghepu eemepuHapHuUX nocnye. Lli pegioHu po3ans-
OGatombcs sK Halbinbw nepcrnekmusHi dns nidnpuemMHuymea. Kpim moeo, nposedeHo rpo2HO3 po3sumKy eeme-
pUHapHoe20 bi3Hecy 8 mMpbox pezioHax 3a O0MOMO200 PI3HUX Memodi8 KOPOMKOCMPOKOBO2O MPO2HO3y8aHHS,
30Kpema i3 3acmocysaHHsIM Modesnel Xonbma — BiHmepca, bpayHa ma memody K083HO20 cepedHb020. BuseneHo
Halbinblw 3acmocosHi nioxodu 05151 Po2HOo3yeaHHs1 Ha dea poku. OmpumaHi OUiHKU NpoeHo3y nidmeepdusnu tio2o
adekgamHicme.

lNposedenruli aHani3 nidmeepdus nomexuiasn 3anovyamkysaHHs bisHecy y cchepi HadaHHSI 6emMepPUHapPHUX Nocy2
i 0o3sonug susHa4yumu Halibinbw nepcriekmusHi pegioHu 0115 3aroYyamkysaHHs eemepuHapHo2o bisHecy. Matibym-
Hi HayKosi JocnidxXeHHs MOXymb bymu CripsMosaHi Ha MOJero8aHHs1 PO3BUMKY 8emepuHapHUX rocsye 3 ypaxy-
8aHHsM crieyudbiku obpaHux pezioHie ma HarpsiMKie eemepuHapHoi MeduyuHu. NoanubneHe sus4eHHsT OUHaMIKU
uiei eanysi 00380/1UMb 8USBUMU Ma 8UKopucmamu Ho8i MoXJiugocmi Oris1 po3sumky bisHecy 8 cghepi eemepuHap-
HOI MeduuuHU 8 YKpaiHi.
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SYSTEM ANALYSIS OF THE REGIONS OF UKRAINE FOR STARTING A BUSINESS
IN THE PROVISION OF VETERINARY SERVICES

The treatment of animals and the provision of veterinary and sanitary services in Ukraine are increasingly
becoming the prerogative of private veterinary medicine due to the formation of market conditions. Despite the fierce
competition in the work of commercial institutions and entrepreneurial doctors, the market for veterinary services is
constantly growing. However, this field remains less researched and widespread compared to other fields. Therefore,
starting a business in the field of providing veterinary services, even in the presence of competition, is a promising
direction of entrepreneurial activity, which determines the relevance of the conducted research.

The purpose of the work is to analyze trends in the development of veterinary services in different regions
of Ukraine and to identify those that may be potentially attractive for starting a veterinary business.

For this purpose, an analysis of the number of veterinary medicine institutions in the regions of Ukraine was
carried out and five regions where rapid development of the field of veterinary services is observed. These regions
are considered the most promising for entrepreneurship. In addition, a forecast of the development of the veterinary
business of three regions was made using various methods of short-term forecasting, in particular, according to
the Holt-Winters, Brown and moving-average models. The most applicable approaches to forecasting for two years
have been determined. The received evaluations of the forecast confirmed its adequacy.

The conducted analysis confirmed the potential of starting a business in the field of providing veterinary services
and made it possible to determine the most promising regions for starting a veterinary business. Further scientific
research can be aimed at modeling the development of the veterinary service, taking into account the specifics
of the selected regions and areas of veterinary medicine. An in-depth study of the dynamics of this industry will allow
us to identify and use new opportunities for business development in the field of veterinary medicine in Ukraine.

Key words: entrepreneurship, system analysis, forecasting of veterinary services.

AKkTyanbHicTb npobnemun. EkoHOMiYHaA CcTa- Tatamum ONUTYyBaHHsS, npoBegeHoro LleHTpom
BinbHICTb AepxaBu IPyHTYETLCA Ha 3abe3neyeHHi  OOCNIAXEHHA cycninbcTBa HauioHanbHOI cycnink-
MakcMmanbHOi 3aMHATOCTI HaceneHHs. [oceig  Hoi TenepagiokomnaHii (1), 48,1% onutaHux manm
PO3BUHEHMX KpaiH CBigYMTb, WO edeKTUBHMM  BAoma KoTa, a 40,5% — cobaky. EkcnepTu giinu
iHCTPYMEHTOM (pOpMYyBaHHS EKOHOMIYHOI CTa-  CriflbHOrO BUCHOBKY, LLIO 3aranom B YKpaiHi 4OCUTb
BinNbHOCTI BUCTYNae pO3BUTOK CEKTOPY Manoro Ta  BUCOKWUWA piBEHb MiKMyBaHHA MPO CBOIX AOMALLHIX
cepegHboro 6Gi3Hecy. 3acHyBaHHs BnacHoro 6i3-  ynobneHuis, Aki nepiognyHo NoTpedytoTb kBanigi-
Hecy Ta CaMO3aMHATICTb CNPUSOTb 3MEHLUEHHIO  KOBaHOI BETEPMHAPHOI OMOMOTH.
piBHA 6€3p0o6iTTH, HACUYEHHIO BITYN3HAHOIO PUHKY BeTepuHapHi nocnyrm KOpPUCTYKOTbCA MOCTIN-
BMCOKOSIKICHUMW TOBapamu i nocriyramu, 3poc-  HUM MOMUTOM, i B LIbOMY CErMeHTi Bi3Hecy BiACYTHSA
TaHHIO O06pobyTy rpoMagsiH 3a paxyHOK MNigBW-  CE30HHICTb. Lia ramysb BU3HAYa€eTbCs BUCOKOKD
LLLeHHA piBHA OoX04iB HaceneHHs. Bce Le, B CBOKO  MOYATKOBO NOSAMNBLHICTIO KMIEHTIB, Lo 3abe3nevye
yepry, NPU3BOAMTb OO 3POCTaHHS CMPOMOXHOCTI  MiANPUEMUEBI CTiMKi Ta BUrigHI B3aEMWHW 3i CMO-
TepuTopianbHUX rpomMa, po3TallOBaHUX B Pi3HUX  KUBaAYaMMU.
perioHax YKpaiHu. BeTepuHapHa npakTuka — Ue AianbHICTb

3anovatkyBaHHs 6i3Hecy y cdepi HagaHHA 3 HagaHHA NOCMyr, NOB'A3aHMX 3 NPORINaKTUKOLD,
BETEPUHAPHUX MOCNYT, HABITb NPU HAasiBHOCTiI KOH-  AiarHOCTMKOID Ta fiKyBaHHSAM XBOPOO TBapwH,
KypeHLUil Ha PUHKY, € NEPCNEKTUBHMM HAMNPsiMOM  KOHCYMbTYBaHHSAM 3 NUTaHb BETEpPUHAPHOI Mean-
NiANPMEMHULBKOI AiAnbHOCTI B YKpaiHi. 3a pe3ynb-  UMHW, dKa NpoOBaaMTbCA 3aknagamu BeTepuHap-
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HOI MeOMUMHM Ta cneuianictamMy BeTepUHapPHOI
MeLMUMHM Ha nigcTaBi BignoBigHoi niueHsii (3akoH
Ykpainn «[lMpo BeTepuHapHy meauumHy», 2021),
siKa BUOAETbCA (Pis4HUM Ta lopMAMYHUM ocobam
y nopsagky, BusHayeHomy 3akoHoMm YkpaiHu «[1po
niueH3yBaHHs BWAIB rocnogapcbKoi OistnbHOCTI»
(3akoH YkpaiHu «[1po niueH3yBaHHA BUAIB rocno-
AapcbKol gisnbHOCTI», 2015)

Ypsa B KpaiHi npautoe Hag noninweHHsM yMOB
Ana  NigNnPUEMHULBKOT OisiNbHOCTI Ta BUMpILLEH-
HAM NpobneM, sKi ranbmyloTb PO3BUTOK Bi3Hecy.
MoToyHa geperynsuis B yMOBax KOHMMIKTY CTBO-
pOE€ ONTUMICTUYHUI MPOrHO3 ANs BigHOBMEHHS
NiANPMEMHULBKOI aKTUBHOCTI NpU CnpuaTINBOMY
PO3BUTKY BOEHHOI CUTYaLlil.

Cnig 3asHauuTk, Wo B cdepi HagaHHSa BeTepu-
HapPHMX NMOCAYr YNHHUKN (POPMYBAHHS PiBHA KOH-
KyPeHLUji Ha puWHKY BNnMBaloTb Ha MpuMOYTKOBICTb
NiANPUEMHULUBKOI AisnbHOCTI. Tomy neped npu-
NHATTSIM pilLEHHS WOAO 3anovaTkyBaHHs Bi3Hecy
3 HagaHHA nocnyr came B Ui cdepi B NEBHOMY
HaceneHoMy NyHKTi HeobxigHO MpoBecTM aHani3
PUHKY TakMX NOCMYT 3 ypaxyBaHHAM perioHarnbHuX
ocobnusocTen.

AHani3 ocTtaHHiX pocnimkeHb i nyb6nika-
uin. B cyvacHnx ymoBax BeTepuHapHa Aisnb-
HICTb BeOETbCA AK Oep)KaBHOM, TakK i NpuBaTHUMU
cnyxbamn. ObnacTb LianbHOCTI AepXXaBHOI BETe-
pvHapHOi cnyxbyu oBMexXyeTbCs 34IMCHEHHAM
AepXaBHOro BeTepuHapHoro Harnsay, naboparop-
HAMW OOCMISKEHHAMMW, BETEPUHAPHO-CAHITAPHO
eKCcrnepTU3oo NPOAYKTIB TBAPUHHOIO i POCIIMHHOIO
noxomkeHHss. OCHOBHUIM 00CAr BeTepUHapPHOI
po6oTn MNpoBOAUTBLCA cneujianictamMyv MpUBaTHOI
BETEPMHAPHOI MeaNLINHM, Ska 06'egHyE HaMMaHUX
BETepMHapHUX Nikapis Ta NPYBaTHO MPaKTUKYOYUX
cneuianicTtis (?Kykoscbkuin M., 2016).

HaykoBuUi Ha OCHOBiIi MapKeTMHrOBO-OPIiEHTO-
BaHOro nigxoay 0o opMyBaHHSA cdhepun BeTEpU-
HapHux nocnyr (MonepeyHnin, 2006) 3a3HavatoThb,
WO PMHOK BETEpUMHapHMX Mocnyr opmyeTbes
nig BNSMBOM 3HAYHOI KiflbKOCTi YAHHUKIB: NoTpeb
CMOXMBaYiB y NeBHOMY BWAi MOCNyr Ta MnonuTy
Ha HMX, NpuBabNMBOCTI cdepn BeETEPUHAPHUX
nocnyr AN HUHIWHIX i NOTEeHUinHNX cyb’ekTiB
rocrnogaploBaHHs, MepeLwKkoa ANns BXOOAXEHHS
y ranysb, piBHA MoOHoMonisauil puHKY, BNNMBY
AepXaBHUX OpraHiB TOLLO.

KpyunHenko O.B. B pgocnigkeHHi (Kpyuu-
HeHko O.B., 2017) Bu3Ha4ae BeTepuHapHy nocnyry
Sk 0CcOOnMBUIN BUA, AiSNbHOCTI (haxiBuiB BeTepU-
HapHOI MeguMLUMHKM, sika CnpsiMOBaHa Ha 3abesne-
YeHHS KOpUCHOro edbekTy y ¢hopmi 3q0opoBoro Ta
NPOAYKTUBHOIO PO3BUTKY TBAPMHHOIO CBITY i Ha LN
OCHOBI — BigNOBigHWX NpUByTKiB. PUHKOBMI yCniX
y cdhepi BETEPUHAPHMX NOCNYr MaTUMyTb CyD’ ekTn
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rocnofaploBaHHs, SKi 3MOXYTb 3abe3ne4nTun one-
paTMBHICTb HafaHHS Nocryr, BONO4ITUMYTb NO3K-
TUBHUM iMigXXeM npodecitHoro CcninkyBaHHSA,
OyaoyTb 3abesnedeHi HeobXigHMM obnagHaHHAM
TOLLO.

Apanuin A.C., Kpykoscbka O.B. (Apanuin A.C.,
2011) akueHTylOTb yBary Ha TOMY, LIO BeTepu-
HapHi NocnyrM He BUCTYNalTb aHanoroMm iHLIKX
BMAaiB obcnyroByBaHHs. [lpoBegeHu asTopamu
CUCTEMHO-CTPYKTYPHUI aHanisa cdepu nocnyr
nokasye, Lo B YMOBaXx BifbHOro Bubopy cyd’extu,
WO HajawTb NOCryrv, 3MyLUeHi BMBYaTW MoBe-
AiHKY crnoxuBadiB, ix notpebu Ta GaxaHHA. Ha
OCHOBI LIbOro Nocnyrn MoXyTb OyTn HagineHi Tumm
O3HaKaMu, SKux Hawmbinblie noTpebyloTb MOTeH-
LirMHi nokynui. Habip uMx 03HaK i BU3Ha4Yae SAKiCTb
MOCNYrn Ha PUHKY, 11 KOHKYPEHTOCMPOMOXHICTb.
Ane cnoxuBadi BeTepMHapHUX NOCAYr NepeBaxHo
He € haxiBLUAMWN 3 BETEPUHAPHOI MeaULUHU | He
MOXYTb HaneXHNM YMHOM OLHUTU SKICTb NOCHyru
3 NPOMECINHOI TOYKKN 30pY.

Ha gymky KpyunHerko O.B. (KpyunHenko O.B.,
2017), chopMytoH4M PUHOK BETEPUHAPHUX MOCHYT
3 METOK HanexHoro 3afoBOrfeHHa notpeb crno-
XnBadiB, HeOOXiAHO ONTMMI3yBaTN CUCTEMY BETE-
pUHapHOro o6CryroByBaHHS LUMSXOM MOEAHaHHSA
O[OHOOCIOHOI BETEPUHAPHOI MPAKTUKN B KOXHOMY
HaceneHoMy MNYHKTI 3 AiAnbHICTIO NignpueMCTB
BETEPMHAPHOI MeanumHK, ski 6 cneuianisyBanuncs
Ha HafaHHi HaBiTb HANCKNAQHILUNX BETEPMHAPHUX

NoCHyr.
[Ona BupilWeHHA BuWeE 3a3Ha4YeHMX nNUTaHb
AOUiNbHO  3acTocoByBaTWM  BIiAMOBIAHWMA  MaTe-

MaTUYHMIA anapaT, ane cnig 3BepHyTu yBary Ha
HacTynHe. ABTopu pobotn (KpemeHoBcbka I.B.,
2015) HaronowylTb Ha TOMY, WO OAHUM nulle
HenpaBWilbHUM BUOOPOM i HeagekBaTHUM BUKO-
PUCTaHHAM MaTeMaTUYHUX MOAENEN Y TaKkuX rany-
39X Ik MeQMUMHa, CinbCbKe rocnogapcTBoO, eKOSo-
ris, Ximis, Gionoria, Towo, moxe OyTn 3anogisHo
Koy, dka MaTume KatacTpodiyHi Hacnigku: Big
CTBOPEHHS 3arpo3n ANd XUTTS | 30OpoB’a niogen —
ax [0 MNOBHOT pynHau,ii Linmx cdep QisnbHOCTI.

OTxe, BUHMKaE HaranbHa notTpeba npoBeaeHHs
OOCNILKEHHA, Ake Oyae rpyHTyBaTUCA Ha BUKO-
PUCTaHHI AOUiINbHUX MaTeMaTUYHUX iIHCTPYMEHTIB,
ANSA BM3HAYeHHs 3abe3neyeHHst perioHiB YkpaiHm
BETEPUHAPHMMU MOCnyramu, Wo byage cnpuath sk
iHOpPMYyBaHHIO MiANPUEMHULBKNX CTPYKTYp AO5is
3anoyaTkyBaHHs Oi3Hecy, Tak i B noganbLiomy
AOCSArHEHH0 BinbLU MOBHOMO 3a40BONEHHA NOTPED
HacerneHHa y cdepi BeTepuHapHoro obcnyroBy-
BaHHSA.

Meta pocnigKeHHA 30iMCHEHHA aHanisy
Cy4acHOro CTaHy Ta OMHaMIKU PO3BUTKY BETepu-
HapHWX NOCAyr B perioHax YKpaiHu i BU3Ha4YeHHs
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NnepcrnekTMBHUX obnacten Ana 3anovaTKyBaHHS
BeTEepUHapHoro Gi3Hecy.

Buknag oOcHOBHOro martepiany Aaocri-
OXKeHHs. BuxigHumu pgaHumu ang nposefeHHs
OOCMIKEHHA CcnyryBanu CTaTUCTUYHI daHi npo
KiNbKICTb BeTepuMHapHuXx KriHik B YkpaiHi (dep-
XaBHa crnyxba ctatuctukm Ykpainum). Ha puc. 1
nokasaHo AVHaMIKY KiflbKOCTi BETEPUHAPHUX KNiHIK
B YKpaiHi 3a obnactamu.

Jlerko no6aunTy, Wo o M'saTipkM HanbinbL pos-
BUMHEHMX obnacTel 3a KinbKicTio 3aknapiB BeTe-
puHapHoi meanumHn y 2014 poui Bxogunu Kuis-
Ccbka, XapkiBcbka, [JHinponeTposcbka, BiHHMUbKA
obnacrTi Ta micto Kuis.

B nepiog 3 2014 no 2020 ix KinbKiCTb Yy UMX
obnactax, KpiMm BiHHMUBKOI, cTano 36inbLyBa-
nacs. B cepegHboMy BoHa 3pocna Ha 55 3aknagis
(47, 57, 61 y [HiNnponeTpoOBCbKiN, XapKiBCbKin Ta
KuiBcbkin obnactax BignosigHo). MNpoTe KinbKicTb
KNiHiK y BiHHMUBbKOT 06nacTi noyana CTpiMKO 3MeH-
wysaTuck B nepiog 3 2015 no 2018 pokun. Ak BuOHO
3 pgiarpamn HesMiHHMM nigepom € Mmicto Kuis.
3 2014 no 2020 pokwu KinbKiCTb BETEPUHAPHUX KIi-
Hik cTonumui 3pocna Ha 93 3aknagu. OTxe cTaHOM
Ha 2020 pik n’aTipky nigepis cknaganu OHinpone-
TpOBCbKa, XapkiBcbka, Kuiscbka, Ogecbka obnacrti
Ta MicTo KniB. MOpiBHSAHO i3 HUMW, BCi iHLUI perioHn
He Manu noTyXHoro po3suTKy. KinbkicTe BeTepu-

HapHMX 3aKknagiB y HUX 3pocra B cepeaHboMYy Ha
6 y KOXHin obnacTi.

MpoTe abcontoTHa KinbKicHA OUiHKA MoXe
CTBOPUTU MOMUIIKOBE BaveHHs cuTyaLii, OCKifbK/
YNCENBHICTbL HACEeNeHHs Yy KOXHOMY i3 perioHiB
CUNbHO Bigpi3HsaeTbea. OTxe, ana GinbLl TOYHOrO
aHanizy cuTyauil JopeYHO MpoBecTM HopManisa-
L0 JaHUX 3a KifbKICTIO HaceneHHst B Ti caMi pOKK
(2014 — 2020). AHanis HopMani3oBaHMX OaHKX
nokasas, Lo B LiNomMy TeHAeHLUiT 36iratoTbes, ane
po3pmB MiXk obnactamm i3 HanGINbWIMMK 3HAYEH-
HSAMU Ta HWWMW BXE He € TakMMm 3HadYHuM. Han-
Oinbli 3HAYEeHHSs1 BIAHOLLUEHHS KiflbKicmb KriHIK/
HacerneHHs BignosigatoTb M. Kuie, KuiBcbkin, Xap-
KiBcbkin, KipoBorpaacekin, Ogecbkun Ta YepHi-
BeLbkin obnactam. Pesynestatn, oTpumaHi nicns
HopMani3auji, Ansa wectu obnacten, ki mMarTb
HamGinbLly KiNbKICTb BeTepMHapHUX 3aknagis,
nokasaHo Ha puc. 2. [pu ubomy HanbinbLlua KOH-
LeHTpaLisa 3aknagis BeTepnHapHOi MeguLmMHu 3Ha-
xoouTbea y KuiBebkin obnacti. Ctonuusa 3Haxo-
ANTbCA Ha apyromy micTi. 36epiratoTbca TeHaeHUiT
3MiH y BiHHMUBLKIN obnacTi, KinbKicTe gocnigxysa-
HUX 3aknagis TyT HabyBae csoro niky B 2015 pouj,
nicns 4oro BiAOYBaeTbLCA Pi3kuil cnag BNPOOOBX
2016 — 2020 pokiB. TeHOEHLiO CTINKOrO 3pOCTaHHSA
Takox nokasyTb Opgecbka Ta [HinponeTpoBcbka
obnactTi.

1
II.

1
|

bahbipd

28

} 4

Puc. 1. [InHamika YncenbLHOCTI BeTepUHApPHUX KNiHiK B 06nacTax YKkpaiHu
y 2014 - 2020 pokax
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Puc. 2. HopmanisoBaHa 3a KifnbKiCTIO HaceneHHA AMHaMiKa YMCenbHOCTI
BeTepUHapPHUX KIliHik B YKpaiHi no obnactax Ha 2014-2020 poku

+«+ 03

+61

In

Bcr YepaiHa
+435

Puc. 3. 3miHa KinbkocTi BeTepMHapHUX KNiHIK y obnactax nporsarom 2014 — 2020 pokiB

3aranbHy 3MiHy KiNbKOCTi KMiHIK BETepUHapHOI
MeguumHu 3a obnactaMmy MoxHa nobadntn Ha
puc. 3.

Omxe, BeTepuHapHun Gi3HeC € gocuTb npu-
BabnuBMM cerMeHToM, sikin 3abe3nedeHun CTin-
KMM nonuTom Ha nocnyrn. Jocnigumo nepcnek-
TMBW PO3BUTKY BETEpUHapHUX nocnyr y m. Kuesi,
[HinponeTpoBcbkin Ta BiHHMUbKIN obnacTi. [Ons
upboro, 6asyoumMcb Ha daHux gepxcraty nobyay-
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€MO MPOrHO3 KifTbKOCTi BETEPUHAPHUX KNIHIK Y LIMX
perioHax.

3ayBaxnmo, WO HAKICTb MPOrHO3y 3aneXuTb
Bif, XapaKTepucTUK BUKOPUCTOBYBaHOro Habopy
AaHuX i 06paHoro metody MpPOrHo3yBaHHS. TOMy
npu AOCMIOKEeHHI [OUINbHO PO3rMAHYTU  Kiflbka
meTofis. Lle [o3sonuTb obpatv Ans KOXHOro
Habopy AaHux Hanbinblw 3acTtocoBaHy MoAenb
NPOrHO3YBaHHA W NPUNHATHY SKICTb pes3ynbraTy.
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Puc. 4. PeanbHi gaHi Ta pesynsTaTtv nporHo3yBaHHA AnA [JHinponeTpoBcbKoi obnacri,
fAKi oTpUMaHi: a) 3a mogennio Xonbta — BiHTepca, 6) 3a mogennto bpayHa,
B) METOAOM CepeAHbLOro KOB3HOro
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Y paHin poboTi ana gocnigpkeHHs Oyno BUKOpUC-
TaHo mogeni Xoneta — BiHTepca, bpayHa Ta meToq
KOB3HOI cepefHbOl.

Mogenb Xonbta — BiHTepca sBnse coboto
OOMH i3 MeTofiB MPOrHO3yBaHHA 4YacoBMX pPsAiB
3 BMKOPUCTAHHAM E€KCMOHEHLINHOIo  3rnamxKy-
BaHHA. [nsa 3rmagXyBaHHA BMKOPUCTOBYETLCS
3BaXXeHe cepegHe, NpuyoMy Barm obuparTbecs
TakuMm YMHOM, LWO6 HoBa iHpopmauiss mana Ginb-
LWMA BNAMB Ha NporHos. [daHa mogenb BKoYae
TPU NapameTpu NPOrHo3y, siki 403BONAIOTEL Bpaxy-
BaTW 3rmagXeHn eKCnoHeHUianbHUn pagd, TpeHq
Ta CEe30HHICTb. ABK 3pOOUTU AKICHUIA NPOrHO3 3a
uieto mogennto, NOTpibHO MaTu AaHi He MeHL
HiK 3@ 3 — 5 NOBHMX pokiB. [NA OUiHKW TOYHOCTI
NPOrHO3iB L€l MOAerni BUKOPUCTOBYOTb CEpPenHI0
abconiTHY Ta CepegHio KBagpaTuUdHy MOXMOKM.
Axkwo noxmbka 6yae meHwe 10 %, BBaXKalOTb LUO
mMogernb Xonsta — BiHTepca Mae BMCOKY TOYHICTb
i MOXe ByTn BUKOpUCTaHa.

Mogenb BpayHa fossonsie BigoOpaxatn pos-
BUTOK Yy BUMSAI NiHIMHOI TeHAeHuii, y Burnsgi
BMMNAAKOBOrO MpoLecy, SKnMin He Mae TeHaeHU;l,
a TakoX y BUrMNSa4i MiHNMBOI napaboniyHol TeH-
AeHuii. BignosigHo 40 LbOro po3pisHaTb Mogeni
BpayHa HynboBOro, NepLloro Ta Apyroro nopsiaky.

Mogenb HynboBOro NOpPsSAKY OMMCYE NPOLIECH,
sIKi He MaloTb TEHAEHLIN po3BUTKY. BoHa mae oguH
napametp A, (OUiHKa MOTOYHOTO PiBHSA).

Mogenb neplioro nNopsiaky, BKMAYae ABa koe-
ilieHTN: A — 3HaYEHHS, Onmnabke OO OCTaHHLOro
PiBHS, i Ake aBnAe cobo 3aKOHOMIPHY CKragoBy
UbOro piBHA, A, — BU3HAYa€ 3pOCTaHHS, sike 34in-
CHMOCA B OCHOBHOMY [0 KiHUSA nepiogy cnocre-

pexeHb, Ta BigobOpaxae WBNAKICTb 36inblIeHHS
Ha GinbLl paHHiX eTanax.

Mogenb apyroro nopsiaky, Binobpaxae po3su-
TOK y BMMmMA4i napaboniyHmx TeHaeHUil 3 MiHnu-
BUMU «LUBUOKICTIO» N «NPUCKOPEHHAM». BoHa mae
Tpu napameTpu ( KpiM Ha3BaHWX BULE e napa-
MeTp A, — OLiHKa NOTOYHOTO 3POCTaHHA abo «npu-
CKOPEHHSAY).

MeToa KOB3HOIo CepeaHbOro € OAHMM 3 LLUIMPOKO
BiJOMWX METOAIB 3rnajKyBaHHS 4acoBUX pPALIB.
3rnagkyBaHHs 3a [LOMOMOrOK KOB3HOMO cepen-
HbOrO 3aCHOBaHe Ha TOMY, Lo B cepefHix Benuyu-
Hax B3aEMHO norallalTbCs BUNaaKoBi BiaXUMNEHHS.
Lle BigbyBaeTbcs BHacnigok 3amiHM MEPBUHHUX
PiBHIB 4aCcoOBOro psay cepeaHbo apudPMETUYHOKO
BEMMYMHOIO BCEpPeANHi obpaHoro iHTepeany yacy.
OTpumaHe 3HadeHHs BiQHOCMTBCS OO0 CepeauHu
obpaHoro iHTepBany 4acy (nepiogy). lNMoTim nepioa
3CYBA€ETbCS HA OOHE CMOCTEPEXEHHS | PO3PaXyHOK
cepeaHboi noBTOptoeTbesA. py ubomy nepioan
BU3HAYEHHSI cepeaHbOoi MalTb OyTU OOQHaKoOBMMU
NpoTAroM BCbOrO nepiogy nporHodyBaHHA. [lpu
3rnagKyBaHHi 4acoBOro psify 3a AOMOMOrOK KOB-
3HMX CepefHix y po3paxyHkax 6epyTb y4acTb BCi
piBHI pagy. Yim wvplle iHTepBan 3rrnamkyBaHHS,
TMM Binblue NnaBHUM BUXOANTb TPEHA.

Bci po3paxyHkn Byno BMKOHaHO 3a JOMOMOTOH0
3acobis Microsoft Excel.

PosrnsHemo pesynsraTtv NporHo3yBaHHs ans JHi-
NpPONETPOBCHKOI, BiHHMLbKOT 0GnacTten Ta m. Kuis.

CrporHo3yemo KinbKiCTb BETEPUHAPHUX 3akna-
AiB ana [HinponeTpoBcbkoi obnacTi i3 3actocy-
BaHHAM OTpuUMaHuX mogenen. Pesynstatm npo-
rHO3yBaHHSA NokasaHo Ha puc. 4, a— e i B Tabn. 1.

Tabnuus 1
Pe3ynbTaTn NporHo3yBaHHA KiNlbKOCTi BeTepuHapHUX 3aknagiB y [lHinponeTpoBcLKin o6nacTi
METOA KOB3HOIo cepegHbLoro
Mopens Mopenb BpayHa 3 3 3
‘T Xonkta — BiHTepca pay a aBoma a Tpboma a yotmpma
g pOoKamMu pOoKamMu pOoKamMu
Pix | I g 2 2 2 2
S 3 E S 3 E S 3 E S 3 E S 3 E S
3 £ 2 : | 29| E | 2§| £ | 8¢ | E | 2%
o o o X ] o X o o X o S X o S X
o
= 8 2 e | 82| £ |82 | 2 | 82| 2 | &2
< < < < <
2014 | 11 111 107,8 3,
2015 | 108 108 110,86 | 2,86
2016 | 113 | 109,3186 | 3,68142 | 109,35 | 3,65 | 109,5 3,5
2017 | 121 | 117,3227 | 3,677342 | 114,20 | 6,80 110,5 | 10,5 | 110,7 | 10,3
2018 | 123 | 129,7193 | 6,719325 | 12584 | 2,84 117 6 114 9 113,25 | 9,75
2019 | 138 | 139,8086 | 1,808563 | 134,65 | 3,35 122 16 119 19 116,25 | 21,75
2020 | 158 | 157,9982 | 0,001823 | 146,80 | 11,20 | 130,5 | 27,5 | 127,3 | 30,7 | 123,75 | 34,25
2021 182,7787 170,16 148 139,7 135
CepepHs abcontoTHa
noxMGKa 2,65 4,84 16,5 19,6 21,9
BigHocHa noxubka 0,0194 0,034 0,091 0,123 0,151
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Puc. 5. PeanbHi gaHi Ta pesynsratv nporHo3yBaHHsA ansa M. KuiB, siki oTpumaHi:
a) 3a mogennio XonkTa — BiHTepca, 6) 3a moaennto BpayHa,
B) METOAOM CepeaHbLOro KOB3HOro
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Ak Gaummo, ana paHux [OHiNponeTpoBCbKOi
obnacti HambinbWw TOYHUM BUSABUBCA MNPOrHO3
mMeTogom XonbTa — BiHTepca, xopoLli nokasHWKK
TaKkoX Mae nporHo3yBaHHA 3a mogennto bpayHa,
MEeTOf, KOB3HOIMo cepefHboro OyB 3acTOCOBaHWMA
Ona nepiogy 3rnagkyBaHHA 2, 3, Ta 4 poku, ane
)KOOEH 3 HMX HE OaB NPUNHSATHOrO pesynbrary.

lNpoaHo3ysaHHs Kinbkocmi 3aknadie eemepu-
HapHoI MmeduuyuHu y M. Kuesi.

PesynstaTtv nporHosy, OTpYMaHoro 3a BM3Haye-
HUMKN mogdenamu ans M. Kuie nokasaHo Ha puc. 5,
a — 8. [1opiBHIOIOYM pearibHi Ta NPOrHo30BaHi AaHi
3a 2015 — 2020 pokn, MoxHa nobaunTn OOCUTL
TOYHY BiAMOBIAHICTL NPOrHO3y peanibHUM AaHWUM
npw 3actocyBaHHi mogeni Xonsta — BiHTepca, wo
NiATBEPOXKYE TaKOX 0BYMCNEeHnn koedilieHT npu-
MHATHOCTI NPOrHo3y, kWA OopiBHIOE 4 % (auB.
Tabn. 2). 3actocyBaHHsa mogeni bpayHa Takox gae
NPUNHATHY BiQHOCHY nomwunky — 6ina 5 % (gws.
Tabn. 2). MeTtoa KOB3HOrO cepegHbOoro He € npu-
NHATHAM 0119 UuX OaHuX, OCKINbKW [Ja€ Benuky
nomunky (gme. puc. 5, e, Tabn. 2).

PosrmsaHemo Tenep 3actocyBaHHs o6paHux
Mogernen NporHo3yBaHHA aAnd BiHHMUBKOT obnacTi.
PesyneraTty nokasaHo Ha puc. 6, a— e Ta B Tabn. 3.
Ak 6aummo, mogenb Xonbra — BiHTepca B ubomy
BMMAOKy He dana MpPURHATHOro pesyneraty. Koe-
QILEHT NPUAHATHOCTI 4AHOIo NPOrHO3Yy OOPIBHIOE
16 %, a NporHo3 BBaXatTb TOYHUM KOMNW NOXmbKa
ctaHoBuTb MeHwe 10 %. BigHocHa noxmbka
mMogeni bpayHa Takox € JOCUTb BENnuKow — Bing
14 %. 3ayBaxumo, wo obuasi Ui mogeni nokaay-

I0Tb 3MiHY TeHAeHLUii, To6TO BigNOBIAHO OO0 HMX
KiNbKICTb BeTepuMHapHuXx 3aknagis y BiHHMUbBKIN
obnacrTi byge 3pocTtatu. Halikpalwmm 3a pesynbsra-
TaMu JOoCHimKeHHs Ana agaHnx BiHHMLbKOT obnacrTi
BMSIBMBCS MPOrHO3 METOA0M KOB3HOMO CEPeaHbLOro
i3 NepiogoM 3rnag)KyBaHHS ABa POKM.

BUCHOBKM i nepcnekTuBM noganbLunx
pocnipkeHb. [NpoBegeHi gocnigXeHHa nokasanu,
LLIO PO3BMTOK BETEPUHApPHOrO Bi3HECy € nepcnek-
TMBHUM. [lpnyomMy HanbGinblle KNOro 3pOCTaHHSA
crnocTepiraeTbCa y BenukuxX Mictax. BigTtak, nep-
cnektmBHuMmu BusiBunmnca M. Kuie 1a KuiBcbka
obnactb, a Takox XapkiBcbka, KipoBorpaackka,
YepHiBeubka Ta [HinponeTpoBcbka obnacTi. 3ay-
BaXXMMO, WO NpW aHanisi noTpibHO BpaxoByBaTy
CyTTEBY 3anexHiCTb pes3ynbraTy Big 06paHoro
MeToAdy MPOrHO3yBaHHSA i MO0 NPUWUHATHOCTI A0
HasiBHOro Habopy gaHuXx.

MopanbLwi pocnigkeHHs MOXyTb OyTu 3oce-
pedkeHi Ha MogentoBaHHi OuMHaMIiKM BeTepuHap-
HWUX MOCNYr 3 BpaxyBaHHSIM HAcTynHoro. B ymoBax
CbOrofeHHs1 (POPMYBaHHSA PUHKY BeTepUHapPHUX
nocnyr BigbyBaeTbCA TakoxX Nig BAMBOM OaKTo-
piB, CMIPUYNHEHNX BOEHHUM CTaHOM B KpaiHi. BHa-
Cnigok MirpauinHux npouecis 4O «BigHOCHO CMOKIRN-
HUX MICT» nepeixaTu gk cy6’ekTn nignpueMHNLTBA,
L0 HagaBanu BEeTepuHapHi Nocnyru y cBoix Mic-
Tax, TaK i nepeceneHLyi i3 cBOIMM JOMALUHIMK TBa-
puHamu. [lo uboro cnig Aogatu, Wo Ha OnikKyBaHHI
BOSTOHTEPIB 3pOCfia YMCENbHICTb AOMALUHIX TBa-
PVH, SAKi BTpaTUNM CBOIX Xa3diB Ta MoTpedyloTb
BETEPUHAPHOI AOMOMOrN.

Tabnuugs 2

Pe3ynbTaTtn NporHo3yBaHHA KiNbKOCTi BeTepMHapHUX 3aknaais y M. Kuie

MeToa KOB3HOro cepegHbLOro
Mopenb Mopenb
‘£ | Xonsra — BiHTepca BpayHa 3a gBoma 3a Tpboma 3a yotupma
g pokamu pokamu pokamu
Pi T ) : ) : ) : ) 2 ) e
IK 4 o E S o E S o E S o E S o =
s| £ | 8% | £ | 28| £ | B¢| £ | B¢ | &£ | %
9 =4 o X o o X o o X o o X o o X
o
= 8 B s | 88| & | 8¢8 e | 82 e | 88
< < < < <
2014 | 133 137,8 4,8
2015 | 155 155 0 1445 | 10,5
2016 | 161 177 16 158,6 2,4 144 17
2017 | 173 183 10 182,4 9,4 158 15 149,7 23,3
2018 | 181 195 14 196,7 | 15,7 167 14 163 18 155,5 25,5
2019 | 209 203 6 1954 | 13,6 177 32 171,7 37,3 167,5 41,5
2020 | 226 231 5 207,6 | 184 195 31 187,7 38,3 181 45
2021 248 238,3 217,5 205,3 197,25
CepepHs abcontoTHa
noxv6Ka 8,5 10,7 21,8 29,25 37,3
BigHocHa noxunbka 0,041 0,05 0,122 0,145 0,179
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AKi oTpuMaHi: a) 3a mogennto Xonbta — BiHTepca, 6) 3a mogennio BpayHa,
B) METOAOM CepeaHbLOro KOB3HOIO
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Tabnuusa 3
Pe3ynbTaTtn nporHo3yBaHHA KiNlbKOCTi BeTepMHapHUX 3aknaaiB y BiHHMUbKiN obnacTi

Monent MeToa KOB3HOro cepeaHbLOro
‘T |Xonbra —nBiHTepca Mopens BpayHa 3a gBoma 3a Tpboma 3a yotnpma
g pokamu pokamu pokamu
Pi - g Z 2 : :
s 8 E g 8 E g 8 E g 8 Eg 8 E g
s| £ | 89| £ | 28| 5 | 88| £ | &8¢ & | 2%
| 8 | 88| 8 | 88| & | 83| 28 | 88| & | 3
= © C ) O C O C O C | O C
< < < < <
2014 | 108 115,2 7,2
2015 | 114 114 0 108,13 5,87
2016 | 102 120 18 110,87 8,87 111 9
2017 | 88 108 20 98,47 10,47 108 20 108 20
2018 | 78 94 16 75,6 24 95 17 101,3 23,3 103 25
2019 | 77 84 7 55,13 21,87 83 6 89,3 12,3 95,5 18,5
2020 | 77 83 6 56,53 20,47 77,5 0,5 81 4 86,25 9,25
2021 83 78,4 77 77,3 80
CepepHs abcontoTHa
noxuGKka 11,17 11,0 10,5 14,9 17,6
BigHocHa noxunbka 0,16 0,14 0,124 0,185 0,227
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