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K. O. BA3uiEBUY, €. C. MEHAWIOB, [I. I. YYMAUYEHKO

BUAIJIEHHSA 30H PO3IIOBCIO/KEHHA 3AXBOPIOBAHOCTI HA
KOPOHABIPYC COVID-19 HA OCHOBI METOAIB KJIACTEPHOI'O AHAJII3Y

IIpenMeT: BUKOPHCTaHHS MaTEMAaTHYHOTO arapaTy HEHPOHHMX Mepex Ul HayKOBOTO OOTPYHTYBAaHHS IPOTHEMIIEMITHIX 3aXO0/IB 3
METOIO 3HIDKCHHS 3aXBOPIOBAHOCTI IPH MPUHHATTI €(peKTUBHHUX YIpaBIiHCHKHX pimens. Ilinb: 3acTocyBaTH KiacTepHUH aHaii3, HA
OCHOBI HEHpPOHHOI Mepexi, JUlsd BUPIIMICHHs 3aJadi BHAUJICHHS 30H PO3IOBCIODKEHHs 3aXBOPIOBAHOCTI. 3agadi: mpoaHaizyBaTu
METOJM aHaNi3y AaHHX JJIs BUPIIICHHS 3aa4i KlacTepu3alil; po3poOuTH HelipoMepeKeBHil METO] KilacTepH3allii TepuTopiil Ykpainu
3a xapaktepoMm emigeMiunoro nporecy COVID-19; Ha ocHOBI po3po0iieHOr0 METOAy peajli3yBaTé MpOrpaMHHi OAATOK aHawi3y
JAHUX Ul BUAIJICHHS 30H PO3MOBCIO/KCHHS 3aXBOPIOBAHOCTI Ha mpukiani kopoHasipycy COVID-19. Meroau: moneni ta MeToau
aHaJi3y JaHWX, MOJETI Ta METOu Teopii cucteM (Ha 0a3i iHpopManifHOToO MiIX0My), METOH MAIIMHHOTO HABYaHHS, 30KpeMa METOL
Adaptive Boosting (Ha 0CHOBi METOIy TPaIi€HTHOTO CITYCKY), METOAHN HaBUaHHS HEHPOHHUX Mepek. Pe3ynbTaTu: Oyianm BUKOpUCTaHL
posmonineHi mo obmactssm Ykpainu mani LleHTpy rpomancekoro 3mopoB’s MO3 Vkpainu mpo 3axBoproBanicTh Ha COVID-19,
KIJIBKICTh JIaOOpaTOpHO OOCTEXEHMX 0Ci0, KUIBKICTH NMpOBeAEHHX JIabopaTopHHUX nociipkeHb Meroxamu [P Tta IDA, xinbkicTs
npoBefeHHX JlabopaTopHux pocuimpkeHs IgA, IgM, IgG; B mopeni Bukopucrani mani 3 Gepesnst 2020 mo rpyxmens 2020, mpu
MOJIC/IOBAaHHI HE BpaxoBaHi JaHI 3 THMYAacOBO OKYIIOBaHHMX TepHTOPid YKpaiHW; I KJIacTepHOro aHalily noOyqoBaHa HEHpOHHA
Mepexa 3 60 BxiqHumHu Heliponamy, 100 npuxoBaHMMHU HeHpOHaMU 3 akTHBaLiiHO0 (yHKIicl0 DepMi Ta 4 BUXITHUMH HEHPOHAMH;
ULl TIpOrpamMHoi peanizalii Mojeni BUKOpUCTaHa MOBa mporpamyBaHHs Python. BUCHOBKM: TpoBe/ieHO aHaji3 METOIIB MOOYI0BH
HEHPOHHUX MEpEeX; aHajli3 METOJIB HABYAHHS HEHPOHHHX MEpEeX, y TOMY YHCIi METOJNY IpaJi€eHTHOTO CIYCKy; BCI TEOPETHYHI
BiJJOMOCTI, OTHcaHi B Wil poOOTi, OyiIM BUKOPHCTaHI IS peaizallii mporpaMHOro MpoayKTy oOpoOku nanux tectyBanHs Ha COVID-
19 B YkpaiHi; Oyio npoBeneHo po30UTTs obnacTelt Ykpainu Ha 30HH 3apakeHHA BipycoM COVID-19 ta mpencraBieHO KapTy IbOTO

pO30OUTTS.

KorouoBi c1oBa: ximacTepHHil aHai3; HEHPOHHA Mepe)ka; MalllMHHe HaBUYaHHS; emnineMiynuii nponec; COVID-19.

Beryn

Minimizamist HachiakiB Bipycy COVID-19 choromui
€ OCHOBHMM 3aBJIaHHSIM, SIKUM OXOIUICHI BCi KpaiHU CBITY.
[TobymoBano 6e3iniv mporHo3iB [1-3], po3pobiaeHO BeMHKy
KUIBKICTh MOJeNiel TOIIUPEHHS 3aXBOproBaHHs [4-6],
emigeMiuHol MIarHOCTHKH, ajle He AUBIISIYMCh Ha Craj
TEMITiB 3apaXKCHHSI €ITiJIeMisl BipyCy TpUBaAE.

3a manumu yHiBepcuteTy JhkoHa Xomkinca [7],
Vkpaina 3afimae 17 CXOAWHKY B TOMm JIAEpPiB 3a
BUSBJICHUMH BHMaakamu Bipycy COVID-19.

BuainieHHs 30H pPO3MOBCIOKEHHS 3aXBOPIOBAHOCTI €
BOXJIMBUAM 3aBJaHHs Yy paMKax MiHiMi3awlii HacIi/KiB
XBOPOOM Ta 3MEHIICHHSA KUIBKOCTI 3apaxkeHb. [Iporte
BUJUIGHHS TakuX 30H JIMIIE 32 TEPUTOPIaIbHUM
NpUHOUIOM (IO 3apa3 BHKOPUCTOBYETHCS B YKpaiHi)

HE € JI€BHM, aJKe TMpH TaKOMy IIIXOAI 10
po3risimy  He  OepeThCsl — peayibHA  CUTyallis i3
3aXBOPIOBAHOCTI Ta  HE  aHANBYIOTBCS  peaNbHi

CTATUCTHYHI JaHi.

Jiis BupimieHHs i€l 3a1a4i y poOOTi 3aIpOIOHOBAHO
BUKOPHUCTOBYBaTH MeToau Data Mining, 110 MOKa3yOTh
BIAMIHHI pE3yJbTaTH OpH pOOOTI 31 CTOXACTHYHHMU
nporecamu [8-10], 30kpeMa kinactepHuii aHaii3. OCHOBHA
ilesl KJIACTePHOI'0 aHamily - BHIUICHHS cepen Oesmidi
JAHUX TPYI, BCEPEIUHI SKHX CJICMCHTH B IEBHIH Mipi
CXOXi.

Ilix kmacrepamu y JaHOMY BHIIQIKy MAIOThCSA Ha
yBa3i 30HM 3 OJHAKOBUM XapaKTEpOM  EIiJIeMIYHOrO
mporecy COVID-19. Take po30OHTTS  J03BOJUTH
BXXKUTH e(EKTHBHUX MPOTHEHIAEMIYHUX 3aXOIiB  3i
3HIKCHHS eMiIeMIYHOI 3aXBOPIOBAHOCTI Ha OOpaHHUX
TEPUTOPIAX.

B pamkax Takoro aHamizy BinOyBa€ThCs IE€BHA
Kiaacudikamis  JOCHIDKYBaHUX JAHUX 33 PaxXyHOK

posmonity ix mo rpymax. Lli Tpynm BropsiikoBaHi
iEpapXivHO 1 CTPYKTYpY TaKuX OJICpP)KaHMX MICIS aHaIli3y
KJIacTepiB MOXHA IPEACTaBUTH y BHUIIILAL aepeBa. s
peamizarii nporeaypu Kiactepusalii 0yja0 BHKOPHUCTAHO
OaraTomapoBy = HEHpOHHY MeEpexy 13  3BOPOTHIM
PO3IOBCIOIKEHHSIM.

AHani3 ocTaHHIX JocaiTxKeHb i mydJrikaniii

3acTocyBaHHS KJIACTEPHOTO aHATI3y IJISl BUPIMISHHS
3amavi BUAUICHHS 30H PO3IMOBCIOKCHHS 3aXBOPIOBAHOCTI
€ BOXJIMBUM HAayKOBUM 3aBJAHHSM, IO IPOIOHYETHCS
BUPIIIYyBaTH 13 3aCTOCYBaHHSIM HEHPOHHOT MEpexi.

[lix yac npakTu4HOi peainizauii HEHPOHHOI Mepexi
BUHMKAE psiJl IpOOJIeM: 3a3BUUAil 3a3jalieriip He BiJIoMo,
SKOi CKIIQJHOCTI HEOOXiHO OyIeT pOo3poOHUTH Mepexy
JUIL  TOYHOI peamizamii BimoOpakeHHsS HEOOXiIHOTO
nporiecy[11-13]. Lg ckmamHICTh MOXE  BHUSBUTHCS
HaJMIpHO BHCOKOI, 10 Oyae moTpeOyBaTH CKIaIHOT
apXiTeKTypH Takoi Mepexi. SIK BioMO — OJHOIIAPOBIi
HEHPOHHI MEpeXi 3JaTHI BHPIIIYyBaTH TLIBKHM JIHIHHO
po3niibHi 3aBaaHHs [14]. st 3HATTS bOTO 0OMEKEHHS Y
poOOTI IPONOHYETHCSI BUKOPHUCTOBYBATH OaraTomiapoBi
HeliponHi Mepexi [15,16]. B wmepexi 3 oaHuM
NPUXOBAHUM IIAPOM BEKTOp, BIIIOBIAHUKA /IO BXIiJHOTO
3pa3Ky, MEepPEeTBOPIOEThCS MPUXOBAHUM IIAPOM B MEBHUHI
HOBUII TIPOCTIp, IO MOXXE MaTH IHIIy PO3MIpPHICTb, a
MOTIM TiNEpIUIONIVHY, BIANOBIIHI HEHPOHAaM BHXiJHOTO
mapy, NOAUTAIOTE HOro Ha Kinacd. TakuM YHHOM, Mepexa
pO3Mi3HAaEe HE TUIBKH XapaKTEPUCTHUKU BUXIIHUX NTaHHX,
aime 1 "XapaKTepHCTHKH XapaKTepucTHk', chopMOBaHi
MPUXOBAHUM IIAPOM.

Y OaratomapoBUX MEPCENTPOHAX KOXEH HEHpOH
Ma€ HemiHiHy ¢QyHKmiP0 akTuBamii. Ll HemiHilHA
¢byHkuiss € rinaakor. HalnonynspHimomo — GpopMoro

© K. O. bazineuy, €. C. Mensiinos, /1. I. Yymauenxo, 2021
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(YHKIT, 10 33J0BOJIEHSE il BUMO3i, € CUTMOiTaNbHA
(10 i BUKOPUCTOBYETHCS y HOCHIKEHHI). HasBHICTH
HEJHIHHOCTI Tpae AayXe BaXKJIMBY POJIb, TAaK SK B IHIIOMY
BHITAJIKy BimoOpakeHHs "BXiI-BUXim' Mepexi MOXKHa
3BECTH JI0 3BHUYANHOTO OJHOIIAPOBOTO MEPCEHTPOHY.
Bimpm  TOrO, BUKOPHWCTAHHS JIOTICTUYHOI  (YHKIIIT
MOTHBOBAHO O10JIOriYHO, TaKk sSK B HIA BPaxOBYETHCS
BIIHOBJIIOBaJIbHA (ha3a peasbHOrO HelpoHa. Mepexa
MICTHTh OJUH a00 KiJIbKa IIapiB MPUXOBAHHUX HEHPOHIB,
AKI HEe € YacTMHOI BXoay abo Buxomy Mepexi. LIi
HEWpOHH JO3BOJISIIOTH MEPEXi HaBYATUCS BUPILICHHIO
CKJIaZIHUX 3aBJiaHb, MOCIIJOBHO OTPUMYIOYHM HalOLIbLI
BaXXJTMBI O3HAKH 3 BXIHOTO 00pa3y (BekTopa). Mepexka
Ma€ BHCOKHH CTYIiHBb 3B'I3HOCTI, IO PEali30BYETHCS 3a
JIONIOMOTO0 CUHaNTUYHUX 3'enHaHb [17]. Came meit Bup
HelipoHOT Mepexi Oymo oOpaHO Ui JOCATHEHHS METH
IOCHIDKEHHS.

MeTto10 cTtatTi € po3podka MPOrpaMHOTO JOJATKY
aHaji3y JaHuX JUIs BHIUICHHS 30H PO3MOBCIOKEHHS
3aXBOPIOBAHOCTI Ha OCHOBI METOHIB  KJIACTEPHOI'O
aHamizy (Ha MPUKIAAI 3aXBOPIOBAHOCTI Ha KOPOHABIpYC
COVID-19).

Jlana 1TOCTaHOBKa BiANOBifae JoOrimi MOOYIOBH
HEWPOHHOT Mepexi [yl KiacTepu3allii JaHux, 10
JTO3BOJISE JIOCSTTH MOTPiOHOTO pe3ynbTary. PesynpraToMm
BHpIIICHHSI TAaHOTO 3aBIaHHs OyJe po3momdin YKpaiHu Ha
KJIACTePH 3a CTAaHOM 3aXBOPIOBAHOCTI (IO BiATIOBimae
30HaM KapaHTHHY).

OCHOBHA YacTHHA

PosrisiHeMO IMOCTAHOBKY 3adadi  KiacTepH3allii.
Hexaii X — MHOX#MHa 00’€KTiB, Y — MHOXHHa HOMEpIB
KiIacTepiB. 3amaHa (YHKISA BiACTaHI MDK 00’€KTaMu

p(X, X'). € kiHneBa HaBuasbHa BHOiIpKa 00'eKTiB

XM ={x1,%,..., Xy} = X. TotpiGHO po36uTn BHGIpKY

HAa  HEMepeciyHi  MIJMHOKHUHHU, SKi  Ha3WBaIOTHCA
KJacTepamu, Tak, 1100 KOXEH KiIacTep CKianaBcs 3
00'ekTiB, OJM3BKHX 33 METPHKOIO p, a O00'eKTH

pi3HMX KJacTepiB ICTOTHO Biapi3HsroThCS. [Ipu 1BOMY
KOXXKHOMY OO'€KTy Xj € X™ 3apmaernca HOMep KiacTepa
y;. Anroputm kiacrepusauii — une ¢yHkuis a: X —»Y,
o Oyb-sIKOMY 00’€KTY X € X CTaBUTH y BIIMOBIIHICTh
Homep kiacrepa Ye€Y. MuoxkuHa Y B JESIKHX

BHMIIQJIKaxX BiJloMa 3a3[ajerijb, OJHAK YacTille CTaBUTHCS
3aBJaHHSl BH3HAYUTH ONTHMAalbHE YHCJIO KIJIACTEpiB, 3
TOYKM 30py TOTO UM IHIIONO KPHUTEPil0  SKOCTI
knacrepusauii. Knacrepusauis (HaBuaHHS 0e3 BYMTEIIs)
BiZIpi3HA€ThCA Bif Kiacudikauii (HaBYaHHS 3 yUUTEIEM)

THM, IIO MIiTKM BHXiIHMX OO'€KTiB Y, cIOYaTKy He

3aJaHi, 1 HaBiThb MOXe OyTH HeBiomMa cama
MHOXHHa Y.

Kiacrepuzawisi 3a J10IOMOro0 HEHPOHHOT Mepexi
BUKOHY€TbCS HACTYNHUM YMHOM. Ha BXiJg 0 HelpoHHOT
Mepexi MMoJaeThCsl BXIJIHUH BEKTOP O3HAK: BIJIOBIAHO JI0
AITOPUTMY 3BOPOTHOTO posmoiny TIOMUJIKH,

BiIOYBA€TECA KOPUTYBaHHS Bar 3TiHO 3a3JaJeriib

3YMOBJIEHOI KJlacy BXiZHOTO Bekropa. [licisi HaBuaHHS Ha
BU/IJIGHHST KUIBKOCTI BXiHUX 00pa3iB  BinOyBaeThcs
nepeBipka Mepexi Ha MEeBHIH KUIBKOCTI BXiJIHUX 00pasiB,
AKi He Opayii y4acTi B HABYaHHI.

Metox  BHAIIEHHS  30H  PO3MOBCIOIKEHHS
3aXBOPIOBAHOCTI HA OCHOBI Mpoueaypu rpagi€cHTHOIO
CIYCKY

IIpoenypu  TpamieHTHOTO  CIyCKy  3a3BWuai

BUKOPHCTOBYIOTBCS TaM, JI€ MOTPIOHO MakCcUMi3yBaTu abo
MiHIMI3yBaTu n-BUMIipHi QyHKIiI.

I'panmieHT — 1€ BeKTOp Q, SIKMH BH3HAUYEHHH ISt
Oynp-sxoi  nudepeHuiioBaHoi TOYKM (QyHKOIi, KUK
BKa3ye BiJ I[i€1 TOYKK TOYHO JI0 HAWKPYTIIOro migidomy i
BKa3zye TpaJi€eHT y LbOMY HampsMKy 3a JIOIOMOTIO0

9[-
y3araJbHEHHSM TOXITHOI I 0araTOBHMIpHUX (DYHKITIH.
BinmoBinHO, HEraTUBHUM TpagieHT —(J TOYHO BKa3ye Ha

CBOEI  HOpMHU TakuM 9YHHOM, TpANI€HT €

HalKkpyTimmi cnyck. OnepaTop rpajaieHra V Ha3uBaeThCs
omepaTopoM Hablla, 3araJlbHAN 3amuC TPagi€eHTa g TOYKH

(x,y) JIBOBUMIpPHOT ¢byHKuil f CTaHOBUTH
g(x,y) =Vi(xy).
Hexait g — rpanmient. Tomi g — Bekrop i3 n

KOMITOHEHTaMH, SIKMHA BU3HAYEHUH 71 OyAb-sIKO1 TOYKH
(mudepenniansrol) n-mipHOT QyHKIT (X, Xo,..., X ) .
Io3HayeHHs omeparopa Ipafi€HTa BU3HAYAETHCS 5K
(X0, Xo, .o X)) = VI (X, X0, ..., X)) - O crpsiMOBye 3 Oynb-
SKOT TOYKH B OiK HaWKpyTilIoro migiomy 3 Ii€i TOYkH, 3
|g] mo BiamoBigae crymeHro uporo migiiomy. Hexaii
f - n-mipua ¢ysxois, a  S=(8,Sy,...,S,) 3amaHa
MOYaTKoBa TOYKa. ['paJieHTHHI CIyCK O3Hayae mepexin
Bix f(S) mpotu HampsMmKy g, TOOTO 10 —0 i3 KpoKamu

po3Mipom |g| Yy HampsMKy O BCE MCHIINX 1 MEHIIUX

3Ha4eHs f.
3BOpPOTHE PO3MOBCIODKCHHS — i€ Ipolexypa
rPaieHTHOTO CIycKy 3 GyHKiiero nomunka Err(W) , sika

OTPUMYE BCi N BaroBWx KoeQilli€HTIB SK apryMeHTH Ta
NPUCBOIOE X BHXITHIH MOMHILI, TOOTO cTae N-MipHOIO.
Ha Err(W) 3a [0mOMOror Trpaji€eHTHOTO CIIyCKY

HIYKA€ThCS TOYKA HEBEIMKOI MOMMIKH 200 HaBiTh TOYKA
HalMEHIIIO1 TIOMUJIKH.

TakuM YMHOM, aHAJOTIYHO TMPABWIY JEJIbTA,
3BOPOTHE PO3MHOXKEHHSI TPEHY€E Barv HEHMPOHHOI MEpEKi.
I came npasuiio aenpTy abo Horo 3MiHHA O; IULA HelipoHa

1 PO3IIUPIOETHCS B/l OJJHOrO TPEHOBAHOT'O BArOBOTO APy

J0 IEKIJIBKOX LIISIXOM 3BOPOTHOT'O PO3MOBCIODKEHHS.
Bxin mepexi B okpeMi HEHpOHH 1 € pe3ylbTaToM

3BaxkeHol cymu. KpiM Toro, sik 1 mpu BHBEAEHHI IpaBuiia

JIeNbTa, HexXal Opii netpi T. 1. Bu3HagaroTbCs K BiKe

3HalioMi Oj, Netj Tomo 3a MaOIOHOM BBEAEHHA P, AKUI
BUKOPUCTAHUM JUIs HAaBYAHHSL.

Hexait BuxinmHa QyHKUis 3HOBY Oy/e TOTOXHICTIO,
orke, 0; = fa(net,;) BuKOHyeTBCS IS OyIb-sKOrO

HelpoHa .
Tenep BUKOHaeMO Te caMe BHMBEICHHS, IO 1 IS
nmpaBWjia JAeibTa Ta (DYHKIIA pO3OHUTTS 3a IOTIOMOTOIO
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npaBuia Janiora. Crioyatky nmotrpioHO BUBECTH (QYHKIIIO
nomunku Err BiamosigHO 10 Bark W i, .

OErr(wen) _ OErr onet, oOErr
aWth aneth aWk’h ’8neth

IlepmuM QakTopoM piBHAHHA € —Oy, KU Oyne
PO3IIAHYTO mi3HIime. YHCeNbHUK IPYroro MHOMKHHKA
PIBHSHHS BKJIIOYA€E BXiJ Mepexi, TOOTO 3BakeHa CyMma
BKJIFOUAEThCSI B YHCENbHUK, 1100 MO)KHa OyJo HeraiHo
Horo oTpumMaTH. 3HOBY YyCl JOJ@HKH CYMH BHUIIaJalOTh,
KpiM CyMH, IO MiCTHTb W - Ie#t mogaHOK Ha3UBAETHCS

Wi h Ok - SIKIo 00YMCIIUTH MOXiAHY, BUXim Heipona K

CTa€:
onet, _ 0 cer Wi hO% Y
OWj Wi «
_ OErr _ OErr ooy
T onet, oo, onet,
3rigHO 3 BHU3HAYECHHSIM 6araToBUMIpHOTO

JIAHIIOTOBOTO MPaBMJIa, OJpa3y OTPUMAEMO PiBHIHHS

_OErr _ z a OErr onet,
ooy, onet; 0oy,

).

leL

CyMa y BepXHbOMY PIBHSHHI MICTHTbH JBa (haKTOPH.
O06uncmMo ApyTHH KOe)IIieHT Yy HACTYITHOMY PiBHSHHI

onet, 021y Whi On
60h aOh

:Wh,| .

Te came crocyerhes mepmioro ¢akTopa 3TiIHO 3
BH3HAYCHHSM 0.

_ OErr _
onet

Tenep:

TOMy OakaHa 3viHa Baru AW p,
AWy = N0,

8h = facr (nety) - (31w
leL

3BUYAlHO JMIlle y BHUMAAKY, Koidu h € BHyTpilmHIM
HellpoHoM (iHakmie He Oymo 6 monmanmbmioro miapy L).
3arajnom, pe3yJbTaToM € y3arajbHEeHHS IpaBWiia JeibTa,
K€  Ha3MBAE€THCS  3BOPOTHHM  PO3IOBCIO/KEHHSAM
TOMHJIKH:

AW h =10y dp,
fact (N€th) - (th — Vi)

fact (nety)- > (8w 1)
leL

Ha BigmiHy Bix mnpaBuia HeiIbTH, 0 TPAKTYETHCS
MO-PI3HOMY, 3aJIeXKHO Bifl TOro, uu h € BHUXiTHMM 4Yu
BHYTPIIIHIM (TOOTO IPHUXOBaHUM) HEHPOHOM:

Skmio h — BUXimHuil HEWpPOH, TO

6p,h = fal\ct (netp,h) : (tp,h - Yp,h)-

TaKl/IM YHMHOM, 3a O3HAYCHHOK CXEMOK HaBYaHHs p
Bara Wy, Bix Kk mo h mnponopuiliHo 3miHOETHCS
BIZITOBITHO A0

- NIBMIKOCTI HABYAHHS 7],

- BUXIJTHOTO Op k HeHpoHa-monepeHIKa k;

¢yHKII{  akTHBAIl B  IOJOXKCHHI

MEpPEKEBOro BXoy Helipona-Hactynunka faer(netp ) ;

- rpajieHra

- pI3HHUIII MDK BBOJOM tp,h Ta BHUXOIOM Yp

HeMpoHa-HacTymHKKa h.

VY 11bOMy BHIaJKy 3BOPOTHE PO3MHOXKEHHS HPALIOe
Ha [JIBOX HEHPOHHMX IIapax, BHUXIIHOMY Iapi 3
HACTYMHUM HeWipoHom h i momepeanim mapom 3
nornepeaHukoM HedpoHom K. fkmo h — BHyTpimmHiii,
NPUXOBAaHUH HEWPOH, TO Ma€ MicLe.

Sph = fact(Netp )+ X (B - Woy).
leL

Onmc pe3ynbTariB, OTPUMAHMX 0OpH pobOTI 3
NPOTrPaMHUM JOAATKOM

B sKOCTI BXITHMX JaHUX € JaTa-CeT 31 CTATUCTUKOIO
NPOXOXIEHHS malieHTiB TectyBaHHs Ha Covid-19
yIpymoBaHUH 10 oOjacTsM YKpaiHH Ta MEIUIHUM
3axanam [18]. [ToBHMIT crivicOK TapaMeTpiB:

- piBeHB 3apakeHOCT;

- 00J1aCTh;
- Ha3Ba 3aKiaay (YCTaHOBH);
- KUIbKICT  JTaOOpaTOpHO  OOCTEXKEHHUX  0cih

(TmepBUHHI Ta peTECTyBaHHS);

- KUJIBKICTH MPOBEIACHUX JIA0OPATOPHHUX IOCIIIKEHD
metozom [1JIP wva COVID-19;

- KIJIBKICTh MPOBEICHUX JIA0OPATOPHHUX JOCIIIKEHD
XBOPHX 3 THEBMOHISIMHU;

- KUIbKICTB MTO3UTUBHUX pe3ynbTartiB Ha COVID-19;

- KUIbKICTB pe3yinbTariB TecTyBanb Ha COVID-19;

- KUTBKICTH 3pa3KiB, IO HAMIMIUIA HA JOCIHIIKECHHS
TJIP;

- KiIJIBKICTh HEMPOTECTOBAHUX
3JIMIIAIOTHCS B JIabopaTopii;

- KUIBKICTB JJAOOPaTOPHO 00CTEKEHUX 0Ci0;

- KUIBKICTB MIPOBEACHHX J1a00PATOPHUX JOCIIHKEHb;

- KUIBKICTh TIO3UTHBHUX PE3yJIbTATIB JOCIIKCHb;

- BUSIBJICHHS aHTUT'CHIB.

Ha puc. 1 MoxxHa mo6aunTH 4acTHHY IMIIOPTOBaHUX
3 laTa-CeTy JaHUX.

Pesynprar HOpMamizamii  IMHOOPTOBaHMX JaHUX
MOXHa I00a4YnTH Ha pHc. 2. SIK MOKHA OaYuTH repuri JBa
CTOBMIIS BIZICYTHI 4epe3 Te IO BOHU MArOTh CTPOKOBHI
THO JaHuX. Yci 60 3Ha4eHp KOXHOTO — 3aIUCy
MIPEICTABISAIOTh BXiTHAN HEHPOH MEPEKH.

PosrisiHemMo mpukian podOTH MPOrpaMu 3 MOJEILIIO
HEHPOHHOT MEpEeXi, BKa3aHOIO Ha puc. 3.

3pasKiB, 11 (6}
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2 3 4 58 59 60
LY «BinHuubkui OfILl MO3 Ykpainu» 1316 93 209 g 0
TOB"[liarHocTUYHWA UeHTp"MEAINABC", M. BiHHuua 350 0@ 1986 e 0
KHN "BinHuubkuii obnacHuit kniHiyuwid ueHTp npodi. .. 94 4 2991 87 47
KHM "BiHHMubKka obnacHa kniHiyHa nikapHa im.M.I... @ 0 591 188 @
KHM "BiHHMUbKUA obnacHuA kniHiyvHuin BMcokocneui... @ 8 ... 298 26 @
KHN "OTU3IATPIA" e a8 ... 15 15 @
KHM "KMAKA N 2" e 90 ... 36 26 0
TOB HoBa giarHocTuka e o ... 140 0 0
KHN"Kuiecbknit micbkuid nonorosui 6yguHok N6" e 0 ... (] 0 0
TOB "Knivika Mapkosa" 22 0 ... ] 0 0
Lumns]
Puc. 1. ImnoproBaHi gaHHi
3 4 5 6 7

(2] 0.299295 ©0.162872 0.192771 ©.302479 0.203390

1 0.079600 ©0.000000 0.000000 ©.082101 0©0.000000

2 0.021378 ©0.007005 0.000000 ©.021833 0.014124

3 0.000000 ©0.000000 0.000000 ©.000000 0©.000000

4 0.000000 ©0.000000 0.000000 ©.000000 0©.000000

455 ©0.000000 ©0.000000 0.000000 ©.000000 ©.000000

456 ©.000000 ©0.000000 ©.000000 ©0.000000 ©O.000000

457 ©.000000 ©0.000000 ©0.000000 ©0.000000 ©0.000000

458 ©0.000000 ©0.000000 ©.000000 ©0.000000 ©.000000

459 ©.005002 0.000000 ©.000000 ©0.005003 0.000000

[2300 rows x 60 columns]

Puc.2. HopmanizoBani qanHi

Puc. 3. Mogens HeliporHOT Mepesxi 3 60 Bximnumu Heliponamu, 100 npuxoBanuMu HelipoHaMu 3 pyHKHi€ero akTuBamii @epmi ta 4

BUXITHIMH HEHPOHAMH

Buxigauii HEHpPOH — BEKTOP 3 YOTHPHOX KOMITOHEHT,
IHIEKC MaKCUMAJIBHOIO 3HAYEHHS SKOTO € I1HIEKCOM
KJIACTEPY JI0 SIKOTO HAJICKHUTH 3aIUC.

Mix BXIIHUMH PUXOBAHUMH HEUPOHAMH MICTHTBCS
MaTpHUI BaroBux Koe(ilieHTiB, sika HA MEpHIiil iTeparil
IHII[IATI3YETHCSA BHIAJKOBUMHU 3HAYCHHSAMHU. Po3mip i€l

marpuli  (60x100). Barosi

BXIJIHOTO HEHPOHY 10 YyCiX HEHpPOHIB HA MPHUXOBAHOMY
piBHI MokHa mO00aunuth Ha puc. 4. KoxkHe 3HaYCHHS
marpulli KoedilieHTiB OyJe 3MIHIOBaTUCh y THepioa
HaBYaHH.

Koe(iLlieHTH  TepIoro
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55074841

.79613424
. 78918423
.17095693
.60683112
.10081371
.15688307
.8555@52
.9326388
.16269968
.18901213
.86328308
.61067836
.54133163
.36913413
.44241781
.889565

-0.30045617
0.20481614
-2.04289116
0.09459189
-8.07350352
0.29816912
©.12327033
-0.26257586
-0.86330387
-0.88488518
0.63968365
-1.91894846
-1.5535064
©.06468708
0.12705528
©.82330423
-0.65124859

0.400080879 -@.
©.3384295 6.
-0.04020203 1.
-8.18997519 @.
©.07641064 @.
-1.18169771 -@.
©.4143349%6 -@.
0.686087464 1.
-0.64293224 ©
-0.61878525 -1.
-0.97510193 @.
1.17876114 -@.
-8.99265388 -1.
-1.41063762 -1.
-1.88545164 1.
©.45288699 -@.
-2.29598436 @

2
1
.09058302 0.
5]
e

62892543 -@.
34907633 2.
49965998 -0.
40140887 -0.
80437461 0.
09301111 .
28864685
865950358

36448879 -
40153046 -
19605497 0.
52559155 2.
82973355 -2.
19693911 -@.
27477905 -0.

.608954192]

552295
188642
356157
989635
629701
628639

.244296
.2088952

405786

.B88@33
.511753

682347
404002
159183
177951
585118

Puc. 4. Barosi koedillieHTH IepIIoro BXiHOr0 HEUPOHY 10 YCiX HEHPOHIB Ha IPUXOBAHOMY PiBHI

Ha puc. 5 npeacraBinero rpadik 3Ha4eHHS (QyHKIIT
MOXUOKM Ha KOXHIA iTepamii HaB4aHHSA. 3 rpadiky
MOMITHO, 1110 NPUOAM3HO 3 350 emoxu HaBYaHHS,

2000 A

)

]

w

o
L

1500

1250 1

1000 A

3Ha4YeHHA QyHKUIT NoxXnbKu

750 4

500

‘-»LM___—_

T
100

T T
200 300

€noxa HaB4aHHA

Puc. 5. 3naueHns QyHKIII1 MOXUOKK HAa KOXKHIH iTepamii HaBYaHHS

Ha puc. 6 moxna moGaunté rpadik BiTHOIICHHS

KUTBKOCTI BIPHMX TIPOTHO3IB 1O 3arajbHOi KITBKOCTI  MEpexi.

JIlaHUX (TOYHICTh MTPOTHO3Y) Ha KOXKHIH iTeparlii HaBuaHHsI.
Sk MoxHa OGauuth Ha puc.6 UMM  Oinblie

0.7 4

0.6

o
wn
|

o
w
|

0.2 4

0.1+

TOYHICTL NPOrHO3Y
o
£y
!

T
400

Mepexero.

T
500

o4

T
100

T T
200 300
Enoxa Has4aHHA

Puc. 6. I'padik TOYHOCTI IPOrHO3Y HA KOXKHIH iTepawil HaBYaHHs

T
400

T
500

3HAYCHHS (YHKII MOXHOKM 3MIHIOETBCS HE3HAYHUM
YHHOM, TOMY IOJaJibllie HAaBYAHHS HEHPOHHOI Mepexi He
Mae CeHCy.

€I10X HaBYaHHsA, TUM BHIIIC TOYHICTh MMPOTrHO3Y HCI‘/JIPOHHO'I'

Ha puc. 7 mpencraBieHO po3mofiieHHS obmacTten
VYxpainn Ha o6nacti 3apaxenHs Bipycom Covid-19
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Puc. 7. Po36utts obnacteit YkpaiHu Ha 30HU 3apakeHHS

Ha puc. 7 obmacti YKpainu 3amMalibOBaHi KOJIbOPaMU
BIZIHOCHO JI0 iX TpUOYBaHHS Y 30HAaX 3apa)KCHHsI BipycoM
COVID-19 (3enena, >xoBTa, nomapan4ea, yepBoHa). L{inb
MoJIeNtoBaHHs Oyia gocsarayta. Ha puc. 8 MoxkHa Oauntu
NIPUKIJIaJ BUXIHOTO IIapy HEHPOHHOI Mepexi.

PesynbraTi KJIaCTEpHOTO aHaNi3y NOKa3ayM, M0
JIMHAMIKY PO3IMOBCIO/KEHHS 3axBoproBanocti Ha COVID-
19 B VkpaiHi MOXHA pO3IimUTH Ha 4 KJIacTepu 3a
CXOXICTIO emiieMiqHOoro mporiecy. o meproro Kiacrepy

[[9.97716555e-01 9.98472477e-01
[3.76436408e-01 9.9999998%e-01
[9.96782750e-01 9.98576014e-01
[7.354821568-01 9.99253078e-01
[9.909670428-01 9.98862561e-01
[9.98845085e-01 9.97543204e-01
[9.99957668e-01 9.97566808e-01
[9.98258399e-01 9.99499650e-01
[9.96889145e-01 9.98350235e-01
[9.89137103e-01 9.98523057e-01
[9.97380185e-01 9.97937981e-01
[9.97114161e-01 9.98896633e-01
[9.98387103e-01 9.98346917e-01
[9.98185187e-01 9.98147540e-01
[9.96732737e-01 9.99167121e-01
[6.437344648-06 9.99956512e-01
[9.97445042e-01 9.96305550e-01
[9.97657331e-01 9.96024236e-01
[9.97116536e-01 9.96753021e-01
[6.85970365e-01 9.98541120e-01
[9.97971758e-01 9.97350963e-01
[9.96210194e-01 9.99525166e-01
[9.98587134e-01 9.96863581e-01
[9.98972151e-01 9.98021060e-01
[9.972203048-01 9.98454135e-01
[9.93911573e-01 9.99979428e-01
[9.99877240e-01 9.99994058e-01
[9.98032586e-01 9.98421984e-01
[9.97021522e-01 9.98903128e-01
[9.99298878e-01 9.99143813e-01
[9.99141860e-01 9.98290020e-01
[9.93698151e-01 9.98810087e-01

Puc. 8. Ilpuxniaa BUXigHOTO MIapy HEHPOHHOI MEpexi

PesynpraToM € MakcHUManbHE YHUCIO 3 BEKTOPY
YOTUPHOX KOMIIOHEHT. Takuii pe3ynbTaT € YHIKaJIbHHM

WWw w0 W W WwWw oW W W w0 ww w00 w w0 w0 wwwwwoE W

yBilimm  BonmHCEKa,
obnacti. Jlo apyroro

3akapraTtcbka Ta BiHHMIBKA
kimactepy yBiiinm JIbBiBChKa,
Onecnka, CymMmchKa, XapKiBChKa, Jonenpka,
JuinponierpoBebka, KwuiBchbka obiaacti ta micto Kwuis.
Tperili knacrep BKIIOYMB PiBHEHCBHKY, XMEJIBHHUIIBKY,
Tepuominbebky,  UepHiBeubky,  IBaHO-®PpaHKIBCEKY,
[MontaBceky Ta 3anopi3bky oOmacti. UerBepTuil kiactep
BKJTFOYMB BCi iHII 007acTi YKpaiHu.

.99236874e-01
.00080800e+00
.99385480e-01
.99923176e-01
.99263636e-01
.98503758e-01
.97340075e-01
.98970073e-01
.99298159e-01
.99627291e-01
.99061508e-01
.99384229e-01
.98770854e-01
.99183996e-01
.99427817e-01
.99993872e-01
.98784347e-01
. 98655196e-01
.99208027e-01
.99993736e-01
.96068559e-01
.99190385e-01
.99385814e-01
.95538686e-01
.99033283e-01
.99999961e-01
.99421883e-01
.99193511e-01
.99546831e-01
.98291324e-01
.91545705e-01
.99673666e-01

.63135028e-01]
.99394698e-01]
.23992579e-01]
.53543932e-04]
.99411258e-01]
. 25000149¢-01]
.88395617e-02]
.61586687¢-01]
.33690463e-01]
.30845169¢-01]
.14148761e-01]
.19558518e-01]
.45148473e-01]
.54695172e-01]
.90957768e-01]
.99999990e-01]
.83310043e-01]
.95962663¢-01]
.97290689¢-01]
.95937710e-01]
.29123515e-01]
.07816005¢-01]
.43537046€-03]
.99327279e-01]
711242778~ E'l]
.99998772e-01]
.52667613e-02]
.92604748e-01]
. 76057802e-01]
. 71522259¢-01]
.20325047e-01]
.63315841e-01]]
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TOMY IO BpPaxXxOBY€ pEaNbHI HaHi 3aXBOPIOBAHOCTI Ha
Covid-19.
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BucHoBku

B poboTi Oyno po3risiHyTO Ta BHPIMICHO TaKi
3aBIIaHHS: aHaTi3 METOMHIB MOOYIOBH HECHPOHHUX MEPEK;
aHalli3 METO/IB HaBYaHHSI HEHPOHHUX MEpEeX, Y TOMY
YUCII  METOJ  TPali€HTHOTO  CHYCKY;  po3poOka
MPOrPaMHOTrO JOJATKy aHai3y JaHWX Ul BUIJICHHS 30H
PO3MOBCIOJDKEHHST 3aXBOPIOBAHOCTI Ha OCHOBI METOJIB
KJIACTEPHOTO aHali3zy (Ha MpUKIal 3aXBOPIOBAHOCTI Ha
koponasipyc COVID-19).

Bci TeopernuHi BiIOMOCTI, omucaHi B Iii poOoOTi,
OyJn BUKOPHUCTaHI [Uis pealtizaliii mporpaMHoro mpoayKkTy

00poOkn nanmx TtectyBanHs Ha COVID-19 B VkpaiHi.
Byno mpoBeneHo po3outTst obnacteid YkpaiHM Ha 30HH
3apaxkeHHs1 kopoHaBipycom COVID-19 ta mpezacraBneHo
rpadik IHOrO PO3OUTTSI.

*llocnioocennss  GuKoHame 8 pAMKAX — NPOEKMY
Hayionanvnozco Gonoy 00CiddICceHD Yrpainu
Ne2020.02/0404 "Po3pobka iHmMeneKmyantbHux

MexHON02il OYIHKU enideMiuHol cumyayii 051 niOMpPUMKU
NPUUHAMML YRPAGIIHCOKUX plileHb y cepi biobesnexu
nacenennsn [19].
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OIIPEJAEJIEHME 30H PACITPOCTPAHEHMUSA 3ABOJIEBAEMOCTBIO
KOPOHABHUPYCOM COVID-19 HA OCHOBE METOJ0OB KJIACTEPHOI'O
AHAJIN3A

IIpenMeT: ncronb30BaHUE MATEMAaTHYECKOTO annapaTa HEHPOHHBIX CETeH Ul HayYHOI0 0OOCHOBAHMS MPOTUBOAIUIEMUYECKUX MEp
C LIEJIBIO CHIDKCHMS 3a00JIeBaGMOCTH NPH NPUHATHH 3(G(EKTHBHBIX ynpasieH4deckux pemieHuil. Ilesib: IPUMEHHTH KIacTepHbBIH
aHanM3, Ha OCHOBE HEHWPOHHOM CeTH, Ui peIIeHHMs 3afadyd BBIJCIEHHS 30H paclpocTpaHeHus 3aboieBacMOCTH. 3ajaum:
MpOAaHATU3UPOBAaTh METOIBl aHaliW3a MAAHHBIX JUIS peIIeHHs 3afadyd KJIAcTepH3alliy; pa3padoTaTh HEHPOCETEBOH MeETOx
KJIaCTepU3alliid TEPPUTOPHH YKPaWHBI 10 XapakTepy smuaeMudeckoro mporecca COVID-19; Ha ocHOBe pa3paOOTaHHOTO METOAA
peann3oBaTh INPOTPAaMMHBIM IPOAYKT aHalM3a JaHHBIX JUIL BBIICNCHUS 30H PAacHpOCTpPaHEHUs 3a00JIeBaeMOCTH Ha IpuUMepe
kopoHaBupyca COVID-19. Metoapl: Mozmend W METOABl aHalM3a JaHHBIX, MOJGIM M METONBI TEOpHH cucTeM (Ha Oaze
MH(OPMAIIMOHHOTO MOAX0/a), METOABl MAIIMHHOrO oOydeHusi, B wacTHocTH Mertox Adaptive Boosting (Ha ocHoBe Meroxa
IPaJUeHTHOr0 CITyCKa), METOABI OOyueHUs] HEeHpOHHBIX ceTel. Pe3ynbTarhl: OBUIM HCIIOJIB30BAaHBI pacIpe/elieHHbIe M0 00J1acTsIM
VYkpauns! nanssle Llentpa obmecTBeHHOro 310poBhs Mun3apasa Ykpaunsl 3a6oneBaemoctsio COVID-19, konngecTBo n1abopaTopHO
00cCJIeTOBaHHBIX JIMI, KOJMYECTBO MPOBEIACHHBIX JabopaTopHbIX HccnenoBanuil Metogamu [P u DA, xonuuecTBO NpOBEACHHBIX
naboparopHbix wuccienoBanuii IgA, IgM, IgG; B Momenu wucnomb3oBaHbl AaHHble ¢ Mapta 2020 mo mexabps 2020, mpu
MOZENNPOBAHUN HE YYTECHBI JAHHBIE C BPEMEHHO OKKYNMPOBAHHBIX TEPPUTOPUH YKpPaWHBI; IS KIACTEPHOTO aHAIHM3a IOCTPOCHA
HelpoHHass ceTh M3 60 BXomHBIX HeifpoHOB, 100 CKPBITEIX HEHPOHOB ¢ axkTUBAMOHHON (yHkImelt Pepmu u 4 BBIXOIHBIMU
HeWpoHaMH; JUIsl IIPOTPaMMHOI peas3aliii MOJIENH HCIIONb30BaHa S3BIK IporpamMMupoBanus Python. BeiBoasl: npoBeseH ananms
METOJIOB TOCTPOCHHS HEHPOHHBIX CeTel; aHalin3 METONOB OOy4eHHs HEHPOHHBIX CeTed, B TOM 4YHCJIE NPUMEHEHUs MeToja
IpafiueHTHOrO cmycka aiaia Meroxa Adaptive Boosting; Bce TeoperMueckue CBEAEHHUS, ONHCAHHbIE B JIaHHOW pabore, ObuLIM
WCIIOJIB30BAHbl AJISl pealu3allid MPOrpaMMHOIO NMPOAyKTa o0paboTku aaHHbIX TectupoBanusi Ha COVID-19 B Ykpaune; Obuio
IIPOBeNICHO pa3dueHue obnacteil YKkpauHsl Ha 30HbI 3apaxeHus Bupycom COVID-19 u npencrasiena kapTra 3Toro pa3oneHus.
KitroueBble cjI0Ba: KIaCTEPHBIN aHAIN3; HEHPOHHAS CETh; MAIIMHHOE 00y4eHue; snuaeMuieckuii mpomecc; COVID-19.

IDENTIFICATION OF AREAS OF CORONAVIRUS COVID-19 INCIDENCE
SPREADING BASED ON CLUSTER ANALYSIS METHOD

Subject: the use of the mathematical apparatus of neural networks for the scientific substantiation of anti-epidemic measures in order
to reduce the incidence of diseases when making effective management decisions. Purpose: to apply cluster analysis, based on a
neural network, to solve the problem of identifying areas of incidence. Tasks: to analyze methods of data analysis to solve the
clustering problem; to develop a neural network method for clustering the territory of Ukraine according to the nature of the epidemic
process COVID-19; on the basis of the developed method, to implement a data analysis software product to identify the areas of
incidence of the disease using the example of the coronavirus COVID-19. Methods: models and methods of data analysis, models
and methods of systems theory (based on the information approach), machine learning methods, in particular the Adaptive Boosting
method (based on the gradient descent method), methods for training neural networks. Results: we used the data of the Center for
Public Health of the Ministry of Health of Ukraine distributed over the regions of Ukraine on the incidence of COVID-19, the number
of laboratory examined persons, the number of laboratory tests performed by PCR and ELISA methods, the number of laboratory tests
of 1gA, IgM, IgG; the model used data from March 2020 to December 2020, the modeling did not take into account data from the
temporarily occupied territories of Ukraine; for cluster analysis, a neural network of 60 input neurons, 100 hidden neurons with an
activation Fermi function and 4 output neurons was built; for the software implementation of the model, the programming language
Python was used. Conclusions: analysis of methods for constructing neural networks; analysis of training methods for neural
networks, including the use of the gradient descent method for the Adaptive Boosting method; all theoretical information described in
this work was used to implement a software product for processing test data for COVID-19 in Ukraine; the division of the regions of
Ukraine into zones of infection with the COVID-19 virus was carried out and a map of this division was presented.
Keywords: cluster analysis; neural network; machine learning; epidemic process; COVID-19.
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NEURAL NETWORK FORECASTING OF ENERGY CONSUMPTION OF A
METALLURGICAL ENTERPRISE

The subject of the research is the methods of constructing and training neural networks as a nonlinear modeling apparatus for solving
the problem of predicting the energy consumption of metallurgical enterprises. The purpose of this work is to develop a model for
forecasting the consumption of the power system of a metallurgical enterprise and its experimental testing on the data available for
research of PJSC "Dneprospetsstal”. The following tasks have been solved: analysis of the time series of power consumption;
building a model with the help of which data on electricity consumption for a historical period is processed; building the most
accurate forecast of the actual amount of electricity for the day ahead; assessment of the forecast quality. Methods used: time series
analysis, neural network modeling, short-term forecasting of energy consumption in the metallurgical industry. The results obtained:
to develop a model for predicting the energy consumption of a metallurgical enterprise based on artificial neural networks, the
MATLAB complex with the Neural Network Toolbox was chosen. When conducting experiments, based on the available statistical
data of a metallurgical enterprise, a selection of architectures and algorithms for learning neural networks was carried out. The best
results were shown by the feedforward and backpropagation network, architecture with nonlinear autoregressive and learning
algorithms: Levenberg-Marquard nonlinear optimization, Bayesian Regularization method and conjugate gradient method. Another
approach, deep learning, is also considered, namely the neural network with long short-term memory LSTM and the adam learning
algorithm. Such a deep neural network allows you to process large amounts of input information in a short time and build
dependencies with uninformative input information. The LSTM network turned out to be the most effective among the considered
neural networks, for which the indicator of the maximum prediction error had the minimum value. Conclusions: analysis of
forecasting results using the developed models showed that the chosen approach with experimentally selected architectures and
learning algorithms meets the necessary requirements for forecast accuracy when developing a forecasting model based on artificial
neural networks. The use of models will allow automating high-precision operational hourly forecasting of energy consumption in

market conditions.

Keywords: energy consumption; forecasting; artificial neural network; time series.

Introduction

Black metallurgy is one of the most energy-intensive
industrial sectors. It is characterized by a high level of
electricity consumption that is a significant component of
energy use. Thus, the share of electricity in the cost of
production of large enterprises in the industry varies from
11% to 16%, and in some cases its share increases
to 30% [1].

The most electricity-intensive are steel production
(its share of consumption is 32.3%), production of hot
(21.9%) and cold-rolled products (12%), as well as
agglomerative production (14.5%), blast-furnace based
steel production (6.9%) and coke production (5.2%) [2].

The maximum specific consumption of electricity
that is in electric steel production is 727 kWh / t of steel.
Under this condition the consumption of electricity per ton
of steel depends on the power of transformers, the specific
electric power of arc furnaces, the use of fuel and oxygen
burners, preheating of scrap and out-of-furnace
processing.

The power consumption forecast in metallurgy that
is necessary for optimal control of loading modes of
electric power plants, which includes regulation of active
and reactive loads of metallurgical enterprise,
minimization of losses from reactive power flows and
maintenance of voltage within set limits in electric
networks due to strict power quality requirements.

The power consumption forecast in metallurgy that
is necessary for optimal control of loading modes of
electric power plants, which includes regulation of active
and reactive loads of metallurgical enterprise,
minimization oflosses from reactive power flows and

maintenance of voltage within set limits in electric
networks due to strict power quality requirements.

The peculiarities of electricity consumption by
ferrous metallurgy enterprises include: a large number of
electrical equipment that is used in the implementation of
the technological process in each unit; great variety of
types and capacities of electricity receivers; relatively
weak links between the mutual influence of electricity
receivers in the implementation of the technological
process; a large number of electrical equipment that
participates in ensuring the technological process in each
unit and creates a conditionally constant load, also
depends on the intensity of the technological process;
factors those randomly affect the modes and volume of
electricity consumption; a large number of hours of use of
maximum electric power; large electrical intensity of the
final product types; the possibility of changing the modes
of operation and composition of equipment in the unit,
product range and other systematically acting factors [3].

Therefore, the problem of forecasting electricity
consumption in metallurgical production is one of the
important scientific and practical tasks in the power
industry today.

Planning is one of the main management functions.
The deviation of actual consumption from the declared
numbers by more than a certain percentage leads to the
purchase of electricity from the balancing market at a
higher price, deviation to a lesser value is also being
punished by payment for undelivered electricity, which is
determined by the difference between declared and actual
consumption by the set fee rates.

The complexity of the energy consumption forecast
caused by the need to consider many factors that affect
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electricity consumption (the environment temperature; the
level light; the day length; day of the week; transitions
from winter to summer time and back; the presence of
extraordinary events (disasters; mass actions); weather
forecasts the state of other factors that affect the change in
consumption in accordance to the data obtained from the
processing of consumption statistics).

Improving the accuracy of forecasting saves energy
resources, determines the efficiency of power supply
management and, accordingly, increases the profits of
energy companies. The need for accurate forecasting of
electricity consumption is conditioned by technological
and economic reasons. The total payment for the
consumed electricity for the enterprise as a market
participant consists of the payment for the actually
consumed volume of electricity and the payment for the
deviation of the actually consumed volume from the
declared (forecasted) one. The higher possibility of the
forecast error is, the greater is the deviation of the actual
amount of electricity consumed from the declared
(forecast) the greater is the additional costs of the
enterprise to pay for electricity. Thus, reducing the
forecast error will allow the enterprise to reduce the
additional fee for electricity consumption caused by
inaccurate forecasting.

In large energy-intensive industries, the share of
electricity bills in the cost of production can reach tens of
percent (for example, in metallurgical production, it is
11% - 30%) [4], and in a market economy, the prime cost
of production will determine its competitiveness. Thus, in
the conditions of modern energy market for large
enterprises and mining industries it is important to create a
system of hourly electricity consumption, which
minimizes the deviation of power consumption from the
declared.

Based on the done forecast, the actual and optimal
modes of operation of power systems are calculated, as
well as qualitative parameters (reliability, quality of
electricity, etc.) are evaluated. Clear forecasting of
electricity consumption provides optimal load distribution
within the production process.

Analysis of recent research and publications

Currently, forecasting of electricity consumption in
most of industrial enterprises is made on the experts’
evaluation method, which in most of cases is not able to
provide the necessary forecast accuracy. Electricity
consumption forecasting gives us primary information for
planning normal operating modes in energy management.

The accuracy of forecasting directly depends on the
calculation methods. There are a large number of models
and methods of short-term forecasting of the load on the
power system of a metallurgical enterprise.

The formation and development of methods of
mathematical modeling, forecasting and planning of
electricity consumption, in particular in metallurgy, is
related with the work of scientists, an overview of the
main ideas of those are given below.

The monograph by Belt C.K. [5] is a fundamental
work in energy management in the metallurgical industry.

The main idea that can be traced in it is that in the
metallurgical industry there are unique processes and
conditions those require a more individual approach. The
author gives an explanation that the general
methods of energy management in the very metallurgical
industry, describes the advantages and reasons for
implementing an energy management program, as well as

reveal the basic indicators, tells us about data
analysis,  project identification and  processes
improvement.

In the article [6] a group of scientists presents a
systematic review of existing publications on energy
management in industry, that identifies five main elements
of energy management, based on the following topics:
strategy; planning, implementation; operation, control;
organization and culture. The authors have developed a
conceptual structure of energy management, which
shows that a comprehensive approach is needed to
effectively use the existing potential of energy
efficiency.

The book [7] was written by the authors of the
Neural Network Toolbox for MATLAB and provides a
detailed description of the fundamental architectures of
neural networks, learning rules, and applications for
solving practical problems.

In [8], the authors offer the use of a deep neural
network (DNN) for short-term electrical load prediction
(STLF), which allowed to overcome the problems of
nonlinearity and achieve higher prediction accuracy.

The manual [9] covers the latest trends and
technologies in energy engineering and related industries,
contains the latest materials on energy planning and
policy.

The educational publication [10] explores a humber
of sustainable energy sources and tools used to analyze
industry and future energy trends. The text contains an
overview of energy economics with an integrated software
package for research on energy use dynamics and
forecasting; climatic and environmental factors of using
energy are taken into consideration.

The main disadvantage of the existing methods is the
need to build a load model and the constant refinement of
the designed model. Another disadvantage of these
methods is the inaccurate setup of the relationship
between input and output variables, because the
relationships between them are nonlinear.

Most of the existing power consumption forecasting
algorithms are developed in the energy sector function as
a combination of various statistical methods. However,
due to the nonlinear relationship between the factors and
the load on which it depends, qualitative modeling is a
very complex process. The known methods of forecasting
electricity consumption do not work with distorted or
incomplete data, so we need new methaods, approaches of
forecasting electricity consumption, those could take into
account different types of data.

In this paper, based on the analysis, the MATLAB
complex with the Neural Network Toolbox was
chosen to develop a model for forecasting the energy
consumption of a metallurgical enterprise on the basis of
ANN.
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Highlight of the earlier unresolved parts of the general
problem. Aim of the study

When we are building a model of forecasting
electricity consumption for a metallurgical enterprise,
several tasks are being set. They are:

1. To construct a mathematical model by processing
the data on the load for the past period of time;

2. To obtain a forecast based on the obtained model.

The task of this study is to get as much information
as possible from the available data to do and to build the
most accurate forecast possible. The specific actions are
selected on the basis of available data and availability of
informational and technical systems. The solvation of this
problem requires preliminary research and descriptive
analysis.

To solve the problem of forecasting electricity
consumption, a number of smaller subtasks are set, those
at the final stage will achieve the goal - to build a forecast
with maximum accuracy.

The general task is divided into a number of
subtasks, those include:

- descriptive analysis of the time series, or graphical
analysis. The graphic analysis gives us an ability to
identify obvious trends and patterns in the original data;

- time series research, as well as identification of
regular and permanent components;

- obtaining an accurate forecast of the time series,
taking into account fluctuations;

- evaluation of the quality of the constructed
forecast.

The study of forecasting approaches shows that there
is no standard, single method for forecasting electricity
consumption: any enterprise has its special technological
cycles, those together form a process that is unique to
every enterprise.

The electricity consumption processes have
functional, cyclical and random tendencies. The cyclic
dependencies (they are usually daily, weekly and annual)
are the easiest to predict. The cyclical trends, according to
preliminary estimates, are for about 70 - 80% of all
changes in the process of electricity consumption [11]. For
example, the most significant cyclic factors in almost all
industrial processes are the time, day of the week and the
length of daylight.

The second of the important factors those are studied
when solving the problem of forecasting are functional
nature patterns (10 - 15% of the total deviations) [12].This
group can include deviations, those are explained by
known and predicted factors those are specific to the
metallurgical enterprise they are: air temperature or
coolant use. Data analysis helps us to identify these
factors and calculate their weight share in the energy
consumption process.

The third component of the forecast is random
trends. Their percentage share in the overall process is
small, but the amplitude of deviations can be significant.

Operational forecast of electricity and power
consumption is studied with the base on the current
dynamics of power consumption at the last minute of each
hour, but the main guideline for the technologist who

forms the forecast of consumption for the planned period
is the trajectory of power consumption, placed in short-
term consumption forecast. Therefore, providing the high
accuracy of short-term forecast of electricity demand and
capacity in power systems is a priority task. The
operational ~forecasting of electricity and power
consumption is a component of short-term forecasting.

The objective of this paper is to develop a model for
forecasting the power system consumption of a
metallurgical enterprise and its experimental testing on the
data of "Dniprospetsstal” named after A. M. Kuzmin.

Solving the issue of improving the quality of
operational consumption forecasting will be considered as
a set of measures to improve the quality of short-term
forecasting.

Materials and methods

The task of short-term forecasting of electricity
consumption is a difficult task. The apparatus of artificial
neural networks (ANN) has the ability to generalize
information that describes nonlinear dependences in
complex objects, processes and phenomena.

The shares of electricity consumption in the energy
consumption  system of PrJSC  "Dniprospetsstal
Electrometallurgical Plant” are determined by the
production cycle, but in addition to the process of furnaces
loading, they are affected by other needs those appear
during the working hours. Therefore, as an array of input
data for forecasting, statistical information was taken on
the hourly consumption of electricity during the 24 hours
period for the autumn months. Units of measurement of
input information are MW / h.

Based on the training varieties and the formation of
the forecast at the initial stage of the research, it is
necessary for the ANN to select the weight coefficients in
such a way that the standard deviation of the values of the
outputs will be minimal. This requirement applies to the
network of direct data extension and reverse error
propagation (Feed-forward backpropagation - further FfB)
[13]. Such network architecture requires its training at the
expense of setting time targets, those should be the
standard in the formation of the forecast and the input data
that must be processed.

In order to set the input and target values of the
function for the ANN model, it is necessary to use the
architecture with nonlinear autoregression (NARX),
which is presented in Figure 1. It is a recurring dynamic
network with reversed connection that has several layers
and is based on the autoregressive model:

y(®) = f(y(t-1), y(t-2),... y(t—n), x(t-1),... x(t—n)) .(1)

The predicted value of y(t) depends on the n previous
values of the output and on the n previous values of the
time series. Fig. 1 shows the neural network scheme used
in this research.

The NARX network in figure 1 is a two-layer
reversed expansion neural network. The sigmoidal
function acts as a transfer function in the hidden layer, and
the linear function acts as a transfer function in the output
layer.
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The given network model uses delay lines with taps
to store the previous values of x(t) and y(t). The original
value of y(t) is given back to the input of the network
(after the delay), as y(t) is a function dependent on the
previous values: y (t-1), y (t-2), ..., y (t-d).

There are two entrances in the network. One is
external, and the other is connected to the output of the
network, from that the input values are obtained. For each
of the inputs there is a delay line with taps for storing the
previous values. The number of neurons at the latent level
will be established experimentally, and the number of
delays is 2.

A closed loop in nonlinear autoregression allows
one-step predictions, that is, it predicts the value of y(t)

from the previous values of x (t-1), x (t-2), y (t-1), and
y(t-2). A closed-loop circuit can be used to perform multi-
step prediction. This is caused by the fact that the
predicted values of y(t) will be used instead of the actual
future values of y(t).

Before you can start training a network that contains
delay lines with taps, you must fill them with the initial
values of input and output.

The task is to predict the time series, so as
the input data will be used the numbers of time
intervals in the prescribed manner, and as the
output - the wvalue of the analyzed energy
consumption.

4\ NARX Neural Network - Closed Loop (view)

Hidden

Fig. 1. Closed loop in a network of nonlinear autoregression

For effective network training, all input data is
divided into three subsets. The first will be needed for
training of a network (correction of scales). 70% of the
data was used for the first one.

The second subset is necessary to avoid network
overfitting. The control of network learning is carried out
by calculating the error on the data from this subset. At
the initial stage of learning the neural network, the error
should be reduced. The over fitting will be evidenced by
an increase in error. Therefore, a trained system will have
scales, at those the error on the test subset would be
minimal.

The third subset is a test. It is useful when comparing
different models as an independent test of a trained
network. Also, the test subset may indicate poor
separation of the output data, if the minimum errors
on the data and the verifiable subset are achieved in
substantially distant ones from one iteration. For the
second and third subsets, 15% of the data were

Another approach to forecasting energy consumption
is deep learning [14]. A deep neural network allows you to
process a large amount of input information in a short
time, has the ability to build dependencies on non-
informative input information, to detect hidden
dependencies between the inputs and outputs.

Neural networks with long short-term memory
(LSTM) have been created as a modification of recurrent
neural networks (RNNSs), those can be selected. Any
recurrent neural network has the form of a chain of
repeating modules of the neural network.

The core components of the LSTM network are the
input sequence layer and the LSTM layer. The LSTM
layer studies long-term relationships between time steps of
given sequences.

The diagram in fig.2 illustrates the architecture of a
simple LSTM network for forecasting. The network is
started from the input layer of the Sequence Input
sequence, which provides the LSTM layer. To predict
class marks, it ends with a Fully Connected layer and
regression of the source layer.

allocated.
Sequence
quen H LsTM H

Connected }_" Regression

Fully

Fig. 2. Simple LSTM network architecture
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To predict the meaning of future sequence time
steps, it is possible to train the LSTM chain from sequence
to sequence, where the answers are training sequences
with values shifted by one. Thus, at each time step of the
input sequence, the LSTM network learns to predict the
value of the next time step. The training of such
a network is carried out using the method of adam -
adaptive moment estimation, optimization
algorithm [14].

Forecast accuracy is estimated as the mean absolute
error in percentages (MAPE):

_i P ‘Yi _)_/i"
MAPE = pizzl:—yi 100,

)

where y, — actual load values, forecast result, p is the
amount of data.

According to the analysis of publications [7, 13, 15],
a forecast error of no more than 5% is acceptable.

Study results and their discussion

In the Neural Network Toolbox environment, it is
possible to use the following algorithms for learning
neural  networks: nonlinear  Levenberg-Marquardt
optimization, Bayesian Regularization methods and
conjugate gradient methods (Scaled Conjugate Gradient)
those are detailed described in sources [7, 13].

For objectivity of comparison of indicators of quality
of forecasting at application of various algorithms of
forecasting with use of the corresponding architecture of
construction of ANN one was chosen exactly and on the
same day that gave an opportunity to compare the results
of received forecasts in the most accurate way.

When modeling the process of electricity
consumption in the power system at the initial stage, a
network that has an architecture of direct data propagation
and  reverse  error  propagation  (Feed-forward
backpropagation, or — FfB) and trained according to the
Levenberg-Marquardt Algorithm was chosen.

The training results of the neural network in
MATLAB are presented in the following way (fig. 3).

4\ Neural Network Training (nntraintool)

)

Meural Network

. xit) Hidden
p—o— 13- [
1 Y
L2 W
yit) &
L b
1 10
Algorithms
Data Division: Random (dividerand)

¥it)

)

Training: Levenberg-Marquardt (trainlm)

Performance: Mean Squared Error  (mse]

Calculations:  MEX

Progress

Epoch: 0| 10 iterations | 1000
Time: | 0:00:01 |
Performance: 1.55e+07 | 2.9%e+04 | | 0.00
Gradient: 2.95e+07 | 1.04e+04 | | 1.00e-07
Mu: 0.00100 | L.00e +03 | 1.00e+10
Validation Checks: 0| f | 6

Fig. 3. The Neural network training results performed by Levenberg-Marquardt Algorithm on the architecture of the FfB model

In the following stages of the training, the same type
of architecture, FfB, was used, but the learning algorithm
changed: first, the Bayesian regularization algorithm, then
the combined gradient method.

According to the obtained results, the comparison of
the generated forecast from the actual values using
different training algorithms on the FfB architecture are
presented in fig. 4.
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where 1 - The actual value of energy consumption; 2 - forecast value of energy consumption according to Levenberg-Marquardt
Algorithm; 3 - forecast value of energy consumption according to Bayesian regularization algorithm; 4 - forecast value of energy

consumption by the method of combined gradients
Fig. 4. Results of energy consumption forecasting using ANN

In contrast to the above ANN, a separate software
solution is required for forecasting using the LSTM
network.

The sequence of software implementation of deep
training in the MATLAB package is:

1) to import data from Excel;

2) to divide the data into a training sample and a test;

3) to standardize the data to have a zero mean and
modular deviation;

4) to create an LSTM regression network. Set the
LSTM layer, which has 5 hidden modules. Further
increase in the number of LSTM modules or layers
doesn’t improve the forecast quality due to insignificant
quantity of training data in our case.

5)to set training options. Specify the ‘adam’
algorithm and train LSTM with the given training options
using train Network for 250 epochs. To prevent the
gradients from exploding, set the gradient threshold to 1;

6) to predict the value of several time steps in the
future, use the predict And Update State function;

7) to initiate a network state, first predict the training
data XTrain. Then we make the first prediction using the
last time step of the learning answer Y Train (end).

Table 1. Characteristics of ANN training

The results of forecasting with the LSTM network
are shown in fig. 5.

4 Forecast
42 10
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ol
u L]
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34"
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Fig. 5. Display of actual and forecasted data values with the
LSTM network

The results of the obtained forecasts and calculations
of forecasting accuracy according to formula (2) on
different training algorithms are summarized in table 1.

Parameters Levenb;:go—rim?nrquardt Bayesian regularization algorithm | Combined gradients ngfv‘\l;(l)\l{lk
Epoches number 10 211 7 250

Training time 0:00:01 0:00:05 0:00:01 0:00:05
MAPE, % 2,87 3,07 3,27 2,59
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According to table 1, the best among the used ANN
for this training is the LSTM network, the maximum
prediction error is 2.59% modulus per operating 24 hours
period. In absolute terms, this is 1,069.76 MW.

The use of artificial neural networks allows to
increase the consumption forecasting efficiency, as well as
to consider the dynamic processes those are occurring in
the power system, which affect the nature of electricity
consumption and power, which increases the accuracy of
forecasts.

To implement this task, the optimal software and
hardware complex MATLAB was selected, that has tools
for building and realizing ANN. We had the wide range of
possibilities and proposed ready-made solutions so an
analysis of the choice of the ANN architecture and the
algorithm of its training was carried out in this software
package.

Using MATLAB software package, experiments on
the basis of statistical data of the metallurgical enterprise
by the method of artificial neural networks were
conducted. It is revealed that the developed neural
networks may be used to make a forecast of electricity
consumption for the 24 hours’ time period ahead with a
maximum accuracy of 2.87% of the actual volume of
electricity consumed.

Conclusion and perspectives of further development

Developed models for  forecasting  energy
consumption of "Electrometallurgical Plant
"Dniprospetsstal” named after A. M. Kuzmin power
systems based on LSTM ANN meet the requirements for
the quality of short-term forecasting of consumption in
power systems. But they fail to include all energy
consumption problems and factors that affect the energy
system of the enterprise. Therefore, there are a number of
ways for the further model’s improvement.

An important aspect of ferrous metallurgy
enterprises is the risk of downtime for various reasons, the
prediction of those using neural networks is considered in
the article [16]. This fact makes a challenge for further
research in this area regarding uninterrupted power supply
and the impact of risk factors on the random component of
the time series.

The issue is being analyzed in the articles by Chinese
authors [17] relate to forecasting energy consumption in
non-ferrous metallurgy, those enterprises have their own
characteristics. The method of hybrid regression of
reference vectors for research, that inspires to compare the
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HEWPOMEPEKEBE INPOT'HO3YBAHHSI EHEPT' OCIIO’KMBAHHSI
METAJIYPI'TUHOI'O INIIAITPUEMCTBA

[peamerom nocCiHiIKeHHS € METOAM MOOYIOBHM 1 HAaBYaHHS HEHPOHHHX MEpPEX SK amaparTy HETiHIHHOrO MOJENIOBaHHS Ui
PO3B'sI3aHHS 3aj1adi IPOTHO3YBAHHS E€HEProCIIOKMBAHHS METalypriiiHuX mianpueMctB. MeToro maHoi poboTu € po3poOka Mopemi
NIPOTHO3YBAaHHS CIIOKMBAHHS EHEPrOCUCTEMH METANTyprilfHOTO MiANpHEMCTBA 1 HOTO eKCIIepUMEHTalbHe BHIIPOOYBaHHS Ha
NOCTYNHHUX I JociipkeHHs paHux I[IpAT "[Iminpocmencrams". BupimeHi HacTymHI 3aBHAHHS: aHAI3 YacOBOTO PsIy
€JICKTPOCIIOKHMBAHH; OOYI0BAa MOJIENI, 3a JOIIOMOTOIO SKOI 0OpOOIISIOTECS IaHi PO €IEeKTPOCIIOKMBAHHS 33 ICTOPHYHMI Hepiox;
noOy/soBa SKOMOra TOYHIIIOTO MPOrHO3Y (AKTUYHOrO 00CATY eJeKTpoeHeprii Ha o0y BIEpeA; OILiHKa SKOCTI MPOTHO3Y.
BUKOpHCTaHO METOAM: aHali3y 4YacOBMX pAAIB, HEHPOMEPEKEBOIO MOJENIOBAHHS, KOPOTKOCTPOKOBOIO IIPOTHO3YBAHHS
CHEpPrOCIIOKMBAHHSA B METAIypriiHid mpommucioBocTi. OTpuMmani pe3yabTaTH: MO PO3poOKM MOZETI HPOTHO3YBAaHHS
€HEePTOCIIOKUBAHHSA METATypriifHOTO MiIIpHUEMCTBA Ha OCHOBI IUTYYHUX HEHPOHHUX Mepex OyB oOpanuii kommiekc MATLAB 3
nakeroM iHcTpyMeHTiB Neural Network Toolbox. IIpu mpoBeneHHI eKCHEpHMEHTIB Ha OCHOBI JOCTYIHHUX CTQTHCTUYHHX JAHUX
METaIypriifHOTO MignpueMcTBa OyJI0 BHKOHAHO BIiIOIp apXiTEeKTyp 1 adrOpUTMIB HaBYaHHS HEHpOHHHX Mepex. Kpamii pesymsratn
MOKa3aJll Mepeka MPSMOro HOIIMPEHHS AAHWX 1 3BOPOTHOTO IOUIMPEHHS NMOMIJIKH, apXiTEeKTypa 3 HeNiHIHHOIO aBTOperpeciero i
aJTOpUTMaMH HaBYAHHS: HeNiHiWHOI onTtmMmizanii Levenberg-Marquard, meron Bayesian Regularization i meron cromydeHHX
rpazgiedTiB. TakoX pO3MNIAHYTO iHIIMKA MiAXin — rauMOOKe HAaBYaHHS, a caMeé HEfpOHHa Mepeka 3 JIOBIOK KOPOTKOCTPOKOBOIO
nam'atTio LSTM 1 anroputmMoM HaByaHHS adam. Taka rimboka HeHpOHHa Mepeka J03BOJIE€ OOpOONSATH BEJNMKI OOCATH BXiIHOI
iHpopMarLii 3a KOpOTKHH 9ac i OyIZyBaTH 3aJeKHOCTiI 3a HeiH(popMmaTHBHOI BXigHoi iH(opmarii. HaiiGinem edexrtuBHOI0O cepex
PO3IIIHYTUX HEHPOHHUX Mepex BusBmwiaca mepexa LSTM, y skiff NOKa3HUK MaKCHMalbHOI TMOMIJIKM MPOTHO3YBaHHS MaB
MiHIMaJIbHE 3HaueHHS. BUCHOBKM: aHa3 pe3ysbTaTiB IPOTHO3YBAaHHS 3 BHKOPHCTAHHSAM pPO3POOJICHUX MoJeineil mokasas, LI0
oOpaHuil minxixg 3 eKCHepHMEHTAJIbHO BiTiIOpaHMMH apXiTEeKTYpOIO i alrOpUTMaM{ HABUYAHHS 3aJ0BOJIBHSE HEOOXITHHM BHUMOTaM
TOYHOCTI IPOTHO3Y HPH po3poOIi MOJeNi IMPOrHO3yBaHHs Ha 0a3i MITyYHHX HEHPOHHUX Mepek. 3aCTOCYBaHHS MoJelel JO3BOJINUTD
aBTOMAaTH3yBaTH BHCOKOTOYHE OIEPAaTHBHE ITOTOANHHE IIPOTHO3YBAHHS €HEProCIIOKMBAaHHS B PUHKOBHX yMOBAX.
KurouoBi ciioBa: eHeprocrnoXxuBaHHs;; MPOTHO3YBAaHHS; IITyYHa HEHPOHHA Mepeka; YaCOBUH PsJI.

HEWPOCETEBOE ITPOTHO3UPOBAHUE SHEPTOIIOTPEBJIEHUSA
METAJUTYPITHYECKOI'O IPEAIIPUATUA

I[IpeameroM wuccienoBaHUS SBIAIOTCS METOABI TOCTPOSHHS M OOYYEeHUs HEHPOHHBIX ceTel Kak ammapara HEeJIHHEHHOTo
MOJICTTMPOBAHMS JUIs PEIIeHHs 3aJadl MPOTHO3MPOBAHMS 3HEPronoTpeOneHus: MeTamryprudeckux npeanpusatuil. Lledabro manHOM
paboThI ABIAETCSA pa3paboTKa MOJENTH MPOTHO3HMPOBAHMS MOTPEOIEHHS 3HEPTOCHCTEMBI METAJLUTypPrHYECKOTO HPEINPHATHS U €ro
9KCIIEPUMEHTAIBHOE HCOBITAHWE Ha AOCTYNHBIX IS uccienoBaHus aaHHbIX YAO "JIHempocneuctans". PemieHsl cremyromue
3aJa4d: aHAIU3 BPEMEHHOTO psifia AJIEKTPOIOTPEOICHNS; OCTPOSHHE MOJIEIH, C ITIOMOIIBI0 KOTOPOH 0OpabaThIBaloTCsl JaHHBIE 00
IEKTPONOTPEOJICHNN 3a WCTOPUYECKUIl TNEepHOA; IMOCTPOSHHE KaK MOXHO OoJiee TOYHOrO TPOTHO3a (haKTHUECKOro oObeMa
JIEKTPOIHEPTUH Ha CYTKH BIIEPE; OL[EHKa KauecTBa MporxHo3a. Mcrnonp30BaHbl MeTOIbI: aHAJIN3a BPEMEHHBIX PsIJIOB, HEHPOCETEBOro
MOJICJIMPOBaHMsI, KPAaTKOCPOYHOTO MPOTHO3UPOBAHMS DHEPTrONOTPEONeHNs] B METALUTyPrH4ecKoil mpoMblinieHHocTH. [lomydeHHble
pe3yJbTaThl: IUIsI pa3pabOTKM MOJENH IPOTHO3HPOBAHUS SHEPrOMOTPEOICHHsS METaUTyprHYecKOro TPEANpUSITHS Ha OCHOBE
WCKYCCTBEHHBIX HEWPOHHBIX cereil ObuT BeIOpaH kommiekc MATLAB c¢ makerom macTpymMeHTOB Neural Network Toolbox. Ilpu
MIPOBEACHUN SKCIIEPUMEHTOB HA OCHOBE JOCTYNHBIX CTATUCTHYECKHX MAHHBIX METAJUTypPTHYECKOrO MPENpPHSATHS OBLT BBHITONHEH
0TOOp ApPXHUTEKTYp M aIrOPHUTMOB OOydeHHs HEHpOHHBIX ceTed. Jlydmme pe3ynbTaThl MOKA3alH CEeTh MPSMOTO PacIpOCTPaHEHUS
JAHHBIX ¥ OOpaTHOTO pAaCIpPOCTPAHEHWs] OIIMOKHM, apXUTEKTypa C HEJIMHEWHOIl aBTOperpeccMedl W alropuTMaMu OOy4YEeHUS:
HenuHelHo# ontumm3anmu Levenberg-Marquard, meton Bayesian Regularization 1 MeTon cONpspKEHHBIX TIpagueHToB. Takke
paccMOTpeH Jpyroil moaxoj — riy0okoe oOydueHHe, a MMEHHO HEeWpOHHAas CeTh C JUIMHHOW KpaTkocpouyHoil mamsateio LSTM u
anroputMoM o0yuenus adam. Takas riyOokass HEHpOHHAS CETh MO3BOJSICT 00pabaThiBaTh OONBIIME 00BEMBI BXOJAHOW HH(OpMAIUU
3a Majoe BpeMs M CTPOHUTh 3aBUCHMOCTH TIpH HeWHpOpMaTHBHOW BXoAaHOH wuH(popmaunuu. Hambonee sddexruBHOI cpemu
paccMOTpeHHBIX HEHPOHHBIX ceTeil okazanack ceTb LSTM, y KOTOpoi#l moka3zaTelh MaKCUMAaIbHOW OMIMOKH MPOTHO3UPOBAHUS UMET
MHUHUMaIbHOE 3HaueHre. BbIBOABI: aHAIM3 pe3ysbTaToOB NMPOTHO3HPOBAHUS C MCIOIb30BAHMEM pa3pabOTAHHBIX MOJENEH IOKa3al,
9YTO BBIOPAHHBIM TOAXOJ C OKCIIEPHMEHTAIbHO OTOOPAaHHBIMH apXHTEKTYpaMH W aITOPHUTMaMH OOydeHHs yJIOBIETBOPSET
HEOOXOIUMBIM TPeOOBaHHUSIM TOYHOCTH MPOTHO3a IPH Pa3paboTKe MOJETH MPOrHO3MPOBAHUS Ha 0a3e MCKYCCTBEHHBIX HEHPOHHBIX
cereif. [lpumeHeHne Mozeneil TMO3BOJINT AaBTOMATHU3HPOBATH BBICOKOTOYHOE OINEPATHBHOE I0YACOBOE MPOTHO3MPOBAHHE
3Hepr0n0Tpe6neHmI B PBIHOYHBIX YCJIOBUSX.
KiioueBble ciioBa: sHepronorpedieHne; MporHo3MPOBaHUe; HCKYCCTBEHHAs: HeHPOHHAs CETh; BPEMEHHOM P
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V. BESKOROVAINYI, A. SUDIK

OPTIMIZATION OF TOPOLOGICAL STRUCTURES OF CENTRALIZED
LOGISTICS NETWORKS IN THE PROCESS OF REENGINEERING

The subject of research in the article is the topological structures of closed logistics networks. The purpose of the work is to create a
mathematical model and methods for solving problems of optimization of topological structures of centralized logistics networks in
the process of reengineering, taking into account many topological and functional constraints. The article solves the following tasks:
analysis of the current state of the problem of system optimization of logistics networks and methods of its solution; formalization of
the problem of system optimization of logistics networks as territorially distributed objects; development of a mathematical model of
the problem of optimization of centralized three-level topological structures of logistics networks at the stage of reengineering;
development of a method for solving the problem of optimization of centralized three-level topological structures of logistics
networks at the reengineering stage; estimation of time complexity of the method of optimization of centralized three-level
topological structures of logistics networks. The following methods are used: methods of systems theory, methods of utility theory,
optimization and operations research. The following results were obtained: analysis of the current state of the problem of system
optimization of logistics networks and methods of its solution; the problem of system optimization of logistics networks as
territorially distributed objects has been formalized; developed a mathematical model of the problem of reengineering three-level
topological structures of logistics networks in terms of cost and efficiency for the case of combined production and processing points;
methods of directed search of variants of construction of a logistic network which use procedures of coordinate optimization and
modeling of evolution on the basis of genetic algorithm are developed; estimates of the accuracy and time complexity of optimization
methods of centralized three-level topological structures of logistics networks are obtained. Conclusions: Based on the results of the
study of methods for solving the problem, an approximation of their accuracy and time complexity was performed. In practice, this
will allow you to choose a more efficient method for solving large-scale practical problems, based on the required accuracy, available
computing and time resources. The method based on the coordinate optimization procedure has a significantly higher accuracy, but it
is more complex from a computational point of view. The accuracy of the evolutionary method based on a genetic algorithm can be
increased by increasing the number of iterations. The practical use of the proposed mathematical model and methods of reengineering
the topological structures of centralized closed logistics systems by jointly solving problems for direct and reverse flows will reduce
the cost of transport activities of companies.
Keywords: closed logistics; logistics network; optimization; reengineering; structure; topology.

Introduction

The processes of optimization of anthropogenic
objects provide for the establishment of causal
relationships and laws characteristic of the processes of
movement of heterogeneous flows in them. This is done in
order to identify and implement effective organizational
forms and methods of object management. The
effectiveness of such processes is largely determined by
the quality of the relevant logistics [1]. One of the
problems in managing the SCM supply chains (Supply
Chain Management) is the design of SCND supplies
networks (Supply Chain Network Design) [2]. Such
networks are inherently facilities with significant
territorial dispersal. The structural, cost and functional
characteristics of logistics networks are largely
determined by the topology (placement) of their elements
(manufacturers, terminals, consumers). The topology of
network elements, in turn, determines the topology of the
corresponding flows.

Logistics networks operate in constantly changing
conditions. This is due to the emergence of new
consumers, changes in supply volumes, the introduction of
environmental restrictions [3-4] and the like. As a result,
at some stage, existing networks become inefficient or no
longer meet new conditions. Attempts to upgrade them by
solving traditional optimization problems do not guarantee
efficient options. For more effective adaptation of such
objects, a reengineering approach is increasingly used,
which involves a fundamental analysis of existing options
for their construction (modes of transport, structure,

topology, parameters, technology) and radical redesign
[5]. This requires solving a set of problems of
technological,  structural,  parametric,  topological
optimization, multifactorial evaluation and selection of
system solutions taking into account their connections at
all stages of the network life cycle [6]. At the same time,
the principles of building a network are radically revised,
which can lead to profound changes in the technology of
its functioning, structure, parameters of elements, means
of transport, topology. Given that logistics networks use a
relatively small variety of alternative technologies, node
(terminal) types and vehicle types, the main problem from
a computational point of view is the optimization of their
structure and topologies.

Analysis of the problem and methods of its solution

Traditionally, logistics are macro and micro logical
systems [7]. The first species systems operate within the
interaction of several property objects are not related to
territorial distribution and are used by international
transcontinental companies or intermediary organizations.
The second species system solves the problems of
interaction of one or more enterprises with one economic
interest or a separate enterprise [8]. In this case, in the
transport micro logical of a large enterprise allocate
systems of global and local transportation. The task of
global transportation in the general case is reduced to the
optimal placement of intermediate truck units to minimize
cargo transportation costs [9].

Increasingly, the tasks of environmental logistics are

© V. Beskorovainyi, A. Sudik, 2021



ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

Innovative technologies and scientific solutions for industries. 2021. No. 1 (15)

increasingly relevant, which are aimed at reducing the
level of risk of economic losses due to deterioration of
environmental quality and enhancing ecological and
economic efficiency of enterprises [10-11].

The subject of reversal logistics is the ordering and
systematization  of  reverse = commodity-material,
information, cash flows [12-17]. Usually, tasks of direct
and reversing logistics are considered as conditionally
independent, which does not allow to receive effective
global solutions to the logistics problem as a whole. Their
joint solution generates a plurality of new tasks that
require the development of new mathematical models and
effective research methods [18].

One of the stages of synthesis of the system of global
transportation of products of one manufacturer is
structural and topological optimization of the centralized
transport and warehouse system [19]. It is considered as
set: the location of the supply center, set of consumers

I ={i: i=1,n}, for each of which is determined by the
matrix of the distance location, supply volumes and
transport tariffs for the delivery of goods. It is necessary

to determine the optimal number of 1° and location of
terminals, as well as subsets of consumers serviced by

={i}, j=1lI°.
global transportation systems, it can be assumed that
terminals are located near consumers of products.

Target function of the task shows the cost of delivery
of products to consumers:

| n_ |
ng cj+E E gitidijvij — min, )
r

dyv

each of the terminals IJ- In this case, in

j=1 i=1 j=1

where ¢; — the costs of creation and use of the j-th

terminal (including delivery and storage costs); | -
number of terminals; n — number of consumers of

products; g; — volume of cargo for the i -th consumer; f
— transport tariff for the delivery of cargo to the i-th
consumer; d;; — distance between the i-th consumer and

if the

i -th consumer is serviced by the j -th terminal, v;; =0 —

the j-th terminal; v; — Boolean variable: v;; =1,

otherwise.

To solve the problem with the target function of the
type (1), approximate methods of directed interruption in
the direction of increasing the number of terminals of the
network are quite effective [19]. Their time complexity

has an order O[nz] r, and the error of solutions for tasks
with the number of consumers n <50 is less than 5%.

The tasks of structural and topological optimization
of closed logistics networks differ consideration of
reversible flows from consumers to centers of production
or processing (utilization). They predict the optimization
of the network, in which, in the first level are centers of
production and processing, on the second - terminals, on
the third - end consumers. The cost of the network in this
case consist of the cost of delivery of a direct flow from

the center of production to terminals Cp; , processing in
the terminals of direct C;, and reverse Cp, flows, the

delivery of a direct flow from terminals to consumers
Crg, the delivery of a return flow from consumers to

terminals Cg; and the backflow delivery from terminals
to the center [18]:

C=Cpp+Cr+Cpg+Csp +Cry +Cpp. 2

The mathematical model of such a task with the
target function (2) in the case of coincidence of production
and processing points can be presented in this form:

C= ZC X +ZZC”X- — min, (3)

i=1 j=1

x; €{0.1}i,j= zn: Vj=1,n;
X=[x]= n o - 4

D% =2(n—l)+2xii,

j=1i=] i-1

where ¢; — the costs of the terminal are organized on the
base (in the immediate vicinity of) i-th consumer; n —
number of network elements; X =[x;] — Matrix of

- Boolean variable: x; =1, if there
is a direct link between i -th and j-th elements of the
network; X; =0 — in other case; c; — shipping costs flow

from the network item i to the item.

The system of restrictions in the problem (3) - (4)
describes the entire set of permissible three-level
centralized structures with direct and reverse flows.

The basic task in the network of local transportation
is the problem of optimizing ring routes, which is reduced
to the classical sales problem (SP) or its varieties. The
most effective precise algorithms for solving the SP
without additional restrictions are based on the method of
branches and limits, and heuristic methods use different
search schemes in the vicinity of a basic solution [21-22].

The peculiarity of routing tasks in closed logistics
systems is that the direct stream can be delivered to the
network points and the reversible stream may be collected
from the network items by one and the same vehicle.
Consideration of this feature requires changes to
mathematical models and methods for solving problems of
optimization of networks of ring routes [18].

In modern conditions there are relatively rapid
changes in flows in all chains of logistics networks. With
relatively minor changes in flows, adaptation of existing
structures, which requires decision-making in the context
of part-time data [23-24]. At the level of micro logistics,
this is reduced to the operational solution of the problem
of optimizing the network of ring routes at a minimum of
costs [25]. With significant changes in flows, there is a
need for reengineering macro logistic networks. One of
the most important tasks in this case is the problem of
optimizing their topological structures in terms of
efficiency and expenses. This determines the relevance of

network elements; x;
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tasks of developing mathematical models and methods for
solving problems of reengineering of topological
structures of logistics networks.

The purpose of this article is the development of a
mathematical model and the method of solving the
problem of optimizing the topological structures of
logistics networks at the stage of reengineering, taking
into account the set of structural, topological and
functional constraints. To achieve the goal, the following
tasks are solved:

- formalization of the problem of systematic
optimization of logistics networks;

- development of a mathematical model of the
problem of optimizing centralized three-level topological
structures of logistics networks at the stage of
reengineering;

- development of the method of solving the problem
of reengineering of topological structures of centralized
three-level logistics networks;

- evaluation of the time complexity of the method of
optimizing centralized three-level topological structures of
logistics networks.

Results of the study

Due to a significant territorial dispersion of elements
of logistics networks, they are included in the class of
territorially distributed objects [18]. Each of these objects
as a system formally be submitted in the form of a tuple:

s=<E,R,G >, (5)

where E is a set of network elements; R =[r;] — the set

of bonds between elements, which traditionally set the
matrix of adjacency: f; =1, if there is a direct connection
between the i -th and j -th network elements, - otherwise;
r; =0 —otherwise; G —a set of places where the network

elements are located.
Based on a set of admissible locations of terminals of

a system G, each of the variants of the network
structure < E,R > may have different topologies G C G .
Each of the network <E,R,G> topologies
G =< Gg,Gg,G, > (where Gz — topology of elements;
G — topology of connections between elements; G, —
topology of movement of flows) will correspond to its set
of functional and consumables:

P=¢(E,R,G), (6)

where ¢ — a certain reflection.

&(s)=

where Ea ,6_1 —normalized values of the coordinates of the

a-(b, +1)-[1—[b1/(b1

According to the results of the analysis of the
purpose of creating a network s, the conditions for its

functioning and desirable properties P’ that are evaluated
by a plurality of local criteria k;(s), i=1,m , a subset of
elements E’(P’), connections between elements R’(P’)

and topologies on which it can theoretically be
implemented can be determined. Taking into account
economic, environmental, other restrictions are

determined subsets of permissible elements E- C E'(P’),
connections R* C R(P’) and topologies G’(P’) that
provide the possibility of obtaining necessary properties.

Further the most effective variant must be determined on
the permissible set of network construction options

S" ={s}:
s® =arg max P(s). @)

Due to the incomplete certainty of the requirements
for the properties of the logistics network as an efficiency
assessment (a function of general utility) P(s) in (2), itis

proposed to use the function of belonging to the fuzzy set
"Best Network Option" [26]:

«Best Network Option» ={<s,P(s)>, 8)

where s€S” — network construction option; P(s) — the

value of the function of the total utility of the option s,
which assesses the degree of its belonging to a fuzzy set
(8).

For quantitative evaluation of the efficiency of the
variants of network construction, we use the most versatile
additive-multiplicative model, built using Polynoma
Kolmogorov Gabor:

m m m
P(s)= D i -&i(s)+ D D Ajj -&i(8)-&i(8)+...,(9)
i=1 i=1j=i

where m — is a number of local criteria characterizing
network properties; 2j,%jj — weight coefficients of local

criteria and their yields Aj 20, 2jj 20, & (s) — local

criterion utility function kj(x), I=1,j .

To assess the usefulness of individual partial criteria
values, it is proposed to use the gluing function, which has
advantages in terms of accuracy and number of computer
operations for its calculation compared to the Gauss,

Harrington and logistics functions [27]:
+@B , 0 sE(s)sEa;
Ka
a+(1-a)-(b, +1)-{1—{b2 / [bz +k(s)—jkam ka <k(s)<1,
1-Ka (10)

gluing point of the components of the function,
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0<ka<1, 0<a<1; b,b, — parameters, nonlinearity

of the initial and final components of the function.

The task of reengineering the topological structure of
a centralized three-level closed logistics network with the
united items of production and processing is considered in
such a statement. Are specified:

- set of elements of the existing
I={i:i=1n};

- an existing version of the topological structure of
the network s’'€S” given by places of consumers,
terminals (coincide with places of location of elements),
center (coincides with the place of location of the element
i =1), as well as connections between elements, terminals

network

and the center [si’j 1. i,j= 1,n (si’j =1 if there are direct

connections between elements i and j , and si’j =0

otherwise);
- costs of creation (modernization), operation of

terminals [ci 1. i=1n, implementation of transportation

i=1,n [Cij 1. cost of resources that can be reused (or

realized) after dismantling of equipment of terminals or
vehicles.

It is necessary to determine the best of the set of
functional-cost indicators option of the topological

structure of the logistics network s° € S* .

Basic restrictions that are taken into account when
optimizing topological structures of three-level centralized
networks:

- each consumer of the network i, i=1,n must be

1 n
connected to one of the terminals: Y s; +»s; =1 for all

j=1 j=1
i for which s;=0,i=1n  or directly to the
manufacturer (center) s;; =1, i=1,n

- more than one consumer must be directly

1 n
connected to each terminal »"s; +»_s; >1, for all i, for
=1 =
which s; =1,i=1,n ;
—each consumer i connects to terminal j by
minimum of resulted expenses:

i<j<n

—each of the terminals of the network j has a direct
connection with the center sj; =1— s;; =1;

—the number of terminals in the network is in the
range 1§isii <nl/2;
i=1

—the total number of direct links in the three-level
n n n
network structure is equal to > >"s; =n+s;; .
j=li=j i=1
Formally set of permissible variants of network
constructing can be shown in this form:

[sij], Sij e{0,1}, i,j=1n, s, =1

n _
2 Sij 21, vj=1n;
i=]

n n n
S={s}=1 3% -Z-Sij =N+ 3 Si; (10)
j=1li=] =1
Sii :1—>si1=1 Vi=1,n;
Sii =1/\Sij =1-ij=arg igmjlgncji vi,j=1n.
Target Function for reengineering of logistics

network in the above designations may be shown in the
form:

n
ki(s',8)= AC= 2 [6(1-sij ) sii +djsijsii + € (L-5ij ) i - 6 (1-5if ) s 1+

n n
+j§1izzj [Cij (l-Si/j )sij +dij5i/j Sjj +eij(l-5ij )Si/j - jj (l-Sij )SIIJ 1—

where c¢; — costs for creating the i-th terminal in a new
structure, i=1,_n ; si’i, Sij — elements of matrices of

adjacency (connections) between elements in existing
network x’:[x{j] and network after reengineering

x:[xij]; d; -

g — costs of dismantling the i-th terminal of the existing

the cost of upgrading the i-th terminal ;

network; g; — cost of resources, which can be reused (or

implemented) after dismantling of equipment i-th
terminal; Gij — the given costs of transportation between

the elements i and j, i,j=1n .

(11)
mirl,
seS

It is considered that the cost of modernization,
dismantling and the cost of reused resources do not exceed
the expenses of new terminals and the sale of
transportation between the elements of the network:

e<c, d<¢, g<c, i=1n;
(12)

& <C, dj<¢;, g;<c, i,j=1n

Given the desire to minimize the maximum
time of delivery of goods to consumers, the
criterion of maximizing speed can be submitted in the

form of:

ko (8)= 7(s) = tpr () + 77 () + 715 5) — min, - (13)
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where 7p7 (s) — maximum time of transportation of goods

from the center of production to terminals;
71 (s) — maximum goods handling time in terminals;

Trs (s) — maximum time for delivery of goods from
terminals to consumers Cry .

Determination of weight coefficients of model (9) is
proposed using technology of comparator identification of
advantages of decision-making person [26].

In practice, for some types of cargo, the change in
delivery time (13) z(s) is uncritical when changing the
options for building a logistics network. Based on this, the
two-criterion task (10) - (11), (13) is reduced to single-
criterion (10) - (11) with an additional restriction on the
maximum delivery time of the cargo:

max t;(s) < T,
2<i<n

(14)

where 7;(s) — time of delivery goods to the i -th consumer;

7 — permissible time of goods delivery.

Analysis of the reported expenditure (11) provides
the following conclusions.

If reengineering results in a topological structure that
does not contain terminals and connections of a previously
existing network, it requires maximum additional costs
AC . Such a topological structure can be obtained by
solving a traditional network design problem. In this case,
the cost function of the number of terminals in the
network AC(I) is unimodal [28-29].

In the general case of reengineering, the cost
function of the number of nodes AC(I) can be multi-
extreme. Analysis of the components of the function (11)
showed that the most significant are the costs of delivering
goods between elements of the network. At the same time,
in the process of reengineering, situations are possible
when different parts of the existing topological structure
are used with a change in the number of terminals
1<1<n/2 at each step, which leads to the appearance
of local extremes in the function determination interval
(12).

The delivery time of the goods z(l), which is
determined by the ratio (13), increases with the number of
terminals 1<1<n/2. To solve the problem of
reengineering the topological structure, it is necessary to
use methods that allow you to obtain effective solutions
taking into account the monotonicity of the function (1)
(13) and the multi-extremity of the cost function (11)
depending on the number of terminals in the network
l1<l<n/2.

Total number of topological network reengineering
options for number of terminals 1<1<n/2 is:

B o T L o N | L)
N(n)_2§cn_2§ll(nfl)! 2" /2, (15)

where n — number of possible locations of terminals
(system elements).

The solution of the problem by the method of
complete search of all possible options for building a
network for the number of consumers n>50 is
impractical due to the high time complexity of such a
method.

To simplify the procedure for finding a global
optimal solution of the problem (10) -(11) we use the idea
of a method of directed variance proposed for
reengineering of territorially distributed objects in the
work [28]. Its essence lies in the previous definition of the
boundaries of the number of network terminals
Inin <1 <lqax, Which guaranteed corresponds to the

optimal solution of the problem. As the lower limit of the
number of terminals, we choose I,;, =1, that corresponds

to the hypothetical situation when
the only terminal is located on the territory of the
manufacturer. To determine the upper limit, it is necessary
to determine the minimum of maximum additional
costs (11):

AC i (8,1) — miln . (16)
S,

With this aim, it is necessary to solve the problem of
synthesis of optimal topology of the network (10) — (11)
without taking into account existing terminals. Search for
optimal task solution is offered to be carried out on a
segment 1<I <l , by changing the number of network

terminals by rule 1:=1+1.

Thus, to solve the problem by the proposed method,
it is necessary to find solutions of two auxiliary
tasks to find a minimum of maximum expenses and search
for a minimum additional cost of reengineering. Each of
the tasks has approximately the same computing
complexity as a classical problem of propyling the
topological structure. In view of this, the timing
of the proposed method has an order 20[t(n)] (where

t(n) is the timing of the method of solving the

classical problem of structural and topological
optimization).

The accuracy of the proposed method is determined
by the accuracy of methods for solving problems
determining the number of terminals and places of their
placement.

In order to implement a directional selection of
options for optimizing the placement of terminals, we use
a coordinatewise optimization method (COM) and an
evolutionary method built on the basis of a genetic
algorithm (EM-GA).

Coordinatewise optimization method (COM) [28,
29]. The essence of the method is to improve the initial
variant of the network by alternating optimization of
places of possible location of one terminal in fixed placed.
This procedure is cyclically repeated until the local
extrema of the target function is reached (11).

Algorithm

1. Incoming data settings: a set of places for possible
terminal locations; number of terminals |:=1; index of
the current terminal — j:=1; current iteration value -
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i:=0; the value of the full pass count for all network
elements u; an initial value for the best arrangement of

the terminals w°; best current criterion value
uy .
AC(W ) =o00.
2.To form an initial version of placement of
terminals w;', distribute consumers between terminals for

the minimum transportation costs

i,j=arg.min c.. Vi,j=1,n and calculate the value of
i<j<n I

the criterion AC(w!') (11).

3. Increase the value of the meter of iterations
i:=i+1; for aterminal j at w!' to change its location at
fixed terminal 1 -1 placement.

4, Calculate the value of the criterion AC(w}') (11).
If AC(w')<AC(wl), to save AC(w'):=ACW'),
w® == w; and go to step 5.

5. Increase the index of the current terminal
j=J+1.1f j<I,gotostep 3, otherwise go to step 6.

6. If u=0, to save W™ =w', u=u+1, j=1
and go to step 3, otherwise - to step 7.

7. 1f AC(w')<ACW'™!), to save w'™ =
u=u+1, j:=1 and go to step 3, otherwise - to step 8.

8. End of the algorithm operation: a decision was
made to place terminals w° with the minimum of the
considered cost values AC(w°).

u
Wi’

Evolutionary method based on genetic algorithm
(EM-GA). This method iteratively implements

Table 1. Results of experimental research of methods

the procedures of inheritance, mutation, selection,
crossingover [29-30]. Each chromosome of the genetic
algorithm displays a plurality of terminal w, locations on

the iteration i. The terminal index code is used as the
gene, and the function is used as the adaptability function
(112).

Algorithm

1. Incoming data settings: a set of possible locations
of terminals; chromosome population size; probability of
mutation p; number of iterations (populations) i:=0; the

quantities of iterations i"; the best current criterion value
AC(W; ) i=00.

2. Transition to next iteration i:=i+1. Population
formation.

3. Calculate the value of the adaptability function
(11) for all chromosomes of the population and choose the
best chromosome by the minimum value of the
adaptability function AC(w; ); w° == w; .

4.1F AC(W,_;) > AC(W, ), then w°® :=w; .

5.1f i>i",then go to step 9, otherwise go to step 6.

6. Chromosome selection.

7. Perform crossing operations and (with a given
probability) mutation.

8. Form a new population and go to step 3.

9. End of algorithm operation: the decision to locate
terminals with minimum cost considered w° with the
minimum of the considered cost values AC(w°).

The results of the experimental study of accuracy
and time of solving problems of optimization
of topological structures of logistics networks
with the number of elements n=15+40 are given in
table 1.

; ; n Relative error of the decision, 6C(n) , % Time to solve the problem, t(n) ,C
Dimension of the task,
COM EN-GA COM EN-GA
15 0.17 1.86 0.52 0.22
20 0.32 2.54 3.03 0.71
25 0.56 3.12 5.24 1.86
30 0.72 3.61 11.86 3.91
35 0.88 4.81 21.35 8.13
40 0.99 6.84 35.26 14.01
Average value 0.61 3.86 12.88 481
In order to predict the assessments of the proposed — EN-GA: S6C(n) =0.0066n> —0.1786n +3.2418 ;
methods in solving large-size tasks, approximation of data R® 09823

in table 1 is carried out.

Functions of errors for the proposed modifications of
the method of directional selection of options are
approximated by polynomials with reliability R”:

— COM: §C(n) =0.0339n+0.3268, R* =0.9892;

The functions of time complexity for the proposed
modifications of the method of directed variants are

approximated by polynomials with reliability R”:
— COM: t(n) = 0.0615n? —2.0388n +17.939,

R? =0.9969 ;
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— EN-GA:

R? =0.9966 .

Approximations obtained according to table 1 data 1,
allow to choose a more effective modification of the
method for solving practical problems of large dimension,
based on the necessary accuracy, available computing and
time resources.

The method based on coordinate optimization
procedure COM has substantially higher accuracy, but it is
more complex from a computing point of view. The
accuracy of the evolutionary method based on the genetic
EN-GA algorithm can be increased by increasing the
number of iterations.

S5C(n) =0.028n* —0.0083n +9.2995 ;

Conclusions

As a result of the study, the state of the problem of
optimization of global and local transportation routes in
macro and micro logistics in systems of ecological and
reversing logistics is analyzed. It is established that the
tasks of direct and reversing logistics are considered as
conditionally independent, which does not allow to
receive effective global solutions as a whole. In addition,

In the first stage using a methodology for the
synthesis of territorially distributed objects and the
adoption of multicriteria decisions, formalization of the
problem was performed. On this basis, a statement is
formulated and a mathematical model of the problem of
reengineering three-level topological structures of
logistics networks according to cost and efficiency
indicators for the case of combined production and
processing points. Due to the combinatorial nature of the
problem to reduce the time for its solution to the proposed
method of directed selection of options for building
the network. In the modifications of the method for
solving the problem of placement of terminals, it is
proposed to use procedures for the coordinate
optimization and modeling of evolution using a genetic
algorithm.

The method based on the procedure for
coordinatewise optimization has substantially higher
accuracy, but it is more complex from a computing point
of view. The accuracy of the evolutionary method based
on the genetic algorithm can be increased by increasing
the number of evolutions.

According to the results of research, the
approximation of indicators of their accuracy and time

because of the emergence of new consumers, the change
in delivery volumes, the introduction of environmental
restrictions there is a need to re-engine the logistics
networks, which provides for their radical redevelopment.
As a result of decomposition, problems are allocated tasks
that require the development of new mathematical models
and effective methods for solving their solutions.

complexity is performed, which in practice will allow a
more effective modification of the method to solve
practical problems of large dimension, based on the
necessary accuracy, available computing and time
resources.
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OIITUMIBALIA TOIMOJIOTTYHUX CTPYKTYP HEHTPAJII3OBAHUX
JIOTICTUYHUX MEPEX Y ITIPOLUECI PEIH) KUHIPUHI'Y

IIpeamMeToM JOCTIDKEHHST B CTaTTi € TOMOJIOTIYHI CTPYKTYPU MeEpex 3aMKHYTOi JOTricTHKH. MeTta poOOTH — CTBOPEHHS
MaTeMaTH4HOI MOJIeNi Ta METO/IiB BUPIIICHHS 3aBJaHb ONTHMI3aLli] TOMOJOTIYHUX CTPYKTYP LIEHTPATi30BaHUX JIOTICTHYHUX MEPEX y
npolueci IXHbOro PeiHKUHIPUHTY 3 ypaxXyBaHHAM MHOXXHHHU TOIOJIOTIYHHX 1 (pyHKIIOHAJIbHUX OOMEXKEHb. Y CTaTTi BUPILIYIOTbCS
HACTYIIHI 3aBJAHHS: aHAJi3 Cy4aCHOTO CTaHy MPOOJIEeMH CHCTEMHOI ONTHMi3alii JOTICTHYHHX MEpPEeX Ta METOIIB ii BUpIIICHHS;
(dopmamizamis MPoOIEMH CHUCTEMHOI ONTUMi3amii JIOTiICTHYHHX MEpPEeK SK TEPUTOPIANbHO PO3MOMUIEHHX 00’€KTiB; PO3poOKa
MaTeMaTHYHOT MOJEINi 3aJadi ONTUMi3amii HEeHTPaTi30BaHUX TPHPIBHEBUX TOIOJOTIYHUX CTPYKTYp JOTICTHYHHX MEpEeX Ha eTari
PEIHKHHIPHHTY; pO3po0Ka METOAY PO3B’SI3aHHS 33/1a4i PEiHKWHIPUHTY TOIOJOTIYHHX CTPYKTYp MEHTPATi30BaHUX TPUPIBHEBHX
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JIOTICTUYHUX MEPEX; OLIHKa YacoBOi CKIAAHOCTI METOAY ONTUMi3alii LEHTPaTi30BaHUX TPHUPIBHEBUX TOIOJIOTIYHUX CTPYKTYpP
JIOTICTUYHUX MepeX. BHKOpHUCTOBYIOTBCS Taki MeTOAM: METOIM Teopil cHUCTeM, METOAM Teopii KOPHCHOCTI, omTuMmizamii Ta
JOCHipKeHHs omepaiiif. OTpuMaHi Taki pe3yJbTaTH: BUKOHAHO aHANi3 Cy4YacHOTO CTaHy HpOOJIeMH CHCTEMHOI OmTuMi3amii
JIOTICTHYHUX MEPEXX Ta METOJIB i BUPIIICHHS; BUKOHAHO (hopMai3allifo NpoOIeMHy CHCTEMHOI ONTHMI3alii JIOTICTHIHUX MEpex SK
TEPUTOPIaTbHO PO3IONUICHUX 00’€KTiB; pO3pOOJIEHO MaTeMaTHYHy MOJENb 3aladi PeiHKHHIPUHTY TPHPIBHEBHX TOMOJIOTIYHHX
CTPYKTYp JIOTICTUYHHX MEpeX 3a IIOKa3HMKaMH BHTpAT Ta OIEPAaTHUBHOCTI UIS BHIAAKYy OO0 ’€JHAHMX IyHKTIB BHPOOHHITBA i
nepepoOKy; po3po0IICHO METOOM  CHPSIMOBAHOTO Iepebopy BapiaHTIB MOOYMOBH JIOTiCTHYHOI MepeXi, sSKi BHKOPHCTOBYIOTBH
MPOLEAYPH MOKOOPAMHATHOI ONTHMIi3allii Ta MOJCIIOBAHHS E€BOJIONIl Ha OCHOBI TE€HETHYHOIO AITOPUTMY; OTPUMAHO OLIHKH
TOYHOCTI Ta 9acOBOI CKJIQTHOCTI METOJIB ONTUMi3allii HEHTPali30BaHUX TPUPIBHEBUX TOMOJOTIYHUX CTPYKTYP JOTICTHYHHX MEPEX.
BuchHoBku: 3a pesynbTaTaMH JOCIHIIKEHHS 3alPOIIOHOBAHMX METOIIB PO3B’SA3aHHS 3aJadi BUKOHAHO AaMpPOKCHMALII0 MOKA3HHUKIB
iXHBOI TOYHOCTI Ta 4YacoBoi ckiamgHocTi. Ha mpakTumi 1e m03BOJIMTH oOupaTé Oinbln eQEeKTHBHHH METON Uil PO3B’SI3aHHSI
MIPAaKTHYHUX 33714 BEIUKOi pO3MIPHOCTI, BUXOASYH 3 HEOOXITHOI TOYHOCTI, HASIBHUX OOUMCIIOBAIBHMX 1 9aCOBUX pecypciB. Meton
Ha OCHOBI MPOIICTYPH TTOKOOPIMHATHOI ONTUMI3allii Mae CyTTEBO BHIIY TOYHICTh, MMPOTE BiH € OLTBII CKIAJTHUM 3 OOYHCITIOBATEHOL
TOYKH 30py. TOYHICTH €BOJIIOMIHHOTO METOAYy Ha OCHOBI I'€HETHYHOTO AITOPHUTMY MOXKE OYTH IiJBHINEHA IUIIXOM 301IbIICHHS
KijbKocTi itepaniii. [IpakTndHe BHKOPUCTAHHS 3allpOIIOHOBAHMX MAaTEMaTHYHOI MOJENi 1 METOMIB PEiHKHHIPUHTY TOIIOJIOTIYHUX
CTPYKTYP LIEHTPaTi30BaHUX MEPEX 3aMKHYTO1 JOTICTHKH 33 PaXyHOK CIIJIBHOTO PO3B’SA3aHHA 33a7a4 U1 NPSAMUX 1 3BOPOTHUX MOTOKIB
JIO3BOJIUTH CKOPOYYBATH BUTPATH HA peaji3alilo TPAaHCIIOPTHOI MisSUTBHOCTI KOMIIAHIH.
KniouoBi ci1oBa: 3aMKHEeHa JIOTiCTHKA; JOTICTHYHA MEPEKa; ONTUMI3allis; peIHKUHIPUHT; CTPYKTYpa; TOIOJOTIS.

ONTUMM3ALUS TOHOJOI'HYECKUX CTPYKTYP HEHTPAJIM3OBAHHBIX
JJOTUHCTHYECKUX CETEU B ITPOHECCE PEMHXXUHUPUHI' A

IIpeaMeTOM HCCIIENOBAHUS B CTAaThE SBISACTCS TOMOJIOTHYECKHE CTPYKTYPHI ceTeil 3aMKHyTOH Jloructiky. Ileas paboTel — co3nanue
MaTeMaTHYeCKOH MOJEIN U METOJOB PELICHHs 3a7a4 ONTHMH3AINU TOIOJIOTHYECKUX CTPYKTYP LEHTPAIN30BAaHHBIX JIOTUCTHYECKUX
ceTeil B Ipomecce MX PEHMH)KMHUPUHIA C yYEeTOM MHOXKECTBAa TOIOJIOTHYECKHX M (DYHKIMOHAIBHBIX OrpaHHYeHUHd. B craTbe
penraTcs CIeayrone 3aauM: aHaJU3 COBPEMEHHOTO COCTOSHHUS MPOOJIEMBI CHCTEMHON ONTHMH3ALMH JIOTHCTUYECKUX CeTeH M
METOJIOB €e¢ pelIeHus; (opMamu3anus INPoOJIeMbl CHCTEMHOH ONTHMH3AIMM JIOTHCTHYECKHX CeTed Kak TeppUTOPHAIBHO
pacnpesieNieHHbIX O00BEKTOB; pa3pabOTKa MaTEMaTHYECKOH MOJENIM 33/aud ONTHMH3ALUMH IIEHTPAJM30BaHHBIX TPEXYPOBHEBBIX
TONOJIOTUYECKHUX CTPYKTYp JIOTUCTHYECKUX CeTeil Ha 3Tane peHHKMHUPHUHTA; pa3paboTKa METO/a PEIICHHs 3a/ladi PEHH)KUHHPHUHTA
TONOJIOTUYECKUX CTPYKTYP LEHTPAIU30BAHHBIX TPEXYPOBHEBBIX TOIOJIOTUYECKHX CTPYKTYp JIOTHCTHYECKHX CETCH; OLCHKa
BPEMEHHOH CJIO)KHOCTH METOZA ONTHMH3AlMHM LEHTPAIH30BAHHBIX TPEXYPOBHEBBIX TOMOJOTHYECKUX CTPYKTYpP JIOTHCTHYECKHX
cereil. Vconp3yloTes cieyomue MeTOABI: METOIbI TEOPHUH CUCTEM, METOJIBI TEOPUH MOJIE3HOCTH, ONTUMHU3ANNH M UCCIIETOBAHUS
onepanuii. [ToydeHs! cienyromue pe3yabTaThl: BHIIOJHEH aHAIN3 COBPEMEHHOTO COCTOSIHUS TPOOIIEMbI CHCTEMHON ONTHMHU3AUH
JIOTHCTUYECKUX CeTed M METOJOB €¢ PEIICHHs; BHINONHEeHa (opMmann3anus mpoOiieMbl CHCTEMHOW ONTHMM3AIMU JIOTUCTHYECKHX
ceTeil Kak TEepPUTOPHAIBbHO pAacIpeleleHHbIX O00BeKTOB; pa3paboTaHa MaTeMaTHdecKas MOJAENb 3aJadyd PEeUHKMHHPHHIA
TPEXYPOBHEBBIX TOMOJOTHYECKUX CTPYKTYp JIOTHCTHYECKHX CeTed IO TMOKa3aTelsM 3aTpaT M ONEepaTHBHOCTH JUIS  Clydas
00BeJMHEHHBIX ITYHKTOB MPOM3BOJCTBA M HepepaboTKU; pa3paboTaHbl METO/B! HAIPABICHHOTO Nepebopa BapHAaHTOB MOCTPOCHUS
JIOTHCTHYECKON CETH, KOTOPBIE MCIOJIB3YIOT MPOLEAYPhl HOKOOPAMHATHOW ONTUMHU3ALMU M MOJICIMPOBAHHUS SBOJIIOLMU HA OCHOBE
TEHETHYECKOTO0 aJIrOPUTMA; IOJYYESHBI OLEHKM TOYHOCTH M BPEMEHHOH CIOKHOCTH METOJOB ONTHMH3AIMH LEHTPAIH30BAHHBIX
TPEXYPOBHEBBIX TOIMOJOTHYECKHX CTPYKTYp JIOTHCTHYECKHX ceTeid. BbIBoabl: ITo pe3ynbraTtaM HCCIIENOBaHHS HPEIOKEHHBIX
METOJIOB pELIeHNs 33/1aud BBIIOJHEHB! alMpOKCHMAIUs TOKa3aTeleil HX TOYHOCTH M BPEMEHHOW ciokHocTh. Ha mpakThke 31O
TIO3BOJIUT BEIOMpATh Gostee 3h(HEKTUBHBIH METOJ| AJIsl PEIICHUs IPAKTHYECKUX 3a1ad OONBIIONH Pa3MepHOCTH, CXOJs U3 TpeOyemMoii
TOYHOCTH, MMEIOIINXCS BBIYHCIUTENBHBIX M BPEMEHHBIX pecypcoB. MeTo Ha OCHOBE MPOLEAypbl HOKOOPANHATHOTO ONTHMHU3ALNH
HMEeT CYLIECTBEHHO 00Jiee BBICOKYIO TOYHOCTb, O/THAKO OH SIBJISIETCS 00JIee CIIOKHBIM C BBIYMCINTEIBHON TOUKU 3peHHs. TouHOCTh
9BOJIFOL[MOHHOTO METO/Ia Ha OCHOBE I'€HETHYECKOTO AITOPUTMa MOXKET OBbITh MOBBIIICHA MYTEM YBEJIHYCHHUS KOJHYECTBA HUTEPAIIMil.
ITpakTH4ecKoe HCIONB30BaHUE MPEIOKEHHBIX MaTeMaTHYECKOH MOJEIN M METOJOB PEHH)KHMHUPUHIA TOTOJOTHYECKHUX CTPYKTYD
LIEHTPAIM30BaHHBIX CETEH 3aMKHYTOMH JIOTHCTHKH 3a CYET COBMECTHOTO PEIICHHS 3a/1a4 VISl MPSIMBIX U 0OPaTHBIX MOTOKOB ITO3BOJIUT
COKpAIIaTh PacXOIbl Ha PEaM3aLHI0 TPAHCIIOPTHON JEeATEIbHOCTH KOMITaHUH.
KunroueBsbie ci10Ba: 3aMKHYTast JIOTUCTHKA; JIOTHCTUYECKAs CETh; ONTUMU3AIINS; PEHHXMHUPHHT; CTPYKTYpPa; TOMOJIOTHSI.
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JI. C.T'YP’SIHOBA, O. B. ITAHACEHKO, C. M. BO3HIOK

CUCTEMHMMI AHAJII3 I MOJEJIIOBAHHS PUHKY OCBITHIX ITOCJIYT

IIpeamerom moCTiIKEHHS € KOMIUIEKC MOJEIEH CHCTEMHOTO aHaJli3y pHHKY OCBITHIX Hociyr. MeTa poOoTH — po3poOka KOMILIEKCY
MOJIeNICH CHCTEMHOTO aHaji3y PUHKY OCBITHIX MOCIYT YKpaiHH, IIO IO3BOJIIOTH OIIHUTH CTaH PETiOHAIBHHX CEIMEHTIB PHHKY;
BUAUIMTU CETMEHTH, HAWOUIBII YyTIMBI 1O CKOPOUEHHS MEPEXi OCBITHIX 3aKJIafiB; OI[IHUTH KOHKYpPEHTOCIPOMOXKHICTh OCBITHIX
TIOCIIYT Ha 30BHINIHBOMY PHHKY; BHU3HAYNTH HaHOLTBII IMPHBAOINBI CETMEHTH 30BHIIIHBOTIO PHHKY. B CTaTTi BUPINIyIOTHCS HACTYIHI
3aBHaHHS: PO3pOOHTH Mojelni Kiacudikamii perioHiB 3a piBHEM PO3BUTKY CHCTEMH OCBITH; MOJeNi KOMIUICKCHOI OI[IHKH PIiBHS
PO3BUTKY CHCTEMH OCBITH, IIIO JO3BOJIIIOTH OLIHUTH MO3UMIII YKpaiHK B MOPIBHSHHI 3 €BPONEHCHKUMH KpaiHaMH, PO3poOHTH MOJei
kiacuikamii 30BHIIIHIX CErMEHTIB PUHKY 3a piBHEM HPHBAOIMBOCTI [UI NMpocyBaHHsA OCBiTHIX mociayr BH3 Ykpainn B koHTeKCTI
€KCIIOPTHO OPiIEHTOBAHOI MOJIEJi PO3BUTKY. BUKOPHCTOBYIOTBCS Taki METOAM: CUCTEMHHI aHaJi3 - AL ONHCY 00'€KTa AOCIIKEHHS,
KOHIIENTYaJbHOTO MiAXOLy Ta KOMIUIEKCY pO3B'SI3yBaHUX 3aBAaHb, KIACTEepHHUH aHai3 - Uil MOOYyZOBH Mojeneil kimacugikarii;
METOAM TaKCOHOMIi, METOJ OLIHIOBaHHS PiBHS PO3BUTKY - IJIs MOOYJOBU PEHTHHIOBOI OLIHKU MO3MLII YKpaiHA Ha PUHKY OCBITHIX
nociayr. OTpUMaHO HACTyNHI pe3yJbTaTH: PO3POOJICHO YTPYHOBaHHS PErioHIB YKpaiHM 3a piBHEM PO3BHUTKY CHCTEMH OCBITH,
BuAieHi "omopHi" it (GOopMyBaHHS MEpPEXi OCBITHIX 3aKNIaiB PETiOHM; 3alpONOHOBAaHA CUCTEMa PEUTHHIOBOI OIIHKH KpaiH Ha
PHMHKY OCBITHIX ITOCITYT; BUJiICHI HallOUIbII MpHUBaGINBI IS TPOCYBaHHS OCBITHIX mociayr BH3 Ykpaluu 30BHIIIHI CErMEHTH PUHKY.
BucHoBKkH: peanizariis Mozenei 103BoJMIA 3pOOUTH BHCHOBOK, IO CKiIaX "OMOpHUX" Ui (opMyBaHHS Mepexi OCBITHIX 3aKiafiB
perioHiB BKiIIOYae Taki periond, sk M. KuiB, XapkiBcbky, Onecbky, 3anopizeky, JIbBiBcbKy, [JHinponerpoBcbKy obnacti. OcCBiTHI
nociyru BH3 1iux perioHiB KOpHUCTYIOThCS HaHBHUIINM HOIKUTOM, IPOTE I1i K PETiOHH € HAWOLIBII Ypa3IuBUMU 10 (a3 craay pHHKY.
Amnariz "3amingyro4oro” e(exTy J03BOJMB 3pOOHUTH BHCHOBOK, IO YKpaiHa XapaKTEepPH3YEThCS BHCOKOIO PEUTHHIOBOIO OIIIHKOIO
PiBHS PO3BUTKY CHCTEMH OCBITH B IIOPIBHSHHI 3 €BPONCHCHKUME KpaiHaMH. B KOHTEKCTI eKCIIOPTHO OPi€EHTOBAHOI MOZETI PO3BHTKY
BULICHI TpUBaOIMBi A1 YKpaiHHU 30BHIIIHI CETMEHTH PHHKY.

KurouoBi cioBa: ocBiTa; OCBITHI MOCIYT'H; PUHOK OCBITHIX MOCIYT; CHCTEMHHUH aHali3; MOIETIOBAHHS; KIACTCPHHUN aHAi3;
TAKCOHOMIYHHUH OKa3HUK

Beryn nepiog oxkymHocti — Oimbme 14 pokiB. B ymoBax
HECTaO1IbHOIO 30BHINIHBOIO SKOHOMIUHOIO CEpEIOBHINA
CyyacHuil PUHOK OCBITHIX MHOCIYr 3HaXOIUThCs B  BCE Olnplia  KiNBbKICTH — TOTEHUIMHUX  CTYJCHTIB

cranii aktuBHOI TpaHchopmalii, IO MOB'I3aHO 5K 3
00'eKTHBHO C(HOPMOBAHUMH TCHICHIIISIMH 3MIiHH CICKTpa
BAMOT JO 3MICTy 1 TEXHOJOTiH OCBOEHHS OCBITHIX
porpam, Tak 1 3MIHOIO JepKaBHHUX KOHIICMIIi Moseneit
PO3BHUTKY CHCTEMH OCBITH 1, 30KpeMa, CHCTEMH BHIIOI
OCBITH.

B sxocti 00'ekTHBHO c(hOpMOBaHOI TOBrOCTPOKOBOL
TEHJEHIIT PO3BUTKY PHUHKY OCBITHIX MOCIYr MOXHA
BUJIUIUTH 3POCTaHHS TONHMTY Ha JUCTaHLIHHY OCBITY,
uudposi dpopmu oceitu. Lo TeHgeHuilo 00yMOBIIOE
LUK s TPUYKH, OCHOBHUMHU 3 SIKHX € HACTYIIHI:

- JMCTaHI[iiiHa ~ OCBiTa  JO3BOJSIE  IPOBECTH
e(eKTUBHY  aJanTaililo  [porpamu  HiJg  motpedu
KOHKPETHUX  JIoAeH,  TepcoHi(iKalito  OCBITHBOT

Iporpamu; He Mae 0OMEKEeHb B IIBUJIKOCTI MPOXOKEHHS
1 MOZyJIbHOMY HAIlOBHEHHI IIPOTPaMH; J03BOJISIE BUBUATH
OKpeMi aKTyallbHI MOXyJi MPOrpaMH; A€ MOXIJIUBICTh
pealizyBaTH iHAWBITyalbHY TPAEKTOPiIO HABUAHHS,

- TUCTaHIlI/{HA OCBiTa MPHUOIHU3HO B 4 pa3u JCIICBIIC
3a BapTICTIO B MOPIBHSAHHI 3 OYHUMH (HOPMAMU HABYAHHS.
Tax, B 'apBapAceKili OH-JIAHH MIKOMTI, B SIKiif HABYAIOTHCS
6mu3pko 2 000 acmipanTiB i 13 000 cTyzmeHTiB, BapTiCTh
HaBYaHHS 3a 4 pPOKW HABYAHHS OOXOJMUTHCS JEIIEBINe, HiXK
3a 1 pik OH-MalH HaBYaHHA Take 37CHIeBICHHS BapTOCTI
OCBITHIX TIPOTpaM € CepHO3HUM apryMEHTOM Ha KOPHCTh
BUOOpY 1H(PPOBHUX YHIBEPCUTETIB 11 HaBYaHHS,
OCKIJIbKM 3a00proBaHiCTh IO CTYAEHTCHKHX KpeIuTax B
CIOA nepeBumye 1,45 tpH. pmon. i Omm3pko 20%
MMO3MYAIEHUKIB HE B 3M03i moracutu kpeautd [1]. Cuig
3a3HAYNTH, IO HOPMa PEHTA0ENBHOCTI IHBECTHIIH B
ocBiTy o kpainax OECP (#a many rpymy Kpaid npumnagae
noHan 60% ceitoBoro BBII) cranoButh 6mu3bko 7%, a

3aMHCITIOIOTECS NP0 JOILUIBHICTG OTPUMAaHHSA BHIIO]
OCBITH 1 B3TTSl KPEANTY HA OIUIATy HABYAHHS.

Takum 4mHOM, H(POBI YHIBEPCUTETH CTAHOBIATH
Bce OUTBII CepiO3HYy KOHKYPCHIIIO M KIACHIHHUX
yHiBepcuteTiB. Hanpukian, 3a mporao3amMu B HAHOMK4i
10-20 pokiB OymyTh 3akputri moHany 50% KIaCHYHUX
VHIBEpPCUTETIB.  3HW)KEHHsT MONHTY Ha OCBITY BXKe
npussesio 1o 10% ckopoueHHs yHiBepcureTiB B IHmii [1-
2]. YV uux yMoBax HalllOHANbHI PEryJIATOPH CHCTEM
OCBITM MMOYMHAIOTH TNPHUAUIITH BCE OLIBIIY yBary
mudpoBuM yHiBepcureram. Ha naHnmii MOMEHT MOKHa
BUIUTUTH HACTYITHI 0a30Bi MOJEINi iX PO3BHTKY: PO3BHTOK
MacoBHX  OH-TaH  1maTdopMm, sAKi  (HOPMYIOTh
iHppacTpyKTypy, 30Kpema, TSt KIIACUYHHUX
VHIBEpCHUTETIB; KOPHOPATUBHI HU(POBI YHIBEPCUTETH, SKi
aKTUBHO pO3BHBAIOTECI B  pamkax [T-koMmaHiid.
Heo0OxiHO cka3aTH, 110 BeJIMKA yBara B Cy4aCHUX yMOBax
NPUAUIAETBCS  cTparerii  iHTerpamii  KJacMuHUX 1
IUPOBUX yHIBEPCHUTETIB, sIKa mependadae BUOIp OJHOTO
3 3-x 6a30BUX BapiaHTIB CTpaTerii: cTpaTeris 1 - MoKyIka
abo 3yMTTA (MOTIMHAHHS), CTpaTeris 2 - PO3BUTOK
BIAacHOI MIaThopMmuy; cTpaterii 3 - TapTHEpCHKa
CTparerisi, CIpsiMOBaHa Ha CTBOPEHHS EKO-CHCTEMH Ha
6a3i 0OMiHy 1H(bPOBUMH cepBicamu i KOHTEHTOM [2-3].

®opma 1M(POBOTO YHIBEPCUTETY PO3TISIAETHCS B
SIKOCTI MO>KJIMBOTO BEKTOpa IHCTUTYIIIHUX IIEPETBOPEHb i
B Crpaterii po3BUTKy BHIIOI OCBiTH B YKpaini Ha 2021-
2031 pp. [4], mopsx 3 IOCTHITHUMH YHiBEpCHUTETaMH,
KJIACUYHUMU YHIBEpCUTETaMH, KOPHOPaTUBHUMU
yHiBepcuteramu i "kimybamu Bumoi ocBiTu". Ha mammit
MOMEHT II€peBa)KHa KUIBKICTh YHIBEpPCHUTETIB YKpaiHU
JOTPUMYIOThCS KOMOIHOBaHOi cTpaterii iHTerparmii, o

© JI. C. I'yp’sinoBa, O. B. ITanacenko, C. M. Bo3uiok, 2021
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BKJIFOYA€  €JIIEMEHTH  CTpaTerii  pO3BUTKY  BJIACHOT
wrathopMu 1 iHTerpamii 3 KOPIOPaTUBHUME ITH(YPOBUMHU
YHIBEepCUTETaMH.

IIle omuuM  4WITKO  BUPQXEHHIM  TPEHIOM
TpaHcopMallii PUHKY OCBITHIX TOCHYyTr YKpaiHH €
Moudikamist IHCTUTYLIHHOTO cepeNoBHIla, iHiliHoBaHA

HalliOHAIBHUM  PETYJIATOPOM. HeoOxinHicTs  Takoi
TpaHcdopmarii BUKJIMKaHa HEeraTHBHUMU
Beenenun Geasiay
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Puc. 1. [lunamika mirpamiitaoro notoky, 2010-2019 pp.
Jxepeno: [6]

JlenonyJisiisi HaceJeHHsI He MO)KE He BIUIMBATH Ha
PUHOK OCBITHIX mociyr. Sk 3a3HaueHo B Crparerii
PO3BUTKY BHIIOI OCBiTH B YKpaini Ha 2021-2031 pp. [4],
IITBHICTE MEpeXi YHIBEpCUTETIB B YKpaiHi € OIHIEI0 3
HaAMOLIPII BUCOKMX - Ha | MJIH. HaceJeHHs mpunanae 6,7
YHIBEPCHUTETIB 1 8 KOJEKIB, TEXHIKYMIB, YIWIHI. bijbm
BHCOKa IIUTBHICTH CITOCTEpiraeThes TUThKU B [loipmi - 9,2
yHiBepcUTeTy. Y KpaiHaX 3 BHCOKHM DPIiBHEM DPO3BHTKY,
Hanpukian, Himeuunni i BenukoOpuraHii, nei inaukaTop
3HA4YHO HIk4e 1 craHoBuTh 4,3 1 3,7 yHiBepcurery
BianoBinHo. Ilpu npomy ¢iHaHcOBa MOJENb PO3BUTKY
cucremu Buoi ocBith B [lombiii Ta BenukoOpuraHii,
OpiEHTOBaHa Ha NMOTOKU IHO3EMHHUX CTYJEHTIB, B SIKOCTI
6a30BOTO €JIEMEHTY pO3IJIiJae NPHBATHI YHIBEPCUTETH,
IIUTOMa Bara sIKMX B 3arajbHil CTPYKTypi CTaHOBHUTH
61,9% 1 78,2% BignoBigHO. B sKOCTI ampTepHATHBHOL
cTparerii MO>KHa HAaBECTH IIPHKJIa] MoJeli (hiHaHCOBOTO
PO3BUTKY CHCTEMH BHIIOI OcBiTM B HiMmeuuwHi: nmuToma
Bara IMPUBaTHUX YHIBEPCUTETIB CTAHOBUTH juiie 33,7%.

[HIIMMU  cllOBaMH,  PO3MVISIAIOYU  IHAWKATOPHU
PO3BHHEHUX PHUHKIB B SKOCTI MOMJIMBHX 1HAWKATHBHHUX
3HAa4eHb, CJiJl CKa3aTH, IO KiJIbKICTh YHIBEpPCHUTETIB B
VYkpaiHi B paMKax MpUHAHATOI IHCTHTYHiHHOI pedopmu
Moke OyTH HalOIMKYUM YacoM CKOpoueHa B 2 pasm.
Hacninky iHcTUTYHiHEX pedopM BIUIMHYTH Ha CUTYalilo
Ha pHHKax mpari, piBeHb 0e3poOiTTs, SKICTh TPYIOBOTO
MOTEHLiaJly B CUCTEMi BHIIOI OCBITH B CHIIy MOOUIBHOCTI
HaceleHHs, CeJeKLil Ta MirpamiiHoi  aKTUBHOCTI

wan, 2014

neMorpadiYHUMHA TIPOIeCaMH, 3POCTaHHSIM COIIaIbHOTO
HaBaHTaXCHHA Ha OIO/DKETHY CHCTeMy  YKpaiHH.
3okpeMa, K 3a3Hayae MIHICTp COIIiAbHOI TOJIITHKH
Mapuna Jlaze6Ha [5], YkpaiHa BXoAauTh B TOm-15 KpaiH
CBITYy 3 HaAHOUIBII BHCOKMMH TEMITAMH CKOPOYCHHS
HaceneHHs 3a JauuMu OOH. Tinpku MirpamidHui BigTik
HaceseHHs 3a ocTtaHHiI 10 pOKiB OLIHIOEThCS Ha piBHI 4
MJTH. 40JIOBIK - 10% Hacenenus (puc. 1).

= Buian = B'lan == Hakonuueuusn
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HaWOUIbII KBaTi(hiKOBAaHUX KaJpiB, PiBEHb JOCTYITHOCTI
BHUIIOT OCBITH, 110 OyAe CYIPOBOMKYBATHCS IMOJAIBLINMH
BTpaTaMH B €KOHOMIYHOMY 3pOCTaHHI, i "CTHCHEHHsM"
€KOHOMIYHOTO 1 COLIANBHOTO ceKTopa. B cmiy 1poro
aKTyaJIbHOK JOCHIAHULBKOI 3aa4el0 € CHCTEMHUMH
aHami3 1 MOJCNIOBaHHA pPHHKY OCBITHIX IIOCIYT B
KOHTEKCTI OIIHKH HACTIIKIB IHCTHTYIIHHUX pedopm i
BUSIBJICHHSI TMOTEHI[aly ajanTaiii CHCTEeMU OCBITH JUIs
3a0e3MeueHHsI CTaJIor0 PO3BUTKY.

AHani3 ocTaHHIX JocaizxeHb i mydaikaniii

PesynpraTi NOCHIZPKEHHS! PUHKY OCBITHIX IOCIYT
PO3IISIHYTI B 0araTh0X HAayKOBHX BHAAaHHAX. PoGota [7]
MPUCBAYCHA CETMEHTAllll PHHKY OCBITHIX TOCIyT B
Ykpaini, a TakoX aHaiizy (axTopiB, IO BH3HAYAIOTH
€MHICTb CErMEHTIB PHMHKY. JlOCHi/KeHHs, NMpOBEJCHI B
[8], Hamimeni Ha TOPIBHAJIBHHN aHANi3 MoJeIeH
(biHAHCOBOTO PO3BHUTKY CHCTEMH OCBITH, IiJHIMAIOTh
NUTaHHA Heno(iHaHCYBaHHS CHUCTEMH OCBiTH. B poborti
[9] posrasinaroTecst 0COOIMBOCTI MApKETHHIOBOI cTpaTerii
Ha pUHKY oOcBiTHiIX mocmyr. Crarrs [10] mpucssdeHa
aHa i3y MOJKJIMBOCTEH 3aCTOCYBaHHS KOTHITHBHOTO
MOJICNTIOBAHHS JUIL OWIHKM (haKTOPiB, IO BIUIMBAIOTH Ha
MOTIUT HAa PHHKY OCBITHIX mocimyr. B 1imomy HeoOximHO
CKa3aTH, IO CYYacHi JOCHIKCHHS BEJIMKOi KiJIbKOCTI
YKpaiHCBKHX  aBTOPiB ~ MArOTh  9ITKO  BHPaXCHHUH
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MapKeTUHTOBUH aKIeHT, 10 BimoOpakae TOCTIHHO
3pOCTar0dy KOHKYPEHIIiI0 3a abiTypieHTa MiXK OCBITHIMH
3aKJIaJjaMd B YMOBaX KPHU30BHX AeMOrpadidHUX TPEHIIB,
MI00aTbHOT KOHKYPEHIIi 1 ibepalbHOT MOENi PO3BUTKY
ekoHOMikH. HesBakaroun Ha Te, IO YHIBEPCHTETH Je-
IOpO € HEMPHUOYTKOBHMH OpraHi3alliiM{, OCHOBHI IIiJi
SIKUX CKOHIICHTPOBAaHI B  COIafbHIA  IUIOMIMHI 1
CIpsIMOBaHI Ha 3a0e3MeucHHS BUCOKOI SKOCTI OCBITHIX
MOCIYT, JIOCTYHHOCTI OCBITH, JAe-(pakTo, HpodiieMH 3
HeMO(pIHAHCYBaHHSM,  BHCOKHM  pIBHEM  TiHBOBOI
€KOHOMIKM Ta HH3BKOIO HAIIOBHIOBAHICTIO OIOKETY,

3HIKCHHS piBHA JOXOIIB HaCEJICHHS i
IJIATOCIIPOMOKHOTO TIOTIMTY, MPHU3BOMATH IO BCE OIbII
CHUIILHOTO  JIOMIHYBaHHS MPHUHIUINB KOHKYPEHTHOTO
YIpaBIiHHS.

IMocmiieHHsT KOHKYpEHIii B yYMOBax TJ00aIbHOTO
PHHKY HEpO3pHBHO IIOB's3aHE 3 IMUTAHHAMH ajanTamil
CHUCTEM OCBITH Ta IiJBHUILIEHHS SIKOCTI OCBITHIX MOCIHYT.
Tak, nuTaHHs aganTtanil Ha[iOHAJILHUX CHCTEM OCBITH B
yMOBax  MIOOANbHOTO  PUHKY 1 JikuTamizauii
po3risimaroThest B poboti [11]. Buaineno HaiiOuibin
MEepCIeKTHBHI ~ IMGPOBI  IHCTPYMEHTH  YHpaBIiHHA
IPOLIECOM  OCBIiTH, IO  JO3BOJSIOTH  IiABUINUTH
KOHKYPEHTOCIIPOMOJKHICTh OCBITHIX 3akiamiB. CtaTts
[12] npucesueHa po3poOIi  KOMIUIEKCY  MoOjemci
MAHENbHUX JaHUX, IO J03BOJSIOTH IPOBECTH OLIHKY
Bilmadi BUTpAaT Ha OCBITY. MopemoBaHHS Pi3HUX
aCIIeKTIB TO€AHAHHS HAaBYaHHSA 3 POOOTOI0 Ha OCHOBI
TEXHIKM aHalizy IaHeNbHUX JaHUX IIPHCBSYEHA
nyOmikamis [13]. B 1mimomy 3po0ieHO BHUCHOBOK MpPO
HEraTUBHUW BIUIMB KIJBKOCTI pOOOYMX TOAMH Ha
pe3yJbTaTH HaBYaHHS, OCOOJIMBO B cdepi BUILOI OCBITH.
MopentoBaHHsS BIUIMBY DIiBHSI JIOCTYIIHOCTI OCBITH Ha
IHTCHCUBHICTb BUKOPUCTAHHS IHTEPHETY 1 PO3BUTOK
IUPPOBOi €KOHOMIKH 32 JOIOMOTOK) METOJIB TPOOiT-,
JOTIT- aHajily mnpoBoauThcs B [14]. [IpoBeneHi
OCTIDKCHHST TIOKa3aly, II0 HEPiBHOMIPHICTh PO3BHTKY
CHUCTEM OCBITH TSITHE 3a COOOK UITKO BHPAXKCHY
MOJSIPU3aIil0 B IMHU(QPOBOMY i €KOHOMIYHOMY PO3BHTKY.
Kirouori hakropwu, 1110 BU3HAYAIOTH [TOBEIHKOBI aCEeKTH
Ha PUHKY OCBITH B KpaiHax 3 BUCOKUM 1 HU3BKHM pPiBHEM
PO3BHUTKY, aHami3yioThcss B [15].  3mificHeHo awnami3
mudepentianii GpakTopis, M0 00YMOBIIOIOTh MPUAHSITTS
pillIeHHsI PO OTPUMAaHHS BHIIOI OCBITHM Ha PUHKax 3
BHUCOKMM 1 HU3BKHUM pIBHEM pO3BHTKY. B pobGoti [16]
MOCTIDKYIOTBCS TIAXOOM JO MOJENIOBAHHS OILIHKA
CTyHEHS 3a7I0BOJICHOCTI CTY/ICHTIB KOHTEHTOM
HaBYaJIbHOT CHCTEMH, WIO JO3BOJSIOTH 3JiHCHIOBATH
e(eKTUBHY aJMIHICTpAlil0 KypcCy. TakuMm 4UHOM,
OCHOBHMM (DOKYyCOM JOCII/UKEHHS B JaHMH dYac €
po3pobka e(EeKTUBHUX CHCTEM MOHITOPHHTY CTYTEHS
3aJI0BOJICHOCTI MPOLIECOM HABYaHHS 1 ONTUMAaJBHOTO
BHOOpPY 1M(POBHUX IHCTPYMEHTIB, IO JIO3BOJSIOTH
MiBUIINTH SKICTh, €EKTUBHICTh OCBITHBOT'O TIPOIIECY Ta
KOHKYPEHTOCTIPOMOJKHICTh OCBITHBOI MOCITyrH. Bemmka

KUTBKICTP  pOOIT BYEHHMX KpaiH 3 pHHKAMH, IO
PO3BHBAIOTHCS, CUCTEMH OCBITH SIKMX 3a3HAIOTH CyTTEBOI
TpaHcopmarnii, 3adinaroTh pi3HI ACMEKTH IOUIYKY
ONTHMAIBHOI ~ MOJENI  PO3BUTKY 3  ypaxyBaHHIM

JeMorpadiyHuX, €KOHOMIYHUX 1 1H. YNHHUKIB. 30Kpema,
MaKCHUMallbHa KiJIBKICTh TOAMH pPOOOTH CTYIEHTIB, sKa

peTIaMeHTYEThCA 3aKOHOIaBUNMHU 0OMEKEHHIMH,
XapaKTepU3y€EThCS 1CTOTHOIO IudepeHmiamiero il Kpain
PI3HHUX TPYII.

BimzHauatoun 0Oe3yMOBHY €(QEKTHBHICTH ITiIXOIB,
MPECTaBICHNX B CyYaCHHMX HAyKOBHX pOOOTax, CIif
3a3HAYMUTH, 10 HEAOCTATHHO TOBHO PO3TJISHYTI MUTAHHS
CHCTEMHOIO aHaJli3y 1 MOJENIOBaHHS PHUHKY OCBITHIX
MOCJIYT B KOHTEKCTI OL[HKM HACHiAKIB pedopM cucrtemMu
OCBITH, CIPSIMOBaHUX Ha ONTHMI3aIlil0 MEPEXi OCBITHIX
3aKJ1a/iB, 1 OIIHKY MTOTEHIiNly a/lanTallii CHCTEMHU OCBITH.

Mera podoTu. Metoro poboTH € po3pobKa
KOMIUIEKCY MOJIENIel CHCTEMHOTO aHali3y PHHKY OCBITHIX
mocayr YKpaiHW, 10 JO3BOJISIIOTH  OIIHUTH  CTaH
pEeTiOHABHUX CETMEHTIB PHHKY; BHUIUIATH CETMEHTH,
HaWOUTBIT YyTIWBI JO CKOPOYCHHS MeEpEeXi OCBITHIX
3aKJIalliB; OIIHUTH KOHKYPEHTOCIIPOMOXHICTh OCBITHIX
MOCJYyT Ha 30BHILIHBOMY PUHKY; BH3HAUYUTH HAHOLIbII
MPUBa0JIMBI CETMEHTH 30BHINIHBOTO PUHKY.

MeToau a0CTiTKeHHS

[lporioHOBaHMK  KOHUENTYaJIbHUH  MiAXiK 710
noOy/ZI0OBH KOMIUIEKCY MOJIeNied CHUCTEMHOrO aHajizy
PHHKY OCBITHIX MOCIYyT BKJIIOYAa€ HACTYIHI OCHOBHI
Momysi: modyre 1 - moOymoBa Mmozenmi Kimacudikarii
peTiOHABPHUX CETMEHTIB PHUHKY OCBITHIX ITOCIYT 3a
pIBHEM pO3BHTKY;  M0Oyib 2 - ToOymoBa MOAEII
KOMIUICKCHOT OITIHKHY SIKOCTi OCBiTH B YKpaiHi; modyas 3 -
CerMEHTAllil 3apyOiKHHUX PHHKIB OCBITHIX ITOCIYT 3a
piBHeM mpuBabImBOCTI. Jlaii po3rismacTbes IX 3MICT.

[{iTbOBOIO  CHIPSAMOBAHICTIO nEPUioc0 Mooyisi €
moOyoBa mMozeni kinacu(ikaiii perioHaJbHHUX CErMEHTIB
PHHKY OCBITHIX TOCHYr (perioHiB) 3a piBHEM PO3BHTKY
cucremu ocBitH. Kilacudikaiiist monsirae B po3OWTTI
BUXIZHOI CYKYIHOCTI PErioHiB Ha MOPIBHSHO HEBEJIUKY

KiIbKicTh KiaciB Q ={Q1,Q2,...,Q|} TaKMUM YUHOM, 1100

PETiOHH, 10 HAJNeXaTh OJHOMY Kiacy (TpyIi) mepedyBanu
0 Ha BIJHOCHO HEBEIMKHUX BIJCTAHAX OIWH BiJ OIJHOTO.
Jist moOymoBH yrpyTIOBaHHS 3aCTOCOBYIOTBCS l€papXidHi
arJIOMEpaTUBHI 1 iTepaTHBHI METOIU KIACTEPHOT'O aHAI3Y
[17-18]. Iepapxiuni arnoMepaTUBHI METOAU MAIOTh JIMIIE
YMOBHO-ONITUMAJIbHE PINICHHS B JACSKIH IMiIMHOXHHI
JIOKaJIbHUX pPO30UTTIB (KimactepiB). OmHaK MepeBaroro
IUX METOJIB € MPOCTOTa OOYMCICHb Ta IHTEpIpeTaril
orpumMaHux  pesynbrariB.  CyTHICTh  i€papXiyHHX
arJjoMepaTMBHUX METOJIB NOJsIrae B TOMY, LIO Ha
MepIIOMY eTami KO)KeH 00'€KT BHOIPKH PO3IIAAA€THCS SIK
OKpeMUil KiacTep. [Mpouec oO'enmHanHs KiacTepiB
BiIOyBa€ThCSA  MOCHIOBHO: HAa  IIJACTaBi  MaTpPHIl
BigcTaHeil abo Matpuii TOHIOHOCTI  00'€THYIOTBHCS
HalOUIbI OnM3bKi 00'exTH. PesynbraTtn Kinactepwuzarliii,
NpPE/ACTAaBICHI Yy BHIJSII JICHAPOTPaMH, J03BOJISIOTH
BHOpAaTH HHCIO KIACTEpPiB, TMpH SKOMY CyMapHa
MDKTpymnoBa Jucmepcis Oyae NpuilMaTH MaKCHMallbHe
3HaYeHHA. lle 9ucio KiacTepiB BUKOPHCTOBYETHCS IUIS
migbopy TMOYAaTKOBHX YMOB ITEpAIifHOTO aJNTOPUTMY
metoxy "k-cepemnnix" [19].

Anroputm  Metony "k-cepemmix" BKIIIO4ae Taki
OCHOBHI KPOKH: 3 N PETiOHIB JOCIIUKYBaHOI CyKYIMHOCTI
BiIOMPAIOTHCSA BUIMAJKOBAUM YHHOM ab0 3aJaloThCs
JOCJITHUKOM ~ BHXOASYM 3  OyIb-IKMX  alpiOpHHX
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MipkyBaHb K Touok (perioni). Ili TOYKH MpUMarOTECS 3a
€TalIOHU; KOXXHOMY €TallOHY IPHCBOIOETHCS MOPSAKOBHIA
HOMeEp, SIKHI OJTHOYACHO € 1 HOMEPOM KJIacTepa; 3 PelITH
(n—k) perioniB BUTAryeThcst Touka X, € KOOpAMHATAMU

(Xig 5ee s Xipy
(meHTpiB) BOHA 3HAXOAWTHCS HaWOMKk4de. PerioH, 1o
nepeBipsAeThCs, NPUETHYETBCSI 0 TOTO  LEHTPY
(cranmapry), sxomy Bimnosizae d, =mind, (1=1..,k);

1 TepeBipA€ThCA, JO SKOTO 3 CTAJOHIB

€TaIOH  3aMIHIOETbCS ~ HOBUM, IepepaxoBaHUM 3
ypaxyBaHHSM NPUEJHAHOI TOYKH, 1 Bara Horo (KUIBKICTb
pETiOHIB, 10 BXOJATh B JaHUH Ki1acTep) 30UIbIIY€ETHCS Ha
oauHUII0. SIKmO 3ycTpivaroThess 1BI  abo  OumbIme
MiHIMaJIbHUX BifCTaHi, TO i-i perioH NPUETHYIOTH IO
LHEHTPY 3  HalMEHIIMM  IOPSIKOBHM  HOMEPOM;
BUOMpaeThcs Touka X;,, 1 1 Hei MOBTOPIOIOThCS BCi

nporeaypu. Takum giHOM, depe3 (N-K) KpokiB BCi TOUKH
(perioHn) CyKyIMHOCTI BHUSBIATHCSA BIHECCHHMH [0
oJHOTO 3 K KiacTepiB, ajie Ha IIbOMY TPOLEC PO3OUTTS HE
3aKiHIy€eThCcs.  JImsd Toro mo0 JOMOTTHCS CTiHKOCTI

PO3OUTTS 3a TUM K€ NIPABUIOM, BCi TOUkH X;, X, ,.., X,

3HOBY MPUETHYIOTHCS JIO OTPUMAHUX KIJIACTEpiB, IMpH
LOMY Baru TNPOAOBXYIOTh HakomuuyBatucs.  Hose
pPO30UTTS TMOPIBHIOEThCS 3 MOMEpeAHIM. SIKIIO BOHU
30iratoTecsi, TO pobOTa AIrOpUTMy 3aBepUIyeThCs. B
IHIIOMY BHUNAJKy IMKI TMOBTOpIOEThC.  OcTaTtoune
pO30OUTTS Mae LEHTPHM TSDKIHHA, sAKi HE 30iraroTbes 3
etaloHamy, ix MoxHa nosHauutu C,, C,,.., C . Ilpu

npoMy KoxHa Touka X, ,(i = 1,2, ...,n) Oyne BimHOCHTHCS

o0  Takoro  kmactepy  (kmacy),  mii SIKOTO
D(x;,¢ )=mind(x;.c;).
[Micms  3aBepmieHHAs  Tpomenyp  KiacHdikarii

HEOOXiTHO OLIHUTH OTPUMaHi pe3ynbTatu. [is miei Mmetn
BHKOPHCTOBYETHCS JIesKa Mipa SIKOCTI Kiacudikarii, Tak
3BaHMH (yHKIIOHAN sikocTi. Haitkpammm 3a oOpaHUM
(YHKIIIOHAJIOM CJIiJT BBaXKATH Take PO3OUTTS, MPH SKOMY
JOCATAEThCS SKCTPEMalIbHE 3HAYEHHS LUTbOBOI (yHKUIT -
(GyHKIIOHATy  SIKOCTI. IMpn  aHamizi  po3OUTTH
PpO3TIIsAANMCs HACTYITHI (DyHKIIOHAJU SKOCTI:

DN UCRINAD T 5 vt

I=1 ie§, I=1i,jes, =1 j=1

ae X, — BEKTOp 3Ha4YeHb 3MIHHHX UL i-T0 00’€KTa, 110

Bxomuth B l-ii wmacrep; d(X;,X;) — BiACTaHb MDX i-M

. 2 . e
06’extoMm i nentpom | - To knacrepa; oy — aucnepcis j - i
3MIHHOI B KJacTepi S, .

OnTUManbHUM BBaXKAa€TbCA PO3OUTTS, IPHU SKOMY

F —>r’snin, Jne A — MHOXHMHA BCIiX JOMyCTHMHX
eA

pO30UTTIB.

Peamizamis  Mopmenedt  kiacudikamii  JT03BOJUTH
BU/IJIUTH PETIOHAJIbHI CETMEHTH PHHKY, SIKi, 3 OJHOTO
00Ky, € ONOPHUMH IJIT MEPEKEBOi CTPYKTYPH CHCTEMHU
BHIOi OCBITH, @, 3 IHIIOTO, HAHOUIBII Ypa3jIMBUMHU IO
peauizarii crparerii "cTucHeHHS".

[IpuzHaueHHAM Opy2020 MOOYasa € TOOYI0Ba MOAETI
KOMIUIEKCHOI ~ OIIIHKK ~ SIKOCTI  OCBiTH B YKpaiHi.

HeoOXxigHicTh ~ KOMIUIEKCHOT  OIIIHKM  OOyMOBJICHA
PI3HOBEKTOPHICTIO 3MiHM IMOKa3HHKIB, IO YCKIAIHIOE iX
aHaJIi3 1 BUMarae NMoJIaHHs y BUTJISAI CHHTETUIHOI OIIIHKH,
sSKa € pe3yJbTaToM 3TOPTKH  IHJAWKATOPiB, IO
BiT0OpakatOTh PO3BHTOK OKPEMHUX IMJICHUCTEM. MoJenb
KOMIUICKCHOT OIIHKH SIKOCT1 OCBITH 3aCHOBaHa Ha OJTHOMY
3 METONIB  MOOYJOBHM  €TaJlOHHOrO  o0'ekta  —
TaKCOHOMIYHOMY TOKa3HHKY piBHA pO3BUTKY [17].

[MokasHWK  piBHA  PO3BUTKY  pO3PaXxOBYEThCS  3a
dhopmyoro:
* C
di =1_;0,
CO

ne ¢, =C,+2-S,,

2 . . :
oj) — EBKJ’II,Z[OBa B1ACTaHb MIXK

TOYKaMHU-OAWHHLIMH (perioHamu) 1 Toukoro Py, mio
MPEJICTABIIsIE COOO0 €TAJIOH PO3BUTKY.

OCHOBOIO JUIsi MOOYIOBH  €TAJOHY PO3BUTKY
CIIy>KUTh MO/ O3HAK HAa CTUMYJISTOPH 1 JECTUMYJISATOPH.
O3Haky, SKi HAJAaTh MO3UTHBHUMN, CTUMYJIIOIOUYUIA BIUTUB
Ha PIBEHb PO3BUTKY CHUCTEMH OCBITH, HA3MBaIOTHCS

CTUMYJIATOpPaMH, Ha BiJIMiHY BiJl 03HaK — JIECTUMYJISITOPIB.

Koopaunaru eTajoHa PO3BUTKY BHU3HAYAIOTHCS
HACTYITHUM YHHOM:
Zog =MaX 2, AKUfO S € 1
%712 —min z I(s=1...m)’
0s = M s AKwo s € 1,(s=1,....m
Jge | — MHOXWHA CTUMYJISTOpIB, Z, — CTaHJapTH30BaHE

3HAYEHHS O3HAKH S ISt 00'€KTa T.
OCKUTBKHM 03HAKH MAIOTh Pi3HY PO3MIPHICTH, TO MPH

C=(d,),i=1Ln

3MIACHIOETHCS 1X CTaHAapTH3AIls 332 (OPMYJIO0:

dbopMyBaHHI ~ MaTpHUIll  BiACTaHE

X —Xj .
Zij =, J=1,2,...,m,
Sj

lie Xj — cepe/iHe apu)METUYHE 3HAYEHHS j-1 O3HAKH; S; —

CTaHgapTHe  BiOXWIEHHA |-  O3HAKW; Z; -

i
CTaHJapPTHU30BaHE 3HAYCHHS j-i O3HAKH IS i-T0 06'€KTa.

3HaYeHHS  TAKCOHOMIYHOTO  TIOKa3HWKAa  PIiBHA
PO3BUTKY 3MIHIOIOThCS B fianma3zoHi Bigx 0 mo 1. Yum
Omk4ye 3HAUEHHS iHTErpalbHOTO TOKa3HUKa 10 1, TuMm
BHIIIE OLIIHKA SIKOCTi OCBITH.

Peanizanis Mojeinl OLIHKM SKOCTI OCBITH JacTh
MOXIIMBICTh OIIIHUTH PiB€Hb KOHKYPEHTOCHPOMOKHOCTI
CHCTEeMH OCBITH YKpaiHM B yMOBaxXx IJIOOAIbHOTO
PHHKY.
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3MiCTOM  mpemboco  MoOyasi €  YTPYIOBaHHS
3apyODKHUX CETrMEHTIB PUHKY 3a piBHEM IMPUBAOIUBOCTI
JUIS OCBITHIX 3aknamiB Ykpainu. Jlnms peamizarii Moxaeni

kimacu@ikamii BHKOPHUCTOBYIOThCS OIKCAHI BUINEC B
MepImoMy  MOIyJi ~ METOAM KJIACTEPHOTO  aHai3y.
[ToOynoBa Takoi Mozmeni kiacudikamii  J03BOJIUTH
BUITUTH CErMEHTH PHHKY, 1110 ¢dopmy1oTh

"samingytounii" epexT B pa3i NPUIHATTS 3a OCHOBY
YaCTKOBO EKCIIOPTHO OpIEHTOBAHOI MOJENl PO3BUTKY
CHCTEMH OCBITH.

TakuM dYWHOM, peami3allis HaBEJICHOTO BHIIC
KOHIIENTYaJlbHOTO  MiAXOLy  JO3BOJHTH  BHIUIUTH
Ha#OUThI YyTNIMBI 0 "MIOKIB" IHCTUTYHIHHHUX pedopm
pETiOHAIbHI CETMEHTH PHHKY OCBITHIX IMOCIYT YKpaiHw,
OI[IHUTH KOHKYPEHTOCTIPOMOXHICTh CHCTEMH OCBITH B
yMOBax TJ00QJBHOTO pPHHKY, BH3HAUUTH HAHOUIBIIT
npuBabIuBi "3aminytoui” 3apyOiXKHI CETMEHTH PUHKY.

PesyabTaTH gociaigkeHn Ta iX 00roBopeHHs

Y  BIAMOBIAHICTH i3  3alMPONOHOBAHUM  BHIIEC
MIXOIOM B neputomy Mooy 3MIHCHIOBATIOCS TPYITyBaHHS
perioHalbHUX CETMEHTIB PHHKY 3a pIBHEM PO3BHTKY

CHUCTeM OCBiTH. B sKkocTi BuxXimHOro iH(pOpMAaIiHHOTO
MPOCTOPY O3HAK PO3MNIAJANHCS TaKi 1HIUKATOPH, 5K
KUTBKICTh a0iTypieHTIB (KOJEIXKi, TEXHIKYMH); KIUJIbKICTh
a0iTypieHTIB  yHIBepCHUTETIB  (akamemii, IHCTHTYTH)
perioHy; KIJIBKICTh CTYACHTIB B KOJIS/PKaX, TEXHIKYMax,
YUWIMIAX Ha OMOJDKETHIN (opMi HaBYAHHS; KIiJIBbKICTh
CTYJICHTIB B YHIBEpCUTETaX, akKaJeMisx, IHCTUTyTaX Ha
OrojpkeTHI (QopMi HaBuaHHS;  KIJIBKICTh CTYACHTIB B
KOJIC/DKAX, TEXHIKyMaX, YYWIHWINAX Ha KOHTPaKTHIN
(opmi HaBUAHHS; KUIBKICTh CTYAEHTIB B yHIBEpCHTETAaX,
aKaJieMisx, IHCTUTyTaX Ha KOHTPaKTHIH (Gopmi HaBYaHHS.
Bubip cucremum  iHgMKaTOpiB  OOYMOBJICHHH  iX
iHQOpMaIifHOIO 3a0€3MEeUCHICTIO B BIIKPUTHUX JDKEpesax
nanux. s moOynoBu kmacudikarii, sk OyJIo CKa3aHO
BHIIC, BHUKOPHUCTOBYBAJIUCS ITEpaTHUBHI 1 iepapXidHi
arJIoMepaTUBHI METOAM KJIAacTepHOro aHamizy. s
OLIIHKHM SIKOCTI Kiacudikamii 3aCTOCOBYBAJMCS HaBEICHI
Bullle (yHkuioHanu skocti. [lizcymkoBe po30OWTTS Ha
OCHOBI Merony Yopaa, SKHi J03BOJIATH MIHIMI3yBaTu
CyMapHy BHYTPIIIHBO-TPYIOBY IMCIEPCIIO, HABEJACHO Ha
puc. 2. Ins oOpoOku nanux BuxopucroByBascs [III1
Statistica.

Tree Diagram for 25 Cases
Ward s method
Euclidean distances
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Puc. 2. Jlenaporpama knacudikarii perioHalbHIX CETMEHTIB PUHKY OCBITHIX MOCIIYT 32 piBHEM PO3BUTKY

Jrcepeno: ompumano asmopamu.

Hani puc. 2 mokasyioTs, mo M. KuiB yTBOpIoe
130JbOBaHMI  OJHOEJIEMEHTHUH KJIacTep 3 HaHOiIbII

BHCOKMMH 3HAYEHHSAMH aHATI30BaHUX  ITOKA3HHUKIB.
Ockinpkn M. KwuiB  XxapakTepu3yeTbCsi  3HAYHOIO
MOJISIPU3AIIEI0  COIIATbHO-EKOHOMIYHOTO  PO3BHUTKY Y

NOPIBHAHHI 3 IHIIMMH perioHamMu YKpaiHH, TO IS
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@
OTpUMaHHS OUTBII  KOPEeKTHOI 1  iHTepIpeTroBaHOl

knacudikamii M. KuiB OyJio BHKIIIOUEHO 3 TOJAIBIIOTO
aHamzy. PesympTaTm peamizamii Mojem KIacTepHOTO
aHai3y Ha YCIYEHOMY CIIMCKY pErioHiB HaBeJeHi
Ha puc. 3.
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Tree Diagram for 24 Cases
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Puc. 3. [lennporpama kinacudikanii perioHaIbHUX CerMEHTIB PUHK
Locepeno: ompumano asmopamu.

Sk BumHO 3 puc. 3, pe3yJdbTaTH KIACTEPHOTO
aHaJ i3y JO3BOJIIIOTH BUIUIMTH TPYyIy pErioHiB 3
HaWOUIBII BUCOKHUM pPIBHEM PO3BUTKY CHUCTEMH OCBITH.
Jlo wi€l rpynmu HanexaTth Taki perioHu, sik XapKiBChbKa
obmacte, Opmecpka o00macTe, 3amopibka  00JACTB,

Yy OCBITHIX HOCIIYT 3a piBHEM pO3BUTKY (0e3 ypaxyBaHHs M. Knesa)

JIbBiBchKa 00MacTh, JHinpomneTpoBchka obnacth. Takum
4uHOM, "OMOpHY" Mepexy perioHiB Qopmyots 24%
perioHiB Ykpainu. Bisyamizanis reorpadiqnoi cTpyKTypu
KJIacTepiB pUBeeHa Ha puc. 4.
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Puc. 4. Pesynpratn knacugikarii perioHaTbHUX CETMEHTIB PHHKY 32 PIBHEM PO3BHTK

Licepeno: ompumano agmopamu.

Takum umHOM, BuUIe Oynu BuIiieHi "omopHi" mis
PO3BUTKY MeEpexXi OCBITHIX 3akiaJiB pErioHH, IO
oxommotoTh 3axin, Llentp i IliBgennnii cxin Ykpainu.
Crig 3a3HAYMTH, 110 B CHJIY BEIHKOI KiIBKOCTI OCBITHIX
3aKJaaiB, SKi CKOHIICHTPOBAaHI B IHMX pEriOHaX, maHi

CErMEHTH € HalOUIbII ypa3IMBUMH JI0 ONTUMI3aLil Yucia
YHIBEPCHUTETIB, sKa Oyae CyNpOBOKYBATHUCS iCTOTHHMH
HETaTUBHUMHU  COLIaJIbHO-€KOHOMIYHUMH  HACJIiJKaMH.
Jliis aHami3y MOJKJIMBOCTI PO3BUTKY OCBITHIX 3aKJIaiB HE
TIJTBKY 32 PaXyHOK BHYTPIIIHHOTO MOTIHTY, & i 32 paXyHOK
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30BHIITHBOTO PUHKY, Y APYroMy MOAYJi 3AifCHIOBaNacs
mo0y/10Ba KOMIUTIEKCHO{ OI[IHKM PIBHS PO3BHUTKY CHCTEM
OCBITH MaKpOpPETiOHiB (KpaiH).

Jliist o0y 10BM KOMIUIEKCHOT OIIIHKY PiBHS PO3BUTKY
CHCTEMH OCBITH, SIK OyJIO CKa3aHO BHIIE, 3aCTOCOBYBABCS

OJIMH 3 METOJIB TaKCOHOMIil — METOJ PIBHSA PO3BUTKY.
Iadopmarniiinuit mpoctip 03HaK cPoOpMOBaHO Ha OCHOBI
Bimkputux 6a3 gammx [20-21]. Jis  3icTaBiCHHS
MaKpOpPETiOHIB BUKOPUCTOBYBAJIACS CUCTEMa iHANKATOPIB,
HaBezeHa B Ta0m. 1.

Tab6auns 1. lnpopmayitinuii npocmip 03HaK pi6HsA po36umy cucmemu 0ceimu

YMoBHe no3Ha4YeHHs INoka3Huk I'pyna
X1 IHnexc rpaMOTHOCTI TOPOCIIOTO HACETICHHS Crumynarop
X2 BincoTok mKkosspiB, 0 JIMIIAIOTECS HA APYTHI PiK Jectumynsarop
X3 Pesynpratu xpaid mo yuTanbKii IpaMOTHOCTL Ctumynarop
X4 Pesynpraty kpaiH 1o MaTeMaTHIHIA TPaMOTHOCTI Crumynarop
X5 PesynpraTy kpaiH 1o IpUPOAHUYINH TPaMOTHOCTI Crumynarop
X6 PiBenr ©0e3pobiTTs cepen Momoni, IO 3aKiHYMIA HaBYaHHA B BHUIoMy | JecTuMynsTop

HaBYAIbHOMY 3aKIafi

X7 CepenHiii yac BUX0y Ha poOOTY IiCIs 3aKiHYSHHS HABYAHHS Jectumynsarop

Jocepeno: cghopmosano asmopamu.

Sk BuaHO 3 Taby. 1, IpU BHU3HAYEHHI KOOPAWHAT
TOYKH-ETAJIOHA, B SIKOCTI 1HIUKATOPIB-CTUMYJIATOPIB, SIKi
BiZIoOpaxaloTh (HaKTOpH, 10 MO3UTHUBHO BIUIMBAIOTH Ha
PIBEHb PO3BHUTKY CHCTEMH OCBITH, OyJIM BHIUICHI: 1HIEKC
IPaMOTHOCTI IOPOCIIOr0 HACENICHHS, Pe3yJbTaTH KpaiH Mo

YUTAlbKIH ~ TPaMOTHOCTI,  pe3yidbTaTd  KpaiH 1o
MaTeMaTHYHIH TIpaMOTHOCTI, pe3yNpTaTH KpaiH Mo
TIPUPOTHUTIH TPaMOTHOCTI. Ho IHAUKATOPIB-

Tabnauus 2. 3uauenna inmezpanvno2o NOKA3HUKA PIGHSA PO3GUMKY

JIECTUMYJISITOPIB OYyJIM BiJIHECEHI: BiJICOTOK LIKOJISPIB, IO
JUIIAIOThCS Ha JAPYrud pik; piBeHb 0e3poOITTs cepen
MOJIO/, 110 3aKiHYMJIa HABYaHHS B BUILIOMY HABYAILHOMY
3aKiaji; cepeiHil 4Yac BHMXOAy Ha po0OOTy micis
3aKiHYCHHS HaBUaHHSA. 3HaueHHsA EBKIIIIOBOI METpPHKH i
IHTerpaJIbHOTO TOKa3HHWKa DIBHA PO3BUTKY HABEICHI B
Tabm. 2.

Ha3zpa kpainu EBruigoBa Bincranp PiBeHb po3BHTKY Panr
Benbris 2,56 0,65 12
Bosrapist 6,24 0,15 25
Yexist 2,20 0,70 9
Hanis 1,96 0,73 7
Himeuunna 1,14 0,84 2
Ecronis 0,54 0,93 1
Ipnangis 2,27 0,69 11
I'pentist 7,48 0,01 28
Icmanis 4,15 0,44 18
OpaHtiist 3,21 0,57 15
XopBsartist 4,37 0,41 20
Itamist 4,91 0,33 22
Kimp 6,20 0,16 24
JlatBisa 2,59 0,65 13
JIutBa 3,35 0,55 17
JIroxcemOypr 3,31 0,55 16
Mansra 6,12 0,17 23
ABcTpis 2,67 0,64 14
TTonsima 1,96 0,73 6
[MopTyranis 6,60 0,11 27
PymyHis 6,44 0,13 26
CrnoBeHis 1,69 0,77 5
CroBauynHa 4,61 0,37 21
VYkpaina 1,36 0,82 3
DiHIsIHIIs 4,23 0,43 19
IBernis 1,36 0,82 3
BenmukoOpuTanis 2,24 0,70 10
Hopgeris 1,96 0,73 8

Hoicepeno: ompumano agmopamu
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TaTeprperarist IHTETpaTbHOTO MTOKa3HHKa,
MPEACTaBICHOIO0 B TaOJ. 2, HACTyIHA: YUM OJIMK4IE
3HaueHHS N0 |, TUM BWIIE PIBEHb PO3BUTKY CHCTEMH
ocBiTh. JlaHi Tabn. 2 MOKa3yrOTh, IO IEPIIi ITO3MIIIT
pEUTHHTY 3aiiMaroTh Taki Kpainu, sk Ectonis, HimedunHa,
IBemisi, Ykpaina, Cnosenisi, [Tonbma, Jlanis, Hopseris,
Yexisi, BenukoOpuranis. Takum unmHOM, YKpaiHa Mae

Y  TperboMy 3aBepHmIAIGHOMY  MOAyT  Oyna
MpOBeJIcHa CErMEHTAIlisl 30BHIMTHLOTO PUHKY 3a pPiBHEM
MIPUBAOIUBOCTI. Jns  peamizamii 3aBmaHb TpPETHOTO
MOIyJSl BHKOPHCTOBYBAJIHCS HAaBEIEHI BHINE METOIU
KJIACTEPHOTO  aHali3y. B sxocti iHOpMariitHOTO
NPOCTOPY O3HAaK pO3MIANAIHMCA TaKi 1HAMKATOpU SIK
KIJIbKICTh NMPHUHHATUX Ha HaBuaHHsA a0 3BO VYkpainu

JOCUTh ~ BUCOKY  KOHKYPEHTHY  TO3HWI[I0  Cepell 1HO3EMHHX CTYJCHTIB, KUIbKICTh BUIIYCKHHUKIB-iHO3EMHHUX
€BPONEHCHKUX KpaiH. crynentiB 3BO VYkpainu.  Pesynpratm kinacudikamii
Npe/ICTaBICH] Ha puc. 5.
Tree Diagram for 60 Cases
Ward's method
Euclidean distances
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Puc. 5. [lennporpama knacudikaiii kpaiH 3a KiIbKICTIO CTYICHTIB, IIJ0 HABYAIOThCS B yKpaiHChkHX 3BO
Ilicepeno: ompumano asmopamu.
Sk BupHO 3 puc. 5, 10 HaWOUIBII NPUBAOIMBUX  OCBITHIX TOCIYr Ha 30BHIUIHBOMY PHHKY; BH3HAUYHUTH

30BHILIHIX CEMEHTIB JUIs MPOCYBAaHHS OCBITHIX MOCIYT
3BO VkpaiHu BiZHOCATHCS Taki Kpainw, sk [Hmis,
Mapoxkko, Typkmenictan, Typeuuwmna, Hirepis, Kuraii,
AzepOaiimkan. HacTymHmii 3a piBHEM NpHUBaOIMBOCTI
Kimactep cQopMyBaNM TaKi MaKpOperioHW: €THIeT,
I3painme, Ipak, Pocilic)ka ®@enepanis, Pecmybmika
Momosa, [ama, Hopnawis, Ipysis. [ami pusku e
MIEePCIIEKTUBHUMH IJISl TIPOCYBAHHS OCBITHIX mociyr 3BO
VYkpainu.

BucHoBkHM Ta NEePCNEKTUBH NMOAAJIBIIOT0 PO3BUTKY

IIpoBeneHi AOCHiKEHHS JO3BOJSIOTH  3pOOHUTH
HACTYITHI BUCHOBKH:
3aMpOTIOHOBAHUM  KOHIENTYaIbHIH  MmAXig 10

moOyTI0BH KOMIUIEKCY MOJeNiell CHCTEMHOTO aHallizy
PHHKY OCBITHIX mHOCIyr VYKpaiHH, IIO JI03BOJISIOTH
OLIHUTH CTaH PETiOHAILHUX CETMEHTIB PUHKY; BHIUINTH
CerMEHTH, HaWOUIbII YYTIMBI J0 CKOPOYEHHS Mepexi
OCBITHIX 3aKJaJiB; OI[HUTH KOHKYPEHTOCIPOMOXHICTb

HaWOUIbII MPUBAOJIMBI CETMEHTH 30BHIIIHBOTO PHHKY;

- peamizaifiss mozeni  kiacudikaiii perioHiB  3a
piBHEM pPO3BHUTKY CHCTEM OCBITH JO3BOJIMJIA BHIIIUTH
Mepexy "omopHHX" PpETIOHIB I MepeXi OCBITHIX
3aKJaiB, AKi (OPMYIOTh HAMOLTBII 3HAYUMHUHA COIiaTbHO-
EKOHOMIYHUH e(QeKT B MepioJ NUKIIYHOTO 3pPOCTaHHS
C€KOHOMIKM 1 OJHOYaCHO € HaHOUIBII YYTIUBHUMH IO
HETaTUBHHUX HACIIJIKIB B TIEPIOJI CIIAIY;

- 3aIPONIOHOBAHA MOJIENh KOMIUIEKCHOT — OIIHKH
piBHS PpO3BHUTKY CHCTEMH OCBITH, peami3amis sKoi
MOKa3ajla BHUCOKY KOHKYPEHTHY TIO3HWIiI0 YKpaiHH IO
PIBHIO PO3BHUTKY CHCTEMH OCBITH Cepel €BPOINEHCHKUX
KpaiH 1 MOXIJIMBICTH YAacTKOBOI peaii3allii eKCIOpPTHO
OpIEHTOBAHOI MOAETI PO3BHUTKY;

- peamizanist Mozmenmi  Kkiacu(ikamii  30BHILIHIX
CerMEHTIB PMHKY 3a pIBHEM NPHBAOJIMBOCTI JO3BOJIMIA
BUJIJIUTH MaKpOPETiOHM 3 BUCOKHM 1 CepelHIM piBHEM
npuBabmmBocti a1 3BO  VkpaiHm 3 TOukM 30pYy
MPOCYBAaHHS OCBITHIX MOCHYr 1 3aJydeHHS 1HO3EMHHX
CTYJICHTIB.
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VY poii HampsMKiB MOAAIBIINX AOCTIIKEHh MOXKHA
BHJIUTUTH: aHAJ3 CTIHKOCTI pe3yJbTaTiB Kiacudikamii Ta
PEUTHHTYBAHHSI 10 OCOOIUBOCTEH CHCTEM IIarHOCTUYHUX
IHAMKATOPIB; OIIHKA TWHAMIYHOI CTIHKOCTI Kimacudikariii;
aHami3 TEepCINeKTHB PO3BUTKY MH(PPOBUX  OCBITHIX
3aKiaiiB 1 iX iHTerpauii 3 KJIACHYHUMH CTPYKTypamMH B
KOHTEKCTI PO3BUTKY KaHaNiB HaJlaHHS OCBITHIX MOCIYT Y
paMKax  eKCIIOpT-OPiEHTOBAHOI ~ MOJENi  PO3BHUTKY;
nmocwieHHs: aBToHOoMil 3BO B wacTuHi aaMiHICTparii Ta

CIIPONICHHSI MPOLIEAYP MPOCYBaHHS OCBiTHIX mociayr 3BO
Ykpaiau Ha 30BHIIIHI pUHKH.

Hoasiku. JIsKkyemMo Marictpy kadeapu eKOHOMIYHOT
KiOepHETHKM Ta CHCTEMHOTO aHaji3y XapKiBCHKOTO
HAIIOHATLHOTO CKOHOMIYHOro yHiBepcutery im. C.
Kysnens [llnak AHHI 32 POBEICHHS €KCIIEPUMEHTATBHUX
PO3paxyHKiB.
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CHUCTEMHBINA AHAJIN3 U MOJAEJIAPOBAHUE PBIHKA OBPA3OBATEJIbHBIX
YCIYr

IIpeameToM mccre0BaHUS SIBISETCS KOMILIEKC MOJENel CHCTEMHOIO aHalW3a phIHKa 0Opas3oBaTenbHbIX yciayr. Lleqb pabGoTer —
pa3paboTKa KOMIUIEKca MOJIeNIel CHCTEMHOTO aHaKM3a PhIHKA 00pa30BaTENbHBIX YCIyT YKPaUHBI, TO3BOJITIONINX OLIEHUTh COCTOSTHHE
PETHOHAIBHEIX CETMEHTOB pPBIHKA; BBIICIHTh CETMEHTHI, HamOojiee UyBCTBUTENBHBIE K COKpAIICHUIO CETH 00pa30oBaTeIbHBIX
YUpeXKIEeHUH; OIEHUTh KOHKYPEHTOCHOCOOHOCTH 00pa30oBaTeNbHBIX YyCIyr Ha BHEIIHEM pBHIHKE; OIpelelnTh Hamboiee
NIpUBJIEKATEIbHBIE CETMEHTHI BHEIIHETO PHIHKA. B craThe pemaroTcs cleaylome 3agaqd. pa3padoTaTh MOJENH KIacCH(HUKAINN
PETHOHOB IO YPOBHIO Pa3BUTHS CHCTEMBI 00pa3oBaHMs; pa3paboTaTh MOJETM KOMIUICKCHON OIIEHKH YPOBHS Pa3BUTHS CHCTEMBI
o0pa3oBaHus, ITO3BOJIIONIME OLEHUTH IO3WIMHM YKpaWHBl B CpPaBHEHHHM C EBPONEHCKUMH CTpaHaMH; pa3paboTaTb MOJIEIH
K1acCH(HUKALMY BHEIIHUX CEIMEHTOB PhIHKA 10 YPOBHIO NPUBJIEKATEIbHOCTH IS NMPOJBIKEHHs 00pa3oBaTenbHbIX yciayr BY3os
VYkpauHBI B KOHTEKCTE SKCIIOPTHO-OPUEHTHPOBAHHON MOJEIH Pa3BUTHUS. VICIOMB3YIOTCS ClEAYIOIIHE MeTOAbl: CHCTEMHBIH aHAIH3 -
JUISL ONHCAHUSI OOBEKTA HCCIIENOBAaHUS, KOHLENTYalbHOTO MOAXOAa M KOMIUIEKCa pellaeMbIX 3a/ad; KIAaCTepHBIM aHamu3 — It
MOCTPOCHUSI MoJienell Kiaaccu(UKAIMK; METOAbl TAKCOHOMHM, METOJ[ YPOBHS Pa3sBUTHA — AJIS MOCTPOCHHUsSI PEHTHHIOBOM ONEHKH
TO3WIMY YKpauHBI Ha PBIHKE 00pa30BaTeNbHBIX YCIyT. [loydeHs! ciaeayronye pe3yJbTaThl: pa3padoTaHa IpyHIUpPOBKa PETHOHOB
VYKpauHBl 10 ypPOBHIO Pa3BUTHSI CHCTEMBI OOpa30BaHMs, BBLIEICHBI "ONMOpHEIE" mIs (OPMHPOBAHUS CETH 00pa3oBaTEIbHBIX
YUpeXKICHUI PErHOHBI; PEUIOXKEeHa CUCTEMa PEHTHHIOBOW OLIEHKH CTpaH Ha PhIHKE 00pa30BaTENBHBIX YCIIYT; BBIIEICHB Hanboee
TIpUBIIEKATEIbHBIE TS TPOJIBIDKEHIS 00pa3oBaTeNbHBIX ycIyr BY30B YkpanHbl BHEIIHHE CEIMEHTHI PHIHKA. BBIBOABI: peanmzarys
MOJIeNICH TO3BOJIMIIA CAETATh BBIBOJ, YTO COCTaB "OMOPHBIX" I (JOPMHUPOBaHHS CETH OOPa30BATEIbHBIX YUPEKICHUN pPErHOHOB
BKJIFOUACT TaKWe pEruMoHbl, Kak T. KueB, XappkoBckyr, Onecckyro, 3amopoikckyro, JIbBOBCKyro, JIHEMpOMETPOBCKYIO OO0JIacTH.
Ob6pazoBatenbHble ycayrn BY30B 3TUX peTHOHOB MOJNB3YIOTCS HanbOoJee BBICOKHM CIPOCOM, OAHAKO 3TH K€ PErHOHBI SBIISIOTCS
HanOojee ysI3BUMBIMH K (a3ze cmaga peiHKa. AHanmm3 '"3amemaromero" 3¢dekra MO3BONMI CHENaTh BBIBOJ, 4YTO YKpawHa
XapaKTepH3yeTcs BBICOKOH PEHTHHIOBOH OIIEHKOM YPOBHS pa3BUTHS CHCTEMBI 00pa30BaHMs B CPABHEHHH C €BPOIEHCKUMHU CTPAaHAMH.
B KOHTEKCTe IKCHOPTHO-OPHEHTUPOBAHHOW MOJENM PAa3BUTHS BBIIEIEHBI IPHUBICKATENbHBIC JUIS YKPaWHbl BHEIIHHE CETMEHTHI
PpBIHKA.

KioueBbie cioBa: oOpa3oBaHue; oOpa3oBaTeNbHBIC YCIYTH; DBIHOK O0pa30BaTENbHBIX YCIYI; CHCTEMHBIH aHalM3;
MOJIETIMPOBaHNE; KIACTEPHBII aHANIN3; TAKCOHOMUYECKHI TOKA3aTellb.

SYSTEMS ANALYSIS AND MODELLING OF THE EDUCATIONAL SERVICES
MARKET

The subject of the research is a set of models of systems analysis of the educational services market. The goal of the work is to
develop a set of models of systems analysis of the educational services market in Ukraine, which allow to assess the state of regional
market segments; to highlight the segments which are the most sensitive to the reduction of the educational institutions network; to
assess the competitiveness of educational services in the foreign market; to determine the most attractive segments of the foreign
market. The paper solves the following tasks: models of classification of regions according to the level of development of the
education system are developed; models for a comprehensive assessment of the level of development of the education system are
proposed, which allow assessing the position of Ukraine in comparison with European countries; models for classifying external
market segments by the level of attractiveness for promoting educational services of Ukrainian universities in the context of an
export-oriented development model are developed. The following methods are used: systems analysis — to describe the object of
research, conceptual approach and a set of tasks to be solved; cluster analysis — for building classification models; taxonomy methods,
development level method — to build a rating assessment of Ukraine's position in the educational services market. The following
results have been obtained: a grouping of the regions of Ukraine by the level of development of the education system has been
developed, the "pivotal" regions for the formation of a network of educational institutions have been identified; a system of rating
assessment of countries in the educational services market institutions has been proposed; the most attractive external market
segments for the promotion of educational services of universities in Ukraine institutions have been identified. Conclusions: the
implementation of the models made it possible to conclude that the composition of the "pivotal" regions for the formation of a
network of educational institutions includes such regions as Kyiv, Kharkiv, Odesa, Zaporizhzhia, Lviv, Dnipro regions. Educational
services of universities in these regions are in the highest demand, but these regions are also the most vulnerable to the phase of
market decline. The analysis of the "substitute" effect made it possible to conclude that Ukraine is characterized by a high rating of
the level of development of the education system in comparison with European countries. In the context of the export-oriented
development model, external market segments that are attractive for Ukraine have been highlighted.

Keywords: education; educational services; educational services market; systems analysis; modelling; cluster analysis;
taxonomic indicator.
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GENERAL APPROACH TO PROJECT MATERIAL RESOURCES MANAGEMENT

The subject matter of the article is the processes of managing the material resources of the project. The goal of the work is to form a
generalized approach to the management of material resources project by determining and formalizing the management processes of
them. The following tasks were solved in the article: the processes of managing material resources project, which based on the
process approach, are formed; place of these processes in the PMBOK structure is defined, these processes are integrated with other
project management processes; a formalized presentation of the project management processes of the project is given; tools and
methods of managing material resources of the project are identified. The following methods used are — methods of system analysis,
decision-making theory, and inventory management theory. The following results were obtained — with target to make informed
management decisions, it was proposed to allocate a separate area of knowledge, within which the processes of the management of
material resources of the project are formed, their possible connection with the groups of PMBOK processes is shown. Based on the
process approach, presentations of the processes were formalized. They are elements of managing material resources of projects. They
define inputs and outputs, show interrelations with other processes of a specific area of knowledge, provide basic recommended tools
and methods. Conclusions: the processes management resource described in the PMBOK methodology are analyzed. This made it
possible to form possible directions for improving the project's resource support. It is noted that the solution to this problem depends
on the management of the material resources of the project. A separate area of knowledge has been highlighted, within the framework
of the processes of management of material resources project — the processes of evaluating material resources, procurement
management and supply, distribution of material resources, managing material resources. They define inputs and outputs, show
interrelations with other processes of a specific area of knowledge, provide basic recommended tools and methods. The results
obtained can be useful when managing projects at any stage of the life cycle.
Keywords: project management; non-reproducible project resources; project processes; process information flow model.

Introduction recommendations, allows to plan a project from start to

finish and execute it according to this plan. In PMBoK,
project resource management is a field of knowledge that
combines the processes of identification, acquisition and
management in order to timely provide the necessary
resources in the right place [4, 6]. In this case, regardless
of the definition in the third edition of the PMBoK, two
separate  branches of  knowledge related to
project resources were distinguished — human resources
management and supply management [6], in
the sixth edition other industries were formed -
resource management and procurement management [4]

Project management as a scientific direction is in
constant development to increase the efficiency of
managerial decisions. Analysis of about hundreds of
sciencedirect.com databases
(https://www.sciencedirect.com) confirmed that among
the key factors that require close attention in drafting, the
issues of improving the processes of material resources
management are the most up-to-date. Even articles dealing
with the problem of improving rental planning processes
consider the tasks related to their resource provision (for

example, in works [1, 2], where one of the reasons for
exceeding the duration of the project is called resource
shortage). This confirms the statement that "...
management of project resources is exactly the curse that
does not give a recreation to scientists" [3].

The resource is all that the project has, and therefore
the timing, budget, quality of the project implementation
and its product depend significantly on effective
management by ensuring the optimal use of resources to
achieve the project results with the specified indicators [3,
4]. Note that resources are a multifaceted concept that
includes material resources, project team, finance,
information, knowledge and technology. But existing
project methodologies do not contain unambiguous
approaches to resource management; new project
management methods create new problems in their
management, increase the risk of over expenditure and
reduce the likelihood of its success [1 - 5]. This is what
requires new approaches to project resource management.

Analysis of the problem and existing methods

We focus on the PMBoK methodology from the
Project management institute (PMI), as one that has good

(table 1).

In the early version of the PMBoK standard, there
are two types of project resources - non-reproducible and
reproducible [6].

Non-reproducible (stored or accumulating resources)
- resources that, in the course of the project work, seek to
spend completely, preventing their reuse; however, if it is
not possible to use a resource of this type at a certain point
in time, then it is accumulated for consumption in the
future.

Resources of the second type during the project
implementation retain their shape and at the end of the
work can be used for other works. A striking example of
this type of resources is human resources [3].

In the future, the material resources of the project
will be understood as resources of the first, non-
reproducible type.

As we can see in the early version of PMBoK (Table
1), management processes for different types of resources
differ significantly. For the management of material
resources of non-reproducible type, the processes of
procurement and supply management that occur during
the creation of the material flow of the project are
defined [4].

© S. Danshyna, 2021
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Table 1. Comparison of groups of project resource management processes

PMBoK version Field of Project resource management processes
knowledge

Human Planning Process Group Human resource planning
A Guide to the I,\R/Iesources t Execution Process Group Project team set
Project anagemen Project team development
Management Monitoring and Control Processes Group Project team management
Body of Supply Planning Process Group Purchasing and procurement planning
Knowledge Management Contract planning
(Guide PMBoK), Execution Process Group Request information from sellers
3rd ed., USA: Selection of sellers
PMI, 2004. Monitoring and Control Processes Group Contract administration

Final Process Group Closing contracts

Resource Planning Process Group Resource management planning
A Guide to the Management _ Estimation of operations resources
Project Execution Process Group Supply of resources
Management Project team development
Body of Project team management
Knowledge Monitoring and Control Processes Group Resource control
((’;]”"ﬂe PMBoK), | Purchasing Planning Process Group Procurement management planning
6th ed., USA: Management -
PMI, 2017. Execution Process Group Procurement

Monitoring and Control Processes Group Procurement control

But in the latest project management guides there is
no fundamental difference between the two types of
resources. The field of knowledge of resource
management from the same positions considers the issues
of project team management and management of materials
and components. This is not always appropriate for such
reasons:

1. Invalid resources are the resources of type
"Energy", reproductive resources - resources of type
"Strength”, which is manifested by the difference in the
approach to management: if in the first case, an important
management indicator is the presence, in the second —
responsibility, talentance, trigger performance, etc. [7].

2. The attempt to combine resources of different
types in one field of knowledge leads to the fact that the
tools and methods proposed for the implementation of
processes in this field are generalized, heuristic
procedures (expert assessments, assessments by analogy,
meetings, communication methods) prevail over accurate
calculations.

3. The key concepts of resource management are
formed as "solving the tasks of acquisition, management,
motivation and mobilization of project team members"
[4, p. 309], which makes secondary tasks of logistics of
the project.

The aim of the work is to form a generalized
approach to the management of material resources of the
project by defining and formalizing the processes of their
management.

The task of the study:

- based on the process approach, to form processes
for managing the material resources of the project;

- to identify the location of the profile material
resource management processes in the PMBoK structure
and integrate them with other project management
processes;

- formalize the processes of material resources
management of the project;

- to identify key tools and methods for managing
project material resources.

Materials and Methods

The requirement for material resources forms the
"material supply chain” of the project. In the context of
management, the main goal of this chain is to combine
activities that have fallen out of the field of view of
projects, but are directly related to material resources
(logistics, inventory  management), with  project
management activities (project scheduling, resource
planning, resource allocation) in such a way as
to ensure the success of the project by saving
time and finance, reducing waiting times, improving
customer satisfaction, reducing storage space, etc. [7, 8].
For example, the results of research on construction
projects (P. F. Tunji-Olayeni and etc. [8]) indicate
that logistics management is a more important
element of construction project management. According

to experts (architects, builders, project managers),
the main  problems that arise and lead
to negative consequences in the projects are

related to transportation, improper storage, delays in the
supply of materials, etc. [8]. This has made it
possible to separate processes directly related to
logistics in the management of project resources, in
particular [9]:

- material resource assessment processes — processes
related to resource management planning in order
to form approaches to assessing the type and quantity of
materials, equipment and consumables, their supply and
use in the performance of project work;
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- procurement and supply management processes -
processes that provide the project with the resources
necessary for its implementation;

- material resource allocation processes - processes
related to resource allocation in the project supply chain
and their delivery to the application site;

- Inventory management processes - processes aimed
at managing inventory levels and monitoring project
resource management performance.

Project management is an integrative action that
requires all of its processes to be structured and linked to
other processes to facilitate their coordination for project
success [4, 6]. To do this, the PMBoK divides all
processes into five groups - initialization, planning,
monitoring, and closing process groups [4]. The
relationship between process groups and project material
management processes is shown in table 2[9].

Table 2. Relationship of project material resource management processes with groups of project management processes

Project process groups according to PMBoK

Processes related to the

Monitoring and

procurement and supply of
material resources

management planning

logistics of the project Initiation Planning Implementation control Closing
Evaluation of material Project material Estimation of material
resources resource management resources of project
planning operations
Management of Procurement and supply | Organize the supply and Control of

purchase of material
resources

procurement and
supply of material
resources

Allocation of material
resources of the project

Planning the
management of the
distribution of material
resources in the
logistics chain of the
project

Control of the
distribution of
material resources

Organize the delivery of
material resources to the
place of application

Project material
inventory management
planning

Inventory management of
project material resources

Regulation of the level of
stocks of material
resources of the project

Monitoring the
effectiveness of
inventory
management

The process approach assumes that any process is
considered, focusing on its inputs and outputs [4, 5], the
principles of conceptual modeling allow considering it in
relation to a separate field of knowledge (or a separate
functional unit). Thus, the processes of material resource
management of the project can be represented as a model
of information flows of the process [10]

| _Pr=(,Z,0,A0,p), )

where V ={v,,v,,v,} is the set of input data, which
includes: v, — assets of the organizational process project

containing standard processes, life cycle project,
instructions, template, storage rules, retrospective
information on resources types, etc.; v, — environmental

factors, which include information on the economic
conditions of the project, the availability of resources, their
location, when these resources may be available, terms of
supply, etc.; v, — list of suppliers;

0={0,,0,,0,,0,,0.} — the set of source data that
contains o, — resource needs; o, — bills to pay; o, —
consolidated resource management plan;
consolidated resource calendar (updates); o, — project

logistics chain structure (updates);

Z ={z,,2,} — a set of documents that regulate the
process and ensure its proper flow: the project charter
(z,), which contains a high-level description of the

project, requirements, list of stakeholders, aggregated
events, financial resources that may affect the

0, -

management of material resources; project management
plan (z,), in particular, issues related to schedule, cost,
risks, supply, etc.;

¢ — update function, the implementation of which is
associated with the clarification (correction) of input data
in accordance with the requirements of the documents
governing the process of managing the material resources
of the project;

A={a,a, a;,a,} — set of operations related to the

logistics of the project (according to table 2);

y — output function, as a result of which the initial
data of the process of material resources management of
the project are formed.

Supporting the idea of graphical representation of
models, we present the obtained model (1) in graphical
form (fig. 1).

The internal content of information flows in the
process of managing the material resources of the project
is regulated by a number of documents, which prescribe
the requirements for their design and composition. These
documents form a single internal standard for the
preparation and maintenance of projects through data
modules in a single software and communication
environment - the database (library) of the project, which
receive when implementing the update function [10]:

o NxZ >V, 2)
that is, the content of the elements of the set V varies
depending on the scope and complexity of the project,
updated and adjusted within the overall process of change




ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

Innovative technologies and scientific solutions for industries. 2021. No. 1 (15)

management during the receipt of new information on the
project.

Execution of update function (2) clarifies the content
of the elements of the set V. For example, the assets of the
project organizational process that come to the input of
processes related to material management, when
implementing the function ¢ taking into account the
requirements of the project management plan, are
transformed into the initial requirement of "developing a
hierarchical resource structure,” the form, type and
content of which are standardized.

Project management plan

After clarifying the input data by performing the
function ¢ for the implementation of material resource
management processes of the project, certain functions

(operations) are provided, which form a reflection [10]:
v AxV -0, ?3)

which unambiguously determines what will be at the exit
of the development project process depending on the inputs
and certain operations.

Project charter

Organizational project assets

Environmental factors

resources

List of suppliers

Manage project material

Resource demands

Summary project resource calendar (updates)

Accountto pay resources

Project resource management summary plan

Structure of the project logistics chain (updates)

AD

Fig. 1. Graphical representation of the model of information flows of material resources management processes of the project

Analyzing the table 2, let's form a set A. It consists
of elements: a, — to estimate the material resources of the

project; a, — to manage the procurement and supply of
material resources of the project; a, — to allocate material

Therefore, according to expression (3), the function
y converts the set of input data V ={v,,v,,v,} into the set

of output data O ={o,,0,,0,,0,,0,}, passing through
operations A={a,,a,,a;,a,}, taking into account the

resources of the project; a, — to manage stocks requirements of the normating documents of the set
of material resources of the project. Z ={z,,z,}. In graphical form, the function v is shown in
fig. 2.
|- |.Project management plan
- I g Project charter I SR Resource
Environmental demands
factors -
Estimate th Lo
S cSUmatedne Project supply management plan Accountto pay
i project
OrgAanlzatlonaI R - — resources
project assets resolrces i Effec{t;v:gsrséz |ﬂn0dv|vcsators l l Supply chain management |  project resource
plan (updates) management
Supply contracts summary plan
Al i 3 "Produce or Buy' Summary
Hierarchical anage the Solutions project Summary
resource structure procurement & resource project
supply of the Project logistics calendar resource
project chain elements calendar
Distribute th Structure of the (updates)
: : Resource orders |~ oue 18| project logistics >
List of suppliers | —— project chain Manage | structure of
— Resources storage material stocks of | the project
o : et
™ conditions resources Resource rr“)lratzjeerfatl ocgr;ail:‘:s
4 =iiage resources | (updates)
A2 - decisions EE—
Supply
Availahle resources data volume
— - > Inventory
Dewatmn; from delivery A3 volume
requirements ¥
Frequency of purchases || N Ad

Fig. 2. Graphic view of the function y model of information flows of material resource management processes of the project
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Complex information links between operations (fig.
2) and the hierarchical nature associated with the
distribution  between groups of PMBoK project
management processes (table 2), lead to the need for
further transformation of project material resource
management processes into a set of hierarchically
organized subprocesses.

The information flow model of the Al subprocess is
according to expression (1), a set of objects

L_A =V Zy0a Ay Oy is), ()

where V, ={v*,v;*} is the set of input data, which

according to fig. 2 consists of the assets of the
organizational process (v/*) and environmental factors

(v');
Z, ={z},z,;'} is a set of documents that regulate

the subprocess, which in accordance with fig. 2 contains
the project management plan (z* ) and the project charter

(z');
O, ={0* 05,05} — the set of source data, which

according to fig. 2 consists of a hierarchical structure of
work (0/*), resource requirements (o0,:) and stock

standards (0}* );

Project management Project charter

A, ={ay; 8y, — the set of operations of the

subprocess, which according to table 2 define a,;

planning of management of material resources of the
project and a,, estimation of material resources of

operations of the project.
In model (4), the output function performs a
mapping Wa AL XV, >0, the graphical

representation of which is shown in fig. 3.

The main purpose of A; subprocess is to determine
the integral amount of resources required to p
erform the project, to form a hierarchical
structure  of resources, to find the function
of resource needs and to determine the norms
of stocks.

The main recommended tools and methods of
realization of the subprocess of assessment of material
resources of the project are [4, 10]:

- expert assessments;

- methods of displaying data, in particular in the
formats of hierarchical schemes, matrices or text;

- analysis of alternatives;

- open estimates;

- software for managing the project;

- evaluations "bottom - up".

plan

Hierarchical resource structure

Environmental
factors

Plan project resource
management

Al1

Organizational project assets

Resource demands

Estimate project -
activities resources

Inventory norms

A12

Fig. 3. Graphic view of the function y subprocess of evaluation of material resources of the project

But for the adaptation and development of project
management, the theory of inventory management can be
used [11], for example, in determining inventory norms.

Based on the hierarchical structure of resources, the
need (A) in a certain type of material resource is
evaluated.

Assume that during the project implementation the
need for material resources A may arise n times at regular
intervals. Then the size of the aggregate order is a multiple
of A, i.e. [12]

Q=An,
and the average resource level is equal to:

n-1
AT
In this case, the occurrence of costs associated with
stocks will coincide with one of the "points of need".
Their value is calculated by the formula:
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Losalzt, K
2 n

()

where S — costs of storing a unit of resources, the value of
which determines the assets of the organizational
process of the project; K — the cost of order formation,
the level of which depends on environmental factors;
h — the total frequency of resource demand during the
project implementation.

Therefore, analyzing expression (5), we note:

- if the quantity [n] = 1 (where [n] is an integer),
then the supply of material resources should
be organized in such a way as to directly satisfy the
need A;

- condition [n]> 1 means that conditions should be
provided for storage of material resources;

- inequality nK—-SA <0 is a necessary and
sufficient condition for non-creation of a stock.

The obtained results are the input data of the
following subprocess A,, the model of its information

flows according to expression (1) has the form:

|_A =Ny Zy 0s AL O0sWn) (6)

where V, ={v/*,v,%,...,vo*} — the set of input data, which
according to fig. 2 consists of norms of stocks (V;*),
resource requirements (v;*), hierarchical structure of
resources (v, ), assets of organizational process (v, ), list
of suppliers (v/*), volumes of deliveries (v.2), frequency

of purchases (v/*), size of stocks (vg2), deviations in
deliveries (V¥ ) ;
Z, ={z/*,z}*} — a set of documents that regulate

the subprocess, which in accordance with fig. 2 contains
the project management plan ( z,% ) and the project charter

(z5°);
0, ={0*,0;%,...00} — the set of source data,

which according to fig. 2 consists of "produce or
purchase" (0/) decisions, project supply management

plan (o0jz), project logistics chain elements (o0.%),
resource conservation conditions (0,2 ), supply contracts
(()SA2 )l

performance indicators (o0, ), invoices for payment of

resource orders (0;%), resource promotion

resources (0;*), data on available resources (0g%),
deviations in deliveries (0.2 );

A, ={8p1, 242,845} — the set of operations of the
subprocess, which according to table 2 determine a,,,

planning of procurement and supply management, a,,,

organization of supply and procurement of material
resources; a,,, control of procurement and supply of
material resources.

In the model (6) the output function has the form
Wy, A, xV, =0, , the graphical representation is

shown in fig. 4.

Project chaner\ | —__Projectmanagement plan
b

r

List of suppliers 7

"Produce or Buy' Solutions

Ll

Project supply management plan—

Resource demands

Project logistics chain elements

Lt

Organizational project ”
g assets prol ¥ y ¥ Resources storage conditions
Inventory norms Plan procurement Supply contracts
= & supply BireRaS A RERE. Resource orders.
Supply volume management -
> e ) e
Hierarchical resource L Effectiveness indicators
i resource flows
structure % Procurement Organize & Order 2
» strategy procurement parameters o
Deviations from = supply of N Accountto pay resources
delivery ™ A2 resources Control &
i ion |procurement & )
LU B8 information |P Available resources data
= about order | supply of
v fulfillment resources L
Frequency of
purchases i~
‘[ — A22
Inventory volume - A23

Delivery deviations
Fig. 4. Graphical presentation of the function y subprocess of procurement and supply management of material resources

Unlike others, subprocess A, may be related to

existing legal obligations and penalties. This subprocess
can be started at the initial phase of the project life cycle,

when developing its feasibility study, then at the planning
stage, when the need for material resources is specified,
the possibilities of providing them are assessed [13].
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Personnel in charge of procurement and supply of material
resources may not always be a member of the project
team [4].

The most common tools and methods
implementing this subprocess are [4, 6, 13]:

- expert assessments;

- data collection and analysis;

- inspections and audits.

The model of information flows of the subprocess of
distribution of material resources of the project has the
form:

for

A= (Voo Zay 0 A On W) s )

where V, ={v*,v;*,..,v;*} is a set of input data, which
consists of assets of the organizational process (V/*),
conditions for saving resources (V,®), supply contracts
(vs*), elements of the logistics chain of the project (v,*),
data on available resources (v,®), orders for resources
(v{*), decisions to "produce or purchase" (v;*);

Z, ={z*,2*} - a set of documents that regulate
the subprocess, which is determined by the project supply

management plan (z*) and resource efficiency indicators
(z°);

0, ={0*,0;°,..,0;°} — the set of source data
formed by the structure of the logistics chain
of the project (0.*), the decision to save resources (0,°),

the project supply management plan (update) (o), the
consolidated calendar of resources (0,*), deviations from
the supply requirements (0.* );

AA3 ={8ua1 Bz s Anzs}
operations, which in accordance with table 2 determine
a,; as a planning the management of resource allocation
in the logistics chain of the project, a,s, the

organization of resource delivery to the place of
application; a,,; — controlling the distribution of material
resources.

In model (7) the output function is given by the
mapping: Wa AL XV, >0, Its graphical

the set of subprocess

representation is shown in fig. 5.

Project supply Effectiveness indicators resource flows
management plan
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Supply of resource R t decisi
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allocation in >
Available the logistics
resources data chain of the
roject Delivery schedules ; 4 Supply chain management
Project logistics proj +| Organize the plan (updates)
chain elements delivery of T mm -
resources to P o N m—
the point of resourcez;)leridar
A31 use Control the i
Resource * allocation of
orders N Resource completeness project
data resources
"Produce or Buy' Solutions A32
Deviations from
delivery requirements
A33 ] "

Fig. 5. Graphic view of the function y subprocess of allocation of material resources of the project

Implementation of subprocess A, is aimed at

solving a number of problems, among which we highlight
[9, 13]:

- creation of delivery schedules;

- development of decisions regarding the structure of
the logistics chain of the development project, which is
created during the movement of material resources from
supplier to consumer;

- organization of transport flows on the basis of
transport work schedules;

- substantiation of decisions on storage of resources
and their completeness and organization of storage.

Therefore, the main tools and methods of the
subprocess of allocation of material resources of the
project are:

- expert assessments;

- data display methods;

- grid methods;

- project management software;

- methods of logistics.
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Project inventory management refers to monitoring
and making decisions to save time and money by
minimizing the retention costs required to implement
the project effectively. The goal of the inventory
management system is to ensure the continuous
execution of the project by supplying resources at the
scheduled quality date with minimal maintenance
costs [9, 14, 15].

The model of information flows of the A, subprocess

has the form:

LA =(VaZn a0 A On¥n) s (8)

where V, ={v*,v;*,...,v¢"} is the set of input data formed

by: consolidated resource calendar (v;*), hierarchical
structure of resources (v;*), data on available resources
(vj*), resource conservation decisions (v,*), project
logistics chain structure (V/*), resource conservation
conditions (vg*);

z, ={z,2;'} —aset of documents regulating the

subprocess, which consists of stock standards (2 ) and an
updated supply management plan (z}* );

O, ={of,0*,...07"} — a set of input data
consisting of an updated resource summary calendar
(o), supply quantities (0.*), inventory quantity (0.*),
purchasing frequency (o/*), project resource summary
plan (0/*), updated supply chain structure (og*),
inventory dynamics data (0 );

Ay, ={84 80,8555} — the set of operations of the

subprocess, which according to table 2 define a,,, project

resource inventory management planning, a,,
regulation of the level of resource stocks; a,,;
monitoring  inventory  management  performance
indicators.

In model (8), the output function has the form:
Wa A, XV, =0, ; its graphical representation is

shown in fig. 6.
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Summary project 7 calendar (updates)
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- Control the plan
Structure of the project logistics chain —] a2l Volumes of effectiveness
insurance stocks | indicators of project >
inventory Structure of the project
management logistics chain (updates)
Resources storage conditions -
Inventory dynamics data Ad3 _]

Fig. 6. Graphical view of the function v subprocess of inventory management of material resources of the project

It is easy to notice that the main tasks of the sub-
process of inventory management of the project are
atypical for project management. This determines that the
tools and methods used to implement this sub-process are
more applicable in logistics [11, 12, 15]. Among them we
note:

- methods of selective management;

- methods of linear and dynamic programming;

- forecasting methods;

- methods of inventory management theory;

- methods of logistics.

Conclusions and prospects for further development

An analysis of the project resource management
processes described in the project management
methodologies, in particular in PMBoK, showed that
human and material resource management issues are not
separated, and among other project resource issues, only
procurement management issues are considered. This can
lead to negative consequences in management and, for
some projects, become a prerequisite for the deterioration
of the financial stability of the project, slow down the pace
of business activity, and increase the risks of exceeding
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the project budget and deadlines. It is noted that the
solution to this problem depends on the management of
material resources of the project — processes that have a
significant impact on the cost of the project, its schedule,
risks, quality.

In order to adopt more thorough management
decisions, it is proposed to allocate a separate field of
knowledge, in which the processes of management of
material resources are formed, their possible connection
with PMBOoK processes is shown. Formal representations
of processes that make up management of material
resources of the project are formed based on a process
approach. The inputs and exits are identified, the
relationships with other processes of the defined field of

knowledge are shown, the main recommended tools and
methods are shown.

Thus, the principles are generalized and an approach
is applied that is applicable in the field of project
management, which formalizes and structures the
processes of material resources management of
the project so that they can be used in many projects. This

approach, based on processes, is integrated into
project management, contains a description of the
knowledge required for the organization and

implementation of activities to provide material resources
of the project.

The results obtained can be useful in project
management at any stage of the life cycle.
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V3ATAJIBHEHUM MIIXIT 10 YIIPABJITHHSA MATEPIAJTBHUMHA PECYPCAMHU
INPOEKTY

I[IpeameroM moCHi/KEHHS B CTAaTTi € MPOLECH YIPABIiHHSA MaTepialbHUMH pecypcaMu MpoekTy. Mera pobotu — ¢GopmyBaHHS
y3arajJbHEHOr0 MiIXOLy MO YNpPaBIIHHSA MaTepiaJbHUMH pecypcaMH IPOEKTy NUISXOM BH3HAUSHHS Ta (opMaiizamii mpormecis
YIpaBIiHHS HUMH. B cTaTTi BUpIIIYIOThCS TaKi 3aBAAaHHS: IPYHTYIOUHCH Ha IPOI[ECHOMY MiAXOMi, chOPMOBAHO MPOLIECH YIIPABITiHHS
MaTepialbHUMH pecypcaMy IPOEKTY; BH3HAYEHO MiCIe IPOIECIB YHPABIIHHSA MaTepialbHHMH pEeCypcaMH INPOEKTY B CTPYKTYpi
PMBoK Ta iHTerpoBaHo ixX 3 IiHIIMMH IIpOIleCaMHd YHPaBIiHHS NPOEKTAMH; HaBEIeHO (opMmanizoBaHe NPEACTABIEHHS HPOLECiB
YIpaBIiHHA MaTrepiaJbHHUMH PecypcaMH IIPOEKTY; BH3HAUCHO IHCTPYMEHTH Ta METOAM YIPABIIiHHSI MaTepialbHUMH pecypcaMu
MPOEKTY. BUKOPUCTOBYIOTHCS 3arajJbHOHAYKOBI METOAM CHCTEMHOTO aHali3y, Teopili NPUHHATTA pillleHb, Teopii YNpaBIiHHI
3amacaMy. OTPUMAHO Taki pe3yJabTATH: 3 METOI NMPHUUHATTS OLIBII IPYHTOBHUX YNPABIIHCHKUX PIIIeHb 3alIPONOHOBAHO BHIUIUTH
OKpeMy Traily3b 3HaHb, B paMKax $KOI C()OPMOBAHO NPOLECH YHPABIiHHSA MaTepiaJbHUMU pecypcaMH IPOEKTY, IOKa3aHO iX
MOJKIUBHH 3B'130K 3 rpynamu nporeciB PMBoK. basyrounces Ha mporiecHOMyY miaxoni, po3po0ieHo ¢popManizoBaHe MpeaCTaBICHHS
NpOLeCiB, IO CKJIAJAIOTh YIPABIIHHSA MaTepiaJIbLHUIMHM pecypcaMH NpoekTy. JIs HHX BH3HA4€HO BXOAW Ta BHXOAHW, IOKa3aHO
B32a€MO3B’SI3KM 3 IHIIMMH IIPOLECAaMH BH3HAYEHOI Taly3i 3HaHb, HABEICHO OCHOBHI PEKOMEHIOBaHI IHCTPYMEHTH Ta METOJH.
BucHoBKH: TpoaHaNi3oBaHO MPOIECH YHPABIIHHSI pecypcaMH IpOeKTy, ommcaHi B Merogoinorii PMBoK, mo namo 3mory
chopMyBaTH MOXKJIMBI HampsIMKH IOKPAaIICHHS pPECypCHOro 3abe3NedeHHs INPOEKTy. 3a3Ha4yeHo, IO pilleHHs i€l mpobremn
3aJIOKUTh BiJl YHPAaBIiHHSA MaTepialbHAMH PECypcaMu IMPOEKTy. BUOineHO OkpeMy raiy3b 3HaHb, B paMKax sIKOi c(popMOBaHO
MIPOIIECH YIPABIIHHI MaTepiaIbHUMH PECypCaMu MPOEKTY — MPOLIECH OLIHIOBAHHS MaTepialbHUX PECypPCiB, YIPABIiHHS 3aKyHiBISIMHI
Ta MMOCTavYaHHAM, PO3MOIIICHHS MaTepialbHUX PECypCiB, YIPaBIiHHA 3allacaMH MaTepiallbHUX pecypciB. i HUX BH3HAYE€HO BXOIH
Ta BHUXOIM, IOKAa3aHO B3a€MO3B’SI3KM 3 IHIIMMH TIPOLIECAMH BH3HAUCHOI Taly3l 3HaHb, HABEACHO OCHOBHI PEKOMEHIOBaHI
iHCTpyMeHTH Ta Meroau. OTpHMaHi pe3ylbTaTH MOXYTh OyTH KOPHCHUMHM IIPH YIIPaBIIiHHI NPOEKTAaMHU Ha OyAb-sIKOMY eTari
JKUTTEBOTO LIUKITY.

KunrouoBi ciioBa: mpoeKTHUH MEHEIKMEHT; HEBIITBOPIOBAIBHI PECYPCH MPOEKTY; MPOLECH MPOEKTY; MOJEb iH(opMamiiHuX
MOTOKIB MPOIIECy.

OBOBIIEHHBIN MOAXO0/J K YIIPABJEHUIO MATEPUAJIbHBIMHA PECYPCAMU
ITPOEKTA

IIpenmeToM mccreqoOBaHUS B CTaThe SIBISIIOTCS IPOIIECCHI YIPABIEHWs MaTepUalbHBIMH pecypcamu mpoekrta. Lleas paboTer —
(dopmupoBaHue 0000IIEHHOTO IMOAX0/a K YIPABICHHIO MaTepPHAIbHBIMH PECypCaMH MIPOEKTY ITyTEM OINPEACNICHUS ¥ (popMaTn3anu
MIPOIIECCOB YNPABICHUS] HUMH. B cTaThe pemaroTcs ciemyromye 3aAa4yi: OCHOBBIBASICH Ha IIPOIECCHOM IOAXO0JE, ChOPMHPOBAHBI
MPOLIECCHl YIIPABIEHHUsI MaTepUalbHBIMU peCypcaMu MPOEKTY; ONpenesieHo uX MecTo B cTpykrype PMBoK, ux unHTerpupoBano c
JIPYTHMH  TIPOLIECCAaMH  YIPABJICHUS IPOEKTaM; MpPUBEICHO (OPMaATM30BaHHOE MPEACTABICHHE IIPOIECCOB  YIPaBJICHHS
MaTepHalIbHBIMU pECypcaMH IPOEKTa; ONpEeAENeHbl MHCTPYMEHTHl U METObl YIPaBICHUS MaTepHAIbHBIMU PECypcaMH IPOEKTa.
Hcnone3yroTes MeTOAbI CUCTEMHOIO aHAIN3a, TEOPUU NMPUHATHA pelleHUH, TEOpUH yIpaBieHHs 3anacamu. [lomydeHsl cienyromue
Pe3yJbTaThI: C LEIbI0 MPUHATHSI 000CHOBAHHBIX YIPABICHYECKHX PEIICHUH MPEI0KEHO BBIICIUTh OTAEIbHYI0 00JIacTh 3HAaHUH, B
paMKax KOTOpOH ChOpMHPOBAHBI MPOLECCH YNPABICHHUS MaTePUaIbHBIMH PECypCaMH IIPOEKTa, MTOKa3aHa WX BO3MOXHAS CBS3b C
rpymmamu mnpoueccoB PMBoK. OcHOBBIBasCh Ha MPOIIECCHOM MOAX0/IE, pa3padboTaHo (HopMaIH30BaHHOE MPEACTaBICHHE POIIECCOB,
SIBIAIOMINXCST COCTaBIISIIONIMME YIPaBICHHS MAaTepPHAIBHBIMU pecypcaMu mpoekTa. JIimst HUX OmpeneNeHbl BXOABI M BBIXOBI,
MOKA3aHbl B3aHMOCBSI3H C JPYTMMH MpOIECCAMH ONpENeTeHHOW O00IacTH 3HAHMH, NPUBEJECHBI OCHOBHBIE PEKOMEHIyeMbIe
MHCTPYMEHTBl U MeTObl. BBIBOABI: NPOaHAIM3UPOBAHbI IPOLIECCHl YIPABIEHHUs PecypcaMH IMPOEKTY, ONUCAHHBIE B METO0JIOTUH
PMBoK. 310 mo3Bonmio chopMHpoOBaTH BO3MOJXKHBIE HANpaBIEHHS YIYYIIEHHs PecypcHOro obecredeHusi mpoekra. [Ipm stom
OTMEYEHO, YTO PEIIeHHe 3TOM MpoOIeMbl 3aBUCHT OT YNpaBJCHWsS MaTepUAbHBIMHM pecypcamMu IpoeKkTa. BbimeneHa oTnenbHas
obyacTh 3HaHMH, B paMKax KOTOPOH C(OPMHPOBAHBI MPOLECCHl YNPABICHUS MaTepHAIBHBIMU PECypcaMu MPOEKTY - NPOLECCHI
OLIGHKH MaTepHaJbHBIX PECYpPCOB, YNPABICHUS 3aKylIKaMHM M IOCTaBKAMU, PAaCIpeAeNeHHs MaTepUAIbHBIX PECYPCOB, YIIPaBIECHUS
3amacaMi MaTepHANBHBIX pecypcoB. [IsI HMX ONpEAeneHbl BXOABI M BBIXOJBI, ITOKA3aHBI B3aHMOCBSI3M C JPYTHMH IIPOLECCAMU
OTIpEIeNeHHON 00JIacTH 3HAaHWH, IPHBEACHBI OCHOBHBIE PEKOMEH/IyeMble HHCTPYMEHTHI 1 MeToAbl. [lomydeHHbIe pe3ynbTaThl MOTYT
OBITH MOJIE3HBIMH TIPH YIIPABJICHUH IIPOSKTaMH Ha JIFOOOM STarie )KU3HEHHOTO IIHKIIA.

KnioueBble cJI0Ba: TPOCKTHBI MEHEIPKMEHT; HEBOCIIPOM3BOJIMMBIE PECYpCHl MPOEKTa; MPOLECCH MPOEKTa; MOJENb
MH(OPMAIMOHHBIX TOTOKOB TIpoIiecca.
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D. ZOLOTARIOV

THE MECHANISM FOR CREATION OF EVENT-DRIVEN APPLICATIONS BASED
ON WOLFRAM MATHEMATICA AND APACHE KAFKA

The article is devoted to the research and development of the mechanism of interaction between Wolfram Mathematica programs and
Apache Kafka queue to provide the ability to build event-driven applications based on it. The subject of the research is the practical
principles of building a mechanism for interaction between Wolfram Mathematica and Apache Kafka. The purpose of the article is to
develop and substantiate practical recommendations regarding the formation of a mechanism for publishing messages to the Apache
Kafka queue and reading messages from it for programs of the mathematical processor Wolfram Mathematica, which will make it
possible to build event-driven applications. Tasks: to determine the mechanism of such interaction, prove the choice of tools for its
implementation, create and test the obtained results. The research used the following tools: Apache Kafka, Kafkacat, the method of
developing the Wolfram Mathematica package. The results of the research: the mechanism of interaction between Wolfram
Mathematica and Apache Kafka was determined and the corresponding toolkit was created on its basis in the form of two
Mathematica packages, which are built on using Apache Kafka as a queue client and third-party Kafkacat software, respectively. It is
shown that the first option is less reliable and consumes much more computer resources during operation. It has been demonstrated
that the Mathematica processor is currently not suitable in its pure form for real-time data analysis. Recommendations are given
regarding the use of built-in compilation functions to increase the speed of such processing. Conclusions. Practical recommendations
have been developed and substantiated regarding the formation of the mechanism of interaction between the Wolfram Mathematica
mathematical processor and the Apache Kafka queue manager for the possibility of working in two directions with the queue:
publishing messages and reading them. A toolkit for such interaction in the form of Mathematica packages has been created, their
capabilities have been demonstrated, as well as comparison with each other. The economic benefit of using the described tools is

shown. Future ways of its improvement are given.
Keywords: event-driven applications; queue manager;
Mathematica.

Introduction

Recent years have been marked by the rapid
development of micro service architecture and the
distributed processing of information in real or near real
time. This is primarily due to the development and
improvement of data delivery mechanisms such as queue
managers.

Based on them, such event-driven products are built
as: 10T [1-2], which work with the flow of messages from
"smart" things; web platforms [3] that display the results
of receiving or processing events to the end user; data
processing pipelines [4-7], responding to events of
different nature, and others. The peculiarity of such
systems is that they focus not so much on reducing the
processing time of each individual event and bringing it
closer to real time, but on the guaranteed and clear
sequence of interconnected events and guarantees the
processing of each of them. The latter comes to the fore
because event generators and consumers are often
completely  technologically = and  algorithmically
independent, and can also be located in space at a
considerable distance from each other. In addition,
consumers - queue data points - can appear in the system
as needed, change at any time, and be excluded from it
when they are no longer needed. The consequence of this
feature is that the number of queue clients is limited only
by the capacity of the queue managers' servers.

One of the most popular, fault-tolerant and powerful
queue managers at the moment is Apache Kafka. It allows
you to build a distributed system of brokers (managers) of
the queue, which is able not only to dynamically adapt to
the load from the queue customers of both types
(generators and consumers), but also easily scale both
vertically and horizontally.

mathematical processor; saving resources and funds; Kafka;

The benefits of event-oriented architecture are
increasingly being appreciated beyond the development of
commercial products. One of the promising areas is the
processing of such a message flow by mathematical
processors, which allows you to use their full range of
tools for analysis. For example, the implementation of the
study of data obtained from Kafka in the mathematical
package MathWorks MATLAB is already underway [8]
and has a fairly rich functionality.

The Wolfram Mathematica processor is one of the
world leaders in the field of symbolic and numerical data
processing and is used in almost every field of knowledge
and science, which is clearly seen, for example, in
publications [9-12], where this matpacket is used to solve
different areas of applied technology. Therefore, the
construction of event-driven products based on it is an
urgent task.

But there is still no effective and reliable mechanism
for connecting this math processor and Kafka to receive or
publish data. There is a single undocumented MQTTLink
package [13] for the MQTT protocol (mosquitto), which,
through third-party software, allows you to connect to a
Kafka cluster. But it does not guarantee correct operation
[14].

Therefore, the purpose of this article is to develop
and substantiate practical recommendations for the
formation of the mechanism of interaction between the
mathematical processor Wolfram Mathematica and the
queue manager Apache Kafka to work in two directions:
publishing messages in the queue and consuming
messages from it — which will build event-driven
applications in Mathematica. The task of the article is to
identify the necessary elements of such a mechanism and
justify the choice of tools for their construction.

© D. Zolotariov, 2021



ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

Innovative technologies and scientific solutions for industries. 2021. No. 1 (15)

Using Apache Kafka

The Mathematica mat package itself, as mentioned
above, does not have built-in interoperability with Kafka.
And the easiest way to organize this interaction is to
locally install Apache Kafka software on the client
computer as a queue client and interact with the queue
through it. The diagram of the system constructed on such
approach is given in fig. 1. It should be noted that Kafka
also requires the installation of a Java code execution
platform. It should also be borne in mind that currently
Kafka developers do not guarantee the correct operation
of all components of their platform on Windows [15].

PC
Apache
Java VM
Katka
cluster
Mathematica| Apache >
imd  Kafka z

\_ ')

Fig. 1. Connecting to a Kafka cluster via a local Apache Kafka
installation as a client

Scripts from the "/ bin /" subdirectory for Linux
systems and "/ bin / windows /" for Windows systems in

Run["echo \""'<> key <>":"<> value <>'
<>" --property \"parse.key=true\"

The publication is made in the form of "key: value",
which is indicated by two arguments of the script with the
prefix "--property". Moreover, the "value" should not have
time transfers. The function is a call to the echo

the Kafka installation directory are used for publishing,
reading messages, and other operations in turn. For
certainty, we will consider only Windows as a client, for
Linux the difference will be only in the extension of
scripts ".sh".

The publishing operation is a one-time execution of
the instant  termination  script  "kafka-console-
producer.bat”, which is performed each time to send a
separate message to the queue, which is read from the
standard input stream (stdin). Read operation - one-time
execution of the script "kafka-console-consumer.bat"
without completion, which is an endless process of
reading messages from the queue and output them to the
standard output stream (stdout). The main parameters of
all scripts are: "--bootstrap-server" - a comma-separated
list of boostrap servers to connect to the Kafka cluster, and
"--topic" - the name of a specific queue. Hereinafter, these
general parameters in the code are replaced by three dots
for brevity.

Therefore, the construction of the mechanism of
interaction of Mathematica with the Kafka cluster should
be based on the use of built-in functions of executing
external applications and reading streaming data that work
with standard input and output streams.

To run external applications from a Mathematica
document, use the Run function, the only parameter of
which is the command to execute. The function of
publishing in turn built on its basis looks as follows.

\"" | kafka-console-producer.bat ... "
--property \"'key.separator=:\"""];

environment command, which provides data for
publication to the Kafka script input.
Creating and deleting queues is done in a similar

way, for example, creating:

Run[""'kafka-topics.bat ... --create];

To read from a data stream in Mathematica, use the
Read function, the parameters of which are the file name
and read mode: string, write, word, and others. But if you
put an exclamation point at the beginning of the file name,
it will be treated as a command to execute and the Read
function will return its output to the standard stream. Also,
instead of the file name, you can pass the handle of the

stream = OpenRead["'!'kafka-console-consumer.bat ...
While[True,{
Check[str=Read[stream,String], Break[];];

thread opened by the OpenRead function, which takes in
the file name with all the comments above. The
mechanism of operation of the Read function is such that
it does not end until the data flow reaches the value of
EndOfFile, i.e. does not end. The reading of queue data
based on it is given below.

--from-beginning"];

If[str===EndOfFile || callback[str]===False, Break(];]

H;

Close[stream];

The above construction opens a data stream initiated
by the script "kafka-console-consumer.bat" and reads in
an infinite loop. Each message is processed by a user
function in the callback variable. In this case, the simplest
way to break messages is used — as a text string by
hyphenation of the line "\ n". But if the messages contain
such characters, it is possible to switch the reading mode

to "Record" and set in the RecordSeparators option of the
Read function a valid character for dividing the flow into
messages. The use of the intermediate function OpenRead
is intended to obtain a flow descriptor for its correct
closure by the function Close, however, as mentioned
above, you can pass the command directly by the first
argument to the function Read. In the latter case, the
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thread will be closed only when the current Mathematica
kernel is closed.

For ease of distribution and use, the developed
functions based on the above are designed in the form of
Mathematica package "KafkalLocalLink", which is built in
a standard way and has the following structure of files and
directories, shown in fig.2.

KafkalLocalLink
Consume
= Consume.m
Kernel
= initm
Produce
= Produce.m
= KafkalocalLink.m

Fig. 2. The structure of the directories of the Mathematica
package of interaction with Kafka

Each of the Consume.m and Produce.m files has
descriptions of the function of obtaining a list of queue
names and their specialized ones. The first is reading,
the second is deleting, creating a queue, and publishing to
it.

The advantages of separating the developed program
code into a package include the possibility of its dynamic
loading in Mathematica.

Using Kafkacat

An alternative approach to publishing to the Kafka
queue might be to install Kafkacat [16] on the client, a
third-party software for connecting to a Kafka cluster that
does not require the Java platform but requires Windows
version 10 with Windows Subsystem for installed and
configured. Linux (WSL) [17] based on Ubuntu. The
diagram of the system built on the use of Kafkacat is
shown in fig. 3.

PE
Apache

Kafka

WSL

cluster

Mathematica
H

Fig. 3. Connecting to a cluster via a local Kafkacat installation

A A A 4

In terms of built-in features, this application is not
inferior to the original Apache Kafka software, but much
more convenient to use.

A similar package for Mathematica is based on it.
Which differs only in the following remarks. The
publishing team in the queue will look much shorter:

"... | kafkacat P -K: -b ... -t..."

The argument "-P" includes publishing mode, "-K" -
sets the colon as a separator between the key and the value
of the message, the last "-b" and "-t" - are completely
similar to "--bootstrap-server" and "—topic”.

The reading command from the queue will look like
this:

"lkafkacat-C-J-u-q-b...-t..."

Where the argument "-C" includes read mode, "-J" -
receive a message in full JSON-format, "-u" - switches to
unbuffered output mode, "-q" - excludes the output of
service information.

As mentioned above, using the "-J" parameter for
Kafkacat returns a string that is a JSON object with
complete information about the message from the queue:
publication time, key, values, headers, offsets, and more.
But Mathematica does not have a built-in convenient
mechanism for working with the JSON format, so to
process this string and get from it the fields "key"
(message key) and "payload" (message text) you need to
use the following approach:

json = ImportString[str, "JSON"];
key ="key™ /. json;

Similar constructs are used to retrieve other fields

from the object, such as "headers"”, "offset™ or "ts"..

Work demonstration and comparison

To implement the experiment, two Mathematica
documents were created on the client computer: a
generator and a reader. Each of them has its own core of
the mathematical processor, which is allocated its own
core of the CPU - for guaranteed parallel and independent
document processing. The first developed package was
used to connect to the Apache Kafka cluster. After
receiving the results, the queue was deleted and the
second Kafkacat-based package was used.

As a platform for the deployment of the queue, cloud
technologies DigitalOcean were chosen, which is one of
the world leaders, where servers based on Ubuntu 20.04
LTS x64 OS were located, which proved to be a reliable
and fast platform in previous developments [20].

To demonstrate the operation of the developed tools
for building event-driven programs in Mathematica, the
generation of an arbitrary number in the range [-50.50] is
selected, repeated 100 times with a delay of one second. A
small number of iterations are chosen for the convenience
of plotting.

The content of the experiment is as follows: on the
publication side, an arbitrary number is generated and
added to the end of the points array, which has a dynamic
update (via the Dynamic function) in the document, and is
sent to the queue. At the same time, the client-reader
receives a message with this number, adds it to its array,
which automatically leads to the restructuring of the graph
based on it, which also has a dynamic output. The graph is
constructed by the ListPlot function for the entire
definition area [1,100] and with the option
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"InterpolationOrder -> 2", which at the boundary points
leads to the output values from the original range of
values [-50.50] and serves as an additional load on
message processing.

Since the client can only connect to a queue that
already exists, the first to run was a document with the

NN = 100;
points = {};
Dynamic [Text [points]]

(-42, -19,2, 37, =23, 23, 32, 36, -29, -25, 16, 26, -2, 14, -19, -19, 37

KafkaClearTopic[kafkaTopic];

Do|
int = ToString[RandomInteger[{-50, 50}]]:
AppendTo[points, int];
KafkaPublish([kafkaTopic, ToString[i], int];

Pause[1];
, {1, NN}];

KafkaPublishFinish[];

.28, =14, -42, -3, 20, 48,
=42, 46, 41, 29, -16, -38, 50, 2, 36, =32, 50, 43, 49, -15, -40, -47, =42, -36, 49, -22, -11, 4,

44, -40,42, -49, 8, 34, 19, =38, -17, 49, 36, -43, -10, -21, 6, -7, =22, 44, 25, -48, -6, -40)

publication of messages, which first creates a queue,
followed by a reader document. The result obtained at the
same time for both documents for the package with
Kafkacat is shown in fig. 4.

i ihL N

20 40 60 80 100

=25+

KafkaRead [
kafkaCallback ,
kafkaTopic

| {3

Fig. 4. Simultaneous publishing (right) and reading from the same queue (left) using the Kafkacat-based package

The figure above shows that the client-reader does
not lag behind the client-generator. But in real time it is
clear that such a lag is still there, although insignificant.
The main delay that has been shown in the simulation is
the updating of dynamic objects in the document: for the
text field when publishing - imperceptible, for graphics -
about 0.2s, which is visible to the eye. With more
complex processing operations, the delays will be even
greater.

This in turn indicates that the Mathematica package
is not yet designed for real-time data analysis and cannot
handle critical operations. For complex data stream

analysis tasks, it is recommended to use in Mathematica
compilation of functions in WVM bytecode or even C,
which in practice [21] can increase its execution speed
from 2 to 10 times or more depending on the input
function being compiled.

The comparison of the speed of the developed
packages is as follows. For publication, only the
publication of data in the queue is selected as the most
resource-intensive process. The experiment described
above was repeated 15 times for each developed package
to exclude measurement error. The measurement results
were averaged. They are given in table 1.

Table 1. Consumption of computer resources by clients of the Kafka queue

Name Using OM (MB) CPU time usage (%)
Package based on Apache Kafka 132 79,3
Package based on Kafkacat 5 0,5

This clearly shows that Kafkacat is much faster to
perform and more economical to operate, because it
requires almost an order of magnitude less computer
resources.

Prospects for further development of the system

Prospects for further development of the developed
tools are the following improvements.

Due to the fact that the queue never ends and
because of this, the program will never receive an
EndOfFile signal during normal operation, it seems
promising to develop an additional mechanism for
forcibly exiting queue messages by the client-reader on a
signal from the client-generator or in any other way, as
well as to include in the package processing service fields

"headers" from a JSON object describing the message in
Kafkacat.

Disadvantages of this tool include the installation
and configuration of multiple components on the Kafka
cluster client computer. In addition, a direct connection to
the Kafka cluster is associated with the following
complications - each client needs to know the IP addresses
of bootstrap servers, have authorization data on
all servers in the cluster and know all the necessary
settings to work with them. Therefore, it seems
promising to transfer this component of the mechanism of
interaction from cluster clients to a separate
server, which will act as an intermediary, hiding all the
settings of interaction with the cluster and
authentication.
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Conclusions It has been demonstrated that the Mathematica

processor is not currently suitable in its pure form for real-

The paper develops and substantiates practical time queue data analysis. Recommendations for using

recommendations for the formation of the mechanism of ~ built-in  compilation features to increase message
interaction of the mathematical processor Wolfram  processing speed are given.

Mathematica and the queue manager Apache Kafka for ' The economic benefi'g o_f_using the desc_ribed tools is
the possibility of working in two directions: publishing achieved due to the possibility of developing powerful
messages in the queue and consuming messages from it. data analyzers from the Kafka queue with a relatively

Appropriate tools have been created in the form of ~ easy-to-learn  Mathematica ~ processor  instead  of
two Mathematica packages, built on the use of Apache developing narrowly specialized tools. And also due to

Kafka as a queue client and third-party Kafkacat software, ~ fast and flexible updating of such program in a matpacket
respectively. which can be changed at any moment and started at once

It is shown that the first option is less reliable and ~ On execution.
requires much more machine resources during operation.
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PO3POBKA MEXAHI3MY JJISA CTBOPEHHS KEPOBAHUX ITOAIAMU
JOJATKIB HA BA31l WOLFRAM MATHEMATICA TA APACHE KAFKA

CraTTs IpUCBsAYCHA OCIIKEHHIO Ta po3poliii MexaHi3My B3aemoii mporpam Wolfram Mathematica i3 MmeHemxepom yepru Apache
Kafka qns HagaHHS MOXKIJIMBOCTI TTOOYIOBH Ha HOTO OCHOBI KEpOBaHMX MOMAIAMHU nojatkiB. [IpeamMeToM NOCITIIKEHHS € PaKTHYHI
3acaqu moOynoBH MexaHizmy B3aemoaii Wolfram Mathematica i3 Apache Kafka. Mertoto crarTi € po3pobOka Ta OOIpYHTYBaHHS
MPaKTUYHUX PEeKOMeHAalill Imoxo (opMyBaHHS MexaHi3My myOumikamii moBimomsieHb y uepry Apache Kafka Ta cmoxxuBanHS
MOBIIOMJIEHb 13 HEl AJI porpaM MareMaTudHoro mnpouecopy Wolfram Mathematica, mo gacTb MOKIHBICTh MOOYZIOBH KEPOBAHHUX
mofisiMH  ZoAaTKiB. 3aBAaHHS poOOTH: BH3HAUUTH MEXaHI3M Takoi B3aeMojii, oOIpyHTyBaTh BHOIp IHCTPYMEHTIB Ui iforo
peaizariii, CTBOPHTH Ta MPOTECTYBATH OTPUMAHUH pe3ysbTaT. Y X0/l HOCHIIKEHHS BUKOPHUCTAHO 3aco0u: iH(opMamiiHi TexHomorii
Apache Kafka, Kafkacat, cmoci6 moOynosu makery Wolfram Mathematica. Pe3yapTaTm IOCIi/UKEHHS: BH3HAYCHUH MeEXaHI3M
B3aemonii Wolfram Mathematica i3 Apache Kafka ta cTBOpeHmil BimmoBimHMI iHCTpyMeHTapiii Ha HOro OCHOBI y BHIIAL JBOX
naketiB Mathematica, mo moOynoBani Ha BukopucTaHHI Apache Kafka y sxocti Kii€eHTa 4epru Ta CTOPOHHBOTO IIPOTPAMHOTO
3abe3neuyenHs Kafkacat Bigmosimno. IlokasaHo, mo mepimiuii BapiaHT € MEHII HaIiiHUM Ta moTpedye 3HAYHO OiNbIlle MAIIWHHUAX
pecypceiB mixg gac pobortu. IIpogeMoHCTpoBaHO, IO Ha AaHMH MOMEHT MaTeMaTHYHUH mporecop Mathematica He HiIXOAWUTH y
YUCTOMY BHUDJIAOI Ui aHalmi3y JaHUX y peaspHOMy dHaci. [laHi pexoMeHpamii IIOJ0 BHKOPHCTaHHS BOYZOBaHHUX (YHKIIH
KOMITUTFOBAHHS IS MiABHIICHHS IIBUIKOCTI 00poOku. BucHoBKkH. Po3poOnieHi Ta 0OIpyHTOBaHI MpaKTHYHI pEeKOMEHIAmii MI0A0
(GopMyBaHHS MeXaHi3My B3aeMofii MaremaTHyHoro npouecopy Wolfram Mathematica Ta menemkepy ueprn Apache Kafka mmst
MOXJIMBOCTI poOOTH y IBOX HANpsIMKax i3 4eproro: myOiikariil nosizomieHs Ta ix untaHHs. CTBOpeHHMit iHCTpyMeHTapiil a1 Takoi
B3aeMofil y Buriai makeriB Mathematica, mpomeMOHCTpOBaHI iX MOJMIJIMBOCTI, a TakoX HOPIBHSHHSA MiX coboro. [lokxazana
€KOHOMIYHA BUT'0/Ia BiJl BUKOPHUCTaHHS ONMUCAHOTO iHCTpyMeHTapito. HaBexeHi MaliOyTHI IUISIXM HOTO BIOCKOHAJICHHS.

KunrouoBi cioBa: kepoBaHi MOJISIMHU TOJATKH; MEHEDKEPU Yepry; MaTeMaTHYHHH IPOIECOp; EKOHOMIS pecypciB Ta KOIITIB;
Kafka; Mathematica.

PA3PABOTKA MEXAHM3MA JJI5s1 CO3JAHUSA YIIPABJIIAAEMBIX COBBITHSIMU
IMPHUJIO)KEHUHU HA BASE WOLFRAM MATHEMATICA U APACHE KAFKA

Crathsi OCBSIICHA HCCIECIOBAHUIO U pa3paboTKe MexaHu3Ma B3aumojeiictBus mporpamm Wolfram Mathematica ¢ menemkepom
ouepenn Apache Kafka st mpemocraBieHnss BO3MOXKHOCTH MOCTPOCHHUS HA €r0 OCHOBE YNPABISEMBIX COOBITHSMH MPHIOKCHHIL.
IIpeaMeTOM HCCIIEIOBAHKS SBIISAIOTCS MPAKTHYECKHE TPUHIMITBI IOCTPOEHHUs MexaHu3Ma B3aumozeiicteus Wolfram Mathematica ¢
Apache Kafka. Hleabto cratbu siBisiercs pa3paboTka U 000CHOBAHHS MPAKTHUECKUX PEKOMEHIAIMI OTHOCHTEIRHO (DOPMHPOBAHUS
MexaHn3Mma TyOnukanun coobuieHuii B oyepens Apache Kafka u urtennst cooOuienunii U3 Hee [Uisi MpOrpamMM MaTEMaTHYECKOTO
nporeccopa Wolfram Mathematica, 4to macT BO3MOKHOCTH [TOCTPOCHHUSI YIPABISAEMbBIX COOBITHSIMU MPHIOKEHKH. 3agaua paGoThL:
OIPEICIUTh MEXaHM3M TAaKOTO B3aUMOJICHCTBHUSI, 000CHOBATh BHIOOP HHCTPYMEHTOB JUISl €r0 pPeajn3allii, CO3/1aTh U MPOTECTHPOBATh
MOJTyYeHHBIH pe3ynbTar. B xo/e uccriemoBaHms HCOIb30BaHbl cpeacTBa: uapopmannonnsie Texuonoruu Apache Kafka, Kafkacat,
crioco6 paspaborku makera Wolfram Mathematica. PesyabTaT uccremoBanmsi: onpeneneH mexaHu3M Biammozeiictsus Wolfram
Mathematica ¢ Apache Kafka i co3man cooTBeTcTByIOmuii HHCTpyMEHTapHii Ha ero OCHOBE B Buje ABYXx maketoB Mathematica,
KOTOpBIE MOCTPOEHHI Ha ucnons3oBaHuu Apache Kafka B kadecTBe kimMeHTa o4yepeny W CTOPOHHETO MPOrPaMMHOIO OOeCIeueHUs
Kafkacat coorserctBenno. [TokazaHo, 4TO TEpPBBIH BapHaHT MEHEE HAJCKEH W IMOTPEONACT 3HAYUTENBHO OOJIbIIE KOMIBIOTEPHBIX
pecypcoB BO BpeMst paboThl. [IpogeMOHCTPHPOBAHO, YTO HA JAaHHBI MOMEHT MaTeMaTH4ecKuii mpoueccop Mathematica ne mogxoaur
B YHCTOM BHJE /Ul aHaiM3a JaHHBIX B PEAbHOM BpEeMeHH. JIaHbl PEKOMCHJALMH OTHOCHTEJBHO KCIOJb30BaHHUS BCTPOCHHBIX
GYHKIMH KOMIHIMPOBAHUS VISl TIOBBIIICHHS CKOPOCTH Takoil o0paGoTku. BeiBoabl. PaspaGoraHsl U 000CHOBaHBI MPAKTHYCCKHE
PEeKOMEHIAINK OTHOCUTENHHO (POPMHUPOBAHUS MEXaHM3Ma B3aMMOJEICTBHsI MaTemMaTrdeckoro mporeccopa Wolfram Mathematica u
menemkepa ouepenn Apache Kafka mis BoamoxuOCTH paboThl B [BYX HAMpaBICHHSX C OYEPEAbIO: IMyOIUKAIMHA COOOMIEHHI U X
yrenus. Co3qaHbl MHCTPYMEHTAPUH U1 TAaKOro B3aHMMOJCHCTBHA B Bujae maketoB Mathematica, mpoaeMoHCTpupoBaHBI HX
BO3MOXXKHOCTH, a TaKKe CpaBHEHHE Mexay coOoi. ITokasaHa SKOHOMHYECKAas BBIFOJAa OT HCIIONB30BAHHUS OMHMCAHHOTO
uHCTpyMeHTapusl. [IpuBeieHbI Oy IyIHe MyTH ero YCOBEPIICHCTBOBAHHMS.

KioueBbie cioBa: ympapiseMble COOBITHAMH MPHJIOKEHHS; MCHEIDKEPhl OUepei; MaTeMaTHUECKHH TPOIIECCOp; IKOHOMHS
pecypcos u cpenacts; Kafka; Mathematica.
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IMPLEMENTATION OF A HYBRID METHOD OF SEARCHING FOR CLOSE
OBJECTS, TAKING INTO ACCOUNT THE GENERAL AND ACOUSTIC
CHARACTERISTICS

The subject of research in the article is the methods of finding close objects and technologies of forming recommendations. The aim
of the article is to develop a recommendation system based on a hybrid method of searching for objects, taking into account both user
preferences and audio characteristics of objects. The following tasks are solved: analysis of methods and algorithms used in
recommendation systems; development of a hybrid method of forming recommendations on the principle of double organization;
determination of the main functions and architecture of the system of formation of musical recommendations; testing of calculation
algorithms and search methods in the system for analysis of similarity of musical recommendations. The following research methods
are used: methods of correlation analysis, methods of similarity theory, algorithms of collaborative filtering and content analysis,
hybrid methods, methods of analysis of audio characteristics, programming technologies. The following results were obtained: A
study of collaborative filtering, content-based filtering and hybrid methods. Algorithms and calculation formulas of the considered
methods are given. The main audio characteristics of musical compositions are considered. The method of formation of
recommendations on the principle of double organization is developed. The main functions of the system of formation of musical
recommendations are listed and the diagram of components is formed. An example of calculating the characteristics of user
preferences and similarity of musical compositions by audio characteristics is given. Conclusions: According to the results of testing
the system by three methods, we can conclude that the proposed hybrid method was the most effective among the studied
recommendation methods with the lowest standard error rate. In addition, the hybrid method on the principle of double organization
solves such problems of existing recommendation methods as excessive similarity of recommendations, potentially small number or

no proposals at all by compensating data from one block of data from another.
Keywords: audio characteristics; recommendation system; collaborative filtering; content oriented method.

Introduction

With the receipt of a huge amount of information, it
became possible to create models of behavior of certain
groups of Internet users, as well as their interests.
Recommendation systems facilitate the social process of
information exchange and help users to find the most
valuable information for them among the large amount of
available information (books, articles, web pages, music,
etc.) [1]. Recommendation systems have also become key
applications in e-commerce, providing suggestions for
users to receive the products that best suit their interests,
needs and preferences. The recommendation system
generates and provides individualized proposals, selects
its own settings of many interesting or useful objects from
a huge number of possible.

Analysis of existing publications and problem
statement

Recommendation systems are designed to form
recommendations to consumers regarding the choice of
goods and services in the presence of a significant number
of alternatives [2, 3]. Such systems use ratings or
information about the preferences of other users as input.
With the use of machine learning, relationships are formed
between the properties of objects and the characteristics of
consumers [4, 5].

The scope of such systems is mainly related to the
use of e-commerce [6]. Such systems simplify the choice
of users who do not have enough knowledge about the
characteristics of the objects of interest to them (goods
and services) with a wide choice.

In [7] the main types of recommendation systems on
the Internet, based on the methods of content and

collaborative filtering, are considered. The methods of
collecting data about users from web resources, necessary
for the formation of recommendations, are considered.
Methods of constructing classifiers for content filtering
are investigated. There are also ways to calculate the
similarity of users or objects in collaborative filtering.

The article [8] proposes an ontological model of an
intelligent search and recommendation system focused on
functioning in the open environment of the Web, social
Web and Semantic Web. The directions of gaining
knowledge about users are considered, the expediency of
personal testing for creating groups of users with common
interests is analyzed, which provides an opportunity for
collaborative forecasting of search results evaluations.
Methods of replenishment of this model with new
knowledge by inductive generalization of experience of
interaction of the user with the system providing self-
training of search and recommendation system directed on
improvement of its work are developed.

During the existence of information technology,
many methods have been proposed for the formation of
proposals, including  content-oriented methods,
collaborative methods, knowledge-based methods and
more.

The most well-known, popular, accurate and
effective methods of forming proposals are such methods
as:

- collaborative filtration;

- content-oriented filtering;

- demographic filtering;

- utilitarian filtration;

- filtering based on knowledge base.

A Bayesian preference model is used, which
statistically combines several types of information useful
for making proposals, such as user preferences and expert
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assessments. They use the methods of the Markov chain
and Monte Carlo to conclude on the basis of a sample of
parameters from the full conditional distribution of
parameters. These models achieved higher performance
than pure collaborative filtering.

A promising area is the development of hybrid
referral systems that combine the advantages of existing
methods of finding similar objects. Therefore, the aim of
the article is to develop a recommendation system based
on a hybrid method of searching for objects, taking into
account both user preferences and audio characteristics of
objects.

The following tasks are solved:

1. Analysis of methods and algorithms used in
recommendation systems.

2. Development of a hybrid method of forming
recommendations on the principle of double organization.

3. Definition of the main functions and architecture
of the system of formation of musical recommendations

4. Testing of calculation algorithms and search
methods in the system for analysis of similarity of musical
recommendations.

Materials and methods

Content-based recommendation systems make
suggestions by analyzing the content of information and
finding patterns in it [9, 10]. Content-based recommender
uses heuristic methods or classification algorithms to
make suggestions.

Collaborative Filtering (CF) methods use a user
preference database for items to predict additional topics
or products that a new user might like [11, 12]. The source

information is a list of m users {uy, U, ...,u,,} and a list of

n elements {i;, iy, ....i,} . user has a list of

elements that he has evaluated or that have been inferred
from their behavior. Ratings can be rated both on a
quantitative scale and on a qualitative or nominal scale.

Memory-based CF algorithms use user and object
databases to generate predictions. Each user is part of a
group of people with similar interests. By identifying the
so-called neighbors of a new user (or active user), they
can make predictions of benefits for new objects.

The following steps are performed in the CF
algorithm:

- calculation of similarity or weight w;; which

Each u;

reflects the correlation between two users or two objects i
and j;

- making predictions for the active user on the
weighted medium values of all user or object ratings.

To make the top N recommendations, it is necessary
to identify N nearest neighbors [13].

Let's look at methods for calculating similarities
between users or objects [14]:

1. Similarity based on Pearson's correlation:

> 51 —T)
Wyy = |
| \/Zie' (=) \/Zia (r; —%)?

icl (Ul

where w,, — a measure of similarity between the two

users, i, j — objects, u,v — users, E — medium user rating v,
r,; — rating of user u for the object i.

To calculate the similarity, you can use a limited
Pearson correlation, Spearman's rank correlation, Kendall
correlation.

Similarity based on the cosine vector. If we have a
matrix of features of objects R of dimension m x n, then
the similarity between the two elements i and j is defined
as the cosine of n-dimensional vectors corresponding to
the i-th and j-th columns of the matrix R:

J

Obtaining predictions or recommendations is the
most important step in collaborative filtering. The forecast
of user rating a for a particular object i is the weighted
medium of all ratings for that object:

ZUEU (ru,i _Fu )Wa,u
Wa,u| 7

where r, and r, — medium user ratings a and u for all
other rated items, w,, — the weight of the difference

w; ; =cos(i, j) =

z“ueU |

between user a and user u.

The summation occurs for all users ueU who have
rated object i.

For object-based forecasting, the weighted mediums
of the prediction estimates P, ; user u for object i are

used.
P.— ZneN ru,nWi,n
U,i - ’
ZneN |Wi,n|
where w; , — the weight of the difference between objects i
and n, r, , —user rating u for object .

The summation occurs for all other estimated objects
neN by user u.

The algorithms of top-N recommendations allow to
determine k most similar objects for each of the other
objects as follows [13]:

1) the set of candidates (C) for the recommended
objects is determined;

2) combines k most similar objects;

3) objects are selected from the set U, which the user
has already evaluated;

4) the similarity between each object from set C and
set U is calculated:;

5) the resulting set of C objects, sorted in descending
order of similarity, will be the recommended list of top-N
objects.

Consider a method based on the factorization of
rating matrices. The essence of this method is to break the
matrix of ratings into the product of two matrices - a
matrix of hidden user preferences and a matrix of implicit
characteristics of the object. For each object, the degree to
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which it has a particular characteristic can be either
positive or negative, as well as for the user, the degree of
his interest in the object can be positive if he is interested,
or negative if not interested. The rating is represented as a
scalar product of two vectors: a vector of hidden user
preferences and a vector of implicit characteristics of the
object, which shows the general interest of the user in the
characteristics of the object.

Each user u, according to this model, must
correspond to a vector and € R, the components of which
show the extent to which the object has each of the
factors. Similarly, each object i corresponds to a similar
vector i 'e R, the components of which show the extent to
which the user is close (interesting) objects that have each
of the factors. The evaluation of the object by user u is
thus represented as a scalar product. The idea of the
method is to find the values of vectors and, using known
estimates, and then use the found values of these vectors
to calculate the predictions of unknown estimates. The
main task in building a recommendation system based on
the modeling of latent factors is to find the components of
vectors and.

In the search for such a breakdown of the rating
matrix, the regularized quadratic error is minimized. The
minimization is performed either by the stochastic
gradient descent method or by the alternative least squares
method. In the method of least squares there is a cyclic
recalculation of vectors of users and objects, i.e. when
fixing vectors of objects, regularization is carried out only
on the vectors of users, divided into smaller squares. In
the same way regularization of vectors of users on vectors
of objects is carried out.

Machine learning methods, data mining algorithms
can recognize complex models based on training data, and
then make intelligent predictions for common CF
problems for test data or real data [15]. CF algorithms
based on Bayesian models, clustering models, and
dependency networks can be used as CF models if user
estimates are reliable, and regression models and singular
decomposition methods can be used for quantitative
estimates.

The Bayesian algorithm assumes that the
characteristics are independent, the probability of a certain
class of all characteristics can be calculated [16]. For
incomplete data, probability calculations and classification
are made from observations:

class = arg max p(class;)[TP(X, =X, ‘classj) ,
jeclassSet [0}

where class — is a set of classes, X, — characteristics.

Content-based filtering depends on the content of
objects represented by certain characteristics [17]. To
calculate the similarity between the two products, the
objective distance between the elements is considered.
When objects are described by numerical attributes, a
metric such as Euclidean distance is used:

d(x,y) = ém—mf,

where x; and y;— i-th characteristics of objects x and y.

If the attributes are nominal, the function can be
calculated to quantify the distance, assuming a value of 0
when both elements are equal or 1 otherwise:

wazwé&m»o

where @ and & — nominal characteristics.

Systems that implement a recommendation approach
based on content, analyze a set of objects that have
previously been evaluated by the user, and build a profile
of user interests based on the characteristics of objects
evaluated by the same user. A profile is a structured
representation of users' interests adopted to recommend
new objects. The recommendation process is mainly to
match the attributes of the user profile with the attributes
of the content object.

Audio analysis techniques are used to compare audio
files. Audio analysis, an area that includes automatic
speech recognition (ASR), digital signal processing, and
music classification, tagging, and generation, is a
developed subdomain of deep learning applications. The
products must be described by automatic methods. In the
music industry, automatic methods are implemented by
algorithms that analyze the parameters

1) low level:

- mel frequency,

- sampling frequency of the audio file,

- spectral width,

- spectral center of the sound frame,

- color of audio, etc.;

2) intermediate level:

- key,

- rhythm,

- harmony,

- intensity,

- structure;

3) high level: for example, analysis of similar guitar
solos.

Some of the most common machine learning
systems, such as Alexa, Siri and Google Home, are based
on models that extract information from audio signals.
Sound waves are digitized by sampling from discrete
intervals known as sampling rates. Typically, this is 44.1
kHz for CD-quality audio, i.e. 44,100 samples per second.

Each sample represents the amplitude of the wave in
a certain time interval, where the depth in bits determines
the degree of its detail (fig. 1).

In signal processing, sampling is the conversion of a
continuous signal into a series of discrete values. The
sound is presented in the form of an audio signal with
such parameters as frequency, bandwidth, decibels, etc. A
typical audio signal can be expressed as a function of
amplitude and time, as in fig. 2.

In addition to these characteristics, a spectrogram is
used for comparison - a visual way to represent the signal
level in time at different frequencies present in the form of
awave.

From the specified characteristics it is necessary to
choose signs which will be used for comparison.
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Spectral (frequency) features are obtained by
converting a time signal into a frequency domain using a
Fourier transform. These include:

- fundamental frequency,

- frequency components,

- spectral centroid,

- spectral flux,

- spectral density,

- spectral decline, etc.

T .
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1

0 [4,0,4,7,6,3,0,-1,1,3, 4,3,
-1 -1,-5,-8,-7,-4,-1,0, -2, -4, -5, -4]
-2
-3
-4
-5
-6
-7
-8 )

Sound wave Array
Fig. 1. Example of digital signal processing of samples
/ frequency

time

Fig. 2. Representation of sound in the form of an audio signal as a function of amplitude and time

1. The spectral centroid indicates at what frequency
the energy of the spectrum is concentrated:

¢ _ESEOTK)
¢ %Sk
where S(k) is a spectral value of the separation element k,
f(k) — frequency of the element k.

2. Spectral width - the width of the band of light at
half the maximum point (fig. 3).

HalfHeight ....0...... ... X ..

Intensity

Spectral
Bandwidth

Agp A hgp
Mssw 1 Aew

Spectral Slit Width

Fig. 3. Graphic representation of spectral width3. Spectral
decline is a measure of the waveform expressed by the frequency
at which high frequencies fall to zero.

4. Zero cross-section speed - a method of measuring
the smoothness of the signal, which is expressed by the
number of zero cross-sections within the signal segment.

5. Mel-frequency spectral coefficients (MFSC) are a
set of features that describe the common form of the
spectral envelope.

6. Chromaticity - is represented by a vector of signs
of 12 elements, which indicates the amount of energy of
each altitude class {C, C#, D, D #, E,..., B} in the signal.

The quality of the recommendations can be assessed
by the following criteria:

- accuracy,

- resistance to attacks,

- dependence on cold start,

- reliability and others.

To measure the accuracy of predicting results, you
can use indicators such as:

- medium absolute error (MAE),

- medium standard error (MSE),

- medium error (ME),

- standard deviation (SD).

Medium standard error is calculated by the following
formula:

> (P —1)°
MSE = (u,i)eT

T
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where u — user, i — product or object, r — evaluation, p —
projected estimate, T — the total number of test estimates.

Method of forming recommendations on the
principle of double organization.

In order to avoid the limitations of any system and
increase the speed of submission of proposals, combined
(hybrid) methods of proposal formation are used. Hybrid
recommendation systems combine CF with other
recommendation methods. Hybrid methods are created by
adding characteristics for CF models, adding CF
characteristics to content-oriented models, or combining
different CF algorithms.

The CF algorithm, supported by the content, uses the
Bayesian classifier, and then fills the missing values of the
rating matrix with forecasts from the content prediction
system to form a matrix of pseudo-ratings. Based on the
obtained pseudo-rating matrix, forecasting is performed
using a weighted algorithm and Pearson correlation.

The weighted hybrid recommender combines
different methods of supply based on the weight
calculated by the results of other methods. A linear
function with normalized weights can be used as an
integration. As a result, you can choose a weighted
majority or a weighted average.

The switching hybrid recommender switches
between recommendation methods using a number of
criteria.  Here there is a problem of complexity of
parameterization for switching criteria.

Y

Content-oriented
method

Collaborative
filtration method

- J
C Y

Input data

Collaborative
filtration method

Content-oriented
method

- J
Fig. 4. Hybrid method of forming proposals based on double organ

The developed hybrid method combines the
approaches of parallel and pipeline organization.
Conveyor cascade organization of recommendation
methods in each of the individual units allows to obtain
more accurate proposals at the output. The first method in

recommenders,
meta-level

There are also mixed hybrid
cascading hybrid recommenders,
recommendators and others.

The combination of several methods of forming
proposals in hybrid methods is as follows:

- monolithic organization, when one of the methods
is chosen as the main one, and the others strengthen and
support its work;

- parallel organization, in which each of the methods
works separately, and then the results of their work are
combined according to certain principles;

- pipeline organization, when all methods work
sequentially, with the input data for each subsequent
method is the output of the previous.

In order for the results of the methods to be the most
effective, the principle of double organization is applied
and an algorithm is developed that combines the methods
of parallel and pipeline organization as follows (fig. 4):

- filtering takes place in two independent working
units;

- in one of the blocks the method of collaborative
filtering will work first, and at the end of its work the
obtained results are processed by the content-oriented
method;

- in another block, on the contrary, first the content-
oriented filtering works, and then - collaborative filtering;

- after receiving the results from the two blocks, a
common list of objects will be displayed as suggestions.

Each of the individual units supports the principle of
conveyor organization in its work.

S

Data
combination

P

List of
recommendations

ization

the chain is responsible for creating rough estimates for
candidate products, as well as for eliminating products
without grades. The second method adjusts the results of
the evaluations of the first method and organizes them,
creating a final list of proposals. Each of the blocks is
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given a weighting factor, which is calculated and changed
during the analysis of the results of previous proposals.
Initially, the coefficients of both blocks are 0.5. If after
receiving the offers the user gave a rating that is different
from the forecast, then when recommending this object to
other users, the weight will increase, which will allow you
to refine the rating.

The main functions and architecture of the
system of formation of musical recommendations

The music recommendation system is a standalone
web application that allows users to receive suggestions
for favorite items based on their music profile.

The main functions of the system:

- formation of a musical profile;

- creating lists of personal musical preferences;

- integration with music resources (Last.fm, Spotify);

- generating a list of music offers;

- the ability to listen to and purchase recommended
songs;

- search for information about songs and their
performers.

Creating a music user profile is one of the main
functions of a web application. A music profile is a user's

=l

Client Application

2]

DataBase

Fig. 5. Component diagram

In order for the collaboration filtering method to give
a correct result, it is necessary to have a large amount of
data on the preferences of the user of the recommendation
system, as well as all users who have common advantages
with the data. But at the beginning of the system it takes
some time for the database to acquire the size necessary

listening history, that is, a list of names of music tracks
and their artists that have been registered as listened to.
The user can integrate with other existing music resources
by downloading a listening history and adding this
information to their profile. This information then
becomes available to anyone and can be obtained via http-
requests through a special APL.  In this way you
can get a more complete picture of the various user
preferences.

Two lists of personal preferences are created for each
user: favorite music tracks and those you don't like
("favorites" and "blacklist"). Suggestions will be
generated primarily for songs that have been added to the
favorites list, and will be ignored primarily similar to
those included in the "black™ list.

In the component diagram shown in fig. 5, you can
see the central position of the web server, which makes
requests via the http protocol to open APIs of remote
resources, such as iTunes, Last.fm, Spotify, SoundCloud,
YouTube. The user will use the web interface in the
browser to provide commands in the form of requests to
the web server, which in turn will execute them
and return the result to the browser, which will show it to
the user.

Web Services

2

Last.fm

Spotify

2]

SoundCloud

2

YouTube

for the correct operation of the system. This phenomenon
is called a cold start or a problem of a new user or a new
object [18]. The required coverage can be defined as the
percentage of products that the algorithm can offer. The
problem of reduced coverage occurs when the number of
user ratings is very small compared to the large number of
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objects in the system, and the referral system cannot
generate offers for them. Another problem is the
phenomenon of neighboring transitivity in databases with
a small amount of information, in which users cannot be
identified as "similar to each other" if they do not have a
score for the same objects.

Thus, to ensure the operation of content-oriented
methods, you must first have a database with a description
of the products, information about which will be used to
provide proposals. It is advisable not to collect product
descriptions yourself, but to use a ready-made complete
data set. The most complete description of the
characteristics of world music songs is contained in the
database of the Spotify service, while also having free
access via the Spotify Web API.

It should be noted that different methods of
generating proposals have different means of using input
data then generating output. For example, collaborative
filtering techniques will generate user ratings and tastes,
interests, and preferences when listening to music when
generating suggestions, while content-oriented methods
will form a set of data-like songs.

Analysis of user preferences and similarity of
musical compositions by audio characteristics. System
testing.

Here's an example of measuring the similarity of
three different users' queries for different genres of music
using Pearson's correlation.

We received user ratings for nine music genres.
Each user rated the genres on a scale of 1 to 5, where the
most favorite genres have a rating of 5 and the least
attractive - 1, respectively.

Having three users, the system is three pairs to
calculate the Pearson correlation coefficients. Connections
between traits can be strong (close) and weak, they are
assessed on the Chaddock scale, where:

0.1<r,, <0.3-weak connection;

0.3 < r, <0.5-moderate connection;

Table 2. The value of the audio characteristics of the compositions

0.5 < r,, <0.7 - noticeable connection;
0.7 < 1, <0.9—strong connection.
0.9<r,, <1-verystrong connection.

Below is table 1 with ratings of genres by three
users.

Table 1. User ratings of different genres

Genres User 1 User 2 User 3
Pop 4 5 5
Chanson 2 3 3
Country 4 3 3
Opera 5 5 2
Rock 1 1 4
Jazz 5 3 2
Folk 3 3 1
Hip-Hop 5 5 5
Symphonic 2 1 1

When comparing the ratings of users 1 and 2, the
Pearson correlation coefficient 0.8005 was obtained. On
the Chaddock scale, this is a strong connection. A
comparison of 1 and 3 user ratings showed a score of
0.1318, which is a weak link. Comparison between users 2
and 3 gives a moderate factor - 0.4278.

Thus, if user 1 needs recommendations, he needs to
consider the preferences of user 2. User 2 must listen first
to user 1 and secondly to user 3.

An example of calculations of audio characteristics
of three compositions is given. The Euclidean distance is
calculated on the basis of the spectral centroid. Each data
set for an individual composition will consist of 12
elements, the value of which is measured in the range
between 0 and 1 (table 2). The closer to 1, the higher the
frequency of concentration of energy in the spectrum. For
example, the closer the ratio is to 1, the more likely it is
that the audio contains a large number of loud vocalist
sounds or musical instruments. Each element of the array
is the average value of the spectral centroids for a duration
of 15-20 seconds.

No. ""Highway to Hell** "'Back in Black™ "Billie Jean""
1 0.854411946129 0.842525219898 0.309617027413
2 0.604124786151 0.561826888508 0.257490051780
3 0.593634078776 0.508715259692 0.384942835571
4 0.495885413963 0.443531142139 0.393766280475
5 0.266307830936 0.296733836002 0.340499471454
6 0.261472105188 0.250213568176 0.284685235124
7 0.506387076327 0.488540873206 0.490791264466
8 0.464453565511 0.360508747659 0.513048089201
9 0.665798573683 0.575435243185 0.569896183990
10 0.542968988766 0.361005878554 0.508417866340
11 0.580444285770 0.678378718617 0.519187529821
12 0.445219373624 0.409036786173 0.490379584500

The following valuesof Euclidean distance are
obtained:

- between the songs "Highway to Hell" and "Back in
Black" 0.2761;

- between "Highway to Hell" and "Billie Jean"
0.7041,;

- between "Back in Black™ and "Billie Jean" 0.6888.

The greater the Euclidean distance characteristics
between the two tracks, the less similar they are. That is, if
the algorithm will determine the most similar song to the
track "Back in Black", then in the first place in the priority
of recommendations will be "Highway to Hell".
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For verification, spectrograms of compositions were
constructed, on which you can visually see the difference

between "Highway to Hell" and "Billie Jean", which
confirms the results of calculations (fig. 6, fig. 7).

Fig. 6. "Highway to Hell" Spectrogram
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Fig. 7. "Billie Jean" Spectrogram

The system was tested based on the Spotify database,
where, according to the statistical website Expanded
Ramblings, as of 2020, about 100 million users have been
registered and about 30 million music tracks have been
added. As the results of the analysis showed, when using
10% or 1% of the data, the results did not change, so all
experiments were conducted on 1%, i.e. on 100 thousand
users, 30 thousand tracks and 2 million ratings.

Using test data, the process of forming proposals for
test users was carried out by two methods sequentially.
The method of collaborative filtering by calculating the
root mean square error using test data, received an
accuracy estimate of 1.48 and worked for about 13
minutes. The content-based method received an accuracy
estimate of 1.39 when working for 10 minutes. The hybrid
method on the principle of double organization received
an estimate of accuracy of 1.37 with a duration of 22
minutes.

Conclusions

The article investigated collaborative filtering,
content-based filtering and hybrid methods. Algorithms
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PEAJIIBAIIA I'NBPUJIHOI'O METOAY ITOWIYKY BJIM3BKUX OB’EKTIB 3
YPAXYBAHHAM 3AT'AJIBHUX TA AKYCTUYHUX XAPAKTEPUCTHUK

IIpenmeToM OCIiKEHHS B CTATTi € METOAM TIONIYKY OJMM3BKUX 00’€KTIB Ta TeXHOJIOTI popMyBaHHS pekoMeHarii. MeTolo cTarTi
€ po3pobKka peKOMEHIAIIIHOI CHCTEMH Ha OCHOBI TIOPHIHOTO METOJy IOIIyKY 00’€KTIiB 3 ypaxyBaHHSM SIK IlepeBar KOPHUCTYBadiB,
TaK 1 ayJioXapakTepUCTUK 00’€KTiB. BUpIMIyIOTbCS HACTYNHI 3aBAAHHSA: aHANI3 METOMAIB Ta aJrOPUTMIB, IO 3aCTOCOBYIOTHCS B
PEKOMEHIAIIMHUX CUCTEeMaX; PO3poOKa TiOpUAHOrO MeToxy (OpPMyBaHHS PEKOMEHIAIiH 3a MPHHLUIIOM MOJBiHHOI oprasizamii,
BU3HAUEHHS OCHOBHUX (YHKLIH Ta apXiTeKTypH CHUcTeMH (OPMYBaHHA MY3MYHHX PEKOMEHIALif; TECTYBaHHSA pPO3PaXyHKOBUX
ITOPUTMIB Ta METOJIB IMOLIYKYy B CHCTEMi IJI aHaJi3y CXOXOCTi MY3WYHHX peKOMeHIauild. BHKOPHCTOBYIOTbCS Taki MeTOAM
JOCII/DKEHHS: METOIM KOpEeJSLIfHOro aHaji3y, METOIHM Teopii IMOMiOHOCTI, alnropUTMH KojabopaTHUBHOI (imbTpamii Ta aHai3y
KOHTEHTY, TiOpUIHI METOIH, METOIU aHANI3y ayJioXapaKTEepPUCTHUK, TEXHOJIOTIi mporpamyBanHs. OTpUMaHO HACTYIHI pe3yJIbTaTH:
IMpoBeneHo nocmiUKeHHsT METOAIB KoslabopaTHBHOI (inbTparii, GiapTpanii Ha OCHOBI KOHTEHTY Ta riOpuaHuX MeToxiB. [IpuBeneHi
ITOPUTMH Ta PO3PAXyHKOBI (JOPMYJIH PO3MISIHYTHX METOAIB. PO3IIISIHYTI OCHOBHI aynioXapaKTepHCTHKH MY3WYHHX KOMIIO3HIIL.
Po3pobieno meron QopmMyBaHHS pPEeKOMEHIALiNl 3a MPUHIMIOM IMOABIHHOI opranizamii. [lepemidveHo OCHOBHI (YHKIII cHCTEMH
(hopMyBaHHS My3UYHUX PEKOMEHAALIH Ta cOPMOBAHO JiarpaMmy KOMIIOHEHTiB. [IpuBeseHoO mpukian 0OYHCIIOBaHHS XapaKTEePUCTUHK
BITOJI00AHP KOPHCTYBAYiB TA CXOXKOCTI MY3WYHUX KOMITO3HIIH 3a ayaioxapakTepucTUKaMy. BucHoBkM: 3a pe3ynbTaTaMil TECTyBaHHS
poOOTH cHCTEMH TpbOMa METOJAMH MOXKHa 3pOOUTH BHCHOBOK, IO 3alpONOHOBAaHWN TiOpUIHMI METON BUSBHBCA HaiOiLIbII
e(eKTHBHUM cepeJl JOCIIDKEHHX PeKOMEHAAIIHHUX METOAIB ITPpU HaHMEHIIOMY MOKa3HHKY CepeIHbOKBaIPAaTHIHOI MOMIIKH. KpiM
TOTO, TIOPUIHUI METOJ 3a NMPUHIMIIOM MOABIHHOI opraHi3amii BUpINIye Taki MpoOJeMH iCHYIOUHMX PEKOMEHIALIIfHUX METOIB, SIK
HaJMIpHa MOMIOHICTh PEKOMEH/AIli, MOTEHIIHHO Maja KiTbKicTh abo BiJICYTHICTh MPOTO3UINNA B3araii 3a paXyHOK KOMIICHCAIIiT
JTaHUX 3 OJTHOTO OJIOKY JAaHUMHU 3 iHIIIOTO.

KuarouoBi cioBa: aymioxapakTepHUCTHKH; PEKOMEHJalliiiHa CHCTeMa; KomabopaThBHA (inbTpamis; KOHTEHT OPi€HTOBAaHHI
METOJI.

PEAJIM3ALUA TMBPUIHOTI'O METOJA ITOUCKA BJIN3KUX OB BEKTOB C
YYETOM OBIIUX U AKYCTHUYECKHUX XAPAKTEPUCTHUK

IIpenMeToM nccienoBaHHs B CTaThe SBISIOTCS METOABI MOMCKA ONU3KHX OOBEKTOB M TEXHOJOTHUH (POPMUPOBAHMS PEKOMEHIAIHH.
Hens cratbm — pa3paboTka PEKOMEHIATETBHOH CHCTEMBI Ha OCHOBE THOPHIHOTO METOJa IIOMCKa OOBEKTOB C y4eTOM Kak
MPeANOYTeHUH ITONb30BaTeNel, TaK M ayJHOXapaKTepPUCTHK OOBEKTOB. PemraioTcs criemyromue 3agayd: aHAIN3 METOJIOB U
aJITOPUTMOB, PUMEHSEMBIX B PEKOMEH/IAIMOHHBIX CHCTEMaX; pa3paboTka rHOpHIHOrO MeToaa GopMHUpPOBaHMS PEKOMEHIALUH Mo
NIPUHLUITY JIBOMHOW OpraHM3alyM; OIpeJeieHHe OCHOBHBIX (YHKLIMH M apXHUTEKTYPbl CUCTEMBI (OPMHPOBAHUS MY3bIKATbHBIX
pEeKOMEHIalnii; TECTUPOBAHWE pACYETHBIX AJTOPUTMOB M METOJIOB IOMCKa B CHCTEME Ul aHajlnW3a CXOJCTBA MY3BIKAJIBHBIX
pexomeHnanuii. Vcronp3yroTcsl Takie MeTOMBI MCCIIEOBAaHMS: METOIbl KOPPEISIMOHHOTO aHajiHM3a, METOABI TEOPUH IMOoA00us,
AITOPUTMBI KOJTA0OpaTUBHOW (HIBTpAIMU W aHaNIW3a KOHTEHTa, THOPUAHBIE METOJbI, METOJIbl aHAIN3a ayJHOXapaKTePHCTHK,
TEXHOJIOTHH TIporpaMMHpoBaHus. [lomydeHsl cienyiompe pe3yabTaTsl: [IpoBeneHO HccleoBaHHE METOJOB KOIaOOPAaTHBHOM
¢unbpTpanyy, (GUIBTpPAIMK Ha OCHOBE KOHTEHTa W THOPHIHBIX METOJOB. I[IpHWBEeNeHBI aNrOPUTMBI M pacdeTHble (GopMyIIsl
PAcCMOTPEHHBIX METOJIOB. PaccMOTpeHBI OCHOBHBIE ayIMOXapaKTEPHCTHKH My3BIKAIBHBIX KoMIo3uimil. Paspaboran meroxm
(OopMHUpOBaHUS PEKOMEHIALMH 110 MPUHLMUITY JIBOHHON opraHn3auuy. IlepedncieHsl OCHOBHBIE (QYHKIMH CHCTEMBI ()OPMHUPOBAHHUS
MY3bIKIBHBIX PEKOMEeHJauidi W chOpMHUpOBaHA AMArpaMMa KOMIOHEHTOB. [IpuBeleH NpuMep BBIYHCICHHS XapaKTePHCTHK
MPEANOYTeHUH IOJb30BaTeNied M CXOJCTBA ayAMOXapaKTePUCTUK My3bIKAIBHBIX Komnosunuid. BeiBoabl: Ilo pesynbratam
TECTUPOBAHUS PAbOTHI CHCTEMBI TPEMs METOJaMH MOXKHO CJIeJaTh BBIBOJ, YTO IPEUIOKCHHBIH THOPUIHBIM METOJ OKa3ascs
HanbOosnee >PPEeKTHBHBIM Cpear MCCIIETOBAaHHBIX PEKOMEHIAIMOHHBIX METONOB NP HaWMEHBIIEM 3HAYCHHH CPeIHEKBAJAPATHIHON
ommOku. Kpome Toro, rmOpHIOHBI METOJ IO NPHHIWIY IBOWHON OpraHM3allMM peIIaeT Takhe MpOOJIEMBI CYMIECTBYIOMINX
PEKOMEHIaIMOHHBIX METO/OB, KaK UYpe3MEpPHOE CXOJCTBO PEKOMEHMAAIWH, NMOTCHIHAIFHO Majoe KOJIMYECTBO HIIH OTCYTCTBHE
MIPEeUTOKEHUH BOOOIIE 3a CYET KOMIIEHCAIINH JAHHBIX U3 OTHOTO OJI0Ka JaHHBIM JIPYTHM.

KiioueBble cjI0oBa: ayquoXapakTepHCTHKH; PEKOMEHJAlMOHHAs cUcTeMa; KosabopaTvBHas —(QWIBTpAIHs; KOHTEHT
OpPUEHTUPOBAHHBIN METO.
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PERFORMANCE ANALYSIS OF OPTIMIZATION METHODS FOR SOLVING
TRAVELING SALESMAN PROBLEM

The subject of this research is distance and time of several city tour problems which known as traveling salesman problem (tsp). The
goal is to find out the gaps of distance and time between two types of optimization methods in traveling salesman problem: exact and
approximate. Exact method yields optimal solution but spends more time when the number of cities is increasing and approximate
method yields near optimal solution even optimal but spends less time than exact methods. The task in this study is to identify and
formulate each algorithm for each method, then to run each algorithm with the same input and to get the research output: total
distance, and the last to compare both methods: advantage and limitation. Methods used are Brute Force (BF) and Branch and Bound
(B&B) algorithms which are categorized as exact methods are compared with Artificial Bee Colony (ABC), Tabu Search (TS) and
Simulated Annealing (SA) algorithms which are categorized as approximate methods or known as a heuristics method. These three
approximate methods are chosen because they are effective algorithms, easy to implement and provide good solutions for
combinatorial optimization problems. Exact and approximate algorithms are tested in several sizes of city tour problems: 6, 9, 10, 16,
17, 25, 42, and 58 cities. 17, 42 and 58 cities are derived from tsplib: a library of sample instances for tsp; and others are taken from
big cities in Java (West, Central, East) island. All of the algorithms are run by MATLAB program. The results show that exact
method is better in time performance for problem size less than 25 cities and both exact and approximate methods yield optimal
solution. For problem sizes that have more than 25 cities, approximate method — Artificial Bee Colony (ABC) yields better time
which is approximately 37% less than exact and deviates 0.0197% for distance from exact method. The conclusion is to apply exact
method for problem size that is less than 25 cities and approximate method for problem size that is more than 25 cities. The gap of

time will be increasing between two methods when sample size becomes larger.
Keywords: traveling salesman problem; optimization method; exact method; approximate methods; gaps.

Introduction

Traveling salesman problem, called TSP is a
description of a large class of problems known as
combinatorial optimization problems and literally also
known as a Chinese postman problem or single vehicle
routing problem (VRP). Many real-world problems can be
modeled as variants of TSP as a real-world problems are
often more complicated than TSP. Since there are many
powerful tranformation technique to convert the variants
to TSP, any outcome for TSP can be used for a wide
variety of real-world of problems [1,2]. TSP is one of the
most important transportation problems in operational
logistics. Transporation is needed to guarantee the
mobility of people and goods and as part of the economic
system, transportation has an important function in
national development [3]. The concept of TSP is described
as follows: a salesman or a vehicle has a number of cities
to visit with a distance of time between two cities and
each city is visited only once (Hamiltonian cycle) and
returns to the starting city then the total distance
or time is minimized [4, 5, 6]. Distance is a key factor in
transportation. According to [7, 8] the distance
controls for transportation cost, and for health center,
distance plays a crucial role in health service
accessibility [9], for food distribution, distance should be
considered when assessing the environmental impact of
transporting food [10]. Transportation cost is about one
third or two third of total logistics cost [11]. The facts tell
us about the need to search the shortest route in
order to minimize cost, minimize risk and minimize
damage.

There are two types of optimization methods: one is
exact method and the other one is approximate method
[12]. Exact methods produce optimal solutions and
approximate (heuristics) methods produce high solutions

in a reasonable time but no guarantee optimal solution.
Brute force, Branch and Bound, Dynamic Programming
are examples of exact methods or limited search methods
[13] where Artificial Bee Colony, Tabu Search and
Simulated Annealing are examples of approximate
methods. Although approximate method does not produce
optimal solution but it has some advantages such as short
searching time of solution compared to exact methods,
near optimal solution even optimal, and simplicity of
implementation.

Brute Force algorithm searches all solution space,
exhaustive search for combinatorial problem, generates a
list of all potential solutions to the problem in a systematic
manner and evaluates potential solutions one by one,
disqualifies infeasible ones and keeps track of the best one
found for an optimization problem [14].

Branch and Bound (B&B) algorithm is a
fundamental and widely used methodology for producing
exact solutions to NP-hard optimization problems. This
method is proposed by Land & Doig. B&B algorithm
creates and prunes the nodes and this happens in a
recursive way. This strategy has three main components:
branching, bounding, and the selection of the next node.
Important decisions have to be made that influence the
performance of the algorithm [15] this solves a discrete
optimization problem by breaking up its feasible set into
smaller subsets, calculating bounds on the objective
function value over each subset and using them to discard
certain subsets from further consideration. The bounds are
obtained by replacing the problem over a given subset
with an easier problem, such that the solution value
of the latter bounds that of the former. The procedure ends
when each subset has either produced a feasible
solution or contains no better solution than the one
already in hand. The best solution found is a global
optimum [16].

© Agung Chandra, Christine Natalia, 2021
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Artificial Bee Colony (ABC) algorithm is a heuristic
method and optimization algorithm that comes
under Swarm Intelligence and inspired by social behavior
of natural bees. This method introduced by Dervis
Karaboga in 2005. The term swarm is used in
a general manner to refer to any restrained
collection of interacting agents or individuals. This ABC
algorithm has been compared with that of differential
evolution (DE), particle swarm optimization (PSO) and
evolutionary algorithm (EA), and the result shows the
ABC perform better than DE, PSO and EA [17]. Bee
colony optimization has beeen successfully applied to

various hard combinatorial optimization problems,
mostly in transportation, location and scheduling
fields [18].

Tabu Search (TS) algorithm is a powerful algorithm
approach that has been implemented with great
success to any difficult combinatorial problems and
generally provide good solutions very early in
the search. TS was proposed by Fred Glover in 1986
which allow Local Search (LS) to overcome local
optima. The basic principle of TS is to pursue
LS when finds a local optimum by allowing non
improving movement and back to previous visited is
prevented by the use of memories which called tabu
lists [19].

Simulated Annealing (SA) algorithm is a heuristic
algorithm for obtaining good solutions and has several
interesting features such as easy to implement, can be
generally used to a wide range problems and can provide
high quality solutions to many problems [20]. SA is
regarded as one of most commons heuristics
technique [21].

Based on the paper published above, both exact and
approximate methods have outstanding performance
where exact method yields optimal solution but time
consuming, and on the other hand, approximate yields
near optimal solution but faster than exact method. From
this point of view, performance analysis needs to be
conducted to get the percentage of difference both
solution and processing time, so the goal in this
paper is to find how large the differences are for solution
and time between exact and approximate methods
based on case study of goods distribution to varied
number of destinations in cities — small and medium
size.

Materials and methods

1. Brute Force (BF) algorithm is a straightforward
approach and usually based on problem statement
and definitions of concepts involved. This solution to

combinatorial problems, this suggests generating
each and every combinatorial object such as
permutations, combinations or subsets of

a set of the problem, selecting those of them that
satisfying all the constraints, and then finding a desired
object [22].

%lnput: a list P of n (n > 2) points Py = (X1,Y1), ...,
Pn= (Xn, Yn)

%Output: Indices index1 and index2 of the closet
pair of points

Dmin € «

fori<1ton-1do

forj<i+1ltondo

d € sqrt ((xi - )2+ (Y - yj)z) //sqrt s

the squre root function
if d <dmin
dmin € d; index1 € i; index2 € j
return indexl, index2

2. Branch and Bound (B&B) algorithm

The branch and bound (B&B) algorithm implicitly
enumerates all possible solutions to the problem
under consideration, by storing partial solutions
which called subproblems in the structure of tree.
Unexplored nodes generate children by partitioning the
solution space into smaller regions that can be solved
recursively (branching) and rules are used to prune off
regions of the search space that provably suboptimal
(bounding). When all trees has been explored, the best
solution found in the search and is returned [23]. The
pseudocode is:

Set L = {X} and initialize X

whileL #¢:

Select a subproblem S from L to explore

If a solution X‘e{XGS|f(x)<f(>2) ) can
be found : Set X = X'

If S can not be pruned:

Partition Siinto S;, S,, ..., S

Insert S;, S,, ..., S, into L

Remove S from L
Return X

r

r

3. Artificial Bee Colony (ABC) algorithm

ABC algorithm is simple, easy, very fast and it can
be effectively applied to combinatorial optimization
problem, in this algorithm, the bees are divided in three
groups: employed bees, onlooker bees and scout bees.
Each food source position represents a candidate solution
of optimization problem. The number of employed bees or
the onlooker bees is equal to the number of solutions in
the population.

This below equation represents an initial solution
which random route between 1 and 25 generated by this
equation. At the same time, a scout bee searches the new
foods when a source is abandoned [24, 25]:

X; = X" +rand (0,)(x[™ —x") , @

where abandoned source is X, and je{12..D }; D is

the number of optimization parameters

This following equation represents the employed bee
phase that performs random modifications on adjacent to a
solution.

Vi = Xij + i (Xij = Xij) (2)
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where:  ke{12,.,SN}and{1,2,..D}

chosen indexes, but k has to be different from i; ¢ ; is a

are randomly

random number between -1 and 1; x; is a comparison

of two food positions; SN is the number of food
sources.

The number of food sources is equal to the number
of employed bees

Then, the last equation, onlooker bee choose a food
source with probability proportional to the quality of food
source

1 .
— if 20
fitness, =< 1+ f; ' ®3)
1+abs(f,) if f,20

where f; is the fitness value of the solution i

In this study, number of cities is 6, 9, 10, 16, 17, 25,
42, 58 and the manipulating operators are swap, insertion,
and reversion.

A short algorithm is shown below [26]:

Initialize population.

Repeat

Place the employed bees on their food sources and
determine their nectar amounts

Calculate the probability value of the sources with
which they are preferred by the onlooker bees

Place the onlooker bees on the food sources
depending on their nectar amounts

Stop the exploitation process of the sources
exhausted by the bees

Send the scouts to the search area for discovering
new food sources randomly

Memorize the best food source found so far

Until requirements are met

4. Tabu Search (TS) algorithm

The main idea of this algorithm is allowing climbing
moves when there is no improving neighbouring
solution exists such as a move is allowed even if a new
solution s’ from neighbourhood of the current solution s is
worse than the current one. In nature, return to
the locally optimal solutions previously visited
is not allowed in order to avoid cycling of the search. TS
is based on a methodology of prohibitions: some
moves are frozen (tabu) from time to time. The
pseudocode for the standard (pure) tabu search as
follows [27]:

Function tabu_search(s);

/I input: s — the initial solution; output: s* - the best
solution found //

s*:=s5;

initialize the tabu list T;

repeat // continue the main cycle of TS //

given neighbourhood function &, tabu list T, and
aspiration criterion,

find the best possible solution s’
€ 0'(s) c 4(s), where &'(s) consists of solutions that (or

their "attributes") are not currently in the tabu list T or
satisfy the aspiration criterion;

S: =s’; // replace the current solution by new one //

insert the solution s (or its "attribute™) into the tabu
list T;

if f(s) < f(s*) then s* : ='s; // save the best so far
solution //

update the tabu list T

until termination criterion is satisfied;

return s*

end

5. Simulated Annealing (SA) algorithm

Is very usefull in finding global optima in the
presence of local optima large numbers. The simulated
annealing algorithm starts from a higher temperature
which is called the initial temperature. When the
temperature  decreases  gradually, the  solution
tends to be stable but the solution may be a
local  optimal  solution.  Pseudocode is  as
follows [28]:

Input: initial temperature TO, minimum temperature
Tmin, maximum number of iteration Kmax, probablity of
temperature drop p;

Output: the optimal solution Xpest;

Generating an initial solution Xo;

xbest < XO;

Computing the value of objective function f(Xo) and
f (Xbest);

Ti € To;

Whlle Ti > Tmin dO

Af & f (Xnew) —f (Xbest);

IfAf < O then Xbest é Xnew;

Endif

Af

If Af >0 then p(—e?;
If ¢ € random [0,1] > p then Xpest € Xnew;

Else Xpest € Xboest;
End if

End if

i<i+L,Tic pxTi
end while

Return Xbest;

Research Methodology

Doing this research, there are some steps that must
be followed, starting from goal setting, analysing
and drawing the conclusion which can be seen
in fig. 1.

Results and Discussions

1. Results
By using MATLAB program based PC, the results
for every algorithm indicated in table 1.
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v

Goal of Research:
To find the differences of total distance and
process time between exact and approximate
method

Input for research:

googlemaps

1. Coordinates of 25 cities in Java island from

2. Euclidean distance between two destinations
3. Distance data from tsplib: dantzig42 and gr17

Exact Methods:
1. Brute Force algorithm
2. Branch and Bound algorithm

v

Approximate Methods:

1. Artificial Bee Colony algorithm
2. Tabu Search algorithm

3. Simulated Annealing algorithm

Comparing the total distances and process
time by using software Matlab

v

Analysis the differences (gap) between
exact and approximate methods

v

Conclusion and further development

Fig. 1. Research Methodology

Tabel 1. Comparison of distance and time

6 cities 9 cities 10 cities 16 cities (tf;;IllZ)) 25 cities Daz;zl:g;Q Brazil58 (tsplib)

Algo | Dist | Time | Dist | Time | Dist | Time | Dist | Time | Dist | Time | Dist | Time | Dist | Time Dist Time
BF* 587 2 608 18 861 111 - - - - - - - - - -
B&B | 587 0.14 608 0.06 | 861 | 031 | 1465 | 4.69 | 2,085 | 3.87 | 2,251 | 12,750 | 699 187 | 25,395 | >82,800
BKS 2,085 2,251 699 25,395
ABC | 587 5 608 5 861 6 1,465 7 2,085 6 2,251 6 699 117 | 25,400 740

TS 587 5 608 6 861 7 1,636 11 2,085 12 2,556 22 856 51

SA 587 34 608 23 861 26 1,465 33 2,085 30 2,274 29 774 29

*the time cost is too expensive; Dist means distance; BKS = Best Known Solution

In this study, the first thing to see is the results of
distance for each algorithm. In the case of 6 cities to 10
cities, all algorithms vyield the same distances and
competitive process time. Starting from study of 16 cities,
TS does not vyield optimal solution where SA
starts from the case of 25 cities. BF algorithm is less
efficient tool when the cities grow to more than 10 cities,
because it will grow like n!, so if there is 11 cities, then
time needed will be 11 times as long as the time
for 10 cities. When the number of cities is increasing to
more than twenty cities, one can benefit from approximate

method becaue it has less time than exact method and the
result is also optimal. ABC algorithm is more powerful
than others and from time aspect, ABC has less
time about 37.43% than B&B algorithm for case
Dantzig42 shown in fig. 2. ABC algorithm also
tested for tsplib brazil58 shown in figure 3, the distance
deviates only 0.0197% but amount of time is increasing
compared to Dantzigd2. For case of cities is less
than or the same as 10 cities, both exact and approximate
methods show the same distance, the gap is only
in time.
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Fig. 3. ABC algorithm tested on brazil58 tsplib

2. Discussions countries in order to increase conviction for users both for
There are numerous algorithms and cases now, then  distance and time. According to [29], B&B algorithm is
each algorithm in this manuscript must be tested on larger  suitable for solving less than 60 locations, then one should
size, validated and compared with other algorithms consider to apply approximate method.
especially approximate methods and cases from other
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Conclusions and Further Development

Transportation distance can be minimized by
choosing the shortest route. There are two optimization
methods, one is exact and the other is approximate. Exact
methods — Brute Force and Branch and Bound algorithms
provides optimal solution but Brute Force algorithm yields

about n! when the number of cities is more than 10, and
Branch and Bound algorithm is less efficient in time when
the number of cities is more than 25 cities than
approximate method — Artificial Bee Colony algorithm.
Exact method is fit to problems less than 25 cities and
Approximate method is fit to problems larger than 25
cities.
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AHAJI3 E@EKTUBHOCTI METOIIB ONTUMI3AIIII JIJIsI BAPIIIEHHA
ITPOBJIEMM ITPOJABLIA, IO ITOJOPOXKYE

IIpeamerom OTO JOCIHIIKEHHS € BIICTaHb Ta Yac AEKUIBKOX MPOOJIEM 3 eKCKYpCisIMH MIiCTOM, SIKi BiZIOMi SIK IpoOeMa MpoaaBIsi-
MaHZIpiBHUKa (nmM). Meta moidrae B ToMmy, mo0 3’sCyBaTH PO3PUBH MDK BiICTaHSAMH Ta 9acOM MDK JBOMa THIIAMH METOJIIB
ontuMizanii y npo6iemi npoxaBIs, Mo MOJOPOXKY€E: TOUHUM Ta PHOIM3HUM. TOYHHMIT METO/] 1ae ONTUMAIbHE PillleHHs, ajle BUMarae
OiNTbIlie Yacy, KO KiJIbKICTh MiCT 301TBIIYEThCS, & MPUOIU3HIA METOJT Ja€ Mal)ke ONTHMANbHE PIllICHHS, HABiTh ONTUMAIIBHE, aje
notpedye MeHIIe 4acy, HDK TOYHI METOIU. 3aBAaAHHSAM LLOTO JOCIIIKCHHS € BH3HAYUTH Ta COPMYIIOBATH KOXKEH aITOPUTM JUIS
KOYKHOTO METOJLY, TIOTIM 3aITyCTHUTH KOJKEH allOPUTM 3 OJIHAKOBUM BXOJIOM i OTPHMATH PE3YJIbTaT AOCHI/UKCHHS: 3arajbHa BillCTaHb,
sIKa HAJIaCTh MOXIIMBICTH MOPIBHATH OOMIBAa METOIH: iX MepeBary Ta oOMekeHHs. Bukopucrani meroau — anroputmu Brute Force
(BF) ta Branch and Bound (B&B), siki kmacu¢ikyroTbes SIK TOYHI METOIM, MOPiBHIOIOTECS 3 anroputMamu Artificial Bee Colony
(ABC), Tabu Search (TS) ta Simulated Annealing (SA), siki kIacu(ikyrOTbCs SK MpUOMM3HI MeTonu, abo BiIOMI SK METOIH
eBpuctukd. L{i Tpu HaOIMXKEHI METOM O0OpaHi, OCKIJIBKH BOHH € ¢(DEKTHBHUMH allTOPUTMAaMHU, TPOCTi y peanizanii Ta 3a0e3neuyoTh
XOpOUIi pillleHHs JJIsi KOMOIHATOPHUX 3aja4 onTuMizanii. To4HI Ta IPHOIM3HI aNrOPUTMH NEPEBIPSIOTHCS Y KIJTBKOX po3Mipax 3a1ad
eKcKypcii MicToM: 6, 9, 10, 16, 17, 25, 42 1a 58 mict. 17, 42 Ta 58 micT BuOpaHi 3 mmlib: 6i0Ti0TeKH 3pa3KiB eK3EMIUIAPIB IS MM a
IHIINI B3STI 3 BEMUKHUX MicT ocTtpoBa SIBa (3aximuwmii, [lentpanpuuii, Cxinuuii). Bei anroputvu 3amymieni nporpamoro MATLAB.
Pe3yabTaTH MOKa3yOTh, II0 TOYHUI METOJ Kpalluii y Yaci 3a 00CcAToM 3aBIaHHS Ha MEHIIE HiX 25 MicT, KOJIH 1 TO4HI, 1 MpUOIH3HI
METO/IM JIal0Th ONTUMAalbHE pimmeHHs. Jjist o0CATiB 3aBHaHHs, siIKe BpaxoBye Oinbiie 25 mict, npubnusuuii merox — Artificial Bee
Colony (ABC) nae xpammii gac, sskuii mpubausHo Ha 37% MeHIe, Hixk TouHuM, 1 Bigxmwiserses Ha 0,0197% ams BincraHi Bil TOYHOTO
MeToay. BHCHOBOK MoiArae y 3aCTOCyBaHHI TOYHOTO METOAY Ui 0OCATY IMpoOieMu MeHIIe 25 MicT Ta MPUOIH3HOTO METOAY ISt
o0csary mpobaemu Oinbline 25 MicT. Po3puB y 4aci Oy e 30i1bIIyBaTUCS MiX JBOMa METOJJAMHU, KOJIU 00CSAT BUOIPKHU CTa€ OLIBIIIM.
Karwouogi ciioBa: npoGiemMa mpoaBis, 10 MOJOPOKY€E; METOJ] ONTUMI3AIIiT; TOYHHI METO/T; HAOJIMKEHI METO/TH; MPOTATHHH.

AHAJIN3 3OPEKTUBHOCTH METOAOB ONITHUMHU3ALINU 1J1A PELHHIEHU ST
IMPOBJIEMBI ITPOJABIIA, KOTOPBIU ITYTEINECTBYET

IIpenMeToM HACTOSIIETO HCCIIEAOBAHMS SIBISIETCS PACCTOSIHUE M BPEMs HECKOJIBKHX MPOOJIeM C SKCKYPCHSIMHU 10 TOPOJY, KOTOpPBIE
W3BECTHBI KaK Mpo0iema npojaBua-myreniecTBeHHuka (mmim). Lleab cocTonT B TOM, 4TOOBI BEISICHUTE Pa3phIBBI MEXKITY PACCTOSTHHUIMHU
U BpPEMEHEM MEXIy [IByMs THIAMH METOJOB ONTHMH3alMd B Ipo0ieMe NpojaBla, KOTOPHIH IyTENIECTBYEeT: TOYHBIM U
MpuOMM3UTENPHEIM. TOYHBI METOA IaeT ONTHMAIbHOE peIleHne, HO TpeOyeT Ooibllle BPEMEHH, KOTZa KOJIMYECTBO TOPOIOB
YBEIMYINBACTCS, a IPUMEPHBIH METOA AaeT MOYTH ONTHMANbHOE PEIIeHHe, AaKe ONTHMAIbHOE, HO TpeOyeT MEHbIe BPEMEHH, YeM
TOYHBIE METOJBI. 3ajavell JaHHOTO HCCIICIOBAHUS SIBISIETCS ONPENEIHTh M CHOPMYIHPOBATH KAXKABIH alTOPUTM U KaXKIOTO
METOJ[a, 3aTeM 3allyCTHTh KaKABIH aITOPUTM C OAMHAKOBBIM BXOJOM M IOJIYYHTH PE3yJbTaT HCCIEJOBaHMS: OOIee pacCTOSHUE,
KOTOpOE JacT BO3MOXKHOCTh CPaBHHUTH 00a METOJa: UX MPEHMYIIECTBO M OrpaHHYeHus. Vcronp30BaHHbIE MeTOABI — MeToAbl Brute
Force (BF) u Branch and Bound (B & B), koTtopble KIacCHPUIMPYIOTCS KaK TOYHBIC METOJBI, CPABHUBAIOTCS C alrOPHUTMaMU
Artificial Bee Colony (ABC), Tabu Search (TS) u Simulated Annealing (SA), koTopbie KIaccuGUIUPYIOTCs KaK MPUOIN3UTEIBHbIE
METOJbl WJIM M3BECTHBI KaK METOJbl IBPUCTHKH. OTH TpPH TNpPUOIMKEHHBIE METOJbl BBHIOpAHBI, ITOCKOJBKY OHH SIBISIOTCS
3¢ }EeKTHBHBIMA AITOPHUTMAaMH, IPOCTHI B peaNM3alMy ¥ OOECTIeUMBAIOT XOPOIIHE pEeHIeHHs AI1 KOMOWHATOPHBIX 3aj1ad
OoNTHMHU3anUH. TOYHBIE W MPHUOIN3UTENBHBIE alTOPUTMBI IPOBEPSIOTCS B HECKOIBKUX pa3sMepax 3a1ad dKCKypCHH 10 ropoxy: 6, 9,
10, 16, 17, 25, 42 u 58 ropomnos. 17, 42 u 58 ropoaoB BeiOpans! u3 mmmlib: 6ubinoTekn 06pa3OB IKIEMIUIAPOB IS TIIIIT; & IPyTHe
B3ATHl W3 KPYIHBIX TopomoB ocTpoBa fIBa (3amamubii, Llentpambueiii, Bocrounsii). Bece anropuTMer 3amymieHs! mporpammoint
MATLAB. Pe3yabTaThl NOKa3bIBAIOT, YTO TOYHBIH METOJ JIydllle BO BPEMEHH 10 00beMy 3a/laHusl Ha MeHee YyeM 25 roposioB, Korjaa
Y TOYHBIE, U TIPUOIM3UTEIBHBIE METO/IBI IAI0T ONTUMaNbHOE perieHue. {11 00beMOoB 3a1a4n, KOTopas y4uThIBaeT Oosee 25 roposos,
npubnnsutespHbii Meros - Artificial Bee Colony (ABC) maer nyuiiiee Bpemsi, KOTOpOe NMPUMEPHO Ha 37% MeEHbIIE, YeM MPH TOYHOM
MeToje, ¥ oTkiaoHsercs Ha 0,0197% s paccTosHUsI TOYHOrO MeToja. BbIBOJA 3aKiIi0o4aeTcsi B MPUMEHEHWH TOYHOTO METOoJa JUis
o06bema nmpobreMbl MeHee 25 TOpoJOB U MPHOIH3HTEILHOTO METOAa ISt 00beMa IpobiaeMs! Ooree 25 TropooB. Pa3psiB BO BpeMeHH
OyZeT yBeINIHBATHCS MEXKAY ABYMS METOAAMH, KOT/1a 00BbeM BBIOOPKH CTAaHOBHUTCS OOJIBIIIE.

KnioueBbie ciioBa: mpobiema NpojaBlia, KOTOPBIH IyTEIIECTBYET; METOJ ONTHUMH3AIMU; TOYHBIA METOX, NMPHOIIKEHHEBIE
METOJIBI; Pa3pHIBEL.
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O. KONONENKO

THEORETICAL ASPECTS OF THE ORGANIZATION BRAND MANAGEMENT

The subject matter of research in the article is the development of the concept of "brand", as well as modern approaches to the
process of brand formation of the organization. Recent decades the concept of "brand" has become widespread. It is applied to the
individual, to the enterprise, and also to government initiatives. However, in the literature there is no single point of view on the
definition of this concept. The goal of the article is to analyze the existing definitions of the concept of "brand" and modern
approaches to the process of brand formation of the organization. To achieve this goal, it is necessary to solve the following tasks: to
collect the definitions of the concept of a brand, given by organizations, scientists, specialists, to analyze these definitions and their
dynamics, to analyze the main features of strategic brand management. The system analysis method was applied to achieve the goal
of the work. Results. The most well-known definitions of the concept of "brand" are given. It is shown that it can be considered from
the standpoint of a company that creates goods or provides services under its own brand, or from the standpoint of a buyer who
perceives this brand. The way this concept evolves over time is analyzed. It is shown that the brands are a combination of tangible and
intangible elements that can be combined into the following groups: visual design elements, distinctive product features (quality,
individuality, sounds, aroma, taste, etc.), intangible aspects of customer interaction with the product or company. quality of customer
service, etc.). Based on the analysis of existing concepts, the own definition of the concept of "brand" is proposed, which meets the
requirements of modernity. The definition of "branding"” is considered. It is shown that brand management uses a variety of marketing
tools and techniques to increase the value of branded goods in the eyes of buyers and that a large proportion of buyers are willing to
pay more for the product of your favorite brand. The main stages of strategic brand management include: determining the position and
value of the brand, planning and implementation of the brand marketing program, measuring brand effectiveness, increasing and
maintaining brand value. The concept of "brand book™ and the advantages of its use are considered. The structure of the brand book is
described. It is shown that it is important for the development of companies to create a marketing strategy for rebranding. In the
process of rebranding, there are usually four main stages, namely: marketing audit, brand repositioning, restyling of its visual
attributes and changing the principles of communication. Conclusions: the definition of "brand" and the use of strategic brand
management and rebranding will form the brand of the organization, which will be better perceived by consumers and will have a
positive image in society.
Keywords: brand; definition; branding; brand book; rebranding; stages.

Introduction J.  Wiechmann, AW. Bulanov, E.A. Rudaya,
D.A. Shevchenko and others. These definitions, on the

In the modern world, it is difficult to find a person
who would never use the word "brand” or did not have
even the slightest idea about its content, because at this
stage of human development, this term permeates almost
all aspects of society. Today, the term "brand"” can be just
as easily applied to a utility, charity, football team,
badminton team, celebrity, or in general - to a government
initiative, as previously applied exclusively to wrap in
branded material packaging [1].

In general, the word "brand" comes from the Old
Norse "brand", which translates as "smoke, fire", and the
origins of its history can be found in the days when
pastoralists burned certain characteristic symbols on the
skin of cattle in order to then be able to distinguish
animals that belonged to different owners [2]. Thus, even
in ancient times, the "brand" was perceived as a
distinctive feature that helped to distinguish the product or
property of a particular owner from hundreds of other,
outwardly very similar products.

However, still, despite the limitless scope of the
concept of "brand" and its rich history, even in the
specialized literature on branding it is impossible to find a
single definition of this term.

Analysis of recent research and publications

one hand, differ significantly from each other, on the other
hand, undergo changes over time. Definitions of this
concept are closely related to the processes of forming a
competitive brand of the organization.

Purpose of the work

The aim of the article is to analyze the existing
definitions of the concept of "brand" and modern
approaches to the process of brand formation of the
organization. To achieve this goal it is necessary to
perform the following tasks: to collect definitions of the
concept of brand, which are given by organizations,
scientists, specialists, to analyze these definitions and their
dynamics, to analyze the main features of strategic brand
management.

Research results

The definition of "brand" in recent years has been
devoted to the works of such authors as S. Ahmad,
L. De Chernatony, R. Clifton, D. D'Alessandro,
F.-R. Esch, J. Gregory, K. Keller, Ph. Kotler, M. Owens,

The essence of the brand and its main components.

The American Marketing Association defines
"prand" as "a name, term, mark, symbol, design, or
combination thereof, intended to identify the goods or
services of one seller or group of sellers, and to
distinguish a product or service from goods or services of
competitors" [3].

ISO 10668: 2010 [4] defines a "brand"” as an
intangible asset related to marketing, including, but not
limited to, names, terms, signs, symbols, logos and
designs, or a combination thereof, designed to identify

© 0. Kononenko, 2021
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goods, services or organizations, or a combination of
them, which creates different images and associations in
the minds of stakeholders, thereby generating economic
benefits/values.

Many scholars and practitioners in the field of
branding, studying the question of how to correctly
interpret such a fundamental concept as "brand", tried to
provide their own options for its definition. The most
well-known of them are listed below in table 1.

Which of the proposed brand definitions is the most
complete and meaningful? Which researcher's approach
allows to identify the fundamental features of the concept
of "brand" at a deep level? The answer to these questions
is very difficult to provide, because the difficulty of
unambiguous interpretation of the brand is due to a
number of reasons. First, the brand, like any other
complex phenomenon in marketing, is multifaceted. It
can be viewed from the standpoint of a company that

creates goods or provides services under its own brand, or
from the standpoint of a buyer who perceives this brand.
The desired image of the brand that the organization
would like to get and its perception by customers in reality
does not always coincide. Thus, the choice of different
aspects and points of view provides a multifaceted
interpretation of the concept of "brand". Secondly, it is
necessary to distinguish between specific and abstract
definitions of the brand, because much depends on the
level of specification and the context of application of this
concept. Third, the very concept of "brand" is constantly
evolving under the influence of changes in the external
marketing environment and, as a consequence, is filled
with new meaning [13]. This is to meet the demands of
consumers, which are changing, including as a result of
gaining experience related to the product or service, as
well as to constantly maintain and increase
competitiveness [14, 15].

Table 1. Approaches to defining the concept of "brand" of different researchers

Definition

Researcher

A brand is not a thing, a product, a company or an organization.

in the form of consciousness or specific people or society.

Brands do not exist in the real world - they are mental constructions. A
brand is best described as the sum of a person's entire experience, his
perception of a thing, product, company or organization. Brands exist

James R. Gregory, from the book "Leveraging the
Corporate Brand" [5]

We define a brand as a trademark that in the eyes of the consumer
absorbs a clear and meaningful set of values and attributes. The

The main thing to remember is that brands are not created by the
manufacturer. They exist only in the minds of consumers.

products are made in the factory. But a product becomes a brand only
when it acquires many tangible, intangible and psychological factors.

Charles Brymer, General Manager "Interbrand
Schecter" [6]

hear the name.

A brand is more than just advertising or even marketing. This is all
that comes to a person's mind about a product when they see its logo or

David F. D'Alessandro, General Manager "John
Hancock", from the book "Brand Warfare: 10 Rules for
Building the Killer Brand" [7]

A brand is a set of perceptions in the consumer's imagination.

Paul Feldwick, Executive Director of Strategic
Planning, BMP DDB, International Director of
Branding Planning, DDB [6]

value that best meets his needs.

A brand is an identified product, service, person or place created in
such a way that the consumer or buyer perceives the unique added

Leslie De Chernatony, Professor of Brand Marketing
and Director of the Center for Research in Brand
Marketing at Birmingham University Business School,
author of several books on branding [8]

Brands are figurative representations stored in the memory of
stakeholders, which perform the functions of identification and

products and services.

differentiation and determine the behavior of consumers in choosing

Franz-Rudolf Esch, Professor of Marketing, University
of Giessen, Germany, Director of the Institute for Brand
and Communication Research ("Institut fiir Marken-
und Kommunikationsforschung") [9]

buyers.

Brand is a name that influences the behavior of market consumers /

Jean-Noel Kapferer, Professor of the School of
Management HEC (France), recognized specialist in
branding [6]

to a certain group of people, evokes in their memory similar
information and a similar attitude to real or imaginary objects

A brand is a commercially valuable sign or sum of signs that is known

A.V. Bulanov, from the book "Brand 2.0. From
philosophy to practice” [10]

(interpretation). The brand is able to influence the behavior of this
group of people in the interests of its owner, which creates its
commercial value. The commercial value of a brand is also determined
by how easily it can be detached from one object and transferred to
another object or group of objects while maintaining its interpretation.

Brand is a sign, symbol, word or combination thereof that helps
consumers distinguishing the goods or services of one company from
another. The brand is perceived as a well-known brand or company
that occupies a special place in the minds and psychology of consumer
segments from the masses of their own kind.

D.A. Shevchenko, from the book "Advertising.
Marketing. PR" [11]

A brand is a receptive sign of an organization and its products, by
which the consumer can distinguish the organization and its products
from others.

Chovanova, H. H., Korshunov, A. 1., & Babc¢anova, D.
[12]




ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

Innovative technologies and scientific solutions for industries. 2021. No. 1 (15)

Leading brand management specialist Leslie de
Cernaton in his book "From brand vision to brand
evaluation. Strategic process of brand growth and
strengthening™ identified and summarized the main
approaches that interpret the brand [16]. We have
displayed his achievements in the form of a diagram
(fig. 1).

Obviously, a concept "brand" evolves together with
development of world economy, for this reason already a
long ago from a simple method for distinguishing of
commodities of different producers a brand grew into the
difficult, complex phenomenon that includes for itself
quite a bit constituents and carries in itself deep
maintenance. It is worth noting that even Philip Kotler has

revised his own definition of the brand several times,
constantly expanding its value. Thus, first, the founder of
modern marketing management theory defined a brand as
a name, term, trademark, symbol, image, or a combination
thereof, designed to identify the goods and services of one
seller or sellers and differentiate them from the goods and
services of competitors. However, a little later F. Kotler
clarified his previous definition: "A brand is any name,
title, trademark, etc., which have a certain meaning and
associations" [18]. Finally, Kotler's interpretation of the
brand was transformed into: "Brand is a complex concept
that can express six meanings: 1) attributes; 2) benefits; 3)
value; 4) culture; 5) individuality; 6) user." [19].

Bastc approaches that interpret the brand

From the company's position:
* identification system

* risk reduction tool

* brand contract

*added value

Fig. 1. Varieties of brand interpretations

The above definitions of the brand, proposed by
Philip Kotler, actually lead us to the conclusion of what
elements make up the brand - it contains all possible
characteristics that distinguish goods and services from
one seller to another: name, design, style, symbols, points
interactions with customers, etc., and in general all
elements of the brand work as a psychological trigger or
stimulus that evokes an association with all other thoughts
about the brand. Thus, brands are a combination of
tangible and intangible elements that can be combined
into such groups:

1) Visual design elements: name, logo, corporate
colors and fonts, slogan, packaging, graphics, shape, etc.

2) Distinctive features of the product: quality,
individuality, sounds (unique melody or set of notes can
become a characteristic feature of the brand), aroma, taste,
etc.

3) Intangible aspects of customer interaction with the
product or company: reputation, quality of customer
service, etc. [20].

Thus, the brand can be defined as a holistic image,
which gradually develops in the minds of the target
audience, based on all the information received, which
relates to all aspects of the brand owner.

Modern approaches to the process of forming a
competitive brand of the organization.

Creating a brand, despite the objective complexity of
this task, is only the beginning of another infinitely
long process called brand management, because for a

From the consumer's point of view:
» image in the perception of consumers
» aftitude, relations

brand to continue to succeed, companies must constantly
make concerted efforts to ensure its dynamic
branding.

In 2001, Molly Hislop defined branding as the
process of establishing a connection between a company's
product and its emotional perception by customers in
order to differentiate itself from competitors and build
loyal relationships with customers [21]. In 2004 and 2008,
Kapferer and Keller, respectively, published their vision
of branding, in their view: "Branding is meeting
customers' expectations and constantly meeting their
needs" [22].

According to [23], brand management is the process
of maintaining and improving a brand so that its name is
associated with positive results. A brand is what
customers think of when they see or hear a brand name, ie
a brand is the image and individuality of a product or
service offered by a company. Brand management, in
turn, uses a variety of marketing tools and techniques to
increase the value of branded goods in the eyes of
customers. Based on the goals set by the marketing
strategy, brand management allows product prices to grow
and create loyal customers through positive associations
and images, or good awareness of potential consumers
about the brand. For example, Scott Davis published a
study in his book, which indicates that 72% of buyers are
willing to pay a price for a favorite brand that is 20%
higher than the price of the nearest competing brand; 50%
of buyers are ready for a similar excess of the price by a
quarter, and 40% are even willing to overpay
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a third of the price in order to buy a product of a certain
brand [24].

Thus, proper brand management can increase loyalty
to it, which in turn forces customers to return, which in
turn directly affects the company's benefits. Simply said, a
successful brand allows its rights holders to raise product
prices and increase their own profits. In fact, without
smart brand management, most global companies would
not have achieved such success.

The authors of [25] conducted a survey of consumers
and concluded that brand knowledge has a great influence
on consumer behavior, and this result is statistically
significant. Brand knowledge includes brand awareness
and brand image. People are switching from local to
branded products. They like to use branded products to
show their status, power and wealth.

In [26], based on a survey of 200 graduates and
working young people, it was concluded that there is a
strong statistically significant positive correlation between
advertising and brand preferences, as well as the
relationship between customer income and brand
preference.

The process of strategic brand management is
necessary to create and maintain brand value. Developing
a strategy that successfully maintains or improves brand
awareness, strengthens consumer associations with it,
emphasizes the quality and usefulness of the brand, is an
important task of brand management. In general, in the
process of strategic brand management, researchers
identify the following main stages:

1. Determining the position and value of the brand.

The first step in the strategic brand management
process begins with a clear definition of what a brand
should be in terms of value to consumers, and how it
should be positioned in a competitive market. Philip
Kotler notes that brand positioning is a set of actions of
the company to form its offer and build an image so that
the brand occupies a special and significant place in the
minds of the target consumer.

2. Planning and implementation of a brand marketing
program.

Brand building is the next step in managing an
organization's brand. This stage of forming a holistic
brand involves planning such components as pricing,
packaging, customer service and more. In addition, during
this stage, techniques are developed to build a
recognizable brand and further support consumer
awareness of it, i.e. at this stage; strategies for marketing,
branding and advertising are agreed.

3. Measuring brand effectiveness.

It is important not only to create a brand, but also to
constantly measure and monitor its effectiveness against
competitors and other market dynamics. There are several
different theories as to which parameters best reflect the
effectiveness of a brand. Let's focus on the list proposed
by D. Aaker, which includes such indicators as: brand
awareness, perceived quality / brand leadership, brand
loyalty, brand associations and indicators of market
behavior (e.g., market share) [27].

4. Increasing and maintaining brand value.

The final stage in the process of brand management
after evaluating the effectiveness is to work on improving
the brand image to ensure the growth and maintenance of
brand value. Brand value is a measure of the quality it
offers [28].

In general, according to a study by Lucidpress,
consistent and continuous branding can increase the
company's average annual profits by about 23%, but
despite these statistics, only a quarter of organizations
have their own official brand book (or brand style guide)
whose recommendations they really follow. In fact, about
60% of companies admit that the product they create does
not always meet the principles of their brand [29].
Although it is consistent adherence to the developed
principles that helps companies achieve the coherence
needed to form a recognizable brand, positive associations
and, as a result, gain customer loyalty.

A brand book or brand style guide is an official
document that sets out specific guidelines for maintaining
brand identity in all external and internal communications.
Brand books often contain clear recommendations on the
correct use of the logo, corporate colors, acceptable
manipulation of images and photos, information about the
voice/tone of the brand ("Tone of voice"), etc.

The most obvious advantage of having, and most
importantly - the constant use of a brand book, is that it
provides an organization that works under its own brand,
consistency and unity, which help to form the identity of
the brand image. All this over a longer period contributes
to the emergence of trust and loyalty from the target
audience.

A brand book is usually created according to a
certain structure and consists of three main sections:
"About the brand”, "Recommendations for visual
content”, "Principles of communication”.

The section "About the brand" prescribes the
mission, values and target audience of the brand.
Identifying these points at the outset is a key to further
creating a logical and holistic image.

In the section "Recommendations for visual filling"
you need to provide all the necessary information about
the following elements:

1) Logo: its location, variations for different
platforms and channels, colors, sizes and proportions;

2) Corporate colors: color palette and texture,
necessarily their monochrome version;

3) Fonts: corporate typography, which is used in the
titles and main texts of official documents;

4) Photos:  their style and basic
accompanied by specific examples;

5) Other: brand names, patterns, graphics, icons,

The final section "Principles of communication”
describes in detail the principles of communication
between the brand and its target audience, they include:

1) Language: official-business, informal;

2) Tone: authoritative, caring, conservative, friendly,
provocative, humorous, etc.;

3) Style:  formatting, use of terminology,
admissibility of slang and its limits, branded "emoji";

4) Presence in social networks: types of publications,
time of publications, different styles of social media;

principles,
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5) E-mails: structure, signature and tone;
6) Readability and grammar: types of sentences and

their length, capital letters, numbers, abbreviations,
abbreviations [30].
Thus, it can be argued that the brand is

a well-thought-out system of associations that
identify it in the eyes of consumers, and the brand
book helps the company to adhere to the chosen
concept and consolidate the image of the brand in the
market. However, sometimes companies no longer want
or can maintain a stable image, and they need
to make changes to brand positioning, separate
from the negative nuances of previous branding, broadcast
a new philosophy of the organization, expand or change
their target audience, or transfer the company to higher
level. To solve such problems, there is a marketing
strategy of rebranding, which creates a new name, logo,
slogan, design, concept or combination for the existing
brand in order to form a new, differentiated identity in the
minds of consumers, investors, competitors and other
stakeholders’ parties [31]. This often involves radical
changes in brand image, marketing strategy and
advertising topics.

In the process of rebranding, there are usually four
main stages, namely: marketing audit, brand repositioning,
restyling of its visual attributes and changing the
principles of communication. Let's consider in more
detail what measures each of the specified stages
provides.

Marketing audit. The main goal is to assess brand
awareness and loyalty to consumers, study the images and
associations it evokes in the target audience, and
identify the strengths and weaknesses of the brand, its
competitive  advantages, and the presence of
barriers to its positive perception. Based on the
results of the marketing audit, a decision is made
as to whether there is a need to reposition
the brand.

The main task of brand repositioning is a significant
change in the perception of the target market of its key
advantages and features against the background of other
proposals in a competitive market [32].

Restyling is a change in the design and visual
attributes of a brand (logo, corporate identity, colors, etc.),
i.e. it is a cosmetic change in its appearance. The task of
transforming the ideology or positioning of the brand is
not related to restyling, but the design change is in
accordance with the previously developed new
characteristics of the brand.

References

ogp,bwnNE

(last accessed 20.02.2021).

Changing the principles of communication involves
the use of a new style of communication with the audience
(changing the tone of messages, communication channels,

etc.) to convey information about the updated
characteristics of the brand [33].
Conclusions

The paper shows that the existing definitions of
"prand" differ significantly from each other. The reasons
for the differences are that this concept can be considered
both from the standpoint of the company and from the
standpoint of the buyer, the level of specification or
abstraction may also differ. In recent years, there have
been transformations of this concept from name, term,
trademark, symbol, image or their combination to a
complex concept that reflects the elements of visual
design, product features, and intangible aspects of
customer interaction with the product or company. Based
on the analysis of existing concepts, the own definition of
the concept of "brand" is proposed, which meets the
requirements of modernity.

The definition of "branding™ is given. It is shown
that brand management uses a variety of marketing tools
and techniques to increase the value of branded goods in
the eyes of buyers and that a large proportion of buyers
are willing to pay more for the product of your favorite
brand. The main stages of strategic brand management
include: determining the position and value of the brand,
planning and implementation of the brand marketing
program, measuring brand effectiveness, increasing and
maintaining brand value.

The concept of "brand book™ and the advantages of
its use are considered. The structure of the brand book is
described. It is substantiated why it is important for the
development of companies to create a marketing strategy
for rebranding. There are four main stages of the
rebranding process, namely: marketing audit, brand
repositioning, restyling of its visual attributes and
changing the principles of communication. It is
shown that the above definition of "brand" and the use of
strategic brand management and rebranding will form the
brand of the organization, which will be better perceived
by consumers and will have a positive image
in society.

The results of the work will be used in conducting a
marketing audit of the existing brand of the organization
providing educational services, and, if necessary, in
developing proposals for its rebranding.
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TEOPETUYHI ACHEKTH YIPABJIIHHA BPEHJIOM OPT AHI3AIIII

IpeameroM HOCTIKEHHS B CTATTi € PO3BUTOK MOHATTA "OpeHA", a TakoX CydYacHI MiAXOIHW JO mporecy (GopMyBaHHA OpeHIy
oprauisartii. [IoustTst "6per” B OCTaHHI AECATHIITTS HaGyT0 MIMPOKOTO TOHPEHHS. JI0T0 3aCTOCOBYIOTH i 10 OKPEMOi 0COBHCTOCTI,
1 1o mANpHEMCTBA, 1 10 JeprkaBHUX iHiriaTiB. OJHAK B JTiTepaTypi HEMA€ €JUHOI TOUKH 30pYy 3 IPHBOJY BU3HAYECHHS [[bOTO TOHATTS.
MerTo10 po0GOTH € aHaI3 iCHYIOYMX BU3HAYEHB MOHATTS "OpeHa" i cydacHuX MiXOiB /10 mpouecy GopMmyBaHHs OpeHIy opraHizaril.
Jlnst mocsirHeHHs i€l MeTH HeoOXiIHO BUKOHATH HACTYIIHI 3aBJaHHs: 3i0paTH BU3HAYCHHS MOHATTS OpeH., sKi aHi OpraHizalisiMH,
HayKOBISIMH, (axiBLsIMU, NMPOAHATi3yBaTH Lii BU3HAYCHHS Ta iX AMHAMIKY, NMPOaHai3yBaTH OCHOBHI OCOOJIMBOCTI CTpAaTEridyHOro
ynpasiiHHs OpeHaoM. st JOCATHEHHS METH poOOTH 3aCTOCOBAHUI METOJ CHCTEMHOTo aHamizy. PedyabraTu. HaBeneno HaiOinbI
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BiZloMi BU3HaueHHs MOHATTs "Opena". IToka3aHo, 10 HOro MOXKHA PO3IJILAATH 3 MO3MINI KOMMAHII, 10 CTBOPIOE TOBApH 4YM HAJa€e
TIOCIIYTH MiJ BIAacHUM OpeHmoM, abo X 3 MO3umii MOKymIs, sKWi chpuiiMae neit Openn. IIpoaHamizoBaHO, SK €BOJNIOIIOHYE Iie
MOHATTS 3 9acoM. [lokazaHo, Mo OpeHIM SBISIIOTH COOOIO NMOETHAHHS MaTepiaJbHUX Ta HEMaTepialbHHUX eJIEMEHTIB, sSKi MOXKHA
TIOETHATH y TaKi TPYNHN: eIEMEHTH Bi3yaJIbHOTO TU3aiiHy, BIAMIHHI 0COOIMBOCTI IPOAYKTY (SAKiCTh, IHANBINyaNbHICTh, 3BYKH, apOMarT,
CMaK TOIIO), HEeMaTepialbHi aCleKTH B3a€MOJI KII€HTIB 3 IPOIYKTOM UM KOMIaHI€I0 (pemyTaris, sKicTb 00CITyroByBaHHS KIII€HTIB
Tomo). Ha ocHOBI aHamizy iCHYIOYHMX MOHSTH 3aIPOIOHOBAHO BIIACHE BHU3HAYEHHS MOHATTA "OpeH.A', sKe BiANOBiZa€ BHMOTaM
cyyacHocTi. PosrmsiHyTo BH3HaueHHS mNOHATTS "OpeHauur"'. [lokasaHo, mo OpeHA-MEHEIKMEHT BHKOPHUCTOBYE PpO3MAITTS
MapKETHHIOBUX 1HCTPYMEHTIB Ta TEXHIK Ui 301IbLICHHS LIHHOCTI OPEHIOBAHOTO TOBapy B OYaxX MOKYIIIB 1 IIO BEIHKa YacTKa
MOKYIIIiB TOTOBa OiNbIlle 3aIUTaTHTH 3a TOBap yiaro0neHoi Mapku. OCHOBHI €Taly CTPATErivYHOTO yNPaBIiHHA OpPEHAOM BKIIOYAIOTh:
BU3HAYEHHsA NO3UNii Ta MiHHOCTI OpeHIy, IUIaHyBaHHS Ta IMIUIEMEHTalis HpOrpaMH MapKeTUHTY OpeHIy, BUMipIOBaHHS
eeKTHBHOCTI OpeHxy, 30UTBIICHHS Ta MiATPUMAHHA WiHHOCTI OpeHmy. PosrmmiHyTo momstTs "OpeHnOyk" Ta mepeBarm #Horo
BUKOpHCTaHHS. Omucano cTpykrypy OpeHmOyky. ITokazaHo, IO BaXKJIMBHM JUISL PO3BHTKY KOMIIAHIH € CTBOPEHHS MapKETHHIOBOI
cTparerii peOpeHIuHTYy. Y TIpoIeci peOpeHIMHIY 3a3BHYail BUAULIIOTH YOTHPU OCHOBHI €TamlM, a caMme: MapKeTHHTOBHIl ayIuT,
peno3uiioBaHHs OpeHAy, pecTailliHr HOoro Bi3yalnbHHX aTpuOYTiB Ta 3MiHAa NPHHIMIIB KOMyHikauii. BHCHOBKH: HaBeaeHe
BU3HAYCHHS MOHATTS "OpeHa" i BUKOPHCTAHHS CTPATETiYHOrO YHPaBIiHHI OPEHAOM Ta peOpEeHIHHTY H03BOJISATH (OpMyBaTu OpeH[
opranizanii, skuit Oyze Kpalie CnpuiiMaTHCS CIIOKUBaYaMy Ta MaTUME NO3UTHBHUH IMIJK Y CYCIiTbCTBI.
Kniouosi ciioBa: OpeHp; BU3HAUEHHS; OpeHINHT; OpeHI0YK; peOPEHINHT; eTaIlu.

TEOPETHUYECKHUE ACIIEKTBI YIIPABJIEHUA BPEHOM OPI'AHU3 AU

I[Ipeamerom wuccrenoBaHus B CTaTbhe SIBIAETCS pa3BUTHE MOHATHS "OpeHA', a TakKe COBPEMEHHBIE MOAXOIBI K IPOIEcCy
¢dopmupoBanus OpeHna opranusanud. lloHsaTre "OpeHn" B mocienHue ACCATHICTUS IHOIYyYWIO IIHMPOKOE pacmpocTpaneHue. Ero
NPUMEHSIOT M K OTIEIBHON JIMYHOCTH, U K MPENIPUATHIO, U K OCYJIapCTBECHHBIM MHMIMATHB. OJHAKO B JIUTEpaType HET €IHHOIL
TOYKHU 3pPEHUS TI0 MOBOAY ONpeAeNieHHs 3Toro moHATHs. Henbio paGoThl SBISETCS aHAIM3 CYLIECTBYIOIIUX OINPENCICHUNH HMOHATUS
"OpeHna" M COBpPEMEHHBIX MOAXOJOB K Mporeccy GopmupoBaHui OpeHAa opraHu3anud. s TOCTIDKEHHS STOH LEeNd HeoOXOIMMO
pPEeUINTh CIEIyIomMe 3aJa4vd: coOpaTh OINpEIeNICHUs IOHATHS OpeHJ, NaHHBIE OpPraHW3alMsAMH, YYEHBIMH, CIICHUAIHCTaMH,
MIPOAHATU3UPOBATh 3TH ONpENeNeHHS W UX AWHAMUKY, IPOAHAIM3HPOBATH OCHOBHBIE OCOOCHHOCTH CTPATETHYECKOTO YIPaBICHUS
opennoMm. [ moctkeHus nenu paboTh IPUMEHEH METOJ CHCTeMHOro aHanu3a. Pesyabrartsl. [IpuBeneHsl Hanbosiee U3BECTHEIC
ompeneneHust noHstus "Openna". IlokaszaHo, YTO €ro MOXHO pacCMaTpHBaTh C IO3WIMM KOMIIAHHMH, CO3/aeT TOBaphbl WA
NPEJOCTABISET YCIYTM I0J COOCTBEHHBIM OpEHIOM, WM C MO3HLIUM IOKYIaTess, KOTOPBIA BOCHPHHHMAeT 3TOT OpEHI.
ITpoaHaIM3UPOBAHO, KAK SBOJIIOLHMOHUPYET 3TO HOHATHE CO BpeMeHeM. IIoka3aHo, 4TO OpeH/BI MPENCTAaBIAIOT cO0OH codeTaHue
MaTepUabHbIX U HEMaTepUalbHBIX 3JIEMEHTOB, KOTOPHIC MOXKHO OOBEAMHUTH B CICAYIOLIME TPYIIBI: 3JIEMEHTHl BH3YalIbHOIO
nU3aiiHa, OTJIMYUTENbHBIE 0COOCHHOCTH MPOAYKTa (Ka4ecTBO, MHIMBHIYalbHOCTh, 3ByKH, apoOMaT, BKYC M T.II.), HEeMaTepHalbHbIC
aCIIeKThl B3aMMOJCHCTBUS KIMEHTOB C IIPOJYKTOM WM KOMIIAHWEW (peIyTalys, KadecTBO OoOCIy)KHMBaHWs KIMEHTOB M T.n.). Ha
OCHOBE aHAIW3a CYIIECTBYIOIIMX HOHATUH HPEIJIOKEHO COOCTBEHHOE OIpesielieHHe MOHATHA "OpeHA", KOTOpoe OTBedaeT
TpeOOoBaHUAM COBpEeMEHHOCTH. PaccMoTpeHs! onpenenenus nmousatus "Openaunr”. [TokazaHo, 4To OpeHI-MEHEDKMEHT HCHOJB3YeT
pa3Ho00Opa3ue MapKETHHTOBBIX HHCTPYMEHTOB M TEXHHK I YBEJIMUCHHUS LIEHHOCTH OpeHANPOBAHHOTO TOBApa B Ila3ax MOKyIaTeseH
u Oonpluas yacTb TMOKyHaTenedl rotoBa Ooublile 3aIIaTUTh 3a TOBap JOOMMOIT Mapku. OCHOBHBIC 3Tarbl CTPATErHYECKOTO
yhpaBieHHsi OpEHIOM BKIIFOYAIOT: ONPEAENICHHE MO3WLIMKM M LIEHHOCTH OpeHJa, IUIAHMPOBAaHHE M HMIUIEMEHTALHs IPOTPaMMBI
MapKeTHHTra OpeHza, m3MepeHns 3()(EeKTHBHOCTH OpeH/a, yBENMYEHHE H TOANepKaHie IeHHOCTH OpeHaa. PaccMoTpeHo moHsATHE
"OpeHnOyK" W TpeuMylIecTBa €ro HCIoib30BaHWsA. OmmcaHa CTpykTypa OpeHnmOyka. I[lokazaHo, YTO BaXXHBIM U Pa3sBUTHS
KOMITaHUH SIBJISAETCS CO3JaHNe MapKeTMHIOBOM CTpaTernu peOpeHauHry. B mporecce peOpeHIMHra OOBIYHO BBIICISIOT YETHIPE
OCHOBHBIX JTana, a UMEHHO: MapKETHMHIOBBIN ayIuT, perno3WLHOHUPOBaHHE OpeHIa, PEeCTAiJIMHI ero BH3yalbHBIX aTpuOyTOB U
H3MEHEeHUE NPUHIMIIOB KOMMYHHUKAIMH. BBIBOABI: MPUBECHHOE OINpeielieHne MOHITUS "OpeH " M HCIO0IB30BaHHe CTPATErHueCcKOro
ynpaBieHusi OpeHJOM M pPeOpeHIMHTy MO3BOJAT (OPMHUPOBATH OpEeH]| OpraHM3alliM, KOTOPBI OyAeT Jydlle BOCIPUHHUMATHCS
HOTPEOUTEIISIMU U UIMETh MOJIOKUTEIBHBIA MUK B OOLIECTBE.
KnioueBbie ciioBa: OpeHn; onpeneneHns; OpeHauHT; OpeHA0yK; peOpEeHANHT; ATaIbI.

bBibnioepaghiuni onucu / Bibliographic descriptions

Kononenko O. [. TeopeTwyHi acmekTH ympamiiHHS OpenmoM oprauisaiii. Cyuachuil cman HayKosux O0O0CHiOdCeHb ma
mexnonoeiti 6 npomucnosocmi. 2021. Ne 1 (15). C. 76-82. DOI: https://doi.org/10.30837/1TSSI.2021.15.076

Kononenko, O. (2021), "Theoretical aspects of the organization brand management", Innovative Technologies and Scientific
Solutions for Industries, No. 1 (15), P. 76-82. DOI: https://doi.org/10.30837/ITSSI.2021.15.076




ISSN 2522-9818 (print)

CyuacHuii cman HayKogux 00criodcenb ma mexnonoeitl 6 npomuciosocmi. 2021. Ne 1 (15) ISSN 2524-2296 (online)

UDC 332.1:711 DOI: https://doi.org/10.30837/1TSS1.2021.15.083

T. MomMoT, YE. MURAEV

MODEL OF ORGANIZATIONAL AND INFORMATION SUPPORT OF SMART CITY
STRATEGY DEVELOPMENT IN THE CONDITIONS OF DIGITAL ECONOMY

The article is devoted to the study of the theoretical and methodological foundations of the development of a model of organizational
and information support for the development of smart city strategy in a digital economy. The subject of the study is a set of
theoretical, methodological and practical aspects to ensure the formation of a model of organizational and information support for the
development of a strategy for smart cities in a digital economy. The purpose of the article is to develop theoretical and
methodological provisions and substantiate practical recommendations for the formation of a model of organizational and information
support for the development of a strategy for smart cities on a balanced scorecard in a digital economy.: to analyze the most
progressive cities in the world to create and implement a strategy of smart cities in terms of leading international rankings of smart
cities; to study and systematize methodical approaches to the assessment of smart cities according Objectives to international
rankings in the digital economy; summarize the advantages and disadvantages of ranking smart cities; to offer a model of
organizational and information support for the development of a strategy for smart cities on a balanced system of indicators in a
digital economy. In the course of the research the following methods were used: abstract-logical analysis, theoretical generalization
and systematization, system analysis. The paper analyzes the most progressive cities in the world in terms of leading international
rankings of smart cities in the digital economy. Methodological approaches to the assessment of smart cities according to international
rankings in the digital economy are summarized; their advantages and disadvantages are identified. It is proved that today there is no
single methodological approach to assessing the rating of a smart city. A model of organizational and information support for the
development of a strategy for smart cities on a balanced scorecard in a digital economy has been developed. Conclusions. A
comparative analysis of the Top 10 smartest cities in the world in terms of leading international rankings; on the basis of the
conducted analysis the components of the assessment of smart cities are systematized within the framework of the studied
methodological approaches to the assessment of smart cities according to international rankings. a model of organizational and
information support for the development of a smart cities strategy on a balanced system of indicators was developed, which is
considered as an integrated assessment system; the information and analytical tools for assessing the level of balanced development of
smart cities, is an informative basis for positioning the city on the selected components of a balanced scorecard are proposed.

Keywords: "smart cities”; digital economy; ratings of smart cities; balanced scorecard; strategy of smart cities; model of
organizational and information support; information and analytical tools.

Introduction L. Costa, L. Leidesdorf, J. Lazara, R. McQuaid,

M. Marshall, J. Muske, C. Oberg, D. O'Brien, S. Osborne,
M. Roscia, T. Savaris, A. Seravalli, K. Strokosh,
B. Hutchinson, P. Hennelly and many others [2, 3, 4, 5].

The concept of "smart cities” is becoming more
widespread in the world. According to the new Navigant

Research Global Market Report, there are more than 250
smart city projects in the world from 178 cities, and most
of them focus on five key areas, namely, smart energy,
smart water, smart transport, smart buildings and smart
management [1]. In such conditions, the relevance of
developing sound organizational and information support
for developing a smart cities strategy for the digital
economy is increasing.

Analysis of recent research and publications

The growing level of urbanization in the world
makes it advisable to transform municipal government on
the principles of the Smart Cities concept by integrating
systems and data, modernizing urban infrastructure,
introducing effective municipal management, increasing
the development of innovation and human capital.

The importance of the introduction of balanced
urban development management in the context of
comprehensive digitalization, the problems of its
implementation led to the study of these issues by a wide
range of scientists, especially foreign ones. Thus,
theoretical and methodological approaches to the
introduction of the "Smart Cities" concept are
comprehensively covered in the works of such foreign
scientists as L. Buys, D. Genari, J. Graham, |. Zubizarreta,
T. Ygitkanlar, P. Evans, G. Ezkowitz, M. Kamruzzaman,

A. A. Andrienko, A. S. Korepanov's studies are
devoted to substantiating the theoretical and
methodological foundations of managing the development
of "smart" large cities in Ukraine in the context of the
widespread introduction of information and
communication technologies [6, 7].

Highly appreciating the fundamental achievements
and quite high interest in the development of the concept
of smart cities, it should be noted that the problem of
studying the organizational and information support for
the development of smart cities strategy in the digital
economy taking into account the influence of the factors
of the digital economy remains beyond the attention of
scientists, which determines the relevance and timeliness
of this study.

Purposes and objectives of the study

The purpose of the article is to develop theoretical
and methodological provisions and substantiate practical
recommendations on the formation of a model of
organizational and information support for the
development of a strategy for smart cities on a balanced
system of indicators in the digital economy. The objective
of the work is to analyze the most progressive cities in the
world to create and implement a strategy of smart cities in
terms of leading international rankings of smart cities; to

© T. Momot, Ye. Muraev, 2021
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study and systematize methodological approaches to the
assessment of smart cities according to international
rankings in the digital economy; summarize the
advantages and disadvantages of smart city rating; to offer
a model of organizational and information support for the
development of smart cities strategy for a balanced
scorecard in the digital economy.

Materials and methods of research

Smart City Index, Kearney (GCI) (GCO); Methodical
approaches to assessing intelligent cities according to
international ratings. In the course of the study, such
methods were used: abstract-logical analysis, theoretical
generalization and systematization, system analysis.

Research results and their discussion

The theoretical and methodical basis of the study
was the scientific works of leading domestic scientists and
foreign scientists-economists, international ratings of
smart cities, namely: IESE Cities in Motion Index, IMD —

The assessment of the current situation and the
systematization of the experience of the world's leading
smart cities are important for the construction of the
strategy and its further implementation. So, at the first
stage, representative cities were selected, which are the
most progressive in the world to create and implement a

SUTD (SCI), Smart City Index, Smart City Strategy smart city strategy in the context of the leading
Rating, (SCSI), PwC Cities of Opportunity 7, EasyPark international smart city ratings (table 1).
Table 1. Comparable analysis of the Top 10 smartest cities in the world in terms of international ratings
IESE Cities IMD — PWC EasyPark Kearney
City in Motion SUTD (SCI) | Smart City Strategy Cities of Smart City (GCI)
Index, 2020 Smart City Rating, (SCSI) Opportunity 7 Index (GCO)
(CiMI) Index 2020 2019 2020
London 1(0) 15 (+5) Advanced (3) 1 50 2(0)
(Great Britain)
New York (USA) 2(0) 10 (+28) None 6 23 1(0)
Paris (France) 3(-1) 61 (-10) Implementation 4 38 3(0)
Follower (10)
Tokyo (Japan) 4(-2) 79 (-17) None 15 54 4(0)
Reykjavik (Iceland) 5 (0) - None - -
Copenhagen (Denmark) | 6 (-2) 6 (-1) None - 4 20 (-3)
Berlin (Germany) 7(-2) 38 (+1) None 12 15 (-1)
Amsterdam 8(+5) 9 (+2) None 5 3 23 (-3)
(Netherlands)
Singapore (Singapore) 9(-2) 1(0) Advanced (2) 2 9 9(-3)
Hong Kong (China) 10 (-1) 32 (+5) None 9 87 6 (-1)
Zurich (Switzerland) 11 (-4) 3(-1) None - 11 22 (-7)
Oslo (Norway) 12 (0) 5(-2) None - 1 -
Chicago (USA) 13 (-4) 44 (+12) Well progressing (5) 13 8 (0)
Stockholm (Sweden) 14 (+1) 16 (+9) None 7 5 8 (2)
Vienna (Austria) 18(+8) 25 (-8) Advanced (1) - 7 22 (+3)
Helsinki (Finland) 22 (0) 2 (+6) None - 19
Taipei (Taiwan) 27 (-3) 8(-1) None - 25 26 (-1)
Geneva (Switzerland) 34 (+2) 7(-3) None - 33 16 (-4)
Auckland 35 (0) 4 (+2) None - 58 -
(New Zealand)
Beijing (China) 84 (+1) 82 (-22) None 19 99 5 (+4)
Toronto (Canada) 30 (+12) 30 (-15) None 3 19 (-2)
San Francisco (USA) 20 (-1) 27 (-15) None 8 13 (+9)
Sydney (Australia) 17 (-2) 18 (-4) None 10 12 (+1)
Kyiv (Ukraine) 115 (+4) 98 (-6) None - - -
Note: Compiled by the authors according to [8, 9, 10, 11, 12, 13, 14]. The parentheses show the changes in the rating compared to
2019.

The obtained data indicate that as a result of 2014, annually compiles the IESE Cities in Motion Index

applying various methodological approaches to assessing
the rating of smart cities, different cities entered the top
ten "smart cities" in the same year according to different
leading compilers. Moreover, according to different
ratings, cities occupy different positions. Only cities such
as London, Singapore and Paris are represented in each of
the ratings under consideration.

The Center for Globalization and Strategy of the
IESE Business School of the University of Navarre, since

(CIMI), calculated to help the public and governments
determine the effectiveness of the city. The CIMI
indicator system is a research platform based on an
integrated approach that combines an innovative approach
to city management and a twenty-first century city model
based on four factors: a sustainable ecosystem, innovation,
equal opportunities for citizens and well-connected
territories based on nine basic aspects, including human
capital, social cohesion, economy, governance,
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environment, mobility and transport, urban development,
international importance and technology. The analytical
platform is based on a series of in-depth interviews with
city authorities, entrepreneurs, scientists and experts
whose activities are related to the development of smart
cities. So, according to the 2020 report (sixth edition),
experts surveyed the degree of development in 174 cities
(including 79 capitals) from 80 countries. The conceptual
model of the CIMI index is based on the implementation
of urban ranking, which is considered as a set of steps
covering the research of the situation, the construction of a
strategy and its further implementation [2]. It is important
to note that the CIMI indicator system includes not so
much SMART and ICT indicators, but rather the results of
their application. According to the IESE Cities in Motion
Index (CIMI) 2020 rating, Europe is the most effective
geographical region with 14 cities, which are among the
25 best smart cities (table 2).

According to the IESE rating, for six consecutive
years London has never fallen below the second position,
and since 2019 it ranks first, including in terms of human
capital (thanks to a large number of business schools and
universities) and conditions for international cooperation.
Since 2017, it remains in the top ten in terms of the
development of management, mobility and transport,
technology and urban planning. In addition, more startups
and programmers are concentrated in the British capital
than in any other city in the world. So, the open data
platform "London Datastore” uses more than 50,000
people, companies, developers and researchers monthly,
which makes it possible to achieve significant success in
solving transport issues, in particular through the use of
Heathrow shuttles that connect London with Heathrow
Airport. The weakest link in the British capital is still
social cohesion with position 64. However, in this position
there is a deterioration compared to the 45th position in
2019 and an improvement compared to the 68th position
in 2018 and the 105th in 2017. In order to manage the life
support of the city, the Smart London system allows city
authorities to model situations in each area of the city on
the basis of 60 criteria, including demographic, geological
and historical data. There are more than 300 outdoor
surveillance cameras per 1 km2 of London.

Singapore is an island city-state, confidently located
in the top rankings of smart cities in the world. The
successful implementation of the Smart Nation program
has already allowed Singaporeans to get high-speed
Internet access in every home. And for each resident of
Singapore there are three smartphones. Along with the
development of high-tech industries in Singapore ICT is
widely used in the social sphere.

In the IESE ranking, New York ranks second in the
world thanks to the best economic indicators (1st place in
the world in the state of the urban economy), high human
capital, progressive urban planning and good conditions
for establishing international ties. New York City has
nearly 7,000 high-tech companies and ranks 8th in
technicality, providing many integrated technology
services, such as free Wi-Fi LinkNYC. Like the residents
of London, social cohesion (137 positions), which has

improved compared to 151 positions in 2019, has not yet
been achieved by New Yorkers.

Amsterdam is one of the most progressive cities in
Europe thanks to the symbiosis of financial technologies,
energy efficiency and culture. A web site with open data
called Amsterdam Smart City was created for residents of
the city. The number of bicycles (881 thousand) here
exceeds the number of inhabitants (850 thousand),
because it is convenient to use them thanks to a developed
system of automated services. Amsterdam plans to
become the first European city with zero emissions.
Therefore, the city authorities plan to ban cars with
gasoline and diesel engines until 2025.

Paris, like London, is one of the most important
financial centers in Europe. Its strongest points in the
IESE Cities in Motion Index (SIMI) 2020 are international
relations (2 position), transport and mobility (2 position),
human capital (6 position), urban planning (12 position),
economy 13 position) [2]. In addition, Paris is actively
using open innovation, the Internet of Things (to optimize
the flow of transport and pedestrians) and an automated
metro system. To improve air quality in the city, the
authorities are promoting the use of bicycles and electric
cars.

As for the environment, for the second year in a row,
the best city is Reykjavik (5th overall rating), followed by
Copenhagen (6th). More than 99% of the city's
electricity is generated thanks to geothermal sources; the
authorities have completely abandoned combustible
minerals. Iceland's capital also approved a program that
plans to become a zero-carbon city by 2040. However,
the level of urban planning remains  low
(125 position).

According to the rating of the "smartest" cities in the
world IMD - SUTD (SCI) Smart City Index 2020,
compiled by the Smart City Observatory of the World
Comepetitiveness Center of the Institute for Management
Development (IMD) in collaboration with Singapore
University of Technology and Design (SUTD), Singapore
is one of the Top 10 smartest cities in the world
(Singapore), followed by Helsinki (Finland), Zurich
(Switzerland), Auckland (New Zealand), Oslo (Norway),
Copenhagen (Denmark), Geneva (Switzerland), Taipei
(Taiwan), Amsterdam (Netherlands) and New York
(USA). The rating has been compiled since 2019 by
interviewing residents about the technological capabilities
of their city in five key sectors: health and safety,
mobility, activities, opportunities and management [4]. In
2020, 109 cities of the world were interviewed. The
assessment is based on how people perceive the scale and
impact of efforts to make their cities "smart," combining
"economic and technological aspects" with "humane
dimensions." The study also assessed the availability of
technology for urban residents. In 2020, Kiev took 98th
place in the ranking of the smartest cities in the world
IMD - SUTD (SCI) Smart City Index 2020, having lost 6
positions in a year. According to the results of the survey,
Kiev residents identified corruption, road quality,
affordable housing, safety and air pollution as key issues
that need to be addressed in the city (table 2).
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Table 2. Systematization of methodical approaches to the assessment of smart cities according to international rankings

Ranking

Year

Developer

Components of smart city assessment

IMD - SUTD (SCI) Smart City
Index

2019

Swiss Business School IMD
together with the Singapore
University of Technology and
Design

The rating assesses 109 cities by
surveying 120 residents of each

city

Rated by five key spheres:

1. health and safety,

2. mobility,

3. activities,

4. opportunities,

5. management.

Cities are distributed into four groups based on
the Human Development Index (HDI).

EasyPark
Smart City Index

2018

Swedish developer of electronic
solutions for city parking
EasyPark estimates 500 cities

1. smart parking,

2. urban planning,

3. car-sharing services,

4. education,

5. urban traffic,

6. business ecosystem,

7. public transport,

8.4G LTE,

9. clean energy,

10. Internet speed,

11. smart construction,

12. WiFi access points

13. MSW handling,

14. the prevalence of smartphones,
15. protection of the environment,
16. standard of living,

17. involvement of residents,

18. digitalization of the government,
19. methods of transition to a "smart city".

Smart City Strategy Index
(ScCsi)

2017

Developer: Ronald Berger. The
2019 rating scores 153 cities with
an officially developed Smart
City Strategy

The rating includes 3 smart city dimensions, 12
components and 31 indicators.

Action Fields:

1. houses,

2. energy and environment,

3. mobility,

4. education,

5. health,

6. management,

Activators. Planning:

7. budget,

8. plan,

9. coordination,

10. stakeholders,

Activators. Infrastructure and politics.
11. political and legal base

12. infrastructure.

Cities of Opportunity

2014

The rating assesses the readiness
of the 30 largest cities in the
world to introduce future
technologies

Pricewaterhouse Coopers (PWC).

Appreciated by 67 indicators grouped by ten
components:

. intellectual capital and innovation,
. technological readiness,

. openness of the city,

. transport and infrastructure,

. health and safety,

. resistance and environment,

. demography and suitability for life,
. economy,

. simplicity of doing business,

10. cost.

O©oo~NOoOUhWNBE

IESE Cities in Motion Index
(CIMI)

2014

IESE University of Navarre
Business School

The rating estimates 174 cities
from 80 countries, of which 79
are capitals

101 Indicator is grouped according to 9
components:

1. human capital (development, attraction and
education of talents),

2. social cohesion (consensus between social
groups),

3. economics,

4. environment,
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The end Table 2
IESE Cities in Motion Index 2014 IESE University of Navarre 5. management,
(CmI) Business School 6. urban planning,
The rating estimates 174 cities 7. international relations,
from 80 countries, of which 79 8. technology,
are capitals 9. mobility (ease of movement)
Global Cities Index, Global 2011 Kearney scores Global Cities GCI

Cities Outlook (GCO)

Kearney Outlook (GCO).

cities.

Index (GCI) and Global Cities

In 2020 rating evaluates 151

1. business activity,

2. human capital,

3. exchange of information,
4. cultural experience,

5. political activity,

GCO

1. personal well-being,

2. economy,

3. innovation,

4. management.

Note: Compiled by the authors according to [8, 9, 10, 11, 12, 13, 14].

Singapore has spent the most on smart city initiatives
in the world, well ahead of New York, London and
Tokyo, investing $ 1.1 billion.

R. Berger's report Smart City Strategy Rating (SCSI)
states that 153 cities around the world, including large and
small, have published an official Smart City strategy. 15
of them have strategic plans that demonstrate a
comprehensive strategic approach. Moreover, only 8 of
them are at an advanced stage of implementation. In
addition, the report notes that there are about 500 cities
worldwide with a population of more than one million
(according to UN estimates), with only 49 of them having
a formal Smart City strategy (table 2). According to the
results of 2019, the group of leading cities included:
Vienna (selected flagship projects: E - medicine, open
public data, virtual office), London (selected flagship
projects: open city data ecosystem, sensory infrastructure)
and Singapore (selected flagship projects: digital and
touch platforms, national digital identity) [5].
Summarizing the experience of the world's leading cities,
R. Berger proves the need for a participatory approach to
developing a smart city strategy.

According to the Cities of Opportunity 7
PricewaterhouseCoopers LLP rating, five cities are among
the top ten in terms of indicators estimated: London, New
York, Tokyo, Amsterdam and Paris. London maintains a
rating of No. 1 among 30 cities assessed by three groups
of indicators, namely, intellectual capital and innovation;
technological readiness; global openness. Intellectual
capital and innovations generated by a highly certified
society are the sewers of the development of the modern
urban ecosystem. Within this group of indicators, the
leaders are London, San Francisco, Paris, Amsterdam,
Toronto, New York, Los Angeles, Tokyo, Sydney,
Stockholm and Chicago. The process readiness
assessment takes into account such components as quality
(or reliability of connections), speed
(unloading/downloading), value (cost) and digital safety.
The top ten in this component include Singapore, London,
Amsterdam, New York, Stockholm, Hong Kong, San
Francisco, Tokyo, Paris and Toronto. The indicators of the
third group assess the global connections and
attractiveness of the city outside its local borders and
measure the global attractiveness of the city, taking into

account the social, economic and cultural magnetism of
the city at the international level. London remains in the
first position in this group of indicators. Paris moved from
7th position in 2014 to 2nd in 2020. Among the leaders in
this group of indicators are Beijing, Dubai, Hong Kong,
Tokyo, Singapore, and Amsterdam [6].

The Swedish developer of electronic solutions for
managing urban parking EasyPark has developed the
Smart Cities Index, consisting of 19 components. As part
of an integrated approach to the calculation of the index,
both criteria directly related to the use of ICT and general
criteria reflecting the level of development of the urban
economy and the quality of life in the city as a whole are
proposed. [7].

Leading international ~management consulting
company Kearney evaluates the ratings of the world's
leading cities according to the Global Cities Index (GCI)
(assesses global urban activity) and Global Cities Outlook
(GCO) (assesses the ability of the city to attract talented
human. According to the GCI rating for the fourth year in
a row, New York leads the ranking of world cities,
followed by London, Paris and Tokyo Best cities rated by
GCO - London, New York, Paris.

Summing up, it is worth noting that as a result of the
use of various evaluation criteria and the construction of a
rating in the same year, different cities entered the top ten
"smart cities" of the world according to different
compilers. Thus, in the positions of the first ten "smart"
cities in the world, 22 cities occupy according to various
ratings. Three of them (London, Paris and Singapore) are
represented in all the ratings under consideration.

Thus, the study allows us to conclude that today
there is no single methodological approach to assessing
the rating of a smart city. All considered methodological
approaches are based on the calculation of an integrated
criterion that characterizes not only the use of smart-
technologies and ICT, but also the result of their
application, which affects the state and level of
development of the city. The aggregation of indicators that
characterize smart cities into one integrated indicator
provides compactness and clarity of the obtained ratings.
In this direction, rating is used as a sound tool to present
the results of the survey of smart cities in the dynamics
and is an informative basis for positioning the city on
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selected components to identify competitive advantages
for developing strategies for smart city development in the
digital economy.

Along with the advantages of rating smart cities, the
disadvantages should also be noted. First, it is problematic
to collect statistical information to compile a ranking of
smart cities. Second, there is a correlation between the
indicators that characterize the various components of the
rating. Third, the considered methodological approaches
do not substantiate the choice of values of weights for the
construction of a smart city rating. Fourth, the level of
influence of the subjective factor remains high when
conducting expert surveys. Fifth, the use of not only
statistical indicators in the ranking raises the problem of
ambiguous interpretation of the obtained results. There
may even be a politicized nature of the interpretation of
the results obtained and the interests of individual parties.
In addition, the ratings state the facts of past achievements
of cities in the areas analyzed and do not take into account
the prospects of strategic development.

However, despite these disadvantages, the rating of
cities is a fairly reasonable tool for making strategic
decisions and determining promising directions for the
development of smart cities in the digital economy.

In addition, a necessary step to develop a strategy for
smart cities in Ukraine is to summarize existing officially
adopted strategies for the development of smart cities
among the world's smartest cities represented in
international rankings. It is worth noting that among the
Top 10 cities, London, Singapore and Vienna are
advanced in developing a smart city strategy. Paris is a
follower of smart city strategy and Chicago is a well
progressed smart city strategy development city (table 1).

Thus, based on the results of the study of the process
of developing and implementing the strategy of the
world's leading smart cities, it was established that the
development of the smart city strategy should be carried
out through the use of sound organizational and
information support with the calculation of an integrated
indicator for the priority areas of smart city development.

For this purpose, a model of organizational and
information support for the development of a smart cities
strategy on a balanced system of indicators is proposed,
which is considered as a complex, open, integral,
integrated system in external processes, which should be
organically combined with the overall city development
strategy and ensure the balance of long-term goals of
sustainable city development (fig. 1).

Municipality

g Digital Digital
i STRATEGY understanding readiness PRINCIPLES |
1 |= vision = openness of data E
1 | = smartcity plan Public sector = standards ]
i | = organization of work i compliance i
i = initiatives i = partnership !
v cybersecurity Algorithmic Public |
! transparency m crowdfunding E
P L A T F o R M |
L______________________________________________________________________________________________________J
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'/ INFORMATION AND of 1 TECHNOLOGY AND ) !
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Fig. 1.
of indicators in the digital economy

The proposed model, unlike the existing ones, is
based on the use of indicator analysis with the
implementation of an integrated assessment of
interdependent indicators of balanced development of a
smart city. For this purpose, based on the results of
systematization of methodological approaches to the
assessment of smart cities according to international
ratings, information and the analytical tool have been
formed to assess the level of balanced development of
smart cities according to a balanced system of smart city
indicators (Smart City Balanced Scorecard (SCBSC),

Conceptual model of organizational and information support for the development of smart cities strategy on a balanced system

which allows you to identify priorities and activities for
developing a development strategy. The proposed
information and analytical tool for assessing the level of
balanced development of smart cities is based on the
assessment of an integrated smart city indicator according
to the following priority areas of smart city development
(or projections of a balanced indicator system): smart
people, smart  governance, information and
communication technologies, technology and
infrastructure, smart economy, quality of life and comfort
in the city [15].
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Conclusions

The generalization of foreign experience indicates
the need to introduce the ranking of cities of Ukraine
using modern information and analytical tools to assess
the level of balanced development of smart cities using
methodological approaches of leading ratings of the
world.

According to the results of the study, it was found

A model of organizational and information support
for the development of a smart city strategy based on a
balanced scorecard is proposed, which, in contrast to the
existing ones, is based on an integrated approach that
combines an innovative approach to smart city
management and the Smart City Balanced Scorecard
(SCBSC), which allows to identify priorities and measures
to develop a strategy for the development of a smart city
in a digital economy.

An information and analytical tool for assessing the
level of balanced development of smart cities is proposed,
which is an informative base for positioning the city
according to the selected components of the balanced
indicator system, which ensures the compactness and
visibility of the ratings and sub-ratings obtained for and is
a reasonable tool for presenting the results of the survey of
smart cities in dynamics with determining competitive

that organizational and information support for the
development of a smart city strategy according to a
balanced system of indicators is defined as a complex,
open, integral, integrated system in external processes,
which  should be organically combined with
the general strategy for the development of
the city and ensure a balance of long-term goals for the
sustainable development of the smart city in the digital

economy. advantages for working out a strategy for the development
of a smart city in a digital economy.
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MOJIEJIb OPT AHIBAIIIMHO-TH®OPMAIIIMHOI'O 3ABE3NIEYEHHSA PO3POBKH
CTPATEI'Tl PO3YMHHUX MICT B YMOBAX IIU®POBOI EKOHOMIKH

CTaTT NPHUCBAYCHA [OCII/UKCHHIO TEOPETHKO-METOAMYHUX 3acaJl PO3POOKH MOJEeNi OpraHi3aliiiHO-iHpopManiifHOro 3a0e3nedeHH
PpO3po0OKH cTpaterii po3yMHUX MICT B yMOBax Hu(ppoBoi ekoHOMikU. IIpeaMeToM MOCIiIKEHHS € CYKYIHICTh TEOPETUYHUX, METOAUYHUX 1
MIPAKTUYHHUX AacCIeKTIB 00 3abe3medeHHs (opMyBaHHsS MOJEINi OpraHizauiiiHo-iH(hopMaIiifiHOro 3abe3neueHHss PO3poOKU cTparterii
pPO3yMHHX MicT B yMoOBax IH(poBOi eKOHOMIKM. MeTO0I0 CTaTTi € pOo3poOKa TEOPETHKO-METOAUYHHUX IIONOXKEHb Ta OOIPYHTYBAaHHS
HPAKTHYHUX PEKOMEH/AIIH 010 (popMyBaHHSA MOJZEN OpraHizaniiHo-iH$opManiiiHoro 3a0e3nedeH s po3poOKH CTPATETil PO3yMHHUX MICT 3a
30aJIaHCOBAHOK CUCTEMOIO TIOKA3HHUKIB B YMOBaxX HU(POBOT EKOHOMIKH. 3aBJaHHA POOOTH: MPOaHAII3yBaTH HAHOLIbII MPOrPECUBHI Y CBITI
MicTa II0JJ0 CTBOPCHHS Ta BIPOBAPKEHHS CTpATETil pO3yMHHX MICT B pO3pi3i IPOBITHUX MIXXHAPOJIHHUX PEUTHHTIB PO3yMHUX MICT; IOCIIIUTH
Ta CHCTEMAaTH3yBaTH METOJAMYHI IMiIXOAW 1O OLIHKH PO3yMHHX MICT 32 MDKHApOJHMMHU PEHTHHTaMH B yMOBaxX HH(POBOI CKOHOMIKY;
y3araJlbHUTH MIEPEBard Ta HEJOMIKH PEUTUIPyBaHHs PO3YMHHUX MICT; 3allpONIOHYBATH MOJIEb OpraHi3aliiHo-iH(opMaiiiiHOro 3abe3neyeHHs
PO3pO0KH CTparerii pO3yMHHX MICT 3a 30aJaHCOBAHOKI CHCTEMOK0 MOKa3HHKIB B yMOBaX HU(POBOI €KOHOMIKH. Y XOMAi JOCIIKCHHS
BUKOPHCTAHO METOAH: a0CTPaKTHO-JIOTIYHMII aHaili3, TEOPCTHYHOTO y3arajlbHEHHS Ta CHCTEMaTH3alil, cucTeMHHil aHamiz. B poGorti
IPOAHAi30BaHO HAMOLNBII MPOTPECUBHI y CBITI MicTa B po3pi3i MPOBITHUX MiXHAPOJHUX PEHTHHIIB PO3YMHHX MICT B yMOBaX IU(pPOBOI
€KOHOMIKH. ¥Y3arajibHeHO METOJIUYHI MiAXOAM /0 OLIHKKA PO3YMHHX MICT 32 MIKHAPOAHUMH PEHTHHraMyd B yMOBax LU(PPOBOI EKOHOMIKH,
BHM3HAUEHO iX mepeBarn Ta HemoJiku. JloBeieHO, 110 Ha CHOTOJHI HE ICHYE €IMHOTO METOAOJIOTIYHOTrO MiJXOAY /0 OLIHKH PEHTHHTY
po3ymHOro wicra. Po3poGieHo Mopens —opraHizamiifHo-iHpopMariiiHoro 3a0e3IedeHHs pO3pOOKM cTparterii poO3yMHHX MICT 3a
30a1aHCOBAHOIO CUCTEMOIO IIOKa3HHUKIB B yMOBaX LU(POBOI €KOHOMIKH.. 3ailicHeHO nopiBHAHMH aHai3 Ton-10 HalpO3yMHIIINX MICT CBITY B
pO3pi3i MPOBIIHUX MIKHAPOJAHUX PEUTHHIIB; Ha 0a3l mpoBeeHOro BHCHOBKHM aHami3y CHCTEMAaTH30BAaHO KOMITIOHEHTH OLIHKH PO3YMHHX
MICT B paMKax JOCTI[UKEHMX METOJMYHMX IIAXOJIB JO OIIHKM PO3yMHHX MICT 3a MDKHapoJHUMH pedtuHramu. Ha 6a3i mpoBenenoro
JIOCIIJDKEHHSI pO3pOOJICHO MOJENb OpraHizamiiHo-iHpopManiiHOTO 3a0e3nedeHHs] po3poOKU cTpaTerii po3yMHHX MICT 3a 30aJaHCOBAHOIO
CHCTEMOIO TIOKA3HHKIB, 110 PO3MISAAETHCS SIK KOMIUICKCHA CHCTEMa OILIHKH, 3alpONOHOBaHO iH()OpMAIitHO-aHATITHYHUI IHCTPYMEHTApIii
OILIIHKK pIiBHsI 30aJJaHCOBAHOTO PO3BUTKY PO3YMHHUX MICT, 10 € iH(POPMATHBHOKW 0a3010 Al MO3UIIIOHYBaHHS MicTa 3a OOpaHUMH
KOMITOHEHTaMH 30aJJaHCOBAHOT CHCTEMH ITOKa3HUKIB.

KurouoBi cioBa: "po3ymHi MicTa"; nnudpoBa eKOHOMIKa; PEHTHHIM PO3YMHHUX MICT; 30ajlaHCOBaHA CHCTEMa IOKAa3HHKIB; CTpaTeris
PO3YMHHUX MICT; MOJIeIb OpraHi3ailiiHo-iHdopmaliiiiHoro 3ade3neyeHHs; iHGOPMAI THO-aHATI THYHUI IHCTPYMEHTAaPIH.

MOJEJIb OPTAHU3AINOHHO-UHO®OPMAIIMOHHOT'O OBECHIEYEHUA
PABPABOTKU CTPATEI'MX YMHBIX I'OPOJIOB B YCJIOBUAX IUPPOBOU
IKOHOMMUKH

Crarbsl HOCBAILEHA UCCIIEI0BAHUIO TEOPETUKO-METOIMYECKHX OCHOB Pa3pabOTKU MO OPraHU3alMOHHO-UH()OPMALIMOHHOTO 0OeceyeH s
pa3paboTKK CTPAaTerud yMHBIX TOPOJOB B yCIOBUSX LU(PoBoil sxoHOMuKH. IIpeamerom uccienoBaHUsS COBOKYIHOCTb TEOPETHYECKHX,
METOANYECKNX M IPAKTHYECKUX ACIIEKTOB IO OOECIEYEHUIO (OPMHUPOBAHMS MOJIEIN OPraHW3allMOHHO-UH(POPMAMOHHOTO OOeCTIeYeHHs
Ppa3paboTKK CTPATETHH YMHBIX TOPOJIOB B YCIOBHAX IH(POBOil 3koHOMUKH. Lleblo cTaThu sBiIseTCS pa3paboTka TEOPETHKO-METOINUECKIX
MOJIOKEHUH M 000CHOBAaHHE MPAKTUYECKUX PEKOMEHIANUH 10 (HOPMHUPOBAHHIO MOJIEIH OPraHU3AIMOHHO-UH(YOPMAIIMOHHOTO 00eCIeueHUs
pa3paboTKK CTPATErnd YMHBIX TOPOJIOB MO COATAHCHPOBAHHOW CHCTEMOIl TOKa3aTeNieil B yCIOBUAX MU(PPOBOI SKOHOMHUKH. 3agaun paboThI:
[IPOaHAIN3UPOBATh HanboJee NMPOrpecCUBHbIE B MUPE TOpoia MO CO3JaHUI0 U BHEJPEHHIO CTPATErMH YMHBIX TOPOJIOB B pa3pese BEyLIMX
MEXXIYHAPOJHBIX PEHTHHIOB YMHBIX T'OPOJIOB; MCCIIEIOBATh M CHCTEMAaTH3UPOBATH METOJMYECKUE TTOIXOJBI K OILCHKE YMHBIX I'OPOJIOB IO
MEK/TyHapOIHbIM PEHTHHIaM B YCIOBHSAX LU(POBOH SKOHOMHKHM; 000OIUTH MPEUMYIIECTBA U HEJOCTATKH PEATHUIOBAHHMS YMHBIX TOPOIOB;
MPE/UIOKUTh MOJENb OPraHM3allMOHHO-UH(POPMALOHHOTO obecredeHnsi pa3paboTKH CTPATerMU YMHBIX T'OPOIOB MO cOaaHCHPOBAHHO
CHCTEMOI1 TToKa3aTeleil B yCIOBUSIX [U(POBOI SKOHOMUKH. B X0z1€ nccie0BaHns UCTIONh30BaHbl METOBI: a0CTPAKTHO-JIOTHYECKUI aHAIN3,
TEOPeTHYECKOro 00OOIICHUs M CHCTeMaTH3alluH, CUCTeMHBIN aHanu3. B paboTe npoananm3upoBaHbl Haubojee NMpOrpecCHBHBIE B MHpE
ropojia B paszpese BEeAYLIMX MEKIYHApPOAHBIX PEHTHHIOB YMHBIX TOPOJIOB B YCIOBHSX HHM(POBOH 3KOHOMHKU. OOOOIIEHBI METOANYECKUE
ITOJIXO/IBI K OIIEHKE YMHBIX TOPOJIOB 10 MEXYHAPOIHBIM PEHTHHIAaM B YCIOBHUSIX HU(PPOBOH SKOHOMUKH, ONPEACIICHBI NX MPEUMYIIECTBa 1
HejocTaTKH. J[oka3aHO, YTO Ha CErOMHSIIHHMN JI€Hb HE CYNIECTBYET €IMHOTO METOJOJIOTHYECKOTO MOAXOAa K OIEHKE peHTHHra yMHOTO
ropona. Paspaborana Mojenp OpraHU3alMOHHO-HH()OPMAIMOHHOTO obecmeueHnss pa3pabOTKU CTPATeTHH YMHBIX TOPOIOB IO
cOamaHCUPOBAaHHOW CHUCTEMO TOKa3aTeneil B yCIOBUsIX [u(poBoi S5KOHOMHUKH. BeiBoabL. OcyiecTBieH cpaBHUTEbHBIN aHamu3 Tom-10
CaMbIX YMHBIX TOPOJOB MHpa B pa3pe3e BEAYIIMX MEXIYHAPOIHBIX PEHTHHIOB; Ha OCHOBE INPOBEJCHHOIO aHAM3a CHCTEMAaTH3HPOBAHBI
KOMITOHEHTHI OLICHKH YMHBIX TOPOJIOB B paMKax MCCJIEJOBAaHHBIX METOJIUYECKHUX MOJIXOJOB K OLEHKE YMHBIX TOPOIOB MO MEXyHapOIHBIM
peiituaraM. Ha ocHOBe MpoBeIEHHOTO MCCIIEIOBaHMS pa3padoTaHa MOJENb OPraHU3aLMOHHO-HH(POPMAIIMOHHOTO O0ecTieyeHus pa3paboTKu
CTpaTerud YMHBIX TOPOJOB MO cOaJaHCHPOBAHHOM CHCTEMOW MOKa3aTelned, paccMaTpHBAeTCs KaK KOMIUIEKCHAs CHCTEMa OLICHKH;
MIPEUI0NKEHO MH(OPMAIIIOHHO-aHATUTHYECKUH HHCTPYMEHTAPHH OIIEHKH YPOBHS COAJaHCHPOBAHHOTO Pa3BUTHUSI YMHBIX TOPOJIOB, SBISETCS
nH(opMaTHBHON 6a30#i IS MO3UIIMOHUPOBAHKS TOPOJA IO BEIOPAHHBIM KOMIIOHEHTaMH COAJIaH CUPOBAHHOM CHCTEMBI TIOKa3aTeneil.

KuiroueBsie ciioBa: "yMmHble ropona”; mud)poBasi SKOHOMUKA; PEHTHHIN pa3yMHBIX TOPOJIOB; cOalaHCHPOBAHHAS CHCTeMa MoKa3aTeei;
CTpaTeruss pa3yMHBIX TOPOAOB; MOJEIb OPraHM3alOHHO-WH(OPMALMOHHOTO  oOecreueHus; WHPOPMAIMOHHO-aHAIUTHYCCKUI
WHCTPYMEHTapHH.
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N. NAZAROV

SOCIAL AND LABOR CONFLICT MANAGEMENT: UKRAINIAN AND FOREIGN
EXPERIENCE

The subject of study in the article is the process of socio-economic conflict management. The purpose of the work is to substantiate
the theoretical provisions and methodological approaches in the management of labor conflicts as a form of social and labor relations
based on Ukrainian and foreign experience. The following tasks are solved in the article: to investigate the essence and place of social
and labor conflict in the system of social contradictions; provide a classification of conflicts in the social and labor sphere; to study
the forms and methods of resolving social and labor conflicts: to analyze the success of conflict prevention in Ukrainian and foreign
practice. The following methods are used: method of analysis and synthesis, classification-analytical method, abstract-logical
method, historical-retrospective analysis and generalization. The following results were obtained: the concept of socio-economic
conflict is clarified. The classification of conflicts is carried out, which gives an understanding of the nature and essence of conflict
relations on the following grounds: the method of conflict resolution (antagonistic and compromise conflicts); spheres of conflict
(political, social, economic, organizational conflicts); direction of impact (vertical and horizontal conflicts); degree of conflict
confrontation (hidden and open conflicts); the number of participants in conflict interaction (intrapersonal, interpersonal, intergroup);
needs (cognitive and interest conflicts). Structural and interpersonal methods for resolving conflict situations are defined. An analysis
of the current state of resolution and prevention of labor conflicts in 2020 was conducted according to the National Service for
Mediation and Reconciliation. Foreign experience in resolving labor disputes has proved the feasibility of developing the following
ways to resolve labor disputes in Ukraine: with the help of special courts on labor and social security (sectoral justice); through civil
proceedings in general courts; through conciliation and arbitration procedures. Conclusions: The analysis allowed to determine the
essence of social and labor conflict as a form of social and labor relations at the micro, meso, and macro levels, which is manifested in
the opposition of the subjects of the socio-economic sphere. Applying the gained world experience it is possible to reduce social
tensions and to strengthen social and economic safety of the state.

Keywords: conflict; conflict situation; social and labor relations; contradictions; collective labor disputes; mediation procedures;

conciliation procedures.
Introduction

Modern theory of labor economics is forced to
reconsider the nature and role of conflict in the
functioning of socio-economic systems in connection with
the permanent conflict situation in society, which is not
only a source of contradictions but also a driving force of
civilization. The inevitability of contradictions is a
manifestation of the law of unity and the struggle of
opposites, one of the classical laws of dialectics.
According to this law, any phenomenon or situation is
considered as a unity of opposing parties that are mutually
exclusive. The joint activity of people is accompanied by
a clash of different views on events taking place at the
micro, meso and macro levels of the socio-economic
environment.

Significant contribution to the formation of conflict
theory was made by such foreign authors as: Deming V.,
Siegert V., Simmel G., Lang D., Mall E., Levin K,
Kozer. J.l., Albert M., Deutsch M., Mescon M.,
Darendorf R., Parsons T., however, it should be noted that
sociological and behavioral approaches to conflict
management dominate in their works.

It is important to note that the subject of social
conflict has a long tradition, established in the works of
Aristotle, M. Weber, T. Hobbes, G. Simmel,
N. Machiavelli, K. Marx and other classics of the science
of man and society. Modern problems of conflict
management, strategies of behavior during conflicts, ways
of their constructive solution were investigated by
N. Vyshnyakova, S. Emelyanov, H. Cornelius,
U. Mastenbrook, E. Melibruda, M. Mescon, B. Withers,
S. Feir , V. Sheinov; Ways of realization of conceptual
provisions of management of social and labor conflicts
were considered by O.A. Grishnova, V.A. Dyatlov,

G.V. Zhavoronkova, O.M. Skibitsky, A.V. Kazanovsky,
Y.l. Palekha, M.l. Prystupa, V.O. Kudin and other
scientists.

Social and labor relations are a leading component of
the whole system of relations of society, which determine
the way of life of people, the structure of related processes
and relations. The level of development of social and
labor relations characterizes the degree of democratization
of society, the social orientation of its economic system,
the perfection of social relations in general. In this regard,
the importance of studying such a form of social and labor
relations as labor conflicts and scientific substantiation of
methodological and scientific and practical tools for
preventing and resolving contradictions in social and labor
relations is growing. It should be noted that the reasons for
the emergence of conflicting social and labor relations are
not isolated, they are interconnected, and their relationship
with social and labor relations is both complex and
problematic.

The purpose of this article is to substantiate the
theoretical provisions and methodological approaches in
the management of labor conflicts as a form of social and
labor relations based on Ukrainian and foreign experience.

Realization of the set purpose assumes the decision
of the following tasks: to investigate essence and a place
of social and labor conflict in system of social
contradictions; provide a classification of conflicts
in the social and labor sphere; to study the forms and
methods of resolving social and labor conflicts: to analyze
the success of conflict prevention in Ukrainian and foreign
practice.

Analysis of the problem and existing methods

The concept of conflict originates from the Latin

© N. Nazarov, 2021
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word  "conflictus" collision. In textbooks on
conflictology by L. Yemelyanenko, V. Petyukha,
L. Torgova, A. Hrynenko [1], Dutkevych T. [2],
Vorozheykina 1., Kibanova A., Zakharova D. [3] are
provided various, but similar to the content definitions of
conflict. For example, A. Ershov defined the conflict as
the action of opposite, incompatible in this situation
motives, interests, types of behavior. N. Hryshyna
interprets the conflict as a conscious obstacle to achieving
the goals of joint activities, as a reaction based on the
incompatibility of characters, cultural foundations and
needs. According to D. Kaidalov and E. Sulimenko,
conflict is a clash of interests, views, attitudes, aspirations

Table 1. Scholars' views on the concept of "conflict"

of the individual. A. Kovalev defines conflict as a
phenomenon of interpersonal and group relations, as a
manifestation of confrontation, an active clash of
assessments, principles, opinions, characters, standards of
behavior.

Almost all scholars emphasize that the conflict is
based on contradictions that take the form of differences.
Conflicts can be hidden or overt, but they are based on a
lack of agreement. Therefore, we define a conflict as a
lack of agreement between two or more parties -
individuals or groups. In the table 1 other definitions of
the conflict by different authors are given.

Author Definition
Krysa O. [4] Conflict is a lack of agreement between two or more parties (individuals or
groups); clash of opposing views, positions, and interests.
Kuzmin O. [5] Conflict situation is the presence of reasons that create the preconditions for

conflict. Conflict situation that requires resolution provides the existence of
several mandatory elements: the parties to the conflict; object of conflict; the
driving force is an incident.

Balabanova L. [6]

Conflict is a special type of interaction, which is based on opposite and
incompatible goals, interests, types of behavior of people and social groups,
which are accompanied by negative psychological manifestations.

Zinchenko S. [7]

Conflict is a collision of opposite, incompatible tendencies, a single episode in
the mind, in interpersonal interactions or interpersonal relationships of
individuals or groups of people, associated with negative emotional experiences

The object of the conflict and its participants
together form the subject of the conflict, ie they are
considered as necessary prerequisites for the emergence of
a conflict situation. The incident leads to the beginning of
the conflict, plays the role of a catalyst. Conflict situation
is determined by objective circumstances, and the incident
occurs by accident, when the necessary preconditions are
created [8].

Traditionally, there are three fundamentally different
ways of resolving labor disputes.

First, a compromise based on reconciling the
interests of the conflicting parties (e.g., administration and
workers); at the same time each of the parties makes
concessions.

Second, unilateral suppression of one party to the
other (for example, the organization of strikebreaking, the
introduction of troops, forced labor).

Third, integrative, in which new ways and models of
behavior of the conflicting parties in the area that caused
the conflict are developed and implemented (for example,
privatization of the enterprise if the administration and
employees cannot reach an agreement) [9].

In most cases, it is the integrative way of resolving
the conflict that is optimal, because compromise and one-
sided ways only slow down their development, without
completely eliminating "tensions"”, without achieving a
full settlement of the conflict. Resolving conflicts caused
by objective contradictions involves their timely and
accurate diagnosis, joint search for ways to overcome.

Analyzing the approaches to the essence of the
phenomenon of social and labor conflicts, we can identify
the main system-forming components of the concept of
"conflict":

- the presence of interaction between different social
actors;

- the interaction is in the nature of a contradiction
perceived by the subjects or groups of subjects;

- contradiction is manifested in the opposition of the
subjects, aimed at protecting their interests by limiting the
activity of opponents.

Different approaches to the disclosure of
the concept of “conflict” due to the fact that
the study of conflict problems concerns different sciences:

psychology, sociology and economics. Therefore,
we will consider an interdisciplinary approach
to conflicts.

Problem solving.

To select an adequate method of influence and
management of the relevant conflict, it is advisable to
classify depending on the main features: the method of
resolution; spheres of manifestation; direction of
influence; degree of expressiveness; number of
participants; impaired needs (table 2).

Based on the classification, we define the types of
conflicts, ie the wvariant of conflict interaction,
distinguished by a certain feature.
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Table 2. Conflict classification

A feature of classification

Types of conflicts

1. Method of solving:

violent;
nonviolent

2. Sphere of manifestation:

political;
social;
economic;
organizational

3. Focus on influence:

vertical;
horizontal

4. Degree of expressiveness:

open;
hidden

5. Number of participants:

intrapersonal;
interpersonal;
intergroup

6. Needs:

cognitive;
conflicts of interest

The above classification gives an understanding of
the nature and essence of conflict relations, so let’s
consider it in more detail.

1. The method of resolving conflicts involves their
division into antagonistic (violent) conflicts and
compromise (non-violent) ones.

Violent (antagonistic) conflicts are ways of resolving
conflicts by destroying the structures of all parties to the
conflict or refusing all but one party to participate in the
conflict [10]. Compromise conflicts allow several options
for their resolution due to mutual change of goals of the
parties to the conflict, terms, conditions of interaction.

2. Areas of conflict are diverse: politics, economics,
social relations, views and beliefs of people. There are
political, social, economic, organizational conflicts.

Political conflicts are a clash over the distribution of
power, a form of struggle for power.

Social conflict is a contradiction in the system of
relations of people (groups), characterized by the
strengthening of opposing interests, trends of social
communities and individuals. Varieties of social conflicts
are labor or socio-labor, ie in the field of labor. This is a
large group of conflicts that have recently arisen in our
country very often in the form of strikes, pickets, speeches
by large groups of employees of organizations [1].

Economic conflicts are a wide range of conflicts,
which are based on the contradictions between the
economic interests of individuals and groups. It is a
struggle for certain resources, benefits, spheres of
economic influence, distribution of property, and so on.
These types of conflicts are common at different levels of
government [11].

Organizational conflicts are the result of hierarchical
relations, regulation of personal activities, and the use of
distributive relations in the organization: the use of job
descriptions, the functional assignment of the employee's
rights and responsibilities; introduction of formal
management structures; availability of provisions on
remuneration and evaluation of work, bonuses for
employees.

3. According to the direction of influence, there are
vertical and horizontal conflicts. A characteristic feature
of them is the distribution of power, which is in the
opponents at the time of the conflict.

In vertical conflicts, the amount of power decreases
vertically from top to bottom, which determines the
different starting conditions for the parties to the conflict:
chief - subordinate, higher organization - enterprise,
founder - enterprise [9, 10]. In horizontal conflicts there is
an interaction of equal in volume of available power or
hierarchical level of subjects: managers of one level,
experts - among themselves, suppliers - consumers.

4. The degree of severity of conflict confrontation
involves the allocation of hidden and overt conflicts [12].

Open conflicts are characterized by a pronounced
clash of opponents: quarrels, disputes, clashes. Interaction
is governed by norms that correspond to the situation and
status of the parties to the conflict. In the case of a hidden
conflict, there are no external aggressive actions between
the parties, but indirect methods of influence are used.

5. The number of participants in conflict interaction
allows to divide them into intrapersonal, interpersonal,
intergroup [1, 3].

Intrapersonal conflicts are a clash within the
individual equal in strength, but oppositely directed
motives, needs, interests. The peculiarity of this type of
conflict is the choice between desire and ability, between
the need to perform and compliance with the necessary
norms.

Intergroup conflicts — conflicts between different
groups, units, which affect the interests of people united
during the conflict into a single cohesive community. It
should be noted that this cohesion may disappear
immediately after the end of the conflict, but at the time of
defending the common interest, the unity of the group can
be quite significant.

Interpersonal conflicts are clashes of individuals with
a group, among themselves, the struggle for the interests
of each party. This is one of the most common types of
conflict.

6. Cognitive conflicts and conflicts of interest are
distinguished depending on the broken needs [2, 13].

Cognitive conflict is a conflict of views, points of
view, knowledge. In such a conflict, the goal of each
subject is to convince the opponent, to prove the
correctness of his point of view, his position. Conflicts of
interest can be represented as a counterbalance to
cognitive conflict, which means confrontation based on
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the conflict of interests of different opponents (groups,
individuals, organizations).

Table 3. Methods of resolving conflict situations

Existing methods of resolving conflict situations are
divided into two groups: structural and interpersonal
(table 3).

Structural methods

Clarification of the requirements for
the content of the work

Delegation to individuals or structural units of clearly defined powers to perform the
assigned functions and acquaintance with the responsibility for their implementation,
prompt proof of the maximum available useful information on this issue);

The principle of using the hierarchy
(appeal to the head) in resolving

conflict situations decision;

Hierarchy determines the order of interaction and subordination, regulates information
flows and indicates which person is responsible for making a particular management

Subordination of the purposes of
divisions to the general

organizational purposes. achievement;

The overall goal of the organization, to which the other goals of the units are subordinated,
forces all units, formal and informal groups and individuals to contribute to its

Influence on behavior through the

reward system or groups of individuals.

A fair reward has a positive effect on people's behavior and avoids destructive conflicts. It
is important that the reward system does not encourage negative behavior by individuals

Interpersonal methods

1. Evasion

A person (group of people, enterprise, part of society), anticipating the aggravation of the
situation seeks to avoid actions that provoke the incident [22, p.53-61].

2. Smoothing

There are no signs of a future conflict, there is an active prevention of its manifestation,
the contradictions of the parties are eliminated or veiled. The device style is used in the
following typical situations:

- if necessary, maintain good relations with opponents;

- the importance of the result for opponents.

3. Coercion

Control over the situation and regulation of its development. In the undesirable direction
of the conflict, the person who is endowed with power and authority intervenes and uses
force to influence the situation, directs the desired direction to the conflict.

4. Compromise
involved in the conflict.

Temporary or neutral solution to the problem, which conditionally satisfies all parties

Rivals (opponents) make mutual concessions partially accept the point of view of the other
party or postpone the solution of the issue for the future, leaving it open. Compromise is
sometimes the last chance to make a rational decision.

5. Conflict resolution

unmet.

The most desirable and radical way to develop the situation. The parties get acquainted in
detail with the arguments both for and against, make mutual concessions, and resolve key
issues by collective decision-making. This style is especially effective when the parties
have different hidden needs and cannot identify the reasons why these needs remain

A special type of conflict is a labor or social-labor
conflict. According to Art. 2 of the Law of Ukraine "On
the Procedure for Resolving Collective Labor Disputes
(Conflicts)", a collective labor dispute (conflict) is a
disagreement that has arisen between the parties to social
and labor relations regarding:

a) the establishment of new or changes in existing
socio-economic conditions of work and industrial life;

b) concluding or amending a collective agreement;

c¢) implementation of a collective agreement, contract
or some of their provisions;

d) non-compliance with the requirements of labor
legislation [14].

To regulate the interaction of the parties to the labor
conflict on the basis of consensus and constructive
resolution of problems in Ukraine, the National Mediation
and Reconciliation Service (NMRS) has been established,
which is an independent mediator in resolving and
preventing labor conflicts.

Thus, in 2020, the NMRS took part in the resolution
of 377 collective labor disputes (conflicts) (3 - at the
national, 3 - at the sectoral, 6 - at the territorial, 365 - at
the industrial level), which directly involved more than
1.4 million employees 6778 of economic subjects [15].

The largest number of labor conflicts was registered,
in particular, at enterprises, institutions, organizations of
Lviv (93), Zakarpattya (56), Mykolaiv (24) and Volyn
(24) regions; among the types of economic activity - at
enterprises, institutions, organizations of the budget
sphere (117), transport (37), public administration (34,
which is 36% more than in 2019), mechanical engineering
(27), mining and quarrying (21, which is almost 2 times
more than in 2019).

In total, in 377 disputes, employees made 767
claims, which is 6.7% more than in the previous year, of
which: 455 (59%) — for non-compliance with labor
legislation; 151 (20%) — on the implementation of the
collective agreement, agreement or some of their
provisions; 142 (18%) — on the establishment of new or
changes in existing socio-economic conditions of work
and industrial life; 19 (3%) — on the conclusion or
amendment of a collective agreement, agreement [15].

As a result of the measures taken by the NMRS to
facilitate the resolution of conflicts and prevent their
occurrence, wage arrears in the amount of UAH 690.8
million or 57% of the total debt (UAH 1 billion 203.5
million) were repaid, which was the main reason disputes
and conflict situations, and UAH 134.5 million was
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deregistered due to the termination of employment
between the parties, including the dismissal of more than
two-thirds of employees who demanded the repayment of
arrears of wages.

Foreign experience in resolving labor disputes
suggests three ways of possible dispute resolution:

1) with the help of special courts on labor and social
security (sectoral justice);

2) through civil proceedings in general courts;

3) through conciliation and arbitration procedures.

In European countries, the United States and Japan
great importance is paid to the pre-trial procedure for
resolving labor disputes and conflicts.

In the United States in 1947 under the Ministry of
Labor was established Federal Service for Mediation and
Reconciliation (FSMR), which 30 years later received the
status of an independent organization. The FSMR has a
list of 1,700 qualified independent arbitrators whose task
is to consider the dispute impartially and render its
verdict. In the United States, in addition to the FSMR,
there are other organizations - the American Association
of Arbitrators, the National Academy of Arbitrators,
which also mediate at the invitation of the parties. In total,
the United States has 5,000 arbitrators who hear more than
100,000 cases each year. Labor relations in the public
sector are regulated by the Federal Board of Labor
Relations [12, 16].

In Japan, the Labor Relations Law provides for three
ways of resolving labor disputes out of court: conciliation,
mediation, and arbitration. All these methods fall within
the competence of the Labor Relations Commission. It
includes representatives of trade unions and employers, as
well as members of the public. Reconciliation of the
parties is carried out with the help of a mediator appointed
by the commission. The mediator has the right, having
studied the situation, to propose his own project to resolve
the conflict. Mediation negotiations are carried out by a
mediation committee set up by the Labor Relations
Commission on a tripartite basis from representatives of
the trade union, the employer and the public. The parties
retain the right to accept or reject proposals made by the
committee [13]. Arbitration is carried out through a
special arbitration committee, which includes authoritative
members of the Commission on Labor Relations. The
decisions of the arbitration panel shall be binding on both
parties to the conflict.

Conciliation and arbitration procedures are the first
stage of labor dispute settlement in the UK, France and
Italy. In Spain, according to Royal Decree No. 5 of
January 26, 1979, no labor court is allowed to accept a
claim for consideration unless there has been an attempt to
reconcile the parties.

The mediation method is widely used in the
Scandinavian countries. Labor conflicts that are not
resolved with the help of intermediaries are considered by
national parliaments, which adopt special resolutions. In
Lithuania, according to the current legislation, the conflict
is regulated by the reconciliation committee, which
compiles.

In Estonia, a trade union has the right to seek help in
resolving a conflict from a higher-level organization (such

as a national-level trade union), which in turn forms a
conciliation commission of employers' and trade unions'
representatives. If the conciliation commission does not
reach an agreement, the labor dispute is referred to a state
mediator, who can personally take up the case or appoint a
local mediator. [16, 17].

In Hungary, there is a Service for Mediation and
Avrbitration of Social and Labor Relations. Mediators who
are members of this service are appointed by the Minister
of Labor in agreement with the social partners. The
service is financed from the state budget. The Service is
obliged to report annually on its work to the tripartite
National Council for Reconciliation of Interests.

In Poland, the Law on the Procedure for Resolving
Collective Labor Disputes provides for the involvement of
a mediator in order to reach an agreement between the
parties. A characteristic feature of the Polish system is that
the parties usually invite well-known, respected people to
become mediators - deputies and senators, ministers,
prominent religious figures. If the parties to a collective
conflict have not agreed on the candidacy of a mediator,
he may be appointed by the Ministry of Labor from a list
of mediators on the proposal of one of the parties [1, 13,
16].

In Romania, in the event of a conflict, trade union
representatives inform the Ministry of Labor, which is
obliged to appoint a mediator within 24 hours, who is
instructed to carry out the conciliation procedure. The
parties are not obliged to agree to the mediator's
proposals. In case of disagreement, the conflict may be
referred to an arbitration commission.

In Croatia, mediation is mandatory in resolving
conflicts related to the signing, amendment or
prolongation of a collective agreement. Other industrial
disputes may also be subject to a mandatory mediation
procedure if the parties have not agreed on alternative
methods of resolving such conflicts. In the event of a
conflict, a "council of mediators” is created with three
members: one employee, one employer and one
"mediator”, who is appointed from a list drawn up by the
economic and social council. Mediation must be
completed within five days [2, 6].

World experience convincingly shows that the
problems of the economy and social life, including in the
field of hired labor, are best solved if the focus is not on
confrontation, but on achieving social harmony,
coordination of interests of different social groups. Each
country has its own characteristics of conflict resolution.
However, there is a single general rule: collective
economic disputes are usually considered in the
conciliation procedure; as such disputes are usually
associated with the creation of new legal norms [16]. For
example, in the United States, the conciliation method is
used to resolve collective economic conflicts, and for
collective legal conflicts, judicial and administrative
proceedings are used; in the United Kingdom, the
conciliation and arbitration method is used for all types of
labor disputes; in France, collective economic and legal
conflicts are resolved through the conciliation method,
and legal intervention is provided for the resolution of
legal conflicts.
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The conclusion of collective agreements in Austria is
a prerequisite for all areas of activity and applies to all
employees. Instead, they are valid only within one
enterprise and apply only to it. The basis of social
partnership is the principle of cooperation between
employers and employees, which is implemented in the
form of negotiations, collective agreements and collective
agreements,  coordination  of  draft  regulations,
consultations in decision-making by social partners at all
levels.

Conclusions

The analysis allowed to determine the essence of
social and labor conflict as a form of social and labor
relations at the micro, meso, and macro levels, which is
manifested in the opposition of the subjects of the socio-
economic sphere. Social contradictions lead to a conflict

constructive and destructive. It can be argued that to some
extent social and labor conflicts are becoming an integral
part of public life, because social and economic
inequality, stratification of society, non-compliance with
labor legislation; wage arrears, social and environmental
security create permanent contradictions, the solution of
which requires the intervention of both government
agencies and civil society. The given classification of
conflicts in the social and labor sphere allows to develop
preventive measures in the prevention of conflicts,
applying certain forms and methods of the decision of
social and labor conflicts. Analysis of conflict prevention
tools in Ukrainian and foreign practice has shown that a
common feature is the mandatory use of procedures aimed
at achieving social consensus, coordination of the interests
of various social groups through the mediation of state and
non-state institutions. Applying the gained world
experience it is possible to reduce social tensions and to

situation, the development of which can be both  strengthen social and economic safety of the state.
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YIIPABJIIHHS COOIAJIBHO-TPYTOBUMH KOH®JIIKTAMMU: YKPATHCHKHUHA
TA 3APYBIDKHUU JOCBIJ

IIpeamerom 10CTiHKEHHS B CTaTTi € MPOLEC YHIPABIIHHS COLIATbHO-EKOHOMIYHIMH KOH(mikTaMu. MeTa poOoTH — 00IpyHTYBaHHS
TEOPETHYHUX MOJOXKEeHb Ta METOAUYHHMX MiAXOAIB B YHPABIiHHI TPYAOBHMH KOH(IIKTaMH sSK (OPMOIO COLIATBHO-TPYIOBHX
BIZTHOCHH Ha OCHOBI yKpaiHCBHKOTO Ta 3apyOiXKHOTO TOCBiXy. B cTaTTi BUPINIYIOTECS HACTYIHI 3aBAAHHSA: JOCIIIUTH CYTHICTB 1 MicIie
COLaTbHO-TPYAOBOTO KOH(MIIIKTY B CHCTEMi COLIaJIbHUX CYNEepPEeYHOCTel; HaBecTH KiIacu(pikamilo KOHQIIKTIB y COMiabHO-TPYIOBIH
chepi; mocmiguté GopMH i METOIM BHPIIMICHHS COLIAIBHO-TPYJOBHX KOH(IIKTIB: NMPOBECTH aHAI3 YCIHIIIHOCTI 3amoOiraHHs
KOH(ITIKTaM B YKpaiHCBHKill Ta 3apyOiXHil NPaKTHIli. BUKOPHCTOBYIOTECS Taki MeTOAM: METO aHANI3y Ta CHHTE3Y, KiacudikaniiiHo-
AHATUYHANH METOA, a0CTPAaKTHO-JOTIYHUH METOH, ICTOPHKO-PETPOCIIEKTHBHUI aHaji3 Ta y3arajbHeHHS. OTpHUMaHO HACTYIHI
pe3yJbTaTH: YTOYHEHO MOHSITTS COLiabHO-eKOHOMiuHOro KoH(mikTy. [IpoBenena kiacudikaiis KOH(IIKTIB, sika Ja€ PO3yMiHHS
LI0Z0 NMPHUPOAM 1 CYTHOCTI KOH(IIKTHUX BIJHOCHH 3a HACTYNHUMH O3HAaKaMH: CIOCI0 po3B’s3aHHA KOH(IIKTIB (aHTaroHiCTHYHI
(HacUITBHHIBKI) KOH(IIKTH Ta KOMIIPOMICHI (HEHACHUIIBHUIIBKI); chepu mposiBy KOHGUIIKTIB (MOMITHYHI, cOLiaibHi, SKOHOMIiYHi,
OpraHizamiifHi KOH(QJIIKTH); CIPSIMOBAaHICTh BIUIMBY (BEpPTHUKAJbHI M TOPU3OHTANBHI KOH(IIKTH); CTYHiHb KOH(QUIIKTHOTO
MIPOTUCTOSIHHSL  (NPUXOBaHi 1 BIAKPUTI KOH(QIIKTH); KUIBKICTh  YYacHHKIB KOH(QUIIKTHOI B3aeMoxii (BHYTpPiOCOOMCTICHI,
MDKOCOOMCTICHI, MDK TIpymHoBi);  moTpeOu (KOTHITHBHI KOH(QIIKTH Ta KOH(QIIKTH iHTepeciB). Bu3HaueHi cTpykTypHi Ta
MDKOCOOHCTICHI METOM BHpILIeHHsS KOHQIIKTHUX cuTyawlii. [IpoBeneHo aHaii3 yKpalHCHKOTO Ta CBITOBOTO JOCBiJY BHUPIIICHHS
couianbHO-TpyAoBUX KOH(DIiKTIB. 3a manmmu HarmioHanpHOI CIy)XOM MOCEpPEIHUITBA i MPUMHPEHHS 3IIHCHEHO IOCIiHKEHHS
Cy4YacHOTO CTaHy BHpIlIEHHA Ta 3amobiraHHi TpyaoBuM koHGuiktam y 2020 poui. 3apyOiKHHI OOCBiA BUPIMICHHS TPYIOBUX
KOH(JIIKTIB TOBIB AOIIJIBHICTh PO3BUTKY B YKpaiHi HACTYIHUX IUIAXiB BPETyJIIOBAaHHS TPYJOBUX CIIOPiB: 32 TOMOMOTOIO CIICIialIbHAX
CyIiB 13 IHUTaHb Mpali Ta COLIaJFHOTO 3a0e3meueHHs (Taly3eBe MPaBOCYAIs); Yepe3 LUBUIBHHK MpOLEC Yy 3aralbHUX CyOax; 3a
JOTIOMOTOI0 TIPUMHUPHUX 1 apOiTpakHuXx mporenyp. BucHoBku: [IpoBexeHuii aHai3 I03BOJKMB BH3HAYHTH CYTHICTH COLaJIBHO-
TPYZOBOTO KOH(QIIKTY SK (OPMH COIaIbHO-TPYIOBHX BIIHOCHH Ha MIKpO, M€30, Ta MaKpOpPIBHSX, IO BUSBISETHCS B MPOTHIIT
Ccy0'eKTIB  COIIATIbHO-CKOHOMIUHOI cdepr. 3acTOCOBYIOUYM HAmpalbOBaHHHA CBITOBHHA JOCBIT MOXKHA MOCTa0MTH COIiaJIbHY
HAMPYKCHICTh Ta 3MIIHUTH COLiaIbHO-CKOHOMIYHY O€3MeKy JIepKaBu.

KunrouoBi cioBa: KoHQIIIKT, KOHQIIIKTHA CUTYallisl; COLIAILHO-TPY/OBI BiTHOCHHHM; IPOTHPIYYs; KOJEKTHBHI TPYIOBI CIIOPH;
MOCEPEIHUIIBKI MTPOIEAYPH; IPUMHPHI MPOLEAYPH.

YIPABJJEHUE CONUAJBHO-TPY TIOBBIMUA KOH®JIUKTAMMU: YKPAUHCKHI
N 3APYBEXKXHBIU OIIbIT

IIpeaMeTOM HCCIEIOBAHUS B CTAaThe SBIACTCS TPOLECC YNPABICHHUS COLHATBHO-9KOHOMHYECKMMH KoH(pukTamu. Ileab paboTel —
000CHOBAHHME TEOPETHYCCKUX MOJNIOKEHUH M METOJMYECKUX IMOAXOJO0B K YIPABICHHIO TPYIOBBIMH KOHQMIMKTaAMH Kak (opmoit
COLMATBHO-TPYAOBBIX OTHOLICHHI Ha OCHOBE YKPAaHMHCKOTO W 3apyOEKHOTO OMNbITa. B CTaThe pemIatoTcs CIEAyIONHe 3agadM:
HCCIIEIOBAaTh CYLIIHOCTH M MECTO COLMANbHO-TPYIOBOIO KOH(IMKTa B CHCTEME COLMAJIBHBIX IPOTUBOPEYHH; IPOBECTH
KJIacCH(UKAIMI0 KOHQIIMKTOB B COLMAIBLHO-TPYJIOBOH chepe; uccienoBaTb (GOPMBI M METOIbI PELICHHs COLMAIBHO-TPYIOBBIX
KOH()JIMKTOB: NPOBECTH aHAJIN3 YCIIEITHOCTH NMPEAOTBPAIeHNs] KOH(IMKTOB B YKPAaUHCKOH U 3apy0exHOM npakTuke. Mcnons3yoTes
CIICIyIOIIMEe MeTOJAbl: METOJ aHaIu3a U CHHTE3a, KIACCH(QUKALMOHHO-aHAIMTHYECKUII MeTox, aOCTPaKTHO-JOTHMYECKUH MEeTos,
HCTOPUKO-PETPOCIIEKTUBHBIH aHamu3 M 00oOueHne. ITomydeHbl cleqyronue pe3yJabTaThl: YTOYHEHO IIOHATHE COLMAIbHO-
9KOHOMHYeCKoro koHGuukTa. IIpoBeneHa kimaccudukanus KOH(QIUKTOB, KOTOpas JaeT MOHMMAaHHE O MPUPOJE U CYLIHOCTH
KOH(JIMKTHBIX OTHOIICHUH 10 CIEAYIOIIMM HPH3HAKaM: CIOCOO pelIeHUs KOH(IMKTOB (AHTarOHUCTHYECKHE M KOMIIPOMHCCHBIC
KOH(IHUKTHI); cepbl MPOSBICHUS KOHPIUKTOB (MTOJUTHYECKUE, COIHATIbHBIC, SKOHOMHYECKUE, OPraHU3AIMOHHBIE KOHQIIUKTHI);
HaIpaBJICHHOCTb BO3JICUCTBUS (BEPTHKAIBHBIE U TOPH30HTAJIbHBIE KOH(IIUKTHI); CTENEHb KOH(QIMKTHOTO MPOTUBOCTOSIHUS (CKPBITHIE
U OTKPBITBIE KOHMINKTHI); KOJIMYECTBO YYACTHUKOB KOH(MIMKTHOT'O B3aUMOJCHCTBYS (BHYTPHIMYHOCTHBIC, MEKINUYHOCTHBIE, MEXTY
IPYIIOBBIE); HOTPEOHOCTH (KOTHUTHBHBIE KOH(IMKTHI U KOHGIUKTHI MHTEpecoB). OnpeneneHbl CTPYKTypHBIE U MEXJINYHOCTHEIC
METOJIbI pa3pelieHns] KOHQIIMKTHBIX cUTyanuid. [IpoBesieH aHaIu3 YKpauHCKOTO M MHPOBOTO OMBITA PEIISHHUS COLMAIBLHO-TPYIOBBIX
koH(nuKTOB. ITo nanHbIM HarmoHaneHOW CiyObl MOCPEJHUYECTBA U NPUMHUPEHHS MPOBEACHO HCCICIOBAHHE COBPEMEHHOTO
COCTOSIHUSI PEUICHUs ¥ TIPEIOTBPALICHUS TPYIOBBIX KOHPIUKTOB B 2020 roxy. 3apyOeKHBII OIMBIT PEIICHUS TPYIOBBIX KOH(IMKTOB
JI0Ka3aJ IIeIeco00pa3HOCTh Pa3BUTHA B YKpPAaWHE U TAKHUX ITyTEH yperyJIHpoOBaHHs TPYIOBBIX CIHOPOB: C ITOMOIIBIO CIEIHAIBHBIX
CYZIOB IO BOIIpOCaM TPYJa M COLMATIBLHOTO obecrieueHus (0TpacieBoe MpaBoCcyue); Yepes rpaxkJaHCKUi Ipoliece B 00IIMX Cy/ax; C
HOMOIIBIO TPUMHUPHTEIBHBIX ¥ apOUTPaXHBIX mpoueayp. BuiBoabl: IIpoBeneHHbIM aHaIM3 MO3BOJIMI ONPENCIHTh CYIIHOCTH
COLMAIBHO-TPY/IOBOrO KOH(QUIMKTAa Kak ()OPMBI COLHUAILHO-TPYIOBBIX OTHOLICHMH HAa MHKPO-, ME30 U MAaKpOYPOBHSX, 4YTO
HPOSIBISICTCS] B POTHBOICHCTBUH CyOBEKTOB COLHANBHO-IKOHOMHYECKOit cdepsl. [IpumMenss HapaGOTaHHBIH MHPOBOM OIBIT MOXKHO
0cnabuTh COLMANBHYIO HANPSHKEHHOCTD M YKPEIIUTh COLMATbHO-9KOHOMHYECKYIO0 0€30I1aCHOCTh TOCY1apCTBa.

KioueBble ciioBa: KOH(IMKT; KOHGIHNKTHAS CHTYallHs; COLHAIBHO-TPYJOBbIC OTHOILICHHS; MMPOTHBOPEUHS; KOJUICKTHBHbIC
TPYJOBBIE CIIOPBI; TIOCPEIHUYECKIE MTPOLIEAYPhI; IPUMUPUTEIIBHBIC TIPOLIETYPHI.
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G. NAZAROVA, K. DEMCHENKO

THEORETICAL PRINCIPLES OF ASSESSING THE SOCIAL SECURITY OF THE
REGION

The subject of research in the article is the theoretical foundations of the formation and development of the category of social security
in the region. The purpose of the work is to analyze the preconditions for the formation of social security, to reveal the chronology of
the formation of the concept of social security from the standpoint of international experience and to conduct an etymological,
morphological analysis of the concept of social security. The article solves the following tasks: to investigate the theoretical aspects
of the formation of the concept of social security, to determine the features and main directions of its development; to substantiate the
expediency the approaches to social security; to conduct an etymological analysis of the concept of social security. The following
methods are used: method of analysis and synthesis, classification-analytical method, abstract-logical method, historical-retrospective
analysis and generalization. The following results were obtained: the definitions of foreign and Ukrainian scientists were
systematized, morphological analysis was implemented, which made it possible to determine theoretical and methodological signs of
this concept. The components of social security were justified: the macro level, the mesoroven and the micro level. The key ideas of
the concept of social security, which are embedded in international and state normative legal acts, are identified. It has been proved
that the reflection of the provisions of the concept of social security in international documents has influenced the practical
implementation of developments in social policy around the world. The study of social security levels made it possible to distinguish
the micro level, or personal level of human security. Based on the concept of social security, trends and results of social and economic
processes are determined, while combining a system of goals, objectives, destabilizing and stabilizing factors of the external and
internal environment. Conclusions: The analysis of social security has proved the need to focus the attention of the State on issues of
social protection, namely interests, freedoms, preservation and development of human potential, ensuring a decent and high standard
of living, regardless of age, gender, income level of the population. To assess the level and state of social security, it is proposed to
use instrumental, situational, static, process, systemic and functional approaches. The concept of social security is complemented by
modern studies of human capital, human development, and regional economy.
Keywords: social security concept; scientific approaches; levels of social security; morphological and etymological analysis.

Introduction

The processes of socio-economic transformations of
social development necessitate the search for,
development and improvement of new approaches to the
essence, analysis, evaluation and regulation of socio-
economic processes in order to achieve sustainable social
development and social progress. The results of the study
of patterns of socio-economic development prove the
crucial role of humanistic factors in the development of
the national economy, improving the economic efficiency
of production and social justice distribution of material
and spiritual goods, as well as in ensuring social security.

It is the process of transition from the industrial
economy to the post-industrial one that is accompanied by
an increase in the share of the intangible market product.
At the same time, the intellectual component of a person
plays an increasingly important role in an intangible
product, which in turn is determined by the level of
development of human capital. Thus, it is a person, his
intellectual and creative abilities, knowledge, skills and
skills that are the main components that are able to create
cost, effectively realize potential, and equipment, raw
materials, energy is only an inert potential, which, by
nature, does not create anything further. According to the
study, the growth of human capital by 1% leads to an
increase in labor productivity by 3.81% and an
acceleration in GDP growth per capita by 1-3%
(Belousov . 1., 2019).

The new socio-economic paradigm of the
development of society: the transition from the traditional
model of economic development to innovation causes new
problems, the approach to solving which, from the point
of view of the development of society, provides for a

change of priorities. It is not a person — for the sake of
achieving economic goals, but an economy - for the sake
of human development. Not a person — for the protection
of the state, its territorial integrity, independence,
sovereignty and inviolability of borders, but a state — for
the protection of human interests, the creation and use of
the benefits of development that are achieved through
social solidarity.

Analysis of recent research and publications

The theoretical basis of security issues in the
paradigm of social development of society was laid by
scientists Mahbub ul-Hak and A. Sen and further
developed in the works of foreign scientists: A. Atkinson,
J. Bergman, N. Vaughan-Williams, J. Dixon, J. Dreze,
L. Kotlikova, A. Leveld, K. Peoples, A. Sen, A. Sinfield
and domestic scientists 1. Belous, O. Belyaev, M. Dyba,
A. Kolot, N. Kolenda, N. Kraus, V. Lugova, O. Lyndyuk,
P. Lyashenko, P. Nazarkin, O. Novikova, E. Podolska,
V. Skuratovsky, O. Sydorchuk, O. Sychenko and others.
Recognizing the high degree of scientific and theoretical
development of security issues, the practical significance
of its provision in modern conditions of society
development, a certain range of issues related to the
modern interpretation of the concept of "security," taking
into account the influence of new challenges and the
aggravation of existing destructive socio-economic
processes, requires further research in accordance with the
objective needs of practical and research activities.

The aim of the study. To analyze the preconditions
for the formation of social security, to reveal the
chronology of the formation of the concept of social
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security from the standpoint of international experience
and to conduct an etymological, morphological analysis of
the concept of social security.

Problem solving

The socio-economic concept of "social security” is
one of the key theoretical and applied concepts of modern
economics, but in conditions of increased instability and
uncertainty of social, economic, environmental and other
processes affecting the development of society, the
concept of "social security" requires a study of its essence
and features of application in accordance with modern
realities of the development of society.

It should be noted that the coverage of security
issues in the national scientific literature reflects, in our
opinion, the Ukrainian specifics of the development of
society. The traditional underestimation of man, human
life, and human potential has determined the need to
violate the security problem, primarily from the point of
view of national (state) security.

At the same time, the phenomenon of "social
security” does not always "find a place" in the complex of
national security problems. And some scientists and
specialists reduce the role of social security to ensuring
economic security. Such an approach is a logical
reflection of the model of development of society, in
which a person is only a means of economic growth, and
not its goal.

This approach to the essence of the concept of
"security" in foreign scientific literature is called
"traditional” (or political). In accordance with this
approach, the basis is "a vision of state security and the
main threat is military in nature," that is, the nature of
security is "purely military and increasing the level of
security means increasing the military capacity of the
state” (Peoples C., Vaughan-Williams N. 2010). But the
vast majority of governments around the world, primarily
Europe, have moved away from the provisions of the
traditional approach, since the conditions of the modern
development of society require a rethinking of the essence
of the concept - from "state security"” to "human security".

The above is a kind of theoretical foundation of the
modern concept of social security. The study found that
the concept of "social security”" is multifaceted and
interpreted in the scientific literature in different ways, so
for a comprehensive study of this concept summarizes the
existing definitions of social security proposed by
domestic and foreign scientists and highlights the main
approaches to its interpretation.

A review of the existing definitions of the essence of
social security allowed us to identify such approaches to
the study of the concept as: (1) instrumental, (2)
situational, (3) static, (4) process, (5) systemic, (6)
functional, which is shown in fig. 1.

The term "social security" was first used in 1935 in a
US legal act, namely the Social Security Act, which
initiated the development of a number of programs to help
the disabled and temporarily unemployed. From this
document, other countries also begin to use this concept in

national legislation. Thus, in 1938, the term social security
was used in a New Zealand law.

In the future, the frequency and scope of this concept
has expanded significantly. Thus, in 1948, United Nations
experts used the concept of "social security” in the
Universal Declaration of Human Rights (Article 22); from
that moment on, social security was officially proclaimed
the right of every person.

In 1952, the International Labor Organization (ILO)
presented the final definition of social security in
Convention 102. Thus, today, social security is
the basis of well-being in almost all countries of the
world.

The development of social security as a concept in
foreign countries is seen as a system of measures
implemented mainly by public authorities and local
governments and designed to minimize the negative
consequences of social risks and threats (from loss of
wages due to unemployment, childbirth, diseases, etc.) to
an individual or social group. The main forms of social
security are social assistance, social insurance, social
transfers to certain categories of the population and health
care. The study of social security in foreign countries is
reduced to the analysis of the implementation of these
forms and their impact on socio-economic processes and
relations in society.

As a result of studying the world literature, an
etymological analysis of the concept of "social security”
was conducted. It is revealed that the studied concept has
a number of "shades" of meaning. Thus, in the English
literature there are several variants of translation of this

concept: "social security”, "social safety”, "social
welfare”, "social protection” (Cambridge Dictionary,
2020).

Despite the variety of translations of the concept, we
should pay attention to the results of P.A. Lyashenko's
research. The scientist notes that the concept of "social
security” is equivalent in English to the translation of
"social security”" (public security), but not the translation
of "social security”, which is proposed by "Google
translator, and which would be logical to translate this
way" (Lyashenko, 2018).

Instead, the results of content analysis by
P.A. Lyashenko confirm the widespread prevalence
of the very concept of "social security". Thus, "the request
for social security in English around the world has
a stable popularity in the range of 65% — 75% over the
past 5 years". A comparative analysis of the popularity of
the equivalent concepts of social security in English:
"social  security" and  "social  security" gave
the following result: worldwide in the last year, the
concept of "social security" is 75% -80% more popular
(by number of requests) for the concept of "social
security".

The results of the study and the conclusions of
P.A. Lyashenko are debatable, because the scientist did
not take into account other options for the translation of
social security. It should be added that in authoritative
academic foreign dictionaries: there is no version of the
translation of the phrase "social security" at all.
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Table 1. Comparative analysis of translation options for the concept of "social security"

No. Options fo'rl tra_nslatlng_thlel Translation of definitions from various sources Source
concept of "'social security
1 2 3 4
1. | Social Security System of social benefits provided by the government in case of Cambridge
loss of breadwinner or payment of old-age pension, or in case of dictionary
disability
The system of relations between the state, legal entities and Oxford
individuals regarding the formation of financial resources for their Dictionary
redistribution to the payment of social assistance: in case of
disability, payment of old-age pension, etc.
2. | Societal security There is no interpretation of this concept in foreign academic -
dictionaries
3. | Social Safety The state of protection from threats or harm Oxford
Dictionary
4. | Social Welfare Services provided by the government or private organizations to Cambridge
help the poor, the sick or the elderly dictionary
Practical or financial assistance provided mainly by the Oxford
government to those in need Dictionary
5. | Social Protection Insurance against socially dangerous cases Oxford
Dictionary

The above studies allow us to conclude that the
concept of "social security" has different versions of
translation precisely because of the existence of
contradictions in its use; inconsistency between national
and global approaches to its interpretation.

The results in the world practice of defining social
security have mainly applied instrumental significance.
According to the definitions of foreign scholars
A. Atkinson and L. Kotlikof, social security should be
understood as a set of payments in cash and in Kind,
including services provided to certain categories of
persons. Among domestic scientists, supporters of this
approach are EA Podolskaya and PO Nazarkin (2015).

The results of the study of the definition of "social
security” confirmed the existence of an instrumental
approach to defining the concept of a conglomerate of
mechanisms that can guarantee such security. Therefore,
according to this approach, social security is identified
with social protection, social guarantees that are
implemented in society through social policy.

It should be noted that today the most common
approach to the interpretation of social security is to
define the concept proposed by the International Labor
Organization, which considers social security as a set of
measures to protect against the dangers arising from the
risks associated with the development of society. Foreign
scientists who have studied social security, namely
A. Sinfield, A. Sen and J. Bergman, follow this non-
instrumental approach. Thus, A. Sinfield describes social
security situationally, i.e. as a state of protection against
loss of resources. Then J. Bergman considers social
security as a situation of complete protection of the person
from the task of any harm to it. Among domestic
scientists, supporters of the situational approach include:
I.I. Belous, I.F. Hnybidenko, A.M. Kolot, O.F. Novikova,
N.M. Kraus, P.A. Lyashenko, 0.0. Sychenko,
V.A. Skuratovsky and O.A. Lyndyuk.

As a result of the study, the majority of scientists
who explore social security issues are considered to
consider this concept as a certain state of protecting

interests (Belous Il, Kolanda N.V., Sichenko O.0., 2013);
the state of life of man and society. As the analysis of
literary sources showed, in a broad understanding, the
state of social security should be constant and aimed at
preserving and developing human potential, simple or
expanded reproduction of the population, as well as
achievements in the society of social harmony and
integrity (Kolanda N.V., 2013).

The concept of "social security" in the Guidelines for
calculating the level of economic security of Ukraine,
approved by the Order of the Ministry of Economic
Development and Trade of Ukraine is considered in terms
of process approach, namely as the development of the
state, which can ensure a high standard of living as the
most important component of the country's economic
potential”. In addition, a common feature of the vast
majority of interpretations of the concept of "social
security” is the attempt of scientists to define it as a
concept that reflects the trends and results of social and
economic processes, combining a system of goals,
objectives, and destructive factors of external and internal
environment.

In turn, V.M. Lugova and T.V. Golubeva consider
social security as a set of elements that make
up the system of mutually beneficial partnerships.
Scientists claim that social security is "a system of
mutually beneficial partnership between staff and
management of the enterprise, which is provided by the
material and intangible needs of employees and the
interests of the enterprise” (Lugova VM, Golubeva TV,
2011).

As part of the analysis of existing approaches, a
functional approach should be identified. Proponents of
this approach view social security as the state of the most
effective government regulation to prevent threats and
ensure the stable functioning of social policy. Thus,
T.A. Shakhmatova emphasizes that social security is
"provided by the state in the process of performing its
management functions socio-economic and socio-political
state, which ensures a normal standard of living".
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Approaches to the definition of "social security”

Tools for assessing the degree of implementation of social policy goals

Instrumental . Sy .
Sl (A. Atkinson, L. Kotlikoff, E.A. Podolska and P.A. Nazarkin, etc.)

A set of measures aimed at providing protection against the dangers
arising from the risks and threats associated with the development of
society (ILO experts, A. Sinfield, A. Sen, J. Bergman, LI. Belous,
LF. Hnybidenko, A.M. Kolot, O.F. Novikova and others)

Situational

The state of protecting interests, life and society's life

> DIl (N. V. Kolanda O. G. Sidorchuk and others)

The state of dynamic equilibrium, which ensures a high standard of living

Process (dynamic) (M.A. Leskov, G. Dolmatova, L. Omelyanovich and others)

A 4

A set of elements that make up the system of mutually beneficial

Systemic :
partnerships
(V.M. Lugova and T.V. Golubeva and others)
. The result of the effective performance of functions by the State
Functional

(T. A. Shakhmachova, J Dixon and others)

Fig. 1. Generalization of approaches to the definition of "social security™"

Generalization of the main approaches to the
interpretation of the essence of social security: static,
procedural, systemic, functional, instrumental, situational
allowed to obtain a more comprehensive and clear idea of
social security. The existence of a significant number of
separate approaches to the definition of the concept should
be associated not only with the inconsistency between
national and global approaches to its interpretation, but
also between different areas of practical application. Thus,
a number of definitions of social security are due to the
fact that in the field of theoretical research, social security
is analyzed in the works of scientists in philosophy,
sociology, economics, law and more.

Thus, the genesis of the generic concept of "security"
follows from the biological nature of man: since the
primary basis of man is the instinct of self-preservation,
the need for security becomes one of the main, after

meeting physiological needs. The need to meet the need
for social security accompanies man throughout the
development of civilization and is inextricably linked with
the formation of the state and society (2018), thus linking
social security with the development of law and legal
relations.

In sociology, social security is defined through the
prism of social development and social relations, which
forms an individual with a certain social status and a
separate role in society. When considering social security
as a concept of sociology, one should take into account the
important role of the family as a social institution in the
formation, security, formation and development of the
individual. At the family level, cultural, spiritual and
moral and ethical values, norms and rules are formed,
violation of which can affect the safety of others.
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In psychology, social security is considered to be “a
state of psychological protection of social groups and
society as a whole from the influence of adverse both
internal and external factors. Under such conditions, the
state of consciousness of man and society is able to
perceive the environment and development as adequate
processes, which creates conditions and expands
opportunities to meet needs, including social today and
gives confidence in the future.

Therefore, it is obvious that the phenomenon of
social security is comprehensive and has a complex
interdisciplinary dimension, resulting in the concept
of "social security" constantly acquires new
characteristics.

Thus, modern realities of the development of society
and a modern international society deny a traditional and
unilateral health understanding. The need to concentrate
the state's attention on social security issues, namely
interests, freedoms, preservation and development of
human potential, ensuring a decent and high standard of
living, regardless of age, gender, level of income,
supporting the effective stimulation of society's activities
leads to rapid development and dissemination of social
security concept. It is worth noting that this concept is
enriched with modern socio-economic concepts of human
capital, human development, the concept of the
knowledge economy, regional economy, etc.

This necessitates further research in the direction of
forming a scientifically sound definition of the concept of
social security, which would most fully characterize its
essence in modern conditions of society. To do this, the
dissertation formed a set of definitions of "social security"
and applied the method of morphological analysis, the
feature of which is to solve the problem by identifying and
combining the main structural components, which, in turn,
allows to summarize and systematize various options and
justify the most appropriate.

The study of the definitions of foreign and domestic
modern scientists on the understanding of the term "social
security” allowed to identify, identify, systematize and
structure the main elements of the system of the studied
concept - morphological features. Depending on the
approach to the analysis of one or another feature of the
studied concept, the grouping of features into certain
blocks is carried out, namely: key characteristics
of the concept, objects, level, and components of social

security, purpose and factors influencing social
security.
The next stage in the implementation of

morphological analysis is the formation of a matrix of
morphological features, a list of scientists who have
studied this concept, and literature sources. The
identification of the morphological feature is as
follows: if in the studied definition of "social security"
there is a significant feature, it is assigned 1 point;
otherwise the points are not assigned. Based
on the calculation of the sum of the scores of
a certain morphological feature from the set of definitions,
the most typical features are identified, ie those that are
most often used to define the concept of "social
security".

Combinations of morphological features form a
number of variants of the characteristic of the concept of
"social security”, with which it is possible to determine
considerations about the essence of this concept of each of
the studied scientific sources. Thus, the author highlights
the most typical features of the concept of "social
security", which are listed below.

Among the set of definitions, the key characteristic is
the vision of social security as a state of protection of a
person or a person, and as a state of protection of his
social interests (Novikova O.F., Podolskaya E.A.,
Sychenko 0.0. 1997, 2015,2012). Determining the
feasibility of including such a key feature in the definition
proposed by the dissertation requires attention to the
concept of "social interest".

There are different interpretations of this concept.
The meaning of the concept of "interest" is considered by
scientists as "a set of important incentives, the orientation
of an individual or social group, and as a certain element
of motivation". The Sociological Dictionary offers the
following definition of social interest: "expression of
social needs of the subject (individual, group, population)
through its place (status) in the system of social relations
and interaction about the conditions and means of meeting
these needs". Thus, social interest is a rather broad
concept that comes from the needs of a person or a social
group.

Among other key characteristics of social security,
scientists identify it as a component of national security
and as a result of effective social policy.

It should be noted that the functioning of the state
and its institutions is carried out in the historically
determined social space, and the very existence of the
state is possible only within the socially established
conditional threshold limits of this space. Going abroad
threatens the existence of the state, the loss of national
integrity, so in this regard; it is proposed to consider social
security as the main characteristic of the national social
space, which allows to implement the strategy of national
security.

Analyzing the formation of definitions of social
security of scientists over time, it should be noted that key
characteristics are changing. Thus, P.A. Lyashenko offers
a slightly different interpretation of security as "a form of
metastable state of its socio-economic system". A
metastable state, or a state of conditional stability,
must be achieved as a result of fluctuations in the
parameters of this system. That is, ensuring stability
in the transition from one state to another under the
influence of destructive factors. This interpretation of the
concept under study reflects the dynamism and is
considered through the prism of the development of
society.

In the interpretation of the concept of "social
security" an important place is occupied by the object of
social security, i.e. the one (who is affected), which is
protected from external and internal threats. In the
definitions of scientists can be identified a number of
objects: man, person, citizen, individual social groups,
society as a whole, the state.
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The definition of an object in the definitions of
scientists is associated with the allocation of levels of
social security.

According to the identified objects of social security,
we consider it appropriate to identify levels of influence
on them, ensuring their social interests, protection from
the negative impact of destructive factors: macro level
(social security of the state and society), meso level
(social security of the region) and micro level or the
level of social security of the employee). Undoubtedly,

social security is systemic, which is why the
levels of social security are interconnected and
interdependent.

Social security at the state level is a component of
national security — a national strategy and direction in
international politics, which aims to achieve a sustainable
state of social protection, sustainable human development
and stable growth of quality of life. The key ideas of the
concept of social security are laid down in international
and state regulations.

As a result of the spread of social security, first of
all, at the international level — the reflection of the
provisions of the concept in international documents,
began the continuation of research on the concept of social
security and practical implementation of developments in
social policy around the world.

Taking into account the uneven level of social
security in the regions is an objective necessity and one of
the fundamental indicators of the formation of the national
strategy, a tool for developing a mechanism of national
governance in the social sphere. Differentiation of regions
by level of social security is due to the existence of a
number  of  factors: historical, demographic,
environmental, economic, political and others. The
existence of uneven distribution of regions by level of
social security increases the feasibility of allocating social
security in the region, the purpose of which is to set
priorities, form and implement state regional social policy
taking into account the peculiarities of regional
development.

The study of levels of social security has
identified a micro-level, or personal level of human
security. It is at the personal level that it is expedient to
spread social security in the fields of human science
as an individual: psychology, biology, pedagogy,
sociology.

The enterprise plays an important role in the
formation of social security at the micro level. Enterprises
whose policies are focused on staff, social security and
development are flexible and competitive. Therefore,
ensuring social security, active cooperation between
management and staff should be a strategic direction of
any enterprise, and should include safe working
conditions, the possibility of educational and professional
development of the employee and so on. Undoubtedly, the
introduction of elements of the concept of social
security in the enterprise has a slightly different
character than at the macro and meso level, it is
necessary to take into account the peculiarities of the
enterprise, its size, financial resources, opportunities and
S0 on.

With regard to the components of social security,
most often, scientists do not define them by revealing
the meaning and essence of this concept, but they
can be considered to be extremely important. Thus,
V. Skuratovsky and O. Lyndyuk identify economic,
political, social and spiritual components.

The main goal of social security, scientists believe
the  preservation, effective implementation and
development of human potential; ensuring a decent and
quality standard of living; achieving social harmony and
integrity; prevention of social explosions, minimization of
the impact of risks and threats; sustainable social
system; realization of social interests; preservation
of the gene pool, favorable demographic situation;
providing the population with support in the face of
threats and risks; satisfaction of tangible and intangible
needs.

Among the main factors of influencing social
security, scientists distinguish loss or reduction of income
as a result of social risks; decline to minimal quality
standards, or exit per threshold standard; threats to
national security.

Summarizing the above, it can be concluded that a
person is in a state of social security provided that there is
no or minimized influence of social risks and threats, in
the event of these destructive factors, it is the mechanism
of public administration in the social sphere that is
designed to prevent, counteract and minimize the
influence of such factors both at the regional and state
levels.

Thus, the concept of “social security" is
characterized by scientists both as a state in a certain
period of time and as a result of state policy in the social
sphere, which is measured both quantitatively and
qualitatively. It should be added that the presence of
identified and analyzed morphological signs of social
security is evidence of the comprehensive nature of the
concept under study. Summarization and systematization
of existing definitions and combination of morphological
features on the studied problem, as well as analysis on the
possibility and advisability of including certain features in
order to form the most complete disclosure of the content
and essence of the concept "social security" allows the
dissertation to define it as a state of protection and balance
of social interests of a person, social groups and society,
from the negative influence of destabilizing factors for
which the preservation, effective realization and
development of human potential, a decent and high-
quality standard of living, as well as the achievement of
social cohesion and continuity of the social system are
ensured

Conclusions

According to the results of the study we conclude
that the current reality emphasizes the need to expand
security and focus on the study of social security in the
region, as well as focus on the formation and development
of theoretical aspects of social security and its practical
implementation.
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The concept of social security reflects the trends and  security made it possible to identify static, process,
results of social and economic processes, combining a  systemic, functional, instrumental, situational approaches.
system of goals, objectives, destructive factors of the The existence of a number of selected approaches is
external and internal environment. The generalization of  associated with various areas of practical application of
the main approaches to defining the essence of social this concept.
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TEOPETUYHI 3ACAIM OLIIHIOBAHHSA COUIAJBHOI BE3NNEKU PET'IOHY

IIpeaMeToM JOCITI/DKEHHS B CTAaTTi € TEOPETHYHi 3acaau (GopMyBaHHsS Ta PO3BUTKY KarTeropii comianbHoi Oe3neku periony. Mera
poboTu — mpoananizyBaTH neperyMoBH (OPMYBaHHS COL{adbHOI OE3MEKH, PO3KPUTH XPOHOJIOTII0 ()OPMYBAHHS MOHSATTS COLIATBHOL
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Oe3rneKy 3 MO3MLiT MKHAPOIHOTO JOCBIAY Ta MPOBECTH €THMOJIOTIYHHUNA, MOP(OJIOTIYHUH aHasi3 MOHATTS coLiajbHOi Oe3meku. B
CTaTTi BUPINIYIOTHCS HACTYIIHI 3aBAAHHS: JOCITIIUTH TEOPETHUHI acIeKTH (GopMyBaHHS KOHIENIi comialbHOl Oe3neku, BU3HAYNTH
0coOJIMBOCTI Ta OCHOBHI HampsMHu ii pO3BHUTKY; OOIPYHTYBaTH WiJXOQW OO JOCHIDKEHHS COLIaNbHOI Oe3NeKH; IpPOBECTH
CTHMOJIOTIYHUIA aHAaJi3 TOHITTS COIialTbHOT Oe3meKkn. BUKOPUCTOBYIOThCS TaKi METOAM: METOJT aHANI3Y Ta CHHTE3Y, Kiach]ikamiiHo-
AQHANITHYHAI MeTOHA, aOCTPaKTHO-JIOTIYHUHA METOJ, iCTOPHKO-PETPOCHEKTHUBHUH aHaii3 Ta y3aradbHeHHS. OTpMMaHO HACTYIHI
pe3yJbTaTH: MPOBEACHO CHCTEMAaTH3allil0 BU3HAUEHb 3apyODKHUX 1 YKpaiHCHKUX HAyKOBILIB; MOP(OJIOTiUHUIA aHai3 AaB 3MOTY
BU3HAUUTH TEOPETUKO-METOMOJIOTIUHI O3HAaKHM IbOTr0 MOHATTA. OOIPYHTOBAHO  CKJIAJOBI COLIANBHOI O€3MeKH: MaKpOpiBeHb,
Me30piBeHb Ta MIKpOpiBeHb. BH3HaueHi KIIIOUOBi ifei KOHIENIil couianbHOi Oe3meKH, sKi 3aKIaJeHO Y MDKHApOJIHI Ta JepikaBHI
HOPMAaTUBHO-TIPaBOBi akTu. /loBeAeHO, 0 BigOOpaKeHHS MOJI0XKEHb KOHIIEMI] COlianbHOi 0e3MeKH y MDKHAPOAHUX JOKYMEHTaxX
BIUTMHYJIO Ha NPAaKTHYHE BTUICHHS pO3po0OK y COMiaNbHIN MOJMITHII Pi3HUX KpaiH cBiTy. JlocmimKeHHs PiBHIB colialbHOI Oe3neKkn
JIO3BOJIWIIO BHIUIMTH MIKpOPiBeHb, a00 OCOOWCTICHHWII piBeHb JOACHKOI Oe3meku. Ha OCHOBI KOHIEMINT coIiabHOT Oe3IeKH,
BU3HAYEHO TEHAEHIII Ta Pe3yNbTaTH COLIAJBHUX Ta SKOHOMIYHHX IPOIIECIB, IMOEAHYIOUM HPH BOMY CHCTEMy MLiNeH, 3aBHaHb,
JeCTadlTi3yIounx Ta CTaOLTi3yIOYMX YHMHHHKIB 30BHINIHBOIO 1 BHYTpINIHBOTO cepenoBumia. BucHoBkm: IIpoBenenuii anaiis
couianbHOi 0e3MeKH OBIB HEOOXITHICTh 30CEPEKCHHS yBard AEPXKaBH Ha MUTAHHIX COLaJbHOI 3aXHMIIEHOCTI, a caMe iHTEpeciB,
cB000/, 30epekeHHS 1 PO3BUTKY JIOJICHKOTO MOTEHLIATy, 3a0€3MeUeHHS T1JTHOTO Ta BUCOKOTO PiBHSA KUTTA HE3aJIeKHO BiJ BiKy, CTaTi,
PpiBHS 10XOAiB HaceneHHs. [l OLiHIOBaHHS PIBHIO Ta CTaHy COLIaIbHOT O€3MeKH 3apOIIOHOBAHO 3aCTOCOBYBATH 1IHCTPYMEHTAIBHHM,
CUTYaTUBHHH, CTaTUYHMH, MPOLECHUH, CUCTEeMHHMHA Ta (QyHKIioHaNpHMHA minxoxau. KoHumemmis cowmianpHOi Oe3MeKd JOMOBHEHA
CYYaCHUMH JOCHIKEHHSIMH JIIOJCHKOTO KalliTally, JFOCEKOT0 PO3BUTKY, PETiOHATbHOI €KOHOMIKH.

KnrouoBi cioBa: xoHuenmis cowmiagbHOi Oe3IEKH; HAayKOBi IiAXOAW; PiBHI coIlianbHOI Oes3mekw; MOpQONOriyHHH Ta
€THMOJIOTIYHHH aHai3.

TEOPETUYECKHWE OCHOBBI OLIEHKH COIIMAJIBHOM BE30IACHOCTH
PEI'MOHA

IIpenMeToM HccrenOBaHUS SBISIOTCS TEOPETHUECKUE OCHOBHI (POPMHPOBAHMS M Pa3BUTHs KaTETOPHH COLMAIBEHOI 0€30MacHOCTH
peruona. Ileap paGoThl - NMpoaHANIM3UPOBATh NPEIIIOCHUIKH (POPMUPOBAHUS COLMAIBHONW 0€30MacHOCTH, PACKPBITh XPOHOJOTHIO
(GOpMHUpOBaHUS TOHATHS COLHMATBHON OE€30MaCHOCTH C MO3HIUHM MEXIYyHapOIHOTO ONbITa M IPOBECTH STHMOJIOTHYECKHH,
Mopdonornuecknil aHanM3 MOHATHA COLMAIBbHOM Oe3omacHOCTH. B cTaThe pemaroTcst Clegylomue 3afadM: MCClIeIoBaTh
TEOPETHIECKHE AaCHeKTHl (POPMHUPOBAHHS KOHIENIUH COIHMAIBHOM 0€30MacHOCTH, ONpPEAeNUTh OCOOCHHOCTH U OCHOBHBIE
HAIpaBJICHUS €€ Pa3BUTHSA; 00OCHOBATh MOAXOMABI K HCCIEIOBAHUIO COLUANBHON 0€30MacHOCTH; IPOBECTH STHUMOJIOTHYECKHH aHAIN3
MOHATHS COLMANbHOH Oe3omacHOCTH. lCronp3yroTcst cliefyrolie MeTOAbl: METOJ aHalN3a M CHUHTe3a, KIacCH(HUKAaIUOHHO-
QHAINTUYECKUH METOH, abCTPaKTHO-JTOTHYECKUI METO]], HCTOPHKO-PETPOCIIEKTHBHEINH aHann3 U 06o6menue. [loydeHs! cienyronme
pe3yJbTaThl: IPOBEJCHAa CUCTEMAaTH3aIMsl ONPEeIeHNI 3apyOeKHBIX H YKPAMHCKHX YYEHBIX; MOP(OJIOTNIeCKUil aHaIN3 TTO3BOJINI
OIIPEeNIeINTh TEOPETUKO-METOI0IOTNUECKHE TIPU3HAKH 3TOro MOoHATHA. OOOCHOBaHBI COCTABILIOIINE COLUANBHON 0€301acHOCTH Ha
MaKpOypOBHE, ME30ypOBHE M MHUKpOypoBHe. OmnpefeneHbl KIIOYEBbIC HJIEH KOHLENIMHM COLHUANTBbHON 0e30macHOCTH, KOTOpBIE
3aI0’KeHBl B MEXIYHApOAHBIE M TOCYJapCTBCHHBIE HOPMATHBHO-TIPABOBBIE AaKTHL. JlOKa3aHO, YTO OTOOpa)XX€HHWE MOJIONKEHHH
KOHIIETIIINN COIMATBbHON OE30IacHOCTH B MEXIYHAPOJHBIX TOKYMEHTaX MOBIHSIO Ha MPAKTHYECKOE BOIUIONICHHE pa3paboTok B
COLMANTPHON TIONWTHKE pa3HbIX CTpaH wmwupa. lccnemoBaHWe YpOBHEH COIHMANbHOW OE30MacHOCTH TIO3BOJIMIIO  BEIIEITHUTH
MHUKpPOYPOBEHb, WJIM JHMYHOCTHBII YpOBEHb ueloBeueckod OezomacHocTH. Ha OCHOBe KOHIEMIMM COLMANbHOW 0e30MmacHOCTH,
onpeliesieHbl TEHAEHIMU M Pe3yibTaTbl COLMAIBHBIX M 3KOHOMHUYECKHMX IIPOLECCOB, C BbIIEJIEHHEM CHCTEMbl Lienel, 3amady,
JeCTaOMIN3UPYIOINX M CTAOMIM3MPYIONIMX (h)aKTOPOB BHELIHEH 1 BHyTpeHHeH cpenbl. BeiBoasl: [IpoBeneHHEII aHANMN3 cOlMaTbHON
0€30MacCHOCTU JJ0Ka3aJl HEOOXOAMMOCTh COCPENOTOYEHMS BHMMAHMS TIOCYJAapCTBa Ha BONPOCAX COLUAIBLHOW 3aIlUIIEHHOCTH, a
MMEHHO MHTEPECOB, CBOOOM, COXPAaHEHHs M Pa3BUTHUs UEIOBEUECKOTO MOTEHNHMAIa, 00ECIeUYeHNsI JOCTOMHOTO M BBICOKOTO YPOBHS
KHU3HU HE3aBUCHMO OT BO3PACTa, MI0JIA, YPOBHS AOXOIOB HaceNmeHUs. [ OIEHKH ypOBHS M COCTOSHUS COIMANBHOI 0e301macHOCTH
MPEIOKEHO TIPUMEHATh HHCTPYMEHTANIBHBINA, CUTYaTHBHBIH, CTATUIECKHA, IPOIECCHBINA, CHCTEMHBIN M (PYHKIIMOHATBEHBIN TOAXOIBI.
Konrmemnmus conuanbHO 0€301MacHOCTH JOMONHEHA COBPEMEHHBIMH HCCIIEIOBAHMSIMH UEJIOBEYECKOTO KalHTajla, 4eI0BEYecKOro
Pa3BUTHS, pETHOHAIBLHOM YKOHOMUKHU.

KiroueBble cj10Ba: KOHIENIMA COLMAIBHONH 0€30IIACHOCTH; HAay4HbIE IIOJXO/Bl; YPOBHH COLHAIBHONH 0€30I1acHOCTH;
MOp(}OIOrnIecKuii U STUMOIOTHYECKIH aHAITH3.
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. BONDARENKO, O. AVRUNIN

ON THE EXCITATION OF LOCAL ELECTRIC CURRENT IN THE BIOLOGICAL
ENVIRONMENT

The subject of the study in the article is to study the method of excitation of human body tissues using an electric current. The
purpose of the work is to develop a method for exciting local current in a human body affecting the microcirculation of blood and
excitability of local areas of muscle tissue during the treatment process. The article solves the following tasks: the creation of a model
pattern of fabric, the rationale for the generation of electric current inside the sample, the development of the design of the current
generation system and measuring the electrical response of the model sample of the tissue on the occurrence of electric current,
determining the size and spatial current distribution in the model sample of the fabric, comparison The obtained current values with
known and admissible in medical practice its values, determination of the advantages of the proposed method of excitation of current
compared to the traditional used in medicine. The following methods were used: analysis of scientific publications for the subject of
the study, the calculation of the expected current parameters in the model sample, the method of designing the nodes of the current
generation and measurement system of the electrical response, the experimental method of excitation of the current and measuring the
sample response to it. The following results were obtained: a new acoustic-magnetic method of exciting electric current in local areas
of muscle tissue is justified, which allows determining for them the optimal values of the therapeutic current and the value of its
threshold value. model samples of muscle tissue are created, a magnetohydrodynamic method of generating electric current inside the
patient's body is justified, design of a system for generating current and measuring the electrical response of a model fabric sample to
the occurrence of electric current in it; determining the magnitude and spatial distribution of the current in the model fabric sample;
comparison of obtained current values with known and permissible values in medical practice and proved their safety for a person.
Calculated ratios are obtained, which connect value of excited local current with parameters of ultrasonic radiation, external
permanent magnetic field and biological medium. The materials have been found that the current density excited in the local area of
the biological medium is independent of the ultrasound frequency and is determined mainly by the intensity of the ultrasound and the
constant magnetic field. The advantages of the current excitation method according to the present invention over the conventional
galvanic method of passing current through the patient's skin are the ability to generate current in any desired local area of the
patient's tissue and its complete safety. Conclusions: The scientific foundations of the new method of excitation of local current
inside the human body have been developed and experimentally tested on model samples. Using this method can significantly
increase the effectiveness of the treatment process based on the effect of current on blood microcirculation in predetermined areas of
muscle tissue and for the first time will allow distinguishing and determining with high accuracy thresholds of their excitability by
electric current.
Keywords: blood microcirculation, threshold of muscle tissue excitability; tissue model; magnetic hydrodynamics of
conducting solution; ultrasound; local electric current.
Introduction influence of ultrasonic radiation (USR) has begun in BE.
In particular, for the first time, the value of the electric
field strength arising in the model electro conductive
sample BE under the joint action of ultrasound

Physical and chemical phenomena caused by the
magnetohydrodynamic effect and electric current through

a conductive biological environment (BE) are widely used
in modern medicine for diagnosis and therapy [1, 2, 3, 4,
5 6] These phenomena, in particular, include:
electrophoresis of the ions of drugs of drugs through
human skin in a constant magnetic field (CMF);
measurement of the flow rate of blood in the magnitude of
the electric field generated by it in the PMP during the
pulse filling of the blood vessel; braking of blood current
in vessels under the action of a large PMP; therapeutic
galvanization of muscle tissue by passing a constant
electrical current of low density through the patient's skin
from the external high-voltage (80 V) voltage source;
strengthening the microcirculation of blood and the
definition of the first threshold of the validity of the
current in the muscular tissue by passing an alternating
electric current through the skin of the patient. All these
phenomena occur either due to the natural movement of
blood ions and plasma under the action of the ambient
heat or the activity of the heart, or when the transport
current is supplied to the BE from the external voltage
source.

Recently, the study of the movement of electric and
magnetic particles in the magnetic field under the

and CMF [7] was measured. Also, for the first time, an
acoustic-magnetic method (AMM) of acting on a model
BE sample containing magnetic  nanoparticles
was proposed and investigated in order to determine the
possibility of high-precision measurement of their
concentration in the pathological focus of BE
with the target delivery of therapeutic preparations
to it [9].

One of the topical problems of medicine is to study
the excitability of human body tissues, which is associated
with changes in the membrane cell potential
and the condition of blood microcirculation and lymph in
tissues. One of the ways of influencing the excitability of
muscle tissue and human organs is transmitting an
alternating electric current through it. In this
case, an important measurable indicator of tissue
excitability is the first threshold for the sensibility of the
transmitted current. The traditional and common method
of transmitting current through the muscle tissue is the use
of an electrical circuit from an adjustable voltage
generator, the input wire connecting one of the terminals
of the generator with the skin of the patient through the
clamping electrode at a particular point of the body and

© I. Bondarenko, O. Avrunin, 2021
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the output wire connecting the other point to
the other point on the patient's skin with the second output
of the generator [6]. The gap of one of the wires includes
an ammeter, according to which the magnitude
of the first threshold current is measured when the patient
is sensitive to the patient's appearance of the muscles. This
method of determining the threshold current and
therapeutic current corresponding to the optimal level of
blood circulation has an important disadvantage that
affects the informativeness of their measurement. This is
caused by the fact that the current through the muscles
with this method is not spatially homogeneous. Its density
is maximum in the area of the supply electrodes and
decreases when removing them. In addition, when passing
in the field of internal organs, this inhomogeneity
increases, as they have different electrical resistance. As a
result, the amount of therapeutic current and the measured
threshold current are averaged throughout the muscular
volume and do not correspond to their local values
for one or another organ or a particular area of even
homogeneous muscle tissue. Therefore, the development
of a new non-integrated method is required to
establish the amount of therapeutic current and measuring
its threshold value. The new method should
allow to establish the optimal local values of the
therapeutic current for various sections of the human body
and measure the values of the threshold current
in them.

The purpose of this work is to substantiate the
possibility of creating a new local excitation method
using AMM in a given BE section of an alternating
electric current, eliminating the need for its contact
(galvanic) transmission through the skin of the
patient and does not have drawbacks of this traditional
flow of current formation through the patient's
body.

Model system for generating an electric field in BE
with AMM

For the existence of an electric current in any
environment, it is necessary to have an electric field in it.
Figure 1 shows a schematic diagram of a system that
allows exciting using AMM and measure the variable with
a frequency of USR electric field of the BE model in the
form of a solution placed in a cylindrical vessel.
A low-conductive NaCl solution in water, having a
density, viscosity and electrical conductivity, close in
magnitude to the BE parameters [6, 10].

With the effect of USR with frequency f on the upper
part of the solution along its height (in the direction
of the Z axis in fig. 2), a wave of compression
and expansion propagates. The counter wave reflected
from the bottom of the vessel interferes with the incident
wave If the distance from the bottom of the wvessel
to the emitter USR (h) is equal to an integer (n) of the
lengths (A) of sound waves (h = n &), then the so-called
standing wave [11] is installed in the vessel. The velocity
distribution VZ of the solution particles in the standing
wave is as shown in fig. 2.

us

A

Fig. 1. Circuit diagram of blocks (A, B, C) systems for excitation
of local current in a model sample of a biological environment.
Block A includes a model sample, to which an external constant
magnetic field (B) and ultrasound radiation (US) and which
generates an alternating voltage (U). Block B serves to measure
the voltage U, and the block C is a voltage registrar U.
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Fig. 2. Functional scheme of the system for the implementation
of acoustic-magnetic excitation of electric current in the BE
model sample in the form of a solution of NaCl, 1 — vessel with a
solution, 2 — Helmholtz coils to create a magnetic field with
induction B = mo Hq, 3 — round flat radiator ultrasound, 4 —

Ultrasound generator, 5 — distribution of velocity V, movement

into the solution under the action of sound (dash line), 6 —
current distribution (I) in solution, m0 = 4z 107 Gn/m.

With the simultaneous action of the USR and a
constant magnetic field BY on the solution, directed
perpendicular to the direction of propagation of the USR
along the Y axis, an alternating electric field with an
intensity EX appears in it [7, 8] in accordance with the
relation known from magnetohydrodynamics:

Ex=V,xB, =Epsin2zf =V, sin2zfxB,, (1)

where E,,, V.,, — the amplitude of the electric field
strength and the velocity of the solution. In this case, the
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EX direction is perpendicular to both the direction of
induction of the field B, and to the direction V,. To

measure the distribution of the EX value at different points
of the vessel, which means that in different sections of the
standing wave in the solution, two (or more) metal
measuring probes are placed with a distance (base) L
between them. The value of EX can be represented by the
derivative  of the electric  potential U in
the direction x:

_du U,-Uy)

E
o dx L

: (@)

where (U, — U,) — The potential difference at two points

(1, 2) of the solution located at a distance L along the X
axis. The potential difference (voltage) on probes can be
measured by a voltmeter of alternating voltage.
Calculations [7] show that the value of the maximum
voltage U, on probes is described by the formula:

2P

U,=E,xL=[
CoL

1°°B, xL,

®)

where [E]O'5 =V,.v,and P, ¢, p, is the intensity (power)
Co

of USR, speed of sound in solution, density of solution.
Fig. 2 shows a detailed functional diagram of a
model system for studying the electrical properties of the
BE sample in magnetic and acoustic fields, as well as the
spatial distributions of the velocity V, of the solution

displacement under the action of USR along the direction
Z of USR propagation and the excited electric current 1.
This figure also shows the source constant magnetic field
with induction BY in the area of solution in the form of
two Helmholtz coils (2), USR generator (4), cylindrical
vessel with a model solution (1), USR emitter (3)
generating sound along the Z axis of the vessel. The
different polarities of the maxima E along the height of
the vessel correspond to the places of maximum
compression and extension of the solution under the
action of the USR standing wave. Note that
a similar picture of the appearance of a standing wave can
take place if the USR “beam” is passed through
the human body, since an incident sound wave on the skin
on one side of the body will be reflected in
the same way from the skin on the opposite side of the
body.

To obtain the maximum voltage value on probes, it is
necessary to arrange the probes in the maximum Ey

region. As is known [11], the length of a standing wave is
equal to the length (1) of the wave of sound in the studied
medium and is given by the expression:

A=

; (4)

where ¢ is the sound speed in solution.
Thus, changing the frequency of USR, it is possible
to change the distribution of the Ey in the vessel and

have two or more maxima of the electric field strength of

different polarity along the direction of the propagation of
the sound in it (fig. 3).
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Fig. 3. Functional diagram of the system for excitation with
AMM of the “chain” of sections of electric current excitation in
a solution (1) simulating a biological environment, 2 — Helmgltz
coils, 3 — cylindrical vessel with a solution with an inner
diameter d, 4 — flat round USR emitter with a diameter d, 5 —
USR generator, 6 — distribution of the solution velocity under the
action of USR, 7 — distribution of the magnitude of the excited
current in local areas of the solution.

The periodic change in the electric field intensity in
space results in a periodic change in the potential
difference along the height of the wvessel and a
corresponding periodic change in the current value
flowing in various zones of the electro conductive solution
located along the length of the vessel and according to the
Ohm law inversely proportional to the electrical resistance
of the solution (or biological real medium). Materials A
sufficiently large distance between current maxima, equal
to half the wavelength of the low frequency USR, allows
to create one (as in figure 2) or several (as in Figure 3)
current zones spaced in space along the axis of the vessel,
which in the real BE will act on its different sections with
different excitability. For example, at a USR frequency of
22 kHz, the length of the sound half wave is about 30 mm
in water (and in a near-density BE).

As can be seen in fig. 2, localization in a solution
with an electric current, having a length along the z axis
equal to one half-period of the standing wave, can be
organized by the spatial localization of the CMF action
per solution (or to the patient's body site). To do this, it is
necessary to use the source of the local magnetic field as a
permanent magnet or coils with a current having
dimensions that do not exceed half the length of the
standing wave in the vessel. Only in this part of the vessel
(or patient) will there be an electric current as a result of
the use of AMM. The weakening or absence of a magnetic
field in the rest of the vessel leads to the practical absence
of an electric field in it in accordance with formula (1) due
to the absence of the cause (magnetic field) of the
occurrence of the electric current. At the same time, the
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permissible distance from the local CMF source to the
current generation in the real situation, i.e. when the
current is excited in the patient's body, it should not
significantly exceed the size (aperture) of the field source.
This is due to an increase in the inhomogeneity of the
magnetic field of scattering of the local source as it
removes from it and with a decrease in its value, and
hence, with a decrease in the generated current. It follows
from this that the maximum depth of the location in the
patient's body of a single area with a current having about
30mm (at a frequency of USR about 20 kHz) can be no
more than 50-100mm.

To create a patient in a patient several sections
("chains™) with a current along the USR "beam"
(as in fig. 3, at a frequency of USR 4 times higher
compared to fig. 3), the formation of a homogeneous
CMF on the entire length of these sections
iS necessary.

This can be done using a Helmholtz coil with a
diameter somewhat large than the height of the model
vessel and, accordingly, large than the size of the patient's

body section in the actual situation of the use of AMM in
medical practice. It uses one of the advantages of USR
(compared with the electromagnetic field of high
frequency), which practically does not fade at distances
characteristic of the sizes of the human body. Therefore,
when using AMM restrictions on the location of the
processed current of the BE region does not exist. With an
increase in frequency only decreases the length of the
areas with an excited current in their "chain" located along
the USR "beam".

Calculation of an electric current excited in BE model
with AMM

The calculation of an AMM-excited current in BE
was carried out on the basis of experimentally obtained
potential difference values on two copper probes
introduced into the NaCl model solution [7, 12].
The diagram of the measuring system is shown
in fig.4.
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Fig. 4. Measuring system diagram: 1 — copper cup, 2 — plates for fixing electrical probes, 3 — NaCl solution, 4 — permanent magnets,
5 — electrical probes, 6 — sonic conduit of the USR source, 7 — USR generator, 8 — wires from probes to voltmeter, 9 — selective

microvoltmeter.

The probes with a length of 1 cm and a distance
between them L = 1 cm were located approximately in the
region of the maximum distribution of the electric field
strength at a power of USR 0.01 W / cm? at a frequency of
22 kHz (A = 6.8 cm). One standing wave period was
located at the distance between the USR source and the
bottom of the vessel with the solution. The value of the

CMF, created by two permanent magnets with a diameter
of 45 mm, in the area of the probes was equal to 0.4 T.
The amplitude of the voltage Um across the probes was
5x10° V. The region of the main part of the current
flowing between the probes can be approximately
represented as a cube with sides equal to 1 cm, since equal
to the diameter (d) of the USR "beam", and its average
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length ( A/4) along the Z axis are also about 1 cm. For the
BE averaged resistivity at low frequencies equal to p2 =
140 Ohm cm [6, 10], assuming that the resistance is
mainly active, it can be calculated using Ohm's law the
amplitude of the current Im through the BE specified
region:

VB d

mz Py

4,02 )

cV B, d
mz*=y (5)
(4P2 f )

Um Um
m

//1/4)d
where R — current flow area resistance. Substituting the
value for the velocity V,,, into formula (5), we obtain:

c[2 1°°B,d
Iy Cepl 00 (6)
4p, f

For the maximum current density jm, from (5) and

(6) we obtain:
2 05
i = [/ oA %
" (ﬂ/)d cd '

It follows from (7) that the density of the excited
local current does not depend on the USR frequency.
After substituting the numerical values of the parameters

into formula (6), we obtain I, = 0,5-107° A. In this case,
the maximum current density jm in such a local BE model
region was j,, =0,5-10° A/cm2 According to medical
standards [6], the maximum permissible harmless current
density passed for therapeutic purposes through biological
tissues and human organs should not exceed 0.5 mA/cm?
=0.5x10° A/lcm?=5x 10“ Alcm? ...

If it is necessary to generate current densities greater

than j, =0,5-10° A/cm? using AMM, the value of the

electric field EX excited in BE should be increased.
According to formula (7), this can be achieved
primarily by increasing the USR intensity and CMF value
within acceptable limits. From the point of view of
medical safety (to exclude BE cavitation), the USR power
should not exceed 1W/cm? [11]. A constant magnetic
field, provided the patient is in a static position in this
field, can be very large (7 or more Tesla) [13, 14, 15].
With the indicated values of the permissible low-
frequency USR intensity and with a CMF equal to 7T, it
follows from formula (7) that in a local area of the
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of 10*A/cm?, which is close to the maximum permissible
value for the human body, 5x10 A/cm?) was shown.

1. Abakumov, V. G., Gotra, Z. Y., Zlepko, S. M. and others. (2010), Optoelectronic medical systems [Optoelektronni medychni

systemy], Vinnytsia : UNIVERSUM-Vinnytsia, 329 p.

2. Kizimova, N. N. (1991), "Magnetohydrodynamic effects during blood movement” ["Magnitogidrodinamicheskiye effekty

pri dvizhenii krovi'], Biophysics, Vol. 36, No. 1, P. 147.

3. Belousova, L. E. (1965), "On the possibility of inhibition and stopping of blood by a magnetic field" ['O vozmozhnosti
tormozheniya i ostanovki krovi magnitnym polem™], Biophysics, Vol. 10, No. 2, P. 365-366.
4. Vardanyan, V. A. (1973), "Influence of a magnetic field on blood flow" ["Vliyaniye magnitnogo polya na techeniye

krovi"], Biophysics, Vol. 18, No. 3, P. 491-496.

5. Karchevsky, E. M., Marochnik, L. S. (1965), "On the hydrodynamic variant of blood movement" [*O gidrodinamicheskom
variante peremeshcheniya krovi"], Biophysics, Vol. 10, No. 3, P. 371-373.




ISSN 2522-9818 (print)
CyuacHuii cman HayKogux 00criodcenb ma mexnonoeitl 6 npomuciosocmi. 2021. Ne 1 (15) ISSN 2524-2296 (online)

6. Oleinik, V. P. (2006), Fundamentals of the interaction of physical fields with biological objects [Osnovy vzaimodeystviya
fizicheskikh poley s biologicheskimi ob"yektami], Kharkiv, KhAl.

7. Avrunin, O. (2019), "Acoustic excitation of electric field in water solution NaCl", Przeglqd elektrotechniczny, No. 1 (4), P.
160-163. DOI: https://doi.org/10.15199/48.2019.04.28

8. Rosa, R. (1979), Magnetohydrodynamic energy conversion [Magnitogidrodinamicheskoye preobrazovaniye energii],
Moscow, 252 p.

9. Bondarenko, I. S., Avrunin, O. G., Rakhimova, M. V., Bondarenko, S. I., Krevsun, A. V., Kulish, S. M. (2019),
"Acoustomagnetic Registration of Magnetic Nanoparticles in a Liquid Medium", Telecommunications and Radio
Engineering, Vol. 78 (8), P. 707-714.

10. Berezovsky, V. A., Kolotilov, A. M. (1990), Biophysical characteristics of human tissues [Biofizicheskiye kharakteristiki
tkaney cheloveka], Kyiv, Naukova Dumka.

11. Elpiner, 1. E. (1963), Ultrasound. Physicochemical and biological action [Ul'trazvuk. Fiziko-khimicheskoye i
biologicheskoye deystviye], Moscow : Fizmatgiz, 420 p.

12. Bondarenko, I. S., Avrunin, O. G. (2017), "Magnetic hydrodynamics of the biological environment, Actual problems of
automation and instrumentation™ ["Magnitnaya gidrodinamika biologicheskoy sredy, Aktual'nyye problemy avtomatiki i
priborostroyeniya”] : materials of the 1st International scientific and technical conference, P. 252.

13. Chizhik, V. 1. (2009), Quantum Radiophysics. Magnetic resonance and its applications, St. Petersburg University, 700 p.

14. Wang, X. L., Ghorbani, R., Peleckis, G., Dou, S. X. (2008), "Very high critical field and superior Jc-field performance in
NdOO0.82F0.18FeAs with Tc of 51 K", arXiv:0806.0063 (31 May 2008).

15. Hunte, F., Jaroszynski, J., Gurevich, A., Larbalestier, D. C., Jin, R., Sefat, A. S., McGuire, M. A., Sales, B. C., Christen,
D. K., Mandrus, D. (2008), "Two-band superconductivity in LaFeAsO0.89F0.11 at very high magnetic fields", Nature.
DOI: https://doi.org/10.1038/nature07058

Received 13.02.2021

Bioomocmi npo asmopis / Ceedenust 06 asmopax / About the Authors

Bouaapenko Irop CraHicaiaBoBuy — XapKiBChbKHI HAlliOHATBHUN YHIBEPCUTET Pa/liOCICKTPOHIKU, aCUCTEHT Kadeapu
6iomenn4HOI imxkeHepii, XapkiB, Ykpaina; email: igor.oondarenko@nure.ua; ORCID: https://orcid.org/0000-0003-2925-3020.

Bongapenko Uropr CtraHuciiaBoBHY — XapbKOBCKHI HAIMOHATBHBIN YHUBEPCHTET PaJHOIICKTPOHHUKU, ACCUCTEHT
kadeapsl OMOMEUIIMHCKON HHXEHEePHH, XapbKoB, YKpauHa.

Bondarenko Igor — Kharkiv National University of Radio Electronics, Assistant of the Department of Biomedical
Engineering, Kharkiv, Ukraine.

ABpyHiH Ouer I'puropoBu4 — [OKTOp TEXHIYHMX HaykK, npodecop, XapKiBCbKUI HalliOHAJbHUI YHIBEpCUTET
pamioeneKTpoHiKM, 3aBimyBad Kadempu Oiomemwunoi imkeHepii, XapkiB, VYkpaina;, email: oleh.avrunin@nure.ua;
ORCID: https://orcid.org/0000-0002-6312-687X.

ABpyHuH OuJier I'puropbeBUY — JOKTOp TEXHUYECKUX HAYK, Ipodeccop, XapbKOBCKUN HAIlMOHANBHBIH YHUBEPCUTET
PaIrodIEKTPOHHUKH, 3aBEAYIOMUI Kadepsl OMOMETHIIHCKON HH)KeHepHH, XapbKoB, YKpanHa.

Avrunin Oleg — Doctor of Sciences (Engineering), Professor, Kharkiv National University of Radio Electronics, Head of
the Department of Biomedical Engineering, Kharkiv, Ukraine.

ITPO 3BY/UKEHHS JIOKAJIBHOT'O EJIEKTPUYHOI'O CTPYMY B
BIOJIOTTYHOMY CEPEJOBMUIIII

IIpenMeToM NOCTIDKEHHSI B CTaTTi € BHBYEHHS CIOCOOY 30y/DKEHHS TKAHWH OPraHi3My JIIOJMHH 33 JOIIOMOTOI0 €JIEKTPHYHOTO
ctpymy. MeTa po6oTH — po3poOka MEeTOy 30YIKESHHS JIOKATBHOTO CTPYMY B TiJli JIFOJUHH, IO BIUTHBAE HA MIKPOIUPKYJIALIIO KPOBi i
30y UTMBICTD JIOKATBHUX TUITHOK M'S30BO1 TKAHHUHHM B TIepeOiry JIiKyBaJbHOTO Mpoliecy. Y CTaTTi BUPILIYIOThCS HACTYIIHI 3aBAAHHS:
CTBOPEHHSI MOJICNIBHOTO 3pa3Ka TKaHWHH, OOTPYHTYBaHHS METOXIy TeHepallii eNeKTPHYHOrOo CTpyMy BCEpeauHi 3pa3ka, po3poOka
KOHCTPYKIi CHCTeMH reHepallii cTpyMy i BUMIPIOBaHHS €JIEKTPUYHOTO BiJrYKY MOJEIBHOTO 3pa3ka TKAHWHM Ha BUHUKHEHHS B Hil
CNIEKTPHYHOTO CTPYMY, BU3HAUCHHS BEJIMYHHH i IPOCTOPOBOTO PO3MOALLY CTPYMy B MOJEIBHOMY 3pa3Ky TKaHWHH, MOPIBHSHHSI
OTPUMaHHX 3HAa4eHb CTPYMY 3 BIJOMHMH 1 JONYCTUMHMHM B MEQUYHIN NpakTHLi HOro 3HAa4YEHHSMH, BU3HAYCHHS MepeBar
3alpONOHOBAHOTO Croco0y 30y/DKeHHS CTpyMy B TOPIBHSHHI 3 TpamuUiiiHUM, SKAH BUKOPUCTOBYETHCS B MEAWIIUHI.
BHKOPUCTOBYIOTBCS TaKi METOIHW: aHANI3 HAYKOBMX HyOJKaIii 3 mpeaMeTy IOCHiIKEHHsS, PO3PaXyHOK OYiKyBaHHMX NapaMeTpiB
CTPYMY B MOJICIBHOMY 3pa3Ky, METOJ KOHCTPYIOBaHHS BY3JiB CHCTEMH reHepalii CTpyMy i BUMIpIOBaHHS €JIEKTPUYHOTO BiITYKY,
eKCTIepUMEHTAIBHNI MeToJ 30y/DKEHHS CTpyMy i BHUMIPIOBAaHHS BIATYKYy 3pa3ka Ha Hbporo. OTpuMaHi HAcCTYIHI pe3yJIbTaTH:
0OTPYHTOBAaHO HOBHil aKyCTO-MarHiTHHN MeTOA 30y/DKEHHS ENEKTPHYHOTO CTPYyMY B JIOKAIBHUX JUISHKAX M'S30BOi TKAHHHH, SKUH
JI03BOJIsIE BH3HAYaTH [UIsi HUX ONTHMAaJbHI 3HAUCHHs JIKyBaJbHOIO CTPYMy 1 BEIHMYMHY HOTO MOPOTOBOTO 3HA4YEHHS, CTBOPEHI
MOJICNTBHI 3pa3ku M'SI30BOT TKaHWHHU, OOTPYHTOBAaHMI MATHITOTiPOIUHAMIYHUI CIIOCiO reHepalii eNeKTPUYHOTO CTPYMY BCepennHi
TiNa TMali€HTa, CTBOPEHA KOHCTPYKILsl CHCTEMH TeHepalil CTpyMy i BHUMIpIOBaHHS €JIEKTPHYHOTO BIATYKY MOJEJIBHOTO 3paska
TKaHWHH Ha BUHWKHEHHS B Hill €JIEKTPUYHOTO CTPYMY, BU3HAaYCHA BEJIMYHMHA 1 IPOCTOPOBHUIN PO3MOIII CTPYMY B MOJEIBHOMY 3pa3Ky
TKaHWHH, BUKOHAHO TIOPIBHAHHS OTPUMAHHUX 3HAa4eHb CTPYMY 3 BIIOMHUMH i JOMYCTHMHMH B MEIUYHIN NPaKTHULl HOTO 3HAYCHHSIMH i
JIOBEJICHO iX O€3MeYHICTh Uts MoAuHN . OTPUMaHO PO3paxyHKOBI CIiBBiJHOLICHHS, 110 3B'I3YIOTh BEINYNHY 30y/PKSHHS JOKaJIbHOTO
CTpyMy 3 TapaMmeTpaMH YJIbTPa3BYKOBOTO BHIIPOMIHIOBAaHHS, 30BHIIIHBOTO IIOCTIHHOTO MAarHITHOTO TMOJs 1 OI0JOTiYHOTO
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cepeoBHIIa. BCTaHOBIICHO, IO MITBHICTh CTPYMY, IO 30y/KY€EThCs B JIOKaJIbHIi AUIAHIN Gi0JOTiYHOTO CepeoBHINa, HE 3aNIIKHUTh
BiJl YaCTOTH yJBTPa3BYKy i BH3HAYAa€THCS B OCHOBHOMY BEIMYMHAMH IHTEHCHBHOCTI YJIBTPa3ByKy i IMOCTIHHOTO MarHiTHOTO ITOJIS.
[lepeBaramn 3ampoIIOHOBAaHOTO MeTOy 30Yy/PKEHHsS CTPyMy B IOPIBHSHHI 3 TPAagHWIIHHUM TalbBaHIYHIM METOJOM HPOIYCKAaHHS
CTpyMy Uepe3 HIKipy MalieHTa € MOKJIMBICTh CTBOPIOBATH CTPYM B OyIb-IKOMY HEOOX1THOMY JIOKAJIBHIHN TUISHII TKAaHWHY HAIli€eHTa 1
NoBHa Horo Oe3mneka. BHCHOBKH: PO3pOOJICHO Ta €KCIEPUMEHTANEHO IEepeBIpeHO Ha MOJCIBHUX 3pa3KaX HayKOBI OCHOBH HOBOTO
MeToay 30yIKEHHS JOKAIBHOTO CTPYMy BCEPEIMHI Tijla JIOJUHMA. BHUKOPHUCTaHHS LBOTO METOLYy MOXE ICTOTHO IIiABHUIIUTH
e(eKTHBHICTh JTIKyBaJbHOTO MPOIECY HA OCHOBI BIUIMBY CTPYMy Ha MIKPOLHMPKYJIALIIO KPOBiI B 3a3[ajierigb 3aJaHUX AUISHKaX
M'I30BOi TKaHWHH 1 BIIEpLIC IO3BOJUTH PO3PI3HATH 1 BU3HAYATH 3 BHCOKOIO TOYHICTIO MOPOTH iX 30yMIHMBOCTI ENEKTPUYHHM
CTPYMOM.

KunrouoBi cioBa: MiKponmpKyJIAIist KpoBi; mopir 30yIIMBOCTI M'SI30BOi TKAaHMHH; MOJETb TKAaHWHH, MarHiTHa TiIpoAnHaMiKa
MIPOBOJIMIMOTO PO3YHHY; YIBTPA3BYK; JIOKAIEHHHN IeKTPHYHUHI CTPYM.

O BO3BYKJIEHUU JIOKAJBHOI'O DJIEKTPUYECKOI'O TOKA B
BUOJIOTMYECKOM CPEJIE

IIpenmeToM wuccrenoBaHMs B CTaThe SBISIETCS H3YYeHHE crocoba BO30YXICHHS TKaHEH OpraHW3Ma 4eloBeKa C ITOMOIIBI0
MeKTpHYeckoro Toka. Lleab paboTel — pa3paboTka MeTona BO30Y)KAEHMS JOKAJHHOTO TOKAa B Telle UYENIOBEKa, BIMSIOIIETO HA
MHUKPOIHPKYJSIMIO KPOBH U BO30YIUMOCTh JIOKATbHBIX YJAaCTKOB MBIIICYHOM TKaHU B T€UEeHHHU JiedeOHOro mporecca. B craTtee
pelralTcs CleIyIoHe 3aJauM: CO3JaHHe MOJIENTBPHOTO oOpasia TKaHM, 0OOCHOBaHME METOJAa T'€HEpaIH IIEKTPUYIECKOTO TOKa
BHYTpH 00pa3na, pa3paboTka KOHCTPYKINH CHCTEMBI T€HEePAIlNU TOKAa U M3MEPEHUSI SIEKTPUIECKOTO OTKIMKA MOJEIBHOTO o0pasma
TKaHM Ha BO3HHKHOBCHHE B HEHl 3JIEKTPUUECKOTO TOKA, OMpPEIENeHHEe BEIHYMHBI M IPOCTPAHCTBEHHOTO paclpefeleHHs TOKa B
MOJIETTEHOM 00paslie TKaHH, CPaBHEHHE MOJIyYSHHBIX 3HAYCHHH TOKA C U3BECTHBIMH M JIOIYCTUMBIMHU B MEIHIIMHCKOH IPAKTHKE €ro
3HAUCHWSIMH, OIpeleeHHe IPEUMYIIECTB IpeajaraeMoro crocoba BO30YXKIEHHS TOKa IO CPAaBHEHHIO C TPAIHUIMOHHBIM,
HCTIONB3YEMOM B MEIMIMHE. VICIONMB3YIOTCsl Takue MeTO[Abl: aHAJIW3 Hay4YHbBIX ITyOJNHMKAIMi MO MpeAMeTy HCCIISIOBaHUS, pacyer
OKHJAaeMbIX IapaMeTpOB TOKAa B MOJEIBLHOM 00pasie, METOJ KOHCTPYHPOBAHUS Y3JIOB CHCTEMBl T€HEpAllMd TOKa W M3MEpEHHS
UEKTPUIECKOTO OTKIIMKA, SKCIEPUMEHTAIBHBIH METOX BO30Y)KIEHHs TOKAa M M3MEpPEeHWs OTKIMKa oOpasma Ha Hero. [lomydyeHs
ClIeyIOINe Pe3yIbTaThl: 000CHOBAH HOBBIM aKyCTO-MAarHUTHBIM METOJ BO30Y KICHNUS NEKTPUIECKOTO TOKA B JIOKAIBHBIX yJacTKax
MBIIICYHOH TKaHH, KOTOPBIH MO3BOJISIET ONPEAENATh Ul HUX ONTHMANbHBIEC 3HAUCHUS JIeUeOHOTO TOKA M BENUYHHY €r0 OPOTOBOTO
3HAUEHUs], CO3[aHbl MOJENbHbIE O00pa3lbl MBIMICYHOH TKaHM, OOOCHOBAH MAarHUTOTHIPOAWHAMHYECKHH CIIOCO0 TeHepaluu
NEKTPUYECKOTO TOKAa BHYTPH Tella MAIMEHTa, CO3JaHa KOHCTPYKIMS CHCTEMBI T'€HEpald TOKAa M H3MEPEHUs >IEKTPHUECKOTO
OTKJIMKa MOJIETEHOTO 00pa3iia TKaHW Ha BOHHKHOBEHHE B HEl 2JIEKTPHYECKOrO TOKA, ONpeieNieHa BeJIWYNHA M MPOCTPAHCTBEHHOE
pacnpeneneHus TOKa B MOZENBFHOM oOpaslle TKaHH, BBINOJHEHO CPaBHEHHME ITOJYYCHHBIX 3HAYCHHH TOKa C W3BECTHBIMH U
JONMYCTUMBIMH B MEAWIMHCKOW MpaKTHKE ero 3Ha4eHWsSIMH W JOKa3aHa WX 0e30macHOCTb Ui denoBeka. IlomydeHBl pacueTHbIe
COOTHOILCHUSI, CBS3BIBAIOIINE BEJINYNHY BO30Y)KIaeMOTO JIOKAJBHOTO TOKA C IapaMeTpaMy YJIbTPa3ByKOBOTO M3JIy4EHHs, BHEIIHETO
MOCTOSTHHOTO MarHUTHOTO TOJISI ¥ OMOJIOTMYECKOH Cpebl. Y CTAaHOBJIEHO, YTO INIOTHOCTH TOKA, BO30Y)KAAEMOTO B JIOKAIBHOM yIacTKe
OHMOJIOTUYECKOH CPe/Ibl, HE 3aBHCUT OT YacTOTHI YIbTPA3ByKa U ONPEASNSETCS B OCHOBHOM BEJIMYMHAMU HHTEHCUBHOCTH yJbTPa3ByKa
U TIOCTOSTHHOTO MarHWTHOTO moJjs. [IpemMymiecTBamMu mpeyiaraeMoro MeToaa Bo30yKISHHUSI TOKA M0 CPABHEHHIO C TPaJUIHOHHBIM
raJbBaHUYECKHM METOJOM IIPOITyCKaHMS TOKa uepe3 KOXKy MaI[FeHTa SBIAIOTCS BO3MOXHOCTH CO3/1aBaTh TOK B JIFOOOM TpebyemMoM
JIOKJILHOM Y4YacTKe TKaHW MallieHTa W IMOoJHas ero Oe3omacHocTh. BBIBOABI: pa3paboTaHbl M 3KCHEPUMEHTAIBHO MPOBEPEHbI Ha
MOJICTIBHBIX 00pa3lax Hay4HbIE OCHOBBI HOBOTO MeETOJa BO30Y)KAEHHMS JOKAJBHOTO TOKA BHYTPH Tena dernoBeka. lcrone3oBaHue
9TOr0 MeETO/a MOXKET CYIIECTBEHHO MOBBICHTh 3(P(EKTHBHOCTh Je4eOHOro mpolecca Ha OCHOBE BO3JCHCTBHS TOKa Ha
MUKpPOLMPKYJISILMIO KPOBU B 3apaHee 3aJaHHBIX Y4YacTKaX MBIIIEYHON TKaHW M BIIEPBbIE IO3BOJMT pa3iM4yaTh U ONpPENeNsATh C
BBICOKOH TOYHOCTBIO OPOTH MX BO30YANMOCTH SNIEKTPUIECKIM TOKOM.

KnioueBble c¢10Ba: MHKPOIMPKYJSIIUS KPOBH; MOPOT BO30YAMMOCTH MBIIIEYHONH TKaHW; MOJENb TKAaHW; MAarHUTHAs
THAPOANHAMHIKA POBOASAIIETO PACTBOPA; YIBTPA3BYK; JIOKATBHBIA JEKTPUIECKHI TOK.
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SIMULATION OF AN ELECTROMYOGRAPHIC SIGNAL CONVERTER FOR
ADAPTIVE ELECTRICAL STIMULATION TASKS

The subject matter of the article is an electromyographic signal transducer, which are an integral part of devices for adaptive
electrical stimulation of muscle structures based on reverse electromyographic communication. The goal of the work is to study the
features, obtaining the corresponding theoretical relationships and computer modeling of a differential biopotential converter,
providing amplification of the useful component and suppression of harmful interference, the spectra of which intersect. The
following tasks were solved in the article: determining the effect of electrode width and electrode spacing on crosstalk; formation of
the electrode-skin model and the input circuit of the transducer, obtaining theoretical relations for calculating the rejection coefficient,
construction of the transducer circuit and its computer simulation. The following methods were used — methods of mathematical
modeling of processes and technical devices; methods of analysis, structural and parametric synthesis of nonlinear electronic circuits;
methods of machine design. The following results were obtained — a biopotential amplifier circuit with tracking feedback on power
supply is proposed; modeling of dynamic processes by means of the Multisim program was carried out; on the basis of the constructed
model of the electrode-skin input circuit and the obtained analytical relationships, the rejection coefficient of the input circuit of the
equivalent circuit is calculated; the requirements for the signal registration module are formulated. Conclusions: The considered
version of the electromyographic signal converter circuit based on tracking communication on power supply, effectively rejects 50 Hz
common mode noise. On the basis of the constructed equivalent model of the input circuit of the amplifier, the theoretical relation for
calculating the rejection coefficient of such amplifiers. The circuit is simulated in the Multisim program, the results confirmed the
correctness of its functioning. The requirements for the interelectrode distance and the thickness of the electrodes themselves are also

formulated. The results obtained can be used to design complexes for adaptive electrical stimulation.
Keywords: biopotential amplifier; useful signal; interference; muscle; electrode system; simulation; Multisim.

Introduction

Currently, the measurement of electromyographic
(EMG) signals is widely used in clinical practice for the
diagnosis of various diseases. Also, the measurement of
human biopotentials is actively used in prosthetic
technology. The main task is to measure the degree of
tension of an individual muscle. There are various
methods for determining the degree of muscle contraction
[1-2]. But to amplify very weak signals, special
biopotential amplifiers are needed.

Analysis of the problem and existing methods

When developing devices for receiving EMG
signals, it is necessary to take into account a number of
specific features of these devices.

The main difficulty in developing EMG signal
amplifiers is that these signals have a low amplitude (from
20 pV to 2 mV at maximum muscle contraction), while
the useful signal can be superimposed noise, the amplitude
of which can significantly exceed the EMG-signal. It is
necessary to take into account the fact that the amplitude
characteristics of EMG signals for different muscles may
differ significantly, they may have different values in
different people [3-7].

The problem is the effect of 50 Hz guidance on the
useful signal. The situation is complicated by the fact that
the frequency of 50 Hz is in the spectrum of the useful
signal, which has a range of 20-500 Hz. To attenuate this
interference, signal filtering alone is not enough [3].

The next problem includes myographs, which have a
different range of voltage measurement, which makes it
difficult to register the full range of changes in the
amplitude of the useful signal. For example, in the
multifunctional complex for neurophysiological studies

"Neuron-Spectrum-5" the voltage measurement range is 5
uV-50 mV, with a relative error of voltage measurement
in the range from 0.1 to 50 mV - within + 5% [8].

When the signal is diverted from any muscle group,
there may be cross-interference from neighboring muscle
groups. Thus, it is necessary to minimize the mutual
influence of electrical activity of neighboring muscles.
This is achieved by optimal selection of the shape of the
electrodes, the interelectrode distance, the choice of points
of application of the electrodes.

The effectiveness of the rehabilitation process using
electrical stimulation in various skeletal muscle lesions is
determined by the adequacy of stimulating effects. This
applies to both the shape of the effects and the parameters,
such as amplitude, frequency or others. These parameters
are individual not only for the individual patient and the
condition of the muscles, but also depend on the specific
type of muscle. Therefore, it is important to have
electromyographic feedback in the process of electrical
stimulation. Therefore, in systems of adaptive electrical
stimulation it is necessary to provide means of measuring
the electrical activity of muscles. he electromyogram
signal is low-frequency and in-phase interference, which
are located in the spectrum of the useful signal, so special
amplifiers are used to neutralize such interference.
Amplifiers must provide active neutralization due to the
feedback signal supplied to the neutralizing electrode.

The aim of this article is to study and computer
model the differential biopotential amplifier.

Features of electrodes

The correct positioning of the electrodes on the skin
surface is important. To obtain the maximum signal
amplitude, the electrodes are superimposed on the so-

© 0. Yeroshenko, I. Prasol, O. Datsok, 2021
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called moving points [9].

To obtain a stable electrode-skin contact and to
reduce the impedance of the skin, the skin must be
properly prepared before applying the electrodes [10-11].

Fig. 1 clearly shows the dependence of the amplitude
of the signal on the location of the electrodes over the area
of the studied muscle. With the correct positioning of the
electrodes increases the amplitude of the useful signal,
increases the signal-to-noise ratio, reduces the effect of
cross-interference from neighboring muscles.

Ul

U3

Fig. 1. The dependence of the signal on the place of application
of the electrodes [3]

It is necessary to use electrodes made of materials
that would ensure stable skin-electrode contact for a long
time, and were not prone to polarization effects. In this
case, it is advisable to use electrodes made of silver, silver
chloride electrodes, or gold or platinum [3]. They do not
oxidize, are weakly polarized, but are expensive.

Promising use of capacitive electrodes in which the
conductive layer is covered with a dielectric.

With regard to the shape of the electrodes
themselves, it should be noted that the geometry of the
electrodes affects the amplitude of the signal being taken,
as well as the level of crosstalk. The main parameters are
the interelectrode distance and the area of the surface
occupied by the electrode. Thus, the amplitude of the
removed signal will be directly proportional to the

interelectrode distance, while the bandwidth will decrease
with increasing distance [12].

Fig. 2 presents the dependences of the level of cross-
interference on the interelectrode distance and the width
of the electrodes. These dependences are obtained by
using electrodes with a width of 7.5 and 1 mm and
changing the distance between them.

w
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Fig. 2. Dependence of the level of cross-barriers from the
interelectrode distance and width of the electrodes [3]

The conductivity of muscle tissues is due to complex
biochemical and biophysical processes. The linearity of
the obtained dependence of the amplitude of the EMG
signal from the distance between the electrodes allows us
to assume that in the inverted range, muscle fiber can be
considered a homogeneous conductor [13].

One of the physiological properties of skeletal
muscles is conductivity, that is, the ability to carry out an
excitation wave. At the heart of the excitation rate is the
rate  of biochemical reactions occurring on cell
membranes. Electric irritation of the muscle fiber leads to
a change in the ion conductivity of the membrane due to
passage through sodium, calcium and potassium channels
of currents of the corresponding ions [14-15].

The structure and features of the electrode-skin
contact

One of the requirements when using surface
electrodes is to reduce the transition resistance of the
electrode-skin. The structure of the electrode-skin contact
is shown in fig. 3.

o4

Subcutaneous
tissue

| __— Derma

—1

Fig. 3. Electrode-skin contact structure
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An equivalent electrode-skin contact scheme can be
represented as follows (fig. 4).

Ces

Riv

) U

U(t) — source of biopotential; Znk — resistance of subcutaneous
tissues; Ces, Zes — capacitance and resistance of electrode-skin
contact; Ze — electrode resistance; Riv — input resistance of the
biopotential amplifier.

Fig. 4. Equivalent electrode-skin circuit

Differential biopotential amplifier

Different transition supports of the electrode-skin
through different channels leads to the fact that the in-
phase interference, which is present on the human body,
acts as a useful differential signal, and then significantly
amplified. Therefore, it is necessary to reduce the transient
resistance to equalize the difference between the
interelectrode potentials.

Construct an equivalent circuit that includes a
transient resistance electrode-skin (Res) and the input
circuit of the differential amplifier (Rd, Rcmi) (fig. 5).
The voltage source Ucmi simulates the presence of in-
phase interference on the human body. The difference in
the transition supports of the electrode-skin is taken into
account by the presence of the correction ARes.

2Res @
2Remi
[]R" I—_L
2Remi

Res+ARes o -|—

Fig. 5. Equivalent scheme for calculating the resection
coefficient

Since in practice the relation Rdif »Res is always
fulfilled, then for the potentials of nodes 1 and 2 the
following difference is applied to the input of the
amplifier:

AR
U :¢1_¢2 :UeSZRcmi( =
(Res +ARes +2Rcmi)(Res + 2Res)

). (1)

where ¢, —node 1, ¢, — node 2, U_,; — source of power,
R.. — input circuit of the differential amplifier,

cmi

AR,, — the difference in the transient resistances of the
electrode-skin, R. — transient resistance electrode-

es
skin.Neglecting the values Res and ARes in comparison
with Remi (since Remi»Res), we obtain:

AR
U=U,, —ZR“ : 2

cmi
This difference is a differential signal, i.e.

AR
= Ucmi’
2R,

cmi

Uinair = 3)

and the cophasal signal transfer factor to the output
in the form of a differential:
_ Uin.dif AR

K = —ndf _ AR 4
=0 = om @)

cmi cmi

Taking into account the formula for finding the
coefficient of rejection:

H=—1, (%)

at K, =1 we finally find:

2R,
H =l 6
2R, ©

Thus, the difference in the transition resistances of
the electrode-skin limits the rejection coefficient of the
input circuit. Therefore, in order to reduce the transient
resistance, it is necessary to carefully apply special
pastes.

Biopotential amplifier modeling and signal registration
module requirements

It is advisable to use AD620 chips from
AnalogDevices as an instrumental amplifier, which
requires only one external resistor to set the gain
from 1 to 10000. AD620 has low voltage input
noise and low current input noise, which makes
it a good choice for pre-amplification [16]. The
characteristics of AD620 are given in table 1. Four-
channel operational amplifier ~ AD704  from
AnalogDevices on  bipolar transistors,  which
has a small input bias current, typical of amplifiers based
on BIFET technology (a combination of bipolar
and field-effect transistors), but has a much lower

temperature  drift 1B [17]. The characteristics
of AD704 are given in table 2. Fig. 6 shows an electrical
schematic diagram of the biopotential
amplifier.
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Fig. 6. Schematic electrical circuit of the biopotential amplifier

Table 1. Characteristics of the chip AD620

Name Value
Supply voltage 4.6...36 V
Current of own consumption 900 pA
Programmable gain none
The maximum growth rate of the output signal 1.2 V/us
Operating temperature range -40...85°C
Technical feature of OP Low Power
Frequency of single gain 1 MHz
Noise level 9 nV/Hz

Table 2. Characteristics of the chip AD704

Name Value
Shear voltage 150 uv
Shear voltage drift 1.5 uv/°C
Input bias current 270 pA

Fig. 7 presents the result of modeling the
circuit of the electrical principle of the biopotential
amplifier in the graphic editor of the Multisim
program.

The simulation results confirm the efficiency of the
circuit and allow to obtain the necessary characteristics.

The quality of registration of biosignals is influenced
by many factors, among which the properties of the
electrodes play an important role. Elimination of influence
of antiphase physical obstacles and leads is reached by
reduction of the area of the closed contour formed by
wires of assignments, application of shielding methods.
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Fig 7. The result of simulation in Multisim program

Conclusions

As a result of the research, the scheme of the
biopotential amplifier in the Multisim program was
proposed and tested. The operation of the electric
schematic diagram of the notch filter for attenuation of
network interference is simulated, and also on the basis of
the constructed model of the input circuit electrode-skin

and the received analytical relations the coefficient of
resection of the input circuit of the equivalent circuit is
calculated. The requirements to the signal registration
module are offered and the necessary element base is
selected. Such amplifiers can be used, in particular, to
amplify weak electromyographic signals in diagnostic
devices or monitor the effectiveness of therapeutic
procedures of the human musculoskeletal system.
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MOJAEJIOBAHHA IIEPETBOPIOBAYA EJIEKTPOMIOT PA®IYHOI'O CUT'HAJTY
JIJIS 3ATTAY ATJANITUBHOI EJTEKTPOCTUM Y JIALIT

IIpeaMeToM IOCHIMKEHHS B CTAaTTi € MEPETBOPIOBadi eJIeKTPOMiorpad)iqHOro CHrHaiy, siKi € CKJIaJ0BOI0 YaCTHHOIO MPUCTPOIB IS
aJanNTHBHOI EJIEKTPOCTUMYJIALII M'S30BUX CTPYKTYp Ha OCHOBI 3BOPOTHOTO eNeKTpoMiorpagiuHoro 3B'si3ky. Meta poOoTH —
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JOOCITI/DKEHHST  0COONMBOCTEH, OTPUMaHHS BIANOBIIHMX TEOPETHYHMX CIIBBIIHOIIEHb Ta KOMIT'IOTEPHE MOJCTIOBAaHHSI
I epeHIifHOTO0 MepeTBoproBada OiOMOTeHMiaNiB, 0 3a0e3Medye IiJCHICHHS KOPUCHOI CKJIaO0BOI 1 NMPUIITYINICHHS HEeperiko.y,
CIEKTPH SIKUX IIEPeTHHAIOTHCA. B CTAaTTi BHPINIYIOTBCS HACTYNHI 3aBJAHHS: BH3HA4YCHHS BIUIMBY IIMPHUHU EJIEKTPOMIB 1
MDKEJISKTPOIHOI BifICTaHI Ha MHepeXpecHi Hepermkony; (opMyBaHHS MOJEINI €IeKTPOA-IIKipa 1 BXIZHOTO Kojla IepeTBOpIOBaua,
OTPUMaHHS TEOPETHYHHX CIIBBIIHOIIEHb U PO3paxyHKy KoedimieHTa pexekIii, moOynoBa CXeMH IepeTBOproBada Ta il
KOMIT'IOTEpHE MOJECTIOBaHHA. BUKOPHCTOBYIOThCS Taki METOAM: METOAUW MAaTEMAaTHYHOTO MOJETIOBAHHS MPOLECIB 1 TEXHIYHUX
HPHUCTPOIB; METOAM aHaN3y, CTPYKTYpPHOTO i HAapaMETPUYHOIO CHHTE3y HENiHIMHHX ENEeKTPOHHHX CXeM; METOJIH MAIIMHHOTO
npoekTyBaHHA. OTpUMaHO HACTYNHI pe3yJbTAaTH: 3alPONOHOBAHO CXEMY MiACHIIOBa4a O1OMOTEHIANIB, IO CTEKUTh 3BOPOTHUM
3B'SI3KOM [0 JKUBJICHHIO; MPOBEICHO MOJETIOBAHHS AWHAMIYHMX HpoleciB 3acobamu mporpamu Multisim; mocmimkeHo cxemy
TiiciiIIoBada OiomoTeHIiaNiB y mporpami Multisim; Ha OCHOBI OOYIOBaHOI MOJENI BXiHOTO KOJA eJNEKTPOA-IIKIpa i OTPHMaHMX
aHAITHYHAX CHIBBIIHONICHH PO3PAaXOBAHO KOCPIMIEHT PEXEKIlii BXiJHOTO KOJIa CKBIBaJICHTHOI CXeMH; COPMYIHOBAHO BHMOTH JIO
MOJYJIIO peecTpalii curHamy. BucHoBKH: Po3risHyTHI BapiaHT cXeMH IepeTBOpIoBada eleKTpOMiorpadiyHOro CUrHaIy Ha OCHOBI
3B'I3Ky, IO CTEXKHTH IO JKUBIICHHIO, J03BOJIsie edekTHBHO racutu cuH(pasHy mnepemxoxy S50 I'm. Ha ocHoBi moOymosaHoi
€KBIBaJICHTHOI MOJIEJi BXiHOTO KOJa IiJCHIIIOBaYa OTPUMAaHI TEOPETHUYHI CIiBBIAHOLICHHS IJIs PO3PaxXyHKy KoedillieHTa peskeKil
Takux migcumoBadiB. CxemMa MpOMOJENbOBaHA B cepefoBuile mporpamu Multisim, pe3ysibTaTé MiATBepAWTH e(pEeKTHUBHICTD il
¢byukuionyBanns. CHopMyIb0BaHO BUMOTH J0 MDKEIEKTPOAHOI BiACTaHi i TOBLIMHHM caMuX eneKTpoaiB. OTpumaHi pe3yiabTaTtu
MOYTh OyTH BUKOPUCTaHI1 Ul IPOEKTYBAaHHs KOMILIEKCIB aIallTUBHOI eIEKTPOCTHUMYJISLII.

KmrouoBi cioBa: mincwmroBad 0iomoTeHMiaiB, KOPUCHUH CHTHAN; IEPENIKOa, M's3; CHCTeMa eJIeKTPOIIB; MOJETIOBAHHS,;
Multisim.

MOJAEJUPOBAHUE NPEOBPA3OBATEJIS JTEKTPOMUOI'PA®PUYECKOI'O
CUT'HAJIA JIsA 3AJJAY AJAIITUBHOMU JEKTPOCTUMYJIALIUN

IIpenmMeToM ucciieoBaHUS B CTAaThe SIBISAIOTCS IPe0Opa3oBaTeNd MJIEKTPOMHUOTpahUIecKOro CUrHala, KOTOPBIE SIBISTIOTCS. COCTaBHOIM
YacTbIO0 YCTPOWCTB ULl aJalTUBHOM 3JIEKTPOCTUMYJISILIMH MBINIEYHBIX CTPYKTYp Ha OCHOBE OOpaTHOW 3JIEKTpOMHOTpaduiecKoi
ces3u. lleap paboTel — WccienoBaHWE OCOOEHHOCTEH, IIONy4YEeHHE COOTBETCTBYIOIIMX TEOPETHYECKHX COOTHOIICHHH U
KOMIIBPIOTEPHOE MOZAEIHpOBaHKe A PepeHINAIBFHOTO peodpa3oBareiss OHOMOTEHIINATIOB, 00ECIICYNBAIONIETO YCHIICHHE TTOJIE3HOU
COCTaBJIAIIONICH M IOJAaBICHUE BPEIHOII IMOMEXH, CIIEKTPHI KOTOPBIX IEpPECceKaloTcs. B CTaThe pelatoTcs CIeAyIONHe 3aJadM:
OIIpeJIeICHUE BIUSHUS IIHUPUHBI SJIEKTPOIOB M MEXIIEKTPOAHOTO PACCTOSHUS Ha MEPEKPECTHBIE MOMEXH; (OPMHUPOBAHUE MOJCIH
9NEKTPOA-KO’Ka M BXOAHOM Ienu npeoOpas3oBarels, IOMyYCHHE TEOPETHYECKHX COOTHOLICHMH Iy pacyera KoddduimeHTa
PEKEKIUH, TTOCTPOCHHE CXEMBI Ipeolpa3oBarellsi M ee KOMIIBIOTEpHOE MoJenupoBaHue. VICIONB3yrOTCS CleAyIolmue MeTOAbI:
METOJBl MaTeMaTH4YeCKOTO MOJEIHPOBAHHUS IIPOIECCOB M TEXHHYECKHUX YCTPOWCTB; METOIbl aHAIN3a, CTPYKTYpHOTO U
MapaMeTPUIEeCKOr0 CHHTE3a HENMHEHHBIX 3JIEKTPOHHBIX CXEM; METOJbl MAaIlMHHOTO IPOeKTUpOBaHMs. [loiydeHBl ciemyromine
pe3yJbTaThl: IIPEIIOKEHO CXeMy YCHIHMTEIs OHONOTEHIMAIOB CO CieAsiieil oOpaTHOH CBS3bI0 IO TNUTAHWIO; IPOBEACHO
MOJZICIUPOBAHUS MHAMUYECKUX IPOIECCOB CPEACTBAMH IporpammMsl Multisim; Ha OCHOBE IOCTPOCHHON MOJAENIH BXOZHOI Ienu
9NEKTPOA-KOKa U MOJNYYCHHBIX aHATUTHYECKHX COOTHOILICHHI paccuuTaH KO3()(GHIMEHT PEXEKIHN BXOTHOW LIENH SKBUBAJICHTHON
cxeMbl; COpMyNHpOBaHBI TpPeOOBaHMS K MOIYJIIO PETHCTpalliM CHrHajda. BbIBoabI: PacCMOTpeHHBII BapHaHT —CXEMBI
npeobpa3oBaTensi 3MEKTPOMHOrpadhUIEeCKUX CUTHANA Ha OCHOBE CIEASIINH CBSA3HM MO MUTAHUIO MO3BOJISET 3G (EKTUBHO MOIABIATH
cuHbaznyro nomexy 50 I'i. Ha ocHOBe OCTpoeHHO SKBUBAJIEHTHOW MOJEIHM BXOJHOMW LIETIH YCHIIMTENS HONYyYEeHBl TEOPETHIECKHe
COOTHOILIEHUE JUIsl pacdeTa Kodh(HUIHUEHTa PpeKEKIUH TakuxX ycuiaurteneld. Cxema MpoMoJearpoBaHa B cpele mporpammsl Multisim,
pe3ynpTaThl MOATBEPIWIM S(GQEeKTHBHOCTE ee (yHKunoHupoBaHHsA. ChopMyIHpoBaHBI TPEOOBAHUS K MEXKIIEKTPOIHOMY
PAacCTOSIHUIO ¥ TOJIIMHE CaMUX ODJEKTpoJoB. IlomydyeHHbIE pe3ynbTaThl MOTYT OBITh HCIIOJB30BAaHBI JUISI HPOEKTHPOBAHHS
KOMIIJIEKCOB aJJaITUBHOI HJIEKTPOCTHMYIISIIUH.

KiroueBbie c10Ba: yCWIHTEIb OHOMOTEHIMAIOB; MOJIE3HBII CUTHAI; TIOMeXa; MBIIIIA; CHCTEMa 3JIEKTPO/IOB; MOJICIUPOBAHHE;
Multisim.
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TECHNOLOGY FOR CREATING THE TOPOLOGY OF PRINTED CIRCUIT
BOARDS USING POLYMER 3D MASKS

The subject of research is the influence of factors of exposure of two-dimensional images on the topology of conductors in the
manufacture of printed circuit boards by the method of three-dimensional polymer photomasks. The purpose of the work is ensuring
the accuracy and preservation of the geometric dimensions of the conductors of printed circuit boards during LCD exposure of masks
on the work piece. To achieve this goal, it is necessary to solve the following tasks: to analyze photolithography technology and types
of polymer 3D printing; to develop a technological process for exposing photopolymer masks to a printed circuit board blank using
3D printing technologies; to conduct experimental studies to determine the optimal exposure parameters; on the basis of the empirical
results obtained, to calculate the correlation coefficients of the factors for recall; to construct a linear regression model of the
dependence of the deviations of the geometric dimensions of the printed conductors on the parameters of solutions for etching and
exposure conditions. Results: The constructed regression models will become the basis for creating a software database that optimizes
the initial images of the topology of printed conductors in the automated production of printed circuit boards. This will simplify the
process of developing the topology of printed circuit boards, taking into account the real influence of the parameters of the
technological operations of etching and exposure on the thickness of the tracks of the conductors of the printed circuit boards, which
will reduce the proportion of rejects in the manufacture of single- and double-sided printed circuit boards. Conclusions: an LCD
exposure technology and a method for studying the effects of exposure factors on the quality of printed circuit board topology are
proposed, which provide sufficient empirical data to create regression models for calculating the influence of technological factors on
the final dimensions of conductive paths in the production of printed circuit boards. Further development of the proposed technology
will make it possible to manufacture rigid and flexible printed circuit boards completely, with conductive paths, a dielectric base,

electronic elements that can be used in various devices.

Keywords: printed circuit boards; exposure; polymer photomasks; etching solution; LCD printing; regression analysis;

topology; conductor image adaptation.

Introduction

Problem statement and research purpose

Modern development of technologies in the field of
instrument making is aimed primarily at miniaturization of
devices and integration in one device of a large number of
modules, which in turn leads to the need to miniaturize
both products as a whole and their individual components,
components and printed modules [1]. Miniaturization of
the device involves both reducing the size of electronic
elements and the dimensions of printed circuit boards
(PCBs) [2]. The process of manufacturing boards using
photolithography technology is time consuming and
requires additional costs of materials and equipment to
create stencils, the use of which in turn does not
allow you to quickly adjust production to create new
products. Modern automated production is characterized
by the lack of such flexibility, which is their significant
disadvantage. One of the ways to solve these problems
can be the development of methods for adaptation and
optimization of technological parameters of exposure of
the topology of the PCB, using additive 3D printing
technology, in the manufacture of single-sided and
double-sided PCB, made on the basis of foil fiberglass and
getinax blanks without the use of photoresist films. Thus,
this approach can provide not only a solution to the
problem, but also provide the necessary parameters of the
product, such as:

- preservation of geometric dimensions of the PCB
topology;

- accuracy of positioning of conductors;

- ensuring the electrical reliability of PCBs;

- preservation of mechanical stability of conductors;

- avoidance of defects in the PCB topology.

The main task of the study is to develop a technology
for creating a conductive topology of printed circuit
boards using SLA and DLP 3D printing technologies. To
solve this problem, it is necessary to perform the
following:

- to assess the capabilities of traditional technologies
for the production of printed circuit boards;

- to analyze modern methods of 3D printing with
photopolymer resins - this will serve as a justification for
the new method proposed in this article;

- to develop on the basis of the analysis of 3D
printing technology and the principle of operation of the
device for LCD exposure;

- to conduct a series of experiments and identify the
dependence of the accuracy of the geometric dimensions
of the PCB topology on the technological parameters of
exposure;

- to compare the quality of PCB conductors made
with 3D masks and conductors made with a film
photoresistor.

The end result is to obtain empirical data on the basis
of which a correlation-regression model of the influence
of technological parameters of printing on the preservation
of the initial geometric dimensions of the topology of
printed conductors is built.

Research and analysis of the obtained results

At the initial stage of the photolithography process,
the treated surface is covered with a photoresist, which is
applied with an aerosol, or by gluing a photosensitive
polymer film. Then through the photomask, with the set

© I. Nevliudov, E. Razumov-Fryzyuk, D. Nikitin, D. Bliznyuk, R. Strelets, 2021
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topology of the board, the photoresist is illuminated.
Next, the exposed areas are removed in the developer. The
obtained pattern on the photoresist is used for further
technological stages: etching, electrodeposition, vacuum

spraying or others. After one of these processes, the
remnants of the photoresist in the development are also
removed (fig. 1).

T

Photoresist Mask
Thin im omconng R o et
e
E——
Substrate Soft backing Substrate Exposure Substrate
Development - - Etching - - Resist removal
- 2 I
Hard backing Substrate Substrate
Substrate
Fig. 1. Simplified photolithography scheme for printed circuit boards
Exposure can be performed both with the use of a  automation is required, which ensures control and
photo template and without it (hon-mask lithography). In  synchronous operation of all main and auxiliary
the latter case, the image on the photoresist is formed equipment.

directly by the movement of the laser spot, or by an
electron beam or a group of them focused on the surface
of the photoresist. When using photo templates, projection
exposure methods are more often used, when the image
from the photo template is transferred to the photoresist,
using a system of optical lenses.

Thus, the process of photolithography consists of
successive stages: the application of a photoresist on the
product and the subsequent exposure of the photomask on
the treated surface, followed by etching. Each stage
requires highly specialized equipment and consumables.
Expensive, difficult to maintain, dimensional machines
(such as installations for direct exposure) cannot be used
in the production process of small businesses.

In mass production, each stage takes a significant
amount of time, for example, when applying a photoresist
by aerosol requires time to dry the products. Also, as a
result of an operator error or technical failure of the
equipment, defects in the product may occur at each stage.
To minimize these negative factors, a higher level of

SLA

=
=

Fig. 2. Types of photopolymer 3D printing technologies

DLP

Digital Light Processing

) @ ¢

In addition, at the stage of etching, geometric
deviations of the obtained image from the original PCB
topology are possible, for example, etching of conductor
tracks.

The advent of additive manufacturing technologies
(3D printing) allows a new look at the solution to this
problem. Photopolymer printing technologies can be used
to mask certain areas of the foil dielectric and subsequent
etching of the conductor system. This equipment allows
quick readjustment for the production of new products,
while ensuring high manufacturing accuracy [2].

One of the most popular printing technologies for
precision prototyping is printing technology with
photopolymer resins and powder materials, which in
comparison  with  other  additive  manufacturing
technologies allow to produce parts for various purposes
with high accuracy and detail.

There are several technologies for illuminating the
polymer in photopolymer printers. From them it is
possible to define the three basics (fig. 2) [3]:

LSD

Liquid Crystal Display
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1) SLA technology (Selective Laser Sintering). The
method of additive production (3D-printing) called
"stereolithography" is the sequential polymerization of
thin layers of liquid photosensitive polymer by a low-
power ultraviolet laser beam. In the working capacity of
the 3D printer there is a platform immersed in liquid resin.
Initially, the platform is near the surface of the polymer,

build platform

cured resin

resin tank
UV curable I |

-

lens laser

laser beam

mirror for XY
coordination

Fig. 3. Scheme of SLA printer operation

Under the influence of a laser, the power of which is
relatively small, which makes the printer cheaper than
devices working with powder materials SLS, SLM, etc.,
the polymer hardens, forming the walls of the future
product. Thus, the model is created entirely layer by layer.
If it has hinged elements, then supports are built for them
from the same polymer, which are then mechanically
removed. Support in the model is provided and created in
CAD-programs at the design stage of the model.

The advantage of this technology: the ability to build
large models; high accuracy; the ability to build models of
any shape and design; low percentage of material
consumption; low operating noise [3].

Disadvantages: the use of photopolymer, which is
more expensive than other materials; high cost of the
printer; the need to ensure a high class of accuracy when
building a printer (ensuring the correct angle of the

Stage

Photopolymer

Built vat

Projector

Fig. 4. Scheme of DLP printer operation

covered with a thin layer of 20 microns to 150 microns, on
which the laser begins to form a layer of detail [4-5].

The model is cut into thin layers equal to the
resolution of the printer along the vertical axis. After
creating one layer, the printer immerses the platform in
the thickness of the new layer of the model (from 10 pum
to 150 um) and creates the next layer (fig. 3).

mirror); the need for precise mechanics (accuracy of the
location of the bath at the level of one layer from the
surface to the platform); the need for frequent printer
maintenance;

2) DLP technology (Digital Light Processing). The
principle of operation of 3D printers using 3D printing
technology DLP is similar to the operation of the projector
[5-6]. The polymer turns into a solid form under the action
of light of the visible spectrum and the whole layer is
illuminated at once. The light flux is modulated by
micromechanical mirrors, each of which is controlled
separately. Depending on the position of the mirror, the
light either passes to a given point of the layer or not.
Thus, the machine has a fixed logical extension - the
number of points in the XY coordinates. Their physical
size depends on the distance from the radiation source in
the system of micro mirrors is the model (fig. 4).
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The disadvantage of this technology is the
dependence on the working area of the projector and the
accuracy of the XY axis. Such projectors have a high
price, which is also a disadvantage. Use only with a
personal computer or microcomputer that controls the
projector and control board. It can be large with a small
work area to provide the required distance from the
projector lens to the bath.

Build plate platform

Supports

LCD panel

Image projection window

Digital Micro-mirror

Fig. 5. Scheme of LCD printer operation

The photopolymer is illuminated by an LED matrix,
the image is formed due to the LCD display, which
displays the cross section of the molded part frame by
frame. If the differences between classic SLA technology
and DLP and LCD are obvious, then DLP and LCD
lighting technology are often confused, which is incorrect,
because each of these technologies has its own
characteristics that affect the capabilities of the printer,
print quality.

The disadvantage of this technology is the
dependence of the work area on the screen size, accuracy
depends on the screen and its size, today there are no more
than 10 inch screens on the market, and with such a screen
even with 8K resolution less than 50 microns’ pixel size is
impossible. Also a relative disadvantage is finding the
screen directly under the bath. The bath consists of an
aluminum body and a film with a thickness of 50-150

Table 1. Comparison of SLA, DLP and LCD technologies [9-10]

The advantages are: low cost compared to SLA
technology; the need for less accurate manufacturing of
components; high print speed due to high projector lamp
power [7].

3) LCD technology. The printer with illumination of
a photopolymer by a light-emitting diode UV matrix with
use of the LCD display as a mask (fig. 5).

Cured Resin

Resin

VAT (tank/reservoir)

microns, which with minor mechanical damage can pass
photopolymer resin, which will get on the screen and
electronics and lead to possible fire or damage to the
printer [8].

The advantages of this technology are low cost, ease
of maintenance and extensive upgrade options. Compared
to DLP technology, the advantage is the absence of image
distortion on the work area.

As a result of comparison it is possible to draw a
conclusion that these three kinds of technology today have
a wide field of use, each of which occupies the niche in a
life and production. But LCD technology today has the
greatest development, thanks to which it has great
scientific interest in research and improvement of
technology and its use. In the table 1 SLA, DLP and LCD
technologies are compared [7-8].

Technology

Features

1. XY print area size

SLA Not limited, the higher the print area, the lower the speed (the beam must have time to "run around" a large area)

DLP Unlimited, the higher the print area, the lower the print speed and the lower the printer resolution

LCD The print area is tightly tied to the size of the LCD display

2. Print speed

SLA The slowest of the three technologies. This is due to the consistent illumination and low power of the laser

DLP The fastest is due to the high power of the projector

LCD "Average" print speed. Print speed is related to the power of UV matrices. The power of the matrix can not be
increased indefinitely, because powerful matrices require powerful cooling and begin to "punch" the "stencil"
from the LCD display
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The end Table 1.

3. Parasitic illumination along the Z axis

SLA Minimal

DLP Maximum. High illumination is associated with both the high power of the projector lamps and the greater share
of long-wave actinic radiation in the spectrum

LCD Average

4. Parasitic illumination along the XY axis

SLA Minimal

DLP Properly focused, it is minimal, but higher than SLA

LCD Maximum. Strong parasitic illumination is associated with the illumination of neighboring pixels due to the

imperfection of the focus of the UV matrix system (more precisely, with its complete absence of light on the
mask falls at different angles). This shortcoming is likely to be corrected in the future.

5. Factors affecting the resolution (in addition to the properties of the polymer and the thickness of the layer)

SLA 1) Laser spot diameter and spot positioning accuracy. Typical values from 100 microns to 200 microns (for a
laser spot), from 40 microns to 20 microns (positioning accuracy)
2) on 3D printers with SLA technology you can print, for example, objects with very thin - vertical walls with a
thickness of only 100 microns, a horizontal layer - about 30-50 microns

DLP/LCD 1) Pixel size and focus accuracy. Typical resolution - 1920x1080, respectively, the pixel size depends on the
print area on XY
2) Lower resolution compared to SLA printers, because the image in them is formed through a pixel matrix
(from 33 um to 47 um), which does not allow to achieve smoother contours of the part compared to SLA
technology

6. Price

SLA In the range of $2500-5300, "professional” - from $5300 and above

DLP $ 4,000 and up

LCD $ 400-700

The use of these 3D printing technologies will create
a camouflage layer on the foil dielectric for further
etching. Photopolymer resins, which are chemically inert
to most herbalists, are used as masking material. Thus,
due to the technologies of photopolymer 3D printing, it is
possible to create a fully finished mask of the required
thickness and configuration.

The use of 3D-printing will allow to produce PCBs
that meet the requirements of accuracy classes DSTU
53429-2009 (table 2) from the first to the seventh, on the
indicator "Width of conductors”, and from the first to the
fifth class on the indicator "Distance between conductors”,

examples are microcontroller boards based on Arduino
and Raspberry. Such limitations are due to the very
physics of the processes used in 3D printing technology.

For the practical implementation of the considered
technologies it is necessary to develop software that
allows to control the exposure process, to adapt the
topological pattern of the PCB taking into account the
technological parameters and possible manufacturing
defects.

Let’s consider the process of photoexposure using
DLP technology and the proposed design of the "mask"
printer (fig. 6).

Table 2. Accuracy class of printed circuit boards according to DSTU 53429-2009

Name of the parameter

The smallest nominal size values for the accuracy class

1 2 3 4 5 6 7

Conductor width 0,75 0,45 0,25 0,15 0,10 0,075 0,050
The distance between the conductors 0,75 0,45 0,25 0,15 0,10 0,075 0,050
Warranty belt contact pad 0,30 0,20 0,10 0,05 0,025 0,020 0,015

The presence of a metal coating

The maximum dimensional deviation produces the figures for the accuracy class

1 2 3 4 5 6 7
Without coverage +0,15 +0,10 +0,05 +0,03 +0,03 +0,02 +0,015
Coated +0,25-0,15 | +0,15-0,10 +0,10 +0,05 +0,03 +0,02 +0,015
Type of printed circuit board Position tolerance of the location of the printed conductor for the accuracy class

1 2 3 4 5 6 7
UPCB, BPCB, MPCB (outer layer) 0,20 0,10 0,05 0,03 0,02 0,01 0,005
MPCB (inner layer) 0,30 0,15 0,10 0,08 0,05 0,02 0,01
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Fig. 6. The design scheme of the "mask" printer based on DLP technology: 1 - vertical axis carriage;2 - carriage of the horizontal axis;
3 - stepper motor of the horizontal axis; 4 - the engine of the rotary mechanism;5 - the basis of the mechanism for capturing boards; 6
- gripping mechanism; 7 - blank; 8 - photopolymer resin;9 - bath for photopolymer; 10 - box for polymerized blanks; 11 - ball-screw
transmission (KGP); 12 - stepper motors of vertical axes; 13 - transparent film of the bottom of the bath; 14 - optical system of

mirrors; 15 - DLP projector.

The horizontal carriage (2), on which the gripping
mechanism (6) is mounted, captures the foil getinax or
fiberglass blank (7), moves along the horizontal axis by
means of KGP (11) and stepper motor (3).

Reaching the desired horizontal position and
descending by means of KGP (11) and stepper motors of
the vertical axis (12), the carriage transfers the work piece
(7) to the bath (9) with photopolymer resin (8), lowers the
work piece to a depth of 20 um from the transparent
bottom baths (13). Then the DLP projector with UV
radiation (15) is turned on, through the optical system of
mirrors (14) the image is fed to the transparent bottom of
the bath (13). As a result of resin polymerization, under
the action of radiation, the illuminated areas of the
topology harden and stick to the work piece, thus creating
a stencil of the future board. The carriage with the
polymerized work piece rises up. The rotary mechanism

(4) tilts the work piece several times smoothly, at a small
angle, so that the excess uncured resin flows into the bath.
The finished work piece is moved to a container (10) with
isopropyl alcohol for purification from liquid polymer
residues. At the next technological stage, the blanks of the
boards are etched, after which the photopolymer masks
are removed from the blanks.

The use of these 3D printing technologies will create
a masking layer on the foil dielectric for further etching.
Photopolymer resins, which are chemically inert to most
herbalists, are used as masking material. Thus, due to
photopolymer 3D printing technologies, it is possible to
create a fully finished mask of the required thickness and
configuration.

When using photopolymer 3D-printing technologies,
it is possible to simultaneously perform the stage of mask
application and exposure (fig. 7).

Classic stages of photolithography

Z-App“cation of 3. Exposure 4. Etching S. Cleaning
1. Blank the photoresistor
Foil blank Photoresistor Mask . ' . . . . . . ' '
L B P 00

- N RITRY

Exposure with SLA, DLP, LCD technology

Photopolymer

_—

Fig. 7. Stages of 3D exposure of masks

This approach can be implemented using SLA or
LCD printing technologies and has the advantages of:

- the installation directly exposes the set topology on
the work piece, without prior application of photoresist
films or aerosols;

o [l = il

- there is no need for two separate installations for
drawing a photoresist and exposure - everything is carried
out simultaneously on one installation, it allows to unload
production areas;

Screen
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- since the exposure time of the photopolymer is
from 6 to 14 seconds, which is less than the exposure time
of the photoresistive films, thus increasing the
productivity.

Exposure with LCD technolgy

Based on this, an experiment was conducted to
manufacture a PCB using LCD technology. The created
3D topology of conductors (PCB 40 x 40 mm) was
transferred to foil fiberglass (brand SF DSTU 10316-78)
and etched in a solution of ferric chloride (FeCI3) (fig. 8).

Surface preparation
O, 40,

‘@ Etching G Cleaning

-»Q-»ﬁ

Fig. 8. Manufacturing of PCB topology using LCD printer

Plexiwire Resin Basic Orange Transparent
photopolymer resin was used to make the sample, which
was chosen due to its high mechanical and technological
parameters: short exposure time; minimum layer
thickness; no harmful effects on staff; slight shrinkage
during polymerization; high resistance to chemical
reagents.

In the first experiment, the adhesion of the
photopolymer resin to the foil blank was tested. The result
shows the resistance of the photopolymer resin to the
effects of ferric chloride and high-quality adhesion to the
surface, but there is a deviation of = 0.06 mm at a base
conductor size of 2 mm.

This is due to the long duration of illumination of the
photopolymer in the first experiment, namely 17 seconds.
The obtained result allowed to make the following
assumptions:

1) there is a linear dependence of the geometric size
of the conductors on the duration of illumination. The
longer is the illumination time, the greater is the deviation
of the size to the larger side, respectively, at a shorter
illumination time - the deviation is less [12];

Table 3. Deviation of geometric dimensions

2) at low light intensity, the photopolymer resin may
not be sufficiently polymerized. Thus, insufficient
ultraviolet radiation can lead to poor adhesion to the work
piece, which can lead to etching of the conductors and
reduce the size of the conductors [12-13];

3) the greater is the height of the base layer of the
photopolymer mask, the greater is the gap between the
screen and the work piece, which can lead to greater
diffraction of light flux, in accordance with the greater
parasitic illumination of the conductors [12].

To verify these assumptions, 40 measurements of the
deviation of the obtained dimensions from the original
geometric were performed and a linear regression model
was built taking into account the following parameters:

- duration of illumination of resin - from 7 to 16
seconds;

- radiation intensity: maximum - 2800 Im and
minimum - 1600 Im;

- the thickness of the base layer is 20 um and 50 um.

The results of measuring the deviations of the
obtained dimensions from the original geometric
dimensions, to build a model of linear regression, are
shown in the table 3.

Layer thickness, 20 um
Intensity of a light stream, 1600 Im
Polymerization time, s 7 8 9 10 11 12 13 14 15 16
Deviation, mm 0,008 | 0,010 | 0,011 | 0,012 | 0,014 | 0,017 | 0,026 | 0,032 | 0,046 0,052
Layer thickness, 20 um
Intensity of a light stream, 2800 Im
Polymerization time, s 7 8 9 10 11 12 13 14 15 16
Deviation, mm 0,009 | 0,01 | 0,012 | 0,013 | 0,015 | 0,021 | 0,028 | 0,035 | 0,048 0,057
Layer thickness, 50 um
Intensity of a light stream, 1600 Im
Polymerization time, s 7 8 9 10 11 12 13 14 15 16
Deviation, mm 0,009 | 0,011 | 0,012 | 0,012 | 0,016 | 0,022 | 0,029 | 0,036 | 0,052 0,061
Layer thickness, 50 um
Intensity of a light stream, 2800 Im
Polymerization time, s 7 8 9 10 11 12 13 14 15 16
Deviation, mm 0,01 | 0,013 | 0,015 | 0,018 | 0,024 | 0,03 | 0,037 | 0,055 | 0,063 0,067

We enter the obtained data to perform basic linear
regression analysis of exposure parameters in the program
IBM SPSS Statistics. Fig. 9 graphically shows the

dependence of the deviation of the basic dimensions of the
PCB conductors from the exposure time [14-15].




Cyuacnuti cmamn HayKo8ux 00CIIONCeHb ma mexnonozit 6 npomuciosocmi. 2021. Ne 1 (15)

ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

Dispersion diagram
Dependent variadle: Deviations

0600

0400

Deviations

0200

0000

-2 A 0 1 2

Regression Standardized Predicted Value

a)

Histogram

Dependent Variable: Deviations

Mean = -1 07E-13
Std. Dev. = 0.987
N=40

Frequency

2 -1 o 1 2 3

Regression Standardized Residual

b)

Fig. 9. The results of deviations of the geometric dimensions of the PCB with increasing values of the parameters: a) a graph of the
deviations from a series of experiments; b) diagram of the normal distribution

Using the calculations "Summary for the model", we
obtained the value of the coefficient of determination "R"
- 0.936. This indicator corresponds to the values

For greater accuracy of the test, the obtained result is
listed on the model with non-standardized predicted
values (fig. 10, a) and the correlation of deviation

calculated by the model (linear regression) and the results  parameters from standardized values (calculated
obtained during experimental studies. deviations) is calculated (fig. 10, b and 10, c).
Model summary
Standard Statistics change
Adjusted R- error of Change R Significance
Model R R-square square estimation square Change F st.1 st.2 change F
1 19367 877 B67 0065548 877 85585 3 36 ,000
a. Predictor: (constant), Intensity, Thickness, Time
a)
Normal P-P Plot of Regression Standardized Residual
i Dependent Variable: Deviations
@
(]
08
2
o L
T Correlation
£ 06
3 Unstandardiz
5 loe ot ed Predicted
2 Deviations Yalue
o 04 -
2 Deviations FPearson correlation 1 836
w
°° Significance (two-way) | | ,0oo
02 fo00® N 40 40
® " Unstandardized Pearson correlation ,936“ 1
.' Fredicted Value =
Significance (two-way) | ,ooo |
%0 02 04 08 08 10 M 40 A0

Observed Cum Prob

b)

** Correlation iis significant atthe level 0,01 (two-way).

c)

Fig. 10. The results of calculations of coefficients: a) consolidated models; b) regression line; c) correlation of values

The value of "R" in the recalculation is equal to
0.936, which proves that there is a correlation between the
obtained and predicted values.

The coefficient of multiple determination "R?" is
equal to 0.877. This means that the parameters included in
the system, 87.7% affect the result. The adjusted

coefficient "R?" is equal to 0.867 or 86.7%. The standard
estimation error is 0.0065548.

According to the table ANOVA (fig. 11) we test the
hypothesis of equality "R?' = 0. Since the level of
"Significance" <0.05, it confirms the accuracy of previous
results.
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ANOVA?
Sum of Medium
Model squares st. square F Significance
1 Regression 011 3 004 85,585 000"
The remaider 002 36 ,000
Total 013 39

a. Dependent variable: Deviations
b. Predictors: (constant), Intensity, Thickness, Time

Fig. 11. Results of significance calculations

factors. To search for "Beta-coefficients”, the calculation
will be performed using standardized values of "Z-points".

This is necessary to make sure that the standardized
values and the non-standardized one’s match (fig. 12).

To determine the weight of each variable, we use the
"Beta-coefficient”, which shows how much the value of
the parameter changes from an increase of one of the

Coefficients?®

Standardized
coefficients

Non-standardized coeficients Bela Correlations
Standard
Modd B error T Significance Zero order Partly Component
1 (Constant) 2 456E-16 ,058 ,000 1,000
Zscore(Time} 913 058 913 15,621 ,000 913 934 9213
Zscore(Thickness) 164 058 164 2,798 008 164 423 164
Zscore(Intensity) 130 ,058 130 2,219 033 130 347 130

a. Dependent variable: Zscore(Dewvations)

Fig. 12. Results of calculations of "Beta-coefficients"

Based on the level of significance of the coefficients,
it is possible to compare whether the "Beta-coefficient™ of
this factor differs from zero. In this case, all values of
"Significance" are less than 0.05, which proves that all the
factors that are included in the model are true.

The results of the Pearson correlation of response
factors are shown in fig. 13.

Correlations

Deviations Time Thickness  Intensity

Deviations  Correlations Pearson 1 91 3" 164 130

Meaning (doudle-sided) ,000 313 425

N 40 40 40 40

Time Correlations Pearson 91 9y 1 000 000

Meaning (doudle-sided) ,000 1,000 1,000

N 40 40 40 40

Thickness  Correlations Pearson 164 000 1 000

Meaning (doudle-sided) 313 1,000 1,000

N 40 40 40 40

Intensity Correlations Pearson 130 ,000 ,000 1
Meaning (doudle-sided) 425 1,000 1,000

N 40 40 40 40

**_Correlation Is significant at the level 0,01 (douhle-sided).

Fig. 13. The results of Pearson's correlation calculations

Conclusions

Experiments show that when using the technology of
photopolymer 3D printing, it is possible to transfer the
image of the topology on the PCB, combining the
processes of photoresist application and exposure of the
topology simultaneously in one installation. In the course
of experiments and construction of a linear regression

model, in contrast to the results of classical photoresist
films, good adhesion of the polymerized photopolymer to
the surface of the PCB blank was observed, as a result of
chemical etching avoided etching of track ends (fig. 14).

a) b)

Fig. 14. Comparison of the results of the ends of the tracks after
etching PCB a) the ends of the tracks of the conductors using a
photopolymer mask; b) the ends of the conductor tracks using
photoresist film
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Based on the obtained values of "Beta-coefficients" it
is possible to make conclusions:

- an increase of one unit of time affects the increase
in the value of the deviation of the dimensions by 0.931;

- an increase of one unit of radiation intensity affects
the increase in the value of the deviation of the
dimensions by 0.130;

- an increase of 30 units of thickness affects the
increase in the value of the deviation of the dimensions by
0.164;

This proves that the most important factor in 3D
exposure is time. That is, the regression equation is as
follows:

Y =hy +byxg +by%, +byxg = _ 1)
=0,11+0,931x, +0,130x, +0,164x, '

where Y is a factor of deviation of geometric dimensions of
PCB topology; by, b, b,, by — coefficients of linear

regression of the influence of parameters on the factor; x,,
X,, X3 — parameters of influence on the factor.

However, in further research, it will be possible to
include additional factors in the model and build a more
accurate regression model that can be used in the
development of software for 3D-exsonation of PCBs.

Graphs of the dependence of the influence of
technological parameters on the geometric dimensions of
the conductor topology are shown in fig. 15.

Thus, the use of additive 3D printing technologies
allows:

- significantly simplify and reduce the cost of
manufacturing PCBs, eliminating from the production
process the stage of applying a photoresist to the work
piece;

- use production areas more efficiently;

- adapt the original PCB topology, taking into
account the influence of technological factors (in the
presence of appropriate software);

- to achieve high accuracy of manufacturing of
conductors.

Further development of the proposed technology will
allow to manufacture rigid and flexible PCBs completely,
with conductive tracks, dielectric basis, electronic
elements that can be used in various devices.
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TEXHOJIOT'ISI CTBOPEHHSA TOHOJIOTTT IPYKOBAHMX ILTIAT 3A
JOITOMOI'OIO ITOJIIMEPHHUX 3D MACOK

[peamerom 10ciHKEHHS € BIUTUB (PaKTOPiB €KCIIOHYBAHHS IBOBHMIPHUX 300pa)KeHb Ha TOIOJIOT1IO MPOBIAHUKIB IPU BUTOTOBJICHHI
JIPYKOBaHHX IIaT METOAOM TPHBHMIPHHX IoiiMepHHX (oromacok. Mera poboTn — 3abe3nedeHHS TOYHOCTI Ta 30epexeHHS
TEOMETPUIHUX PO3MIpIB IPOBIMHUKIB ApyKoBaHUX IutatT pu LCD ekcrioHyBaHHI Macok Ha 3aroToBKy. I JOCSATHEHHS ITOCTaBIEHOT
METH HEOOXiJHO BUPIIINTH HACTYIHI 3aBJAaHHS: IPOAaHAII3yBaTH TEXHOJIOTiIO QoToiitorpadii Ta Buam momiMepHoro 3D mpyky;
PO3pOOUTH TEXHOJIOTIYHUH IIpOLEeC €KCIOHYBaHHS (OTOIOJIIMEPHHX MAacOK Ha 3arOTOBKY IPYKOBAHOI IUIATH, BHKOPHCTOBYIOUH
texHoinorii 3D npyky; mpoBecTH eKCIepUMEHTaNbHI AOCHIIKEHHS A BU3HAUCHHS ONTHMAIBHHUX MapaMeTpiB €KCIOHYBaHHS; Ha
OCHOBI OTPUMAaHHX EMIPHYHUX PE3yJbTATiB po3paxyBaTH Koe(illieHTH Kopemswil (akTopiB Ha BiAryk; moOyIdyBaTH IiHiHHY
perpeciiiHy MoJenb 3aleXHOCTI BIIXWIEHb I'€OMETPUYHUX PO3MIpIB APYKOBAaHMX MPOBIIHHUKIB BiJl HapaMeTpiB PO3UUHIB IS
TpaBJCHHS 1 yMOB CKCIOHYyBaHHA. Pe3yjbTaTu: moOymoBaHi perpeciiiHi MoJeni AaloTh MOXIIHMBICTh CIPOTHO3YBAaTH BIUIMB
TEXHOJIOTIYHAX MapaMeTpiB eKCIIOHYBaHHS HA TOYHICHI MOKa3HUKH T€OMETPHYHHX PO3MIpIB TOIOJOTIi HPOBITHUKIB JPYKOBAHUX
wiatr npu 3D macounomy BurotoBneHHI npu LCD excroHyBaHHI, ONTHMIi3yIO4OTO BHXIiIHI 300pa’keHHs TOIOJOTII APYKOBaHUX
IIPOBIHUKIB IIPH aBTOMAaTH30BaHOMY BHPOOHHMIITBI IpyKOBaHUX wIaT. Lle cnpocTrTs mporec po3poOKH TOMOIIOTIT IPYKOBAaHHX IIAT 3
YpaxyBaHHSIM peaJbHOTO BIUIMBY IIapaMeTpiB TEXHOJOTIYHUX OIlepamiii TpaBiIeHHS i EKCIOHYBaHHS HA TOBIIUHY JOPIKOK
MIPOBIAHUKIB APYKOBAHUX ILJIAT, [0 3MEHIIUTH YacTKy OpaKy IpH BUTOTOBJICHHI OJJHOCTOPOHHIX Ta ABOCTOPOHHIX JPYKOBaHMX ILIAT.
BucHoBku: 3anpornonoBana texHosoris LCD ekcrioHyBaHHS Ta METOJ JOCIIDKEHHS BIUTHBIB (paKTOPIiB €KCIIOHYBaHHS Ha SIKICTh
TOMOJIOTi] JPYKOBAaHMX IUIAT, SKi JAIOTh JOCTATHI €MIIIPUYHI NaHHI Ui CTBOPEHHS PETPECIHHUX MOJIENCH pPO3paxyHKY BIUIUBY
TEXHOJIOTIYHUX (DaKTOPiB Ha KiHIEBI pO3MIpH MPOBIAHUKOBUX JAOPIKOK MPH BUPOOHUNTBI IpyKOBaHHUX IUIaT. [loganpmmii po3BUTOK
3aIPOIIOHOBAHOI TEXHOJIOTI] JI03BOJIMTh BHUTOTOBJIATH JKOPCTKI Ta THY4Ki JIIl TOBHICTIO, 31 CTPYMONPOBIAHUMH JOPIXKKAMH,
JeIEKTPHYHOI0 OCHOBOIO, Pa/IiOCIEKTPOHHUMH €JIEMEHTaMH, SIKI MOXKYTh 3aCTOCOBYBATHCS B Pi3HUX MPUCTPOSIX.

KunrouoBi ciioBa: 1pykoBaHi IuIaTH; eKCHOHYBaHHS; MoTiMepHi GoTomacky; po3unny Juist TpasieHHs; LCD npyk; perpeciiuuit
aHaJTi3; TOTIOJIOTIsA; ajanTallis 300paXeHHs MPOBITHUKIB.

TEXHOJIOI'MA CO3JAHUSA TOITOJIOT'MA TIEYATHBIX IIVIAT C IOMOIIbIO
MHOJIMMEPHBIX 3D MACOK

IIpenMeToM ¥cciie1oBaHus SIBISETCS BIMSHAE (PAKTOPOB SKCIIOHUPOBAHUS IBYMEPHBIX H300paKCHUH HA TOIOJIOTHIO TIPOBOIHUKOB
IIPY M3TOTOBJIECHHUM TI€YATHBIX IUIAT METOAOM TPEXMEpPHBIX MoIuMepHbIX (oromacok. Ienas paboTsl — obecrieueHne TOYHOCTU H
COXPAHEHUSI T€OMETPHYECKUX Pa3MEpOB IPOBOJHUKOB He4aTHbIX MiaT npu LCD 3KCIOHMpOBaHMM MAacoK Ha 3aroToBKy. [l
JOCTIDKCHUS TIOCTaBICHHOH 1€ HEOOXOANMO PEIINTh CIeAYIOIINe 3aJaHus: IPOAHATU3UPOBATh TEXHOIOTHIO (oTomuTorpadhun u
Bubl nonmuMmepHoi 3D mewartw; pa3paboTaTh TEXHOJIOTWYECKHH MPOIECC SKCIOHUPOBAHUS (HOTOMOIMMEPHBIX MAcOK HAa 3arOTOBKY
NeyaTHOM IUIaThl, HMCHONB3ys TexHoiormu 3D medaTH; NpoOBECTH OKCHEPHMEHTAJbHBIE HCCIENOBAaHUS IS  ONpPEACIICHUS
ONTHMAJIBHBIX IAPaMETPOB JKCIOHHMPOBAHMS; HA OCHOBE MOJIyYEHHBIX SMITUPHYECKUX PE3yJIbTATOB PAaCCUUTATh KOIPPHIHMEHTHI
KOppeJsiMU  (pakTOPOB Ha OT3BIB; MOCTPOHUTH JIMHEHHYIO PErpecCHOHHYI0 MOJENb 3aBHCHMOCTH OTKJIOHEHUH TI'€OMETPHYECKHX
pa3MepoB IMEYaTHBIX IMPOBOJHHKOB OT IIapaMeTpOB PAcTBOPOB MJIsI TPaBIEHUs U YCIOBUM SKCIIOHUpOBaHUA. Pe3yabTaThbl:
IMocTpoeHHBIE pETrpecCHOHHBIE MOJENH CTaHYT OCHOBOW U CO3MaHUS 0a3bl JAHHBIX IPOTPAMMHOTO  OOECHedeHWUs,
ONTHMHU3HPYIONIETO HCXOJHBIE H300paKeHUsI TOMOJIOTMH IEYaTHBIX IPOBOAHHKOB MPH aBTOMAaTH3MPOBAHHOM IIPOHM3BOJICTBE
MEeYaTHBIX IIIaT. DTO YIPOCTHT IPOIECC Pa3padOTKM TOMOJNOTMH TEYaTHBIX IUIAT C YYeTOM pPEeaJbHOTO BIHMSHUS IapaMeTpoB
TEXHOJIOTHYECKUX ONEpariii TPaBICHUS M SKCIIOHMPOBAHMS HA TOJIIHHY JOPOXKEK IPOBOAHUKOB MEYATHBIX IUIAT, YTO YMEHBIIUT
J0JTI0 Opaka IMpH W3rOTOBJICHHH OJJHO- U IByCTOPOHHHX IeYaTHBIX Iiat. BeiBoabl: npemioxena texuonorus LCD skcnonnpoBaHus
U METOJ WCCIIeOBaHUsS BO3JICHCTBHII (DAaKTOPOB AKCHOHMPOBAHHMS Ha KAuyeCTBO TOMOJOTHHM IIEYAaTHBIX IUIAT, KOTOpBIE NaloOT
JOCTAaTOYHbIE SMIMPHUYECKHE NaHHBIC JJI CO3JaHHs PErpecCHOHHBIX MOJeNeil pacuera BIHMSHHS TEXHOJOTHUECKHMX (aKTOPOB Ha
KOHEYHbIE pa3Mepbl MPOBOAIINX AOPOKEK NPH MPOU3BOACTBE MEYaTHHIX IUIaT. JlanpHeillee pa3BuTHe MpelaraeMoil TeXHOJIOIUU
TIO3BOJIUT M3TOTABIMBATH JKECTKHE M TMOKHE IeYaTHBIE IUIATH IOJHOCTBIO, C TOKOMPOBOSIIMMH JOPOXKKAMH, THIIEKTPHIESCKOI
OCHOBOH, PaNO3IEKTPOHHBIMHI IEMEHTaMH, KOTOPBIE MOTYT IPHMEHATHCS B PA3INYHBIX YCTPOUCTBAX.

KnroueBble cjI0Ba: medaTHBIE IUIATH; SKCHOHMPOBAHHE; IMONMMEpHBIE (OTOMAcKH; TpaBWIBHBIM pacTBop; LCD medars;
PETPeCCHOHHBII aHAIN3; TOTIOJIOTHS; aJaNTAIHs H300paKeHHs IIPOBOTHUKOB.
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RESEARCH OF DIKW AND 5C ARCHITECTURAL MODELS FOR CREATION OF
CYBER-PHYSICAL PRODUCTION SYSTEMS WITHIN THE CONCEPT OF
INDUSTRY 4.0

The development of cyber-physical production systems is a complex scientific and technical task, therefore the developer needs to
determine the requirements, tasks for the system being developed and choose an architectural model for its implementation. In turn,
the choice of an architectural model assumes a balance for the set of requirements of persons interested in its development. In a
typical case, the development of a specific cyber-physical industrial systems needs to be adapted to the means of implementation, to
the realities of its future use, maintenance and evolution. Subject matter of this study are architectural models for building complex
cyber-physical production systems. Goal of this article is a study of architectural models DIKW and 5C, according to the results of
the decomposition of which, in the future, it will be possible to carry out a mathematical description of elementary problems of each
level and their physical or simulation modeling. To achieve this goal, it is necessary to solve the following tasks: analyze the DIKW
model; analyze the architectural model 5C; compare the DIKW model and the 5C architectural model, using its structural
decomposition into levels, information and command channels with feedback within each structure. The research carried out is based
on the methods of decomposition and formalized representation of systems. Conclusions: Based on the results of the decomposition
at each structural level of the DIKW and 5C models, a decomposition structure was developed, which shows the main differences and
general similarities of the models. It was revealed that the 5C model, as a common software shell that combines integrated sensors and
actuators, is more suitable for solving problems of developing a cyber-physical production system, and the DIKW interpretation
model is more suitable for solving problems of modifying existing systems at enterprises, and the choice of the model itself the
development of a cyber-physical production system depends on the requirements of the customer, existing equipment, the level of its

automation and the level of project financing.

Keywords: Industry 4.0; Smart Manufacturing; Digital Twins; cyber-physical industrial systems; DIKW model; 5C

architecture.

Introduction

With the emergence of new requirements for the
production of high-tech products, in the widespread use of
digital, network and intelligent technologies, the constant
development of integrated production innovations, a
necessary condition became the introduction of
information technology, which is the main engine for a
new industrial revolution.

In particular, the new generation of uninhabited,
intelligent production, includes major and profound
changes in the philosophy of modern industry, based on
the concept of Industry 4.0, proposed by Germany [1-2].
In turn, the United States launched the Advanced
Manufacturing Partnership project [3], the United
Kingdom put forward the UK Industry 2050 strategy [4].
In addition, France introduced the New Industrial France
program [5], Japan proposed the Society 5.0 program [6],
and Korea began production under the Innovation 3.0
program [7].

Basically, in these projects, the development of
intellectual production is seen as a key tool for creating
competitive means of industrial development of large
countries around the world. The "Made in China 2025"
plan, formerly known as "China Manufacturing 2025" [8],
specifically —emphasizes the intellectualization of
production, based on the in-depth integration of next-
generation information technology into industry.

Based on these requirements, within the concept of
Industry 4.0, the technology of creation of digital twins
(Digital Twins) of technological processes, within the
limits of Smart Manufacturing is offered. As a result of
the collaboration of theoretical research, a new approach
to the realization of production was created, as a synthesis

of cybernetic and physical components - "Cyber-physical
production systems" (SPPS).

The growing complexity of production systems
requires appropriate management architectures that
provide flexible adaptation during their operation.

According to the analysis of problems in the
development of complex SPPS [9-12] it is determined that
their creation depends primarily on their architectural
model, type and type of equipment, parameters of
production processes at all stages of the life cycle, which
directly affect the structure of information flows, their
visualization in the cybernetic component and the
implementation of feedback. In essence, the new term,
SPPS is an architectural paradigm in  which
comprehensive sounding technology is a fundamental part
[13].

Problem statement and research purpose

Modern production (enterprise) is a technological
system consisting of interconnected horizontally and
vertically subsystems. The basis of each complex
technological system (TS), in our case, the company, are
the production processes that are performed in the relevant
departments. The TS of the production unit consists of a
set of typical main and auxiliary technological processes
and devices controlled by automated control systems
(ACS), which include systems designed to control
continuous production, automated production lines,
complex lines of units and machines, machines with
numerical program management [13].

The amount of information that must be received and
promptly processed to form effective management
influences in modern management systems has grown so

© S. Osadchy, N. Demska, Yu. Oleksandrov, V. Nevliudova, 2021
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much that it far exceeds the capabilities of one person.
Therefore, the management of complex objects is
entrusted to a team of people, the quantitative growth of
which still does not provide the required quality of object
management. There is a critical point when intensive
coordination of information within the management
system itself is required to coordinate and coordinate
individual management influences, to inform some people
about the decisions made by other people. Therefore, the
main tool for solving modern problems of management of
material objects is ACS, in which the main role and
creativity of man are combined with the widespread use of
modern mathematical methods and automation tools [13].
Currently, a clearly defined 5-layer automation
architecture has been formed (fig. 1). Over the past three
decades, the evolution of information technology has
transformed the world we live in, generating new business
models and influencing the industry in such a way that
global consumers change their way of consuming [14].
According to observations, companies that do not invest in
efficiency, in fact, pose a threat to their survival. Without

Fig. 1. Classical construction of production process control (DIKW
model)

At present, there is no single approach to the
development of SPPS and for each company it is an
individual task. Considering the existing modern
approaches to the production of electronic devices, we can
see that they are mainly streaming, flexible and discrete.
This is due to the fact that most global brands do not have
their own production of components, and order their
production in contract electronics companies (Jable, etc.)
as a result of which production lines have a short life
cycle, and readjustment and reprogramming of each unit
takes a lot a lot of time, compared to the lifetime of this
line [15].

One of the pioneers in this field is Festo, which
offers new approaches to automation of control processes
based on the use of SPPS and IoT technologies. This
approach is based on the concept of a single cloud
structure "Festo Cloud”, to which, using an industrial
gateway loT, connect mechatronic devices, which for the
implementation of the process control process can be

efficiency, the company cannot guarantee the level of
quality, accuracy and demand required for the current
market. In this regard, the structure of Industry 4.0
dictates new directions for creating efficient and smart
production [14].

Due to the development of network technologies, 5
layers may not be needed in the future.  These
technologies allow to connect into a single corporate
network numerous and remote computer, which are used
to control and analyze material, energy and financial flows
in the production of products, as well as TP management,
which facilitated the transition to SPPS. In these systems
with the help of very complex software the whole
complex of tasks on management of activity of the
enterprise, including tasks of the account, planning,
management of TP, etc. is jointly solved.

Thus, the main action of SPPS, in contrast to the
classic ACS representation, is that the sensors transmit
data directly to the cloud. Services (such as production
planning) automatically subscribe to the necessary data in
real time - a vision of cyber physical systems (fig. 2).

Control commands

:

Fig. 2. SPPS-based process control

g

combined into "Automation Platforms"”, with a single
information support.

When complicating or simplifying the technological
process of manufacturing products in the production line
are added to the actuator and mechatronic module, which
controls it, and is an integral part of the overall
"Automation Platform". This solution allows to reduce the
time of reconfiguration of the production line for the
production of new products, as well as to implement the
connection of individual equipment or shops
without interfering with the control system of
the machine [15]. SPPS provides tools to overcome
complexity and flexibility, but integrating component data
with  existing management  systems  remains
a challenge.

The disadvantages of the classical construction of the
process of production process management (model
DIKW) and the main advantages of the implementation of
cyber-physical systems are given in tablel.
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Table 1. Comparative analysis of the construction production processes control

Disadvantages of DKIW

Advantages of SPPS

Explanation

lack of adaptability

advanced information functions at the level of ACS TP

ability to adapt to changes in the external
environment

weak dynamism,
flexibility

high survivability and reliability of the system in case of
failure of its individual elements

ability to respond sensitively to changes in
demand, technology, etc.

weak adequacy

adequate diagnostics of technological equipment and tools
at the level of ACS TP

constant compliance of the organizational
structure with the parameters of the
managed system

specialization

timely submission to operational personnel of reliable
information on the course of the technological process,
the state of equipment and technological controls

restriction and specification of the scope of
activities of each management unit

rigid optimality

implementation of particularly complex control and
regulation algorithms

establishing rational links between levels
and levels of government

poor efficiency

ensuring effective automated control of technological
processes in normal, transient and pre-emergency modes
of operation, production of products of a given quality
and quantity

prevention of irreversible changes in the
managed system during decision-making

weak reliability

providing staff with retrospective information in full for
analysis, optimization and planning of equipment
operation, as well as its repair in real time

guarantee of reliability of information
transfer

low efficiency

simplification of technological equipment management by
reducing the number of equipment at the level of ACSTP

compliance of maintenance costs with the
organization's capabilities

lack of simplicity

optimal communication (interface) "man-machine"

ease for staff to adapt to this form of
management

According to the results of the analysis, it can be
determined that the advantages of SPPS are the
implementation of an automated cycle of creating a new
product from pre-design research to production of a serial
sample, while providing work at all stages - from research
to production - based on without material transfer of
information between the components of the systems of
this cycle using local area networks.

Thus, to create a system that works with knowledge
and is able to some extent replace the expert or
help him in decision-making in production management, it

is necessary to seek to lay in the architecture
of the system the ability to implement these
functions.

The development of architectural models should also
use the accumulated experience of successful
developments, especially experience embedded in
architectural styles, each of which is a sample of common
standard solutions, and integrates significant solutions
based on the principles of rationality. Significant decisions
and forms of their integration must be rationally presented
and justified and not only declared, but also have a
justification "Why they were preferred among the
alternatives" [16].

The development of SPPS is a complex scientific
and technical task, so the developer needs to determine the
requirements, tasks for the developed system and choose
the architectural model of its implementation. In turn, the
choice of architectural model involves maintaining a
balance for the set of requirements of persons interested in
its development. Typically, the development of a
particular SPPS requires adaptation to the realities of the
funds and funds allocated for development, and to the
realities of its future use, taking into account its
maintenance and evolution [16].

Presentation of the main research material.

The main decisions on the above requirements and
adaptation, which includes the construction of a balanced
set of requirements, are made when building the SPPS
architecture. There is architecture in different volumes:
software, hardware, information support; organizational
support, enterprises. Thus, the following is an overview of
the architectural representations of SPPS, taking into
account its representation in the context of "enterprise”.

Analyzing publications: [14, 17], which consider
ANSI ISA 95, 5C and 8C models; [18], where the model
8C is proposed on the basis of the model 5C and [19],
which is dedicated to the development of the integration
model CPPS-I0E-5C - it can be seen that they are
descriptive, which does not allow to compare a model
when choosing an architecture for developed by SPPS.

Therefore, in the framework of this study, a
comparative analysis of the DIKW model with the
architectural model 5C will be conducted, based on the
results of their decomposition at each structural level.

The DIKW model (also known as the DIKW
pyramid, the DIKW hierarchy, the data pyramid, the
knowledge hierarchy) is a hierarchical model for
representing the flow of data through information,
knowledge, and wisdom. The name of the DIKW model is
an abbreviation of the first letters "Data, Information,
Knowledge, Wisdom" which description is given in fig. 3.

Data is a set of discrete facts about events obtained
as input from processes. The data mainly consists of
symbols or signs representing stimuli or signals that are
not useful for processing;

Information is processed data. This is due to the
provision of context by the data or through data questions.
This usually requires the collection of various data sources
and the provision of some value or correspondence to a set
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of facts. The information tries to answer the question
"Who? Which? When? Where?";

Knowledge is a more derived form of data. It
consists of concepts, experiences, ideas, values and
judgments of people with a clear reference to information.
This usually requires information analysis and assists in
decision making. Knowledge tries to answer the question
"How?";

Wisdom - gives a final understanding of the data. It
describes the application of knowledge and provides
contextual awareness to form a strong sound judgment.
Using wisdom allows an organization to manage its
strategy and growth in a competitive marketplace.
Wisdom tries to answer the question "Why?".

With the advent of Industry 4.0 concepts and the
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Fig. 3. Classic representation of the DIKW model

Regulation of

Interface production
process via
sensors&actuators

concept of Smart Manufacturing, the DIKW model
received the following iteration of hierarchical levels,
which is presented in fig. 4 and is formed on the principle
of "bottom to top".

At the first field level is the interaction with the
production process using sensors and actuators; at the
control level is the regulation and control of actuators
using programmable logic controllers (PLC); the level of
the technological line (production level) (actually the level
of the production process) performs the function of
control and monitoring of the technological process of
production; operations level is designed for production
planning, quality management, etc. ; enterprise level
planning provides order management, processing, general
production planning, etc.

A Enterprise planning level

Order management&
processing, enterprise
production planning

Production planning,
quality management

Monitoring, contiol&
supemswn product Production level
line

Sensors&Actuatots Field level

Fig. 4. Interpretation of the DIKW model in terms of its application in

Smart Manufacturing

In 2015, [19] proposed an architectural model 5C,
presented, which according to the authors consists of the
following levels of "Smart Connection", "Data-to-

Data-to-Information

Conversion

Smart Connection

Fig. 5. Architectural model 5C

Information Conversion”, "Cyber", "Cognition" and
"Configuration”. A general view of the CPPS 5C
architecture is presented in fig. 5.
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- Self-optimize for disturbance

- Integrated simulation and synthesis
- Remote visualization for human
- Collaborative diagnostics and making

- Twin model for components and

machines

- Time machine for variation

identification and memory

-Clustering for similarity in data

mining

- Smart analytics for:
component machine health;
multi-dimensional data
correlation.

- Degradation and

performance prediction.

- Tether-free

communication.
- Sensor network.
- Plug&Play.
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At the first level of "Smart Connection" machines
and their components are used to obtain accurate and
reliable data in the first step of SPPS management for
Smart Manufacturing.

Smart connection — the level of data acquisition
using sensors used to collect various parameters of the
technological process of production of products in real
time. 1loT technologies used for data transmission and
control according to selected protocols in accordance with
the specification of the selected equipment.

Data-to-information conversion — is designed to
convert the received data into information. This level is
considered from the point of view of the fact that some
devices can implement functions of forecasting and
monitoring of equipment wear — which introduces the
concept of "intelligence" quality.

Cyber — a level that is given the role of the main
information center, which collects an array of
information from the equipment to the industrial network.
According to the received data, productivity of one
equipment is compared and ranked among all identical
types of the equipment which are in an industrial
network.

Cognition — designed to provide analytical
information directly to operators for production decisions.
This level allows remote and joint diagnosis and decision
making in the production environment;

Configuration — returns feedback from the "Cyber"
level to the "Smart Connection", i.e. performs dispatch
control, which allows you to make equipment
with self-configuration, self-tuning and self-optimization.

For comparative analysis of architectural models 5C
and interpretive model DIKW, in terms of its application
in Smart Manufacturing, it is proposed to decompose it:

- by levels;

- by the areas of information flows about the state
and management teams;

- by the number of feedbacks - types and kinds of
network protocols used to create channels for transmitting
information between levels.

Based on the above parameters of the decomposition
of the model 5C developed [14] (fig. 5) and the
interpretation model DIKW (fig. 4), for the convenience
of information perception developed a decomposition
structure, which is presented in fig. 6.

As can be seen from the above structure (fig. 6), both
models at the first level Smart Connection and Field level
consist of sensors and actuators that interact with the 0
level — the technological object of control, here is
information about the state of the object from the lower
level transmitted to the upper level.

The information received from the sensors is
transmitted to the Control level, which contains the
Programmable Logic Controller (PLC), where the
regulation and control of actuators.

In contrast to the DIKW model, the 5C model
proposes a solution to place at the Data-to-Information
Conversion level two parallel Configurations, which act
as feedback from the Cyber level to the Smart Connection
level [14], which allows to make equipment with
self-configuration, self-tuning and self-optimization. As a

result of this combination, the decomposition structure of
the 5C model becomes one level smaller.

Considering the 5C model, we can see that the Cyber
layer acts as the main information center, which collects
an array of information from the equipment and the data
checks its performance and ranking among the same type
that are in the network.

Then the information comes to level 4 - Cognition,
which combines a single set (modules) of software
Human-machine interface (HMI) and Graphical User
Interface (GUI), which are designed to provide analytical
information directly to operators or software robots.
Similarly, this level allows remote and joint
diagnosis and decision making in the production
environment.

In contrast to level 4 Cognition in model C5, the
functions listed in model DIKW are represented
from level 3 Supervisory Control And Data
Acquisition (SCADA) through level Manufacturing
Execution System (MES) to level 5 Enterprise Resource
Planning (ERP).

At the MES and ERP levels, the content of
information is transmitted by means of syntax or purely
formal, structural properties of language, thus the type of
message uniquely determines its content. SPPS has a
semiotic structure, i.e. the full-fledged linguistic nature of
information connections. In this case, the uniqueness of
the transmission is violated and in the process of signal
processing by the successor is a fundamentally new
technology — the interpretation of the received message.
This means that the reaction of the system or receiving
element will be far from unambiguous, it depends on the
content, which to some extent is inherent in the signal.
Such systems must have not only a much larger
information reserve, but also the ability to distinguish
meaningful  elements.  Therefore, in order to
achieve the information integral SPPS that is being
developed, to determine the structure at an
early stage, which will further allow to recognize
and identify information links and their
characteristics.

In most cases, at levels 3-5 of the DIKW model,
software products from different developers are used to
implement their functions, which limits their adaptability
to the problem to be solved, and also contains only a
general set of solutions that are suitable for a particular
field of production.

After all, the most difficult to balance non-functional
requirements are those responsible for its quality and/or
the quality of the development process. In the search for
balance should take into account the fact that: the
end user is interested in intuitive and predictable
behavior when interacting with it, in such quality
characteristics as "convenience", "intelligibility" and
"ability to learn"; the system administrator is interested
in intuitive tools for his work, including tools
that help in monitoring the state of SPPS and its
behavior; the marketer is interested in winning
functions in the market of related systems and
the price; the buyer is interested in the price, stability of
work and the plan of delivery and commissioning;




ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

Cyuacnuti cmamn HayKo8ux 00CIIONCeHb ma mexnonozit 6 npomuciosocmi. 2021. Ne 1 (15)

mc_cmmc._ ‘|aA8| ,UoNjo8uu0) Yews, 0}
193] JaghD), WoJj ¥oeqpas) suinjay
uoneinbyuon !
pa— 1
—_

Joeqpesy

2IN308)1Y2ay (887 °r) SddD 9§

Bujuue|q 901nosay ssudioyug

‘“uswabeuew Japlo sapiroid
leAe| Buluued esudiejuz

(d¥3) 19n9)] asudiaug

oA ! ' j99lqo [043u0d [9A9)
salbojouyos} Aewn | — <— <— - :
0 000U Wd ! 1 |ealBojouyday 0
b S e e e e e A0 el e s e -
= T - T A
I |
s|090j0.d pajosjes Aq juswabeuew _ _
[9A9)| PUE J8jSUEJ) BIEP JO} PBsSN ale $8IB0joY8) LO|| |- . e - [oAg
| “awiy [eal Ul ssao0id uogonpold [eaiBojouyos) auy : 1”7 : SI0Jenjo. pUB SI0SUSS SUIBJUOD _
Jo sisjaweled SNOLIEA 03|00 0} Pasn aJe SIOSUSS _ siopenjoY _ o _ |oA8] pleld
uoy9sUL0Y Jews ; [} Y : ; : _ : [2A9] plaid
| Kijenb ,sousbijaiu, jo ! _ Nvo'snquold ‘snapon : v Nyo ms_ﬁ_ HESIARON v _
Wauu:ou 3y} S82NPOUI YoIym - Jeam juawdinba jo _ _ _
) Bunoyuow pue uonesnsouboud jo suonouny _ N I _
[ang) D 9y wiopad Ueo S301ASp AWOS Jey) aAoadsiad -, | H &+ |o1d : 1 [oTd[ 9 | SISEq O1d 8 U0 19A8|
i I @ au1 wouy [aA3] I SIBPISUOD JOYINY “UOHEWIOJ! ' —r E E] : > SWSIUBLOSW 3ANNISX3 JO 1l
& 3 ojul ejep pajoa)0d Burpeauod Joj paubisag . 6 z/\.mu:ﬂwm_u_\m_n_ J8||013u0) 21607 8|qewwelbold 5 uonenbal pue [o3u0y ~
= © J0ISI9AUOD UOIBULIOU|-0})-BJRq ' uoneinbyuoy ! (971d) 19A9] |o13u0) &
» g %1 T oMU 1aWsYig 1 = =
= Q b }omau aussua L 7 ‘ = B
3, m Somjau [eusnpul ' Y 1 e = el
] dinbs adkj- = : 5 =
= 3 8y} Ul Juswdainba o b -3LES 3y} JO ||e usamiaq || . | IWH | :o_ﬁozvo‘_n 10 @ —9
w [oA9)| w SyueJ pue paledwod si Aaonpoid Juswdinbs . _ IWH - _ ssa00.d [eoiBojouyos} 8y} m [oAd 2
Wo. w 3y} ‘e3ep 2303|102 Buisn omiau [erjsnpul »a [ . Iv Jo Bulojuow pue @ w
3 ] ojul Juswdinbe WoJy UoleLOMI JO Aeue By} v ! 013103 4O UojoUNy B SuLoped S W...
Buios||00 JajuBD UOKRLWIOMI UlBW B SE SOy : I Uonisinboy ejeq puy ! |eAs] uoidnpold 9 -
13gA9 ' 19949 jouo) Alosiniedng 1 (vavos) 19A3] uononpoud w
LI T T 1
“ _ q QB ‘DG Yeulai] 4 % lomgau Jeweyyd 1584 + _ M.
a|qissod suonipuod uoionpod ul = _ — 0
oA Buiyew uoisioap se [jam se ‘soisoubelp vl ! G
[9AS] paleys pue ajowwal saxew [ang) siyL Bunew || i IAH IWH S IANH 1 — Buruuerd [BAS)
Al uojs|oap uononpoud Joj siojesado sy o} Aoauip ] _ _ uoijonpoud oy paubisap si Al
uoljewojul [eandjeue buike|al oy paubissq ' _ waysAs _ |oAs] suonesadQ
uonubon : : uoniubod uonnoaxg Buunjoejnuepy _ (S3n) 19n9] suonesado
! _ q GoM 'OS ‘euselu _ _
‘uoneziwudo-jjas pue y 2 A 4 i
uoieInBlyuco-jes ‘uonenbyuco ! ! ! L
Juspuadapul yim Juswdinba ajeaio o) Vol IAH | "0}8 ‘Juswabeuew [E4E]
SMOJ[e YoIUM ‘[onu0d yojedsip swiopsd 3 | _ _ _ p | asudiajus |eseno ‘Buisseooud A

| S|
Moeqpasy

«wopsIp‘abpaimouy ‘uoljeurioyu] ‘eyeq»
I3pow MMId

Fig. 6. Decomposition structure of comparable architectural models DIKW and 5C
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the developer is interested in clear and consistent
requirements for the system, as well as in the possibility of
using a simple approach to design [20]; the project
manager is interested in the predictability of the
deployment of works and their results, in the tracing
of the project, action plan, productive means, available
resources, primarily financial resources; the person
responsible for maintenance is interested in the
clarity of the system and the solutions invested in its
development, as well as in the documentation and ease of
modification.

Conclusions

It is worth noting that the solution proposed by Festo
is currently the idea of production of the future (a
prototype plant in Scharnhausen) [15]. There are still
many questions about creating a methodological,
mathematical, functional and algorithmic framework that
will describe the interaction of control processes within
the system, optimize the choice and number of
mechatronic devices, distribute tasks and connections of
the cybernetic component, simplify the mechanism of
adding and connecting new mechatronic devices to
minimize the number of changes to information flows
(command and control flows) in existing systems.
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JTOCIIIKEHHA APXITEKTYPHUX MOJEJIEN DIKW TA 5C )11 CTBOPEHHS
KIBEP®I3UYHUX BUPOBHUUYUX CUCTEM B PAMKAX KOHIIEITIIT
INDUSTRY 4.0

Po3poOka kibepdi3nyHOi BHPOOHMYOI CHCTEMH € CKIATHOI HayKOBO-TEXHIYHOK 3a/1auei0, TOMY PO3pPOOHHUKY MOTPiOHO
BHU3HAYUTH BUMOTH, 3aBAaHHS, 110 MPEI'IBISIOTHCS A0 PO3POOIIIOBAHOI CUCTEMH 1 00paTH apXiTeKTypHY MOJENb 11 peatizaiii.
VY cBoro uepry BuOip apXiTeKTypHOI MOJIeNi epeadavyae JOTpUMaHHs OallaHCy ISl CYKYITHOCTI BUMOT OCi0, 3aliKaBIeHHX B 1i
po3po0ii. Y THOBOMY BHIAJKy po3poOKa KOHKPETHOT Kibepdi3nuHOi BUPOOHMUOI CHCTEMHU MOTpedye aaanTaiii 10 3aco0iB
peamizamii, 10 peaniii MaiOyTHBOro T BHKOPUCTAHHS, CYIpoBiay i esosromii. IIpeaMeToM maHOrO JOCITIKCHHS €
apXiTeKTypHI Mojeni MOOyAOBH CKJIagHUX KiOep(di3MYHUX BHUPOOHMYMX cucTeM. MeTOW [JaHOi CTaTTi € JOCIiKEeHHS
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apxiTekrypuux mozeneit DIKW Tta 5C, 3a pe3ysibTaraMu IpOBEACHHS iX JIEKOMITO3HIIIi Ha KOXKHOMY CTPYKTYPHOMY PiBHI JUIst
[OJAJbUIOrO MPOBEJEHHS MAaTEMaTUYHOIO OIUCY €JIEMEHTapHUX 3aBJaHb KOXKHOIO piBHA 1 iX ¢izuuHOro abo imirauiiHoro
MoJentoBaHHs. JIJis MOCATHEHHs TOCTaBJICHOI METH HEOoOXiJHE BHPILICHHS HACTYIHHX 3aBAaHb: MPOBECTH aHAJi3 MOJEIi
DIKW; nposectu aHaii3 apxiTekrypHoi Mozeini 5C; nopisaatu Mozaens DIKW i apxitektypHy Monens 5C, 3a JOIOMOIO0 X
CTPYKTYPHOI JEKOMIIO3UIIil 3a piBHAMH, iHPOPMALIHHUMHU I KOMaHIHUMH KaHajlaMHd 31 3BOPOTHIMH 3B'S3KaMH BCEPEIUHI
KOXXHOI cTpykTypH. IlpoBeneHi mociifkeHHS 0a3ylOThCS Ha METOMIB JIEKOMIIO3MMLII Ta (OPMaii30BaHOTO IPECTABICHHS
cucteM. BUCHOBKH: 3a pe3yibTaTaMU MPOBEACHHS JIEKOMITO3MIIII HA KOXKHOMY CTPYKTypHOMY piBHI Mogeneit DIKW i 5C
Oyna po3poOieHa AEKOMIO3ULIHHA CTPYKTypa, Ha sKiif IOKa3aHi OCHOBHI BIJMIHHOCTI i1 3arajpHi HOAIOHOCTI Mojenei.
Busisieno, mo mozens 5C, sk €quHa porpamMHa 000JIOHKa, sika 00'€/IHy€e B cOO1 IHTErpoOBaHi JaTYMKK i BUKOHABYI MPHCTPOT,
Oiblle MiXOMUTH IS BUPIIICHHS 3aBJaHHS po3poOku kiGep-(iznuHoi BUPOOHUUOI cCHCTEMH, a IHTepHpeTaliliHa MOJelb
DIKW OGinblie miaxoauTh Jis pillieHb 3aaad MoauQikaiii iCHyrouUMX CHCTEM Ha MiANPHEMCTBAax, a caM BuOIp Mozeni
po3poOku kibepdizuyHOT BHUPOOHMYOI CHUCTEMH 3aJISKUTh BiJ] BUMOI 3aMOBHHKA, ICHYIOUOTO OOJIaJHaHHS, PiBHSA HOro
aBTOMaTH3allii 1 piBHS (iHAHCYBaHHS MPOEKTY.

Knrouosi cioa: Industry 4.0; Smart Manufacturing; Digital Twins; xiGep-(i3uuHi IPOMUCIOBI CUCTEMHU; MOJEIb
DIKW; apxiTekrypa 5C.

UCCJIEJJOBAHUE APXUTEKTYPHBIX MOJEJEM DIKW U 5C JIJISI CO3JAHUSI
KUBEPOU3INYECKUX MTPOU3BOJACTBEHHbBIX CUCTEM B PAMKAX
KOHIEIIIUHU INDUSTRY 4.0

Pa3paborka kubepdusndeckoil MPOU3BOJICTBEHHON CHUCTEMBI SBISIETCS CIOXHOW HAyYHO-TEXHHYECKOHW 3ajadcii, ModToMy
pa3paboT4nKy HYKHO ONpEACIUTh TpeOOBaHUSA, 3a/Jayd, NpPEAbABIIEMble K pa3padaThiBaMOW CHCTEMBI H BBIOpATh
apXUTEKTYypHYI0 MOJEIb €€ pealu3aluu. B cBoro ouepenp BBIOOp apXUTEKTYpHOH MOAENU IpearnosaraeT coOJIoJeHue
OanmaHca Ui COBOKYIHOCTH TpeOOBAaHHWIl JIMII, 3aWHTEPECOBAHHBIX B €€ pa3paboTke. B TumuyHOM ciiyyae pa3paboTka
KOHKPETHOH Knbepdu3ndeckoil MpOM3BOICTBEHHOW CHCTEMBI HYXKIACTCsl B afalTallii K CPEICTBAM PEANM3AIMHU, K PeaUsIM
OyIyIiero ee UCIIONB30BaHUS, CONPOBOXKAEHNS 1 dBoonuy. IIpeaMeToM MaHHOTO HMCCIIETOBAHUS SBIAIOTCS aPXUTEKTYPHBIC
MOJICITH TTOCTPOCHHS CIIOKHBIX KHOep()U3HIHUX IPOU3BOJICTBEHHBIX cHcTeM. LleIbIo TaHHOMN CTaThH SBISETCS UCCIICIOBAHUC
apxutekTypHeix Mogeneit DIKW u 5C, mo pesymbraraM JeKOMIO3HIIMHM KOTOPHIX, B JAlbHEHIIEM, CTaHET BO3MOXKHBIM
MPOBEJICHHE MAaTEeMaTHYECKOrO ONMMCAHHUs 3JIEMEHTApHBIX 3a/1ad Ka)XIOTO YPOBHS M MX (PM3MYECKOrO WM MMHUTALHOHHOTO
MopenupoBaHus. [ JOCTIDKEHHs OCTaBIEHHOH IeNIH He0OX0UMO pellleHre CIeAyOMIX 3a4a4: TIPOBECTH aHATIN3 MOJIEIH
DIKW; npoectu ananu3 apxutekrypHoit Mogenu 5C; cpaBHuTh Mojenb DIKW u apxutextypryto Mmozens 5C, ¢ moMoLIbo ee
CTPYKTYPHOH JIEKOMITO3UIINH MO YPOBHAM, HH(GOPMAIIMOHHEIX M KOMAaHIHBIX KaHAJIOB C OOPAaTHBIMH CBSA3SIMH BHYTPH KaXJOMH
CTPYKTYypbl. IIpoBeACHHBIC HCCIIENOBaHUS 0a3UPYIOTCS HA METOJAaX JCKOMIIO3HIMU M (H)OPMAJIH30BAaHHOTO MNPEICTABICHUS
cucTeM. BBIBOIBI: 110 pe3ynbTaTaM MpOBEICHHS AEKOMITO3UINH Ha KaXIOM CTPYKTypHOM ypoBHE Moneineit DIKW u 5C Obina
pa3paboTaHa [ICKOMIO3HILHOHHAS CTPYKTYpa, Ha KOTOPOH MOKa3aHbl OCHOBHBIC OTIMYMS M OOLIME CXOJCTBA MOJCIICH.
BrisBneno, uro mMonens 5C, kak oOmas porpaMMHast 000JI09Ka, KOTopas 00beANHSACT B ceOe HWHTETpUPOBAHHBIEC JaTYNKH H
UCTIOJHUTENbHBIE YCTPOHCTBA, OONbINe MOAXOAUT ULl pEeLIeHUs 3afad pa3paboTku KuOephHU3nuecKod MPOU3BOACTBEHHOM
CHCTEMBI, a MHTephperannoHHas Mozmens DIKW Gombire MOZXomuT IS pelleHHs 3a1ad MOAW(HKAINH CYIIECTBYIONIIHX
CHCTEM Ha MPENpHATHAX, a caM BBIOOp MOJEIH Pa3paboTKH KuOep(hU3HIecKo NPOU3BOACTBEHHON CHUCTEMBI 3aBHCUT OT
TpeOOBaHHUH 3aKa34HKa, CYMIECTBYIONIEr0 000PYIOBAaHMS, YPOBHS €T0 aBTOMAaTH3AI[IN H YPOBHS (PHHAHCHPOBAHUS TIPOCKTA.

KimoueBrble caoa: Industry 4.0; Smart Manufacturing; Digital Twins; kubepdusudeckie IpoH3BOCTBECHHbIC CHCTEMBI;
moxens DIKW; apxurektypa 5C.
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JI.T". PACKIH, O. B. CrIPA, 1O. JI. ITAP®EHIOK

YIPABJIIHHSI IPOITYCKHUMM 3JIATHOCTSIMU TIPOMIJKHUX TYHKTIB Y
PO3Tr'AJIYKEHIN TPAHCIIOPTHIN MEPEXKI

IpenmeT. Po3rsiHyTO BaXKIMBUH U1 TPaKTHKY OKPEMHUIT BUIIAOK TPAHCIIOPTHOI 3a/1adi 3 MPOMDKHIMH ITyHKTaMH, KOJIH IPOIYCKHI
31aTHOCTI nuX MyHKTIB He 3axadi. Lins. ChopMynboBana 3agada BiIIIyKaHHS HEBIOMOTO PO3IOIUICHHS MPOITYCKHHUX 34aTHOCTEH
MIPOMDKHHX ITyHKTIB, KOTpe MiHIMI3y€ CyMapHi TpaHCIOpTHI BuTpatd. 3amaui. IlocraHoBka 3ajmadi ymNpaBiIiHHA HPOITYCKHUMH
3aTHOCTSIMH NPOMDKHHUX IyHKTIB Y TpHaKCiaJIbHIA TpaHCHOPTHiM 3amadi. Po3pobieHuii MeTon Mae BUCOKY IIBHAKO/IIO 32 PAXyHOK
BUKOPUCTAHHS CTPYKTYPHOI AEKOMIO3HLIT 3a4a4i. MeTo Mae HEBUCOKY OOUYHCIIOBAIbHY CKIIAHICTb, III0 € BarOMOIO TI€PEBArok0 Ui
MPAaKTUYHOTO 3acTocyBaHHSA. MeToa. 3amporoHOBaHO ABa METOIHM PO3B's3aHHs 3amadyi. [lepmmii peanizye itepaniiiHy mpouexypy
MOJIMIIEHHS MOYaTKOBOTO IUIaHy Ui JBOICTOI MojJeni Mmo4aTkoBoi 3ajmadi. OOumciIioBanbHAa cXeMa Ha KOXHIM ireparii €
IBOKpPOKOBOIO. Ha meprmomy kpori itepariii BUPILIyeTbCS KOOPIMHYIOYA 3a/1adya, BUPIMICHHS SKOi 33/a€ 4eproBuil Habip 3HaueHb
MIPOITYCKHHUX CIIPOMOXHOCTEH NPOMDKHHX MyHKTiB. Ha nmpyromy kpomi nei HaGlp BUKOPHUCTOBYETHCS IUISI BHPINIEHHS MOYAaTKOBOI
TpaHcropTHOI 3amadi. OTpumaHe B pe3yibTaTi pillIeHHS IEepeBIipI€ThCS Ha ONTUMANBHICT. SIKIIO BOHO HE ONTHMAjbHE, TO
BUKOHYETBCS TepexiZ 1o dYepromoi irepamii. Jlms peaiizamii 3ampornoHoBaHOT OGYHCIIOBAIBHOI CXEMH BHKOPHCTAHHH METOJ
onrtuMizanii HympoBoro mnopsaky Hemmepa-Mina. PesyabraTu. JIoBeneHO MOXKIMBICTE KOHCTPYKTHBHOTO BHKOPHCTAHHS IHOTO
METOAY 3 OTJISLy Ha BEIHKY KiJbKICTh 0OMEXEHb TPAHCIIOPTHOTO THUITY. 3 METOIO CIPOIICHHS TEXHOJOTIi BUPIMICHHS TPaHCTIOPTHHUX
3aJa4d Ha KOXKHiH iTepalii alropuTMy BBEIEHI iX IBoicTi Mozemi. Y 3B'SI3Ky 3 THM, [0 OOYHCITIOBAIbHA CKIIAIHICTh 3aIIPOIIOHOBAHOTO
METOAY IIBHAKO 3pOCTa€ 31 30UIBLICHHSAM YHUCIa MPOMDKHHX IYHKTIB, 3allPOIIOHOBAaHMN MPOCTHH HAONMKEHUH anbTepHATHBHUI
METOJ PO3B's3aHHS 3a1adi. BHCHOBKH. 3ampomOHOBaHUI METO] BHPIIIY€e 3aBAAaHHA PO3PAXYHKY MPOIYCKHOI 3AaTHOCTI MPOMIKHHX
IIHKTIB B CUCTEMi "BHPOOHHIITBO — JOCTABKA — CIIO)KMBAaHHS .

KnrouoBi cioBa: TpaHCmopTHa 3amada 3 NPOMDKHMMH ITyHKTaMH; TPOIYCKHI CIIPOMOKHOCTI IYHKTIB He 3aJaHi; METOIH
BUPIIICHHS.

Beryn

3ajaya yIpaBiliHHS TOCTaBKaMH B PO3ralyXEHHX
TPAHCIIOPTHUX  Mepekax € ONHIE 3  HaHOUIbIN
HAYKOEMHHUX B KOMIUIEKCI IPOOJIEM JIOTICTHKY - 3arajibHOT
Teopii KepyBaHHS MOTOKaMH. MeTOIU BUPIIICHHS 3aB/aHb
YIPAaBJIiHHS PYXOM TOBapiB ()OPMYJIIOIOTBCS B TepMiHaX
Teopii JiHIITHOrO IporpamMmyBaHHSL.

[Ipu 1mpOMy, B 3aleXHOCTI Bif o0cOOIUBOCTEH
cUCTeMH "BHPOOHHIITBO - [OCTaBKa - CIIOKUBAHHI"
BHPIIIYIOTECS PI3HOMAaHITHI 3aBJaHHA 3 IUIAHYBAaHHS 1
oprasizanii mepese3eHb. DopMyIIOBaHHS 1 PIMICHHS ITUX
3amad  BPaxOBYIOTh MPOMYKTHBHICTH 1 PO3MIIICHHS
MYHKTIB BUPOOHUIITBA, TEXHIKO-€KOHOMIUHI MOMIJIUBOCTI
PI3HHX BHIIB TPaHCIOPTY, PO3MILIEHHS 1 00caru norped
MPOJYKTY B IIyHKTaX CHOXHBaHHS, BAPTOCTI NEPEBE3CHb 1
T.1. MaremMaTH4Ha MOJIEJb KAHOHIYHOI TPaHCIIOPTHOI
3aadi Ma€e psij cnenupigHUX 0COONIMBOCTEH B MOPIBHAHHI
i3 3araJlbHUM 3aBJIaHHSM JIiHIHHOTO MporpamyBaHHs. [o-
mepire, TPAaHCIIOPTHA 3ajadya € JABYXIHJICKCHOI, TOMY
LIyKaHe pillleHHs 3aBAaHHS - HE BEKTOp, a marpuus. Ilo-
Ipyre, B CHCTeMi OOMEXEHb 3aJavi KOXXHa 3MiHHA
3ycTpidaeTbcss pIBHO JBa pa3d, a caMi OOMEKEHHS
HaKJIQAIOThCS HA CyMH 3MIHHHMX B psiIKax 1 CTOBOLISIX
Marpuli 3MiHHUX. [l BHpINIEHHS  TPaHCIIOPTHUX
3aBJIaHb BUKOPHCTOBYETHCS METOJA TOTEHIIATNIB - I
creriajibHa Moaudikaris CHUMILJIEKC-METO1Y,
po3pobiieHoro AN 3ara’npHOi  3amadi  JIIHIKHOTO
nporpaMyBaHHs. MeToa  TMOTEHIaliB, aJITOPUTM i
00UHnCITIOBAIBHA TIPOIEAypa WOTO peamizallii CKiIagHimme
CUMIIIIEKC-METOTY BHACIIJIOK JIBYX1HIEKCHOCTI
TPaHCIIOPTHOT 3a1adi.

KaHoHiuHa Mopenp, WO 3a7a€ METOJ BHPILICHHS
TPAaHCIIOPTHUX 3aBAaHb IIHUPOKO BHKOPUCTOBYETHCS B
NPaKTHII OpraHizamii Ta YyHpaBJiHHA IE€PEBE3CHHIMHU.

Pa3oMm 3 TuMm, SIKIIO B peanbHIN 3a/adi TPAHCIIOPTYIOTHCS
TOBapM UIMPOKOI HOMEHKJIATypH, TpH3HAYeHl JJIs
3aJI0BOJICHHS TOTPEO COTEHb CIIOXKUBAUiB, TO KaHOHIYHA
MOJIeTIb  TPAHCIIOPTHOI 3ajavi  YCKIaAHIEThCs. [lpu
JIOCTaBI[I 0araTOHOMEHKJIATYPHOI MPOAYKIIi 3'SBISETHCS
HEOOXIHICT, B TPOBEICHHI JOJATKOBUX OIEparliii:
KOHTEHHepHu3allisi, IAaKeTyBaHHSA, MIATPYIy  HapTii
BaHTaXiB, COPTyBaHHA 1 T.0. Y 3B'I3Ky 3 LUM Ha
MapIIpyTax MpsiMyBaHHS BaHTaXIB JIOLIFHO CTBOPIOBATH
MPOMIXKHI ITyHKTH - BEJHMKI PO3MONUIBHI CKIAJCHKI 0a3m.
Peamizamiss 1i€i igei OpU3BOAMTH OO TPEXIHIECKCHOCTI
MOJIeJI TPaHCIIOPTHOI 3a/1a4i.

YcknagHeHHsT MOJeNli NPU3BOJUTH JO 1CTOTHOTO
YCKJIQHEHHSI aJTOPUTMY Ta OOYMCIIOBAIbHOI CXEMH
BUKOHAHHS  3aBJaHHS. PajgukanpHe  CHpOILIEHHS
TPEXIHAEKCHOI MOEl JOCATaeThCs, SKIIO (iKCyBaTh
MPOIYCKHI CIIPOMOXKHOCTI TPOMDKHUX NYHKTIB. I[lpm
pOMYy, sK OyIe TOKa3aHO [aii, pIIIeHHS BHUXITHOT
TPEXiHAEKCHOI 3aBJaHHSA 3BOJUTHCS JIO MOCHIiZJOBHOTO
PO3B'sI3aHHS Mapu ABYXIHAEKCHUX 3anad. [IpuHunmnoBwmi
HEJIOJNIIK IOTO MiJXOAYy — BiJCYTHICTH OOTPYHTYBaHHS
BUOOpY 3Ha4YeHb NPOIYCKHUX 3JaTHOCTEH MPOMIDKHHX
MYHKTIB. 3po3yMislo, 10 HEBAAMWK BHOIp IUX 3HAYCHD
MOX€ MPU3BECTH JI0 HE TIPOrHO30BaHO BENMKHUX BTparT. Lls
oOcTaBuHa pOOWTH aKTyaJbHOIO IIPOOIEMY pPO3POOKH
TOYHOTO 1 TPHUHHIATHOTO 32 CKJIAQAHICTIO METOXy
BUDIMIEHHS  TPEXiHAEKCHUX 3aBJaHb IPH  3HATHX
0OMeXeHHSI Ha MPOIYCKHI CIIPOMOKHOCTI IMYHKTIB, IO i
BU3HAYae MeTy  JOoCiHimKeHHS. [l JOCATHEHHS
chopMyIbOBaHOI METH HEOOXiZHO BHPINIMTH  TakKi
3aBIaHHS:

- po3poOMTH MeTOA BiJIIYKaHHS HAOOpy 3HaYEHb
MPOITYCKHUX CIIPOMOXHOCTEH IMPOMDXHUX ITyHKTIB, IO
3a0e3nedye  MiHIMambHI ~ CyMapHi  BHTpaTH  Ha
TPaHCIIOPTYBAHHS;
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- po3pobuTH TpocTy (B TMOPIBHSHHI 3 METOIOM
MOTEHITialiB) OOYHCIIOBANIEHY MHPOLENYypY, IO peaji3ye
3alpONOHOBaHUI METO

ITocTanoBka 3agaui

MareMaTigHa MOJENb KaHOHIYHOI TPaHCHOPTHOI
3ama4i Mae Bursg [1-6]

m n
L(X)=>"3" cjx; —>min, @)
i1 j-1
m
> =g, i=12..m, (2)
=
n -
> % =bj, j=12..n, (3)
i=1
Xj 20, i=12..,m, j=12..n (4)

n

n

Zai = Zb i (5)
i=1 i=1

ne, | J — HoMep croxuBaua;

@j- 0o0CST BHUTOTOBJIEHOTO HPOAYKTY i-M BUPOOHUKOM,

— HOMCp noCTadaJIbHUKA,

i=12..,m; bj — obcar momury Ha TPOAYKT j-M
cnoxkusadeM, j=1,2,..,n; Cjj — BapTiCTb NEPEBE3CHHs

OJWHHII TPOAYKTYy OT I-T0 MOCTayaJbHHUKA IO  j-TO
CHOXHMBAYa; Xjj — 3aILUIAHOBAHUi 00CST TPaHCIIOPTYBaHHS

BiJl {-T0 MOCTa4ajbHUKA JI0 j-T'O CIIOKHMBAYA.

ChiBBiIHOIICHHS (2), 3) 3a0e3neuyrTh
3a/I0BOJICHHS BHMOT JI0 IUIaHy IiepeBe3eHHs, a (opmyna
(1) 3amae xpuTepiii ONTHMANBHOCTI 3amadi - CyMapHa
BapTICTh MEPEBE3CHHS.

Jns ~ BUpIMIGHHS  OTPUMAaHOI  JBYXiHICKCHOI
TPAHCIOPTHOI 33a7a4i 3aCTOCOBYETHCS METOJ MOTEHIIIAIIB,
SIKHA € CHeliadbHOI MOAUQIKALIEI0 CHMILIEKC-METOY,
pO3po0JCHOr0  JJIsi  BHPINICHHS  3arajbHOi  3ajadi
JIHIHHOTO MporpamyBaHHs [7].

SIKIIO  KIIBKICTh CIIOKHMBa4iB Benuka (B pasu
MEePEeBHILYE KIJIbKICTh IMOCTAYaIbHHUKIB), TO €(EeKTUBHA
MOXIIMBICTh 3HU3UTH TPAHCIOPTHI BHUTpPAaTH 1 4Yac Ha
JIOCTaBKy TOBapy INPHBOAWUTH HAC 10 i1ei CTBOPEHHS
JIOJATKOBUX  (NIPOMDKHMX)  MHyHKTiB. MaremaruuHa
MOJIeTIb 33/1a4i Y TAKOMY BHIaJKy YCKIIaJIHIOEThCS - BOHA
CTa€ TPEXiHIEKCHOI.

[TocTanoBKa 1bOTO 3aBJAHHS Ma€ HACTYITHHUI BUIIISAL
[8-10]. MaeMo M myHKTIB MOCTaBKU TOBapy i 3agaHHil
HaGip (&,8p,...,8y ), BH3HAYAE PO3NOALI TOBapy MO
MOCTa4YaJbHUKAX; € N MYHKTIB CIIOKUBAHHS I[HOTO
TOBapy 1 3aJaHuil Habip (bl,bz,...,bn ) , 33/1a€ 1X morpedwy;
e [ MYHKTIB, $IKi BHKOPHCTOBYIOTHCSI SIK HPOMIDXKHI
neHTpy (ckiaaan) i 3amanuil Habip (dq, dy,..., dg), sxuit
obMexye iX mpomyckHi cipoMoxHOcTi. Kpim Toro, 3amaHa
marpuus Baprocreii  C = (Cjjc), Ae, Cjjx — BapricTh

MepeBe3eHHsT OJUHUIN TOBApy Bif i-TO MOCTadaIbHHUKA JI0
j-ro ciokuBaya uepe3 K -if IpOMIKHUIA TyHKT.
Hani BeoanTnes marpuus X = (Xjk), 1€, Xjj

KUTBKICTh BaHTaXYy, IPU3HAYCHE [UIS IIEPEBE3CHHS TOBapy
BiJ i-rO TOCTauaNbHHUKA JO J-ro crokuBava uepe3 K -ii
MIPOMIKHUI ITyHKT.

3aBgaHHA TONATAaE B BiAIIyKaHHI  MAaTpHIl
X = (Xjjk ) , 10 MiHIMi3y€e CyMapHy BapTiCTh IIEPCBE3CHb

mn /[
L(X)=2.2" > CijXijk (6)
i=1 j=1k=1
[0 3aJ0BOJILHATHME CUCTEMI OOMEKEHD
{ n
> Z Xijk = @
k=1j=1 ,i=12,...,m, )
[ m
ZZXIJk :bJ,J=1,2,,n (8)
k=1li=1

Xijk ZO, i=1,2,...,m, j=1,2,...,n, k=l,2,...,.[’. (9)

m n
Zquk <d., k=12,..,¢.
i=1 j=1

(10)

[Ipu mpoMy 3BMUAliHa IBYXIHAEGKCHA TPAHCIIOPTHA
3alada  TEPeTBOPIOETbCA A0  TpexiHmekcHoi  [11].
BiamoBigHO 10 MOCTaBIIEHOT METH MOTPIOHO PO3POOUTH
MeToH po3B's3aHHS 3aaadi (6) — (9), OB eeKTHBHHMIA,
HIK METOJI ITOTCHITAIB.

AHani3 ocTaHHiX JocaizxeHb i mydaikaniii

MetogaM BHPIIICHHS W MOMJIMBOCTI pPEaTbHOTO
BUKODHCTAaHHSI  KJIACMYHMX  TPAaHCIOPTHUX  3ajad
NPUCBSYEHA BEJMKA KiIbKiCTh poOiT, Hampukman [1-5].
Brnepimie  kopekTHa ~— MaremMartMdyHa ~— MOJeNb  JUIs
TPAHCIOPTHOT 3ajadi JIHIKHOrO MpPOrpaMyBaHHs Oyiia
3amponoHoBaHa B [6]. [ami s Momens OaraTtopa3oBo
oOroBoproBanacs B KaHOHIYHINA JBYXIHIEKCHOT
MOCTaHOBIl. MaOyTh, Imepmia 3ragka Ipo MOXIUBICTh
y3arajJbHEHHS KIACHYHOI 3a/lavi Ha BHUIAJOK BEIHKOI
KUTBKOCTI iHIEKCIB 3pobneHo B [7]. Meron pitneHHS
TPEeXiHAEKCHOI 3amgaui  3ampomoHoBaHo B [8], a
oborpynroBanuii B [9]. Hamami TpexiHIekCHa 3ajada 3
00MEXEHHSIMH y BUTIISAI MTOABIHHNX CYM PO3TIIAIAETHCS B
po6orax [10-14].

IMpy 1ubOMy  JETalbHO  AHANI3YETHCS  METOJ
MOTEHINAiB 1 (OPMY€eThCS i€ CHPOLICHHA 3agadi 3
NPOMDKHUMH HYHKTaMH TIpH ¢ikcanii iX HpOIyCKHUX
cnpomoxHocTedl. B [15] 3anpomoHOBaHO peKypeHTHa
npouenypa  MoOYZOBM — IOYaTKOBOTO  IUIaHY B
TpexiHAeKCcHiH 3amadi. Ha »xanb, us mporenypa 3aHaaro
TPYAOMICTKA, TaK sIK MepeBipKa KOHCTPYKTUBHOCTI ILIaHY
BHMarae BeJIUKOI KiIbKOCTi oOumcieHb. Ciijy 3a3HAYNTH,
IO y BCiX BiIOMHX poOOTax mependadacThbesi, MO IS
BUpIIICHHA 6araToiHIEeKCHUX 3aBJaHb Oyne
BUKOPUCTAaHWIA METOJI TOTEHI[iamiB. Y 3B'I3KYy 3 UM
(hopMyIOIOTBCS ~ peKOMEHIallii  moa0  OOMEXKEHHS
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po3mipHOCTI 3anadi (N=mne, M — 9UCI0 MOCTAYAILHHUKIB,
N — YUCIIO CTHOXKUBAYiB, € — YHCJIO MPOMIDKHUX IYHKTIB).
TakuM 9UHOM, KOPOTKUH aHali3 BiIOMHX pOOIT BUSIBISIE
mpoOii, TOB'S3aHUM 3  BIACYTHICTIO  TPAKTHYHO
peati3oBaHHUX, TPOCTUX METO/IiB BUPITICHHS
0araToiH/IEKCHUX TPAHCHOPTHHX 3aBJaHb (30KpeMa 3ajau
3 TPOMDKHMMH TyHKTaMH, IPOIYCKHI CIHPOMOKHOCTI

SKMX  HE  3aJaHi), MOTHBYIOYHMHA  MPOJOBXKCHHS
JOCITIJIKEHb.
Marepiaym Ta MeTOIH
Sxmo y BuxigHii 3amadi  oomexenHs (10)

(OpMyYIIOIOTECA K PIBHOCTI 1 BHKOHYIOTBCS YMOBH
Oamancy:

m n {
2.8 =2 bj =2 dy,
i=1 k=1

j=

(11)

TO TpexiHaekcHa 3amada (6) — (10) po3mamgaeTbcs Ha 1Bi
He3aNeXHI AByXiHAeKCHi 3amauyi [11-13].
3aoaua A. 3naittn Habip Xy =(Xyi), 1=12,..,m,

k=12,..,(, miHimMi3ytounit

La(X1)= iécikxik

(12)
i=1k=1
Ta Sa,Z[OBOHBHﬂIO‘II/Iﬁ 06M€)KCHH$IM
m
3 Xy =dy, k=12...(, (13)
i=1
|
> % =8, i=12,..,m, (14)
k=1
Xig 20, i=12,..m, k=12,..°¢. (15)

3adaua b. 3naiitn HaGip Xp = (%), k=12..0,

j=12,...,n , MiHIMi3yt0uHii

[ n
Lg (X2) =22 %y (16)
k=1 j=1
Ta 3aI0BOJILHSIIOUYHI 00OMEKEHHIM
n
D oXg =g, k=120, (17)
j=1
e
Zij=bj, j:1,2,...,n, (18)
k=1
Xk >0, k=12,...0, j=12,...,n (19)

O6unBa chopMmyabOBaHI 3aBIaHHS BHUPIITYIOTHCS
METOZIOM MOTeHmiamiB. Sk yxxe Oyno BiA3HAa4YeHO BUINE,

OCHOBHMHM  HEMOJIIK [BOTO  MiAXOJYy  IOJSra€ B
BukopuctanHi  oOomexenb (10). HeoOxigmicts  ix
3aJI0BOJIEHHS ICTOTHO 3HIKYIOTh MOTeHIiall
e(eKTUBHOCTI cUCTEMU TPAaHCHOPTYBaHb Bix

MOCTaYaJIbHUKIB JI0 CIIOKMBAdiB. BUTBII TPHPOIHOIO €
IHITIa TIOCTAHOBKA 3aJiadvi, B SAKiH 3HAYEHHS IMPOITYCKHUX
cnpomoxnocteit dy, k=1,2,..,(, IpOMIXKHHUX IyHKTiB
He (QiKkcyroTbcs, ajge ymoBa OamaHcy (11) BHUKOHYyeEThCS.
Jns  BupimieHHS  3aBOaHHS B I [TOCTAHOBII
BUKOPHCTOBYEMO JIEKOMIO3UIIIHHUH i JIXi.

Beenemo Hab6ip Y = {yk} , k=12,..,0, HeBizoMux

3HAUeHb MPOIYCKHHUX CIPOMOXXHOCTEH HPOMDKHHX
nyHKTiB. 1{i 3HadeHHs MOBHMHHI OyTH HEBiT'€MHi, Ta B
CYKYITHOCTI, 3aJI0BOJIbHSTH YMOBI OanaHCy

4 n
zyk: ai:ij:S.
k=1 j

1 j=1

M=

(20)

ITpu Tomy 3anaui (12) — (15) ta (16-19) OynyTs matn
HACTYITHUM BUTIISL!

3adaua Al. 3uaiitn Habip X; =(Xy ), i=12,..,m,

k=12,..,l.

obmexeHHsaM (14) — (15), a Takok 0OMEKEHHAM

MiHiMi3yrounit (12) Ta 3aX0BONBHSIOUMIA

m
DXk =Yk o k=12,..,0. (21)
i=1

3adaua b1 3HalTH HaOip
Xa=(Xq) k=12,..0, j=12,..n, winimisyiounii

(16) Ta 3amoBompHsAIOUYMI oOMexeHHsM (18) — (19), a
TaKOXK OOMEKESHHSIM

n
ink =Y, k=12,.,L
j=1

(22)

3po3yMino, mo OyIOb-IKOMY IOIyCTHMOMY Habopy
Y Bixnosizae cBoe pimenns X;(Y) 3amaui A Ta cBoe

pimrennst X, (Y) samaui by . Ipuponro chopmyroBaTu

3aBlaHHs BiaurykanHs Habopy Y Ta 3anmexHux Big Y
Habopis X1(Y), X, (Y), minimizyrounx

L(X1(Y), X2(Y)) =

=iécikxik (Y)+Z[:Zn:°kixki (¥)

i=1k=1 k=1 j=1

(23)

Ta 3a10BONbH0UH oOoMmexenusm (14) — (15), (18) — (19),
(21) - (22).

PosrngHemMo MOXIHBI MIOXOAW JO BHPIIICHHS
MOCTaBICHOTO 3aBJIAHHSL. 3anexHicTh 3MIHHUX
(Xik) T@ (Xq)Bin BekTOpa Y NpPU3BOMMTH JIO TOTO, IIO

OoTpUMaHa 3ajjadya BXKE€ HE SBJIsIE COOOI0 CTaHAAPTHY
3ajady JiHIMHOTO TporpamyBaHHs. OpHak, BOHa 3
BUKOPHUCTaHHIM i€l JeKoMmmo3uiii Moxke OyTH 3BeleHa

0O BHpINICHHS TOCTITOBHOCTI 3BHYAHUX 3aBIaHb
JIIHIAHOTO MporpamMyBaHHs HACTYITHUM YHUHOM.
[IponoHoBaHMIT MeTON BHUPINICHHS Ma€ HACTYyHHY

CTPYKTYpY: 30BHIIIHA 3aJlada i CYKYIMHICTh BHYTPIITHIX
3aBIaHb. Y 30BHINIHIN 3a1a4i popmyeThcs Habip BEeKTOPiB

Ys :(yl((s)), $=12,..,0+], xoxkeH 3 SKHX 3aJa€ CBOE
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PO3MOJIEHHS TPOMYCKHUX  3JaTHOCTEH  MPOMIKHUX
MMyHKTIB 1 3a70BOJbHAE yMoBaM Oamancy (20). Jami mis
KOXXHOTO 3 IIMX BEKTOPIB BHUPINIYETHCSA BiIIMOBIIHA
BHYTpPIIHA 3a/ada, IO CKIATAETBCS 3 TPAHCIIOPTHHX
3amad Al Tta bBl. Pesynprarm pimieHHS [OHX 3amad
BU3HAYaIOTh CyMapHy BapTicTh (23) TpaHCHIOPTYBaHHS
NPOXYKTY Bl BHUPOOHHMKIB JO CIIOKHBadiB dYepes
npoMiXHI MyHKTH. CyKyIHICTh OTPHUMaHHMX HPU LBOMY
3HaUeHb CyMapHOi BapTOCTi /IS PI3HUX BEKTOPIB
Yo, $=12,..,(+] BUKOPHCTOBY€ETHCS TSt

kopuryBaHHsa (momimmenHs) Habopy Yg. Taka cxema

MoXxe OyTH peanizoBaHa OyIb-sIKHM METOJOM HYJILOBOTO
nopsiaky (bokcy-Yncona, Xyxka-JlxuBca, PozeHOpoxa,
Hennepa-Mina). HaiiOuipm — eeKTHBHEM 3 HHX
BBakaeThcs Metoxl Hennepa-Mina.

OmumemMo  KOPOTKO — OCOOJMBOCTI  opraHizatii
obuncmoBanbHOI mponenypu Meroxy Hemnepa-Mina
CTOCOBHO  aHaii30BaHOi  3aBmaHH0.  KoopamHatn
Y1,Y2,..., Yp41 TOUOK MOYATKOBOTO CHMILICKCA 3a7aMO

Mmarpuiero D, dimD = (x (¢ +1).

S S S a S a

- +a - .. ———

p 1 I 1-1 7 1 1.1

A L B Y S__&

D=|p I 1-1 I -1, 23
-1 ]

S S a S a S

- - o= Z+a

p 1 1-1 1 I-1 |

CroBmi 1€l MaTpHUIli 3a7atl0Th BapiaHTH PO3MOILTY
MPOITYCKHOI 3IaTHOCTI MPOMDKHUX NMyHKTIB. KoxkHe 3 1ux
posmnoiniB Bianosigae ymoBi 6anancy (20). J{ns koxxHOTO
BapiaHTy Y pO3NOAULy BHPIMIYyIOTHCA TPAaHCIOPTHI
3amadi A ta B, 004YHCIIOIOTRCS BiNOBIMHI BUTpATH 1 iX
cyma Lg. 3Hauenns Lg — kpuTepiil AkocCTi BapiaHTy, IO
BUKOPHCTOBYETHCS JUIS PAH)XXUPYBAaHHS CyMapHHX BHTpPAT
B HOpAAKY 3pocTaHHs Lg. Jlani, BiANOBIIHO OO METOAY,

"Haiiripma" Touka Yj,; BigoOpaxkaeTbcA IOAO LEHTpa

Baru C — ¢irypy, 110 BHUXOIUTH WiCsl BHAAICHHS 3
CHUMILIIEKCa "ripmroi"” TOYKH, o hopmyi

U=C+a(C-Yy), a<1. Orpumana Ttouka U

nignaerses ananizy. Ipu upomy, skmo L(u) < L(Yy), To

BUKOHYETBCS ~ ONEpallis  PO3TSATHEHHS, UL 4YOTO
PO3paxoByeEThCS HOBA TOUKA
V=C+y(C-Y,1), »=15sxa samiaioe 'ripury"

touky. Skmo x L(Yp)<L(u)<L(Y),

"ripmoi"”

TO 3aMiCTh

BUKOPUCTOBYeTbCs Touka U . Sxmo
L(Y;)<L(u)<L(Y;), To BHKOHy€ETBCS Omepallisi CTHCKY,
a1 40ro PO3paxoByeTHCS
W =C+4(C-Y.,), =05

Hapemrri, sixmo L(u)> L(Y}), To peanisyerscs onepargis

TOYKa

3amiHioe  'ripmry".

penykuii  cumrmiekca. Ilpy  mpoMy  BCi  TOUYKH

cuMIUIekca "miaTaryroTecs” mo kpamoi Toukn Ly . Ilpm

IbOMY HOBI
thopmyioro

KOOpAWHATH TOYOK BHU3HAYAIOTHCA 3a

Vi :%(Y1+Yk ), k=2,3,..,1+L

[Tokaxkemo Temep, IO, HE3AIEXKHO BiA CIOCOOY
pO3paxyHKy, HOBI TOYKHM OYAyTb KOPEKTHHMH, TOOTO
BiJIMIOBITHUYA PO3IMOJLI MPOITYCKHOT 3aTHOCTI MPOMINKHHAX
MYHKTIB Oyzae 3al0BOJIbHATH yMoBaM Oamancy (20).
[ToxigHOT TOYKHM MOYATKOBOI'O CHMILIEKCA, 10 331al0ThCs
MaTtpuriero D, mili yMOBI OYEBMIHO 3aJ0BOJILHSIOTH
(cyma enmeMeHTIB i1 OyAb-SKOTO CTOBITIS MAaTpPHIIi

Yepes ui (1+1)

KOOPAWHATHOMY TIPOCTOPi TPOBEJAEMO TilepIUIOMIUHY,
OMHKCaHy CIiBBITHONICHHIM

nopisatoe  S). To4ok B | —

alylj +a12y2j +...+4q le =S, J =1,2,...,| +1.

[ToTpiOHO mOBECTH, IO OJAEPKYyBaHI B pe3yJbTaTi
peamizaiiii  METOAy HOBI TOYKM  HajJekaTh  Mid
rineprutonuHi. [IpoBenemo HeOOXigHI BHUKIAIKW JUIs
BUIIAJIKY, KOJIM BUKOHAHA OTEPAIlis BiI3epKaICHHS.

ITpu usomy

Yir+ Y2 -+ Y

' +Yop ot
C :}ZYJ_ _ 1l Yaity2 Yal
15

Ye1 t Ye2 +--+ Vi

I [ (1 )
Zyl,- Yij
1 =1 1 = Y1141
U:C+a(C—Y|+l):T +o| - . — =
I ' Yil+1
2 Vi 2 Vi i
i1 i1 |
[ |
Z Y1j Z yij — Wi
=1 j=1
1 a
| |
DY DV =W
=1 =1
[ [
Doyn+ay yy—aly g
j=1 =1
_1' =
Wy [
Doy ta) vij—aly
j=1 =1
1J
I‘Z[(l"'a))’l,j —ay1,|+1]
=1
= N .
TZ[(]-"'O‘)VIJ —0!)’|,|+1]
j=1

Ominka Bektopy U mpeacTaBisie KOOPIMHATH HOBOT
TOYKH, OTPUMAHOI B pe3yJIbTaTi omeparii BiII3epKaIcHHs.
[MigcTaBuUMO iX 10 piBHAHHA rinepruromuHy. [Ipu pomy
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1 |
il TZ(1+“)y1j—ay1,|+1 +
=1
1 |
+a, TZ(1+a)y2j_0‘yZ,|+1 +
=

St L}le(l+ a) Yij —ay,y,u} =

=t

l+va| & ! !
== Zalylj+2a2y2j+...+2a,y,j
j=1 j=1 j=1

—a [alyl,l+1 taYo gttt y|,|+1] =

lva <

I =
_a(alyl,l+l +ta Yzt +Q y|,|+1) =

=(1+a)S—aS =S5,

(aly1j +ayYj +. @ y,j)—

mo 1 mnoTpibHO Oymo noBecTH.  3ampoNOHOBaHA
JICKOMITO3MLiSl CTPYKTYPU BUXIJHOI TpPhOX 1HJEKCHOI
3amadi (6) — (10) icToTHO crpomrye il MUITXOM 3BEIACHHS
JIO BHPIIIICHHS O1TBII IPOCTUX IBYXIHACKCHUX 3a/1a4.

OnmHak, TNPHUHIMIIOBA  OCOOJMBICTH  pEANbHHUX
TPAaHCIIOPTHUX 3aJad (BEIHKa KIJIbKICTh OOMEKCHB)
BU3HAYA€E JOUUIBHICTh 3aCTOCYBAaHHS JJIsi BHUPIIICHHS
KOYKHOT 3 BHYTPINTHIX 3a/1a4 MiAXi, 3aCHOBaHUHA HA TEOPii
moaBidHOCTI [7]. 3amadi, ABOSKI MO BiJAHOIICHHIO 0
3aBnaHb A i b MaroTh BULIISL.

3a0aua Al. 3uaiitn Habopu {ui}, i=12,..,m,

{Vk}, k=12,...0 maxcumisytoui naGopu

m 4
L(U,V)=Zaiui +devk (24)
i=1 k=1
Ta 110 3a10BOJIBHAKOTH 00OMEXEHHIM
Uj + Vg SCik, i:l,2,...,m, k=1,2,...,f. (25)

3adaua bl. 3natitu HabopH {Vk}, k=12,..1,

{Wj} , 1=12,...,n, Mmakcumizyroui

[ n
Ly (VW)= dyvi +ijvvj (26)
k=1 j=1
Ta 110 3aJ0BOJIBHAKOTH 06M6)KGHH$IM
Vg tWj<cg, k=12..p, j=12..n (27)

OTtpumaHi 3a7a4i MPOCTINIi BUXITHUX MPSIMHUX 3a1a4
3 HacTynmHHX npuduH [14-16]. Ilo-nepmre, mi 3amadi, Ha
BiIMIHY BII TpAMHUX JABYXIHAGKCHHX  3ajgad, €
onHoiHnekcHuMHU. Ilo-gpyre, cTpykTypa o0OMeEXeHb
JBOICTHX 3a/1a4 MPOCTIMIa HiK CTPYKTypa MPSMHUX, TaK SIK
KOXXHE OOMEXEHHS MICTUTh BCHOTO JIBI 3MiHHI. I,
HapellTi, HalBaXXJIMBIIIE CIPOLIEHHS I0JISITa€ B TOMY, IO
JUISL BUPILIEHHS OTPHMAHMX JBOICTHX 3aJad Moke OyTH

BUKOPUCTaHUM 3BUYAMHMIA CHUMILJIEKC — METON, a He
crienuivyHI METO MOTEHITIAIB.
Haperri, JIOJIaTKOBE 3HUKEHHS 3arajbHOL

TPUBAJIOCTI BUKOHAHHS 3aadi MOXe OyTH OTpPHMAaHO

HACTYIIHAM 49UHOM. 3amadi A u B, sKi BUPILIYIOTHCS Ha
KOXHi# iTepartii, € He3ane:xxkHnMH. OHAK, pillleHHS 3a1a4i

A Moxe OyTH BHKOPHCTaHO [UIS IIBHJKOTO OTPHMAaHHS
T0YATKOBOTO ITaHy 3ajadi b .

JlificHo, Hexall A1 KOHKPETHOTO BEKTopa V3
BupimeHa 3amada (20) — (25)

{Ui(s)} T2 {Vﬁs)}. Iincrapnsioun HaGip {Vl((s)} y (23)

Ta OTpHUMaHi HabOpH

OTPUMA€EMO HEPiBHICTh

wj <o v, k=12, 141, j=12..,n. (28)

tw )

HaHTPOCTINTY 3a1a4y JIHIHHOTO MPOTpaMyBaHHS: 3HANUTH

Temep 1 BiXIIyKaHHS OTPUMYEMO

n

{Wj } , MAKCUMI3YI0Uy Zb jWj Ta mo 3anoBonbHse (28).
j=1

Lls 3amaya Bupimlyerbcst 3 ypaxyBaHHsIM  (28)

NOCIIJOBHAM PO3PAaXyHKOM Wj Y TOpSKY 3MCHILICHHS

3HAaYECHb bj. Otpumane TIpH [bOMY  pilICHHS

V(S) W; ¢ TIEpEBIPAETBCA HA ONTHUMAJIBHICTD 1, SKIIO
k(Wi PEBIP , SIKII

11e HeO0OX1THO, MOJIMIITYEThCS.
Onucani BUIE NPUHOMH YCHIIIHO BHPILIYIOTH
3aaqi, PO3MIPHICTh SKHX HE € TPaHUIHO BHUCOKOIO

(mn(SlO‘l). VY Oumblll CKIAMHUX 3ajadax MOXKE OyTH
BUKOPHMCTaHUM 1€ OOWH METOA, Ul peaizalii sSKOro

HEOOXITHO BHPIMIUTH HACTYMHY TIOICPEIHIO 3a7ady.
Hexait B cucteMi "MOCTaBIIMKH — MPOMDKHI IYHKTH —

croxnsayi" 3a1ani MaTpHUIISA
G =(Ck), 1=12,...m, k=121,
i=12..11C=(Cg), k=121  j=12..n.

Tenep st KOXHOT mHapu (i,j) MPOCTHM 1iepebopoM
BIALIYKY€ETbCS MPOMIKHUM IyHKT kijv uepe3 SAKUH

3a0e3mneuyeTbcss MiHIMalbHa 3a BapTICTIO JIOCTaBKa

omuHUIl mponykty 3 1y j. Ilpu upomy
BUKOPUCTOBYETHCS CIIBBITHOIICHHS
Cij = Ci *+ Cj =

i
= mkin {Ci1+C1j, CiZ +C2j ""'Cik +ij ,...,C” +C|j} = (29)

_¢.

ij 1=12,..,m, j=12..n

Orpumana B pesyibrari Matpus C = (éij ) pasoMm ¢

Habopamu {ai}, {bj} ¢dopmye 3BHYAWHY NBYXIHIEKCHY

TPaHCIIOPTHY 3aJady. BupilleHHS [BOro 3aBAaHHA
BHU3HA4Yae o00cCAT TIepeBe3eHHS [UIA KOXHOI mapu
"mocrayaJpbHUK  —  CHOXHBa4' 13 3a3HAYECHHIM
BiJIMOBITHOTO MPOMDKHOTO IYHKTY, fKi B CYKYITHOCTI
33a0Th  IUYKaHWM IUIaH TpaHcnopTyBaHb. Hexal

X =(x0)

Ockinbkn y BigmosinHocti (29) mwist xoxuoi napu (i, j)

OTpUMAHUM ONTUMAJbHUM  IUIAH.
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BU3HAUYCHUH HaWKpamui NPOMDKHUHA ITyHKT kij, TO
MOYKHA 3aIucaTH Xi(jo) = Xikijj' i=12,...m, j=12,..,n.

Toni HeoOXigHAa TPOMYyCKHA 3ATHICTH I KOXHOTO
MIPOMDXXHOTO IIYHKTY MO>Ke OyTH BU3Ha4YeHa 3a (hOpPMYJIOIO

m n
dk :szikj’ k 21,2,...,|.

i=1j=1 (30)

Takum  4yuMHOM, SKIIO )1 KOXHOI  Mapu
"MOoCTavaNbHUK - CHOXKHMBA4" BH3HAUYECHO MiHIMaJIbHHH 3a
BapTIiCTIO MapuipyT, TO 3a7a4a BiJIIITyKaHHS
paliOHAIBHOTO  PO3MOALIY  NPOIYCKHOI  3JaTHOCTI
MPOMDKHUX TMYHKTIB 3BOAMTHCS O  OJHOKPATHOTO
BHpIIIICHHS 3BUYAWHOT JBYXIHACKCHOI TpPaHCIOPTHOL

3amadi i3 TOJANBIIAM BUKOPUCTAHHSIM CITiBBiTHOIICHHS
(30).
PosriusiHeMO, Hapemiri, me OAHy MpoOIeMy, sKa

peanbHO BUHHKAE pu BHpIIIICHHI 3amadi
TPAaHCIOPTYBAaHHS ~ KOJMM  TIONHUT  CIOKUBadiB  —
BUIAIKOBUI.

OuiHKM HEOOXiHOT MPOMYCKHOI CIIPOMOXKHOCTI

NPOMDKHUX MYHKTIB y LOMY BHUIIaJIKy MOXHA OTPUMATH
HacTymHHM 9rHOM. [{1s hikcoBaHOTO HabOpy (ai ) Ta It

CYKYITHOCTI pI3HHX BHIAJIKOBHX HaOOpiB (bj) npu

BUKOHAHHI YMOBHU OallaHCy BUPIIIYIOThCS JABYXIHIEKCHI
TPaHCIOPTHI 3aaavi. 3a pe3yiabTaTaMH BHPILICHHS IHX
3aga4 3 BUKOpHcTaHHSIM (30) BU3HAYAETHCS CYKYIHICTDH
BIANOBIAHKUX BHUIAAKOBUX 3HauyeHb O, kK =1,2,... 1. Hami

3 BHUKOPHUCTaHHSAM CTaHAAPTHOI CTAaTHCTUYHOI 0OPOOKH
IUX 3Ha4eHb JUI1 KOXKHOTO TPOMDKHOTO IIYHKTY

OLIIHIOIOTECI M Ta o? (MaTeMaTH4YHEe OYIKYBaHHS i
Jcriepcist HeoOXiqHOT TPOIYCKHOI CHPOMOXKHOCTI). B
yMoBax Maioi BHOIpkH OymeMo BBaKaTH, IO HEBigoMa
MIUTBHICTH po3moAiTy BUITAKOBHAX 3HAYEHb
de, k=12,..,1, ¢ HOpmambHO. Tomi A KOXHOTO

NPOMIDKHOTO TYHKTY MOXe OYTH pO3paxoBaHe JesiKe
IIOPOroBe 3HAYECHHS HeoOXiHOT IIPOITyCKHOI
CIPOMOXKHOCTI, HMOBIPHICTh TIEPEBUILEHHS SKOTO He
MIEPEBUIIYE 33IaHOTO (IOCUTh MaJIOr0) 3HAYSHHS.

criokuBauiB Ta [ mpomikHuX HeHTpiB. Tomi S=mne, a
T=m+n+e-2. Ilpu 1BOMY OOUYMCIIOBATbHA CKIIATHICTH
TaKOT0 3aBJIaHHS BU3HAYAETHCS CITIBBITHOMICHHIM

Fo =O[(mno)* (m+n+0)+(mne)3(m+n+0)% +

+mno)2(m+n+0)°%].
[Ipu pecTpyKTypH3allii pileHHs i€l 3a1a4i 3BeIeHO
JI0 BHpIMIEHHS p IBYXIHIEKCHUX 3agad, B SAKHX S=M/(,
T=m+/(, Ta p ABYXiHIEKCHHMX 3a7ay, B SKHX S=N( H

(1)

T=n+/(. OOuucnroBambHa CKIANHICTh I[UX 3aBJaHb
OIIHIOETHCS CITIBBITHOIICHHSIMHU
F = O[(mO)*(m+0) + (m0)3(m+0)% + @2
+(me)%(m+10)°].
F, =O[(n)* (n+0)+(n0)3(n+10)2 + @3)
+(n0)?(n+0)°%].
Burpar, 1mo oTpuMyeThCs NpH PECTPYKTypH3alii,
. F
JIOPIBHIOE 7} = ————— .
PO = R + Ry
2. 3anponoHOBaHO HAOIMKEHHUH METOJ PO3B'SI3aHHS
3amadi Ui BUNANKy, KOJNH pO3MIPHICTE  3amadi
BUSBIIIETHCS TPAHUYHO BHCOKOIO.
OobroBopeHHs

Pe3yabTaTn
1. OcHOBHHMIA pe3ymeTarT poOOTH — HOBHUH
e(peKTUBHUHA  METOA  PO3PaxyHKy  palioHaJIbHOTO

PO3MOAUTY TPOIMYCKHAX CIIPOMOKHOCTEH TPOMIKHIX
IIYHKTIB y TpiaKciaJbHIlf TPaHCIIOPTHIN 3a/1adi.

MeTox 3acHOBaHWI HAa BUKOPUCTAaHHI CTPYKTYPHOI
nexomnosunii 3azadi. [Ipu 1poMy pimeHHS BHXiTHOT
TPHOXIHIEKCHOI 3amadi 3BeleHe JIO TOCHiJI0BHOTO
pO3B's3yBaHHA Ha0Opy ABYXiHAEKCHUX 3anad. OmiHUMO
BHTpAIl Y OOYHCITIOBATIBHIN CKJIAAHOCTI, OTPUMAHUN HpH
peamizamii miei igei. B [15] orpuMaHO criBBiTHOIICHHS
IS OLIIHKK OOYMCIIIOBAILHOI CKIIAJHOCTI 3a/1a4 JIIHIHHOro
nporpamyBaHHs. [Ipu mpoMmy SKImO y 3amadi MaeTbes S
3MIHHHX Ta T 0OMEKeHb, TO OOYMCIIIOBaIbHA CKIIAJHICTh
F 3amay4l OLIIHIOETHCS CIIIBBIHOIIEHHSIM
Fo =O(S*T +S°T2 +5°T%) .

TPHOXIHJCKCHIN

Hexait y BUXIIHINA

3aa4i € M [OCTaYalbHHKIB, N

BaxummBa mepeBara 3ampoIOHOBAaHOI'O METOAY —
BHCOKa IIBUAKOMIS. BuUCOka eQEKTUBHICTH METOMy —
pe3ynbTar KOMOiHamii JBOX MIIXOMIB: CTPYyKTypu3amii i
3aCTOCYBaHHs Teopii mojBiiHOCTI. [neliHa iHTepnpeTaris
MpOIeypH CTPYKTYpH3allii Taka: BHUXIJHA CKJIaJHa
TPBOXIHJEKCHA ONTHMIi3alliiHa 3ajaya 3aMiHIOEThCS
HA0OpPOM HabaraTo OB MPOCTHX ABOXIHICKCHUX 3ajad.
Lleit xe edexT gocsraeTbcs 1 MpHU 3aMiHi NPSIMHUX
TPAHCIOPTHUX  337a4 iX TOJABIIIHUMH aHAaIOraMu:
JBOXIHJEKCHA 3ajaya IEePEeTBOPUTHCS Ha OJHOIHICKCHY.
3anponoHOBaHWI METOJ YCHINIHO BHUpilIye 3aj1ady
pallioHaTBHOTO  PO3MOALTY  CyMapHOi  OOMEKeHOi
MPOIYCKHOI 3AaTHOCTI MMPOMIKHHAX IMYHKTIB, MIHIMI3yrOUH
CyMapHy BapTiCTh HepeBe3eHb. [IpupoaHe oOMexxeHHs Ha
obnacTe ~ 3aCTOCyBaHHST ~ METOQy  MOB'i3aHO 3
BUKOPUCTAHHSAM JIOMYNICHHS, [0 BHUXIAHI MapamMeTpu
31a4ui (BapTOCTI TPAHCIIOPTYBAHHS BaHTaXiB) — BiJoMi
JIeTepMiHOBaHI KOHCTaHTH. Y PEAIbHOCTI i NapameTpu
3agani a6o werouno [16-17], abo weuitko [18-20].
Bunnkatoui 3amadui  He  MOXYTh OyTH  BUPpIIIEHI
TPaIUIIHHAMHI ONTHMi3alliiHUMH MeTomamMu. MOXITHBI
MIIX0/1M JI0 X BUPIIIEHHS 3amponoHoBani B [21-23].

BucHoBknu
1. Bmepumie oOTpUMaHoO  METOJ  PO3PaXyHKY
NPOMYCKHOI ~ 3JaTHOCTI ~ NPOMDKHUX  IIyHKTIB Y

posray)keHiii TpPaHCIIOPTHIH Mepexi, IO BiJIPI3HAETHCS
THM, 10 BHXigHA CKjJIagHa OaraToiHJEKCHA 3aaada
3BeleHa [0 HaOopy OiTbII MPOCTHX 3a4ad MEHIIOI0
IHJEKCHUX.

2. YIoocKoHaJIeHO
BUPIIICHHS  BUXiJTHOI

00YHCITIOBAIEHY
3ajgayi, 1000

npoueaypy
BiJIPI3HAETHCS
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KOMIUIEKCHUM BHKOPHUCTAHHIM IIBOX MiIXOAIB  TOJBIMHOCTi), IO JO3BOJWJIO ICTOTHO IiJABHIIUTH
CIpOIIeHHs (PEeCTPYKTYpH3alis Ta 3acTOCYBaHHS Teopii  e(eKTHBHICTH BHUPIMICHHS BUXIiTHOI 3a1adi.
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YHHPABJIEHUE ITPOITIY CKHBIMHU CIIOCOBHOCTAMMA ITPOMEXYTOYHBIX
IIYHKTOB B PA3BBETBJIEHHOM TPAHCIIOPTHOM CETH

Ipeamer. PaccMOTpeH BaxkHBII ISl IPAKTUKK YAaCTHBIH Cilydail TPAHCTIOPTHOM 3a/a4i C IMPOMEXKYTOUYHBIMU ITYHKTAMH, KOT/Ia TPOITY CKHbIC
CHOCOOHOCTH 3THX IMYHKTOB He 3amaHbl. Lledb. OThICKaHHE HEW3BECTHOIO PACIPEAENICHUS MPOMYCKHBIX CHOCOOHOCTEH MPOMEKYTOUHBIX
MYHKTOB, KOTOPOE MHHHMH3HPYET CYMMapHbIe TPAHCIOPTHBIE pacxoibl. 3aga4yd. I[locTaHOBKa 3agayd yNpaBie€HHs MPOIICKHBIMU
CHOCOOHACTSIMH MPOMEXKYTOYHBIX IYHKTOB B TPHUAKCHAIBHOM TpaHCHOPTHOM 3anmade. PaspaboTaHHBIi MeTOJ 00JaJaeT BBICOKUM
OBICTPOJICHCTBHEM 32 CUET HCIOJIb30BAHUS CTPYKTYPHOM JCKOMIIO3HIMHU 33[a4d. MeTO IMEET HEBBICOKYIO BBIYHCIUTEIIBHYIO CII0KHOCTD,
YTO SIBJISIETCS BECOMBIM MPEUMYILECTBOM JUISl TIPAKTHYECKOro npuMenerusi. Meroa. IIpeioxeHo aBa MeTona pelieHus 3aaa4yd. I1epBoiit
peann3yeT WUTEpalMOHHYIO MPOLEAYPY YJYYIICHHs HavalbHOTO IUIaHA JUIS JBOMCTBEHHOW MOJENHM HCXOAHOH 3amaud. BerumciuresnbHas
cXeMma Ha KaXJI0# uTepauuu sBIsIeTCs JAByXIiaroBoil. Ha mepBoM lmare urepanuu pemaeTcs KOOpAMHHUPYIOIIAs 3ajada, peleHre KOTOpoit
3aj1aeT 04YepeHON HAbOp 3HAYEHHUH TPOIYCKHBIX CIIOCOOHOCTEH MPOMEKYTOUHBIX MyHKTOB. Ha BTOpOM miare 3ToT HabOp MCIOIb3YETCs ISk
pelIeHust KICXOAHOM TPAHCIOPTHOM 3a1aun. [ToydaeMoe B pe3ysibTaTe pelieHre IPOBEPSETCs Ha ONTUMAILHOCTD. ECIIM OHO He ONTUMAIIBHO,
TO BBIIOJHSACTCS MEPEeX0J K o4epeAHOi urepaumu. sl peanu3aluy NPEUIOKESHHOW BBIYMCIUTEIBHON CXEMbl HCIOJNB30BAaH METOJ
onTHMH3aIMU HyJeBoro nopsaka Hennepa-Muza. Pe3yibTaTbl. JlokazaHa BO3MOKHOCTh KOHCTPYKTHBHOTO HCIOJIB30BAHHSI ATOTO METO/IA C
y4eTOM OOJIBIIOTO YHCIIAa OTPAHUYEHUM TpaHCHOPTHOTO ThMA. C IENbI0 YIPOIIEHHs TEXHOJIOTHH PELIEHHS] TPAHCTIOPTHBIX 3a/1ad Ha KaX oM
UTEpAIMH aJITOPUTMA BBEJEHBI JBOMCTBEHHBIE UX MOJEIH. B CBS3M C TeM, YTO BBHIYMCIIUTENBHAS CIIOKHOCTD MPEIAraeéMoro MeToia ObICTPO
pacTer ¢ yBeqMYEHHEM YHCIIa MPOMEXKYTOUHBIX ITyHKTOB, MPEUIOKEH MPOCTON albTepPHATHBHBIN MPUOIMKEHHBIH METOJ| PEIICHUs 3a/Iauu.
BriBozbl. [TpeyioxkeHHBIH METO/ peliaeT 3a1ady pacdera MpoIryCKHON CIIOCOOHOCTH MPOMEXKYTOUYHBIX ITYHKTOB B CHCTEME "TIPOHU3BOJICTBO -
JIocTaBKa - motpebiaenue.

KuroueBble cjioBa: TPaHCIIOPTHAS 3aa4ya ¢ MPOMEKYTOYHBIMH ITyHKTaMH; HPOITYCKHBIC CIIOCOOHOCTH ITyHKTOB HE 3a/IaHbl; METOJIBI
peuieHus.

MANAGING THE CAPACITY OF INTERMEDIATE POINTS IN AN EXTENSIVE
TRANSPORT NETWORK

Relevance. A special case of a transport problem with intermediate points, when the throughput capacity of these points is not specified, is
considered, which is important for practice. Purpose. The problem of finding an unknown distribution of the throughput capacity in
intermediate points, which minimizes the total transport costs, is formulated. Method. Two methods for solving the problem are proposed.
The first one implements an iterative procedure for improving the initial plan for dual model of original problem. The computational scheme
at each iteration is a two-step one. At the first step of iteration, a coordinating problem is solved, the solution of which sets the next set of
values for throughput of intermediate points. In the second step, this set is used to solve the original transport problem. The resulting solution
is tested for optimality. If it is not optimal, then transition to the next iteration is performed. To implement proposed computational scheme,
the Nelder-Mead zero-order optimization method was used. Tasks. Statement of problem for controlling the throughput capacities of
intermediate points in triaxial transport problem. The developed method has high performance due to the use of the structural decomposition
of problem. The method has low computational complexity, which is a significant advantage for practical application. Results. The
constructive possibility use of this method has been proved, taking into account a large number of transport-type restrictions. In order to
simplify the technology for solving transport problems at each iteration of the algorithm, their dual models are introduced. Due to the fact that
computational complexity of proposed method grows rapidly with an increase in the number of intermediate points, a simple alternative
approximate method for solving the problem is proposed. Conclusions. The proposed method solves problem of calculating the throughput of
intermediate points in "production - delivery - consumption" system.
Keywords: transport problem with intermediate points, throughput points are not specified, methods of solution.
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