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MATEMATHUYHE MOJEJIFOBAHHS HEUITKOI KOMYHIKAIIII
B BATATOPOBOTHUX CUCTEMAX HA OCHOBI IICEBJOAHAJIOI'OBUX CUI'HAJIIB

Y cmammi npedcmasgneno pesynomamu 00CHiodiCcenHs, NPUCBAUEHO20 MOOETI0BAHHIO KOMYHIKayii y bazamopobomuux
CUCIMEMAX 3 GUKOPUCTAHHAM HeYimKUX (NCeB00anan0e06Ux) CUeHAiG. Y cyuachux ymoeax, Koy epynu agmoHOMHUX poOOnie
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ehekmusH020, CMIliKo20 Ma eHeP2oowadH020 THpopmayitinoeo 0dMiny misic pobomamu. Tpaduyiini nidxo0u 0o MixncpoboOmuoi
KOMYHIKayii — 30€01i1b11020 OUCKPEMHT — He 0038018101b 00CASMU BUCOKOT A0ANMUBHOCTNT Y ULYMHUX a60 00MENICeHUX 3a pecyp-
camu cepedosuuiax. Y 6ionosiov Ha yi GUKIUKY ABMOPOM 3ANPONOHOBAHO 2IOPUOHY MOOETb, AKA IMINY€E NPUHYUNY KOMYHIKAY],
enacmugi biono2iunuM cucmemam, 30kpema — 6apiaderbHiCmy aHan0208UX CUSHANIB, WO BUKOPUCTOBYEMbCA Y 32PAAX MEAPUH
abo KONOHIAX KOMALX.

Pospobnena mamemamuuna mooens 6a3yemvcs Ha KOHYenyii HewimKoi 102iKu, 0e KOJceH CUSHAL MAE mpu napamempu —
amMnaimyoy, uacmomy ma mpueanicmy — iHMepnpemosani y TiHeGICMUUHUX Kame2opisx (8ucoxuii / cepeouiil / HusvbKutl, mpu-
800iCHULL / KOMaHOHUtl moujo). Cmynitb 610N0BIOHOCMI CUSHATY BUSHAYAEMbCA (DYHKYIAMU HANEHCHOCHI, U0 00380TAE KOXCHOMY
pobomy ghopmysamu cHYUKy peaxyito 3anedxicHo 8io konmexcmy. [Iposedeno cepiio excnepumennty y CUMyIAYiliHOMY cepeoosuuyi,
v axomy «Jlesuy nepecnioyeanu «AHmunony, wo Manu MOJUCIUGICHb 0OMIHIOBAMUCH CUSHANAMY NPO Hebe3neKy abo Hecmayy
enepeii. byno 3modenvoeano mpu munu cepedoguuy — 6e3 nepeutkod (6a306a OUCKpemHa MO0eb), 3 BMPAMAMU CUSHATIE MA 31
CNOMBOPEHHAM CUSHANIB NPU NCEBO0AHAN0208Il nepedaul.

Pe3ynomamu nokazanu, wo Hevimka mooeib 0036075€ 00CAMU MAKO20 JC PiBHSL BUNICUBAHHS pODOMIS, AK | 8 yMO8AX ide-
anvHoi nepedayi OUCKPeMHUX CUSHANIB, alle 3 eHEP2OCRONCUBAHHAM, 3HudceHum Ha 18 %. IIpu yvomy cucmema eusguiacs cmiii-
Kiutor 00 mpam abo cnomeoperts CUSHANI8. 3acmocy8anHsa aHan020no0iOHOT KOMYHIKaYil 3 TiHeBICIUYHONW IHMepnpemayiecio
003601I1€ YHUKAMU HAOMIPHOI akmusayii pooomie, niosuutyioul 3a2aibHy e(heKmuHicms 2pynosoi nosedinku. 3anpononosana
MOoOenb Modice 6Ymu BUKOPUCIARA 0715 ROOYO08U PO3NOOLIEHUX MEXHIYHUX CUCTNEM Y C(hepax NOULYKOBO-PAMYBATbHUX ONEPAyil,
PO36i0KuU, a makodic y chepi low-cost swarm robotics.

Cmamms pobumo 6HecoK y pO36UMOK SHYUKUX KOMYHIKAYILHUX NPOMOKOI6 015 pois pobomis, 30amnux adanmysamucs
00 3MiH cepedoguula 6e3 YeHMparizo8anoeo YnpagiinHs.

Kutrouosi croBa: poesa pobomomexixa, 0eyenmpanizoeane Kepy8anHs, Heuimxa 102ikd, po3nooinenutl inmenexm.

Lavrik V. V., Sukalo M. L. Mathematical modeling of fuzzy communication in multi-robot systems based on
pseudoanalog signals

The article presents the results of a study devoted to modeling communication in multi-robot systems using fuzzy (pseudo-
analog) signals. In modern conditions, when groups of autonomous robots operate in complex and dynamically changing envi-
ronments, the tasks of ensuring effective, stable and energy-saving information exchange between agents are extremely relevant.
Traditional approaches to inter-robot communication — mostly discrete and based on rigid binary protocols — often do not allow
achieving sufficient adaptability in noisy, unstructured or resource-limited environments. They tend to rely on constant signal
retransmission and error-correction procedures, which increases energy costs and reduces real-time responsiveness.

In response to these challenges, the author proposed a hybrid model that imitates the principles of communication inherent
in biological systems, in particular the variability and context dependence of analog signals used in flocks of birds, schools
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of fish or insect colonies. Such natural communication is not strictly digital: it combines amplitude, frequency and temporal
modulation, enabling organisms to convey uncertainty, urgency or intent even under external disturbances.

The developed mathematical model applies the concept of fuzzy logic, in which each transmitted signal is represented by
three parameters — amplitude, frequency and duration — interpreted in linguistic categories such as high, medium, low, alert or
coordination. Membership functions determine the degree to which a received signal corresponds to a specific linguistic value,
enabling each agent to form a flexible response depending not only on the signal itself but also on the situational context. This
reduces the need for exact matching of discrete messages and allows communication to remain functional even when signals are
partially lost or distorted.

A series of experiments was conducted in a simulation environment representing predator—prey interactions, in which
“Lions” acted as pursuing agents while “Antelope” could exchange messages about detected danger or decreasing energy
reserves. Three categories of environments were modeled: a basic scenario with ideal discrete communication, a scenario
with partial signal loss, and one with distortion introduced during pseudoanalog transmission. The results demonstrated that
the fuzzy model enables maintaining the same level of agent survival and task completion efficiency as in ideal discrete com-
munication, while reducing overall energy consumption by approximately 18 %. Furthermore, the swarm demonstrated sig-
nificantly higher robustness under conditions of interference or incomplete data, as fuzzy interpretation prevented critical
communication breakdowns.

The use of analog-like communication with linguistic interpretation decreases unnecessary agent activation, smooths col-
lective decision-making and increases the overall efficiency of group behavior. The proposed model can be applied to the devel-
opment of distributed technical systems for search-and-rescue missions, reconnaissance, environmental monitoring, agricultural
robotics and low-cost swarm systems, where adaptability and resilience are more critical than precision. The article contributes
to the advancement of flexible decentralized communication protocols capable of maintaining functionality under uncertainty
and without centralized control.

Key words: swarm robotics, decentralized control, fuzzy logic, distributed intelligence.

IMocTaHoBKa mMpodaeMu. Y CydacHUX POOOTOTEXHIYHUX CUCTEMaX 3pOCTA€E BAKIMBICTD €()eKTUBHOI OpTaHi-
3aIii ynpaBIiHHS IPyIIaMH aBTOHOMHHUX POOOTIB, 110 MPALIOIOTH Y CKIIaTHUX Ta IUHAMIYHO 3MiHIOBAaHUX CEPEIOBH-
n1ax. 3a0e3neyeHHs 1X y3ro/UKeHUX JIil € KITIOUOBUM SIK JUIS IOCSATHEHHS IOCTABICHUX I[1JIeH, TaK 1 IS IMiIBUIIICHHS
HaAIHHOCTI Ta CTIHKOCTI 70 30BHIIIHIX 1 BHYTPIIIHIX 30ypeHb.

VY po0orti [1] HaBeneHO pe3yabTaTy AOCHIIKEHD 1010 OpraHi3alii FpyMnoBOro yrnpasiiHHS poOOTaMU B yMO-
Bax BUCOKOI MIHJIMBOCTI cepeioBHILa. BuiieHo Tpu OCHOBHI MiJXOAM 10 TAKOTO YIPaBIiHHS: HEHTPaTi30BaHU,
JeleHTpali3oBaHuii Ta 3Mimanuid. LleHTpanizoBani Mojeli MpOCTill y peasizalii, aine Bpa3iuBi 10 BiAMOBHU LEH-
TPaJBHOTO By3Ja Ta MOTaHO MAacCIITaOyIOThCs. JleleHTpati3oBaHi CUCTEMH CTIHKIII Ta Kpalle MacmTaOyloThCs,
MPOTE CKJIAHIIII Yy 3a0e3MeUeHHI Y3ro/KeHOCTI Aiil. BogHouac BiACyTHI yHIBepcalibHI MiAX0MH, sKi O 3a0e3mnedy-
BaJIi e(h)eKTUBHICTD IS PI3HUX 337124 — KOOPAMHAIIT pyXy, TOOYJ0BH (OpMaIliii, po3IoaiTy 3aBaHb Y1 OpraHizarii
B3aemoii [2]. CkIagHICTh MOJIeNeH, BelIMKa KUTbKICTh CTYTICHIB CBOOOIM Ta PI3HOMAHITHICTH CIICHAPITB 00OMEXY-
FOTh MOXKITUBICTh CTBOPEHHSI YHIBEpCAJIbHHUX PIllICHb.

OHUM 13 HANPSIMIB TIOJOJIAHHS ITUX TPYIHOIIIB € BUKOPUCTAHHS MOJIENICH COliaIbHOI MOBEIIHKH 0O1010T14-
HUX CHCTEM, Ji¢ iH(popMarliiiHnii oOMiH 0a3yeThCsl Ha JIOKANbHIN B3aeMoaii HaHOMIKINX cyciaiB. Y pobotax [3]
MOKa3aHO €(PEeKTHUBHICTh MPUPOTHUX MEXaHi3MIB KOMYHIKallil B 3rpasx MTaxiB, KOCSKax pHO 4M KOJOHISIX KOMaXx,
sIKi 3a0€3MedyI0Th CTIMKICTh 10 IIyMiB 1 3MiH cepeaoBHIIA. 3arajoM Mpoliec 00pOOKH CUTHAJIB Y TAKUX CHCTEMax
OIIUCYETHCS 3AJIEKHICTIO!

R =118, C), (1)

ne S — CyKyNHICTb 30BHILIHIX CUTHANIB, C — BHYTPIIIHIH CTaH 0COOMHH, R, — MHOXMHA MOXKIJIMBUX PEAKIiN (11iH).

[Ipote, sik 3a3Ha4eHO B [4], MPUPOIHI CUTHAIM € aHAJOTOBHUMH Ta PO3MUTHMH, IO YCKJIATHIOE iX TOUHY
¢opmamizanito. OAUH CUTHAT MOXXE BHKOHYBATH KiJbKa (DYHKIIIH, HAPUKIAJ MICHS 3g0JMKa OTHOYACHO MAapKye
TEPUTOPIIO Ta MPUBAOIIIOE CAMHIIb.

OTxe, monajiblii JOCHIHKEHHS MalOTh OyTH CIPSIMOBaH1 Ha PO3pOOKy MeTO/iB iH(OpMaIiifHOT0 0OMiHY MiXk
poboTamMu Ha OCHOBI aHAJIOTOBUX CUTHAJIB, 110 IMITYIOTh 010JIOT14HI MEXaHi3MH KoMyHikarlii. [le 103BoiuTh cTBO-
PIOBAaTH aANTUBHI Ta CTilKi 10 30ypeHb CHCTEMH YIPABIIHHS, 34aTHI I0 CAMOCTIHHOTO MPHCTOCYBaHHS 0¢3 30B-
HIITHBOT KOOPAUHAIII.

AHaJti3 ocTaHHIX AoCTiIzKeHb i myOikaniii. 3anponoHOBaHUN HAPSM € TIEPCIIEKTUBHIM JIJIsI O3B’ SI3aHHS
3aJlad yIpaBJIiHHS BEJIMKUMH IPyIIaMH aBTOHOMHHUX POOOTIB Y pealIbHUX CepellOBHINAX, OCOOIUBO 3a YMOB 00OMe-
JKEHOT MPOIYCKHOT 3IJaTHOCT] KaHAIIIB 3B 513Ky Ta BHCOKOI TUHAMIYHOCTI 00CTaHOBKU. CaMe MOCIIPKSHHIO TaKUX
MiJIXOIB JIOMITFHO PUCBATUTH TIOAAIBIIN HAYKOBI POOOTH.

Y pobori [5] HaBeCHO pe3ysbTaTH JOCIiKEHb MION0 OpraHi3aiii KOMyHIKaIiil y po3MoJiICHUX TEeXHiu-
HHUX CHCTEMax, 30KpeMa Tpymnax poOoTiB. OCHOBHY yBary NpHIiIeHO po3poOiii MOB i 0OMiHYy HaHUMH, KaHAJIB
3B’S13Ky Ta KOMYHIKaI[IHHUX MpOTOKOMiB. Y [6] po3misHyTo IK-KaHam oOMiHy TaHUMH Y BEIUKUX Ipylax poOoTiB,
a B [7] — cnenianizoBani MmoBu Tty SWARMORPH-script, opieHTOBaHi Ha BUpILIEHHs KOHKPETHUX 3a/1a4 y Poio-
BHX CUCTeMaX. TakoX JA0CIiPKEHO MOXKIIMBICTh BUKOPUCTAHHS TPAAMIIIMHUX POTOKOJIIB, Takux sik CSMA/CD, Ta
CrieIiaizoBaHuX PIlIeHb JUIsl Y3TOHPKEHOTO pyXy poro poOoTiB [8].
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Tepmin «poii pobotiB» chopmyBases y 1990-x pokax Ha ocHoOBI koHnenmii Swarm Intelligence, 3anporno-
HoBaHoi Beni Ta Wang y 1989 poui /i onucy B3aeMolii BETUKOT KiIIBKOCTI MPOCTHX areHTiB [9]. CucremarnyHi
JOCIIKEHHSI IbOTo HampsiMy Oyau 3amodatkoBaHi E. Sahin, skuii y 2005 pori gaB onHe 3 mepiinx BHU3HAYCHb
swarm robotics Ta MiJKpecIuB 3HaYEHHsI IPUPOAHUX MEXAH13MIB KOJIEKTUBHO1 IIOBEIIHKH.

IIpoTe i HUHI 3aMUIIAIOTHCS HEBUPILIEHI MUTAHHS, MEepeayciM METOAOJOrIYHI, 0 MOB’sA3aHl 3 MPHUH-
LUITOBUMH BIAMIHHOCTSMH MK TEXHIYHHMH W O10JOTIYHMMH cucTeMaMu. Jlo HUX HaJle:KaTh amaparHi oOMe-
JKCHHSI, BIZICYTHICTh MOXKJIMBOCTI MOBHOLIHHOI aHAJOTOBOI Iepeadi CHUTHAJIB, HecTada CEHCOPHHUX 31aTHO-
cTel, MOMIOHHUX JIO PeleNnTOPiB KUBUX OPTaHI3MIB, a TAKOXK BHUMOra 30epiraTu JCHICBU3HY KOHCTPYKIUT Jis
BEIIMKUX TPYyT pOOOTIB.

OHAM 3 MOXKJIMBHX NUISXIB TIOJOJIAHHS ITMX 00MEXKEHb € BUKOPHCTAHHS TPUHIIHITIB €TOJIOTI1, 30KpeMa iel
iHBapianTHOI popmu curHamy. Y po6oti [10] migkpecneHo pois BapiabenbHOCTI CUTHANIB Y 010JIOTTYHUX CHCTEMAax
JUTS T IBUIIICHHS CTIMKOCTI Tiepenadi ingopmarltii. OgHaK y TEXHIYHUX CHCTEMaxX aHaJOrOBl KaHaH € 00MEKEHUMH,
TOMY BUHMKaE 1oTpeda y iX iMiTanii Ha OCHOBI JUCKPETHUX MEXaHI3MiB.

VY 1iif po6OTI 3aIpONOHOBAHO HOBHM MiAXiA O MIKAareHTHOI KOMYHIKAIIi1, III0 TPYHTYEThCS Ha iMiTawii aHa-
JIOTOBUX CUTHAJIIB uepe3 JUCKPETHI KaHaiu 3B’ a3Ky. CTBOpeHa MaTeMaTH4Ha MOJIEb HeUiTKOI (TICeBI0aHaIOr0BO1)
KOMYHIKallii BpaxoBy€ aMIUTITydy, YaCTOTY Ta TPUBAJICTh CHTHAITY, 3a0€3MeUyI04d KOHTEKCTHO 3aJI€KHY Peaklito
areHTiB 0e3 EHTPaIi30BaHOTO YIIPABIIHHSI.

TakuMm 4YHHOM, MOZIEJh NICEBI0AHATIOr0BOI MIXKPOOOTHOT KOMYHIKAIii € TIePCIIEKTHBHAM IHCTPYMEHTOM IS
MOOYIOBH QIalITUBHUX, CTIMKHAX 1 eHeproeekTHBHUX 0araTopoOOTHHX CHCTEM, 3IATHUX IPALIOBAaTH B YMOBaX
HEBU3HAUCHOCTI Ta iIHpOpMaIiHHUX BTpaT. BoHA BiKpHUBa€E MOKIIMBOCTI JUTS TIOAJIBIIIOTO PO3BUTKY HEUITKUX MPO-
TOKOJIIB B3a€MOJIT y IEIICHTPATiI30BaHUX POOOTOTEXHIYHUX TUTATPOpPMaX.

MeTta pociaiazkeHHsi. MEeTOO JTaHOT CTATTI € po3poOKa Ta JIOCHIHKEHHS MaTeMaTHYHOT MOJIeNTi TICEBI0aHAIIO-
roBoi (HewiTKo1) KOMyHiKaIlii B 6araropoOOTHUX cHCcTEeMaX, 1o (YHKIIIOHYIOTh Y CKIIaTHUX Ta 3alTyMJICHUX Cepe/l-
OBHIIAX JIJISI T ABHUIIICHHS eHEPTeTUYHOT €()eKTUBHOCTI, CTIHKOCTI /10 BTpaT CUTHAJIIB Ta aIAITUBHOCTI JI0 B3aEMOII1
PYXY pOrO poOOTiB.

BukJiiajieHHs1 0CHOBHOI0 MaTepiaJry J0C/TiIzKeHHS.

1. Opeanizayis komyHixayii' 6 epyni pobomis

YV 6aratopoO0OTHUX cHcTeMaX HaBiTh 3a CIIPOLICHOT KOHCTPYKIIT KOXEH poOOT MOBUHEH OPi€HTYBATUCS BiJl-
HOCHO CYCIJIIB y MeXax pajiiyca NpuioMy CHTHAJIB, 10 3a0e3Meuye JIOKaabHy B3a€EMOJIII0 Ta KoopauHalito. J{is
IBOr0 poOOT Ma€e BU3HAYATH BiTHOCHE MOJIOKEHHS IHIINX POOOTIB, HAIPHUKIAL «po00T N 3HAXOAUTHCA 3iBay. Lle
MOxe OyTH pealli3oBaHO Yepe3 BH3HAUCHHSI KOOPIUHAT 3a JJOMOMOTO0 30BHIIIHIX MasikiB [11] abo moisxom o0dmc-
JICHHSI BIACHOTO IOJIOXKEHHS 3 BUKOPHCTAHHSIM €HKOJICPIB Ta KOPUTYBAIBHUX aJIropuTMiB [12].

CxeMaTHYHUI TIPUHITUI BU3HAUYCHHS HAPSMKY HaBeIeHO Ha puc. 1: poOoT N OpieHTY€eThCs BIIEpe]] 1 TOMIISE
MIPOCTIp HA YOTHPH CEKTOPH — BIIEpE/I, Ha3a , JTIBOPYY, IpaBopyd. SKiio curHai Bijg podora K HaIXoquTh, HApH-
KJIaJl, MpaBuM mpuitmMadem, podot N poOUTH BHCHOBOK mpo posrtarryBanHs K mpasopyd. Lledt migxin 3abesmedye
0a30By MTPOCTOPOBY OpiEHTAIIIO 0€3 CKIIaTHUX CEHCOPIB a00 M00aTbHUX KOOPIUHAT.

BMEPE[Q

10’

’

JIBOPYMY ® NPABOPYY

HA3AL,

Puc. 1. OcHOBHI BU3HaYCHHS BIAHOCHOTO MICIISl pO3TAIlyBaHHS CyCiIHBOTO poOoTa

[Ipore koOpAMHATHI METOIM YacTo IOTPeOYyIOTh JOAATKOBOrO OONaJHAHHSA Ta 3HAYHUX OOYMCITIOBAIBHUX
pecypciB, TOMy Uil IPOCTUX IardopM IOLIIFHHM € BHKOPHCTAHHS OPIi€HTAalii BIZHOCHO BIACHOTO KOPITYCY
poGora. OHUM 13 HAWITPOCTINIMX BapiaHTIB pealizallii € HanpaBJIeHa repeadya Ta npuiioM curHamie. Taka cxema
3aCTOCOBaHAa, HAMPHUKIIAN, y TuiaTgopmi Jasmine [13], 7 BUKOPUCTOBYIOTHCS JACKUIbKA HAMPSIMICHUX MPUIMAYiB.
BukopucTanHs 90THPHOX TPUHMANTEHIX MOYIIB 3 IOJIeM onaay Omm3pko 90° no3Bossie poboTam BU3HAYATH OIHH
OIHOTO 3a MPHUHIAIIOM CEKTOPHOTO aHaJi3y, 3HIKYIOUH BUMOTH 10 OOUMCITIOBAIEHIX PECYPCiB.

[lomo xaHamiB 3B 53Ky, aHAJI3 Cy9aCHHX IiJXO/IB MOKa3ye JTOMiHyBaHHS pamio3s’s3ky (Wi-Fi, Ad hoc, cen-
copHi Mepeski). OnHaK pajioKaHal Ma€ HEJOMIK — BiICYTHICTh MPUPOAHOI CHPSMOBAHOI Mepeaadi, Mo 00MexKye
MOXJIMBOCTI peastizallii JIOKaJIbHOI B3a€EMO/Ii1 poto. Y SIKOCTI aJbTepHATHB PO3IISIAIOTHCS iH(ppauYepBOHUIL Ta 3BY-
koBHii KaHamu. Y po0Oori [10] mokazano edexruBHicTh [Y-kananmy mis nokansHOI B3aemonii. Ha puc. 2 momano
cxemu [Y Ta akycTHYHOTO KaHAJIB: EpLINi 3a0e3reuye CrpsMOBaHy Nepeaady y BUIIIsiII By3bKOTO KOHycCa BHITPO-
MIHIOBaHHS, IpyTHH — epeiady akyCTHYHO MOJYJIbOBAaHUX CUTHANIB, IKi MOXYTb KOAyBaTH iH(POpPMAILIIIO 32 4acTO-
TOI0, TPUBAJIICTIO YU aMILTITYHOKO.
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Puc. 2. Crpykrypa iH(ppadyepBOHOTO Ta aKyCTHYHOTO KaHaIiB 3B 513Ky MK poOOTaMu

3BYKOBI METO/IN TAKOX JOCHIIKEHO B poboTi [14], ne 3anpornoHoBano GpopMaIbHy MOBHY MOJICINb, Y SIKiil KOXKEH
CHMBOJI IIEpEA€THCSI HAOOPOM 0AaraToyacTOTHUX CUTHAIIB TpUBAIICTIO 150 Mc. IHIIMM MPUKITagoM € yIbTpa3ByKoBa
KOMYHIKaIlis, BUKopucraa B irpamii Furby. O0uaBa xanamu npunatHi A7t pOHOBHUX CHUCTEM, Ji¢ MPOITYyCKHA 3/1aT-
HICTh BU3HAYAETHCA LIBUIKOIIEIO POOOTIB Ta BUMOT'AMH JI0 Yacy peakilii, sKuid He TTOBUHEH mnepeBuiryBaru 0,2 c.

Y Mekax 3aImpOorOHOBAHOTO MiXOMY KaHAJ 3B’SI3Ky BUKOPUCTOBYETLCS HE JUI Mepeaadi HuQpoBUX MOBiI0-
MJICHB, a JUI EMYIIIOBAaHHS aHAJIOTOBUX CUTHAIIB. [lepenaroThes mapaMeTpu — aMILTITy/ia, YacTOTa, TPUBATICTh, —
SIKI (POPMYFOTH HEUITKHI MCEBIOAHAIOTOBHI CUTHAI, IO J03BOJIIE pOoOOTaM IHTEPIPETYBaTh HOro Ta opMyBaTu
MOBE/IIHKOBY PEaKIlifo 0e3 CKIaJHUX KOMYHIKAIlIHHUX TPOTOKOJIIB.

2. Mamemamuuna mooenb 63acMo0ii ma KOMyHIKauyii 6 6azamopodomuux cucmemax

3anpornoHoBaHa cXeMa B3aeMOJIiT Ta KOMYHIKAIll B rpymi poOOTIB I'PYHTYEThCS Ha TIOPUIHOMY IiJXO/i, 10
MIOEIHY€ AUCKPETHY Tepeaady JaHuX 3 eJIeMEHTaMU aHaJoToBOro KomyBaHH:S. KokeH poOOT ocHaIIeHUI TpOCTHM
pUiiMaIbHO-TIEPEeIaBAIEHAM MOJYJIEM, 3IaTHUM pO3ITi3HABATH Bapiallil CHTHAJIY Ta iHTEPIPETYBaTH iX SK 3MiHY
MpiopuTeTy a00 CTYMEHS BaXJIMBOCTI MOBiTOMIIEHHS (puc. 3).

leHepauia 6a3oBoro
—————» iHBapiaHTHOIO
curHany
Nipep
Mpuitom curHany
Buiona) _y, T3 MOﬂ,Md)iKa!.l.iH
Bel| iHTeHcuBHOCTII Aii

7

BuasneHHs nepewkon

- BukoHa) —p Ta FEHeF’aU-iﬂ ; .
oed sey 3MIHEHWUX BapiaHTIB
: curHany

MpynoBa peakuy’ia
Puc. 3. Crpykrypa B3aemopii Ta KOMyHiKatlii B TpyIii poOoTiB

PoGota cucremu BifOyBaeThCsl y KijbKa eTamiB. Crioyarky Jifiep renepye 0a30BMii iHBapiaHTHUI CUTHAJI, 110
1HINIIO€ CIINBHY AiI0 (HAampHUKIaf, ctapT pyxy). Ilinnerti pobotu mpuiimaroTs Leil curHai i BifOBiAHO A0 HoOro
napaMeTpiB BU3HAYAIOTh IHTEHCUBHICTh BUKOHAHHS KOMaHIM. SIKIIO OKpemi poOOoTH (iKCYIOTh MEPELIKOi1, BOHH
(OpMyIOTh 3MiHEHHI BapiaHT CHTHANY — i3 30UIBIICHOI0 aMILTITYJOK0 UM TPUBAIICTIO — MEpeaaodn iH(opMaIio
po 3arpo3sy cycimam abo minepy. [loganmpina moBemiHKa rpyITy BU3HAYAETHCS IHTETPALIIEI0 BCIX OTPUMAHUX ITOBII0-
MJICHB, IO 3a0e31euye KOICKTHBHE PIIICHHS MIOI0 KOPEKIii pyXy a00 3MiHU TaKTHKH.

Jlst mocsiTHEHHS TPUPOIONOAI0OHOT B3a€MOJIIT BUKOPUCTOBYETLCSI MOJICITh 0OPOOKH aHATIOTOBUX CHUTHAIIIB 13
HEYITKOI iHTepIpeTaltiero. CUrHaI OIMUCY€EThCS HA0OPOM TTapamMeTpiB:

S(0) = {4(), f(1), d@)}, )

ae:

— A(¢) — amrmniTyaa curHAIY (BIAMOBIAAa€ THTEHCUBHOCTI 00 CTYICHIO TEPMIHOBOCTI);

— f(t) — Hecyua yacToTa cUTHaNY (SIKiCHA XapaKTepUCTUKA: THIT Y KaTETropist OBITOMIICHHS);

— d(t) — TpuBaJiCTh CUTHAY (Y4acoBa PO3TATHYTICTh a00 3HAYYIIICTh).

JIJI KO)KHOTO JTIHTBICTHYHOTO TEPMY BHU3HAYAETHCSA (PYHKIIIS HAJCKHOCTI W(X), sIKa JTO3BOJISIE OLIHUTH CTY-
TiHB BIAMOBIHOCTI 3HAYCHHS CUTHATY TIEBHIM KaTeropii.

Koxen poGor R, orpumyrodn curaan S(f) Bix pobora-cycina R, (dbopMye OIIIHKY BaXJIMBOCTI CUTHATY 32
JIOTIOMOTOF) KOMITO3HUITIHOT PyHKITIT: ‘
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P(0) = (4, (1) - 1, (/D) - n(d D), 3)

nie Pij(t) € [0, 1] — cTymiHb peneBaHTHOCTI CUTHATY 115t poboTa R,

Pucynok 4 neMoHCTpye y3araapHeHy OIOK-cXeMy 00pOoOKH aHAaJIOTOBHX CHTHAJIB. MOIeb BKITIOUAE: TIPHIOM
CUTHAITY, IEPETBOPEHHS ITApaMeTPiB y JIHIBICTHYHI OLIHKH, BUOIp peakilii i BUKOHAHHS JIii 3 IHTCHCHUBHICTIO, IPO-
MOPIIIHO aMITITY/li cuTHATY. Takuil miaxia 3a0e3rneuye aJlalTHBHICTD 1 JI03BOJISIE BIIIMOBHTHUCS BiJl JKOPCTKOTO
MIPOTpaMyBaHHsI BCIX MOKIIMBHX CUTYaITiil.

MPUAHATTSA CUTHANY

(amnnitypa, yactota, TpUBaICTb)
\. J

!

OLIIHKA CNPUAHATTA

iHTEepnpeTauist HeYiTKNX MHOX3UH
9 »,

!

MPUMAHATTSA PILLEHHA
BU3HAYEHHS peneBaHTHOI peakLii

7

. l J
% )
aia
pearizauisi 3 iHTEHCUBHICTIO
L amnnityan )

Puc. 4. Y3aranbpHeHa OJI0K-cXeMa HeviTKoT Mojiesli 00pOOKHM aHAJIOTOBUX CUTHAIIIB Y OO pOOOTIB

3acToCyBaHHS IUCKPETHOTO KaHATY 3 BapiaTUBHUMH XapaKTEPHCTHKAMHU CHTHATY Ja€ 3MOTY MOICIIOBATH
AHAJIOTOBY KOMYHIKAIIFO, MiJBHIIYFOYH CTIHKICTh CHCTEMH JI0 3aBaJl Ta 3a0e3Meuyrodu OUTHIN iH(GOpPMATHBHUN
oOMmiH. Lle 00TpyHTOBY€E HEOOXITHICTH TTOAABINNX JOCTIHKEHb Y HAPSMKY PO3POOKH METOJIIB KOMYHIKaIlil B po0o-
THU30BaHUX I'PYyIax, IKi IMITYFOTh BJIACTHBOCTI IPUPOIHUX aHAJIOTOBUX CHUTHAJIB.

3. 3acanvuuit onuc 3a0aui ma excnepumMenmanbHa NOCMAHOBKA

Jis mocijpkeHHs TiepeBar HeviTKoi (CeBA0aHaIOroBo1) KOMyHIKallii B yMOBaxX KOJICKTHBHOI TIOBEIIHKH OYII0
MIPOBEJICHO CEPil0 EKCIIEPUMEHTIB 3 BUKOPHUCTAHHIM IMITalliiHOTO MOAENoBaHH. MoJieslb ONHCyBaia B3a€MOJIII0
PO0 poOOTIB, 1110 TEPEMIIITYBAIUCh 10 TOPOIAaNbHIl MOBepXHi. Po3misaanucs 1Ba THIN areHTIB: «JIEBW», SIKi epe-
CJIiTyBaJii 1HIII 00’€KTH, Ta «aHTWJIONM», 110 HaMarajiucs yYHUKHYTH repeciigyBaHHs. KoxeH poOOT maB 3amac
SHeprii, AKUi BUTpadaBcs Ha pyX. Y BUIAIKY 3aXOIUICHHS «aHTHIIONW» i SHEpris MmepemaaBaiacs «IeBy», a caMma
BOHA BBKAJIACh CHIMMaHOIO.

PoGoTu B3aeMOisIH JIHIIIE JTOKATBHO. «JIeBm» NisuiM aBTOHOMHO i CUTHAIIIB HE TIepeaBad, TOII K «aHTH-
JIOTTM MAJIF [TBA THITH MIHPOKOMOBHHX MOBIZIOMIICHB: CHTHAJ «HeOe3MeKa» MPU BUSBICHHI «JICBay Ta CHUTHAJ «IIPO-
XaHHS TIPO JIOTIOMOTY» MPH HecTadl eHeprii. OOn/Ba MOBIIOMIICHHS ITepe10avay JTUIIE PETPAHCIISIIIO.

[ToBeniHKOBI TIpaBHJIa «AHTHJIOM) BKIIOYANTH: BHIIAJKOBE ONyKaHHS Yy HOPMaJbHOMY CTaHi, Epefady CHr-
HaJy «HeOe3Iekay Ta BTeuy IPpH Bi3yaIbHOMY KOHTAKTI 3 «JIeBOM», TH(EpeHIIIHOBaHY PEaKIlif0 HA OTPUMAHHUN CHT-
HAaJI 3aJIC)KHO Bi/l YMOB €KCIICPHMEHTY, a TaK0X HAOMIKCHHS 10 JKEepesia CUTHAITY «IPOXaHHsD IS IEPEPO3MOALTY
eneprii. [IpiopuTeTHICTh CUTHATIB BU3HAYAIACS 3MICTOM («HEOE3MEeKay 3aBKIN JOMIHY€) Ta IHTCHCUBHICTIO.

VY BCiX eKCIepUMEHTaX BUKOPUCTOBYBAJHCS €JMHI MapaMeTpu pyXy: IIBUAKICTh «iIeBa» — O, MIBUAKICTH
«aHTUJIONMN» — 4, pajiyc onIsay «ieBa» — 12, pajiyc omsay/49yTHOCTI «aHTUnonm» — 24. Taka acumeTpist 3abe3me-
YyBaJia MepeBary KOJICKTUBHOI PETPAHCIIALIT CUTHAIB.

Byno posmsinyTO ABI cTparerii nepegavi iHdopmariii:

— JMCKpeTHA MOJETb, Y sIKii curHai abo €, abo BiICYTHIH, i BC1 pOOOTH B 30Hi il pearyroTh OTHAKOBO;

— aHayoroBa (HEYiTKa) MOJEIb, 1€ CUTHAI Ma€ MapaMeTPH iHTCHCUBHOCTI Ta TPUBAJIOCTI, IO (OPMYIOTH
CTYIIHb HOTO BaXIJIMBOCTI.

VY IHCKPETHOMY BUITAJKy OyIb-SKHI MPUHHATHIA CUTHAJI CHPUYHHSB MAcOBY aKTHBAIIIFO POOOTIB, IO TPH-
BOJIJIO IO TMiJBHUIICHUX CHEProBUTPAT. HatomicTe aHamoroBa Mozens J03BOJsUIa (POPMYBATH TPagyHOBaHy peak-
1it0 — OJNFIKYI areHTH aKTHBYBAJIMCh CWIIBHIIIE, BiJJIaJICHI MOTJIM iITHOPYBAaTH CUTHaJN abo pearyBaru cnabmie. Lle
3MEHIITYBAJIO HEMPOAYKTUBHE CIIOKUBAHHS CHEPTil.

AmHarnoroa iHTepIIpeTallisi BUSIBUIACH TAKOXK CYTTEBO CTIMKIIIOO JI0 3aBaJ1. SIKIIO AUCKPETHUI CUTHAIT BTpaYaBCcs
abo0 CIOTBOPIOBABCS, peakilis Oyia BiCyTHBO. [IceBnoananoropa cucteMa 3aBasKi BUKOPUCTAHHIO (DYHKIIIN HaTexK-
HOCTI MOIVIa PO3Mi3HATH CIIOTBOPECHUI CUTHAI 13 IEBHUM PIBHEM YIIEBHEHOCTI Ta MPUIHHATH BiMOBIAHE PIICHHS.

Ha pucynky 5 nmomaHo MOpiBHSHHSA MOAEJei: 371iBa NOKa3aHO AMCKPETHE MOLIMPEHHS CUTHAIB 3 PI3KOIO
MEKEI0 30HH aKTUBHOCTI; CIIpaBa — aHAJIOTr0Ba MOJICIb 3 IUNIABHUM CIIAIaHHSIM IHTEHCUBHOCTI, sIKa 3a0e3Ieuye mpH-
POZHINIY 1 eHepProe(EKTUBHIITY KOJICKTHBHY ITOBEIIHKY.
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Puc. 5. TlopiBHSIHHS TUCKPETHOI Ta aHAJIOTOBOT MOJIEINI TIOIIUPEHHSI CUTHAIIB Y POIO POOOTIB

[9)

(=)
»-

ExcriepuMeHTH miaTBEPIUIIH, 0 CUCTEMH, TOOYIOBaHI HAa aHAJIOTOBUX CHTHAJAX 3 HEUITKOI CEMAaHTHUKOIO,
3a0e3IeuyroTh BUIIY HaJIIWHICTh 1 aIalTHBHICTh KOMYHIKAIlil B YMOBaxX 3aBaJi Ta JJMHAMIYHUX 3MiH CEPEIOBHIIA.

4. Excnepumenmanbhe 00Ci0xyceHHs eheKmusHocmi nces00ananozo60i KOMyHiKayii

3 MeToro 3a0e3TNeUeHHST ONTHMAaIbHHUX PE3YJbTATIB yCi cepii eKCIIepUMEHTY OyJIM peai3oBaHi 3a OTHAKOBUX
napaMeTpiB IMOYaTKOBOI KOH(Irypailii poro poOoTiB:

— KIJIBKICTB pOOOTiB-«IEBiB» — 12;

— KIJIBKICTh pOOOTiB-«aHTHIIOM) — 35.

V tabmumi 1 mokazaHa peaizalisi TpbOX cepiil eKCIIePUMEHTY, KOKHA 3 IKUX BiJPI3HATIACH M1IX00M JI0 MOJIe-
JIIOBaHHS CUTHAIIIB.

ExcriepuMeHT pOBOJMBCS Y CepefoBuILi iMiTaliiiHoro MoaentoBaHHs « Webots» [15] mpotarom 500 TakTis,
3 MOJAJIBIIOI0 arperaiielo pe3yasrariB 3a 10 mporoHiB KokHOI cepii. Y Tabnuii 2 HaBeIeHO Cepe/iHi pe3ysbTraTh
LI0/10 KIBKOCTI BUUIUIMX POOOTIB («@HTHUJION») Ta PIBHS 3aJIMILKOBOI €HEprii B cUCTEM.

Tabmuns 1
‘YMoBH npoBeieHHS cepiii eKclepuMeHTy 32 THUIIOM CUTHAJIIB Ta XapaAKTePUCTUKAMM IePelIKo/
Cepist | Tun curnanis | Brpara / cnoTBopeHHs CUTHAJIIB Oco01uBicTH
Cepis 1 | luckperni BincytHi ba3oBuii KOHTPOIIb (0OJHAKOBA peaKIlisi Ha BCI CUTHAJIN)
Cepis 2 | luckperHi 50 % BTpar ImiTarist nepenIkos|, 4acTHHA «aHTHIIONM HE pearye
Cepis 3 |IIceBnoananorosi | 50 % curHaiiB — crioTBOpeHi Peaxriist 3a11€KHUTh BiJ] IHTEHCUBHOCTI CUTHAITY
(HediTKi)

Tabmuis 2
CepenaHi pe3ybTaTu eKCIIepUMEHTY s KO:KHOI cepii (ycepenHeHo nmo 10 3amyckiB)
Cepis 3 (HeuiTki

CraHn cucremu Cepis 1 (0a3oBa) Cepis 2 (3 BTpaTamu)

CHUTHAJIN)
Kinbkicts «antuiony micast |20 (67 %) 16 (53 %) 20 (67 %)
600 TakTiB
3aranpHuit 3amac eneprii (mo | 2601 (22 %) Haitbinbie 3800 (31 %) naitmeHtie 3070 (25 %) —Ha ~18 %
3aJIHIITHBCS)" BHTPAYCHO BHTPAYCHO MEHIIIE 3a cepiro 1

* Yum Gistbliie 3aJIMIIKOBOT eHEprii — THM MeHIie ii OyJI0 BUTpAa4e€HO B MPOILECi poGOTH POFo.

Ha pucynky 7 npencraBieHa rpadiuHe NOPiBHAHHS Pe3yIbTaTiB EKCIIEPUMEHTY.

V nepuuiii cepii ekcriepuMeHTy OyJ0 TOCSTHYTO BUCOKOTO PiBHS 30epekeHHs pOOOTiB, IPOTE i€ CYNPOBOIKY-
BaJiOCsA 3HAYHUM €HEProCIOKHUBaHHAM. [IpuunHOI0 BOTO € Te, 0 BCl poOOTH pearyBaiyd Ha CUTHAJIN OHAKOBO,
0e3 ypaxyBaHHS IXHbOI CHJIH 200 BaYKIIMBOCTI.

VY npyriii cepii, B yMOBax BTpaT CHUTHANIB, KUIBKICTh BPSTOBAaHUX POOOTIB 3MEHIIMIACS, OCKIIBKH HE BCI
«aHTHJIOI» BCTUTAJH 3pearyBaTd Ha HeOe3meKy. BomaHouac eHeprocrnoXKWBaHHS BUSBIUIOCS MCHIINM, aiKe HE
KOXEH POOOT aKTHBYBABCS y BiJIIOBIJIb HA CUTHAJ.

V Tpetiii cepii, e 3acTocoByBaiacs HeUiTKa (TICEBI0AHATIOr0Ba) Tiepeiada CUTHAIB, CIIOCTepiraBes HaliKpa-
it 6anaHc. PiBeHb BIDKUBAHOCTI 3QJIMITUBCS TAKUM CAMHM, K y TIEPIIiil cepii, ajle eHeprocoKuBaHHs 3MECHIITH-
nocsi Ha 18 % 3aBJsIKM THYYKOMY pearyBaHHIO Ha CUTHAJIM 3 PI3HOKO IHTEHCUBHICTIO.

TakuM YMHOM, TOCITI/PKEHHSI MTOKa3aJ10, 1110 BUKOPUCTAHHS HEUITKUX CUTHAJIIB y KOMYHiKaIlil Misk poOoTamu
POI0 pOOOTIB JO3BOJISIE 3HAYHO MiABHUINUTH 11 epeKTUBHICTS. [lo-niepIe, 3HIKY€ThCs HaMipHE BUTPaYaHHs €HEprii,
sIKe BUHMKAE NP OJHOMAHITHOMY pearyBaHHI Ha Oyab-sikuil curnain. Ilo-npyre, cuctema Kpaire IpucTOCOBYEThCS
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B KinbKicTb «3anuis» nicna 500 TakTis M 3aranbHWiM 3anac eHeprii

Puc. 7. TlopiBHsIHHS €(heKTHBHOCTI pi3HUX MOAEJIel KOMYHIKalii y posix poOoTiB

JI0O YMOB 13 BTparaMu abo0 CIIOTBOpPEHHsAM cUrHamiB. [lo-TpeTte, 3a0e3medyeThes y3rolKeHa Ta eHeproe)eKTHBHA
MOBEJIIHKA BCi€l TpyIy poOOTiB.

BucnoBku. IIpoBeneHe MOCTiKEHHS MIATBEPDKYE JMOIUIBHICTh Ta €(EKTHBHICTh BUKOPUCTAHHS HEYIT-
Koi (TICeB/I0AHAIOTOBOT) KOMYHIKaIIi sIK 3ac00y KOOpJIWHAIT MMOBEIHKMA B 0araTopoOOTHUX CHCTEMaXx, IO JI0Th
y CKIIQJIHUX, 3aIIyMJICHUX Ta JUHAMIYHUAX CEePEIOBHIIAX.

3anpornoHOBaHA MOJENb, HATXHEHHA MPUHIMIAMU KOMYHiKallii 010J0T1YHUX CHCTEM, BUKOPUCTOBYE Bapia-
THBHI CUTHAJIH 3 JIIHIBICTUYHOIO iHTEpIpETAIli€l0 apamMeTpiB, 1o 3ade3neuye THy4Ke, aalTUBHE pearyBaHHs Ha
3MiHU B 0TO4YeHHI. CHcTeMa BUSBHJIA 3AaTHICTD 10 BapilOBaHHS IHTEHCHUBHOCTI A1i 3aJIe)KHO Bl CHUJIH, TpI/IBaHOCTi
Ta YaCTOTH CUTHAIB, IIO CIPHSE 3MEHILIECHHIO CHEProCHOKHBAHHSA, 30KpeMa JI0 18 %y HOplBHSIHHl 3 TpaauLiii-
HUMH TUCKPETHUMH MozensiMu. KpiM TOTo, HEeUiTKUH mifxia 3a0e3mnedye CTiHKICTh O BTPAT i CIIOTBOPEHb CUTHA-
J1iB, 30epirarouu peneBaHTHICTh OTPHUMAaHOI iH(opMalii HaBiTh y IIYMOBUX YMOBaX.

JloxaynbHa MpHUpoaa B3aEMOJIIT MIXK areHTaMH J03BOJISE YHHKHYTH norpedu B FJ'IO6aJ'ILHOMy no3nui0HyBaHHi
a00 IIeHTpai30BaHOMY YIIPABIIiHHI, [II0 CYTTEBO CIPOIIIYE peai3amilo CHCTEMA Ha anaparHoMy piBHI. 3acTOCYBaHHS
HaIpaBJIeHUX MPUIIMadiB 111 BU3HAYCHHS HATIPSIMY CHTHATTY 3a0e3reuye MiHIMI3aIlifo O0YHMCITIOBATEHIX BUTPAT, 10
POOHTE 3aIPONIOHOBAHY MOJIEIb IPUAATHOIO JUTA peajli3amii Ha HeJOPOTuX IaT(opmax i3 00MeKEHIMHI PEeCypCaMiL.

OTpuMaHi pe3ynbTaTH CBiAYaTh PO NEPCIEKTUBHICTH PO3POOICHOTO MiIXOAY Ta CTBOPIOIOTH MIATPYHTS IS
MOJAIBIIOTO BJJOCKOHAJICHHS METO/IiB KOMYHIKaIlii B aBBTOHOMHUX POOOTH30BaHUX CHCTEMaX.

Cnucox BUKOPHCTAHUX JKEpeT:

1. Brambilla M., Ferrante E., Birattari M., Dorigo M. Swarm Robotics: A Review from the Swarm Engineering
Perspective. Swarm Intelligence. 2013. Vol. 7, No. 1. P. 1-41. DOI: 10.1007/s11721-012-0075

2. Verma J. K., Ranga V. Multi-Robot Coordination Analysis, Taxonomy, Challenges and Future Scope.
Journal of Intelligent & Robotic Systems. 2021. Vol. 102. Article No. 10. DOI: 10.1007/s10846-021-01378-2

3. Rasouli S., Dautenhahn K., Nehaniv C. L. Simulation of a Bio-Inspired Flocking-Based Aggregation
Behaviour in Swarm Robotics. Biomimetics.2024.Vol. 9, No. 11. Article No. 668. DOI: 10.3390/biomimetics9110668

4. Koerynos 0., Makoron I, IcakoB O., baokin 0., Kaninin 1., Jlaityra P. Bukopucranus MareMaTu4HOTO
armapary HewiTKoi Joriku i ¢da33idikaiii Ta anropurMizaiii podoTH CHCTEMH IHTEPaKTUBHOTO MOHITOPUHTY TpaH-
CHOpTHUX KoMyHiKauiil. Cyuacui ingpopmayitini cucmemu. 2020. T. 4, Ne 3. C. 64—68. DOL: https://doi.org/10.26906/
SUNZ.2020.3.064

5. Kornienko S., Kornienko O. Minimalistic approach towards communication and perception in microrobotic
swarms. Proc. IEEE/RSJ Int. Conf. on Intelligent Robots and Systems (IROS). 2005. P. 2228-2234. DOI: 10.1109/
IROS.2005.1545594

6. Kernbach S. Swarmrobot.org — Open-hardware microrobotic project for large-scale artificial swarms. arXiv
preprint, 2011. Access mode: https://doi.org/10.48550/arXiv.1110.5762

7. Montanier J., Faigl J. Language evolution in swarm robotics: A perspective. Frontiers in Robotics and Al
2020. Vol. 7. Article No. 12. DOI: 10.3389/frobt.2020.00012

8. JlaBpuk B., Cxigan B., Cykano M., BoniBau A., Jlebenenko 0. Buxopucrtanus loT npuctpoiB 11 MOHi-
TOPUHTY CTaHy POCIUH B CUTLCHKOMY TOCIIONAPCTBI. [Hhopmayitini mexnonozii ma cycninbemeso. 2025. Ne 1 (16).
C. 116-122. DOI: 10.32689/maup.it.2025.1.15

ISSN 2521-6643 Cucremu ta TexHonorii, Ne 1 (71), 2026 13



9. Beni G., Wang J. Swarm Intelligence in Cellular Robotic Systems. In. Robots and Biological Systems:
Towards a New Bionics? Berlin: Springer, 1989. P. 703—712. DOI: 10.1007/978-3-642-58069-7 38

10. Moore R. K., Marxer R., Thill S. Vocal interactivity in—and-between humans, animals, and robots.
Frontiers in Robotics and Al. 2016. Vol. 3. Article No. 61. DOI: 10.3389/frobt.2016.00061

11. AlHadithi B. M., Pastor C. CostEffective Localization of Mobile Robots Using Ultrasound Beacons and
Differential Time-of-Flight Measurement. Applied Sciences. 2024. Vol. 14, No. 17. Article No. 7597. DOI: 10.3390/
app14177597

12. Goel P., Roumeliotis S. 1., Sukhatme G. S. Robust Localization Using Relative and Absolute Position
Estimates. Proc. IEEE/RSJ Int. Conf. on Intelligent Robots and Systems (IROS). 2003. P. 1065-1071. DOI: 10.1109/
IROS.2003.124883

13. Kernbach S. et al. Towards applied swarm robotics: current limitations and enablers. Swarm Intelligence.
2021. Vol. 15, No. 4. P. 223-245. DOI: 10.1007/s11721-021-00189-x

14.LiZ.,Yu'Y., Horoshenkov K. V. A comparison of the performance of four acoustic modulation techniques
for robot communication in pipes. The International Journal of Acoustics and Vibration. 2023. Vol. 28, No. 1.
P. 98-116. DOI: 10.20855/ijav.2023.28.11930

15. Cyberbotics Ltd. Webots: Open-source robot simulator. URL: https://cyberbotics.com

References:

1. Brambilla, M., Ferrante, E., Birattari, M., Dorigo, M. (2013). Swarm Robotics: A Review from the Swarm
Engineering Perspective. Swarm Intelligence. Vol. 7, No. 1. P. 1-41. DOI: 10.1007/s11721-012-0075

2. Verma, J. K., Ranga, V. (2021). Multi-Robot Coordination Analysis, Taxonomy, Challenges and Future
Scope. Journal of Intelligent & Robotic Systems. Vol. 102. Article No. 10. DOI: 10.1007/s10846-021-01378-2

3. Rasouli, S., Dautenhahn, K., Nehaniv, C. L. (2024). Simulation ofa Bio-Inspired Flocking-Based Aggregation
Behaviour in Swarm Robotics. Biomimetics. Vol. 9, No. 11. Article No. 668. DOI: 10.3390/biomimetics9110668

4. Kovtunov, Yu., Makohon, H., Isakov, O., Babkin, Yu., Kalinin, I., Latsuta, R. (2020). Vykorystannia
matematychnoho aparatu nechitkoi lohiky dlia fazzyfikatsii ta alhorytmizatsii roboty systemy interaktyvnoho
monitorynhu transportnykh komunikatsii. Suchasni informatsiini systemy. T. 4, Ne 3. S. 64-68. DOI:
https://doi.org/10.26906/SUNZ.2020.3.064

5. Kornienko, S., Kornienko, O. (2005). Minimalistic approach towards communication and perception
in microrobotic swarms. Proc. IEEE/RSJ Int. Conf. on Intelligent Robots and Systems (IROS). P. 2228-2234.
DOI: 10.1109/IROS.2005.1545594

6. Kernbach, S. (2011). Swarmrobot.org — Open-hardware microrobotic project for large-scale artificial
swarms. arXiv preprint, https://doi.org/10.48550/arXiv.1110.5762

7. Montanier, J., Faigl, J. (2020). Language evolution in swarm robotics: A perspective. Frontiers in Robotics
and Al Vol. 7. Article No. 12. DOI: 10.3389/frobt.2020.00012

8. Lavrik, V., Skidan, V., Sukalo, M., Volivach, A., Lebedenko, Yu. (2025). Vykorystannia [oT prystroiv
dlia monitorynhu stanu roslyn v silskomu hospodarstvi [Using IoT devices to monitor plant health in agriculture].
Informatsiini tekhnolohii ta suspilstvo. Ne 1 (16). S. 116—-122. DOI: 10.32689/maup.it.2025.1.15

9. Beni, G., Wang, J. (1989). Swarm Intelligence in Cellular Robotic Systems. /n: Robots and Biological
Systems.: Towards a New Bionics? Berlin: Springer, P. 703-712. DOI: 10.1007/978-3-642-58069-7 38

10. Moore, R. K., Marxer, R., Thill, S. (2016). Vocal interactivity in—and—between humans, animals, and
robots. Frontiers in Robotics and Al. Vol. 3. Article No. 61. DOI: 10.3389/frobt.2016.00061

11. AlHadithi, B. M., Pastor, C. (2024). CostEffective Localization of Mobile Robots Using Ultrasound
Beacons and Differential Time-of-Flight Measurement. Applied Sciences. Vol. 14, No. 17. Article No. 7597.
DOI: 10.3390/app14177597

12. Goel, P., Roumeliotis, S. I., Sukhatme, G. S. (2003). Robust Localization Using Relative and Absolute
Position Estimates. Proc. IEEE/RSJ Int. Conf. on Intelligent Robots and Systems (IROS). P. 1065-1071.
DOI: 10.1109/IR0OS.2003.124883

13. Kernbach, S. et al. (2021). Towards applied swarm robotics: current limitations and enablers. Swarm
Intelligence. Vol. 15, No. 4. P. 223-245. DOI: 10.1007/s11721-021-00189-x

14.Li, Z., Yu, Y., Horoshenkov, K. V. (2023). A comparison of the performance of four acoustic modulation
techniques for robot communication in pipes. The International Journal of Acoustics and Vibration. Vol. 28, No. 1.
P. 98-116. DOI: 10.20855/ijav.2023.28.11930

15. Cyberbotics Ltd. Webots: Open-source robot simulator. [Electronic resource]. — Retrieved from:
https://cyberbotics.com.

Jlara nepiioro HaJXoMKeHHS CTarTi A0 BuaaHHs: 24.11.2025
Jara npuiHATTA CTaTTi 10 ApYyKy Micus peueHsyBanHs: 22.12.2025
[Hara ny6mnikanii (onpumtognenHs) crarti 27.01.2026

14 Cucremu Ta Texnouorii, Ne 1 (71), 2026 ISSN 2521-6643



A. P. Mapuyxk, H. O. fpenpka

YIK 512
DOI https://doi.org/10.32782/2521-6643-2026-1-71.2

Mapuyk A. P., kaHangaTt TeXHIYHUX HayK,

OOoUEHT kadbeapn matemMaTukm Ta iHQOpPMaLiNnHNX TEXHOMOTIN
YHiBepcUTETY EKOHOMIKM i NiANPUEMHULTBA

ORCID: 0000-0002-3726-2878

Apeubka H. O., kaHamMaaT gisvko-maTeMaTUYHUX HaYK, LOLIEHT,
JoueHT kadbeapn matemaTukm Ta iHQOpMaLiNnHNX TEXHOMOTIN
YHiBepcUTETY EKOHOMIKM i NiANPUEMHULTBA

ORCID: 0000-0002-3726-2878

BI3YAJI3AIIA JTHIHMHOI AJITEBPHU AAK IHCTPYMEHTY ITPUKJIATHOI MATEMATHKU:
JTOCBIJI YIIPOBAJI)KEHHSI GEOGEBRA Y OCBITY MAWBYTHIX IH)KEHEPIB
INPOTPAMHOI'O 3ABE3IIEYEHHA

Y cyuacnii mexniynivi ocgimi Ounamiuni komn tomepHi cepedosuuia 8idiepaims K008y poib Y NOEOHAHHI Meopemuy-
HUX MAMeMamuyHux mooenell 3 ix npakmudHum 3acmocyeaniam. B cmammi noxasano 0ocgio cucmemHo2o 6UKOpUcmanHsi cepe-
oosuwya GeoGebra npu euxnadanui po3oiny «/liniiina aneedpa ma ananimuyna ceomempisy oucyuniinu «Buwa ma npuxiadua
MamemMamuxay Matioymuim ingcenepam npoepamno2o 3abesneuenns. Ha ocnogi o2nady Haykogux odcepei ma npogeoenozo exc-
nepuMennty 008e0eHo, Wo Bi3yanizayis adOCMpaKMHUX NOHAMb NIHIUIHOL aneedpu ma aHarimuyHoi 2eomempii icmomHo niocunoe
DO3YMiHHA Mamepiany 3000y8avamu suyoi oceimu 6kazawoi cneyianbHocmi. Onucano nioxio, AKul 3acmocogyEmvcs y Hauomy
saxnadi — Yuisepcumemi exonomixu i nionpuemuuymea — oe GeoGebra inmezposane 0nst npo8e0eH s NPAKMUYHUX 3AHAMb MA
camocmitinoi pobomu 3000y8auie euwoi ma nepeo euujoi 0ceimu.

Byno nposedeno nasuanvuuii excnepumenm iz 060Ma epynamu: eKxCnepuMeHmansha (epyna 3 8 cmyoenmis) — npayiosana
3 GeoGebra-annemamu, KOHMPOTbHA (epyna 3 12 cmyoenmis) — npayiosana 3a K1acU4Ho10 MeMoOUKo NOOAHHS Mamepiany
oucyunin. Hopz@muzbnuu AHATI3 Pe3YIbMAntie MECIYSAHHSL [ AHKEMYBaHHs] 00800umMb, WO 3000y6aui 8UWOI Oc8imi 3 exche-
PUMEHMANbHOT 2PYRU He e NOKPAWUIU C80I pe3yIbmamu ma 3HaHHs, a U NPOOEMOHCIPYBAU 2iubuie PO3YMIHHI 2eoMempuy-
HOI iHmepnpemayii 6eKMOPHUX Onepayiil, MampuyHUx nepemeopeHb ma po3e A3aHHs CUcmem JHIIHUX aneeOpaiyHux pigHsHb.
Bisyanvha inmepnpemayis ma npuxiaou cRpusu oOpMyBaHHIo iIHCMUHKIMUBHO20 OaueHHs. CIPYKMYPU JIHIHUX MoOenel, ujo
BUKOPUCTOBYIOMBCS. 8 THIICEHEPIT NPOPaMHO20 3abe3neyeHHs.

Ompumani pe3ynomamu excnepumenmy niomeepoxicyioms GUCOKY epekmusHicms OUHAMIUHO20 KOMN T0MepHO20 cepe-
oosuya GeoGebra ax incmpymenma wuOKoi ma HAOUHOT OeMOHCMPAYl, WO 3HAUHO NIOBULYE PIBEHb MOMUBAYIT CTNY)eHMig
mexHiuHux cneyianvrocmeil. Buxopucmanns GeoGebra 0o3gonsie 3000yeauam euujoi ocsimu He npocmo bavumu pe3ynvman,
a IHmMepakmusHo 00CIIONHCYBAMIL U020, IMIHIOIOYU NAPAMEMPU MOOEII.

Y ecmammi maxooc npedcmagneni npakmuyni peKoMeHOayii w000 nodarbuo20 Macumady8anHs nioxo0y UKOPUCTIAHHS
GeoGebra — 6i0 cmeopenns agmopcoKux aniiemia 00 1Po8AONCEHHS NPOEKNMHO-0PIEHMOBAHUX 3A680AHb.

Kittouosi cnoBa: GeoGebra, ninitina aneebpa, 6uuja ma npuxiaoHa MamemManmurd, mexHiuHa 0ceima, QUHAMIUHA B3y ai-
3ayis, Yupposi iHCMpyMeHmu, iHx#ceHepis NPOSPAMHO20 3A0e3NeYeHHS.

Marchuk A. R., Yaretska N. O. Visualization of linear algebra as a tool of applied mathematics: experience of
implementing geogebra in the education of future software engineers

In modern technical education, dynamic computer environments play a key role in combining theoretical mathematical
models with their practical application. The article shows the experience of systematic use of the GeoGebra environment in
teaching the section “Linear Algebra and Analytical Geometry” of the discipline “Higher and Applied Mathematics” to future
software engineers. Based on a review of scientific sources and an experiment, it is proven that visualization of abstract concepts
of linear algebra and analytical geometry significantly enhances the understanding of the material by higher education students
of the specified specialty. The approach used in our institution — the University of Economics and Entrepreneurship — where
GeoGebra is integrated for conducting practical classes and independent work of higher and pre-higher education students is
described.

An educational experiment was conducted with two groups: experimental (group of 8 students) — worked with GeoGebra
applets, control (group of 12 students) — worked according to the classical method of presenting the material of the discipline.
A comparative analysis of the results of testing and questionnaires proves that higher education students from the experimental
group not only improved their results and knowledge, but also demonstrated a deeper understanding of the geometric interpre-
tation of vector operations, matrix transformations, and solving systems of linear algebraic equations. Visual interpretation and
examples contributed to the formation of an instinctive vision of the structure of linear models used in software engineering.
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The obtained experimental results confirm the high efficiency of the dynamic computer environment GeoGebra as a tool
for quick and visual demonstration, which significantly increases the level of motivation of students of technical specialties.
Using GeoGebra allows higher education students not only to see the result, but also to explore it interactively by changing the
parameters of the model.

The article also presents practical recommendations for further scaling the approach to using GeoGebra — from creating
author s applets to implementing project-oriented tasks.

Key words: GeoGebra, linear algebra, higher and applied mathematics, technical education, dynamic visualization,
digital tools, software engineering.

IMocTanoBka npodJemu. [1igroropka iHKeHEpHUX KaAPiB B Cy4aCHOMY CBIT1 BUMarae He JIUILE IPyHTOBHUX
TEOPETHYHHX 3HaHb, a 1 3IaTHOCTI MPAIfOBAaTH 3 a0CTPAKTHUMHU MAaTeMAaTHYHUMU CTPYKTypamu. OIHUM i3 Haii-
O1TBII IPOOIIEMHUX KYPCIB JUIS CTY/ICHTIB 3aJIMIIA€THCS JTIHIMHA ajredpa Ta aHaTITHYHA FeOMeTpis — i1 Teopii 4acTo
CIPUHMAIOTBCS SIK BiJIIPBaHi BiJl peajdbHOCTI. JJIsS CTYIEHTIB YaCTO 3aIMINAETHCS HE3PO3YMIJIMM 3MICT i1 OCHOBHHX
MTOHSTh, 30KpeMa BEKTOPIB, MATPHUIIh 1 CUCTEM JIHIHHUAX anreOpaidyHuX piBHAHL [ 1—4]. [IpuyuHOIO € CyTTEBUI pO3-
puB Mix anredpaiuHor0 (HOPMOKO BHKIIAY Ta FTEOMETPUYHUM 3MICTOM MaTeMaTHIHHUX 00’ €KTIB.

BukoprcTanHs iHTEpaKTHBHUX MAaTEeMaTHYHUX cepeloBHIN, Takux sk GeoGebra, M03BOISE ICTOTHO CKOPO-
TUTH 110 TUCTAHIIIIO 1 TOKa3aTH HA04HO I1i MOHATTs [ 1-8]. Came BisyasbHi Moneni poOIsiTh aOCTPAKTHI €NIEMEHTH —
BEKTOPH, CUCTEMHU DPiBHSIHb, MATPHIIi, IEPETBOPEHHS — HAOUYHO 3PO3YMUINMHU, IO CHPHUSE IBUIKOMY 3aCBOEHHIO
Marepiaiy i mokparuye iHtepec 1o aucuumutiny [1-3]. [lonepeani ykpainchbki Ta MixkKHApOaHI gocaimkenns [1, 3, 4,
9] 1eMOHCTPYIOTh NO3UTUBHUI BIIUB TaKHX 3ac00iB HA SKICTh 3aCBOEHHS MaTepiay.

AHaJi3 ocTaHHiX JociailxkeHb i myGaikauiii. Y OiIbIIOCTI CydacHUX HAayKOBO-METOAMYHHUX Ipallb Haro-
nomyethes, o GeoGebra [8] edekTuBHO MiATpUMY€E HaBYaHHS JIIHIKHOT are0Opy Ta aHAJTITHYHOI reoMeTpii 3aB-
JIIKA 371aTHOCTI JIMHAMIYHO BiJoOpaskaTh MareMaTH4Hi 00’ekTH. Y poOoTi [2] moka3aHo, 10 aJanToBaHi arjieTH
GeoGebra 103BOJNISAIOTH OyyBaTH Ta JOCHTIHKYBATH MPOCTOPOBI ¥ IMJIOCKI KPUBI, a TaKOX BUKOHYBATH JIii HaJ
MaTPHISIMH, BKJIFOYHO 3 TIONIYKOM OOSpHEHMX Marpuilb [8], Xo4a JuIs MPOAYKTHBHOI pOOOTH MOTPiOHI mudpoBa
IPaMOTHICTh Ta CTaOlIbHUI THTEPHET B KOPUCTYBAYIB.

AHani3 3apyO0iKHUX JIOCTIKeHb, TAKHUX SIK [8, 7], 3aCBIIYYIOTh CyTTEBE CTATUCTUYHE 3POCTAHHS YCITINTHOCTI
CTYICHTIB, SIKi TIpaIfoBayv 3 rpadigHuME MoaensiMu. Y mipaili [8] Big3HAYeHO, MO CTYACHTH «3aXOIJICHO CIIPHIi-
HSUTA TEOMETPHYHI MPECTABICHH» 1 [0 CTAaTUCTUYHUM aHalli3 MiATBEPAUB ITOKPAIICHHS iXHIX PEe3yJIbTaTiB MicCIs
BrpoBapkeHHs GeoGebra [9].

B yxpaiHchkux mpansgx ocTaHHIX pokiB [1—4, 9], 30kpema y [9], Oyo BCTaHOBIECHO «IIO3UTHUBHY JHUHAMIKY
Pe3yIbTaTiB BUBYEHHS CTYICHTAMI» KypCy JiHIHHOT anreOpH Ta aHaIiTHYHOI FeOMeTpii PU BUKOPUCTAHHI KOMII FO-
TepHuX nporpam Takux sk MS Excel, MathCAD, Matlab i GeoGebra Ta inmux [3, 9]. Bysno Big3HaueHo, 110 Bi3y-
amizallis abCTPaKTHUX TEOPIN II€I0 CUCTEMOIO TPUCKOPIOE PO3B’sI3aHHS 3324 1 MABUIILYE THTEPEC 10 AUCIUTUTIHI
[9]. AnanoriuHo, iHIII JOCTITHUKH MiTKpecroroTs |1, 3, 8], mo HaBuanbHi nporpamu Ha 6a3i GeoGebra akTuBi-
3YIOTh JOCITHUIBKY 1 TBOPYY JISUTBHICTH CTYJACHTIB, CIIPUSIOTH 1HTErpallii pi3HUX BUIB HABYAJIbHOI aKTHBHOCTI
(HaBYANTLHOT, TTONTYKOBOI, IPOEKTHOI) 1 JO3BOJISAIOTH aJaNTyBaTd BUKJIAJ ITiJ 1HJAWBIyadbHUI PIBEHb CTYICHTIB.
30kpema, y TociipkeHHi [ 1] BUIIJICHO, 0 BUKIIAAaHHS MaTeMaTHKU Ha OCHOBI cepenosuiia GeoGebra «cnpuse
TIJIBUIIIEHHIO SIKOCTI MATOTOBKH... 3ACTOCYBaHHIO aKTUBHUX MPUHOMIB Ta METO/IiB, 3pOCTaHHIO TBOPYOT aKTUBHOCTI
cTyneHriBy [1].

TakuM YMHOM, HAayKOBa CIUJIBHOTA MPAKTUYHO OJHOCTAWHO MiATBEP/KYE BUCOKY €(ECKTUBHICTH HU(PPOBUX
CEPEIOBHII ISl PO3YMIHHS a0CTPAaKTHUX MOHATH 1 TEOpilt NiHiliHOI anreOpu.

Mera crarTi. MeTor NpoBEACHHS AOCTIKSHHS €:

1) aHasi3 MOXJIMBOCTEH Ta TOLINBHICT BUKOpPHCTaHHSA cepenoBuia GeoGebra y Bizyanizaiii 00’ €KTiB TiHiN-
HOT anreOpu Ta aHAIITUYHOT reOMETPii AJIsl TOKpaIlleHHs 3HaHb CTYJEHTIB TEXHIYHHUX CIIELialbHOCTEH;

2) ouiHuTH e(heKTUBHICTH iHTerpauii iHcTpyMeHnTa GeoGebra y HaBYaJbHUH MpoIeC 3a pe3yJabTaTaMH HaB-
YaHHS;

3) mpoBeCTH 3arajbHUI OIS JTiTepaTypH mono Bukopuctanus GeoGebra y MareMaTH4HIN OCBITI;

4) mokasaru BupoBakeHHsT GeoGebra y mpakTHUHI 3aHATTS YHIBEPCUTETY €KOHOMIKH 1 IIIMPHUEMHUIITBA Ha
pUKIaai Kypey «Buia Ta mpukiTagHa MaTeMaTukay;

5) omucary i MPOIHTEPIIPETYBATH PE3YIBTATH HABYAIIBHOTO EKCIICPUMEHTY

6) HaBecTH NpUKIaAH KOHKpeTHUX GeoGebra-KOHCTPYKITii;

7) chopmyItoBaTH BUCHOBKH Ta MIPAKTUYHI peKOMeHarii Juis Bukianadis 3BO ta konemkis.

Metonuka BuposagxeHHs: GeoGebra y XmebHHIIBKOMY YHIBePCHTETi eKOHOMIKH i HiipHeMHUITBA.

B yniBepcuteTi exoHOMIKHN 1 mianpueMHUNTBA cepenoBunie GeoGebra iHTErpoBaHO y MPaKTUYHI 3aHATTS
3 Kypcy «Buiia Ta npukiagHa MaTeMaThka». MeTonka BKIII0YaE:

— TMOMEepeHIO MiATOTOBKY arjIeTiB, SIKi BiANOBIIAl0Th KOXKHOMY 3aBJaHHIO 3aHATTS;

— CaMOCTIiiHy poOOTy CTYJAEHTIB Ha 3aHATTI — MOoOyI0Ba Moeeil, nepeBipka anredpaiyHuX OOUYMCIIEeHDb 3a
JOTIOMOTOFO Tpa(iuHIX IHCTPYMEHTIB;

— 00roBOpEHHS PE3yNBTATIB ¥ TPYyIIax, IO CIPHUIE PO3BUTKOBI MATEMAaTHIHOTO MHICJICHHS Ta peQIIeKcii.
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Temu 00paHUX aIIeTiB OXOIUTIOIOTh, 30KpEMa, HACTYTIHI 3aBIaHHS:

— IloOynoBa nBOX MiHiH Ta aHasi3 KUTBKOCTI PO3B’SI3KIB CUCTEMH.

[ToOynoBa MIIOIIKH 3 TOAAIBIINM aHATI30M.

[ToOynoBa KpUBUX 1 TOBEPXOHB JIPYTrOro MOPSAKY 3 MOKIUBUMH 3MiHaMU iX TapaMeTpiB.
Bigyamnizauist BeKTOpiB 1 JIiHIHHMX KoMOiHauii y 3D.

JleMoHCTpAIlis BIDTUBY MaTPUIHOTO TIEPETBOPCHHS Ha 0A3UCHI BEKTOPH.

Taknit miaxia D03BOJSIE CTYACHTAM HE MPOCTO OAYUTH PE3YIIbTaT, a iIHTEPaKTHBHO TOCIIKYBaTH HOro, 3Mi-
HIOIOYH TTapaMeTPH MOJICII.

HaBuanbHmii ekcnmepuMeHT Ta Horo pe3yabTaTu. /s oriHOBaHHS €(EKTHBHOCTI METOAUKHU MIPOBEICHO
SKCTIEPUMEHT i3 IBOMA IPyIaMH:

— ExcniepumenransHa rpyna (N = 8 CTYAEHTIB MEPIIOTO Kypcy CHemiadbHOCTI «IHXeHepis mporpaMHOro
3a0e3MeueHHs» ) — HaBJaacs 3 BUKopucTaHHIM GeoGebra Ha MpakTUYHMX 3aHATTIX 3 JUCHUILIIHK «Buma ta npu-
KJIa/lHa MaTeMaTHKay,

— Kounrponsna rpyna (N = 12) — npamroBana 3a TpaauliiHOWO CXeMOI0 (BIPaBH 3 MiJPYYHUKIB 1 JICKIIHHI
TTOSICHEHHST ).

IIpu upoMy 0OM/IBI TPYITH MPOCITyXaJld OAMH 1 TOM caMuil IeKUiIHHUHA Kypc.

ITopiBHAHHS pe3yabTaTiB TECTYBaHHS B KiHII ceMecTpy MOKazajo, 110:

— eKCIIepHMEHTabHA IpyIia IiIBUIIIIA pe3ynsrar i3 62 % mxo 74 % (mpupict 12 %);

— KOHTpOJIBbHA ITOoKa3aa npupict mume Ha 6 % (61 % — 67 %).

AHKeTyBaHHS 3100yBadiB OCBITH 3aCB1IYHIIO, II10:

— 85 % cTyzmeHTIB eKcepuMeHTanbHO1 TpynH BinzHawmm GeoGebra K «KITIOYOBHIA IHCTPYMEHT JJIS PO3Y-
MIHHS,

— 90 % — 5K «daxTop MiABUILEHHS IHTEPECY JI0 MPEIMETa.

I'padiuni mogemni (puc. 1-4) mONOMOINIHN CTYACHTaM: iHTYITHBHO OCMHCINTH IIEPETUHH JIiHIH; TOCTIAUTH CHC-
TEMH PiBHSHB Pi3HOT IPUPOAN; aHANI3yBATH MOBEAIHKY KPUBUX JIPYTOTO MOPSIKY; PO3BHUHYTH IPOCTOPOBY YSBY.

e i i Bk a
| o P IO S AP R -LBE K=
*

PiBHaHHA NpAMOT y=kx+h

S = — y=21x+3

\\ i1 [ PignAHHA npamoi Ax+By+C=0
“ 2
P 0.8x+1y+2.2=0

Puc. 1. I'pacdiune pimeHHs cUCTeMH BOX JiHIHHUX piBHAHD B GeoGebra: nBi IpsAMi MepeTHHAIOTHCA y TOYIII,
110 € PO3B’S3KOM CHCTEMH

https://www.geogebra.org/classic/yuepeugn

ITig yac BUKOHAHHS 3aBJaHb 3 CUCTEMaMH PIBHSHB CTYICHTH OTPUMYBAJM TOTOBI T€OMETPHYHI MOOYI0BH
B GeoGebra. Hanpukia, Ha puc. 1 mokazaHo THUIIOBE 3aBIaHHs: MOOYI0BaHO rpadiky IBOX JiHIH (CHHS 1 UepBOHA)
1 3HalICHO TX TOYKY mepeTHHy (3esieHa Kpanka). CTyJIeHTH BiIKPUTO BUCIIOBIIIOBAIH, 1110 TAKOTO POIY HAOYHICTh
Jonomarae M Bi3yaJbHO BIICBHHUTHCS B IPABHILHOCTI anredpaiyamux o0umciens. Llel ekciepuMeHT miaTBepIKy-
€ThCS BUCHOBKaMH 3po0sieHUMH B [ 1] Tpo Te, 110 TaKui MiIXiJ «ITO3UTUBHO MO3HAYAETHCS HA YCIIITHOCTI CTY/ICH-
TiB» 1 BUKIIMKA€E «ITi3HABAILHUH 1HTEPEC O TOYHUX Hayk» [1].

GeoGebra 103BoOJIsIE TAKOXXK MOAETIOBATH 300pa)KEHHS CUCTEMH TPhOX JiHIMHUX piBHSIHB. Ha puc. 2 300pa-
JKEHO BHIAJ0K, KOJIM CUCTEMA PIBHSIHD CKIIAIAETHCS 3 IUX TPHOX PiBHIHb. BUKOPHUCTOBYIOUH IPOrpaMy MU MOXKEMO
KOpHUTYBaTH MOJIOKEHHSI TOB3YHKIB, SIKi 3aJ]a10Th Koe(illieHTH B cUucTeMax piBHAHb. [Ipu 11boMy MU ozpa3y Oaunmo
PO3B’S130K Y BUIIISAI KOOPAMHAT TOYKH, IO A€ MOXKJIHMBICTH IEPEBIPUTH CBOI PO3paxyHKH, 3pOOJICHI METOIAMU
JiHiHOT anreOpu. CTyICHTH BiJI3HAYAIOTh, 110 JIWIIE TpadivuHe MOJaHHS TAKKX 3a]1a4 JoroMarae iM 30pieHTyBaTHCS
Y pO3B’sI3KaX 1 YHUKHYTH apU(PMETHIHUX IOMUJIOK.
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Puc. 2. I'padiune pimeHHs cucTeMH TphOX JiHiIHUX piBHSAHB B GeoGebra: Bizyamizauis B 3D 3a 1onomMororo miommH

https://www.geogebra.org/classic/xgygepyx
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Puc. 3. lociimkeHHs erinca B 3aJe:KHOCTI Bij oro mapamerpiB B GeoGebra

https://www.geogebra.org/classic/qyubujgv

Ha puc. 3 mokasaHo ofHy 3 THIIOBUX KPHUBUX aHAJTITHYHOI reoMeTpii — eminc. 3aBasku Iiil po3poOri Mu
MOYKEMO KOPHUTYBATH TOJIOKEHHSI MOB3YHKIB, SIKi 3a[1al0Th Pi3HI mapaMeTpu ejinca. Takok MU MOXKEMO Imepe-
BIpUTH yCi Hallli PO3paxXyHKUA HAOUHO 3 OTPHUMAHOTO pucyHKa. Taka MUHAMIYHA MOJEIb JOIOMAarae CTyJCHTaM
ruOIIIe 3p03yMITH BIACTHBOCTI KPUBHUX APYTOTO MOPSIKY, SKi BHBYAIOTHCS B KYPCi BHIIOI Ta IMPUKIAIHOT MaTe-
MAaTHKH.

Ha puc. 4 moka3aHo po3B’s30K HETUIIOBOI 3a]1a4i aHAITHYHOI TeOMETPil, a camMe MepeTHHY eircoiaa i mpsi-
Moi. 3MIHIOIOUH MapaMeTpH elinca i mpsMoi MH Ofpasy X MOXKEMO CIIOCTepiraT ix rpadidHe BiIoOpakKeHHS,
a TOYKHM TIOKa3yIOTh iX mepeTuH. KpiM Toro Mu opasy 6auuMo pe3yibTaT 00paxyHKy BiJICTaHI MK IIAMH TOYKAMH,
0 JIOTIOMArae IiJITBEPAUTH YHCIIOBI PO3PaXyHKH BHKOHAHI CTYJICHTaMH. 30KpeMa, Ui TOTo, 00 300pa3uTH i
JIOCITIJKEHHSI 32 JIOTIOMOTOI0 KIIACHYHUX METOJIiB, HeMae MOXJINBOCTI, a GeoGebra J103BOJISIE 1€ 3pOOUTH 3 MOXKITH-
BICTIO JIEMOHCTpAIIi1 KOKHOMY CTYJIEHTY Ha HOTO cCMapTQOHi.

BucHoBku. Pe3ynbrati JOCTiDKEHHS CBi4arh, 10 BUKOpUCTaHHs cepenopuia GeoGebra y BUKIanaHHI
BHINIOT TA MPHUKJIAJAHOI MATEMAaTUKN MA€ YITKO BUPAXKECHUH MO3UTHUBHUHN €(PEKT.

A iHTepaKTHBHA Bi3yaizariis:

— MiACWIIOE PO3yMiHHS anreOpaidHuX Onepartii;

— JIoNoMarae CTylICHTaM M00auuTH TeOMETPHYHHN CEHC MOJICIICH;

— CTHMYIIOE iHTepec 1 GopMy€e TOCHTiTHUIIBKI HABUYKH.

18 Cucremu Ta Texnouorii, Ne 1 (71), 2026 ISSN 2521-6643



Puc. 4. I'paciune po3B’si3aHHsI CUCTEMH PIBHSIHb [IEPETHHY eJIircoia i npsmoi

https://www.geogebra.org/classic/kefczwar

Ha ocHOBI OTpUMaHUX pe3yNbTaTiB PEKOMEHyeMO HACTYIIHI HAMPSIMU TTOJIAJIBIIOTO BIPOBAIKCHHS:

1. Po3poOka BiacHux HabopiB GeoGebra-amnneTiB A crenniYHUX TeM YHIBEPCUTETIB 1 KOJIEIKIB, IO 103~
BOJIUThH BpaxyBaTu MOTPEOU MPOrpaMu Ta CTBOPUTH aJIAlITUBHI BIIPABH.

2. Bukopucranus GeoGebra ansi rpynoBUX IMPOEKTIB: HAPUKIIAA, CTYICHTH MOXYTh CIIJIBHO MOJIEIIOBATH
MPUKJIaIHI 33124l (IPOCKTYBaHHs ONTHYHHUX CHCTeM, 3D-MOIEIIOBaHHS CHIOBUX IIOJIIB TOIMIO) 3 BUKOPUCTAHHIM
TEM BHUIIOI Ta MPHUKIATHOI MATEMATHKH.

3. [HTerparis pe3yapTaTiB eKCIIEPUMEHTY Y CHCTEMY TUCTAHIIHHOTO HABYaHHS YHIBEPCHUTETY, 00 CTYACHTH
MaJIi TIOCTIMHUE TocTyn 110 iHCTpyMeHTiB GeoGebra sIK 1miJ1 4ac ayJIuTOPHUX, TaK 1 CAMOCTIHHUX 3aHSTh.

4. IligroroBka mociOHUKa a00 €JIEKTPOHHOTO IMiJIPYYHUKA 3 BHUINOI Ta MPUKIATHOI MaTeMaTHKH 3 BUKOPHUC-
taHHsIM GeoGebra, sikuii MiCTUTAME TIPUKIaaW TOOY/JOB, 3aBAaHHS W METOIUYHI PEKOMEHAIIT JUIS BUKIIAIadiB.
GeoGebra Ma€e MOTEHITIaN CTaTH OCHOBOIO CyYacHOi METOIMKH BUKJIAJAHHS BHIOI Ta MPHUKJIATHOT MAaTEMaTUKH Ta
Ba)KJIMBHUM €JIEMEHTOM IIiITOTOBKM MalOyTHIX 1H)KCHEPIB.

Cnucox BUKOPHCTAHUX JKEpe:

1. I'ycak JI. I1., PanzixoBchka JI. M., I'punuyk T. I1. Bukopucranns cepenopuia GeoGebra B MaTeMaTn4Hii
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MATHEMATICAL MODELS AND ALGORITHMS OF CRYPTOGRAPHIC DATA PROTECTION
IN DISTRIBUTED INFORMATION SYSTEMS

In modern conditions, information networks and data processing and transmission centers are a determining factor
in the effective functioning of management systems of state institutions, financial and industrial organizations, energy
and communications enterprises, transport and logistics infrastructure. Accordingly, the increase in the number of such
centers and the number of different communication lines between them significantly increases the risks of unauthorized access
to confidential information, ensuring data security and integrity. Therefore, the study of the problem of information security is of
great importance for preventing and countering phishing attacks, which are constantly exposed to both individual enterprise
networks and national networks.

The paper analyzes mathematical models that describe the process of information protection using cryptographic data
encryption algorithms. The practical application of the algorithms of the given substitution, the Vigenére cipher, and self-
synchronizing stream ciphers is considered. To increase the stability of the ciphertext, a modification of the Vigenére algorithm is
proposed using separate unified alphabet tables for the text and the encryption/decryption key. Recommendations are developed
for the use of the considered crypto algorithms to ensure effective protection of information systems from intentional or accidental
interference. To increase the efficiency of the use of crypto algorithms, the feasibility of the integrated use of symmetric
and asymmetric encryption methods to use their positive qualities, such as the speed of processing secret keys and the security
of their transmission, is indicated. Promising directions for the development of information security systems using cryptographic
algorithms are identified.

Key words: information systems, crypto algorithms; data encryption, authentication, access control.
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Formulation of the problem. The use of information and communication technologies is one of the most
important levers of economic development of society. In modern conditions, information networks implement the
processing and transmission of large volumes of data that ensure the management of state institutions, financial and
industrial organizations, energy sector enterprises, transport and logistics infrastructure, special-purpose control
and communication systems. According to expert estimates, the total volume of data processed and transmitted
in computer networks increases almost an order of magnitude annually. The effectiveness of the functioning of
such information systems involves the use of a distributed architecture that combines a large number of computer
centers located at a considerable distance. Accordingly, the increase in the number of such centers and the number of
different communication lines between them significantly increases the risks of unauthorized access to confidential
information, ensuring data security and integrity [1, 2]. Therefore, the issues of protecting computer networks and
systems from unauthorized access in modern conditions have become particularly important, and the problems
of improving and determining the effectiveness of information protection methods are quite relevant and require
further development.

Analysis of recent research and publications. Currently, one of the most effective approaches to data
protection in information systems is cryptographic methods that are based on the properties of the information itself
and do not use the properties of its material carriers, the features of computer centers for its processing, transmission
and storage technologies. Therefore, various aspects of the study of the problems of the development of cryptology
and cryptographic analysis are actively investigated in numerous scientific works.

Thus, the conceptual principles of information security, national interests in the information sphere, the strategy
for the development and formation of a single information space, threats to the security of the state and its citizens
in the information sphere, the system for ensuring information security in Ukraine, the features of the functioning
and functions of its subjects are systematized in the textbook [1]. The work [2] presents the results of the unification
of practical approaches and standards, which are proven and agreed methods for implementing cybersecurity for
a wide range of technical developments in the field of computerized systems, information networks and computer
architecture.

The article [3] considers the problem of increasing the security of Web resources with stable cryptographic
algorithms based on random number generators that take into account the features of user behavior in distributed
information systems of collective access. During the study, a random number generation algorithm was developed
that uses pre-prepared tables containing verified irrelevant numbers. An algorithm for the operation of a table
generator for the software implementation of an encryption system was proposed.

The work [4] is devoted to the problems of information protection at critical infrastructure facilities. It is
shown that in order to ensure the reliability of the functioning and protection of such facilities from cyber threats,
it is necessary to ensure the implementation of the latest strategies and approaches in this area using innovative
technologies of artificial intelligence, cryptography, machine learning, blockchain, and others.

The results of the analysis of the problems of developing an information security system and protecting
information systems from intentional or accidental interference are given in the publication [5]. Directions for
improving information security technologies are determined, taking into account real and potential threats, as well
as the basic principles of its provision.

In [6], a methodology for identifying information security violations of a cyber-physical system of a wind
generator is presented, taking into account the analysis of statistical indicators of dispersion, asymmetry and
kurtosis of the input parameter “power” collected by the system sensors. An algorithm for formalizing the process
of identifying falsified data in the information flow of a cyber-physical system and detecting information security
violations using methods for analyzing the corresponding statistical indicators is proposed.

In [7], several cryptographic algorithms were proposed to implement access to authorization centers — the
Diffie—Hellman key exchange protocol, the DSA algorithm for creating a digital signature of data required for the
above protocol, as well as the AES algorithm with different encryption modes for authentication and symmetric data
encryption. It is shown that this choice of protocols is explained by the mutual compensation of the problematic
areas of these protocols. Thus, the AES algorithm uses an encryption key that is the same for two recipients, since
it is used both for encryption and decryption of data. Accordingly, to prevent unauthorized access, a protocol for
creating a shared key with the recipient is used, the authentication of which is provided by the DSA algorithm.

The possibilities of using technical systems of interconnected computing devices, mechanical and digital
machines (IoT) for data protection of information and telecommunication networks are analyzed in the article
[8]. The limitation of the power cycle, memory and data processing of such systems is shown, which complicates
the implementation of reliable network security. Based on the analysis of known encryption algorithms: RSA,
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Vernam cipher, El-Gamal scheme, a prototype of the loT system was presented using limited devices and a software
implementation of the Vernam cipher, which ensured its high cryptographic stability.

Inthe work [9], astudy of models and algorithms of information security systems of corporate telecommunication
networks was conducted. According to the results of the analysis, the identified problematic issues of protecting
such networks are related to the need to improve the guest Wi-Fi system connection models and password manager
operation algorithms that allow implementing a secure architecture through additional user authentication with its
audit within the corporate network perimeter, while protecting credentials from external influence and implementing
the “Zero Trust” principle (“never trust, always verify”).

The purpose of the article. The purpose of this article is to study mathematical models of complex protection
and ensuring the security and reliability of data transmission in computer systems and networks using algorithms
of given substitution, Vigenére cipher and self-synchronizing stream ciphers. Identification and justification of
promising directions for improving methods of cryptographic encryption and information protection.

Presenting main material. At this stage, the main features of the development of information technologies
can be characterized as follows:

— access to certain data allows you to control significant material and financial values, and the value of
information began to increase rapidly;

— continuous growth in volumes and a wide range of computer processing of information, which is no longer
limited to text data;

— the complexity of the nature of information interactions poses new tasks for cryptography, such as signing
an electronic document and delivering an electronic document “against receipt”;

— the subjects of information processes are now not only people, but also the software systems they create;

— the power of modern computers provides new opportunities for both cipher developers and analysts to
break these ciphers.

The above conditions have given new impetus to the development of practical cryptography on mathematical
methods for ensuring the confidentiality, integrity and authenticity of information in the following areas:

— firstly, stable ciphers with secret symmetric and asymmetric keys have been developed, designed to perform
the classic task of ensuring the secrecy and integrity of transmitted or stored data;

— secondly, methods have been created for solving new, non-traditional problems in the field of information
protection, the most famous of which are the problems of signing a digital document and open key distribution.

It should be noted that data can be encrypted both during storage and during transmission using:

— with symmetric encryption, only one key, and everyone uses the same secret key;

— with asymmetric encryption of several keys: one “public key” for encryption, and another “private key” for
decryption.

To effectively protect different types of data, it is advisable to use different types of crypto algorithms. A crypto
algorithm is an algorithm for implementing a mathematical model of data transformation (encryption) and key
generation to ensure access only to authorized users. The use of effective encryption algorithms and secure keys is
important for protecting information and preventing unauthorized access to it by attackers. A cryptographic protocol
defines a set of cryptographic schemes for data transformation, rules and procedures for key management, including
their development and distribution. A cryptographic transformation with a known key k can be represented by the
transformation function F, which is defined as follows:

y=F(x, k) +x, (D)

where x — elements of the original text; k£ — encryption key; y — elements of the cryptogram.

Let’s consider modifications of well-known algorithms: simple substitution, Vigenére cipher, Playfair cipher,
and the stream encryption algorithm. We will also consider an algorithm that allows you to encrypt and decrypt data
using the proposed crypto algorithms using different data tables.

Simple substitution cipher. This is the simplest encryption method, also called monoalphabetic substitution.
The key is a permuted alphabet, the letters of which replace the letters of the regular alphabet of the source text.
For example, each letter is replaced by the letter that is 3 positions after it: A®D, B®E, etc. Then the text ABC is
replaced by DEF. All monoalphabetic substitutions can be represented in the following form:

Y=(ax,+b)mod g, (2)

where a — some constant decimal coefficient; b — shift coefficient; g — number of letters of the alphabet used (g = 33
for the Ukrainian alphabet, g = 27 for the Latin alphabet); x, — code of the i-th character of the plaintext (sequential
number in the alphabet); i = 1, ..., n; n — number of letters of the alphabet used.

The main disadvantage of the considered method is that the statistical properties of the plaintext (frequency
of letter repetition) are also preserved in the ciphertext.

Vigenére cipher. A Vigenére cipher is a polyalphabetic encryption algorithm that uses a keyword to shift each
letter of the plaintext according to a Vigenére table according to the following formula:
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¥, = (x,+ k) mod g, )

where k,— code of the j-th character of the key, as which a word or phrase of the main alphabet is used.
Let us consider an example of data encryption according to the given model (3), using the encoding of letters
of the Ukrainian alphabet, table 1.

Table 1
Encryption algorithm using alphabet letter code

Letter A B C D E F G H 1

Code 01 02 03 04 05 06 07 08 09
Letter J K L M N 0] P Q R
Code 10 11 12 13 14 15 16 17 18
Letter S T U \Y Y X Y V4 gap
Code 19 20 21 22 23 24 25 26 27

We assume that the original plain text TECHNOLOGY and the substitution of the Vigenére cipher are given,
table 2.

Table 2
Encryption algorithm using alphabet letter code
T E C H N o L (] G Y
A L G R I T M A L G

The results of encryption of the original data given in Table 2 using the Vigenére cipher (3) are presented in
table 3.

Table 3
Algorithm for encrypting the original data with a given key
Y, =(20 +0l) mod 27 =21 = U; Y, =(15+20) mod 27 = 08 = H,
Y,=(05+12)mod 27 =17 = Q; Y,=(12+13) mod 27 =25 =Y,
Y,=(03 +07) mod 27 = 10 = J; Y,=(17+01) mod 27 = 18 = R;
Y, = (08 + 18) mod 27 = 26 = Z; Y,=(07+12)mod 27 =19 = S;
Y= (14 +09) mod 27 =23 = W; Y, =(25+07) mod 27 =05 = E.

Thus, the resulting cryptogram of encrypting the source text using the Viginer algorithm will have the form
given in table 4.

Table 4
Ciphertext from a fixed code letter to an alphabet

L v | o | v | z | w | u | v [ ®R | s | E |

It is also possible to use modifications of the Vigenére cipher — Beaufort ciphers, which have the following
formulas:

y,=(k,—x)mod g, 4)
y,=(x,—k)mod g. (5

Homophonic replacement of one character in the ciphertext makes it like a few characters in the ciphertext.
This method is used to twist statistical power into the text.

To increase the strength of the Vigeneére cipher, it is recommended to introduce the following modification of
its algorithm:

o= (x, + k.) min(mod g, mod ¢), (6)
where x, — i-th code of the symbol hldden in the text; k, — code of the j-th symbol of the key, the role of which is
matched with letters from the table of keys, which has a size — q.

Stream ciphers. Ciphers of this type have recently become popular due to their high speed. They convert
plaintext into ciphertext one bit per operation. The keystream generator, also called a rolling key generator, produces
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a stream of bits: k , k,, k., ..., k. This keystream and the plaintext bitstream p , p,, p., ..., p, undergo surgery XOR

b 23
(exclusively or) to produce the ciphertext bitstream:

c,=p, k. (7

During decryption, an XOR operation is performed on the ciphertext bits and the same key stream to recover
the plaintext bits:

p=c k. )

The security of the system is entirely dependent on the power of the key flow generator. The key stream
generator creates a bit stream that is like a drop-in stream but is determinative and can be created without delay once
decrypted, fig. 1. It is necessary to ensure that the closer the output of the generator to the key flow is to the output,
then more time will be required for the evil cipher.

For all stream ciphers, keys are verified. The output of the key stream generator is the key function. Now, if
you remove the plaintext/ciphertext pair, you can only read messages that are encrypted with the same key. Stream
ciphers are especially useful for encrypting continuous streams of communication traffic, such as a channel that
connects two computers.

Keystream Keystream
generator generator
Key | flow K; Key|flow K;
Cryptocurrency
P, > > > P,
Plain textw @ \J/ Plain text
Encryption Decryption

Fig. 1. Algorithm for implementing streaming data encryption

The key flow generator consists of three main parts. The internal mill describes the flow mill of the key flow
generator. Two key stream generators with the same key and the same internal host produce the same key streams.
The internal output function generates a bit to the key stream. The function of attacking the internal stun generates
a new internal stun.

Let’s also look at the algorithm for implementing the symmetric stream cipher RC4, which is related to
ciphers that are self-synchronizing. This cryptographic algorithm is called a ciphertext autokey. In stream ciphers
that are self-synchronizing, the flow of keys is a function of a fixed number of leading bits in the ciphertext, fig. 2.

Internal

v

Next state

Key K; Exit
function

Fig. 2. Algorithm for implementing a key stream generator

A stream cipher that is self-synchronizing is shown in fig. 3. The internal structure is the function of the
forward n bits of the ciphertext. It is a cryptographically complex output function that uses the internal machine to
generate bets to the key stream.

The fragments of the internal system are entirely contained in the front n symbols of the ciphertext, the
decryption generator of the key stream is automatically synchronized with the encryption generator of the key stream
that has received the n bits of the ciphertext. In intelligent implementations of this mode, skin notification begins
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Fig. 3. Schematic of a self-synchronizing key stream generator

with a drop-down heading of up to n bits. This header is encrypted, transmitted and then decrypted. Decryption will
be correct after these n bits, as long as the key stream generators are synchronized.

The main advantage of the use of streaming crypto algorithms, which are self-synchronizing, is the speed
of their work. The weakness of such algorithms is the widening of the cuts. For each ciphertext bit encoded at the
time of transmission, the key stream decryption generator shows 7 incorrect bits to the key stream. Therefore, each
incorrect bit ciphertext is given n replies to the open text until the zipped bits stop flowing into the internal system.

Conclusions. The results of the analysis show that encryption and data protection are important components
of information systems protection, ensuring information confidentiality and preserving data integrity in the face of
growing cyber threats. The use of modern computer technology and mathematical methods allows to significantly
increase the efficiency of the application of models and algorithms of cryptographic data protection.

Modern crypto algorithms provide ample opportunities for modification to dynamically respond to the
emergence of new cyber threats when using limited computing resources. Thus, in the work to increase the
stability of the ciphertext, a modification of the Vigenére algorithm using separate unified alphabet tables for the
text and the encryption key was proposed. It is also necessary to take into account that despite the expediency of
separate application of symmetric and asymmetric encryption methods when ensuring certain types of information
protection, in information and computing networks it is advisable to use a combination of both approaches for the
comprehensive use of their positive qualities, such as the speed of processing secret keys and the security of their
transmission.
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MOJIEJTIOBAHHS TYPBYJIEHTHUX TEYIA HABKOJIO HASEMHHUX TPAHCIIOPTHHX
AITAPATIB 3 3BACTOCYBAHHSAM I'lbPUIHUX IIAXOAIB

[Ipaxmuune 3acmocy8aHHs npamoeo Yuci08020 mooenosanus mypoyrenmuocmi (Direct Numerical Simulation — DNS)
ma memody mooenosanus senuxux suxopie (Large Eddy Simulation — LES). nos azane 3 yinum paoom npoérem. Le nedocmammus
NPOOYKMUBHICIG 00UUCTIOBATLHOT MEXHIKU, 4 MAKONHC PAO MeMOOUUHUX NPOOIeM.

IIpomseom ocmannix Oecsamunimy 3 S6UNUCS MOOeNi MYPOYIeHMHUX meyitl, uwjo nepeddauaioms 0OHOYACHEe BUKOPU-
cmanns memody LES ma ocepeonenux 3a Petinonvocom piensans Has'e-Cmoxkca (Reynolds Averaged Navier-Stokes — RANS).
Le max seani 2ibpuoni RANS — LES modeni. 3acmocysanns 2ibpuonux nioxodie cnpouye eupiuients nesuux 3a0a4 aepoou-
Hamiku. Ha cb0200mi nowupeni dexinvka decamkie mooeneti RANS — LES. [x nodansuiomy yOOCKOHANEHHIO | PO3GUNKY Npul-
CeAUeHO enuuesHe yucio pooim. Hatinowupenivium memooom cmag memoo Mooenosants 6i0 eoHanux suxopie — Detached
Eddy Simulation abo DES. Lle ceiouums npo no3umueHi cmoponu ioei, wjo aexcums 6 0CHogi 2iopudnux moodenei. lpome i na
CbO20OHI He MAE NOBHOT 3A0080JIEHOCII 8IICe ICHYIOUUMU MOOCTSAMU.

Ilo6yodosa mamemamuunoi modeni mypoyrenmmnoi meyii i 6umMacac noOAIbLULO20 6UGUEHHS (izuuHUX ocobrueocmeti gop-
MYBAHHSL TOKATBHUX HECTAYIOHAPHUX XAPAKMEPUCTIUK MYPOYIEHIMHUX HOMOKIE.

IIpu yucnosomy po3s’asyeami 3a0au aepoOUHAMIKU 3 BUKOPUCIIAHHAM ocepeOHenux 3a Petinonsocom pisnane Has'c-
Cmoxca po3s’a3yemvcs He cami OupeperyianvHi pisHAHHA, a iIX CKIHYeHHO-Pi3HUYes] ananocy. HeoOXiOHO KOpeKmHO BUKOHY-
samu QhizuuHi 3aKoHU 30epedicens Macu, Kitbkocmi pyxy, enepeii. Lle ¢ nenpocmoto 3adaueio 05t CIMKOBUX Memoois.

B pobomi, 05 uucnosoeo po3s a3y6anHs 3a0aui 3 pO3PAXYHKY XAPAKMeEPUCIuK mypoyieHmnoi meuii HagKo10 HA3eMHO20
MPAHCROPMHO20 3aC00Y, 00PAHO MOOeTb Meuii 8 A3K020 CHIUCIIBO20 2d3Y, WO ONUCYEMbCS 0cepeonenuMy 3a Pelinonboom pie-
nanuamu Hae e-Cmoxca. Buxopucmosyembvces 6azamo6ioxkoguil nioxio ma KpueoriHitiHa cucmemy KoOPOUHAm.

Jna samuxanus ocepedrenux 3a Petinonvdcom pisuans Hae 'e-Cmoxca o6pano memod DES, wo € nooarsuum po3sumxom
mooeni mypoyrenmuocmi Cnanapma — Animapaca 8 peanizayii 6i0okpemnenux auxopis. [na npogedents 00ciiodceHb po3po-
OneHo 8ionoGiony Memoouxy, nody008aHo areoPUMMU Ma HANUCAHO KOMILEKC NPOPAMHO20 3a0e3neyenHs: Ha MOGI NPOZPAMY-
sanna Fortran-95.

Bukonano pospaxynxu nmypoyienmuoi meuii HA8KOIO BUCOKOWBUOKICHO20 MPAHCHOPMHO20 ANAPAmMA 3 HECyYuM KOphy-
com nobnuzy wiaaAxoeoi cmpykmypu. Ompumano po3nodin izobap y nrowuni XOY oonacmi meuii, izomax y niowuni XOY pospa-
XYHK060T 001acmi, i301iHiT ck1a00soi exmopa wisuoxkocmi nomoxy y niowuni XOZ i obnacmi meuii ma i301iHii 3a6uxpeHHocmi
v nnowuni XOY obracmi meuii.

KitouoBi croBa: moodentosanis mypoyieHmnocnti, Yucioge Mooentosanis, ocepeoneni sa Petinonb0com Hecmayionapmi
pisnanns Hag e-Cmoxca, modenosanis 6i0 €OHanux 8UxXopis, aepoOuHamika mpancnopmuux anapamie.

Sokhatskyi A. V. Modeling of turbulent flows around ground transport vehicles using hybrid approaches

The practical application of Direct Numerical Simulation (DNS) and Large Eddy Simulation (LES) is associated with a
number of problems. These include insufficient computing power and a number of methodological issues.

Over the past decades, models of turbulent flows have appeared that involve the simultaneous use of the LES method
and Reynolds-averaged Navier-Stokes equations (RANS). These are the so-called hybrid RANS-LES models. The use of hybrid
approaches simplifies the solution of certain aerodynamic problems. Today, there are several dozen RANS-LES models in use.
A huge number of works are devoted to their further improvement and development. The most common method has become
the detached eddy simulation (DES) method. This demonstrates the positive aspects of the idea underlying hybrid models. How-
ever, even today, there is no complete satisfaction with the existing models.

The construction of a mathematical model of turbulent flow requires further study of the physical characteristics of the for-
mation of local unsteady characteristics of turbulent flows.

When solving aerodynamic problems numerically using Reynolds-averaged Navier-Stokes equations, it is not the differ-
ential equations themselves that are solved, but their finite difference analogues. It is necessary to correctly apply the physical
laws of conservation of mass, momentum, and energy. This is a difficult task for mesh methods.

In this work, for the numerical solution of the problem of calculating the characteristics of turbulent flow around a ground
vehicle, a model of viscous compressible gas flow is chosen, which is described by Reynolds-averaged Navier-Stokes equations.
A multi-block approach and a curvilinear coordinate system are used.
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To close the Reynolds-centered Navier-Stokes equations, the DES method was chosen, which is a further development of the
Spalart-Allmaras turbulence model in the implementation of isolated vortices. To conduct the research, an appropriate methodol-
ogy was developed, algorithms were constructed, and a software package was written in the Fortran-95 programming language.

Calculations were performed for turbulent flow around a high-speed transport vehicle with a lifting body near a road
structure. The distribution of isobars in the XOY plane of the calculation area, isochores in the XOY plane of the calculation
area, isolines of the velocity vector component in the XOZ plane of the calculation area, and isolines of vorticity in the XOY plane
of the calculation area were obtained.

Key words: turbulence modeling, numerical modeling, Reynolds-averaged unsteady Navier-Stokes equations, detached
vortex modeling, aerodynamics of transport vehicles.

[ocTanoBka mpodaemu. CydacHi METOIN MOJICIIOBaHHS TypOYyJICHTHHX TeUiil HOOyIOBaHI HA OCHOBI JOCST-
HEHb 3 BUBYEHHS (Di3MUHUX BIACTHBOCTEH B’A3K0T PiMHM Ta rasy. [X MOXKHA PO3IIUTH HA TPHU IPYIIH: TIiIXOH, 110
0a3yIoThCsl HA BUKOPUCTaHHI OcepelHeHuX 3a PeliHonmbacom piBHsHb Har’e-Ctokca (Reynolds Averaged Navier-
Stokes — RANS); nBa kiacCHUHUX MiJXOAM — MPSIME YUCIOBE MOJEIIOBaHHS TypOysieHTHocTi (Direct Numerical
Simulation — DNS) i meton MmonentoBanHs Benmkux Buxopis (Large Eddy Simulation — LES) [1-5, 8, 9, 11, 32, 35,
40]. KomrutekcHy rpyiy GopMyrOTh TiOpHIHI MiXOAH, IO CIUPAIOTHCS Ha crijbHe BukopuctanHs RANS i LES
miAX0iB JUIs pi3HUX oOnactew Teuii [1, 2, 5, 8, 9, 11, 23, 24, 28, 30-32].

Ha cporoaHi HaltO1TBII MOMIMPEHUMH T1AX0IAMH JJISl YMCIIOBOTO PO3B’sI3yBaHHS PAKTUYHUX 3a/1a4 € METO/IH,
10 0a3yl0ThCS Ha BUKOPUCTaHHI ocepeqHeHuX 3a PeitHonbacom piBHsaHb HaB’e-Ctokca (Reynolds Averaged Navier-
Stokes — RANS) [1-5, 8, 9, 11, 32]. BoHu 3aMHKarOThCS 3a JIOTIOMOTOO Ti€i ab0 1HIIOT HaMiBEMITIPUYHOI MOJIEI
TypOyIEeHTHOCTI.

JlocBig MaTeMaTHYHOTO MOJAETIOBAHHS TiAPOACPOIMHAMIYHIX MPOIECIB MOKa3aB, M0 HaWOUIBII JOCKOHA-
JIUMH €: TIPSIME YHUCII0BE MojientoBaHHs TypOyiaeHTHOCTI (Direct Numerical Simulation — DNS) 1 MmeTox mozernto-
BaHHs Benukux Buxopis (Large Eddy Simulation — LES) [1-6, 35]. Meton DNS ocHOBY€eTbCs Ha 6€310CepeIHBOMY
MPSIMOMY YHCJIOBOMY PO3B’sI3yBaHHI TPUBUMIPHHUX HecCTallloHApHUX piBHSIHb Har’e-CTOKCY 3 pO3pi3HEHHSM YCiX
MIPOCTOPOBO-YaCOBUX MacmTabiB TypOyneHTHOCTI [ 1-6, 29]. ¥V meToni LES Takox po3B’s3yroThes piBHSHHS Hap’e-
Crokca, aje Ticiisi MPOBEACHHS MONepenHboi MpocTopoBoi ¢inbTpanii [1, 6, 29, 35, 45]. e miaxin n03Bosse
BHKITIOYHTH 3 PO3IVISTY YaCTHHY IIPOCTOPOBO-YACOBUX MACIITA0IB, IO JIO3BOJISIE TIOHU3UTHA BUMOTH JIO TEXHIYHUX
XapaKTEPUCTHUK OOUHMCITIOBATIBHOI TEXHIKH. J[7s ypaxyBaHHs BIUIMBY Bif(iTbTPOBAHUX («IT1ACITKOBUX)) MacIITa0iB
TypOyJIEHTHOCTI IPUTATYIOThCA Ti a00 1HII HamliBeMIipu4Hi Mojiesi TypOyneHTHocTi [ 1-6]. B HaykoBiii miTeparypi,
JUTA T1IKPECIICHHS KapAMHAIBHUX BiMiHHOCTeH MeTony LES Bij miixo/iB, 110 BAKOPUCTOBYIOTHCS I 3aMUKAHHS
RANS, iX Ha3MBalOTh «IiACITKOBUMI» [ 1—6].

Jlo okpemoi rpymu citisi Oyao 0 BiJHECTH TiOPHIIHI TT1IXO/H, 10 CIIUPAIOThCS Ha BukopuctanHs RANS i LES
MIIXOMIB JJIs pi3HUX oOiactedt Teuii [1-6, 45—47]. BBaxkaeTbcs, 1110 BOHH € HAHOUIBII PO3MOBCIOKCHUMU IS
MPAaKTHYHOTO 3aCTOCYBAaHHS, BUXOSUU 3 MOXKIIUBOCTESH OOUMCITIOBAILHOI TEXHIKH Ta MEX 1X BUKOPUCTAHHS [ 16,
45-47]. Ilpore yHiBepcallbHa MOJICNIb OMUCY TYPOYJIIEHTHOI Tedil 1 Ha ChOTOJHI BIJICYTHSI.

AHaJi3 ocTaHHIX JocaiTkeHb i mydaikaniii. HamiBemmipudna Teopis TypOyJIeHTHOCTI Oepe movarTok 3 Kiia-
cuaHoi pobotu O. PeitHonbca [6]. V Hilt OyB chopMyTbOBaHMIA T IX1JT ISl OIUCY TYPOYJICHTHOT Teui, SKHH 3r01I0M
OyB Ha3BaHW Horo iMeHeM. TakuMm 4MHOM 3’sBHIIHCS piBHSHHS PeitHonbaca. AGo, sk e iX Ha3WBaIOTh; OCepe-
HeHi 3a PeliHonbacom piBHsHHS HaBhe-CTokca. Y BHIAAKy HECTHUCIUBOI PiTMHA PiBHSAHHS PeifHONbICA BUXOAATH
3 piBHsIHb HaBbe-CTOKCA 3 BAKOPUCTAHHSIM HACTYITHOT POLIEYPH OCEPEAHCHHS:

1 t+T

]_”(t)zﬁ j f(z)dr, (1)

ne f— GyHKIis ocepetHeHHs, ¢ — Yac, a 27 — mepiof 0cepeIHeHHSI.

[epion ocepenHeHHs mMepen0aYaeThCs TOCUTh BEIMKHM B MOPIBHSHHI 3 YaCOBHMH MaciiTadaMu yCix Typ-
OyJNEeHTHUX HEOJHOPITHOCTEH, 0 MPUCYTHI JaHii Tedii, i JOCUTh MaJUM B IOPIBHSIHHI 3 XapaKTEPHUM YaCOBUM
MacmTaboMm ocepeaHeHoi Teuii. BinmoBimHo 1o pobotu PeitHonbiaca [6], mporeaypa OCepeIHEHHs MPUITyCKae
BUKOHAHHS HACTYIIHUX YMOB [2,5,6] :

f+g=f+g, c=c, of =cf, ofJas=0f]os, @)
1€ f, g — noBiNbHI (YHKLIT, SKi MOXKYTh OyTH IIPEACTABIEH] K CYMU CEPEIHIX 1 myabcaniinux sminaux f = f + f'
Ta g=g+g', ¢ — IOBiIbHA KOHCTAHTA, a § — POCTOPOBA KOOpAMHATa ab0 Jac.
VY BUIAIKy MOJICTIOBAHHS Teuil ra3y, 10 € CTUCIUBUM, BUKOPHUCTOBYIOTh OLIBIII JOCKOHAJHIA CIIOCIO ocepe-
HeHHs. Bin Ha3uBaeThest ocepennerus 3a ®aBpoM. [Ipu 11bOMy I'yCTHHA P 1 THCK P OCEPETHIOIOTHCS 3a PeiHOIbI-
COM, a TSl 1HIIKX 3MIHHUX BBOJSATHLCS TaK 3BaHI CEPEIHHO3BAYKCHI 3HAUCHHS

/= 3)

IR
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VY BiAMOBITHOCTI 3 JAHUM MiXOIOM PO3PaxyHOK TypOYJICHTHHX Teuill CTUCIMBOI PiANHY MPOBOAUTHCS IS
X0oM Oe3nocepeHbOTro po3B’si3yBaHHs piBHiIHb Hap’e-CToKCa, 110 0cepeTHIOIThCS 3a PeiiHONbACOM [JIs IYCTHHH
Ta THCKY [2, 4].

Buxopucrtanns ocepeaHeHHs 3a DaBpoM NPUBOIUTH BHUXIAHY CHCTEMY PIBHSHb O JEIIO MPOCTILIOro
BUIVISILY, OCKUIBKU HE 3 SBJISIIOTHCS JOAATKOBI JOJAHKHU B PIBHSHHI HEPO3PUBHOCTI /Ul HECTUCIIUBUX Teuii [2, 4].
[Ipu oMy HecTalliOHApHUN YiCH B AM(EpeHIIaTbHOMY PIBHIHHI )1 KIJIBKOCTI PyXy HE BUMArae MoAaTKOBOTO
MOJICJTFOBaHHS. Y po0OOTI [7] Ha OCHOBI YNCIIOBOTO MOJICITFOBAHHS IIApy 3MIIICHHS [TOKa3aHo, 0 B Aiala30H1 MaJIuX
gucesn Maxa oOu/iBa CriocoOW OCepeHEHHS MPUBOASTH IO OJHAKOBUX Pe3ysbTariB [2, 4]. € mijcTaBu BBaXKaTH,
0 BUKOPHUCTaHHS OocepenHeHHs 32 DaBpoM y psijii BUITAIKIB TPU3BOAMT JI0 YMCEIBHOT HECTIHKOCTI Yepe3 hopmy
piBHSHHS HEpO3pHUBHOCTI [8]. JIJ1st IOm0IaHHS HECTIMKOCTI B IIPaBy YaCcTUHY PIBHSHHS HEPO3PUBHOCTI HEOOX1THO
nonasati qudy3iiiHui dieH [2, 4].

HesBakatoun Ha XapakTep OCepeAHEHOT Tedii, 1 BUMIpHICTh Ta CTAI[lOHAPHICTh UM HECTAIlIOHAPHICTH, HEO0-
XiTHO pO3B’sI3yBaTH TPUBMUMIpHI HecTamioHapHi piBHsSHHSA HaB’e-Crokca [2, 4]. Lle mos’s3aHO 3 THM, IO Typ-
OyJNEHTHICTH € MPUHIUIIOBO TPUBUMIPHHUM 1 HecTallioHapHUM siBuieM [2—5]. Ha sxanp qns nizoro psay mopeneit
3a0e3reueHHs HeoOX1HOT TOYHOCTI PO3PI3HEHHS YCiX IPOCTOPOBO-4aCOBUX MacLITa0iB TYypOYJEHTHOCTI € pobiie-
MaTHUYHUM [2-5].

Crig 3BepHYTH yBary Ha Te, L0 JUIA LIIOTO psAy Mojesei HeoOXiqHO 3a0e3MeYnTH JOCTAaTHIO TOYHICTh PO3-
PI3HEHHS YCiX MPOCTOPOBO-YaCOBUX MacIITa0iB TypOyIEHTHOCTI.

Ocepenneni 3a Peiinonbacom piBHsHHS Hap’e-Ctokca (RANS) 1715t JOCKOHATIOTO CTHCIMBOTO Ta3y, MOXKYTh
OyTH 3alicaHi B HACTYITHOMY BUDIIAI [2, 4]:

o, opu) _

ot ox, ’

a(pu[)+5(Puf”k) =i(r, 4T, )_G_p

ot ox, ox, Y o @
O(pE)  o(pu,H) _ @

ot " ax]; :a[”i(rik+Tt,ik)_(qk+q”k)]’

p=pm/(RT),

JI€ X, — IEKapTOBi koopauHaty (i = 1, 2, 3); u, — KOMIIOHEHTH BEKTOPA IBUIKOCTI ocepennenoi teuii; £=C T +uu,/2,
H=FE+plp= ET+ uu,/2F — nuToMa MoBHa €HEPris Ta IOBHA eHTaNbIiA rasy; T — temneparypa; C, C=C+ R/m—
MMUTOMI TEITOEMHOCTI TIPH CcTajoMy 00’eMi Ta mocTiiHOMY THCKY; R = 8314,34 JxoyuniB /(kmonb - K) — yHiBep-
caJTbHa Ta30Ba CTala; /1 — MOJICKYJIsIpHa Maca.

KommnonenTH TeH30pa MONEKYISIPHOL B’S13K01 HATIPYTH 1 BEKTOPA IIUTEHOCTI TEIIIOBOTO TIOTOKY 33 PAaXyHOK MOJIe-
KYJISIPHOI TETUTONPOBITHOCTI BU3HAYAIOTHCS BIIMOBITHO 32 JIOIOMOTOF0 3aKOHY peostorii HproroHa Ta 3akony @yp’e [2, 4]

1 oT
= 20() 5,388, | 0, -w(r)E )
1 aui 8”,‘ o o . ..
ne S =5 6_+8_ — TEH30p WIBUAKOCTEH Aedopmalii, 81.], — cumBon Kponekepa, a W(7') 1 M(T) —xoediuieHTn
X, Ox,

MOJICKYJISIPHOT IMHAMIYHOT B’ SI3KOCTI 1 TEIIIOMPOBIIHOCTI.
KOMIIOHEHTH TeH30pa PEHHONIBACOBUX (TYpOyJEHTHHX) HAIPYKEHb T, =—PWU; Ta BEKTOpa PEHHOIBICO-
t,ij i

BOTO (TypOylTeHTHOT0) TeMI0BOro MoToky ¢,, =—pC,ul’, 3anucyioThcs B piBHAHHAX(4) MPH OCEpAHEH] HEMiHiHHIX
KOHBEKTHBHHUX WICHIB BUXiIHUX piBHsAHBb Har’e-Crokca i mepeneceHHs eHeprii. [x 6e3mocepenHiii 38’5130k 3 mapa-
METpPaMHU OCEPEIHEHOT0 PYXY 3aIUIIAETHCS HEBIIOMUM [2, 4].

ITepeBaroro piBHsHb RANS nepen Buxiguumu piBHsHHsIMH Hap’e-Crokca € Te, 1110 BOHU c(hopMyiIbOBaHi
0e3nocepeIHbO BITHOCHO OCEpPEIHEHHUX 3a YacOM XapaKTEePUCTUK Teyii. BOHM € BUXIIHUM pe3yibTaToM B 3a7a-
9gax MEXaHIKH piinHa Ta ra3y. 3HHKa€e HeOOXI1IHICTh PO3PaxyHKY JOKAIBHIX HECTAIlIOHAPHUX XapPaKTEPUCTHK TYp-
OyJICHTHUX TOTOKIB IUISIXOM 1HTEIPYBaHHS TPUBUMIPHUX HecTarlioHapHUX piBHsAHb Has’e-Crokca mis DNS, mo
MPEJCTABIISIOTH OCHOBHHI THTEpPEC B 3a/1auaxX acpoIuHaMIKH [2, 4].

BBaxaeTncsl, 1110 B peaJIbHUX YMOBax Tedii, Ha JIaHUH 4ac PO3BUTKY OOYMCIIIOBATIBHOT TEXHIKH, IPOBEICHHS
PO3paxyHKY JIOKAIbHUX HECTAIIOHAPHHUX XapaKTEPUCTHK TYPOYJICHTHUX MTOTOKIB € a0COIFOTHO HEMOKITUBUMH [2—5].
Coig Bim3HauUTH, 10 piBHAHHSI RANS € He3aMKHYTHMH, OCKITBKHA BOHU MIiCTSITh HEBIIOMHUH TEH30p PEHHOIBICOBUX
HaINpyXeHb Ta BEKTOP TypOYJIEHTHOTO TEIIOBOTO MOTOKY [2, 4, 5]. Jlnsg iX mpakTUYHOTO BUKOPHCTAHHS MOTPiOHI
JIO/IaTKOBI CIiBBIAHOIICHHS, 1110 3B SI3YIOTH I1i BEJIMUMHHU 3 XapaKTEPUCTUKAMU OcepeaHeHoro pyxy [2—-8]. Lli noxat-
KOBI CITIIBBIIHOIICHHS MOXKHA OTPUMATH IIISIXOM BHKOPHCTaHHSIM eMmipudHoi iH(opmarii. J[aHi CHiBBiTHOIICHHS
MPUKHATO Ha3UBaTH MOZENSMH TypOYJIEHTHOCTI JUisl HarpyskeHb PeiiHonb/ca abo 11t Jpyrux MOMeHTiB [2—8].
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ANBTepHATUBHUI MiIXi1 70 BUPILICHHS Mpo0JieMH 3aMHUKaHHS PiBHSIHD PelfHonbaca nossirae y BUKOPUCTaHH1
PiBHSIHB EpEHECEHHS PEHHONBICOBUX HAPYKEHB, K1 (HOpMaTbHO MOXKYTh OyTH OTpuMaHi 3 piBHAHb HaB’e-CTokca
3a JIOOMOTOIO NPOLIEAYPH OCEPEIHEHHS 32 YACOM aHAJIONIYHO TOMY, K LE po6HTLc;1 IIpU BUBECHHI piBHSIHB Peii-

HoJbca. [IpoTe mi plBHﬂHHﬂ MICTSTB TaK 3BaHi MOMEHTH TPETHOTO MOPSIKY (uu'u] u'uy). Ix 38’5130k 3 mapameTpamMu
OCEPEIHEHOTO PyXy 1 KOMITOHEHTaMH TEH30pPa PCHHONB/ICOBHX HATIPYKCHE (MOMGHTaMI/I JIpyroro TIOPSIZIKY ) € HEBi-
JIOMHH, 1 A1 IX BU3HAYCHHS NOTPiOHE BHKOPHCTAHHI PIBHSIHB TCPCHECCHHS UL MOMEHTIB TPETHOT0 MopsaKy. Lli
PIBHSHHS, Y CBOIO uepry, MICTATH KOPEIIii YeTBEPTOTrO MOPSIIKY i T. 1., TaK II0 OTPHMAHHs CTPOroi 3aMKHYTOI
CUCTEMH PIBHSIHD BIJHOCHO CTaTUCTUYHHUX XapaKTEPUCTUK TYpOYJCHTHOCTI B MIPHUHIIUII HEMOXKITUBE. Y IIiid CUTY-
arii po3yMHHM KOMITPOMiCOM BHJIA€THCSI 0OMEKEHHS MOJICITIOBAHHS PiBHAHHSAMH IIEPEHECEHHS IPYTHX MOMECHTIB.

Hanzuvaiino npo6aeMaTHUHIM € TIUTaHHS, 1010 3HAYCHB KOPEIAIIIMHUX YJICHIB BUCOKHX MOPSAKIB. LIt emmi-
puuHa iH(popMallis HeoOXiTHa I 3aMUKAaHHS BIAMOBIAHUX MoOJeIel TypOyaeHTHOCTI. Sk Bi3HAYa€ThCS B POOOTI
[9], «0OpHB» ONMMCAHOTO BUIIIE HECKIHUEHHOTO «JIAHIIFOXKKA» Ha PIBHAHHSX MEPEHECEHHS IPYTUX MOMEHTIB HESBHO
OCHOBYETHCSI HA TOMY, 1110 HE Ma€ TEOPETUUHUX MIATBEP/UKEHb NP0 TE, IO 13 3pPOCTAHHIM HMOPSIKY MOAEIbOBAHUX
KOpPEJISILiH TX BIUIMB HAa OCHOBHI CTATHCTHYHI XapaKTEPUCTHKH TyPOYICHTHUX IMOTOKIB 3MeHIIyeThes [10].

[leBHUiT Yac AOCHITHUKK Malld HAJil0 3 PO3POOKH YHIBEpCaIbHOT MOAET TypOYJCHTHOCTI JUIS 3aMHUKaHHS
piBHsHE RANS Moneni. [Ipote npoBeieHi eKCIiepruMEHTabHI Ta YHCIIOBI JTOCHIDKEHHS TYPOYJICHTHHX Tedild pO3Bi-
SUTH 111 HaJlii. BOHU MepeKOHIMBO MOKA3aIH, 10 JIOKAIbHI 0CEPEeTHeHI XapaKTEPUCTHKHU TypOYIIEHTHHX ITOTOKIB TTiJI-
JIAFOTHCS ICTOTHOMY TIIOOAITBHOMY BIUIMBY CTIMKHX, BEJIMKOMACIITAOHUX, 3 PO3MIpaMH MOPSAAKY Makpo-MaciTaly
Tedii, MPUHIIUIIOBO TPUBUMIPHUX 1 HECTAIIOHAPHUX CTPYKTYP [2—9]. XapaKTeprCTUKH X CTPYKTYP 3aJIeKATh BijI
KOHKPETHOI reoMeTpii 1aHoi Tedii Ta MeXOBHX YMOB. TakuMm 4MHOM, TilmoTe3a JOKAIBHOCTI 1 OCEpEeAHEHHS XapaK-
TEPUCTHUK TypOyIEHTHUX MOTOKIB, Ha sIKiif B HesBHiHM dopmi Oynyersess RANS mMoneni TypOyiieHTHOCTI, He 3aBKAn
BUKOHYEThCS [2-9]. Lle B IpHHINI YHEMOXXIIMBIIIOE TOOYIOBY i/1eaIbHOT MOJIEIIi TAKOTO TUILY 1 pOOUTH 3rajlaHi BUIIE
HaJii Ha MOXJIUBICTH MOOYI0BH yHiBepcanbHOi RANS Moneni TypOyaeHTHOCTI, 10 CyTi, He3aiiichennumH [2, 3-5].

Jane cTBepIKyBaHHS B PiBHIM Mipi BIAHOCUTBCS SIK IO IPOCTUX MOAeNeH, o 6a3yroTbes Ha rinoresi byc-
CHHECKa IO JIHIKHUHI 3B 30K MK TEH30paMH PEUHOJIBICOBUX HAIPyKeHb 1 MIBUAKOCTEH NedopmMariii, Tak 1 10
MoJieJIell IEpeHEeCeHHs PEUHOIIbACOBUX HAMpPYKeHb [4].

O3HaKy HEITOCKOHAJOCTI HAIIBEMIIPUYIHUX MOJENEH TypOyIEHTHOCTI Oyny BUSBICHI 3 MOYaTKOM BUKOPH-
CTaHHS YHCJIOBUX METOMIB ISl PO3PAaxXyHKY B’sI3KHX Tediil. [Ipm MonemoBaHHI BIIPUBHUX TEUill MPOSBIISLIACS X
HEMOXIIMBICTh yPaxOByBaTH NEBHI (i3WYHI XapakTepucTHKU. HeoOXiTHO OYyII0 BCTAHOBITFOBATH MEK1 BUKOPHUCTAHHS
THX YH IHIIMX HAIBEMITIPUIHUX MOJIeNIel TypOyaeHTHOCTI. Lle cipusiio po3ropTaHHi CHCTEeMaTHYHKX JI0CITKEHb,
CIPSIMOBAHMX Ha BU3HAUCHHSI MEX 3aCTOCYBaHHSI HAIIIBEMITIPUYHUX Mojieielt TypOyaerTHocTi [1-10, 21-32].

3HavyHa KUTBKICTh IMyOMTiKaIlii, 110 MIPUCBIYCHI YIOCKOHAJICHHIO BiJOMUX Ta CTBOPEHHIO HOBUX HAIliBEMITipHY-
HHUX MOJieNiel TypOyIeHTHOCTI MiATBEPLKYBANH LIUTHH psin iX HemomikiB [3, 4]. Came He3a10BUIBHI pPe3yABTaTH YHCIIO-
BOTO MOJICJTIOBAHHSI 3 PO3PAXyHKY BIIPUBHUX Tediil CIPHUMHIIN Macy MUTaHb PO X KOPEKTHICTH [3, 5, 21]. barato-
YHCEITbHI TOCTIPKEHHS CIIPUSUTH PO3po01i HOBUX Mojiesiel TypOyIeHTHOCTI Ha OCHOBI BukopucTanus RANS [2, 3, 5,
21]. ITocTano roctpe NuTaHHs Mpo OOrPYHTOBAHUI BUOIp Tiei a00 1HIIOT 3 HUX AT PO3PaxyHKY TypOyIeHTHUX Teild.

Taxi 1ocnipkeHHs] POBOIMINCA 1 MPOJOBKYIOTh MPOBOAUTHUCS, K OKPEMUMH JIOCHITHUIBKUMH TPyTaMHu,
TaK 1y paMKax MacIITabHUX MIKHAPOIHUX ITporpam, KoopanHoBaHuX NASA 1 €BpoIelChbKOI0 KOMICIEIO 3 PO3BUTKY
HAyKOBHX IOCIiKEeHb. 30kpema, NASA OyB CTBOpPEHUH CIemiadbHUN IHTEPHET-TIOPTAI, IO MOCTIHHO OHOBIIO-
etbes [13]. Ha apomy TMPHBOATHCS (bopMyn}OBaHHﬂ HaKOLTBII TMOMMPEHUX MOJIE/ICH Typ6yHeHTHOCT1 «ETAJIOHHI»
pe3ynsraru po3paxyHK113 PI3HHX Tediil, OTprMaHi 3 IX BUKOPUCTAHHAM, 1 CKCHepI/IMeHTaHLHl JaHi, sIKi MOXYTb CITy-
JKUTH JIJISL Bamuaanii mux mMozeei [13]. Ananoriyauii pecypc OyB CTBOPEHUH 1 MIATPUMYEThCS «EBPOTEHCHKO0
CrinproTor0 3 Teuiit, TypOynentrnocTi 1 [opiaas» (ERCOFTAC) [14]. Ha BI/IpiI.L[eHHH Ti€T K HpO6JICMI/I 3 YIOCKO-
HaJICHHS 1 BamUaIii Moxeneit Typ6yneHTH00T1 CHPSIMOBAHO 3HAYHE YUCIIO MDXHAPOIHHUX MPOEKTIB, M0 (iHAHCY-
FOThCSI €BPOCOIO30M Ta 1HITUMHU OpFaH13aH1${MI/I ECARP [15], FLOMANIA [16] i ATAAC [17].

BaxxuBy poss B 1iii cdepi BimirparoTh criemiaabHi podoui ceM1HapH Ha SIKUX Pe3yJIbTaTu pospaxyHmB OTpH-
MaHi OKpEeMHMH JOCTIAHULBKUMU TPyTamMHu i3 3aCTOCYBAHHAM pi3HUX Mojenei Typ6yneHTHOCT1 HOplBHIOIOTbCﬂ
13 creniajJbHO BiIiOpaHUMHU EKCIIEPUMEHTAIBHIMHU JaHUMHU 1 3 pesyibTaraMu po3paxyHkiB y pamkax LES i DNS
[10—-17]. LinecnpsMoBaHi 3ycuylis HAYKOBHX Ta MPOEKTHUX YCTAHOB LIJIOTO PSAAY €BPONEHCHKUX KpaiH CHpHUSIIH
HAKOIIMYCHO BaXKIIMBOI Ta, 00’ €KTHBHOI iH(OPMAIIIT PO MOKIMBOCTI PI3HUX MOJEICH /Uil BUKOPUCTAHHS PIBHIHB
RANS [10-17].

s iHpopMalis € BUKITIOUHO BAXKITUBOKO, OCKUIBKH, HE3BAKAIOUH Ha BIIMIUEHI CEpHO3HI HETOMIKU IIMX MOJIe-
JieH, caMe BOHH aX JI0 TEMEepillIHbOro 4acy €, i I JIOBrO 3aJMIIaTUMYThCS OCHOBHUM POOOYUM 1HCTPYMEHTOM
MIPH MIPOBEACHHI NMPAKTUYHUX PO3PAXyHKIB TypOyJIeHTHHX Tediit [2—6,10—17]. 3pocTaHHs TEXHOJIOTTYHOTO PIiBHS
CYCITUIBCTBA BUKJIMKAE TIOTPEOH B PO3B’sI3yBaHHI 3a/1ad MEXaHIKH PiJTUHH, Ta3y Ta IUIa3MH, aCpOJMHAMIKH TpaH-
CTIOPTHHX alapariB Ta iHIINX TEXHIYHUX IPUCTPOIB I OaraThoX raixy3eil HayKH 1 TEXHIKH.

Meta crarTi. UnciioBe MOJICIIIOBaHHS B A3KUX TypOYJCHTHUX TeUill HABKOJO TPAHCIIOPTHHUX araparis, pis-
HOMaHITHHX TEXHIYHUX TPUCTPOIB Ta iX €IEMEHTIB € JOBOJI CKIIaIHOI0 pobieMoro. Ha cboroaHi Hemae ii yHiBep-
CalbHOT MaTeMaTH4HOI MOoJeNi, 110 OyayBajiach OM Ha OCHOBI 00’ €KTUBHUX (DI3MUHUX 3aKOHIB, SIKi O OmucCyBasn
KOPEKTHY MOBEIHKY AMHaMIi4HOI cuctemu [18-20].
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Mertoo poOOTH € pO3IA] MpoOJIEMH YHUCIOBOTO MOJCNIOBAHHSA B’A3KHX TYpOYJICHTHHX TEUill HaBKOJIO
Ha3eMHUX TPAHCIOPTHUX amapariB, IO PyXarThCd HaJ HUISXOBOKO CTPYKTYporo. [l 4McaoBOro po3B’s3yBaHHS
MOCTABIIEHOI 3aJ1a4l BUKOPUCTOBYEThCS TOpUIHUH miaxia, BuMororo 10 MaTeMaTHyHOI MOZIENI € aIeKBaTHUM OMHC
BJIACTUBOCTEH CHUCTEMH 3 BiJNOBIIHUM IE€BHHUM YMCJIOM CTYyNEHiB cBoOonu. Taka mMareMaTHdHa MOJAENIb HAaIacTh
MOXKITUBICTh IPOBOIUTH MOAAJBINI JTOCIIKCHHS JUHAMIYHHAX Ta aepOAMHAMIYHHX XapaKTePHUCTHK TPAHCIIOPTHUX
armapariB Ta IX CKJIAIOBHX.

Bukian ocHoBHoro marepiady. ['iopuaai RANS — LES moneni 3’ ssBuvcs B KiHIII BICIMIECATHX Ha TIOYATKY
JIeB’STHOCTHX POKIB IBAIATOrO CTOMITTS. OMHUM 3 HAHTIOMIMPEHIIINX METOMIB ISl IPAKTUIHOTO BHKOPHCTAHHS
B aepOAMHAMIII JITALHUX anapaTiB, aBTOMOOLIIB, 1HIIWX TPAHCIIOPTHUX 3aC001B CTaB METOJl MOJICITFOBAHHS BiJl €1
HaHux BuxopiB — Detached Eddy Simulation abo DES.

Ha cworonHi, npuHaiiMHi, TIOIIMPEH] JIEKiJIbKa JIECATKIB TAKUX MOJIEIICH. Ix MOJIaJIBIIOMY YIOCKOHAJICHHIO
1 PO3BUTKY NPHUCBSYEHO Bennde3He 4yucio poOiT [21]. Merog DES TpumaB i momaneimmii po3sutok — Delayed
Detached Eddy Simulation (DDES) [21-25]. Lle ¢BiAYUTh PO MO3UTUBHI CTOPOHH 171€1, 110 JICKUTH B OCHOBI Py
riopuaaux mozaenei. [Ipote He Mae MOBHOT 3a10BOJICHOCTI BXK€ ICHYIOUMMH MOJICTISIMU Takoro Tumy [2—6, 21-25].

3aranbHa KOHLEMIiA TiOpUAHUX Mojenel TypOyIeHTHUX Tedil mossrae B cnpo06i moOynoBH KOMOIHOBaHUX
Mojieneii. Bonu moBuHHI (YHKITIOHYBaTH B OHUX oOyacTsix Teuii sik RANS, a B inmmx obnactax Teuii sik LES.
dopmaibHa CX0XKICTh piBHAHB PeitHonbaca (4) Ta piBHsaHb 111 LES Hajae neBHI nepeBaru B 4MCeIbHOMY PO3B’A-
3yBaHHI 3a/1a4i. HasBHICTH BiIMIHHOCTEH Pi3HUX (HOpM T1OPHIHUX MOJENICH H03BOJISIE Peali30BYBaTH IIUIIXH YUC-
JIOBOTO PO3B’s3yBaHHS BHUXITHUX TU(PEPCHIIIANTFHIX PI3HIMU METOIAMH.

JleTanbHuUi OIVIST IUX TIOPUAHUX MOJIEIICH MPEJICTABICHO B IIIOMY s/l HAyKOBUX mpartib [17, 2540, 45-47].
[IpoGnemu po3poOku Ta yaockoHaneHHs Tiopuaanx RANS — LES mozenei moctiiHO 00roBOprOIOTHCS Ha pi3HOMa-
HITHUX MDKHapOJHUX KOH(epeHIisax, cummnosiymax i .. [2, 10—17].

Cepen riopunanx RANS — LES moneneit mmpoxe po3noBCIoKeHHsT oTpuMaB riopuaanii meroq DES [31].
Heo6xigHicTh po3paxyHOK Tedill 3 BETUKUMH BiIPUBHUMH 30HAMH, a TAKOK 3HAYHI PECYPCHI BUMOTH 10 METOIY
LES cnonykanu gocnigHuKiB Ha po3poOKy Merony DES. JlocmimxenHs nokaszany, mo RANS Mozeni He 103BOIsI-
I0Th 320€3MEUUTH KOPEKTHUH PO3PaxyHOK Takux Tedii [1-5].

LES meton Bumarae 3ajgy4eHHs] HAMIpPHO BEJIMKUX OOYMCITIOBAJIbHUX BUTPAT, JIEBOBA YACTKA SIKMX MOB’s3aHa
3 PO3paxyHKOM IMPUCTIHHOI YACTUHH TPUEIHAHUX MMPUMEKOBUX IIAPIB, SIKi MICTATh SHEPrOHECYUi BHXOPH MaJIUX
po3mipiB [22-29].

Bce ne cpusiiio cTtBopeHHs Takol Mozeni, ska GpyHkuionysana 0 sk RANS B o0nmacTi mpre THAaHOTO IIPHMEKO-
BOTO IIapy i 3a0e3rneyyBaja IIUIKOM MPUAHATHY TOYHICTh, 1 ik LES y BipuBHHX 00JIACTSIX MOTOKY, Jie HOTO BHKO-
PHUCTaHHS He BUMAarae HaJMipHO IpiOHUX ciTOK [22—29]. BiH oTprMaB Ha3By METO/IY «MOJICIIFOBAHHS BiJl’ € JHAHUX
BHXOPIBY, 110 Tiakpeciroe BinMinHicTh DES Bix LES. Ilo nosicHroeTbes M, 1mo y pamkax DES «rouno» po3piz-
HSIIOTBCS JIUIIIE «BiJI €IHAHI» BUXOPH, K1 MICTATHCS Y BIAPUBHIH 30HI. BimHOCHO NpiOHI BUXOPH, 110 POPMYIOTHCS
y MIPHETHAHOMY ITPUMEKOBOMY IIapi, OMUCYIOTHCS 3BHUaHUMHU HamiBeMmipraHuMu RANS monemsmu [5-18, 317.

Il1e oxna BaskimBa ocobmuBicTs DES momsirae B Tomy, mo y paMkax 1poro miaxony y RANS i LES obmacTsax
BUKOPHUCTOBYETHCS OfiHA 1 Ta X «0a3oBa» (isMuHa MOJENb TypOyIeHTHOCTI, sika (yHKuioHye sk RANS monens
y CepeiuHi MPUCTIHHOTO MPUMEKOBOTO Iapy i AK 11 MiACITKOBUH aHANOT JAJIeKo BiJ TBEPAUX CTiHOK [5, 23-29].
Mesxa nomixk obmactsimu RANS 1 LES Bu3HauaeTbes B polieci po3paxyHKy aBTOMAaTHYHO 1 3aJI€KUTh BiJl KPOKIB
BHKOPHCTOBYBAHOI OOYMCITIOBAIBHOI CITKH, BiJ| BiJICTaHI B/l JIJaHOT TOYKH TMOTOKY JI0 0OOTIYHOI IOBEpPXHI 1, B3arali
Ka)Xy4H, BiJl JIOKAJIbHUX NapaMeTpiB motoky [1, 2, 5, 31].

[HTeHCHBHMI PO3BUTOK OOUUCIIOBAIBLHOT aePOJHHAMIKY CIPUSB MOsIBI 1iIoro pary riopunuanx DES meronis
[30—34]. ¥V 38’s13ky 3 uMm DES 1 ix1mi ananoriuai DES-nonioni metomu: Extra — Large Eddy Simulation a6o E-LES
[34] 1 Limited Numerical Scales abo LNS [36] yacTo He 30BCIM TOYHO HAa3HUBAKOTh «HE30HHUMMY» («non-zonaly)
riOpUIHUMHU METOAaMH, 00 BIAPIZHUTH X BiJ 30HHUX riOpuiB, B skuX RANS 1 LES o6nacTi BUOMPAIOTHCS 3 THX
a0 1HIMX MipKyBaHb. J[0 TaKUX METOJIIB HAJIS)KUTh, Hanpukia, 3oHHUI DES (Zonal DES a6o ZDES), o po3Bu-
Ba€eThCst B po0oTi [37]), @ TakoXK psixt iHIIMX 30HHUX TiaxomiB [S]. Lleit metox Mae psn nepesar B nopiBHsHHI 3 DES,
110 TOJISATAIOTH y OibIIiN THY4YKOCTI. IIpoTe HOro OCHOBHUM HEOMIK MOJIATAE B HEOOXITHOCTI anpiOpHUX YSIBICHB
PO CTPYKTYpy Teuii, HATPUKIIAI, TIPO MOJIOKEHHS TOUKH(JiHIT) BiJpUBY MOTOKY [5].

Oxpemy rpyny Tiopuganx RANS — LES meroniB mpeAcTaBisatoTh Tak 3BaHi Mojeni LES 3 mpuctiHHuMH
MozemtoBanHsaM (Wall Modeled LES — WMLES), siki MOXyTb BUKOPUCTOBYBATUCS JUIsl pPO3PAxXyHKY HE JIUILE Bif-
PUBHUX, aJie 1 CKJIaIHUX NpUeTHAHUX TypOyaeHTHUX Tediit [38]. [nes mux metoniB nossrae y BukopuctanHi RANS
HE B YCbOMY IIPUCTIHHOMY ITPUMEXKOBOMY I11api, sk e poourtbes B DES, a TinbKu B ioro BHyTpilHii o0nacTi, T06TO
came B Tiif 00J1aCTi, Ha pO3PaxyHOK SIKOi TOBOISTHCSI OCHOBHI oOumcroBanbHi BuTpatu LES [39-40]. [Ipote ciextp
3actocyBaHHst WMLES e nocuts mmpokum [39-40].

OcCTaHHIMH POKaMH OTPUMAaB PO3BUTOK Iiie ouH miaxin 10 RANS-LES monentoBanHO TYpOYJIEHTHOCTI, 110
€ HahOUTBII 3araibHO (HOPMOFO 30HHMX METOMIB 1 JicTaB Ha3By BOynoBaHoro LES (Embedded LES), y pamkax
sxoi o6acte LES Moxke 10BiTbHIM YHHOM pO3TanioByBaTHcs ycepennHi oomacti RANS (puc. 1) [5, 41].

Ile BimKpHWBaE MOXIJIMBICTH BUKOPHUCTAHHS OOYMCIIOBANBHOTO TpyaomicTkoro meromy LES Timbkm B THX
00JIaCTSIX TIOTOKY, SIKi He MiIIarThes omucy y pamkax RANS, abo B obmacTsix, s SKUX MOTPIOHO OTPUMAHHS
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Puc. 1. I'Opumamii miaxix ms odmactei Tedii 3 3actocyBanHs metomiB RANS ta LES [5, 41]

iHpOpMamii He IUIIe IPO OCepeaHeH], ane i Mpo MyIbCalliiiHi XapaKTepUCTHKN MOTOKY [5, 39]. Taka 3amaua Moxe
BUHHUKHYTH IIPH PO3B’SA3yBaHHI 3B S3aHUX 33]a4 aCpOAUHAMIKH Ta MIPY>KHOCTi, aKyCTHKH [5, 39]

[Ipote s ix mpaxkTr4HOI peanizariii HOTPiOHI BUPIMICHHS Py CKIaTHUX (I3MYHUX MpoOIeM, OB’ I3aHUX
3 «3muBaHHAIM» RANS 1 LES po3B’s3kiB Ha Mexi obnacteil. Tak, mpu nepexoai Bix LES 1o RANS po3s’si3yBanHs
HeoOXiJHe 3a0e3neueHHs JIaBHOTO MPUTHIYeHHs TYpOyJIeHTHUX MyJbcaiii [39].

B npotusiexxHicTb IbOMY, JUIs TOCSTHEHHS IIBUIKOTO MEPEXOY BiJl MOBHICTIO MOAEIHOBAHOI TYPOYIEHTHOCT1
B RANS o6nacti 10 «103BoseH0» TypOyaenTHocTi B LES o0nacTi Ha BiAMOBIAHMX MeXaX OCTaHHBOIO HEOOX1IHO
BBOIUTHU IITY4HI 30ypeHHs [17]. He3Baxkaroun Ha 3HAYHY KUTBKICTH JOCHTIHKEHb 3 MOACTIOBAHHS TYpOYJICHTHIX
Tedil MIJIKOM 3a/I0BUTBHOTO PINICHHS WX IMUTaHb JA0Ci He 3HaheHo [5, 17]. OkpiM 1bOro, MporpaMHa peaizais
3alpPOMIOHOBAHUX METOIB € JIOCUTh CKJIAJHOKO 1 ICTOTHHM YHHOM OIMPAETHCS HA CEeNU(iKy BUKOPHUCTOBYBAHUX
OOYHCITIOBAITLHUX CITOK 1 CTPYKTYpY 30epiraHHst JaHUX y BiJIMOBITHUX 00YUCITIOBaIbHEX Komax [17]. Lle yrpyaHsie,
a 1HOJI 1 YHEMOXKITUBITIOE TICPEHECEHHSI IMX METOJIIB 3 OJTHOTO KOy B iHIIWMiA [5, 17].

Ha croroni po3po0reHo mie Tak 3BaHi «oe31oBH» (seamless) RANS — LES riGpuu, B skux oOH/1Ba T IXOH THM
a00 HIIIMM YHHOM <«3BaKYIOTHCSD» 1 OTHOYACHO (PyHKITIOHYIOTH Y BCiil po3paxyHKoBoi 001acTi [43]. HaitOubm BitoMum
3 HUX € METOJI, 0 0a3yeThCs Ha YacTKOBO ocepeaHeHux piBHAHHAX Hap’e-Ctokca, — Partially Averaged Navier-stokes
a6o PANS [41]. [Ipore npobreMa KOPEKTHOTO BHOOPY BaroBUX (ByHKIIIH, 110 aBTOMATHYHO 3a0€3MeUyIOTh a/IeKBaTHI,
y BIIMOBIIHOCTI 3 JIOKaJIbHUM po3Mipam citku, Bard RANS i1 LES moneneii B naHiii To4Lli MOTOKY 3aIMIIAETHCS, 110 CYTI,
HeBupimeHo [41]. Lle icToTHO 00Mexye NMpakTHYHEe BUKOPUCTaHHs Oe3moBHUX minxoaiB RANS-LES.

[[Tupoxuii 1OCBIlT BUKOPUCTAHHS JIIHIMHUX MOJENIeH CBITYUTH MPO Te, IO 1 B HAIl Yac HAHOUIBII BUCOKHUI
«PEUTHHI» cepell HUX OTPUMAJIH JIBI Mojieli Ta ix moxudikanii [21, 31, 42—46] :

— MOJIeJIb ITEPEHECEHHS TYPOYJICHTHOT B’ sI3K0CTi [42, 45, 46] (Monens Cnianapra-AiMapaca abo SA MoJielb);

— MOJAEJb IEPEHECEHHS KIHeTHYHOT eHeprii TypOyIeHTHOCTI 1 muToMoi mBUAKOCTI ii qucunanii [43, 44] (k—o
Shear Stress Transport mogens Mentepa adbo SST monens).

IIpore cepen riopuaaux RANS-LES MeTo/1iB Haif01IbII TOMUPEHUM 3aUIIa€Thes riopunuuii meron DES Ta
Horo mi3Hinm moaudikarii [40—47].

g po3B’s3yBaHHA 3a[a4i, 3 BA3HAYCHHs NapaMeTpiB TypOyIeHTHOI Teuii HaBKOJIO TPAHCIIOPTHOIO anapara,
MaTeMaTHYHa MOJIEIb TOOyI0BaHa Ha (DI3WYHUX BIACTUBOCTSIX B’SI3K01 CTHCIMBOI piguau. CucteMa piBHsIHb Ha’e-
Crokca ocepeiHeHa 3a PeliHOIIBICOM /1S TIOBUIBHOT KPUBOJIIHIHHOT CHCTEMH KOOPIWHAT 3alUIIEThCs [2-5]

00 0(E-E.) o(F-F.) o(G-G.)
—=+ + + =H, (6)
ot o0& on ¢

ne O — Bektop HeBimomux 3MiHHMX; E,F,G — Bektopum HeB’s3kux motoki; Ev=E&E, +& F +E.G,,
Fy=n,E,+n,F,+n.G,, Gv=CE +(F +(.G, — Bexropu B’s13knx notokis; H =1/jH — BeKTOp JpKepenbHUX
YIICHIB.

B cucremi mudepeniianbHuX piBHIHB (6) 77 — KOMIIOHEHTHI BekTopu notokiB O, E,,F,,G,E,F,,G, 3anucy-
IOTBCS B 3QJICKHOCTI Bil BUKOPHUCTOBYBAHOI MOZIENI TYpOYJICHTHOCTI.

Jis po3B’si3yBaHHS CHUCTEMH DIiBHSHB (6) BHKOPHUCTAaHO METOJNl KOHTPOJIBHOTO 00’eMy [2, 4-5]. OcHOBHI
3acaay METOAY KOHTpossHOro 00°emy (MKO) nonsraioTrs B TOMY, 1[0 PO3TISAAIOTECS KIACHYHI PIBHSIHHS OanaHCy

Jiesikoi BeJmuuHu O B KOHTPOJIBHOMY 00’eMi V, 00MEKEHOMY TOBEPXHEIO S = ZSk 3 30BHILIHBOK HOPMAJLIIO 7
[5]. IeTerpytoun piBHSIHHS (6) 1O KOHTPOIBLHOMY 00’ €My, OTpUMaeMo [5]:

00 0(E-E.) o(F-F.) o(G-G.) )
J;.U 5+ % + P + o —-H (dV =0. (7)
3acrocoByroun 70 piBHSIHHS (7) Teopemy npo cepenHe i OcTporpancekoro-I'aycca, orpumaemo [5]:
%:—ﬁ{jﬁ[(i—&)nﬁ(ﬁ—ﬁ)%+(E;—E;V)nz}ds+ﬁ, ®)
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1€ S — MOBEPXHs HABKOJIO KOHTPOJIBHOTO 00’ €My AV; i — BEKTOP 30BHIIIHBOT HOPMaJIi JI0 MOBEPXHi S.
BepxHili 3HaK [~] 03Ha4Ya€e cepeiHe 3HAYCHHS myKaHo'l' (yHKIii 32 00’ eMOM:

f=— ﬂj fdv. ©)

Ocepenneni 3a Peiinonbacom piBHsHb Ha’e-Crokca 3amkHeHO MeTooM DES, 1110 € moiaibIiuM po3BUTKOM
Mozeni TypOynentHocTi Cranapra — AymiMapaca B peatizanii BitokpemieHux Buxopis [31, 45, 46]:

o(pv) o0, .
———~+—I\pvu,|=E +F -G +T, 10
5 axj(p,) (+F,=G,+T, (10)
1{ o -\ OV ov ov e . .
ne B, =—|— p(V+V)— +C,p——=—| — audy3idHUI WIeH, MO 33a0BOJIHIE MEKOBUM YMOBAaM Ha CTIHII
c 6xj 6xj axj 6xj

v=0; F,=C,(1-1,) pSV — BUpA3, II0 ONUCYE BUPOOHMUIITBO TypOYJICHTHOCTI B 00MacTi 1 miATpUMye omuc Tedii

~\2
B JlaMiHapHOMY mimmapi; G, =C,, pr[gj — BHpa3, M0 OIHCYE po3naj TypOyJeHTHOCTI B JaMiHApHOMY IIi/IIapi;

2
C.(V . .
T = f,pAU” + ,zp_bzl(g) ~BHpPa3 HAOJIMIKEHOTO OMKCY MEPEXIHOTO PEKUMY 3 3IIa/UKYBATBHUMH QYHKIISAMH f
K

t

/f,» AKi 3a0€3MeUyI0Th MEPEXiJl Bi/l IAMiHAPHOTO 110 TypOYJIEHTHOTO PEXKMMY B IPUCTIHHIA 00MacTi.
BuxopoBa B’sI3KiCTh pPO3PaxOBYETHCSI 3a CITIBBITHOMICHHSIM: I, = pVf,;. Mo/eib BiJOKPEMICHUX BHXOPIiB

(DES) dopmyeTbes NUissxoM 3aMiHU 3MIHHOT d Ha d,, 5iKa BU3HAYAETBCS 32 dopmyoro [45]
d =min(d, C,A),

ne A = max(Ax, Ay, Az), C,, = 0,65 — crana moxeni DES.

J171s1 9uCcTIOBOTO MOJICITIOBAHHS a€POANHAMIKY Ha3eMHOTO TPAHCIIOPTHOTO 3ac00y, 0 PyXa€eThCs HaJl IUITXO0-
BOIO CTPYKTYPOIO 3aCTOCOBAHO CHCTEMY I[I/I(bepeHHiaJILHI/IX PiBHSHB (6) 3aMKHEHUX MOJIEILITIO Typ6yneHTH00Ti 9).

Jns peamizanii po3po6neH01 METOJIMKH 3 PO3B’SI3yBAHHS CUCTEMH OCEpeIHEHHX 3a PeifHombacom piBHsHb Hap’e-
Crokca moOy10BaHO BiIIOBIIHI arOPUTMH Ta HAMKCAHO MPOrPaMHe 3a0€3MeUeHHS. Po3po6neH1/m KOMILTEKC IPOrPaMHOTO
3a0e3rnedeHHs Oylo MPOTECTOBAHO HA Psi/Ii KIIACHYHUX 3a/1a4 [5]. Pe3ynbsraTy po3paxXyHKiB IOKa3aIu MPUIaTHI pe3yNbTaTu
JUTSl BAKOPUCTAHHS PO3pO0JIEHOr0 HAIMCAaHO KOMITIEKCY IPOrpaMHOro 3a0e3neyeHHs B OUTd eKpaHHil aepoarHaMil

TpuBuMipHa 3a/1a4a 00TiKaHHS TPAHCIIOPTHOTO arlapara, 10 pyXaeThesi HOOIN3Y MIISIXOBOT CTPYKTYPH JI03BY-
KOBHM ITOTOKOM B’SI3KOTO Ta3y € OJHIEIO 3 CKJIAQJHUX 3a/1ad acpoauHaMiku. Ha puc. 2. mokazaHO pe3yiasraTd po3-
paxyHKy IapaMeTpiB Teuii HABKOJIO TPAHCIIOPTHOTO arrapara 3 HECYYHM KOPITyCOM ITOONU3Y MUITXOBOI CTPYKTYPH
JI03BYKOBHM ITOTOKOM:

—1300apu y mionmHi XOY obacTi Teyii;

— i3omaxu y mionmHi XOY obmacTi Teyii,

— 130miHIT CKJIaJI0BOT BEKTOpa MBUIAKOCTI V y TutomuHi XOZ obnacTi Tevii;

— 130miHii 3aBuXpeHocTi y mromuHi XOY obmacti Teuii.

Uucnose po3B’A3yBaHHS TaKHX 3a7a4 JIO3BOJIIE aHAJI3yBaTH CTPYKTYPY Tedil HABKOJIO TPAHCIIOPTHOTO ama-
para Ta ii BIUIUB Ha (POPMYBaHHSA aCpPOANHAMIYHUX XapaKTepUCTUK. OTpUMaHI pe3ylbTaTH MOKHA BUKOPUCTOBY-
BaTU MPH MOLIYKY HIJSIXIB MOKPAIIEHHs! JMHAMIYHUX XapaKTePUCTUK TPAHCIIOPTHUX araparis.

Puc. 2. [TapameTpu TypOyaeHTHOI Tedil HABKOJIO TPAHCTIOPTHOTO arapaTa 3 HeCyYHM KOPITYCOM,
110 PYXa€ThCS HAJl IUISIXOBOIO CTPYKTYPOIO:

a —i306apu y nrowuni XOY obnacmi meuii; 6 — izomaxu y nnowuni XOY obnacmi meuii; 6 — i301iHii CK1a00801 6eKMopa ueuoKocmi
V'y nnowuni XOZ obnacmi meuii; 2 — izoninii 3asuxpenocmi y niowuni XOY obnacmi meuii
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BucHOBKH Ta MepCcneKTHBH MOJANBINNX A0CTizKeHb. MaTeMaTnaHnii Ta Qi3MIHUN OIIC peaIbHUX acpo-
JUHAMIYHUX IPOIIECIB, SIKi OMMUCYIOTHCS CUCTEMaMHU HEeTHIMHUX TU(epeHIlialbHUX PIBHIHb, 3AJIHIIAE€THCS HEBUPI-
mrenuM. Pi3ndHi Mporecu B TypOyIEHTHOMY PyCi piAMHY € HaJ3BUYAHHO CKIaJHUMHU. 3HaYHA KUTBKICTh MOJIENeH 11
OIIHCY JTO3BOJISIIOTH PO3YMITH OKpEMi SIBUINA Ta BIACTUBOCTI TLIBKM 4acTKOBO. Ha choromHi Teopist TypOyaeHTHOCTI
yce 1me nepedyBae y cTajii po3poOKH i € IIie JaJeKoro BiJ CBOTO 3aBepuieHHs. [I0BHUIT po3paxyHOK peabHUX Typ-
OyJICHTHHX TeYill IIOKH 1110 HeMOXJIMBHUIL. Ha ChOro/iHi roJIOBHMM 1HCTPYMEHTOM PO3paxyHKY TypOyJIeHTHUX Tedil
3aJIMIIAIOTHCS YUCIIOBI METOMIH.

AHaJi3 cTaHy MaTeMaTHYHOTO MOJICJIIOBaHHS TypOYJISHTHUX Tedill MOKa3ye, o U IX MPaKTHYHOTO BUKOPH-
CTaHHS HAHOLTBII ONITUMATIBFHAM METOIIOM € Ti0puaHi migxoau tuy DES. Ha HaltOnmkdy mepcrekTuBy i METOIu
€ He3aMIHHUMH.

JuHamika PO3BUTKY EIEKTPOHHO-OOUHCIIOBAIHHAX MAIUH, YIOCKOHAJICHHS E€KCICPHMEHTAIBHUAX OCIHTi-
JUKEHBb B TiApOaepOJMHAMII Ta TEPCIEKTHBHI pO3POOKH HOBHUX METOJIB PO3B’S3yBaHHS PIBHSIHb MaTeMaTHYHOI
(hi3MKM Tal0Th HAJI0 HA JOCATHEHHS 3HAYHHX CIIXIB Yy YMCIIOBOMY MOJICTIOBAHHI peajbHUX TYpOYJICHTHHX Tedil
HABKOJIO TPAHCTIOPTHUX arlapaTiB.
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MIIBUIEHHSA JOCTYITHOCTI JAHUX Y MIPUHTOBUX CUCTEMAX
3 AZIPECAIIIO BMICTY 3A PAXYHOK MPOAKTHBHOI PETIJITKAIII|

Cyuacni deyenmpanizosani cucmemu, 30kpema IPFS, 30ebinvuioeo suxopucmosyroms nioxio «pull-on-demandy, 3a sxozo
Denmikayis GUHUKAE e K nodiuHul eghexm 610 unyuenns Oanux. Lle npuzeooums 0o HU3bKOI AOCHYNHOCII ) HeBETUKUX
mepedxcax, e KitbKiCmb akmusHux 8y31i6 3amand 01 (popmMyeanHs d0Cmamuboi KitbKoCmi Konitl.

Y emammi posensinymo nioxio 0o nioguwyenns ocmynHocmi OaHuX y NIPUHZ06UX CUCHIEMAX 3 AOPecayieo emMicmy uis-
XOM NPOaKmueHoi pennikayii ma demepmin08aH020 po3miyenHs O10KIs.

Pospobneno ma npoananizosano mexamizm, wo 3abesneyye nepedbauysany 00CmynHicnb 0aHux be3 cymmegozo 30inb-
wenHs KoopOunayii misic eyznamu ma 3oepicae cymicnicmo i3 DHT. Cihopmosarno sumozu 00 npomoKony posmiuyeHHs OaHux
Y NIPUHEOBUX MePeXcax, Po3podaeHo MOOelb NPOAKMUBHOL pentikayii, Y32000iceHy 3 po3nodiiom 010Ki@ y NPOCMOopi Knuis,
a MaKodic OYiHeHo 30amHICIb 3aNnPONOHOBAH020 NIOX00Y 00 3MEHUWIEHHS HABAHMANCEHHS HA OKpeMi 8Y3iu ma 3a0e3neyeHs
8UUOT OCMYNHOCMI OAHUX.

3anpononosano nioxio, akuti inmezpye mapupymusayiio 3a 0onomozoio DHT 3 mexanizmom posmiujeHus, wo 6a3yemocs
Ha i0eHmuixamopax O10Ki6, K BUSHAUAIOMb IX NO3UYII0 Y NPOCmopi Kouis. Bnposadiceno 060opisregy Mooenb 3akpiniets.
JACOPCMKI 3AKPINIEHHS 2APAHMYIOMb NOCHIlIHe 30epieants O0KI8, MOOi AK M K CIEOPIOIOMbCA ABMOMATNUYHO NIO Yac penii-
Kayii ma maioms obMmedicenuti mepmin 0ii, AKUL NPOOOBIHCYEMbCA NPU NOGMOPHOMY OOCMYRI; 30Upay cmimms iHmepnpemye
KOMOIHAYiI0 3aKpiniens, wob supiwumu, sKi O10KU MOJMCHA Oe3NeyHo UOAIUmu, 30epieaiouu iuue pelesanmui ma uacmo
BUKOPUCTOBYBAHT OGHI.

Excnepumenmanvho nokasamo, wjo 3anponoHosanuti nioxio 0036075€ 3MEHWUMU HABAHMANCEHHS HA OKpeMi 6y3nu
68 Mepedci ma niOsUUmY CIIUKIiCib cucmemi 00 610M08, o poodumbs 11020 NePCHeKMUSHUM Ok BUKOPUCTIAHHS Y MATUX NPU-
BAMHUX NIPUHEOBUX MEPENHCAX 13 NIOBUUCHUMU BUMO2AMU OO OOCTYRHOCHII.

Kitrouosi cnoa: nipureosi mepedici, aopecayis emicmy, DHT, npoaxmusra peniikayis.

Humeniuk A. 0., Otrokh S. 1. Improving Data Availability in Peer-to-Peer Content-Addressed Systems through
Proactive Replication

Modern decentralized systems, including IPFS, predominantly employ a “pull-on-demand” approach, in which replica-
tion occurs only as a side effect of data retrieval. This leads to low availability in small networks where the number of active
nodes is insufficient to naturally form an adequate number of copies.

The paper examines an approach to improving data availability in peer-to-peer content-addressable systems through
proactive replication and deterministic block placement.

A mechanism is developed and analyzed that ensures predictable data availability without substantially increasing coor-
dination among nodes and while preserving compatibility with DHTS. The requirements for a data-placement protocol in peer-
to-peer networks are formulated, a proactive replication model, aligned with block distribution in the keyspace is proposed, and
the capability of the approach to reduce load on individual nodes and achieve higher data availability is evaluated.

Solution that integrates DHT-based routing with a placement mechanism driven by block identifiers that determine their
position in the keyspace is proposed. Two-tier pinning model is introduced: hard pins guarantee persistent storage of blocks,
whereas soft pins are created automatically during replication and have a limited lifetime that is extended upon repeated access.
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A garbage collector interprets combinations of pins to determine which blocks may be safely removed, retaining only relevant
and frequently used data.

Experimental results demonstrate that the proposed approach decreases the load on individual nodes and increases the
system s resilience to failures, making it a promising option for small private peer-to-peer networks with stringent availability
requirements.

Key words: peer-to-peer networks, content addressing; DHT; proactive replication.

IMocTraHoBKa npodaemu. Y mipy 301IbIICHHS 00CATY AaHUX, HOTpeda B PO3MOALICHUX CHCTEMax Ta Mexa-
Hi3Max, 1110 BOHU IIPOTIOHYIOTh CTa€ BCE OUIBII HAranbHOW. TpaaumiiHi IeHTPaIi30BaHi CXOBUIIA JAaHUX IIBUIKO
JIOCATAIOTH JIIMITY MPOIYCKHOT 3/JaTHOCTI Ta EMHOCTI. Y CBOIO UEpry, PO3MOJLIEH] — H03BOJIIOTh 0€3 0cOOINBUX
TPYIHOLIIB MacIITa0yBaTH 1ii MapameTpH.

3BiCHO, JELEHTPAI30BaHICTh CUCTEMH JIOAA€ LTy HU3KY HOBHX MPOOJEM, BUPILICHHS SKUX € HeOOXiTHUM
IUTs iX e(peKTHBHOI Ta KOPEKTHOI poOoTH. OCHOBHUM IHTAHHSAM € 3a0e3MedYeHHs TependadyBaHol JOCTYITHOCTI.
Xoua cydJacHi CHCTEMH 1 HaMararThCsl HOro BUPILIUTH, MPOTE 31€OUIBIION0 30CePe/KYOThCs Ha Monei «pull on
demand» (BuiydeHHS Tipy MOTPeO1), TOOTO B TEPINy Yepry BUSBICHHI MPOBaiaepiB, a HE PO3MINICHHI KOHTEHTY,
0 CIPHYHUHSIE PEIUTIKAINI0 JaHHUX JIMIIE SK MOoOIYHNN eekT npH 1X BUydeHHI. Takuii Mmiaxin po3KpUBa€e CBii
MTOTCHIIIAN JIUIIE TIPH MacIITabOBAaHOMY PO3TOPTaHHI, A€ YaCTHH TOCTYII 10 AaHUX IPHPOIHO MPU3BOANUTH 10 IX
perutikaiiii. ¥ KOHTEKCTI MaJMX MPUBATHUX MEPEK IMacUBHA PEIUTIKAIlis MPU3BOAUTE 10 MaJIOT KUTBKOCTI MpOBaid-
JIepiB, 11O CBOEIO YEProOl0 MPHU3BOAUTE JI0 KOHIIEHTpANii JTaHUX HAa OKPEMHUX BY3J1aX Ta BUKOPHUCTAHHIO CTOPOHHIX
[ICHTPAJII30BaHUX CEPBICiB Ta OIOKUCIHY I TOKPAIIEHHS JOCTYIHOCTI JaHUX.

AHani3 ocTaHHIX aocaigxkeHs Ta myoaikaniii. [lipuHrosi cucteMu 3 agpecari€lo BMICTY, OpraHi3oByIOTh
MOUIYK 1 TIepejaBaHHsl JaHUX 32 JIOIOMOTOI0 PO3MOAIIEHOT XeII-TabIMIll Ta YHIKAJIbHUX 11eHTU(IKATOPIB BMICTY.
3a BiJICYTHOCTI IPOAKTUBHOT perutikaii, 1aHi pakTuyHO 30epiraeTbcst Ha OMHOMY a00 HEBEJMKIl KibKOCTI BY3IiB,
JOKH 1HIII YYaCHMKH MEpeKi He 3BepHYThCs 3a HUMH. BuXia Takoro Bysia 3 Mepexi 6e3mocepenHbo 30UIblye
HWMOBIPHICTH BTPATU IOCTYITy 10 TAHHX.

HocmimpkeHns, HaBeZeHe B poooTi [ 1], mokasye, mo HaBiTh Bigkputa Mepexka [PFS xapakrepusyerses myxe
00MEXEHUM PIBHEM aBTOMATHYHOTO TyOIroBaHH: jHIe 2,7 % 00’ €KTiB MAIOTh OHAT 1T’ SITh KOIIii HA Pi3HUX BY3-
nax. BOyoBaHW MeXaHI3M IPYHTY€EThCS TIEPEBAKHO Ha PyYHOMY 3aKpiIUieHHI (pinning), KOJIM ONEpaTop By3ja
CBIJIOMO TTO3HAUAE JaHi SIK TakKi, o HeoOXiMHo 30epiratu. binbm cucrematrnanum pimenHs € [PFS Cluster — jonos-
HeHHs 10 iHpacTpykTypu IPFS, mo rpymnye Ta KoopauHye IeKiibKa By3JIiB UIsI CHHXPOHI30BaHOTO 3aKPIIJICHHS
naHux. Bapro 3a3naunTty, xo4a 11e B OUIBIIOCTI i ycyBae MUTaHHS €AMHOI TOYKH BiJMOBH, TIPOTE HE € PIMICHHAM Ha
PiBHI IPOTOKOIY.

Iamni cuctemu, 6e3mocepeHbo, peanizyloTh MEXaHi3MH aKTUBHOI peInTiKallii MIIIXOM KOMii JaHUX Ha MeBHi
BY3JIM BKE i Yac MOYaTKOBOTO 3aBaHTaKeHHs. Hampukian, Swarm komiroe KokeH (gparMeHT Qaiiny 10 cyci-
HiX By3JiB. BogHouac Takuii miaxig norpedye OKpeMoro MexaHi3My KOOpAUHalii, 31aTHOT0 rapaHTyBaTH, IO MPH
BHXO/ll OJHOTO y4acHHUKa 3 MepeKi BIAMOBIAAIbHICTb 3a 30epiraHHs HOro YacCTUHU JaHUX Oy[e aBTOMaTUYHO Mepe-
PO3IOIINICHA MIXK 1HIITIMH BY3JIaMH.

JlonarkoBoro mpobiaemoro € Bapricth miaTpuMkn camoi DHT. 11106 Tabnuis 3aiuinanacs akTyaJlbHOK Ta
KOPEKTHO Bijo0Opaxkajia CTaH MEPEekKi, BY3JIH MArOTh MEPIOTUIHO OOMIHFOBATUCS CIYKOOBHUMH ITOBIIOMIICHHSIMH,
OHOBJIFOBATH MApPIIPYTH Ta MEPEBIPATH JOCTYITHICT OIMH OAHOTO. Pe3ynpraTn, HaBeneHUMH B poOoTi [3], 1eMOH-
CTPYIOTh, 10 PpoayKTUBHICTH IPFS i yac omeparriii YnTaHHs Ta 3aITUCY B TPUBATHUX MEPEkKaX CYTTEBO MOCTYIIa-
€ThCS IIEHTPATI30BaHUM KITIEHT-CEPBEPHUM PIIICHHSIM.

ATNBTEpHATHBHUM HANpPSIMOM € BHKOPUCTaHHS OJOKYEHH-TeXHOIoriH, Takux sk Filecoin abo Arweave. Lli
CUCTEMH TIOEIHYIOTH 11ei po3mnoineHoro peectpy (distributed ledger) Ta genenTpanizoBaHoro cxoBHIa (aiiis.
TeopeTnuHO BOHM MarOTh 3a0e€3MEUyBaTH BHUCOKY JTOCTYIHICTh JAQHMX, OCKUIBKH caMma Hpupoja ONOKYEHHY CTH-
MYIIIO€ PeIlTiKallio icTopii TpaH3akKIii yciMa yJacHHUKaMU MEpPeXi 3a JOMOMOT'O0 PI3HUX aJITOPUTMIB Y3TO/DKECHHS.

Mera Ta 3aaa4i gocJigkenHs. JJana pobora 30cepekeHa Ha po3poOlLli Ta aHami31 MiAX0Ly, CIIPSIMOBAHOTO
HA IMiJBUIIEHHS MPOAYKTUBHOCTI i HAIIHHOCTI MIPUHIOBUX CUCTEM 3 aJjpecalli€lo BMICTY. 3apolIOHOBaHE PilLICHHS
He 3anepeuye BukoprucTanus DHT, sk ocHOBH Uil MapIIpyTH3aIlil Ta MONIyKy NaHWX, a JOTIOBHIOE ii MEXaHi3MOM
MPOAKTUBHOI pernIiKalii y MoeIHaHHI 3 THYYKOK MOJEIUTIO 3aKPITICHHS OJOKIB.

YV Mexax JA0CIHIPKeHHS PO3IIISIa€ThCs, UM 3/1aTHA aKTHBHA PEIDTIKAIlS JAHUX Pa30M i3 4iTKO BU3HAYESHOKO TIOJTi-
TUKOFO BUITYYCHHS 3MCHIIIMTH HABAHTAXKCHHS Ha OKPEMi BY3JIH Ta ITiJBHIIIMTH 3aTIbHY JIOCTYITHICTh BMICTY B MEPEXKI.
Byne cchopmympoBano 3aranbHi BUMOTH [0 TPOTOKOIY, 3aIPOTIOHOBAHO MOJENb 3aKPIIUICHHS JaHWX Ta BHIAICHHS
JIAHUX, 2 TAKOXK 310paHO HEOOXITHI METPHKH JIJIs OLIIHKH MTOBEIIHKU Ta €(EeKTHBHOCTI 3aIPONIOHOBAHOT CHCTEMH.

Pe3yabraTn fociaigxeHHs i ix 06ropopeHHs. 3aporIOHOBaHa CUCTEMA € PO3IIUPEHHAM MOAIOHUX MipHH-
roBux Mepex Ha ocHoBi DHT. [Ing ineHtudikaliii 1aHuX BUKOPHCTOBYETHCS KOHIICTIT aJIpECaIlito 3a BMICTOM, /e
KOKEH OJIOK € XeleM Horo BMicTy:

ID(B) = H(B), (1

ne B — 6nok nanux, H — oOpana xen-QyHKIIisL.
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bnoku o0’eanytotecs y rpad(Merkle DAG), mocunarouuch Ha ifeHTH(DIKATOPH BMICTY: JHCTAM rpady
€ OJOKHM 3 aHMMHU, 10 00 €THYIOTbCSA Y BY3JIH SIKI CBOEIO UEProl0 € iMeHTH(]IKATOpaMH PiBHEM HMXUE. 3amuc
npoBaiiziepa — esneMeHT, mo noegnye DHT 3 agpecaniero BMICTy Ta BKasye Ha Te, 1[0 By30J Mae€ JaHi MOB’s3aHi
3 IIYKaHUM 11€HTH(IKaTOPOM.

[pouec BrrydeHHs Gailiry 3 Mepexi CKJIaJIaeThesl 3 HACTYITHUX KPOKIB:

1. Kimient Hancunae 3anut 1o DHT mis nonryky mpoBaiinepiB KOpeHEBOTO OJI0KY;

2. DHT noBepTae MHOXHHY KaHIUIATIB (OJUH 200 KijbKa BY3JIiB);

3. KimieHT napanenbHO 3alUTy€e OJIOKH y KUTBKOX ITPOBaiIepiB Ta 00XOAUTh Tpad 3BEPXy BHH3;

4. KoxeH OJIOK ImepeBips€eThCs Ha IUTICHICTD 32 XeIIeM Ta y pa3i MOMIIKA KIIEHT IePEMHUKAETHCS Ha 1HIIIOTO
rpoBaiiepa.

Po3mimienns 610Ky y MepeKi BU3HAYEHO 1IeHTH(IKaTOpaMH HOT0 BMICTY, 1[0 TApHO MOEAHY€ETHCS 13 BUKOPHUC-
taHHAM DHT. Ockinbku xen-(yHKIIisI piBHOMIPHO PO3MOAINIIE 3HAYCHHS y IPOCTOP1 KITIOUiB, KOXKEH OJIOK IPUPOA-
HUM YHHOM IOTpAIUIs€ B IEBHUH Jiana3oH. By3on 3 inenTudikaropom Ni BinnoBigae 3a 010K, SIKIIO BUKOHYETHCS

yMOBa:
d(ID(B),N,)=ID(B)® N, =min(ID(B)® N, ). 2

zie B — 6ok 1anux, N, — i1eHTH(IKAaTOp OTOYHOTO Bysna, N, — ieHTH)IKaTOp Gy/Ib-KOT0 iHIIOIO By3jia B MEPeXKi

TakuM YMHOM, YHUKA€ETHCS JOKATI3allisl JaHUX HA OKPEMHUX By3JIaX 1 JOCATaeThCs OLTBII PIBHOMIPHUN PO3TIO-
IIJT HABAaHTAXXCHHS HA MEPEXKY.

JlokanbpHe po3MillieHHs OJIOKY Ha KOHKPETHOMY BY3JIi BU3HAYAETHCS BiIIOBITHO JI0 HU3KH Y3TOKSHUX ITOJTi-
THK, SIKI pETJIAaMEHTYIOTb, Y SIKHX BHIIAJIKaX By30JI Ma€ MIPUHHSITH OJOK y JOKAIbHE CXOBHIIE Ta JOBTO Horo 30epi-
raTH Ta 3a SKAX YMOB BiH MOXKe OyTH BHJIQJICHHH.

JlokanpHe po3MilIieHHs OJI0KY BU3HAYAETHCS 32 HACTYITHIUMHU TOJITHKAMHU:

— [lig yac po3milieHHsI HE TOCSATHYTO MiHIMAJIbHOT KIIBKOCTI KOIIi Yepe3 HeB/alli 3alUTH YH BiATOBIAHO 10
BJIACHHX HAJAIITYBaHb By3Jla Y BIIMOBI MPHIMaTu CTOPOHHI OJIOKH.

— KopeneBi 610ku1 3aBx1u 30epiratoThbes JOKAIBHO B TTaM’sITi By3na myOrikaropa. Taka MoJiTHKa JO3BOJISIE
BiJIHOBHTH JIaH1 3 JIOKAJIBHOTO KEIlly 3a JOIOMOTOI0 penyOiikalii, HaBiTh AKIIO YacTHHA KoMl y Mepexi Oyna BTpa-
YeHa.

— By3oun npuiiMae (hikcoBaHy 4acTKy OJOKIB, y KHX 1IeHTH(IKATOp B YUCIOBIH (opMi Mae 3HAUCHHS MEHIIIE
3a BU3HAYCHE BiIIOBIHO 10 BIACHUX HANAMTYBaHb. POpPMaNBEHO TOMITHKY MOYKHA OIUCATH SIK:

IDZ—(,{B)<p[.,p,.e(O,l],ID(B)e{O,l,...,Zk—1},, (3)
ne p,— dpaxuis OIOKiB, Ky By30J TOTOBHH 30€piraTu JIOKaNbHO, B — OJI0K 1aHuX, k — KUTBKICT OiTiB B i1eHTH(iKa-
TOpi 200 PO3Mip MPOCTOPY KITFOUIB MEPEXKI.

Ha mipakTuiii e J103BOJISIE€ JOCATHYTH IPOTIOPIIIHHOTO PO3MOILTY OJOKIB PO30CEPEKEHUX Y MEPEXKI Ta THX,
10 CKYIUYIOTHCSI Ha OKpEeMHX By3nax. Lle mo3Bosisie menenTpanizyBaTy JaHi, IpH IOMY JAl0dl KOHTPOIb By3IaM
HaJl BIACHUMH PECypCaMH.

30epexeHHs (ailliB y Mepexi 3a0e3MeuyeThCsl uepe3 MEeXaHi3M 3aKpilUIeHHs! OJI0KiB. 3aKpillJICHHS CIIYTY€E
03HAKOIO TOTO, YW JIO3BOJICHO 30MpavyeBl CMITTS BUAAJSATH BiANOBIIHUI ONoK. Y cucTemi nepeadadeHo Ba THIN
3akpirieHb — xopeTki (hard pins) Ta M’ski (soft pins), ki BiAPi3HAIOTHCS K CIIOCOOOM CTBOPEHHSI, TaK 1 MpaBUIaAMH
CBOTO )KUTTEBOTO LIUKITY.

YKopcTki 3aKpiluieHHs] MOXKYTh OyTH BH3HAUCHI JIUIIE KOPUCTYBaueM Ta HE MalOTh TepMiHy. BoHu He MaroTh
TEpMIHY Jii Ta IHTEPIIPETYIOTHCS SIK BUMOTa 30epiraTy BiIOBITHUH OJOK, TOKH KOPHCTYBA4 HE CKACYE 3aKPITUICHHS.
YKopcTke 3aKpiruIeHHs He TO3BOJISIE BUAATHTH OJIOK 30MpadeM CMITTSI ITPU JKOTHUX YMOBAX.

M’ sKi 3aKpilUIeHHS, HABMAKH, € PEKOMEH/IAII €10 III0/I0 THMYACOBOTO 30epeKeHHs OJIOKY. BOHM CTBOpIOIOTHCS
ABTOMATHUYHO TIpH 30epekeHH1 dy)oro ONoKy. [t KoKHOTO 3aKpirtuieHHs1 Bu3HavaeThest Tepmin mii (TTL), micns
3aBEPIICHHS SKOTO OJOK BBAKAETHCS KaHAWAATOM Ha BHAaNeHHs. KokHE yCmilmHe BHIYYeHHS OJIOKY OHOBIIOE
OB’ sSI3aHE 3 HUM 3aKPITUICHHSI, TOJIOBKYIOUH HOTO TePMiH JIii, TOOTO aKTUBHI OJIOKH MOCTIHHO MeperyOIiKyOThCs,
a HEAaKTHMBHI IIOCTYIIOBO BTPAYAIOTHCS i MOXKYTh OyTH OC3MCUHO BHIAJICHI.

ITokpHTTS 3aKpilUICHHS MOXKE OyTH SIK MIPSIMHUM, TOOTO OJIOK MTO3HAYAETHCS 1HINBIAYaTbHO, TAK 1 PEKYPCUB-
HUM. PekypcHUBHE 3aKpiIICHHS OXOIUTIOE BECh MiArpad, MOUNHAIOUN 3 KOPEHEBOTO OJI0KY, TOOTO yCi HAIAKH aBTO-
MaTHYHO BBaXKAIOTHCS 3aXHUIICHUMU.

g koxxHOTO OJIOKY BY30J1 MIATPUMYE 1HAEKC MapKepiB, IO BiJOOPaXaroTh YC1 HAsBHI 3aKpIIJICHHS: MPsAMi
YW PEKypCUBHI, M SIKi YU JKOPCTKi. 30Mpayd CMITTS IHTEpPIIpeTye X KoMOiHAIil BiINOBIIHO 0 MPaBUJI, HABEIEHUX
y Tabmui 1.

[puHIHn NosiTrae B TOMY, IO YKOPCTKE 3aKPIIUICHHS] Ma€ BUIIUH MPIOPUTET 3a M sIKE, a PEKYpCUBHE — 32
IpsiMe: SIKITO OJIOK XOY OXOIUICHHH KOPCTKUM a00 peKypCHBHUM 3aKpIiIUICHHSM, BiH 3aJIMIIAETHCS HA By3i. M sKi
Ta MPsAMIi 3aKPIIIICHHS PO3IVISIAI0THCS SIK MEGHIII CHITBHI Ta MOXYTh OyTH CKaCOBaHI MICIIS 3aBEPIICHHS TEPMIHY Jii.
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Tabmmns 1
3axucT 3akpiliieHb Bij 30upaya cMiTTH

Buj 3akpiniienns Hoxpurrs 3axucr Big 30upaya cMiTTsH
Koperknit IIpsime [ToBrHEH 30eperTy; HalaJIKu MOXYTh OyTH BHIAJICHI
Kopcrkuii PexypcuBne [ToBuHeH 30eperty noBHUH rpad
M’ stxmid IIpsime [ToBrHEH 30eperT Mpy yMOBI HE3aKiHYEHOTO TEPMiHY Jii

Mozens 3aKpilIeHb BUCTYITA€ MIUTFO30M MIX IMTPOTOKOJIOM PETLTiKaIlii Ta JOKaIbHOIO MOJIITHKOK KeITyBaHHS —
HOBI KOITii CTBOPIOFOTBCS IIPOTOKOJIOM PO3MIILIEHHS JaHUX, & M’ SIK1 3aKPIIICHHS (PIKCYIOTh (DaKT MPUHHSATTS BY3JIOM
podi mpoBaiiiepa Ha MeBHUH nepioa. SKimo By30n Oakae 3MEHIIMTH CBOIO Y4acTh Y peIuTiKallii, BiH MOX¢e TOHH-
suti TTL 11 HOBUX 3aKkpiruieHs a00 MPUIIBUAIIATH iIHTEPBaJ poOOTH 30Mpada CMITTs, HE 3MIHIOIOUH TII00ATBHOT
JIOTiKH IPOTOKOIY. 3 1HIIOTO OOKY, KOPHUCTYBaU 3aBK/IM MOXKE ITiABUIIUTH BasKIMBICTh OKPEMOTO (hailry, mepeBiBIIN
BIAMOBIHI OJIOKM 3 M’SKHX 3aKPIIJICHb Y )KOPCTKI, THM CAMUM T'apaHTYIOUH iX 30epe)keHHS.

30upay cMITTS BiANOBIa€ 3a BUBUILHEHHS MICI[S Y JIOKaJIbHOMY CXOBHIII By371a KOIITOM BUJAJICHHS OJNOKIB,
sIKi OLJIbIlIe HE BBAXKAIOThCs NOTPiOHMMU. Ha BiqMiHy BiJ MOJIENi 3aKpIlIEHHS JaHUX, 10 BU3HAYA€ JIOTI1YHUIl cTa-
Tyc OJIOKY, 30Mpay CMITTS peajlizye KOHKPETHUN alrOpUTM MPUUHATTS PillIeHb: K1 OJIOKH MOXKYTh OyTH BUAAJICHI,
B SIKOMY IOPSIIKY Ta 32 SKHX YMOB.

Anroput™ po6oTH 30upada cMITTs 0a3yeThesl Ha iHGOpMaIii PO 3aKPIIJICHHS, AKa ITiJ] 4ac MPOXOoay IHTep-
MIPETYETHCS JI0 TIPAaBHJI, HABEACHNUX Y TaOmui 1. 30upaHHs CMITTSI BUKOHYETHCS Y ABOX PEKUMaxX: aBTOMATHIHUM,
TOOTO 3 ICBHUM IHTEPBAJIOM Yacy BiJI0yBa€eThCS MEpEBipKa JIOKATLHOTO CXOBHIIA Ta PYYHHH.

11106 KOopeKTHO O0OpOOHMTH 00’€KTH, TPEJACTABICHI y BUIIAAI rpady, 3aCTOCOBYETHCS IMIJXIJl «ITO3HAYUTH
i Bumamuti» (mark-and-sweep). Ha mepimomy erarmi 30upad cMiTTs pOpMye MHOKHHY KOPEHIB — OJIOKIB 3 JKOP-
CTKHMH PEKYPCHUBHUMH Ta M’SIKHMH IPSMUMHI 3aKpiruieHHAME. [lourHaoun 3 nux KopeHis, 30upad cMiTTs 00X0-
JIThH BIJINOBITHI miArpady Ta Mo3HaYa€e BCi JOCSKHI OJIOKH K MOTEHIIiiHO moTpiOHi. Ha npyromy erami Gioku, siki
He Oy/y IO3HaYeH1 i He MarOTh 3aKPilUICHb, BBAXKAIOTHCS KaHIUIaTaMH Ha BUIaJICHHS.

MeTor0 00YHCITIOBAIEHUX EKCIICPUMEHTIB € MOPIBHSIHHS 3alPOIIOHOBAHOI MOJIETi MPOAKTUBHOI pertikanii
3 Mogemo «pull-on-demandy, noai6uoro 1o IPFS Ta HagaHHs BiAMOBiAlI HA HACTYIIHI JOCITHULIBKI TUTAHHS:

— YH TiJIBHIIY€ 3aIIPOIIOHOBAHA CHCTEMa JIOCTYITHICTb IaHUX;

— SIK 3MIHIOETbCA Yac BiJNOBI/I (3aTpUMKa) JJIs1 TUIIOBHUX OIEpaLiii BUITy4YeHHS.

Jns ouiHroBaHHS €(pEKTUBHOCTI 3allPOIIOHOBAHOI CHCTEMH Oyllo c(hOPMOBAHO €KCICPHMEHTAIBHE Cepelo-
BUIIIE, STKE HaJla€ MOXKITUBICTH TECTYBAHHS MPOIICCY 3aBaHTAKCHHS Ta BUBAHTAKCHHS (paiimiB. Mepeska CKIIagaeTbes
3 25 By3IIiB, KOXKEH 3 SKHX Ma€e THPOPMAIIito PO BUITAIKOBY YaCTHHY Mepexi. KoMyHiKallis MiX By3JIaMU MOJICITEO-
€TBCS 3 YpaXyBaHHIM MEpPEKeBO1 3aTPUMKH, TOOTO 3aIIUTH MK By3JIaMH OTPUMYIOTH IITYYHY 3aTPUMKY V Aiana30Hi
2-20 mc. [y BiATBOpEHHS MOBEIHKU peasibHOT IIIPUHTOBOT MEPEIKi Ta CTBOPEHHS HABAHTAKCHHS, TECTOBE CEPEJIO-
BHIIIE MTEPIOIMIHO BUKITFOYAE BUTIAJIKOBI By3iH 3 Mepexi Ha yac 200 mc — 1,5 ¢ 3 inTepBaniom 250 Mc.

Crenapiif BUIPOOYBaHHS BKJIIOUAE PO3MIIICHHS (haiTy 10 MEpexXi Ta HOTo BUBAHTAKCHHS BHITQIKOBUM BY3-
JIOM, BiJIMIHHUM BiJl TIEpIIOTr0. AHAJIOTIYHI TECTH 3alyCKAarOThCs 3 BUKOpHCTaHHAM Moneni pull-on-demand. [{ns
JIOCSATHEHHS CTaTHCTHYHO 3HAUYIUX Pe3yJbTaTiB KOXKEH CLeHapiil 3amyckaeThcs, sk cepid 31 150 He3anexxHux
BUNpoOyBaHb. Mk OKpeMUMHU BUIIPOOYBAaHHSIMU MEpeka HE NMepe3aBaHTaXYEThCs, 1110 A03BOJISIE OLIHUTH Ii CTa-
OUTIBHICTH B yMOBaX TPUBaJOi POOOTH.

g koxxHOT KoHGirypalii 30MparoThCsl HACTYITHI MOKA3HUKU:

— JIOCTYITHICTh, TOOTO YacTKa yCIINTHUX BUITyYEHb (haiiIiB 0 3arajbHOI KiJIbKOCTI BUNPOOYBaHb,

— 3aTpUMKa 3aIHTy, TOOTO Yac BiJ] MOYATKY OIepallii BIIYYCHHS 10 OTPUMAaHHS OCTAHHBOTO OJIOKY, arperoBa-
HUH y BUDISAJI CEpeIHbOTO 3HAUeHHs Ta MeTpuK p50, p95, p99.

V 3anpornoHoBaHii cuctemi napameTp keep-local Bu3Havae, siky 4acTKy OJOKIB By30J1 ITOTO/IKYEThCS 30epi-
raTy JIOKaJIbHO, BIAMOBIAHO IO MOJIEIi PO3MIIIEHHS JaHUX. SIK MOKHA IMOMITUTH y TaOIHI 2, PO3IOIiICHE PO3-
MiIIeHHsI cTabiIbHO MOKa3ye BHINY AOCTYNHICTh. HaBiTe mpm Halimenmomy 3HadeHHi keep-local=0.1 momarkoBi
PETUTiKH BKEe TIOMITHO 3MEHIIYIOTh YaCTKy HEBAAIHX 3aIHTIB.

Tabnuns 2
Pe3ysibTaTn BUMiproBaHb /1Jis1 pi3HuX 3HaYeHb napamerpa keep-local
Moz.[e.m,m keep-local Yenimni 3anutn / )IOCTyonHicn), pS0, mc | p95, mc | p99, mc Cepenns
pentikanii BCHOT'0 Yo 3aTPpUMKa, MC
[TacuBHa — 141 /150 94.00 54.91 68.83 71.82 54.72
[TpoakTuBHa 0.10 146 /150 97.33 47.49 62.67 68.64 46.50
[TpoakTnBHA 0.25 147 /150 98.00 45.53 68.63 76.29 45.54
[TpoakTuBHa 0.50 149 /150 99.33 50.28 69.22 81.86 49.00
[TpoakTuBHA 0.70 148 / 150 98.67 45.04 67.01 70.98 44.90
ITpoakTuBHa 0.90 147/150 98.00 43.69 63.10 79.31 44.12
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MaxkcumanbsHy A0CTYIHICTh y 99.33 % Oyno nocarayTo npu keep-local=0.5, 1o Bka3ye Ha HassBHICTh KOpHUC-
HOTO Jiara3oHy 3HaueHb, MPH SKUX CHCTEMA OTPUMY€ HAHOIIbIINN BUTPAI BiJl PO3MOAITICHOTO PO3MIIIICHHS.

Menianna 3atpumka 3anuty(pS0) 3HaXoAUThHCs B Mexkax mpuonnszno 43—50 mc, a cepenue 3HaueHHsS — 4449 Mc.
Le mosiCHIOETHCS HASIBHICTIO KUIBKOX MPOBaiiAepiB AJ1st OUIBIIOCTI OJI0KIB, TOMY KIIIEHT 3 BUCOKOIO HMOBIPHICTIO 3Ha-
XOIUTh OJIM3bKY PEIUTIKY, HABITh AKILO YAaCTHHA BiJJIAJIC€HUX BY3JiB TUMYAacOBO HEIOCTyNHA. 3HaueHHs p95 Ta p99
€ TPOXH BHIIMMH TP IPOAKTHBHIH perutikamii, o BKa3ye Ha Te, [0 B MOOJMHOKHUX BUITAIKAX KII€HT 3MYIICHUAN
CIYCKaTHCh JIO OUTBII MOBUTLHHUX KOIIM Ta pOOMTH JOJATKOBI 3aITUTH NIPH HEJOCTYITHOCTI TEPIIOYSPTOBUX BY3JIiB.

HacTynHi ekcriepuMeHTH CIPSIMOBAHI Ha OIIHKY TOTO, SIK Ha TIOBEJIHKY CUCTEMH BIUTUBAIOTH IMapaMETPH:

— po3mip ganux y Omomni (chunk);

— 3arallbHUE po3Mip Qaiiy.

ITpu pizHOMY pO3Mipi (haitmy Ta YaCTWHH Ha SIKi BiH IOIUISETHCS, CTBOPIOETHCS pi3HA KUIBKICTH OOKIB —
MEHIIMH PO3Mip YaCTHHM 301IBIIYE KINBbKICTh OMOKIB, sIKi HEOOXiHO YCIIIIHO OTPUMATH, 100 BUITYUUTH (ailn i,
BiJITIOBITHO, 31 301JIBIIICHHSAM YaCTHHH KUTBbKICTh 3MEHIITY€ThCS.

Pesynbratu y Tabnuii 3 moka3yoTh nepefdadyBaHuil KOMIPOMIC MiX JOCTYIHICTIO Ta 3aTPUMKOI0. 31 3MEH-
LICHHSIM PO3Mipy Ol0KY AOCTYIMHICTb IaJla€, OCKIIbKY YCHIIIHE BUTy4YeHHS NOTpedye OTpUMaHHs OUIBIIOT KiTbKO-
cTi OJIOKIB, 1110 301JIbIIIy€ HMOBIPHICTD BTpaTH X04ua O OJHOTO OJIOKY.

Tabmuns 3
Pe3ynbraTn BUMipIoBaHb 1JISl Pi3HUX po3mipie gaitny
Mopgean Po3mi Po3mip yacTunm, OCTYIHICTD, Cepennst
pennlillcaui'l' (paiiuy, 15[]3 pKB 8 )Z’A) pS0, me | p9S, me | p99, me 3ananilca, MC
[TacuBHa 2 256 86.67 54.55 | 68.00 | 71.24 53.87
[IpoakTuBHA 2 256 95.33 47.22 | 6536 | 94.49 48.49
[TacuBHa 2 512 89.33 53.61 68.30 | 71.88 53.31
[IpoakTuBHA 2 512 96.67 46.30 | 65.64 | 74.19 45.71
[TacuBHa 2 1024 91.33 56.54 | 69.45 | 73.21 56.24
[IpoakTuBHA 2 1024 97.33 44.12 | 70.61 82.33 45.65
ITacuBHa 5 256 88.67 63.32 | 76.08 | 78.39 63.65
[IpoakTuBHA 5 256 88.67 56.13 | 91.72 | 119.88 57.57
ITacuBHa 5 512 92.67 57.09 | 69.30 | 71.60 56.97
[TpoakTuBHA 5 512 92.67 48.10 | 67.84 | 73.89 48.83
[TacuBHa 5 1024 93.33 59.04 | 71.53 | 74.68 58.35
[IpoakTuBHA 5 1024 96.00 51.20 | 7444 | 90.41 52.43

[Tpu oMy BHTpall y 3aTpUMII € OOMEKEHHUM: MPpH 0a30BOMY TIIXOJI MelliaHHA 3aTPUMKa MPAKTUIHO HE
MTOKPAIIYETHCS, & TIPH PO3MOAIICHOMY — 3QJIMIIIAETHCS B OJTHOMY Jlialia3oHi JJIs BCIX KOMOIHAIINH po3Mipy OI0Ky Ta
(atry. Haiikpanuii 6anaHc 10cAraeThest JUIsl OJIOKIB cepeIHbOTO pO3Mipy, SIKi 3MEHIIYIOTh KiJIBKICTh 3aIllUTIB Ha
(haiin, ane He 301IBIIYIOTH Yac Tiepeadi KOXKHOTO OJIOKY HACTIJIBbKH, 00 11e TOMITHO ToripiryBaio pS0.

Ha (puc. 1) 300paskeHO CTOBITYMKOBY JAiarpaMy 3aJIeKHOCTI JOCTYITHOCTI BiJ KITBKOCTI OJIOKiB OfHOTO (haiimy.
MoskHa TOMITUTH, 10 31 30UTBIICHHSM YHcia OJIOKIB JOCTYIHICTh MOHOTOHHO 3HMXKYETBCS U1 000X MiIXOMIB 110
PO3MIIIIEHHS], TIPOTE PO3MOAIICHUH cTablIbHO JEMOHCTPYE BHII 3HAUCHHS IIPH OJHAKOBIN KiNBKOCTI OJIOKIB.

B lokankHe Poanoginexe
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Puc. 1. CroBrunkoBa Jiarpama 3aj1e)KHOCTI JIOCTYITHOCTI Bijl KIJIbKOCTI OJIOKIB
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Husa 6inbm pparmentoBanux ¢aiimis (10 Ta 20 610KiB) 00HIBA MiJXOAH NAIOTh OJJHAKOBY JOCTYIHICT, 110
BKa3ye Ha Te, L0 3a BEJIUKOT KUTBKOCTI OJO0KIB TOMiHYIOUMM (DaKTOPOM CTAa€ HMOBIPHICTH BTpaTH xo4ya O OJHOTO
(parmeHnTa, 1 nepesara JOJaTKOBUX PEIUIIK YACTKOBO HIBEIIOETHCS.

e ninTBepiKye, 1110 OCHOBHUM (DaKTOpOM PU3UKY € came (hparMeHTalis ¢aiiiay Ha BEIUKY KUTbKICTh YaCTHH,
a 3aTpONOHOBAHMI MEXaHi3M PO3MOALIIEHOr0 PO3MILIEHHS X0ua i 3MEHIIye, IPOTe He YCyBae L0 Mpo0iieMy MOBHICTIO.

BucnoBku. Y po0oTi mpoanaxizoBaHo mpodieMy 3a0e3nedeHHs JOCTYTHOCTI JaHUX Y MIPUHIOBUX CHCTEMaX
3 aJipecarlie€ro BMICTY Ta pO3pOoOJCHO MiIXij, SKHH MOETHYE TPOAKTHBHE PO3MIIICHHS OJIOKIB 3a iX iIeHTH]iKa-
TOpaMH Ta YiTKI MOJITHKU 3aKPIIUICHHS JaHWX. 3alpoliOHOBaHA CHCTEMa ITiJIBUIIYE PIBEHb MOCTYITHOCTI JaHUX
0e3 HeOoOX1THOCTI BBEIICHHS CKJIATHUX a00 PeCypCOMICTKAX MEXaHi3MiB KOOpAWHAII. Pe3ymbratu mocimiiKeHHs
JIEMOHCTPYFOTb, IO TAKWH ITiJIX1]] € TIOPEUHUM JUIS 3aCTOCYBaHHS B MAIMX MEpeXkax, Jie HaJiiHICTh Ta JIOCTYITHICTh
JAHUX € KPUTUIHOIO.
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OIITUMIBAIIA NPOAYKTUBHOCTI KOMIPIOTEPHHUX ITOP
HA OCHOBI METOAIB MAIIIMHHOT'O HABYAHHA

Y cmammi 3anpononosano komniexcruil Memoo onmumizayii npoOyKmueHoCHi KoMn rOmepHUX i20p Ha 0CHO8I eXHO0-
2ill mawunnozo naguanns. Memoo noconye npoernosysanns naganmanicenns GPU 3a 00nomoeoio enubokux HeupoHHux mepesxic
(DNN) ma adanmughe ynpagiinHs napamempamu peHOepuney y peanbHoMy uaci, wo 0036014€ A6MOMAMUYHO 8UHAYAMU
ONMUMATbHI HALAWMY8anHs 2padixu Ons niompumku cmabdinenozo FPS, smenwenna konusans nasanmaogicenns GPU ma 36epe-
JICeHHs BUCOKOT AKOCi 300padicenta. Po3enanymo mamemamuuny mMooeisb eghekmusHocnii, Oe uacmoma Kaopis, axicme epacgixu
ma nasanmaoicennss GPU inmezpytomvca y Qyyuxyito onmumizayii 3 npiopumemuumu 8a208umu Koegiyienmamu. 3anpononosa-
HUll ni0Xi0 8KIHYAE A0ANMUBHY KOPEKYit0 Napamempis epagixu Ha 0CHOBI epAdIEHMHO20 CHYCKY A NPOSHO3YBAHHS HABAHMA-
Jlcenns, o 3abesneuye OuHaMiune pe2yliosants pecypcie be3 empyuants po3poonuxa. s nepesipku egpexmugHocmi mooeni
nPo6eOeHo eKCnepuUMeHmaibHe NOPIGHHHS i3 MPAOUYITTHUMU MEMOOAMU. CIMAMUYHOIO KOHIZYPayiclo ma HHIHUM NPOSHO3Y-
sannam nasanmaxcenta GPU. Pesynomamu nokazanu niosuwenna FPS na 20-30 %, snusxcenns cepeonvo2o HA8AHMANCEHMHS]
GPU na 10-12 % npu 36epedicenni sucokoi saxocmi epagixu (=9 8 % 6i0 maxcumanvhoi) ma cymmese 3MeHuieHHs. KOIUBaAHb
Kaopie y ckaaoHux cyenax. lpakmuuna peanizayis npomomuny sukonana Ha Python ma inmezposana y cyuachi ieposi pywii
(Unity, Unreal Engine), wo niomeepocye 3acmocosHicms po3pooneHo2o memoody y peanvhux npoekmax. Haykosa HosusHa
pobomu nonsieae ¢ inmezpayii pisHUX K1acig mooeneti MAWUHHO20 HAGYAHHA 8 €OUHY AOANMUBHY CUCTEMY ONMUMI3AYi] peH-
Oepuney, 30amHy 8paxogyeamu K anapamui napamempu, max i n08ediHKy KOPUCHY8aud 8 PeaibHOMY 4dci. 3anponoHoeanul
nioXio Modice cmamu 0CHOBOI0 0715 NOOATLULO20 PO36UMKY adanmushux ML-cucmem y 2etimoesi, exknouaiouu VR/AR ma xmapni
2etiMin206i naameopmu, a makodc 05 NioGUUIeHHS egheKmUBHOCHIi PO3POOKU KOMN T0OMEPHUX 20D i3 UCOKUMU BUMO2AMU 00
NPOOYKMuUHOCHI ma skocmi epagpixu.

KitrouoBi croBa: MawuHHe HaguanHa, OnmuMizayis RPOOYKMUSHOCH, KOMI 10MepHi iepu, peHOepuHe, HeupoHHT Mepexci,
FEPS, pecypcoegpexmugnicme.

Zavhorodnia G. A., Zavhorodnii V. V. Optimization of computer game performance using machine learning methods

The article presents a comprehensive method for optimizing the performance of computer games based on machine
learning techniques. The proposed approach combines GPU load prediction using deep neural networks (DNN) with adaptive
real-time management of rendering parameters, enabling the automatic determination of optimal graphics settings to maintain
stable frame rates (FPS), reduce GPU load fluctuations, and preserve high visual quality. A mathematical efficiency model is for-
mulated, integrating frame rate, graphics quality, and GPU utilization into an optimization function with weighted coefficients
reflecting user priorities. The approach includes adaptive adjustment of graphics parameters based on gradient descent and
predictive modeling of computational load, allowing dynamic resource management without developer intervention. To evaluate
the effectiveness of the proposed method, comparative experiments were conducted against traditional optimization strategies,
including static configuration and linear GPU load prediction. The results demonstrate a 20-30 % increase in FPS, a 10-12 %
reduction in average GPU load while maintaining high graphics quality (=98 % of maximum), and a significant reduction in
frame rate fluctuations in complex scenes. The prototype implementation, developed in Python, was successfully integrated
into modern game engines such as Unity and Unreal Engine, confirming the practical applicability of the method in real-world
projects. The scientific novelty of this research lies in the integration of multiple classes of machine learning models into a sin-
gle adaptive rendering optimization system, capable of considering both hardware parameters and user behavior in real time.
The proposed framework provides a foundation for further development of adaptive ML-based systems in game development,
including VR/AR and cloud gaming platforms, as well as for enhancing the efficiency of game production pipelines with high
performance and graphics quality requirements. Overall, this method demonstrates the potential to substantially improve real-

©T. A. 3aBropogus, B. B. 3aBroponniii, 2026
BY CTarTs NOUPIOETHCSI HA yMOBaXx Jtinensii Bigkpuroro gocryny CC BY 4.0

ISSN 2521-6643 Cucremu Ta Texnouorii, Ne 1 (71), 2026 45




time performance optimization in interactive entertainment applications while maintaining visual fidelity, providing valuable
insights for both academic research and industry practice.

Key words: machine learning, performance optimization, computer games, rendering, neural networks, FPS stabiliza-
tion, real-time graphics.

IMocTanoBka mpodaemu. CydacHa iHAYCTPIisS KOMIT FOTEPHUX 1rOp XapaKTepU3y€eThCs CTPIMKUM 3pOCTaHHIM
OOUHCITFOBAITLHOI CKIIAHOCTI TpadidHUX CICH, 301JbIIEHHSIM KIJIbKOCTI JUHAMIYHUX 00 €KTIB Ta 3pOCTAlOYMMU
BHMOTaMH JI0 SIKOCTi Bizyauizaitii [ 1-4]. [Tompu cyTTeBHii mporpec amapatHux 3aco0iB, TPaAHIIiifHI METOIH ONITHMI-
3aIii MPOIYKTUBHOCTI — TaKi K pyyHE HAJAIITYBaHHS PiBHIB AeTali3allil, CTAaTHYHE KCITyBaHHS pECypciB abo mpH-
MITHBHI €BPUCTUKHU YIPABIIHHSI PEHICPHUHIOM — MOCTYNOBO BTPavaloTh eekTuBHICTH [5—8]. MacmraboBaHicTh
rpadiyHux pyuiiB Ta ctabinbpHicTh FPS 3anexars Bi BETUKOT KITBKOCTI PaKTOPiB, B3aEMOIisl SKMX Ma€ HeJliHIHHUHA
XapakTep. BinpIIicTe KIACHYHUX aNrOPUTMIB ONTUMI3aLii HE 37aTHI aJeKBATHO pearyBaTH Ha JMHAMIuHI 3MiHU
IrpOBOTO cepelloBHIIA Ta MOBEIHKU KopucTyBaya [9—11].

OpHUM 13 IepCHEeKTUBHUX HANPSAMIB BUPILIEHHS 3a3HaY€HOT IPOOJIEMH € 3aCTOCYBAaHHS METO/IB MALTMHHOTO
HaByanHs (ML), 3maTHIX aBTOMaTHYHO BUSBILSITH 3aKOHOMIPHOCTI, TPOTHO3YBATH ITIKOBI HABAHTAXKCHHS Ta a/IalTy-
BaTW MapaMeTPH PEHICPUHTY B peanbHOMy daci [12—15]. [lonepenHi oCHiIKeHHS JEMOHCTPYIOTh €(PeKTUBHICTh
ML y cyMbKHEX 3amadax rediMIeBy: aBTOMAaTHYHA TeHepallis KOHTEHTY Ha OCHOBI IPOLETYPHHUX anropuTMiB [1],
moOyoBa (opMaTbHIX MOJICIICH JUTS aHATI3Y ITOBEIIHKA CKIIQIHUX CUCTEM [ 16], CHHTE3 TEKCTYD 13 3aJIaHUMH TTapa-
MeTpamu [3], BUSBJICHHS aHOMAIIil B IrpOBUX JaHUX [4], HEHPOHHI MIXOIN JIJIsl IPUCKOPEHHS TPacyBaHHsI IPOMe-
HiB [5, 12], cyneppe3osroliis Ta aanTHBHA KoMITpecis pecypcis [8, 14], ynpasninas meiaepamu [15].

TakuM 9MHOM, aKTyaJbHICTh AOCHIPKCHHS 3yMOBIICHA HEOOXIJHICTIO CTBOPCHHS iHTerpoBaHoro ML-min-
XOIy, SIKMH 3a0e3medyBaB O aBTOMAaTHYHE PETYTIOBAHHS MapaMEeTPiB PEHACPHUHTY, 3HWKEHHS 00YHCIIOBATBHUX
BUTpaT Ta crabimizamito FPS 6e3 Brparu sikocti 300paxenns [17-21].

AHaJi3 ocTaHHIX 10caixKeHb Ta My likaniil. YIIpo1oBxk OCTaHHIX POKIB CIIOCTEPIra€ThCs 3pOCTAHHS Kijlb-
KOCTI JAOCIIJKEeHb, CIIPSIMOBAHUX Ha 3aCTOCyBaHHSA ML 115 BUpileHHS 3a/1a4 KOMIT I0TepHOT rpadiky Ta onThMiza-
uii irpoBux cucreM [ 1, 16]. 3Hauna yacTuHa poOiT NPUCBAYEHA IPOLIEAYPHOMY F€HEPYBAaHHIO KOHTEHTY, 1110 JEMOH-
cTpye 3aatHicTe ML-Mozeneli eeKTHBHO MPAIfoBaTH 3 BUCOKOPO3MIPHUMU CTPYKTYPaMU Ta IapaMeTPHU30BaHIMHU
o0’exramu [1, 3]. IoxiOHI miaXomu HO3BOJSIOTH 3MEHIINTH HABAHTAKCHHS Ha €Tamax PEeHACPHHTY 32 PaxyHOK
Kpamoi CTPYKTYPOBaHOCTI JaHUX.

OKpeMHii HalpsiM CTOCY€EThCS TIBUINICHHS HAIMHOCTI Ta aJJallTUBHOCTI IrPOBUX CHCTEM. 30KpeMa, METOIH
BHSIBIICHHS aHOMaii [4], ¢opmamizaliis OBEAIHKOBUX TporeciB [2, 16], moaemtoBanHs HaBaHTaxkeHHs GPU Tta
CPU [6, 11, 20], a rakox agantusHe yrnpasiiaHs LOD [7, 13] neMOHCTpYIOTh 3HAUHI ITepeBark y KOHTPOIIi MPOAYK-
THUBHOCTI B peaJbHOMY Jaci.

CyuacHi MIXKHAPOJIHI JIOCITIIKSHHS TAKOXK OXOTUTIOI0TH METOAM HEMPOHHOTO PEH/ICPUHTY Ta ONTUMI3aIlii rpa-
(iuHUX eTamiB: HEHPOHHI MPUMITHBH 3 MYJIBTUPO3PAIHUM XCIIYBAHHAM [2], CyNpEeceMIUTiHT Ta JEeHOM3UHT [5, 6,
8], amantuBHy BuOipKy it NeRF [7, 21], mporHo3yBaHHs SKOCTi Bizyamizanii [ 19], cialikiHr-HEeHpOHHI Mepexi s
NeRF [14], reneparuBHi MeTOIU JUIs LISHIEPiB Ta ONTUMI3aLlli KOHTEHTY [15, 17], KOMIJIEKCHI OIS AN Ta CUCTEMa-
Th3amis miaxomis [12, 17, 18].

TakuMm YUHOM, aHAJI3 CyYaCHUX JOCIIPKEHb MOKa3ye, mo ML akTHBHO iHTETpy€eTHCSI B Pi3HI aCIIEKTH IeiM-
JIeBY — BiJI TeHepallii KOHTEHTY Ta CHHTE3Y TEKCTYp J0 aIallTHBHOTO YIIPAaBIiHHS POAYKTUBHICTIO. [IpoTe muTanHs
CTBOPEHHS LIJTICHOTO METOJly ONTHMI3allii MPOAYKTUBHOCTI, IKHI BpaXoByBaB OW OaraTroakToOpHY MPUPOIY irpo-
BHX IIPOIIECIB 1 Ha/IaBaB aJIaNITHBHI PINICHHS B pEaJbHOMY Yaci, 3aJIMIIAEThCS HEIOCTATHBO MOCIiKeHUM. Lle
00rpyHTOBYE TTOTPeOy Y po3po0Ili KOMILIEKCHOTO IiX0/Y, IO MOETHYE MPOTrHO3yBAHHS HABAHTAXKECHHS, aIalITHBHY
PETYISAIII0 pEHICPUHTY Ta IHTErpallito pi3HUX Ki1aciB ML-mozeneii.

Meta crarTi — po3pOOJCHHS KOMIUICKCHOTO METOAY ONTHMi3amii MPOAyKTHBHOCTI KOMII IOTEPHHX irop
Ha OCHOBI TEXHOJIOT1M MAaIIMHHOTO HAaBYAHHS, KU 3a0e3leuye aBTOMATHYHUN MiAOip mapameTpiB peHICpHHTY,
IIPOTHO3YBAHHS MIKOBUX HaBaHTAXKEHb Ta AJANTHBHE YIIPABIIHHS PeCypcaMu rpadiuHOro KOHBEEPA y pPealbHOMY
yaci. [t JocsArHeHHs 1iel MeTH nepeadauyeHo CTBOPEHHS MaTeMaTuyHOl MOJIeNi, sika (opMaltizye B3aEMO3B’ 30K
MiX rpadiuHUMH MapaMeTpaMu Ta e(eKTHUBHICTIO PEHIIEPUHTY, 13 3aCTOCYBaHHS TINOOKOI HEHPOHHOT Mepexi (3
MEePCIIEKTUBOIO PO3LIKUPEHHS 10 aHcaMOr0 ML-Mmozeneit) 1t mporHo3yBaHHA 00YHCIIOBAIBHOTO HABAHTAKEHHS,
a TaKOXK IHTErpaito po3polIIEHOr0 METOY Y CTPYKTYPY CYIacHOTO irpOBOTO PYIITis.

[TocraBieHa 3aga4a BKIIOYAE:

— BU3HAYCHHS KIIOYOBUX IMapaMeTpiB, IO BIUTMBaOTh Ha FPS, 3arpuMky kampy Ta cTaOLTBHICTH peHIe-
PHHTY;

— 1moOynoBy (QDYHKIIIH 3aJIKHOCTEH MK arrapaTHUMH XapaKTePUCTUKAMHU, CKJIAJHICTIO CIIEHU Ta MOBEIIHKOO
00’ €KTIB;

— crBOpeHHs ML-Mozeni, 31aTHOT aIanTHBHO ONTHUMIi3yBaTH TpadivHi mapaMeTpu 0e3 BTpydaHHS po3po0-
HUKA;

— eKCIIepUMEHTAJIbHE MOPIBHIHHSA 3alIPOIIOHOBAHOTO METOY 3 TPAAULIHHIUMH MTiAXO0AaMH ONTHUMI3allii;

— OLIHKY IPUPOCTY MPOJYKTUBHOCTI y THIIOBHX IFPOBUX CILEHAPIAX 13 PI3HOIO CKJIAIHICTIO.
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TaknMm 4HOM, MeTa CIIpsIMOBaHa Ha (pOpMyBaHHS HOBOTO, MaCIITA00BAHOTO Ta y3arajJbHEHOTO MMiIX0AY, 3/1aT-
HOTO 320€3MeYUTH CTa01IbHE MiBUIICHHS MPOAYKTUBHOCTI Ta BUCOKY SKICTh PEHIACPUHTY y CYYaCHUX KOMIT FOTEp-
HUX irpax.

Buxian ocHoBHOro marepiasiay. OCHOBHOIO METOIO JTOCIHI/KEHHS € TiIBULICHHS NMPOAYKTUBHOCTI KOMII 1O~
TEPHUX 1rOp 3a JOMOMOIOK METOJIB MAIlMHHOIO HaBYaHHS, 30KpeMa BUKOPUCTAHHA MOJeNiel MPOTrHO3yBaHHS
HaBaHTaXeHH GPU Ta aganTHBHOTO ynpaBIiHHS pecypcaMu.

3acrocyeMO KOMOIHOBaHHHU X1 IO OMTUMI3aIlii, 1110 MTOETHY€E METOIU MPOTHO3HOT aHAJIITHKH Ta aJalTHB-
HOTO PETYIIIOBaHHS ITapaMeTPiB PeHACPHHTY. 3aIPOIIOHOBAHA CHCTEMa BUKOPUCTOBYE TeleMeTpryHi AaHi mpo FPS,
3aBaHTaxxeHHs GPU Ta akTHBHI mapameTpu peHaepa, Mo J03BOJSIE MOACTI MAIIHHHOTO HABYAHHS HE JINIIE peary-
BaTH Ha 3MiHM MTPOJXYKTUBHOCTI, a i POAKTHUBHO iX mependavyary.

Ha apxiTekTypHOMY piBHI METOJ CKJIAIA€THCS 3 IBOX OCHOBHUX KOMITOHEHTIB:

— MOAYJS TMPOTHO3YBAaHHS HABAHTAKCHHS, KU OLIHIOE MaiHOyTHI MIKOBI 3MiHM OOYMCIIIOBAJIIBHOI CKIaf-
HOCTI;

— MOAYJS aJanTHBHOI KOPEKIil mapaMeTpiB peHAepa, 10 Y pealbHOMY Yaci mifdupae 3Ha4eHHS TpadidHux
HaJIAIITYBaHb AJIs 3a0e3nedeHHs Oanancy Mixk FPS, skicTio Ta cTablIbHICTIO PEHICPHUHTY.

Hexaii F(f) — gactora kanpiB y cexynay (FPS) B MmomenT uacy ¢, L(f) — HaBantaxennss GPU y BiacoTkax,
a O(f) — sxictp rpadiku. Toxi 3amaya ontumizamii Moxe OyTu (opMaizoBaHa sk MakcuMizaiis QyHKIIT eeKTuB-
HOCTI:

_ F@) g 00) | L(t)
g(t)_a F;arget+B Qmax Y 100 ’
ne F

gt~ OaxxaHa gacToTa Kaﬂpi.B, 0.~ MakKcHMaIbHa AKiCTh Tpadik, o, f3, Y — BaroBi KoeQimieHTH, 10 BU3HAYa-
I0Th TIpiopuTeTH KopuctyBada Mix FPS, sikicTio Ta HaBanTaxkeHHsam GPU.

Mera — 3naiitu Habip napameTpis rpadiunoro penaepunry P = {p, p,,..., p,}, AKAi Makcumisye &(f) npu
JMHAMIYHOMY HaBaHTAXKCHHI.

IIpouec ontumizawii peani3oBaHO y BUDISI LUKIIYHOTO alrOPUTMY, SKHUN Mpalioe 3 TEepioJUYHICTIO
50—150 Mc Ta cKIIAHA€ThCA 3 TAKUX ETAIIiB:
— 30ip TenemerpuuHux Aanux: FPS, naBantaxenus GPU, ictopis mapamerpis rpadiku;
— (opMyBaHHS BEKTOpa CTaHy, KA MICTHTH MMOTEPE/HI 3HAYCHHS MapaMeTpiB peHaepa, FPS 1 nHaBanrta-

(1)

— MPOTHO3yBaHHS MaiOyTHROrO HaBaHTakeHHs GPU 3a nomoMororo mirbokoi HeWPOHHOT MEpexi;

— OIiHIOBaHHS pU3UKY NaaiHHsA FPS Ha 0CHOBI IPOTHO3Y;

— aJanTHBHE KOPUTYBAaHHS IapaMeTpiB Ipadiky BIAMOBIIHO 0 IpagieHTa e(eKTUBHOCTI;

— MepeBipKa pe3ysbTaTiB 1 HOBTOPEHHS IUKITY.

Taknit miaxin 3abesneuye MOXIMBICTh MPOAKTHBHOIO PETYIIOBAHHS MapaMeTpiB peHjepa Ta MiABHUIICHHS
CTaOLIBHOCTI MPOLYKTUBHOCTI Y 3MIHHHX IrPOBHUX CLEHAPISIX.

s nporno3yBanHs HaBaHTaxkeHHs GPU Ta ynpaBiiHHA sikicTio Tpadiku Oyno 3acTOCOBaHO ITMOOKi HEW-
pOHHI Mepexi Ta HaB4aHHS 3 migkpimuieHHsM. [[[o6 3a0e3neuntn TouHe nporHozyBaHHs L(f), Oyio 3acTOCOBaHO
mIMOOKI HEWPOHHI Mepeski. BXiiHi 1aHi MOIes BKIIFOYAKOTh:

x@)=[p,—1),p,t—1),....,p (t—1),L(t—1), Ft— 1), 0@t — 1)].

Buxinna BennumuHa: MporHososane HaBanTaxenus GPU L(r).
Mopgens TpeHyBanacsi Ha Ha0Opi AaHUX, OTPHUMAHUX IIIIXOM MPOQIUTIOBaHHS irPOBUX CIEH Pi3HOI CKIIAA-
HoCTi. B sikocTi ¢hyHKwii BTpat Oy/10 BUKOPUCTAHO cepeiHbOKBaApaTnyny noMuiky (MSE):
1 & ~\2
MSE=—-(1,-L,) ,
N

i=1

)

ne N — KiIbKIiCTh BUMIPIOBaHb, L, — paktuune HaBanTaxenns GPU, Zl — IporHo3oBaHe HaBaHTakeHHS GPU.
BaxximmuBuMm acriektom € Te, 1o DNN 103B0sIsI€ BpaXOBYBAaTH 3aJI€KHOCTI MIXK NapaMeTpaMu rpadiku, more-
penHiM HaBaHTaxeHHAM Ta FPS, 1m0 Tpaauuiiiai niHiitHi MeToau poOUTH HE MOXKYTh.
3anexuicts FPS Big mapamerpis rpagiku:

F(t)=F,, —i&-pi (1) 3)

nie 8, —Koe]IlieHT BIUUBY i-ro mapamerpa p, Ha FPS.
AJanTruBHA KOPEKIIis apaMeTpiB:

p(t+1)=p,(t)-n- , i=1..,n, “4)
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JIe 1] — KPOK HaBYaHHS, 5—8 — TpallieHT e(heKTUBHOCTI.
1
Taxuii miaxix JO3BOJISIE aBTOMATUYHO 3HAXOAUTH ONTHManbHui Oamanc mix FPS, maBanraxennsm GPU Ta
SKICTIO Tpadiku.
[Ticnsa popmanizanii moaesni 6yno ctBopeHo npoToTun Ha Python, sikuit iHTErpyeThes B irpOBUI JBMXKOK 1 103-
BOJISIE AJJAITHBHO KOPUTYBATH MTApaMeTpH B pealibHOMY daci. Hixue HaBeneHO parMeHT peanizarii 1J1s MpOTrHO3Y-
BaHHA HaBaHTaxkeHHS! GPU Ta afanTuBHOrO KepyBaHHs MapaMeTpaMu rpadiku:

import numpy as np

from sklearn.neural_network import MLPRegressor

import matplotlib.pyplot as plt

# laHi: napameTpu rpadiku, FPS, HaBaHTaxeHHs GPU
X_train = np.load(‘X_train.npy’) # napameTpu + icTopis
y_train = np.load(‘y_train.npy’) # HaBaHTaxeHHs GPU

# Monenb HeWpoOHHOI Mepexi

mlp = MLPRegressor(hidden_layer_sizes=(128, 64, 32), activation=’relu’, solver=’adam’,
max_iter=500)

mlp.fit(X_train, y_train)

# MNporHo3yBaHHA HaBaHTaxeHHA GPU gns HoBux napameTpiB
X_test = np.load(“X_test.npy’)

L_pred = mlp.predict(X_test)

# Bisyanisauia pesynbTaTis

plt.figure(figsize=(10,5))

plt.plot(L_pred, label=’MporHo3z GPU (%)’)
plt.plot(np.load(‘y_test.npy’), label=’®akTuyHe GPU (%)’)
plt.xlabel(‘Kaap’)

plt.ylabel( ‘HaBaHTaxeHHs GPU (%)’)

plt.title( ‘MporHo3 HaBaHTaxeHHs GPU 3a gomnomorow DNN’)
plt.legend()

plt.show()

3aBISKH 3aCTOCYBAHHIO TTTMOOKNX HEHPOHHUX MEPEX, MOZEINb JI03BOJISsIE MPOTHO3YBaTH HaBaHTakeHHS GPU
3 TOUHICTIO 5—7 % Bix (aKTUIHOTO 3HAUEHHS, 110 3a0e3Mmedye OUTBII TOYHE YIPaBIiHHS pecypcaMu cucteMu. Kpim
TOTO, peasli3oBaHa MOXKJIMBICTH JUHAMIUHOI ajanTamii mapaMeTpiB rpadiky, o MATPUMYE CTaOUIBHY 4acTOTy
KaJpiB HaBiTh y CKJIQJAHUX CIeHaX. BaxXIMBOIO mepeBaroo € Jierka iHTerparis Mojesi y CyJacHi irpoBi ABHXKKH,
taki sk Unity Ta Unreal Engine, 1o poOuTH ii IPakTU4HO 3aCTOCOBHOIO Y PEATbHUX MPOEKTaX.

[Ticns peanizawii aroput™My Oya0 HPOBEAECHO MOPIBHAHHS €(DEKTUBHOCTI 3aMPONOHOBAHOI Mojeni 3 0a3o-
BHMH METO/IaMHU: METOJIOM CTaTHYHOTO yMpaBIliHHSA sKicTio (6e3 ML) Ta METooM MpocToro JiHIHHOTo MPOrHO3Y-
BaHHS HaBaHTakeHHs GPU (tabm. 1).

Ta0mums 1
IopiBHsIJIBLHI pe3yabTaTH NPOIYKTUBHOCTI MojieJieil onTuMizamii rpagiku B irpax
CepeaHe HABAHTAKEHHS CepenHs sIKicTb ITepeBara B
Mones, Cepemne FPS P! GPU (%) prf)a(bi]m e(l)eKTEBHOCTi (%)
Cratnyna 55 92 1.0 0
Jlinitina 60 87 1.0 +8
3anpononoBana DNN 72 80 0.98 +25

Sx BupHO 3 Tabmwmil, 3anpornoHoBaHa DNN-mojens 3a0e3neuye 3HauHe migBuiieHHs FPS Ta 3HWkeHHS
HaBaHTaxeHHss GPU MopiBHSHO 31 CTAaTHYHOO Ta JiHIHHOIO MonensiMu. Bukopuctanas DNN 1103BoJIsi€ T ABUITUTH
FPS na 20-30 % Tta 3menmutu HaBantaxkenHss GPU nHa 1012 % nipu 30epekeHHi BUCOKoi skocTi rpadiku (=98 %
BiJl MAKCUMAJILHOTO), IO JOCATAETHCS 3aBISKH MPOTHO3YBAHHIO Ta aJaNTHBHIM peryisiii mapameTpiB rpadiku.
JIJIs1 HAOUHINIOTO CIIPUHHSATTS TUHAMIKH 3MIHHM YaCTOTH KaJIpiB y yaci Ta KoinuBaHb HaBaHTaxeHHss GPU mpencras-
JICHO TpadivyHy UTIOCTPAIlito, Jie Bi0OpaXeHO MOPIBHSIHHS MOBEIIHKH KOXKHOT MOJIeNi y peajbHOMY 4aci (puc. 1).

3 rpacdika BuaHO, mo DNN-Monenb 3abe3rneuye cTabiibHE MABUICHHS YacTOTH KaJpiB, 0COOINUBO B Clie-
Hax 13 BHCOKOIO CKJIQJIHICTIO peHaepuHry. MiniManbHi maninas FPS (mMenme 60 xaapiB 3a CEKyHy) MPaKTHYHO
BiJICYTHI, III0 CBIAYUTH MPO TUIABHICTH Ta CTA0IIBHICTD MPOXYKTUBHOCTI MOPIBHIHO 31 CTaTHYHOIO Moaemmo. Kpim
TOrO, rpadiK IEMOHCTPYE 3MEHIICHHS KOJIMBaHb HaBaHTaxeHHs GPU, mo miaTBepKye ePeKTHBHICTh aIalTHB-
HOTO ITPOTHO3YBAHHS TA PETYTIOBAHHS TapaMeTpiB rpadiki.

ITomanbmnii pO3BUTOK METOAY MOXKeE MependadaT pO3IMHPEHHS apXiTeKTypH CHCTEMH J0 0ararToMoIynbHOT
CTPYKTYPH, sIKa BKIFOYATHME:
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Puc. 1. TlopiBHSHHS cepeHbOT YaCTOTH Ka/IPiB y CTATUYHOMY PEHAEPUHTY Ta 3 BUKopucTaHHsM DNN

— MOJIyJIb MPOTHO3YBAaHHS HABaHTAKCHHS 3 BUKOpucTaHHsIM LSTM/GRU-Monerneli a1 po6OTH 3 4acOBUMHU
3aJICKHOCTAMH;

— MOIyJTh TUHAMIYHOTO PO3MOALTY PECypciB, KEPOBAHM areHTOM HAaBYaHHS 3 MIAKPIIJICHHSM, IO JT03BO-
nuth ontuMizyBatn CPU/GPU Ta mapamerpu peHziepa Ha CTpaTerivHOMY PiBHI;

— MOAYJb aIANTUBHOI ieTpajanii rpadiqHoi IKOCTi, SIKMH BU3HAYaTHMeE APYTOPsAHI 00’ €KTH CIICHH 3a JI0TIO-
MOTO0I0 KJIacH(piKaIiiiHnX Mozenelt 1 BUKOHYBaTUMe iXHIO 4aCOBY ONTHMIi3aIlilo.

Takuii miAxia y epereKTHBI JaCTh 3MOT'Y CTBOPHUTH MTOBHICTIO aBTOHOMHY CHCTEMY ONTHUMI3allii IPOTyKTUB-
HOCTI JUId irop Pi3HOI CKJIaIHOCTI Ta KaHPOBOI HAJIEKHOCTI.

BucHoBku. Y po0OTi 3alpONOHOBaHO KOMIUIEKCHHI METOA ONTHUMIi3allii MPOJYKTUBHOCTI KOMIT FOTEPHHUX
iTOp Ha OCHOBI IIPOTHO3HOTO MOJICITIOBAHHS Ta aaTHBHOTO YIIPABIIHHS PECYpPCaMU, SIKUH BKITIOUA€ 3aCTOCYBaHHS
DIHOOKOT HEWPOHHOT MEpEeXki Il KOPOTKOCTPOKOBOTO repeadadeHHs HaBanTtaxkeHHs GPU ta kopekiii mapaMeTpiB
rpadiku. [IpoBeneHe AOCTIKSHHS MATBEPIUIIO, IO MMOETHAHHS MPOTHO3YBAaHHS HABAaHTKCHHS, Kiacu(ikarii
PIBHS BaXIJIMBOCTI CIICHW Ta aJIalITHBHOTO YIIPABIIHHS PEHACPHUHIOM 3a0e3Ieuye CYyTTEBE IMJIBUIICHHS CTA01b-
HocTi FPS i 3MeHIIeHHs 3arpuMok 0e3 BiayTHOT aerpananii rpadigHoi skocTi.

ExcriepuMeHTanbHi pe3yasTaTé JEMOHCTPYIOTh IMEpeBary 3ampolOHOBAHOTO METOAY Hal TpaauliiHUMHU
CBPUCTUYHUMH CXEMaMHU ONTHMIi3alii B cepequboMy Ha 20-30 % 3aiexHO BiJ THUIy CIICHH Ta amaparHol Iuiat-
dhopmu. [Ipu npoMy motouHa peanizaiist 3acrocoBye ogHy DNN, Tozi ik iHTerpariist aHcaMOII0 MoJIeNeld 1 MeTO/IiB
HABYAHHS 3 MiJKPIIUICHHSIM BU3HAYCHA SIK EPCIICKTUBHUIN HATIPSM MOAJIBIINX JTOCIIIKCHb.

HayxoBa HOBHM3HA POOOTH MONATae B KOHLENTYaNbHIH iHTErparii KibkoX KJ1aciB MOfENel MalIMHHOTO HaB-
YaHHS B €MHY aJalTUBHY CUCTEMY ONTHMI3allii peHaepa, 31aTHy IpalfoBaTi B PealbHOMY 4Yaci Ta BPaxOBYBaTU
TEXHI4HI MapaMeTPU CLIEHH Ta MOBEAIHKY IpaBiisl. [IpakTuyHa HIHHICTB MIAX0LY MiATBEPAKY€ETHCS HOTO YHIBEpCalb-
HICTIO Ta MOXKJIMBICTIO iHTErpanii B cydacHi irposi pymrii (Unity, Unreal Engine) 6e3 CyTTeBHX 3MiH apXiTEKTypH.

[Nomanpiri qociiHKEHHS MOKYTh OyTH CIIPSIMOBaHI Ha PO3MMPEHHS HA00PY TEIEMETPUIHUX ITapaMeTPiB LIS
MIJIBUINEHHS TOYHOCTI TPOTHO31B, ONTHMI3aIlii0 00YHCITIOBAILHOT BAPTOCTI MOJICNICH Y peabHOMY Yaci, a TaKOX
BHUBYCHHS 1HTETpallii B XMapHi reiiMinroBi miargopmu ta VR/AR-cepenouiia. J1o1aTKOBUM HAPSMOM € pO3pO-
OJICHHS yHIBEpCAJBHUX IOJIITHK HaBYaHHS JUI 3a0e3reueHHst e(peKTHBHOT poOOTH METOMY y MIUPOKOMY CIEKTpi
ITPOBUX JKaHPIB.
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3ACTOCYBAHHA AJAIITUBHUX METO/JIB
Y YUCEJBHOMY MOJEJIOBAHHI 3AJAY MEXAHIKH

Y emammi docnidoceno 3acmocysanns adanmusnux hp-nioxodie y mescax memooy CKiHUeHHUX eleMenmis 0s Mooe-
JIIOBAHHA NPOCMOPOBOI KOHMAKMHOT 83AEMOOIT AOCOTIOMHO JHCOPCIMKO20 WMAMNA 3 OOHOPIOHUM [30MPONHUM NPYICHUM Ni6N-
pocmopom. Posenanymo 3a0dauy edaenents abcoriomno JHcopCmMKO20 WmMamna 8 RpYICHUL nignpocmip i3 068038 A3HOI0 KOH-
MAKMHOW0 001ACHI0 Y QOpMI CUMEMPUYHO 30epopMosan020 erinmuyHo2o Kinvysa. /s uucenvHoi peanizayii nody00sano pisui
sapianmu adanmugHux Cimox, wo GiOpi3HAIOMbCs NOPAOKOM anpoxcumayii. Adanmayis 30iCHIOEMbCS ULTIAXOM JOKATbHOO
h-ymounenns cimku 6 30HaX IHMEHCUBHUX 2PAOIEHMIE HANPYIICEHb MA P-30a2auentst O NIOBULEHHS IOYHOCIE ANpOKCUMAYII.

Pospobneno inmezposanuti npocpamuuii nakem. ApXimexmypa naxemy peanizogana sk 0azamomooyivha cucniemd,
wo 00 '€dnye moxciueocmi Ansys 0ns pose azauus 3aoay, Gmsh ma APDL 0na adanmuenozo cimxoymeopenns, MATLAB ons
nocmnpoyeciney ma Python/batch-ckpunmie ona agmomamusayii 00uuciosaibHo2o yuxiy. Modyns kepysanusa npoyecom 3a0e3-
newye nocidogHicms imepayiti ma KOHMpos npomixcHux danux. Moodyns nodydosu mampuyi 6ae U3HAYAE NOKATbHI 0bnacmi
3eyujenna cimxu. Moodynb a0anmugHo2o CimkoymeopeHHs 2eHepye CImKU 31 SMIHHUM JIOKATbHUM POMIPOM eleMeHmis.

Ilaxem niompumye 0opooOKy pesynomamis, noby0osy epaikie i madauys, a maxosxic Gopmyeants cmpykmyp 0anux 0s
Hacmynuux imepayii adanmayii. Hezeadicarouu na oomedicers ujo0o docmynnux nopsokie séazauenns (p = 1 ma p = 2), 3anpo-
NOHO8AHA MeMOOON02is 3a0e3neuye 00CMAMHbO Pe3yIbmanmueHe ynpagiinusa npoyecamu h- ma p-aoanmayii. [Iposedenuii ana-
i3 NOKA3a8, o 30inbieHHa NoPAOKy anpokcumayii npusooums 0o Cymmego20 3MeHWeHHA NoXuOKY ma NoKpaujeHHs iHoexcy
eghexmusHoOCmi anocmepiopHoi OYiHKU, BOOHOUAC 3a0e3neUVIOYU PAYIOHATbHE BUKOPUCTIAHHSA 0OYUCTIOBATLHUX PeCypCis.

Kito4oBi cioBa: uucensbre moodeniosanis, a0anmueHi Memoou, KOHMaxKmua 3a0a4d, Wmamn, meopis nPy’ICHOCMI, po3no-
Ol HanpydceHb, MemMoo CKIHUEHHUX eleMeHmis; anpoKCuMayis, anocmepiopra oyiHKka nOXUOKU, JOKAIbHe YMOYHEeHHs CIMK,
Ansys.

Zaytseva T. A., Honcharov Ya. A. Application of adaptive methods in numerical modeling of mechanics problems

The article investigates the application of adaptive hp-methods within the finite element method for modelling the spa-
tial contact interaction between a perfectly rigid punch and a homogeneous isotropic elastic half-space. The study considers
the problem of indentation of a rigid punch into an elastic half-space with a doubly connected contact region in the form
of a symmetrically deformed elliptical ring. For the numerical implementation, several variants of adaptive meshes with differ-
ent approximation orders were constructed. Adaptation is performed through local h-refinement in zones with intensive stress
gradients and p-enrichment to improve approximation accuracy.

An integrated software package has been developed. Its architecture is implemented as a multimodule system combining
the capabilities of Ansys for solving the mechanical problem, Gmsh and APDL for adaptive mesh generation, MATLAB for
post-processing, and Python/batch scripts for automating the computational cycle. The control module ensures the sequential
execution of iterations, monitoring of intermediate data, and logging. The weight-matrix module constructs an importance field
that identifies local regions requiring mesh refinement. The adaptive meshing module generates meshes with variable local ele-
ment size, while the conversion module ensures correct transfer of meshes into a format compatible with Ansys.

The package supports result processing, generation of plots and tables, and formation of data structures for subsequent
adaptation iterations. Despite limitations on the available approximation orders (p = 1 and p = 2), the implemented concept
enables effective control of both h- and p-adaptation. The analysis shows that increasing the approximation order significantly
reduces the error and improves the efficiency index of the a posteriori error estimate, while maintaining rational use of compu-
tational resources. The results obtained confirm the effectiveness of the hp-adaptive approach for contact mechanics problems
with complex geometry and demonstrate its potential for further use in engineering computations.

Key words: numerical modelling, adaptive methods, contact problem, punch, elasticity theory, stress distribution, finite
element method, approximation, a posteriori error estimate, local mesh refinement, Ansys.
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IMocTtanoBka npodaemu. CydacHi iHXEHEpPHI 3a1a4i MOAETIOBAHHS (PI3MUHHUX IPOLECIB XapaKTepU3YIOThCs
BHCOKOIO CKJIQIHICTIO MAaTeMaTUYHUX OIHUCIB, 1[0 BKIIOYAIOThH HEJIHIIHICTh MaTepialbHUX BIACTUBOCTEH, CKIIaHY
reoMeTpiro 061acTel Ta 6araTOKOMIIOHEHTHI B3a€Moii. 3a TAKUX YMOB OTPUMAaHHsI aHATITUYHOTO PO3B 3Ky TaKUX
3aja4 y OUIbLIOCTI BUNIAJKIB € HEMOXIMBUM. ToMy NPOBIAHY pOJib Y MPAKTUYHHUX PO3paxyHKaX BiJirpae MeToa
ckinueHHux enemeHTiB (MCE), skuii 3abe3neuye HOCTaTHbO yHIBEpCAIbHUHN MiAXiJ 1O MOOYZOBM HAOIMIKEHMX
PO3B’SI3KIB IS IIMPOKOTO KJIAacy MU(epeHIialbHIX piBHSIHE. Pa3om i3 M 3actocyBanus MCE cynpoBomKyeThes
MOSIBOIO PI3HUX THUIIB MOXHOOK: MOJAETBHOI, MTUCKpEeTH3alliitHol Ta obuncmoBanbHoi. Lle BrumBae Ha MOCTOBIp-
HICTh OTPUMAHHX PE3YNBTATIB 1 pOOUTH MPOOJIEMY KOHTPOIHO TOYHOCTI OHIEIO 3 KITFOYOBHX Y YHUCEILHOMY aHAIi31.
VY 1bOMy KOHTEKCTiI OCOOIHMBOTO 3HAUCHHsI HA0yBaIOTh arlOCTEPiOPHI OIIHKU MOXHOKH, K1 JIO3BOJISIOTH KUTbKICHO
OIIIHUTH SIKICTh HAOJMKEHOTO PO3B’SI3Ky Ta 3a0€3MeUyI0Th MOKIIUBICTD aJallTHBHOTO YTOYHEHHS CITKH.

Y mpaxTuIll YMcenbHOr0 MOJCTIOBAHHS, 30KpeMa B IPOTPaMHOMY KOMIUICKCI Ansys, aJanTHBHI METOIH Bifi-
IpaloTh KIKYOBY POJIb Y MiABHUINEHHI TOYHOCTI PO3B’S3KiB, OTPUMAHKUX METOJIOM CKIHYCHHUX €JIEMEHTIB. AjamnTa-
Iis1 CITKU IPYHTYETHCS Ha JIOKAIBHOMY aHaJIi31 MOXHOKH, IO JTO3BOJISIE ABTOMATHYHO YTOUHIOBATH TUCKPETH3ALII0
B 00/1aCTAX 13 BUCOKUMHM 3HAUCHHSIMH HANpYXeHb, fehopMarliiil abo iHmuX (i3n4HUX BeNn4uH. Y Ansys peanizo-
BaHO JIeKiJbKa CTpareriit afanrarii, a came, h-, p- ma hp-memoou, ki 3a6€31euy0Th THY4Ke KepyBaHHS TOUHICTIO
MO/JIEJIFOBAHHS 3aJI€KHO BiJ] XapaKTepy 3aaui.

BaxxiMBoIO CKIIAZOBOIO € adanmayia 3a noxudxow, KoM Ansys CaMOCTIMHO OLIHIOE JIOKaJIbHY HMOMUIIKY
PO3B’sI3Ky Ta aBTOMaTUYHO ITOKPAIIY€E CITKY CaMe B THX 00JacTsX, Ae moxubka Haibuipma. Y CFD-Momynsax, Takux
stk Fluent 1 CFX, aganranis Bigirpae nie outbmry posib. CHCTeMa MOXKe ITOKPAIYyBaTH CITKY 3a TpaJll€eHTaMU IIBH/I-
KOCTI, TEMIIepaTypy 4u TypOyJIECHTHOCTI, 32 KpUBU3HOKO reoMeTpii Ta iH. Takok JOCTyIHA adanmayis 6 uaci, KOIu
CiTKa 3MIHFOETBCS TI1JT 9ac PO3PAXYHKY.

s HecTarioHapHHX 3a1ad, HanpuKiad, Ansys HiATPUMYE adanmusHuii 4acosuti Kpox, aBTOMaTHIHO 3MECH-
IIYIOYHM HOTO MPY MIBHIKHUX 3MiHAX Y CHCTEMI Ta 30UIBIIyIOUH MpH cTabinmbHOMY po3B’si3Ky. Kpim Toro, y cepeno-
BHIIAX Demanplorer ta OptiSLang JIOCTyIHA aoanmuena onmuMizayis, sxa N03BOJIAE ABTOMATHIHO 3MiHIOBaTH
nmapameTpu Mogjeni, OyyBaT MeTaMOJIeli Ta BU3HAYATH HAHBaXITHBIII MapaMeTpH KOHCTPYKIII.

Buxopucranns aHOCTepiopHHx OLIIHOK MOXMOKH B IalITUBHUX MPOLETypax Jae 3MOTY He JMIIE MiABUIIUTH
SIKICTh YHCEIBHOTO PO3B’ 3Ky, alie i ONTUMi3yBaTH OOUUCIIIOBAIIbHI BUTPATH, 30CEPE/DKYIOUH PECYPCH Ha HaHOLTBII
KPUTHYHIX IUITHKaX Po3paxyHKOBOI 00iacTi. TakiuM YHMHOM, aIaliTUBHI MiIXOAH € BOKIUBUM IHCTPYMEHTOM JUIS
peaiizanii e(eKTHBHOTO YUCEIHHOTO aHai3y CKIAJIHUX IHKCHEPHUX CHCTEM.

AHaui3 ocTaHHiX AocaimKenb i myOmikaniii. Y cydacHiil Haykosiii niteparypi MCE npencraBienuii Haj-
3BHYAIHO MIHPOKUM CIIEKTPOM JIOCIIKCHB, [0 OXOILTIOIOTH SIK (DYyHIAaMEHTAIBHI TEOPETUIHI aCIIEKTH, TaK 1 IIPH-
KIJIQJIHI 1HKeHepH1 pearizaiii. 3HauHUil 00Csr poOiT, IPUCBIYCHUX PO3BUTKY, YIOCKOHAJICHHIO Ta MPAKTUIHOMY
3aCTOCYBAHHIO I[LOTO METOLY, CBITYNTH IIPO HOTO KIFOYOBY POJIb Y UUCETHHOMY MOJCIIOBAHHI CKIIQIHUX MEXaHId-
HUX 1 (PI3MYHHX TIPOIIECIB.

VY pobori [1] cucremaruzosano maremarnysi npunwny MCE, 30kpema (hopMyIroBaHHS €IeMEHTIB, YHCETbHI
QITOPUTMH Ta 0COOIMBOCTI X peaizaiii B iIHKCHEPHHX 3a/1auax, 10 POOUTS IIe KePeIo 0a30BUM IS TOJATBITIX
JOCII/DKEHb Yy Taly3i YMCENbHOTO MOJENIOBAaHHA. BumanHs [2] po3muproe I MOJIOXKEHHS, 30CCPeKYIOUNCh Ha
HEJiHIHINA MeXaHIIi CyliIbHOTO CEPEeOBUIIA, BKIIOYHO 3 KIHEMAaTHKOIO BEIMKUX Aedopmariil, CKIaJHIMU MaTe-
plalbHUMHU MOJEISIMH Ta YUCEIIbHUMH METOAaMu. Y CBOIO 4epry, podora [3] noeanye teopetnyHi koHuernii MCE
3 MPaKTUYHUMH PEKOMEHAIIsIMU 100 OOYI0BU CKIHYEHHO-EJIEMEHTHHX MOJEJIeH, akIIEHTYIOUN yBary Ha THIIO-
BHX IMOMMJIKaX, OCOOJIMBOCTSX alpOKCUMAIl Ta 3aCTOCYBaHHI METOAY B 1HKEHEPHIH MpaKTUL.

[Muranns moOyIOBH €(PEKTUBHIX aIIOCTEPIOPHUX OIIHOK ITOXHOKY Ta anantuBHUX cTparerid y MCE akTuBHO
JOCITIJKY€ETHCST BIIPOJAOBXK OCTAHHIX JIECATUIITh, OCOOJIMBO B KOHTEKCTI hp-aIanTHBHUX METOIB, SKi TOETHYIOTh
JIOKallbHEe yTOuHEeHHs ciTku (h-amanTariiro) Ta miJBUIIECHHS MOPSJIKY alpOKCUMAaIlii (p-a1anTaiiro).

Y po6ori [4] 3aportoHOBaHO M1JIX1/1 710 IGKOMITO3HIII{ aT0CTEPIOPHOT OI[IHKHM ITOXHUOKH, TOOY1I0BaHOT HA OCHOBI
ETAJIOHHOTO POo3B’s3Ky (reference solution). ABTOpH po3IIsIalOTh CTPYKTYPY OIIHKH B KOHTEKCTI hp-agantuBHOTO
METO/Iy Ta JEMOHCTPYIOTh, IO MO OI[IHKH Ha JIOKAJIbHI KOMIIOHEHTH J03BOJISI€ TOYHIIIE BU3HAYATH 001aCTi, e
HEOoOXiTHE YTOYHEHHS CITKM a00 MiABHIIECHHS MOPSAKY ampokcumanii. KimacuuHi pe3ynpraTy mono aganTHBHUX
hp-meroniB 3aknaneni y crarti [5]. OcobnuBy yBary npuaijieHO aJanTuBHIA hp-Bepcii B OMHOMIPHOMY BHUIIAJIKY.
ABTOpH TIOKa3aJIH, [0 MOETHAHHS JIOKAIBHOTO YTOYHEHHS CITKM Ta 30UIbIIECHHS MOPSIIKY almpoKcUMaIllii 3abe3re-
Yyye eKCIOHEHIIHY 301KHICTh 715 IUPOKOTo KiIacy 3a/ad, [0 € TEOPETHYHUM apryMEHTOM Ha KOpUCTh hp-meTo-
niB. Monorpadis [6] npucsstueHa hp-meTonam A 3a1a4 i3 CHHTYJIIPHUMU 30ypeHHSAMHU. Y POOOTI 1eTalbHO OIH-
CaHO KOHCTPYKIIIO alpOKCUMALiIHUX MPOCTOPIB, aHalli3 301KHOCTI Ta METOM MOOYIOBH aAalTUBHUX CTPATETii.
VY crarTi [7] po3mIsHYTO 1iTEOBO-OpicHTOBaHI (goal-oriented) aganTHBHI METOMM ISl SMINTUYHUX 3a1a4d. ABTOpU
MIPOTIOHYIOTh YAOCKOHAJICHI aJTOPUTMH, IO ITiIBUIIYIOTh TOYHICT OLIHIOBAHHS po3B’s3Ky. Lli1p0B0O-OpicHTOBaHA
aJIanTallis € BaXIMBOIO JUIS 3371a4, JIe IHTepeC 30Cepe/KeHO He Ha M00aibHIi HOpMi MMOXHUOKH, a Ha KOHKPETHHX
(hI3MYHUX BEMYMHAX (HaHpI/IKJIa,Zl, HaNpPy)KCHHAX Y KPUTUYHHUX TOYKaX KOHCTPYKIIIT).

[Monanemni gocnipkerns y chepi MCE 3anmumiaioThCcsi akTyadbHHMHU 3 OIVISILy HAa 3POCTAr04y CKIATHICTB
IH)KEHEPHHUX 3aJ1ad Ta MiJBUIICHI BUMOTH J0 TOYHOCTI YHUCEILHOTO MOJICIIOBAHHS. AKTyaJ'II)HICTI) TaKOK 3yMOB-
JIeHa HEOOXiTHICTIO MOJIETIOBAHHS 06araTto(hi3HuHNX MPONECiB, CKIAIHUX TeOMETpPil Ta MarepialiB i3 HETiHIHHOIO
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MOBEAIHKOIO, 1110 BUMarae po3poOseHHs OiNbII THYYKHX 1 CTIMKMX YHCENbHUX anropuTMiB. CyKyNHICTh IIUX YUH-
HUKIB MAKPECIIOE BAXIIMBICTh MPOJOBKEHHS IOCIHIHKEHB, CIIPSIMOBAHUX Ha TMiABHILEHHS e()eKTUBHOCTI Ta Haiil-
HOCTI Cy4yaCHHMX CKiHUE€HHO-EJIEMEHTHUX TEXHOJIOTIH.

MeTto10 gocitiIzeHHs1 € po3poOKa Ta peasizalis aganTUBHOI hp-METONUKHN U MOJIEIIOBAHHS IIPOCTOPOBOT
KOHTaKTHOI B3a€MOJII1 KOPCTKOTO IITaMIIa 3 MPYKHUM MiBIPOCTOPOM, CTBOPEHHS MPOTrPaAMHOTO iHCTPYMEHTapito
IUTSL aBTOMATH3alii 00YUCIIOBAIFHOTO MIPOIIECY Ta TOCIIHKEHH TOYHOCTI OTPUMAHUX PE3YJbTaTiB HA OCHOBI aImo-
CTEpPIOPHUX OIIHOK MTOXHUOKH.

Bukian ocHoBHOro marepiamy. Y TpOCTOPOBIH MOCTaHOBIN PO3IVISIIAETHCS BJIABICHHS B OJIHOPITHHMA
130TPONHMI NPYKHUI TBIPOCTIP X, < 0 aGCOMIOTHO KOPCTKOTO IITAMIA 3 IUIOCKOK IIAJIKOK OCHOBOKO; Y TLIaHi
KOHTaKTHA 00J1aCTh € JBO3B’A3HOK0 ), 0OMEKEHOIO IBOMA 3aMKHEHUMH KOHLIEHTPUYHUMU KOHTypamu [, I, (KOH-
TakT y GopMi CUMETPHYHO 3/1€()OPMOBAHOTO €INTUYHOTO KUIBI, AUB. pHC. 1), IpHU LbOMY JOTHYHI HANPY>KEHHS
Ha rmiomuHi Ox x, BifcyTHi. KOHTaKTHa 0071aCTh 3a/1a€ThCA SIK JIBO3B’A3HA. Y MOJIENI HE BPAXOBYETHCS CUJIA TEPTS
MIX IITaMIIOM 1 IiBIpocTopoM [8, 9].

st ancenbHOl peanizanii BukoprucTano marepian Structural Steel: p = 7850 kr/m®, E = 2.0 x 10" Ila
(200 I'Ma), v = 0.3, G =~ 7.6923 x 10'° Ta; mrtamMity Npu3HAaYCHO TOM caMHil MaTepial, aje HOro orojomeHo abco-
motHO TBepauM (Rigid). I'eomeTpis mramna: 30BHimHIN giamerp 100 MM, BHyTpimHii — 40 MM B3710BA O1bLIOT
HamiBBICl; 30BHILIHIN aiameTp 62 MM, BHYTpillIHii — 18 MM B310BX MEHILIOT HAMliBBICl; HABAHTAXEHHS LIEHTPAJILHO
npukiiagene P = 1000 H.

Puc. 1. 3araipHa cxema B3aeMOJlii KOHTAKTYIOUHX T

VY npangx [8, 9] ans 3a3HaUeHOi KOHTAKTHOI 3aj[a4l HAaBEACHO SIK CTPOTHH aHANITUYHHMUA PO3B’SA30K, TaK
1 YMCeNbHUM, 10 3a0e3Meuye MOKINBICTD IX BUKOPUCTAHHS K €TAJTOHHUX peepeHTHUX MaHUX JUIA BepHpikarii
KOPEKTHOCTI Ta KiJIbKICHOTO OIIIHIOBaHHS TOYHOCTI aAallTUBHUX METO/IiB, 3aIIPONIOHOBAHUX Y I[OMY JTOCIiIXKEHHI.

Jia oliHIOBaHHS MOXMOKM OTPUMAHOTO PO3B’SA3KY Oy/lIeMO 3aCTOCOBYBAaTH arioCTEPiOPHY OIIIHKY TOYHOCTI.
3aranbHui OpMaTBHUM 3aMUC aOCTEPIOPHOT OLIIHKA Ma€ TaKU BUIIIS;

lu—u,ll < Mu, D),

JIe 1 — TOYHUH PO3B’A30K y MEKaX PO3MIAHYTOI MATEMaTUYHOI MOCTAHOBKH [8, 9], u, — HaOMMKEHUH YHCETBHUMI
PO3B’s130K, D — mo4yarkoBi JiaHi 3a1a4i (koeillieHTH piBHIHB, TEOMETPis 00JacTi, IpaBa YacTHHA, TPAaHWUYHI YMOBH
ToII0), M — MaxopaHTa.

SIK TIOKa3HUK SIKOCTI pOOOTH armocTepiopHOi OMIHKH BUKOPHUCTAEMO 1HACKC €(hEeKTHBHOCTI, IKUI XapaKTepH-
3y€ CTYMiHb TIEPEOIIHIOBAHHS Ma)KOPAHTOI iICTUHHOI MMOXUOKH Ta JI03BOJISIE BUSBUTH MOXIIUBICTD ii HEJIOOIIHKH.
3asaeMo HO0ro HaCTYITHUM YHHOM:

M(uh,D)_

u—u,

Ly =

Omnuc nporpamHoro makery. Po3poOieHnii mporpaMHUil AKeT € IHTETPOBAHUM PILICHHSIM JIsT aBTOMATH-
3aIlii YACETBHOTO MOJICTIOBAHHS KOHTAKTHOI B3aEMOJIIT Tijia CKIaIHOT ()OPMH 3 MPYKHHUM ITIBIPOCTOPOM 13 BHKO-
puctanHaM ajgantuBHUX hp-cxem MCE. Ananraiiis peaiizyeTbest IUIIXOM h-yTOYHEHHS CITKH B 30HI KOHTAKTy Ta
B 00OJIACTSIX THTEHCHUBHOI 3MIiHU HAIPY>KHO-ZIC(OPMIBHOTO CTaHy. P-30aradeHHs1 3aCTOCOBYETHCS JIJISl OI[IHFOBAHHS
JIOKAJIbHOI TIOXMOKHU Ta BH3HAYCHHS 30H HACTYITHOTO YTOYHEHHs. APXITEKTypa MpOrpaMHOro MakeTy peayizoBaHa
K OaraTroMoIyJbHa CHCTEMa, IO MOETHYE PO3B’si3aHHs 3a7a4 y Ansys [10], anantuBHe ciTkoyTBOpeHHs B Gmsh
a6o Ansys APDL, nocniporniecinr nannx y MATLAB 1 aBTomaru3aniito 004rcIoBaIbHOTO IUKITY 3acobamu batch ta
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Python. Taka cTpykTypa 3a0e3nedye MOAYIbHICTh, BIATBOPIOBAHICTh 1 MACIITA0OBAHICTD AT PI3HUX IMOCTAHOBOK
3amad. Y ckiajii po3poOaeHoro mporpaMHoro makera (GyHKIIOHYIOTh Taki OCHOBHI MOZYJIi:

— Mooynv kepyeanmsa obuucniosanrvuum npoyecom (AutoRun.bat) BUKOHY€ POIb «IUCHETYEPa» iTepaLiitHoro
uuKiy. Bin 3a0e3nedye mociailoBHUI 3aIlycK €TariB MOAEIIOBAaHHS, IEPEBIPKY HAIBHOCTI HEOOXiTHUX MPOMIKHUX
(aiiniB, KepyBaHHs KaTaJOraMH iTepaIliil Ta BEACHH KYPHAIIB BUKOHAHHSI.

— Mooyne nobyoosu mampuyi éae W (WeightMatrix.m) peainizye IHTEPIOJIALIO Pe3yIbTaTiB Ha PETYISAPHY
CITKY, HOpMYBaHHsI BEJIMYHH 1 (hOpMyBaHHS MaTpHIl Bar W, 110 BioOpakae JIOKAIbHY «BaXKJIMBICTh» 00IACTI 1S
3TyIIEHHS CITKH.

— Mooynb adanmusnozo cimxoymeopenns (model _adaptiveV.geo) CTBOPEHO ISl OMHKCY TPaBUI TOOYIO0BU
CKIHYCHHO-CJIEMEHTHOI CITKH 3 KepyBaHHSIM JIOKAJIbHUM PO3MIpOM elieMeHTiB. KITFouoBMM € HacTymHe — o0iacTi
3 BUCOKHMMHU 3HaUCHHAMH W OTPHMYIOTh MEHIINH XapaKTepHUH PO3Mip eeMeHTa, TO/I SIK «CIOKiHHI» 30HH — Ipy-
6imry citky. Lle 103BoMIsiE KOHIIEHTPYBAaTH OOUMCITIOBAIBHI PECYpPCH Y 30HI KOHTAKTY Ta MOONN3Y KOHIICHTPATOpiB
Hanpy>KeHb.

— Mooynv koneepmayii ma inmeepayii cimox (halfspace_fix.mac, mesh_converter.py) BAKOHY€ TIEpETBOPESHHS
citok Gmsh y ¢opmart, cymicHuii 3 Ansys (Harnpukiiaz.cbd). OCKinbKY afanTHBHE CITKOYTBOPEHHS MOYE BUKOHY-
BaTHUCs 1032 Ansys, HEOOXIJTHUM € eTal KOPEKTHOTO MEePEHECEHHs CITKH y (opMar, CyMICHHUI 3 pO3B’s3yBaueM.
Python-ckpunt konBeprauii (mesh converter.py) 3a0e3neuye nepeTBOPEHHs JaHUX CITKU (BY3JH, €IEMEHTH, TPYIIH)
y IpencTaBiIeHH, mpuidHATHE 11 Ansys. APDL-makpocu (Hanpukian, halfspace fix.mac) BHKOPHCTOBYIOTBCS LISt
TEXHIYHOI 1HTerpalii. Moyis GakTHuHO 3a0e3meduye «MicT» Mik reHeparopoM citku Ta MCE-po3B’s3yBadeM.

— Mooynw nocmnpoyeciney (MATLAB) BuKkoHYEe 00pOOKY pe3yibTariB, OOUMCIIIOE y3arajibHEHI TTOKa3HUKH,
(hopmye TabiuI ¥ rpadiky.

Cepedosuuge po3podnenus npocpamrnozo naxemy cHOPMOBAHO Ha OCHOBI 1HTETPOBAHOI B3a€MOIT 1HCTpY-
MeHTiB Ansys Workbench/Mechanical, MAPDL/APDL, MATLAB, Gmsh ta Python, a Takox batch-ckpunris s
KepyBaHHsI MOJYJISIMU TIAKETY.

ITomanust JaHUX 1 cXemMa OOYUCIIEHb BU3HAYAIOTHCS HAOOPOM TaKMX OCHOBHHUX CTPYKTYp: MacHBaMH Harpy-
KEHb, TAHUMH 110 JI0 PETYNIPHUX IHTEPNOJSIIHHUX CITOK, MaTPUIICIO BaroBux Koedimientis W, a Takox ¢aitmamu
onucy ¢oHoBoi ciTku it Gmsh. OOMexeHHsAM peanizallii € miATpUMKa y po3B’s3yBaui JUIle MOpSIKiB p = 1 Ta
p = 2 A IEBHUX THITB CKIHYCHHUX €JIeMEHTIB. Pa30oM 3 TUM, KOHIICTIIIISI OI[IHIOBAHHS MIOXUOKH 32 P-PIBHSIMU Ta
KepyBaHHs h-3TryIIeHHsIM He € MIPUHLIUIIOBO OOMEXEHOIO [IUMHU HOPSAKAMU.

I'eomerpiro Ta mouatkoBy citky MCE mist 3amadi, onmmcanoi paHime, HamaHo Ha puc. 2. [Ipouec aganramii
CITKH 3aBEPIIYETHCS ITICIIST JOCATHEHHS BEJTMYMHH BiTHOCHOT NOXHOKH MeHIe Hixk 7 %. Ha puc. 3 i puc. 4 HaBeneHo
pe3yJIbTaTh aIanTallii CiTOK JUIst BUNIAAKIB p = 1 Ta p = 2 BIANOBIAHO.

VY Tabnuimi 1 HaBeneHO MOPIBHSIBHI pe3yJIbTaTH YUCEILHUX PO3PaxXyHKIB JUIS PI3HUX BapiaHTIB amanTarlil
CITKH Ta pI3HUX MOPSAJKIB anpokcumailii. [loka3HUKH B1IOOpaKalOTh BIUIMB TYCTHHH CITKU Ta PiBHS p-30aradeHHs
Ha TOYHICTB PO3B’A3KY Ta €(DEKTHUBHICTH allOCTEPiOPHOI OLIHKHU MOXUOKHU. 3iCTaBICHHS IIUX JTAaHHUX JIA€ 3MOTY OIli-
HUTH, SIK aJanTalis Ta MiJBUIICHHS TOPSIKY almpoKCHMAIlii BIUIMBAIOTh Ha 301KHICTh, TOUHICTS 1 SIKICTB armocTepi-
OPHOI OIIiHKH.

Puc. 2. I'eomerpis i moyarkosa citka MCE

IToka3Huku, HaBeJCHI B TAONHIl, BiZOOPAKAOTh KIIOUOBI XapaKTEPUCTUKH SKOCTI YUCEIIBHOTO PO3B’S3KY.
KinpkicTh By31iB BU3HAYAE 3arajibHy KiJIbKICTh TOYOK TUCKpeTH3aiii Mojaeii. KijbKiCTh eJIEMEHTIB y 30H1 KOHTAKTY
XapaKTepu3y€e T'yCTHHY CITKH caMe B OOJIACTi, JIe BHHUKAIOTh HAHOIIBINI HAMIPYKESHHSI Ta Jie TOTpiOHA T IBUIIICHA
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Puc. 4. Citka MCE micns aganTamii 1uist BUnaaKy p = 2

TouHicTh. [Tomuika (%) mokasye BiTHOCHY PI3HUIIEO MiXK YHCEIbHUM Ta €TAJIOHHUM PO3B’SI3KOM, TOOTO piBEHb TOY-
HOCT1 MOJIENIOBaHHSA. [HIEKC e(PeKTUBHOCTI IEMOHCTPYE, HACKIJIBKM TOUHO Ma)KOPaHTa OLIIHIOE pealbHy TOXUOKY:
3HA4YEHHS, OJIN3bKE 0 OAMHUII, CBITYUTH PO BUCOKY SAKICTh aloCTepiOpHOT OLIIHKH.

Tabmums 1
IopiBHSIHHS PO3PaXyHKOBHUX Pe3yJIbTATIB /1JIs1 Pi3HUX BUNA/JIKIB aganTamii
Kinbkicts By3iiB | KiIbKiTh eiem. y 30Hi koHTakTy | [lomuiaka % | Ingekc edeKTUBH
Puc.2,p=1 334 590 29.1 % 1.91
Puc.2,p=2 1258 590 23.7% 1.8
Puc.3,p=1 5840 10 894 11.8 % 1.4
Puc.3,p=2 22 544 10 894 9.9 % 1.31
Puc.4,p=1 12 902 25048 7.1% 1.32
Puc. 4,p=2 50 852 25 048 6.2 % 1.25

Ha puc. 2 ciTka HeZI0OCTaTHBO TOYHA, TOXHOKa BenmuKa. [Haeke eheKTHBHOCTI Malixe 2 03Havae, o anocre-
piopHa OIliHKA IEPEOIIHIOE peabHy MOXHOKY Maibke BaBidi. [ligBuInenHs mopsaky p Ha TpyOill CiTIi Jae moMipHe
MOKPAIICHHS TOYHOCTI (MMOXHUOKa 3MEHIY€eThCs Ha ~18 %), ane iHJeKe e(heKTUBHOCTI 3aJIMIIA€THCS BUCOKMM. Lle
TUIIOBUI pe3yabTar Ajsl rpy0oi CiTKu.

Ha puc. 3 Ha amantoBa#iii citii p-30arayeHHsi 3HOBY Jla€ 3MEHIIeHHs TOXUOkH (~16 %), a iHaekc eheKkTus-
HOCTI MOKPALIy€eThCsI, HAOIMKarOuuCh 110 1.3.

Ha puc. 4 naiikpamuii pe3ynsrar cepeq Tpbox BapiantiB. Edekr Bin migBuiieHHs p 36epiraerscs. Iloxubka
3MeHmmacs 10 6.2 %, a inaeke e()eKTUBHOCTI cTaB 1.25, M0 CBIAYNTH MPO BUCOKY SKICTh alOCTEPIOPHOT OIIHKH.
CiTka cTae TyCTIIoI0 caMe TaMm, Je Iie OTPiOHO, 6e3 HaIMipHOTO 30UTBIICHHS 3arajlbHOI KITBKOCTI BY3JIiB.
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BucHoBku. [IpoBeneHe nociipkeHHs MiATBEpAXKYe C(EKTUBHICTh 3aCTOCYBAHHS aJalTHBHUX hp-MeToiB
JUIS YMCETIbHOTO aHai3y MPOCTOPOBUX KOHTAKTHHX 33/1a4 i3 IBO3B’A3HOIO OOJIACTIO KOHTAKTy. BUKOpHCTaHHS arno-
CTEpIOPHUX OLIIHOK MOXUOKHU J1a€ 3MOTY LIJIECTIPSMOBAHO YTOUHIOBATH CITKY B KPUTHYHUX 30HAX Ta KOHTPOJIIOBATH
SIKICTh OTPUMAHOTO PO3B’A3KY.

3arajbHUN BUCHOBOK MOYKHA MOJATH TakK. 31 30UIbIIECHHSIM MOPSAKY alpoKCUMAllii p TOYHICTh YHUCEIbHOTO
PO3B’SI3Ky MMOMITHO IMiJBUINYETHCS, a IHACKC ¢(hEKTUBHOCTI HAOIMIKAETHCSA JI0 OJMHUII, IO CBIAYUTH MPO OUIBII
HaJIiHY Ta CTaOUIbHY OIIIHKY MOXHWOKH. AJTANTHBHI METOIHU 3a0e3IeUyrOTh 3MECHIIICHHS TIOXHOKH y 4—5 pa3siB 0e3
CYTTEBOTO 301IBIIICHHS KUTLKOCTI BY3JIiB, IO POOUTH 1X €()eKTUBHUM 1HCTPYMEHTOM JUIS ONTHMI3aIlii 00YHCITFOBATb-
HUX BUTpaT. Halikpamuii 6anaHc MK TOYHICTIO Ta IPOAYKTUBHICTIO IEMOHCTPYE BapiaHT i3 IOPSIKOM arpoKCcHMa-
ii p = 2, sikuit 3a0e3revye HalHIKIY ITOXUOKY Ta HAWBHUIILY SIKICTh alloCTePIOPHOT OIIIHKH. .

Po3pobnennit mporpaMHNii TaKeT IPOAEMOHCTPYBAB 3AATHICTh ABTOMATHU3YBaTH MOBHHUH UK aJallTHBHOTO
MOJICTIFOBAHHS Ta 3a0€3MEUUTH BiITBOPIOBAHICTH pe3ynbraTiB. OTpUMaHi BUCHOBKH CBiguaTh IPO JOIUIBHICTH
MOAAJIBIIOTO PO3BUTKY hp-afalTUBHUX CTpareriii Ta iX iHTerpamii B cydacHi iH)XEGHEpHI KOMIUIEKCH JUIS IiJ[BH-
IIEHHS TOYHOCTI Ta HAJIHHOCTI YMCETHLHOIO MOIEIOBAHHS CKIAJHUX MEXAHIYHUX CHCTEM.
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EBOJIIOIIMHA ONITUMIZAIISI APXITEKTYPU 3rOPTKOBUX HEMPOHHUX MEPEXK
Y 3AJAYAX IHTEJIEKTYAJIBHOTI'O AHAJII3Y JAHUX

Y 0anmiii pobomi posensioaemucs nioxio 00 asmomamu308anoi ONMUMI3ayii apXimexnypu 320pMKOBUX HEUPOHHUX MepexC
Ha 0CHOBI egomoyilinux o0uucienb. OCHOBHY Y82y 30Cepe0ACeHO HA 3ACMOCYBAHHT 2CHEMUYHUX AN20PUMMIG SIK 00HO20 3 HAll-
OLNbUL eeKMUBHUX KILACIE eBONIOYIIHUX ATCOPUMMIE, 30AMHUX 30ICHIO8AMU 2100ATbHUL NOUWLYK ONMUMATLHUX DIlUEHD Y CKIA0-
HUX bazamosumipHux npocmopax napamempis. 3anpononoganuti nioxio opicHMoBanull Ha ONMUMI3AYII0 CMPYKMYPHUX Napa-
Mempie 320pMKOB0I HeUPOHHOI Mepedici, 30KpeMa KITbKOCMI 320pMKO8UX | NOBHO3 €OHAHUX WIAPIB, YUCIA HEUPOHIB ) KOXCHOMY
wapi, KitbKocmi ma po3mipy 320pmKosux (hinempis, wjo 6e3nocepednbo 6NaU6aIoNts Ha y3a2albHIOBAIbHI 61ACMUBOCHTT MOOEI.

Y pobomi nposedeno ananiz 0cHOBHUX NPUHYUNIE QYHKYIOHYBAHHSL 320PMKOBUX HEUPOHHUX Mepexc ma ix 3acmocy8anHs
68 3a0auax knacugbikayii 300pasicennv. Pozensinymo 6a308i KoMnoHenmu apXimexmypu 320pMKOGUX HEUPOHHUX Mepedic, BKIIOYAIOYU
320PMKOGI Wapy, wapu cybouckpemusayii ma nogHo3 €OHAHI wapy, a MAKolc NPOAHANIZ08AHO BNIUE IX napamMempie na mou-
Hicmb knacugpixayii. Ha ocnogi yvo2o ananizy 6yno peanizosano 6a3o8y 320pmKogy HellpoHHy Mepedicy 3 apximexkntypoio, nioiopa-
HOW 0€310cepedHb0 PO3POOHUKOM, A NPOBEOEHO eKCNEPUMEHMATbHE OOCTIONCEHHS ii poOOMU HA MECMOBUX | PeaTbHUX OAHUX.

Kpim yvoco, na ocnogi 0CHOGHUX NPUHYUNIE EHEMUUHUX AN2OPUMMIE OYNI0 PO3POONEHO BNACHUL 2eHeMUYHULL ANOPUMM,
npusHavenutl Ons ONMUMI3AYIT apXimeKmypu 320pmKoeoi Hetipounoi mepeoici. Y saxocmi yHKyii npucmocosanocmi 6UKopu-
CMAHO NOKA3HUKYU MoyHocmi Kiacugbikayii, wo 003601s¢ 6e3n0cepednbo OpICHMYBamMY e8oMOYIIHIUL NOWYK HA NIOBULYEHH
AKocmi pobomu mooeri.

Pospobnenuii eenemuynuii aneopumm 30iiCHIOE ABMOMAMU30BAHUL HOULYK ONMUMATLHOT apXimekmypu HelpoHHOT
Mepedxci WAXoM esonoyiiHoi mooughikayii napamempig ii cmpyxkmypu. ¥ npoyeci egontoyii 6i00ys8aemvcs nocmynoge noxkpa-
WeHHsL XapaKmepucmuxk Mepexci 3a paxyHox ei000py Hatldinbiu e(hekmueHux Kongieypayitt ma eenepayii HOGUX apXimexmyp
HA OCHOBI onepayiti cxpewyeants ma mymayii. EKcnepumenmansHo noKa3ano, wo 6dxce npomazom 0ecsimu noKoliHb egonoyii
MOJMCIUBO OMPUMAIMU APXIMEKMYPY 320PMKO60I HeUPOHHOI Mepexci, AKa 3ade3neuye icmMOmHO Kpawji pe3yiomamu HOPIeHAHO
3 NOYAMK0B010, BDYUHY CHPOEKIMOBAHOIO MOOEIIIO.

Kiro4oBi ciioBa: 3copmxogi HetipoHui mepesici, eontoyilini aneopummu, 2eHemuyHull aneopumm, iHmenexmyanbHuil ana-
i3 OaHUx, 06pobKa 300padicets.

Zinchenko A. Yu. Evolutionary optimization of convolutional neural network architectures in intelligent data analysis tasks

This paper presents an approach to the automated optimization of convolutional neural network architectures based on
evolutionary computation. The main focus is placed on the application of genetic algorithms as one of the most effective classes
of evolutionary algorithms capable of performing global search for optimal solutions in complex high-dimensional parameter
spaces. The proposed approach is aimed at optimizing the structural parameters of a convolutional neural network, including
the number of convolutional and fully connected layers, the number of neurons in each layer, as well as the number and size
of convolutional filters, which directly affect the generalization properties of the model.

The paper analyzes the fundamental principles of convolutional neural networks and their application to image classifi-
cation tasks. The basic components of convolutional neural network architectures are examined, including convolutional layers,
subsampling layers, and fully connected layers, and the influence of their parameters on classification accuracy is investigated.
Based on this analysis, a baseline convolutional neural network with an architecture manually selected by the developer was
implemented, and an experimental evaluation of its performance on both test and real-world datasets was conducted.

In addition, a proprietary genetic algorithm was developed on the basis of the fundamental principles of genetic algo-
rithms to optimize the architecture of the convolutional neural network. Classification accuracy was employed as the fitness
function, allowing the evolutionary search process to be directly guided toward improving the model s performance.

The developed genetic algorithm performs an automated search for an optimal neural network architecture through
evolutionary modification of its structural parameters. During the evolutionary process, a gradual improvement of network
characteristics is achieved by selecting the most effective configurations and generating new architectures through crossover
and mutation operations. Experimental results demonstrate that within ten generations of evolution, it is possible to obtain a
convolutional neural network architecture that significantly outperforms the initial manually designed model.

Key words: convolutional neural networks, evolutionary algorithms, genetic algorithm, intelligent data analysis, image
processing.
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IMocTanoBKa mpodsieMH. Y Cy4acHHUX 3aJja4ax KOMII FOTEPHOTO 30py Ta iHTENEKTYaIbHOTO aHalli3y 300pakeHb
3TOPTKOBI HEHPOHHI Mepexi MOCiAal0Th MPOBiAHE Miclie 3aBASKU 3JaTHOCTI aBTOMAaTUYHO BUJUISITU 1H(OPMAaTHBHI
O3HAKM Ta 3a0e3MevyBaTd BUCOKY TOYHICTH Kiacudikaiii. Pazom i3 UM e(eKTHBHICTh BUKOPUCTAHHSA 3TOPTKOBUX
HEMPOHHUX MEPEeK 3HAYHOI MipOI0 BU3HAYAETHCS BUOOPOM IX apXiTEKTYypH, 30KpeMa KUIbKICTIO Ta THIIOM IIapiB,
YHCIIOM HEHPOHIB, MapaMeTpaMy 3rOPTKOBHX (UTBTPIB 1 MeXaHi3MaMu arperyBanHsl. [Ipoliec mpoekTyBaHHS apXiTeK-
TYPU TaKUX MEPEX TPAAUIIIHO 3IHCHIOETHCSI HA OCHOBI EMITIPUYHOTO JOCBINy po3po0HMKa ab0 IUIIXOM Oararopa-
30BOTO PYYHOTO MO0y TilleprapaMeTpiB, IO € TPYIOMICTKUM, Cy0’ €KTHBHUM i HE TAPAHTYE TOCSTHEHHS ONTHMAITh-
HUX PE3yJbTaTiB, 0COOIMBO MPH POOOTI 3 pealIbHUMH, 3aTyMJIICHUMH 200 HEPIBHOMIPHO PO3MOIIJICHUMH JaHUMH.

3a3HaueHi 0OMEKESHHS 0COOIMBO 3ar0CTPIOIOTHCS Y BUIIAIKAX 3aCTOCYBAHHS 3TOPTKOBHX HEHPOHHIX MEPEK
JI0 aHaJI3y peaNbHUX 300paKeHb, SIKi XapaKTePU3YIOThCSI BHCOKUM PiBHEM IITyMY, BAPIaTUBHICTIO MacIITadiB 00’ €K-
TiB, HCOIXHOPITHIMHU YMOBaMH{ OCBITJICHHS Ta 3HAYHOIO PI3HHUIICIO MK HaBYAIBHUMHU 1 pobounMy BHOIpKamu. 3a
TaKUX YMOB apXiTEKTypa MEpexi, 0 JeMOHCTPY€E BUCOKY TOUHICTh Ha TECTOBUX JAAHHUX, YACTO BUSIBIISIETHCS HEMIO-
CTaTHBO CTIMKOIO MPH pOOOTI 3 peaIbHUMHU JaHUMH, 110 IPU3BOAUTH 10 3HIDKCHHS y3aralbHIOBAIBHOI 3[aTHOCTI Ta
MOTIpIICHHSI MPAaKTHYHUX Pe3yIbTaTiB KIacu(ikarii.

Kpim TOro, 3pocTanHs CKIaJHOCTI Cy4aCcHHUX 3aJjad KOMII IOTEPHOTO 30Py CYIMPOBOIKYETHCS HEOOX1THICTIO
OIIHOYACHOTO BpaXyBaHHS BEJMKOI KUIBKOCTI CTPYKTYPHUX MapaMmeTpiB HEHPOHHOI Mepexki, TaKuX sSK IIIHOMHA
Mojeni, KoH(DIryparist 3ropTKOBUX MIapiB, KUTBKICTh Ta PO3MIpH (QUIBTPIB, CIIOCOOH arperarii 03HaK i mapamerpu
MOBHO3’ ¢ THAHMX IapiB. [IpocTip MOXKIIMBHX apXiTEKTyp MpPU HBOMY Ma€ KOMOIHATOPHUIA XapakTep, MO0 YHEMOXK-
JUBITIOE e(PeKTUBHUH Tepedip yciX BapiaHTIB 3a JOTIOMOTOK KJIACHYHMX METOJIIB ONTHUMI3aIll a00 pydHOro HaJa-
IITyBaHHS.

IcHyrOUl TiAX0MM 0 aBTOMaTH3allii BUOOPY apXiTeKTypH 3rOPTKOBUX HEHPOHHHUX MEPEK, 30KpeMa METOIH
rpajlieHTHOI ONTHUMI3allii TireprapaMeTpiB a0o NMIa0IOHHI apXITEKTypH, HE 3aBXK U 3a0€3MeUy0Th JOCTATHIO THYY-
KiCTh Ta QTaNTHBHICTD 10 CIEIU(IKK KOHKPETHOI 3a/1a9i Ta CTPYKTYPHU JaHUX. Y 3B’3KY 3 IIUM aKTyaJbHOIO € IPO-
61eMa po3poOIeHHS TaKUX METOJIB ONTHUMI3alii apXiTeKTypH HEHPOHHUX MEpPEeX, sIKi O JO3BOJSUH 3iHCHIOBaTH
m100aIbHUH MOMYK e(peKTHBHUX CTPYKTYPHHUX DIIIeHb y CKIAJHUX 0araTOBUMIpHHX MPOCTOpax MapaMeTpiB 0e3
KOPCTKHX MPUITYLIEHb M0A0 (popMH (PYHKILT SIKOCTI.

OpHUM 13 MEPCHEeKTUBHUX HAMpPSMIB PO3B’S3aHHS 3a3HAU€HOI MPOOJIEMH € BUKOPUCTAHHS EBOJIOLIMHUX
QITOPUTMIB, 30KpEMa ICHETHYHHX aJTOPUTMIB, SIKi 0a3yIOTHCSI Ha MIPUHIIMIIAX TPUPOIHOTO T000PY Ta JTO3BOJISIOTH
e(EKTUBHO HOCII/PKYBaTH MPOCTIP MOXIUBHX apXiTEKTyp HEHPOHHUX MEPEK. 3aCTOCYBaHHS TCHETHYHHX ajro-
PHUTMIB CTBOPIOE ITEPESAYMOBH LIS aBTOMATU30BAHOTO CHHTE3Y apXiTEKTypH 3rOPTKOBUX HEHPOHHHUX MEPEXK, aaar-
TOBAHOI JI0O KOHKPETHUX YMOB 3aJiadi Kiiacudikallii 300paxeHb, 3 ypaxyBaHHSIM BHUMOT JIO TOYHOCTI, CTIHKOCTI Ta
y3arajbHIOBAIBHOT 3IaTHOCTI MOJICIICH.

TakuM 9UHOM, aKTyalbHOIO € HAyKOBO-TIPHKJIAIHA 3aa9a PO3pOOIICHHS Ta IO CTiHKEHHS TEHETHIHOTO aJro-
PUTMY JUTSL OTITUMI3AIl] apXiTEKTYPH 3rOPTKOBUX HEHPOHHUX MEPEXK, 31aTHOTO MiABUIIUTH ¢()EKTUBHICTD KIIacH-
¢ikamii 300paxeHs, 0cOOINBO MPU POOOTI 3 peaTbHUMH JAHUMH, Ta 3MCHIINTH 3aJCKHICTh SKOCTI PE3yNIbTaTiB BijJ
Cy0’€eKTHBHOTO BHOOPY MapameTpiB po3pOOHUKOM.

AHaJi3 ocTtaHHiX gocaigxeHb i myOmaikamiii. AHai3 OCTaHHIX JOCITIJUKEHb 1 MyOmiKamid CBiIYUTH, 11O
BIIPOJIOBXK OCTAHHIX POKIB 3HAUHA yBara HayKOBIIIB 30CEPEIPKCHA HA PO3BUTKY METO/IiB NIMOMHHOTO HABYAHHS ISl
3a/1a4 KOMIT IOTEPHOTO 30Dy, 30kpeMa kiacudikamii Ta posmisHaBaHHS 300pakeHb. ba3oBi MpUHLMIHN MOOYI0BH
3TOPTKOBUX HEHPOHHUX MEPEX 1 iX epeKTUBHICTh y IMUPOKOMY CIIEKTPI MPHUKIAIHUX 33a]a4 JCTATbHO BUCBITICHI
B (pyHmameHTanpHii podoti LeCun Tta in. [1], 1e mokazaHo, 10 DIMOMHHI HEWPOHHI MEPEXki 3aTHI aBTOMATHYHO
(hopMyBaTH i€papXiuHi 03HAKHU 3 JaHUX, 320€3MCUYIOYH BUCOKY TOUHICTh KJIaCH(iKaIlii.

ITomanbmuii pO3BUTOK 3rOPTKOBUX HEUPOHHUX MEPEX MOB’si3aHui i3 podororo Krizhevsky Ta iH. [2], y sKiit
BIIepie OyJio MPOJEMOHCTPOBAHO CYTTEBUM MPOPHUB y 3ajadi Kiacudikarii 300pakeHb 32 JOIMOMOTOK TIHOOKOT
3TOPTKOBOI apXiTeKTypH. Pe3yIbTaTi 1[b0T0 AOCTIIKSHHS MiATBEPANIN BU3HAYAIBHY POJIb apXiTeKTypH HEHPOHHOT
MEpEeXKi y JOCATHEHHI BUCOKOT TOUHOCTI Ta CTHMYJIFOBAIA aKTUBHI JIOCITI/DKEHHS, CIIPSIMOBaH1 Ha MOIYK S()eKTHB-
HUX CTPYKTYPHUX PIIlIeHb JUIS Pi3HUX KJIAciB 3aad.

Pa3zoM i3 THM, IPOEKTYBaHHS apXiTEKTypH HEHPOHHUX MEPEX TPAAUIIIHO 3aIUIIAETHCS CKIAIHUM 1 TPY-
JIOMICTKUM TiporiecoM. KitacudHi mijxoam 0 onTHMi3aiii mapameTpiB Mepexi 4acTo IPYHTYIOThCS Ha PYYHOMY
nig0opi abo JOKaTbHUX METO/aX ONTUMI3allii, 10 He T03BOJIslE €(PEKTUBHO JOCTIKYBATH MPOCTIP MOXKIUBHX apXi-
TEKTYp. Y LIbOMY KOHTEKCT1 OCOOIUBY yBary MpUBEepTaOTh €BOJIOLIIHI aITOPUTMHU, TEOPETHYHI OCHOBHU SIKUX OyiIH
3akuazieni B po6oti Holland [3]. [eneTnuHi anroput™u, 1o iMIiTyIOTh MEXaHi3MU IPUPOIHOTO J000PY, MPOAEMOH-
CTpPYyBaJIM 3/1aTHICTh 3HAXOAUTH €()EKTUBHI PIIIEHHS B YMOBAaX CKJIQAHUX 0araTOBUMIpHUX MPOCTOPIB apaMeTpiB.

[NomanpImii pO3BUTOK ie# €BOMIOLIITHOT ONTUMI3alii HEHPOHHUX MEPEK MPEICTaBICHO B poOoTi Stanley Ta
Miikkulainen [4], e 3ampOIIOHOBAHO TiIX1T IO €BOOLIHHOTO CHHTE3Y TOIOJIOTIH HEHPOHHUX Mepex. ABTOpaMH
MTOKa3aHo, 1[0 CBOMIOLIHHE HAPOITYBAHHS CTPYKTYPH MEPEXi JO3BOJISIE OTPHUMYBATH apXiTEKTYPH 3 TIOKPAIICHIMHA
y3arajibHIOBAJIBHUMH BIIACTHBOCTSMH 0€3 )KOPCTKUX 00MEKEHb Ha MOYaTKOBY KOH(]Irypartiro.

besnocepenHe moeHaHHS 3rOPTKOBUX HEMPOHHUX MEPEXK 1 TEHETUYHHUX aJTOPUTMIB PO3IISIHYTO B poOOTi
Xie Ta Yuille [5], ne 3ampomonoBano minxin Genetic CNN, 1o 103BosIsie aBTOMATH3yBaTH MOIIYK apXiTEKTyp 3ropT-
KOBHX HEHPOHHHMX MEpeX. Pe3ynbTaTé MOCTiHKEHHS AEMOHCTPYIOTh €(EKTHBHICTD CBONIOLINHUX METOMIB IS
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ONITHMI3aLlil CTPYKTYPH MEPEX Y 3aJadax KOMIT FOTEPHOTO 30py Ta MiATBEPAXKYIOTh IEPCIEKTUBHICTh TAKOTO Mijl-
XOJIy TIOPIBHSTHO 3 PYYHUM NPOEKTYBAHHIM apXiTEKTYD.

Y3arajgbpHEHHS Cy4acHHUX ITiXO/iB 10 aBTOMATH30BAHOTO MMPOEKTYBAHHS HEHPOHHUX MEPEkK HABEACHO B OIJIsI-
noBiit poboti Elsken Ta in. [6], e po3rismaroreest Metoau Neural Architecture Search, BkiTto9aroun eBOIOIINHI,
rpajieHTHI Ta KOMOIHOBaHI MiAXOAU. ABTOPU BiJ3HAYalOTh, IO €BOJIOLIIHI aJrOPUTMH 3aJIMIIAIOTHCS OAHUM i3
HAHOUTBIIT YHIBEpCATBHUX IHCTPYMEHTIB JUIsl ONTHMI3aIlii apXiTeKTypH HEHPOHHHUX MEpPeXk, OCOOIUBO y BUMAIKAX,
KOJIH IIJTh0Ba (DYHKIIIS € CKIIQJHOI0 a00 Heru(epeHIiHOBHOIO.

B poGori [7] 3anponoHoBaHUNA TAX1A JUIS TOKPAIICHHS pO3Mi3HABAHHS CTPYKTYPOBAHOTO TEKCTY, IUISIXOM
iHTerpanii HeiiporHoi Mepexi YOLO 3 texnomoriero OCR, 110 3Ha4HO TABHITIIO ¢(DEKTUBHICTh CHCTEMH PO3ITi3-
HaBaHHSI TEKCTY, 3a0e31euyrouu OiIbII TOUHE BUSIBICHHSI TEKCTOBUX 00 €KTIB JUTS X IMOJANBIIOTO PO3ITi3HABAHHSL.

TaknMm 4nHOM, aHAJIi3 CyJacHUX HAyKOBHX ITyOITiKaIliif MoKasye, o Xoua 3rOPTKOBI HEHPOHHI MEpesKi MIHUPOKO
3aCTOCOBYIOTHCS B 33jauax Kiacudikamii 300pakeHb, MpodIeMa aBTOMATH30BAaHO! OoNTHMIi3amii iX apxiTekTypu
3aJIMIIAETHCS AKTyanbHOIO. L{e 00yMOBIIOE HOIMIIBHICTS MOAATBIINX JOCHIKEHb, CHIPSIMOBAHUX Ha PO3POOICHHS
TEHETUYHUX aJTOPUTMIB JUIS ONTHUMi3alii apXiTeKTypu 3rOPTKOBUX HEHPOHHUX MEPEX 3 METOIO MiJBHIIECHHS IX
e(heKTUBHOCTI IpU poOOTi 3 pealbHUMH JaHUMHU.

MeTta cTatTi: po3pOOICHHS Ta JOCIHIIKCHHS T€HETUYHOTO AJITOPUTMY JJIsI aBTOMATH30BaHOI ONTUMI3aIlii
apXiTEKTypH 3rOPTKOBHX HEHPOHHUX MEPEXK y 3a7auax kiacuikaiiii 300pakeHb, a TAKOXK y MPOBEICHHI SKCIIePH-
MEHTAJIbHOT OIIHKK BIUTMBY €BOJIOIIIHOT ONTHMI3allil CTPYKTYPHUX MapaMeTpiB HEHPOHHOT MEpeXi Ha TOYHICTh
KJIacH(iKarii mpu poOOTi 3 TECTOBUMH Ta PEaTbHUMH JJAHUMH.

Bukaan ocHoBHOro matepiaay. OcoOIMBOCTI 3aCTOCYBaHHS 3TOPTKOBHX HEHPOHHHX MEPEX IS iHTe-
JIEKTYyaJIbHOTO aHalli3y 300pa)keHb. 3rOPTKOBI HEHPOHHI MEPEkKi € OTHUM i3 0a30BHX THCTPYMEHTIB Cy4acHOTO
KOMIT'FOTEPHOTO 30py Ta iHTEIeKTya bHOTO aHaTi3y 300pakeHb. IX IMpoKe 3aCTOCYBaHHS 3yMOBJIEHE 31aTHICTIO
ABTOMATHUYHO BUSBIIATH IMPOCTOPOBI Ta i€papXivHi 03HAKK 0e3 HeOOXiAHOCTI pydyHOTO (POPMYBaHHS JECKPHUIITO-
piB. Ha BinMiHy BiJl KITACHYHHX METOJiB 00pOOKH 300pakeHb, 0 0a3yrOThCs Ha (GikcoBaHUX (PiIBTpax i eBpHUC-
TUYHMX IpaBHUJIaX, 3TOPTKOBI HEHPOHHI Mepexi 3a0e3NMedyloTh aJalNTHBHE HABYaHHS O3HAK Oe3MocepesHbO
3 JJlaHUX, [0 JI03BOJIs€ €(PEKTUBHO MPAIIOBATH 3 PI3HOMAHITHUMH TUIIAMHU 300pakeHb Ta CKJIAJHUMH YMOBAMH
3HOMKHU.

InTenexTyanbHuil aHani3 300pakeHb nepeadadae BUPILICHHS TaKUX 3ajady, AK Kiacudikalis, cerMeHTalis,
BUABJICHHS 00’ €KTIB Ta pO3ITi3HABaHH: Bi3yaJbHUX ATEPHIB. Y MeXKax IMX 3a/]a4 3rOPTKOBI HEHPOHHI MepPEXi BUKO-
PHUCTOBYIOTH IIPUHIIMIT JOKATEHUX PEIENTHBHUX ITOJIIB, BIIIIOBIIHO IO SKOTO KOXKEH HEUPOH 00po0IIsie rre ooMe-
JKEHY JIIJITHKY BXIJTHOTO 300pakeHHs. Takuil mijxix A03BOJISE€ 3HAYHO 3MEHIIUTH KUIBKICTh MapaMeTpiB MOJENI,
3HHM3UTH OOUYHUCITIOBATIbHY CKJIAIHICTh Ta 3a0€3IeYHTH 1HBAPIaHTHICTH JIO 3CYBIB 1 MacmTaOyBaHHS 00’ €KTIB.

TuroBa apXiTeKTypa 3rOpTKOBOi HEHPOHHOT MepeXi CKIAJa€eThCs 31 3rOPTKOBUX IIApiB, IIapiB arperamii
(subsampling a6o pooling) Ta MOBHO3’€THAHUX IIAPIB. 3TOPTKOBI MIAPH BIAMOBIIAIOTH 32 BUAUICHHS JIOKAJIBHUX
03HAK, TAKHX SIK Kpai, KOHTYpH Ta TEKCTYPH, TOI SK Ha O1TbIT NTHOOKHX PiBHAX (POPMYIOTHCS CKIIQAHIII a0CTPaKTHI
MIPEJICTAaBIEHHSI, 1110 BiIMOBIIAIOTh OKpeMUM 00’ ekTam abo iX yactuHaM. [1lapu arperaiiii 3MEHIIYIOTh IPOCTOPOBY
PO3MIPHICTh O3HAK, MiIBUIYIOTh CTIHKICTh MEPEsKi 10 LIyMiB i 3MEHIIYIOTh PU3UK MepeHaBdaHHs. [10BHO3 € 1HAHI
LIapH IHTETPYIOTh BUAICHI O3HAKU Ta ()OPMYIOTh (piHATIBbHE PIIIEHHS 00 KIacy 300pakeHHS.

EdexTuBHICTD 3aCTOCYBaHHS 3TOPTKOBUX HEMPOHHUX MEPEk 3HAYHOIO MipOIO 3aJIeKUTh B BUOOPY iX apxi-
TekTypH. KibkicTh mapiB, 4uciio HEUPOHIB y KOXKHOMY LIapi, pO3MipH 3rOpTKOBUX (UIBTPIB 1 ciocoOu arperarii
0e3rmocepeTHbO BILUTMBAIOTH HA 3[aTHICTh MEPEXKi 10 y3arallbHEHHsI Ta 11 MPOAYKTHBHICTH IIPHU POOOTI 3 pealbHUMU
nannmu. Hepnamo mimiOpaHa apxiTekTypa MO)Ke IPHU3BOAMUTH 110 MEpeHAaBYaHHs a00, HABIAKH, 1O HEIOCTaTHHOI
CKJIQJTHOCTI MOJIEITi, IO 3HUXKYE TOUHICTh KilacH(ikarii.

Oco0mrBoT aKTyallbHOCTI I MpoOiieMa HaOyBae B 3ajlauax aHaji3y peaJlbHUX 300paXKeHb, K1 XapaKTepH3y-
FOTHCS HASBHICTIO IITYMIB, BapIaTUBHICTIO OCBITIICHHS, PI3HUMHU MacIiTabamMu 00’ €KTiB Ta HETIOBHOTOX HABYAIbHUX
BHOIpPOK. ¥ TakuX yMOBax apXiTeKTypa, IO JEMOHCTPY€E BHCOKI NTOKa3HUKH Ha TECTOBUX JAHHUX, MOXE BTpadaTH
e(peKTHUBHICTb NPH MPAKTUIHOMY 3aCTOCYBaHHI. Lle 3yMOBIIO€ HEOOXiTHICTE BUKOPHUCTAHHS METOMIB aBTOMATH30-
BaHOI ONTHUMI3aIli] apXiTEeKTYpH 3TOPTKOBUX HEHPOHHUX MEPEXK.

OHUM 13 TIEPCIIEKTUBHUX MMiIXO0/IiB IO BUPILICHHS i€ 3a/1a4i € 3aCTOCYBaHHS €BOJIFOLIHHUX allTOPUTMIB, SKi
JI03BOJISIFOTH 3/11HCHIOBATH IIO0ATBHUHN MOUTYK €(DEKTUBHUX apXiTEKTyp y 0araroBUMipHOMY IMPOCTOPI HapaMeTpiB.
[ToeqHaHHS 3rOPTKOBUX HEUPOHHUX MEPEK 3 TEHETUYHUMHU aJITOPUTMAMU CTBOPIOE MOXJIMBICTH aBTOMAaTU30BAHOTO
CHHTE3y CTPYKTYp MEpEexk, aJlallTOBaHUX 10 KOHKPETHUX YMOB 3aJ/iadui IHTEICKTYyaJIbHOTO aHaNTi3y 300pa)KeHb, 10
ITiJIBUIIY€ TOYHICTH Kacu]ikallii Ta CTIHKICTh MOJENEH IO 3MiH BXiJTHUX JIAHUX.

Hwmxue HaBeneHO NpUKIIaA peatizallii 3ropTKoBOi HEHPOHHOI Mepexi s Kiacudikaiii 300paskeHb 3 BUKO-
pUCTaHHAM MOBH TporpamyBaHHs Python Ta BucokopiBHeBoro iHTepdeiicy Keras, sikuii (yHKIIOHYE MOBEpX
obuuncioBaiibHOTO PpeiimBopky TensorFlow:

Onuc reHeTHYHOro AJrOPUTMY ONTHMI3anii apxitekTypu. [lJi1 aBTOMaTH30BaHOTO TIONIYKY €(heKTHBHOT
apXITEKTypH 3TOPTKOBOI HEHPOHHOT MEpexki y JaHOMY JIOCHIHKEHHI BHKOPHUCTOBYETHCSI TCHETHUHUIN aJIrOPUTM,
SIKAH TO3BOJISIE 3A1HCHIOBATH CBOIOIIIITHY ONTUMI3allif0 CTPYKTYPHHX ITapaMeTpiB Moaeni 6e3 HeoOXiAHOCTI aHai-
THUYHOTO OIHCY 3aJICKHOCTI MK apXiTEKTypOIO Ta SKICTIO Kiacuikariii.
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In [23]: import numpy as np
import random
import matplotlib.pyplot as plt
from tensorflow.keras.models import Sequential
from tensorflow.keras.layers import ConvZD, MaxPooling2D, Dense, Flatten

3aBaHTa)XXeHHs Habopy AaHUX ONs TPeHYBaHHA Mmoaeni

In [7]: X train = np.loadtxt('input.csv', delimiter = ',')
Y train = np.loadtxt('labels.csv', delimiter = ',')

X test = np.loadtxt('input test.csv', delimiter = ',')
Y test = np.loadtxt('labels test.csv', delimiter = ',')

In [20): X train = X_train.reshape(len{X_train), 100, 100, 3)
Y train = Y train.reshape(len(¥_train), 1)

X test = X test.reshape(len(X_ test), 100, 100, 3)
Y test = ¥ test.reshape(len(¥_ test), 1)

X_train = X_train/255.0
X _test = X test/255.0

In [14]: print("Shape of X_train: ", X_train.shape)
print(“sShape of ¥ _train: ", ¥_train.shape)
print(“Shape of X test: ", X test.shape)
print("Shape of Y test: ", Y test.shape)

Shape of X train: (2000, 100, 100, 3)
Shape of Y_train: (2000, 1)

Shape of X test: (400, 100, 100, 3)
Shape of ¥ test: (400, 1)

In [28]: idx = random.randint(0, len(X_train))
plt.imshow(X_train[idx, :])
plt.show()

Puc. 1. Peani3aiist 3ropTkoBoT HEHPOHHOT MepeKi Jjisl Kitacudikailii 300pakeHb

[eHeTHUHMI anTOPUTM PO3TIISIAE MHOKHHY MOKIIHBHX apXiTEKTyp HEHPOHHHUX MEPEK SK TMOMYIIAIII0 0COo-
oun P = {a, a,, ..., a,}, 1€ KOXKHAa 0COOMHA @, BI/INIOBIIa€ OKPEMIili apXiTEKTypi 3rOPTKOBOI HEWPOHHOI MEPEXKI,
a N — po3mip MmomyJsiii.

ApXiTeKTypa HEHPOHHOI MepexXi MONAEThCS y BHUINISAAI XPOMOCOMH, SKa CKIIAAEThCs 3 HAOOpY TeHiB:
a=(g, 8y oeon g,) /1 KOXCH I'tH g, KOJIy€ NeBHHiA CTPYKTYpHHII IapameTp MEpexi, 30KpemMa:

* KUIBKICTh 3TOPTKOBHX IIAPIB;

* KIUTBKICTH (DUIBTPIB Y KOXKHOMY 3rOPTKOBOMY IIIapi;

* pO3Mip siApa 3TOPTKH;

* [apaMmeTpH mapy CyOIuCKpeTH3allii;

* KUIBKICTh HEHPOHIB Y TIOBHO3  €JTHAHOMY IHapi.

Take monanHs 3a0e31euy€e MOXKIIMBICTD €BOIOIIMHOT MO (IKAIIT apXiTEeKTypH NMPH 30epekeHHi ii CTpyKTyp-
HOT KOPEKTHOCTI.

Jln1st OIiHIOBAaHHS SIKOCTI KO’KHOI OCOOMHHN BHKOPHCTOBYETHCS (DYHKIIISI TPUCTOCOBAHOCTI, 110 0a3yeThes Ha
TOYHOCTI Kyacu(ikarlii HeHpoHHOI Mepeski Michas HaBYaHHS Ha HaBdanbHil BHOipui. @opmanbHO (YHKIS HpH-
CTOCOBAHOCTI BU3HAYA€Thes K F(a,)) = Acc(a,), ne Acc(a,) — TOUHICTh Knacudikallii MEpexi 3 apXiTeKTypoOro @, Ha
BaJianiifHiil abo TecToBii BUOIpPIII.

V mponeci eBOMIONii MAKCHMI3Y€ThCS 3HA9€HHS (yHKIIi IPUCTOCOBAHOCTI @ = arg max F(a)..

Ha k0oXHOMY MOKOJIIHHI TeHETHYHOTO aJTOPUTMY 3IHCHIOETHCS BiIOIp OCOOMH 13 HAHBUIIMMU 3HAUCHHIMH
¢yHKIii mprcTocoBaHOCTI. BimiOpaHi apXiTEeKTypH BUKOPHCTOBYIOTBCS il (POPMYBAHHS HOBOTO TOKOJNIHHS 32
JIOTIOMOTOFO OTIEpaTOPiB CXPEIyBaHHS Ta MyTallii.
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KoHdirypauis Ta TpeHyBaHHA mogeni

In [30]: model = Sequential((
Conv2D(32, (3,3), activation = 'relu’, input_shape = (100, 100, 3)),
MaxPooling2D((2,2)),

Conv2D(32, (3,3), activation = 'relu'},
MaxPooling2D((2,2)),

Flatten(),
Dense(64, activation = 'relu'),

Dense(l, activation = 'sigmoid')
1

In [31]: model = Sequentialf()

model.add(Conv2D(32, (3,3), activation = 'relu', input shape = (100, 100, 3)))
model .add (MaxPooling2D((2,2)))

model .add(Conv2D(32, (3,3), activation = 'relu'})
model.add (MaxPooling2D((2,2)))

model.add(Flatten())
model.add{Dense(64, activation = 'relu'))
model.add(Dense(1l, activation = 'sigmoid’))

In [32]: model.compile(loss = 'binary crossentropy', optimizer = 'adam’', metrics = ['accuracy'])

In [32]: model.compile(loss = 'binary crossentropy', optimizer = 'adam', metrics = ['accuracy'])

In [34]: model.fit(X train, Y train, epochs = 5, batch size = 64)
Epoch 1/5
32/32 | ] - 30s 934ms/step - loss: 0.3599 - accuracy: 0.8475
Epoch 2/5
32/32 | ] - 295 911lms/step - loss: 0.2853 - accuracy: 0.8800
Epoch 3/5
32/32 | 1 - 30s 946ms/step - loss: 0.2196 - accuracy: 0.9160
Epoch 4/5
32/32 | ] - 32s 994ms/step - loss: 0.1694 - accuracy: 0.9395
Epoch 5/5
32/32 | ] - 308 931ms/step - loss: 0.1247 - accuracy: 0.9610

Out[3d4]: <keras.callbacks.History at Oxlde37b90B50>

In [35]: model.evaluate(X_test, Y_test)

13713 | ] - 48 149ms/step - loss: 0.9762 - accuracy: 0.6550

Out[35]: [0.9762333631515503, 0.6549999713897705]

TecTt mogeni Ha peanbHUX AaHUX

In [43]: idx2 = random.randint(0, len(¥ test))
plt.imshow(X_test[idx2, :])
plt.show()

y_pred = model.predict(X_test[idx2, :].reshape(l, 100, 100, 3))
y pred = y pred > 0.5

if(y_pred == 0):
pred = 'dog'
else:
pred =

cat’

print({"Our model says it is a :", pred)

Our model says it is a : dog

Puc. 2. Kondiryparis, TpeHyBaHHS Ta TeCTyBaHHS MOJIEINI Ha pealbHUX JTaHUX
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OmnepaTop CXpellyBaHHS Peali3yeTbCs MUIIXOM OOMIHY YaCTHHAMH XPOMOCOM MiX JIBOMa OaTbKiBCHBKUMH
ocobunamu: a,, = Crossover(a ), IO JI03BOJISIE MOEJHYBATH CTPYKTYPHI XapaKTEepUCTHKH PI3HUX apXi-
TEKTYP.

Orneparop MyTauii Mojsrae y BHUIAJKOBIH 3MiHI 3HAYE€Hb OKPEMHX T€HIB 3 MAIOK WMOBIPHICTIO p :

rand(G,), iMOBIpHICTb — p,,

parent, > parent

0= . , e rand(G,) — BUNAJKOBE JIOMYCTHME 3HAUCHHSI BIIMOBITHOTO apamMeTpa.
g, iHaKe g

MyrTarnisi cpusie TiATPUMAHHIO PI3HOMAHITHOCTI TOMYJALIT Ta 3MEHIIYE HMOBIPHICTB MepeAYacHoi 301KHO-
CTi QITOPUTMY [0 JIOKAJILHOTO ONITHMYMY.

EBomoniiitauii ipouiec TpuBae mpotsaroM (ikCoBaHOT KUTBKOCTI OKONiIHE a00 10 TOCATHEHHS 3aJaHOTO 3Ha-
YeHHS (PYHKIII{ IPHCTOCOBAHOCTI. Y pe3yibTari poOOTH TeHETUIHOTO alrOPUTMY (DOPMYETHCS apXiTEeKTypa 3ropT-
KOBOI HEMPOHHOI Mepexi, SKa JIEMOHCTPYE MOKPAIICHI TTOKa3HUKH TOYHOCTI Kiacudikaiii MOpiBHSIHO 3 IMOYaTKO-
BHAMH 200 BPYUHY CHPOEKTOBAHUMH MOICIISIMH.

Hagenemo peaizaiiito reHETUIHOTO AJITOPUTMY JIUTsl ONTHMI3aIlii apXiTEKTYPH 3TOPTKOBUX HEMPOHHUX MEPEK.

In [7]: elass CNN(Sequential):
def init (self,nfilters,sfilters):

super()._ init ()

tensorflow.random.set_seed(0)

self.add(Conv2D(nfilters[0],kernel_size=(sfilters[0],sfilters[0]),padding="same’', activation="relu’,
input_shape=(112,92,1)))

self.add(MaxPooling2D(pool_size=(2,2),strides=(2,2)))

self.add(Conv2D(nfilters([l],kernel size=(sfilters[1l],sfilters[1]),padding='same’', activation="relu'))

self.add(MaxPooling2D(pool_size=(2,2),strides=(2,2)))

self.add(Conv2D(nfilters[2],kernel size=(sfilters[2],sfilters[2]),padding="same',activation='relu'))

self.add(MaxPooling2D(pool size=(2,2),strides=(2,2)))

self.add(Flatten())

self.add(Dropout(0.3))

self.add(Dense(512,activation="relu'))

self.add(Dense(40,activation='softmax’))

self.compile{optimizer="adam',loss='categorical crossentropy’',metrics=['accuracy'])

Puc. 3. JlictuHr Koy apXiTeKTypH 3ropTKOBOI HEHPOHHOT MepeKi

ITo 3aBepIeHHIO BUKOHAHHS aJTOPUTMY MOXKEMO OLIIHUTH TOUHICTH PO3Ii3HABAaHHS 300pa)kCHb:

I'enernynuii anropuT™ 3aIyckaBcs 3 TAKUMU [TapaMeTpaMU:

BpaxoByroun cToxacTHUHHIH XapakTep iHiliani3anii mapamMeTpis HelfpoHHOT Mepeki y cepenosuii TensorFlow,
MaKCUMallbHa TOYHICTh KiIacudikalil Ha peaJlbHUX JaHUX CTaHOBWIIA MPpUOIU3HO 97,5 %, 10 MPOLTIOCTPOBAHO HA
rpadiky.

Ha puc. 7 300paxeHno auHamiky 3MiHM QyHKIIT IPUCTOCOBAHOCTI 3aJI€KHO BiJl HOMEpa [TOKOJIIHHS T'eHEeTHY-
HOTO IropuTMy. B sSIKOCTI IMOKa3HUKA IPUCTOCOBAHOCTI BUKOPHCTAHO TOYHICTH Kiacudikarii. OTpuMaHi pesyib-
TaTH JIEMOHCTPYIOTh €(EKTHBHICTh €BOJIOIIHOTO TOIIYKY, OCKIJIBKH 31 301JbIICHHSIM KITBKOCTI TOKOJIHB CITO-
CTEpIraeThCs cTajie 3pOCTaHHS 3Ha4YeHHS fitness Ta JOCSATHEHHS OJIM3BbKOTO J0 ONTUMAILHOTO PIBHS BXKE MPOTITOM
MIEPIINX JICCATH ITOKOJIiHb.

[Ticns mecsTH TOKOJiHB €BOJIOIIIHOT ONTUMI3aIlli TEeHETHYHUM aJTOPUTMOM OyJio 3HaWICHO apXiTeKTypy
3TOPTKOBOi HEHPOHHOI MEpeXi 3 MIiCThMa ONTUMI30BAaHUMH IIapaMu (0e3 ypaxyBaHHS BXiIHOTO IIapy), IS SIKUX
KIUTbKiCTh HEMPOHIB JopiBHIOBaNIA 66, 40, 88, 3, 1 Ta 1 BignoBigHO.

BucHoBku. Y po0oTi peanizoBaHO 3rOPTKOBY HEHPOHHY Mepexy s 3ajaadi kinacudikarii 300pakeHb Ta
MIPOBEICHO eKCIIEPUMEHTANIbHY OLIIHKY 11 e(DeKTHBHOCTI Ha TECTOBHX 1 peasibHuX AaHux. s 6a30Boi Moaeni apxi-
TEKTypa HeHpOoHHOI Mepexi Oyina chopMoBaHa PO3POOHUKOM Ha OCHOBI €MIIPUYHUX MIpKYBaHb, IO TO3BOJIHIO
JOCSTTH BHCOKOI TOUYHOCTI KiacH]ikallii Ha TeCTOBii BUOIPII, OHAK BUSBUIIO CYTTEBE 3HMIKEHHS TOUHOCTI MpH
POOOTI 3 peabHUMH JaHUMH.

VY Mexax JOCHIIKCHHS peasli3oBaHO I'CHETHYHHH alTrOPUTM JJIsl aBTOMATH30BAHOI ONTHMI3allii apXiTek-
TYPH 3rOPTKOBOT HEHPOHHOI Mepexi. 3aIpOITOHOBaHUH aTOPUTM 3a0e3Medye eBONIOMINHIN MOITYK e(heKTHBHUX
CTPYKTYPHHUX KOH(DIryparliif MIssxoM ONTHMI3allii KUTbKOCTI 3TOPTKOBUX 1 TIOBHO3’ €JHAHUX I1apiB, YUCIIa HEHPOHIB
Y KOXKHOMY IIapi, & TAKOXK KUTBKOCTI Ta pO3MIpiB 3rOPTKOBUX (PUIBTPIB. Y MPOIIEC] EBOIIOIIT TPOTITOM JCCITH IMTOKO-
JIiHB OYJIO OTPUMAHO apXiTeKTypy 3rOpPTKOBOT HEWPOHHOI MEpexi 3 MOKpaleHUMH y3arajlbHIOBAJILHUMH BIaCcTH-
BOCTSIMH.

[NopiBHsIBHUH aHATI3 pe3ysIbTaTiB KiIacu(ikallii mokasas, 0 3rOpTKOBa HEHPOHHA MepeXka 3 apXiTeKTypOIo,
OTITHMI30BaHOIO 32 JOIIOMOT0I0 PO3POOIECHOTO TEHETHYHOTO ANTOPUTMY, 3a0€3Medye CyTTEBE MiBUICHHS TOUHOCTI
mpu poooTi 3 peabHIMH TAHHMH. 301<peMa TOYHICTh Kiacudikarii 3pocia 3 65 % s 6a30Boi apx1TeKTypH bito)
97-99 % nnst oNTUMI30BaHOI MOAETI, IO CBIAYUTH PO BUCOKY €(hEeKTUBHICTh 3aCTOCYBAHHS €BOJIIOIIMHOT ONTHMI-
3awii CTPYKTYpHU HEMPOHHOT Mepexi.

IMomanpiri goCiiKEHHS JOLUIBHO CIPSAMYBATH Ha PO3IIUPEHHS (QYHKLIOHATIBHUX MOXIIMBOCTEN po3poliie-
HOTO TEHETUYHOTO AJTOPUTMY HUITXOM BKJIIOUCHHS OaraToKpUTepiallbHOI ONTHMi3alii, 30KpeMa 3 ypaxyBaHHIM
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In [22]: class Genetic:

def init (self,pop size,nlayers,max nfilters,max sfilters):
self.pop _size = pop _size
self.nlayers = nlayers
self.max nfilters = max nfilters
self.max sfilters = max sfilters
self.max_acc = 0
self.best arch = np.zeros((1,6))
self.gen acc = []

def generate population(self):
np.random.seed(0)
pop_nlayers = np.random.randint(l,self.max _nfilters, (self.pop size,self.nlayers))
pop_sfilters = np.random.randint(l,self.max_sfilters,(self.pop_size,self.nlayers))
pop_total = np.concatenate((pop nlayers,pop sfilters),axis=1)
return pop_total

def select_parents(self,pop,nparents,fitness):
parents = np.zeros((nparents,pop.shape[l]))
for i in range(nparents):
best = np.argmax(fitness)
parents[i] = pop[best]
fitness[best] = -99999
return parents

def crossover(self,parents):
nchild = self.pop_size - parents.shape[0]
nparents = parents.shape[0]
child = np.zeros((nchild,parents.shape([1]))
for i in range(nchild):
first = i % nparents
second = (i+l) % nparents
child[i,:2] = parents[first][:2]
child(i,2] = parents[second][2]
child(i,3:5] = parents[first][3:5]
child([i,5] = parents[second][5]
return child

def mutation(self,child):
for i in range(child.shape[0]):
val = np.random.randint(1,6)
ind = np.random.randint(1,4) - 1
if child{i][ind] + val > 100:
child[i][ind] -= val
else:
child[i][ind] += val
val = np.random.randint(1,4)
ind = np.random.randint(4,7) - 1
if child[i][ind] + wval > 20:
child[i][ind] -= val
else:
child[i][ind] += val
return child

def fitness(self,pop,X,Y,epochs):

pop_acc = []

for i in range(pop.shape[0]):
nfilters = pop[i][0:3]
sfilters = pop[i][3:]
model = CNN(nfilters,sfilters)
H = model.fit(X,Y,batch size=32,epochs=epochs)
acc = H.history['accuracy')
pop_acc.append(max(acc)*100)

if max(pop_acc) > self.max acc:
self.max _acc = max(pop_acc)
self.best_arch = pop[np.argmax(pop_acc)]

self.gen_acc.append(max(pop_acc))

return pop_acc

Puc. 4. Peanizalisi reHETUYHOTO aJITOPUTMY VISl ONTHUMI3allii apXiTEKTypH 3ropTKOBOT HEHPOHHOT Mepexi

HE JIMINE TOYHOCTI KIIacH(iKallii, ajie i 0OYMCIIIOBaIbHOI CKIAIHOCTI, Yacy HaBYaHHS Ta 00CATY BUKOPHCTAHUX
pecypcis.

[TepcieKTUBHUM HampsIMOM € aJarTallisi 3aIpOIOHOBAHOTO MiIXOAY 0 1HIIMX 33734 KOMI IOTEPHOTO 30DY,
TakKdX SIK BUSIBJICHHS 00 €KTIB 1 CEIMEHTALlisl 300pakeHb, a TAKOXK MOCITIUKEHHS HOro e(heKTHBHOCTI IPH PoOOTi
3 O1IBIIMMHY Ta ORI PI3HOPIAHUMH HAOOpaMU peasbHUX JTaHHX.

JIOIIITBHUM € TAaKOXX JOCHIPKCHHS MOXKIMBOCTI MO€AHAHHS T€HETUYHOTO aJTOPUTMY 3 IHIIUMH METOJaMHU
aBTOMAaTU30BAHOTO MPOEKTYBaHHS HEHPOHHUX Mepex, 30kpeMa migxogamu Neural Architecture Search, mo moxe
3a0e3MeunTH MoJabLIe MiABUILEHHS €(EeKTUBHOCTI Ta CTa0lIbHOCTI pe3yibTaTiB
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Puc. 5. TouynicTh po3nizHaBaHHs 300paKEHb ONTHMI30BaHOIO 3rOPTKOBOIO HEWPOHHOIO MEPEIKEI0
3a JIONIOMOTOI0 TEHETUYHOTO aJITOPUTMY

Individuals Per Population 10
Number of Generations 10
Maximum No. Of Filters 100
Maximum size of Kemels 20
No. Of Parents and Children 5 each

Puc. 6. [Tapamerpu iHiniamizamnii reHETUYHOTO AJITOPUTMY
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Puc. 7. luramMiky 3MiHH (DYHKIIT IIPUCTOCOBAHOCTI 3QJICXKHO BiJI HOMEpa MOKOIIHHS TCHETUYHOTO aJTOPUTMY
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METOJ ®OPMYBAHHSA I'PYII A/B-TECTIB 13 MIHIMAJIBHUM B3A€MHHUM BIVINBOM
I3 3BACTOCYBAHHSAM AJITOPUTMY CTOEPA-BATI'HEPA

Y ecmammi pozenaoaromucs cyvacui memoou (HopmysaHHs excnepuMeHmanvHux epyn 0as A/B-mecmis v yughposux
APOOYKMAX 3 YPAXYEAHHIM MIHIMI3ayil 63a€MHO20 BNAUGY MIdC YuacHukamu ma 3anobieanus spillover-epexmam. Ipobnema
HEKOHMPOIbOBAHOT 83A€MO0I] KOpUCTYBAYI8 CIMAE 0COOIUBD AKMYAIbHOI0 8 YMOBAX MACWMAOHUX COYIATbHUX RAampopm
I BUCOKOKOHEKMUBHUX 2paqhis, 0e NOBeOIHKA 00HO20 THOUBIOA MOJICe HENPAMO 6NAUBANU HA NOBEOTHKY THWMUX, CHOMEOPIOIOUU
De3VIbIMAmiL. eKCHepUMEHMY ma 3HUNCYI0uU d0CMOBIPHICIb BUCHOBKIB. Y cmammi 301liCHeH0 027180 KI0H08uUX nioxodie, uo
3acmocogyiomscsl y npaxmuyi A/B-mecmyeanns, 6KnounHo 3 K1acmepHoio panoomizayicio, eeozpadiynumu excnepumenmami
ma memooamu cmaodinizayii oyiHoK y mepedsxcesux cmpykmypax. Jo0amxo6o npoaHanizosano npakmuyni pitueHHs, aKi euKo-
pucmosgytomv Meta ma Google 0na 3meHUeHHA MIHCKOPUCTIY8AYLKUX NEPEMUNIB A NOKPAWEHHS YUCHOMU eKCnepUMEHMIE,
30KpeMa opMyBaHHsL CMITIKUX Kiacmepis 83aeMo0ii ma 3acmocyeants 0a2amopieHeso2o paHOOMIi3ayitino2o Ou3ality.

Y pobomi 3anpononosano memoo, wo IpYHmMyemvcs Ha NOOAHHI KOPUCTNYBAUI8 K papa 63aeMo0ill ma nooarbumomy
(hopmyeanHi excnepuMeHmanbHUx epyn Ha OCHOBI 3HAXOOJICEHHS MIHIMANLHO20 pO3pi3y. [na obuucienHs ONMUMATbHO20 PO3-
oumms guxopucmano arcopumm Cmoepa—Baenepa, saxuil 3a6e3neuye 2n06anbHo MiHIMATLHULL PO3PI3 HEOPIEHMOBAH020 2pagda
ma 0036071A€ ABMOMAMUYHO BUSHAUAIMU 2PYNU 3 HAUMEHWUM MONCTUSUM Midicepynogum enaueom. Taxuii nioxio npupoono 6ioo-
Opagicae peanvbhy cmpyKkmypy Coyianbhux 63aemo0ill i npudamuutl 0Jis 3acmoCcy8anHs 8 CUCIEeMAX i3 MUTbUOHAMU KOPUCTYBAUIB.
Hasedeno npuknaou sae pebep 63aemooiti ma inmepnpemayii ompumanux Kiacmepie y konmexcmi oyinku spillover-eghexmis.
3anponoHosaruli Memoo NOEOHYE CMPOULE MAMEMAMUYHUL ANapam i RPAKMUYHY PeleBaHMHICD, Y32000CYIOUlCh i3 Cyydc-
HUMU THOYCIPIATbHUMU NPAKMUKAMY NPOGIOHUX MEXHONOITUHUX KOMNAHIL ma 3a6e3neyyioyu nioguyeHHs MoYHoChi i Haoili-
nocmi A/B-excnepumenmig y mepedicesux cepedosutyax.

Kuttouosi cnoBa: A/B-mecm, spillover-egpexm, kracmepusayis, eeo-panoomizayis, noeedinkose epyny8aHHs.

Kramar Yu. M., Vitkovska 1. 1., Zharikov E. V., Radionov P. Yu. Method for forming A/B test groups with minimal
interference using the Stoer—-Wagner algorithm

This article examines contemporary methods for constructing experimental groups in A/B testing for digital products,
with a specific focus on minimizing mutual interference between participants and reducing spillover effects arising from social
or behavioral interactions. The challenge of uncontrolled user-to-user influence has grown increasingly important in highly con-
nected online environments, where actions, recommendations, and shared content can propagate across a network and distort
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the measured impact of an experimental treatment. Such interference undermines the validity of causal inference and often leads
to biased or unstable conclusions about product performance.

The paper provides an overview of established approaches, including cluster-based randomization, geographic exper-
iments, and hierarchical assignment strategies, as well as practical implementations widely adopted by leading technology
companies such as Meta and Google. These organizations regularly face large-scale network effects and have developed robust
methodologies to ensure reliable experimentation even when user interactions cannot be ignored.

A central contribution of the article is the introduction of a graph-based method for constructing experimental groups.
In this approach, users are represented as nodes within an interaction graph, and the strength of their connections reflects the
probability or intensity of potential interference. Group formation is achieved through identifying a minimum cut in this graph,
computed using the Stoer—Wagner algorithm. This algorithm enables efficient and scalable partitioning of large networks while
guaranteeing an optimally minimal sum of cross-group connections. As a result, the proposed method effectively reduces spillo-
ver effects and significantly improves the internal validity of A/B tests.

The advantages of minimum-cut partitioning include natural alignment with real-world interaction patterns, suitability
for graphs containing millions of users, reduced risk of contamination between treatment and control groups, and consist-
ency with experimentation frameworks observed in industry practice. These benefits underscore the relevance and applicability
of graph-based experimental design for modern digital ecosystems.

Key words: A/B testing, spillover effect, clustering, geo-randomization, behavioral grouping.

IMocTanoBka npodjaemu. A/B-TecTyBaHHS — OJJUH 3 HAWBXKIIUBIIINX 1HCTPYMEHTIB BUMIpIOBaHHA e€()EeKTUB-
HOCTI 3MiH y HH(POBUX MpoayKTax. Moro Kiacuuxa Mojels epeadadae, o KOPUCTyBadi He3aIeKHi Mixk co6o1o,
a YYaCHHKH EKCIIePHMEHTaJbHUX TPYI HE BIUIMBAIOTH OJHE Ha oxHOro. OmHAK CydYacHi iHTEpPHET-IDIaT(POPMHU
€ MEpEKEBUMH: KOPUCTYBaui B3a€MOIIIOTh, KOMCHTYIOTh, IUIATHCS KOHTCHTOM, 3MaraloThCsl 3a CIUTBHI pecypcu
a00 pexIaMy. Y TaKuX yMOBax HE3aJIC)KHICTh IIOPYIIYETHCS, a pe3ynbraTa A/B-TecTy MOXyYTh crioTBoproBatucs. Lle
pOOUTH 3BUYAHI METO/IM BUITAJKOBOTO PO30OHTTS HEJJOCTATHIMH.

Ile cioTBOpeHHsT HazuBaeThes spillover-eekToM — cUTyalli€ro, KoM 3MiHa, 3aCTOCOBaHA JI0 OMHIET rpymH
KOPHCTYBayiB, TOOIYHO BIIMBAE Ha MOBEAIHKY KOpHUCTyBadiB iHmoOl rpynu [1, 2]. Hanpuknan, Ko KopuctyBad
3 TpynH A HOMINPIOE KOHTEHT y COIiaIbHINA MEpexi, TO APy3i 3 Tpynu B MOXXyTh MoOaunTH HACTIIKN EKCTIEPUMCHTY,
X04a BOHHU HE € HOT0 yUYaCHUKaMH.

ComianpHi Mepexi (Meta), pekomenaariiini cucremu (YouTube), pexnamui punku (Google Ads) Ta iHTepak-
TUBHI TUIaTQOPMHU MAIOTh CUIIHY MEPEXeBY Mpupoay. Y Takux Bumaakax spillover-edekru — ne gyxe po3mnoBcro-
JoKeHa 1 3Buyaiina piu. Came ToMy cydacHi TexHonoriuni kommnanii (Meta, Google, Amazon, TikTok) aktuBHO po3-
BHBAIOTh Ta 3aCTOCOBYIOTh METOIH, SIKi TO3BOJLIFOTH (DOPMYBATH 130JIbOBaHI CKCIICPHUMEHTAIBHI TPYIIH, MIiHIMI3yOUH
B3aeMHu# BIUB [3—9]. Li MeToaM BapitolOTh BiJl T€0-paHAOMI3AIlil 1O CKITATHUX aJrTOPUTMIB PO3OUTTS rpadis.

OTxe, y CTaTTi PO3ISIIAIOTHCS 3arajibHi MiAXOMM Ta iXHS MPAKTUYHA peaizallisi, a TaKOK MPOIOHYETHCS
OJIMH 13 METOMIB — (POPMYBaHHs TPYI Yepe3 MOIIYK MiHIMAIBHOTO po3pidy Ha rpadi B3aEMOJIN 3a JIOTIOMOTOI0
anroputmy Croepa—Baruepa [10].

Metoau Minimizanii B3aeMHOro BILTUBY Mix rpynamu A/B-tecTtiB

Po3rstHeMo momupeHi MeToan MiHiMi3amii B3aEMHOTO BIUTUBY MK rpyrnamMu A/B-TecTiB Ta BUTIA KU iX BHKO-
PHUCTaHHSI.

1. 'eorpadgiuna pangomizanis (Geo-experiments)

Merton 0a3yeTbcs Ha pO30OUTTI KOPUCTYBAdiB HE IHAMUBIAYalbHO, a arperoBaHO — 3a PETiOHaMHU, JOMOTOCIIO-
napctBamu a60 DMA-3onamu. Lleil MmeToq BUKOPUCTOBYEThCA KommaHielo Google y BracHux npoaykrax: Google
Ads (oninka 3miH B aykuioHax), YouTube (perionanpHi 3Minu pekomenaniit), Google Maps (TectyBaHHA JOKajb-
HUX (QyHKIH) [3, 4].

ITepeBaroro MeTo/y € MiHIMaJIbHI IEPETHHU MK F€OKJIaCTepaMH, 10 MPU3BOIUTH J0 3MEHIIeHHs spillover-e-
(bexry.

2. Knacrepu3saiisi coniaabHoro rpaga

Kommanisi Meta MIMpOKO 3aCTOCOBYE PO3OWTTS KOPUCTYBA4iB Ha CIIJIBHOTH 32 JOIMOMOTOK) AJITOPUTMIB
Louvain, Leiden, METIS [6, 7]. B 0ocHOBI ITuX aNTOPUTMIB JICKUTh ij1es, O KJIACTEP SBISE COOOI0 TPyIy KOpHUC-
TyBauiB, SKi IIIIFHO B3aEMOJIOTh, & EKCIIEPUMEHTAIBbHI TPYIH (DOPMYIOTHCS 32 TPUHIIUIIOM «KJIACTEP-A0-TPYTIN,
a HE «KOPUCTYBA4-T0-TPYIIH».

Merton ia€ 3MOry YHUKHYTH 3MIlllyBaHHS TiICHO MOB’I3aHUX KOPUCTYBaviB, 3MEHIITUTH BIUIMB MOBEIIHKH JIPY-
31B Ha pe3yJabTaTU TECTY, KOPEKTHO BuMipioBatu eextu y crpiuni HoBuH (Feed).

3. IBocTtyneHeBa Mepe:keBa panjaomizauis (Two-stage randomization)

Kommanis Meta 3acToCOBye€ 1ieil METOJ y CKIIQIHUX MEPEKEBUX eKCIIEpUMEHTaX: Ha MepuioMy erani ooupa-
FOTBCS KJIACTEPH/CIUTBHOTH, IO OPaTUMYTh YYacTh Y TECTi; Ha IPyrOMY — YCEpeInHI YaCTHHU KJIACTEPiB PaHIOMi-
3YI0Th KOpUCTYBayiB [8, 9].

MeTon 103BOJIsSIE BUMIpIOBaTH MpsiMi epeKTH (Ha KOpHCTyBaya), HenpsiMi e(hekTH (depes Apy3iB)

4. Po30MTTH HA OCHOBi MOBEAIHKOBUX 200 CTPYKTYPHHUX O3HAK

Kommnanii Google i Meta 3acTocoByrOTh HacTyIHI Mojieli: criinbHiI pucTpoi (household graph), mepernisnosi
nofioHocTi (view graph y YouTube), MonenboBaHi Bekropu noseainku (embeddings) [3, 4, 8, 9].
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L{inb po30UTTA: KOPUCTYBadi 3 BUCOKOIO KOPEINAII€I0 MOBEAIHKY MOBUHHI a00 OyTu B OnHil rpymi, abo He
MaTu MepeTHHIB.

IIpakTU4He 3acTOCYBAHHS METOAIB MiHiMi3allii B3a€MHOI0 BILTUBY

Sk npukinan, komnanis Meta BUKOHaJIa psiji eKCIIEPUMEHTIB Ha collianbHoMy Tpadi [S]. Ilpu TectyBanHi anro-
PUTMY paH)XyBaHHs CTPIYKH HOTPIOHO OyJI0 KOHTPOJIIOBATH MEPEKEBUH BILTUB. J{JIs1 IHOTO MOOYAOBAHO Tpad B3ae-
MO/Iifi KOPHUCTYBaUiB, BUKOHAHO HOT0 KJIACTepU3allito, MPOBEICHO CKCIIEPUMEHTH Ha PiBHI KJIACTEpiB.

Takuit migXix DO3BOJMB YHUKHYTH CHTYallii, KOJMH KOHTEHT i3 CKCIIEPUMEHTANBHOI TPYIH 3 SBISETHCS
y CTpIYIli KOPHCTYBa4a 3 KOHTPOJIBHOT.

Ile omuu mpukian Big kommanii Google, 110 BUKOpHCTaNa reo-TecTH Ta rpadu pekiamonaBiiB [3, 4].
VY Google Ads pekiiamo/iaBIli KOHKYpPYIOTh B OJIHAX ayKI[IOHAaX 1 iX HEMOXKIIMBO HE3aJIS)KHO paHoMizyBaTH. Tomy
3aCTOCOBYIOThCS geo-split TecTyBaHHs Ta rpadoBe po30UTTS pexinaMonasiiiB 3a gonomoroo METIS [7].

Taknit miaxix 703BOIMB MiHIMI3yBaTH MEPETHH MK PEKJIAMOMABIIIMU Y TPYIIax.

Bci HaBesieHi y cTaTTi METOAM — KJIacTepu3allisi, Teo-paHoMi3allis, OBEIIHKOBE IPyIyBaHHS — MAalOTh Ha
METi MiHIMi3yBaTu KiJbKiCTh a00 CHITy 3B’SI3KiB MK €KCIEPHUMEHTAIBHUMH IPyNaMH 1 3aCTOCOBYIOTHCSI JOCHTH
yCHimrHo. Ase HaiOib opMaizoBaHUM, MATEMAaTHYHO OOTPYHTOBAHUM CIIOCOOOM peai3yBaTH L0 METY € o0y-
noBa rpady B3a€MOJIiil KOPUCTYBauiB Ta 3HAXO/PKEHHS Ha HOMY TNI00AIbHOTO MiHIMI30BAaHOTO PO3pPi3y MiXk JIBOMa
HIIMHOKUHAMH.

I'padoBuii MeToa MiHIMAIIEHOTO PO3pi3y € eHEKTHBHUAM Y BHIIAJIKY, KOJH: CHCTEMa MEPEIKEBO CTPYKTYPOBAHA;
€ BUMIpHI B3aeEMOJIii MiX KOpucTyBayamu; spillover-eexTu 3Ha4HI Ta BUMIPIOBaHI.

Came el miaxij 100pe MaciTady€eThesl Ha COMialibHI rpadu, Tpadu CIIbHUX MEeperIsaiB, Tpadu IPUCTPOIB,
rpady KOHKYpEHIIi peKIIaMO/IaBIliB 1 3a0e3neuye GpopManbHO MiHIMaIbHHN Spillover — eekT.

Metona ¢popMmyBaHHs Ipyn Ha OcHOBI rpada B3aemoniii

Mertox 6a3yeThcs Ha MPEACTABICHHI KOPUCTYBAUiB K rpada B3aeMoniil A (GopMyBaHHS TPyH 4epe3 MiHi-
MaJbHHUN PO3pi3.

1. [ToGynosa rpada.

Hexaii € rpad

G=(V,E,w), 6]

Jie V' — MHOXHHA KOPUCTyBadiB; £ — MHOKHHA pebep ((pakT B3aemonii); w(u, v) — Bara pedpa, 1110 BijioOpaxkae Cuiy
BIUTHBY.

PosmistHeMo mpukian Baru pedpa w(u, v), B SKOMY MK KOPHCTYBadaMH u 1 v ICHYIOTh TaKi B3a€MOJIi 3a
ocTaHHi 7 IHIB:
KOPHUCTYBadi HaITMCAalld OJIMH OJHOMY S5 TIOB1JIOMJICHB (BIUIMB B3a€MOJIiT BU3HAYMMO, HaNpUKIa, sk 0.6);
3 pasu BinMmiTiim (moctaBuin «like») onna ogHOMY mocTH (BB — 0.3);
2 pasu nepersany npodine oguH oxHoro (BB — 0.1);
1 pa3 mOMMPHUIIN CIUTEHUI KOHTEHT.
Toxi Bary Mo)KHa BU3HAYUTH SIK:

w(u, v) = 0.6 - messages(u, v) + 0.3 - likes(u, v) + 0.1 - profile_views(u, v). 2)
[linctaBuMO B (hopMyTy 3HAUCHHSL:
wu,v)=0.6-5+03-3+0.1-2=3+09+0.2=4.
Takum unHOM, pedpo (u,v) MatuMe Bary 4.1, 110 03HaUa€ BiTHOCHO CHJIBHUM B3a€MHUI BIIIMB, TOMY Heba-
KAHO PO3ALISTU KOPUCTYBAUIB U 1 V MIXK €KCIIEPUMEHTATIBHUMU IPYHaMH.
2. [Tomryk MiHIMaIbHOTO PO3PI3y
ITorpibHo 3HaiTH Taki MHOKUHY S 1 T, mo:
cut(S,T)= Z w(u,v). 3)
{uES,veT}
MiHiManbpHUH po3pi3 Hajga€ MiHIMATbHUN B3a€MHMI BIUIMB. /71 BUpILIEHHS 3a/a4i MOIIYKY MiHIMaJIbHOTO
PO3pi3y B JaHHIN CTATTi MPOMOHY€EThCA BUKOpUCTaTH anroput™ Ctoepa-Baruepa [6].
3Haxo1:KeHHs 11002JIbHOT0 MiHiMi30BaHOTO po3pi3y ainropurmom Croepa—Baruepa
Anroputm Croepa—Barnepa (Stoer—Wagner Minimum Cut Algorithm) — 11e neTepMiHOBaHUI anrOpuUT™ A7
3HAXOJKEHHS II00aJIbHOr0 MIHIMAJbHOTO pO3pi3y Y 3BaXKEHOMY HEHarpasieHoMYy Ipadi. Anroputm 3abesnedye
ONTHUMAJIBHUH pe3ysIbTaT Ta € OJHHUM 13 e(eKTHBHUX BUPILICHb TS 331a4 Takoro Tumy [10].
MiHiMaJIbHUH po3pi3 — IIe CIOCiO pO3aUIUTH Tpad Ha JBI YACTHHU Tak, 1100 CyMapHa Bara «po3ipBaHUX)
pebep Oynia MiHIMAIBHOKO.
ANTOPUTM TIPAIIOE METOJIOM 0araropa3oBOro «CTATYBaHHS» rpada, BiIMOBIIHO O SKOTO:
* BHUKOHYETHCSI TIONIYK [Mapy BEPIIMH, MK SKAMHU HaWOUIBIINI 3B 30K, 30UIbIIytour HaOlp BepimmH (A)
y MIEBHOMY TIOPSIIIKY;
* OCTaHHI JIBi 10JaHi BEPIIMHN BBAKAIOTHCS KaHAUJATHIM MiHIMAIEHUM PO3Pi30M;
* BHIIE BKa3aHi JBi BEPIINHU 3JIUBAIOTHCS, YTBOPIOIOYH OJJHY HOBY BEpIIHNHY;
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* IpoIleC MOBTOPIOETHCS, JOKU B rpadi HE 3aNUIINTHCS OAHA BEPIINHA;

* Kpalui po3pi3 cepen ycix itepaniif — i € mobanbHUN MiHIMaIBHUN PO3pi3.

Po3rsiremo dopmanbhe Bu3HaueHHs anroputMy Croepa—Barnepa.

Hexaii € rpa¢ (onucanuii Buie), G = (V, E, w), ne (w(u, v)) — Bara pedpa Mixk BepurHaMu (u) i (v).

AnropuT™ cKiagaeTbes 3 1 — 1 ¢as (irepariit) (e 7 — ne KUTbKIiCTh BEPIIHH).

da3y anropuT™My NpeacTaBiIeHO MOCTiOBHICTIO JTil:

— 3aJ]aeMO TI0YaTKOBY MHOXKHHY A: A = {JOBiTbHA BEPIIIHA | ;

— MOCTYIIOBO JIOJAEMO HAWOUTBII 3B’ sI3aH1 BepIMHU. Ha KO)KHOMY KpPOITi TIOJAEThCS BEPIITMHA, KA Ma€ Haii-
OUTBIITY CyMapHYy Bary 3B’sI3KiB JI0 IOTOYHOTO HAOoOpPy (4);

— 3HAaXOIWMO OCTaHHI JIBi JIO/IaHi BEpIIMHH, Ta TIO3HAYUMO X 5K () 1 (f) (OCTaHHBOIO JOAA€ThCS (7)), TOMI
MHO)KHHA, 1110 MICTUTH TINBKH (#), OIMCYE KaHAWTATHAN pO3pi3

cut, = Zw(u,t), 4)
ued'
ne (A") — Bci BepumHU, nofaaHi 1o (4) 1o (2);
— OHOBIIFOEMO HaMKpaIui MiHiMaIbHOTO po3pisy. SIKIo cut, HaliMeHImMi 3 ycix (a3, To 30epiraemo #oro;
— 35MBaEMo BepmuHH (5) 1 (£). Lle 3MeHIye KUTbKiCTh BEPIIUH Yy rpadi Ta CTBOPIOE HOBHU arperoBaHui
BY30JI 3 BaraMmu:

w'(u, st) =w(u, s) + w(u, t);

— MepexoIuMo 10 HacTymHOI (ha3u (ToOTO pOOMMO ITEepallito BCIX KPOKIB), TOKH HE 3JIMIIATHCS 1 BEpIIMHA.

B pesynbrari BUKOHAHHS aNTOPUTMY OTPHMY€EMO:

— MHOXUHHM BepinuH S 1 7, sKi 3aJ1al0Th MiHIMaJIBHUN PO3pi3,

— 3HAYCHHS Bard IbOTO PO3pi3y, IO € CYyMOIO MEPETHYTHX pedep.

OcobnmuBocti anroputMmy Croepa—Barnepa:

— AITOPUTM BUSIBIISE CIIUIBHO 3B’sI3aHi TPYII» Yepe3 IMOCTYIOBE JOAaBaHHS HAWCHIIBHININX 3B’ A3KIB;

— Yy MOMEHT, KOJIU JIOMAETHCSI OCTaHHS BepIlnHa (t), BOHA Mae€ HaMEHIINH 3B 530K 13 30BHIIIHIMM BEpILU-
HaMH, TOMY PO3pi3, 0 BIIOKPEMIIIOE i1, € KaHUIaTOM Ha MiHIMaJIbHHIA;

— OaraTopa3oBe 3JIUTTS BEPUIMH HE TOPYLIYE CTPYKTYpy MiHIMaIbHOTO PO3Pi3y, OCKIIBKMA arperoBaHa Bep-
mKHa 30epirae cymapHy CUIy 3B’ SI3KiB;

— mepedip MPOBOAUTHCS Y BCIX (a3ax, M0 rapaHTye 3HAXOIKCHHS TII00ATFHOTO MiHIMYMY.

ITepeBaramu MeTOy MiHIMAJIBHOTO PO3PI3Y €:

MIHIMQJIBHUH MOXXITMBHEH MIXKTPYTIOBHI BIUIHB;
MIPUPOHE BiJJOOPaXKECHHS peajbHOI CTPYKTYPH B3a€EMOII;
3JIaTHICTh 3aCTOCOBYBATHUCH JIO BEJIMKHUX TpadiB (MiTbIHOHU KOPUCTYBaYiB);

— Y3TOIDKEHICTh 3 pakTukamu Meta Ta Google.

BucHoBkH. Y cydacHHX ITM(POBUX CHCTEMaX B3a€MHHHI BIIMB MK KOPHCTYBauyaMHM € KIIIOYOBOIO Ipobie-
Moto A/B-tectyBanns. Ichytoui npaktuku Meta Ta Google — reo-pangomizartisi, KI1acTepH3alis conialbHuX rpagis,
JIBOCTYIICHEBA MEPEXKEBA PAHAOMI3ALIIS — JEMOHCTPYIOTh TOTPeOy y METOJaX, 10 BPaXOBYIOTb MEPEKEBY PUPOTY
MPOIYKTIB.

Haii6inp1 yHiBepcaJbHUM 1 MAaTEMaTUYHO CTPOTUM ITiJIX0JIOM € MPEACTaBICHHs KOPUCTYBayiB sK rpada B3a-
emoiii Ta (opMyBaHHS TPyI uepe3 MiHiMalbHUH po3pi3. AnroputMm Croepa—Barnepa 103BosIsi€ 3HAXOAUTH ONTH-
MaJIbHEe PO3OHTTSI, IO MiHIMI3ye spillover-eextu Ta 3a6e3meuye BHCOKY SIKICTh CKCIICPUMECHTY.

[aTerpamis MpOro METOAy y MPakTUKy A/B-TecTyBaHHS CTBOPIOE MOTYKHHU IHCTPYMEHT IJIsl HOOYIOBH 130-
JTHOBAHHX, HE3AJICKHUX 1 CTATUCTUIHO BANITHUX EKCIIEPUMEHTAIBHUX TPYIIL.
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OB’€EKTHO-OPIEHTOBAHMM MIJAXIJ 1O HEUPOMEPEKEBOT'O BUSABJIEHHA CYB’EKTIB
KIBEPBVYJIIHI'Y 3A IIOBIJOMJIEHHSIMHA Y KEPOBAHOMY XMAPHOMY CEPEJOBMUIIII

Memoro podomu € Gopmysanns ma oOIpYHMY8AHHA 00 €EKMHO-OPIEHMOBAHO20 NIOX00Y 00 HelPoOMepeNce8ozo BuA8-
JleHHst ¢y0’ exmig KibepOyniney 3a NOGIOOMIEHHAMU i3 NOCOHAHHAM NePEUHHOT OemeKyil ma nodanbuoi CUHMAKCUKO-CeMAH-
muynoi inmepnpemayii' y Kepoganomy XmMapHomy cepedoguuji. 3anponorHo8ano y3200iceHy apXimexmypy, y aKii Hetipomepedice-
8uUtl MOOYIb 30IICHIOE Qinbmpayito nogidoMIeHb Ha PisHi «Kibepoyrine / He KibepOyainey, NiCs 4020 pe3yabmamu npoxoosinis
3ANENHCHICHUL AHATI3 13 PEKOHCIMPYKYIEI POTbOBUX 368 A3Ki6 muny «cyo ekm — 0is — 06 ‘exmy. 00 €kmHy Mo0ens, Wo KI0Uae
KIacu nogioomieHs, peuersb, MOKeHi8, 3a1elcHocmetl, NpeouKamis, poibosux Mpitiox i nioCyMKOBUX CIPYKMYP, BUSHAUECHO SIK
0CHOBY 0114 3abe3neuents npo3opoi mpacosarnocmi piuiensb, Mooi K Keposane XmapHe cepedosuiye 3abesneuye 8iomeopiosa-
HiCMb 3anyCcKie ma Macumabo8anicmy eKCnepumeHmis.

Excnepumenmanvro niomeepoicerno epexmusnicms nepgunnoi demexyii: mooyns na ochosi BERT npodemoncmpyeas
mempuxy FI =0.98 y d6oxnacosiii nocmarnosyi («kibepdyniney / «He KibepOyniney), wo ceiouums npo 00Cmaniuiil pieeHs 6i0ciey
Hepenesanmmuux nogidomieHs neped ponvosum ananizom. Ha excnepmmo eepugixosanomy nionabopi 6cmarnosneno y3200iceHi
NOKA3HUKY AKOCTI poNb0soi idenmudixayii: 011 cy6’'ekma ompumano 3uavenns 0.88, 0.86, 0.87 sa Precision, Recall i F1 6io-
nogiono, ona 00 ’exkma — 0.85, 0.83, 0.84; oxa diecrienozo yenmpy — 0.91, 0.89, 0.90. Toune 6ioHo81eHHA POTLOGOI MPiliKU
sabesneyuno snauenns F1 = 0.76. Miocexcnepmua yseodocenicms cmanosuna koegiyicum Koena 0.82 npu 87 % nosnoi 3200u,
W0 3ac8i0yye HAOIUHICMb emaIOHHUX MIMOK [ KOPeKMHICHb 3aCMOCO8AHOT NPOYedypU OYiHIOBAHHA. V CRIPHUX 8UNAOKAX BUKO-
PUCIAHO MPemio OONOMINCHY OYIHKY MOBHOI0 MOOECLTIO 13 (DIKCOBAHOI THCIMPYKYIEN,; (DIHATbHI MIMKU BUSHAUEHO 3d NPABULOM
binviuocmi.

Ompumano pesynbmamu, AKi 0eMOHCIMPYIOMb, WO 3aNPONOHOSAHUI NIOXIO He Tuule 0ac 3M02Yy GUSHAYUMU akm azpe-
CUBHOT KoMYHIKayii, a 1l 3abe3nedye cmpykmyposane nooanus inghopmayii npo ii adpecHicmo, 3a1UMaAIOUUCH eidmeopioeanww ma
ayoumosanum y NPAKMUYHUX YMO6AX. Ccpopmosano uchogku, wjo cmeoprooms niorpyHms 0nst ROOALWol inmezpayii nioxody
¥y MoOepayitini cucmemu 1 MOXCIUBO20 POUMUPEHHS. HA KOPRYCU 3 0eMmAlbHIUIO0 POIbOBOIO POIMIMKOI MA 6A2amoMOo8HOI0
RIOMPUMKOIO.

KitrouoBi crnoBa: kibepoynine, mpauncghopmepri Mooeni, CURMAKCUKO-CEMAHMUYHULL AHATI3, 00 EKMHO-0PIEHMOBaHe Npo-
eKMYBanHs, Kepogane XmapHe cepeoosuuye.

Molchanova M. 0., Androshchuk V. L., Shurypa M. O., Mazurets O. V. Object-oriented approach to neural network-
based detection of cyberbullying subjects from messages in a managed cloud environment

The aim of the work is to develop and substantiate an object-oriented approach to neural network detection of cyber-
bullying subjects from messages with a combination of primary detection and subsequent syntactic-semantic interpretation in
a managed cloud environment. A coherent architecture is proposed in which the neural network module filters messages at the
“cyberbullying / non-cyberbullying” level, after which the results undergo dependency analysis with the reconstruction of role
relationships of the “subject — action — object” type. An object model, which includes classes of messages, sentences, tokens,
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dependencies, predicates, role triples and summary structures, is defined as the basis for ensuring transparent traceability
of decisions, while a managed cloud environment ensures the reproducibility of launches and scalability of experiments.

The effectiveness of the initial detection was experimentally confirmed: the BERT-based module demonstrated a metric of
FI1=0.98 in a two-class setting (“cyberbullying” / “not cyberbullying”), which indicates a sufficient level of screening out irrel-
evant messages before role analysis. Consistent indicators of the quality of role identification were established on the expert-ver-
ified subset: for the subject, values of 0.88, 0.86, 0.87 were obtained for Precision, Recall and F1, respectively; for the object —
0.85, 0.83, 0.84; for the verb center — (.91, 0.89, 0.90. The exact restoration of the role triple provided a value of FI = (.76.
The inter-expert agreement was Cohen's coefficient of 0.82 with 87 % complete agreement, which indicates the reliability of the
reference labels and the correctness of the applied evaluation procedure. In controversial cases, a third auxiliary assessment by
a language model with a fixed instruction was used; the final labels were determined by majority rule.

The results obtained demonstrate that the proposed approach not only allows to determine the fact of aggressive commu-
nication, but also provides a structured presentation of information about its addressability, remaining reproducible and audit-
able in practical conditions. Conclusions are drawn that create a basis for further integration of the approach into moderation
systems and possible expansion to corpora with more detailed role markup and multilingual support.

Key words: cyberbullying, transformer models, dependency parsing, object-oriented design, managed cloud.

IMocTanoBKa mpo6aeMu. Y cydacHUX U(DPOBUX KOMYHIKAI[ISX KiOepOyTiHT HA0yBa€ KOHTEKCTHO 3aJICHKHHUX
1 gacto Henpsmux (opm [1]. [lepeBakHa YacTHHA aBTOMATH30BaHUX PIllICHh 0OMEXKYEThCS OIHAPHOK KiacHupika-
II€X0 TIOBIJIOMJICHB Ha «arpeCHBHI/HEarpecuBHI», Mo He 3a0e31euye BCTAHOBJICHHS aJIpeCHOCTI BILTHBY — 30KpeMa,
ineHTrdiKaIii iHiiaropa, ijpbOBOT 0COOU Ta XapakTepy MOBJIICHHEBOTO akTy [2]. BiCyTHICTE pOJIOBOI iHTEpIIpE-
TaIlil yCKIaIHIOE TIOOYI0BY aIpECHUX 1HTEPBEHIIIN, ay/IUT PIlIeHb 1 aHAITHYHUI cynpoBin Moaeparii [3].

AKTyaJIbHOIO € HayKOBO-TIPAKTHYHA 3a/1a4a pO3pOOJICHHST 0araTopiBHEBOTO IMiAXOY, SIKHH MO€IHY€E BHU3HA-
YeHHS HAsBHOCTI KiOepOysiHry [4] i3 MOoAaIbIIor PEKOHCTPYKINE Cy0’€KTHO-00’ €KTHUX 3B’SI3KIB Y BHUCIIOBIIIO-
BaHHAX [5]. 3 iHXEHEpHOro MOMIALY Taka 3ajada MoTpedye diTKol 00’ €KTHO-OPi€HTOBAHOI MOJEINi MPEeaMETHOT
obnacri, y sKiif TOBiTOMJICHHS, PEUCHHS, IPEAUKATU Ta POJILOBI TPIMKKU PENPE3eHTYIOThCS SIK OKPEMi CyTHOCTI 13
BU3HAUEHUMU BiIOBIAAIILHOCTSIMU Ta iHBapianTamu. O0’€KTHO-OPIEHTOBAHUMN MIJX1Jl TOKIMKAHUH 3a0€3MeUnTH
MOJYJBHICTh, PO3LIMPIOBAHICTh 1 TECTOBAHICTh OaraTopiBHEBOI 00poOKH [6], Bia HeWpoMepeKeBol AeTeKLii 03HaK
KiOepOyITiHTy IO CHHTaKCHKO-CEMAaHTUYHOTO aHAII3y i IHTepIpeTanii pojiei yJ4acHUKIB.

JlonaTkoBi BUMOTH BHCYBa€ OOUHCITIOBATIHLHIAN KOHTEKCT: PE3yIIbTaTH MAIOTh Oy TH BiITBOPIOBAHIMH Ta MaCIII-
Ta0OBaHUMH Y KEPOBAHOMY XMapHOMY CEPEIOBHIII, MPUIATHOMY JUIS €KCIIEPUMEHTIB 1 MPUCKOPEHOTO 1H(PEPEHCY
[7]. OTxe, mocTae moTpeda B METOII Ta MPOTpaMHiil peaizaliii, Ki MOeHYFOTh HeHPOMepEeKeBY JICTEKITIFO 3 JTIHTBi-
CTHYHO BMOTHBOBAHOK POJIHOBOKO IHTEPIIPETAIIIEI0, CITUPAIOTLCS Ha 00’ €KTHO-OPIEHTOBAHE MOJICIIOBAHHS JOMCHY
1 3a0€3Me4Yy0Th YMOBH JUISI TIOAAIBIIIOTO OIIHFOBAHHS SKOCTI, IIPOJYKTUBHOCTI Ta MPAKTUYHOI TPHIATHOCTI.

AHani3 octaHHix gocaikenb i myOmaikaniii. CydacHi KOpIyCHI iHIIIaTHBH 3 aBTOMAaTH30BAHOTO aHa-
i3y arpecUBHOT KOMYHIKAIl JEMOHCTPYIOTh MEpexif BiJ OiHAPHOI AETEKINI 1O iepapXidHUX Ta MOSICHIOBATBHUX
noctaHoBok. Y mexkax OffensEval na 06a3i takconomii OLID mokazaHno, mo TpaHchopMepHi Mozeni e(heKTHBHI
HE JIUIIE Ui BUSIBICHHS OOpa3lMBOCTI, a s MOAAJIBIIOI KaTeropusanii Ta ifeHTudikanii Mimeni. Y neprmii
itepauii 3aBnanus (2019) naiikpami pesyasratu ctaHoBwin: F1 = 0.829 nns migzanadi A (netekuis 00pas3iuBocCTi),
F1=0.755 nns nmin3anaui B (tapreroBana abo HetapreroBana oopasa) a F1 =0.660 s nigzanadi C (inentudikaris
mimreHi IND/GRP/OTH). [linxomu Ha ocHoBi BERT mepeBakanu cepex migepis [8]. [losicHroBaIbHa KOMIIOHEHTA
Oysa po3suHeHna B SemEval 2021 Task 5 Toxic Spans, Jie METO CTaJI0 BHOKPEMIICHHSI TOKCHYHHUX (DparMeHTiB Ha
piBHI cuMBoTiB. Halikpariia komanna nocsiria character F1 = 70.83 %, 110 miaTBepauiio MpakTHYHY peai3oBaHICTh
CIIaH-PIBHEBOTO pallioHANII3yBaHHS PillieHb TpaHchopMepamu. BogHovac 3adikcoBaHO TIOMITHY BapiaTUBHICTH KO-
cTi: okpemi cuctemu Ha ocHOBI BILSTM CRF a6o ToxicBERT nemoncrpysanu F1 Ha piBHi 62.23 %, 1m0 BKa3ye Ha
CKJIAJTHICTh CIIAH-JIETEKIII] Ta Yy TIUBICTh JIO apXITEKTypH 1 HaAITyBaHb [9].

Hocmimpxenns 2023 1 2024 pokiB 3aCBiTUMIN KOHKYPEHTOCIPOMOXKHICTD IOHABYAHHS CyJaCHHUX TpaHchopme-
PiB y MOBHO i pecypcHO oOMekeHHX cueHapisx. [l 6eHransepkoi MoBH moigomisiiocs npo F1 = 0.87 i3 Buxko-
puctannsaM Bangla BERT a6o Multilingual BERT [10]. ¥ nomeHi MikpoOoriB okpemi iHKEHEepHi pillieHHs Ha
JIOKaJBHUX TBiTTep-Kopmycax gocsranmd F1 = 0.91 3a crnerudiyaux eKcriepuMEeHTaIbHIX YMOB, IO MiJTBEPKY€E
BaXUIMBICTh JOMeHHO1 ajanTanii [11]. Omisinu y3aranbHIOIOTH CTalOlIbHY IepeBary sentence abo cross encoder
TpaHC(HOPMEPiB Ha TPATUIIIHHIMU MOJIEIISIMY 1 TIIKPECIIOIOTh 3HAYCHHS YpaXyBaHHS CEAHCOBOTO KOHTEKCTY LIS
IiIBUINEHHS HAiHOCTI geTekiii [12].

J11s1 IOSICHIOBaHUX PIMICHb IIMPOKE 3aCTOCYBAaHHS OTpHMaB fmaracetr HateXplain, sikuif moeqHye Kitac MOBA
BOpPOJKHEUI, [[IJTh BUCIIOBITIOBAHHS Ta paioHasi. lle CTBOprOE yMOBH JIJIsl CITIJIBHOTO HABYAHHS JIETEKIIIT 1 iHTEpIIpe-
TaIii (MieHs 1 pparMeHT) Ta MiIBHIIYE JOBIPY 10 MoJepaIliiHux cucrem [13, 14].

[TincymoByrO4H, HasBHI pe3yJIbTaTH OKPECIIOKTH 3pUTICTh TpaHC(HOPMEPHUX MiIXOIIB y OiHapHii i Gararo-
piBHEBiH KiacuGikallii, a TAKOXK y parioHaizaiii Ha piBHI crmaHiB. HemocTaTHhO ONpamnboOBaHUMHU 3aJTHIIAIOTHCS
ACTICKTH MEPexo/ly Bij Kiacu@ikallii i MOsCHEHHS JI0 BiTHOBJICHHS IMOBHOI POJIBOBOI CTPYKTYpPH BHUCIIOBIIOBAHb Ta
HaJ(iiHOT ineHTndiKanii cy0’€KTiB BIUIMBY, a TAKOXX NMUTAHHS BiATBOPIOBAHOCTI 1 MacmITaOyBaHHS TaKUX PillIeHb
y KEpOBaHOMY XMapHOMY cepeoBuili. CaMe 11l eeMeHTH BU3HAYAIOTh MMOJAIBIINA BEKTOP J1OCIHiHKEHHS.
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Meta crarti. ChopmyBatu Ta 0OTpyHTYBaTH 00’ €KTHO-OPIEHTOBAHUH IMiJIXiJl 1O HEHPOMEPEIKEBOTO BHUSB-
JIeHHsI cy0’ €KTiB KiOepOyIIiHTY 32 TIOBIIOMJICHHSIMH, III0 ITOE€THY€ IEPBUHHE BU3HAYCHHS HASIBHOCTI KiOepOymiHTY i3
MOAATIBIIOI0 CHHTAKCUKO-CEMAaHTUIHOIO IHTEPIPETALIIETO 1 BITHOBICHHSM POJILOBHUX 3B SI3KIB «CY0’ €KT-Ti51-00° €KT».
[Tependadeno po3pobieHHs: 00’ €KTHOT MOJIeITi MTPEAMETHOT 00JIACTi, ONKC aJITOPUTMIYHUX eTariB 00poOKu, peari-
3aIlif0 MPOTOTUILY Y KEPOBAHOMY XMAPHOMY CEPEIOBHILI Ta EKCIIEPUMEHTAIbHE OLIHIOBAHHS SIKOCTI 1 TPOTYKTHB-
HOCTI 3 aKIIEHTOM Ha BiJITBOPIOBAHICTh 1 MacIITa0OBaHICTb.

BukJ/iag ocHOBHOTO MaTepiajy goc/ilKeHHs. 3apONOHOBAaHUN 00 €KTHO-OPIEHTOBAHMN MigXiJ 1O HEW-
POMEpPEKEBOTO BUSBIICHHS Cy0’€KTIB KiOepOyiHTY 3a OBIJOMIIGHHSIMH peaii3ye MOCIiI0BHY 00pOOKY TEKCTOBUX
JaHUX y KePOBAHOMY XMAapHOMY cepenoBuIli (pucyHOK 1). Ha BXil momaroThest HECTPYKTYpOBaHi OB TOMIICHHS, SIKi
PO3MIAAAIOTHCS SIK MOTEHIIHI HOCIT arpecuBHOT KoMmyHikarii. [leprmii eran nependadae HeHpoMepeKeBe BHU3HA-
YEeHHSI HAsBHOCTI KiOepOyIiHTY: MOJeb KIacu(iKye BUCIOBIIOBAHHS 3a O3HAKaMH OOpA3IMBOCTI, [IbKYBaHHS YH
BepOaIBHOTO THCKY, IO JI03BOJISIE BAOKPEMHTH JIUIIIE Ti PparMeHTH, sKi MoTPeOyOTh MOJATBIIOT IHTEpITpeTaIlii.

Kpox 1. Kpor 2. i Kpox 3. Bxioni oani:
Bxioni oani: o raseiin CrHTakcHyHiit BuiieHns - OIHKA HASBHOCTI
TEKCT AT > . >) 1 CeMaHTHKO- >) cy6’€eKTIB, >) L2 :
HASBHOCTI < e K10epOymHIY:
aﬂamj]v KiGepGyTiHIY POIbOBHH 00 €KTIB Ta B p - 1'
PEEED aHam3 Ii€CTIBHIIX AKTIB = CYQ CETR RITIMRY.

Puc. 1. Cxema 00’ €KTHO-OPiI€HTOBAHOTO TIiIXO/Y 710 HEHPOMEPEIKEBOTO BUSIBJICHHS Cy0 €KTIB KiOepOy IiHTY

Ha mactynmHOMy eTarni 3IiHCHIOETHCS CHHTAKCHKO-CEMAaHTHYHUN PO30ip MOBIIOMIICHh 3 PEKOHCTPYKIIEIO
rpaMaTWYHOl CTPYKTYPH Ta BU3HAYCHHSM MPEIUKATIB 1 JEKCHYHUX HOCIIB Jii. ¥ MexaX 00’ €KTHO-OpPIEHTOBAHOTO
MOJAHHS IOMEHY BiAMOBIMHI CYTHOCTI IOBiIOMJICHHS, PEUCHHS, MPEANKAT 1 POIBOBA TPiiika BUKOPHCTOBYIOTHCS
JUISL BIIOPSIKYBAHHS PE3yNbTaTiB aHAIIIZY Ta 1X MOaIbIIO] iHTepIpeTartii.

3aBeplIabHUN eTall CIPSMOBaHUN HA BCTAHOBIEHHSI Cy0’ €KTHO-00’€KTHHUX BITHOCHH Y BUCJIOBIIOBAHHSIX:
BHU3HAYAETHCSI, XTO 1HIIIFO€ MOBJICHHEBHUH aKT, HA KOTO BiH CIIPSMOBaHUH 1 SKMM YHHOM Pealli3yeThCsl BILUIUB.

Message PredicateType

werbal
copiilar
namenal

+id: String DeecisionLatel

srawTaxt: Siring
+ang: String
+imestamp: DateTime

F
1
2

bultying
nonbutlying

Sentence
R 13
> s Ul i 1, #index: int
b= e, — atext: String

r I
% :
| e

- . - Token .
Case Prediction Predicate e Depondency
+caseld: String e +p: float +headTokenid: int * Token id
+decision: DecisionLabel
+score’ float

1 o

e il #fom: String +heatt int * Token.id

threshold: fhoat +type: ProdicateType @ wlemma: String +dep: int Token.id
+label: Decisioniabel +polarity: String +upos: String +relation: String

= +morph: String
1

RaleTriple

s subjeciTakenid, int ' Token ld

+verbTokenid: int Token.id ! Predcate head
+confidence: flcat

+ provenance: Strng

+objeciTokenid nt  * Token.id (nullable)

Puc. 2. UML-giarpaMa Ki1aciB CHCTEMH BHABJICHHS Cy0 €KTiB KiOepOyIiHTy 3a TTOBIIOMICHHAMHI

IMogana UML-mognens (pucyHok 2) dopMainizye 00’ €KTHO-OpIEHTOBAaHE MOAAHHS 3aadi HCHPOMepe)I(eBOFO
BUSIBIICHHS Cy0’€KTIB KiOEpOyIiHTY Yy MTOBIIOMIICHHSX Ta BimoOpakae (pakTHUIHY JOTIiKy peam3au11 Bxinxe nosi-
JIOMIICHHSI PENPE3EHTYEThCS KilacoM «Messagey 13 0a30BIMHU METaIaHIMU; BOHO KOMITO3HIIHHO PO3WIEHOBYETHCS
Ha PEYCHHsI, KOXKHE 3 SIKUX MICTUTh TOKEHHU M MEpPEeXy 3aJIeKHOCTEH, 110 33/1a€ CHHTAKCHYHY CTPYKTYPY BUCIIOB-
moBaHHs. Ha it CprKTypl BH3HAYAETHCS MPCIUKAT K SIPO Iii 3 ¢ikcamiero THIy (Z[IGCJIIBHI/II/I KOy IISIPHHA abo
HOMiHaJBHUN) 1 moJsipHOCTI. Taka crpaTudikaris piBHIB, Bil TEKCTY 9epPe3 PeUCHHS 1 3aJICKHOCTI IO TIpeTuKara
3a0e3neuye y3roKeHUH Hepexu{ BiJ TOBEPXHEBOT (POPMH 710 3MiCTOBOT 1HTepnpeTau11

Ponbvosa peKOHCprKum peai3yeTbes uepes Kiiac «RoleTrlple» SIKMH (iKCye TPINKY «Cy0’€KT, Iisl, 00’ €KT»
3 IOCWJIAHHSMH Ha Bi/TIOBi/IHI TOKEHH, a TAKOX 30epirae BICBHEHICTh 1 HOXOKESHHS OTPHMAHHX 3B "s3KiB. 3a HasB-
HOCTI KUTBKOX aKTiB MOBJIGHHEBOTO BIUTUBY TPilKK arperytorhesi y «Casey», 110 MiCTUTh MiJICYMKOBE PillIeHHS Ta
IHTerpaJbHUM Oall i TUM caMHUM HaJae 3py4yHy OAMHUIIO JUIA MOAAJBIIOTO aHami3y ajgpecHocTi. [lepBuHHe BU3HA-
yeHHs (akTy KiOepOysiHTYy 3iHCHIOETHCS HEeHpoMepekeBUM Kiacu(iKaTopoM, pPe3ysbTaT SIKOTO aKyMYJIIOEThCS
y kiaci «Prediction» y BUIsAi WMOBIPHICHOI OILIHKH, IIOPOTOBOTO 3HAYEHHS Ta MiACYMKOBOI MiTKU. CyKymHHI
BHXIJ] KOHBEEpA MPEICTaBICHO KitacoM «Resulty, sskuit 00’ €Hy€e pillIeHHs JEeTEKTOpa 3 POIbOBOIO IHTEPIIPETAIIIEI0
y BUIJISII OKPEMHUX TPIHOK 200 IIJTICHOTO BUMAJIKY.
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3ampornoHoBaHa 00’ €KTHA cXeMa Y3roJKYe JaHi 1 pe3yJapTaTH Ha BCiX eTamax oOpoOKH, T03BOJISIE IBHO (iK-
CyBaTH TIOCWJIAHHS MDXK PIBHSIMH TpEACTaBICHHs (BiJ TOKEHIB JI0 polieil) Ta 3a0e3redye BiATBOPIOBAHICTb €KC-
MEPUMEHTIB y KEPOBAHOMY XMapHOMY cepenoBulli. HiTke po3MexyBaHHS CyTHOCTEH 1 IXHIX BiAMOBIZaIbHOCTEH
MOJIETLIYE €KCIIEPUMEHTANIbHY BaJilallilo, ayluTy pilleHb 1 MacTaOyBaHHS 0OpOOKH, a TAaKOK CTBOPIOE OCHOBY
JUTSL TIOJAJTBIIIOTO OI[IHFOBAHHSI SIKOCTI Ta IPOAYKTHBHOCTI CHCTEMH Y MPHUKIAJIHUX CLIIEHAPISIX MOIEpaIlii.

OTpumaHe CTPYKTYpOBaHE MOJAHHS BHIIAAKY KiOepOymiHrYy moeaHye (akT arpecii 3 4iTKO OKPECICHOIO
POIBOBOIO KOHQITYPAIII€I0, IO CTBOPIOE MIIIPYHTS IS aHATI3Y aJPECHOCTI, THHAMIKH B3a€MOJIIH Ta TOAAIBIIIOTO
MPaKTHYHOTO BUKOPHUCTAHHS Y KEPOBAHOMY XMapHOMY CEPEIOBHIIII.

3anpornoHoBaHa apXiTeKTypa BUKOHAHHS (PUCYHOK 3) BiIoOpaXkae po3ropTaHHsI MiJXOMy Y KepOBaHOMY XMap-
HOMY CEpEJIOBHIII Ta CTPYKTYPOBaHa HaBKOJIO €1MHOTO Python-cepenoBuina, y Mexax sIKoro (yHKITIOHYIOTh OCHOBHI
KoMIToHeHTH 00po0ku. KopuceryBatpkuii intTepdetic («Ul/Demoy) 3abe3nedye moganHs BXiqHNX TOBIOMIICHB i IEper-
15171 pe3ynbratiB. KepyBaHHS MOCIiIOBHICTIO eTaiB 311HCHIOE KoopauHaTtop 00pooku («Pipeline Coordinatory), sikuid
npuiiMae TOBIJIOMIICHHS, 1HIIIOE TIEPBUHHE HEHpoMepekeBe BU3HAYCHHs HAsBHOCTI KiOepOyliHTry, mepenae perne-
BaHTHI TEKCTH HA CHHTAKCUKO-CEMAHTUYHUM aHalli3 Ta 30Mpae pe3ynbTaTH B y3romkeHoMy (hopmari.

Kepoease xMapHe cepegosnue

Python Runtime

BizyansHui inTepdeic
(Ul/Demao)

KoopawnaTop ofpobkun
(Pipeline Coordinator)

— S
// \
A_/

HeApomepexeani Moaynb CHHTAKCHMKO-CEMaHTUYHIUA aHanis YTunith gaHnx
(knacuikauin kibepbyniHry) (napcuHr 3anexHocTe) (nepeTeopexHa/Tabnnui)
JABaHTAMEHHA/OHOBNEHHA MOLENER natacetw / 36EpemenHn pesynsTaTtie

i Mpuknanw: MogensHi peecTpr =
PeecTp moaenen (6e3 npwa'aakm po Gpenais) CxoBMile faHux | apTedaKTis
. 1

He#TpansHe cxoeuue\NBXIAK KOPNYCK, NPOMiXHI apTedakT,\NpesynsTaTn excnepuMenTis
Puc. 3. ApxiTekTypa BUKOHAHHS Y KEPOBAHOMY XMAapHOMY CEPEIOBHIII

HeiipomepesxeBuii MOayIb BIANIOBiNAE 3a KiIacHQiKalliio MOBIAOMICHD IIOA0 O3HAK KiOepOysiHTY, TOBEp-
TalO4YM IMOBIPHICHE PIIICHHS, SIKE BUKOPUCTOBYETHCS K (DUIBTp JUIs Mmomanbmiol iHTeprperarii. bilok cuHTaK-
CHKO-CEMAHTUYHOTO aHaji3y BUKOHYE IMAapCHHT 3aJCKHOCTEH i (popMye MIATPYHTS U POIBOBOI PEKOHCTPYKINT
«Cy0’€eKT-1is-00° €KT». JIOMOMIKHI YTHIIITH JaHUX 3IIHCHIOIOTH TIEPETBOPEHHS KOPITYCiB, (POpMyBaHHs MiABHOI-
POK, KeITyBaHHS MPOMIXHHUX apTe(daKTiB 1 MATOTOBKY MiJICYMKOBUX TaOJMIh METPHUK, IO CIIPOIILYE BiATBOPCHHS
EKCTIICPUMEHTIB.

CepenoBHIle B3a€EMOJIIE 3 PEECTPOM MOJICIICH, 3BIJIKH 3IHCHIOETHCS 3aBaHTXKEHHS 200 OHOBJICHHS MOJICITb-
HHUX Bar Ta TOKCHI3aTOPIB, 1 31 CXOBHUIIEM JaHUX/apTe]akTiB, A€ pO3MIIIYIOTHCS BXiIHI AaTaceTH, IPOMIKHI pe3yib-
TaTH Ta IiICYMKOBI 3BiTH. Taka opraHizaiis BUKIIOYa€e MPUB’SI3KY 1O KOHKPETHUX CEPBICiB, 3a0€31euy€e KOHTPOIbO-
BaHICTh BEPCiii, MOXJIUBICTh MacIITa0yBaHHS OOYHCIICHB 1 IPO30PE TPACYBAHHS BCIX KPOKIB 00pOOKH BiJ MOJaHHS
MOB1JOMJICHHS 10 (pOpMyBaHHS PillIEHHs [IPO HASBHICTh KiOEpOyTiHTY Ta OTPUMAHHS pojel y4aCHHKIB.

YV poboti BukopuctaHo aBa Biakputi kopmycu: «Cyberbullying Classification» [15] Ta «Cyberbullying
Detectiony» [16].

Kopmyc «Cyberbullying Classification» MicTuTh moHam 47 THC. aHINIOMOBHUX TBITIB 13 PO3MITKOIO 32 IIiCTHMa
KaTeropisiMu: BIKOBa, €THIYHA, TEHJCPHA, PEIITiiHA HAJICKHICTh, 1HIII MPOSIBH arpecii Ta «He KidepOymiHr. Posmo-
JIJT KJIAciB OJTU3bKHI 710 30a71aHCOBAHOTO, 10 POOUTH HAOIp 3pyYHUM JIJIsl HABYAHHS 1 BaJlifamii O1HApHOTO JETEK-
Topa (00’eTHAHHSI BCIX MPOSBIB arpecii B Mo3UTHBHUN Kiac). Kopryc BimoOpakae mpupoaHy MOBY MiKpOOJIOTiB
(cnenr, opdorpadiuni Bapiaiii, KOPOTKi BUCIOBIIOBAHHS ), OJJHAK HE MICTHTB PO3MITKH CY0’€KTIiB 1 00’ €KTIB, TOXK HE
MPUJIATHUAHN 711 KUTBKICHOT BasTiZatii poibOBUX TPIHOK.
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Habip 06’eqHye TekcTu 3 pi3HUX IUIAT(OPM 1 BUKOPUCTOBYETHCS JUIS ABOKIACOBOI MMOCTAHOBKU «KiOepOy-
JiHr / He KibepOymiHry. Pi3HOPIAHICTS JKepen MifABHINYE y3aralbHIOIOUY 3[aTHICTh MOJEINI B 3a/4aui MEepBUHHOI
JETEeKIIi], MpoTe HasBHUM aAucOanaHC KiaciB 1 BIACYTHs AeTaii3allis THIIB arpecii uu ii aapecHocti. Y 1iit poboti
KOpITYC 3aCTOCOBAHO SIK JTOTIOMDKHHUI JJIs1 IEPEBIPKH y3arajlbHIOBAaHOCTI JETEKTOpa; KiJIbKICHA OLiHKA POJIbOBOI
iHTepIpeTalii Ha HhOMY He POBOAMIACH Yepe3 Opak BIAMOBIIHOI PO3MITKH.

Yepe3s BIICYTHICTD Y BAKOPUCTAHUX KOPITYCAX «30JI0TOTO CTAHAAPTY» IS POIBOBHX 3B S3KiB (XTO iHIIIATOD,
Ha KOTO CIIPSIMOBAHO JIit0, SIKa Jisl), BaJiIaIlil0 pe3yNbTaTiB pOJbOBOT IHTepIpeTallii 3MiHCHIOBAN JBa Taly3eBi
excriept Ta GPT-5 [17] six monomikHu# cyms. Takuid miaxia 3ade3nedye moegHanHs (paxoBoi OMIHKH 3 BiITBOPIO-
BaHOIO aBTOMATH30BaHOIO TIEPEBIPKOIO.

Excriept He3alle)kHO aHOTYBAJIM JUISI KO)KHOTO TECTOBOTO MPHKIATY TPIHKY cyO’e€KT-misi-00’€KT 1 poOuim
BEPIUKT MI0I0 KOPEKTHOCTI BIIHOBJIICHHS POJICH CUCTEMOI0. Y3TO/DKEHICTh (BiKCYBaIH MOKA3HUKAMH MIKEKCIIePT-
HOT 3ronu (BiZICOTOK MOBHOI 3rofu). Y BHIIaJKax po30DKHOCTEH 3aCTOCOBYBAIM CXeMy OUIBIIOCTI: JBa 3 TPHOX
cyaniB opmyBanu octatoune pimeHHs. GPT-5 BUKOPHCTOBYBaNM SIK TPETIO CTOPOHY 3 YiTKUM IHCTPYKTAXKEM, 110
Bumara: (1) BkaszaTu 3HaiineHi pomi, (2) HaBECTH ONOPHI (ParMeHTH TEKCTY, (3) MOSICHUTH MPUYKHY BiXWICHHS,
SIKIIO cucTema nmoMmiuiack. Buxin GPT-5 MaB gopaguuii Xxapakrep i He 3aMiHIOBAB JIFOJICHKE PIIlICHHS.

VY BimkpuTuX HaOOpax TaHWX, BUKOPHCTAHUX Ui HABUYAHHS JETEKTOpA, BIICYTHS POIBOBA PO3MITKA, TOMY
MOTPIOHUH JTIOJCHKUI €TaJIoH Ui NIepeBipKU BiTHOBJIEHHA cy0’ekTiB. B cBoto uepry, 3anyuenns GPT-5 sk nonart-
KOBOTO CYJUI ITi IBUIY€ BiATBOPIOBAHICT 1 JOTIOMArae BUSBILITH IIPOITYCKU 00 HEOTHO3HAYHOCTI, 0 3aJTHIITHIIHCS
11032 yBaroro eKcrepriB. Takoxk, Taka TpUpiBHEBA CXeMa CKOPOUY€E BUTPATH HA TIOBHY PyYHY PO3MITKY, 30epiraroun
MIPH [IBOMY SIKICTh 1 TIPO30PICTh: (IHATBHUN BEPIMKT 3aBKIM (POPMYETHCS a00 MOBHOI 3rOJIOK SKCIEpTiB, abo
OUTBIIICTIO 3 TPHOX CYIIB 13 (piKcalie€ro o0IpyHTYBaHb.

VY mizicyMKy, 0OpaHa CTpaTerisi OlliHIOBaHHS JI03BOJISIE€ KOPEKTHO IEPEBIPATH caMe SIKICTh BiJTHOBJICHHS Cy0’ €K-
TiB/00’€KTIB 1 Jili, HE OOMEXKYIOUNCH JIMIIIE METPUKAMU JIETEKIIii KiOepOysIiHTY, Ta BOJHOYAC BiJIIOBIA€ BUMOTaM
BiJITBOPIOBAHOCTI, 3asBJICHUM Y METI J0CIiIKCHHSI.

HeiipomeperxeBuii Moayab MEPBUHHOI AETEKIIi peai3oBaHO Ha OCHOBI TpaHC(OPMEPHOTO EHKOAEepa TUILY
BERT [17] i3 noHaBYaHHSIM il JBOKJIACOBY MTOCTAHOBKY «KiOepOymiHr» / «He kibepOyninr». [lepenodpodka oOme-
JKyBajiacs CTaHAAPTHOIO TOKEHI3aIli€r0; YCi IPOsIBH arpecuBHOT KOMyHiKallii Oyio 3BeAE€HO 10 MO3UTUBHOTO Kiacy.
OniHroBaHHS BUKOHYBAJIM HA BaJiJallifHOMY iHA00PI 31 cTpaTU(iKOBAaHUM MOJLIOM JaHUX. 3aIlyCKH ITPOBOIUIN
y kepoBaHomy xmapHomy cepenonuilli 3 GPU kinacy T4, i3 ¢ikcaii€ro BUNIQJAKOBUX 3€PEeH 1 BEPCi MOACIBHUX Bar,
1o 3a0e3medye BiITBOPIOBaHICTh Oe3 IMPHB’3KU 10 KOHKPETHOI IIaT(hOPMHU.

PonpoBa iHTEpHpeTallisi IpyHTyBaJIacs Ha 3aJICKHICHOMY aHaJli3i PeYeHb 1 PEKOHCTPYKIIIT TPIHOK «Cy0’ €KT-
Hisi-00’€KT». 3a BIACYTHOCTI €TAJIOHHOT POJIbOBOI PO3MITKH KIIBKICHI METPUKH JUIS IIBOTO €TaIy JOTIOBHIOBAIH
KOHTPaKTHUMHU TIePeBipKaMH Y3TrOKEHOCTI (BaIiTHICTD TOCUIIAaHb HA TOKEHH, €JIMHICTh ITPEIUKATa B peUeHHI, HeCy-
MIEPEWINBICTH POJICH) Ta EKCIIEPTHUM pPEIeH3yBaHHIM, OIIMCAHUM Y BIIOBITHOMY Mifpo3aiii. Taka cxema MiHIMI-
3y€ 3aJICKHICTD BiJl KOHKPETHHX peaji3amiii i BOXHOYAC Aa€ 3MOTY KOPEKTHO IHTEPIIPETYBaTH OTPUMAaHi pe3yIIbTaTH.

HelipomepesxeBuii MO/ b IEPBMHHOT AETEKILIT IpogieMoHCTpyBaB /| = 0.98 Ha BamifamiiHuX TaHUX Y JIBO-
KJIACOBiH MOCTaHOBII «KiOepOyTiHI» / «HE KiOepOyiHr».

Uepes BiICYTHICTh y BIAKPUTHX KOPITyCaX «30J0TOT0 CTAaHAAPTY» IS POJICH SKICTh BITHOBJICHHS CY0’ €KTiB/
00’€KTiB 1 IpeAMKaTiB OLIHIOBAJIM HA €KCIIEPTHO MepeBipeHoMy migHabopi. Y Tabmuui | HaBeAeHO y3araiabHEHi
MMOKa3HUKH (B1THOCHO Y3TO/IKEHUX MITOK O17BIIOCTI).

Ta6mmis 1
MeTtpukH /11 BUIBJIeHHS €y0’€KTiB Ki0epOyJIiHry
3aBnanns Iloka3Hnk
Busnadenns cy6’exra Precision / Recall / F: 0.88 /0.86 / 0.87
Busnauenns 06’exra Precision / Recall / F: 0.85/0.83 /0.84
BusnaueHHs Ai€CTiBHOTO LEHTPY Precision / Recall / F: 0.91 /0.89 /0.90
TouHe BiTHOBICHHS TPIHKU F:0.76

[Tepen y3romkeHHsIM pimreHs 3adikcoBano Cohen’s k = 0.82 mpwu moHii 3roxi 87 %. Lle cBimunTh PO BUCOKY
BiTBOPIOBAHICTh KPUTEPIiiB aHOTYBAHHS 1 IOCTATHIO HAIIHHICTh OTPUMaHUX omiHOK. Buxopucranus GPT-5 sk Tpe-
THOTO CYIJII MaJlo JIOTIOMDKHHUM XapakTep: MOJeNlb HajlaBajia MOSICHEHHS ¥ ONOpHI (parMeHTH, M0 CIPOILyBaJio
BUPINICHHS CIIIPHUX BUMA/KIB 1 MiBUIYBAJIO MPO30PICTh MPOLEAYpH; (hiHATBHI MITKH 3aBKIM BU3HAYAIHUCS IIpa-
BHJIOM O1JIBIIIOCTI.

CrenianizoBaHuil KOHBeep 3a0e3neuye AETEpPMiIHOBAHE W BIATBOPIOBAHE BiJHOBJIECHHS PONBOBUX 3B’fA3KiB
«cy0’eKT-Ai51-00’ €KT» 3 (PIKCOBAHUMH MOPOTaMH Ta KOHTPAKTHUMU TIePEBIPKaMHU, TOXK PE3yIbTaTH € ayJUTOBAHUMU
1 IpUIaTHAMH JUIs perlaMeHTHOTo BUKopucTanHs. Haromicts Buxin GPT-5 cyTreBo 3anexuts Big Bepcii Ta popmy-
JIFOBAHHS ITiKa3KH, 10 YCKIAAHIOE (hopMaIbHy BepH(DiKaIliio Ta TOTPUMAaHHS HOPMATHBHUX BUMOT.
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L )] Cyberbullying Detection & Semantic Role Analysis (EN)

Enter English text — the app detects cyberbullying and extracts subject-verb-object relations.

Input Text

Michaed, stop attacking Clara just because she supports the Grven Party — you're spreading hate and humiliating people.

/\ Cyberbullying detected (0.65)

werh subject object

attack Michasl Clara

support she the Green Party
sproad you people

spread you hate humiliating

Puc. 4. IIpukiiag po6oTH po3po0IeHOr0 00’ €KTHO-OPIEHTOBAHOIO 3aCTOCYHKY

[puknam poGoTH PO3pOOIEHOTO MPOTPAMHOTO 3a0€3IeUeHHS HABEJCHO Ha PHCYHKY 4.

3anpornoHoBaHul 00’ €KTHO-OPIEHTOBAHUH TMi/IX1/1 3a0e3edye y3ro/pKeHy OCIiI0BHICTh 0OpOOKH: BijT HEl-
POMEpEkKEBOi IeTEeKITiT KiOepOyIIiHTY 10 CHHTaKCHKO-CEMaHTHYHOT PEKOHCTPYKIIIT 3B SI3KIB «CyO’ €KT-/is-00° €KTY,
0 peati3oBaHo y KEPOBAHOMY XMapHOMY cepeZoBHUIIi 3 (piKcalliero mapaMeTpiB AJis BiITBOPIOBAHOCTI. ApxiTeK—
Typa Ta mpomezypa OLIIHIOBAHHS CTBOPIOIOTH MEPEIYMOBH JJIsi MaCIITA0OBAHOTO 3aCTOCYBaHHS Y MOJEpAIliiHUX
CLIEHAPISAX 1 MOAAJIBIIOTO PO3IIMPEHHS Ha KOPITyCH 3 JIETAJbHIIION AHOTAII€I0 POJICH.

BucnoBku. B mexax nposesesoro JOCITIJDKEHHS OYJI0 JIOCSTHYTO MOCTaBJIEHY METY: C(OPMOBAHO Ta OOTPYH-
TOBaHO 00’ €KTHO-OPIEHTOBAHUIA MMiIXiJI, Y IKOMY HEHPOMEPEIKEBE BUSIBICHHS KiOepOyIIHTY [TO€THAHO 3 MO0
CHUHTaKCUKO-CEMAaHTUYHOIO 1HTEPIIPETALI€I0 i BiTHOBICHHSIM POJIbOBHUX 3B’SI3KIB «CY0 €KT-IisI-00’€KT», 3 peaiiza-
LI€I0 Y KEPOBAHOMY XMAapHOMY CEpEIOBHII. Y MeKaX ABOKIACOBOi MOCTAHOBKU IEPBHHHHN MOMYJIb HA OCHOBI
BERT nponemonctpysas /| Ha piHi 0.98, 1mo miareepikye J0CTaTHii piBeHb (imbTpalii MOBiIOMIEHD TEpE
POIBOBUM aHaji30M. Ha ekcriepTHO-TiepeBipeHOMY ITiIHA00P1 BIITBOPSHHS POJICH [T BU3HAUCHHSI Cy0’ ekTa 3adik-
coano 3Ha4enHs 0.88, 0.86, 0.87 3a merpukamu Precision, Recall, /|, Bixnosiano, as 06’ exra 0.85, 0.83, 0.84, a s
niecisroro uentpy 0.91, 0.89, 0.90, Toni sx TouHE BiXHOBIEHHS TPilKM gano F|y posmipi 0.76. MixkekcnepTHa
y3rojpkeHicTh ctaHoBwiIa K Koena 0.82 nipu 87 % moBHOI 3roju, 10 MATBEPIKYE HAIIHHICTh €TAIOHHUX MITOK
1 KOPEKTHICTh POy pH OIiHIOBaHHS. CyKyITHO pe3yabTaTH CBiI9aTh, 10 3aIIPOIIOHOBAHA apXiTEKTypa 3abe3neuye
BiATBOPIOBAHICTh, ayINTOBAHICTD 1 MPAKTUYHY NPHUIATHICTH: BOHA HE JUIIE (hikcye (GaKT arpecuBHOI KOMyHiKalii,
a i Hajlae CTPYKTypOBaHy iH(pOpPMALi0 PO AAPECHICTh MOBJICHHEBOTO BILIMBY, CTBOPIOIOUH MiAIPYHTS AJIS BIPO-
BaJUKEHHS B MOJIEPALliiHi CHCTEMH Ta IMOAAJIBIIOr0 PO3IIMPEHHS Ha KOPITYCH 3 JIETAIFHOIO POJIBOBOIO PO3MITKOIO.
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MPOTHO3YBAHHS EOEKTUBHOCTI MOIITYKOBOI ONITUMI3AIIIT
I3 BUKOPUCTAHHAM SVM: JAHI, MOAEJIOBAHHSA TA BAJIIAALIA

Pospobneno gpeiimeopk 0ns npoeHo3ysanns eghekmugHocmi empyyans y noutykogy onmumizayiro (SEQO) iz euxopucman-
HAM KOHMPOTbOBAHO20 MAWUHHO2O HABYANHA HA OCHOBI Memodie onopnux eexmopis (SVM). Hocniodceno 6azamoocepenvhuii
HAOIP OaHUX, WO OXONTIOE BHYMPIWHI CUSHATU CIODIHKY (KOHMEHM, MeMaOari, CMpyKmypo8aHi OaHi), 306HIUHI CUSHATY (A8MO-
pument 360pOMHUX NOCUIAHD, PONOOLT AHKOPIE Ma 6aeig) ma mexwiuny npooykmusicms (Core Web Vitals, indexcayis). Bema-
HOBNEHO CY8OPULL NPOMOKON OYIHIOBAHHSL HA OCHOBI CIMPAMUGDIKOBAHOI K-KpAmMHOI Kpoc-6anioayii, 6i0k1adeHol 6ubipku ma nopie-
HSHHSL 3 DA308UMU MOOETAMU (Pe2YIAPU308AHA TOLICMUYHA peapecisl), i3 nidbopom 2inepnapamempie Memodom nepedopy Cimxi.

Buseneno cmabinoni npeduxmopu SEO-epexmy 015 piznopionux caumie i eanysei. 3’1co8ano, ujo nOEOHAHHS BUCOKOT
AKOCMI KOHMEHMY, CEMANMUYHO Y320001CEH020 MAP2emun2y KIo4o8ux ciie, agmopumemnoco npoginio 360pOmnux nocuiaHbs
I HATEXHCHO2O MEXHIUHO20 CIAHY 8e0CIOPIHOK 3a0e3neuye Hallguuly IMOBIDHICINb SUMIPIOBAHUX NIOBUUJEHHS NOUWLYKOBUX NO3U-
yitl, opeaniynutl mpagix ma ucoxi koueepcii. Yemanosneno, wo kombinayia On-page onmumizayii 3i cmanum 3a1yueHHaM
BUCOKOAKICHUX NOCUTAHb Nepedepulye 0OHOKAHANbHI cmpamezii, mooi AK HeOOCMAamHs mexHiuHa npoOyKMueHicms obMedlcye
6I00ayy HABIMb 3a HAAGHOCHI] CUTLHUX KOHMEHMHUX abo 306Hiwnix cuenanig. [ocrioxceno, wo SVM i3 RBF-a0pom docseae
KOHKYPEHMHOI MOUHOCME Mma NOKA3HUKIE precision—recall nopiensno 3 6azosumu nioxooamu, 0eMOHCMPYIOUU Kpawy CmiuKicnv
30 yMO8 QUCOANAHCY KAACI8 T 3CY6i8 PO3NOOITY.

3anpononosarno pobouuii npoyec niOMpuMKYU RPUIHAMMA pilers, wo npiopumesye 0ii 3 HAUOITLULUM BNIUBOM 8 YMOBAX
HeBU3HAUEHOCT, KLTLKICHO OYIHIOE OUIKY8aHT guepauli 3 008ipuuMu IHmMepeanami ma Ha0ac NOACHEHHA Ha PIHT 03HAK 071 Nio-
MPUMKU 3aYIKABIEHUX CIMOPIH. YOOCKOHANeHO Hanpamu NoOaTbuiuXx 00Ci0diCeHb, SKI OXONMI0I0Mb KAy3aabHy i0eHmuikayilo
(Hanpuxiad, «CMynIHYACmiy 3anyCKy ma CUHMemuyHi KOHmpOni), cmanoapmusosane 3gimysants npo SEO-empyyanna ma 6io-
Kpumi penosumapii posmipie eghexmy 0111 nioguuyerHs 610MeopOSAHOCHI il 306HIUIHbOT 8ATIOHOCHII.

KitiouoBi ciioBa: nowykosa onmumizayis, mawiunie nasuanns, SVM, Knouosi c1oea, 360pommi NOCUTAHHA, PAHIICYBAHHS,
8e0-ananimuxa.

Onyshchenko A. O., Bocharov B. P, Kostenko O. B. Prediction of seo effectiveness using SVM: data, modeling, and
validation

Developed a data-driven framework for forecasting the effectiveness of search engine optimization (SEQ) interventions
using supervised machine learning with support vector machines (SVM). Investigated a multi-source dataset comprising on-page
signals (content quality, metadata compliance, structured data), off-page signals (backlink authority, anchor distribution), and
technical performance (Core Web Vitals, crawlability), with standardized preprocessing, feature scaling, and class-balance
control. Established a rigorous evaluation protocol based on stratified k-fold cross-validation, hold-out testing, and comparative
baselines (regularized logistic regression, random forests), with model selection via grid search.

Identified stable predictors of SEO uplift across heterogeneous sites and industries, revealing that the joint presence
of high-quality content, semantically coherent keyword targeting, authoritative backlink profiles, and solid technical health
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produces the highest probability of measurable gains in rankings, organic traffic, and conversions. Revealed that combining
on-page optimization with sustained, high-authority link acquisition outperforms single-channel strategies, while insufficient
technical performance constrains returns even under strong content or backlink signals. Determined that SVM with RBF kernel
achieves competitive accuracy and precision—recall characteristics relative to baselines, with superior robustness under class
imbalance and distributional shift.

Proposed a decision-support workflow that prioritizes high-leverage actions under uncertainty, quantifies expected gains
with confidence intervals, and surfaces feature-level explanations to guide stakeholders. Outlined future research on causal
identification (e.g., staggered rollouts and synthetic controls), standardized reporting of SEQ interventions, and open effect-size
repositories to improve reproducibility and external validity.

Key words: search engine optimization, machine learning, SVM, keywords, backlinks, ranking, web analytics.

IMocTranoBka npoﬁnemn. HesBaxaroun Ha 3HAUHUH nporpec y l'IOI_HyKOBII/I ornruMizanii (SEO) ta cramy
yBary 1o il BiumiBy Ha BUANMICTB, opraHmHHI/I Tpadik i KoHBeEpcii, cydacHa Ml)KHapOZ[Ha niTeparypa (ikCye CyTTEBY
p13H0p1IIHICTI> pe3ysbTariB i METomoIIOTiH omiHoBaHHS eekTuBHOCTI [1]. Tlopsia 13 HAaKOMMYEHHSIM MPAKTHYHUX
KeHCiB 1 rajy3eBux PEKOMEH/IaIii, 3p0CTae MacHB POOIT, 110 3aCTOCOBYIOTh MAIIMHHE HABYAHHS ISl POTHO3Y-
BaHHs pe3yisTariB SEO 3a cykymHicTIo on-page, off-page Ta TexHidHMX curHanis [2]. BoxHovac BiacyTHICTE yHi-
(hiKOBaHMX NMPOTOKOJIIB TOOYAOBU BUOIPOK, CTAHAAPTIB MONEPEAHBO0i 00POOKH, BIATBOPIOBAHUX CXEM Banifamii Ta
YITKUX MpaBUI 3BITYBaHHS MPO BTPYUAHHS YCKJIAQJHIOIOTH NOPIBHSIHHICTh BUCHOBKIB 1 MEPEHOCHUMICTh Mojeneh
MIX JIOMEHaMH.

AKTyaJbHICTh LIBOTO TOCIIPKEHHS 3yMOBIIEHa TPhOMa HEPO3B’I3aHUMH TpolsieMami: (1) HecTadero BiTBO-
PIOBaHUX, CTATUCTHYHO KOPEKTHHX IIPOLEAYp OliHIoBaHH: epekTuBHOCTI SEO-BTpydaHns; (ii) HEIOCTATHROIO 1HTE-
rpariero TexHiyHux MeTpuk (Core Web Vitals, iHeKcaliifHi CHTHAJIN) 3 KOHTEHTHUMH Ta MOCHJIAIbHUMH O3HAKAMH
B €JMHOMY IPOTHO3HOMY NauruiaiHi; (ii1) OpakoM Mpo30puX IHCTPYMEHTIB MIATPUMKH PIIICHb, IO TO3BOJISIOTH
MpiOpHUTE3yBAaTH JIii 32 OYIKYBaHOO Bi/IIAYCIO Ta HEBU3HAUYCHICTIO [4].

[TocTaHoBKa 3aja4i MmoJisATae B MoOy/I0OBi Ta BaIigalii y3arabHIOBAaHOT MOJIEINI IPOTHO3YBAHHS PE3YJIbTaTHB-
Hocti SEO-BTpydJaHb Ha OCHOBI KOHTPOJIHOBAHOTO HABYAHHS, SKa IMOETHYE CTAHIAPTU30BAHY IIITOTOBKY MaHUX,
CTPOTHH ITPOTOKOJI OLIIHIOBAHHS Ta IHTEPIPETOBAHI BUCHOBKHU ISl MPAKTHYHOTO BUKOpHCTaHHA. OO0’ €KTOM J0CTi-
JUKCHHS € IIPOIIEC OLIHIOBAHHS T MPOTHO3YBaHHS eekTuBHOCTI SEO-KaMIaHiii 3a CyKyHICTIO TOKA3HUKIB BeOpe-
cypcy. [IpenMeTom AOCHTiKEHHSI € METOU 1 3aCO0M MAIIMHHOTO HaB4aHHA (30KpemMa SVM) st mependoadeHHs
IIPUPOCTIB MO3HUIIIH, OpraHiuHOro Tpadiky Ta KOHBEpCiit 3aIeXHO Big on-page, off-page 1 TexHIYHUX (HAKTOPIB.

Mertoro pobotu € po3poOieHHS BIATBOPIOBAHOIO MPOTHO3HOTO (peitmBopky s SEO, skuii 3abe3nedye
CTaTUCTHUYHO OOIPYHTOBaHY OLIHKY OYiKYyBaHOTO €(eKTy BTpyuYaHb 1 HaJae€ MiJKa3Ku A npiopuresauii mid. s
JNOCSATHEHHS. METH IOCIIKEHO I CHCTEMaTH30BaHO PENICBAHTHI JpKepena NaHWX; c(hOpMOBAaHO Ta yHi(piKOBaHO
Ha0ip 03HAK, 1[0 OXOILTIOE€ KOHTEHTHI, MOCHIAJIbHI Ta TEXHIYHI CUTHAIIN; CITPOEKTOBAHO IPOTOKOJI HABYAHHS H OIIi-
HIOBaHHS 3 KPOC-BaJIJIAIIIEI0 Ta MOPIBHAHHAM 13 0a30BUMH MOJICIISIME; TOOYIOBaHO ¥ HajamToBaHo SVM-Monenb
3 00OpOM TileprapaMeTpiB; BUKOHAHO aHAaJI3 YyTIUBOCTI Ta BHECKY O3HAK; pO3pOOIIEHO POOOUHA TpoIiec Iij-
TPUMKH MPUHHATTS pillieHs s mianyBaHHs SEO-nii 32 yMOB HEBU3HAUEHOCTI.

Marepianu i MmeToau 1ocaiazKeHb. J0ciiKeHHSI BAKOHAHO SIK KUTbKICHE eMITIpHYHE MOJICITFOBAHHS 3 TIOAJTb-
1010 BaJIAAIIEI0 Y TIOCTAHOBII KOHTPOIHOBAHOTO HaBYaHH:. [laHi chopMoBaHO 3 OaraThoX PKEPEN: on-page CUr-
Hamu (SIKICTh KOHTEHTY, BIAMOBIIHICTE METaJaHNUX, CTPYKTYpOBaHi maHi), off-page curnamu (mpoiab 3BOPOTHUX
MOCHUIIaHb, PO3IOJILI aHKOPIB, aBTOPUTET OMEHIB) 1 TexHiuHI nmokazHuku (Core Web Vitals, iHaekcarisi, ninOuHa
ckanyBaHHs) [11]. OxuHunero cnocTepexeHHs € cropinka abo kiaactep URL 3a idb0BUM 3alTUTOM Y JBOX BiKHAX
«no/micnsy» BrpydaHHs. LimboBy 3MiHHY 3aaBajiu K OiHApHUN «ycmix» (MOPOroBUE MpUpicT Mo3uLil/Tpadixy/
KOHBepCii) abo sk 6e3nepepBHy BesnnuuHy (A noka3HukiB). [lonepeans oOpoOka BKIloUaia OYMILIEHHS W iMITyTa-
IO TIPOITYCKiB, yCIYCHHS BHKHIIB, CTAHIAPTH3AIII0 03HAK Ta KOXYBaHHS KaTeropii, MpudoMy BCi Tpanchopmarrii
BHUKOHYBAJIHCS BCepPEIUHI HaBJATBHUX (DOJIT TS 3aro0iraHHs BUTOKaM iHdopmartii. J{ucOanaHc KiaciB KOpUryBaiu
Baramu y (yHkii Brpar (3a morpedbu SMOTE nuiire Ha TpeHyBanbHUX MigMHOKHHAX) [10].

MognenpHa yacTuHa IpyHTY€EThCs HA SVM 13 RBF-sapom (stor-citka amst Cta ), i3 MOPIBHAHHSAM JIO peryJis-
pHU30BaHO1 JIoTicTHYHOI perpecii Ta nepeBHux metoni (Random Forest/XGBoost) sk 6a3zoBux migxozis. OriHo-
BaHHS 3/1iliCHIOBaJM 3a cTpartudikoBaHoro k-fold kpoc-Bamimaiero 3 BiAKIAICHUM TECTOM; JUTsl YaCOBUX CLIEHApPIiB
3aCTOCOBYBaJIM PO30OUTTS 33 MPUHIIMIIOM KOB3HOTO BikHA. J{is knacudikamii 3BityBamm ROC-AUC, PR-AUC, F1,
balanced accuracy i Brier score 3 95 % I (Gyrctpen), st perpecii MAE, RMSE ta R* 3 aHai30oM 3aJIHIIKiB;
CTaTUCTHYHI BIIMIHHOCTI nepeBipsuin TectoM DelLong/Binkokcona [2]. PoGacTHICTh nepeBipsuin absIisiMi 03HAK
Ta nepepipkamu «leave-one-domain-out». OCHOBHI Jpkepesa HOXHOOK BUOIPKOBI 3CYBH (IOMEHH/TEMATHKH ), CE30H-
HICTh 1 30BHIIIHI alJICHTH MOITYKOBUX CHCTEM; iXHIO JIF0 3MEHIIYBAJIM KOHTPOJIEM YACOBHX JIariB, TPYIOBUMH
BaJIiIallisIMU Ta Yy TJIMBICHUM aHaIli30M. BiATBOproBaHicTh 3a0e31eueHo (ikcalliero MpoToKoy (OpMyBaHHS O3HAK,
BHITJIKOBUX 3€PCH 1 BEPCil IHCTPYMEHTIB.

AHani3 octaHHix gociikeHb i myOaikamiii. CydacHa HaykoBa THCKyCis IIOAO €()EKTHBHOCTI IOIIYKO-
Boi onrumizanii (SEO) po3ropraeTbesi HABKOJIO TPHOX B3a€MOIIOB’S3aHUX IUIONIMH: (DAKTOPIB PE3yabTaTUBHOCTI
(on-page, off-page, TeXHIYHI CUTHAIN ), KOPEKTHUX IiXOIB 10 BUMiPIOBAaHHS BILTUBY (MO3UIIi1, OpraHiuHi CeaHcH,
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CTR, xoHBepcii) Ta BUKOPUCTAHHS aJTOPUTMIB MAITMHHOTO HABYAHHS IS IPOTHO3YBaHHS PE3y/bTaTiB KaMIaHii
[1]. Panni Ta ramysesi mpari, Ik MpaBUIO, aKI[EHTYBAJIN HA €BPUCTHKAX KOHTEHTY i MOCHJIAHb, TOAI SIK HOBIIli
JOCIiKEHHS OiIbIII CUCTEMHO TOB’S3YIOTH SIKICTh KOHTEHTY, CEMaHTUYHY PEJICBaHTHICTh 3alUTiB, aBTOPUTET
JIOMEHY Ta TeXHIUYHY NMPOAYKTUBHICTbH 13 IIILOBUMH METPUKAMU BUIMUMOCTI i Tpadiky. Y3romkeHo, 1o HafdiiHi
pe3yIbTaTH MOTPEOYIOTh YpaxXyBaHHs CYKYIIHOCTI CUTHAIB, 8 HE OKPEMHX «IIOPTKATIBY (HAIPHKIAJ, JIAIIC KiJlb-
KIiCTh OCKIIIHKIB 0€3 IXHBOT SKOCTI Y KOHTEKCTY) [11].

Oxkpemuii KiTacTep pooiT 30CepeKCHO Ha TEXHIYHUX (PaKTOPax MIBHIKOIT, TOCTYITHOCTI 1)1l 00XOY 1 1HIeK-
carii, Core Web Vitals, kopekTHOCTI kaHOHIKaJiB, hreflang 1 cTpyKTypoBaHHX JaHHUX K HEOOX1THUX, aJie HeJ0CTaT-
HIX YMOB JIJIs CTJIOT0 OPTaHIYHOTO 3pocTaHHsL. Li mparli moka3yroTh, 1110 TEXHIYHI 0ap’epH 31aTHI «00pizaTtu» edekTt
HaBITh JJOOpE peai30BaHUX KOHTEHTHHX 1 ITOCWIIATIBHUX CTPATETIH, III0 BUMAarae iHTErpOBaHOTO, & HE MOCIIIIOBHOTO
iAXOMY 10 BTpy4aHb. Y TwiommHi off-page-Hanmpsmy 30epiraeThCst KOHCEHCYC IOAO MPIOPUTETY SKOCTI MOCHITAb-
HUX JOKEPETI, TeMAaTUIHOI BiIITIOBIAHOCTI Ta PI3HOMAHITTS aHKOPIB MOPIBHSIHO 3 «CHPOIO» KUTBKICTIO MOCKIAHB [2].

Pazom i3 THM, METOMONOTIYHI BUKJIMKH 3aJIMIIAIOThCS 3HAYHUMU. bararo eMmipu4HUX JOCHTIKEHb 0OMe-
KYIOTbCS JIOKAJTbHUMH BHOIPKaMu, 3aCTOCOBYIOTh HEMPO30pi NMpaBuia (GOpPMyBaHHs AATACETiB, HE KOHTPOIIOIOThH
CC30HHICTb 1 30BHIIIHI alfeHTH MOIIYKOBUX CHUCTEM, IO 3HIKY€ 30BHIIIHIO BaligHICTh BUCHOBKIB [3]. YacTo
(hikcyroThcs MopylIeHHs NpuHIMIIiB Banifauii (data leakage ming yac macmrabyBaHHSA/B1IOOPY O3HAK HA MOBHOMY
HA0OpI, 3MINTYBaHHS MEPIOIIB «II0/IICIID»), IO MPU3BOAUTH J0 3aBUILICHUX OIIHOK sSKOCTi Mopeiei. [lapanensHo
BiJI3HAYAETHCS ACPIMT POOIT 31 CTAHIAPTHU30BAHUM 3BITYBAaHHIM IHTEPBEHIIH (OMKMC TOYHOTO HAOOPY IiH, TXHIX
JIaT 1 JIaTiB OI[IHKH) Ta 3 BIAKPUTUMH PEIIO3UTOPISIME e(DeKT-cai3iB, MPUIATHUMH JIJIsl METaaHai3y.

VY 3acTocyBaHHI MamWHHOTO HaBYaHHA 10 SEO-maHMX mepeBakaroTh TAaONWYHI METONU (peryssipH30BaHa
JIOTICTHYHA perpecis, liepeBa pilieHb, aHcamOm) ta SVM s kimacudikamiifHAX 1 perpeciiHuX MOCTaHOBOK
3apaaHHs. [1OpiBHSIBHI TOCIIPKEHHS IEMOHCTPYIOTH, 0 SVM i3 RBF-s1ipoM € KOHKYpeHTHUM 32 YMOB HEBEIIH-
Koi/cepeanboi po3MipHOCTI, HETIHIHHOCTI PilIydoi MexXi Ta AucOaIaHcy KJlaciB; BOAHOUYAC AEPEBHI aHCAMOIi YacTo
Kpallle paIfioloTh Ha PI3HOPITHUX, «IIYMHHX» HaO0opax 03HaK, ajie MOCTYAThCs 3a CTa0UIBHICTIO i KaniOpyBaH-
HSIM iMOBipHOCTeH. Okpemi mparii BIPOBaKYIOTh IHCTPYMEHTH iHTepnpeTalii (permutation importance, SHAP)
JUISL BUBEICHHSI KEPOBAHUX PEKOMEH/AIIIH, OfHAK y OLIBIIOCTI MyOmiKariil BiACyTHI MPOTOKOIN POOACTHOCTI (time-
split, leave-one-domain-out) i CTaTUCTHYHI TECTH BIAMIHHOCTEH MiXK MOJEIIAMU [4].

Kputuunuii omisi mokasye Takok METOMOJOTIYHY MPOTANIUHY MiXK KOPEJSIiHHIMU MiAXOJaMH Ta Kay3ajlb-
HuMmH oniHkamu edekriB SEO-Brpydans. Jlnme oOMexeHa KUTBKICTb JOCIHIIKCHb HAMAracThCsl 3aCTOCOBYBATU
JM3aiiH MpUXoBaHUX ekcriepuMeHTiB (staggered rollouts, synthetic control, difference-in-differences), 1o m03Bo-
IO O BIZIOKPEMHTH e(DeKTH IHTEPBEHITIH BiJl (GOHOBUX TPEHIIIB 1 CE30HHOCTI [2]. BificyTHICTh 3arajibHONPUHHATHX
CTaHJIAPTIB OMUCY BTPYYaHb 1 METPUK YCKIIATHIOE BIITBOPIOBAHICTD 1 METAaHAIITUYHY CHHTE3Y, & TAKOXK MEPEHOCH-
MICTh pe3yJIbTaTiB MiXK HilIaMH i MOBHUMH PUHKAMH.

TakuM 4YMHOM, aKTyaJbHICTh OOpaHOI TEMHU MINTBEP/DKYEThCS: (1) OpakoM BiATBOPHOBAHUX, CTATUCTHYHO
KOPEKTHHUX MPOTOKOIIIB omiHoBaHHSI SEO-edexTnBHOCTI; (11) HEAOCTATHROIO IHTETPALIIEI0 KOHTCHTHHX, MTOCHIIANb-
HUX 1 TEXHIYHUX CHUTHANIB Y €IMHOMY NPOTHO3HOMY HaWrutaiiui; (iii) gedimuToM mpo3opux IHCTPYMEHTIB IIiA-
TPUMKH PillIeHb, SIKi HaJalOTh KUIBKICHI MPOTHO3HU 3 1HTepBajJaMM HEBU3HAYCHOCTI Ta BUBOAATH NMPIOPUTETH Jiil.
3ampomnoHoBaHa B I1iif poOOTi mocTaHOBKA MOOYA0Ba Ta Baniaawis SVM-Mozeni 3 4iTKUM IPOTOKOJIOM (hopMyBaHHS
JaHMX, 3a00IraHHsAM BUTOKaM, 0araTOKpUTEpialbHUM OLIIHIOBaHHSM 1 pOOACTHUMHU MepeBipkaMu Oe3mocepeHbo
aJipecye 3a3HaveHi MPOTaJINHK, CTBOPIOIOYH i IIPYHTS JAJIsl CTAaHIaPTU30BAHOTO 3BITYBaHHS I OAAIBIINX Kay3aJlb-
HUX JIOCIiIKEeHb.

Buxkiaan ocHoBHOro Marepiamy. Onuc BHOipku Ta mepBHHHI cmocTepeskeHHs . [[0CTiKEHO KOPITYC CTO-
PIHOK/KJTaCTEpiB 3alUTIB, 3rPYMOBAaHUX Y JIBA YacOBI BiKHA «IO/MICIIsD» BTpydYaHb. PO3MOMIIN KITIOYOBUX O3HAK
BHSIBHJTH OUIKYBaHY CKOIIEHICTB JJIs TIOCHITATIbHUX MOKA3HUKIB (JIOBI1 «XOCTH» MPABOTO XBOCTA) Ta MOMIPHY KOope-
IS0 MK KOHTEHTHUMH METPHKaMH (Y3TOKEHICTh KITFOYOBUX CITiB, IOBHOTA METAJIAaHKX ) 1 3MIHAMH BUIMUMOCTI.
[Ticyst ounieHHsI Ta yCiueHHs Ha KpaiHIX MEepIeHTIIAX 30€peKEeHO PeNPe3eHTAaTHBHUI MAaCHB CIIOCTEPEIKEHb; y3a-
raJIbHeH1 CTaTUCTHKH HaBeJIeHO y Tabi. 1. AHaui3 mapHUX KOpeJsiii i ATBepAnB, 110 KOJHA IpyIa O3HaK (on-page,
off-page, TexHi4HI) HE € CAMOIOCTATHHOIO MPETUKTOPHOIO MiACHUCTEMOIO: HAWBHUIII acoIiaii 3 IITbOBUMH METPH-
KaMH CIIOCTEPIraroThes 1711 KOMOIHAII i KOHTEHTHHUX 1 TEXHIYHUX CUTHAMTIB, MJACUICHUX SKICHUMU TIOCUIIAHHSAMH.

SxkicTe MoneJieii i mopiBHsAHHS 3 Oeiiznaiinamu. OcHoBHa Monienb SVM i3 RBF-snpom nponemoHcTpyBana
cTabiIbHO BUILI TOKA3HUKHU, HIXK PETYJISIPU30BaHa JIOTICTUYHA perpecis, Ta 3iCTaBHY/BUILY SIKICTh BIIIHOCHO JIEpeB-
HUX aHCaMOJIB y CIIEHapisAX 13 MOMIPHOIO PO3MIPHICTIO O3HAK 1 JucOataHcoM KiaciB. 3a MiICyMKaMu cTpaTudiko-
BaHoi k-fold kpoc-Baminanii Ta BigkiageHoro tecty Oyno orpumano koHKypeHTtHi 3HadeHHs ROC-AUC i PR-AUC
13 By3pkuMU JoBipunMu iHTepBanamu (95 % JII Oyrcrpernom); kamiOpyBalbHI KPHBI BKa3ylOTh Ha Kpally BiImo-
BIJIHICTh MTPOTHO3HUX iMOBipHOCTEH Y SVM miciis 130TOHHOTO KajiOpyBaHHS, HIXK y JepeBHUX MetoniB. Craruc-
THuHI BigMiHHOCTI B AUC MiX MojensMu nepeBipeHo Tectom Delong; miicyMKy HaBelIeHO y Ta0i. 2, rpadidHi
pesynbraru Ha puc. 1 (ROC/PR-kpuBi). Y perpeciiiHiii moctaHoBI (3a HasBHOCTI) SVM-perpecop i3 RBF mocsr
HKkunX MAE/RMSE nopiBHSIHO 3 IIHIHHUMH T IXOJIAMH, IO Y3TO/KYEThCS 3 HASBHICTIO HETHIMHUX 3B’ I3KiB MK
O3HAaKaMH Ta Pe3yJIbTAaTOM.
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Tabmmns 1
Y3arajibHeHi CTATUCTHKH 03HAK (Mic/ISl OYHIIeHHS Ta ycidyeHHsI KpaliHiX nepueHTHIiB)

O3naka N Cepenne Std Mepniana P10 P90
Orinka sikocti kKoHTeHTy (0—100) 4821 71.4 12.2 72.0 53.0 86.0
CeMaHTHYHA CXOXKICTB «3anmuT-KoHTEeHT» (0—1) 4821 0.63 0.12 0.64 0.45 0.78
IToBHOTa MeTamanux (%) 4821 82.1 14.6 85.0 60.0 98.0
HasBHicTb cTpykTypoBanux nauux (0/1) 4821 0.56 0.50 1.00 0.00 1.00
Asroputet nomery (0-100) 4821 38.7 15.9 36.0 20.0 60.0
K-1b ped. nomenis (log) 4821 2.41 0.61 2.40 1.40 3.40
PiznomanitTs ankopis (1-HHI) 4821 0.72 0.11 0.73 0.55 0.86
LCP (c) 4821 3.1 0.9 2.9 2.0 4.5
INP (mc) 4821 280 95 260 160 430
I'muOuna o6xoxy (piBHI) 4821 2.7 1.1 3.0 1.0 4.0
UYacrka npoingexcoBannx URL (%) 4821 88.5 9.2 92.0 70.0 98.0
bazoBuii panr (MeHIIe — Kpaie) 4821 18.9 9.6 17.0 7.0 32.0

Tabnuns 2
SIkicTh Mozeneii i mopiBHsIHHSA 3 Geii31aliHaMu
ROC-AUC PR-AUC F1 Balanced | Brier ROC-AUC| PR-AUC | P-3Hauenus
Mopneb (CYV, cepenne | (CV, cepenne (CV) accuracy | score |y ol Hold-out DeLong vs

+95 % A1) 95 % Al) (CV) (CV) SVM
Jlorictnuna 0.812£0.014 | 0.648 £ 0.018 | 0.63 0.74 0.201 0.808 0.643 <0.001
perpecis (L2)
Random Forest | 0.842 £0.012 | 0.694 £ 0.017 | 0.67 0.77 0.188 0.846 0.701 0.031
SVM (RBF) 0.862 + 0.010 | 0.728 + 0.016 | 0.70 0.80 0.176 0.867 0.733 -

BHecok o3Hak i MogepaTopu edekTy. [lepecraHoBouHa BaXIIMBICTE (permutation importance) Ta JOKaIbHi
nosicieHHs (SHAP) BUsIBIITH KOHCUCTEHTHUH HaOIp MPOBIIHAX MPEAUKTOPIB: SIKICTh 1 TOBHOTA KOHTCHTY, CEMaH-
THUYHA y3TO/DKCHICTh KIIFOYOBUX CIIIB, aBTOPUTET 1 TEMATUYHA BiJIMOBIIHICTh JIOHOPIB TIOCHJIaHb, & TAKOXK TEXHIYHI
MeTpuku npoaykruBHocTi (Hacammepen LCP/INP) ta innekcamii. BeranoBieHo monepaiiito eexty: CHIbHHMA
MOCWIATBHUN CUTHAN 0e3 TeXHIYHOI MPHUIATHOCTI (TOBUIPHE 3aBaHTAXKCHHS, MPOOIEMH PEHICPUHTY/IHACKCAIiT)
Jae 0OMEKeHUI TPUPICT; HATOMICTH ITOEHAHHS ON-page ONTUMI3allii 3 aBTOPUTETHUMH OCKITIHKAMHU 1 TOTpUMaH-
HsaMm Core Web Vitals icToTHO miiBHIIy€ iIMOBIPHICTb JOCSOKHUX nouiniienb BuaumMocti, CTR 1 koHBepciit (Tadm. 3).
JonatkoBo 3’s1COBaHO, 1110 CTPYKTYPOBaHi JJaHi Ta BHYTPILLIHS MEePETiHKOBKA IiI0Th 5K MiJCHIIIOBayi 32 1HIINX PiB-
HUX YMOB.

Afasiii Ta wyrauBicHuii anagiz. Cepis aOusiii miaTBepAuia BKIIAJ] KOXKHOI IPyIU O3HAaK. BUKITIOYSHHS
TEXHIYHIX METPUK MPU3BOIAMTH 10 HaitOutbmoro naninas PR-AUC y noMeHax i3 mO4aTKOBHMU IIPOOIEMaMH IIPo-
IOYKTHBHOCTI; BUIAJECHHS TTOCHIANFHIX O3HAK J0 JMeTpaialii Ha KiacTepax i3 BHCOKOKOHKYPSHTHHMH 3allUTaMU;
OOME)KEHHS JIUIIIe KOHTCHTHUMH O3HAKaMH 3aJIMIIA€ TPUHHATHI pe3ysbTatd JUls iH(GOpMaIiiiHUX 3amuTiB, aje
ripIi Ut TpaH3aKIiHHWX. Yy TIIHBICHI TECTH J0 MOPOTiB BU3HAYCHHS «yCIixy» (Kiacudikallis) rmoka3and cTadiiab-
HicTh TiepeBard SVM y Jiama3oHi pakTHYHO BKUBaHHUX TOporiB. [lepeBipka «leave-one-domain-out» 3acBigumnia
3aJJ0BUTbHY MEPEHOCHMICTh, X04a B Himax i3 HernnoBumu SERP-¢digamu (arperaropu, MapKeTIIeHcH) TOUHICTh
3HHIXKYETBCS — 1€ BIJOOPaXKEHO B OOMEKCHHSIX.

Po6acTtHicTs i 3arpo3u BajigHocTi. KoHTpons MOXKINBUX BUTOKIB iH(opMmalii 3ade3neueHo GpiTHHroMm ycix
TpaHchopMmanii (immyTarisi, MacmTaOyBaHHs, BiI0Ip 03HAK) BUKIIOUHO HAa TPEHYBAIbHUX MiAMHOKHUHAX Y MEKax
KOXHOT (hoN M Ta JOTPUMAHHIM YaCOBHX JIaTiB MK IHTEPBEHIIEIO 1 BUMiptoBaHHM edekTy. Ce30HHICTb Ta aneiTH
MOIIYKOBUX CHCTEM YacTKOBO HiBEJIbOBAHO TEMIIOPaJbHUMHU (hikcaropaMu H po3OUTTSIMHU 3a YACOM; 3aJUIIKOBHMA
pu3UK 00roBopeHo Huk4ue. Pe3ynbraTu 30epiraioTh SKIiCTh 3a ajJbTEPHATHBHUX CITOK TileprapaMerpiB i pi3HUX
CHiBBiAHOLIEHD KJIACIB.

Oﬁronope}mﬂ pe3yJ11>TaT113. OTpuMaHi BUCHOBKH Y3TOIDKYIOTBCS 3 Ml)KHapO,E[HOIO J'IlTepaTypOIO po Heoo-
X1THICTD 1HTerpOBaH0r0 MIIXOMY: KOHTEHT X ITOCHWJIAHHS X TEXHIUHA anz[aTchTB Ha mpakrtumi nie o3Hadae, 1mo
MIPIOPUTH3ALIS i Mae Oa3yBaTHCs HE HA OKPEMHX «CHJIBHUX)» CHT'HAJaxX, a Ha MiHIMAJIFHO JOCTaTHROMY Habopi
3 TPbOX OJIOKIB, MPUUOMY TEXHIYHI Oap’€pH CIIiJl yCYBaTH HA paHHIX eTarnax, abu He «0OMEXyBaTH CTEIIOY MPUPOC-
tiB. [lepeBara SVM i3 RBF-sapom Hajx TiHIMHAME M IX0aMH TATBEPIKYE HAIBHICTh HETTHIMHOCTEH 1 B3a€MOJIIi
MDK O3HaKaMH; BOAHOYAC aHCAMONIEBi JAepeBa MOXYTb OyTH KOPUCHHMH SIK JHOJATKOBI OCHUMApKU y «IIYMHHX)
naHuXx. [IpakTHuHa 3HAYYIIICTh NMOJISITAaE Y MOXKINBOCTI IaHyBati SEOQ-nporpamu sk mopTdens Aiif: Moaeb Hagae
HMOBIPHICHI MPOTHO3H, IHTEPBAJIN HEBU3HAUCHOCTI TA MOSICHEHHS HA PiBHI O3HAK, IO MOJETIIy€e KOMYHIKAIiO 31
cTeiKxonepaMu 1 BUOIp il 3 HAWBUIIMM OYiKyBaHUM €(EKTOM.
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Tabnus 3
Buecok o3Hak i MmoepaTopu edekTy (nepectaHoBoyHa BaxauBicTs i SHAP)

IlepecranoBouna | Cepenne | Hanpsim . Iopir i3 PDP
Ne Osmaxa BaI:KnnBich, % |SII-)I:P| (+/Ii) Tpuwmiria-voneparop (opIi)CHTOBHO)
1 | Content quality score 14.8 0.118 + Stronger when LCP <2.5 s 75+
2 |Keyword—content 13.6 0.111 + Amplified with high anchor 0.7+
semantic similarity diversity
3 | Domain authority 11.9 0.097 + Diminished if indexation <80 % 45+
4 |Referring domains (log) 10.7 0.091 + Stronger for competitive 23.0
queries
5 | Largest Contentful 9.8 0.083 - Bottleneck regardless of <25s
Paint (LCP) backlinks
6 |Indexed ratio 8.6 0.074 + Acts as gate for link benefits >90 %
7 | Anchor diversity 7.5 0.066 + Reduces over-optimization risk >0.7
(1-HHI)
8 |Interaction to Next 7.2 0.064 - High INP penalizes CTR gains <250 ms
Paint (INP)
9 | Structured data present 6.0 0.053 + Boost larger for informational 1
queries
10 |Internal link depth 5.1 0.045 N Too deep harms crawl <3
efficiency

Oo0mesxeHHs i mogabLi gocaixKeHHs. OOMEKEHHS CTOCYIOThCS MOTEHIIMHUX BUOIPKOBUX 3CYBIB (raiysi,
MOBHI PUHKH), HETTOBHOTH JICHONIB IHTEPBEHIIIN 1 3aJIMIIKOBUX TEMITOPAJIbHUX e(PeKTiB. [lepcrieKTHBHUMU Hampsi-
MaMHU €: Kay3alibHi qu3aitan (staggered rollouts, synthetic control, DiD), ctannapTiH3oBaHe 3BITYBaHHS PO BTPY-
YyaHHs (OIUC I, IaTH, JIaru) Ta MyOlIiYHi permo3uTopii eekT-caif3iB A MeTaaHATITHIHOT MePEBIPKH y3arajibHIO-
BaHOCTI Pe3yJIbTATIB.

BucHoBkH. Y T0OCIHTIDKEHH] JIOCATHYTO MOCTABICHOT METH: 3aPOIIOHOBAHO Ta BAIIJAIIHO IEPEeBIpEeHO BiJl-
TBOPIOBaHUH (ppeliMBOPK MporHo3yBaHHs edekTuBHOCTI SEO-BTpydans Ha ocHOBI SVM i3 4iTKHM IPOTOKOJIOM
(hopMyBaHHSI JaHUX, MOMEPENHLOI 00pPOOKHM Ta KpOC-BaiallifHOTO OIHIOBaHHS. Pe3ynbraru MiATBEpIKYIOTh
JOIUTBHICTE TaKoi METOMOJIOTIT /I MPaKTUYHUX 3a1ad IiaHyBaHHsI SEO.

ITokazaHo, 110 HaMBHIY MPOTHO3HY CIIPOMOXKHICTH 3a0e3neuye iHTerpoBaHe BUKOPHCTAHHS KOHTEHTHHX,
MOCUJIATBHUX 1 TEXHIYHUX cUrHAJIB. JKozeH i3 ONOKIB 03HAK OKPEMO HE € AOCTATHIM JUIi CTaOUIBHUX MPUPOCTIB
BunuMocTi, CTR 1 koHBepCi.

OtpumaHni pe3yasrati 3acBigumin nepesary SVM i3 RBF-sapom Han niHiiiHuMEU OeliznaiiHaMu Ta 3icTaBHY
a00 BHIIY SKICTh BIAHOCHO JEPEBHUX aHCAMOJIIB, [0 BKAa3y€ Ha HEJIHIMHHUN XapaKTep B3aeMOIiil o3HaK. AHai3
BaXKJIMBOCTI Ta Mojiepallii e(eKTiB MiITBEPAUB IILTF30BY» pojib TeXHIUHOI mpuaatHocTi (Core Web Vitals, iHaek-
carris) JuIs peasizallii IoTeHIiaay KOHTCHTY i 3BOPOTHUX MOCHIIAHb.

Cepis aOisiiiid i 9y TIMBICHUX MEPEBIPOK (Bapiallisi MOPOTiB «YyCINXy», aJbTePHATHBHI CITKH TilepriapamMe-
TpiB, leave-one-domain-out) 3acBimymia poOACTHICTH BUCHOBKIB 1 BiJICYTHICTh JIOMIHYBaHHS OJIMHUYHUX JIOMCHIB
abo xiactepiB 3anuTiB. BogHouac ineHTH(]iKOBaHO 0OMEKEHHS, OB’ sI3aHi 3 MOXIMBIMHU BHOIPKOBUMH 3CYyBaMH,
HETIOBHOTOIO MAapKyBaHHS 1HTCPBEHIIIH 1 3aJIMIIKOBIMHU TEMIIOPATBHUMHE S(HEKTaMU.

3anponoHoBaHuil poOounit mpouec MATPUMKH pillleHb GopMye HMOBIpHICHI IPOTHO3M 3 AOBIPUMUMH iHTEP-
BaJlaMH Ta MOSCHEHHS Ha PiBHI O3HAK, 1[0 Ja€ 3MOTY MPiOpUTE3yBaTH Aii 3 HAHOIIBIINM OYiKyBaHUM €(EKTOM JI0
cTapTy KammnaHiil. [lepcrnexkTuBy mopaibIIMX poOiT OXOIUIIOIOTH Kay3asbHi au3aiiHu (staggered rollouts, synthetic
control, difference-in-differences), crangaprusaunito 3BiTyBaHHS Npo SEO-BTpyuaHHsS Ta CTBOPEHHS BiAKPUTHX
peno3uTopiiB edekT-cai3iB JIs MiABUILEHHS BiITBOPIOBAHOCTI i 30BHILIHBOI BaIiIHOCTI PE3YJIbTATIB.

CHucox BUKOPHCTAHUX JIKEPeT:

1. Saura J. R. Using Data Sciences in Digital Marketing: Framework, methods, and performance metrics.
Journal of Innovation & Knowledge, 2021. 6(2), 92—102. https://doi.org/10.1016/].jik.2020.08.001

2. Salminen J., Marttila R., Corporan J., Salenius T., Jansen B. J. Using Machine Learning to
Predict Ranking of Webpages in the Gift Industry: Factors for Search-Engine Optimization. Proceedings
of the 9th International Conference on Information Systems and Technologies (ICIST 2019), 2019. 1-8.
https://doi.org/10.1145/3361570.3361578

3. Matosevi¢ G., Dobsa J., Mladeni¢ D. Using Machine Learning for Web Page Classification in Search
Engine Optimization. Future Internet, 2021. 13(1), 9. https://doi.org/10.3390/£fi113010009

4. Roumeliotis K. I., Tselikas N. D. A Machine Learning Python-Based Search Engine Optimization Audit
Software. Informatics, 2023. 10(3), 68. https://doi.org/10.3390/informatics 10030068

ISSN 2521-6643 Cucremu ta Texuouorii, Ne 1 (71), 2026 85



5. Macumber R., Eswar Pagadala V. D. Google, SEO and helpful content: How artificial intelligence
can be helpful for e-commerce websites. Journal of Digital & Social Media Marketing, 2024. 12(3), 206-226.
https://doi.org/10.69554/RIJIUW9313

6. Saeed Z., Aslam F., Ghafoor A., Umair M., Razzak . Exploring the impact of SEO-based ranking factors
for voice queries through machine learning. Artificial Intelligence Review, 2024. 57, 144. https://doi.org/10.1007/
$10462-024-10780-9

7. Alotaibi S., Alotaibi B. A review of click-through rate prediction using deep learning. Electronics, 2025.
14(18), 3734. https://doi.org/10.3390/electronics 14183734

8. Santiago, M., Febiansyah, H., & Dinarwati, D. (2024). Integrating Machine Learning with Web Intelligence
for Predictive Search and Recommendations. International Transactions on Artificial Intelligence, 3(1), 44-53.
https://doi.org/10.33050/italic.v3il.654

9. Vinutha M. S., Padma, M. C. Insights into Search Engine Optimization using Natural Language Processing
and Machine Learning. International Journal of Advanced Computer Science and Applications, 2023. 14(2). URL:
https://thesai.org/Downloads/Volume14No2/Paper 11-Insights into _Search Engine Optimization.pdf

10. “Feature Selection using Machine Learning Techniques Based on a Case Study” (2020). ACM Proceedings.
https://doi.org/10.1145/3432291.3432308

11. Aman, S. S. (2024). Search engine Performance optimization: methods and techniques. PMC Open Access.
URL.: https://pmc.ncbi.nlm.nih.gov/articles/PMC11157186/

References:

1. Saura, J. R. (2021). Using Data Sciences in Digital Marketing: Framework, methods, and performance
metrics. Journal of Innovation & Knowledge, 6(2), 92—102. https://doi.org/10.1016/j.j1k.2020.08.001

2. Salminen, J., Marttila, R., Corporan, J., Salenius, T., & Jansen, B. J. (2019). Using Machine
Learning to Predict Ranking of Webpages in the Gift Industry: Factors for Search-Engine Optimization.
Proceedings of the 9th International Conference on Information Systems and Technologies (ICIST 2019), 1-8.
https://doi.org/10.1145/3361570.3361578

3. Matosevi¢, G., Dobsa, J., & Mladeni¢, D. (2021). Using Machine Learning for Web Page Classification in
Search Engine Optimization. Future Internet, 13(1), 9. https://doi.org/10.3390/fi113010009

4. Roumeliotis, K. I., & Tselikas, N. D. (2023). A Machine Learning Python-Based Search Engine Optimization
Audit Software. Informatics, 10(3), 68. https://doi.org/10.3390/informatics10030068

5. Macumber, R., & Eswar Pagadala, V. D. (2024). Google, SEO and helpful content: How artificial
intelligence can be helpful for e-commerce websites. Journal of Digital & Social Media Marketing, 12(3), 206-226.
https://doi.org/10.69554/RJUW9313

6. Saeed, Z., Aslam, F., Ghafoor, A., Umair, M., & Razzak, 1. (2024). Exploring the impact of SEO-
based ranking factors for voice queries through machine learning. Artificial Intelligence Review, 57, 144.
https://doi.org/10.1007/s10462-024-10780-9

7. Alotaibi, S., & Alotaibi, B. (2025). Areview of click-through rate prediction using deep learning. Electronics,
14(18), 3734. https://doi.org/10.3390/electronics14183734

8. Santiago, M., Febiansyah, H., & Dinarwati, D. (2024). Integrating Machine Learning with Web Intelligence
for Predictive Search and Recommendations. International Transactions on Artificial Intelligence, 3(1), 44-53.
https://doi.org/10.33050/italic.v3il.654

9. M. S., Vinutha, & Padma, M. C. (2023). Insights into Search Engine Optimization using Natural Language
Processing and Machine Learning. International Journal of Advanced Computer Science and Applications,
14(2). Retrieved from: https://thesai.org/Downloads/Volumel4No2/Paper 11-Insights into Search Engine
Optimization.pdf

10. “Feature Selection using Machine Learning Techniques Based on a Case Study” (2020). ACM Proceedings.
https://doi.org/10.1145/3432291.3432308

11. Aman, S. S. (2024). Search engine Performance optimization: methods and techniques. PMC Open Access.
Retrieved from: https://pmc.ncbi.nlm.nih.gov/articles/PMC11157186/

Jlara nepnioro HaJXO/KEHHS CTarTi 10 BuaaHHs: 21.11.2025
Jlara npuAHATTS CTATTI 10 IpYKy Micis pernensyBanss: 15.12.2025
[Jara nyomnikanii (onprtrogaenHs) crarti 27.01.2026

86 Cucremu ta Texnosorii, Ne 1 (71), 2026 ISSN 2521-6643



C. I. Orpox, JI. I. Ky6miit, M. O. 3amutuHchKa

YIK 004.738
DOI https://doi.org/10.32782/2521-6643-2026-1-71.12

OTpox C. |., LOKTOP TEXHIYHMX HayK, Npodecop,

npodecop kadenpu UMPPOBNX TEXHOMOTI B EHEPreTuLi
HauioHanbHOro TexHiYHOro yHiBepcuTeTy YkpaiHu
«KWiBCbKMI NONITEXHIYHUI iIHCTUTYT iMeHi Irops CikopcbKoroy»
ORCID: 0000-0001-9008-0902

Ky6nin J1. I., kaHOnaaTt TEXHIYHUX HayK, LOLEHT,

JoueHT kadeapu LmMdpoBUX TEXHOMOTIN B eHepreTuui
HauioHanbHOro TexHi4HOro yHiBepcuTeTy YkpaiHu
«KuiBCbKMI NOMITEXHIYHUI IHCTUTYT iMeHi Iropsa CikopcbKoro»
ORCID: 0000-0002-1015-3209

3awmTtuHcbka M. O., 30o6yBay BULLIOT OBITK

HauioHanbHOro TexHiYHOro yHiBepcuTeTy YKpaiHu
«KuniBCbKMI NOMITEXHIYHUI IHCTUTYT iMeHi Iropsa Cikopcbkoro»
ORCID: 0009-0007-9853-3348

MOHITOPHUHI CTAHY PO3YMHOI'O BYJUHKY 3A TEXHOJIOTI'IEIO 10T

YV cmammi demanvho npoananizosano npoyec po3poonenHs MoOeni cucmeMy MOHIMOPUHSY PO3YMHO20 OVOUHKY HA
ocnogi mexnonoeil Inmepnemy peveii (IoT) ma poskpumo Kouogi acnekmu nodyoosu Cy4acHux iHmeneKmyaibHux cucmem
asmomamu3sayii scumna. Pozensinymo konyenmyanvhi 3acaou yHKyionyeanusa po3ymHo2o OyOUHKy, o nepeodauaioms micHy
63AEMO0II0 CEHCOPHUX eleMeNInis, MIKDOKOHMPOIepis, w0316 ma GUKOHABUUX NPUCmpoig y peanvhomy uaci. Came HOEOHAHHS
YUX KOMHOHEHMIE 3aDe3neyye MONCIUBICMb De3nepeperHo2o 300py, anaiizy ma 00pooKu 0anux, HeoOXiOHUX OJist KOHMPOIO NaApa-
Mempie cepedosuuya, niosulyeHHs pieHs e3nexu, KoOMpopmy ma enepeoephexmueHOCmI HCUMI08UX NPUMILYeHb.

Y pobomi nposedero tpynmosre docnioxncenns apximexmypu loT-cucmemu ma onucano npunyunu it peanizayii' y ipmyaib-
Homy cepedosuuyi Cisco Packet Tracer, sxe cryeye incmpymenmom ons mooenogants 63aemodii lo T-npucmpois 6e3 nompebu y izuu-
Homy obnaonanHi. Ocodnusy yéazy npudiieHo aneopummam asmomMamuiHo20 peazyeants Ha nodii. Taxutl nioxio 0eMoHCmpYe eaxcul-
sicmb inmezpayii iHMeneKy anbHUX MeXaHiavie Kepy8anHs, Ki (hopmyIomb OCHO8Y KOHYenyii «PO3VMHO20» HCUTNI0B020 CEPE00ULYA.

Oxpemo posensnymo mexuiuni ma @ynKyionanvui mostcaugocmi po3podnenoi mooeni. Haseoeno xapakmepucmuxy euxo-
PUCmanux munie cencopis, cnocooie opeaizayii nepedaui daHux, ocoonusocmeti 63acMo0ii KOMNOHEHMIB y MeHcax TOKAIbHOT
Mepedici, a maxodic 3acodie 3abezneuenns cmadiibHOCMI Ma KopeKmHocmi pobomu cucmemu. 30IICHEHO MeCHY8aHHs MOOe,
DPe3VIbImam K020 ni0meepounl it HaditiHicm, y3200xcenicms pobomu okpemux 1o T-komnonenmis i 30amuicnms cucmemu 8uKo-
Hy6amu 0CHOBHI (PyHKYIT MOHIMOpUH2Y be3nexu 8 agmomMamuiHomy pedxcumi. Ompumari pezyivmamu ceiouams npo 00YinbHiCHb
BUKOPUCIAHHS CIMBOPEHOT MO K HABYANLHO20 THCMPYMeHNTy 03 3000yMMma NPAKMUYHUX HABUYOK Y 2any3i mexuonoeiti loT,
a MaKodic ik OeMOHCMPAYIIHO20 NPUKLAOY 05t QOCTIONCEHHSL NPUHYUNIG NOOYOOBU THMEZPOBAHUX CUCIEM PO3YMHO20 OOMY.

Cmamms demoHcmpye nioxio do cmeopenns loT-piwens, opicumosanux na 3abesneyenns oeznexu ma KOMGopniy Kopuc-
mysaua. Po3pobnena modens mooice cy2ygamu 0CHO80I0 071 NOOATbUIUX eKCHepUMeHmia i 00crioxcers y cepi asmomamusayii
JACUMA0BUX NPUMILEHb MA € AKMYATbHUM NPUKAAOOM 3ACMOCY8AHHA MexHON02i [nmepHemy peuell y CyudcHux ymosax pos-
BUMKY YUppoeoi inghpacmpykmypu.

Knrouosi cnoa: posymuuil 6yourox, Inmeprem peuei, mixpoxonmponep, Cisco Packet Tracer, cencopu, asmomamusayis,
be3nexa.

Otrokh S. L., Kublii L. 1., Zashchytynska M. O. Monitoring the status of a smart home using IoT technology

The article provides a detailed analysis of the process of developing a smart home monitoring system model based on Internet
of Things (IoT) technologies and reveals the key aspects of building modern intelligent home automation systems. It examines the
conceptual principles of smart home operation, which involve close interaction between sensors, microcontrollers, gateways, and
actuators in real time. It is the combination of these components that enables the continuous collection, analysis and processing of
data necessary to control environmental parameters and improve the safety, comfort and energy efficiency of residential premises.

The paper conducts a thorough study of the architecture of the loT system and describes the principles of its implementation
in the Cisco Packet Tracer virtual environment, which serves as a tool for modelling the interaction of IoT devices without the need
for physical equipment. Particular attention is paid to algorithms for automatic response to events. This approach demonstrates
the importance of integrating intelligent control mechanisms that form the basis of the concept of a ‘smart’ living environment.
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The technical and functional capabilities of the developed model are considered separately. The characteristics of the types
of sensors used, methods of data transmission, features of component interaction within a local network, as well as means of ensur-
ing the stability and correct operation of the system are presented. The model was tested, and the results confirmed its reliability,
the coordination of individual IoT components, and the system s ability to perform basic security monitoring functions in automatic
mode. The results obtained indicate the feasibility of using the created model as a training tool for acquiring practical skills in the
field of IoT technologies, as well as a demonstration example for studying the principles of building integrated smart home systems.

The article demonstrates an approach to creating loT solutions focused on ensuring user safety and comfort. The devel-
oped model can serve as a basis for further experiments and research in the field of residential automation and is a relevant
example of the application of Internet of Things technologies in the current conditions of digital infrastructure development.

Key words: smart home, Internet of Things, microcontroller, Cisco Packet Tracer, sensors, automation, security.

IMocTanoBKka nmpo6aeMu. Po3BUTOK MUDPOBUX TEXHOJIOTIH CIPHSIE AaKTHBHOMY BIPOBaPKCHHIO KOHIICTIIIIT
PO3yMHOTO OYJMHKY, [0 Tiepeadadae aBTOMATH3AIII0 YIIPABIIHHS KUTIOBUMH MPOIECAMH 3 METOO IiIBUIICHHS
0e3neku, kompopTy Ta eHeproeGekTuBHOCTI. OHUM 13 KITFOUOBHX HAIIPSIMIB TAKOTO PO3BUTKY € MOHITOPHHT CTaHY
CCepEIOBHIIA 3 BUKOPUCTAHHAM TexHoJorii InTeprety peueii (1oT), sika 3abe3mnedye B3a€MOiI0 IPUCTPOIB y PEKUMI
peasbHOro 9acy Ta BiKpUBA€E HOBI MOMKIMBOCTI JUISI MOOYAOBH IHTETPOBAHUX, AANTUBHUX CUCTEM KepyBaHHS.

AHani3 ocTaHHiX JocjaizkeHb i myOaikauniid. Y cydacHHX IOCIIIKEHHSAX, MPUCBSIYCHUX MOJICIIOBAHHIO
CHCTEM «PO3YMHOTO OyIMHKY» 3acobamu TexHosoriil [0T, 3Ha4uHy yBary mpHIiicHO BUKOPUCTAHHIO CUMYIISITOPIB,
3okpema Cisco Packet Tracer. Y po6orti [1] nokaszano, 1110 JaHUH CUMYIATOP M03BOJIA€ €PEKTUBHO BiATBOPIOBATH
CTPYKTYpY Ta JIOTIKYy B3a€MOil CEHCOPIB 1 MEPEXKEBUX MPUCTPOIB, 3a0€3MEUyI0UN PEaliCTUUHY MOJAENb poOOTH
loT-cucremn y JOMAalIHEOMY CEPEIOBHIII. ABTOp IMiIKPECIIOE MOKIMBICTh MOOYIOBH CIICHAPIiB aBTOMATH3AIlil,
MOHITOPHHTY ITapaMeTPiB CEPEIOBUIIA Ta TECTYBaHHS MOBEAIHKH MPUCTPOIB O3 MOTPeOH y (hi3HUHOMY 00JIaTHAHHI.

[ame mocimimkeHHs [2], MpUCBsIUCHE CTBOPEHHIO «PO3YMHOTO 1 6e3meuHoro OymuHKy» 3a gomomoroio Cisco
Packet Tracer, teMOHCTpYE, IO CUMYJISIIHI MOZIEI € KOPUCHHUM THCTPYMEHTOM JJIs aHami3y Oesnekn loT-apxiTek-
Typ. ABTOPH HAroJIOIIyIOTh HA BAXKIMBOCTI KOPEKTHOI KOH(IrypaIii JaTYuKiB pyXy, JUMY, KaMep CIIOCTEPEIKSHHS
Ta CUCTeMH croBileHHs. OcoONMBY yBary BOHU MPUALISIOTH JOCTYITHOCTI IHCTPYMEHTIB JUIS CTYACHTIB Ta PO3p00-
HUKIB, ockinbkn Cisco Packet Tracer 103BoJisie BiATBOPIOBATH CKJIaIHI B3a€MOJIi Mi>K IPHCTPOSIMU 3 MiHIMAJIBHUM
MIOPOTOM BXOTY.

VY my6nikanii [3] po3mIsHyTO MMpIIMH MiaXig A0 cTBOpeHHs loT-cucteM po3yMHOro OyIUHKY, BKIIOYAI0UN
MOJIeJTi 3B’SA3KY, IPUHLIUIM M1’ €JHAHHSA CEHCOPHUX MOJYIIB 1 MUTaHHS MaclITa0OBaHOCTi. ABTOPHU 3a3HAYaIOTh,
IO CUMYJISILIKHI CEepeIOBHIIA BiIIrPAOTh KIFOUOBY POJIb HA €Tarax TeCTyBaHHs, OCKUIBKH AIOTh 3MOTY JOCIi-
HUKaM [IPOBOJIUTH €KCIIEPUMEHTH 3 PI3HUMH KOHDIrypauisiMu Mepesxi, ONTUMI3yBaTH 0OMiH JJaHUMU Ta OLIHIOBATH
PEaKIIifo CUCTEMH Ha TOAIi B PEKUMI pealibHOTO Yacy.

3arajioM IMpoaHai30BaHi MyONIiKaIii MmiIKPeCIOTh, 0 CUMYJISLIsS «po3yMHoro OymuHky» B Cisco Packet
Tracer € e(heKTHBHOFO JOCIITHHIILKOKO MeTOoJIoTier0. BoHa 3a0e3mneuye MOXIIMBICT MonemtoBaHHst loT-apxitexTyp,
BIJITBOPEHHSI JIOTIKM aBTOMATH3aIlil, aHAIi3y Oe3MeKH Ta HaBYaHHS TPUHIIMIIAM ITOOYIOBH 1HTEICKTYaTbHUX CHCTEM
0e3 HeoOXiHOCTI Y JoporomMy oOnajHaHHI. BogHOoYac y po0oTax 3a3Ha4a€eThes, MO MUTAHHS 1HTETpallii XMapHUX
CepBiCiB, MAIIMHHOTO HABYaHHS Ta PeaNbHUX MPOTOKOMiB [0T 3annImaroTeCst mepCrieKTHBHIMI HAIIPSIMAMHF T10/1aJThb-
WX JTOCIIIKEHD.

MeTta cTaTTi — po3po0OKa Ta JOCIiHKEHHS MPOrpaMHOI MOJETI CHCTEMH MOHITOPHHTY O€3MEKH PO3yMHOTO
OyauHKy Ha ocHOBI TexHouorii [oT y cepenosumii Cisco Packet Tracer. Y mexax 1miei meTn nepeadadeHo CTBOPESHHS
(YHKIIIOHAIBHOT apXiTEKTYpU CUCTEMH, 1110 00’ €HY€E CEHCOPHU pyXy Il AuMy, MikpokoHTpoaep MCU, nutto3 i BUKO-
HaB4i IPUCTPOI, @ TAKOXK PO3POOKY JIOTiKM aBTOMAaTUYHOIO pearyBaHHs Ha nozii. Pearnizaliis Takoro mijaxomay 103B0-
JISI€ TIPOIEMOHCTPYBATH NpakTH4YHI MOKITUBOCTI [oT 1y1st 3a0e3neueHHs Oe3MeKn KUTIOBUX IPUMILICHB, BUSBICHHS
MOTCHIIHHKX 3arpo3 i MiABUIICHHS €(hEeKTUBHOCTI B3a€EMOJIT MK €IEMEHTAMH PO3YMHOTO CEpPEIOBHUIIA.

Buxusian ocHoBHOTo mMatepiaiay. CucreMu po3yMHOTo OyIHHKY — IIe OaraTopiBHEBI KOMIUICKCH, SIKi MO€THY-
I0Th amapaTHi (CEHCOpH, KOHTPOJIEPH, IUTI03HM) Ta MPOrpaMHi KOMIIOHEHTH (JIOTiKa, iHTepdeiich, Mepeska) sl aBTO-
MaTH3allii )KUTIOBOTO MPOCTOPY [4]. APXITEKTypa TAKUX CUCTEM 4acTo 0a3yeThCs Ha iEpapXidHii CTPYKTYPi «CEHCOP
— KOHTpOJIEp —> aKTOp — KOPHUCTyBau», o 3a0e3Ieuye MociiJoBHy 00pOOKy MaHMUX BiJl BUMIPIOBaHHS 1O i Ta
B3a€MOJIIT 3 MOMUHOK. Hampukinay, y 1oCTipKeHH] MiIKPECTIOEThCS, 0 CEHCOPU Ta aKTOPH CTaHOBIATH 0a30BHMA
piBenb loT-apxiTekTypu, TOAI SIK KOHTPOJIEPH 1 IUTIO3M BUCTYMAIOTH SIK IPOMIXKHI By37IM OOpOOKH Ta KEpyBaHHS.

CeHcopH BiAIrpaoTh BAyKJIMBY POJIb Ha IOYATKOBOMY €Talli: BOHHU 30MparoTh iH(OPMALIIO PO CTaH CEPEIOBHIIA,
30KpeMa Mpo pyx, AWM, TEMIIEPATypy Ta BOJIOTICTh, 1 IEPEIArOTh I1i JaHi A0 KOHTpoJiepa ado Nuro3a. Y cTaHIapTHUX
IoT-cucremax ceHCOpHHI KOMITIOHEHT CITYKUTh OCHOBHOIO «TOYKOKO BXOJY» JUISl aBTOMATH3aIli] Ta aHAIITHKH.

Kontponep (nanpuxian, mikpokortposiep MCU abo JiokanbHUE 1UTI03) 00po0Iisie OTpuMaHi CUTHANH, pea-
Ji3ye 3aJaHy JOTIKy pearyBaHHs (HAIPHUKIAI «SIKIIO MM > MOPOroBa 3HAYCHHS, TO aKTHBYBAaTH CHPEHY») 1 Mij-
KITFOYa€ BUKOHABYI PUCTPOI — akTopu. KOHTposIep 9acTo po3mIsIAETHCS K YaCTHHA «SIIPay CUCTEMH PO3YMHOTO
OyIUHKY, SIKe KOOPIHHYE B3AEMOIII0 MiXK CEHCOPAMH, IIUTI030M i BAKOHABUMMH SIIEMEHTaMH [5].

Bukonap4i mpucTpoi (aKTOpH) BUKOHYIOTh KOHKPETHI JIii: YBIMKHEHHS JIAMITH, aKTHUBAIlisl CHPEHH 4YH BiJcO-
KaMepH, 3MiHy PeKAMY pOoOOTH KIIMAaTHYHOI cucTemu Tomno. Llei piBeHs 3a0e3meuye Gi3uvHy peakilito Ha MO,
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3adikcoBaHy ceHCOpoM i 00pobieHy KoHTposiepoM. Bogrouac o3 (Home Gateway) BucTymae 3B I3KOBHM eJie-
MEHTOM MIX JIOKaJIbHOIO CHCTEMOIO aBTOMAaTH3allii Ta KopucTyBadeM abo Mepexero [HTepHeT: BiH MOXe nepesa-
BaTH JlaHi B XMapy, HalaBaTH JOCTYII Yepe3 MOOITbHUIA JOAAaTOK, KOOPIAWHYBATH IiAKIIOYSHHS 30BHIIIHIX CEPBICIB.

Ki1t040B010 0COOIMBICTIO CyHacHUX CUCTEM PO3YMHOI0 OYMHKY € TXHS aBTOHOMHICTb 1 aJallTUBHICTh — 371aT-
HICTh pearyBaTy Ha noii 6e3 y4acTi KOpucTyBaya, ONTUMI3YIOUH CIIOKMBAHHS €HepTii Ta MiBULLYI0oun Oe3meKy [6].
Hanpuknan, cucrema Mo)ke aBTOMaTHIHO 3HI)KYBATH TEMIICPaTypy M BUMHKATH CBITIIO, KOJU HIKOTO HEMA€E B KiM-
HaTi, a00 aKTUBYBAaTH CUTHAI3AIIIO TIPH BUSBIICHHI AUMY M pyXy. LI amanTuBHA norika, sika mojsirac y B3aeMoIil
CEHCOPIB-KOHTPOJIEPIB-aKTOPIB, € XapaKTEPHOI pUcOro [0 T-pillieHs s )KUTIOBUX CEPEIOBHIIL.

Texnonozin Internet of Things (IoT)

Texnomnoris [oT no3Bonsie MoenHyBaTH (i3UYHI IPUCTPOI — CEHCOPH, JIATYUKH, IUTFO3U — Y €JIUHY MEPEKEBY
EKOCHCTEMY, sIKa 3a0e3reuye 0OMiH TaHUMHU MiX MPHCTPOSIMU Y PEeXXKHUMI peanbHoro dacy [7]. BoHa cTBoproe Mox-
JUBICTH HE TIPOCTO MIAKIIOYCHHS «pedein» 0 [HTepHeTy, a B3aeMoIii Mi’K HUMH 3 METOI0 aBTOMAaTH3allii Ta MOHi-
TopHuHTY. Hanpukinan, ceHcop pyxXy MoXe IepelaBaTH CUTHAJ 10 KOHTPOJIepa, sIKKH yepes I3 — nepeaae iHpop-
Mallilo y XMapy 4u JIOKaJbHUI cepBic — 1 TOAI aKTOp (J1aMIla UM cUpeHa) BUKOHye fito. Takum unHoM loT-cuctema
CTa€ PO3IMOIIICHOI0 €KOCHCTEMOIO JaHHX, a He MPOCTO HAOOPOM aBTOHOMHUX MPUCTPOIB.

YV KOHTEKCTi «pO3yMHOT0 OYJTMHKY» ISl TEXHOJIOTIS JI03BOJIsiE€ €(DeKTUBHO 3IHCHIOBATH Oe3MepepBHIIA OOMIH
iH(pOpMaLiEr0 MiXK CEHCOPaMU, MIKPOKOHTPOJICpaMH i BAKOHABYUMHE ITPpUCTPosiMu. CeHCcopH 30MParoTh TaHi — HAITPH-
KJIaJI, TEMIIeparypa, pyX, MM — KOHTpoJiep 00po0iise iHpopMallito i mpuiMae pillleHHs, BAKOHABY1 IPUCTPOT pea-
JI3YFOTB 111 PIlIEHHS], a IUTF03 YU KOHTPOJIEP B3aEMOJIIE 13 30BHIIIHIM iHTepdericoM (MOOLITBHUM J10aTKOM ab0 XMa-
poro). Taka apxiTekTypa 3ade3rneuye aBTOMaTHU3aIlI 0 )KUTIOBOTO TIPOLIECY: HATPUKIIAJ, SKIIO CEHCOP UMY 3adikcye
HeOe3IMeUHy CUTYAIIif0, CHCTEMa MOXKE MUTTEBO aKTHBYBATH CUPEHY a00 HAJICHJIATH CIIOBIIIECHHS Ha Telae(oH.

Komynikamis Mix mpuctpossmu y loT-cucremax 3MiHCHIOETBCS 3@ JIOTIOMOTOIO CIEMU(BIYHUX MPOTOKOJIB,
takux sk MQTT (Message Queuing Telemetry Transport), CoAP (Constrained Application Protocol) abo crannapt-
Horo HTTP (Hypertext Transfer Protocol). KoxxHwuii 13 ux mpoTOKoIiB Ma€e cBOi nepearu i oomexenus: MQTT
BHUKOPUCTOBYE MofIeb «publish-subscribe» 1 € edekTUBHUM IS CLieHApiiB i3 BEIHKOIO KUIBKICTIO MPUCTPOIB Ta
HaJIHHOIO JOCTAaBKOIO MOBifoMiIeHb; COAP onTumizoBaHMii It IPUCTPOIB i3 0OMEKEHUMH pecypcamu (Iam’siTb,
00poOka, enepris), npamtoe Ha UDP Ta minrpumye REST-nionioni intepdeticu; HTTP € Oinbin 3aranbHum, ane
MEHIII ONITUMI30BaHUM Jisl eHeprooomeskenunx loT-npuctpois [§].

V cepenoBuiii cumynsnii, Hanpukiag Cisco Packet Tracer, 1i npouecu MOAEmOIOTHCS TPOrPaMHO: CTBO-
PIOETHCS BipTyallbHa MEperka CEHCOPIB, MIKPOKOHTpOJIEpa 1 BAKOHABUUX MPUCTPOIB, HANAIITOBYIOTHCS IPOTOKOIA
0OMIHY JJaHUMHU, IMITYIOThCS MOJIIT Ta iX 00poOka [4]. Ile mae 3Mory HaBYaIbHUM 200 JIEMOHCTPAILIMHUM MPOESKTaM
MpAaIoBaTH 0€3 peanbHOTO (PI3UUHOTO OOJIAIHAHHSI, IO 3PYYHO JUTsl OCBITHIX IIUJICH, IIBUAKOT IEPEBIPKU apXiTeK-
TYpH CHCTEMH, TECTYBaHHS JIOTIKH pearyBaHHS Ta MOJICIIOBAHHS «PO3yMHOTO OyIUHKY». [1omi0H1 miIXomu J103B0-
JISFOTh MaOyTHIM (haXiBISIM OTIaHyBaTH NpUHIMIK [oT-aBTOMaTH3aIlii B 6e31e4HOMY BipTyaJIbHOMY CEpPEIOBHIILL.

Apximexkmypa po3pooénenoi cucmemu

ApXITEKTypa CTBOPEHOI cHCTeMH 0a3yeThCsl Ha MPUHIUMIAX TexHomorii Intepuery peueii (IoT), ae Bci mpu-
CTpoi 00’ €IHAH] Y €JIMHY JIOKAIIbHY MEpPEXY Ta B3a€MOAIIOTh Mk co0010 yepe3 o3 Home Gateway. OcHOBHUMHI
KOMIIOHEHTaMM CUCTEMH € CEHCOPH PyXy Ta AuMy, MikpokoHTponep MCU, BUKOHABUiI MPUCTPOI (CUpEHa, JTaMIa Ta
Bimeokamepa), nuro3 Home Gateway i cmaprdon i3 nogarkom [oT Monitor.

Cucrema moOyoBaHa 3a MPUHIMIIOM «CEHCOpP — KOHTposiep — akTopy». CEeHCOpH BHCTYMAIOTh JKEPEIOM
nannx, MCU BukoHy€e (DyHKIII0 00pOOKH CHTHAJIB i KEpyBaHHs, 8 BUKOHABYI IPUCTPOI peatizyroTh (Hi3udHy HIit0
y BiamoBigs Ha moxito. Home Gateway 3a0e3mnedye MepeeBy B3a€MOIII0 MK yciMa KOMIIOHEHTaMU Ta J03BOJISIE
KepyBaTH CUCTEMOIO JucTaHmiiHo yepe3 [oT Monitor.

VY cTBOpeHil Mozeni (prucyHOK 1) peali3oBaHO JiBa OCHOBHI clieHapii pearyBaHHS:

— CIIeHapiid Oe3IeKu pH pyci: Kou ceHeop pyxy dikcye 00’ ekt, MCU akTHUBY€E CHpEHY, JIaMITy Ta BiJicOKaMepy;

— cIeHapid MOXeKHOT Oe3IMeKH: MPHU CIPAlbOBYBaHHI JaTYMKA JUMY CHUCTeMa (OPMYE CUTHAJ TPHBOTH,
SKAH MOKe OyTH TepeaaHuil y MOHITOp UM XMapHHUH 3aCTOCYHOK.

Taka apxiTeKkTypa JEeMOHCTPY€E OCHOBHI MPUHIUNM (PyHKIIOHYBAHHS PO3YMHOTO OYyIMHKY: B3a€MO3B 30K
MIPUCTPOIB, ABTOMATHYHE PEaryBaHHS Ha 3MiHM B CEPEOBUILI Ta MOXKJIMBICTh LIEHTPai30BaHOTO KOHTPOJIIO.

Jozika pobomu cucmemu ma npozpamysanna MCU

OcHOBHa JIOTiKa POOOTH CUCTEMH pealli3oBaHa Ha piBHI MikpokoHTpoiepa MCU. Came BiH BUKOHY€E POJIb
«MO3KY» CUCTEMH, 3UUTYIOUH JIaHi 3 CEHCOPIB 1 MOJ1al041 KOMaH{ Ha BUKOHABYI IPUCTPOI.

VY cepenosuini Cisco Packet Tracer mporpamyBanas MCU 31ilCHIOETBCS 32 JIOTIOMOTOK BOYJTOBAHHX MOB,
takux sk JavaScript, Python a6o Visual Basic. Jlns cTBopeHHS Momeni B maHii po6oti Bukopucrano JavaScript
1 Python, siki 103BOJISIFOTH JIETKO Peali3yBaTH JIOTIKY YMOBHOTO KEpyBaHHSI.

[Mpukian Koy Juist peatizailii aBTOMaTHYHOT peaKilii Ha CIparboByBaHHS CEHCOPA PyXy HABEJCHO Ha PHCYHKY 2.

Y HaBezneHOMY KOJII peaii3oBaHO JIOTIKYy aBTOMAaTHYHOTO KEPYBAHHs CHPCHOK Ta Bi,Z[GOKElMGpOIO Ha
OCHOBI CHTHAITy BiJl c€HCOpa pyxy. MiKpOKOHTpOJIep 34NTY€E CTaH BXiJHOTO MOPTY (IaTdwWka pyxy), i SKII0 q)n(—
cyetbest pyx (digitalRead(0) == HIGH), cucrema BuBoauTh noBimomieHHs «Motion detected!» Tta aktuBye mij-
KITFOYEHI MPUCTPOi — CHpeHy W Kamepy. SIKIIo pyX He BHSBICHO, BHXIJHI TOPTH BHUMHUKAIOTHCS, 3a0€3MEUyIOUYH
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Puc. 1. Monenb po3yMHOTO OyIHHKY

rom gpio import *
from time import sleep

def main():
pinMode (0, IN)
pinMode (1, OUT)

e

pinMode (2, OUT

A0 L = W0 s LD B
q

- while True:
10 « if digitalRead(0) == HIGH:
13 print ("Motion detected!"™)
12 customirice (1, HIGH)
13 customiirice (2, HIGH)
14~ else:
15 customiirite (1, LOW)
16 customirice (2, LCW)
17 aleep(l)
19~ if npname =— "_ main ":
20 maini()
21

Puc. 2. Peanizalist aBToMaTn4HOI peakilii Ha CIpalboByBaHHs CEHCOpa PyXy

eHeproe(beKTHBmCTL cuctem. Leit anropur™ 1eMOHCTpye 0a3oBy cTpykTypy loT-aBTOMaTH3amii: mocTiiftHe OMUTY-
BaHHS CEHCOPIB, JOTiTHE HpI/II/IHHTT}I pimeHs i KePYBaHHs BUKOHABYMMH CIIEMCHTAMH B PEATbHOMY qaci.

BucnoBku. Y pe3yisTari IpOBEAEHOTO JOCTIIKCHHS OYII0 pO3pOOICHO IHTENEKTyadbHy MOJIENh CHCTEMHU
MOHITOPHHTY PO3yMHOTO OynWHKY Ha ocHOBI TexHouorii Internet of Things (IoT), sika 3a0e3neuye aBToMaTHYHMHA
KOHTPOJIb TIApaMETPiB CepPeIOBHIIA Ta ONIEpPaTHBHE pearyBaHHs Ha MOJii B peajbHOMY 4aci. PeanizoBaHa cuctema
JIO3BOJISIE IHTETPYBATH CEHCOPHI MPUCTPOi, KOHTPOJIEPH, BUKOHABYI MEXaHI3MH Ta IIUTI03 Y €UHY MEPEKEBY apXi-
TEKTYpY, 34aTHY 3a0e3nednTn 6e3nedHe i eeKTuBHE (DYHKI[IOHYBAaHHS )KUTIOBOTO IIPOCTOPY.

3ampornoHoBaHa apxiTekTypa 0a3yeThCsl Ha MpHHLUII yMOBHOI joriku (if-then), mo mosBoissie cuctemi
pearyBaTH Ha BXiJHI CHTHaJIIM 0e3 MpsAMOro BTPy4aHHs KOpucTyBada. Hanpukian, cripalfoBaHHSI CEHCOpa PyXy
aBTOMaTHYHO aKTHBY€E OCBITJICHHS Ta BiZleOKamepy, a NP BHUSBJICHHI UMY CHCTeMa BMHUKA€ CHPEHY W HaJICHIIa€e
crioBinieHHs 4epe3 numo3 loT Monitor. YacTiHa B3aemMopiil peaizoBaHa 3a JOIMOMOTOIO BIACHOPYY HAIMCaHUX
mporpaMHuX (parMeHTiB, MO 3a0e3MeUyrOTh MOAI€BO-OPIEHTOBAHY JIOTIKY MOBEMIHKH MPUCTPOiB. Takuil miaxin
MPOJIEMOHCTPYBAB BUCOKY CTa0UIBHICTh pOOOTH cUMYIIsIIiiHOT Mozeni y cepenosuiii Cisco Packet Tracer Ta Bin-
TBOPIOBAHICTh PE3YJIBTATIB MPH PI3HUX CIICHAPISX HABKOJIHMITHHOTO CEPEIOBHIIIA.

ExcniepumeHTanbHe TECTyBaHHS CHCTEMH MIATBEPIWIO 1i KOPEKTHY pOOOTY W €(EKTHBHICTh Y BUKOHAHHI
KITFOYOBUX 3aBJIaHb — MOHITOPHHTY, OIMOBIIIEHHS Ta aBTOMAaTHYHOI peakilii. CTpykTypa MoJesi J03BOJIsi€ MacIlTa-
OyBarH ii i OLIBITY KUIbKICTh CEHCOPIB, IPUCTPOIB UM JIOIATKOBUX CIIEHAPIiB pearyBaHHsl, 30epiratouu Mpu oMy
CTIMKICTh 710 3001B Ta 3p0O3yMLITy JIOTIKY B3a€MOJIII.

[IpakTHyuHa MIHHICTH CTBOPEHOI CUCTEMH IOJISITAE Y MOXKIIMBOCTI 1 3aCTOCYBAaHHS SIK HABYAJIBHOI Ta ICMOH-
CTpaliiHOi MOJeNi I ONaHyBaHHS OCHOB 1MoOynoBHU iHTerpoBanux loT-pimens. Bona Moxe OyTH BUKOpUCTaHA
y HaBYQIBHHMX Kypcax 3 KOMIT IOTEPHUX Mepex, Kibep(i3MuHHX CHCTEM, OCHOB aBTOMATH3aIll Ta «PO3YMHHUX»
TexHonoriil. Kpim Toro, po3poOka A1eMOHCTpY€E MOTEHIIIa] BUKOPUCTAHHS porpaMHoro cumynsatopa Cisco Packet
Tracer s MonenmoBaHHs KoMiuiekcHUX loT-iHdpacTpykTyp 6e3 nmoTpedu y (isHuHUX TPUCTPOSIX.
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[lomaneimuii po3BUTOK MPOEKTY Mepeadadae po3MMpeHHs (PYHKIIOHAIBHOCTI 32 PaXyHOK 1HTErpariii XMapHuX
CepBiCiB 1 30epiraHHs JaHUX MOHITOPUHTY, MOOLTBHUX CIOBilLIEHb Yepe3 3acTocyHku Android/iOS, a Takox eneMeH-
TIB IITYYHOTO iHTEJICKTY [UIsl IPOrHO3YBAHHS MOii 1 CAMOHABYAHHS CHCTEMH Ha OCHOBI icTOpu4HUX JaHuX. [lepcrek-
THBHUM HAIPSIMOM € BIIPOBAKCHHS TEXHOJIOTIH MAITMHHOTO HABYAHHS [Tl aBTOMATHYHOTO BH3HAYCHHST HETHIIOBUX
CUTYyaliil (HalpHuKJIaJ1, aHOMaJIbHOT aKTUBHOCTI CEHCOPIB), BUKOPUCTAHHS HEHPOHHUX MEPEeX I ONTUMI3allii clieHa-
PpIiB KepyBaHHS CHEPTOCIOKUBAHHSAM, a TAKOK PO3IIUPECHHS apXITEKTypH Ui iHTerpaii 3 inmmmMu loT-mardopmamu.

PesynwsraTt poOOTH TOBOASTH TONUIBHICTE 3acTocyBaHHs loT-miaxoaiB uist OOYI0BU Oe3IeUHUX, EHEproe-
(hEeKTUBHUX 1 3pYYHHUX CHUCTEM YIPABIIHHS XATIOBUMH CEpEIOBUINAMHU. 3alIPONIOHOBAHA MOJICNIb € 0a30BUM IPH-
KJIQJIOM TIPAaKTHYHOI peati3arii KOHIEMIii «po3yMHOT0 OYJMHKY» i MOKE CTaTH OCHOBOFO JJIsl TIOJAJIBIINX HAYKO-
BHX Ta MIPUKIIQJHUX JOCIIKEHb ¥ cepi aBToMaTH3aIlii, KOMIT FOTEPHUX MEPEkK Ta Kibep(i3uNuHUX CUCTEM.
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KJIACU®IKALINHO-CTPYKTYPHMII NIAXIJ 1O OLIIHIOBAHHSI BUIIAJIKOBOCTI
KOPOTKHMX BIHAPHUX MOCJIIOBHOCTEN Y CHCTEMAX KPUIITOTPA®ITYHOT'O
3AXUCTY TA IOT-TEJIEMETPIi

YV cmammi posensinymo npo6remy oyinio8aHHa 6UNAOKOBOCMI KOPOMKUX OIHAPHUX NOCTIO0BHOCHEN, WO BUKOPUCIIOBY-
10mbCs 6 cucmemax kpunmoepaghiunoz2o 3axucmy ma loT-menemempii ax kiroui, moxenu agmenmuikayii, ciyxco06i mapkepu ma
ioenmudhixamopu. Ilokazano, wo mpaouyitini cmamucmuyni naxemu mecmysants sunaoxosocmi (NISTSTS, DIEHARD, TestU01)
opienmosani na 00621 8UOIpKU U 6Mpayaions docmosipricmy 3a doexucun 8—128 oim, wo € munosumu ons lightweight-npomo-
konie ZigBee, LoRaWAN, RFID ma 6bydosanux xonmponepie. 3anponoHosano Kiacugixayitino-cmpykmypruil nioxio 0o oyi-
HIOBAHHS 8UNAOKOBOCI, AKULL TDYHMYEMbCA HA AHANIZI HeNepeKPUBHUX k-1aHylodcKis, no0y006i 6eKmMopa eMniputuHux Yacmon
ma 8UKOPUCMAHHT CIMAMUCIIUKYU MAKCUMATLHO20 GIOXUNEHHA 610 meopemuynoeo po3nodiny. Ompumano meopemuyty oyiHKy
UMOBIpPHOCII 8eNUKUX BI0XUNEHb HA OCHOGI Hepisnocmi [boghoinea, wjo 0036014€ 3a0amu NOpo2ose 3HAUEHHS Kpumepiio 01
300aH020 PI6HsL 3HALYWOCT Ul (POPMATLHO KOHMPOTIOBAMU UMOGIPHICb NOMUIKU NPUIHAMMSL piiers. 3anpononosanuti nioxio
popmanizye 3a0ayy OYiHIOBAHH BUNAOKOBOCE K KIACUDIKAYIIHY, w0 0036015€ NOPIGHIOBAMU 2eHEPAMOpU Ma GI0CHosam
HeBUNAOKO8I NOCTIO08HOCMI 34 NOKA3HUKAMU SKOCMI. EXcnepumenmansHutl cCmeHo 0XOnoe Yomupu Kiacu ddicepen nociio08Ho-
cmeti (aneopummiuni PRNG, kpunmoepagiunuii AES-CTR, anapamui cencopu wymy), 015 SKux cqopmosano gpazmenmiu 006-
acunoro 8—128 oim i nposedeno nopisuanua 3 ENT ma 6azosumu mecmamu NIST SP 800-22 3a mempuxamu mouHoCmi, ROMUIKU
11 pody, ROC-xapaxmepucmuxamu ma weuoxooii. [lokazarno, wo 3anponoHo8anutl Memoo 3a0e3nedye euufy MouHiCmy Kiacu-
Qikayii, kpawi ROC-nokasnuxu ma MeHuLy 8apiamusHicme pe3yibmamis 0Jisi KOPOMKUX Qpasmenmie, 30epicaiouu npu ybomy
NPULHAMHY 00UUCTIOBATIbHY CKAAOHICMb O peanizayii Ha mikpokonmponepax. Okpecieno npakmuyHi cyeHapii 3acmocysanns
mooeni 6 loT-cencopax, cucmemax «po3ymno2o oomyy, embedded-konmponepax ma menemempuunux IDS/IPS, de 3anponono-
BaHULL KpUMepiil Modice 8UKOHYBANMIU POTlb 1€2KOBA208020 MOOYIA KOHMPOIIO AKOCHI 8UNAOKOBOCT Md NIOBULYBAMU 3A2ANbHY
CILIKICIb KPUNMO2PADIUHUX NPOMOKONIE 00 eKCIayamayii CmpyKmypHUX degekmie 2eHepamopis.

Kittouosi cnoBa: kopomki OinapHi nociioosrocmi, oyiniosanna sunaokosocmi, loT-menemempis, lightweight-kpunmozpa-
Qis, knacugirayivinuii ananis, k-nanyroxcku, Kpumepit UNAOKOBOCHI, NCeBOBUNAOKOGI 2EHEPAMOPU.

Popereshnyak S. V. A Classification—-Structural Approach to Randomness Evaluation of Short Binary Sequences
in Cryptographic Protection Systems and IoT Telemetry

The article addresses the problem of evaluating the randomness of short binary sequences used in cryptographic protec-
tion systems and IoT telemetry as keys, authentication tokens, service markers, and identifiers. It is shown that traditional sta-
tistical randomness test suites (NIST STS, DIEHARD, TestU01) are designed for long samples and lose reliability when applied
to sequences of 8—128 bits, which are typical for lightweight protocols such as ZigBee, LoRaWAN, RFID, and embedded con-
trollers. To overcome these limitations, a classification-driven structural approach to randomness assessment is proposed, which
relies on the analysis of non-overlapping k-bit blocks, the construction of empirical frequency vectors, and the use of a maximum
deviation statistic from the theoretical distribution. A theoretical estimate of the probability of large deviations is derived using
Hoeffding s inequality, allowing one to specify a threshold value of the criterion for a predefined significance level and formally
control the error probability in decision-making. The proposed approach formalizes the problem of randomness evaluation as
a classification task, which makes it possible to compare generators and filter out non-random sequences based on quality metrics.

The experimental framework includes four classes of sequence sources (algorithmic PRNGs, the cryptographic AES-CTR
generator, and hardware noise sensors). For each source, short fragments of 8—128 bits were generated and evaluated in compari-
son with ENT and basic NIST SP 800-22 tests using metrics such as classification accuracy, Type Il error, ROC characteristics, and
computational performance. The results demonstrate that the proposed method provides higher classification accuracy, superior
ROC indicators, and lower variability of results on short fragments, while maintaining acceptable computational complexity for
deployment on microcontrollers. Practical application scenarios are outlined for loT sensors, smart home systems, embedded
controllers, and telemetry-based IDS/IPS solutions, where the proposed criterion can serve as a lightweight randomness quality
module and enhance the overall resilience of cryptographic protocols against the exploitation of structural defects in generators.

Key words: short binary sequences, randomness evaluation, loT telemetry, lightweight cryptography, classification anal-
ysis, k-block chains, randomness criterion, pseudorandom generators.
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IocranoBka npodaemu. CyyacHi iHpopMaIiiiHi TEXHONOTIT Jeasti OiIbIe CHHPAOTHCS Ha MEXaHi3MH Gop-
MYBaHHsI Ta BUKOPHUCTAaHHSA KOPOTKUX OIHAPHUX MOCIiOBHOCTEH, SIKi BUCTYIAIOTh OCHOBOIO I7ICHTH(IKAIIIIHUX Ta
3aXUCHUX MPOLEAYP Y PO3MOAUIEHHX CUCTeMax. 3pOCTaHHS KiIBKOCTI MIKPOCEHCOPHUX MPUCTPOIB, O€3IPOTOBUX
MepexkK Ta BOyZOBaHUX KOHTPOJIEPiB 00YMOBIIOE aKTUBHE 3aCTOCYBaHHS IICEBIOBHUITAIKOBUX MOCTIIOBHOCTEH 00OMe-
JKEHOI OBKUHH Yy KpUNTOrpadidyHUX TOKEHAX, TEJIEMETPHYHHX 3alUTax, MPOTOKOJAX aBTEHTU(IKAI] Ta 0OMiHi
ciryxOoBoro iHpopMamiero. 30kpema, y cucrtemax tumy loT Ta y lightweight-nporokonax (ZigBee, LoRaWAN,
RFID), ne 00poOka TaHuX 3IHCHIOETHCS 32 YMOB OOMEKECHUX OOUYHMCITIOBAIBHUX 1 CHEPTETHUHUX PECYypCiB, edek-
THUBHICTh Ta HAIIMHICTh (DYHKIIIOHYBAHHS 3HAYHO MIPOI0 BU3HAYAETHCS SKICTIO KOPOTKUX BHITAJKOBUX (pparmeH-
TiB, 110 (POPMYFIOTH KITHOUI, IICHTU(IKATOPH Ta CITY’>KOOBI MapKepH.

[Tompu mpoxe BUKOPUCTAHHS KOPOTKUX MOCHTITOBHOCTEH, MTUTAaHHS KOPEKTHOTO OLIHIOBAHHS IXHBOT BUIIA I-
KOBOCTI 3aJIMINAETHCS HEBHpPIMCHNM. TpaaumiifHO 3acTocoByBaHi craructuyuHi maketn tectyBaHHs (NIST STS,
DIEHARD, TestUO1 Tom1o) opieHTOBaHiI Ha aHaJi3 OBIUX OiTOBUX BHOIPOK 1 06a3yIOThCS HA BUOIPKOBUX BIACTH-
BOCTSIX, SIKI YIIKO/DKYIOThCS MPH 3aCTOCYBaHHI 10 KOPOTKUX Bijpi3kiB (8—128 6iT). BukopuctaHHs Takux METOJIB
y MIKpPOIIPHUCTPOSX MPU3BOIUTH J0 3HAYHOI MOXUOKHM OI[IHIOBAHHS, 110, CBOEIO YEProt0, MOXKE CIIPUYMHUTH MOSBY
Bpa3JIMBHX JI0 aTaK TOKEHIB, HEOCTAaTHBO 3aXUILEHI KaHaJU 3B’ 53Ky Ta HECTIHKi KpunTorpadidHi MpOTOKOIIH.

VY 3B’A3Ky 3 UM aKTyaJlbHUM € PO3pOOJICHHsS] METOAIB OLIHIOBAaHHs BHIIaJKOBOCTi, OPIEHTOBAHUX caMe Ha
KOpOTKI OiHAapHI MOCIIJJOBHOCTI, SIKi BPaxOBYIOTh JIOKaJIbHI CTPYKTYPHI BJIACTUBOCTI, YaCTOTHI MapaMeTpH, mnepe-
X1JIHI 3aKOHOMIPHOCTI Ta aCUMETPII0 PO3MOILTIB, MPUTAMAHHUX PEaIbHUM TEJICMETPHUUHUM 1 KpUITOrpadiaHIM
nannM. HaykoBa rimore3a moisirae B TOMY, IO KiacHu]ikarliss KOPOTKHX TOCHTIJOBHOCTEH Ha OCHOBI BHUSBICHHS
CTPYKTYPHHUX Ta CTATUCTHYHUX XaPAKTEPUCTHK JTO3BOJISIE OTPUMATH OLJIBII JJOCTOBIPHY OIIHKY BHUIIAJKOBOCTI, HI’K
3aCTOCYBaHHS TPAIUIIIHHUX BHOIPKOBUX TECTIB, IO OPIEHTOBAHI HA BEJIUKI JaHI.

MeTor pociigxeHHss € (HOpMyBaHHS HAyKOBO OOTPYHTOBAHOTO ITiJIXOAY JIO OI[IHIOBAHHS BHITJIKOBOCTI
KOPOTKHX OiHApHUX TOCHIJOBHOCTEH y cucTeMax Kpumnrorpagiunoro 3axucty Tta loT-tenemerpii, skuil BpaxoBye
1XHi JOKaJIbHI CTAaTUCTUYHI Ta CTPYKTYPHI BIaCTUBOCTI.

s nocATHEHHS. METH HEOOX1HO BUPIIIMTH TaKi 3aBAaHHS:

* IpoaHaji3yBaTH OOMEXKEHHS Ta MOMMJIKH HasBHUX TECTIB BUIAJKOBOCTI IIPU 3aCTOCYBAHHI 10 KOPOTKUX
MOCJTJOBHOCTEHH;

* cdopmyBaru Hadlp CTPYKTYPHHX Ta CTATUCTUYHUX IOKA3HHUKIB, IO € 1HPOPMATUBHUMU IS KOPOTKUX
(bparMeHriB;

* pO3POOUTH MOJIEb KIACH(IKAI[IIHOTO OI[IHFOBAHHS BUIAJIKOBOCTI;

* IPOBECTU CKCIICPUMEHTAIBHE JOCHTIPKCHHS Ha PEATbHUX KpUNTOrpadivHNX 1 TEIeMETPHYHIX TaHUX.

AHaJIi3 oCcTaHHIX J0caizKeHb i my6Jaikaniii. OIiHIOBaHHS BUITAIKOBOCTI O1HAPHKX MOCIIITOBHOCTEH € KITHO-
YOBHM €JICMEHTOM 3a0e3IeucHHs Oe3leKd KpUITOrpadiqHuX MPOTOKOJIB, MEXaHI3MIB TeHepallii TOKeHIB aBTeH-
TUdikaIii Ta 3aco0iB TeneMeTpii B cucteMax 3 ooMexeHumu pecypcamu (loT-mpuctpoi, BOymOBaHI KOHTPOJIEPH,
0e3mpoToBi ceHcopH) [1, 2]. ¥V OIIBIIOCTI KITACHYHUX POOIT BHUITAJIKOBICTh OILIHIOETHCS 3a JOMOMOTOI CTAaTHCTHY-
HUX TECTOBUX Ha0OPiB, OPIEHTOBAHUX HA BEJIMKI 00CSTH JaHuX. HailOinp BiJOMUM MiXOJAO0M € TECTOBHH MaKeT
NIST SP 800-22, sixuii BKJIIOYA€ CyKyIHICTh YACTOTHUX, KOPEJAIIIHNX, CIIEKTPANbHUX Ta IHIIUX KPUTEPiiB MIs
JIOBrUX OITOBUX MOCHIJOBHOCTEH 1 IIIMPOKO 3aCTOCOBYETHCS JJISl BaJIiAAIlil TCHEPATOPiB BUMAIKOBUX Ta IICEBAOBH-
naaxkoBux yuceln [1, 6]. OqHak cy4yacHi TOCHIPKEHHS MiAKPECTIO0Th, 110 32 YMOBH MaJiol JOBKHUHU MOCIIiJOBHO-
cTeil (1ecATKU—COTHI OiTiB) aCHMITOTUYHI MPHUITYIIEHHS TOPYIIYIOTHCS, 110 MTPU3BOIUTH 10 BTPATH Yy TJIMBOCTI Ta
3pOCTaHHs NOXUOOK MPUMHATTS PillleHb 1100 BUIIAAKOBOCTI [3, 6, 7].

VY poborax, opieatoBanux Ha loT Ta lightweight-kpunrorpadiro, mokasaHno, o MOCTITOBHOCTI, SIKI (OpMY-
IOTBCS y CEHCOpaX Ta MIKPOKOHTPOJIEPax, 4aCTO MalOTh OOMEKEHY JTOBXKHUHY 1 TiIIOPSIIKOBYIOTHCS CIICIH(pITHIM
¢diznuHNM a00 aJrOPUTMIYHUM 3aKOHOMIpHOCTAM [2, 3]. 30KpemMa, nociiKeHHs Tenepatopis s loT-npuctpois
JIEMOHCTPYIOTh, 110 KJIACHYHI MTAKETH TECTIB, TIOMPH CBOO MOMIUPEHICTh, HE 3aBKIM JTO3BOJISSIOTh KOPEKTHO OIli-
HUTH SKICTh KOPOTKUX ()PArMEHTIB, sIKi BAKOPUCTOBYIOTHCS SIK KJIFOY1, TOKEHH UM CITY’>KOOB1 MapKepH B TIPOTOKOJIAX
3axucry [2, 3, 5].

[TapasnenbHO aKTHBHO PO3BUBAETHCS HAIPSAM CTPYKTYPHOTO aHali3y OiHApHHUX MOCITITOBHOCTEH, Opi€HTOBA-
HUH Ha JOKaNbHI aHOMaIii — AucOaIanc MiX HYISIMH Ta ONMHUIIMH, HETUIIOBI KOH(DIryparii cepiii, HemponopIii-
HICTb MEpexXo/iB MiX OiTaMu, IUKIIYHI MOBTOPHU Ta CTilKi (parmeHTHi narepuu [4, 7]. Y poboTax 3 XaOTHYHUX
TRNG Ta crnenianizoBaHUX CTaTUCTUYHHUX TECTIB U1 KPUITOrpadiuHUX MPUMITUBIB MIAKPECTIOETHCSA, IO caMe
aHaJli3 MIKPOCTPYKTYPH J1a€ 3MOTY BHSIBIISATH CJIa0Ki MICISl T€HEPATOPIB, SIKi 3aJMIIAIOTHCS HEMOMIYeHUMH IpU
BHUKOPHUCTAHHI JIMLIE [TI00aIbHUX CTAaTUCTHYHUX XapaKTepucTuk [4, 7].

Cy4acHi TOPiBHSUTbHI JOCIIIKCHHS CTATHCTHYHHX ITaKETiB (NIST Diehard, TestU01 TOLuo) MOKa3yIOTh, L0
IXHI pe3ynbTaTH IS KOPOTKHX MOCTITIOBHOCTEH MOXKYTH CYyTTEBO BIAPIZHATHCS, a ‘IYTJ'II/IBICTB bi (0] cneumbmHHx
THUIIIB HEBHITAJIKOBOCTI € HCO,I[HOpl,I[HOIO [6, 7]. e CTHMYITIOE [OSABY hghtwelght HAOOPIB TECTIB 1 CIeIiali30BaHIX
KPHUTEPiiB, ONTUMI30BaHUX ITiJ] 0OMEKEHI 00CITH TaHWX Ta IMiABHUIICHI BAMOTH 10 IPOAYKTHBHOCTI [7].

Ha mpomy ¢oni nmemani Outbmioi yBard HaOyBarOTh 1HTENCKTyaJIbHI TTJIXOMU 1O OIIHIOBaHHS BHITA]KO-
BOCTi, y SKHX IOCIIZOBHICTh DPO3IISAAETHCSA SK 00°€KT Kiacudikamii (BHIIAAKOBAa/HEBHIIAJKOBA, 3 YTOYHCH-
HSM JpKepena TeHepanii), a HaOlp iHGopMaTHBHHX O3HAK (DOPMYETHCSI HA OCHOBI JIOKAJBHUX CTPYKTYpPHHX Ta
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EHTPOMIHNX XapakTtepucTuk [2], [8—10]. ¥V Husli poOiT MPONOHYIOThCA TIMOOKI HEWpoMepexeBi Mojeli Ta
riopuaai RNN-CNN-apxiTekTypH, 31aTHi BifokpeMmoBaTy Buxoau pisHux PRNG, netexTyBaTé MpHXOBaHi 3aK0-
HOMIPHOCTI B KOPOTKHX IMOCIHIJOBHOCTSIX Ta MOKpAllyBaTH BUSBICHHS KpunrorpadiyHux ciadkocreit [8, 9, 11].
JonarkoBo, aHami3 3acrocyBaHb reHepaTopi y loT-ciienapisix mokasye, o MalIMHHE HABYaHHS Moxe OyTH iHTe-
IpOBaHe y HUKJIM BaIiJallii Ta MOHITOPUHTY SIKOCTI BUITAIKOBOCTI, 30KkpeMa st lightweight-ipoTokoiis Ta pecyp-
CHO OOMEXEHUX MPUCTPOiB [2, 3, 12].

Takum 4nHOM, Yy Cy9acHil JIiTepaTypi MPOCTEKYETHCS IEPEXi/ Bifl CYTO aCHMITOTHIHUX CTATUCTUYHHX TECTIB
JI0 CTPYKTypHO-KJIacudikamiiHux Ta ML-opi€eHTOBaHMX METOJIB, SIKi Kpallle Y3rOKYIOThCS 3 BUMOTaMH KOPOTKHX
nociijioBHOCTeH y kpuntorpadiunux i loT-cucremax. Kimacudikamiiiai Mojeni, 0 MOEAHYIOTh JIOKaIbHI 03HAKH
3 MOKJTMBICTIO HABYaHHS HA PEANTbHAX JaHUX, POITIIIAIOTHCS SIK IEPCIICKTUBHII IHCTPYMEHT ITiABUIIECHHS JOCTOBIp-
HOCTI OIIIHIOBaHHSI BUITAJIKOBOCTI B yMOBaX 0OMEKEHOT0 00CATY JJaHUX Ta 00UUCITIOBAIILHUX pecypciB [2, 6], [10-13].

Buxkiaa ocHOBHOro MaTepiay A0CTiIzKeHHS

MaremaTu4Ha Mo/ieslb OLIHIOBAHHSI BUNAJKOBOCTI KOPOTKUX OIHAPHHUX MOcCaigoBHOCTel. Po3misinemo
OiHapHY TOCTiI0BHICTb

S=(s,58,...,5), s €{0,1},
JIe 7 € BIIHOCHO MaJMM (JIECSITKU—COTHI OITIB), 110 YHEMOXJIMBIIIOE 3aCTOCYBAaHHS KIACHUYHUX ACUMITOTUYHHX

KpUTEpiiB BUMAJAKOBOCTI.
ba3oBa HympOBa rinoTe3a Mae BUTIISA

Hs,s,, ..., — HE3aJIeXKHI Ta PIBHOWMOBIPHI.
V takomy BUTNaNKy Oyab-sika (ikcoBaHa KoMOiHaIlis 3 k O1TiB (k-JTaHIIOKOK) TIOBUHHA 3 SBJISITUCS 3 iIMOBIp-
HICTIO
— Nk P — k
pj—Z o j=1,...,2~
OpHak npy KOPOTKUX MOCTIIOBHOCTSAX OLIIHIOBATH YaCTOTH BCIX MOXKIIMBUX K-JIAHIIFOXKKIB Ha BCIX MEPEKPUB-
HUX MO3ULISAX CKIAJAHO SK aHANITUYHO (Yepe3 3a]eKHOCTI), Tak 1 cTaTucTuyHO (Masia BuOipka). Tomy BBOIMMO
MOJIEJIb, 1110 CITUPAETHCS HA HETIEPEKPUBHI OJIOKH.

dopmadizaisi Ha OCHOBI HenmepeKPUBHUX 0J10KiIB. OOHpaeMo TOBKUHY OJIOKY k (3a3BUuail k=2 abo k = 3),
1 TUITMMO NOCIIIJOBHICTH HA

HETNepeKPUBHUX OJOKIB:
Brz(s(r,l)k+p---7srk, I’=1,...,m.

Kosken 6710k B HalIEKUTh MHOXKHMHI BCIX MOXKIIMBHX A-JTQHIIIOXKKIB
k ; k
C, :{c(l),c(z),...,c(z )}, eV e{O,l} .
JLIIS KOYKHOTO MOKJIMBOTO A-JIaHITIOKKA V) BU3HAYAEMO BHITAIKOBI 3MiHHI

Yo _ L HKmoBr=C(j) =l m
" 0, iHake, ’ e

Tozi KiNBKICTb TOSAB j-TO k-JIaHITIOXKKA JOPIBHIOE

_ ()
=3,
r=1
a Moro BiIHOCHA YacTOTa
N,
J . k
F‘j = ]J= 17 92
m

3a rinoresu H 610Kk B € HE3aICKHUMH, & KOXKHA (DiKCOBaHA KOMOIHALIIS TOBKUHY K 3’ABJIAETLCS 3 IMOBIp-
HICTIO

P{B,=c0} =2,
TOOTO
EYY) =27, EF =27

r
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TakuM 4MHOM, BEKTOP
F=(F,...F,)

MOXE PO3IISAATHCS SIK EMITIPUYHA OIIHKA IIPOCTOPOBOTO PO3MOALTY A-TaHITIOXKKIB.
JUuist OLlIHFOBAaHHS BUIIIKOBOCTI BBOJMMO CTaTUCTUKY MAaKCHMAaJIBHOTO BiAXHMJICHHS:

T(S)= max F; — -2

1<j<2

[HTYITHBHO, SKIO TIOCTIIOBHICTh CIPaB/i BUTIAJIKOBA, BC1 A-JIAHITFOXKKHU 3’ SIBIISTFOTHCS TPUOJIM3HO OJTHAKOBO
gacto, orxe 7(S) Mae OyTa MamuM. SIKIIO >k IesKi MAaTepHU «IIepPEeBAXaIOTh» ab0 «IpHUTrHIYeHI», TO T(S) CyTTEBO
3pOcCTae.

Jani moOyayemMo TeopeTuiny BEPXHIO ou1H1<y HMOBIPHOCTI BETUKHUX BiaxusieHsb 7(S) 3a HyIbOBOI TiOTE3H.

Hasenemo teopemy mpo I/IMOBlpHICTb BiZXMIIEHHS 4acTOT K-TaHIFOKKIB.

Teopema. Hexaii S — OiHapHa MOCIIIOBHICT, 0 TEHEPYETHCS HE3AICKHUMH BUNPOOYBaHHAME bepHyruti

1 . . . .
3 [apamMeTpoM p =5 Hexait k — QikcoBana 1oBkuHa GIOKY, a [, — eMIIPHYHI YaCTOTH TOSIBU HEIIEPEKPHBHUX

k-nanmroxkis ¢V, j = 1, ..., 2%, moOynosani 3a m 6i1okamu. Tomi 1ist Gyab-sikoro € > 0 CripaBe/yIMBa OIiHKa

1<]<2

IP’{T(S)ZS}:IP’{max 4, =27 @8}@2 2 exp( 2m82).

s oninka cripaBeIMBa st Oy/Ib-sIKOTO 71 Ta k 1 J03BOJIsIE€ BUKOpUCTATH 1(.S) SIK KpUTEPii BUTIQJKOBOCTI JIJIst
KOPOTKHUX MOCIiJOBHOCTEH.
Jloseoennsi:

Jliis (ikcoBaHOTO j 3MiHHI Yl(’ ),...,Y,,(f ) e HEe3aJIe)KHUMHU, OOMEKEHUMH:
j
o<y <1, r=1,..,m,
a MaTeMaTHUYHE CIOMIBAaHHS KOKHOI Ma€e BHIJISI
(/) — -k
EyY =2

Toxi eMIipuyHa 4yacToTa
1 m R
F ==YV

€ CepeHIM HEe3aICKHIUX OOMEKEHHUX BUIAJAKOBUX BEIMUYHMH. 3aCTOCYEMO HEPIBHICTH ['bOIiHra A1t KOXKHOTO (iK-
COBAHOIO j:

P{F —-27%)2¢e} <2-exp(-2me’).
Tenep ouiHioeMO HMOBIpHICT TOTO, 1O X04a 6 OJHA 3 4ACTOT F, BIIXHINTBCS Bijl CBOrO MaTeMaTHYHOro
CII0/iBaHHs GUIbLLIE HiXK Ha €. 3aCTOCOBYIOUH HEIBHICTb 00’ €HAHHS, MAEMO
2/(

P{maij—zf"zS} Z]P’{ ~2" 2g}.

1<j<2k

ITincraBnstoun ouinky ['bodainra s KOXKHOTO A0AaHKA, OTPUMYEMO

P{maxF —27F> 8} < i2~exp(—2m£2) =2-2¢ exp(—2m82).

k
1<;<2 =

OTtpuMaHa HepiBHICTb 30iraeThes 3 GOpPMyITIOBAaHHAM TEOPEMH, 1110 U 3aBEPIUYIOTH JOBEACHHS. O

IMpakTuuHUii KPUTEPili BUNATKOBOCTI JIs1 KOPOTKHUX NMocJinoBHocTel. Teopema 1 mo3Bossie moOymyBaTi
(hopManbHUI TECT BUMAIKOBOCTI JUIsl KOPOTKHX TTOCITIIOBHOCTEH Ha OCHOBI k-JTaHIIFOXKKIB.

Jnst 3amanoro piBHs 3HaUymocTi o (Hanpukian, o = 0,01) o6upaeMo MOPOroBe 3HAYECHHS &, SAK PO3B’ 30K
HEPIBHOCTI

2.2¢ exp(—ZmSi ) <a.
ToOT0
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Ha npakruni 6epemo

1 2k+]
=,—In .
2m o

o
ChopmyrnroeMo KpUTEpild 3aCTOCYBaHHS:

n .
1. Jlnst 3amanux n ta k popmyemo m = p HETIepEKPUBHUX OJIOKIB.

2. OOYHUCITIOEMO YaCTOTH F/ JUISL BCIX 2X MOYKIIMBHX k-JaHITIOKKIB.

3. O6uncmoemo craructuxy T'(S)= max F; - 27
<j<

4. ko 7(S) < &, MOCIIIOBHICTb HE BiIKUIAETHCS K BUIIAJIKOBA HA PiBHI 3HAYYIIOCTI OL.
5. Slkmo 7(S) > ¢ , rinoresa H npo BUNAIKOBICTh BIIXUIISETHCSL.
Po3risinemo nepeBaru MojeJi came 111 KOPOTKHMX MOCJTiI0BHOCTEI.

. . n . -
1. Manuit o6car nanux. OCKUIBKM BUKOPHUCTOBYETHCS JIMINE /71 =— OIJIOKiB, KPUTEPId KOPEKTHO TPAIFOE
k b

HaBITh JUISI JICCATKIB/COTEHB OiTiB; HE BUMAaraeThCsl TUCAY1 1 MinbiioHH 0iTiB, ik y NIST STS.

2. CTpyKTypHa 4yTAUBICTh. BuKopucTaHHS A-TaHIFOKKIB (2-, 3-JIaHIIOKKH) JIA€ 3MOTY BUSIBIATH JIOKAIbHI
narepHu (Hanpukiaaz, Hagmumok 00 ado 11), siki 0cobnuBO XapakTepHi i Ae()eKTHUX TeHEepaTOpPiB y KPUITOCH-
cremax Ta loT-puctposix 3 anapaTHUMH 0OOMEKESHHSIMH.

3. TeopetnuHa obrpyHTOBaHicTh. Teopema 1 nae sBHY, 3aMKHEHY (HOpPMYITY Ui OLIHKA HMOBIPHOCTI TOMUJI-
KOBOI BiZ]MOBH (200 MPHUIHSATTS) TiIIOTE3U BHIIQJAKOBOCTI, TOOTO KPUTEPil Ma€ CTPOTHI MaTeMAaTUYHUH (DYHIaMCHT.

ExcnepuMenTaabHa yacTuHA. /711 MiATBEpIHKEHHS TIPANE3aTHOCTI 3aPOIIOHOBAHOT MOJIEI OIiHIOBAHHS
BHMAIKOBOCTI KOPOTKHX OiHAPHUX MOCTIITOBHOCTEH OYyJI0O CTBOPEHO CKCIICPUMEHTAIBHHN CTCHI, [0 BKIIOYAE
YOTHUPH KJIACH JHKEPEIT MOCTIIOBHOCTEH Ta JJO3BOJISIE OIIHUTH ¢(PEKTHUBHICTH METOTY B YMOBaX 0OMEKEHOTO 00CATY
nanux (8—128 6ir). Sk JuKepena MceBI0BUTIAIKOBUX TTOCTIIOBHOCTEH BUKOPUCTOBYBAIMCS TEHEPATOPH Pi3HOT MPH-
ponu: anroputmiuHai PRNG (niniiHul koHTpyeHTHHH TeHepaTop LCG Ta xorshift), kpunrorpadivni reHepatopu
notokiB AES-CTR, a Tako mociiJoBHOCTI, chopMOBaHi anapaTHUMU CEHCOpaMU IIyMy (TeMIeparypHi QuryKTya-
111, aHAJIOTOBO-IM(POBI IITyMOBI BIJUTIKH).

CreniaabHOI0 0COOMUBICTIO EKCIIEPUMEHTY OyJ10 (hOpMyBaHHS KOPOTKUX OiHAPHUX (hPAarMEHTIB, IO CUMYITIO-
I0Th TUIIOBI YMOBH BUKOPHUCTaHHS y KpunrorpadiyHux Mapkepax, loT-renemerpii Ta TOKEHaX TOCTYIY IPOTOKOJIIB
ZigBee/LoRaWAN. JloBxuHU (pparMeHTIB BapiloBaIMCa HEPIBHOMIPHO, IO AO3BOJIMIO MPOCTEKHUTU 3aJIEKHICTD
TOYHOCTI OIIHIOBaHHS BUIIAJKOBOCTI BiJl 00csary nanux: 8, 16, 32, 64 ta 128 6iriB. J{ns koxHOTO rereparopa 0yino
cpopmoano 10000 dparmeHTiB, 10 3a0€3MEUMIO CTATUCTUIHY PEIIPE3CHTATUBHICTD IIPH MOPIBHSHHI.

VY pamkax JOCIiPKEHHs TPOBOIUIIOCS MOPIBHSIHHS 13 TPAIUIIIHHUMHU 1HCTPYMEHTAMHU TIEPEBIPKU BHUITA KO-
BocTi, BKitouaroun ENT Ta 6a3oBi Tectu i3 Habopy NIST SP 800-22 (4acToTHUiT TecT, TeCT Ha MOBTOPIOBAHICTH
0ITOBUX IIIa0JIOHIB Ta TECT Ha eHTpoIio). 11 iHCTpyMeHTH OyII0 3acTOCOBAaHO 3 MOAM(DIKAIIIMU, HEOOXITHUMH JJIs1
poOOTH 3 KOPOTKMMH TOCIiTOBHOCTAMH. [IpoTe, HaBITh Y CKOPUTOBAHOMY PEXKHMMI BOHHU JICMOHCTPYBAJIHA HU3bKY
JMCKpUMIHAIIIHY 3aTHICTh, IO CTBOPIOE HEOOXiJHE EKCIIepUMEHTaIbHE MiATPYHTS JUIS OIIHIOBAHHS TiepeBar
3arpOIIOHOBAHOTO TTiIXOTY.

[TopiBHAHHS TPOBOAMIOCS 32 TAKMMHU METPHUKAMHU: CEPEAHs TOUYHICTh Kiacu]ikarlii BUIaJKOBOCTI, CEpeIHs
nomuika Il poxy (knacudikariisi HeBUIIAAKOBOI MOCIIAOBHOCTI SIK BUIIAJKOBOI), a TAaKOXK HIBHIKOAIS — yac oOpa-
XyHKY pillleHHs Ha OJHOTO KaHauzaara S (tabm. 1, Tadn. 2). Pesynsraté mpoaeMOHCTPYBaIH, IO TPU JOBKHUHAX
832 6itu Tpaguniitai Tect ENT ta NIST SP 800-22 BTpauatoTh CTaTUCTUUHY CTabIIbHICTD (KOJMBAaHHS TOYHOCTI
10 + 18 %), Toxi sk IHTeNeKTyalbHUH TiAXiJ] 30epiraB CTIHKICTh OI[IHIOBaHHS 3 MOXUOKO0 He BuIle 4,7 %o.

JIJis MOpIBHSHHS AUCKPUMIHALIIMHOT 3IATHOCTI METO/IIB OILIIHIOBAHHS BUIAJAKOBOCTI Oys10 mobymoBano ROC-
kpuBi s Tpbox migxonis: ENT, anantopanux tectiB NIST SP800-22 Ta 3anpornoHOBaHOTO CTPYKTYPHO-KIacH(i-
KaniiHoro meroxy (puc. 1).

Kpugi orpumano 3a pesynbratamu kinacugikailii GparmMeHTiB JoBKHHOWO 8—128 01T, chopMOBaHHUX JABOMA
rereparopamu: kpunrorpadiuaum AES-CTR Ta amropurmivamm xorshift32. Uyrtnusicts (True Positive Rate)

Tabmuns 1
TouHicTh MeTOiB OLiIHIOBAHHA BHIIAJKOBOCTiI KOPOTKHX MOCTi/I0BHOCTEMH
JloB:KHMHA MOCTiTOBHOCTI ENT NIST SP 800-22 3anponoHoBaHMii MeTO

(6iTn) (%) (%) (%)

8 51,2 54,8 72,4

16 58,6 62,1 82,3

32 63,4 71,5 89,1

64 74,9 82,8 94,0

128 91,1 93,4 97,8
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ROC Curves for Randomness Evaluation Methods (8-128 bits)
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Puc. 1. ROC-kpuBi METO/IIB OI[IHIOBaHHS BUIIAJKOBOCTI KOPOTKUX TOCIigoBHOCTEH (8—128 6iT)

THTEPIPETYETHCS SIK 37AaTHICTh METOIY BIPHO BUSIBJIATH HEBHITAJIKOBI MTOCIIJJOBHOCTI, TOI SIK CeNU(IYHICT BiJI0-
Opaxkye MpaBUIBHICTD ieHTU(DIKAIlIT BUTIAJIKOBUX JIAHUX.

3riJiHO 3 OTPUMAHUMH PE3YJIBTaTaMH, 3aIIPOTIOHOBAHUH METOJT IEMOHCTPY€ HalOubIry Tutomty mmix ROC-kpu-
Boto (AUC = 0,97 nnss AES-CTR ta AUC = 0,91 mis xorshift32), 1mo Bkasye Ha BUCOKY 3[IaTHICTh JI0 KOPEKTHOTO
pO3Mi3HaBaHHSA K BUIMAJIKOBUX, TaK 1 HEBUTIAJKOBHUX TociiioBHOCTeH. AanrroBani Tecti NIST SP800-22 mokasy-
I0Th CEpeHI0 TUCKpuMiHaIiiHy 31atHicTs (AUC=0,83), 0cOONMMBO 3HIDKYIOUN TOYHICTH MPU POOOTI 3 (parMen-
TaMu J0BXHHOIO MeHie 32 0iT. Metox ENT BusiBuBcs Haitmenm epextuBHuM (AUC = 0,58...0,68), mo migrep-
JUKy€ OT0 HeNpUIaTHICTD JUIs OL[IHIOBAHHS KOPOTKHUX (parmeHTiB y lightweight-kpuntorpadii Ta loT-Tenemerpii.

Takum unHOM, KIacu(ikaliiHO-CTPYKTYpHUH Mifxij 3a0e3medye cTablIbHO BUCOKY TOUHICTb NPHU MiHIMaJlb-
HUX OOYHMCITIOBAJIBHUX BUTpPATax Ta JO3BOJISIE KOPEKTHO OL[IHIOBATH BUIIAJKOBICTh KOPOTKUX MOCHITIOBHOCTEH, 1110
€ kputuaauM 11 cucteM Oe3nekn [oT, RFID, LoRaWAN ra kpunrorpagiqHux IpOTOKOIIiB 0OMEKEHHX PECYPCIB.

Tabnuns 2
IMopiBHsIHHS reHepaToOpiB BUNAKOBUX MocaioBHocTeil (8—128 6iT)
Cepennst Cepennst C . Mpoxin MmogipnicTh
. . epenHii
I'eneparop IIBHAKOAIA, | eHTpomis (8-128 ) KOPOTKHX JeTeKTyBaHHS
. p-value (%) . .
MC 0iT) TeCTIB HEBHUIAIKOBOCTI
xorshift32 0,004 mc 7,62—124,11 GiT 0,081-0,412 67 % 0,41
AES-CTR (128 bit) 0,087 mc 7,98-127,92 oit 0,393-0,611 100 % 0,96

Yac BUMIpIOBABCS K CEpeIHIN Yac TeHepallii mociJoBHOCTI JoBxuHOK 32—128 6iT Ha ARM Cortex-M4F,
y MillicekyHax (mc).

OTpuMaHi pe3yibTaTu CBiauarh, mo reaeparop AES-CTR nemoHCTpye 3HAUHO BUIINI TapaMeTpH BUTIAIKOBO-
CT1 JUIs KOpOoTKUX (pparmeHTiB (8—128 0iT), 30KpeMa piBeHb SHTPOITIi HAOIMKESHUH 10 TEOPETUIHO MAKCHMAaIBLHO
MoxiuBoro. Ha Bimminy Bix HbOTO, X0rshift32, Xoua it 3a0e3nedye ~22 x MBUAIIE TeHEPYBAHHS, BUSBISE 3aKOHO-
MipHi IabIoHH, SKi YCIIIIHO AETCKTYIOTHCS METOIOM (PPaKTAIBHO-CTPYKTYPHOT aHOMAITiTHOT OIIHKH.

AES-CTR 3abe3neuye Maiixe ifieanbHe MPOXOHKEHHS TECTIB KOPOTKUX TOCHIIOBHOCTEH, Toxi sik Xorshift32 He
JIOCSITAE CTATHCTHYHOI CTIMKOCTI Yepe3 3Ha4HY KOPEIALIIo IOKATLHUX OITOBUX cerMeHTiB. L{e miaTBepaKye NOIUTHHICTD
3actocyBanHs kpunTorpadidvaux PRNG npu popmyBaHHi 6e3MeK0BHUX ITapaMeTpiB HaBITh y low-resource mpuUcTposix.

IMpakTu4Hi NPUKJIAAN 3aCTOCYBAHHS. 3alIPOITOHOBAHUN ITiJIX1/T JIO OI[IHIOBAHHS BHITaJIKOBOCTI KOPOTKUX
OiHapHUX MOCIIAOBHOCTEH OPIEHTOBaHMN Ha CLEHapil, 1€ KPUTUYHUMHU € SIK OOMEXEHI pecypcH, Tak i morpeda
y TapaHTOBaHii KpuntorpadidHii criikocTi. J1o TakuX ClieHapiiB HajeKaTh, Hacammepes, loT-pucTpoi, BOymoBaHi
KOHTPOJIEPH, CUCTEMH “‘PO3YMHOTO JIOMY”’ Ta TEIIEMETPUYHI TTATHOPMH MOHITOPUHTY Oe3reku (Tadi. 3).

Tabnmuis y3araJibHIO€ OCHOBHI MPAKTHYHI CIIEHAPIi, B SKUX KOPOTKI OiHAPHI MOCIIIOBHOCTI BiIIrparOTh KpH-
THYHY POJIb, Ta TOKA3ye, y SIKi camMe KOMIIOHEHTH CHCTEMH JOUIBHO IHTErpyBaTH 3amponoHoBaHWN MeTon. Lle
JI03BOJISIE SIBHO TIOB’SI3aTH TEOPETHYHY MOJIEINB i3 KOHKPETHUMH apXiTeKTYPHUMH PillICHHSIMH.

OmanM i3 6a30BUX IPUKIALiB € 6e3apoToBi loT-cencopu, y sIkix KOpoTKi OiHapHI (hparMeHTH BUKOPHCTOBYIOTHCS
K CITy’KOOBI MapKepH, OJTHOPa30Bi TOKEHH JIOCTYITY JI0 IIITFO3Y a00 €IIEMEHTH MPOCTHX cxeM aBTeHTH(Dikarii. [HTerpartis
3aIPONIOHOBAHOTO METOY JA€ 3MOTY Oe3M0Ccepe/THHO Ha MiIKPOKOHTPOJIEPi BUKOHYBATH IIBH/IKY IIEPEBIPKY BUIIAAKOBOCTI
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Tabmums 3
Mpukiaaam NpaKTHYHOTO 3aCTOCYBAHHS METOIY OI[iHIOBAHHSI BUMATKOBOCTI

Ponb kopoTkux

Cdepa 3acTocyBaHHsA . " Touka inTerpauii mero OuikyBanunii epext
(bep y NOCJIiIOBHOCTEIH pan Y Y ®
. BijaciB ci1abKuX TOKEHIB,
. Tokenu nocrymy 1o MikpokoHTpoJiep ceHcopa /
loT-6e3apoToBi cencopu . 3MEHIIIEHHS pU3UKY aTaK
LIJTIO3Y, CITy>KOOBI MapKepH o3 [oT

Ha aBTCHTH(DIKAIIit0
3HIDKEHHS! IMOBIPHOCTI
YCITIITHOTO repebopy Ta
CTAaTUCTUYHOIO aHAJII3y
Embedded-xoutponepu B | CeciifHi kitrodi, mogatkoBi | DipmBapHUMiA KpUToMOAYTh | [TiMBUIIEHHS KPUITOCTIHKOCTI IPH
MPOMFCIIOBUX CHCTEMaX | BEKTOPH, iACHTU(IKATOPU KOHTpoJIepa 00MEXEHHUX araparHUX pecypcax

Kpama ayTnuBicTh
10 TiaApoOIeHNX/MoaAr(iKOBaHNX
TTAKeTiB

Cucremu ayrentudikanii | OHOpa3oBi Koau, KOpotki |  Momynb 6e3nexu xaba /
cMapT-10My kiroui st BLE/Wi-Fi 3aMKa

Tenemerpuyni Mapxkepu craniB, kopotki | Jlokansuuii arent IDS/IPS
IDS/IPS-cuctemu CUTHATypH aHOMAJIiit a00 XMapHUH aHaTI3aTop

3rEHEPOBAHUX TOKEHIB Tepejl iX BUKOPUCTaHHAM Yy mpotokonax ZigBee, LoORaWAN um BiacHux lightweight-nporoko-
nax. Lle mo3Bossie BiACISTH MOCITIIOBHOCTI 3 SIBHO BUPKEHUMH CTPYKTYPHUMU JiepeKTaMy (HaIJIHIIOK IEBHUX T1aTep-
HIB, McOaJIaHC TIEPEXO/IiB) J0 TOTO, SIK BOHU Oy/IyTh 3aCTOCOBaHI B KDUTHUHHUX KPUIITOrpa(iqHUX OMepartisx.

JpyruM BajKIMBHM HALIPAMOM € CHCTeMH ayTeHTH(ikauii cmapT-gomy (IHTeHeKTyaJILHI 3aMKH, KOHTp-
OJIEPH JOCTYIY, IaHeli KepyBaHHs). Y TaKHX CHCTEMax KOpOTKl BUMAIKOBI TIOCTIJJOBHOCTI 9aCTO BHKOPHCTOBY-
toThest sik PIN-moniOHI koau, omHOpa3oBi mapo abo tumuacosi kol it BLE/Wi-Fi-kananiB. Buxopucranas
IHTEJIEKTYaNbHOTO KPUTEPil0 BUIIAJKOBOCTI J03BOJISAE BOYTOBAaHHM MOIYISIM OC3MEKH aBTOMATHYHO BiAKHIATH
cabki TokeHH, c(hopMOBaHi Je(PEKTHIMHU T'eHepaTOpaMu 4u y pe3ybTaTi HeKOpeKTHOI iHiniamzarii. Lle 3mMenmnrye
PH3HK YCIIIIHOTO Nepedopy ado CTaTUCTUYHOTO aHANi3y TOKCHIB aTaKyBaJIbHUKOM, 30€piraoun Npy oMy HU3BKY
3aTPUMKY B IIPOLEAYpax ayTeHTH]iKaril.

Tpetiii nmpuknaa cTocyeThcsi reHepauii ceciifHux kKiaw4iB y embedded-koHTpoJiepax, sKi NpauiomOTh
y CKJIaJli IPOMHUCIIOBUX CUCTEM, TPAHCIIOPTHHX BY3JIiB a00 CHEPreTUIHOI iHQPACTPYKTYpH. Y TaKUX KOHTpOJepax
9acTO 3aCTOCOBYIOTHCS amaparHi abo HamiBamapaTHi TeHepaTopH, Ki (OPMYIOTh KiItodi a0 MOYATKOBI 3HAUCHHS
(nonce) 0OMeXeHOT TOBKUHU. 3alPOMOHOBAHUI METOJT I0O3BOJISIE OPTraHi3yBaTH BHYTPILIHIA “(QUIBTP SIKOCTI” 115
3reHepOBaHUX (PArMEHTIB: JIUIIIE Ti OCTIIOBHOCTI, IO MPOXO/IATH TECT HA BUIAIKOBICTb, JIOMTYCKAIOTHCS 0 BHKO-
PHUCTaHHS y MPOTOKOJaX MUPPyBaHHS Ta aBTeHTUdIKaI1. [{e miaBuIye 3araabHy KpUNTOCTIHKICTh CUCTEMH 0e3
MOTpeOr y CKIIAIHUX 30BHINIHIX ayUTaXx.

Hapemnrri, BaxumBoro cheporo € TesieMeTpuaHuii MoHiTopunr atak (IDS/IPS) y 6e31poToBux Ta riOpuaHux
Mepexax. Kopotki 6iHapHi (pparMeHTH TYT MOXYTh BUCTYIIATH B POJIi CHTHATYp aHOMAaJIbHOI aKTHBHOCTI 200 Map-
KepiB CTaHiB AaT4uKiB. OIIHIOBaHHSA BUIIAIKOBOCTI JO3BOJISE€ BHIUISITA HETUIIOBI MOCIIIOBHOCTI, 1[0 BUHUKAIOTh
npu Moauikarii TeneMeTpii, iH €Kil (aNbIIMBUX MAKETIB YU CIPOOAX MPUXOBATH AisUTbHICTH aTaKyBaJIbHUKA 32
NICEBJOBUMAIKOBUM IIIYMOM. 3allpOMOHOBaHUN METOA, IHTErpoBaHUH y JokanbHi abo xmapHi IDS/IPS-pimeHHs,
Jla€ 3MOTY IIBUKO BUSIBIISITH TaKi HeBHIIAIKOBI IIATSPHH, MiBHUIIYIOUU Yy TIUBICTH CACTEMH JI0 “TOHKHX ™ aTak, 10
OTIEPYIOTh KOPOTKUMH OITOBHMH TTOCIiIOBHOCTSIMHU.

Ha puc. 2 BigoOpaskeHO poilb MO OILIHIOBAHHS BHIIAJKOBOCTI SIK MPOMIDKHOI JJAHKHA MiXK T€HepaTopaMu
KOPOTKHX TOCIIJOBHOCTEH Ta KpUNTOorpadiyHuMu/ TeIEMETPUYHUMHU MPOTOKOIaMU. TiMbKH Ti (parMeHTH, 110
YCIIIIHO MPOXOIATH MEPEBIPKY, MOMYCKAIOTHCS 0 BHKOPHCTAHHS B TOKEHAX, KIIOUaX Ta CIY)KOOBUX MapKepax;
THIII — BIIXHIISTIOTHCS 200 PEECTPYIOTHCS K TIOTSHINIMHI aHOMAUTI].

YV CyKyIMHOCTI IIi MPUKJIAJH JEMOHCTPYIOTh, IO PO3POOICHUH MiIXi]l HE € CYyTO TEOPETHYHUM IHCTPYMEHTOM,
a Mo)ke OyTn Oe3mocepeHb0 BOYIOBAaHNH y IIUPOKHUN CIIEKTP alapaTHUX Ta MPOTPaMHHUX pilleHb IudpoBoi 6e3-
MIEKH, 0COONNBO TaM, I¢ KPUTHYHUMH € KOPOTKi OiHapHI pparMeHTH Ta 0OMEKEHI pecypcH 00poOKH.

BucHoBku. Y po0oTi 3anpornoHOBaHO KiIacu(iKaifHO-CTPYKTYPHUI Ti/IX1/ 10 OIIHIOBAHHS BHIIaJIKOBOCTI
KOPOTKHX OiHapHMX MOCIiTOBHOCTEH, OpIEHTOBAHUI Ha MOTpedU cucTeM Kpunrtorpadiunoro 3axucty Ta loT-Temne-
MeTpii. Ha BigMiHy BiJl KIaCHUHUX CTATHCTHYHHUX TECTIB, pO3PAaXOBaHMUX HA BEJIMKI OOCSTH JAaHMUX, pO3poOIcHa
MOJIEJIb CITUPAETHCS Ha JIOKAJIbHI CTPYKTYPHI XapaKTEPUCTUKH Ta Kinacu(ikaliiHui aHami3, mo poOuTs i mpuaar-
HOIO ISl TTOCIITOBHOCTEH JOBKHHOIO BiJl KUTBKOX OalTiB 0 coTeHb OiTiB. Teopernune oOrpyHTYBaHHS MOJENI,
30KpeMa BUKOPUCTAHHS K-JTaHITFOXKKIB Ta OIIHOK TUIY HepiBHOCTI ['bo(ainra, 3a0e3neuye GpopMaabHUN KOHTPOJIb
WMOBIPHOCTI MOMUJIOK MTPH MPUHAHATTI 00 BIIXUIICHHI T1IOTE3H BUITAIKOBOCTI.

ExcriepnMenTansHa yacTHHA ITOKa3aja, o 3aIpOITOHOBAaHII METO iCTOTHO nepesepiiye TpaIuLiiHI iHCTPY-
meHTH ENT Ta 6a30Bi Tectn NIST SP 800-22 y 3anayax xnacugikarii KOPOTKHX nociigoBHoCcTe. Jiist ToBKHMH
8-32 6iTi KJIaCHYHI MiIXOIHM JEMOHCTPYBAIH 3HAYHI KONUBAHHS TOYHOCTI Ta HU3BKY ,IlI/ICKpI/IMlHaL[H/IHy 3IaTHICTB,
TOMI SIK lHTeIIeKTyaJIBHa Mozenb 30epirana cTaOUIBHICTD OLIHOK 13 MOXMOKOIO HE BHINE KUTBKOX BiACOTKiB. [Ipn
3pOCTaHHI TOBXHUHHU 10 64—128 GiTiB 3a1pOITOHOBAHUM Ii/IXi] HAOIMKABCS 3a SKICTIO O KpUNTOrpadiuHO CTIHKUX
TeHepaTopiB 1 BOJAHOYAC 3aJIMIIABCS MAIIOPECYPCHHUM 33 4acOM 0OPOOKH.
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Puc. 2. InTerpauist Moxysisi oriHIOBaHHs Bunaakosocti B [oT/Smart-indpactpykrypy

OKpeMo MoKa3aHo, IO MOJIENb JI00pe y3TO/DKYEThCS 3 TPAKTUIHUMHU BUMoTaMu lightweight-kpunrorpadii Ta
loT-indpacTpykryp. BoHa He moTpelye Benmukux BUOIpOK, MOke OyTH peaizoBaHa Ha MIKPOKOHTpOJIEpax i3 oome-
KSHUMH OOUNCIIIOBAILHIMHI MOKJIMBOCTSIMH Ta JIETKO aIalTy€eThCS 70 PI3HUX PKEPEIT MOCTiJOBHOCTEH (aITopuT-
MmiuHi PRNG, kpunrorpagidni renepaTopu, anapaTHi CeHCOpH IyMy). Lle BigkprBae MOXIMBOCTI A7 i iHTETpartii
y BOyJOBaHI KpUNTO-amapaTHi MOIYJi, CUCTEMH ayTeHTH(iKamii cMapT-IpUCTPOiB Ta TEIEMETPUUHI IIaThopMu
MOHITOPUHTY O€3MeKH.

[epcrieKTUBHUME HaMpsIMAMHU MOAANBIINX JOCIIHKEHD €: PO3IINPEHHs Kiacupikaniiinoi Mozeni 1o Oaratokiia-
COBHX CILIEHAPIiB 13 PO3PI3HEHHSIM THUIIIB HEBUIAIKOBOCTI (neTepmiHoBaHi PRNG, anmaparHi qedexty, HaBMUCHI MOJIH-
(hikawii), po3pobieHHs cTanaapTHUX mpodiniB TectiB At loT-npuctpois Ta lightweight-npotokonis, a Takox CTBO-
PCHHS PEKOMEH/IAIIIH MO0 BKITFOYEHHS IMTOAIOHUX KPHUTEPIiB 10 TATy3eBHX Ta MKHAPOIHUX CTaHAAPTIiB. JlomaTkoBIM
BEKTOPOM PO3BHTKY € BUKOPHCTAHHS HeﬁpoeBomouiﬁHHX Ta DIMOWHHUX MOJIEIICH, SIKi MOXKYTh aBTOMATHYIHO TTi Tam-
TOBYBATH CTPYKTYPY O3HAK 1 mapamerpu Kiacugikarii mix KOHerTHl araparHi matpopMH Ta THIH TPagiKy, TOTITH-
OITIOIOUH HTETPAIIII0 MK TEOPETHIHUMHI MOJIEIISIMU BUITAIKOBOCTI T MPAKTHYHUMA CHCTEMaMH IT(POBOT OE3IIEKL.
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KOMIJIEKCHUM AHAJII3 PIIEHDB: IHOOPMALIHNHA CUCTEMA
HA OCHOBI KJIACHYHUX KPUTEPIiB

YV pobomi npedcmasneno pospodky ma peanizayilo KOMWIEKCHOT IHGopmayitinoi cucmemu niOmpumku nputiHamms
Diulens, Wo TPYHMYEMbCA HA SUKOPUCTMAHHT KIACUYHUX Kpumepiig eubopy 6 ymoeax nesusnauernocmi — Jlanaaca, Bamvoa,
Cegidoca ma I'vpeiya. Cucmema cmeopena ax iHCMpyMeHm 08 asmomamu3ayii oduuciens, gizyanizayii pesynvmamis, 3oepe-
JICeHHs napamempig 3adaui ma 3a0e3neueHHs nioguyeHol MoYHoCmi nid Yac ananizy arbmepHamug. 3as0aKu Ybomy il MONCHA
ehekmusHO GUKOPUCTOBYBAMY AK Y HABUATLHOMY Npoyeci 0l deMOHCMpayii meopemuuHUX RPUHYUNIe, Max i 6 NPUKIAOHUX
AHATIMUYHUX CYCHAPIAX, 0€ BAXHCTUB0 WIBUOKO OYIHUMU PUSUKY, NOPIGHAMY cmpamezii ma 00TpYHmMYyeamu OnmumMaibHull uoip.

Adanmayisa inmepgeticy cucmemu 8KIIOUAE BNPOBAONCEHHS CYUACHOO OUZAUNY, IHMEPAKMUBHUX 2PADIUHUX KOMNOHEH-
mig Ha ocrogi Plotly, onmumizosanoi cmpykmypu Hasieayii, a maxojc RIOMPUMKY IMROPIY Ma eKCRopmy Oanux y gopmami
Excel. L]e 3abe3neyye 3pyunicmb pobomu 3 genukumu oocazamu ingpopmayii ma 0036015€ KOPUCMyeawy OnepamueHo 3MiHosamu
napamempu 3adaui. OHogLeHa CMpPYKmMypa 6a3u OAHUX MICMums HOBi CymHoCmi 01 30epedceHHs icmopii obuuciens, napame-
mpie 3adaui ma munie kpumepiis. Taxuti nioxio nidguWYe SHYYKICMb | MACUMAbO8AHICIb CUCHEMU, CIEOPIOIOYU NepedyMosU
0711 NOOANBULO2O POIUMUPEHHS (PYHKYIOHATY, IHme2payii HO8UX Memoois i po3podKu 000AMKOBUX MOOYIIE.

Koowcen 3 kpumepiis peanizosano y aueniodi agmoHOMHO20 NPOSPAMHO20 MOOYIA 3 YIMKO CMPYKNYPOBAHOIO JI02IKOI0
06poodxu danux. Kopucnysay 6600uns mampuyio suepautie abo 6mpam, niciis 4020 cucmema agmomamuyHo po3paxosye pe3yiv-
mam, (hopmye npomigcHi Koeiyienmu ma 0eMOHCMpye NIOCYMKO8e PileHHs y 3pYyUHOMY 01 aHanizy euensioi. Ilepedbaueno
MeXaHi3Mil NOBMOPHO20 BUKOPUCTAHHS NAPAMEMPIB, MONCTUSICIL (POPMYBAHHS 36IMiIB, A MAKONUC 30ePetceH s YCIX GUKOHAHUX
onepayiii 015 NOOAILUL020 AHATIZY ADO NOPIGHAHHS.

IIpedcmasnena peanizayis NOEOHYE MAMEMAMUYHY CIPOLICIb 3 AKMYATbHUMY TMEXHONOIYHUMY DIUEHHAMY, Ha0alouu
KOMNJIeKCHULL THCmMpyMenm O OC8IMHIX, 00CTIOHUYbKUX Mma Ynpaguincokux 3acmocysans. Cucmema 0036015€ niosuuumu
AKICMb  AHATIMUKY, MIHIMIZY8amu 6naug JH0CbK020 (akmopy ma niOmpumye NpUiHAMms CMpameziuHo 0OIPYHMOBAHUX
PIWEHb Y PIBHOMAHIMHUX 24TY34X.

Kutrouosi cnoBa: nputinamms piwens, kpumepiti Jlanaaca, kpumepiti Banwoa, kpumepiii Cesioxca, kpumepiti 1ypsiya,
ingopmayitna cucmema, Plotly, Excel, onmumizayis, cmpameziune niamyeamHsi.

Rozum M. V., Ihnatieva K. M. Comprehensive decision analysis: information system based on classical criteria

The study presents the development and implementation of a comprehensive information system for decision-making support
based on classical criteria applied under uncertainty — Laplace, Wald, Savage, and Hurwicz. The system is designed as a tool for
automating calculations, visualizing results, storing problem parameters, and ensuring increased accuracy in the analysis of alter-
natives. This makes it effective for use both in the educational process, where it serves to demonstrate theoretical principles, and in
applied analytical scenarios where rapid risk assessment, strategy comparison, and justification of an optimal choice are required.

The system's interface adaptation includes the introduction of a modern design, interactive graphical components based
on Plotly, an optimized navigation structure, as well as support for data import and export in Excel format. This ensures conven-
ience when working with large volumes of information and allows the user to quickly adjust problem parameters. The updated
database structure includes new entities for storing the calculation history, problem parameters, and criterion types. This
approach increases the system's flexibility and scalability, creating the foundation for further functional expansion, integration
of new methods, and development of additional modules.

Each criterion is implemented as an autonomous software module with clearly structured data-processing logic. The user
enters a payoff or loss matrix, after which the system automatically performs the calculations, generates intermediate coeffi-
cients, and presents the final solution in a form convenient for analysis. Mechanisms for reusing parameters, generating reports,
and storing all performed operations for subsequent analysis or comparison are provided.
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The presented implementation combines mathematical rigor with modern technological solutions, offering a compre-
hensive tool for educational, research, and managerial applications. The system improves the quality of analytics, minimizes
the influence of human error, and supports the adoption of strategically justified decisions across various domains.

Key words: decision-making, Laplace criterion, Wald criterion, Savage criterion, Hurwicz criterion, information system,
Plotly, Excel, optimization, strategic planning.

IMocTanoBka mpodaemu. B ymoBax 3pocranHsi 00CATIB JaHWX Ta HEOOXIJIHOCTI OOIPYHTOBAHOTO BHOOPY
(opmarizoBaHi KpuTepil MPUHHSATTS pillicHb HA0YBAIOTh KPUTHYHOTO 3HaYeHHS. OTHAK, TPAKTHYIHA peati3ariist X
MaTeMaTUYHUX METOIB YaCTO YCKJIQJAHCHA Yepe3 BiACYTHICTh TOCTYITHHUX Ta aalTOBAHNX iH(POPMALIHHIX CHCTEM
(IC). Icnyroui mpodeciiini cucremu 3a3BHUYail MalOTh CKJIAJHY CTPYKTYpy Ta HE BPaxXoBYIOThb IOTPEOH KOPHCTY-
BauiB 0e3 MIMOOKOI MaTeMaTUYHOI MiJrOTOBKH, 10 0OMEXYe iX 3aCTOCYBaHHS B OCBITHBOMY Ta JOCIIIHHIIEKOMY
cepeZoBUIl. 3 OINISAAY Ha Lie, aKTyaJIbHOIO € pO3po0Ka iH(POpPMaLifHOT CUCTEMH MIATPUMKH PillIeHb, KA MOETHYE
KJIACMYH1 METOIM 0araTOKpUTEPiajJbHOTO aHaJli3y 3 CY4YaCHUMH BeO-TEXHOIOT1SIMH, IHTEPAaKTUBHOIO Bi3yai3ali€ro
Ta 3aco0amMu aBTOMaTU3allii po3paxyHKiB.

AHaJi3 ocTaHHIX JocTiTKeHb i my6aikamiii. Y nporeci po3po6ku IC Oyio mpoaHali3oBaHO HU3KY HAYKOBHX
JOKEpET 010 KITACHYHKUX KPUTEPIiB BUOOPY B YMOBaX HEBU3HAYCHOCTI Ta OaraTOKpUTepialibHOTO aHaiizy. OcoOnmuBy
yBary npujiieHo kputepisim Jlarmraca, Banbia, ['ypsina, CeBimpka Ta miaxonam 10 00poOKH MHOXHHHHX aJIbTEPHATHB.

Crarts [ 1] po3misigae akcioMaTHUHE pO3IIMPEHHS KilacnYHUX KpuTepiiB (Jlammaca, Banbaa, ['ypsina, Cesimka)
Uit 3D MaTpUYHUX irop, BBOISYN IpyTe HE3aJICKHE «CTaH IMPUPOAM TS MOJICITIOBAHHS CUTYaLlil 13 MHOKHHHUMHA
¢axropamu BIIMBY. Lle meMoHCTpye TpaHchopmanito ofHO(GAKTOPHUX KPUTEPIiB y OaraToBUMIpHI paBHiIa.

VY poborti [2] BupinryeTscsi mpoOiieMa MHOXHMHHHX ONTHMAaJIbHUX aJbTEpHATHB 3a KpHUTEpisMu Banpma,
Jlamaca, 'ypgina ta CeBimka, IPOMOHYIOUH METOZ YTOUYHEHHS BHOOPY Yepe3 CepeaHbOKBAIPATUIHE BIAXMICHHS
BUTpAIIB JUI 0OpaHHs HAHOUIBII CTAOUIBLHOT abTEPHATHBH.

ITyOmnikauis [3] cucrematusye kiacuuni kputepii (Banbaa, Ceimxa, ['ypsiua, baiieca) Ta nemoHCTpye ix
3aCTOCYBaHHS B YIPABIIHCHKHX CICHAPISX.

oxeperno [4] JOTIOBHIOE TEOPETHUYHY 0a3y MOIETIOBAHHS B YMOBAaX HEBHU3HAYEHOCTI, 30KpeMa B KOHTEKCTI
Ml)KHaPOZ[HI/IX BIZTHOCHH, Ta CTaJ0 KOPUCHUM LIS peamzauu MOLyJIsl eKCTIEPTHOTO OLIIHIOBAHHSI.

V crarti [5] 3anponionoBano Moaudikarii kputepito I'ypsima (Metoau APO i SAPO), siki KOMOIHYIOTb 1HJIEKC
MeCUMI3MY-OIITUMI3MY 3 ITiJIX010M Jlarmiaca Ta BpaxoByOTh PO3IOJILT BUTPAILITIB.

B po6orti [6] aBTOpHM 3anpOTIOHYBaH PillIeHHS 3a/1a4i JTIHIHHOTO MPOTpaMyBaHHsI B yMOBaX BU3HAUEHOCTI.

B pobori [7] aBropamu Oyna po3pobieHa iHhopMaIiifHOT cucTeMa IUIisl MATPUMKH MPOIECY MPUHHATTS
pileHs y MekaxX HaBYAIbHOI TUCIUILTIHY « Teopis npuiHATTS pimeHs» 8] y BUMIsAai BeO-10aTKy AJIs aBTOMATH3a-
Ii1 3aCTOCYBaHHA ACSKNX METOIB MIPUHHSTTS PIllICHb B YMOBaX BH3HAUCHOCTI, 30KpEeMa METOIB aHAJI3y iepapXii,
OiHApHUX BiAHOIICHB Ta KCTIEPTHAX OLIIHOK.

TakuMm 4MHOM, aHaJi3 HAYKOBUX JKEpEll JI03BOJIUB OOIPyHTYBaTU BHOIp Ta KOPEKTHY peamsam}o METO/IIB,
CTBOPHBIIIH Ha/liliHe TEOpPEeTHUUHE MIATPYHTS 1711 MOOYAOBU CUCTEMH, 110 MOEAHY€E KIACHUHI KPUTEpil 3 CyyaCHUMHU
TEXHOJIOTIYHUMH PilICHHSIMH.

MerTor0 cTaTTi € po3poOKa iHQOPMALIIITHOT CHCTEMH, STKa TIOETHYE TEOPSTUIHI OCHOBH I ITPUMKH IPHHHATTS
PILICHB 3 MPAKTHYHUM 3aCTOCYBAaHHSAM CYYaCHUX 1H(GOPMAIIMHUX TEXHOJOTIH y cepl aHATITHKH Ta YIpaBIiHHS.

Bukian ocHoBHoro marepiany. Po3poOiiena IC 6a3zyeThcsi Ha KOMIUDIEKCHOMY ITiIXO01, 00’ € THYFOYH METOIH
MIPUIHATTS PIllIeHb K B yMOBaX BU3HAYCHOCTI, TaK 1 HEBU3HAUCHOCTI. MOy /Tl OaraTOKpUTEpiaabHOTO aHATI3Y
(Metomu aHamizy iepapxiii, OiIHApHHUX BIJHOIICHb Ta €KCIEPTHHUX OIIHOK), peasi30BaHi 1 ONUCaHl y MonepeaHini
pobori [7], Oynu 30epexxeHi. BomHowac, inTepdelic, apxiTekrypa 0a3u JaHWX Ta JIOTiIKa 1HTErparii JaHux Oyiu
MOBHIiCTIO niepepooiieHi. Lls poboTa GpokycyeTbes Ha posimperHi Gyrkiionany IC nuisixom peanizamii KIIaCHIHUX
KPUTEPiiB sl MPUHHSTTS PillIeHb B YMOBaX HEBU3HAYCHOCTI: KpuTepiiB Jlamnaca, Bansna, Cesimpka Ta I'ypsina.

Kpurepiii Jlanjaca rpyHTyeThCs Ha IPUHIIMII HEAOCTATHHOT MiJICTABHU: 3a BIZICYyTHOCTI OCTOBIpHOI iHpOp-
Malii yci cTaHM HNPUPOJM BBAXKAIOTHCA PIBHOMMOBIpHUMHU. BiH BUKOPUCTOBYETHCS Il OOUUCICHHS MaTeMaTH4-
HOTO OUiKYBaHHS BUIPAIILy JJIsl KOXHOI albTepHATUBU, OOUPAIOUH Ty, 110 Ma€ HalKpalle cepeiHe 3Ha4eHHs. MeTox
€ HeUTpaJIbHUM LIOI0 PU3UKY, IPOCTUM Yy peallizauii Ta iHTepnpeTaii, xoua i He BpaXxoBye KpaiiHi cueHapi'l'.

dopmyrna I 3HAXOMKESHHS KpaIloi albTepHATHBH 3a KpuTepieM Jlammaca Mae BUTIIS: max ZV( a;, j)
A€ a,— I-Ta aJIbTEPHATUBA, S, — /-H CTaH NPUPOJIH, v(a, sj) —qaoxig, 1 <i<m, 1 <j<n.
Slkuo Benuunna w(a, Sj) MIPEICTABIISIE BUTPATH 0COOH, TO 3aCTOCOBYEMO (HOPMY.TY rr}l;n Zv( a;, j)

Y noOynoBaHiii cucTemMi KOPUCTYBad BBOJAWTH MATPHINIO BUTPAIIB a00 BTpAT, MiCIs qoro CHUCTEMa aBTOMa-
THUYHO 0OYHCITIOE cepenHi 3HadeHHs. Pesynsratu (puc. 1) BUBOIATHCS y BUINIAAL TaOMHII Ta IHTCPAKTUBHOTO T'pa-
(hika, 110 JJO3BOJISIE MIBUKO TIOPIBHATH ATBTEPHATHUBH.

Kpurepiii Banbaa Monenioe moBeaiHKy ocodu, sika Ipar{e YHUKHYTH Halripimmx HaciiakiB. Bin 3actoco-
BY€TbCS B yMOBAaX HEBU3HAYCHOCTI, KOJIU MMOBIPHOCTI CTaHIB MPUPOAU HEBIIOMI, a PU3UK HEMPUIHATHUHA. MeTox
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FnoGanssi nplopeTeTe

Puc. 1. Bizyamnizauis pesynbrariB kpurepito Jlartaca

4acTO BUKOPUCTOBYETHCS B 0OOPOHHOMY IIaHYBaHHI, (JIHAHCOBOMY aHAaJIi31 Ta MEIMYHUX PIMICHHSIX, /I KITFOUOBHM
€ MiHIMi3aIlis BTPAT.

CyTb MeTORy TOJIATaE Y BU3HAYCHHI HAHTIPIIIOr0 MOMKIIMBOTO PE3YyNIbTaTy (MiHIMaJIbHOTO BUTpanIy abo Mak-
CHMaJIbHUX BTpAT) JUls KOKHOT allbTEPHATHBH a, TIiCJI YOTO OOMpPAEThCs albTEPHATUBA 3 HAMKpAIMM Cepejl IhX

pesynbTariB. @OpMYIIH MaIOTh BUTTIA/L maax{rr%in(ai,s j}, niin{msax(a[,sj}.
d 2J g J

VY cucremi pearnizailis KpuTepito Banbaa mounHaeThCs 13 BBEACHHS MapaMeTpiB 3a1adi (puc. 2), BKIIOYAI0UU
THII 3HAUYEHB — «IIPUOYTOK» a00 «BUTpaTt». Lle 103BoIIsIE CUCTEM] aBTOMAaTUYHO 3aCTOCYBATH BiJIIOBIAHY (OpMYITY.
Pesynbrati BUBOASTHCS Y BUIVIsiAI Tabnwuii Ta rpadika.

KpuTepiii CeBinxka opieHTOBaHW Ha MiHIMI3aIlilO0 BTPaT, [0 BUHUKAIOTh y pa3i HEMPaBUILHOTO BHOODY,
a He Ha MaKCHMIi3allilo BUTpaIry. MeToq BuMarae noOyIoBH MaTpUIli BTpaT (PU3UKY), A€ s KOKHOI alIbTEPHATHBU

B Onwc 3agasi

& NapameTpw ananizy

Puc. 2. TToyarkoBa cTopiHka Momynst KpuTepiro Banbaa 3 mapamerpamu 3a1adi
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o0umCcIIoEThCS 11 BTpaTa K Pi3HUL MK MakCHUMaJIbHUM MOXKIMBUM BHUTpAIIeM 1 (PAKTUYHUM PE3YJIbTATOM IS
KOXKHOTO CTaHy npupoan. ONTUMaJIbHOIO BBAXKAE€THCSI ANBTEPHATHBA 3 HAHMEHIIIO CEPEll MAaKCUMAIbHUX BTPAT.
Enement marpuui Brpar r(a, sj) BHU3HAYAETHCS SIK

max{v(ak,sj }—v(ai,sj), SIKIIIO V — JOXII,

a

r(a,s)=4 .

v(a,,sj)—mln{v(ak,sj)}, SKIIO V — BTPaTH.
K3

Kputepiii CeBimxka IIUPOKO 3aCTOCOBYEThCS B Oi3HEC-aHATITHULI Ta YNPaBIiHHI PU3UKAMH, JO3BOJSIOYU
oOparu cTparerito 3 MiHIMAJIbHUM «TIOKapaHHSIM 3a HelleallbHui BUOIp.

VY cucremi peamizarist kputepiro CeBipka MOYMHAETHCS 13 BBEJCHHS MapaMeTpiB (KiJIbKICTh allbTEPHATHB,
CTaHIB MPHUPONHU) Ta BUOOpPY TUIY 3HAUCHH («IIPHOYTOK» a00 «BHTpaTH»). KopHcTyBad Takok Mae MOXKIHBICTH
3aBaHTaXuTH Excel-daiin 3 ToTOoBUME TaHUMH, 10 MPUIIBHALIYE poOOTy 3 BennkuMu Habopamu (puc. 3). Taka
CTPYKTypa 3abe3Iedye aJanTHBHICTh IHTEPQEHCy 0 KOHKPETHOTO KOHTEKCTY 3a/1adi.

MegamindTs Sai

B Bsenite sexs ansrepuaTes

v Baegite imesa yson

Puc. 3. Cropinka BBeIeHHS iMEH aJbTEPHATHB 1 YMOB Ta 3aBaHTakeHH:S Excel-gaitmy s kpurepiro CeBimxa

Kpurepiii I'ypBina € xommpomicoM MiX HECHMICTHYHHM 1 ONTUMICTUYHUM HiIXOZAMHU 10 MPUHHITTS
pimeHs. MeTo BpaxoBye K HAUTIPIINi, TaK 1 Haf/‘IKpamHﬁ MOUINBUH pE3yNbTaT AJIs KOKHOT JIBTEPHATUBH, BUKO-
pUCTOBYI0YH Ccy0’eKTUBHUI KOEIIiEHT 0HTI/IM13My o, e 0 < a < 1 Ta eJeMeHT MIaTiKHOi ManI/ILII v(a, s) Takuit
MiAX1A IIUPOKO 3aCTOCOBYETHCS B CTpaTerquOMy nnaHyBam-n IHBECTHUIIIIHOMY aHaJi31 Ta COLialIbHUX JIOCIT ke H-
HSIX, JIe HeOOX11HO 06aJaHCyBaTU MIX PH3HKOM 1 TOTEHIIAIOM.

®opmyna s obuucieHHs  Kpurtepiro Iypeina |y Bumaaky jgoxoxmiB  (a, sj). Ma€e BHIJIS:

max[oc max v(a,,s,;)+(1—o)minv(a,,s /)J. Sxmo BennduHA V(a, s) — BIPATH, TO KPUTEPIH Mae HACTYIHHH BHI
a; S, - SJ N J
min[aminv(al.,s/.)Jr(l—oc)maxv(a,.,s/.)}

a; s ‘ S; '

VY cucremi pearnizaliisi METORy ITOYMHAETHCS 3 BBEACHHS HA3B aJbTEPHATHB 1 CTAHIB IMPUPOIM, MIiCIS 4OTO
KOPHUCTYBa4 3alI0BHIOE MaTPUITIO BUTPalIiB (puc. 4). A Ha MOYATKOBIH CTOPIHIII PO3MIIIIEHO TOJIE JIJIsl BCTAHOBJICHHS
3HAYEHHS 0, SIKe MUTTEBO BILTUBAE Ha oOuMcieHHs. Lle 103Bolisie MOIenoBaTH Pi3Hi ClieHapii MOBEeIiHKN — Bif MOB-
HOTO OINITUMI3MY /10 KpalfHbOTO MEeCUMI3MY — Ta Bi3yaJbHO OL[IHUTH, SIK 3MIHIOETHCSI BUOIp 3aJIEKHO BiJl MapaMeTpa.

Oco6auBocTi peaJizauii ingopmauiiinoi cucremu. Y Mexax po3poOku HOBoI Bepcii iHpopMaliiiHoi cuc-
TEMU MiATPUMKH HpI/II‘/'IHSITTSI pitens [7] Oyio 31iliCHeHO KOMILIEKCHY MoaepHi3aui}0' TOBHICTIO OHOBJICHO 1HTEP-
(eiic KopucTyBaua, apXiTeKTypy 0a3u JaHUX Ta BIIPOBAKEHO MEXaHI3MH IMITOpPTY i CKCIIOPTY JIAHHX y dopmari
CICKTPOHHHX Tabmuie. e 3abe3neuno MacmTaboBaHiCTh, IPO30PICTh OOUUCIICHD 1 3pyYHICTH ISl OCBITHBOTO Ta
JOCITi THAIIBKOTO CEPEeIOBHIIIA.
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B Martpuus Baprocred

OBYMCIATH

Puc. 4. Beenenns marpuiii BUrpamris B Moyiti kputepito ['ypsina

B Kpurepii Cesigwa w— B Kpwrepii Cesigwa Nppervepid Canitas
(asTosbepemerna 14:43) (asToabepemennn 14:41)
B At

Suasm i

Puc. 5. Cropinka 3 uepHEeTKaMH KOPHCTyBada

[HTepdeiic cucteMu OTpUMAaB CydacHHI JU3aiH 13 Y4iTKOIO THIOTPagikor Ta JIOTIYHOK CTPYKTYPOIO OJIOKIB.
Koxen kputepiit (Jlarmnaca, Banbna, CeBimka, ['ypBina) po3MillieHO Ha OKpeMild BKJIaJIl, a €JIeMEHTH BBEICHHS
3rpynoBaHi 3a eTanaMu poOOTH — BiJ MapaMeTpiB A0 pe3ynbTariB. Takuil mifxiJ 3MEHIIYE KiJbKICTh MOMHIIOK
1 IpUCKOpIoe aHasi3. Bizyamnizanis peanizoBana uepes 0i6miorexy Plotly 5.18.0 [11], mo 3a0e3nedye BUKOPUCTaHHS
1HTepaKTUBHUX rpadikiB 3 MOKIIUBICTIO HABEICHHS, MacITabyBaHHs i ekcriopTy. CucTemMa TaKoX MiATPUMY€ aBTO-
MaTu4He 30epekeHHS JaHuX (PHC. 5) 1 IOKaJbHE KeUTyBaHHS IS 3pYYHOTO IIOBEPHEHHS 10 TIONEPEIHIX KPOKIB.

ApxiTekTypy 06a3u qaHuX 1MoOyJAOBaHO Ha PEJSAIiHHINA MOJENI 3 YITKUM TIOJIIOM CYTHOCTEH: aJIbTepHATHUB,
CTaHIB IIPUPOJIH, THITIB KPUTEPIIB, TApaMETPiB 3a1a4i Ta pe3yIbTaTiB 004nciieHb. Lle 103BONMII0 M IBUIINTH MaCIII-
Ta0OBaHICTh 1 CIPOCTHTH JI0JaBaHHs HOBUX MeTomiB. Jlomano cyTtHocTi «Cecist kopucTyBada» Ta «lctopist oGuuc-
JICHBY, 10 3a0€3MeUyIOTh ayJIuT, 30epiraHHs MPOMIDKHUX Bepciil i popmyBaHHsI 3BiTiB. [lepenbaueHo Takok KypHa-
JFOBAHHSI 3MiH JJIs BIZICTEKEHHSI XPOHOJIOTIT poOOTH.

Oxpemy yBary npunaiineno interparii 3 Excel: cucrema minrpumye iMmmopt i ekcriopT y gopmarax .xIs i .xIsx
3 BUKopucTaHHsIM 0i6mioTekn OpenPyXL 3.1.2 [12]. KopucTtyBad MO)ke 3aBaHTa)XyBaTH TOTOBI MaTpuIli abo eKc-
MOPTYBAaTH PE3yNbTaTH y BUIVIAL 3BiTY, a BOyJI0BaHa MepeBipka CTpyKTypu ¢aiiny 3amobirae momunkam. Lle 3abe3-
Hedye CyMICHICTb 13 30BHIIIHIMU aHATITHYHUMH iHCTpyMeHTaMu — Google Sheets, Power BI — ta poOuts cucremy
YHIBEPCAIBHOIO JUIsl YITPABJIIHCHKUX, OCBITHIX 1 JIOCITIIHUIIBKUX 3aBJIaHb.

BucHoBkH. Y pe3yasTari IpoBeIEHOIro AOCHIIKEHHS peali3oBaHO KOMIUIEKCHY iH(opMaliiiHy cucremy min-
TPUMKH MPUUAHSATTS pillieHb, sIKa 00’ €IHy€ KiIacu4Hi Kputepii HeBu3HaueHocTi (Jlamaca, Banbna, Cesimka, I'ypsina)
Ta paHimie po3po0iieHi METOIM OaraToKpUTEpiaIbHOTO aHali3y (OIHAPHUX BIHOIIICHB, aHAI3Y I€papXiil, EKCIIEPTHUX
omiHok). Crcrema 3a0e3redye aBTOMaTn30BaHy OOpOOKY, IHTEPaKTUBHY Bi3yaizallito Ta 30€pekeHHs pe3ylbTaTiB,
MIOETHYIOYH MAaTeMaTHIHY CTPOTICTB i3 CyYaCHUMH TEXHOJOTIYHIMH pilleHHIMH. KOyKeH METOT peai3oBaHo SIK OKpe-
MU MOJYJIb 3 aJIAIITOBAaHUM 1HTepdeiicoM, maTpuMKoro Excel Ta OHOBIICHOIO PENSIIIHOI0 CTPYKTYPOIO 0a31 IaHHX.

Bueceni o inTepdeiicy, apXiTeKTypH Ta JIOTiKH 00pOOKHM TaHWX 3MiHH 3HAYHO ITiABHIIMIN 3pyYHICTH KOPHC-
TYBaHHS, CTA0UTBHICTB 1 THYUKICTh cucteMu. Oco0nuBy yBary OyJio MPHUIIICHO IPO30POCTi OOUMCICHB Ta MOKIIHBO-
CTi TIOBTOPHOTO BUKOPUCTAHHS apaMeTpiB. CHCTEMa IEMOHCTPY€E BUCOKY alallTUBHICTB, III0 POOUTH il aKTyaIbHOIO
JUISL OCBITHIX CUMYJISILIN Ta yIIpaBNiHCHKHUX KeHcCiB. IlepcrieKTHBY MOJaIbIIOro PO3BUTKY BKIIOYAIOTH PO3IIUPEHHS
METOJIOIOT1YHOT 0a3u, IHTErpalliro 3 30BHIIIHIMY JKepelaMH JaHUX Ta BIPOBAIKEHHS 0araTOMOBHOT MiATPUMKH.
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SMART CONTRACTS IN DECENTRALIZED ENERGY MARKETS:
OPPORTUNITIES AND REGULATORY CHALLENGES

The accelerating digitalization of the energy sector is redefining how electricity is generated, traded, and consumed.
Among emerging innovations, smart contracts being self-executing programs embedded on blockchains have become pivotal
to the development of decentralized energy markets. This article reviews the state of knowledge and practical progress in
applying smart contracts to energy systems, with particular attention to their potential in Ukraine’s evolving energy and digital
infrastructure. Through a systematic analysis of academic studies, pilot projects, and policy frameworks, the article identifies the
main opportunities, challenges, and future trajectories of blockchain-based automation in energy markets. The starting sections
introduce the conceptual foundations of smart contracts, highlighting their essential properties of transparency, immutability, and
autonomy. These characteristics enable direct peer-to-peer transactions without intermediaries, potentially lowering transaction
costs and improving market efficiency. The subsequent analysis focuses on how smart contracts can support decentralized
energy trading, renewable integration, and dynamic pricing, using examples from Australia’s Power Ledger, Brooklyn Microgrid
in the United States, and Europes Enerchain, WePower, and Sunchain initiatives. To complement international evidence, the
article discusses Ukraine’s readiness for pilot adoption in microgrid environments, given its digital transformation agenda
and renewable energy policies. The study further examines technological, regulatory, and security challenges hindering large-
scale deployment. Issues such as interoperability, scalability of consensus algorithms, and the legal enforceability of smart
contracts remain critical barriers. Nevertheless, emerging frameworks like regulatory sandboxes and advances in loT and
Al integration offer pathways to overcome them. MATLAB-based simulation examples illustrate the potential for dynamic
pricing and automated market balancing. The article concludes with strategic recommendations for policymakers, engineers,
and researchers by emphasizing the need for hybrid architectures combining blockchain, artificial intelligence, and energy
optimization models. Overall, the article underscores that while smart contracts promise to democratize and decarbonize energy
systems, their success ultimately depends on coordinated technical innovation and adaptive governance.

Key words: smart contracts, decentralized energy markets, blockchain, peer-to-peer energy trading, renewable energy,
regulatory challenges, Ukrainian energy exchange, tokenization, microgrids.

Pomaniox B. B. Cmapm-konmpaxmu Ha 0eyeHmpanizoeanux eHepzemuiHuX PUHKAX: MONCTUGOCHE MA Pe2YNamOopHi
GUKTIUKU

IIpuckopena yugpogizayis enepeemuyno2o cekmopy O0KOPIHHO 3MIHIOE CROCOOU BUPOOHUYMEBA, MOP2IGIi A CHONICUBAHHSL
enekmpoenepeii. Ceped HOGIMHIX [HHOBAYIU 0COOIUGE Micye 3aUMArmb CMAPM-KOHMPAKMU, [Ki € CAMOGUKOHYBAHUMU
npozpamamii, 60y008aHUMU Y OIOKUElH, W0 CIMATU KIIOYO8UM eNeMeHMOM PO3GUMKY OeYeHMPari308aHUX eHepeemuiHUxX
punki. Y cmammi 30iticHeH0 02130 CYYACH020 CIMAHY 3HAHb | NPAKMUYHUX HANPAYIOBAHb V 3ACOCYBAHHI CMAPM-KOHMPAKMIG
00 eHepeemuynUX cucmem, 3 0COOIUBOIO Y8a20l0 00 iXHbO2O NOMeHYiany 6 KoHmeKkcmi mpancgopmayii enepeemuynoi ma
yughposoi ingppacmpyxmypu Yxpainu. Ha ocnosi cucmemnozo ananizy Haykosux 00CiiodceHb, REIOMHUX NPOEKMIS I NONTMUYHUX
DAMKOBUX OOKYMEHMIB BUSHAUEHO OCHOBHI MONCTUBOCII, GUKIUKU A NEPCIeKMUBU BNPO8AddICelHs OI0KUeliH-A8MmoMamu3ayii
Ha enepeemuuHux pumnkax. Ilovamxosi po30inu po3Kpugaromv KOHYEnmyaibHi 3acadu cMapm-KOHMpakmie, nioKpecowoyu
IXHI KTIOYO0SI 61aACTUE0CHE NPO30POC, He3MIHHOCIE 11 asmoHoMHocmi. Li xapakmepucmuku 3a0e3neuyons MOJNCIUBICMY
NPAMUX onepayiti Midc yuacnukamu (peer-to-peer) 6e3 nocepeonukis, o NOMEHYINHO 3HUNICYE MPAH3AKYIUHI Sumpamu
i niosuwyye epexmusnicmo punxy. Ilooansuiuii ananiz 30cepedceno Ha Momy, K CMAPM-KOHMPAKMU MONCYIb NIOMPUMYBAMU
OeyeHmpanizoeany mopeienio emepeicio, inmezpayilo GIOHOBIIOBAHUX Odicepell ma OUHAMIYHe YiHoymeopeHHs. Poszensnymo
APUKIaOU 3 MIdCHApoOHo2o 00ceidy: Power Ledger (Ascmpanis), Brooklyn Microgrid (CILIA), a makooic esponeticvki npoexmu
Enerchain, WePower i Sunchain. J{ns 0onosHeHHs MidCHApOOHUX NPUKIAdie y CIammi npoaHanizoeano 20mosxicms Yxpainu
00 NiNOMHO20 BNPOBAOINUCEHHA CMAPM-KOHMPAKMIE y MIKpOMEpeXcesux cepedosuiyax, epaxosyiouu ii Kypc Ha yugposy
mparcpopmayito ma norimuxy y cepi 8ioHoen08anoi enepeemury. OKpemMo po3eiaHymo MexHON0IYHI, pe2ylIsmopHi ma
be3nexogi nepeukoou, AKi CIMpUMyonb Macumabne po3eopmanis mexHoiozii, a maxodc npobiemu inmeponepaderbHoCmi,
MAcuimado8aHocmi aneopummie KOHCeHcycy ma puouyHoi yunHocmi cmapm-koumpaxmis. Ilonpu ye, Hogi pe2ynsimopHi
nioxoou, 30kpema pe2yismophi nicounuyi, a maxosc po3gumox inmeepayii 10T i wmyunoeo inmenexkmy, cmeoploonmy uLisaxu
071 nodonanua 3asHauenux o6ap’epis. Jlns inocmpayii nomenyiany mexvonoeii nageoeno npukiaou MATLAB-modentosanns
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OUHAMIUHO20 YIHOYMBOPEHHS. A ABMOMAMU308AHO20 OANAHCY8AHHS PUHKY. Y nidcymky cmammsa opmynioe cmpameeiuni
DEKOMEHOAaYii 015 NONIMUKIB, THIHCEHEPI8 | HAVKOBYIB, HALONOWYIOYY HA HEOOXIOHOCI CTNBOPEHHS. 2IOPUOHUX apXIeKmyp, o
NOEOHYIOMYb ONOKUEliH, WmyuHull iHmenekm i Mooeii enepeemuuHoi onmumizayii. 3a2anom nioKpecIoemsvCs, Wo Xoua cMapm-
KOHMPAKmMu Maromy nomeHyian 0emMoKpamu3yeamy ma OekapOoHi3yeamu eHepeemuyni cucmeMmuy, iXHill YCRix 3peumoro
3a1exHCUMD 810 CKOOPOUHOBAHUX MEXHONOIUHUX THHOBAYI T A0aNMUEHO20 8PAOYEAHHS.

KimiouoBi crmoBa: cmapm-konwmpakmu, OeyeHmpanizoéani enepeemuyni punku, Onokuetin, P2P-mopeieia enepeiceio,
8I0HO6NI0BANA eHep2emuKa, pe2yIAMOpHI UKIUKY, YKpaitcvka enepeemuuna Oipoca, mokeHizayis, MiKpomepedici.

Problem statement. The global energy sector is undergoing a profound transformation driven by
decarbonization, decentralization, and digitalization [1, 2]. These “three D’s” have reshaped the traditional
paradigm of energy production and consumption, creating an ecosystem in which individuals and small entities
are not only consumers but also producers of electricity — so-called prosumers [3, 4]. This shift toward distributed
generation, particularly through renewable sources such as solar photovoltaics and wind power, challenges the
legacy centralized market structure dominated by large utilities and transmission system operators. In this evolving
landscape, mechanisms for secure, transparent, and automatic energy exchange have become crucial, stimulating
the search for innovative technological solutions that can enable real-time settlement and trustworthy coordination
among decentralized participants [1, 5].

One of the most promising technologies responding to this challenge is the smart contract, a self-executing
digital agreement stored and run on a blockchain [6, 7]. Smart contracts allow parties to transact energy, validate
data, and enforce agreements automatically without relying on a central intermediary [8, 9]. In decentralized energy
markets, these capabilities can enable peer-to-peer (P2P) energy trading, automated billing, and dynamic pricing
mechanisms, all based on verifiable generation and consumption data from smart meters and Internet-of-Things
(IoT) devices. When properly implemented, smart contracts can thus ensure trust among participants who may
not know each other personally, provide transparent and tamper-proof transaction records, and reduce the costs
associated with traditional energy clearing and settlement procedures [4, 5, 7].

Recent research has shown that blockchain-based smart contracts can also facilitate tokenization of energy
units. This impies the conversion of kilowatt-hours or renewable certificates into digital tokens that can be traded
or used as collateral [10, 11]. The tokenization opens new economic opportunities, such as local microgrid markets,
energy communities, and distributed renewable investment schemes. However, despite this promising outlook, a
number of unresolved regulatory, technical, and market challenges limit widespread adoption [8, 12, 13]. These
include questions of legal enforceability of smart contracts, data privacy compliance under existing frameworks
(such as General Data Protection Regulation or, abbreviated, GDPR), grid stability and balancing obligations,
interoperability with legacy energy management systems, and the environmental footprint of blockchain technologies
themselves [14, 15].

The purpose of this article is to synthesize and critically analyze the current state of knowledge regarding the
use of smart contracts in decentralized energy markets. In addition, the article aims to identify the main opportunities
for improving market transparency, efficiency, and inclusivity, while also highlighting key obstacles related to legal,
technical, and regulatory aspects. To achieve this goal, the article integrates findings from recent academic and
industrial studies, complemented by brief illustrative simulations in MATLAB that demonstrate the operational logic
of automated settlement and token-based trading. A particular emphasis is placed on the emerging developments in
Ukraine, where the transition to renewable and distributed energy systems is a declared national priority [7, 16, 17].
Although large-scale blockchain-based energy markets are not yet implemented, several pilot initiatives, regulatory
discussions, and digital infrastructure projects suggest growing readiness for experimentation with decentralized
energy trading. By comparing global experiences from Australia, the United States, and the European Union (EU)
with Ukraine’s institutional and legislative context, this article seeks to draw conclusions about feasible directions
for future integration of smart contracts into the country’s evolving energy ecosystem.

Accordingly, the article is structured as follows. Section 1 provides the conceptual background of decentralized
energy markets and explains the basic functions of smart contracts in this environment. Section 2 outlines the main
opportunities and advantages that blockchain-based automation can bring to energy trading. Section 3 examines the
regulatory and technical challenges that currently constrain adoption. Section 4 presents international and Ukrainian
case studies, while Section 5 includes MATLAB-based illustrations of automated market mechanisms. Finally,
Section 6 discuss future directions and summarize the key findings of the article.

Background of decentralized energy markets and smart contracts. Conventional energy systems have
long been structured around centralized generation facilities that deliver electricity through hierarchical transmission
and distribution networks [18]. Prices, scheduling, and balancing are typically administered by regulated utilities
and wholesale market operators. Although this structure provides stability, it also produces inefficiencies and limits
consumer participation. The rapid proliferation of small-scale renewable energy sources (like solar rooftops, wind
micro-turbines, and storage units) has eroded the distinction between producers and consumers [4]. As households and
local communities become prosumers, capable of generating surplus electricity, a need arises for new mechanisms of
direct exchange and market participation beyond centralized control. Decentralized or P2P energy markets represent
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a natural response to this evolution [9, 19]. In such markets, individual participants may trade surplus electricity
locally through microgrids or virtual power plants, negotiating prices dynamically based on supply and demand.

Blockchain technology offers a distributed ledger that records transactions across multiple nodes, ensuring
transparency, immutability, and resistance to tampering. Each transaction, once validated through a consensus
mechanism, becomes a permanent record in the chain [5, 7, 15]. In the context of energy markets, this allows
participants to exchange data and value without relying on a central clearinghouse. Blockchains such as Ethereum,
Hyperledger Fabric, and Energy Web Chain have been explored for implementing energy-related applications, from
renewable certificate tracking to P2P trading and dynamic grid balancing [12, 20].

The blockchain architecture consists of several critical components [5]:

1. Consensus mechanism — determines how network nodes agree on transaction validity (e. g., Proof-of-Stake,
Proof-of-Authority).

2. Distributed ledger — stores a chronological, tamper-resistant record of energy transactions.

3. Cryptographic tools — ensure authenticity and privacy of participant identities.

4. Smart contracts — self-executing pieces of code that automate transaction logic based on predefined
conditions.

Together, these elements enable trust by design: once transaction conditions are coded and deployed, execution
occurs automatically when data triggers are met.

A smart contract can be defined as a deterministic program that encodes the terms of an agreement, executes
them autonomously, and records outcomes on the blockchain [6]. In decentralized energy markets, smart contracts
govern the automatic transfer of energy tokens or digital currency in exchange for measured electricity. They receive
input data from smart meters or loT sensors (commonly through secure middleware called data oracles) and trigger
payment once the predefined energy quantity is delivered [12, 21, 22].

Typical smart-contract-enabled use cases include [8, 9]:

1. P2P trading: automatic matching of sellers (prosumers with surplus generation) and buyers within
microgrids.

2. Automated billing and settlement: instantaneous payments once consumption data are validated.

3. Dynamic pricing mechanisms: price adjustments in real time according to grid conditions or renewable
availability.

4. Green certificate and carbon-credit trading: transparent issuance and verification of renewable generation
credentials.

The integration of these functions promises substantial gains in transparency, cost reduction, and operational
efficiency. Nonetheless, implementation challenges persist: energy consumption of certain consensus algorithms,
data integrity risks from faulty sensors, and the absence of clear regulatory recognition of blockchain transactions
[5,7,10,12].

Consider a simplified microgrid with three participants, two households and one small enterprise, each
possessing both consumption and production capabilities. Smart meters continuously measure net energy flows. A
smart contract deployed on a blockchain platform can automatically execute the following logic:

1. Aggregate all surplus and deficit data at each time interval.

2. Match buyers and sellers according to available quantities.

3. Transfer payment tokens at the current price per kWh.

In practice, such operations can be illustrated through MATLAB simulations, where energy balances, price
adjustments, and settlements are computed in real time according to predefined “contract” conditions. These
illustrative models, provided later in Section 5, demonstrate the operational logic of decentralized automation
without delving into blockchain coding details [23].

Opportunities and advantages of smart contracts in decentralized energy markets. The integration
of smart contracts into decentralized energy markets creates new opportunities for efficiency, transparency, and
sustainability. Their main benefits can be viewed through five dimensions: transaction automation, transparency,
cost reduction, system resilience, and inclusion of small-scale participants.

Smart contracts automate processes that in traditional markets require multiple intermediaries such as system
operators or clearinghouses. By encoding transaction logic on a blockchain, they execute payments and update
ownership records automatically when predefined conditions are met. It is, for example, confirmation of energy
delivery or a specific price threshold. A prosumer with rooftop solar panels can thus sell surplus energy directly
to a neighbor under a contract that verifies smart-meter data and triggers payment instantly, reducing latency and
disputes over consumption data [8, 9]. MATLAB simulations can model this with conditional payment functions
that process time-stamped generation data once thresholds are reached [7].

Blockchain ensures that all transactions are immutable, traceable, and verifiable (within privacy limits).
This transparency builds trust among participants without prior relationships and prevents manipulation or double
counting of renewable certificates. In some pilots, blockchain verification has replaced traditional registries for
guarantees of origin, simplifying compliance [24]. Furthermore, combining blockchain transparency with privacy-
preserving methods such as zero-knowledge proofs can secure confidentiality while maintaining accountability [7].
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By removing intermediaries and automating settlements, smart contracts significantly cut transaction costs.
They also support dynamic pricing that reflects real-time supply and demand, helping distributed resources optimize
their participation. Prosumers can automatically adjust production or consumption according to encoded bidding
rules. MATLAB agent-based simulations can illustrate this, showing how households and storage units autonomously
trade energy by minimizing costs or maximizing self-consumption [25].

Decentralized blockchain systems enhance grid resilience by allowing microgrids to operate autonomously
during disruptions. Smart contracts balance local generation and demand while transparently recording renewable
production, facilitating monitoring of carbon footprints [26]. When connected with IoT sensors, contracts can
also enforce environmental standards automatically (for example, rewarding low-emission behavior or penalizing
excessive use).

Smart contracts lower entry barriers for small producers, enabling them to join energy trading on equal terms
with larger actors. This democratization of access fosters community participation and wider public acceptance of
renewable energy [27]. For Ukraine, such inclusivity is particularly promising given its growth in small renewable
installations and plans for energy communities. Smart-contract-based platforms could offer transparent and
automated frameworks for local power exchange, encouraging investment in small-scale solar and biomass projects.

Regulatory and technical challenges in implementing smart contracts for energy markets. Despite their
promise, smart contracts face intertwined legal, regulatory, and technical obstacles that complicate large-scale use
in decentralized energy markets. The technology automates contractual relations, yet must comply with national
laws, market rules, and grid standards. Addressing these constraints is vital for policymakers and developers alike.

The foremost challenge concerns legal validity. Smart contracts execute code autonomously, but their
recognition as binding agreements remains ambiguous. In most jurisdictions, including the EU and Ukraine,
contract law requires human-readable interpretation and enforceability. Code-based agreements may obscure
intent and accountability, creating risks of liability in case of error or malfunction [28]. Current legislation,
such as the EU Electricity Directive (2019/944) and Ukraine’s Law On the Electricity Market, does not yet
define decentralized, P2P blockchain operators. Projects therefore rely on regulatory sandboxes or temporary
exemptions, limiting investment confidence and scalability [29]. Cross-border transactions add complexity:
determining applicable jurisdiction and dispute resolution mechanisms across digital platforms remains
unresolved. A promising solution involves hybrid contracts, where on-chain code automates execution while off-
chain legal terms ensure compliance [30].

Smart contracts depend on continuous data from smart meters and [oT devices. They are the sources often
containing personal consumption information governed by the GDPR. Because blockchain data are immutable, this
conflicts with the “right to be forgotten” [31]. Mitigation strategies include off-chain data storage, pseudonymization,
or zero-knowledge proofs, though these increase system complexity and can reduce transparency. Cybersecurity
vulnerabilities also persist: coding flaws or oracle attacks can trigger erroneous transactions. In energy systems,
such risks may disrupt payment flows or grid operations. Hence, code auditing, formal verification, and multi-
signature control are crucial safeguards [19].

Integrating blockchain with traditional energy management systems is technically demanding. Legacy
protocols (e. g., [IEC 61850, DNP3) rely on centralized databases, while decentralized ledgers require standardized
data formats and interfaces [23]. Smart contracts must also respect operational constraints of grid stability, reserve
balancing, and frequency control. These constraints can be modeled in MATLAB to simulate grid-aware contracts
ensuring that autonomous trades do not disturb system equilibrium.

Current blockchain protocols struggle to process the high transaction volumes typical of energy markets.
Layer-2 solutions and permissioned systems (e. g., Hyperledger Fabric, Energy Web Chain) partially improve
throughput but sacrifice some decentralization [22, 32]. Environmental sustainability remains another concern:
Proof-of-Work consensus consumes substantial energy. Transitioning to Proof-of-Stake and similar algorithms
mitigates these effects but does not eliminate blockchain’s total energy footprint [33].

Ukraine’s regulatory and infrastructural conditions still constrain blockchain-based market adoption. Although
the Diia platform and Energy Strategy to 2035 support digital transformation, the national electricity market remains
centralized, and NEURC has not yet formalized blockchain trading or energy communities. Nevertheless, Ukraine’s
growing digital capacity and pilot projects with USAID and UNDP demonstrate potential. Regulatory reforms
introducing sandbox environments, similar to EU models, could allow municipal or community-level trials of
smart-contract-based energy markets.

Case studies and pilot projects in decentralized energy markets. Pilot projects worldwide already
demonstrate how blockchain and smart contracts can decentralize energy trading. Although they differ in design and
regulation, all aim to enhance trust, transparency, and efficiency without central intermediaries. This section reviews
key examples from Australia, the United States, Europe, and emerging developments in Ukraine.

Australia’s advanced solar adoption and supportive innovation policy made it a testing ground for blockchain-
based P2P trading. The Power Ledger platform, founded in Perth, Australia, enables prosumers and consumers within
microgrids to trade electricity directly via smart contracts [34]. These contracts automatically record generation and
consumption, settling payments in real time according to predefined formulas. Trials in Fremantle, Australia, and
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Bangkok, Thailand, confirmed the model’s scalability, later extended to renewable certificate trading. This can be
simulated by a simplified price-adjustment rule

P, =pta-(D-5), (1)

where price p, at time  changes with supply-demand imbalance, and trades execute automatically when p >p . by
demand D, supply S, and a sensitivity coefficient . Such modeling helps illustrate how blockchain logic stabilizes
supply-demand balance through algorithmic local market clearing (equilibrium).

The Brooklyn Microgrid (BMG) by LO3 Energy showcases localized energy exchange using Ethereum-based
smart contracts [19]. Smart meters act as oracles, verifying solar generation and triggering automated energy-credit
transfers between neighbors. Although US regulations restrict direct P2P trading, BMG demonstrated both technical
feasibility and strong community engagement under an experimental framework.

Across the EU, several initiatives link blockchain to market transparency and renewable certification. The
Enerchain project tested blockchain-based bilateral trading among large utilities, removing central clearinghouses
[35]. WePower in Lithuania and Spain tokenized renewable output, enabling investors to pre-purchase and trade
energy digitally. Sunchain in France used blockchain smart metering to automate settlements within eco-districts
[36]. Together, these projects advance blockchain’s integration into EU Guarantees of Origin systems, reinforcing
traceability and compliance with sustainability directives.

Ukraine’s energy system, now digitalizing and liberalizing, faces challenges of inefficiency and limited
consumer trust. Though still nascent, several initiatives and institutional signals indicate readiness for decentralized
models. The Energy Strategy of Ukraine to 2035 and the Diia e-governance ecosystem promote smart grids and
digital integration. Joint efforts by the Ministry of Energy, UNDP, and USAID explore blockchain for renewable
certificate tracking and transparent auctions. Universities and research centers (such as Kyiv Polytechnic Institute
and the Energy Research Centre of NASU) are conducting feasibility studies on distributed ledgers for balancing and
origin tracking [37]. Local cooperatives in western regions are also considering token-based settlements, while the
Ministry of Digital Transformation promotes blockchain within the WINWIN strategy, regulatory sandboxing, and
the planned e-hryvnia project [38]. A near-term pilot could involve a university or industrial microgrid, integrating
smart meters, [oT gateways, and a permissioned blockchain (e. g., Hyperledger Fabric) with MATLAB simulations
for pricing and settlement testing under NEURC supervision. Such frameworks would allow Ukraine to explore
decentralized trading safely while aligning with Europe’s emerging green digital infrastructure.

Comparative reflections on global and Ukrainian insights are presented in Table 1. The comparison reveals
that technical feasibility is no longer the key barrier — regulatory adaptability and institutional support are. While
developed economies proceed with regulatory sandboxes and industry consortia, Ukraine’s progress will depend on
coupling innovation with legal modernization and capacity building. The introduction of smart contract-based micro-
trading systems in controlled environments (universities, business parks, industrial zones) could yield significant
insights into cost savings and renewable integration, paving the way for national-scale deployment.

Table 1
Comparison of global and Ukrainian insights
. . . Regulatory
Region Project Type Blockchain Role Readiness Key Lessons
Australia P2P solar trading (Power Settlement automation ngh (sandbox Coqsumer empowerment,
Ledger) available) flexible tariffs
Microgrid & transactive | Local trading, smart Community-driven
USA markets (Brooklyn) metering Moderate models feasible
Europe (Germany, | Renewable certificate and | Transparency, Advanced (EU-level . e
Nordics) wholesale integration certification frameworks) Need for interoperability
Ukraine Pilot microgrid, Transparency, Emerging (no Start from institutional
(proposed) tokenized settlement simulation testing sandbox yet) testbeds

A simplified prototype for Ukraine could simulate a community-based token exchange system, where each
kilowatt-hour generated by a prosumer is represented as a digital token £, Smart contracts would automatically
allocate tokens among participants according to a local optimization rule, for instance:

M —
min, ¥ 3 (¢~ p,)%, by Z G, i=LM, and Yx,2D,, j=LN, 2)
P

{{X}jl} i=l j=1

where X, is the energy flow from generator with generation G, to consumer j with demand D,c is the generation
cost of generator i, and p; is the local price at consumer j set by a community vote or automated algorithm. This
model provides a computatlonal framework for future Ukrainian blockchain pilots in decentralized trading with M
generators (prosumers) and N consumers.
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Meahwwhile, comparing international and Ukrainian cases (Table 1) reveals shared goals and local specifics.
For Ukraine, the main challenges lie in ensuring institutional stability, advancing market liberalization, and updating
regulations to support decentralized models. Yet, Ukraine’s strong digital governance and still-developing electricity
market offer a chance to design flexible frameworks from the ground up. With targeted pilot testing and adaptive
legislation, Ukraine could position itself as a regional pioneer in community-level decentralized energy trading.

MATLAB illustrations of automated market mechanisms. Although smart contracts run on decentralized
ledgers, their economic logic can be modeled and tested in MATLAB. The platform enables simulation of
P2P trading, dynamic pricing, energy allocation, and automated settlement, which are the main components of
decentralized markets. This section provides conceptual MATLAB examples showing how trading rules can be
executed automatically, replicating the logic of on-chain transactions without focusing on blockchain syntax.

An M-code example of automatic energy-matching process, showing how trades and payments would be
triggered, is shown in Fig. 1. Another simple example (Fig. 2) involves a smart contract that verifies whether a
prosumer has generated sufficient renewable energy to fulfill a trade and then triggers payment automatically. This
script emulates a 24-hour operation where a MATLAB “smart contract” executes payments automatically when
generation exceeds demand. In a blockchain system, such logic would be implemented in Solidity or another smart
contract language, but the control flow is conceptually identical.

Prosumers_num = 36; prosumers = ["1"];
for pr = 2:Prosumers_num
prosumers (pr) = num2str (pr);

end

energy_ produced = round(1l0*rand(l, Prosumers_num),2); % kWh

energy needed = round(7.5*rand(1l, Prosumers_num),2); % kWh

net energy = energy produced - energy needed; % Determine transferable energy

price_per_kWh = 0.18; % USD/kWh; ---> Smart-contract-like logic: auto-match sellers/buyers
buyers = find(net_energy < 0); sellers = find(net_energy > 0); deal num = 0; deal = [];

for i = sellers
for j = buyers
traded = min(net_energy (i), abs(net_energy(j)));
if traded > 0
payment = traded * price_per_ kWh;
fprintf ("Prosumer %s sells %.2f kWh to %s for $%.6£f\n", prosumers(i), traded, prosumers(j), payment);
deal_nu.m = deal_nu.m + 1;

deal (deal_num,:) = [prosumers(i), traded, prosumers(j), payment];
net energy(i) = net energy(i) - traded; net _energy(j) = net_energy(j) + traded;
end

end

end
Fig. 1. Simple energy trading settlement simulation
06—

G =5 + randn(1,24) ; % hourly generation profile
D =4 + randn(l,24); % hourly demand profile 04
G(G<0) = 0; D(D<0) = 0; % physical non-negativity
% Contract parameters 5}:
price per kWh = 0.12; g 0.3
thresheold = 0.5; % minimum energy surplus for trade (kWh) 2
% Smart-contract-like leogic E, 0.2
payment = zeros(1l,624); £
for t = 1:24

if G(t) - D(t) >= threshold i

energy_sold = G(t) - D(t); |

end PRyReRtit) CRRRTY_felalt Brice per i, 0?‘"151‘ 3 456 7 8 91011121314 1516 17 18 192021 22 23 24

end Hour

Fig. 2. Automated energy settlement between prosumer and consumer

Another key mechanism in decentralized markets is real-time price adjustment according to the difference
between supply and demand. The example in Fig. 3 uses a simple proportional controller to adjust energy prices
dynamically. Here, the smart contract autonomously adjusts price to balance the market by (1). A positive imbalance
(where demand exceeds supply) increases the price, while an oversupply reduces it. This mechanism corresponds to
algorithmic clearing implemented in projects such as Power Ledger or Sunchain.

Smart contracts in decentralized energy communities can manage internal allocation of energy tokens.
MATLAB’s optimization tools can simulate this through constrained minimization problem (2) whose example is
shown in Fig. 4. The optimization simulates a smart contract allocating energy among participants to minimize the
total cost while fulfilling local demands. The result matrix [x ], corresponds to automated token flows between
producers and consumers. ‘

A decentralized market may also employ bidding auctions, where each participant submits a bid automatically.
Smart contracts then select winning bids transparently. The M-code algorithm in Fig. 5 replicates a smart-contract

auction that transparently allocates energy based on bids. The process is deterministic and verifiable, having key
features of on-chain energy auctions.
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supply = 50 + 10%sin(0.2*time) ; o° %%
demand = 55 + 15%cos (0.2%time) ; = 013 C;) C{%)"
=
% price adjustment rate g 012 o 9‘
alpha = 0.0002; ® 00
- 011 PO ¢
p = zeros(1,48); = oo (o) (o]
% initial price (§/kWh) A 010 OOO 00
1) = 0.10;
2k 0.09 - C000000°

for t = 1:length(time)-1 e g, I : T .-" r.'. . r ‘ r - r r .:— i
p(t+1) = p(t) + alpha*(demand(t) - supply(t)) : 13 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48
end Hour

Fig. 3. Dynamic pricing based on supply-demand imbalance

nGen = 13; nCons = 16;

G = randi (15, 1, nGen)+4; % generation capacities (kWh)

D = randi (15, 1, nCons)+4; % demands (kWh)

cost = rand(l, nGen)/10+0.05; % generation costs ($/kWh)

price = rand(1l, nCons)/10+0.05; % local willingness to pay ($/kWh)

options = optimoptions(@fmincon, 'MaxIter',6 4325, 'TolFun', le-10, 'MaxFunEvals', 5000, 'Display', 'none');

A = zeros (nGen+nCons, nGen*nCons) ;
for nn = 1l:nGen
for mm = 1:nCons
A(nn, nGen* (mm-1)+1:nGen*mm) = [zeros(l,nn-1), 1, zeros(l,nGen-nn)];
A (nGen+mm, nGen* (mm-1)+1:nGen*mm) = -ones (1l,nGen);
end
end
B = [G -D];
l1b=zeros (nGen,nCons) ; ub = 1000*ones (nGen,nCons) ;
f = @(X) ( sum(sum((cost'*ones(1l,nCons) - ones(nGen,l)*price).*X)) );
[X star, fval, exitflag, output, lambda, grad, hessian] = fmincon(f, ones(nGen,nCons),
A, B, [1, [1, 1b, ub, [], optionms);
disp('Optimal Energy Flow Matrix (kWh):'); disp(X_star);

Fig. 4. Community-level token exchange optimization

bidders = 10; %|-
offers = 0.08 + 0.04*rand(1l,bidders); % offers in $/kWh 211
energy_available = 100; % total energy (kWh) 20:

for i = l:bidders
if remaining >= sorted gty (i)
allocated(i) = sorted qty(i);
remaining = remaining - sorted qty(i);
else
allocated (i) = remaining; break;

bid gty = 10 + 20*rand(1,bidders) ; = 18|-
= 17/
% Sort bids (ascending price) =2 }g )
[sorted offers, idx] = sort(offers); & 14/
sorted gty = bid gty (idx); g 13[
o 11}
allocated = zeros(1l,bidders); g 101~
remaining = energy available; § o
(=}
=

go»—-ww.avxm\mo
o< 3% MR T T T I I BT
St

end 0.09 0.095 0.1 0.105 0.11 0.115 0.12
end Offer price ($/kWh)

Fig. 5. Blockchain-inspired auction mechanism

In fact, MATLAB does not replace blockchain functionality but serves as a pre-blockchain testbed simulation
environment where algorithms for pricing, settlement, and allocation can be verified before implementation in
actual smart contract code. Researchers and engineers can use MATLAB to:

1. Validate economic consistency of automated market mechanisms.

2. Optimize parameter tuning (e. g., price sensitivity o).

3. Simulate grid balance and peer interactions before deployment.

Such pre-testing is particularly valuable for contexts like Ukraine, where pilot blockchain projects can first be
evaluated in simulation mode to ensure regulatory compliance and technical feasibility before live rollout.

Conclusions. Smart contracts are becoming a key tool in building decentralized energy markets. They automate
transactions, ensure transparency, and cut costs, reshaping how electricity is traded and managed. However, their
adoption depends on solving technical and regulatory challenges, addressing which must take into account the
following findings:

1. Automation and transparency are major strengths, enabling instant P2P trading and verified renewable
tracking.

2. Feasibility is proven by pilot projects in Australia, the USA, and Europe, which show local energy autonomy
in action.
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3. Scalability and data security remain weak points; better consensus, APIs, and oracles are needed.

4. Regulatory gaps limit progress, though sandbox trials offer a workable bridge.

5. Ukraine can benefit from its digital governance systems to run pilot projects in microgrids and universities.

The strategic recommendations to these findings are:

1. Regulate — legally recognize blockchain contracts and protect consumers.

2. Standardize — align with international norms for interoperability.

3. Experiment — use sandboxes for academic and cooperative tokenized trading.

4. Train — build skills among engineers, lawyers, and regulators.

5. Integrate Al and IoT — link smart contracts with predictive and automated energy tools.

Future research should combine blockchain, Al, and edge computing for real-time energy optimization, where
key priorities are:

1. Modeling game-theoretic market behavior under smart contract rules.

2. Creating formal verification tools for contract safety, possibly in MATLAB.

3. Measuring environmental impact to ensure that blockchain supports decarbonization.

In summary, the evolution of decentralized energy markets through smart contracts is not merely a
technological innovation but a systemic transformation of energy governance. If guided by transparent regulation,
robust engineering, and social responsibility, smart contracts are going to become the backbone of a resilient,
democratic, and sustainable energy economy — for Ukraine and globally.
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OCHOBHI ACIIEKTH PO3POBKH MOBLJIBHOT'O JTOAATKY JIJISI ONITUMI3AIIIT
MOCTABOK TA BAKOHAHHS BHYTPIIIHIX 3ABJAHb 3 YPAXYBAHHSIM POJIEN

Y emammi poszenanymo nioxoou oo yughposizayii eHympiwnix 0isHec-npoyecie pumetiry ma OnmumMizayii ynpasiiHHa
NEPCOHANOM WNAXOM CMBOPEHHS MODIIbHO20 3ACMOCYHKY 3 bazamopignesolo cucmemolo docmyny. Mema pobomu — docii-
0JICeH s, NPOEKMYBAKHSL MA peanizayis apXimexmypu MoOLbHO20 000amky, wo 3adesneyye oudepenyitiosanuti 00cmyn 0s
NPAayieHUKI8, adMiHicmpamopie ma mereoicepie 8ionogioHo 00 ixHix poneil ma @yHKYIOHATLHUX 0006 3Ki6. [Iposedeno ana-
T3 CYuAcHUX cucmem ynpagiinHa 3a60aHHAMU MA cQHOPMOBAHO BUMO2U 00 PO3POOKU PilleHHs, OPICHMOBAN020 HA CIMAHOAD-
MU308aHe BUKOHAHHA 6HYMPIWHIX onepayitl y mopeisenvHii mepeixci. Po3pobrenuii 3acmocynok 3abe3neuye yeHmpanizoeane
(hopmyeanns, npusHaUenHs, KOHMPOLb MA BUKOHAHHS 3AB0AHY, 4 MAKOJC NIOMPUMYE GHYMPIUUHIO KOMYHIKAYII0 Midic iGHAMU
nepcouany. J[ns kooicnoi epynu kopucmyeauie cmeopero okpemuti UI/UX-inmepdetic, wjo nioguiyye epexmuenicmo 63aemooii i3
cucmemoio. IIpoepamny peanizayiio nobydosarno 3 euxopucmanusm mexronoeiti C# ma Blazor Server, wo 0o3gomuno cghopmy-
samu €0UHy K0008y 6azy 015 MOOLIbLHO20 ma eed-Gyukyionany. 36epicanns ma 0dpodxa oanux 30itichioemvcs ¢ Microsoft SOL
Server Express, wo 3a6e3neuye Macumadosanicms ma HadilHicmy iHpopmayitiHux npoyecis.

Hayxosa HosusHa nonazae y NOEOHAHKI NPUHYUNIG IEPAPXIUHOT NIONOPAOKOBAHOCHIT NEPCOHATY 3 MEXAHIZMAMU PO3MENCY-
sarna docmyny (ACL) y mobineHoMmy cepedosuiyi. 3anponorosare pitueHHs niosuiyye onepayiiiy eqheKxmusHicmy mopeiseibHux
Mepedic, onmumizye Hympituni poooyi npoyecu ma mogxice Oymu a0anmosane 0jist PisHUX OpeaHizayii.

KirowoBi ciioBa: mobinvhuii 3acmocynok, Blazor Server, C#, SOL Server Express, posmedicysantsi 0ochiyny, poii Kopuc-
my6ayie, ynpasniHHs NepPCoOHAIOM.

Ulyanovska Yu. V., Rudyanova T. M., Chuvanko M. S. Core aspects of developing a mobile application for supply chain
optimization and role-based management of internal tasks

The article examines approaches to the digitalization of internal business processes in retail and to the optimization
of personnel management through the development of a mobile application with a multi-level access system. The aim of the study
is to design and implement an architecture for a mobile application that provides differentiated access for employees, admin-
istrators, and managers according to their roles and functional responsibilities. The paper analyzes modern task management
solutions and defines requirements for developing a system intended to standardize and streamline internal operations within
a retail network.

The developed application enables centralized task creation, assignment, monitoring, and execution, as well as internal
communication between personnel levels. Separate Ul/UX interfaces have been designed for each user group to improve inter-
action efficiency. The software implementation is based on C# and Blazor Server technologies, which made it possible to create a
unified codebase for both mobile and web functionality. Data storage and processing are performed using Microsoft SQL Server
Express, ensuring system scalability and information reliability.

The scientific novelty lies in integrating hierarchical personnel subordination principles with access control mechanisms
(ACL) in a mobile environment. The proposed solution enhances the operational efficiency of retail networks, optimizes internal
workflows, and can be adapted for various organizational structures.

Key words: mobil application, Blazor Server, C#, SQL Server Express, access control, user roles, personnel management.
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IMocranoBka mpodaemu. CydacHa MepexeBa po3npiOHa TOPTiBIs (piTEis) XapaKTepU3Y€EThCS BHUCOKOKO
JUHAMIKOIO ONepaniiHuX MPOLEciB Ta reorpadivHo0 po3MOALIEHICTIO 00’ €KTiB (Mara3uHiB). s miATPUMKH eek-
TUBHOCTI CUCTEMH KPUTHUYHO BXKIUBUM € Oe3nepeliiiHe Ta yHipiKoBaHEe BUKOHAHHS BCiX BHYTPIIIHIX (GYHKIIH, SKi
OXOILTIOI0Th MepUaHIali3UHT, IHBEHTAPH3aLlil0, KOHTPOJIb SIKOCTI 00CIYrOBYBaHHS, 00CIYrOByBaHHs 00aHAHHS Ta
HaBUYaHHSA NepcoHamy. IMmiuemeHTawis HUPOBUX PilIeHb € (HAKTOPOM CUCTEMHOI €(heKTUBHOCTI JIsl KOMILIEKCHUX
OpraHizaniiHuX CTPYKTYP, OCOOIMBO Y PO3APIOHIH TOPTIBII, Ie ACHHXPOHHA KOMYHIKAI[iS Ta yTPUMAHHS KOHTPOJIIO
32 BUKOHAHHSIM 3QJIUIIAIOTHCS KITIOYOBHMH BHKIHKaMHU. KomraHii, siki amantyioTh IporpaMHi 3aco0H AJIs pario-
HaJi3alil oneparlii, 3100yBarOTh 3HAYHI TIEPEBArk B MPOIECHIN MUCIUIUTIHI, MiHIMI3allii 3aTpaT 4acy Ha PyTHHHI
orepairrii Ta IMiIBUAIICHHI IPOYKTHBHOCTI Mpalli.

3abes3rneueHHs] KOOpIWHAIT MiX aJMiHICTpaTopaMH, KepiBHUKAMH Mara3wHiB 1 MpalliBHUKAMHU 31y — II¢
OJICHHE 3aBJIaHHS, IKe OTPeOy€e MBUIAKOCTI, YITKOCTI Ta 371aro/PKEHOCTI. 3 OISy Ha IIe, IOCTAaE 3aBIaHHS CTBO-
PCHHS YHIBEPCAJIBHOTO IU(PPOBOTO IHCTPYMEHTY, SKUH TO3BOJIMB ON €()EKTHMBHO CTABUTH, PO3MOAUIATH Ta Bif-
CTEXyBaTH BUKOHAHHS BHYTPIILIHIX 3aBAaHb y MEXax OpraHi3aliiHoi CTpyKTypH KOMMaHii. BaXJIMBUM acmeKToM
TAKOTO PIIICHHS € ypaxyBaHHS POJICH KOPHCTYBauiB: KO)KHA KaTEropis CHiBPOOITHUKIB Ma€ MaTH JOCTYII JIUIIE JI0
HeoOXxiHOo1 iHpopMalii Ta GyHKIIH 3riHO 31 CBOIMU TOCaJJOBUMHU 00OB’I3KAMHU.

AKTyaJlbHICTh TEMHU 3yMOBIICHA HE JIUIIIE TNPaKTHIHAMH HOTpe6aMI/I TOProBoi KOMIIaHi1, ajie i 3araJbHO0 TEH-
JeHIi€ero 1o nudpoizanii pobounx nporecis y c<bep1 TOPTIBIIL. Po3po61<a CHeLiaNi30BaHUX 3aCTOCYHKIB JJIsl BHY-
Tle.IHLOFO KOPHCTYBAHHSI I03BOJIAE HE MPOCTO i ABHUIIUTH [IPOAYKTUBHICTB, & H CTBOPUTH KOHKYDEHTHY TepeBary
3aBISIKH YiTKil opraHizarii MepCoHay Ta 3maromkeHiit pobori. CaMe TOMY 3alpoNOHOBAHE PIMIEHHsI BIATIOBiNA€E
BHMOTaM Yacy Ta Ma€ 3HAYHUH MOTEHITIaN s €()eKTHBHOTO PO3IIMPEHHS Ta BIPOBAIKCHHS.

AHaJi3 ocTaHHIX qocaizxKeHb i my6Jikaniii. [IpoBeneHo KOMIUIEKCHUI Ta BCEOIUHMIA aHAIII3 MPEIMETHOT
00JIacTi, O € KPUTUYHO BAKIMBHM JUIS YCITIITHOT PO3POOKH IITLOBOTO MPOTPAMHOTO TIPOIYKTY. 3pOOICHO aHai3
CYYacCHHX JOCIiKEHb, IIPICBIICHNX CBITOBUM TCHJICHIIISIM CTPATEriil PO3BUTKY IMiANPHUEMCTB y Tairy3i po3apio-
HOI TOPTIBMi: PO3WISHYTH OCHOBHI TCHACHIT ineHTH(}IKAI]l miAIpHeMCTB chepH piTeilny cepen KOHKypeHTiB [1].
B yMoBax cy4acHOi TUHAMI9HOT €KOHOMIKH, /1€ IIBUIKICTh IPUHHSTTS PillIeHb Ta SKICTh OOCIYTOBYBAHHS KIIIEHTIB
€ KJII0YOBUMH, e(heKTUBHA BHYTPIIITHS KOMYHIKAI[isl CTa€ HEB1 €MHOIO YaCTHHOO Oi3Hec-cTparerii. B ymoBax nug-
poBoi Tpanchopmariii Oi3Hecy po3apiOHa TOPriBis 3MylleHa iHBecTyBaTH y (opmyBaHHS HOBOI IT-iH(ppacTpyk-
TypH Ta eJIeKTpoHHUX miardopm [2]. Y podoti [3] mpoananizoBaHo MepeIOBUI JOCBi] BIPOBAIKEHHS 1HHOBAIIIH
y puTeii, i1eHTH(}IKOBAHO MepeayMOBH HOro 3aCTOCYBaHHS B YKpaiHi, a TAaKOXK BHABICHO YMHHHKH, IO CTPH-
MYIOTh PO3BHTOK Tajy3i, Ta OKPECICHO MPOTHO30BaHi 3MiHH. Ha TeopeTnuHOMY piBHI CYTHICTh Ta MPH3HAYCHHS
KOPIIOPAaTUBHIX KOMYHIKAI[ii JeTaIEHO PO3KPUTO Uepe3 IPU3My MEXaHi3MiB yrpaBiiHHs [4]. 3Ha4Ha yBara mpumi-
JISTacsk METOJIOJIOTTUHUM TAX0IaM JIO OIIHKH €()eKTUBHOCTI KOMYHIKAI[IHUX KaHaTiB Ta TpaHchopMmariii yrnpas-
JITHCHKUX OPIEHTHPIB TM1JT BIUTMBOM IU(POBUX TEXHOJOTIH [5].

HeoOxiaHO BIIMITHTH 10 y BUPIMICHHI 3a]1a4 TPUAHATTS PIIIICHb Ta SKOCT1 00CIYyTrOBYBaHHS KIIIEHTIB MOXKYTh
OyTH 3aCTOCOBaHI TakKi CTPYKTYpH JaHHX SIK YePTH Ta 4epru npiopureTiB. Uepra npiopureTiB — 11e MonudikoBana
BepCis 4epry, y sIKii 31 CIIUCKY BIAJANSETHCS €IEMEHT i3 BHIIMM IpiopuTeToM. EneMeHTH B uep3i mpiopuTeTiB
PO3IISIAOTHCS SIK TApU JPKEPENIo-3HAUCHHS, Y SKiM K04 BU3HAuae piBeHb Mpioputety. IIpiopuTeT OmiHIOEThCS
IO JIESIKOMY 30BHIIIHBOMY KpuTepito. [Ipu BumanaeHHi i3 4epru NpiopuTeTiB €IEMEHTIB 3 OJJHAKOBUM NPIOPUTETOM
CIIOUATKy BIJIANA€ThCS SIEMEHT, 110 HAAIHIIOB paHimte. Takox yepry npiopuTeTiB MOXKHA MPEACTABUTH Y BUITIAL
JIEKUTBKOX YEepT, JIe KOXKHA Yepra BUKOPUCTAETHCS I CBOTO Mpioputery (quB. puc. 1):

Mpiopiter 1

| ”R1 | Rz | | ~Rn | |
Mpiopiter 2

| o1 | oz | | on | |
Mpiopiter 3

| 81 | B2 | | Bn | \

Puc. 1. Yepry npiopuTeTiB MO’KHA IPE/ICTABUTH Y BUIVISIIL IEKLTBKOX Yepr

Enementn apyroi yepru oOCIyTOBYHOTBCS TUTBKH TOJI, KOJH IepIIa depra MOpOXKHsA. Uepru mpiopuTeTiB
MOXXYTh BUKOPHUCTOBYBATHCh B CHCTEMAX, 1110 3aITHUCY€ MTPOIIECH B CIIMCOK 1 TOTIM BHUKOHYE iX Y HOPSIKY MPiOPHUTETIB.

Cuctemu ynpasiinas podounmu 3apaannsamu (Task Management Systems, TMS) — 1ie mporpamHi IpoxyKTH,
10 JTO3BOJISIIOTH opraHi3yBaT1/1 Ipolec MIaHyBaHHs, AENEryBaHHS, MOHITOPUHTY Ta aHaJi3y BUKOHAHHS POOOUMX
3aja4 y Mexkax koMmadii [6]. Bonu HanexaTs 10 kiacy KOPTIOPaTHBHUX IHCPOpMaHII/IHI/IX CHCTEM 1 MOXYTh OyTH
SIK 4acTUHOO Oinbil kommuekcHux ERP/CRM pimiens, Tak i OKpeMUMH caMOCTiifHUME mporpamamu. [lomynspHi
cucremu, Taki sk Trello, Asana, Jira uu Bitrix24, 6e3yMOBHO, MalOTh IIUPOKUN (PyHKIIOHAT 1 MOXKYTb OyTH BUKO-
pucTaHi B pi3HHX cepax, OfHAK Y BUIAJKY BEIHKHX PO3APIOHMX KOMIAHi BOHM 4acTO BUSBIAIOTHCS HAaIMiPHO
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CKJIAIHUMH, 3aHAJITO y3araJbHEHUMH a00 TaKMMH, 110 HE BPAXOBYIOTh CIEIU(iIKy BHYTPIIIHIX MPOIECIB came
B oaitH-po3apioi.

JloUiabHUM € 3aCTOCYBaHHSI MEpPEXEBOro MiiaHyBaHHs. [ epeKTHBHOI peanizaiii MPoeKTy po3poOiseThes
rpadik BUKOHaHHS poOiT. Po3poOka rpadika npoexty nepeadayae KOHTPOJIb YACOBUX MAapaMEeTPiB 3 OIVIAY Ha TeX-
HOJIOT1YHY 3aJIe)KHICTh MK 3aBIaHHsAMHU. HecBoeyacHe 3aBeplIeHHS OIHOrO eramy Oe3lnocepeAHbO BIIMBAE Ha
CTapT HACTYITHHX, IO MOTPeOye PETEIBHOTO YIPABIIHH MOCTiTOBHICTIO. [opsIoK maHnyBaHHS BUKOHAHHS POOIT
€ TaKuM:

1) BusHaueHHs yciX KOMIIOHEHTIB (POOIT) IPOEKTY, iX MOCITIIOBHOCTI Ta TPHBAJIOCTI.

2) [IpencraBneHHs IPOEKTY Y BUTIISIII MEPEkeBOi Mozl (rpadika) s HAOYHOTO BiIOOPaKESHHS 3aJICKHO-
CTEH.

3) Po3paxyHOK KpUTHYHOTO NUIAXY Ha 0a3i moOyJ0BaHOTO MEPEKEeBOTo rpadika.

4) ®opmyBaHHSI ITiJICYMKOBOTO 4acOBOTo rpadika peaizarii.

BceraHoBeHHS MPaBWIIBHUX 3aJICKHOCTEH Ui Oynb-skoi poOOTH, sIKa JOMAETHCS IO MEPEXEBOi MOJENI,
BHMAarae OJJHO3HAYHUX BiMOBIJeH HA HACTYIIHI 3alTUTaHHS:

1. Slke 3aBHaHHs € Oe3MOCcepeHIM MONEPEAHUKOM IOTOYHOTO?

2. SIxe 3aBaHHA € 0€3M0CepeHIM HACTYITHUKOM IIOTOYHOT0?

3. Slke 3aBHaHHs; MOXKE BUKOHYBATHCS TIAPAJICIFHO (OJJHOYACHO) 3 IIOTOYHUM?

B ymoBax 3pocrtarodoi 1udpoBisalii mInpueMCTB, CTPIMKOTO 30UTBIICHHS OOCSTY NaHUX Ta MMOCHIICHHS
KiOep3arpo3, MUTaHHs OE3MEYHOTO Ta KOHTPOJIHLOBAHOTO JOCTYITY JI0 iH(GOPMAIIHHUX pecypciB HaOyBae 0COOIH-
BOT aKkTyalbHOCTI. YrpaBiiHHs jJoctyrnoM (Access Control) € oJJHUM 3 HalBaXJIMBINIMX ACMEKTIB 1HPOPMAIIHHOT
Oe3neku [7]. MexaHi3M rapaHTye, 1o JIMIIe IICHTH(IKOBaHI Ta aBTeHTH()IKOBaHI KOPUCTYBaul MarOTh MOYKJIMBICTh
3BEpPTATUCS JI0 TICBHUX PECYPCiB Ta BUKOHYBATH MpHU3HA4YeHI 1M Jil. OMHUM 13 HAUOMIMPEHINNX, Hale)eKTHBHI-
IIMX Ta HAMOUIBII THYYKUX TIIXO/IIB IO OpraHi3aiii mpas JOCTYITy € poiboBa MoJiesb goctymny (Role-Based Access
Control, RBAC), mo 3abe3neuye He TUIIC BUCOKUH PIBEHb O€3MEKH, a i 3HAYHO CIIPOIIY€E YIPABIiHHSI JOCTYIIOM
Yy MaclITaOHUX KOPIOPATHBHUX CUCTEMaX.

HesBakaroun Ha 3HaYHY KiJIbKICTh JOCHIIIKEHB Y cpepi KOPIOPATUBHUX KOMYHiKalliil Ta HAsBHOCTI yHIBepCalb-
HuX task-mMeHemkepiB, HEAOCTATHHO YBArH MPUALICHO PO3pOOLI crieliai3oBaHuX MOOLTBHUX 1H()OpMaLIHHUX CUC-
TEM, apXiTEeKTypa AKUX Oyia O LiJiecnpsIMOBaHO ONITUMI30BaHa 1111 0araTopiBHEBY POJILOBY CTPYKTYPY Ta OIEepaTHUBHI
oTpedu mepcoHaTy po3apiOHOI MEpeKi B YKPATHCHKUX peatisxX. [cHyrodi pimeHHst a0 CTBOPIOIOTH iH(pOpMarliiiHe
MepeBaHTAKEHHS Yepe3 HaIMIpHHI (yHKIIOHAT, a00 He 3a0e3NeUyI0Th HAaJIeKHOTO PIBHS KOHTPOIIO Ta MPO30POCTi
BUKOHAHHS 3aBJIaHb, IPUB’S3aHUX 10 KOHKPETHOI TOProBoi TOYKH Ta poii. Came IIs poraiiiHa OOTPyHTOBYE HEO0-
X1THICTB pO3pOOKH Ta HAYKOBOTO OOTPYHTYBAHHS OCHOBHHUX aCIICKTIB 3alIPOTIOHOBAHOTO MOOUTEHOTO 3aCTOCYHKY.

JlocmipkeHHs, IPUCBYEH] 3aco0aM peaitizallii MOOLTBHUX JO/IATKIB, i IKPECITIOI0Th aKTyaIbHICTh MOJICPHI3aIil
TEXHOJIOTI pO3pOOKH Ta HEOOXITHICTh OOTPYHTOBaHOTO BHOOPY iHCTpyMeHTapiro [8]. ¥V pobori [8] Oyno mposeaeHo
MOPIBHSUTBHUM aHaJIi3 HATHBHOI Ta KPOCILIaT(hOpMHOI pO3pOOOK, I aBTOPH apryMEHTYIOTh C(PEKTHBHICTH IX CHMO103y
SK YHIBEpPCAIBHOTO MiJXOAy JUI1 MACIITAOHMX IPOEKTIB, 10 HE BUMAraloTh BHCOKOI MPOXYKTHBHOCTI (HAIPUKIAM,
HaBYaIIbHI JOJIATKN). Pe3ynbTaTy JOCHiPKeHHS MICTATh ONTUMAIIbHAN aJrOpUTM BiOOpY 3ac001B CTBOPEHHS MOOLTB-
HUX JIOJIaTKiB, 1110 € HiHHUM JJIs ()OPMYBaHHS PEKOMEHJIALIH I1[0/10 SKICHOTO BUOOPY CyUaCHHX TEXHOJOTIH.

Merta pocaigxeHHs. MeTor JOCITiIKEHHs € aBTOMATU3allisl TOCTaHOBKH, JIEJIETYBaHHS Ta KOHTPOJIIO BUKO-
HaHHS 3aBJaHb B MEXaX TOProBoi Mepexi 3 ypaxyBaHHSIM (DYHKIIOHAJIbHUX posield KopucTyBadiB. MoOUIbHUIMA
3aCTOCYHOK Ma€ BKJIFOYAaTH KiIbKa PIBHIB HOCTYIY: JUIsl PAJOBHX IMPaliBHUKIB (OTpUMaHHsS Ta BUKOHAHHS 3ajiay),
IUTSL aZAMIHICTPaTOPiB (KOHTPOIB Ta MiATBEPIKSHHS BUKOHAHHS ), 2 TAKOXK JUIsl KEPIBHUKIB (CTBOPEHHS, pearyBaHHs
Ta PO3IOJILJT 3aBIaHb MXK MarasuHamu ). Takuii miIX11 T03BOJISIE YHUKHYTH JTyOt0BaHHS (DYHKIIIOHAILHOCTI, ITi/[BH-
IUTH Oe3MeKy JOCTYIy J0 iHpOopMaIlii Ta CIPOCTUTH KOPUCTYBAHHS JIOTATKOM.

IcHyroui pinreHHs1 € a00 HAATO yHIBEepcadbHUMH (I TOMY MOTPEOYIOTh CYTTEBOTO HAJAIITYBaHHS Ta ajall-
TaIii), abo € HaATO CKJIIAJJHUMH B KOPUCTYBaHHI JUIsl PSJIOBHX IpaiiBHUKIB. ToMy po3poOka BIIACHOTO MOOiTh-
HOTO 3aCTOCYHKY JIO3BOJISIE TOYKOBO 3aKPUTH MOTPEON KOHKPETHOI MEPEkKi CylepMapKeTiB, HE TIEPEBAHTAKYIOUH
CHCTEMY 3aiBUMH (DYHKITISIMH.

s nocsrHeHHs MeTH Oyfd HMOCTaBICHI HACTYIHI 3aBJaHHS: MPOAHANIi3yBaTH iICHYIOUl IPOTpaMHi pillieHHs
JUTA KepyBaHHA 3a]]a4aM1 B KOPIIOPaTUBHOMY CEPEAO0BUIIIL, 30KpeMa B TOPrOBEJIbHUX MEPEeXkKax; pO3MISIHY TH MOO1TbHI
013HeCc-3aCTOCYHKH — IXHI TUIH, IEpeBaru i HEJOMIKK Y KOHTEKCTI BHYTPIIIHBOTO JOKYMEHTOO0Iry Ta KOMYyHiKallii,
OLIIHUTH NIEPEBaru iX 3acTOCYBaHHs JJIsl IHTEPAKTUBHUX Oi3HEC-pillIeHb; PO3POOUTH apXiTEKTYpy 3aCTOCYHKY 3 ypa-
XyBaHH;IM OaraTropiBHEBOT MO JOCTYIY (pOJIi KOPUCTYBadiB), CIIPOCKTYBATH 1 peallizyBaTu 0a3y JaHUX Ha OCHOBI
SQL Server Express st 3a0e3nedeHHs HafiiiHe 30epiranHi Ta 00poOKH 3aBIaHb, CTAaTyCIB, polieil; chopMyIroBaTH
3aJladi aBTOMATH3allii Ipoliecy KepyBaHHS 3aBIaHHSIMH, BU3HAUUTH METOJIU 1X pearizailii Ta 3a0e31eUnTH BiATOBI-
HICTB iHTepdeiicy UX-mprHImmam Ui KOPIIOPATHBHOTO CEPEOBUINA; CTBOPUTH MIPOTOTHII 3aCTOCYHKY 3 TIOBHHM
Ha00pOM (DYHKIIIH; MPOTECTYBATH 3aCTOCYHOK Yy TECTOBOMY CEPEIOBHIIN, MIEPEBIPUBIITN KOPEKTHICTh aBTOPH3AIIii,
JIOTiKM O13HEC-TIPOIIECiB, 30epPEeIKEHHSI T4 OHOBIICHHSI JAHHUX, & TAKOXK BIJIIOBITHICTD (DYHKIIIOHAILHUM BHMOTaM.

Bukian ocHoBHOro marepiajy. Buxonsun 3 MeToJ0510Ti] CHCTEMHOTO TPOCKTYBaHHS Ta MOPIBHSIBHOTO
aHaJli3y ICHYIOUHX DIillieHb, apXITEKTypy 3aCTOCYHKY OyJ0 KOHIENTyalbHO c()OPMOBAaHO Ha 0a3i TEXHOJIOTIYHOTO
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cteky.NET. Lle pimenns 3a0be3neuye JOTiYHY HUTICHICTD Ta BiJIMOBIJIa€ KIOYOBUM HE(YHKIIIOHAIILHUM BHMOTaM
MPOEKTY: MIBUIKICTh PO3pO0KH, Oe31eKa Ta MacITabOBaHICTh, 110 KPUTUYHO BaXKIJIMBO JJIS ONepaniiHoi cenndiku
po3npibnoi mepexi. Bubip C# sik 0CHOBHOT MOBH TapaHTy€ BUCOKY MPOAYKTUBHICTh Ta HAIIHHICTh OCKEH/I-4aCTUHH
(6i3HEC-710TiKHM) A pOOOTH 3 BENMKOIO KUTbKicTIO KopucTyBauiB. [Inardopma.NET Hamae BOymoBaHi MexaHi3Mu
6esneku (crpora tumizaiis, ASP.NET Core Identity st ponboBoi aBTopu3aiiii) Ta 6arary ekocuctemy 0i0IioTeK
(NuGet, Entity Framework Core), mo mpruckoproe po3poOKy Ta CIPOIIY€ iHTETpalilo 3 KOPHOPATHBHUMHE CEPBi-
camu. [Tigrpumka Bix Microsoft rapanTye mocTiHHUI PO3BUTOK Ta THYYKICTb.

Jlis cTBOpeHHST KOPUCTYBAIIBKOTO iHTEepdeiicy oopano apxitektypy Blazor Server. Ile pimenns yHidikye
TpoIeC po3poOKH, TO3BOJISIFOUM BHKOPUCTOBYBATH €1UHY MOBY C# sk Juisi OCKeHAy, Tak 1 I 1HTEPaKTHBHOTO
(pOHTEHTY, IO CKOPOUYy€E Yac pO3pOOKH Ta CHPOIIye OOCTYroBYBaHHS KOAy. MoJenb CEpBEpHOTO PEHACPHHTY
gepe3 SignalR 3abe3neuye BHCOKY IPOAYKTHBHICTD Ha KIIIEHTI Ta MIBUAKUHA MOYATKOBHH 3aITyCK, IO € KPUTHIHAM
JUISL IPUCTPOIB 13 00MEKESHUMH peCcypcaMH, SIKi BUKOPHCTOBYIOThCS MpalliBHUKaMy Mara3uHis. Blazor Server takox
MiATPUMY€ peanizalilo CHCTEMH JOCTyIy Ha ocHOBI poneil (RBAC) ta Mae moTeHmian 1yist po3ropraHus sik PWA.
Jst 3a0e3nedeHHs IeHTPali30BaHOTO YIPaBIiHHS JAHUMH Ta BiAMOBIAHOCTI apXiTEKTypHHUM BUMOTaM, y SIKOCTI
ocHOBHU Juia cxoBuina naHux (Data Repository) Oyma oopana SQL Server Express. Lleit Bubip € ontuManbHUM
JUTSI €TaIliB PO3pPOOKH Ta MUIOTHOTO BIPOBAHKEHHS 3aB/ISIKM €KOHOMIUHIN JOLITBLHOCTI (ITOBHA OE€3KOIITOBHICTD) Ta
0e31oBHil iHTerpauii 3 oopanum crekoM.NET yepes Entity Framework Core (ORM). Xoua SQL Server Express
€ 3MEHIIICHOI BEepCi€ro 1 Mae 0OMexeHHs (30kpeMa, oocsr 6a3u ganux 10 I'b Ta 00MeKeHHSI CHCTEMHHX PECYPCiB),
11 Ga3oBHi (yHKIIOHAN (TpaH3aKIIil, IHACKCallis) Ta HAIHHICTD € JocTaTHIMK i peanizamii MVP. OoMmexeHHs
o0 po3mmpenux GyHkiii (Hanpukinan, SQL Server Agent) He € KpUTHYHUMH IS I[1JIEH IAHOTO 3aCTOCYHKY.

Ha ocHOBI ¢yHKIIIOHATEHIX BUMOT Oylia CIPOEKTOBaHA peisiiiHa Mozensb nanux (PM/J), mo 3abe3nedye
LITICHICTB Ta MPO30PICTh ONepaTUBHUX mporieciB. Kirouosi 06’ extrt PMJI BKITIOYalOTh HACTYITHI €JIEMEHTH:

— Users Ta Roles: peanisytors moznens RBAC (kepiBHUK, afMiHICTpaTOp, MPALiBHAUK) Ta 320€311eUyI0Th MPo-
CTOPOBE PO3MEKYBaHHS JOCTYITY Yepes 3B 30K 31 Stores;

— Stores: MiCTHTBb iieHTH(IKaIIHH] 1aHi reorpadiqHO PO3radyXeHOI CTPYKTYPH MEPEexi;

— Tasks: nenTpanbpHa cyTHICTh, 10 (ikcye Bei netani 3apnanus (Title, Deadline, Status), mo mMae 30BHiIHI
xirodi 1o Users (Ji1s BiZICTEXKEHHS BIAMOBIANBHOCTI) Ta Stores (1yist MPUB’ 13K JI0 TOPTOBOI TOYKH);

— Comments Ta News: 00’ekTH /Ui 3a0€e31€4eHHS TPO30POCTI KOMYHIKaIlil Ta LEHTPaIi30BaHOro iHHopMy-
BaHHS IEPCOHAITY.

OOrpyHTOBaHHH BHOIp Ta CTPYKTYPH3aLlis JaHHUX € JIOTIYHO Y3TOKEHIMH 3 TEXHOJIOTIYHUM CTEKOM, 3 OTHO-
YacCHUM 3a0€3TCUCHHSIM HAIIHOTO CXOBHIA Ta ONTHMI30BaHOI 00pOOKH 1H(OpMAIIil, a TAKOK MOMKIHBICTh 0€3-
IOBHOT Mirpailii Ha MoBHOIIHHI Bepcii SQL Server ayist mopaabimoro MacmTaOyBaHHS.

Jlis ebextuBHOT peanizaiiii MOOITTBHOTO 3aCTOCYHKY, IO BiAMOBIAa€ ()YHKIIOHATLHUM Ta He(DYHKIIIOHATEHUM
BHMOTaM po3/piOHOT Mepeski, 00paHo TpupiBHEBY apxiTekTypy (3-Tier Architecture), agantoBany JUist iHTEpaKTHB-
HuX BeO-monarkis. Lleit miaxin 3a0e3rneuye YiTKUi po3MOIiT BiIMOBIIATBHOCTI MiXK KOMITOHEHTAMH, TT1IBHIIYHOYH
THYYKiCTh, MacIITa0OBaHICTh Ta 3pYYHICTh MATPUMKH CHCTeMHU. Buxoasum 3 oOIpyHTOBAaHOTO TEXHOJIOTIYHOTO
cteky (C#, Blazor Server, SQL Server Express), 3aCTOCYHOK JIOT14HO PO3/iJIEHO Ha Tpu OCHOBHI piBHi (Tabmuisl).

Tabmums 1
TpupiBHeBa apxiTeKTypy 3aCTOCYHKY
PiBennb OcHOBHe MPU3HAYEHHS Karouosi TexnoJorii
PiBenb npencrasnenns | Bsaemonis 3 kopucrysauem (UI/UX) Blazor Server, SignalR (ToHKuit Ki1i€HT)
PiBens Oi3Hec-noriku | O6poOKka maHUX, peanizamis Oi3HEC-TIPaBHII Ta ASP.NET Core, C# Business Services,
YOPaBITiHHS JOCTYIIOM DAL/EF Core
PiBenp ganux [Tocriiine 30epiranHs, gfoctyn ta yrnpasiinss nanumu | SQL Server Express

Ha ocHOBI 1i€l TpUpiBHEBOT KOHIIEMIIT OYyJI0 CTBOPEHO CXEMAaTHYHE 300paKCHHS apXiTEKTypH JI0JaTKy, SIKe
BiT0Opakae OCHOBHI B3a€MOJIIT MiJK 1OTO KOMITOHEHTaMU (ITUB. pHC. 2).

Jlis cTBOpeHHS 11i€l TpHOIM3HOT Bi3yaIbHOT YacTHHU 1HTepdelicy MOOIITBHOTO JIOAATKy BUKOPHUCTOBYBABCS
ITYYHUH 1HTEIEKT (JIUB. puc. 3).

Mertoro Oyno BioOpa3uTH MOKIUBHE JU3aiH Ta OCHOBHI €KPaHH 3aCTOCYHKY JUJISl PI3HUX POJICH KOPHUCTY-
BadiB (aIMiHICTpaTOpa, MEHEKepa, MPaIliBHUKA), a TAKOXK KIIFOYOBI (DYHKIIIOHAJIBHI €IEMEHTH, TaKi K KepyBaHHS
3aBJaHHSIMH, TIEPETIIs]] HOBUH Ta OCOOMCTUH KaOiHeT.

Peanizanis inTepdeiicy kopuctysada (UI) y Blazor Server 6azyerscs Ha BukopuctanHi C# ta Razor-cuHTak-
cHcy, 3a0e3Meuyroun JUHAMIuHI Ta iIHTepPaKTHUBHI BeO-cTOpiHKU. KIIIOUOBUM apXiTEKTYypHUM pIIIeHHSIM € 3a0e31e-
yeHHs ponboBoi Moneni goctyny (RBAC), interpoBanoi uepe3 ASP.NET Core Identity, sika BU3Ha4ae BUIUMICTb
eneMeHTiB Ul Ta hyHKIIOHAIBHUX MOXIIMBOCTEN 3aJ1€KHO BiJ] pOJIi KOpUCTYyBaya (aAMiHICTpaTOp, MEHEIKep, Ipa-
uiBHEK). Lle miaBuinye Ge3meKy TaHUX Ta ONTHMIi3y€e 3pYUHICTh BUKOpHCTaHHs (usability), MiHiMi3ytoun iH(pOpMa-
[iifHe TIepeBaHTaKCHHSI.
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Puc. 3. Bigyamnizanist qonarky 3a jgornomororo LI

[Tpuatunu npoektyBanHs Ul BKITIOUa€e HACTYITHI €IEMEHTH:

— AnmMinictparop (Admin): Mae MOBHHI AOCTYH A0 BCIX CIy>KOOBHX (DYHKIIiH, BKITIOYAIOUN YIPABIIiHHS
KOpPHUCTyBa4aMH (TIPU3HAYEHHSI POJICH, MPHUB’A3Ka 10 Mara3uHiB) Ta YMpPaBIiHHSI TOPTOBUMH TOuKaMmH. [HTEpdeiic
HaJa€ PO3LIMPEH] IHCTPYMEHTH JJIsl MOHITOPUHTY Ta IyOuikallii HOBHH.

— Menemxep (Manager): poxyc Ha onepariiifHoMy ynpasiiHHI 3aBJaHHSIMHU Yy CBOIl 30Hi BiAMOBIJAIbHOCTI.
OyHKILI0HA BKJIIOYA€E MOCTAHOBKY 3aBJaHb JUIA MiAJIENINX, MOHITOPUHT BUKOHAHHS Ta TepPEriis] HOBUH.

— IlpauiBauk (Worker): mMae MiHIMaJbHHI piBEHb JOCTYIy, OPIEHTOBAaHMI Ha BUKOHAHHS MPU3HAUYEHUX
3aBIaHb (3 MOXKJIMBICTIO 3MiHHU CTaTycCy) Ta Meperisi 3aralbHOKOPIIOPATUBHUX HOBHH. [HTEepdelic MakcHMabHO
MPOCTHUH Ta THTYITUBHO 3PO3yMLITHIA.

— Texniuna peanizamiss RBAC na piBHi Ul 3a0e3neuyerhcsi komnoHeHTamMu AuthorizeView Ta arpuOyTom
[Authorize] B Blazor, mo 1o3Boisie yMOBHO pEHICPUTH BMICT CTOPIHOK Ta HAaBITAllIMHUX €JIEMEHTIB 3aJI€KHO BiJI
poJel MOTOYHOTO KOpUCTyBava. J[M3aiiH € aganTHBHUM (responsive) st KOpEKTHOTO BiI0OpakeHHS Ha MOOUIBHUX
MIPUCTPOSIX.

Monynb 3aBIaHp € KITIOYOBHM (DYyHKIIIOHATBHUM KOMIIOHEHTOM CHCTEMH, IO 3a0e3Medye IeHTpaTi30BaHe
YIpaBJliHHA BCiMa ONeEpamifiHMMK Ta aAMiHICTPaTMBHMMM 3aadaMi B Mepexi. MIoro apxiTexTypa CKIaaeThcs
3 kiieHTchKo1 yacTuHu (Blazor Components asist cTBopeHHs (hOpM Ta BiToOpaXKEHHS CIUCKIB) Ta CEPBEPHOI YaCTHHU
(C# TaskService ms Bamiganii, 00poOku Ta 30epexeHHs JaHuX ). OyHKI[IOHA CTBOPEHHS 3aBJaHb JOCTYIIHUH JJIs
poreit «Aaminictparop» Ta «Menemxep». CepsicHa jorika (TaskService) Bianosigae 3a B3aeMoIito 3 023010 JaHUX
Ta 1HIIIOBaHHA CHOBILLEHb.

Jns maniitHOTO 30€piranHs Ta e()eKTHBHOTO JOCTYITy 10 AaHuX obpano Microsoft SQL Server Express i3
BukopuctanusM Entity Framework Core (EF Core) stk ORM. Ile 3a0e3meuye BUCOKY CYMICHICTh Ta CIIPOIIYE PO3-
poOKy depe3 00’eKTHO-pelsmiiHe BimoopaxeHnHs. Cxema 6asu nanumx (Database Schema) po3poOmiena mis min-
TpuMKH RBAC Ta onepaTMBHUX MPOIIECIB 1 BKIFOYAE HACTYITHI KJIFOYOBI 00’ €KTH:
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— AspNetUsers/AspNetRoles: crannaprai Tadmuni ASP.NET Core Identity amst yripaBmiHHS KOPUCTyBa4aMH,
naposisiMu Ta ponsimu (Admin, Manager, Worker), a Takoxx gonatkose nose Storeld asist npuB’si3ku KOpUCTyBada /10
KOHKpPETHOT'O Mara3uHy.

— Stores: 30epirae ineHTH}iKaLiliHI JaHI TOPrOBUX TOYOK.

— Tasks: nientpanbHa cyTHicTb 13 ojsimu Title, Description, Deadline, Status, Ta 30BHIIIHIMU KITFOYaMH 7151
npus’s3ku o Users (AssignedToUserld, CreatedByUserld) ta Stores.

— Comments Ta News: 00’ €KTH JUIs 3a0€3MICUSHHSI TPO30POCTI KOMYHIKAIIT Ta IIEHTPaIi30BaHOTO iHHOPMY-
BaHHS.

— TaskAttachments: ayist 30epiranHst MeTaJaHUX PO MPHUKPITUICHI (ailiin 10 3aB/IaHb.

Konnenryansna ER-giarpama HaBeneHo Ha puc. 4.

erDiagram
AspNetUsers ||--of AspNetUserRoles : "has"
AspNetRoles ||--o0f AspNetUserRoles : "has"
Stores ||--of AspnetUsers : "manages"
Stores ||--of Tasks : "assigned_to"
AspNetUsers ||--of Tasks : "creates"
AspNetUsers ||--of Tasks : "assigned_to"
AspNetUsers ||--of Comments : "posts"
AspNetUsers ||--of News : "publishes"
Tasks ||--o0¢ Comments : "has"
Tasks ||--of TaskAttachments : "has"

Puc. 4. Konnenryanpaa ER-miarpama

Buxopucranns Entity Framework Core (EF Core) s B3aemonii 3 023010 TaHHX BKJIFOYA€ HACTYIIHI aCTIEKTH:

— Entity Framework Core € noty>xuum 06’ ektHO-pensuiitaum Binoopaxenusm (ORM) ans minardopmu. NET,
SIKMH I03BOJISIE€ PO3POOHUKAM B3a€MOIATH 3 pesiifHIMU 0a3aMM JaHUX, BUKOPUCTOBYIOuH 00’ extu C# (CyTHICHI
mozeni) Ta LINQ (Language Integrated Query) 3amicTs npsiMoro HanucanHs SQL-3anuti. Lle 3Ha4HO TpUCKOpIOE
PO3pOOKY, MiBHUINYE YUTAOCTBHICT KOJY Ta MiHIMI3y€ PU3UKH, OB’ s3aHi 3 SQL-1H’eKItiaMu.

— ApplicationDbContext — 11e krouoBwuii kiac EF Core, sikuii mpesictaBise ceciro B3aeMoii 3 023010 TaHUX.
Bin ycmagkoByethest Bin IdentityDbContext (mans interparii 3 ASPNET Core Identity) i MiCTUTh BIacTHBOCTI
DbSet<TEntity> it ko>kHOT TaOIUII B 0a3i JaHUX.

[IpaBuIBHO clipoeKTOBaHA 0a3a JaHWX Ta e(heKTUBHA JIOTiKa 00pOOKH TaHUX 3a jJjoroMororo Entity Framework
Core € hyHIaMeHTOM JIJIst cTaOIbHOT Ta HAJIiiHOT poO0TH 3acTOCYHKY. OOpaHa pensiiiiHa MojIelb T03BOIsE ehek-
THUBHO 30epiraru Ta KepyBaTH CKJIAJHHUMHU B3a€MO3B’SI3KaMH MK KOPHCTYBadaMH, MarasMHaMH Ta 3aBIaHHSIMH.
Bukopucranns EF Core cripoirye po3poOKy Ta 03BOJISIE 30CEPETUTHCS Ha Oi3HEC-JIOTII, MiHIMI3yI0UH MOTpedy
B py4HOMY HamucaHHi SQL-3anuTiB, Mpu IbOMy 3a0€3MEUyIOUH IIUTICHICT Ta Y3TO/UKEHICTh TAaHUX Y CUCTEMI.

Enementy koM’ 1oTepHoi rpadiku iHTErpyrOThCS Ha eTami npoektyBanHs iHTepdeiicy (Ul/UX) ta npu peanizanii
MOJIYJIsl AHAITUKY A1 MiJBUIIEHHS 3pY4HOCTI BUKOpUCTaHHs (usability) Ta eheKTUBHOCTI cIpHHHATTA iH(pOpMarii.

Ha erani npoexryBanus (Ul/UX Design) KOMH’}OTepHa rpagika BUKOPUCTOBYETHCS SIK 3210 MOJIEITIOBaHHS Ta
Bi3yani3auii MaiiOyTHbOTO 3aCTOCYHKY, 30KpEMa MP>KHA BUJUINTU TaKU KPOKU p03p061<14

— mpororumyBaHHs (Prototyping): CTBOpeHHsI HETalbHHX CTAaTUYHUX Ta IHTEPAKTHBHUX MAKETiB CKpaHiB
(wireframes, mockups) 3a momomororo rpadidaoro pemakropa Figma, mo mo3Boisie BepudikyBatu 103a0iiiTi Ta
aJanTUBHUI IU3alH 0 MOYaTKy Koz[yBaHH;['

— CTBOpCHHSA rpaqanI/Ix AKTHUBIB! po3po61<a BEKTOPHHX 300pakeHb (1IKOHOK, JIOTOTHIIIB) Ta pACTPOBUX 300pa-
JKCHb MarasmHiB, aBaTaplB KOPHCTYBAdiB, IO Bi/MOBIAIOTH KOPIIOPATUBHOMY CTHIIIO Ta 3a0€3MEUYIOTh KOHIICTITY-
aIBHY IUTICHICTB Bi3yaJIbHOTO O(hOPMIICHHS;

— Bi3yai3amis JaHUX: KOMII I0TepHa Tpadika iHTerpyeThes 6e3MocepeHb0 y (DYHKITIOHA T €(PEeKTUBHOTO
BiJJOOpa)XeHHs OlNepaliiHuX JaHux, a aHanitiaHi naneni (Dashboards) 3 Bukopuctanusam 2D-rpadiku 3a gonomo-
roro Jiarpam, rpa¢ikiB J03BOJSIOTH, HATIPUKIIAM, BiZOOpaXaTH MpOrpec BUKOHAHHS 3aBJaHb 33 CTATyCaMH, PO3-
MOALT HABAaHTAXEHHS MIX Mara3uHaMM 4M CHIBpPOOITHHKaMH, Bi3yali3yBaTH KJIIOUOBI NMOKA3HUKIB €(EKTUBHOCTI
(KPI). Lle 3a0e3neuye MBUAKUI aHATI3 BETUKAX 00CATIB TaHUX IJIs1 KEPIBHUKIB Ta aJIMiHICTPaTOPIB;

— KapTorpadiuHe MakeTyBaHHS: iHTerpauii reorpadiuHux KapT € KOPUCHOIO AJis Bisyausizauii po3rairy-
BaHHS Mara3uHiB MEpEexXi Ta MPUB’SI3KU 3aBIaHb JO KOHKPETHUX TOPTOBUX TOUOK, IO € KPUTHIHHUM LTS PO3IPiOHOT
MEpexi.
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[Ipu 3aBaHTaXCHHI IPOTpaMH BiIKPHUBAETHCS «JloMatHs cTopinka». Ha Hill € po3min aBTropu3arii, IKuif ciry-
T'y€ BXOZIOM JI0 Oy/Ib-sIKOT pOJIi KOpUCTyBaua (IUB. puc. 5).

Log in

Use a local account to log in Use anather service to log in

Puc. 5. Jlomamras ctopinka 10AaTKy

ITicas BBeneHHs e-mail Ta maposo KOpHCTYBad IMOTpAIUIsie Ha TOJIOBHE BIKHO CTOPIHKM aJMiHicTparopa
(puc. 6), 1€ po3TanioBaHO 6 PI3HUX BKJIAJIOK.

ATE Management

A Noususe Cropsaa Bitato, admin@example.com!

Puc. 6. Jlomaninst cropiHka poii «AAMiHICTpaTop»

[Mepmia Briagka — «KepyBaHHs Mara3uHamMny. AJIMIHICTPaTop Ma€e MPaBo Ha JI0/IaBaHHsI, peIaryBaHHsI, BU/ia-
JIEHHsI Mara3uHiB Mepexi (puc. 7). [Ipu HenpaBrwIIbHOMY BBEJICHHI iH(popMallii Oy/ie BUTIIIMBATH BIKHO TTIOMHUJIKH.

WM MBTTEHAHM

Puc. 7. Bknagka «KepyBaHHs MarasuHaMm»

Brmagka «KepyBaHHsI KopuCTyBauaMu», fKa Ja€ aaMiHICTparopy IOCTyN JO JOJaBaHHsS KOPUCTyBaua,
HaJaHHA KoMy POJIi, B IKOMY Mara3uHi KOpHCTyBau Oy/ie MpaloBaTi. A TaKoX, aAMIHICTPaTOp Ma€ MPaBO pejary-
BaTU BXKE ICHYIOUMX KOPUCTYBadiB (JUB. puc. §, 9).

Brxnagka «KepyBaHHS HOBUHAMM» JIa€ AOCTYII 10 CTBOPEHHS HOBHH 1 mijuierux. Lle Ginbiie mos’s3aHo
3 3araJibHOI0, BAXKIIMBOIO iH(OpMAIIi€to, SIKy IOTPIOHO JOHECTH JI0 BCIX KOPUCTYBadiB ojipasy (auB. puc. 10).

B 3amesxHocTi Bif poini (amMiHICTpaTop, MEHEMIKEp, MPALiBHUK) — Oylde 3MIiHIOBATUCS AOCTYII, iHTepQeic
1 IpaBa sl KOPHCTyBaya.

TecTyBaHHS (PYHKIIIOHATHFHOCTI 3aCTOCYHKY — KOMIUICKCHHUI MpoIIec, 110 BKITIOYaE€ MOAYJIbHE, IHTEeTpalliiine,
(yHKIIOHATbHE, OE3MEKOBE Ta MPOAYKTHBHE TECTyBaHHS. J[eTami30BaHO CTpareriro TeCTyBaHHS, BUKOPHCTaHI
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Puc. 8. Bruagka «KepyBaHHs KOpHCTyBadaMmy»
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Puc. 9. Briagka «KepyBaHHS KOpHUCTyBa9aMm

ATE Managomeont

Creoputi Hoey Crattio/HoeuHy

Puc. 10. Bknanka «KepyBaHHS HOBUHAMM»

iHcTpyMenTH (xUnit, Moq, Playwright) Ta po3po6ieHi TectoBi ciieHapii. HaromomeHo Ha BayKITMBOCTI BUSIBICHHS
Ta BUIIPABJICHHS Ie(PEKTIiB st 320€3MeUeHHS BUCOKOT SIKOCTI IPOTPAMHOTO TIPOAYKTY.

BucnoBku. B HaykoBiit poOoTi Oyno po3po0ieHo MiHIMaIbHO KHUTTE3AATHHIA MPOAYKT (MVP) — MoOinmpHMIA
3aCTOCYHOK JUIsl YIIPABIIHHS 3aBIAHHAMHU Ta BHYTPINIHIMU KOMYHIKalliiMU B pO3ApiOHIA TOProBedbHIN Mepexi.
Pesynbratu gocnipKeHHs:

— OOIpyHTOBaHO aKTyaJIbHICTh po3poOKu creniaiizoBaHoro TMS s odriaitH- po3apiOy Ta BU3HA4YEHO,
IO iCHYIOYi YHiBepcalbHI IUIaT(POPMH HE BPAXOBYIOTh YCIiX IMOTPed 0araToTHUCSIIHOI perioHalbHO PO3MOALICHOT
CTPYKTYypH;

— o0pano Ta 00rpyHTOBaHO TexHoJoriunui ctek ((NET/C#, Blazor Server, SQL Server Express), sxuii 3a0e3-
TeYy€e BUCOKY MIBUAKICTh PO3POOKH, JIOTIYHY IITICHICTH KOJIy Ta BiJIIOBIIa€ BUMOTaM O€3MeKH 1 MacITaboBaHOCTI
KOPIIOPATUBHUX PIllICHb;

— CIIPOEKTOBAHO TPUPIBHEBY apXiTEKTYPY, 110 BKIFOUAE posiboBy Moziesb noctyny (RBAC) Ha 6a31 ASP.NET
Core Identity ms 3abe3neueHHs AU EPeHIIHOBAHOTO JOCTYILy KOPHUCTYBadiB;

— peai30BaHO KIIOYOBUH (yHKIioHaT MVP: ynpapiiHHS KOpHCTyBadaMu, Mara3uHaMH, CTBOPEHHS, Jele-
T'YBaHHS Ta MOHITOPUHT 3aBJaHb, a TAKOXX MOIYIb iH()OpMyBaHHS (HOBUHH);
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—po3po0IieHo pensiiiiHy Mojiens JaHux Ha ocHoBi SQL Server Express, J0oTi4HO y3romkeHy 3 0i3Hec-mpo-
L[ECaMHU.

Po3pobrenuii mporpaMHUil IPOIYKT Ma€ NMPUKIIaJHE 3HAYCHHS 1 € BIAMOBIAAI0 Ha peajbHUii 3anuT Oi3HECy
B yMoBax 1uppoBoi Tpancdopmarii. Foro BrpoBakeHHs 3a6e3neuye TeXHIKO-eKOHOMIUHIH eeKT uepes cKopo-
YCHHS Yyacy Ha KOMYHIKAIIIO Ta 3MEHILICHHS IIOMIIOK Y BUKOHAHHI 3aB/IaHb, IIBUIICHHS 3arajJbHOI e()eKTHBHOCTI
OIEPAIIfHOTO YIPaBIiHHI Mara3uHaMu, HasIBHICTh ITOTSHIIANTY U1 MacIITa0yBaHHS Ha BCIO MEPEXKY.

Bnposapkenns koM totepHoi rpadiku Ha etami UI/UX Ta B aHATITHIHIX MOAYJISAX € METOIOJIOTIYHO BUIIPAB-
JaHUM, 10 3a0e3Meuye 3Ha4yHe TiABHICHHS OTNepalliiHOi MPOAYKTUBHOCTI CUCTEMH Ta 3a0e3Medye IHTYiTHBHICTD
B3a€MO/IIT JIJISt BCIX KaTeropiid KOPHCTYBAadiB.

Jus Tpanchopmariii MVP y noBHOMiHHY mnardopMy ONepamiifHOr0 MEHEIKMEHTY 3allpONOHOBAHO TaKi
HanpsIMKH BrockoHaieHHs (Tabum. 2):

Tabmurs 2
HanpssMKHu BIOCKOHAJIEHHS MIPOEKTY
Hanpsamok 3anponoHoBaHe BIOCKOHAJICHHS
dynkuionansHe | BnpoBamkenHs push-criositens, posimpenHs oduaiin-pexumy (Blazor WebAssembly), nonaBanust
PO3IIUPEHHS YEK-JIMCTIB JUIS ICKOMITO3HIIT CKJIaTHHX 3aBIaHb Ta IHTETPaIlisl MOYJISl HABUAHHS/THCTPYKTaXKIB
AmnaniTrka Ta Po3pobka po3mpeHoro Mo/IyIist 3BITiB JJIsl aHAITI3Y MPOAYKTUBHOCTI (CepeHiii yac BUKOHAHHS,
KOHTPOJIb e()eKTHBHICTh MarasuHiB) 3 Bi3yallizali€lo JaHUX
Texniuna [oxpammenns UX/UI ta onrtumi3ariist IpoXyKTHBHOCTI TSI BUCOKOMACIITAaOHUX KOPIIOPAaTHBHUX
onTHMI3aLis BIPOBA/DKEHb

BrpoBa/keHHSI IIUX yAOCKOHAJICHBb JO3BOIUTD MiJBHIUTU IIPOIYKTUBHICTS CUCTEMH Ta MEPETBOPHUTH ii Ha
MOTYKHUI IHCTPYMEHT OIepaniiHOro MEHEPKMEHTY B PO3ApPiOHIN TOPriBii.
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INTELLECTUAL DECISIONS TO COMPRESSIVE SENSING FOR EFFICIENT DATA
ACQUISITION IN WIRELESS SENSOR NETWORKS

This paper considers the application of linear algebra methods to Compressive Sensing technology for wireless sensor
networks (WSNs) specialized in temperature monitoring in “smart” greenhouses. It is shown that the traditional approach,
which involves the transmission of full data streams from each individual sensor, leads to high energy consumption and generates
information redundancy, which is a problematic factor for autonomous battery-powered systems. As an alternative, a special
architecture of compressive sensing is proposed, within which not the original data are transmitted, but their compressed linear
combinations. This radically reduces traffic, but, thanks to mathematical transformations, retains the possibility of full and
accurate restoration of the entire temperature field on the receiver side.

The methodological basis is the use of the fundamental property of sparsity of temperature signals when they are presented
in certain bases, in particular, the basis of the discrete cosine transform. Modern optimization and iterative linear-algebraic
algorithms are used to reconstruct the original data from compressive sensing. The practical effectiveness is illustrated by a
model example of a network with six sensors, where compressing sensing allowed to reduce the amount of transmitted information
by 50 % and simultaneously detect anomalies in the operation of a faulty sensor, confirming the stability of the system.

The proposed architecture provides comprehensive energy efficiency, reliability and scalability of the monitoring system,
supports the dynamic addition of new sensors and can be successfully integrated into modern Internet of Things systems,
industrial complexes and «smarty cities. Thus, the work clearly demonstrates the powerful synergy between mathematical rigor
and practical efficiency of compressing sensing for creating intelligent agricultural systems of the next generation.

Key words: modeling, optimization methods, wireless sensor networks, compressing sensing, linear algebra, intellectual
system, Internet of Things; data compression and reconstruction.

Hluwkanosa I A., 3aiiyesa T. A., Kup C. I, Kopomynoea O. B. Inmenexkmyanwhi pinienns w000 Komnpeciinux
BUMIPI0GAHD 015 eheKmUBH020 300py 0aHUX y 6€30pOMOBUX CEHCOPHUX MEPENHCax

YV Oamiii pobomi posenamymo 3acmocy8anHs Memooie MiHIUHOI aneeOpu 6 MeXHONO02iH0 KOMNPECIUHUX BUMIDIOBAHb
(Compressive Sensing) 01 6e30pomosux CeHCOPHUX Mepedic, CReYianizo8anux Ha MOHIMOPUHEY MEMNEePAmyp 8 «PO3YMHUXY
mennuysx. [loxazano, wo mpaduyitinuii nioxio, wo nepedbauae nepedauy HOBHUX NOMOKIE OAHUX 6I0 KONCHO20 OKPEMO2O
O0amyuKa, npuzeo0Ums 00 8UCOKO20 eHeP2OCNOANCUBAHHA MA 2eHePYE IHPOPMAYITIHY HAOMIPHICTID, WO € NPOOIEMHUM (aKmopom
071 ABMOHOMHUX CUCHeM i3 bamapelnum JHcugieHHam. K anvmepHamuea 3anponoHo8and cneyianbia apXimexkmypa Komnpe-
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CIlIHO20 BUMIDIOBAHHSA, 8 PAMKAX SKOT NepedaromvpCs He NouamKosi 0awi, a ix cmucui aiHiuni kombinayii. Lle paduxanvro ckopo-
yye mpagix, ane, 3a80AKU MAMEMAMUYHUM NEPEMBOPEHHSM, 30epieac MONHCIUBICMb NOBHOYIHHO20 MA MOUHO20 GIOHOGNENHS
6Cb02O MEMNEPANTypHO20 NONAL HA CIMOPOHI NPUIIMAUa.

Memooonoeiuny ocHo8y cmanosums UKOPUCIAHHS YHOAMEHMATLHOI B1ACIMUBOCINT PO3DIONCEHOCHIT MEMNEPAMYPHUX
CUCHANIB NpU X NOOAHHI 6 NesHuX OA3UCaX, 30Kpema, baszuci OUCKPEmHO20 KOCUHYCHO20 nepemeopennsa. /s pekoncmpykyii
BUXIOHUX OAHUX 13 CIUCHEHUX BUMIPI6 3ACIOCOBAHO CYYACHT ONMUMI3AYIUHT ma imepayilini TIHIIHO-aN2e0paATuHI aneopUmMu.
IIpakmuuny eghexmugnicmo intocmpye MooenvHull npuKaad mepedxci 3 wicmovma OamuuKami, 0e KoMnpeciine eUMIpIOBaHHA
003801UN0 3MeHwUmu 00cse nepedanoi inghopmayii na 50 % i 00HOUACHO UABUMU AHOMATIT 8 POOOMI HECHPABHOZ0 CEHCOopa,
niomeepousuL CMItIKiCmy CUCmemi.

3anpononosana apximexmypa 3abe3neuye KOMIIeKCHy eHepeoeekmusHicmp, HAOIIHICHb MA MACUMAOOBAHICHb CUC-
meMu MOHIMOpuH2y, nioMmpumye OuHamiuHe 000ABAHHS HOBUX CEHCOPI8 Ma Modce OYmu YCniuHo iHMe2pOBana 8 CYYACHI cuc-
memu [Hmepremy peuetl, NPOMUCIO8] KOMAIEKCU MA «PO3yMHI» Micma. Taxum yunom, poboma HAOUHO OeMOHCIMPYE NONYICHY
CUHEP2II0 MidIC MAMEMAMUYHOIO CIMPORICHIO MA NPAKMUYHOI0 e(DeKMUBHICIIO KOMNPECIIHO20 BUMIPIOBAHHS OISl CHIBOPEHHS
IHMENEeKMYAIbHUX ACPAPHUX CUCTEM HOB020 NOKONIHHSL.

KiuttouoBi cnoBa: modentosants, onmumizayiuni memoou, 6e30pomosi ceHCOpHi Mepedxci, Komnpeciline 8UMiplo8aHHs,
JiHiliHG aneebpa, iHmenekmyanvha cucmema, Inmepnem peveil; cmucHenHs ma pekoHCmMpyKyis OGHUX.

Problem Statement. Modern wireless sensor networks (WSNss) are increasingly used for automated monitoring
and control in agricultural systems, in particular in “smart” greenhouses, where it is necessary to constantly monitor
temperature, humidity and lighting to ensure optimal plant growth conditions. However, with an increase in the
number of sensors, problems of data redundancy and high energy consumption arise, especially in cases where
sensors are powered by batteries and most of the energy is spent on information transmission. The traditional
approach with constant transmission of complete measurements does not meet the requirements of energy efficiency
and reliability, which creates a need for new mathematical and algorithmic solutions. One of the promising areas is
compressing sensing (CS), which is based on linear algebra methods and sparse signal representation. It allows you
to reduce the amount of transmitted information without losing the accuracy of temperature field reconstruction,
as well as detect anomalies in the operation of individual sensors. Thus, the problem arises of developing and
researching a linear-algebraic CS model for WSNs, which will provide energy-efficient, reliable, and intelligent
monitoring in greenhouses and will become the basis for creating modern agricultural Internet of Things systems.

Analysis of recent research and publications. WSNs are ideal platforms for automatic control in various areas,
including modern agriculture. For example, greenhouses require constant monitoring of conditions (temperature,
humidity, lighting) for optimal yield and efficient resource management. However, with increasing sensor density,
problems arise: high power consumption (especially for communication) and data redundancy [1]. These limitations
are especially critical for battery-powered WSNs, where communication usually accounts for a large part of the
total energy consumption. Therefore, reducing the amount of transmitted data without compromising measurement
accuracy has become a key research goal in the development of energy-efficient smart greenhouse systems.

A good solution is CS, whose powerful mathematical basis allows reconstructing high-dimensional data (e.g.,
a temperature field) from a small number of linear measurements [2]. This is possible by exploiting the sparsity or
compressibility of signals. From a linear algebra perspective, CS models data acquisition as an uncertain system of
equations, where the reconstruction of the full field is performed through a sparse reconstruction problem, which
is usually solved using optimization or iterative linear algebraic methods. For example, optimization methods for
finding the most sparse representation of a signal (basis search or basis pursuit) [3]; an iterative algorithm that selects
the best basis vectors for approximating the signal (orthogonal greedy pursuit or orthogonal selection method) [4,
5]; and methods for solving the problem of Lasse regression or sparse encoding through thresholding (iterative
compression-threshold algorithm) [6]. The listed methods fundamentally rely on vector and matrix operations,
emphasizing the central role of linear algebra in both theory and implementation.

Areview of recent publications shows [1, 7] that WSN is one of the most promising and practically significant
areas of CS application, especially in scenarios characterized by limited energy resources and high data redundancy.

Research purpose of the paper is to theoretically substantiate and demonstrate the effectiveness of CS as an
alternative to the traditional approach to data transmission in WSNs for environmental monitoring.

The research aims to identify practical advantages of the proposed architecture, such as reducing the amount
of transmitted information, extending battery life, and increasing system reliability by detecting anomalies in sensor
operation.

Within the framework of the set goal, it is envisaged to use sparse signal processing methods and linear
algebraic optimization algorithms that allow to restore the full temperature field from a minimum number of
measurements, while maintaining the possibility of diagnosing the state of the network itself. In addition, methods
of computer modeling of the sensor network are used to quantitatively assess the achieved level of compression and
reconstruction accuracy.

Basic material presentation. The temperature inside the greenhouse is monitored using a grid of sensor
locations in space and at discrete points in time. Let us introduce the following notations: N is the number of sensor
locations (spatial nodes); T is the number of time points that we consider (time snapshots); the vector x € R" is the
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complete space-time temperature field (one snapshot).

The objective of this study is to reduce the number of transmitted samples while reconstructing x (or a
sequence {x}) with acceptable accuracy.

Consider a linear compression measurement model. The sensors transmit scalar values to a fusion center,
which forms linear combinations, which can be expressed in the following formulas:

y=O0x+e,ye RM ® e RN M<K N, ()
with y are CS, @ is the sensing (measurement) matrix implemented by the network, and e denotes measurement
noise.
CS assumes x is (approximately) sparse in some basis ¥ € RY*": there exists s € RY with few nonzeros such
that
x=Ws, [sll,=k<N. 2)

For temperature fields, good choices sparsifying basis ¥ include discrete cosine transform (DCT) [8] or
low-order spatial eigenvectors (PCA) because temperature varies smoothly and has dominant low-frequency
components — i.e., s is compressible (rapidly decaying coefficients).

Hence, the measurement equation becomes

y=As+e, A=Y, (4)

with 4 € RM*N. A successful recovery typically requires matrix A has the restricted isometry property (RIP) or low
mutual coherence between columns. Informally, 4 should preserve lengths of sparse vectors [9, 10].
Next follows the recovery procedure of s from underdetermined linear system using sparsity priors.
Reconstruction of a sparse signal in CS can be formulated directly in terms of linear algebra and convex
optimization. A standard approach is basis pursuit, in which the unknown sparse coefficient vector s € R" is estimated
by solving the convex program

s=arg msin"s"1 st |y- As||2 <e. %)

Once the sparse representation s is recovered, the original signal can be reconstructed

X=Vs. (6)
In scenarios where measurement noise must be explicitly accounted for, the reconstruction is often posed as
a LASSO-type problem [11],

N (1
s =argmin( - ao: 2}, ). "

which balances measurement fidelity with sparsity through the regularization parameter A.

A computationally appealing alternative, especially for energy-limited wireless sensor networks, is the greedy
algorithm Orthogonal Matching Pursuit (OMP) [4], iterative correlation and least squares on selected columns. Here
the procedure begins with residual =y and an empty set of selected indices S = . At each iteration, the algorithm
identifies the column of 4 most correlated with the current residual by selecting

i = argmjaxKaj,rtfl», (8)

where a; denotes the j-th column of the sensing matrix. The selected index is added to the support set, § «— § U{i},
and the coefficients associated with the chosen columns are updated by solving the least-squares problem

s =arg mzin”y - Asz"2 , 9)

where s, is a partial vector containing only the coefficients on the currently selected support set S; z is the temporary
vector we optimize to compute the best values of s¢; 4 is the submatrix of 4 containing only the columns indexed

by S. When the Gram matrix Al A, is invertible, this step has the closed-form linear-algebraic solution

-1
ss=(A545) Agy. (10)
The residual is then updated according to
r=y-A4gs (D)

and the procedure continues until the residual norm is sufficiently small or the desired sparsity level is reached.
Because OMP uses only inner products and small least-squares solves, it is highly suitable for lightweight fusion
centers in sensor networks.

When temperature fields exhibit correlations not only in space but also in time, CS can be extended to a
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spatio-temporal model. Spatio-temporal models often use separable bases to exploit both spatial and temporal
correlations:

Y=Y oY, (12)

where W and W are spatial and temporal bases, respectively; ® denots the Kronecker product [12].
Suppose T consecutive temperature fields are stacked into a matrix X € RV*7, If the data admit a separable
sparse or low-rank structure, they can be approximated as

X~V SY). (13)
In vectorized form, this becomes
vec(X) = (¥ ® ¥ )vec(S), (14)
This structure naturally leads to Kronecker-factored sensing operators of the form
=000, (15)

which drastically reduce the number of degrees of freedom and computational cost [12]. Such separable models
are particularly advantageous in greenhouse monitoring, where temperature fields evolve smoothly over both
dimensions.

Let us consider a specific simplified case, due to the need for conciseness. Let us rewrite formula (1) in a
simplified form, neglecting noise:

y=0, (16)

We have N = 6 temperature sensors located in a greenhouse. The readings of all 6 sensors at a certain point in
time form a signal x:

x =[x, x, X, x, X, x, )" = [22, 23, 22.5, 60, 21, 22]" °C, (17)

172 3 My
The temperature in the greenhouse should be more or less uniform, but in this example there is the following
observation: sensor #4 is broken and shows an absurd 60 °C. This means that in the natural basis our signal is not
sparse. But if we imagine that the real signal is a uniform temperature + one fault, then in another basis (for example,
in the difference basis or in the frequency domain) it will be sparse.
Let us assume that our signal x is sparse in the DCT basis [3]. This means that it can be represented with only
a few significant coefficients according to formula (2), where ¥ is the 6x6 DCT basis matrix, x is the sparse vector
of DCT coefficients. Most of the elements of s are zero or close to zero. For simplicity, let us take the standard DCT
matrix [8]. Its elements are defined as:
nk-(2n+1)

¥, =cos———=, 18
k,n 2N ( )

approximately, up to normalization:

(041 041 041 041 041 0.41]
0.56 0.31 -0.31 -0.56 -0.31 0.31
0.56 -0.31 -0.56 031 0.31 -0.56
Y= . (19)

0.41 -0.41 -0.41 041 0.41 -0.41
0.31 -0.56 0.56 -0.31 -0.31 0.56

| 031 -041 041 -031 031 -0.41 |

The signal x in this basis will have coefficients
s= ¥ (20)

Due to the presence of a sharp outlier (sensor #4), the vector s will not be perfectly sparse, but several of its
coefficients will be significantly larger than the others. We assume that s has only K = 2 significant components
(K< N).

We will use the simplified formula CS (15), where y is a vector of compressed measurements of size 3 x 1,
@ is a measurement matrix of size 3 x 6. Its elements are often generated randomly (for example, from a normal
distribution). An example of a measurement matrix @ (3 x 6):

1 0 -1 0 1 O
®=0 1 0 -1 0 11| 21
1 -1 1 -1 1 -1
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Let us move on to CS and calculate the vector using formula (16):
y=[20.5,-15,-39.5]. (22)

Instead of transmitting all 6 values (17), we transmit only M = 3 numbers (22) over the radio channel. The
energy saving was 50 %. M is chosen so that M < N, but M > K (ideally M = 2K).

Now let us move on to restoring the signal on the server.

The server receives the vector y and knows the matrices ® and W. It must solve problem (4), which we present
in a simplified form, similar to (16), neglecting noise:

y=ds. (23)

This is a system of linear equations with 6 unknowns s and only 3 equations y. This is an indeterminate system
that has many solutions.

We apply the sparsity condition, that is, we look for the solution s that has the smallest number of non-zero
elements. This is the so-called LO-norm — the number of non-zero elements. However, the problem of minimizing
the LO-norm is NP-hard.

Therefore, we decide to minimize the L1-norm, which corresponds to the sum of the absolute values of the
elements s, which is a convex optimization problem often leads to a sparse solution.

The formal formulation of the BP optimization problem [4] is to minimize the sum of the absolute values of
the coefficients s, provided that the compressed measurements exactly match the model given in formula (5).

To obtain an estimate of the sparse vector s, the server applies the OMP reconstruction algorithm, which
iteratively identifies the support of the signal and solves a sequence of small linear least-squares problems, using
(8)—(11).

Finally, the server constructs the full sparse estimate s

s = embed (s, into an N-dimensional vector with zeroes elsewhere). (24)

After that, it calculates the estimate of the original signal using formula (6). Expected result:

x=~[22, 23, 225, 23, 21, 22]. (25)

Although sensor #4 reported an absurd value of 60 °C, the recovery algorithm, based on the assumption
of rarefaction (temperature uniformity), correctly estimated the true temperature of ~23 °C (25) at this point and
detected the anomaly.

The process diagram is shown in Fig. 1, which depicts the two-way data compression and recovery process
in a distributed monitoring system.

The process begins with data collection from 6 temperature sensors, formation of a measurement vector and
its compression by linear transformation using a measurement matrix. The compressed data is transmitted via a
wireless communication channel to the server, where an optimization procedure is performed to restore the original
signal based on the known measurement matrices and the transformation basis. Let us note the key stages:

1. Data generation and compression on the transmitter side.

2. Wireless transmission of reduced data.

3. Signal recovery by optimization on the server.

4. Anomaly detection and further data processing.

The proposed architecture demonstrates an effective approach to energy saving in WSNs by transmitting CS
instead of the full data set. The use of the mathematical apparatus of compressive measurement allows not only to
reduce the amount of transmitted information by 50 %, but also to effectively detect anomalies in the operation of
sensors. This is achieved due to the property of signal sparsity in a certain basis and the use of optimization methods
for accurate information recovery at the receiving end.

The recovery algorithm on the server uses knowledge of the data structure (sparseness) to extract complete
information from incomplete measurements. This is a vivid example of the synergy of a mathematical model and
computational intelligence.

Conclusions. The linear algebraic model of WSN is fundamental for CS applications, especially for
temperature monitoring in greenhouses. The temperature field is spatially correlated and exhibits a low-dimensional
structure, which is ideal for a sparse representation. This paper explores a linear algebraic model structure that
clearly formulates the compression process for greenhouse WSNs. The architecture of a CS system for WSN is
presented, thanks to which the system functions effectively under conditions of variable communication quality and
failure of individual sensors. Built-in machine learning algorithms ensure continuous improvement of the quality
of service. The architecture supports the dynamic addition of new sensors without changing the basic structure.
The proposed extended architecture significantly increases the efficiency of modern Internet of Things systems,
industrial monitoring systems, and smart cities, ensuring reliability, energy efficiency, and high quality of service
at minimal data transmission costs. By describing measurement, rarefaction, and reconstruction as transformations

132 Cucremu ta Texnosorii, Ne 1 (71), 2026 ISSN 2521-6643



Greenhouse: Data

Sensor 1 Sensor 2 Sensor 3 Sensor 4 Sensor 5 Sensor 6

— S J

Form vector x
x=(22, 23, 22.5, 60, 21, 22)

)
y=*x

v

Compressed Measurements
y=(20.5, -15, -39.5)

v

Radio Transmission
i iongyw-a values)

7~ Server: [Signal Recovery ' N\
r ‘ b
F

Known Matrix @ Received data y Known Basis ¥

Optimization Problem

Find s such that:

y= oty *s
s has minimum non-zero elements

v

Recovered Sparse Vector &

y

Original Signal Recovery
=Yg

v

A Recovered Signal X |
\ %=( 22,23, 22.5, 23,21,22) !

Fig. 1. Architecture of a compression measurement system for wireless sensor networks

in linear vector spaces, we emphasize both the mathematical rigor and practical effectiveness of this approach for
creating energy-efficient intelligent agricultural systems. Energy savings in sensor data transmission are achieved
by transmitting not all data.

Future research may investigate adaptive sensing matrices that update based on earlier measurements, enabling
even more efficient data collection. Smarter sampling patterns could further reduce sensor energy consumption, while
hybrid methods that combine OMP with other reconstruction techniques may improve accuracy at low computational
cost. More advanced spatio-temporal or tensor-based models could better capture complex temperature variations
inside real greenhouses. Distributed reconstruction approaches would allow sensors to cooperate locally, increasing
robustness and reducing the workload on the central server. Additional work is also needed to handle sensor faults,
noise, and missing readings. Integrating machine-learned priors or physics-based models, such as heat diffusion
equations, may provide more realistic and stable sparse representations. Finally, large-scale experiments in real
greenhouse environments will be essential for validating and improving the proposed framework.
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JIIHIAHI PEKYPEHTHI CIIBBIITHOIIIEHHS
Y CUCTEMI CUMETPUYHHUX AJITOPUTMIB LIN®PYBAHHSA

B cmammi 3anpononogano npunyuni yHKYioHy8aHHs CUMEMPUYHO20 WUDPYBAHHS HA OCHOBI 2aMU-UUpPY OmpumMa-
HO2O WATSIXOM 2€HepPyBaAHHS JIHIHUX PEKYPEHMHUX CHIGGIOHOuIeHD. JJOCTIONCeHO 6NIUG TIHIUHO20 PEKYPEeHMHO20 CNiBEIOHO-
WieHHs Ha KpUunmozpagpiuny cmilikicms aneopummis, a maxkodic HageoeHo NPUKAAoU NPAKMUYHO20 3ACMOCYBAHHS PEKYPEHIMHUX
Mmodenetl y 3abesneuenti npoyecy wugpyeanna. Ompumanuti Memooom 2amye8anHs 8 0CHOBI AK020 3a0iAHO NiHiliHe peKypeHmHe
CNiBBIOHOUEHHS, 3AUUPPOBAHIL TNEKCT € OCTAMHLO MPYOOMICIMKUM 015l POSKPUIMMSA 8 OMY 6UNAOKY, AKWO 2aMa-Uu@p He
Micmums nogmoploeanux 6imosux nocrioosHocmeti i 3MIHIOEMbCA BUNAOKOBUM YUHOM O KOJICHO20 3AUlUpPO8aAHo20 closd.
Axuwo nepioo eamu nepesuiyye 006XCUHY BCb020 3AUUPDPOBAHO20 MEKCY | HEBIOOMA MHCOOHA YACHIUHA BUXIOHO20 MEKCIY, MO
wip MoUCHA POIKPUMY MIT6KU NPAMUM NEPedOPOM MHONICUHU TLMOBIDHUX KIIOUOBUX 3HAYEHD 8 YybOMY BUNAOKY KDURMOCHIl-
Kicmb BU3HAYAEMbCst posmipom Kuoua. Te, Ha CKinbKu ymeopena eama i0nogiode sumozam besnexu y OLbuocni eunaoxis
3anedCcUms 8i0 NOUAMKOBUX OGHUX, HA OCHOBI AKUX 2eHEPYEMbCA NiHiliHe peKypennite cniggionouients. Makcumanshe 3HaueHus
nepiody nocii008HOC YITKOBUMO 3ANeNCUNb 80 2NUOUHU TIHIIHO20 PEKYPEHMHO20 CRIBBIOHOUIEHHA A CHIBBIOHOUEHHS, WO
il 3a0ae, a KOHKpemui 3HaUeH s — 6i0 NOYAMKOB020 CIMAHY NOcaidoeHocmi. ITideuwumu KpunmocmiiKicns ar2opummy MOJCHA
WIAXOM 00 €OHANHS KITbKOX PI3HUX JIHIIHUX PeKYPeHmHUX cnigionowents ¢ konmexcmi LESRs ma/abo 3acmocysannsm neni-
HIUHUX QYHKYITL 8 360POMHOMY 38 A3KY pecicmpa, HeliHiuHoI 102iku | (inbmpayii emicny pecicmpa.

Cumempuynuii aneopumm wu@py8anHs Ha OCHOSI NIHIIHO20 PEKYPEHIMHO20 CHIBBIOHOWENHS OONYCKAE AK NPOSPAMHY,
mak i anapamuy peanizayito. 3 mouKu 30py NPAKMuyHOCmi, NPOSPAMHA peanizayis 0ONycKae Oinbuly SHyUKIiCmy y 6UKOpUC-
marHi. QOHaK peanizayis aneopummis wWugpysants 6 0CHOBHOMY KOOI IPOpaMU NPOBOKYE YUCeTbHI 0e3neK08i PUsUKU N08 A3aHi
30e0inbUL I3 HeCaHKYIOHOBAHUM OOCHYNOM Ma RUMAHHAMU KOHpIOenyitinocmi nosidomaents. s eupiutenns makoi npoonemu
00peyHO 3acmocogysamu NPAKMUKy 6UHOCY QyHKYil wudpysanus ma/ado dewudpysanns 6 okpemi Mooyl abo bibriomexu,
a maxoc nepedasamu 3axutyeHull Koy 6UKOpUCMOoBYIoul uwle 3axXuilyeHi KaHau.

Y cmammi onucano, ax @yHKYioHye HA OCHOBI BCMAHOBIEHHS 3ATIEICHOCHIEN MIJIC UIeHaAMU He8I0OMOI NOCAI008HOCHIT
ma iHoexcy iHiliHe peKypeHmue cniegionoutenns. [lomounuii memoo Habys wUpoKoeo 3aCoCy8aHHA 8 AHANI3I AN2OPUMMIS,
yuppositi 06podYi cueHanis, eKoHoMiyi, a 6 KOHMeKCMi Kpunmozpagii Hepioko BUKOPUCIIOBYEMBCS 8 PAMKAX CUMEMPUYHOLO
wughpysanns.
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Y cmammi suznayero, wjo Mo0ybHuil nioxio nepeddauac po3oinenHa NPOePAMHO20 3a0e3NeYeHHs Ha T0IUHO He3ANeHCHI
YacmuHu, KOJHCHA 3 AKUX GUKOHYE OKpeMmy yukyiio. IIpu nepemeopenni Mooyia na ounamiymny 6ibniomexy 20106Ha npoepama
OyOe nuue UKIUKAMY (YHKYIIO 30 NOMpedy NOSHICHIO NPUX08youu docmyn 00 Kooy aneopummy. Takum uuHom Kpunmoepa-
piuni onepayii 6yoymu peanizyeamucs i3016068aH0, W0 O0360IUMb 3MEHWUMU PUSUK HECAHKYIOHO8AH020 0OCMYNY 00 ale0-
pummy wugpyeanns.

KntouoBi ciioBa: cumempuure wiugpysanns, Kpunmozpais, wugpysanHs, eama-uudp, 1HiiHi peKypeHnHi nociiooeHo-
Ccmi, aneopumm nepemeopenns, 0ewppyeanta, areopummiayis.

Savchenko Iu. V., Voskoboinyk V. O., Korneiko O. V., Zydova S. M. Linear recurrent relations in the system of symmetric
encryption algorithms

The article proposes the principles of functioning of symmetric encryption based on a gamma cipher obtained by gen-
erating linear recurrence relations. The influence of a linear recurrence relation on the cryptographic stability of algorithms is
investigated, and examples of practical application of recurrent models in ensuring the encryption process are also given. The
encrypted text obtained by the gamma method based on a linear recurrence relation is quite laborious to reveal if the gamma
cipher does not contain repeated bit sequences and changes randomly for each encrypted word. If the gamma period exceeds
the length of the entire encrypted text and no part of the original text is known, then the cipher can be revealed only by direct
search of the set of probable key values, in this case, the cryptographic stability is determined by the size of the key. The extent
to which the formed gamma meets the security requirements in most cases depends on the initial data on the basis of which the
linear recurrence relation is generated. The maximum value of the sequence period depends entirely on the depth of the linear
recurrence relation and the relation that sets it, and the specific values — on the initial state of the sequence. The cryptographic
strength of the algorithm can be increased by combining several different linear recurrence relations in the context of LFSRs
and/or by using nonlinear functions in the register feedback, nonlinear logic and filtering of the register contents. The symmet-
ric encryption algorithm based on the linear recurrence relation allows for both software and hardware implementation. From
the point of view of practicality, software implementation allows for greater flexibility in use. However, the implementation of
encryption algorithms in the main program code provokes numerous security risks associated mainly with unauthorized access
and message confidentiality issues. To solve such a problem, it is appropriate to apply the practice of removing encryption and/
or decryption functions to separate modules or libraries, as well as transmitting the protected key using only protected channels.
The article describes how a linear recurrence relation functions based on establishing dependencies between members of an
unknown sequence and an index. The current method has found wide application in algorithm analysis, digital signal processing,
economics, and in the context of cryptography it is often used within the framework of symmetric encryption. The article defines
that a modular approach involves dividing software into logically independent parts, each of which performs a separate function.
When converting a module into a dynamic library, the main program will only call the function, when necessary, completely
hiding access to the algorithm code. Thus, cryptographic operations will be implemented in isolation, which will reduce the risk
of unauthorized access to the encryption algorithm.

Key words: symmetric encryption, cryptography, encryption, gamma cipher, linear recurrent sequences, transformation
algorithm, decryption, algorithmization.

IMocTanoBka npodiaemu. [Ipobnema 3abe3neyeHHs 3aXUCTy 1HPOPMAITii TUIIXOM i MiJIECIPSIMOBAHOTO TIepe-
TBOPCHHSI, SIKE¢ YHEMOJINBIIIOE HECAHKI[IOHOBAHE CIIPHUHMHATTS 3MICTy CTOPOHHIMH 0CO0OAMH, € aKTyalIbHOIO 3 Hal-
JaBHIMIMX 4acis [7]. B paMkax moTouHOI MpoOIeMaTUKN BUHUKIIH JBa (DyHAAMEHTAIbHI HAIPSIMU — KpUnTorpadis
Ta KPUITOAHAJI3, [0 MAIOTh MiX COOOI0 IUJIKOM ImpoTmiexHi nini. Kpunrtorpadis cnpsimoBana Ha po3poOaeHHs
Ta TeOpETHYHE OOIPYHTYBAaHHS MaTeMaTHYHHUX METOMIB mepeTBopeHHs indopmanii. Kpunroananis, y cBOIO 4epry,
JOCIIIKY€E METOIU PO3KPUTTS a00 00x0y KpunrorpadiuHux cucteM 0e3 3HaHHS KIIOYiB IH(PYyBaHHS.

[Ipobnema BUKOpHUCTaHHS KpUNTOrpadidHUX METOAIB B iH(pOpMaLiHHIX CUCTEMAaxX cTaia 0COOIUBO aKTyasb-
HOIO Yepe3 CTPIMKE 3pOCTaHHs 0OCSTIB eIEKTPOHHUX JaHHUX, PO3BUTOK TU(PPOBUX TEXHOJOTIH 1 30UIBIICHHS Kijlb-
KOCTI Kibep3arpo3. Y cydacHOMY CBITi iH(pOpMAIis € OJTHUM 13 HAWIIHHIIIAX PECYPCiB, TOMY i1 3aXUCT BiJl HECAHK-
[IOHOBAHOTO JIOCTYILY, ITiIPOOJICHHS YK BTPATH HA0yBa€e MEepIIOYepProBOro 3HAYCHHSI.

Kpunrorpadiuni cucTeMu po3IUISFOTECS HA CUMETPUYHI 1 aCHMETPHUYHI (3 BIIKPUTUM KIItoYeM). Y BUIMAl-
Kax, KOJIM TOJIOBHHM TPIOPUTETOM € IIBUAKOIS — CUMETPHUHI KpUNITOrpadidHi alrOpUTMHU TOCTAIOTh HAHOUIBII
¢(heKTUBHUM PIIICHHSM B IIOPiBHAHHI 3 aCHMETPHYHIMH, aJUKE B HUX HE BUKOPHCTOBYIOTHCS CKIIaIHI apU(pMETHYHI
orepariii, a JesiKi eTamy 3BOAATHCS 10 MPOCTUX MEPeTBOPEHb. ToMy X JOPEYHO 3aCTOCOBYBATH ISl MIM(PYBAHHS
MoBiIoMIIeHb 200 (haitiB BeauKux po3mipis [11-13].

B cumerpuuHoMy mmgpyBaHHI IUPOKO BHKOPHCTOBYETHCS METOJ| TaMyBaHHs, IPHHIUI SIKOTO MOJSTae
B TeHepallii raMu-ImuQpy 3a JOMOMOTO0 IICEBIOBUIIAIKOBOI MOCIITOBHOCTI 1 HAKIIAJICHHS OTPUMAHOT raMu-IIudpy
(meBHOT MOCTIOBHOCTI ) Ha BiAKpUTI AaHi (Biakputuil Tekct T) 3BepHenum cnocodom. udpu ramysanus (aau-
THUBHI IIH(PH) TOCTAIOTH OMHIMH 3 Haile(PeKTUBHIMIUX Cepe]l CAMETPUIHUX MIPU(TIB 3 ONNISAY Ha CTIHKICTB Ta IPO-
[eC MBHUIKOCTI MEPETBOPEHB (IpoLeayp MU(pYBaHHS 1 Nemu(ppyBaHHs). Y rama-mudpax B 3araibHOMY BHITAAKY
BHKOPHUCTOBYETHCS OIEpAaIlis TOAaBaHHS IO MOIYII0 N 1 B OKpEMHX BHITAJKaX (IO OPIEHTOBaHI HA MPOTPaMHY
peaizarliro) J01aBaHHs 10 MOIYJIIO 2.

OCKIJIbKH B CUMETPUYHOMY IU(GPyBaHHI I mudpyBaHHS 1 U1 po3mIu(pyBaHHS BUKOPUCTOBYETHCS TOM
CaMH KJIF0Y, i1 yac raMa-mu@pyBaHHs OJHIEI0 3 BXIIMBUX MPoOIIeM, MTOCTae TeHEPYBaHHs Herepen0aqyBaHX
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JIBIHKOBHX TOCITIJIOBHOCTEW BEUKOI JOBKUHU. JlJ1s1 pO3B’sI3aHHS i€ MPOOIEMH IIUPOKO BUKOPUCTOBYIOThCS T€HE-
paropu IBIIKOBHX NCEBOBUIIAKOBUX MOCTIJOBHOCTEH. cepesl SIKUX MOXKHA BUALIUTH JIiHIIHI peKypeHTHI MOCITi-
noBHOCTI (nam — JIPIT) (Taki mocmiIoBHOCTI, IIe iHO/{I HA3WBalOTh 3BOPOTHUMH TTOCITIJIOBHOCTSIMH).

Teopist JNHIKHUX PEKYPEHTHUX IMOCIIJIOBHOCTEH € TOYHUM aHAJIOTOM TEOpil JIIHIMHUX JAuQepeHIiaTbHuX
PIBHSIHB 3 MOCTIHHMMHU KoedimieHTaMu. YacTKOBUMH BUITaJKaMU JIHIHHUX PEKYPEHTHHUX MOCIIIOBHOCTEH € Taki
MOCTIIOBHOCTI SIK: apu()METUYHA TIPOTPecis reoMeTpuyHa nporpecis, unucia didonaudi, yncna Jlroka, gucna Tpu-
OoHauyi, ociioBHOCTI JItoka. Takok peKypeHTHI CITiBBIIHOIICHHS MAIOTh MPUHIIAIIOBE 3HAYCHHS B €KOHOMIII],
nrpoBii 00poOITi CHTHAIIIB, KOMOTHATOPHIII, 010JIOTIT, aHATI31 ATOPUTMIB (3 METOKO OTHCATH Yac pOOOTH MIEBHOTO
anroputmy), Tomio [1, 8, 9].

Meta crarTi. MeToro cTaTTi € JOCTi/DKCHHS PeKYPEHTHHX CITIBBIIHOIIECHh B CUCTEMI CHMETPHYHHUX KPHUII-
TorpadiyHUX aITOPUTMIB 3 METOIO BHSIBJICHHS 3aKOHOMIpHOCTEH iX MOOYIOBH Ta OLIHKH iX BIUIMBY Ha CTilKiCTh
ANropuTMy rama-mudpyBaHHs.

BukJiag ocHOBHOro MaTtepiaiy

Orisp JiHIHUX peKypeHTHHX nocaigoBHocTell. Ha npaxtuni Haifuacrime B sKoCTi raMu-1mudpy y BUCTY-
nae JBiiikoBa (0iTOBa) MOCIIJOBHICTh, OCKUJIBKH JI0 HEl Ay’Ke 3py4YHO BUKOPUCTOBYBATH JJISl HAKJIAZAAHHS OIIEPaLlilo
pukirouHoro ABO (XOR) 3a ¢popmysioro 1:

P=T®y. (1)

OCKIiJIbKH B CUMETPUYHOMY IU(GPYBaHHI OJUH 1 TOH caMui KJIFOY Mae OyTH HAsBHUH 1 y BiIIpaBHUKA,
1y OTpUMyBaya, a ramMa-mudp Mae Taky X JOBXKHHY, K 1 TIOBIIOMJICHHS — 11 HEJIOMIJIHLHO TIepeaaBaTH 10 KaHaIaM
3B’ SI3KY.

IToTouna mpobiema Moke OyTH BHpillIeHA IUIIXOM HE3aJIeKHOTO TeHEepyBaHHS raMu-mmmpy Ha 0ol Bin-
MpaBHMKA 1 HAa OOIIi OTPUMYBaYa 3aBJSIKM TeHepaTopaM MCeBI0BUIIAIKOBUX MOCIITIOBHOCTEH. BimoBigHO 110 3axU-
IICHUM KaHaJIaM 3B’ 3Ky IepeJacThCsl HE caMa rama, a JIMIIe MOYaTKOBHH CTaH reHeparopa. ' eneparop nceBuoBH-
MaJIKOBUX MOCTIJOBHOCTEH MOXe (DyHKIIOHYBaTH HA OCHOBI JIIHIIHNUX peKypeHTHHX nociigoBHocTei (JIPIT).

PexypeHTHa MOCIIIOBHICTh BUCTYIIAE OJHUM 3 BUJIiB PIBHSIHHS, [0 BU3HAYAE MTOCIIIOBHICTh YHCEI, JIE KOXKCH
YJICH 3aJIC)KUTH BiJI MTOMIEPEIHIX HA OCHOBI JICSKOTO MPaBHia. 3arallbHUX IPABHI PO3B’SI3aHHS PEKYPCHTHHX CITiB-
BiJHOIICHD HE icHYy€. [IpoTe icHye Ki1ac peKypeHTHHX CIiBBiIHOIICHB, SIKHI PO3B’SI3YEThCs €IMHUM MeTomoM. Lle
OJTHOPIJIHE CITiBBITHOIICHHSI 13 CTATMMHU Koe(DillieHTaMH, 1110 3a1a€ThCsl y BUIVIsL: (2)

a -x ®.®a_ x, A Da x, 2)

x/c+n = 1 k+n-1 @ aZ X

k+n-2 1

mek=12,...

YUseHu MocIiIOBHOCTI X, i KOeDilieHTH @, — 3Ha4eHHs 13 MHOKMHK {0, 1}.

BenuunHa 7 — IMOMHA TOCTIIOBHOCTI, 10 BU3HAYAETHCS PI3HUIICIO MiX HAaHCTApIIMM 1 HAWMOJIOAIINAM
1HJIEKCaMH €JIEMEHTIB B 3aITUCY MOCIIJOBHOCTI. [I04aTKOBMM CTaHOM IICEBIOBUIIAJKOBOI MOCIIJJOBHOCTI BUCTYIIA-
0T Tepii n 3Hauenb x, (i = 1, 2, ..., n).

3amaua po3B’si3aHHS PEKYPEHTHOTO CIIBBIJHOIICHHS IOJSTAaE B 3HAXOKCHHI HEBIZOMOI ITOCIIIOBHOCTI.
TeopetndHo, Taka MOCHIITOBHICTE Ma€ HECKIHUEHHO Oararo po3B’s3KiB. 3a3BHUAM, KiUTBKICTh TAKUX PO3B’S3KIiB
00MEXYEThCS 3a/IaHHSIM 3HaYCHb IMOYATKOBHX YICHIB HEBIIOMOT IMOCITITIOBHOCTI. PeKypeHTHe cIiBBiIHOMICHHS £-TO
MOPSIIKY HAa3UBAETHCS JTIHIHHNUM, SKIIO KOKCH HACTYITHHUH YJICH I[bOT0 PEKypEHTHOTO CIiBBITHOIICHHS € JTiHIHHOIO
KoMOiHari€eto k momepenHix 4ieHis.

Po3B’s13kM peKypeHTHOTO CMiBBIIHOLICHHS MOAUISIOTh Ha 3arajibHUi Ta YaCTKOBHIA. 3arajJbHUM PO3B’SI3KOM
BBKAETHCS TAKUM, IO 3aJICKUTH BiJI IOBITLHUX CTAIIUX, SIKI MOXKYTh OyTH TiI0OpaHUMU TTPH OyIb-SIKHX TOYaTKOBUX
YMOBaXx, BiH BU3HAYAETh SIK CyMa OJIHOPIJIHUX 1 YACTKOBHX PO3B’s3KiB. YaCTKOBUM PO3B’S3KOM B CBOIO YEpry Ha3H-
Ba€ThCs Oy/Ib-SIKUI PO3B 30K, 10 MOYKE OYTH OTPUMAHUH 13 3araJIbHOT0, BCTAHOBJICHHSM 3Ha4eHb HOTO cTamuX [2].

Hanpuknan, s 3amanoi JIPIT criiBBigHOIIEHHSIM X, =X, @ X,, YChOTO MOXJIUBHX ximouis: 23 = 8. [pu
TOYaTKOBOMY CTaHi, Hanpuknan x, = 1, x, = 1, x, = 0 po3s’s3anHs cUCTEMU HaOyBa€ HACTYITHOTO BUIJISALY:

x,=x,®x=101=0; x,=x,@x,=101=0;
X, =x,®x,=001=1; x,=x,@x,=001=1;
X =x,®x,=000=0; x,=x,®x,=000=0;
x,=x,®x,=1®0=1; x,=x,®x,=100=1;
X, =x,Ox,=001=1; x,=x,@x,=0D1=1;
X,=x,®x,=1®0=1; x,=x,0x,=1®0=1;
X, =X%®x,=101=0; x,=x,@x,=101=0;

3BiZICM MOYKHA TIOMITHTH, IO TICJIsI BUKOHAHHS 7 TAaKTy MOYMHAETHLCS IMEpexi]] y modarkoBui craH. OTxke
NiHiiHA peKypeHTHa MOociinoBHICTh HaOyBae Bunminy 1100101.... [Micna dopmysanns JIPIL, mis mmdpyBanHs

138 Cucremu ta Texnosorii, Ne 1 (71), 2026 ISSN 2521-6643



nosigomiieHHA (Hanpukian “Coding”) HaCTYITHIM KpOKOM Oyzie epeBe/ICHHS BXiTHOTO TEKCTY y ABIHKOBUI BUITIS
JUIA HakJaneHHs orpuManoi ramu-mmdpy (1100101) yepes onepariro nogaBanns 3a moayineM (XOR). Otxe, npo-
1ec mu(pyBaHHs BUIVILIA€ HACTYITHUM YHHOM:

Coding = 01000011 01101111 01100100 01101001 01101110 01100111

XOR

I'ama mmgp = 11001011 10010111 00101110 01011100 10111001 01110010

Pesynerar = 10001000 11110000 01001010 00110101 11010111 00010101 B hex 1eit Bupa3 Habyne BUITIALY
“88F04A35D715”.

Ipouec peurndpyBanHs raMu-1nuQpy B OCHOBI SKOTO JICKUTH CTBOPEHHs ramu Ha 0cHOBi JIPTI 3aificHO€THCS
JUTSL TOBTOPHOT reHepallii raMu-mudpy ¢hopMOBaHOTO JIHIIIE IPU HASBHOCTI BiIOMOT0 KIJIFOYa Ta HAKJIaJaHHi TaKoi
K raMu Ha 3ammdpoBani jaHi, 3rigHo hopmyi 1.

T=P®y. (3)

OTXe, IepIuM KpOKoM sl po3IIu(pyBaHHS € TEPEBEICHHS 3all(pPOBaHOrO TOBITOMIICHHS Y OITOBHIA
Bunisaa. Hanami, sHatoun rmubuny JIPII (n), 11 po3KpHUTTS 3aK0HY (hopMyBaHHS JTiHIHHO-PEKYyPEHTHOI TOCIIiTIOBHO-
CTi Ma€e OyTH IepexoIIeHo (a0 BIATBOPEHO METOIOM MiAOOpPY) 2" MOps PO3MILIEHNX BipHUX OITiB, 110 (POPMYIOTh
ninsaky JIPTT {x, , x, o, ..., x, , }. BHAcHignoK, OTpUMaHOi IUISHKY MOCIIIOBHOCTI, KDUIITOAHATITUK MOXE BUPAXY-
BATH HACTYIIHI KOE(DI[IEHTH BiAMOBIHOTO PEKYPEHTHOTO CIIBBIHOIIEHHS, PO3B’SI3aBILIK CUCTEMY BIJIHOCHO @, [3].

Hanpuknag 1yt po3mIsTHyTOTO BUILE 3amI(ppPOBAHOTO MOBIOMIICHHS, 32 YMOBH, IO KPUIITOAHAIIITHKY BiIO-

MUi noyaTkoBui ctal (x, = 1, x, =1, x, = 0) npouec mudpyBanHs BUMIAIAE HACTYITHAM YHHOM:

88f04a35d715=01000011 01101111 01100100 01101001 01101110 01100111

XOR

lama-tmm¢p = 11001011 10010111 00101110 01011100 10111001 01110010

Pesynsrar = 10001000 11110000 01001010 00110101 11010111 00010101 1o Bignosinae cioBy «Coding».

OnHak, B yMOBaX, KOJH IMOYATKOBHH CTaH 3aJUINAETHCS HEBIIOMHUM, AJS OeIIH(PYBaHHS ITOBiTOMIICHHS
MOYKHA CKOPUCTATHUCS (32 TX HASBHOCTI) BiZIOMOCTSIMH PO TIIMOWHY TTOCIIIOBHOCTI N.

Hanpuknaz, Ko BiJIoOMO, IO KiTBbKICHE 3HAYEHHS KIFOYiB — 3 OiTH: (X, X,, X,), YChOTO MOX/IMBHMX BapiaHTiB
KJIFOYIB JiUIst AetndpyBanHs 2", 110 B IOTOYHOMY BHOAJKy BianoBimae 2° = 8. Omxe, i nemdpyBaHHs TOBi-
JIOMJICHHS Tpeba rmepedpaT Bci MOXKIIMBI BapiaHTH KOMOIHAIIH Kiro4a (B JaHOMY BHUIAIKy, TAKUMH KOMOiHAIisIMH
noctarots 000, 111,001, 011, 110, 101, 010, 100) i Ha OCHOBI pe3ybTaTIB MiCJIA YTBOPEHHS Bij KOYKHOTO BiOBI-
HOTO KJIIOUa MOCTiI0BHOCTI, BUKOHATH 13 KOXHOIO MOCTIIOBHICTIO ONEpALlio JOAAaBaHHS 3a MofayieM. [licns mporo,
nepeOdpaBIIN BCi OTpUMaHi 2" BapiaHTiB Pe3y/IbTaTiB — BiTHANTH TOH, 38 AKMM BUXOIUTH OCMHUCIICHUH Pe3yJIbTar.

3aranom, Juid peanizauii KpuntorpadidyHo CTIMKOTO MOTOKOBOTO CHMETPUYHOTO HAa OCHOBI raMu-1mudpy
npe’ sIBISAIOTHCS TPU OCHOBHI BUMOTH:

1) BaxxnuBoro 3 TOYKH 30py KpunTorpadigHoi CTIHKOCTI XapaKTepucTHKo reneparopa Ha JIPII € mepion
TeHEePOBAHOI MMOCITIIOBHOCTI, OCKUIBKH TEpiofl TaMU TOBHHEH OyTH JIOCHTH BEJIHUKUM JJIs IMIH(PYBaHHS MOBIJIO-
MJICHB Pi3HOT JOBXKHHU.

Y JIPII MmakcuMasibHUI MEpiojt TTOCiJOBHOCTI IMMOUHHM 7 fopiBHIoe T° . 3HaueHHs 1| IIJKOBUTO 3aJIEXKHUTh
BiJ mouarkoBux ymMoB JIPII Ta miAKpiruIroeThess BA3HAYCHHAM XapakrepucTuaHoro Mmaorowreny JIPII. Xapakrepuc-
TUYHUM — € MHOTOWICH, SIKMH OTPUMYIOTh 3 OJHOPITHOTO JiHIHHOTO PEKyPEHTHOTO PiBHSHHS, 3aMIHMBIIN YJICH
TMOCITIIOBHOCTI ¢ HA 3MiHHY A, & TIONIEPE/IHI WIEHH — Ha BiANOBI/IHI CTENEH] i€l 3MiHHOT, IPU UBOMY B SIKOCTI KO-
(iIieHTIB MHOTOWICHA TTOCTAIOTh KOC(ILli€HTH PEKYPEHTHOTO PiBHIHHS). XapaKTepUCTUIHUI MHOTOWICH JTiHIHHOT
PEKYPEHTHOI MOCIiA0OBHOCTI NEBHOT IMMOMHNU IOCIIiOBHOCTI N HA3UBAETHCSI MHOTOWICHOM CTYTEHS 71: (

S =k +a -N'"+a,-N*+...+a  -A+a, 4)

OTpUMaHU MHOTOWIEH, SIKUH HE MOYKHA PO3KJIACTH HA MHOYKHUKH HHYKYOTO CTYIICHS, HA3UBAETHCS HE3Bi/I-
HUM Ta BUCTYIIA€ aHAJIOTOM MPOCTOro unciia. He3BiAHUMH MHOTOUYJIGHAMH TIEPILOTO 1 APYTOTo CTyIeHs €: A, A + 1,
A%+ A+ 1. TIpu 1poMy, SIKIIIO MHOTOYJICH € HE3BIJHUM, TO BiH € TiTbHUKOM MHOTOWIeHa A*"~! + 1. TTopsiaikoM HE3Bi-
HOro MHOTrouJieHa f(\) Ha3UBAETbCA HAMEHIIIEe YUCIIO S, TaKe 1[0 MHOTowIeH As + 1 qinuThcs Ha MHOTOWIEH f(A).
SIKII0 XapaKTepUCTHYHUI MHOTOYICH MOCIITOBHOCTI € HE3BIHUM, TO TIEPiOJT MOCITIOBHOCTI TOPIBHIOE MOPSITIKOBI
OrO MHOTOUJICHA.

Bimomo, mo MHOrowreH A" + 1 miaMThest Ha MHOTOWIEH Af + 1 TIIBKH y TOMY BHIIQJIKY, SIKIIO /71 TUTATHCS
Ha k. TaKUM 9UHOM, MTOPSJIOK § HE3BIAHOTO MHOTOYJICHA € AUTHbHUKOM uuciia 2" — 1. 3BifcH, KO XapaKTepUCTHY-
HUH MHOTOYJICH JIIHIMHOT PEeKYPEHTHOI TIOCIIOBHOCTI € HE3BITHUM, TO MEPioJl MOCTiIOBHOCTI 1" Oy/ie JiTbHIUKOM
sHadennsa 7 . Orxe, aKio xapakrepuctuunuii Mmuorowien JIPII € nesignum i 7 — OpocTe YMCIO, TO MEPioj
HOCIIOBHOCTI JIopiBHIOE T TIpU Oy/Ib-SKMX MOYATKOBMX 3HAYEHHSX, OKPIM BCiX HYJIiB. 3BIJICH, AKIIO XapaKTe-
puctnunuii muorowten JIPII € nes3gignum i ipu upomy 7 — OpOCTE YKCIIO, TO MEPIOJL MOCIITOBHOCTI IOPiBHIOE
T 1mpu OyJb-IKHX TIOYaTKOBUX 3HAYEHHSX (BUHSTKOM € MOCIIIOBHICTb, 110 MMOBHICTIO CKJIQIA€ThCs 3 HYIMIB) [4].

max
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2) 'ama moBuHHA OyTH MIPAKTHYHO HEMepe0auyBaHOI0, 10 O3HAUa€ HEMOXKIIMBICTh epe10aYNTH HACTYTHUH
01T ramu, HaBITH SIKILO BiZJOMI THII TeHepaTopa i monepeaHiit Bipi30k ramMH.

Jns ycknmamHeHHs 3a7a4i KpUNTOAHANi3y 1 3a0e3leveHHs: MOTOYHUM Bumoram, mopsin i3 JIPIT B uuctomy
BUIVISIZII HEPIJKO 3aCTOCOBYIOTh HACTYITHI METOAM IMiABUILEHHS KPUOTOCTIHKOCTI alrTOpUTMY:

3actocyBanns JIPII y reneparopax perictpis 3cyBy (LFSRs — Linear Feedback Shift Registers). Lleit meton
MpeACTaBIsE CO00I0 KOMOIHYBAaHHS EKUTBKOX TCHEPAaTOPiB IICEBIOBHIIAAKOBHX OCTIOBHOCTEH Ha ocHOBI JIPIL,
0 Pe3yJIbTaTi 00’ €HYIOTHCS B OJIMH, CHHXPOHI3YIOUH 1XHI BUXOJH Yepe3 BIIMOBIIHY onepallito. Taki reHepatopu
MOXKYTh MaTH SIK OJJHAKOBY TaK 1 Pi3HY INIMOMHY TOCIIIOBHOCTI.

Sk npuknan, po3nTHEMO TeHEpyBaHHS TaMU-ITU(PPOM METOIOM KOMOIHAITIT IBOX ITOCITIIOBHOCTEH SIS TIOBi-
JIOMJICHHS TOBKHUHOI 6 0alT. Hexall rmuOnHa JiHIHHOTO PEeKypPEeHTHOTO CITIBBIIHOMICHHS /7 = 3, TIPH IIbOMY 3Ha-
YEHHS KJIIOYiB MepIuoro Bunaaky x, = 1, x, = 1, x, = 0 Ta 3HaYEHHAX KJIHOYiB APYTOro BUIAJIKY BiANOBiIHO X, = 1,
x, =0, x, =1 (nepiox mocninoBHoCTI B 1boMy Bunaaky 1011100...). 3a noto4Hnx ymoB, raMma-mudp OTpUMyeEThCs
HACTYITHUM YUHOM:

JIPII, = 01000011 01101111 01100100 01101001 01101110 01100111

XOR

JIPIL, = 10111001 01110010 11100101 11001011 10010111 00101110
I'ama-mmdp = 11111010 00011101 10000001 10100010 11111001 01001001

Sk 6aunMo, B OTpEMaHOMY TaMa MUQpi JOBKUHO 48 OIT WiTKHiA Iepiod He MPOCIIiIKOBY€EThCS, OTHKE MOXKHA
3poOUTH BUCHOBOK, 110 IepeBaroto Metoxay koMmOiHauii kinbkox JIPII mis ¢popMyBaHHS raMMH € Te, IO PE3YJIbTY-
104a MOCIIIJJOBHICTh Ma€ 3HauH1 NepioJd, B pe3ysbTari 40ro, OTpuMaHuii rama-mundp HabyBae O11bLI0i Henependa-
YyBaHOCTI.

TakuM YHHOM, ISl 3IHCHEHHS e pyBaHHS HEJIOCTATHLO 3HATH JIAIIIE TIOYaTKOBI YMOBH 200 PO3MIpHICTh
SIKOTOCh OJTHOTO PEKYPEHTHOTO PiBHSIHHSA. KpUNITOAHAITHKY B IIBOMY BHITJIKY, SIK MiHIMYM TpeOa BOJIOIITH iH(pOp-
MAITIEFO SIK PO KUTBKICTh MOCTIIOBHOCTEH, 110 IPUHAMAIOTh YUacTh Y CTBOPEHI TaMU-ITU(PY, 1 MaTH YSBJICHHS PO
BIJIMOBI/IHI peKypeHTHI PiBHSAHHSI (3HATH iX ITMOWHY Ta/ab0 MOYaTKoBi 3HAYCHHS (KIJIFOY1).

TeopeTHuHO B pO3MISTHYTOMY METO/I, KUTbKICTh pi3HUX 3reHepoBanux JIPII ams cuHXpoHI3allii KibKICHO He
00MEXYETBCS, SIKITIO I0pa3y MepeaaBaTy MOCIiTOBHOCTI Pi3HUX po3MipHOCTEeH. OnHAK, Y BUMAAKY SKIIO IS TeHe-
panii ramu-mmdpy BukopucroyBatu JIPII npu ctarnyHii muOUHI, TO MAKCHMAJIBHO MOYKIJIMBA KiTbKICTh MOCITi-
JIOBHOCTEH I CHHXPOHI3allii BA3HAYAETHCS BIAMOBIIHO 10 MAKCUMAJIbHOT KIJIKOCTI 3HAU€Hb 11 KIIFO4iB — 2"

Takok, YCKIaTHUTH CTBOPEHHS I'aMH MO)KHA BHUKOPHCTOBYIOUM IEPETBOPEHHS 4epe3 HelNiHiiHI (QyHKIl
B 3BOPOTHOMY 3B 513Ky perictpa abo HemniHiiiHy JIOTiKy 1 (ijbTpaiito BMicTy perictpa. Po3B’s13ku HeNMiHIHHUX peKy-
PEHTHHUX CITiBB1IHOLLIEHb MOYKHA 3HAXOAUTH 3a IOTIOMOI'0I0 reHeparpuc [5].

3) ['eHepyBaHHs TaMU HE IIOBHHHE BUKJIMKATH BEIUKAX TEXHIYHUX CKIATHOCTEeH. PO3IIsHY THIT cCHMETpHIHUHT
anroput™ mudpysanHs Ha ocHOBI JIPII € mocuts 3po3yminuM depe3 3acToCyBaHHS IIPOCTHX MAaTEMaTHYHUX IIepe-
TBOPEHb 1 BIAMOBIAHO JIOMyCKA€E SIK MPOrpaMHy, TaK 1 anapaTHy peanmizamito. OJHaK, 3 TOYKH 30py MPAKTUIHOCTI,
MporpamMHa peaizailis A0mycKae OibIly THYYKICTh Y BUKOPHUCTAHHI.

3Bakarouu Ha I1e, B paMKax JOCIIDKSHHs OyJI0 po3po0JIeHO BIAMOBIAHY MPUKIAIHY IPOTPaMHy peai3allito,
110 BKJTIOUA€E B cebe aBTOMAaTHYHY 00pOOKY PO3IISIHYTHX aJTOPUTMIB CHMETPUYHOTO N PYBaHHS/ eI (ppyBaHHS
METOJIOM HaKJIaJaHHS raMu-mudpy Ha ocHoBi reHeparopa JIIIP Ha MoBi mporpamysanus Python 3a momomoroio
CTBOpPEHHS BIANOBIIHUX (yHKLIH crypto() Ta decrypt().

ITporpamua peaJi3zaniss mmppyBanns Ha ocuosi JIPIIL.
#NporpamHa peanisauia wudpyBaHHA Ha ocHoBi JIPM
import itertools, random
def crypto(text: str, key_len: int) -> str:

LRP = []

text_bit, Bit_res = ¢’, ¢ ¢

for i in text:

for j in format(ord(i), €08b’):
text_bit += str(j)

#print( ‘BxipHe noBipgomneHHa y 6iTax:’, text_bit)

for i in range(key_len):

LRP.append(random.randint(e, 1))
#print( ‘Knwy:’, LRP)
for i in range(len(text_bit) - key_len):
sub_seq = LRP[i:key_len + i]
for j in range(key_len - 2):
if sub_seq[j] != sub_seq[j + 1]:
sub_seq.append(1)
else:
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sub_seq.append(0)
LRP.append(sub_seq[-1])
#print(‘Famma wudp: ¢, *LRP)
for i in range(len(text_bit)):
if text_bit[i] != str(LRP[i]):
Bit_res += ‘1’
else:
Bit_res += ‘@’
return Bit_res
def encrypt(code: str, key len: int) -> list:
Bit_res = []
bit =
LRP = [list(p) for p in itertools.product([@, 1], repeat=key len)]
#print( ‘Moxnuei kombiHauii knw4a’)
#for i in range(len(LRP)):
#print(LRP[i])
for i in range(len(LRP)):
for j in range(len(code) - key_len):
sub_seq = LRP[i][j:key _len + j]
for k in range(key len - 2):
if sub_seq[k] != sub_seq[k + 1]:
sub_seq.append(1)
else:
sub_seq.append(0@)
LRP[i].append(sub_seq[-1])
#print( ‘MoxnuBi rama-BcTaBku: ¢)
for i in range(len(LRP)):
#print(LRP[i])
for j in range(len(code)):
if code[j] != str(LRP[i][j]):

bit += ‘1
else:
bit += ‘o’
Bit_res.append(bit[1::])
bit = ¢

return Bit_res
my_text = input(‘BxigHe noBipomneHHs: ¢)
key = random.randint(3, 10)
code = crypto(my_text, key)
print( ‘3awndpoBaHe nosipomneHHs: ¢, code)
encode = encrypt(code, key)
print( ‘Po3unppoBaHi Bapiauii noigomneHHa: ©)
for i in range(len(encode)):
print(f’{i + 1}) {encode[i]}’)

OyHK1is crypto() CTBOpeHa 3 METOI0 KoayBaHHA iH(popmartii. Bona 006po06itoe 1Bi ckianoBi (BXiaHiI AaHi):

text — MepBUHHE MOBIJOMJICHHS 3MICT SIKOTO HEOOXiTHO MPUXOBATU. Take MOBIIOMIICHHS, NPEACTABISETHCS
pi3HMME cniocobaMu, HaifuacTilie, y BUIVISAL TEKCTIiB, 3alIUCaHMX y JAesKoMy ayi(haBiTi (HampUKiIad MOBiIOMICHHS
TekcToM “Math”;

key len — mnbuHa nociigoBHOCTI, 110 3aAa€Thesl B Aiana3oHi Big 3 1o 10 (BapTo 3a3HA4YMTH, 110 TOTOUHHUI
Jiarma3oH Moxe OyTH 3MIHEHHH a00 PO3MIMPEHHUM JIUIsl KOHKPETHUX 1HIUBIAyaJIbHUX BHUMAIKiB. OJHAK B paMKax
HaIACaHHS TPUKIIATHOL IpOTrpaMu OyiIr 0OpaHi 3HAUYCHHS, Pe3yIbTaT SIKUX MOJKHA MTPEACTABUTH OLTBIT HAOYHO).

B nepiny gepry, BXiJHE MOBIIOMIICHHS IEPEBOAUTHLCS B OiToBMiA BUIVIsA. Hanami, BinOyBaeThCsl reHepariis
CYKYIIHICTB JIaHUX, K1 BU3HAYAIOTh BUOIp KOHKPETHOTO IMEPETBOPEHHS 3 YCi€i MHOKHHH TIEPETBOPEHb, 10 Peaizy-
t1oTbes muppoM. Otpumasun mubuHy JIPII, Ha 0OCHOBI BUNAIKOBOCTI KIIFOUOBI 3HAYEHHS X, X,, ..., X OOMPAKOTHCS
BHMIAIKOBUM YMHOM i3 MHOXHHH {0, 1} MeTomom random.randint(0, 1).

Sk 6aunMO, KITIOU 3HAXOIUTHCS TUTBKU Y BHYTPIITHBOMY CEPEAOBHII (DYHKIIIT, TOMY IS TOAAIIBIIOTO IS (-
pyBaHHS 11i 3HAYEHHS OyAyTh 3alUIIATHCA HEBIIOMUMHU. B MOTOYHOMY BHUIAJKy, 3reHEpOBaHE 3HAYCHHS TMOUHH
nocnioBHocTi key len = 3, a Biinosiquui 3reHepoBanmnii Kitod HaOys Bursay x, =0, x, =0, x, = L.

Ha ocHoOBi nmouarkoBuX (3reHepOBaHMX) 3HAYEHb KJIF04Ya, BUKOPUCTOBYIOUH 3arajbHy (hopmyiy GhopMyBaHHS
JIPII, ¢popmyeThes BiANOBiAHA rama 110 32 CBOIM PO3MIpOM JOPiBHIOE OITOBi JOBKHMHI BXiTHOTO MTOB1IOMIICHHS.
[Ticas uporo, MeTonoM BUHHATKOBOI Iu3H toKUii (Oiibi Bimoma sk omnepauis XOR) BU3Ha4ae€ThCS yMOBA: SIKILO
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3HaUCHHs OiTy BXiIHOTO MOBIJOMJICHHS Ha MEBHiM mo3umiii = 1, 2, 3... He BiANOBIAa€ 3HAUCHHIO OiTYy reMU-IHu(py
Ha Tilf camiif mo3uILiT (KOJIM JIMIIIE OIMH 13 BX1AHUX OTEPAH/IIB € «ICTUHHIM» ) — PE3y/IbTYI0Ua MOCIiIOBHICTb (3allIH-
(hpoBaHe TOBIJOMJICHHS) JONIOBHIOETHCS 3HaUeHHsIM 1. B iHIOMY BHMajKy, K10 OiTH OJHAKOBI — MMOCIHIIOBHICTh
JIOTIOBHIOETHCS 3HaUeHHs M O (puc. 1).

BxinHe no

BxinHe nosin / 8106116016116

Kniw: [0,
F 1 808160 - [ 18:43-1'1 8 18 1 10 10010

JawnpposaHe noeigomMneHHE:

Puc. 1. Buxkonanss anroputmy mudpyBaHHSI

Oymukist encrypt() B CBOIO 4epry CIYTye Ul pO3IIU(PYBaHHSI MOBIIOMIICHHS 1 TAKOX IpHUIMAaE J1Ba apry-
MEHTH:

code — 3aK0I0BaHE MOBIIOMIIEHHSI, 3MICT SIKOTO HEOOX1THO PO3KPUTH (OTPUMAHE B XOJi 3aCTOCYBaHHS (DYHK-
wii crypto() 10 MOBiTOMIICHHS y ONEPETHBOMY MPHUKIIA/L);

key len — ruOuHa mocimiIOBHOCTI, 110 Ma€ T€ K 3HAYEHHS, 110 NiepeaaBaioca y QyHKIio As mudpyBaHHsS
(key len = 3). Tyt BapTO 3a3Ha4YUTH, IO TapaMeTp MNIMOUHU MOCIIIOBHOCTI HE JOpeYHO Oylio O reHepyBaTH BCepe-
nuHi QyHKIi-KoxyBanbHuKa. OCKiNbKH, 3a BIICYTHOCTI iH(pOpMAILii PO K04 X , X,, ..., X, K 3HAXONATHCS JIULIE
B cepeaoBui GyHkii code(), TUTbKK 32 YMOBH BiJJOMOTO 3HAYCHHS PO MIMOMHY MOCIIIJOBHOCTI, MU MOXKEMO BiI-
TBOPUTH (HOPMYITY PEKYPEHTHOTO CITiBBITHOIIECHHS, 0€3 3HAHHS SKOTO — pO3IIU(PYBaHHS MOBIIOMICHHS (aKTHUHO
HEMOJKIIMBE.

3BICHO, JUTsl KPUIITOAHAIIITHKA, Y BapiaHTi BIICYTHOCTI iH(OpMaIIii Ipo TOBXKHUHY, 3aTHINAETHCS TITBKH ITOCITi-
JIOBHUH 11epedip 3HAYCHb, JIJIS 3HAXO/DKEHHS IIMOMHH TIOCTiIOBHOCTI 77 = 2, 3...). OfHaK, I TOBIpEHOTO ajpecara
iH(pOpMaIis MPo JOBKUHY KITF0Ya MOCTa€ HEOOXiTHICTIO. Y 3BUYaifHUX yMOBaX CHCTEMH MIN(PyBaHHs, 3 MipKyBaHb
Oe3nekH 1 3a0e3neyeH st KOH(1IESHIIMHOCTI THPOpMAITii 0 MepeacThes, TAKUH KITF0Y HEOOX1THO Tiepe/IaBaTh JIUIIIe
CaHKI[IOHOBAaHOMY KOPHCTYBA4EBi 1 JIUIIC MO 3aXUIICHUM KaHaJaM 3B’S3Ky BHKOPHCTOBYIOUHM CHCTEMY 3aKPHTOTO
KJIFO4a, aJKe Taka CHCTEMa B paMKaxX CUMETPUYHOIO MmugpyBaHHs Oyna CTBOPEHA caMe AJIsl TAKUX BUMAJKIB, KOIU
OJIVIH 1 TOM caMuil KITIF0Y HEOOX11HO BUKOPUCTATH JJs IK(pyBaHHA Ta po3udpyBanHs iHpopmaii. [lepenaru kitou
Ha ocHoBi JIPIT mokHa 3amisBIIM TexHONOTIT yroau npo kitou (keyagreement), uepe3 BCTAaHOBJIEHHS! aBTOPHU30Ba-
Horo TLS/SSH-ceaHncy i nmepenadi Kiiro4a BCEpeIHHI HbOTO, BUKOPUCTAHHS CITYKO YIIPABIIHHS KIIFOYaMU, TOIIO.

[Ticist orpuMaHHS QYHKIIEIO BXITHUX JaHUX, TOYMHAETHCS NPSIMUE epebip BCiX MOXKIMBHUX KITFOUOBUX 3HA-
YEeHb yTBOPKOKOYM MHOXHHY 3 KIIFOYiB X , X,, ..., X PO3aMaxoM y 2" BapiaHTiB (puc. 2).

Puc. 2. TTepe0ip KiIr04iB TIMOWHU TOCTIIOBHOCTI 77 = 3

Teopernano Oynb-sKUH 3 IIUX BapiaHTiB KMI04iB Mir OyTn mouarkoBuM 3HaueHHAM JIPII sixa yTBOpmia rama-
mmdp, mo OyB MOKIAJCHUN B OCHOBY IIH(PYBAHHS MOBIIOMIICHHS. 3BaXKal0uX HA II€, i/ KOXKHY Bapialliio KJIIOUiB
(bopMye€eThCsI BIIMOBITHA MOCTIIOBHICTh (BUKOPUCTOBYIOUHM PEKYPEHTHE PIBHAHHS), JOBKHHA SKOi JJOPIBHIOE OiTO-
Biii JIOBXKMHI 3aKOJJOBAHOTO TIOBIJJIOMJICHHS (pHC. 3).

B pesynbrari, 13 K0XKHOIO 31 C()OPMOBAHUX raM BHKOHYETHCS OINEPallil0 BUMHATKOBOI JU3H IOKIII i3 3aKO-
JIOBaHMM IOBIJOMIICHHSAM. B 1IbOMy BUIIa/IKy, BapTO 3BEpHYTH yBary Ha nepesary onepauii XOR, ockibku BOHa
BOJIOJIi€ BITACTUBICTIO CaMO3BOPOTHOCTI (TTOBTOPHE 3aCTOCYBAaHHS L€l oreparii 3 THM caMHUM KJIIOYeM BiJTHOBIIIOE
MOYaTKOBi JaHi.). BimoBigHo, anropnT™ HaKJIagaHHSA TaMa-BCTaBKH MOXKHA OTHCATH (OPMYIIOL0 3:

(reyoy=r

e M — nmouatkoBe MoBigoMIIeHHS; ¥ — rama mudp; @ — oneparis XOR.
[licns mpoBeneHHST BUIHATKOBOI TU3H IOKIIT 13 KOXXHUM €JIEMEHTOM MHOKHHU I'aMa-BCTaBOK, OTPUMYEMO
HACTYITHY MHOXKHHY pe3yJIbTaTiB HMOBIPHOTO MOBIAOMIICHHS. 3 OTPHMAHMX 2" BapiaHTIB TIJIBKU OJMH PE3ylbTaT
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E MOB1

Puc. 5. Pe3ynbrar po6otn nporpaMu 3 mmdpyBaHHs Ta JeMH(PYyBaHHS B 3aralboOMy BUITAIKY

eKBIBaJCHTHUI GITOBOMY BHIVISIY 3aKOJJOBAHOTO BXIJHOTO TEKCTy. B po3risiHyTOMY NpHKIazi, BIpHUM pe3yibTa-
TOM € II'SITU/ Pe3yNbTaT, 0 JOPiBHIOE OITOBOMY BUMIISAY moBigomieHHs «Mathy (puc. 4).

3BHYANHO MMijJ Yac MHu(PyBaHHS, 3 MIpKYBaHb OC3ICKH, Y XO1 BUKOHAHHS IPOTPAMH HEIOPEYHO BUBOIHUTHU
MIPOMDXHI Pe3yJbTaTH, TOMY B 3aralHOMY BHITAAKY, KOPHCTYBad Ma€ MOKIIMBICTh O3HAHOMUTHCS JIUIIE 13 BXiM-
HUMH Ta BUXiJTHIMH BapiallisiMH OBIZOMIICHHS (pHC. 5.)

Takoxk, 3 METOIO MIIBUIICHHS 3pYYHOCTI CIPUHHSTTS, pe3yIbTaTH OOYMCICHbh MOXYTh OyTH TpPEACTaBIICHI
y IIICTHAIATKOBOMY 200 cuMBoIbHOMY (opmati ASCII, nio 3abe3nedye GBI HAOUHE BiTOOpasKEHHSI.

BimomuM HemosikoM CHCTEM, CTBOPEHHX Ha OCHOBI «BIIKPUTOI apXiTEKTypH» K Yy TPEACTABICHOMY TpH-
KIJIQJIHOMY 3aCTOCYHKY, € IPUHITUIIOBA MOKJIMBICTB JIOCTYITY JI0 iH(opMariii 3 00Ky 0oci0, s SKHX BOHA HE MPU3HA-
4yeHa. B paMmkax mporpamHoi peamizamii rama-mudpyBaHHS Ha 0ocHOBI reHepyBaHHs JIPII — peaizariisi o0CHOBHUX
MaTeMaTUIHUX IMCPETBOPEHDb 663HOCCPC,Z[HI>O B OCHOBHOMY KO)li InporpamMu 4acTo Npu3BOAUTH A0 3HUIKCHHA THYY-
KOCTI, 0e31eKH Ta MacITaboBaHOCTI cHcTeMU. ToMy Bee OUIBIIOro NOMUPEHHS Ha0yBa€e MPAaKTHKA BUHOCY (DYHKIIN
mu@pyBaHHS B OKpeMi MOyl abo AnHaMivHi 610mioTexu 3 po3mupeHHsM.dllL

MonyneHuil minxin nependadae po3AiieHHs TPOrpaMHOro 3abe3nedyeHHs] Ha JIOT1YHO He3alieKHI YacTHHH,
KO’KHA 3 SIKHX BUKOHY€ OkpeMy QyHKIIF0. OTKe, HaBe/IeH] B IPUKIIATHOMY 3aCTOCYHKY (QyHKIIIi crypto() Ta encode()
JOPEYHO PO3AUINTH Ha IBA OKPEMUX, HE3aJCKHHUX OIHH BiJ OMHOTO MOAY.i. [Ipu mepeTBOpeHHI Takoro MoAyJIsl Ha
IUHAMIYHY 010J1I0TEeKy TOJIOBHA Iporpama Oyze JIHIIe BUKIHKATH (DYHKIIIO 32 TOTPeOU MOBHICTIO MPUXOBYIOUN
JOCTYII JIO KOy allrOpuTMy. TakuM YrHOM KpHIITOrpadivyni onepaiii OymyTh peaizyBaTHCs 130J60BaHO, M0 JI03BO-
JUTH 3MCHIINTH PH3UK HECAHKIIIOHOBAHOTO TOCTYITY 0 alTOPUTMY IIU(ppyBaHHS [6].
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BucHoBku. JliHiiiHe peKypeHTHE CHiBBIJHOIICHHS (PEKypeHTHE piBHSIHHS) (DYHKI[IOHYe Ha OCHOBI BCTa-
HOBJICHHS 3aJIC)KHOCTEH MDK YJIeHAMM HEBiJIOMOI MOCTIOBHOCTI Ta iHAekcy. [loTounuii Metoq HaOyB IIMPOKOTO
3aCTOCYBaHHS B aHAJIi31 aITOPUTMiB, HU(POBIiK 00poOILIi CUTHANIB, EKOHOMII, 8 B KOHTEKCT1 KpunTorpadii Hepinko
BHUKOPHUCTOBYETHCS B PAMKaX CUMETPUYHOTO IIU(PPYBaHHS.

OTpuMaHU#l METOIOM TaMyBaHHsI B OCHOBI SIKOTO 3a/IisSHO JiHIHHE PEKYpPEHTHE CIIBBIIHOLICHHS, 3amudpo-
BaHHI TEKCT € JOCTATHHO TPYAOMICTKHM JIJIsI PO3KPHUTTS B TOMY BUIAKY, SIKIIO raMa-IIu(p HEe MICTUTH ITOBTOPIO-
BaHMUX OITOBMX IOCTIITOBHOCTEH 1 3MIHIOETHCS BUIIAJKOBHUM YHHOM IJISI KOKHOTO 3amIi(poBaHOro cioBa. SIKIo
MepioJl raMH TIEPEBUIIYE JOBKHUHY BChOTO 3alTM(PPOBAHOTO TEKCTY 1 HEBIZOMA JKOJIHA YaCTHHA BHUXITHOTO TEKCTY,
TO (P MOXKHA PO3KPUTH TUTEKH TPSIMUM ITEPeOOPOM MHOKUHHM HMOBIPHHUX KITFOYOBUX 3HAUCHB (HATIPHUKIIA ITifi-
OparH K04 BUKOPHCTOBYIOUH aTaky Tumy «brute force») B IlbOMy BHITJKy KPUITOCTIMKICTh BU3HAYAETHCS PO3Mi-
POM KJTIOUa.

Te, Ha CKUIbKM yTBOpEHA TaMa BiAMOBigae BUMoram Oe3Nekd y OUTBIIOCTI BUIMAAKIB 3aJ€KUTh BiJ movar-
KOBHX JIaHMX, Ha OCHOBI SIKUX T€HEPY€ETHCSI JIiHIIHE PeKypeHTHE CIIBBITHOMIEHHS. AJKE MAKCUMAIbHE 3HAUCHHS
nepiomy MOCIHiJOBHOCTI LIJIKOBUTO 3aexuTh BiJ rmubunu JIPII ta ciBBigHOIIEHHS, 110 11 3a/1a€, 8 KOHKPETHI 3Ha-
YEHHS — B1J] IOYaTKOBOTO CTAHY MOCIiJJOBHOCTI.

[TigBUIIKUTH KPUNTOCTIMKICTh aNrOpUTMYy MOXHA IIJISIXOM 00’ €IHAaHHS KUTBKOX PI3HHUX JIHIMHUX PeKypeHT-
Hux croiBBigHomeHns B koHTeKeTi LFSRs (LFSRs — Linear Feedback Shift Registers) Ta/abo 3acrocyBaHHsIM Hei-
HIHHUX QYHKIIHA B 3BOPOTHOMY 3B’SI3Ky PEricTpa, HEMIHIHHOT JIOTIKH 1 (inbTparii BMiCTy periCTpa

CI/IMeTpI/I‘{HI/II/I AITOPUTM Hm(i)pyBaHHﬂ Ha OCHOBI JIiHIITHOTO PEKYPEHTHOTO CIIIBBITHOIIICHHS JIOITyCKAa€E K
POrpamMHy, TaK i amaparsy peaizaniro. 3 TOUYKH 30py HpaKTI/I‘{HOCTl mporpaMHa peamfsaum JIOTyCKa€e OLIbITy
rqulclcTL Yy BUKOPHCTaHHI. O,Z[H&K peam3au1;1 anropliB um(bpyBaHHﬂ B OCHOBHOMY KOJIi IPOTPaMy IIPOBOKYE
YHCeNbHI Oe3MeKOBi PU3MKHU TIOB’sI3aHi 37A€OUTBII i3 HECAaHKIIIOHOBAHUM JIOCTYIIOM Ta NMUTAHHSAMH KOH(ITCHIIIH-
HOCTI OBiZIOMJICHHS. J[71s1 BUpIIIIEHHS Takoi MpoOIeMH JOPEYHO 3aCTOCOBYBATH MTPAKTUKY BUHOCY (DYHKITIH mwd-
pyBaHHS Ta/abo nemudpyBaHHS B OKpeMi MOxyni abo 6i0Ii0TEKH, a TaKOXK MepeaaBaTH 3aXUINECHUH K04 BHKO-
PHUCTOBYIOUH JIUINIE 3aXUIICHI KaHAIIH.
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LOGISTICS MANAGEMENT OF MOTOR VEHICLE TERMINAL OPERATIONS
AS A QUEUING SYSTEM

The article analyzes calculating the motor vehicle terminal operations as a queuing system and determining the
effectiveness of proposed methods for optimizing terminal operations based on logistic approaches. The research assesses the
feasibility of implementing a control system at a humanitarian aid warehouse that would ensure the collection and storage of
data on vehicle locations at loading areas, the status of loading and unloading mechanisms, and decision-making regarding
their use, as well as to transmit commands to drivers to enhance the efficiency of road transport operations during humanitarian
cargo delivery. The core principle of the terminal s operations is optimal logistics management of cargo flows. Goods are sorted
by priority and destination, ensuring minimal delays and rapid delivery of humanitarian aid to those in need. Calculations have
been made for the operation of the motor vehicle terminal as a queuing system, specifically focusing on vehicle downtime during
unloading at the humanitarian warehouse. The effectiveness of the proposed terminal optimization methods based on logistic
approaches was also evaluated. The vehicle idle time during cargo operations was determined for traditional technology and for
the implementation of a regulation system for truck arrival at loading fronts. Furthermore, the annual cost savings achievable
through the organization of an optimal regulation system for truck arrivals at terminal loading fronts were calculated. It is
proposed to develop the integrated decision support within the terminal system's functional cycle as an automated system. The
main objective of this method is to eliminate the ‘human factor,” as automation is intended to enhance data quality, streamline
the processing of cargo owner information, and optimize technological processes. The primary challenges for humanitarian
aid terminals include ensuring cargo security, preventing delays, and maintaining operational responsiveness to changing
conditions. At the same time, investments in advanced technologies and infrastructure improvements can significantly increase
the operational efficiency of such terminals.

Key words: motor vehicle terminal, queuing system, loading front, humanitarian cargo, terminal system.
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Mpysukin M. 1., Hecmepenxo I. L., bioik C. 1., bapkanosa H. O. Jlozicmuune ynpasninns pooomoio agmomoodineHozo
MepMIHAny AK CUCeMU MACcOB020 0OCY206y8aAHHA

Cmammio npucesyeno po3paxyuky pobomu asmomodinbHo20 MepMiHany AK CUCIEMU MAC08020 00OCTY208Y8aHHS.
Ma BUSHAYEHHIO eheKMUBHOCMI 3aNPONOHOBAHUX MemOodie ONmuMIzayii pobomu mepminany Ha OCHOBI T0ICMUYHUX NIOX00IS.
Hocnioxcenns cnpsimosane Ha BU3HAYEHHsL OOYLIbHOCI 6MPOBAVIICEHHS HA CKAAOI 2YMAHIMApHOT 0onomo2u cucmemu KOHmMpoio,
saKa O 3abesneuysana 30ip ma 30epedcents iHGOpMayii npo MicyesHaxo0NCeHHs aBMOMOOINIE Ha BAHMANICHUX OLIIHKAX, CIMAH
HABAHMAIICYBATLHO-PO3BAHMAN{CYBATLHUX MEXAHIZMIE MA NPUIHAMMSA PIUieHb Wo00 IXHbO20 BUKOPUCIIANHS, A MAKOJIC nepeoayy
KOMAHO 800IAM 3 MmOt NiOBUUEHHS e(heKMUBHOCIT ABMOMPAHCHOPIMHUX ONEPAYill NPU Nepede3eHHI 2YMAHIMAPHUX BAHMAICIE.
Ocnosnuii npunyun pobomu mepminany 06asyemvca HA ONMUMATLHOMY JOICIMUYHOMY VAPAGNIHHI NOMOKAMU BAHMANCIE.
Banmaoici copmyiombcs 3a npiopumemom ma micyem npusHayents, wo 3ade3neuye MHIMAnbHI 3ampumMky ma weuoxy 00CmasKy
eymanimaproi donomoeu mum, xmo ii nompeodye. Ilpoedeno po3paxynku pobomu agmomodiibHo20 MepMIHALY K cucmemu
MAco8020 00CIY208y6aHHS MA NPOCMIll A8MOMODINIE Ni0 PO36AHMANCEHHAM Ha CKAadi eymanimaproi donomoeu. Takooic
DO3PAX08AHO eheKMUBHICID 3aNPONOHOBAHUX MemOo0ig ONMUMIZAYIT pobOmU MEPMIHATY HA OCHOBI JOICMUYHUX NI0X00I8.
Bcemanosneno npocmoi’ agmomooinie nio aHmMaANCHUMU ONEPayismu npu MpaouyitiHil mexHon02ii i npu 8npo8addICeH i cucmemu
De2yioantsa niose0enHs BaAHMANCHUX agmmooinie 00 eanmadichux Qponmis. Takooic pospaxosano piuny exoHoMilo, AKy
MOICTUBO 0OCAMU UWLTAXOM 0peam3auzz ONMUMANbHOL cucmemu pe2ynosans niosedents asmomooinie 00 BAHMANCHUX qbpoumze
mepminany. Qopmyeanns inmezposanoi ingpopmayitinoi m()mpuMKu RPULIHAMMS PiUieH s 8 (DYHKYIOHATOHOMY YUK MEPMIHATLHOT
cucmemu nPONoHyEMvcs 3podumu y eudi asmomamuzosanoi cucmemu. 101081010 3a0aueio yb020 Memoody € BUKTIOUEHH
«IHOOCHKO20 (haKmopy», OCKIIbKU ABMOMAMU3AYIsL MAe 600OCKOHATUMU AKICHb OMPUMarol iHghopmayii, 06podKy inghopmayii npo
BAHMACOBNIACHUKIB A ONMUMIZy8amU MexHon02iuKi npoyec. OCHOBHUMU BUKTUKAMU 0I5 IMEPMIHATIE 2YMAHIMAPHOT donomoau
€ 3a6e3neyenns be3nexu 8anmanicie, YHUKHeHHA 3aMpUMOK ma onepamuene peazyeanHs na 3miny ymos. Boonovac, ingecmuyii' y
HOBIMHI MEXHONO02II Ma NOKPAWEHH s IHPPACMPYKMypu MOXNCYMb 3HAYHO NIOSUWUMU e(heKMUBHICHb POOOMY MAKUX MEePMIHATIS.

KiuttouoBi ci10Ba: agmomobinbHuli mepminan, cucmema MAacogozo 00CTY208Y8AHHS, 6AHMANCHUL (POHM, 2yMAHIMApHI
6aHMADICL, MEPMIHANLHA CUCTNEMA.

Problem statement. With the onset of the russian federation’s full-scale aggression, effective logistics has
become a key factor in ensuring the timely delivery of food, medical supplies, clothing, and other vital resources to
those who need them most.

Humanitarian aid motor vehicle terminals play a crucial role in delivering essential resources to crisis-affected
areas. These terminals function as queuing system nodes, ensuring efficient and prompt distribution of cargo. They
possess a complex structure, including zones for reception, storage, and dispatch of goods. Each zone is designed
to handle specific types of cargo (food and non-food items), which allows for the optimization of loading and
unloading processes.

Analysis of Recent Research and Publications. Having analyzed the research of scientists on this issue, we
obtained the following. Article [2] analyzes the largest humanitarian crisis in Europe since the Second World War,
which arose as a result of the full-scale military aggression launched in the territory of Ukraine in February 2022.
The increase in the level of conflict led to a significant increase in humanitarian aid; however, supply and distribution
face difficulties due to the destruction of transport and communication infrastructure. The article proposes the use
of the ArcGIS system to develop a software product that will plot the optimal and safe route for humanitarian cargo
delivery in real-time, avoid risks, and reduce human factor interference. The application of geographical data from
various sources, such as GPS, aerospace, and satellite images, as well as information from local websites, will allow
the creation of a map of the status situation and ensure effective humanitarian aid management. It also considers using
the Hierarchy Analysis Method to define optimization criteria and select the optimal route. This approach considers
partial criteria, such as route length, travel time, vehicle brand, and others, to determine new routes under military
conflict conditions. The provided recommendations and methods make it possible to create an innovative tool for
effective humanitarian aid management in military conflict conditions, ensuring the safety and efficiency of delivery
in Ukraine. The development of such a tool will not only facilitate the supply of humanitarian aid but also help
prevent threats to workers and aid recipients, contributing to the provision of necessary resources in an emergency.

The aim of the paper [3] is to analyze the current state of the humanitarian situation in Ukraine under
military aggression and to develop ways to improve this situation by creating new and developing existing transport
hubs located both on the western border of the country and in the central regions. In the research, the authors used
methods of analysis and synthesis to study available information on the current state and trends in the further
development of logistics and humanitarian hubs both on the western border and within the country. Aggregation
and intelligent data analysis were used to identify promising directions for the development of the logistics network.

Results. The uncertain situation currently facing the operation of seaports compels the state to seek alternative
routes for the export and import of raw materials and finished products. To address this issue, it is also advisable
to develop a network of transport hubs near the western border. To date, 31 regional humanitarian aid hubs have
been established in Ukraine. The leading regions include Zaporizhzhia with 5 hubs, followed by Kyiv and Ivano-
Frankivsk with 2 hubs each. The remaining regions have 1 hub each. The number of hubs in border areas remains
insufficient, especially considering the sharp change in the directions of main cargo flows —specifically, grain and
metal. As of March 2022, the average daily demand for transportation towards the EU reached 8,000 wagons;
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therefore, it is urgent to resolve the issue of developing both the existing bogie exchange system and additional
transshipment infrastructure.

Scientific Novelty. The authors have aggregated and systematized information regarding the existing system
of transport hubs to support current and future volumes of both humanitarian and industrial export-import cargo.

Practical Significance. The results obtained provide a scientific basis for the concept of creating and
developing a system of humanitarian and logistics hubs to increase the efficiency of cargo flow movement.

Analysis of the key challenges in international transportation shows that establishing a rational delivery
scheme is essential for resolving these issues and improving freight efficiency. Analysis of the selection criteria for
a rational delivery scheme indicates that total delivery costs provide the most comprehensive measure of efficiency,
while timeliness remains a critical factor in international transportation.

The article [4] discusses the topical issues of the transformation of logistics flows in wartime conditions in
Ukraine. The classification of humanitarian aid goods, sources of their receipt are considered, and the monitoring of
logistical problems that arose in the country with the beginning of the full-scale russian invasion is carried out. The
essence of the concept of humanitarian logistics and its main tasks are determined, the difficulties of working with
humanitarian cargo are described, and ways to prevent untimely delivery of humanitarian cargo are proposed. It is
noted that poorly established coordination between various participants in the logistics chain leads to a slowdown in
the dispatch and delivery of humanitarian cargo. Attention is focused on the important role of domestic companies
in the processes of delivering humanitarian cargo. Prospects for the restoration of logistics in the post-war period
are outlined, which will allow Ukraine to integrate into the European system.

The article [5] analyzes the state of legal regulation in the transportation of humanitarian aid cargo and
identifies vectors for improving the relevant legislation. It is emphasized that under martial law, the possibilities of
the national economy to function are significantly limited, logistics chains within the country are disrupted. This
has necessitated changes in established approaches to the organization and implementation of transport activities,
the reorientation of the transport services market from commercial cargo transportation toward the transportation
of humanitarian aid goods, the priority use of road transport for the transportation of goods due to restrictions on
transportation by other modes of transport. It is emphasized that modern challenges require consideration at the
legislative level. A comparative analysis of the general and simplified procedures for the import of humanitarian aid
cargo into the territory of Ukraine is carried out. It is noted that under martial law, the transportation of humanitarian
cargo has undergone gradual simplification at the legislative level. The stages of development of legislation in
terms of simplifying the import of humanitarian aid cargo are highlighted. Attention is paid to the features of the
transportation of humanitarian aid cargo by rail under martial law by JSC «Ukrzaliznytsia». It is concluded that
the transportation of humanitarian cargo as a type of economic (foreign economic) activity is characterized by
certain features: 1) a special (simplified in the conditions of martial law) procedure for customs clearance and
customs control; 2) a special subject composition (direct participants: donors, recipients, purchasers, transport
organizations (carriers); indirect participants (authorized state authorities, etc.); 3) a specific object of transportation
(humanitarian aid goods). The features of the transportation of humanitarian cargo in the conditions of martial
law are highlighted. The expediency of considering the features of concluding and executing contracts for the
transportation of humanitarian cargo in the special transport legislation of Ukraine, in particular, the Rules for the
Transportation of Cargo, is substantiated.

In [6], a concept for the creation and development of humanitarian hubs in Ukraine is presented. To reduce
costs and reduce the time for putting such hubs into operation, it is advisable to locate them based on existing
facilities — border railway stations, transshipment complexes, railway bogie interchange points, etc. In addition, it is
necessary to develop a terminal network within the country in several echelons — strategic, tactical, and operational.
When creating hubs of the two lower levels, close coordination between military and civilian administrations is
mandatory, which has proven its effectiveness since 2014. Hubs created on the western border should be adapted
to perform both a humanitarian function and to ensure export-import transportation of agricultural and industrial
cargo. Even with the partial or complete restoration of seaports, transportation of goods by rail and road, both in
the direction of Ukraine and in the opposite direction, to the countries of the European Union will remain relevant.
Thus, the establishment and development of a logistics hub network is currently a top priority for Ukraine. However,
implementing such large-scale infrastructure projects is impossible without attracting significant investment through
public-private partnerships (PPP).

The paper [7] examines the main factors that influenced the change in logistics services in Ukraine. A special
problem for logistics during this period is the road infrastructure. Stable logistics chains have been destroyed. Routes
have become longer — it is necessary to bypass dangerous areas, and alternative roads are not adapted to the movement
of oversized trucks. Without studying new logistics routes, it is quite difficult to predict the duration of delivery. The
principle by which companies transporting humanitarian cargo operate is reduced to the following formula: there is a
truck in which the necessary goods that must be delivered are required. Usually, the cargo does not occupy the entire
cargo space, but only part of it, so it would be advisable to use several orders in parallel, which in turn will reduce
fuel consumption due to its shortage, optimize costs, and reduce the number of trips by car, which are now quite
dangerous due to broken roads and mined territories. It is also considered that the delivery of humanitarian goods
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in international traffic has a number of features. Specifically, under current regulations, importing humanitarian aid
requires only a single document — a declaration containing all necessary details regarding the consignor, consignee,
and the goods. Additional innovations include the abolition of the restricted list of goods classified as humanitarian
aid, the exemption of Ukrainian carriers from foreign road tolls, and streamlined border crossing procedures.

Given that deliveries directly to aid recipients consist of small-batch shipments, they must be executed rapidly
between periods of shelling while maintaining maximum stealth to avoid enemy detection.

Study [10] proposes a classification of methods for solving small-batch cargo routing problems. These route-
planning methods focus on identifying the shortest paths; however, they do not account for client prioritization or
specific service strategies. Most often, vehicle routing tasks are carried out using simple and effective heuristic
methods that allow you to quickly find the desired solution. However, it does not guarantee finding the optimal
solution. Currently, methods are being developed that combine the flexibility of heuristics with the precision of
linear programming models, enabling the achievement of optimal or, at the very least, provably better solutions [11].

In previous research [12] it was determined that the optimal strategy for servicing cargo owners in conditions
of uncertainty with constantly changing demand is service by periods of the day, which leads to an increase in the
quality of transport services and the formation of a flexible tariff policy of transport enterprises aimed at more fully
meeting the requirements of cargo owners.

Reference [13] proposes a formalization of costs associated with small-batch cargo transportation. The
research develops a model for selecting rational vehicle capacity in small-batch operations, depending on the
average shipment size and the number of consignors served.

Reference [14] outlines a methodology for organizing international transportation. However, this approach
does not account for transit time costs. The criteria lack a detailed description of the freight process and fail to
consider potential customs delays.

The author’s research [15] is aimed at improving the organization of the transportation of small-batch cargo
by the method of forming delivery routes with variable demand for transportation. For this, the probabilistic nature
of the demand for transportation is calculated, and attention is also paid to determining the number of arrivals. The
parameters of the transport process are considered deterministic.

In [16], it is noted that any transportation process begins with identifying consumer demand for products. The
accuracy of determining the batch size directly affects the time required to find a suitable vehicle, compliance with
delivery deadlines, the maintenance of safety stocks at consumer warchouses, vehicle utilization efficiency, and
overall storage costs.

The authors of research [17] discuss the method of terminal transportation, where the main task is to organize
an effective cargo delivery system. The following methods were considered for comparing the terminal and end-to-
end delivery schemes and forming an integrated information automated decision support system in the functional
cycle of the terminal system.

The purpose of the article is to calculate the performance of a motor vehicle terminal as a queuing system
and to determine the effectiveness of the proposed logistics-based optimization methods. The research aims to
determine the feasibility of implementing a control system at a humanitarian aid warehouse that would ensure the
collection and storage of information on vehicle locations in loading areas, the status of loading and unloading
mechanisms, and decision-making regarding their utilization, as well as transmitting commands to drivers to
enhance the efficiency of motor transport operations during humanitarian cargo delivery.

Statement of basic materials. Terminal transportation is conducted via dedicated terminals and is primarily
used for consolidated cargo. An alternative technology is through-delivery (end-to-end), which involves
transporting goods using a single vehicle without changing drivers. The effectiveness of the schemes is assessed by
indicators: delivery speed, costs, and time. The main difference between the two schemes is the ability to consolidate
small shipments due to cargo storage at the terminal, which smooths out irregularities in the terminal system, while
through-delivery schemes do not have such an opportunity due to the short period of selection of the required
amount of cargo. The formation of integrated information support for decision-making in the functional cycle
of the terminal system is proposed to be done in the form of an automated system. The main task of this method
is to eliminate the “human factor”, since automation should improve the quality of the information received, the
processing of information about cargo owners, and optimize technological processes. It focuses on the automation
of workstations for consignors, consignees, motor transport dispatchers, and logistics center operators, all of which
are integrated with a modeling unit and a decision-making module. The primary disadvantage of the integrated
decision support method is the high cost of technology implementation, whereas the main drawback of terminal
transportation schemes is the significant time consumption.

The main principle of the terminal operation is based on optimal management of cargo flows. Cargo is sorted
by priority and destination, which ensures minimal delays and rapid delivery of humanitarian aid to those who need it.

For the effective operation of terminals, modern technologies are used, such as warehouse management
systems (WMS), automated cargo sorting and tracking systems. This allows to increase in the accuracy and speed
of cargo processing.
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The main challenges for humanitarian aid terminals are ensuring cargo safety, avoiding delays, and responding
promptly to changing conditions. At the same time, investments in the latest technologies and infrastructure
improvements can significantly increase the efficiency of such terminals.

Calculating the service indicators of a multi-channel queuing system (QS). [14]

Converting the request flow intensity per hour:

n=2L
24
Service flow intensity:
t
p=—
n
Load intensity
p = 7\' ’ too'c'

(1)

2

€)

Load intensity shows the degree of consistency between the incoming and outgoing request flows of the
service channel and determines the stability of the queuing system.

Probability that the channel is free (proportion of channel downtime)

e 2T

Probability that the channel is under service:

Py =

pn :_'p()'

4)

©)

Probability of failure (probability that the channel is busy) (portion of requests that were rejected).

n+m

P
P gion™ m

Dy
n" -n!

Probability of requesting service (probability that the client will be served).

(6)

In systems with failures, failure and service events form a complete group of events; therefore:

p@idw +p05€ = 1
Relative throughput:
Q :p obc”
Average number of channels busy with service (average number of busy channels).
poﬁc =1 _peidu'
Average number of channels busy with service (average number of busy channels).
n3 = p .pnﬁm'
Average number of idle channels.
n, =n-n,
The channel utilization factor.
n
K, =
n

Absolute throughput (Intensity of the outgoing flow of serviced requests).

A=p A\

obc

Average idle time of the QS (per hour).

[np =p giom ’ toﬁc:/'
Average channel idle time (per hour).

— taﬁm ) (1 - psi(),w ) .
p 6iom

np.x

Probability of queue formation.

()

®)

)

(10)

(11

(12)

(13)

(14)

(15)
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Pupen =" P “Po- (16)
n
Average number of requests in the queue.
o (p) .(mﬂ_m.
Ly =——" Do (17)
(-]
n
Average idle time of the QS (the average waiting time of a request in the queue).
T =222 (18)
Average number of requests being served.
L, =p 0. (19)
Average number of requests in the system (i.c., requests are already being served and those waiting in the
queue).
L cmo = L uepeu obea’ (20)
The average time a request spends in the QS.
T = LCZM . 1)
The calculation results are given in Table 1.
Table 1
Results of QS calculations.
No. Indicator Indicator Value
1 Request flow intensity per hour, cars/hour A 2.2
2 Service flow intensity u 2.143
3 Load intensity p 1.027
4 Probability that the channel is free P, 0.327
5 Probability of failure P 0.00614
6 Average number of channels busy with service n, 0.815
7 Average number of idle channels e 1.02
8 The channel utilization factor K, 0.5
9 Absolute throughput A 2.187
10 | Average idle time of the QS Lo 0.00286
11 Average idle time of the channel T,. 347.086
12 |Probability of queue formation ene 0.341
13 | Average number of requests in the queue quee 0.327
14 | Average idle time of the QS e 0.15
15 Average number of requests being served L, 1.02
16 | Average time a request spends in the QS Ty 0.616

The purpose of this part in the research is to determine the feasibility of implementing a control system at a
humanitarian aid warehouse that would ensure the collection and storage of information on vehicle locations in loading
areas, the status of loading and unloading mechanisms, and decision-making regarding their utilization, as well as
transmitting commands to drivers to enhance the efficiency of motor transport operations during humanitarian cargo
delivery. Unloading at the humanitarian aid warehouse is carried out by two teams in two sections of the warechouse. Motor
transport operates for 72 hours. According to the results of statistical research, the arrival of vehicles at the warehouse is
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a random process following the Poisson distribution with an intensity of 2.2 vehicles/hour. The vehicle service time at the
warehouse section is normally distributed with a mean of 28 minutes and a standard deviation of 6 minutes.

The capital investment required to implement the control system amounts to 5,000 c.u. (conditional units),
while additional annual operating costs are 4,000 c.u. The absence of such a system leads to situations where
vehicles remain idle at some loading areas while others remain free. Implementing the control system will reduce
unproductive vehicle downtime and increase the productivity of loading areas. However, as the implementation
requires additional expenditures, the feasibility of transitioning to the new technology must be determined through
a technical and economic analysis.

€ +E K <AE+E, - AK, (22)

where € , K — operating costs and capital investments required to implement a system for regulating the delivery of
vehicles to the loading fronts; — operating costs savings in the “motor transport — cargo front — warechouse” system:

A€=365-¢, AT, (23)

e,  — the cost of one vehicle-hour; AT — the reduction in vehicle downtime per day as a result of regulating vehicle
arrivals; AK — capital investment in rolling stock.

To calculate the parameters included in formula (22), it is necessary to establish the idle times of vehicles during
cargo operations using traditional technology and the implementation of a control system. Given the probabilistic
nature of transport processes, this can be done as completely as possible using the simulation modeling method.

First, let us establish the random nature of the flow of vehicles arriving at the cargo fronts.

If the flow intensity is described by a Poisson distribution, then the intervals between arriving vehicles are
described by the dependence

P(I>1)=e™" or P(I<I)=1-e™", I =~%Jh&, (24)

a
a

where R, are random numbers with their uniform distribution in the interval from 0 to 1; /, is the interval between
consecutively arriving vehicles.
Now, let us simulate the intervals between vehicles in the following sequence.
1. We obtain R uniformly distributed random numbers in the interval from O to 1. The number of interval
simulations
2
R>>_,
4¢’
where x is a value taken from the table of probability integral values depending on the value of P: x = 1.96 at
P =0.95; ¢ is a permissible error.
2. Using expression (24) and the extracted random numbers, we determine the intervals between the vehicles.
For example, the interval between the first and second vehicles:

24

(25)

I,= 22 -In(0,227) = 40 min;
L, = —22%'111(0,252) =37 min.

We will determine the duration of the cargo operation using arbitrarily defined normal random deviations.

Previously, it was assumed that the driver selects a warechouse section at random. The process of selecting a
warehouse section is simulated using a table of random numbers. If there are two sections in the warehouse and the
random number falls within the interval from 0 to 0.5, then the vehicle is directed to the first section, if in the interval
from 0.5 to 1.0, then to the second one.

Similarly, we simulate the structure of the vehicle fleet that performs the pickup (delivery) of cargo from the
warehouse.

With the regulated vehicle delivery, each subsequent vehicle arrives at the cargo front that is free from service,
or at the one where the vehicle service ends earlier than the others.

With different disciplines of the driver’s choice of the warehouse and a normal distribution of fluctuations in
the duration of the cargo operation, the simulation results obtained are given in Table 2.

Analysis of the data obtained in Table 2 allows us to draw the following conclusions:

1. Minimal idle time of vehicles ensures optimal regulation of their delivery to the cargo fronts.

2. The second most effective control procedure is the sequential passage of arriving vehicles to the warehouse
sections.

152 Cucremu ta Texnosorii, Ne 1 (71), 2026 ISSN 2521-6643



Using the data of Table 5.2 and assuming the cost of 1 vehicle-hour equal to 4 UAH, the annual savings in
operating costs in the «motor transport — cargo front — warechouse» system with optimal regulation in the delivery

of vehicles to the warechouse will be:
A€ =365 4(%) — 28080,

As a result of reducing the idle time of vehicles at the cargo fronts, capital investments for the purchase of
vehicles are eliminated:
AY MH

tP

AK, = c., (26)

AXMH- daily savings, vehicle-hours; 1, — average duration of vehicle operation during the day, hours; C — cost of
the vehicle, c.u.; for example, for a DAF FX105 vehicle, 672 thousand UAH.
Savings i m capital investments for the purchase of Vehlcles

3 (1514-360)-672 000

“ 60-12
Substituting the calculated data into formula (4.1), we find:
164 000 + 0,125 - 205 000 < 28 080 + 0,125 - 1 077 066;

189 625 <192 731,25.

=1077 066.

Table 2
Simulation results.

Discipline of warehouse | Number of serviced | Waiting time for service, | Vehicle downtime while waiting
selection vehicles, pcs. min for service, vehicles, min.
Random selection 188 11.08 4542
Sequential selection 188 6.27 1311
Optimal regulation 188 5.19 1080

Thus, at the selected warehouse, it is effective to use both sequential selection (in the form of a traffic light)
and optimal regulation (using a dispatcher).
The approach of vehicles to the warehouse sections can be regulated by a dispatcher. The effect of dispatching:

1514—360] 672000-(1514-360)

+0,125-
60-12

A€:365~4-( =162713,3.

Conclusions. Calculations were made for the motor vehicle terminal operations as a queuing system and for
vehicle idle time during unloading at the humanitarian aid warehouse. The efficiency of the proposed methods for
optimizing the terminal’s operation based on logistics approaches was also calculated. This includes the creation of
sequential regulation (installing a traffic light system to distribute vehicles among service channels). Based on the
obtained calculations, we can conclude that organizing an optimal system for regulating the delivery of vehicles to
the cargo fronts makes it possible to achieve annual savings of 162,713.3 UAH. Therefore, the sequential vehicle
routing procedure is highly effective, as its implementation at this cargo front does not require additional capital or
operating costs.
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aepeciio, o CNpUYUHUIA YHIKATbHY CUHEPRIIO GILICLKOBUX Ma MEeXHO2EHHUX 3a2po3. [cHyloua cmamuuna cucmema ekono2iiHo2o
nopmyeanns I/IK, I'/[B sussunacs ne30amuoio epekmueHo peazysamu Ha Henepeobauysani, Macosami 6UKUOU 6UCOKOMOKCUY-
HUX Peyo8uUH, a makodc inmezpysamucs 6 mexawismu L{usinvnozco 3axucmy (L[3). Lle cmeopioe 0oseocmporoguii «exonociunuii
bopey ma eiokaadeHy Hebe3nexy 0 300p08 s HACETeHHS.

Mema. O6tpynmyeanus ma Qopmyno8anHs HAyKOBO-MeMmoO0L02IYHUX NPUHYUNIG THMeSPAYii eKoN0IUHO20 HOPMYBAHHA
ma cmanoapmie besnexu HcummeoisbHOCMI 0ist pO3POOKU HAYIOHATLHOI cmpamezii NOCMKOHIIKMHO20 8I0HOGNEH s YKpainiL.

Memooonoeis. Bukopucmano cucmemnuii nioxio, Memoou pusuk-aHanizy ma xouyenyiio coyioexocucmemu. Ocoonugy
y8azy npuodineno mMemooono2ii adanmuseHoeo HOpMY6anHs i3 3axyuennam mexnonoeiu LLmyunozo Inmenexmy (L) ons npocho-
3VBAHHSL MA YNPAGTIHHS MYTbMUMEOIUHUM e(heKmom 3a0pyOHeH .

Pezynomamu. JJocniooicenns idenmuixye 081 Kaouo8i npo2anuny y Yuntitl cucmenmi: giocymuicmo mexanizmie Tumya-
06020 asapitinozo Hopmyeanus I JJK-ABAPIA ma nezdamuicmy 6paxogysamu cyKynHuil, MytsmumeOiiuHuil egpexm 3a0pyOHeHs.
s nodonanmst yux eUKIUKIE cpopmyrbosano yomupu kuovoei npunyunu inmeepayii: 1) Ipunyun npiopumenty exono2iunoi
besnexu Zero Risk, wjo sumaeae nocunenux Hopmamusie 01s gionosmosanux mepumopitl; 2) [punyun mepumopianvhoi oughe-
penyiayii Hopmamusie 0 cmeopenHs adanmuenux 301, 3) [punyun inmezposarnozo MOHIMopuney 0s 00 €OHAHHS OAHUX eKO-
n02iun020 konmponio ma 13 6 peanvrnomy uaci; 4) Hpunyun «3enenoiy pexynvmusayii, wo 6CMaHOBTIOE HOPMU 01 6e3NeUH020
10800icerHs 3 6ioxo0amu pytirysants OOP.

IIpaxmuune 3navenns. 3anponoHoeani RPUHYUNY € MEMOO0T0IUHOI0 OCHOBOIO OISl 3AKOHO0ABUUX iHiyiamus, a came gop-
manizayis TJIK-ABAPIA ma npaxmuunux piwiens Ha pigHi 0peawie Micyeso2o camospsioysanHs, SKIOUAIONY 6NPOBAONCEHHS]
TIC-nnamepopm ma LI 0ns ounamiunoeo ynpaeninns exonociunumu pusuxamu. Lle 3abesneuums nepexio 6i0 peaxmugHo2o
KOHMPOIIO 00 NPOAKMUBHOL, NPegeHmuHoI cuchmemu Oe3nexu HCummeoisnbHOCHi, wo gionosioac €8ponetiCbKUM CManoapmam
«3€1eH020» BIOHOBICHHS.

Kiro4oBi croBa: exonociune HopmyeanHs, YuginbHull 3axucm, NOCMKOHQAIKMHe 6I0HO6NEHHS, eKono2iuna be3nexd, adan-
mugHe YNpasninHs, COYioeKocucmema, WmyuHull iHmenexm, «3e1eHay peKyIbmusayis.

Perkun I. V., Pogrebnyak V. G., Vyshnikina O. V., Pogrebnyak A. V. Principles of Integrating Ecological Standardization
and Life Safety Standards into Ukraine’s Post-Conflict Recovery Strategies

issue of ensuring ecological security in Ukraine has acquired critical and unprecedented importance due to the full-scale
military aggression, which has triggered a unique and dangerous synergy of military, chemical, and technogenic threats. The
current, largely static system of environmental regulation, relying predominantly on fixed Maximum Permissible Concentration
(MPC) and Maximum Permissible Discharge (MPD) standards, has proven fundamentally incapable of effectively responding to
unpredictable, massive, and acute releases of highly toxic substances resulting from kinetic warfare. Furthermore, the existing
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normative framework lacks the flexibility and legal mechanisms required for seamless integration into Civil Protection (CP) and
disaster management response protocols. This systemic inadequacy creates a vast, long-term “ecological debt” for the nation
and a postponed, latent danger to public health and the sustainability of natural ecosystems. Addressing this vulnerability neces-
sitates a complete paradigm shift in environmental governance.

Goal. The primary objective of this research is to scientifically substantiate and formulate a set of crucial methodological
principles for integrating adaptive ecological standardization with core life safety standards. These principles are intended to
serve as the foundational scientific and regulatory basis for the development of a coherent, resilient national strategy for the post-
conflict reconstruction and «greeny recovery of Ukraine. The goal extends beyond simple cleanup to establishing a preventative,
forward-looking environmental security system.

Methodology. The methodological framework employs a robust, multi-faceted approach. It relies on the Systemic
Approach to analyze the complex interdependencies between military-induced environmental damage, public health, and socio-
economic restoration efforts. Crucial to this is the application of Risk Analysis Methods to quantify both the immediate and
latent hazards posed by war-related contaminants (e.g., heavy metals, unexploded ordnance residues, asbestos). The research
adopts the Socio-Ecosystem Concept to understand how damage to natural capital directly compromises human and societal
resilience. A central pillar of the methodology is the development of Adaptive Regulation — a dynamic normative framework —
leveraging Artificial Intelligence (A1) and Geographic Information Systems technologies for the rapid, real-time forecasting and
management of multimedia pollutant effects across various environmental compartments.

Results. The investigation critically identifies two fundamental, interrelated gaps within the current ecological
standardization system that hinder effective post-conflict management: 1) Absence of Temporary Emergency Regulation
(MPC-EMERGENCY): The lack of formalized, temporary, context-specific normative standards (referred to here as MPC-
EMERGENCY) applicable immediately following catastrophic military or man-made events to guide emergency remediation and
immediate safety measures. 2) Inability to Account for Cumulative, Multimedia Effects: The existing standards fail to adequately
model and regulate the cumulative, synergistic effects of multiple pollutants simultaneously affecting different environmental
media (air, soil, water), which is a characteristic feature of war damage.

Key words: ecological standardization, civil protection, post-conflict recovery, environmental safety, adaptive management,
socio-ecosystem, artificial intelligence, "green" recultivation.

[ocTanoBka mpoodsemu. Ha cyyacHoMy eTarii po3BUTKY YKpaiHU, IO XapaKTePH3yEThCs MIHPOKOMACIITAO-
HOIO BOEHHOIO arpeciero, mpoOiiemMa 3a0e3meveHHs eKOJIOTiuHo1 Oe3rmekn Halyna KPUTHYHOTO 3HAaueHHS. Tpaju-
LiKHI €KOJIOTIYHI BUKJIMKH, TIOB’s13aH1 3 aHTPOINIOTeHHUM HABAaHTAKCHHSIM: BUKUIM, CKUJIN, YTBOPEHHS BiaxoiB [1],
0araropazoBo MOCHITIOIOTHCS 1 MOTU(IKYIOTBCS BHACTIIOK 00oBUX il [2—5]. Bunukae yHikanpHa 1 HeOe3meuHa
cuHepeisi BOEHHUX Ta TEXHOTCHHUX 3arpo3: MUIECIPSIMOBaHi 00CTPIIN KpUTHYHOT IHPPACTPYKTYpH (XIMIYHHX 3aBO-
IiB, Ha(hTOOA3, OUUCHHUX CIIOPYI, TiAPOTEXHIYHUX 00’ €KTIB) MPHU3BOISTH 10 HEKOHTPOIHOBAHMX BUKHUJIIB BUCOKO-
TOKCHYHHX PEUOBUH, PyHHYBAaHHS IPyHTOBOTO IIOKPUBY Ta BOIHOI MEpPEKi.

Le#t «noaBifHUN yrap» CTBOPIOE JTOBIOCTPOKOBI PU3UKH JJISi COIIOCKOCHCTEM [6], sSIKi BUXOJATH 32 PAMKH
3BUUYAHUX HAA3BUYAWHUX cuTyaliid. Hacmiaku He 00MeXyIOThCS KOPOTKOUACHUM 3a0pyIHEHHIM; BOHU (POPMYIOTh
exonoeiunuil bope, Ikt MakOyTHI TOKOIIHHS OylyTh 3MYIIEH] CIIa4yBaTy pokam# [7].

VY mux ymoBax TpaJulLliifHa CUCTEMA eKO102IUHO20 HOPMYBEaHHs, BCTAHOBICHHS IPAHUYHO JIOITyCTUMUX KOH-
LEHTpaLiil Ta BUKHUIIB, PO3pOo0IIeHa Il MUPHOTO Yacy Ta IJIAHOBOTO aHTPOIOI€HHOTO BILTHBY, BUABJIAETHCSA HEJIO-
ctarHpomo [3, 5, 10, 11] Bona He moxe OTEPATHBHO PearyBaTu Ha Henepez[6aquaH1 MacoOBaH1 Ta BUCOKOTOKCHYHI
BUKUJH, CIIPUYHHCHI BIHCHKOBOIO MISUTBHICTIO, 1 HE Ma€ YiTKUX MEXaHi3MIiB 1HTerpau11 B cuctemy L{uginbrnozo
saxucmy (113) Ha erani BigHoBIeHHs [10, 11]. TToctae roctpa HEOOXiHICTh MEPEXOLY BiJl PEAKTHBHOTO KOHTPOJIFO
3a0pYIHEHHS 10 NPEeGeHMUBHO20, THMEeSPOBAHO20 HOPMYBAHHS, SIKE Ma€ CTATH OCHOBOIO JJISL CTPATEriil MOCTKOH-
(uTikTHOTO BiJTHOBIICHHS YKpaiHu. lle MuTaHHS € KIFOUOBHUM JUIsl TapaHTYBaHHS OC3IEeKH KUTTEIISUIBHOCTI Ta 310~
poB’st HaceneHHs [3].

AHaJi3 ocraHHix aociaimkensn. [IpoOremarnka eKoOIOTiYHOT OE3MEKH Y BiMICHKOBHX KOH(IIIKTaX aKTHBHO
JOCIIDKY€ETBCSI y CBITi, 30KpeMa B KOHTEKCTi 1ocBiny bankan, bianspkoro Cxomy Ta HopHOOMIBCHKOT KaTacTpOdH.
HaykoBi mipatii 30cepe/KyroThesl Ha TAKUX aCleKTax sIK OlliHKa BIHCHKOBOTO 3a0pynHeHHs [ 7], HOpMaTUBH s Biii-
CBKOBHX omepariif [12], Tokcukonoriunuii BIiuB OoempunaciB Ta BUOyXOBUX PEUOBHH Ha IPYHTH Ta Boau [2].
B Vkpaini npoBizHI BU€H1 JOCTIKYIOTh 3arajibHi MATAaHHs eKoJoriuHoi O6e3meku Ta (ynkiionysanns L3 y Haz-
3BHUYaiHUX cuTyauisx [3, 6, 8, 9, 11].

[Ipote 3anuIIaeThest HEAOCTATHRO PO3POOICHIM MTUTAHHS caMe iHmezpayii TBOX CUCTEM, a caMe OpaKye MeTo-
JOJIOTIT OUHAMIYHO20, A0ANMUBHO2O HOPMYBAHHS, SIKE O ONCPATUBHO BPAXOBYBAJIO CUHep2ilo BIUTUBIB HAIIPHKIIA
CYKYITHHUH BILUTUB BUOYXOBHX PEUOBUH Ta POINIUTHX HAPTOMPOMYKTIB [4] 1 MOIIIO OyTH IHKOPIIOPOBAHE B IPOTOKOIU
pearyBanHs 13 Ta mpakTHYHO BIJCYTHI YiTKI npuHyuny BAKOPUCTAHHS €KOJOTIYHUX HOPMATUBIB SIK IHCHPYMEHMY
cmpameziuno20 NAaHyeanHs TPHU BiTHOBICHHI, a HE JIMIIE K OCHOBH JJIs HaKmageHHs mrpadis [13].

e mociipkeHHS] Mae Ha MET1 3aIIOBHUTH IF0 METOIOJIOTIUHY MTPOTATHHY, (POPMYITFOIOUN TPUHIIMIII, SIKi J103-
BOJISITH €KOJIOTIYHOMY HOPMYBAHHIO CTAaTH aKTHBHUM, IPEBCHTUBHUM KOMITOHEHTOM HalliOHATBHOI OC3IeKH.

ITocTanoBka 3aBaaHHs. Mema cTaTTi monsTrae y GopMyIIiOBaHHI HAyKOBO-OOIPYHTOBAaHUX IIPHUHIIHIIIB iHTE-
rpamii eKoJOoriyHOro HOPMYBAaHHS Ta CTAHIAPTIB OE3MEKH XHUTTEMISUIBHOCTI, [0 MOXKYTh OyTH BHKOPHCTaHI SIK
METO/IOJIOTIYHA OCHOBA JIJIsl pO3pOOKH HAIlIOHANBHOT cTparerii MOCTKOH(IIKTHOTO BiIHOBIEHHS YKpaiHH.
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s focATHEeHHS 11i€] MEeTH MOCTAaBIEHO TaKi 3a80aHHS:

1. BU3HAUUTH TEOPETUYHI Ta METOJOJIOT1YHI 3acaly KOHIICMIii COI[IOEKOCHCTEMH Ta 11 CTIHKOCTI B yMOBax
KOMOIHOBaHUX 3arpo3.

2. OOrpyHTYyBaTH POJIb €KOJOTTYHOTO HOPMYBAHHS SIK aKTHUBHOTO 1HCTPYMEHTY YIPaBIiHHS €KOJIOTO-TEXHO-
TeHHIMH PU3UKAMU B YMOBAX BIfHH.

3. IIpoanamnizyBaTu KPUTHYHI BUKIHKH U1 HOPMYBAHHS, CIIPHYMHEHI CHHEPTi€l0 BOEHHUX Ta TEXHOTCHHIX
BIUTHBIB (TIPOOIEMH THMUYACOBOTO HOPMYBAHHS Ta MYJIBTUMEIIHHOTO e(peKTy).

4. CopmMymroBaTy KJIFOYOBI TIPUHIIMITY 1HTErPaIlii eKoJIOoriYHOro HopMyBaHHs Ta L3, opieHTOBaHi Ha cTpare-
Tit0 «3eleHo» peKynpTuBalii [14, 15].

5. Po3poOuTH MpakTHYHI peKOMEH/1allii Ta POEKTHI PIIIEHHS, BKIFOYHO 3 BAKOPUCTAHHIM TexHouorii [Ty4-
Horo Iarenexry (LUI), ans peanizarii nux NPUHIMIIB Ha PiBHI TepUTOpiadbHUX rpoman [3, 16].

Teoperuuni Ta MeTonosoriuni 3acaau. Konyenuyin coyioexocucmemu ¢ konmexcmi cmiiikocmi. O0’eKToM
CKOJIOTIYHOTO HOPMYBAHHS B YMOBAX BiTHOBJICHHS € HE IIPOCTO AOBKLIIS, a coyioexocucmema — CKIIaaHA, B3a€MO-
3alie)KHa CHCTEMa, 1110 BKJIIOYA€ PUPOJIHI (EKOCHCTEMA) Ta COLlIaTbHO-eKOHOMI4HI (CyCHiJIbCTBO, IHQPACTPyKTypa)
KOMITOHEHTH [6]. CTIHKICTh COLIOEKOCUCTEMH BU3HAYAETHCS i1 31aTHICTIO MOBEpTaTHCA 10 (DYHKIIOHAJILHOTO CTaHy
MiCJIsL 30BHIIHBOTO 30yPIOIOYOTrO BIUIMBY, MiHIMI3YIOUH BTPATH.

B yMoBax BO€HHOI arpecii cOliOeKOCHCTEMH 3a3HAIOTh TAKUX BUJIB BIUTUBY. PylHYBaHHS jKUTIA, 3aBOJIB,
MOCTIB, [0 3MiHIO€ JaHImAadT 1 TiApoiorito. BUBITbHEHHS HEOC3MEYHUX PEUOBUH (XJIOP, aMiak, HAQTOMPOTYKTH)
BHACIIJIOK PYyHHYBaHHs MPOMHUCIIOBUX 00’€KTiB. HakommueHHS BeTUYE3HHX OOCSTIB OYIIBEIBHOTO CMITTS, IO
MICTHTE a30€eCT, BaKKI METaJIM Ta 1HII HeOe3meYHi KOMIIOHEHTH.

CTifKiCTh TAaKOi CHCTEMH ITiCIs KaTacTpo(du 3alIeKHTh Bill i1 exonociunoeo pe3epsy — 3MATHOCTI IPUPOTHUX
KOMITOHEHTIB (IPYHT, BOJIa, IOBITPSI) /IO CAMOOYHIIICHHSI Ta aCHMUIAIIT 3a0py/IHEeHb. Mema HOPMYBaHHsI y CTpaTerii
BIJIHOBIICHHSI TOJISITA€ Y TOMY, 100 HE MPOCTO BIHOBUTH, a W 30i1buumuy e pe3eps, 3aCTOCOBYIOUN TPUHITHIT
«Build Back Better» (BinOynysatu kparue, Hix Oyi0) [13].

Ponv exonociunoeo nopmysanna I'/IK, I7IB y 3anobieanui xamacmpogham.

Exonociune nopmysantsa — 116 BCTAHOBJICHHS! KOMIUIEKCY TPAHUYHO JOMYCTUMUX MOKA3HHUKIB BIUIMBY aHTPO-
MOTEHHO1 JiSUIbHOCTI Ha HABKOJIMIIHE CEPEIOBHILE, 110 TapaHTYIOTh €KOJIOTiYHYy Oe3MeKy Ta OXOPOHY 310pOB’S
HaceneHus [1, 17]. KimouoBumu incrpymentamu €: ['JIK, siki BCTaHOBIIOIOTH O€3MEYHUI PiBEHb BMICTY 3a0pyii-
HIOIOUUX PEYOBHH Y KOMIIOHEHTAX MOBKULIA (Bona, moBitpst, IpyHT) [17]; THK/TC, ki perymoTs o0csr i ckian
3a0py/JHEHbB, 10 HAJXOAATh BiJl CTAIllOHApHUX JKepel [1].

Y MupHUii yac HOpMYBaHHS BUKOPHCTOBYETHCS IEPEBAKHO TSI 00360.1Y Ma KOHMPO/IO TOCTIONAPCHKOT TisiTh-
HOCTI. Y cTparterii MOCTKOH(IIIKTHOTO BiJIHOBJICHHS HOTO pOJib Ma€e OyTH KapIUHAILHO 3MIHCHA Ha NPEGeHmMUGHY
ma naanysanvry [9]. HopMaTuBH MaroTh CIyTyBaTH HE JIUIIEC MEXKEI0, 32 SKOI0 HaKIagaeThCs Tpad, a kpumepiem
01 nputiHsimmsi piuiers MOJ0: BUOOPY SKOJIOTIYHO OE3MEYHHX JIITHOK JUIS BIIHOBJICHHS JKUTJA Ta COIIalbHOI
IHPaCTPYKTypH; KUTBKICHOT OIIHKM €KOJIOTIYHOI IIKOAW 3TiAHO 3 YKpaiHChKUMHU 18] Ta MIKHAPOXHUMH METOAHN-
KaMu [7]; BCTaHOBIICHHS TPOMIKHUX Ta KIHIIEBUX I[IIOBUX HOPMATHBIB YACTOTH I'PYHTIB Ta BO/I.

TakuM 4MHOM, HOPMYBaHHS CTa€ aKTUBHUM IHCTPYMEHTOM YIPABIiHHS PU3MKAaMU Ta TUIaHYyBAHHS 1HBECTH-
il y «3eneHe» BiHOBIEHHs [14].

Cymuicmo ma ¢ghynxyionan 13 6 ymosax gitinu.

LusinvHuti 3axucm — 1€ cUcTeMa 3aXO/IiB, CIPSIMOBAHUX Ha 3aro0iraHHs HaJ3BUYAHUM CHUTYallisM, JIKBi-
JaIiio iX HACII/IKIB, a TAKOXK 3aXKCT HaceneHHs i Teputopiit [10]. B ymoBax BoeHHOTro KOHGIIKTY (yHKIIOHAN 113
PO3LIMPIOETHCS, OXOILTIOIOYY HE JIHIIE KOPOTKOCTPOKOBE PEearyBaHHs, a caMe eBaKyallis, HaJaHHs IPUTYIKY, aje
1 00820CmMPOKOBI 3060aHHS eKON02IUHOT De3neKu.

Kniouosi 3as0anns 13, wo nepemunaromvcs 3 HOpMYSarHAM € ONIEpATHBHA OIlIHKA MaciuTadiB KaracTpodu
Ta BCTAHOBJICHHS 30H 0OMekeHoro noctymy [11], 3HemkomkeHHs abo JToKaizallis [pkepel 3a0pyaaenHs [19-21],
3a0e3IeueHHs eKOJIOTTYHOT Oe3IeKH TEPUTOPIH, SIKi TIOBEPTAIOTHCS IO TOCIOJAPCHKOTO BUKOPHUCTAHHS.

Ha erami BigHOBneHHs 13 Mae iHTETpyBaTH €KONOTiYHI HOPMATHBH y CBOIO POOOTY, IPUHMAIOUHN PillICHHS
II0/I0 BUMOTH JI0 SIKOCTi MOBITPSI Ta IPYHTY Ha BIAHOBIIOBAHUX TEPUTOPISIX, BU3HAYCHHS HOPMATHUBIB IJIST COPTY-
BaHHJ, IEPEPOOKH Ta OE3MEUHOTO 3aXOPOHEHHSI OyAiBENbHOTO CMITTA [14].

be3 wiel inTerpanii 13 pusukye BinHOBUTH 1HPACTPYKTYpY Ha TEPUTOPISAX 13 HEMPUITYCTUMO BUCOKUM PiB-
HEM EKOJIOT1YHOTO PHU3HKY, 1110 CTBOPIOE 8iOKIADEHY Hebe3neK)y Ui 30POB’Sl HACEJICHHS HAPHUKIIA]] yepe3 3a0py-
HEHHS IPYHTY Ba)KKHMHU METaJIaMH.

BukJiag ocHOBHOro Marepiaiy

Amnaniz euxaukie ma npunyunu inmezpayii. BiicbkoBuil KOHOIIKT TOPOKYE IBA KPUTHUHUX BUKITUKH TSI
CHCTEMH EKOJIOTIYHOTO HOPMYBAHHsI, [0 BUMAraloTh HETAHOTO BUPIMICHHS TS 3a0e3MeUeHHs OC3MEeKH KUTTE i
SUTBHOCTI.

Bukink 1. [lpobrnema mumuacosozo (asapitinoco) Hopmy8anHs.

Tpamumiiiai [JIK po3paxoBani Ha JOBrOTPUBAIHNA, XPOHIYHHUN BIUIHB, aji¢ HE HA KOPOTKOYacHE, MacoBe Ha/l-
XOJKCHHSI TOKCHKAHTIB (HAIIPUKIIAI, TIPU MOKEeXi Ha HadToOa3i uyu BUOyXy amiaky) [8, 9]. ¥V 30HI Han3BUUalHOI
cuTyarii (akTH4IHa KOHIIEHTpaIlist 3a0pyaHioBadiB Moxke nepesuiryBatu I JIK y cotni i Tucsui pasis. Lle Bumarae
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PO3pOOKH Ta 3aTBEP/DKEHHS MEXaHI3My mumyacosux, asapitnux nopmamusie (I JIK-ABAPIA), sixi OynyTh IisTH
IIPOTArOM 0OMeXKeHOro nepiofy ((haszu pearyBaHHs Ta IOYATKOBOI JIIKBigamii).

Mema I'JIK-ABAPIA — 3abe3neuntn Oe3MeKy psATyBaJbHUKIB Ta HACENIeHH:, 10 mepedyBae modiausy 30HHU
BILIMBY, a TaKOXX BU3HAYUTHU HEOOXIJAHICTH 1 TepMiHU eBakyalii. Lli HOpMaTuBU MalOTh BPaxOBYBaTH IiABHUILECHY
TOKCUYHICTh POJYKTiB FOPIHHA Ta BTOPUHHOTO 3a0pYIHEHHS, @ TaKOXK OyTH IHTErPOBAHUMHU B CUCTEMH LIBUAKOTO
OpUAHATTS pimens 13 (Hampukiax, aBTOMaTHYHEe BU3HAYCHHS Paiycy HeOC3IeUHOT 30HN).

Buxunk 2: Mynsmumeoitinuii echekm ma cunepeis 3aopyonens [11].

Lli ra3n BMnagatoTs 3

Yepes rpyHT i
; onagamm, ; :
Y nosiTpa HaAXoAATbL . nigsemdi eogun
- 3a0bpyQHIOI0YM FPYHT i
TOKCUYHI rasm TOKCHMHMW

NoBepxHeBi BOAM
(apyrui i TpeTii
megiatopu).

(nepwwii meajaTop). NoTPanAAKTL ¥ NUTHY

soay [19].

CuHeprisi BOEHHO-TEXHOTEHHUX 3arpo3 MPU3BOIUTH 0 TOTO, 110 3a0pYIHIO0Y] PEYOBHHU OJTHOYACHO BILIU-
BAaIOTh Ha Pi3HI KOMIIOHEHTHU JOBKULIA (TIOBITpPS, BONIA, IPYHT), CTBOPIOKOUH M)iibmumelitinuti epexm [2, 7]. Hampu-
KJIaJl, BHOYX IPOMHCIIOBOTO 00’ €KTa:

HasiBHI HOpMaTHBH 311e01ITBIIIOT0 pO3poOIICH] JIJIsl OIIHKK BIUIMBY OJHOTO 3a0pyIHIOBaYa B OJHOMY Cepell-
oui. /Iy cTparerii BiIHOBICHHS KPUTHYHO HEOOXITHA METOIOJIOTISI KOMNIEKCHO20 HOPMYBAHHS, SIKA BPAXOBY€
CYKYIHHI €(EeKT BiJ] KUTbKOX PEYOBUH (HAIIPHUKIIA, BAXKKUX METAIIIB Bijl OO€mpunacisB + HaQTOMPOAYKTIB) y Pi3HUX
cepenoBumiax. be3 boro HEMOXIIMBO rapaHTyBaTh OE3MEeKy PEKOHCTPYHOBAaHUX 00’ €KTIB.

Knwuosi npunyunu inmezpayii nopmyeanus ma I[3 y ionoenenna. J{ns nofonaHHs WX BUKJIHMKIB Ta
3a0e3MeueHHsI CTIHKOTO BiJHOBJICHHS COLIOCKOCHCTEM, HEOOXiTHO c(hopMyITIOBATH Ta 3alPOBAAUTH TaKi iHTETPO-
BaHi MPUHIIUIN:

punauun 1: Hpunyun npiopumemy exonozciunoi besnexu L3 — Zero Risk, Hynvosuii Pusux.

[Tonsirae y BU3HAHHI TOTO, IIO MiJ] YaC BiHOBIEHHS HAa ypa)KEHUX TEPUTOPISAX HOPMHU €KOJIOTI1HHOT Oe3neKu
(FAK, TAB) matoTb OyTH srcopcmkiuumy ad0 TpUHANMHI €KBiBAJIGHTHUMH JI0 HACyBOPIIIMX MI>KHAPOJHUX CTaH-
napriB (Hanpukaaza, €C) [15].

3a00poHa BiTHOBICHHS KUTIOBHX, OCBITHIX Ta MEAHYHAX 00’€KTIB HA TEPUTOPISX, € PIBEHb 3a0pYyIHCHHS
TPYHTY HE BIJIIIOBIJIA€ KPUTEPISIM 6i0H061108aH020 (A HE TIPOCTO JOIMyCTUMOT0) BUKopucTauHs [13]. Led npuHmm
BHUMarae 00OB’SI3KOBOTO €KOJIOTIYHOTO ayIUTy O TPOEKTYBAHHS.

[Mpurtun 2: Ipunyun mepumopianvHoi ougepenyiayii Hopuamusia.

BusHaHHS HEOOXiTHOCTI BCTAHOBJICHHSI THMYAaCOBUX, aJIAITHBHAX HOPMATUBHUX 30H Ha 4ac MOCTKOH]IIIK-
THOTO TIEpioAy:

— Kpumuunoeo 3abpyonenus, 3ona 1. Tepuropii, ge piBHI 3a0py/THEHHS BUMAraroTh HETalHOI PEKyJIbTHBAIII
Ta 3a00pOHU Oy/Ib-SIKOTO BUKOPUCTAHHS (Nit0Th [ /[K-ABAPIA).

— [lepexionozo 3abpyonenns, 3oHa Il. Teputopii, A€ 3aCTOCOBYIOTHCSI TUMUYACOBI, OiJIbII CyBOPi, HIXK J0BO-
€HHIi, HOPMaTHBH, 110 J03BOJISIOTh KOHTPOJIbOBAHE BiIHOBIEHHS iH(pacTpykTypH (1itots [ /IK-ITTEPEXI]]).

— Bionosnosanvua, 3ona Il1. Teputopii, e HOPMATUBU MOCTYIIOBO TaPMOHI3YIOTHCS JI0 LIJILOBUX €BPOTIEH-
CBKHUX CTaHIAPTIB.

Hpunatmn 3: Hpunyun inmeeposanozo MOHIMopuHey.

Bumora 10 00’ etHaHHsI iHGOPMALIHHUAX TTOTOKIB CHCTEM €KOJIOTTYHOTO MOHITOPHHTY Ta CUCTEM OIOBIIICHHS
3 [11].

Jlani 3 aBTOMaTH30BaHKX MMOCTIB MOHITOPUHTY TIOBITPS, BoAM Ta IpyHTY (moxo [JIK) matoTs OyTH B peaiib-
HOMY 4aci IHTeTpOBaHi B €uHy ornepaniiny miardgopmy 113. Ile no3somnse 113 He nuine oTpuMyBat iHpOpMAaIito
PO PaKeTHI yJiapy, a i MUTTEBO MMPOTHO3YBATH Ta MOJICITIOBATH MOIIUPEHHS BTOPUHHKUX XIMIYHHX 3arpo3, Kopery-
1041 MapIIpyTH eBakyarllii Ta 30HH oOMexeHs [3, 11, 16].

Hpunnun 4: Hpunyun «3enenoiy pexkyrvmusayii ma nepexionoco HOpMy8aHHs.

Bu3HaueHHs €KONOTiYHOTO HOPMYBAHHS SIK 000B’SI3KOBOTO KOMIIOHEHTA YIPaBIIiHHS BiAXOAAMU BiJ pyHHY-
BanHs (BBP) [14, 13].

HeoOxigHo po3pobutu HopmatuBu ansi BBP, ski micTaTh asbect, pTyTh Ta iHIII HeOe3NeuHi peyOBHHH,
a TaKO)k BCTAHOBHUTH HOPMH O€3IMEYHOI KOHIIEHTPAIi [UX PEUOBHH VIS HOGMOPHO20 GUKOPUCMANHS HATIPUKIA]]
y JOPOXKHbOMY OymiBHUITBI. [{eii mpHHIHIT rapaHTye, IO BiTHOBICHHS HE MPU3BE/IC 10 BTOPUHHOTO 3a0pyIHEHHS.

Bnposaoscennsn exonoziunozo komnonenma ¢ Ilnanu I]3. EdextrBHa iHTErpallis BUMarae neperisiry CTaH-
JAPTHUX JTIOKYMEHTIB. EKOIOTTYHMI KOMITOHEHT Mae OyTH BIPOBA/DKEHUH K 000B’s3koBUH po3nin y ITmanax 113
TepuTopianbHuX rpoMan: 1. CTBOpEHHS iHTEpaKTUBHUX KapT, IO HAKIIAIAl0Th PO3TANTyBaHHS IIPOMHCIOBHX 00’ €K-
TIB TiIBUINEHOT HEOE3MEeKN Ha €KOJIOTIYHO Yy TIIMBI 30HH (BOJ03a00pH, peKpealliiiHi 30Hu). 2. BkitodeHHs anro-
put™miB I /{K-ABAPIA nns po3paxyHKy 30H XIMI9HOTO 3a0pyTHEHHS Ta HEOOXiTHUX 3aX0iB (YKPHUTTS, €BaKyaIlis)
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1o cranaaptaux nporokoniB L3 [10]. 3. XomeH npoekt kamitanbHOTO OYIIBHUIITBA YW pecTaBpallii B 30Hi, 110
MOCTpaXkana Bij OOHOBHX [ili, He Mae OyTH 3aTBEepIKeHUN Oe3 cepTudikara eKOJIOTIHYHOTO ayaHTy, 10 MiATBEp-
JOKY€E BIJIMOBIIHICTB IPYHTY 1 BOAM HOBOMY, ocuiieHoMy HopMmatuBy ([Ipunimm 1).

3acmocysanns mexnonoziu llImyunozo Inmenexkmy (IL1) ons adanmugnozo nopmyeanns. J1jis peanizanii
BUIIIE3a3HAYCHUX MPHUHIHITB KPUTUYHO BAXIIUBUM € BUKOPUCTAHHs IHHOBAI[IfHUX TeXHONOTIH, 30kpema LI Ta
MammuHHOTO HaBdaHHs (Machine Learning, ML) [16]. LI go3BoJisie mepeiTH Bill CTATHYHOTO HOPMYBAHHSI 10 OUHA-
MIYHO20 Ma adanmueHozo.

Dynxyionan LI ¢ inmeeposaniii cucmemi. Moaeni ML MOXyTh aHaJIi3yBaTH METECOPOJIOTIYHI JIaHi, TiJpo-
JIOTIYHI MOJIeITi Ta CKJIaJ BUKHIIIB, TPOTHO3YIOUH, SIK 1 Ky PEUOBHHH, BUIYIICHI B TIOBITPS, OCSIyTh Y TPYHTI UM
MOTPAILIATH y BOAHI 00 exTH [16]. Lle mo3Bossie 113 omepaTrBHO pearyBatu Ha 6i0kIaderi eKoJoriuHi 3arpo3u. Ha
OCHOBI ITOTOYHUX JIaHUX MOHITOPUHTY Ta NporHo3iB, 111 3xaTHMi BHOCHTH KOpeKTHBH Y iapametpu [ J[K-TIEPEX]/]
JUTSL KOHKpETHOTO paifony (IlpuHrmn 2), onTumisyioun 3ycuius 3 pexyasraBatiii. 111 moxke 00po0isiTi cymy THUKOBI
3HIMKH (BUSIBJISIIOUHN 3MiHHU KOJILOPY BOJIH, POCIMHHOTO MOKPUBY), IaH1 APOHIB Ta CEHCOPIiB, CTBOPIOIOYH BHCOKOTOUHI,
JMHAMIYHI KapTH 30H 3a0pyJHEHH, 1110 € OCHOBOIO IS 3acTocyBaHHs puniumy 3 (Inrerpoanuii MoHiTOpUHT) [16].

Brnposaxennst 11 nepeTBoproe cucteMy eKOIOTi4YHOTO HOPMYBAHHS HA CAMOHAGUANLHUL MEXAHI3M YNPAG-
JIIHHS pU3UKAMU, KW Ji€ Ha BUMIEPEHKEHHS, a He MOCT(AKTYM, 110 € 3alOPYKOI0 YCIIXy B CTPATETii BiTHOBJICHHS.

Lnaxu peanizayii npunyunie y cmpamezii gionoenenns. Peanizauis copMyab0BaHUX NPUHIIMIIIB BUMArae
HE JIAIIEC METOOIOTIYHNX 3MiH, a H MPaKTHYHHUX KPOKIB y TPHOX OCHOBHUX HAIPSIMKaX: 3aKOHOIABCTBO, MICIICBE
CaMOBPSIIYBaHHS Ta MIKHAPOIHA CITiBITPAILS.

Pexomenoauii w000 3axonodasuo2o 3abe3neyenns.

Jlig iHcTHTYIIOHATTI3AIT IHTErpallii eKOJIOTTYHOTO HopMyBaHHs Ta 113 HeoOXiJHO BHECTH 3MiHH JI0 TIPO]iJTb-
HUX 3aKOHIB T2 HOPMAaTHBHO-TIPABOBHX aKTiB.

1. 3anposadaicennsi kameeopii « Tumuacosi asapitini nopmamusu (I JIK-ABAPIA)». UiTke BU3HAYCHHS FOPH-
JIYHOTO CTaTycCy, MOPSAAKY po3poOku Ta Tepminy il [ K-ABAPIA y 3akoni Ykpainu «IIpo oxopoHy HaBKOJIHIII-
HBOTO MIPUPOIAHOTO cepefoBuINnay [1] Ta BiAMOBIAHMX min3akoHHUX akTax. Lle mo3BonuTs 13 BUKOpUCTOBYBaTH 1X
SIK JIETITUMHY OCHOBY JJIsl IPUMHATTS pillieHb (€BaKyallis, 130Js11i51) y TOCTpUN Tepiof] KaTacTpodu, peaizyrodn
[punnun 3 (Ikmeeposarozo moHimopuney).

2. Inmeepayis exonociynoeo ayoumy 6 byodisenvruil npoyec. BCTaHOBICHHSI HA 3aKOHOJJaBUOMY PiBHI 000B’ 13-
KOBOT BUMOTH LIIOJI0 TIPOBE/ICHHSI CIICIialli30BaHOTO EKOJIIOTIYHOTO ayAUTy IPYHTY 1 BOAM Ha TUITHKAX, IO TOCTPaxK-
JIaJIA BiJl OOMOBUX JIiHf, 1O TIOYATKY MPOEKTYBAHHS. AYIHUT Ma€ MiITBEP/HKYBATH BiIOBIIHICTD JIJISTHKH ITiIBHIIC-
HuM HopMatuBaM (IIpuHim 1), a Horo pe3yasTaT MOBUHHI OyTH IHTErpOBaHi B €IMHUN peecTp 30uTKiB [18].

3. Hopmysanus 6i0xo0ie pyiinysantsi. CTBOPEHHS OKPEMOTO HOPMATHBHOTO OIS TS KiTacuikariii Ta moBo-
JOKEHHS 3 Bigxojamu pyiHyBaHHS (BBP), 1m0 MicTsaTh mifBHINEHI KOHIIEHTpaIlii HeOS3MEUHNX PEUOBHH (BaXKKi
metanu, azoect, [IAB). Ile no3Bonute peanmizyBaru [lpunnun 4 («3erenoi» pexyromueayii), CTAMYITIOIOUN 0€3-
TIeYHEe COPTYBAHHS Ta MMOBTOPHE BUKOPUCTAHHS IHEPTHUX Marepiaiis [14].

Ilpaxmuuni pekomenoauii ons opzanie micyesozo camospadysanns (OMC). Ha piBHiI TepuTOpiabHUAX TPO-
mag OMC € KITI090BUMHU Cy0’€KTaMH, IO BIIPOBAKYIOTh IHTETPOBaHI MPUHIINAIIH.

1. Pospobka pecionanvuux I JIK-ITEPEXI/]. BukopuctoByroun [Ipunmmn 2 (Tepumopianvhoi oughepenyiayii),
OMC MaroTh MpaBo iHIIIIOBaTH BCTAHOBIECHHS MICIIEBUX (perioHanbHuX) HopmatuBiB [ JK-IIEPEXI/], sxi € OiibI
YKOPCTKUMHU, HiK 3arajibHOHAI[IOHAIbHI, I IEBHUX 30H (HAIPUKIIAJ, U peKpealiifHuX 30H 4u Boj1o3abopis) [17].
Le iHCTPYMEHT THYYKOTO YIPABIiHHS PH3HKAMHU.

2. Cmeopenns counoi I'lC-nnameopmu (I'eoinghopmayitina cucmema). laTerpanis TaHUX MOHITOPHHTY, KaJa-
CTpy, MicTOOyiBHOT AoKyMeHTalliil Ta iHopMmarii L3 (3ouu ypaxenns) y eauny I'IC. g mnardopma, migcuiena
anroput™amu 11, gacts 3Mory OMC npuiimMaTtyl pileHHs IoA0 peJoKalii 00’€KTiB Ta 30HyBaHHS, MHTTEBO OIli-
HIOIOYH EKOJIOT1UHUH pu3uk (peamizamis [punnuny 3: Inmeeposarnoco monimopuney ma LII).

3. 3abesneuenns exonociunoi beznexu 3a0y006u. 3anpOBaKEHHS BHYTPIIIHLOTO PETYJIATOPHOIO MEXaHI3MY,
3TiJIHO 3 SIKAUM BUOIp JUISTHKH JUTst OYIIBHUIITBA COIIAIBHOTO JKUTIIA UM IIKLT 3MIHCHIOETHCS BUKITFOYHO y 30Hax I
a6o III (Bimmosiguo o IlpuHIumy 2), MiATBEPAKEHNX SKOJIOTTYHUM ayIuTOM. BUKOpHCTaHHS reoTepMasbHUX Ta
COHSTYHUX TEXHOJIOTIH Y BiTHOBIIOBAHMX MPOEKTAX MAE CTATH MPIOPUTETOM.

Ilepcnekmueu ma 6uKaIUKU MiHCHAPOOHOI cnienpayi. IHTErpanis YKpaiHH J0 €BPONEHCHKOTO MPOCTOPY
BHMAarae rapMoHi3allii HalliOHaJIbHOI CUCTEMH HOPMYBaHHSI.

1. apmonizayis nopwamusis (EU Acquis). [lpusenenns ykpaincbkux [JIK, 0co01mBO Jist IpyHTIB Ta MUTHOL
BOJIH, IO BUMOT eBporeiicbkux Jupektus (Hanpukian, Bogna Pamkosa JupekTrBa, IupekTuBa mpo sSKiCTh aTMOC-
¢bepHoro noBiTpst) [15]. Lle 3a6e3neunts BigmoBiaHicTh [Ipunimimy 1 (Zero Risk) 1 BiAKpHe DUISX UTS MiXKHAPO.I-
HOro (hiHAHCYBaHHSI MPOEKTIB BigHOBICHHS [13].

2. Tpanckopoounuil exonociukuil monimopure. PO3MUpPEeHHS CHIBIpalli 3 CyCiIHIMUA KpalHaMHu Ta MiXHa-
pomuaumu opranizamismMu (UNEP, OBCE) s cTBOpeHHS €IMHOT CHCTEMHU TPaHCKOPJIOHHOTO MOHITOpUHTY [7].
Ile ocobumBo akTyansHO JuIs OaceiiHiB pidok ([ninpo, [yHaii), ne MmynbruMeniitauii egext (Bukmuk 2) Moxe
MaTH TPaHCKOPJIOHHI HACTHiAKHU. J{aHi 3 1i€i CHCTEMH TaKoXX MaloTh OyTH IHTETPOBAaHI B €MHY OINEpaIliiHy IJiaT-

dopmy L13.
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3. Illepetimanus 0ocsidy «3enenoi» pexyrvbmusayii. 3amy4eHHS MIKHAPOIHUX EKCTIEPTIB I pO3POOKH METO-
JIOJIOT1H peKyIbTHBALlIT TEPUTOPii, 3a0pyIHEHNX BIMCHKOBUMH Bigxofaamu. Lle BKiIrouae BUKOpUCTaHHS OiopeMeri-
amii Ta giropemenialiii, 1O € «3EJICHUMI» TEXHOJOTISIMH JUISI IOBEPHEHHSI 3€Mellb 0 CLIbCHKOTOCIOAAPCHKOTO Y1
pexpeaniiHoro BUKOPUCTaHHS BiAMOBIAHO 10 BcTaHOBIeHUX HOpMaTuBiB ([Tpuniun 4) [14].

BucHOBKH 3 1aHOTO AOCTIIZKEHHSI i MEPCNEeKTHBH MOAAJBIINX AOCTIKeHb y 1aHoMy Hampsimi. [Tpo-
BEJICHE JIOCIIIKCHHS JOCSIIIO CBOEI METH, C(hOPMYIIOBABIIN HAYKOBO-OOTPYHTOBAHI MPHHIIMIIN IHTETpAIlii eKo-
JIOT1YHOTO HOPMYBaHHSI Ta CTAHAAPTIB OC3MEKH YKUTTEMISIIBHOCTI SIK METOIOJIOTIYHY OCHOBY IUISl CTpaTerii mocT-
KOH(DIIIKTHOTO BIIHOBJICHHS YKpainu. BusHaueHo, 1o TpaauiliiiHa, cTaTHYHA CHCTEMa €KOJIOTTYHUX HOPMATHBIB
(TAK, TZIB), po3pobienHa sl MUPHOTO Yacy, € He0CTATHBOO JUIS pearyBaHHsI Ha YHIKAIIbHY CUHEP2il0 60EHHUX Md
MEXHO2EHHUX 3a2PO3.

Y nporeci qocipKeHHST 00TPYHTOBAHO HACTYITHI KJIFOYOB1 BUCHOBKH:

1. JloBeneHo HEOOXiAHICTh 3MIHM MAPAAUTMHU: EKOJIOTiYHE HOPMYBAHHS, sIKA Ma€ MEPEHTH Bil IHCTPYMEHTY
HOCT(HAKTyM-KOHTPOJIIO 10 AKMUBHO20, NPEGEHMUBHO20 IHCIPYMEHMY YNPAGLIHHA eKON020-MeXHOLEHHUMU PU3U-
Kamu Ta CTPATETIUHOTO IIAHYBAHHS BiTHOBJICHHS COIIIOEKOCHCTEM.

2. InenTudikoBaHO Ta MpOaHATI30BAHO JIBa TOJIOBHI BHKJIMKU: TOTpeda y CTBOPEHHI MeXaHi3My Tumuacosux
asapitinux nopmamusis (I [[K-ABAPIA]) nns onepatuBHOro pearyBaHHs L3 Ha MacoBaHi, KOPOTKOUACHI BUKUH;
a TaKoXK HEOOX1HICTh PO3POOKH METOMOJIOTIT KOMIUIEKCHOTO HOPMYBAHHSI, 110 BPAXOBY€E MYIbMUMEItIHULL egheKm
CHHEPTi1 3a0pyIHIOIOUNX PEUYOBUH Y PI3HUX CepelIoBHIIax (HOBITpS[ IPYHT, BOIIA).

3. ChopMynb0BaHO YOTUPU OCHOBOIIOIIOXKHI TIPHHIIUIIH, SIKi MAIOTh OyTH IHTETPOBaHi B HAI[lOHABHY CTpaTe-
ril0 BiJIHOBJICHHS:

— BcTaHOBIIGHHS )KOPCTKINIMX, HIXK IOBOEHHI, HOPMATHBIB JIJISl TCPUTOPIH BiTHOBJICHHS;

— 3anpoBaJKCHHS aJJallTUBHUX HOpMaTHUBHUX 30H (3oHa I — Kputnunoro 3a0pynnenns, 3ona 11 —[Tepexin-
Horo, 3oHa III — BimHoBmtoBaNbHA);

— 006’ eHaHHs 1H(POPMAIIHNX TOTOKIB EKOJIOTIYHOTO MOHITOPUHTY Ta CHUCTEM omoBimeHHs 1[3 y peansHOMYy
yaci;

— HopmyBaHHS BiXo/iB pyI/IHyBaHHH (BBP) JUTst iX Oe3medHoi mepepoOKH Ta MOBTOPHOTO BUKOPUCTAHHS.

4. 3anporoHoOBaHO KOHerTHl HUISAXH pealtizallii Ha pi3HUX PiBHSX:

— @opmamnizauis kareropii / JK-ABAPIA Ta 000B’I3KOBOr0 €KOJIOTIYHOTO ayIUTy MPOEKTIB BiIHOBIICHHS;

— BnpoBamxenns [1C-naamgpopm, niacuieHux mexuonoziamu Llmyynoeo Inmenexmy, 1O 103BOJIAE
3MIHCHIOBATH NUHAMIYHE IPOTHO3YBAHHS MYJIBTUMEIIIHOTO e(eKTy Ta aZalTHBHE KOPUTYBAaHHS HOPMATHBIB
(I JK-IIEPEXI);

— [IpuBenenns HarioHansHUX HOpMaTuBiB 10 ctangapTis €C (EU Acquis) Ta po3mupeHHs TPAaHCKOPJOHHOTO
MOHITOPHHTY.

BripoBamkeHHST IIUX 1HTETPOBAHUX MPUHIINIIB IIEPETBOPUTH CHCTEMY EKOJIOTIYHOTO HOPMYBaHHS Ha 3amo-
PYKy O€3IeKH >KUTTEIISUIBHOCTI, 3a0e31e4yIo4H, 0 BiAHOBJICHHS YKpaiHu BigOyleThCs BIMOBIIHO A0 cTparerii
«Build Back Better», MiHiMi3yI0uu eKoIOTiqHNI OOPT I MaiiOyTHIX MOKOMiHb.

Cnucox BUKOPHCTAHUX JKEPeT:

1. 3akon VYkpaiam «IIpo OXOpoHY HaBKOJIHMIIHBEOTO TPHUPORHOTO cepenoBumia». Kwuis, 1991. URL:
https://zakononline.ua/documents/show/155298 599695

2. XBecuk M. I, Ilacrymenko II. I1. Exonoriuna Oe3rneka B yMOBaxX HaJ3BUYaliHUX CHUTYyallli Ta BOEH-
HUX KOH(DIIIKTIB: BUKJIMKH Ta MEXaHI3MHU 3a0e3nedeHHs. Exonociunuti gichux. 2023. Ne 2(54). C. 15-26.
URL: https://www.google.com/search?q=https://ecology.donnu.edu.ua/article/view/1000

3. Pogrebnyak V., Kondrat O., Pogrebnyak A., & Perkun I. Transforming Occupational Safety and Civil
Defense: Wartime Challenges and Solutions. Academic Journal Industrial Machine Building Civil Engineering.
2025. No 1, Vol.64, 13-23. https://doi.org/10.26906/znp.2025.64.4034

4. Morpedusike B. I'., Konnpar O. P. [lepkyn 1. B., [Torpedusik A. B. MozentoBanHs npogeciiHiX 1 BOEHHHX
PHU3UKIB B cucTeMi Oe3MekH Ipali Ta HUBUIBHOTO 3aXUCTy Ha 00’exkTax HadTOrasoBoi ranysi. [lpukapnamcoxuil
sicnux HTIII. Yucimo. 2025. Ne 20, T. 77,9 c.

5. Tlorpe6nsik B. I, IlepkyH 1. B., [Torpebusik A. B. Bix oxopoHu mpaiii 10 KOMIUIEKCHOT O€3MeKn: cTpare-
rii iHTerpamii MBUILHOTO 3aXUCTY B KOPIIOPATHBHI cUcTeMU yrpaBimiHHsA. Cucmemu ma mexuonoeii. 2025. No. 2,
Vol. 69, 13 c.

6. Iorpeonsik B. T JIronuua 1 Giocdepa. IHTerparis 3Hanb — crpareris BwkuBanHsa. VIRTUS: Scientific
Journal. 2021. No. 57, October. 25-30. URL: http://conference-ukraine.com.ua/ua/virtus

7. Assessment of Environmental Damage in Conflict Zones: Methodological Guidelines. Geneva : United
Nations Environment Programme (UNEP) Publications, 2023. URL: https://www.google.com/search?q=https://
www.unep.org/resources/methodological-guidelines-environmental-damage-conflict-zones

8. IlleBuyk B. 4., Caranxina O. B. Exonoriune HopMyBaHHs Ta yIpaBiiHHS puzukamu. Kuis : HaykoBa qymka,
2021. 384 c. URL: https://www.google.com/search?q=https://pidruchniki.com/13931120/ekologiya/ekologichne
normuvannya_upravlinnya rizikami shevchuk v ya

ISSN 2521-6643 Cucremu Ta texnouorii, Ne 1 (71), 2026 161



9. boronro60B B. M. Exonoro-TexHOTeHHI pU3KMKH Ta O€3MeKa KUTTEMISIBLHOCTI: IHTerpoBanui mijaxia. Kuis:
Konmop, 2022. 512 c. URL: https://www.google.com/search?q=https://kondor-izdat.com.ua/bogolubov-ekologo-
tehnogeni-riziki

10. 3akon Ykpainu «IIpo [uBinsamii 3axuct». Kuis, 2013. URL: https://zakon.rada.gov.ua/laws/show/5403-17

11. Cxpunuyk I1. I1. Interpanist L{uBiabHOTO 3aXUCTy Ta €KOJIOTTYHOTO MOHITOPUHTY B YKpaiHi: mpobieMu Ta
nursixu Bupimenss. Kuis: HIC/, 2022. 180 c¢. URL: https://www.google.com/search?q=https://nisd.gov.ua/assets/
files/docs/monitor/integracia-civilnogo-zahistu-ta-ekologichnogo-monitoringu.pdf

12. Environmental Protection in Military Activities and Operations. NATO Standardization Office, 2021.
URL: https://www.google.com/search?q=https://www.nato.int/nato_static fl2014/assets/pdf/2021/4/pdf/
environmental-protection-in-military-activities-and-operations.pdf

13. Guidelines for Post-Conflict Reconstruction: Integrating Environmental Sustainability (Build Back
Better). Washington, D.C. : World Bank Group Publications, 2020. URL: https://www.google.com/search?q=https://
documents1.worldbank.org/curated/en/969061603700057404/pdf/Integrating-Environmental-Sustainability-
Build-Back-Better.pdf

14. Bilgen S., Biiylikyildiz M. Post-Conflict Environmental Assessment and Reconstruction Policies: Lessons
for the Green Recovery. Journal of Environmental Management. 2022. Vol. 320. 116035. https://doi.org/10.1016/
jJjenvman.2022.116035

15.The European Green Deal. Brussels : European Commission, COM/2019/640 final, 2019.
URL: https://www.eea.europa.cu/policy-documents/com-2019-640-final

16. Lui J., Zhang Y. Al-Driven Geospatial Modeling for Adaptive Environmental Regulation and Disaster
Response. Environmental Science & Technology.2024.Vol.58,No. 10. P.4200—4210. URL: https://www.google.com/
search?q=https://pubs.acs.org/doi/10.1021/acs.est.4c01234

17. JlepxaBHi caHiTapHi ITpaBuiIa IUIaHyBaHHA Ta 3a0ynoBu HaceneHux myHKTIB (JICII 173-96). Kuis, 1996.
URL: https://www.google.com/search?q=https://zakon.rada.gov.ua/laws/show/z0412-96

18. IIpo 3arBepmxeHHs Ilopsiiky BH3HAYECHHs INKOAM Ta 30WUTKIB, 3aBAaHUX YKpaiHi BHACHiIOK 30poi-
Hoi arpecii Pocilicekoi @enepartii: [locranoBa Kabinery MinictpiB Yipainu Big 17 Oepesns 2023 p. Ne 255.
URL: https://www.google.com/search?q=https://www.kmu.gov.ua/npas/pro-zatverdzhennia-poriadku-
vyznachennia-shkody-ta-zbytkiv-zavdanykh-ukraini-vnaslidok-zbroinoi-ahresii-rosiiskoi-federatsii-a255

19. Pogrebnyak V. G., Voloshyn V. S. Ecological technology of creating water-protective screens. Donetsk :
KNOWLEDGE, 2010. 482 p.

20. Pogrebnyak V. G. Polymer Macromolecules as a Tool for Studying Wall-Adjacent Turbulence Flow.
Proceedings of the 2nd International Symposium on Seawater Drag Reduction. Korea. Busan : ASERC. 2005.
P. 79-90.

21. Pogrebnyak A. V., Perkun I. V., Pogrebnyak V. G., Shymanskyi V. Ya. Improvement of labour safety and
safety of life activities by increasing the efficiency of water fire extinguishing systems. Cuctemu Ta TEXHOJIOTI].
2025. No.1, Vol. 69, 187-193. https://doi.org/10.32782/2521-6643-2025-1-69.22

References:

1. Verkhovna Rada of Ukraine. (1991). Pro okhoronu navkolyshnoho pryrodnoho seredovyshcha [On
environmental protection] (Law of Ukraine No. 1264-XII). Retrieved from: https://zakononline.ua/documents/
show/155298 599695

2. Khvesyk, M. H., & Pastushenko, P. P. (2023). Ekolohichna bezpeka v umovakh nadzvychainykh sytuatsii ta
voiennykh konfliktiv: vyklyky ta mekhanizmy zabezpechennia [Environmental safety in conditions of emergencies
and military conflicts: challenges and mechanisms of provision]. Ekolohichnyi visnyk, (2/54), 15-26. Retrieved
from: https://ecology.donnu.edu.ua/article/view/1000

3. Pogrebnyak, V., Kondrat, O., Pogrebnyak, A., & Perkun, 1. (2025). Transforming Occupational Safety
and Civil Defense: Wartime Challenges and Solutions. Academic Journal Industrial Machine Building Civil
Engineering, 1(64), 13-23. https://doi.org/10.26906/znp.2025.64.4034

4. Pogrebnyak, V. G., Kondrat, O. R., Perkun, 1. V., & Pogrebnyak, A. V. (2025). Modeliuvannia profesiinykh
1 voiennykh ryzykiv v systemi bezpeky pratsi ta tsyvilnoho zakhystu na obiektakh naftohazovoi haluzi [Modeling
of occupational and military risks in the system of occupational safety and civil protection at oil and gas industry
facilities]. Prykarpatskyi visnyk NTSH, 77(20), 9.

5. Pogrebnyak, V. G., Perkun, 1. V., & Pogrebnyak, A. V. (2025). Vid okhorony pratsi do kompleksnoi
bezpeky: stratehii intehratsii tsyvilnoho zakhystu v korporatyvni systemy upravlinnia [From occupational safety to
comprehensive security: strategies for integrating civil protection into corporate management systems]. Systemy ta
tekhnolohii, 69(2), 13.

6. Pogrebnyak, V. G. (2021). Liudyna i biosfera. Intehratsiia znan — stratehiia vyzhyvannia [Man and the
biosphere. Integration of knowledge — survival strategy]. VIRTUS: Scientific Journal, (57), 25-30. Retrieved from:
http://conference-ukraine.com.ua/ua/virtus

162 Cucremu ta Texnosorii, Ne 1 (71), 2026 ISSN 2521-6643



7. United Nations Environment Programme. (2023). Assessment of environmental damage in conflict
zones: Methodological guidelines. Retrieved from: https://www.unep.org/resources/methodological-guidelines-
environmental-damage-conflict-zones

8. Shevchuk, V. Ya., & Satalkina, O. V. (2021). Ekolohichne normuvannia ta upravlinnia ryzykamy
[Environmental regulation and risk management]. Naukova dumka. Retrieved from: https://pidruchniki.com/
13931120/ekologiya/ekologichne normuvannya upravlinnya rizikami_shevchuk v ya

9. Boholiubov, V. M. (2022). Ekoloho-tekhnohenni ryzyky ta bezpeka zhyttiediialnosti: intehrovanyi
pidkhid [Ecological and man-made risks and life safety: an integrated approach]. Kondor. Retrieved from:
https://kondor-izdat.com.ua/bogolubov-ekologo-tehnogeni-riziki

10. Verkhovna Rada of Ukraine. (2013). Kodeks tsyvilnoho zakhystu Ukrainy [Code of Civil Protection of
Ukraine] (Law of Ukraine No. 5403-VI). Retrieved from: https://zakon.rada.gov.ua/laws/show/5403-17

11. Skrypchuk, P. P. (2022). Intehratsiia Tsyvilnoho zakhystu ta ekolohichnoho monitorynhu v Ukraini:
problemy ta shliakhy vyrishennia [Integration of Civil Protection and environmental monitoring in Ukraine:
problems and solutions]. National Institute for Strategic Studies. Retrieved from: https://nisd.gov.ua/assets/files/
docs/monitor/integracia-civilnogo-zahistu-ta-ekologichnogo-monitoringu.pdf

12. NATO Standardization Office. (2021). Environmental protection in military activities and operations.
Retrieved  from:  https://www.nato.int/nato_static_f12014/assets/pdf/2021/4/pdf/environmental-protection-in-
military-activities-and-operations.pdf

13. World Bank Group. (2020). Guidelines for post-conflict reconstruction: Integrating environmental
sustainability ~ (Build Back  Better). Retrieved  from:  https://documents1.worldbank.org/curated/
en/969061603700057404/pdf/Integrating-Environmental-Sustainability-Build-Back-Better.pdf

14. Bilgen, S., & Biiyiikyildiz, M. (2022). Post-conflict environmental assessment and reconstruction policies:
Lessons for the Green Recovery. Journal of Environmental Management, 320, 116035. https://doi.org/10.1016/
jJjenvman.2022.116035

15. European Commission. (2019). The European Green Deal (COM/2019/640 final). Retrieved from:
https://www.eea.europa.eu/policy-documents/com-2019-640-final

16. Lui, J., & Zhang, Y. (2024). Al-Driven geospatial modeling for adaptive environmental regulation and
disaster response. Environmental Science & Technology, 58(10), 4200-4210. Retrieved from: https://pubs.acs.org/
doi/10.1021/acs.est.4c01234

17. Ministry of Health of Ukraine. (1996). Derzhavni sanitarni pravyla planuvannia ta zabudovy naselenykh
punktiv [State sanitary rules for planning and development of settlements] (DSP 173-96). Retrieved from:
https://zakon.rada.gov.ua/laws/show/z0412-96

18. Cabinet of Ministers of Ukraine. (2023). Pro zatverdzhennia Poriadku vyznachennia shkody ta zbytkiv,
zavdanykh Ukraini vnaslidok zbroinoi ahresii Rosiiskoi Federatsii [On approval of the Procedure for determining
damage and losses caused to Ukraine as a result of the armed aggression of the Russian Federation] (Resolution
No. 255). Retrieved from: https://www.kmu.gov.ua/npas/pro-zatverdzhennia-poriadku-vyznachennia-shkody-ta-
zbytkiv-zavdanykh-ukraini-vnaslidok-zbroinoi-ahresii-rosiiskoi-federatsii-a255

19. Pogrebnyak, V. G., & Voloshyn, V. S. (2010). Ecological technology of creating water-protective screens.
Knowledge.

20. Pogrebnyak, V. G. (2005). Polymer Macromolecules as a Tool for Studying Wall-Adjacent Turbulence
Flow. Proceedings of the 2nd International Symposium on Seawater Drag Reduction (pp. 79-90). ASERC.

21. Pogrebnyak, A. V., Perkun, 1. V., Pogrebnyak, V. G., & Shymanskyi, V. Ya. (2025). Improvement of
labour safety and safety of life activities by increasing the efficiency of water fire extinguishing systems. Systemy ta
tekhnolohii, 69(1), 187—-193. https://doi.org/10.32782/2521-6643-2025-1-69.22

Jlara nepnioro HaJXo/KeHHS cTarTi g0 BuganHs: 30.11.2025
JlaTa mpuHHATTS cTaTTi 10 APYKY Micas peneH3yBaHus: 22.12.2025
Jara ny6mnikanii (onprttogaenHs) crarti 27.01.2026

ISSN 2521-6643 Cucremu Ta Texnouorii, Ne 1 (71), 2026 163



B. I. Ilorpe6nsik, C. O. 'anonenko, T. M. PynstHoBa, A. B. TTorpe0OHsik

VIK 622.276:658.382.3
DOI https://doi.org/10.32782/2521-6643-2026-1-71.21

MorpebHsik B. I'., OKTOp TexHi4YHMX Hayk, npodecop,

npocpbecop kadenpn TEXHONOTIT 3aXMCTY HAaBKOMMLLHBOIO cepeaoBuLLa
Ta 6e3nekun npadi IBaHO-PpaHKIBCLKOro HaLiOHANBHOIO TEXHIYHOIO
yHiBepcuteTy HadTh i rasy

ORCID: 0000-0002-7735-3408

ManoHeHko C. O., kaHAMAAT EKOHOMIYHMX HaYK,

OOLEHT Kadenpu MidkHapogHOro Typn3My Ta rotefibHO-pecTopaHHOro
Gi3Hecy YHiBepcuTeTY MUTHOI cnpaBu Ta hiHaHCIB

ORCID: 0000-0001-6647-3335

PyasaHoBa T. M., kaHOMAAT TEXHIYHUX HAYK, OOLEHT,

OOLEHT kKadbepu KOMM IOTEPHUX HaYK Ta iHXeHepii nporpamMHoro
3abe3neyeHHs1 YHIBEpCUTETY MUTHOI cripaBu Ta (biHaHciB
ORCID: 0000-0002-2750-6031

MorpebHsik A. B., JOKTOp TEXHIYHMX Hayk, npodecop,
npodecop kadeapu MKHapO4HOro TYpU3My Ta roTerbHO-
pecTopaHHoro 6isHecy YHiBEpCUTETY MUTHOI cripaBu Ta (hiHaHcIiB
ORCID: 0000-0003-3214-6410

CYYACHI IIAXOAU 10O YIIPABJIIHHSA PUSUKAMMU B CUCTEMI BE3IIEKHN
HA IMTPOMHUCJIOBUX HIANNPUEMCTBAX

Katouosoro me3zoto pobomu € HeoOXioHicmb (yHOaMeHmanbHol 3MiHu napaduemu — nepexody 00 NPOAKMUEHOTL, pusuKk-o-
PIEHmMOBanOT MO0 YNPAasIiHHA, o POKYCYEMbC Ha NPOSHO3Y8AHHI Ma Heumpanizayii 3aepos do ix peanizayii. Teopemuunorn
0CHOBOI0 Yb020 NIOX00Y BUCIIYNAE, 30KpeMa, MoOenb «uiseliyapcoko2o cupyy Jicetimca Pizona, axa 0emoncmpye, wo asapis
€ HACTIOKOM 3012y NPUX08anux HeOoNiKig Ha KiIbKOX PIBHAX 3AXUCHY, A came MEeXHOL02IYHOMY, OP2AHI3aYItIHOMY, KOMNemeHnHIc-
HOMY ma Haznsi008omy. Memoro npoakmueroi cucmemu € nOCMiliHe 6UsGIeHHs MA YCYHEHHsL YUX «OIpOK» 07151 YHEMONCIUBLEHHSL
Kamacmpopiunozo 36iey.

Texnonoeiunum gyrnoamenmom 0 peanizayii nPOAKMUSHO20 nioxXo0y BUSHAYEHO Yudposy mpancgopmayino Ha 3acadax
inoycmpii 4.0. 3anpononosarno cmeoperHs €Ounoi inmenekmyanvHoi exocucmemu, de: Inmepnem peueii loT eucmynae cucme-
MOK 300py OGHUX Y PeaTbHOMY Haci uepe3 damuuky gidopayii, Koposii Ha 0ONAOHAHHI, 2A30AHANI3AMOPU 8 PODOYUX 30HAX MA
HOCUMI «PO3YMHI» KacKu i OiomempuyHi mpexkepu 0114 nepcoxany, winyunuil inmenexm Al 06poonac yi 0aui 018 npoeHO3Y8aHHS
6I0M08 0ONAOHAKHA Ma THMENeKMYanbHOI gideoananimuxuy, imepcugHi mexnonocii VR/AR ma yugposi ositinuxu 3abesneyyions
BIONPAYIOBAHHS HABUYOK 8 EKCIPEMATLHUX CUMYAyiax 0e3 pusuky Ons JICUmms ma 003601510Mb Oe3neuHo MOOenio8amuy Hali-
CKAAOHTWE a8apitini cyexapii.

s 00 exmusizayii ynpasiiHCoKux piuienb NPOROHYEMbCA Nepexio 8id AKICHUX OYIHOK 00 KITbKICHO20 AHANIZY PUSUKIE
ORA. Leii nioxio 6azyemvcs na gopmyni Pusux = Imosipricmo x Hacnioku ma 6uKopucmosye Mamemamuyui iHcmpymeHmu,
maki Kk dedykmueHuil ananiz «oepesa giomosy FTA ma indykmusnuti ananiz «depesa nodiuy ETA 0ns pospaxynky timosipHo-
cmell ckraonux asapitl. Taxutl ananiz 0036015€ NPoGOOUMYU eKOHOMIUHO OOIPYHIMOBAHY OYIHKY «8UMPAMU-6U200U» 0N iHeec-
muyitl y cucmemu Oe3nexu.

Knrouosum sucnoskom pobomu € me, wo 8 Cy4acHUX YMOBAX Medica MidC OXOPOHOIO Npayi, MeXHO2eHHOI0 be3neKoio ma
YUBLTLHUM 3AXUCTIOM NOBHICIIO CIMUPAEMbCA. 3aNPOROHOBAHO KOHYENNYAIbHY MOOelb COUHOT, IHMe2POBAHOI cucmemit ynpas-
JUHHA Oe3nekor, wo 00 coHye yi mpu Komnonenmu. Ipaxmuuna peanizayis mooeni nepedbavae oOnAWMYBAHH YKPUMMIG,
cmeopenns OyONIoI04UxX CUCIEM ONO0GIueHHs Ma 38 A3KY, a MAKOJIC NPOBedeHHs KOMNIEKCHUX MPEHiHI8, o NOEOHYIOMb HABU-
YKl HAOAHHS nepuioi 0onomozu 3 enemenmamu makmuynoi meouyunu. Cmeopenns maxoi adanmugHoi cucmemu € He3aivmepHa-
MUBHUM WISIXOM 0151 3a0e3neder s 3aXUCHLY NEPCOHANY Ma CMILIKOCMI (DyHKYIOHY8aHHs cmpame2iunux nionpuemcms Yxpainu.

KimrowoBi ciioBa: oxoporna npayi, mexnozenna besnexa, YuginbHUL 3aXucm, HapmMo2a308a 2any3s, YAPAGNIHHA PUSUKAMU,
yugposizayis, npoakmueHa Oesnexa.

© B.T. Horpednsik, C. O. Mnonenko, T. M. Pynsinosa, A. B. ITorpeéusik, 2026
BY CTarTs NOHUPIOETHCS HA YMOBax Jinensii Binkpuroro nocryny CC BY 4.0

164 Cucremu ta Texnosorii, Ne 1 (71), 2026 ISSN 2521-6643




Pogrebnyak V. G., Haponenko S. O., Rudianova T. M., Pogrebnyak A. V. Modern approaches to risk management in
the safety system at industrial enterprises

The article provides an in-depth analysis of the safety management system at Ukrainian oil and gas industry enterprises,
which operates under conditions of an unprecedented convergence of risks, making outdated, reactive approaches to labor pro-
tection not only ineffective but also unacceptable. It is substantiated that in addition to the traditional production hazards inher-
ent in all stages of the cycle—from geological exploration to hydrocarbon processing—three key aggravating factors of modernity
have been added. Firstly, a high degree of physical and moral deterioration of infrastructure, which significantly increases
the likelihood of accidents due to equipment failure. Secondly, the intensification of production at depleted fields, which gener-
ates new, insufficiently studied professional risks. Thirdly, direct military threats that have turned the industrys facilities into
strategic targets for missile strikes and UAV attacks. Under such conditions, safety management is transformed from a narrowly
focused function into a fundamental element of national resilience.

The key thesis of the work is the need for a fundamental paradigm shift—a transition to a proactive, risk-oriented manage-
ment model that focuses on predicting and neutralizing threats before they are realized. The theoretical basis for this approach is,
in particular, James Reason's “Swiss cheese model”, which demonstrates that an accident is the result of a confluence of hidden
deficiencies at several levels of defense, namely technological, organizational, competence, and supervisory. The goal of a pro-
active system is the constant identification and elimination of these “holes” to prevent a catastrophic coincidence.

The technological foundation for implementing a proactive approach is identified as digital transformation based on
Industry 4.0 principles. The creation of a unified intellectual ecosystem is proposed, where: the Internet of Things loT acts as a
real-time data collection system through vibration and corrosion sensors on equipment, gas analyzers in work areas, and weara-
ble “smart” helmets and biometric trackers for personnel; artificial intelligence Al processes this data for predictive equipment
failure and intelligent video analytics, immersive VR/AR technologies and digital twins provide skills training in extreme situa-
tions without risk to life and allow for the safe modeling of the most complex emergency scenarios.

To objectify management decisions, a transition from qualitative assessments to quantitative risk analysis QRA is pro-
posed. This approach is based on the formula Risk = Probability x Consequences and uses mathematical tools such as deductive
“fault tree analysis” FTA and inductive “event tree analysis” ETA to calculate the probabilities of complex accidents. Such
analysis allows for an economically justified “cost-benefit” assessment for investments in safety systems.

The key conclusion of the work is that in modern conditions, the line between labor protection, technological safety, and
civil defense is completely blurred. A conceptual model of a unified, integrated safety management system that combines these
three components is proposed. The practical implementation of the model involves the arrangement of shelters, the creation of
duplicate notification and communication systems, and the conduct of comprehensive training that combines first aid skills with
elements of tactical medicine. The creation of such an adaptive system is the only way to ensure the protection of personnel and
the resilience of the functioning of strategic enterprises in Ukraine.

Key words: occupational safety, oil and gas industry, risk management, life safety, professional risks, digitalization, Inter-
net of Things, proactive safety.

[ocTranoBka mpodaemu. Hadrorazosa ramys3p TpaguiiifHO € OJXHUM 31 CTOBIIIB HAIIOHAJHHOI CKOHOMIKH
Ta KJTI0Y0BUM EIEMEHTOM CHEPreTHUHOT Oe3rexn Yipainn, 3a0e3MeuyIOuH JIEPKaBy BIACHUMH EHEPropecypcamu
Ta 3HIKYIOUH 3aJIEXKHICTh Bijl 30BHIIIHIX TOCTaYanbHUKIB. [1 cTabiabHe QyHKIIOHYBAHHS € 3alOPYKOIO JKUTTE-
TISUTBHOCTI 1HIIAX CTPATETidHUX CEKTOPIB, BiJ MPOMHUCIOBOCTI 0 arpapHOTO KOMIUIEKCY, Ta Ma€ MPSMHUH BIUIUB
Ha J100poOyT rpomansH [1-3]. BomHowac mianmpueMcTBa I1i€l Tamy3i 3a CBOEKO CYTHICTIO HaJeXarh 10 00’€KTiB
mijBuIneHoi HeOesnekn. BupoOHUYI mporiecH, M0 OXOILTIOITH PO3BIJIKY, OypiHHS, BUIOOYTOK, TPAHCIIOPTYBAHHS
Ta rmepepoOKy BYITICBOAHIB, HEPO3PUBHO TOB’s3aHI 3 HaJ[3BUYAHO BUCOKOI KOHIICHTPAIIEI PU3UKIB JJIs KUTTS
1 3710pOB’S IEPCOHAITY, @ TAKO)K CTBOPIOIOTH 3HAYHI 3arPO3H AJIsl HABKOJIMIIIHBOTO MIPUPOTHOTO cepefoBHa [4—6].

Crenudika ramxysi 00yMOBJIeHa CKIaIHICTIO TEXHOJOTIYHUX [IUKIIIB, JIe 3aCTOCOBYETHCS MOTY)KHE Ta BETUKO-
rabaputHe oONaJHaHHs, a po0OTa BEAETHCS 3 PEUOBHHAMH, 1110 MalOTh BUCOKHIA CTYIiHb HeOe3neku. Jlo mocTiiHo
Jitounx (paKTopiB pU3HKY HaJIekKaTh poOoTa 3 00JaJHAHHM /1 eKCTPEMaIbHO BUCOKUM THCKOM, HasBHICTh Y TJIac-
TOBUX (PIIFOINAX Ta TEXHOJIOTIYHUX MPOIecaX TOKCUYHUX PEUOBUH, 30KpEMa CIPKOBOIHIO, 8 TAKOXK MOCTiHHA IPH-
CYTHICTh JIETKO3aHMHCTHX 1 BHOyXOHEOS3MeUHHX piiuH Ta rasiB. Lli yMOBH BHCYBalOTh OE3MPEIEICHTHO BHCOKI
BHMOTH JI0 HaAIHHOCTI cucteM Oe3neku mpaii (OI1) Ta 6e3neku xurremisuibHOCTI (BXK]I), e Oynb-sike BiIXHICHHS
BiJl HOPM YH JIFOJIChKA ITOMHJIKA MOXKYTh MIPU3BECTH JI0 KaTacTpO(DIYHUX HACIIIKIB.

IMocTaHoBKa 3aBOaHHs. AKTyalbHICTB JIOCHIDKCHHS Ta HEOOXITHICTh MEperisaay ICHYFOUHX ITJIXOIIB 10
VIpaBITiHHS 0€3MEKOI0 MTOCHITFOETHCS JIEF0 TPhOX KIFOYOBUX O0TKYroUHX (hakropiB cydacHocrti. [To-nepie, 3Ha-
YHa YacTHHA 1H(PPACTPYKTYpH raiysi, BKIOUAIOUN TPYOOIPOBOIU, KOMIIPECOPHI CTaHIIIi Ta epepoOHi YCTaHOBKH,
XapaKTepU3y€EThCS BUCOKUM CTyIeHeM (Di3MYHOTO Ta MOPaJbHOTO 3HOCY. TpuBana ekcruryatamis 0e3 HaJexHOi
MOJIEpHI3aIlil CyTTEBO MiABUINYE HMOBIPHICT, BUHUKHEHHS aBapiil uepe3 BiIMOBY 00JIaAHAHHS, PO3TepPMETH3AIIII0
CHCTEeM Ta Kopo3iiiHi npouecu. [lo-apyre, BUCHa)KEHHS CTapUX POAOBUIL 3MYIITY€e BUA0OYBHI KOMIaHIi IEPEXOIUTH
10 iHTeHcudikamii BuJ00yTKY, 1[0 BUMArae 3aCTOCYBaHHS TEXHOJIOTIYHO CKIIAIHINIUX 1 MOTEHIIHHO OLIbII PU3H-
KoBaHMX MeToaiB. Lle, y cBOO uepry, reHepye HOBI, IlIe HEOCTATHBO BUBUCHI MPOQECIHI PU3UKU IS TIEPCOHATY
[7]. Io-Tpere, i e € BU3HAYATIHHUM BUKJIMKOM CHOTOJICHHS, TIOBHOMACIITa0HA BiliHA TIEPETBOPIIIA ITiIPUEMCTBA
Ha(TOra3oBoi rayy3i Ha CTpPATETIvHI [T U1 BOPOXKUX aTak. Jo TpamumidHNX BUPOOHHYMX PHU3HKIB TOHAIIHCS
MpsIMi BOEHHI 3arPO3H, TaKi sIK paKeTHI yIapy Ta aTaku OS3MIIOTHHUX JITAIBHUX araparis, 10 MOXKYTh CIIPUYNHUTH
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pyHHYyBaHHS KpUTHYHOI iH(ppacTpykTypH. Lle cTBoproe HeOe3MeKy He JIHIIe Il MPaLiBHUKIB, a H I HaceNeHHs
MPUIEIINX TEPUTOPIi, Ta MOXKE MPU3BECTU IO MACIITAOHUX €KONOTiYHuX KaracTpod [8]. B Takux ymoBax nuTaHHs
yIpaBIiHHA 0€3MeKOI0 BUXOIUTH 32 MEKi OXOPOHHU Mpalli i IepeTBOPIOEThCA HAa (DYyHIAMEHTAIbHUN €JIEeMEeHT Hallio-
HaJIbHOT CTiMIKOCTI Ta 000pOHO3AaTHOCTI AepxkaBu. KomriekcHa J1is nuX (pakTopiB BUMArae HeralHoro nepexoy 110
HOBOT (bizocodii Oe3rnexn — MPOaKTHBHOT, IHTErPOBAHOT Ta aaTOBAHOI 10 peaiil BoeHHOro dacy [9, 10].

Buxonsuu 3 BUIIIEHABEICHOTO METOI CTATTI € cUcTeMaTH3allis mpo(eciiftHuX pU3KKIB y HaQTOra30Bii ramysi
Ta po3po0Ka KOHIETITYaIFHHX 3acal IS IOOYI0BU CyYacHOI, MPOAKTUBHOI CUCTEMH YIIPABIIiHHS O€3IEKOIO.

Bukian ocHoBHOro martepiany. Knacugixayis ma ananiz pusukie y nagpmozasosin 2anysi. EdextiBHe
YIpaBJIiHHS OE3MEKOI0 Ha MIAMPUEMCTBAX HAPTOra30BOT0 KOMILIEKCY HEMOXKITHBE Oe3 TIIMO0KOT Ta BCeOIYHOT 1/1eH-
TU(IKaIil MOTEHIIHHNX HeOe3neK. Pu3uky B 1il raiysi € GaraTorpaHHUMH, B3a€MOIIOB’ sI3aHUMHY 1 BUHUKAIOTh Ha
KO)KHOMY €Tali BHPOOHWYOTO JIAHIIOTa — BiJ MOIIYKY POJOBHUIN 10 NepepoOkn cupoBuHU. [IpocToro mepemiky
3arpo3 HEAOCTAaTHBO ISl PO3POOKHM aJeKBATHUX 3aXOJIiB KOHTPOIIO; MOTpiOHA iX cucreMHa Kiacudikamis. Haii-
O1bII OOTPYHTOBAHUM € TIJIXiJ, 10 aHATI3YE PU3UKH 3a e€TanaMyd BUPOOHUYOTO IIUKITY, JOMOBHIOIOYM HOro aHa-
Ji30M crierudivHUX 3arpo3, MOB’SI3aHUX 13 30BHILIHIMU (PAKTOpPAMHU, TAKUMHU SIK BOEHHUI CTaH, Ta HACKPI3HUMU
pHY3HKaMu, 30KpeMa JToIchKuM (aktopom [9, 10].

ITouarkoBHii eTarnm BUPOOHUYOTO IHUKIY XapaKTEePU3YEThCsS BUCOKOIO MOOUIBHICTIO, POOOTOIO Y BiJIaJICHUX
19acTO KJIIMAaTHYHO CKJIQJIHUX PalOHAX, & TAKOXK IHTEHCHBHUM BHKOPHCTAHHSM BaKKOTO MEXaHIYHOTO 00JIaTHAHHSI.
Besreka Ha 11pOMy eTarli 3HAYHOIO MipOIO 3aJIEKHTH BiJl CYBOPOrO TOTPHMAHHS MPOLEAYP, CIIPABHOCTI TEXHIKH Ta
(hi3MYHOT BUTPUBAIIOCTI TiepcoHany. HeOesneku TyT MaroTh MepeBaXKHO (Di3UUHUHN, XIMIYHHN Ta MCUXO(i3100Tiv-
Huii xapakrep [11-17].

TakuM YWHOM, Ha €Tari PO3BiIKK Ta OypiHHS IOMIHYIOTH PU3HKH, IO HECYTh NPSMY 3arpo3y XUTTIO Ta
3JI0POB’I0 MTEPCOHAITY uepe3 Oe3rmocepe/IHii KOHTAKT 3 HeOe3MEeUHUM CePEIOBHINEM Ta 00IaITHAHHIM. YIIPaBIiHHS
0e31eKoro TyT Mae (POKycyBaTHCs Ha MEXaHIYHIM HalIHHOCTI 00NIaIHaHHS, 3a0€3TICYCHHI IKICHUMY 3aC00aMH 1HIH-
BigyaspHOTO 3axHcTy (313) Ta )kOpCTKOMY KOHTPOJII 38 JOTPUMAHHSIM MPAaBWII BUKOHAHHS pooiT (auB. Tabmuio 1).

Tabmuns 1
AHaJii3 pu3MKiB Ha eTani reo10ropo3Biaku Ta OypiHHs
Kareropisi pusuky CrneuudiyHi pusuku Mo:x/auBi HaCTiAKH
dizuyHi Bucokuii piBeHs niymy Ta BiOparii Bij podotu [Ipodeciitni 3axBoprOBaHHS: BTpaTa
JIM3eTIbHNX TeHepaTopiB, OypoBHX HacoCiB. Pu3uk CcIlyXy, BiOpariiina xBopo6a. Baxki
MaliHHs 3 BUCOTH ITiJ] Yac poOOTH Ha OypoBiit Bexi. TPaBMH, 1HBAJIIJHICTb, JIETAIIbHI
VYpaKeHHs pyXOMHMH Ta 00EPTOBUMH YaCTHHAMHU BUIMAAKU. TpaBMH KiHLIBOK, 3aTSATyBaHHS
MexaHi3MiB. BIHB ekcTpeMaIbHUX MTOTOTHUX omsry B MexaHizmu. OOMOpoKeHHS,
YMOB TIiJ 9ac MOIBOBHUX pOOIT. PH3uK ypaxeHHs TEIUIOB1 yIapH, 3arajibHe MOTiPIICHHS
EJIEKTPUYHKUM CTPYMOM BiJI CHJIOBOTO 00JIa/IHAHHS 310poB’s. EnexrporpaBmu Ta omiku
Ximigri KoHTakT mkipy Ta IUXaabHUX MUIIXIB 3 TOKCHYHUMHU | XiMIYHI OMIKH, IEPMATUTH, aJIeprivdHi
KOMITOHEHTaMH OypOBHX pO3YUHIB. PU3nk panToBux  |peakuii, XpoHiuHi oTpyeHHs. [ocTpe
razo-nadroBogonpossieHs (I'HBIT) 3 Bukunamu OTPYEHHS, BTpaTa CBiIOMOCTI, ac(ikcis,
cipkoBoanio (H,S) Ta inmmx mkiznusux rasis JICTaJIbHI BUITAKU. 3aiiMaHHs Ta BUOYX
[cuxodizionoriuni | Bucoka ¢ismuna Hanpyra. Baxrtosuii Mmeton poboTH, | 3aXBOPIOBAHHS OMTOPHO-PYXOBOTO
10 BeJIe JI0 MOPYIICHHS 010pUTMIiB, HAKOITMYEHHS amapary. 3pocTaHHsI HMOBIpHOCTI
BTOMH Ta 3HMKCHHsI KOHIICHTpaIlii yBaru. JIFOZICBKOT TIOMUJIKH, 1110 MOYKE
MOHOTOHHICTb Ipalli Ta MCUXOJIOTTYHHIA CTpEeC Yepe3 | mpu3BecTH 1o aBapii. [Ipodeciiine
BiJpuB BiJ ciM’{ Ta poOOTYy B 3aMKHYTOMY KOJICKTHBI | BUTOpAHHsI, 3HWKEHHS Ipalle3/1aTHOCTI

[Ticist BBENEHHST CBEPIIOBHHN B SKCILTYaTAIlil0 PU3UKHU 3MIIYIOTHCS Bill O€3MOCEpeHIX 3arpo3 s OypoBoi
OpuTa M 10 3arpo3, MOB’sI3aHUX 3 MPOIECaMH, IO MPOTIKAITh BCEPEIUHI repMETHYHOTO 00naHaHHsS. OCHOBHE
3aBJIaHHsI Ha I[bOMY €Tarli — 3a0e3MeYUTH MIJTICHICTh CHCTEMH «CBEPUIOBUHA-TPYOOIIPOBII-CXOBHIIE» Ta KOHTPO-
JIFOBATH NIapaMeTpH (ITIOITY ITiJI BACOKMM THCKOM. PH3MKH TyT HaOyBatOTh TEXHOTEHHOTO, aBapiHOTO Ta €KOJIOT14-
HOTO Xapaktepy (nuB. Tabmwirto 2).

Ha mux eramax KJIrOUOBHMM 3aBIaHHSIM CTa€ YIPaBIiHHS IUTICHICTIO akTHBiB Asset Integrity Management.
[IpiopuTeTom € TexHIUHA AIaTHOCTHKA, AHTUKOPO3IMHMUIT 3aXNUCT, MOHITOPHHT THCKY Ta BIIPOBAPKCHHS CHUCTEM paH-
HBOTO BUSIBJICHHSI BUTOKIB. Hacminku aBapiif TyT MaloTh 3HAUHO OUIBIINI MacIiTad, BUXOASYH 32 MEXi BUPOOHH-
yoro Marjanuuka [ 18-20].

Hadro- Ta razonepepoOHi 3aBoaM € 00’€KTaMHU 3 MaKCUMaJIbHOIO KOHIIEHTpali€lo Hebe3neku, ae B 0e3no-
cepeHiii OMM3bKOCTI BiOyBatoThes CKIIaaHi Pi3uKo-XiMidHi npouecu. Lle cTBoproe yMOBH AMisl «e(PEeKTy TOMiIHOY,
KOJIM OITHA aBapist MOXKE iHIMIIOBATH JAHIIOT pyiHyBaHb. CHTYyallis KapIuHAJIBHO YCKIaTHIOETHCS HOBUMH 3arpo-
3aMH, 1[0 BUHUKJIM BHACITIJIOK BOEHHUX JIiH, SIKI TEPETBOPIOIOTH MPOMHCIIOBI 00’ €KTH Ha BikichKoBi 11 [9, 10] (amB.
Tabmuo 3).
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Tabmurs 2
AHaJTi3 pU3HKiB HA eTanax BUI00YTKY, Mi/ITOTOBKH Ta TPAHCIOPTYBAHHS

Kareropisi pusnky Cnenudivni pusnku MozxnBi HacTiAKH
TexHorenHi ta PoGota 3 00aqHaHHIM T11]] BACOKMM THCKOM, 110 [MoTyxH1 BUOYXH Ta MMOXKEXKi, pyiHYBaHHS
aBapiiHi CTBOPIOE PHU3HK po3repmeTu3aitii. [lopyiieHHs oOnajHaHHS Ta criopyd. MaciirabHi

TePMETHYHOCTI MaricTpajibHUX TPYOOIPOBO/IIB PO3HMBY HATU Ta BUTOKH I'azy, 10
Ta pe3epByapiB uyepe3 Kopo3ito, MeXaHiuHi TIPU3BOAATH JI0 EKOJIOTIYHHUX KaTacTpod.

TIOIITKOKEeHHS a00 nuBepcii. Kputnyanaa 3HOMmEHICTh | 3poCcTaHHS YacTOTH aBapiitHUX CHUTYaIlil,
3HAYHOI YaCTHHU 1H(YPACTPYKTYPH, IIO ITiIBUIILYE HEIUTaHOBI 3yITUHKH BUPOOHHUIITBA
HMOBIPHICTD BiMOBH 00JIaTHAHHS
TToxkexo- Ta [MocriliHa HAasBHICTH JETKO3aUMHUCTHX PLAUH TToxxesxi, 10 BaXKKO IMiI1al0ThCs
BHOYXOHEOEC3IMEUHICTh | Ta TOPIOYHX ra3iB y BUPOOHUIOMY ITHKITI. raciaato. O0’eMHI BUOYXH 3 BETHKIM
MOoXITUBICT YTBOpEHHS BHOYXOHEOE3MEUHNX ra30- | pajiycoM ypakeHHs. 3arudernsb Ta
MOBITPSIHUX CyMillleii Ha KOMIIPECOPHHX CTaHIIsAX | TPaBMYBaHHS MEPCOHAIY, 3HAUHI

Ta B pe3epByapHUX Mapkax. HasBHICTh [Kepen MarepiaibHi 30UTKH
3amalifoBaHHs iICKpH, CTaTUYHA eJIEKTPHUKA, Tapsii
TIOBEPXHI

Exosnoriuni 3a0py/tHEeHHS IPYHTY, TIOBEPXHEBHX 1 MiJI3EMHUX Jerpanariist ekocucrem, 3arudeins Gpiaopu
BOJI ITi1 yac aBapiiHmX po3nusiB. TpyaHoi 3 ta (aynu. 3a0pyaHEHHs JHKepe MUTHOT
JIOKAJTi3alli€lo Ta JIKBIIAIIEI0 HACTI/KIB aBapiil y BoAM. JloBrocTpokoBi (piHaHCOBI BUTpaTu

BAXKKOJIOCTYTIHIH MIiCIIEBOCTi. X POHIYHUIA BILTHB Ha Ha PEKyJIFTHBAIIIIO0 3eMeJTb
EKOCHCTEMH Yepe3 HEeBEIHKI, aJie TIOCTiiHI BUTOKH

OpranizaniiiHi Henanexxne iHpopMyBaHHS EPCOHAITY ITPO HAsIBHI | 3pOCTaHHs PiBHS TPaBMaTH3My Yepes3
pusuky. HenocrarHii KOHTPOIB 32 IOTPUMaHHIM HeNpaBWIbHI Jil. ABapii, CHpHUNHEH]
BUMOT Oe3mekn 3 00Ky MiAPSTHAX OpraHizariii HEKOMIICTCHTHIMH IisIMH CTOPOHHIX
TIPAITiBHAUKIB
Tabmuns 3
AHaJ1i3 KOMIUIEKCHUX PM3UKIB Ha eTali nepepo0KHU Ta MijJi 4ac BOEHHOIO CTAHy
Kareropisi pusnky Cnenudivni pusnku MozxnBi HacTiAKH
KommurekcHi [ToenHaHHS B OMHOMY ITPOIECi BHCOKUX Hatiummnii piBeHb pU3UKY BUHUKHCHHS
TEXHOT€HHI TeMITeparyp, THCKY, arpeCUBHUX XIMIYHHX BEJIMKUX IMPOMHUCIIOBHUX aBapii 3
nepepooKH PEUYOBHH Ta KarajiizaropiB. Benuka KinbKicTh kackagHuM edextom. [ToBHe pyliHyBaHHS
B32€MOIIOB’I3aHUX TEXHOJIOTTYHUX YCTaHOBOK. 3aBOJly. XpOHi4HI npodeciiHi
[TaHoBI Ta aBapiliHi BUKW/M IIKIAJIMBAX PEYOBHH | 3aXBOPIOBAHHS IIEPCOHAIY, HOTIPILICHHS
B aTMOCdepy SKOJIOTIYHOI CUTYyaIlil B peTioHi
BoenHi 3arpo3u [Tpsime ypaskeHHS] KpUTHYHOT iHPpaCcTpyKTypH MacurraOHi okerxi Ta BUOyXH,
pakeTHHMHU yznapamu 4u apoHamu. [lepeboi 3 HEKOHTPOJILOBaHI BUKHN HEOE3IMEUHNX

€HEepronocTayaHHsM, 3B’ I3KOM Ta JIOTICTHUKOIO, 10 | pe4oBUH. BTpara KoHTpoImo Hajy
mapaii3yloTh poOoTy cucteM Oesmeku. Hebe3meka | TEXHOMOTTYHUMH ITPOIICCaMH, HEMOXKITHBICT
JUTS KHUTTS Ta 3I0POB’ s IEPCOHATY i 9ac aBapiifHOI 3yIIMHKH BUPOOHHIITBA. 3aruoeib
BHKOHaHHsI poOiT B 30H1 00HOBHX il a0 i yac Ta MOpaHEHHS TPaIliBHUKIB

MOBITPSIHUX TPHBOT
KibepBpaznusicts | LlimecnipssimoBaHi KibepaTaku Ha aBTOMaTH30BaHi [MopymenHs podoTr 0bIaHAHHS,

CHCTEMH YTIPaBIIiHHS TEXHOIOTIYHUMH IIpOIleCaMi | CTBOPEHHS aBapiifHoi cuTyamii. Brpara
(ACY TII). 30BHIIIHIN BITUB HA CHCTEMHU KOHTPOJIO | YIPABIiHHS Hall 00’ €KTOM, HEMOKIIUBICTh
Oe3meku uepe3 iH(GopMaIliiiHi aTaKu 3 METOIO aJIeKBaTHOTO pearyBaHHs IIEPCOHANy Yepe3
NIPUXOBATH PealibHi AaHi abo iHiliI0BaTH aBapiro OTpUMaHHS XHOHHX JaHUX

Ls moaBiitHa mpupona 3arpo3 BUMarae iHTErpoOBAaHOTO MiJAXOMY, Jie TPaIUIliifHa MPOMHCIoBa Oe3leka Mae
OyTH HEpO3PUBHO IIOB’S3aHA 13 3aX0JaMU IUBLIBHOTO 3aXHCTY, (Pi3ndHOI Oe3mekn Ta KibepOe3neku. YIpaBliHHSI
PHU3HKAaMHU B TAKUX YMOBax — II€, 10 CyTi, YIPaBIiHHS CTIHKICTIO BChOTO mignpueMcTsa [10].

Ilepexio 0o npoaxmuenoi mooeni ynpagninnua ée3nekoro. TpaauuiitHa abo peakTHBHA MOJIENb YIPaBIiHHS
OXOPOHOIO Mpalli, SiKa IeCATUIITTIMY TaHyBaJla Ha OCTPaISHCHKOMY IIPOCTOPI, 31€01JIbIIOr0 Opi€eHTOBaHA Ha pea-
TYBaHHSI Ha HIWJICHTH, 1110 Bxke cranucs [11-17]. 11 ocHoBHI IHCTPYMEHTH — II€ PO3CIIiIyBaHHS HENIACHUX BUIIA]I-
KiB, MMOKapaHHS BUHHUX T4 BUKOHAHHS MiHIMaJbHO HEOOXIHUX HOPMATHBHUX MpunuciB. Takuil miaxia € BKpai
Hee(DEeKTUBHUM Y CKIIQJIHUX CHCTEMaX, OCKIIBKH BiH 3aBXKJIH «HA30TaHsE» TPAreito, a He 3amnodirae id. B ymoBax
Ha(TOra3oBoi raysi, Jie IiHa TOMWJIKH MOKEe BUMIPIOBATHCS JCCATKAMHM JKUTTIB Ta MUTbSIPIHUMH 30MTKaMH, 0Yi-
KyBaHHsI aBapii JUIs BXKUTTS 3aXOJIIB € HEPHUITYCTHMUM.
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ChorosieHHs: BUMarae pyHIaMeHTaIbHOT 3MiHH TapaUrMH — EPEXO.Ty 10 MPOAKTUBHOI, PH3UK-OPIEHTOBAHOT
mozeni [9, 10]. i cyTs nonsrae He B po3ciiyBanHi MUHYJIMX MOJIiH, a B MPOrHO3yBaHHI Ta HEWTpaizalii MaitOyTHix
3arpo3 Iie J0 TOTO, K BOHU 3MOXKYTh 3aBIaTH LIKOJIH.

Kniouosi enemenmu npoaxmugnozo nioxody. llpoaktuBHa cucrema — 11e 0e3nepepBHUN UK, 10 CKIIaa-
€THCS 3 YOTHPHOX OCHOBHUX €TaIliB!

1oenmudgbixayisn nebesnex: IlocTiitHMH poLec BUABICHHS TOTSHIIHUX HKEPE INKOAU Ha BCIX pOOOYMX Mic-
wix. Lle BKiIrO9ae perymsipHi ayauTa Oe3lekd, aHalli3 poOOYHX MPOIEAyp Ta, IO HAHBaXIUBIIIE, AKTHBHE 3aITy-
YEeHHS MPAIiBHUKIB, K1 HAHKpaIle 3Har0Th HeOE3MeKH CBOET AUITHKY.

Oyinka pusuxie: Bu3HaueHHS WMOBIPHOCTI BHHUKHEHHS HeOe3neuHol Mofil Ta TSHKKOCTI ii TOTSHIIMHUX
HacikiB. Lle 103BoJIse IpiopUTE3yBaTH 3arPO3H Ta KOHIICHTPYBATH PECYpCH Ha HAMKPUTUYHILINX HANPsIMKaX.

Pospobka 3axo00ie ynpasninna: BpoBamKeHHS 3aXUCHUX 0ap’epiB I MiHIMI3aIll PH3HUKIB 10 MIPHHHATHOTO
piBHs. Haiibinpm eheKTHBHIM IHCTPYMEHTOM TYT € 1€papXist KOHTPOJIIO, SIKa IMIPIOpUTE3ye 3aX0AN Bi HAHOIIBII O
HaliMeHIn HaaiiHuX (IuB. Cxemy 1).

Cxema 1
Iepapxisi KOHTPOJII0 pU3UKIB

* 1. Yeynenns: [ToBHicTIO TiKBigyBaTn HeOe3MeKy HAPHKIIAL, BIIMOBHTHCH
BiJl TOKCHYHOTO PEareHTy.

* 2.3amina: 3aMiHuTH HEOE3MEUHMIA TIpoIec a0 MaTepian Ha MEHII
HeOe3MeyHH.

* 3. ImxeHepHU KOHTPOJb: [30m0BaTH MONei Bl HeOe3MeKy HAPUKIIAL,
BCTaHOBHTH 3aXUCHI OTOPOKEHHs, CHCTEMH BEHTHIIAL]

* 4. AnmiHICTpaTHBHHUIT KOHTPOJIB: 3MIHHTH CIIOCIO BUKOHAHHS poOOTH
IHCTPYKTaX1, 3HAKU O€31eKN, CKOPOIEHHS 9acy poOOTH B HeOe3Me il 30Hi.

* 5. 3aco0u inauBinyansHOro 3axucrty 313: 3axucTuTu npauniBHUKa 33
JIOTIOMOTOK0 KAaCOK, OKYJISIPIB, pECTiPaTopiB.

3. [mxeHepHU KOHTPOIIB: [301I0BaTH JTIONEH BiJ HEOS3MEKH HAPHUKJIIA]I, BCTAHOBUTHU 3aXUCHI OTOPOKCHHS,
CHCTEMH BEHTHILAIIT

Monimopune ma nepeenao: IlocTitHII KOHTPOJIb 33 €(PEKTUBHICTIO BIPOBAIKCHNX 3aXOIB Ta IX PErysIpHE
KOPUTYBaHHS BiJIIIOBITHO JI0 3MiH Y TEXHOJIOTISX, MPOIEAypax YK 30BHINIHIX YMOBaX.

Kynvmypa 6e3nexu ak ocnosa cucmemu. HaBiTh Hali710CKOHAJII TEXHIYHI CUCTEMH Ta MPOIEIYyPH HE TTpa-
IIOBaTUMYTh O€3 TOJIOBHOTO EIEMEHTA — Ky/ibmypu 6e3neku. lle cucrema CHiTbHUX MIHHOCTEH Ta IepeKOHaHb, /1€
KOKEH TIPaLiBHUK, BiJ] KEPIBHUKA JI0 POOITHHKA, YCBIIOMITIOE CBOIO BiAMOBIJANBHICTH 3a OE3MEKy Ta aKTHBHO Oepe
y4acTh y 3an00iraHHi iHIIUICHTaM.

Bigomuii nocninuuk Jxeiimc PizoH y cBoiit mpari «Managing the Risks of Organizational Accidents» [21]
3alpoOIOHYBaB TaK 3BaHy «MOJIeNb IIBEHIIAPCHKOIO CHPY» JAJS MOSICHEHHS NPUYMH BUHUKHEHHs aBapiid. Bona
HAOYHO JIEMOHCTPY€E BaXIIUBICTh KYNbTypH Oe3nexu (auB. Tadbnuiro 4).

Bucnoeok moodeni: aBapis € He Pe3yJIBTATOM OJIHIET IIOMIJIKH, a HACIIJIKOM 30ITy MPUXOBAaHUX HEJIOJIKIB Ha
KUTBKOX PIBHSX 3aXHCTy oqHOYacHO. Komu «nipkm» B yCiX IIapax Ha MHTh 30iral0ThCsi, BOHH CTBOPIOIOTDH IIPSIMY
TPAEKTOPIIO JJIs peaizaliii 3arposu.

Koxxen «map cupy»iie 3aXucHA 6ap’ep: TEXHOJIOTIA, MPoIeaypa, HaBdaHHs. «Jlipku» Iie MpUXoBaHi HElo-
JIiKK 200 TOMWIKH. ABapisi CTAEThCS JIUIIIE TOJ, KOJIH AIPKU B yCIX Mapax 301ratoThCs, BIIKPUBAIOYH TPSIMU MIIAX
JUTS 3arpo3u. Brcoka KyipTypa 0e3MeKH CripsMOBaHa Ha Te, 00 MOCTIHHO BUSBIISITH Ta «JIaTaTHy 1M1 JIPKH Ha KOXK-
HOMY piBHI, poOJISTYM TaKUi 301 IPAaKTUYHO HEMOKIJIUBUM.

Hugposi mexuonozii ona nideuwiennsa piena oeznexu. Ilepexill 10 MPOAKTUBHOI, PU3NK-OPIEHTOBAHOT
napajJurMy yrpapIiHHs Oe3MeKo0 HEpO3pUBHO OB’ si3aHMid 3 KoHIeniero [Hayctpii 4.0 [22, 23], mo nependavae
CTBOPEHHS IHTETPOBAHUX KiOep(i3MUHUX cHcTeM Ha BUpOOHHMUTBI. CaMe IudpoBizallis BUCTYIIA€ TEXHOIOTITHUM
(yHIaMEHTOM, IO J03BOJISIE 3MICTUTH (POKYC 3 aHaNi3y PETPOCHEKTUBHUX MOKA3HUKIB KiJBKICTh iHIMACHTIB Ha
MOHITOPUHT Ta MPOTHO3yBaHHsI HA OCHOBI MPOCHEKTUBHUX JAaHUX Y PEabHOMY Yaci.

Pisenv 360py oanux: Inmepnem peueui loT. OcHoBOIO 1H(POBOT crcTeMu Oe3IeKr € piBeHb 300py aHUX, /1€
texHonorii loT onudpoBytoTh (hizuyHe cepeaoBullle, MEPETBOPIOIOYH CTaH O0JaAHaHHS, POOOYOT 30HH Ta MEpCo-
HaJly Ha Oe3nepepBHUN NOTIK 00’ ekTHBHOT iH(opMmariii [24, 25] (muB. Tabnuito 5).
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Tabnurs 4

Mopeb «IIBefiapchbKOro CHPY» AJIS aHAJI3y IPUYHH aBapii

3axucHuii n . .
0ap’ep «Ilap IIpusnayenus 6ap’epa PHITAL HEAO0TIKY «Hlipka B Sk HepoJlik cipusie aBapii
cHpY» cupi»

Texnonoriunmii | ABromarnyHo 3anobiratn | HecripaBHicTh nar4mka, 301 y Cucrema He crpanioBaia, i
6ap’ep HeOe3MEeYHNM BIXWICHHSM | IporpaMHOMY 3a0e3IedeHHi, MOYaTKOBA MMPOOIIEMa 3TN IIHIIACS

a00 CIIOBIIIATH PO HUX MpUXoBaHUU 1eeKT oOMafHAHHS | HETOMIYE€HOIO ITePCOHAIOM
Opranizaniiinuii | PernmamentyBaru npasuibhi | Hewitko nponucana inctpykiist, | [IpamiBHUK JisiB HENPaBUIBHO,
Gap’ep: Ta Oe3neyuHi Jii IepcoHaly |3acTapijiuii peryiaMeHT, CBiIoMe | OCKIJIBKM IHCTpYKIis Oyia
MIPOLEAYpH Ta | B CTAHJAPTHUX Ta TIOPYILCHHS TIPABUIT 3apajn HE3pO3yMiJIOI0 200 BiH BUPIIIUB i
THCTpYKIIi aBapiiHUX CUTYaIlisIX EKOHOMI1 Jacy MIPOITHOPYBATH
Bap’ep 3abe3neunty, oo dopmabHe TPOBEICHHS VY KpUTHYHUI MOMEHT MPAI[iBHUK
KOMIIETEHTHOCTI: | IEpCOHAII 3HAB MpaBHJIa HaBYaHHS, HEJJOCTATHSI KIJIBKICTh | po3ryOuBCst 00 PUIHSB
HaBYaHHS Ta Ta BMIB JIiSITH NPABWIbHO, |IPAaKTHYHUX TPEHYBAHb XHuOHe pilIeHHs, 00 He MaB
TpPEHYBaHHS 0COOIMBO B yYMOBAax CTpecy |Hamnpukiaa, Ha VR-TpeHaxepax, | BiaNpanboBaHHX HABHUOK

BiJICYTHICTb IIEpEBipKH 3HAHB

Bap’ep nansiny: | [lepeBipsitu, un Henmocrarniit KOHTpOJB 3 OOKY CucremMaTHuHi MOPYIICHHS Ta
KOHTPOJIb Ta JIOTPUMYIOTBCS TIPOLEAYPH, | KepIBHULITBA, IrHOPYBaHHS HEJIOTIKH CTaJIH HOPMOIO, 1 HIXTO
ayanuT YH CIIpaBHE OONAHAHHSA, | «APiIOHUX» MOpPYIIeHb, HJOpMabHi | HE 3BEpHYB Ha HUX yBary 110 TOTO,

Ta ¥ e(DEeKTHBHE HABYAHHS | AyIUTH IS TAJIOUKI) K CTajacs aBapis

Tabmums 5
3acrocyBanns IoT pis moniTopunry 0esnexkn
Kommonent . . .
TexHoJi0rist DyHKUifA y cucTeMi 0e3nekun
cucTeMu

Crauionapue |/laTunku BiOpatii, Temneparypu, THCKY, | besnepepBHHII MOHITOPHHT «300pOB’s» 00IaHAHHS, PAHHE
oOsiajiHaHHsl | aKyCTHYHI CEHCOPH, IATYMKH KOpO3il BUSIBJICHHS! BIJIXWJICHD Ta Iepe/iaBapiiiHuX CTaHIB

PoGouva 30na | CramioHapHi Ta HOpPTaTHBHI

MuTtTreBe BUSBICHHS BUTOKIB HEOE3MEUHUX I'a3iB METaH,

ra3oaHaizaTopu H-S, apromaTnvHa akTHBAIlisi CHCTEM TPUBOTH Ta BEHTHIIAIIT
[epconan Hocumi npuctpoi: «po3yMHD» KacKH, KoHTpoib Micnie3HaXoDKEHHS, YMOB Y 30H1 JMXaHHS,
OloMeTpUYHI TpeKepH, IepCOHATBHI (hi310JIOTIYHAX MTOKA3HAUKIB: BTOMA, CTpeC Ta (ikcaris
ra3oaHali3aTopu Mmaji"e
Tabnurs 6
Buxopucranns LI 1151 1poruo3yBaHHsi Ta KOHTPOJII0 PU3HKIB
Hanpsmox Omnuc TexHoaorii Bnuius Ha 6e3nexky
3aCTOCYBAHHSA
[IpenuxTuBHE Mozeni MatHHOTO HapyaHHsi ML aHanizyors I[lepexin Biji peaKTUBHUX/TUIAHOBUX PEMOHTIB
00CITyroByBaHHSI | ICTOPHYHI Ta MOTOYHI JaHi 3 IaTUYUKIB IS PO3PaxXyHKY | 10 MPOAKTHBHOTO 00CIIyrOBYBaHHS «3a
IIPOTHO3HOTO Yacy JI0 BiIMOBH 00J1aTHAHHS CTaHOMY, 1110 3a100irae aBapiifHIM 3yTIMHKAM
IarenexryansHa | CrcTeMH KOMIT FOTEPHOTO 30y B PEabHOMY Yaci ABTOMaTUYHHN KOHTPOJIb 32 BUKOPUCTAHHIM
BiJIcOAHAIITHKA | aHAI3YIOTh BiICOMOTOKH 3 Kamep Ay imeHTudikamii | 3I3, moTpruMaHHsIM MpOLeayp, BUSBICHHS
HeOe3eYHNX CHTYyallil MepIINX 03HAK 3aIMMJICHHS 200 BUTOKIB
Tabnmuus 7
IMepcuBHi TeXHOJIOTII Ta MO/IeJIIOBAHHS B YIIPAaBJIiHHI 6€e3MeKoI0
TexHousorist CyTHicTh 3aCcTOCYBaHHSA KirouoBa nepeBara s 6e3nexku
BipryansHa CTBOpEHHSI BUCOKOPEATICTUYHHX iIMepCHBHUX | DOpMyBaHHS y NEpCOHAITy CTIHKHUX MPaKTHYHUX

peanbHiCTE VR
eKCTPEMAITFHIAX CHUTYAIIisIX

CHMYJIATODIB IS BiATIPAIFOBAaHHS JTii B

HABUYOK M’sI30BO1 IaM’SATi IS il B yMOBaX CTPECY
0e3 PU3UKY IJIS KUTTS

Digital Twins | peanbHOMY Yaci

JlonoBHeHa Haxnananus nudposoi indopmanii: cxemu, | MiHimi3allis KOTHITUBHOTO HaBaHTaKeHHS Ta
peanbHicTh AR | iHCTpYKLIT Ha peasibHe 00NMaHaHHS Yyepe3 | KIMOBIPHOCTI TIOMMJIKH TIiJT Yac CKJIQHUX PEMOHTHHUX
AR-oxymsipu poOIT; MOXKJIHBICTE BiIJAJICHOT JJOTOMOTH €KCIIepTa
udposi CTBOpPEHHSI TOYHOT BIpTyaJIbHOI KOTIii MoXJIMBICTb O€3MEeYHOr0 MOJICITIOBAHHS CLICHAPIIB «II10,
JBIHUKI 00’€KTa, 1110 CHHXPOHI3YETHCS 3 HUM Y SIKIIO?», TECTYBAaHHI [UIaHIB pearyBaHHs Ta ONTUMI3allist

TEXHOJIOTIYHHX MPOIICCIB 3 TOUKH 30py OC3IEeKH
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Pisenv ananizy: Illmyunuii inmenekm AI ma npeoukmuena ananimuxa. 3i0pani MacuBu aanux Big Data
00pOOIIAIOTHCS HA aHAIITUYHOMY PiBHI 3@ JOIOMOTOI0 aJITOPUTMIB IITyYHOT'O iHTENEKTY, SIKi BUABJISIIOTh IPUXOBAH1
3aKOHOMIPHOCTI Ta OyayroTh Mporuo3u [26] (nus. Tabnuiro 6).

Pisenv 63aemo0ii ma mooenosanns: VR/AR ma yugpposi ositinuxu. Ha nbomy piBHI Bi1OyBaeTbCsl €peKTHBHA
B3a€EMOJIS JIIOJMHH 3 IU(PPOBOIO CUCTEMOIO Ta BUKOPHCTOBYETHCS KOMIIIEKCHE MOZICIIOBAHHS JJIst BCEOIYHOTO aHa-
i3y pusukiB (nuB. Tabmuio 7).

CuHepreTHYHe MOETHAHHS [UX TEXHOJOTIUYHHX PIBHIB CTBOPIOE €IHMHY IHTEICKTyalIbHY EKOCHCTEMY, SKa
TpaHchopMye yrpariiHHS OE3MEKOK 3 HOPMATHBHO-PEAKTHBHOI (YHKII B TPOAKTHBHUM, NMPEAUKTUBHUI Ta
HEBIiJI’éMHUI KOMITOHECHT 3a0€3IeYeHHS CTIMKOCTI Ta €(PeKTHBHOCTI BUPOOHUIITBA.

Kinokicnuit ananiz inmezposanux pusukie. Ilicns ineHTudikamnii Hebe3nmek Ta BIPOBAHKCHHS MUPPOBUX
IHCTPYMEHTIB st 300py HaHUX, HACTYIHHUM JIOTIYHUM KPOKOM € TIEPEXiJ A0 KiTbKICHOI OIIHKM pH3HKiB. SKic-
HUX KaTeropiii «BUCOKHUIN», «CepeaHiily, «HU3bKUID HEJOCTAaTHRO /IS MPUIHATTS OOTPYHTOBAHHUX YIIPABIIHCHKUX
pimeHs, 0cOOIMBO KOIKM MOBA Hjie o iHBECTHMLIi B AOPOTi cucTeMH Oe3NeKd. MaremMaTHuHe MOJCNIOBAHHS /103~
BOJIsiE 00’ €KTUBHO PO3PAXYBATH PIBHI PU3UKY, MOPIBHATH €(PEKTUBHICTh PI3HUX 3aXHUCHUX 3aXOMIB Ta BU3HAUUTU
MPIOPUTETH [T MiHIMI3aLlii 3arpo3.

Imosipnicua oyinka pusuxie Probabilistic Risk Assessment, PRA. OCHOBOIO KiJIbKICHOTO aHAJI3y € IMOBIp-
HICHUH MiJXiJ, SKUi BU3HAYAE PU3UK K (QYHKINIO JBOX 3MIHHHX: IMOBIPHOCTI BUHUKHEHHS HeOakaHOi Mofil Ta
TSOKKOCTI 11 HacmiakiB. Kinacuyana Gopmyna pu3HKy Mae BUTIISII:

R=PC,

ne R — pusHK (KinbKicHa Mipa, HANpUKIAo, OUiKy8aHi QiHaAHCO8I smpamu Ha Pik abo iHOUBIOYATbHUL PUBUK 3aU-
oeni); P — IMOBIpHICTb (vacmoma sunuKkHeHHs iHiyit00u0i nodii ma umosipHicms 8iomosu 3axucuux cucmem); C —
HACHIJIKHU (KiTbKICHA OYIHKA WKOOU: (DIHAHCO8I 30UmK, NI0WA 3a0PYOHEHHS, KITbKICb NOMEHYIIHUX Hcepme).
i po3paxyHKy IMX KOMIIOHEHTIB BUKOPHCTOBYIOTBCS CIIEIialli30BaHi MaTeMaTU4Hi Ta JIOTI4H1 METO/IH.
Memoou ananizy «/epego iomos» ma «/lepeso nodity. [y po3paxyHKy iMMoBipHOCTI P cxiagHux aBapiii
3aCTOCOBYIOTHCS JIBa B3a€MOJIOTIOBHIOIOY] METOM: aHalli3 nepeBa BinmoB Fault Tree Analysis [27], FTA Ta ananis
nepesa noniii Event Tree Analysis, ETA [28] (nuB. Tabnuito 8).

Tabmuna 8
HopiBusiibHuii anai3z meroaiB FTA ta ETA

XapakTepucTuka AmnaJi3 nepesa Binmo FTA AmnaJii3 nepesa nopiii ETA

Hanpsimok ananizy | JleyKTHBHUH «3BepXy-BHU3) [HyKTUBHUN «3HU3Y-Bropy»

[TouarkoBa Touka | [omoBHa mofist — aBapis, HanmpuKiIazd, BuOyx | [Himiroroua mofist — BiAMOBa, HATPHUKJIAM, BUTIK
pesepByapa razy

Mera anaizy 3HaiTn Bci MOXKIIMBI KOMOiHAMI{ BiAMOB IIpoanaiizyBaTé Bci MOXKITHBI CIIEHAPIii PO3BUTKY
oOagHaHHS Ta TOMIJIOK TIEPCOHAITY, IO aBapii 3aJeKHO Bif] CIIPAIIOBAHHS UM BiIMOBH
MIPU3BOJISATH 10 aBapii CHUCTEM O€3IEKH

Pesynsrar VIMOBipHiCTh HACTAHHS FOJOBHOI O VIMOBIpHOCTI Ta HACII/IKH KOXHOTO 3 MOXIHBUX

KIHIIEBHX CIIEHapiiB

Mooenroesanns gizuunux Hacniokie asapiu. JIns KinbKiCHOT OlIHKK HAciKiB C BUKOPUCTOBYIOTHCS MaTeMa-
THUYHI MOJIETi, 1[0 OIMMHUCYIOTh (DI3MYHI MPOIIECH ITiJT Yac aBapii. BOHU T03BOISIOTH CIPOTHO3YBATH 30HU YPaKCHHS.

Mooerni poscirosanns: J171s MpOTHO3yBaHHSI TOMNUPEHHS XMapy TOKCHIHOTO a00 TOPIOYOT0 ra3y BUKOPHUCTOBY-
IOThCSl MOJIETT, BiJl POCTHX T'ayCOBUX MOJIENEH IS BiIKpUTHX mpocTopiB 1o ckiaaaux CFD-mozeneit oduuncito-
BaJIbHA TiAPOAMHAMIKA, SKi BPAXOBYIOTh PEJIbE( MICIIEBOCTI Ta HASIBHICTh MEPEIIKO.

Mooeni nowcesic ma udyxis: JIJis OIIHKM HACHIJKIB 3aiMaHHS PO3PaxX0OBYIOThCS APAMETPH YPAXKECHHS, IK-0T
TEIJIOBE BUIPOMIHIOBAHHS BiJl MMOXKEX Ta HA/UIMIIKOBUN TUCK YIAPHOI XBUII Iijl Yac BUOYXY HAIPHKIIAJ, 3a IOI0-
Mororo mojieni TNT-exBiBaJIeHTY.

Komnnexcnuii npuxknad xinvkicnoi oyinku pusuxy. Po3rissHEMO TIMOTCTHYHUN TPUKIAL JJs LTIOCTpAaIii
METOLOJIOTII.

Cyenapiti: PosrepMeTn3aniss MariCTpaibHOTO Ta30IPOBOAY BHUCOKOTO THCKY Yepe3 KOpPO3ii0 3 MOIaJIBIINM
BHOyXxoM napora3oBoi xmapu Vapour Cloud Explosion — VCE mo6im3y KoMIpecopHOi CTaHIlii.

Kpox I: Po3paxyHok iMoBipHOCTI P 3a moromororo nepesa nomiii ETA

MacmTaObHu# BUTIK ra3y. 31 CTATHCTUYHUX JJAHKUX BiZIOMO, III0 YACTOTA TAaKO1 MOII1 IJIsl JaHOTO THITY TPYOOITpo-
Bozty cknanae P, =110~ moniii/pix. Un BinOynocs neraiine 3aiimanns? Imosipaicts HE 3aiiManns gopisaioe 0.8.
Uu coparroBajia cucTeMa BUSIBJICHHS BUTOKY Ta aBapiiiHoi 3ymuHKH? IMOBipHICT BiiMoBH cuctemu nopinioe 0.1.
Uu 3Haiinia xMapa BiJajieHe JKepeno 3analoBaHHs 10 po3citoBaHHA? IMOBipHicTh HopiBHIOE ().2.

Pospaxynoxk imosipnocmi cyenapiro VCE: P P xiimoBipnicte HE HeraiiHoro 3aiiMaHHs X IMOBIpHICTh

VCE = init
BI/IMOBU CHCTEM X MMOBIPHICTb BiIaeHOro 3aiimManus P, =1 - 104-0.8-0.1-0.2=1.6-10° nomii¥pik.
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Kpox 2: Po3paxyHok HachiikiB C 3a IOTOMOTOK MOJICTIOBaHHS

Mooenwsanusa eumoky ma poscitosanna. 3a nomnomororo CFD-Mozeni po3paxoBy€ThCs, 10 B HABKOJHIII-
HBOMY CEpeJIOBHUIN yTBOpHIaca XxMapa Macoro 5,000 Kr MeTaHy, 3/1aTHa 710 BUOYXY.

Mooensanus eubdyxy. 3a moaemno TNT-ekBiBasieHTy po3paxoBYeETbCs €HEpris BUOyXy Ta MPOTHO3YIOThCA
30HU ypaxeHHs. Po3paxyHOK Mokasye, 110 HAaJJIMIIKOBUN THCK yHapHOi XBWJ mepeBUILUTH 0.2 Oap B paniyci
120 meTpiB.

Oyinka 36umkis. B 110 30HY TmOTparwisie 4acTHHA KoMIpecopHoi craHmii. [Ipsmi 30uTKH Bif pyiHYBaHHS
oOJIaJIHaHHS Ta ONOCEPEIKOBaH1 30MTKH BiJl MPOCTOO OliHI0TECS B C = 40,000,000 rpH.

Kpox 3: Po3paxyHOK KiHIIEBOTO PH3HKY R

R=P,, -C=1.6-10°-40,000,000 = 64 rpwpix. Kinbkicauii pusuk, nop’s3anuii 3i crienapiem BuGyxy,
cTaHOBUTH 64 TpH/pik. L{g nudpa cama 1o codi HEe € BEIHMKOIO, ajie BOHA JIO3BOJISIE 00 €KTUBHO MOPIBHIOBATH Pi3HI
pusuku. Hampukiiaz, SIKIo BCTaHOBJICHHS HOBOT cUCTeMH BUABJIECHHS BUTOKIB BapTicTio 200,000 rpH 3HU3UTH IMO-
BipHicTh BimMoBH cucteM 1o 0.01 B 10 pasiB, HoBu#l pu3uKk ckiane 6.4 rpu/pik. Lle mae 3mMory mpoBecTu aHaii3
«sutparu-surogn» Cost-Benefit Analysis Ta NpUHATH SKOHOMIYHO OOIPYHTOBaHE PIlICHHS IIOJ0 1HBECTHIIIN
y Oe3Iexy.

Iumezpauin OII 3 Th ma I]3. B ymMoBax cydacHHX BHKJIMKIB, 30KpeMa BOEHHOTO CTaHy, TPaJIUIIHA MeKa
MIXK OXOPOHO TIpalli, M0 (OKYCYEThCS Ha BUPOOHMUYHMX pPU3MKaxX, TeXHOreHHOi Oe3mnekoro (Th) Ta nuBimbHUM
3aXUCTOM, IO 3aHMAarOThCS 30BHINTHIME 3arpO3aMH, MPAKTHYHO cTUpaeThes. IlianpueMcTBo HadTOTa30BOI TaTy31
nepecrae OyTH JIMIIEC MiclieM POOOTH; BOHO MEPETBOPIOETHCS HA TIOTCHIIIMHE YKPUTTS Ta OCEPEIOK CTIHKOCTI ISt
HepCoHATy Ta, MOXKJIIMBO, /Ul MiclieBoi rpomaau. Ls 3Mina pori BuMarae yHAaMEHTAIBHOTO MEPErIsITy MiAXO/iB
JI0 YIIPaBIiHHS OE3MEKOI0 Ta CTBOPEHHSI €AMHOI, IHTeTrpoBaHoi cuctemu [9, 10].

Konyenmyanvha mooens inmeeposanoi cucmemu ynpasiinus 6e3nexoro. 3arpornoHOBaHa KOHIEIis Tepe-
Oauyae 00’€JHAHHSA TPHOX KIIOYOBUX KOMIIOHEHTIB B OZIHY LIUTICHY, CHHEPIEeTUYHY CHCTEMY, 1€ KOKEH eJIEMEHT IijI-
curoe i (auB. Cxemy 2).

Cxema 2

HTETPOBAHA CUCTEMA YMPABJ/IIHHA BE3NEKOKO

1
| 1 1

OxopoHa npaui TexHoreHHa 6esneKa LineinbHmid 3axucr Civil
Occupational Safety Process Safety Protection
| | |
(" doxyc: IHamMBiayanbHWA N\ ( dokyc: TexHONOri4H h (d)mwc: 30BHilWHI aarpoaw\
npauiBHUK Ha poboyomy npoLiecii Ta BOEHHI, NPUPOAHI,
micui. obnagHaHHA. TEPOPUCTUYHI.
Mera: 3anobiraHHa Meta: 3anoBiraHHs Merta: 3axucT KuTTA
HelAtAMM BN Alan, BENMKAM NPOMMUCAOBIM nepcoHany, 3abesneyeHHa
TpaBmam Ta npodeciiHum aBapiam subyxam, besnepepsHocTi
3aXBOPHOBAHHAM. NOMENAM, TOKCUYHKMM AianbHOCTI Ta cTifkocTi
IHCTPYMEHTH: BUKWAAM. nianpuemcTBa.
laeHTudikauin Hebeanek, IHCTpyMeHTU: AHani3 IHCTpYMEHTN: YKPWUTTA,
iHCTpyKTaMi, 313, KOHTpPONb HAZOP, npoTuasapiiiHwii CUCTEMM OMOBILLLEHHSA,
\; ACIEAMERNA ngaian.. 7 3aXMCT, yNpasaiHHA nnaxu esakyauii Ta
k LiNICHICTIO aKTUEIB. ) pearysaHHs, TakTu4Ha
\_ MeauLMHa. P

Cunepeemuynuil e¢pexm. B pamkax 1€l MOneni, HAMPUKIAJ, CUCTEMa OMOBIIICHHS MPO BUTIK ra3zy TexHo-
reHHa Oe3reKa IHTerpyeThCs 13 CUCTEMOIO OIOBIIEHHS MPO MOBITPSIHY TpUBOTY, LIMBINBHUN 3aXUCT, 2 HABUYKH
HaJaHHA nepuioi gonomMoru OXopoHa mpalli JONOBHIOIOTHCS €JIEMEHTAMU TaKTHYHOI MEIULIUHH.

Tpaxmuuni 3axo0u inmeepayii. Ilepexin 0 IHTETPOBaHOI MOJENI BIMArae peaiisamii KOMIUIEKCY MPaKTHY-
HUX 3aXOJIiB, CIIPSIMOBAaHUX Ha TIOCUIICHHS CTIHKOCTI mignpuemMctBa (auB. Tabmuirio 9).

CTBOpEHHS TaKol €IMHO1, CTIHKOT Ta aJaliTHBHOT CUCTEMH YIIPABIIHHS OE3IIEKOI0 € 3aI0pyKOIo He JIHIIe 30e-
PEeXKEHHS KUTTS Ta 370POB’sl MPAIliBHUKIB, ajic i 3a0e3MmedeHHs cTablIbHOTO (PYHKIIIOHYBaHHS CTPATETIYHO BaXKIIH-
BHX ITiIIPUEMCTB HA()TOTa30BO1 rajry3i B yMOBaxX Cy4acHUX BUKJIHKIB.

BucHoBku:

1. Cuctema ynpasininas 6e3mekoio B HadTora3osiil ramysi Ykpainn GyHKIIOHye B yMOBax Oe3npere/IeHTHOT
KOHBEPIeHIIii pU3HUKIB, TPAAUIIIITHIX BUPOOHUINX HEOE3MEK, MOCHICHUX KPUTHYHUM 3HOCOM yCIIaJIKOBAaHOI iH(pa-
CTPYKTYpH, Ta IPSMUX BOEHHUX 3arpo3, 110 MEPETBOPIOIOTH 00’ €KTH Ha CTpaTerivHi 1imi. Ls koMIuiekcHa MaTpuls
3arpo3 poOUTh 3acTapiii, peakTUBHI MiAXOAU IO OXOPOHHU Ipalli He MPOCTO Hee(PeKTUBHUMHU, a i HEMPUITY CTUMHUMH.
[IpoBeneHe pociiKEHHsT OOIPYHTOBYE, 110 a/IeKBaTHOIO BiJMOBIJIIO HA 11l BUKJIMKY € yHIaMEHTaJIbHUHN nepexin
JI0 IPOAKTUBHOI, pU3HMK-OPIEHTOBAHOT MoJieNi ynpaBiinag. OHak, el nepexiy Bumarae He juiie 3MiHu (igoco-
¢ii, a ¥ BIpOBaIKCHHS HAYKOBO-OOIPYHTOBAaHHUX IHCTPYMEHTIB aHANi3y. BajKIMBUM BHCHOBKOM € HEOOXiTHICTH
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Tabmaurs 9

Knro4oBi HanpsAIMKHU Ta 3aX0/1M IHTerpoBaHOI Oe3MeKu

OIIOBIIECHHS Ta
3B’A3KY

OTIOBILICHHS [TPO MOBITPSIHY TPUBOTY, XIMIUHY Ta
paniauiiiHy HeOe3neKy. 3ade3nedeHHs CTIHKOTo
pe3epBHOTO 3B’ 513Ky (CYITyTHUKOBHH, Pajio)

Hanpsamok Kurouosi 3axonn Merta Ta 04iKyBaHUIi pe3yJibTaT
Iudpacrpyxrypa | [IpoBeneHHs ayquTy HasBHUX CIIOPY/] [IMBLUIBHOTO 3abe3neueHHs pi3MYHOTO 3aXUCTY
3aXHUCTY 3axucTy. OOnaITyBaHHs YKPUTTIB BIAMOBITHO MaKCUMaJIbHOI KiJIBKOCTI IEPCOHAITY

JI0 Cy4aCHUX BUMOT': BEHTHJIALIISI, 3a11aCH BOJIH, ITi/1 9ac MOBITPSHUX TPHBOT Ta 1HIIUX
ME/IMKaMEHTH, aBTOHOMHI JDKEpelia )KUBJICHHs Ta 3B’ 3Ky | HAI3BUUAHHUX CHTyalil
Cucremu CTBOpEHHS TyOII0I0UUX, AaBTOHOMHUX CHCTEM ["apanToBaHe Ta cBOEYACHE 1I0BEICHHS

iH(opMarii Mpo 3arpo3u 70 BCbOro
MIepCOHAILY, HaBiTh B yMOBax OJIeKayTy YM
TIOIIKO/PKEHHS] OCHOBHHX MEPEK

ITinroroska
MIEPCOHAITY

IIpoBeneHHs peryIsIpHUX KOMIUICKCHUX TPCHIHTIB
31 CIICHAPIsIMU €BaKyallii, [TO)KSKOraciHHS, HaJaHHS
MEPIIOi JOMEIUYHOI JOIOMOTH 3 €JIeMEHTaMHU
TaKTUYHOT MEIUIINHHI

dopmyBaHHS y MPaLiBHUKIB CTIHKHUX
MPaKTHYHUX HABUYOK IS IPABUIIBHUX Ta
CKOOPJMHOBAHMX [l y CTPECOBUX YMOBaXx,
MiHIMI3alis Ma”iku

IInanyBanHs Ta
pearyBaHHs

Po3pobka Ta peryssipHe OHOBJICHHSI YiTKUX,
3pO3yMUINX QJITOPUTMIB JIiHi, TIaHIB, pearyBaHHs JIJIst
PI3HUX CIICHAPITB: BiJl PAKETHOTO yAapy J0 TPUBAIOTO

HasiBHICTh y KO)KHOTO KepIBHHUKA Ta
MpaliBHUKA YITKOTO PO3YMIHHS CBO€T podi
Ta MOCJIIOBHOCTI ZTiH, 0 3a0e3meuye

3HEeCTPYMIICHHS a00 KibepaTaku KEPOBaHICTh CHUTYAIlil Ta MiHIMIi3aIlif0

HACJIIIKIB

JIOTIOBHEHHS SIKICHMX OLIIHOK METOaMHU KUIbKICHOro aHami3y pu3ukiB QRA, 30kpema iMOBIpHICHOI OLIIHKH, IO
0a3yeTbcd HAa MaTeMaTHYHOMY MOJEIIOBAHHI 3 BUKOPUCTAHHSIM TaKUX 1HCTPYMEHTIB, SIK aHAJi3 «IepeBa BiIMOB»
FTA Tta «uepeBa noxiit» ETA. lle mo3Bosjsie 00’ €KTHBI3yBaTH YIPABIIHCHKI PIIICHHS Ta ONTHMIi3yBaTH PO3IOILT
pecypciB Ha 3axX0/11 OC3MEeKH.

2. IlpakTruHa peanizallisi 3apONOHOBAHOI CydacHOI IHTETpOBaHOI cuCTeMH Oe3lekr HaTora3oBoi ramysi
HeMOXITMBa 0e3 mirOokoi g poBoi Tpanchopmarrii. CHHEpreTHIHE MOETHAHHS TEXHOIOT1H [HaycTpii 4.0 cTBOpIOE
€JIMHY 1HTEJIEKTyallbHy eKocucTeMy Oe3neku. Mepexa [aTepHety peueid [oT Buctymnae sik cuctema 300py MepBHUH-
HUX JIaHHX, [I[0 B PeaJIbHOMY 4aci MepearoThCs aHATITHYHOMY SIpY Ha 0a3i IITY4HOTO 1HTENIEKTY, siKe 3a0e3nedye
MIPEAUKATHBHE TPOTHO3YBAHHS BiIMOB 00JIaIHAHHS Ta MOHITOPUHT JOTPUMAHHS IIPONIEAyp. IMepcHBHI TeXHOIOTIT
VR/AR kapauHaIbHO MiABUIIYIOTH ¢(DEKTUBHICTH HABYAHHS MEPCOHANY Ta 3HMXKYIOTh IMOBIPHICTb TTOMMJIKH i
yac BUKOHAHHS poOIT. AnoreeMm miei iHTerpanii € KoHuenist tupoBoro ABiifHMKA, 10 CIIYyTY€ BipTyaJbHUM MOJTi-
TOHOM JIJ1s1 BCEOIYHOTO MOJICJIIOBAHHS Ta aHANi3y HalCKIAIHIIINX aBapiiHUX CIICHAPIiB.

3. Kitro4oBHM BHCHOBKOM POOOTH € Te, II0 B Cy4aCHUX YMOBAaxX MexXa MK OXOPOHOIO Ipalli, TEXHOT€HHOIO
0E3IEKOI0 Ta IIUBITFHUM 3aXHCTOM MOBHICTIO CTHPA€EThCs. EeKTrBHE yrpaBiiHHs O€3MEKO0 HaTOra3oBii ramysi
MOXKITMBE JIUIIE B paMKaxX €IUHOI IHTErpOBAaHOI CHUCTEMH, sKa 00’emHye I Tpu KOMIIOHEHTH. CTBOPEHHS TaKol
aJIalITUBHOI Ta CTIMKOI MOJIEI, 0 BKIIOYAE SIK 1HKECHEPHI 3aCO0M KOHTPOJII0 BUPOOHUYMX PU3HUKIB, TaK 1 3aX0/1
[UBIJIHHOTO 3aXUCTY BiJ 30BHIIIHIX 3arpo3, € 0e3aJIbTePHATUBHUM IUIIXOM JUIs 3a0€3TCUCHHS HE JIUIIE 3aXUCTY
JKUTTS Ta 3I0pOB’sI MPAIIBHUKIB, ajiec i TapaHTyBaHHS CTIHKOCTI (DYHKIIIOHYBaHHS CTPATETIYHUX MiNPHUEMCTB, 110
€ KPUTUYHO BaXXJIMBUM JIJIsl GHEPreTHYHOI Ta HaIllIOHATBHOIT Oe31eKkn YKpaiHH.

IMepcnekTHBH MOAANBIIUX A0CTiAKeHb. [IpoBeeHNiT aHANI3 CydyacHHX IMiIXO/IB JI0 yIIPaBIiHHS OE3I1EKO0
B Ha(hTOTa30Biil ramysi BiAKpHBa€e HU3KY NEPCIICKTUBHNX HAIIPSIMKIB IS HOAAIBIINX HAyKOBHUX JIOCHIHKEHB, CIIPS-
MOBaHHUX Ha MOMIHUOJIECHHS Ta PAKTUYHY IMIIJIEMEHTAIIII0 3aIPONOHOBAHMX KOHIICTIIIIN:

Po3po6ka MeTon00rii KiTbKICHOT OIIHKY iHTETPOBAaHUX PU3HKIB MOTPEOye MOAATBIIOTO PO3POOTIEHHS KOMII-
JIEKCHUX MaTeMaTHUYHHUX MoJieliel, siKi O JO3BOJISIIH KIBKICHO OIIIHIOBATH HE MPOCTO OKPEMi PU3UKH, a IXHIO B3a-
€MOIi0 Ta KackaHi eekTu. OcobaMBO aKTyalbHUM € MOJICNIIOBaHHS CLIeHapiiB, Ae kibeparaka abo ¢izuyHe ypa-
JKEeHHs 00’ €KTa (BOEHHUI PU3HK) MIPU3BOAMUTH A0 PO3BUTKY BEIMKOI IPOMHUCIIOBOI aBapii (TEXHOTEHHUM PU3HK).

ExoHOMIiuHE OOTpYHTYBaHHS 1HBECTHIIIN Y U(PPOBI CUCTEMHU OE3MEKH MOTPeOy€e pO3pOOIICHHS YiTKUX MOJIe-
JIel po3paxyHKy MOBEepHEeHHs iHBecTHIid Return on Investment, ROI mis koMmmiekCHUX IHU(GPOBUX SKOCHCTEM
IoT + Al + Digital Twins. Taki Mozeni MalOTh BpaxOBYBaTH He JIUIIIE IPSIMUAN e(eKT BiJT 3a1100IiraHHs aBapisM, ajie
1 OITOCepEeIKOBaHI BUTO/IH, SIK-OT ITiJIBUIICHHS ONEpaIiiiHoi e()eKTUBHOCTI Ta 3pOCTaHHS CTIMKOCTI Oi3HECY.

®dopmyBaHHSI KYJIBTYpH O€3IEKH B yMOBaX TPHBAJIOTO CTpeCy MOTpedye TOCIIHKEHb TICHXOJIOTIYHOI CTIHKO-
CTi Ta KOTHITHBHHX ITPOIIECIB MEPCOHAITY, 110 TIPAIIOE B YMOBAaX MOCTiIHHOT BOEHHOT 3arpo3u. HeoOxinHo po3pooutn
Ta BaJiyBaTH IIPOTPAMHU IICUXOCOIIAIbHOI MIATPHIMKHU Ta TPCHIHTIB, CIPSIMOBAHHUX Ha 30€PEKEHHS BUCOKOTO PiBHS
KOHIIEHTpAIIil Ta aICKBATHOTO CIIPUIHSTTS PU3HKIB B €KCTPEMaJbHUX YMOBaX.

Apanrallis HOpMaTHBHO-TIPaBOBO1 0a3W iCHYIOHOTO 3aKOHOJABCTBAa YKpaiHM y cdepax OXOpOHH Mpari Ta
LUBIJIBHOTO 3aXUCTY MOTpeOy€e OHOBIIGHHS ISl aJ]eKBAaTHOI BJAIMOBiAI HA HOBI BUKIMKH. [loganbin qociiKeHHs
MOXYTb OyTH CIpsIMOBaHI Ha po3pOOKY MPOMO3UIIHN OO0 PEryIIOBaHHS BUKOPUCTAHHSA LITYYHOTO I1HTEJIEKTY
B cHCTeMax Oe3IeKH, CTaHIapTiB Al IU(POBUX NIBIHHHUKIB Ta (hopMatizallii MPOTOKOIIB OE3MEKH IS MiAPUEMCTB
KPUTHUYHOI iIHPPACTPYKTYPH B YMOBAX BOEHHOTO CTaHY.
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HOI' CNPOMOJICHOCII HAceneHHs ma 0ecmpyKyii 102icmudHuX 1anyio2is. JJocnionceno OUHAMIKy KIoU08ux MakpOeKOHOMIUHUX
IHOUKAMOpI6, GKIOYAIOUU KITLKICIb CYO €EKMIG 20CN00Apro8anHts, obcazu 0oxodie 6i0 peanizayii ma yucmuil npubymox y cepi
P030pioHOT mopeieni npodykmamu xapuyearus 3a nepioo 2013—2023 poxis. [Ipoananizosano K408l YUHHUKY, W0 GHIUHYIU HA
DO3BUIMOK PUHKY, ceped AKUX 0cobnugy pois gidiepanu nosnomaciumadne emopenenns y 2022 poyi, empama uacmuHu punky Ha
OKYNOBAHUX MEPUMOPISX, 3MIHA NOBEJIHKU CRONCUSAUA Ma 2e02pahiuna nepeopienmayis OizHec).

Ha ocnosi ananizy 6cmano8ieHo UCOKY BOIAMUNLHICHb CeKMOpPYy ma HeoOXiOHicmb cmpyKnypHoi mpancgopmauii,
30Kpema, eeozpapiunoi nepeopicnmayii 6iznecy. O6IpyHmMosano cmpameiuny HeoOXIOHICMb nepeopicHmayii pumeiny Ha
Mani HaceneHi NyHKMu ma CilbCbKy Micyegicimp, ujo 00YMOGIeHO CIAOITbHUM NONUMOM Ha OA306i MOBAPU Ma 0OMEICEHO)
NPUCYIMHICNIO Mepedicedux onepamopis. Y ybomy KoHmexcmi 3anponoHo8ano cmpameziio aoanmayii npooosonsyux mepeic
yepes pO3UUPEHHA MATOPOPMAMHO20 pUmeliy («mazasur 6i1a 0oMy»), AKa nepeddayae iOKPUMmMs KOMRAKMHUX MOP2OGUX
MOYOK 3 ONMUMI308AHUM ACOPMUMEHIOM, YIHOYMBOPEHHAM, OPIEHMOBAHUM HA YIHHICMb, MA MIHIMATLHUMU ONepayiuHuMU
sumpamamu. Hasedeno noemanmy opeanizayitino-cmpykmypHy cxemy MaioQopMamHux mopeogeibHUx 3akiddie 3 akyenmom
HA JIOKATbHY SHYUKICIb, YUpposy NIOMPUMKY (anarimuxa, uam-6omu) ma coyianviy QyHkyiio mazazuty 6 epomadi. 3anpono-
HOBAHA CIMPYKMYPA, KPIM eKOHOMIUHOT 00YITbHOCI, 3a0e3neuye pednizayio KopnopamusHoi coyianbHoi QyHKyil, cnpsimosanoi
HA 2apanmosanuli 00CHyn HaceieHts 00 bA308uUX MoBApie y coyianbHo 8pazusux pecionax. Ompumani pe3ynomamu MoNCymy
CY2Y8amu NPaKMuyHUM OPICHIMUPOM 0 CVO 'EKMiI8 20CNOOAPIOBAHHS, WO RPACHYMb A0anmysamucs 00 PeaibHux yMo8 4acy.

KiuttouoBi cioBa: cmpameezia pozsumky, ousepcugikayis, Oisnec, npooyKmosui pumeiis, mepexcegull pumetit, npooo-
601IbYA Oe3neKa, Kpu3d.

Rozdobudko E. V., Stebliuk N. E, Kucher M. M., Danilyshyn V. S. Adaptation and resilience of small-format retail:
strategic approaches in times of crisis transformations

The article analyzes priority strategic approaches to the development of retail food trade companies in the context of full-
scale military aggression in Ukraine, particularly against the backdrop of growing competition, declining purchasing power
of the population, and the destruction of logistics chains. The dynamics of key macroeconomic indicators, including the number
of economic entities, sales revenue, and net profit in the food retail sector for the period 2013-2023, are examined. The key fac-
tors that influenced the development of the market were analyzed, among which the full-scale invasion in 2022, the loss of part
of the market in the occupied territories, changes in consumer behavior, and the geographical reorientation of business played
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a special role. Based on the analysis, the high volatility of the sector and the need for structural transformation, in particular, the
geographical reorientation of the business, were established. The strategic need to reorient retail towards small towns and rural
areas is justified by the stable demand for basic goods and the limited presence of chain operators. In this context, a strategy for
adapting food chains by expanding micro-retail formats (“neighborhood stores”) is proposed, which involves opening compact
retail outlets with an optimized product range, value-oriented pricing, and minimal operating costs. A step-by-step organiza-
tional and structural diagram of small-format retail outlets is provided, with an emphasis on local flexibility, digital support
(analytics, chatbots), and the social function of the store in the community. In addition to economic feasibility, the proposed
structure ensures the implementation of a corporate social function aimed at guaranteeing the population s access to basic goods
in socially vulnerable regions. The results obtained can serve as a practical guideline for economic entities seeking to adapt to
the real conditions of the time.
Key words: development strategy, diversification, business, food retail, chain retail, food security, crisis.

IMocTanoBKka mpodiaemu. B ymoBax BiliHH B YKpaiHi Ta MMOCHJICHHS BHYTPIIIHBOI Mirparii BAHHKAEe TOTpeda
B PO3IIUPEHHI MisJIBHOCTI caMe B KOHTEKCTI MICIIEBOTO PIBHS, IO aKTyalli3ye JUBEPCU(IKAIO AiIsIIBHOCTI TPO-
JYKTOBOTO pHUTEilTy. Y BIINOBiAb Ha IIi 3MiHU IPOAYKTOBUM pUTEHIEpaM JOLIIBHO PEani3oByBaTH aKTHBHE PO3-
HIMPEHHS reorpadii MPUCYTHOCTI Ta BIIKPUTTS «MarasuHiB OuIs IoMy» caMe B HEBEIUKUX MicTax Ta cenax. Takuid
MiJXiJ JO3BOJIUTH HE JIMIIE 33J0OBOJILHUTH TMOMUT HOBUX JIOKAIBHUX CHOXXKHMBYHMX ayIUTOPiH, ajle i CrpusTHME
COLiaJIbHO-€KOHOMIYHOMY PO3BHUTKY rpomajl. Came TOMY JOCTIPKEHHS CTPATeril pO3BUTKY MPOLYKTOBOTO PUTECHITY
B YMOBaX COIIaJIbHO-€KOHOMIYHHUX 3MiH € BKpail aKTyaJbHUM JJIsI OUTBII ICTATBHOTO PO3LIISY.

AHaJi3 ocTaHHIX J0CaiKeHb i myOmikamii. AHai3 HAyKOBUX IPallb, OMYOTIKOBAHUX YKPATHCEKAMHU BUC-
HUMH, JEMOHCTPYE IIIHOOKE YCBIIOMIICHHS HEOOXIIHOCTI 3aKPUTTS IPOTATUH y HAYKOBHX IOCIIKCHHSX, IO
OIMUCYIOTh JIISUTBHICTD Tally3l B X €KCTPEeMAIIbHUX yMoBaX. OcoOIMBUI 1HTEpeC CTAaHOBJISATH Majli (hopMaTh po3-
JpiOHOT TOPTiBII, BIIOMI SIK «Mara3wHu Outst JoMmy». OcTaHHi (DYHKIIOHYIOTh y CEPEIOBHIII BUCOKOI JIOTICTHYHOT
BPAa3IUBOCTI, MAIOTh OOMEKCHUH JOCTYI O KalliTalxy Ta BUMAararoTh Ha/J3BHYAWHO IIBHIKOT aCOPTHMEHTHOI Ta
orepariifHoi aganranii. Baxumsicte naHoro gopmary s 3a0e3MedeHHs POJOBOJIFYO0T OE3MEeKH Ha JOKaIbHOMY
PiBHI pOOUTH iX KPUTUYHUM 00’ €KTOM JUIsl BUBYCHHS CTPATEriid CTIHKOCTI Ta epeopieHTamii acOpTUMEHTY Ha Peri-
OHaJIbHY crelr(piKy Ta BCTAHOBJICHHS KOPOTKHUX JIAHIIOTIB MOCTaBoK [ 1, 2].

OcHOBHa yBara B HayKOBUX poOoTax [3, 4] mpuIiiseThCsi TaKUM TEHICHIISAM, SK KOHIIEHTpALlis PHHKY,
muBepcudikamis GopMariB MarazuHiB, JiDKUTANI3AMliA Ta PO3BUTOK OMHIKaHAJIBHOCTI. Takuil miaxij crpuse mif-
BUIICHHIO MPOAYKTUBHOCTI KOMEPIIMHUX omepauiid, MiHiMI3alil TpaH3aKIiMHUX BUTPAT 1 CTBOPEHHIO YMOB IS
CTAJIOrO PO3BUTKY MiJIPUEMCTBA B YMOBaX KOHKYPEHTHOTO CEpPEJOBUILA.

JocmimpkeHas HaykoBIIB [5] cdoKkycoBaHe HA aTaNTHBHUX CTPATETisX MiTIPUEMCTB B YMOBaX BOEHHOTO
cTady. B po0oTi BU3HAUEHO KJIFOYOBI HAMPSIMH 3MiH: KPU30BE YIPABIIHHS, PEIHXUHIPUHT JIOTICTUKH Ta HEOOX1JI-
HICTh THYYKOTO YIPaBIIIHHS pecypcaMu s 3a0e3nedueHHs criiikocti. B crarti Lyperkoi b. [6] HaBeneHo 00rpyH-
TYBaHHS 3MiHH (OPMATY MIMPHEMCTB PUTEHITY ITiJl BILTABOM MaKpO-MapKETHHTOBOTO CEPEOBHIIA, IO MiATBEp-
JDKY€ TIepexif] CTIOKUBYOTO MOMHTY JI0 JIOKaJIi30BaHMX TOYOK Mpofaky. HaBemeHa Te3a KopemroeThes 3 TOBOEHHIMHA
JOCIKEHHSIMH [3, 7], SIKi B)Ke TOJII BiJI3HAYAIN 3pOCTaHHS MOMYJISPHOCTI Majux GOpMaTiB 1 HEOOXIHICTh IUBEP-
cudikanii. Takum yuHOM, BilfHa JIMIIIE aKTHBI3yBaja paHillle HasBHY TeH IeHIIio [8]. Came ToMy po3poOka Ta aHai3
OTIepAIliifHO] CXeMHU «MarasuHy Oils OMy» CTAaHOBHUTH OCOOJMBHI HAyKOBHH iHTEpeC Ta € MPAKTHYHHM BHECKOM
JTAHOTO JOCHIHKEHHS.

MeTta poc/1iizkeHHS TIOJISIrae B OOIPYHTYBaHHI CTpATEridHUX MiAXO/IB 10 afanTarii Ta CTIHKOCTI MPOILYKTO-
BOTO PUTEHIIY B YMOBaxX €KOHOMIUHOI HeCTaOUILHOCTI Ta BiliHU B YKpaiHi.

Buxkiaa ocHOBHOTO MaTepiaay JOCTiAxKeHHsA. Y CydyacCHUX YMOBaX MIo0aiizaiii eKOHOMIKH, ITOCUJICHHS
KOHKYPEHIIIT Ta TUHAMIYHUX 3MiH Y 3aKOHOZABIOMY CEPEIOBUILI, ITUTAHHS CTPATETTYHOTO PO3BUTKY IIAPHEMCTB
HaOyBaIOTh 0COONMBOI aKTyaIbHOCTI. BIDKUBaHHS Ta JTOBrOCTPOKOBHH YCHIX Cy0’€KTiB TOCIIOAAPIOBAHHS 3HAYHOIO
MIPOFO 3aJIeKaTh BiJI IX 3MATHOCTI aJalTyBaTHCS 1O HOBUX BUKJIHKIB, €(EKTHBHO BUKOPUCTOBYBATH peCcypcH, Gpop-
MYBaTH KOHKYPEHTHI IIEpeBary Ta BOAHOUAC JiSITH Y MEXKax IPaBOBOTO MOJIS.

B poboti npoananizoBaHO 3arajibHi TEHJCHIII PO3BUTKY KOMIIaHiIi B YKpaiHi Ha PHHKY MPOIYKTOBOTO
puteiiny (puc. 1).

Amnani3 JaHuX, IPEICTaBICHUX Ha pHC. |, IEMOHCTPY€e KOMUBAIBHY AWHAMIKY KUIBKOCTI Cy0’€KTiB rocmoa-
PIOBaHHS, IO € IPSMHUM HACJIiAKOM Jii MHOKHHH Pi3HOMAHITHUX 30BHIIIHIX Ta BHYTPIMIHIX YMHHUKIB. OcOoOIUBO
3HAUHE CKOPOYEHHSI KUIBKOCTI KoMMaHiii Oyno 3adikcoBano y 2022 po1ii BHACTIIOK TOUaTKy ITOBHOMACIITAOHOT Bii-
CBKOBOI arpecii. Bognouac BapTo Bia3HauuTH, 110 B 2023 poui KiIbKICTh KOMIIaHiH 3HOBY 3pocCiia, 10 CBIAYUTH IIPO
BiJTHOBJICHHS MIANPUEMHUIBKOT aKTUBHOCTI, IEpeopieHTalito 6i3Hecy Ha Oe3Me4Hi PerioHu, MOsIBy HOBUX MOJETeH
JIOKaJBHOTO ITiIPUEMHHUIITBA, & TAKOK CIIPOOYy 3aKPHUTH MOTPEOH TaMm, Je TOpriBeibHa iH(QpacTpyKTypa 3a3Haia
CYTTEBUX BTPAT Ta 3HIDKCHHS ¢(PEKTUBHOCTI.

Jani npormoHy€eThCsI TOCTIINTH BIUIHB BIHU Ta YMOB PHHKY Ha 0OCSTH peaii3amii Ha PUHKY IPOIYKTOBOTO
puteiny (puc. 2).

JluHaMika JTOXOJIB y CETMEHTI MPOIXYKTOBOTO puteiiny mpotsrom 2013-2023 pokiB XapaKTepu3y€eThCs 3HAU-
HOFO HECTAOUTBHICTIO 3 YepTyBaHHSIM MEPIOIiB 3pOCTaHHS Ta Pi3KKX craliB. Taka cuTyarlist 1eTepMiHOBaHa BIUIUBOM
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Puc. 1. /lunamika kinbkocTi komnaHiii B Ykpaiti Ha puHKY npoaykroBoro puteiity (KBE/] 47.2)
B niepion 2013-2023 pp., omuHMIb
Jocepeno: [9]

50000000.0 60.00
45000000.0
40000000.0 A
35000000.0 20.00
30000000.0

25000000.0 0.00

20000000.0
15000000.0 ~2040
10000000.0 A

5000000.0
0.0 -60.00

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
s Jloxi Big peamzanii  =®=Temn pocty, %

Puc. 2. Jlunamika oOcsriB JOX0/my Bij peaiizaiii KoMaHiid Ha puHKy rpoaykroBoro pureitiny (KBEJ] 47.2) B Ykpaini
B niepion 2013-2023 pp., TUC. TpH.
Jicepeno: [9, 10]

SIK €KOHOMIYHO{, TaK 1 MOMITHYHOI KOH IOHKTYpH B KpaiHi. [licis cyTreBoro cmany, 3adikcoBanoro y 2013 por,
PHHOK IEMOHCTPYBAB MOCTYTNOBE BiHOBICHHA. Y nepiox 3 2016 mo 2021 poxu crocTtepiranocs criiike 3pocTaHHsS
MMOKa3HUKIB JIOXO/IIB, 1110 BiZOOpaxkaso K cTaOlIi3aIlii0 CIIOKUBYOTO MOMUTY, TaK 1 IHTEHCUBHUI PO3BUTOK TOProO-
BEJIbHUX MEPEK.

[ikoBwuit pict y 2021 poui (30inpmenns Ha 41,6 %) 3MiHHBCS TIMOOKUM MPoBaJioM y 2022-My (3MEHILICHHS
Ha 53,4 %) depe3 BiiiHy, BTpaTy YacTHHU PUHKY Ta JoricTudHi nopymenHs. Cranom Ha 2023 p. pUHOK HOYaB Bij-
HOBITIOBATHCS, 1[0 CBITYHMTH MPO ajanTalliiHui moTeHIian raixysi. s momanpmioi cTpaTerii BaXJIMBO HE Opi€H-
TYBaTUCh JIMIIC HA BEJIMKI MICTa, a 3MIlI[yBaTH aKIICHTH Ha MaJli HACeJICHI IMMyHKTH 3 BUCOKHUM TOITUTOM 1 HU3bKOIO
KOHKYpeHIli€ro. UncTuii mpuOyTOK BUCTYITA€ KIFOUOBHM IHIMKATOPOM S(PEKTHBHOCTI (DYHKIIIOHYBaHHS CyO’€KTiB
MPOYKTOBOTO PUTEHITY, & IOr0o TMHAMIKa JIeTallbHO BiJoOpaXKeHa Ha puc. 3.

AHaJi3 MOKa3HUKIB BKa3y€e Ha BUCOKY BOJIATHIILHICTH CEKTOPY, 0 (POPMYBABCS B yMOBaX IMOCTIHHUX KPU3 Ta
ajanTariii, ajpke micis pizkoro nposany y 2013 pori (30utku nioHaa 100 MITH TpH) TOYaNoCst IOCTYMOBE BiTHOB-
neHHst puHKy 3 2016 poxy. [lepioau 3pocTaHHsS YepryBalIKCh 13 HOBUMHU XBHJISIMU CTIaJy, 1110 CBITYMTH PO HECTIiM-
KicTh MPUOYTKOBOCTI HABITh MPH 3pOCTaHHI J0X0/iB. HallBUIINX MOKa3HUKIB YMCTOTO MPHOYTKY OYI0 JOCSITHYTO
y 2021 pori, ogHak yxe B 2022 pori BiliHa cnpuunHIiIa naainas maibxe Ha 50 %. Illomo 2023, TO pUHOK YaCTKOBO
KOMIIEHCYBaB BTpaTH, 1110 BKa3ye Ha ajianTallio 0i3Hecy 0 HOBHX peatiil i e)eKTUBHI BHYTpIlIHI TpaHcopMallii.
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Puc. 3. /lunamika uncroro npuOyTKy KOMIIaHii Ha puHKY npoaykroBoro puteiity (KBE/] 47.2) B Ykpaiui
B niepioz 2013-2023 pp., THC. TPH.

IDicepeno: [9, 10]

AHai3 puHKY IpOAYKTOBOTO PHTEITY Ta 3arajibHUX NMOKAa3HUKIB KOMIIaHiil BKa3ye Ha 3MiHy aKIIEHTIB y pO3-
BUTKY Tajly3i, aJyke B yMOBAaxX BilfHH, €KOHOMI4HO{ HECTaOINBHOCTI Ta MOCUJICHHS KOHKYPEHIIi] 3 00Ky BEIMKUX
MEpEeXK, CTpaTerisi MOJANBIIOr0 PO3BUTKY MOBUHHA 0a3yBaTUCh HA THYYKOCTI, JIOKAJIbHIN afamnTalii Ta couiaabHii
opienrauii. OcoOnuBy yBary cii IpUAUTATH POMIMPEHHIO IPUCYTHOCTI B MAIMX HACEJIEHUX MMyHKTaX Ta CUTbChKIN
MICIIEBOCTI, JIe YaCcTO BiJICyTHI Mara3uHu 3 MOBHUM aCOPTHMEHTOM, a IMOMUT Ha JOCTYIHI MPOAYKTH CTAOUIbHUN,
1o moTpedye 3amycKy HEeBEIHKHIX, MOOUTFHIX a00 MOIYITBHUX TOPTOBHX TOYOK, SIKi JIETKO BiIKPHBATH Ta MACIITAa-
Oysaru [11].

3arajioMm, pHHOK MOTpedye He IPOCTO PO3IIUPEHHS, a IIIECIPAMOBaHOI peopraHizallii 3 ypaxyBaHHSIM HOBUX
peaiii. Ycmix 3aJeXKUTh BiJl 37aTHOCTI KOMIIaHIM IIIBHJIKO aIallTyBaTHCh JIO 3MiH, OOMpPATH MPaBUJIbHI TOYKH POCTY
B HEJIOOIIHEHUX JIOKAIisIX, 30epiraT JIOsIbHICTh CIIOKMBaYa 1 CTa0lIbHY MPUCYTHICTD HABITh Y CKIAJHUX YMO-
Bax. ToMy OIHHM i3 KJIIOYOBUX CTPATCTIYHNX HAMPSIMiB KOMITaHii € pO3MINPEHHS MPOAYKTOBUX MEPEXK 3a PaxyHOK
3amycKy (opMaTiB «MarazuHu Ol JOMy» Yy MajliX CeJIMIIaxX Ta Yy HEBEJIMKHX MicTaxX. Y TO€JIHaHHI i3 ¢i3nd-
HUM PO3LINPEHHSM, BaXKJIMBOIO CKJIAJIOBOIO CTpaTeTii 3aiuiIaeTbes nugposa Tpanchopmariis. OCTaHHS J03BOJISIE
MOCUJIMTH MYJBTUKaHAIBbHY B3a€MOJIIIO Ta 3BOPOTHHIA 3B’ SI30K 13 LIbOBOIO aynuTopieto [11]. 3 MeToro miaTpuMKu
KIIEHTIB y pexxuMi 24/7 peKOMEHI0OBaHO BIPOBAIKCHHS 1HTEJIEKTYyalIbHOIO 4aT-00Ta, KUl Mae (PyHKIIOHAIBHY
CIPOMOJKHICTH CBOEYACHO HAJaBaTH 1HPOPMAIIIIO IIOJI0 aKTyalbHOT HassBHOCTI TOBapiB, iHHOPMYBATH PO MOTOUH1
MapKEeTUHTOBI aKllii, a TAaKOX 3/1MCHIOBATH aBTOMAaTU30BaHE BUPILICHHA THIIOBUX KJIIEHTCHKUX 3aluTiB. OCHOBHI
IUTSIXU peatizalii cTparerii po3BUTKY IPOIYKTOBOTO PUTEHITY HaBEICHO Ha pUC. 4.

OTxe, cCHHEPTis (HI3HYHOTO PO3IIMPEHHS MPOIYKTOBUX MEPEXK Y TakuX (popmarax 3 MUu(ppOBUMHU IHCTPYyMEH-
TaMH JIO3BOJIUTH KOMITaH1sIM 3a0€3MeUNTH THYYKY, CTIHKY Ta KJIIEHTOOPIEHTOBAHY MOJICIIb PO3BUTKY, sIKa BiJIOBIIa-
THUME CYy9aCHUM BHKJIHKaM BOEHHOTO Yacy.

Crij BII3HAYMTH, [0 MUISIXH peatizaiii cTparerii po3BUTKY MPOIYKTOBOTO PUTEHITY B YMOBaX BiifHH Ta 3Mi-
HEHOI CTPYKTYPH CIIOKHBYOTO TOMHUTY Nepe0adaroTh MOSTAITHE BIPOBAKEHHS JIil, CIPSIMOBAHUX HAa OXOTICHHS
HOBHX PHUHKIB, aJalTaIliio A0 €KOHOMIYHOI pPeajbHOCTI Ta 3MII[HEHHS MO3MUIlH Ha JoKanbHOMY piBHI. [lepmmm
KPOKOM € PO3IINPEHHs MPUCYTHOCTI Ha PUHKY Yepe3 3aIlyCK TOPrOBUX TOUOK Yy (hopMaTax «Mara3uHu Ol JoMy»,
0 nependavyae BiAKPUTTS Mara3uHiB i3 KOMIAKTHAM, ONTUMaTbHUM aCOPTUMEHTOM, CTICiaIbHO aJlalTOBaHUX i1
noTpedU MaJIuX HaCEJIEHUX MYHKTIB 1 CIIbCHKOI MICIIEBOCTI, ¢ TPAAUIiiHI Beluki (hopMaTh € ManoeheKTUBHUMU
a60 HegoUIbHUMU. CXeMaTn4He 300paskeHHsI CTPYKTYpH TakuxX (popMariB HaBeIeHO Ha puc. 5.

ITepuum etarnoM poOOTH € OLIIHKA NOTEHILIaNy JIOKaLii, fika nepeadayae aHami3 piBHSA KOHKYpEHIIii, YUCelb-
HOCTI HACEJICHHs, JIOTICTUYHOI JIOCTYIMHOCTI Ta MOMKUTY Ha 0a30Bi TOBApH, IO O3BOJMTH BUSIBUTH HEIOOIIHEHI
perioHu, 1ie MPUCYTHICTH MIPOIYKTOBOTO PUTEHITY a00 HeZOCTATHsI, 00 B3arai BiICyTHI.

HacTtymaum KpokoM € BUO1p NMPUMILIEHHSI, aJDKe JUTSI TaKKX (GopMariB He OTPiOHI BEJIHKI TUIOMII, a JOCTATHBO
KOMITAKTHOTO TOPTOBOTO MPOCTOPY 3 HU3BKUMH BUTPATaMHU Ha OPCHIY Ta YTPUMAaHHSI, IO JaCTh 3MOTY 3MEHIIUTH
CTapTOBI 1HBECTHIIIT i MIBUIIE JOCATATH TOYKU 0e330MTKOBOCTI. BiamoBigHo 10 0OMexeHOoi ot GopMyeThes
ACOPTHMEHT, SIKM{ BKIIIOYA€ JMINEC HANHEOOXIMHIIN MPOXYKTH XapdyBaHHS, TOBAPH IIOJCHHOTO BXHTKY, 0a30BY
moOyTOBYy XiMil0, a TaKOK TOBapH MiCIIEBOTO BUPOOHMIITBA a00 TOBApH IIiJl BIACHOIO TOPTOBOIO MapKow. Takwii
MiAX17 TO3BOJISIE 3a0€3MeUnTH OalaHC MIXK TOBAPHOIO HATIOBHEHICTIO 1 MIBUIKOXO 0OOPOTHOCTI 3amacis.
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Po3immpenHs mpoayKToBUX MEPEK

BiI[KpI/ITTH MarasuHiB 3 aanTOBaHUM aCOPTUMEHTOM Ta KOMITAKTHUM

(opmaToM, OpiEHTOBAaHMX HA MaJli CeJla Ta HEBENUKI MicTa

JLl

dopMyBaHHS aCOPTUMEHTY Mara3uHiB 3 Opi€HTALI€I0 HA CTPATETi10

HU3BbKUX LIH

BiAnOBIAHO 10 BIIMBY BOEHHOTO CTaHY Ha KYHIBEIbHY CIPOMOXKHICTh
HaceJeHHs c()OpMyBaTH NPOLYKTOBY JiHINKY, sika Oyle AOCTYIHO AJs
TpOMaJITHAHA 3 MiHIMAJIFHAM PIBHEM JOXOIY

1l

OnepaTyBHE pearyBaHHs Ha [IOBEIHKY CIIOXKHBaya

AmHaJiTHKa TIONMMTY Ta OHOBJICHHA aCOPTUMCHTY

JL

POBIJ_II/IpeHHSI MEPECK Ta 3pOCTaHHA ITPOAYKTOBOTO pHTeﬁJ’Iy

Puc. 4. Illnsxu peanizaiii cTpaTerii po3BUTKY ITPOYKTOBOTO PUTEHITY B yMOBaX BIHHH Ta CIIOKUBYOTO TIOIIUTY

Jicepeno: yzazanvneno asmopamu Ha ocHogi [6, 7]

LenTpanbpHe Micle y opraHizaliifHO-CTPYKTYpHIN cxemi Majio(hopMaTHUX TOPrOBEJIbHHUX 3aKjaliB MOCiIae
peaitizalisi cTparerii HiHOYTBOPEHHS, OPi€HTOBaHY Ha IIHHICTB i IUIATOCIIPOMOXKHICTH criokuBava. Lle Bumarae
THYYKOTO ITIAXOIY J0 3aKyIIiBelb, IIePEerIsiTy TOBAPHHUX MO3HIIIH Ta pO3BUTKY BIACHHX TOPTOBUX MAPOK SIK 1HCTPY-
MEHTY IIHOBOI JOCTYIHOCTi. HeoOxXixHo onmepaTuBHO pearyBaTi Ha MOBEAIHKY TTOKYIIIS, aJDKe Y SMIHHOMY Cepelo-
BHIII BAYKJIMBO PETYJSPHO MTPOBOUTH aHAIII3 TTOIUTY, BUSBIIATH 3MIHH y CTIOKHBYHX 3BUYKAX Ta BIJIMOBIIHO KOPH-
T'yBaTH aCOPTHMEHT Ta I[IHOBY MOJITHKY [12].

BaxmBuM eleMeHTOM TaKOX € JIOTICTHKA, /K 3aMICTh IIOJICHHUX TOCTABOK MOTPiOHO C(HOPMYBATH OIITH-
Mi30BaHy CXEMy AOCTABKH 3 IIEHTPAIBLHOTO CKIIAAY, III0 JO3BOJIUTH EKOHOMHUTH HA TPAHCIIOPTYBaHHI i €()eKTHBHO
TUTaHYBAaTH TOBapHi 3amacu. Kpim Toro, 3acTocyBaHHS OMHIKaHaJbHHUX MiAXOIB O POOOTH, BKIIFOYAOYH THYUKI
rpadiku Ta poranii MK perioHaMu, J03BOJISIE ONTHMI3yBaTH BUKOPUCTAHHS HAasBHUX JIIOJCHKUX pecypciB [13].

[Ilomo acopTUMEHTY, TO HEOOX1AHO aJanTyBaTH HOTO 0 JOKANbHOrO Momuty. [TocTilfHMI MOHITOPUHT MpO-
JaXIB Ta 3BOPOTHUH 3B’A30K 13 CIIOKMBaYaMH JIO3BOJISIE OMEPATUBHO pearyBaTd Ha 3MiHY MoTped 1 BrmomgoOaHb
HaceJIeHHS, 1110 3a0e3reuye MiHIMI3alliio TOBApHUX 3aJIUIIKIB Ta MiIBUILYE OOOPOTHICTD Karitany. [ padik podoTu
MarasuHiB JOIIBHO aJanTyBaTH i 0COOTMBOCTI IPOMAIH, IO J03BOJIUTEH 3a0€3MEUNTH 3pYUHICTD JIJIS KIIIEHTIB
Ta e(peKTUBHICTH 1 Oi3Hecy. llle omHuM BayKITMBUM (PAaKTOPOM € 3aTydIeHHS MiCIIEBOI IPOMaIH Yepe3 MapTHEPCTBO
3 BUPOOHHMKAMH, yJacTh y JIOKJIBHUX IHINIATHBAX Ta 3aIpOBa/DKEHHS MporpaM JosutbHOCTI. Ha 3aBepmamsHOMY
eTar rmepe0aYeHo MOCTIHHMIT MOHITOPHUHT (PIHAHCOBHUX MOKA3HHKIB, OOCSTIB MPOAAXKIB, BUTPAT, CTPYKTYpPH YeKa,
0 JIaCTh 3MOT'Y OIIEPAaTHBHO BHOCHTH KOPEKTHBH, ITIJIBUIIYBaTH ¢()EKTHBHICTh Ta MacIITa0yBaTH Oi3HEC Ha iHIII
perionu. Jlis cy0’ekTa puTely peanizallis BUIIE3a3HAYCHOTO MMIiJAXOAY HAJa€ MOXKJIIMBICTH €KCITAHCIi PUHKOBOT
MIPUCYTHOCTI 13 MiHIMaJILHIMH ONepaiiHIMH Ta KariTaIbHIMU BUTPAaTaMU. 3 METOIO CHCTEMAaTH3allii BUIe3a3Ha-
YCHUX CTPATETIYHNX IepeBar y TabiuIll 1 mpeacTaBieHo 3iCTaBICHHS KIIIOUOBHUX (DAKTOPIB AOIUIBHOCTI BIAKPUTTS
TOPTOBEJIHUX TOYOK Y MaJOHACEIEHUX PErioHax Ta BiJIOBIAHUX PU3HKIB.

Takum uHHOM, 32 YMOBH €(DeKTHBHOI MiHiMi3alii pU3MKiB, BIAKPUTTS «Mara3suHiB OUIS IOMY» € CTpaTeriyHo
HEOOX1THUM KPOKOM 151 3a0€3MeYeHHS CTIMKOTO PO3BUTKY MPOIYKTOBOIO PUTEHITY.

Peanizanis BuLIeHaBeJEHUX MiAXOIB 3a0€3MEYUTh K CTAOUIBHICTD y KopOTKOCTpOKOBiP’I nepcneKTHBi TaK
i JIOBFOCTPOKOBE 3POCTAHH NPOIYKTOBOTO puTeiTy qepes DIHOIIe TIPOHUKHEHHST HA HOBI PUHKH, ITiBUILICHHS
JIOSUTBHOCTI CITOXKHMBAYiB Ta 3MIITHEHHS KOHKYPEHTHOT ITO3MIIii B YMOBaX KPU3H.

BucnoBku. PuHOK poayKTOBOTO pHTeHJIy B VKpa1H1 notpeOye aTanTUBHOI CTpATErii pO3BUTKY, sIKa BiIMOBI-
IaTuMe peamﬂM BOEHHOTO Yacy, 3HIKEHIN I(yrIlBCJ'ILHII/I CTIPOMOYKHOCTI HACEJICHHS Ta CTPYKTYpPHHM 3MiHaM y cIIo-
uB4ii moBeninmi. [IpoanaizoBaHi MOKAa3HUKN CBITIATh PO HECTAOITBHICTH JOXOMIB 1 HpHGyTKOBOCTl rajys3i, o
3YMOBITIOE HEOoOXiTHICTh TOIIYKy HOBHUX HANPSIMIB 3POCTAHHS, 30Kpema gepes BUXiJ HA PEriOHaJIbHI PHHKH 3 HEIO-
CTaTHIM piBHEM TOProBof 1H(bpaCprKTypI/1 BigxputTs MarasuHiB HEBEIMKOTO (hopMmary (((MaFaSI/IH Ol oMy »)
3 ONTHUMAJIBHUM, OPIEHTOBAHWUM Ha MiCIIEBi MOTPEOH aCOPTUMEHTOM JI03BOJIUTH OXOMUTH MaJll MicTa i cena, Jie TIOIHT
Ha 0a30B1 TOBapH 30epiraeThCst CTAOIIBHUM, aJIe TOCTYIH JI0 HUX € oOMeskeHnM. CITiji BIAMITUTH, CTpaTerist pO3BUTKY,
10 0a3yeThCsl Ha JIOKaJIbHIN OpieHTallil, COIialbHIM Yy TIIMBOCTI Ta TEXHOJIOTTUHIM THYYKOCTI, 3/1aTHA HE JIUILE 3a0e3-
MEYUTH CTAOUIBHICT MIPOYKTOBOIO PUTEIITY Y BOEHHUH NEPio, a i chopMyBaTH MIAIPYHTS JJIsl CTAJIOTO 3pOCTaHHS.
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Jicepeno: yzaeanvneno asmopamu Ha ocHogi [5, 7, 8]

Tabmung 1
3icTaBjeHHs epeBar Ta pU3HMKIB cTparterii BIIKpUTTS «MarasuHis 0ing qromy»
JouijibHicTH BiAKPUTTS Pusuku BiakpurTs
Henacndennii pyHOK Ta MEHIIIa KOHKYPCHITiS Hwoxuwii o0csT npogaxis
TTigBHILIEHHS JIOSIBLHOCTI CIIOXKUBAYIB 301IbIICHHSI JIOTICTUYHUX BUTPAT
Hwxui onepariifHi BUTpaTH TadpacTpyxrypHi 0OME)ESHHS
CouliasibHa BiANOBIJAJIBHICTh Ta IMIIK KyniBesbpHa CIpOMOXKHICTB
Po3mmpeHHst pUHKOBOI YaCTKH BesnexoBi pu3uku
MiHimi3allis KariTalbHUX BUTPAT OOMexeHI MOKITBOCTI JIJIsl MAPKETHHIOBUX 1HIIIATHUB

IDicepeno: [5, 7]
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Po3poOka eeKTUBHUX JIOTICTHYHUX MapIIPyTiB Ta ONTUMAIBHHUX CTpATETill MOCTaYaHHs Al MAaJIUX TOPIo-
BEJIbHUX TOYOK € CTPATETiYHO0 HEOOX1THICTIO Ta eIEMEHTOM KOPIIOPATUBHOT COLIaNbHOI BiANOBIJAIBHOCTI B yMO-
Bax MOBOEHHOTO BifHOBIeHHS. [IpoTte, peanizamis wiei 3a1adi BUMarae BiJl cyO’€KTiB TOCIONAPIOBAHHS BHCOKOI
orepauiifHol THYYKOCTI, palioHami3auii JOTiCTUYHUX MPoLEciB, aganTtauii ¢opmary, rOTOBHICTh O BpaxyBaHHS
JIOKaJIbHUX 0COOIMBOCTEH TEpUTOPIil Ta ONepaTUBHE pearyBaHHs HA CUCTEMHI Ta CUTYyaTHBHI BUKIUKU. [Toganbii
JOCIIKEHHS MAIOTh Oy TH CIIPSIMOBaHI Ha OOTPYHTYBAaHHS CIICHAPIiB PO3BUTKY PO3APiOHOTO MPOITYKTOBOTO Oi3HECY
B YMOBaX KPH30BUX TPAHC(POPMAIIiH i3 3aCTOCYBaHHIM €KOHOMIKO-MaTeMAaTHIHOTO MOICITIOBAHHSI Ta OI[IHKOO HMO-
BIpHOCTI iX peaizallii.

CnucoK BUKOPUCTAHUX JIZKepeJ:

1. HaymoBa T., Kupunbesa JI., Jlememko . Tpanchopmarisi puHKy MepeeBOro puteilny YkpaiHu B
YMOBax DIOOANbHUX KpW3 Ta BilHH. Exonomixa ma cycnitecmeo, (56). 2023. https://doi.org/10.32782/2524-
0072/2023-56-136

2. Omivinuk T., IBanoBa M. Po3Butok puteiiny B Ykpaini. Monoouii euenuii, 1 (125), 2024. C. 126-129.
https://doi.org/10.32839/2304-5809/2024-1-125-1

3. Mukonaitayk I. I1., Cunkina FO. O. CyyacHi TpeHIU PO3BUTKY MEpEXKEBOro puTeiily B YKpaiHi. BicHukx
JIvsiscvro2o mopeosenvbHo-ekoHomiuno2o yHieepcumenty. Exonomiuni nayku, (57), 2019. C. 39—46. https://doi.org/
10.36477/2522-1205-2019-57-06

4. bonina C. IHHOBaIiiiHI MiAXOAM Ta HOBITHI TEXHOJIOTII B BHPINICHHI 3aBIaHb B cepi pUTCHITY SIK YUH-
HUK JOCSITHEHHS! KOHKYPEHTHUX TiepeBar. Taspiticokuii naykosuil gicnux. Cepis: Exonomixa, (20), 2024. C. 51-60.
https://doi.org/10.32782/2708-0366/2024.20.6

5. Byraifuyk B., Kpusynbcbkuii €., [mo3a K. @opmyBaHHS cTparerii po3BUTKY MiJIPUEMCTBA B yMOBax
BiitHU. Exonomixa ma cycninbemeo. 2023. (56). https://doi.org/10.32782/2524-0072/2023-56-81

6. Lypceka b. 3minu Qopmary HiImpuEMCTB PUTEHITYy Mifl BIUIMBOM (PAKTOPIB MaKpO-MapKETHHTOBOIO
cepenoBula. Bicnux XmenbHuybkoeo nayionanvnozo yuigepcumemy. Cepia: Exonomiuni nayku. 312(6(2), 2022.
C. 150-159. https://doi.org/10.31891/2307-5740-2022-312-6(2)-27

7. Cak T., I'pumtok, H. PuHok puteiiny B YkpaiHi: TEHACHIIIi Ta MEPCICKTHBH PO3BUTKY B yMOBAaX KPH3H.
Exonomiunuil uaconuc CxiOHOEBPONENCHKO20 HAYIOHATLHO20 YHIgepcumemy imeni Jleci Yipainxu, 2(22),2020.
C. 33-42. https://doi.org/10.29038/2411-4014-2020-02-33-42

8. Bucounn . B. AmantuBHHI PO3BHTOK MEPEKEBOTO PUTECHIY B yMOBaxX €BpoiHTerparii Ykpainu. Exowno-
mika i cycninoemeo. 2023, Bum. Ne 51. DOI: https://doi.org/10.32782/2524-0072/2023-51-48/

9. ExoHomiuna  cratuctuka / ExoHomiuna  mismeHicTe /  [ismbHicTe  mignpuemctB.  URL:
https://www.ukrstat.gov.ua/operativ/menu/menu_u/sze 20.htm

10. Hepxcrar  Ykpainu. Odiuiiinuit  caidt  JepxkaBHoi cimyxOu craructuku  Ykpainu. URL:
https://www.ukrstat.gov.ua/

11. Pureitn y mudpax: Icropuunmii pexopn obcsry moxomy Ta Ttom-20 «Hesnmamaumx» mepex. URL:
https://mind.ua/publications/20274946-ritejl-u-cifrah-istorichnij-rekord-obsyagu-dohodu-ta-top-20-nezlamnih-
merezh

12. Crebnroxk H. ®., Bonocosa H. M. BukopucraHHS €KOHOMIKO — MAareMaTWYHOTO MOJICITFOBAHHS IS
onrtuMizallii 0i3Hec — mpoIeciB opranizamii. Review of transport economics and management. 2021. Bur. 6 (22).
C. 117-123.

13. I1lanxa I. Punox pureitny B YkpaiHu: aHasi3 IOTOYHOTO CTaHy Ta MEPCHEKTHBH PO3BUTKY B yMOBaX TpaH-
chopmaltiitHoi ekoHoMiKU. Exonomika ma cycninteemeo, (72).2025. https://doi.org/10.32782/2524-0072/2025-72-165

References:

1. Naumova, T., Kyrylieva, L., Lemeshko, Ya. (2023). Transformatsiia rynku merezhevoho ryteilu Ukrainy v
umovakh hlobalnykh kryz ta viiny [Transformation of the Ukrainian network retail market in the context of global
crises and war|. Ekonomika ta suspilstvo, (56). https://doi.org/10.32782/2524- 0072/2023-56-136

2. Oliinyk, T., & Ivanova, M. (2024). Rozvytok ryteilu v Ukraini [Development of retail in Ukraine]. Molodyi
vehenyi, 1 (125), S. 126-129. https://doi.org/10.32839/2304-5809/2024-1-125-1

3. Mykolaichuk, I. P., Sylkina, Yu. O. (2019). Suchasni trendy rozvytku merezhevoho ryteilu v Ukraini
[Modern trends in the development of network retail in Ukraine]. Visnyk Lvivskoho torhovelno-ekonomichnoho
universytetu. Ekonomichni nauky, (57), S. 39—46. https://doi.org/10.36477/2522-1205-2019-57-06

4. Bolila, S. Innovatsiini pidkhody ta novitni tekhnolohii v vyrishenni zavdan v sferi ryteilu yak chynnyk
dosiahnennia konkurentnykh perevah [Innovative approaches and new technologies in solving problems in the retail
sector as a factor in achieving competitive advantages]. Tavriiskyi naukovyi visnyk. Seriia: Ekonomika, (20), 2024.
S. 51-60. https://doi.org/10.32782/2708-0366/2024.20.6

5. Buhaichuk, V., Kryvulskyi, Ye., Hliuza, K. (2023). Formuvannia stratehii rozvytku pidpryiemstva v
umovakh viiny [Formation of the enterprise development strategy in wartime conditions]. Ekonomika ta suspilstvo.
(56). https://doi.org/10.32782/2524-0072/2023-56-81

182 Cucremu ta Texnosorii, Ne 1 (71), 2026 ISSN 2521-6643



6. Tsurska, B. (2022). Zminy formatu pidpryiemstv ryteilu pid vplyvom faktoriv makro-marketynhovoho
seredovyshcha [Changes in the format of retail enterprises under the influence of macro-marketing].
Visnyk Khmelnytskoho natsionalnoho universytetu. Seriia: Ekonomichni nauky. 312(6(2), S.150-159.
https://doi.org/10.31891/2307-5740-2022-312-6(2)-27

7. Sak, T., Hrytsiuk, N. (2020). Rynok ryteilu v Ukraini: tendentsii ta perspektyvy rozvytku v umovakh kryzy
[Retail market in Ukraine: trends and prospects for development in crisis conditions]. Ekonomichnyi chasopys
Skhidnoievropeiskoho natsionalnoho universytetu imeni Lesi Ukrainky, 2(22), S. 33—42. https://doi.org/10.29038/
2411-4014-2020-02-33-42

8. Vysochyn, 1. V. (2023). Adaptyvnyi rozvytok merezhevoho ryteilu v umovakh yevrointehratsii Ukrainy
[Adaptive development of network retail in the context of Ukraine’s European integration]. Ekonomika i suspilstvo.
Vyp. Ne 51. DOLI: https://doi.org/10.32782/2524-0072/2023-51-48/

9. Ekonomichna statystyka / Ekonomichna diialnist / Diialnist pidpryiemstv [Economic statistics / Economic
activity / Enterprise activity]. Retrieved from: https://www.ukrstat.gov.ua/operativ/menu/menu_u/sze 20.htm

10. Derzhstat Ukrainy [State Statistics Service of Ukraine]. Ofitsiinyi sait Derzhavnoi sluzhby statystyky
Ukrainy. Retrieved from: https://www.ukrstat.gov.ua/

11. Ryteil u tsyfrakh: Istorychnyi rekord obsiahu dokhodu ta top-20 ‘“nezlamnykh” merezh [Retail
in figures: Historical record of revenue and top 20 “unbreakable” chains]. Retrieved from: https://mind.ua/
publications/20274946-ritejl-u-cifrah-istorichnij-rekord-obsyagu-dohodu-ta-top-20- nezlamnih-merezh

12. Stebliuk, N. F., Volosova, N. M. (2021). Vykorystannia ekonomiko — matematychnoho modeliuvannia
dlia optymizatsii biznes — protsesiv orhanizatsii [Using economic and mathematical modeling to optimize business
processes of the organization]. Review of transport economics and management. Vyp. 6 (22). S. 117-123.

13. Shapka, 1. (2025). Rynok ryteilu v Ukrainy: analiz potochnoho stanu ta perspektyvy rozvytku v umovakh
transformatsiinoi ekonomiky [Retail market in Ukraine: analysis of the current state and development prospects in
the context of a transformational economy]. Ekonomika ta suspilstvo, (72). https://doi.org/10.32782/2524-0072/
2025-72-165

Jlara mepnioro HaJxXoKeHHs cTarTi 10 Bumanus: 30.11.2025
Jara npuiHATTA CTaTTi 10 ApYyKy Micus peueHsyBanus: 22.12.2025
[Jara ny6nikauii (onpuntogHenHs) crarri 27.01.2026

ISSN 2521-6643 Cucremu Ta Texnouorii, Ne 1 (71), 2026 183



O. JI. Ipoxxun, B. B. bepecrenko

MOPCBHKHH TA BHYTPINIATH BOTHWH TPAHCIIOPT

YK 656.614.32:621.642.03
DOI https://doi.org/10.32782/2521-6643-2026-1-71.23

OpoxcknH O. J1., KaHOMAAaT TEXHIYHUX HAYK, OOLEHT,

OOUeHT Kadbenpu ekcnnyatauii oroTy i TEXHOMOrT MOPChKNiA
nepeee3eHb

OpecbKkoro HauioHanbHOrO MOPCBLKOIO YHiBEpPCUTETY

ORCID: 0000-0002-9695-9296

BepecTteHko B. B., goktop dinocodii,

OOUEHT kadenpu ekcnnyarauii doroTy i TEXHOMOriT MOPChKNiA
nepeBeseHb

OpecbKkoro HauioHanbHOro MOPCLKOro yHIiBepcuTeTy

ORCID: 0000-0002-4094-9179.

®JIEKCITAHKH B TEXHOJIOT'Ti IEPEBE3EHHS «BAG-IN-BOX»:
MNOTOYHEHHSA TEPMIHY HA BA3I ®YHKI[IOHAJBHOI POJII

Cmammsi npucesiuena 00ciodcennio micys ma @ynxyionanohoi poni gnexcimanxie (FT) y mexnonoeii konmetinepHux
nepesesensv «bag-in-boxy (BIB). Axmyanbhicms pobomu 3yMogieHa 3p0Cmaioyolo Yacmrko KoHmeuHepu3ayii na ceimogomy
MPAHCROPMHOMY PUHKY A AKMUSHUM NOULYKOM OLTbUL CHYYKUX | eKOHOMIYHUX piuieHb 0 0ocmasku piokux eanmaoicis. Ilossa
FT sx anemepramueu mpaouyitinum mank-koumetinepam y 1970-x poxax 6i0kpuia Ho6i MOMCIUBOCIE OIS LO2ICIUKU XAPUOBUX
NPOOYKMIB, XIMIUHUX PeUOBUH MA THUUX De3neyHUX PiOuH, 00HAK BOOHOYAC NOCMABULA HUSKY NUMAHb U000 NPABOB02O GU3HA-
YeHHs iXHboeo cmamycy. 30Kpema, 8 MidCHApOOHil NpaKmuyi HeMae 0OHO3HAUHO020 MAYMaueHHs wo0o gionecenua FT 0o naxy-
BANLHUX MAMEPIANi8, YU po32i0y iX sIK ONOMIdICHE KOHMelUHepHe 001aA0HAHHSL.

Memoro docnioxcenns € ymouHeHHs, mepMiny «(LeKCIManky» Ha 0CHOGI 11020 (YHKYIOHATbHO20 NPUSHAUEHHS, 4 MAKONC
aHani3 HACTIOKIE GIOHeCeHHs YIeT Kame2opii 00 MePMIHI6 «YNAKOBKAY Uil KKOHMElHepHe 0ONAOHAHHAY Y NPAKMUYL CMPaxy8aHHs,
MumHoeo ogopmienna. bazorw 0ns docniodcenns Oyno eusHauenus enemenmie mexnonoeii BIB 3 midcHapoOnux cmanoapmis
i KOH@eHYitl, Npakmuyni Kelicu cyo0osux cnpag. Y cmammi 0emanbHo oxapaxmepu3o8ano mexnono2iuni acnexmu cucmemu BIB,
oogedena gynkyionanvha 3anexcricmo FT 6i0 konmelinepnozo 001a0HAHHS, WO YHEMOJICIUBTIOE 1020 BUKOPUCHIAHHS K CAMO-
CMIlIHO20 MPAHCROPMHO20 pe3epeyapd. 3a 00noMo2010 AHANI3Y NPABOBUX HOPM i CYO08UX piuienb 00sedeno, uwjo F'T ne moscymo
PO32MA0AMUCS SIK YRAKOBKA, A0ice 075l 6UKOHAHHS C80€ET POl BOHI NOMPeDyiomb KOHmetiHepa i GUCHynarmy came O0NOMINCHUM
obnadnannam. Hayroea nosusna nonsieae y nponosuyii 4imxo2o mepminono2iuno2o posmexcyeanns.: gusnavenns FT ax enacmuy-
HOI YucmepHil, KA BCMAHOBTIOEMbCS 8 YHIBEPCATLHOMY BAHMAICHOMY KOHMEHEP] Ma 8UKOHYE POl 000AMKOB020 00IAOHAHHS.
Taxuii nioxio 0036014€ 3HAMU HUSKY CYRepeyHocmell y cghepi CMpaxyBants ma MUmMHo2o oQopMieHHA, a MAaKoxc € niocma-
8010 07151 4IMK020 PO3MEICYBAHHA NPAG | 0008 A3KIE MidIC YUACHUKAMU IHMEPMOOATbHUX Nepege3etb. Pesynvmamu docniodcenus
Maiomb NPUKIAOHe 3HAYeHHs Ol IHMEPMOOIbHUX, eKCNeOUMOPCLKUX, THIUHUX | CHPAX08UX KOMNAHII, NEPei3HUKIE Ma BaH-
MANCOBNACHUKIB, OCKIIbKU OAIOMb 3MO2Y ONMUMIZYBAMU 0020BIPHI IOHOCUHU, 3HUZUMU PUZUKU CYOOBUX CHOPIG | 3a0e3nequmu
Npo30pICHb NPoYedyp 6 IHMepMOOATbHUX NePeBe3eHHAX HATUBHUX 8aHMadicie. [Ipakmuuni pexomenoayii, Hasedeni y BUCHOBKAX,
CNPAMOBAHI Ha NiOBUWeHHS De3neKu U eeKmUsHOCII MPAHCHOPNIYBAHHS HATUGHUX BAHMAICI8, A MAKOJIC HA YHI(IKayi mep-
MiHORO2IT Y mpancnopmuiil cghepi.

KittouoBi cnoBa: ¢hrexci-mank, Konmetinep, iHmepmooanbhi nepeseseHts, mpaHcnopmHi cucmemi, JiHiiHe CyOHONIA8-
CMEo, MPAHCHOPMHI MEXHON021], KOHMeEUHEPHT nepee3enHs.

Drozhzhyn O. L., Berestenko V. V. Flexitanks in bag-in-box transportation technology: term revision based on
functional role

This article is devoted to researching the place and functional role of flexitanks (FT) in bag-in-box (BIB) container trans-
port technology. The relevance of this work is due to the growing share of containerization in the global transport market and the
active search for more flexible and economical solutions for the delivery of liquid cargo. The development of FT as an alternative
to traditional tank containers in the 1970s opened up new opportunities for the logistics of food products, chemicals, and other
safe liquids, but at the same time raised a number of questions regarding the legal definition of their status. In particular, there
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is no clear interpretation in international practice as to whether FTs should be classified as packaging materials or considered
as supplementary container equipment.

The purpose of the study is to clarify the term “flexitank” based on its functional purpose, as well as to analyze the conse-
quences of classifying this category under the terms ‘packaging’ or “container equipment” in insurance and customs clearance
practices. The basis for the study was the definition of the elements of BIB technology from international standards and conven-
tions, as well as practical case studies of legal cases. The article describes in detail the technological aspects of the BIB system
and proves the functional dependence of FT on container equipment, which makes it impossible to use it as an independent
transport tank. Through analysis of legal norms and court decisions, it has been proven that FTs cannot be considered packag-
ing, since they require a container to perform their role and are therefore auxiliary equipment. The scientific novelty lies in the
proposal of a clear terminological distinction: defining FT as an elastic tank that is installed in a universal cargo container and
acts as additional equipment. This approach allows for the removal of a number of contradictions in the field of insurance and
customs clearance, and also provides a basis for a clear distinction between the rights and obligations of participants in inter-
modal transport. The results of the study are of practical importance for intermodal, freight forwarding, shipping, and insurance
companies, carriers, and cargo owners, as they enable the optimization of contractual relationships, reduce the risk of litigation,
and ensure transparency in intermodal bulk cargo transportation procedures. The practice recommendations in the conclusions
are meant to make bulk cargo transportation safer and more efficient, as well as to standardize transportation terminology.

Key words: flexitank, container, intermodal transport, transport systems, liner shipping, transportation technologies,
container transportation.

IMocTanoBka npo6jeMH. 3 TIOSBOK KOHTEHHEPHUX IMEpeBe3eHbh B 1956 p. Ta iX MOJAIBIIOI CTPIMKOIO
JnuBepcuQikali€lo KOHTeHHEpHA TPAaHCIOPTHO-TEXHOJIOTIUHA CUCTeMa INepedyBae y CcTaHi MOCTIMHUX 30BHIIIHIX
BUKIIMKIB 1 pearye Ha HUX 3MiHaMH 1 epeTBopeHHsMH. KoHTeliHepHa TeXHOJIOTis, yTBOpEHa BiJl MOYATKY 5K TeX-
HOJIOT1YHUH 3aci0 MIDKTPaHCIOPTHOTO MEpPEeBEe3eHHsI BUCOKOBAPTICHUX TOBApiB, MPEICTABICHUX Y BHUIVISAL TeHe-
paNbHUX 1 TAPHO-IUTYYHHUX BaHTaXiB, CIIOYATKY B3sjla Ha ceOe Maiike yBech 00CAT MIXKHAPOJHOI TOPTIBI TAKUMH
TOBapaMH, TAKMM YHHOM BUTICHUBIIH (DIIOT YHIBEpCAIBHUX CYXOBaHTAKHUX cyneH (3,6 % BaJoBOTO JCIBEUTY CBi-
TOBOTO (BJIOTY, cepeiHii Bik cymeH — 28 p. [1]) a 3roioM i 3HAUHO PO3MIUPHUIIA BIACHY BAHTAXHY 0a3y, 3aJTyUHBIIH
JI0 KOHTEHHepH3allil TpaauIiiHO «OaKepHi» (HACUIIHI 1 HABATIOBaJIbHI, B TOMY YHCJI1 36pHOBI) 1 HATMBHI BAHTAXI.
[Tepmri cripoOu CTBOPEHHS IHCTPYMEHTIB, SIKi O TEXHOJIOTIYHO 330BOJILHUTH ITEPEBE3CHHS MAJIMX TApTiil HAJIMBHUX
BaHTaXXiB KOHTEHHEpaMHU, IMOJISTAIH B CTBOPEHHI KOIITOBHOTO CIEIIAIbHOTO KOHTEHHEpHOTro oOnaaHaHHs — ISO
TaHK-KOHTCHHEPIB, 3IaTHUX TMEPEBO3UTH SIK HEOE3MEUHi, TaK i Oe3levHi XiMi4HI PEUOBHHH: Xap4OBi MPOTYKTH,
3pi/pkeHi Tasu, HapTy 1 HaQrompoaykTu. [IpuitMarouu 10 yBaru CKJIQJHICTh 1 CeNU(pIYHOCTI camoi TEXHOIOTII,
PH3HKH, SIKi OB s13aHi 13 mepeBe3eHHsIM B ISO-TaHKax, CyBOpi BUMOTH MIKHAPOAHUX PETIIaMEHTIB, BiAMOBITHUN
cepBiCHMI pUHOK 3aifHsu1o 240 MXHApPOTHMX TaHK-KOHTeiHepHuX omepatopiB (TCO), aki omepytotrs B 2025 p.
maibke Big 619,7 tuc. TEU tank-konTeitnepis 3 882 tuc. TEU cBitoBoro obnaananus [2].

B 1970-x six anpTepHaTHBA IEPEBE3CHHIO HATMBHUX B TAaHK-KOHTEHHEpax 3’sABJSE€THCSA TEXHOJIOT1S HaBaHTa-
xeHHs pinuH B FT, a ke Ha nodatky 1980-x 3’sBist0ThCS mepii cTarTi 3 1iei TexHomorii [3-5].

AHaJIi3 0CTaHHIX JOCTIIZKeHb Ta Myomikamiii. BimbIIicTh BITYM3HSHUX MyOsTiKaliil moso nepesesensb y FT
MAalOTh aHAITHYHUHN YX OTIIAJ0BUN XapakTep:. [12—16], opraHizaiiiiiHi 0COOIHUBOCTI TOCTABKU PO3IIISIHYTO B [17].
B ocHOBHOMY CydJacHi CTaTTi 3 TOCTKEHHS TeXHONOTI mepeBe3eHHs y FT cTocyroThCst BU3HAYEHHS ONTHMAh-
HOro 00’emy HanoBHeHHs FT [6], BUBUGHHIO TeMIlepaTypHOi OBEAIHKH HarpiBaibHOi maneni y FT, mpu 3actocy-
BaHHI1 JUIS IEPEBE3CHHSI BAHTAXKIB, SKI TOTPEOYIOTH MiAirpiBy [7-8], mociimpkeHHro BiactuBocteld Matepiamy FT [9],
BHMOT III0JI0 MaTepiaiB ix BurotosieHHs [10].

ITocranoBka npodsemu. [lonpu mupoxe mommpeHHs TeXHooril nepese3enHs BIB, B MibkHapoaHiit mpak-
THIII 3aJIMIIA€THCS HeBU3HAYCHUM MpaBoBHUii ctatyc (uekciTankis (FT): y pi3sHMX TOKyMEHTax Ta CyOBUX pillICH-
HSX X BIAHOCATH TO A0 MaKyBaJbHUX MaTepiajiiB, TO JO JOHNOMIKHOTO KOHTEifHepHOro oOmanHaHHA. Taka Tep-
MIHOJIOTiYHa HEOJHO3HAYHICTh MPU3BOAUTH JI0 TPYAHOLIIB Y MPaBOBOMY DPETYIIOBaHHI, CTpaxyBaHHi, MUTHOMY
odopMIIeHHI Ta opraHi3amii JOrOBIpHUX BIJHOCHH MiX yYYaCHMKaMHU IHTEPMOJAJILHUX IMepeBe3eHb. BiacyTHICTh
YHI(IKOBAaHOTO BU3HAYEHHS MOHATTS «(IEKCITAaHK» Y MDKHApOJHHMX CTAaHAAPTAaX 1 HOPMATHBHUX aKTaX 3HUIKYE
e(EKTUBHICTh MPAKTUYHOTO 3aCTOCYBaHHs TexHouorii BIB Ta cTBOpIO€ pH3HMKH VIS YYaCHHKIB TPAHCIIOPTHOTO
poIiecy.

Mera crarTi moyisrana B yTOYHEHHI TEPMiHY «(QJIEKCITAHK» Ha OCHOBI aHAIIi3y HOro (pyHKIIOHAIBHOI POl
Y TEXHOJIOT11 KOHTCHHEPHUX TIepeBe3eHb bag-in-box Ta 0OTPYHTYBaHHS JOIUIBHOCTI BiIHECEHHS (DIEKCITAHKIB JI0
KaTeropii JOMOMIKHOTO KOHTCHHEPHOTO O0JIaIHAHHS Yepe3 aHalli3 sIK TEXHOJIOT1UHUX, Ta IPABOBUX aCIEKTIB eKC-
roryaraiii (IeKciTaHKiB.

Onuc TexHoJorii bag-in-box (BIB). Cyuacui FT sBisiioTs cob0r0 crieriagbHi 0XHOPa30Bi OaraTomaposi
€JIACTUYHI pe3epByapH, SKi BUTOTOBIISIFOTHCS 3 MOJIIMEPHUX MaTepiaiiB BUCOKOT MilTHOCTI. TexHooris nependayae
MOHTYBaHHS TaKHX pe3epByapiB BcepenuHi crtanaaptHoro 20-¢yroBoro ISO-koHTeliHEpa 32 y4acTIO TEXHIYHUX
3ac006iB (ix exeMeHTH 1-5 HaBeJieHO Ha puc. 1) 3 HACTYITHOO MTOCIIIJOBHICTIO OIEpalii:

1. miaroToBKa KOHTeHHepa: 3A1HCHIOETHCS TEXHIUHUI OIS, OUUILEHHS KOHTeHHEpHOTo 00IaHaHH, 3cepe-
JUHU METaJIeBi CTIHKM KOHTEHHepa 03100/ 0I0ThCs 3aXUCHUMU NaHessiMu (1), 110 3ano6irae MexaHiYHOMY MOIIKO-
moxkenHto FT (2) mig yac TpaHCIOpTYBaHHS;
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2. monTax FT: pe3epByap y CKIaJJeHOMY BUIVIS/II PO3TALIOBYETHCS BCEPEIMHI KOHTEHHepa Ta (BIKCYeThCS 3a
JIOTIOMOTOI0 CTIELiaJIbHOI CUCTEMH KpIMJIeHHS. B 1BepHOMY OTBOpi KOHTEHHEPY BCTAHOBMIOIOThH MIUT 1 MOMEPEUHi
6anxi (3), Axi IpuMaTUMYTh Ha ce0€ THCK BiJl BAHTaXY IiJ] 4ac epeBe3eHHs. MOHTax BBiAOyBa€ThCS 3@ IHCTPYK-
LiSIMU BUPOOHUKA TOCBIUEHUM IIEPCOHATIOM. ;

3. HaBaHTaXeHHsI BifOyBaeThCsl depe3 MOCTynoBe HamoBHeHHs FT piniuHOI uepe3 KiamaH pe3epByapy.
HamoBHeHH: BiTOyBa€eThCs 13 3a4MHEHUM JIiBUM JBepeM (4); kinamaH (5) 3HaXOAUTHCS HABIIPOTU BIAKPUTOI IPpaBoi
nBepi. O0’eM 3aBaHTAXKCHHS 3a3BUYal CTAHOBHUTH Bifl 16 10 24 THc. 11). FT Mae 3amoBHIOBATHCS 13 KOHTPOJIHOBAHOIO
MIBUJIKICTIO, PEKOMEH/IYEThCSI BAKOPUCTOBYBATH 3ac00M 3axXKCTy Bijx posnuBy. JKomna yactuHa FT, omopuux Gpyc-
KiB 200 Meperopoliki He Ma€e TOPKATHCS JBEpEel Y TIOBHICTIO 3aBAaHTAKCHOMY CTaHi;

4. repmerunzantisi: HarmoBHeHWH FT 3akpuBaeThcs TaKUM YHHOM, 100 3a0€3MMEYMTH 3aXUCT BAaHTAXY BiJ
30BHINIHBOTO BIUIMBY 1 YHEMOXJIMBIIOE TIPOTiKaHHs. Ha JiBiil Bepi po3MIIy€ThCS TONEpE/PKyBaJIbHA HAJIIIKA!
«Bcepeneni — nasantaxenuit FT, miBy wactuny nBepi ne Bimuunatu!» [11]. [licms 3aBaHTaXeHHs KOHTEHHEp Mae
OyTH 3BaXKCHUI! [ BU3HAUCHHS Bard (pakTHUHO HABAHTAXEHOI PiJIHHY;

5. TpaHCHOPTYBaHHS (3aBaHTAXXEHUH KOHTCHHEP TPAHCHOPTYEThCS CTAHIAPTHUMH BUAAMH TPAHCIOPTY
(3aMi3HUYHUM, aBTOMOOUIBHUM, MOPCHKHUM) UM 1X KOMOIHALISIMU;

6. po3BaHTa)KEHHS (peallizyeThes 3a JOMOMOTOK HACOCHOTO O0JIaHAHHS Yepe3 CIelialbHUN KIanaH, Micis
yoro Bukopuctanuit FT mae OyTu yTuiizoBaHuii).

Puc. 1. OcHoBHi exeMenTu Texuosorii BIB

®yuknionaabHa poab FT B BIB-texnosorii. B Oinbmiocti BUNajKiB NepeBe3eHh B KOHTCHHEpaX BaHTa-
JKOBJIACHUKH KOPHUCTYIOTBCS KOHTEWHEPHUM OOJaTHAHHSM, SIKe 3HAXOAMTHCS y BiacHOCTI mepeBizHuka (COC —
carrier owned container). OCKiIbKH caMe TIepEeBI3HUKN BHIAIOTh KOHOCAMEHTH, B CTAHJIaPTHUX YMOBaX OiTBIIOCTI
KOHOCAMCHTIB € BU3HAUCHHS: «TOBap» — BaHTaX a00 MOTo YacTHHA, a TaKOXK Oy/lb-sfiKa yIakoBKa, MPUHHATA Bij
BiJIIPaBHUKA, 1 BKIIIOYa€ B cebe Oynb-sIKi KOHTEHHEepH, 10 He OyIu HaJgaHi MepeBi3sHUKOM abo Bif ioro imeHi [26].
Takum unHoM, FT BinHEeceHi 0 ToBapy, ockiiabku nepesizHukoM 3a COC HamaeThes TUTbku ISO-koHTEHHED (pHC. 2).

B mpaktuii MixkHapoIHUX TepeBe3eHb BIAMOBIAHO N0 [eHepalbHOrO JOTOBOPY CTpaxyBaHHs mependa-
YEHO CTPAaxXOBE BiALIKOMYBAHHS MPU HACTaHHI MOMIH, SIKi BIAHOCATHCSA J0 CTPAXOBUX BUIIAJIKAIB, HACTIAKOM SIKHUX
€ 000B’S30K CTpaxoBHKa 3AIMCHUTH CTPaxOBY BUIUIATY (CTpPaxoBe BiIIKOAYBaHHS a00o cTpaxoBy cymy). o ctpa-
XOBUX BHUIIQJIKIB BITHOCUTBCS W BUTIK YK PO3JIMB BaHTAXYy, SIKUH mepeBo3uBcs 3a gonomoroto FT y xoHTeiiHepi,
OCKiTbKH ['eHepabHUI TOroBip 0(HOPMITFOETHCS HAa YBECh CIIEKTP MAaHHOBHX 1HTEPECiB, BAHTAXKIB 00 PU3HKIB, 110
BHUHHKAIOTh Y TIEBHOI OPraHi3allii IPOTATOM BU3HAYCHOTO TIEPiOLy.

JloroBopoM OyJ10 BU3HAYCHO, 110 CTPAXOBHK HE 3/TIHCHIOE BUTUIATY CTPAXOBOTO BiJIIIKOYBaHHS, SIKIIIO 30UTKH
YW BTpaTa BUKJIMKAaHI HEJOCTATHICTIO a00 HEMPUIATHICTIO YIAKOBKHM 3aCTPaxOBAHOTO BaHTaXy ab0 MiJATOTOBKH
HOro 10 TPaHCHOPTYBaHHS, HEIOTPUMAHHSAM MPABWJI 3aBAHTAKCHHS, PO3BAHTAKCHHS, YKIAIKH, 3aKpPiIUICHHS,
CKJIaJyBaHHS BaHTaXXiB BCTAHOBJICHUM IIPABWJIAM 1 HOPMaM, Ta BiIIPABICHHSM BaHTAXIB B YIIKOJPKCHOMY CTaHi.
BinmoBimHO 10 yMOB JIOTOBOpPY CTpaxyBaHHS, CTPaXOBOK KOMIIAHIE€IO JO TMAaKyBaHHsS 3aCTPaxOBaHOTO BAHTAXKY
BKJIIOYCHO 1 KOHTeitHepHe oOnannanHsa. FT He OyB mpsiMo nepeadadeHuil sk BUA YIAaKOBKH, aje HEMpUaaTHA abo
MOIIKO/PKEHA YIAKOBKA TiAMaAaly IMiJl BUKIIOUEHHs 31 CTpaXOBHUX BHUMAJKiB. BiacHe Ha 1iif mificTaBi i BUHUK CHIp
MI’K CTOPOHaMHU.

Excnenutop, sikuid BUCTyIaB 3a JIOTOBOPOM SIK CTpaxyBaJbHHK, TOBOIUB B CYI, 1110 CTpaxoBa KOMIaHig 6e3-
MiJICTAaBHO B1IMOBHJIA y CTPAxOBili BUILIATH, BBAXKAIOUH KOHTeHHep, a BianosiaHo 1 FT, ynakoBkoto ToBapy. [lincTa-
BOIO JUTS TaKOI ITO3UIII{ CTaB 3BIT CIOpBEHepa B OPTY MEPEBATKH, Y SIKOMY OyB 3a(ikCOBaHUHN (PaKT MOIIKOKCHHS
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Tabmus 1
OcHOBHI BU3HAYEHHS «KOHTEHHEP», «(PIeKCITAHK», KYIIAKOBKA»

1. KonTeiinep
1.1 | BanTaxHuit konTeltHep (freight container) — TpaHcOpTHNMI 3aci0, SIKMIi: a) Ma€ MOCTIHHNI XapakTep [19]
1, BIITTOBITHO, € TOCTaTHHO MIIHUM JUTS 0araropa3oBOro BUKOPUCTAHHS; 0) CITEI[ialbHO PO3POOICHHN
JUISl TIOJIETIICHHS TIEPEBE3EHHS BAaHTAXKIB OIHIUM a00 JEKiJIbKOMa BUAAMH TPAHCIIOPTY 0€3 MPOMIXKHOTO
TepenaKyBaHHs; B) OCHAIIICHUH MPUCTPOSMH, IO TO3BOJIIIOTH JIETKO HOTO 00poOIIsITH, 30KpeMa
MEPEHOCHUTH 3 OJIHOTO By TPAHCHOPTY Ha HINHI; T') pO3po0IIeHUI TAKUM YHHOM, 11100 iforo OyIo jerko
[aKyBaTH/HATIOBHIOBATH Ta CIIOPOXKHSTH; 1) Ma€e BHYTpilIHii 00’eM He meHe 1 M. (ITpumitka 1 1o
no3uii: TepMiH «BaHTa)KHUI KOHTEWHep» He BKIIIOYAE TPAHCIIOPTHI 3aco0u Ta 3Bu4aiiHy Tapy. [Ipumitka 2
Jio mo3uii: Tako BiloMUi SIK MOPChKHI KOHTEHHEp — «shipping containery)
1.2 | «<KoHTei#tHep» 03HaYa€ MpeaIMeT TPAHCIIOPTHOTO O0IaiHAHHS: &) 110 Ma€ MOCTIHHMIA XapakTep i, [18]
BIJITIOBIJTHO, € JJOCUTh MII[HHUM, 11100 OyTH TPUAATHUM J1Jisi 0araTopa3oBOro BUKOPUCTAHHS; b) CrelialbHO
CKOHCTPYHOBaHHM JIJIsI OJIETIIEHHSI [IePEBE3CHHS BaHTAXIB OJJHUM a00 KIJIbKOMa BUJIAMHU TPAHCIIOPTY
0€e3 MPOMIKHOTO IEpEeBaHTAXKEHHS; C) CKOHCTPYHOBaHMIT 3 ypaxyBaHHIM HEOOX1THOCTI 3aKpiIUICHHS
Ta (ab0) merkoi 0OpoOKM i AJIs BOTO OONaTHAHWH KyTOBUMH (piTHHTaMu; d) Takoro po3mipy, 1o IIoIIa,
sIKa 3HAXOJUTHCSA MK YOTHPMa 30BHINTHIMH HIDKHIMHU KyTaMH, cKianae: i) He merme 14 xB.m (150 kB.
¢yTiB) abo ii) He MeHie 7 kB.M (75 kB. (yTiB), sIKIIO HOro 00JIaIHAHO BEPXHIMHU KyTOBUMH (DITHHIaMHU;
TEPMIH «KOHTEHHEp» HE BKIIIOYAE Hi TPAHCIIOPTHUX 3aC00iB, Hi IIAKyBaHHS; OJJHAK BiH MOLIMPIOETHCS HA
KOHTEHHEPH, KOJI BOHU I1E€PEBO3STHCS Ha IIaci

FT
2.1 | FT — ne Benukuii mimok abo pe3epByap, BCTAHOBJICHHH BCEPEMHI KOHTEHHEpa JUIsl TIepeBE3CHHS [20]
Oe3neYHnX piauH
2.2 | FT noBunHi Oyt BcTanosieHi B 20-pyToBux xonTeitHepax GP, po3paxoBanux Ha MiHIMaJIbHY Bary OpyTTO
30480 kr. Konreitnep nosusen Binnosigatu Bumoram 1SO 1496:2013 Yactuna 1 Ta Matu AilicHy TaOIM4Ky
3 ceprudikarom 6e3mexku CSC
Onexcitank-cucrema (flexitank system) — cucrema, o BUKOPUCTOBYETHCS JUTS IEPEBE3CHHS PiAKIX [21]
BaHTaXiB, sKa ckianaerbes 3 FT, cucremu mpuctpoiB kpimeHHs (restraining system), GP (general purpose)
BaHTAKHOT'O KOHTEHHEPA, 1, SIKIIO MOTPIOHO, TOMOMIXKHOTO 00JIa THAHHS

YnakoBka

3.1[3.1.1 ynakoBka <sik BUpi0O> BHpiO, 1110 BUKOPUCTOBYETHCSI IJIsl BMILLICHHSI, 3aXUCTY, 00pPOOKH, JTOCTABKH, [25]
30epiraHHs, TPAHCIIOPTYBaHHS Ta IPE3eHTallii TOBapiB, BiJi CHDOBHUHH JI0 TOTOBOT IMPOIYKIIi1, BiJl BAPOOHUKA
JI0 KOpHCTyBa4a ado CIIOKMBava, BKIFOYAIOUH epepoOHHKa, CKilaJalibHuKa a00 1HIIIOro NOCepeTHHKA,;

3.1.2 makyBaHHS <sK OIIepalis™> oreparlii, TOB’s3aHi 3 ITiATOTOBKOIO TOBAPIB 10 30epiraHHs, 3aXUCTY,
00poOKM, TOCTaBKH, 30epiraHHs, TPAaHCIIOPTYBAHHS Ta MPEJICTABICHHS

3.2 | ITix ynakoBKOIO pO3yMIIOTh yCi BUPOOH, BUTOTOBIICHI 3 OY/Ib-SIKUX MaTepialiB Oy/b-sKo1 IPUPOJIH, 1110 [26]
BUKOPUCTOBYIOTBCS JJIs 30epiraHHs, 3aXHUCTY, TPAHCIIOPTYBaHHS, JIOCTABKH Ta IPECTABICHHS TOBapiB, Bl
CHPOBHHH JI0 TOTOBOT IPOAYKLIi, BiJi BAPOOHHKA JO KOPUCTYBa4ya ad0 CHOKHBAYa

FT Tta gactkoBa Brpara ToBapy. FT 3a3Buuail € mpenMeToM OKpeMoi yroau Ta cCamMOCTiHHHM BUAOM TOBapY, SKHM
BBOBUTHCS HAa TEPUTOPII0 YKpAiHU B PEKUMI «TUMUACOBOTO BBE3EHHSD», OCKUIbKM HE BUPOONAEThCS B YKpaiHi.

Tak, y onucaniii BuIlle CripaBi mij 4ac 3/iIHCHEHHSI MUTHOTO KOHTpOto, FT OyB BBe3€HUI 3riIHO BaHTAXHOT
MUTHOI IEKJIaparii Ha TepUTOpit0 YKpaiHu caMe SIK «JOMOMIDKHE IPHCTOCYBAaHHS U1 MOPCHKUX KOHTCHHEPIB [UIs
TPaHCIIOPTYBAHHS HAMBHIX BAaHTAXIB Pa3oM 3 KOHTCHHEPOMY, III0 TO3BOJIIIIO 3aCTOCYBATH TOJIoKeHHs KoHBeHIIi1
PO THMYACOBe BBe3eHH: B 26.06.1990 p. [22].

OpnecpKa perioHajbHa TOPTOBO-ITPOMHUCIIOBA TTajlaTa Ha 3aIUT 3asBHUKA-CKCIIEANTOPA Hamajla po3’SCHeHHS,
0 TePMiH «yINakoBKay, 3ragannii y KoueHmii [22] myHKT b). 03Hada€e «yci BUPOOH Ta MaTepiaid, siKi CIIyKaTh
a00 MpH3HAUCHI CIY’)KUTH y TOMY CTaHi, B SIKOMY BOHH BBO3SITHCS, JUTS yIIAKOBYBaHHS, 3aXUCTY, PO3MIILIICHHS 1 Kpi-
MJICHHS a00 PO3/IiIEHHS TOBapiB, 32 BUHATKOM NaKyBaJbHUX MaTepialiB, TAKUX SK COJIOMA, IMaIip, CKIOBOJIOKHO,
CTPY’KKa TOIIIO, Y pa3i, IKIIO TOBapH BBO3SATHCSI HABAJIOM. BHUKIIIOUEHHS CTAHOBIIATH TAKOK KOHTSHHEPH 1 MiAJIOHH,
sIKl BU3HAUCHI BiJIOBIAHO 70 CT. | TakuMu y myHKTax ¢ i d. OTxke, KOHTeHHep «(IIeKCiTaHKy Ta iHIIe 00IaAHaHHS
HEe MO)kKe OyTH BU3HAHO YTaKOBKOIO.

BinnosinHo 1o Bu3HaueHb, HaBeAeHUX B Ta0n. 1, FT — ne enactuyna nuucTepHa, 110 CTBOpEHA JIJIsl BCTAHOB-
JIEHHS BCEPEAMHI YHIBEPCaJIbHOIO BAaHTAKHOIO KOHTEHHepa, € Horo JOMOMIXXHUM IPUCTOCYBAaHHSAM, BUTOTOBIIEHA
31 CreliagbHUX MOMIMEPHHUX MaTepialliB, sIKi BAKOPUCTOBYIOTHCS JIJIsl TPAHCTIOPTYBAHHS HAJIMBHUX BAHTAXKIB Y KOH-
TEeUHEepax.

BepxoBamii CyJ TakoK BK€ BHCIIOBIIOBAB IO3HIIIIO, 32 SIKOIO, BUXOISYHN 31 CEpH 3aCTOCYBAHHS, OIHCY Ta
(yHKIioHaEHOTO BUKOpUCTaHHA, FT, K 3BOpOTHE JTOMOMIXKHE 00JIaJHAHHS, SIKE BCTAHOBIOEThCS Y 20-TH (yTO-
BHX YHIBEpCAJIbHUX KOHTEHHEpax, € JOJaTKOBUM IPUCTOCYBaHHSM Ta OOJIaJJHAHHSM KOHTCHHEPIB 1 HE BiIIOBITaE
O3HAKaM yIaKOBKH.
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Puc. 2. FT sk cknanoBa ToBapy (BaHTaxy)

[Tocranosu Bepxosuoro Cyny Bij 16 irotoro 2021 p. y cipari Ne 324/580/17 [23] ta Bin 11 mucromama 2022 p.
y crmpaBi Ne 324/579/17 [24] nmiaTBEp/KYIOTh, IO CHEIiadbHO MPU3HAYCHI JIJIS IEPEBE3CHHST HATMBHUX BaHTAXIB
y 20-tu pyTOBHUX MOpPChKUX KOHTeHepax FT He MOXyTh OyTH BUKOPHCTAHMMH B SIKOCTI HE3aJIEKHOTO TPAHCIIOPT-
HOTO pe3epByapa B Oyab-sakiii ¢popmi. [1ix yac 6e3rapHoro nepeBe3eHHs piauau, FT He Moxe OyTH BUKOPHCTAHHMA
6e3 20-tu ¢yTOBOTO KOHTEHHEpa, Tak caMo SIK 1 20-Tu (yTOBHI KOHTEHHEp IS 3 METOIO TIEPEBE3CHHS HATUBHHUX
B Oe3rapHiii Gpopmi He Moxke OyTn BukopucTanuM 6e3 FT. TakuM 4iMHOM BCTaHOBJICHO, 1[0 OCHOBHOIO 03HAKOIO YIa-
KOBKH € T€, 1110 BOHA CIIY’KHTh 200 IIPH3HA4YEHa CITY)KUTH y TOMY CTaHi, B IKOMY BOHa BBO3UTHCSI HA MHTHY TEPUTOPIIO
VYkpainu, Ta mpuaaTHa Ui BUKOPUCTAHHS 3a MPU3HAUYCHHSAM O3 JOMOMOTrH ab0 3aCTOCYBaHHS OyIb-SKUX IHIIUX
MpeaMeTiB, peueil, Bupo6iB Tomo. Ha mincrasi BuknaaeHoro FT HeMo)kHa BITHOCUTH JI0 YIIAKOBKH.

Takum guaOM, FT po3mismaroTees sk TOMMOMIKHE KOHTEHHEpHE oOnaaHaHHst (puc. 3).

1SO-koHmMelHep

f

!
/ ¢hnexci-mank (QonomixrHe
=] ~"| |_obnadHaHHs koHmelHepa)

moeap (HanusHul eanmax)

Puc. 3. FT sk nonomixkHe KOHTeHHepHe 001aIHaHHS [UIs IEPEBE3CHHS HAJITMBHUX BaHTaXKIB

Cyn y HaBeJICHIM BUINE CIpaBi, ONMIHWUBIIKM HasBHI JOKAa3W, TIHIIOB BUCHOBKY NPO HAsBHICTH CTPaxXOBOTO
BHIIAJKy Ta 000B’SI3Ky CTPaxoBOi KOMIIAHIT BUIUIATHTH CTPAaxXOBE BIJIIKOAYBaHHS, a TaKOX MITpadHi CaHKIT 3a
3aTPUMKY y HOTO BUILIATI, TOTOMBIINCH 13 IO3UINI€I0 eKcTienuTopa, o FT He BiMoBigae BU3HAYEHHIO «YIIAKOBKaY.

BucHoBkH. BifmoBiiHO 10 HaBEICHUX BU3HAYCHD 1 MPAKTUKU PO3IISLY CYIOBHUX CIpaB yBara eKCICIUTOPIB
(B TOMy 4YnCIi, TAaKUX, SIKi IIOTh SIK IOTOBIpHI EPEBI3HUKN) MAIOTh:

— Y3TOAXKYBaTu 00CATH BIACHOI BiANOBINANBHOCTI Tepe BIANPABHUKOM Ta BPAXOBYBATH BiMOBIIHI BUKIIIO-
YCHHS;

— MpU yKIJIAJaHHI TOTOBOPIB CTPaxXyBaHHs y3TOMXKYyBaTh OOCSTH BiAMOBINAILHOCTI CTPAXOBUKA Ta 3BEPTATH
yBary Ha BU3HAYCHHsI TCPMiHIB «IIaKyBaHHS», «YIIAKOBKa», KKOHTCHHEPH»;

— 'y BUIAJKY, SKIIO MOIIKOJCHHS YIMAKOBKU € BUKIIOYCHHSIM 31 CTPaXOBHX BUITAJIKIB, BUKITIOYATH «KOHTCH-
Hepy 1 «IIeKCITaHK 13 MEPesiKy MaKyBaHHS TOBapy;
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— (hikCyBaTH He JIUIIE TUIBKN (aKT BTPATH TOBapy 4 momkokeHHs FT, a i BCTaHOBIIOBATH NPUYMHHY Ta 32
MOJKJIMBOCTI 4ac 1 MicIie Hoii.

SIkmo Bxe ykiaaaeHuit norosip BinHocuTs FT 10 makyBaHHS, cepei NPaKTUYHUX PEKOMEHIALiN € 3aTydeHHs
cropBeilepa min yac 3aBanTaxkeHHs FT 111 OKyMEHTaNbHOTO MiATBEP/LKEHHS HOro HaJIEXKHOTO CTaHy a00 3a MOX-
nuBOCTI (PiKCyBaTH B TPAHCIOPTHHX JOKYMEHTaX peMapKH HACTYITHOTO 3MICTy: «(JIEKCITaHK IepeBipeHui, mpu-
TATHUH IS TIepeBe3eHHs, ITONIIKO/PKEHb UM CIIIB MPOTIKaHHS HEe BHUABICHO». bakaHO TakoX NMpsMO BKa3yBaTH
Y BiJTOBIJHNX JIOKYMEHTIB, «TOBap NMEPEBO3UTHCS HAJIMBOM, 0€3 YITaKOBKI.
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o TA MOJAEPHI3AIIA POBOYUX OPTAHIB 3HAPA b
JJISI HOBEPXHEBOI'O OBPOBITKY I'PYHTY

B cmammi npogedeni meopemuuHi 1 RpaKmuiHi 00CIIOHNCeHHs w000 ICHYIOYUX POOOYUX OPeaHie 3HAPAOL 0s NOBEpPXHe-
6020 0OPOOIMKY 2pyHINY Ma 3aNPONOHOBAHA IX MOOEPHI3ayis, 3 MeMOoI0 NOKPAUjeHHs AKOCMI 0OPOOIMKY epyHMy | 3MEHIUEHHS]
€eHepeosUMPAMm Ha BUKOHAHHS MEXHONO2IYHUX onepayiil. B pesynomami guxonanux 00ciiodcensb namu 0y10 6CMAHOBIEHO, WO
ICHYIOMb PI3HI KOHCMPYKYIT poOOUUX 0peaHie Mawut i 3Hapsdb Ol NOBEPXHEB020 0OPOOIMKY epyHmY Maki, sk cmpiruacmi
Janyu ma OUCKU, Wo € NACUBHUMU POOOYUMY OP2AHAMU Ul MAIOMb PAO HeOONIKI8, a came 3ANUNAHHS 2PYHINOM, He NOBHICHIO
niopizanns 6yp anie mowo. Kpim yvbozo éonu e 306cin 3abe3neuyioms acpomexHiuni 6UMocl BUKOHAHHA 0aHO20 8U0Y PObIm.
Kpawi noxasnuku pobomu maioms Kinbyesi poboui opeanu 3 nacusHuM ma akmugHUM npugooom. 3a pesynbmamamu 00Cui-
0XCEHDb BUSHAYEHO, WO OlIA CMADITLHO20 UKOHAHHS NOBEPXHEB020 0OPOOIMKY epYHMY 6e3 3aNUNAHHS SPYHMOM POOOUUX 0OP2aHi8
ma Kpawoz2o snuerHs oyp auis, ix KOHCmMpyKyis mae Oymu y ueisaol pomayiiiHux pooouux Opeanie 3 AKMuGHUM IPUBOOOM.
3anponoHosana MoOepHi3ayis poboyUX Opeanis, KA NONALAE 8 MOMY, WO BOHU MAIOMb MAMU YOPMY Kilbyesux podouux opeanie
3 NOOLIOM CYYITbHO20 PI3ATbHO20 NOIOMHA HA OKPeMi YaACMuUHU Ma NO8Opom ix nid Kymom 0o oci obepmanns. JlocriodceHHamu
BCMAHOBIEHO, WO NPONOHOBAHI pOOOYT Op2aHl 3HAPAL 0713 NOBEPXHEB020 0OPOOIMKY SPYHNLY, 8 MAKOMY 8ULIAOI NPAKMUUHO He
3abusalomucs i He 3anuuialoms o2pixis. Ilepesazoio dano2o mexuiuno2o piwienns € me, Wo OKpiM ycb0o2o 3a3HAYEH020, 3d 00NO-
MO2010 3aNPONOHOBAHOT KOHCIMPYKYIT POOOUUX 0P2aHi8 SMEHULYEMbCA IX MAL0BULL ONIP MA 60HU NOBHICIIO NIOPI3alOMb OYp "AHU.
Busnaueno, ujo nepcnexmugHuM HAnpAMKOM PO3GUMKY IDYHIMOOOPOOHOT MeXHIKU € 3ACMOCYBAHHS MAWIUH | 3HAPAOb, 001a0HA-
HUX POMAyiliHuMU pobOYUMY OP2AHAMU 3 AKMUBHUM HPUBOOOM 0718 NIOBUWEHHS AKOCMI NOBEPXHEB020 0OPODIMKY TPYHNLY, U0
6I0N0BIOAE BCMAHOBIEHUM ACPOMEXHIUHUM BUMOLAM.

KitrouoBi ciioBa: podoui opeanu, 3Hapados, nosepxHesuti 00pOOIMoxK epyHnty, mexHor02iuHi onepayii, pomayiini podoui
opeani, aKmugHUll NPUGIo, eHepPeoOEMHICIb.

Kutkovetska T. O. Inspection and modernization of working bodies tool for surface treatment of soil

The article conducts theoretical and practical research on the existing working bodies of tools for surface tillage
and proposes their modernization in order to improve the quality of tillage and reduce energy consumption for performing
technological operations. As a result of the research we conducted, we found that there are different designs of working parts of
machines and tools for surface tillage, such as arrow-shaped tines and discs, which are passive working parts and have a number
of disadvantages, namely, soil sticking, incomplete cutting of weeds, etc. In addition, they do not fully meet the agrotechnical
requirements for performing this type of work. The best performance is achieved by annular working bodies with passive and
active drives. According to the results of the research, it was determined that for stable performance of surface tillage without soil
clogging of the working elements and better destruction of weeds, their design should be in the form of rotary working elements
with an active drive. A modernization of the working elements is proposed, which consists in their having the form of ring working
elements with the division of the continuous cutting blade into separate parts and their rotation at an angle to the axis of rotation.
Research has shown that the proposed working bodies of tools for surface tillage practically do not clog in this form and do
not leave any defects. The advantage of this technical solution is that, in addition to all of the above, the proposed design of the
working elements reduces their traction resistance and they completely cut the weeds. It has been determined that a promising
direction in the development of soil cultivation equipment is the use of machines and tools equipped with rotary working bodies
with an active drive to improve the quality of surface tillage, which meets the established agrotechnical requirements.

Key words: working bodies, instrument, surface tillage, technological operations, rotary working bodies, active drive,
energy intensity.

[ocTanoBka mpoodsaemu. [loBepxHeBHit 00pOOITOK IPyHTY — IIe 0OPOOITOK HA TIHOUHY HE OUIbIIE § CM pi3-
HUMH TPyHTOOOPOOHMMH arperatamMy 3 METOI0 HOT0 pO3ITyIlyBaHHs, KPHIICHHS, 3HAIICHHS Oyp’siHIB Ta BUPIBHIO-
BaHHS MMOBEPXHi mouis [7].
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Ha croromsi npu BUPOIIyBaHHI CLTECHKOTOCTIONAPCHKUX KYNBTYP, MEPEANOCIBHII 00pOOITOK IpyHTY y 60pOTHOi
3 Oyp’siHaMHU 31HCHIOETHCS HAiUacTiIe 3HAPSAAAMH 13 CTpUTIACTUMH poO0oYMMH opraHaMu. Binomo, 1o B yMoBax mif-
BUILIEHOT BOJIOTOCTI CTPLTYACTI poOOYl OpraHy CXWIIBHI JI0 3aIMIIaHHS IPYHTOM Ta OOBOJIIKAHHS POCIIMHHUMU PEIITKAMH.

I'pyHTO0OPOOHI 3HAPA A, 3a0€3€UeH] JUCKOBUMU POOOYMMH OpTaHaMH Mpale3aTHi Ha OUTbII BOJIOTHX, 3ac-
MIYEHUX IPYHTaX, P LIbOMY HE 3a0MBaIOTHCS IPU POOOTI HA TMOJIAX 3 BUCOKOIO CTEpHE0. AJie, 3aCTOCYBaHHS 3Ha-
PsIb 3 TAKAMH pOOOYHNMHE OpraHaMH He 3a0e3MeuyI0Th HeOOXiIHY SKICTh IIPH BUKOHAHHI TEXHOJIOTIYHHUX OTIEpPaITii.

MogepHizalisi KUTbIIEBUX pOoOOYMX OPTaHiB MUISXOM MOUTY CYIUIBHOTO Pi3allbHOTO TOJOTHA HA OKpeMmi
YaCTHWHU Ta TIOBOPOT IX ITiJ] KyTOM JIO 0Ci 00epTaHHs, 3a0e31euy€e YMOBH [T CTa0lIbHOTO BUKOHAHHS TOBEPXHEBOTO
00pOOITKY IrpyHTY 0€3 iX 3ayumanHs. Y 3B’53Ky 13 HABEJCHOIO BHIIE TPOOIEMOI0 TeMa JIOCITIKEHHS € aKTyaIbHOIO.

AHaJi3 oCTaHHIX J0cTiKeHb i myOmikaniii. JlocmipkeHHSIMI M0/I0 KOHCTPYKIIIH poO0YMX OpraHiB 3HAPSIIh
JUISL TIOBEPXHEBOTO 0OPOOITKY TPyHTY 3aiiManucs pizHi HaykoBii: FO. 1. aina [2, c. 56], C. M. I'pymenskuii [2, ¢. 51],
[. M. Mymienuk [2, ¢. 53], }FO. M. binuk [4, c. 82], B. O. 'epacumenko [4, ¢. 85], C. M. 3amoiickkuii [4, c. 85], M. B. JIyx’s-
HIOK [4, c. 84], M. A. XXmypenxo [12, c. 90], I. B. ®ecenxo [12, c¢. 93] Ta in. OnHak, Ha CbOTO/HI, I1I€ iICHYIOTh HEBHUPI-
IIeHI TPOOJIeMH BiTHOCHO iX Oyn0BHU Ta 3a0e3MeueHHs MiABUILICHHS SIKOCTI 0OPOOITKY TPYHTY B PI3HUX yMOBaXx.

Mera cTarTi. MeToro CTaTTi € BUKOHAHHS TOCIIPKEHHS BIIHOCHO OISy Ta MOJEpHi3alii poOo4nx opraHisB
3HApsAb JJIs IOBEPXHEBOIO 00POOITKY IPYHTY 3 LU0 3a0€3MeUeHHS T1ABUILEHHS SKOCTI BUKOHAHHS TEXHOJIOT1Y-
HUX OIlepalliif Ta 3MEHILIEHHs €HEProEMHOCTI 3HAPAb.

Buxkiaan ocnoBHOT0 MaTtepiaay. [Ipu BuponryBaHHi CiIbCbKOTOCIIONAPCHKUX KYIBTYP IS BAKOHAHHS TEXHO-
JIOTIYHHX OTIepalliii MOBEpXHEBOTO 0OPOOITKY IPYHTY 3aCTOCOBYIOTHCS MAIIMHU i 3HAPSIIA, SIKI 00JIaHaH1 TaCHB-
HUMH POOOYHMMHU OpTaHaMHU, 110 3IIHCHIOITH MPSMOIIHIHHO MOCTYMATBHUHA PyX Ta POTaIliifHi poOoYi oOpraHu, siKi
BHKOHYIOTh OJTHOYACHO TMOCTYNAJILHUM Ta o0epTanbHuid pyX. Kitacugikariiss poOo4ux opraHiB sl TOBEPXHEBOTO
00poOITKY TPYHTY HaBesieHa Ha puc. 1 [3].

SIk 3a3HauaNOCs BUIIE, IEPEANIOCIBHINA 00POOITOK IPyHTY st 60pOTHOH 13 Oyp’ sSTHAMH 3IHCHIOETHCS B O171b-
I Mipi 3HAPSIIASIME, 00JIaAHAHUMH CTPLTYACTUMH POOOIMMH OpraHaMH. AJie, BpaXOBYIOUH PO3TAIIyBaHHS KOpe-
HiB Oyp’sIHIB Y IPyHTI, He0OXiHa TTHOMHA 00p0oOiTKy Mae OyTH Ha 3—5 cM, B TOI Yac, sIK 3HAPAAS 13 CTPLTIACTUMU
poOourMu opraHaMu MmpauoTh Ha mouHy 8—10 cm [13, ¢. 45; 1, c. 226]. 1o Toro x cTpingacti pododi opraHu
MiJpi3aroTh Oyp’sSHU JIMIIE 3BEPXY, 3AJIMIIAI0YH KOPIHHS B LIapi TPYHTY, IPU bOMY MPUKUBAHHS Oyp’sIHIB CTaHO-
BUTH Omu3bK0 10—-12 %. Yepes 3a3HaueHuii HEAOIIK cTplIdacTi pododi opranu He 3a0e3MeyoTh HaJIeKHOTO sSKic-
HOro 00pOOITKY TPYHTY 1 HE 3/[aTHI 3HUIIUTH KOPIHHS Oyp’sHIB HA HEBEIUKIN MTHOUHI.

B yMoBax miBUIIEHOT BOJIOTOCTI IPYHTY, CTPLITYACTi poOOUl OpraHH CXHIIbHI JI0 3aTHIIAHHS IPYHTOM, & TAKOXK
OOBOTIKaHHS POCITMHHUMH PEIITKAMH, 1 TAKIM YHHOM 3pOCTaHHS TATOBOTO ONOpY. BHACTIIOK IFOTO TpaKTOpH Ipa-
LIOIOTH 3 BEJMKUM OyKCYBaHHSIM, TaK SIK TPYHT, Y BECHSIHUH Iepioll 3HAXOAUTHCS y BOJIOTOMY CTaHi Ta Ma€ MOraHi
3YiITHI BIACTUBOCTI.

OpHak, crpirdacti poOodi opraHu J00pe CIpaBIsSIOThCS 13 3aBIaHHSIM BIJIHOCHO CTBOPEHHSI BHUPIBHSHOTO
Ta YIIiTbHEHOTO JHA GOpO3HM. IX Je3a NekaTh B OJHIM TIIOMIMHI, a MOCTyNaNbHUI pyX 3abe3nedye OTpUMaHHs
piBHOTO MHa GOpo3HU. [lopsn 3 MM, B MEPCIEKTUBI 3aTUINAIOTHCS MUTAHHS, TIOB’sA3aHl 3 MiIBUIICHHSAM SKOCTI
ICHYIOUHMX arpOTEXHIYHMX BUMOT II[OI0 BUKOHAHHS POOIT I'PyHTOOOPOOHNMH 3HAPSASIMH.

3Hapanns, SKi o0nagHaHI AUCKOBUMH pOOOYMMH OpraHaMy, 30KpeMa JTyIIMIBHUKH, MAIOTh s IepeBar 1o
BiJTHOILICHHIO JI0 3HAPSIIb 13 CTPLIYACTUMU POOOUYNMHU OpraHamMu. BoHM iHTEHCHBHIIIE BIUIMBAIOTh HA BEPXHIH 1ap
IPYHTY, 110 3a0e3MeuyoTh MOBHE 3HUILEHHS Oyp’sHiB. [IpoTe, OCHOBHUM HEMOJIIKOM JIYIIMJIbHUKA BBAJKAETHCA
o0epTaHHs IPYHTY, IO IPU3BOAUTH 10 BHIIAPOBYBAHHS IPYHTOBOI BOJIOTHU (BHCYIIYBaHHS IPYHTY), IIPU [[bOMY BiH
3aknanae 1o 50-60 % crepHi Bchoro 3a oquH npoxin arperary [11, c. 35].

Arperaru, sKi 00J1a/IHaH1 KiJIbIIEBUMH POOOYMMH OpraHaMK MalOTh TIepeBard B MOPIBHAHHI 3 BUILE 3a3Have-
HUMHU 3HapsIsiMA. OCHOBHOIO ITEPEBAror0 KUTbIIEBUX pOOOYHX OPTaHiB € 3IaTHICTh BUPUBATH Ta YKIIAJAATH Oyp’ STHH
Ha TIOBEPXHIO MOJISL, THM CAMHM, BUKITIOUAIOUH IX MPYKABAHHS, 1110 IPUHITUIIOBO BiAPI3HAETHCS Bl polecy podboTn
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Puc. 1. Kiacucikauis poOounx opraHis 1y1si IOBEPXHEBOTO 00pPOOITKY IPYHTY
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CTPLTYACTHX Ta JUCKOBUX pOOOYMX OpraHiB, fKi JIMIIE 37aTHI nepepizaru ix [14, 15]. Tomy, ocobnuBicTio mosid-
HUX POOOYMX OpraHiB BBAXAEThCS TOHM (DaKT, 10 BOHHU MPAKTUYHO HE 3a0MBAIOTHCS 1 HE 3aIMIIAIOThH OTPiXiB, KPiM
YChOT0 3a3HAYEHOT0 MAIOTh HU3bKUI MUTOMUI OMip Ta MPaKTUYHO MOBHICTIO MiApi3atoThk Oyp’ auu [7, 10].

ITopsn i3 mepeBaramMu BKa3zaHHX pOOOYMX OpraHiB BapTO 3a3HAYMTH M HEMOJNIKH, 1€ Te, 0 Ha poOouiit
MOBEPXHI KUIbIIEBUX POOOYHX OpPraHiB 3 MACHBHUM IIPUBOJIOM BiJICYyTHE KOB3aHHS IPYHTY, IO IPU3BOAUTH 0 (Op-
MyBaHHsI IPyHTOBHUX YTBOPEHb i TAKUM YHHOM, IOTIPIICHHS SIKOCTI 0OpOOITKY IPYHTY Ta MiJABUIICHHS TSATOBOTO
oropy. Kpari mokazHUKH poOOTH MarOTh KiJIbIIEBI pOOOUI OpraHu 3 aKTHBHUM MPUBOAOM. JlocmikeHHAME (hopMy-
BaHHS IPYHTY Ha IMOBEPXHI POTAIIHUX poOOYMX OpraHiB 3aiiManucs pi3Hi HayKoBIli [4, c. 82; §].

OTXe, 3 METOI TIJIBHINCHHS SKOCTI MEPENIoCiBHOIO 0OpPOOITKY TPYHTY HAMHU 3alpOIIOHOBAHO 3HAPSUIS
3 aKTHUBHUM MPUBOIOM POTAIIHHUX pOOOYMX OpPTaHiB Il TOBEPXHEBOTO 00po0iTKy IpyHTY (PHC. 2).

[IpornoHoBaHe 3HApAAIA 31aTHE 3HUITYBATH 10 97 % Oyp’sHIB i 3a0e3MedyBaTH KPHUIICHHS TPYHTY B MeKax
81 %. Ilicms mpoxomy 3HApAAIS TPEOCHNUCTICTh TTOBEPXHI MO HE TEPEeBUIIYE 2,5-3 cM, IpH IIbOMY 30epiraeThCst
Ha moBepxHi nonst 70 % pPOCIMHHMUX PEIITOK. AKTUBHMI HPHUBIA KiJIBLIEBUX POOOUYMX OPraHiB MOKpAIIYeE SIKICTh
MEepeAnoCciBHOTO 00p0o0OiTKy IpyHTY [3].

Po3pobnenuii poraniitHuii pobouuii opraH 3 aKTUBHUM MPHUBOAOM CKJIAIAEThCA 3 MATOUYMHU [, 10 SIKOT Kpi-
IJISITHCS CIUI 2 3 pizaibHUMU HOXxamu 3 (puc. 3) [6, c. 243].

PoGounit opran obepTaeTbCst HABKOJIO OCi /-/, BIIXWIICHOI Bil MOIEPEYHOI IUIOMIMHN Ha KyT aTakd [3 3 KyTOBOIO
MIBUIIKICTIO . PizanmbHI HOXI, 0 MaroTh ()OPMY YaCTHHH EIIIIca, Uil 3a0e3IeUeH s MOCTIHHOT TIHOUHA 00pOOITKY
TPYHTY, BUIXHJICHI BiJ] 0ci 00epTanHs /- Ha KyT o [5, ¢. 60]. Pi3aybHi Kpai HOXKIB 30iraroThCsl 3 MOBEPXHEFO MWTIHIPA 3 Tia-
METPOM, PIBHUM JlIaMeTPy KiTBIIEBOTO PoOOYOro oprany. Take BUKOHAHHS pOOMTH OLIBIIT JIOCKOHAJIMM B3a€EMOJIiI0 pO0O-
YOro OpraHy 3 IPyHTOM, 3 TOYKH 30py 3a0e3MeUeHHsI KOB3aHHS IPYHTY I10 TTOBEPXHSX Pi3aJIbHUX HOXKIB, 100 YHUKHYTH

Puc. 2. Arperar 3 akTUBHUM ITPUBOIOM KUIBLIEBUX POOOYHMX OpraHiB

3 2 Buo no empiagi A

Puc. 3. Poraniiinuii podounii opraH, pi3ajbHi HOXI SIKOTO BUKOHAHI MO eJITHYHIH JTiHii
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TIOTIpIIEHHS! IKOCTi 00pOOITKY IpyHTY. BeTaHOBNIEHHS pi3ajbHUX HOXIB HA KyT O JJO3BOJISIE YHUKHYTH (DOPMYBAHHS
IPYHTOBOI POCBITY Ha IX MOBEepxHi. BekTop V XapakTepusye nocTynaabHy MIBUAKICTH PyXy pododoro oprasy [3].

TexHonoriyna onepaiisi 00poOITKY IPyHTY POTALitHUM POOOYHM OPraHOM 3A1HCHIOETHCS HACTYITHUM YHHOM.
PoOoui opranu 30uparotTbes B Oarapero, BCTAHOBIIOIOTHCS B OJIMH PAJ MiJl KyTOM aTaku 3 1 IPUBOAATHCS B AiI0 Bij
BBII tpakropa. 3amuOmO0Unch y TPYHT Ha 3alaHy DIHOMHY poOO4YMil opraH, 3[iHICHIOE HOTro pO3ITyIIyBaHHS,
napajesbHO MiJpi3arodu Oyp’ssHU i BUHOCSYH 1X Ha MOBEPXHIO MMOJIs, Ta BUPIBHIOBAHHS MOBEPXHI MO [6, . 244].

JocmipkeHHSIMI HayKOBITIB BCTAHOBIICHO, 1[0 3aCTOCYBAHHS TAKHX POOOYNX OpPraHiB Ha ONEpaIlisiX MOBEpX-
HEBOTO 00pOOITKY I'PYHTY JH03BOJISIE 3HU3UTU BUTPATH MOTYKXHOCTI Ha 14—16 % MOPIBHSIHO 3 iHITMMU HaBEACHUMU
poGourmu opranamu. [TuTomMi BUTpaTH MOTYKHOCTI HA BUKOHAHHS TEXHOJIOTIYHOT Omeparlii moBepXHEeBOT0 00po-
OITKy TPYHTY MiHIMaJbHI NpH KiHeMaTHYHOMY mapametpi £ = 1,14...1,21 i kyTi araku 40° [5, c. 76]. [loBxuHa
Oarapei poTaniifHux podounx opraHiB Mae OyTH He MeHIIe 1,6 M. 3a HaBeIeHHUX MapaMeTpiB KOHCTPYKIi podounx
OpTaHiB IPOIIOHOBAHOTO 3HAPSIS IiABUIYETHCS SKICTh 0OPOOITKY TPYHTY, IO BiNOBiZa€ BCTAHOBICHUM arpo-
TEXHIYHUM BUMOTaM III0JI0 BUKOHAHHS JIaHOI TEXHOJIOT14HO1 onepariii [3].

BucnoBku. OTxe, B pe3yibTaTi BUKOHAHUX JOCIIJKEHb MU 3A1IMCHUIIN OIS KOHCTPYKIIi pobouux opra-
HIB 3HapsAb AJIs TIOBEPXHEBOTO OOPOOITKY IPyHTY Ta BU3HAYEHO iX MepeBard i HEJOJIiKM Ha OCHOBI YOTO HAMH
3aIpOMOHOBAHO KOHCTPYKIIIIO 3HAPSAIA 3 AKTUBHUM MPUBOAOM POTALITHUX POOOYHX OpraHiB JIsl BKA3aHOTO BUIY
poGit. [Ipu 1boMy BH3HAUCHO, IO 3aCTOCYBAHHS KUTBIEBHX POOOYMX OPraHiB IUIIXOM HOALTY CYIUIBHOTO Pi3alib-
HOTO ITOJIOTHA Ha OKPEMi YaCTHHH Ta ITOBOPOT IX ITiJ] KyTOM JI0 0Ci 00epTaHHsI, 3a0e3euye YMOBH ISl CTAO1IbHOTO
BHUKOHAHHS TIOBEPXHEBOTO 00pOOITKY TpyHTY 0e3 iX 3amumnanHs. KpiM Toro, mpomoHOBaHa yCTaHOBKA JO3BOIHTH
MTOKPAIIUTH SKICHI TIOKA3HUKH TEXHOJIOT1UHOI oreparlii Ta BAKOHAHHS arpOTEXHIYHUX BUMOT.

TakuM YMHOM, HAMH BH3HAYCHO, 110 HUHI MTEPCIIEKTUBHUM HAIPSMKOM PO3BUTKY I'PYHTOOOPOOHOT TEXHIKH
JUTS TIJIBUIICHHS SIKOCTI TTOBEPXHEBOTO OOpPOOITKY IPYHTY € 3aCTOCYBaHHS 3Hapsiib, OOJQJIHAHUX POTAIliHHUMH
poOoYrMH OpraHaMu 3 aKTHBHUM TIPHUBOJIOM.
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T'OTEJbHUM CEPBIC HA TPAHCIIOPTHHX 3ACOBAX
B TYPUCTUYHOMY OBCJIYT'OBYBAHHI:
3ATAJIBHI 3ACAIU TA HAIIPAMU JOCIIAKEHDb

Cmamms npucesuena cucmemamusayii inghopmayii w000 3acmocy8ans 0CHOBHUX NPUHYUNIB A NPOYEOYP 20MeNbHO20
00C1Y208y8AHHA HA MPAHCNOPMHUX 3AC00aX, 30e0iNbUi020 Nid Uac ix pyxy 6 Mexcax mypucmuyHoi no0opoixci, 3 Memoi Hacam-
nepeo nooanbuio20 BOOCKOHANEHHS CucmeMy cmanoapmuzayii ma cepmugikayii nociye nepegesents i posmiuyeHHs nypuc-
mig ma ix kombinayiu. Opeanizayia HouigeNb HA MPAHCIOPMHUX 3ACO0AX NPOMAOM iX PYXY 8 0aeambox uUnadKkax nompeoye
3ACMOCYBAHHS NPUHYUNIB, MEMOOI8 Ma MeXHON02I 20MeNbHO20 20CNO0APCMEd Ma 20MelbHo0 cepeicy. Asmopamu udineHo
Di3HI HANPAMU NOEOHAHHS MA 36 3KV 20MENbHUX | MPAHCHOPMHUX NOCIY2 Y KPOYeC 00CTY208Y8aAHHS MYPUCIIE NI Ydc N00O-
poofceﬁ — eomeni npu xabax, cninericms npoyedyp OpoHI0BaHHS, mpchnopmHuzZ cepeic KNACUYHUX 20MeTbHUX nidnpuezwcme
cmauzoriapm 2omeni y KOTUWHIX PYXOMUX MPaHCNOPMHUX 3aC00aX, Ma HAAGHICIb 20MENbHO20 CePBicy Pi3HO20 PIBHS NPOABy
i cneyughiku Ha mpancnopmuux 3acobax nio uac mpueanux ma Oanexkux nepesesenv mypucmie. Ocmanniti HANPIM 3yMOBIIOE
Oughepenyiayiio 2nubUHY 3aCMOCYBAHHS 20METbHUX MEXHON02II HA PYXOMUX MPAHCIOPMHUX 3ACODAX 3AN€NCHO 8i0 MPUBANOCHi
1000POACI, IX KOHCMPYKYIT Ma MexXHIYHUX XapaKMepUChux.

Brasani obcmagunu 003601 agmopam UOLUmMy n’amb pienie 20menvHo20 3ab6e3neueHHs mpueanio2o MypucmudHo20
MPAHCTIOPMHO20 PYXY — 610 HAOAHHS MIHIMATLHOZ0 Cepeicy w000 NOKPAWeHHs KOMPOPHTY ma 3PYUHOCI HOUIgeTb HA MicUysx
071 CUQTHHA 8 YMOBAX OOMENCEHO20 NPOCMOPY CANOHY (KIACUUHI MYPUCTRUYHT a8MO0YCU) 00 NOBHOYIHHO20 OUBEPCUDIKOBAHO20
CepBICHO-8UPOOHULO20 PYXOMO20 20MENbHO20 KOMNIEKCY 3 HAUWUPUIUM CREKIMPOM OCHOBHUX, 000AMKOGUX MA CYRYMHIX NOCTY2
(senuxi baeamonanyouni kpyisui natinepu). Ha ocmannvomy pigni 0coonugo sickpago ma NOGHOUIHHO GUKOPUCHIOBYIOMbCA YCi
OPeaHI3aYIUHO-YNPABTIHCHKI MA MEXHIKO-MEXHON02IUHI CKAA006I, NPAsUIa ma RPUHYUNU KIACUYHO20 20MeNbHO20 20CN00ap-
CMA, GKIKYUHO 3 OLTUZHAHUM, TIMOBUM, KAIHIHEOBUM MA THUUMY MUNOBUMU 20METbHUMY CTYICOAMU Ul CEPBICAMU.

Buxopucmanus danoi n’amupignesoi mooeni dacmp 3M02y 8 NOOATLWUX PO3POOKAX BKTIOUUMU MPAHCIOPMHI 3ac00U, Ni)
yac pyxy AKUX npu 3abesnederni mypucmudHux nooopodiceli Hatlbinbul ACKPABO NPOAGTACHbCA 20MeNbHUl CEPBIC, 00 8aANCTUBUX
CKAA00BUX YACUH 8 CUCIEM] OPeaHI3ayii 20menbHO20 20CNO0ApCcmed, 6paxyeamu ix y Gopmyeanti HayioHatbHux ma iHuux
CIMAaHOapmis 20meibHO20 00CIY208Y8AHHS, W0 MAC BelKe 3HAYEHHS 015 NIOBULEeHHS. IKOCMI NOCIY2 MA KOHKYPEHMO30amHOCHi
RIONPUEMCIG MYPUCTIUYHO20, MPAHCHOPIMHO20 MA 20MeNbHO20 Di3HecY.

KiTi04oBi ciioBa: comenshuii cepgic Ha pyxomux mpascnopmuux 3acooax, KOMOIHY8AHHS 20MeNbHUX MA MPAHCNOPIMHUX
nociye, pigens 20menbHO20 3a0e3neUenHs mpusanoeo MypUCUYHO20 MPAHCHOPMHO20 PYXY, 20MmelbHe 20CH00apcmeo, KpyisHuil
cepeic.
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Horb K. M., Korneyev M. V., Nebaba N. 0., Saihak Ye. L. Hotel service on vehicles in tourist services: general principles
and directions of research

The article is devoted to systematizing information on the application of the basic principles and procedures of hotel ser-
vice on vehicles, mainly during their movement within the framework of a tourist trip, with the aim, first of all, of further improv-
ing the system of standardization and certification of tourist transportation and accommodation services and their combinations.
The organization of overnight stays on vehicles during their movement in many cases requires the application of the principles,
methods and technologies of the hotel industry and hotel service.

The authors have identified various areas of combination and connection of hotel and transport services in the process
of servicing tourists during travel — hotels at hubs, common booking procedures, transport service of classic hotel enterprises,
stationary hotels in former mobile vehicles, and the presence of hotel service of various levels of manifestation and specific-
ity on vehicles during long and long-distance transportation of tourists. The latter area determines the differentiation of the
depth of application of hotel technologies on mobile vehicles depending on the duration of the trip, their design and technical
characteristics. The above circumstances allowed the authors to identify five levels of hotel support for long-distance tourist
transport — from providing minimal service to improve the comfort and convenience of overnight stays in seats in conditions of
limited interior space (classic tourist buses) to a full-fledged diversified service-production mobile hotel complex with the widest
range of basic, additional and related services (large multi-deck cruise liners). At the last level, all organizational, managerial,
technical and technological components, rules and principles of classic hotel management are used particularly vividly and fully,
including laundry, elevator, cleaning and other typical hotel services.

The use of this five-level model will allow in further developments to include vehicles, during the movement of which hotel
service is most clearly manifested when providing tourist travel, to important components in the system of hotel organization, to
take them into account in the formation of national and other standards of hotel service, which is of great importance for improv-
ing the quality of services and competitiveness of enterprises in the tourism, transport and hotel business.

Key words: hotel service on mobile vehicles, combination of hotel and transport services, level of hotel support for long-
term tourist transport, hotel management, cruise service.

IMocTanoBka mpodaemu. [IpodiemMa KOMITICKCHOTO OOCITyTOBYBaHHS TYPHCTIB Ta IHIIMX MOJOPOXKYIOUHX
0ci0 SIK IMiJ] Yac TepecyBaHHs TPAEKTOPIEI MapIIpyTy, TaK 1 MPOTATOM iX NepeOyBaHHS B MICISX BiAMOYHHKY,
B CydYaCHHMX yMOBaX € JIOCTaTHhO BXKJIIMBOIO, HacaMIIEpel] B CHIIy IOCTYIOBOTO TMPUCKOPEHHS BIPOBAKCHHS
y IPaKTUKy TYPUCTUYIHOTO CEPBICY OCTaHHIX TOCSITHEHb HAyKOBO-TEXHIYHOTO MPOrpecy Ta IHIINX iHHOBALliH (opra-
Hi3aIifHUX, YIPaBIiHCHKUX, MAPKETUHIOBUX TOIIO). TpaHCIIOPTHI Ta TOTENBHI MOCIYTH B TYPUCTHYHOMY IIPOIIEC,
0COOJMBO MPOTATOM TPHUBAIUX TYpiB, 3a3BHYail € KIFOUOBHMHU CEPBICHUMHU OJIOKAMH, BiJl AKOCTI SIKUX 3HAYHOIO
MIPOIO 3aJIEKUTh €(PEKTUBHICTh peaji3alii TYpUCTHYHOTO MPOAYKTY (BKIIIOUHO 13 32/I0BOJICHICTIO TYPUCTIB), a Bifl-
TaK 1 KOMEPILIWHUN Ta IMIJDKEBUH yCITiX 1X HaaBaviB.

SIKicHHH cepBic i IPOTIATOM MEePeCyBaHHS 332 MAPIIPYTOM, i IPOTSITOM CTAIllOHAPHOTO MepeOyBaHHS TYPUCTIB
y MeXax TypUCTUYHUX ICCTUHALIH, € BAXKIHBOIO 3aIIOPYKOI0 MPOIYKTHBHOTO BiTHOBICHHS CHII ciokuBadiB. [Ipn
IbOMY € OYEBHJIHUM, IO 3a0€3MEeUCHHS SKICHHX HOYIBENb Ta HAJAHHS CYIyTHIX MOCIYT (CHIJIAHOK, OKpeMi 03]10-
POBYI TIPOTIEYPH Ta PO3BAKAIBHI 3aXOIH TOIIO) Iijl Yac OaraToJCHHUX TYPUCTHYHUX IOIOPOXKEH JacTo BijgOyBa-
€ThCS 1 B CTaIllOHApPHOMY, 1 B pyxoMomMy (opmari. OpraHizailis HOYiBeJIb Ha TPAHCIIOPTHHUX 3ac00ax MPOTIATOM X
PyXy B 0aratbox BHITaJKax MOTpeOye 3aCTOCYBaHHS MPUHIIMIIIB, METOJIIB Ta TEXHOJIOTIH TOTEIBHOTO IOCIOapCTBA
Ta TOTEJIBHOTO cepBicy. Ale Oynb-sKa aHATITHKA 00 TMOPIBHAIBHOI OI[IHKY Ta CIIBCTaBJICHb TAKUX MAXO/IB JUIS
CTalLliOHAPHUX 1 pPyXOMHX 3aC00iB PO3MIIICHHS TYPHUCTIB SIK Y HAYKOBilf Ta HABYAJIBHIN JIiTEpaTypi, TaK i B iHCTPYK-
TUBHO-METOIMYHUX MarepiajiaX MPaKTHUYHO BIICYTHS. Y 3B 53Ky 3 BUILEBUKIAJICHUM O3HA4YEeHY MpoOieMy MOXKHA
BBAKaTH aKTyaJIbHOIO TA CBOEYACHOIO.

AHaJi3 ocTaHHIX J0caiIKeHb i myOaikanii. Y pi3HUX HayKOBHUX, HABYAJIbHUX Ta IHCTPYKTUBHO-METOIHY-
HUX JDKEpeliax MpodieMaTiKa TypPUCTUYHOTO CEPBICY Ha TPAHCIIOPTI Ta B TOTEISX 3a3BHYAN PO3IISLIAETHCS OKPEMO,
3 ypaxXyBaHHSIM 3MiCTOBHO Ta TEXHOJIOTIYHO Pi3HUX MPUIOMIB 3a0€3IeUeHHsI OCHOBHUX iX (DYHKIIIH — IIepeBe3eHHs
Ta po3minieHHs. [0IOBHUM YMHOM 00W/IBA i3 3a3HAYCHUX CEPBICHUX TYPUCTUYHHX OJOKIB MPEICTABICHI y Mparisix
Ta Marepianax, PUCBIUCHUX OPTaHi3alii Typr3My Ta TYPUCTHIHOTO OOCITyTOBYBaHHS 3arajioM, OPS 3 eKCKYpCiii-
HUM, PO3BaXKaJILHUM, 03I0POBYHM, «KOH(PEPEHITIHHIMY Ta iHIHUMH Onokamu ([ 14, 35] ta in.). [Ipu npoMy Oyab-ski
cnpoOu OLTBII-MEHIN TTHOOKO OOIPYHTYBATH CEpPBIC IOJI0 HOYIBJI TYPHCTIB Ha TPAHCIIOPTHUX 3ac00aX MPOTATOM
X pyXy, TUM O1JIbIIIE — i3 3ACTOCYBAaHHSIM TOTEIBHUX TEXHOJIOTiH, HABITh Y TAKUX KOMIUIEKCHUX pOOOTaX MPaKTHIHO
BifcyTHi. TakoX BaXXJIMBUM HIIPYHTAM AJISI ITOJATBIIOTO aHATIZY B paMKaxX 3a3HAYeHOI MPoOIeMaTHKH BapToO Ha3-
BaTy poOOTH 3 OpraHizailii ToTeJIbHOr0 00CIYTOBYBaHHs, y T. 4. 1 HOro TpaHCIIOPTHOI ckiaaoBoi ([5, 7, 13,23, 27, 30,
34 Ta iH.); 3 opraHizailii TpaHcopTHOro obciayropyBanHs TypucTiB ([11, 32, 36, 38] To1o), y T. 4. 3 Kpyi3HOTO Cep-
Bicy ([10, 20, 24, 31] Ta iH.). OxpeMUM CyTTEBUM €JIEMEHTOM JKEPENbHOI 0a3u TOCIIKEHb 3a3HAUEHOTO HATIPSIMY
MOXKYTb BUCTYHATH i pi3Hi NOMyssipHi oiwiiini myOnikanii 31e011b110r0 HOBUHHOTO XapaKTepy, 10 MiAKPECIOTh
BUKOPHUCTAHHS MPUHLUIIIB rOTEILHOr0 00CIyroByBaHHS Ha TPAHCIOPTI (Hanpukiaz, [3, 4, 21, 39] Towo).

MeTo10 CTATTi € cUCTeMaTHu3allis BiIOMOCTEH IIOAO 3aCTOCYBAHHS OCHOBHHUX IPHHIIUINB Ta MPOLEAYP
TOTEIBHOTO OOCITyTOBYBaHHS HA TPAHCIIOPTHUX 3ac00aX, 34e0LTBIIOTO i 9ac iX pyXy B MeXKax TYPUCTHIHOI TIOMI0-
POXi, 3 METOIO0 HacaMIepe ] MOAAIBIIOT0 BAOCKOHAIICHHS CHCTEMH CTaHAApTH3alii Ta cepTHdiKaIlil moCcIyT mnepe-
BE3CHHS 1 pO3MIIIICHHS TYPUCTIB Ta iX KOMOTHAIIIH.
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Buxnan ocHoBHOro marepianay. Bzaemonito HagaHHsI Ta KOMOIHYBaHHS OCITYT MEPEBE3CHHS 1 PO3MIIIICHHS
TYPUCTIB Ta IHIIHUX MOJOPOXKYIOUUX 0CI0 B CyJaCHHX YMOBAaX MOXKHA MPOCTEXUTH HA TAKUMH HaIlpSIMaMH.

IMo-nepue, cneundika npoueayp OpOHIOBaHHS MOCIYT 1 TPAHCIIOPTHUX MEPEBE3EHb, 1 MPOKUBAHHS Y 3aCO-
0ax po3MillleHHs Mae 0arato CHUIBHUX PHUC, BOHU 3IMCHIOIOTHCS 332 CXO)KUMHU CXEMaMH, Y SIKOCTI MOCEpETHHUKIB
000X BHJIIB OPOHIOBAHHS i 3aMOBJICHHS BIAMOBIJHUX KBHUTKIB Ta MiCIlb 1 HOMEpIB (KIMHAT, anapTaMeHTIB, KaloT,
KyIle TOIIO0) 3a3BHYail BUCTYIAIOTh OJHI 1 Ti cami opraHizaiiii, 31e01IbIIIOr0 TYPUCTUIHOTO TIpodito (Typorepa-
TOPH Ta TYPHCTUYHI areHTcTBa) ([25] Ta 1H.).

[To-npyre, Npy BETMKUX TPAHCIOPTHUX XabaX (MDXKHAPOIHHX aeporopTax Ta MOPCHKHX MOpPTaX, 3aTi3HHY-
HUX Ta aBTOOYCHHUX BOK3aJlaX) 3a3BUYail HasBHI IMOCITYTH PO3MIIIIEHHS TACAKUPIB — BT IGKUTLKOX TOTEIIEHUX HOME-
PiB JI0 TIOBHOIIIHHUX TOTEIIB, SIK OJTHA 31 CKJIaJIOBHX YAaCTHH CEPBICHOTO KOMIUIEKCy xaly ([16] Ta iH.).

ITo-Tpete, B cucTeMi cepBicy 06araTtboX CTaIlilOHAPHUX TOTENBHUX 3aKJIa/liB HasBHA TPAHCIIOPTHA CKJIA/I0BA,
10 TOJISITa€e y HAJaHHI TOTEJIEeM B OCHOBHOMY IOCIYT TpaHC(hepHHUX 3aco0iB MepeBe3eHHs (10 BOK3aITy, /10 IIIIKY,
JI0 IEHTPY MiCTa TOIIIO0), a TAKOXK CTOSHOK Ta YaCTKOBO TEXHIYHOTO 00CIyTrOBYBaHHS TPAHCHIOPTHHX 3aC001B TOCTO-
suTbIIB rotento ([7, 34] Ta iH.). OcTaHHs MOCIIyra € OCHOBHOIO JIJIsl CIIEIialli30BaHUX 3aC001B PO3MIIIICHHS, OPi€HTO-
BaHUX Ha 0OCITYrOBYBaHHS TPAH3UTHUX MOIOPOKYIOUHUX 0Ci0, — MOTETIiB, aBTOKEMITIHT1B TOLIO.

ITo-ueTBepTe, y AKOCTI clieniani3oBaHUX (IIOYaCTH €K30THYHUX) 3aKJIa/iB PO3MILEHHS TYpUCTIB Ta IHIIMX
MOJOPOXKYIOUHUX OCi0 MOCTYNOBO MOLIMPIOIOTHCS MepenpodiiboBaHi, PEeKOHCTPYHOBaHI Ta TpaHc(OpMOBaHi
y TOTEJi KOJHMIIHI TPAHCIIOPTHI 3aC00M, pyXOMi Yy MHHYJIOMY, a IiCJIsl 3a3Ha4eHOT TpaHcopMallii — cTaioHapHO
«3aKpIIJICHI» B KOHKPETHUX, 3a3BHYail MPUBAOIMBUX JUIS TYPUCTIiB MiciiaX. CIOIM MOXHA BiTHECTH TaKi CICIIH-
(biuni 3acodwu, sik poreni, 6oteni, (akteni Tomo. OKkpemi 3 HUX MOXKYTb HEPIOIUYHO (K MPABWIIO, Y CIIPHSITIMBAN
CE30H POKY) PyXaTHCh, aJic B OCHOBHOMY Ha HEBEJIMKI BIJICTaHI 3 IPOTYIISTHKOBOIO MeTO0 ([ 18, 22] To1110).

[To-’siTe, mijx yac TpUBAIUX TYPUCTUYHHX Ta IHIIHMX TIEpeBe3eHb Ha 0araThboX TPAHCIOPTHHUX 3aco0ax Hajza-
FOTBCS ITOCITYTH KIIACHYHOTO TOTENILHOTO CEPBICY, HacaMIIepe.l HaJlaHHS JIIKKO-MiCIIb JIJIsl TOBHOIIIHHOT KOM(OPTHOT
HOYIBJI MPOTSTOM TPHUBAJIOTO MEPEi3y, a TaKoK 0araTboX JOJATKOBHUX 1 CYMyTHIX HOCTYT BHKIIOUYHO TOTEIBHOTO
TEHE3HUCY, TI0BOJIi PI3HOMAHITHHUX 3aJIe’KHO BiJ] BULY TPAHCHIOPTY Ta MoAXGIKaIlii i IpU3HAYEHHSI CAMOTO TPAHCIIOPT-
HOTO 3ac00y, — XapuyBaHHS, PO3Baru, 03A0POBJICHHS TOLIO.

OcranHiii i3 HaBeACHUX HAMPSIMIB CIIOIYYEHHS TOTSIBHUX 1 TPAHCIIOPTHUX MOCIYT Y TYPUCTHYHOMY MPOILIECi,
HAa Halll OIS, € 0COOJIMBO aKTyaJ IbHUM B CY4aCHUX YMOBAX BIPOBA/KCHHS YHCIICHHUX IHHOBALIH i B TOTEJIBHOMY,
1 B TPAHCIOPTHOMY CEKTOpax TypH3MYy, 3Ba)KalOUu Ha (PaKTUUHY BiJICYTHICTH B JIiTEparypi OyIb-sKOTO CIiBCTaB-
JICHHS Ta aHaJi3y 3aCTOCYBaHHS OCHOB TOTEIBHOIO TOCIOAAPCTBA Y CTAI[lOHAPHHUX «HEPYXOMEX» TOTEIIX Ta Ha
MACaKUPCHKUX TPAHCIIOPTHUX 3aco0ax IMiJ Yac TPUBAIUX IepeizmiB. ToMy BBa)kaeMo 3a JIOUIJIbHE JeTajibHIIIe
3YNUHUTUCH Ha KOMOIHAIlIi JTBOX 3a3HAUCHHUX CIICI[ia)li30BaHUX OJIOKIB TYPUCTHYHHUX TOCIYT MPOTATOM PyXy Ha
3HA4YHi BiacTaHi.

3aneXHO BiJl OCOOIMBOCTEH KOHCTPYKIIT Ta TEXHIYHUX XapaKTEPUCTHK OMUHHIIb PYXOMOTO CKJIaay YOTH-
PBOX KIIACUYHUX BUJIIB MMACAKUPCHKOTO TPAHCIIOPTY, IO HA/IA€ MIOCITYTH JAJICKUX 1 TPUBAIMX MepeBe3eHb (ABTOMO-
O1IbHOTO It aBTOOYCHOTO, aBiaIliifHOTO, 3aJII3HUYHOTO Ta BOAHOTO), MOXKHA CIIOCTEPIraTé pi3Hy Mipy Ta crerudiky
3aCTOCYBAHHS €JIEMCHTIB I'OTEIBHOTO CEPBICY Ta BIAMOBITHUX 3pYyYHOCTEH MPOTATOM IMEPEBE3CHHS, MOUYNHAIOUN
3 KOMIIAKTHUX BIJAKHIHUX CHAIHb 3 JIOKQJIBHUM OCBITJCHHSM Ta BEHTHJIIOBAaHHSM 13 HAJaHHSAM IUICAIB Ta MOMIY-
IOK, JI0 MOBHOIIIHHOTO «0araromapoBoro» Ta AMBEpCU(PIKOBAaHOTO FOTEILHOIO BUPOOHHUO-CEPBICHOTO KOMIUIEKCY
Ha TPaHCIOPTHOMY 3ac00i miJl yac Horo pyxy, BKIIOYHO 3 OUIM3HSHHUM Ta JIIQTOBUM TOCHOAAPCTBOM. Y 3B’S3KY
3 UM MU 3IIHCHUIN cripo0y CHCTeMaTh3allil TAKUX CTYIMEHIB YIPOBAKCHHS FOTEIBHUX TEXHOJOTIH Ha PyXOMOMY
MacaXUPChbKOMY TPAHCIIOPTI, B PE3yJIbTaTi 4Oro Oyyi0 BHIIJICHO IT’SITh PIBHIB TOTEIBHOTO CEPBICHOTO 3a0€3ICUCHHS
TPaHCIIOPTHOTO TYPUCTUIHOTO PYyXY JAIEKOTO Ta TPUBAIOTO CIIPSIMYBaHHS, 10 B y3aralbHCHOMY BUTIIL BimoOpa-
JKeHo y (Tabm. 1).

AHaI3yl0ud aBTOPCHKY PO3pOOKY 111010 0aratopiBHEBOCTI TOTEIBLHOTO CEPBICHOTO 3a0e3NeueHHs MepeBe-
3¢Hb TYPHCTIB Ha PI3HUX TPAaHCIOPTHUX 3aco0ax, BimoOpaxeHoi B Tabi. 1, BApTO MEpIIOUEProBO 3a3HAYMTH, IO
B camiil TaOJHIlI MU 3aKIIEHTYBAJIM YBary BUKIIOYHO HA OCHOBHUX MOCIYTrax FOTEIBLHOTO 3MICTY, TPE/ICTABICHUX Ha
BIJIIOBIAHOMY PiBHi. AJle IPH I[bOMY Ha KOXXHOMY 3 PiBHIB Ha BIAIIOBITHHUX MICIIX Ta Y MPUMIIICHHSX [UIs HOUYiBIi
Ha TPAHCHOPTHOMY 3ac00i MiJ yac HOro pyxy HasBHI i 1OJATKOBI MOCIYTH, CYyIIPOBOAXKYBaHI XapaKTePHUMHU 3pyd-
HOCTSIMHU, HaITPUKJIIa1, BUKJIMK MTPOBiTHHUKA (OOpTIPOBiAHNKA), 3aMOBIIEHHS TKi Ta HanoiB y ¢popmati Room Service
(HaBiTBH y caJlOHaX 3 BIAKPUTUM MPOCTOPOM Ta CHISYUMHU MICISIMH) TOLLIO.

3arajoMm OYeBUIHO, 10 Y IPONOHOBAHINA MOZEN] 3 KOXKHUM HACTYITHUM PiBHEM IOTEJIbHUIN CepBic posumpro-
€TBCSI, YPIZHOMAHITHIOETBCS Ta YCKITa IHAETCA. Cama HasIBHICTh TOTEIBHUX IOCIYT MPH TCPEBE3CHHSX TypI/ICTlB
Ha TPAHCIOPTHAX 3ac00ax IMOYMHAETHCS 13 3a0e3IeueHHs KOM(l)OpTHOFO BIJIIOYMHKY BHOYI il 9ac pyXy HaBiTh
Ha CHISTYUX MICIIX 3 PI3K0 OOMEKEHUMH MOKIHBOCTSMH ITACaKUPIB PyXaTUCS BCEPEAWHI CallOHy, JIe TEXHITHE
3a0e3MeueHHs 3pyYHOoCTel (BIAKUIHI CHIIHHS Ta CTOJHMKH, JIOKAJIbHI JIAMITH, BEHTHJIFOBaHHS TOIO) MOXKE JIOTIOB-
HIOBaTUCH HATAaHHSM Iy, TOAYIIKH, KaBH, JITKUX 3aKyCOK Ta iH.

Jpyruii piBeHb MOYMHAETHCS 13 3a0e3MEUeHHs] HOYIBEIh Ha JIOKAYUX MICIAX Y BIAKPUTOMY CaJlOHI PyXoO-
Moro 3aco0y Oyp-IKOT0 BUAY TpaHcHopTy (popmary «xocTem»), B AEIKUX BUIIATIKaX 0COOMCTHII TPOCTip KOKHOTO
MacakKupa Ha TAKUX MICIIX MOXE «ITiKPIIUTIOBATHCE 3aHaBicKaMHu (y T. 4. i skato3i-opMary) i i3 30BHIITHBOTO
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Tabmus 1

PiBHi rorejbHOro 3ade3ne4eHHs1 TPMBAJIOr0 TYPUCTHYHOTO TPAHCIIOPTHOIO PyXy

PiBeHn Crnenudgika 0CHOBHUX HOCIYT FOTEJIbLHOIO IHpukiaagu TpaHCIOPTHHUX 3ac06§3 Ta MOCJHYT
reHe3ucy NMPOTArOM NOA0POKei
[epmmit | 3abe3neueHHs: KOM(OPTHOI HOUIBIII HA CHISTYMX Cepgic TpUBaJIMX HIYHMX aBTOOYCHHX Iepei3iiB
micusix (sIK y opmari Kyrie, Tax i BIAIKpUTOTO B Typax; CaJIOHH i3 CHIIHHSMH ITiIBUIIEHOTO
CAJIOHHOTO MIPOCTOPY) KOM(OPTY Ha BOJHHX, 3aTI3HHYHUX Ta TOBITPSHUX
TPAaHCHOPTHHUX 3ac00ax
Hpyruii HapnanHs nexxaqux Micipb A7t HOUiBii y opmari [TnankaptHi Barouu, aBro0ycH-«TpaHchopmepmn»,
«xocTeny» (BIIKPUTOTO IPOCTOPY CAJIOHY) BIJIKPUTI CAJIOHU aBiallifHUX Ta BOJHUX
TPAHCIIOPTHHUX 3aC00IB i3 JIHKKaMH
Tperiit Micist Jist HOUiBIII B 3aKPUTUX TPUMILIIEHHSIX Kyneiini Baronu; aBTo0ycH, JIITaKH Ta I1aB3acoon
«HOMepHOro» hopmary (Kyrie, KaroTh) 13 3AaKPUTHMH KyTI€ 1 KAIOTaMH 3 JIKKO-MICISIMU
UYerepruii | HassBHICTH TOJaTKOBHUX MPHUMIIICHB 1 TIPOCTOPIB KoM opTHI HOUIBITI 3 MOKITHBICTIO BiJ[BiTyBaHHS
JUTA BiTIOYMHKY Ta PO3BAT, MOPSA 3 MOXIIMBOCTAMH | TIi/T 9ac pyXy: BaroHiB-pecTOpaHiB, Kade, 6apis,
HOYIBJII pi3HOTO (hOpMaTy 3PYUHOCTEH BUCOKOTO rpajbHUX KiMHAT, Scenic Rooms i3 mpo3opumMu
piBHs KoMpopTy CTIHAMHM Ta CTEJISIMHU TOLIO — y MOTSrax, aBTodycax,
JiTakax, Ha KaTepax Ta KopaOJisiX; KapaBaHiHr
[T’ sTmit IToBHOIIIHHE TOTEIBHE TOCTIONAPCTBO HA pyxoMoMy | KommiekcHuiA TpuBanuii BiAIIOYMHOK IPOTATOM
TPAaHCTIOPTHOMY 3ac00i: HoMepH (KatoTH) i3 PYXy Ha BEJIMKOTa0ApUTHUX OaraTonasyOHuX
CEepBICOM KIIHIHTY Ta XayCKIIiHTY, TOCIYTH KpYi3HUX JaiHepax
XapuyBaHHs1, PO3Bar, 03/I0POBJICHHS I11J] 4Yac pyXxy;
HAasIBHICTb PECTOPAHHOTO, OUTM3HSHOTO, JTi(TOBOrO
roCIoiapcTBa

Loicepeno: cknadeno asmopamu

(BIKHO), 1 3 BHYTPIITHBOTO OOKY CAJIOHY. Y IIbOMY BHIIAJIKY BXKE MAEMO CIPaBY 3 BUAAUCIO MTACAKUPaM IOCTUTBHOT
cnaJibHOT OUTM3HM, KOMIUIEKTH SIKOT MaloTh OyTH 3a37aJieri/ib MiAIrOTOBJIEH]I Y BiANOBIIHOCTI A0 BUMOTI SIKOCTI Ta
(DYHKIIIOHAJTBHOCTI.

«TpaHCTIOPTHO-TOTEIBLHUI» CEPBIC TPETHOTO PIBHS MOYUHAETHCS 3 0OCIYTOBYBaHHS, IO Iepeadadae po3Mi-
MICHHS TACAXKUPIB Y PUMIIIEHHSX 3 O1IbII BHCOKUM 3a0e3I1eueHHSIM BUKOPUCTAHHS 0COOMCTOTO IPOCTOPY HACAM-
Tepe;] ImiJl 4ac HOYiBEllb, IO SBISIOTH COOOI aHAIIOT TOTEIBHUX HOMEpPIB, — Kyle Ta KarTH. HagaHHS MOCTib-
HOT OUTU3HU TYT JIOTIOBHIOETHCS 3a0€3MIEUCHHIM JU3aifHy Ta €PrOHOMIYHOCTI BHYTPIIIIHBOTO TIPOCTOPY — CTOJIOBA
O17TM3HA, OKPEMi eIEMEHTH ACKOPY TOIO, B OKPEMHX BHIIAKAaX — CAHBY3/IN Y KOKHOMY KyIIe, Ha JJOAATOK JI0 CTaH-
JapTHUX 3py4HOCTEN.

Ha derBepTroMy piBHI 3ampoBa/pKEHHS TOTEIBHOTO CEPBICy IiJ] Yac MepeBe3eHb TYPUCTIB Ta MACAXKUPIB Ha
TPAHCIIOPTHUX 3ac00ax, KPiM 3pyYHHUX HOYIBENIb Y KyIle Ta KalTax, JOJA0THCS MOXKIIMBOCTI BiIIOYMHKY Ta Xap-
YyBaHHS B IHIIMX 3arajlbHUX MPHUMIMICHHIX TPAHCIOPTHOTO 3aco0y (y MOTA31 — PyXOMOTO CKIIaay): Kade, 6apw,
pecTopanu, irpoBi KiMHATH, CaJOHH IS MIUTYBaHHS MaJbOBHHYHMHU KpacBUAaMH B pyci, Tomo. Oco0auBo Takui
CepBIC XapaKTePHHUH JIJIsl TYPUCTUYHHX MOTATIB BUCOKOTO piBHS KoMbopTy ([3], [6] Ta iH.). Y 1IbOMY BUIIAJIKY TPaH-
CIIOPTHUH 3aci0 y)ke po3NIAIAEThCS HE JINIIE SIK CIIOCiO /It 3py9HOT Ta KoM(OPTHOT OAOPOXKI BICHB 1 BHOYI, a 1 5K
MepPEeCyBHUI 0AraTOKOMITOHEHTHUH CEPBICHUN KOMILIEKC i3 MOXKIIMBOCTSMH PI3HOCTOPOHHBOTO BiIIIOYHHKY Ta PO3-
Bar, SIK JDKEPENIO HACOJIOZ Ta MO3WTHBHHX TYPHCTHUHHX BpakeHb. CrierudivHrM HarpsMoM MpOsBY CEpBicy Ta
3pyYHOCTEH TAaHOTO PiBHS MOYKHA BBXKATH 1 KAPaBaHIHT — BUKOPUCTAHHS Y ITOJOPOKAX aBTOTPAHCIIOPTHUX 3ac00iIB
a00 TpUYEITiB JI0 HUX 13 MOBHUM KOMILIEKCOM JKUTTe3a0e3medeHHs [37]. 3araiom MmouynHarOuu 3 Y4eTBEPTOTO PiBHS
TOTEJIBHOTO CEepBIiCY TPAHCIIOPTHI 3aCO0M BXKE OTPUMYIOTh SIPIIMKU-CIITETH «PYXOMHH IOTENb Ha KOJIecaxy, «JIiTa-
I0YMI TOTENIb), «IUIABYYUI TOTEIbY.

Haperri, HaliBUIUiA, I’ THH piBeHb 3a0€3MEUEHHS TPAHCIIOPTHOTO TOTEIBLHOTO CEPBICY MPOTATOM PyXy Hix
Yac TYpPUCTHYHHX Ta IHIIUX MOAOPOXKEH sBIsiE cOOOI0 HAMOLIBII CKIAIHY Ta PO3TANyKEHY CUCTEMY TOTEIBHUX
MOCIYT Ha BEIMKOrabapUTHUX TEPECYBHUX MACAKUPCHKUX TYPUCTUYHUX 3aco0aX TPaHCHOPTY. [OJOBHUM KpuUTe-
pieM TyT BHCTyIae 0araTormoBepXoBiCTh (bararonaryOHICTh) TAKOTO 3ac00y, TOUMHAIOUN 3a3BHYAM BT TPHOX MaTy0
1 BUIIE, 3 ypaxyBaHHsM, IO JBOMOBEPXOBI aBTOOYCH, JITaKd, BarOHH Ta Karepu MODIH OyTH IPEICTaBICHI Ha
rorepenHixX piBHAX. Jlo TaKuX «J1aifHEpiB-TOTENIBY BaApTO BiTHECTH HAcCAMIIepe T BEIHKI Kpyi3Hi cyqHa (B OKpEMHUX
BHITAJKaX — 1 IOPOMH), SIKI XapaKTEPU3YIOThCs OaraTbMa eKCIiepTaMH BKE HE K «IUTaBydi FOTeN», a K «IJIaBydi
KypopTu». Jleski 3 HUX 3a piBHEM Ta PI3HOMAHITHICTIO CEpBICY, MPUBAOIMBICTIO JM3aifHy Ta BUIIYKAHICTIO BHY-
TPIIIHBOTO MTPOCTOPY BKE MEPEBHINYIOTh HAHPO3KINIHIIII cTarionapHi roteni ([26], [28] Ta iH.). Ha nanomy piBHi
0COONMBO SICKPaBO Ta MOBHOIIHHO BUKOPHCTOBYIOTHCS YCi OpraHi3aIiifHO-yIIPaBIiHChKI Ta TEXHIKO-TEXHOJIOT1UHI
CKJIaJIOB, MpaBuWJia Ta MPUHIUITK KIACUYHOTO TOTEIHHOTO TOCIIONAPCTBA, BKIFOUHO 3 OITM3HSIHUM, JTI(PTOBUM, KIIi-
HIHTOBUM Ta iHIIMMHU THUIOBUMHU TOTEIIEHUMH CITy’k0aMu ¥ cepBicamu.
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B ninomy 3amporioHoBaHa Ta MpeACTaBiIeHa I SITUPIBHEBA MOJIENb TOTENBHOTO CEPBICY Ha MACaKUPCHKUX
TPAHCIIOPTHUX 3acobax Mif Yac iX pyXy B MpoIleci TypHUCTUUHHUX Ta IHIIMX MOXOpOXeil Moke OyTH MOKIajeHa
B OCHOBY IOJAJIBIIUX PO3POOOK IIOMO CIIBCTABICHHS Ta MOPIBHSHHS TOTCIBHHUX, TYPUCTUYHUX Ta TPAHCIIOPT-
HUX CEPBICHUX TEXHOJIOTIH, BIAMOBITHO i TYPHCTHYHOTO Ta TOTEIHLHOTO MEHEIDKMEHTY, OTIPAIFOBAHHS Ta OOIPYH-
TYBaHHS CTaHJAPTIB FOTEIBHOIO OOCIYrOBYBaHHS y MPOLECI TYPHCTHYHHUX Ta IHIIMX MAaCaKUPCHKUX NEPEBE3CHB
TOIIO. Y IFOMY KITFOUi BRKJIMBUM € 1 MOPIBHSUTBHHUI aHANI3 CUCTEM KaTeTOpU3allil «HePyXOMHX» TOTEIIB Ta TypHUC-
THYHHUX TPAHCIIOPTHUX 3aC00IB «i3 TOTEIFHUMH ITOCITyTaMH Ha OOPTy» Ta iX HOMepiB (KaroT, KyIie) (CHCTeM 3ipoK,
0aJtiB, KJIFOYiB, KOPOH Ta 1H.). Hampukiia, 30BHI HIOM OJJHAKORBI JIJIsl CTAI[IOHAPHOTO Ta PyXOMOTo (hopMariB cepBich
3a0e3IeuyThCs PUHIMIIOBO PI3HUMH MPOoLeaypaMu (GopMyBaHHs 3araciB MPOAYKTIB XapuyBaHHS, JKepen 0e3-
nepeOiiftHOTO MOCTaYaHHs BOAM, OMIAJICHHS Ta eJIEKTpOeHeprii, Tonlo. /s pyXoMux 3aco0iB po3MillleHHS JOTiCTHKA
TaKOTO MOCTAYaHHS 3HAYHO CKJIAJIHIIIA, aHDK JIJIS CTAIllOHAPHUX, OCKIJIBKM I'PYHTYETHCS HE JIHMIIE Ha morpebax
y TIEPIOMYHOMY iX MMOHOBJICHHI 3 yCTAJICHHUX JDKEPEN, a 1 BpaXxOBY€E 4ac MepeMillleHHs TPAHCIOPTHOTO 3aco0y 110
KOKHOTO HACTYITHOTO IyHKTY TaKorO IMOCTAa4aHHs Ta Horo cnenngiky (kpaiHa Ta perioH po3TallyBaHHS, LiHAa Ta
SIKICTB MPOAYKTY 1 T. iH.) MPOTSITOM MapIIPyTy.

3 ypaxyBaHHSIM 3a3Hau€HUX Ta IHIIMX (PAKTOPiB 3a0e3MEUEHHS SKOCTI 1 XapaKTepy MOCIyT PO3MIIICHHS Ta
IHIIUX KOMITOHEHTIB TOTEJIILHOTO CEPBICY came Ha TPAaHCIOPTHUX 3ac00ax I Yac iX pyxy B IpOLECi TypHUCTHY-
HUX Ta HIIUX MOJOPOXKEH BapTO y MOJATIBIIOMY BH3HAYUTHU CIUIBHI Ta BiIMIHHI PHCH I[OZI0 BUMOT 10 OCHOBHHX
mapaMeTpiB KIFOYOBHX TAKHX ITOCIYT JJISI PYXOMUX 1 CTalliOHapHUX 3ac00iB pO3M1H.[eHH$I TypI/ICTlB MoskHa mope-
KOMCH/TyBATH aBTOPAaM HACTYNHHMX HaBYAIBHHX Ta HABYAIHHO-METOIMIHHX MarepianiB 1 BuAaHb (HiIpydHHKIB,
MMOCIOHMKIB, METOTMYHIX BKA3iBOK TOH_IO) 3 opraH13au11 TOTE/IEHOTO TOCTOAAPCTRA, 3 BHACTIJIOK — 1 p03p06HI/IKaM
IHCTPYKTHBHO-METOMIHHUX MaTepialliB 1 BIAMOBIIHUX ACP/KaBHUX Ta IHIIMX CTAHAAPTIB CTOCOBHO SKOCTI TOTEINb-
HOTO CepBicy, 000B’SI3K0BO 200 BKJIFOYHMTH CIICIiabHI PO3JIUTH IOI0 PYXOMHUX 3ac00iB po3MilieHHs, a00 OKpeMo
JIeTAIBHO PO3IISAIATH 0COOIMBOCTI MPOSIBY KOJKHOI JIAHKH (TEXHOJIOTIYHOTO IIUKITY, CEPBICHOTO OJI0KY) TOTEIBHOTO
TOCTIONIApCTBA, TO-TIEpIIe, JUII CTalliOHAPHUX TOTEIFHUX 3aKJIAAiB, MO-IpyTe, AT MaCa)KUPCHKUX TPAHCIIOPTHUX
3ac00iB MpHUHAMMHI TPETHOTrO, YETBEPTOrO Ta II'SITOTO PiBHIB 3a0€3MEUEHHS TOTEIHFHOTO CEPBICY, 3TiAHO HAIIOT
mozeni. Takuid mixia, Ha Hall OIS, JO3BOJIUTH OUTBII KOMIUIEKCHO MPEJCTABUTH YBECh CIIEKTP TOTEIbHHUX TEX-
HOJIOTI} Ta CEepBICIB 4K y CTalliOHAPHOMY, TaK 1 B PyXOMOMY iX HpOsBi, [0 B KiHIIEBOMY MiJCYMKY 3a0€3MeUuTh
OLTBII BUCOKY SIKICTB IMOCIYT Ta MiABHUIIHUTH KOHKYPEHTOCIPOMOKHICTh TOTSIBHUX, TPAHCIIOPTHHUX Ta TYPHUCTUYHIX
T ITTPUEMCTB.

BucnoBkmu. Y niporieci 00CIyroByBaHHS TypHUCTIB IPOTSATOM IOIOPOKEH HAsSBHI Pi3HI HATPSIMUA KOMOIHYBaHHS
Ta CIIOTYYCHHs TOTEIBHUX 1 TPAHCIIOPTHHX ITOCIYT — TOTENI PH Xa0ax, CIUTBHICTE IPOIenyp OpOHIOBAHHS, TPaH-
CIIOPTHUH CepBiC KJIACHYHHUX TOTEIBHUX MiANPUEMCTB, CTAIIOHAPHI TOTENI y KOJUIIHIX PYXOMHX TPAHCIIOPTHHX
3ac00ax, Ta HasBHICTh TOTEIBHOTO CEPBICY PIZHOTO PIBHS MPOSIBY 1 crielii(iKK Ha TPAHCIIOPTHUX 3ac0o0ax IiJ 4ac
TPUBAIIUX Ta JAJCKHUX IepeBe3eHb TypucTiB. OCTaHHIN HANPSIM 3yMOBIIOE TU(EpEHITAIi0 IITHONHH 3aCTOCYBAHHS
TOTEIBHUX TEXHOJIOTIH Ha PYXOMHX TPAHCHOPTHHX 3ac00aX 3aJeKHO BiJl TPUBAJIOCTI TOIOPOXKI, IX KOHCTPYKIi Ta
TEXHIYHUX XapaKTCPUCTHK.

Bxazani oOcTaBUHH J103BOJTWIIM aBTOPaM BUUIUTH 11’ SITh PiBHIB TOTEIBHOTO 3a0€3MEYESHHS TPUBAJIOTO TypHUC-
THUYHOTO TPAHCIIOPTHOTO PyXY — BiJ HaJlaHHA MiHIMAJIBHOIO CEPBICY IIOJ0 MOKpAIIEHHS KOM(OPTY Ta 3pydHOCTI
HOYIBEJIb Ha MICISX Ui CHIIIHHS B YMOBaX OOMEXEHOTrO MPOCTOPY CalOHY (KJIaCH4HI TYpUCTHUYHI aBTOOYCH) 10
MOBHOLIIHHOT'O UBEPCH(PIKOBAHOTO CEPBICHO-BUPOOHUUOIO PyXOMOI'0 TOTEILHOTO KOMIUIEKCY 3 HAHIIUPIINM CIIEK-
TPOM OCHOBHHMX, JOAATKOBUX Ta CYMYTHIX MOCIYT (BeNIUKi OararonanyOHi Kpyi3Hi JaiiHepH).

BukopucTanHs qaHoi I’ SITHPIBHEBOI MOJENI JacTh 3MOTY B MOAAIBIIAX PO3POOKaX BKIIOYHTH TPAHCIIOPTHI
3aco0w, i1 9ac pyxy SKUX IpU 3a0e3MeYeHH] TyPHCTHIHHX ITO0POXKeH HaHOIIBIT SICKPAaBO MPOSIBIIETHCS TOTEIEHIN
CepBiC, JI0 BAXJIMBHUX CKJIAJIOBUX YAaCTHH B CUCTEMI OpraHi3allii TOTeJIbHOTO TOCIIONapCTBa, BpaxyBaTH ix y Gopmy-
BaHHI HAIIOHAJILHUX Ta 1HIKX CTAHAAPTIB rOTEILHOTO 00CITYyTOBYBaHHS, III0 MA€ BEJIMKE 3HAYCHHSI JJIS1 IT1IBUILICHHS
SIKOCTI TIOCTIYT Ta KOHKYPEHTO3JIaTHOCTI TiIMIPUEMCTB TYPHUCTHYHOTO, TPAHCIIOPTHOTO Ta TOTEIBHOTO Oi3HECY.
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INNOVATIVE ACTIVITIES IN THE HOTEL AND RESTAURANT BUSINESS

The features of implementing innovations in the hotel and restaurant business are considered. The description
of the “Khimik” hotel, which belongs to the category of two-star accommodation establishments, which provides a wide
range of services of average comfort at affordable prices, is provided. It has been established that the organizational structure
of the “Khimik” hotel is formed in accordance with the needs of a medium-sized enterprise and includes the main functional
units that ensure effective management and guest service. Innovative activities in the “Khimik” hotel are implemented through
the introduction of modern technologies aimed at improving service, effective management, saving resources and improving
the quality of service. The hotel demonstrates a practical approach to innovation, focused on specific results. The innovative
technologies implemented in the activities of the “Khimik” hotel are considered, which contribute to improving the quality
of service, management efficiency and safety. It was observed that innovative activities at the “Khimik” hotel are an important
component of the development strategy, allowing it to adapt to rapid market changes, increase the efficiency of internal
processes and strengthen its position among competitors. Continuous improvement of the technological base and implementation
of new innovative solutions opens up prospects for expanding the range of services, improving the level of service and meeting
the growing needs of modern customers.

A SWOT-analysis of the innovative activities of the “Khimik” hotel was conducted, identifying key internal advantages
that ensure the effective implementation of modern technologies, in particular automated accounting systems, CRM and
energy-saving equipment. At the same time, there are certain weaknesses, in particular, budget constraints and insufficient
level of IT competence of the staff, which require attention for further development. External opportunities include the potential
for expanding digital services, the introduction of new energy-saving technologies, and the growing demand for environmentally
responsible service. At the same time, the hotel must consider threats in the form of increased competition, technical risks,
changes in legislation, and economic instability.

Based on the analysis, it is recommended to focus on improving staff skills, modernizing equipment, developing
environmental initiatives, and strengthening cybersecurity. This will strengthen the hotel’s position in the market, improve the
quality of service, and ensure the sustainable development of innovative activities.

Key words: innovative activity, hotel and restaurant business, innovations, hotel “Khimik”, SWOT-analysis.

Toposrcankina H. A., Pazinvkosa M. I0., Cabipos O. B., Mynenko K. O. Innosauiiina dianvnicme 6 2omensHo-
pecmopannomy di3neci

Posenanymo ocobnusocmi 8nposaddicens inHo8ayitl y comenbHo-pecmopantomy 6isueci. Haoano xapaxmepucmuxy
eomento «Ximixy. Bcmanogneno, wjo opeanizayiina cmpykmypa eomenio «Ximiky cghpopmosana 6ionosiono 00 nomped
RIONpUEMCMEa cepeoHboeo Macumaby ma OXONIOE OCHOGHI (YHKYIOHATbHI NIOPO30inu, wjo 3abe3neuyiomv egexmueHe
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Ynpasninua i 00caye08ysanna cocmetl. [nnosayitina JisivHicmy y 2omeni « XiMiky pearizyemvpces uepes 8npoBa0NCeHHs CYUaCHUX
MeXHON02It, CNPAMOBANUX HA NOKPAUEHHS 00CTY208Y8aHHA, epeKmueHe YNpasuinms, eKoHOMilo pecypcie ma niosuuyeHs
sxocmi cepgicy. [omens demoncmpye npakmuynuil nioxio 00 iHHO8ayitl, OPiCHMOBAHUU HA KOHKpemHi pe3yivmamu. Pozensnymo
BNPOBAOICEHT THHOBAYIIHI MeXHON02IT 6 JisibHocmi 2omenio «XiMmiky, K CHpusiioms niOBUULEHHIO SKOCMI 00CTY208y8aHHS,
ehexmusnocmi ynpasuinus ma 6esnexu. [lpocmediceno, wjo iHHOBAYIIHA JIATbHICHb Y 20meni « XIMIK» € BANCTUBOIO CKAAO060I0
cmpamezii po3gUmKY, o 0036014€ AOANNYBAMUC 00 CIPIMKUX 3MIH DUHKY, NIOSUULYSATNY eeKMUGHICIb GHYMPIUIHIX
npoyecie ma aMiyHOBAMY NO3uYii ceped KOHKYPeHMmis.

IIposedeno SWOT-ananiz innosayitinoi dianenocmi eomenio «XiMiky, 8USHAUEHO KIIOUOBI 6HYmpiwHi nepesaeil, AKi
3adesneuyiomy e(ekmusHe BNPOBAONCEHHA CYYACHUX MEXHON0ZIl, 30Kpema asmomamuzosani cucmemu ooniky, CRM ma
enepeozbepiearoue obraonanns. Boonouac icnyloms nesni ciabki cmopomu, 30Kpema oomexcericmny 0ro0dicemy ma HedOCmamHiil
pigenv IT-komnemenyiti nepconany, wo nompeoye yeazu 015 nooansiioeo po3gumxy comento. Ceped 308HiUHIX MOdCIUBOCHIElL
8apmo UMY NOMEHYIAN POUUPEHHS YUDPOBUX cepsici8, 8NPOBAOICCHHS HOBUX eHepeo30epiealouux mexHonozil ma
3pocmarouuli Nonum Ha exoio2iuHo 8i0nosidanvhull cepsic. Boonouac zomens mae épaxogysamu 3aeposiu y 8uensdi noCULeHHA
KOHKYpeHYii, MexHiYHUX PU3UKie, 3MiH y 3aKOHOOA8CMSI Ma eKOHOMIUHOI HeCabiIbHOCTI.

Pexomendosano 30cepedumuca na niosuwenHi keanighixayii nepconany, modepHizayii 001a0HanHA 2omento, po3pooyi
eKono2iMHUX THiyiamue ma nocunenni kibepoesneku. Lle 00360nums smiynumu no3uyii 20menio Ha PUHKY, RIOSUWUMU KICHIb
00C1Y208y8aHHA Ma 3a0e3neyumi Cmanutl po3sUMox IHHOBAYIIHOT AILTbHOCHI.

KntouoBi cnosa: innosayitina disavHicms, 2omenvHo-pecmopantuil OisHec, inHosayii, comens «Xivixy, SWOT-ananis.

Problem statement. Innovation is a key factor in the competitiveness of enterprises in the modern hotel
and restaurant business. Changes in consumer needs, technological development and globalization require rapid
adaptation and implementation of new solutions. In conditions of fierce competition, innovations provide a high
level of service, increase efficiency and create additional value for customers.

Analysis of recent research and publications. The introduction of new technologies and approaches
increases the quality of service, reduces costs, improves the company’s image and expands the market. The problem
of innovations was studied by V. Baev, V. Borodata, G. Gorina, A. Zayets, V. Kazak, K. Lebedynska, K. Palamarek
and others [1; 2; 3; 5; 7; 8; 9], who consider them in the context of technological development, service culture,
economic efficiency, sustainable development, organizational environment, psychological readiness of personnel
and customer-oriented marketing. However, a significant number of enterprises face difficulties in implementing
innovations, which requires a deeper study of theoretical and practical aspects.

Purpose of the article: research into the implementation of innovations in the hotel and restaurant business
using the example of the “Khimik™ hotel.

Presentation of the main material. The introduction of innovations in the hotel and restaurant business is a
key factor in maintaining competitiveness and sustainable development in today’s conditions of globalization and
dynamic changes in the market environment. This process includes measures aimed at updating services, increasing
customer satisfaction, optimizing internal processes, as well as applying the latest technologies to ensure the
effective operation of enterprises. The features of the implementation of innovations are determined by the specifics
of the industry, which is associated with the quality of service, an individual approach to customers and adaptation
to changes in consumer demands [8]. In the process of researching the innovative activities of hotel enterprises, an
important stage is the choice of scientific methods that allow for a comprehensive and objective assessment of the
effectiveness of the implemented innovations. It should be noted that in the context of the hotel industry, innovations
are manifested in the use of modern reservation systems, automation of check-in and check-out processes, and
intelligent room management systems. The innovative approach involves expanding the range of services: electronic
platforms for communication with customers, personalized offers based on analysis of guest behavior, and the use
of big data to forecast demand. Attention is paid to eco-technologies, sustainable tourism, and energy-efficient
solutions that reduce costs and create a positive image of companies [4]. The features of implementing innovations
in the hotel and restaurant business are presented in Table 1.

In the restaurant business, innovations include new food concepts, integration of quick service technologies,
online ordering, smart kitchens, and contactless payment. Alternative formats such as dark kitchens and ghost
restaurants, which operate on a delivery basis without a physical location, occupy a special place. The success of
innovation depends on management flexibility, team creativity, and the ability to respond to gastronomic trends.
An important area is the use of artificial intelligence for sales forecasting, inventory optimization, and marketing
personalization [7].

The process of innovative transformation of the hotel and restaurant business involves overcoming a number
of challenges. Among them, it is worth highlighting the high cost of implementing new technologies, the need for
constant staff training, risks associated with the security of customer data, as well as the difficulty of changing the
corporate culture to make innovative decisions [2]. Businesses that seek to succeed in this environment should
focus on a systematic approach to innovation, which involves strategic planning, market analysis, trend monitoring,
experimentation, and rapid scaling of effective solutions [1].

Let’s move on to the characterization and consideration of innovative solutions implemented at the “Khimik”
hotel.
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Table 1
Features of implementing innovations in the hotel and restaurant business

Innovation
implementation area

Service technologies

Example of innovation Expected effect Implementation features

Electronic self-check-in
system

Molecular cuisine, 3D
printing of dishes

CRM systems, cloud order

Shortening queues,
convenience for guests

Unique experience,
attracting new customers

Improvement of efficiency,

Requires integration with PMS and
staff training

High cost of equipment,
qualification required

Requires setup and technical support

Culinary technologies

Process automation

management personalization

Environmental Energy-efficient equipment, | Saving resources, Requires changes in logistics and

innovations Zero waste improving image procurement

Design and spatial Modular rooms, flexible Comfort, adaptability to Depends on architectural

solutions zoning customer needs possibilities

Innovations in service | Robot waiters, voice Guest experience, staff Need for maintenance and control
assistants optimization

Marketing tools Augmented reality in Creating the wow effect, | Technical partnership needed
advertising, NFT bonuses |engaging young people

Source: [5]

Hotel “Khimik” belongs to the category of two-star accommodation establishments, which provides a wide range
of services of average comfort at affordable prices. Located in a relatively remote part of the city of Pavlograd, the hotel
is favorably distinguished by its proximity to the water sports complex and the Pavlograd Chemical Plant, which makes
it convenient for accommodating employees and guests of the enterprise, as well as visitors to sporting events.

The organizational structure of the “Khimik™ hotel is formed in accordance with the needs of a medium-sized
enterprise and includes the main functional units that ensure effective management and guest service [3].

The “Khimik™ hotel has 50 rooms spread over four floors. Among them are 13 standard single rooms, 9 single
rooms with increased comfort, 3 standard double rooms, 22 junior suites and 3 suites [6].

This choice of rooms allows the establishment to accommodate a variety of guests — from single travelers
to corporate clients. By offering rooms of different categories, the hotel can effectively compete with others on the
market, providing guests with the best value for money. The diversity of the room stock contributes to a high level
of occupancy at different times of the year, which allows for a flexible approach to pricing and to meet the needs
of guests with different financial capabilities and comfort requirements. This approach not only increases customer
satisfaction, but also has a positive impact on the hotel’s financial stability, creating favorable conditions for further
development and implementation of new solutions.

Innovative activities at the “Khimik” hotel are implemented through the introduction of modern technologies
aimed at improving service, efficient management, saving resources and improving the quality of service. The
institution demonstrates a practical approach to innovation, focused on specific results.

The use of innovative technologies in the activities of the research institution “Khimik™ is presented in Table 2.

Table 2
The use of innovative technologies in the activities of the “Khimik” hotel
Technology name Scope of application impl‘e{le::n(::l tion Expected effect Achieved result
Electronic customer Administrative 2022 Customer service Registration time
accounting system management optimization reduced by 40 %
CRM-system Marketing 2023 Communication Increasing loyalty of
management personalization regular customers
Wireless Internet (Wi-Fi) Guest comfort 2022 Increased convenience | Ensured coverage of
and comfort the entire territory
Air conditioning and Material and technical 2022 Increased comfort Improved climate in
heating systems base rooms
Security Systems Security 2023 Protecting guests and | Reducing incidents,
property improving control

Source: compiled by the authors

Each of the implemented technologies has its own characteristics and purposes, which contribute to increasing

the efficiency of the institution. Their brief description allows us to more fully understand the functional significance
of innovations in various areas of the enterprise’s activity. This allows us to assess not only the technical level of
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implementation, but also the impact of innovations on the quality of service, resource optimization, and overall
competitiveness of the hotel. Such analysis is important for determining further directions of development and
improvement of the institution’s innovation policy [3].

The “Khimik” hotel has already implemented a number of innovative technologies that help improve the
quality of service, management efficiency, and safety.

The characteristics of innovative technologies implemented in the activities of the “Khimik™ institution are
presented in Table 3.

Table 3
Characteristics of innovative technologies implemented in the activities of the institution “Khimik”
Technology name Characteristics
Electronic customer Automated system for guest registration, data storage, booking and payment management.
accounting system Integration with online platforms. Reduces service time, increases accuracy and
personalization of service
CRM system Customer relationship management system: stores guest profiles, automates marketing,

monitors staff work, integrates with payment systems. Increases loyalty and repeat bookings

Wireless Internet (Wi-Fi) | Stable and fast internet in all rooms and public areas, ensuring guest comfort and supporting
mobile devices

Air conditioning and Modern climate systems with automatic temperature control and energy saving, providing
heating systems comfortable conditions and reducing energy costs
Security systems A complex of video surveillance, access control, alarm and emergency notifications that

ensures the protection of guests, staff and hotel property

Source: compiled by the authors

One of the important innovations is the electronic customer registration system, which automates the
registration and room reservation processes, stores detailed information about guests, their preferences and order
history. This system is integrated with popular online booking platforms, which allows you to effectively manage
customer flows and reduce service time. This has reduced the time for guest registration by approximately 40 %,
which significantly increases the efficiency of the reception and the comfort of visitors [9].

To improve customer engagement and effectively manage marketing activities, the hotel implemented a CRM
system. It allows you to store detailed guest profiles, automate personalized offers, monitor staff performance, and
analyze customer behavior. This significantly increases customer loyalty and increases repeat bookings, which
positively impacts revenue stability [9].

Guest comfort is a priority, so the hotel has provided stable and fast wireless Internet (Wi-Fi) coverage
throughout the entire territory. This allows guests to stay connected, work remotely and use modern digital services
without restrictions, which enhances the overall impression of their stay at the establishment.

Another important area of innovation is the introduction of modern air conditioning and heating systems that
ensure a comfortable microclimate in rooms and public areas. These systems have automatic temperature control
and energy saving functions, which allows not only to create comfortable conditions for guests, but also to reduce
energy costs.

The safety of guests and staff is a priority for the hotel, which is why a complex of modern security systems
has been implemented, including video surveillance, access control, alarm systems and emergency notifications.
This significantly reduces the risk of incidents, ensures property protection and creates an atmosphere of peace and
trust among visitors.

In general, innovative activities at the “Khimik™ hotel are an important component of the development
strategy, allowing it to adapt to rapid market changes, increase the efficiency of internal processes, and strengthen
its position among competitors. Continuous improvement of the technological base and implementation of new
innovative solutions opens up prospects for expanding the range of services, improving the level of service, and
meeting the growing needs of modern clients.

Innovative solutions also contribute to the formation of a positive image of the hotel as amodern, technologically
equipped and customer-oriented establishment. In the long term, this allows not only to retain regular guests, but
also to effectively attract new target audiences.

Innovative activities at the “Khimik™ hotel are an important component of the institution’s development
strategy, aimed at improving the quality of service, optimizing management processes, saving resources, and
ensuring competitiveness in the hotel services market. The introduction of modern technologies allows not only to
improve guest comfort, but also to increase staff efficiency and reduce operating costs.

The SWOT analysis of the innovative activities of the “Khimik™ hotel is presented in Table 4.

The SWOT analysis of the innovative activities of the “Khimik™ allows us to identify key internal advantages
that ensure the effective implementation of modern technologies, in particular automated accounting systems, CRM
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and energy-saving equipment. At the same time, there are certain weaknesses, in particular, budget constraints and
insufficient level of IT competence of the staff, which require attention for further development [2].

External opportunities include the potential for expanding digital services, the introduction of new energy-
saving technologies, and the growing demand for environmentally responsible service. At the same time, the hotel
must consider threats in the form of increased competition, technical risks, changes in legislation, and economic
instability.

Based on the analysis, we recommend focusing on improving staff skills, upgrading equipment, developing
environmental initiatives, and strengthening cybersecurity. This will strengthen the hotel’s position in the market,
improve the quality of service, and ensure sustainable development of innovative activities.

In general, the average level of innovative activity reflects the current state of the hotel, which corresponds
to the trends in the development of the hotel business in Ukraine. For further growth, we recommend improving
technical equipment, improving staff qualifications, and expanding the range of innovative services.

Table 4
SWOT-analysis of the innovative activities of the “Khimik” hotel
External environment
Opportunities Threats
1.Expansion of digital services. 1. Increased competition.
2.Introduction of new energy-saving |2. Risks of technical failures
technologies. and cyberattacks.
3.Staff training. 3. Changes in legislation.
4.Cooperation with technological 4. Economic instability.
partners. 5. Rising energy prices
5.Growing demand for
environmental services
Strengths Strengths and opportunities Strengths and threats
1.Automated customer accounting system. | Use CRM and electronic accounting | Strengthen cybersecurity to
2.CRM system for personalization of service. | to launch a mobile application with | protect data and systems.
‘e |3.Stable Wi-Fi. personalized services. Meet new legal requirements
g 4 Modern air conditioning and heating Expand the implementation of for security and privacy
§ systems. energy-saving technologies to reduce
‘2 | 5.Comprehensive security systems costs
E’ Weaknesses Weaknesses and opportunities Weaknesses and threats
g 1.Limited budget for innovation. Organize staff training to improve IT
ﬂa’ 2.Insufficient level of IT competence of competencies. Develop a disaster recovery
= | personnel. Engage partners to upgrade outdated |plan for systems.
3.Partially outdated equipment. equipment. Optimize the budget to
4.Dependence on suppliers. Develop environmental programs overcome economic crises
5.Lack of environmental initiatives and implement relevant initiatives

Source: compiled by the authors

Such a comprehensive approach will contribute to increasing the competitiveness and sustainable development
of the hotel.

Conclusions. In summary, the main recommendations for achieving the goal of our research are as follows.
Hotel “Khimik™ actively implements innovative technologies that contribute to increasing management efficiency,
optimizing service processes, saving resources and improving service quality. However, the level of innovation
application can still be assessed as average, which is due to limited funding, insufficient level of staff qualifications
and the lack of a comprehensive strategy for innovative development. To increase competitiveness, it is recommended
to develop a clear plan for implementing innovations, invest in training and advanced training of employees, and
modernize the material and technical base. This approach will not only improve the quality of services, but also
ensure the stable development of the hotel in the face of growing competition. At the same time, it is important to
monitor global trends and adapt the best practices of innovation to achieve maximum effect.
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PRACTICAL METHODS OF SERVICE QUALITY MANAGEMENT
IN ESTABLISHMENTS OF RESTAURANT INDUSTRY

The article systematises practical methods of managing service quality in restaurant industry establishments (RIEs). Tools
for analysing situations and developing ideas for improving quality are identified. Recommendations are provided on selecting
the most favourable ideas for this sector. It is established that improving and ensuring service quality are key tasks for restaurant
management. Quality management as a direction of activity of RIEs is carried out to improve services continuously and the
mechanisms of enterprise activity as well as bring products and services into line with standards. The essence of the concept
of “service quality management” in the context of restaurant activity is shown, its components and specifics of assessment are
outlined. It has been found that effective quality management requires a comprehensive approach that includes standardisation of
service processes, continuous monitoring of customer satisfaction, staff training and the introduction of innovative technologies.
Among the tools that determine practical quality management methods, the tools of control, analysis, design, and management
are highlighted.

The work is the quintessence of the results of research on the practice of functioning of RIEs. Attention is focused on
practical methods and analytical tools that allow negative trends emerging in the activities of RIEs to be identified. In order to
identify problem areas in the activity of establishments, it is recommended to conduct a self-assessment using various assessment
methods and digital technologies to collect and analyse feedback. Based on the study of the experience of RIEs, the factors
that form the quality of restaurant services are characterised. Goals for improving service quality are formulated. It has been
established that if measures aimed at continuous and gradual improvement of service quality are insufficiently effective (or lose
their effect), it is advisable to resort to a policy of breakthrough improvements.

The practical significance lies in the formulation of recommendations for improving quality management efficiency for
managers of RIEs in order to strengthen competitive positions and customer loyalty. The results can be used in the practical
activity of RIEs seeking to achieve high standards of service.

Key words: quality management, restaurant industry establishments, service quality, customer loyalty, quality assessment,
management methods, management tools.
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besnepepeHe i nocmynoge RONINWEHHA AKOCHI ROCTY2, D0YiNbHO 80aABAMUCS 00 NONIMUKU NPOPUBHUX NOKPAUYEHb.
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¥ npakmuunit dianerocmi 3P wjo npazuyms 0ocazmu 8UCOKUX cmanoapmis 00ciy208y8amnHsl.

KntouoBi crioBa: ynpasninua axicmio, 3akiaou pecmopaHHozo 20Cno0apcmed, AKICb HOCAYe, TOSAbHICHb KIIEHMIE,
OUYiHKa AKOCMI, NPULOMU YAPABGLIHHA, IHCIMPYMEHMU YAPAGIIHHA.

Problem statement. The restaurant business is considered one of the most popular segments of the service
industry. Growing competition in the restaurant services market and consumer demands for quality services as well
as accelerating changes in the preferences of visitors of RIEs are prompting urgent quality issues to be addressed.
Service quality is an important factor in competitiveness and a key factor in increasing customer loyalty and
improving the long-term reputation of RIEs. Improving and ensuring service quality are key tasks for restaurant
management. Underestimating the importance or lacking effective management systems aimed at improving service
quality in RIEs inevitably leads to a loss of market position, reduced profitability and, as a result, business decline.
In this context, quality management becomes a strategic tool for the development of RIEs. This necessitates the
search for and implementation of effective practical methods of service quality management that meet modern
customer requirements, international standards, and the strategic objectives of restaurant business development.

Analysis of recent research and publications. Theoretical analysis has shown that the basic definitions and
approaches characteristic of quality management are considered in international standards and in many scientific
works on quality issues. In particular, the concepts and general requirements for quality are defined by the ISO series
of standards.

The following scholars have devoted their works to researching the problematic field of service quality,
approaches and features of quality management systems in the restaurant business: O. Krukovska [1], S. Pavlova
[2], V. Rusavska [3; 4], M.Riabenka [5], N.Sushko [6] and others. The works of these authors define the principles,
problems, and tools of quality management in the restaurant industry, systematise methods and formulate evaluation
criteria, analyse approaches to quality assurance, etc. Scientific works emphasise the importance of customer
focus, staff training and the introduction of innovative technologies in RIEs, taking into account current trends
and sustainable development requirements. However, practical methods and tools for analysing situations and
developing ideas for improving quality in this area remain insufficiently researched.

The goal of the article is to identify and systematise practical management methods for achieving high
service quality indicators and improving the activity of RIEs.

Presentation of the main material. The essence of the concept of “quality management” can be summarised
as follows: it is the purposeful activity of enterprise employees that ensures the continuous improvement of
core processes (by core processes we mean business-generating processes), intending to improve the quality of
performance results. Quality management as a direction of the activity of RIEs is carried out to continuously
improve the restaurant product, services, and directly the mechanisms of activity as well as bring services into line
with standards (internal and/or international) [2; 3; 4; 6].

Service quality is an important object of operational and strategic management in the activity of RIEs. High
quality of services provided contributes to the formation of restaurant guests’ loyalty and is considered as a basis for
increasing the profit and economic stability of RIEs.

The quality of restaurant services has the following characteristics: it is closely related to consumer value, as
the latter characterises the ability of a service to satisfy a specific customer need; it is related to the service process,
as the service must be “provided correctly”; it is constant [5].

The typical structure of service quality in RIEs (restaurant services) is determined by the quality of the
products produced (tasty, healthy, safe, and aesthetically pleasing) and the quality of service (service provision).

Quality management is carried out in accordance with generally accepted stages: goal setting, situation
assessment, problem identification, and decision implementation. Goal setting includes operations for developing,
formulating, and setting goals for the activity of RIEs. Situation assessment and problem identification are carried out
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in the process of implementing the function of controlling inputs, outputs and the activities themselves by assessing
the degree of deviation of the current state from the target state (by comparing a set of target process indicators).
This comparison triggers a “quality loop” — from the identified deviation, through the analysis of information and
the development of corrective measures and operational decisions, to the implementation of changes that contribute
to improvement. In other words, analytical research is used to establish the causes of the situation and identify
the root causes of the gap between the target and achieved quality levels. Once the causes have been established,
measures to improve the situation are proposed. At the final stage, all that remains is to implement the decisions,
introduce the changes and monitor the results achieved.

Practical quality management tools begin with formalising objectives and identifying gaps in indicators as
well as highlighting key areas for problem-solving.

Among the tools that determine practical quality management methods, the following types can be
distinguished:

— control tools that allow monitoring the implementation of quality improvement methods and adjusting
influences based on interim results;

— analysis tools that allow, based on data, facts, surveys and observations, to identify the reasons for the
quality not meeting the required level and to develop solutions in accordance with the specifics of the situation and
available resources;

— design tools that enable the development of new products and services that meet the needs of a potential
consumer, with clearly defined quality targets and the scope of functions of new products or services;

— management tools that enable effective communication of all orders and instructions related to the
implementation of processes to executors as well as the creation and maintenance of a corporate philosophy focused
on employee engagement in ideas and the implementation of continuous improvement.

Next, we will focus on practical methods and analysis tools that allow us to identify negative trends emerging
in the activity of RIEs that lead to a weakening of their competitive advantages.

Quality management in RIEs is based on knowledge of the factors that form and evaluate the quality of
restaurant services [7]. This makes it possible to more accurately diagnose the strengths and weaknesses of
operations of RIEs, make informed management decisions and contribute to increasing customer focus and ensuring
the sustainable development of the establishment.

With increasing competition in the restaurant services market, six groups of factors are gaining increasing
attention, the content-related characteristic of which is presented in Table 1.

Each of these factors has its own dimension. These dimensions are typically used in the operational activity
of RIEs to monitor service quality.

Dimensions of the restaurant services quality are described using variables, which are grouped into six blocks:
conditions (how pleasant and comfortable the place is perceived to be), accessibility (how easy it is to get to
the restaurant), staff (hospitality and knowledge of the menu, speed of service), atmosphere (how pleasant the
atmosphere is in the establishment), food (how well the dishes are prepared and the size of the portions) as well as
consistency and honesty (consistency in the provision of services).

Each of these factors can be described using qualitative and quantitative indicators (Table 2). Qualitative
parameters are more difficult to formalise and mainly describe the process of service provision and its ability to meet
consumer needs, while quantitative parameters allow the results of service provision to be assessed.

Various methods and tools can be used to measure service quality indicators, including customer surveys,
monitoring and analysis of feedback on social media or websites of RIEs, food and drinks tasting, internal audits and
checks by restaurant management, staff evaluations, etc. The most common methods and tools for assessing service
quality in restaurants are listed in Table 3.

It should be noted that the quality of dishes and drinks is assessed using indicators that are divided into three
groups: physical and chemical, organoleptic, and microbiological indicators, the values of which are specified in the
technical conditions [10].

Since the restaurant business is focused on providing intangible services that are often subjectively evaluated,
it is important to consider both the existing and latent (psychological) aspects of customer interaction. The choice of
quality measurement tool depends on the object of measurement and the aspect of interaction with the consumer —
the restaurant guest.

The assessment of the quality of restaurant services precedes standardisation, certification, the determination of
optimal parameters, etc., which contributes to the effective management of restaurant guests’ consumer expectations
and the adaptation of establishments to changing market requirements.

Quality control makes it possible to manage activities on acceptable terms as well as to develop and implement
measures to correct the process. The following types of control can be used to perform control functions: technical
and technological, sanitary and bacteriological, environmental, safety, and metrological.

An effective quality management system (QMS) for restaurant services involves systematic control at all
stages of service, continuous training and motivation of staff, and prompt response to customer feedback (Figure 1).
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Table 1
The content-related characteristic of factors affecting the quality of restaurant services

Dimension Variable Definition
Conditions | Interior and exterior (colours, Physical characteristics that a customer perceives at first glance,
finishes, design) such as colours, finishes, and the design of premises
Comfort Comfortable furniture and space
Hygiene Cleanliness of premises and tableware
Accessibility | Location Ease of access
Parking Possibility of secure parking
Payment options Payment options and methods offered by the establishment (cash,
cards, vouchers, etc.)
Staff Reception and courtesy Friendly attitude towards visitors to the establishment
Knowledge and skills (experience) | Level of staff knowledge about food
Appearance Appearance of staff
Speed The degree of efficiency with which staff respond to visitor requests
Attentive attitude of staff A sense of politeness, understanding of needs, confidence, and
attitude
Atmosphere | Audiovisual environment Musical accompaniment, noise level
Lighting Appropriate lighting according to the type of restaurant
Aroma The aroma of dishes, absence of unpleasant odours (kitchen)
Temperature The climate in the establishment, created for the comfort of visitors

Self-identification with user types | How closely the establishment is identified with the type of
customers who visit the restaurant

Food Taste Food and drinks should have a pleasant taste
Smell Perception of a pleasant aroma by smell
Variety Variety of menus
Serving (presentation) Visually appealing food, aesthetic presentation of dishes
Hygiene of food products Food products are clean
Freshness of food products Food that is in good condition and retains its natural properties
Temperature Food at the right temperature: hot dishes are served hot, and cold

dishes are served cold

Consistency | Standardised service The customer receives the same quality of service under all

and honesty circumstances
Prestige The customer feels that the restaurant has a certain level of recognition
Attention to complaints Prompt and adequate response to complaints

Source: developed by the authors based on [7]

The implementation and support of such a system allows not only to improve the quality of services, but also
to optimise operational processes, reduce costs, increase productivity and, as a result, significantly increase the
overall efficiency of a restaurant.

Quality assurance includes activities in a QMS aimed at creating a set of conditions for the compliance of
restaurant services with established quality requirements (Figure 2). This subsystem includes internal QMS audits
of the establishment and other preventive actions provided for by the ISO 9000 series standard.

The culture of formalising goals and defining them based on achieved and expected trends has been shaped
over many years. Self-assessment helps to avoid mistakes in this process by analysing and identifying negative
trends (events) in the activity of RIEs.

The analysis of negative trends identified in the process of summarising the experience of the activity of
RIEs made it possible to set targets for the future. These targets can be seen as the start of the PDCA cycle, which
corresponds to the planning (Plan) step of the target values of expected results.

The decomposition of goals by management levels aimed at achieving high quality and profitability indicators
of RIEs is presented in Table 4.

The goals listed in Table 4 are grouped into four directions.

Goal 1. Cost reduction can be achieved by reducing food losses and reducing cost items such as salary
expenses.

Goal 2. It is necessary to continuously improve the quality of service and dishes by improving quality control,
monitoring the speed of service, maintaining feedback with restaurant guests, etc.

Goal 3. It is necessary to work with each restaurant guest to increase their loyalty to the establishment. This
can include incentivising loyal customers, creating a comfortable atmosphere in the establishment, working with
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Table 2

Indicators for assessing the quality of services in restaurants

Quality Qualitative indicators Quantitative indicators
aspect

Food and quality of food and drinks: — average number of complaints about the quality of dishes;

drinks — freshness of ingredients; — % of returns of dishes;
— compliance with the recipe; — % of local products used;
— aesthetics of presentation; — etc.
— taste sensations;
— presence/absence of ingredients/allergens

Service staff behaviour: — average waiting time for a visitor for an order (from
— friendliness; arrival to an order, from an order to serving, from serving
— attentiveness; to payment, etc.);
— quick response; — customer service time (order and payment process);
— knowledge of the menu; — % of compliance of order, offer, and request;
— conflict resolution skills; — number of service complaints;
— flexibility in solving problems and — % of repeat visits;
responding to customer requests; — average bill;
— individual approach to customers; — etc.
— language skills

Atmosphere |pleasant atmosphere and environment: — temperature in the hall;
— cleanliness and order; —noise level (dB);
— comfort; — number of reviews about the atmosphere;
— lighting; — etc.
— musical accompaniment;
— interior design;
—aroma in the hall

Price/Value | pricing policy and price-quality ratio: — average bill;
— fairness of price; — number of promotional offers;
— meeting expectations; — percentage of customers who have used the loyalty
— perception of “profitability”; programme
— offers

Accessibility |— ease of booking; — waiting time for a free table;
— availability of parking; — % of successful online reservations;
— clarity of location; — etc.
— availability of information about dishes
and services (menu, prices, promotions, etc.)

Source: developed by the authors based on [8; 9]

Table 3

Methods of assessment and tools for determining the quality of services in restaurants

Tools

Explanation

Surveying and interviewing
customers about their
experience visiting the
restaurant

the SERVQUAL model — assessment of expectations and perceptions on a 7-point Likert
scale (22 questions grouped into 5 blocks);

calculation of the Net Promoter Score (NPS) — answer to the question “Would you
recommend our restaurant to a friend/colleague?”’;

calculation of the aggregate Customer Satisfaction Index (CSI) based on multiple
assessments;

mystery shopping methodology.

Analysis of online reviews
and ratings

monitoring customer reviews on social media, online platforms (Google Maps,
TripAdvisor, Facebook, Instagram, etc.) and other media

Testing dishes conducting tastings of dishes and evaluating their quality, including taste

Audit verification of the actual level of service against internal standards

Analysis of financial determining the average bill, profit, expenses, and other financial indicators of the
indicators restaurant’s activities

Staff assessment assessment of the level of professional training of staff and their ability to communicate

with customers

Source: developed by the authors based on [1; 11]
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Defining quality standards for culinary products and services (kitchen standards,
service standards, safety standards, etc.)

Staff training and development (on-the-job training, workshops, etc.)

Operational quality control (in the kitchen, in the sales area, mystery shopper, etc.)

Feedback and analysis (satisfaction surveys, review books, monitoring online
reviews, direct communication, staff meetings, etc.)

Corrective and preventive actions (correction of errors, analysis of causes of
problems, implementation of changes, etc.)

Fig. 1. Key elements of a QMS in a restaurant

Source: developed by the authors

s N
Leadership and commitment of management
developing a mission and customer-focused vision for quality policy

-

Customer focus of processes and decisions
studying customer preferences, developing restaurant products that meet the

N

5 needs of restaurant guests i
Qualified and motivated staff K
achieved through careful selection, systematic training (in culinary and
|: service skills, emotional intelligence, and conflict resolution), incentives for
. high-quality performance and a supportive corporate culture -
Standardisation and optimisation of processes
clearly defined and documented procedures for quality assurance )
e A

Use of modern technologies
CRM systems for collecting and analysing data about customers and their
preferences, online booking and ordering systems (convenience and speed),
|: kitchen automation systems (optimisation of cooking processes and
\__reduction of waiting times), feedback analysis (quick response to feedback) /

l:f Continuous monitoring and analysis of indicators )
L identifying problems, trends, and opportunities for improvement =
s =
Flexibility and adaptability
|: updating the menu, changing the interior, introducing new service formats
L (e.g. delivery) in line with new trends and preferences of restaurant guests )

Fig. 2. Conditions for compliance of restaurant services with established quality requirements
Source: developed by the authors based on [12]

dissatisfied customers and resolving conflict situations. PR campaigns and marketing are very important in terms of
stimulating customer loyalty and creating the establishment’s image.

Goal 4 involves the development and implementation of sustainable development strategies, including
technological development, throughout the entire restaurant product production chain, especially at the stage of
service implementation in accordance with the modern philosophy of the relationship between the seller and the
buyer of services.

The analysis has shown that if measures aimed at continuous and gradual improvement of service quality are
insufficiently effective (or their effect is fading), it is advisable to resort to a policy of breakthrough improvements.
The combination of breakthrough (referring to the Hoshin Kanri strategic management and planning system) and
gradual improvements (referring to the Kaizen management system) in practical implementation can significantly
improve the quality of services in RIEs.
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Table 4

Goals aimed at achieving high quality and profitability indicators of a restaurant

First-order
goals

Second-order goals

Third-order goals

1. Reducing the
costs of dishes
and operating
expenses

1.1. Reducing
product losses

1.1.1. Reducing the risk of food spoilage: optimisation of warehouse
accounting; improvement of storage conditions (temperature, humidity).
1.1.2. Minimising waste during preparation: training staff in the efficient use
of ingredients; reviewing and optimising portion sizes

1.2. Reducing
personnel costs

1.2.1. Optimisation of staff work schedules.
1.2.2. Increasing productivity through training and automation

2. Improving
the quality of
service and
dishes

2.1. Improving
quality control of
dishes

2.1.1. Compliance with preparation standards and quality control:
development of detailed recipe cards; conducting regular tastings and
inspections.

2.1.2. Ingredient quality control: quality control of raw materials and semi-
finished products from suppliers; product intake control system

2.2. Improving
service efficiency

2.2.1. Installation of order tracking devices and reduction of order fulfilment
time: introduction of a POS system for fast order taking; monitoring of food
delivery time.

2.2.2. Service quality control programme directly with guests: collection

of feedback (questionnaires, QR codes for reviews); analysis of reviews on
online platforms (Google Maps, Facebook)

3. Working with
clients (guests)

3.1. Stimulating loyal
customers

3.1.1. Running promotions and developing loyalty programmes:
accumulative bonuses, discounts for regular guests; personalised offers.
3.1.2. Improving comfort and atmosphere in the establishment: regular
updating of interiors and equipment;

providing pleasant musical accompaniment

3.2. Working with
dissatisfied customers
and resolving
conflicts

3.2.1. Quick response to complaints: training staff in effective problem
solving; the possibility of free replacement of the dish or compensation.
3.2.2. Analysis of reasons for dissatisfaction: keeping a complaints log and
analysing them; making changes to processes based on feedback

4. The concept
of sustainable
development
and innovation

4.1. Development
and implementation
of a sustainable
development strategy
for a restaurant

4.1.1. Socio-economic development of a restaurant implementation of staff
training and development programmes; supporting local suppliers and
producers.

4.1.2. Implementation of modern technologies: process automation (online
booking, electronic menu); using energy-efficient equipment

Source: developed by the authors

Hoshin Kanri J [ Kaizen ]
Redesigning all RIEs [ Improving the process for
— processes to solve chronic — solving functional problems
problems of RIEs

(‘Transforming strategic vision
Into strategic priorities;

| | deploying and implementing

integrated change; monitoring
the process and making
3 adjustments

A sharp improvement in the
state of RIEs in the sector

o P
Identifying customer needs;
highlighting key processes for
further monitoring; monitoring
and improvement;
standardisation to consolidate
the process

[mprovement compared to
existing practice (cumulative
effect)

Fig. 3. The essence of breakthrough and gradual improvements in quality management in RIEs

Source: developed by the authors

The characteristic of breakthrough and gradual approaches to improving the quality of services in RIEs is

illustrated in Figure 3.

A QMS is a system-forming organisational structure that permeates the entire enterprise. Therefore, almost
any significant improvement to it must be implemented as a project and managed in accordance with the specifics
of the attitude to breakthrough changes in RIEs.
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Conclusions. The quality of services in RIEs is a determining factor in competitiveness, customer loyalty
and their long-term economic stability. Quality management should be viewed as a strategic development tool
that combines process standardisation, continuous monitoring, staff training, and the use of modern technologies.
Practical quality management tools begin with formalising goals and identifying gaps in performance indicators
as well as identifying key areas for problem-solving. Among the tools that define practical quality management
methods are control, analysis, design, and management tools. Practical assessment tools (questionnaires, the
SERVQUAL, mystery shopping, online review analysis, internal audits) ensure objective control and help to
make timely adjustments to activities. The results of the analysis of negative trends identified in the process of
summarising the experience of the activity of RIEs made it possible to set targets for the future, in particular for the
development of a service quality improvement programme. The main goals for improving the quality and increasing
the profitability of RIEs include: reducing the cost of dishes and operating expenses; improving the quality of
service and dishes; increasing customer loyalty to the establishment; and developing and implementing sustainable
development strategies, including technological development.
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OPTIMIZATION OF TAXATION OF RESTAURANT BUSINESS ESTABLISHMENTS
IN THE CONTEXT OF SUSTAINABLE DEVELOPMENT

The article analyzes the taxation systems of restaurant businesses in Ukraine, considering their organizational and legal
status. The purpose of the study is to substantiate the theoretical and methodological foundations for the use of mechanisms of
tax optimization in restaurant business establishments in the context of sustainable development. The peculiarities of applying
the simplified and general taxation systems are examined, along with the specifics of tax regulation in this sector. It is substantiated
that the modern restaurant business requires effective tax mechanisms that ensure not only a reduction in the tax burden but
also the financial stability of enterprises, promote the formation of social responsibility, and create conditions for investment in
ecological practices. A scenario-based approach to determining the level of tax burden is proposed, demonstrating significant
differences among enterprises operating under various organizational and legal forms and applying different tax regimes.
The practical significance of the research lies in utilizing the proposed approach to select optimal taxation models for restaurant
establishments in the context of sustainable development. This contributes to reducing the tax burden, enhancing financial
stability, and adapting enterprises to modern challenges caused by the martial law. Prospects for further research involve the
application of modeling optimization strategies as a vital tool for analyzing and forecasting the results of implementing tax
measures.

Key words: taxes, scenarios, restaurant, simplified taxation system, general taxation system, tax burden, optimization.

Cmeonwok H. @., I'oposcankina H. A., Hebaba H. O., Illanogan K. O. Onmumizayis onooamkyeanHs 3axkiaoie
Pecmopannozo bizHecy ¢ KOHMEKCHI Cmanozo po3euUmKy

YV cmammi npoananizosano cucmemu onooamxy8ants RiONPUEMCME pecmopantoeo bisnecy 8 YKkpaini 3 ypaxyeanuam
IXHb020 OpeaHizayilinoO-NPagosoeo cmamycy. PozenaHymo 0codausocmi 3acmocy8anHs CNPOWeHoi ma 3aeanbHoi cucmem
ONOOAMKYBAHHS, & MAKOJHC Cheyupixy nooamxosoeo pezyuosanus y yitl cgepi. Memoio docniodcennsi € oOIpyHmMysanms
MeopemuKo-memoOUdHUX 3aca0 SUKOPUCIAHHS MeXAHI3MIE ONMUMI3ayii onoOamKy8anHs 3aKiadie pecmopanHo2o Oisnecy
8 KOHMeKcmi cmanoeo po3sumxy. Busnaueno, wo cyuacnuii pecmopannutl 0isHec nompe6ye epexmusHux noOamKosux
Mexauizmie, AKI 3a0e3neuyiomv He Auuie 3HUNCEHHA DIBHA NOOAMKOB020 HABAHMAJICEHHS, a 1 (QIHAHCO8Y CMILUKICMY
RIONPUEMCME, CIpUsionmy (OPMY8aAHHI0 COYIATLHOI 8I0NOBIOATLHOCHIT Tha CIEOPIOIOMYb YMOBU Ol THEECTUYILL Y eKON0IYH]
npaxmuxu. 3anpononogano cyeHapruii nioxio 0o 8UHAYeHHA PiGHA NOOAMKOB020 HABAHMAICEHHS, WO OEMOHCMPYE CYMMEBI
BIOMIHHOCI MIdIC NIONPUEMCIMBAMU, SIKI YHKYIOHYIOMb ) PISHUX OPeAHI3AYIIHO-NPABOGUX (hOpMaAX Mma 3aCMOCO8YIONb Pi3HI
peosicumu onooamkyeanus. [Ipaxmuune 3HauenHs 00CIIONCEHHS NONAAE Y BUKOPUCTIAHHT 3ANPONOHOBAH020 Ni0X00Y i UOOPY
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ONMUMATLHUX MoOenell ONoOAmKY8anHs 3aK1a0i8 pecmopantozo 0i3Hecy 8 YMOBAX CIMAN020 PO3GUMKY, WO CIPUSE SHUICEHHIO
NO0AMKOB020 HABAHMANCEHHSA, NIOBUIYEeHHIO (iHanco60i cmilikocmi ma adanmayii NIONPUEMCME 00 CYYACHUX BUKIIUKIS,
3YMOGNIEHUX BOEHHUM CaHoM. [lepcnekmugu nodanbuiux 00CiodceHs nepeddauarons 3acmocy8anta MOOeN08ar s CIpamezitl
ONMUMIZAYIT K BAXCTUBO20 THCIPYMEHMY AHANIZY MA NPOSHO3YEANHS Pe3yIbINAmie 6NPOBAOIICEHHS NOOAMKOBUX 3aX00i8.

KimrowoBi cioBa: nodamu, cyenapii, pecmopan, cnpoujena cucmema ono0amKy8anHs, 3a2aibHa CUCIeMa Ono0amKy8anns,
nooamkose HABAHMAICEHHS, ONMUMIZAYISL.

Problem statement. Tax legislation is an important component of the financial management of restaurant
businesses, as it directly determines the level of tax burden and affects the overall financial stability of the
establishment. In conditions of martial law and economic instability, the relevance of the problem of tax optimization
is significantly increasing, as the high level of tax burden and the complexity of administration create additional
risks for the functioning of the industry.

Tax optimization is a complex process that should be based exclusively on tools and methods permitted by
law, ensuring the minimization of tax risks and increasing the efficiency of financial management. The need to
develop scenarios for optimizing tax payments is due to the need to reduce tax risks and increase the efficiency of
financial management, which is an important prerequisite for sustainable business development.

Analysis of recent research and publications. The impact of the tax burden on the performance of business
entities is constantly in the focus of economic science. The issue of tax burden management at the enterprise level was
considered in the works of Ukrainian scientists: K.Andriienko [1], O.Artiukh [1; 3], K.Haiduk [3], I.Levytska [2],
A Klymchuk [2], S.Zakharova [2], N.Matviichuk [4], S.Tesliuk [4], A.Ploskina [4], D.Pysarchuk [4], V.Sharmanska
[5], T.Zaverukha [5] and others. Researchers focus on the key problems of modern tax policy: frequent changes in
legislation, excessive taxes and fees, blocking of tax invoices, low resilience to global challenges, and insufficient
level of digital integration [6; 7; 8]. The works of scientists [5; 8; 9] indicate that tax optimization is a tactical tool
of a short- and medium-term nature, aimed at adapting the taxpayer to the features of the tax system and choosing
the most favorable taxation regime. Tax optimization as a legitimate economic and legal activity is determined
by the process of rational selection of the optimal model of organization of fiscal and economic relations, aimed
at minimizing tax costs, subject to compliance with current legislation. Thanks to this, the enterprise can more
effectively allocate financial resources, invest in the development of production and innovation, which contributes
to the implementation of sustainable practices in business. Scientists [10; 11] propose different approaches to
determining the level of tax burden. In the scientific literature, both quantitative and qualitative criteria for its
assessment are distinguished. Quantitative indicators are based on an analysis of the ratio of taxes paid to the
financial results of the enterprise, the level of profitability, the structure of costs and production volumes. Qualitative
criteria take into account industry characteristics, investment activity, the degree of impact of the tax system on
business competitiveness and overall economic development. Therefore, the tax burden is considered as a complex
indicator that reflects not only the fiscal function of the state, but also the regulatory impact of tax policy on
economic activity [8; 9]. O.larmolitska [10] emphasizes the need to improve the mechanism for managing the
activities of restaurant business establishments, taking into account the specifics of accounting and taxation. The
proposed approach is aimed at optimizing the tax burden, ensuring transparency of financial flows, increasing the
effectiveness of management decisions, and creating the prerequisites for the sustainable development of enterprises
in the restaurant business.

Paying tribute to the scientific achievements of scientists, it should be noted that the issue of optimizing the tax
burden in the restaurant business requires further scientific study and development of practical recommendations.

Purpose of the article: to substantiate the theoretical and methodological principles of using mechanisms for
optimizing taxation of restaurant business establishments in the context of sustainable development.

Presentation of the main material. Taxes constitute one of the most significant items of expenditure for
enterprises and directly affect their profitability, solvency, competitiveness, investment activity, and overall financial
condition. Effective management of tax expenditures, rational use of tax benefits, and optimization of the tax burden
are critically important for ensuring stable financial and economic activities of enterprises, especially in conditions
of economic instability (Table 1) [1; 2].

The effectiveness of the formation of the tax burden in the restaurant business largely depends on the
characteristics of the taxation system applied by the enterprise. The decisive factors in this case are the code of
the type of economic activity (KVED), the organizational and legal form of the business entity, the applicable tax
system, as well as the availability of relevant licenses, in particular for the sale of alcoholic and tobacco products.
If a business entity in the restaurant sector has such licenses, current tax legislation requires the application of a
general taxation system, regardless of the chosen organizational and legal form.

A comparison of the choice between an individual entrepreneur (IEP) or a limited liability company (LLC)
for hotel and restaurant businesses, taking into account the advantages and disadvantages of each organizational and
legal form, is given in Tables 2 and 3.

Given the constant changes in the tax environment, the issue of forming a relevant analytical basis for making
management decisions is becoming particularly important. Effective tax management requires the construction of
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Table 1

Directions of influence of tax payments on the activities of enterprises

Directions

Characteristic

Consequences for the enterprise

Cost formation and
pricing

Taxes are included in the cost of products (works,
services), which affects the final sales price

Rising prices can reduce competitiveness,
lead to a decrease in sales volumes, and
loss of sales markets

Financial condition

Taxes immobilize a company’s working capital,

Limited opportunities for investment,

and liquidity reducing the financial resources available for development, and covering current
operating activities expenses; risk of financial difficulties
Tax burden High tax rates, especially VAT, income tax and | Declining profitability, slowing

social contributions, create a significant burden
on businesses

development, stimulating shadow activities,
and reducing investment activity

stability

Solvency and financial

Taxes affect the ability to fulfill one’s obligations
to counterparties and creditors

Deterioration of financial stability, risk
of insolvency, bankruptcy

Investment activity

Tax rates and benefits affect the attractiveness of

Possibility of attracting or losing investments,

a company’s investment projects
Maintaining tax records, reporting,

and interacting with tax authorities create
additional costs and burdens

impact on innovative development
Increased management costs, the need
to attract specialists, which affects the
overall efficiency of the business

Administrative costs

Source: [1; 3; 4]

Table 2
Main advantages and disadvantages of LLC activities
Advantages of LLC Disadvantages of LLC

No income restrictions More complex document management and strict cash discipline
There are no restrictions on the number of employees | The founder of an LLC cannot use the LLC’s funds for his own needs
There are no restrictions on types of activities Dividends must be paid 5 % personal income tax + 5 % military
In the general system, tax is paid on profits levy (general taxation system); 9 % personal income tax + 5 %
Liability limited to business assets military levy for simplified taxation system
Can book employees
Partnership opportunity
Source: [13]

Table 3
The main advantages and disadvantages of individual entrepreneurs
Advantages of IEPs
Quick and free registration
Simple reporting form
You can manage the funds of an individual entrepreneur
Low taxes

Disadvantages of IEPs
Responsible with all his property
There are restrictions on income per year
There are restrictions on the number of employees
There are restrictions on types of activities
Tax is paid on income in the third group
Cannot book employees and themselves

Source: [13]

a system for describing tax parameters that allows not only to assess the current state of the enterprise, but also
to forecast its financial position, taking into account possible changes in the tax burden. It should be noted that
this ensures the adaptability of the enterprise’s tax strategy to external conditions and increases the validity of
management decisions in the field of tax planning [4].

A special tax regime has been operating in Ukraine since 1999 — a simplified tax system (STS) for small
businesses. The application of STS applies to both individual entrepreneurs (IEPs) and legal entities. Business
entities operating under this system are divided into four groups depending on the maximum amount of income,
the level of the tax rate, permitted types of economic activity, and the possibility of using the labor of employees.
Choosing the optimal tax model plays a key role in ensuring the long-term stability of a business, especially in
highly competitive industries such as the hotel and restaurant sector. Each of these models has its own advantages in
terms of the amount of tax burden, which must be carefully considered when strategically planning the company’s
activities (Table 4).
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Table 4
Characteristics of the taxation system

Type of tax Simplified system General system
VAT (subject to registration) | not applicable 20 %
Annual income is over
1 million UAH

VAT payment is mandatory

Income tax not applicable 18 % of net profit
Single tax fixed rate not applicable
Personal income tax (PIT) | 18 % 18 %
Single social contribution |22 % of the minimum wage “for yourself” 22 %
(SSC) 22 % (salary accrual) (salary accrual)
Military recruitment 1, 2, 4 groups of single tax payers pay 800 UAH

The 3rd group of single tax payers pays 1 % of income

The mandatory payment is levied on the basis of paragraph 16

of subsection 10 of the Transitional Provisions of the Tax Code of Ukraine
The military levy from the payroll fund in 2025 is 5 %

Source: [12; 13]

Restaurant establishments can choose a taxation system within the framework provided for by current
legislation. If the establishment is registered as an “individual”, then the company can be a sole taxpayer of group II
or III (depending on the number of employees and annual income). If an enterprise is a taxpayer of the general
system, then, first of all, it pays income tax, VAT, unified social contribution, military levy, land tax, tourist tax (if
the latter is established by local authorities) [12]. The information base for building models of tax optimization is the
financial, accounting and tax reporting of the enterprise, on the basis of which it is possible to determine effective
tools for reducing the tax burden. Let us consider the following methods of tax optimization for enterprises (Table 5).

Table 5
Methods for optimizing VAT and income tax
VAT optimization methods

Advantages | Problems, comments
Single tax payer — VAT non-payer (transition to group 3 of the simplified system with a rate of 5 % — VAT non-payer)
The single tax expands the annual income limit that allows you to be | A VAT defaulter loses potential counterparties
a VAT non-payer: under general conditions, this is UAH 1 million, who are tax payers and are interested in
and group 3 of the single tax has a limit of 1,167 minimum wages as | generating a tax credit
of January 1 (for 2025 — UAH 9,336,000)

Organizational methods for optimizing income tax

Advantages | Problems, comments
1. Changing the general taxation system to a simplified one (transition to a single tax — group 3 with rates of 3 % (VAT
payer) or 5 % (VAT non-payer)
The tax rate is lower (3 % or 5 % single tax versus 18 % income tax) | The single tax is paid on income, i.e., expenses
are not taken into account. For enterprises with
significant expenses, the simplified system is
not profitable

2. Changing the organization of the business, its fragmentation
Use of individual entrepreneurs who pay a single tax — group 2 or group 3
Part of the business can be conducted through registered individual | Costs are reduced due to the Social Security

entrepreneurs, meaning that taxes will be paid less. System, so profits and income tax increase.
The single tax for group 3 is 3 % of income (VAT payer) and 5 % of | You can get a fine for concealing employment
income (VAT non-payer). relationships from the State Labor Service

If group 2 is a single tax payer, the rate is fixed and is 20 % of the
minimum wage as of January 1 (in 2025 — UAH 1,600)

Splitting a business into several business entities operating under different taxation systems, as well as conducting
individual transactions through “one’s own” individual entreprencurs, is considered a tax optimization tool
Annual tax limits that provide favorable taxation conditions: 1,167 Company expenses are increasing
minimum wages as of January 1 (for 2025 — UAH 9,336,000) —
limit for a single tax payer of group 3; up to UAH 1 million for
non-registration as a VAT payer

Source: [13]
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Tax optimization for wages is achieved as savings at the expense of the Social Security Tax: the payment of
Social Security Tax of 22 % of the payroll is transferred to individual entrepreneurs, who pay it from the minimum
wage. Also, optimizing the activities of individual entrepreneurs includes attracting highly qualified personnel
(marketers, IT specialists, accountants, designers) as individual entrepreneurs (group 3, 5 % of income) instead of
employees.

The proposed alternative taxation model demonstrates certain benefits: instead of the traditional scheme,
which involves the employee paying 18 % personal income tax (PIT) and 5 % military levy, as well as the employer
paying 22 % social security contribution, a simplified mechanism is applied: payment of a single tax at a rate of 5 %
of total income and a minimum social security contribution of 22 % of the minimum wage. This approach allows
for a significant reduction in the fiscal burden on business, while remaining within the current institutional and legal
framework.

Taking into account the above information, let’s consider the features of optimizing taxation in the restaurant
business, which allows you to effectively manage the tax burden, taking into account available financial resources.
The situation is modeled taking into account the separation of functions between different business entities to
maximize the benefits of a simplified taxation system.

Effective application of various methods of optimizing VAT and income tax requires constant monitoring
of changes in tax legislation and timely adjustment of the strategy for optimizing the taxation of the restaurant
business, taking into account its financial capabilities and market situation. In wartime conditions, scenario planning
is critically important, namely the calculation of the optimal work scheme in a restaurant, taking into account
revenue from product sales, expenses, and the fact that only a subject on the general taxation system has the right to
sell excisable goods (alcohol, tobacco). The calculated level of tax burden demonstrates the presence of significant
differences between enterprises operating in different organizational and legal forms and using different taxation
regimes (Table 6).

Under the general taxation system, the enterprise will pay income tax of UAH 54,000 and VAT of UAH
158,833. If the company is in the form of an LLC (general VAT system) and an individual entrepreneur (group 3),
then the income and VAT will be significantly lower, UAH 4,500 and UAH 96,334, respectively.

After the implementation of optimization measures, a thorough analysis of the results obtained is carried
out, determining the effectiveness of the methods used and making adjustments if necessary, on the basis of which
alternative scenarios of tax activity are formed, which are evaluated by the level of tax burden with the subsequent
selection of the most appropriate option in accordance with the optimization plan (Table 7).

Table 7
Recommendations for increasing the efficiency of tax levers

List of key recommendations

Assess the company’s current financial condition and identify tax risks

Analyze opportunities to reduce the tax burden by optimizing tax obligations and using tax benefits

To study innovative tax instruments and determine their applicability

Consider opportunities to participate in government programs and initiatives and take advantage of their benefits
Organize training and education for staff to understand and effectively use tax opportunities

Maintain internal accounting and documentation in accordance with tax law requirements to avoid misunderstandings
with tax authorities

Cooperate with professional tax consultants to receive qualified assistance and advice in the field of tax optimization
Monitor changes in tax legislation and timely adapt the company’s tax strategy to new requirements and conditions

Develop an individual taxation strategy that takes into account the specifics of the industry and ensures optimal use
of tax levers

Cooperate with audit firms to conduct tax audits and identify opportunities to improve tax efficiency
Source: [7; 8; 10]

Conclusions. In summary, the main recommendations for achieving the goal of our research are as follows.
Tax optimization is an important tool for reducing the tax burden, which ensures effective management of enterprise
finances in the face of constant changes in the economic and legal environment. The use of legally permitted methods,
planning, comprehensive analysis of financial indicators, and systematic monitoring of changes in the regulatory
framework form the basis for stable operation and sustainable business development. Further scientific exploration
should focus on tax planning, which involves strategic forecasting and careful organization of a business’s tax
obligations using mathematical methods.
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memody awnanizy eionogionocmeti (Correspondence Analysis, CA). Axkmyanvricmv 00caiodicenHs 3yMogieHa mpanchopma-
YIsMU mpancnopmuoi mepesici Ykpainu sax nio eniusom enobaivHol yugposizayii, max i nio eniueom eiticbkosoi agpecii. Icnye
HA2aIbHA nompeda y HoBUX NIOX00AX 00 CIMPAME2iUHO20 1 MAKMUYHO20 Kepy8anHs nocicmuynumu npoyecamu. Ocodnugy yeazy
NpUoineHo iHmepMoOanbHUM NepedeseHHAM K KII0Y080MY YUHHUKY CMAN020 PO3GUIMKY MPAHCNOpmHOI cucmemu. Y pobomi
CUCIMEMAMU308aHO YUHHUKY, WO 6NIUGAIOMb HA DiGeHb IHMEPMOOANLHUX Nepese3eHb, 30Kpema 0epicagHy noiimuxy, ingpa-
cmpykmyphy 3abe3neuenicmo, (QYHKYIOHY8AHH MEPMIHANE, YiHo8l acnekmu ma innosayii ¢ eanysi IKT. Ha ocnosi ananizy
CYUACHUX HAYKOBUX 0dicepen OKpecieHo meHOeHyii nepexody 6i0 (pazmeHmapHux 00Ciodcenb 00 KOMNIEKCHOO0 CYEHAPHO20
NIAHYBAHHSL A BUKOPUCIAHHS THIMENEKMYANbHUX CUCEM RIOMPUMKY RPULIHAMMSA DiuleHb. 3anponoHo8ano anreopumm 3acno-
CYBAHHSA MemOdy aHarizy 8i0nN0giOHocmell 0N ceeMeHmayii puHKy iHMepMoOaIbHUX NepeseseHb, o BKIUAE (opmanizayin
OaHUX y 8U2IA0I KOHMUHSEHMHUX MAMPUyb, HOpMAnizayilo ma nobyoosy npoinis, eusHauenHs y*-eiocmaretl, CUHYIAPHULL
PO3KIA0 ma Gi3yanizayiio pe3yiomamis y HuzbKkogumipromy npocmopi. [loxazano, wo CA 00360515¢€ 8us6smu NPUX08ani 3aKoHo-
MIDHOCII Y 8ETUKUX MACUBAX KAME2OPIATbHUX OGHUX, I0eHmughiKyeamu Kiacmepu KiieHmie ma gopmysamu ougepenyitiosani
mapuHi i cepgichi cmpamezii. lIpaxmuuna yinHichb 00CTIONCEHHS. NONA2AE Y CIMBOPEHHI THCIMPYMEHmMapito 05 onmumizayii
npoyecie pUtIHAMMA piuiets y chepi inmepmooanbHUx 102iCMUuYHUX onepayitl, o Mmodice Oymu GUKOPUCIIAHULL K RPUBATRHUMU
onepamopamu, max i depacagHumu iHcmumyyiamu. Ilepcnexmusu HOOATbUUX OOCTIONHCEHb M08 A3AHI 3 THMEeSPAyier Memooig
NPOCHO3HOT AHANIMUKY MA WMYYHO20 iHMeNeKmY Ol MOOENI08AHHA CKAAOHUX MEPEdCEBUX CUCTIEM Y DeNCUMI PealbHO20 4acy.

KutouoBi cioBa: mpancnopmui cucmemu, iHmepmooaibHi nepesesenns, yupposa mpancopmayis, ananiz OAHUX, ananis
8I0N0GIOHOCMel, IHMENEKMYANbHI CUCeMY NIOMPUMKU PilieHb

Ohlikh V. V., Shapovalov A. V., Kuzmenko A. 1., Lisunova V. V. Modeling interrelations in transport systems using
the method of correspondence analysis

The article explores the modeling of interrelations within transport systems through the application of Correspondence
Analysis (CA), a statistical method particularly effective for categorical and mixed discrete data. The relevance of this research
is shaped by the profound transformation of Ukraine's transport network under the dual pressures of military aggression and
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global digitalization. These challenges necessitate innovative approaches to strategic and tactical decision-making in logistics,
especially in the domain of intermodal transportation, which is increasingly recognized as a cornerstone of sustainable develop-
ment. Intermodal transport enables the integration of rail, road, maritime, and inland waterways, thereby reducing costs, saving
time, and minimizing environmental impact. The study systematizes the diverse factors influencing intermodal transport perfor-
mance, including state policy support, infrastructure maturity, terminal network development, pricing mechanisms, and the role
of ICT-driven innovations. A comprehensive review of contemporary literature highlights the shift from fragmented analyses
toward systemic approaches that incorporate scenario planning, multi-criteria evaluation, and intelligent decision support sys-
tems capable of processing large-scale datasets in real time.

The methodological contribution of the paper lies in the proposed algorithm for applying CA to the segmentation
of the intermodal transport market. This algorithm involves the construction of contingency matrices, normalization and profile
building, y*-distance calculations, singular value decomposition, and visualization of results in low-dimensional Euclidean
space. Such an approach allows researchers and practitioners to uncover hidden associations, identify clusters of clients with
similar modal preferences, and design differentiated tariff and service strategies tailored to specific market segments. Unlike
traditional numerical methods, CA provides a more nuanced representation of categorical relationships, enabling the detection
of structural patterns that are often overlooked in complex transport systems.

The practical significance of the study is twofold. First, it offers a robust analytical tool for private stakeholders such as
logistics providers, terminal operators, and intermodal carriers, who require accurate market segmentation to optimize service
delivery. Second, it provides state institutions and policymakers with evidence-based insights for infrastructure planning, regu-
latory frameworks, and sustainable transport strategies. By bridging methodological rigor with applied relevance, the research
contributes to the modernization of transport systems and supports Ukraine s integration into global logistics networks.

Key words: transport systems, intermodal transportation, digital transformation, data analytics, correspondence analy-
sis, intelligent decision support systems.

IMocTanoBka npodaeMu. YXBaJeHHS CTPATETIYHUX Ta TAKTUYHUX PIillIEHh CTOCOBHO BIOCKOHAJICHHS TPaH-
cropTHOT Mepexi Ykpainu HaOyBae HaJI3BUYalHOI BaXKIMBOCTI yepe3 TpaHcdopMarlii, CIpUYUHEH] BiliCHKOBOIO
arpeciero 3 00Ky pocii Ta III00aTbHIM 3CyBOM CBITOBOT €KOHOMIKH Y (basy iHdopmariiitHoi epu. [HTeHCHBHE pO3IIH-
PCHHS IU(PPOBOT CKOHOMIKH JIOKOPIHHO 3MIHIIIO TPAHCTIOPTHI CHCTEMH, IEPETBOPUBIIIH X Ha IIIaT(GOPMHU, OPi€HTO-
BaHi Ha iH(pOpPMaIlio, 31aTHI aKyMYJIIOBaTH KOJIOCAIBHI 00CATH TaHUX MIPO PyX BAHTAXIB Ta MACAXHPIB, TPAEKTOPIT
PYXy, IIBUAKICTh JOCTaBICHHS, a TAKOXK OCOOIMBOCTI MOBEAIHKHU CIIOXKUBaUiB mocuyr [1, 2].

Jl1st cTanoro po3BUTKY JIOTICTUYHOI AisSIBHOCTI BUPILIATIBHY POJIb BIIrPae caMe PO3BUTOK CHCTEM, 110 3a0e3-
MeYyI0Th IHTepMOIalibHI epeBe3eHHs. HaykoBi po3po0ku y 1iii cdepi 1eMOHCTPYIOTh KOHKPETHI IUISIXU [T O TH-
Mi3allil CHCTEMHU Ta IiABUIICHHS YaCTKU BUKOPHUCTAHHS IHTEPMOAIBHUX IIEPEBE3CHb Y 3arajbHOMY JOTiCTHIYHOMY
TMaHIIOKKY. Lle, cBO€ro ueproro, crprsie MiHiMi3aIlil HEraTHBHOTO BIUTUBY OIEPaLiiHUX BUTPAT JOTiCTUKH HA CTiH-
KiCTh 3araJlbHOTO PO3BUTKY.

OnHak, HaJle)KHA OpraHi3allis MoJIOHNX MepeBe3eHb YCKIAIHIOETHCS HEOOX1THICTIO OpaTH 10 YBard IMpo-
KHId CTICKTp YMHHUKIB (puc. 1), 30KkpeMa:

— CTYHiHb HlHTpI/IMKI/I JIep>KaBOIO MOMITHKH MO0 IHTEPMOJATBFHIX ITEPEBE3CHb;

— PO3BUHEHICTH JIOTICTHIHOI iHQPACTPYKTYPH SIK TaKOi;

— HasBHICTh MEPEXi TPAHCIIOPTHUX TEPMiHAMIB, a TaKoXK (yHKii pisHuX THIiB IT-Tepminaris;

— CTPYKTypa caMoi TPaHCIIOPTHOT MEPeKi, BKIIFOYAIO4YM BU3HAUEHHSI MAPIIPYTIB JJIs IHTEPMOJAIBHUX Tepe-
BE3CHb;

— CTYMiHb 3aJIy4CHHS PI3HOPIAHUX BHUJIIB TPAHCIOPTY;

— LIHOBI aCMEeKTH CAMUX MEPEBE3CHbD;

— (hopMyBaHHS MEpEeXi JOCTYIHUX IHTEPMOJAIBHHUX MTOCIYT;

— cnenudika 3IICHEHHS OIepaIlliif, OB’ I3aHUX 13 TPAHCIIOPTYBAHHSIM BaHTAXKIB;

— CTyIeHb TpaHchopMallii TOBAPHUX IMOTOKIB

— iHHOBaIIi B Taiy3i iHGOPMAIITHO-KOMIT FOTEPHUX TEXHOJOT1H.

JLis TiABMINIEHHST CTIHKOCTI JIOTICTHYHUX CHCTEM HEOOXiJlHe IHTEHCHBHE TUTAHYBAHHS T4 PO3BUTOK CHCTEM
THTepMOAAIILHOTO TpaHcopTyBaHHs [3]. EdexTrBHE yrnpaBimiHHS JIOTICTHYHAME MPOIIECaMH, ONTHMI3aIlisl TPaH-
CIIOPTHUX TIOTOKIB 1 MIPUUHATTSI OOIPYHTOBAHUX YIPABIIHCHKUX PINICHb Y PEKUMI PeallbHOTO 4acy BHMAararoTh
JOCITIDKEHHS B3a€EMO3B’SI3KIB MIXK CTPYKTYPHHMHU KOMITIOHCHTAMH TPAHCIIOPTHOT CHCTEMH.

AHaJi3 ocTaHHIX J0cTixKeHb | myOuaikaniii. [HTepMoanbHi epeBe3eHHs Jienani OlbIIe po3MIAIar0ThCS SIK
KIIFOYOBHUH €JIEMEHT CTaJIOr0 PO3BUTKY TPaHCHOPTHOI cucTeMu. OCHOBHA i1esl IHTEPMOAATIBHUX NIEPEBE3CHB MOJISITae
y BUKOPHUCTAHHI aJIbTEpPHATUBHUX BUIB TPAHCIOPTY (3aTi3HUYHUI, BHYTPIIIHIN BOAHUM Ta MOPCHKUI) AJIS MiJBH-
LIeHHs €()eKTUBHOCTI JIOTICTUYHOI CUCTEMH BHACIIIOK 3HWKEHHS BUTpAT Ta ekoHoMii yacy [4]. KpiM Toro, 3aBasku
BukopuctanHio [T 3MeHITyeThCsl HEraTUBHUIA BILTUB JIOTiCTHYHOL AisTIBHOCTI Ha HABKOJIUIIHE CePeIOBHUILE [5].

Ornisi cydyacHUX HAyKOBHX JKEPEI 3 MPOOIEMAaTHKH IHTEpMOAaIbHUX ITEPEBE3CHb 3aCBIIUy€ MOCHICHHS Hay-
KOBOI YBar Jio MATaHb CTAJIOT0 PO3BUTKY, MPOIIECiB IU(PPOBI3allii Ta 3aCTOCYBaHHs 0araTOKpUTEpiaTbHUX METO/IIB
MIATPUMKH MPUHHATTS YIPABITIHCHKUX PillieHb. Y TOCTIKCHHSX OCOOIUBHI aKIEHT 3pO0JICHO Ha BUKOPUCTAHHI
CIICHAPHOTO IJIAaHYBaHHS Ta 1HTEJICKTYaIbHUX CHUCTEM IIJITPUMKH, 110 3a0e3Meuy0Th 00pOoOKy 3HAYHUX MACHBIB
JIAaHKX 32 JIOTIOMOTOI0 CYYaCHUX KOMIT FOTEPHHUX TEXHOJIOTIH.
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Puc. 1. ®axropu BIUIMBY Ha piBEHb IHTEPMOJIAIBHUX I1EPEBE3CHb

AHai3 JiTepaTypy JEMOHCTPYE Mepexij BiJ pparMeHTapHUX JOCITIKEHB 10 CHCTEMHOTO ITi X0y, OPi€HTO-
BaHOTO Ha KOMIUICKCHE BUBYCHHS TaKUX aCIIEKTiB:

* onTUMI3allis JIOTICTHYHHUX JIAHIIOTIB Yepe3 IHTErpallito Pi3HUX BHUJIIB TPAHCIIOPTY (3aI3HUYHOTO, aBTO-
MOOITTLHOTO, MOPCHKOTO), IS TTiIBUIIICHHS €()EKTUBHOCTI JIOTICTHYHOI CHCTEMH IIITXOM 3HH)KEHHS BUTPAT Ta €KO-
HoMii vacy [4];

* 3MEHIIIEHHS] HEraTUBHOIO BILIMBY JIOTICTUYHOI AiSNTBHOCTI HA HABKOJIHMIIHE cepeaoBuile [5], 3MeH-
LIEHHS BYIVICLEBOTO CIiIy IUISIXOM 3MEHIICHHS YaCTKU aBTOMOOITIBHUX MEPEBE3CHb;

* mu¢poBa TpaHchoOpMAIlisa Ta aBTOMATH3ALlis IPOLCCIB IIAHYBAHHS Ta YIPABIIHHS;

* innoBamii B rany3i IKT;

+ data analyze (0OMekeHa TOCTYIHICTD TaHHUX 4epe3 (parMEeHTOBAHICTh TPAHCIOPTHUX CHUCTEM Ha T iX
BEJIMUE3HOTO 00CATY Ta HAIBHOCTI K KUTBbKICHOT, TaK 1 sIKICHOI iH(popMallii);

* CUeHapHe IUIAHYBaHHA [6];

* DaraTokpuTepiajJbHa ONiHKA, KA YCKIAHIOE IPHHHATTS CTPATETIYHNX 1 TAKTHYHUX PIllICHb;

* inTesexktyanbHi Decision Support Systems (DSS) [7];

* po3podka Moaeseldl MATPUMKH NPUIAHATTA pillleHb IS MATPUMKH CTpPAaTEriyHUX pilieHb Yy cdepi
IHTepMOJATTFHNX MEPEBE3CHD B CKIIQJHUX MEPEKEBUX CHCTEMAaXx, EKCIIEPTHI METOIH, HEUiTKa JIoTiKa, Ta Al;

* MacmTad Mepexi, 0 yCKIAIHIOE MTPUUHATTS PIlllEeHb Ta MOJICITIOBaHHS.

CrarTs [6] 3aII0BHIOE IPOTATIMHY B AOCHIPKEHHSX, 1[0 CTOCYIOTHCS KOMITJIEKCHOTO CIIEHAPHOTO TIAaHyBAHHS
PO3BUTKY iHTEpPMOAAIBHUX NEepeBe3eHb, 30kpeMa y IliBneHHo-Cxinniit €Bponi. BusHaueHo mricTs creHapiis pos-
BUTKY, K1 BIAPI3HAIOTHCS: KOH(DIrypali€to MepesKi; BUJaMH TPAHCTIOPTY, PIBHEM PO3BHUTKY iH(PACTPYKTYPH; POILIIO
TEepMiHaIIB; CTyleHeM TpaHcopMallii TOBapHUX MOTOKIB. BpaxoBaHO iHTepecH pi3HUX TPy 3alliKaBIEHUX CTOPIH
(ypsin, 6i3HEC, IOTICTUYHI OIIEPaTOPH, TPOMAICHKICTh) Ta ABAHAMISITE KPUTEPIiB OIIIHKH.

PesynwraTu anamizy cBimyark, 110 JOCTITHAIBKAM IporpamMamM y chepi mATPUMKH IPUAHSTTS pillieHb Opa-
Ky€ JOCIIKEeHb, ki 0 Bu3Hauaiu inTenekryabHi DSS (Decision Support Systems), MojieltOBaHHS CIICHAPIiB Ta
CUMYIIAIIIH, data analyze B KOHTEKCTI iHTErpallii peaJJbHOTO Yacy Ta MPOrHO3HOT aHATIITHKY Ha Pi3HHUX piBHAX) [7, 8].

Meta crarTi. Po3BuTOK 1IMDPOBHX TEXHOJIOTIH CIPUYMHUB CTPIMKE HAPOCTAHHS OOCSTIB JaHWX y Taly3i
TpaHcrnoprty. s popMyBaHHS K CTpaTETiYHNX, TAK 1 TAKTUYHUX PIIICHb KPUTUYHO BAXKIIMBOIO € IHCTPYMEHTAIbHA
CTIIPOMOXKHICTD BUSIBIIITH 3HAUYII 3B SI3KM MK (pOpMaMy IIEPEBE3CHHS, KJIacaMH 3aMOBHHUKIB-BaHTa)KOBIIPaBHHU-
KiB, TUIIAMH PYXOMOTO CKJIaJy, 30HaMU TreorpadiyHoro o0CIyroByBaHHS, HOMCHKIATYpPOIO BAHTAXKIB, TA 1HITHNMHU
mapamMeTpamu.

Leit migxin HaOyBae 0coOIMBOT Baru MpH JOCIIKEHHI IHTEPMOJIAJIBHUX TIEPEBE3EHb, /I B3a€MOJIis MIXK Pi3-
HUMH BUIaMHU TPAHCIIOPTY NOTpeOye TOUHOTO iH(popMaiiHOro 3a0e3nedeHHs. Y 1bOMY KOHTEKCTI, 3aCTOCYBaHHS
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MaTeMaTHYHUX METOJIiB MOJICIFOBAHHS BUCTYIIA€ KIIFOYOBUM 3aCO00M J1JIsl BABYCHHS B3a€MO3aJIS)KHOCTEH MK KOM-
MOHEHTAMH TPAHCIIOPTHOT CUCTEMH Ta MOJCIISIMH MOBEAIHKU KIII€HTIB.

AKTyanbHICTb JOCIIPKEHHsI OOYMOBJICHA CKIIQJHICTIO Ta 0AraTOrpaHHICTIO MOCTABJIEHOTO 3aBAaHHS, HOro
MPAKTUYHOIO IIHHICTIO, & TAKOX HEJIOCTaTHIM PiBHEM HasBHUX pO3po00K Y IIiii chepi.

MeTto10 0CaizKeHHs € (OPMYBaHHS IEBHOIO Ha0OPY 1HCTPYMEHTIB, SIKUH CIIPUATHME OTPUMaHHIO HE0O-
X1THOT iH(opMarii 171 ONTHMI3allil IPOIeCiB MPUUHATTS pillieHb came y chepi IHTepPMOAATBLHUX JIOTICTHYHHUX OIle-
partiii.

Bukian ocHoBHOro martepiaiy. Po3po0OiieHi Mojiesni MatoTh OyTH CIPSMOBAaHI SIK Ha MPUBATHUX YYaCHUKIB
PHUHKY, CepeJt SKUX OIepaTopy MepesK, JIOTICTUYHI IIPOBaiIepH, BIACHUKH TEPMIHAJIB UM CIIeliaTi30BaHi iHTepMO-
JIAJTbHI OTIepaToOpH, TaK 1 Ha Jep)KaBHI YCTAaHOBH, BKIFOYHO 3 OpraHamMu ()OpMyBaHHsI TIOMITUKH Y TaIy31 TPAaHCIIOPTY
Ta aAMiHICTpamisMU MOpPTiB. Takuii MMPOKUI CIEKTp KOPUCTYBadiB mependadae 3acTOCYBaHHS MAaTEeMaTHIHOTO
IHCTPYMEHTAapil0 MaTeMaTHYHOTO anapary, 1[0 BapiloeTHCs 3a PIBHEM CBO€T CKIIQIHOCTI.

V 3aBnaHHsX, /e BUKOPUCTOBYIOTHCS KaTeropiajibHi a0o 3Mimalg’i JIUCKPETHI JIaH1, METOJl aHai3y BiAMOBiI-
Hoctei (Correspondence Analysis, CA) ctae nmpupogHuMm Bubopom. Moro kinrodoBa mepesara Moyiirae y 31aTHO-
CTi BiIOoOpakaTu CTPYKTypy acolliauiil y HU3bKOBUMIPHOMY MIPOCTOPi 6€3 HEOOX1IHOCTI MTYYHOTO MEPETBOPECHHS
KaTeropialbHUX XapaKTEPUCTUK Yy YHCIOBI. Lle crpolye BUSBICHHS NMPUXOBAHUX 3aKOHOMIPHOCTEH y BEIHKHX
MacHBax KaTeropiajibHUX JaHuX. Ha BiJIMiHY BiJl METOTy TOJIOBHUX KOMITOHEHT, SIKHH OPIEHTOBAHHM 37€0LIBIIIOTO
Ha YHCJIOBI y3arajibHEHHs 0araToBHMIpHOI iH(poOpMaIlii, aHali3 BiAMOBIIHOCTEH € OLTBII ePEeKTHBHUM I Yac
po0OTH 3 KareropialbHUMHU TaHUMHU. BiH I03BOISIE TOYHIIIE OMUCATH CTPYKTYPY B3a€EMOBITHOCHH y TPAHCIIOPT-
HUX CUCTeMax 0e3 CIpoIleHHs 0araTOBUMIPHOCTI. Pe3ynbTraTi bOTo METOIY MPE3EHTYIOThCS Y HU3bKOBUMIPHOMY
€BKJIIJIOBOMY TIPOCTOPI, J€ MPOCTOPOBE PO3TAINITYBaHHS TOYOK BiJOOpa)kae PiBCHb acoIliamiid MiX BiAIOBIIHHUMU
KaTeropisiMu ado iX BiJICYTHICTb.

Memooonocia. Anroputm Correspondence Analysis 1715t 3a1a4i cerMeHTaIll pUHKY iHTEpMOJATBHIX MepeBe-
3€Hb CKJIAJIAEThCA 3 TAKUX KPOKiB.

Kpoxk 1. [ToctanoBka 3aayi. 3aBiaHHs MOIATaE B aHalli3 iHTEPMOJATbHHUX JIAHIIOTIB, BUSIBJICHHI, Kia-
CiB BaHTAXOBIJNPaBHUKIB, 1[0 (HOPMYIOTH MOMUT HA KOMOIHOBAaHI MapUIPYTH, BUSBICHHS BY3IiB, A€ JOLIIHHO
(opMyBaTH TEPMiHAJIBHO-CKIAJICHKY 1HOPACTPYKTYPY Ta MYJIbTUMOAAILHI TepMiHAIHU. 3HAUYIUM € Te, L0 Ha
mijcTasi pe3ynbTariB CA BUSBISETHCS CETMEHTAIlisl pUHKY, (POPMYIOTbCS CEIMEHTHU KJII€HTIB 3 OAIOHUMHU MPO-
¢bitsiMu BHOOPY MOIAITBHOCTEH; 1Ie ITO3BOJISIE sl KOYKHOTO CErMEHTa po3pobutu audepeHiiiioBany TapudHy
1 CEpBICHY CTparerilo.

Kpok 2. ®opmadizania BXigHux ganux. BxigHi 1aHi peCcTaBieHI KOHTHHICHTHOK MaTPHIICIO S po3mip-
HOoCcTim X k: S=[s{ij}],i=1,...,n;j=1, ..., k, 1€ paaKu i BIIMOBITAtOTh THIIaM TIepeBE3eHb (aBTOMOOLIBHI, 3aJTi3-
HUYHI, MOPCHKI, aBialliliHi, KOMOIHOBaHI TOIIIO), & CTOBIIIII j — KJIacaM KOPHCTYBaviB a00 Cy0’ €KTaM IHPPACTPYKTYpH
(BUpOOHUKH, JIOTICTHYHI ONIepaToOpH, pO3ApiOHI Mepexki, EKCIICTUTOPH, KIHIIEB] CIIOKHUBAY1 TOIIIO).

1T enement s{ij} mictuth abcommoTHY 4acToTy a60 3BaKeHe 3HAUYCHHS BUOOPY BU/LY IEPEBE3EHHS i PEICTaB-
HUKaMH KJ1acy j 3a 00paHuii nepioz.

3aBaaHHs MMOJIATAE B aHANTI3 IHTEPMOIaIbHUX JIAHIIOT1B, BUSBIICHHI, KJIACiB BAHTAYKOBIIPAaBHUKIB, 110 (op-
MYIOTh MONUT Ha KOMOIHOBaHI MapIIPyTH, BUSBICHHS BY3I]iB, A€ AOLIIBHO (JOPMYBaTH TEPMiHATBHO-CKIAICHKY
1H(PACTPYKTYPY Ta MYJIBTUMOAAIBHI TEPMiHAIH.

3HauyIIMM € Te, U0 Ha miJcTaBi pe3ynbTariB CA BUSBISAETHCS CETMEHTAllisl PUHKY, (POPMYIOTHCSI CETMEHTH
KITIIEHTIB 3 MOAIOHIMU PO LIIMI BUOOPY MOAATBHOCTEH — 1€ JO3BOJISIE ISl KOOKHOTO CErMEHTa PO3POOHUTH TUde-
peHIifoBany Tapu(HYy 1 CEpBICHY CTPATETIIO.

Kpox 3. Hopmasizariist Ta moOynoBa npodiis

BusHavyeHHsT 3arajibHOi CyMH €IIEMEHTIB Stot Ta ToOyaoBa MaTpuIli WMOBIpHOCTEW (BiIHOCHHUX YacTOT)
P= {pﬁ}, i=1,..,mj=1,.. k

Stot:Zn:Zk:sij, i=..,n j=L..,k

i=l j=1
Vi=1,...,n;, j=1,..., k:py_zpi/,/Stot.

Kpok 4. LlentpyBanns nanux (MapriHayibHi npodii:):

Ha nanomy kpoti, sikuii 6a3yeThCsi Ha rinoTesi Npo He3aleKHICTh, BU3HAYAIOThCS BIIMIHHOCTI MIXK CHOCTe-

peKyBaHUMHU TIPODUISIMHU PSIKIB/CTOBIIIIB Ta XHIMU O4iKYBaHUMH (CEpEIHIMHU) 3HAYCHHSIMHU.
Busnauaemo Bexropu 71 = (rl, rl,, ..., 7l ); 12 =(r2,72,, ..., 2,) — PAAKOBI Ta CTOBITMMKOBI MapriHai.

k

rl, =Zpl.j,i =1...,n, j=1...k

J=1

r2; = Zpl.j,i =1...,n j=1,...,k
i=1
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Toni psaKoBi Ta CTOBITYMKOBI podisi (HOpMai3oBaHi 0 CyMi psiAKa) MAIOTh BUIIISA:

Pi P by Py . .
= =, |, pr = yeens , i=1...,mj=1..k,
2 rl, rl, P r2, r2, J
odikyBaHi qacrorn E ={e }, i = n'j—l , k; e, =rl xr2,

s anamizy TaGIHULLb CHpH)KeHOCTl o6paHo . BlIICTaHL it BI/I61p € TIPUPOIAHUM, OCKIIBKH BpaxoBye Mpo-
nopuiiini BiamMiHHOCTI, a He abcomoTHI yacToTH. BoHa 103BoJIsie MOpiBHIOBATH Mpodiii He3aJeKHO BiA TOTO,
HACKUIBKHM BEMUKi a00 MaJi 3arajbHi CyMU PAJKiB UM CTOBMLIB. LI MeTpuKa IeXUTh B OCHOBI aHAJII3y BianoBia-
Hocreill (CA), ToMy 1110 3a0e3meuye BiJoOpaKeHHS B Y3TOXKEHOMY T€OMETPUYHOMY MPOCTOPI.

BusHaueHHs BiacTaHi X?> MixK psIIKaMU Ta CTOBIIISIMU:

Bupasz must d*(i, i') ciyrye juis 3iCTaBieHHS npoginié psaokie — a camMe, YMOBHUX PO3IMOMIIIIB Kareropii j
y MeXax pAaKiB i Tai’.

2

ll =i1 pl/& >

= r2‘ rl, rl,

1 2
.. < Py Py

dz b ' = ! # b
(] / ) i rl\r2, r2,

d*(j,J'") 1ae MOXKIIUBICTH IOPIBHSITH CMOGNYUKOSE NPOiii — TOOTO YMOBHI PO3IOILIH KaTEropiii i y CTOBMIIX j Taj .

Ko Benmuunu d?(i, i') ta d” (j, /') He3HAYHI, 11€ CBIIYHUTH PO TE, IO PO3MIISAYBaHI PSIAKHA/CTOBIII IEMOHCTPY-
I0TH CXOXI1 Mpo(ii; IHIIMME CITOBaMH{, BOHU PO3MOIUISIOTE BaroBy YacTKy IO KOJOHKAaX (CTOBIIIX) aHAIOTIYHHM
yrHOM. HaToMiCTh BeMKe 3Ha4eHHs BKa3ye Ha CyTTEBI pO30IKHOCTI Y CprKTypi YAaCTOTHHX PO3MOJIUIIB IINX pHIIKiB

Barosi KoeqnuleHTH 1/r1, Ta 1/r2, 3a6e3meuyioTh KOPEKTHE MOPIBHSAHHS KaTeroplanLHHx po3mofiniB, HiBe-
JIFOIOTH 1CTOTHI po361>1<H00T1 saralbHUX YacToT. BOHM HajaKoTh GLIbIION 3HAUYIIOCTI TUM KOJIOHKaM./psJKaM, sKi
MAaloTh MEHIII 3arajibHi 4acToTu. KoedilieHTH 3acTOCOBY€EThCS 331715 TOT0, aOU KaTeropii, ki He He4acTo 3ycTpida-
I0ThCS, Opalii aKTUBHY y4acTh Yy ()OPMYBaHHI OLIHKU BiIMIHHOCTEH, a HEe 3aJUIIaIiCca HeTTIOMIYeHUMHU Ha TiI1 OUTbII
YUCENbHUX (JIOMIHAaHTHHX) [TOKa3HUKIB.

Kpok 5. CunrynspHuit po3kiaz

Kpoxk nepenbauac:

— (opMyBaHHS MaTpHIll BIIXHIICHD A, sIKa BU3HAYAETHCS SIK

A=D,"*(P-r1-r2")D,,",

ne P={ P; } — Marpuus CrinbHuUX yactot, D = diag(rl) — niaronanbHa mMarpuus cyM psakis, D , = diag(r2) — nia-
roHajbHa ManI/IL[H CyM CTOBIIIIB;
— 3aCTOCYBaHHsI CHHTYJSIPHOTO PO3KIIATy

A=UZVT,

ne UiV — opToHOpMOBaHi MaTpuIli JiBUX Ta IIPAaBUX CHHIYISAPHUX BEKTOPiB; X = diag(G , G,, ...,) — JiaroHanbHa
MaTpullsl CHHIYISPHUX 3HAa4eHb? G. BilINOBIAAIOTh YACTII 3arajbHOi 3MiHHOCTI (iHepuii), MoACHEHOT k-10 KOMIIO-
HEHTOIO.

Marpuus BigxuieHHs GakTHYHHUX Y4acTOT Bij ouikyBaHux (P — r1 27) BinoOpaxkae HACKIIBKY HasBHI 3aJIeX-
HOCTI BiIXHJISIFOTBCS BiJ| MOZIEIIi CTATUCTHYHOT He3aexHOCTi. A MHOXHUKH D", D7)”* 3abe3nedyroTs iHTeppera-
Lif0 B €BKJIIIOBOMY TIPOCTOPI, YCYBaIOTh HEPIBHICTh MAacINTA0IB MiXK PsIIKAMH Ta CTOBHHHMI/I.

Kpoxk 6. Bizyamizaris.

KoopanHartu psiikiB Ta CTOBIILIB, SIKi OMUCYIOTh TEOMETPUUHY CTPYKTYpPY TaOJIHUIl CHPSKEHOCTI B HU3BKOBH-
MIPHOMY IPOCTOPi BU3HAYAIOTHCS B OPTOHOPMOBAHOMY MPOCTOPI:

F=D]"Uz,
G=D,"Vx.

i koopaMHATH MEPEHOCATh 00’ €KTH (PSAAKU Ta CTOBIILI) J0 €IUHOTO MPOCTOPY YMHHHKIB, TOOTO MO MpO-
CTOpY, y SKOMY KBaJpaT €BKJIIJJOBOI BiJICTaHi Mi’ BEKTOpaMu HaOyBae 3MiCTy y’-BiICTaHi; a BEKTOPU BKAa3yrOTh HA
KJIIOYOB1 TEH/ICHIIT y B3a€MO3B’sI3KaX. 30KkpeMa OJM3bKiCTh MO3UIIIH IBOX TOYOK BiZOOpakae CXOKICTh IXHIX Xapak-
TEPUCTHUK, & BEKTOPHU, CIPSIMOBaHI IPOTHIICKHO, CBIIYATh MPO IPOTUCTABICHHS KaTeropii. Bincranb KOHKpeTHOT
TOYKH BiJI TOYATKY KOOPJUHAT XapaKTEePU3y€e 3HAUYILNICTh BIAMOBIHOT KaTeropii.

3a3Buyaii HAaHOLIBIITY YaCTKY 1HEPIIT MOSCHIOIOTH MEPIITi JB1 KOMIIOHEHTH, III0 CTBOPIOE MOXKIIMBICT ISl Bi3y-
amizarii Ha TBOBUMipHOMY Tpadiky, Iie Tak 3BaHa 2D-mpoekiiis. BuHukae nmepcrekTrBa iIeHTH(IKAIT KIacTepiB
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PAAKIB 1 CTOBIIIIB, OLIHKKA HAMPSIMKIB HAMCHUIBHININX acOIlialliif, BUSBICHHS! CHMETPHUYHOCTI CTPYKTYpH B3aEMO-
3B’S3KiB.

BucHoBku. Sk mpuKIaj 3aCTOCYBaHHS 3allPONOHOBAHOTO MiAXOAY MOKHA HABECTH aHANI3 JaHUX, OO
BUKOPUCTAHHS TOTO YW 1HIIOTO TUILY TPAHCIOPTY (3aJi3HUYHUHN, aBTOMOOUIbHUM, BOZHUN (MOPCHKUH, PIUYKOBUIA),
MOBITPSAHUIN) PI3HUMHU KJIacaMH TPYIIH KIIIEHTIB, a came: BUPOOHUKH, PO3PiOH] TOProBli, JOTICTUYHI ONepaTopH,
areHTH eJICKTPOHHOI KoMepIii. B TakoMy BHIanKy B KOHTUHTEHTHIM MaTpHIli psSAKH BiIIOBIAIOTH BHUAAM TPaH-
CIIOPTY, @ CTOBIIIII I'PyIaM KJII€HTIB.

HanpagieHicTe Ha 1HTEpMONAIbHICTE Tependadae BUSBICHHS MOTPEO BAaHTAKOBIIIPABHHUKIB, sKi (opMy-
FOTh ITOTIMT Ha KOMOIHOBaHI MapIIpyTH. 3aCTOCYBaHHS 3allPOIIOHOBAHOTO MIIXOTY AACTh YSIBICHHS NP0 BY3IIH, J¢
JIOIIJIBHO MPOBOJIUTH 1HBECTHINT y TEPMIHAIBHO-CKIIAJICHKY 1HOPACTPYKTYPY Ta MYJIBTHMOJIATBHI TEPMIiHAIH, SKi
MO€THAHHS MEPEBAXKAIOTH 1 SIKi caMe MOCIyTH HeoOXiHi 1 KO0 Miporo. BuKkopncTanHs MeTomy aHallizy BiAMOBiA-
HOCTEH, K€ CTBOPIOE YHUCEIBHO-BI3yalbHY MPOEKIIIO TeorpadiuHux 30H i MOJAIBHOCTEH J1a€ MOXKIIMBICTh BU3HA-
YUTH NPIOPUTETH IHBECTHLIN Y By3/IH 3 BUCOKOIO OYiKYBaHOIO IHTCHCHUBHICTIO 3MIIIaHUX BaHTAXOIMOTOKIB.

IIle oaHe 3acTOCYBaHHS JIEXKUTh B IApUHI e(hEKTUBHOI TapU(PHOI MOTITUKH, SKOT JOILIIBHO JOTPUMYBATUCS
BaHTAXXOIMEPEBI3HUKAM Ta JIOTICTUYHMM omeparopaM. 3a pesynsraramu Correspondence Analysis GpopmyroTbes
mudepeHiiiioBana TapudHa i cepBicHa cTpareris, OpieHTOBaHa Ha CEIMEHTH KIIIE€HTIB 3 MOMIOHUMU PO IAMHU. Ha
mijcTaBl BUOOPY MOAAIBHOCTEH KO)KHUM CETMEHTOM CIIO)KHMBAuiB MOCIYT.

Bxkpaii BaXJIMBUM € Te, IO METOJ JIETKO IMIUIEMEHTYEThCS B JisJIbHICTh €KOHOMIUHUX CYyO’€KTIB Pi3HOTO
piBHs. HasBHa morpeba mepeniny MmolepenHixX pillieHb depe3 3MiHy CHTyaIlil Ha PHHKY IepCBE3€Hb, BHKIHUKAE
HEOOXIJIHICTh TIEPIOIMYHOTO BUKOHAHHS aHaJli3y BiMOBIIHOCTEH Ha MOCIIIOBHUX KBa3ipenpe3eHTaTHBHUX BHOIp-
kax. [loeqHaHHS BITHOCHOI JIETKOCTI 3aCTOCYBAHHS Ta IHTEPIPETAIlii pe3yJIbTaTiB JO3BOJISE BIJICTEKYBATU 3CYBH
B yIo00aHHIX KOPUCTYBAYIB 1 aJalTyBaTH OTICPAIliiHY ITOJIITHKY.
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