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The Process of Transformation Monolith Data
Platforms to Decentralized Data Mesh

Viktoriia Onyshchenko, Yevhenii Vlasiuk
Department of Information Systems and Technologies
Igor Sikorsky Kyiv Polytechnic Institute
Kyiv, Ukraine

Abstract. This research is dedicated to a transformation process of monolithic centralized platform to distributed Data Mesh. It covers
rationale for organizations when and why they should think about modernizing their data platform to Data Mesh, proposes how
standard components and layers of traditional centralized data platform should be adopted to Data Mesh architecture to drive efficient

level of data quality, data ownership and governance.

Keywords: data platform, Data Mesh, data governance.

Ilpouyec mpancghopmauii inghopmauinnoi cucmemu
00poOKU ma ananizy OaHux 610 MOHOJIMHOL 00
OeueHmpani308anoi ma po3nooLieHol

Omnuienko Bikropis, Biactok €Breniit

KIII imeni Iropst Cikopcbkoro
KuiB, Ykpaina

Anomauia. Po6oTa npucBsiyeHa BUBYEHHIO MPOLECY MOJePHi-
3anii HeHTpaJjizoBaHux iHdopMauiliHUX cHcTeM O0OPOOKH JaAHUX
110 po3nojinennx cucrem. B pamkax podoTu po3riasaaaTbes npu-
YHHH NePexoay Bii HeHTPATi30BaHUX 0 I eHTPATI30BaHUX CHC-
TeM 00pOOKH AaHMX, 3aIIPONIOHOBAHI KOMIIOHEHTHI AiarpaMu 000X
THIIB CHCTEM, a TAKOK ONMCAHN mpolec TpaHcdopMauii mporpa-
MHOI apXiTeKTypH, 3alIPONOHOBaHi MPOrpaMHi MOAYJIi IK YACTHHU
MPOrpaMHoOi apxXiTeKTypH po3NoAijieHol cHCTeMH 1151 BUPillIeHHsI
NMHUTAaHb BJIACHOCTI, JOCTYMHOCTI i IKOCTi JaHMX.

Knrwuoei cnoea: ingpopmauiiina cucmema 06podxu oanux, ananiz
Oanux, oeyeHmpanizoeana cucmemd.

Beryn

Opni€ro 3 pyHAaMEHTATBHUX 3MiH MUHYJIHUX ICCATHIITH B
ramysi nudposizamii Ta iHGopMaTH3amii € 3emeBneHHs 30epi-
ranHs naHux. e 3amycTuio JaHIoroBy peakiiito 3MiH K KOM-
naHii Ta opraizaiii cHpuiiMaroTh CBOI JaHi Ha BCIX eTamax
YKUTTEBOTO LIUKITY, IOYMHAIOYHN BiJl 300py TaHUX, 3aKIHUYIOUU
iX 00poOKOI0, aHATI30M 1 BUKOPUCTAHHSIM JJIsl IPUIHATTS Pi-
mens. Lle 703B0MII0 KoMIaHisIM 3 IHAYCTPIiM, SIKi ICTOPUYHO He
npiopuTe3yBaiy iHHOPMATH3AIIIIO 32 OCHOBY CBOT0 0i3HECY, 5K
OT JIETKa ITPOMHUCIIOBICTh, MAIIMHOOY TyBaHHS Ta 1HIII, OYATH
6ynysaru cBoi IT Bignminm, po30ynoBysatu cBoro IT indpa-
CTPKYTYpY, OyIlyBaTH CBOI CXOBHIIA IAHUX i CUCTEMH 0OpOOKH

14

i aHamni3y nanux [1]. Jani cramu kpuTHIHAM (HaKTOPOM B MPHii-
HATTI pillIeHHS MO0 ONTHUMI3aIlii poOOTH MiAIPHUEMCTB, 3011b-
LICHHS JOXO.Y, 3aJly4eHHs] HOBUX KOPUCTYBadiB, TOLLIO.
Indopmartiitai cucteMu 00poOKH JaHWX MPOMIIUIA JOBIHH
LIJISIX €BOJTIOLIT BiJi MEHH(PEHMIB 10 XMapHHUX CUCTEM, BiJ CH-
CTEM OCHOBaHHX Ha peJisiiiHUX 0a3ax AaHUX 10 TiOPHIHHUX CH-
CTEM 3 BUKOPHCTaHHSIM PO3MOALIEHUX (ailoBUX CHCTEM, TO-
€JIHAHHS PEISIIHIX, HepelsiiHuX 0a3 JaHux, miaThopm iH-
JieKcallii JaHuX, MOBHOTEKCTOBOT'O MOLTYKY O IaHHX, TOIIO.
[Ipote B ocTaHHI pOKH, HOBI BUKIMKU 3MYIIYIOTh aJamNTy-
BaTH CUCTEMH OOpOOKH 1 aHaIi3y JaHUX A0 MOTOYHHX peajliiB.
CrpiMke 30UTBIIICHHS TaHUX PI3HUX 33 CBOEIO MPHPOJIOI0, POp-
MOIO0, a TOJIOBHE, CYTTIO B paMKaX OJHIi€l OpraHi3allii, 3MyIIye
3aMHUCIIATHUCH, UM JOIUIFHO MaTH OAHY CHCTEMY O0OpOOKH BCiX
JIAHWX 91 BApTO e OiIbIIe JeTieHTpalti3yBatH el mporec [2].
Ha xopucTh MOHOMITHOT IICHTPAJII30BAHOT CUCTEMHU 0OPOOKH 1
aHaJi3y JaHUX TOBOPUTH MOXIIUBICTh 00’ €IHYBATH JIaHi 3 pi3-
HUX 0i3HEC JOMEHIB B I[UTICHI aHATITUYHI TPOAYKTH. Matu po-
3yMIHHS SIK pEKJIaMHa KaMIaHii MapKeTHHIOBOI'O BiJIiTy
BIUIMHYJIA Ha MMPOAAXI 1 301IbIIEHHsI BUPYYKHU MPH I[bOMY CIIPO-
THO3YBaTH 00’ €M BUPOOHMIITBA B HACTYITHOMY KBapTaJli, MO3HU-
THUBHO BIUTUBAaTHME Ha poOOTY KoMmmaHii. B Toif ke wac miaxin
710 00’ etHaHHS 0OPOOKH BCiX JaHUX B OAHY IUIATGOPMY NpHU3-
BOJHTH J0 3HAYHOTO PO3POCTAHHS OCTAHHBOT, 3MIIIyBaHHS 30H
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BIJIMIOBIAJIHOCTI 1 BIACHOCTI NAHHUX CEpel Pi3HUX KOMaH] 1
Bigaitie. Coemianicty 3 GiHAHCOBOTO BiAIUTY HE 3MOXKYTh J10-
CTOBIPHO PO3YMITH i TPAaKTyBaTH MapKETHHIOBI J1aHi 1 HABIIaKH.

Came ToMy opranizanii Bce MacTinie pyXaroThCsl BiJf MOHO-
JITHAX CUCTEM OOpOOKHU JaHWX JIO ACLIICHTPAIIi30BAHUX i Opie-
HTOBAaHUX il KOHEKPETHUH JOMeH Oi3Hecy, 0 SKOro OyayTh
BimHOCHTHCE AaHi. [Ipomec Takoi Tparchopmariii BUMarae cyT-
TEBUX 3MiH B MPOTPaMHIN apXiTeKTypi cucTtemMu, MOAHQiKamii
ICHYIOYHX IPOrPaMHHUX KOMIIOHEHTIB, a TAaKOXX CTBOPEHHS HO-
BUX MIPOrpaMHHUX MOAYJIB Ta migcucteM. Came TOMY BapTo po-
3IIISIHYTH Led Tpolec AeTajbHile.

PIBHI MOHOJIITHOI IHOGOPMAILIMHOI CHCTEMU OBPOBKH TA
AHAJ3Y JAHUX

Ha puc. 1 npencrasiena KOMIOHEHTHA Jliarpama piBHIB MO-
HOJITHOI iH(pOpMAIiiHOI cucTeMHn 00pOOKH Ta aHATI3y AaHHX.
JaHi 3 mepIopkepes 3aBaHTaXyIOTHCS B IPOYKTOBHUI piBEHb
cucteMu. Moy IibOro PiBHS BiIMOBIZAIOTH 32 OYUINCHHS,
JOTIOBHEHHS, (DITIBTPAIlifo, arpepyBaHHs JaHUX 1 B PEIITi-pemT
3a CTBOPEHHI MMPOTrPAaMHUX HPOMYKTIB HA OCHOBI TaHUX — 3Bi-
TiB, Bizyaumizauiii [3]. OnepauiiitHuii piBeHb CHCTEMH MiCTHTH B
co0i MOy KOHTPOIIO SKOCTi JaHWX, MOHITOPUHTY 1 IJIaHY-
BaHHS BHKOHAHHS IPOIECiB OOpPOOKH JaHWX, a TAKOX Kepy-
BaHHS IHTErpaIli€l0 OCHOBHUX MaHMX KOMIIaHIl 3ayis yHHK-
HeHHs iX ayOmoBaHHs. DIHAHCOBI, MAPKETUHIOBI Ta iHIII Ha-
60pu TaHUX 00POOJISIOTHCS OHIEIO TUIAT(HOPMOIO, KOHTPOJIIO-
IOTBHCSI | MOHITOPSTHCSI OTHUMH MOJYJISIMH, 1110 JO3BOJISIE TIEpe-
BHUKOPHCTOBYBATH JIaHi IS pI3HUX IIiJIeH, BUIUIATH Ha0OpH Ja-
HUX, [0 BAKOPUCTOBYIOTBCS B PI3HUX Cepax, B AKOCTI CITLIb-
HUX 1 HaJIaBaTH JOCTYII 10 HAX Pi3HUM KOPHCTYyBa4yaM, 3aJInIIa-
FOYH KOHTPOJIb HaJl IKICTIO 1 HATIOBHEHICTIO X HA0OPIB JaHUX
3a IEHTPAII30BAaHUM OllepalliifHIM KoMIIoOHeHTOM. Lleit acriexkt
€ KpUTHYHO BaKJIMBHM i 3a0e3ledeHHs YHIKaJIbHOCTI Ta
KOHCHCTEHTHOCT] JAaHWX — ONHHUX 3 HAWBaKJIMBIIINX ACIIEKTIB
SIKOCTI JaHHX.

LEHTRANIS0BaHA (MO PMALIINHA CHETEMA HBPOGKN, aHaniy
BAHHK T NOOYA0EN NBOAYKTIE SAHAK ONHCOBCT | NPEQMHTHEHO!
AHANITHEW

(" [wepena gade

| danyuens

r'.‘lc\«rv-_-ua:..-‘ Aanl it

Hectpykrypoaani
i

MATEOPMA
Bisnec-
ananiTem

| MoTokme: faes |

| MakeTia nam

KOPHETYESM CHOTEMM

Puc. 1. KomnoHeHTa iarpama piBHIB IEHTpani3oBaHOI iHpopMamiiiHoi
cHCTeMH 00pPOOKH Ta aHaITi3y JaHHUX

SIK1Io po3TIIAHYTH, HAPUKIIA, Habip JaHUX PO KOMIIaHii,
IO ONEPYIOTh HA PUHKY, TO € KPUTHYHO BKIMBUM abW 1el
Habip AaHux OyB yHIKaJIbHUI B paMKaX CHCTEMHU 1 BAKOPUCTO-
BYBaBCsl BCIMa ITPOIIecaMu i MPOyKTaMK. 3BOPOTHE MOXKE MPH-
3BECTH J0 CUTYallii KOJIH iHpOpMallis Ipo OJHY # Ta kK KOMIIa-
Hist OyJe NpUCYTHS B IBOX Habopax JaHMX 1 NMEBHI aTpHOYTH
MOXYTbh BiJJpi3HSITHCH, HANIPUKJIIA], iH(OPMAIIisS PO Po3Mip U1
ajipecy KOMIIaHii.
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OCHOBHI CKJIAHOIII 1 HETOJIKA MOHOJITHUX CUCTEM 00po-
OKH 1 aHaNi3y JaHMX BUHUKAIOTh B ACIIEKTaX KEPyBaHHS SKICTIO
JIaHUX, a TAKOX BOJIOJIIHHSM 1 IOCTYIIOM 10 IaHuX. [l Kope-
KTHOTO BHKOPUCTaHHS IaHUX KPUTHYHO BAXKIJIMBO IPABHIBHO
PO3YMITH 1 TI[yMauuTH KOXeH arpuOyT Habopy nanux. Habip
JAHWX, SIKAH TpecTaBisie (HiHAaHCOBI MOKA3HHUKH 1 pe3yJIbTaTH
MPOAAXKiB 32 MUHYJIHIA KBAPTaJ MOXKE MICTUTH JIECITKH (hiHAH-
COBHX ITOKA3HHUKIB i TPEACTaBICHb ITOXOMY, OTPUMAHOTO Bij
npojaxis. Jluiiie ekcrepT BiAMOBITHOT rajy3i 3M0OXKe KOPEKTHO
PO3TIlyMa4YHTH TaKy iHOPMAILIIFO 1 TPUAHSATH PiLlICHHS 1010 11
KOPEKTHOTO BHKOPHMCTAaHHS JUIS aHAJ3y BIUIMBY HEIIOJAaBHO
peaiizoBaHOT MapKeTHHroBol Kammanii. Came ToMy 4iTKe po3-
MEXXyBaHHsI BOJIOJIIHHSIM 1 BiJIIIOBIIaNBHICTIO 32 JIaHi € BaXK/IH-
BUM acIlleKTOM KOPEKTHOTO BUKOPHUCTaHHsI 1aHuX. He MeH Ba-
KIJIMBHM IIeH acIieKT € 1 JuIsd KOPEKTHOI NepeBipku 1 3abe3re-
YeHHs He0OX1HOT SIKOCTI TaHuX. TUIbKM eKCIIepT i BIaCHUK Ha-
0opy aHUX MOXKE IPUHHSTH PIIIEHHS 3 IPHUBOILY KOPEKTHOCTI,
MTOBHOTH 1 KOHCHCTEHTHOCTI. BiiCyTHICTE 3HaUCHHS B ICBHOMY
aTpuOyTi MEBHOTO 3alKCYy, APOOOBE 3HAUCHHS YW 3alHC 3 He-
CTaHIAPTHUM KOJYBaHHSIM IIEPECITHOMY KOPUCTYBady MOXKYTh
3[1aBaTHCh SIK AHOMAJIi JaHUX MPOTE MOXKYTh OyTH HIJIKOM OHi-
KyBaHHMH BiAIIOBIHO IO TIOTOYHHUX Oi3HEC MPOIIECiB B OpraHi-
3arii. TiIbKY eKCIepT 1 BIaCHUK JTaHUX MOJKE MPUHHATH OCTa-
TOYHE PIlIeHHs, I0J0 JOCTOBIPHOCTI IAaHHUX, MOXKJIMBOCTI Y1
HEMO>XKJIMBOCTI BUKOPHUCTAaHHS HA0Opy NAHMUX VIS MPUNAHATTS
pimenns. [Ipore maroum BCi JaHi B paMKax OJHIEI cHCTEMH
CKJIaJIHO PO3MEXYBAaTH KOPJOHH BOJIOJIHHS JaHMMH 1 BH3Ha-
YUTH BiJIIOBIANGHICTP 3a JaHi. lle mpu3BOUTH 10 HEKOPEKT-
HOTO BUKOPHCTAHHS i TPAKTyBaHHS NAHUX, y3araJbHEHHS Ipa-
BUJI KOHTPOJTIO 32 SKIiCTIO JJAHHX 1 BPEIITI-PEINT MPUITHATTIO I10-
MIJIKOBHX PillleHh Ha OCHOBI JaHUX.

JELIEHTPAJII30OBAHI PO3IIOAIJIEHI lH@OPMALllﬁHl CUCTEMU
OBPOBKU TA AHAJII3Y JAHUX

OpHuM i3 BapiaHTIB BUPIMICHHS WX MHUTaHb € Tepexia Bif
MOHOJTITHOI 0 PO3MOIiIeHOT iH(pOpMaMiiHOI crucTeMH 00po-
Oxu Ta aHani3y ganux (Data Mesh) [4]. KommonenTa giarpama
TaKoi cucTeMH HaBezieHa Ha puc. 2. Taka cucrema Mae psij 10-
JIATKOBUX PiBHIB 1 KOMIIOHCHTIB a0 3a0€3MEUUTH PO3ILICHHS
JTAHWUX, TIPOIIECIB TX 0OPOOKH Ta aHAIi3y, a TAKOX BOJIOJIHHS,
JIOCTYITY 1 BiJTIOBIJAILHOCTI 32 IaH1 MiXkK Pi3HUMH Oi3HEC JOMe-
HaMH, KOMaHJIaM¥ i Binginamu. B 3ampornoHoBaHill iHpopMa-
HiAHIA cUCTEeMI CIeNiTi30BaHi JaHI KOXXHOTO Oi3HEC TOMEHY
00pOOIIAIOTECS CTICIiali30BAaHIM 1 HE3aJIeKHUM PiBHEM 3aCTO-
CyHKIB 00poOKH i aHami3zy manux. OmnepamiiHui piBeHb 3a3Ha€
HaHOIIBIINX 3MiH, OCKIIBKH Ma€ 3a0e3rnedyBaT GenepaTHBHE
KepyBaHHS pecypcamu CUCTeMH. B nerieHTpaizoBaHiil cucTemMi
MIPOTIOHYETHCS PO3ALIUTH ONEPAIiifHUI PiBeHb Ha JBA: JOMEH-
HUI 1 KopriopatuBHui. JloMeHHMH piBeHb Oy/e BIAMOBIIATH 3a
KepyBaHH;I ITpoliecaMu 00poOKH 1 aHamizy JaHuX, sKi crierudi-
YHi JT0 IPUPOJIH 1 TOXOJKCHHS JaHUX, 1 OyIyTh 3aJUIIATHCh B
30HI BI/IMOBIATBHOCTI EKCIEPTIB 1 BIACHUKIB JTAHUX.

[e 30kpemMa KOHTPOJIb STKOCTI TaHUX, KOHTPOJIb JOCTYITY 10
JTAHUX, MOHITOPUHT Ta TUIAHYBAaHHS OCKITBKH BOHU 3aJICXKATh
BiJl YaCTOTH OHOBJICHHS JTaHUX, [TPABHJI MIEPETBOPCHHS 1 arpe-
ryBaHH:i. Ba)xmmBoro 3MiHOIO € Te, II0 Terep JaHi po3MoIiIeHi
MiX JOMEHAMH, MAlOTh Pi3Hi PiBHI IOCTYITy i TOMY HEMAa€ OA-
HOTO IIEHTPaIi30BaHOTO MicIlsl 30epiraHHs BCix AaHuX. SIK Ha-
CHIJIOK, MOCTa€ MHUTaHHS MOOYJOBU aHATITUYHUX MPOJIYKTIB,
SIKi TIOEJHYIOTh B COOI JIaHi Pi3HUX JJOMEHIB, SIK HAIPUKJIAJI, BU-
LIe3raJlaHni 3BIT NMPO BIUIMB PEKIaMHOI KaMmaHii Ha pe3ylib-
TaTH IPOJAXKIB i NPOTrHO3yBaHHS BUPOOHMIITBA.



Ingpopmayitini cucmemu ma mexnonozii | Information systems and technologies

AeueHTpanizonana iMdopMaLiang cucTema ofipofiod, asanizy gandy Ta
NOOYA0SH NpOYSTIS 4aHNK 0NMCOBOH | NPEONKTHE 0! AHENITHIN

ElHec goMeH - MapgeruHr

| MTEpdsas
HOpETY B

opnOpETHEN CnEpa

AR piB=HE

HOpPAIET yias cHETesty

Puc. 2. KomnonenTa fiarpama piBHiB JELIEHTPaNi30BaHOI pO3MOALIEHOT
iHdopMmariitHoi cucTeMn 0OpOOKH Ta aHATI3Y AaHHUX

BaxxnmuBrM KpokoM IIif 9yac TpaHcpopMallii MOHOJITHOT iH-
(hopmariitHOi crcTeMu 00pOOKH 1 aHAII3Y JaHUX B IETICHTPaTi-
30BaHy € CTBOPEHHS KOPIOPATHBHOTO OMEpaIliifHOro piBHS.
Bin micTuTh B 001 mporpaMHi MOy, SIKi 3a0e31eayBaTUMYTh
KOHTPOJIFOBaHE BUKOPHUCTaHHSA MPOIYKTIB AaHUX MK Oi3Hec
JIOMEHaMH, MTPIOpUTE3yBaTUME III00ATBHI IpaBHJIa MEPEBIPKH i
BaJIiAAli] JaHUX, a TAKOXX KOHTPOJIIOBATHME 1 PO3NOALISTUME
KBOTH Ha BUKOPHCTaHHS OOYUCIIOBAJIbHUX PECYPCIB B paMKax
IHQpaCTPyKTYpH CUCTEMH.

KopnopatuBHuii onepaniiiHuil piBeHb € IEHTpalli30BaHUM
KOMITOHEHTOM B JICLIeHTpalli3oBaHiil cucteMi. Tomy npu Bui-
JICHHI KOPIIOPATUBHOTO OIEPaNifHOTO PiBHSA BaKIHMBO 30epe-
I'TH HeOOX1THUH piBeHb THYYKOCTI 1 KOHTPOJIO IS JOMEHHUX
migcucTeM, abl He 3BECTH 3arajibHy apXiTeKTypy CHCTEMH JI0
MOHOIITHOI. B TO#i jke 4ac BaKJIMBO BCTAHOBHUTH YiTKi PAMKH i
MpaBwjIa, BUKOHAHHS SIKUX € 000B’SI3KOBUMH U ITiACHCTEMH
KOXKHOTO JIOMEHY, OCKUIbKH B 1HAKIIIOMY BUIIAJIKY I1€ MOXE He-
CTH PU3UKH JUIs Beiel opranizanii. [Ipukinazamu Takux npaBui
MOXYTb OyTHU MOJIITHKK 300py, 30epiranHs, 0OpOOKH i pO3IOB-
CIOJDKCHHSI TIEPCOHATIBHUX JAaHUX, POOOTa y BIIIOBITHOCTI 110
CTaHIApTIB 1 cepTudikalriii, Tomio.

OcraHHiM, aJie He MEHII BaKJIMBUM KOMIIOHEHTOM KOpIIO-
PaTHBHOTO ONepaniifHOTO PiBHSI 3aIIPOIIOHOBAHOI PO3IIOIICHOT
crcTteMr 00pOOKH 1 aHAI3Y JaHUX, € KOMIIOHEHT iHTerpariii oc-
HOBHUX JIaHMX. B posmnofineniit cucremi KOHTpOIIb 3a yHIKab-
HICTIO HA0OPiB AaHMX CTA€ CKIAJHIIIMM OCKUIBKA MiICUCTEMH
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CaMOJIOCTATHI 1 130JIbOBaHI Ha €TaIli BAKOHAHHS IPOIIeCy 00po-
Ok 1 aHamizy ganux. KoMIOHEHT iHTerpaiii OCHOBHUX TaHHX
MYCHUTD 3aJIMIIATHCh LIEHTPAJIi30BaHUM 1 OIepyBaTH Ha piBHI
Bci€l opranizamii 111 YHEMOKIIMBIICHHS TyOJtoBaHHS! HabOpiB
JaHUX MK pi3HUMH oMeHaMu. [Ipy 11boMy KOMIIOHEHT MOBH-
HEH JJBOCTOPOHHBO iHTErPYBaTUCH 3 YCIMa JOMEHAMH, OTPUMY-
BaTH iHQOpPMAIIii BiJ KOXKHOTO 3 HUX PO HOBi HAOOpH JaHUX i
aHAJ3yBaTH YM BiJMOBiJa€ el HaOIp JaHUX KPUTEPiIM OCHO-
BHOTO Ha0Opy aHUX. Y BUIAJKY, SKIIO Ha0ip JaHMX BU3HAHO
OCHOBHHM, BiJIIOBIJAIBHICTb 32 HBOT'O IEPEHOCUTHCA 3 TOMEH-
HOI KOMaH/IM Ha IIEHTPaJIi30BaHy KOMaH/Y 1 BiIOBITHO MPOIIEC
HOr0 OHOBJICHHS CTAa€ KOPIOPATUBHUM ITPOLIECOM.

BUCHOBKU

[pouec tpanchopmanii MoHONITHUX iHQOpPMALIIIHUX CcHC-
TeM 00pOOKH TaHUX B JICIICHTPATi30BaHi MOTpeOye 3HAYHUX ap-
XITEKTYpPHHUX 3MiH, CTBOPEHHS! HOBUX MPOTrPaMHHUX KOMIIOHEH-
TiB, a TAKOX 3aJIy4eHHs pi3HUX KoMaHJ 1 ekcnepTis. Lleit npo-
[IeC TAKOX Tiependadac 3MiHy CEKTOPIiB BiTIMOBITAIBHOCTI IS
ICHYIOUMX KOMaHJI €KCIEPTIB i CTBOPCHHS HOBUX KOMaHI, SIKi
OyAyTh BiAIIOBIIAaTH 32 KOPIOPATUBHUI OMNEpaIiiitHuii piBeHb i
KOOpAMHYBATH POOOTY CHCTEMH 3arajoM, Jal0Yd MOKIHBOCTI
IUIsl ONEepyBaHHA NOMEHHHM eKCIepTHHMM KoMaHnam. [lonma-
JIBII JIOCIIZKEHHS y 11l TeMaTuIl OyIyTh MPUCBSYEHI METO-
JlaM BH3HA4YEHHs O3HaK JUlsl 1leHTudiKanii HabopiB TaHMX, SIK
OCHOBHHX, a TAKOK METOJ[IB BU3HAUEHHS IyOJII0I04YMX HAaOOPiB
JIaHUX B paMKax pi3HUX JOMEHHHX ITiJICUCTEM.
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Abstract. This paper discusses the application of cooperative
game-theoretic methods combined with centralized control
strategies for optimizing unmanned vehicles operations. It
addresses mission planning, resource allocation, and route
optimization for unmanned vehicles coordination.
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INTRODUCTION

The exponential growth and complexity of UV (Unmanned
Vehicles) operations, especially in tasks involving coordination
between multiple units, have intensified the need for advanced
optimization methods. Traditional methods of autonomous or
semi-autonomous control become increasingly inadequate as
mission complexity and uncertainty increase. Among various
modern methodologies, game-theoretic methods have emerged
as robust solutions for addressing these challenges, particularly
the cooperative game theory combined with centralized control,
ensuring optimal mission outcomes [1]. This paper details the
development, analysis, and practical implications of integrating
these methods into UV coordination tasks, specifically
emphasizing search-and-rescue missions.

The UV systems have been extensively utilized in diverse
operations, including civilian and commercial applications. The
capability to perform sophisticated tasks autonomously, like
territory monitoring, object tracking, and logistical support,
places UV technology at the forefront of current and future
technological advancements. However, managing these
autonomous systems under constrained resources and uncertain
environments requires innovative, flexible, and highly effective
control strategies. This research proposes a combined
centralized-cooperative mathematical game model to enhance
UV management, particularly in critical missions.

METHODOLOGY

The core of the proposed method revolves around
cooperative game theory. Cooperative game theory is
advantageous due to its ability to consider multiple agents
(UVs) collaborating towards a shared objective. This method
effectively manages interactions among multiple UVs by
addressing several critical operational factors, including:

Coverage area and its optimization.

UV movement speed and trajectory efficiency.
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Payload management under severe limitations,
including human, financial, and energy resource
constraints.

Optimal route planning among high uncertainty and
risks, notably large static obstacle detection using neural
network approaches [2].

Strategic selection and optimization of UV charging
stations to minimize downtime and operational
disruptions [3].

MATHEMATICAL MODEL DEVELOPMENT

The developed mathematical model integrates cooperative
game theory principles with centralized control mechanisms.
Under this model, all UV operations are orchestrated through a
singular control entity, streamlining command structure and
resource management. The general payoff function, denoted
Frotal, encapsulates the comprehensive mission objective,

defined by maximizing operational coverage while
simultaneously minimizing resource utilization:
— V3 5
Frotar = Xj=1 4F; — Xj=4 a;jF; > max 1)

In this formula, F; individually represents coverage, speed,
payload, energy, and financial expenditure. Each parameter has
an associated priority a;, ensuring total prioritization unity:

Y3104 =150<a,<1j=15 @
It is assumed that all functions f; are normalized. x;(t) is the

state of the i-th control object at time t. UV prioritization is
described as follows (3):

—_

Lip=L0<p <L i=1N 3)
The specialized payoff functions for each operational
component are structured comprehensively to ensure detailed

optimization across the mission's various aspects.

Coverage optimization focuses on maximizing the area
covered by UVs throughout the mission, taking into account the
current state of each UV at any given moment to effectively
address real-time demands (4).

F = Zévzl pi * ficoverage(xi (t)) “)
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Velocity maximization aims to achieve the highest possible
speed collectively for the UVs, enabling quicker response and
shorter mission duration (5).

FZ = Zévzl p; * fivelocity(xi (t)) (5)

Payload maximization addresses the efficient management
and optimization of carried payload, crucial for accomplishing
mission objectives, especially in scenarios like search-and-

rescue operations where the timely and secure delivery of
essential items can be mission-critical (6).

F3 = Zlivzl p; * fipayload(xi(t)) (6)

Moreover, the model includes energy consumption
minimization, specifically formulated through a quadratic
relationship with the control inputs of the UVs, where the
energy function is represented as a square of the control input
for each UV. This formulation effectively captures the
nonlinear increase in energy consumption with aggressive
maneuvering or rapid movements, thereby encouraging
efficient operational patterns (7-8). ui(t) is the control function
for the i-th control object (UV) at time t.

F, = Z?Izl pi * fi energy (ui (t))

fi energy(ui(t)) = (Jlu; (t) N>

O]
®)

Similarly, financial cost minimization is modeled through
an analogous quadratic relationship, reflecting the escalating
financial expenses associated with heightened operational
intensity or frequent adjustments during UV missions (9-10).

FS = Z{V=1 bi * fifinance(ui(t)) (9)

2
fifinance (u; (1) = (ui(t)) (10)
Additionally, an ideal payoff function, denoted as Figeal iS
introduced to benchmark the efficiency of actual mission
outcomes against an optimal theoretical scenario characterized
by zero energy and financial expenditures (11). This ideal
scenario provides a clear performance target, enabling
quantitative  assessment and  facilitating  continuous
improvements in operational strategies by evaluating the
achieved efficiency relative to the maximum attainable
effectiveness under ideal conditions (12).

(11)

— V'3
Fideal - Zj:l aij

. F
Effectiveness = -2 x 100%
Fideal

(12)

RESULTS

Extensive simulation trials were conducted to validate the
proposed model's effectiveness in realistic scenarios, such as
coordinated search-and-rescue operations involving multiple
UV types (UAV and UGV). The simulation results yielded
compelling evidence supporting centralized-cooperative
methodologies (fig.1):
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Efficiency of the Centralized-Cooperative model
achieved 71.12%.

Decentralized-Cooperative models with two and five
control centers attained efficiencies of 65.06% and
22.66%, respectively.

= e

Fig. 1 Dependence of the payoff function on the type of model

PRACTICAL IMPLEMENTATION

Implementing the centralized-cooperative game-theoretic
model involves strategic adjustments to UV control systems,
emphasizing the following components:

Efficiency of the Centralized-Cooperative model
achieved 71.12%.

Operator-centric control ensuring cohesive
management of all UV operations through a single
interface.

Real-time monitoring and adaptive mission adjustments
via advanced neural-network-driven obstacle detection.

Optimized resource allocation across all UV units to
ensure minimal downtime and maximum mission
efficacy.

Advantages observed from practical implementation include
reduced operational overhead, enhanced response times in
critical mission scenarios, and optimized allocation of human,
energy, and financial resources.

CONCLUSION

The research demonstrates that integrating cooperative game
theory and centralized control significantly advances UAV
operational management. By streamlining command structures,
enhancing coordination efficiency, and optimizing resource
usage, the proposed methodology provides tangible operational
and economic benefits. The findings underscore the viability and
strategic importance of this integrated approach in managing
complex UV missions effectively, paving the way for broader
adoption in both civilian and defense sectors.
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Abstract. Morphological operation is a technique used in image
processing to modify and enhance digital images. It involves the
use of a structuring element (analogous to the kernel in spatial
filtering) that is applied to each pixel in an image to alter its value
based on the surrounding pixel values.
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INTRODUCTION

Morphological operations are commonly used in image
processing on stages of noise reduction or photo editing for such
tasks as blurring or sharpening of images. However, primary
data procession is not everything what they can be used for.
Recent Al development proved that without such operations it is
impossible to handle data properly. Mainly, these operations are
used in image processing models, where models are used to fit
values of filter kernels to training data and so, learn how to detect
bigger features on the image. However, these filters are also used
by humans for multi-layer image processing and since they were
used there even before Al period began there existed a task of
assembling a chain of filters in order to extract valuable
numerical data from image.

LITERATURE REVIEW

In the article [1], the principles of convolutional neural
networks (CNNs) are described in detail, along with an
illustration of how morphological filters are integrated into their
architecture. The study provides insights into the synergy
between morphological operations and deep learning techniques
for enhancing image analysis performance.

A reference book [2] demonstrates the usage of Sobel filters
for gradient extraction in images through the OpenCV library.
Additionally, it offers explanations on the application of custom
morphological filters with user-defined convolution kernels in
various image processing tasks, such as edge enhancement and
object detection.

The source [3] presents the foundational principles and
algorithms for constructing custom morphological filters. These
filters are shown to be effective in tasks such as noise reduction,
feature detection, and general enhancement of image quality,
using both classical and adaptive approaches.
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The study [4] provides a practical example of using
morphological filters for the detection and classification of
specific regions in images. It also offers guidance on employing
dilation and erosion operations as efficient techniques for
reducing noise in edge-dense areas, thus improving the clarity of
object boundaries.

Article [5] highlights the prospects of using drones for water
sampling and presents a mathematical calculations and formulas
for drone positioning in the global coordinate system. It provides
fundamental recommendations for controlling a drone equipped
with additional equipment, taking into account dynamic loads
and shifts in the center of mass.The article also contains data on
disturbing influences on the system that can disable the aerial
vehicle and require calculated and calibrated compensation,
indicating the need for computational resources to process the
mathematical model of a drone with a dynamic center of mass
that is subject to significant environmental influences.

PROCESSES DESCRIPTION

Convolution

Numerous image processing techniques have been
developed for object detection tasks within visual data. Among
classical approaches, the Hough Transform remains a well-
established method, relying on the mathematical
parametrization of desired geometric shapes to detect them
within an image. Despite its utility in controlled environments,
the Hough Transform presents notable limitations when applied
to scenes containing a large number of objects of unknown or
irregular forms. Furthermore, the method often requires solving
high-dimensional optimization problems, which hinders its
applicability in real-time or computationally constrained
scenarios. Additionally, this technique is inherently unsuitable
for tasks requiring semantic or instance-level image
segmentation, as it lacks the capacity to generalize beyond
predefined geometric primitives.

In contrast, modern segmentation methods based on
convolutional neural networks (CNNs) have demonstrated
significant capabilities in pixel-level classification. These
networks are capable of capturing both local contextual
information and high-level structural features such as surface
textures and visual similarities to known object classes within
training datasets. However, segmentation architectures such as
U-Net, DeepLab, or Mask R-CNN are computationally intensive
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and require large volumes of annotated data for supervised
training. Moreover, their resource demands far exceed those of
traditional object detectors, which generally operate on region-
based localization strategies and serve as precursors to full
segmentation pipelines.

When considering real-time video stream processing—one
of the most critical tasks in modern computer vision—a number
of practical challenges emerge. Among the most prominent are
the trade-offs between detection speed, accuracy, and
computational efficiency. Current state-of-the-art object
detection pipelines often rely on neural network architectures
from the YOLO (You Only Look Once) family, which are
specifically optimized for high-speed inference. These models
demonstrate favorable frame-per-second (FPS) performance,
making them well-suited for real-time applications; however,
they tend to offer lower detection accuracy and robustness
compared to other, more complex detection or segmentation-
oriented neural networks, such as RetinaNet, Faster R-CNN, or
semantic segmentation models.

In the context of object tracking, a different class of
algorithms is typically employed. Methods such as CSRT
(Channel and Spatial Reliability Tracking), KCF (Kernelized
Correlation Filters), and MOSSE (Minimum Output Sum of
Squared Error) offer effective tracking capabilities while
maintaining relatively low computational overhead. Their
lightweight nature allows them to be deployed on resource-
constrained platforms, such as embedded devices or edge
processors, without significant degradation in performance. This
makes them a practical choice for scenarios where neural
tracking approaches (e.g., deep SORT or transformer-based
trackers) may be infeasible due to latency or power limitations.

Morphological operations constitute a class of image
processing techniques based on the application of a convolution-
like operation using a predefined structuring element. These
operations are designed to modify the spatial structure or
"morphology" (in analogy to its use in linguistics as the study of
form) of an image. Morphological transformations are typically
employed to enhance specific object shapes, extract structural
features, or suppress unwanted patterns such as noise or
irrelevant textures.

Depending on the selected operation—such as dilation,
erosion, opening, or closing—morphological processing can
emphasize or remove particular spatial configurations within the
image. For example, dilation tends to expand bright regions,
whereas erosion contracts them. These operations are

Original image

! : Convoluted image

Kernel

px 3

__—='_.; — _.=- =_-_..

Fig. 1. Exampe of convolution operation
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particularly effective in binary or thresholded grayscale images
where object boundaries are clearly defined.

A practical illustration of morphological processing used to
detect circular objects is shown in Fig. 1. In this example,
morphological filtering with a circular structuring element
facilitates the enhancement and localization of circular shapes
within the input frame, demonstrating the utility of this
technique in geometric pattern recognition tasks. The original
input image is shown in the top-left panel. The structuring
element used for morphological convolution is depicted in the
bottom-left corner. The resulting convolved image is presented
in the top-right panel. Color maps correspond to value
intensities, and axes indicate image dimensions in pixels.

This work proposes the wuse of morphological
transformations as a foundation for high-level image analysis,
specifically for the detection of generalized, higher-order objects
rather than traditional low-level features such as gradients or
edges. By leveraging the structural specificity offered by
morphological operators, it becomes possible to isolate abstract
visual patterns relevant to task-oriented perception.

To validate the approach, a series of experiments were
conducted within the Gazebo robotic simulation environment.
The test scenario involved three autonomous aerial vehicles
(UAVs) of the same physical model, each assigned a distinct
operational role. Two of the drones were tasked with searching
for and localizing a moving object within the simulated
environment. The third UAV was responsible for maintaining its
position directly above the localized object, effectively enabling
coordinated tracking behavior.

| Gacre |

|Previous frame

ST
Input { -} Closing! Dilatation
| Input ——{ - }—{Closing—— |—

— Reduced Dilated
Difference ) -
noise image

frame

Fig. 2. Structure of used video processing pipeline

Object detection in the proposed system was performed
using a morphological transformation pipeline, illustrated in Fig.
2. This pipeline enables the identification of changes between
consecutive video frames through elementary frame
differencing. By computing the pixel-wise difference between
successive frames, the system highlights motion-induced
regions which are further refined through morphological
operations to suppress noise and enhance coherent structural
features.

The overall architecture of the transformation chain is
designed to be computationally lightweight while still providing
sufficient sensitivity to dynamic changes in the scene, making it
suitable for deployment in real-time video processing scenarios
involving mobile platforms. Following the computation of inter-
frame differences, a thresholding operation is applied to the
resulting difference image to convert it into a binary format. This
binarization step effectively filters out low-intensity variations
caused by minor environmental movements or camera jitter—
particularly relevant given the use of UAV-mounted cameras,
which are prone to micro-movements during flight.

To further suppress noise and improve the coherence of
detected regions, a morphological closing operation with a 5x5
convolution kernel is applied. This step helps eliminate small
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holes and bridge narrow gaps in the binary image, resulting in
more stable and structured representations of moving objects.

Subsequently, a dilation operation using a larger 11x11
kernel is performed to aggregate fragmented detection points
that likely belong to the same object. This enhances the spatial
continuity of the detected regions and facilitates the
morphological consolidation of object contours, enabling more
reliable tracking and classification in later stages of the pipeline.

A comparison between the original image and the results of
the morphological processing pipeline is shown in Fig. 3. After
the morphological operations have been applied, the resulting
set of points is reduced to a single representative point, which
characterizes the center of the moving object's cluster. This point
is then used to approximate the position of the moving object
within the image frame.

e iU R e i

Fig. 3. Unprocessed and processed images.

While this method is not perfect and has inherent
limitations—particularly in cases of occlusion or overlapping
objects—it serves as a practical and computationally efficient
approach for estimating the position of a moving object. Despite
its simplicity, the method provides a reasonable estimation of
object localization that is sufficiently robust for many real-time
tracking applications, especially when computational resources
are limited. Transformations for converting iamge points into
3D vectors require steps described below.

The calculation of the optical axis vector OA in the drone's
coordinate system (CS) for a static hover, with tilt angles around
the OX and OY axes equal to ¢ and 6, respectively, considering
the vector OX [1.0, 0.0, 0.0] as the reference for the drone, is
performed as follows:

[cos(p) —sin(p) O]

Rz(q)):} sin(p)  cos(p) OI, (H
| o 0 1]
[ cos(#) 0 sin(@)]

R,(0) =I 0 1 0 I )
| -sin(@) 0 cos(9) |

OA:RZ((p)*Ry(Q)*g;. 3)

The projection of point P on the image to a spatial vector in
the camera's coordinate system uses values such as the focal
length f in millimeters along the x and y axes, as well as the
target image dimensions Iy and Iy, and is performed using the
following formula:

It 1,/21 TP, -
Cam*P:I 0 f, I“/ZI*IPVI:PW 4)
o o 1|1

That requires further transformation into the world coordinate
system (CS) with following matrix should be used:

CamToWorId:IO 0 -1,.

1 0 o

For the subsequent transformation into a vector associated
with the current orientation of the drone, which is typically
represented in flight controllers as a quaternion, it is necessary
to form the orientation quaternion for the obtained spatial vector
and then rotate it to the drone's orientation quaternion. The
following transformations are performed:

[0 -1 0]
|
|

)

0.

o

Q(PW) =

| (6)
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™
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= = =
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Then, the resulting quaternion PQ is calculated based on the
drone's orientation quaternion as follows:

PQ=DQ*Q(PW)*DQ . (7)

The resulting formula for transferring a point on the image
to a spatial vector in the world coordinate system:

R,(p)*R,(0)*CamToWorld *Cam*P .  (8)

Subsequently, after obtaining two direction vectors for the
moving objects, it is necessary to solve the problem of finding
the two closest points that belong to two lines and determining
the intermediate point that nullifies the discrepancies in
coordinate estimation. The points that belong to the lines can be
found using the formula A=B+K-t, where t can be calculated by
performing the operations described in the following formulas:

PO ©)
n=V,xV, (10)
nxV,. . od
ti _ ( 1|f|::OeIseo) ’ (11)
nen
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Also, for further research, a comparison of image processing
time depending on image resolution was carried out. For testing,
a randomly generated black-and-white image of the specified
size was used, on which the following operations were
performed:

three-stage convolution with filters of random sizes to
measure the impact of convolution operations on
processing time;

exponential raising of pixel values and raising the result
to the 5th power to determine the time cost of
mathematical operations on data arrays;

loop iterating through values in each row until a certain
number is found, as an imitation of user-defined
algorithmic image processing.

The results of the study are shown in Fig. 4:

Fig. 4. Measured dependencies between processing time and image
resolution.

The illustration presents two color graphs showing the time
required to process an image of the specified resolution (blue
graph with the scale on the left) and the expected frame rate (red
graph with the scale on the right) at the output of the
transformation pipeline. The frame rate graph can be used when
designing systems with strict frame rate requirements, as this
parameter is typically the most critical in system specifications.

It can be observed that for images processable by humans
(resolutions from 1920x1080 to 640x480), the image processing
time using the proposed test method decreases linearly, while an
exponential drop is only observed for very small image sizes
(320x240 and below), the processing of which results in
significant accuracy loss. The accuracy loss is due to the fact
that, with a fixed camera field of view, different image
resolutions vyield different levels of discretization for the
captured image. As a result, when applying the transformation
from formula (4), the obtained results vary significantly and
affect the precision of the calculated final position using formula
(11). Additionally, the graph shows a stable increase in
processing time for a resolution of 1024x768, which should be
considered during image processing.

e Wmakeipwn pt iecassmg Shage

Fig. 5. Processing time splitted between three types of image
processing tasks.
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In Fig. 5, the time expenditures for each proposed processing
stage are shown separately.

The green color indicates the time spent on the custom loop
for processing pixel values, orange denotes the time taken for
mathematical operations, and blue represents the time required
to perform convolution operations; the blue graph shows the
time expenses for mathematical operations on the image.

It can be seen that the greatest time costs are associated with
the custom pixel iteration loop, indicating that the main method
for optimizing image processing time is to eliminate components
responsible for direct iteration from the processing program and
shift to using specialized libraries for mathematical operations
(NumPy, TensorFlow, SciPy, GLM), as they provide up to a
tenfold reduction in processing time in some cases, which can
be observed at a resolution of 1920x1080. Additionally, the
analysis of this graph indicates that the increased processing
time at a resolution of 1024x768 is specifically due to the use of
the custom loop and cannot be avoided without a deep
understanding of the programming language used to write the
processing application.

RESULTS

A thorough review of existing real-time video stream
processing techniques for the detection and tracking of higher-
order morphological structures has been conducted. Based on
the insights from the analysis, a prototype image processing
module was implemented using fundamental morphological
operations. The system demonstrates the capability to extract
and interpret structural patterns in video data by leveraging a
mathematical ~ framework tailored to  morphological
transformation outputs.

An analytical performance evaluation revealed the
correlation between image resolution and processing latency.
The results were presented in the form of resolution-dependent
frame rate graphs, offering practical insights into system
scalability. These findings led to a set of optimization
recommendations.
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Abstract. This work describes the method of omitting the over-regulation effect that occurs under certain conditions by horizontal pod
autoscaling microservices in the container application orchestration system Kubernetes. The effect was initially observed only for long-
term HTTP WebSocket sessions, where it led to excessive use of computing resources, which reduced the efficiency of IT infrastructure
management, and caused service failure. It was found that the overregulation effect is reproduced not only for connections with long-term
HTTP sessions, such as HTTP WebSocket, but also for shorter-term REST HTTP sessions in case of increased delay in the metric collection
cycle used for horizontal pod autoscaling. It is assumed that this effect happens due to the approach of implementing horizontal scaling
controllers similar to the principles of proportional regulators in systems with negative feedback from the theory of automation and control.
It is proposed to extend one of the methods used for optimizing the proportional controller to the problem consisting of reducing the time
delay between scaling metrics collecting and upscale applied by the controller in Kubernetes. The applied method demonstrated its
effectiveness, therefore, within the same methodology, an experiment was conducted on using the proportional-integral-differential
controller for automatic horizontal scaling of pods. The results obtained showed why the proportional-integral-differential controller is not
widespread among the overviewed Kubernetes solutions for horizontal automatic scaling. An assumption was made about the limitations
of studying the downscaling process in Kubernetes due to the need to consider the quality of service when stopping pods and the need to
collect indicator metrics using quality-of-service object management tools such as ISTIO.

Keywords: Kubernetes, Microservices, Horizontal Pod Autoscaling, Proportional Regulation, Cloud Computing.
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Anomauia. B po6oTti mpeacraBiieHo MeToa 3amobiranus ede-
KTy HaJIMiPHOTO peryJII0BaHHS, 110 32 IEBHUX YMOB BHHHKA€ MPH
ABTOMATHYHOMY I'OPH30HTAJIbHOMY MaclITa0yBaHHI MikpocepBi-
ciB B cucremi opkecrpanii KoHTeiiHepHHX 3acTocyHkiB Kuber-
netes. E¢ext BusiBJIeHO, CTIOYATKY, JuIle Ha TpuBajaux HTTP ce-
cisix WebSocket, Ha sikux Bid npu3BiB i sik 10 HaAMipHOT0 BUKOPH-
CTaHHS 00YMCJIIOBAJIBLHHUX pecypciB, 0 3HH3WIO e(eKTUBHICTHL
ynpasJinns IT-iHgpacTpyKTypoIo, Tak i CIPHYMHUIO BiAMOBY
cepicy. BusiBieHo, n1o egeKT HaIMipHOTO pery;I0OBaHHs BiITBO-
PIO€ThCHA He TINBKH JJs 3’€AHaHb i3 HoBrocrpokoBumu HTTP-
cecisimu sik-ro HTTP WebSocket, Tak i aiist 6ib11 KopoTKOTpHBa-
gux REST HTTP ceciii 3a yMoBH 30i1b1IeHHSI 3aTPUMKH B UK
300py MeTpPHK, II0 BHKOPHCTOBYBAJHCH IS TOPU3OHTAILHOIO
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aBTOMAacIITa0yBaHHsA. 3p006/ieHO NMPUIYIeHHSs, 1[0 Iie MOB’A3aHO
3 miAX0A0M peadi3aiii KOHTPOJIEPiB rOPU3OHTAIBHOI0 MACIITAdY-
BaHHA CXO0KMM /10 NPHHUMIIB po0OTH NPONOpuiliHOro pery.s-
TOpPa y CHCTEMAX 3 HeraTUBHUM 3BOPOTHIM 3B’SI3KOM 3 Teopii aB-
TOMATHKHU i ynpaBJliHHA. 3aNPONIOHOBAHO BHPIIUTH NpodJemMy
OHMM 3 MeTOAiB onTHUMi3auil nponopuiiiHoro pery;asTopy, a came
3MeHILIeHHs YacoBOi 3aTPHMKH YNPaBJIiHHS ABTOMaTHYHOI0 Mac-
mradyBanuss B Kubernetes. 3acrocoBanuii MeToa NpoaeMOH-
cTpyBaB e(peKTUBHICTb, TOMY Y Me3KaX Ti€l :k MeTo10.10Tii 6yB Mmpo-
BeeHUHl eKCIepHUMEeHT 3 3aCTOCYBaHHS TMPONMOpUiliHO-iHTe-
rpajbHO-IH(pepeHIiaTbHOTO PeryasaTopy AJsi aBTOMAaTHYHOTO T0-
PH30HTAIBHOr0 MacmITa0yBaHHsA noAiB. OTpUMaHi pe3yabTaTH
NMoKa3aau, YoMy HponopuiiiHo-iHTerpajbHo-AudepeHiaJbHUI
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peryJisiTop He NMOLIMPEHUIi cepel Po3rIsTHYTHX pilens Kubernetes
JJ151 TOPU30HTAJIBLHOI0O ABTOMAaTHYHOI0 MacIITa0yBaHHs, i 3p0o0-
JICHO MPHUITYHICHHS PO 00Me:KeHHs I0C/Ii/IZKeHHsI 3BOPOTHOIO 10
MacIITa0yBaHHS Mpolecy 3ropTaHHs KUJIbKOCTI pemiik moaiB B
Kubernetes uepe3 HeoOximmicTb BpaxyBaHHsI SIKOCTi 00CJIyro-
BYBaHHs IPH 3yNUHII N0AIB i HeoOXiqHOCTI 300py MeTPHK iHAUKA-
TOpiB 3aco0amu ynpasiliHHfI 00’€KTaMH fIKOCTi cepBicy sk TO
ISTIO.

Knrouoei cnosa: Kubernetes, mikpocepgicu, zopuzonmanvhe
agmomacumadyeanns, RpPonopuiline  pecynlo6aHHs,  XMAapHi
o0uuCIennA.

Bcrvn

Kubernetes € HaiiBigomimoro miat(opMoro Ist KepyBaHHS
KOHTeHHepHUMH JoaaTtkamu [1]. [cHye Tpu THIM aBTOMAacmITa-
oysauns y Kubernetes: Horizontal Pod Autoscaler (HPA),
Vertical Pod Autoscaler (VPA) i Cluster Autoscaler (CA) [2].

Ilig gac macmrabyBanas Bropy HPA cTBOproe HOBi perr-
JKA TOMIB UI CHUTBHOTO PO3IOAICHHS poOOYMX HaBaHTa-
JKeHb, HE BIUTUBAIOYM HA CECCil, SKi B)KE€ CTBOPEHI IS iICHYIO-
yux mofiB [2]. Lle 103Boiisie AMHAMIYHO PETYIIOBATH KiTBbKICTh
PEIuTiK OB Ha OCHOBI CIIOCTEpeXKyBaHOTO BUKOpucTaHHs {1
a0o IHIMX pecypciB 03 HEOOXITHOCTI Mepe3amycKy BxKe mpa-
IIO0YUX TOH 1 30pocy motounux ceciid. I e poouts HPA o1-
HUM 3 HalKpalux pillleHb aBTOMAacCIITa0yBaHHS y KOHTEKCTI
MIATPUMKH PIiBHA SIKOCTI OOCIYTOBYBaHHS KOpPHCTYyBada, HE
CKHJIAIOYH ICHYIOYl CEeaHCH IiJ Yac 3pOCTalodyoro HaBaHTa-
JKEHHs1, IPUHAMMHI i Yac mpouecy MaciuTa0yBaHHs Bropy.

Omuaxk [3] cTBepmKye, 10 MMix Yac KepyBaHHs MaciTady-
BaHHAM 3a nomomoroio HPA B cepemosumii Kubernetes kinb-
KICTh PEIUTIK MOX€E MOYaTH KOJUBATHUCA 32 JIESIKMX OOCTaBHH,
TOOTO BUHHKAE e(DEKT, 10 HA3UBAETHCS TPEMTIHHAM a0o IuIec-
KaHHsM. Lle npu3BoANTD 10 Hee(heKTUBHOTO BUKOPUCTAHHSI pe-
CypciB uepe3 HaJaMipHy KUIBKICTh MOIB, a TAKOX JI0 HOpY-
LIEHHSI IKOCTI OCJIYT, 110 HAaJaloThCS JOAATKaMH, BCTaHOBIIE-
HUMH Ha [HX nofgax. Y [7] onucaHo NpUKiIaj CleHapiro momiio-
HOTO MeperyroBaHHsi i qoBrorpuBanux T CP cecciit na Web-
Socket.

Sk watuBumii HPA xontponep y Kubernetes [3], Tak i
KEDA [6], po3po6iiernit CNCF [3], Bu3HauaroTs TapreTHy Ki-
JBKICTB PEITiK MIKpPOCEPBICY i3 MpOMOpIiitHIM MacITa0yBaH-
HSIM Ha OCHOBI ISSIKOT METPHKH, Ha SIKY TIOCHJIAIOTHCS, TIEPETBO-
pEHy Ha I1iJie 3Ha4eHHst 200 OTpUMaHy SK Iiijie — TOOTO € TUIO-
BUMH NPONOPLItHUME peryisitopamu. HaTuBHUI KOHTpOIEp
Kubernetes HPA [3] mae MexaHi3M 0OMEKEHHS IIBUIKOCTI Ma-
CIITayBaHHS Bif dacy. | 1ie equHui 1oCTYTHUN Ha AaHUH MO-
MEHT MEXaHi3M, ONHCAaHUK SK METOJ OMUHAHHS HaJIMipHOTO
perymoBanHs [3]. [Huuii BimomMuii MexaHi3M miACTPOHKH TPO-
TOPLIHHOTO PEryysATopa: HANAMITYBaHHS YaCOBUX IapaMeTpiB
— ayie Horo He 3ragano B odimiiiniii nokymenrarii [3], Bipori-
IIHO, Yepe3 HecpuiHATTs po3podHukamu Kubernetes HPA ko-
HTPOJIEPY SIK MPOTIOPLIHHOTO PEryJsATOpPY — X04a TaKa MOXKIIH-
BiCTH 1 iCHYE.

Lle mopo/xye poGIieMy HEMOBHOTH OMTUCAHMX METOIIB OI-
tumizanii HPA Ta yHUKHEHHS 10ro HaqMIpHOTO PEryIOBaHHS,
SIK THUIOBY TpoGiieMy mpomopiiiiHoro peryisitopa [4]. 1 opo
HEOOXI/IHICTh JOCTiKeHHsT MeToay HanamrtyBaHHs HPA sk
MPOMOPIHIHOTO PEryJsATOPa, 00 JOBECTH, 10 eheKT HaaMip-
HOTO PEryJIFOBaHHS BIATBOPIOETHCS TAKOX JUISI KOPOTKOYACHUX
ceaHciB, Takux sk HTTP REST, a He numue aist WebSocket [7].
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PE3YJILTATU JOCIJIKEHHS
3 ypaxyBauusam (opmyiu (1) omucanoi y [7] mixk goctyr-
HUMH YaCOBHMH IIapaMeTpaMu ISl HaJIalTyBaHHs PErysiTopy
Oy10 BUOpaHo t; (4ac 1 BiTHOBJICHHS TOKAa3HHUKIB, BA3HAYCHO
3a JIOIIOMOT'OI0 OMIIii KOHTpOJIepa «Iepioj] CHHXPOHi3aLil MeT-
puk HPAY) sk Haliiermuii g BIUTUBY B Taboparopii. 3 Takum
NPUITYIIEHHSM MH OTPHMYEMO:

Twot-t,) mM,-am,)! )
Ny (t)=| ———— —"———=|, forupscaling M - AM (t,)>M .
R, (1) M

o 1)

Jnst Kubernetes 3miHa 11oro mapameTpy BUMarae Iepesa-
MyCKy KJacTepa. AJie Iie 3HaYHO CIPOINYE CaM EKCIIEPUMEHT
6e3 HeoOXiTHOCTI HANAIITYBaHHA IPOTPAaMHU i HE BUMAarae J1o-
JaBaHHS WITYYHUX 3aTPHUMOK IS BIATBOPEHHS KOPITyCy B Kila-
cTepax 3 HEBENMKUM (DaKTHYHUM HaBaHTKEHHSM (JIOCTYITHO
JUISL CTYZIGHTCHKUX €KCIIEPUMEHTAJIbHUX CTEH/IIB). 301bIICHHS
yacy oTpuManHs MeTpuki tr (1) mopiBHIO€ 3MiHI Yacy peaxiiii,
0 TaKOXK POOHTH HOTO KPUTEPiEM MOMIIMBOCTI po30ajaHCy-
BaHHS TPaJULIHHOTO MPOMOPIIIHOrO perysTopa.

VY HacTyIHHUX eKCIIEPUMEHTaX BUKOPHUCTOBYBABCS JOJATOK,
mo iMiTye 00pooKy cymimi BukinkiB REST HTTP GET POST
(imitamiss 3amuTiB KopucTyBada). Habip 3amuTiB-HaBaHTa-
JKEHHs OJTHAKOBHH y BCIX ekcrepuMeHTax. HaBaHTaxeHHS po-
OUTHCS HEPIBHOMIPHUM IMPOTITOM yChOTO Yacy eKCIIEPUMEHTY,
100 T0CATTH e(peKTy 3pOCTarouoro CIUIECKY 3aTPUMKHU 00CITy-
roByBaHHs. J[0JJaTOK 3aITylIeHO B OJTHO OTOKOBOMY PEXHUMI 3
apxiTekTypHuM obmexentsM Bukonanust B 1 LIIT (VCPU). Vi
MOy Oynmu po3MillleHi JAJisi BUKOHAHHS Ha OJHOMY BY3Ji
(HOnmi), 00 BMKIIIOUUTH PI3HULIO 3aTPUMKH MapIupyTH3arii
tpadiky. Kimbkicts BinbHUX BipTyansaux LT (vCPU) Oyna Ha-
Oararo OuITBIIOIO, HIX (DAKTUYHO BHKOPUCTaHa IIPOTPaMoro,
o0 BHKITIOYHTH 116 0OMekeHHs. J[ogaTok Oyiio po3ropHyTo ¥
JBOX peILTiKaX, II0 JO3BOJWIIO HEepeBipUTH OajlaHCyBaHHS Ha
MOYaTKOBOMY CTaHi, aje 3poOMII0 MapHOIO JUI aHaji3y 4dac-
THHY JliarpaM II049aTKOBOT'O 3aBaHTa)XKEHH (TIepIi MpHOIN3HO
10 cexyHI eKcIiepuMeHTIB). Y BCiX BHIIaJKaX BUKOPUCTOBYBa-
JIMCSL HACTYIHI KpUTepil Ui MaciiTabyBaHHS IPOTPaMHU: cepe-
nHi cruteck Bukopuctands vCPU no 80% mist Beix 3ammyIineHunx
€K3eMILISIPIB.

Ha puc. 1 300paskeH0 2 XBIIIMHN €KCIIEPUMEHTY LISl BUIIa-
JKY, KOJNHM TOPH30HTAIGHHH MOJIYJb aBTOMAaclITaOyBaHHS
BCTaHOBJICHO Ha 3aTPUMKY OTpHMaHHs MeTpuk y 20 cekyH[,
110 HE € 3HAYCHHSM 32 3aMOBUYBAaHHSIM.

= |nstance Count CPU TOP Tatal Connections (1000s)
== Errorneus Conneclions (1000s)

0
SEREP PP LR L P EREPCRE PP PP OGP

Saconds

Puc. 1. KinbkicTh MOMIB 32 4aCOM €KCIIEPUMEHTY 3 HABAHTAKEHHSIM JIJIsT
20-CeKyHTHOTO OHOBJICHHS METPHKH

BrnakuTHa MiHIA (aKTHIHOI KITBKOCTI MOAYIIB Ma€ MOKa3y-
BaTH (pyHKIIO LLTOTO 13 OKpyTineHHsIM y 80% Bix cepeTHpOTO
Makcumymy LI ams moxy, anme mouunarodi 3 801 cekHynu ne-
MOHCTPY€E (paKTHUYHE TEePEryIFOBaHHs — 301IbIICHHS KITbKOCTI
PEILTiK MO/IB MOHA/ HE0OXiTHOT /IS 32/I0BOJICHHS 3aIUTY.

Jl1st HaCTYImHOTO BUMAJIKY, ONMCAHOTO Ha PUC. 2, 9ac peak-
il 3MeHIIeHo A0 15 cexyHa, 1o N03BOJISIE OCATTH (pakTHy-
HOTO a/IiHHS HAaBaHTa)KEHHS Ha 75-1 CEeKyH/li Ta HE BUKJIMKATH
HaJMIpHY peaKIlilo, IO CIPUYHHSIE HaMIpHE PerytoBaHHS.
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== |netance Count CPUTOP Total Connections (1000s)
= Erormeus Connections {1000s)

4|
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Puc. 2. KigpKicTh MOAIB 32 4aCOM SKCIIEPUMEHTY 3 HABAHTAKCHHSIM TSI
15-CeKyHHOTO OHOBJICHHSI METPHKH

Y npomopuiiHMX ~CcHCTeMax KepyBaHHS, TakuX SIK
Kubernetes HPA, vacoBuii nar Bifirpae BUpIIIAIbHY POJb Y
sIKOCTi KepyBaHHs [3]. 3HAUHHI MPOMIXKOK 4acy MiX BUSBIICH-
HSIM BiJXWJICHHS BiJl 331aHOTO 3HAYEHHS Ta MOYaTKOM KOPHT'Y-
BaIBHUX A MOXE MOCTABUTH i/ 3arpo3y 3/1aTHICTh CUCTEMH
MiATPUMYBATH CTaOITBHICT 1 OakaHi piBHI MPOAYKTUBHOCTI.
Tpusae BigcTaBaHHS MOXKE MPU3BECTH IO HEJOCTATHHOTO KO-
HTPOJIIO0, KO KOPHUTYBalIbHA Iisl 3aTPUMYETHCS, 110 TPH3BO-
JIUTH JI0 TIOTIPIIEHHS IPOAYKTHBHOCTI 200 BUCHAXKEHHSI pecyp-
ciB. | HaBmaky, y Mipy TOTO, SIK YaCOBHH JIar CTA€ KOPOTIIIHM,
cHcTeMa CTae OIbII Uy TIUBOIO, aJI€ L€ TAKOXK MOJKE IIPH3BECTH
JI0 HaJIMiPHOT'O KOHTPOJTIO.

Ha pucynky 3 crangapTHUiIT MOy 3aMiHEHO Ha TaKHi ca-
muit 3 [11]] perynsaTopoMm i 3aTpUMKOI0 00poOKH MeTprK v | ce-
KyHIy. Takox Ha pUCYHKY 3 MO>KHa 3BEPHYTH YBary Ha Bce X
HaSBHICTP CIUIeCKy MOMIIIOK 3 80 1o 85 cexyHam, BinCyTHI Ha
pucynkax 1 1i2.

= Instance Counl * CPUTOP Total Cennactions (1000s)
= Errorneus Connaclions (10005

ra
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Saconds

Puc. 3. KinbKicTh MO/YJIB 32 4aCOM €KCIICPHMEHTY 3 HaBAaHTAXKCHHIM
ULt 1-CeKyHIHOTO BiHOBJICHHS METpHKH mix PID

OrJis1/] PE3VJIbTATIB

VY cdepi HAYKOBHUX JOCIiIKEHD IIOJ0 ONTUMI3allii KOHTEH-
HEpPHHX CepeIOBHUIIL IPHUITYICHHS [TPO FOPU30HTAIIbHE aBTOMa-
citabyBannst Kubernetes (HPA) Ha ocHOBI 310paHuX MOKa3HU-
KiB MOXKHa MOPIBHATH 3 BUKOPUCTAHHSM TPONOPLIHHOTO pery-
nsitopa. [lonibHo 10 Toro, SIK MPONOPLIHHUN perysTop AUHA-
MIYHO PEryJitoe CBii BUXiJ Y BiINOBiAb Ha 3MIHU B CUTHAJI MO-
muiikn, HPA nuaamivHO Maciradye KiIbKiCTh PEIuTik MO JIiB
Ha OCHOBI CIIOCTEPE)KYBaHUX NMOKAa3HUKIB, TAKMX SK BUKOPHC-
tanHs L{I1 abo KopuCTyBaIbHUIBKI TOKAa3HUKH ITPOTYyKTHBHO-
cti. OcHOBHA Jiarpama mpeacTaBieHa Ha puc. 1.

e ananoriyHo MPUHIMIIAM CHCTEM KEepyBaHHS 3i 3BOPOT-
HUM 3B’S3KOM y TEXHiI, /Ie MeXaHi3MHU MPOTOPLIHHOTO Kepy-
BaHHs CIIPSIMOBaHI Ha MIATPUMKY O0a)kaHOi 3aJaHOT TOUKH LIS
XOM Oe3epepBHOr0 MOHITOPUHTY Ta PEryJIIOBaHHs Mapamer-
piB cucremu. Y kontekcrti Kubernetes HPA nie sik aBromaru-
30BaHMI LUKJI 3BOPOTHOTO 3B’SA3KY, FAPAHTYIOUH, IO POMOILT
pPECYpCiB MpOrpamMyl BiJIIIOBIiJa€ MOTOYHOMY PIBHIO TOIUTY.
ChiBBiHOCSYH 310paHi MOKA3HUKH 3 PIICHHSIMH IIOJI0 MACIII-
taOyBanus, HPA ontumisye BHKOpUCTaHHS pecypciB, TOKpa-
IIy€ YyHHICTh CHCTEMH Ta CIipusie eeKTUBHIN poOOTi KOHTEH-
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HEpHHUX POOOYMX HABaHTaKEHb. TaKKUM YMHOM, L€ TPUKJIa]] 3a-
CTOCYBaHHsI IIPUHIMITIB TEOPil YIpaBIiHHI B Cy4aCHUX XMap-
HUX O0YHCITIOBAIBHUX CEPEIOBHIIAX.

Hdyxe Onm3pki pesynbratn excnepumentiB juist  [11J1-
OINITUMI30BaHOTO PETYJIATOpa Ha puc. 1 1 onTHMi30BaHOTO 32 Ya-
COM peryisaropa Ha puc. 3. BoHH MOKa3y0Th, 0 YaCOBHUI TIPO-
MIDXOK MK 300pOM METPHK 1 3aCTOCYBaHHSIM MiHIMI3aIlii MOXe
OyTH MOCTaTHIM Ui AOCSATHEHHS HAIiBOITUMAIBHOTO PiBHS
peryJloBaHHS aBTOMAcIITa0yBaHHA Ul Jeskux ymoB. Lle Ta-
KO MOXe OyTH HMOSCHEHHSM TOTO, YOMY OUTBIIICTh HOIIHUpPE-
HUX pillIeHb aBTOMACIITa0yBaHHS HE 32 3aMOBUYBaHHIM, TAKUX
sk KEDA Ta crangapthuii aBTomaciuradbarop Kubernetes, Bu-
KOPUCTOBYIOTB JIMIIIE TPOCTY JIOTIKY MPOMOPIIHHOTO peryJis-
TOpa.

BUCHOBKU

[IpuBeneHi gocimiKeHHs HOKa3aJH, 10 TOPU30HTAJIBHE aB-
toMaciutabyBanus B Kubernetes moxe BinTBoproBatH edexTt
KOJIMBaHb HaBITh s KopoTkoyacHUX BukinkiB HTTP REST
API, a me mume mis goBrocrpokoBux WebSocket cecciit sk
Oyo BusiiieHo y [6]. [liaTBepmkeno, mio norika HPA cunbHo
3aJISKUTH Bil YaCOBOTO MPOMDKKY MiX 300pOM IOKa3HHUKIB i
3aCTOCYBaHHAM pIICHHA IPO MacITa0yBaHHS MaiXKe Tak
camo, K 1 mponopuiitauii perynstop. JloBeneHo MeTo 1 Halall-
TyBaHHsI 3aTpuMk HPA nuisxom MiHiMi3alil yacy oTpuMaHHs
metpuku. Jedonrae HPA Kubernetes immiemMeHTy€eThCs mpo-
MOPLIHHUM KOHTPOJIEPOM 13 JIOTIKOIO HETraTHBHOT'O 3BOPOTHOTO
3B’5I13KY, 1 BiH MiT' OM He BiITBOPIOBATH KOJIMBAHHS Ta JOCATATH
TOYHOCTI MacIITa0yBaHHS 32 YMOBH HasBHOCTI BOYIOBaHOTO
[Id-anroputMy. Aje TOCTiIKESHHS TOKa3alld TaKOXK, 1110 HaJla-
LITYBaHHS 9aCOBOI 3aTPUMKH MOXe OyTH JOCTAaTHIM VISl OCS-
THEHHS CTaOLTBHOTO MPOIIeCy MacmTadyBaHHS 03 IeperyIro-
BaHHS, 1 MOSICHIOE, YOMY HaifgacTirie KOHTPOJIEPH 3 aBTOMACIII-
tabyBanHsi, Taki sk KEDA, Bce me BHKOPHCTOBYIOTH JIHIIIE
MIPOCTY JIOTiKY MPOMOPIIIHOTO PETysATOpA.
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Abstract. A task allocation method for 10T systems with a three-tier architecture — cloud, fog, and edge computing — is proposed. The
method is based on the concept of osmotic computing and determines the optimal execution environment for tasks by considering their
characteristics and requirements and the current state of computing resources. A hierarchical control model is developed, in which
each level includes computing nodes and a management system responsible for task allocation, resource state monitoring, and decision-
making regarding the placement, migration, and removal of microelements.
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Po3nooin 3a0au ¢ iepapxiunux 10T-cucmemax na
OCHOBL OCMOMUYHUX 00YUCTIEHD

Haraiixo Imutpo, Ponik Onekcanap
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M. KuiB, Ykpaina
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Anomauyisn. 3aniponoHOBaHO MeTO/ po3nogiay 3axa4 B 10T-cu-
cTeMax, AKi MalOTh TPUPIBHEBY apXiTeKTypy — XMapHHX, TYMaH-
HHX, KpaioBux o0uucjieHb. MeToa nody/10BaHo HA KOHIENUIi oc-
MOTHYHHX 004N CJIEHD, a IJIS] BU3HAYEHHSI ONITHMAJIBLHOIO Cepeio-
BHIIIA BHKOHAHHS 32124 BiH BPAXOBYE€ SIK XapaKTePHUCTUKHU Ta BH-
MOT'H CAMHX 33124, TaK i CTaH 004N CII0BAJIBHNUX pecypciB. Po3po-
0JIeHO iepapXxiuyHy MoJe/b KepyBaHHS, KOJIM KOKeH piBeHb Mic-
THTh O00YHCJIIOBAJIBHI BY3JIM Ta CHCTEMY YNPAaBJiHHSA, 10 3ilic-
HIO€ PO3NOJLT 32124, MOHITOPHHT CTaHY pecypciB Ta NPUIAHATTS
pillieHb 1010 PO3MillleHHs, Mirpanii Ta BUIajieHHsI MikpoeJemMe-
HTIB.

Knrouogi cnosa: ingpopmauiiini cucmemu ma mexnonozii, inmepnem
peueii (10T), xmapui obuucnenns, mymanni o6uucienns, Kpaiogi
00uUCNIeHHA, 0CMOMUYHI 00UUCTIEHHS, PO3NOOIN 3A0aY.

Bcryn

Inrepuer peueii (IoT) 3acrocoByeTbcs B pisHMX cdepax
JIFOJICHKOI JTISUTBHOCTI, Ha/Ial0u IHCTPYMEHTH JUIs aBTOMaTH3a-
i1, MOHITOPHUHTY ¥ KepyBaHHs PI3HOMaHITHUMH MPOIIECaMH B
pearbHOMY Haci.

AKTHBHUI pO3BHTOK Ta BIpoBa/pkeHHs loT-TexHousorii
TIPU3BEINH JI0 CTPIMKOTO 3pOCTaHHS KUIBKOCTI IPUCTPOIB, Ti K-
moueHux a0 loT: nume y 2024 p. ixHiil mapk nepeBUIINB
18 mupn, mo Ha 13% Oinbine HiX y 2023 p., a KOpHopaTHBHI
Butpatu Ha loT-iH(pacTpykrypy csraynu 298 mapa nod.
CUIA [1]. Ls TeHaeHUis CyIPOBOMKYEThCS 301IBLICHHAM 00-
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CATIB JIaHUX, sSIKI reHepyroThest loT-npucTposimu, Ta 3pocTaH-
HSIM 00YHCITIOBANBHOTO HaBaHTakeHH: Ha [ T-iHppacTpykTypy,
10 YCKJIQIHIOE MiATPUMaHHS TapaHTOBAHOTO PiBHS SIKOCTI 00-
ciayroByBaHH# (QoS). OxpiM bOT0, BUCOKA T€TEPOTEHHICTD Ta
JMHAMIYHICTh, SIKUMH XapakTepusyloTbcs loT-cepenoBumia
[2], BumaratoTs BimnoBigHOTO piBHS amantuBHOCTI loT-cmc-
TEMH JI0 3MiH B peaJbHOMY Yaci.

BukopucTaHHs TyMaHHHUX Ta KpalHOBHX OOYHCIICHb YacT-
KOBO BUPIIIYy€ 3a3Ha4eHI MPOOIEMH, pO3LIUPSIIOUHN 00YHCITIOBa-
JBHI TOTYXKHOCTI CHCTEMH JI0 Kpato MEpeKi, THM CaMUM HaOI-
JKAFOUH MPOIIECH 300PY, aHai3y Ta 00POOIICHHS JaHUX OIIKYC
JI0 JDKeperia X JaHWX, IO CIIpHI€E MiHIMIi3aIlil 3aTpUMOK Tie-
pelaBaHHS JaHUX, 3MEHIIY€E 3arajbHUI Yac BUKOHAHHS 3a7a4
Ta 3HIKYE HABAHTAKCHHs Y XMapHOMY cepemoBui [3].

OnHak 3aCcTOCYBaHHsI TyMaHHHX Ta KPaiOBHX TEXHOJOTIH
CTBOPIOIOTH HOBI NpOOJIeMH, SIKi MOB’sI3aHi 3 HEPIBHOMIPHUM
HABAHTAXKCHHSAM, OOMEKEHUMH pecypcaMu Ha mepudepii Ta
moTpeOoro pearyBaT Ha AMHAMIYHI ITiJKITFOUEHHS a00 BiIKITIO-
YEHHSI Ta BUXI] 3 Jaly OOYHCIIOBaJIbHUX BY3JIIB.

Jnst BUpinIeHHs ux npo6seM B [4] 3anpornoHOBaHO KOHIIE-
IIi}0 OCMOTHYHUX OOYMCJIEHb, SKa 3aI03WYE€HA 3 XIMIYHOTO
MIPOIIECY OCMOCY 1 TOJISiTa€ B aBTOHOMHOMY Ta JAWHAMIYHOMY
yIpaBIiHHI 00YHCITIOBAILHUMU PeCypcamu. 3aBIsiku Oe3mnepe-
PBHOMY BEpTHKaIbHOMY OaJaHCYBaHHIO HABaHTAXKCHHS MIX
XMapHUM, TYMAaHHHUM Ta KpaﬁOBI/IM CepeaoBUIIIaMU, OCMOTI/I'-IHi
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obuuciieHHs 3a0e3MeuyoTh aJanTallil0 CUCTEMH JI0 3MiH B pe-
QIFHOMY 4aci, MiATPUMYIOUH PiBHOMIpHHIA PO3IOAIT HAaBaHTa-
JKEHHS MiJK Pi3HEMH 00YHCIIOBAIBHUMHY cepenoBumamu [4, 5].

OpnHak, 3 ypaxyBaHHSIM KOHIICIIIT OCMOTHYHHAX OOYHCIICHB,
AKTyaJ bHUM 3aBJIaHHIM 3aJIHINAETHCS YIIPABITIHHS PO3IIOALIOM
3a/a4 B yMOBaX HEBH3HAYCHOCTI, AMHAMIYHOCTI Ta T€TEPOTeH-
HocTi loT-cepenmoBuima, 3a0e3neuyroun IpU IIbOMY HaJaHHS
TIOCTYT 3 BiAMOBiMHUM piBHeM Qo0S.

OCOBJIMBOCTI 3ATAJIbHOI APXITEKTYPU |OT-CUCTEM
B po6oTi po3riisiiaeThCst TPUPIBHEBA apXIiTEKTypa pPO3IOIi-
nenux l0T-cucTeM 3 MOAINTOM Ha XMapHe, TYMaHHE Ta KpaioBe
CepeIOBUINA, B SIKii yIpaBIiHHS 3aJa4aMi Ta pecypcamu 0azy-
€ThCS Ha KOHLIEMIiT OCMOTHYHHUX 00YHCIeHb (puc. 1).

@ coudmEL
B FoznmeL
. Edge MEL

PozymHish
= | o |wmos

CLoup

FOG

Puc. 1. 3aranbHa cTpykTypa TpHupiBHEBOI |0T-CHCTEMU HAa OCHOBI OCMOTHY-
HUX 00YMCIICHb

[epmruii piBerb — Edge, sikuit 3HaXOANTHCS HAHHMIKYE B i€-
papxi4Hili CTPYKTYpi, € CepeaOBHIIEM KpalOBHX OOYMCIICHB.
Le#t piBeHp pO3TAIIOBaHUH HAHOMIDKYE IO JOKEpeN IaHWX,
SIKUMU € KiHneBi loT-mpucTpoi, yacTuHa 3 SKUX MaroTh BIacHI
00YHCITIOBANIFHI TOTYXKHOCTI, IIO IO3BOJSIE M BHKOHYBATH
MIpOCTi 3a/1a4i 3 HU3bKOIO 3aTPHUMKOIO.

Jpyruii piBeHb — cepeoBHIle TyMaHHUX o0urcieHsb (FOg),
MICTUTh HNPOMDKHI OOYMCIIOBANBHI pecypcu Ha PiBHI MIKpo-
a00 perioHalbHUX JaTa-TeHTPiB. 3aBASKHA PO3IINPEHIM 00UH-
CJIIOBAILHUM MOXJIMBOCTSIM FOQ-piBeHb 3IaTHUIT 00poOIIsTH
OimpIIi 00’€MHU MAHWX Ta BUKOHYBATH CKIIAIHIINI OOYHCICHHS
nopisusiHO 3 Edge-piBHem. FOg-piBeHbh MOXeE OJHOYACHO 00-
CIIyTOBYBAaTH JeKibKa 1oMeHiB Edge-piBHs.

Tperiii, HallBUIIMI piBEHb — 1€ XMapHE CepeIOBHIIE
(Cloud), sike po3raioBane Haiiaani BiJ KiHIEBUX IPUCTPOIB Ta
no0y/I0BaHE Ha OCHOBI IICHTPIB OOpOOJICHHS HaHUX 3 BEJIH-
KAMH oOunciroBanbHuME moTyxHOCTAME. Cloud-piBeHp 3a-
Oe3reuye aHami3, 00poOKYy Ta 30epe)KEHHS BEIMKHX MAaCHBIB
JAaHUX 3 BHCOKMM piBHeM BiamoBocrtiiikocti. Cloud-piBenn
MOX€ OJIHOYaCHO OOCIYroByBaTH JieKiibKa aoMeHiB FOg-
piBHS.

B3aemonist Mixk 0OUUCITIOBAIbHUMH CEPEIOBUIIAMH pealti-
3YETHCS K i€papXidHO OPraHi30BaHUN OOMIH TaHUMH MiX PiB-
Hsamu loT-cucremu.

Inest ocMOTHYHMX OOYMCIICHB 3a1103MYeHA 3 XIMIYHOTO ITPO-
IIECY OCMOCY, JIe pPO3UNHHHK MEPEXONUTS 13 JIITHKU 3 HUKUOIO
KOHIICHTPALIIEI0 PO3YMHEHO! PEYOBHHH Y IUISHKY 3 BHIIOIO
KOHIICHTPALIEI0 PO3YNHEHOI PEYOBMHH Yepe3 HalliBIPOHUKHY
MeMOpaHy, 3aBISKH YOMY BHPIBHIOETHCS KOHIIGHTpAIliS IO
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o0uaBa 60KkM MeMOpaHu. B OCMOTHYHHX OOYHCICHHSX B POJII
PO3YMHHUKA BHCTymaroTh Mikpoemementu (MicroElements,
MELSs), siki MOXYTb MIrpyBaTu MiX Pi3HUMH CEpEIOBHIIAMH
(xmapa, TymaH, Kpaii) yepe3 porpaMHO-BH3HAYE€HY MEMOpaHy
(Software-Defined Membrane, SDMem).

MELSs nopinsirotbest Ha Mikpocepgicu (MicroServices, MS),
SKi HaJalTh (YHKIIOHATBHI MOXIIMBOCTI, Ta MIKpOJaHi
(MicroData, MD), siki mepenatoThest Mixk KomroneHTamu 10T-
CHCTEMH.

[IporpamHO-BH3HaYCHa MEMOpaHa PEryio€ MEePEeMIlIeHHS
MELSs BIiANoBigHO [0 Pi3HUX MOJITHUK YIPaBIiHHS, BPaXxOBY-
I0YH TOCTYITHICTh 00YHCIIOBAIIEHIX PECYPCiB, BUMOTH JO STKO-
CTi 00CITyTrOBYBaHHSI Ta TIOTOYHHMI CTaH cucTemH [5, 6].

B apxitekrypi l0T-cucrem Ha puc.l peanizoBaHa TpupiB-
HeBa iepapxiyHa MoJenb KepyBaHH:. KoxeH piBeHb MICTUThH
00YHCITIOBANIBHI BY3JIM Ta CUCTEMY YIIPaBJIiHHS, SIKa HA OCHOBI
aHaJi3y JaHUX MOHITOPUHTY CTaHy PECypCiB IpUHMAE PillIEHHS
0710 po3MileHHs, Mirpanii Ta BunaneHass MELs i BuUKoHye
posmozin 3a1a4 (puc. 2).

cLoun

Cloud-cuctesma yrpamninmm

s 3

FOG

Edge-chcrema ynpaeninem N H Edge-cvcTema ynpasninma

e .* :E’\.. y

b daui T2 ypasmen

Puc. 2. 3aranpHa Mozienb pO3NOALTY 3a/a4 Ta yrpaBiiHHs pecypcamu B [oT-
cHucTeMi

Ha obGunciroBansHOMY By3ili MOXke OyTH PO3TOPHYTO OJIUH
a6o nexinpka MELS 3a1exHo BiJl HASBHUX TOTYXKHOCTEH, a KO-
»xeH MEL Moxe BUKOHYBaTH OIHY a00 JeKiTbKa 3a1a4.

Cuctema ynpasiiHHS HIKYE PO3TAIIOBAHOTO PiBHS ITiJIIO-
PAOKOBYETHCS BUIIIN 3a i€papXi€lo cucTeMi ympammiHHA. Tax
Edge-cucrema ymipaBiiHHS 00CITyTrOBYE OOUHUCITIOBATIBHI BY3IIH,
10 B3a€EMOJIIOTH 3 KiHIleBUMH TpucTposmu 10T-cucrem. Fog-
cHcTeMa YIpaBIiHHs KOOPIUHYE edge-10MeHr — IPyIH 009unc-
JIIOBAJIBHUX BY3JB, IO MiAMOPSIKOBYIOTCS OIHINM cucCTeMi
YIOPaBJIiHHS, — Ta OOYMCIIOBAIBHI BY3IH CBOTO JIOMEHY.
LlenTpanbHa cuctemMa ynpaBJiHHS, Ka pO3TalllOBaHa Ha XMap-
HOMY piBHI, Mae iHpopMalito npo 3aranbHuii cran 10T cuc-
TeMH, 3a0€3MeUyI0UN Y3ro/PKEHY POOOTY BCIX PiBHIB.

PosrisiHyra Monens KepyBaHHS peanizye KOMOIHAIifo
LEHTPATI30BaHOTO Ta JICIIEHTPaIi30BaHOTO MIXOIB /10 yIIpaB-
niHHs. ['o6anbHe yrpaBiTiHHS Ta IPUHHATTS pillleHb 3/11HCHIO-
€ThCSI [IEHTPAILHOIO CHCTEMOIO YIIPaBIiHHA. B Toi ke dac ne-
[IEHTpaIi30BaHE YIPABIIHHS 3MIHCHIOETHCS CHCTEMaMHt yTIPaB-
JIHHS BiINOBITHHUX PIBHIB, SIKi MPUAMAIOTh JIOKAJIBHI PIILICHHS
1 3MIHCHIOIOTH YIIPABIIIHHS B ME)KaX CBOTro JoMeHy. [loeqHaHHs
MX IIIXO/IB JTO3BOJISAC ITIABHIIUTHA BiJIMOBOCTIMKICTH, MAaCII-
TabOBAHICTh Ta aJIANITUBHICTH CUCTEMH.

METO/I PO3IIOJIUTY 3AZIAY B |0 T-CUCTEMI
VY po3risiHyTiH TpHpiBHEBIH apXiTekTypi posnozinenoi loT-
CHCTEMH Ha OCHOBI OCMOTHYHHX 00YHCIICHb (PaKTHIHE CepPeIIo-
BHIIC BUKOHAHHS 3a7a4 moOyaoBano Ha ocHoBi MEL. MEL po-
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3 pecyp-
— MHOYKHHA OOYHUCITIOBATBHUX BY3IIIB 3

3rOpPTAETHCSl HA OOYMCIIOBATPHOMY BY3Ti N, e N |

caMH R, e R , e N |

CyMapHUMHU  pecypcaMu R Ha  piBHI LelL,

L

L ={Edge,Fog,Cloud}, i=1,n_, e n_— KilIbKiCTb AOCTYI-

HUX BYy31iB Ha piBHI L . [Ipu mpoMy oOUmCIIOBaNBHI BY3JIH B
MEKax OJHOrO PiBHSA MOXYTh MaTH Pi3Hi pecypcu R, = R,

€ R, U NEAKHX i=m , € i =1,n

RieRL,R ,m=1,nL
vy

T, eT,j=11 3IIACHIOETHCS 32 aJTOPUTMOM 1.

m

3alpOMOHOBAHOMY  METOII  PO3MOALT  3ajad

Autroput™ 1. Po3nozin 3agadi B iepapxiuniit 10T-cuctemi
Input: Task T, setof nodes N = U~ withresources R =U R,

Lel LeL

L ={Edge, Fog,Cloud}
Output: Assignment of task T, to a node or queue/reject the task

1 L « level where T, was initialized

2 while L e L do

3 if isLevelSuitableForTask(T, , L ) then

4 foreach N, from n do

5 if isNodeAvailableForTask(T, , r, ) then
6 assign 7, to N, node

7 return

8 end if

9 end for

10 foreach n, from n do

11 if canReleaseResourcesForTask(T, , N, ) then
12 release resources on N, node

13 if isNodeAvailableForTask(T, , r,) then
14 assign 7, to N, node

15 return

16 end if

17 end if

18 end for

19 end if

20 L« Lel\{L}

21 end while

22 queue or reject T,

Peectpartis 3amaui T, € T, j =1,J BinOyBa€ThCs B JIOKaIb-

HIlf cHCTeMi yNpaBiliHHS TOTO PiBHS L e L , Ha SIKOMY BOHa
Oyna iHiriiioBana. KoxHa 3a1aua onmucyeThCsi BEKTOPOM Mapa-

METpIiB P, = { p: |k =1,K}, ne p? —3HA4YCHHA k -TO ITapameTpa

3aga4l TJ. . Z[O TAaKHUX MapaMEeTPI1B MOXKYTh HAJICX)KAaTU: IPIOPUTET

3amadi, BAMOTH [I0 3aTPUMOK, OOYHCIIOBAaJIbHA CKIAIHICTH

tomio. KiNbKiCTh Ta TN MapameTpiB MOXKYTh BIIPI3HATHUCS B

3aJIeXHOCTI BiJl BUMOT Ta MoTped KoHKpeTHOi |0T-cuctemu.
[Micns imimiamii 3agadi 3MIHCHIOETHCS aHAIII3 MPUAATHOCTI

MOTOYHOTO  PIiBHI L Ui BUKOHAHHS  3ajadi L

L (Tj L)y - f (F’j ,L) . SIkmo moTouyHMit piBeHL 3aJ0BOJIbHS€
BUMOTU BHKOHaHHS, CHCTEMa YIPaBJIiHHS PIBHS MEPEXOAUTH
JI0 TIEPEBipKH HAasBHOCTI HEOOXITHUX OOUUCITIOBAaJIbHUX pecyp-
CiB y Takuil crmoci0: Ay KOXKHOTO OOYHCIIOBANIFHOTO By3Ia

N, e N, 3 pecypcaMH R, € R, 3[IHCHIOETBCS OIiHKA 3a Jie-
Akoro GyHkniero f, (T,,R;), IO XapaKTePU3ye MOMIUBICTH PO-
3MilIeHHs 3a/a4i T, Ha By3Ii N, .

Y BUNaKy 1OCTaTHBOI KUIBKOCTI pecypciB 3a/1aua IpHu3Ha-
yaeTbest BinnoBinHoMmy MEL anst Bukonanns. SIkiio pecypcis
HE/I0CTaTHBO, CHCTeMa YIPaBIiHHS PiBHS L 3/IHCHIOE aHawi3
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JOLITBHOCTI BUBUIBHEHHS PECYpPCiB, OLIHIOIOYH IPIOPUTETH
IMOTOYHUX 3a/1a4 Ta MOTCHI[IHI BTPaTH BiJ iX MepeMilleHHS.
HpH TO3HTHBHOMY pesynLTaTl [bOT'O aHAaJI3y BHKOHYEThCS BH-
BUIBHEHHS PECYpPCIB, IICIS YOTO 3HOBY IEPEBIPSETHCS HasB-
HICTh HEOOX1THUX PecypciB.

Sknio moTovHWH piBeHb L HE BiIIOBiJae BUMOraM abo He-
MOXKJIMBO BHUBIIBHUTU JOCTATHHO pecypcm CHCTEMA YIIpaB-
JIHHSI PIBHS MEPEBIPSIE€ YU 3ANUIIMINCS 1HII HEPO3IIISHYTI pi-
BHI B iepapxil L e L \{L}, Kyl MOXHA PO3MOILINTH 3a/1a4y.

[Ipu HasSIBHOCTI aNbTEPHATHBHUX BapiaHTIB 3a/1a4a MepeHarnpa-
BIISIETHCSl HA BUIITUI a00 HWKYMN PiBEHb B 3aJI€KHOCTI Bij Ta-
paMeTpiB P, camoi 3a1ad4i, IMiCJIA Y0To IIPOIEC aHAi3y ITOBTO-

PIOETBCS. SIKIO MOCTYNMHUX PiBHIB HE 3aJIMIIIIIOCH, 3a/1a4a 110~
MIIA€THCS B YEPTy OUIKyBaHHSA a00 BIAXWIISETHCS B 3AJICKHO-
CT1 BiJ| ITOJITHK, SIKi peai3oBaHO y CHCTEMI YIPaBIiHHS.
Po3ristHyTHIT METO O30Ty 3a/au CIPSIMOBAHUI 3MEH-
IIWTH 3araJbHUN Yac BUKOHAHHS 3a/1a4 3a paXyHOK X palfioHa-
JIHOTO PO3MIIIIEHHSI, 00MPAI0YHN CEPETOBHIIIE [T BAKOHAHHS 3
ypaxyBaHHsIM IapaMeTpiB 3a1a4 Ta MOTOYHOTO HaBaHTa)KEHHSL.

BUCHOBKU

B po6oti po3pobieHo 3aranbHy MOJIENb PO3IIOALTY 33124 Ta
ynpaeiiHHS pecypcamu B 10T-cucremax Ha OCHOBI OCMOTHY-
HUX 00uncIeHb. Po3risiHyTa TpUpiBHEBA apXITEKTypa pO3MOIi-
nenoi loT-cucremu crnpsimoBaHa 3a0e3neynTd eEeKTHBHE BH-
KOPUCTaHHSA OOYHCIIOBAJIBHUX pECypCiB KpaifoBOro, TyMaH-
HOTO Ta XMapHOTO plBHlB pETyIIOBaTH PO3NOALT HaBaHTa-
YKEHHSI MK HUIMH Ta TiJBUIUTH aalTHBHICTh CUCTEMH JI0 JH-
HaMiYHMX 3MiH CEpEJOBHINA. 3alpOIOHOBAHO METOJ PO3IO-
JTy 3a7ad, SIKHi BPaXOBY€ SIK XapaKTEPUCTUKHU Ta BUMOTH ca-
MHX 3a7a4, TaK i CTaH OOYMCIIOBATBHUX PECYpCiB I BU3HA-
YEeHHsI PalliOHAIHOTO CEpeIOBHIIIA BUKOHAHHS.

[omanpmti KpokH OCTiKEHb OyAyTh CIPSMOBaHiI Ha PO3-
pobky MetoniB yrpasiaiaas MELS 11 eekTHBHOTO BUKOpHC-
TaHHS PecypcCiB, OalaHCYBaHHS HABAHTAKCHHSI Ta 3MEHIICHHS
Yyacy BUKOHAHHS 3aJiay, a TaK0X JOCIIIKEHHS 3aCTOCYBaHHS
armapaTty HEYiTKOi JIOTIKH 3 METOI0 3a0e3MeUnTH aIanTHBHICTh
loT-cucremu B yMOBax JMHAMIUYHHMX 3MiH Ta HEBU3HAYEHOCTI
CepeIOBHIIIA.
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Problems of ensuring fault tolerance of cloud
systems based on the estimations of reliability
metrics

Yurii Tymoshyn, Bohdan Bachkala

Department of Information Systems and Technologies
Igor Sikorsky Kyiv Polytechnic Institute
Kyiv, Ukraine
y.timoshin@gmail.com, bbachkala@gmail.com

Abstract. This paper addresses the problems of ensuring fault tolerance in Infrastructure as a Service (l1aaS) cloud systems based on the
estimations of reliability metrics. It proposes a fault-tolerant cloud infrastructure architecture. The analysis covers the impact of Recovery
Point Objective (RPO) on potential data loss and Recovery Time Objective (RTO) on permissible service downtime. Results provide guidance

for choosing optimal backup strategies.
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Ilpoonemu 3a0e3neuennsn 6i0Mo80CmIinUKocmi
XMAPHUX CUCHEM HA OCHOBL OUIHOK MempPUK
HaOoluHOCmI

Tumommn IOpiii, baukana borman
KIII imesi Iropst Cikopchkoro
M. KuiB, Ykpaina
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Anomauia. Po6oma npuceauena npoonemi 3abe3neueHHus 6io-
Mosocmitikocmi xmapHux cepeicie modeni 1aaS (Infrastructure as a
Service). 3anpononosano apximexkmypy 6i0mMo80cmiiikoi xmapHoi
ingppacmpyxmypu. Jocnionceno enaue mempux RPO (Recovery
Point Objective) na nomenuyiini empamu danux ma RTO (Recovery
Time Objective) na donycmumuii wac npocmoro. Hadano pexomen-
oayii w00 eubOpy onMUMANLHUX CIPameziii pe3epeyeaHHs.

Knruoesi cnosa: Asapiiine gionoenennusn, Xmapui oouuciaenns, RPO,
RTO, ¢iomosocmiiikicmo, ouinroeanus mempux

Bcryn

VY cydacHMX XMapHUX OOYHCITIOBAIBHUX CUCTEMAaX KPUTH-
YHO BaXXJIMBO 3a0e31euyBaTy Oe3nepepBHICT pOOOTH CEPBICIB
HaBIThb 3a HAsBHOCTI BiAMOB. SIK cBigyaTh OCTaHHI HOCII-
JOKCHHS, TPUBAJI BIIMOBH KPUTHYHHUX CEPBICIB MPHU3BOIATH 10
3HA4YHUX (PIHAHCOBMX BTPAT Ta MiJPUBAIOTH JOBipY KOPUCTYBa-
giB [1]. It cepeqHpOTO Ta BEIUKOTO Oi3HECY IIBHUIKE BiTHOB-
nenHs [T-iHQpacTpyKTypH Imicis BiIMOBH i MOBEPHEHHS IO
Mpare3JaTHOTO CTaHy Oi3HeC-TOJaTKiB Ta MU(POBUX CEPBICIB
€ KJIFOYOBUM YMHHUKOM KOHKYPEHTOCIIPOMOXHOCTI.

Jliist KUTbKICHOT OLIIHKY 3aTHOCTI CHCTEMH 30epiratu mnpa-
[E37aTHICTh B YMOBax BiZIMOB 3aCTOCOBYIOTh METPUKH HaJiii-
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HOCTI, cepel Skux ocHOBHUMHU € RTO — 1iboBHIA Yac BiHOB-
nenns, Ta RPO — 1inboBa Touka BimHOBIeHHs [2]. 3HaueHHs
LUX METPUK BH3HAYAIOTh BHMOTH JI0 apXITEKTYpPH BiIMOBOC-
TiliKoi 1H(pacTpyKTypH Ta Oe3nocepeHbO BIUIMBAIOTH HA BH-
0ip TeXHOJIOTIH pe3epBYBaHHs, peIlIiKallii Ta Ipoexyp BiJHO-
BJICHHS JJaHUX.

BonHowac 11t KOMIUIEKCHOT OI[IHKY SIKOCT1 Ha/IaHHS XMap-
HUX ITTOCIYT BO)XJIMBO BPaxOBYBAaTH HE JIMIIE METPUKH HaMmil-
HOCTI, ajie i TOKa3HUKH JJOCTYITHOCTI, 1[0 BU3HAYAIOTh, HACKI-
JBKU cTabIIBPHO cucTeMa 3a0e3edye KOpUCTyBadaM JJOCTYII IO
il ¢yskumionamy. OCHOBHHMH IOKa3HHUKAMH JOCTYIHOCTI €
SLA (Service Level Agreement) — yroza mpo piBeHb 06¢IyTo-
ByBaHHS, 10 (ikCye 3000B'13aHHSI MOCTAYABHUKA IIOJI0 SIKO-
cti cepeicy, Ta SLO (Service Level Objective) — KOHKpETHI I1i-
JIbOBI 3HAYEHHS JOCTYIHOCTI, SIKi JI03BOJISIOTH KOHTPOJIIOBATH
BiJIMIOBIIHICTH CUCTEMH BCTAHOBJICHUM CTaHaapTam [3].

Mertoro pobOTH € aHaji3 Ta MOJIEIIIOBAHHS BIUTUBY METPHK
nagiinocti (RTO, RPO) nHa mokasuuku moctymHOcTi (SLA,
SLO). OtpumaHi pe3ysbTaTi AOCTIIPKSHHS T03BOJISTH PO3PO-
OuTH pekoMeHalii 111010 BUOOpY ONTHMAIIBHUX CTpaTerii pe-
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3epBYBaHHs y XMapHHUX cuctemMax Mojeli laaS, siki 3abe3mnedy-
10Th OaJlaHC MK BUTpaTaMH Ha iIHPPACTPYKTYypy Ta OYiKyBaH-
HSMU KOPHCTYBauiB.

APXITEKTYPA BIZJIMOBOCTIMKOI XMAPHOI IHOPACTPYKTYPU

BigmoBocTiiika xmapHa iH(pacTpykTypa OynyeTbes 3a
MIPUHIMIIOM 0araTopiBHEBOI apXiTEKTYpH 3 pe3epBYBaHHIM Ha
BCIX KPHUTHYHO BXJIMBHMX PIBHSIX, IO 3a0e3neuye Oesrmepe-
PBHICTh poOOTH CepBiCiB HaBITH Y BHIAJKY BiIMOB OKPEMHX
KOMIIOHEHTIB [4].

Ha puc. 1 moka3aHo cxemy peaiizarii BiIMOBOCTIHKOI XMa-
pHOT laaS-apxiTekTypH, 110 BAKOPUCTOBYBAIACS SIK MOJIETIb J10-
CIipKeHHs. 3anuTH BiJ BeO-KOopHCTyBadiB abo cepBiciB crova-
TKY HaJXOJAAThH JIO XMapHOTo cepsicy nomeHHux imMeH (DNS,
Domain Name System), sikuii cripsiMoBYye Tpadik Ha OCHOBHHI
perioH. Y OCHOBHOMY perioHi OajaHCyBabHUK HaBAaHTaKCHHS,
PO3TOPHYTHH y AEKiIbKOX 30Hax moctymHocti (AZ, Availabil-
ity Zone), po3mnoninse 3amuTH MiX BipTyaJbHHMH MallMHAMH
(BM) y rpyni aBToMarn4HOro MacmtaOyBaHHs. Y pa3i MOBHOT
BiZIMOBH OCHOBHOTO periony DNS aBroMaTH4yHO IepeHanpas-
JISI€ 3AMUTH JI0 pe3epBHOro periony BigHosienns (DR, Disaster
Recovery), MiHiMi3y041 Yac mpoCTokO.
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Puc. 1. CtpykTypHa cxema BiIMOBOCTiHKoi XMapHO] iHdpacTpykTypH

Ha mepexeBoMy piBHI OaslaHCYBaJIbHUK HABAHTAXKCHHSI BU-
KOHY€ (DYHKIIIFO PO3MOJIUTY 3alKTIB MiX KIJIbKOMa €K3eMILIsI-
paMmu cepBicy Ta CIIAKYE 3a X CTaHOM. 3a JI0NOMOrol0 BOY10-
BaHMX NEPEBIPOK CTaHy OajlaHCYBaIbHUK aBTOMATHYHO HPHUITH-
HsI€ HAJICUIIATH 3aIUTH Ha OyAb-sIKUH €K3eMIULIp, 110 He Bixno-
BiJjae ab0 MepeBHIILy€ JIOMyCTUMUI Yac BIATYKY, IepeHaIpas-
JSIFOYM 3aIIATH JI0 1HIIUX, cripaBHUX By3miB [5]. Takuid minxin
rapaHTye, 110 BiIMOBa OKPEMOro By3Ja He BIUIMHE Ha JOCTYII-
HICTB CEpBICYy 3arajiom.

I'pyma aBTomMaTnaHOTO MacmTabyBaHHS 3a0e31edye pe3epB
O0YHCITIOBAILHUX PECYPCIB 1 ajanTaififo J0 3MiHH HaBaHTa-
skerHs. CucTeMa aBTOMAaTHYHO J0JA€ HOBI eK3eMIuisipu BM
NPY 3pOCTaHHI IHTEHCHBHOCTI 3aIMTIB 1 BUITy4Yae 3aiiBl eK3eM-
IUISIPH TIPH CTIaJli HAaBaHTa)KeHHs. Take ropu3oHTalbHE MacCIl-
TaOyBaHHsI JJO3BOJISIE MIATPUMYBATH 3aJaHUH PiBEHb MPOAYK-
TUBHOCTI Ta pearyBaTH Ha MIKOBI HABaHTaXXCHHs 0Oe3 BTpaTu
JIOCTYITHOCTI.

CepgBic pe3epBHOIO KOITIOBAHHS BIATIOBIIA€ 3a 3aXWCT Jia-
HUX 1 BIIHOBIICHHS y BUTIAJIKY BiZIMOB. Pe3epBHi korii CTBOpIO-
FOTBCS PETYILPHO 32 PO3KIIAIOM BiAMIOBIIHO 10 BU3HAUEHOI I10-
JITHKY (HAPHUKIIAL, IOTOAWHH a00 1m01001) 1 30epiraroTecs y
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BiJIIaJIEHOMY CXOBHIIII. 3a MOTPeOH JaHi 3 pe3epBHUX KOIIiii BU-
KOPUCTOBYIOTBCS JIJIsI BiTHOBJIEHHS cicTeMu. [loeqHanHs moc-
TIHHOT peruTiKaIlil JaHUX MIX PErioHaMHU 3 PETyJIAPHUM pe3ep-
BHUM KOIIIOBaHHSM JI03BOJISIE MiHIMI3yBaTH BTPaTH AaHUX 1 3a-
0C3MEeYNTH TIOBHE BiJIHOBJICHHS CHCTEMH IICIS MacIITaOHHMX
BiIMOB. 3a3HayeHi Miaxoan (CMHXPOHHA peruTiKallis, yOio-
BaHHS KOMITOHEHTIB) BiJIITOBIJal0Th OCHOBHUM IPHHIIATIAM 3a-
Oe3meyYeHHs BiIMOBOCTIHKOCTI, OMMMCAHNM Y CydYacHii Jitepa-
Typi [4,5].

3arpornoHoBaHa apXiTEeKTypa 3aKiIaa€ OCHOBY IS OJallb-
LIOr0 MOJEJIFOBAHHS B3a€MO3B’A3KiB MK IOKa3HUKaMH HaJlii-
HOCTI Ta IOCTYIHOCTI. Y HACTYIHOMY PO3ALTI AOCIIHKEHO, 5K
Bu6ip 3Hauers RTO i RPO BmumnBae Ha mijb0Bi MOKa3HUKH KO-
cti o0ciyroByBanHs (SLO) Ta pu3nKku BTpaTH JaHUX.

MOJIEJIIOBAHHS BIUIMBY METPUK HAJIIMHOCTI HA
JOCTVYIIHICTb CUCTEMU

inpoBa Touka BimHOBICHHS naHuX (RPO) Bu3Hauae, 00’ eM
JIaHUX KWW CHCTeMa MOXE IMOTEHIIHHO BTPATUTH TIPH BiIMO-
BaX, 1 6e3MocepeJHBO 3aJICKUTP Bill YACTOTH CTBOPEHHS pe3ep-
BHUX KOTi#. B IboMy po31iJi po3riIsiaaroThes IBi CTpaTeril pe-
3epBYBaHHS: JIiHiITHA CTpaTeTis 3 (IKCOBAHUM IHTEPBAJIOM MiX
KOMISIMH Ta eKCIIOHEHI[ialIbHa CTpaTeris, mo 0a3yeThCs Ha BH-
MAJAKOBHX IHTEpBaIaX CTBOPEHHS PE3EPBHUX KOIIiH.

JliniiiHa cTpaTeris pe3epByBaHHS mependadae CTBOPEHHS
pe3epBHUX Komiif 3 pikcoBaHMM iHTEpBAIOM T. Y IbOMY BHIIA-
JIKy MaKCHMaJbHUN 00CAT BTpaTH JAaHUX JOPIBHIOE IHTEPBAIY
MDK KOMISIMH, @ HMOBIPHICTb MEPEBUILIEHHS AOMYCTUMOIO TO-
pory RPO niHiifHO 3MeHITyeTHCS 31 3MEHIIEHHSIM iHTEpBaIy 1.
IMOBIpHICTE TOTO, IO BTpayeHUil OOCST MaHWX HEPEBHUIIUTH
RPO, Buznauaetsces 3a popmyoro (1):

(1

ne RPO — nonycTUMHUIA Yac BTpaTH JaHMX; | — CepeHii iHTe-
pBaJI Yacy MiX Pe3epBHUMH KOIIiSIMH.

3 ¢popmymnu (1) BuaHO, 0 A NiHIHHOT cTparterii pe3epBy-
BaHHS pu3uK mepeBuineHHs RPO miniitHO cmagae Bim 100%
(xonmu RPO —* 0, ToOTO yacToTa PE3epPBHOTO KOIMIIOBAHHS HE
MIOKPUBA€e JOMyCTUMHUN dac BTpaTH npaHux) no 0% mpu
RPO =T. SIkuio iHTEpBaJI MiX KOIISIMUA HE IIEPEBHUIILYE JOITYC-
TUMHH Yac BTPaTH AaHUX, HMOBIPHICTb BTpaTUTH Oijblle Ja-
HUX, HiK no3Boisie RPO, cTae HynboBoIO. B 11b0My BHIIAAKY
YacTOTa pe3epBYBaHHS MOBHICTIO MOKPHUBAE JOMYCTHME «Bi-
KHO» BTpaTu AaHuX. Taka cTpaTeris € ONTUMAIBHOIO ISl CHC-
TEM 3 CyBOPHMH BHMOTAaMH 0 LUTICHOCTI Ta 30€pexeHHs Ja-
HUX, HallpUKJIaz, 118 piHaHCOBHUX IuaTdopm, /e HaBiTh MiHi-
MaJlbHa BTpaTa IaHHUX € HEMPUITYCTUMOIO Yepe3 3HaYHI perryTa-
iitHi Ta piHAHCOBI PU3UKH.

ExcrioneHtiansHa crpareris 0a3yeTscss Ha WMOBIpHICHIX
MOJIEIISIX, JIe IHTEPBaId MiXK CTBOPEHHSIM pe3epBHHUX KOl Ma-
I0Th €KCIOHEeHIianbHui po3nofin. [Ipu npoMy HMOBIpHICTH
MepeBUIICHHS 0mycTuMOoro RPO eKCroHEeHIiaIbHO 3MEHIITY-
€TBCS 31 CKOPOUYCHHSIM CEPEIHBOr0 IHTEPBAJy PE3epBYBaHHS,
aJle HIKOJIM HE JIOCSTaE HyJIsl, 3aIMIIA0YM HEHYJILOBUH PH3HK
BTpaTU JaHWX. IMOBIpHICTh BTpATH JaHUX JUIA IIi€i cTpaTerii
BU3HaYa€eThes 3a popmyrnoro (2):

RPO
P{empama oanux > RPO}=|1-— X 100%

RPO

2
Pl{empama danux > RPO} = (e r )X 100% @

ne RPO — nonycTUMUIA 4ac BTpaTH JaHUX; | — cepeaHii iHTe-
pBa 9acy MiX pe3epBHUMH KOMiSIMH.

Hagite 3a He3HAYHOI CepemHBOI TPHUBAJOCTI iHTEepBamy T
BiAMOBiIHO 10 popmyiH (2) icHye HeBeNnKa, aje BiMiHHA Bij
HYJIsl IMOBIPHICTB TOT'O, IO IHTEPBAI MIX KOIISMH BHSBHUTHCS
JOBIIHM 3a pormyctume 3HadeHHss RPO. L crpateris € MeHIn
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BHUMOTJIMBOIO JI0 PECYPCIB 1 MOXKE OYTH JOLILHOKO IJISl CHCTEM,
JIe JONYCKAEThCs MIHIMAJIBHUM PU3UK BTPATH NAHHX, HAMPH-
KJ1aJ, 1715l HEKPUTHYHUX aHATITHYHHX IUIaTQOpPM.

Ha puc. 2 HaBeneHo rpadik 3aJIe)KHOCTI BITHOCHOTO PU3UKY
BTPATHU JIAaHKX BiJl CIIiBBiTHOIICHHS MiXK JIOITyCTUMOIO BTPATOIO
JAHHUX Ta YaCTOTOI PE3EPBHOIO KOIMIFOBAHHS JIIS PI3HUX CTpa-
TETii pe3epByBaHHS.

100

'

Bl e s anmycTaMo D ofCRTY STPATH [ARNY 50 (RTEqRRNY pese iy sensE

Puc. 2. BigHocHUIA pU3KK BTPaTH JaHUX VIS Pi3HUX CTpATeTiil pe3epByBaHHS

Puc. 2 nemMoHCTpye BiAMIHHOCTI MiXK IBOMa CTPATETiSIMHU:
JiHIHA CcTpareris 3/1aTHa 3a0€3IIEYHUTH BiJCYTHICTH PH3HKY
BTpaTU JAaHUX, TOMl SIK CKCIIOHCHIIIABHA CTPATETis OIyCKa€e
3aUIIKoBUH pm3uK. MiHimizaris RPO € HeoOXiqHOI0 YMOBOIO
3a0e3rneueHHs MUTICHOCTI JaHUX 1 BaXXJIMBAM KOMIIOHEHTOM 3a-
TaBHOI CTpaTeril 3a0e3meYeHHs BiIMOBOCTIHKOCTI CHCTEMH.

[HITMM KIIFOYOBUM MOKA3HUKOM HAIIMHOCTI € IIJILOBUI Yac
BimHOBNEeHHA (RTO), mo BU3HaUYa€ MaKCHMAIIBHO JOITyCTUMY
TPHUBAJICTH MPOCTOIO cucTeMH Tricis BigMoBu. RTO 6e3moce-
PEIHBO BIUIMBAE Ha ILIHOBI MOKA3HUKH JOCTYIHOCTI CHCTEMH
(SLO). ®aktnunwmii piBeHb MOCTYIHOCTI CHCTEMH BU3HAYA-
€Thbes 3a hopmyioro (3):

- N XRTO

SLO = X 100%

3)
nepiod
ne N — kinpkicTs BigMoB Ha pik; RTO — cepesHiii yac BiJTHOB-

nenHs (ronuH); T - TPHUBAJIICTh PO3TIITHYTOTO MIEPiOAY.
nepiod

I3 HaBeeHoi 3anexHocTi (3) BUIAHO, IO JJIsI CUCTEM i3 BU-
COKOI0 YaCTOTOIO BiJIMOB KPHUTHUYHO BAXKIUBUM € 3MCHIIICHHS
RTO. Boanouac, aj1s CUCTEM 13 HU3bKOK IHTCHCUBHICTIO BiJI-
MOB JIONYCTHMHH Yac BiJHOBJIEHHS MoOXe OyTH OuThIINM 0e3
CYTTEBOTO BILIMBY Ha MOKA3HUKHU TOCTYMHOCTI.

Ha puc. 3. HaBeneHo rpadik 3ajexKHOCTI HIJIOBOTO PIBHSA
00CITyTOBYBaHHS BiJl IIIFOBOTO Yacy BiAHOBIICHHS U TPHOX
pi3Hux wactot BiaMoB: 1, 5 ta 10 BimMOB Ha pik.

100,010

RTO (rogumi)

Puc. 3. 3anexnicts SLO Big RTO Ta yacToTH BigMOB
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Puc. 3 neMoHCTpYE, 1110 Uil CUCTEM 13 HU3bKOKO YaCTOTOIO
BigmoB (1 Ha pik) SLO 3anumiaersest ctablIbHO BUCOKMM Ha-
BiTh 1pH TpuBasiomy RTO. Ile o3nauae, 10 HOOMHOKI BiIMOBH
CYTTEBO HE BIUIMBAIOTh HA 3arajibHUN MOKAa3HHMK JTOCTYIMHOCTI
3a YMOBH IIOMIpHOTO Yacy BiTHOBJCHHSA. BogHowac, Iuist cuc-
TEM 3 BHCOKOIO 4acToToo BizMoB (10 Ha pik) IIBUIKE BiIHOB-
JICHHS € KPUTHYHUM JJIs MITPUMKH BHCOKOTO PIiBHS JOCTYII-
HocTi. Taka 3aJeXHICTh MiAKPECIToe HEOoOXigHICTh OamaHCy
MIXK HaJiHHICTIO cHCTeMH (3MEHIIICHHS YaCTOTH BiJIMOB) 1 IIIBH-
nKicTio BimHOBIEHHS (3MeHIIeHHss RTO). s miaTpuMkn cuc-
TEM 13 BUCOKOIO YaCTOTOIO BiIMOB HEOOXIJHO IHBECTYyBaTH B
ABTOMATH30BaHi IPOLEAYPH BiTHOBJICHHS, TOAI K I CHCTEM
i3 PIIKICHUMH BiZMOBaMH MOXKHa I03BoJHUTH Oimbimuii RTO
0e3 3HaYHOTO BIUIUBY Ha OCTYIHICTb.

BUCHOBKU

B po6ori nocnimkeno npodiemy 3abe3nedeHHs: BiIMOBOC-
TIHKOCTI y XMapHHX OOUYHCIIOBaJIbHUX CHCTeMax. BcTaHoB-
JIEHO, 10 BHOIp IUTEOBOI TOYkH BimHOBIEHHS (RPO) icTroTHO
BIUTHBAE HA PU3MK BTpATH AaHuX. JIiHilHA cTpaTeris pe3epBy-
BaHHS rapaHTye MPOTHO30BaHE 3MEHILICHHS PU3UKY BTPATH Ja-
HUX, ajie MoTpedye 3HAUHNX pecypCHUX iHBecTHiid. HatomicTb
eKCIIOHEHITIaJIbHa CTPAaTeris € OUTBII eKOHOMIYHOIO 3 TOYKU
30py pecypciB, ajie JOMyCKa€e HasiBHICTh 3aJIMIIKOBOTO PH3HUKY
Yyepe3 CTOXaCTUYHICTh iIHTepPBaIIiB CTBOPEHHS KOIii. AHaIi3 3a-
JISKHOCTI [IIbOBUX MTOKA3HUKIB piBHS o0ciyroByBanHs (SLO)
BiJ vacy BinHOBieHHs (RTO) Ta yacToTH BiIMOB MOKa3aB He-
00XiJJHICTh YITKOT'O IUIaHYBaHHS LUILOBUX ITOKA3HHKIB JIOCTY-
ITHOCTI Ta BIATIOBIJHMX IHBECTHLIH y 3acO0M aBTOMaTH30Ba-
HOTO BiTHOBJIEHHS Ta MiJBUILEHHS HaAIHHOCTI KOMIIOHEHTIB.

OTtpuMaHi pe3ysbTaTé MOXYTh OyTH BHKOpPHCTaHi KOMIIa-
Hisimu Ta SRE-imkenepamu (Site Reliability Engineering) npu
IutaHyBaHHI Ta Bubopi napamerpiB RPO ta RTO i moGynosu
apxiTektyp aBapiiiHorO BigHOBIEeHHS (DR) 1y cBoix cepBicis.
Lle m03BONMMTH BU3HAYUTH YAaCTOTY PE3EPBHOTO KOIIIOBAHH,
piBeHb perntikarii Ta HeoOXiaHi 3aC00M aBTOMAaTHIHOTO BiJHO-
BIICHHS, 1100 3a0€3MeYnTH 3a1aHi HOKa3HUKH JOCTYITHOCTI 0e3
Ha/UTMIIKOBUX BUTPAT.
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The Impact of Al-Powered Development Tools on
Architecture and Testing of High-Load Information
Systems
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Kyiv, Ukraine

This paper investigates the impact of artificial intelligence-based development tools, such as Cursor, on the architecture and testing
processes of high-load information systems. The study shows that the use of Al assistants facilitates modular code structures, accelerates
test generation, and improves system resilience. Key architectural patterns that enhance compatibility with Al-supported development
workflows are analyzed, along with the quality and relevance of automatically generated tests and their influence on system sustainability.
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Bnaue incmpymenmie 3 niOompumkor0 wimy4Hoz2o
IHmeleKmy Ha apxXimeKkmypy ma mecmy8aHHs1
BUCOKOHABAHMANCEHUX IHGOPpMAUIUHUX CUCHEM

Kopmnara fApocnas, Onekciii Anapiit
KIII imeni Iropst Cikopcbkoro
M. KuiB, Ykpaina
olecsiuyae@gmail.com

Y cmammi oocniosyceno ennue incmpymenmie pospooku, ujo MPU3BECTH /10 3HAYHHUX (PIHAHCOBHX BTPAT Ta peIyTamiiHUX
éuxopucmosyioms wimyunuii inmenexkm, 3okpema Cursor, na mpobrmeM. OgHUM 3 e(PeKTUBHUX MiAXOMIB A0 3a0€3MeUCHHS
apximexkmypy ma npouyec mecmy6aHHs 6UCOKOHABAHMAINCEHUX CTiﬁKOCTi e BI/IKOpI/ICTaHHH Cy‘IaCHI/IX iHCprMeHTiB

ingpop. MAULUHUX — CUCmEM. Hoxasano, wo  sukopucmannz Al- aBTOMATH3aIlil pO3pOOKH, 30KpeMa THX, IO IPYHTYIOTHCS Ha
acucmenmie Cnpusie (OpMySaHHIO MOOYIbHUX CHPYKMYP KOO, . .
IITY4YHOMY 1HTEJIEKTI.

npuweuowye zenepayito mecmie i niOGuUWLYE CMIKICMb cUCMeEM. 1 . . .
Ilpoananizoseano knwuoei apximekmyphi namephnu, AKi HAKpaue HCTPYMEHTH TIATPUMKH  IITYHHOTO IHTCICKTY, Takl 5K

63acmoditoms i3 cepedosuwiamu po3pooKu, w0 NIOMPUMYIOMb Cursor, MOKyThb 3HaYHO MPHCKOPUTH TIPOLEC PO3POOKH

wimyynuil inmeneKm, a MaxKoic oyineno AKicms i penesanmuicms IPOrPaMHOrO  3a0€3MEYEHHs, 30KpEMa 4Yepe3 aBTOMATHYHE
AGMOMAMUYHO 32eHEPOBARUX MECMIé Ma IXHill 6N1U6 HaA cmanicmb IeHEpyBaHHs TECTIB Ta MOJICTILIEHHS afanTanli apXiTeKTYpH 1]
dyuxuionysanus cucmenm. BHCOKI HaBaHTAXEHHA. BOHM O3BONAIOTH HE  JIMIIE

MIPUIIBUALINTH CTBOPEHHS TECTIB, ayie i 3a0e3MeunTH OUThIITy
MOJIYTBHICTE KOJY, IO BaXXJTUBO Ul 3HIDKCHHS PU3HKIB TTiJT
Jac OHOBJICHB Ta iHTETpaIliil.
Metoro 1iei pobGoTH € gocmimkeHHS BIUMBY Al-
IHCTpYMEHTIB Ha apXiTeKTypy Ta TpOLEeC TeCTyBaHHS
Beryn BHCOKOHABAHTAXXCHUX CHUCTEM. Y CTaTTi aHaIi3yHThCs
V' cydacHOMy CBiTi BHCOKOHaBaHTaXeHi iH(oOpMaUifiHi  KIFOUOBi apXiTEKTYpHi MiAXOMH, SKi TONETIIYIOTH iHTETPAIlifo
CUCTCMHU MalOTb KPUTHYHC 3HA4YCHHA JUId 6e3Hepe6iﬁHOT 3 TAKUMHU iHCprMeHTaMI/I, a TAKOK OLIIHIOETHCS TXHIN BIUIMB Ha
pobotu gucieHHHX cdep, TakuX K (HiHAHCH, TSIEKOMYHIKAIIT, 3arajibHy CTiMKICTh i HaAifHICTh CHCTEMH.
OXOpOHA 3JI0OpOB’S Ta CHEpreTHKa. 3a0e3medeHHs ix
CcTaOUIBLHOCTI Ta HAAIMHOCTI € OJHUM 13 TOJIOBHUX 3aBIaHb IS
pO3pOOHUKIB, OCKITBKH 3001 B TakWX CHCTEMax MOXYTh

Knrouogi cnosa: incmpymenmu po3pooku 3 niompumkoro LI,
GUCOKOHAGANMAdICEN]  cUCMeEMU,  NPOZpAMHA  apXimexkmypa,
agmomamusoeane mecmysanHs, cmiikicmo cucmem, Cursor,
2eHepayin mecmie
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OrJIA1 JITEPATYPHU TA CYUYACHUX PILIEHB

3 pPO3BUTKOM TEXHOJIOTIH 1 30UIBIICHHSIM CKJIaHOCTI
iHpOpMaliMHMX CHUCTEM MNHUTaHHS iXHBOI CTIMKOCTI Ta
HaJiitHOCTI HaOyBalOTh oco0nmBoi Ba)KJIMBOCTI.
BucokonaBaHTakeHi cHCTEMH, 110 0OPOOIISIOTH BEJIMK] 00CSTH
JaHUX a00 MalTh BHCOKI BHMOTH IO IIBHUAKOCTI OOpOOKH,
3IITOBXYIOTBCS 3 YHUCICHHUMH BHKIMKAMH, TaKUMH SIK
MacmTaboBaHicTh, fault tolerance (BiZMOBOCTIHKICTB) 1
3abe3mnedeHHs OesmepepBHOi pobotu 6e3 300iB. ¥ cydacHUX
PO3MOMINIEHNX CHCTEMaX OCOOJIMBO BAXIMBO 3a0e3MeUnTH
0e3meKy Ta 3HW)KEHHS dYacy IIPOCTOI0, OCKUIBKHM HAaBiTh
HaliMEHIII MOMHIKH MOXYTb TPH3BECTH [0 BEIUKHX
¢inancoBux BTpaT abo0 300iB y poOOTI KPUTHYHO BasKIHBHX
HOCJIYT.

ABTOMaru3alis po3poOKH 1 TECTyBaHHs CTa€ BAXKIMBUM
€JIEMEHTOM Y KOHTEKCTI BHCOKOHABAaHT)KCHHUX CHCTEM, IO
JI03BOJISIE 3a0€3MEeYNTH NIBH/KE BUSBICHHS TOMUIIOK, 3HIKYE
JIIO/ICBKUH (haKkTop 1 3MEHIIIy€e Yac Ha BUIIPABJICHHS JE(EKTiB.
BigomuMun iHCTpyMEHTaMu, IO BUKOPHUCTOBYIOTH TE€XHOJOTIi
IITyYHOTO IHTEJNEKTY Ul TONMOMOTH B MpOLEcax po3poOKH Ta
tectyBaHHs, € Cursor, GitHub Copilot i CodeWhisperer. Lli
IHCTpyMEHTH  JONOMAaraioTb  pO3pOOHMKAM HE  TUTBKH
3TeHepyBaTH KO, aje¢ i aBTOMAaTHYHO I'€HEPYBATH TECTH, IO
3HAYHO CIIPOIIy€E MPOIeC 3a0e3MeYeHHs AKOCTI MPOTrPaMHOTrO
HPOJYKTY.

BucokoHaBaHTaxeHI CHCTEMU MalOTh crienu(piuHi BUMOTH
JI0 apXITEKTYPH, TaKi K BUCOKHI PiBEHb MACIITA00OBAHOCTI Ta
CTIMKOCTI 710 300iB. OMHUM i3 HAWMONIUPEHIIUX MiIXOIIB €
BUKOPHCTaHHS MOJYJIBHOT apXiTeKTypH, MIKpOCEpBICIB Ta
npuniunie SOLID [1]. Li migxomu mO3BOJSAIOTH 30epiratu
BHCOKY JIOCTYIIHICTH 1 €(peKTHBHO MacIITa0yBaTH CUCTEMH TIPH
3pOCTaHHI HaBaHTaXeHHA. Po3monineHi cucTeMu 3a3BUYail
3aCTOCOBYIOTh IIi apXIiTeKTYpHI CTHII IS 3a0e3meueHHS
HE3aJIe)KHOCTI KOMIIOHEHTIB i CIPOIIEHHS MiATPIMKH, a TaKOX
JUTA 3a0e3neueHHs Oe3nepepBHOTO OHOBJICHHS 0€3 MOPYyIIeHHS
(yHKIIOHATEHOCTI.

o cToCy€eThCS aBTOMaTH30BAaHOTO TECTYBAaHHS, TO BOHO €
BOXJIMBOIO CKJIAJIOBOI0 HYaCTHHOIO 3a0e3leueHHs] SKOCTi B
Cy4YaCHHX IMpPOTrpaMHUX cucTeMax. FOHIT-TecTH, iHTerpariiHi
TECTH Ta TECTH Ha HABAHTAXXCHHS BHKOPUCTOBYIOTHCS IS
MEPEBIpKA  KOPEKTHOCTI POOOTH OKPEMHUX KOMITOHCHTIB,
B3a€MOJIi MK HUMHU Ta TECTYBaHHS CHCTEMH il BHCOKHMH
HABaHTAXCHHAMU [2]. ABTOMATH3AIIiS [UX MPOIIECIB TO3BOJISIE
CKOPOTHTH 4Yac TECTyBaHHS, IIBHIIMTH TIOKPUTTSA 1
3a0e3mednTH OLTBITY CTa0lIBHICTh Ha BCIX eTanax po3poOKH.

Jus 00’ekTrBHOTO TecTyBaHHsA Oyno 3reHepoBano REST
API, sxe peamizoByBajo AoCcTynm n0 0a3d NaHUX Ta IEBHY
npocty Oi3Hec-1oriky. byo MmMpoBeIeHO MOKPUTTS TECTaMU
BPYUHY Ta 3a JJOIIOMOT'OI0 TeHepaIlii.

B3A€EMO3B'SI30K MK APXITEKTYPOIO TA Al-ACUCTEHTAMU

ADpXITEKTYpHI DpIilIeHHs, TPUHHATI TNpPHU NPOEKTYBaHHI
BHCOKOHABAaHT)KEHUX CUCTEM, MAlOTh BAXJIMBHH BIUIMB Ha
e(EKTUBHICTh BUKOPHCTaHHS IHCTPYMEHTIB 13 MiATPUMKOIO
ITy4HOTO iHTENeKkTy, Takux sk Cursor, GitHub Copilot abo
CodeWhisperer. OmHUM 3 OCHOBHHX acCIICKTiB, IIIO ITOJICTIIYE
iHTerpanito Al-acHCTEHTIB y Tpoliec po3poOKH, € MpaBUIIbHA
OpraHizamlisi CTPYKTYpH KOAYy Ta IOTPHMAaHHS IPUHIIMIIIB
MOJIYIFHOCTI Ta 13011111 3aeKHOCTeH. UiTKO CTPYKTYpOBaHHUN
KOJI He JIMIIe 3a0e3Ieyye Kpamly MATPUMKY Ta TeCTyBaHHs, aje
i no3BoJsie iHcTpyMeHTaM Ha ocHoBi 11 renepyBatu Oinbli
TOYHI ¥ pelleBaHTHI TECTH, IO BiJIOBIIAIOTh apXiTEKTYPHUM
BHMOT'aM CHUCTEMH.

33

Tabmmns 1
IopiBusaHs edexTuBHOCTI Al-reHepanii TECTIB Ta TPAIUIIIHHOTO TECTYBaHHS
Yac Ha Tun
resiepaitho Al-zenepayin mecmie Tpaouyiiine
TecTiB mecmyeanns
Yac Ha
reHepauito (10 xB 2 TOAMHHA
TECTIB
Kinbkicth
BUSIBIICHUX |4 3
Oaris
Toxpurra g5, 70%
Tectamu (%)
g;ﬁ:;:;f;;{ MinimanbHa (rorosi| Bucoxa (pyune
h mabJI0HH) HaJIAIITyBaHHS)
Hsl TeCTiB
Burpatu na . Brcoxi .
e — Husbki (perymsipi
rectin (aBTOMAaTH30BaHO) OHOBJICHHS Ta
KOPHUT'YBaHHS)
3okpema,  apxiTeKTypHi  CTWIi,  SKI  CHpPHUSIOTh

PO3MOMINIEHOCTI Ta aBTOHOMii KOMITOHEHTIB, € HaWOLIbII
cymicHuME 3 Al-acucteHtamMu. BukoprcTaHHS MiKpOCepBiCHOT
apxiTeKTypu NO3BOJsIE 30epiraTh MOAYNBHICTH 1 THYYKICTBH
CHCTEMH, a TAKOX TIOJIETTIye 11 MacmTabyBaHHS Ta IHTETPaLIiio
3 ABTOMAaTH30BAaHUMH IHCTpYMEHTaMH  TECTYBaHHS.
MikpocepBicH, 3aBISKH CBOIMl HE3aJIEXKHOCTI, 3a0e3NeUyIOTh
MOXKJIUBICTB NIBUAKOT F'eHEpaIlii TECTIB U KOXKHOTO OKPEMOTO
KOMIIOHEHTa, II0 3HAYHO IIiIBUIIY€E SKICTh TECTYBaHHS 1
TIPUCKOPIOE IIUKI PO3POOKH.

puanumnm SOLID Takox BaxuBi 1715t epekTHBHOT poOoTH
3 Al-inctpymentamu [3]. 3okpema, NpPUHIMUI iHBEPCii
sanexxHocreit  (DIP) Ta  BimkpuTocTi/3akpuToCTi  UIA
posmmpenHs (OCP) mosnermyioTh B3a€EMOJIII0 KOMIIOHEHTIB 1
3HIKYIOTh PU3UKU TP IHTErpamii HOBUX TecTiB abo 3MiHi
¢yHKIiOHATBEHOCTI 0€3 HeoOXimHocTi MacmTaOHUX 3MiH B
iHmMX vactuHax cuctemu. lle 3abesmedye BHCOKHIA pPiBEHB
HaAIHHOCTI Ta 103BoJIsiE€ Al-acrcTeHTaM MIBHIKO aIalTyBaTHCA
JI0 HOBHX BHMOT.

OxpiM 1poro, iHrepdeiicu, KOHTPaKTH Ta 130JSLIis
3aJIeKHOCTEH CHpPUSIOTH CTBOPEHHIO TECTIB, $IKIi TOYHO
BIJINIOBIIaTUMYTh OYiKyBaHUM PE3yJIbTaTaM 1 IIOKPUBATUMYTh
BCi BaiuBi (QYHKIIT 0e3 moTpeOr BpYUHY IEperisaaT KoJ.
Al-acucTeHTH MOXXYTh aBTOMAaTHYHO T'€HEpYBaTH IOHIT-TECTH
JUTS OKpeMuX (YHKIIIH a00 KIIaciB, MO JOTIOMAarae 3a0e3neuuTH
HaJISKHY SIKICTh KOy HaBiTh P IBUIKOMY TEMII pO3POOKH.

TakuMm 4MHOM, TpaBHIIBHE NMPOSKTYBAHHS apXiTEKTYpH 3
ypaxyBaHHSAM MOXJIMBOCTI iHTerpamii Al-iHCTpyMeHTIB nmae
3MOTY 3HAYHO IiIBUIINATH €()eKTUBHICTH MPOIECY PO3POOKH i
3abe3neunTH OubIl HanmiiiHe Ta criiike (yHKIIOHYBaHHS
BHCOKOHABaHTKEHUX CHCTEM.

I'EHEPALIIS TECTIB: IIEPEBATU TA PU3UKH

ABTOMaTM30BaHa TeHepalis TECTiB 3a JIOMOMOTOI0
IHCTPYMEHTIB Ha 0a3i IITYYHOrO iHTENeKTY, Takux sk Cursor,
CTa€ BaYKJIMBOIO CKJIAJI0OBOIO YaCTHHOIO IMPOLECY PO3POOKH Ta
3a0e3MevyeHHs SKOCTI B BHCOKOHABAaHTAKEHHWX CHCTEMax.
BukopucranHs Takux iHCTPYMEHTIB JJO3BOJISIE  3HAYHO
MIPUCKOPUTH TIPOLIEC TECTyBaHHS, 3a0e3MeduTd  OuIbIry
KIJIBKICTh TECTIB 3a MEHIINH Yac 1 3HU3UTH HAaBAHTAXXCHHS Ha
PO3pOOHUKIB, MO Ja€ MOXJIUBICTH (POKYCYBaTHCS Ha OLIBIIT
CKJIQJHHUX acIeKTax CHucTeMu. [IpoTe, He3BakalO4M Ha BCi
repeBard, aBTOMAaTHYHA TI'CHEpallis TECTIB TaKOXX MAa€ CBOL
PH3HKH 1 BUKIIMKH, SIKi TOTPEOYIOTh PETEIbHOT OLIIHKH.
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OnHi€ero 3 TONIOBHUX TEpeBar aBTOMAaTH30BaHOI reHeparlii
TECTIB € MOJJIMBICTh INBWJAKOI NEPEBIPKH KOy Ha pPi3HHX
eranax po3poOku [4]. Bukopucranus Al-acucteHTiB J03BOJISIE
ABTOMAaTHYHO T'€HEPYBATH IOHIT-TECTH JUIsl KOXKHOT QYHKIIT 4u
MOJIyJs, 3a0e3Nedyloud TakuM YWHOM OUIbII IIMPOKHit
OXOIUICHHS TECTAMU 1 BUSBIICHHS IOMWJIOK HA PaHHIX eTarax.
Ie 0co0MHMBO BaXKIMBO B YMOBaX BHCOKHX HABAHTAXKEHB, KOJIH
KO)KHa HOBa 3MiHA MOJXKE BIUIMBAaTH Ha CTaOUIBHICTH BCi€l
CHCTEMHU.

[TOKpHUTTS KOAY Ta PEIEBAHTHICTH TECTIB € OCHOBHUMH
acCTmeKTaMHU, SIK1 OIIHIOIOTHCS MIPH BUKOPUCTAHHI aBTOMATHIHO
3reHepoBaHuX TecTiB. OHAK, € TeBHI 0OMEKEHHS 1010 TOTO,
HACKUTBKH TOYHO Al MOXe CTBOPHTH TECTH, IO OXOILTIOIOTH
yci MoximBi cueHapii [5]. Ockinbku iHcTpymeHTH Al
MPAIIOIOTh Ha OCHOBI ICHYIOUHX 1IA0JI0HIB 1 aHAJIi3y HAsSBHOTO
KOJly, BOHH MOXYTh HE BpaxOBYBAaTH BCi MOTEHLIHHI KpaiiHi
BUMAJKH, 10 MOXE IPU3BECTH 10 HEIOCTATHHOI'O MOKPHUTTS
BaXJIMBHUX CLEHapiiB abo HemnpaBWIbHO C(HOPMYIILOBAHUX
tecTiB. Lle moTpedye moaaTkoBOrO peB'to 3 OOKY po3pOOHUKIB
a00 TeCTYBAJIbHHUKIB 11 KOPUTYBAHHS Ta MOKPAIICHHS! SIKOCTI
3TeHEPOBAHUX TECTIB.

[Ile ogHIM BaXXIMBHUM acleKTOM € MiATPUMKA TECTIB MPH
3MiHi Komy [6]. Y BHmaaky, KOIM KOX 3MiHIOETHCH,
ABTOMATHYHO 3TEHEPOBaHI TECTH MOXYTh MOTpeOyBaTH
KOPUT'YBaHHS, 100 BOHHM 3JIMINAIUCS aKTyaJbHUMH. SIKIIO
CHCTEMa 4YacTO  OHOBIIOETBCS  ab0  3MIHIOETbCS 11
(YHKI[IOHATIBHICTh, TECTH, 3reHepoBaHi Al, MOXyThb He
BCTHUTATH aJaNTyBAaTUCS JIO HOBUX BUMOT, 1[0 MOX€E 3HU3UTH iX
e()eKTUBHICTh Y BUSBJICHHI IIOMHUIIOK 200 HEOJIKIB.

He3paxkaroun Ha Ili pU3UKH, aBTOMATH3aIlisl TSCTYBaHHS 32
nonomororo Al-iHcTpyMeHTIiB, Takux stk Cursor, MOKe 3HaYHO
3MEHIIUTH KUTBKICTh TIOMHIIOK, ITOKPAIIUTH CTaOUIBHICT
MPOAYKTUBHUX CUCTEM 1, IK HACIIOK, 3a0€3MeYnTH HaliifHICTh
1 CTaJIuil PO3BUTOK BUCOKOHABAHTAXKEHHX CHCTEM. [HTerpaitis
aBTOMaTHYHO 3reHepoBaHmx TtectiB B CI/CD mpomecn
JIOTIoMarae IIBHJIIE BHUSBISTH Ie(DEKTH 1 CKOpOUYye Yac Ha
BUINPABJCHHS IIOMWJIOK, 10 3a0e3medye Oe3mepepBHE
MIIBUIIEHHS AKOCTI CUCTEMH.

BUCHOBKU

Y paMmkax JgochiUkKeHHs Oyllo pPO3IJIAHYTO  BIUTUB
IHCTpyMEHTIB Ha OCHOBI IITyYHOTO IHTENEKTY, TaKHX SK
Cursor, Ha  apxiTeKTypy 1  Tpolec  TecTyBaHHS
BHCOKOHABAaHTAKEHUX cuUCTeM. [HTerpamis Takmx Al-
ACHCTEHTIB JO3BOJIIE 3HAYHO IiJABHIINTH €(EKTHBHICTb
po3poOku Ta 3a0e3edeHHs AKOCTI MPOrpaMHOTo 3a0e3medeHHs
3aBISKH aBTOMAaTH30BaHIH TEHepalii TEeCTiB, MO CIPOIIyE
BUSIBJICHHS TIOMHJIOK 1 TPUCKOPIOE TPOIIEC TECTYBAHHS.

AHami3z mokaszaB, 10 apXITEKTypHI pIlIEHHS, 30KpeMa
MIKpOCEpBICHA apxiTeKTypa Ta 3aCTOCYBaHHS MPHHIHIIIB
SOLID, cripusitoTh Kpaiuiii inrerpanii 3 Al-iHcTpyMeHTaMu Ta
ABTOMATH30BAaHUM TECTYBaHHSAM. MOJIyNbHICTE 1 130JsMist
KOMITOHEHTIB JI03BOJISIIOTH JIETKO a/IaliTyBaTH IHCTPYMEHTH JJIs
ABTOMAaTHYHOTO CTBOPEHHS IOHIT-TECTIB 1 IHTerpauiitHux
MEPeBipOK, IO JIOTOMarae 3a0e3MEYUTH CTAOUTBHICTD i
Ha/lifHICTh CUCTEM HaBiTh 32 BUCOKHX HABAHTAXKCHb.

Bonnowac BukopuctanHs Al-acucTeHTiB s reHeparii
TECTIB Ma€ CBOI PH3MKH, TaKi SK HENOBHE TOKPUTTS KOAY,
HEAOCTATHS TOYHICTH TECTIB y BHIIAAKy 3MIiHH BHMOT a0o
HEAOCTATHS ajamTallisi 10 HOBUX cueHapiiB. Lli BUKIHKH
BUMAaraloTh pPETENbHOTO pEB’I0 3reHEpOBaHMX TECTIB 1
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MOJKJIMBOCTI iX KOpuryBaHHS B pa3i HeoOximHocti. [Ipote, 3
MIPaBUJIHUM MiZX0JI0OM JI0 IHTerpalii Ta KOHTPOJIIo sikocTi, Al-
reHepallis TECTiB MOYKE 3HAYHO 3MEHIIUTH KUTBKICTh Te(EKTIB
i JIONOMOrTH B MIATPUMIN Oe3nepepBHOI  CTaOIIBHOCTI
MIPONYKTY.

3aranom, pe3yiabTaTH JOCTIJDKEHHS MiATBEPDKYIOTh, IO
BUKOpHCTaHHS ~ Al-aCHCTEHTIB y  BHCOKOHAaBaHTa)XKEHHX
CHCTeMax Mae€ BENMKWAN MOTEHWial Uil IPUCKOPEHHS
pO3poOKH, 3MEHIICHHS KITBKOCTI MOMEJIOK 1 TOJINIICHHAS
HaxiiHOCTI. B BUmanky npoBeneHoro CHHTETHYHOTO TecTy Al-
TeHepOoBaHi TecTu OyiH eeKTHUBHIMI Ha 25 BiACOTKIB B IUIaHi
BHSBJIICHHSA TOMIJIOK, Ta B 120 pa3 mBuammn B AemiBepi 4u
KIacu4yHi TecTH. Y MaiHOyTHbOMY BaXXJIMBO pO3BHBATU
IHCTpYMEHTH aBTOMAaTHU30BaHOT'O TECTyBaHHS 3
BukopuctanHsMm Al, inrerpyBaru ix y CI/CD mponecu Ta
aJanTyBaTH JIO YMOB peajbHUX pPOOOYMX HABAHTAXKEHb LIS
JOCSITHEHHSI 111e 01161101 €(h)eKTHBHOCTI.

[epcniekTnBaMu JUIsl TIOAAIBIINX JOCIIKEHb € BUBYEHHS
igrerpanii Al-remepamii TectiB y Oumem ckmamni CI/CD
OpoLecd Ta aHali3 I1X e(QEeKTHBHOCTI Ha MPOTYKTUBHUX
CHCTEMaX, a TAKOXX TOKPAICHHS MEXaHI3MIB aJarTarlii TecTiB
JI0 3MiH Y KOJIi Ta BUMOTaX IPOEKTY.
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RMRT-EDF: A Reactive Multi-Resource Token
Scheduler for Guaranteed Real-Time Task Start-up

Kornaha Yaroslav, Lemeshko Viacheslav
Department of Information Systems and Technologies
Igor Sikorsky Kyiv Polytechnic Institute
Kyiv, Ukraine
slovyan_k@ukr.net, slava.lemeshko@gmail.com

Abstract. Reactive Multi Resource Token-EDF (RMRT-EDF) is introduced for systems that must start every task within 1s under
limited CPU, RAM and I/0. The three layer scheme combines EDF scheduling, multi-token resource admission and feedback-driven
thread-pool tuning. Simulation with two workers cut average start delay from 450ms to 72ms, reduced SLA misses 35 fold and raised
95th percentile CPU use to 85%. The method suits latency critical web services.

Keywords: task scheduling, deadline, resource constraints, real-time systems.

RMRT-EDF: peakmugnuii myavsmupecypcHuil
MOKEeH-NIAHY8AIbHUK 0J1 2aPAHMO068AH020 3ANYCKY
3a0au y peaibHoOMy 4acl

Kopmnara SIpocnas, Jlememko B’sraecnas

KIII imeni Iropst Cikopcbkoro
M.KuiB, Ykpaina
slovyan_k@ukr.net, slava.lemeshko@gmail.com

Anomayis. 3anpomoHoBaHO TPHUPIBHEBMii IUIAHYBAJALHHK  3BITHICTH TOIIO. OJIHOYACHO BIPOJOBXK JIHS BUHUKAIOTH HeTle-
RMRT-EDF pas cucreMm i3 3K0pCTKOI0 BUMOIOI0 CTapTy 3aia4 < pexbavyBaHi monil (HOBI 3aMOBJICHHS, TpaH3aKWii, HOTH(IKa-
1c Ta oomexenumu CPU, RAM, I/O. Aaroputm moexnye EDF i3 i), sxi motpeGyroth Heraitnoro 3amycky. Knacuani mianysa-
MYJbLTHpeCYPCHUM TokeH-bucket i aganTuBHuUM pery.ioBaHHSM JBHUKH ONTUMI30BaHi abo mix perymsipHi, abo mix ad-hoc-na-
NyJ1y MOTOKiB. Y Mole/oBanHi 3 1BOMa BOPKePAMH CePelHs 32~  papTasKeHHs, aje He M/l IXHIO KOMOIHAILTO.

TPHUMKA 3amycKy 3MeHIInaacs 3 450mc 10 72mc, nopymenast SLA CepBic BHKOHYEThCS y cepenoBum 3 dikcoBarmmu CPU,
— ¥ 35 pasis, a 95ii nepuentun sapantakenns CPUspic 1085%.  \jemory, |0-ksotamu. TIpu 1iboMy okpeMi 3a1a4i CIOKHBAIOTS
Hinxix mpupaTiuii 115t Beo-cepicis pearnnoro uacy. pecypcu HepiBHOMipHO (Hampukian, ETL-mpouecn nHaBaHTa-
KYIOTB TUCK, aHAIIITHKA — IIPOIIECcOp Ta IaM SITh). IrHOpyBaHHS
6araToBUMIpHOT IPUPO/IN PECYPCIB MPU3BOJUTS JIO JIOKAJIbHUX
"BY3bKHX MicCIb'", KOJIM MIPOIIECOp BIIbHUM, a TUCK TIepeBaHTa-

Knrouoei  cnoea: nnanysannsa 3aday, Oeonaiin, pecypcHi
o0medsicenns, CucmemMu peanbHo20 4acy.

Bcryn KEHUH a00 HaBIaKy.
3pocTaHHsI BUMOT JI0 ONIEPATHBHOCTI Oi3HEC-BEO-CEPBICIB Y Omepartii knacy near-real-time ((iHaHcoBi TATBEpIKEHHS,
O1IBIIIOCTI CyJacHHUX iHpOPMALIHHIX cucTeM (OaHKIBCHKI UIa- antifraud-mepeBipku, KepyBaHHS BHPOOHHYMM OOJaTHAHHIM)
Topmu, e-commerce, TenekoM, loT-cepBicu) yac peakuii Bu- KpUTHYHI 10 naTeHTHOCTI. ToMy HEOOXimHWI TUTaHyBaJbHHUK,
3Haya€ KOHKYPEHTOCIIPOMOXKHICTB 1 NPSAMO BIUIMBAE Ha 3310-  SIKMH BPaxOBYe HE JIMILE CEpe/Hi 3HAYCHHs, a W HaWripimii

BOJICHICTH KJTieHTa. SIKIIO 3aruiaHoBaHi abo pamToBi 3amadi  crieHapiii (worst-case response time).
CTapTYIOTh 13 3aTPUMKOIO TIOHAJ CEKYHY, I IPU3BOJHUTH JI0
nopymenns SLA, ¢inancoBux mrpadiB i BTpaTtd JOBipU 10
cepBicy.
VY peanpHuXx cucTemax icHye "ckener" n000BuX (craTHy-
HUX) 3a/1ad — pe3epBHE KOIIOBaHHA, NakeTHa 00poOKa JaHuX,
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Puc. 1. T'onuHHMI pO3MOALT MITBHOCTI 3aITyCKIB 3a1a4 y MeXax KOXKHOT 001

Y pamkax JOCHiHKeHHS pO3TIIIAEThCS CHCTEMA, 0 00po-
0J1sie MHOXKHHY 3a]1a4, sIKi BKITIOYAIOTh SIK 3a371aJIeT1/b 3aIIaHo-
BaHi 3ama4i S = {84, S, ..., SLJ}, TaK i TUHAMIYHAH MTOTIK 32129
D(t), mo HagXoAATh y pealbHOMY Yaci 3 HEBiIOMOIO IHTEHCHB-
HicTIO AM(t). s KoxkHOT 3amadi 3a7aHi OMIHKKA PECypCiB: CIIO-
xuBanHsa CPU, mam’sti Ta iHTeHCHBHOCTI /O (muckoBux abo
MEpEXKEBHUX OIepaliif), a TAKOXK IOMYCTUME BIKHO CTapTy [ti,
ti+A], B Mexkax SKOro il BUKOHAHHS BBAKAE€THCS BUACHHUM.

Cucrema NOBMHHA 3/1ICHIOBATH ANCIIETUYEPU3AIIIIO 33/1a9 Y
ITyJ1 0OYNCITIOBATBHIX MOTOKIB P(t) Tak, mo0d BUKOHYBAINCH K
gacoBi ooMexeHHs (latency < 1 cek), Tak i 0OMeKEeHHS 3a pecy-
pcaMu XocT-cepBepa. Y BHIaJKaX BHCOKOI HaBaHTa)XXEHOCTI,
KOJIM IHTEHCHUBHICTB BXIIHOTO MOTOKY A(t) MepeBHILy€e OCTY-
IIHI PECypCH, BUHUKAIOTh YE€PrH OYiKyBaHHS, IO MPU3BOJIATH
JI0 TIOpYLIEHb JIeJUTaifiHiB Ta JAerpasialii NpoJyKTHBHOCTI.

3aBIaHHs yCKIIaIHIOEThCS THM, II0 KJIacHYHa MOCTaHOBKa
TaKoro IIaHyBaHHS 3a7ad HE € MOBHOIO. ToMy ocoOIMBOTO
3HAaYCHHS HaOMpaIOTh eBPUCTUYHI a00 riOpUAHI cTparerii, 31a-
THI aJJallTHBHO pearyBaTH Ha 3MiHY HAaBaHTa)KCHHS B CUCTEMI.
[Mixxin Mae 3a0e3neYnTH THYYKE KEpyBaHHs Yepramu 3a1ad Ta
KoeQiIlieHT BUKOPUCTAHHS CUCTEMHHUX PECypCiB.

Ha (puc. 1) mogaso roguHHUI pO3NOILUT IIITFHOCTI 3aITyc-
KiB 3a71a4 y MeXax KOXKHOI1 7oOH. AHaJIi3 [iarpamMu 3acBimdye,
IO Harepe/ CTATUYHO 3allJIaHOBAHO JIMIIE HE3HAYHY YacTKY
3aBJIaHb, TOI SIK MEPEBaXKHA X KUIBKICTh (POPMY€ETHCS ANHAMI-
YHO BIIPOJIOBXK POOOYOrO JTHI, KOJIM KOPUCTYBaui aKTUBHO B3a-
€MOJIIIOTH 13 CHCTEMOIO aBTOMaTH3allii 0i3Hec-BeO-CcepBiciB.

TRNBAAICTE BUKDHAHH N 380a4I [ME] Y B

ac cTapry sana-i (UG

Puc. 2. Jlunamika TPHBAIOCTI BUKOHAHHS 3a/1a4i y (MC) 3a mepiof criocTepe-
JKEHHS

I'padik (puc. 2) imocTpye 3HaUHY BapiaTUBHICTh 4Yacy BH-
KOHaHHsI OJIHI€] 3 TIAHOBMX 33/1a4, IO IiATBEPIKYye HecTali-
JIBHICTh YMOB ii 3amycKy (Harnpukiaj, poHOBE HABAaHTAXKEHHS,
KOHTEKCT BUKOHAHHS, CTaH pecypciB). OTke, BUKOPHCTaHHS
METPUKH HaAWTipOIOro 4acy BHKOHaHHs (Wworst-Case execution

36

time) sIK €IMHOTO OPiEHTHPA JUISl OLIHKY IPOJYKTHBHOCTI ab0
JUTs TOOY TOBH TIOJTITHK IJIAHYBAHHS € HEAOIILHUM. bk 00-
IPYHTOBaHHM MiIXOJOM € BUKOPHCTAHHS CTaTHCTHYHHX OLli-
HOK (MeliaHH, NepLEeHTHIIIB). AJle TaKi BUNAJAKHA TPUBAJIOTO BU-
KOHAHHS BapTO BPaxyBaTH IIPH PO3MOILTI 3a/1a4.

Hexaii y cuctemi mpucyTHii Habip CTATHYHO 3aIIAHOBAHUX
3amad S = {s4, Sz, ..., SL/} 3 BIAMOBIIHUMH MOMEHTaAMH CTapTy
ti Ta OL[IHKaMH CIIOXKMBaHHSI pecypciB 1; = (cpu;, memy, 10;). [Ipo-
TATOM JOOHM MOXE 3’ SIBIITHCS THHAMIYHKIA MOTIK 3am1a4d D(t) 3
HeBimoMoro inTeHcHuBHICTIO A(t). HeoOXiaHO 3HAMTH Take Bifgo-
OpaxkeHHs 3a1a4 y myn notokie P(t), mo st Beix S € S U D(t)
BUKOHYEThCA t_start(s) — tu(s) < 1 cekyHIi Ta HE OPYIIYIOThCS
peCypcHi 0OMEKEHHSI cepBepa.

OrJi4/1 ICHYIOUMX JTIOCTIJPKEHD
3aranom, iCHyIO4Yi MiXOIM YMOBHO MOXKHa INOJUTMTH Ha
TaKi KaTeropii.

Tabmwms 1
Knacudikanis anropuTMiB miiaHyBaHHS
Kareropis Crucia xapakTepuc- AJIrOpuTMH
THKA

CratuuHi Yepra dpopmyerses pa- | SIF, FCFS — nopiBHsuIbHI
KJIaCH4Hi €B- | 30B0; MpaBwIO BHOOPY | Tectu Ta aHami3 [4]; [18]; [8]
PUCTHKH 3a/1a4i HE 3MiHIOETHCS

I1i/1 YaC BUKOHAHHS.
PeaxtuBHi IIpiopurern nepepa- EDF, EFDF — ornsn 6araron-
IUIaHYyBaJIb- XOBYIOThCS POLIECOPHUX cHCTeM [2];
HUKH peanb- | on-the-fly, rapanry- ITopiBHSIHHS CTATHYHUX/INHA-
HOTr'0 yacy FOTHCS JIE/IIaHu. MiuHuX npiopuretis [20];

CucremMaTHYHU OISz
RT -anroput™is [6]

Meraespuc- | Croxactuunuii nomyk | GWO-Fog[1]; GA [21];
THKH KBa3ionTUMalbHUX po- | PSO/MFO/Bees Life [22], [15];

3KIaniB; 100pe Macm- | Hybrid heuristic [13];

TabyeThest. Improvised threshold-based [5]
Ti6puani mu- | KomOiHyroTs eBpuc- Hybrid Learning &
HaMivHi THKy/MeTaeBpucTHKY 3 | Heuristics [19]; RL-based [23];
crparerii aalTHBHAM HaBYaH- RRA-SWO +HAGA [9];

3 HaBYaHHAM HAM; pearyroTh Ha

Deadline-constrained

aMiHm A(1). local search [10]
Pe- BukopucroBytoTs «ko- | Dynamic Thread
Cypco-opie- | LIMKH» TOKEHIB JUls Allocation [3];
HTOBaHi TO- CPU/RAM/I/O; 3a- Real-Time Scheduling [11];
KeH-anropu- | Aada HpPII)‘IMaﬁTLCi{ Densest-Job-Set-First [12]
T™H JIMILE 32 HASIBHOCT]

BCIX MOTPiOHUX TOKe-

HIB.
Enepro- ta MiHiMi3yI0Th €HEepro- Energy- Aware Bees Life [15];
aen- CHOXUBAHHA, JOTPH- Swarm-based
naifn-opien- | MYIOUHCH JejUaiinis; Deadline- Aware [16];
Tosani ontu- | HaCTO 6a3§/ foTbed Ha Enhanced Round-Robin [7]
Mizanii posx abo ix ribpunax.

Cepen npoaHaiizoBaHux migxoaiB (Tadn. 1), BKIOYa04n
SIK KJITACHYHI CTaTH4HI eBpuctuku [4], [18], [8], Tak i MeTaeBpH-
CTHYHI aJITOPUTMHU PoiioBoi onTuMizarii [1], [15], [21] Ta pea-
KTHBHI TUIaHYBAIBHUKH peanbHoro vacy [2], [6], [20] — He 3a-
Oe3reuye rapaHTOBaHOTO CTApPTY BCIX 3a1ady 3 TOYHICTIO A0 1
CEKYH[IU 32 YMOB TUHAMIYHOTO MOTOKY 3ama4 D(t) 3 Hemepea-
6auyBaHOIO iIHTEHCUBHICTIO A(t). [IpakTH4Hi pe3ynbpTaTH CBif-
4aTh, 0 HAWOUTLII IEPCICKTHBHUM € MOETHAHHS TAKUX TPHOX
KOMIIOHEHTIB!
1. /IuHaMi4HOTO IJIaHYyBaJIbHUKA HAa OCHOBI JC/IaliHIB
(mampuxnan, EDF/EFDF [2] abo HEFT-T 3 amantus-
HUMH NIPIOPUTETAMN), SIKMH 3a0e31edye HU3bKY JaTeH-
THICTB pearyBaHHA Ta MPOCTOTY IepeHAAIITYBaHHS Y
pa3i HaIXOXKEHHS HOBHX TOJIIM;
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MexaHi3MiB MyJIbTHPECYPCHOTO KOHTPOJTIO i3 3aCTOCY-
BaHHSM TOKeH-KomwukiB [3], [11], [12] abo enepro- Ta
JenTaifH-9yTINBIX MeTaeBpUCTUK [15], [16], mo mo-
3BOJISIIOTH NEPEBIPSTH HASBHICTH JAOCTATHIX PECypciB
(CPU, RAM, I/O) no momeHTY A0IyCKY 3a1aui;
ANanTHBHOTO PEryJIOBaHHS IIyJly ITOTOKIB Ha OCHOBI
MOKA3HUKIB BUKOPUCTAHHS PECYPCIB Ta 4aCTOTHU IIOPY-
LIeHHs AeUIaiHiB (miss-rate), peai3oBaHOro Yepes Ti-
OpuaHi HaBuanbHi cTparerii [9], [19], [23].

[HTerpanis 3a3HaueHNX MEXaHI3MiB Y MeKax 3alIpOIIOHOBAHOT'O
migxonxy RMRT-EDF (Reactive Multi-Resource Token Earliest
Deadline First) dopmye HOBHil Kilac peakTHBHO-TOKEHOBHX
IUTAHYBAJIBHUKIB, SIKi, 32 HASBHUMH aHATITHYHAMH Ta eMITipH-
YHHMU OI[IHKaMH, 3JJaTHI MiATPUMYBaTH piBeHb SLA 13 TOUHI-
cTio 10 1 cekyHnu Ge3 moripmeHHs epeKTHBHOCTI BUKOPHC-
TaHHS CHCTEMHHX PECYPCIB Ta BTPATH MaclITabOBaHOCTI.

KOHIIEILILA 3AITIPOIIOHOBAHOI'O PILLIEHHS
3amponoHOBaHMN mMinxixm mix HazBoio Reactive Multi-
Resource Token Earliest Deadline First (RMRT-EDF) siBnsie
c000I0 TPUPIBHEBHUI MIKPOIUIAaHYBAIBHUK, SIKHH 3a0e3medye
TIPiOpHUTE3ALIi0 Ta JIOMYCK 3a]a4 10 BUKOHAHHS 3 YPaxXyBaHHAM
4acOBHX OOMEKEHb Ta MOTOYHOTO CTaHy CHCTEMHHUX PECypCiB.
[Miaxin moeqHy€e TPU KIIOYOBI MEXaHI3MU:

1. TonieBo-opienToBane IranyBanHs Earliest Deadline
First (EDF). KoxHiii 3aa4i Ipy HaJaX0PKEHHI PUCBOIOETHCS
abcomroTHUH nemaid d =t + A, e t — MOMEHT HaJAXOHKEHHS
3ajayi, a A = 1 ¢ — QikcoBaHe JOMYCTUME BIKHO BUKOHAHHSI.
Taka cxema no3Bossie popMyBaTh 4epry 3a1ad i3 HaiiMEHIINM
HaOmkeHHsM 1o neptaiiny (EDF), 3abe3nedyroun npiopurert-
HICTh 0OPOOKH TEPMIHOBHUX 3aIUTIB.

2. bararoBuMipHHI MeXaHi3M KepyBaHHS peCypcaMH Ha OcC-
HOBI «token bucket». Cuctema Bezie OkpeMi 00JIiKH TOKEHIB IS
KOXKHOTO 3 KPUTHYHHX pecypciB: mporiecoproro vacy (CPU),
omnepatuBHOi am’sti (RAM), nuckoBux omepariit (Disk 1/0)
ta MepexeBoro Tpadiky (Network 1/0). 3agaua momycKaeTbes
JI0 BUKOHAHHS JIMIIIE 32 YMOBH HassBHOCTI JOCTAaTHBOI KITBKOCT1
TOKEHIB JJIsI KOXKHOTO 3 BiIMOBiTHUX pecypciB. Taka momens
JI03BOJISIE Y3rOJKEHO 00MeKyBaTH BUKOPHCTaHHS PECYpCiB Ta
YHUKATH IXHBOT'O NIEPEBAHTAKCHHSI.

3. PemmnuBHe TecTyBaHHS 3iilicHeHHOCTI (receding-
horizon feasibility check). 3a ymoBu, mo HeoOXigHa KiNbKICTh
TOKEHIB BXK€ JJOCTYIIHA, JUIsl KOXKHOT 3a1a4i BUKOHY€ETHCS TIepe-
BipKa 3iHCHEHHOCTI 11 3aITyCKy y TOPH30HTI utanyBaHHsS H = 5
C, 3 ypaxyBaHHSIM OUiKyBaHHX HaBaHTaXXEHb y BIKHI yacy, 10
mocTiiHO oHOBMIOEThes (receding horizon). Taka mpouenypa
JI03BOJISIE YHUKHYTH KOH(QJIIKTIB TpH 0OMEXEHIH KUIBKOCTI 00-
poOHuKiB (worker threads) Ta MiHIMI3yBaTH PH3UK HOPYIIEHHS
BuMor SLA.

MikpomiaHyBalbHIK — CHCTEMa JIOKATbHOTO TUIaHyBaHHS,
sIKa TIPALIOE 3 MITICEKYHIHOO TOUHICTIO JUIsl peaKTHBHOI 00po-
Oxu montiit y peanmpHOMy vaci. Token bucket — meron xBoTy-
BaHHS, SKUH LIMPOKO 3aCTOCOBYETHCS B TEJIEKOMYHIKAIisX 1
TUTaHYBaHHI HABAaHTAXXEHHSI ISl KOHTPOJIIO IIBUKOCTI CIIOXKH-
BaHHs pecypciB. Receding horizon — miaxin, 3amo3udeHuii 3
ONITUMAJIBHOTO YTPAaBIiHHS, SIKMH J03BOJISE OLIHIOBATH JOLIi-
JIBHICTh 3aITyCKy 3aj1a4 He JIMIIEe Ha MOMEHT X HaJXO/PKEHHS,
a i 3 ypaxyBaHHSIM IIPOTHO3Y Ha 0OMEKECHOMY 4acOBOMY iHTe-
pBaJi.
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APXITEKTYPA

Hns peanizauii gaHoi KoHUeENLii MPONOHYEThCs copmy-
BaTH CHCTEMY JMHAMIYHOI'O IUTaHYBAHHS 33/1a4, siKa 0a3yeThCs
Ha MPHUHIMINAX Teopii aBTOMaTUYHOIO KEPyBaHH, 30KpeMa —
3aMKHEHOI CHUCTEMH 31 3BOPOTHUM 3B’SI3KOM, y SIKIH IUIaHY-
BaHHS 3a7ad BiAOyBaeThCSA 3 ypaxXyBaHHSAM ICTOpii HaBaHTa-
’KEHb, OL[IHKH PECYpCHUX BHMOT Ta JHHAMIYHOTO JOITyCKY Ye-
pe3 MeXaHi3M «OIDIaTW») PECYpPCiB y BUTIISAAL TOKCHIB.

Prociciar | | Admassion Digsaichar | WatingGusue | WotePool Tolmatry
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Puc. 3. [iarpama mocaigosuocti RMRT-EDF

Predictor (puc. 3) mpuiimae Tenemetpito (iICTOpPUYHI MeET-
puku 3a1a4). OLIHIOE BEKTOP peCypCiB Ta TPHBAIICTh BUKO-
HanHs 3aaa4i, BianosigHo (CPU, RAM, 10) Bekrop I i TpuBa-
JCTh €;. Ile Moke OyTH peanizoBaHe 3 JOMOMOTOI MOJENI Ma-
IIMHHOTO HABYAHHS: TpagieHTHUH OycTHHT abo LSTM.

Admission mepeBipsie HasABHICTh TOCTATHBOI KiJIBKOCTI TO-
KEHiB JJIsl KOXXHOTO pecypey. SIKIo TOKeHIB JOCTaTHBO, TO 3a-
Jlaya JIOMYCKAaeThCsl O TUIaHyBaHHs. [Hakiie, 3ajava nepexo-
JIMTh y Yepry OYbIKYBaHHS, ¢ YeKa€ HAKOIIMYCHHS TOKEHIB.

Dispatcher nparttoe i3 nepiogom 8=10 mc. Bubupae i3 EDF-
Yepru 3a/1adi, sKi MaroTh JeIIaiH HAHOImKINi y Jaci Ta Bke
3 "oIutaueHMMH" TOKEHaMHU Ta CTapTye oOpaHi 3ajayi y mydi
BopkepiB (Worker Pool i3 N-ioTokiB).

Koxxen pecypc Mae cBiif "kommk" i3 TokeHamu. TokeHu mo-
MTOBHIOKOTHCS MIEPIOUYHO HA OCHOBI TejeMeTpii (BIATYKY CH-
CTEMH) — II€ eJIEMEHT 3BOPOTHOTO 3B’SI3KY, SIK y CHCTEMaX aB-
TOMaTHYHOTO PETyJIIOBaHHSI.

OUIKYBAHUIT EGEKT

Anroputm RMRT-EDF wmaiixe B 6 pa3iB 3MEHIIUB 3aTpH-
MKy ctapTy 3axad (tabm. 2). Jlo (FCFS) 3amaui gekanu B cepe-
JTHBOMY, MalXke, B CEKyH U, HABITh, IICJIS HACTAHHS Yacy 3a-
mycky. Ilicis (RMRT-EDF) — cepennst 3aTpuMKa 3MEHIITH-
nacst Oimbin HiX y 6 pasiB. Lle mokpairye peakTHBHICTB CHC-
TeMH, TOMy 3ajaui 3amyCKaloThCs, Maibke, ojpasy. MIMoBip-
HICTH ToBroro ouikyBanus P(wait > 1 ¢) go (FCFS) — 6Ginbrie
HDX KOKHa 9-Ta 3a/1a4a yeKkasa MmoHaj CeKyHay, a mcist (RMRT
-EDF) 3nauenns 3mMeHmeno y noxan 37 pasziB. Cucrema craia
3HAYHO HAAIWHIIIOW Y BUKOHAHHI 3a/1a4 i3 KPUTHYHIM 9acoOM
ouikyBaHHs. 95-i nepuenTmib 3aBantaxkeHus CPU no (FCFS)
— TIPOLIECOP JACTO IMPOCTOIOBAB 200 Hee(PEKTHBHO BUKOPHUCTO-
ByBaBcsl. [1iciist TOCATHYTO BUILOTO PiBHS 3aBaHT)XXEHHS PECy-
pciB. OTxe, MIXix Kpame po3Ioaisae 3a1adi y 9aci, MiHiMi3y-
FOUU IIPOCTOI.
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Tabmuis 2
ITopiBHAHHS e)EKTUBHOCTI JBOX alTOPHTMIB IUIaHYBaHHS 33124 Y CHCTEMI 3
nBoMa Bopkepamu (N = 2)

o HMicas
Metpuka (FCFS) (REl\IgE;r.
Cep. 3aTpuUMKa 3aI1ycKy 450 mc 72 mc
P(wait>1c) 11,3% <0,3%
CPU utilization (95 nepuenTnib) 62% 85%
SLA-nopymeHHs 1:9 1:333

CuieigHonrenns nopymens SLA mo (FCFS) — onue mo-
pyurenns: Ha koxHi 9 3amgaq. [licas (RMRT -EDF) — numie
OJTHE TTOpyIIeHHS Ha KoxHi 333 3anaui. [Tonan 35-kpaTHe 3HU-
JKCHHS TIOPYIIIeHbB 110 SIKOCTI 00cayroByBaHHs (SLA).

OTxe, 3aIIPOIIOHOBAHMH MiJXiJ] € 0COOIMBO KOPHCHUM ISt
CHCTEM peaibHOro Jacy abo HaBaHTa)XEHHUX cucTeM, e SLA Ta
e(eKTUBHICTH MAIOTh KPUTHYHE 3HAUCHHS.

BUCHOBKU

3a IeTaspHOI0 CTAaTUCTUKOIO CUMYJIILIHHOTO TIPOTOHY IS
20000 monmiit amroputm RMRT-EDF ckopoTtuB cepenHio
3aTpuMKy cTapry 3 450mc mo 72mc (-84 %) Ta 99-i
mepueHTIIE 3 1850mMc  mo 310mc  (-83%). UYactka
JeutaiiH-ipomaxis (t_start—t u>1c¢) 3am3unacs 3 11,3 % mo
03% (-97,3%), a cmiBBigHOMmEHHA mopymeHs SLA
ckopotmwiocst 3 1:9 mo 1:333, tobro B 35 pa3. Cepenmus
MPOMYCKHA CHPOMOXKHICTH 30umbImmacs 3 3,2 mo 4,6 3amad/c
(ma 44 %), BomHOUYac 95-i# mepreHTWIs BukopuctanHs CPU
migasaBcs 3 62 % 10 85 % (ua 23%).

Tomy nepexizn Bix npoctoro FCFS no ribpuanoro, pecyp-
cHo-o0oMmexeHoro anroputMy RMRT-EDF Mosxe cyTTeBO MOK-
paIUTH PEaKTHUBHICTh CUCTEMH, E)EKTUBHICTH BUKOPHCTaHHS
pecypciB Ta morpumanas SLA. Ile neMoHCTpYye BHCOKY JOITi-
JIBHICTH BIIPOBAKEHHS IHTEJIEKTYaJIbHUX METO/IiB IUIaHYBaHHS
3a7a4d y cUCTeMax 3 OOMEXEHHMH OOYHCIIIOBAILHIMH pecyp-
CaMH.
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A method for optimizing the architectural structure
of software based on graph analysis of dependencies
when switching to a microservice architecture

Kornaha Yaroslav, Hubariev Oleksandr
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Igor Sikorsky Kyiv Polytechnic Institute
Kyiv, Ukraine
y.kornaga@Kkpi.ua, gubarev.alexandr@gmail.com

Abstract. The transition to microservice architecture is accompanied by significant difficulties associated with the need to clearly
distinguish functionality between services. The main problem is the presence of closely related modules in a monolithic structure, which
form cyclic dependencies and complicate the decomposition of the system. The paper proposes a step-by-step method of static analysis
of architecture to support the transition to microservices. The first step is to build a graph of dependencies, calculate the centrality of
nodes, determine articulation points and bridges, determine the weight coefficients of nodes and links. At the second stage, strongly
connected components (SCC) are distinguished in the graph of dependencies, with subsequent analysis of their density as an indicator of
potential cyclicity. Johnson's algorithm is used to detect all simple cycles within dense SCCs. The final stage involves transforming the
graph into a directed acyclic by removing the least significant connections according to specially developed heuristics, taking into
account the weight of the edge and the centrality of the nodes that it connects. The proposed approach ensures minimization of
architectural integrity losses while maintaining functional isolation of components, which makes it an effective tool for preparing for
microservice decomposition.

Keywords: microservice architecture, static analysis, dependency graph, strongly connected components, node centrality.

Memoo onmumizauii apximeKmypHoi cmpyKkmypu
nPOZPAMHO20 3a0e3neueHHA Ha OCHOBI 2pahoeo2o
AHAI3y 3a71eHCHOCHell nPU nepexooi Ha
MIKPOCEPBICHY apXimeKmypy

Kopnara fpocnas, ['ybapes Onexcanmp
KIII imeni Iropst Cikopcbkoro
Kuis, Ykpaina
y.kornaga@kpi.ua, gubarev.alexandr@gmail.com

Anomauia. Ilepexin Ha MikpocepBicHY apXiTeKTypy cynpoBo- nuKJIigHocTi. 3acToCOBY€EThCA aAropuT™M J’KOHCOHA 1151 BHSIB-

JKY€ETHCSI CYTTEBUMU CKJIATHOIAMH, OB’ A3aHMMU 3 HeoOXiaHic- JeHHsl BeiX mpoctux mMKIiB y mexax mibHUX SCC. 3aBep-
TIO YiTKOTO po3Me:KyBaHHS ()YHKIiOHAJIBLHOCTI Mixk cepBicamm. IAJBHUI eTan mepeadauae mepeTBopeHHsI rpada y opieHTOBa-
OCHOBHOIO TP06/1eMOI0 € HASIBHICTH TiCHO MOB’SI3aHUX MOJYJIB Yy HUIl ANMKIIYHUH [UISIXOM BHAAJEHHS HaifiMeHII 3HAYylIuX
MOHOJIITHIilf CTPYKTYPpI, ki yTBOPIOIOTh IMKJIiYHi 32/1€:KHOCTI Ta 3B’A3KIB 32 cHeliajJbHO POo3P00JICHOI0 eBPHCTHKOIO, 110 BPAXOBY€E
YCKJIAHIOIOTh IeKOMIO3HIII0 cHCTeMH. Y po0oTi 3aliponoHoBa- Bary pedpa Ta IeHTPaJbHICTh BY3.1iB, AKi BOHO 3’ €IHYE.
HO TOeTaNmHy MeTOAWKY CTATHYHOIO0 aHAJi3y apXiTeKTypH AJisi 3anponoHoBaHMii miAXig 3adesnedye MiHiMizamilo BTpaT ap-
NiATPUMKH Nepexoay Ha Mikpocepsicu. Ilepmmm eTanom € nody- XiTeKTypHOI HijicHocTi npu 30epexeHHi (PyHKLIIOHAIBHOI i30/1b-
I0oBa rpady 3aje:KHOCTel, 00UMCJIEHHS] LeHTPAJbHOCTI BY3JiB, OBAHOCTI KOMIIOHEHTIB, 110 POOUTH i0ro epeKTMBHHUM IHCTPY-
BH3HAYEHHS] TOYOK apTHKYJsLIi i MocTiB, BU3HAYEHHS] BaroBUX MEHTOM HiIr0TOBKH /10 MiKpocepBiCHOT JeKOMITO3UIIil.

koedinieHTiB By3aiB Ta 3B’sa3kiB. Ha Apyromy erami BUAinsfOThH-
¢l cuiabHO 3B’3aHi kommonentn (SCC) y rpadi 3anexnocrei, 3
noJAJLIINM aHAJI30M iX IIIJILHOCTI K MOKa3HUKA MOTEHIiHHOT
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Knwuoei cnosa: mikpocepgicna apximexkmypa, cmamuynuii
ananis, zpag 3anexcuocmeil, CunIbHO36’A3HI KOMHOHEHmU,
yenmpanvHicmo 6y3nie

Bcryn

MoHomiTHa apxiTeKTypa MpOrpaMHOro 3a0e3le4eHHs €
KJIaCUYHMM CHOCOOOM OpraHizaiii BHYTPIIIHBOT CTPYKTYpH
JOAATKy, KOJW Bci (YHKIIOHAJIbHI KOMIIOHEHTH CHCTEMH
pO3TaIIOBaHI B MEXax €IMHOTO BUKOHYBAaHOTO CEpPEIOBHIIA.
[orpu mpocTOTy PO3ropTaHHS Ta €AMHY TOYKY KEpyBaHHS,
MOHOJIITHI CHCTEMH XapaKTePU3YIOTHCS BHUCOKHM CTYIECHEM
BHYTPIIIHBOTO 39eIUICHHS (coupling), 10 3 4acoM yCKIIAIHIOE
MATPUMKY, MacitabyBaHHs Ta BIPOBapKeHHs 3min [1]. s
Toro mo0 e()eKTUBHO TpaHCHOPMYBATH TaKy apXiTEKTYpy Y
MIKpOCEpBiCHY, HEOOXiTHO IMOTEePEeIHBO MPOBECTH CTPYKTYP-
HUW aHali3 BHYTPIIIHIX 3aJIe)KHOCTEH, SKi BU3HAYAIOTh, SIK
came MOJIyJIi B3aEMOJIIOTh MiXk CO00I0.

dopmarizalisi 1[bOr0 MPOIECY M03BOJISIE TIEPSHTH Bill He-
CTPYKTYPOBaHOTO a00 BPYYHY KEPOBAHOIO aHaJi3y /IO aBTO-
MaTH30BaHOi 0OpOOKM apXiTEeKTYpHOIi MOeni, Mo OcoOIMBO
BaXXJIMBO JUISl CKJIaJHHUX ab0 3acTapiiuX CHCTEM i3 BEJIHKOIO
KUTBKICTIO B3aEMO3AJIKHUX ENEMEHTIB [2].

TakuM YMHOM, KPHTHYHO BXIUBHM 3aBJIAHHIM Yy MpOLe-
ci mirpamii € dopmaizaris aHami3y 3aJeKHOCTEH y KOAiI MO-
HOJIITHUX CHCTEM 3 METOO BH3HAUCHHS:

1) 3B’s13H0CTI (cohesion) MOIyJIiB - BUSBIICHHS MIUTHHO 3B'-
sI3aHUX KOMITOHEHTIB;

2) KPUTUYHUX TOYOK B33a€EMOJIIi - BUSBICHHS MOJIYJIB, SIKi
BIZIrpaloTh EHTPAILHY POJIb Y KOMYHIKaIlil;

3) HMMKIIYHUAX 3aJICKHOCTEH — BU3HAYCHHS B3a€MO3aJICK-
HUX MOJYJIB, SIKi BUMaraloTh peakTOPHHTY Hepel Mirpari-
€10.

VY wiit poOoTi 3ampoITOHOBAaHO METOJ CTATHYHOTO aHAIi3y
3aIEKHOCTEH 13 BHKOPHCTAHHSAM METPUK LEHTPAIbHOCTI,
OIITEHOCTI Ta aNTOPUTMIB BUSBJICHHS W YCYHEHHS IUKIIB JUISA
MiATOTOBKH CHCTEMH JIO0 MiKPOCEpPBICHOI JEKOMIIO3HIIII.

METO/] OIITUMIBALT APXITEKTYPHOI CTPYKTYPU
[MPOIPAMHOIO 3ABE3IIEYEHHS HA OCHOBI TPA®OBOI'O
AHAJII3Y 3AJIEXXHOCTEM ITPU MIEPEXO/II HA MIKPOCEPBICHY
APXITEKTYPY

s 3piiicHeHHS €()EKTHBHOTO CTPYKTYPHOTO aHAIi3y 3a-
JISKHOCTEH Y IPOrpaMHUX CHCTEMax 3 MOHOJIITHOIO apXiTeK-
TYpPOIO0 BHUKOPHCTOBYIOTHCSI CIIEIiali30BaHi aJrOpUTMH CTa-
TUYHOTO aHaNizy KoAy. BoHu narote 3Mory ¢opmaiizoBaHO
JOCIIUTH BHYTPIIIHIO apXiTEKTypy, BHUSBHTH MIKMOAYJBHI
B33a€MO3B’SI3KH, 1ICHTU(IKYBAaTH KPUTHYHI TOYKH B3aEMO/III,
LMKJIIYHI 3aJIEKHOCTI, a TAKOYK BU3HAYMTH ITOTEHIIIIHI 001aCcTl
JEKOMITO3HIII{ /T TOOY0BU MIKPOCEPBICIB.

VY mpomeci aHami3ly 3a3BHYail 3aCTOCOBYIOTHCS TaKi KITIO-
YOBI aJITOPUTMHU:

1)nobynoBa abcrpakTHOro cHHTaKkcu4HOro jnepesa (AST)
— JI03BOJISIE CTPYKTYPOBAHO MPEACTAaBUTH BHXITHUNA KOJ IJIS
MOJJaJIBIIION0 CEMaHTHYHOT'O aHaTi3Y;

2)hopmyBaHHSI Opi€EHTOBaHOrO Tpada 3aleKHOCTEH MiX
KOMIIOHEHTaMu cuctemu [3];

3)o0uncieHHs] IEHTPAJIbHOCTI BY3JTiB (CTENEHEBOI Ta 3a
MOCEPEHULITBOM) JUTSl BUSBIICHHS KPUTUYHHX MOAYJIiB; [4]

4)imentugikamis MOCTIB Ta TOYOK apTUKYJIALI], IO JO3BO-
JISFOTH OIIHUTH CTPYKTYPHY CTIHKICTh CHCTEMH,

5)BU3HAYEHHS BaroBUX KOEQIIIEHTIB 3B’S3KiB 1 BY3IIB 3

METOIO KiJIbKICHOTO OI[iHFOBAHHS 3HAYYIIIOCTI 3aJI€KHOCTCIH;
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6)onTUMizallist CTPYKTYpHU rpada ajas YCYHeHHS HaJUIMII-
KOBHX 1 ctabkux 3B’s13KiB [5, 6];

3arpornoHoBaHO CXeMy aHali3y 3aJeXHOCTEH B MoO-
HOJITHIM apxiTeKTypi Ha OCHOBI BHIE BH3HAUCHHX alro-
putM™iB (puc.1).

[IpencraBnena cxema BigoOpakae JOTIYHY IMOCIIIOBHICTD
KIIFOUOBHX KPOKIB allrOPUTMY ONTHMI3aLil rpada apXiTeKTyp-
HUX 3ae)XHocTel. BoHa 3a0e3nedye midicHe YSBJICHHS PO
IpolLec BHABICHHSA CTPYKTYpHUX aHOMalil, YCYHEHHs
HAUTUIIKOBUX a00 CTa0KuX 3B’SI3KiB, a TAKOX IMiJATOTOBKY
rpada 10 HaCTYHmHOTO eTalry — KiacTepu3allii abo JeKoMITo-
3MLi1 cUCTeMU Ha MikpocepBicH. Takuii minxia A03BOJISIE aB-
TOMATHU3YBAaTH MPHUUAHATTS apXiTEeKTYPHHUX pIMIEHb 1 CHpHUsE
3HI)KEHHIO 3arajibHOI CKJIQJHOCTI CHCTEMH Ipu 30epekeHHi ii
(YHKIIOHATBHOI IiTICHOCTI.

Buxignnai Koa-
oporpamMat

|

Amnanizatop

CTaTHYHHI- POpMYBaHHI-
rpaga-

3a1eRHOCTeHY

aHalis, modyaosa-
AST

4

Omravisatop?

«
InenTudikanig-
MOCTIE Ta TOUOK"

ObUHCTeHHT - BH3HAYEHHA
BAaroBHX-

Koe il eHTiE By 2By

l

LeHTPanbHOCTI-

BY3IiBY APTHKY AT

OnTuMizania- BH3HaWeHHA BATOBHX -
rpacal EoedimienTiE-
2B 73EE]

l

OnTEMiz0BaHAH-
rpa¢

Puc. 1. 3arampHa cxema anroputMy onTuMizanii rpada

BUCHOBKM

[IpoBenene mociimkeHHS OYyJ0 CIpsIMOBaHE Ha PO3pPOOKY
Ta (opMaTizallico METOAy oOmTuUMi3aIll rpada 3aneKHOCTEH
MPOrpaMHOl CHCTEMH, LI0 € BaXJIMBHM €TaroM Y Mpoleci
ABTOMATH30BaHOTO MEPEXOAY Bifl MOHOMITHOT apXiTeKTypHu 110
MIKpOCEPBICHOI.

Y Mexax JOCIHIKEHHS 3alporoHOBaHO KOMILJIEKCHUH
MiAX1 10 CTPYKTYPHOTO aHadi3y apXiTeKTypH MpPOrpaMHOro
3a0e3MeueHHs, [0 OXOIUTIOE JIeKiJIbKa B3a€MOIIOB’I3aHUX
eTaIliB.

Ha nepmomy erami BHKOHaHO MOOYIOBY OpiEHTOBAHOTO
rpada 3aNeXKHOCTEH HA OCHOBI pE3YNbTaTiB CTATHYHOTO
aHaJi3y BUXiTHOTO KOAY.

BaxnnBoro ckiagoBoro omruMizamii CcTajgo BH3HAYEHHS
nentpanpHocTi By3miB (Degree Centrality ta Betweenness
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Centrality), 1o 103BonHII0 iIEHTH]IKYBATH CTPYKTYPHO BaX-
JUBi Ta QYHKIIOHAIBHO KPUTUYHI MOJIYJIi CUCTEMH.

HactynauM kpokoMm Oyio 3acTOCYBaHHSI lTOPUTMIB JUIS
BUSIBIICHHS KPUTHYHHX KOMIOHeHT — MmoctiB (Bridges) Ta
Touok aptukymsuii (Articulation Points), ski 3abe3neuyroTh
LLUTICHICTB apXiTeKTYpPHOI MOJEIT.

Hami Oymo 3mificHeHO OOYHCIIEHHS BaroBUX KOEQiIi€HTIB
s pebep rpada BINMOBITHO IO THUITY B3a€MO3B’SI3KIB MiX
KOMIIOHEHTaMH.

Ha ocHOBi BHKOHaHOTO aHami3y OyJ0 peani30BaHO IPOIEC
orrtuMizanii rpada, mo BKIOYAE:

1) BusiBNieHHs Ta BHIAJCHHS CINAO0KHX 1 HATHIIKOBHX
3B’ SI3KIB;

2) yCYHEHHS UKITIYHUX 3aJIEKHOCTEMH;

3) 00’enHaHHA By3MiB y OLTbII 3B’SA3HI Ta CTPYKTYPHO
CTiIiKi KOMIIOHEHTH NP JIOTPUMAaHHI IMOPOTOBHX 3HA4Y€Hb Bar
Ta MUTBHOCTI TiArpadis.

3anpoarnoHOBaHUH METOJ A03BOJISE MiABUIIHUTH SKICTh ap-
XITEeKTYypHOI MoOJENi 3a paxyHOK 3MEHIICHHS KiTbKOCTi
3B’SI3KIB, CIIPOIICHHS CTPYKTYPH 3aJICKHOCTEH Ta 30epeKeHHS
(yHKIIOHATFHO BAYKJIUBHUX BY3IIiB.

OTtpumaHi pe3yapTaTé ONTHMi3amii Oy IyTs Oe3mocepeTHbO
BUKOPHCTaHI Ha HACTYNHOMY €Talli JOCTIDKEHHS — Yy Ipo-
neci kiacrepusaiii rpada A pPo3OUTTS CHUCTEMH Ha
MikpocepBicu. 30kpeMa, copMOBaHHN ONTHMIi30BaHUil Tpad
i3 BpaxyBaHHSIM BaroBHX XapaKTEPHUCTHK BY3JiB i pebep 103-
Boyisie  OLNBII  TOYHO  BU3HAYaTH  MeXi  MalOyTHIX
MiKpocepBiciB, 30epirarouu JIOTIYHY LUTICHICTh Ta CTIHKICTh
apXITEKTYPH CHCTEMH.
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Evaluating Vision-Based Drone Swarms
Performance under Visual Occlusions

Smovzhenko Oleksii, Pysarenko Andrii

Igor Sikorsky Kyiv Polytechnic Institute
Kyiv, Ukraine

Abstract. We evaluate the performance of uncrewed aerial
vehicle (UAV) swarms under visual occlusions caused by
neighboring agents. We propose a simplified visibility model and
performance metrics for evaluation. Our findings show that
neighbor selection based on Delaunay triangulation outperforms
other strategies for larger swarms, maintaining stable formation
and alignment. Results are validated in simplified point mass
dynamics and more realistic quadrocopter dynamics
environments.

Keywords: UAV swarm, vision-based localization, formation
control, decentralized coordination, artificial potential field.

1. INTRODUCTION

An uncrewed aerial vehicle (UAV) swarm is a collective of
UAVs that operate collaboratively to achieve common
objectives. Unlike individual UAVSs, swarms leverage collective
behavior to perform tasks efficiently and address complex
problems. These swarms are designed as fully distributed
systems, where each UAV perceives its local environment to
fulfill designated tasks, contributing to global swarm objectives.
Recent reviews highlight their increasing deployment in
applications such as agriculture, construction, logistics, search
and rescue, humanitarian aid, telecommunications,
environmental monitoring, and entertainment. However, UAV
swarms face problems, including communication limitations
and dependency on the Global Navigation Satellite System
(GNSS), which may introduce a single point of failure.

Vision-based localization enables each UAV to estimate the
position and orientation of nearby agents using onboard visual
sensors, without relying on external infrastructure like GNSS.
This approach supports decentralized coordination, allowing
swarms to operate in GNSS-denied, indoor, or cluttered
environments [1-2]. Our study introduces a novel simplified
visibility model to assess how visual occlusions affect swarm
performance in dense formations, a considerable issue for
scalable swarm operations.

This research evaluates the impact of visual occlusions on
UAYV swarms relying solely on vision-based localization. We
propose a simplified visibility model and analyze the
effectiveness of neighbor selection strategies (metric,
topological, and Delaunay) in mitigating occlusion-related
problems. The paper is organized as follows: section 2 describes
the methodology, including the visibility model and neighbor
selection strategies; section 3 presents simulation results and
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comparisons; section 4 discusses findings in the context of prior
work; and section 5 concludes with implications and future
directions.

2. METHOD

We simulate a vision-based UAV swarm navigating
collision-free toward a goal, modeling agents as homogeneous
entities in a 3D space. We consider a set of N agents labeled by

ieA . The set excluding agent i is defined as A, = A I'{i} .
Each agent's state is described by its position and velocity
p,,v, e U *. The relative position of agent j with respect to
agent i is:

M

= Py = P

where d, = r,[. and || denotes the Euclidean norm. This

equation defines the spatial relationship between agents,
essential for localization. An adjacency between agents i and j

is denoted i ~ j, represented in an adjacency matrix N x N
with entries of one if i ~ j and zero otherwise. This matrix

captures connections within the swarm. The motion of each
agent at step k +1 is:

k+1

P, (2

= p +v/ At

where v/ is the velocity at step k , and at is the time step.

Various algorithms exist for UAV swarm control, including
reinforcement learning [3]. However, we use an artificial
potential field inspired by Reynolds’ flocking algorithm [4], due
to its lower hardware requirements compared to machine
learning approaches. The potential field balances attraction for
cohesion and repulsion for separation. The velocity command
for an agent is:

©)

This combines social (cohesion and separation) and migration
(goal-directed) components. The social component is:
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where k and k" are gains regulating cohesion and
separation, and N, is the set of neighbors. Cohesion pulls

agents together, while separation prevents collisions. The
migration component is:

: (5)

where r™ is the relative position of the goal, and k™ is the
migration gain. This directs the swarm toward the target. The
final velocity is limited by:

vi . max
—mln(vi v )

il
I

This ensures speeds do not exceed a maximum threshold.

(6)

V. =
i

The neighbor set N, c A, is defined based on selection
strategies. Metric neighbor selection includes agents within a
maximum radius r"*:

metric

N

={jieAld; <r"™}.

(™

Vision-based neighbor selection further restricts this to

agents within r™** and not occluded by others. Treating agents
as spheres, occlusion is simplified to a planar check among three
agents' centers:

- j;ékGNimemcl
N visua —

®)

[ﬁ(aij +0, > ay Ady < dij)J

where ¢, and ¢, are angular half-sizes of agents j and k from
agent i 's center, and o, is their angular separation. This model
captures visual perception constraints.

Delaunay selection uses Delaunay triangulation, where agent
i isaneighbor of j if they share a ridge:

©)

N = {jePledge(i, j) existsin T (P)},

where P is the set of agent positions, and T is the
triangulation. This typically yields up to 12 neighbors in 3D
space. Topological selection includes the n nearest neighbors:

topo
i

N ={n-argmind  jeA }. (10)

We assess swarm performance using three metrics computed
at each time step. The minimum nearest neighbor distance,
indicating collision avoidance, is:

d™ = min, . d. .

i=j ij

(11)
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A collision occurs if d™" < 2r, where r is the agent radius.
Alignment, measuring velocity vector correlation, is:

1 ViV,
.
1 J

A value of one indicates perfect alignment, zero indicates
disorder. The union metric, assessing swarm connectivity, is:

align

= z
N (N —=1)ixj

(12)

(13)

where n®"" is the number of connected components in the
adjacency matrix. A value of zero indicates complete
fragmentation.

We conducted 10 migration experiments to evaluate swarm
performance across neighbor selection strategies. For
topological selection, n =12, matching the average Delaunay
neighbor count. Agents are spawned randomly in a cube with
predefined density, assigned a constant migration velocity

v™ =11,0,0] along the horizontal axis. Performance metrics

are averaged over the last 25% of steps. Parameters are listed in
Table 1.

We combine metric, topological, and Delaunay
strategies with vision-based selection to evaluate vision-based
localization. Two simulation environments are used: a point
mass environment for statistical analysis (up to 150 agents) and
Gazebo with PX4 for realistic quadrocopter dynamics (up to 70
agents, due to hardware limits). Gazebo's lockstep feature
synchronizes velocity commands. The Gazebo environment
validates point mass results in a realistic setting.

TABLE 1
EXPERIMENTAL PARAMETERS
Description Notation Value
Agent radius r 0.25m
Perception radius pmax 10 m
Maximum neighbors n 12
Maximum speed v 1mis
Separation gain K 5¢P 1m/s
Cohesion gain K cen 2m/s
Migration gain K™ 0.5m/s
Time delta At 0.1ls
Simulation duration T 120s
3. RESULTS
We evaluated swarm performance across sizes

N e {10,30,50,70,90,110,130,150} and neighbor selection

strategies in a point mass simulation to identify the most
effective strategy. Results are shown in Fig. 1.

Purely vision-based selection degrades as swarm size
increases, with reduced average minimum distance and
alignment. This can lead to collisions and route deviations,
increasing battery usage. For swarms larger than 30 agents,
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visual occlusions and frequent neighbor changes cause
trajectory instability. Vision+metric and vision+topological
strategies maintain stable alignment and neighbor counts but
suffer from reduced union, indicating fragmentation.
Vision+metric shows fragmentation from 10 agents, while
vision+topological shows it from 30 agents. Vision+Delaunay
provides consistent performance for swarms of 50+ agents,
maintaining stable minimum distance, alignment, and neighbor
count with perfect union. However, for swarms with fewer than
30 agents, it exhibits lower alignment due to insufficient
neighbors. Overall, vision+Delaunay excels for larger swarms,
despite slightly lower alignment.

We validated the vision+Delaunay strategy in Gazebo with
quadrocopter dynamics for N < {10,30,50,70}. Results are
shown in Fig. 2. The close agreement between environments
confirms that vision+Delaunay enables effective formation
control in realistic settings.

Unian

Vision+Topological({12)

Fig. 1. Performance metrics (minimum distance, alignment, union, neighbor
count) for different neighbor selection strategies across swarm sizes in point
mass simulations

number of aj

—e—Point mass ==

Fig. 2. Comparison of performance metrics (minimum distance, alignment,
union) between point mass and quadrocopter dynamics for vision+Delaunay
across swarm sizes

4. DISCUSSION

The vision+Delaunay strategy outperforms others for large
swarms, as it mitigates occlusion effects by prioritizing
neighbors forming triangulation ridges, ensuring robust
connectivity [2]. Vision+metric and vision+topological
strategies, while simpler, lead to fragmentation, as seen in
reduced union metrics, consistent with findings in [1]. The poor
performance of vision+Delaunay for small swarms (less than 30
agents) likely stems from insufficient neighbor counts, limiting
alignment, a problem also noted in [2] for sparse formations.
Compared to prior work, our simplified visibility model reduces
computational complexity by approximating occlusions in a
planar framework, unlike the more complex models in [1].
However, the model assumes spherical agents, which may not
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capture real-world UAV shapes, and the artificial potential field
requires careful parameter tuning, as noted in [4].

5. CONCLUSION

We evaluated UAV swarm performance under visual
occlusions using a novel simplified visibility model, focusing on
vision-based localization. Simulations across swarm sizes reveal
that vision+metric and vision+topological strategies risk
fragmentation, while vision+Delaunay enhances performance
for swarms with 50+ agents, maintaining connectivity and
stability, though it underperforms for smaller swarms. The
model's planar occlusion check and spherical agent assumption
may limit its applicability to complex UAV shapes, and the
artificial potential field's sensitivity to tuning poses problems for
real-world deployment. These findings suggest
vision+Delaunay is well-suited for large-scale applications like
search and rescue in cluttered environments. Future work could
explore reinforcement learning [3] to improve scalability and
address occlusion problems, or refine the visibility model to
account for non-spherical agents.
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Multi-UAV mission planning models
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Abstract. This paper focuses on the three variations of the UAV
route planning problem, taking into account constraints on flight
range and recognition radius. A novel approach is proposed that
reduces more complex problem instances to parallel solutions of a
basic problem without service points. This modular structure
enhances computational efficiency and improves routing accuracy
by enabling flexible distribution of targets among segments or
individual UAVs.

Keywords: unmanned aerial vehicles (UAVs), multi-UAV
mission, path optimization, target inspection, route smoothing.

INTRODUCTION

The UAV is an autonomous drone that can fly missions
independently of a human pilot [1]. In modern monitoring and
reconnaissance tasks performed using unmanned aerial vehicles
(UAVs), efficient planning of inspection routes plays a crucial
role. Depending on the technical limitations of UAVs — such as
flight range, recognition radius, and the availability of service
points — it becomes necessary to formalize and solve various
routing problem scenarios. Planning an acceptable trajectory,
known as the UAV path planning problem [2], is necessary to
enable any mission. An effective option for the use of UAVS is
the solution of tasks by a group of UAVs acting as a team [3].

The paper considers three meaningful formulations of the
UAV route planning problem with increasing complexity: from
a single-UAV problem without intermediate service points
(referred to as the basic problem) to a multi-UAV problem with
multiple service points. The idea of constructing efficient routes
for the basic problem is presented. The decomposition-based
approach is proposed, which reduces more complex problems to
a series of basic subproblems. This enables both improved
computational efficiency and greater flexibility in constructing
more accurate routes.

PROBLEM 1 (SINGLE UAV, NO SERVICE POINTS)

This problem represents the simplest case: it does not involve
the use of intermediate service points.

Given: n — number of targets; T = {T:
targets; (x;, y;) — coordinates of the target 7;(j=1,...n); one
UAV;d — maximum flight range (km) of the UAV without
recharging; r; — maximum recognition range (km) of target T;
by the UAV camera;s — UAV’s take-off point;(x:,ys)—
coordinates of the UAV’s take-off point; F — UAV’s landing
point; (x¢, ye ) — coordinates of the UAV’s landing point. The
UAYV follows a route that begins at a starting point s , covers a
number of targets, and ends at a final destination F . During the
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flight, the UAV inspects a target T; if it is within range — that is,
at a distance not exceeding the maximum recognition radius for
that targetr; . The UAV’s flight endurance allows it to travel a
limited distance d without requiring energy replenishment. The
objective is to determine a route that enables the UAV to inspect
the maximum possible number of targets from the given set T .

Example of problem 1

Consider a scenario with n =12,k = 4 . Figure 1 shows the
layout of the targets and the corresponding recognitions.

v
10 e A
9 ® I Tz F
ll
1 e ®
6 ® e L ® L
Th T T
- [ ] [ ]
3 4 A Is @ Tn
4 8 ® i &
I:
4 5 6 8 9 1112 5 16 1z X

Fig. 1. The layout of the targets and the corresponding recognition zones

In the classical approach to UAV route planning, it is
assumed that the vehicle flies directly through the center of each
target to be inspected. While this trajectory ensures full
coverage, it is often redundant in terms of overall route length.

In the classical route construction approach, each breakpoint
corresponds to the center of one of the targets, meaning the

4 5 6 8 9 11 12 15 16 18

Fig. 2. UAV route passing through the centers of the targets
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UAV flies directly over the geometric center of the inspected
target. Figure 2 illustrates the example of the classical route.

A smoothed route is a polyline or curve that does not pass
through the target centers but instead approaches them within
the allowable recognition radius. In other words, a target is
considered recognized if the distance from any point along the
route to the target does not exceed a given threshold.

This approach allows for:

— reducing the total route length by avoiding unnecessary
detours;

— maintaining inspection efficiency without decreasing the
number of covered targets;

— providing greater flexibility in route design, especially in
cases with flight distance constraints between service points.

So, the length of the constructed routes can be significantly
reduced by smoothing them —i.e., by forming trajectories in such
a way that the UAV flies near the target, not necessarily through
its center, but within the permissible recognition zone. Figure 3
includes an example of the smoothed route for the UAV; for
clarity, the corresponding unsmoothed trajectories are also
displayed.
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=+« Classical route ESmoothed route

Fig. 3. Classical and smoothed routes of UAV

When smoothing UAV flight routes, it is important to
recognize that this method is not always optimal for constructing
sub-routes. In certain cases — depending on the movement
direction from the current point to the next two (i.e., the shape
of the resulting polyline) — it may be more effective to use the
classical sub-route format, where the UAV flies directly over the
center of the target, rather than implementing a smoothed path
that only touches the edge of the target area within the
recognition range of the onboard camera.

PROBLEM 2 (SINGLE UAV AND SERVICE POINTS)

This task is a generalized case of the previous one.

Given: n — number of targets;T ={T:,..., T.} — set of
targets; (x;, y;) — coordinates of the target 7,(j=1,...n); One
UAV;d — maximum flight range (km) of the UAV without
recharging; r; — maximum recognition range (km) of target T;
by the UAV camera;s — UAV’s take-off point;(xs,ys)—
coordinates of the UAV’s take-off point; F — UAV’s landing
point; (x=, ye ) — coordinates of the UAV’s landing point. k —
number of service points for the UAV; R = {R:,...,R«} — set of

intermediate landing points.

The UAV follows a route that starts at the starting point s ,
covers certain targets, and ends at the finishing point F . During
the flight, the UAYV inspects the target T, which is within range,

i.e., at a distance not exceeding the maximum recognition radius

.....
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r; . The maximum flight resource of the UAV allows it to cover

a distance of up to d kilometers without recharging. Thus, the
distance between any two consecutive route points (including
the starting, intermediate, and finishing points) must not exceed
d . The UAV has k service points. These intermediate points
..... R« can be used for technical maintenance or resource
replenishment and are part of the set of permissible landing
points on the route. Each point may be visited more than once.
The task is to determine the UAV routes that allow inspecting
all targets from the set T in the minimum time.

Example of problem 2

Consider the task with parameters: n =12,k = 4 . Figure 4

illustrates the inspection routes of certain targets by a single
UAV using service points.
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Fig. 4. Route variants: through target centers vs. smoothed path with
service stops (with stops at intermediate service points)

PROBLEM 3 (MULTIPLE UAVS AND SERVICE POINTS)
Given: n — number of targets;T = {T:,..., T.} — set of
targets; (x;, y;) — coordinates of the target T;(j=1....
number of UAVS;U ={U.,..., Un} — set of UAVS;d; —
maximum flight range (km) of the UAV u, without recharging

the flight resource (i = 1,...,m) ; r; —maximum recognition range
(km) of target T; by the camera installed on the UAV u;

(i=1..,m;j=1,., n);si— take-off point of UAV
Ui(i=1,..., m) ; (x’,y:)— coordinates of the take-off point of
the UAV Ui(i=1,..m);r— landing point of UAV
Uii=1,.., m) ;(xi ,yi ) — coordinates of the landing point of
the UAV Ui (i = 1,...,m) ; ki — humber of service points for UAV
Ui(i=1,...,m);Ri ={R,,..,R,} — set of intermediate landing

points for the UAV Ui(i =1,...,

Each UAV u: moves along a route that starts at the starting
point s;, covers certain targets, and ends at the finishing point
F: . During the flight, the UAV inspects a target 1, that is within
its range, meaning the target is within the maximum recognition
radius r; set for the UAV-target pair. The maximum flight range
of the UAV u,; allows it to travel a distance d: without
recharging that does not exceed a certain limit. Therefore, the
distance between any two consecutive points on the route
(including the starting, intermediate, and finishing points) must
not exceed this limit d; .

Each UAV u, is assigned k; of service points. These
intermediate points R, ‘

R, can be used for maintenance or
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resource replenishment and are part of the set of permissible
landing points along the route. Each point may be visited more
than once. The task is to determine the UAV routes that allow
inspecting all the targets in the set T in the minimum time.

Example of problem 3

To illustrate the above, consider a task with the parameters:
n=12,m =2,ki =3,k =3.

It is assumed that nj =r;, j=1,..,12 , meaning that the

cameras installed on both UAVs have the same recognition
range characteristics. Figure 5 illustrates the inspection routes of
certain targets by two UAVS using service points.
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Fig. 5. Classical and smoothed routes for two-UAVs mission

GENERAL ALGORITHMS DESCRIPTION

Task 1 is a fundamental (basic block) for the algorithms
solving problems 2 and 3. The idea of the algorithm for solving
problem 2 is to treat each permissible subsequence of route
points (including service points) as a separate implementation of
task 1, and then combine the obtained partial solutions.
The idea of the algorithm for solving problem 3 is based on
solving the corresponding task 2 for each UAV. At the same
time, the process of route construction can be performed in
parallel, which not only increases computational efficiency but
also allows flexible decisions regarding the distribution of
targets among UAVS. This, in turn, promotes the formation of
more accurate and balanced routes, as each target can be
assigned to the UAV for which its inclusion is the most
beneficial in terms of route length and coverage. In general, for
this type of task such algorithms as ant colony optimization
(MMACO) and artificial Bee Colony (ABC) are considered
among the most appropriate [4].

MATHEMATICAL MODEL OF PROBLEM 1

Variables (quantities to be determined)
..... vi) IS the UAV route, where
vi = F,vi e R’ —the coordination of the route breakpoints.

M = (vo,v1 Vo = S,

Constraints

1) Target coverage constraint: considering that a target can
be surveyed not only at the waypoints but from any point along
a route segment (i.e., between two waypoints), if the distance
from the target to the segment does not exceed the recognition
radius, the constraint is as follows: for each target T;to be
considered surveyed, there must exist at least one segment of the
route [vy,ves1], p = 0,...,k , such that the distance from T, to the

segment does not exceed the recognition radius of the target r; :
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zj =1,if3p e {0,....,k =1} that D(Tj,[Vp,Vp«1]) < 1y,

@
where D (T;j,[vs,vs:1]) IS the shortest Euclidean distance
from a point 7, to a line segment [v,,v,-1] .

2) Route length constraint: the total length of the route must
not exceed a given maximum distance d :

k-1
> |vp,vp+1
p=0

is the length of the segment [v,,v,..] .
3) Binary constraint for target survey: z; € {0,1}, j=1,....n .
4) Waypoint coordinate constraint: the coordinates of the
waypoints vi,...,vi: can be arbitrary, selected from a set of
permissible points, or determined in a specific manner.

@)

<d,

where vy, vy

Auxiliary problem
Calculating the distance from a point T; = (x;,y;) to a
segment [A,B], where A = (xa,ya), B =(xs,ys) INvolves
two steps. First, a projection parameter is calculated:
(X = Xa)(Xs = Xa)+ (Yi—ya)(Ve — ya)
_ ] . J . ) (3)
(xs —Xa)" + (ys — ya)
Then the shortest distance from the point to the segment is
determined using that parameter:

t

‘[ Jou x5 (v1 - ya)?
)2,

ift<o,

(4)

D(T,,[vp,qu]):J \/(xj—xB)2+(y,—yB ift>1,

\
{\/(x, —x)2 4 (yi—y0?, ifost<1.

CONCLUSIONS

Three problem formulations are proposed. The complex
problems (1 and 2) are reduced to a series of independent sub-
tasks of type 3. In the case of problem 2, the route is presented
as a sequence of segments between permissible points (start,
service points, finish), each of which is solved as a separate task
3. Problem 1 is reduced to the parallel solution of problem 2 for
each UAV. This approach ensures modularity and allows for an
efficient distribution of targets among UAVS, taking into
account coverage and route length. The work formulates a
mathematical model for task 3, which considers the ability to
recognize a target not only at the route points but also along its
segments. The proposed hierarchical task reduction scheme
allows for solving UAV route planning problems, taking into
account practical constraints. Task 3 serves as a universal
component that enables the effective construction of more
complex routes and the scalability of the approach to a larger
number of devices.
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Abstract. The problem of forming service packages for infocommunications providers is considered. Its formal formulation is proposed,
aimed at increasing the efficiency of IT companies and providers. A specific feature of the model is the orientation towards the modern
concept of ensuring mutual benefit of IT companies and infocommunications providers. The choice of methods that form the basis for
the implementation of the service package formation system is justified. A combined method of forming service packages is proposed.
The results of an experimental study of methods for forming service packages are presented.
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Mooenv i memoo popmyeannsn nakemie cepeicié 01
npoeaiioepie iHhoKomMyHiKayiu

’Kmanora Oinena, bykacoB Makcum, [{lumban Cearocias,
Unmmup B'saecnas, Omensuenko Poctrcias
KIII imeni Iropst Cikopcbkoro
M.KuiB, Ykpaina
omelchenkorv@gmail.com

Anomauyia. Po3rnsinyTo npodiemy ¢popMyBaHHS NaKeTiB cep-
BiciB 1u1s mpoBaiinepiB indoxomyHnikamiii. 3anpomnonoBaHo ii ¢o-
PMaJIbHY MOCTAHOBKA, CIIPSIMOBAHY HA MiIBUIIEHHS e()eKTHBHO-
cTi gisnbHocTi IT-koMnaHiii i nposaiigepis. CnenudgiyHo 0cob-
JIMBICTIO MOJeJi € opieHTalis HAa cyyacHy KOHUenuiio 3ade3mne-
4yeHHs B3aeMHoi Buroau IT-kommnaniii i nposaiinepis indpoxkomyHi-
Kkauiii. O6rpyHToBaHo BUOip MeTO1iB, IOK/JIaJeHNX B OCHOBY pea-
Jgizanii cucreMu opmMyBaHHS MaKeTiB cepBiciB. 3anponoHoBaHo
KOMOiHOBaHUI MeToa dopMyBaHHs nmakeTiB cepsiciB. HaBeneno
pe3yJbTaTH eKCHepUMeHTAJIbHOI0 J0CTiIzKeHHsI MeTONiB (opmy-
BaHHS NAKeTIiB cepBiciB.

Knwuoei cnosa: IT-komnania, npoeaitdep ingoxomynixauyiit,
Jcummesuii Yuka cepeicie, nakem cepeicie, Mooenb, Memoo,
inghopmauinna cucmema.

Beryn
3 po3BUTKOM iH(OpPMALiHUX TEXHOJOTIH BigOyBalOThCA
3MIHH y BCIX TTy3sIX IisUIbHOCTI MoaquHU. OTHUM i3 HanpsiMiB
3MiH € IIMPOKE BIPOBAPKEHHS cepBicHOTO miaxoxy. Chopmy-
BaBCsI HOBUI HAYKOBHH HarpsiM Service Science, cipsMOBaHHHA
Ha HAyKOBE PO3B’s3aHHS MPOOJIeM, SIKi CTPUMYIOTH MOITHPEHHS
cepsicHoro migxomay [1, 2]. Oco6nrBO BaIUBI IPOOIECMH BH-
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HUKAIOTh TIPH BIIPOBAKEHHI CEPBICHOTO IMiAXOMy B Taly3i iH-
(okoMyHIKalIliif, OCKIIbKH TYT MOTPiOHI PillIEHHS, SIKi OXOTLIIO-
10Th OI3HECOBHUM, BUPOOHUYHIA 1 TEXHOJOTIUYHUI PiBHI TH(OP-
MalliiHUX CHCTEM MpOBai/epiB, sIKi 3a0€3MeuyloTh KOMILIEK-
CHY HiITPUMKY Oi3Hec-mpoueciB ix misutbHOCTI [3 — 5]. I x0u
CEepBICHMH MIAXiJl M€ JIOBrY iCTOPi0 BIPOBAKEHHS B raysi
iH(pOKOMYHIKaIlii, 3aJHIIal0Thcs 6araTo mpoodiieMm, sKi BUMara-
10Th €()eKTUBHUX PO3B’S3KIB.

1 ®OPMYBAHHSI ITAKETIB CEPBICIB

JismbHICTh TIpoBaiifepiB iH(okoMyHiKamii € 00’€KToM
yBaru 6aratbox IT-kommaHii, siki po3poOIITIoTs iHpOpMAaITiiiHi
TEXHOJIOTI U MATpUMKH Oi3HEec-TIpoIieciB mpoBaiinepis. 3a-
rajoM B iHpOpPMaLiiHUX CHCTeMax MpoBaiepiB iHHOKOMYHi-
Kalliil 1HTerpoBaHi Pi3HOMAaHITHI PillICHHS, SKi 32a0e3NeYy0Th
MIATPUMKY MOHAJ COTHI Oi3Hec-TpoleciB. 3arajioM CTBOPEHHS
iHpOpMaliHHUX CUCTEM JJIsl MPOBaiepiB iHPOKOMYHIKAIIIMH,
SIKI MATPUMYIOTh yci Gi3HEC-TPOIeCH CTaHOBUTH CKJIaHY Ha-
YKOBO-TIpakTH4HY TpoOnemy. CporonHi i BupimeHHs 0a3y-
€ThCsI Ha KOHIICTIIIAX KHUTTEBOTO UKy cepiiciB [6], E2E [7],
mwiatopmuEX pimess [8], ISTM [9], nepenbadae mupoke BU-
KOPUCTaHHS TEXHOJIOTiM INTYYHOTO IHTENEKTYy, HacamIiepen
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LLM, RAG-cucreM, IHTENEKTyalbHIX areHTiB 1 IPOEKTYBaHHS
Ta peanizallilo B paMKax Cy4acHHX METOI0Joriii crBopenHs IC
y KOMIUIEKCHHX CEpEJIOBUINAX 13 3aCTOCYBaHHSIM €(EKTHBHHUX
iHCTpyMeHTIB. J{s epeKTUBHOT MIATPUMKH KOXKHOT'O 3 TOHAJ
coTHI Oi3Hec-TIpolieciB Tpeda chopMyIIOBaTH 1 BUPIIINTH Bif-
TIOBiJIHY JIOKAJBbHY IIpo0iIeMy, po3pOOHBIIM MOAEI i METOH i
CTBOPUBILY Ha TX OCHOBI BiZIITOBI/HI pillIeHHs. Y i pillIeHHs JI0-
KaITbHUX MPOOJIeM HEeOoOXiTHO iHTerpyBaTH, mob 3a0e3neduTn
MATPUMKY HisUTEHOCTI MpOBaiaepa 3TiAHO HOTO MiJeH.

OpHiero 3 HAWIIKABIOINX TPOONEM, sKa OUiKye e()eKTHB-
HOTO PO3B’sI3aHHA B YMOBaxX 3MiH, sIKi BiTOyBalOThCS B rairy3i,
€ mpobnema (GopMyBaHHS IAKETiB CEpPBICIB I MPOBaiaepiB
iH(poKOMyHIKamii. 3aragoM 1 nmpodiiema Mae 11Bi chepu 3acTo-
CyBaHH: — ()OPMYBaHHsI MAKETIB CEepBicCiB, siki IT-kommaHis Ha-
Jae mpoBaiizepaM iH(GOKOMYHiKalii, i (OpMyBaHHS MaKeTiB
CepBiciB, sKi poBaiinep iHGoKOMyHiKalii Hagae CBOIM Kili€H-
TaM. Y JIOMOBiAi 3a3HaueHa MpolieMa po3rIIAIaeThCs Y mep-
[IOMY aCHEeKTi.

2 OIJIs1/ ICHYIOUMX PIIEHD

[IpobGmema popMyBaHHS AKETiB CEPBiCiB AJIs POBANUICPIB
iH(OKOMYHIKaIlill JOCUTh JaBHO € TPEAMETOM yBard JOCIi-
HuKiB. TyT HamparpoBaHO 0arato Pi3HUX METOMIB. Y TEpIIy
4yepry, BapTo 3rafgatu cratuctiuaHi Metoau [10] i MmeToawm, mo-
OynoBaHi Ha OCHOBI kiactepu3auii [ 11]. Sk mepmuii, Tak i apy-
Ui METOIM IOOYIOBaH1 Ha OCHOBI HAKOITMYEHOTO JIOCBIy Ha-
JAHHS CEPBICIB, MOEMHAHKUX B MakeTH. L{i METOI¥ MIUPOKO BH-
KOPHCTOBYIOTHCS B IHILINX raTy3sX, ajie BUSBHIUCS KOPUCHUMH
1 17151 GOpMYBaHHS MTAKETIB CEPBICIB y ray3i iHPOKOMYHIKaIiH.

11106 pe3ynbTaTHBHO BpaxyBaTH crieruiky 3amxadi Gpopmy-
BaHHS NaKeTiB CEpBiCiB y Tayry3i iHPOKOMYHIKAIH, JOUIIBHO
PO3IIMPUTH MHOXKHHY METOJIB, SIKi MOJKHa BHKOPHCTOBYBATH
101t 11 po3B’sizaHHs. st BpaxyBaHHs CydacHHX TEHICHIIH O
HAJaHHS B3a€EMOBHTI/THUX TTAKETiB CEPBICIB MOTPiOHO MO0y Iy-
BaTH MOJEJ MaTeMaTHYHOTO IPOrPaMyBaHHs, SIKi BKIIOYAIOTh
IUThOBI (PYHKIIIT i 0OMEKEeHHSI CTOCOBHO (JOPMYBaHHS ITaKETiB
cepiciB. Toni BUHHKHE MOTpeba BUKOPUCTOBYBATH 1HII Me-
TOJH, 30KpeMa e()eKTHBHI METOJ MaTEMaTUYHOTO MPOrpamy-
BaHHs1, €BPUCTUYHI METOIH.

VY nitepatypi MOXHA 3HAHTH MOJEII 1 METOH PO3B’I3aHHS
3a7a4i (OopMyBaHHsI TTAKETIB CEPBICIB y Traiy3i iHpoKOMyHiKa-
wiit, Hanpukian [12]. Ane crierudivai ocoonuBocTi 3amadi dho-
PMYBaHHS ITaKETIB CEPBICIB y pi3HUX yMOBaX BUMararoTh HO-
BUX NPHHOMIB iX BpaxyBaHHS Yy MOJENSAX i HOBHX METOIB
pO3B’si3aHHA. 30KpeMa, y IOIMOBii Oyae AOCITIIKEHO MOXKITH-
BiCTh BUKOPHCTaHHS KOMOIHAI{ eBPHCTHYHUX alTOPUTMIB IS
IIBUJIKOTO PO3B’s3aHHS 3a7a4i (popMyBaHHS IMaKeTiB CEPBICiB y
BIJIOMIH ITOCTaHOBIII.

3 ®OPMAJIBHA TTOCTAHOBKA 3AJIAUI ®OPMYBAHHS ITAKETIB
CEPBICIB
3amaua GpopMyBaHHS MMAKETIB CEPBICIB PO3IIAAAETHCS 3 TO-
yku 30py [T-kommawnii, ska Hajgae MHOXHHY CEpBICIB
S={Sy, ..., Si, ... S}, me k — xinmpKkicTh cepBiciB, mpoBaiiaepam
indokomyHikaniit 3 Mmuoxunu P = {P, ..., Pj,..., Pm}, mle m —
KIJIBKICTh TIpoBaiizepiB. B3aeMo3B’s3km CepBiciB BH3HAYae

So b

€S, gelln] Takux, IO HANAHHI CEPBICY S; 3aJIC)KUTh

i
100

MHOXHHA Rj, 1=1,... K miaMHOXHMH BHUIISTY {s

i
9

S
BiJl KOKHOTO 3 Nj CEPBICIB S, ...,S| (TOOTO y CBOTi CyKynHOCTI

11l CEPBICH CTAHOBJISATH COOOK0 MHOKHHY B3a€MO3aJICIKHUX Cep-
BICIB).
Tpaauuiinum s GizHecoBoi amisibHOCTI IT-KOMMaHIT y
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i ranysi € BeieHHs MaTpHLi pedepeHIi HHNX 1iH 32 HaJaHHs
cepsiciB D = || djjll, ne dij — 6a3oBa nina IT-xomnanii 3a Ha-
JaHHs cepsicy Si mpoBaiinepy P, i=1, ...,k j=1, .., m.

IT-xoMnanis 3a HagaHHS cepsicy Si mpoBaiaepy Pj moxe
HaJaBaTH 3HWKKH [jj 10 npedepenuiinoi uinu dij, i =1, ..., K,
j=1, .., m0<r;<l).

Jis BpaxyBaHHS cKIIaay cepBiciB makeTiB IT-kommanii BBO-
JSThCs OyieBi 3MiHHI Vij:

(1, sxmo cepsic S, BXOoAMTH o mopTdens nposaigepa j,

e 4[O, AKmMO cepBic S, He BXOAUTH 10 mopThens nposaiinepa j.

3amava mojsrae y Tomy, mo0 I KOXKHOTO IMpoBaiaepa
3HAWUTH TAKEeT CEePBICIB, ski Hamae [T-koMmaHisi, Ta BiAMOBIIHI
3HIDKKH 10 ipeepeH iAo IiHM, 110 3a0e3NeYyr0Th MaKCHMa-
JMBHY CyMapHy BHTOIY sK 1t [ T-kommaHii, Tak i Juist KOXKHOTO
3 ii mpoBaiimepiB. BinmoBigHi MiTbOBI PYHKIIIT MAFOTh BUTIISA:

1) makcumizartist cymapaoro goxoay IT-kommanii Bin Ha-
JAHHA TTAaKEeTiB CEepBICiB:

W = Z Z d”(l— ri,)V., s

j=1 i=1
2) MakcHMI3aIlisi CyMapHOTO JI0X0/Iy KOJKHOTO TIpoBaiinepa
P; (=1, .., m)Bix HamaHHs KITIEHTaM CEPBICiB, 3aPOMOHOBA-
Hux IT-xommaHiero:

(1)

2)

e Pij — noxin npoaiiiepa Pj Big HamaHHS cepBicy Si cBOIM KiTi-
€HTaM.

HaBeneni Bupasu ajst UibOBUX (YHKIIHA OLIHKH SIKOCTI
PO3B’s3KiB 3 TOUkH 30py I T-KoMITaHii Ta mpoBaiiepiB T03BOIS-
I0Th BpaxyBaTH Cy4acHY KOHIIETIIIO BeeHHA Oi3Hecy — 3a0e3-
TICYeHHs B3aeMHOI Buro ¥ I T-kommaHii Ta KOXXHOTO 3 MpoBai-
ZepiB.

MaroTh MicIie HaCTYITHI 0OMEeXEeHHS:

1) obmesxennst Ha pecypeu I T-koMmanii, HeoOXimHi A5 Ha-
JIaHHS YCIX CepBICiB, BKIIIOYEHHX JI0 TIAKETIB YCIiX TPOBaliepiB:

k m
S BV ST l=1,..,L, 3)
i=1 j=1
1e PBiji — KUTbKicTh pecypey |, 110 BUKOPHCTOBYEThCS A Ha-
JaHHS cepBicy Sj mpoBaiiaepy Pj, Ti— 3aranpHa KUTBKICTb pecy-
pey | IT-kommasii (y 3araipHOMY BUIIAAKY OJUHHUIE pecypey |
3a IUTaHOBUI mepion), L — KUIBKICTh BUIIB 0OMEXEHHUX pecyp-
CiB;

2) oOMeXeHHs Ha BiJTHOCHY LIHHICTh CEpPBICiB AJIs IPOBaii-
Jepa, SIKi TapaHTYIOTh IO KOXKEH CEepBIC, 10 HAJAETHCS IIPO-
BalziepoM, € JJIsi HhOTO €KOHOMIYHO JOIITBHNM, TOOTO 3a0€3-
revye MPUHHATHANA PiBE€Hb TPUOYTKOBOCTI:

<Pui=1 K
b

ij
e Pij — J0Xi mpoBaiiaepa Pj, moB’si3aHuii 3 HaaHHAM cepBicy
Si, bij — BuTpaTH npoaiizepa Pj, moB’s13aHi 3 HAIaHHSM CepBicy
Si, Sij — MiHIMaJIbHA BiJTHOCHA WIHHICTH CEpPBICY Sj, IO € MpH-
HHATHOO 1715t poBaiinepa Pj;
3) mokasuuku SLA HajaBaHUX CepBiciB:
Qijg Vij<dig, i=1,.., k,j =1,..,mg=1, ..,G, (5)
JIe aijg — 3HaYeHHs nokasHuka SLA g cepBicy Sj, 1110 HaIa€ThCs
npoBaiinepy Pj, oig — 3HaueHHs mokasHuka SLA g cepgicy Sj,
sIKe BH3HAUY€HE B YMOBaxX PO HaJAHHS LOTO CEPBICY CBOIM
kiieHTaM, G — KUIBKICTh IOKa3HHUKIB SLA cepBicis;
4) 0OMe)eHHs MiXKCEpPBICHOT 3aJIe)KHOCTI:
Vij Vij=pil, i=1, .., k,j =1,..m1=1,..,Kk,

Q=2 (p;—d;@-r)v,,

=1, .. 4)

S.V.
ij o ij

lmy

(6)
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Jie TapameTp pil 33J1a€ 3B'130K MK cepBicamu S; Ta Sy y BUINaj-
KaxX, KOJIM HaJaHHs OJHOTO CEpPBICY BUMarae HasiBHOCTI iH-
uroro: pii =1, AKIIO cepBicy S; y makeTi mpopaiiaepa moTpioeH
cepaic Sy, pii=0 B IPOTUIIC)KHOMY BUIIAJKY.

VY peanbHUX yMOBaX 3aJeXKHOCTI (6) MOXYTh MaTH CKJIaj-
HIlly CTPYKTYpY, IO BpaxoBye OaraTtopiBHeBI ab0 YMOBHI
3B’SI3KM MIX I'pyIIaMH CEpBICiB.

3aranoM BUTJIA HUTFOBUX (DYHKIIIH i 0OMeXeHb 3yMOBIIe-
Hull crienudikoro Oi3Hecy IT-kommanii Ta mpoBaiiaepis iHbO-
KOMYHiKamiil. Yci nporecu mismmbHOCTI [T-KoMmaHii i mpoBaii-
JepiB, 30KkpeMa OB s3aHi 3 (JOpMyBaHHSAM IIAKETiB CEPBICiB,
CIpsSMOBAaHI Ha TOCATHEHHS BIaCHUX Oi3HecoBUX miiei. e mo-
SICHIOE HasBHICTH JIBOX ITBOBUX (PYHKIIIH, OHA 3 SIKUX BUKO-
PHUCTOBYETBCS JUIsl OLIIHKY TIaKeTa CEPBICIB 3 TOUKU 30py KOX-
HOTO MpoBaiepa OKpPEMO.

ChorofiHi Ha NPUHHATTS PIllIeHb IPU BeAEHHI Oi3HECOBOI
JISUTBHOCTI BIUTMBA€ KOHLETLIS B3aeMHOI BUroau. Lle Bumarae
BpaxyBaHHs Buroau sik 1T-kommanii, sika Hamae cepBicu, Tak i
npoBaiinepa, K oTpuMye cepBich. LIMM TOSICHIOETBCS BH-
T DUThOBUX (DYHKIIIN 1 BBEIEHI MapaMeTpH, SIKi TO3BOJSIFOTH
JOCSATTH B3a€EMHY BUTOJY 3a JIOTIOMOTOK) CHCTEMH 3HMKOK.

V momoBini 3 BITOMUX CHCTEM 3HIDKOK, K1 I T-xoMmanii Mo-
KYTh HaJIaBaTH IpOBalijiepaM — Ha IMEBHI CepBiCH, Ha KOXEH
JOJATKOBUH CEpBIC, SIKMH JOJA€THCS 0 TTaKeTa, Ha KOXKHY J10-
JATKOBY IPYILy, 5IKa TOJAETHCS 10 TIAKETa, B 3aJI€)KHOCTI BiJ Ki-
JIBKOCTI CEpBICIB y MakKeTi Ta iH. — PO3IJISIHYTO TINBKU 3HUKKU
Ha KOXKEH CepBiC, SIKUI HalaeThCs IPOBaiiepam.

CToCcOBHO 00MEXEHb, 1110 HAKIIaJAI0THCS Ha PO3B’sI3KH. Pe-
CypcHI 0OMeKeHHS BCTaHOBIIOIOThCs Jutst I T-kommaHii i 3a0e3-
MEYYIOTh PECYPCHY pealliCTHYHICTh ()OPMOBAHUX TMAKETIB.
BoHU aroTh 3MOTY BpaxyBaTH OOMEKECHHS 338 KOXKHUM BUIIOM
pecypcy, HeOOXiTHIM IS MATPUMKH HaJaHHS BCiX CEPBICIB,
BKITFOUCHHX JIO TTAKETIB [T BCIX IPOBAIepiB. 3arajioM i1eThes
PO JIFO/ICHKI, 00YHCIIOBANBHI, KOMYHIKAIlil{Hi Ta TEXHOJIOTiYHi
pecypcH, sIKi HamaroThes 3a Pi3SHUMHU MOJICIISIMH.

Hpyry rpymny ckianaioTh 0OMeKeHHS 3 00Ky IpoBanepis,
SIK1 IOAUIAIOTECS HA €KOHOMIYHI Ta sAKicHI. BoHM 3aiiexxars Bij
THITy CEpPBICIB, SKi Ha/lae mpoBaiaep, i crenudiku Horo KirieH-
TiB. Y Mexax ITi€l MOIesIi BpaXOBaHo:

— cepell CKOHOMIYHUX OOMEKeHb — OOMEKCHHS Ha BiJTHO-
CHY LIiHHICTH cepBiciB (4),

— cepen SKiCHUX — oOMekeHHs Ha moka3Hukd SLA (5).

OcraHHi € KPUTUYHO BaXKJIMBHMH JUISl IIpOBaiiaepa, OCKi-
JIBKH JI03BOJISIIOTH TAPAHTYBATH SIKICTh CEPBICIB, 1[0 HA/TAIOTHCS
roro kiieHtaMm. BxrodenHs SLA-TOKa3HUKIB 0 YroOwm MiX
TpoBaiiepoM i KIrieHToM (pikcye O9iKyBaHUH piBeHB SIKOCTI ITO-
ciyr. BimnmoBinmHO, i 0OMeXEeHHSI MaloTh OyTH BiOOpaxeHi y
(bopmabHiit mocTaHoBII 3a1a4i HOPMyBaHHS MAKETIB CEPBICIB,
11100 3a0€3MeUnTH BiIMOBIIHICTh OYIKYBaHHSAM KII€HTIB 1 3HU-
3UTH PU3UKH HEBUKOHAHHS IOTOBIPHUX 3000B’sI3aHb.

Tpetio rpymny CKJIaAalOTh TEXHOJOTIYHI OOMEXEHHS, IO
SIKMX TIEPEJJOBCIM HaJle)XaTh OOMEXEHHs MIXKCEPBICHOI 3aex-
HocTi. BoHu npu3HaveHi ays 3a0e3neueH s HasiBHOCTI y TTaKeT1
JUIS1 KOXKHOTO CEpPBICY BCIX CEPBICIB, B/l SIKMX BiH 3aJeKHTh. L1i
OOMEXEHHS TIOB'sI3aHI 3 THM, IO HaJIaHHS OKPEMHX CEpBiCiB
MOJKE BUMaraty MiATPUMKH ACSIKHX iX (DyHKIIH BiT IHITUX cep-
BiciB. DopManbHO IIe OOMEXKEHHS IIONATacE y TOMy, IO Ha-
JaHHA, HAIIPUKIIAJ, CepBicy Sij MOXKe BUMaraTu po3MillleHHs Ha
THX K€ pecypcax iHIIOTO CePBICY, HAPHUKIAL, CepBicy St, AKuit
MOBHHEH BUKOHYBATH IEBHI Omepariii 1is MmITPUMKH CEepBiCcy
Si. YV 3aranbHOMY BHITIQJIKy MOKHA FOBOPHTH, IO CEPBIC MOXKeE
3aJ1e)arH BiJ| MiJIMHOXHHH CEPBICIB 3 KaTaJIOTy CEpPBICIB.
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3BUYAHO A7 BU3HAYCHHS 00MEXEeHb MIXKCEPBICHOI 3aje-
YKHOCTI 1pH (POPMYBaHHI NAKETIB CEPBICIB JUIsi KOXKHOTO MPO-
Baiiziepa BUKOPUCTOBYETHCSI pO3OUTTS CEpBICiB Ha I'pYITH B3ae-
MOIIOB’SI3aHHUX CEPBICIB, sIK 1€ nokazaHo B pobori [12]. Toxi
oOMesKeHHS! I1i€l rpyny BUMAaratoTh JJIsl KOXXHOT'O CepBicy, KNI
BKJIIOUAETHCS JI0 TAKETY, BKJIIOYEHHs BCi€l TPYIH CEpPBICiB, /10
SIKOT e cepBic HaJIeXHTh. BapTo 3ayBakuTH, 1110 MHOXHHH R;,
i € [1, k] popmyroThCst HA OCHOBI TUX OOMEKEHb.

OmnparroBaBmm  GopMaabHy MOCTAHOBKY 3amadi opmy-
BaHHS MAaKeTIB CEpBICIiB, MOXKEMO MEPEXOIUTH JI0 BUOOPY BiJl-
MTOBITHUX METOIB ii pO3B’sA3aHHS, sIKi OyAYyTh peai3oBaHi B CH-
creMi (popMyBaHHS MAKETIB CEPBICiB.

4 KOMBIHOBAHUI METO/I PO3B’SI3AHH S 3AJJAUI ®OPMYBAHHS
ITAKETIB CEPBICIB

BaxnuBumu 17151 BUOOpY METOy pO3B’si3aHHS CPOPMYIIHO-
BaHOI BUIIE 3a1aui € cnenudiuni i ocodbmuBocri. [lo-nepre,
(opmMaibHa MoCTaHOBKA MICTUTH 3MiHHI JIBOX BHIIB — Vjj Ta lij,
sIKI BU3HAYAIOTh CTPYKTYpPY MakeTiB i 3HmKkH. 1o npyre, cho-
PMyJTBOBaHI KpHUTepii MakcHMi3aIlil MiTbOBOI (DYHKIIIi BUTOIH
s [T-kommanii (1) 1 mpoBaiinepis (2) BpaxOBYIOTh HaJaHHS
sHmkOK. Io Tpere, chopmynboBani oomexenust (3) — (6) kinb-
KOX Tpyn OOYyMOBJIIOIOTh HEOOXimHICTH it mpoBimamx IT-
KOMIAaHI# 1 BETUKUX IIPOBAWIEPIB PO3B’A3aHHS 3329 BEIHKOL
PO3MIpHOCTI.

VY Takux yMmOBax JIOTIYHHM BUXOJIOM OyJlle BUKOPUCTAHHS
KOMOIHOBaHHMX METOJIB PO3B’s3aHHs OaraTOKpUTEpiabHUX 3a-
Jlad, SIKi IHTETrpyr0Th Y HOBHH cHOCIO BimoMi npuiioMu: mo0y-
JIOBU Ha OCHOBI OaraTokpuTepiaabHOI 3a7a4i OTHOKpHUTEpiab-
HuX migzanad ans [T-kommnawii i mpoBaiinepiB; BUKOPUCTAHHS
JUTsL PO3B’sI3aHHS BU3HAYCHHX ITi/133/1a4 ClIeiallbHUX aJrOpUT-
MiB, SIKi BPaXOBYIOTb X CIIeIIU(pIdHI 0COOTMBOCTI; BU3SHAYCHHS
CIUTBHO YaCTHHM y PO3B’s3Kax mim3amad ams [T-xommawii i
IpoBaiiiepiB; BUKOPUCTAHHS CHELiaJbHUX €BPUCTHYHUX IIPO-
LeAyp A JOMOBHEHHS 3HAWICHOI CHUIBHOI YaCTHHHM /IO TOB-
HOTO HAMKpaIIoro pilleHHs MMOYaTKOBOI OaraTOKpUTEpialbHOi
3aj1a4i 3 BpaxyBaHHSIM CUCTEMH 3HIKOK.

VY 0mnOBifl MPOMOHYETHCS BapiaHT KOMOIHOBAHOTO METO.LY
PO3B’s13aHHs 3a1a4i popMyBaHHs MAKETIB CEPBICIB, SIKU MOE-
Hye omucaHi Buie migxoau. CrioyaTky yTOYHMMO 3rafaHi y
omwci iei MeToy mif3agadi.

A. Tlinzagava mis IT-xoMmmanii:

— KpUTepiii: MakcuMizais ninboBoi GpyHkmii (1);

— obmexenHs: (3) — (6).

b. [lix3amava ans mpoBaiaepis:

— KpUTEPil: MaKCUMi3amis MiTboBoi QyHKIi (2);

— oomexenns (3) — (6).

3anuiraeTbes TUIIE BU3HAYUTH TTOPSI0K 3aCTOCYBaHHS BU-
Opanux npuiioMiB. Crio4yaTky Ha MepuIoMy eTarli po3B'si3yeMo
JIBl OTHOKpHUTEPiaNIbHI 33141, IPE/ICTABICH] OIIMCAHUMHU BHUILE
nigzanadamu A Ta B. Ix po3s’s3kMamu 6y1yTh HakeTH cepBicis,
HaiBurigainn st [T-koMmaHii 1 11 mpoBaiepiB BiAMOBIIHO,
TOOTO MakeTH fAKi 3a0e3mevyarh MakcuMaiabHui goxinm mis IT-
KOMTIaHii 1 IpoBaiepiB BiAMOBIIHO.

[Motim Ha npyromy etami Juis KOXXHOTO 3 OTPHMAaHHX
po3B’s13kiB minzanay st IT-kommanii (am1st mposaiizepis) dop-
My€EMO pO3B’S30K BIOIOBITHOI CHMETPHYHOI Mmig3amadi s
mpoBaiinepiB (s [ T-kommaHii).

Ha Ttperbomy ertami 3acTOCOBY€TBHCS MpoIeIypa ITOJIM-
LICHHs] OTPUMaHUX Ha MONEPEAHbOMY €Tali CIUJIbHUX YaCTUH
po3p’si3kiB min3anaui A (b) ta b (A).

BinmoBigHO YeTBEPTHi eTall moysirae y BUHOOPI KpaIoro 3
JIBOX TOJIIIIEHUX PO3B’SI3KIB.
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Hwxde HaBeneHO ONMUC BapiaHTy KOMOIHOB2HOTO METOIY
PO3B’si3aHHs 3a/1a4i (POPMyBaHHsI IAKETIB CEPBICIB.

Eran 1. Po3s’s3anns mig3amau A, b 3a 70momMororo iMoBi-
PHICHO->XKa110HOTO AJITOPUTMY.

[igeran 1.1. BukopuctanHs AMOBIpHICHO-)XaIiOHOTO ali-
TOPUTMY JUTS pO3B’sI3aHHA Mi13a1a9i A i OTpUMaHHs HAHBUTI-
Hiwworo juig IT-kommnaHii nakety cepBiciB 32 yMOBH BUKOHAHHS
ycix oOMexeHb (pecypcHUX, poBaiinepa, MiKCepBiCHOI 3aje-
JKHOCT1).

[igeran 1.2. BukopuctanHs AMOBipHICHO-XaIiOHOTO ail-
TOPUTMY AJIS PO3B’sA3aHHA Hig3agadi b 1 orpumanHs i Kox-
Horo mpoBaiinepa Pj (j = 1, ..., M) HAWBHUTi THINIIOTO TTAKETY Cep-
BiCiB 32 YMOBU BHKOHAHHS YCiX 0OMEXeHb (pEeCypcHHUX, Ipo-
Baiiziepa, M>KCEpPBICHOT 3aJI€KHOCTI).

Etan 2. BusHaueHHs Ha OCHOBI po3B'si3kiB mig3anay A, b
PO3B'SI3KiB CHMETPHYHUX Tia3amad b1 A.

[igerarn 2.1. ITomyk Ha OCHOBI OTpHMaHOro Ha erami |
po3B’si3Ky mig3anadi s [T-kommanii po3B’s3Ky BiANOBiqHOT
mia3aaadi Ui mpoBaiepis.

[igeranmn 2.2. [Tomyk Ha OCHOBI OTpHMaHNX Ha erami 2
PO3B’SI3KIB Mig3aHadi A MpoBaiiepiB po3B’ 3Ky BiATIOBITHOT
mig3agadi st [T-kommanii.

Etan 3. BukopucTaHHS €BPUCTUYHOI MPOLEAYPH LIS TIO-
JIIIIEHHS. OTPUMAaHOi Ha eTami 2 CIIJIPHOI YaCTHHHU y mapax
PO3B’sI3KIB MmiA3amavi A i1 ii CHMeTpUYHOI Mix3agadi Ta mija3a-
naui b 11i cumerpuuHoi mif3anayi 3 BpaxyBaHHIM CUCTEMH B3a-
€MOBHTITHUX JUIs1 000X CTOPIH 3HUKOK.

MMineramn 3.1. [NomninmeHHs HA OCHOBI €BPUCTHYHOI MPOIIe-
JIypy BU3Ha4yeHOI Ha mizerami | eramy 2 CIIBHOT YacTHHH y
po3B’s3kax min3agadi A mis IT-koMmaHii i ciMeTpudHOT 3a1a4i
1 poBaiinepis Py (j = 1, ..., m).

ineramn 3.2. [oninmeHAs HA OCHOBI €BPUCTHYHOI IIPOIIe-
IypH BU3Ha4YeHOI Ha miferari 2.2 CHUIBHOT YaCTHHH Y PO3B’si3-
Kax migzagaqi b wis mposaiinepis Pj (j = 1, ..., M) i cumeTpud-
Hoi 3amaui mist [ T-kommanii.

Eram 4. Bubip xpamioro 3 po3B’s3kiB migeramis 3.1 1 3.2.

s Buainenux minzanay 1T-kommaHnii i npoBaiinepis edex-
TUBHHAM DIllIGHHSIM BUSBHUBCS WMOBIPHICHO-KaIiOHHMI anro-
putM. Bin BpaxoBye criinibHI ocoOnMBOCTI mig3azad A ta b, a
TaKOX HasBHICTh 0araThboX MpOBalAEpiB, A1 KOXKHOTO 3 SIKHX
Tpeba po3B’s3atu minzamady b, 3abesnedyrounm nOTpUMaHHS
CHUTBHUX U BCiX TMpoBaiiiepiB oOMexeHb. [l BUALICHHS
CNIJIbHOI YacTMHM y PpO3B’A3Kax BHUAUIEHMX minzamau [T-
KOMITaHii 1 poBaiiiepiB 3alpONIOHOBaHa JOCHTh SICHA Ipolie-
Iypa, IKa BPaXOBY€ CTPYKTYPH PO3B’S3KIiB i 0OOMeKeHb. A s
TTOJIIIIIEHHS CHTBHOI YACTHHH Y O3B’ sI3KaX BUAUICHHX ITiA3a-
nmad IT-xoMmaHil i mpoBaiiiepiB 3alpornOHOBaHA CBPUCTUYHA
npolLeaypa 3 BpaxyBaHHSIM CUCTEMH 3HIIKOK.

5. AJITOPUTMHU PEAJII3AILII KOMBIHOBAHOI'O METOTY
PO3B’A3AHHS 3AJTAUI ®OPMYBAHHS ITAKETIB CEPBICIB

5.1. IMOBIPHICHO-XAIIBHUI1 AJITOPUTM PO3B’ I3AHHSI
MIJBAJIAUI A ETAITY 1

Tyt 1 mani mix cepBicoM OymeMO pPO3yMiTH TPYIy B3aEMO-
OB s13aHMX cepBiciB. TakoX MPHUITYCTHMO, IO JIMITYIOUUM €
nnre ojuH pecype IT-kommawii (To6To B 0OMexeHHsx (3) L=1,
1y BeW4MH Pij MOKHA OITyCTHTH TpPETiH iHmeKc, ToOTo Pij1 =
Bij). Take cOpOLICHHS € IOLILHUM Y 3B’ 13Ky 3 THM, IO Y OiIb-
IIOCTI MPAaKTHYHUX CUTYAIli caMe OJUH THII pecypcy (Hampu-
KJIaJ1, JIOACEKUNA, OOYHCIIOBAIIEHUN a00 4acoBWii) € KPUTHU-
HUM Ta 00MEKY€E MOKIIMBICTh HAJaHHS CEPBICIB, peIITa pecyp-
ciB 200 € Ha/IIMIIKOBUMH, 200 HE JA0CATal0Th TPAHUYHUX 3Ha-
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4eHb. L{e 103BoJIsIE CKOHIIEHTPYBATH yBary Ha KIIFOUOBHX aclie-
KTax 3a7a4i popMyBaHHs AKETiB CEpBICIB O€3 BTpaTH 3aralib-
HOCTi Mozeni. Takoxk IpHITyCTUMO, 110 oomexeHHs (4)-(5) Bu-
KOHYIOTBCSI.

Jns mBUAKOTO OTpUMAaHHs ONM3BKUX JIO ONTUMAajIbHOTO
PO3B’SI3KIB MiA3aau y €BPUCTHYHOMY JITOPUTMI PO3B’SI3aHHS
mig3aaad erany | BTiJICHI Kpallli pUcH jkamgiOHOTO i HMOBipHiC-
HOTO MiIX0/iB. Bix mepmroro anropuT™ ycnaakyBas igero mpio-
PHUTETHOCTI Npu3HaueHb S — Pj 3 BUCOKOIO e(heKTHBHICTIO BH-
KopHCcTaHHA pecypey. OCKUIBKY HiHHICTh KOXKHOI ITapH «CepBic
— npoBaiigep» (0ij) mpsMO 3aJIeKUTh Bij CITIBBIJHOILIEHHS J10-
XOIy IO BUTPAT pecypcy, IO BiATOBiAae KIACHIHOMY *KaJli0-
HOMY KpUTepil0 "MaKCHMyM BHTOJU Ha OAMHHUINO BHTpat",
kpaiii (e()eKTUBHIIII ) IPU3HAYCHHS MAIOTh BHUIIII IIAHCH HA BH-
oip.

Bing mpyroro anropuTM ycnajJKyBaB iJIeF0 BUKOPUCTaHHS
WMOBIpHICHOT cTpaTerii I YHHKHEHHS ITacCTKH JIOKAJIBHHUX
eKCTpeMyMiB. EBpUCTHYHMIT alTOpUTM BUKOPHCTOBYE HMOBIp-
HiCHWIA BUOip, HA BIIMIHY Bifl JCTEPMiHOBAaHUX XaIiOHHUX aj-
TOPUTMIB, SKi 3aBXAW OOWPAIOTh HAaWKpamry 3a KpUTepieMm
napy. Takwuii iMOBipHICHWIA BHOIp, 32 YMOBH peai3ailii ssKoro
IIaHCH KOXKHOTO JONMYCTHUMOTO IpPHU3HAYECHHS MPOMOPIIiHHI
ftoro minHOCTI 0ij, 1 TO3BOJISIE YHUKHYTH JIOKATBHUAX €KCTPEMY-
MiB. J{iicHO, TaKWil MiIXiX JOa€ €EeMEHT TOCIiIHKEHHS POC-
TOPY PO3B’SI3KiB. A OCKUIBKU alrOPUTM 3aITyCKa€eThCsl OaraTo-
Pa3oBo, 3’ABISIETHCS MOXKIIMBICTD JIOKAJII3yBaTH Kpalili KOMOi-
Halii 3a paXyHOK HOBTOPHOTO BHIIIKOBOTO BUOODY.

Crnovatky JU1st KOXKHOI Iapy «cepBic — MmpoBaiaep» oouuc-
JIIOETHCSI TaK 3BaHa I[IHHICTb OJUHUII pecypcy, sKa BU3HAYa-
€THCS K BiIHOMIEHHS npedepeHniiHol iHU HaaHHs cepBicy
70 00cATY pecypcy, HeoOXiqHOTO ISt HoTo MIATPUMKH. 3 ypa-
XYBaHHSM 3HIKKH 1€ PO3PaXOBYEThCS 32 (OPMYIIOHO:

Cda-ry)
i —B ij

Ha xoxxHOMY Kpo1Ii aJlrOpUTMy:

— (opMy€eThCS MHOXHMHA JIO3BOJICHUX MPU3HAYEHb — 1€ Ti
napu «cepBic Si — nmpoBaiiiep Pj», 11 SKUX IpoBaiaep e He
OTPUMAB JaHUH CEpBIC, 1 U SAKUX 3aJHIIKOBOTO (BLIBHOTO)
pecypey HOCTaTHBO I HOTo HaJaHHS,;

— 3-IIOMIXX JO3BOJICHUX Iap O{Ha BUOMPAETHCS BUITAIKOBUM
YHHOM, 3 HMOBIPHICTIO, IPOTIOPIIIIHOIO i IHHOCTI.

5.2. IMOBIPHICHO-)XAJIIBHUI AJITOPUTM PO3B’ SIBAHHS
MIIBAJAUI b ETAITY 1

Inest HMOBIPHICHO-XaIi0HOrO AJITOPUTMY PpO3B’sI3aHHS
mif3a1avi A mpoBaiiepiB moAiOHa 10 iel HMOBiIpHICHO-kKa-
JIOHOTO aNrOpUTMY PO3B’s3aHHS MiA3anavi A, ane yci nii Bu-
KOHYIOTBCS 3 TOUKH 30py BUT'OJIH JJIsl ITpoBaiiaepis. st boro
nepenbadeHa HasBHICTh LUKy IO TpoBaiinepam. Crioyatky
JUISL KOXKHOI mapu «cepsic S; — nposaiinep Pj» obuncmoerses
TaK 3BaHa IIHHICTb OJJMHUILIl Pecypcy, SKa BU3HAYAETHCS SIK Bi-
THOIICHHS TOXOMy TpoBaiizmepa cepricy mo obcsry pecypcey,
HeoOxigHoro IT-kommanii ans #foro miaTpuMKH. 3 ypaxyBaH-
HSIM 3HIDKKH [I€ PO3PaxXOBYETHCS 32 HOPMYJIOF0:

py—d;(A-rp)
By
Ha xoxxHOMY Kpo1ii allropuTMy:

— obupaeTtscst mposaiinep Py (Hampukian, mo nukiry ado 3
HalMEHIINM IIOTOYHUM CYMapHHM JIOX0J0M);

ij
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— 111 HBOTO (DOPMYETHCSI MHOXKMHA JO3BOJICHUX HPH3HA-
4yeHb — 1€ Ti napH «cepeic Sj — npoaiaep Pp s sSxux 3au-
mKoBoro (BitbHOT0) pecypey IT-komnaHii qocTaTHBO /15t HOTo
HaJlaHHS;

— 3-TIOMIXK JJO3BOJICHUX Iap O/JHa BUOUPAETHCS BUMAAKOBUM
YHHOM, 3 HMOBIPHICTIO, IPONOpLiitHOIO ii iHHOCTI 6.

5.3. AITOPUTMU PO3B’ I3AHHS IIJI3AJIAY ETAILY 2

[xes anroputMy ONTYKY Ha OCHOBI OTPIMAaHOTO Ha eTami 1
po3B’s3Ky mimzamadi mist [T-xkommanii (mix3agadi Uit mpoBai-
JepiB) pO3B’S3KY BIATIOBIAHOI mim3amadi Ajsl TpoBaiaepiB
(mimzamadi st [T-xommanii) oueBuaHa. Bin momsirae B HacTyn-
HOMY:

— JUTsl KOXKHOT BKJTFOUEHOT y TIAKET CEpPBICIB Mapu «cepsic Sj,
nposaiiiep Pp» po3s’s3ky mipzanadi mis [T-komnawii (min3a-
Jadi s MpoBaiiepiB) BKIOYAEMO Yy IAKET CEPBICIB Mapy
«cepgic Sj, mposaiiaep Pj» po3B’s3Ky mia3anayi 1uis nposaiie-
piB (mig3amaqi wist [T-kommawii);

— 00YHCITIOEMO 3HAYEHHS [UTBOBOT (DYHKINT mia3amavi s
mpoBaiiiepis (migzamadi ams [T-kommaHii).

5.4 AJITOPUTM PO3B’ SI3AHHS MIJIBAZIAY ETAITY 3
Ha npoMy erami BUKOPHCTOBYETBCS ajrOPUTM, MOOyI0Ba-
HUH Ha OCHOBI izl mocTymok. IlomepeHpo BIOPSAKOBYEMO Y

TIOPAIKY 3POCTAaHHA CITiBBiTHOIEHHS 3HAYeHb Q ' i Q | HiNbo-
Boi (hyHKMIT (2) po3B’s3Ky mimzagad A, b, oTpumanux mist xo-
JKHOT0 IpoBainepa. BapTo HaranaTty, 10 3Ha4€HHs Q JB IO~

BOi yHKIIT (2) U151 KOXKHOTO [TpOBaiiiepa MU OTPUMYEMO B pe-
3yJIbTaTi 3aCTOCYBaHHS IMOBIPHICHO-)Ka/1i0HOTO aJITOPUTMY JI0
nigzanadi b erany 1. 3uavenns Q | HinboBoi Gymkuii (2) mwis

KOXKHOTO ITpOBaiifiepa MM OTPUMYEMO B PE3yJIbTaTi 3aCTOCY-
BaHHS allTOPUTMY JJIs mifeTamy 2.1.

[nest ocHOBHO{ YaCTHHH aJITOPUTMY JTOCHUTH NEPCTIEKTHBHA 1
mpocTta. {7 KoXKHOTO mpoBaiaepa y 3aaadi migeramy 3.1 mu
3aCTOCOBY€EMO TPOIETypy HaJaHHS 3HIDKOK, a y 3a1adi Iije-
Tany 3.2 — mpoLeAypy BIAMOBH BiJl 3HMKOK JUIsi KOXKHOTO
BKJIFOYEHOTO Y TaKeT cepricy. ToOTO, MOMIMIIEHHS PO3B’A3KY
MOXJIMBE JIMIIe 32 yMOBH nocTynku [T-koMnanii 3a HagaHHS
CepBICIB 1 BIJIIOBIHO MOCTYNKH NPOBaiijiepa, KUl TOTOHKY-
€THCS Ha BUILY I[IHY 3apajJiil 3pOCTaHHs CyMapHOi BUTOJH MIPO-
Baiigepa 1 I[T-xkommanii. BaxiwBo, IO MONIYK Kpamoro
PO3B’sI3Ky 3IIHCHIOEThCS MO BeiM cepBicam IT-kommaHii, ski
BOHA HaJla€ KO)KHOMY TIpOBaiiepy.

6 PE3VJIbTATU EKCITEPUMEHTAJIBHOI'O JIOCJIIJDKEHHS

[IpoBenene exkcriepuMEHTAIBHE TOCITIHKEHHS 3allpPOIIOHO-
BAaHOTO BapiaHTy KOMOIHOBAHOTO METOAY IPOJEMOHCTPYBAJIO
Mparne3JaTHICTh PO3POOJICHUX aJITOPUTMIB 1 iX 37aTHICTH Ha-
JIaTh e(eKTUBHUN PO3B’SA30K 3a/1a4i PopMyBaHHS MAKETIB cep-
BiciB. Po3po0iieHi anropuTMu MOKIAACHI B OCHOBY peaiizalii
cucTeMu (pOpMyBaHHS MAKETIB CEPBICIB.

Ha pucynky 1 moka3aHo pe3y/bTaTH PO3B’s3aHHS 3aaadi
(opMyBaHHS MakeTiB CEepBiCiB Ha NMPUKJIAJl JIOBIIbHO BHOpa-
HUX TPHOX NpoBaiaepiB i 18 iHpOKOMyHIKaIHHUX CEPBICIB 3a
JIOTIOMOT'010 CTBOpEHOi iHdopMmaniitHol cucremu (hopMyBaHHS
TIAKeTiB CEePBICiB, B SIKii peayi3oBaHMA 3aIPOITOHOBAHUN y 1O-
TTOBi/Ti BapiaHT KOMOIHOBAaHOTO METO/Y.

Ha pucynky 2 HaBeleHO OTpHMaHi B IPOLIECi 3aCTOCYBAHHS
3aMpoIOHOBAHOTO y JOMOBiAi BapiaHTy KOMOIHOBaHOTO Me-
TOJY 3HAYCHHS 3araJbHOTO JOXOAY Bill HaJaHHS CEPBICIB, SKi
MATBEPIKYIOTH OOTPYHTOBAHICTh (POPMYBaHHS MAKETIB CEPBi-
ciB s nposaiiaepis. JlidicHo, cepsicn 1 — 3, 8, 10 — 13 ta 17
3a0e3meuyroTh A0Xi1. [Ipu 1bOMy 3aITpOIIOHOBAHUH Y TOMOBIII
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METOJI JO3BOJISIE [Tl KOXKHOTO MpoBaiiepa chopMyBaTH BHTi-
JTHHH, SIK TS IpoBaiinepa, tak i s I T-xommaHii, makeT cepsi-
CiB, BpaXOBYIOYH OOMEXEHHs: [yIs npoBaiiaepa 0 — cepsicu 1,
8, 11, 12, 13, 17; nns nposaiinepa 1 — cepsicu 3, 8, 10, 17; aus
npoBaiinepa 2 — cepsicu 2, 3, 8, 13, 17.

Service Allocation Heatmap
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Puc 2. O0unceni 3Ha4eHHS 3araJibHOTO JJOXO/Y Bifl Ha-
JIaHHSI CEpPBICIB

[ndopmaniiina cucrema GopMyBaHHS MMaKeTiB CepBiciB CTa-
HOBUTH 3pYYHHH 1 KOPUCHUH IHCTPYMEHT BeJeHHS 0i3HECOBOI
JSUTBHOCTI 3 HaZaHHs iH(OKOMYHIKAIIITHUX CepBiciB IS TIPO-
Baiizepis i [T-kommnanii.

BUCHOBKM

B pamxax mociimpkeHHs POIIECiB JKUTTEBOTO IUKITY CepBi-
ciB B iHQOpMaliHHUX cHCTeMax MpoBai/iepiB iHPOKOMYHIKa-
uiit chopmynboBaHa 3aiava (GOpMyBaHHS TAKETIB CEPBICIB.
ITocTaBuBIIK 32 METy MiABUINCHHS €(EKTHBHOCTI MisJIBHOCTI
IT-xoMnaniii i mpoBalepiB, aBTOPH 3aNPOIIOHYBAJIH METOJ
(opMyBaHHS MaKeTiB CEPBICIB, SIKMH BPaxOBYe OCOOIUBOCTI
1i€1 rayTy3i TisTIbHOCTI B yMOBaX ChOT'OJICHHS.

s GaratokpuTepianbHOi 3aJadi MaTeMaTHIHOTO MPOrpa-
MYBaHHs 3allpOIIOHOBaHMIN BapiaHT KOMOIHOBaHOTO METOY,
SIKMI IHTETPYy€ TaKi IPUHOMH, SK: a) BUAUICHHS OJHOKpUTEpia-
mpHUX mim3amad  uin  [T-kommanii 1 mpoBaiinmepiB; 0)
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PO3B’sI3aHHS OAHOKPUTEPIATILHUX 1M1 /133,184 38 JJOTIOMOTOFO CIie-
LiaJIbHUX aJITOPUTMIB, SIKi BpaXOBYIOTh X crienudiuHi 0oco0u-
BOCTI; B) BU3HAYCHHS CITUIbHOT YACTHHHU Y PO3B’sI3Kax Ii3aaay
qutst IT-xomnaHii i npoBaiiiepiB; ') BAKOPUCTAHHS CHIELIAIbHUX
€BPUCTUYHUX IPOLEAYP Ul JONOBHEHHS 3HAHIEHOI CIiIbHOL
YaCTHHU JI0 TOBHOTO HAaMKpaIoro pilieHHs Mo4aTKoBoi Oara-
TOKPHUTEPIaBbHOI 3a/1a4i 3 BpaXyBaHHSIM CUCTEMH 3HM)KOK.

Juis po3p’si3aHHS OTHOKPHUTEPiaNbHHUX Iim3afad i OTpH-
MaHHS HaiBurigaimmx aas [T-kommaHii makeTiB cepBiciB Ta
HAWBUTIIHIIIOTO AKETY CEPBICIB ISl KOXKHOTO IpoBaiaepa 3a
YMOBHU BHKOHAHHA YCiX OOMEXeHb (pecypcHHuX, mpoBaiaepa,
MIDXKCEPBICHOI 3aJIeKHOCTI) 3aIIPOTIOHOBAaHI BapiaHTH HMOBIipHi-
CHO-)XaIi0HOTO aNrOpPUTMY.

Takox 3arpoNOHOBaHI aAITOPUTMH JUIsl BU3HAUESHHS CIUTb-
HOT YaCTHHHM Y pO3B’si3kax mimzanad ajs [T-kommasii 1 mpoBaii-
JIepiB Ta TOTIOBHEHHS 3HAWCHOT CIIUIbHOT YaCTHHU JI0 TIOBHOTO
HalKpamoro pillleHHsl MOYaTKOBOi OaraToKpuTepiajibHOI 3a-
Jadi 3 BpaxyBaHHSIM CUCTEMH 3HIDKOK.

BurkoHaHe excriepIMeHTaIbHE T0CTIDKEHHS IT0Ka3ajIo pa-
[IE3JIaTHICTH 1 eEKTUBHICTH pO3POOICHOTO BapiaHTy KOMOiHO-
BaHOTO METOY PO3B’sA3aHHA 3a7a4i pOpMyBaHHS MTAKeTiB cep-
BiciB. Lle#t MeTo MOKIIaeHNI B OCHOBY CTBOPIOBAHOI CHCTEMH
(hopMyBaHHS TaKETiB CEPBICIB.

[lepcrieKTUBHMM HampsiMOM JOCIIIKEHb BUAAETHCS CTBO-
peHHs1 OUTbIl e()eKTUBHUX BapiaHTIB KOMOIHOBAaHOTO METOMY
PO3B’si3aHHs 3a/1a4i (POPMyBaHHsI TAKETIB CEPBICIB.

Takok BuUMarae JJONATKOBOTO JIOCHTIDKEHHS Npodiema
CTBOpPEHHSI CHCTeMH (pOpMyBaHHS ITaKETIB CEPBICiB, B OCHOBY
peainizanii sskoi OyAyTh MOKJIAACHI 3aIPOIIOHOBAaHI ¥ JOMOBI I
ITOPUTMHU Ta 1HII BiJIOMi €EKTUBHI QJITOPUTMH.

JITEPATYPA

1. Field, J. M. Service research priorities: designing
sustainable service ecosystems / J. M. Field, D. Fotheringham,
M. Subramony, A. Gustafsson, A. L. Ostrom, K. N. Lemon, J.
R. McColl-Kennedy // Journal of Service Research. — 2021. —
24(4). — P. 462-479.

2. Favoretto C. From servitization to digital servitization:
How digitalization transforms companies' transition towards
services / C. Favoretto, G. H. Mendes, M. G. Oliveira, P. A.
Cauchick-Miguel, W. Coreynen // Industrial Marketing
Management. — 2022. — 102. — P. 104-121.

3. Serrano, J. An IT service management literature review:
challenges, benefits, opportunities and implementation
practices /J. Serrano, J. Faustino, D. Adriano, R. Pereira, M. M.
da Silva // Information. — 2021. — 12(3). — 111.

53

4. Richter, H. IT-service value modeling: a systematic
literature analysis / H. Richter, B. Lantow // International
Conference on Business Information Systems (2021, June).
— Cham: Springer International Publishing. P. 267-278.

5. Mora, M. Agile IT Service Management Frameworks and
Standards: A Review / M. Mora, J. Marx-Gomez, F. Wang, O.
Diaz /I Arabnia, H.R., Deligiannidis, L., Tinetti, F.G., Tran,
QN. (eds) Advances in Software Engineering, Education, and
e-Learning. Transactions on Computational Science and
Computational Intelligence. Springer, Cham. — 2021. — P.

6. Agutter C. (2020). ITIL Foundation Essentials ITIL 4
Edition-The ultimate revision guide / C. Agutter. — IT
Governance Publishing Ltd., 2020.

7. Maddern, H. End-to-end process management:
implications for theory and practice / H. Maddern, P. A. Smart,
R. S. Maull, S. Childe // Production Planning & Control. —
2014. — 25(16). — P. 1303-1321.

8. Uummmp B. [Tnardopma miaTPHUMKH KUTTEBOTO IUKITY
cepBiciB B iH(QOpMAIIfHAX CHcTeMax IMpoBaiaepiB iHpopMa-
uiitHo-koMyHikanifaux mociyr / B. Yummmp, C. Tenennk, O.
Pouik, E. XKapikoB // AnanTuBHI CHCTEMH aBTOMaTHYHOTO YII-
pasinust. — Tom 1.— Ne 42 DOI: https://doi.org/10.20535/1560-
8956.42.2023.279172.

9. MacLean D. Implementation and impacts of IT Service
Management in the IT function / D. MacLean, R. Titah //
International Journal of Information Management. —2021. — 70.
v102628. — P. -.

10. T'aBpunenko O. BupimenHs 3agadi BIpoBaKEHHS I1a-
KETIB CEpBICIB 3a JOMOMOTOK CTaTUCTHYHOI iHpopmarrii / O.
I'aBpmiienko, B. Ynmmmp, E. XKapikos, C. Tenenuk, P. Omens-
YeHKO // AanTHBHI CHCTEMH aBTOMATHYHOTO YTIPABIIHHA. —
2023. —Tom 2. — Ne 43. C.

DOI: https://doi.org/10.20535/1560-8956.43.2023.292257

11. TI'aBpunenko O. Meton ¢opMyBaHHS HaKeTiB CepBiciB
3a JOMIOMOTOI0 alNropuTMiB Kiactepusamii / O. I'aBpunenko, B.
Ynmmmp, E. XKapikos, C. Tenennk, O.AmMoHc // AnantusHi cu-
cTeMHu aBTOMaTH4YHOTro ynpasiiHHs. — 2024. — Tom 1. — No 44,
C.182-191. DOl: https://doi.org/10.20535/1560-
8956.44.2024.302437

12. Chymshyr V. Models and methods for forming service
packages for solving of the problem of designing services in
information systems of providers / V. Chymshyr, O. Zhdanova,
O. Havrylenko, G. Nowakowski, S. Telenyk // Inf. Comput. and
Intell.  syst. 2024— no. 5. pp. 29-54.
DOI: https://doi.org/10.20535/2786-8729.5.2024.316432



https://doi.org/10.20535/1560-8956.42.2023.279172
https://doi.org/10.20535/1560-8956.42.2023.279172
https://doi.org/10.20535/1560-8956.44.2024.302437
https://doi.org/10.20535/1560-8956.44.2024.302437
https://doi.org/10.20535/2786-8729.5.2024.316432

Ingpopmayitini cucmemu ma mexnonoezii | Information systems and technologies

Technology for Information System Component
Interaction Using Reactive Signal Databases

Danylo Vitkovskyi, Serhii Telenyk
Information Systems and Technologies Department
Igor Sikorsky Kyiv Polytechnic Institute
Kyiv, Ukraine
vitkovskiy.danylo@I1l.kpi.ua, s.telenyk@gmail.com

Abstract. This paper presents the technology for interaction of information system components based on a database of structured data,
changes in which are monitored asynchronously in real time. The purpose of this technology is to simplify the interaction between
information system components. This technology is especially relevant for systems whose data is hierarchical. Experimental testing has
shown the high potential of this technology in the case of implementing a full-fledged DBMS based on it.

Keywords: asynchronous communication, database management system, information system, microservice architecture, reactive system,

technology.

TexHnonozis é3aemooii Komnonenmie

IH(hopmayiuHux cucmem Ha OCHOBL 0a3u OAHUX

PEeAKMUBHUX CUZHAIB

BirkoBcbkuii Januno Onexcanaposud, Tenenuk Cepriii @enoposud
Kadenpa inpopmamifHuX CHCTEM Ta TEXHOJIOT 1
HTYYVY «KIII im. Irops Cikopcbkoro»
Kuis, Ykpaina
vitkovskiy.danylo@I1l.kpi.ua, s.telenyk@gmail.com

Anomayia. Y naniii po0oTi po3riafaa€eTbes TEXHOJIOTIA B3a€-
MoJii KOMIOHEHTIB iHpopMaLiHiHUX cMCTeM Ha OCHOBI 0a3u cTpy-
KTYPOBaHHX JIaHHX, 3MiHN SIKUX BiICJTiIKOBYIOTHCSI aCHHXPOHHO,
y peskumi peajbHoOro 4acy. MeTolo 1aHoi TeXHOJIOrIi € cmpoiieH-
HSl B3aeMofii MiK KoMmoHeHTamu iHpopmaniiiHoi cucremu. s
TEXHOJIOTisI € 0CO0JIHBO AKTYAIBHOIO /ISl CHCTEM, IPUPO/Ia AaHUX
SIKHX € iepapxiuHorw. ExcniepuMeHTANbHI J0CTITKEHHS OKA3aIu
BHCOKMIi MOTeHIia] AaHOoi TexHoJIoril y pa3i peasizanii noBHOWiH-
Hoi CKB/I Ha ii ocHOBI.

Knrouoei cnosa: acunxponna romymikayis, Mmikpocepgicna
apximekmypa, peaKmugna cucmemd, CUCemMa Kepyeanns 6a3oin
0aHux, mexHonozis, ingpopmauiitna cucmema.

Bcrvn
BaxsBuM acniekTom Oyab-sKoi iHpopManiiiHOT cucteMu €
KOMYHiKallisi Mix ii koMnoHeHTamu Ta/abo kiieHTamu. OOpa-
HUH croci0 KOMyHIKaIlil MOKe BIDIMHYTH SIK Ha 3pyYHICTH HOTO
BUKOPHCTAHHS, TaK 1 HA HAJIHHICTh CHCTEMH — Y pa3i MOXUOKH
B peauizanii 00paHoro crocody KoMyHiKallii, cHcTeMa MOKe He
MIPAIOBATH B3araii ado >k MpaIoBaTH HEHAIIHHO.
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Tak, Km0 cucreMa 3 MiKpOCEPBICHOIO apXiTEKTypOIO Mae
MiATPUMYBaTH TPaH3aKIiHHI oneparii, To Ma€ iCHyBaTH JETKHH
crnoci0 ckacyBaHHs omepailii Koju BOHa Iie He 3aBeplueHa. Y
TaKOMY BHUIQJIKy, HE PO3YMHO BHKOPHCTOBYBATH I KOMYHi-
kauii migxoau Buay RPC (anrn. Remote Procedure Call, Bigna-
JICHU# BUKJIMK TIporietyp), Ha kiurant REST API, ockinbku e
BUMaratuMme abu KO>KHUH 3 MIKPOCEPBICIB, 3aTHUX 10 CKaCy-
BaHHS OIepallii, 3HaB PO KOKHHUHI 1HINMHA MiKpOcepBic, IKOMY
MOTpiOHO MOBIOMHUTH TPO cKacyBaHHs. Lle cTBoproe KBampa-
TUYHY 3aJIEKHICTh MIXK MIKpOCEpPBICaMH, 110 YCKIAIHIOE TXHIO
pearizariito Ta MpoIec OHOBICHHS/IOJABAaHHA HOBUX MIKpO-
cepsici [1].

VY pasi )k BUKOPHCTaHHS aCHHXPOHHOI KOMYHIKaii, Harpu-
KJIaJ], 4epe3 CHCTeMY IOBIJJOMIIEHb, MIKPOCEPBICH MOXYTh HE
3HaTU OAWH IIPO OJHOTO, a JIMIIE NPO 3aralbHUH MEeXaHi3M
00poOKu moxiid. TakuM YMHOM, 3aJIeKHICTD KITBKOCTI 3B’ SI3KiB
BiJl KIJIBKOCTI MIKPOCEPBICIiB CTa€ JiHIHHOIO, a JOAaBaHHS HO-
BHX MIKpOCEpPBICIB HE BUMarae 3MiHH KOy THX MIKpOCEpBiCiB,
10 BXXE€ iCHYIOTb.
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VY naHiif poOOTI PO3IIIAAAETHCS TEXHOJIOTIS B3aEMOIIT KOM-
MTOHEHTIB iH(QOPMAIITHAX CHCTEM Ha OCHOBI 0a3u CTPYKTYpO-
BaHMX JAaHUX, 3MiHH SKUX BiICIIIKOBYIOThCS aCHHXPOHHO, Y
peXuMi peasbHOro yacy. MeToro 1aHoi TEXHOJIOTII € cripolie-
HHS B3aEMOJIT MI>K KOMIIOHEHTaMH 1H()OPMAIiiTHOT CHCTEMH.

TTPUHLIMII POBOTHU

CTpyKkTypH OaHWX, 3 SKUMH ife poboTa y KOXi CHCTEMH,
MaloTh, B OCHOBHOMY, i€papXidHy CTPYKTypy. SIKIIO Kiibka
KOMITOHEHTIB CUCTEMH MalOTh CIIUIBHI JIaHi, TO iX MPHHHATO
30epiraTu y 0a3i naHUX, K €AHHOMY JKepeni mpaBau. [nes Te-
XHOJIOT'11, 110 PO3TILINAETHCSL, TIOJISATAE Y TOMY, 1100 CIIPOCTUTH
B32€EMOJIII0 MK KOMIIOHEHTaMH CHUCTEMH, LIUISIXOM aBTOMAaTH-
YHOTO TIOBIAOMJICHHS TIPO 3MIiHHM y JaHUX, IO 30epiraroTbes
y 0a3i gaHMX, i aBTOMaTUYHOTO OHOBJICHHS JIOKAJbHUX KO
X JaHUX Y KOMIOHEHTaX CUCTEMH.

Ha 3miam By3IiB CTPYKTYypH JaHUX y 0a31 MOXKIMBO BHUKO-
HaTy nianucansst. [1oBiIoOMIIEHHS PO i 3MiHHU PO3IIOBCIOKY-
I0ThCSl B3IOBXK 1l€papxii: SKIIO 3MiHA JECTPyKTHBHa (AesKi 3
€JIEMEHTIB iepapxil BUOATSAIOTHECS), TO TIPO HEl MOBIIOMIIAIOTHCS
BCi sIK OaTBbKIBCHKi, Tak 1 JOYipHI BY3JM, IHAaKIe — JIMIIE
0aTBKIBChHKI.

Komymnikanis mix kiienrom Ta CKB/I' BinOyBaeThest 3a mpo-
tokosom WebSocket, mo no3Bosisie peanizyBaTH aCHHXPOHHY
KOMYHIKAI[il0 Ta OTPUMaHHS [TOBIIOMJICHb PO 3MIHU Y pealib-
HOMY Yaci.

JaHi, 1m0 nepenaroThes, 3aK0I0BaHi y IBiiiKoBOMY (opMari,
[0 JO3BOJISIE 3MEHIIUTH 00’€M IMEepeJaHuX JaHuX, a TaKOK
3MEHIINTH Yac Ha IXHe KOAyBaHHs/AeKoxyBaHHs. Lle no3Bose
3MEHILIUTH HABAaHTAXKCHHS Ha MEPEXY, a TAKOXK 3MEHIINTH 3a-
TPUMKH IIPH Ilepeadi JaHuX.

PesynmpraTH = e€KCHEpHMEHTAIBHHX  JOCHIKEHBb

Po6oTa 3anpormoHOBaHOI TEXHOJIOTI] TepEeBipsITach IUIIXOM
peanizanii npororuny CKB/ Ta kmieHTChKOT 010110TEKH 3 BH-
KOPHCTaHHSIM MOBH TporpamyBanHs Rust [2], 3 momanbrmam
3aMipoM HIBHJKOCTI BHKOHaHHs omepauiil. [IpoBoaniocs mo-
PIBHSHHS 31 IIBUKICTIO BUKOHAHHS CKBIBaJICHTHUX OIEparii
CKB/] MongoDB [3] 3 Bukopucranssim Change Streams [4].

BumiproBaHHS TPOBOIMIMCH HA KOMIT TOTEPi 3 HACTYITHUMH
XapaKTepPUCTUKAMU:

* mporiecop: «AMD Ryzen 5 5600H with Radeon
Graphics x 6»;

* omneparuBHa nam’ste: 32 I'B;

+ OC: Linux Mint 22.1 Cinnamon;

» Docker Bepcii 28.0.4;

* MongoDB Bepcii 8.0.8;

» Rust Bepcii 1.86.0.

Sk MoxkHa moGaunth 3 TpadikiB, MO HaBEAEHI HIXKYE,
HIBUAKICTh BUKOHAHHSI ONEpaliii MPOTOTUITY 3anporOHOBaHOT
TEXHOJIOTi1 € TOMITHO BHIIOIO, HiXX Y MongoDB, 1o cBiqunTh
mpo 1i moTeHIian y pasi peanizarii moBHoninHOi CKB/I.

!Cuctema KepyBaHHs 0a3010 JaHUX.
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Ingpopmayitini cucmemu ma mexnonoezii | Information systems and technologies

o E >|< T T 3 F i
3 ] 50 X .
40 . _ X
38 X 7 45 4
o 36 F 4 o —_ X
E 34 . | E
R ] g40b b
5 32 F 3 5
t —e—— [ _° i 35+
28| — 1 1
26 F J_ i E 30 F —t— 5
L 1 1 1 | | 1 1
100 1000 10000 100 1000 10000
Po3mip 3HaueHHs1, OallT Po3mip 3HaueHHs, OallT
Puc. 5. Yac BUKOHaHHS OIepariiii BUIAICHHS Puc. 9. YUac BuKOHAHHS oIepaliif 3amucy (3a HassBHOCTI
3 0a3u JaHUX NpOTOTHILY (delete) HiANUCHUKIB HA 3MiHK) 10 0a3u JaHuX nportotuny (set),
o | X ] 26 F X
. ; ? L o
24 © oy . 24 % g 1
22 F % 7 22 F ¥ ’_—r_l ]
L X t 2 1 4
g 20r é i B E: 20k J_ 3
8 18 - - g o
" 16t % X ] T 18f 7 3
14F %——;T/"_e X 16 = = ]
12+ I 1 7
10 F - 1 + E 14t J_ J— 3
L I | | 1 L | | | il
100 1000 10000 100 1000 10000
Po3wmip 3HaueHHs, OaiT Po3wmip 3nauenHs1, 6ait
Puc. 6. Yac BUKOHAHHSI ONIepaLliii BUIATCHH Puc. 10. Yac BuKoHaHHS omepanii OHOBICHHS JaHUX
3 6a3u manux MongoDB (delete one) y 6a3i qaaux MongoDB (update)
70 ' + 100 £ i ' X ]
; T ] 9% F % % ]
65 |- . F _
_ T | 90 :- -:
e I 2 ] 2
= 60 B = b —|— 3
g __a// 1 g 8 b |_—o 1
= ot - [ — | —1 ]
55 4 . 80 1
1 1 | 70 F 1 1 1 -
100 1000 10000 100 1000 10000
Po3mip 3HaueHHs1, OallT Po3mip 3HaueHHs1, OallT
Puc. 7. Yac BUKOHAHHS ONepaliii 34UTyBaHHS 3 MiAMHCAHHSIM Ha 3MiHH Puc. 11. Yac ouikyBaHHS Ha ITOBITOMJICHHS IIPO 3MiHI
3 6a3M JaHHUX OPOTOTHITY (get), y 6a3i JaHuX IpOTOTHITY (notification)
18 T T 3 T T T 3
t X 1 900 § E
17 F : 850 ;
r X 800 E
16 X % X ] i ]
2 5 X % g M0¢ ;
;15T ] = 700 F x 3
§ | ¥ g o % -
r T | 1 600 £ g E
R T ey =y = 550 ¢ .
120 L L . 500 | ;
= 1 | | 1 L 1 1 | 1
100 1000 10000 100 1000 10000
Po3wmip 3HaueHHS, OaliT Po3mip 3HaueHHs1, OallT
Puc. 8. Yac BukoHaHHs onepanii i icaHHs Ha 3MiHH Puc. 12. Yac ouikyBaHHS Ha HACTYIIHY 3MIiHY
y 6as3i nanux MongoDB (watch) y 6as3i nanux MongoDB (next change)

Bapro 3a3maumTH, mo mig yac 3amipiB, TCP 3’egHanHs
nporotunty CKB/] Ha 0CHOBI 3aITpOIIOHOBAaHOI TEXHOJIOTIT TIpa-
[IOBAJIO 31 BCTAHOBJICHHMM MPANOPLEM «TCP_NODELAY», IO
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J03BoJiste BUMKHYTH anroputM Harna (aurn. Nagle’s algorithm)
[5]. Le#t anroput™ K03BOJISIE 3MEHIITUTH KiIBKICTE MAKETIB, 10
MepealoThCsl MEPEKEI0, OJJHAK, Y Pa3i YyacTHX 3alUTiB, K OT
HiJ Yyac BUMIPIOBAaHHS, BiH MOXE IPH3BECTH A0 3aTPUMOK Y
repesiadi JaHUX, OCKUIBKY MIEBHUI Yac OYiKy€ Ha 3allOBHEHHS
nakety abo K Ha MiATBEP/KEHHSI OTPUMAHHS MAKeTy BiJl PH-
fimaua.

OIMC KOYBAHHA JAHUX

[1ix yac po3poOKH MPOTOTHITY OYJI0 BAKOPUCTAHO JABIHKOBE
KOJIyBaHHS JAHUX IO IEPETAIOTHCS] MEPEXEIO.

Jlis orucy 6aiiTOBOTO NMpeACTaBICHHS JaHUX Ha PUCYHKAX
HIDKYe, BUKOPUCTAHO TPaMaTHKU Ha OCHOBI Hotariii PEH®?
[6,71.

@opmy rpamaTHku OyI0 JOJATKOBO PO3LIMPEHO, abH 103BO-
JIUTH TIOCHJIAHHS Ha MTOTIEPEAHBO BU3HAYCHI TEPMHU Y TIOTOYHO-
My TpaBmili: mpedikc «3» mepen iM’sM TepMmy (000B’SI3KOBO
BUAUIATH IM’S 32 JOMOMOTOIO «<» Ta «>») BKa3ye Ha Te, IO
3HA4YEeHHS, A0 SKOTO HOTO OyII0O pPO3TOPHYTO MiX Yac po30opy
TEKCTY, BUKOPHUCTOBYETHCS Y OJANBIIOMY PO300pi SIK JliTepat
a00 4ncIiio oBTOpeHb. [locunaTucss MOIIMBO JIMIIE Ha IOIIe-
penHi TepMu y Tiii ke abo 0aThKIBChKIH rpyIIi TEPMIB.

Takum yMHOM, TpaMaTHKa BULY

A = B %<B>
B = "foo" / "bar" (1)
C = n %<n><OCTET>
n = %dl / %d2
O3Hayae€ T€ caMme, 110 rpaMmaTuka
A = ("foo" "foo") / ("bar" "bar") (2)
C = (%dl OCTET) / (%d2 OCTET OCTET)

ajie J03BOJISAE MOTEHIIMHO OLIbII KOMIIAKTHAN 3aIIuC.

curHan = %do ; Hiwo
/ %dl ; Tpurep
/ %d2 BIT ; Oynese 3HaueHHs
/ %d3 80CTET ; 3Hakoee uine 4wucno
/ %d4 80CTET ; nikcHe yucno
/ %d5 DanTu
/ %d6 pApok ; UTF-8 DaiTu
/ %d7 cnncok
/ %d8 00'ekT ; napu iM'f-3HayeHHs
6afTW = noB¥WHA %<poB¥MHa>0CTET
pPAOOK = OOBXWHa ; KinbkkicTb GalTis

*CuMBON ; CyMapHa KinbkicTb ©OalTis BiAnoBipae HOBXWHI

CMUCOK = [0BXWHE H<NOBMWHA><CUIHan=>

06'eKT =

napa = Baltu cwruan

OOBXWHa =

cumMmBOn =

/ <nBo-baWToBWMA CuMBON>

/ <Tpu-BaiToBWi cumBON>

NOBXWMHA “%<[0OBXWHa><napa>

40CTET ; ©e3zHakoBe uine ywcno
<0fHO-DainToBMA cumeon>

/ <4oTupu-DHanToBMIA CuMBON>

<OfHO-0aRTOBUIA CUM
<nBo-6anToOBWMA CUMB

<Tpu-0aidToBNA CuMB

BON=>

on> =

on> =

%x00-7F

%xC0O-DF %x80-BF
( %XEO %xA0-BF %x80-BF )

/ ( %XE1-EC %x80-BF %x80-BF )
/ ( %xED %x80-9F %x80-BF )
<4OTWpK-DanToBMA cumBon> = ( %xFO %x90-BF %xB80-BF %x8-BF )
/ ( %xF1-F3 %x80-BF %x80-BF %x80-BF )
/ ( %xF4 %xB0-8F %x80-BF %x80-BF )

Puc. 13. baiiToBe npeacTaBiIeHHs JaHUX

WNAX = KOPiHb pewTa

KOPiHb = BanTm

pewta = <KiNbKiCTb YaCTUH> %<KiNbKiCTb YaCTUH><YaCTUHa>

yacTuHa = ( %d0 inpekc ) / ( %dl kmoy )
iHpekc = u32
Koy = BanTtn

u32
u32 = 40CTET ; 6es3Hakoee uine uucno

<KinbKiCTb YacCTUH> =

Puc. 14. 'pamaTnka ABIHKOBOTO MPE/ICTABICHHS HUIIXY

<nakeT Bifg knNieHTa> = %dO <VAL-ID= BIT wnsx ; get
/  %dl <ACK-ID> wnax curHan ; set
/  %d2 <VAL-ID= BIT wnsax curHan ; fetch-set
/  %d3 <VAL-ID= BIT wnax curHan ; get-or-set
/  %d4 <ACK-ID> wnsax ; trigger
/  %d5 <ACK-ID> wnax ivgexkc cwruan ; insert
/  %d6 <ACK-ID= wnax curHan ; push back
/  %d7 <ACK-ID> wnax curHan ; push front
/  %d8 <ACK-ID> unsx ; delete
/  %d9 <VAL-ID> wnsax ; fetch-delete
/ %d10 <ACK-ID= wnax ; pop-back
/ %dll <VAL-ID> wnax ; pop-back-fetch
/ %d12 <ACK-ID> wnsax ; pop-front
/ %d13 <VAL-ID> wnax ; pop-front-fetch
/ %dl4 <ACK-ID> <SUB-ID> wnax ; unsubscribe
<VAL-ID> = ub4d ; ID 33anuTy, WO UIKABWTbCA 3HAYEHHAM
<ACK-ID= = ub4 ; ID 3anuTy, WO OYiKYE NiOTBEpPOKEHHA
ub4 = BOCTET

Puc. 15. I'pamatuka 6aiiTOBOro mpecTaBiIeHHs TaKeTiB BiJ] KII€HTa

2Posmmpena baxyc-Hayp ¢opma; anrin. ABNF, augmented Bakus-Naur form.
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<nakeT Bipg CKb[l> = %dB@ eipnoeipk
/ %d1l onoBiweHHA

= %d0 <ACK-ID=
/ %dl <VAL-ID> (%d0 / %dl curHan) ;
/ %d2 <ERR-ID=> <nomunka obxony= ;

signosipe acknowledge
maybe value
error.

KOHKpeTHe npeacTaBneHHs

noMunkn obxopy

3anexnTh Bif metanilauii

; peanizauii
<ERR-ID> = %d@ <ACK-ID=
/ %d1 <VAL-ID>

onosiwenHs = Hd0 wnsx ; notification

J/ %d1l wnax curdan ; set

/ %d2 wnax 1HAekc curuan ; insert

/ %d3 wnsx cudrHan ; push back

/ %dd wnax curdan ; push front

/ %d5 wnax ; delete

/ %Wdb wnax ; pop back

/ %d7 wnax ; pop front

Puc. 16. I'pamaruka GaiiroBoro npexacrapierns nakeris Bix CKB/]

<nomunka obxopy> = %d@ ; MOPOXHIA wnax abnf
/ %dl wnax iHpekc ; IHOEKC nosa MeMami
/ %d2 <NpoupeHMn WNAX> KNKWY ; HEMa 3HAYEeHHR 3a WIAXOM
/ %d3 <nporpgeHnn wnRx> Ko ; He 09'ekT
/ %d4 <nponpgerun wnax> (%d0 / %dl impgekc) ; He CnMcok

<NpoONgeHnn unax=> = %do
/ %dl

; NopoxHin

WASX ; HE NOPOXHiA

Puc. 17. I'pamatuka 6aiiTOBOTO IpeICTaBICHHS IIOMHIIOK 00XO/y

BHUCHOBKU

VY pesynbTaTi MpOBENCHOTO AOCIIIKEeHHS Oymo po3pobie-
HO TEXHOJIOTiI0, IO J03BOJISIE MOJIETIIUTH KOMYHIKAIII0 MiX
KOMIIOHCHTaMH 1H(GOPMAIIHHUX CUCTEM Ta/ab0 1X KIIi€HTaMu
LIITXOM aBTOMAaTHYHOTO BIZICTEKEHHS 3MiH y CTPYKTYPOBaHUX
JAHWX, [0 30epiratoTecs y 0a3i JaHUX.

e ocobamBO aKTyanbHO aKTyallbHO UL POOOTH 3 TaHUMH,
1110 32 CBOEIO MTPHUPOJIOI0 MAIOTh i€papXivHuii Xapakrep (Harpu-
knaj, KoHpiryparii), Ta a7 poOOTH 3 CHCTEMaMH, 10 MalOTh
BEJIMKY KUIBKICTh KOMIIOHEHTIB, SIKI MalOTh CIUIBHI HaHI, 110
OTpeOyIOTh CHHXPOHI3aIlii.

VY pesynbrari TPOBEACHHS EKCIEPUMEHTAIbHUX JOCIi-
JUKEHb OYJI0 IOKa3aHO BUCOKY LIBHKICTh POOOTH Ta MOTEHIIial
BUKOPHCTaHHSA ITIPOIIOHOBAHOI TEXHOJIOTIi y pas3i peaiizarii
moHoOIiHHOT CKB/I.
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Abstract. This paper presents a generalized model for real-time gaze estimation in web applications using an RGB camera. The model
is adaptable to various methods of facial landmark detection and gaze direction estimation. The structure of the model and its
mathematical formulation are provided, offering a foundation for further research and development in the field of human—computer

interaction.
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AHoTanisi. Y po0oTi mpeacTaBieHo y3arajibHeHy Mojenb
BiICTeKeHHsI  MOIJISy KOpHCTyBaya  Be03acTOCyHKiB i3
BukopuctanusiM RGB-kamepu B peansHomy 4aci. Moneab €
aJanTHBHOIO 10 Pi3HHX METO/IB TeTeKTYBAHHS KJIIOYOBHX TOYOK
o0iMYYsl Ta BH3HAYEeHHA HanmpsiMKy mnorusiny. Haseneno
CTPYKTYPY Mojelli, a Tako:k il MaTeMaTH4He NpeACTaBJIeHHS, 1110
MozKe OyTH OCHOBOIO /115l OAAJIBIIUX AOCTI’KeHb T2 PO3POOOK Y
cepi inTepeiiciB Jr0oauHA-KOMIT’10TEP.

KirouoBi cioBa: BigcTeskeHHsi morisiny, Be03acTOCYHKH,
y3arajbHeHa MoJe/Jdb, HANpPsIMOK MOIrIsALy, HopMaizauis
300pakeHHs.
Beryn
[HTepakTHBHI Be03aCTOCYHKH BCE gacrimnie

BUKOPHCTOBYIOThCS HE JIUILIE JUIS MIPE3eHTallil KOHTEHTY, aie i
JUTS aKTUBHOI B3a€MO/IIT 3 KOPUCTYBAa4YeM y pealbHOMY 4aci. Y
bOMY  KOHTEKCTI  OCOOJNMBY  aKkTyaJbHICTh  HalyBae
BIJICTE)XXEHHSI TOIIIAy KOPUCTyBaya sIK 3aci0 OE3KOHTaKTHOTO
yIpaBJiHHS, NepcoHai3anii iHTepgeiicy, MOHITOPHHTY yBaru
Ta 300py aHAIITHUKU TOBEAIHKH. Ha BigMiHY Bijl JECKTOIMHUX
abo amapaTHO 3aJeXHUX pIllIeHb, BEOOPIEHTOBAHI PIIICHHA
MaloTh BpaxoByBaTH crenugiky Opaysepa, HEOOXiTHICTH
pobotu 3 enuaIM RGB-BimeomoTokoM, a Takok BUMOTH IO
MIPOAYKTUBHOCTI Ta 3aXUCTY MepCcoHaNbHUX AaHuX [ 1]. [cHyroui
pearmizamii He MalOTh YITKOi CTPYKTYpHOI YHidikarii, mo
YCKJIAJTHIOE 1X IHTErpalito, OLiHKY Ta BJIOCKOHAIICHHS Y MeXax
BeOmIardopm.
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Came ToMy, 3aIIPOTIOHOBAHO y3araJbHEHY MOJIENb MIPOIIECY
BIZICT&)KEHHSI TOINIAAY KOPUCTyBada y Be03aCTOCYHKaX, sKa
CTPYKTYpYE OCHOBHI eTamu poOOTH Takux cucrteM. Mojeib
OXOIUTIOE OCHOBHI METO/IM BU3HAUEHHS HANPSIMKY IOTIISAY Ta
JNETeKTyBaHHS KIIOYOBUX TOYOK 0OiHMuus, 3abesmeuye
MOJYIBHICTE Ta aJalTOBAaHICTh JO OOMEXKCHb Opay3epHOro
cepenoBulia. BoHa MoXke CIyryBaTH OCHOBOIO JISl TOOYAOBH
e(eKTUBHMX 1 MacIITabOBaHNUX BEOPILIEHb y Taly3sX OCBITH,
OXOPOHHM 3/I0pOB’s, IIM(POBOr0 MAPKETUHIY Ta MCHXOJOTii. Ii
KOHILIENTYaJbHA YHIBEPCAJbHICTH CTBOPIOE IATPYHTS IS
MOJANbIIOT0  PO3BUTKY  IIEPCOHANI30BAaHMX Ta ETUYHO
Oe3meyHnx 3aco0iB BiACTEXKEHHS MOy y Opay3epHOMY
CePeIOBHIIIL.

CTPYKTYPA Y3AT AJILHEHOT MOJIEJII
Y Mexax NpOBEACHOT0 AOCIIKEHHsI pO3pOOJICHO y3araibHeHy
MOJIeNIb  MPOLIECY  BIJCTEXKEHHS MOMISAY KOpUCTyBaya
Be03aCTOCYHKIB,  OpI€EHTOBaHYy Ha  3acTOCYBaHHI Yy
BeOcepeIoBHIII. 3apOIIOHOBaHA CTPYKTYpa, PEICTaBICHa Ha
puc.1, BinoOpaxxae OCHOBHI eTanu 00poOKH 300paskeHHsl, SKi €
CHITBHUMH JUIS OUTBIIOCTI CYy9acHHX CHCTEM, HE3aJISKHO Bif
KOHKPETHOT'O aJITOPUTMIYHOTO ab0 apXiTEKTYpHOTO PIllICHHS.
[ToyaTkoBHM eTaroM € 3aXOIUIEHHS BiIEONOTOKY 3 BOYZOBaHOT
y npucTpiit abo 30BHIHEOI RGB-Kkamepw, mo ciryrye e IMHIM
okepenoM iHGopMmamnii y OpaysepHomy cepemosmmi. Lle
JIO3BOJISIE YHUKHYTH 3AJIEKHOCTI BiJl iHppadepBOHNX KaMep 9u
amapaTHUX TpEeKepiB TOTJISI Y Ta 3a0e3MeUnTH
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MaciTabOBaHICTh  PIIIGHh Ha OCHOBI  3alpPOIOHOBaHOL
CHUCTEMHU.
Sobpansse
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Puc. 1. CtpykTypHa cxema y3araabHEHOI MOJEII BIACTE)XESHHS MOTIIIY
KOpHCTyBaua Be03aCTOCYHKIB

Ha nactynmHOMy Kpouli 37iHCHIOETBCSI BUSIBICHHS O0JINIYS
KOpUCTYyBaya Ta BU3HAYCHHS KOOPJMHAT KIIOUYOBHUX TOYOK
0o0MMYYs, TakWX SK odi, Hic, Byxa. Lli aHaTOMIYHO 3HAYYIIi
OPIEHTHPH CIYTYIOTb 0a30i0 JUIA MPOCTOPOBOI IPUB’A3KU
MOJeNi BHU3HAUCHHS HANpPSIMKy MOTIALy X0 OONMYds Ta
3a0e3MmedyroTh CTadimbHy imeHTH(iKamilo HOro perioHiB
HE3aJeKHO BiJl MOBOPOTY T'OJIOBH UM HE3HAYHUX 3MiH BUpasy
oOmmyusa.  BusABneHi  KIIOYOBI  TOYKM  JAOTh  3MOTY
JIOKAJIi3yBaTH 30HY OYEH — SK OCHOBHY 00JacTh IHTEpecy Ta
OLIIHUTH IOJIOKEHHS TOJIOBH Y IMPOCTOPI HUITXOM HOOYIOBH
MaTpHIll TIOBOPOTY 1 BEKTOpa MapajieIbHOTO IEPEHECCHHS
BIJTHOCHO Kamepu. TakuM YHHOM, 3MIHCHIOETHCS NEPBHHHA
HOpMai3alisi KOOpJIWHAT 1 TpPHUBEICHHS 300paKeHHsS M0
CTAaHJAPTU30BAHOI CHCTEMH, Y3TOJDKEHOI 3 BHYTPIIIHIMHU
napaMeTpamMy KaMepH.

3 MeTOI 3MCHIICHHS BapiaTHBHOCTI BXiTHUX [aHUX,
o0pizani 300paKeHHS 04Yel HOPMATi3yIOThCS 3 ypaxXyBaHHSIM
TIOJIOKEHHST TOJIOBH, IIO JO3BOJISIE NPHBECTH YCi 3pasKd 10
€IMHOI cucTeMHU KoopiauHaT. lle nae 3Mory 3HM3UTH BILUIUB
30BHINIHIX YHHHHUKIB, 30KpeMa KyTa 3WOMKH, OCBITJICHHS,
po3mipy abo mosiokeHHs 00Muus B Kazapi. Hopmaiizomai
300paKCHHSI MaroTh (IKCOBaHY NPOCTOPOBY OpI€HTAII0 I
Macmrad, mo 3a0e3ledye y3arajJbHIOBAaHICTh MOJENI Ta
TiABUIIYE T CTIMKICTB ITPH 3aCTOCYBaHHI B pEaJIbHAX yMOBaX.

Ha ocHoBI BHpiBHSHOTO 300pa)keHHsT (OPMYETHCS BXIJ J10
OJIOKYy BU3HAYCHHS HAIpPSIMKy IMOTJSIY, B OCHOBI SIKOTO Y
OUTBIIOCTI BHIAJKIB 3aCTOCOBYETHCS HEHPOHHA MOJENb, SKa
peaitizye perpeciiiHe MepeTBOPEHHS 3 MPOCTOPY 300paXKeHb y
MIPOCTIp OpieHTaIiil BekTOpa morisany. Taki Momemi 3a3BH9ai
MPEICTaBIIeHI 3TOPTKOBHMH HEHPOHHHMH MepexkaMu abo
TiOpUIHUME apXiTeKTypaMH, sKi TMOE€JHYIOTh BHTSATYBaHHS
O3HaK 13 MPOCTOPOBUM KOHTEKCTHUM  MOJIEIIOBAHHIM
(nanpuknazn, TpaHchopMepaMH UM  MO3MLIHHO-3aJIEKHUMHU
perpeciiinumu miapaMu). OTpUMaHUi HANpPSMOK, 3a3BHYal y
BUTJISIII KYTIB Haxwjiy Ta HOBOPOTY, OITUCYE Opi€HTAIO
MorJIsily ~ KOpUCTyBada  y  KOOpAMHATHIM  cucTeMmi
HOopMaii3oBaHoi  kamepu. Lleit  HampsmMok  moTpebye
MOJJAJIBIIIOTO TIEPETBOPEHHS y KOOPJIMHATH TUIOLIMHU €KpaHa,
ne BinOyBaeTbcsi (akTHUHA B3aEMOXiS KOpHCTyBaua 3
BeOiHTEpdEeiicoM.

Hdus  apanramii 1o IHAMBIAyaJbHHUX — OCOOIMBOCTEH
KOpHCTYyBaya BIPOBADKYETHCS MpoOLeaypa KamiOpyBaHHS, Y
MeKax SKOi MOJeNb HaBYAEThCS 3ICTABIATH BH3HAYCHHIA
BEKTOp MOIJISIY 3 pealbHOI TOUKOH (Qikcamii Ha ekpaHi.
Takuii miaxig KOMIICHCYE aHATOMIYHI BIAMIHHOCTI MIiX
KOpUCTyBaYaMH, TOMHJIKK HOpMaJti3allii, a TaKo)K HeBpaxoBaHi
rmapamMeTpu ONTHKH KamepH. SIK mpaBuio, Uit IbOTO
KOPHUCTYBa4eBi MPOMOHYETHCS MPOUTH KaJTiOpyBaJbHY CECilo y

BUIJISIII  TOCHIZOBHOTO  (IKCyBaHHS TODNIALY Ha cepii
KOHTPOJILHUX TOYOK, 1110 PO3TaIIOBaHi Ha IUIONIKHI ekpaHa. Ha
OCHOBI 310paHOi BIAMOBIIHOCTI MK BEKTOPOM THOIJISALY Ta
(aKTUYHOIO TMO3MINEI0 HAa EKPaHI 3aCTOCOBYIOTHCS METOMIU
JiHIHHOT a0o momiHOMIiaNILHOT perpecii, SKi JJ03BOJIAIOTH
oOyAyBaTh IHAMBIAYalbHY MOJEIb HPOEKII] JJIsI KOYKHOTO
KOpHUCTYyBaya.

3aBepIIaJbHIM ETaIoM € BioOpakeHHS 009HCIeHOT TOUKH
CIPSIMYBaHHS MOTJISAY Y KOOpAWHATAX BiKHA BE03aCTOCYHKY.

MATEMATUYHE ITPEICTABJIEHHS Y3AT' AJILHEHOI MOJEJII

VY 3amponoHOBaHIH MOJENi BiICTEKEHHS MOTIILY IPOIIEC
MMOYMHAETRCA 13 3axomieHHs mnorogyHoro RGB-kampy. Ha
IFOMY 300pa)XCHHI AETEKTOp OOMUYYS BHIUILE MPSIMOKYTHY
007acTh pa3oM 3 MHOXKHHOIO JBOBHMIPHUX OTIOPHHX TOYOK.
BukopucTOBYIOUM  IMIAMHOXKHMHY — KJIIOYOBUX TOYOK, IO
BiJmoBiae obxacti ouel, popMyeThCs Tapa perioHiB, 3 SKOT
BHUPI3alOThCS JIOKQJIBHI IMaTdi, [0 HOPMATI3YIOThCSI 0
(ikcOoBaHOTO pPO3MIpYy Ta Jiana3oHy IHTEHCHUBHOCTEH, MiCIIs
YOTo HaIXOJSITh 10 JAETeKTOopa 3iHMLb. Jlaii s KOXKHOTo oKa
OOYHCITIOETBCSL KOOpIMHATA LEHTPY 3iHWII y JIOKalbHIH
CUCTEM1 BimmoBimHOro Tmartda. Tomi HOpMami3oBaHUMH
HAINpPSMOK MOTJISY LTS OHOTO OKa 3aJa€ThCS PIBHAHHAM:

. K- u,v.1) T—0

s NE=Yu,v, 1) T - oll,
ne ¥ — omuHuYHuUIA 3-BUMIPHUI BEKTOP HATIPAMKY MOTIISIY JUIS
BIZTIOBIHOTO OKa;

K — wmarpuns BHyTpimmHIX mnapamerpiB RGB-kamepn
(pokycHi BiacTaHi i KOOPAMHATH TOJIOBHOI TOUYKH);

(uv) — 2-D KkoopaMHATH UEHTPY 3IHHII Y TMiKCEIIx
JIOKaJILHOTO 11aT4a OKa;

0 — 3-D KoopauHATH T€OMETPUYHOTO LIEHTPY OKa.

3Be/ieHnil BEKTOp MOMISIAY § OTPUMYIOTh YCEpPEIHEHHIM
JIBOX OJIep>KaHUX HATPSIMKIB 1 T0/[a/IBLIOI0 HOPMaJTi3ali€ro:

-~
g!+ gr
8= T~ L~
g, +z Il )
Je g — €IUHAH HOPMANTi30BaHMHA HANPSMOK MOTIIALY
KOpHCTYyBaya;

&1 8 » — oMHNYHI BEKTOPH MOTIISATY JTiBOTO if IPABOT0 OKa
BigmoBigHo. Takuii miaxix [O3BOJISIE HE JUIIE 3IJIaIUTH
MOXHMOKHM, MOB’sA3aHi 3 HETOUHICTIO JOKai3amii 3iHMIl, ale i
BpaxyBaTH OiHOKynsipHMH edekt, komu oOuaBa oka
JIOTIOBHIOFOTH OJTHE OJTHOTO B OIIHI[I HAMIPSIMKY.

[Ticns 1BOro pO3MIIAAAETHCS MPOMIHB, IO BUXOAWTH i3
BUOpaHOi CTapTOBOi TOYKHM 0 (3a3BMYail 1€ CepearHa MiX
LEHTpaMH ouel) y HanpsaMmKy (. Expan MopemoeTbest sk
TUTOIIMHA 3 OAWHUYHOK HOPMAILTIO N Ta 3¢yBoM d, mapaMeTpu
SKMX OJWH pa3 OIIHIOITh IiJ 4Yac NEepPBHHHOI TpyoOoi
kanmiOopoBku. Touka TMepeTHHY MPOMEHS 3 IMI€I0 IUIOIUHOIO
OTPUMYETHCS HACTYIIHUM YHHOM:

nTo+d
p=o+|———|8
ntg
e 0 — BuOpaHa CTapToBa TOYKa NMPOMEHs (CepearHa Mix

ounMa);
g — B)Ke HOpMaJTi30BaHH 3BE/ICHUH HAPSIMOK TIOTJISLY;
N, d — HopMaJb Ta 3CyB IUIOIIMHH, IKOK MOACTIOETHCS SKPaH;
p — IpOCTOpPOBa TOUKA HA OBEPXHI €KpaHa, Ky ! CIIPSIMOBAHUH
TIPOMiHB.

Crnixm 3a3HauMTH, MO0 TaKa MOACITh € TEOMETPHYHOIO
aTPOKCHMAIIIEI0 peaJbHOTO Tporecy ¢ikcamii mormany, i,
TMIOTIPY CBOKO KOHIIENTYANbHY SICHICTh, BOHA HE BPaxOBYy€ BCIX
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JoKepes TOXUOKH, TaKuX SK HEBiIIMOBITHICTH peajbHOI TOUKH
(okycyBanHs 1 onTH4YHOI Oci OKka (edekT nmapanakca), a TaKOX
CIIOTBOPEHHSI, TI0B’A3aHi 3 IHAWBIAYyaJIbHUMH OCOOJIMBOCTSIMU
aHaToMmil.

OCKiIbKM  BHYTpIIIHI TapaMeTpy KaMmepu, a TaKOX
Opi€HTAIlis eKpaHa He 3a0e3MeUyI0Th 11eaTbHOT TOYHOCTI, TiCIs
3HAXOJUKEHHS ) BUKOPHCTOBYETHCSI KOPOTKE KaiOpyBaHHS Ha
5 un 9 rtouok. Ilim wac sKoro, Ha OCHOBI Tap 3HAYCHb
NPOCTOPOBUX TOYOK Ta CKPaHHOI MITKH, HaBYAEThCS
perpeciifHa MO/IeJb, IO BUKOHYE IEPETBOPEHHS TPUBUMIPHOT
KOOPAMHATH MEPETUHY NPOMEHS 3 IUIOIIMHOIO y ABOBUMIPHI
KOOpAMHATH eKpaHa. Haifuacrime A IIbOTO 3aCTOCOBYIOTH
METOJM JiHIHHOI perpecii (HanpuKiaa, 3 peryspu3ami€eio) abo
NOJIHOMIQILHOTO ~ HAaOJIVDKEHHST JPyroro MOPSIKY, —SKi
JEMOHCTPYIOTh CTa0lIbHY TIOBEIIHKY ITPY HEBEIIMKIH KITBKOCTI
KaiOpyBaJIbHUX TOYOK.

METOJIOJIOTTYHI MIJIXOW 10 BUSHAYEHHS HATIPSIMKY
HnorjAagy

VYV Mexax y3araabHeHOI MOJeNi MNpoLecy BiICTeKESHHS
MOTJISITy KOPHCTyBada Be03aCTOCYHKIB BUAUISIOTHCS KiTbKa
OCHOBHUX TMIiIXOIIB JO BH3HAYCHHA HANPSIMKY IOTJLLY.
Haiibinpin mommpeHnMu cepel HUX € METOAM Ha OCHOBI
Bi3yalbHUX  XapakTepucTuk [2], 1mo  mependayaroTh
BUKOPHUCTaHHA (h)parMeHTiB 300pakeHHSI — 30KpeMa, obiacTi
oueil ab0 o0OMMYYS SIK BXiZHUX MaHUX [UIS MAIIMHHOTO
QITOPUTMY, WI0 BHKOHYE pETPecito HampsSMKy MOTJISIY.
[lepeBakHO peamni3yloThCS 32 JOINOMOIOK0  3TOPTKOBHX
HEHpPOHHMX MeEpeX, sKI 3JaTHI aBTOMAaTHYHO HaBUYATHCS
peleBaHTHMM ~ O3HaKaM  0e3  HeoOXiJHOCTI  pydYHOro
MIPOESKTYBaHHS O3HAKOBOIO TpocTopy. Taki Metomu €
JOCTaTHhO THYYKMMH Ta 3JaTHAMH JO aJanTamii ImiJ HOBI
YMOBH, OJHaK IOTPEOYIOTh BEIUKOi KIIBKOCTI aHOTOBaHUX
JaHUX 1 MOXYTH IEMOHCTPYBATH 3HI)KCHHS TOYHOCTI INIpH
3HAYHOMY BIAXWIEHHI TONOBH ab0  HECTaHOApTHOMY
OCBITJICHHI.

Meroau Ha OCHOBI KIIOYOBHX TOYOK BHKOPHCTOBYIOTH
KOOpPJIMHATH TONEPEHbO BU3HAYEHUX JIAHAMApPKIB OOIUYYs
(HanpuKIaja, IEHTPH 31HUIb, KYTH Oueil, NOJ0KEHHs HOca Ta
OpiB), SIKI OTPUMYIOThCS 3a JOIMOMOIOI0 MOJIENed IEeTeKINi
o6ymayst. BoHn 103BONSIOTH OyayBaTh BiJHOCHI NPOCTOPOBI
O3HaKH, III0 MEHIII YyTJIUBI J10 Bapialliif 30BHIIIHHOTO BUTIISLY
ta Qony. Lle#i minxin 3a0e3medye BHCOKY OOUYHCIIOBAIbHY
e(EeKTUBHICTh Ta € 3pYYHHUM y BUIAAKaX, KOJIH 300paKeHHS
Ma€ HU3bKY PO3IUIBHICTh 200 MICTHTH mIymH [3].

MeTtog Ha OCHOBI TEOMETpHYHOI Momem oka [4]
0a3yIloThCS Ha BIATBOPEHHI TPUBUMIPHOI CTPYKTypH OYHOTO
si0TyKa Ta Or0 B3a€EMOJI{ 3 ONITHYHOIO CHCTEMOIO KaMmepH. Y
paMKax TaKHUX METOJIB BEKTOp TOIJISALY OOUMCIIOETHCS SIK
NPOMiHb, 1110 BUXOJHUTH 3 LIEHTPY OYHOTO S0JIyKa Kpi3b 31HHUIIIO
1 mepeTHMHae IUIOMIMHY eKpaHa. Jlius 1boro HeoOXigHa
HasBHICTH a00 ampoKCHUMAaIlisl mNapaMeTpiB  BHYTPIIIHBOT
KaJiOpOBKM KaMepH, 10 B YMOBaxX Be03aCTOCYHKIB 4acTO €
HemocTynmHUM. Hes3Bakaroun Ha 1€, T€OMETPUYHI METOIH
3aJIMIIAI0ThCs PyHIAMEHTATEHIMH B TEOPETHYHUX MOJIETISIX Ta
BHKOPHCTOBYIOTHCS JUIS MOOYZIOBH BHCOKOTOYHHUX CHCTEM Yy
KOHTPOJIbOBAaHUX YMOBaX.

lNopunai minxomm [5] KOMOIHYIOTH €JIEMEHTH KiTbKOX
HaBeJCHHX BHILE KiaciB. Hanmpukian, KOOpJHHATH KIIFOYOBUX
TOYOK MOXKYTh BHKOPHCTOBYBAaTHCH JUII BUPIBHIOBAaHHS abo
HOpMaJti3allii o0iacTi oueil, sika Aaji MOAa€eThCs A0 MOJCII Ha
OCHOBI 300pakeHHs. Takui MiaXig [OO3BOJSIE TOETHATH
TreOMETPUYHY CTa0UIBHICTh 3 THYUKICTIO HABYaJIBHUX METO/IIB,
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oo € O0coO0IMBO BAXIWBAM Ui PoboTH y OpayzepHOMY
CepeloBHIIl 3 HOro OOMEKEHHUMHU pecypcaMH Ta BEIUKOIO
BapiaTHBHICTIO YMOB BUKOPHCTAHHS.

BUCHOBKU

VY Mexax gaHoi poOoTH cOpMOBaHO y3arajbHEHY MOJIEIb
MIPOLIECY BIJICTEXKEHHsS MOMIAY KOPUCTYBaya, CIIELiaJbHO
aJlafToOBaHy JI0 ocobymBoCTEH (YHKIIIOHYBaHHS
Be03aCTOCYHKIB. Crtpykrypa Mozeti JIO3BOJISIE
BHKOPHUCTOBYBATH Pi3HI MiAXOIN O BH3HAYCHHS HAIPIMKY
MOTJIAY, 30KpeMa Ha OCHOBI 300paKeHb, KIIFOUOBHX TOYOK Ta
TeOMETPUYHOI MOJeni oka, mo 3abesmedye ii THYUKICTH 1
CYMICHICTh 13 CyYaCHHMHU AalTOPUTMAMH Ta TEXHOJOTiSIMH.
Oco6muBicTIO Mozeni € ii MOAYNBHICTB, IO JO3BOJIIE JIETKO
noegHyBaTH a00 3aMIiHIOBAaTH OKpeMi KOMIIOHEHTH B
3aJIeKHOCTI BiJl 00pPaHOTO TEXHIYHOTO PILICHHS YH 0OMEXEHb
cepenoBuIa. Y Xo/i po3poOKu Mojeli 0yJio IPUALICHO yBary
il amanTHBHOCTI IO OOMEXCHb Opay3epHOro CepelIOBHIIA,
TaKuX SIK 0OMe)KeHa 00UYHCITIOBaIbHA MTOTYXKHICTb, BIICYTHICTh
JOCTYIly OO amapaTHOi KamiOpoBKM Ta MOTpeda B 3axXUCTI
MIEPCOHANIBHUX JTaHUX.

TakuMm 4YnMHOM, pO3poOJIEHa MOIENh MOXKE CIYTyBaTH
yHi(pIKOBaHOIO OCHOBOIO Ui IMOOYIOBH BEOOPIEHTOBAHUX
CHCTEM BIJCTE)KEHHS MOTIBAY, L0 IPAlIOITh Yy PEeXHUMi
peanbHOro wacy. Ii 3acTocyBaHHs J03BONSE HE JIMIIE
CTaHIApTU3yBaTH IMpoIlec peanizaiii, a ¥ 3a0e3meuuTu
MOPIBHSHHICTh PE3yJIbTATIB MK pI3HUMH peali3alisiMi B
}:[OCJ'[iI[HI/ILH)KI/IX Ta HNPUKIATHUX KOHTEKCTaX. Hpe[[CTaBJ'IeHi
pe3yibraty (OPMYIOTh OCHOBY ISl HOAAIBIINX JOCIIKEHb 1
BJJOCKOHAJICHHSI METOAIB BiJICTEKEHHS IOTJISTY KOPUCTYBadiB
Be03aCTOCYHKIB.
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Abstract. The article examines the issue of reduced recommendation accuracy under conditions of rating matrix sparsity. An improved
approach to Pearson correlation is proposed by introducing a regularization factor that accounts for the number of common ratings
between users. Experimental results demonstrate the effectiveness of the method in cases with 30-55% missing values. The proposed
solution leads to improved accuracy metrics and reduced prediction errors.

Keywords: ecommender system, Pearson correlation, regularization, matrix sparsity, prediction accuracy.

Yoockonanenna kopenauii
Iipcona ona nooonanusn
npoo.aemu po3pioHceHHOCmi mampuyi
8 PEKOMEHOAUIUHUX CUCmEMAaX
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KuiB, Ykpaina
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Anomayia. Y cTaTTi po3rissHyTO Npod/eMy 3HHKEHHs TO-
YHOCTi peKoMeHAaNill B yMOBax po3pilixeHocTi MaTpuui.
3anponoHOBaHO BIAOCKOHAJCHHSI MeETOAY KoOpeJsiii
M[MipcoHa mIAX0M BBeIEHHSI PeryJasApU3amiiiHOr0 MHOXK-
HHKA, 1110 BpaXOBY€ KiIbKicTh cnijibHUX oniHOK. Excriepu-
MEHTAJILHO 10BeeHo edeKTHBHiCTH miaxoxy nmpu 30-55%

mounicms peKomeHoauyii.

Beryn
VY cydacHHX peKOMEHMAIIfHUX cHcTeMax Koiabopa-

THBHA (PUTBTpAIlist € OMHUM 3 Halle()eKTUBHIMINX 1 Haii-
MOLIMPEHIINX METOAIB Tepconaizaii. [Ipote oxHiero

BiICYTHiX 3HaYeHb. MeTox 3a0e3neuy€e MOKpPAIeHHs MeT-
PHK TOYHOCTi Ta 3MEHIIIEHHSI MOXHOOK.

Knrouosi cnoea: pexomenoauiiina cucmema, Kopenauis
Ilipcona, pezynapusauis,

Ppo3pioxycenicmy  mampuuyi,
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3 11 OCHOBHHX MPOOJIEM 3aITUIIAETHCS PO3PIKEHICTh Ma-
TPHIII OIIHOK, SIKa TMPU3BOJUTH JIO TOTIPIICHHS SIKOCTI
pexkomenariit [1]. 3okpeMa, KIIaCHYHHI MiIXiZ HA OC-
HOBi kopessuii [TipcoHa nae HecTabuIbHI a00 XUOHI pe-
3yJIbTaTH IPU HEAOCTATHIHN KIJIBKOCTI CIIUTBHO OLIHEHIX
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o6'exrtiB [2]. Ile cTBOproe OTPeOy B yAOCKOHAICHHI Me-

TOAY 3 ypaxyBaHHIM oOMexxeHocTi nanux.Ilipcona.

MATEMATUYHI MOJEJII
VYV konabopaTuBHIiK GinbTpamii mepcoHaTi30BaHI

pekomenanii GOpMyIOTbCS Ha OCHOBI CXOXOCTI
Mix KopuctyBadaMu. OmHUM 3 0a30BHUX IMiIXOMIB €
BHKOPHUCTaHHsA KoedimieHara kopemsnii [lipcona,
SIKUH OIIHIOE CTYIIHb MOAIOHOCTI MK KOPUCTYBa-
YaMH Ha OCHOBI CITUTBHO OLIiHEHHX 00 eKTiB [1].
Knacuuna ¢hopmyna Mae BUTIIS:

Z (ru‘i - r._u)(rv,i - r_v)

sim(u,v) = e 1)
—\2 —\2
Z (ru‘iiru) : Z (rv.iirv)
icl,, icl,,
Je I, , — OILliHKa KOPHCTyBaya u [ 00°exTa i ;

r, — CEpeIHE 3HAYCHHS OIIIHOK KOPHCTYyBaua U;

| — MHOXHHA 00’€KTiB, OIlIHEHHNX 000Ma KO-

uv
pHCTYBa4aMH U Ta V .

Ieit meTon mpaittoe 1o00pe, KOJIU € TOCTaTHLO J1a-
HUX, OJIHAK TIPH BUCOKIH PO3PLIKEHOCTI MaTpHIli
OIIIHOK BUHHUKA€E Cepiio3Ha MpobiieMa: HaBITh He3HA-
YHA KUJTBKICTh CHITBHUX OIL[IHOK MOJKE TPH3BOIUTH
10 BUCOKOI, anie XuOHoi cxosxocti [3]. Y takux ymo-
Bax KJIacM4Ha (popMyiia cTae HeHaliHOIO.

3anpornoHoBaHa MaTeMaTUYHA MOJENb JI03BOJISE
chopMyBaTH OUTBIN CTIHKI Ta HAAIHHI peKOMEHIAIII]
y BHIIQJIKaX, KOJIM iH(opMalis Ipo KOPUCTYBAYiB €
YaCTKOBO Bi/ICYTHBOIO, @ MaTPUIIS OL[IHOK Ma€ BUCO-
KHH CTYIIHb PO3PiIKEHOCTI.

PE3VJIbTATU EKCITIEPUMEHTAJIbBHUX JIOCHIJIKEHb
VYV Mexax AOCHiKEeHHS OyJIo MPOBEACHO Cepiro

EKCIIEPUMEHTIB 13 MOJEIIOBaHHSM pi3HUX DIBHIB
PO3pimKeHOCTI AaHuX. Marpuis OIHOK CKJaja-
macst 3 50 kopuctyBayiB i 20 00’ €KTIB, 1€ TIOCTYTIOBO
30LIBITYBaBCS BiICOTOK BiJCYTHIX 3HAa4eHb — Bij
10% mo 55%. OcHOBHA yBara mpHIUIAiIacs OILIHII
SKOCTI PEKOMEHJAIl y BHUMAJKax, KOJIHM YacTKa
TIPOITYIIIEHNX OLIHOK repeBuiryBana 30%, OCKIIbKH
came B IMX yMoBax kiacuuHuii Metox [lipcona ne-
MOHCTpY€ HaMeHIy cTabinbHICTh [3].

Ha puc. 1. 4iTko crocTepiractbcsi TEHACHIA: 3i
3pOCTAaHHSIM PiBHS PO3PiKEHOCTI oKa3HUKH MAE
i RMSE mis k1acH4HOTO MigXomy 3pOCTaroTh 3Ha-
YHO MIBHAIIE, HDK A PEryspru30BaHOI Bepcii.
Haii6inpm BupaskeHa pisHHALS QIKCYETHCA MICIS MO-
349K y 40% MpOIymIeHnXK OLWiHOK. Y oMY Iia-
Na30H1 PEeryJsipu30BaHUN METOJ yTpPUMYE OLIbII
IUIaBHE 3POCTaHHS NOXUOKH, TOAI SIK KIIACHYHUH
BTpavae TOYHICTH Pi3KO 1 HEPIBHOMIPHO.
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[I{00 3MEHIIHUTH BIUIMB MOAIOHUX TOXHOOK, Y pO-
00Ti 3alPOIIOHOBAHO BIOCKOHAIMTH IEH IiIXin
LJISIXOM BBEJICHHS peryJjisipu3allii, sska BpaXoBYe Ki-
JIBKICTh CIIUTBHUX OIIHOK MTPH OOYHMCIICHHI CXOXKOCT1
[4]. PerymsapusoBana hopMysia BUTIISIAE TaK:

sim  (u,v) = L-sim(u,v) 2)
n+ A4

JIe: N — KUIBKICTE CIIJILHO OLIIHEHHX 00’ €KTIB;
A > 0 — perynspu3auiiiHuii mapaMerp, 1o BHU-
3HaYa€ CTYIIHb 3TJIaKyBaHHS.

TakuM 4UHOM, YMM MEHIIIE CIIIBHMX OIIHOK MIXK
KOPHUCTYBa4aMH, TUM CHJIBHIIIE 3TTIAKY€EThCS 3HA-
YeHHs cX0XKOCTi. L{e 103BOIIsI€ 3SMEHIUTH BIUTHB BH-
MMaJKOBUX a00 CTaTUCTHYHO HEHALIMHUX 30IriB.

Ha oCHOBiI CKOPUTOBAHOI CX0XKOCTI OOYUCITIOETHCS
MIPOTHO30BAaHAa OIIiHKA JUTsl KOPUCTYBaya U 1010 00'-
€KTa i

> osim(u,v)(r,, - T,)

veN, (i)

> lsim . (u,v) |

veN, (i)

®3)

N, (i)~ MHOXHMHA KODUCTYBauiB, SKi OLIHHIH

00’€KT | Ta MalOTh CXOXKICTh 13 KOPUCTYBAa4YEM U .

[Ile onuH MOMITHUI epeKT — I1e CTaOLIBHICTH Me-
TpuK Precision i F1-score npu 3MmiHi piBHS BiCYTHIX
JaHuX. SIKIIO JUIs KJIACHYHOTO AJITOPUTMY IIi 3Ha-
YeHHSI 3HIKYIOThCs Bxke rpu 30-35% mpomyckis, To
y B/IOCKOHAJIEHOTO BapiaHTy CIIOCTEPIraeThesl CTil-
KHH pe3ynbTar HaBiTh npu 50% MOPOKHIX KOMIPOK.
Ie cBiquMTH He JMIIE MMPO MOJINIIEHHS! a0COM0T-
HUX 3HaY€Hb MOXHMOKH, aje ¥ mpo OUThII HamiifHe
(yHKIIOHYBaHHS aNTOPUTMY 32 YMOB HecTadi iH(po-
pMartii.

OcobnuBy yBary OyJo NMpUAIJICHO BIUIMBY ITapa-
MeTpa peryisipusanii A. Sk mokaszanu ekcnepume-
HTH, HaJITO MaJii 3HaYeHHS 1IbOT0 MapaMeTpa He yCy-
BalOTh NIPOOJIEMy HECTaOlILHOCTI, TOI SIK HAJITO Be-
JIMKI MOXXYTh TPHU3BOJHUTH /IO 3aHWKEHHS OLIIHKU
CXOKOCTI HaBiTh Yy peJieBaHTHHUX Mapax. OnTumab-
HHMM BHMSBHBCS Iiama3oH A Big 10 go 40, ne 6amanc
MDX HaIIHHICTIO 1 YYTJIMBICTIO alTOPUTMY € Haii-
OUTBII €(EKTHBHUM.

3ara;oMm, pe3yibTaTH CBig4aTh IMPO IOMITHY
3MiHY JAWHAMIKH TOXHOOK 1 TOYHOCTI 3aJIS)KHO Bij
PO3piIKEHOCTI, IPUUOMY CaMe BIOCKOHAICHUH Me-
TOJ| IEMOHCTPY€ OLIbII NepedadyBaHy MMOBEIHKY,
110 0COOJIMBO BaKIJIMBO B NPAKTHYHUX CLEHAPISX 3
HETIOBHUMH JJAHUMH.
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Puc. 1. IlopiBHAHHS KpHUTEPIiB OLIHKK peKOMeH ALl Juist kopeiii IlipcoHa Ta yIoCcKOHAIEeHOro METO/y JUISl Pi3HOI YaCTKHU BIACYTHIX OLIHOK

BHUCHOBKU
3anponoHoBaHUl y poOOTI METOJ yIOCKOHAJICHHS

kopesii [TipcoHa muisixoM perysisipu3aiiii JeMOHCT-
pY€ MiABHILIEHY CTIMKICTh A0 MPOOJIEMH PO3PiHKEHO-
CTi MaTpuil. 3aBASKH BpaXyBaHHIO KiJIbKOCTI CITIIBHO
OIIIHEHNX 00’€KTIB B OOYHMCIIEHHI CXOKOCTI BIAJIOCS
3MCHIIUTH TTOXAOKHU Ta MOKPALIUTH SKICTh PEKOMEH-
nariii. OTpuMaHi pe3ylbTaTd MiATBEPKYIOTh JOITi-
JBHICTh 3aCTOCYBAHHS [[LOTO MIXOAY Y MPAKTHUIHUX
CUCTEMaX, Jie JaHi € HSTOBHUMH a00 YaCTKOBO BiJICY-
THI.
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Vehicle Identification Method Based on Combined
Video Stream Analysis
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Abstract. The paper proposes a method for object identification based on the analysis of multiple video streams. An algorithm and data
structure for effective clustering and fusion of spatial-probabilistic data are developed. The method's stability to spatial errors is
analyzed. Examples are given that clearly illustrate the influence of some parameters of the surveying equipment on the stability of the
method. The paper implements and tests a prototype of an automated system.
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Memoo i0enmugpikauii mpancnopmuux 3acooie na
Oa3i ananizy KOMOIHOBAHUX 610€ONOMOKIEB

Yukpiit Auapiit, [amymko JImutpo
KIII imeni Iropst Cikopcbkoro
M. KuiB, Ykpaina

Anomauia.Y poGoTi 3anpomoHoBaHO MeTo] igeHTHikanii
00'exkTiB Ha 0a3i amanily Kiibkox BigeomotokiB. Po3poGieHo
AJITOPUTM Ta CTPYKTYpPa JaHMX JUIA eeKTUBHOI KJacTepu3anii Ta
3JIMTTSE NPOCTOPOBO-iiMoBipHOCTHUX AaHuX. IlpoBeneHo aHaji3
criiikocTti MeToay 10 nmpocTopoBux nNoxuook. Haseneno npuxiiaam,
AIKi HA0YHO IIIOCTPYIOTHh BIUIMB JIeSIKHX NapaMeTpiB 3acoliB
3iloMkn Ha crilikicte MeToxy. Y poGorti peajizoBaHo Ta
NMPOTECTOBAHO MPOTOTUII ABTOMATH30BAHOI CHCTEMH.

Knwuosi cnosaposniznasannsn, ioenmuikayin, eioeonomik,
aepo3iiomKa, 31ummsa OAHUX, azpezayia OaHux, Kiacmepu3ayis.

Beryn

OTpyMaHHS MaKCHUMaJIbHO TOYHOI 1 mMoBHOI iH(opmarii
HIOZ0 PO3TAaIlyBaHHS PYyXOMHUX HA3eMHHX OO'€KTIB IMEBHHUX
TUITIB Ha BEJMKIH ol noTpedye BeNnKoi KUIbKOCTI 3ac00iB
aepo3HOMKH, OCKIIBKU KOJKEH Takui 3aci0 Mae 0OMexeHy 30Hy
BUAMMOCTI. 3 iHIIOro OOKy, SIKIIO B HAc JIOCTaTHBO IIiIbHE
MOKPUTTS TakUMH 3aco0aMu, TO BHHHUKae mpoOnema
HaUIMIIKOBOCTI JaHUX, 00 B 110JI€ 30py Pi3HUX KaMep MOXYTh
MOTparuIATH OofHi ¥ Ti cami 00'ektu. Came ToMy MOTpiOeH
cenudiyHui aHaNi3 JaHUX MYJIbTHKaMEpHOI 3MOMKHM, SKHH
BpaxoBye yci mi acmekTw. llpoBemeHmii aHami3 mpeaMeTHOL
obmacti Ta icHytounx pimens [1-10] nossomue chopmysarn
0adeHHS IION0 PO3POOIICHHS ePEKTHBHOTO IHCTPYMEHTA IS
aHaji3a JaHUX MYJIbTHKaMEpPHOI aepo3iOMKH, KUl 03BOJISIE
ineHTH(IKyBaTH Ta BIICTEXKYBATH PyXOMi 00'€KTH Ha BEJHKIi
wiomi. OTXKe, aKTyadbHICTh IOCTIIKCHHS BH3HAYAETHCS
norpedoro B epeKTUBHOMY IHCTPYMEHTI Uil aHaNi3y JaHHX
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MyJIBTHKaMEPHOi aepO3HOMKH, SIKUH JO3BOJISE iMeHTU(DIKYBaTH
Ta BiACTEXXYBaTH PyXoMi 00'€KTH Ha BENHUKIH TUIOIII.

CYTb METOAY

OTpyMaHHS MaKCHMMaJIbHO TOYHOI 1 moBHOI iH(opmaii
LIO/I0 PO3TAlIyBaHHS PYXOMHX OO'€KTIB INEBHHX THIIB Ha
BEIMKIA IUIOIII TOTpPeOye BEIUKOI KIUIBKOCTI  3aco0iB
aepo3fOoMKH, 00 KOXKEH Takui 3acid0 Mae OOMEXeHy 30HY
BUIUMOCTI. Meror poboTu € po3podka e(eKTUBHOrO
IHCTpYMEHTa ISl aHai3y Ta 3JUTTS JaHUX MYJbTHKaMEpHOT
aepo3HOMKH, KUK T03BOJISIE ICHTH(]IKYBaTH Ta BIACTEKYBaTH
pyxoMi o0'ekTn Ha Benukid twiomy. Po3pobineHo MeTox
imeHTHdiKamii pyxomMumx 00’ekTiB Ha 0a3l  aHamizy
KOMOIHOBaHHUX B1JEOIOTOKIB.

PosrnsHyTO CHTyamiro, KOTH y TPHUBHMIPHOMY MPOCTOpi
3HAXOJUTHCS KiTbKa PYXOMHX Kamep, KOXHa 3 SIKMX OKpiM
KOOPJMHAT M€ TPH KyTU MIOBOPOTY Ta CTYIIHb 301JIbIICHHS

Ci() ={x,(1), y; (1), z; (1), ; (1), B; (1), 7; (1),
1)
zoom;(t) [i=1,...,n},
ae x;(t),y;(t),z;(t) - KOOpAUHATU KaMep, sKi 3alexaTh Bil
yacy; «;(t), B; (t),7; (t) - KyTd OBOPOTY KaMmep, SIK1 3aJIeXKaTh
Bifl uac, zoom,(t)- KOEQILIEHTH ONTHYHOrO 30LIbLICHHS

KaMep, SKi 3aJeKaTh BiJl 4acy.

Ha mmomwmai XY 3HaX0aUTLCS IIEBHA KUIBKICTE 00’ €KTIB, 3a
SKMMH CIIOCTepiralotb 1i kamepu (puc. 1). 3azganerins
BU3HAYEHA IeBHA KIIBKICTh KJIaciB 00’ €eKTiB
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K ={k |k =1,...,m}. KoxHiii kamepi BiANOBiAa€ eKpaH, Ha
SIKOMY  TPaHCIIIOETBCS ~ Te, 110  0a4uTh  Kamepa:
S; (t) = {[0,width;]x [0, height;]]i,...,n}. IlopsnkoBuii HOMED
Kamepu Oynemo Ha3UBaTH i inenTudikaTopom.
3arpornoHoBaHa CUCTEMa PO3ITi3HABAHHS 1NEHTU(IKYE 00 €KT
Ha €KpaHi — BU3HAYa€ Horo KOOpAMHATH (x,,y,), HOro Knac ta

CTYIiHB JIOBIpH J0 pe3yJibTara po3nizHaBaHHs (confidence).

»
2 N
s
)
’ 1
~,

Puc. 1. Cxema po3ranryBaHHs Kamep

BBeieHO BeTUUUHY ¢ > 0. — HAWMEHIIIA MOXKJIMBA BIZICTaHb
MK Oymp-akuMu 00 ’€kTamu, 3a(iKCOBAaHUMH  OIHI€IO
KaMepolo, a KOOPAWHATHY IUIONIMHY pO30UTO Ha KIITHHH
po3MipoM S, J§ > e, € KOXHA KITHHA IIPOIHJCKCOBaHA!

{cell; |i, jez}.

Va

Puc. 2. Po36HTTs1 KOOPAHHATHOI IIOIMHH

Jlist BU3HAUSHHS KJacy TPy 0OpaHo MPUHIUIT 3BAKEHOTO
rojocyBaHHS. s omTmMizarii oOYHMCIeHP TpPW TOJaBaHHI
HOBHX 00’ €KTiB BUKOPHCTAHO ITPOCTOPOBE XenryBanHs. Ha puc.
3 cipi KJIITHHHE — HETIOPOXKHI, 0111 — MOPOXKHI; KOJIIp KPYKEUKiB
— KJac 00’€KTy; KOJIp KOHTYpPY KpyKeuka — Kamepa, 3 Kol
3aikcoBaHUl 00’€KT; KOO — IMO3HAYCHHS OO0’ €KTIiB, IO
HaJIeXaTh JI0 OJHIET IPyNHU; KOJIp KOJIA 1 XPEeCTHKY — Kjac
TpyIH; KOOPIUHATU XPECTUKY — KOOPJMHATH TPYIIH.

Puc. 3. [IpocTopoBe xerryBaHHs

Jns momaBaHHS HOBOTO OO'€KTY 1O MHOXKHHH 3JIHTHX

JAHUX BUKOHYIOThCS HACTYIHI KPOKH:

— 3HaXOAMMO KIITHHY, fKa BIATOBiZa€e KOOpAWHATAM
00’€exTa,

— 1O I KITHHI Ta CYCIOHIM 8 KJIITHMHAM IIyKaeMo
Ipyny, y SKHX HeMa O00’€KTy 3 TakuM CaMUM
iIeHTH(IKATOPOM KaMepH, N0 KX BiJCTaHb MEHIIa
3a&.

Skmmo Taki rpynu iCHyIOTB, TO

— cepex 3HaWAEHHX Tpyn OOMpaeMoO TpyIy, IO SIKOL
HaliMeHIIa BiJICTaHb,

—  7momaeMo 00’€KT [0 TPyYIIH,

—  00YHCITIIOEMO KOOPIMHATH TPYTIH:

Xy = X Wii _ Wi )

Y wi 9 i wi ’

1ie N — KUIBKICTh qouipHiX 06’ ekTiB, (x;, y;) —

KOOpJIMHATH AOUYIPHBOTO 00’ €KTY, W; — HOTO0 Bara.

—  SKIIO KOOPAMHATH TPYIIH IICIIS BOTO MEPEMiCTHIINCS
B IHIOIy KIITHHY, TO NEPEHOCHMO TpPyIy B IHIIY
KIIITHHY,

—  BH3HAYA€EMO KJIAC IPYIIH:

classy, = arg max Wy, (3)

Wy = ZieIK Wi, 4

ne Iy — 1e ingexkcu 00’ ekTiB Kiacy K, i BU3HA4aeMo Kjiac
prl’lI/I K KJ1aC, Ha HKOMy JOCATAETHCA MaKCI/IMyM TaKux CyM

SIKIO TakuX Tpyn HeMa, TO 0JaeMO 00’E€KT Tak caMo, K
MU JI0JIaBaJIM Nepiinii 06’eKT. 3a UM aJITOPUTMOM J0/IAEMO
yci 06’extn Habopy D. OTprMaHi KOOpAMHATH IPYIl Ta KIach
OUX TPyo — M€ 1 € pe3yNbTaT 3JMUTTSA AaHUX 1 OCTaTOYHOL
imeHTU}IKaIil 00’ €KTIB.

PesynpraToM po0OTH 3ampONOHOBAHOTO AITOPUTMY €
KOOPJIMHATH TPYI Ta KJIACH TPYTI, IO € PE3yJIbTaTOM 3IHTTS
JAHWUX 1 OCTATOYHOI imeHTH(]iKamii 00’ €KTiB.

PE3VJIbTATU JOCJIIJI’)KEHb
AHAJIITHYHO JIOBE/ICHO, L0 YacoBa CKIAIHICH alITOPUTMY
3nuTTA ganux - O(n).
[IpoBeieHO BUMIPIOBaHHS, 32 PE3yIbTAaTAMU SKUX:
—  ExcrnepeMeHTanpHO MiATBEpIKEHA YacOBa CKIIATHICTh
AITOPUTMA 3JUTTS TAHUX
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—  Otpumana ctaTuCTHYHA IHPOPMAILLIS II0I0 CTBOPEHUX
mix yac poOOTH aNropur™Ma IMPOMIKHUX CTPYKTYP
JaHuX

—  JlocnipkeHa 3a1exHICTh Yacy BUKOHAHHS aITOPUTMY
BiJl ICKUX MapaMeTpiB

300

225

Hae
BHEOHAHHA
(mc)

150

75

T T T T 1
1000 25250 49500 74750 100000
KimbKicTh of'ekTiR

Puc. 4. 3anexHicTh yacy BUKOHAHHS aITOPUTMY Bifl KUTBKOCTI 00 €KTIiB

400

qae
BHEOHAHHA
(mc)

200

4 ] 8 1a

r
2

KPOK & po30HTTA MIOmHHAN
Puc. 5. 3anexHicTh 4acy BUKOHAHHS aJITOPUTMY BiJl KPOKY PO3OHTTS
IUIOLINHH

BUCHOBKU

Po3pobneno meron imeHTHdIKAIii TpaHCHOPTHUX 3acO0iB
Ha 0a3i KimpKkoX BimeomoTokiB. IIpoBeneHo aHami3 CTIHKOCTI
METOJy JI0 IPOCTOPOBHMX NOXUOOK. Po3ristHyTO mpuknan, skui
HAOYHO UIIOCTPYE BIUIMB IapameTpiB Kamep Ha CTiHKICTh
Merony. PeamizoBaHO Ta  NPOTECTOBAHO  IPOTOTHII
aBTOMAaTH30BaHOI cucTeMu. ExcriepeMeHTabHO MiITBEPIKEHO
YacoBY CKJaAHICTh amroputMa 3mutts jganux  O(n),
JOCII/KEHO 3aJIeKHICTh 4Yacy BHKOHAHHS aITOPUTMY Bil
KIUJIBKOCTI 00’ €KTIB Ta KPOKY pO3OHUTTS IUTONIMHY.
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Abstract. Monitoring the publication output of academic staff is crucial for internal performance evaluation and for shaping an
institution’s profile in external rankings. Automated analyses leveraging digital identifier data aim to streamline and accelerate this
process but are subject to specific vulnerabilities, which are examined in this article.

Keywords: DOI, publication activity, bibliographic description, information system.

Cyuacnui cman agmomamu308aHo20 aHaiizy
nyoniKayiuHoi GaKmMueHOCMI HAyKO6Ui8 HA OCHOGL
OaHux uyughpoeozo ioenmugpikamopa
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KIII imeni Iropst Cikopcbkoro
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Anomauyia. IlyonikaniliHa akTHBHICTh BHKJIaJa4yiB Ta HAYKO-
BIIB € BaXKJIMBUM KPHTepPi€EM B KOHTEKCTi MPOBeJeHHs BHYTpill-
HbOTI'0 OLIHIOBAHHS (PETHHIYBaHHS) POOOTH HAYKOBO-T€IArori-
YHUX NPaliBHHUKIB, a TAKOXK 11 GOPMYBaHHS MOPTPETY 3aKJIALy
BuIoi ocBiTH (3BO) B 30BHIIIHIX peiliTHHIaX. ABTOMAaTH30BaHU
a”HaJi3 nmyOJaikauiiiHol akTHUBHOCTI HA OCHOBI JaHMX HUGPOBOro
inenTH(diKaTOpa MOKJINKAHMII CIPOCTHTH Ta MPUIIBHALIMTH a-
HUIi mpouec, NpoTe Ma€ OKpeMi BPa3JIMBOCTI, siKi OyayTh po3rsi-
HYTi B KOHTeKCTi JaHol myQrikaumii.

Kniouosi cnosa: DOI, nyonixkayiiina akmuenicme, 6ioniozpaghiunuii
onuc, ingpopmauiiina cucmema.

Bcryn

IlyOmikariiiiHa aKTHBHICTh HAyKOBO-IIEAaroriqHOro
npartiBauka (nani - HITIT) Bixirpae BaxuBy posib Y BUKOHaHHI
HuM KajpoBux BUMOTH IIOJI0 OCBITHBOI JisUTHHOCTI 32 piBHEM
BHUIIOT OCBITH BiAOBiHO 10 JIilleH31iHUX YMOB POBaKEHHS
ocBiTHBOI HisutbHOCTI [1], a Takoxk B Mexkax KIII im. Irops Ci-
KOPCBKOT'O — B TIPOIIECi TPOBEACHHS KOHKYPCHOTO BitOopy abo
00paHHs 32 KOHKYPCOM IPH 3aMillleHHI BaKaHTHHUX ITOCA/T HAY-
KOBO-IICAarOT1YHUX TPAI[iBHUKIB. [2].
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BripoBapkeHHs] aBTOMaTH30BaHOTO aHaIi3y MmyOsmika-
IHOT aKTHBHOCT] HAyKOBIIIB Ma€ 3a0e3neuuTn 30ip iHdopma-
it oo myOutikaiii i 3abe3nedenHs yHidikauii B miacucremi
PEUTHHTYBAHHSI JJIsI IOIANIBIIOI0 BUKOPUCTAHHSL.

AHAIJII3 ICHYIOUOI'O CTAHY 3BOPY JJAHUX
32017 poxy HaykoBo-TexHiuna 6i0mioTeka im. I'. . Jlenn-
cenka (nam — HTB) 3nificHroe MOHITOpHHT Ta aHaJi3 myOmika-
uitHoi aktuBHocTi HIIIT Ta BYeHux, ski adimifioBani 3
KIII im. Iropst Cikopcrkoro. ba3oro 11 MOHITOPHHTY € HayKo-
MeTpuuHi 0a3u gaHux Scopus Ta Web of Science Core
Collection.

3a pe3ynbTaTaMyd MOHITOPHHTY Ta aHAJI3y:

- YKIIQZAIOThCS MEPEINTiKH MPAIiBHAKIB, MyOIiKaIlil SKIX
OTPHUITIOHEH] Y BUIAHHSX, LIIO BXOMATH JI0 MiXKHAPOI-
HUX HayKOMETpUYHUX 0a3 maHux Scopus Ta/abo Web
of Science Core Collection Ta BiAMOBI1at0OTH KpUTEPisM
MIPEMIiFOBaHHS,

- YKIQJAlOTh NepeNikd HOBUX NyOJiKalid BYEHHX
KIII im. Iropst Cikoperxkoro [3];

- 32020 poky BezeThbest 00K yCix myOuikariit (3 ycima
MOKa3HUKaMH BIUTHBOBOCTI);
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- TOoTyrThCcs Agojartku Ha 3anut H/AY s nmopansmoro
noganus 1o €AEBO (atecranist 32 HAyKOBUMH Harpsi-
MaMH, AeP>K3aMOBJICHHS MaricTpiB TOLIO).

3 2020 poky B MeXax aBTOMaTH30BaHOI iHPpOpMaLiiHOi cu-
cremu «Enmextponnnii Kamiyc» peanizoBaHo mifcHCTEMY
«Petitunr HIIII», B sxiit BixmoBinHO 1o HopMm OampHOTO OIIi-
HIOBaHHS [SUTBHOCTI HAayKOBO-TIENArOTiYHHAX TMPAIliBHUKIB
3nificHroBaBcs 30ip iHpopmanii mono BukonanHs HIIII 3a3Ha-
YEHUX KPUTEPIiB i3 iX MOAaIbIIMM OL[iHIOBaHHM [4].

BinmosinHo 10 BkazaHux HopM, MpoBOAUTECS OLIHIOBAHHS

myOmikamiid HITIT BimnmoBigHO A0 KpUTEpiiB IMIOAO KaTeropii
BUJIaHb, a TAKOX IOJI0 y4YacTi B CITIBABTOpax 3100yBayiB BH-
1101 OCBiTH Ta/ab0 iHO3eMHHX y4eHuX [5].
B icHyrouiif cucTeMi BHECEHHS Ta TepeBipKa BHECEHHUX JaHUX
BiZIOYBA€ETHCS B PYYHOMY PEXUMI IIUIIXOM 3aITy4eHHs (haxiBIliB
HTB y poi «BiMOBiNATEHOTO 32 JONMOBHEHHS iH(OpMAIIii» Ta
«aAMIHICTPATOPY MyHKTY» [6].

IHWi BUAM AianbHOCTI - 833

KoHdbepeHdLii, BucTaBku

EKcnepTu3a, BiAryK, peLeH3yBaHHs,
OMOHYBaHHA

I s
H-iHaekc _ 4447
My6nikauii _ 5556
B s

Pe3synbTat BUKoHaHHA HOAKP

BukoHaHHAa HOOKP, rpaHTis

I 1792
| [EEEN

0 1000 2000 3000 4000 5000 6000 7000 8000

MNiarotoBka HayKoBMX Kaapis

Puc. 1. KinbKicTh 3alKCIB 32 HAIPAMKAMH JisTIBHOCTI
3 HayKOBO-iHHOBaLiliHOT poboTH 3a 2023-2024 H.p.

BinmoBigHo [0 maHuX, HasgBHUX B IiacHcTeMl «PedTuHT
HIIIT» 3a 2023-2024 =. p. myOmikamii ckaanaoTs 22,8% 3anm-
CiB BiJ] BCiX 3amHCiB BHECCHHX 3a HanpsMkoM «HaykoBo-iHHO-
Baliiina pooota» (puc.l).

Tabmuns 1
Bigomocti mozo BHecenux DOI crareit

Bceboro 3a- | HasiBHicTh
nuciB DOI

Tun nyoaikauii (craTri)

— CTaTTA y JKypHaJIax, 0 1HAEKCYIOThCS
6azamu Scopus Ta/abo Web of Science*,
BigHeceHux 10 Q1

— CTaTTA y JKypHaJIax, 0 1HAEKCYIOThCS
6azamu Scopus Ta/abo Web of Science*,
BigHeceHuX 10 Q2

— CTaTTA y )KypHaJax, o iHACKCYIOThCS
6azamu Scopus Ta/abo Web of Science*,
BigHeceHux 10 Q3

— CTaTTA y )KypHaJax, o iHACKCYIOThCS
6azamu Scopus Ta/abo Web of Science*,
BigHeceHux 10 Q4

— CTaTTA y )KypHaJax, o iHACKCYIOThCS
6azamu Scopus Ta/a6o Web of Science*,
Ta He MAIOTh KBAPTIIIIO

— CTaTTA y 3apyOiXKHNX MEpioAMIHHUX
HayKoBuX BuIaHHsX kpaiH OECP, mo He
iHIeKCyIoThCs 6a3amu Scopus Ta/abo Web
of Science

198 173

237 218

600 525

628 492

103 70

224 107

69

— cTaTTA y (haxOBUX KypHAIIAX KaTeropii
B, mo He inxekcyoThes 6azamu Scopus

ta/abo Web of Science 2356 1501
— crarTd y (haxoBUX JKypHAJIax Karteropii

B, mo He inxekcyoThes 6azamu Scopus

ta/abo Web of Science (aHrilcbKo10) 933 647

Bumora mono saecenns DOI (digital object identifier) mis
nyOuikaiiii Oyna HeoOOB’SI3KOBOIO, alie SIK BUJHO 3 TaOl. 1, B
SIKifl HaBeZeHo iH(OopMaIliro o0 BHeceHnX aanux npo DOI B
omnuci myOikarii, To Ouibiie HiXK B 67% cratel, mo iHIeKcy-
10ThCs 0a3amu Scopus Ta/abo Web of Science, BkazaHo naHHN
inentudikaTop, y BugaHp kareropii b e 3HaueHHs KojMBa-
eTbes Big 63 10 69%

BUKOPUCTAHHS 30BHIIIHLOTO IJEHTU®IKATOPY ITYEBJIIKALIIIA
JJIT AHAJII3Y

DOI sk ynikanbHUHA 1UQpoBUil ineHTH]IKaTOp 00’€KTa
(3rigaO ctanmapty ISO 26324) 3 ogHOTO OOKY, @ TAKOXK IHCTpPY-
MEHT 10 CKOPOUYCHHIO MOCHJIaHb 3 1HIIOTo OOKY, BUCTYMaE Oa-
raropyHKIIOHATHHAM iHCTPYMEHTOM JUTs YHi(iKarii inpopma-
11 111010 BHeCceHuX TyOuikarti [7].

ExcniepuMmeHTanbHe OUUIIEHHS JaHUX B TyOiKaTiB 010
myOuikanii, mo mictute DOI 6e3 1x nopatkoBoi Bepudikarii,
MoKasajo, o i3 3765 3anuciB 3a TEKCTOBUM OIMCOM YHIKallb-
HuMHu BusBuiIuch 3600 3amwci, a 3a DOI — 2760. [Tanwuii moka-
3HUK JIOBOJIUTH, III0 PYYHE BHECEHHsI iHPOopMaii pi3HUMH 0CO-
O6amu (HagaBayaMu) NPU3BOIMTH 10 BUHUKHEHHS OLTBIIOT Ki-
JIBKOCTI JTyOJIOIOUHX 3aITUCIB, SKi HE MiAMAIOTHCS aBTOMATHY-
HOMY BHUSBIICHHIO.

AHai3 myOikamis Ha TyOTiKaTH BayKIUBHAHN IS TOTO, MO0
YHUKHYTH CITIOTBOpeHHS iH(popMarii npu ¢popMyBaHHI IOaITh-
IIUX 3BiTIB B KOHTEKCTI, sIKUil Oyne BiIMIeHUH Bix CyTHOCTI
MpaniBHAKA B KOHTEKCT ITyOTiKaIii.

3a momomoroto API Bix Crossref i3 Bukopuctanusm DOI
MOJKHA OTPUMATH 1H(POPMAIIiFO MO0 METAAaHUX I KOKHOT
i3 myOuTiKalii, sIKi mepeaarThcsl BUIABIEM J0 KOXKHOTO 13 is1e-
urudikaropis [8].

[Nonanbiie ounIEeHHsT AaHUX IUIIXOM IEPEBIPKH KOPEKT-
HocTi DOI Ta HaIBHOCTI aKTHBHUX METaJaHUX MIOJ0 MyOITika-
uii 1o3Bosmito Biacisty me 11% 3anmcis.

BesmocepenHbO 1715 HATIOBHEHHS 0a3M MyOITiKaIliitHOT aKTH-
BHOCTI i3 METOI0 MOJAAIBIIOrO aHaji3y MOXXHAa BUKOPUCTOBY-
Batu Meroan Crossref REST APIL, ski moBepraroTh MeTamaHi
o0 myomikarii y Burisiai JSON-daiiis.

B cTpykTypi 00’ €KTY, 10 TOBEPTAETHCS HA 3AIHUT MO KOHK-
petHomy DOI, 0co6iMBO Ba)JIMBUMH ISl aBTOMATHU3yBaHHS
CHUCTEMH MOXKHA BUUIMTH HACTYIIHI MOJIS:

- PublishedDate —n03B0J1s55€ BU3HAYNTH YU BiTHOCHTHCS
nmyOJrikamiss 0 BKa3aHOTO MEpiojly PEHTHHIYBaHHS
(ouiHroBaHH);

- Author 1 Orcid, Author 2 Orcid Tomo — no3BoJsiE
AaBTOMATH30BAaHO BU3HAYMTH 0CO0Y aBTOpa B CUCTEM;

- Author 1 Affiliation, Author 2 Affiliation Tomo -
JI03BOJISIE BU3HAYHUTH YU BKa3aHO MICIIE MiCIle poOOTH
aBTOpa, B IHIIOMY BHIAJIKy — 4YM BKa3aHO cCaMe
KIII im. Irops CikopchKOro, SIKIIO HAYKOBEIH MoJae ii
B MeXax YHIBEPCHUTETY.

He MeHIT KpUTUYHUM /ISl aBTOMATH3YBaHHs Mpoliecy 00-
poOku iHdopMaIlil B Mexkax CHCTEMH Ta 3MCHIIICHHS HaBaHTa-
JKCHHSI Ha TPAI[iBHUKIB, IPU3HAYCHUX HA POJII «BIAMOBIIAIb-
HOTO 3a JIOTNOBHEHHs iH(opMamii» Ta «aaAMiHICTpaTopy IyH-
KTy» € HallOBHEHHS JIOBIJIHUKAa YHIBEPCUTETY AaHUMH MIONO
ORCID npoiniB HayKOBIIiB.
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Baxuueum € te, 1106 ORCID npodins HaykoBiis OyB akTy-
QIBHUM 1 BUKOPHCTOBYBABCSl aBTOPOM IIPH 10J1aui Ty OmiKaIii.

B raxomy Bunazaky pons HTB Bin nocriiinoro 36o0py iHdo-
pMatii nmepexoauTh 10 Bepudikallis Ta BIOCKOHAJICHHS MeTa-
JaHHX.

B xonTekeri 6a3u myOutikaniiHoi akTUBHOCTI OibioTekapi
MOXYTh 1 TIOBHHHI: BepudikyBaTHn Haxiciani aBropamu DOI,
BHITPABIISATH Ta YTOYHIOBATH MeETaJaHi (HaNpwKIad, YHiQiKy-
Batu adimiamii), KOHTPOJIOBATH KOPEKTHICTH 3amuciB y 06a3i,
100 maHi OyJIM TOYHUMH ¥ BiIMOBIANK CTaHAAPTAM.

V 1abn. 2 HaBeeHO MOKAa3HUKH MPOaHaTi30BaHIUX MeTaja-
HUX ITyOJIiKaIiii, mo Bxke HasBHi B migcucreMi «Pewtruar HITIT»
ta Oymu BHeceHi 3 BkasaHHAM DOI i3 BiAMOBIAHUME MOIISIMH,
ki HeoOXimHi st GopMyBaHHs 0i0IiorpadiyHOro Onucy myo-
JHKalid i3 MoAANBIINM 30epexeHHs B 0a3y myOsiKaliiHoi ak-
THUBHOCTI.

Tab6nurs 2
CraTiCTHKa OO0 MMOJIiB METATAHNX Ty OTiKaIii
Ioae JSON K-c1B % BinnoBignnk
DOI 2451 100
Status AKXTyanpHICTh
2451 100 izeHTudikaropa
Title -
2398 97,84 | Hasga myOuikauii
Publisher
2448 99,88 | Buuasenn
PublishedDate
2437 99,43 | Jlata BumaHHs
Type
yp 2448 99,88 | Tum my6mikamii
Author_1_Given .
-~ 2091 85,31 | Asrop 1, im's
Author_1_Family .
2101 85,72 | Asrop 1, mpi3Buiue
Author_1_Orci
uthor 1.0rcid 11149 | 46,88 | Asrop 1, ORCID
Author_1_Affiliation L
- 331 13,50 | Astop 1, adinsuis
Author_2_Given
- 2134 87,07 | Astop 2, iM'st
Author_2_Family .
-~ 2143 87,43 | Atop 2, mpizBumie
Author_2_Orcid
1151 | 46,96 | Asrop 2, ORCID
Author_2_Affiliation L
-~ 317 12,93 | Asrop 2, adimnsuis
Author_3_Given .
- 1426 58,18 | Asrop 3, iM's
Author_3_Family .
- 1433 | 58,47 | Asrop 3, npi3Buuie
Author_3_Orcid
- 722 29,46 | Asrtop 3, ORCID
Author_3_Affiliation
- 266 10,85 | Asrop 3, adimsris
Author_4_Given
-~ 830 33,86 | Asrop 4, im's
Author_4_Family .
835 34,07 | Asrop 4, npi3Buiie
Author_4_Orcid
- 411 16,77 | Asrop 4, ORCID
Author_4_Affiliation L
- 214 8,73 ABrop 4, adinsist
Author_5_Given
- 658 26,85 | ABtop 5, iM'st
Author_5_Famil
- y 661 26,97 | Astop 5, mpizBumie
Author_5_Orcid
326 13,30 | Astop 5, ORCID
Author_5_Affiliation
Hnor_> _ATHHaH 152 6,20 Asrop 5, adimsuis
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BinmroBXyro4unck Bil JaHUX Ta0I. 2 BapTO 3ayBaXKUTH, 11O
HEO0OOB’3KOBICTh MOJIB IPH 3alIOBHEHHI MeTa/laHuX IyOItika-
il MPU3BOIUTH JO BiJICYTHOCTI B IOJOBHHH aBTOPIB BKa3a-
noro ORCID. IIpote, 3Bakaroun Ha 00’ €MHU JaHUX, SKI T JIs-
rarTh 00poOIli, BKa3aHUW BiJICOTOK JTO3BOJISIE YACTKOBO aBTO-
MaTH3yBaTH IPOIIEC.

BUCHOBKI
Buxopucransas nugposoro ineHTudikaropa DOI mae Bax-
JIUBE 3HAYCHHS [UIS IOKPALCHHS Tpoliecy 300py, yHidikarii Ta
aHaJi3y MyOJiKaIiifHOI JisTIFHOCTI HAYKOBIIA, IPOTE MOTPeOye
3aydeHHs JOAATKOBUX iH(POPMAaLiHHUX Ta JIOACHKUX pecyp-
CiB JJIs1 IOBHOTH OTpUMaHO1 iH(popMartii.
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USING AN ADAPTIVE APPROACH TO
FINANCIAL PORTFOLIO FORMATION
METHODS
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Abstract. The paper compares the use of a method based on genetic algorithms and a method based on quadratic programming for
selecting asset ratios when forming an investment portfolio based on asset diversity, savings diversification, and portfolio profitability.
The combined use of these methods is suggested using and adaptive approach.

Keywords: quadratic programming, genetic algorithms, diversification.

BUKOPHCTAHHS AJJAIITUBHOI O ITIIXO]Y
JUTA METOJIIB ®OPMYBAHHA ®THAHCOBHX
ITOPT®EJIIB

Tepenrbes 1116, ['aBpunenko Onena
KIII imeni Iropst Cikopcbkoro”
M. KuiB, Ykpaina
terentiev.hlib@Ill.kpi.ua, gelenal980@gmail.com

Anomauia. Y 10N0Bii NOPiBHIOETHCS BUKOPHCTAHHS METOAY
0230BaHOr0 HA reHeTHYHHUX AJTOPHTMAX Ta MeToAy 0a30BaHOro
HAa KBaJpPaTHYHOMY NPOrpaMyBaHHi s mindopy koedinieHTiB
akTuBiB npu ¢popMyBaHHi iHBecTHLiiHOTO MOPTdeI0 HA OCHOBI
pi3HOMAaHITHOCTI aKTHBIB, JuBepcudikanii 3a01a1xKeHb Ta NPH-
O0yTkoBocTi noprdesro. Ta nponoHyeThes iX BUKOPUCTAHHSA CyMi-
CHO BUKOPHMCTOBYIOYM aJaNTUBHUIN MiAXiz.

Knrouogi cnosa: keadpamuune npozpamyeanns, 2eHemudHi anzopu-
mmu, ousepucgixayis.

Bcryn

Axuii SK I[iHHI Manepyu BKe ICHYIOTh COTHI POKIB, NpH
LBOMY II€ HE 3MEHIIYE IX MOIyJIIPHOCTI Ta LIHHOCTI CHOTOJTHI.
[TyGuivHi akIiioHepHI KOMIMaHI1 BUITyCKAIOTh MTAKET aKIii i3 Me-
TOIO 3aJTyYUTH KOIITH JUIsl pO3BUTKY. L{iHHI manepu MOy Th Ha-
JlaBaTH MpaBO Ha KePYBaHHS KOMITaHIEIO Yepe3 CIiBBIACHMII-
TBO Ta OTPHMAHHS BiJICOTKY BiJl MPHOYTKY TOBAapHUCTBA y BHU-
T AMBIICHIB. Y TiM, pU3UK XHOHUX PillleHb BiJ YIIPaBIiHHAS
KOMTaHii, 3aranbHa IMOJITHYHA CUTYyallis y KpaiHi OazyBaHHS
KOMTaHii, Ipo0IeMu i3 3aIydeHHs HOBUX KITI€HTIB PH MapKe-
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THHTOBIH KOMMaHii Ta HE3AATHICTh PO3YyMITH MOTPEOH iCHYTO-
YHUX KJIIEHTIB MOXYTb MPU3BECTH JI0 3MEHILIEHHSI MPUOYTKOBO-
CTi, 110 Oe3rmocepe/IHbO BIUIMHE Ha BapTICTh I[IHHHUX Mamepis,
BUIIYIICHHUX [[MIM TOBAPUCTBOM. Y HAMripIIoMy BUMAAKY Ha TO-
BapuUCTBO YeKaTUMe OaHKpPYTCTBO. JIJIsi 3MEHINEHHS PH3HKY
BTpPaTH KOIITiB IHBECTOPH LIYKAIOTh IPHUOYTKOBI aKTHBH, JIHBE-
pcudikyrOTh IHBECTHIIIT, BKJIA/IAI0UM y Pi3HI aKI[IOHEPHi TOBa-
pHCTBa Ta He3aJIeKHI chepr TaKMM YMHOM CTBOPIOIOYH IHBEC-
TULIHHINA TOPTQETD.

[Ipn upoMy iCHYIOTH pi3HI cTpaTerii iHBecTyBaHHS. Buko-
PHUCTaHHS IIMX CTpATeriil 3aJIe)KUTh BiJl METH Ta ILiJel iHBec-
Topa. Y miif poOOTi MPOBOANTECS OTIISAI METOJIB MiA0Opy Koe-
¢bilieHTIB aKTUBIB TOPTQENIO 3a TOMOMOI0I0 METOAY, 10 BU-
KOPHUCTOBYE KBaJ[paTU4HE MPOrPaMyBaHHs, Ta METO.Y, 1110 BH-
KOPUCTOBY€E I'€HETHYHI AITOPUTMHU, JUTS BiZIOOpPaXKEHHS KOPHC-
TyBalbKUX cTpaTerii. JlocnmipkeHHs MoeIHye 00MIBa METOIN
y 3arajlbHUH METO/I, SIKMW IPYHTYEThCSI HA BUKOPUCTAHHS a/1a-
NITHUBHOTO TiIXO/IY JJIsl BpaXyBaHHs LIeH BKJIQJHUKA.
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MATEMATHUYHA MOJEJIb
[TPOTPAMHA PEAJIIBAIIIS THOOPMAMIIHOT CUCTEMU

[TOCTAHOBKA 3AJ1AUI

Ha ocHOBI iCTOpMYHUX JaHUX i3 33/1aHOI0 NEPIOANYHICTIO,
3a3BMYall 13 JIGHHMM MepioJioM, Npo LiHM akuid Ha mepiof
BIIKPUTTSL 1 3aKpUTTS JEHHUX TOPTiB Ta 3aJaHOi MHOXHWHH
aKTHBIB MiAiOpaTH MHOXXHMHY aKTHBIB 1 1X CIIBBIJHOIICHHS Y
IHBECTHLIIHHOMY TTOPTQEIi.

3amadero € 3HAXOMKEHHS (iHAHCOBOTO MOPTdEIro, SKUit
Oyze pocTH 3 4acoM y IiHi UId OTpUMAaHHS MPHOYTKY Ta Oyme
JIOCTaTHBO auBepcudikoBaHuM. [ToHATTS MOTPiOHOT UM qOCTa-
THBOI AMBEPCH(PIKOBAHOCTI KOXKEH IHBECTOP BH3HAYAE CaMO-
CTIfHO Ha OCHOBI BJIACHHX IEPEKOHAHb. 3arajioM IIe TMOHSITTS
OB’ SI3YIOTh 31 3HIDKEHHSIM 3arajlbHOTO PU3UKY TTIOPTQEIIIO.

Mertot0 OCTIKEHHS € MOPIBHSHHS NPUOYTKOBOCTI HOPT-
(emo CTBOPEHOTo 3a J0IMOMOr0I0 TeHETUYHHUX aITOPUTMIB Ta
opTdeIto CTBOPEHOTo 32 JOTIOMOT'0I0 KBaJPAaTHIHOTO ITpOrpa-
MYBaHHsSI Ta CTBOPEHHsI MeToy minoopy ¢iHaHcoBuX moptde-
JTiB Ha iX OCHOBI.

MATEMATHUYHA MOJIEJIb
3amady KBagpaTHYHOTO MPOTPAaMYBaHHS 3 N 3MIHHHX Ta M
oOMe)XeHb BH3HAUYAIOTh HACTYIMHUM uuHOM [1]. [le miumo €
3HAWTH N-TIPOCTOPOBHUI BEKTOP X, IO MiHIMI3yBaTHMe

1
min {ExTPx + qTx},x ()
34 YMOBH, 110
Gx<h (2)
Ax =Db 3)

ToOTo KOXKEH eNeMeHT BeKTOpy pe3ynbrary Gx Oyne MeH-
[IVM 99 PiBHEM BIIIIOBITHOMY KOMITOHEHTY h. [le,
Gq— BEKTOp NPOCTOPY 1;
P — cumerpuyHa MaTpuus n X n;
h — BEKTOp HpOCTOpY N;
G — matpunsg m X n.

Juis BupimeHHs 1i€l 3aadi MPONOHYETHCS BUKOPUCTOBY-
Batu moxyns CVXOPT [2].

Buznaunmo 3aqauy Makcumizanii JJ1si TeHETHYHUX aJlTOpH-
TMIB JUIsl CTBOPEHHs iHBeCTHLiiHUX TmopTdemniB. dopmanbHO
3a/lauya BU3HAYAETHCS PO3B'SI3KOM HACTYITHOT 3a/1a4i:

max(f(x)),x € Q 4)

ne () € MHOXXHHOIO YCiX MOYIIUBHX PO3B’S3KiB, TOOTO Bapi-
AHTIB 1HBECTUIIIITHUX TOPTQETiB I 3aJaHUX BXITHUX JaHUX.
SIx QyHKUIS BIAMOBITHOCTI Y TEHETUYHOMY allTOPUTMY BHKO-
pucToByeThest Koediuient Ilapma [3]. Moro 3anaueo € oamHo-
YyacHa MaKCHMIi3allisi MpuOyTKOBOCTI, TOOTO CepelIHBOrO 3Ha-
YeHHS NPUOYTKY Ta MiHIMIi3aIlisl pU3UKY, TOOTO CepeIHhOKBAI-
PaTUYHOTO BiXWIICHHS TIPHUOYTIB.

METO0JIOTIA

VY X0zl eKCIEepPUMEHTY ITepaTHBHO 3alyCKaroThCs 3ajadi
TEHEeTHYHOTO aJITOPUTMY. 3a/1a4a KBaJpaTHYHOTO MpOrpamy-
BaHHs 3aIyCKa€eThCsl OJIMH pa3. Hanani nopiBHIOETbCS PHOYT-
KOBICTh 32 PaxyHOK peaJbHHX 3HaueHb. BHKOPHCTOBYBaINChH
¢inancosi aani inaexkcy Harionansroi donnosoi 6ipxi (NSE)
Tupii NIFTY 50 3 01.01.2015 mo 01.01.2019 [1]. Sk BapTicTh
AKTHBY BUKOPHCTOBYETHCS I[iHA HA MOMEHT 3aKPHUTTSI TOPTIB.

PE3VJIbTATU EKCIIEPUMEHTY
ExcriepuMeHT MpOBOAMBCS IS OI[IHKH HAHKpAIIUX CTBOPE-
HUX TIOPTQeIiB 000Ma METOIaMHU 33 I ITHOTO OYIIO 3aITyIIeHO
15 itepartiii ekcriepUMEHTY [UTI OTPUMaHHS HAHKPAIIOTO MOPT-
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(emro CTBOPEHOT0 33 AOMOMOT0F0 F'eHETHYHUX allTOPUTMIB ce-
pen Hux. s KBanpaTHYHOTO MPOrpaMyBaHHs BUKOPHCTOBY-
erbest 100 cTBOpeHHX PIBHSIHB VIS MOLIYKY KPaloro pesyJib-
TaTy.

Ha pucynky MokHa 1o0a4yuTH MEHIIME NpUOYTOK Bij
MOPT(HEITIo CTBOPEHOTO 32 AOTIOMOT010 KBaJPAaTUIHOTO MTPOrpa-
MYBaHHS y HEepILi MiCsIIi.

2000

1000

MpWEyToK ¥ TRoWax

-1000

—— TEHETHYHER ANTOPATH
KEApaTUUHE NPOrpamMyBaH=a

—2000

[} 5 10 15

HoMep MICALS 81 NOTOUHOMD

20 25

Pucynok 1. ITopiBHSHHS TPHOYTKOBOCTI CTBOPEHOTO TOPTHhET0 METO-
JIOMHU F'€HETHYHOT'0 aJrOPUTMY Ta KBaJAPATHIHOIO IPOrpaMyBaHHs

Hamani crmocrepiraeTbcsi CXOXHHA TpPeHI MPHOYTKY MiX
00oMa TmopTQeNsIMu, He3aleKHO BiJl TOTO 9H 1€ BiX €MHUH 4n
noxatHid npubyTok. Ilpore, mopTdens, cTBOpEHUH METOIOM
TeHeTUYHUX AJTOPUTMIB X0Y 1 MPUHOCUTH MEHIIHHA MPHUOYTOK
Ha MeBHUX iHTEpBaJiaX, BiH Mae i MeHi BTpatu. 1106 po3ibpa-
THUCSI 3 TIPUYMHOIO TAaKOI MOBEAIHKH PO3IIITHEMO aKTHBU 000X
noptdenis i3 BiZICOTKOBUM 3Ha4eHHsIM y opTdeni Oinbure 1%.

VY HacTynHi# TabnuIi HaBeIeMOo akTHBU MopTdento, CTBO-
PEHOTro 3a JONIOMOTOI0 KBaJPaTHYHOTO MPOrpaMyBaHHS Ta 1X
BIJIMOBiTHY YacTKy. YacTkoro Oyne MecSITKOBUH Api0d, 110 Bij-
TIOBiJ]a€ BiJICOTKOBOMY BiJHOIIEHHIO aKTHBY JI0 BCHOTO TOPT-
¢emro. Hammpuknan, sixmro moptdens ctBopero Ha 1000 rpH., TO
Ha aKTUB i3 yacTkoo 0.6 PEeKOMEHIOBAHO AITOPUTMOM BHTpa-

tutu 600 rpH.
Tabmuus 1. Tabnuiy 3Ha4yIUX aKTHBIB HOPT(ENo, CTBOPESHOTO 3a J10-
[IOMOT'OF0 KBaZPATHYHOTO IPOTrPaMyBaHHS

TukepHa Ha3Ba aKTUBY

BAJAJFINSV

Yactka akTHBY y noptdeni

0.99999557

HaBenemo anamoriuny TaOMUIO Ui TOPTHENIO, CTBOpE-
HOTO TEHETUYHHMH aJrOPUTMaMH 32 CXOXKUM IPHUHIIMIIOM JI0
OTIepeTHBOI TAOHIII.

Tabnuus 2. Tabmuus 3HAYYIMX aKTHBIB TOPTQEII0, CTBOPEHOTO 32 J10-
[IOMOTOI0 TEHETUYHUX AITOPHTMIB

TukepHa Ha3Ba aKTHBY YacTka akTHBY y mopTdeni
BAJAJFINSV 0.670
ASIANPAINT 0.131
BAJFINANCE 0.054
BAJAJ-AUTO 0.017

JSWSTEEL 0.017
TCS 0.011
BRITANNIA 0.010

Y Tabmnuil akTHUBiB MOPT(EN0, CTBOPSHOTO 33 JOIMTOMOTOI0
TeHEeTHYHUX allTOPUTMiB, HaBeseHo 91% moprdento, yci iHmn
aKTHBHU HE MPOUITN NOPIr GLIBTPYBaHHS AJIS BiTOOpaXKeHHS y
Tabmuii. 3 000X TaOIUIF MOYKHA TOMITUTH, IO METOJ KBajpa-
THUYHOT'O TIPOTPaMyBaHHs, KOJIM 3HaXOANUTh epEKTHBHHUI aKTHB
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BiH MOBHICTIO MaKCHUMi3yBaTume ioro yactky y moptdeni. Lle
€ JIOPEYHOIO CTPATETIENO, aJie OUTbIIT pU3NKOBOI0. [ '010BHOIO 3a-
Jlayero CTBOPEHHs NOPTQEIo € MakcuMizalisi IpHOyTKy Ta Mi-
HIMI3aI[is PU3UKY, Y NaHOMY BHUIIAJIKy MPHOYTOK MEPEBEPINUB
pu3HK. Y Toii yac sik moprtdens 3 cXoxuM BigHomeHnHsM [1la-
pna € Outbi auBepcudikoBaHMM, X04a TEX POOUTH BUOIp Ha
TOMY X akTHBi. L{e 3HWKye pU3MKH Ta CIlijy€e NMpaBuiy iHBEC-
TYBaHH «HE BKJIAJIATH YCi SIS 10 €IMHOTO KOILIMKaY.

[IpuBenemMo HacTymHWI TPHUKIALN [UIS PO3YMIHHS Pi3HHII
MiX TTOPTQEISIMHE, TIPH IHBECTYBaHHI 10 MOPTQeto 3 Tadmumi 1
y CIeHapil IpH SIKOMY KOMIIaHisl, 0 BUITYCKAa€ aKTHB, 30aHK-
pytyBana, Bu Brpagaere 100% cBoro noprdeito, cBOiX aKTUBIB
1 Bkimagenux komrTiB. [Ipu iHBecTyBaHHi 10 mopTdenro i3 Tad-
Ui 2 TpU TOMY K CLEeHapii BTpaTh akTHBY I KOJOM
BAJAJFINSV Bu BTpatuTe Jiniie 4aCTHHY CBOTO OpTdento, a
came 67% xoutiB, mpote Bu 36epexere 33% iHBECTOBaHUX KO-
wrtiB. Tum camum npyruii noptdens € Outbin quBepcudikoBa-
HUM.

BUCHOBKU

[IpoBiBmIN MOPiBHSHHS PE3yNbTaTIB, @ caMe CTBOPEHUX iH-
BECTHIIHHNX TOPT(dENiB, Ha MPUOYTKOBICTh Ta PIZHOMAHITTS
MK METOAaMH KBaIPaTHIHOTO IPOTrpaMyBaHHs Ta FeHETHYHUX
aJTOPHUTMIB, METOZ KBaJPaTHYHOI'O IPOTpaMyBaHHS IIOKA3aB
OUTBII arpecMBHY CTpATerilo iHBECTYBaHHSA, AKa Ma€ HAa METi
OTpUMATH HaHOLIBIIMK MPUOYTOK, Y TOW Yac SK METOJ CTBO-
peHHs MOPT(EITIo 3a TOMOMOT0I0 TeHETUYHUX AJITOPUTMIB IPH-
TPUMYETBCS OB TIOMIPHOT Ta 3Ba)KEHOI cTpaTeril iHBECTY-
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BaHHJ, sika BOauae quBepcudikalliio, ycepeHEeHHs YU MiHiMi-
3amito pusukiB. Lle rapanTye OUIBIIMN 3aXHCT BiJ 30BHINIHIX
MOJITUYHUX Ta CYCHIIBHUX BIUIMBIB HA PUHOK, SIKI LIEH METOx
He MOXe nepeadadnTu.

Ha ocHOBI nux pe3ynbTariB MPONOHYETHCS OJJHOYACHE BU-
KOPUCTaHHS 000X METOIB MiI00py MOPT(HEIIO AJsl CTBOPEHHS
METO/ly Ha OCHOBI aJIalITHBHOT'O M/IX0/1y, SKUH BpaxoByBaTHMe
arpecuBHICTb cTpaTerii KopHcTyBaya. [y arpecMBHHUX CTpaTe-
Tii, sIKi 30cepemkeHi Ha 301IbIIeHHAI MPUOYTKY MTOHAT yCe, TIPO-
TIOHY€EThCS. BUKOPUCTOBYBAaTH METOJ KBaJpaTHYHOrO Mporpa-
MYBaHHS, y TOH 9ac SIK JIsl IOMipHO1 Ta HU3BKOPH3UKOBO]I CTpa-
Teriil IHBeCTyBaHHS NPOIIOHYETHCS BUKOPUCTOBYBATH METOIH
0a30BaHi Ha ANTOPUTMAX 13 KJIaCy TeHeTHYHHX, IKi MAaKCUMI3y-
BaTHUMyTh BinHomieHHs Illapma, abo MiHIMI3yBaTUMYTh PH3HK
4yepe3 JUCIepCito NpUOyTKY.
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Method for Calculating the Integral Indicator of the
Risk of Changes to a Software Product

Dmytro Halushko, Kyrylo Znova
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Igor Sikorsky Kyiv Polytechnic Institute
Kyiv, Ukraine
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Abstract. An approach for quantitatively assessing change risk in a software product is presented. The method compares two versions
of a graph model generated from technical documentation. For every node in the updated graph, three measurable quality indicators—
performance efficiency, reliability, and maintainability—are calculated. Aggregating these indicators with topological and historical
features yields an integral risk indicator that ranks the modified components. The indicator can be used in CI/CD pipelines,
test-planning, and technical-debt management without relying on static code analysis.

Keywords: software product quality, information services, information systems and technologies.

Memoo o6uucaenns inmezpaibH020 NOKA3HUKA
PUBUKY 3MIH 00 BRPOZPAMHO20 RPOOYKMY

Tlamymko JImutpo, 3H0Ba Knpuio
KIII imeni Iropst Cikopcpkoro
Kuis, Ykpaina
dmytro.halushko@Il1.kpi.ua

Anomauyia. 3anpononoeano nioxio 00 KinbKicHOI OWIHKU DU3UKY JIOBEJI, 10 TaKUH MiIXiJ 3MEHILy€e PYYHY IPAIIo Ta T03BOJISE

3MIH Yy RpOZPAMHOMY RPOOYKmMI Ha OCHOGI 2pagho6ozo npedcmas- MIPUIBUANIATH BUXi[ penisiB. [lonpu 1ie, mpodiemaTrka Kiidb-
neHHa 1ozo cmpykmypu. Ilpononyemuvca anzopumm nopieHAHHA KICHOI OIlIHKH PHU3UKY MIPH BHECEHHI 3MiH y BXe H06y}10BaHi
060x eepciii zpagoeoi modeni, chopmosanoi 3 mexniunoi 00Kymen-  rpadu Aiil 3anummTacs BigkpuToro. Kommauii 3/1e6i1bI10r0
mauii. /[s KojicHOT 6epuiunu HOGOT 8epCii 06UUCIIOIOMbC MPU GU- MOKJIaJaIiCs Ha eKCIIEPTHI OLIHKK 200 BUCOKOBApPTICHI CTATH-

MIPI0GAHI ROKA3HUKU AKOCMI — eheKmueHicmob npooyKmueHocmi,
Haodiitnicmy, NIOMPUMYBAHICHb. 320DMAHHA YUX NOKAZHUKIE i3 mO-
nONOZIYHUMU MA ICIMOPUYHUMU XAPAKMEPUCIUKAMU YIEOPIOE iH-

mezpanvHull NOKAZHUK PU3UKY, AKUH PAHMCYE 3MIHEHi KOMnOHe- 6 . . .
umu. Ilokasnuk moxce euxopucmosyeamucy y CIl/CD-kongeepi, TOZA OOLYHCJICHHS PUSHKIB 3MIH Y HPOrPaMHOMY IPOAYKTI Ha OC-

NAAHYBAHHI MeCMYSGAHHA MA YNPAGIIHHI MeXHIUHUM dopzom Oe3 HOBI Ha OCHOBL a,HaHBy HOCTIAOBHUX BEPCIA MOKYMCHTAIIL T4
3a7yUeHHA CIMAMUYHO20 AHANI3Y KOOY. MiIMHOXXWHU 00’ €KTHBHO BUMIPIOBAHUX XapaKTEPHUCTHUK, IO

. ) ) __ . ommcaHi B CTaHJapTi BUMOT O AKOCTi CHCTEM i MIPOTPaMHHX
Kniouosi caoea: AKICMG RPOZPAMHO0 npot)yk.my, ingpopmayiiini npoaykris ISO/IEC 25010:2016 ISO/IEC 25010 [2]. 3amporo-
nocy2u, inpopmauiini cucmemu ma mexnonozii. HOBaHO METO/I, 1110 T03BOJISIE ABTOMATHYHO JIOKATi3yBaTH PU3HU-

YHI aHaJIi3aTOpH KOy, 10 HE 3aBKAN AOCTYITHO JUIsl MiKpoce-
PBICHHX CEpeNOBHIN i3 PI3HOPIAHUMH TEXHOJOTiYHIMH CTe-
Kamu. Y 1iif poboTi 3anponoHoBaHo rpad-opieHTOBAaHUN Me-

BeTyi KOBaHi 3MiHH, SIKI MOTPeOYIOTh MPIOPUTETHOTO TECTYBAHHS Ta
IIponykToBi KOMMaHii, [0 BUPOOJISIOTH MPOTPAMHHIA TIPO- JICTAILHOTO MPOEKTYBAHHS. e mo3BonHTH MiHIMI3yBaTH WMO-
IOyKT OJHOYACHO I ATPUMYIOTh JECATKH B3a€MO3aICKHHUX IIPO- BIPHICTb BBE/ICHHSI IC(DCKTIB Y MPOYKTOBE CEPEIOBHILC.
JlyKTIB, IO MOCTIHHO MOXU(IKYIOTHCA il THCKOM PHHKY, pe- OBYUCJIEHHS IHTETPAJIBHOT'O TIOKA3HUKA PU3UKY 3MIH

TYJSITOPHUX BIMOT i THaMIiKH iHPpacTpykTypu. Lle 3mymye ix
BpaxoBYBaTH PU3MKHU BBEJCHHS HOBHX 3MiH 1€ MiJl Yac MpOeK-
TyBaHHA. Y  pobOoti [l] 3ampomoHoBaHO — TiOpHIHY
NLP/HeteroGNN-cuctemy, sika aBTOMaTHYHO KOHBEPTYE TeX-
HIYHY JOKYMEHTAI[I0 JI0 TPOTrPaMHOro MPOAYKTY y rpadu aii
3 METOIO BHSBJIICHHS PU3UKOBAHMX MICIb Y IMIUIEMEHTAMIi JJIs
NOAAJBLIOr0, OLTBLI JETANBHOTO iX TeCTyBaHHS. PesynbraTu

B po6ori [1] 3anpormoHOBaHO aNTOPUTM aBTOMAaTUIHOTO TIe-
PETBOPEHHS TEXHIYHOI TOKYMEHTAlii 0 IPOrpaMHOTO MIPOJLy-
KTy y rpad mocmigoBHOCTI i, mo Tpeba BUKOHATH MIPOTpaM-
HOMY TIPOAYKTY TIPH 3aIUTi BiJ KopHcTyBada. B maniit pobori
3aMpOIOHOBAHO METO/I, 1110 PO3LIMPIOE TAKUI MIJIXi[ 1 T03BOJISIE
BU3HAYaTH PU3UKOBaHI 3MIHHU JI0 MPOTPAMHOTO MPOAYKTY, IO
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MOTpeOyIOTh MOCHIICHOT YBaru. 3arpornoHOBaHO METO/I, 1110 Oa-
3y€ThCS Ha aHali3l 3MiHM Tpada MociiJOBHOCTI Ail mporpam-
HOT'O MPOJIYKTY Ta METPHKAaX MOHITOPHUHTY HOTO pOOOTH.
[TowarkoBuii BapianT rpada, chopmoBanuii i3 6a30B0i pe-
JaKIlii TEXHIYHOI JOKyMEeHTallii, 30epiraeTbcs IKG, = (V,, E, ),

Ie V, — MHOXKHHA BEpIIHMH I1049aTKOBOro rpady, a E, — MHO-
xuHa pedep nodaTkoBoro rpady. Ilicist 3MiH y TeXHIUHINA 10-
KyMEHTaLll 10 IPOEKTy TeHepaTop CleHapiiB CHHTE3y€e OHOB-
neHuit rpad G, = (V,,E,).

st v eV, |i= [1|\/0|]

viev,|ij= [1|\/1|] 00YHUCITIOIOTHCS TP HOPMOBaHI IIOKa3HUKA

KOXHOI'O BYy3Jia Ta

sikocTi [2]: cknaanicTs omepairii [3], Oe3BiamoHicTs [4] Ta
CTPYKTYpHA CKIaJHICTh Bepumuu rpady [5-6]. @opmynu pos-
paxyHKy HaBeJeHi y (2-4) BiINOBIAHO.

10 at (v)) 1
=— 1—¢ [+ —(1-CPU (v)),
2\ SLO,, )
e PE — CKJIAIHICTH OIeparlii, o BiAmoBigae BepmuHi rpady;
lat, (v) — 95-i IepueHTHIb 3aTPHMKH BiIMOBiTi Omeparii,

PE (v)

2

SLO,,, — JeKJIapoBaHa JOIlyCTUMa MeXKa JIATEHTHOCTI, 110 BH-
3HAYAETBCSA Y MC; CPU (v) — CepemHE 3aBaHTaKEHHs IPOIe-
copa y B miama3oHi Big 0 mo 100% mpoTaroM BUKOHAHHS OIle-
parrii.

2 ) 1( MTTR(V))
REL(v) = —-uptime(v) + —| 1 - —— |,
3 3k MTTRmaX}

(€)

Je REL — Oe3BiAMOBHICTB oIepallii, 10 BilNOBia€ BEPIINHI
rpady; uptime(v) — YacTKa YCIIIHUX BHKOHaHb OIEpAIlii;

MTTR(v) — CepelHid Yac BiTHOBJICHHS Micis 30010 B pOOOTI

omepanii; MTTR,__ — €TaJOHHA BEPXHA MeXa dacy BiJHOB-

ax

JICHHS.
MAI(v) =1-

~ log,(L+1In(v))+log, (1+O0ut(v))+BC (v)) (4)
—-min]| 1, )
C

max

Ie MAI(v) — CTPYKTYpHA CKJIaTHICTD BEPIIMHU Tpady; In(v)
Ta Out(v) — BIAHOOBIZHO KUIBKICTh BXiJHHUX Ta BUX1JIHHX 3B’ SI3-
KiB Bepumud; BC (v) — HopMoBana 1o [0;1] mixuentpas-

— TMOpIT NPUHHATHOI CyMapHOT CKJIaHO-

ax

HIiCTh BEpIIMHH, C
CTI.

[Ticnst po3paxyHKy TppoxX 0azoBux mokasHukiB PE, REL ta
MAI 1151 KO>XKHOI BEpPIINHU 3 MHOXKHHHM V, (OPMY€ThCS iHTET-
paibHUi MOKa3HUK pu3uky R(V):

R(V) =a Rg (v)+ BRs (V) + 7Ry (V) + 6R, 5 (V),

|Reachab|e(v)|
vl

RQS(V) =1-(PE(v)+ REL(v)+ MAI(Vv)),

Re (V) =

)
Rgr (V) = BC,(v) - BC (v),
Commits(v)

LOC (v)
e a, B, 7, 0 — BaroBi Koe(ilieHTH, BU3HAYCHI EMITIPHYHO, iX
cyma Mae JopiBHIoBaTH 1; R, — yacTka miarpacda, TpaH3UTH-

Ruis (v) =
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BHO 3aJIE)KHOTO Bij BepiunHu rpada; Reachable — tpansuru-
BHA MHOKMHA HAIIaJKiB BEPUIMHM; R, — ITpad 3a IOrip-

IICHHS SIKOCTi; R, — MPUPICT MDKIICHTPAIBHOCTI, 0 XapaK-

BT

TEepHU3ye TMOSBY «BY3bKOT'O MICIsSI»; R, — ICTOpPHYHA MIHIIHU-

HIS
BICTh IIPOrPaMHOT0 KOJIy; Commits — KiJIbKICTh KOMITIB Yy IIpO-
rpaMHHIA KOJI, III0 pealti3ye qaHy BepIivuHy 3a octanHi 90 1HiB;
LOC — noTouHa KiJIbKIiCTh PAJKIB, 110 Peai3ye qaHy BEpIIUHY.

Po3paxoBanuii iHTerpajgbHUI TOKa3HUK pU3KKY R — 11e y3a-
rarpHeHa, 6e3po3MipHa OIliHKa HMOBIPHOCTI TOTO, IO 3MiHH Y
BY3J1l MPHU3BEIYTh JO Ae(EKTiB ab0 JIerpamallii cepsicy micis
pernizy HOBOi Bepcil mpoaykTy. BiH Bu3Hadae: AKiCTh pernizy —
(OKyC Ha By3J1aX 3 BUCOKHM ITOKa3HHUKOM ITiJT Yac po3poOKH HO-
BO1 Bepcil MPOAYKTY MOXE 3MEHIIHUTH KUTBKICTh Je(EeKTiB y
TIPOJIAKIIH - CEPEIOBHUIIII; IIBUIKICTH BUXOAY Y NMPOJAAKIINH —
YiTKa TPIOPETH3aLlis 3319 Ja€ MOXKIIMBICTD Yac perpeciiHoro
TECTyBaHH; IUIaHYBaHHsS MalOyTHIX peJi3iB — HaKONMU4yBa-
JIbHA CTATHUCTHKA JAHOTO MOKAa3HUKA BiJ Pelli3y IO petisy I1o-
Ka3ye sIKl YaCTHHH MPOTPaMHOTO MPOAYKTY HaJaroTh B SIKOCTI
4y B3araji motpedyroTh nmepepoOku. [lokasHHK MOXke BUKOPH-
CTOBYBAaTHCh Y INIaHYBaHHI TECTYBaHHS Ta YIPaBJIiHHI TEXHIY-
HUM Ooprom 0e3 3aTydeHHs CTATHYHOTO aHaJi3y KOay.

PE3VYJILTATU EKCIIEPUMEHTIB

Jnist IepeBipKH 3alpoIIOHOBAHOTO MeTojia O0yJI0 BUKOPHC-
TaHO iICHYIOUHMIA HABYaJbHUN POEKT, IO CKIIANAETHCS 3 OTHOTO
unto3y Web-API, dotipbox MikpocepBiciB Ta Opokepa MoBi-
JIOMJICHb. YTIPOJOBXK JKUTTEBOTO LMKy JAHOTO IIPOEKTY, Ha
MOMEHT IPOBE/ICHHS AOCII/IIB, BXKe Oyiio BumyIieHo 13 Bepciii
(V1-V13). KoxHa Bepcist Masia TeXHIYHY JOKYMEHTaIli10. Byo
MiATOTOBJIEHO aBTOMATHYHI HACKPi3HI TECTH, IO IOKPUBAIN
Bech (PYHKITIOHAI MPOEKTY Ta IMITyBalli peabHe HOTO BUKOPH-
cTaHHs. MOHITOPUHT IPOBOJIUBCA 3a JonoMoror Prometheus,
a KypHaJIM BHKOHAHHS KOIy 30epiraiucs Ui KOXKHOTO MiKpo-
cepBicy B okpeMomy (aiimi. ['pad mocmimoBHOCTI Aii A1 KOXK-
HO1 Bepcii OyxyBaiii aBTOMaTHYHO 3a TiaxoaoM [ 1], fioro cepe-
JHil po3mip 1o S50 BepiuH Ta 10 110 pedep.

s xoxxHOi Bepmwau Bepciit V1...V13 obuncnero Tpu HO-
pmoBani metpuku (PE, REL, MAI). ITouatkogi Baru (e, 3, Y, 6)
ycranoBeHo sk (0,4;0,3;0,2;0,1). Ilicns amamizy nme-
(beKT-JIOTIB MEpIINX YOTHPHOX BEPCili Bark BPy4HY CKOPHTO-
Bano 10 a=0,35, =0,35, y=0,15, 6=0,15 kpurepiem Oyna mak-
cuMi3arlis 3HaueHp Ha Tor- 10 % By3miB 3a R(V).

B Tabaumi 1 BimoOpakeHO po3paxoBaHi yCepeaHECHI MET-
puKH a7 peniziB V5-V13.

Tabmuus 1
3HaYeHHs METPUK
Bepcisn PEay RELay Rav
V5 0,65 05 0,55
V6 0,62 05 0,51
V7 0,58 0,5 0,49
V8 0,88 0,9 0,35
V9 0,85 0,92 0,31
V10 0,82 0,93 0,26
Vi1 0,88 0,94 0,25
V12 0,83 0,95 0,21
V13 0,86 0,96 0,19

B Tabmmiio 1 He 6ymo nomano V1-V4, amxe Baru ams pos-
PaxyHKy MOKa3HHKA PU3UKY OyJI0 3MiHCHO Ha 0a3i ix po3paxy-
HKY.
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Ha puc. 1-3 300pakeH0 rpadiku 3aJ€KHOCTI IHTErpab-
HOTO MOKAa3HUKA PU3HKY Bijl KOXKHOT PO3paXx0BaHOI 3aMPONOHO-
BaHOI METPUKH, PO3OHUTI 10 BEPCIsIM peizy.

VE Va T Wi ) Vil Vil viz i3

Puc. 1. Kopensuist ycepeHEHUX IHTErpajJbHOTO IMOKAa3HUKA PU3UKY Ta
CKJIQJIHICTh Onepariin

Jlaanii ekcriepuMeHT IMOKa3aB pi3Ke MagiHHA PU3UKY IIiCIA
V7. Came B IboMy pedni3i BigOysI0Csi BUITPABIEHHS IOMWIKH Y
MIPOEKTI, [0 CTBOPIOBAJIa BICOKE HABAHTAXXCHHS HA CEpBEp 3
TOJAJIBIIIOI0 BITMOBOIO B POOOTI BCHOTO MPOEKTY. B To# camuit
gac, caMe JICHO 3 KOXKHHM PeNi30M ITOCTYIIOBO BimOyBamwcs
Mo diKamii MPoIyKTy 337151 SMEHIIEHHsI HOro HaBaHTa)KEHHS
Ha cepBep.

[Mommuika, 1o Oyia BunpaBiieHa y V8 nmokpariuia moka3HuK
Rav ane He cTocyBanacs 3MiH 0 KOIOBOi 0a3H, JIUIIE 10 PO3To-
pTaHHs caMoro NPOJIYKTY Ha CepBepi, TOMY JKOJHUX CTPHOKIB
Ha rpadiky He BimOymocs

v v Ve win vl wiE WIS

Puc. 2. Kopensuisi ycepeHEHUX IHTErpajJbHOTO IMOKAa3HUKA PU3UKY Ta
0€e3B1IMOBHOCTI oIeparii

3anexHicTh Ray Bin RELay sBHO moka3zana mio ta cama 1mo-
MHJIKa 3HUKJIA Mics i1 BunpaBiieHHs. Lle 3HN3MII0 KUTBKICTD He-
YCHILIHUX OTepalliif Ta iHTerpalbHU# MOKa3HUK PHU3UKY 3HU3H-
BCSl Y HACTYITHOMY DPei3i.
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Puc. 3. Kopesiist ycepeJHEHUX IHTETPpaIbHOTO MOKAa3HUKA PU3HKY Ta
0e3BiIMOBHOCTI omnepariit

Tak sk IPOTATOM YCIX peli3iB 00paHOro MPOIYKTY poOu-
JUCSI TIOCTIIOBHI 1 HE3HAYHI 3MiHU, TO Takuil rpadik € JIiHIiH-
HUM.

BUCHOBKM

3anponoHOBaHO METO/I OOYHMCICHHS 1HTETPATFHOTO MOKa3-
HHMKa PU3UKY 3MiH y IpOrpaMHOMY MpOAyKTi. MeTox noeanye
MIOPIBHSIHHSI JBOX Bepciil rpadoBoi MO, 1110 TeHEPYIOTHCS 3
TEXHIYHOI JOKyMEHTAIli{, Ta TPU KUIBbKICHI IIOKa3HUKU SKOCTI
MPOrPaMHOT0  MPOINYKTY  BIJNOBIIHO  JO  CTaHIApTy
ISO/IEC 25010: edexTruBHICT TPOAYKTHUBHOCTI, HAAIHHICTD 1
niaTpuMyBaHicTb. OTpUMaHHMI MOKa3HUK JI03BOJISE JIOKATI3Y-
BaTH HaWHOLIBII PU3MKOBI BY3JIM JUIS NPIOPUTETHOTO TECTY-
BaHH, KOJ-PEB’10 Ta IUIAHYBaHHS TEXHIYHOTO OOpry.
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Accelerating the data reconciliation process in high-
load distributed information systems by
Implementing a distributed transactional clock
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Igor Sikorsky Kyiv Polytechnic Institute
Kyiv, Ukraine
vadym.mulish@gmail.com

Abstract. The paper proposes the concept of a distributed transactional clock to improve the data reconciliation process in high-load
distributed information systems. The results of the experiments show an average reduction in data reconciliation time of 50 %
compared to the systems with a non-distributed transactional clock and 66 % compared to a MongoDB Replica Set, while for critical
operations reconciliation is five times faster. The proposed approach also enhances system throughput and fault tolerance.

Keywords: information system, distributed database, data reconciliation, distributed transactional clock, system performance, horizontal

scaling, fault tolerance.
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Anomauia. Y poGoTi 3a1IiponoOHOBAHO KOHIEMNIil0 po3moaiie-
HOro TPAH3aKNiifHOro roAMHHUKA 151 NPUIIBHALIEHHS Mpolecy
Y3TO/KeHHSI AaHNX Y BUCOKOHABAHTAKEeHHX PO3NOAiIeHUX iHpop-
ManiifHux cuctemax. Pe3yibTaTn ekcnepuMeHTiB 1eMOHCTPYIOTH
CKOPOYEeHHSI TPUBAJIOCTI Mpolecy Y3ro[:KeHHsl JaHHX y cepel-
HbOMY Ha 50 % nopiBHAHO 3 ccTeMaMM 3 HepO3MOAiTeHUM TPaH-
3aKUiifHIM TOAMHHUKOM Ta Ha 66 % i3 MongoDB Replica Set, a
AN KPHUTHYHHMX omepanii — 4Yac Ha Y3roJKeHHsl AaHUX €
ym’saTepo MeHule. 3anponoHoBaHuii miaxia, BogHo4ac, miABHIIYeE
NMPOMYCKHY 3JaTHICTh CHCTEMH Ta BiIMOBOCTIHKICTB.

Knwwuosei cnoea: ingpopmauyiitna cucmema, posnodinena 6aza
0anux, y3200JcenHicms OaHux, po3nOOLIeHUl mPaH3aKYiiHUN
200UHHUK, npooykmuenicms cucmemu, 20pu3onmansne
macuimadysanus, CmiuKicms 00 6i0Mog.
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Beryn

VY enoxy rinodanpHO1 M poBoi TpaHChOopMalii, o Cympo-
BOJKYETBCSI CTPIMKHM 3pOCTaHHAM Tpadiky, Bce OinmpIme i 6i-
nbliie 1H(GOPMAIIHHUX CHCTEM MEPETBOPIOIOTHCS HA BUCOKOHA-
BaHTa)keH1 H(opMaiifiHi cucrteM, SKi MalTh 00CIyrOByBaTH
BEJIMKY KiJIbKICTh OJIHOYACHHX 3alHTIB 1 POOUTH 1€ AOCTATHHO
LIBHIKO. AJDKE 3aTpUMKa OOPOOKH KIIIEHTCHKHX 3alUTIB Y iH-
(dopmartiiitHiii cucteMi, HaBiTh, Ha 100 MC MOXE 3HU3UTH KOH-
BEpCilo MpoAyKTy Ha 7%, 1m0 Ge3rmocepeIHbO BIUTUBAE Ha JO-
XOJIY KOMIaHii Ta il KOHKYpEHTOCIPOMOXHICTb [1].

['o10BHMMH BUKIIMKaMH y TOKpamieHHI poO0TH BHCOKOHA-
BaHTAXEHHUX iHPOPMAILIHHUX CHUCTEM € 3a0e3neueHHs HeoOXi-
HOTO PiBHS y3TO/DKCHOCTI TaHUX, BUCOKOI MPOTYKTHBHOCTI CH-
CTEMH, MacIITA00BAHOCTI Ta BIJIMOBOCTIMKOCTI, & TaKOX IIO-
IIyK e(eKTHBHUX METOIB IPHUCKOPEHHS MPOLECY y3TOIKESHHS
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JaHWX, 10 MOJKE BiIirpaBaTH KIIOYOBY POJIb Y 3arabHii IIBU-
JKOIiT iH(pOpMaIiHHOT CHCTEMHU.

ITOCTAHOBKA 3AJIAUI

Mertoro 1aHOi poOOTH € OIKC MaTeMaTHYHOT MOJIEII PO3MO-
JJICHOTO TPaH3aKLIHHOTO T'OAMHHMKA Ta pO3pOOKa MiIX01y 10
TIPUIIBUALICHHS TPOLECY Y3rOJUKEHHS IJaHUX Y BUCOKOHaBaH-
TaKCHUX PO3MOJIUICHNX IHPOPMAIIHHIX CHCTEMax ILIIXOM
BITPOBA/DKEHHS PO3IOALIEHOT0 TPAH3aKIIHHOTO TOJMHHHKA.

Takox, y pamMKkax maHoi poOoTu mependavdaeThcs MpOBe-
JICHHS PsIly eKCTIEPUMEHTIB, PE3yIbTATH IKUX MAIOTh ITiATBEP-
JUTHU Te3y MPO Te, L0 3aCTOCYBAHHS PO3MOIIICHOTO TPaH3aK-
ifHOTO TOOWHHUKA Y CHUCTEMi NIHCHO NPHIIBUALIYE MPOIEC
Y3TOKEHHS JaHWX, TOPIBHSAHO 3 1HIIMMH iCHYIOUHMH MeXaHi-
3MaMH peIUTiKalii JaHuX.

MATEMATHUYHA MOJEJIb PO3IOAIJIEHOIO TPAH3AKLIMHOT'O
IF'OAVHHUKA

Heo0xinHo popmanizyBaTi MaTeMaTHYHY MOJENIH PO3IIOIi-
JICHOTO TPaH3aKIi{HOro rOJJMHHIKA, 110 MPAIIOE Ha OCHOBI Tie-
pionuvHOT 00’ €JHAHHS 3aMUTIB Y Pe3yIbTYIOUi TPAH3AKIIII 3 Ta-
PaHTIi€I0 TIOCTIIOBHOT Y3TOKEHOCTI.

Hexaii MHOXXHHA BY3JIiB, SIKi TeHEpYIOTh Olepamil s po3-
MIOAIJIEHOTO TPaH3aKUiHHOTO TOANHHHUKA, I03HAYAFOThCS SIK:

1={1,2,...N}, 1)

ne N — 3aranpHa KUTBKICTh BY3JIiB, III0 FT€HEPYIOTh ONepallii.
Habip 00’€ekTiB JaHUX BU3HAYAETHCS MHOXKHHOIO!
)

D={d,,d,,...}.

MoXJHMBI TUIH OTIepaliif Hax 00’€KTaMM JaHUX y3arajb-
HIOIOTHCSI MHOYKHHOIO:

7 ={Create,Update, Delete}. 3)

MHoXxWHa onepariiii, mo o0pobisie po3NOaiIICHIH TpaH3aK-
LifHIA TOAMHHUK, OMUCYETHCS BUPA30M:
(4)

O ={r=(i,.t,,4,.d.,7,p)}
Jie KO>KHa OTlepallis ' CKJIQIa€Thesl 3:
- i —HoMep By3Ja, O il CTBOPUB, i < | , 110
omucano B (1);
- t, —4ac cTBopeHHs, t € R ;

- pu, —mupiopurer onepauii, 4, € N ;

- d, — igentudikatop o00’ekTy JaHMX,

d e D, mo onucauo B (2),

- T, — TUI onepauii, r € 7 , 0 ONKCAHO B

3
- P, — KOPUCHE HABAHTAXKEHHS, 110 MPE/ICTaB-
JIsI€ 00’ €KT JaHUX.

Jliis TpymyBaHHS onepaiiid y pe3yIbTyovi TPaH3aKIlii BBO-
JIUThCs pikcoBaHa TPUBATiCTh arperariiitoro BikHa T > 0. Orme-
paii, orpumani B intepBani [KT , (k + 1)T ] Hanexxats 1o ar-
perarti#iHoro BikHa 3 iHIEKCOM K, TOOTO:

R, ={reO |t e[kT,(k+1)T]}.

i MHOXMHN HE TIEPETHHAIOTHCS 1 y CYKYIMHOCTI OXOILTIO-
I0Th yci oneparii 3 MHOHHHU O.

Buainumo, Takox, MiIMHOXKUHY OTepaliiii HaJl KOHKPETHUM
06’extom d:

R, (d)={reR, |d,

@OyHKILis TepeTBOPEHHS

d3.
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f(R (d))=C, (d).
(bopmye pe3ysbpTyrody TpaH3akijio C , (d) 3aTakumu mpa-

BUJIAMU:
1. Omeparii copTyroTbCs 3a PIOPUTETOM W, omneparii 3
HaMBHIINM MIPIOPUTETOM 0OPOOIISIETHCS TIEPLIHM.

2. Sxwmo cepen R, (d)icHye xoua 6 oaHa omeparis 3
v, = Delete, To s onepallisi BU3HAYAETHCS PE3YITb-
Tyl04OI0 TpaHzakuieo C, (d) .

3. Y Bumanxy BiJICYTHOCTI omepallii BuianeHHs, ooupa-

€TBHCS OTIepallisl 3 HAOUTBIIIOI0 YaCOBOIO MITKOIO:
C,(d)={arg rTR?()Z)tr |z, # Delete}.

OCKITbKM  pe3yJNIbTyIoua TpaH3akKIlis 3aBkKIW BiAINOBiTae
HAWHOBIIIIH Ta HAHOLIBII aKTyalbHINA Oomeparii HaJ 00’ €KTOM,
3arallbHUM XPOHOJIOTIYHUI TOPSIOK OIepalliii 30epiraeThcs,
IO ¥ rapaHTye MOCIITOBHY Y3rOJDKEHICTb.

3anporoHoBaHa MOJIENb PO3MOAITICHOTO TPAaH3AKIIHHOTO
TOIMHHHUKA, TaKUM YHHOM, IO3BOJSI€ €(EKTHBHO IPUIIBHA-
LIMTH TIPOIEC y3TrO/PKEHHS JaHUX, NPIOPUTE3yBaTH KPUTHYHI
3MIHM Ta MiHIMi3yBaTH 3aiiBi 200 KOH(IIKTHI OHOBJIEHHSI, 30e-
pirarouu npu 1boMy HEOOXiHI rapaHTii y3ro/KeHOCT] TaHuX.

PEAJIZALIS PONOAUIEHOTO TPAH3AKIIIMHOTO TOUHHUKA

[opiBHSHO 3 HEPO3MOAIIEHUM PIllIEHHSIM, B peaiizamii po-
3MIOJIIIEHOTO TPAaH3aKI[IHHOTO TOJMHHUKA BapTO BUALINTH TaKi
OCHOBHI TIOKpaIIeHHS:

- 3[aTHICTH OOpPOOIATH OKpEeMy YacCTHHY OIepallii, 110
BiTHOCATHCS J0 TIEBHOTO 00’€KTy 0€3 HaKIaIHUX BH-
TpaT Ha PO3IOALT OIepalliif MiX By3JIaMu,

- BHUKOpPHCTaHHS I KOMyHikamii miuargopmu Garato-
ITOTOKOBOI 00pOOKM MOiil 13 rapaHTOBAHOIO JOCTAB-
koro Apache Kafka zamicte HTTP-3anurtis;

- BUKOPHCTAaHHS Ta OIlEPyBaHHS ONTHUMI30BAaHUMH JUIS
nepenadi Ta 30epiraHHs CTPYKTypaMu JTaHHX;

- BUKOPHCTaHHS PEaKTUBHOTO MiAXOAy a0 0OpoOKn
olepariiii, o 3MeHIIIy€e 3aTPUMKH 1 e(heKTHBHIIIE BH-
KOPHUCTOBYE PECypcH.

[HTerpamnis po3NOALIEHOr0 TPAaH3aKLUIHHOIO TOAWHHUKA B
apXITeKTypy BHCOKOHABaHTAKEHOI PO3MOIIeHO0] iH(opMarTii-
HOI CHCTeMH, Ha BiIMiIHY BiJ HEpO3MOAUICHOTO TpaH3aKIIii-
HOro ronuHHMKAa abo BOymoBanoro B MongoDB wmexanizmy
Replica Set, mepr 3a Bce cripsiMoBaHa Ha CKOPOUYCHHS 3aTpH-
MOK 1 3HIKEHHsI 00UMCITIOBAILHUX BUTPAT, [OB’SI3aHUX 13 TIPO-
LEAYPOIO Y3rOMKCHHS JaHUX Y PO3MOAIICHOMY CEPEIOBHIII.
Kpim 1poro, po3nozijieHe pilieHHs BIAKPUBAE HIISIX 10 TOPH-
30HTAILHOTO MacIITa0yBaHHs, IO ITiJBUIILYE 3aralbHY IPOIy-
CKHY 3JIaTHICTh CUCTEMH Ta 11 CTIHKICTh /10 BiIMOB.

EKCIIEPUMEHTAJIBHI JJOCJIXXEHH

VY po0oTi mpeacTaBIeHO PE3yNBTATH E€KCHEPHUMEHTAIBHOI
MePEeBipKU JOLUIBHOCTI 3aCTOCYBAHHS PO3IOIIICHOTO TpaH3a-
KIIHHOTO TOAMHHUKA B POJIi MEXaHI3My y3TOJDKEHHS JaHHUX y
BHCOKOHABAaHTAXCHUX PO3MOIUICHIX iH(OPMAIIHHNX CHCTE-
Max. Y Mexax JOCHiKeHHS Oylio MPOBEICHO MOPIBHIBHHNA
aHaJi3 i3 HEpO3MOMUICHUM TpaH3aKI[iHHUM TOAMHHUKOM Ta
KiIacuyHAM Mexanizmom MongoDB Replica Set. V po6ori Bu-
KOPUCTOBYIOTBCS pe3YJIbTaTH 3 MONEPEAHIX AOCIIIKEeHb MeXa-
HI3MY HEpO3IMOJINIEHOr0 TPaH3aKILIIHOTO TOAMHHHUKA Ta HOTOo
MOPiBHSAHHS 3 Ki1acuuHuM Mexanismom MongoDB Replica Set

2.
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Jis mpoBeieHHS eKCIIEpUMEHTIB OyJIa CIPOEKTOBaHA Ta pe-
aJli30BaHa PO3MO/ijeHa CHCTeMa MIATPUMKH (IHAHCOBHX Olle-
pariii.

[epmmii 610K eKCriepuMeHTIB OyB CIPSIMOBAaHUI Ha BUMI-
PIOBaHHS 4acy y3TO/DKCHHS JaHHUX Yy CLEHapii 3 iIHTCHCUBHOIO
B33a€MO/II€I0 KOPUCTYBaya 3 OAHUM 00’ €KTOM JJAHUX: KOPHCTY-
Bay 3a Jy’Ke KOPOTKHI MPOMIXKOK 4acy BUKOHYE Cepiio orepa-
[iff HaJ BIACHUM OaHKIBCHKHM PaXyHKOM — HAaIPUKIIAJ, I10-
TTOBHIOE HOTO, 3HIMA€ KOIITH YH IHIIIOE MTEpeKa3H.

VYeci excriepuMeHTH Oyli0 TIOBTOPEHO y CHUCTEMaX IMiNTpH-
MKH (hIHAHCOBHX OIepallii, 0 BUKOPUCTOBYIOTh 3, 5 Ta 7 ek-
3eMIUIIPIB 0a3M TaHUX, a TAKOXK BUKOPHCTOBYIOTH Pi3HI MeXa-
Hi3MH perntikariii ganux mixk Humu: Replica Set, Heposmoine-
HHUI TpaH3aKIIHHUN TOMMHHHMK Ta PO3MOMITICHUN TpaH3aKIliii-
HUH TOIUHHHUK.

Pe3ynbraT €KCEpUMEHTIB Y CHCTEMi 3 BUKOPUCTAHHSM 3
ex3zeMIisipiB 6asu nanux (B/1) min xepiBHHLITBOM po3moie-
HOTO, HEPO3IOIEHOT0 TPAaH3aKI[IHHUX TOJUHHUKIB Ta MeXa-
Hismy Replica Set 300paxeni na puc. 1.

T Poyecy y3rog; AEHHK NIPK is Bl

Tpeeaaicns, e

000
iR 0n0p iR OOk

)

o T L o T

—e Bl et e Tpansmy oA

Puc. 1. TpuBaiicTh npomecy y3ro[pKeHHs JaHHX y CUCTEMax 3 TPhOMa K-
3eMIUIIpaMu 0a3u JaHUX

Pe3ynbTaTi iICHTHYHHX €KCIIEPUMEHTIB 3 BUKOPUCTAHHIM
I’ SITH TA CEMH €K3EMIDTIPIB 0a3M JaHUX Y PI3HUX CHCTEMaXx I10-
Ka3aJli CXO0XI1 pe3yJbTaT, TOMy BOHH He OyIyTh HaBEICHI OK-
pemo, aJie mianagaoTh MiJ] 3aralbHU aHalli3 pe3yIbTaTiB.

PesynpraTi mokazanu, mo BHCOKOHABaHTa)keHa iH(opma-
LiifHa cucTema, 110 BUKOPUCTOBYE PO3IOIUICHUN TpaH3aKIik-
HHU{ TOXUHHUK 3a0e3Ieyye IPUCKOPEHHS IPOLIECY y3TOMKEeHHS
JaHUX B cepenHboMy Ha 50%, TOpIBHAHO 3 HEPO3MOIUIEHUM
TpaH3aKIiHHUM TOAMHHUKOM, Ta Ha 66% — y IOPiBHAHHI 3 CH-
cTeMamH, [0 BUKOPUCTOBYIOTh Replica Set.

Hpyruit Habip eKCIeprMEHTIB MaB Ha METi TOBECTH 3/aT-
HICTb CUCTEMH, 1[0 BUKOPHCTOBYE PO3IMOJIICHUH TpaH3aKIik-
HUH TONWHHWK, IIBUAILIE OOpOOIATH KPUTUYHO BaXKJIHBI 3a-
NIUTH B YMOBAaxX BEJIMKOI KUJIBKOCTI APYropsyiHUX onepaiiid. B
paMKax JaHWX EKCHEPHMEHTIB KPUTHYHO BAXKIMBOIO OIEpa-
IIEFO € OTIepallisl ACMO3UTY KOIITIB Ha PAXYHOK, a OIepallii OHO-
BJICHHSI OCOOMCTHMX JaHHMX KOPHCTYBauiB € HEKPUTHYHHMH,
TOOTO MalOTh HHXKYHMH TIPIOPHTET.

ExcrniepruMeHTH MPOBOJMIINCH 3 PI3HOIO KUIBKICTIO HEKpH-
THYHUX 3aIIUTIB, aJle KPUTHYHA OIepallis JeTO3UTYy Ha PaXyHOK
32BN OJTHA.

OTpuMaHi pe3ynbTaTH y CHCTEMax, 110 BUKOPHCTOBYIOTh
mexanizMm MongoDB Replica Set, npogeMoHCTpyBanu 3Ha4HO
ripii pe3ynbTaTd B 00po0Ii KpUTHYHUX Olepalliid, TTOPiBHIHO
i3 cucremamu, 1110 BUKOPUCTOBYIOTh Pi3HI Bapiallii TpaH3aKIiii-
HOTO TOIMHHUKA. Yac y3ro/yKeHHs IaHUX Y TaAKUX CUCTEMax B
JIECSITKY Ta, HABITh, TUCSY1 Pa3iB BUIIIE Y IIOPIBHSHHI 3 aJbTep-
HATHUBHHUMHU Migxonamu. Lle moB’s3aHo 3 BiICYTHICTIO MEXaHi-
3My TMpPIOPUTETHOCTI, BHACIIIOK YOTO BCi omeparii 00po0s-
IOTBCSI B TIOPAAKY HAJAXOIKCHHS.
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HaTomicTh, TpaH3aKMiHHUI TOMMHHKUK J03BOJISIE 3a1aBaTH
oreparisiM MPIOPUTETH, 1110 CYTTEBO MPHUIIBUALIYE PEILTIKALIIIO
pe3yJIbTaTiB KPUTHYHUX orepariin. ToMy, momanbIiuid aHami3
pe3yJIbTaTiB 0yII0 30CePEPKEHO Ha MOPIBHSAHHI PO3MOIIJICHOTO
Ta HEPO3MOIJICHOTO TPaH3aKWiHHOrO TOJMHHKKA, 0e3 ypaxy-
BaHHs Replica Set, mo 103BONNII0 HAOYHO BUSIBUTH MEPEBaru
PO3IOIUICHOTO MiIX0/Ly 32 Pi3HOI KUIBKOCTI BY3JIiB Yy CHCTEMI.

PesynpTaTi aHAJIIOTTYHUX EKCHEPUMEHTIB y CHCTEMaX, IO
BHKOPHUCTOBYIOTb Pi3Hi THITH TPAaH3aKIiHIX TOAMHHUKIB Ta pi-

npaugsey i B pizHom K

T ——

8 p—

0o ki

ik, s sam s

40 S0

3HY KUTBKICTh €K3eMIUIAPIB PO3MOAUICHOI 0a3u JaHUX 300pa-

JKEeHi Ha puC. 2.
Puc. 2. [TopiBHSHHS TPUBAJIOCTI IPOLECY Y3TOKEHHS KPUTUYHUX JTAHUX
Y CHCTeMaX, 1II0 BUKOPHCTOBYIOT Pi3Hi THUITH TPaH3aKI[IHHOTO TOAMHHNUKA Ta
Pi3HY KiIBKICTB €K3eMIUIAPIB 6231 HaHUX

BinmoBimHO 10 pe3yIbTaTiB eKCIIEPUMEHTIB, 110 300pakeHi
Ha pHC. 2, MOKHa CTBEPIDKYBATH, 10 PO3IOMUICHUI TpaH3aK-
LifHWA TOOWHHUK JA03BOJISAE Y 5 pa3iB MIBUALIEC Y3TOIKyBaTH
KPUTHYHI JaH] TOPIBHSHO 3 HEPO3MOALIeHNM aHanorom. Kpim
TOTO, pe3yJbTaTH JAEMOHCTPYIOTh BHUCOKY CTaOUIBHICTH 4acy
HEOOXI/IHOTO Ha Y3rO/KCHHS JaHUX y CHCTeMaX, 1110 BUKOPHC-
TOBYIOTh PO3MOAUIEHUH TpaH3aKUiHHWH roauHHUK. [lpn
LOMY, NPUPICT 3aTPUMKHU NPU 30UIBIIEHHI KUJIBKOCTI BY3iB
po3moineHoi 6a3u qaHuxX craHoBUTS Jumie 10—20 Mc, o € Hu-
KUYUM 32 aHAJOTIYHNI MOKa3HUK y CHCTeMax, 110 BUKOPHCTO-
BYIOTh HEPO3IOIUICHUH TpaH3aKUiHHUN TOIWHHUK, SIKUI CTa-
HOBUTH 50 MC, Ta B COTHI pa3iB HIDKYMM 32 aHAIOTIYHUH MOKa-
3HHK y CHCTEMaX, 110 BUKOPHUCTOBYIOTH MexaHi3m Replica Set.

BUCHOBKM

VY naniid poOOTi MpPEACTaBICHO MaTeMaTHYHY MOJENh Ta
KOHILIEMIIII0 BIPOBa/KSHHS PO3IOJIICHOTO TPaH3aKILiHHOTO
TOAMHHMKA Y BUCOKOHABAaHTAXXEH] PO3IOAIJICHI CHCTEMH 3 Me-
TOO MPHIIBUIIIECHHS MPOIECY Y3rOUKEHHs TaHHUX. 3alporio-
HOBaHMH IMiX1J HE JIMIIE 3MEHIIYE Yac y3roJDKEHHS, a i MOK-
pallye BiIMOBOCTIHKICTh, MAacIITAOOBAHICTD 1 3araJibHy MPOJLy-
KTUBHICTh CHCTEMH. Pe3yspTaTé ekcrepruMeHTaIBHHUX JOCIi-
JDKEHb TPOJIEMOHCTPYBAJIHM CEpEeHE CKOPOYCHHS 4Yacy y3ro-
JDKeHHS 1aHuX Ha 50%, MOpIBHIHO 3 HEPO3IOIIIEHUM TpaH3a-
KITIHIM TOTMHHUKOM, 1 Ha 66% — y mopiBustHHI 3 Replica Set.
VY BUMAnKy KPUTUIHAX OTIEPAIiid, pO3MOAIICHIH TOANHHIK 3a-
0e3meunB A0 I SITH pa3iB BHUILY MIBUAKOIIO, a B MOPIBHIHHI 3
Replica Set — y coTHi ¥ TrCsYI pa3iB Kpalily TPOAYKTHBHICTb.
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Abstract. The paper addresses the problem of the influence of non-relevant results on the quality of hybrid search in information systems
with vector databases. An improvement to the Reciprocal Rank Fusion method is proposed by grouping results according to their
relevance level and applying exponential weighting. This approach reduces the impact of weak results on the overall ranking and

improves search accuracy.
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Mooudghikauisa memooy Reciprocal Rank Fusion ona
NOJIINWEHHA Pe3Y1bmamie 2I0PpUOHO20 ROULYKY Y
IHhopmayiuHux cucmemax 3 6eKMOPHUMU Dazamu
OaHUx
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Anomayia. 'Y poGoTi po3riasHyTo mpodJeMy BILUIMBY
HepeJeBAHTHUX Ppe3yJbTaTiB Ha SIKiCTh TIOPHMIHOrO MOIIYKY Y
inpopmaniiinnx cHucTemMax 3 BeKTOPHMMH 0a3aMH JaHHX.
3anpononoBaHo BAOcKoHaNeHHsA MeTony Reciprocal Rank Fusion
IIJISIXOM TPYNYBAaHHS Pe3yJbTaTiB 32 piBHEM peJIeBAHTHOCTI Ta
3aCTOCYBAHHSI EKCIIOHEHUiaJbHOro 3Ba:kyBaHHsA. Lle no3Bossie
3MCHIINTH BIUIMB CJA0KHX pe3y/IbTaTiB HA 3arajibHMil peiliTHHT
Ta MOKPAIMTH TOYHICTH MOIIYKY.

Knruoei cnosa: ingpopmauiini cucmemu, eexkmopna 6aza 0anux,
JIeKCUYHUIL NOWLYK, CEMAHMUYHUI ROWLYK, ZIOPUOHUI NOULYK,
KOMOIHO6AHUI NOULYK.

Beryn

BexropHi 6a3u gaHuXx - 1ie cy4yacHi iHpopMaliiHi cCUCTEMH,
sKi 30epiraroThb JaHi y BUIJISAI BEKTOPIB, TOOTO 4YHCIIOBHX
CIIHCKIB, 1110 ONHCYIOTh 00'ekTH. KoXHe 4unciio y BekTopi - 1e
O3HaKa, sKa BijoOpakae NEBHY XapaKTEPHCTHKY 00’ €KTa.
Hanpuknan, 300paxeHHs si01yka Moke OyTH IIEpeTBOPEHE Ha
BEKTOp, J€ OJHA O3HAKA OIMUCYE KOJIp, IHIIA - OKPYTIICTh, IIIe
OJIHA - TEKCTYpPy IMOBEPXHi Tomo. BekTop Takoro 300paskeHHs
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Moxxe Burisgatu Tak: [0,9 0,2 0,8], me 0,9 - e HacuueHICTh
YepBOHOTO KoJbopy, 0,2 - okpyriicts, 0,8 - Omuck. Y Takux
0azax JlaHi He IIYKAIOThCs 32 TOYHUM 30iroMm, SIK y 3BHYAHHUX
B/l, a 3a cxoxicTio Mixk Bekropamu. 1100 3HaliTH TOTPiOHMIHA
00’€KT, cHcTeMa TOpIBHIOE BEKTOPH Ta BU3HA4ae, Ki 3 HUX
HAWOMK4i A0 3amuTy - TOOTO HAMOLIBII  CXOXKIi.
Hatitnommpenimti MeToI¥ MOPiBHSHHS - IIe €BKJIIIOBA BiJICTaHb
(BUMIpIOE «BiACTAHB» MK TOYKAMH y TIPOCTOPI) Ta KOCHHYCHA
CXOXICTh (BM3HAUA€, HACKIIBKH BEKTOPH AUBISTHCS B OTHOMY
HanpsMKy). Harpuknan, sikio Bektop GpoTo codaku cxoxuil Ha
BekTOp (oTo iHmOI coOakW, TO CHCTeMa BBaXae IiX
OJIM3BKUMU.Y peabHUX KOMEPIIIHHUX CHCTeMax BEKTOPHi
0a3u JaHMX BUKOPUCTOBYIOTHCS MJIsi 30epiraHHs 00’ €KTiB,
MIpeICTaBICHUX oJ1ipazy B KIJIBKOX (opmarax.
HaiinommpeHimuii npukian - ne omnuc ToBapy, e HOE€THAHO
TEKCTOBY iH(oOpMalio (Ha3Ba, XapaKTEepHCTHKH, OIUC) Ta
300paxkeHHs TOBapy. Bci 11l gaHi epeTBoOpIoIOThCS Ha BEKTOPH
1 30epiratoTbcsi B 0a3i pa3oM i3 TEKCTOBMMH JaHMMH, MIO
JO3BOJISIE 37iiCHIOBAaTH TiOpUAHUI (KOMOIHOBAaHWI) MOMIYK.
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3okpema, I1e 1a€ MOKIIUBICTh peaizyBaTH JEKCHYHHUN MOIIYK,
CEeMaHTUYHUI MOLIYK Ta MOIIYK 3a 300pakeHHsIMH. JIekCHuHHUiA
HOUIYK JI03BOJISIE 3HAXOAWUTH TOBApU 32 TEKCTOBHM OITMCOM.
Hanpuknan, nomyk 3a KIHOUOBHMH CJIOBaMH B OIUCI TOBap.
CeMaHTHMYHHMH TIOIIYK JIO3BOJIIE 3HAXOIMTH TOBap, SIKUH
KOHTEKCTHO CXOKHH J0 3alUTy KOPHCTyBada, HaBiTh SIKIIO y
3aliTi HEMae TOYHO TaKWX caMux ciiB. Hampukiazn, 3amur
"CIIOPTHBHI YepeBUKH U1 Oiry" Moke TOBEPHYTH CXOXKIi
TOBAapH, HABITh SAKIIO Y iXHIX OMHCaX BHUKOPHCTAaHI iHIII
TEPMiHH, K «KPOCIBKH JJS TPEHYBaHB» a00 «MapadoHKay.
[Momryk 3a 300pa>keHHSIM JT03BOJISIE 3HAUTH TOBApP, CXOXKUH Ha
300pakeHMiI Ha KapTUHIN, HAaBITh SAKII0O HE 3a3HAYEHO
KOHKPETHHX TEKCTOBHUX JaHMX. Hampukmaz, momyk "depBoHa
¢yroonka 3 emOnemoro (yrOonpHOI KoMaHmu JluHamo"
JIO3BOJIUTB 3HANTH BCi CX0XKI (PyTOOJIKH, HABITH SIKIIO B OITUCAX
He 3raJlyl0ThCs KOHKPETHI OpeHI! YH KITyOu.

OTMC MTPOBJIEMU
VY ribpuaHoMy NOIIYKY BHHHUKA€E 1MOTpeda B e()eKTHBHOMY
MMOEHAHHI PEe3yNbTAaTIB 3 PI3HAX THINB MOMIYKY 3 METOIO
TTOKpAIeHHs 3aranbHOI sikocTi Bumadi. Reciprocal Rank Fusion
(RRF) [1] - mpoctuii i edekTuBHHNA MeTOA OO0’ €THAHHS
PEe3yJIbTATIB MOLIYKY 3 KUTBKOX IDKEPe, SKUil BU3HAYAEThCS 32
(bopmymoro:

RRF(d) = L

ZSES k+rankg(d) (1)

ne RRF(d)- nincymxosa omninka nokymenta d; S-
MHOXKMHA TIOINYKOBUX crpareriii; rankg(d) - mosumis
JoKyMeHTa d y CIHCKY pe3yJbTaTiB mouryky S; K - mocriitna
JUTA 3TIaKyBaHHS (3a3Bu4aii k = 60).

CyTh MeTOmy HONATaE B TOMY, IO KOXHOMY DPE3yJIbTaTy
TIPUCBOIOETHCS OIiHKA, 00EpHEHO MPOTOPITiiiHa HOTo Mo3uIlii B
KO)XHOMY CITUCKY, a TOTIM IIi OLIHKHA MiICYMOBYIOTBCS.
3aBIAKA IIHOMY Ha TEPIINX MO3HIIAX 00'€THAHOTO CIHCKY
OMUHSIOTECS PE3yJIbTAaTH, SKI CTaOLIBHO 3alMAalOTh BHCOKI
Micllsi B KUIBKOX MOIIyKaX, HABITh SIKIIO HE € MEpUIMMH B
xoaHOMy 3 HuX. IIpobnema moisisirae B TOMy, IO CHUCTEMH
paHXXyBaHHSI PE3yJIbTATiB MOBEPTAIOTh JIOKYMEHTH B Oy/b-
SIKOMY pa3i, HaBiTh SKIIO MDK 3aluTOM KOpUCTyBada M
pe3yJbTaTaMi HeMae »OjHOi peseBaHTHOCTI. Lle ocobimBo
MIOMITHO y TIONIYKY 3a CXOXICTIO, JIe¢ CHCTeMa IIOBEpTae
HaHOMIDKY1 CYCiZHI JOKYMEHTH, HaBITh SKIIO0 BOHH HE MAalOTh
JKOJHOTO 3MICTOBHOTO  3B’SI3KY. Hanpuknan, mnepie
300pakeHHS MOXKe OyTH peleBaHTHHM i OTpuMae paHr 1, ame
IpyTe 1 HACTYITHI - 30BCIM HE BiANOBITAIOTh 3alUTy 3 TOYKH
30py moguman. OmHAK cHcTeMa paHKyBaHHS 300pa)KeHb Bce
OJIHO Hajae iM panru 2, 3 1 Tak gaii. SIKI0 MU PO3paxoBYEMO
RRF TibKH Ha OCHOBI ILOrO paHry 3a3HauMBIIH k=60,
nepmmii  TokyMeHT ortpuMae ouinky 0,01639, a npyruii
JOKyMeHT oTpumae ouinky 0,01611, mo € TOCHTh BUCOKUM
0aJoM I HE PENeBaHTHOIO JOKYMEHTA, OCKUJIbKH PI3HUILS B
OIlIHKAaX JOCHTh Maja B MOPIBHAHHI 3 THM IO NEpIIAA
JIOKyMEHT PEJIEBAaHTHUH a 1HIINH MMOBHICTIO HE PEeJIeBaHTHUM. |
1151 BIJTHOCHO BHCOKa OIliHKa MO>KE€ 3MEHIIINTH 3HAUCHHS OaliB 3
IHIIUX TUTIB MOIITYKY TPH IiICYMOBYBaHHI pe3yIbTATIB.

Posrnsaemo 00’emHaHUil  pe3ynbTaT CEMAHTUYHOTO i
JIEKCHYHOTO TOMIYKY NOKyMeHTiB 3rimHo RRF 3 tabm. 1.
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Tabnuus 1
ban Ho_muiﬂ ban H0§nuiﬂ To3uwis
Homep - R 3TiHO § 3TiHO .
CEMaHTHYHOT JIGKCUYHOTO RRF 3rijiHO
JOKYMEHTY CEMAHTHYHO JICKCUYHOTO
0 TONIYKY N HOIIYKY RRF
TO IOLIYKY TOLIyKY
1 0,95 1 01 5 0,031778 1
2 0,94 2 0,2 4 0,031754 3
3 0,93 3 0,25 3 0,031746 5
4 0,92 4 0,29 2 0,031754 4
5 0,91 5 0,3 1 0,031778 2
JUis  chpoIleHHS  3a3HAYMMO IO  MIHIMaIbHHHA 1

MaKCHUMaJIIbHUWA 0an sKHH MOXXe HaJaTH JIeKCHYHUH 1
ceMaHTUYHUH TomyK Bix 0 10 1 BiamOBIgHO.

SIKIIO TeBHMH THIT MOMIYKY HOBEpTa€ BUCOKUH Oan s
JIOKyMEHTA, 11 CBIYUTH MPO CHIBHY BiANOBITHICTH 1 BUCOKY
pENeBaHTHICT, - HaBiTh SKIOIO 1HIN METOAM IIOLIYKY
MIPUCBOIOIOTh HM3bKI Oanm. bamm pe3ynpTariB CeMaHTHIHOTO
MIOUIYKY CBiAYaTh IO 3HAMACHI JOKYMEHTH «Iy>KE€ CHIIBHO
BIJIOBIAIOTh 3alUTy KOPHCTyBada. B Toil ke wac Oamu
pe3yapTaTiB JIEKCHYHOTO IIOUIYKY CBigYaTh IO 3HAWICHi
JOKyMEHTH «IIOTaHO» BIJIOBIAAIOTH 3alUTy KOPUCTyBaya
BIINOBIZHO 10 (hOpMyT JEKCHYHOTO TIIOIIYKY, HAIpPUKIa
BM25 [2] a6o TF-IDF [3].

BigmosimHo 10 pospaxoBanoro RRF mns  koxHoro
JOKyMEHTa MaE€MO HACTYIHUH TOPSAOK JOKYMEHTIB B
00’eIHaHOMY pe3yJIbTaTi MOLIYKY: JOKYMEHT 1, TOKyMeHT 5,
JOKyMEHT 2, TOKyMEHT 4, ToKyMeHT 3. Sk 6aunmo mopsjiok
JOKyMEHTIB HE BIJNOBifa€ TOPSIKY JOKYMEHTIB i3
CEMaHTHYHOTO MTOIIYKY OCKUIBKH CJIA0KI OI[IHKH 13 JICKCHYHOTO
MOUIYKY MajHd BIUIMB Ha CHJIBbHI OIIIHKM CEMAaHTHYHOTO
momyKy. JIokymeHT 3 OoTprMaB OCTaHHIO MO3HINIO X0Ya BiH
peleBaHTHIMMKA BigHOCHO mOokyMeHTiB 4 1 5. OmiHkH
JIEKCHYHOTO TIOIIYKy B JAaHOMY BHUIMAAKYy JIOJaimM 3aiiBi
MTOXUOKH.

HU[B PIIIIEHHA
PitieHHsM BuIlle HaBeAEHOI MpPOOJIEMH MOBHHHO CTaTH
mokparieHHss merony RRF s 3amoOiraHHst BIUTUBY MEHII
PEJIEBaHTHHX OI[IHOK Ha BUCOKOPEIICBAHTI OIlIHKH.

OMuC PILIEHHS
106 Bu3HAUMTH SIKi OaJIK 3 JEKCHYHOTO 1 CEMaHTHYHOTO
MOUIYKYy MAalOTh BIUIMB OJWH Ha OJHOTO 1 SIKI MOXKHA
nopiBHIOBaTH 1 BpaxoByBatu y ¢gopmyii RRF mpomonyerscs
MOUIATH HaOlp pe3ynbTaTiB Ha pi3HI Tpynu. s mpocToTH
PO3TISIHEMO TPHU TPYIIH: «XOPOIIi CIIBIAIIHHSI, «HENOTaHi

CIIBNAMIHHA Ta  «IOTaHi  CHiBmamiHHA.  Hampuxiaz,
BUKOPHCTOBYIOYM OLIHKK 3  MOIEPEIHbOr0 MNPHUKIALY,
sHaueHHs 0,91-0,95 Hanexuth 1O TPYNH  «XOPOIIMX

criBraginey, Toai sk 0,1-0,5 1o rpynu «noraHi criBoagiHHD).
BusHaueHHs rpyn crHiBHagiHHS MIPOIIOHYETHCS BHU3HAYATH Ha
OCHOBI BXIJIHOTO 3aIIUTy KOPUCTYyBaya METOJIOM IOCTYIOBOTO
3MEHIICHHS TOKEHIB Yy 3amuTi (#erpanamii) i MOpIBHSIHHS
3MIHEHOTO 3aIMTY i3 IIOYaTKOBUM 3aIIUTOM KOPHCTYBaya.
Hanpukinaz 1uist BXiZIHOTO 3aIMTy KOPUCTYBaya «CIOPTUBHI
YepeBUKH I Oiry» BHKOHAEMO PO3PaxXyHOK CEMaHTHYHOI i
JIEKCUYHOI CXOXOCTI 3 pAOKaMU SKi yTBOPEHI IIIXOM
MOCTYTIOBOi ~ Aerpafamii BXiZHOTO 3amuTy. Pe3ymsTatn
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PO3paxyHKiB HaBeZeHi B Ta0II. 2.
Tabnuns 2

Ban cemantuynoi

. . Ban nexcuunoi moaidHocTi
nopibHocTi

3anut

«CTIOPTHMBHI YEPEBUKH s Oiry» 0,9547 4,9191

«CTIOPTHBHI YEPEBUKHU IS 0,912 3,9352

«CHOPTUBHI YEPEBUKN» 0,877 1,9676

«CTIOPTHBHI» 0,8204 0,9838

« 0,7655 0,0

Sk 6auMMo 3 po3paxyHKiB MU MOKEMO BUAUIMTH 4 TpynH
HaBeneHl B TaOi. 3, KOKHA 3 SIKMX Ma€ BJIACHHH [ialma3oH
OLIIHOK SIKUH TO3BOJISIE BU3HAYUTH JI0 KO TPYITH HAJIOKATHME
Oynb SIKM{ 3HAWACHUI TOKYMEHT HPH MOLIYKY MO 33JaHOMY
BXiTHOMY 3aIIHTYy.

Tabmaums 3
]::;:1015 Jlianason GatiB ceMaHTUYHOT MOAIGHOCTI Jlianazon Gais JIEKCHYHOT TTOAIOHOCTL
1 0,9547-0,912 4,9191-3,9352
2 0,912-0,877 3,9352-1,9676
3 0,877-0,8204 1,9676-0,9838
4 0,8204-0,7655 0,9838-0

Jist inTerpariii indopmarii npo rpymy B icHy04y GopMyiry
RRF npomoHyeTbCcss BUKOPUCTOBYBATH CKCIOHCHINIATBHY
(GYHKINIO sKa JO3BOJsIE 3MCHIIYBATH BIUIMB OINIHOK SIKi
3HAXOJATHCS Y BiJJIAJICHUX IPyIax:

1
RRF(d) = Yses Grraniay

Jie n - HOMep TpyIu.

(@)

PE3YJIbTATH BITPOBAJKEHHSA
[epepaxoBani pe3ynbraTi 3 Taba. 1 HaBeneHi B Tabu. 4.
JlocsrHyTO 1l PIlIEHHS - «HE JOCTaTHHO XOPOIIi OIIHKI) 3
JICKCUYHOrO IMOLIYKY HE MAalTh BIUIMB Ha MOPSJOK «IyXkKe
XOpOIINX OLIHOK» CEMaHTHYHOTO NOIIYKy. PeneBaHTHMI
CEMaHTHUYHUH MOPSAIOK PEe3yIbTaTIB 30€peiKeHO.
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Tabmung 4
Howmep Ho_muiﬂ T'pyna Ho_muiﬂ I'pyna TTo3uwis
JIOKYM CeM;;;'}:ll:"-:i-lorO CEeMaHTHYHOT nezz;i:(:)ro JIEKCHYHOT RRF 3riiHO
CHTY HouyKy 0 TIOLIYKY HoyKy 0 ToLIyKY RRF
1 1 1 5 2 0'0116630 1
2 2 1 4 2 0016378 2
3 3 1 3 2 0.016124 3
4 4 1 2 2 0'0115885 4
5 5 1 1 2 0,015653 5
BuCcHOBKU
3ampononoBana Momudikamiss merony RRF  mossomste
MOKPAIIUTH  3JUTTSA  Pe3yibTaTiB TiOPHIHOTO  IMOUIYKY

BpPaxOBYIOYH 3HAYMMICTH OITIHOK PEIeBAaHTHOCTI JOKYMEHTIB.
Jlerpanaiiisi BXiTHOTO 3alMTy i BU3HAYECHHS TPYIN BiIIOBIIHO
JI0 HaBEJCHHX BHIIE KPOKIB 3aiiMae Majio OOYHCIIOBAJIbHUX
pEeCYpCiB Ta MPOIICCOPHOTO YaCy OCKUIBKH JaHa OIeparlis
BUKOHYETbCS Ha cepBepi 0a3n JaHWX Oe3 BUKOPUCTAHHS
JIOJATKOBUX 3alUTIB B caMy 0a3y JaHuX Ta 0e3 BUKOPUCTaHHS
JIOJJATKOBUX 3aITUTIB IO MEPEXKi 1 TUTEKH HAJ[ BX1THAM 3aIATOM
KOpPHCTYBa4a SIKHH B CEpPeAHbOMY Ma€ HEBEIUKY KUIBKICTh
cmiB. /[lerpajamist 3amMTy KOpHCTyBada pEKOMEH/IOBAHO
BHKOHYBaTH 3 KIHIIM 3alUTy OCKUIBKH OUTBIIICTE MoOIenel
TeHEePYBaHHS BEKTOPIB TECHEPYIOTh CXOXi BEKTOpPH TIpU
CXOXKOMY IIOYaTKy TEKCTOBMX JaHWX. TakoXk MOMyJspHi
¢GbyHKUIT U1 paH)KyBaHHS, SKI BHUKOPHCTOBYIOTBCS B
JIEKCUYHOMY TOUIYKY, JAIOTh BHUIMK Oan CHiBHaJiHHS KOJIH
CHIBIMAaa€ MOYaTOK TEKCTOBHUX JAHUX.
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Abstract. A mathematical model quantifies cryptocurrency expertise using activity in choosen social media, combining weighted sum
and statistical analysis. Tested on four experts, it confirms high correlations between expertise, wealth, and social media activity,
enhancing the ATAPSN algorithm. The model offers a data-driven approach for ranking experts, with applications in selecting
influential figures for cryptocurrency market insights and strategic decisions.
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Anomauis. MaTeMaTHYHA MOAeIb KiIbKICHO oHiHIOE
eKCHEePTHICTh Y KPHUNOTOBATIOTAX 32 AKTHBHICTIO B 0OpaHii
conia/bHiil Mepe:ki, MOEAHYIOUH 3BAKEHY CYMY Ta CTATHCTHYHHUI
a”anis. TecTyBaHHA Ha 4YOTHPbLOX eKcHepTax MiATBEPAKY€E
KOpeJsilil0 Mi’K eKCHePTHICTIO, CTaTKaMH Ta AaKTHUBHICTIO B
colMepexax, BAOCKOHATWIOUH ajnroputm AYJICM. Moaeis
MPONOHY€E MiAXiA AN PaH:KyBaHHS eKCHepTiB, KOPUCHMIl AJs
BHOOPY BIUIMBOBHX 0Ci0 y KPUNITOPUHKAX.

Knrouosi cnosa: ouinka excnepmhuocmi, Kpunmoeaiioma, ananiz
coumepesc, cmamucmuunuit ananiz, AY/JCM, 6iooip excnepmis,
PUnKO08I incaitmu.

Beryvn

VY cyuyacHOMY CBITIi, /i¢ KPHNTOBATIOTHI PHHKH CTPIMKO
PO3BUBAIOTHCS, OI[IHKAa eKcrepTHOcTi (axiBUiB HalOyBae
BUPILIAJBHOTO 3HAYECHHS Uil TIPUHHATTS OOIPYHTOBAHHMX
¢inancoBux pimeHb. BrummBoBi ocobu, Taki sik Inmon Mack,
Maiikn Ceitnop un Pomkep Bep, 3aBaskn cBoilf akTHBHOCTI B
colianbHii Mepexi X MOXyTh OpPMYBaTH PUHKOBI TCHACHIIIT,
BUKJIMKAIOYM 3HA4YHI KOJNMBAHHA KypCiB  KPHIITOBAIIOT,
Hanpukian, Bitcoin un Dogecoin. OnHak TpaauuiiiHi MeToau
OIIIHKH KOMIIETEHTHOCTI, TaKi SIK aHANi3 pemyTallii, JOCBiAY 41
nyOuTiKaiii, 4acTo € Cy0 €KTHBHUMU Ta HE JO3BOJISIFOTH TOYHO
BH3HAYUTH PiBEHb eKcrepTHocTi. lle crtBoproe morpedy B
PO3po0ITi 00’ €KTUBHUX, KUTBKICHHX ITIAXOIIB, 5IKi 0 Oa3yBasucs
Ha YITKMX METPHKax i BPaxOBYBAJIM CydyacHi JUKepesa JaHHX,
30KpeMa COIiaIbHI MEPEKi.
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ConianpHa Mepeska X cTajla yHIKaTbHUM CEpeIOBUILEM, JIe
EKCIIEPTH BHCIIOBIIIOIOTh TYMKH, IUIATBCA IPOTHO3aMU Ta
BIUIMBAIOTH HA MOBEAIHKY iHBecTopiB. Hampukiman, TBiT ltona
Macka npo Dogecoin y 2024 pori COpHYMHUB 3POCTaHHS
Kypcy BaJIOTH Ha JAECATKH BIJCOTKIB, WIO IiJKPECIIOE
BaJIMBICTh aHAI3y aKTUBHOCTI TakuxX oci0. BomgHouac
BIJICYTHICTb (DOpMaJi30BaHUX METOIIB OIIIHKH EKCIIEPTHOCTI
YCKJIaTHIOE Bi0ip HaiifHUX (paxiBLIB 1t KOHCYJbTAIlH 4M
MPOTHO3YBaHHS PHUHKOBHUX TpeHAiB. CyO’€KTHBHI OIlHKH,
3aCHOBaHI Ha 3arajibHId peryTaiii, HE BPaxOBYIOTh TaKHX
(axTopiB, SK HacTOTa MAONHUCIB, 3aJy4EHICTh ayauTOpil 4n
(IHAHCOBI JOCATHEHHSA, SKI MOXYTh OyTH KIIOUYOBUMH
MTOKa3HUKaMH1 BIUIMBOBOCTI.

IIn poborta cmpsiMoBaHa Ha MOJONAHHA 3a3HAYCHUX
00OMEXEHp NUIIXOM PO3POOKM MAaTEeMAaTHYHOI MOJET Ui
KUJIbKICHOT OIIIHKM EKCIIEPTHOCTI Ha OCHOBI aKTHBHOCTI B
couianpHii Mepexi. [lix excnepTHiCTIO MaeThcs Ha yBasi
YHCJI0BA XapaKTEPUCTHKA BIAMOBIIHOCTI €KCIIEPTa 3a3HAUCHUM
KpuTepisiM. MoJielib BUKOPHCTOBY€E METPUKH, TaKi SIK KUIbKICTb
AMTUCHUKIB, YacTOTa JOMKCIB PO KPUITOBAIIOTH Ta PiBEHb
3aJy4eHOCTi, Ui CTBOPEHHS OO0 €KTUBHOTO pPEHTHHTY
eKkcrieptiB. JlocmimpKeHHs1 iHTerpye OTpHMaHi pe3yibTaTH B
AVYJICM (anroput™M ypaxyBaHHS BIUIMBY JIONHCIB Yy
COLIIAJIFHUX Meperkax Ha Kypc KpUNTOBATIOT), IO TO3BOJISIE HE
JIUIIE OIiHUTH €KCIePTHICTh, a W IPOTHO3YBATH BIUTUB
eKCIepTiB Ha pUHKOBI mponecu. Takuii MiAXix Mae IpaKTUIHE
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3HAYEHHS I 1HBECTOPiB, KOMIIaHIM Ta aHATITHYHUX
wiatdopm, sKi MparHyTh OOIPYHTOBAHO BHOUpATH EKCIEPTiB
JUISl CIIIBIpALll UM aHANI3y PHHKIB.

[TOCTAHOBKA 3AJ1AUI

OriHka ekcrepTHOCTI (axiBIliB y cdepi KPUITOBAIIOT €
CKJIaMHOI0 3aJadelo dYepe3 TMepeBakKaHHS CyO €KTUBHHX
METO/IiB, SIKi HE BIINOBIAAI0Th BUMOTaM Cy4acHHUX (DiHaHCOBUX
puHKiB. TpagumifiHi MiAX0IH, MO COUPAIOTHCS Ha PEIyTaIliio,
npodeciiiHuii  nocBix 4M  myONivuHY BII3HABaHICTh, HE
IO3BOJIIFOT TOYHO KINBKICHO OIUHUTH KOMIIETEHTHICTH
eKCIepTiB, Yui JIyMKH BIUIMBAlOTh HAa PHHKOBI TEHJEHIII.
CouianpHi Mepexi, 30kpeMa miatdopma X, CTany KIIOYOBUM
JDKEepEJIOM JaHWX TPO MisUIbHICTh (DaxiBIlB, BKIHOYAIOYH
4acTOTY JOMHCIB, 3aITydeHICTh ayTUTOPii Ta PiHAHCOBHUH YCITiX.
OnHak BiICYTHICTb (pOpMaIIi30BaHUX METOIB ISl aHAJI3y KX
JaHUX YCKJIAQJHIOE CTBOPEHHA OO0 €KTHBHUX PpEWTHHIIB
eKCIepTHOCTI, [0 HeoOXimHi [Ig Bimbopy HamiHHX
KOHCYJIbTHTIB 1 aHAIITHKIB y KPUIITOBAIIOTHIN cepi.

[Ipobmema cy0’€KTHBHOCTI OITIHKH EKCIIEPTHOCTI Mae
Kinbka BuMmipiB. Ilo-mepmie, TpamumiiiHi Kpurepii, Taki sSK
KUTBKICTh MyOUTiKamiil 9 TPUBATICTH Kap’ €pH, HE BPaXOBYIOTh
BIUIMBY COILIaJIbHUX MeJia, JIe aKTHBHICTh EKCIIEPTiB MOXKe
OyTH BaXJIHMBIIINM MOKAa3HUKOM iXHBOI KOMIIETEHTHOCTI.
Hanpuknan, nomuen B X  yacto (OpMYyIOTH PHHKOBI
OUiKyBaHHA, ajle iXHIM BIUIUB HE OLIHIOETHCS CHCTEMAaTHIHO.
[To-npyre, BiACYTHICTH €JMHOI CHCTEMH METPHK YCKIIAIHIOE
MOpIBHAHHA (axiBI[iB 3a UITKOIO IIKaJOl0, IO 3HIDKYE
epeKkTuBHICT,  iXHBOrO pamxyBaHHsA. [lo-Tpere, Opak
IHCTpYMEHTIB A aHaji3y 3B’SI3Ky MK COIiaJbHOIO
AKTHBHICTIO T2 PUHKOBUMH IIPOIIECAMH OOMEKY€E MOMKIIMBOCTI
mporao3yBaHHsA. lli Hemomiku BKa3ylOTh Ha TOTpedy B
(dopmaizanii MOKa3HUKIB EKCIEPTHOCTI, sIKi O MOeAHYyBaIH
COLlATFHUH BIUIHB, (DiIHAHCOBUH YCITiX 1 9aCTOTY KOMYHIKaIlii,
3a0e3meuyroun 00 €KTUBHE OLIHIOBAHHS JUIA aHATITUYHHX 1
IHBECTHIIIHHAX TTOTpeO.

MeTor0 JOCHIDKEHHST € BJOCKOHAJICHHS MaTeMaTHYHOI
MoJIeNi JUTs KUTbKICHOT OLIHKH €KCIepTHOCTI (haxiBLiB y cdepi
KpHunToBamoT, iHrerpoBanoi B AYJICM. 3anmaua mojsrae B
(dhopmarizarii TTOKa3HUKIB eKCIIePTHOCTI, IIITXOM
3aCTOCYBaHHS 3BaKEHOI CyMH Ta CTAaTHCTHYHHX METOIIB.
Mogenp Mae TeHepyBaTH YHCIOBY OIIIHKY EKCIIEPTHOCTI B
niamasoni Bix 0 mo 1, oo K03BOJIUTH CTBOPIOBATH 00’ €KTHUBHI
pelituarn  daxiBuiB. HeoOximHo 3a0e3mednTH iHTETpamio
Bume3azHaueHnx MeTpuk y AYJICM g migBHIIEHHS
TOYHOCTI aHaji3y PHHKOBUX TeHACHIH. [logaTkoBo ciin
NEepeBIPUTH  TIMOTE3HM MPO KOPEJSLI EeKCIEePTHOCTI 3
aKTUBHICTIO B X 1 (hpiHAHCOBMMH TOKAa3HUKAMH, 100 OI[IHUTH
HAIHHICTh MOJICIi. 3anpOMOHOBAHMIA MiXiJ]] CIIPSIMOBaHUI Ha

CTBOPEHHS  yHIBEpCAJILHOTO IHCTpYMEHTY, sKuil Oyne
MacIITa0OBaHUM ISl  BUKOPHUCTaHHS B  aQHaTITUYHHX
rathopMax, IHBECTHLIHHMX CTpareriix 1 amst Bimbopy

eKCIIepTiB, YW TNPOTHO3M BIUIMBAIOTH HA KPHIITOBAIIOTHI
PHHKH.

METO/10JIOI' I

Jis OIiHKY eKCTIepTHOCTI (axiBIiB y cdepi KPUITOBATIOT
BUKOPHCTAHO KOMIUIEKCHMH MiAXiJ, IO BpPaxoByE CiM
KpUTEpiiB, sKi BiJoOpakaroTh BUMOTM 10 ekcreptiB. Lli
KpuTepii popMallizoBaHO 4Yepe3 KUIbKICHI METpPHKH, 310paHi 3
npodimiBe X Ta BIIKPUTHX [pKepen, Takux sk Forbes, 3a
TiwkaeHb  13-19 xoBTtHE 2024 poKy, KOJIHM €KCHEpPTH
My OJIiKyBaJIM JIOTHCH NIPO KPUIITOBAIIOTH [1].
Kpurepii oninkn:
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1. IlyOmiuHiCTP — BUMIPIOETHCS KUIBKICTIO MiIITMCHUKIB
y COMIaJbHIH MEpexXi, 10 BKAa3y€ Ha COIIaIbHHUN
BIUMB. Hampukiax, Ouiblia KibKICTh MiAMHCHHUKIB
KOpEeJIOE 3  IIUPUIOI  ayJMTOPI€I0,  3[aTHOIO
pearyBaTy Ha JIONUCH PO KPUITOBAJIIOTH,

2. AKTHBHICTb Y cOLIaJBHIH Mepexi — OIlHIOEThCS
CepellHbOI0 KUIBKICTIO JIOMHCIB 33 TIDKAEHb. Bucoka
AKTUBHICTH CBIYHTH NP0 PETYISIPHY KOMYHIKAIIilo,
10 € B)XIIMBUM JUTSI BIUIMBY Ha PUHKOBI HacTpoi [2];

3. Pi3Hi mpodeciiiHi Koma — KiTBKICHO OIIIHEHO depes

Kareropiro mpodeciiiHol  misIbHOCTI  (HANPHKIIAL,

TEXHOJIOTii, iHBeCTHIIl), 3aKOAOBaHYy 5K OiHApHUIA

moka3HuK (1 s yHikameHOCTI, 0 U TOBTOPEHHS).

e 3a0e3neuye pi3HOMAHITHICTh €KCIIEPTIB;

3B’A30K 13 KPUNTOBAJIIOTAMH BUMIPIOETHCS

KUTBKICTIO JIOTIMCIB MPO KPHUIITOBAIIOTH 3a THIKICHB,

10 BigoOpakae crierianizaIiito B Iii cdepi;

5. HesanexHicTh — OLIHEHO $K BIACYTHICTH IMPSIMHUX
B3a€MOJIIHl ¥ COIiaNbHIA Mepexki (peruiaiB, peTBiTiB,
TOIIO) MK eKCIIepTaMH, 3aKOJOBaHy AK OiHapHUI
moka3HuK (1 mis HezamexHocTi, 0 I B3aeMoii);

6. @iHaHCOBHIA yCITiX — BUPAKEHO yepe3 CTaTKH (y 0.
CIIIA), 10 € crpomeHuM MOKa3HUKOM KBasTi(ikarii y
¢inancoBiit cdepi. Jani B3sTi 3 Forbes cranom Ha

2024 pik;

7. JHocin y ¢iHaHCOBUX pHHKAaX — OLIIHEHO uepe3
KUTBKICTh ~ POKIB  Y4acTi B  KPUNTOBAJIIOTHUX
IHBECTHILISAX YW TOPTiBIi, OTpUMaHUX 13 Oiorpadii
eKCIIEPTiB.

OuiHka ekcrepTHOCTI 0a3yeThcsi Ha 3BaKEHIH cyMi, sKa
00’emHye HOpPMai30BaHI 3HAYEHHS KPHUTEPIiB y €IUHHUN
nokasHuk E y mianaszoni [0,1]. Hopmamnizariss nmpoBoguThCs
METOJIOM min-max, a I KpuTepiiB 1 i 6 3acTOCOBYEThCA
morapupMiuHe  MacmTaOyBaHHS  4Yepe3  HEepiBHOMIpHUHA
posnoin gaHux (Hampukiana, cratku Bif $0.7 mupa mgo $330
MIIpH). 3BaXKeHa cyma MmopiBHIOETheA 3 MeTonoM AHP (Analytic
Hierarchy Process) mis nepeBipku crabinbHOCTI peHTHHTIB [3].
Kopensniiinuii  ananiz IlipcoHa BUKOPHCTOBYETbCS IS
TIepeBipKH TIMOTe3 Mpo 3B’s30K E 3i cTaTkamMu Ta aKTHBHICTIO
(32 HEOOXI1THICTIO).

MATEMATUYHA MO/JIEJIb
Hexaii Ha BXiJ 101aFOTHCS CTATUCTHYHI 1aH1 BIAIIOBIIHO 10
BifmiOpanux ekcneptiB. Ha Buxomi oTpuMyeMo piBEHb
€KCIIePTHOCTI [T KOXKHOTO 3 eKCIIePTiB.
OcuoBHa popMyIa 3BaXKEHOI CyMH:
Ej =%l 0 x; (1)
ne Ej — pienn excnepTHOCTi 1y1s excniepta j = (1..4), w; —
Baru KpHTepiio i, cyma koTpux Oyne 1, x;; — HopmanisoBaHi
3HAYEHHsA KpHTepito { Juisi excriepra j. Barm BimoOpaxaioTh
MIPIOPUTETHICTh KPHUTEPIiB: IMyONiYHICTh i aKTUBHICTh MalOTh
OinpIy Bary uepes IXHii BIUIMB HA pUHKH [4].
Hopwamizanis s kputepiis 2-51 7:
Yij — min(y;;)

Y max(y;;) - min(y;j) @)
A€ Y;j — 3HaUYCHHS KPHUTEPIIO i AJIs eKCIepTa j.
s xpurepiiB 1 Ta 6, BAKOPHCTAEMO:
lg(yij) —min(lg(y;;))
Xij = (3)

max(lg(y;;)) — min(lg(v;j))
Jlorapudmiune MacmtabyBaHHSA 3MEHIITY€E AACTPOIIOPIIIIO,
Hanpukiam, Mk 200 miH 1 0.2 MITH MiITACHUKIB.
Jis KOXKHOTO eKcrepTa 31 3Ha4eHb PIiBHA EKCIIEPTHOCTI,
cknagemo Bubipky E = (E;..E,).
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Takox, BHKOpUCTOBYeEMO Kopemsiuito [lipcona (3a
HEOoOXi1THOCTI):
r= Z(xl]_x—L)(E]_E) (4)
\/Z(xij - X2 X(Ej- E)?
e X, E cepenHi 3HaueHHA. 3HaueHHs 1 > 0.7

miaTBepKye rimote3w (CHIIBHHE KOPEISIiHHHUNA 3B’SI30K 32
Koo Yemnoka).

3BakeHa cyMa oOpaHa dYepe3 MpPOCTOTY, IIBHIKICTh
obumciaenb 1 Jerkicte iHTerpamii B AYJICM s
NPOTHO3yBaHHA PHHKOBHMX TeHIeHUill [5]. Bona nozBomse
aJanTyBaTH Baru 3aJIKHO BiJ KOHTEKCTY, HalpUKIa,
MIBUIIATH W, U aHaJi3y KPUNTOBAIMIOTHUX TpeHnaiB. AHP,
SIKMI BAKOPHUCTOBYE TTapHE MOPIBHIHHS KpUTEPIiB, 3a0e3neuye
ORIy TOYHICTH TIpH Cy0’€KTHBHOMY BHOOPI Bar, ajre BUMarae
CKJIaTHIX OOYMCIICHB 1 MATPHIIi MOPIBHSAHB, IO 3HIKYE HOTO
MPaKTHYHICT, I  peadpHOro dYacy. TecryBamns AHP
MMOKA3aJI0 CXO0Xi PeUTHHTH, aje 3 BHUIIUMH BHTpaTaMH dacy,
TOMY 3Ba)keHa cyMa € Kpamioro 1t AYJICM.

3BakeHa cyma 3 JorapupMITHIM MacIITadyBaHHIM OOpaHa
4yepes:

1)

2)

31aTHICTh 0OPOOIIATH HEPIBHOMIPHI JaHi;
[Ipocrora oOuMcieHb, MO 3a0e3NeUnuTh HEOOXIIHY
LIBHJKICTB JUII PUHKOBOTO aHAIli3y;
3) T'HyukicTs y HajalITyBaHHi Bar [6].
Mani 3 X (mignucHuky, gonucy, aikun) Ta Forbes (cTaTkm)

3a0e3MedyroTh  JOCTOBIpHiICT. Mogens iHTerpoBaHa B
AYVJICM 1ns  OIiHKM BIUIMBY €KCIEPTIB Ha KypcH
KPHIITOBAIOT.

TIPUKJIAJT PO3PAXYHKY JIJI1 YMOBHUX EKCIIEPTIB
Juis memoHcTpamii poboTH MOAeni BUKOPHUCTAaHO YMOBHI
JaHi Js YMOBHHMX €KCIepTiB (HE peainbHi, Juiie s
iTrFOCTpartii).
BinmoBinHi 1iana3oHy 3HAYEHB TSI YOTHPHOX CKCIIEPTIB:

- y1;:0.2—-200 man, Lg(y,;): 5.3 -8.3;

- Yz;: 3~ 15 nonwucis;

- y3:0-1

- Y4 17 nommcis;

- Y5t 015

- Yej: 0.7-330 mapn, lg(ye;): 8.85-11.52;

- Y7;:5— 15 pokis.

Micns PO3paxyHKy HOPMaJTi30BaHUX 3HAYCHb

BHKOPHCTOBYIOUH popmyiH (2) Ta (3) MaeMo HACTYIIHI cepeHi
3HAYeHHd N0 KOXHOMY 3 KpurepiiB: X; = 0.9,X, =
0.583,x; = 1,x, = 0.667,%5 = 1,X5 = 0.692,x;, = 0.5

B pesynbrati, BpaxoByoun ¢opmyny (1), orpumanu
cepellHE 3HAUCHHS EKCIIEPTHOCTI /sl OOpaHMX YOTHPHOX
exkcrieptiB. E ~ 0.771, mo BKasye Ha BHCOKHil piBEHb
KOMITETEHTHOCT] INX YMOBHUX €KCIIEPTIB.

PE3VJIbTATU EKCIIEPUMEHTY

ExcrieppuMeHT TpoOBEINEeHO NS OIIHKH  eKCIIEPTHOCTI
YOTUPHOX (axiBIiB y cdepi KPUNTOBATIOT HA OCHOBI IXHBOL
AKTUBHOCTI B comianbHii Mepexi X 3a TikaeHs 13—19 koBTHS
2024 poxy. Mopens 3BaXeHOi CyMH, OITUCaHa B ITOTIEPETHBEOMY
pO3Miyi, 3acTocoBaHa 1O CEMH KpUTepiiB: IyOJiuHICTS,
aKTHBHICTh Yy X, HAJEXHICTh A0 PI3HUX IMpodeciiHuX Ki,
3B’S30K 13 KPUOTOBAIIOTAMH, HE3aJCKHICTh, (HiHAHCOBHIMA
ycmix, 1 gocBin y ¢iHaHcOBMX puHKax. s nemoHcrparii
BHKOPHCTaHO YMOBHI JIaHi, SIKi 1TIOCTPYIOTH pOOOTY Mojedi,
asie € e HaOMMKEHHAM JI0 pealbHUX 3HadeHb. PesynbraTn
MATBEPKYIOTh TIlTOTE3W MPO KOPEJAMil0 EeKCIIePTHOCTI 31
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CTaTKaMH Ta aKTUBHICTIO, @ TAKOXK MPAKTUYHY LIHHICTh MOJIEI
g AYJICM [1].

HaOnmxeHi aHi As eKCHepTiB:

1) Imon Mack: 200 muH mignucHUKiB, 15 momuciB Ha
TKAeHb, 1  (tex”osorii), 3  gmommcu  Tpo
kpunroBamory, | (Hesanexuuit), 330 mupa non.
CIIIA, 15 pokiB gocBify;

Maiixn Ceiinop: 3 MiH. mianucHUKIB, 10 gommciB Ha
TWKIeHb, | (iEBectumii), 5  mommciB  Tpo
KpUNTOBAMIOTH, | (HeszanexHwmit), 5 mupa mon. CIIA,
10 pokiB f0CBiY;

Pomxep Bep: 700 twc. mignmucHUKIB, 7 IONMUCIB Ha
TWKIeHb, 1| (kpunrooOMiH), 4 gomucu  TIpo
KpUNTOBaIOTH, | (He3anexuuit), 700 man nomn. CILA,
12 pokiB mocBiny;

Tim [peitnep: 200 THC. MigNHUCHMKIB, 3 JONUCH Ha
TIKAEHb, | (BeHUypHHMil Kamitan), | pgommc mpo
KkpunroBamoty, 2 mapy noi. CIIIA, 8 pokiB mocBimy.
BinmoBimHO [0 HaBeACHWX 3HAYEHbP MAaeMO HACTYIHI
Tiarma3oHu:

2)

3)

4)

1) Ily6miunicts: 0.2 — 200 MIIH MiANMHUCHUKIB;

2) AKTHBHICTB: 3 — 15 JOIMNCIB Ha THXX/IEHD;

3) Tlpodeciiire xomo: 1 (GiHapHMil MOKa3HWK);

4) 3B’S30K 3 KPUNTOBAIOTOK: 1 — 5 JOMHCIB PO
KPHIITOBATIOTY 32 THXK/ICHb;

5) HesanexHicTs: 1 (GiHapHHUIT TTOKA3HUK);

6) Crarku: 0.7 — 330 mupx moi. CIIA,;

7) Hocein: 8 — 15 pokiB gocBiny y (piHAHCOBUX PUHKAX.

Bukonyroun HopMmaiizaniro 3HaueHb 3a ¢opmynamu (1) i
(2), a Takox micis pPO3paxyHKy EKCIEPTHOCTI OTPHUMYEMO
BIJIIOBiTHI pe3ynbTaTH B Ta0I. 1

Tabmmms 1
HopwmanizoBaHi 3HaueHHS Ta piBeHb EKCIIEPTHOCTI
PiBenn
Excme Kpurepii €KCIIePTH
pT 0oCT1
X1 | X2 | X3| X4 | X5| X | X7 E
Lton 1 1 1 (051 1 1 0.925
Mack
Maiikn 03 | 05 1 1 110302 0.574
Ceitnop 93 83 18 86
Pomxep | 0.1 | 0.3 1 (071 0 05 0.337
Bep 83 33 5 71
Tim 0 0 1 0 1] 01 0 0.125
Jpeiine 69
p

Taxox nepeBipruMoO TinoTe3y NMpo Kopessiito E 31 ctatkamu Ta
aKTUBHICTIO 32 QopmyIoro (4) i OTpEMaEMO B pe3yJbTaTi I =
0.92 pnst cratkiB, ¥ = 0.85 I aKTUBHOCTI, 1110 MiTBEPKYE
rimoresu [2].

Pines

SKCNOETHOCT

Aeaban oy,

Puc. 1. PiBeHb eKIEpTHOCTI.
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Imon Mack Mae HaWBHUITUE pPiBEHb EKCIIEPTHOCTI dYepes
JIZIEPCTBO B IMyOJIIYHOCTI Ta cTaTKax, Toi sk Tim [peiinep mae
HaWHIDKYME ~ 4Yepe3  HU3bKY  aKTHBHICTb.  PesyibraTn
HiATBEPIKYIOTh, IO MOAEIH €(DEKTHBHO PaH)KY€E EKCIIEpPTIB, a
BHCOKI KOpeJsii 31 CTaTKaMu Ta aKTHBHICTIO BKa3ylOTh Ha ii
HanmiiHicTh [3]. Mopmens inTerpoBana B AYIACM mis
MIPOTHO3YBAaHHS BIUIMBY JIONHUCIB HAa KPHUINTOPHUHKH, IO
KOPHCHO IS iHBecTOpiB [4].

BUCHOBKH

Po3pobmeHo  MaTemaTHdHy ~ MOAENh AN OLIHKHU
eKCIepTHOCTI PaxiBiLiB y cepi KPUITOBAIIOT HA OCHOBI IXHBOT
AKTUBHOCTI B COIiaJbHIH Mepexki X, IO IHTErpyeThCsS B
AVJICM jus  aHamizy pHHKOBMX TeHAeHHid. Mojenb
0a3yeThcs HA CEMH KPHUTEPISX: MyOJiYHICTh, aKTUBHICTD ¥ X,
HAJIOKHICTh O PpI3HUX mnpodeciiHuX Kin, 3B’S30K i3
KPUTITOBATIOTAMH, HE3aJICKHICTh, PIHAHCOBUH YCITiX 1 JOCBIT Y
¢iHaHCOBUX  pUHKax. EKCepUMEHT, TpoBeICHWH i3
JIEMOHCTPAIIHHUME JaHUMU 33 TIKACHb 13—19 xoBTHs 2024
POKy, TiATBEepIUB e(QEKTHBHICTE MOJENi Ta i HMPaKTHIHY
LIHHICTB.

ExcniepuMeHTansHi pe3ysnbTaTH IOKa3aid, [0 MOAETb
3BaXCHOI CyMH JO03BOJISIE KUIBKICHO OLIIHUTH €KCHEPTHICTH y
miamasoni Bim O mo 1, cTBOprOOYM OO’€KTHBHI peHTHHTH
¢daxiBmiB. s YOTHPHOX EKCIEPTIB OTPUMAHO piBHI
excneptHocti: 0.925, 0.574, 0.337 i 0.125. HaiiBumuit
noka3HuK (0.925) mocsArHyTO 3aBISIKH JIAEPCTBY B KUIBKOCTI
migmucHUKiB (200 muH) 1 crartkax (330 mupx mon.), Tomi SIK
HaiHwkuni (0.125) moscHIOEThCS HHU3BKOIO akTHUBHICTIO (3
JOTIMCH/THXIEHb) 1 MEHIINMHU (piHAHCOBUMH TTOKa3HUKaMH (2
miIpa  gon.). KopensuiiiHuid aHami3 MiATBEPAUB CHIBHHA
3B’30K MIDXK eKkcrmepTHicTio Ta cratkamu (r = 0.92) i
aktuBHicTIO 7 = 0.85), MmO Yy3romKyeThCsl 3 TillOTE3aMHU
nociimxerHs. i pe3ynbraT cBiqUaTh PO 3AATHICTH MOJENI
TOYHO PpAH)XyBaTH €KCIEpPTiB, BpaxOBYIOUM IX piBEHb
€KCIePTHOCTI.

[To3uTHBHI aceKTH MOAENI BKJIIOYAIOTh KiIbKa KIIFOUOBUX
MomeHTiB. [lo-mepmie, BoHa 3abe3medye 00 €KTUBHICTH
3aBJSIKM BHUKOPHCTaHHIO KUIBKICHMX METPHK, TaKHX SIK
KUTBKICTh JONHCIB TPO KPUNOTOBAIIOTH Ta 3allydeHICTh
ayaMTopii, o ycyBae Cy0’ €KTHBHICTh TPaAMILIHHUX METO/IB
OWIHKH, TaKWX sK pemyTamis uwm pgocsig. Ilo-mpyre,
norapuMiuHe MaciITaOyBaHHS ISl MIANMUCHUKIB 1 CTaTKiB
JO3BOJSIE  KOPEKTHO  OOpoONSATH  HEpIBHOMIpHI  JaHi,
3a0e3Meuyrouy ClpaBeJIBe MOPIBHIHHS €KCIIEPTIB i3 pI3HUMHU
MacmrabamMu BIUIMBY. Ilo-TpeTe, MOAENbh € THYUKOIO: Baru
KpUTEpIiB MOXKHA aJanTyBaTH 3aJIe)KHO BiJ] KOHTEKCTY,
HaNpHKJIaJ, MBUIIUTH Bary AOIHKCIB PO KPUNTOBATIOTH AJIS
aHaiizy pHUHKOBHMX TpeHziB. [lo-uerBepre, iHTErpauis B
AYJCM  posmuproe ii  3aCTOCYBaHHS,  JI0O3BOJISIIOUYH
NPOTHO3YBaTH BIUIMB JIONKCIB HA KYpPCH KPUITOBAJIIOT, IO €
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IIHHAM JJIs iHBECTOpiB 1 aHamITHYHMX miaTdopM. Haperri,
IIPOCTOTA 3BAXKEHOI CyMH 3a0e3neuye MBHAKI 00UNCIICHHS, 110
BOXJIMBO JUIi PEalbHOrO0 dYacy B JAWHAMIYHUX PHHKOBUX
YMOBax.

OOMeXeHHS MOJENi HOCATh 3arajbHHUi XapakTep. BoHH
3aJIeXarh BiJ IOCTYITHOCTI TOYHUX JAHMX i3 X, 10 MOXe OyTH
ycKiagHeHo depe3 oomexenHs APl un mpuBatHicTh mpodimiB.
Taxo MOzeJIb CIUPA€EThCs Ha MPUITYIIEHHS ITPO HE3aJIeKHICTh
eKCIePTiB, II0 BaXXKO MEPEBIPUTH B MOBHOMY 00csa3i. Kpim
TOTO, OIIIHKa JOCBiAYy CIpOIIEHAa Yepe3 BUKOPHUCTAHHS POKIB
y4acTi B pUHKAX, [0 HE BPaXOBYE SIKICHUX aCIEKTiB.

Pe3ynbraTi €KCIIEPUMEHTY IE€MOHCTPYIOTh, IO MOJEIb
e(eKTUBHO iZeHTH(IKy€e BIUIMBOBHX EKCIIEPTIB, YHi IOMUCH
HMOBIPHO BIUIMBAIOTh Ha PUHKH, IO MiATBEPIXKYE 11 LIHHICTH
s AYJICM. Bucoki MOKa3HUKH KOPEISAIil MiAKPECITIOTh
HATIHHICTH MOJENi, a ii THyYKiCTb i TIpocToTa poOIATH ii
YHIBEpCATEHUM 1HCTPYMEHTOM JJIS PaH)KyBaHHS (axiBINB i
MIPOTHO3YBAHHS pPUHKOBHX TEHACHIIIH ¥ cpepi KpUITOBAIIOT.
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Abstract. The paper presents a mathematical model for order formation that takes into account both the cost and reliability of suppliers.
A prototype of an information system has been developed to automate supplier and product assortment management
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Anomauyia. Y po0OTi po3risiHyTO MaTeMaTHYHY MoJeab (op-
MYBaHHS 3aMOBJIeHb 3 YPaXyBaHHSAM BapTocTi Ta HaiiiHoCTi moc-
TayaJabHUKiB. PeanizoBano mpororun indopmamiiinoi cucremm,
LI0 ABTOMATH3Y€E YNPABJIiHHA NOCTAYAILHUKAMH Ta TOBAPHUM
aCOPTHMEHTOM.

Knruoei cnosa: 3a0aua onmumizayii, ananiz 0aHux, npUIHAMMmMa
piwens, ERP cucmema, mamemamuuna mooens.

Beryn

VY cyyacHux ymoBax nupoBoi Tpanchopmariii Ta rirodai-
3aii JIAHITIOTiB TIOCTadYaHHA e(PeKTHBHA B3aEMOJIS 3 TIOCTava-
JIBHUKaMH € KPUTHYHO BayKJIMBOIO JJIsl cTabinbHOI Ta Oe3nepe-
6iitHO1 poboTn mianpueMcTs [1]. [TopyimeHHs TepMiHiB OCTa-
YaHHS, HEBIINOBITHICTh SKOCTI TOBApiB Ta JIOJCHKUHN (pakTop
mig yac GOpMyBaHHS 3aMOBJICHb NMPU3BOIATH 1O (hiHAHCOBUX
BTpAaT i 3001B Y BUPOOHUIITBI.

i BUpimIeHHS 3a3HAYCHHUX MPOOIIEM yce IUPIIE BIPOBa-
JUKYIOTBhCSI 1H(OpMAaLIiiiHI CUCTEMH YIPaBIIiHHS 3aKyMiBJISIMH,
interpoBani 3 ERP-pimiennsamu, wmoxynsimu — Business
Intelligence, aHamiTHYHUME TaHesIME [2]. Y Takux crcTemMax
Ba)XXJIMBOIO CKJI3JI0BOIO CTa€ MaTeMaTHYHE MOJICIIIOBAHHS, SIKE
JI03BOJISIE ONITUMI3YBaTH PO3MOILI 3aMOBJIEHb MIX I1OCTa4allb-
HUKaMU 3 ypaxyBaHHSIM BapToOCTi, 0OMeXeHb 1 HaiiiHocTi. Me-
TOIO IIi€1 poOOTH € MOOYAOBa MaTEMAaTHIHOT MOJIEI ONITHMAaIIb-
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HOTO (hOpMyBaHHS 3aMOBJICHb Ha MPOAYKIIIIO Ta peaizarlis iH-
(dopmaniitHoi cucTeMu, sika MIATPUMYE Liei Tpolec i aBToMa-
TU3Y€E YIPABITIHHA B3aEMO/IEI0 3 TOCTaYaIbHUKAMH.

MATEMATHUYHA MOJIEJIb
st ontumizanii nporecy GopMyBaHHS 3aMOBIIEHb MiX Ki-
JIbKOMa MOCTavyaJIbHUKaMH 3aIIpOTIOHOBAHO MOJIENb PO3IIOALITY
00csTiB MPOYKIIii, IKa JJO3BOJISIE MiHIMI3yBaTH BUTPATH ITiJII-
pHEMCTBA Ta OJJHOYACHO BPaXOBYE HAIIMHICTH MOCTadyaJIbHH-
KiB. Monens mo0OymoBaHa y BUTIIAI 3a7a4i JIIHIHHOTO Tporpa-
MYBaHHS 3 IBOMa KPUTEPisIMA: BAPTICTIO 3aKyTiBIIi Ta HaIiliHi-
CTIO TIOCTABOK.
Y Mexkax MOAeli po3risaaloThCsl MHOKHHU:
e nponykuii Ay, 4y,..., Ay
®  TIOCTAaYaNbHHKIB Py, Py,..., By,
Mertoro € 3HalTH TaKUH PO3MOILN 3aMOBJIEHD Xjj, 3 SKOTO:
e  Oyze 3a0e3Me4eHo MOBHE MOKPHUTTS MOTPEO y MPOIyK-
it
e He OyJe NepeBHIIEHO NOCTAYaTbHUIIBKAX MOXIIUBOC-
Tel
e  Oyze IOCATHYTO KOMIIPOMIC MK MiHIMi3aIli€lo BapTo-
CTl 11 MAaKCHMI3aI[i€r0 HaIHHOCTI.
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Tlo3nauenHs:

Cij— BapTiCTh OAMHMII TPOAYKUIl Aj y mocTadaib-

HUKa P
Bj; — MakCHMMalbHO MOXKIIMBUN 00CST MOCTa4aHHs
Rjj € [0;1] — xoedimient naziitnocTi
Xij — OOCAT MPOAYKIIIL, 110 3aMOBIAETbCS Y P
S — HEOOXIiHUI 3arajbHUNA 00CST IPOITYKITT A;
Monenb BKITFOYA€ NIBi IIUTHOBI PYHKITIT:
MiHimi3arliist BUTpAT:

m n
Feost = ZZ Cij * x5

i=1 j=1
Maxcumizaris HagiiHHOCTI TOCTAYaHHS:
m

n
Fretiabitity = Z Ryj* xi;
i=1 j=1
OOMeXEeHHS:
MOKPHUTTS OTPeO:
m

inj = Sj, V]

i=1
OOMEXEeHHSI IO MOTYKHOCTSX:
xl-j < Bij , Vl,]
HEBIL €EMHICTBD:
xij >0
Jliis moenHaHHS 000X KPUTEPIIB Y €AMHY (DYHKIIFO BUKOPHU-
CTOBYETHCS 3BXCHUH MIIXi[:
Frotm = @ * Feoge — (1 — @) * Freliability
ne o € [0;1] — BaroBuii koe(ilieHT, MO BH3HAYAE
MPIOPHUTET MiX LIHOO Ta HaiitHiCTIO [3].
e gKmo o=1, onTUMi3alis BUKOHYETHCS JIUIIE 33 KpH-
TEpieEM BapTOCTi;
e skmo 0=0, ypaxoByeThCs JIMIIE HAIIHHICTD IOCTa-
YaJIbHHKIB;
e sxmo 0=0.5, oOunBa KpuTepii BpaxoBYIOTHCS PiBHO-
3HAYHO.

TTPOI'PAMHA PEAJII3ALIS IHOOPMALIITHOI CUCTEMUA
[Iporpamua peamizarmiss Momemi 3MIHCHIOETBCS Y BHUIIISAII
BeO-3acTocyHKy. Ha moTouyHOMYy eTarri peaxizoBaHo 0a30By 4a-
cTHHY iH(opMaLiitHOT cUCTEMH, SIKa BKIIIOYAE:
. Mopnysp mocTadaabHUKIB — CTBOPEHHS Ta penary-
BaHHS JIaHUX MPO MOCTAYaIbHUKIB, BUOip mpoaykiii (puc. 1);
. Moyns IpOIyKTiB — OOIIK aCOPTUMEHTY Ha CKIIai

Updte Eanhly roduce Co, supple
_— y "

Info

Puc. 1. ®opma pegaryBanHs MocTayajbHUKA 3 TPUB'I3KOI0

. Update Earthly Produce Co. suppliec

info

Puc. 2. Tabmuus o0Omiky ToBapiB Ha CKIani

3 BKa3aHHAM OJUHHIG BUMIpY (pHuC. 2).

Iaon  momymi, 30kpemMa  (OpMyBaHHS  3aMOBJIEHb,
MpUiMaHHS TOBapiB, KOHTPOJHh SKOCTI Ta AaHATITHYHA
3BITHICTH, Hapa3i nepeOyBalOTh Ha CTajii NMPOEKTYBaHHS Ta
OyayTh peaizoBaHi B HACTYIHUX ITEPAIlisiX PO3POOKH

VY mtaHax Takox po3poOKa MOYJIS OLIHKH ITOCTadyaJIbHUKIB
3a KIro9oBUMH moka3Hukamu epexTuBHOCTI (KPI), 30kpema 3a
TepMiHaMH BHWKOHAHHS 3aMOBIICHBb, KUTBKICTIO peKIaMariiii,
cTabinpHiCTIO WiH Tomo. OKpiM IHOTO, IIepeadavyeHa iHTerpa-
uis 3 ERP-cucremamu, Takumu sik SAP, s cuaxpoHizanmii qa-
HUX TpO 3amacy, piHaHCH Ta JOTIiCTUKY [4].

BHCHOBKM

3amnpornoHoBaHa MareMaTH4YHa MOJENb J03BOJISIE  Oll-
TUMI3yBaTH Tpoliec (JOpMyBaHHS 3aMOBIICHb i3 ypaxyBaHHSIM
BapTOCTI Ta HAAIMHOCTI MOCTaYaIbHUKIB. PeanizoBana iH(pop-
MaIliifHa cucTeMa aBTOMaTH3y€e KIFOUOBi Oi3HEC-TIPOIIECH B PO-
00Ti 3 TMOCTa4aJbHUKAMH, IIJIBUILYE OINEPATHBHICTH MpUii-
HATTS PillIeHb Ta 3HIKYE PU3HUKH JOTiICTHIHUX 3001B.

[Nomaneimmii po3BHTOK poOOTH Nepenbdadyae BIPOBAIKSHHS
AITOPUTMIB ONITHMI3alii Ha OCHOBI Ii€i MO, BHKOPHUCTAHHS
IHTETIEKTYaIbHOTO aHANI3y JaHUX JJIS OLIHKW PU3HKIB 1 TOBHY
iHTeTpaIio 3 iHpOopMAaIiHHOI 1HPPACTPYKTYPOIO IMiAIpPUEM-
CTBa.
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Multifactor Model for Propaganda Detection in
Conditions of Information Warfare
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Abstract. The paper presents a multifactor model for the detection of propaganda in the context of information warfare.
The model integrates data mining techniques and machine learning algorithms to evaluate the likelihood of
propagandistic content in textual data. It addresses the complexity and adaptability of modern disinformation strategies
by incorporating multiple linguistic, semantic, and emotional indicators. A prototype system has been developed to
automate the analysis of online content, enabling more efficient identification and filtering of potentially harmful

information.

Keywords: propaganda detection, information warfare, data mining, machine learning, text analysis, multifactor model.
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Anomayis. Y poOOTi mpeacTaBjeHO 0araTopakTopHy
MoO/ieJIb BUSIBJICHHS MPoONAaraniu B yMoBax iHopmauiiinoi
Bilinn. Moaeab TIO€IHYE MeTOAM IHTeNeKTyaJbHOIo
aHaJi3y AaHUX TA aJTOPUTMH MAIIMHHOTO HABYAHHS /IS
OIiHKH HMOBIPHOCTI NPONMAraHIMCTCHKOr0 XapaKTepy
TEeKCTOBOI0 KOHTeHTy. BoHa BpaxoBye CKJIaAHiCTB i
aJaNTHBHICTL  CYyYaCHHUX  crTparerid  naesindopmanii
HLJISIXOM BHKOPHCTAHHS HH3KH JIHTBiCTHYHHX,
CeMaHTHYHUX Ta eMOUilHUX 03HAaK. Po3po0JieHo mpoToTHI
CHCTeMH, 10 ABTOMATHU3YE aHAJI3 OHJIAliH-KOHTEHTY Ta
3a0e3neuye edexTuBHie BHABJeHHA | dinbTpaniio
NoTeHUiitHO mKixIuBoi ingopmamii.

Knwuosi cnosa: usae1enns nponazanou, ingpopmayinna eii-
Ha, iHmeneKmyanbHuil aHaniz OaHUX, MawuHHe HaAGUAHH,
ananiz mexcmy, 6azamogaxmopna mooens.

Bcrvin

VY cBiti moBHOMacmTabHOI arpecii Pociiicekoi ®enepartii
mpoTH YKpaiHu, muTaHHSA iHpopMamiiHOi Oe3mekn Halyso
crpareriynoi Baru. IHdopmaniiina BiiiHa, SK CKJIaJ0Ba
riopuaHoi arpecii, cHpsMOBaHAa Ha CBIIOMICTh TPOMAasH,
(hopMyBaHHS MaHIMYJATUBHUX HaApaTHBIB, JeMOpai3aliio
CYCIHIJIbCTBA Ta MiZPUB JOBIPHU JI0 A€P’KAaBHUX IHCTUTYLIH.

OnHUM 3 KIIIOYOBHMX IHCTPYMEHTIB € TporaraHjga —
CHCTEeMaTH4YHE TMOIIMPEHHS IOBIJOMJIEHb, 0 MICTSTh
eMOILIIHHO 3a0apBlicHi OIMIHKH, MAaHINYJSITHBHI 3aKJIHKH,
BUKPHBJICHI (QaKTH Ta TpUTepHi popMysroBaHHsI[2].
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Oco0suBy 3arpo3y CTaHOBHUTH IM(pOBa MpoIaraHaa, Io
MOUIMPIOETHCS Yepe3 COLiaIbHI MEepekKi, MECEHIDKEPH Ta 1HIII
iHpopMaIlliiHi aTGopmMu, 3 BUCOKOIO IBH/KICTIO, aHOHIMHO
Ta Oe3koHTposbHO[3]. TpanmuniiiHi METOAM  BUSBICHHS
nesindopmanii BUABMIMCS MaloeEeKTHBHUMH B yMOBax
3pOCTAI0Y0] CKIaJHOCTI KOHTEHTY.

VY 3B’513Ky 3 UM 3aIpOIIOHOBAHO OaraToakTopHy MOJAEITb
aBTOMAaTH30BAaHOTO BHSBJICHHS TIPOIAraHy, IO IOETHYE
METOIH IHTENEKTYaIbHOTO aHalmizy nammx (data mining) Ta
MAaIIMHHOTO HaBYaHHS, 3 METOIO OI[iHKK HMOBIPHOCTI Ipoma-
TaHANCTCHKOTO XapaKTepy TEKCTOBOTO TOBiToMIIeHHs[4].

Oonc MOJIEI

Bxioni napamempu:
|I. T — TeKCT MOBiIOMIICHHS,

Il. H— 3aroJyioBoK;
I1l.S — mxepeno myOmikarii.

Buxionuii napamemp:

I. Total Score (TS) — iHTerpagpHa  OIiHKA
mponaraHAuCTCbLKOro HaBaHTaXXCHHA, 1o
PO3PaxoBYETLCA 3a (POPMYJIOIO:

TS=i=1310wi-Pi

ne:

I. Pig[0;1] — Hopmani3oBaHe 3HaYCHHS i-r0O MapaMeTpa;
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I1. wi€[0;1] — BaroBwuii koedirlieHT i-ro mapamerpa.

Oyintosani napamempu:

Ne  Tlo3HaueHHA HasBa nokasnuka
1 Pl CeHTHUMEHT-aHaTi3
2 P2 TpurepHi cioBa
3 P3 IIpoctoTa TekcTy
4 P4 HaniitaicTs mxepena
5 P5 Tpurepni TeMu
6 P6 KnikGeiTHUIT 3aroI0BoK
7 P7 Cy0’€eKTHBHICTh
8 P8 3aKiuK 1o aii
9 P9 [ToBTOproBaHi Te3n
10 P10 [ToBTOpIOBaHI TEKCTH Y JUKEpEi
Pospaxynox sazosux xoegiyienmis.
wi=Yj=110fjfi
ae:

I. fi — wacTka Bumazkis, komu Pi>0.3, cepen ycix TEKCTIB
y BHOIp1Ii.

I1e mo3BoJIsiE€ aanTUBHO BPaXOBYBATH PEJICBAHTHICTh
KOXKHOTO TTapaMeTpy Ha OCHOBI eMITIpHYHMX AaHuX|[1].

Inmepnpemayis noxasuuxa Total Score:
3nauenns TS [HTepnperarnis

<0.1 BincyTHi 03HaKu nponaraHau
0.1-0.2 Hu3bkwii piBeHb

0.2-0.3 [TomiTHn# piBeHB

0.3-0.5 ITomipHuit piBeHb

0.5-0.7 Bucokuii piBeHb

>0.7 BenbMu BUCOKHIA PiBCHD

3unauenns TS > 0.3 € noporosuMm i noTpedye riImodIIOro
aHawizy.

PE3VIILTATU EKCIEPUMEHTY

3 wMeroto anpobanii  edekTBHOCTI OaraTodakTopHOT
MOJIeNi  BUSIBJICHHS  OpomaraHad  Oyjino  MPOBEACHO
eKCIIepUMEHTAJIbHE  JOCHI/KCHHS, B  paMKax  SKOro
npoaHayizoBaHo 10 TEKCTOBUX IOBiOMIICHbB, BifiOpaHHX 3a
MPUHIAIIOM PI3HOMaHITHOCTI MPOTAaraHAuCTCHKOro
HaBaHTaXeHHS. Jlo BHOIpKM yBIMOUIM SK TEKCTH, WO €
3pa3KaMH BIJKPHTOI TIONITHYHOI mpomaranau (30Kpema,
myOigHI BUCTYIIH TOTATITAPHUX JIACPIB), TaK 1 HEUTpaIbHi 3a
3MICTOM MaTepiald HayKOBO-TIOMYJIIPHOTO Ta OCBITHBOTO
xapakrepy. OliHKa TPOBOAMIACS UUISIXOM OOYHCIICHHS
iHTerpampHOrO mMOKasHuWka total score, sxwuit BimoOpaxae
piBeHb IIMOBIPHOT MPOMAraHAUCTCHKOT HACHYEHOCT] TEKCTY.
st Bi3yasibHOT iHTEpHpeTanii pe3ysibTaris 3 Tabi. 1 kia-
cudikyBacs 3a MIKAJOKO:
3esennii: total score < 0.3 — TekcTtu 6e3 03HAK MPOMAraHIH
a00 3 HE3HAYHUM BIUTHBOM
KosTuii: 0.3 < total score < 0.5 — nomipHuii piBeHb npora-
raHau
Yepsonuii: total score > 0.5 — BUCOKHIA Ta BEbMH BHCOKHit
PpiBeHB Mpomaranan
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Tabmuns 1

Hazpa otal score Iocnnanns
nmoBigOMJIEHHS
3BepHEHHS ITyTiHA
ino I'enepanbHOi
|Acambiel mepen
oromomennsiMm CBO
3BepHeHHs Ema-
Hyenst MakpoHa npo
cTpaTeriyae 6adcH-
Hsa €Bponu
ITpomoBa Tpamna

i gac pamti 2020
poky y Tymsi

Odimiitamii cait

https://www.rfi.fr/uk

https://www.rev.co
m/transcripts/donald

speech-transcript

https://www.rev.co
m/blog/transcripts/d
onald-trump-speech-
save-america-rally-
ranscript-january-6
https://alphahistory.
com/nazigermany/hi
ler-declaration-of-

I[TpomoBa Tpamna
iz gac pamt 2020
[POKY TIepe/T 3aKiH-
YCHHSIM ITiIPaxXyHKY
TOJIOCIB

3BepaeHHs ['iTiiepa
imo Hamii (1 BepecHs
1939 poxy)

ITpomosa I'itiepa
Ha CriopTnanari

BeenenHs 10 aiiHOT
reomeTpii

Marist MaTeEMaTHKA

JTocImiKeHHS https://www.noaa.go
OKeaHiB /education/resource,
-collections/ocean-
coasts/ocean-
exploration
BupomryBaHHs https://www.nifa.us
OyK da.gov/topic/apple-
’ﬂ production

AmHani3 gaHux 3 Tabn 1. MOKa3aB YiTKy KOPEIHIII0 MiX
TEeMaTHYHUM 3MICTOM TEKCTiB 1 piBHEM BHUSBJICHOTO
NpONaraHANCTCHKOro BINIMBY. Tak, yci NOBIZOMIICHHS, LIO
MICTSTh TIONITUYHY PUTOPHUKY 3 €IEMEHTaMHU iJeOTOTigHOTO
HaBaHTaxeHHs1 (Buctynu Ilyrina, Tpamma, [itnepa), Oynu
KJIacu(piKoBaHi SIK BUCOKOIPOIAraHAUCTChKI (U€pPBOHA 30HA),
IO MiATBEP/DKYEThCS BUCOKMMH MMOKa3HUKamu total score y
Mexax Big 0.61 mo 0.78. Lle cBimUUTH MpO 3MaTHICTH MOJECII
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(ikcyBaTH MaHINMyISTHBHI CTPYKTYPH, Taki SIK amessis 10
CTpaxy, HaB’s13yBaHHs JUXOTOMIMH, BUKOPHCTaHHS
KaTerOpUYHUX CY/DKEHb Ta IHII PHUTOPHYHI TNpHHOMH,
XapakTepHi JUIs IpoTaraHiu.

BopHowyac TekcTM 3 HAyKOBO-NIOMYJISIPHHX —PpECypCiB,
MPUCBSAYCHI TEMaM OCBITH, JOCHIIDKEHb 1 MmMOOyTOBOL
inpopmamii  (mampukianm, —«Marigs =~ MaTeMaTHKW»  9d
«BupomryBanHs sS01yK»), CTaOUTBPHO MOTPAILIIIOTE y 3€ICHY
30HY ixHi mokazHuUKM He mnepeBumyots 0.25. Ile
JEMOHCTPY€ 3[aTHICTh MOJENi irHOpyBaTH iH(OpMaIlifo, sKa
HE HECe 1IeO0JIOTIYHOTO UM MAHINyJISATHBHOTO IiITEKCTY, II0
BOXJIMBO JJISl 3MEHIICHHS KUIBKOCTI XHMOHOIO3UTHBHUX
Ppe3yJIbTaTiB.

Oco0aMBYy yBary 3aciyroBYIOTb TEKCTH 3 JKOBTOI 30HHU
(Hanpuknaza, BUCTYNT MakpoHa), sIKi BiI3HAYAIOThCS OMIPHUM
piBHeM total score. BoHu, sk mpaBmiIO, MICTATH €JIEMEHTH
CTPaTEriYHoOro Y MOJITUYHOTO JTHCKYpCY, ale IMOJA0ThCS B
OimpII HEHTpaNbHOMY Ta palioHami3oBaHoMy ToHI. Ile
CBIIYUTH TPO UYTIUBICTH MOJETI MO BiATIHKIB TOJMITHIHOT
KOMYHiKalii, IO3BOJSIIOYM HE JIMIIE BHUSBIATH BiIBEPTY
MpOTarafay, a i quQepeHIiroBaTH MPOMIXKHI BHTIAKH.

TakuMm 4YHHOM, pe3yJNbTaTH MiATBEPHXKYIOTH 3IATHICTH
MoJedi HE JUIIe MIPaBUIILHO ineHTH(iKyBaTH
BUCOKOITPOIIAaraHIMCTChKI TEKCTH, a i e()eKTHUBHO PO3PI3HITH
CTYMiHb TNPONAraHMCTCbKOI HACHMYEHOCTI MoBimoMieHb. lle
BIJJKPUBAE MOXKJIMBOCTI JJIsI ii BHUKOPHUCTaHHS y CHCTEMax
ToTIepeIHBOro  (DUIBTPYBaHHS KOHTEHTY B iH(OpMamiiHUX
MPOCTOPAX, A€ BAXKIUBO 30epiratu OaJlaHC MiX BHSBICHHSIM
LIKiJUTHBOTO BIUTUBY Ta 30epeKEHHAM CBOOOIH CIIOBA.

BUCHOBKU

PesynbraTi TPOBENEHOTO EKCIIEPUMEHTY IEPEKOHIINBO
JEMOHCTPYIOTh 3[IaTHICTH 3alPONOHOBaHOi OaraTodakTopHOi
MOJIENi 3 BUCOKHM CTYTIEHEM JOCTOBIPHOCTI TU(EPEHITIIOBAaTH
TEeKCTH 3a pIiBHEM IPOMAraHANCTCHKOTO BIUIMBY. AHami3
NOKa3aB, M0 MOJIeTIb e(QEKTUBHO pO3Mi3Hae 30i7bLICHY
KOHL[CHTpaHi}O nmponaraH AIMCTCbKUX eHeMeHTiB Yy npomMoBax
NONITUYHUX  JIiAEepiB, SAKI  9acTO  MICTATh  O3HAKH
MaHIIyJISITUBHOTO IUCKYPCY Ta IIECIPSIMOBAHOTO BIUIUBY Ha
ayauTopiro. BogHouac cucrema 1eMOHCTpYE CTaOlIbHO HU3BKI
MOKa3HUKM total score mpu aHaizi HEUTPAILHUX HAYKOBO-
TIOITYJISIPHUX TEKCTiB, IO CBIMYMTH IPO ii 37aTHICTh YHUKATH
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XMOHOMO3UTUBHHUX pe3yibTaTiB. lle Bka3zye Ha BUCOKHIA pi-
BEHb TOYHOCTI Kiacudikaulii Ta peJeBaHTHOCTI BH3HAYEHUX
KPHUTEPIiB OI[IHIOBAHHS.

3acTocyBaHHS  JUHAMIYHOTO  QJITOPUTMY  BaroBUX
KoedilieHTiB 3abe3nedye BHUHITKOBY T'HYYKICTh CHCTEMH,
JIO3BOJISIIOYM 1M ajanTyBaTUCs [0 IIMPOKOTO CHEKTpa
CTWJIICTUYHHX, JKAHPOBHX Ta TEMAaTHYHHX OCOOIMBOCTEH
TekcTiB. Takuif WiAXix 3HAYHOIO  MIPOIO  ITIBHIIYE
e(pexTUBHICTE pOOOTH MoaeTi B yMOBaXx peambHOTO
iHpOpMaLiHHOTO CepeNoBHINa, O€ XapaKTep IOBiIOMIIECHB
MOJKE BapiloOBaTHCS 3aJIe)KHO BiJ JDKepena, KOHTEKCTy Ta
LILOBOT ayauTOpii. OTtpumaHi eMITIpHYHI JaHi
MiATBEPKYIOTh HE JIMIIE HAyKOBY OOIPYHTOBaHICTh Ta
JIOTIYHY CTPYHKICTh 3amlpOMOHOBAHOI Mojedi, ame W 11
MPaKTHYHY NPUAATHICTH 1O TIONEPEIHbOI aBTOMAaTH30BaHOL
¢utpTpanii KOHTEHTY 3 03HaKamu nporarannu. lle BigkpuBae
MEepCIeKTUBH ii TOAAIBLIOTO0 PO3BUTKY, BJIOCKOHAIECHHS
TOYHOCTI Ta IHTETpalii y KOMIUICKCHI CHCTeMH iHpOopMamiiHOl
Oe3nmekn B yMoOBax TiOpWAHOT BIHHM Ta TIOMIMPECHHS
ne3iHgopmarii.
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Abstract. The paper considers a system for short-term job search,
which aims to improve the interaction between employees seeking
temporary employment and employers. It is proposed to use the rank-
ing of vacancies to personalize the search using a weighted convolu-
tion of criteria. An interactive map has been added to visualize job
offers, which allows users to plan their time more efficiently and keep
track of vacancies even within their own neighborhood.

Keywords: short-term job, job search, ranking, interactive map,
Multiple Attribute Decision Making Methods.

INTRODUCTION

The demand for short-term employment is steadily increas-
ing in today’s socio-economic conditions [1], both among
workers and employers. There are several reasons for this trend.
Primarily, individuals seek to maintain control over their work
schedules. They prefer flexible hours that enable them to bal-
ance employment with other activities. This category includes
students who need to combine work with studies, individuals
who have lost their primary source of income and are seeking
new opportunities, and those who require an additional income
stream, among others.

On the other hand, employers are often in need of quickly
filling positions for temporary tasks. Services such as repair as-
sistance, event coordination, or seasonal agricultural work are
among the most common areas of short-term employment [2].

Most existing job search platforms primarily focus on long-
term employment. This creates a gap for users interested in
quickly and conveniently finding short-term jobs that meet their
personal preferences, and for employers who need to hire work-
ers for temporary tasks within a short time frame.

This paper presents the concept of the system for short-term
job search, integrated with geolocation functionality, which al-
lows job seekers and employers to interact efficiently. A key
feature of the system is a vacancy map that visualizes available
jobs based on geographic proximity, which is a crucial aspect
of job accessibility [3]. Additionally, job listings are ranked ac-
cording to specific criteria to personalize and accelerate the job
search process.

REVIEW OF EXISTING SOLUTIONS

There are several platforms that allow users to browse job
listings and submit their resumes so that employers can review
candidates. Among the most popular platforms in Ukraine are
Rabota.ua and Work.ua [4]. These platforms have a similar
structure and functionality. They allow users to filter job post-
ings or candidates based on various criteria such as employment
type, education level, experience, expected salary, and more.
While convenient for many users, these platforms do not spe-
cialize in short-term employment. Even when search queries
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such as “part-time job” or “short-term work™ are entered, the
search results primarily return long-term job offers.

In Ukraine, there are also platforms focused on service-
based task execution. Based on a search and analysis of availa-
ble services, the platform Kabanchik.ua appears to best align
with the needs of short-term employment. This platform ena-
bles employers to post various types of temporary job catego-
ries, and workers can respond to those offers. Each job posting
includes essential information to help candidates determine
whether the job is suitable for them.

However, Kabanchik.ua also has certain limitations. One
significant drawback is the lack of convenient categorization
and ranking mechanisms. For job seekers, it is important to be
able to filter vacancies based on personal preferences and rele-
vant search criteria. Additionally, in the context of short-term
employment, it is crucial to have the option to choose not only
the city but also the specific district or neighborhood where the
work is located. This functionality is essential for effective time
management when completing short-term tasks.

Based on the analysis of current solutions and identified lim-
itations, the goal of the system for short-term job search is to
improve the process of finding short-term employment by
providing ranking based on multiple criteria and incorporating
a vacancy map that displays job locations. This allows users to
find jobs within their local area or even within walking distance,
depending on their preferences.

SYSTEM STRUCTURE

The system for short-term job search is implemented as a
web-based platform. This provides convenient access from var-
ious user devices, whether a laptop, smartphone, or any other
gadget ensuring that users can connect to the platform regard-
less of their hardware. Furthermore, this format enables inter-
action between the two main user categories: workers and em-
ployers.

The system architecture follows a client-server model. Ja-
vaScript was selected as the primary development language due
to its universality in creating both client-side and server-side
components. The backend logic is handled by the Node.js plat-
form. For data storage, MongoDB is used as the database man-
agement system. As a non-relational database, MongoDB offers
flexible and convenient storage for data of various formats and
structures.

Fig. 1 presents the general architecture scheme of the
system.

The first element users interact with is the registration and
login page. If a person wishes to respond to a job posting or
create one, they must be registered in the system. Registration
requires a phone number and an email address to ensure verifi-
cation and account security.
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Fig. 1. The general architecture scheme of the system

A key component of the system is the user profile. This is a
personalized space for any registered individual. Here, users
can edit their personal information, such as phone number or
geolocation. They can upload their resume to allow employers
to assess how well a candidate matches the job requirements.
Additionally, users may add further information about them-
selves or their company to better describe their experience,
skills, or currently available vacancies.

One of the core features of the user profile is the ability to
select ranking criteria for job listings. This functionality aims to
provide the most relevant job opportunities tailored to each
user, improving both the efficiency and personalization of the
search process.

Several multi-criteria decision-making methods may be ap-
plied to the job ranking process, including VIKOR, TOPSIS,
and the weighted sum model [5, 6]. Each method has its own
advantages.

After analyzing these methods, the weighted sum model
was chosen for vacant ranking due to its ease of integration into
systems with a large number of listings.

The Weighted Sum Method is based on calculating a
weighted sum of scores across specific criteria that help assess
the attractiveness of each job offer. This approach implies that
higher scores correspond to more favorable options, making it
suitable for multi-criteria decision-making. Below are examples
of key evaluation criteria:
wage, assessed as the total compensation offered for
completing a task. The higher the wage, the more at-
tractive the job offer becomes;
location convenience, which reflects the proximity of
the job. It is calculated as an inverse value of the dis-
tance that needs to be covered to reach the job site;
experience match, which is evaluated based on the
number of relevant skills that align with the task re-
quirements;
employer reputation, determined by the average rating
received after task completion. A higher score indicates
greater reliability and integrity of the employer.

The overall score is calculated using the formula:
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(1)

where w, — the weight of the i-th criterion, and x, — the

S =W XX +W, XX, +..+W XX

score for that criterion.

This approach makes it possible to generate a personalized
list of vacancies that are best suited to the individual.

The system supports two approaches for determining the
weight values of criteria:
automatic weight assignment, based on the information
provided in the user’s profile. For example, if the user
indicates a preference for jobs near their location, the
system prioritizes distance when ranking vacancies;
personalized weight customization, allowing the user to
manually assign priority levels to each criterion through
an intuitive and user-friendly interface.

Based on the weighted sum model, a search module was
developed. While using it, the user can view a personalized se-
lection of job listings. Filters are also available to accelerate the
search process.

While browsing, workers can view employer ratings and, if
needed, read reviews from previous employees. The rating sys-
tem is updated after each task is completed. Both parties, em-
ployer and worker have the option to leave comments and as-
sign ratings. These ratings influence future ranking and build
trust in user profiles.

To simplify and visualize job listings, an interactive map is
integrated into the system, displaying all currently active job
offers.

When creating a job post, the employer specifies the task
location, and the system automatically places a marker on the
map. This feature enables users to monitor local opportunities
within their district and optimize their time by minimizing
travel between tasks.

Once a user selects a job they want to apply for, the em-
ployer receives a list of interested applicants. The employer can
review their ratings and feedback. After selecting a candidate, a
task confirmation form is generated, capturing key parameters
such as deadlines, address, and other essential details.

For illustrative purposes, a diagram representing the system
components has been developed and is shown in Fig. 2.

User
registration/authentication
User dashboard

Warker profile ]

Employer profile

|

Ranked job search

Job offer

[ Worker search

Interactive map ]

Agreement confirmation

Rating system

Fig. 2. Diagram of relationships between components
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Thus, the structure of the System for Short-Term Job Search
is designed to maximize user convenience and provides an in-
tuitive step-by-step experience for both workers and employers.

CONCLUSIONS

The developed system for short-term job search facilitates
the process of finding temporary employment for workers. At
the same time, it enables employers to quickly identify qualified
candidates to carry out specific tasks. A high number of poten-
tial users is expected, as the platform significantly simplifies the
job search process, allowing individuals to find side jobs with
minimal effort and time investment.

The architecture and core components of the system have
been reviewed, along with a description of their interactions.
The use of the Weighted Sum Model for job ranking increases
the relevance of search results. Personalized search functional-
ity helps users reduce the time spent finding suitable vacancies,
which is crucial in the short-term employment sector. Addition-
ally, the integration of an interactive map allows users to visu-
alize available job opportunities, especially beneficial for those
looking for work within their neighborhood or walking dis-
tance.

The system has promising potential not only at the city or
national level but also for broader application. In the future,
functional expansion is possible. One of the key enhancements
could include the integration of Al-based modules that recom-
mend job listings based on a user's interaction history and be-
havior within the system.
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Abstract. This paper presents an intelligent system for
improving listening comprehension in foreign language learning.
It converts user-uploaded English texts into synchronized audio
and subtitles, with instant translation support. To reduce delays,
a dynamic programming algorithm optimizes parallel TTS
requests. Experiments show that the method significantly speeds
up audio generation, aiding especially Ukrainian users adapting
to new language environments.
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INTRODUCTION

In the era of rapid development of information technology,
the ability to effectively develop foreign language listening
skills is becoming important for both personal and professional
development. Listening is one of the most complex
competencies, the development of which requires regular
training, considerable time and high-quality educational
resources. The introduction of artificial intelligence methods
into the learning process can increase its effectiveness,
including by creating adaptive and interactive audio content
that meets the needs of each user.

The relevance of this work is determined by the acute need
of Ukrainians for effective means of language adaptation,
especially in connection with forced relocation due to military
operations. The developed information system ensures the
organization of the development of listening skills in the
learning process by automatically creating high-quality audio
accompaniment to textual materials in English, synchronizing
audio with the visual display of the text, and an integrated
translation tool, which greatly facilitates learning and helps to
overcome the language barrier.

Structure of the Information System for Developing Listening
Comprehension Skills in Foreign Language Learning

The field of research of this paper is the process of
developing listening skills in learning a foreign language and
methods of its improvement. The developed system provides
automatic generation of audio accompaniment to any English-
language texts uploaded by users, provides synchronous text
highlighting while listening to it, and allows instant translation
of any selected text fragments.
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The structural diagram of the information system illustrates
the interaction between its main components and the
technologies that ensure its full functionality. The structural
diagram is shown in Figure 1.

information System for Listening Skills Development

Client Device |

l

Web Browser |

1

Hext js Frontend (React) | |

l

| Next.js Backend AP| |

— _ [ i Ta
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=
AWS 53 (Clowd Storage)

| Openal TTS AFI |

Fig. 1. Structural Diagram of the Information System for Developing Listening
Comprehension Skills in Foreign Language Learning

At the first stage, the user interacts with the system via a
client device (computer, smartphone, or tablet). The user's
device runs a web browser that provides access to the system's
web interface.

The system interface is implemented using React
technologies and the Next.js framework, which form the front-
end application. This component is responsible for presenting
information and transmitting user requests to the backend
server.

The backend part of the system is also built on the basis of
Next.js and processes all received requests by interacting with
the following components:

AWS S3 cloud file storage that stores book files,
generated audio files, subtitles (SRT files), and book
COVErs;

a Flask-based Python service responsible for
generating audio files for text materials. This service
accesses the OpenAl TTS API, which provides high-
quality and natural text-to-speech;
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a cloud-based PostgreSQL Neon database that stores
information about users, books, reading progress, and
other necessary metadata;

DeepL API as an external translation service used to
instantly translate text fragments from English into
Ukrainian in real time.

This architecture ensures stable, scalable and efficient
operation of the developed information system.

Problem Statement

The goal of the development is to ensure minimal delay in
generating the voiceover of the English text uploaded by the
user. An important requirement for the system's operation is the
almost instantaneous start of audio playback and the receipt of
synchronized subtitles immediately after the text file is
uploaded. For this purpose, the Text-to-Speech technology is
used with the use of streaming text processing in parts. It is
planned to use the OpenAl speech synthesis API, which
supports the transmission of audio in fragments, allowing you
to start playback before the processing of the entire text is
complete.

The task is formulated as follows:

— the user uploads the text of a book consisting of a
sequence of paragraphs;

— the text is divided into a set of fragments, each of which
corresponds to one paragraph;

— fragments are grouped into packages, each package
containing one or more paragraphs;

— the packets are processed sequentially, and the
fragments within each packet are processed in parallel through
parallel requests to the TTS API. The number of simultaneous
parallel requests within a single packet is limited by a set limit;

— the generation time of audio and subtitles for each
package is defined as the maximum generation time of one
paragraph included in the package;

— the total generation time is equal to the sum of the
generation time for all packets.

The optimization task is to find a grouping of paragraphs
into batches that minimizes the total time for generating audio
and subtitles. The packages should not have any common
paragraphs.

The criterion for system efficiency is the minimum time
from the moment the text is loaded to the start of audio
playback and the total time for generating the entire text.

The proposed solution will allow the user to start listening
to the book almost immediately after downloading it, while
simultaneously receiving accurate audio in MP3 format and
synchronized subtitles in SRT format.

Formally, the input data of the problem is defined as
follows:

The input data of the problem are:
T — the text of the book downloaded by the user;

p,— i-th paragraph of the book, p, eT, i=1N,
where N = [T|;

P — the maximum number of simultaneous requests;
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F — the set of fragments formed from T after splitting the
book into paragraphs: F={p, ,p,, ... p, } [FI<P;

G — the set of packages for parallel processing:

G={9,.9,,...09, ) whereeachg, cF, k =1,k ,K
amount of packages;

S — a set of sequential requests to the TTS API:

S={s,,s,,..5, h

t(g, ) - the time of audio and subtitle generation for the

packetg,, g, =max (t(p, ));

K
t —total generation time, t =" t(g,).
k=

Thus, the mathematical formulation of the problem is to
find a structure for splitting the set F into K packets (where K

< P) with the number of fragments in each packet |g, |,
minimizing the value of t , i.e:

t =Y t(g,)—> min,
k=1

under the conditionsof: Ug, =F, g, Ng, =@atk#1.

The proposed solution will allow the user to start listening
to the book almost immediately after downloading it, while
receiving accurate audio in MP3 format and synchronized
subtitles in SRT format.

Justification of the Solution Method

The easiest way to solve this problem is to make
consecutive requests to the OpenAl TTS API, where each
request returns audio for text no longer than 4096 characters
(the maximum limit of one request). However, this approach
can be quite time-consuming, so there is a need to find a more
efficient solution.

In modern research, various approaches are widely used to
solve optimization problems: evolutionary algorithms [6],
multi-agent methods (particle swarm algorithms [5], ant
colonies [4]), multi-criteria decision-making methods [3], and
dynamic programming algorithms [2].

Evolutionary algorithms imitate the processes of natural
evolution and genetics, allowing to obtain approximate
solutions to complex problems. Their main advantage is
flexibility in customization, but they require complex
parameter calibration [6].

Optimization by ant colonies and particle swarms is based
on modeling the behavior of natural systems and is effective in
large search spaces. The disadvantages of these methods are
high computational costs and complexity of setup [4].

Multi-criteria decision-making methods are used when a
task has several optimization criteria, which allows finding
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compromise solutions, but makes it difficult to find the single
best option [3].

Dynamic programming (DP) algorithms solve a problem by
breaking it down into smaller subproblems for which optimal
solutions are found. They are particularly effective in
problems that have an optimal substructure and overlapping
subproblems. These characteristics make a DP the best choice
for our task, which is to split text into packets while
minimizing the time to generate audio [2].

Given this, the dynamic programming algorithm was
chosen to solve the problem because of its ability:

consistently and in detail consider all possible options
for splitting paragraphs into packages without missing
any potentially optimal solutions;

to find the exact solution without additional complex
settings;

is easy to adapt to the real limitations of parallel
processing.

To solve the problem, we use a dynamic programming
algorithm that consists of the following steps:

Step 1. Formation of the input data structure.

At the initial stage, a list of paragraphs is generated. For
each paragraph, a pre-calculated synthesis time is determined.

Also, the parallel processing limit k is determined - the
maximum number of paragraphs that can be simultaneously
synthesized within one package (corresponds to the number of
simultaneous requests to the TTS API).

Step 2. Splitting
programming method.

into subtasks using the dynamic

The algorithm checks different ways of splitting the text
into packets and looks for the one with the lowest total time.
To do this, we introduce the variable dp[i], which means “the
minimum possible time to read the first i paragraphs of the
book.”

To find dp[i], all possible options for building the latest
package are considered (for example, consisting of one
paragraph p, or 2 paragraphs p, , and p,, and so on). Then,

we determine the voice time of this package, which is added to
the voice time of the previous paragraphs. Choose the
minimum result among all the options.

Step 3. Calculating the final result.

After sequentially calculating dp[1], dp[2]...., dp[n] the last
value obtained dp[n] will be the minimum sounding time for
the entire book.

Analysis of the Obtained Results

Let's conduct a series of experiments to compare the speed
of the basic algorithm, in which audio is generated
sequentially (request after request, each containing no more
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than 4096 characters), with the proposed method, which uses
the optimal distribution of text into packets for parallel audio
generation.

A comparison of the results is shown in the graph in Figure
2.

Performance Comparison of Baseline and

Optimized (Parallel) TTS Algorithms
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o L T
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Fig. 2. Performance Comparison of Baseline and Optimized (Parallel) TTS
Algorithms

The analysis of the results allows us to conclude that the
proposed optimized method is significantly superior to the
baseline method, where audio is generated sequentially,
request by request every 4096 characters. The baseline method
shows a significant increase in generation time with increasing
text size, as each new packet waits for the previous one to
complete.

The proposed method, which uses a dynamic programming
algorithm to efficiently divide the text into packets and
process queries in parallel, demonstrates a significant
reduction in overall processing time. Even with large amounts
of text, this method can reduce the total generation time by
almost three times compared to the basic approach, which
indicates its high efficiency and practical value.

CONCLUSION

The experiments confirmed the effectiveness of the
proposed method of audio generation using the dynamic
programming algorithm. Compared to the basic method, where
audio is generated by sequential requests of 4096 characters,
the optimized approach allowed us to reduce the total
processing time by almost three times.

Thus, the use of dynamic programming significantly
improves system performance and reduces delays when users
access audio materials.
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Abstract. This article discusses the concept of an information
and analytical system for UAV routing, focused on ecological
monitoring of forest areas. The system automatically generates the
optimal flight route based on geospatial, topographic,
meteorological data and drone characteristics. A hybrid method
combining a territory coverage algorithm and a modified ant
colony algorithm is applied. A convenient interface is provided for
mission configuration and visualization.
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INTRODUCTION

In today's environment, when climate change is spreading,
forests are degrading, and forest fires are becoming more
frequent, ecological monitoring of forests is becoming a matter
of paramount importance. Unmanned aerial vehicles (UAVSs)
are highly effective in monitoring the state of natural
ecosystems, as they allow obtaining high-precision images and
sensor data from hard-to-reach areas with minimal time and
resources. However, the effective use of UAVs directly depends
on the quality of the route planning along which the territory is
flown.

The process of planning flights for such tasks should take
into account a whole range of factors: the spatial structure of the
terrain, the presence of flight restriction zones, battery life,
weather conditions, and the need for complete coverage of a
given area. In the practice of environmental monitoring, the need
to systematically fly over large areas without gaps causes
particular difficulties, which requires optimization of the route
by criteria, mission time, and flight safety. Some of the first
works on coverage path planning rely on heuristics, which are
simple rules of thumb that can work well, but lack evidence-
based guarantees that guarantee the success of the coverage
operation [1].

In view of this, it is important to create an information and
analytical system that will ensure the automated generation of
UAV routes, taking into account all technical, geographical and
environmental constraints. Such a system should not only
generate efficient routes, but also provide the user with a
convenient interface for selecting the overflight area, setting
flight parameters, viewing the generated route, and further
processing the data obtained.
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This paper proposes the concept of such a system, which is
based on a combination of the classical Coverage Path Planning
approach with metaheuristic optimization methods, in particular,
the ant algorithm. Hybridization allows not only to guarantee
full coverage of the territory, but also to minimize the time and
energy consumption for overflights, which is critical when
monitoring large or hard-to-reach forest areas.

SYSTEM ARCHITECTURE

The information-analytical system for routing unmanned
aerial vehicles for environmental monitoring of forests has a
modular architecture that provides flexibility, scalability, and
ease of adaptation to different types of missions. The system is
based on the processing of cartographic, terrain and
meteorological data, followed by the construction of an optimal

Data

Cartographic
data
Iadels retier l
] Routing module

1

Constraint
checking module

Environment
maodeling module

| Visualization
| module

Meteorclogical
data

LUAV parameters

Fig. 1. Block diagram of the system

flight route, taking into account all constraints. The block
diagram of the system is shown in Fig. 1.

The system consists of several functional modules. In the
first stage, the data collection module receives basic information
from open sources such as OpenStreetMap, digital elevation
models (SRTM), and meteorological services via API.
OpenStreetMap was created by a community of cartographers
who add and maintain data on roads, trails, cafes, train stations,
and many other objects around the world [2]. The received data
is processed by the environment modeling module, which forms
an internal graphical model of the terrain, dividing the territory
into coverage areas, taking into account terrain features, natural
and regulatory restrictions.
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The next stage involves the routing module, which
implements a hybrid algorithm that combines the classical
method of territory coverage with a modified ant optimization
algorithm. Ant algorithms have proven to be a very effective
approach  for routing problems, for example, in
telecommunication networks, where system properties, such as
channel usage cost or node availability, change over time [3].
First, full coverage of the area is ensured, and then the order of
overflight of the areas is optimized to minimize energy
consumption and flight time. When building a route, the system
takes into account flight time restrictions, maximum safe
altitudes, weather conditions, and restricted areas.

After the route is built, the constraint checker automatically
validates the route according to the technical characteristics of
the selected UAV and applicable regulatory standards. The
visualization module then allows the user to view the overflight
area and route on an interactive map, edit the route manually if
necessary, and evaluate the overall mission performance.

PROBLEMS

The use of unmanned aerial vehicles (UAVs) for
environmental monitoring of forests is accompanied by a
number of technical and organizational challenges that make it
difficult to plan routes effectively.

One of the key issues is the need to ensure complete
coverage of a given area without gaps and unnecessary
duplication. Standard terrain scanning strategies do not always
take into account the complexity of the actual terrain or other
areas, as well as the presence of natural and anthropogenic
obstacles, which leads to the formation of “dead zones” or
excessive resource costs for repeated overflights.

An additional challenge is the limited resources of UAVS, in
particular, the autonomous flight time due to battery capacity
and payload weight characteristics. This necessitates
optimization of routes in such a way as to ensure full coverage
of the territory within the available energy reserve of the vehicle.

The task is also complicated by natural conditions, such as
significant altitude differences, difficult terrain, dense forests,
and the presence of water bodies or gorges. In such conditions,
there is a need for dynamic flight altitude planning, avoidance of
risk zones, and route adaptation to the changing landscape. In
turn, weather factors such as wind loads, precipitation, and
temperature changes directly affect energy consumption, flight
stability, and data collection quality, which requires the
integration of weather data into the routing process.

Regulatory restrictions, which include bans on flights over
certain objects, flight altitude restrictions, and the need to obtain
special permits, pose a separate problem. When building routes,
such restrictions should be taken into account automatically to
avoid violating the law. Another important requirement is the
scalability and adaptability of the system: it must work
effectively both in small areas and large areas, and provide the
ability to use several UAVs to monitor the territory
simultaneously.

OVERVIEW OF EXISTING SOLUTIONS

Currently, there are a number of systems designed for flight
planning and routing of unmanned aerial vehicles (UAVS) in
various applications, but most of them have limitations in terms
of adaptation to the specific conditions of environmental
monitoring of large natural areas.
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Mission Planner is an open source flight planning platform
compatible with many autopilots, such as ArduPilot and PX4
[4]. It provides route creation using predefined waypoints and
supports 3D terrain visualization. The main advantages are its
free of charge, active community, and customization, but it has
a complex interface for an unprepared user and limited
automatic route optimization algorithms.

QGroundControl is a cross-platform, open-source flight
planning solution that supports various types of drones [5]. It has
functions for automatic route planning with obstacle avoidance.
The advantages of the system include free and open source, wide
customization options, support for various operating systems,
compactness and efficiency. The disadvantages are a less
developed user interface compared to commercial systems,
limited analytical capabilities, and the need for technical
knowledge to make full use of the system.

DJI FlightHub 2 is a corporate platform designed to manage
a fleet of drones with the functions of remote route planning,
real-time flight monitoring, and data processing [6]. The
platform is well suited for centralized management of large
groups of UAVs, but has limited flexibility in planning complex
routes with full coverage of natural areas.

SkyGrid is a cloud-based solution designed for automated
drone mission planning using artificial intelligence [7]. It is
suitable for tasks where adaptability to environmental changes
is critical, but requires high-quality input data and significant
computing resources.

Most existing solutions either focus on basic planning
through point routes without full coverage of the territory or are
focused on centralized management of groups of drones in
corporate applications. Problems for environmental monitoring
include the lack of automatic generation of full coverage routes,
insufficient consideration of terrain and relief features,
limitations in optimizing routes based on time and energy
consumption, as well as the high cost of commercial licenses or
closed systems.

SOLUTION METHOD

The problem of UAV routing for environmental monitoring
of forest areas belongs to the category of Coverage Path
Planning (CPP) problems with multiple constraints. In contrast
to the tasks of navigation between individual points, in CPP, it
is necessary to ensure full coverage of the entire observation area
with minimal loss of time, energy, and taking into account the
terrain and obstacles. Basic CPP methods, such as zigzag or
spiral trajectories, are simple to implement but have significant
drawbacks. They do not provide a non-ergo-optimal order of
traversing the coverage areas, do not take into account changes
in altitude or weather conditions, and are poorly scalable for
complex object geometry or a large monitoring area [8].

To solve the problem of routing unmanned aerial vehicles in
the process of environmental monitoring of forest areas, a hybrid
approach is proposed that combines the method of full coverage
of the territory with a modified ant optimization algorithm (Ant
Colony Optimization, ACO). This approach makes it possible to
ensure the completeness of the overflight of a given area while
minimizing energy consumption and mission duration.

Stage 1. Construction of the monitoring area breakdown.

The monitoring area is divided into sub-areas of coverage.
Let A = R” be a given monitoring area, the breakdown is as
follows:
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r=Uc (1)
i=1
where the monitoring area is divided into n non-

overlapping cells C, . Each cell C, is considered a separate

route segment that must be visited at least once. The division is
performed taking into account the resolution of the UAV's
sensors, the complexity of the terrain and possible obstacles.
Sub-zones are formed to ensure complete coverage of the
territory without gaps and minimize the number of required
turns and flights.

Stage 2. Building a graph of transitions between subzones.
At this stage, the graph G (2) is constructed, and the weight

of the edge between the vertices is determined by the combined
cost metric using formula (3):

G =(V,E) 2)

where V is the set of vertices that correspond to the centers of
the cells in partitioning (1); E is the set of edges.

w..
U]

=a-d+ B -Ah+y-T, 3)
where w, is the weight of the edge between vertices v, and v,

y VL,V eV

d,, — is the Euclidean distance between the centers of cells

C, and C;

Ah, — is the height difference between the cells C, and
C,.

]

r, — is an indicator of the risk of transition between C,

and C j cells;

a, B,y — weighting coefficients of the importance of the
relevant factors;

Each node of the graph corresponds to a separate subzone,
and the weights of the edges between the nodes are determined
based on heuristic indicators such as the distance between the
centers of the subzones, the difference in terrain heights, and the
expected energy consumption for the flight.

Stage 3. Building a route.

After the graph is built, a modified ant optimization
algorithm is applied. The task is to find a route that minimizes
the total cost of transitions and is calculated using the formula

4)

P =argmin( > w,) 4

(i,j)eMm

where M is the set of all possible routes that cover all cells
without gaps. Each ant builds a route by sequentially selecting
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the next cell, taking into account the pheromone trail and
heuristic attractiveness according to formula (5)

L, 1 I,
z [Tij (t)]a '[Uij]ﬁ

led,

where J, is the set of vertices not yet visited;

Pijk is the probability that ant k , being in vertex i, will

choose vertex j as the next one;

.. is the pheromone intensity on the edge between vertices

ij
iand j;

n,; Is the heuristic attractiveness of the transition, which is

givenas 7, =1/ w, ;
a - pheromone exposure parameter;
B is the heuristic influence parameter.

Virtual “agents” imitate the natural process of finding
optimal routes to cover the territory. Based on pheromone traces
and local heuristics, the order of bypassing subzones is
determined, which minimizes the total route length and energy
consumption [9]. In the process of iterations, pheromones are
amplified on those paths that have shown the best results
according to mission quality criteria. After each iteration, the
routes update the pheromones on the edges using the formula (6)

m

r,(t+1) =(A-p)-7, ()+ 3 Ar)

k=1

Q)

where is the amount of pheromone left by an ant on an edge after
completing its route in one iteration of the algorithm, calculated
by formula (7)

k [Q/Lk
ATij =1
[0

)

where Q is the pheromone intensity, L, is the length of the
ant'sroute k ,and p is the evaporation coefficient. Also, if the

edge (i, j) is included in the route k , then the ant uses this
transition as part of the route, otherwise it does not use it.

After determining the optimal sequence of subzone traversal,
a local coverage path is generated for each subzone separately.
Within the sub-zones, a classical scanning route planning
method is applied to fully survey the entire sub-zone area.

At the final stage, the routes are optimized using local
improvement methods, such as the 2-opt algorithm, which
allows changing individual trajectory segments to further reduce
the path length without losing coverage. At the same time, the
system checks whether the built route complies with the UAV's
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technical characteristics, such as maximum flight time, power
reserve, flight altitude limitations, and weather conditions.

The result of the algorithm is a complete route consisting of
an ordered sequence of points with reference to the flight
altitude.

SYSTEM FUNCTIONALITY

The functionality of the system includes selecting a
monitoring area through a map, setting technical parameters of
the vehicle and mission restrictions, automatic route generation
at the touch of a button, the ability to manually edit the route, as
well as checking and visualizing the route before execution.
Table 1 shows the main elements of the user interface of the
developed information-analytical system for routing drones,
their functional purpose, and the nature of interaction with the
user:

TABLE 1

THE MAIN ELEMENTS OF THE USER INTERFACE

Component Functionality Interaction

Selecting the

Map monitoring area

Displaying the territory

Entering technical

Parameters panel S
P characteristics

UAV settings

Controlling the
construction

Starting the algorithm,

Route controller L
editing

View time, route
length, coverage area

Display of key route

Information panel -
metrics

Show the finished route
with point and trajectory
labels

Switching map layers,

Visualization panel A
zooming in

The user interface of the system should be built taking into
account the principles of simplicity, functional completeness
and intuitive interaction. The basis of the interface is an
interactive map that allows not only viewing geographic layers
but also selecting the overflight area by drawing a polygon or
uploading a ready-made file.

The UAV's parameter panel allows the user to flexibly
customize flight characteristics, including time in the air,
altitude, speed, and power consumption. Once the parameters
are set, the route controller launches a hybrid route construction
algorithm and, if necessary, manually corrects the resulting path.
All changes are displayed in real time through the visualization
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panel, which shows a map with the route, control points,
restriction zones, and predicted coverage.

For convenience, there is a dashboard that displays key flight
metrics: route length, coverage area, and expected mission time.

CONCLUSIONS

The paper proposes the concept of an information-analytical
system for routing unmanned aerial vehicles for environmental
monitoring of forest areas. The system is based on a combination
of the method of full coverage of the territory and the ant
optimization algorithm, which allows to ensure full coverage of
a given area while minimizing the mission time and energy
consumption.

The proposed architecture provides a modular approach to
building a system, including components for data acquisition,
building a graphical model of the environment, route
optimization, and visualization. The use of a hybrid method
allows taking into account the technical limitations of UAVS,
terrain features, weather conditions, and airspace restrictions.

The obtained results can be used to create practical systems
for automated planning of UAV missions in environmental
monitoring, forestry, control over the state of natural resources,
as well as in other areas where systematic survey of large areas
is required.
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Abstract. The scheduling system allows a potential user to de-
termine the date and time interval of a new task using heuristic
algorithm that considers already existing tasks. The system con-
sists of a client and a server side. The former one is a mobile
application for managing user’s daily tasks with the possibility to
build a new schedule with heuristic algorithm. The latter is a
storage of user’s account data and added tasks.
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INTRODUCTION

Nowadays, the combination and balance of work and free
time is an important part of every person’s daily life. The
variety of tasks and their number is growing, but the amount
of time available remains constant. It is important to be able to
properly allocate this time due to its limited nature and try to
increase the efficiency of tasks simultaneously. Another im-
portant issue is reducing the burden of regular workflow,
which can be achieved with balanced distribution of tasks.

This problem can be solved with a system that recom-
mends a task schedule based on the user’s workload, existing
and new tasks durations, complexities and priorities.

SYSTEM STRUCTURE
The system consists of several components that make up
its client-server architecture [1]. Fig. 1 presents the schematic
structure of the system, highlighting three key components:
the client, the server and the database.

Fig. 1. System architecture diagram

Client

The client-side component of the system is a mobile appli-
cation developed for the Android operating system. It enables
users to perform CRUD operations [2] on their tasks and re-
quest a schedule from the system when needed. Furthermore,
the client includes a local database that stores user-created
tasks.

The server-side component of the system is responsible for
processing HTTP requests [3] to authorize users in the appli-
cation using JWT [4] and for propagating changes in user task
data to the database.
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The database stores user account information, JWTs, re-
ceived in requests from the server and tasks created by users.

SCHEDULING ALGORITHM
Input data:
D ={ Dy, Dy, ..., Dy, ..., Dm} — set of dates defined by
range [current date, approximate deadline specified
by the user];
J={J1, 2 ..., Ji, ..., In } — set of tasks, each charac-
terized by the following parameters:
pi— task duration;
pri— task priority, equals to 1 if task has low
priority; equals to 2 if task has high priority;
di — task difficulty, equals to 1 if task is nor-
mal; equals to 2 if task is difficult;
fi — task difficulty, equals to O if task is un-
fixed; equals to 1 if task is fixed;
Jn — new task to add to schedule;
[Tmin, Tmax] — user’s activity period;

tn = [tmin, tmax]— desired execution period for the new
task within user’s activity period [Tmin, Tmax] (Option-
al parameter).

Variables:
Si— start time of task Ji(if fi = 0);
C;— finish time of task Ji(if fi = 0).

Constraints:
Each task must start and end within activity period:

Vi:Si E [Tmr'n, nmrJ’ Ci E [Tmin’ Tnm\'J (1)
No two tasks can overlap:
Vizj: S E[S,C lasoS £1S,C1 (2

If the optional parameter ty is specified, the start and
end times of the new task must fall within this period:

t <8<t t <C <t 3)
) HT_HT ) 1 max min 1 _HT(LX' : )
High-priority tasks must start earlier than low-priority
tasks:
(4)

Vij: pri>prJi =S <Sj
Obijective function:

To identify the least loaded date, the workload for
each date must first be calculated based on already sched-
uled tasks. A preference relation is then established based
on the calculated workload levels, allowing dates to be or-
dered by increasing workload:
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Vko: 2. propr-d2 2. prpr-d=L <L, (5)
iesp) "t ies) t T ko

where Ly — date at index k, which is the element of set L
ordered in ascending order and L, — date at index r, which is
also the element of set L ordered in ascending order.

To identify an interval in the schedule for a new task, the
number of idle periods within activity period must be mini-
mized: |

n=—

N!=f§]i(5i+l B Cr- >0)—’min,

where i — function, which value equals to:
0, if Six1— Ci<0;
1, if Si+1— Ci> 0,

N; — humber of idle periods.

To place the new task Jy among the tasks within the activ-
ity period [Tmin, Tmax], considering the fixed status f; of each
task and minimizing the number of idle periods within activity
period.

The scheduling function on the client side can be used
when adding a new task or changing the date and execution
time of an existing task. The problem can be classified as
single machine scheduling problem [5]. Each task executed on
the machine has its duration in minutes, difficulty, which can
be normal or high, and priority, which can be low or high.
Schedule is being built with heuristic algorithm. It has two
stages: selecting the date and selecting the time interval for
task execution.

At the first stage, the algorithm determines the date for
task execution based on the parameters of the new task and the
workload of each date within the range specified by user be-
fore the algorithm starts. The workload is calculated based on
durations, difficulties and priorities of tasks for each date in
the specified range (5). Depending on the parameters of the
new task, the algorithm recommends either the date with the
lowest calculated workload or the nearest date within the spec-
ified range. The latter option is only considered if the new task
has high priority and normal difficulty.

At the second stage, the algorithm determines a time slot
for task execution within the activity period specified by user
for the date, which was selected at the first stage. During the
schedule building process, the algorithm tries to comply with
constraints (1), (2), (3), (4).

The algorithm assigns to each task the earliest possible
time slot. The schedule building process consists of four steps:

(6)

1. Distribution of the tasks with fixed execution intervals
within the activity period;

2. Distribution of the high-priority tasks with unfixed ex-
ecution intervals within the activity period;

3. Distribution of the low-priority tasks with unfixed ex-
ecution intervals within the activity period;

4. Rearrangement of the tasks within the new schedule to

minimize number of idle periods (6).

An acceptable schedule within the activity period on the
selected date is the result of the algorithm, which was built in
relatively short computational time.

Fig. 2 presents an example of the schedule, which was
built with the algorithm. All tasks in the new schedule were
distributed according to constraints that were specified before
the start of algorithm.
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Fig. 2. New schedule built with the algorithm

CONCLUSION

The task scheduling system gives tools to describe upcom-
ing tasks, build new schedule based on descriptions and save
all the data. Additionally, the system can assist with determin-
ing the execution time of a new task by applying heuristic
algorithm to build a new schedule. All user data can be stored
either locally on the client side or on the remote server to
provide continuous access.

The system helps users to increase their productivity while
at the same time reduce the workload. Furthermore, system
tries to balance the time spent on work or study and free time
monitoring the progress of the tasks.

The system can be used across various situations and use
cases. It can be used for planning household chores, creating a
task execution plan for students and employees or combining
the tasks from different categories such as work, studying and
leisure. The most effective way to use the system is for getting
recommended time to schedule tasks with deadlines but with-
out fixed execution time.
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INTRODUCTION

In the current economic environment, digital platforms have
a significant impact on the process of buying and selling
businesses. One of the most promising solutions is to create a
marketplace that allows you to evaluate and compare pre-
established businesses by a number of criteria. To do this, it is
necessary to consider many factors (such as profitability, cost,
risks, field of activity, etc.), which are associated with solving
the problem of multicriteria choice. For this purpose, it is
proposed to apply the TOPSIS multicriteria choice method,
which provides a simple and clear interpretation of the results.

BASIC MATERIAL

The developed system functions as an online platform that
collects information about ready-made businesses and provides
the user with a tool for comparing them. The structure includes
a database of objects, a module for evaluating by criteria,
normalizing data, calculating proximity to the ideal solution, and
global weighting coefficients determined by the administrator.

Thus, it is necessary to select the best pre-established
business from a set of alternatives based on the specified criteria.
To solve this problem, it is proposed to use the TOPSIS method
(Technique for Order Preference by Similarity to Ideal Solution)
[1].

The scheme of the method involves the following steps:

normalization of the evaluation matrix;

weighing the criteria;

determination of utopian and dystopian solutions;

calculating the distances of each alternative to these
solutions.
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ranking the alternatives by proximity to the ideal.

PROBLEM STATEMENT
Suppose there is a set of pre-established businesses that are
evaluated by entrepreneurs:
B ={BiB2 .. Bn},
where Bi - is a separate business that is evaluated by several
criteria.

Then, for each business, evaluation criteria are determined:

C ={C1C:2 .. Cn},

where each criterion c; characterizes a certain aspect of the
business (financial performance, location, category, adaptation
to conditions in Ukraine, etc.).

The next step is to build a matrix of business evaluation
criteria for each business:

X11 X12 X1im

X21 X 22 X2m
X = ,

Xn1 Xn2 Xnm

where xij is the business Bi evaluation by criterion c; .

Since different criteria are of different importance, we will
introduce weighting factors:

W ={wi,wz,...,Wn}, wj>0, Z wi=1,

j=1

where each w; corresponds to the relative importance of the
criterion.

Based on the information about business valuations and the
importance of the evaluation criteria, it is necessary to build a
ranking on the set of businesses B , which will allow the user to
make the right decision about choosing the most profitable
businesses for investment.
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DESCRIPTION OF THE SOLUTION METHOD TOPSIS

Using the TOPSIS multicriteria choice method [1, 2] and
such known data as set of pre-established businesses B , business
evaluation criteria ¢ , the matrix of business evaluations for
each criterion X and weighting coefficients w , the first step is
to normalize the evaluations of alternatives.

To do this, it is necessary to take into account that in the set
of business evaluation criteria c there are criteria that are

subject to maximization — profit criteria ¢, and there are
criteria that are subject to minimization ¢ .

At the same time, regardless of the normalization procedure,
the estimates of alternatives for all criteria will be in the interval
[0, 100].

Then, for the profit criteria ¢ ™, the evaluation will be
determined by the formula:
X — X
rg(x) = ———
X. — X.
] ]

o))

where
X, = mkax(xkj)

X, = mkln(ij)

And for the cost criteria Cc , the evaluation will be
determined by the formula:

i ij
i (x) = -

@

The next step is to calculate the weighted normalized scores
of the alternatives:

1%

=Wk
1] ] 1

3)
where w, is the weighed coefficient of the criterion ¢ |,
r, is the normalized scores determined by relations (1) — (2).

Now we need to construct a positive ideal point PIS (utopian
point) and a negative ideal point NIS (dystopian point):

PIS = A" ={Uf(X),L);(X),...,U;(X),...,U;(X) =
={(max(v;(x)| je C"),(min(v, (x)| je C))|

,n}
NIS = A ={v, (X),0,(X),....;0;(X),...,0 (X) =

k=1,..

={(min(v,;(x)| je C"),(max (v, (x)| je C))

1,...,n}
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The next step is to calculate the distances of each alternative
to the positive ideal point PIS and the negative ideal point NIS:

D, = \/z o (0= u 01 k=100

D, - \/z " g0 -0 (01 k=10

Now to determine the closeness of each alternative to the
positive ideal point of PIS (i.e., to determine the similarity to
PIS):

where
C, e[0,1],vk =1,...,
The last step is to organize the alternatives of B in
descending order of the value c: of similarity to the positive

ideal point of PIS. Then the best alternative is determined as
follows:

B =Bp|(Cp=maka)

The ranking constructed in this way can be used in the
recommendation component of an information system — a
marketplace for buying and selling pre-established businesses —
to support the decision-making process of users in choosing the
best options.

CONCLUSION

The paper proposes an approach to the multicriteria choice
of a pre-established business on the marketplace using the
TOPSIS method. The implementation of this approach into the
system will allow users to rank business alternatives based on
objective criteria and personalized weights, which will make
the choice process more reasonable and personalized. The
modeling results have shown the effectiveness of the approach
to practical decision-making tasks, in the presence of a large
number of options and conflicting criteria.

It is recommended to implement the proposed approach in
real marketplaces for automated business valuation, as well as
to apply it in consulting platforms to support investors in
choosing the best investment object.
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The article considers the issue of developing an information system
to support the activities of fast food establishments. Attention is
paid to the recommendatory component of the system, which in-
volves the formation of personal offers to users. Methods for its
implementation are proposed, namely the use of association rule
and algorithms FP-Growth, Apriori.
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INTRODUCTION

In the modern world, automation of processes in business
is the main indicator of efficiency. This is especially true for
those parts where speed plays a key role. For example, in fast
food establishments, inventory control, cooking accuracy,
customer service, and providing them with personal offers
must be coordinated and quickly processed. This work exam-
ines the main features of supporting the processes of a fast
food establishment and proposes methods for forming a sys-
tem of personal offers.

The main components of the system are shown in Fig. 1.

System

) Recommendation
[ User Login ] [ System
I

Inventory
anagement
A A

Feedback
Management| |M
A

A

v

Customer v

Data Base

DB
Transactions

Fig. 1. Main components of the system

PROJECT DESCRIPTION

The main user actions in catering establishments are order-
ing and viewing the menu, so each user has the opportunity to
view the menu and order a dish without registering in the
application. However, the system should offer registration to
users to notify and update menu items. After registration and
authorization, the client has access to leave feedback, pay for
the order online, and receive personal offers based on the
order history and association rules.

Given the specifics of a fast food restaurant, we can say
that the flow of customers will not be constant. Therefore, it
will be effective to use computing resources with variable
parameters. For speed and flexibility, it is proposed to use
cloud services. They allow you to manage computing power
as needed, for example, more resources are needed to process
orders, and in some periods they are not needed, and it will be
optimal to turn them off to prevent costs. For these purposes,
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systems such as infrastructure as a service (laaS) or platform
as a service (PaaS) are suitable. A bright example is AWS.
There are virtual services that can be started and stopped to
manage resources using Auto Scaling Group. Such a tool
works together with ELB (Elastic Load Balancer), which al-
lows you to balance traffic between instances and can support
HTTP or WebSockets requests. But in some cases, you need
to keep the service waiting for an order. Then you can keep
one instance open and use AWS Lambda, which can perform
only one function, such as order processing. This is also suita-
ble for status updates and sending push notifications. You only
pay for the execution time of the function.

USER LOGIN

The end-user has the opportunity to register and log in.
Then he has access to such functionality as viewing the menu,
placing an order, viewing promotions, leaving feed-back, and
a personal bonus program. The purpose is to provide access to
personal information, order history, loyalty programs and
personalized offers.

INVENTORY MANAGEMENT

The manager has the ability to monitor the current state of
inventory. The functionality includes checking balances and
generating reports, creating and editing orders for sup-pliers,
and updating inventory after receipt.

The system should also take into account orders for prod-
ucts from several suppliers and calculate such parameters as
reliability of deliveries, conformity of the actual product to the
order, and delivery time. Taking into account all these parame-
ters, a supplier characteristic is built and its reliability coeffi-
cient is determined. This will allow comparing different sup-
pliers and choosing exactly those products that they deliver
better.

CUSTOMER FEEDBACK MANAGEMENT

The main goal of feedback management is to improve cus-
tomer service and satisfaction. The basic feedback processing
scenario includes the following steps: the customer leaves a
review, the system classifies the reviews and generates a re-
port on a scale from negative to positive, the system takes into
account the impact of reviews on the number of orders, the
manager reviews the report to solve problem areas, the system
sends a thank you for the re-view.

RECOMMENDATION SUBSYSTEM
The main task of the recommendation subsystem is to form
personal suggestions for users. For this purpose, a method of
forming recommendations is proposed, which is based on the
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application of association rules and decision-making methods
based on the history of past orders. The input information used
in the proposed method is stored in the Database in the form
of a set of transactions. Based on its analysis, patterns in user
behavior are identified and recommendations in the form of
personal suggestions are formed on this basis. Patterns can be
represented in the form of association rules [1], for example, if
a buyer orders product A, then often together with it he buys
product B. A more detailed implementation should take into
account the strength of the relationship (the probability of
choosing B).

Fig. 2 presents a diagram of the method for generating rec-

ommendations.

Formation of
racommendations

Generation of
associative rules

Database

-
[{Satoft'ansacibnst Patiern detection H
AN
Personal
recommendations

Fig. 2. Schema of recommendation creation

As an illustrative example of such patterns, one can cite
the purchase of a cake with coffee.

To generate association rules, it is proposed to use the
Apriori and FP-Growth algorithms [1, 2]. It is believed that
the FP-Growth method is faster and more efficient than Apriri,
because it allows you not to scan the entire database again.
The scheme of its operation:

Step 1. Compressing data into a smaller structure, where
sets of elements and their frequencies are stored.

Step 2. Dividing the tree into smaller elements and detect-
ing patterns.

Step 3. Generating patterns that describe the relationships
between elements.

The formation of recommendations based on the generated
association rules will allow the user to offer new, most com-
mon menu combinations, taking into account his preferences.
Which will allow to increase sales and profit, simplify the
analysis of the assortment in order to identify strong and weak
positions.

In practice, association rules can be used as discounts on
holidays or when a certain amount of orders is reached. To
implement full functionality, such elements as a large transac-
tion history, a user identification mechanism, an algorithm for
highlighting frequent sets, rule filtering, and an interface
where the manager has the ability to edit rules are also re-
quired.

Editing should be done according to three parameters.

1) Support - the level of support, and how often a certain
set is found in the database. For example, if 10 out of 100
checks have a set A and B, then the support is 0.1.

2) Confidence - The level of confidence, or the probability
that when buying A, the client buys B.

3) Lift - shows how much the rule is better than random
probability. This parameter shows the independence of A and
B. For example, if Lift is greater than, then A increases the
probability of B. If it is 1, then A and B are independent. If
Lift is less than 1, then A reduces the probability of B. All

|

107

these parameters need to be filtered to exclude rare combina-
tions or unreliable rules.

DB TRANSACTIONS

To store transaction data, the optimal option would be to
use a relational database. With this type of database, it is pos-
sible to qualitatively implement a data storage structure. To
store transactions, the best option would be to create two ta-
bles, one for storing data on all orders, and the other for stor-
ing specific order elements. For example, order 1 has two
coffees and two cakes. The order record is stored in the Orders
table. The «Orderltemsy table has a foreign key to Orders, and
in this case, will have two records for individual order ele-
ments.

ARCHITECTURE

The optimal option for implementing the entire project
would be to use some parts. Namely, separating the backend
and frontend parts. Now many frameworks allow you to create
both structural parts in one block, without using other tools.
This simplifies development and speeds up the first working
version of the project. But for better optimization, those sys-
tems were chosen that concentrate and better optimize indi-
vidual components. Also, taking into account the specifics of
the project, it can be assumed that not only the site but also the
phone will be used for ordering. Modern tools allow you to
build web pages in such a way that all elements are correctly
displayed on the screen. Even taking into account the very
large difference between the sizes of the monitor and the
smartphone and between the smartphones themselves. But
when using a monitor, the user interacts with information
differently, having a mouse, and the specifics of the UX struc-
ture are different between the site and the application. Thus, it
would be advisable to develop a version for mobile devices.
Having a distributed structure between the front-end and back-
end simplifies mobile development, where the Ul sends re-
quests to an existing controller.

On the backend, architectural separation into structural
components is a good practice. For example, separating the
authorization/authentication parts, orders, users, and dishes. In
turn, using a modular structure together with dependency
injections allows you to flexibly configure the project, making
it more scalable and easily maintainable.

For example, NestJs distributes the following components:
controller - accepts HTTP requests.

services - are called through controllers and implement
business logic.

modules - separate a certain part of the logic, and can be
used in other parts of the application using dependency injec-
tions.

MOBILE FRONTEND ARCHITECTURE

An important aspect of any business is to be relevant. But
nowadays, with the constant increase in information and a
changing world, this becomes a difficult task. Therefore, to
create a mobile version of the product, Flutter technology was
used, which has such advantages as high development speed
and compilation for different platforms. It is impossible to
completely separate the writing of Ul and taking data from the
server, ‘the need to write business logic, so a good approach is
to divide by Features. Which is a division not by screens, but
by main components. This resembles a modular structure on
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the server. It is planned to separate some services for public
use in different parts of the code.

In such an architecture, components can be distinguished
as

1) Event Handler. This component responds to events from
the Ul and interacts with the state. In the methods of this struc-
ture, you can call a repository that interacts with the database,
process data, and publish a new state. Usually, this is where
the business logic of individual components is described.

2) The Ul part is needed to display data from the state, this
is what the user sees. This part specifies which event handler
methods need to be applied in parts of the screen.

3) The Repository component interacts with the database.
In this case, these will be calls either directly to the database
or HTTP calls to the server part.

4) State - The state of some logical part. It can be stored as
the state of a separate screen or the state of a separate Feature
that is used on several screens.

5) Services. Separate components, they do not have their
own data display, but only work with data. A vivid example
would be the description of tasks that are performed in the
background.

There are several possible variations of using these com-
ponents, this is due to the features of the application and its
specifics. To solve the problem of a fast food application, the
optimal option would be to create a modular structure. With
this approach, there is a possibility of team development, be-
cause the structure is distributed not by screens, but by logical
components that can be used on several screens. Thus, an
individual developer works on one logical component. Anoth-
er positive point is the use of services, repositories, and states
of logical structures on several screens. This is done using
dependency injection. Such a structure speeds up work and has
a clear appearance. There is also no need to duplicate the state
on separate screens. This can cause a problem where there are
several sources of information. In addition, when updating the
state used in several parts in parallel, there is a risk of over-
writing existing data. An example of this problem is shown in
Figure 3.
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Fig. 3 The problem of parallel data updates

Another problem is the constant retrieval of current data.
This is necessary so that the user always sees the current in-
formation without sending requests. Since this approach is
resource-intensive, it should not be used elsewhere. For im-
plementation in Flutter, Stream is used. Usually, a function is
also passed that will be executed when new data is received.

But some tools allow you to save resources and store the
last value. One of them is BehaviorSubject, which stores the
last value and issues it first. This also solves the problem with
new subscribers, they will still be able to get the last value
without waiting for a new data update.

CONCLUSIONS

The paper presents the structure of an information system
to support the activities of fast food establishments. A stack of
technologies is proposed and architectural approaches to im-
plementation are considered. A method for generating recom-
mendations is proposed, which allows for generating personal
offers to users and is the basis of the recommendation subsys-
tem. The implementation of the system will simplify the or-
ganization of work of fast food establishments and increase its
efficiency.
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T'iopuonuu anzopumm niodopy enemenmia 3
YPAXYGAHHAM 00MeEHCYIOUUX napamempie ma mo2o
3aCcmoCy8ants 6 ni0OOPI MypuUCmMUUHO20
CROPAOIHCEHHA

Kynapcekuit Muxaitno, Xmentok Mapuna
KIII imeni Iropst Cikopcbkoro
M.KuiB, Ykpaina
kutsarskiyy@gmail.com, khmeliuk.maryna@IIl.kpi.ua

Anomauyia. Y Te3ax 10NOBii po3risiHyTo 3a1a4y migdopy eie-
MEHTIiB 3 ypaxyBaHHSIM MHOKHHH OOMEKYIOUHX MapaMeTpiB.
Byno npoBeneHo aHaJII3 KIIACHYHUX METOAIB MOUIYKY pillieHb, 30-
KpeMa NOBHOro nepedopy Ta imitanii Bixnanay. Ha ocHoBi BusiBie-
HUX HelOJiKiB LMX MiAX0AiB aBTOpaMHu 3alpONOHOBAHO ridpua-
HUIi aJITOPUTM, IO NMOEAHYE KaNi0HYy cTpaTeriio, kKaTeropiajabHy
00podky Ty round-robin Ta azanTUBHe MacIITA0YBAHHS Baro-
BHX KoedinieHTiB. Y po6oTi HaBegeHo (opMaiizaliio aaropuTmy
Ta MPO/IEMOHCTPOBAHO I{Oro MPaKTUYHe 3aCTOCYBAHHS Y CHCTeMi
aBTOMATH30BAHOI0 NiA0OPY 00’€KTiB 32 3aJaHUMH YMOBAMU.

Knruoei cnoea: onmumizayii, ziopuonuit anzopumm, KiieHmcovKa
PO3pooKa, mexnonocii ma 3acodou po3pooku, Linux-nodioni
cucmemu, MOOIIbHUTL 3ACMOCYHOK.

Beryn
3amadi BHOOPY ONTUMAIILHOT MiIMHOXHHHU 00'€KTIB 13 Has-
BHOTO Ha0Opy, IO 3aJ0BOJIEHSIE HU3II OOMEKYIOUHUX YMOB, €
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MOLIMPEHUMH B PI3HUX NMPHUKJIaTHUX Taly3sX: JIOTICTHI, TIa-
HYBaHHI PecypciB, KOMIUIEKTYBaHHI 00JiaJIHaHHS, opraHi3allii
MoJJOposKeit To1o. BoHn HanexaTh 10 Kiacy 3aja4 KoMOiHaTo-
PHOI onTHMI3aIlii Ta XapaKTepPU3YIOTHCS BUCOKOIO CKIIATHICTIO
B yMOBax 0araTo(akTopHOTO BIUIMBY — BaroBHX, KiJIbKICHHX,
(YHKIIOHATFHAIX, KOHTEKCTHIX a00 9acoBHUX oOMexeHb. [lpu
LBOMY KJIACHYHI METO/IM, 30KpeMa ANHAMIYHE IPOrpaMyBaHHs
a6o moBHHUH mIepeldip, CTaroTh Maoe(DEKTUBHUMHE TIPH PO3IITH-
PEHHI pocTopy pilieHb a00 3MIHHOCTI TTapaMeTpiB.
AKTyaIbHICTB 3a/1a4 TaHOTO THITY 3YMOBITIO€ TOTPeOy B po-
3po0Ili HOBUX EBPUCTUYHUX 1 TIOPUIHKUX MiAXOMIB, SKi JO3BO-
JSIOTH TocATaTd OasaHcy MiK OOYHCIIOBAIIEHOIO CKIIATHICTIO
Ta SKICTIO pe3ysbTary. Y AaHiil poOOTi 3ampONOHOBAHO pealti-
3amio TIOPUIHOTO aNTrOPUTMY, IO MOEAHYE KaAiOHYy CTpaTe-
Tio 13 KaTeropiaJlskHUM PO3NOAIJIOM i ANHAMIYHUM MaciTady-
BaHHSIM KOe(iIlieHTIB PeNICBAaHTHOCTI Ha OCHOBI BXiJHHX ITapa-
MetpiB. Takuil miaxin no3Bossie eeKTUBHO aaNTyBaTHCS 10
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3MIHHHX YMOB 1 ()OPMYyBaTH ONTUMIi30BaHy BUOIPKY €JIEMEHTIB
B YMOBAaX YHCIIEHHUX OOMEXEHb.

Metoro mocimipkeHHSI € Mo0yJoBa aNTrOPHUTMIYHOTO pi-
IIeHHS, K€ MOXe OyTH 3aCTOCOBAaHE B PI3HOMAaHITHHUX MPUKJIIa-
JHUX KOHTEKCTAaX, JIc MOTPIOHO aBTOMATU30BAHO 00paTH peJie-
BaHTHI 00'€KTH 3 ypaxyBaHHIM IPIOPUTETIB, 0OMEXeHb 1 Oara-
TOBHUMIPHOTO TIPOCTOPY PIllICHB.

[TomyK PIIEHHA

[TinGip enemMeHTIB i3 MHOXKMHH KaHAWAATIB 3 ypaXxyBaHHIM
3amaHnx oOMexxeHs € NP-ckimagHoro 3aadeto. Y BHIAAKY 00-
ME)XEHHsI Ha 3arajbHy Bary, LIHHICTb a00 iHIII METpHUKH, 3a-
Jada peayKyeThes 10 Moan(ikoBaHOI (POpMH 3a1adi PO PIOK-
3ak (Knapsack Problem), sika He Ma€ BiIOMOTO MOJIIHOMiajIh-
HOTO alrOpUTMY UL TOYHOTO PO3B’s3aHHA. TOMY y MpakTH4-
HHUX 3aCTOCYBAaHHSX aKTHBHO BUKOPHCTOBYIOTHCS €BPUCTHYHI
a0 TiOpUAHI TAXOIH.

[ToHwmii nepe6ip (Brute Force)

Mertox MOBHOTO mepedopy MoJsrae B TeHepallii ycix Mox-
JIUBHX IIJIMHOXHH €JIEMEHTIB 1 MepeBipIli KOXKHOI 3 HAX Ha Bi-
JIOBITHICTE 0OMexeHHAM. [Ipu oMy 3Ha4eHHS HiTh0BOT (Y-
HKIIT (HAaIpuKJIaj, 3arajbHa peJieBaHTHICTH ab0 cymMapHa Ko-
PHCTB) PO3PAaXOBYEThCS I KOXKHOTO BapiaHTy, MIicis 4Oro
obupaeThes Haitkpamuit [1].

Hexaif MaeMO MHOXXHHY 3 N €JIE€MEHTIB, KOXKEH 3 SKHX Xa-
pakTepu3yeThes IiHHICTIO V; Ta Baroto W;. OOMexeHHsIM € Ma-
KcuMalibHa Jomnyctuma Bara Wy, ... Toml mpocTip piiieHs cra-
HOBUTSH 2", 10 POOUTH METOJ HENPHIATHAM IIPH BEJIMKUX 3HA-
YEHHSIX N 4Yepe3 eKCIIOHEHIIHHe 3pOCTaHHs 00YHMCIIOBAIBHOL
CKJIATHOCTI.

['0510BHOIO TIEepeBarol0 MbOr0 METONY € TapaHTis 3Haxo-
IDKSHHS TII00aJIbHO ONTHMAIBHOTO PO3B 3Ky — JKOJACH Bapi-
aHT He Oyae BTpadeHuit abo mpoirHopoBanmid. [IpoTe Taka To-
YHICTh JOCATA€THCS HAJI3BUYAafHO BUCOKOIO I[IHOIO B 00UHCITIO-
BaJIbHOMY CEHCi. MeToa MOBHOTO mepebopy MIBUIKO CTae He-
MIPUAATHAM TIPH 3POCTaHHI PO3MIPHOCTI 33j1adi, HaBiTh SIKIIO
KUTBKICTP MOXIIMBHX €JIEMEHTIB He € Benmnkor. Lle oOmexye
cdepy 3acTOCYBaHHS X0y BHHSITKOBO J€MOHCTPAl[iHHUMHU
a00 aHATITHYHUMH CLIEHAPiIMHU Ha MAJINX JaHUX.

Imitauis Biamany (Simulated Annealing)

AnropuT™m imitarii Binnmamy iMiTye Ipomec OXOJIOKECHHS
MeTaly, HOCTYIIOBO IIEPEXOAUH 10 MiHIMyMy (QyHKLIT eHeprii
(abo, B Hamomy Bumnanaky, GyHkuii HeBimnoBiaHocTi)[2]. Bin
MTOYMHAETHCS 3 JIOBIJIBHOTO DIllIEHHsI Ta Ha KOKHOMY KpoIli 3
MIEBHOO HMOBIPHICTIO PUIIMAE TipIili po3B’A3KH, IO TO3BOJIIE
YHUKATH JIOKaJIbHUX MIHIMYMIB.

[Momyk kepyerbesi TemneparypHoro Qyskuieto T(t), ska
3MEHIYETHCS 3 YACOM, Ta IIMOBIPHICTIO MEPEXo1y A0 HOBOTO
CTaHy:

P = e—AE /T

ne AE — pi3HUIM MiX MOTOYHHUM i HOBUM pilIeHHsM, a T
— TeMmeparypa.

[lepeBaroro Takoro MeTO.Ly € 3IaTHICTb JOCHIIPKYBaTH IPO-
CTIp pillIeHb TI00ATBHIIIE, TO3BOJISFOYN THMYACOBO IPUAMATH
ripii BapiaHTH 3 METOIO MOJIOAHHS JIOKAIBHUX €KCTPEMYMIB.
VY pasi npaBUILHOT HACTPOHKH TeMIIepaTypHOro rpadika ta ¢y-
HKIIT IPUHHATTS pillleHb, AITOPUTM JEMOHCTPYE BHCOKHI TO-
TEHI[IaJ1 B 3HAXOKCHHI HAOJIMKEHUX JI0 ONTUMAIBHUX PIIlICHb.
BonHo9ac 0cHOBHUM HEJIOJIIKOM € HECTAOUTbHICTD PE3yJIbTaTIB
— OJIHI ¥ Ti cami BXI/IHI IJaHi MOXYTb JIaTH Pi3HI pe3yJabTaTH B
3aJIeXHOCTI BiJl IOYAaTKOBOTO CTaHy Ta TICEBIOBHIAIKOBHX I1e-
pexoniB. Kpim Toro, Bubip mapameTpiB OX0OJIOIKEHHS € HETPHU-
BiaJIbHUM 1 BUMArae riIH00Koi eMITipUYHOT pOOOTH.

IiOpunHM eBpUCTHIHIIA AITOPUTM 3 KaTETOPiaIbHUM PO3-
MO I1JIOM
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Jlis mocsATHEHHS BUCOKOT €(heKTHBHOCTI Yy 3aJauax 3 BeNH-
KHUM YHCJIOM €JIEMEHTIB i THyYKHMH OOMEXEHHSIMH 3arporo-
HOBAHO T10pUIHAN aNTOPUTM, IO TOEAHYE KaliOHy EBPUCTHKY
[3], amantuBHe MacmTaOyBaHHS KOS(]illiEHTIB PeNEeBaHTHOCTI
Ta KaTeropiajabHy KpyroBy o6pooky (round-robin)[4].

Koxen exeMeHT mMae 0a30By IIHHICTH B;, sika MacmTaly-
I0ThCA 3TiIHO 3 MHOXHMKaMH YMOB Mj;, 110 Bi/INIOBiIat0Th 3a
crienuivHi 0OMEXKEeHHS, Taki K KOHTEKCT BUKOPUCTAHHS YU
npiopuTeT. AKTyajbHa BaromMicth 00paxoByeThCs 3a (opmy-
JI010:

Vi = Bi XMli XMZi X...X Mni

JL1s TOpiBHSAHHS PEJICBAaHTHOCTI €IIEMEHTIB 13 BpaXyBaHHAM

X Baru BUKOPUCTOBYETHCS KOE(Ili€HT e)eKTUBHOCTI:

[Micnst o6unceHHs KoedimieHTIB €PEKTHBHOCTI A KOX-
HOTO €JIEMEeHTa CHCTEMa MEePEXOUTh O MoOYI0BH (iHAIBHOT
BuOipku. CriouaTKy BCi €IEMEHTH IPYIYIOTHCS 32 KaTETOPisIMH,
TTiCIISt YOTO BUKOHYETHCSI KPYToBa iTepallisi, y MeKax sIKOi 3 KO-
JKHOI KaTeropii MmOCHiIOBHO 0OWpaeThCsl HalpeleBaHTHIIIHA
€JIEMEHT BINOBITHO 10 3Ha4YeHHSA S;. JlomaBaHHS 10 BUOIpKH
TPHBAE I0THU, JOKK He OyJle BUIEPIaHO AOCTYIHHUN pecypc (Ha-
TIPUKJIaJ], BArOBUH JIIMIT), 200 3 yci Kareropii He Oy yTh 3a0e3-
meveHi HeoOXiMTHUMH eleMeHTaMu. Y pasi, SKIIO IeBHa KaTe-
TOpist 3aJIMIIMIACS TOPOKHBOIO, AITOPUTM BUKOHY€E KOMITEHCa-
HiftHmiA 100ip A 3abe3nedeHHs MOBHOTH (DYHKIIIOHATBEHOTO
TIOKPHTTS, HAaBITh SIKIIO 1€ MOTpeOyBaTUMe MEePEeBUILCHHS 00-
MEXEHHS Y MeXaX JOIMyCTUMOTO JOIYCKY.

[epeBaroto 3arrporoHOBaHOTO TOPUAHOTO MiAXOIY € HOE-
HaHHS MIBUAKOAIT %KaliOHOTO aNTOpUTMY 3 THYUYKICTIO a/IallTH-
BHOTI'O MacIITa0yBaHHSI BaroMocCTi, IO JJ03BOJISiE (POPMYBaTH
pelieBaHTHI PillIeHHA y AMHAMIYHO 3MiHHHUX yMOBaX. 3aBISKH
KaTeropiajJbHOMY PO3IOiTy 3a0e3Meuy€eThCs 30aJIaHCOBAHICTh
pe3ynbTaTy Ta YHUKHEHHS TOMiHYBaHHS OJHi€l KaTeropii Hax
iHmumu. KpiM Toro, MexaHi3M KOMIIEHCAIIIHOr0 J0O0py MiHi-
Mi3y€ PU3UK BTPaTH KPUTHYHO BXKIIMBUX CJIEMEHTIB.

HaromicTs, anroputm He rapaHTye rI0OaIbHOT ONTHMAIb-
HOCTI PO3B’SI3KY, LI0 € TUIOBUM OOMEXEHHSM E€BPHUCTHYHHX
MeTosiB. Moro epekTHBHICTh 3HAYHOI MIpOIO 3aleXKHTh Bif
KOPEKTHOCTI II0YaTKOBUX MHOXKHHKIB aKTYyaJbHOCTI, @ TaKOX
BiJl TOTO, HACKIJIBKHM aJIeKBATHO C(POPMYIBOBAHO KaTeropii Ta
oOMeXeHHs. Y BHITaJKax 3 BEIUKOIO KIIBKICTIO TICHO IIOB’s13a-
HUX YMOB a00 X BUCOKOIO BapTiCTIO IOMIIKH y BHOOPi, MOXKe
3HAJOOUTHCS IHTETPALlis TOJATKOBHX ONTUMI3AIITHAX MeXaHi-
3MiB.

[TPAKTUYHE 3ACTOCYBAHHSA

Po3po0uiennii TiOpUIHUN aIrOPUTM OYIIO IMITIEMEHTOBAHO
B pamKkax MoOinpHOrO 3actocyHkKy TrekMate, ¢yHkuioHans-
HICTB SIKOTO TOJISITAa€ B aBTOMATH30BAHOMY ITiI00PI TypHCTHY-
HOTO CHOPS/PKEHHS BiJIIOBITHO 10 YMOB KOHKPETHOTO TTOXO/Y.
Cucrema pearnizoBaHa y ¢Gopmati KITi€HTCHKOI po3poOKH, IO
JI03BOJISIE 3JIIICHIOBATH YCl1 004YHCIIEHHS Ta 30epEeKeHHS TaHUX
JIOKaITbHO, 0e3 HeoOXiTHOCTI MiAKIIIOYeHHS 10 CepBEpHOI iH-
¢bpactpykrypu. s peanizaiii aroputmy 0ysio BUKOPHUCTAHO
CydJacHi TEXHOJIOT11 i 3ac00HM PO3pOOKH, 30KpeMa MOBY IpoTrpa-
myBanHs Kotlin [5], 6i0mioTeku Jetpack Compose [6] ast UL Ta
Android SDK [7] mans B3aemoii 3 ¢aitloBOI0 CHCTEMOIO i JI0-
KaJbHOIO 0a3010 NaHWX. 30BHIMIHIM BUIJISA 3aCTOCYHKY, OIH-
TYBaHHS, PEKOMEHJIOBaHUH CIIUCOK CHOPS/HKESHHS HABEACHO Ha
puc. 1. B ocHOBI cucremu JeKHUTh MOAEIH OararodpakTopHOT
onTuMi3allii 3 0OMeXEeHHIMH, 1e TIOPUIHIA TiAXiA J03BOJIUB
JIOCSITTH aJIalITUBHOCTI, PEJIEBAHTHOCTI Ta CTPYKTYPOBaHOT piB-
HOMIpHOCTI BHOOPY €JIEMEHTIB.
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Puc. 1. 3oBuimmniii Burisan TrekMate

Ki1r090BOIO CKITAJOBOIO CHCTEMH € MEXaHi3M OIHUTYBaHHS,
0 noOyI0BaHMi Ha 16 MUTaHHAX 3arajibHOTO XapakTepy, sKi
OXOILTIOIOTh HAMBAXKIIMBIII ACIEKTH IIOAOPOXKi: TPHUBAIICTD,
KUTBKICTh YYaCHUKIB, TIOTOJHI YMOBH, THUI MapuIpyTy, CE30H-
HICTH TOmIO. Taka KiJIbKiCTh 3alUTaHb OyJa BU3HAYEHA SIK JI0-
CTaTHs JUIsl OTPUMaHHS MOBHOTO YSIBJIICHHS IIPO YMOBH ITI0/10-
PpOXxi, HeoOXiTHOTO AT POPMYBaHHS MEPCOHATI30BAaHUX PEKO-
MeHaniid. 3MeHIIeHHs 00CsATy ONUTYBaHHS OOMEXHIIO O SK-
icTh 310paHKX AaHUX, TOAIL K HOTO pO3MHKpPEHHS MOTJI0 O Hera-
THUBHO BIUIMHYTH Ha 3pYYHICTb i IIBUIKICTH B3a€EMOJIIi 3 CHUCTe-
Mmoro. CTpykTypa 6a3u nIUTaHb Ta BiIOBiAEH HaBeeHa Ha PHC.
2. Biamosini, oTpuMaHi BiJi KOpUCTyBa4a, He 0OPOOISIOTHCS
0e3nocepeIHbO ATOPUTMOM, a TPAHC(HOPMYIOTECS 32 JOIIOMO-
rO0 CIeliaTbHOr0 KoMmoHeHTa — DataManager. Came 1eit
MEHeKep BIATIOBIAae 3a TepeKIIa]] BiAIOBIEH Y YHCIOBI KOe-
(billieHTH peNeBaHTHOCTI, SIKi HaJajal BPaxOBYIOTHCS alrOpUT-
MOM IIiJ] Yac PO3paxyHKy LiHHOCTI KO)KHOTO €IeMEHTa CIIopsi-
JOKEHHSI.

Puc. 2. Ctpykrypa daiiiny questions.json

basa nanux, 1mo BukopuctoByerhes y TrekMate, npeacras-
nena y Burisiai JSON-daitry equipment.json i MicTUTb iHpOP-
MaIlif0 [P0 BC1 MOXIIMBI €JIEMEHTH criopsimkeHHs. CTpyKTypa
6a3u maHMX equipment.json HaBeleHA Ha puc. 3. Kosxken erne-
MEHT XapaKTepH3Y€ThCA HH3KOI0 napameTpiB: 6a3oBa Bara, Oa-
30Ba MLIHHICTb, KaTeropis, KoeQilieHT yMOBHOCTl BUKOpPHC-
tanHs  (conditions multiplier), TpuBamicTh  CIOKUBAaHHS
(consumption_duration) Ta mopir KOJIEKTUBHOT'O KOPHUCTYBaHHS
(participant_threshold). OcrtanHi 1Ba MOKa3HWKH CTAHOBIATH
HaMOUIBII 3HAUYIII OOMEXYBaJIbHI XapaKTEPUCTUKH, 110 BHU-
3HAYAIOTh AJANTAIll0 CHOPSIKEHHS 10 KOHKPETHOTO CICHA-
pito.
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Puc. 3. Ctpykrypa daiimy equipment.json

[Micnst 0OpoOKM BXiTHUX NaHUX KOPHUCTyBada, CHCTEMa BU-
KJIMKA€ TIOPUIHUI ajrOpUTM ONTUMI3anii, sikuid popmye BHOi-
PKY CIIOPSIDKSHHS, PEJICBAHTHY 3aJlaHUM yMOBaM. AJITOPHTM
MpaIoe B KiIbKa MOCIIZOBHHUX €TaIliB, JOTPUMYIOUYHChH TPHH-
LUITY TIPIOPUTETHOTO HAIOBHEHHS 3 YpaxyBaHHIM 3HAYYLIOCTI
KaTeropiu.

Ha moyatky prok3ak KOpHCTyBa4a 3alIOBHIOETHCS 0a30BHMH
€JIEMEHTaMH JKUTTe3a0e3MMeUeHHsT — DKeto Ta Bojoro. Kiib-
KIiCTh TaKHX pecypciB MacmTaby€eThCst POMOPIIHHO 10 KUTBKO-
CTi YYaCHHUKIB TIOZOPOXi Ta TpuBajocTi MapumpyTy. [aimi Bia-
OyBaeThCs HUTBOBHUN JOOIp HEKPYTOBUX KaTErOpii, 10 SKUX Ha-
JIeKaTh HAMETH, CTIajJbHI MIIIIKH, KapEeMaTH Ta iHIIe KPUTHYHE
TpYIIOBE CIOpSDKEHHs. JIJIsl TaKUX eeMEHTIB 00YHCITIOETHCS
HeoOX1JHa KUJIBKICTh, SIKa 3aJIEKUTh BiJ KOJEKTHBHOCTI BHKO-
pucTaHHs (HAPUKIJIAA, OJHA JBYMICHA MajaTka po3paxoBaHa
Ha JIBOX 0Ci0) Ta 3araJlbHUX YMOB ITOXO.Y.

[Ticnst LOTO aKTUBYETHCS KaTeropiaibHa KpyroBa oopooka
(round-robin), y mMesxkax sikoi iHImi kaTeropii (0T, MeIHIINHA,
IHCTPYMEHTH, 3aCO0U 0COOMCTOT Tiri€HN TOIO) 0OPOOISIIOTHCS
o uep3i. Ha xo>kxHOMY IHIKITi 0OMpaeThCs HalpeleBaHTHIITHA
TIpeAMET 3 KOXKHOI KaTeropii Ha OCHOBI a/laliTOBaHOI I[IHHOCTI,
sIKa BPaxOBY€E BiAIMOBi/II KOPHCTyBaya B ONHUTYBAJIBHUKY, a Ta-
KO’ OOME)KEHHS I1I0JI0 Bark, YMOBHOCTI Ta CITIJIBHOTO BUKOPH-
cTaHHA. TakuM YHHOM peami3yeThCs XKaliOHa CTpaTeris y Me-
Kax 6araT0¢)aKTopHoro MPOCTOPY, IO M03BOJSIE €(HEKTUBHO
GanancyBaTi MiX (PyHKIIOHATBHICTIO Ta BArOKO CIIOPSKSHHSL.

VY migcyMKy (opMyeThCs MepcOHai30BaHUN CIUCOK CHO-
PSIDKSHHS, MaKCUMAIBHO aJalnTOBaHUHA 0 YMOB IOIOPOXKi.
@dakTUYHO, KOPUCTYBAY, HE ITiJO3PIOIOYH TIPO 1ie, CaM 33/1a€ Ba-
TOMICTh OKPEMHX IPEIMETIiB Yepe3 BIATOBiNI B OMUTYBab-
HUKY, 1 came 11l IpiopuTeTn (OPMYIOTH JIOTIKY 1000pY. Pe3ym)-
TaT 3anucyersest 10 JSON-paitmy optlmlzequulpment json i
nepelaeThes cUcTeMi ISl OJaNbIIoi Bi3yaniamii Ta B3aeMo-
nii. Ctpykrypa ¢aiiny optimizedEquipment.json HaBeaeHa Ha
puc. 4.

Puc. 4. Ctpykrypa daiiny optimizedEquipment.json

Ockinbku 3actocyHok TrekMate po3poOGiieHo mjist omepa-
uiitnoi cucremu Android [8], B ocHOBI sIKOT J1eXkUTH siapo Linux,
OyJio 3a0e3Me4eH0 CYMICHICTh 3 IIHMPOKUM CIIEKTPOM MpH-
CTpOiB 1 rapaHTOBaHO €(EKTUBHE YIPABIIHHI pecypcaMu ITij
Yac BUKOHAHHS 00YHCIICHb aJITOPUTMY.
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BUCHOBKU

Y Mexkax npoBeAeHOro AOCIiKEeHHs 0yJ10 CPOPMYIHOBAHO
3aJady mig0opy eJIeMEeHTIB 3 ypaxyBaHHIM MHOXHHHU 00MExKy-
FOUMX TapaMeTpiB Ta MPOBEIEHO aHaJli3 KIACHYHUX TiIXOJIIB
10 11 po3B’si3aHHs. MeTo/ HoBHOTO NIepebopy BUsIBUBCS Heede-
KTUBHMM U MaclITaOHUX BHIIAJKIB 4epe3 OOUUCIIOBAIbHY
CKJIaJTHICTh, & aJITOPUTM IMITaIlil Biqnasy — HEIOCTATHBO Iie-
penbadyBaHUM y KOHTEKCTI CTPOTO CTPYKTYpPOBaHHUX OOMe-
JKEHb.

Ha it ocHOBI Oy110 3aIIPOIIOHOBAHO T10pPUIHHNA €BPHCTHY-
HUMH aJITOPHUTM, IO MTOEAHYE KaTi0Hy CTpaTerito 3 KaTeropiaib-
HHM ITiIX0I0M round-robin Ta aganTrBHOIO CHCTEMOIO BATOBUAX
koedimienti. Takuit miaxin 3abe3nedye 6agaHc MiXK TOUHICTIO
BiIOOPY 1 IMIBUIKICTIO OOYUCIICHHS TIPU BpaxXyBaHHI MHOXKUH-
HUX (aKTOpiB, BKIIOYHO 3 MPIOPUTETHICTIO, KOJIEKTHBHICTIO
BUKOPUCTAHHS SJIEMEHTIB 1 PENICBAHTHICTIO JI0 3aaHHX YMOB.

Po3pobnenuii anroputM OyJI0 IHTEIPOBAHO Y MPHUKJIAIHE
nporpamHe 3ade3neueHHs TrekMate, 110 JEMOHCTPYE MOKITH-
BICTh HOT'0 MPaKTUYHOTO 3aCTOCYBAHHS y 33/1a4aX aBTOMAaTH30-
BaHOI TeHepalii IepCcOHai30BaHUX CHHCKIB TYPUCTHYHOIO
CHOPSKCHHSA. AJNTopuT™M OYyJI0 aanToBaHO A0 crenudiku
npeaMeTHOT 00IacTi MIUIIXOM PO3IIUPEHHS CTPYKTYPH 0a3u Ja-
HUX 1 BIIPOBAIDKEHHS MEXaHI3MIB IONEPEHBOIO OMHUTYBaHHS
kopuctyBada. [licns oOpoOKHM BBeINeHHX mapamerpiB (popmy-
€TBCS CTPYKTYPOBaHMH (haiis, SKHif 3r0ZI0M BUKOPHCTOBYETHCS
CHCTEMOIO [UISl BiTOOpaXEeHHS pe3ysIbTaTy Yy 3pyIHOMY IS Ki-
HIIEBOTO KopucTyBaua (opmari. [lepcriekTuBu po3BUTKY MOGi-
JIBHOTO 3aCTOCYHKY IOJISATalOTh y MacITaOyBaHHI po3podie-
HOTO (YHKIIOHATY, 30KpEMa PO3LINPEHHs 0a3: TaHUX TypHC-
THUYHOT'O CHOPSADKEHHS, IHTerpalii i3 iHIIMMHU TypPUCTHYHUMHU
cepBicaMy Ta MiABUIIEHHS THYYKOCTi CHCTEMH MiA00py CIops-
JOKEHHSI.
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OTtpumani pe3ynbTaTH HiATBEPHKYIOTh JOIUIBHICTH 3aIpo-
IIOHOBAHOI'O l'IiJIXO[ly Ta CTBOPIOKOTH OCHOBY [UJIA NOAAJIbIINX
JOCJIKCHb y HampsiMi ONTHMi3allii BUOIPOK 3 TUHAMIYHHUMU
napaMeTpamMu Ta 0araTopiBHEBUMU OOMEIKECHHSIMU.
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Abstract. This paper addresses JavaScript performance limitations in web applications and proposes an approach to pre-convert
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network translation. Performance comparisons demonstrate the advantages of using Rust as the target language for compilation.
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ITioxi0 00 niosuwenna npoOyKmueHocmii 6eo-
3ACMOCYHKI6 3a PaAXyHOK nepemeopeHHs
JavaScript y WebAssembly

Henenin JAmitpiit, AMorc Onekcanap
KIII imeHi Irops Cikopcbkoro
M. KuiB, Ykpaina
nelepin.dmitriy@gmail.com, o.amons@kpi.ua

Anomauyia. Y cTaTTi PO3IJISIHYTO 00MeKEHHS NPOAYKTHBHOCTI
JavaScript y Be6-3acTocyHKax Ta 3alpONIOHOBAHO MiAXiA momepe-
IHbOr0 neperBopeHHst JavaScript-kony y WebAssembly. Onu-
caHoO KiTbKka miaxoaiB Tpancdopmaiii, BKIOYAWYH KOMILISALIIO,
inTepnperauio Ta Heiipomepe:xeBe neperBopeHHs. [MopiBHsIHHS
NMPOAYKTHBHOCTI IEMOHCTPY€ MepeBarn BHKopuctaHHs Rust sik
HiJILOBOI MOBHM /11 KOMITIISIIIil.

Kniouosi  cnosa:  JavaScript, WebAssembly, onmumizayin
nPoOyKmueHocmi, 6€06-3acmocyHox.
Bcryn

B Hant yac po3pobOka Be6-3aCTOCYHKIB € OJJHOIO 13 HAHO1Tb-
IIUX Tajay3ei po3poOKH, i K pe3ynsTaT JavaScript € oxHoro 3
OCHOBHHX MOB, 5IKa BUKOPHCTOBYEThCS y BeO po3podmi. OHax
11 MPOAYKTUBHICTD 3AHIIAE€THCS HU3bKOI0. OCHOBHI MPUYNHI
moBLIEHOT pobOoTH JavaScript-koay NoB’s3aHi 3 IHTEPIPETOBA-
HOIO TIPUPOZOI0 MOBH, AMHAMIYHOIO THIII3aIli€l0 Ta OOMexe-
HUM JIOCTYIIOM JI0 HU3bKOPIBHEBHX pecypciB y Opaysepax. [To-
npH HasBHICTH cyvacHuX JIT-xomminaropi [1], Takux sk V8
(Chrome) [2] i SpiderMonkey (Firefox) [3], Bouu Bce 1iie mpa-
LIOIOTh Y MEXaxX AWHAMIYHOT MOJIeIi BUKOHAHHS, [0 0OMEXY€
MOJKJIMBOCTI 151 TiIMOO0KOT onTuMmizarii. Kpim Toro, peaizaitis
e(EeKTHBHOTO MAIIMHHOTO KOIY YCKJIaJHIOETHCS MOCTIHUMHU
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3MiHaMH THUIIB IIiJ] Yac BUKOHAHHS], a Opay3epHa MOJENb 0e3-
Imekd 0oOMeKye JOCTylm N0 TOTOKiB, mam’sti ta SIMD-
THCTPYKIIIH.

Hocnimkenns [4] HOKa3yIoTh, 110 3HAYHA YaCTHUHA MTPOTYK-
TUBHOCTI JavaScript-iporpam BTpavaeThcs yepe3 Hee(heKTHBHE
Bukopuctanas API, 3ailiBe KOmitOBaHHsS JaHUX Ta HEONTHUMa-
JIBHI KOHCTPYKIIii MHKITIB. Y IUX J0CIiKeH X [4] mpoBeneHo
aHaJIi3 MPaKTHYHUX BUMAJKIB y 16 MOMYISPHUX MPOEKTAX SKHH
II0Ka3aB, 110 OLIBIIICTh ONTHUMI3ALIN OB’ A3aH1 13 3aMIHOO I10-
BinbHKX API Ha mIBHALII aHAJIOTH, ajleé HaBiTh TaKi 3MiHH HE
3aBXKIU TapaHTyIOTh CTa0inpHE MoKpamieHHs: jume 42,68%
onTuMizailiii Oymu eQeKTUBHUMHM JIs BCIX Bepcidl pymrii, a
15% — HaBiTh 3HIKYBaIH MPOIYKTUBHICTh y TICBHUX BUIIAJI-
Kax.

3 iHmoro 600Ky, 0O4iKyBaHHS KOPHUCTYBaYiB IIIOI0 ITBUAKOIIT
BE0-3aCTOCYHKIB TaK0OX 3POCTAIOTh. 3TITHO 3 JOCIIIKCHHIMU
[5], GimbImicTs KOpHCTYBa4iB BBAXKAIOTh BEO-CAWTH «IIBHI-
kummy, ko First Contentful Paint (FCP) ue nepesumye 1,8
CEeKYH[H, a 3aTpUMKa MOHAJ 3 CEeKyHIU MPU3BOAUTH 10 89%
BiJIMOB BiJ] 3aBaHTa)XCHHS CTOPIHKH Ha MOOUTBHHUX MPUCTPOSIX.
VY Takux ymMoBax po3pOoOHHMKH 3MYyIIEHI MOCTIHHO HIyKaTH HOBI
nuIAxu onrumisanii JavaScript-komy.


mailto:nelepin.dmitriy@gmail.com
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3Bakaroun Ha 11e, JavaScript 4acTo cTae «By3bKHUM MiCIIEM)
y CKJIaJHHX Be0-3aCTOCYHKax, 0COOJINBO THX, IO MOTPEOYIOTH
iHTeHCHBHOI 00p0o0OKM nanux, 3D-rpadikv, MamIMHHOTO HAaB-
yaHHs yu Kpuntorpadii. Curyariis 1me OuIbIIe YCKIIaIHIOETHCS
Ha MOOUTBHUX MPUCTPOSIX, 1€ € OOMEKEHHS allapaTHUX Pecyp-
ciB i morpeba B eHeproeeKTUBHOCTI, & 3HAUYUTD 1 BUCYBAIOThCS
JOJATKOBI BUMOTH JIO0 TIPOTyKTHBHOCTI 3aCTOCYHKIB.

ICHYIOUI METOIM OITUMI3ALIIT

Ha nanuii MOMEHT MOXHa BHIUINTH TPU OCHOBHI MiIXOH
JI0 TABHINEHHS MPOMLYKTHBHOCTI Web-3aCTOCYHKIB: KOMITLISI-
LISl B MAIMHHUNA KOJI «HA JILOTY» TIepel] BAKOHAHHSIM Iporpa-
muoro Koy (Just-In-Time a6o JIT); Bukopucrauus Web Work-
ers Ta sukopuctanas WebAssembly (WASM). Huxue kopo-
TKO PO3TIITHEMO IIi TiIXOH.

Cyuacui pymii JavaScript — Taki sk V8 (Google),
SpiderMonkey (Mozilla) ta JavaScriptCore (Apple) — Buko-
puctoBytoth Just-In-Time (JIT) xomminsiito [1] sk ocHOBHY
TEXHOJIOTiI0 HifBUIEeHHs npoxykTuBHOCTi [2]. Ii cyTh momsrae
B JIMHAMIYHOMY IIEpETBOpPEHHI OaliT-ko1y abo iHTepIpeToBa-
Horo koxy JavaScript y BHCOKO€()EKTHBHUH MamIMHHHNA KOI
i/l YaC BUKOHAHHS, 110 J03BOJISIE aanTyBaTHCS 1O KOHKPET-
HOTO CEepeIOBHIA BUKOHAHHS, BKIIOYHO 3 allapaTHUMH 0C00-
JIMBOCTSIMH Ta CIICHAPISIMH HABaHTAXKCHHSL.

Opnnak, edextuBHICTD JIT-KOMITUIALIT HE 3aBXKAM TapaHTY-
€TbCA. Y eMITIpUYHOMY JOCIi/pKeHH] [4] Oyino BHSBIIEHO, IO
mume 42.68% ontamizaniid JIT-koMminsaTopiB cTabinbHO na-
I0Th MPHUPICT MPOJYKTHUBHOCTI Ha BCIX Bepcisix pywiiB V8 Ta
SpiderMonkey. ¥ peiuTi Bunaakis — abo BincyTHiii epekt, abo
HaBITh CIIOCTEPITaeThes perpecis mpoayKTuBHOCTI [4]. Lle cBi-
MUUTH Tpo gymmBicTh JIT 10 KOHKPETHOro KOIy, CIIEHApIito
BUKOHAHHA Ta BepCii PyIIis, 0 YCKIaAHIOE HAAIHHE MPOTHO-
3yBaHHS MIBHIKOIII.

Posmmpenns mexanismiB 3axucty JIT-xommineoBaHOTO
KOy, HAalIPpHKJIaJ Yepe3 TEXHIKU write-protection, mpusBoanTh
JI0 BTpAT MPOAYKTUBHOCTI — B A€AKUX KOoHGirypauisx xo 12%
3HW)KEHHS LIBHIKOJII TNpH aKTUBHOMY 3axHCTi oOyacteit
mam’sTi [6].

Web Workers — ie API, 110 103BoJIsiE BUKOHYBATH 004HC-
JIEHHS B OKPEMOMY ITOTOIli HE3aJIE)KHO BiJl OCHOBHOTO TTOTOKY
kopuctyBapkoro inrepdeiicy (Ul thread) [7]. ¥V cranmapt-
HOMY cepenoBuii JavaScript — ocobnmBo B Opay3epi — Kox
BUKOHYETHCS B OJHOTIOTOKOBOMY PEXKHMI, 110 OOMEKYE MOXK-
JUBOCTI MacIITa0yBaHHs P 00POOII 0OYMCITIOBANIEHO iHTEH-
CHBHHUX 3aBJIaHb, TaKuUX SIK mapcuHr Beiaukux JSON-¢aiinis,
KOJTyBaHHsI/ICKOAyBaHHS BiJieo abo mUQpyBaHHS.

BukopucroByroun Web Workers, MoxxHa BUHeCTH MoJ1i0OHI
3aja4i 3a MEXi OCHOBHOTO ITIOTOKY, 3a1o0iratoun 6J0KyBaHHIO
inTepdeiicy koprcryBaya, 1110 0COOIMBO KPUTHYHO AJIsI iHTEpa-
KTUBHHUX SPA-3acTOCYHKIB.

Web Workers miarpumyroTh i30J1b0BaHE CEPEIOBHUIIIEC BUKO-
HaHHS, A€ BiCYTHIH npsmuii noctyn 1o DOM, ane MOKITHBHIA
OOMIH JaHMMH dYepe3 MeXaHi3M mepemadi IOBiIOMJICHb
(postMessage) [7]. Lle BumMarae 101aTKOBUX 3YCHIIb 3 apXiTeK-
TYypH 3aCTOCYHKY, aji¢ J03BOJIIE PEasli30BYBAaTH apXiTEKTypy
monieHoi BiamoBigampHOCT: Ul 00po0IseThcss B OCHOBHOMY
noroiii, a oourciaenus — y Web Worker'ax.

IIpore Web Workers MaroTh i cBOT OOMEXCHHS: BOHH HE
MaioTe goctyny 1o DOM, Window API, LocalStorage Tomo
[7], o 3Mymrye po3poOHUKIB PETEIBHO MIaHYBATH Tepeaady
JAHWUX 1 B3a€MOZIIO 3 OCHOBHOIO JIOTIKOIO 3aCTOCYHKY. Takoxk
CTBOPEHHS BEJIMKOI KiTbKOCTI worker'iB MOke BUKJIMKATH Ha-
KJIJHI BUTPATH Ha TaM ATk, 1 JesdKi Opay3epu MaroTh oOMe-
JKEHHSI Ha KUTBKICTh OJIHOYaCHO aKTHBHUX MOTOKIB.

WebAssembly (ckopouero WASM) € Hu3pKOpiBHEBOIO 0i-
HapHOIO MOBOIO, 1110 BUKOHYETHCS 3 MaiKe HaTUBHOIO TIPOJIYK-
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THBHICTIO y Opay3epax [8]. BoHa cTana BaJIMBOIO TEXHOJO-
Ti€l0 JUIS IPUCKOPEHHSI Be03aCTOCYHKIB, AKi paHile oOMexy-
BaJIMCS TIOBUTBHIIUM JavaScript.

WebAssembly 3Ha4HO MifBUILY€E NMPOAYKTHBHICTH BeO3a-
crocyHkiB [8, 9]. ExcriepumenTainbhi BumiproBanus [9] moka-
3amy, mo WebAssembly-peanizamist OQHOTO 1 TOTO caMOro ai-
TOPUTMY MOXe TIpaIfoBatu y 2—4 pasu mBuamie 3a JavaScript
y Opay3sepax Firefox ta Chromium. Binb TOro, MyJbTUIIOTO-
koBa WebAssembly-peamizamiss (3 BukopucraHHsM Web
Workers i Shared ArrayBuffer) nepesuriuna mBuaKo/Ii(0 OTHO-
motokoBoi WASM-Bepcii B 9-13 pasiB, a BpydHy ONITUMi30Ba-
Hoi JavaScript-peanizamii — 10 24 pasis [9].

o ocHoBHux nepesar WebAssembly mosxHa BigHecTu Bu-
COKY HPOIYKTHBHICTh, MIABHUIIEHY 3aXHUIICHHICTh, TaK K KOJ
TIPAIIIOE B 130JIbOBAHOMY CepeIOBHILI micouHuIi. Lle MiHiMizye
PH3HKH JUIS CUCTEMH Ta JIO3BOJISIE OE3MEYHO 3aIlyCKaTH CTO-
POHHI# Ko, MynbTHIIIATPOPMEHICTH 1 KpocOpay3epHiCTh Ta-
KOX € mepeBaramu, ski Hagae WebAssembly, tak sk WASM
MiATPUMYETHCS yCiMa OCHOBHUMH Opay3epaMu Ta CTaHIapTH-
syetbest W3C WebAssembly Working Group [9]. JlogatkoBo
cif 3a3nauntu mo WebAssembly, va Biaminy Big JavaScript
KOAy, HaJae MOXIIMBOCTI JJIs peaiizallii B KO/ TapaeTbHuX
oOunciensb. A came, WebAssembly miarpumMye OaratonoTouse
BHKOHAHHS 3 BUKOPHUCTAHHSAM CITUTBHOI IIaM SITi, IO JO3BOJISIE
edexTHBHO 3amiroBaTH Bei sapa npouecopa [9]. Leit minxin He
oOMexye po3poOHUKIB y BHOOpI MOBH IpOTrpaMyBaHHS,
WebAssembly Moke OyTH IUDIFO KOMITUIAINT JJis 0aratbox
moB (Rust, C, C++, Go, TypeScript ta in.)

HesBakaroun Ha rapHi pesynbrati, WebAssembly mae ne-
sIKI HEZIONIKH, a caMe BIiACYTHIiCTh mpsiMoi B3aemoxii 3 DOM,
CKJIAJTHICTh HAJAaro/HKEHHS MPOTpaMu, HEOOXIIHICTh MOTepe/-
HBOI KOMITLIALIL, a Takok, WebAssembly it moci 3HaxoauThCS
y cTafii po3po0ku, ToMy miaTprMKa garbage collection, SIMD
1 TIOTOKIB BCE M€ 3HAXOAUTHCA Yy (ha3i JOOMpPAILIOBAHHA y Je-
sakux Opaysepax [9].

3AITPOITIOHOBAHUIA ITIAXIJT

Sk Oyno mokazano, WebAssembly 31aTeH 3Ha49HO TepeBe-
puutn JavaScript y mBuAKoAii, 0coONMBO B 3a/1a4ax, A€ Bax-
JIMBE 00YMCITIOBAJIbHE HAaBaHTaKeHHs1. BpaxoBytouwu 11e, mporo-
HYETBCS MTiIXI/ 3 MepeTBOpPEeHHAM JavaScript-koay y iHIITy MOBY
MporpaMyBaHHsI 3 MOJANBIICI0 KoMIutsiero y WebAssembly.
Ile 103BOMUTH MiJBHIIUTH MPOXYKTUBHICTH O€3 HEOOXiTHOCTI
MIOBHOTO PYYHOT'O MEPENMCYBaHHS JIOTIKH BXXE peajli30BaHOTO
3aCTOCYHKY.

3anpornoHoBaHUN MiAXiM HOITYCKA€E TEKiIbKa CTPATErii 1me-
peTBOHEHHs JavaScript B mpoMikHY MOBY HIPOTpaMyBaHHL.

IaTepnperanis abo TpaHCHAMIS 3 BUKOPHCTAHHSAM TPaIH-
HiHIX KOMITUIATOPIB € OJHUM 3i CIIOCO0IB TpaHCPOPMYBaHHS
JavaScript y mpomixkHy MOBy, Hampukian, TypeScript abo
THIITY, 1110 Ma€ CTaTUYHY TUII3aLli0, MiC/Is YOT0 3A1MCHUTH KOM-
nistio y WebAssembly 3a 1010MOroro 10CTyHUX IHCTpyMe-
HTiB (Hampukiam, AssemblyScript, Emscripten) [8].

CeMaHTHYHA IHTEpIpETallisl IHTEPIPETaToOpOM, HeH Miaxiz
3a00B’s3y€  peaji3yBaTH IHTEpIIPETarop, SKUH BUKOHYE
JavaScript-koq uuIAXoM CHUMYJIAIIl BUKOHAHHS 1 mapajenbHO
Oynye exBiBaeHTHy WASM-penpesenranito. Takuil miaxin
JI03BOJIsIE 30€perTy NoBeAiHKy JavaScript npu nboMy onTHMI-
3YFOUYH KPUTHYHI IIUISIXH BUKOHAHHS.

Takoxk MOXKJIMBE BUKOPHCTAHHS BEJIMKUX MOBHHX MOJIeNeH
a0o cremiagbHO HaBYCHUX HEMPOHHUX MEPEX LTS TPAHCIAIIT
JavaScript-kony B eKBiBalIEHTHHIA KO Ha MOBI 3 IiATPHMKOFO
WebAssembly (nanpukmnan, Rust adbo C). Takuii Tpancnsrop
3MOJKE BPaxOBYBaTH KOHTEKCT BUKOHAHHS, MIA0JOHH KOIy Ta
HaBITh CEMAaHTHYHI 0cOOMUBOCTI JS-KOTY.
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Jis BU3HAYeHHS NPOMIKHOI MOBH, sIKa OyZe KOMIILIIOBa-
tucsa B kinuesud WASM, Oyno npoBeneHo NOCIHIIKeHHS, Jie
OyJ1o MOPIBHSHO MIPOJyKTUBHICTh AssemblyScript
(TypeScript), Rust ta JavaScript 6e3 neperBopenns y WASM
NPY BUKOHAHHI OJIHAKOBHX 337a4. [HIIMMH MOMYJISPHUMH MO-
Bamu € C# Ta Java, ane 11i MOBH HE MArOTh OQIIIIHOT MiATPH-
Mku kommianii y WebAssembly, i sik pesynbrar He Oy nb-sikuid
MPOTPaMHKI KO KOMIIUTFOETBCS v mporpamumii kox WebAs-
sembly. Tomy Ha qaHwii MOMEHT BOHH HE PO3TIISAIAINCS K Ba-
piaHTH AJIs TIOPiBHSHHS.

Bpaxosyroun mo WebAssembly 3apa3z ve marots mocrymy
10 DOM Tta kopuctyBaupkoro intepdeiicy, s MOpPiBHIHHS
Oyio 00paHO MPUKIIAAN YHCTO aITOPUTMIYHHX 337ad, a TAKOXK
3a/1a4 3 BUKOPUCTAHHAM CHCTEMHHX 0i0J1i0TeK, a came: 00uuc-
neHHs (akropiany, obuucieHHs uucen PiOoHaui Ta Xerry-
BaHHS TEKCTy 3a jgomnomorow anroputmy SHA-256. Pesyiib-
TaTH JOCIIKCHHS HaBeJIeHi y Tao. 1.

J1J1st HOpiBHSTHHS ITPOTYKTUBHOCTI KOXKHOTO 3 Bap1aHTIB, BU-
kopuctoByBaecsi Node Benchmark v2.1.4 [10]. 3a nonomororo
i€l 6i0MOTeKH MPOBOIIIINCS BIMAPH MPOITYKTHBHOCTI CKOM-
ninboBanux WASM mopynis ta JavaScript koxy. B Ta6mn. 1 Ha-
BEJICHO CEPeqHIO KUTBKICTh MPOTOHIB BUKOHAHHS KOXHOI 3a-
Jadi 3a OJJHY CeKYHY, a TAKOX CEepeHs MOXUOKa.

Janni 3 Tabm. 1. IeMOHCTPYIOTSH, IO B YCiX 3aHa4ax OiTbITY
nponyktuBHicTh Mae WASM, ckoMniiboBaHui 3 HU3bKOPiBHE-
BO1 MoBH RuUSt. V Bumajky 3 3aaaucto o0paxyBaHHs GakTopiary
Bil 3 pe3yJIbTaTH 3IMIIAI0THCS IPUOIN3HO PIBHUMHU, U 11 T10-
Kazye, 10 JUIs JesKUX 3a]1a4d 3 00UMCIICHHSM MPOCTUM (YyHK-
wiii, mepeTBopeHHs JavaScript koay y iHII MOBH Ta iX moja-
nerra kommisinis y WASM He € Ho1ibHO, Tak SK BUMara-
TUME OUTBIIHNX 3YCHIIb BiJl PO3POOHMKIB ¥ HE AACTh 3HAYHOTO
MOKPAIeHHS y IPOAYKTUBHOCTI 3aCTOCYHKY.

Ta6mms 1
TopiBHsiHHs wWBKAKOLIT ckomminboBanux WASM Ta JavaScript
MoBa nporpaMmyBaHHs
3anaua . WASM
JavasScript (AssemblyScript) WASM (Rust)
dueno 157 902 488 58,462,477 | 108,700,497 ops/sec
®diboHaui Bij o o o
3 ops/sec £3,32% ops/sec £3,50% +8,71%
gl.dgno . . 112,303  ops/sec| 16,363 ops/sec | 33,399,969 ops/sec
oo P 13,929 +4,50% +6,38%
®dakropian |72,412,393 82,167,078 88,176,421 ops/sec
Big 3 ops/sec £3,11% ops/sec £5,02% +3,11%
®akropian 4,863,279 ops/sec| 9,948,652 ops/sec | 65,596,132 ops/sec
Big 20 +3.79% +4.69% +4,28%
XenryBaHHS
3a 24,28 ops/sec 14,31 ops/sec 2,635,075 ops/sec
JI0IOMOrow |+6,23% +7,85% +24,26%
SHA-256

3ajaya 3 XeUIyBaHHIM 32 AOIIOMOToro anroputmy SHA-256
mokasye, mo Rust WASM BriopaBcs 3 Hero Habarato mBUAIIE,
aje B IIbOMY BHIAAKy TaKOX BapTO BpaxyBaTH, LIO
AssemblyScript He mae BOymOBaHOI peamizarlii XeuryBaHHS,
TOMY II€ TAKOX BIUIMHYJIO Ha MBHIKOI0 KiHIleBoro WASM.
HasiBHiCTh BENMMKOT KiJBKOCTI BOYZOBaHUX KpUMNTOrpadpiuHUX
(byHKIIIH Ta XenryBaHHs € OJIHUM 13 epeBar RUSt, sik MOBH Juist
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omtuMizarii JavaScript 3acTocyHKiB OB’ sI3aHUX 3 KPUIITOTpa-
diero.

BUCHOBKU

VY 1iit po6oTi OyI10 PO3TISIHYTO MPOOIEMH MPOAYKTUBHOCTI
JavaScript y cydacHmX BeO-3aCTOCYHKaX, 30KpeMa Ti, IO
TOB’sI3aHi 3 JUHAMIYHOIO ITPUPOJIOI0 MOBH, oOMexeHHsimu JIT-
KOMIIUTALIT Ta CKJIAAHOIIAMK 0araTOIOTOKOBOI'O BUKOHAHHSA.
Byno npoaHaizoBaHO iCHYOYI MiXOIU J0 ONTUMI3AIlii — Bij
Bukopuctanas Web Workers 1o 3actocyBanas WebAssembly,
SIK 3ac00y MiJBUINCHHS MPOAYKTHBHOCTI 3aCTOCYHKIB y Opay-
3epi.

[IponoHy€eTHCS HOBUI MiIXi/T — HONEPEaHE IEPETBOPECHHS
JavaScript-koay y npoMi>kHy MOBY MpOraMyBaHHsI 3 MOCIiTy-
10400 Kommiamiero y WebAssembly. Lle moxe peamizoByBa-
THUCh Yepe3 TpauILiiHy KoMt B TypeScript, cnemianizo-
BaHi iHTEepHIpeTaTopu abo HelpoHHI Mepexi. Takuil migxin 1o-
3BOJISIE 30€PErTH 3PYUHICTh PO3poOKHU JavaScript Ta BoJHOYAC
CYTTEBO IOKPALIUTH IIBUIKOMII0 KPUTHYHHX IUITHOK KOZXY.
Takoxk 1€ JO3BOJMTH MMOKPAITYBAaTH NPOAYKTHBHICTH BXE Ha-
mIcaHnX Ha JavaScript 3acTocyHKiB.

[IpoBenene NoOpiBHSUIEHE TOCHIPKEHHS TIOKa3ao, mo Rust
JEeMOHCTPY€ HalBUILY €(peKTUBHICTb, K MIPOMIXKHOI MOBH, Tie-
pen xomninsmiero y WASM.

HaToMicTs 1i1s MpOCTHX 3a/1a9 3 HE3HAYHUM OOYHCITIOBANIb-
HUM HaBaHTaXEHHsAM mepeTBopeHHs JavaScript y WASM
MoKke OyTH HEBHIpaBIaHUM 3 OTJISy Ha JOJATKOBI BHTPATH
4acy Ta 3yCHJIb.
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Abstract. In this work, the main results of mathematical modeling of the resource management and scheduling problem for cloud data
centers’ clusters are reviewed, and the proposals regarding implementing the software for resource management are provided. Such
proposals include the use of plugins for extra filtration and scoring logic, the use of operators for cluster autoscaling, and the

categorization of the servers in the cluster.
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ITioxo0u 0o peanizauii mexnon02ii epekmueHoz2o
YRPAGIAIHHA pecypcamu y Xxmapi

Kosanenko Biagucnas
KIII imeni Iropst Cikopcbkoro
M. KuiB, Ykpaina
vilad.kov@ukr.net

Anomauia. Y naHiii po6oTi po3risiialoThC OCHOBHI pe3yJib-
TATH MaTeMATHYHOI0 MOJe/IOBAHHS 3aJavi ynpasJiHHA pecyp-
caMH Ta CKJIAJaHHA PO3KJAIB /sl KJIACTepiB XMAPHUX LEHTPIB
00po0KH 1aHHUX, TA HAJAKThCS NPONO3HLII 010 peaJizanii npo-
rpamMHoro 3ade3medyeHHsl 1JIs1 YNpaBJIiHHA pecypcamu. [lo Takux
NMPONO3uILifi MOKHA Bi/IHECTH BUKOPUCTAHHSI IJIATIHIB 101aTKOBOI
Joriku ¢inbTpanii Ta CKOPUHIY, BUKOPUCTAHHS ONepaTOpiB /s
aBTOMATHYHOr0 MACIITa0yBaHHsl KjacTepa, Ta KaTeropusauiio
cepBepiB y KiaacTepi.

Knrouosi cnosa: Kubernetes, onmumizauis, ynpasninns pecypcamu,
CKNIA0anHsA po3Kknaia.

Beryn

I3 ypaxyBaHHSM TOTO, 110 BCe OipIlle OpraHi3amiid Mirpy-
10Th cBOIO | T-iHpacTpyKTypy 10 XMapH, ocTae MUTAHHS 30i-
JIBILICHHSI €()EKTUBHOCTI BUKOPHCTAHHSI OOYUCIIOBAJILHUX pe-
CYpCIB y XMapHHX CEpPEAOBHINAX, SIK-OT IEHTpax 00poOKHU Ja-
uux [1, 2]. LlenTtpasnbHe Miciie y BiAMOBIAHINM qUCKYCil 3alimae
texnonorist Kubernetes, o ¢gaktudHo € cranaapToM iHIyCTpii
JUTSl PO3TOPTAHHSI POrPAMHOTO 3a0€3MEUCHHS Y XMapHHUX Ce-
pEOOBHIIAX; LSl TEXHOJOTIS MiCTUTh BOYIOBaHWH KOMIIOHEHT
IUIsl YIpaBIiHHSA pecypcaMu Ta ckiamanHs posknaniB (Kube-
scheduler); BogHOYac BiOMO MPO BHIAIKH, KOJIH PO3KJIAJIH,
ckmaneni kube-scheduler mpusBoauian 10 HEMOKIMBOCTI PO3-
TOPHYTH Mporpamue 3abesmneucHns. [1, 3-7].
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MATEMATHWUYHI MOEJI

V crarri [1] 6ys0 BU3HAUEH]I METOH, IiTBOBI QYHKIII Ta
0OMeKeHHS, 10 NMPHUTAaMaHHI JOCITiIKyBaHUM 3aJadaM y Ta-
JIy31 yOpaBIiHHSA pecypcaMu Ta CKIaJaHHs PO3KIAIIB Iyl Kiia-
crepie Kubernetes; Gyia Bu3HaueHa Ui MOJANBIIOTO JOCITi-
JOKEHHS 3a7ada MiHIMIi3aIlil BUTpaT Ha CHEPropecypcH Bia po-
00TH cepBepiB Ta MakcUMi3allii KoedilieHTy CepeJHbOTr0 BUKO-
pHCTaHHS CepBEiB.

V crarri [3] Ta Te3ax monosizi [4] Oyau chopMynboBaHi 1Bi
MaTeMaTHYHI MOJICII BIAIMOBIIHOT 3a7adi U KJIACTEePiB IIEHT-
piB 00pobku manux (IIO/) y Tepminax auckperHoi (komOiHa-
TOpHO{) ONITUMI3aIlii: TMHAMiYHA Ta cCTaTW4HA. J|nHAMiYHA MO-
JIeNTb Ma€ Ha METi BiATIOBiaTH 3a TI00aIbHi PIMICHHS II00 YII-
paBIiHHS pecypcamu, SIK-OT BMUKAHHSIM Ta BUMHUKaHHSIM Cep-
BepiB. CTaTnyHa MOJE/Ib Ma€ Ha METI BIAMOBIJATH 3a TOYKOBE
MPUAHATTSI PillICHb 1010 TPU3HAYEHHSI KOHKPETHUX HOBOCTBO-
perux Pod’iB (110 MiCTATh KOHTCHHEPU30BaHi 3aCTOCYHKH) Ha
By31H (cepBepH). Mojieni BpaXOBYHOTh MOXKIHBOCTI KIIIEHTIB
SIK OpEHIyBaTH BUILICHUH CepBep, TaK 1 OpeHayBaTH NOTYKHO-
CTi CHUTPHUX XOCTUHTOBHX CEPBEPIB 3a MPHUHIIUIIOM pay-as-
you-go abo pay-per-use.

HexepoBani nmapamerpu (maHi, 0 MOJAOTHCS HA BXina) Yy
Mozensix [3-4] € HacTymHUMU:

— KUTBKOCTI siiep Ha cepBepax;

— o0csiry maM’SITi Ha cepBepax;
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— iHdopMaris TIpo Te, AKi CepBEepH OPEHAYIOTHCS SK BUIII-
JIeHI SIKUMH KIIIEHTaMH, a SIKi CEpBEpPH € CIIJIBHUMH XOCTHHIO-
BUMU;

— BHMOTH 111010 KiJIbKOCTI siytep st Pod’iB;

— BUMOTH 110,10 00csry mam’siti yist Pod’is;

— iHopmanis mpo Te, SKUMH caMe KIIEHTaMH CTBOpEHi
Pod’u;

— iH(opMaIIist TIPO Te, Y J03BOJISE KIEHT 3amyckaru Pod
Ha CepBepi CHITFHOTO XOCTHHTY.

3MminHi y Mozensax [3—4] BiAmoBiga0Th HACTYITHUM pillleH-
HSM II0JI0 pOOOTH KIlacTepa:

—un Ma€ OyTH KOHKPETHHUH cepBep YBIMKHYTHIA;

— Ha SIKWi cepBep Mae OyTH pH3HAYCHMH KOHKpeTHnH Pod.

LlinboBi ¢yHKuil (kpuTepii onTUMi3alii), 0 BU3HAYEHI Y
Moensx [3-4], € HacTymHEME:

— MiHIMi3aIlis YBIMKHEHUX CIIIJIBHAX XOCTHHTOBUX CEpBe-
piB y Kiacrepi (i3 ypaxyBaHHSIM TOTO, 10 YBIMKHEHHS Ta BUM-
KHEHHS BUJIUIEHUX CEPBEPIiB PETYIIOETHCS KITIEHTAMH, 0 Ope-
HJIYIOTb 11l CepBepH, a He BIIACHUKOM KJ1acTepa);

— MaKCHMIi3alis CepeIHbOTO KOedilliecHTa BHKOPHCTAHHS
PeCypciB CIUTBHUX XOCTHHTOBUX CEPBEPIB;

— MiHiIMi3amisg 3arajJbHOI KUTBKOCTI yBIMKHEHb Ta BUMKHEHb
cepBepiB;

— MiHIMi3amig 3aranbHOro Koe(illieHTa BUKOPHUCTaHHS pe-
cypciB Pod’amu, siki Oynu 3amymieHi Ha cepBepax CITBHOTO
XOCTHHTY, aJjie CTBOPEHI KIJIIEHTaMH, 10 OPEHAYIOTh BHJIUIEHI
cepBepH;

— MiHiMi3allisl BUILHOTO 00CsATy 004HCITIOBAIEHUX PECYPCIB
Ha cepBepi, Ha SKUii Tpu3HavyaeThest Pod.

OOMexeHHs1, 10 BH3HAuYeHi y Mozensix [3-4], e Hactyn-
HUMHU:

— oOMeXeHHs1 Ha BUKOPHCTaHHS PECypCiB OKPEMUX CepBe-
piB;

— oOMeXeHHsI Ha BUKOPUCTAHHS PECypCciB OKPEMHUMH KITi€-
HTaMH;

—3abopona Ha 3amyck Pod’iB Ha cepBepax CHIIBHOTO XO-
CTHHTY 0€3 BIJIIIOBITHOTO TO3BOJTY Ha 1€ KIII€HTa;

—3abopoHa Ha 3amyck P0d’iB Ha BHIIICHHX cepBepax iH-
IIMX KJIIEHTIB,;

— 3a00poHa Ha OUIBII HIXK OJJTHOKPATHUI 3aITyCK Ta 3yITHHKY
Pod’a;

— 3ab0poHa Ha 3amyck Pod’a Ha GinbI HiXK OTHOMY CepBepi;

— 3a0opoHa Ha 3amyck P0od’a Ha BUMKHEHOMY cepBepi.

VY BignoBiguux nyomikamisx [3—4] 3a3HavaeThcst HEOOXij-
HICTh PO3poOKH iH(OpPMAIiitHOT TEXHOJOTI, MO MMOKPAIIUThH
MPONYKTHBHICTH CUCTEMH 3 TOUKH 30pY OIMCAHUX y MONEpea-
HBOMY PO3[iTi KpUTEpiiB, HA OCHOBI BiATIOBITHUX MaTeMaTH-
HHUX MOJICJICH. 3a3HaYaeThCs TAKOXK MOTpeda y MPOBEACHHI €KC-
NePUMEHTIB 13 BU3HAYCHHs e()eKTHBHOCTI iH(POPMAIIifHOT TeX-
HOJIOTII. Y HACTYNMHHUX PO3MAiJax HAZAOTHCS MPOIMO3HUIIT 00
MIPOEKTYBAaHHS Ta PO3pOOKH BiAINOBiAHOT iH(pOpMaIiiiHOT Tex-
HOJIOTIi i3 0OTPYHTYBaHHSAM JOLUIBHOCTI BiAMOBIIHUX IPOMO-
3UIIH.

ITPOMIO3MLIT IOJI0 PEAJIIBALIT TEXHOJIOT'IT

KonnenTyasnpHo, moOynoBa poskiany y Kubernetes mosns-
ra€ y NpHAHATTI pillleHb IOAO mpu3HayeHb P0d’iB Ha By3in
(cepBepn), MpUIOMY KOKHE TaKe PIIIEHHS CKIIQJTA€THCS 3 TBOX
eTamiB: ¢iTbTpalii (BU3HAYEHHS MHOXXHHH JIOIyCTHUMHUX BY3-
J1iB) Ta ckopuHTY (BHOip Halikpamioro By3na) [3-4, 8-9].

Kubernetes no3BoJisie migkIrOUaTH BIacHi Iwaridu 10 BOy-
nosanoro moxyist kube-scheduler aGo BukoprcToByBaTH Biac-
HUI KOMITOHEHT CKJIaJaHHs po3kiajiB 3amictb kube-scheduler
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[1]. TInariau kube-scheduler MoxyTs MiCTHTH HOJATKOBY JIO-
TiKy sIK [Uisi eTamy (ijgpTparii, Tak i s eTamy ckopunry [10—
11]. BianoBigHo, 11e Ha/A€ MOKJIMBICTh BJIaCHUKAM KJIacTEpiB
MOKpaIyBaTH NMPOAYKTHBHICTh KJIACTEPIB i3 ypaxyBaHHsIM IX-
HiX moTpeO.

[lopasy, KoJIi 10 CHCTEMH HAaJIXOAUTh HOBHH Pod, mpormo-
HYETHCSl 3HAXOJUTH ONTHMAIIBHUI CepBep sl HbOTO 32 JI0TO-
MOTOI0 CTaTHYHOI MareMmatnuHoi mozeni [4]. [lopasy, komm
HABaHTAXXCHHS y KJAcTepi 3pOCTAa€ UM CIIafga€ A0 IMEeBHOTO pi-
BHS, TIPOTIOHYETHCS BU3HAYATH CEPBEPH, SIKi HEOOXiTHO BMHU-
KaTH Ta BUMHKATH, 32 JOIIOMOTOI0 TMHAMIYHOI MaTeMaTHYHOI
mozerni [3]. TIpomonyeThes, 1106 3a MeBHUMH O3HAKaMu iHHOP-
MarliifHa TeXHOJIOTisl BU3HaYaja HeJOCTaTHICTh Y1 HaJMipHICTb
MIOTOYHOTO PiBHSI pecypciB Ha YBIMKHEHHX cepBepax, i BiIo-
BIJTHO JIO IILOTO 3ammycKaia Mozeis. [licis 3amycky Momenm Ta
3HaXOJKEHHS HEIO CEPBEPIB 10 YBIMKHEHHsI Y1 BAMKHEHHSI, Te-
XHOJIOT'1SI Ma€ 3MIHIOBATH CTaTyC BIAIIOBITHUX CepBEPIB (BMU-
KaTH iX, a00 BUBUIBHSTH PECYypCH Ta BAMUKATH iX, BiIOBIIHO).
Jlo 03HaK HEOCTAaTHOCTI 200 HAAMIPHOCTI PiBHS peCypCiB Mpo-
TIOHY€EThCS BiTHECTH:

— YacTKy 3aifHATUX OOYHMCIIOBAIIBHUX PECypciB (saep Ta
1aM’sTi) Ha YBIMKHEHUX CepBepax, 10 BIXOIUTH 332 MEXi IIeB-
HOTO Jialia30Hy HOPMaJIFHOTO HaBaHTAXKECHHS;

— BHCOKY CEPEIHIO MBHUIKICTH («PI3KiCTH») 3MIHM HABaHTa-
JKEHHSI [IPOTATOM KOPOTKOT'O HIepioy vacy.

KonkpeTHi 3HaueHHs1 apaMeTpiB (IHTepBaly HOPMaJIbHOL
YaCTKU 3allHATHX PECypCiB Ta MIBHIKOCTI 3MiHM HaBaHTa-
’KEHHsI) TPOTIOHYETHCSI BU3HAYMTH eKCIIEPUMEHTANbHO. OKpiM
L[LOT0, EKCIIEPUMEHTAIILHO MPOTIOHY€ETHCS BU3HAYNUTH, YH € TO-
TpeOa 3armycKaTi TMHaMi9Hy MaTeMaTHIHYy MOJIEJIb Pa3 Ha KOH-
CTaHTHHH Tepiox Yacy, 6e3 BUKOHAHHS YMOBH 3HAYHOI 3MiHH
piBHS HaBaHTAXXCHHS Ha KIIacTep. BiIMOBiIHI eKCTIEPHIMEHTH
MalOTh Ha METi 3HAHTH TaKi 3HAYEHHS MapaMeTpiB i TaKy dac-
TOTY 3aITyCKy MOJIEINi, 3a SIKAX BH3HAYEHI MiJIbOBI PYHKII] Ha-
OyBanu 6 HalKpamMX 3HA4YeHb (OUIKYETHCA, IO 3aHAATO Yac-
THH 3aIyCK MOJIENi MOYKe MOTipIINTH e(peKTUBHICTH KacTepa).

[IpoonoBana Moxudikamis npouenypu  GinbTparii
MOB’sI3aHa 3 HEMOXKIUBICTIO OKpemux Pod’iB GyTu posrophy-
THUM Ha BUAUICHUX cepBepax IHIIUX KIIEHTIB a00 Ha cepBepax
CHIUIBHOTO XOCTHHTY, SIKIIO KJIIEHT HE Ha/IaB JIO3BLJI 3aITyCKaTH
Pod na Hux. [IpomoHOBaHa MOAM(IKALisSI TPOLIEAYPH CKOPHHTY
mmoJIsirae y HeoOXiTHOCTI BpaxOBYBaTH OaraTo KpUTEpiiB Ta 3a-
mo0iraTv TNPHU3HAYEHHIO HAa CEPBEPH CIUIBHOTO XOCTHHTY
Pod’iB, cTBOpeHHX KJi€HTaMH, IO OPCHIYIOTh BHILUICHI cep-
Bepu. s BinmoBimHUX Moamdikamid IPOOHYEThCS peaiza-
is JoaaTKoBHX IariHiB kube-scheduler.

Kommonent kube-scheduler ne Mae BOymoBaHOT MOKITHBO-
CTl BMUKaTH Ta BUMHKATH BY3JM y KJlacTepi; HATOMICTh pi-
LICHHs PO BUMKHEHHsI Ta yBIMKHEHHs BY3IIB Kilactepa Mo-
KYTh MPUAMATHCS aBTOMAaTHIHUM MacirtabyBamsHUKOM [12].
Kubernetes mae BOynoBanuii (HyHKIIOHA, MPU3HAYCHUN ISt
11030aBJICHHS Ta OBEPHEHHS MOXIIUBOCTI IPU3HAYEHHS HOBHX
Pod’ie Ha By30a [13-15]. Jlorika aBToMaTiH4yHOr0 Macuraby-
BaHHS MOe OyTH peanizoBaHa B pamkax omeparopa [16-17].
BianoBiaHO, AT peryatoBaHHS BUMUKAHHIM Ta YBIMKHEHHIM
cepBepiB (110 MOXke OyTH peani3oBaHO Ha piBHI aOCTpakmii K
3a0e3medeHHs Toro, M0 Ha By30I He Oyie MpU3HaYeHUH KO-
uuii Pod) IpoOIOHy€ThCSI BAKOPHUCTOBYBATH OTlepaTopu abo Ha-
SIBHI pillIEeHHs 3 aBTOMaTUIHOTO MacIITaOyBaHHS.

[TPOMO3UIIIT OO CTPYKTYPU KJIACTEPA
Bigomo, mo Kubernetes mintpumye crBopenns Pod’iB sk
JUTsl BUKOHAHHSI OIHOPa30BUX (KOPOTKOTEPMIHOBHX) 3a/1ay (3a
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J0TIOMOT010 06’ €KTiB THITy JOD), TaK i AJIst HOCTIHHOTO PO3rop-
TaHHS 3aCTOCYHKIB (3a 10moMoror 06’exris trmy Deployment)
[3, 18]. I3 ypaxyBauHsaM 1ii€i iHdopMmallii Ta MPUMYIICHHS, 1110
BJIACHHK KJIaCTepa HEe MOKE CAaMOCTII{HO BMHKATH Ta BUMHKATH
BUJIIJIEH] CEPBEPU — IPOIIOHYETHCS I0JATKOBO KaTETOPU3yBaTH
BCi YBIMKHEHI CHUIbHI XOCTHHI'OBI cepBepH Ha JBi Kareropii.
Ha cepBepax oaHiel 3 nux Kareropii MoxKyTh OyTH po3MillieHi
Bci Pod’u it BUKOHAHHS OTHOPA30BHX 3a/1a4, Ha cepBepax iH-
nroi kareropii — Pod’u [utst MOCTIHHOTO PO3rOpTaHHs 3aCTOCYH-
KiB.

3aBIsKH LI KaTeropu3allii, IPOIIOHYETHCS 3a00IrTH CUTY-
aii, KoK 3HIKY€EThCS HABAHTKSHHS 33 PAXyHOK 3aBEPIICHHS
BUKOHAHHS OIHOPa30BHX 3aliay, ajle cepBep BCE IIe BUKOPHUC-
TOBYEThCs iHIUMHU P0od’amu i #ioro He MoXxHA BUMKHYTH. Ka-
TErOpU3YI0UH CEPBEPHU Ta IPYILyIOUU OJHOPA30BI 3aa4l Ha OJI-
HOMY cepBepi (B iealli — pO3MOIUIAIOUH iX 3a CepBEpaMu Bi-
MIOBIJTHO JI0 OYIKYBaHOTO MOMEHTY 3aBeplIeHHs abo OodiKyBa-
HOI TPHBAJOCTI BUKOHAHHS), IPOMOHYETHCS MTOBHICTIO 3BLIIb-
HSTH OKpEMi CepBepH Bill HABAaHTAXKCHHS Ta CBOEYACHO BHUMH-
KaTH iX, 110 HOKpamuTh eHeproedexTuBHicTs LIOy.

BuUcHOBKU

Y Te3ax JOMOBi/li HABOAATHCS OCHOBHI pe3yIbTaTH MoIepe-
JTHBOI TOOYIOBH ONITUMI3AIIHAX MaTEMaTHYHIX MOJIEeH s
3a/adi yIpaBIiHHSA pecypcaMu Ta CKIaJaHHA PO3KIAMIB UL
KJIacTepiB XMapHHUX IIEHTPIB OOPOOKH JaHMX, IO MICTAThH SIK
BUJILJIEH] CepBepH, TaK i CEpBEPH CIJIBHOrO XOocTHHTY. HaBo-
JIThCSI TIPOTIO3UIIIT 100 MPOrpaMHOI peasizallii TeXHOJIOT1I,
o0 MAa€ Ha METi MOKPAIIMTH MPOTYKTHBHICTH KJIACTEPIB, Ta
IIOJI0 CTPYKTYPH KJIacTepa, cepell AKX MOXKHA BiJ3HAYUTH BU-
KOPUCTaHHA IUIATiHIB It MoaMGikamii oriku QinpTpanii Ta
CKOPHHTY, BUKOPHCTAHHS OMEPATOPIB s MIATPUMKH BHUMK-
HEHHs ¥ YBIMKHEHHSI BY3J1iB KJIacTepa, Ta KaTeropu3alliio By3-
7B y xiactepi. Big3HaueHa HeoOXiqHICTD MONANBIIOTO EKCIIe-
PUMEHTAIBFHOTO BU3HAYCHHS YaCTOTH 3aMyCKy TUHAMIYHOI Ma-
TEMATUYHOT MOJIENI.
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Telemetry-enhanced adaptive Bloom filter for
distributed systems with dynamic hash functions
adjustment
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Abstract. The article propose the Telemetry-Enhanced Adaptive Bloom Filter (TEABF), a novel probabilistic membership structure
that dynamically adjusts the number of hash functions (k) and bitmap size (m) based on real-time host telemetry—including access
frequency, key distribution, CPU load, and network latency. In experiments on a three-node Redis cache cluster, TEABF achieves a
30-50 % reduction in false positive rate (FPR) and an 11 % decrease in average query latency compared to state-of-the-art adaptive

filters.
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Teanemempuuno-nokpawieHuu a0anmueHuUl
Bloom-ghinemp ona po3znoodinenux cucmem 3
OUHAMIUHOI 3MIHOIO KLTbKOCHI Xeut-(yHKuyil

IllyTrenko Bikrop, XKypakoBcbkuii bornan
KIII imeni Irops Cikopcbkoro
Kuis, Ykpaina
victor.shutenko@gmail.com, bogdan68@ukr.net

Anomauin. B po6oti 3anpononoBano Telemetry-Enhanced
Adaptive Bloom Filter (TEABF) — iimoBipHicHy CTpPyKTYypy
JaHUX, fIKAa B PEKHUMi pealbHOro 4Yacy KOPHIye KiJbKicTh
xemr-¢yukuiii (k) Ta posmip 6itoBoro macuBy (m) Ha OCHOBi
TejieMeTpii X0cT-cucTeMHd (4acTOTa 3BepHEHb, PO3MOI KIIOYiB,
3aBanTa:xkeHHss CPU, mepexkeBi 3aTpumku). ExcnepumeHTaIbHO
JI0BeJIeHO 3HUKeHHsI iIMOBIpHOCTI XMOHMX MO3UTUBHUX Binnosigeii
Ha 30-50 % T1a 11 % ckopoYeHHs1 cepeAHLOro 4yacy Bigmosiai y
NOPiBHAHHI 3 ICHYIOUMMH aJaNITHBHUMH (PiIbTpamMu.

Knrouosi  cnosa: Bloom -gpinemp; adanmuene rewtysanns;
menemempia; po3nooineni cucmemu.
Bcrvn

B cywacHMX pO3NOAINIEHWX CHCTEMax 3 BHCOKHM

HAaBaHTXCHHAM (COIaNbHI Mepexi, IHTepHeT-Mara3uHu,

¢inancoBi miathopmMu) 0OCAT OIHOYACHHUX 3aNHUTIB 0 KEITy
MOXE CsAraTH COTeHb THUCSY Ha CcekyHny. EdexkTtuBHe
GuIbTpyBaHHS 3anWTIB TMEpel 3BEPHEHHSM [0 OeKeHIy
J03BOJIAE€ CYTTEBO 3HHU3UTU 3aTPUMKH Ta HABAHTAXXCHHA Ha
0a3y JmaHuX.
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Bloom-¢ineTp — wmmpoko 3actocoByBaHa HMOBipHiCHA
CTPYKTypa JaHMX, ska 3abesmeuye O(1) wac BCTaBkHM Ta
MePeBipKM  HAIEKHOCTI eleMeHTa A0 MHOXuHH. OmHak
KJIaCW4HI pearnizamii 3 (ikcoBaHUMH NapameTpaMu (KiTbKiCTh
xemn - pyHKIIH k, po3mip 6iToBOr0 MacuBy m) HE BPaXOBYIOTh
3MiHHI TIaTepHW HaBaHTAKEHHS Ta CHUCTEMHI pecypcH, IO
MIPU3BOJUTE /IO MiABHINEHOI HMOBIPHOCTI XMOHUX TO3UTHUBIB
a00 Hee)eKTHBHOTO BUKOPUCTAHHS HaM’ SITi.

Icuyroui migxoau (Adaptive Bloom Filters, Scalable BF)
KOPUTYIOTh TapaMeTpH Ha OCHOBI BHYTPILIHIX XapaKTEPHCTHK
¢uteTpa (uncna enementiB, FPR), ane irHopyroTh 30BHIlIHI
¢axropu: HaBanTtaxxeHHss CPU, MepeixeBi 3aTpUMKH, PO3IIOILT
«Tapsiaux» KIFO4YiB. BIpoBa/KEHHS TENIEMETPUYHUX METPUK
Jla€ 3MOTY BpaxyBaTH PEaJIbHUH CTaH CHCTEMH H IiIBHILUTH
TOYHICTh MPOTHO3Y ONTUMAIBGHUX ITapaMeTpiB.

Mertoro pocmimkenHs € po3pobka Telemetry-Enhanced
Adaptive Bloom Filter — Bloom-¢ineTpy 3 amanTuBHOKO
KOPEKIII€I0 TapaMeTpiB Ha MiJCTaBl CHCTEMHOI TeJeMeTpii.
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OrJ111 BLOOM ®UILTPIB

Bloom-¢ineTp — 11¢ #iMOBipHiCHA CTPYKTypa MaHUX IS
NIepEeBIPKU HAJIGKHOCTI €JeMEeHTIB MHOXHUHI. Bloom-dinsTp
BIepILe 3anpornoHoBanuii bepronom biymom y 1970 poui sik
e(eKTUBHHUIA METOJ] TEPEBIPKH HAJCKHOCTI €JIEMEHTa [0
MHOXXUHHM 3 MiHIMAIBPHAMHU BUTpPaTaMH TaM sATi Ta
rapaHTOBAaHNM HYJIHOBHM pIBHEM XHOHHMX HeraTHBiB. lmes
MOJISITae B TOMY, 00 3aMiHUTH MOBHOIIHHE 30epiraHHs BCiX
KIFOYiB KOMITAKTHUM OITOBUM MacWBOM i Ha0OpoM Xeml-
GyHKOiA: TpuW BCTaBII  €JIEMEHTa  BIiAMOBimHI  OiTh
BCTAHOBJIIOIOTHCSA B 1, a pu miepeBipIli — AKIIo xo4da 6 oauH i3
nux OiTiB mopiBHIOE (, €IeMEHT TrapaHTOBaHO BiJICYTHii.
CkiamaeTbes 3 6iTOBOro MacuBy po3Mipy m Ta k HezamexHux
xeur-(QyHKITH.

Oneparrit:
- BCTaBKa: Uil KOXHOrO 3 K XellB eleMeHTY
OOYMCITIOIOTh TO3WIiI0 B 0iTOBOMYy MacuBi K

BCTaHOBJIIOIOTH BiAIoBigHi OitH B 1.
MepeBipKa: aHAIOTIYHO OOYHCIIOITh K TO3HIIH;
SIKIIIO X04a O ofHe 3 00paHuX 0iTiB piBHE 0 — eeMeHT

TOYHO BIJCYTHIiH, Km0 BCi Oith 1 — MOXIHBO
TIPUCYTHIN (MOXITUBHI XUOHOITO3UTHBHUN
pe3ynbTar).

IlepeBaramn € koMmakTHe 30epiraHHs, MOCTIHHHI Yac
BCTaBKU Ta IEPEBIPKU HE3aJEKHO BiJl KIIBKOCTI €JIEMEHTIB.
O0OMexeHHs XHOHI TIO3WTUBHI BIAMOBII, BiICYTHICTb
MeXaHi3My BUJAJIeHHs (0e3 BUKOPHCTaHHS JIYHIbHUKIB),
norpeba HajamrTyBaHHs mnapameTpiB (k, m) Uil KOHTPOJIIO
HMOBIPHOCTI ITOMHUJIOK.

Teopernuno imoBipHicTh xHOHOro mo3utuBy (False
Positive Rate) mams Bloom-dineTpa 3 po3mipamu 0iToBOTO
MacuBYy m, YUCJIaM EJIEMEHTIB N 1 KUTBKICTIO Xem-pyHKIiH k
Moske OyTH HaOIImKeHOI0 popMyInoro 1

FPR ~(1—e¢ ~ln/m)"
1)
a ontuManbHe Kk i midimizamii FPR 3a gammx m 1 n
O0YHCITIOEThC K K =%ln2. TakuM YHHOM, 3MIHIOIOYH

CHIBBIIHOIIECHHS m/n i Kk, MOXHa THYYKO KOHTPOJIIOBATH
KOMIIPOMIC MIX ITaM’ITTIO Ta TOYHICTIO.

Bloom-dineTpu HIMPOKO 3aCTOCOBYIOTHCS B
JUCTPUOYTUBHUX CUCTEeMax (HaNpuKian, Ui TONepeaHbOol
¢utpTpanii 3anuTiB y 6a3ax AaHUX abo Kemax), y MepexeBuX
nporokonax (IDS/IPS), y momykoBux iHAeKcax Ta IHIIMX
3aBIAHHIX, 16 BXXIIUBA MIBUIKICTH IMEPEBIPKH HAJIEKHOCTI 3a
HE3MIHHO HU3BKUX HaKJIa[HUX BUTpAT.

Bunu Bloom Filters:

1) Scalable Bloom Filters: Mozgenp JTUHAMIYHOTO
PO3MIMPEHHsST 4Yepe3 JIAaHMIOKOK  QinbTpiB  [1].
3abe3neuye koHTponb FPR, ame 0e3 ypaxyBaHHs
CHCTEMHHUX METPHK.

Dynamic Bloom Filters: aBromarnune 30inblIeHHS
€MHOCTI Tpu pocTi uucima enemeHTiB[2]. He
BPaxOBYIOTh PO3IIOJILI 3aMUTIB y Yaci.

Adaptive Bloom Filters (ABF): 3minrorots k 3a5exxHo
BiJl aCTOTH TOSIBU KJIIOYIB Y MEpeKeBOMY oot [3].
Hewmae inTerpaiiii 3 XoCT-TOKa3HUKAMHU.

Learned Bloom Filters: BukopuctoByrors ML-Momemi
JUIsl iepei0aYeH sl KIIoYiB 1 10AaTKOBUI GinbTp [4].
[ToTpeOyroTh MOMNEpPeIHbOr0 TPEHYBAaHHS Ta He
a/IaNTYIOTHCS JI0 3MIH y peallbHOMY 4aci.

2)

3)

4)
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3AMPOITIOHOBAHUI MIIXI

Anroputm po6otn TEABF mnounHaerbcs 31 300py Ta
HOpMaJTi3alii TeneMerpii M0l0 YacTOTH 3BEPHEHb A0 Kelly,
3aBaHTakeHHss CPU, BUKOpHCTaHHS mam’siTi Ta MEpEeKEBHX
3arpuMoK. Ha ocHoBi wmiei indopmanii cucrema Qopmye
3MJIQJDKEHY OLIHKY «TrapsidocTi» KIIOYIB 1 BU3HAYa€ IUILOBY
IMOBIpHICTh ~ XMOHMX TIO3MTHBIB 3TIHO 3 TOTOYHHM
HaBaHTaXeHHAM. J[lami oOWparoThCs ONTHMANbHI 3HAYCHHS
KiTBKOCTI Xem-QyHKIiH 1 po3mipy OiTOBOrO MacuBy, SKi
3a0e3MeuyroTh OallaHC MK IIBHIKICTIO OOpOOKH 3aluTIB Ta
€KOHOMI€T0 1am’sTi. Y pa3i BUSBICHHS 3HAUYIIO] Pi3HUII MDK
HOBHMH Ta IOTOYHMMH IIapaMeTpaMH 3aIlyCKaeThesi (oHOBE
CTBOPEHHS HOBOTO (DiNbTpa: €IEMEHTH NEePEHOCUTUMYThCS 110
pe3epBHOI CTPYKTypu Oe3 mepephBaHHS OOCIyrOBYBaHHS.
[Micns  3aBepmieHHsT 1MOOYJNOBU  BiJOYyBAa€ThCS aTroMapHe
NepeMHUKaHHs BKa3iBHUKAa aKTUBHOTO (iNbTpa Ha OHOBICHY
BEpCilo, a cTapa CTPYKTypa IIOCTYIIOBO OYHIIYETHCS Ta
TOTYETHCS IO HACTYITHOTO IIUKJTY aJarTarii.

Telemetry-Enhanced Adaptive Bloom Filter (TEABF)
MoOyZ0BaHO 3a MOAYJIBHUM mpuHIMIOM. Crepiry Momyib
300py TemeMeTpil meHTpamizye iH(QOpMAIIO IPO YaCTOTY
3BEPHEHB 10 KEIly, 3aBaHTAXKEHHS LICHTPAIbHOTO MPOLECopa,
0o0CAT BHKOPHCTaHOI OIEPATUBHOI MaM’ATi Ta 3aTPUMKH
MepexeBHX 3’exHaHb. Jlani 670K aHai3y HOpMaii3ye Ii IaHi,
(hopMyIOUHN €MUHY METPUKY «TapsSIOCTi» KIIOUiB, i BHPAXOBYE
LUTHOBY HMOBIPHICTE XHOHHX TO3WUTHBIB 13 ypaxyBaHHAM
MOTOYHOTO CTaHy CHCTeMH. HacTymHHM KpPOKOM MeXaHi3Mm
ajanrtanii po3paxoBy€ ONTHMAalbHI TapaMeTpu ¢irbTpa —
KUJIBKICTh Xel-QyHKIIH Ta po3Mip OITOBOro MacuBy —
BUKOPHCTOBYIOUM  KiacuuHi  ¢opmymun  Bloom-¢inbtpa,
CKOPHIOBaHI 3aJIe)KHO BiJl PIBHS HaBaHT@XKEHHA M YacTKH
«rapsYnx> 3aIuTiB.

VY pa3i AKImo po30DKHICTP MK HOBHMH NapaMeTpamMH Ta
MOTOYHMMH TEPEBHUIIYE BCTAHOBICHI IIOPOTrOBiI 3HAYCHHS,
TEABF inimitoe ¢oHOBE CTBOpEHHS BiATBOPIOBAHOI KOIIii
¢inpTpa. EneMeHTH MEepPEeHOCHTUMYTBHCS IO OHOBIICHOI
CTPYKTYpH 0€3 HepeIKoPKaHHS aKTHBHOMY 00CIIyTOBYBaHHIO
3aIUTIiB; 32 3aBEpIICHHS MEPEHECCHHs BiJI0OYBAEThCSI MUTTEBE
NepEMHUKaHHS Ha HOBY BEpCil0 3a JIOIOMOTOK aTOMapHOL
omepamii. Crapa iHcTaHIis (iIbTpa OYHMIINYETHCA Ta
MepeXOJUTh Y PEXKHM OYIKYBaHHS HACTYITHOTO LUKy
ajanranii.

Jdns 3a0e3nedeHHs HAAIHHOCTI Ta MPO30pOCTi podOTH

mepen0adeHo  KOMIDICKC 3aXOMiB 3  MOHITOPHUHTY  Ta
XKypHastoBaHHs. Bcei kirouoBi metpuku — Bin FPR o wacy
BIJIMIOBiZIi Ta TPOITyCKHOI 3JaTHOCTI — BigOOpa)karoTbCs B

iHCTpyMeHTax Bisyamizamii (Hampuknaxa, Grafana). Iopsg i3
UM cucteMa (QikCye 3MiHHM TapaMeTpiB i pe3yibTaTH iX
BaJimamii B Jior-gaiiax, a y BUNIaAKy aHOMaJbHHUX BiTXHUJICHb
ABTOMAaTHYHO  BIJKOTUTBCS IO OCTaHHIX  CTaOUIbHUX
HaJIaIlITyBaHb.

VuikansHot0 pucoto TEABF € fioro posmmproBaHicTs Ta
THYYKICTh HaNaIlTyBaHb: aJMIHICTPaTOp MOXXE 3MIiHIOBATH
IHTEepBaJK 300py TeJaeMeTpil Ta MOPOroBi 3HAYESHHSI ajanTarii
0e3 mepesamycky ceppicy. lle mo3Bomsie OanmaHCyBaTH Mik
IIBHJKICTIO peakiii ¢inpTpa 1 HaKIaJHUMH BUTpaTaMHd Ha
00poOKy HaHUX, aAanTyIOud CHCTeMy Iija crienudidai pododi
HaBaHTaKCHHS Ta Oi3HEC-BUMOTH.

EKCIEPUMEHTAJIBHA YACTUHA
Hdus mepesipkn npoxgykruBHocti TEABF BHKOpHCcTano
Redis-xoHTyp i3 TppOX By3I]iB i3 amapaTHOW KOH(Irypaliero:
mporecopu Intel Xeon 2.41Tu, 32I'b O3Il, mepexeBuit
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intepdeiic 10I'0it/c. By3nu o0’enHaHi KoMyTaTopamu 3
MiHIMQJILHUMH 3aTpuMKaMu (<0.5Mc).

HapanTtaskeHHs MO/ISITIOBAJIOCS 3a JIOTIOMOT'OF0
incrpymenty WRK, sikumit Bignpaensie 100000 3amnutis/c i3
BUMAIKOBUM PO3MOALIOM KIrOUiB. 70% 3amuTiB COPSIMOBAHO
0 «XOJOOHUX» (HOBHX) KItouiB, 30% — JO «rapsaux»,
00paHuX i3 ONEepPeTHHOTO KyPHATY 3BEPHEHb.

Ta6mums 1
PesynbraTu 3amipiB
. Iponyckna
Metox False Positive Yac ¢ionoeidi(mc) |30amuicmo(3anu
Rate .

mie/c)
ABF 2,5% 1,8 95 000
Scalable BF 2,8% 19 94 000
TEABF 1,2% 1,6 98 450

Byno 3amipsHO Taki TOKa3HHUKW: WMOBIPHICTh XHOHHX
no3utuBiB (FPR) nursixom mopiBHAHHS Binnosiged ¢insTpa 3
peaNbHOI0 TPUCYTHICTIO KITIOYIB; CepemHiii 9ac BigmoBimi
KITIIEHTCHKOTO 3alUTY; IPOITYCKHY 3/IaTHICTb KEIIy B 3aIIUTaX/C.
Mertpuku 30upanucs yepe3 Prometheus-areHTu 3 iHTEpBaJIOM
lc. KokeH eKCreprMEHT MPOBOAMBCSA B TpU (a3u: Mporpis
(30c¢), BumiproBanus (60c) ta oxomomkerus (30c). Yei tectu
MTOBTOPIOBAJIUCS TPUYi [T yCEPEIHCHHS pe3yibTaTiB(Tadm 1).

Loo

Yac mignosinl (me)

Scalable BF
MeTon

Puc. 1. [TopiBHSHHS Yacy BiANOBIAL Pi3HUX METOIB

PesynbraTit MOXKHA 3BECTH JI0 HACTYITHUX BHCHOBKIB:
TEABF 3nm3uB FPR na ~50 % Bimmocno ABF
3aBIIKM amanTamii k 110 (akTHYHOro «rapsaoro»
HaBaHTaKCHHSI.

Yac BimmoBiai ckoportuses Ha ~11 % 3a paxyHOK
MEHIIIO1 KiTbKOCTi XMOHWX 3BEPHEHB 110 OeKeH Ty (pHC.
1)
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[IpomyckHa 3maTHICTH  30UIBLIMIACS,  OCKIJIBKH
3MEHIIIEHO HABaHTaXXCHHsI Ha Mepexy Ta B/I.

BUCHOBKI

VY pobori mpencraBneno Telemetry-Enhanced Adaptive
Bloom Filter (TEABF) — iHHOBauiiiHy CTpPYyKTypy HaHHX,
3MaTHY JAWHAMIYHO IiJUIAIITOBYBAaTH IapaMeTpu (KUIBKICTH
xenr- GyHKIiH Ta po3Mip OITOBOro MacuBy) Ha OCHOBI
cucteMHOi  TeneMeTpii. EkcmepuMeHTanmpHI  pe3ynbTaTd
MTOKa3aJIM 3HIKCHHAS HIMOBIPHOCTI XUOHHUX TTO3UTHBIB Ha TIOHA/T
50 % Ta ckOpOYeHHs cepeJHbOro yacy Bianmosiai Ha 11 %, mo
MIATBEPKYE  ePEeKTUBHICTH  MIAXOAy.  3alporoHOBaHa
METOIMKa ITABHOTO OHOBJICHHS Yepe3 No/BiitHe OydepyBaHHA
3a0e3neuye BiACYTHICTH MPOCTOIB min yac amanrariii. Takum
gyuaoM, TEABF € TepCHeKTHMBHHAM  DIICHHAM  JUIs
BHCOKOHABaHTAXEHHUX PO3MOJUICHUX CHUCTEM 13 BUMOraMH 10

MiHIMI3aI[ii 3aTPUMOK Ta ONTHMAJIBHOTO BHUKOPUCTAHHS
mam’sTi.
Honatkoso, BopoBamxeHnHs TEABF no3Bomsie ckopotutu

BUTpaTH Ha IHQPACTPYKTYpy 3a paxyHOK 3MEHIICHHS
HaBaHTOKEHHS Ha OCEKeHJI-CHCTEMH Ta MeEpexy, L0 B
KIiHIIEBOMY MACYMKY MOKpaItye MacmTaboBaHICTh
apxitekTypu. Bucoka rayukicTs HanamryBanb poouts TEABF
NPUIATHAM Uil IIMPOKOTO CIIEKTPY 3acTOCYBaHb — BiX
KOMEpIIHHNX XMapHHAX IUIATPOpPM 0 TEICKOMYHiKamiHHUX
MEpEex.
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Computer Vision-Based Approach for UAV Landing
Zone ldentification

Danylo Novykov, Viktoriia Onyshchenko
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Igor Sikorsky Kyiv Polytechnic Institute
Kyiv, Ukraine
danilnovikov759@gmail.com, v.onyshchenko@kpi.ua

Abstract. The aim of this study is to develop a computer vision—based model using YOLOV5s for the autonomous identification of safe UAV
landing zones from onboard camera images. Several model modifications were proposed and compared, and evaluated on urban scenes
with variations in lighting, noise, and geometric distortions. In the best case, improvements in correct detections, precision, and recall were

achieved: Precision = 0,938, Recall = 0,8231, F1 = 0,8768.

Keywords: object detection, image processing, unmanned aerial vehicles, UAV, autonomous landing, autonomous delivery.

ITi0xi0 na ocHOBI KOMR’IOMEPHO20 30PY 01
eéuzHaueHHu: 30nu nocaoku bII/IA

Hosuxkog Jlanmino, Onutienko Biktopis
KIII imeni Iropst Cikopcbkoro
m.KuiB, Ykpaina
danilnovikov759@gmail.com, v.onyshchenko@kpi.ua

Anomauia. Memoto Oocnioyncenna € po3podoka mooeni
Komn’tomepnozo 30py na 6azi YOLOvSs ona aemonommnozo eusna-
uenns 0e3neunoi 30nu nocaoku BIIIA 3a 306pasxcennamu 3 60pmo-
60i Kamepu. 3anponono6ano ma NOPIGHAHO KilbKa MoOudikauii
Mooei, AKI Oynu anpodosani Ha ypoanicmuunux Kadpax iz eapiayi-
AMU OCGIMNECHHA, WIYMY MA 2e0MeMPUYHUX CROMEopens. Y naii-
Kpawiomy 6unaoxy 00CAZHymo NOKpaujeHHA KilbKOCmi KOPeKmHUx
Ppo3nizHasans, mounocmi ma nognomu, a came: Precision = 0,938,
Recall = 0,8231, F1 = 0,8768.

Knwuoei cnosa: eusaenennsa o06'ckmie, 00podoKa 300parcens,
be3ninomni nimanovni anapamu, BIIVIA, aémonomna nocaoka,
asmonomHna oocmagkd.

Bcrvn

Y cy4acHOMY CBITi JIOTICTHKA CTa€ AeHalli CKIAIHIIIOI Ye-
pe3 TmocTiifHe 3pocTaHHs 00CSTIB 3aMOBIICHB, SIKi TIOTPEOYIOTH
IIBUKOI Ta HAAIHHOI JocTaBKu. [HTErparis Oe3miIoTHHX JTiTa-
npHuX anapariB (BI1JIA) y mpouec ocTaHHBOT MU TO3BOJISIE
3BUIBHUTH JIFOJICBKI peCypCcH JJIsi BUKOHAHHS CKJIAIHININX 3a-
BJIaHb Ta MOKPAIIMTH JTOCBII KIHI[CBOTO CIIO)KHBAYA.

Cucrtema aBTOHOMHO{ JIOCTaBKHM BaHTaXIB 3a JIOTIOMOT'OIO
BILJTA yMOBHO CKJIaIa€ThCS 3 HACTYIMHUX MOJTYJIIB!
Hagirauis — nianyBaHHS MapHIpyTy MOJILOTY H pyXy;
BuzHaueHHs KiHIIEBOI TOUKH TOCTaBKH;
Mexani3M Qikcarii Ta BUBITbHEHHS BAHTaXY.
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s poboTta 30cepemxena Ha MOyl BU3HAYSHHS O€3IEeYHO1
30HU TIOCAJIKH, KA (PaKTHYHO € KiHIEBOIO TOYKOIO B JIAHLIOTY
noctaBku. Hapasi He icHye yHiBepcalbHOI CHCTEMH, 3AaTHOL
ABTOMATHYHO BU3HAuUaTu 30Hy nocanku bITJIA y TumoBomy mi-
CBKOMY CEPEIOBHIII — 3 ypaxXyBaHHsM IPUBAaTHUX OYAMHKIB,
odicHux OyaiBebh Ta 0AaraTOMOBEPXOBUX XKHUTIOBUX KOMILICK-
ciB.

Meta gocmipkeHHS — po3poOKa MOjeTl Ha OCHOBI
KOMIT FOTEPHOTO 30Dy JJIsl BUSIBJICHHS O€3IIEYHUX Maii/laHYHKIB
Ha BIIKPUTHX AUTSHKAX MPUBAaTHUX ab0 rpOMaJChKUX MPOCTO-
piB i3 JOCTaTHIM BUIBHMM HpOCTOpOM. I 1BOTO Yy SIKOCTI
KITFOYOBOTO TPEHYBAIBHOTO CHTHATY OOpaHO cremiaii3oBaHi
MapKepH, [0 9iTKO BU3HAYAIOTH MEXXi 30HH MOCAIKH.

Crix TakoX 3a3HAYMTH, IO OUIBINICT ICHYIOUHX pilleHb
mokiTanaroTeess Ha GPS-curHam anms yTOYHEHHS MicIie3HaXo-
moxerHst BITJIA. Oxnak GPS Moxe 6yTH HETOYHUM (THITOBA I10-
xubka GPS ~2-5 m) abo 30BciM HenoCTynmHUM. BukopucTanHs
K QIITOPUTMIB KOMII IOTEPHOTO 30pYy 3a0e3Medye He3aIeKHICTh
BiJ CYIIyTHUKOBOTO 3B 513Ky Ta Mi/IBUILY€ HAJIIHICTh CUCTEMH
B KPUTHYHHUX YMOBAaX, MiHIMI3yIOUM PH3MKH ITiJ] Yac JOCTABKH.

AHAJI3 OCTAHHIX JIOCIIJIXEHB | HYBHIKAL{Iﬁ
AHai3 Cy4acHO{ JIiTepaTypy CBIIYUTH PO aKTHBHUH PO3-
BUTOK TEMHU aBTOHOMHOI JOCTaBKH 3a gornomororo BITJIA, Box-


mailto:danilnovikov759@gmail.com
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HOYAC BUSBJISIIOYH HU3KY OOMEXKEHb iICHYIOUUX MiAXO0IB. Y 110-
crmimkeri [1] MpONMOHYEThCS aArOpUTM  TOMIYKY Oe3meyHol
30HHM IMOCA/IKH, 1110 IPYHTY€EThCS HA BUSIBJICHHI JIIOJMHU SIK TI0-
TEHLIHHOT0 OTPUMYyBaua IOCHIIKM 3a JIOIOMOTOI0 METOJIiB
KOMIT FOT€PHOTO 30pYy. Takui miaxiJ KOpUCHUH, KOJIH OTpUMY-
Ba4 NPUCYTHIN HA MiCIIi, aJiec HePUAATHUNA [T BUITAIKIB Oe3-
KOHTaKTHOI JOCTaBKM Ha NPHUBaTHY TEPHUTOPiIO, 1€ JIIOAWHA
MOJKe OyTH BiICYTHSL.

ABTOpH IOCITIKEHHS [2] MPOMOHYOTH KOMIUIEKCHHHN TTi/I-
X1 10 BUSBIICHHS O€3MeYHOi 30HH OCAAKH 0e3 BHKOPHCTaHHS
MapKepiB TSI eKCTPSHOT TOCAAKH Ha HEIiArOTOBICHIM JUISHITI.
Ipore cepenniii yac 06pobku oxHOTO Kaapy (600%400 mikce-
JiB) CTAaHOBUTBH ONM3BKO 2,5 ¢, M0 YCKIAIHIOE HOTO 3acTOCy-
BaHHS B PEKUMI PEATLHOTO Yacy, /e MBUIKO/isl KPUTUYHO Ba-
HKITUBA.

Cepen KOMEpHIHHUX MPUKIANIB CIIiJ Bia3HauyuTH Amazon
Prime Drone Delivery [3]. He3Baxarouu Ha 3HAYHUH TIPOPUB Y
cdepi aBTOHOMHOT OE3MUIOTHOT JOCTABKH, CHCTEMa Ma€e oOMe-
KeHHs. 30KpeMa, NOCaIKOBa 30Ha MOBHHHA OYTH MOIEPEAHBO
BU3HAYCHAa KOPUCTYBaueM HA OCHOBI CYNMYTHHKOBOTO 3HIMKa
HOro ABOPY, IO CTBOPIOE 3aliekHICTh Bi GPS-curHamy. Jona-
TKOBO, BIIJTA He mpu3eMIIIeThCA, a CKUAA€ TOCWIKY 3 BUCOTH
3,5 M, OOMEXYyIOUM THII BaHTaXiB 1 3HIKYIOUH yHiBEpCalb-
HICTH pillICHHS.

3a3HaueHi MPUKJIAJH MiAKPECTIOITh aKTYalbHICTh PO3PO-
OKH HOBOTO MiZXOJy, OPIEHTOBAHOTO Ha IMiJABHUIIEHHS MTPOIYK-
THBHOCTI Ta aBTOHOMHOCTI (He3anexHicTh Bij cucteMu GPS)
pu 30epeKeHH] BUCOKOT TOYHOCTI.

BUKIIAJT OCHOBHOI'O MATEPIAJTY

B sikocti 6a30B0i Mogeni oopano YOLOVSS [4] sik cyuacHy
MOJIENTb KOMIT FOTEPHOr'0 30py LI0 IOEAHYE TapHY MIBUAKICTH
IEeTEKII] Ta TOYHICTH 3 BIHOCHO HEBEIHUKOIO OOYMCIIIOBAJIb-
HOIO CKJIQ[THICTIO Ta IIPOCTOTOIO HANAINTYBAaHHS. J[11s1 HaBYaHHS
BUKOPHCTaHO Halip TPeHyBAIPHUX JaHUX MICBKOTO Cepemo-
Buina 3 iwiatopmu Roboflow [5], y sikomy gactrHa 306paxkeHs
MICTHTP CIIEIiaJli30BaHi MapKepH, IO MO3HAYaloTh Oe3MedHy
30HY HOCAIKW 1 SKI B KOHTEKCTI JIOCHIDKEHHS BHUCTYIAIOTh
ULTIO po3mizHaBanHs. [1ix yac mepiioro payHay TpeHYBaHHS 3
BUKOPHCTaHHIM CTaHIAPTHUX TilleprapaMeTpiB OTPUMAHO KO-
HTPOJIBHI pe3ynbtatu: Precision (tounicts) = 0,781; Recall
(moBHoTa) = 0,889; MAP@0,5 = 0,851; mAP@0,5:0,95 =
0,538. L1i moka3HUKH MiATBEpANIN ePEeKTUBHICTH Oa30BOi KOH-
¢irypanii Ha ieanizoBaHUX YpOaHICTHIHNX 300pKEHHSX.

JUJtst i IBUIIEHHSI CTIMKOCTI 10 Bapialliil peaabHOTo cepeo-
BHIIA PO3IMHPEHO MAUTUTaiH 00pPOOKH TaHHX 32 TOTIOMOTOI0 Oi-
omiorexkn Albumentations. I3 iimoBipsictio 60% obupaerbcs Ta
3aCTOCOBYETHCS /10 300pa’KeHHS OJHH 13 TPHOX METOJIIB KOHT-
pactHoi/kopopoBoi kopekiii: CLAHE (agantuBHe BHpiBHIO-
BaHHI riCTOrpaMu 3 00MeXeHHAM KOHTpacTy), ToGray (mepet-
BOpEHHS B 4OpHO-6ine) abo Equalize (exBamizaiiist ricrorpamu
300paxkenns1). TpeHyBaHHS MOMU(IKOBAHOT MOJEII a0 Ha-
cTymHi pe3ynabraT: Precision 0,884; Recall 0,847;
MAP@0,5 = 0,949; mAP@0,5:0,95 = 0,463. Pe3ynbTar HaB-
YaHHS MOAN(IKOBAaHOI BEpCii AEMOHCTPYE MTOMITHE 3pOCTAHHS
ToyHOCTi # MAP@0,5 3a paxyHOK HE3HAUHOTO 3HWKEHHS TIOB-
notu Ta MAP@0,5:0,95.

[[{o6 omiHUTH aganTHUBHICTH 000X MOJENeH 0 peaTbHUX
YMOB, IIPOBEICHO arpo0aIlito Ha TECTOBOMY HaOOpi TpeHyBaJIb-
HUX faHux [6], mo BKiIrOwae: craHmaptHi kaapu (a), 300pa-
JKEeHHS 31 3MiHeHOr sckpasicTio (£50%) (b, ¢), 3 Gaussian-
posmutTsim (d), nirymom (€), gopro-6ii (f) Bepcii Ta moBepHyTi
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Ha +45° (g). Ilpukiam TeCTOBOro 300paskeHHs i Horo Moaudi-
Kaliil HaBeJjeHo Ha puc. 1:

Puc. 1. Ilpuknaj TectoBoro Habopy TPEHyBaIbHUX JaHUX

OCKUTBKH METOIO 1i€l poOOTH € BHOIp KiHIIEBOI TOYKH II0-
CaZKM 32 HAaWBUINOIO MMOBIPHICTIO IETEKIi Mapkepy, Micis
pO3Mi3HaBaHHS KiHIIEBOIO TOYKOIO BBAKAETHCS 00IACTh 3 HAH-
OinbII0I0 BrieBHEHICTIO. /115t mopiBHAHHS 0a30B01 i Moudiko-
BaHOI BepCiit Mopeei mpoBeaeHO TpH (ha3u TeCTyBaHHI 3 Pi3-
HUMH{ MiHIMaJBbHUMH NOPOTaMH BIEBHEHOCTI: 0e3 mopory, 3
noporom 50% i 3 moporom 75%. Jlist po3paxyHKy KIIOUOBHX
METPHK BUKOPHCTAHO:
True Positives (TP) — kibKicTh KOPEKTHO BUSIBICHUX
MapKepiB;
False Positives (FP) — cyma BumajkiB xy0GuikaTiB je-
TeKIii OIHOTO MapKepy Ta HEKOPEeKTHHX mepernda-
YCHB;
False Negatives (FN) — kimbkicTh Mapkepis, 1o He
OyJH BUSBJICHI.

Mertpuku Precision (1), Recall (2) i F1 (3), rapmomiiise ce-
pelHE TOYHOCTI Ta MOBHOTH, OOYMCIIOBAJMCS 33 CTaHIApT-
HUMH GOPMYJIaMH.

. P
Precision = (1)
’5:;+FP
Recall = )
. TP+FN I
P R
F]_ — 2 recision X Reca. (3)

Precision+Recall
PesynbraTu anpo6auii HaBeaeHo B Tadu. 1. ba3zoBy Mozeib

no3unaueHo sk default, moxudikosany — modified, uepes tupe
BKa3aHO MiHIMaJBHHUI MOPIr BHEBHEHOCTI, SIKIIO 3aCTOCOBAHO.
Moau¢ikoBana MoJeb y MOPIBHSHHI 3 0a30BOIO IEMOHCTPYE:
0e3 mopory KOH(iIEHIIIITHOCTI — 3pOCTaHHS KiTbKOCTI
KOpPEKTHHX AeTeKUii Ha 43,5% (99 npotu 69 TP);
mipu nopo3i 50% — B 13,8 pa3 Ginblle KOPEeKTHUX BU-
siBJIeHb (83 mpotu 6 TP);

pu 1opo3i 75% — 6a3oBa MoJens He BHUSBUIIA KO-
HOTO MapKepy, TOAi K Moau¢ikoBaHa — 7 30H.

Tabmums 1
Pesynbrar anpobauii 6asosoi (default) ta moaudikosanoi (modified) moxeneit

Ha3zsa moaeJi TP | FP FN P R F1
default 69 5 78 0,9324 0,4694 0,6244
modified 99 | 23 48 0,8115 0,6735 0,7361
default-50 6 0 141 1 0,408 0,0784
modified-50 83 3 64 0,9651 0,5646 0,7124

default-75 0 0 147 0 0 0
modified-75 7 0 140 1 0,0476 0,0909

OTpuMaHi pe3yIbTaTH CBiT4aTh, IO 3alPOIIOHOBAHA CTpa-
TErist ayrMeHTaIlil 3HaYHO IiJBHIY€ MPOIYKTUBHICTh MOJIEII B
YMOBax BapiaTHBHOCTI OCBITJICHHS, IIYMIB Ta T€OMETPHUYHHX
CHOTBOPEHb, 30epirarouu MpUHHATHUN PIBEHb MIBUAKOIT /ISt
3aCTOCYBaHHs B peajbHOMY Yaci.

Xoya MoaudikoBaHa MOJENb IIOKa3aja 3HA4yHE IOKpa-
IICHHS TIOPiBHSHO 3 0a30BOYO, /IS MiJIBUILICHHS 1i 3JIATHOCTI 710
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y3arajlbHEHHA Ta IOKPUTTS HECTaHAAPTHUX CUTYyaLii Oyio
nposeneHo payua monae4anus (fine-tuning) i3 onrumizoa-
HUMH TieprapamMeTpaMi, BUKOPUCTOBYIOYH Bark 3 MEPIIOro
erarny. Pe3yspTati HaBeeHO B Tabu. 2. ByJo onpaiisoBaHo Tpu
KOoH]iryparii:

default* — 6a3oBa MozeNb, JOHABYEHA 3 TIOYATKOBUX
Bar (3 mepuoro payHuy) 0e3 3MiH rimeprnapamerpiB
(xoHTpOIIEHA BEPCis);

ft-default — 6azoBa mozenb, TOHABYEHA 3 HOBHMH IIi-
niOpaHMMU TilleprapaMeTpamu;

ft-modified — moxndikoBana Mozenb i3 PO3UIMPEHOTO
ayrMeHTAIli€l0, TOHaBYeHa 3 HOBHMH TilleprapameT-

pamu.
Tabuuns 2
HOKaSHHKH Moz(eneﬁ l'liCJ'Iil JIOHaBYaHHS
Hassa mo- Precision Recall mAP@0,5 | mAP@0,5:0,95
e

default* 1 0,889 0,975 0,588

ft-default 0,852 1 0,995 0,635
ft-modified 1 0,96 0,995 0,667

Taxox mpoBeaeHO anmpoOaIiro OTpUMaHUX MOJAETIEH 3a pi3-
HUMH [TOPOTaMH BIIEBHEHOCTI Ha TECTOBOMY Habopi nanux. Pe-
3yJbTaTH anpobarii HaBeaeHi B Tab. 3:

Tabmums 3
Pesynbratr anpobauii micis JoHaBYAHHS

Hassa moaei TP FP FN P R F1
default* 100 15 47 0,8696 0,6803 0,7634
ft-default 133 | 400 14 0,2495 0,9048 0,3911
ft-modified 132 | 263 15 0,3342 0,898 0,4871
default*-50 65 4 82 0,942 0,4422 0,6019
ft-default-50 124 87 23 0,5877 0,8435 0,6927
ft-modified-50 | 125 60 22 0,6757 0,8503 0,753
default*-75 2 0 145 1 0,0136 0,0268
ft-default-75 119 13 28 0,9015 0,8095 0,853
ft-modified-75 | 121 8 26 0,938 0,8231 0,8768

3a pe3ynbTaTaMyd BHKOPHCTAHHS TileprnapaMeTpiB MOKHA
3pOoOUTH HACTYIHI BUCHOBKH:
HaguanHs 3 ontumizoBanumHu rinepmapamerpamu (ft-
default) migBuIIye KiNBKICTh KOPEKTHHX PO3IMI3HAHD
(TP), ane moriprirye precision uepes 301IbIIEHHS KiJlb-
KOCTI MIOMUJIKOBHX cripanboByBasb (FP) 3a ymoBH Hu-
3bKOT0 MiHIMaJIEHOTO ITOPOTY BIIEBHEHOCTI;
KonTponsHa Bepcis (default*) nemonctpye 36ananco-
BaHiy poOOTy Yy MHOpIBHSHI 31 CTaHIAPTHOIO MO-
neinro (default), mpote mocTymaeTbess MOPIBHSHO 3
mozaudirosanoro (modified) Ta fine-tuned (ft-*) moe-
JSIMU;
MomudikoBana MOJENb 3 ONTHMi30BaHUMH TilepIia-
pametpamu (ft-modified) noeanye Bucokwuii precision
i recall, mocsiraroun Haiikpanioro mAP@0,5:0,95 ta Fq
cepen ycix KoH}irypariii;
3icraBnenns Qa3 i3 moporamu 50% i 75% miareep-
JUKye 3matHicTh ft-mozeneit ehekTHBHO BigKHIATH X1~
OHi crpallboByBaHHsI 0€3 BTPATH KPUTHYHOTO YHCIA
KOPEKTHHX JCTEKIIH.

125

BUCHOBKU

VY 1 poOOTi 3aIPONIOHOBAHO AITOPUTM, SIKHI BUKOPHCTO-
Bye€ JiiIe 300paxkeHHs 3 6oproBoi kamepu BIIJIA mns Bu3Ha-
yeHHs 0e3NeyHol 30HM MMOCa/IKK 3a JIOTIOMOTOI0 CIIelliati3oBa-
HuX MapkepiB. Mozgenbs YOLOVSs Oyna moaudikoBana aiist je-
TEKIIl TaKUX MapKepiB, MPOBEICHO ii HABYAHHS Ta TECTYBaHHS
Ha pi3HUX TecTOBUX Habopax naHux. OCHOBHI Pe3yJIbTaTH:
BazoBa Mmonens Oe3 ayrMeHTalii MPaKTUIHO HE BUSB-
JIsle MapKepH MpU BCTAHOBJICHOMY HaOJIM>KEHOMY 110
pearsHIX YMOB ITOPO03i MiHIMAIBHOI BIIEBHEHOCTI;
AyTrMeHTalis TaHUX Ha PiBHI MOZEJi 3HAYHO ITi/IBU-
IIy€ CTIHKICTh MOJIEINI IO 3MiH OCBITJICHHS, IIIyMy Ta
TEOMETPUYHUX CIIOTBOPEHB, 30€piralodu NPHIAHAT-
HHUI Yac BUKOHAHHS,

[Tin6ip onTHManbHUX TrineprapamMerpiB MOKPaILye
MOKa3HUKM MOJIeJi TIOPIBHSHO 31 CTaHJapTHUM Ha-
BYAHHSIM;

[ToennanHs ayrMeHTalii 3 ONTUMAJIBHUMH Tilepria-
pameTpaMu 3abe3mneuye 30allaHCOBaHE CITIBBITHO-
IIICHHS MK TOYHICTIO Ta TOBHOTOIO;

3a MiHIMaJIBHOTO ITOPOTa BIIEBHEHOCTI Ha piBHI 75%
ft-modified nemoncTpye Haiikpairy KOMOGiHALO 1MO-
kasHukis: P =0,938; R =0,8231 ta F; = 0,8768.

JIst IpaKTHYHOTO 3acTOCYBaHHS obpano moxens ft-modi-
fied six kBiHTECEHIIII0 HAWKPAIIMX METPHK Ta anpodartii. 3ampo-
MOHOBaHMH MizXiJq He BUMarae Bukopuctanas GPS-curnany,
110 pOOHTH HOTO MPUIATHUM JJIsl YMOB 3 BIICYTHIM a0o0 3ariy-
LIEHUM CYIYTHUKOBHM 3B’ SI3KOM.

3acTocyBaHHS 3alPONIOHOBAHOI MOJIEINI B MOEIHAHHI 3 all-
TOpPUTMaMH HaBiramii CTBOPIOE epeIyMOBH JJIsl CTBOPEHHS aB-
TOHOMHOI IHTENIEKTYaJIbHOI CUCTEMH JIOCTaBKH OCTaHHBOT MHJIL
3a goromororo BITJTA, 1110 Moske 3HAYHO MiABUIITUTH €()EKTHB-
HICTb 1 HAAIWHICTH MPOIIECY TOCTABKA BAaHTAXKIB.
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Method for Wheat Disease Detection and
Recognition Using Image Analysis

Serhii Smovzh, Halushko Dmytro
Department of Information Systems and Technologies
Igor Sikorsky Kyiv Polytechnic Institute
Kyiv, Ukraine

Abstract. The paper investigates the use of deep neural networks for automatic detection and recognition of wheat diseases based on
images. A review of state-of-the-art approaches was conducted and an effective system was implemented using the EfficientNetV2B0,
ConvNeXtTiny and U-Net models. The average classification accuracy for all 13 classes was 88%, while for some classes, the accuracy
reached 94-95%, which is a high result. The use of XAl (Grad-CAM) ensured the interpretability of the model's solutions, increasing
its reliability and suitability for practical use in the agricultural sector.

Keywords: Deep learning, Image recognition, Disease detection, Agriculture, Phytopathology.

Memoo eunenenna ma po3nizHaAGAHHA X60P0OO nule-
HUUL HA OCHOBL AHAII3Y 300PAIHCEHD

Cwmosx Ceprii, ['anmymxo Mutpo
KIII imeni Iropst Cikopcbkoro
Kuis, Ykpaina

Anomauia. 'Y po0OTi DOCTiIKEHO 3aCTOCYBAHHS TJIMOOKHX
Hel{pOHHUX Mepesk 1151 BHSIBJIEHHSI Ta PO3Mi3HABAHHS 3aXBOPIO-
BaHb NIIIEHHUIi HA 0CHOBI 300pazkenb. IlpoBeneHo orusg cyyacHux
niaxoais i peanizoBaHo edeKTHBHY cucTeMYy 3 BHKOPUCTAHHAM
mozeneii EfficientNetV2B0, ConvNeXtTiny Tta U-Net. Cepenns
ToyHicTh Kaacudikanii mo Beix 13 kiaacax cknana 88 %, npu
HBOMY VISl OKPEMHUX KJIaciB, TOUHiCTH pocsraina 94 — 95 %, mo €
BHCOKHM pe3yJbTaToM. Bukopucranns XAl 3a6e3neuniio inrepn-
peToBaHicTh pimieHs Moaei, miaBuUIy0uH ii HagiliHicTH | mpuaa-
THICTH /10 MPAKTHYHOT0 3aCTOCYBAHHS B ATPAPHOMY CEKTOPi.

Knrouogi cnosa: I'nuboke naguannus, Posniznasanus 300pasyicens,
Busnenenna 3axeoprosans, Cinscoke zocnooapcmeo, @imonamono-
2is.

Beryn

HemonaBHiit cTpiMKUi PO3BUTOK INTYYHOTO IHTENEKTY Ta
TIMOOKOTO HaBYAHHS HAJaB HOBI MOKIIMBOCTI IJISl BUPIIICHHS
mpobiieM y 0araTtboX raimyssx, 30KpemMa B CLIbCBKOMY T'OCIHO-
JapCcTBi. 3HAYHO MOJETIINTH XUATTS (PepMepiB MOKE CBOEUACHE
Ta SIKICHE BHSIBJIICHHS Ta PO3IMi3HABaHHS XBOPOO POCIHH, SIKi €
HaI3BHYaliHO BaXKIMBUMH JUIS TIPOIOBOJIBYOT OE3MEeKH Ta cTa-
JIOTO PO3BUTKY CIIBCHKOTO rocronapcTsa. [meHunts € oqiero
3 OCHOBHHX CUIBCBKOI'OCIIOJAPCHKUX KYJBTYp, fKa MepedyBae
i MOCTIIHOI0 3arpo3010 HHM3KH XBOPOO, IO CHPHUYHHSIOTH
3HAYHI BTpaTH BpokaiHOCTi [1]. PaHHE i TOUHE BUSBICHHS IIHX
XBOpOO Mae BUpIlIanbHEe 3HAUYEHHS, OCKUIBKH iXHs Mpodinak-
THKa IOBUHHA OYTH CIIPSIMOBAaHa HAa YHUKHEHHS 3HAYHUX BTpaT
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BPO’KAIO 32 JOMOMOT OO YIPABIiHCHKUX 3aXO0/IiB, 10 MaKCHMa-
JIbHO OOMEXYIOTh IIKOJY 3aBJIaHy XBOPOOAaMHU y HaWKOPOTIII
TEePMiHU.

CyuacHi JOCTI)KeHHsI B Tajly3i CUIbCHKOI'O TOCIONApCTBa
MIPOIEMOHCTPYBAIM 3HAYHUN MOTEHIIAN ITYYHOTO IHTEIEKTY
[2] B ananmi3i TakuX KyIbTYyp, SIK PHC, KAPTOILUIS, KaBa, lyKPOBa
TpocTuHa Ta inmi [3].

[IpeacraBneHo Ta MOPIBHIHO PE3yJIbTaTH HaBYaHHS Pi3HUX
CNN, po3rmsiHyTOo HaWHOmMpeHim XBOpPOOH MIIECHHMIN, MPO-
aHAII30BaHO ICHYIOUI MiIXOAM JUIS BHPIIICHHS aHAJIOTI9HHX
npo6nem (ResNet, EfficientNet, Inception [4], VGG), mocry-
mHi HabopW JaHWX Ta OMHCAHO CTaHAAPTHI METOIH aHaJI3y Ta
imeHTHdiKamii 3apaxkeHux pociuH. JocmimkeHHS (OKyCye
yBary Ha JOIIJIbHOCTI BuKOopucTanHs Explainable Al [5] mis
JIOCSITHEHHSI TTOCTABJICHUX 3aBJaHb 1 BKa3ye Ha MEpPCIEeKTUBHI
HAIPSIMKH TIO/IANBIIOTO PO3BHUTKY.

JIAHI TA IX TIOIEPE/IHSI OGPOBKA

Po3ri1siHyTO PO3BUTOK 3rOPTKOBUX HEHPOHHUX MEPEXK, OJ1-
Hi€l 3 HaHNOMYJPHIMIHAX apXiTeKTyp TIHOOKOTO HaBYaHHS,
JUTS BUSIBJICHHSI T4 PO3Ii3HaBaHHSA XBOpOO miieHwmIi. OCHOB-
HuUMH MeTonaMu HaBuaHHsS CNN € BUBUCHHS BEJMKHUX HaOOpiB
300pa)keHb 3 aHOTAI[ISIMH, 110 MICTSITh Ha3BH XBOPOO, IO J10-
3BOJISIE MOJIENTI AaBTOMAaTHYHO KJIACH(iKyBaTH Pi3HI TUIH 3aXBO-
pIOBaHb Ha OCHOBI Bi3yaJIbHUX CUMIITOMIB.

Omnmcano mpouec 300py AaHUX 1 METOAM IXHBOI Morepen-
HBOT 00POOKH, a TAKOXK PO3p0dIICHO apxiTekTypy Moaem CNN.
BumiproBaHHS IPOYKTHBHOCTI MOJIEII IPOBOIMIIOCS IIIIXOM
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PO3paxyHKy accuracy, precision, recall, and F1-score Ha ne3a-
JIS)KHOMY HAa0Opi TaHWX, OUITXOM IePEeXPeCHOi BaIiIallii.

Y xo/i 1oCiIKEeHHS 310paHo 300paykeHHSI MIIICHUII, PO3Ii-
nieHi Ha 12 kaTeropiii i3 3aXBOPIOBaHHSAMH Ta OJIHY KaTeTopio,
sIKa MPEJICTABIIIE 310POBY POCIHHY. J[0 THIIOBHX Ypa)keHb Bifl-
HeceHo: Oypi, KOBTI i 4OpHI ipxi, (y3apio3 Kosoca, IIsIMHC-
TOCTI, 60p01HHI/ICTy pocy, TIT0, cTe0JI0BOTO0 KOMapHKa, mpmcy-
.Hﬂp103 Ta CaXKKOBI 3aXBOPIOBAHHS. KosxHe 3 HUX Mae yH11<aan1
Bi3yaJlbHI IIPOSIBU: BiJl IyCTYJI i OJIAIIOK O HANBOTIB 1 Aedop-
Marii.

OcTtarounmii garacetr c(OpMOBaHO Ha OCHOBI JEKIITEKOX Bi-
JKPUTHX JDKeped 1 ouuieHo BpyuHy. Cepen po3riisiHyTHX Jia-
TaceriB HaiOimemr moBHEM € Wheat Plant Diseases [6], sxwii
BKJIIOYA€ MOHAaA 14 Thcsau 300paxkeHs 1 10 15 kimaciB XBopoO
murenniii. Takox posrmsayro Wheat Disease Detection [7] Ta
Wheat Leaf Disease [8], 110 MaroTh MeHIIHI 06CAT 1 KITBbKICTH
KJIaciB, OIHAK YacTO BHKOPHCTOBYIOTHCS sIK 0Oasa s fine-
tuning Mozenei. byno Bunaneno ny0sikati, 300pakeHHsT HU-
3BKO1 SIKOCTI, @ TAKOX BUPIBHIHO OATaHC MK KJTacaMH IIIIIXOM
HIHeCHpﬂMOBaHOFO z[o6opy anKnamB Ycworo 3i0pano 12 491
306pa)K€HH$I 1p03nomneH0 Mixk 13 xmacamu. Ha puc. 1 HaBe-
JIeHO Bi3yalli3aliio po3Mnoaily JaHUX.

T sohg e 28 cneTpiN
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Puc 1. Posnozin gaHux

[TpoBeneHuii aHasi3 J03BOJIMB 310paTh JOCTATHHO Bi3yallb-
HUX JaHUX JJIsi HOBHOLIHHOTO HaBYaHHSI, BATiJalil Ta TECTy-
BaHHS CHCTEMH, OPIEHTOBAHOI Ha peasbHi YMOBU pOOOTH B ar-
porpoMuciioBoMy cepenosuini. OcoOnuBy yBary NpHIUIEHO
XBopoOaM, fKi MarTh MOMIOHI Bi3yadbHI pucH abo 3ycTpida-
FOTBCS PIJIKO, OCKIIBKH CaMe BOHU CTAHOBJIATH HAHOIBIITNIT BH-
KJIMK JUIS CHCTEM PO3ITi3HABaHHSL.

CYTHICTB 3AITPOITIOHOBAHOI'O METO/1Y

[licnst yTBOpeHHS JaTaceTy Ta BUKOPUCTaHHS HOTo IS HO-
YaTKOBOTO HAaBYAHHS MOJEJI BHHUKJIA MPoOJieMa TucOaiaHcy
KJIaCiB, SIKHiA CYTTEBO 3HIDKYBAB TOYHICTh BU3HAYCHHS XBOPOO
i3 Mamor KUIBbKICTIO 300pakeHb. [l momomaHHSA i€l
npobiiemu Oy10 po3pobIEHO METO/I ABOPIBHEBOT KitacHdikartii.
Ha eTami migroToBK# 10 BUKOPHUCTAHHS HAa OCHOBI KITBKOCTI 30-
Opa)keHb y TPEHYBaJIbHIN BUOIPIlI BUSHAYCHO TPYITH KJIACIB: BE-
JUKi, CepeHi, Malti. Y TaHOMY JAOCIHIPKEHHI IO BEINKHX Hale-
*aJu kiacu npeacrasieni 1000 300pakens Ta Oinblire, 10 ce-
penHix KjacH 3 KinmbKicTio 300paxkens mix 1000 ta 300, BCi
iHI Oynu BiHEceHi o Manux. Ha mepmomy erari BUKOpHUC-
TaHO MOJIENIb, SIKa BHPILIYE IO SIKOT IPYNH HaJeXUTh 300pa-
JKEHHSI, sIKe MianaeThes aHammizy. Ha Apyromy eTarti Iicist Toro,
SK BHU3HAYEHO TIPYIM, BUKIMKAHO BIIIOBITHY MOJENb, SKa
Oe3rocepesIHbO  pO3MI3HAE  KOHKPETHE  3aXBOPIOBAHHS
BCEpEIUHI TPYTIN.

st nokparteHHs e)eKTHBHOCTI PO3Ii3HaBaHHS Bi3yaJlbHO
CX0XKHUX 200 MaNOYUCENbHHUX KIIACiB JI0JaTKOBO BIPOBAKEHO
¢ynxkuito Brpar Focal Loss 1 kiac-cnienudiuHy ayrmeHrariito
JaHUX, IO JO3BOJHJIO CYTTEBO IMIJABUIIMTH TOYHICTh
kiaacuikaiii i MaiKe MOBHICTIO HIBEJIIOBATH BILUIUB JOMIiHAH-
THUX KJaciB. Y MeXaX JOCIHIPKEHHs TaKoXK OYJI0 3aCTOCOBaHO
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Metoau XAl myst inTeprpeTarii pinieHs Kiracudpikariiaol Mo-
neni. OCHOBHY yBary 30cepe/PKeHO Ha BukopuctanHi Grad-
CAM, sikuii 1a€ MOXKJIMBICTh Bi3yalIbHO JIOKaIi3yBaTH JUISTHKH
300pakeHHs, [0 HaWO1IbIIe BIUIMHYIIN Ha TIepeI0adeHHs, M0
JI03BOJIHIIO TIEPEBIPATH YU 3HAXOAUTHCS (POKYC Ha cIipaBi ypa-
KCHHX JTUISTHKAX JTUCTA Ta cTeOMa, a He Ha (DOHOBOMY IITyMi.

PE3VJIbTATU JOCJIIJXKEHD

Po3pobnennii meton Oysi0 MPOTECTOBAHO Ta MOPIBHSHO 3
IHIIUMHM pealtizallisiMi, €KCIIEPUMEHTH JI0BEJH, 10 TO€THAHHS
apxirextypu EfficientNetV2BO0 3 metomom iepapxiuHoi Kiacu-
¢ikauii mokazano HalKpauyii pe3ysbTar.

Takox y Mexax AOCHTIIPKEHHS OyJI0 3aCTOCOBAaHO METOIH
HaIliBKOHTPOJILOBAHOTO HAaBUYAHHS: CIOYATKy MOJENi HaBya-
JIMCh Ha AHOTOBAHUX BPYYHY JAaHHX, IICJIS YOTO MPOTHO3YBAJIH
MITKH [l HEQHOTOBaHUX 300pakeHb 3 YMOBOIO HassBHOCTI BH-
COKOI BIIEBHEHOCTI Mozeni y pimreHHi (>90%). Lle mo3Bommio
ONTUMI3YBaT PECypCH 1 OTPHUMAaTH CErMEHTOBaHHMW aaTaceT
0e3 pyYHOro MapKyBaHHs, Pe3yJbTaTH HaBYaHHS 3 BHUKOPHC-
TaHHSIM I[bOTO JaTaceTy MOKa3aJld MPUPICT TOUHOCTI Ha 3—6%
MOPIBHSHO 3 TIONEpEIHIM HaBYAHHAM Ha 0a3i apXiTeKTypu
EfficientNetB0. Ha puc. 2 HaBeieHo rpadik mopiBHSIHHI METO-
JIiB HA OCHOBI Pi3HUX apXiTEKTYD.

L, ST

Ml

Puc 2. [opiBHSHHS €KCIIEPUMEHTATBHUX METOIIB

3anponoHOBaHU METOA ABOPiBHEBOI Kiach(ikarlii J03BO-
JIUB MiABUIIUTH TOYHICTH pOOOTH, IO IEMOHCTPYETHCS Ha Ipa-
¢iky, miAXig 3 ABOETAMHOIO KiIacH(piKalmielo MaiKe MOBHICTIO
YHUKHYB BIUTHBY JIOMIHAHTHHX KJIaciB, Ki HaBeJEHO Ha puc.1,
Bukopuctanas XAl momano mposopocti poboti mMoxeni. Ha
puc. 3 300paxeno npukian poboru Grad-CAM, mis KoxHOT
KaTeropii JIiBOPyY 3HaXOAUTHCSI OPUTiHAIBbHE 300paKeHHS 3 Te-
CTOBOTO JIATaCeTy, IO IIEHTPY PO3TAIIOBAHO PE3yJIbTAT HaKJIa-
JIAaHHS TEIUIOBOI KapTH HA OPUTIHAN, a TPABOPYY BJIACHE caMy
TEIUIOBY KapTy, KA JIEMOHCTPYE 30HU, SIKi MOJIETh BBAXKAE 3HA-
YHHUMU JUJIsI BUCYBAHHS MMPOTHO3Y. YepBOHUM KOJILOPOM MTO3HA-
YeHO HAMOUTBII BAXKIIMBY 30HY U MOJICNI, a CHHIM HaiMEHIII
3HAYHY.
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BUCHOBKU

Y npoMy rociipKeHHi 010 peanizoBaHo, IPOTECTOBAHO Ta
TIOPIBHSHO HU3KY apXiTeKTyp TJIMOOKOT0 HaBYAHHS JJIsl 3a/1a4
BHSIBIICHHA Ta Kiacudikamii xBopod nmennii. OCHOBHA yBara
Oyna 30cepeKeHa Ha MiJBHIICHHI TOYHOCTI PO3Ii3HABAHHS,
0COOJIHMBO JUIsl MAJIONIPENICTABICHUX KJIACIB, a TAKOX Ha iHTEp-
NPETOBAHOCTI pillleHb MOAei 3a foroMoroto Explainable Al.

HaiiBumy edekTHBHICTH NPOAEMOHCTPYBaB l€papXidHUH
Metop Ha ocHOBi EfficientNetV2BO0, skuii 3a paxyHOK OBOpIB-
HEBOI Kiacu}ikaliii 103BOJIMB TOCATTH CEPEAHBOI TECTOBOI TO-
gHOCTI 88%. 3HauHe MOKpameHHs OyI0 JOCSITHYTO 1 Ui cia-
OKO IpeICTaBIeHNX KaTeropii, 3pocranus recall y sIKuxX csirajio
20 — 30% micnst BrpoBamkeHns Focal Loss Ta knac-crerudiy-
HOI ayrMeHTarii.

Mopnens U-Net, HaTpeHOBaHa Ha CETMEHTAIIITHUX MacKax,
3a0e3meuniia BUCOKY AKICTh JioKami3aiii ypaxens (IoU = 0,99),
JIO3BOJISIFOYM BUKOPUCTOBYBATH i SIK ITOTIEpEIHIH eTam A 1Mo-
JANBIIOTO IiBUINCHHS TOYHOCTI Kiacudikarii. Kpim Ttoro,
OyJIO IPOTECTOBAHO HAIiBKOHTPOJIbOBAHE HABYAHHS 3 JOHAB-
YaHHSIM MO/IeJNi Ha HEaHOTOBaHHUX 300pa)KeHHSIX, 110 JAJIO0 MPH-
picT 3aranpHOi ToyHOCTI Kiacudikamii 10 6%.

Oco06uBy poiib y po0OTI Bimirpano 3acrocyBanHs XAl —
30kpema, MetoaiB Grad-CAM — juis MosSICHEHHS pilleHb MO-
neni. Bisyamizaiiisi yBard Mojeidi Ha 300paKCHHSIX KOKHOTO
KJ1acy NoKasaina, 1o cuctemMa (poKycye po3ITi3HaBaHHS caMe Ha
XapaKTEepHUX CUMIITOMaxX XBOpoO, irHopyroun GpoHoBi abo Hei-
H(pOpMaTHBHI 00JacTi.
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TakuMm 4MHOM, pe3yJbTaTH POOOTH MIATBEPIKYIOTh e(ek-
TUBHICTb 3aIIPOITIOHOBAHOI0 METO/1Y B 3a]a4ax BUSBICHHS XBO-
po0 nieHuI 3a 300paXKeHHIMH, 1€ € CWIbHUN rcOaiaHe Kia-
ciB. MeToj IeMOHCTpY€E BUCOKY TOYHICTb, 3JIaTHICTb JI0 TeHE-
patizanii Ta MosICHIOBAaHICTh PIllIeHb, 0 BiIKPHBAE MOKIINBO-
CTi ISt 1HTerpanii NoAi0HUX CUCTEM y pealbHi arpapHi BUpoO-
HUYI TIporiecy. Y MOAaNbIINX AOCIDKEHHX JOUIIBHUM € (o-
KyC Ha MYJIBTUMITKOBI CIIeHapii, ()a30BiCTb 3aXBOPIOBAHHS Ta
poOoTy 3 peaTbHIMHA 300paKEHHAMH 3 TIOBOBUX KaMep.
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Abstract. This study explores the Deep Deterministic Policy
Gradient (DDPG) algorithm’s performance in solving the swing-
up control task within the MountainCarContinuous-v0
environment, a simplified model of energy-accumulating
maneuvers in cyber-physical systems (CPS) such as robotic
manipulators, drones, and autonomous vehicles. The task requires
an agent to build momentum through oscillatory motion to
overcome a gravitational pit and reach a hilltop, despite receiving
infrequent and delayed feedback. We evaluated four neural
network architectures (64-64, 128-64, 256-128-64, 128-128-128)
using Stable-Baselines3 over 200 episodes to examine how policy
complexity influences learning efficiency. None of the
architectures consistently succeeded, with the 128-64 model
displaying the most stable yet limited performance. Final rewards
remained near zero, indicating DDPG’s difficulty in mastering the
swing-up strategy. Learning curves showed instability and
stagnation, highlighting DDPG’s limitations in CPS tasks with
deferred reinforcement. These findings suggest that architectural
tweaks alone are insufficient. Future work should investigate
reward shaping, demonstration learning, or alternative
algorithms like TD3 or SAC to improve outcomes in complex CPS
control scenarios.

Keywords: Reinforcement Learning; Cyber-Physical Systems;
Deep Deterministic Policy Gradient; Continuous Control; Mountain
Car; Swing-Up Strategy; Neural Network Architecture, Information
System.

INTRODUCTION

Cyber-physical systems (CPS) integrate computational
algorithms with physical processes through sensing, actuation,
and feedback, enabling intelligent behaviors in applications like
autonomous navigation, robotic manipulation, and energy-
efficient motion planning. As CPS tasks grow in complexity,
they demand advanced control strategies that adapt to dynamic
and uncertain environments without relying on explicit system
models. Reinforcement learning (RL) has emerged as a powerful
approach, allowing agents to learn optimal behaviors through
trial-and-error interactions, making it highly relevant for CPS
applications. [1].

The MountainCarContinuous-v0 environment serves as a
benchmark for evaluating RL in energy-based control tasks. In
this setting, an underpowered car must swing back and forth to
accumulate momentum and reach a hilltop — a puzzle of
momentum that mirrors energy accumulation in CPS, such as
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stabilizing a drone or pumping a mechanical actuator. This
oscillatory strategy requires long-term planning, as rewards are
only received upon success, posing a significant test for RL
algorithms. The task’s dynamics, involving inertia and non-
linear state transitions, reflect challenges in real-world CPS,
such as balancing inverted pendulums or navigating uneven
terrain.

Among RL methods, the Deep Deterministic Policy
Gradient (DDPG) algorithm is well-suited for continuous action
spaces, combining Q-learning’s stability with deterministic
policy gradients’ expressiveness [2]. DDPG has shown promise
in control tasks, but struggles with infrequent feedback, delayed
rewards, and complex temporal dependencies —common in CPS
scenarios [3]. This study evaluates DDPG’s ability to learn the
swing-up strategy in MountainCarContinuous-v0, focusing on
how neural network architecture impacts convergence, stability,
and computational efficiency. By testing four multilayer
perceptron configurations (64-64, 128-64, 256-128-64, 128-
128-128), we aim to uncover trade-offs in policy complexity and
provide insights into DDPG’s suitability for CPS, contributing
to the design of robust RL strategies for autonomous systems.

The MountainCarContinuous-v0 task poses unique obstacles
for model-free RL algorithms like DDPG. Unlike typical goal-
reaching scenarios with incremental rewards, this task provides
feedback only upon reaching the hilltop, creating a challenging
credit assignment problem. The agent must infer which actions,
taken over hundreds of steps, contributed to a distant reward.
The optimal strategy — swinging in the opposite direction to
build momentum — is counterintuitive and difficult to discover
through random exploration, especially without intermediate
guidance. The task’s dynamic nature, driven by inertia and non-
linear state transitions, further complicates learning. These
properties, prevalent in CPS, result in a non-convex policy space
that is highly sensitive to exploration noise.

EXPERIMENT DESIGN AND IMPLEMENTATION

Overview

DDPG, an off-policy actor-critic algorithm, is designed for
continuous action spaces, making it suitable for CPS tasks
requiring precise, real-valued control, such as robotic actuation
or motion planning. It integrates Q-learning for value estimation
with deterministic policy gradients for policy optimization,
offering a balance of stability and expressiveness. However,
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DDPG’s performance often degrades in environments with
infrequent or delayed rewards, as seen in tasks involving energy
accumulation. The MountainCarContinuous-v0 environment,
where an underpowered car must accumulate momentum
through oscillatory motion, mimics these CPS scenarios, making
it an ideal testbed for evaluating DDPG’s capabilities.

We tested four multilayer perceptron architectures to explore
the influence of policy complexity: a compact 64-64 (two hidden
layers of 64 units), a moderate 128-64, a deeper and wider 256-
128-64, and a symmetric 128-128-128. These configurations
were chosen to balance model capacity with the environment’s
observation and action spaces. Each architecture was
implemented in Stable-Baselines3, with agents trained for 200
episodes of 250 timesteps. Exploration was facilitated using
NormalActionNoise, and GPU acceleration was employed
where available. Performance metrics included final average
reward (last 10 episodes), reward variance, and training time.

Hyperparameter considerations

DDPG’s performance is highly sensitive to hyperparameters,
including actor and critic learning rates, soft update coefficients,
discount factors, and action noise variance. To ensure a fair
comparison, we kept these parameters constant across
experiments. However, their settings significantly influence
learning dynamics. For instance, Gaussian action noise affects
exploration; insufficient amplitude may prevent the agent from
discovering the swing-up strategy in sparse-reward settings like
MountainCarContinuous-v0. Similarly, a small soft update
coefficient stabilizes training but may slow policy updates,
impacting learning speed. Although we did not systematically
optimize hyperparameters, the observed performance stagnation
suggests that refined tuning could unlock DDPG’s potential.
Future work will include sensitivity analysis to identify optimal
settings for CPS-relevant tasks.

The methodology sets the stage for a comprehensive
evaluation of DDPG’s learning behavior, with results expected
to reveal how architecture influences efficiency, stability, and
robustness in sparse-reward environments.

RESULTS AND DiSCUSSION

None of the tested architectures mastered the swing-up task
within 200 episodes, with final average rewards remaining near
zero across all models. This indicates that DDPG struggled to
learn effective momentum-building strategies in the
MountainCarContinuous-v0  environment.  The  128-64
architecture performed most consistently, with the lowest
reward variance, but its gains were modest. In contrast, the 256-
128-64 model, with the largest parameter space, exhibited
significant fluctuations, including a sharp performance drop
mid-training, suggesting erratic learning behavior.

.....

Esavde

Fig. 1. Episode-wise learning curves of DDPG agents

130

Figure 1, which plots episode-wise rewards reveals early
improvements followed by stagnation or decline across all
models. For example, the 256-128-64 model’s rewards
plummeted around episode 100, while other architectures
plateaued, reflecting difficulty sustaining progress. The 128-64
model showed the flattest curve, indicating stability but limited
learning. Training times varied slightly, suggesting that
computational cost was not the primary barrier.

The 128-64 model’s stability suggests that moderate
architectures may balance exploration and learning better than
deeper ones. However, the lack of progress across all
configurations underscores DDPG’s limitations in handling
infrequent reinforcement and momentum-based control. The
256-128-64 model’s fluctuations raise concerns about
overfitting or inefficient exploration in high-dimensional policy
spaces. These findings align with prior research highlighting
DDPG’s sensitivity to reward structure and its dependence on
dense feedback for effective policy updates.

Reward shaping could provide smoother feedback, guiding
the agent toward the swing-up strategy. Pretraining with expert
demonstrations might bootstrap initial policies, reducing
reliance on random exploration. Algorithms like TD3 or SAC,
designed for improved stability and exploration, may also
outperform DDPG in similar tasks. These insights are
particularly relevant for CPS applications, where energy-based
behaviors and long-term planning are common, informing the
development of robust RL solutions.

CONCLUSION AND FUTURE WORK

The results confirmed known limitations of DDPG in sparse-
reward environments, where the agent must learn to associate
sequences of actions with delayed positive outcomes. The
limited progress across all tested architectures, including deeper
models, suggests that neither increased network capacity nor
more complex representations sufficiently improve learning in
such settings. Moreover, the instability and performance
collapse observed in certain configurations (e.g., 256-128-64)
highlight the risks of overfitting and poor exploration in high-
dimensional policy spaces.

These findings underscore the importance of algorithmic
adaptations when applying deep reinforcement learning to CPS
tasks involving inertia, momentum, and energy-based behaviors.
The standard DDPG framework may benefit from enhancements
such as reward shaping to provide smoother feedback,
curriculum learning to incrementally introduce task complexity,
and expert-guided learning to bootstrap the initial policy.

In future work, we aim to use alternative algorithms like TD3
and SAC will help identify more robust solutions for CPS
control, paving the way for smarter autonomous systems. We
also plan to introduce visual diagnostics, such as trajectory
visualization in the state space, to better understand behavioral
patterns during learning. Benchmarking
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Abstract. This paper investigates the problem of price tags automatic detection on retail product images under various lighting and
placement conditions. An adapted YOLOVS5 architecture is proposed to improve the accuracy of their localization on retail shelves.
The model was trained on a dataset containing real-world images with diverse environmental conditions. A comparative analysis
showed an accuracy improvement of 4,1% in the mAP@].5:.95] metric compared to baseline models on the selected dataset.

Keywords: Computer vision, image processing, pattern recognition, YOLOV5.

Aemomamuune usa6,1eHHA YIHHUKIG HA
300pa’rceHHAX mosapie
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Anomauia. Y nanuiii po6oTi g0caigKyeTbes npo6aeMa aBTo- Mopnens Oymo noHaBueHO Ha Habopi manux PriceTag
MATHYHOI'0 BUSIBJICHHSI iIHHUKIB Ha 300paskeHHSX PO3ApPiOHUX To- (Roboflow), o mictuts 326 peanbHUX 300paKeHb TOBApPIB 3
BapiB y pisHHX yMoBaX OCBiT/IeHHsi Ta po3TauyBaHHs. IIpomo- AHOTOBAaHWUMH PaMKaMH I[IHHUKIB. MeToro TaHoi poOoTH € mij-
HYE€ThCS afanToBaHa apxitextypa moeni YOLOVS must minBm-  pymenns TouHOCTI TOKANmi3alii iHHUKIB 3a paxyHOK CIeliai-
IIEeHHA iX TOYHOCTI JioKadi3auii Ha ToproBux Birpunax. Moaeib 30BaHUX METOIUK aereHTaL[i'l' i apXiTeKTypHI/IX OITIIICHD.
HABY€HO Ha JaTaceTi, 110 MiCTHTh peaJibHi 300pa:KeHHs 3 pi3HUMU
ymoBamu cepenoBuina. [lopiBHAIbHMI aHaJi3 moka3aB npupict OrJIA1 JITEPATYPU
TOYHOCTi 32 MeTpUK0I0 MAP@)].5:.95] na 4,1% BinHocHo 6a30BUX ICHYIOTh JeKiNbKa KIACHYHUX MOJENCH IS 3HAXOKEHHS
Mojeieil Ha 06paHoOMy HAGOpi AaHHX. MIEBHUX MATEPHIB Ha 300paxkeHHi. [leprmii 3 HUIX — OJTHOETa-

mHi MeTou: YOLO-neTekropu 3/1iCHIOI0TE 00pOOKY «B OJIMH
Kniouosi  cnosa:  komn’tomepnuii  3ip,  YOLOvS, o6pobka  ppoxiny Ta I0Ka3yloTh BUCOKY IIBHAKICTh JETEKIIii 300pakeHb
300pasicens, pumeiin 3 BIZHOCHO BHCOKOO To4HicTiO [2]. Ili Moaemi miaxomaTh s
BCTvI 3a/1a4, JIe KPUTHYHO BAXKIMBHI dac 00pOOKH, HATIPHKIIA, y cu-
cTeMax po3Mi3HaBaHHS B peXUMI peasibHoro dacy. SSD (Single
Shot Detector) TakoX HaJISKHUTh IO OMHOCTATHUX METOIB, IO
JIO3BOJISAIOTD IIBUIKO BHSIBISITH 00’ €KTH OJHAM MPOXOIOM 30-
OpaXeHHs, )KEPTBYIOUH YACTHHOK TOYHOCTI JUIS MiJABUILCHHS
mBuakoxii [3]. SSD, 30kpema, HIMPOKO 3aCTOCOBYETHCS Y MO-
OiIbHUX pIICHHSX Ta BeO-3aCTOCYHKAX, 1€ 00UNCITIOBANIBHI pe-
CypCH OOMEXKEHI.

Iummii Bapiant — ne asoerarnni metoau (Faster R-CNN):
BOHH CIIOYaTKy TEHEepYyIOTh 00JacTi 3alfikaBiieHHS (region
proposals), a iuie notiM kinacugikyoTh ix. Lle 3abe3neuye Bu-
COKY TOYHICTB, OCOOJIHBO TSI AyKe APiIOHMX 00’ €KTiB, aJie mpH
[[bOMY, II¢ 3HaYHO YMOBUIBHIOE poboTy cuctemu [2]. Taki mMo-
JielTi 3a3BUYall BUKOPHCTOBYIOTHCS B o(raifH-aHamiTHIII 200 B
CHCTEeMax, [Ie TOYHICTh KPUTHYHO BAXKJIMBA Ta JOMYCTHMA BH-
COKa 3aTPHMKA.

ABTOMAaTHYHE BUSBJICHHS I[IHHUKIB Ha 300pa’kKEHHIX TOBa-
PIB € aKTyanbHOIO 337a4et0 B PO3/piOHiil TOPriBii Ta iHBEHTa-
pu3artii, oo JA03BOJISIE CYTTEBO CIIPOCTHTH OHOBIICHHS iH(Op-
Maii nmpo ToBapu. 3 iHIIOro OOKy, BUpIIIEHHS JaHOI 3amadi
MOJKE JO3BOJIUTH MOKYIISIM BHKOPHCTOBYBATH iH(OpMaIIiiHi
TEXHOJOTIT IS HIBHIKOrO MOINYKY HEOOXIJIHHUX TOBapiB.
[IpoTe WiHHUKM — 1€ THITOBO JPiOHI 00’ €KTH, SIKi MatOTh OOMe-
JKEHY TMPEJICTaBIICHICTh Y MIKCEISIX 300pakeHHs, 1[0 YCKIIa-
HIOE BUJIUICHHS iX CyTTeBHX 03HaK [1]. [lns BupileHHs 33124
TaKOro poJy 3a3BHYaii BUKOPUCTOBYIOTHCS MEPEITyCiM TMIHOOKI
3TOPTKOBI MEpExKi.

OpHoeTarHi JeTEKTOpH, 30Kpema cepis moxeneir YOLO
(You Only Look Once), Binomi ayske BUCOKOIO IIBH/IKICTIO PO-
6oTH npy 30epexkeHHi BUCOKOT TouHOCTi [2]. YV miii poborTi 00-
pano mozens YOLOVS, sika nemoHcTpye no0Ope 30amaHcoBaHi
MOKa3HUKH TOYHOCTI Ta IIBUJIKOJIT Ta Ma€ MHUPOKY MIATPUMKY
TOHKOT'0 HaJalITyBaHHA (custom training).
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Takox iCHYIOTh OUTBII CIIEIiaIi30BaHi PIIICHHS IS [IIHHHU-
KiB 1 cxoxux 00’exriB. Hanpukian, y 3agady cermeHranii 30-
OpaxeHp iHHKKIB OyB 3amyuernii YOLOv4, mo 3a0e3nednB
To4HicTb Ointst 96,9%. Lle minTBepKye epekTHBHICTD apXiTeK-
Typ Ha 6a31 YOLO g nonibHux 3aBaaHb.

3acTOCOBYIOTBCS Takok MeTogum Ha ocHoBi U-Net,
MobileNet, VGG i T.1., poTe X TOKIATHUN OTIISAI BIXOTUTH
3a paMkH 1i€l pobotu. B misiomy, BUOip MK 0JIHO-Ta TBOETAII-
HUMH METOJaMH 3yMOBIIOETHCS OallaHCOM MK TOYHICTIO i
UIBUJIKOJIIEI0, HEOOXIMHUM JUIi KOHKPETHOT'O 3aCTOCYBAHHS.
OCKUTBKH OCHOBOIO JTAaHOI 3a/1adi € MOKIIBICTh poOOTH Ha cia-
OKHX MPUCTPOSIX B MaiiKe pealbHOMY 4Yaci, Ma€ CeHC BUKOPHUC-
TOBYBATH OJHOETAIHI MOJENI, 3MEHIIYIOYH Yac poOOTH, aie
IIPU I[bOMY TPOXH TIOTIPIIYIOYH PE3YIbTATH.

METO10JIOT 1A

B namiii poboti sk 06a3y Oymo BHKOPHUCTaHO MOJEIH
YOLOVS, sika noBena cBor e(heKTHBHICTD y 3a/jauax JAeTeKIil
3aBJISIKH MMOETHAHHIO BUCOKOT MIBUAKOLIT Ta ToyHOCTI [4]. Mo-
JieNb TOHaBuYeHa Ha HabOopi PriceTag, mo mictuts 134 300pa-
xeHHs y ¢opmari YOLO (BximHi 300pakeHHS Ta TEKCTOBI
(aiinu 3 KoOpAWHATAMH PaMOK I[IHHHKIB).

[Tepmoro 3miHOIO Oyita ayrMeHTartist 300pakeHb, TOOTO 3a-
CTOCOBAHO HHM3KY TAaKUX TEXHIK SIK MacIITaOyBaHHsI, BUIIaIKOBI
3MiHH SICKPaBOCTi, KOHTPACTY, TOJAaBaHHA IIyMY JJIs OLTBII pi-
3HOMAHITHOI MOJIE)Ii HABYAHHS 3 MiTiOpaHUMHU TireprapamMmeT-
pamu. Le mo3Bonmio 301IBIIUTH PI3HOMAHITHICTD JaHUX i J0-
TIOMOTJIO MOJIesi Oy TH CTIMKIIIO JI0 Bapialliid MOJI0KeHHs i BU-
DIy I[IHHUKIB.

Jpyroro 3MiHOIO Oyl0 BHKOPHCTAaHHS SKOPIB, OCKUTBKH
YOLOV5 Hagae MOKIIHBICTH BUKOPUCTAHHS HA0OPY MOIIEpe/I-
HBO BU3HAUEHUX «IKipHUX» (anchor) paMok pi3HHX po3MipiB Ta
¢dopm [5]. Born HakaIaroThCs Ha 300paXKeHHS HA Pi3HUX Ma-
cmrabax (CiTKax) i CIyXaTh HMOYAaTKOBUMH MPHITYIICHHAMHA
JUTS TIO3UIIi# 00°€KTiB. Y 3aCTOCOBaHiN KOH}Iryparii mapame-
TPHU aHKOPOB MiAiOpaHO MiA PO3MipH IMIHHUKIB HA 300paXkKeH-
HSIX, IO CTIPHSIE TOMIMIICHHIO JIOKATi3amii APiOHUX 00’ €KTIB.

Tperpoto 3MiHOIO OyllO0 3acTOCYBaHHA MOIYJIO yBaru
(CBAM) [6]. Convolutional Block Attention Module (CBAM),
MOEJHYE KaHAI Ta MPOCTOPOBY yBary. BiH mo3Bomse monemi
Kpate GOoKyCyBaTHCs Ha PEJIEBAaHTHUX O3HaKax 300pakeHHS i
MTJCHITFOE KOPUCHI JJIS JeTEKIii (parMeHTH, 110 TIOKPAIIy€ TO-
YHICTb JIOKaTi3allii piOHUX IIHHKKIB.

OcTaHHBOKO 3MiHOIO 0YJI0 OEIHAHHS METOAUK, TOOTO KOM-
TUIEKCHE 3aCTOCYBaHHS ayrMeHTallii Ta HaJlalTOBaHUX aHKOPO-
BHX PaMoOK, II0 HAJAJI0 CHHEPTeTHYHHH e(eKT, MiABUIIYI0un
YyTJIUBICTH MOJIENI 70 HaJaHUX AaHUX. BaMBO 3a3HA4YMTH,
0 JIS1 OLIHKM HEe BUKOPHCTOBYBAJIKCS 1HIII HAOOpH AaHHUX —
BCI pe3yJIbTaTH OTpUMaHi Ha OCHOBI naracery PriceTag, 6e3 3a-
JIydeHHsI JOAATKOBUX JKEepedl.

PE3VIILTATU

Jist outiHKY eheKTHBHOCTI MiIX0/1iB OYII0 MPOBEIEHO CEPir0
eKCIIepMMEHTIB Ha TECTOBIN MiAMHOXHUHI Habopy PriceTag, ska
mictuth 134 300paxens 3 327 00'ektamMmu. OCHOBHUMH METpH-
kamu ciayrysamu Precision (P), Recall (R), mAP@0.5 Ta
MAP@0.5:0.95. Byio mporectoBaHo 06a30By KOH(}Irypariro
YOLOVSs, a Takox Moau(ikoBaHi BapiaHTH 3 ayTMEHTAII€lo,
eBoroLiHMM Tigoopom anchors (Evolve), CBAM-momryem i
IXHBOIO KOMOIHAITI€IO.

basosa mMozenb nokasana xopoiii pesyiastatu (mMAP@0.5 =
0.829), onrak momanbir Moaudikamii JO3BOIWIN TOKPALTUTH
TOYHICTh. JoJjaBaHHs nuIe ayrMeHTalil Mpu3Beno 10 3poc-
taHHs precision mo 0,914, ane recall cyrreBo 3mMenmmBes. Lle
CBIIYUTH MIPO MTOKPAIICHHS BU3HAYCHHS OKPEMIX, T0Ope IoMi-
THUX 00'€KTIB, aJie i3 BTPATOIO JACSIKUX MCHIII BUPA3HHX.
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Ta6mu 1
Pesynbrar TecTyBaHHA MoeleH
Kouirypauist P R mAP@0.5 mAP@0.5:0.95
Default (6a- 0,850 0,782 0,829 0,472
30Ba)
Augmentation 0,914 0,631 0,799 0,481
Evolve 0,817 0,492 0,644 0,314
(anchors)
CBAM 0,870 0,800 0,839 0,482
Evolve + 0936 | 0,754 0,870 0,521
Augmentation

BukopucranHs nuine eBOJIOLIHHO MiniOpanux anchors
(Evolve) mpu3Beno 1m0 HaWHIKYUX PE3YIBTATIB Cepell ycCix
koHpirypaniit (mAP@0.5:0.95 = 0,314), o cBig4uTh Mpo He-
JOCTAaTHICTH I1i€1 3MiHM O€3 JOAaTKOBHUX MOKpaIieHs. BogHovac
CBAM-Monynb, iHTErpOBaHHW Y apXiTeKTypy, 3a0e3neduB
cTabipHE TiABUICHHS METPHUK, 0COOMUBO recall.

Hatikpamux pe3yabTaTiB BAAJIOCS JOCATTH NMPH KOMOIHY-
BaHHI nBox mimxomiB — Evolve Ta ayrmenramii. Tak,
mAP@0.5 3pocina g0 0,870, a mAP@0.5:0.95 — no 0,521, 110
€ HaUBHIIMMH 3HAYCHHSIMHU Cepe/] YCiX eKcriepiuMeHTiB. Takum
YHHOM BJIQJIOCSI OTPUMATH MOKpaieHHs Ha 4,1% y mopiBHHsHI
3 0a30BOI0 MOJICIIIIO i YaC BUKOPHUCTAHHS JaHOi Moamdika-
Iii.

BUCHOBKM

VY naniit po0oTi Oyn0 AOCITIIKEHO 3a1ady aBTOMAaTHIHOTO
BUSBJICHHS [IHHHUKIB Ha 300pa)KCHHSAX TOBaPIiB Y PO3APIOHOMY
cepenosuti. s i BupimieHHs OyJO aganTOBaHO MOJIEINb
YOLOVS 3 ypaxyBaHHsIM 0cOOIHMBOCTEN LITLOBOTO Kiacy 00'-
extiB. BipoBamkenus mogymro CBAM, a Takox IiecpsMo-
BaHE HAJAINTYBAaHHS SKOPIB Ta ayrMEHTAIlil JTO3BOIMIN CYT-
TEBO TOKPAIUTH pe3yibTaTH. HaWBuWINI 3HAYEHHS TOYHOCTI
(mAP@0.5 = 0,870, mMAP@0.5:0.95 = 0,521) 6ynu mocsrHyTi
py KOMOIHYBaHHI KUTBKOX TiIXO/IB, IO MiITBEPKYE TOLTh-
HICTB X iHTerpanii. OTpuMaHi pe3yabTaTi JeMOHCTPYIOTH TIe-
PCIIEKTHBHICTh yIOCKOHAIEHOI apXiTeKTypH JUIS JOKalizarii
00’€KTIB y CKIIaIHOMY Bi3yainbHOMY cepenosuili. [Ipu mipomy
BapTO 3a3HAYMTH, IIO Kpallli pe3ysbTaTi Oys0 O TOCATHYTO 3a
YMOBH BHKOPHCTAHHS JaTaceTy OiMbIIOro 00’eMy Ta pi3HO-
MaHITHOCTi 300paKeHb.
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Generating graphic visualizations using
programming language tools with direct access to
video memory

Oleksandr Zhyrytovskyi, Roman Zubko
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Kyiv, Ukraine
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Abstract. Previously, programming languages such as BASIC and PASCAL allowed direct access to video memory. This made it possible
to experiment with various visualizations on the computer screen. Today, processors are much faster, and video adapters can display images
at higher resolutions. However, due to the lack of direct access to video memory in modern programming languages, algorithms for working
with graphics have not seen significant development. The purpose of this article is to demonstrate the types of visualizations that can be

created with direct access to video memory.

Keywords: computer graphics, visualizations, fractals, 3d rendering, texture mapping, mesh, triangualtion.

Dopmyeannsn cpagpiunux eizyanizauii 3a
00NOMO2010 3AC00I6 MOBU NPOZPAMYEAHHA 3
NPAMUM OOCHLYROM 00 6i0eonam’ami

JKupurorcwkuit Onexcanap, 3yoko Poman
BinxpuTnii MiKHapOHUI YHIBEPCUTET PO3BHUTKY JIIOJJMHHU «Y KpaiHay
KuiB, Ykpaina
i.am.zhirik@gmail.com, rzubko@ukr.net

Anomauia. Paniwe moseu npozpamysanna maxi, ax BASIC uu
PASCAL, manu mosxcnugicmo npamozo oocmyny 0o gioeonam'ami.
Ak nHacniook, MoxcHa 0yn0 eKchepumenmyeamu 3 i000pasceHHAM
PpizHomanimnuux eizyanizayin na exkpani komn'tomepa. Ha cbo200ni
npouecopu cmanu Habazamo wieuowumu i gideoadanmepu 30amui
6i0meoprosamu 300parcennsn 3 6ibUIOI0 PO30LILHOIO 30AMHICIIO.
IIpome, 3a 6iocymmnocmi 3acodie npamozo oocmyny 0o ideonam'ami
Y CYHACHUX MOBAX NPOPAMYGAHHA, ANOPUMMU 1A POdOmU 3 2pa-
¢ixoro ne 3aznanu 3naunozo pozeumxy. Memoio oanoi cmammi €
nokas eizyanizayiii, AKi moxcyms Oymu po3pooneni 3a Hasenocmi
npamozo 0ocmyny 00 gideonam'sami.

Knwuosi cnosa: komn’tomepua  zpaghika,  eizyanizauii,
dpaxmanu, 3d penoepune, naxknadanns mexcmypu, KapKacHa
cimka, mpuanynayis.

Beryn
®opmyBanHs rpadidHOl Bizyamizarii nepembadae 3a1aHHAg
MIEBHOTO KOJIBOPY KOKHOMY IKCEJIF0 Ha eKpaHi. Maio4n MOBY
NPOrpaMyBaHHS 3 MOJIMBICTIO IPSIMOTO JOCTYIY IO Bifeo-
nam’siTi, MOXKHA CTBOPIOBATH Bi3yasti3allii Ha eKpaHi KOMII'to-
Tepa y peajJbHOMY 4Yaci.
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DPAKTAJIN

O®pakran — 1me reomeTpudHa (irypa abo CTpyKTypa, siKa
Ma€ BJIACTUBICTH CAMOIIOIOHOCTi, TOOTO MTOBTOPIOETHCS B 3Me-
HIIEHOMY MaciuTadi Ha pi3HuX piBHAX. Lle o3Hadae, MmO AKIIO
30UIBIINTH SIKYCh YaCTHHY (PpaKTaiy, BOHA BUNIAJATUME TTOi-
6HO 1o ninoro. Po3risHemMo ojuH i3 ¢pakrainis, kUil Ha3KBa-
€ThCst MHOXHHA ManaenpopoTta [1]. B ocHOBI XaoTHYHOCTI 1a-
HOTro (hpaKTay JICKHUTH TOCITiJOBHICTh

z,=2},+C (1)

[Ipu ymoBi, 1110 mouaTkoBe 3HaueHHs Zg Ta KoHcTaHTa C Jte-
KaTh B MEXax BiJ -2 70 2, 1Sl IOCIIIOBHICTD TIOYMHAE TTOBO-
JUTH cebe My’ke XaoTUYHO. A came, BOHA CIIOYAaTKy KOJIMBa-
€THCS HA IbOMY TIPOMDKKY MEBHHUH Yac, a yke MoTiM HaOnmxa-
ethbest 10 0 um mpsiMye 10 HeckiHdeHHOCTI. KinbKIiCTh iTepartii,
3a sIKy BiZIOyBa€ThCS BUXIJI 32 MEXI Aiana3oHy Bix -2 10 2, Mo-
JKHa B1TOOpa3UTH y BUIIISA Tpajalliii IckpaBocTi Kopopy. s
CTBOPECHHS JBOBUMiPHOI KAPTHHKH, 3aMICTh LIJIMX YHCEI, TTOT-
piOHO BUKOpHCTATH KOMIUIEKCHI uncna. [Ipukimax MHOXUHH
Mannens6poTa HaBeieHO Ha pHcC. 1.
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Puc. 1. Muoxuna Manaensopora

Muosxuna Xromia Oyayersest Tak camo, SIK 1 MHOXKHHA Ma-
HAenbpOpoTa. BigMiHHICTIO € TifbKH Te, o KoHcTaHTa C y Hilt
3aJa€ThCs HE MMOTOYHOIO KOOPJMHATOIO TOYKH, a TIEBHUM CTa-
M 3uaveHHsM. [pukiaan maoxuan JKromia [2] HaBeneno na

Puc. 2. Muoxuna Xromia

DOPAKTAJILHI JEPEBA

B ocHOBY o0y 10BH (ppakTansHUX AepeB MOKIaaeHa GyHK-
1ist noOyoBH rinku aepesa. Lg Gpynkuis npuiiMae koopanHaTi
X Ta Y MOYaTKy TUIKH, KyT HAXWIy TUIKH Ta piBeHb Tinku. Cto-
BOYp Mae€ TepIuii piBeHb, JOBTI TIIKA MAalOTh JPYTHI PIBEHB,
KOPOTIII TUIKK — TPETiH piBeHb 1 TaK Jaiti. 3HAIOUM KOOPANHATH
Ta KyT BiJTHOCHO ITUX KOOPJIMHAT, MOKHA HAMAJIIOBATH HOBY Ti-
JIKY YK€ BHII[OTO PIBHS i MOTPIOHUM KyTOM BiJTHOCHO IOTO-
yHoro. KoxHa 3 riJiok gepeBa OyayeThCs MOAIOHHM YHHOM.
[puknan eraniB moOyq0BU (hpaKkTaIBLHOTO JepeBa 300pakeHO
Ha puc. 3. KoxkeH HACTYMHHI eTal TYT AOMOBHIOETHCS HACTYII-
HUM PiBHEM T'JIOK.

Puc. 3. Eranu moOynoBu ¢ppakTaibHOTO JepeBa

Sk pe3ynpTar, MOXHa TOOYQyBaTH (paKTajgbHE EPEBO 3
PI3HMMH JIOBXXMHAMH T1JIOK, 110 HAXUJICHI 1] PI3HUMHU KyTaMHu
Ta BUKOPHCTOBYIOYH JiBi a00 Tpu KpuBi JiHii. Kpusi niHil TYT
OIUCYIOThCS KyOIYHMMHU crutaitHamu. KojkHa HacTyIHa rijika e
CIUTaliHOM, 10 OYAyeThCs SIK MPOJOBKEHHS TMOMEPEIHBOTO
crutaiiny. [Ipukinaau Takux jepeB 300paxeHi Ha puc. 4.
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Puc. 4. ®pakranbHi gepeBa

Jnst cTBOpeHHsT OLTBIIOT pPeasliCTUYHOCTI JOIIBHO HaMa-
JIFOBATH JIEPEBO 3 OLIBILI TOBCTUM CTOBOYpoM. JIIg 1bOro Mo-
’KHa BUKOPHCTATH CIUIAIHU, SKI MalOTh Pi3HY TOBIIMHY JiHIN
Ha iX KiHIpIX. [Ipukimanm 300pakeHb TakuxX IepeB 3 TOBCTUM
cTOBOYpOM 1OOYJOBaHUX HAa OCHOBI JAHOTO ITiAXOAY HaBEICHO
Ha puc. 5.

Puc. 5. ®pakranbHi gepeBa mo0Oy10BaHI Ha OCHOBI KPUBUX
3MiHHOT TOBIIMHU

[le omauMm Tunom ¢pakransHux Aepes € H-nepeBo. Bono
Mae TaKy Ha3BY, OCKibKH cXoxke Ha jitepy «Hy. Moro asi i-
JIKU MOXKHA YSIBUTH Y BUTJISIIL ABOX TOAMHHUKOBHX CTpioK. Ha
KIHIIX KOXKHOi 3 IMX [IBOX TOAWHHUKOBHX CTPUIOK 3Haxo-
IATHCS IIIe ABI TOOWHHUKOBI CTPLJIKHM, TOBEPHYTI Ha TaKi cami
KyTH i Tak gaii. B 3amekHOCTI Bijf TOTO M SIKKMHU KyTaMH 3Ha-
XOMAATHCS TUIKKM OyIyTh OTpUMaHi pisHoMaHiTHi dirypu. [Tpuk-
nmaau Qiryp, mo 6a3yroThes Ha oOepTaHHi rijgok H-mepesa 30-
OpakeHo Ha puc. 6.

e

X . ¥
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A A e ¥
1'*Q/“‘h.j?$"'\- \’%,\ v
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Puc. 6. ®irypu noOyoBaHi Ha 0CHOBI 00epTaHHs ritok H-
JiepeBa

XAOTUYHI ®YHKIIIT
Oco0auBicTIO Xa0THYHUX (PYHKILIH € Te, 0 KOXKHE HACTY-
ITHE 3Ha4YeHHs (DYHKIIT paXyeThcs Ha OCHOBI rornepeansoro. B
OCHOBI XaOTHYHOTO PO3IOALTY 3HA4YeHb TaKWX (YHKIIH Je-
XKHUTH (POopMyJia Koa, aje 3MiHHA Y TYT PaxyeThCs 3a JOMOMO-
ro1o 11 MONepeIHbOr0 3HAUCHHS:
X =
. = cos(a) )
y, =sin(a +y, -t)
ae:
o — KyT, 110 3MiHIO€eThCs Bin 0 10 27;
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t — meBHA KOHCTaAHTa, KA 3a HEOOXIIHOCTI MOXKE 3MIHIOBA-
THUCS y Yaci;

X, ¥ — KOOpAMHATH KOXHOI TOYKHM rpadika QyHKUii, 110
BiZIOOpaXkaeThCsl HAa eKpaHi.

CDy'HKIIIIO 3a Takoro (hopmyIoro 300paxkeHo Ha puc.?.
Eiﬁ’ﬁ"’"’_ﬂl:—’ 7 ™

”!—‘ﬁ*g
; =
R

Puc. 7. Xaotuuna GyHKIst 32 hopmyJioro (2)
Ha puc. 8 HaBeneHo npukian XxaoTHaHO1 QyHKIII, 110 Oy-
JYETBHCS 3a (POPMYJIIOIO:

x=cos(a+2-\/O.1+(x+t)2+(y+t/(x+ y+t))2)
3)

y:sin(a+2v\/0.1+(x+t)2+(y+t)2)

Ie:
o — KyT, 10 3MiHIO€eThes Bix 0 10 27;

t — meBHA KOHCTaHTA, sIKa 32 HEOOXIZHOCTI MOYKE 3MIHIOBa-
THUCS Y 4aci;

X, ¥ — KOOpAWHATH KOXHOI TOYKHM rpadika QyHKIii, 110
Bl}l06pa)Ka€TI)C§I Ha eraH1

PHc 8. XaoTnuHa (1)YHKII1$I 3a popmyioro (3)

®Iryeu JIICCAXKY
B ocHoBi mo6ymosu diryp Jliccaxy [3] nexuts Gopmyita
KOJa, y IKy IoJaHi aBa KoedimienTn. Bona Mae HaCTyTHMIA BU-
TSI
x = cos(k,a)
. “)
y =sin(k,a)
Ie:
o — KyT, 110 3MiHI€eThCs Bif 0 10 27;
k1, k2 — koedimieHTH, 1110 331a10Th 300paXeHHs (QYHKIIIT;
X, Y — KOOpAWHATH KOXHOI TOYKHM Trpadika QyHKIIi, 110
BiJJOOpakaeThCs Ha EKpaHi.
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KomOGiHarii 1Box koe(ilieHTIB JaBaTUMYTh Pi3Hi (irypu.
[Mpukinagu Takux ¢iryp 300pakeHo Ha puc. 9.

SO

Puc. 9. @irypu Jliccaxy

TrosH M I'B1J1O I'PAH/II
Tpostamu ['Bimo ['panni, Tak camo sk i ¢irypu Jliccaxy, Oy-
IYIOTBCS 32 JBOMA KoedillieHTamMu, ane iX popMya iHia i Mae
HACTYIHUN BUTJIAL!
x = cos(k,a)-cos(k,a)
: )
y =sin(k,a)-cos(k,a)
ae:
o — KyT, 10 3MiHIOEThCs Bif 0 10 2T;
k1, k2 — koeditieHTH, 1110 331a10Th 300paXxKeHHsI QYHKIIT;
X, Y — KOOpAWHATH KOXHOI TOYKHM rpadika QyHKIIi, 110
BiTOOpaXkaeThCs Ha EKPaHi.

Mpuxmagm Tposan I'Bigo ['panmi 306paxeno Ha puc. 10.

Puc. 10. Tposaou I'sino ['panmi

T'EHEPALIIS JIABIPUHTIB
Jis reHepartii mabipuHTY crioyaTKy Oy Iy€eThCs paMKa, o €
YOTHpPMa CTiHAMH IO KpasiM. B cepenuHi mi€l paMKu KoKHA
HOBa CTIHKa MaJIO€ThCS TIOYMHAIOYH BiJl TOBIUIBHOI iCHYIOUOT
CTIHKHM TaKAM YHHOM, 1100 11 KiHEIlb Hi 0 AKOI 1HIIOT CTIHKK He
npumuKaB. Pe3ynbpraT moOynoBaHOTro TakuM criocobom J1abipu-

HTY 300pakeHo Ha puc. 11.
HE | E‘!'_Iﬂ:l
e

Puc. 11. JIabipunT

BI3YAJIBALIIA PYXY XBUWJIb HA BOJII
B naniit Mozieni Ko)KHA TOYKa €KpaHy Ma€e KOJip, 10 Xapa-
KTepU3y€e BUCOTY XBHJII B Iiif Toumi. OCKiJIbKH XBHIII HaKJIa/1a-
IOThCS, TO BUCOTA XBWJII B TOYIl € CYMOIO BUCOT XBWJIb SIKi 11
nepeTHHAKTH (puc. 12).

Puc. 12. Bizyanizauist pyxy XBWIb Ha BOAI
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TIOBYJIOBA TPUBUMIPHUX ®ITYP HA OCHOBI TOUOK
B ocHoBi 100y10BU Qiryp y TpUBUMIPHOMY IPOCTOPI Jie-
XKHUTB (popMyJIa TPUBUMIPHOTO IIOBOPOTY, SIKa MA€ BUIIISAL;

X'=X + XC0Sa — ysina
c

: , . (6)
y'=y, +(xsina + ycosa)sin g +zcosp

Je:

X, Y, Z — KOOPIAWHATH TOYKH Y TPUBUMIPHOMY IIPOCTODI;

a, f/ — KyTH TIOBOPOTY TPUBHUMIiPHO] IDIOIINHH,

Xc, Ye — KOOpAWHATH LIEHTPY SKpPaHy;

X’, Y’ — IBOBUMIipHiI KOOPIMHATH TOYKH Ha €KPaHi.

Bukopucrosytoun Gopmyiy (6) MOKHA CTABHTH TOYKY Ha
eKpaHi y IOBUIbHUX KOoOpJuHaTax. Sk npukiaza Ha puc. 13 Ha-
MaJIbOBaHO TPUBHUMIpPHI 300pak€HHSI KBITOK >KOP)KUHH Ta TPO-
STHITH.

Puc. 13. 300paxeHHs: KBITOK )KOPKHUHH Ta TPOSIHAM 00y 10Ba-
HHUX 32 JIOTIOMOTI'0I0 MQJIFOBAHHS TOYOK Y TPUBHUMIPHOMY MPOC-
TOpi

TIOBYJTOBA TPUBUMIPHOT ®ITYPH 3A JIOTIOMOT'OIO KAPKACHOT
CITKH
B ocHOBI M0Oyn0BY TpUBHMIpHOI PIrypH € CiTka 3 TOYOK.
Juis moOymoBu Kapkacy (irypu CycifHI TOYKH y Hill 3’€IHY-
FOTBCS TIPSIMAMM JTiHIAMU. J{7151 0Oy I0BH CYIITBEHOI Pirypu Ko-
JKHa KJIITUHKA CITKM 3aMillyeThcs IBOMAa TPUKyTHHKaMu. Pe-
3yJbTaTH TaKUX MIEPETBOPEHB 300pakeHo Ha puc. 14.

Puc. 14. TloO6ynoBa TpUBHMIpPHOI (BirypH 3a IOTIOMOTOIO Kap-
KacHOI CITKH

HAKJIAZIAHHS TEKCTYPU HA TPAHb

Koxna TpukyTHa rpanp (irypu, y HalIpOCTIIIOMY BHIIa-
JIKY, MO>Ke MaTH CYIUTbHUH Kouip. Biemn ckiragauM BapianToM
€ IUTaBHE MepeIMBaHHs TPbOX KOJILOPIB MK BEpIIMHAMH TPH-
KyTHHKa. HakmagaHHs TEKCTYypH HA TPUKYTHY TpaHb BHKOHY-
€THCS TTOBHICTIO 1IGHTUYHO 32 TUMH caMuM (hopMynamH, sIK i
NepETMBaHHS TPhOX KOJIBOPIB. TiIbKK 3aMicTh MJIABHOI 3MiHU
KOJIbOPIB BiI0YyBa€ThCs MJIaBHA 3MiHA KOOPAMHAT TOYOK 300pa-
KeHHs TeKeTypH (puc. 15).

Puc. 15. HaxiaganHS TEKCTypH Ha TPaHb

HAKJIAJAHHS TEKCTYPU HA JOBUJIbHY ®OPMY
Skuo moOyyBaTH CiTKY 3 TPUKYTHHKIB, 110 Ma€ MeBHY (o-
PMy, TO JJIsl KOKHOTO TPUKYTHHUKA MOXKHA OKPEMO BKa3aTH KO-
OpIUHATH TEKCTYpH. SIK HACTIZOK, 300paKeHHS TEKCTYPH MO-
’KHA HAKJIACTH Ha NOBLUTBHY (opmy [4] (puc. 16).

Puc. 16. HaknananHsi TEKCTYpH Ha TOBUIbHY (hopMy

CUCTEMU YACTOK

Cucrema vactok [5] mependavyae HasABHICTh BEIMKOT KiJib-
KOCTI YacToK, sIKi IIOBOAATH cebe 3a MeBHUMHM 3aKoHaMH. Yac-
TKa IpeACTaBiIsie cO00r0 EBHY HEWITKY (irypy, 1o Mae BU3HA-
YeHHUH KOJIip, pO3Mip, TOTOYHI KOOPIWHATH, HATIPSIMOK PYXY i
IIBUAKICTE. Takok gacTka Mae (hiKCOBaHY TPHBAJICTH KHUTT,
ITICJIA 9OTO MOXE IIPOCTO 3HUKHYTH, 200 IepEeTBOPUTHUCS HA Ha-
6ip inmmx gacTok. [yt cumysamii BuOyxiB eepBepkiB OyaemMmo
BBQXKaTH, IO € MICBHA YaCTKa (PaKeTa), sika y MPOIIeCi MONbOTY
CTBOPIOE 33 COOOIO CIIif i3 YacTOK. Y TMEBHHI MOMEHT pakeTa
3HUKAE ITEPETBOPIOIOYHCH HA Ha0lp YacTOK y BUTIISI iICKOP, SIK1
posmitatoThest y pi3Hi croponu. [Ipukian cumyssnii BUOyXiB
(eepBepKiB, BHKOPUCTOBYIOUH CUCTEMY YacTOK, 300pakeHO Ha
puc. 17.

Puc.17. Cumynsauis BuOyxiB eepBepKin

IMITALISI BOTHIO

B ocHOBi iMiTarii BOTHIO € Oe3MepepBHUI IMKII Mao-
BaHHS TIOMapaH4YeBUX KPAroK BHU3Y €KpaHa Ta po3MHTTs. Po3-
MUTTSl BiIOYBAa€ThCs NMPHCBOEHHAM TOWYIll KiHIEBOTO 300pa-
JKEHHSI CEepe/IHOTO 3HAYCHHSI CYCI/IHIX TOUYOK ITOYaTKOBOT'O 30-
Opaxenns. 1l{o mpaBaa y TakoMy BHUIAAKYy PO3MIp MOJIyM’s
Oyze nuiie y JeKiIbKa mikceniB. [Jis Toro moo migHsaTH Mo-
JIyM’sl Yropy, MOKHA 3a/IaTH NEBHI KOe(DII[IEHTH /ISt PO3MHUTTS.
Topi 3amicTs GopMynn cepeaHbOro apudmMeTHaHoro (7)

a+b+c
S (7
3

BHUKOPHUCTOBYETHCS (hOpMyJIa cepeTHpOro 3BaxeHoro (8).
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l-a+2-b+3-c

®)
1+2+3
[pukian koediieHTIB Ta 300payKeHHs NOIYyM sl HABEJICHO
Ha puc. 18.

10 1 10
1 1 1
1 100 1

U ek £ L o We LYy LR 3 S

Puc. 18. KoeoitienTn po3mMuTTs Ta 300pakKEeHHS IMITOBAHOTO
BOTHIO

TICEBJO-TPUBUMIPHI JIEGOPMALIVHI BI3Y AJII3ALII

Inest cTBOpeHHS TICEBAO-TPUBUMIPHHX AedopMaliiiHuX Bi-
3yauizaiiii [6] mossirae y ToMy, 1110 KOXKHIi# TOYIl KiHIIEBOTO
300pakeHHS CTABUTHCS Y BiIMIOBITHICTH IIEBHA TOYKA TIOYATKO-
BoTO 300pakeHHs. [loTiM KiHIIEBE 300pa)KCHHS CTAa€ IOYATKO-
BUM 1 LIeil UK HOBTOPIOETHCS. KOOpIMHATH TOYKH KIHLIEBOTO
300pakeHHS MOXXYTh OyTH FIHCHUMH YHCIaMH. ToMy MOXHa
BHUKOPHCTATH TEXHIKY OLTIHIHHOTO 3riIaKyBaHH:. A came, I
LBOTO Y KOJKHOI 3 KOOpAMHAT Tpeba BiJOKPEMUTH IUTy Ta Iiii-
cHy yacTuHU 4nced. [Ticns yoro moTpiOHO B3sTH hparmMeHT Ho-
YaTKOBOT'O 300pa)KEHHS pO3MipoM 2x2 TIKCeNi 3 UIMMH KOOp-
nuHatamu. [10TiM 3MilIaTH i YOTUPU KOJIBOPH ITIKCEITIB B OJHH
y MIPOTIOPIii, 110 33JaBaTUMEThCs TIHCHUMH YaCTHHAMH YHCET
MMOTOYHMX KOOpAHMHAT. [{MKIIiuHe MatoBaHHs Ta 3MIiLIEHHS TO-
YOK y HOBI KOOPJMHATH, Pa3oM 3 OUTIHIMHUM 3T71aKyBaHHSIM,
Moxe chOopMyBaTH Bizyamizaiito ranakTuku (puc. 19).

Puc. 19. Bizyauizanist TaJaKTHKH

I'PA®IYHE BIIOBPAXKEHH S CHDKMHOK
CHI)KMHKA TeHEepYEThCS SIK LIICTh TPOMEHIB, PIBHOMIPHO
poaramoBaHuXx mijg KyroM 60°. KoxkeH mpoMiHb Ma€ 4OTUPU
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BiJIraJIy>KeHHsI 3 BUIIAJKOBOIO JOBXKUHOIO, IO PO3MIlLIeH] i
TakuM camuM KyToM. Came 11l BiZirany»KeHHs BU3HAYaroTh YHi-
KaJbHY (OpMy CHKMHKHU. [IpHKian CHDKMHOK, MOOYI0BaHUX
3a TaKUM aJITOPUTMOM, HaBeieHo Ha puc. 20.

He S e
ok b o o o
e B W

Puc. 20. I'pacdiure BinoOpakeHHS CHIXXKHHOK

BUCHOBKI

Bizyamizamii y maniit ctarti Oy 3reHepoBaHi 3a TOTIOMO-
TOI0 IPSIMOTO JIOCTYILY O Bigeomam’siti. MokHa 3poOUTH BH-
CHOBOK, 1110 HAaIIMCAHHS aJrOPUTMIB, SIKi BAKOHYIOTBCS Ha ITPO-
1Iecopi KOMIT 1oTepa 3 MPSIMUM JOCTYIIOM 10 BiieoraM’SITi € 1mo-
TY>KHUM MEXaHI3MOM Ut (JOpMyBaHHS Pi3HOMAaHITHHX Bi3ya-
mizariit Ha expasi. s MoaIbIIoro po3BUTKY alTOPUTMIB IO-
OyoBH Bizyasti3alliii akTyaJIbHEM € HasBHICTh y MOBax Iporpa-
MyBaHHs BOYZIOBaHKX 3aC00IB IJIs MPSIMOTO TOCTYITY 70 Bieo-
mmam’siTi.
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