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AHaJII3 AJITOPUTMIB KJIacTepHu3allil 1Jisi HATaHHS peKOMeHAalid ToBapiB

AKTyaJbHicTh. Y Cy4acHOMY CBiTi, HACHYCHOMY LIMPOKHUM CHEKTPOM TOBApiB Ta IOCIYT, IMHUTAHHS HaIaHHI
MEPCOHATI30BAaHUX PEKOMEHJAliN Uil BHOOpPY CTa€ axkTyaJbHUM 3aBAaHHSIM Juisi OaraTbox cdep, 30Kpema
CJIEKTPOHHOI KoMepIlii Ta oHnaiH-mardgopM. PekoMeHnamiiHi CHCTEMH, M0 MPAIOITh Ha OCHOBI MOIIYKOBUX
ITOPUTMIB Ta alrOPUTMIB KiacTepusalii, MalOTh MOTEHLIaN sl 3HAYHOTO IMOKPALICHHS KOPUCTYBAalbKOTO
JIOCBiZly, TPOMOHYIOYHM PEIICBaHTHI Ta MEPCOHATI30BaHI Mpomo3uilii ToBapiB. OJXHUMH 3 KIIOUYOBHX IIepeBar
BUKOPHCTAHHSI QJITOPUTMIB KJlacTepu3allii A1 peKOMEHIAIIHHIX CUCTEM € MOXKJIMBICTh IIPOTHO3YBATH CXOXKICTh
€JIEMEHTIB B 3aJIeKHOCTI BiJl BiJIOBIIHOCTI J0 MEBHOI XapaKTEPUCTUKH, 3aBISKH YOMY MOJXKIHMBO peaji3yBaTu
e(eKTUBHHUH TOIIYK TOBApiB 3a XapaKTePHCTHKaMH. BHACIIZOK 4Oro 3’SBISETHCS MOXKIHMBICTH € CETMEHTYBaTH
0a3y KOpHCTYBadiB Ha OKpeMi MIArPYyNmH, M0 MOXYTh IPEACTABIATH pi3HI CETMEHTH pPHHKY, TPYIH 3a
BITOJIOOAHHSMH, LIJTLOBY ayAUTOPIIO MIEBHUX TOBapiB. BUABIEHHS mpoOieM i HEMOINIKIB TAKUX CHUCTEM JIO3BOJIIE
BJJOCKOHAJIFOBaTH aJTOPUTMH, IO TIPU3BOIUTH IO ORI TOYHHUX MPOTHO3IB 1 Ta 301IBIICHHAS MPOIaXiB KOMIAHIMH.
Merta. MeTa 1aHOi CTaTTi OJIATAE B aHANI31 €()eKTUBHOCTI BUKOPUCTAHHS METOIIB KJIIACTEPHOTO aHaIli3y B 3a1a4ax
(hopMyBaHHS peKOMEH/IALii.

Metoau pociimkens. [lopiBHsUIbHUI aHaIi3, €KCIIEPUMEHT.

PesyabraTu. [IpoBeieHo aHami3 eeKTHBHOCTI alrTOPUTMIB Kiactepu3ariii pisuux tumis (K -means++, Mean Shift
ta HDBSCAN) a5t HafauHs peKOMEH/Ialliii TOBapiB Ha OCHOBI OLIHIOBAHHSI BiIIIOBITHOCTI 3aUTy KOPUCTYBaya y
BiZICOTKOBOMY BiJIHOIICHHI, BAKOPUCTaHHS ONEPAaTHBHOI 1aM’sITi, Ta 4ac BUKOHAHHs 3anuTy. Cepen po3rsiHyTHX
HaWKpaIli XapakTepUCTUKY MMOKa3aB aaroputM K-means++.

BucnoBku. [IpoBeneHmii aHami3 miaTBepIKye ¢(PEeKTUBHICTH BUKOPHUCTAHHS METOJIB KIACTEPHOTO aHaNi3y B
pPEeKOMEHAAIIMHNX cucTeMax. BusBieHHs mpoOneM 1 HEMOJNIKIB TAaKMX CHCTEM JO3BOJSE BIOCKOHATIOBATH
ANTOPUTMH, IO TIPU3BOIUTH IO OLTBII TOYHHUX MPOTHO3IB 1 Ta 30LIBIICHHS MPOJaXKiB KOMITaHIH.

Knrouosi crosa: arcopumm knacmepusayii, pexomenoayitina cucmema, k-means++, HDBSCAN, Mean Shift.

Ax nurysatu: bakymenko H. C., Toncromysska O. I'., Scincekuii S. A. AHami3 airoputmis
Kjactepusalii Juid  HaJaHHA pEKOMEHAalid ToBapiB. Bicuux Xapkiecbkoeo HAYIOHATLHO2O0
yrigepcumemy imeni B.H Kapaszina, cepis Mamemamuune mooemosanns. Inpopmayitini mexnonocii.
Aemomamuszoeani cucmemu ynpasninns. 2024. sun. 61. C.6-13. https://doi.org/10.26565/2304-6201-
2024-61-01
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algorithms for providing product recommendations”, Bulletin of V. N. Karazin Kharkiv National
University, series Mathematical modeling. Information Technology. Automated control systems, vol. 61,
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1 Beryn

B cyuacHOMy CBITi eleKTpOHHOT KOMEpIii yCmilIHe HaAaHHS PEKOMEHJalill TOBapiB € BaXKJIIMBOIO
CKJIaJOBOIO IS TiJBUIICHHS SIKOCTI TOPTiBEJILHUX CEPBICiB, EPEKTHBHOCTI pEKIaMHU Ta 30UTbIICHHS
npuOyTKiB KommaHil. EdexktmBHa cucrema pekoMmMeHpmaiié MOK€ CIPHATH  IIiJBUIICHHIO
KOHKYPEHTOCIIPOMOXKHOCTI  TuTaropMu, 30UTBIIYIOYH TPOAaXi 3aBAJKA  TEPCOHATI30BaHUM
nporno3utisiM. CHUCTEMH PEKOMEHJAIlii, M0 MPONOHYITh TOBAPH BIAMOBIAHO 10 IHAMBIAyaJIbHUX
ynono0aHb KOPHCTYBadiB, 3HAYHO IMOKPANIYIOTH JOCBIJ IOKYIIIIB, CTUMYIOIOYN X 10 MOBTOPHHX
MOKyTIoK. OTHUM 13 METOIB, IKHI1 BUKOPHCTOBYETHCS B TAKHMX CHCTEMAX, € KIIaCTepH3allis JaHHX.

Knacrepuzanis — 11e mporec po3nofiny Habopy 00'eKTiB Ha TpynH (KJacTepu) TaKUM YMHOM, 1100
00'eKTH B OJJHOMY KJIacTepi OyiH OibII CXOXI OJMH Ha OJHOTO, HiX Ha O0'€KTH B iHIIMX KIIACTEepax.
3acTocyBaHHS aNTOPUTMIB KJIaCTEpH3aIlii B CHCTEMaxX pEKOMEH Il J03BOJISIE TPYITYBaTH KOPHUCTYBaviB
abo TOBapH Ha OCHOBI iX XapaKTEPHUCTHK Ta MOBEOIHKH, IO B CBOIO YEPry CIpPHUsE HAAAHHIO OLIBII
peNeBaHTHUX PEKOMEHAALIii.

Y nmaHiii pobOTI cTaTTi JOCTIHKY€ETHCS €PEeKTHBHICTD PI3HUX alTOPUTMIB KIIACTepU3allii AJIsl HaJaHHs
pexomeHmaniii TopapiB. OCHOBHOIO METOIO € aHaNi3 Ta TOPIBHSAHHS IMX AITOPHUTMIB 3 TOYKH 30Dy
TOYHOCTI PEKOMEHJIAIM Ta TX BiJMOBIIHOCTI OYiKyBaHHSIM KOPUCTYBauiB. [l JOCATHEHHS 1€l METH
OyJI0 CTBOpEHO CIellialbHUi Hallp AaHWX 3 peanbHOi 0a3W iICHYIHOUMX TOBapiB, peasli3oBaHO METOIM
HAJaHHA PEKOMEHJAIi Ha OCHOBI KJjacTepH3allil, Ta MPOBEIACHO OIiHKAa €()EeKTUBHOCTI POOOTH IHX
METO/IIB.

2 BukopucTaHHs aIropuTMiB KacTepu3auii A8 HaJaHHS PeKOMeHIaii

KrnacTepu3artiisi € METOIOM, SIKHIi YaCTO BUKOPUCTOBYETHCS JUISl PEKOMEHIAIITHUX CUCTEM, OCKUTBKH
BOHA JI03BOJISIE€ 1MEeHTH(IKYBaTH TPYIU KOPHUCTYBadyiB 31 CXOXKMMH cMakamu. Lle crpuse Oinmbin
[JIECTIPIMOBAaHUM ~ PEKOMEH/IAIlisIM, BUKOPHCTOBYIOYHM IIepeBard OTPUMaHHA iH(pOpMAaIii BxKe
BU3HAYEeHUX BroxoOanb KimieHTiB [1, 2]. B pobGoti [3] Oyno mokasaHo, IO KiacTepusaiis MOXKeE
JIOTIOMOTTH TIOAOJAaTH TakKi MPOOJIeMH, SK PO3PIDKEHICTh JaHUX 1 MacmTaOOBaHICTh, SIKI 4acTo
BUHHKAIOTh MPH (OPMYBaHHI PEKOMEHIAIH, 1, TAKUM YHUHOM, CIIPHATH NOOYZOBi OiNBII TOYHHX 1
PI3HOMaHITHUX PEKOMEHAIIIH.

2.1 Kiacrepusailisi Ha OCHOBi IEHTPOINiB

PosrnssaeMo TpyIy anropuTMiB KiacTepm3arii, poO0oTa SKWX 3aCHOBaHA Ha BHU3HAYCHHI IEHTPIB
kiactepis. [IpuHIAT poOOTH anropuTMy MOOYAOBaHWI HA BUKOPHCTAHHI TPYIYBaHHS MTOMIOHUX TOYOK
BJIACTUBOCTEH TOBAPIB Y KJIACTEPH LIITXOM BCTAHOBJICHHS PEIPE3EHTATUBHUX TOYOK, 5IKi € IEHTPOIAaMH.
BigoMuM aJrOpUTMOM Ha OCHOBI IIEHTpOiZa € K-means, sikuii mparfoe IUITXOM BHIAUICHHS TOMXIOHUX
TOYOK JITaHMX, HAIPUKIAJ, KOPUCTYBadiB ad0 €JIEMEHTIB y KJIACTEpH, IO MPEACTaBJICHI LEHTPOiAaMu.
I'oJI0BHUM HEJIOTIKOM IIBOTO AITOPUTMY Y TIEPCOHANII30BAHUX CUCTEMaX PEKOMEHIAIlIH € UyTIUBICTh JI0
CTapTOBOTO BHOOPY LEHTPOiAiB. SIKIIO MOYAaTKOBI NEHTPOIAM HE BUOpaHi pEeTeNbHO, allTOPUTM MOXKE
CXOAUTHCS 10 JIOKAIBHOTO ONTHMYMY, 110 TIPH3BE/Iie IO HEONTUMAIIBbHOI Kilactepu3aitii [4, 5].

IcHye mokpalieHa Bepcist aliropuTMy, 0 Mae Ha3By K-means++ — e Bapiant k-means, mo ycyBae
HOro OCHOBHHUH HEIIOJIIK, TOOTO YyTJIMBICTh J0 MOYaTKOBHX YMOB. LIeHTp mepiioro kiactepy ooOpaeTbes
BUIIAJIKOBO, a LIEHTP HACTYITHOTO KJIACTepa OOMPAETHCS K HalOIbII BigaaneHuil Big nmonepeausoro. Le
yCyBa€ OCHOBHHI HEJIOJIK aJrOPUTMY, OB’ I3aHMIl 3 Uy TJIHBICTIO 10 BHOOPY IMOYATKOBHX JaHHX [6].

2.2 lepapxiuHa KkiacTepusauis

lepapxiuna kmacTtepu3zalliss 0a3yeThbCsS Ha MIIXOAlI aHANI3y €JIEMEHTIB, IO OUIBIN TMOB’s3aHi 3
eJIeMeHTaMHU TOPsiJI, & HiXK 3 THMH, 10 pOo3TamioBaHi jgaii. [lei Tun aaroputMiB CTBOPIOE 1€peBOMOIiI0HI
CTPYKTYpPH 3 METOI reHepailii kiactepiB. OCHOBHMM IMiJIXOJOM JUIsi CTBOPSHHS KiacTtepa € miadip
€JIEMEHTIB 31 CTPYKTYpH, 3a BIJCTaHHIO, TOJI CTBOPEHHH (parMeHT HaHUX XapaKTepU3YEThCS
MaKCHUMAaJIBHOIO BiJICTAHHIO, JUIS TPYIYBaHHsI YaCTUH KIlacTepa.

HikaBum mpuknamom € anroputv HDBSCAN, 1o iepapXidHUM alTOpPUTM KJIacTepu3allii, SKUii
0cOONMBO MIATBEPAMB CBOIO €(EKTUBHICTb Yy BHUKOPHUCTAHHI [JIsi IIEPCOHATI30BAaHUX CHCTEM
pexomennanii. Lleit anroput™ kiactepusauii 0a3yeTbcs Ha IIUTBHOCTI PO3MOALTY, IO O3HAYAE, IO BiH
IpyIy€e TOYKH JIaTaCeTy pa30M Ha OCHOBI iX MIIIBHOCTI B mipocTopi nanux. Lle poouts HDBSCAN 6inbin
CTIHKMM JI0 BHUKHIIB 1 LIyMy, HDXK iHOI anroputMmu kiactepusaiii [7]. JI0oJaTKOBOK IepeBaror
BU3HAYEHHSI KIJIBKOCTI KJIacTepiB B MPOIECi poOOTH anropuTMmy, H BiiMiHYy BiZ k-means, i MOKIHBICTb
IZIeHTU(IKYBaTH KIIacTepH pizHOT popmu.
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3amnsa Bukopuctanas HDBSCAN niis mepcoHali3oBaHUX CUCTEM PEKOMEH/IAIIIH, ITEPIITIM KPOKOM €
00’ €THAHHS KOPUCTYBAYiB y TPYIH 31 CXOKUMH TIepeBaramu, 10 MOKHa 3pOOUTH HIISIXOM KJIacTepHu3aii
KOPUCTYBauiB Ha OCHOBI IXHIX MOMEpeIHiX OLIHOK €JIeMEHTIB, TAKUX AK (iIbMH, KHUTU YU MPOAYKTH.
Ilicns 00’egHAHHA KOPHUCTYBadiB y KJIACTEPH HACTYITHUM KPOKOM € CTBOPEHHS IEePCOHATI30BaHUX
pEeKOMEHIAI Ui KOXXHOTO KopucTyBaua. lle MoxHa 3pOOHTH, TMOPEKOMEHIYBAaBIIW EIEMEHTH,
MOMYJISIPHI cepell KOPUCTYBaviB y BU3HAYEHOMY KIIACTepi.

2.3 Kitacrepusailiss Ha 0oCHOBI IIbHOCTI

Knacrepuzanis Ha 6a3i iNBHOCTI BAKOPUCTOBYE i1et0 ineHTHdiKamii Tpyn eJeMEHTIB B JaHUX Yepes3
NPUNYHICHHS, [IO KJIacTep y MPOCTOpl JaHWX € Oe3nepepBHOI0 00JacTI0 BHCOKOI HIUTBHOCTI,
BITOKPEMJICHOI Bif] 1HIMMX TaKUX KIACTEPIB CyMIXHUMH 00JaCTAMUA HU3BKOI TOYKH HIUTBHOCTI. Toukn
JaHUX Y PO3AUTBHHX OOJIACTSX 13 HU3BKOIO IIUIBHICTIO TOYOK 3a3BMYail BBAXKAIOTHCS IIYMOM 4YH
BUKUJAMHU.

Posrnsaemo mieit Tum knactepusallii Ha npukiani anroputmy Mean shift. [lepimmii kpok mepemdadae
OmiHKy 0a30B0i (hYYHKIII HIIIBHOCTI HMOBIPHOCTI PO3MOALTY TOYOK JaHWX. 3a3BHYail 1€ pOOUTHCS 3a
JIOTIOMOTOI0 OL[IHKH IIUTBHOCTI SiApa, e KOYKHA TOYKa JaHUX MpeAcTaBieHa GYHKLIEIO sapa 3 IEHTPOM
y mii Touri. DyHKINA sapa BU3HAYAE Bary, MPU3HAYEHY KOXKHIM TOYIl JaHWX Y TPOIECI OLIHKH
ITbHOCTI. HacTyITHUM KPOKOM anropuTM iTEpaTUBHO MEPEMIIye TOUKH TaHUX JI0 00JacTel 3 BHIOO
UIUTBHICTIO Ha OCHOBI BEKTOPIB CEPEIHBOTO 3CYBY, OOYHMCICHUX SIK 3Ba)KCHE CEpeqHE 3HAuYCHHS
BIIMIHHOCTEH MiXK KOXKHOIO TOUKOIO Ta 1 cycigamu. [Tepanii TpUBaroTh 10 KOHBEPTeHIIii, 0 BKa3y€eThCs
BEKTOpaMH MiHIMAJIBHOTO CepeaHbOro 3cyBy. KiHIleBe po3TamnryBaHHS KOKHOI TOYKH JAHUX ITO3HAYAE
LEHTpP KJlacTepa, M0 03BOJISIE€ MPU3HAUYNTH HAWOMVOKIHMIA TIEHTP 1 11eHTH(IKYBaTH OKpeMi KIIacTepH B
nanux [8].

Ha Bigminy Bix mobpe Bimomoro miaxomy kiactepusariii k-means, Mean shift we morpebye
MIPUITYIIEHb MIOJ0 KUTBKOCTI KiactepiB i popmu po3mominy, ane HOro mMpoayKTHBHICTD 3aJIEKHUTH BiJ
BUOOpY mapametpiB Maciutady. [IpomyckHa 30aTHICTD € €AMHUM MapaMEeTPOM JIJIsl HAJIAIITYBaHHS, TOMY
JUTsL OJTHOBHUMIPHOTO BUMAJKY II€ BIJHOCHO MPOCTa MPOLEAypa, ajic B 0araTOBUMIPHOMY BHUIIAAKY IIC
MOYKE BUKJIHKATH EBHI cKiaquomi [9].

Jns posrnsigy B KOHTEKCTI BUKOPHCTAaHHS B PEKOMEHAALiMHMX cHucTeMax Oyinu oOpaHi Tpu
anroputMu, Taki sk k-means++, HDBSCAN ta Mean Shift, koxkeH 3 SIKUX BiTHOCHUTBCS Pi3HUX THUIIIB
KIJIacTepHu3artii.

3 TecToBuii Hadip JaHUX

Jdns TectyBaHHS pOOOTH aidropuTMiB OyJIO CTBOPEHO JaTaceT 3 pealbHHUMHU JaHUMHU TIPO
MIKpOXBHJIBOBI TI€Ui 3 YKPAiHCHKUX BIAKPUTHX JDKepel, 3 TMEePeliKoM XapaKTepUCTHK IUPPOBUX Ta
kareropiasibHux. s TecTyBaHHsS HaJaHHS TEPCOHATI30BAaHUX PEKOMEHIAIN Oysj0 oOpaHo 00'eM
naracety posmipom 100 exementis. [lani [u1st aTaceTy Mmpo iCHYIOYi TOBapH 3 OTPUMAaHI 3 arperaTopis
ToBapiB y nuctomnazai 2023 poky.

CTBOpeHHUH JaTaceT MICTUTh 9 THITIB XapaKTEPUCTHK, 110 ONMUCYOTh TOBap, okpiM id product, 110 €
IZICHTU(IKAIIHTHUM HOMEpPOM, Ta He BHKOPHCTOBYEThCS B oOumcieHHsX. KateropialbHUMU JaHUMU €
KOJIip, BUPOOHHK Ta Ha3Ba BUPOOY. XapaKTEPUCTHKU IIUPHHU, TTUOMHU Ta BUCOTH, MICTSATh 3HAUCHHS 3
TUTaBAFOY0r0 TOUKOIO (puc. 1). L{iHa, MOTYXHiCTh, Ta MAKCHMaJIbHA CTIOXKHBAHA TIOTYXKHICTh — i1 YHCTIA.

A B C D E F G H | J
1 |id_product manufacturer name cost color width height depth power max_consumption
2 1 Gorenje MO17E1B 2689 black 45.5 26.1 35.3 700 1150
3 2 ERGO Y3sMW 2313 white 44.6 24.3 33.8 700 1100
4 3 Edler ED-2067W 1961 white 44.4 24,1 35.8 700 1150
5 4 MILANO MW-4001W 1999 white 45 25 37 700 1100
6 5 Grunhelm 20MX701-W 1899 white 44.8 245 32.9 700 1000
7 6 ERGO EM-2040 2070 black 44 259 343 700 1050
8 7 Edler ED-2079W 2059 white 45.1 25.9 33.5 700 1150
9 8 Mirta Elegance MW-2510W 1900 white 44.6 24.3 33.2 800 1100
10 9 Hansa AMGF17M2BH 2299 black 45.2 26.2 31.5 600 1000
11 10 Liberton LMW-2077M 2165 black 44/ 355 25.9 700 1100'

Pucynox 1. [lpuxnao nepwiux 10 3anucie cchopmosanoeo nabopy oanux
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4 Onuc 0OpaHuX TEXHOJIOTiH

I[Iporpamua peaiizaiis Oyina BuKoHaHa Ha MOBI Python 3 Bukopucranusam ¢yHkiiii 6i0miorexu Scikit-
learn. Ilaker Hamae HaOip IHCTPYMEHTIB JUIS TaKuX 3aBlaHb, K PO3POOKAa KOMIT IOTEPHUX MOJIEICH,
KaJbKYJALISE METPUK U OILIHIOBaHHA e(QEeKTUBHOCTI, a TaKOo)X pPI3HOMaHITHI [OTIOBHEHHS, IO
HAMpUKJIaJ BKIIOYaOTh (YHKIIT momepenHpoi oO0poOku iHdopmariii mgaracety [10]. Takox Oys0
BUKOpUCTaHO OibmioTeky Pandas, sika Hajae iHTCPYMEHTH JAJsl PI3HOMAaHITHOI MaHIMyJsil JaHUMH,
30KpeMa iMIopTy JaHuX 3 6a3 JaHuX, eIEKTPOHHHUX Ta0uIb, Gaiiis popmary CSV, Ta inmmux [11].

st OLiHKM BUKOPUCTAHHA TaM'ATi MPorpaMoio OyB BUKOPHCTaHUH Mpodiii3aTop mam'sTi, OCHOBHE
MPU3HAYEHHS IKOTO BUSIBJIICHHS BUTOKIB ITaM'sITi Ta MOKpallleHHS BUKOPUCTaHHS ITaM'sITi y Iporpamax Ha
Python. IIpodinizarop nam'sati anamizye eeKTHBHICTh BUKOPUCTAHHS Micls B KO/I Ta XapaKTEPUCTHKH
BUKOPHCTOBYBAaHMX IIaKeTiB, MPOMOHYIOYM inei s onTuMmizarii BuUKopucTanHa mnam'sTi. [laker
memory_profiler nmepeBipsie BUKOPUCTaHHS MaM'ATi 1HTEPIPETATOPOM Ha KOXHOMY psiaKy. CTOBIMUHK
IHKPEMEHTIB JI03BOJISIE BUSBUTH MICIll B KOJIi, JIe BHIUISIFOTHCS BEJIMKI o0csru mam'sti. e ocoOnuBo
BayKJIUBO TIpH poOOTi 3 MacuBamu [12].

Pozpaxynku npoBommcs Ha 6a3i mporecopy Intel(R) Core(TM) 17-7700HQ CPU, 3 gacroToto 2,80
I'Tu. BoynoBana onepatusHa nam'sts - 16,0 I'b.

5 Oninka edeKTHBHOCTI aJropuTMIB KJIacTepu3alii y cucTeMi pekoMeHaamiii

Juns peanizanii cucteMu peKkoMeH Al Ha 6a3i KinacTepu3alii HeoOXiHO JOCHIUTH e(hEeKTUBHICTh
poboTH MoOJeNi Ha pI3HUX aIropuTMax Kiactepusanii. J[ns OLiHKH e(QEeKTUBHOCTI HaJIaHHS
pexoMeHpaniil Oy BUKOPHUCTaHI TPH MapaMeTPH: BiMOBIIHICTE 3alUTy KOPUCTYBada y BiZICOTKOBOMY
BiJTHOIIICHHI, BUKOPUCTAHHS ONIEPATUBHOI ITaM’sITi, Ta 4aC BUKOHAHHS 3aIIHTY.

[Mepmmii KpokoM TpoOBOAMIIACS KJIAacTepu3allisi HA OCHOBI BBEIEHOI'O MAaCHUBY XapaKTEPHCTHK. Sk
pe3ynbTaT, Oyiau OTpUMaHi peKoMeH/Iallii Ha OCHOBI BiJIIIOBITHOTO 3aIHUTY KIIaCTepy.

Crmig 3a3Ha4YWTH, 3aMUT BiJ KOPHCTyBauya MOXKHA PO3MIISAATH K ileaJbHU ToBap, MO Homy
HeoOXignni. Habip maHux Moke HEe MICTHUTH OOpaHOro eineMeHTy. Toxai 3agadero MOJENi MOUIyK
€JIEMEHTIB HaMOUIbII MOJIOHUX 00paHOMY, Ta PO3PaXyHOK L€l moaiOHOCTI.

[Ticnst mporo BimOyBa€eThCs MepeBipka BUMOTaM KOPUCTYBayva 3a JOITOMOTOI0 PO3PaxyHKy €BKIIiTOBOT
BiZICTaHi [IsT 06paHOro TOBApy Ta KOKHOTO EIEMEHTY y IboMy crucky [13].

Jliis KopeKTHOT poboTH anroputMy K-means++ HeoOXiaHO OYi10 BUSHAYUTH KUTBKICTh KiacTepis. s
IHOTO MOYKHA BUKOPHUCTATH METO/I JTIKTS, III0 BU3HAYAE ONITUMANTBHY KUIbKICTh KJIACTEPiB y HAOOpi TaHUX
IUITXOM OOy TOBH 3aJIEXKHOCTI JIESKOT MITLOBOI (DYHKINT SKOCTI KJIaCTepu3allii BiJl KUTBKOCTI KJIacTEPiB.

Ha puc. 2 300paxeHo rpadik 3ajie)KHOCTI BHYTPIIIHLOKIACTEPHOT JUCTIEpPCii Bi/l KITBKOCTI KlacTepiB
JUIS CTBOpEHOro Habopy naHuX. «TodYka JIKTS» pO3TAalIOBaHA TaM, J€ IIBUIKICTh 3HWKEHHS Pi3KO
3MIHIOETBCS, Ta BKa3ye Ha ONTUMAJbHY KUIBKICT KJIACTEpPIB JUII BHKOPUCTaHHS B aJITOPUTMI
Kiactepusaii [14], y naHoMy BUIaKy — BU3HaY€HA KUIbKICTh KJIACTEPIiB JOPIBHIOE 3.

le7

Inertia

2 4 6 8 10
KinbKicTb knacTepis (K)

Pucynox 2. I'paghix 3anescnocmi sHympiunboKiacmepHoi oucnepcii 6i0 Kitbkocmi Kiacmepis

JJisl OIIHKY TOYHOCTI poOOTH MOeNi, HaM HEoOXiIHO BBECTH XapaKTEPUCTHKH HASIBHOTO TOBapy 3
HAOOpy MaHUX Ta MEPEBIPUTH, SK HATAIOTHCS PEeKOMeHaalii. SKII0 eBKIIi0oBa BiACTaHb BBEICHOTO
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ToBapy Onm3bka 10 0, To MokHa KoHcraryBatu 100 BiCOTKOBHM 30ir — OTXKE, MOIEIb IMPAIfOE
npaBUIIbHO. J{J1s1 MOPIBHAHHS PE3yNbTaTiB Pi3HUX aITOPUTMIB HEOOXiIHO MOPIBHATH BiACTaHI CXOXKHUX
€JIEMEHTIB, 1110 BIAPI3HAIOTHCS 3a OJHIEI0 YM KiIbKOMa XapakTepucTukamu. lo mpuknagy, obepeMo
TIepITy MiKPOXBHJIBOBY ITi4 3 XapaKTepUCTUKAaMH 3a3HAY€HUMU Ha pHcC. 1.

Ilepmmit mpoxykT y Tabmumi (MO17E1B) mae nokasamk eBxitigoBoi Biacrani 0,00. Lle Tomy, 1o
NPOAYKT iJeHTUYHUI caM co0i. Bci anroput™u 3MOTM BU3HAUYNTH HasIBHICTB IIbOTO €JIEMEHTY B Ha0Opi
JTAHUX, OT)KE CTBOPEHA peati3arlis mpaifoe KOPeKTHO. [HIII eeMeHTH B TabJIUIli MaOTh OIIHKY CXO0XOCTI,
mo nepesumrye 0,00. Lle o3nagae, mo npoaykr cxoxuit Ha MO17E1B, Ta Mmoxe OyTH 3alpONOHOBaHHHA
KOpHUCTBauy.

[Ticnst 3ammycky MozeIi Ha OCHOBI anroputMy K-means++ Mozenb Moyke BU3HAUUTH SIKUi eleMeHT OyB
BBEJIEHUI depe3 Te, mo Moaens BuctaBmia 100 BiACOTKIB 30iry BBeAeHOMY eleMeHTy. JlomaTkoBO
OTPUMAaHO CIMCOK JICCATH PEKOMEH IAIiif ToBapis (puc. 3).

Hpyruit npoaykt (MO17E1W) € cxoxuM Ha TOBap, Ha OCHOBI SIKOTO BUKOHYIOTBCSI PEKOMEH/IAIIIT, aje
HE TakMM CaMHM, OCKUIBKM B HBOTO BiIMIHHE OJHE 3HAYCHHS — KOJIp, TOII PI3HHIS B OIWH
KaTeropianbHUN mapameTp ckiagae 10.07.

OcranHill el1eMeHT y crucKy pekomenmaiiit K-means ++ (PMW 20711 KB) mae 3nauenns — 331.45,
OT)K€ Ma€ CXOXICTh 3 OOpaHMM TOBapOM, Ha OCHOBI SKOTO POOIATHCS PeKOMEHAaIlii, aine Moxe OyTh
3HAYHO BiJIMIHHHM.

PesynbraTu iepapxiuHoi KiacTepu3allii ripii aHiK IBOX METOJIB mepen HUM. HaiiOinbia BigcTaHb
ckanae 796.86.

Pekomengauii HDBSCAN

PekomeHgauji K-means++ PekomeHpgauji Mean Shift

Id Product Similarity Id Product Similarity Id Product Similarity
0 MO17E1B 0.00 0 MO17E1B 0.00 0 MO17E1B 0.00
18 MO17E1W 10.07 18 MO17EIW 10.07 18 MO17E1W 10.07
19 MO20E1IWH 130.34 13 PMW 20757 HB 100.35 17 PMW 20711 KW 126.33
22 MO17E1S 152.00 17 PMW 20711 KW 126.33 19 MO20E1WH 130.34
11 MW-4001BR 199.42 19 MO20E1WH 130.34 11 MW-4001BR 199.42
20 LMW-2074M 211.43 11 MW-4001BR 199.42 24 MW-MM-20P(WH) 220.47
28 MO17E1BH 251.16 14 PMW 20711 KB 331.45 34 AMG20M70GSVH 398.25
29 LMW-2079M 284.72 1 Y35MW 379.32 8 AMGF17M2BH 429.67
31 R200BKW 322.38 15 PMW 20715KB 379.42 45 MW-4010B 612.05
14 PMW 20711 KB 331.45 12 PMW 20757 HW 382.12 7 Elegance MW-2510W  796.89

Pucynox 3. Cnucku pexomeH008aHUX M0OBAPI6 CMBOPEHUX 3a OONOMO20I0 DIZHUX ANIOPUMMIG KIACMepU3ayii

Juis BU3HAUSHHS Kpamoro MeToly JJis HaJaHHS TEepCOHAI30BaHMX PEKOMEHJamiid Oyio oOpaHo
301KHI €JIEMEHTH 3 KUTBKOX CITUCKIB, OTPUMAHHUX 13 3aCTOCYBaHHSM Pi3HUX AITOPUTMIB KIIacTepHU3allii.
Jnst mopiBHAHHS €(EeKTUBHOCTI HaJlaHHS PEKOMEHJAIliNl 3alpOIIOHOBAHUX METOJIIB MiJpaxOBaHO
CEepe/IHIO0 CyMY BijIcTaHEl, MaKCHMaIIbHY BiJICTaHb Ta MiJICYMKOBY CyMY BiJICTaHEH JUIs yCiX KIacTepiB.
PesynbTaTi po3paxyHkiB 3a1ani y Tabm. 1:

Tabnuysa 1. lopigusinns pe3yivmamie HAOAHHS PeKOMeHOayill

EBktif. BiicTaHb K-means++ Mean Shift HDBSCAN
MaxkcuMalipbHa 331.45 382.12 796.89
Cepenns 210.33 2375 324.83
Cyma 1892.97 2137.57 2923.49

Tabnuiis MiCTUTH MOPIBHUIBHUIN aHAaJi3 TPHOX aJITOPUTMIB Kiactepu3aiii — K-means++, Mean Shift
ta HDBSCAN3 BHUKOpPHCTaHHSM €BKJIIZ0BOI BIJCTaHI JUIsl OLIHKA TOYHOCTI PEKOMEHJIAIlHl TOBapiB.
EBKitij1oBa BiicTaHb BUMIPIOE CXOXKICTh MK pEKOMEHI0BAaHHMH TOBapaMH Ta 3alUTAHUM TOBAPOM.

Jns TectyBaHHS dYacy OyJio BHpINIEHO TPOBECTH JEKiJIbKa iTepaliii 3amycky Mojeni, moo
MEepEeKOHATHCS, [0 pe3yidbTaT He OyB BHUNAAKOBUM. [lil yac KOXXHOI crpoOM BHMIprOBaBcs dHac,
HEOOXiAHMH IUIsi BUKOHAaHHS MOJAENl KiacTepu3alii Ha TecToBoMy Habopi amanux. IlinmcymxoBuM
PE3YJIbTATOM € CepellHE 3HAYEHHS Yacy BUKOHAHHS JUIA KOXKHOrO aliroputMmy. Yac poOoTH anroputmy
HaBeJleHUH y Tad. 2:

Tabauys 2. Yac pobomu aneopummy (cex.)
| Crnipoba K-means++

Mean Shift | HDBSCAN |
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1 0.86 1.83 0.32
2 0.73 1.79 0.29
3 0.74 1.79 0.33
4 0.73 1.80 0.32
5 0.79 1.81 0.31
Cep. 3HaYCHHS 0.77 1.804 0.314

HDBSCAN peMoHCTpy€e HaWIIBUALIMI 4Yac BUKOHAHHS Cepell TPhOX AITOPUTMIB KiacTepH3allii.
Cepenniii yac BukoHaHHA ckianae nutre 0.3 14 cekynan, o poOuTh Horo HaOLIBII e()eKTUBHUM 3a IIUM
napaMeTpoM.

K-means++ 3aiimae apyre miclie 3a MIBUAKICTIO BUKOHAHHSA 13 cepenHiM yacoM (.77 cekyHau. Xoda
BiH mpaittoe nosinbHine 33 HDBSCAN, Bce  Taku yac 10ro BUKOHaHHSI 3aTUIIA€THCS TOCUTh HU3BKUM.
PesynpraTi MiXk AeKiTbKOMA 3aITyCKaMH OJTHOTO aJTOPUTMY BiIpi3HAIOTHCSA HAa HE3HAYHY YaCTHUHY, OJTHAK
HaNOUIbIIA pi3HML MiX iTeparismu ckiaanae 0.09 cek, 1o Moxe OyTH MOB'SI3aHO 3 MEPIIUM 3aITyCKOM
MOJIEITI.

Mean Shift € HalTOBITBHIIINM aNTOPUTMOM CEPEN] POTIITHYTHX, 31 cepelHiM YacoM BUkoHaHHs 1.804
cexyHau. Lle cBiqunTh Ipo HOTro MeHI ePeKTUBHY POOOTY 3 TOUKHU 30py 4acy.

[MopiBHsIHHSL 00CATY OMEpPaTUBHOI MaMm’sITi JUIS Pi3HUX alTOPUTMIB KJacTepu3alii HaBeIEHO B

Tadymmi 3.

Tabnuys 3. Buxopucmanusi onepamuenoi nam'smi (MiB)

Crpoba K-means++ Mean Shift HDBSCAN
1 1.4 1.5 0.8
2 1.4 1.5 0.9
3 1.5 1.6 0.8
4 1.4 1.6 0.9
5 1.4 1.5 0.8
Cep. 3HaueHHS 1.42 1.54 0.84

3a pe3ynpTaTaMy eKCIepUMEHTIB TIPOBEACHUX 3a JomoMoroto Memory profiler 3a Bumipamu o0csry
nam'siTi MO)KHa CKa3aT, 1[0 HalMEHIIE CIOXKUBAaEe mam'saTi iepapxiuna kiactepusainis. HDBSCAN
JIEMOHCTpY€E HaiiMeHIle BUKOPHCTAHHS ONEPAaTHUBHOI MaM'sTi cepell TPhOX alTOPHTMIB KJIacTepH3allii.
CepenHe BukopucTaHHs nam'sti ckiagae jume 0.84 MiB, mo poOuth Horo Hait0inbm eheKTUBHUM 3
TOYKH 30py eKoHOMii mam'sati. Kiactepusaliisi Ha OCHOBI IIUIBHOCTI TIOKa3y€e HAHOIIbINI PE3yIbTaTH 110
crokuBanHio0 nam'ati — 1.54 MiB, 1m0 Moxe MOsSCHIOBATHCS THUM, IO JAHWUM Miaxin, AKWil 3a3Bruail
BUKOPUCTOBYETbCS Ul pO3Mi3HaBaHHS 300paxkeHb. K-means++ 3aiimae npyre micue 3a oOcsrom
BUKOPHCTaHHS IMaM'sTi 13 cepenHiM 3HaueHHsM 1.42 MiB. Kitactepusaiiis Ha OCHOBI IIEHTPOI/iB BUMAarae
TPOXHU MEHIIIe aM'siTi, mpoTe Bee oaHo Oinbire Hixk HDBSCAN.

6 BucHoBKH

Y naHoMy IOCII/PKEHHI TPOBEACHO aHajli3 €()EeKTUBHOCTI PI3HUX aJTOPUTMIB KIACTepu3allii Jis
HaJaHHS pEeKOMEHIalliii ToBapiB. Bymno posrisHyto Tpu anropurmu: K-means++, Mean Shift ta
HDBSCAN. [Ins nocmimxenHs: OyJio CTBOPEHO CHelianbHui AaTaceT 3 XapaKTepUCTHKaMHU TOBapiB, Ha
OCHOBI SIKOTO MPOBOJIUIIOCS TECTYBaHHS.

Pe3yabTaTi JOCHIHKEHHS TOKa3aiH, o anroput™ K-means ++ Hajae HaflOIIbIT TOYHI Ta BiIOBIIHI
peKOMeH/1allii TOPIBHSHO 3 IHIIMMH OOpaHNMU AJITOPUTMaMH. 3a pe3ylibTaTaMu TecTyBaHHs K-means ++
JEMOHCTPYE HAalMEHIIy CEepelHIO €BKJIIZIOBY BiJICTAHb MK PEKOMEHIOBAaHMMHU TOBapaMH Ta OOpaHUM
TOBApOM, 10 BKa3y€e Ha BHCOKY TOYHICTh peKOMeHalliid. 30KpeMa, MaKCMMajibHa €BKJIII0BA BiJICTaHb
s K-means++ ckmmana 331.45, mo € HIKYMM MOKAa3HUKOM Y mopiBHsHHI 3 Mean Shift (382.12) ta
HDBSCAN (796.89).

V Toii xe vac, anroputm HDBSCAN mnoka3zaB Haikpalili pe3y/IbTaTH 32 YaCOM BHKOHAHHS 3aIlUTIB,
0 MOXXe OyTH KOPHCHHM Yy BWIIAQJIKaX, KOJH HIBHJKICTh € KPUTUYHO BaxuBorw. CepemHiil vac
BukoHaHHs it HDBSCAN cknana numme 0.314 cekyna, Tofi sk uist K-means++ ta Mean Shift mei
MOKa3HUK OYB 3HAYHO BUIIUM.
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3a ob6csirom BuKOpHcTaHHs omnepaTuBHOI mam'sti anroput™ HDBSCAN Takox mokazaB HaWKpari

pe3yabTaTH, criokuBaroud B cepenabomy 0.84 MiB, mo 3nauno menme Hixk Mean Shift (1.54 MiB) ta
K-means++ (1.42 MiB).

Takum ymHOM, BHOIp AJITOPUTMY KJacTepH3allii AJs CHCTEMH HaJaHHS pPEKOMEHJAIl TOBapiB

3QJICKATH BiJ] KOHKPETHHX BHUMOT IO CHCTEMH. SIKIIO TPIOPHUTETOM € TOYHICTh pekomMeHparii, K-
means++ e HaliKpaIuM BUOOPOM.

OTxe, pe3ynbTaTH JOCHIHKEHHS MiATBEPHKYIOTh MOUIBHICT, BUKOPHCTAHHS KiacTepw3allii s

MTOKPAIIeHHS CUCTEM PEKOMEHAIIiil TOBapiB Ta JIO3BOJIAIOTH 3pOOUTH OOTPYHTOBAHMIA BUOIP alNrOpuTMy
3aJIeKHO Bif[ CIICIU(IYHUX BUMOT JIO CUCTEMH.
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Analysis of clustering algorithms for product recommendations

Relevance. In today's world, where a wide range of goods and services are available, the task of providing
personalized recommendations for selecting the right one is becoming an increasingly important in many areas,
including e-commerce and online platforms. Expert recommendation systems powered by search and clustering
algorithms have the potential to significantly improve the user experience by offering relevant and personalized
product suggestions. One of the key advantages of using clustering algorithms for recommender systems is the
ability to predict the similarity of objects based on their compliance with a certain characteristic, which makes it
possible to implement an effective search for products by characteristics. As a result, it allows dividing an user base
into separate subgroups that can represent different market segments, preference groups, and the target audience of
certain products. Identification of problems and shortcomings of such systems helps to improve algorithms, which
leads to more accurate forecasts and increased sales.

Objective. The purpose of this article is to analyze the effectiveness of using cluster analysis methods in the tasks
of generating recommendations.

Research methods. Comparative analysis, experiment.

Results. The effectiveness of clustering algorithms of different types (k-means++, Mean Shift and HDBSCAN) for
providing product recommendations based on the assessment of the percentage of compliance with the user's
request, the use of RAM, and the query execution time has been analyzed. The k-means++ algorithm showed the
best performance among the tested algorithms.

Conclusions. Our analysis confirms the effectiveness of using cluster analysis methods in recommender systems.
Identification of problems and shortcomings of such systems allows improving algorithms, which leads to more
accurate forecasts and increased sales of companies.

Keywords: clustering algorithm, recommender system, k-means++, HDBSCAN, Mean Shift.
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Komn’orepHe Moe/1l0BaHHS IJIECKAHb PiIMHU B pe3epByapax npu
NepioAMYHNX HABAHTAKEHHSIX

OCHOBHOIO METOI0 POOOTH € PO3pOOIICHHS KOMII IOTEPHOI METOIOJIOTIT ISl CTIHKOCTI PyXy PiJHMHU B pe3epByapax Ta MaJMBHUX
0akax I A€o IepioAMYHAX 30BHINIHIX 3 YpaXyBaHHIM AeMI(YyBaHHS.

AKTyaabHicTh. [lemMndyBaHHS Biirpae BUpIMIATbHY pOJb y 3a0e31edeHHi CTa0lIFHOCTI Ta 3MEHIIICHH] TIOTEHIIIHNX HeOe3meK
MIpY eKCIUTyaTallii pe3epByapiB, YaCTKOBO 3aIIOBHEHUX PiANHOI0. BincyTHICTh aMopTH3amii MOXe IPH3BECTH A0 HECTAOITBHOCTI
pyxy. Y pesepByapax 3 piIMHOIO Oyab-siKi MOPYHICHHS PYXy, TaKi SK panToBe NMPHCKOPEHHS, YIOBUIFHEHHS a0 MOBOPOT,
MOXYTh CIIPUYHHUTH IUIecKaHHs. be3 amopTu3auii, mieckaHHs MOXYTh HaBiTh MOCHJIIOBATHCS, MOTECHIIHHO MPHU3BOJISIYH J10
HEKOHTPOJIbOBAHHX I HEOE3NEYHNX CUTYalliif, 0COOIMBO B TPAaHCHOPTHHX 3acobax abo MPOMUCIOBHX Tporiecax. JemndyBaHHs
3a0e3reuye KOHTPOJIb Hajl ANHAMIKOIO IUIECKaHb, 3a0€3Meuyrour OBl MIaBHY Ta nepeadadyyBaHy HOBEAIHKY. 3a JOIOMOI 00
raciHHs HaJMIpHHUX KOJMBaHb IH)KCHEPH MOXYTb TapaHTyBaTH, L0 PiAMHA 3aJIUIIAETHCS CTaOUIBLHOIO BCEPEAMHI MATMBHOTO
0aka, [0 3MEHIIye PU3UK HAJAMIPHAX AWHAMIYHAX HaBaHTA)KCHb Ha KOHCTPYKIilo 0aka abo TpaHCIOPTHHH 3aci0, skuil ioro
HepeBo3uTh. TOMY € aKTyaJbHUMH JIOCIIPKEHHSI, IPUCBIYEHI BUBUCHHIO IeMII()yBaHHS IUICCKAHb.

MeTtonu nocaimkennst. [{nst po3s’si3aHHs 3a7adi AeMIipyBaHHs [UIeCKaHb BUKOPUCTaHI METO/IM iIHTErpajbHUX PiBHSIHB, METO.
3amaHuX (OpPM Ta METOJ TPAaHUYHUX €JIEMEHTIB.

PesyabTaTi. PO3B’s13aHO ClIeKTpabHY TPaHUYHY 33/1a4y Ta 3HAaHICHO 4acTOTH Ta HOPMH BIIACHUX KOJIMBAHb PIANHU XOMIKEHHS
BJIACHUX YacTOT Ta ()OPM KOJMBAHb PiAMHM B KOpcTKOMY CTIHKICTh pyXy NpH BEpPTUKAJbHUX FAPMOHIYHUX HABaHTAKCHHSIX
BU3HAYEHO 32 JOMOMOTrolo aiarpamu AitHca-CtperTa. JlociimpkeHo KoMOIHOBaHI TOPU30HTANIbHI Ta BEPTUKAIbHI HABAaHTAXKESHHS,
Ta 3HAMeH] 30HM CTIIIKOTO Ta HECTIHKOTrO pyXy B 3aJIXKHOCTI Bijl MapaMeTpiB HaBaHTa)XCHHs. BUBYEHO BIIMB 1eMI(yBaHHS 3
BHKOPHCTaHHSIM Marpulli Pernes. BaMBiCTh OTpUMaHHX pe3yJbTaTiB LIOJNO IJIECKAaHb PIAMHU B JKOPCTKHX pe3epByapax
noJsirae B 3’sICYyBaHHI BUPIMIANTBEHOI POl AeMI(yBaHHS y 3a0e3neveHHi cTabiIbHOCTI Ta 3MEHIICHH] MOTEHIIIHNX HeOe3ImeK
IIO/IO CTIMKOCTI MAMTMBHUX 0aKiB paKeT-HOCIIB MMiJ 9ac MOJbOTY.

BucnoBku. Po3pobiaeHO MeTon BH3HAUCHHS 3MIHHOTO 332 4acOM DiBHS BUIBHOI MOBEPXHI PIAWHH B KOPCTKHX OOOJOHKAX
obepranns. CriekTpajbHa 3amada 3 BHU3HAYEHHS 4acTOT Ta (GOpM KONMBAHb PIAMHHM B YCIYEHOMY KOHIYHOMY pe3epByapi
PO3B’si3aHa HUIIXOM 3BEJICHHs [0 CHCTEMH OJHOBHMIPHHX IHTETpajbHUX PiBHSAHB. 3a JONOMOror aiarpamu AitHca-Ctperra
3HAMICH] 30HM HECTIMKOCTI PyXy piIAMHM PH TapMOHIYHUX BEPTHKAIBHUX HABAaHTKCHHSX. 3’ sICOBAHO BIUTHB AeMI(yBaHHI 32
Peneem Ha 3pocTaHHs piBHs BiTbHOI MOBepxHi. B moganbeioMy nependadaethest JOCTIHKEHHS KOJUBAaHb IPYKHUX 000JIOHOK
obepTaHHs 3 PIAMHOI0, 3 BHKOPUCTAHHSAM Pi3HUX KOMIIO3UTHHX MaTepiaiB.

Knrouosi cnosa: sinvna nosepxus, nieckanns piouHu 6 pe3epeyapax, CUCMeMU CUHSYIAPHUX [HMeSPANbHUX DIGHSHb Mmoo
epanuynux enemenmis, demngyeanns, diacpama Aunca-Cmpemma.
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1 Beryn

JemriyBaHHs Bimirpae BUpilIaabHy POJIb y 3a0e3MeUeHHI CTablIbHOCTI Ta 3MEHIIICHH] MOTEHIIIHHUX
HeOe3IeK MPpH eKCIUTyaTallii pe3epByapiB, YaCTKOBO 3allOBHCHHX PiIWHOI. AMOPTH3AIIS 32 PaxyHOK
neMIipyBaHHS JOTIOMarae po3CitoBaTH SHEPTiI0 pyXy IUIeCKaHb piauHu. BigcyTHiCTS aMopTH3amii MoXke
MPHU3BECTH J0 HECTAOUILHOCTI pyXy. Y pe3epByapax 3 piAMHOK Oyab-sKi NOPYIICHHS PyXY, TakKi sK
panTtoBe MPUCKOPECHHS, YIIOBUIbHEHHS 200 MOBOPOT, MOXYTh CIPUYHHUTH TUIeCKaHHs. be3 amopTH3allii,
TUIECKAHHS MOXYTh HAaBITh TIOCHIIOBATHCS, MOTCHIIIMHO TPU3BOIMYA JIO HEKOHTPOIHOBAHHUX 1
HeOe3MevyHnX CUTYalliid, 0co0IMBO B TPAHCIIOPTHUX 3ac00ax a00 MPOMHCIOBUX Mporecax. JleMndyBaHHs
3a0e3nedye KOHTPOJb HaJ JMHAMIKOKO IUIECKaHb, 3a0e3leuyrour OLIbI IUIaBHY Ta mnepeadadyBaHy
MTOBEIIHKY. 3a JOITOMOTOI0 TaCiHHS HaIMIpHHUX KOJWBaHb IH)KEHEPH MOXKYTh TapaHTyBaTH, IO piauHa
3aJIMIIAETHCS CTa0UILHOI BCepeInHi 0aka, 10 3MEHIYe PU3UK HaAMIpHUX TUHAMIYHUX HaBaHTa)KEHb
Ha KOHCTPYKIIiIO Oaka a00 TpaHCHOPTHHUI 3aci0, sSIKuii HOoro nepeBo3uTh. HagMipHi MmiecKaHHS MOXKYTh
MIPU3BECTH 10 SBHINA, SKE HA3UBAETHCA «C(DEKT BUTBHOI MOBEPXHI», KOJIH IOBEPXHS PIAMHH MOXKE
YTBOPIOBATH 3HA4YHI XBHII a00 BIUIMBATH Ha CTIHKH pe3epByapa 3i 3HAYHOI CHIIOI0. JlemmdyBaHHS
JoloMarae TPUTHIYYyBaTH IIi XBHJIi, 3MEHIIYIOYM HMOBIpHICTh PYHHIBHHX yAapiB i 3a0e3meuyrodn
CTPYKTYpHY WUTICHICTE Oaka. JlemmdyBaHHS TIOKpally€e 3arajibHy MPOAYKTHBHICTH CHCTEM, IO
BKJIFOYAIOTh JKOPCTKI Oakd, HANOBHEHI pimuHO0. TakuM YHHOM, AeMI(pYBaHHI Mae€ BHUpIIIAILHE
3HAYEHHS MPH PO3TIISAL TUIECKaHb PIAMHU B XKOPCTKUX pe3epByapax uepe3 Horo poib y 3abe3nedeHHi
CTaOIIBHOCTI, KOHTPOJIIO, Oe3MeKH, MPOIYKTUBHOCTI OOCIYyrOByBaHHS PI3HHX CHCTEM 1 0OJagHAHHS.
HanexxHi MexaHi3Mu aMOpTH3allii, 32 TOTIOMOTOO TUIABYYUX KPHIIIOK, IIEPErOpoIoK, abo iX KoMmOiHail,
€ B2XJTUBUMH JIJISI ONTUMI3allii MOBEAIHKM HAMOBHEHUX PIJMHOI0 YKOPCTKUX PE3EPBYapiB y MIHPOKOMY
Jliana3oHi 3aCTOCYBaHb.

2 llocTaHoBKA MPOOJIEMH Ta OTJISA CYy4ACHOTO CTAHY MUTAHHSA

HoBi yMOBH BHKOpHCTaHHSI TEXHIKH Ta HOBI MaTepiajy MPU3BOIATH 0 CYTTEBUX 3MiH HAIPYKEHO-
JIe(OPMOBAHOTO CTaHy, BIOpallifHIX XapaKTEPUCTUK €JIEMEHTIB Cy4acHUX KOHCTPYKIIH 1 TOTPeOYIOTh
BJIOCKOHAJIEHUX IOCII/DKEHb MIIHOCHHMX Ta AMHAMIYHUX XapaKTEPUCTUK OOJIQJHAHHS, SKE NPALIOE B
yMOBaxX Ti/JIBUIIEHUX CHJIOBHX, TeMIlEpaTypHUX (akTopiB, 3a YyMOBH B3aeMOJii 3 PpI3HUMH
3aroBHIOBaYaMu. [Ipobnema IuieckaHb piIMHU B pe3epByapax BHHHUKIA Iie B 60-Ti pOKM MHUHYIOTO
CTOJIITTSI, KOJIM ITOYAJIMCS MEPII TTOJIbOTH KOCMIYHUX anapariB. HeBasie mpoekTyBaHHS IIPH3BOIUIIO 10
3HAYHKX KOJIMBAHb PiIMHH B MAIMBHUX 0aKiB, III0 B CBOIO YEPr'y, BEJIO 0 BTPATH CTIHKOCTI, CXO/PKEHHS
3 PO3pPaxyHKOBOI TPAEKTOpii Ta HaBITh [MOBHOTO pPYHHYBaHHS pakeT-HOCIiB. [IpoexTyBaHHS HOBITHiX
HOTY)KHUX pakeT-HOCIiB BUMarae i HOBUX KOHCTPYKLiil 0akiB, IO Hapa3i MOXYTb NPUIMATH JOCHUTbH
ex3otuuHi Gopmu [1]. Tomy Bke MPOTATOM KiIBKOX JECATHJIITH HE BIIyXa€ iHTEPEC 10 BHBUYCHHS
mpo0JIeM CTIHKOCTI pyxy B pe3epByapax Ta manuBHUX Oakax [2-4]. IcHye Benmka KiIbKiCTh CydacHHX
e(peKTUBHUX METOIB Ul JOCIIJKCHHS MIIIHOCTI Ta KOJMBaHb €JIEMEHTIB Cy4acHOro 0O0JaJHaHHS.
Cepen Hux BigmiTumMo Metoj ckinueHHuX enementiB (MCE) [5], Meton ckindeHux pi3Huilb [6], MmeTon
rpannunux enementiB (MI'E) [7], meton ckindenHux 00’emiB [8]. Ha mpakrtuii iHxeHepH, 0
NPOCKTYIOTh MATUBHI OaKkH Jisi paKeT-HOCIiB, YaCTO BUKOPUCTOBYIOTh Pi3HI METOAM ISl OCHIICHHS
amopTH3allil, Taki K BHYTpilHi neperopoaku [9], ninortactosi BcraBku [10], mosHi [11] abo gacTkoBi
[12] moxpuTts BinbHOT MOBEpXHi, iHHOBAIiTHI MaTepianu [13] abo cuctemu akTHBHOTO KepyBaHHs [14].
Ili migxoau CHpsIMOBaHI Ha JIOCSTHEHHS JOCTaTHBOTO JeMIIyBaHHs, 00 HMOM’SKIIUTH HACIIJIKH
TUIECKaHb, BPaXOBYIOUH Taki (hakTopH, SK Bara, OOMEXKEHHS NPOCTOPY Ta EKCILTyaTaliliHi BUMOTH.
Bukopucranns wmarpuni gemndyBanHs Penes € HOmMpEHMM MiIXOAOM 10 BKIIIOYCHHS €QEKTiB
neMindyBaHHS B JUHAMIYHHIA aHai3, BKIOYAIOUM IUIeCKaHHS B Oakax paker-HociiB [15]. Edextn
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neMiipyBaHHS BiirparoTh BHPIMIAIBHY POJb MPH aHATI31 CTIHKOCTI PyXy piIMHH B pe3epByapax Ta
NaJMBHUX Oakax.

Tomy mocmimKeHHs, MPUCBSIUYCHE BPaxyBaHHIO AeMIIyBaHHs MPU aHaIi31 CTIMKOCTI pyXy piMHU B
KOPCTKHX 000JOHKAaX 00epTaHHs, BAKOHAHO HA aKTyaJbHY TEMY.

3 Meta gocaigkenHs Ta GpopMyJI0BaHHS 3a1a4i

Mera mociipKeHHS ToJsTae B po3poOili KOMIT FOTEPHOI METOIOJIOTI] U BpaXyBaHHs IeMI()yBaHHS
TIPH aHAJI31 CTIHKOCTI PyXy PIAMHHA B pe3epByapax Ta HaTWBHUX OaKax ITij i€ MepioAMIHIX 30BHINTHIX
HABaHTA)XCHb.

PosrasHyTO %KOpCTKi 0007I0HKK 00epTaHHsI, YaCTKOBO 3allOBHEHI piTuHOI0, puc. 1. Hexaii S1 - 3MoueHa
MOBEpXHs 000JIOHKH, So— BiIbHA MOBEpXHs piguHu. [IpumyckaeTbes, M0 piluHa i/ieabHa | HECTUCITUBA.
BBaxkaeTscs, mo pyx piauHu € Oe3BUXpOBMM. YMOBa HecTHCIMBOCTI Mae Burisia divV =0, ge
V(V;c, V, Vz) BEKTOP IIBUAKOCTI PiTHHH.

BHacniiok BijicyTHOCTI BUXODIB icHYe ckansipHuUit notennian @, takuit mo V = grad®. [Torenrian
@ 3anoBonbHsE piBHAHHIO Jlamtaca B 00xacTi €2, 1m0 3aiiHsTa piguHO0. THCK PigUHN p BU3HAYAETHCS 32

thopmystoro [8]

p_ _9¢_ Po

o= (9 +a,(®)z + a;()x + " (3.1)
Jie p, — TyCTUHA PiIMHY, g — IPaBiTalliiHa CTasna, Z — BEPTUKAIbHA KOOP/IMHATA TOUKH BCEPEUHI PiIKOrO
00’emy Q, a,(t) ta a,(t) TPUCKOPEHHS CHJIH, 1[0 3MYIIY€E, B TOPU30HTAIHLHOMY Ta BEPTHKAIHHOMY

HanpsiMKax.

O

X

Puc. 3.1. Obononxa obepmanns 3 piournoio ma ii cxema

Cdopmymroemo kpaifoBy 3amady ajs piBHsSHHSA Jlannaca y Burisiai

6_<l)
’ on

U

20 — 0 92 -9 o _ -
Vd)—O,ans so_at'p Pols, = 0. (3.2

TyT n — oAMHUYHA 30BHILTHS HOPMAITh 10 IOBEPXHi, Py —arMochepuuii Tuck, (=C(x, y, t) —HeBigoma
(yHKIIiS, 10 OIUCYE TIOJIOKEHHS Ta PyX BiIJIbHOT MOBepxHi. T0OTO MaeMo KpaloBy 3a/iady BiJIHOCHO
HeBijioMoro noteHiiany @, 1o noB’A3aHui KIHEMATHYHOK MPAaHUYHOI YMOBOIO 3 yHKIiet {(x, y, t).

4 Metona 3anaHux popm
306pa3umo HeBigomi GyHKUIT P Ta { B HMITIHAPUYHUX KOOPIMHATAX Y BUTIISIL PAIIB:

C(r,6,8) = XiZ cos(10) Xj=1 dia (£)C;. (1), (4.1)
®(r,0,z,t) = 2%, cos(l0) 222:1 dyy D)o, (1,2) (4.2)
Tyt ¢, (1, 2), C, (1)- 6asucHi QyHKIIil, Mi SKAMHU Ha BibHIN IOBEPXHi iCHYe Takuii 38’130k [16]:
00, (1,2)
e, =G0, (43)

[pu ubomy dyskuii v, = (pkl(r, z) cos(l 0) maroTh 3310BONBHATH piBHsAHHIO Jlamaca. [Ipunyckawoyn
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rapMOHIYHHN XapakTep 3MiHH KoedimieHTiB dy;(t) 3a yacom dy;(t) = Dy, exp(img;t), orpumaemo 3

(4.3) criBBiIHOLICHHS

at 2

Wkt _ Okt

on g \Vkl’ (44)
sIKE TIPUBOJIUTE JIO CHEKTPaIbHOT KpaioBoi 3anadi BiiHOCHO ,, [16]. Tlicns 3maxomkenns poss’ 3Ky
CIIEKTPAIIBHOI 3a/1a4i oTpuMyemo OasucHi Gynkuii ¢, , (7, z) Ta {, () Ta BracHi 4acToTH wy;.

5 BusnavyajbHa cucteMa audepeHiaIbHIUX PiBHIHD

Beakaemo, mo 6asuchi Gynkuii @, (r, z) orpumarno. [lincrapumo ix y Bupasu (4.1) nust norenmiany
mBuaKocti @ Ta (4.2) ang Bucotu minioMy BibHOI moBepxHi . Jami migcTaBisieMo OTpUMaHi BUpas3H B
JUHAMi4Hy YMOBY Ha So. [Ipx0a1Mo /10 Takoro CriBBiTHOMICHHS HA BUIBHIHM MOBEPXHi:

.. t
Yizocos(10) Yr—q [dkl (t) + o (1 + a"g( )) dkl(t)] ¢, (1, 2) + ap(t)rcosd =0,z = ¢ (5.1)

Bukonas ckanspuuii 106yTox piusnHs (5.1) Ha Gymkuii y,,(k =1,n;l = 0,m) i Bukopucras
OPTOTOHAIIBHICTH BiacHUX GopM [17], oTpuMyemMO He3B’s3aHy CUCTEMY 3BHYAWHHX JudepeHIiaIbHIX
PIBHSIHB JIPYTOTO MOPSIKY

dio(t) + 0f (1 + av;t)) do(t) = 0, (5-2)
. 2 ay(t) _ — M
di1(t) + Ojg (1 T )dkl(t) T an(OFa =0, Fia = (9k19k1)’

dkl(t) + 0)%1 (1 + avg(t)) dkl(t) = 0, k= ﬁ,l = Z,m.

st oqHO3HAYHOTO pO3B’si3aHHs cucTeMH (5.2) HEOOXiAHO 3aJaTH IOYATKOBI YMOBH, TOOTO

dia(t) = diy, dig(t) = djyy, k=T,n, [ =0,m (5.3)
Beenemo mtyune nemndyBaHHs, K 3apornoHoBaHo B [18], a came OyneMo po3riisaaTi Taky CUCTEMY
JuQepeHIiaTbHUX PiBHSHb

.. . v t
o (6) + 200 (8) + 0 (1 + 252

) dio (£) = 0, (5.4)

. . 2 a,(t) _ _ (r.911)
A1 (t) + 2041 cdiq () + 0, (1 += )dkl(t) +ap()Fi1 =0, Fiy = ()

éfkl(t) + ZOJledkl(t) + (Dil (1 + avg(t)) dkl(t) = 0, k = 1, n,l = 2, m.

3 IOYaTKOBUMHU ymMoBamHu (5.3).
TyT ¢ € xoediniearom aemndysanas. B mpomy nocmimxkenHi ooupaemo ¢ 3 intepsany (0.05,0.01),
[19], w0 BimmoBinae HU3BKOMY PiBHIO JeMII(DyBaHHS.

6 AHaJii3 YHCJI0BUX pe3yJbTATIB
Sk gucnmoBWA TIPHKIAJ, PO3TISTHEMO KOHIYHY OOOJOHKY 3 PiIMHOK ]l Ai€0 TapMOHIYHOTO
HaBaHTAKECHHS

a,(t) = a, cos(o,t), a,(t) = a, cos(w,t). (6.1)

VYciueHa KoHiYHA 000JIOHKAa Ma€ Taki reomeTpuuHi napamerpu: Ri = 1M, o = /6. Tyt R1 — paniyc
BiJIBHOT MOBepXHi, Rz — paniyc anua, puc. 6.1.
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Puc. 6.1. Yciuena xoniuna 06ononka 3 piouroio

Po3B’shxkeMO CHeKTpaibHYy KpaioBy 3agady Ta OTpUMaeMO (OpMH Ta HYacTOTH IUIECKaHb ITi€l
o6osorKn. B Tabmumi 6.1 HaBeneHi YacTOTHI mapaMeTpn X2 = w2 /g, 3a pi3Hi 3HaueHHs R;, 00UHCICH]
npu |l = 0,1,2 Ta k = 1, Ta 37iliCHEHO MOPIBHAHHS OTPUMAHUX PE3YJIbTATIB 3 qanumMu pobotu [20].

Tabnuys 6.1. Yacmomuuil napamemp nieckanv piOuHU 8 KOHIYHIU 00010HYL

Xk = wi/g
Rz 02 | o6 | 08 | 09
j=0,k=1

[20] 3386 | 3.382] 3.139 2.187
MTE | 3.388| 3.392| 3.1422| 2200
j=1,k=1
[20] 1304 | 1.254| 0.934 0.542
MTE | 1.305| 1.258| 0.941 0.564
=2, k=1
[20] 2263 | 2255| 2015 1.361
BEM | 2265| 2259 | 2028 1.395

Hani Tabmumi 6.1 1eMOHCTPYIOTh TapHY y3TO/KEHICTh Pe3yJIbTAaTiB, IO CBITYHUTH MPO 301KHICTH Ta
BIPOTi/IHICTH 3ampornoHOBaHOTO MeToay. [Ipm umcrnoBux pospaxyHkax oOupanock 150 rpaHUYHHX
€JIEMEHTIB B3/I0BXX KOHIYHOT YaCTHHH, i 110 120 rpaHUYHMX €JIeMEHTIB B3I0BXK pajiiycy BiJIbHOT OBEPXHI
Ta paniycy aauma. llomamerne 30iMbIIEHHS KUTBKOCTI €IEMEHTIB HE TMPHUBENO JO CYTTEBOI 3MIHH
pe3yIbTaTIB.

[TpoBeneHO po3paxyHKH PyXy BUTBHOI MOBEPXHI 3a pi3HI 3HAYCHHS MapameTpiB dy, d, Ta Oy, @,.
CrnovaTKy poO3IJIsTHEMO BEpTHKaIbHI HaBaHTaXeHHs. Pa3oBi MOPTPETH PyXiB B KOOPIMHATAX (C, C)
300paskeHi Ha puc.6.2.

-0.04 -0.02 0

-0.04 -002 0

-0.021 -0.02+1

-0.044

A B C
Puc.6.2. @azosi nopmpemu pyxy piouHu npu 8epmuKaibHUX HAGAHMANCEHHAX
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Tyt puc. A) Bignosigae a, = 0,a, = 1, @, = 1, a m1s pucynkis B) ta C) npuitasaro a; = 0, a,, =
1, w,=1254Taa, =0,a, =1, w, = 2.508, BignoigHo. 3 HaBeeHUX Pe3yIbTaTiB OauuMO, IO B
NEepUIMX JBOX BHIIAJKAX PYXH € cTabinmbHUMH, ane npu o, = 2.508[L BinOyBaeTbcsi HEoOMEKeHe
3pOCTaHHS aMILTITY/IH, IO BiATIOBiAa€ BUTIAAKY ITAPAMETPUIHOTO PE30HAHCY (YacTOTa CHIIH, 110 3MYIIIYE,
JIOPIBHIOE TIOBIHHIN QyHAAMEHTANBbHIA YaCTOTI).

Hanmi posrnsHyTi KOMOiHOBaHI BepTHKalbHEe W TOPHU30HTalIbHE HABAaHTAXXEHHs, TOOTO IOAAaHO
TOpPHU30HTAJIbHE HaBaHTAXEHHS. B pe3ynbrarti po3paxyHKiB OTpUMaHi (a3oBi MOPTPETH B KOOPAMHATAX

(C, C), 110 HaBeIeHi Ha puc.6.3.

A B Cc
Puc.6.3. ®azosi nopmpemu pyxy piounu npu KoMOIHOBAHUX HABAHMAICEHHSX

OOGpaHni Taki mapamerpu KomOiHOBaHOrO HaBanTaxenus: A) ap = 0.1, a, = 1, oy = 0, = 1;
B) a, =0.1,a,=1, o, = @, = 1.254; C) a;, =0.1,a, =1, o, = o, = 2.508. 3ayBaxkumo, 1o B
IILOMY BHITQJKy CIIOCTEPIra€MO IOSABY III€ OJIHOTO PE30HAHCY, IOB’SI3aHOI0 3 TOPU3OHTAIBHUM
HABAHTAKCHHSIM.
30HM CTIHKOTO pyXy DPIIUHH TPU JIUIIC BEPTHKAIBLHUX HABAHTAXKCHHSAX.3 MOXKHA 3’SCyBaTH 3a
nqoroMororo miarpamu Aitaca-Crperra [9], ska moaisisie MIOMKMHY 3MiHH TapaMeTpiB HABAaHTAXKEHHS Ha
YaCTHHHY, 110 BiIMOBIAAOTH CTAOITFHIM Ta HECTaOULIBHUM pyXaMm, puc.6.4. BBoasaThCs Taki 3MiHHI

2
Wjk ay
K=—5, h=—, k
Wy g
Ut KokHOT (pyHIaMeHTanpHOi yacTtoTd. Kpusi 1-5 Ha puc. 6.4 moAISIOTh MIOMIMHY B KOOpAWHATAX
(x, u) Ha obnacti, IO BIANOBIZAIOTH HECTIHKUM pyxaM (TeMHi 00JacTi) Ta CTIMKAM pyxam, sKi

3aIMIIAI0ThC 0OMexeHnMH B daci (01l obmacTi), 300pakeHo Takox touku A, B, C.

1,n, j=0,1

4
5
B
1) L I L] T T I L] T I I L] L I L] IK
-1 -04 002 08112 182

Puc.6.4. [liazpama Aiinca - Cmpemma

BauyumMo mo Touka A 3HaXOIMTHLCSA B 30HI CTIMKOCTI TOuka B — Ha Mexi 30HUM cTilikocTi a Touka C
MOTpPAIUIsSE B 30HY HECTIHKOCTI PyXy.
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Jam mpoaHamizyeMo pyX piIMHH MPH Aii KOMOIHOBAaHOTO HABAaHTAKCHHS 32 YMOBH HAsIBHOCTI
nemngysanHs. Po3B’sbkeMo cuctemy audepeHIiabHIX PiBHIHD 5.4 IPU TaKUX MOYATKOBUX JTAHUX

d(®) =0, dy(t) =0, k =2,n, 1=, dy;(t) = 0.05.

Bizsmemo koedinient nemmdysanns ¢=0.075. Ha puc. 6.5-6.7 HaBezeHi rpadiku 3MiHA PiBHS BUTBHOT
MOBEPXHI 3 4aCOM 3a Pi3HI YMOBH HaBaHTaKEHHSI.

|
|

THEHITRD
unV'

0.1- ﬂ m w
0 .
Puc.6.5. 3uina piens sinbnoi nosepxui 3a uacom y mouyi A

107 C F H

0_AVAVAVAVAAAAMMMMMMQMM L A AN
Bt

-10-

Puc.6.6. 3uina piens sinbnoi nosepxui 3a uacom y mouyi C

Puc.6.1. 3uina piena 6inbnoi noéepxui 3a uacom y mouyi B
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Ha puc. 6.5-6.7 300pakeno 3MiHy piBHA BimbHOI moBepxHi y Tourmi (0 = 0,7 = R).Cipi mimii
BIJIMOBIAAalOTh PO3B’sI3KaM  cucTeMd AudepeHUianbHuX piBHAHBL (5.2), TOOTO 0e3 BpaxyBaHHS
nemnyBaHHS, YOpHI JIHII OTpUMaHi MpH PO3B’s3aHHI cucTeMu AudepeHUianbHuX piBHAHB (5.4) 3
ypaxyBaHHsM nemmyBanHg 3a Pemeem. OOpanuii koedimieHT neMndyBaHHSI XapaKTepu3ye HU3bKHHA
piBeHb aemmyBaHHS, ajle y BCIX PO3MNIAHYTHX BHIAAKaX CIIOCTEPITa€EThbCS CYTTEBE 3MEHIICHHS
aAMILTITYAU KOJTUBaHb.

BucHoBku

Po3pobneno meTon BH3HAYCHHS 3MIHHOTO 32 YacOM PiBHS BUTBHOI MOBEPXHI PIIMHHU B >KOPCTKHUX
obononkax obepranHHi. CHekTpanbHa 3aJada 3 BU3HAUEHHS 4acTOT Ta (OpM KOJNMBAHb DPiTUHHU B
yCideHOMY KOHIYHOMY pe3epByapi po3B’si3aHa [UIAXOM 3BEIEHHS 1O CHCTEMH OIHOBHUMIPHHUX
IHTEerpalbHUX piBHAHB. 3a IomoMoror amiarpamu AlHca-CTpeTTa 3Hal[EeHI 30HHM HECTIHKOCTI pyxy
PLAVHY pU TapMOHIYHUX BEPTUKAIbHUX HABAHTAXKEHHSX. 3’ ICOBaHO BIUTUB AeMIlpyBaHH: 3a Peneem Ha
3pOCTaHHS PiBHS BUILHOI MOBepXHi. B moganemomy nepeadavyaeTsest JOCHTIHKEHHS KOJTUBaHb MPYKHUX
000JI0HOK 00epTaHHs 3 PiIUHOIO, 3 BUKOPUCTAHHAM Pi3HMX KOMIIO3UTHHX MaTepiaimis [21].
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Computer modelling of liquid sloshing in tanks under periodic loads

The main purpose of the work is to develop the computer methodology for taking damping into account when analysing the
stability of fluid movement in reservoirs and fuel tanks under periodic external loads

Relevance. Damping plays a critical role in providing stability and reducing potential hazards in tanks which are partially filled
with liquid. Lack of damping can lead to motion instability. In reservoirs filled with liquid, any movement disturbances such as
sudden acceleration, deceleration or turning can cause sloshing. Without damping, sloshing can grow, potentially leading to
uncontrolled and dangerous situations, especially in vehicles or at industrial processes. Damping provides control over the
sloshing dynamics, providing smoother and more predictable behaviour. By damping excessive vibrations, engineers can ensure
that the fluid remains stable inside the fuel tank, reducing the risk of excessive dynamic loads on the tank structure or the vehicle
carrying it. Therefore, studies devoted to the study of damping are highly relevant.

Research methods. The methods of integral equations, the method of given forms, and the method of boundary elements have
been used to solve the problem of damping.

The results. The spectral boundary value problem has been solved and the frequencies and forms of natural oscillations of the
fluid have been found. Combined horizontal and vertical loads have been studied, and zones of stable and unstable movement
which are depending on the load parameters have been found. The effect of damping has been studied by using the Rayleigh
matrix. The importance of the obtained results on fluid splashing in rigid tanks lies in clarifying the critical role of damping in
providing stability and reducing potential hazards to the stability of launch vehicle fuel tanks during flight.

Conclusions.The method for determining the time-varying level of the liquid free surface in rigid shells of revolution has been
developed. The spectral problem of determining the frequencies and modes of liquid oscillations in a truncated conical tank is
solved by reducing it to the system of one-dimensional integral equations. With the help of the Ince-Strutt diagram, the zones of
instability of fluid movement under harmonic vertical loads have been found. The effect of Rayleigh damping on the growth of
the free surface level has been clarified. In the future, it is planned to study the oscillations of elastic shells of rotation with liquid,
using various composite materials

Keywords: free surface, liquid sloshing in tanks, systems of singular integral equations, boundary element method, damping,
Ince-Strutt diagram.
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AHaJIi3 ePeKTUBHOCTI MeTOIB ONITUMIi3allil MOTOKOPO3MOIiTy
B CHCTEMAaX BOJOMOCTAYAHHA 3 BEJHUKOIO KIJILKICTIO HACOCHUX CTAHIIN

AKTyaJbHicTb. B manmii yac mociimkeHO METOOM ONTUMI3amii AT HEBEIMKOI KUIBKOCTI MPalIOI0YNX HA MEPEXY aKTUBHHX
okepern. OnHaK mpu po3poOIll CHCTEM ONEpaTHBHOTO YIMPABIiHHS peKUMaMH (DYHKLIOHYBaHHS CUCTEM I0Jadi Ta pO3MOALTY
Bosu (CIIPB) BenMKHUX MICT TOBOIUTHCS CTUKATHCS 3 BEUKOIO KijbKicTIO HacocHuX craHmii (HC), mo oqHOYacHO MpaioTh
Ha Mepexy. CKIIaIHICTh pO3B'sI3aHHS 3aa4i onTuMisailii morokoposmnoiny B CITPB 3pocTae 31 301IbIICHHAM KUTBKOCTI CITUTBHO
MPAIIOI0YMX aKTHUBHUX JIKEPEl, sIKi € SMiIHHIMH ONTHMI3allil 3a/1a4i, [0 PO3TIISIA€THCS.

MeTa. B mpo6ieMi oriepaTHBHOTO yrpaBiiHHS pexkumamul ¢pyHkiionysanas CIIPB Baxiuse miciie mocifae 3aaua ontumizanii
MOTOKOPO3NOALTY Y BOJOIPOBIAHIN Mepexi BeIHKOI po3MipHOCTI. MeTa 3amadi - He0OXiTHO TaK PO3MOMUIATH HaBaHTAKECHHS
(Butparu) mMix HC, mo6 mpu 3a0e3mederHi 3a1aHOi SKOCTI MOCTaYaHHS BOJOIO YCIX CIIOKHBAYiB JOCATABCS MiHIMYM CyMH
EHEPTOBUTPAT HA HACOCHUX CTaHIIsAX. PO3raHyTO mMocTaHOBKY 3amadyi, Metonu ii Bupimenns mis CIIPB Benmkoro micta, Ha
SIKy TIpaIIO€e BeJMKa KUTBKICTh HACOCHUX CTaHMii. HeoOXimHO mpoBecTH MOpiBHSUIBHUN aHami3 e(peKTUBHOCTI BUKOPUCTAHHS
PI3HUX ONTUMI3aNIHHUX METOIIB [Tl BUPILICHHS 3324l ONTHMAILHOTO PO3ITO LTy HABAHTAXKCHHS MK BEJMKOFO KinbKicTio HC,
OJTHOYACHO TIPAIIOI0YHX Ha CHCTEMY BOJOIOCTAaUYaHHS METarloiicy.

MeTtonu gocaimkenns. [laHy 3a1aqy MOKHa BUPILIMTH METOJaMH HEJIIHIHHOTO MaTEMaTHYHOT'O IPOrPaMyBaHHs ¥ ITOLITYKOBOT
ONTHMi3alii Ha 6a3i riZpaBIiYHOTO PO3PaXyHKy BOJONPOBiAHOI Mepexi. [i crenudiuna 0cobIMBiCTS — aANMrOPHTMiUHE 3aBIAHHS
¢ynkuii metu. [Ipu poGOTi Ha MepexXy OBOX aKTUBHHX DKEpEN Taka 3ajada 3BOAUTHCA A0 3a4adi OAHOBHMIPHOI MOIIYKOBOT
ontumizanii. [Ipm OimbmIiii KiUTPKOCTI 3MIHHMX HEOOXITHO BHUKOPHCTOBYBATH METOOM OaraToBUMIpHOi omtmMmizamii. st
JOCHTIKEHHS e(QEeKTUBHOCTI BHUPILICHHS 3afadi omtuMmizamii motokoposmonimy B CIIPB BukopucroByBammcs HalOimbII
e(eKTHBHI Ta MOIIUPEH] METOIH: TOKOOPANHATHOTO CIYCKY; CKaHYBaHHS 31 3MIHHUM KPOKOM; IehOpMOBaHOTO OaraTorpaHHUKa
Hennepa-Mina; npsimoro monryky Xyka ta /xuBca; Posenopoxa; [Tayemna.

PesyasTaTn. [IpoBeneHi 1ocnikeHHs TOKa3alIH, 10 HaHOUIbII e(peKTUBHUM 32 KPUTEPISIMU MiHIMyMY BUTpPAT KOMIT IOTEPHOTO
gacy Ta 00’ eMy KOMII'IOTepHOT aM’sITi BUSIBUBCSI METOJ IPsIMOTO TomyKy Xyka i Jkusca.

BucnoBku. OTpumaHi pe3ynbTaTH AONIUJIPHO BHKOPHUCTOBYBAaTH MIJISI PO3POOKH Ta EKCIUTyaTalii CHCTEM OIEPaTHBHOTO
ynpasniHHA pexkumamu QyHkmioHyBanHs CIIPB Bemmkux mict, APM mucmerdepiB Bogonpoinaux Mepex, CAIIP cucrem
BOJIOTIOCTAYaHHSA JJIsl BU3HAUEHHS ONTHMANBHIX pekuMiB GyHknionyBanHs CIIPB.

KarwouoBi cioBa: MaTeMaTHyHa MOJENb, CUCTEMa BOJOIOCTAYaHHS, HACOCHA CTaHIlS, (PYHKIIOHYBaHHS, MOTOKOPO3IMOIII,
OIepaTUBHE YIPABIiHHS, KPUTEPIi, METOJI, €PEKTHBHICTb.

SAx muryBatm: [smron C. B. AHami3z epeKTHBHOCTI METOJIB ONTHMI3alii MOTOKOPO3MOAITY B
cHUCTeMax BOJOIOCTaYaHHS 3 BEJHMKOI KiJBKICTIO HACOCHUX CTaHUil. Bicnux Xapxiecvkozo
HayioHanbHo20 YHigepcumemy cepis Mamemamuune mooemosanus. Ingopmayiiini mexnonoaii.
Aemomamuszosani cucmemu ynpaeninua. 2024. sum. 61. C. 25-32.
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1 Beryn

B nanwii wac B qoctaTHiM Mipi JOCTIKEHO 1 ampoOOBaHO Ha MPAKTHUIL METOIM ONTHUMI3AIii AJIs
HEBEJMKOI KiJIBKOCTI MPAIIOI0YNX HA MEPEXY aKTUBHUX JuKepedn [ 1, 2, 22]. OxHak npu po3poOili cucteM
OTIEPAaTUBHOTO YIPABIiHHS TEXHOJIOTIYHUMH NporiecaMu QYHKIIOHYBaHHS CHCTEM 0JIadi Ta PO3MOILTY
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Boau (CIIPB) Benmukmx MicT i aBTOMaTH30BaHUX poOouuX Micih (APM) mucrnieTdepiB BOIOTPOBITHUX
MepeK JJOBOAUTHCS CTHCKATHCSA 3 BEIUKOIO KUIbKICTIO HACOCHUX CTaHIIiH, 10 OAHOYACHO MPaLIOI0Th Ha
Mepexxy. CknamHicTh po3B'si3aHHA 3aaadi ontuMmizauii morokoposnoginy B CIIPB 3pocrae 3i
30UTBIIEHHSM KUTBKOCTI CITITFHO MPAIIOI0YMX aKTHBHHUX JPKEpEN, SKi € 3MIHHUMHU ONTHMI3allii 3amadi,
IO PO3TIISIIAETHCSL.

MareMaTHYHOMY MOJEJIOBAHHIO CHCTEM BOJOIOCTaYaHHS Ta IHIIMX TPYOONPOBIAHUX CHCTEM
HPHUCBSYCHO BEIIUKY KITBKICTh POOIT, cepen sikux xotimocs 6 sumimmtu [1-3, 7, 8, 9, 10, 12, 14, 20],
omepaTuBHOMY TutanyBaHHIO poootu CIIPB [1-3, 11, 14, 16], ontumizamii pesxumiB poOOTH HACOCHUX
cranmiit CITPB [13, 15, 17, 18].

VY pmaHiii cTaTTi TPOBOOUTHCS MOPIBHSUIBHUN aHalmi3 e(EeKTUBHOCTI BHUKOPUCTAHHS PIi3HHX
ONTHMI3AIMHAX METOMIB Ul BH3HAYEHHS ONTHMAJIbHOTO IIOTOKOPO3MOALTYy B  CHCTEMax
BOJIOTIOCTAYaHHS 3 BEJMKOIO KiIbKICTIO HACOCHUX CTaHIIiMH.

2 ITocTaHoBKa MPoOOJIeMHU

Cucremn momayi Ta pPO3MOMITY BOIW CYYaCHHX MICT BIJHOCATBCS IO KIJACy BEIHKUX CHCTEM,
yIpaBIiHHS SKUMHU MOKIJIMBE JIMILE B YMOBaxX HETMOBHOI Ta HEJOCTOBIpHOI iH(pOpMALii MPO KepOBaHUIA
00'eKT.

Y pob6orax [1-3] nmpu omepatuBHOMy ympaBimiaHi CIIPB 3ampomoHOBaHO 1 3HAWIIOB MIMPOKE
3aCTOCYBaHHs Ha MPAKTUII MiIXiJ, CYTh SKOTO TOJNATA€ Y BUKOPUCTAHHI CIeNU(piYHUX BIACTHBOCTEH
BOJIOTIPOBITHUX MEPEK, MOB'SI3aHUX 3 HASBHICTIO B HUX JAUKTYIOUUX TOYOK, i MOJIATAE B TOMY, IO SIKICTh
(G yHKITIOHYBaHHS BCi€l Mepeki MOJKHA XapaKTepHU3yBaTH i CTAHOM y WX TOYKaX. J|UKTYIOY0I0 TOYKOIO
BOJIONPOBITHOI MEpeXi B JIAHWH Yac € Taka TOYKA, B sKii BeJIMYMHA THUCKY B TOW K€ MOMEHT 4acy
MiHiManbHa. CTOXacCTUYHUM XapakTep MpPOIECiB BOJOCIOKUBAHHS BUKIHMKAE Oe3MepepBHY 3MiHY
NOTOKOPO3MOIITy B MEpeXi Ta IMOABY NESKOi MHOXHHHU JUKTYIOUHX TOYOK. BUKOpHCTaHHS IHX
BJIACTHBOCTEH J03BOJISIE CHMHTE3YBAaTH CHUCTEMY YIIPaBIiHHA, sika O 3abe3medyBana 3amaHy SKiCTb
¢ynkuionysanusi CITPB B qUKTYIOUHX TOUYKaX.

Bupimenns npoOneMH oOmepaTuBHOTO YIPAaBIiHHSA MOTOKOPO3MOALIOM Y CHCTEMax I[ojadi Ta
PO3MOLTYy BOAM Ha KOKHOMY 3 €TaliB - ONEPaTUBHOTO IUIAaHYBaHHS Ta cTa0imi3alii - SK MpaBuio,
PO3HECEeHe B Yaci Ta MpocTopi, BUMArae pizHOro odcAry, CKiaay Ta XapakTepy onepaTuBHOI iHpopmalii,
PI3HUX MaTeMaTUYHUX MOJEJICH, IO OMHUCYIOTh 00'€KT yNpaBIiHHS, KPUTEPIiB Ta METOJIB BHPIIICHHS
3a/a4y YIpaBIiHHA. Y TOW JK€ 4ac 3AiHCHEHHS KOXXHOTO 3 ETalliB YNpaBIiHHA 3a0e3MedyeThCcs B
pe3ynbTaTi BUpIMIEHHS IEBHOTO psny 3amad. Lli 3amadi MoxkHa po3IIMTH Ha 3a7a9i MOJIEIIOBAHHS, sIKi
BUPILIYIOTBCSI 11032 KOHTYPOM pEIbHOTO YIpaBIiHHS, 1 Oe3MmocepefiHbO 3aj7ayi yIpaBJiHHS, SKi
BUPIIIYIOTHCS B OIIEPATHBHOMY PEXHUMI.

Jns BupinieHHsS 3aj1a4 eTamy OINEpaTHBHOIO IUIaHyBaHHs NpoleciB notokoposnoxainry B CIIPB
HANOLIBII aJICKBATHOK0 MAaTEMAaTUYHOK MOJICIUTIO 00'€KTa YIPaBIIHHS € MOEIb TOTOKOPO3IIOALIY, 10
BCTaHOBHBCA. B OCHOBI MOJieNi TaAKOTO MOTOKOPO3MOAIIY MICTATHCS BiJOMOCTI IIPO TOMOJIOTII0 MEPEKi
Ta TEXHOJIOTIYHI TapaMeTpu BCiX EIEMEHTIB EKBIBaJCHTHOI CXEMH BOJOMPOBimHOI Mepexi. s
BUPIIICHHS 3a/a4 cTabimizalii pexkuMiB BUKOPUCTOBYIOThCS nHaMiuHi Mojeni [1-3].

BignoBiHO 10 Takoro mixo;y MpoIec OMEpPaTUBHOTO YHpaBliHHS NoTokopo3mnoxaiioMm y CIIPB
pO30MBAETHCS Ha [Ba €TAllM: ONEpaTHBHE IUIaHYBaHHSA pexumiB ¢yHkmionyBanHs CIIPB Ta ix
crabimizauis [1-3]. 3amaua omeparuBHoro ympasiinas CIIPB dopmymroerscs sik aBoeTamnHa 3amava
HEJTIHIMHOTO CTOXaCTUYHOTO MporpaMyBaHHs [2].

Ha BepxHpoMy piBHI eTamy ONEpPAaTMBHOIO IUIaHYyBaHHS pexuMiB QyHKuionyBaHHs CIIPB
BUPINIYETHCS 3aa4a ONTUMI3allii peKUMiB (DYHKI[IOHYBaHHS HACOCHHUX CTAHIIIN MPH iX CIIIBHIN poOoTi
Ha Mepexy. Y SIKOCTI KpUTEPisi BHKOPUCTOBYETHCS MIHIMYM CYMH €HEPrOBUTPAT HA HACOCHHUX CTAHIIISAX.
Sk pe3ynbTart i1 BUPIIEHHs] BU3HAYAIOTHCS 3HAYEHHS BUTPAT 1 TUCKIB HA BUXO0/IaX HACOCHUX CTaHIIiH, Ki
NOTPiOHO 3amyIaHyBaTH, a TAKOXK MICLE PO3TAllyBaHHs AUKTYIOUMX Ha MalOyTHIH MOMEHT 4Yacy TOYOK
BOJIOTIPOBIJTHOT Mepexi, B SIKUX HEOOXiJHO cTaOlmiyBaTu Taki 3HaueHHS TucKy [1,2,14]. [ami nHa
HIDKHBOMY PIBHI €Taly ONEepaTWBHOTO IUIAHYBAaHHS PEKUMIB 3 METOI 3a0e3leveHHs 3arlaHOBaHUX
napamMeTpiB Ha BUXO0JlaX HACOCHUX CTaHLIH JUIS KOXKHOI 3 HUX BU3HAYAIOTHCA ONTUMAJIbHI CTPYKTYpH Ta
napametpu ii ¢ynkmionyBanus [13]. Crabimizamiss THCKIB y AMKTYIOUMX TOUYKaX MEPEXi J03BOJISIE
CKOPUTYBATH TIOMUJIKH IIAHYBaHHS [UITXOM YTOYHEHHSI TUCKIB Y IIUX TOYKaX.
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3 MareMaTH4YHa NOCTAHOBKA 3a4avi

TakuM 49uHOM, Yy TmTpoOJEeMi ONEPATUBHOTO  YIPABIIHHSA TEXHOJIOTIYHUMH  TIPOIECAMU
(YHKI[IOHYBaHHS CHUCTEM IOjadi Ta PO3MOJUTY BOJIW BAXKIWBE MICIC IMOCiJae 3ajada ONTUMI3allii
MTOTOKOPO3MOILTY Y BOAOTPOBIAHIN Mepexki. Po3risiHeMo mocTaHOBKY 3a7adi, METOAH i1 BUPIIIECHHS IS
CIIPB Benukoro micra, Ha SIKy HpaIlioe BelrKa KinbkicTh HacocHuX ctanmii (HC).

—(a

Mera wi€i 3ana4i nojisArae y BU3Ha4YeHHI TAKMX 3HAY€Hb KOMIIOHEHT BEKTOPIB BUTPATH ¢, 1 THCKY

(@) . ™ . .
H g:x HA BHUXO/1 BC1X HACOCHUX CTaHIIIH, AK1 ITPU BIAOMUX IMTPOTHO3HUX 3HAYCHHAX BY3JIOBUX BUTPAT q/.

, JeN B Mepexi Ta BUKOHaHHI BCiX OOMEXCHb, IO HAKIAMAIOThCS, 3abe3meuyBand O JOCATHEHHS
MaKCHMyMy JESKOTO KpUTepito, KW xapaktepu3ye eQekTuBHICTh ¢yHkiionyBanas CIIPB, To6To
HEOOXiZHO TaK PO3MOAUIMTH HaBaHTakeHHA (BuTpaTh) Mixk HC, mo6 npu 3abe3nedenHi 3a1aHoi SKoCTi
MOCTauyaHHS BOJIOIO BCiX CHOKMBAYIB JOCATABCS MAKCUMYM €(eKTHBHOCTI.

Bynemo BuUKOpUCTOBYBaTH y SKOCTI KpuTepiro edekruBHOCTI hyHKITionyBaHHS CIIPB MiHiMyM cymu
SHEPTrOBHTpAT Ha HaCOCHUX CcTaHIisAX. [Toznaummo L, M, N - BianoBigHO Oe3J1iui aKTUBHUX €IEMCHTIB,
MaricTpalbHUX AUTSTHOK Mepexi Ta QikTuBHuUX Ayr 3i crnoxkuBadamu; E = LUMUN. Ingekc 1,
BIJIIOBIIHUN €JIEMEHTaM LIUX MHOXXHH, XapaKTepU3y€e iXHIO MPUHAICKHICTH O TUIOK JepeBa rpada
Mepexi, iHgekc 2 - mo xopa. Toxi 3amada omrumizariii po3noainy HaBaHTaxkeHHs Mix CIIPB mpm ix
CHiJIBHIM POOOTI HA BOAONPOBITHY MEpeKy OyAe MaTu BUIIISAL

(@) (a)
CDI Bblx ' H“”“‘J ; P (nglxi ' H sbzxz) EH[IDQ (1)
Q: f, =signgr,|a,|" + > bysigngr|a]’ =0,r e M, )
ieM;
f,=H,-H jk T Zblri (Signqiri|qi|2 +hi(F)) =0,reN,jel (3)
ieM;
1:r =H jk Hrh + Zblri (Signqi ri|qi|2 + hi(F)) = 0’ re L21 J € Ll (4)
ieM;
Zblriqr +Q",i e MJUN, )
reM,UL,
Qo (HE2) < a8, <q8 (HE)iel (6)
h-Zh-*,jeN, (7)
e Pr()=gorHIieL; 8)

Qi+ = zblriqr = ConSt;

reN

qéfl: ,H'“" - onTiManbHi 3HAYCHHS BUTPATH Ta THCKY Ha Buxoi i-i HC; b, . - e71eMeHT UKIOMaTHIHO

8bIXT 1ri

Matpuii B, [] ]; q,,ieE - Butpara Boau B i-if {y3i BOJONPOBIAHOT Mepexi; 7;,ieM - rixpaBinidHuii omip
(a)+ (a)++ iGL-

i-1 nimsaaxu CIIPB; hl.(r),ieM - mepenaj reoge3suunux Bucor i-i misnkm CIIPB; g, 7 .q,.. -

. . . + .
HWKHS 1 BEpXHs Mexi 3HaueHHs Butpatu depes HC, mo 3anexars Bin Benuuunn H ' @ h h , JEN -

8bIXi 7

Tuck y j-my Bysni CIIPB, Binnosinso ¢axruunuii ta MiHimManeHo nomycrumuid, H,,,H ;- ticku

rh>

BI/IMTOBIJTHO HA MOYATKY I-1 Ta B KiHII -1 AyTH.

4 MeToau BUpilIeHHA

Hany 3ajgady MOXKHA BHPIIINTH METOJAMU HEIIHIHHOIO MAaTEeMaTHYHOIO MPOrpaMyBaHHs YH
TOIIYKOBOT ONTMMi3aNii Ha 6a3i TifpaBIiYHOrO PO3PaXyHKY BOAONpPOBiAHOI Mepexi. Ii crnenudiuna
0COOJIMBICTh — AITOPUTMIYUHE 3aBAaHHS (QYHKIT METH.

3amicTh PO3B'I3aHHS CKIAIHOT 33729l MaTeMaTUIHOTO rnporpamyBaHHs (1)-(8) morineHO B 06MacTi
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(a)+ (@) (a) (a)++ @y ; .
ngzx[ (Heblx[) < nglxi < qebtxi (Heblxi)’l € L ! (9)

298, =>q" (10)
ieL jeN
@

8bIXT

[q(a) e L], y SIKif TicIis po3B'si3aHHS 3a7adi T1IpaBIiuHOrO PO3PaxXyHKY

LIYKaTH TaKy TOYKY (] oo 1
3HaueHHs kputepiro (1) HalimeHe.

(@) ——(a)

Sk mokazanu mpoBeneHI JOCTiHKEHHS, QYHKIIA CD[q H c.x |, iKa BU3HAYAETBCS BIJMOBIIHO JIO

6b1x 2

Bupasy (1), 3aBkau yHIMOAAJbHA 1 OmyKyia BHU3. L[ikaBOK BIACTUBICTIO IMi€l 3a7adi € Te, 1Mo QyHKITis
@|-| mosza momycTHMO 00acTIO HE BH3HAYeHa. Y IIbOMY BHIIAJIKY JOCTATHHO 3aMIHUTH 3HAYEHHS

MiTp0BOT (DYHKIIT B HEMPUIYCTUMHX TOYKAaX IyXKe BEIMKOI0 TO3UTHBHOIO BEIHMYHMHOIO, 1 BOHH
aBTOMATUYHO BIIKHAATUMYTHCA B TIPOIIEC MOMIYKY [5, 6].

Haiinpocrimmm MeTonoM po3B'sizaHHs 3a1a4i onTuMizalii motokoposnoniay B CIIPB e BunaakoBuit
momyk B obmacti (2. Jnms Mepexi, Ha SKy MpaIfoe ONMH aKTHBHUN €JEMEHT, PO3B'A3aHHS 3adadi
TipaBIidHOrO po3paxyHKy Oynme W ontuMaibHuM 3a kputepieMm (1). [Ipu poboTi Ha Mepexy ABOX
aKTUBHUX JDKEPEIT Taka 3a/1a4ya 3BOJIUTHCS 10 3a/1a4i OTHOBUMIPHOT IMMONIYKOBOI onrTuMizarii. 3a 61bInoi
KUTBKOCTI 3MIHHIX HEOOX1HO BUKOPHUCTOBYBATH METOIN OAraTOBUMIipHOI OITUMI3aIlii.

Jns nocnimkeHHs e)eKTUBHOCTI BUPILICHHS 331a4i onTuMizanii notokoposnoaiay B CITPB Oyxemo
BUKOPUCTOBYBAaTH TaKOX HaWOUIbII e(EeKTUBHI Ta MOIIUPEHI METOAM: MOKOOPAMHATHOTO CITYCKY;
CKaHyBaHHS 31 3MiHHUM KpPOKOM; nedopMoBaHOTo OaratorpanHuka Hemgepa-Mina; mpsiMOTo MOIITYKY
Xyka Ta [xuBca; PozenOpoka; Ilayemna [4,6,21]. Ockinbku (QyHKIliS METH 3aJlaHa aJlTOPUTMIYHO, HE
BJIA€THCSI OTPUMATH aHATITHYHI BHpa3u A il moxigHux. ToMy 3acTocyBaHHS METOJIIB OaraTOBUMIpHOT
onTUMi3aiii OLTBII BUCOKHUX TOPSIKIB HE YSBISETHCS MOKITUBUM.

5 Pe3yabTaTH 10CIiIKEHD

B skocti kputepiiB eQeKTHBHOCTI MpPH TOPIBHSAHHI WX METOMIB BHUKOPHUCTOBYBAIIUCS BHUTPATH
MAaIIMHHOTO Yacy, HEOOXIHOTO M JOCATHEHHS 301KHOCTI anropuTMiB, Ta obcsar mam'sti 1K, mo
3aiimaeThcesl. JlocmipKeHHs MPOBOAMIKCS Ha OCHOBI Mozedni peanbpHoi CIIPB, sixa cknamaerses 3 382 ayr
Mepexi Ta 10 akTuBHEX pKepen. [Ipu iMiTaniiHOMY MOJAETIOBaHHI KUIBKICTh CHUIBHO MPAIIOI0YUX Ha
BOJIONIPOBI/IHY MEpEKy aKTHBHUX jpKepen BapitoBanacs B Mexax 3 </ <10, BiamoBigHo KilbKiCTb
He3anexHuX 3Minaux [ —1.

3a o6csrom mam'sti [1K BiIMIHHOCTI BUSIBUJIMCS. HECYTTEBUMH. B OCHOBHOMY BOHM BH3HAUYarOTHCS
gyucaoM 3MiHHMX [ QyHKOI, 1m0 MiHiMi3yeTbes, TOmi AK s oOumMcieHHS (DyHKIiI MeTH
BUKOPHCTOBYIOTHCS MACUBH 3HAYHO OLIBINOI PO3MIipHOCTI.

Takum yrHOM, Oy/IeMO BBOKATH OCHOBHUM KpUTEPiii MiHIMyMy BUTpaT MAIIHHHOTO Yacy.

Meton ckaHyBaHHS 31 3MIHHMM KPOKOM HaHOLIbII MPOCTHH y peamizamii 1 J03BOJISIE IPU JOCUTH
TyCTOMY PO3TallyBaHHI JOCHIPKYBAaHUX TOYOK 3aBXKIM 3HAXOIUTH III0OaNbHHI ekcTpemyM. OHak,
HE3BaXKalO4YH Ha HOTO HAJIIHHICTh, BiH BUSBIISETHCS Hee(DEKTUBHIM Yepe3 HaJI3BUYaiHO BETMKY KiJIbKICTh
00YHCIIeHb (PYHKIII, 110 Pi3KO 3pOCTaE 31 30UIBIICHHSIM KUTLKOCTI 3MIHHHX.

Henonikom MeTomy MOKOOPAMHATHOTO CITYCKY € CYTTEBA 3aJIeXKHICTh HOTO MIBUAKOCTI 301’KHOCTI BijT
BHOOpPY cucTeMu KoopanHat. MeToxa nedopmMoBaHOro GararorpaHHUKa HEJAOCTaTHRO HaiitHUiL. Meton
Xyka Ta JIKvMBca Mpairoe Mo TrpedeHsx, HOro HEHOJIK IMOJAraE B TOMY, IO MOXKIHBA IEPernycTKa
rpebens. IcHyroTh ¥ iHIII METOAM MiHIMi3allii, AKi He MOTPeOyIOTh OOYMCICHHS TOXITHHUX IMTHOBOI
¢yHKIil. Ane OUIBIIICTh iX BUKOPHCTOBYE PI3HHUIEBI alpOKCHMAIlii MPUBATHUX MOXITHUX (QyHKITIH
f(x), T06TO, CYTHICHO € BapiaHTaAMH I'PaJi€EHTHUX METOIIB.

PesynbTary yricenbHOTO aHANI3Y PU POOOTI HA MEPEKY TPHOX AKTUBHUX JKEPEIN CBIIYATH PO TapHY
301KHICTh BCIX METOJIIB IPH BiIHOCHO HEBEJHKii KibkocTi iTepauiii (k <30). Meton aedopmMoBaHOro

OaraTorpaHHUKa JIEIIO TMOCTYMAETHCS IHIIMM MeToJaM. MeToJ TOKOOPIWHATHOTO CITYCKY HIBHIKO
30iraeThCsi Ha MEPIIOMY eTami BWU3HAYEHHsI HANpPSIMKY MiHIMi3alii, MmoTiM mpH poOOTI METOIB
OJTHOBUMIipHOi MiHiIMi3aLlii 32 HAIPSMOM HOro eEeKTUBHICTh 3HIKYEThCS. B mporeci aHaiisy B SKOCTI
NpOIIelypH MiHIMi3allii 32 HAPSIMOM BHKOPHCTOBYBAJIOCS KiJIbKa METOJIB (METOJ| 30JI0TOTO Mepepisy,
Mmetoa DiboHaudi, OOUUCIICHHST MiHIMyMY 3a JIOTIOMOTOI0 KBaJpaTUYHOI alpoKCcUMAaIlii 3 JIOKaJi3ali€eto
TOYKH MiHIMyMY, METOJ AMXOTOMii). YCi BOHM JAIOTh IPAKTUYHO OJAHAKOBY 301KHICTb.
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EdexTuBHIiCTS anropuTMiB onrtuMizariii motoxoposmnoaury B CIIPB 3amexuTs Bif po3MipHOCTI 3a1adi,
TOOTO Bix KimbkocTi [ —1 He3zanexHux 3MiHHHX. V JEAKHX 3 METOMIB, IO PO3MIISAIAIMCS, Ha KOXKHIii
iTeparii BUKOHY€EThCS JeKibKa o0urciaeHb ¢pyHKii. Y Tabn.1 HaBeJeHO KUTbKICTh 004YHcIeHb (QyHKIIIT,
HEOOXI1IHY JJIsl IOCSTHEHHS BIJIHOCHOT MOXMOKK o0urcieHHs, ska nopiBHIOE 0,005%, 1)1 pi3HOTO YnCia
3MIHHHX.

Tabauys 1.
Merton UYucio 3MIHHEX
2 5 9

[psamuit momyk Xyka i 23 136 230
JxuBca
IMokoopauHATHUH CITYCK 22 498 1000
HedopmoBanuii 29 1000 1000
OararorpanHuk Hennepa-Mina
Po3zenbpoxka 17 174 348
[Nayenna 18 209 303

IlepeBaru meromy Xyka ta /[>xuBca oueBuaHi. HaBiTh ipy 9 3MiHHUX BiH J1a€ MIJTKOM IPUHHATHY IS
NPaKTUYHUX [iIed MBHIKICTH 30DKHOCTI, TOAI SK TpU PoOOTI MeToay OaraTOrpaHHUKA, IO
nehopMyeThCs, HEOOXITHUN CTYIIHb TOYHOCTI He OyB mocsarHyTuid i mpu 1000 obuncieHHsX QyHKIiT
HaBITh A7 5 3MiHHUX. 301KHICTH METOy MMOKOOPAMHATHOTO CITYCKY 31 30UTBIIICHHSAM YHCIa 3MIHHUX
TaKoX Moripimyerbes. lle mop's3aHo 3 THM, IO Ha KOXHIM iTepaiii BiOYBa€ThCsi N 3BEPHEHB JI0
miAnporpamMu oOYKCICHHST MiHIMYMY (PYHKIII 32 HampsiMoM, sika Bumarae ao 10 oOuucneHb QyHKii
(xo4a KimBKiCTh iTepariii mim vac poboTu meronmiB Xyka i J[KuBca Ta MOKOOPAMHATHOTO CITYCKY
BIJIPI3HAETHCS HE3HAYHOIO MIpOI0).

VY Tabn.2 HaBeJIEHO KUIBKICTH iTepalliif, HeOOXITHUX JIS JAOCSATHEHHS 33JJaHOi TOYHOCTI 301KHOCTI
PO3TISTHYTUX AITOPUTMIB, TIPH PI3HOMY YHCIIi 3MIHHUX OIITUMI3allii.

Tabauys 2.
Merton Yucno 3MiHHUX
2 5
[psmuit momyk Xyka i JlxuBca 2-3 10-12
IToxoopauHATHUH CITYCK 2-3 10-12
JHedopmoBanuii 6ararorpanauk Hennepa-Mina 15-17 100
PozenOpoxka 2-3 10-15
[Mayenna 2-3 10-15

6 BucHoBkH

TakuM YMHOM, IIPHU BHPILIEHHI 3aJa4 ONTHMi3auii MOTOKOPO3MOAUTy B CHCTEMaX BOJONOCTaYaHHS
BEJIUKOI PO3MIPHOCTI (KUJIbKICTh aKTHBHUX JDKEPEJ, 110 MpamoiTh Ha Mepexy, 3 </ <10) naiibinbm
e(eKTHUBHUM 3a KpUTEPIsIMA BUTpAT MAaIIMHHOrO 4acy i oocsry nam'ati 11K, mo 3aiimaeTscs, € metox
npsiMOTO NOMIYKy Xyka i JlkuBca.

OTpumaHi pe3ysibTaTH JOLIJIBHO BHUKOPUCTOBYBATH Ui PO3pOOKM Ta eKCIUTyaTalii CHUCTeM
OIIEPAaTUBHOTO YIPaBIIiHHS TEXHOJIOTTYHUMU Ipouiecamu ¢yHkuionysanHs CIIPB Benukux mict, APM
JqucrieTdepis BoponposigHux mepexx, CAIIP cucrem BomomocTadaHHs AJisl BU3HAYCHHS ONTUMAaJIbHUX
pexxumiB pynkrionysanns CITIPB.
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Analysis of the effectiveness of flow distribution optimization methods in
water supply systems with a large number of pumping stations

Relevance. Currently, optimization methods for a small number of active sources working on the network have been studied.
However, when developing operational control systems for water supply systems (WSS) of large cities, one has to deal with a
large number of pumping stations (PS) simultaneously working to the network. The complexity of solving the problem of
optimization of flow distribution in WSS increases with the increase in the number of active sources working together, which
are variables of the optimization of the problem under consideration.

Goal. In the problem of operational control of the modes of operation of the WSS, the task of optimizing flow distribution in a
large-scale water supply network occupies an important place. The purpose of the task is to distribute the load (expenditure)
between the stations in such a way that, while ensuring the specified quality of water supply to all consumers, the minimum
amount of energy consumption at the pumping stations is achieved. The formulation of the problem, the methods of its solution
for the WSS of a large city, for which a large number of pumping stations work, are considered. It is necessary to conduct a
comparative analysis of the effectiveness of the use of various optimization methods to solve the problem of optimal load
distribution among a large number of pumping stations simultaneously working to the water supply system of the metropolis.
Research methods. This problem can be solved by methods of nonlinear mathematical programming or search optimization
based on the hydraulic calculation of the water supply network. Its specific feature is the algorithmic task of the goal function.
When working to a network of two active sources, this problem is reduced to a problem of one-dimensional search optimization.
With a larger number of variables, it is necessary to use methods of multidimensional optimization. The most effective and
common methods were used to study the effectiveness of solving the problem of flow distribution optimization in the WSS:
coordinate descent; scanning with a variable step; deformed Nelder-Mead polyhedron; Hook and Jeeves direct search;
Rosenbrock; Powell.

The results. The conducted research showed that the method of direct search of Hook and Jeeves was the most effective
according to the criteria of the minimum expenditure of computer time and the amount of computer memory.

Conclusions. It is advisable to use the obtained results for the development and operation of systems for the operational
management of the operation modes of the WSS of large cities, the control systems of dispatchers of water supply networks,
CAD of water supply systems to determine the optimal modes of operation of the WSS.

Keywords: mathematical model, water supply system, pump station, functioning, stream distribution, operational control,
criterion, method, efficiency.
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Bipryaaizanisi Mepex — miAXix 10 onTuMizanii KOMIT’IOTEPHUX MepPeK

Merta poboTu moJsrae B IOCTIKEHH] iCHYIOUMX METO/IIB ONTUMI3alii KOMII IOTEpHUX MEPEX 1 aHaji31 miAXoay BipTyamiszamii
Mepex K 3aco0y ontumizamii. O0’€KTOM pOoOOTH € MpoIec ONTUMI3allii KOMIT FOTEPHUX MEPEXK, a MPEIMETOM — MOJIEINI, METOAN
Ta iHpOpPMALiifHi TEXHOJIOTIi, SIKi 3aCTOCOBYIOTHCS [UISl ONITHMIi3allii MEepex.

MeTtoau DOCTiZKEHHSI: METOJM IMITAI[IfHOTO 1 MATEMATHYHOTO MOJICITIOBAHHS, METOJIHM ONTHMI3allii, MCTOAU YIPaBIIHHSA,
HEHPOMEPEIKEBI METO/IH.

VY pe3yabTati poOOTH MPOBEICHUH aHAaI3 MiAXO0IIB I METOIB ONTHMI3aIlii KOMIT I0TepHHUX Mepek. Cepell HUX BUAUICHI METOIH
onTUMi3amii TOMOJOTii MepeX, METOH HEINiHiiHOI onTuMi3amii mapameTpiB i QyHKIIOHANPHUX 3aJIeKHOCTEH, SKi OMUCYIOThH
MOBEMIHKY 1 CTaH Mepexi. 3a3HaueHo, IO TEPCIEKTUBHUM € BIPOBAHKEHHS METOMIB MAIIMHHOTO HABUAHHA y MOJENi
ONTUMI3alii KOMIT IOTEPHAX MEpeX depe3 iX 3JaTHICT JI0 y3arajJbHEHHS, KIacu(ikamii Ta MpOrHO3yBaHHSI MOXKJIMBHX 3MiHU B
CTPYKTYpi Mepexi Uil MoKpameHHA i egektuBHOCTI. OCHOBHa yBara MpHIiIeHa MiAXOMy BipTyauizarii, SKHH T03BOJIIE
abcTparyBaTHcs BiJ] TOMOJOTIT Mepexi, ONTHMI3yBaTH BUKOPUCTAHHS PECYPCiB, MOKPAIUTH OE3MeKy, CIIPOCTUTH KepyBaHHS Ta
3a0e3MeynTH BUCOKHI piBeHb JOCTYMHOCTI. Taki Mozeni MOKyTh OyTH a/laliTOBaHi 10 KOHKPETHHX BUMOT Ta oOMexeHb. Cepen
ICHYyIOYMX HamnpsIMKiB BIpTyaii3alil JeTajdbHO pO3MSIHYTI BipTyamisamiss (yHKIiH Mepexx, mH0oOyIoBa IPOrpamMHO-
KOH(QITypOBaHMX Mepex i Mepexi, BU3HAYCHI 3HAHHIMHU.

BHCHOBKH: 3alpOIIOHOBAHO MOEIHATH IMiAXiJ BipTyaji3amii 3 METoJaMi MallliHHOTO HaBUAHHSA, a caMe MoOyyBaTH MOJIENb
ONTUMI3alii MEepexi, IKa BU3HAYAETHCSl 3HAHHAMH, Ha OCHOBI Tpad)oBHX HEWPOHHHUX Mepex. Takuil miaXim JacTh MOXKIHUBICTE
MOETHATH CKIAJHUN B3a€MO3B 530K MiX TOIOJIOTIEI0, MAPIIPYTH3ALIEI0 Ta BXIMHUM TpadikoM Mepexi i OTpUMyBaTH TOYHI
OIIIHKU PO3TO/LTY 3aTPHMOK 1 BTpAT y MEPEXKi.

Knwuoei cnosa: xomn’romepri mepedici, onmumizayis mepessc, YIPAsLiHHA Mepedxcamu, sipmyanizayis, 2pa@osi HelpoHHi
Mepedici.

Sx muryBatu: 3an O. /1., Crpinens B. €., llImarkos C. 1., FOmenko B. C. Bipryamizariiiss Mepex —
T IX1]] 10 ONTHMI3aIlii KOMIT I0OTEPHUX MepexX. Bichuk Xapkiecbko2o HAYIOHATbHOSO YHIgepCUmMem) iMeHi
B.H. Kapaszina, cepia Mamemamuyne moolemosanns. Inghopmayitini mexnonocii. Asmomamuzosani
cucmemu ynpaeninns. 2024.sur. 61. C.33-43. https://doi.org/10.26565/2304-6201-2024-61-04

How to quote: Zats O.D., Strilets V.Y., Shmatkov S.I., Yuschenko V.S. “Networks virtualization as
an approach to optimization of computer networks.” Bulletin of V.N. Karazin Kharkiv National
University, series Mathematical modelling. Information technology. Automated control systems, vol. 61,
pp. 33-43, 2024. [In Ukrainian] https://doi.org/10.26565/2304-6201-2024-61-04

1 Beryn
Komr'toTepHi Mepeski cTajii HeBi/l’ EMHOIO YaCTHHOIO Cy4acHOTO CBITY. BOHM BUKOPHCTOBYIOTHCS JUIS
nepeaayi JaHuX, CIiIbHOI poOOTH, KOMYHIKalii Ta 3a0e3neueHHs AocTymy 10 iHTtepHety. LLIBuakuii
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PO3BHTOK TEXHOJIOTiM 1 3pocTaHHS OOCSTIB JaHUX, 30UIBIIEHHS BHUNAAKIB HeOaKaHWX BTpPydaHb
MPU3BOJATE A0 TOTO, IO ONTHMI3allis KOMIT'IOTEPHUX MEPEX CTa€ OiNbII aKTyalbHOIO Ta BayKIUBOIO
3a7avero.

OnTuMmizalliss Bifirpae BHpIMIaIbHY pPONh Y TOYHOMY HaJAmITyBaHHI MPOAYKTHBHOCTI MEpexi,
3MEHIIICHHI BIIMOB 1 3aXHCTi Big Kibep3arpo3. OnTuMizallis B KOMIT FOTEPHUX Mepekax HampsMiieHa Ha
MOKpAIlleHHS 3araibHOi TPOAYKTUBHOCTI, HaOifHOCTI Ta BHKOPHUCTaHHS MepexkeBHX pecypcis. Lle
nependadae 30amaHCyBaHHS Pi3HUX (PAKTOPIB, TAKUX AK MPOMYCKHA 3IaTHICTh, 3aTPUMKA, HMPOIYCKHA
3/IaTHICTH 1 9ac BIATYKY, 00 3abe3neunTn Oe3nepediitHy nepenady JaHuX 1 B3aEMOJIIIO0 3 KOPUCTYBadeM.

Onrtumizanisi KOMIT'IOTEPHHUX MEPEeK BHKOHYETbCS Uepe3 IMOEAHAHHS OHOBJICHb anapaTHOTO
3a0e3MeUeHHS, yJOCKOHAJICHHS TPOTrPaMHOT0 3a0e3NeUYeHHs Ta e()EeKTUBHOTO MPOSKTYBaHHS Mepex [1].

OpauM 13 MIXOAIB 0 ONTUMI3AIll i YIIPaBIIiHHSA MepeKaMu Iepenadi JaHux € BipTyamizamisa. Cam
TEpPMiH «BIpTyali3alis»» O3HA4Ya€ MOJMIIMBICTH aOCTparyBaHHSI BiJ] CEepBEpiB pealbHUX (Qi3HUHHX
KOMIIOHEHTIB (amapaTtHoro 3a0e3rnedeHHst), 1 3poOMTH IX MPUIATHUMHU IJis BUKOPUCTAHHS y (opmi
BIpTYyaJIbHHX pecypciB (mporpamuoro 3abesmnedenns) [2]. Bipryauizaiiist 103B0Jsie 0OMEXHUTH KUTbKICTh
amapaTHUX PECypciB, IO 3HAYHO CKOPOUYYE BUTPATH HA EKCIDIyaTallifo Ta o0ciyroByBaHHA. [loBHICTO
BiATBOpIOIOYHN (Pi3HUHY MEpEKy, BipTyallizalis Mepexi 03BOJIsIE€ 3aMyCKaTH MPOTpaMy y BipTyalbHIH
Mepexi, aHAIOTIYHIN Gi3udHId Mepexi, ane 3 OUTBIIMMHU eKCIUTyaTallifHIMK TiepeBaraMu Ta BciMa
nepeBaraMu HE3aJeKHOCTI BiJl THIIOBOTO alapaTHOro 3abe3neueHHs BipTyamisaiii [2].

MeTa poOOTH MOJIATAE B TOCITIHKCHHI ICHYFOUUX METOZIB ONTUMI3allii KOMIT FOTEPHUX MEPEK 1 aHai31
Cy4acHOTO MigXxomy BipTyamizamii Mepex sK 3aco0y ontumizamii. O0’ekToM poboTH € Tpolec
omnTUMi3alii KOMIT' FOTEPHUX MEpeX, a MPeIMETOM — MOJIENi, METOAH Ta iH(QOpMAIlifHI TEXHONOTI, sKi
3aCTOCOBYIOTBCS JJISI ONTUMI3aIlil MEpEex.

2 AHaJi3 miaxoAiB 10 onTUMi3alii KOMII’IOTEPHUX MEPeK

OnTuMi3arlis JOKaTbHOI KOMITHOTEPHOI MEpPEXi MOXKe BKIIOYaTH B ceOe pi3HI aCIeKTH, BKIFOYAI0YN
apxiTeKTypHi, anaparHi Ta IporpaMHi pillleHHS.

OnHUM 13 MIXOAIB € ONTUMI3AIls TOMOJOri KOMIT FoTepHuX Mepexk [3, 4, 5]. Tomosoriuna Moaesb
nokaneHOi Komm'toTepHoi Mepexi (LAN) ommcye (izmuHe po3TamryBaHHS Ta 3'€JHAHHS TPUCTPOIB Y
Mmepexi. Onrumizamist Torosnorii LAN Moxe BkIodaTH B cebe po3riisj pi3HUX (akTopiB, TaKUX SIK
MPOAYKTHBHICTh, HAIMHICTD, MaclITaOOBaHiCTh Ta Oe3neka. Bubip onTHManbHOI TOMOJIOTIT MOBHHEH
OyTH MATPUMAaHWH BiAMOBITHIMH HATAIITYBAaHHSIMU, allApaTHUMU PIIICHASIMHA Ta METOIaMH Oe3IeKH.

VY pobGori [3] mis BupimieHHS 3aBAaHb 3 ONTHMI3allii TOMOJIOTII, BH3HAYCHHS ONTHMAIbHUX
MapIpyTiB, 1 TOMy MOIIOHe, TOMOJOTis Mepexi npeacrasieHa y surisiai rpadpy G=(V,E), ne muoxnHa
BepuIMH V BiANOBiza€e By3idaM Mepexi, a MHOKMHA pedep E — kananmam. 3actocyBanHs Teopii rpadis
HaJa€ MOXIIMBICTh HPOBECTH JETaJbHE IOCIIUKEHHS MEpPEeKi, OXOIUTIOIOYH XapaKTEpPUCTHKU pedep
rpady, 3a IOMOMOTOI0 SIKUX MOKHA aHAII3yBaTH Ta BIUIMBATH Ha TaKi MOHSTTS SK: MPOIMYCKHA 3/IaTHICTh,
3aBaHTAXKEHICTh, YW 3aTPUMKH. SK Tinbku rpad Oyae BiAMOBIZATH TOMOJOTI] KOMIT IOTEPHOT Mepexi,
BUKOPHCTOBYIOTh METOJ] aHANI3y i€papXil, Uil JoCiHKeHHS eheKTUBHOCTI (Di3MIHOI CTPYKTYpH, 1 9n
3[aTHA BOHA 3a0e31euyBaTH 3aJOBUIbHAN PiBEHb SKOCTI HaIaHHSI MTOCIIYT.

Tamm mmigxomom go orntumizanii LAN € cTBopeHHs i qocimipkeHHs MmareMaTnaaux Mojenei LAN [4,
6]. MaTemaTi4yHa MOJIE/b ONTUMI3Allii JIOKATbHOT KOMIT'FOTEPHOT MEPEXi MOXKe OYTH JTOCUTh CKJIAIHOO
1 3QJIEKUTH BiJl KOHKPETHHX IiJieil Ta oOMexeHb. OCHOBHA MeTa TaKoi MOJIeN — MiHIMI3yBaTH NeBHUM
napamMeTp 4M (QYHKIIIO, Taki sSK: BapTiCTh, Yac 3aTPUMKH, ab0 CIIOKMBaHY €HEPriio, 3 ypaxyBaHHSIM
PI3HUX 3MIHHHX i OOMEKeHb Mepexi. Y poOoTi [4] 3anpornoHoBaHa MOJIEINb IPOSKTYBAHHS ONTHUMI3aLLil
MepexKi, 3aCHOBaHA Ha BCTAHOBJICHHI MaKCUMIi3allii HAAIHOCTI Mepexi 3a 3aJaHnX 0OMEKEeHb BapTOCTi.
A 'y po6ori [6] po3risiHyTa MoJIeIb GaraToKpUTepialibHOT ONTHMI3allii Ha KOMOIHATOPHIN KOHGIryparii
BY3IliB, sKa JIa€ MOXIIMBICTh ONTHUMI3yBaTH XapaKTEPHCTHUKH pPOOOTH KOMIT IOTEPHUX MEPExK
OaraTopiBHEBOI apXiTEKTYpH.

ITigxomu i3 BUKOPHCTAHHAM MOJEIEeH MallMHHOTO HaBuaHHs mast onTuMizartii LAN [7, 8] moxyTh
OyTH KOPUCHHMMH Il aBTOMATH3allii TPOIECIB MOHITOPHHTY Ta YIPABIIHHSI MEpPEXeH 3 METOI
HiJBUILEHHS 11 NPOAYKTUBHOCTI Ta HaAidHOCTI. Y poOoti [7] y3araspHeHi miaXoaw 1 TEXHOJOTIT
MAIIMHHOTO HAaBYaHHS, SIKi BAKOPHCTOBYIOTHCS AOCIIAHUKAMHU IS aHANi3Y, YIIPaBJIiHHS, MOHITOPHUHTY i
orrrumizamii Mepexx. Y pobori [8] Oyau po3riasHyTI METOAM MAIIWHHOTO HABYAHHS JUTS ITiIBHIIECHHS
MPOJYKTHBHOCTI Ta MacIITa0OBAHOCTI ATOPHTMIB MapIIpyTH3AILi1.

3 aHamizy JiTepaTypHHMX [DKEpes BHUIUIMBAE, IO iICHYIOTH 1 BUKOPHUCTOBYIOTHCS Pi3HI MigXOIu IO
VIIPaBIIiHHS 1 ONITUMI3aIlii KOMIT FOTEPHUX MEPEXK, SIKi BUPIIIYIOTh Pi3Hi 3aJ1a4i ONTUMI3aIlii: i IBUIIICHHS
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e(DEeKTUBHOCTI MEpEeX dUepe3 YIAOCKOHAJIEHHS TOIOJOTII, ONTUMI3aIls 1HPPACTPYKTypH MEPEXK,
ONTUMI3allisl MapIIpyTH3alii Ta iH. AJie 1[I MIX0AH HE MAITh MOXJIMBOCTI BIJATBOPUTH 1 JOCIHITUTH
¢iznuHy MOAeTbh MEpeKi, TOMY NMPONOHYETHCS PO3IIIIHYTH MiAXiA BipTyamizanii Ta HOro 3acToCcyBaHHS
IO OTITUMI3AIlil MEpexK.

3 HousaTTa BipTyatizauii mepex

Bipryamizaris sokanpHoi komm'torepaoi Mepexi (LAN) [9] moxke OyTv BaKJIMBUM KPOKOM LIS
OTITHMI3aIlii Ta YIPaBIIiHHS MEPEXKEI0 Y BETMKHUX OPTaHi3alisix a0 KOMITaHisX, Ie BAYKIMBO 3a0€3MeUnTH
BUCOKHH piBeHb e()eKTUBHOCTI, Oe3MeKH Ta TocTymHocTi. Bipryamizaniitna mogens LAN ckinagaerses 3.

— Bipryamizauii komytanii (Network Virtualization). Bukopucranus BipTyanbHUX iHTEepQeiiciB Ha
KOMYyTaropax, siki MOXYTh OyTHM IMpOrpamMHO HallalITOBaHI Ta ymnpaBuaTucs. lle mo3Boisie Jerko
MacImTadyBaTH MEPEXKY Ta HATAIITOBYBATH MapIIpyTH3AIIO s onTuMizamii Tpadiky. Posminenns LAN
Ha BipTyanbHi Mepexi (VLAN) i301t0€ pi3Hi Tpynu MPUCTPOIB Ta 3MEHIINUTH 3aTOPH.

— Bipryamizanii pecypciB (Resource Virtualization). BukopucrtanHs BipTyaldbHHUX CepBepiB Ta
00YHCITIOBATIBHUX PECYPCiB ISl ONTHMI3allii BUKOPUCTaHHS 00agHaHHs. BripoBamkeHHs BipTyanbHUX
MAaIlTiH J03BOJIAE€ S(hEKTUBHIIIEC PO3MOMUIATH OOYMCIIOBAIFHI 3aBHAHHSI Ta 3MCHIINTH BHUTpPATH Ha
o0agHaHHS.

— Bipryamizanii Oesnekn (Security Virtualization). MokHa BHKOPHUCTOBYBAaTH BipTyalbHi
¢aitepsonu, IDS/IPS cucremu Ta iHmI 3acoOu Oe3meku IJisi 3aXUCTy Mepexi Ta aaHux. [Ipu mpomy
JIOCTYTI JTO PECYPCIB Mepexi Moxe OyTH KepOBAaHUM Ta CIIOCTEPIraTHCS Ha PiBHI BIpTyaTbHUX MEPEXK Ta
CETMEHTIB.

— Bipryanizanii MoniTopuHry (Monitoring Virtualization). Bxitouae B cebe BUkopucTaHHS 3ac00iB
MOHITOPHHTY MEPEeXi, SIKi TO3BOJISIFOTH BiICTE)KYBaTH CTaH Ta MPOJYKTUBHICTH BipTyalbHUX PECYpCiB.
ABTOMaTH30BaHa CUCTEMa MOHITOPUHTY J03BOJISIE BYACHO BUSIBIIATH MPOOJIEMH Ta BXKUBATH 3aXO0HU JUISI
X BUpIIIeHHS.

— Bipryamizanii kepyBanHs (Management Virtualization). BukopucTaHHs LIEHTpPanti30BaHOTO
MporpaMHOro 3abe3NeyeHHs s KepyBaHHs Bcieto BipTyanbHOO LAN. Ilpu mpomy 3a0e3nedyeThbest
MOJKJIMBICTh aBTOMAaTH30BaHOT0 PO3TOPTaHH:, KOH(Irypallii Ta MOHITOPUHTY BIpTyalbHHUX PECypCIiB.

Bipryamizamis LAN 103Bojsie ONTHMI3yBaTH BHKOPUCTAHHS PECYPCIB, TOKPAIIUTHA OE3MeKy,
CIIPOCTUTH KEpyBaHHS Ta 3a0e3[eYWTH BUCOKHHA pIiBEHb MOCTYMHOCTI. Taka Momenp Moxe OyTh
ajlanToBaHa /0 KOHKPETHUX BUMOT Ta OOCTaBHMH BalllOi OpraHizaiiii.

4 MeTonoJoris Bipryamizamii mepesk

Bipryamizamiss Mepexx BHUKOHYEThCS y JABOX (opmax: 30BHIMHS i BHyTpimHsA. OOuasi dopmu
BIJIMOBIIAl0Th 1X PO3TAIllyBaHHIO 10 BiHOIIEHHIO JI0 cepBepa. 30BHINIHS BipTyati3allisi BAKOPHCTOBYE
KOMYTaTOpH, afantepu ado Mepexi uis 00’ eTHaHHS OJIHI€T UM KiTBKOX MEPEX Yy BipTyallbHI OJIUHMUIII.
BHyTpimHs BipTyanizaiis BUKOPUCTOBYE MepekeBi (QYHKIII B MPOrpaMHUX KOHTEHHEpax Ha OJHOMY
MEpeKEeBOMY CepBepi, IO J03BOJISE BIpTyalbHUM MalldHaM OOMIHIOBaTHCS JaHUMH Ha XOCTi 0e3
BUKOPHCTAHHSI 30BHIIIHBOI Mepexi [9].

Bun Bipryanizarii Mepesxi 3a3BU4aii BU3HAYA€THCS 32 IX BUKOPUCTAHHSM Y Pi3HUX CErMEHTaX Mepexi,
TaKHX K HeHTp 00poOku ganux, WAN abo LAN. [Iporpamuo-BuzHaueHa mepexa (SDN) mpusena 10
€BOJIIOLIIT BipTyasi3allii Mepexi eHTPiB 0OpOOKH JaHMX, a MOsBa MPOTrPaMHO-BHU3HAYEHOI MI00ATBLHOT
Mmepexi (SD-WAN) 3pobuna pesomonito y Bipryamizanii WAN. Toxi six BipTyamnizamisi JOKanbHOL
mepexi LAN HeoOxiTHa T IIpHuEMCTBaMH, SIKi BIIPOBA/KYIOTH IPOTPaMHO BU3HAYEHY JIOKAIBHY MEPEKY
(SD-LAN) mutst TIOKpartieHHs OTeparlii.

PosrnsHeMo pi3Hi HaNpsSMKY BipTyauizalii, siki MOKYTh OyTH KOPUCHUMH ISl ONITHMI3aLlii MEpexK.

4.1 Bipryanizauis pyHkuii Mepe:xi

Bipryamizauis ¢ynkuii mepexi [10] (network function virtualization — NFV) e konuemnuieto
MEpeKeBOI apxXiTeKTypH, B SIKIiH 3a JOMOMOIor0 BipTyaji3amii 3aMiHIOIOTbCS (YHKLIT MepexeBUX
npucTpoiB. TexHoJoris BipTyamizamii MepekeBUX (YHKIIH MoeqHye (QYHKIIT TaKMX MEpEeKeBUX
NPUCTPOIB, K OpaHaMayepH, OamaHCYBATBHUKN HAaBAaHTAXKEHHS 1 aHai3aTopu Tpadiky, 110 NpaIforoTh
pasoM sl MiABUILEHHS TPOIYKTUBHOCTI MEPEXi.

Apxitekrypa NFV ckianaerbcest 3 TphOX YaCTHH:
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— IeHTpaji3oBaHa iH(pacTpykTypa BipTyanbHoi Mepexi (NFVI): indpactpykrypa NFV Moxe
OazyBartucs abo Ha 1aTdopMi KepyBaHHS KOHTEHHEPOM, ab0 Ha TiNepBi3opi, SIKUi adCTparye CXOBHIIIE,
00YHCITIOBAJIbHI, Ta MEPEXKEBI PECYPCH.

— mporpamHi nomatku abo ¢yHkuii BipryamizoBaHoi mepexi (VNF): mporpamue 3abesmnedeHHs
3aMiHIOE amapaTHi KOMIIOHEHTH TPaWLiHHOI MepekeBOl apXiTeKTypH Uil HaJaHHS Pi3HUX THIIIB
MepexkeBuX (PYHKITIH (BipTyani30BaHUX MEpPEKEBHUX (YHKIIIN).

— (peiimBopk (dacto Bigomuit sk MANO — ynipaBiiHHS, aBTOMATH3aIlis Ta MEPEXKEBA OPKECTPOBKA)
HEOOX1MHUH 17151 KepyBaHHs 1H(PPACTPYKTYPOIO Ta HaJaHHSI MEPEKEBUX (PYHKIIIHN.

IIepeBaru NFV:

— JIO3BOJISIE THYYKO Ta TWHAMIYHO HA/IaBaTH HOBI MOCIYTH, CKOPOTHBIIH IPH [IHOMY KaITliTaJdbHI Ta
OTIEpAITiifHI BUTPATH;

— 3amiHa oONagHAaHHS Ha CTAHJAPTHU30BaHI CEpBEpHM Ta MEpEKeBI KOMIIOHEHTH HE IPHUB’S3y€
OTIEPATOPIB IO TOCTAYATHLHUKIB 00JIaTHAHHS;

— 3HHWXKYE OllepaliiiHi BATPATH 32 PaxyHOK CIPOIICHHS MOHITOPUHTY Ta aAMIHICTpYBaHHS Ollepaiii
(Bci MepeskeBi (DyHKIIT NEPEHOCTHCS B €MHY BIpTyalli3oBaHy iHQPACTPYKTYPY);

— MIBHJKE MiJKIIOUCHHS HOBUX KOPUCTYBAUiB 10 MEPEKi;

— okymnae iHQpacTpyKTypy TeIeKOMYHIKalliHHUX KOMIIaHiH.

Ha puc. 1 306pakeHo mopiBHAHHSA TpaauiiitHoi Mepexi i3 NFV mepexero.

TpaauuiiHa Mepexa Mepexa 3 NFV
3azanbrodocmynmu, Mpusamsui 1P- 3seanbHodocmynHul, TMpusamsud IP-
IP-cepeic cepeic IP-cepeic cepsic
e MocmayansHuK mEmmmmmmn o] Mepemuray MocmayansHuk

——= 1 Openflow

OCHOBHMIT MaPLUPYTU3ETOR [ — Mapmp)’mf&aTop Ha
St BIPTYanbHiN MaLwWHI

| 2+« | Konvpons / OprecTpauin

EEEN mmmm | NC 3amoeHUK 3amoeHUK

EEEN mmmm | NIC
K-~
Si:g MapupyTuszatop

KopriopamueHa
Mepexa
KopnopamueHa
Mepexa
Pigsse Piszss Pizase Pigzss
nepeaavi KOHTPONK nepeaavl KOHTpONKO

(Data plane) (Control plane) (Data plane) (Control plane)

Pucynox 1. Ilopieusanna mpaouyitinoi mepesici iz NFV mepesicero

OcnoBHa BijiMiHHICTE Mepexi NFV nossirae B ToMy, 1110 Ha CTOPOHI cepBic MpoBaiaepy, 3HAXOAUTHCS
HE OJIH MapIIpyTHU3aTOp, a BIpTyallbHI Ta (i3UYHI IPUCTPOI, SAKI MOKYTh JUHAMIYHO BU3HAYATH LIISX
NPU3HAYEHHsS IaKeTy, TOMY Ha CTOPOHI KOpHCTyBada BIJICYTHI MaplIpyTH3aTOpH, aJpKe MaKeTH
HaAXOASTh HANPSIMY IO KiHIEBHUX IPUCTPOIB.

4.2 TIporpamHo-KOH(pirypoBana mepexa

[Iporpamuo-konpirypoBana mepexa (Software-defined Networking — SDN) — ne miaxin 10 mepex,
KU BUKOPUCTOBYE TPOTPaMHI KOHTPOJIEPH, IO MOXYTh KepyBaTHCs iHTepdeicaMu MPUKIAIHOTO
nporpamyBanHsi (API) ans 3B’s3Ky 3 anmapaTHOro iH(PACTPYKTYpOIO JJIsl CHIPSIMyBaHHS MEPEKEBOTO
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Tpadiky. BukopuctoByrounm mnporpamHe 3a0e3NedeHHS, MOXKHA CTBOPHUTH Ta KEpyBaTH HH3KOIO
BIpTyaJIbHUX HaKJIaJeHUX MEPEeX, SKi MPaIioI0Th y OeAHAHH] 3 (hi3muHOI0 6a30BOI0 Mepekero. Mepexi
SDN nponoHyIOTh MOTEHIiaN AjIsl JOCTaBKH CEPEAOBHIL MPOTPAMHHX 3aCTOCYHKIB y BUTIISAL KOAY Ta
MiHIMi3aIlii IPaKTHYHOTO Yacy, HeOOXiHOTO /st KepyBaHHs Mepexero [12].

Y SDN mnporpamae 3a0e3ledeHHs BiIOKPEMJICHO BiI amapaTHOTO 3abe3medeHHsI. Mepeska SDN
CKJIaJa€ThCs i3 IBOX IUIOMIMH: TUIOIIMHY KepyBaHHs Ta IUIOIIUHY JaHuX. [loniHa kepyBaHHs BU3HAUAE
KyAW HajcwiaTH Tpadik mporpamMHOMY 3a0e3leueHHI0, B TOM 4Yac KOJHW IUIOIIMHA JaHWX (pakTHIHO
nepecuiae Tpadik B anapatHe 3abe3nedeHHs. Lle mo3Bomsie MepexeBUM aAMiHICTpaTopaM MporpaMyBaTH
Ta KepyBaTH BCi€ MEPEKEIO 3 OJIHIET TOUKH, a HE Bifl IPUCTPOIO O MPUCTPOIO.

Tunoa apxitektypa SDN (puc. 2) ckiagaeTbes i3 TPbOX YaCTHH, SIKI MOKYTh OYTH PO3TalllOBaHi B
pi3HEX (DI3UIHUX MICIAX, Ta IBOX iHTEp(EHCiB.

SDN pogatok SDN pogatok SDN pgogatok SLA
z ‘ SDN riorika SOAaTKIE 1 ( SDN riorika 4oaaTkis l [ SDN fiorika 4oaaTKis ] EOHIDAKIN
° < s 4 " = =
g ‘ NBI apaiisep 1 { NBI gpansep 1 [ NBI gpaisep ]
2 L ) J )
al & = —®
o o = SN0 IS ' * L g
z o 3 §‘ ~a—e= SDN MigHiuHi iHTepcheiicu (NBIs)=——s
§ E = 5 Fras ' i 4 MuoxwuHHi NBIS Ha
3 z DTS ¥ e i3HWX WMpoTaX i
e = |5 g SDN kouTpdnaep ' -~ Eo=r0Ta':: i -
= BuzHauUeHHA l NBI AreHT ] s
-] IHCTPYMEHTIB, \ z
a! A e -y '5
] CTaTUCTVK | NOAiN - - 2
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MBOCTEN : 4
- ’ \ -
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’ \
E e
- EnemMeHTH Mepexi EnemeHTH Mepexi
=
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5 y y
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=]
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Pucynox 2. 3acanvna apximexmypa SDN

IIpoepamu SDN — 1ie iporpamu, siKi sSIBHO, IIPSIMO Ta TPOTPaMHO MepPeIaloTh CBOT BUMOTH JIO MEPEKi
Ta 6axxaHoi MepexeBoi noeAiHku KoHTpoepy SDN uepes niBHiuamit inTepdeiic (NBI). Kpim Toro, Bonu
MOXYTh BUKOPHCTOBYBATH aOCTpaKTHE YSBJICHHS PO MEPEXY JUIsl CBOTX BHYTPILIHIX IUJIEH MPHUHATTS
pimens. [Iporpama SDN cknanaerbest 3 onHiel noriku nporpamu SDN 1 0JjHOTO 200 KiIbKOX JIpaiiBepiB
NBI IIporpamu SDN MOXyTb cami HajaBaTH iHIIMHA PiBeHb aOCTPAKTHOTO MEPEKEBOTO KOHTPOIIIO,
TaKUM YUHOM IIPONOHYI04YH o1uH abo Oinbme NBI Bumioro piBHs yepe3 BianosinHux arentis NBIL

Koumponep SDN — 11e JNOTi4HO-IIEHTPaJi30BaHUi 00’€KT, SIKAH BiJIIIOBiJa€e 3a MepeKiiaj BUMOT i3
npukiagHoro piBHs SDN 1o mumixiB manux SDN 1 Hamanus gogatkam SDN - aGcrpakTHOTO
NpEeACTaBICHH MEpexi (SIKe MOXKe BKIIOYATH CTaTHUCTUKY Ta nofil) . Kontponep SDN ckinamaeTses 3
onmHOro abo Kimbkox areHtiB NBI, soriku kepyBanus SDN i npaiiBepa iHTepdeiicy kepyBaHHS J0
wiomuHn Aanux (CDPI). Xoya Bu3HAUeHHS, K JIOTIYHO-IIEHTPAIII30BAHOTO 00’ €KTa He TiepeadaJac i He
BUKJIIOUAE TaKUX JeTajeld peanizamii sk: 00’€JHaHHS KUIBKOX KOHTPOJEpIB; ie€papxiuHe 3’€JIHaHHA
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KOHTPOJIEPIB; iHTEepdeiicH 3B’ 3Ky MK KOHTPOJIEpaMHU, a TAaKOXK BIpTyali3allis Yd Hapi3ka MEPEKEBUX
pecypcis.

Mepeoicesi npucmpoi OTpUMYIOTH iH(GOPMALIIIO BiJ KOHTPOJIEPIB PO T€, KyAH NEPEMICTUTH JaHi.

Iumepdpetic Control to Data-Plane Interface (CDPI) — 1ie inrepdeiic, Bu3HaYeHHH MiX KOHTPOJIEPOM
1 MEpeXEBUMH MIPUCTPOSIMH, SIKWH 3a0e3mnedye: mporpaMHe KepyBaHHs BCiMa OTepallisiMu IepecriiaHHs,
OTOJIOIICHHS TPO MOXKIIMBOCTI, CTATUCTUYHI 3BiTH Ta IMOBIIOMJICHHS PO MOIi1.

Hieniunut inmepgpetic (NBI) — ue inrepdeiic, BU3HaYeHNIT MDK HOAATKAMHU i KOHTPOIEPAMH, SKi
3a3BMYall HaJarOTh aOCTPaKTHI MEpEeXKeBI INpEACTaBICHHA Ta 3a0e3NedyloTh MpsiMe BHUPAKCHHS
MepeKeBO1 MOBEIIHKH Ta BUMOT.

®i3uuni a00 BipTyanbHi MepekeBi MPUCTPOl (PaKTUIHO NEPEMILIYIOTh 1aHi Yepe3 Mepexy. Y IesKux
BUTAJKaX BIpTyalbHI KOMYTaTOpH, $Ki MOXyTh OyTm BOymoBaHi B mporpamHe abo amapaTHe
3abe3neyeHHs1, 0epyTh Ha cede 000B’SI3KU PI3UUHUX KOMYTATOPIB 1 00’ €IHYIOTH iXHi (YHKIIi B € AMHUHA
IHTENeKTyallbHI KoMyTaTtop. KomyTaTop mnepeBipse WUTICHICTh SK TAaKETiB JaHUX, TaK i Micub
NpU3HAYECHHS BipTyaJIbHOT MAIIMHH Ta TIEPEMIIye MaKeTH.

IcaytoTs pizHi Mogeni SDN:

— Open SDN: MepexeBi aaMiHiCTpaTOpy BUKOPHCTOBYIOTH Takui mpoTokod, sik OpenFlow, mo6
KepyBaTH MOBEAIHKOIO BipTyalbHUX 1 (PI3UYHUX KOMYTATOPIiB Ha PiBHI TaHUX.

— SDN uepe3 API: 3amicth BUKOpHCTaHHS BiAKPUTOTO TPOTOKONY IHTEpPQEHcH MPUKIAIHOTO
IporpaMyBaHHs KOHTPOIIOIOT, K JIaHI MEPeMIIIyIOTECS Yepe3 MepexKy Ha KO)KHOMY IPHCTPOI.

— Mogens SDN Overlay. [Hmui Tim nporpaMHO BU3HAYEHOT MepeXi 3aITyCKae BipTyaabHy MEPExy
MOBEPX iCHYIOYOi amapaTHOi iHQPaCTPYKTYpH, CTBOPIOIOYN AWHAMIYHI TYHENi IO Pi3HUX JIOKAIBHUX 1
BiJIalieHUX IIEHTPiB 00poOKH JaHuX. BipTyanabpHa Mepexa po3noisisie MPOMyCKHY 31aTHICTh IS Pi3HUX
KaHaJIiB 1 MpU3HaYa€e MPUCTPOI AJIsl KOKHOTO KaHaITy, 3JIMIIal0dH (i3nYHY MEPEXy HEJJOTOPKAHOIO.

— Hybrid SDN: 1151 Mogens moeaHye IporpaMHO BU3HAYCHY MEPEXKY 3 TPAAUIIHHAMHU MEePEKESBUMHU
MPOTOKOJIAMH B OJHOMY CEPEIOBHIII TSl MTATPUMKHY Pi3HUX QYHKIIHA y Mepexi. CTaHIapTHI MepekeBi
MPOTOKONM TMPOAOBXKYIOTh CHPSAMOBYBaTH dYacTHHY Tpadiky, Tomi sik SDN Oepe Ha cebe
BIJINIOBIIaJIBHICTD 3a 1HIINH Tpadik, J03BOJISIOUH MEPESIKEBUM aMiHICTpaTOpaM noeTarnHo BBoautu SDN
y 3acTapijie CepeOBHIIE.

KirouoBa BigminaicTh Mk SDN 1 TpaaumiiiHOIO Mepekero moisrae B iHdpacTpykrypi: SDN
0a3yeTbesi HA MPOrpaMHOMY 3a0e3MedeHHi, TOAl SK TpaaulliiiHa Mepexka 0a3yeTbcsi Ha amnapaTHOMY
3abe3neueHHi. OCKUIBKM IUIOIIMHA KepyBaHHS Oa3yeThCcsi Ha mporpamMHoMy 3abesnedeHHi, SDN e
HabaraTo rHYYKIlINM, HiK TpaauiiiiHa Mepexa. Lle mo3Bomsie agMiHicTpaTopaM KOHTPOIIOBATH MEPEKY,
3MIHIOBaTH MapaMeTpH KOH]Iryparii, HaJaBaTy pecypcu Ta 30UIbIIYBaTH NPOITYCKHY 3/1aTHICTh Mepexi
— 1 Bce 1Ie uepe3 eHTpaizoBanuil inTepdeiic kopuctyBaua 0e3 J01aBaHHsI JOAATKOBOTO O0JIaIHAHHSI.

IcHyIOTH Tako BigMiHHOCTI B Oe3meri Mk SDN i TpamumiiiHuMu Mepexamu. 3aBIsKH OLTbIIii
BUAMMOCTI Ta MOXJIHMBOCTI BM3Ha4datu Oesmeuni nuiixu, SDN mpomonye kpamty Oesnexy OaraTbma
cnocobamu. OJlHAK, OCKUNBKH IPOTPaMHO BH3HA4YEHI MeEpeXi BHUKOPUCTOBYIOTH IEHTPai30BaHUIA
KOHTpoJiep, Oe3reka KOHTpoJiepa Ma€e BHUpIIIATbHE 3HAYEHHS JUIsSl MIATPUMKH Oe3MeYHOi Mepexi, 1 11e
€IMHUH BY30J1 IO TIPEJICTABIISAE OTEHIiiTHY Bpa3nuBicTe SDN.

4.3 Mepexa, BU3HaYeHAa 3HAHHIMH

Mepexa, BusHaueHa 3HanHsMu (Knowledge-Defined Networking — KDN) [13] — me posiupena
Bepcist SDN, sika poOUTH KPOK BIIEpe/l, BiIOKPEMITIOIOUH TUIONIMHY KePYBaHHS BiJl JIOTIKW KEpyBaHHS Ta
BBOJISTYM HOBY IUIONIMHY, SIKa HA3UBAETHCS IUIOMIMHOIO 3HAHB, BIJOKPEMJICHOIO BiJl JIOTIKH KepyBaHHS
JUTsI TeHepYBaHHS 3HaHb Ha OCHOBI JJAHMX, 310paHuX 13 Mepexi.

Mepesxa, BusHayena 3HaHHAME (KDN) — 11e KOoHIIeisi BUKOpUCTaHHS 1H(popMaii 11 reHepyBaHHs
3HaHb 3a JOTIOMOrOK0 MO/Ie/IeH MAIIMHHOTO HaBYaHHsS a00 Mojeliell Ha OCHOBI MpaBuII, 1 BiIIOBIIHO JI0
[UX 3HaHb NPUHMAIOTHCS] MEPEKEB1 PIILICHHS.

KDN cknagaeTses i3 ’ITH OCHOBHHX IUIOLIMH. BIOK-cXeMa BHCOKOTO PiBHA apXiTeKTypH MOKa3aHa
Ha puc. 3.
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Pucynox 3. Cxema sucoxoeo pieus apximexmypu KDN

Inowuna 3nans CKIIANAETHCS 3 TPHOX MIAPIBHIB:

— IUIOmMHA TeHepamii 3HaHp — TeHepye€ 3HAaHHA 3 BUKOPUCTaHHAM JaHuX/iHopmamii 3a
JTIOTIOMOTO0 METO/IiB HAa OCHOBI €BPUCTHYHOI MOJIEi a00 METO/[iB MAIIMHHOTO HABYAHHS;

—  IUIOIIMHA KOMIIO3WILIi 3HaHb — KOMIIOHYE 3T€HEpOBaHI 3HAHHS Ta yHiBepcalbHi 3HaHHS, 3a
JIOTIOMOTOI0 peIaKTopa OHTOJIOTIT, AJISl CTBOPEHHS CKJIQJICHUX 3HaHb, SIKi MOXKHA BUKOPUCTOBYBATH IS
CTBOPEHHS IIPABWII IIUISIXOM Y3TO/DKSHHS 3 HAMipaMH KOPHCTyBaua,

—  IUTONIMHA PO3MOJLTY Ta yIPaBIiHAS 3HAHHSAMH — 30epirac 3HaHHS Ta MMPABUIIA 3 BUKOPHUCTAHHIM
0a3u 3HaHb.

Inowuna ynpaeninns npaioe napaieiabHo 3 koHTpoiaepom KDN i Biamosigae 3a: 30ip mporieciB i
nanux/iHpopMmaiii 3 MepexeBUX MPUCTPOIB, MOHITOPHHI CTaHy MEpPEKEBOTO TMPHUCTPOIO Ta
HaJIAIITyBaHHS MEPEKEBOTO TIPHCTPOIO.

ITnowuna Oanux CKIAAAETHCS 3 TPUCTPOIB MEPECUIIAHHS, SIKi MOXYTh 30epiratu, mepecunaatu adbo
00poOIISTH JaHi BIAMOBITHO O MPaBUII MOTOKY, HAIICIAHUX IUIONMHOW KepyBaHHs. Y KDN mmiommHa
JaHUX TOTPiOHA U HaCWIIAHHSA IaHHUX, 3alIUTYBAaHUX IUIOMIMHAME YIIPABIiHHS Ta KOHTPOIIIO.

Inowuna koHmpo0 CKIATAETHCS 3 OJHOTO 200 AEeKITEKOX KOHTpoJepiB SDN Ha 0CHOBI apXiTeKTypH
Ta BIJNOBiAa€ 3a HAACWIAHHS TPABWI MOTOKY, MPaBUJI KOHTPOIIO JOCTYIY, MpPaBWJI TpiopUTH3aALi]
Tpadiky Ha ocHOBI QOS TOIIO J0 TUIOIIUHHU JTaHUX.

Inowuna oooamxis 3adbe3neuye miatGopmy s MEPEKEBUX JIOIATKIB IS Tiepeaadi BUMOT 0a30Biit
MepexeBill iHGpacTpykTypi. Lle Tako 103BONSE MepeKeBUM aJMIiHICTpaTopaM LEeHTPalli30BaHO
BU3HAYATH MEPEXKEBI MONITUKY, crienn(ivHi s JOAATKIB, 1 BU3HAYATH MOJTITHKYA KOHDITypalii Mepexi,
SIK1 OLITBIN Y3TOKeHi 3 Oi3HeC-TI0TpedaMu Ta MUITMU BUCOKOTO PiBHS, JIe JIOTiKa IPOTPAMH BiTOKpeMIIeHa
BiJ] arlapaTHOTO 3a0e3MeueHHS.

5 OnTumizaniss Mepexi 3 BUKOPUCTAHHAM BipTyaJizauii

PosrnsHeMo miaxim mo omnrTumizaiii KOMITIOTEpHOI MepeXi B KOHTEKCTI IMapajiirMH Mepexi,
Bru3HavyeHoto 3HaHHAMHU (KDN). ¥V Takomy BUMaaky MpUITyCKaeThes, IO IUIOMIMHA KEPYBaHHA OTPUMYE
MIOCTilHI OHOBIIEHHSI CTaHy Mepexi (Hampukia, qafi Tpadiky, TOKa3HUKHU 3aTpuMKH ). [lokasHukH cTany
Mepexi MOXHa (OpMyBaTH 3a AOINOMOTOIO0 «3BHUYaWHUX» METOMIB BUMIipIOBaHHS Ha ocHOBI SDN. VY
IUTOLIMHI 3HAHb € ONITUMI3aTOP, KMl BU3HAYAETHCS 33JAHOI0 HITHOBOK PYHKIII€rO (MOTITHKOIO) (pHc. 4).
I momiTrka, BIAMOBIIHO 10 MEPEX HA OCHOBI 3HaHb, MOXKE OyTH BU3HAYCHA JICKJIAPATHBHOI MOBOIO,
Hanpukiag NEMO [14], i npeacraBieHa y BUTJIsIII 0araTomijboBOl 3a1a4i ONTHMI3AIlT MEpeKi.

Touna mMepeskeBa MOJIENIb MOXKE MaTH TOJIOBHY POJIb il Yyac ontuMmizauii. BukopuctoBytoTs ii ams
iHiIiaITi3aIii aIlrTOPUTMIB, SIKi ITEpAaTHBHO BU3HAYAIOTH €()EKTUBHICTH MTOOYIOBAHUX PIillIeHb, 1100 3HAUTH
Halkpaly KoHQirypamito Mepexy. 3a MexXaMu apXiTeKTypH MepeKi, BA3HAYCHOI 3HAHHSAMH, HABMUCHO
3aJIMILAIOTh €Tall HaBYaHHS. B Takux BUMmagkax MepexeBa MoJielib TOBUHHA B1JINOBIJaTH ABOM OCHOBHUM
BUMOTaM: 3a0e3ledyyBaTH TOYHICTh PEe3yNbTaTiB Ta MaTH HHU3bKY OOYHCIIOBAJIBHY CKIQJIHICTH, IO
JIO3BOJIUTH OINTHUMI3aToOpaM MEpeXi 3HAXOJHMTH PIlICHHS 3a KOPOTKI MpOMiKKK dYacy. Kpim Toro,
ONTUMI3aTOpaM BaXXJIMBO MAaTH JOCTATHIO THYYKICTh JUIsI MOJCNIOBAHHS CLEHApiiB «SIKIIO-TO», fKi
MOXKYTh BPaXOBYBaTH Pi3HiI CXeMHU MapIIpyTH3allil, 3MiHU B TOIOJIOTI] Ta Bapiaiii B JaHuX Tpadiky.
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Pucynox 4. Mooenv onmumizayis mepedxci na ochosi KDN

VY TaknxX BUMAAKax Ui CTBOPEHHS MOJENEH MepeX, BH3HAUEHHX 3HAHHSIMH, 3BEPTAIOTHCS [0
MaIIMHHOTO HAaBYaHHS, a caMe BHKOPUCTOBYIOTH rpadosi HeliponHi Mepexi (Graph Neural Network,
GNN) [15]. Mozeni GNN 31aTHi eeKTHBHO MPAIIOBATH Ta y3arajJbHIOBATH CEPEIOBHUIIA, IPEICTABICH]
y BUTIIsLAL TpadiB.

V pobori [16] npencraBmena rpadoBa HeliponHa Mmepeska RouteNet, moOymoBana Ha OCHOBI
HEHPOHHMX MEPEX Iepeadi MOBiJOMIICHb, 3/IaTHA TOMIMPIOBATH OYIb-IKy CXeMy MapIIpyTH3allil 1o
TOTIOJNIOTII Mepexki Ta abcTparyBaTH 3HA4yIly iH(poOpMaIlilo mpo MOTOYHUM craH Mepexi. Ha puc. 5
MOKAa3aHO CXeMaTUIHEe 300pakeHHs Mojieni HelipoHHo1 Mepexi RouteNet.

Tononoria —»
[aHi Tpadixy —»|
Cxema maplupytuaaui—»

Mogens lpacposoi | +n0kia3HHKM ehexTUBHOCTI
Helporxol Mepexi (3aTpUMEM, D¥UTTEpU)

Pucynox 5. Cxema RouteNet

RouteNet npuiiMae sk BXiHI JaHi 33/1aHy TOIOJIOTIIO, CXeMY MapIIpyTH3allii, JUKepesIo-TIpH3HAYEHHS
(ToOTO 3B’SI3KM MK KiHIIEBUMH TOYKAMH, IIJISIXaMH Ta MMOCWIAHHSIMHM) 1 MATPUIIO Tpadiky (BU3HAYEHY
SK TMPOIMYCKHAa 3JIaTHICTh MK KOXKHOIO Tapolo BY3JiB y Mepexi). | Ha BHXOAl Hajae MOKAa3HUKU
MPOAYKTUBHOCTI BiJIMOBIMHO JO0 TOTOYHOTO CTaHy MepeXi (Hampukiala, 3aTpUMKH Ha MUIAX abo
TpemTiHHA curHaiy). s mporo RouteNet BukopucToBye BEeKTOPH 3 (PiKCOBAHOI PO3MIPHICTIO, SIKi
KOJAYIOTh CTaHM NUISAXiB 1 MOCWIaHb 1 TepenaroTh iHGOpMalilo MK HAMH BIAMOBITHO J0 CXEMH
MapIIpyTH3allii.

Takum 4nHOM, JUIS TOAAJIBIINX TOCHIIKEHB 1 MOOYI0BH MOJIEIIeH ONTHUMI3allil KOMIT IOTEPHUX MEPEK
Oynu oOpani rpadoBi HEHPOHHI Mepexi, sIKi 3]aTHI PO3YMITH CKIIJIHUI B3a€MO3B’ I30K MK TOTIOJIOTIETO,
MapHIpyTU3aIi€l0 Ta BXiTHAM TpadikoM Mepexi i OTpUMYBATH TOYHI OIIHKH PO3MOALTY 3aTPUMOK i
BTpaT JJIsl KOJKHOTO JDKepesa/aipecara.

6 BucHoBKkH

PosrnsnyBIn migxonu BipTyanizawii Mepex MoxkHa 3poouTy BHCHOBOK, o NFV, SDN ta KDN €
BaYUIMBUMHM IHHOBAIlisIMH, SKi 3HAYHO TiJBHUINYIOTh ©(OEKTHBHICTE MEpPEeXEBHX I1HPPACTPYKTYP
MOPIBHSIHO 3 TPAJUIIHHIMH METOJIAMH.

Tpaguiiifina Mepeka € HaHCTapillMM IMIIX0A0M JO poOOTH B MEpeXki Ta Mependadae pydHe
HaJIAIITyBaHHs Ta KepyBaHHS npucTposiMu. Lleit MeTon mepekeBrX 3B’s3KiB OyB MOLIMPEHHUM 13 CAMOTO
MOYaTKy CTBOPEHHS MEPEX 1 I0CI IEpeBAKAE B CYTaCHUX MEpekax 3B SI3KY.

SDN — 1e HOBITHI¥M MigXil, SIKAH BiIOKPEMIIIOE IUIONIMHY KEPYBaHHS BiJ IUIONIMHH JaHUX 1
3abe3neyye OiNbLIy THYYKICTH y NpoeKkTyBaHHI Mepexi. IlmommHa kxepyBaHHS NEpEeMILIYETHCS B
LHEHTPaJli30BaHe PO3TAIyBaHHS, a MEpeXeBi aAMIHICTPATOPH BUKOPUCTOBYIOTH IPOTpamMHe
3a0e3neueHHs ISl KepyBaHHs Mepexero. L[ mapagurma 103BosIsie MEpeKeBUM aJIMiHICTpaTOpaM JIeTIie
Ta MWBUALIEC KEPYBaTH MEPEKAMH 3aBISKHU MiIBUILEHIH THYYKOCTI Ta MOXIIMBOCTI IPOrpaMyBaHHS.
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KDN cTBOptoe Mepexy, IO CaMOHABYAETHCA, CAMOONTHMI3YEThCSI Ta CaMOBITHOBIIOETHCS,
inTerpyroun TtexHonorii Al ta ML. Amnamiz maHux — e I1HCTPYMEHT, SIKHH BHKOPHUCTOBYETHCS
cucremamu KDN 71711 aBTOMaTH4HOTO MOKpAIIEHHS MPOIYKTHBHOCTI MEpEXKi, afanTarii 10 MiHIHBUX
MepeKeBUX 00CTaBHH, a TAKOX BHUSABJICHHS Ta BUPIMICHHS MOTCHIIMHUX MEPEXKEBUX MPOOJIEM IO TOTO,
SIK BOHM CTaHYTbh CEPHO3HIIINMU.

NFV, SDN ta KDN marots nepeBary HaJl TpaIuLIHHUMHI METOAAMHU B THYYKOCTi, MacIITAOOBaHOCTI,
B IIBUAKOCTI 3ampoBa/pKEHHI 3MiH, B €KOHOMIl pecypciB, Jlerke KepyBaHHS Ta MOKJIHBICTD
aBTOMAaTH3aLii.

A ToenHaHHA METOMIB BipTyallizalii Ta HEHPOHHUX MEPEX CTBOPIOE MOTYKHUH 1HCTpyMEHTapil A
onTuMizamii JOKanbHOI KOMITIOTEpHOiI Mepexi. Lle m03BomuTh AOCATTH OalaHcy MiX THYYKICTIO
YHOpaBJIiHHS Ta TOYHICTIO IPOTHO3YBAaHHS 3HAYEHB IMapaMeTPiB MEPEeXKi, II0 B CBOIO YEPTy MPU3BOIUTH
JI0 TiIBUIIEHHS MPOAYKTHUBHOCTI Ta e()eKTUBHOCTI BUKOPUCTAHHS PECYPCiB.
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Networks virtualization as an approach to optimization of computer
networks

The purpose of the work is to study the existing methods of optimizing computer networks and analyze the approach of
virtualization of networks as a means of optimization. The object of the work is the process of optimizing computer networks,
and the subject is models, methods and information technologies that are used to optimize networks.

Research methods: simulation and mathematical modeling methods, optimization methods, control methods, neural network
methods.

As a result of the work, an analysis of computer network optimization approaches and methods was carried out. Among them,
optimization methods of network topology, methods of nonlinear optimization of parameters and functional dependencies, which
describe the behavior and state of the network, are highlighted. It is noted that the implementation of machine learning methods
in the optimization model of computer networks is promising due to their ability to generalize, classify and predict possible
changes in the network structure to improve its efficiency. The focus is on a virtualization approach that allows you to abstract
from network topology, optimize resource usage, improve security, simplify management, and ensure high availability. Such
models can be adapted to specific requirements and constraints. Among the existing directions of virtualization, the virtualization
of network functions, the construction of software-configured networks and knowledge-defined networks are considered in
detail.

Conclusions: it is proposed to combine the virtualization approach with machine learning methods, namely to build a knowledge-
based network optimization model based on graph neural networks. This approach will make it possible to combine the complex
relationship between topology, routing and incoming network traffic and obtain accurate estimates of the distribution of delays
and losses in the network.

Keywords: computer networks, network optimization, network management, virtualization, graph neural networks.
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Latent diffusion model for speech signal processing

Topicality. The development of generative models for audio synthesis, including text-to-speech (TTS), text-to-music, and text-
to-audio applications, largely depends on their ability to handle complex and varied input data. This paper centers on latent
diffusion modeling, a versatile approach that leverages stochastic processes to generate high-quality audio outputs.

Key goals. This study aims to evaluate the efficacy of latent diffusion modeling for TTS synthesis on the EmoV-DB dataset,
which features multi-speaker recordings across five emotional states, and to contrast it with other generative techniques.
Research methods. We applied latent diffusion modeling to TTS synthesis specifically and evaluated its performance using
metrics that assess intelligibility, speaker similarity, and emotion preservation in the generated audio signal.

Results. The study reveals that while the proposed model demonstrates decent efficiency in maintaining speaker characteristics,
it is outperformed by the discrete autoregressive model: XTTS v2 in all assessed metrics. Notably, the researched model exhibits
deficiencies in emotional classification accuracy, suggesting potential misalignment between the emotional intents encoded by
the embeddings and those expressed in the speech output.

Conclusions. The findings suggest that further refinement of the encoder's ability to process and integrate emotional data could
enhance the performance of the latent diffusion model. Future research should focus on optimizing the balance between speaker
and emotion characteristics in TTS models to achieve a more holistic and effective synthesis of human-like speech.

Keywords: audio modeling, artificial neural networks, speech synthesis.
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1. Introduction

The pursuit of sophisticated generative models has invariably involved the integration of robust
frameworks that underpin the generation process. At the heart of our study is the development of a model
designed to cater specifically to the complexities inherent in generating realistic and nuanced audio
outputs. This model is not only pivotal for understanding the theoretical underpinnings of audio synthesis
but also serves as the backbone for practical applications in various audio generation tasks, including
Text-to-Speech (TTS) systems.

TTS technology, which converts text into spoken voice output, has seen significant advancements
through the adoption of deep learning models that improve naturalness and intelligibility. To enhance our
model’s capabilities within the TTS domain, we align our objectives with those of existing
implementations that leverage similar neural architectures. Notably, the implementation of the Audio
Latent Diffusion Model 2 (Audio LDM2) provides a basis for its innovative approach to audio synthesis.
This model, known for its effectiveness in handling high-dimensional audio data through a diffusion-
based process, aligns closely with our goals.

The existence of such a model as Audio LDM2 offers an opportunity to not only refine our approach
by tuning our model based on this established framework but also to rigorously compare its performance
against current competitive models like xTTS v2. This comparative analysis aims to highlight the
limitations and potential our approach brings to the TTS research field, potentially setting new
benchmarks for audio quality.

© Ivaniuk A., 2024
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2. Related Work

Text-to-speech (TTS) synthesis has seen significant advancements due to the adoption of deep
learning techniques, which have greatly improved the naturalness and expressiveness of synthesized
speech. This section reviews several key methodologies in TTS that share, particularly focusing on
models that integrate advanced neural network architectures and embeddings to enhance speech quality
and emotional expressivity.

Tacotron models. One of the foundational models in modern TTS is Tacotron, which uses a sequence-
to-sequence framework with attention to convert text directly into speech [1]. This model laid the
groundwork for further developments in end-to-end speech synthesis. Following Tacotron, Tacotron 2
integrated WaveNet, a deep generative model of raw audio waveforms, to improve the naturalness of the
speech output [2].

Embedding-Based Models. Significant similarities can be drawn with models that utilize embeddings
to capture speaker characteristics and emotional states. For instance, VVoiceLoop uses a phoneme-level
language model to generate speech from text while preserving the speaker’s voice by incorporating
speaker-specific embeddings [3]. Similarly, Emotional TTS systems often rely on emotion embeddings
to modulate the speech output to convey different emotional tones [4].

Contrastive Learning. The use of contrastive learning, as seen in Contrastive Language-Audio
Pretraining (CLAP) [5], is a relatively new trend. Models like HUBERT and WavLM have shown that
pretraining audio models on largescale unlabeled data using contrastive tasks can significantly improve
the model’s performance on downstream speech tasks [6; 7] by providing useful compressed latent
representation which is easier to model than raw waveforms or spectrograms.

These related methodologies highlight the breadth of techniques employed in modern TTS systems,
from end-to-end models to sophisticated generative networks using embeddings and contrastive learning.
The convergence of these technologies represents a significant step forward in the quest for more natural
and expressive synthetic speech.

Diffusion Models. Diffusion models have recently been explored as a powerful method for generating
high-quality speech. These models, such as WaveGrad and DiffWave, use a gradual denoising process to
synthesize speech, starting from noise and progressively refining the signal into intelligible speech [8; 9].
The process involves a learned reverse diffusion that transforms a Gaussian noise distribution into a
complex signal [10]. Transformer-based Text-to-Speech Models. Transformer-based architectures have
significantly influenced the development of TTS systems, offering substantial improvements over
traditional methods. These models fall into two main categories: autoregressive and non-autoregressive
models, each with unique attributes and applications in speech synthesis. Autoregressive Models:
Autoregressive models, such as [11], generate signals sequentially, predicting one segment at a time based
on all previously generated segments. This approach ensures high coherence and naturalness in the speech
output. The transformer’s attention mechanism allows these models to capture long-range dependencies
in text, crucial for prosody and intonation in speech. A typical example includes the original Transformer
TTS, which utilizes a self-attention mechanism to model temporal sequences in a highly parallelizable
manner:

p(Ix; 84r) = HZ:OP()’tbkt'xi 04r) (2.1)

where y; is the predicted audio output at time t, and x; is the input phoneme or text sequence up to time t.

Non-autoregressive Models: In contrast, non-autoregressive models such as FastSpeech [12] bypass
the sequential dependency of autoregressive models, predicting all parts of the speech output
simultaneously. This leads to significantly faster synthesis times and reduces latency, which is beneficial
for real-time applications. FastSpeech and its successors, like FastSpeech 2 [13], improve on this
approach by predicting duration, pitch, and energy explicitly, which are then used to modulate the speech
synthesis process.

9 = Parallel Decoder(Duration Predictor(x)) (2.2)

where ¥y represents the entire speech waveform generated in parallel, and X is the input phonetic/text
representation.

Both types of transformer-based TTS models have pushed the boundaries of speech synthesis, offering
more natural, flexible, and efficient solutions. However, the choice between autoregressive and non-
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autoregressive approaches often depends on the specific requirements of latency, naturalness, output
diversity and computational resources.

3. Model description

Masked Autoencoder for Feature Compression. The Masked Autoencoder (MAE) processes an input
audio signal x by first computing its log mel spectrogram X € RT*F where T indicates the time steps,
and F represents the mel frequency bins. This spectrogram X is analogized to an image and segmented
into patches of size P x P, where each patch size P is a divisor of both T and F. These patches are then
input into the AudioMAE encoder. The encoder, a convolutional neural network, operates with a kernel
and stride both set to P, producing an output with D channels. Consequently, the encoder output is E €

RT'XF'XD \where T' = % and, F' = g and D is the dimension of the embedding produced by MAE. The

encoded features E are treated as the latent representation for subsequent processing.
To train the AudioMAE, a loss function is employed, specifically the Mean Squared Error (MSE) loss,
calculated over the masked patches to assess the reconstruction quality. The MSE loss is defined as:

Z?’:mlasked()’(\l _ Xl')z (31)

MSE Loss = —~
N

masked

where N,,4skeq 1S the number of masked patches, X; is the original patch, and X, is the reconstructed
patch output by the decoder of the MAE.

Conditioning Information C: Reference Audio and Text Phonemes. In the audio generation model, the
conditioning information C plays a crucial role in guiding the generative process by providing contextual
cues that influence the output. For this model, C is derived from two primary sources: reference audio
and text phonemes, each contributing unique aspects to the generation process.

CLAP Autoencoder for Conditioning. The CLAP autoencoder is designed to project both audio and
text into a unified multimodal space, enabling the effective use of this information as conditioning data.
Let Xa denote the processed audio, represented in a matrix X, € RF*T, where F is the number of spectral
components, such as Mel bins, and T is the number of time bins. Similarly, let X; denote the text
representation. Within a batch of N audio-text pairs, these are denoted as {X,, X; }.

The audio and text data are encoded via separate encoder functions, f,(-) and f;(-) respectively. For
a batch of N items, the encoded representations are given by:

Xo = faXa); Xi=fe(Xp) 3.2

where X, € RNV and X; € R¥*YV represent the dimensionalities V and U of the audio and text
representations, respectively.

To bring these representations into a joint multimodal space of dimension d, learnable linear
projections are applied:

Eq = La()/(;) (3:3)
where E,, E, € RV*4 are the projected embeddings for audio and text, and L, L, are the respective linear

projection functions.
The similarity between the audio and text embeddings is computed in the joint space as follows:

C=t-(E ED (3.5)

where 7 is a temperature parameter that scales the range of the logits. The similarity matrix C € RNV*N
includes correct pairs along the diagonal and incorrect pairs off the diagonal.

A symmetric cross-entropy loss is then computed over the similarity matrix to train the encoders and
their projections:

L=10.5" (liext(C) + lauaio(C)) (3.6)

where | = %Z?’:Olog(softmax(C)) along the text and audio axes, respectively. This loss function

facilitates the joint training of the audio and text encoders, enhancing their capability to encode relevant
features effectively for audio generation tasks.
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Text phoneme encoding: Text phonemes represent another vital component of the conditioning
information. Phonemes, the smallest units of sound in a language, are extracted from the input text and
encoded to capture the linguistic nuances and articulatory features necessary for generating coherent and
contextually appropriate audio. This encoding process transforms textual data into a sequence of phonetic
representations, Cphonemes: Which are then used to condition the audio generation, ensuring that the
produced audio matches the intended linguistic content and style dictated by the input text.

Together, these conditioning components C = {Cref, Cphonemes} iNtegrate multiple modalities—audio
and text—providing a comprehensive set of cues that enhance the model’s ability to generate high-fidelity
and contextually rich audio outputs.

Autoregressive Modeling for Intermediate Representation. This model component is responsible for
generating a latent representation from diverse conditioning information using an autoregressive
approach inspired by transformer-based models. The formulation of the autoregressive model My is given
by:

Y = My(0) (3.7)

where C represents conditioning information, and ¥ is the predicted latent representation. The model M,
parameterized by 0, predicts the next sequence element based on previous ones, maximizing the
probability distribution across the sequence:

argmaxg H%:l P(yi|Cref' Cphonemes' V1, Y2 s YVi-1; e) (38)

where L is the length of the latent sequence Y encoded by MAE, and y; are its components. Variational
Autoencoder (VAE) for Diffusion Modeling: A Variational Autoencoder (VAE) [14] primarily for feature
compression and to learn a compact audio representation, z, which is dimensionally much smaller than
the original audio signal, x.

The operation of the VAE can be expressed through the forward pass equation:

V:XzeX (3.9

where X represents the mel-spectrogram of the audio input x, and X is the reconstruction of X. This
reconstructed spectrogram, X, can subsequently be transformed back into the audio waveform % using a
pretrained HiFiGAN vocoder [15].

To optimize the parameters of the VAE, a reconstruction loss and a discriminative loss are computed
based on the comparison between X and X. Furthermore, the VAE architecture employs a regularization
strategy by computing the KullbackLeibler (KL) divergence between the latent representation z and a
standard Gaussian distribution with mean p = 0 and variance ¢ = 1:

KL Loss = Dy, (W' (z; pz, 02) 1| V(0,1)) (3.10)

This regularization helps to maintain the statistical properties of the latent space, ensuring that z
adheres closely to a Gaussian distribution, thereby stabilizing the generation process and enhancing the
quality of the reconstructed audio.

Latent diffusion model for audio synthesis. The audio synthesis is performed using a latent diffusion
model that operates within the latent space provided by the VAE autoencoder. This model is expressed
through a series of diffusion steps, starting with a latent representation z and gradually adding noise to
reach a diffusion state z;:

Ze =1 —=Bezeq + \/Eet (3.11)
where f; is a noise schedule parameter, and €; ~ NV'(0, 1) is Gaussian noise.
The reverse process involves a gradual denoising of z; to reconstruct the latent representation:

Zt1 = —Zi/_l—{%:t (3.12)
The optimization targets the minimization of the difference between the original and reconstructed
latent representations, defined by the loss function:

L($) = Ezyeneon,ellzo — Dec(ze; d)1?] (3.13)
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where ¢ are the parameters of the diffusion model, Dec denotes the decoding function of the diffusion
model, and z, is the original latent representation.

Adaptation of Pretrained Model Components. In the development of our model, we utilized
components from the pretrained Audio Latent Diffusion Model 2 (Audio LDMZ2). This approach allowed
us to leverage the robust foundations established by the existing model, particularly its effective handling
of complex audio data through diffusion processes. An important modification in our methodology
involved the adaptation of the conditioning mechanism used in Audio LDM2. Traditionally, Audio
LDM2 employs a conditioning vector C that incorporates CLAP-encoded text embeddings to guide the
audio synthesis process. In contrast, our model replaces these text embeddings with CLAP-encoded audio
embeddings which is intended to encode emotion and speaker information. This change aligns better with
our focus on enhancing audio quality and relevance in text-to-speech applications, where the direct
correlation between the input audio characteristics and the generated output is crucial.

Cref = fa(Xref) (3.14)

where C,. represents the new conditioning vector using audio embeddings, f,(-) is the CLAP audio
encoder, and X,..r is the referebce audio feature matrix.

This adaptation not only tailors the model to our specific use case more closely, but also optimizes the
interaction between the conditioning information and the generative components of the model. By
integrating audio embeddings directly, our model gains a more nuanced understanding of the audio
features, potentially leading to more accurate and lifelike audio generation in TTS systems.

4. Evaluation metrics
This section describes the evaluation process of our generative model.
The performance of the updated AudioLDM2 model is evaluated using several key metrics:

»  Speaker Similarity: Quantifies the ability of the TTS system to preserve the unique characteristics
of the speaker’s voice.

*  Emotion Classification Error: Measures the model’s accuracy in conveying the intended
emotional states in the synthesized speech.

»  Word Error Rate (WER) / Character Error Rate (CER): Assesses the intelligibility and accuracy
of the spoken output, comparing the transcribed text from the synthesized speech to the original input
text.

All metrics reported below were calculated using the Amphion software [16] - a toolkit library for
audio generation. These metrics provide a comprehensive framework for assessing the effectiveness of
the TTS system in producing high-quality, emotionally expressive, and speaker-specific speech.

5. Results and metrics description

Speaker Similarity Metric. To quantitatively assess the speaker similarity between the reference and
generated audio samples, we employed a speaker verification model based on WavLM, a state-of-the-art
audio processing model [7]. This model was pretrained using a contrastive loss, which optimizes the
embeddings to minimize the distance between similar pairs and maximize the distance for dissimilar
pairs, making it well-suited for speaker verification tasks.

The metric we report is the average cosine similarity between the embeddings of reference audio
samples and their corresponding generated samples. The embeddings are extracted using the WavLM
model, which captures speaker-specific characteristics. Cosine similarity measures the cosine of the angle
between two vectors in the embedding space, providing a scale from -1 (completely different) to 1
(identical), where higher values indicate greater speaker similarity. The formula for cosine similarity is
given by:

Y AiB;

n 2 n 2
1’21':1141' - JZi=1 B

where Ai and Bi are the components of the embeddings from the reference and generated audio samples,
respectively. This metric effectively quantifies how well the generated audio preserves the identity
characteristics of the speaker in the reference audio. The results are presented in Table 1

Cosine Similarity = (5.1)
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Table 1. Comparison of speaker similarity scores

Model Speaker similarity
Proposed model | 0.63
XTTS v2 0.9

Emotional Classification Accuracy. The accuracy of emotion recognition was evaluated using the
Emotion2Vec model [17], which predicted emotions for both the reference and the produced audios. This
measure reflects the model’s ability to encode and reproduce the emotional states intended by the original
speech. Results are tabulated in Table 2.

Table 2. Comparison of emotional classification accuracy

Model Emotion classification accuracy
Proposed model 0.035
XTTS v2 0.17

Metrics for measuring WER and CER were calculated using transcripts generated by a pre-trained
large Whisper [18] Automatic Speech Recognition (ASR) model, comparing these against the ground
truth transcripts.

WER is computed as the ratio of the total number of operations (insertions, deletions, and
substitutions) needed to convert the ASR-generated transcript into the ground truth transcript, divided by
the total number of words in the ground truth transcript. The formula for WER is given by:

WER = S+D+I

(5.2)

where S is the number of substitutions, D is the number of deletions, I is the number of insertions, and N
is the number of words in the ground truth transcript.

Similarly, CER is calculated by applying the same principle at the character level rather than the word
level. It measures the minimum number of insertions, deletions, and substitutions required to change the
ASR-generated transcript into the ground truth, normalized by the total number of characters in the
ground truth transcript. The formula for CER is:

s+d+i

CER = (5.3)

where s represents substitutions, d represents deletions, i represents insertions, and n is the total number
of characters in the ground truth transcript.

Both metrics provide crucial insights into the transcription accuracy of the generated speech, with
lower values indicating higher accuracy and better performance of the text-to-speech synthesis system.
The results are presented in Table 3.

Table 3. Comparison of Word error rate and Character error rate

Model Word error ratel Character error ratel
Proposed model 1.0 1.01
XTTS v2 0.21 0.02

5. Conclusions

This study provided the evaluation of the latent diffusion model, against the xTTS v2 model using a
set of rigorous metrics on the EmoV-DB dataset. The findings revealed some insights into the
performance of both models in terms of speaker similarity, emotional preservation, and intelligibility.

While the proposed model demonstrated decent efficiency in maintaining speaker characteristics, as
indicated by the speaker similarity score, it was outperformed by xTTS v2 in all assessed metrics.
Notably, our model exhibited considerable deficiencies in emotional classification accuracy, suggesting
that the audio CLAP embeddings it relies on may be more attuned to capturing speaker-related
information than the nuances of emotional expression. This observation was underscored by the model’s
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low emotion classification error rate, which points to a potential misalignment between the emotional
intents encoded by the embeddings and those expressed in the speech output. Also, pretrained dataset for
the CLAP component, which is a mix of speech and general audio and its corresponding captions, might
not be effective for speech synthesis, suggesting that pre-training on transcribed speech dataset may
improve generation quality.
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Mopeunb JiaTeHTHOI Au(y3ii 1151 00POOKH MOBHOIO CUTHAJTY

AKTyanbHicThb. Po3po0Kka TeHepaTHBHUX MOJIENEH JJIs CHHTE3y ayio, BKIIOYalUH TEKCT-y-MOBIEHHs (aHri. text-to-speech,
TTS), TekcT-y-My3HKY Ta TEKCT-y-ayAio 3aCTOCYBaHHs, 3HAYHOIO MIpOIO 3aJISKHUTh Bil iX 34aTHOCTI OOpOOIATH CKIamHI Ta
pi3HOMAaHITHI BXiAHI JaHi. B miit po6oTi Mu po3risiiaeMo JaTeHTHe AuQy3iiHe MOJCTIOBAaHHS - YHIBEepCATbHUN MigXif, SIKHHA
BUKOPHCTOBYE CTOXACTUYHI IPOLIECH AJIsI TeHEepallil BUCOKOSKICHUX ay/i0 CUTHAMIB.

Mera. Lle nocnimkeHHsS Ma€ Ha METi OLIHUTH €EeKTUBHICTH JIATEHTHOTO AU(Y31HOTO MOICTIOBAHHS Ul aydio CUHTE3y Ha
ocHOBI Habopy mannx EmoV-DB, sikuit MicTHTB 3amucH 3 6araTbMa MOBIUSIMY, 3 IT'SITbMa MOIIIHHIMY CTaHaMH, Ta TIOPIBHATH
HOT0 3 IHIIMM IreHepaTUBHUMHI METOJIOM.

MeTonu pocaimkeHHss. Mu 3acTocyBaiy JaTeHTHE AU y3iifHEe MOJICTIOBAHHS CICI[ialIbHO JJISI CHHTE3Y MOBJIICHHS Ta OI[IHWIN
HOro e(eKTHBHICTh 3a JOMOMOTOI0 METPHK, SIKi BH3HAYAIOTH 3PO3YMLTICTh, MOMIOHICTH TOJIOCY Ta 30E€pEeKEHHS EMOLii B
3reHepOBAaHOMY ay/Ii0 CHUTHAJIL.

PesyabTaTn. JlocmimkeHHS MOKa3ye, IO 3alpONOHOBAaHA MOJENb JEMOHCTPYE MPHCTOWHY €(QEKTHUBHICTH y 30epekeHHI
XapaKTEPHUCTHK TOJIOCY, ale MOCTYIAEThCs TUCKPETHIN aBToperpecuBHiil moaeni: XTTS v2 3a BciMa OLIHCHUMH METPHKAMHU.
30KkpeMa, JOCIiKyBaHa MOJICTh BUSBIISE HEAOJIIKA B TOUHOCTI Kiacudikallii eMOIIii, 110 BKa3ye Ha MOXIIUBE HEBIIMOBIIHICTh
MK eMOIIIHHIMH HaMipaMH, 3aK0JJOBAHUMH Y BEKTOpPax, Ta THMH, III0 BUPAKEHI y 3reHepOBaHOMY CHUTHAII.

BucHoBku. PesynpTaTé BKasylOThb Ha Te, IO MOJANbIIe BIOCKOHAJICHHS 3JaTHOCTI HEHPOHHOI Mepeki KoayBaJbHHKA
00poONIATH Ta IHTErpyBaTH eMOLilHI JaHi IMOKpanlye epeKTHBHICTh JaTeHTHOI andy3iiiHoi Mozmeni. B Hammx momanpmmx
JOCTIDKEHHAX MH IUIAHYEMO 30CEPEOUTUCS Ha ONTHMi3amii OamaHCcy MK XapaKTePUCTHKAMH MOBIS Ta EMOUIHHHIMHU
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The appearance of «intelligence» in self-propelled bots

Relevance. Nowadays, the study of the behavior and properties of active matter, which corresponds to the collective behavior
of self-moving elements, is very promising field of research. Active matter is widespread in nature and is used in various modern
technologies.

Obijective. To study the collective behavior of mobile bots in a simple maze and to determine the distinctive trends in the single
bots exiting from the maze as their number increases.

Research methods. To perform the research, mobile bots have been created and their behavior in the maze has been analyzed.
Their positions and interactions were recorded on a video, and processed to obtain the necessary data.

Results. The research revealed the existence of an optimal number of bots in the maze for which the average time to exit the
maze is minimal. The determined dependence of the probability of bots leaving the maze is non-monotonic, and there is a number
of bots for which this probability is minimal. It has been determined that with 12 bots in the maze, both the average exit time
and the exit probability are minimal. Thus, with this number of bots, a small number of bots quickly exit the maze. A quantitative
measure of bot intelligence, the intelligence coefficient, is proposed. There exists an optimal number of bots that maximizes the
measure of «intelligence» concerning the task of exiting from the maze. Both a decrease and an increase in the number of bots
lead to a reduction in the «intelligence» of the bot collective. The measure of the «intelligence» of a bot collective surpasses that
of an individual bot.

Conclusions. In this work, we have considered the groups of self-moving bots exiting the maze and the typical quantitative
characteristics that allowed us to determine the main dependencies of their behavior.

Keywords: active matter systems, clustering, research, observation, visualization of results, arenas, bots, research application.
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2024. sum. 61. C.52-60. https://doi.org/10.26565/2304-6201-2022-54-01

1. Introduction

Recently, there has been considerable interest in the study of active matter. Active matter is understood
as sets of self-moving elements or bots [1]. These systems exhibit special behavior that distinguishes
them from ordinary systems of physical particles. The study of active matter began with the study of
swarming behavior in fish [2]. In a more recent and significant work [3], the motion of bird-like objects,
bots, has been modeled. Over time, both experimental and theoretical studies have deepened the
understanding of behavioral mechanisms of various biological systems, as discussed in the review [4].
Obviously, artificial swarms of self-propelled bots, which are also actively investigated (see, e.g., [5]),
belong to the category of active matter. In addition, such studies contribute to the field of cybernetics. An
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example is the study of the interaction of abstract automata or other computational models. These studies
are closely related to biological studies of animal behavior. The main goal of these studies has been to
understand the behavior of different animals and their problem-solving abilities, which is akin to studying
their "intellectual" abilities. In a sense, this direction is equally relevant to the creation of artificial systems
with purposeful behavior.

The interaction of abstract automata, without loss of generality, can be regarded as the problem of
guiding a finite automaton through a maze. One of the earliest works in this area was Shannon's study
[6], which explored a maze-solving problem using a mouse automaton. This idea for this research
emerged from existing and highly advanced biological studies of the behavior of various animals and
creatures in mazes, with mice being classical subjects.

Studies on the behavior of automata in mazes have been further developed in works [7, 8], where
questions about the existence of a finite automaton capable of traversing all possible mazes were
formulated. It was quickly proven that such finite automaton does not exists [9, 10]. Further research has
focused on determining which mazes could be traversed by a single finite automaton [7, 8, 11, 12], and
some generalizations of automata, such as those with external memory, have also been considered (see,
e.g., [13]).

In this work, we examine the behavior of self-propelled bots in a simple labyrinth, inspired by the
framework proposed in [14] where the exit of conventional elements from the maze has been studied in
detail. For our research, we constructed self-propelled bots with micro-vibration motors. Subsequent
experiments to navigate the bots through the maze allowed us to identify key dependencies that
characterize the behavior of bots when exiting the maze. We introduced the concept of "intelligence
coefficient™ as the ratio of the average exit time of a single bot to the average exit time of all bots from
the maze. Our results indicate the existence of a certain number of bots that optimally solve the problem
of exiting the maze in minimum time.

2. Self-propelled bots

For the experiments, a self-propelled bot with a vibration motor has been developed (Fig. 2.1). Unlike
the previously used variants [15, 16], where the motion of the bots was stimulated by vibrations of the
external surface, each bot was equipped with a vibration motor and power source. Such a design required
multi-parameter optimization of the power source parameters and placement, as well as the optimization
of the vibration motor, to achieve stable mobility of the bots. The advantages of this design include the
autonomy of each bot and its relatively high independence of.

Fig. 2.1 On the left is the overall view of the bot: 1 — updated adhesive strip; 2 — adhesive layer for fixation,
switch, and wire connections. On the right the motor placement is presented

A microvibration motor with the following characteristics has been chosen to propel the bot:
e Motor length (total): 8 (11) mm;
o Wire length: 10 mm;
¢ Weight: 0.6 g;
e Voltage: 1.5V, Current: 15 mA,
e Voltage: 3V, Current: 23 mA.
The bot's power source is a lithium battery with the following characteristics:
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e Model: CR2032;

¢ Voltage: 3 V;

¢ Battery capacity, mAh: 220;

¢ Weight: 2.9 g.

Due to the shifting center of gravity, the elliptical platform with bristles can move relatively
rectilinearly on a flat surface. After considering several options, a prototype in which the motor was
located inside the body of the bot allowing maximum transmission of vibration impulses to the
locomotive part of the bot has been selected (Fig. 2.1). In order not to interfere with the rotational motion
of the motor, the bristles around the motor location have been removed.

Fig. 2.1 shows the location of the motor inside the bot body. The isolated bristle at the motor location
can be seen, and it is clear that it does not interfere with the rotational motion of the microvibration motor.
The characteristic dimensions of the bot are 1,8 x 3,5 cm? with a height of 2.5 cm.

These last improvements completed the bot design. After that, replication of the bots began so that the
total number of bots would be at least twenty-one units (fifteen main bots and a minimum of five spare
bots in case of malfunction). Additional bots were necessary because for the proposed modification, it is
easier to replace a bot than, to replace a battery, for example.

After launching the bots, a characteristic interaction characterized as elastic collision was observed
during each experiment. Upon collision, the bots formed clusters, demonstrating signs of system self-
organization. However, as the study showed, the bot clusters were quite dynamic and constantly changed
their positions in the constructed arenas, as well as the number of agents (bots) in them.

3. Experimental observations

After creating the necessary number of bots, a simple maze has been constructed (Fig. 3.1). The outer
boundary of the maze has been made of wood, and the internal intersections from foam. The glass surface
has been used for the bots to move on. The dimensions of the maze that need to be characterized are the
area of the wooden boundary, the structural elements of the maze, and the size of the maze exit. Therefore,
the area of the maze outline is Sy, ine = 1046.3467 cm?; the area of the T-shaped and rectangular
elements is St_jement = 77.4 cm? and Srectangle = 19.6 cm?, respectively. According to the defined
dimensions, the width of the maze exit was determined to be 9.5 cm.

In each experiment, an initial set of bots was placed in a relatively small area measuring 8.2 X
11.5 cm?, and the initial movement directions were random. It is worth noting that the bots started from
containers located in the middle of the maze (Fig. 3.1).

Fig. 3.1 On the left is a general view of the maze arena. On the right is a demonstration of containers for bots

The behavior of the bots has been recorded on video. Quantitative and qualitative details of the bot's
behavior in the maze were determined from the video recordings. Three observations were conducted for
each set of bots (2 — 15).

4. Experimental results
Observations over groups of bots allowed us to obtain data on the dynamics of bots exiting the maze.
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Starting from one bot, the average time of bots exiting the maze was determined. This time was calculated

in accordance with the relation (4.1):
n

1
ty=—) t;
e "z (4.1)

i=1

where t; is the exit time of the i-th bot from the labyrinth;
N is the initial number of bots in the labyrinth;
n < N is the number of bots from N that found the labyrinth exit.

Experimental data for ¢; have been determined by timing video recordings. It is important to note that
averaging was performed only for bots that exited the labyrinth. Otherwise, the exit time would depend
on the waiting time, which is not acceptable. After conducting several experiments (three in particular),
these average values were additionally averaged over realizations. Mean square errors for these data were
also determined. The results for the average exit time of bots depending on the number of bots N are shown in
Fig. 4.1.

In Fig. 4.1, the dots represent experimental data, connected by straight lines for clarity. Mean square
errors are indicated by vertical bars.

Determining the average exit time for a single bot posed a certain problem. The reason is that a solitary
bot does not always find the exit from the labyrinth. To determine (t),, additional experiments were
conducted (20 observations), in which the exit time of a single bot from the labyrinth was recorded when
there were no other bots in the labyrinth. Only three observations from the ensemble were used because
it took 20 experiments to record the bot's exit within 40 seconds for three of them. Thus, the probability
of a solitary bot exiting the labyrinth is quite small p; = 3/20. It should be noted that for a solitary bot,
exiting the labyrinth is a challenging task.

251 251
20] 201
<t>15§ T 15
10 10]
5 5
2 4 6 8 10 12 14 2 4 6 8 10 12 14
N N

Fig. 4.1 On the left, the dependence of the average exit time of a bot from the labyrinth on the number of bots in it
is presented. On the right, the average exit time of the first bot from the labyrinth and the data errors are shown
as well, depending on the group size

It is easy to notice the presence of a certain number of bots (12), for which the average exit time from
the labyrinth is minimal.

It is interesting to consider the average exit time of the first bot as an additional characteristic. This
dependence on the number of bots in the group is shown in Fig. 4.1 on the right. It is easy to notice that
this dependence does not have a pronounced minimum. The minimum value is achieved with a different
number of bots (7) in the group. Errors for these data also noticeably increase. Thus, the exit time of the
first bot weakly depended on the number of bots in the group. The solitary bot is an exception, as its exit
time is significantly longer. Therefore, the average exit time of all bots from the labyrinth should be used
as a value sensitive to the number of bots in the group.

Another important characteristic of the behavior of groups of bots in the maze is the probability of
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bots leaving the maze. We define it as the ratio of the number of bots that left the maze to the total number
of bots. Based on the data obtained, we determined the probability of a bot exiting the maze as a function
of the initial number of bots in the maze. This dependence presented on the Fig. 4.2.

],
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0.61
W
0.41

0.21

0 T T T T T T T
2 4 6 8 10 12 14

N

Fig. 4.2 Probability of a bot belonging to a group of N bots to exit the labyrinth

It is easy to see that a solitary bot has a low probability of exiting. It should be noted that its probability
was determined differently for understandable reasons. The probability was taken as the relative
frequency of favorable events, i.e., the number of experiments in which the solitary bot exited the
labyrinth, to the total number of experiments. From Fig. 4.2, it can be deduced that a group of bots more
efficiently solves the task of exiting the labyrinth than a solitary bot. It is important to note that there is a
probability minimum when the number of bots is 12, the same number for which the average time for
bots to exit also has a minimum. In fact, this means that bots exit quickly but with low probability, or a
relatively small fraction of the group. In a sense, this can be interpreted as a kind of "altruism" - the group
ensures that a small part of the group exits the maze quickly.

Let's return to the discussion of the overall task of finding labyrinth exit. In biology, and beyond, this
task has often been employed to assess the ability of a subject to solve the maze exit problem. Comparing
the performance of different entities in this task allows conclusions to be drawn about their abilities to
address this challenge, essentially making insights about their «intellectual» capabilities. In this context,
«intellect» is generally understood as the «ability to solve problems». While there is no universally
accepted definition of intelligence, most definitions focus on human intelligence [17]. However, for the
broadest working definition, we will rely on the one provided above. While this definition has obvious
limitations, it serves well as a characterization of the abilities of animals, humans, and swarm intelligence
as well.

Based on this, it is natural to introduce a quantitative measure to determine intelligence based on how
the labyrinth exit task is solved. If a collective solves the exit task in less time than another, it is deemed
more «intellectual». It is logical to measure intelligence in a swarm relative to its solitary representative.
Therefore, we will use the ratio of the average exit time for a solitary bot to the average exit time for the
swarm as a coefficient of «intelligence» (Fig. 4.2):

o
N7t (4.2)

where (t); — average exit time for an individual bot from the labyrinth;
(t)y — average exit time for a system of N bots.
It could be seen that, if the average exit time for a swarm is less than the exit time for an individual
bot, then the intelligence coefficient will exceed one. For a solitary bot, its value equals one by definition.



ISSN 2304 -6201 BicHuk XapkiBCbKkoro HawjioHanbHoro yHisepcuteTy imeHi B. H. KapasiHa
cepis «MaTtematuuHe MogentoBaHHS. IHpopmaLinHi TexHonorii. ABTOMaT30BaHi CUCTEMMW ynpaBniHHSY, Bunyck 61,2024 57

The dependence of the «intelligence» coefficient on the number of bots in the swarm is derived from
the experimental data and presented on Fig. 4.3. It is noticeable that the intelligence coefficient for swarms
exceeds its value for a solitary bot within the margin of error. It is interesting to note the presence of a
clear maximum value I;, ~ 2.7 when there are 12 bots in the swarm. Understandably, such a dependency
corresponds to the behavior of bots in this particular labyrinth. Expectations are that changing the
labyrinth may alter this relationship. In a sense, this implies a change in the task, and consequently, the
intellectual abilities of the swarm may differ. However, general properties, such as the presence of a
maximum, are likely to remain, albeit in a different location. This could be interpreted as the existence of
an optimal number of bots in a swarm that solves a specific task most efficiently. Increasing the number
of bots sharply decreases the intelligence coefficient. One possible reason for this is the formation of
clusters or grouped bots that block the exit from the labyrinth.

Understandably, expanding the scope of tasks, i.e., including any labyrinths from which bots can exit,
should cause this dependence to lose the presence of a maximum. This is inferred from the existence of
a maximum for a specific labyrinth at a certain number of bots in the swarm. Accordingly, for several
labyrinths, one should expect the presence of multiple maxima. Averaging over implementations will
reduce their amplitude. As the number of labyrinths increases, there will always be one that can be
successfully navigated with a larger number of bots in the swarm. It is possible to hypothesize that the
intelligence coefficient concerning the traversal of any labyrinth will increase with an increase in the
number of bots in the swarm.

05“ ™ T v T v T ™ T T T i T T T

Fig. 4.3 Dependence of the intelligence coefficient on the number of bots in the swarm

5. Conclusions

In this study, the behavior of elementary bots in a labyrinth has been explored. Each self-propelled
bot lacks specialized information processing systems and interacts solely through collisions with other
bots, potentially leading to a statistical alignment of their behavior, a phenomenon that warrants further
investigation. The research revealed the influence of the number of bots on the average exit time from
the labyrinth. A distinctive dependence of the average exit time on the number of bots was identified (Fig.
4.1). The existence of an optimal number of bots in the labyrinth, resulting in the minimum average exit
time, was determined. A non-monotonic dependence of the probability of bots exiting the labyrinth was
obtained, with a specific number of bots minimizing this probability (Fig. 4.2). It was found that with 12
bots in the labyrinth, both the average exit time and the exit probability are minimal, signifying a quicker
exit for a smaller portion of bots.

A quantitative measure of the «intelligence» of bots in solving the task of labyrinth exit was proposed.
Naturally, the intelligence coefficient utilizes the ratio of the average exit time for a solitary bot to the
average exit time for the swarm of bots. An optimal number of bots was identified, maximizing the
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«intelligence» concerning the task of labyrinth exit performance (Fig. 4.3). Both a decrease and an
increase in the number of bots result in a decrease in the swarm's «intelligence». The intelligence measure
of the swarm surpasses that of the solitary bot, accounting for data errors.

It is essential to note that, at first glance, characterizing the efficiency of solving the labyrinth exit task
by the fraction of bots that successfully exit may seem plausible. However, such a definition has
significant drawbacks. For instance, if a labyrinth is chosen where a solitary bot always finds the exit, its
exit success rate would be 1, a priori higher than the rate for other swarms. Consequently, such a
characteristic does not align with the existence of swarm intelligence, observed and thus cannot be
deemed acceptable.
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BuHMKHEHHSI «IHTeJIEKTY» y CAMOPYXOMHX OOTIB

AkTyajabHicTb. Hapa3si € gyxe mepcrneKTHBHUM PO3BHUTOK CYYaCHOTO HANPSMKY JOCTIKEHb MOBEOIHKH Ta BIACTHBOCTEH
AKTHUBHOI MaTepii, sIka BiANOBIIa€ KOJICKTUBHIN MOBEIIHIII CAMOPYXOMHUX CKJIaJOBUX. Taka akTHBHA MaTepisl IMPOKO MOIINPEHa
B IIPHPOJIi T2 BUKOPHUCTOBYETHCS Y PI3HUX Cy4aCHHUX TEXHOJIOTISX.

Merta. [IpoBecTu NOCIIKEHHS! KOJEKTHBHOI MOBEIIHKM PYXOMHX OOTIB y NMpOCTOMY Ja0ipHHTI Ta BH3HAYUTH XapaKTepHi
3aKOHOMIPHOCTI Y BUXO/Ii ITMX YACTUHOK 3 JIAOIPHHTY 31 301IBIICHHS 1X KUTBKOCTI.

Metonu nocaimxenss. s BUKOHAHHS JOCTIIKEHb OyIH CTBOPEHI pyXoMi O0TH Ta MPOBEICHI eKCIIEPUMEHTH M0 IX MMOBEIiHII
B J1abipuHTi. Dikcalis iX MoJ0XKeHb Ta B3aeMOil (ikcyBaImch Biieo 3amrcoM, 00poOKa SKOTO J03BOJIIIA OTPUMATH HEOOXiaHI
JaHi.

Pe3yabTaTn. BusiBieHO iCHYBaHHS ONTUMAIBHOI KUIBKOCTI OOTIB y JaOipHHTI, U SKUX CepenHiil yac BUXOIY 3 JTaOipHHTY
MiHiManbHUI. BU3HaueHa 3anexHICTh HMOBIPHOCTI BHXOJy OOTIB 3 JIaOIpHHTY TE€K Ma€ HE MOHOTOHHHUI XapakTep Ta iCHye
KIIBKICTH OOTIB 3a SKOI L5 IMOBIpPHICTH MiHIMaNbHa. BH3HaueHO, 1110 IIPY HAsIBHUX JABAaHAAITHOX 0OTaX y JabipHHTI cepeHiil
Yac BUXOJy MiHIMaIbHHH, K 1 HMOBIpHiCTh BUXOAYy. TaKUM YMHOM, NTPHU Lil KiJTBKOCTI, 3 IJaGIpUHTY IIBHKO BUXOIUTH MEHIIIA
yacTHHa OOTIiB. 3alpONOHOBAHO KUIBKICHY Mipy IHTENEKTYaJbHOCTI OOTIB — KoedimieHT iHTeNeKTy. IcHye onTuManbHa
KIJIBKICTB OOTIB, SIKa Ma€ MAaKCUMAaJbHY Mipy « IHTEJIEKTY» O BiIHOILICHHIO A0 3a/adi BUXOLy OOTiB 3 Ja0ipuHTY. 3MEHILICHHS,
SIK 1 301IBIICHHS KIMBKOCTI OOTIB Bele N0 3MEHIICHHS «IHTENIEKTy» KOJEKTHUBY OOTiB. Mipa «iHTEIEKTy» KOJCKTHBY OOTiB
MEPEBHIYE « IHTEIEKT» OJHOTO OO0Ta.

BucHoBku. B po6oTi Oyno po3riisiHyTO BHXiJ 3rpail caMOpyXoMuX OOTiB 3 TaOipHHTY Ta XapaKTEePHI YHCIOBI XapaKTEPUCTHKH,
SIKi JTO3BOJIVJTM BU3HAYUTH TOJIOBHI 3aJI€)KHOCTI 1X ITOBENIHKH.

Knwuoei cnosa: cucmemu axmugnoi mamepii, kiacmepusayis, 00CHONCEHHS, CHOCMEPEXCeHHs, Gi3yanizayis pe3yIvbmamis,
aperu, bomu, 3aCMOCYHOK 0151 O0CTIONHCEHHS.
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OuiHka KOPUCHOCTI My0JIiYHOT0 HA00PY TaHUX JJIA AHAJTITHYHUX
HOCJIiIKEHb

Opranizanii Ta areHuii myOmiKkyloTh pi3HI JaHi, SKi IpU3HAYCHI U1 aHATi3y, HABYaHHS CHCTEM IITYYHOTO iHTEJIEKTY Ta 1HIINX
JOCIITHUIBKHX Lijel. BiamosigqHo 1o NpUHHATHX peryisiiii y cdepi 3aXuCcTy NepCcoHaIbHUX AaHHUX ITyOJIivHI JaHi MaloTh OyTH
3HEOCOOJICH] Ta 3aXUINECHI BiJl PI3HUX 3arpo3 PO3KPUTTS MEPCOHATBHUX JAaHUX. Y CYHCHHS IHX 3arp03 Peai3yeThCsl IUIIXOM
3MEHIIEHHST TOYHOCTI JaHUX MiJ 9ac MiroTOBKM MyONiYHUX JaHUX. BTpaTa TOYHOCTI, BOYEBU/Ib, IPU3BOIUTH A0 3MEHIICHHS
KOPUCHOCTI JaHUX JJIS aHAMi3y. Y poOOTi pO3IIIAalOThCS SHTPOMIHHI METPUKI KOPHCHOCTI Ta MpoOJIeMH iX 0OYHCIIOBAHOCTI,
a TaKO’K METPUKHU BTPATH KOPHCHOCTI OKPEMHX ITiIMHOXKHH TyOTIYHUX JaHUX.

Mera. Po3pobka eeKkTHBHHX METPHK OLIHKA KOPHCHOCTI MyONiYHOro HAOOpY HaHWX VIS aHANI3y 3 ypaxyBaHHSIM BHUMOT
3aXUCTY HEPCOHAIBHUX TaHUX.

Meroau xocaimkenns. [Hpopmauiiina 6e3neka, Teopist indopmaii lllenona, ynpapiinas nanumu (Data Governance).
Pe3yabTaTH. 3ampornoHoBaHi METPHKH OLIHKH BTpaT iH(OpMaii Ta KOPUCHOCTI JaHHX JUIsl aHai3y Ha OCHOBI €HTPOIHHMX
MeTpuK Teopii iHpopmarii IlleHHOHa. 3ampoNOHOBAaHO MPOICAYPU, CIPSMOBAHI Ha MiJBUINCHHS IIBUAKOMAII OOYHCICHB
PO3IIISIHYTHX METPHK.

BucnoBku. Onmcano mpoueaypu moOynoBH Oe3MEYHOTO MyOIiyHOro HaOOpy AaHHX. PO3MNISHYTO MUTaHHS 3acTOCYBaHHS
EHTPOMIHNX MeTpuK Teopii iHpopmarii LLleHHOHA 151 OIIIHKY BTpaT iHpOpMaIlii Ta KOPUCHOCTI JaHUX Ui aHamizy. [lokasaHo,
Mo OOYMCICHHS 3a3HAYEHHX METPHK € CKIAAHOIO, MPAaKTUYHO HE 3iMCHEHHOIO IS BENUKHX 0a3 JaHUX, 00YMCIIOBAITBHOIO
3amauero. 3arporoHOBAaHO TPOIENyPH, CIIPSIMOBAaHI Ha MiJBUIICHHS MIBHIAKOII OOYHCIEHb PO3TIIIHYTHX METPHK. A came,
CTBOPEHHSI MEHIIl TOYHOT KOTIii BUXIHUX JaHUX Ta (GOpPMyBaHHs BHIAJAKOBOI BUOIPKH 13 BEJNUKOT 6a3u TaHUX I O0UHCIICHHS
HEOOXIZHUX CTATHUCTHK. PO3IIISTHYTO METPUKH OLIHKHM KOPHUCHOCTI JUIsl OKPEMUX ITiIMHOXKHH (KJIaCTepiB) MyOIiYHNX TaHUX.

Knrouogi crosa: xongioenyitinicms, deidenmudpixayis, nyonikayis danux, kopucricmo danux, GDPR (General Data Protection
Regulation).

Sx muryBartu: [lononska O. O, [Moxonska O. M. OriiHka KOPUCHOCTI TyOIiYHOT0 HAOOPY JaHUX IS
aHANMITUYHHX JOCHIKeHb. Bichuk Xapkiecbkozo HayionanvHo2o yHieepcumemy imeni B. H. Kapasina,
cepis  Mamemamuune modemosanns. Ingopmayiiini mexuonozii. Aemomamuzoeani cucmemu
ynpaeninns. 2024. sum. 61. C.61-67. https://doi.org/10.26565/2304-6201-2024-61-07

How to quote: Podoliaka O. O., Podoliaka O. M., “Assessing the utility of a public dataset for
analytical research™, Bulletin of V. N. Karazin Kharkiv National University, series Mathematical
modelling. Information technology. Automated control systems, vol. 61, pp.61-67, 2024. [In Ukrainian].
https://doi.org/10.26565/2304-6201-2024-61-07

Beryn

[MyOmiuHi maHi MICTATH YYTIOUBY JUIs JIEOJEH 1HpOpMAIliio, sika Moxe OyTH BUKOpHUCTaHa JIIs
CYCHUIBHO 3HAUYHIMX LIeH, HaNpHKIaA, aHATITHYHUMHM areHTCTBAaMM JUIsl CKJIAJaHHS IPOTHO3IB,
KEepiBHULITBOM KOMIaHil I opranizauii eQeKTUBHOTO yIpaBiiHHA, (iHAHCOBUMHM OpraHizamisiMu Uis
BU3HAYCHHS ONTHUMAaJbHUX Ol3HEC-CTpaTerid, MOJCIIOBAHHS IMPOIECIB, aHAJI3y BPa3JIMBOCTEH TOIIO.
BaxumBo po3ymiTH, o myOivyHI JaHi MOXKYTb OyTH BHKOPHCTaHI 3JJOBMHUCHHUKAMH JUIsl 3JIOYMHHUX
LiJIeH, TaKUX SIK: IIMUTYHCTBO, IAHTAX, TIepeCiLyBaHHs, 3MUPCTBO TOIIO.

ToMy nepcoHaNbHI JaHi MaroTh OyTH JeineHTrdikoBaHi y myOrmiuHuX Habopax maHux. s mporo,
3a3BHYAM, 3aCTOCOBYEThCS MIM(MPYBaHHS, JOAAaBaHHS CTATUCTUYHUX IIyMIB, y3arajlbHEHHS JaHUX i3
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BUKOPHCTAaHHSM TAaKCOHHOMIH, 3MEHIIEHHS TPAaHYJSIPHOCTI (TOYHOCTI OIIHOK) Tomto. OdYeBHIIHO, IO
METOJU JCiNeHTU(IKAIT 3HIKYIOTh KOPUCHICTh JaHWX Jis aHamizy [1-4]. [leTanbHi OrasaM METOJIB
neinentugikamii MoxxkHa otpumartu 3 [5-7]. Cimin 3a3HaYMTH, 110 JKOJACH 3 IUX METOJIIB HE JIa€ MOBHOL
Oe3neky imeHTudikarii gronel y myomigHoMy HaOOpi TaHUX.

1 InenTudikaTopn nepcoHaAJLHUX JAHUX Ta MO0Y10Ba My0IiYHOr0 HAGOPY JAHUX

Po3kputrtsi ocobucrocteil noaei y «3He0coOJICHNX» NaHUX Ha3MBAa€ThCs peineHTH(iKaLiero abo
neaHoHiMizamiero. PeimenTndikariss po3kprBae KoHGIAEHIWHI NaHi y JeiinHTH(IKOBAaHUX Habopax
myOmiuHuX maHuX. B iHAycTpli 3axuCTy NEepCOHANPHWUX [aHUX BHUAUISIOTh HACTYHHI THIH
1IeHTU]IKATOPIB.

IIpsmi inenTudikaropu abo ABHI iIeHTHU(IKATOPH — aTPUOYTH NAaHUX, SIKIi MOXYTh Oe3mocepenrHbo
ineaTudixyBatu ocody. Hampuxian: 1D, macmopt Ta HOMep COLIIATBHOTO CTpaxXyBaHHs, iM'sl — MIPI3BHUIIE
TOIIO. 3TiTHO 3 NPUHHATUMHU PETYJISILISIMH, SIBHI iIeHTH(IKATOpY NOBUHHI OyTH BUAAJICH] 3 MyOIiYHOr0
Habopy aanux [8-10].

Hempsimi imenTudikaropn abo kBaziigeHTH(IKATOpPH — 3araJbHOJOCTYIHI aTpHOyTH MAaHUX, SIKi
Oe3mocepelHbO HE MOXYTh 1IeHTH(IKYBaTH JIOAMHY, aje MOXYTb BHKOPHCTOBYBATHCS IS
ineHTHdiKarii Joaei y pisHUX MOJeNx atak. Hampukiaj, BiK, MOIITOBHM iHJEKC, JaTa HAPOKCHHS
TOIIO.

KonoginenmiitHnMu ab0 CEHCUTUBHUMH 1IeHTH(IKaTOpaMH Ha3UBATHMEMO ITiIMHOKHAHY HETPSIMIX
1IeHTU(IKATOPIB, IO MICTATH BAXKIMBY 0COOMCTY 4M KOH(DieHIiHHY iHdopMamito. BoHr MaroTh BETHKY
[MIHHICTh SK JUIS 3JIOBMUCHHKIB, Tak 1 Juia mochigHukiB. Lli maHi HecyTh Oe3MmOCepemHto 3arposy
MIPUBATHOCTI T4, Y pa3i pO3KPUTTS, MOXKYTh 3aBJAaTH BiMUyTHOI mkoanu. Hanpuknan, gani mpo 310poB’s,
3alHATICTh, OCBITY, MaTepiaJibHEe CTAHOBHUIIIC, PEIITit0, Pi3HOTO POAY YIIOI00aHHS TOIIO.

KnrouoBrMu Ha3uBaroThesl imeHTH(]IKaTOpH, sIKi 30epiraloTh KJIIOYi, MO0 3B A3YIOTh TaOIHII
myOigHOTO HAbOPyY AaHWX a00 MOCHIIAHHS Ha iHIII AaHi (HOKyMeHTH, POTO, BiJIEO TOIID).

Permament GDPR (General Data Protection Regulation) 3000B'a3ye BHIaBIlS 3amO0ITTH BCUISTKAM
pHU3MKaM PO3KPHUTTS MEPCOHATBHUX JaHUX y BIAKPUTHX HaOopax nanux. OCHOBHI PH3WKH OB’ si3aHi 3
JIETKOIO JOCTYITHICTIO JIJISl 3JIOBMUCHHKIB OOCSTIB IMEPCOHANBHUX JaHUX, MOCTATHIX IS imeHTHdiKamii
el y 3HeocoONIeHnX MyOmidHnX JaHuX. XaKepy TaKoX MOXKYTh BUKOPHUCTOBYBATH TEXHIKH aHATIZY
JaHWX JUI1 BU3HAUCHHS KOPEISLiii, 10 HECYTh 3arpo3y NpUBaTHOCTI.

[ToyaTkoBUM eTaroM NOOYAOBH OE3MEYHOTO MyOIIIYHOTO HAOOpy € po3p0oOKa CEHCUTUBHOI MOZET YH
Moeni kKoHpineH iiHNX naHux. L{ro Moaens GopMyrOTh:

1) mIMHOKHUHY MPSIMUX, HETIPSIMUX Ta KOHQIICHIIIHNX iIeHTU(IKATOPiB HAOOPY NaHKX;

2) Moienib KOH(ICHIIIMHOCTI, SIKa BU3HA4Ya€ KPUTEPii 0e3MeKu KOHDIISHIIIMHUX TaHuX;

3) MoJielTb  KOPHCHOCTI JIaHHWX, sIKa BCTAHOBIIIOE OOMEXKEHHs BTpaTH iH(opMmarii B XOJi
neinentudikanii Habopy HaHUX.

OO00B’SI3KOBUM €TaroM MoOY0BH MyOIiuHOTO HAOOPY NAHMX, 3TiAHO 3 yCiMa MPUHHITAMH Y CBiTi
peryJsiisiMu, € aHOHIMi3anis npsaMux izentudikaropis. National Institute of Standards and Technology
(NIST) Bu3Hauae aHOHIMI3aIifO, SK TMPOIEC, SIKUM BHUAAISIE 3B’SI30K MK 1ACHTU(IKYIOUMM HaOOpOM
JaHuX Ta cy0’ekToM aanux [11]. 3a3Buuaii, aHoHIMI3allis TIOJIATAE Y BUIAJICHH] IPAMUX iI€HTU(IKATOPIB
(Tenedon, ineHTHIKAIMHANA KO, ajpeca TOII0), ad0 3aMillleHHI IX CHHTCTHYHHUMH JTaHUMH, IO
OOYHUCIIOIOTHCS 3T1THO JIESIKOTO AITOPUTMY.

Ha nHactynHOMy ertarmi 3aXucCTy JaHMX HEOOXiJTHO 3MEHIIUTH TOYHICTh 3HaYeHb a00 TpaHYJISIIio
HenpsMux ientudikaropis. Lle poOuThcst, 100 3aBaUTH 3JI0BMUCHUKY peiicHTH()IKYBATH JTIOCH, KOIH
oMy BiZIOMi TOYHI 3HaUEHHS JTAHUX.

Criz 3a3Ha4NTH, IO ICHYIOTh MOJEITi aTaK MPOTH MIPUBATHOCTI, 1110 HE MOTPEOYIOTh peineHTudikamii,
a came, MOJIelTi )KypHauticTa Ta Mapketosora [ 12, 13]. 3okpema, MeTa )KypHaicTa — 3ilCyBaTH pEMyTaIlifo
BUJIABIA JIAaHWX, @ METa MapKeTojiora — aJeKBaTHE MAapKeTWHIOBE AOCIIDKeHHsA. Y poboti [14]
PO3TIISIHYTO MOJIENIi aTaK, IO IPYHTYIOTHCS Ha PO3KPUTTI 3HaYE€Hb HENPSIMUX 11eHTU(IKAaTOPIB, a TAKOXK
MOJIEJIl OI[IHKH PU3MKIB BIAMOBIIHUX 3arpo3.

ICHYIOTH JIBI OCHOBHI TEXHIKM JUIsl 3MEHIIECHHS TOYHOCTI OLIHOK 1€HTH(IKATOPIB a00 TrpaHyJIALIL.
[lepma — nonaBaHHs 10 JaHUX BUINAJIKOBUX IIYMiB, a pyra — y3araJbHEeHHs 3HAYeHb Ha OCHOBI i€papXiit
Yy TakcOoHOMil. Hampuknaa, mMackyBaHHS JaHMX 3ipkamMu a00 CHHTETHYHMMH 3HAYCHHSIMH MOXHA
BBa)KaTH EKCTPEMAITBLHOIO ()OPMOIO y3arajabHEeHHSI.

3MEHIIEHHs TpaHy/sLil MOXKHa PpO3TJSIaTH SIK IMPOLENYpPY YCYHEHHS BiIMIHHOCTEH CXOXKHX
kBasiieHTr(ikaTopiB. MOXKHa cKa3aTu, IO JaHa Mpoleaypa BUKOHYE PO3OUTTS BHUXinHOI TaOnuii Ha



ISSN 2304 -6201 BicHuk XapkiBCbKkoro HawjioHanbHoro yHisepcuteTy imeHi B. H. KapasiHa
cepist «MaTemaTiHe MoaentoBaHHS. IHhopmaLjiiHi TexHonoril. ABTOMaTM30BaHi CUCTEMM yNpaBiHHs», BUNyck 61, 2024 63

KJIACTEPH IUIIXOM 00’ €IHAHHS CXOXKHX 3aIHMCIB (HAIPHKIA, OJU3bKHX 3a BIKOM, Barolo, MOLMITOBHM
Koz0M To11o0). Lli kiacTepu Takox Ha3WBAIOTh KJacaMH eKBiBaJleHTHOCTI. KoxXKHOMY Kjacy BiAmoBinae
MHOKWHA KOoH(DineH iitHNX nanuX. L1 cTpaTeris Ha3UBa€ThCs «CXOBATHUCS B HATOBMI». [1i1 HATOBIIOM B
JTAHOMY BHIAJIKy PO3YMI€ThCS MHOKHHA HEBHPA3HUX 00’ €KTIB, KOXKEH 3 SIKHX XOBa€ CBOI TAEMHHUIII B
IOMY HATOBIII.

2 Ouinka KopucHoCTi JaHuXx a00 iHopManiiiHux BTpaT

Jns OmiHKM KOPUCHOCTI MaHWX y XOomai aAeigeHTH(ikarii TpPONOHYETHCS BHKOPHCTOBYBATH
MaTeMaTH4YHiI MOl Teopil WMoBipHOCTEH Ta Teopii iHdopmanii [llennona [15, 16]. 1li moxeni TicHO
B3a€MOIIOB’s13aHi. MoOKHa CMITMBO CKaszaTH, w0 (yHIaMeHTOM Teopii iHdopmamii € Teopis
HMOBIPHOCTEH.

i movyaTky po3risiHEMO 3arajibHy MOAENb OILIIHKH KOPUCHOCTI, Ha MiJACTaBi K01 Oyae modynoBaHo
NpUKJIaIHy MaTeMaTUYHy MOJIENb OLIHKY KOPUCHOCTI OKPEMHUX KJIacTepiB.

Hexaitf mxepemno noBimomieHs X — I1e MHOXKHHA 3HA4Y€Hb NMEBHOTO HAOOpy AaHmx. Tomai KUIbKICTh
iH(hopMaIii OKpeMoro MOBiTOMIICHHS X, X € X 004YHCITIOETHCS 32 POpPMyIIOr0 XapTdi.

I(x) = —log p(x) (1)

ne I(x) nokasye ckijbku 6iT iH(OpMaIlii Hece MOBITOMIICHHS X, HMOBIPHICTB SIKOTO CTAHOBHTH P (X) .
Enrtpomiss H(X) — me cepemns KijabKicTh iH(opMarii, 110 HAaAXOAWTh Ha OJHE BHIIAJKOBE
TIOB1IOMJICHHS 3 JKeperia MOBiqoMIeHHS X .

H(X) = = Yxexp(x) - log(p(x)) (2)

SIKIo € 3aJeKHICTh MK MOBIJIOMIICHHAMH a00 elleMeHTaMH MHOXMH X € X, y €Y, To chiabHa
KUIBKICTh iH(OpMaIlil BU3HAYAETHCS 3a (POPMYIIOIO.

I(x,y) = —logp(x,y) (3)
p(x,y) =pX) - p(x/y) (4)

ne p(x,y) i p(x/y) — cninpHa HMOBIpHICTH 1 YMOBHA HMOBIipHiCTh TOAIH X,V, p(x,y) < p(x/y),
p(x,y) < p(x).

Hexait X Ta Y — MHOXWHU 3HaueHb 1IeHTH(IKATOPIB JIEIKOTO MyOIiyHOro Habopy nanux. Maemo Ha
yBa3i, Xo4a 1e He 000B’s3K0BO, MmO X — KBasiimeHTH]iKaTOp, a Y — KoHbineHmiiHHNH ineHTudikarop
(manpukian, X — BiK MaiieHTa, a Y — Horo 3aXBOpIOBaHHs ). BCTaHOBUTH HAasIBHICTD 3aJIKHOCTI MK X Ta
Y mMoxwa orinuBIIM 00CAT crinpHOI iHGopMarii ux MaOKKH [(X,Y). BoHa 009YHMCIIOETHCS Ha OCHOBI
6e3ymoBHol H (X) ta ymoBHoi enrporii H(X/Y).

[MpumnycTrMo, 110 € 3aJSKHICTh MiXK eJIeMEHTAMH MHOXHUH X € X Ta y € Y neskoro kiacrepa HabOpy
nanux. Toxi crijbHA EHTPOITisi MHOKUH X, Y BU3HAUYaeThCs 32 (hOPMYJIOHO.

HX,Y) = - Z;gyf[p(x, y) - log(p(x, )] (5)

H(X,Y) Takox Ha3uBarOTh EHTPOINEID 00 €IHAHHSA JBOX JKEPEN, BOHA MOKA3Y€ CEPENHIO KIIBKICTh
iH(opmariii, o IpUIIaac Ha ABa BUMAAKOBI moBimomuenns (x, y) mkepen X, Y.

HX,Y) =H(Y,X) = HX) + H(Y/X) = HY) + HX/Y) (6)

H(X/Y) — 3aranpHa a0o moBHa yMOBHa eHTporist 00’eqHanHs X Ta Y, abo KijabKicTh iH(opMaIlIii
Jokepena X 0e3 ypaxyBaHHS CIUTBHOI iH(popMaitii, 1o MicTutbes B X Ta Y.

HX/Y) = - Zﬁ;[p(x, y) - log(pCx/y))] ©)
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3arajbHa yMOBHA CHTPOIIiS BUKOPHCTOBYETHCS IJIsl OOYMCICHHs BTpar iHdopMarlii mxepena X 3
ypaxyBaHHSIM 3aJIe)KHOCTI Jxepen X Ta Y.
CrinbHa iH(popMarist mxepen X To YBU3HAYAETHCA 32 GOPMYIION0.

1(X,Y) =1(Y,X) = HX) — H(X/Y) = H(Y) — H(Y/X) (8)

Ha pucynky 1 mokazaHo B3a€MO3B'SI30K CIIUTbHOI €HTPOIIii, yMOBHOT €HTPOIIii Ta CIIUTBLHOT iH(pOpMAaLlii.

H(X,Y)=H(X) U H(Y)

HXIY) . .

H(X) H(Y)

Puc. 1 Cninvua, ymosna enmponis ma cninoha ingpopmayis

Kopensito muoxkun X, Y MOKHA BU3HAYMTH, SIK BiIHOLIEHHs 00csriB indopmarii H(X/Y) ta H(X),
0 < H(X/Y) < H(X).

H(X/Y)

RX/Y) =1-=75 ©))
R(Y/X)=1— H;X ;‘) (10)

OGnacts BusHaueHHs R mepeOysae y mianasoni [0; 1], To6To R BijoOpakae 3a1eXHICTh MiAMHOXHH
JaHUX.

PosristHeMo TiepeBary i Heotiku Mozenei (6 — 8).

Jlo mepeBar po3risHyTHX MoOjeieldl KOPHCHOCTI MOYKHA BIJHECTH NMPOCTOTY IHTEpIpeTalii OIiHOK,
orpuMaHux 3rigHo 3 Gopmymnamu (1-10). ToOTo, IErKo 3pO3yMITH CKIIILKH MOPSIKIB TOYHOCTI JTaHUX
(6itiB) Oymo BTpaueHO micis aeigpeHTudikamnii. OqHaK, SHTPOMIMHHI METPUKH, OOYHMCIICHI Ha OCHOBI
BEJIMKUX OOCSTIB JaHHMX, BTPAyarOTh aJIeKBATHICTh Yepe3 eKCTpeMalbHE YCEPEIHEHHS IHTerpalbHHX
pe3ynbTaTiB Ta iX 00YMCIEHHS € BXKKUM 3aBIaHHSIM. MU pO3TIISHYIN JHIIIe /1Ba ToMeHn Tadmmii (X, Y).
SIKIIIO pO3MIIAAaTH 3araibHUN BUIMA0K, Koo XeX™; YeY™, ne X *— MHOHMHA BCiX KBasiigeHTH(]IKATOPIB,
a Y*'— MHOXHMHA BCix KOH(DieHIiHIX ineHTHdikaTOpiB y hopmynu (6-8) ciif noxaTH CyMH 3a MU
MHOXHHaMH. OCKUTbKM OOYMCIICHHS 3BUYaHUX MMOBIpHOCTEH Mae JiHiiHY CKIagHICTh, @ YMOBHUX —
KBaJIpaTH4HY, JUIsl TAOJIHUIb 3 MUIBHOHAMM 3aITUCIB 1 COTHSAMH JJOMEHIB O0UHCIICHHS PO3TIITHYTUX OIIIHOK
MEPETBOPIOETHCS HA HE3IiICHEHHY 00YNCTIOBAILHY 3a/1a4y.

i BUpilIeHHs OMMCAaHKUX BHIIE MPOOIEM HPOMOHYETHCS 1BA MMiIXOIH.

1. ®opmyBaHHS MEHII TOYHOro HAOOpy HOaHMX LUIAXOM 3MEHIICHHS TpaHyssiuii abo TOYHOCTI
METPUYHUX OI[IHOK aTpUOYTiB IOYATKOBHUX JIAHUX.

2. ®opMyBaHHS BHITQJKOBOI PENPE3CHTATUBHOI BUOIPKM JaHUX 3ajisl MIABHINECHHS IIBHIKOCTI
00YHCIIeHHs] HEOOXITHUX CTaTHUCTHK.

i migxoau BUPINIYIOTH MPOOIEeMU OOYUCITIOBAHOCTI EHTPOIIHHUX METPUK BEJIMKUX 0a3 JaHHX.

Iepmnii miaxia. HeTouHwit TUMYacoBMI HaOIp JaHMX HEOOXITHMM BHKIIIOYHO, 100 IIBHAKO
nopaxyBaTH HEOOXiJHI HMOBIpPHOCTI ISl METPUK KOPUCHOCTi. BakIMBO po3yMiTH, IO Ui aHAJi3y
3/1e01IBIIOr0 HE MOTpiOHA eKcTpeManbHa TOUHICTb. Hanpukinaz, sikiio 6a3a MiCTUTh icTOpii TpaH3aKLii
3a paXyHKaMH KJI€HTIB, TO HaBill[0 MAapPKETOJIOTY 3HATH ICTOpIl IUIATEXIB O OCTAHHLOIO J0jlapa abo
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LICHTA. YHIKaJIbHICTh 3HaYCHb 17ICHTU(IKATOPIB — IIe IIpsSIMa 3arpo3a npuBaTHOCTI. Hampukiaz, 3a cymMoro
TUIATEXKY B 3HANICHOMY UEKYy XaKep MOXKE 3 BEJIMKOIO WMOBIPHICTIO iZIcHTH(IKYBaTH OCOOUCTICTH B 6a3i,
3 SIKOT BUJAJICHI IPAMi i1eHTH(dIKaTOpH.

Hpyruit miaxia. Caixg migkpeciautd, mo B Teopil iHGopmamii oO0YNCIeHHS PO3TISIHYTHX €HTPOIiN
BHUKOHYETHCS B MOBHiH rpymi noxiit. Lle o3nagae, mo HeoOXiaHI HMOBIPHOCTI MAlOTh OOYHCITIOBATHCS T10
BCill 0a3i maHmx. OCKiJIBKM OTPUMAaHHS HEOOXIHWX CTaTUCTHK Y TMOBHIH TPyMi MOJI HEMOXIUBE,
MIPOTIOHYETHCS OOYNCIIUTH HEOOX1THI HMOBIPHOCTI Ha IMiJCTaBl peNpe3eHTaTHBHOI BUOIPKHA HEBEITHKOTO
po3mipy. Y 0a3i maHWX 3ammMcy 3a3BUYAi YIOPSAKOBAaHI 3a JNEAKUM I1HAEKCOM, TOMY OTPHUMAaHHSI
BUIAJKOBOI BUOIPKH 3 BEJIMKOI 0a3u sABJIsiE COOOK0 CKIIAJIHY O0UMCITIOBANIbHY 33a4y. EdexTuBHI MeToau
OTPUMAaHHSI BUMAJKOBOI BUOIPKU pO3IIISTHYTI B podoTax [17-19].

BaxnmBo po3yMmiTH, IO HA BXOHI KIAcTepu3amili 3HAYEHHS MaHWX pPI3HAX PAOKIB TaONHIll
CIIOTBOPIOIOTBCSL HE piBHOMipHO. OTKe, BTpaTu iH(opMalii OKpeMuX eleMEeHTIB JaHuX 1 KiacTepiB
nyOsiYHOr0 HAabOpy NaHUX MOXKYTh BiApi3HATHCS. TOMy NOTpiOHa METPHKA KOPHCHOCTI Il OKPEMOTO
KJIacTepa Ta TPyl KiacTepiB. EHTpormiiiHi METpHUKH KiacTepa, OOYUCIIeHI Ha OCHOBI CTAaTHCTUKH BCi€i
TaOJINIII HEMOXKIIMBO 3aCTOCYBATH ISl KJIACTEPIB, OCKIJIBKY EHTPOIIIT MatOTh OOUHCITFOBATHCS JAJISl TIOBHOL
rpynu nofiii. Tomy, anst ouiHky BTpat indopmaii a0 KOPUCHOCTI OKPEMOro KJIacTepy UM MigMHOXUH
KJIACTEPiB MPOIMOHYETHCS BUKOPHCTOBYBATH BITHOIIEHHS KUTHKOCTI iH(OpMaii feineHTHhikoBaHOTO
KJIacTepa A0 KUTbKOCTI iHGopMaIllil BUXiTHOI TiIMHOKMHU JaHuX. J[aHy METpHKY JIETKO TIOpaxyBaTH, ii
TaKOK MOYXHa BHKOPHCTOBYBAaTH B SIKOCTI OJHOTO 3 KPHUTEpiiB KiacTepusalii y mpoleci moOymoBH
myOIiYHOTO HA0OPY JAaHUX.

BucHoBku.

OnwucaHo mponenypu MmoOynoBH Oe3MeYyHOro MyOJiYHOro HaOoOpy AaHuX. Po3risHyTO muTaHHS
3aCTOCYBaHHSI €HTPOMIMHUX MeTpuk Teopii iHpopmarii llleHHOHA Iy OIIHKU BTpaT iH(oOpMarii Ta
KOPUCHOCTI JaHuX AJs aHaii3y. IlokazaHo, 1o 00uncineHHs 3a3Hau€HUX METPHK € CKJIaJIHO0, IPAKTUYHO
HE 3JIHCHEHHOIO IUIsl BENUKUX 0a3 JaHWX, OOYMCIIOBAIBLHOIO 33/1a4ci0. 3alpONOHOBAHO MPOLEIYPH,
CIpsSIMOBaHiI Ha MiJABUIICHHS IIBUAKOJII OOYMCIIEHb PO3TISTHYTHX METPHK. A caMe, CTBOPEHHsI MEHII
TOYHOI KOmii BUXiTHUX NaHWX Ta (OPMYBAHHS BHITAJKOBOI BHOIPKM i3 BENHKOI 0a3W NaHUX IS
o0uHCIIeHHs HEOOX1THUX CTATUCTHK. PO3rIISTHYTO METPHKH OIL[IHKK KOPUCHOCTI JUIsI OKPEMUX IMTiAMHOKUH
(xmacTepiB) MyONiYHUX JAHUX.
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Assessing the utility of a public dataset for analytical research

Organizations and agencies release various data intended for analysis, training of artificial intelligence systems, and other
research purposes. According to the adopted regulations in the field of personal data protection, public data must be anonymized
and protected from various threats of personal data disclosure. Elimination of these threats is realized by reducing the accuracy
of data during their preparation for the release. Loss of accuracy obviously leads to a decrease in the usefulness of data for
analysis. The paper considers entropy metrics of utility and problems of their computability, as well as metrics of loss of utility
of certain subsets of public data.

Obijective. To develop effective metrics for assessing the usefulness of a public dataset for analysis, taking into account the
requirements of personal data protection.

Research methods. Information security, Shannon's theory of information, Data Governance.

Results. Metrics for assessing information loss and data usefulness for analysis based on the entropy metrics of Shannon's
information theory are proposed. Procedures aimed at increasing the speed of calculations of the considered metrics are
suggested.

Conclusions. The procedures for building a secure public dataset are described. The application of entropy metrics of Shannon's
information theory to assess information loss and data usefulness for analysis is considered. It has been shown that the calculation
of these metrics is a complex computational task that is practically impossible for large databases. Procedures aimed at increasing
the speed of calculating the considered metrics are proposed. In particular, the creation of a less accurate copy of the original
data and the formation of a random sample from a large database to calculate the necessary statistics. The metrics for assessing
the usefulness of certain subsets (clusters) of public data are considered in the article.
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