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JocnimkyeTbess (pakTaqbHa CTPYKTypa JIOMATEBHX JiHIH PaKOBHH BUMEPIHX (GOpPM aMOHITIB pisHMX TumiB. Lli miHii
BIZIMIOBIIAIOTH 3’ €JHYBAJBHUM IIIBAaM MiX ITOTIEPEAHBOIO Ta HOBOIO KAMEPaMH, SIKi OyAye MOIIOCK MIPOTATOM CBOTO MOCTYIIOBOTO
3poctanHs. EBomoniitHo cTapi ¢opMu MaroTh Maibke mpsiMi a00 XBHJISICTI LIBH, SKi MAalOTh HU3bKY 3BHBHUCTICTH (BiIHOLICHHS
JOBXMHH JIHIT 10 BiICTaHI MiX KiHIIeBUMH TOo4YKaMH). [IpoTarom eBomrowii hopMa IMX JiHIH CYTTEBO CKJIAIHINIANa i HaOyIa
(pakTaNbHI BIACTHBOCTI, TAK 1[0 €BOJIOIIHHO HOBI THITH MAIOTh 3’ €JHYBaIbHI IIBH CKIaaHOI GOopMHU. 3 BUKOPHUCTAHHSIM METOLY
box-counting Gynu BumipsiHa QpakranbHi po3mipHocTi Df somareBux JiHid. Byno mokazaHo, 1m0 pakOBHHHM pPi3HOTO
€BOJIIOIIIHHOTO BiKy MaroTh JIiHii, paKkTambHi PO3MIPHOCTI SKUX 3pocTatoTh Bix Df=1.1 no Df=1.9. Kpim Toro, 3i 3pocTaHHsIM
HOMEpy KaMepH 3HadeHHS D 3pocTaioTh, MPUYOMY 3alHIIYIOTHCS OUTBIIMMH Ha 30BHINIHIA MOBEpPXHI KaMepH HDK Ha ii
BHYTpinIHIA. OOTOBOPIOETHCS 3B'SI30K (HPAKTANBEHOI CTPYKTYPH 3 MiIBUMIEHHSIM MEXaHIYHOT MIITHOCTI MIBY.

Knrouogi cnosa: mamemamuyne MoOeniosants, hpaKmanvHi CmpyKmypu, HapoOuy8aHHs NOPOJICHUCIMUX CIMPYKIMYD, MEXaAHIUHA
MiyHicmb, e8onoyis

Fractal structures and mechanical properties of ammonite shells
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The fractal structure of the blade-type lines of shells of extinct forms of ammonites of various types is investigated. These lines
correspond to the connecting seams between the previous and new chambers that the mollusc builds during its gradual growth.
Evolutionarily older forms have nearly straight or wavy seams with low tortuosity (the ratio of line length to end-point distance).
Over the course of evolution, the shape of these lines has become more complex and acquired fractal properties, so that
evolutionarily new types have connecting seams of a very complex shape. The fractal dimensions Dt of the blade lines were
measured using the box-counting method. It was shown that the fractal dimensions of the lobed lines of shells of different
evolutionary ages increase from D= 1.1 to D = 1.9. In addition, with an increase in the chamber number, the D+ values increase
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and remain larger on the outer surface of the chamber than on the inner one. The relationship between the fractal structure and
an increase in the mechanical strength of the weld is discussed.

Keywords: mathematical modeling, fractal structures, build-up of hollow structures, mechanical strength, evolution.

1 Beryn

CamornoniOHi (ppakTanbHi) CTPYKTYPH 3YCTpIdalOThCS B JKMBIH 1 HEXXHBIH MPUPOJII Maiike Ha BCiX
PIBHSIX BiJl MAaKPOCKOITIYHOTO (TipChKi XpeOTH, PIiUKOBI CHCTeMH, O€pEeroBi JIiHii MAaTEPUKIB 1 OCTPOBIB)
JI0 MIKpO/HaHO PiBHS (MIKpPOCTPYKTYpPH IPYHTIB, KPUCTAJIH, KIITHHA 1 cyOKmiTuHHI cTpykTypm) [1]. i
CTPYKTYpH YTBOPIOIOTHCSI 3 BHKOPHCTAHHSIM MPOCTHX (i3UYHUX MPUHIMIIB, SKI MOBTOPIOIOTHCS Ha
MOCTYNOBO 3MEHIIYBaHMX MaciuTabax, IO MPUBOAUTH 10 (OPMYBaHHA JOCTaTHHO CKJIAAHUX
reomerpruaHuX Qopm. Jleski 3 HuX, HampuUKIan, OiHapHI JepeBa TPYOOK, IO yTBOPIOIOTH CHUCTEMH
KPOBOHOCHHX CYIWH, AWXaJbHUX MHUISXiB, CYAWH POCIHMH Ta iH., 3 JOCTaTHbO BHCOKOIO TOYHICTIO
BIJIMOBIAAal0Th MOJENI ONTHMAIBHOTO TPYOONPOBOAY, SKHWH IOCTadyae Ta PO3MOAUISE PIgUHY MK
PO3MOIEHOI0 CHCTEMOIO CIOKHMBadiB (KITHH opranizmy) [2]. ®PpakTaabHi CTPYKTYpH OBOYIB
BIJIMIOBIIAIOTh PO3B’S3KYy 3ajadi MPO ONTHMAIbHE KOMITAKTHE 3allOBHEHHS IMPOCTOpy. Posramyxewni
CUCTEMH BiJl MIKpPOBOJIOKHWH B KJIITHHAX JIO TiJIOK JIEPEB BiJIOBiJal0OTh MEXaHIYHUM CTPYKTypaMm 3
MakcUMaibHOIO MinHicTIO [3]. Came ToMy npuHOMNHM ¢QpaktansHoi OyzoBu 1D, 2D i 3D ctpykryp B
MPHUPOJIi  BIATIOBIAAIOTH YHIBEPCANBHUM TPUHIMIIAM ONTUMalbHOCTI [4]. Haitbinpm mnommpeHoro
MOJICJUTIO YTBOPECHHS (ppakTaiiB B MPHPOAL € arperaiis 3 oomexeHow audysiero (diffusion-limited
aggregation, DLA), To0TO pyX, arperaiiis i oca/pkeHHs1 (a0COpOIIisl) YaCTHHOK Ha MOBEPXHSX, KOJHU 3
HOCTYIIOBHM 3POCTAHHSM CKJIQJIHOCTI TIOBEPXHI 3MEHIITY€ThCSI MOXKITHBICTh TIOCTAYaHHS! HOBUX YaCTHHOK
13 po3unHy a6o noBiTps. B pesyneraTi piBHAHHS Moaeni DLA mocTaTHRO TOYHO ONMUCYIOTH Taki pi3Hi
NpOIIeCH SIK EJEKTPOOCAPKEHHS METaJIEBUX YACTHHOK 3 YTBOPEHHSM PO3TATYKEHHX METalIeBUX
KpPHUCTAJIiB, 3pOCTaHHs OakTepialbHUX KOJIOHIHM, YTBOPEHHS 1 PO3MOBCIO/KCHHS TPIIIWH 1 3POCTaHHS
ariioMepartiii MicT.

[MopucTi CTPYKTYpHM B BEpXHIX JAWXalNbHHUX IUISIXaX TBapuWH 3a0e3MeuyloTh MIBUAKUN HAarpis
XOJIOZHOTO TOBITPSI Y apKTHYHKUX TBAPHH i e(hEeKTUBHE OXOJIOPKEHHSI i HACHUCHHS BOJIOTOI0 — Y TBApUH
mycrenb. PpakTanbHa PO3MIPHICTE TaKUX CTPYKTYp ONM3bKa 0 po3MipHOCTI KuimuMmy CepriHCHKOTO
(Ds=1.893) i Mae myke HU3bKI BEIMYMHHM TiIPaBIiYHOrO OMOPY MOTOKY MOBITPS i BUCOKI 3HaueHHs P/S
(P — mepumeTp, S — mroina mepepisy), o 3abdesneuye eeKTHBHE 3BOJIOKYBAHHSI TIOBITPsS B cucTemi [5].
[TpuHIMIM OyIOBHM NMPUPOTHHUX TOPUCTUX CTPYKTYP MOXKYTh BHKOPHUCTOBYBATHCS JUISl IiJIBUICHHS
e(heKTUBHOCTI TEXHIYHUX TEIJIOMaCOOOMIHHHKIB, HarpiBayiB i 0X0OJIOIKYBaUiB.

B naniit po6oTi BUBUAIOTHCS (PpaKTaTbHI BIACTHBOCTI CIIOYYHHX IIBIB y paKOBHH aMoHiTiB. [TomiOHi
IIBU TAaKOX € B MAHIMPax JiaTOMOBUX BOAOPOCTEH, 3 €THAHHSIX IUIOCKUX KICTOK y TBapHH 1 JIFOJIUHH,
(hopMa sIKUX Bapiro€ BiJl CHHYCOiTHOI, TPUKYTHOI, aHTU-TpaneIieBuIHOI 10 (hpakTansHux [6]. B ocranHi
POKH OyIo OmyOJIiKOBaHO KiIbKa CTaTeH, B SIKMX BUBUAIMCS (paKTabHI BIACTHBOCTI CIHOJYYHUX IIBiB
PaKOBHH JISAKUX KJIACiB aMOHITIB [7,8].

2 AHaJi3 reoMeTpii pakoBHH aMOHITIB

AMOHITH € TPYINOI0 BUMEPIIUX MOPCHKHUX MOJTIOCKIB, SIKi JKHITH Y CITipajIenoliOHNX pakoBuHax. Msike
TiJIO MOJIFOCKA PO3TAIIYEThCS Y 30BHIMIHINA KaMepi 1 TOMY, 31 3pOCTaHHSM TiJia, MOJIOCK «JOO0YTOBYE»
HOBI KaMepH OUTBIIIOTO po3Mipy, IO MPUBOIUTH J0 cripanenoAionoi reomerpii (Puc.1). fAxmo cyauru 3
Cy4YacHUX HAyTUTYCiB, OUTBIIICTD «HEXKWINX» KaMmep 3alloBHEHa ra3oM (TOBITPsHI KaMepH), a KillbKa -
pinuHOIO (TiZpocTaTUyYHI KaMepw). 3aBAsSKH aKTHBHOMY TilIEPOCMOCY MOIIIOCK BHBOJIWB a00 J10/IaBaB
BOJLy 3 IMX KaMep PaKOBHUHH, 110 103BOJISUIO KEPYBATH IUIABYUICTIO 1 MiAHIMATHCS UM OIYCKATHCS B BOI.
[eperoponka Mixk kKamepaMu Mae TOPPOBAHUHN Kpaii, SIKMI YTBOPIOE CKIAHY JIHIIO MPHUKPITUICHHS JI0
PaKOBHHM — JIONATEBY JIiHIIO, TEOMETPIs KO € OJHIEI0 3 CUCTEMAaTUYHUX O3HAaK aMOHITIB. IIpoTsrom
eBomonii Big ~409 no 66 MIH.p. 10 H.€. JONaTeBi JMiHii ICTOTHO 3MiHIOBaIX (popMy BiJ Maiibke mpAMUX
(Nautiloid, Puc.1a) i «xBuienonioaux» (Goniatitic, Puc.16) mo 3youactux (Ceratitic, Puc.1B) i ckinagaux
posranyxenux (Amonitic, Puc.1r). BHyTpimHi nporecu 100y10BH HOBOT KaMepH MPOXOJIATH 33 PAXYHOK
arnomepanii i ocamkeHHs coseii Ca musixom DLA, mo mpuBoguTh 10 yTBOpeHHS MinHoro 3D
3’ennyBanbHOrO MBY (Puc.2a), ppakranpHa popma sikoro JoOpe MoMiTHa Ha yinamkax pakosuH (Puc.20).
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a 6 B r
Puc. 1. Yomupu munu nonamesux niniti amonimis: Nautiloid (a), Goniatitic (6), Ceratitic (8), Amonitic (2)

Puc.2. Buympiwna 6yoosa cminok kamep (a) i nionamesoi ainii (6) amonimis.

3 ¢ororpadiii Bucokoi pozainbHOCTi (600dpi) pakoBHH aMOHITIB i3 BIAKPHUTUX OHJAWH KOJEKIil
MaJICOHTOJIOTTYHUX MY3€iB OLU(POBYBAIN 32 IOTIOMOTOI0 TPAJIEHTHUX (QUIBTPiB KOHTYPH IPAaHHIb MK
cycimaimu kamepamu (Puc.3). PesynpraTti moka3yooTh, 10 CKIAIHICTG JiHIH, SIKi PO3TAIIOBaHI TOOIH3Y
30BHIITHKOI TIOBEPXHI PAKOBUHHM Billle, HIXK JIHIH, sIKi pO3TAlIOBaHI MOOJIM3Y BHYTPIIIHBOI MMOBEPXHi.
Kpim TOro, ckiamHicTh JNiHIA MK mepmuMu (MalMMH) KaMepaMd 3HA4YHO HIDKYA y TOPIBHSHHI 3i
CKIIQ/IHICTIO JIHIA MK OUTBII KPymHUMH KamepamMu. Takum dYWHOM, (QpakTaibHI BIACTHBOCTI
3’€IHYBaJIBHOTO IIBY MOXYTh BiJITIOBIJaTH MTOTPIOHIM MEXaHIYHIM MIITHOCTI 3’ € JHAHHS KaMep.

OpakTanbHi po3MipHOCTI JIiHIM BUMIpIOBaJIH 32 JOTIOMOTOIO BJIACHOTO KOy 1 BOyJJOBaHUX 0i0IioTeK
nakety Python. By Bukopucranmii Meron box-counting, sKMi CKIaJa€ThCs 3 MigpaxyBaHHS YHCIIA
kBa/1patiB N; 3 JOBKWHOIO CTOPOHH € Ta 3 ITOCIIJOBHIM 3MEHIICHHSAM € O0YHCIIUTH 3HAYCHHS

. In(N
D =-lim In(N;) (1)
e—0 In(g)
3 JOCTATHBOIO TOYHICTIO.
Banipanis kogy npoBouiacs NUISIXOM BUMIpIOBaHb (pakTaabHOT PO3MIPHOCTI BIZIOMHUX KPUBUX (OH
Koxa, MinkoBcekoro ta ['inbepra. Po3paxyHku mpoBoguiucs K s minnx JiHii (Puc.3B,r), Tak i s

ix nepoi (I), xpyroi (I1), tpetpoi (1) Ta octanuboi (V) yeTBepTHH.
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Puc.3. Oyughposani nonamesi ninii paxosun munie Amonitic (a,6) ma ix okpemi 1inii (8,2).

3 Pe3ysbTaTu po3paxyHKiB i ix 00roBopeHHs

Pesynbratn pospaxyskiB Ds qiist 16 nonaTeBux miHi amoniToBOrO THITY (Pric30) HaBeneni Ha Puc.4.
3HavyeHHs PpakTaIbHUX PO3MipHOCTEH NiHIM nexaTh B mianmasoni 1.25< Dy <1.48, npudomy HIDKHE
3HA4YCHHS BiJINOBiae pomipHOCTI KpuBoi (hoH Koxa 3 Di=1.26186, a BepXHE 3HAYCHHS — MOAU(IKOBaHIH
kpuBiit pon Koxa 3 kBazpaTtom 3amicTs TpukyTHUKA (D=1.46497 ). BHyTpilIHi YacTHHM JONAaTEBUX JiHIH
(I'1 1) maroTh 3HauHO TpocTimi Gopmu (Df~1.2-1.3) y nmopiBHsHHI 3 30BHIHIME yacTrHamu (111, TV),
ski MaroTh Di~1.4-1.5.

1.2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 =
1 2 3 4 5 6 7 8§ 9 10 11 12 13 14 15 16

Puc.4. 3nauenns Dt ons nonamesux niniii 6 yinomy (I-1V) i ix wacmun I, IT, 111, IV.

s esomouniiino monoaux ¢hopm Goniatitic, Ceratitic ¢ppakTaibHi po3MIpHOCT] BHYTPILIHIX YaCTHH
niHii HaOmKyroThess 10 Dy~1.1-1.2. Crnuparounch Ha pe3yiabTaTH PO3PaxyHKIB MOXKHA BHIUINTH
HACTYITHI 3a CKJIaJIHICTIO THIIH JIONIATEBUX JIiHIN Ta BiMmoBiaHi iM ¢pakrtansHi Moaeni (Tabmn.1). Takum
YUHOM, HaWOibI cknaaHi diHii 3 Dy~1.6-1.8 BiAmoBigaroTh HARMIIHIIINM MEXaHIYHUM 3aKPIILICHHIM
HIBIB y BUTJISIAL aHTH-TpanenieBuaHoi popmu [6]. LlikaBo, 110 npupoaHi TOPHUCTI CTPYKTYPH IUXATbHUAX
HUISIXiB QpKTUYHUX TBAPHH TE€XK MaIOTh (PPAKTaIbHOI PO3MIPHOCTI 3 IBOTO K Jiana3ony 3HaueHb Di~1.6-
1.8, a HAHOMIKYIOI0 MOJEIUIIO JUISI TAKMX CTPYKTYp € KiituMu CepriHChKOro pi3Hoi popmu [5].

Tabauys 1. Xapaxmepni munu 1onamesux Ninil ma ix mamemamuiui Mooeri.

Jlinis D.f Monenb Dr .
JI1H11 MOJEI1
1 1.1-1.2 /\ In7 120006
\/ In5
2 1.2-13 In4 126186
In3
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3 1314 In9 136521
In5
4 14-15 In5 1 46497
In3

5 151.6 j 13 | 5037
In5

In15

6 1.6-1.7 ~1.6826
" In5
%0907 O : ,
7 &'e TR, 1.7-1.8 N7 17712
. o In3

8 %ﬁ%ﬁ% 1.8-1.9 In8 18928
) In3
2l

5 BucHoBKH

EBomtontifiHi 3MiHM PaKOBHWH aMOHITiB TIPOTIroM ~340 MITH. pokiB HaOyBaiy 3HAYHHUX 3MiH (HOpPMHU
JIOTIATEeBUX JIiHIHM, SAKi BiAMOBINAIOTH 3’€IHYBAILHUM IIBaM MiX CYCITHIMH Kamepamu, sKi HagOyaye
MOJIIOCK B MOPOXKHUHHINW pakoBuHi. CTpyKTypa IHMX JIiHiH 3MiHIOBayacs BiJ Maike TUIOCKHX (KOja B
rodpoBaniii cTpyktypi, Puc.la) y Nautiloid 1o camo moaiOHux 3BMBHCTHUX (OpPM 3 (PpakTaibHUMU
posmiprocTsaMu Di~1.1-1.2 y Goniatitic, Di~1.2 — 1.5 - y Ceratitic, i Di~1.2-1.9 - y Amonitic. [Ipu upomy
YACTHHU JIiHIH, SKi pO3TalIOBaHi HA 30BHINIHIN TOBEPXHI PAKOBHHH 1 3a3HAIOTH 3HAYHIIINX MEXaHIYHUX
HABaHTaXCHb, € OUIbII CKIAAHIMKAMU 1 MawTh Bull 3HadyeHHs Dy Ti minii, sxi po3TairoBaHi Ha
BHYTPIIIHIX TIOBEPXHAX, IO 3BUTI y CIipanb i, TaKUM UYHHOM, MAlOTh JIOJIaTKOBE MeEXaHI4He
MiIKPITUIEHHS, € OLTBII MPOCTIMMMY 1 MatoTh MeHIi 3HadeHHs Dy. [loOymoBani MareMaTHdHI Momemi
BIZIMOBIAHNUX (PpaKTAILHUX JiHIH, sIKi MOYKHA 3alIPOTIOHYBATH JI0 BUKOPUCTAHHS B SIKOCTI 3’ €IHYBaIbHUX
HIBIB B TEXHIYHUX KOHCTPYKIIISIX.
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VY crarTi NpONoOHyeThCA MiJXiA A0 MIATPUMKH THYYKOI po3poOKHM JiHiIHOK mporpamHux npoxykriB (JIIIIT) 3 BukopucraHHsIM
METOJIB KepyBaHHs BapialGelbHICTIO B Mexkax Meromoiiorii SCrum. I'oJoBHOIO MeToro poOOTH € aHalli3 KOHTEHHEepIB s
BipTyanizanii cepenoBumy npu posropranHi JIIIII. CrpykrypoBaHa iHpopMmaniiiHa 6a3a A 3alpOIIOHOBAHOTO IiAXOXIY
YIpaBIiHHSA BapiaOeNbHICTIO PO3rOpTAaHHSA, MOKa3aHa HOro poJib y 3aralbHOMYy MeTOAlI SCrUM Ta 3ampOoIIOHOBAHO
KOHILICNITYaJIbHY CXEMy IpOIECY YNpPaBIiHHS Ha €Tali PO3TOpTaHHS AOAATKy. IIpOBEICHO eKCHEepPUMEHTAJIbHMIl aHami3 Ta
pO3paxoBaHi METPUKH JUIS JBOX THIIB KoHTelHepiB Docker Ta Vagrant.
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The application containerization approach allows creating virtualization environments that could be used as a code. It allows
running application in the isolated container that could be reproduced on any other hardware or cloud environment. One of the
benefits of the containerization approach is the possibility to allocate necessary hardware resources like a RAM, CPU and
storage. An approach to support agile development of software product lines (SPL) by using variability management
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techniques within the framework of the Scrum methodology has been proposed in the article. The main goal of the work is to
analyze containers for virtualization of the runtime environment when deploying SPL. The information base for the proposed
approach to managing the variability of deployment has been structured. The role of the approach in the general method of
Scrum has been shown, and a conceptual diagram of the management process at the stage of application deployment has been
proposed. The experimental analysis has been carried out and metrics for two types of containers, Docker and Vagrant, have
been calculated. The following two metrics, namely, portability and productivity, for both containers have been analyzed.
These metrics for the test component software solution have been calculated and executed in cloud environment with different
configurations. The portability metric indicates how easily the application can be migrated to other platform basing on the
time required to start container with the application. The second metric is the time necessary for the same operations in
different container.

Keywords: variability, Docker, Vagrant, containerization, SPL

1. Beryn. AKTYaJIBHICTD J0CTiIsKeHHSA

CydvacHi cuctemu po3poOku mporpamuoro 3abesmnedenss (I13) ckimamaroThCst 3 psimy CepBicCiB,
KOMITOHEHTIB 1 KJIaciB, SIKi MOKYTh OyTH BUKOPUCTaHi MOBTOPHO. Lle 0cOOIMBO Ba)JIMBO MpH po3po01i
(JIIIIT) i BuMarae BCTaHOBIICHHS MEXaHI3MY YIIpaBIIiHHS BapiaOenpHICTIO BUMOT. YacTo Taki 3amadi
moraHo ¢opMaji3oBaHi 1 BUMararoTh KOMIDUIEKCHOTO IPOTPaMHO-aHAJTITHIHOTO pimeHHs. OTpuMmani
PILICHHS T03BOJISIOTH JAOCATTH MEBHOTO CTYIEHS MOMIOHOCTI pO3pOOIIOBAHUX CTPYKTYP, K PE3yIbTatr
MOJKHA CTBEPPKYBATH, 1110 BiIMIHHOCTI BHHUKAIOTh BHACITIJIOK Bapialliii IpOrpaMHUX apTe(aKTiB.

ITin gac po3pooku JIIIII, mpottec yrpaBiiHHS BapiabenpHICTIO 3B’ S3y€ €Taly aHaji3y BUMOT Ta eTamn
OynyBanHsM neBHoi oxwnmui JIIIIT [1]. Ha erami BmpoBaJKeHHS YacTO BHUHHUKAE HEOOXITHICTH
e(eKTUBHOTO KOH(QIrypyBaHHs Ta HaJalITyBaHHS pO3pOOJIEHUX NPOrpaMHHUX KOMIIOHEHTIB 3
ypaxyBaHHSIM pecypciB Ta iHTepdeliciB 30BHIMIHIX 0i0MOTEK, omepamifHuX IUAaTGOpM, MPOTrPaMHUX
cepBiciB TOIMIO. BifICYyTHICTH MpoIlieciB HAKOMMYEHHS JaHUX MPO JISTalli €TaIliB PpO3rOPTaHHS KOXKHOTO 3
MOBTOPHO BHKOPHUCTOBYBAaHMX KOMITOHCHTIB NMPU3BOAUTH JI0 HEOOXITHOCTI MOBTOPSHHS IUX €TaIliB Y
BUTAJKY BUKOPHCTaHHS BapiadeTbHUX KOMIIOHEHTIB.

3okpeMa, y poOoTi [2] moka3aHo, 0 3aBASKH HASBHOCTI 3B’ SI3KiB Mi’K BUMOTaMH Ta apTe(aKTamu,
OyJio MOXKIIMBHM MOKPAIIUTH MOBHOTY Ta TOYHICTH BIJICTEKEHHS BUMOT IMPH THYUKiid pospoomi I13
IUIIXOM PO3POOKHU 3HAHHS-OPIEHTOBAHUX MOJIENIEH Ta TEXHOJIOTil HaKONMMUeHHs iH(opMallii, aHami3 Ta
YIpPaBIiHHS JaHUMH [PO BHMOTH KopucTyBadiB. IIpore 3ampornoHoBanuii y po6oti [2] miaximx OyB
3aCTOCOBAaHUHN ST PO3POOKH OKPEMOTO MPOAYKTY Ta HE Ma€ MOXKIMBOCTI 3aCTOCOBYBATH JaHI MiX
PI3HUMHU TNPOEKTaMU. TakKMM YHHOM, METOK ILOTO JOCIIKEHHsS € pO3poOKa MiJXOAy IO aHami3y
MOJMJINBOCTE 3a0e3neueHHs BapiaOeNbHOCTI Ha eTami po3ropraHHi KOMIOHEHTIB I3 mnmsixom
BUKOPHCTAHHSM aJIbTEPHATUBHUX CYYaCHUX TEXHOJIOTIH JUIs KOHTeHHepH3allii 3aCTOCYHKIB.

2. TexHoJoriuHa cxema ynpapJiiHHs BapiaGebHICTIO pO3ropTaHHs MPOrpaMHUX KOMIIOHEHTIB
B KOHTEKCTi MeToaoJ10rii Scrum
B [3] Oyna 3anpornoHoBaHa iHTErpoBaHa MOJEJIFHO-TEXHOJIOTIYHA CXeMa PO3pOOKHU Ta CyNpOBOLY
JIIII, sxa moemHye B co0i 2-X piBHEBY KOHIENTYAIbHY MOJIEIb MPOIECiB CTBOpeHHS Oy 1b-sko1 JIIIII 3
pobotu K. IToms (K. Pohl et al.) [1] 3 y3aranbHEHOI0 TEXHOIOTIYHOIO CXEMOIO THYYKOi po3pooku 113
(mamp., 3a MeToI0IOTi€r0 SCIUM Ta iH.), MO JA03BOJISIE PO3TISAAATA BC1 OCHOBHI (ha3d KUTTEBOTO ITUKITY
(OKLI) JIII 3 ypaxyBaHHAM MOKJIHMBOCTEH 3a0e3meueHHs] BapiaOeNbHOCTI BiIOBITHUX MPOEKTHUX
apredaxTis, a came:

1) GaraToBMMIipHUX crieruikalliii BAMOT KOPHCTYBauiB (user stories), siki (GOPMYyIOTHCSI HA OCHOBI
aHarizy neBHOi npeaMeTHoi obmacti ([IpO) 3a yuacTio ekcnepTiB Ta 3 BUKOPHCTaHHS METOJIIB
00poOKu 3HaHb [4];

2) aJbTepHATHBHUX JOMEHHHX Mojneneir (domain models), siki OymylOThcs Ha OCHOBI
OTpaLIOBaHHS IUX BHUMOT, 1 AKi MOXYTb OyTH BHKOPHCTaHI B MOJAJBIIOMY IJIsi TeHepauil
Kapkac BHUXiZHOro kony (source code framework) 3 HeoOXimHUM KoedilmieHTOM Horo
MOBTOPHOT'O BUKOpPHUCTaHHS [5];

3) pi3HMX BapiaHTIB apXiTEKTypH MPOrPaMHUX KOMIIOHEHTIB (software components), 110 BXOIATh
no ckiany uinmboBoi JIIII, i sxi matore OyTH posmimieHi (components deployment) Ha
BIMOBiAHIA omepauiiiHiii ruiatdopmi B Tild Oi3Hec-opraHizamii, sika OyJe B MOJANBLIOMY
BUKOPHUCTOBYBaTH (DyHKUiOHaIBHI MoxknuBocTi 1iei JITTIL.

B pobortax [3 — 5] mia aBTomaru3anii npoueciB 00poOKM JaHUX Ta EKCIepPTHHX 3HAHb Ha eTarax
(1) - (2) Oynm mpezncraBieHi BiIIOBIIHI METOAM Ta IHCTPYMEHTaJbHI 3acCO0HM, SIKI CTPYKTYPHO i
(GYHKIIIOHABHO BXOJATH B 3TajlaHy BUINE I1HTErPOBaHY MOJICIBHO-TEXHOJOTTYHY CXEMYy pPO3pOOKH
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JIIIIT B Burimsni KoHTYpiB ympaBiinasa 31 3BopotHmM 3B’s3koM (feedback control loop). Termep,
3BayKaro4y Ha HEOOXiJHICTh 3a0e3MeUnTH TaKoXK 1 Ha eTami  (3) MOXKIIHMBICTH BUOOPY Ta BUKOPHCTAHHS
QIbTEPHATHBHUX TEXHOJOTIH pPO3rOpPTaHHS HPOTPAMHHUX KOMIIOHEHTIB, HPONOHYETHCS PO3LIMPEHA
cxema niporieciB JKII JITII y moeqHaHHI ¢ METOAONIOTIERD SCIUM, sika MpecTaBlieHa Ha PUCYHKY 2.1.

Puc.2.1 Poswupena cxema npoyecie KL JIIIII 6 konmekcmi memoodonozii SCrum

L1 cxema MICTUTH JOATKOBHH KOHYP 3BOPOTHOTO 3B’S3KY JUISl YIPaBIIiHHS IPOIECOM PO3TOPTAHHS
MPOrpaMHUX KOMITOHEHTIB 1 JUIsl 3a0e3MeueHHs] BJIaCTUBOCTEH BapiabenbHOCTI Ha 1boMy etami JKI|
JITIIT HeoOXimHICTH PO3POOMTH MIiAXiJ JO OIIHIOBAHHS SIKOCTI 3acCTOCYBaHHS aJlbTEPHATUBHUX
TEXHOJIOTIH iX pO3ropTaHHs, 10 AKUX HalleXKaTh, 30KpeMa, TEXHOJIOT11 KOHTeHHepr3aIlii Ta BipTyarizamii
nporpaMHuX mpoekTiB [6]. Lli muTanHs OibIn feTalbHO PO3TIISHYTI Y HACTYITHHUX PO3/LIax Ii€i CTaTTi.

3. MeToanka AOCTIIKEeHHS TIPOLECiB PO3rOPTAaHHA KOMIIOHEHTIB 3 BHKOPUCTAHHAM
ajJbTepHATHBHUX TexHoJoriii Docker Ta Vagrant

st BUINICHHS TOCTABJICHUX 3aJa4 IbOr0 JOCHIKCHHS HEOOXIAHO PO3POOUTH JIOCTATHHO
(GYHKIIIOHATBHO TIOBHUIM MPOTOTUIT KOMITIOHEHTHOTO mpoC[rpamuoro pittenss (KIIP), ams posropranHs
SIKOTO 3aCTOCOBYIOTHCS ~ allbTePHATHBHI TEXHOJOTI] KOHTeWHepH3amii Ta BipTyami3allii NMpOEKTiB, a
TaKOX 3aIpPOIIOHYBATH BIATIOBIIHI METPHKH OOYMCIICHHS TIOKa3HHUKIB SKOCTI BUKOHAHHS IUX MPOIIECIB.

3.1. Ipororun tecroBoro KIIP nis gocaiazkeHHs aJbTepHATHBHUX TE€XHOJIOTiH PO3ropTaHHsA
NMPOrpPAMHUX NPOEKTIB

M mocmimxenHss ocoOnuBocTel mpoueciB posropTanHs tectoBoro KIIP 3 BukopucTanHsIM
albTCPHATUBHUX TEXHOJIOTIH KOHTeHHepu3alii Oyia po3poljieHa apxiTeKTypa, sKa peaji3ye
(yHKIIOHATIBHI MOXKIIMBOCTI CHCTEMH aJalTUBHOTO YNpPaBJiHHS BUMOTaMH Ha OCHOBI BUKOPHCTaHHS
Mmozeni chokycoBaHoro intepgeiicy po3poOHuka [7], i BoHa mpencrasieHa Ha puc. 3.1 y Burisami
UML — niarpamu po3roptranss komroHenTis (Component deployment diagram).
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Puc. 3.1 [liaepamu poszeopmanns komnonenmie mecmogoeo KIIP

VY upomy KIIP peanizoBani HacTymHi OCHOBHI (pyHKIIIOHAIBHI MOXIHBOCTI: Ha By3mi Server Node
posmimieno kommoneHTH Data Access Service € KOHTPOJIEpOM, SIKHid 3aiiMaeThCst 0OPOOKOO 3aIlHTIiB
BiJl KJIIEHTCHKUX 3aCTOCYHKIB, a TakKOX 3a0e3leuyye IOCTyll 3 BHKOPHUCTAHHSAM cepBicy Storage
Connector mo pecypciB maHuX, IO 3HAXOAATHCS mmia ympasminasMm pemsiiiinoi CKBJ[ Relation DB
(MySQL) Ta amsrepuatuBHoi CKBJ] NoSQL (Cassandra), i napemri, kommoneHt RegqMitTester
JIO3BOJISIE PO3PaXOBYBATH BiJIMOBIHI METPUKH 1 Ha MiJICTaBi [bOT0O OyIyBaTH choKycoBaHuil iHTepdeiic
po3pobuuka I13 [7].

Hns posropranHs mporo TectoBoro KIIP Oymm mammcani
texHosorii Docker Ta Vargant (auB. pucyHok 3.2).

BIJITIOBITHI CKPHWIITOBI CIEHApil s

£ docker.sh

cp docker/containers/app/.env.example docker/containers/app/.env
cp docker/containers/db/.env.example docker/containers/db/.env
docker network create regmit2-auth-dbnet

docker-compose up -d testdb

docker-compose -f docker/build.yml build

docker-compose build

docker-compose
docker-compose
docker-compose

-f docker/build.yml up
up -d db cassandra
up -d --force-recreate

--force-recreate

--no-deps api

--no-deps build

docker exec -t reqgmit2-auth-api ./gradlew flywayMigrate --info

11
2 vagrant.sh

service mysqgld start

service cassandrad start

mysql -u mysgl -c DROP DATABASE test; CREATE DATABASE test;
./gradlew clean flywayClean check build flywayMigrate
vagrant up

Puc. 3.2 Cyenapiii poseopmannsi KIIP 3 euxopucmannam Docker ma Vagrant

3.2. loka3HukM 1JIs OWiHKY AKOCTi mpoueciB po3ropranns KIIP Ta MeTpuky ix BU3HA4YeHHs

Hns anamizy BukopuctanHs Docker ta Vagrant ms posropranas tectoBoro KIIP (nuB. pucyHOk
3.2) po3risganrch HaCTYIHI MOKa3HUKH SKOCTI [8]:

e nepenocumicTsb (Portability - Prb);
e npoaykrtuBHicTs (Performance - Prm).

ITeperocumicTh € MipOrO TOT0, HACKiIBKY JieTkKo BifmnoBigHe KIIP mMoxxe OyTu mepeHeceHa 3 O/Hi€l
orepauiiHol aTPopMu Ha iHIIY, TOOTO KiIBKICHO BOHAa MOKe OyTH OOuYHMCIIeHa SK BEIUYMHA, IO €
3BOPOTHO MPOIOPIIIHHOI0 BUTPATaM 4acy, SKHi € HEOOXITHUM JUIs 3AIHCHEHHS IBOT0 Mporiecy. Takum
YHHOM, MeTpHKa Jutst Prb  mae HacTynmHui BATIIS:
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1
T (Deployment) '

Prb = (1)

ne T(Deployment) - e BuTpaTi yacy Ha po3ropTaHHs HOBOI BEpCii MPOCKTY.

Bepyun 10 yBaru aeski TEXHOJIOTIUHI OCOOJMBOCTI Mpoilecy KoHTeiHepu3arii [9] po3paxyHok 3a
¢dopmymnoro (1) 3BOIMTBCS OO BU3HAYEHHS BUTpPAT 4acy Oe3lOocepeHbO Ha TPOIEC PO3rOpPTaHHS
omepaiiiHoro cepenosuiia (kouteinepa) «T(Environment deployment)» Tta BuTpar 4wacy Ha
HaJAMITyBaHHS Ta IIArOTOBKH JO PO3TOpPTaHHs BimmosimHoro cepsepy momatkiB «T(Config. and
preparation)». B cBoto uepry, gac «T(Environment deployment)» ckiamaetscst 3 uacy, HEOOXiTHOTO s
ctBopenHs (build) koHTelHEPY YM BIpTyalbHOI MAITUHM, Ta Yacy I X 0€3MOCEPeTHLOI0 BUKOHAHHS
(run).

Takum dmHOM, A BapiaHTy 3acTtocyBaHHs TexHomorii Docker BuTparm wacy Ha mporecy
PO3ropTaHHs Ma€ HACTYITHUI BUTJISI:

T (Environment deployment)pocker = T (Docker build) + T (Docker run), (2)
a JIJIs BapiaHTy 3aCTOCYBaHHS TeXHOJOrIl Vagrant BOHH 00paxoBYIOTHCS 33 (hOPMYJIOH0:
T (Environment deployment)yqgrane = T (Vagrant setup)
®3)

ne «T(Vagrant setup)» - e yac cTBOpeHHS Ta 3aIyCKy BipTyalbHOI MalminHu Vagrant.

Omxe, BpaxoByroun Bupasu (1) — (3) kiHueBui Bupa3 Jyisl 00YMCICHHS METPUKHU OI[IHKU ITOKa3HUKA
SKOCTI TIepeHoCcUMOcCTi Prt po3paxoByerbes 3a hopMyInoro:

1
B T((Env deployment)) + T((Config. and preparation))

Prb (4)

Jnst oOumrcneHHs 3aranbHOT METPHUKH OIIIHKK MPOIYKTHBHOCTI Prm mporecy po3ropranHs B AaHii
po06O0Ti BUKOPUCTOBYIOTHCS HacTyIHi mapameTpu [10]:
® METpHUKA JJIs BU3HAUYCHHS CTYIICHIO BUKOPUCTAHHS IIeHTpansHOTO Tporiecopa M(CPU);
e METpHWKa JUIsl BU3HAUYEHHs 00’ eMy omepatuBHOi mam’siti M(RAM);
® METpHKa JIJIsl BU3HAUYCHHS CEPEIHBOI0 3aBaHTaKeHHs onepaniiinoi cuctemu M(LoadAvg).
Metpuka M(CPU) moxe OyTu po3paxoBaHa sIK Cepe/THE HABAHTAXKEHHS Ha IIEHTPAIBHUIA IPOLIECOp
BHACJIIJIOK BUKOHAHHS TICBHUX OTIePAIliii:

N
M(CPU) —1— l=1(Uavg(CPU)L) (5)
N

ne Ugyg(CPU); 1€ cepellHE HABaHTaXKEHHS Ha UEHTPAbHUK MPOLEcOp I KOXKHOI onepanii; a N -
KUTbKICTh BUKOHAHHX OTEPaIliid.

Merpuka M(RAM) no3Boisie BU3HAUUTH 00’ €MY OIEPATHBHOI IIaM’ATi, sSika Mae OyTH BHIIICHA JUIS
posropranus KITP 3 BukopucTaHHSIM OJHI€l 3 anbrepHaTHBHUX TexHoyoriii Docker ta Vagrant, i Bona
Ma€ HACTYIHUI BUTJISL:

1

MRAM) = o RAM) =V, (RAM)

(6)

ne V;(RAM) - me o0’em omepaTuBHOi mHaM’siTi, SKa BHKOPHUCTOBYETHCS OO IIOYATKy HpOLECY
posropranus BignosigHoro KIIP, a V,(RAM) - e 00’em omepaTtuBHOI Ham’sTi, sSKa 3ajisHa MICIIs
3aBepIISHHS MPOIECY HOTO PO3TOPTaHHS.

AHAJIOTIYHUM YMHOM MOXX€ OyTH BH3HAu€Ha METPHUKA CEPEJHBOTO 3aBAHTAKEHHS OIepariiHol
cucremu M(LoadAvg) mix gac mpouecy posropranus KITP [10], a came:
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M(Load Avg) = L—L (7)

ne, Ly me cepenHe HaBaHTa)KEHHS CHCTEMH JIO MOYATKy Mporecy posropTanHs Biamosigaoro KIIP, a
L, — cepeqHe HaBaHTaXKEHHS MiCIs HOTO 3aBEpIIICHHS.

s oOuuCIieHHs OCTAaTOYHOrO 3HAYeHHS METPUKH Prm Ha ocHOBi okpemux Metpuk (5) — (7)
MPOTIOHYETHCS MOOYIyBaTH 1X 3rOPTKY y BUTIISI

Prm = ky;M(CPU) + k,M(RAM) + k3;M(Load Avg), (8)

ne BiamoBimHi Barosi koedimientn Ki , Ko , K3 MOXyTh OyTH BU3HA4YEHI 3 BUKOPHCTAHHSIM OIHOTO 3
SKCIIEPTHUX METO/IIB, HAIIPUKIIA, 32 METOJIOM aHali3y iepapxiit (MAI) [11] .

4. TIpoBeaeHHsI MPOrPaMHUX €KCIIEPUMEHTIB Ta aHAJI3 OTPUMAHHUX Pe3yJIbLTATIB

s mpoBeneHHA OOYMCIIOBAJIBHUX EKCIIEPUMEHTIB BHKOPUCTOBYBABCS E€K3EMIUIID XMapHOIO
cepeicy (cloud instance) «Amazon EC2 m4.2xlarge» [12], skuit maB 32 I'6 onepatuBHOI mam'sati Ta
BipryansHuii  mpouecop 8vCPU. [IlporpaMHmii eKCHIEpUMEHT 3 OILIHIOBAaHHAM IlapaMmerpa
nepeHocumocti Prb 6ymo mposemeHo 5 pasis, i BiamoBiguuit anmroput™ B Buriai UML — miarpamu
TSTBHOCTI TIPEICTAaBICHO HAa PUCYHKY 4.1.

BcTaHoBReHHSA
rno4YaTKOBOro Yacy
BWKOHaHHSA 3anunTiB
T (start)

3afaHHsa vacy
BMKOHaHHS
3anuTiB T

BukoHaHHA
3anuTy
GﬁiﬂbLUEHHH Ns Ha 1)

MepeBipka Ha 3aKiHYeHHA Yacy

——

[HYac 3anuwmecs] [HYac eBuiAwos]

BcTtaHoBneHHs
Yyacy 3aKiH4eHHA Po3paxyHok O
BUKOHaHHA T

3anuTie T (end)
=] prog E

OWw

f Visual Paradigm Community Edition 9

Puc.4.1 Ancopumm nposedenns exchepumenny 3 obuucienus mempuxu Prb

PesynpraTtu ux ekcriepuMeHTiB i1t 000X TexHojorii: Docker Ta Vagrant npuseneni B Tabmuui 1. [le
TiTa T,uac movaTKy Ta 3aKiHUYEHHS CKCIIEPUMEHTY BiIOBiNHO 3amanuii y Unix gaci. AT — yac Ha
PO3ropTaHHs 3aCTOCYHKY Y BIJIMOBITHOMY KOHTEHHEPY.

Tabnuys 1. Pe3yromamu excnepumenmie 0Jisk OYiHKU MEMPUKU NEPEHOCUMOCTNE

AT AT
Ne | Ti(Docker) T2(Docker) (Docker) T1(Vagrant) T»(Vagrant) (Vagrant
)
1 | 1527592245 | 1527592498 253 ¢ 1527593552 1527593879 327¢c
2 | 1527592498 | 1527592741 243 ¢ 1527593879 1527594168 289 ¢
3 | 1527592741 | 1527592978 237¢C 1527594168 1527594479 3lic
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4 1527592978 1527593245 267 ¢ 1527594479 1527594812 333¢
5 1527593245 1527593552 307 ¢ 1527594812 1527595091 279 ¢
T(P(Deployment with Docker)) 261 c T(P(Dep. with Vagramt)) 290 c

BuxopuctoByroun nani 3 Tabm. 1 Ta ¢popmymu (1) — (4) Oynu oTpuMaHi HACTYIHI 3HAYEHHS IS
OILIIHKH SKOCTI mpottecy posroprants tecroBoro KIIP 3a metpukoro Prb

Prb (Docker) = 0.0038, Prb (Vagrant) = 0.0035, 9

ToOTo, 3HaYeHHS METpUKH TepeHocumocti Prb mpu Bukopucranui texnosorii Docker Oinbrie
3HAYEHHS IIi€] )X METPUKH MPH BUKOPHCTaHHI TexHoJorii Vagrant mume npubiamsno Ha 8%, 1o €
JIOCUTH HE3HAYHOIO Pi3HUIICIO.

ExcrniepuMeHT aj1st OOYMCIICHHS 3HaYeHHS! METPUKH MPOJYKTUBHOCTI Prm mpoBoIuBCS HaCTYIMHUM
YMHOM: MPOTPpaMHHMM OUISIXOM BHKOHYBajuch 100000 3anutiB 0OpoOKM JaHMX 3 BUKOPHUCTAHHIM
¢ynkmionany TtectoBoro KIIP (amB. pucynox 4.1), 30mpanmch BIiAMOBiAHI [OaHi, a TOTIM
PO3paxoBYBaIKCh MMOKa3HUKH METPHUK 3 BUKOpHCTaHHIM (hopmyi (5) — (7), i 1i pe3ysibTaTd HaBeAeHI B
Tabmuui 2.

Tabnuysa 2. Pezynomamu nposederHo2o excnepumenmy

Mertpuka / TexHoorii Docker Vagrant
M(CPU) 0.63 0.56
M(RAM) 0.00049 0.00041

M(Load AVG) 0.14 0.083

HactynmHuM KpoKoM Ui BU3HAYEHHS KiHIIEBOTO 3HAYCHHSI METPUKHU OLIHKK MPOJYKTUBHOCTI Prm
IUTsE BapiaHTiB BukopuctaHHs Docker Ta Vagrant € 3actocyBanas MAI 3a ¢opmynoro (8). dns mporo
croyatky Oysia moOyjoBaHa MaTpHIlI MOMAPHHUX MOPIBHSAHB MPiOopuUTeTiB s anbrepHatuB Docker /
Vagrant ( auB. Ta0murs 3).

Tabnuysa 3. Mampuys naprux nopigusaHb aremeprHamus 3a memooom MAI

M(Load AVG) M(RAM) M(CPU)
M(Load AVG) 1 3/1 5/4
M(RAM) 1/3 1 3/6
M(CPU) 4/5 6/3 1

HacTynHuM KpOKOM € BU3HA4Y€HHs 3HaYeHb BaroBux koediuieHtiB Ki , K2 , K3 st 3acrocyBannst y
¢dopmyi (8), nus. Tabmuio 4.

Tabnuys 4. 3nauenns eazosux koeghiyienmis ons memody MAI

Cyma o B?FQBi
M(Load AVG) M(RAM) M(CPU) koedimieHTn
psiaKam ke Ko ke
M(Load AVG) 1 3 1.25 5.25 0.48
M(RAM) 0.33 1 0.5 1.83 0.17
M(CPU) 0.8 2 1 3.8 0.35

3 BUKOPHCTAHHSIM OKPEMHUX METPUK HpOAyKTUBHOCTI 3 Tabin. 3, 3HaueHb BaroBUX KOe(ili€HTIB 3
Tabn. 4 Ta 3actocoBytoun opmyiy (8), Oyau OTpuMaHi KOMIUIEKCHI OILIHKM METpUKH Prm s
texuojorii Docker i Vagrant iamosigHo

Prm(Docker) = 0.48 - 0.14 + 0.17 - 0.00049 + 0.35 - 0.63 ~ 0.29
Prm(Vagrant) = 0.48-0.083 + 0.17 - 0.00041 + 0.35 - 0.56 ~ 0.24 (10)
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TobTo, aHami3ylouu pe3ynbTaTH MeTpuku Prm 3 Bupazy (9), MOXHa 3pOOMTH MOTHBOBaHUM
BUCHOBOK, IO MPOAYKTHBHICTh (QyHKIioHyBaHHS TectoBoro KIIP, skuii Oymo posropHyTo 3a
JIOTIOMOT010 KoHTelHepHoi TexHonorii Docker, € mpubnuszno Ha 17% BHIIOI0, HIX Yy BUMAAKy HOTO
pO3ropTaHHs 3 BAKOPHUCTAHHSAM TEXHOJIOTIT BipTyaumi3amii Vagrant.

5. BUBOAY Ta HANPSAMKH MOAATbIINX JA0CTIIKEHD

Sk OyI10 MOKa3aHo y 1€l cTaTTi KOHTeHHepu3allis ¢ BukopuctanusaM DOCker Mae 3HauHy mepesary 3
TOYKH 30pYy TMOPTATHBHOCTI, JUIS aHami3y MPOAYKTHBHOCTI OyJI0O PO3paxoBaHO KiUBbKICHE 3HAYCHHS
3aBJSIKM TOPIBHSHHIO Pi3HUX KPHUTEPiiB 3 BHKOPUCTAHHSIM METOJY aHaji3y iepapxiii, a oTpuMaHe
3HAUYCHHS TaKOX MoKa3ano nepeary Docker konTeliHepu3aiii. B moganbmomy miaHyeTbes po3poOHTH
nexinpka JIIIT 3 BUKOPUCTaHHAM PI3HUX apXiTEKTypHUX IMIIXOMAIB, Ta IOCTIANTH ePEKTUBHICTH
BUKOPHUCTaHHs KOHTEHHepH3allii, a TAKOK MpoaHali3yBaTH ONTUMAIIbHY CTPYKTYPY MOALTY CHCTEMH.
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Po3po06ieHe Ha CHOTOMHINIHIN JIeHb iHQOpMaIliiiHe 3a0e3MeUYeHHS HE TO3BOJISE 3 TOCHTh BHCOKHM PiBHEM JIOCTOBIPHOCTI
BUPIIIyBaTH 3aBAaHHs BUSBJICHHS BUKU/IB Y BUOIpKaX JaHHUX Ta YAaCOBUX psjax.

Tomy, 1t poGoTa mpHCBsYeHa BHOOPY METPUK UL OLIHIOBAHHS IPAaBUWIIBHOCTI BHSBICHHS BHKUJIB, HaHKpammx
MaTeMaTHYHUX MOJENEH Ta METOMIB AJIS BUPILIEHHS MpoOieMH BUSBICHHS BHKHIIB B MPOOHHX BHOIpKax IMpH YIpaBIIiHHI
HPOLIECaMHU B CHCTEMAaX 3a CTAaHOM.

Bymu BukopucTaHi MaTeMaTH9YHI MOJETI Ta METOIW BHSBJICHHS BUKWAIB (AHOMAJIBHHUX 3HA4YEeHB) Ta MPOTPaMHIi 3aCO0H Ha
ocHoBi MoBH Python, taxi sik scikit-learn, Tensorflow, NumPy, Pandas i inmi.

B xoxmi BukoHaHHS poOOTH OyJIO OTPHMAHO: OINISA METPHK, SIKi BHKOPHUCTOBYIOTHCS [UISI OLIHKH €(EeKTUBHOCTI
MaTeMaTHYHUX MOJENEH Ta METOMIB BUSBIICHHS BUKHIB; OV TPAAULIHHUX METOMIB Ta METOJIB IITMOOKOT0 HaBYAHHS IS
BUSIBJICHHSI BUKHUJIIB; PE3yJIbTaTH JOCITIPKEHHs, 1010 e()eKTUBHOCTI Ta SIKOCTI MaTeMaTHYHHUX MOJeJIe i METO/IiB BUSBICHHS
BUKH/IIB, BUKOPHCTOBYIOUHM 12 MpoOHUX BMOIPOK; BHCHOBKH IIPO HaifKpally MeTpUKY Ta HaWKpalli MaTeMaTH4YHi MoJewi i
METOJIM JUIsl BUPILIEHHS MPpo0IeMy BUSIBJICHHS BUKUIIB B IPOOHUX BUOIpKaXx MPH yIpaBIIiHHI HPOI[eCaMy B CHCTEMAaXx 32 CTAHOM.

T'onoBHMM HAaNPSIMKOM BUKOPHCTaHHS 0OpaHHX METOIIB € MOHITOPHHT PiBHS aHOMAJIbHHUX 3HaYeHb B Pi3HUX BUOIpKax MpH
YIpaBIIiHHI IPOIIECAMU B CHCTEMAxX 3a CTAHOM, 1[0 POOUTH Ii METOJH YHIBEpCAILHIMH TSI BUKOPHCTAHHSI.
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The current information software does not allow solving the problems of detecting outliers in data samples and time series
with a sufficiently high level of reliability.

Therefore, this work is devoted to the choice of metrics for assessing the correctness of detecting outliers, as well as the best
mathematical models and methods for solving the problem of detecting outliers in test samples when managing processes in
systems by state. Mathematical models and methods for detecting outliers (anomalous values) and Python-based software tools
such as scikit-learn, Tensorflow, NumPy, Pandas and others have been used.

The results of our work are the overview of the metrics used to assess the effectiveness of mathematical models and methods
for detecting outliers; the overview of traditional and deep learning techniques of detecting outliers; the results of researching
the efficiency and quality of mathematical models and methods for detecting outliers using 12 datasets; the conclusions about
the best metric and the best mathematical models and methods for solving the problem of detecting outliers in test samples when
managing processes in systems by state.

The selected methods are mainly used for monitoring the level of anomalous values in various datasets when managing
processes in systems by state, which makes these methods universal.

Keywords: outlier detection, machine learning, process control, quality assessment metrics, deep learning

1 IlocTanoBKa npo6emMH Ta ii AKTYAJIbHICTH

Bynemo posrisaati B sIKOCTI 00’ €KTY AOCIHIPKEHHS YIIPaBIIiHHS MPOIECIB B CUCTEMAaxX 3a iX CTaHOM,
HaIPUKJIaJl, EKOHOMIYHUX CHCTEM, 3aCHOBAaHHX Ha JJAHUX MOHITOPHHTY KOHTPOJIbOBAHUX 3MIHHUX CTaHY.
Pesynbprat MOHITOPHHTY — 1€ BUOIPKH TAaHUX Ta YacoBi psau. Bubipka gaHux npezctapisie coO00 HaOip
3HAYeHb 3a MEBHIH MPOMDKOK 4acy, sSIKi MOXKYTb CYTTEBO 3MIHIOBATHUCH B 3aJIGKHOCTI Bij CHTYyaIlil B
cuctemi. B Tolf 4ac Ak 4acoBi psau SIBISIFOTH COOOI0 CYKYITHICTh BHMIPSHAX 3HAY€Hb 3MiHHUX,
OJICp’)KyBaHHX Ha MEBHUX IHTEpBAJIaX Yacy, M0 HEPO3PUBHO MPHUMHUKAIOTH OAWH JI0 OHOTO Ta MPOTITOM
SKUX 3HAYCHHS 3MIHHUX ICTOTHO HE 3MIHIOKOThCS. YacoBi psiju, Oyaydd TUCKPETHOK MOJICIUIIO
KOHTPOJIIO CTaHy JWHAMIYHMX CHCTEM, 3a3BUYail MICTATh IapaMeTpUYHy HEBH3HAYEHICTh, €
HECTAIIOHAPHUMH 1 3aIIyMIICHUMH.

IIpu po3B’si3aHHI 3amadyi BUSBICHHS BUKUIIB y BHOIpKax NaHUX Ta YacOBHX psAax MOTPIOHO
MOTMEPEIHBO OOPOOUTH BXIJIHI JaHi Ta BUIAIMTH MPOMNYIICHI 3HAYEHHS JUIs TOro, 1mo0 MoOXHa 0yJI0
BUKOPHUCTATH METO/Y BHSABICHHS BUKHIIB. [licis Toro, sk BXinHi qaHi Oynu oOpoOieHi Ta mponymieHi
3HauYeHHS OyJu BUAANIEH] MOTPiOHO 3HANTH BUKUAH (TAKOX BiJIOMi, IK aHOMAaJIi1) i BUIAINTH iX 3 HAOOpiB
JAHUX Ta 4acOoBHX psiB. lle M03BONMUTH MiIBUINTH PiBEHb JOCTOBIPHOCTI iHPOPMAIIT Ta MOKPAIIUTH
YIIPaBIIiHHS [TPOIIECIB B CHCTEMI.

3agaua BUSBIICHHS BHUKHIIB B pe3yibTari i AEKOMIIO3WIII MOBHHHA OYyTH MpEICTaBJIEHA, SIK
MOCJIIIOBHICTh BUPIIICHHS B3a€EMOIIOB’ SI3aHUX 3324 TAKHUX SK:

- MOHITOPHUHT CTaHy CHCTeMH (BUOIp Ta BUMIPIOBaHHS 3HAYCHb KOHTPOJIHOBAHUX 3MIHHHUX CTaHY
CHCTEMH 4epe3 MEeBHI MPOMIXKKH Hacy);

- momepenHs o0poOka NaHUX, SKa MPHU3BOJIUTH [0 MPHBEICHHS JaHWX MOHITOPHHTY JIO BHIY,
MPUIATHOTO JJIsl BUSABJICHHS BUKH/IIB;
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- 3HAXO/KEHHS aHOMAaJHHHX 3HaYeHb y YACOBHX PAAax Ta BUOIpKax JaHUX MOHITOPUHTY CHCTEMH.

Posrnsny 3aBaaHp Teopii Ta MPAaKTUKK YIPABIIHHS MPOLECIB Y IUHAMIYHUX CHUCTEMaX MPUALISEThCS
BeJIMKA yBara sik HaAyKOBIIIM B YKpaiHi, Tak i 3a ii mexxamu. Ha el yac omy0iikoBaHO 0Oe3mid pooir,
MPUCBSYCHUX OMKMCY MAaTEMATHIHUX MOJIETICH Ta METO/IIB BUSBJICHHS BUKUIIB y TPOIECAaX yIPaBIiHHS
cucreM 3a cranom [1-15].

Posrnsnaroun knacudikarito MeToaiB (MoJiesieil) BUSBICHHS BUKHIIB B CHCTEMaX MOYKHA BU3HAUUTH,
mo X MOXHA TOMITUTH Ha TPamWIliiHI METOAM Ta METOIW TTHOOKoro HaB4daHHA. Kiacudikarmis mux
MOJIeJIeH Ta METO/IB BUSBIICHHS BUKUIIB MpeacTaBicHa Ha puc. 1.1-1.2,

TpaguuiiHi meTomm

v v v
Hag4ahHA-2 HaeyaHHA Ges 24
BHHTEREH EYMTENA . oy
{supendsed) (unsupervised) a -
Ha ocHosgi BigcTani Crarmcrerm Mogemi Mogeni enacudixamii Ha ocrosi xyTa
J' ¥ J' | QpHoknacHuA SV .
e {One-class SVM) SELD
Ha ocHoei cycigie Ha ocHOEBI WinkHOCTI KnacTepuaauia
|30NALIMHKA nic
N FE (Isolation Forest) FastABOD
K-NN LOF SSEE
(K-means)

ODIN COF LDCOF

Puc. 1.1 Knacugixayis mooeneii ma memooie UAGIEHHI GUKUOIE

MoskHa BUAUTUTH BUILY JaHKY i€papXii Mozaemneil Ta MeTOiB BUSBJICHHS BUKHIIB — II€ TPaaUIliiiHI
MOJIeJTi Ta METOIM MINOO0Koro HaBYaHHs (puc. 1.2). Cepes HUX MOXKHA BUIIJTMTH YOTHPH OCHOBHUX THITH
MOJIEJICH: MOJIeN Ha OCHOBI BIJICTaHI, CTATUCTHYHI MO, MOJeNi Kiacudikailii Ta MOJel Ha OCHOBI
KyTa. AHaNI3yIOud THIIA MOJIENEH JJis TJIMOOKOTO HAaBYaHHS MOXXHA BHUJUINTH TPU THIIM HaBYAHHS:
MIMOOKE HABYAHHS TSl BUITYYeHHS (DYHKIIIH, HABYaHHS OCOOTMBOCTEH MPEICTABICHHS HOPMAIILHOCTI Ta
HACKpi3HE HABUAHHS JIJIS BU3HAUCHHS BUKHUJIIB.
Jlo MHOKMHU METO[IiB, MOJIeJIeH Ha OCHOBI BijicTaHi BisHOCsAThes HacTymHi: K-NN[16], ODIN [17],
LOF [18] ta K-means [19]. Cepen cratuctiunux Mozeneit moxna suainmuta: HBOS [20] Ta rPCA [21].
IMpuknagamu Mojenel kiaacudikarii aist BussiieHas BukuaiB €: SVM [22] ta Isolation Forest [23]. To
METO/IiB, MOJIeJIel TOOyI0BaHMX HA OCHOBI KyTa MokHa Bimnectn ABOD [24] ta FastABOD.
Jlo MHOKHHH METO[IiB, MOJICJICH Ha OCHOBI BijcTaHi BigHOCAThes HacTymHi: K-NN[16], ODIN [17],
LOF [18] ta K-means [19]. Cepen cratuctiunux Mozeneii moxua suaimuta: HBOS [20] Ta rPCA [21].
IMpuknamamu Mojeneit kimacudikartii s BusiBieHHs BukuaiB €: SVM [22] Ta Isolation Forest [23]. o
METO/IiB, MOJIeJIeli TOOyI0BaHMX HA OCHOBI KyTa MokHa Bimaectn ABOD [24] ta FastABOD.
AHaJi3 iCHyI0uHuX JIiTepaTypHUX JUKepell ToKa3ye, IpU pPo3po01li MaTeMaTHYHUX MOJEJIeH Ta METOIIB
BUPIIICHHS 3aBJaHb BUSBJICHHS BUKUIIB Y BUOIpKAxX TaHUX Ta YaCOBHX PsAlaX BUHUKAE HU3KA MPOOIIEM:
- HEBU3HAUYEHICTH BXiJHUX JaHUX (0OMexeHH 00csAT BUOIPOK, HASBHICTH MPOIMYIICHUX 3HAYCHD,
KOPEJIbOBaHICTh 3MIHHUX CTaHIB);

- BEJMKa PO3MIPHICTh MHOYKHHHU 3MiHHHX CTaHy;

- HEBU3HAUYEHICTh y BHOOpPI (OpPMU TNPHBEJCHHS BXINMHUX JaHHUX JO HOPMAaJIbHOTO BUTJINY,
MPHUIATHOTO JIJISL MOJIeNIeH BUSBICHHS BUKU/IB;

- HEBU3HAUYEHICTH y BUOOPI KPUTEPIiB SKOCTI MATEMaTUUHUX MOl Ta METOIB;

- HEBU3HAYEHICTh BUOOPY MPABUIIBHUX PE3YJIbTATIB PILICHD 1010 AaHOMAJIbHUX 3HAYEHb.
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MeTogu rmudoxoro
HaBEYaHHA

v v i

muBoke HaB4aHHA ANA HasuaxHa ocobnusocTed HacxpisHe HasuanHs
BMMyYeHHA DyHEUIR NpeaCTaBNeHHA AMA BUZHAYEHHA
(Deep learning for HOPMarnksHOCTI aHoManiA
feature extraction) (Learning feature (End-to-end anomaly
representations of normality) score learning)

» PedTWUHrosi mogeni
J’ v (Ranking models)
HaBuyaHHA ozHaK HaeuyauHA 03HakK, Wwo
FATanNsLHoT 3anewaTte Big
HOpManeHOCTI aHoManin
—» CodTmakc mogeni
MogenteaHHs " ol AETOSHKOIEDN » Ha ocHosi
nependadysadocti | g knacrepuzauil
HackpiaHa
] 0aHOKENacHa
CamMoKOoHTpOnbHa FesepaTHEHi knacuhikaLis
¥nacudpikauis (Self- . . - .
. L-" ] »  aMarancHi Mepesx —» Ha ocHoBi BiacTaHi
supervised (GAN)
classification)
MonepegHeO

¥epoEaHi Modeni

Ha ocHoei
—» oaHoKanacHol
¥nacudikaui’

Puc. 1.2 Knacugirxayis memo0is enuboxkoeo Haguants 0Jis 6UAEIEHHS BUKUOIE

Crinx 3a3Ha4UTH, IO Y poOOTaX, MPUCBSIUCHUX BHUPIMICHHIO 3aBJaHb BUSIBICHHS BUKHJIB, BiJICYTHE
BU3HAYEHHS LIOA0 HaWKpallMX cepell iCHyIUHX MaTeMaTH4YHOI Mopjedi ado MeTony IJisi BHUSBICHHS
aHOMaJIili Ta HE BPaXOBY€ETHCSI METPUKA JUISI BU3HAUYEHHS TOYHOCTI IUX MOAETICH.

Po3pobiieHe Ha chOrofHINIHINA JeHb iH(pOpMaIliiiHe 3a0e3MeUeHHs HEe JT03BOJIAE 3 IOCHTh BHCOKUM
piBHEM IOCTOBIPHOCTI BUPIITYyBaTH 3aBAaHHS BUSBICHHs BUKHIIB Y BHOIpKaX JaHUX Ta YACOBUX PSAaX.

TakuM uwHOM, BHHHKAae morpeba y BHOOpI METPHWK Ui OIHIOBAHHSA TIPAaBHIHHOCTI BUISIBIICHHS
BUKH/IIB, HAHKpaIIMX MaTeMaTHUYHUX MOJICJICH, METOIiB Ta 3ac00iB peaizallii iHpopMalliitHOT TEXHOJIOTIT
NpY BUSIBIICHHI aHOMAJIiH Yy 4acOBUX psziax Ta BUOIpKax JaHWX MPH YIPaBIiHHI MPOIECiB B CHCTEMAX 3a
1X CTaHOM.

Lls poGora mpucBsueHa BHOOPY METPUK, HaWKpalIMX MaTeMaTHYHUX MOJeleld Ta METOJIB JUIs
BUPILIICHHS MPOOJIEMH BUSIBIICHHS BUKHIIB B TPOOHUX BHOIpKax MY YIpaBIiHHI IPOIlecaMy B CUCTEMaX
32 CTAHOM.

2 IlocTanoBKA 3aBJaHHS BUSIBJIEHHS BUKHIIB B MPOOHMX BUOipKax

Hanim Oynmemo posrisgatu npoOHi BHOIPKU B SKUX MPUCYTHI aHOMatii (a0o BUKWAM). AHOMATII i
BUKH]IU — II€ JIBa TEPMiHH, SIKi HAYacTille BAKOPUCTOBYIOTHCS B KOHTEKCTI BUSBIICHHS aHOMAaJiH; iHOMI
B3aeMo3aMiHHI. AHOMaJIiT 00 BUKU/II — 116 SK3eMILUISPU JaHUX, SKI BUALISIOTHCS 1 HECXO0XKI1 Ha 1HIII

HeoOxinHo oTpumatu (QYHKIIOHAIBHY 3aJI€KHICTh, siKa Oyje BiJIoOpakaTd 3B’SI30K BUKH/IIB,
pETbHUX JaHWX Ta MPOOHHMX BUOIPOK. A TaKOXX BHU3HAYMTH SKICTh ITi€l 3aJIe)KHOCTI 32 JOTIOMOTOIO
€IUHOI METPUKH.

PesynbTaToM BHpillIeHHs 3a/1a4i TOBUHEH OYTH MaTeMaTu4Ha MoJielib (200 MeTO.T) IPU BUKOPUCTAHHI
SKUX MOXIIUBO OTPUMATH PE3YIIbTATH, SKi BKa3yBaJIH OU Ha IPUHAIEKHICTh IEBHOTO CIIOCTEPEXKEHHS JI0
BUKH/IiB, BUKOPYCTOBYIOUH JIUIIIE JIaHi i3 TPOOHOT BUOIPKH.

3 MeTpuka /151 OHiHIOBAHHSI IKOCTi BUSIBJIEHHSI BUKHU/IIB

MeTpuka B 3arajJbHOMY CEHCI MAIIMHHOTO HaBYaHHA — L€ €TaJOH BHUMIPIOBaHHSA SKOCTI
MaTeMaTHYHOTO METOAy abo Mozeni. IcHye mpobiema y BHOOpPi €1MHOT METPHKH JIJIsl BU3HAYCHHS SIKOCTI
MaTeMaTHYHHX METOJIiB, MOJIeJIeil BUSBIICHHS BUKHIIB Y MPOOHUX BUOIpKaXx.

B nanwmii yac € BenMKa KiJIbKiCTh METPUK, TOMY PO3IJITHEMO MOMYJISIPHI METPUKH, SIKI 1ITBEpAHIHA
CBOIO BUKOPUCTOBYBAHICTb 3a JIOBT1 POKH Y 3a/lauax BUSBICHHS BUKHIIB.

1. Tounicts (ACCUracy) — 1e HainpoCTilInit Ta IHTYITHBHO 3pPO3yMIJIHi MOKAa3HUK MPOYKTHBHOCTI
knacugikatopa. Bin pospaxoByerbcs mo ¢opmyni 3.1, SK BIIHOLIEHHS KiJIBKOCTI HPaBHIIBHO
nepeadaueHoro KJacy /10 3arajbHoi KiTbKOCTI Niepe10ayeHb:
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TouHicTb = @, (3.1)

ne TP — xinbKicTh 3HaYeHb MpaBHIBHOI Kiacuikaiii mo3uTuBHOTO Kinacy, TN — KUIbKICTh 3Hau€Hb
MpaBIIBbHOT Kiacudikallii HeraTuBHOTO Kiacy, T — 3araigpHa KiIbKICTh Tiepe0adeHb.

Komu mu cTukaemocs 3 mpobiaemMoro AucOanaHcy KiiaciB, TOYHICTh € HEMPABIIFHOIO METPUKOIO IS
BukopuctanHs. Hanpuknaz, Hexaii icHye 2 kinacu: knac A ctanoButs 99% Habopy maHuX, a ki1ac B — e
pemrta 1%. SIkmo mporHo3yBaTH Kjac A KOXKHOTO BHIAIKy, Oyne NOCArHyTra TO4HICTH 99%. 3a
METPUKOIO TOYHOCTI MOYKHA BBKATH, III0 MOZEIb IPALIIOE YyI0BO, aJIe HACTIPAB/Ii MOJIEIb PAIIIOE TyKe
MIOTaHo.

2. Tounicts (Precision) i Binkauk (Recall). 3aranom, icHye KoMIpoMic MiK BIIKITHKOM (BiZICOTOK
MIHACHO TIO3WTHMBHUX BHIAJKIB, SIKi Oynm Kiacu]ikoBaHi SK Taki) 1 TOYHICTIO (BiZCOTOK MO3UTHBHUX
Kiacuikarii, ski aificHo mo3utHBHi). LIi MeTpuku MokHa po3paxysatu 3a hopmynamu 3.2-3.3:

Bigkauk = (3.2)

TP+FN’
ne TP — kimpKicTh 3HaY€HBb MPaBWIBHOI Kiacudikarii mo3uTHBHOTO Kiacy, FN — KinbpKicTh 3Ha4YeHb
HENPaBUIHHOI Kiacu]ikallii HEeTaTHBHOTO KJacy.

TouHIicTb = L, (3.3
TP+FP

ne TP — kiibKicTh 3Ha4eHb MPaBHIBHOI KiacHikamii MO3UTUBHOTO Kiacy, FP — KibKiCTh 3Ha4eHb

HENPaBUIBHOI KIIacu(iKaIlii TO3UTHBHOTO KJIACy.

VY cutyamisix, KoJu MOTPIOHO BUSIBUTH €K3EMIUIIPH KJIACY MEHIIOCTI, 3a3BUYail OLIBII BayKIMBOIO
METPHUKOIO € BIJIKJIMK, HXK TOYHICTh. AJie, SIK CKa3aHO paHillle, TOBHHEH OyTH KOMIPOMIC MK LUMH
METPHUKAMH.

3. Mertpuka F. L{s1 MeTprka BUKOPHCTOBYETHCS B THX BHIAJKAX, KOJIU MOTPIOHO JOCATHYTH
BHCOKOT0 3HaueHHs TouHocTi (Precision) i Bigknuky (Recall) ta orpumaty nuiie oiH MoKa3HUK SKOCTI.
F1 mo>xHa po3paxyBartu 3a (OpMyIIOF0:

2xprecision*recall

F1=

(3.4)

precision+recall ’

Iie precision — TounicTs, recall — Bigkmux.
Mertpuky F1 He MokHa KOpPHUTYBAaTH B 3aJIe)KHOCTI BiJl mOTpeO kiacudikaiii, ToMy BUHHK OKPEMHMA

BUIIAJI0K METPHKH, BijioMoi sik F-Beta, sixka mae, koperysanbuuii napamerep . Lleit mapamerep Hanae

3MOT'Y KOPETYBaTH 3HAYSHHS BIAKJIMKY Ta TOYHOCTI B TaKii 3aJIKHOCTI, [0 YUM OLIbIle 3HAYEHHS B THM

OinpIa 3aJeXHICTh METPUKH BiJ BIAKJIMKY 1 TUM MEHIIA BiJl TOYHOCTI. [laHa MeTpuKa po3paxoByeThCS

3a (hOpMYJIOIO:

precisionxrecall

Fg=(1+p>)+* (3.5)

BZ+precision+recall’

1ie precision — tounicTb, recall — Binkiuk, f — mapamerep KOperyBaHHS.

4. Mertpuxka Kappa. Kappa ado Cohen’s Kappa cxoxxa Ha TOUHICTh Kiacu(ikalii, 32 BUHITKOM
TOTO, IO BOHA HOpPMAaJli3yeThCsl Ha 0a30Bil JIiHIT BHUIIQJKOBUX INAHCIB y Habopi naHux. Merpuka
PO3paxoByeThCS 32 POPMYIIOF0:

k = 2Pe (3.6)
1-pe

JI€ po— L€ JOTPUMaHa yrofa, Pe — L€ OUiKyBaHa yroja.

Lz MmeTpuka BinoOpaxae HACKUIBKH Kpallie pamtoe kinacudikatop (po) MOPiBHIHO 3 NPOLYKTUBHICTIO
Kiacudikatopa, SKUi MpocTo Brajlye BUMAIKOBUM YHHOM BiIMOBIJHO J0 YaCTOTH KOXHOTO KJIacy (pe).

CraHIapTU30BaHOTO CMOCOOY iHTepIpeTallii Horo 3HadeHpb He icHye. Jlanmic 1 Kox [25] npononytoTs
cnocid XapakTepUCTHKM LIHHOCTEW. 3riiHO 3 IXHBOIO cXeMolo, 3HadeHHS < () BKa3ye Ha BiJICYTHICTh
sroju, 0—0.20 sik He3Hauny, 0.21-0.40 sk cnpasemusy, 0.41-0.60 six momipHy, 0.61-0.80 sik cyTTEBY Ta
0.81-1 sk maiixe ieanbHy 3roay.
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5. Metpuka ROC-AUC. Kpupa ROC-AUC € BUMIpIOBaHHAM MPOIYKTHBHOCTI IS IIPOOJIEM
knacugikamii, BUSBICHHS BHUKHUAIB NPH PI3HUX MNOporoBux HamamrtyBaHHsiX. ROC — me kpuBa

imoBipaocti, a AUC — cryninp abo mipa BigokpemiieHOCTi. Lls meTpuka BimoOpaxkye, HaCKiIbKH
MaTeMaTHIHa MOJIeh 3JaTHA po3pi3HATH kKiacu. Uum Bumma mipa AUC, THM Kpaltie MOJIeh IPaBHIEHO
IPOTHO3YE KIACH.

Kpusa ROC 306pakena Ha puc. 3.1, ae Bimobpaxena 3anexHicts TPR (True Positive Rate) six FPR
(False Positive Rate). ITo oci opmunar Bimoopaxena mipa TPR, 1o oci abcunc — FPR. TPR — 11e gactka
NPaBUIBHUX MPOTHO3IB y MPOTHO3aX MO3UTHBHOTO Kiacy. Ll Mipa po3paxoByeThest 3a popMyInoro:

TPR = ——, 3.7)
TP+FN
ne TP — kinbKicTh 3HaueHb MPaBWIIBHOI Kiacudikamii TO3UTHBHOTO Kiacy, FN — KibKicTh 3HaueHb
HENpPaBUIHHOI Kiacu]ikallii HETaTHBHOTO KJacy.

FPR — me wuacTka HempaBWIBHHUX TIPOTHO3IB Yy MpPOTHO3aX MMO3UTHUBHOTO Kiacy. Lls wmipa

PO3paxoByeThCs 3a HOPMYIIOIO :
FPR = 2 (3.8)
FP+TN
ne FP — xinpKicTh 3HaYeHBb HEMPaBUIBHOI KJIACH(iKaIlii TO3UTUBHOTO Kiacy, TN — KiNbKiCTh 3Ha4YeHb
NpaBUIIBHOT Kacu(ikallii HeraTHBHOTO KJIacy.

ITnoma mig kpusoro ROC Buznauae 3naueHHs metpuku ROC-AUC. [ BigMiHHOT MOJIeITi 3HAYCHHS

i€l MeTpuKH Oyze NopiBHIOBAaTH oanHUII. liaroHanpHa mpsiMa, sika BimoOpakeHa Ha puc. 3.1, Bka3ye Ha

MOJIeJIb, IKa HE MAa€ 3MOTHU BIAPI3HUTH MO3UTUBHUI KJIAC BiJl HETaTUBHOT'O, TOOTO HE Ma€ MOXKIIUBOCTI
PO3MLUICHHS KJIACiB.

1.0

08

06

04

True Positive Rate (TPR)

02

0.0
oo 02 04 06 08 1.0
False Positive Rate (FPR)

Puc. 3.1 Kpusa ROC

o mMeTpuKy citiJi BAKOPUCTOBYBATH, KOJIU MOJIENIb OBHHHA IMPAIIOBATH OJHAKOBO J00pe sK Ha
MIO3UTUBHOMY, TaK 1 HA HETaTHBHOMY KJIaci.

6. Metpuka PR-AUC. Lls meTpuka po3paxoByeThcs Tak camo, sk ROC-AUC. BinminHOIO
PHCOIO € Te, 10 KpuBa OyIyeThesl Ha ocHOBI TouHOCTI (Precision) i Binkiuky (Recall).

o MeTpuKy ciiji BAKOPUCTOBYBATH, KOJM MOJICIb MOBHHHA BiJIMiHHO BH3HA4YaTH a00 TIO3UTHBHI
kinacu, abo HeratuBHi. ToOTo 3a nmomomororo PR-AUC moxHa cdokycyBatucs Ha NpaBHIBHOMY
MPOTHO3YBaHHI OJTHOTO 13 KJIACiB.

7. Metpuka pAUC (Partial AUC). HactkoBa AUC 6yia 3anporoHOBaHa K aabTePHATHBHUI
3axig mo crangaptHoi AUC. Ilpu BukopucranHi yacTkoBoi AUC BpaxOBYeThCs JIMIIE KOHKpPETHA

obnacte mpoctopy ROC. I[puxian kpuBoi pAUC BimoOpakeHo Ha puc.3.2, e pAUC pospaxoByeThes Iuist
3aTiHeHoi 00macTi.
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TPR
DD D.I'] D.IE D.I3 D.Ia'l D.I5 D.IE D.I? DTB D.IQ 1
FPR
Puc. 3.2 Kpusa pAUC
8. Metpuka asoctoponniii PAUC (Partial AUC). Ha Bigminy Bix pAUC, 3amicTh 0OMEXeHHS

JMIIE YacTOTH MOMIIKOBUX No3uTHBHUX pesynbrariB (FPR), mBocroponHiit pAUC ¢okycyerbes Ha
YaCTKOBIM IUIOIII il KPUBOIO 3 0OMEKECHHSMH SIK TI0 TOPH30HTAI, TaK 1 0 BEPTUKAII.

Ipuknan kpusoi qBocTropoHHROr0 pAUC BimoOpakeHno Ha puc.3.3. J[BoctoponHiit pAUC mo3nauae
IUIOIIY 3amTpuxoBaHol obnacti A. L1 3amTpuxoBaHa 00JIacTh 0E3MOCEPEIHBLO BU3HAYAETHCS SBHOIO
BepxHbOIO Mexero FPR (p0 = 0,5) i Hmwkuboro Mexeto TPR (q0 = 0,65). Ha Biagminy Bix mporo, pAUC
Mmo3Havae oy 000X perionis A i B.
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Puc. 3.3 Kpusa dsocmoponnvozo pAUC

9. Mertpuka LoglLoss. BoHa € oHi€10 3 HAWBAXKIIMBIMINX KJIACU(IKAIIHHIX METPHK HA OCHOBI
n“moBipHocTel. Ll meTpuka pospaxoByerbesa 3a (opmynoro 3.9. Logloss Bkasye Ha Te, HACKIIBKH
HMOBIPHICTh MPOTHO3Y OJIM3bKA JIO BiJMOBIAHOTO (haKTHYHOTO/ICTHHHOTO 3Ha4yeHHs. Ta 4uM Oinblie
MPOrHO30BaHa MMOBIPHICT BIJPI3HAETbCS Bix (HAKTUYHOrO 3HAYCHHS, THM BHWIIE 3HAYCHHS
norapuMigyHUX BTpaT.

LogLoss = — =¥ [y;  log(p;) + (1 — y) * log(1 — py)], (3.9)
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Iie Vi — CIIpaB>KHi# KJ1ac, pi — BIpOT1IHICTh TOTO, IO Yi BKa3y€ Ha MIO3UTHBHUH KJ1ac, N — 3arajibHa KUTBKICTh
CIIOCTEPEKEHb 3 BUOIPKH.

Jlo HenOMIKiB 1€l METPUKHU MOYKHA BiJTHECTH Te, 10 TPU HE30aJIaHCOBAHOCTI KJIAaciB, MaKOPUTAPHUIMA
KJIac MOXe JoMiHyBaTH Haz LogLoss.

IIpoanami3zyBaBm yci METPUKH, SIKI BHKOPHUCTOBYIOTHCS TPH OIlIHII SIKOCTI METOJIB (MOMETeil)
BUSIBJICHHSI BUKH/IIB, MOXHA BU3HAYMTH, 10 Haiikpamor € merpuka PR-AUC. Ll metpuka Oyna oopana
HaMKpAaIow, Yepe3 Te M0 BOHA (OKYCYEThCS Ha MallMX IMO3WTHBHHUX KIacax, B HAIOMY BHIAIKY
BUKHJIAX Ta J03BOJIIE 00’ €KTHBHO OIIHUTH SIKICTh MaTEMaTHIHUX MOJIEIEH Ta METOIB.

4 MeToau BHSIBJEHHSI BUKU/IB (AHOMAJbHUX 3HAYEHbD)

4.1 Tpaauuiiiai MeToau 1Ji1 BUSIBJIEHHS] BUKHM/IIB

Cepen TpaauIliiHUX METO/IiB MOYKHA BUJIUIUTH TaKi SIK:

1) Z-omimka (craHmapTHa OI[iHKA CIIOCTEPEXEHHS) — ¢ IHIMKATOpP, IO BH3HAYAE ITOIOKEHHS
BUX1/THOT OIIIHKY 3 TIOTJISAAY 11 BiZICTaHi Bi cepeHHOT0 3HAYEHHS IIPY BUMIPi B OJUHHIISX CTaHIAPTHOTO
BiZIXWJICHHSI, IPU YMOBI I'ayCOBCHKOT'O PO3IOALTY.

Merton mo3BoJIsie TOOAYUTH, HACKITIBKY BHIE a00 HIKYE CEPEIHbOTO 3HAXOIUTHCA 1€ 3HAYCHHS Ha
KpuBiii posnoziny (puc. 4.1).

Ile poOUTH Z-OIIHKY MapaMETPUYHUM METOJOM. |HKOJIM TOYKH JaHHUX HE OMHCYIOTHCS T'ayCCOBUM
po3noginom. Lls mpoGiiema Moxe OyTH BUpillieHa NUISIXOM 3aCTOCYBaHHS MEPETBOPESHB JI0 JAHHUX, TAKUX
SK MacITa0yBaHHS.

Iling yac oOYMCICHHS Z-OLIHKHM JJI KOXKHOI BHOIpKM B HAOOpi JaHWX HEOOXIJHO BKa3aTH MOPIT.
AHaIi3y04d TOYKH JJAHUX, SKi JISKATh 3a IEBHUM TIOPOrOM, MOKHA BU3HAYMTHU YU BIAHOCATHCS BOHH 10
aHOMAaJIbHUX.

150

100

50

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Puc. 4.1 Ilpuxnao po6omu memody Z-oyinxa [26]

Z-0uiHKy Ju1a Oy/Ab-5IKO1 TOUKH JJaHUX MOXKJIMBO pO3paxyBaTH 3a (OpMyJIolo:
Z=—", (4.1)

JIe X — BXiIHUH NIOKA3HUK, |1 - CEpeIHE 3HAUCHHS HA0OpY AaHUX, G — CTAaHJApTHE BIIXUIICHHS Ul HA00pY
JAHHX.
Januit Mmeto]1 epeKTUBHUI Ta TIPOCTHIA /ISl BUSBIICHHS BUKHU/IIB B HA0OP1 JJAaHHUX 3 MMapaMeTPUIHUMHU
po3noainaMy B MaJopo3MipHOMY IIPOCTOPi 00’ €KTIB.
BusHaunMo repeBaru Ta HEIOMIKH METOAY Z-0OmiHKH. Jlo epeBar MO>KHA BiJTHECTH HACTYIIHI:
- edexTuBHHN MeTO/I, 00 OMKCATH 3HAYEHHsI y TIPOCTOPI 03HAK 32 JIOITIOMOTO0 po3noiny ['ayca.
- [pOCTa peaizawis.



BicHuk XapkiBCbKOro HawioHanbHOro yHisepcuteTy imeHi B. H. KapasiHa
cepist «MaTemaTiHe MoaentoBaHHs. IHhopmaLjiiHi TexHonoril. ABTOMaTM30BaHi CUCTEMM YNpaBniHHs», BUNyck 53, 2022 29

Cepen HEMOMIKIB MOXKHA BUAUTATHA HACTYITHI:
- MeToJ eheKTUBHUHN Y IPOCTOPi 00'€KTIB HU3BbKOT pO3MIPHOCTI;
- SKIIO PO3MOJiIIN HE MOKHA BBaKATH MapaMETPUYHUMH, METO/I IPAIIOE HE TOYHO.

2) DBSCAN — 11e MeTo KitacTepu3aliii Ha OCHOBI IIiiIbHOCTI. L{e# MeTo1 30cepeKeH i Ha MOIYKY
CyCiJliB 3a IIUIBHICTIO Ha N-BUMIpHil cepi 3 pamiycom ¢ (puc.4.2.). Kimactep MokHAa BH3HAYUTH SIK
MaKCUMaJIbHHH Ha0lp TOYOK, IMOB’A3aHUX 13 MIIIHHICTIO B IPOCTOPI O3HAK.

Lle edextuBHMIT MeTO A7l poOOTH 3 Habopamu JaHuX cepenHboro po3mipy. DBSCAN camoctiiiHO
OIIIHIOE KITBKICTh KJIACTEpiB, HEMAE MOTPeON BKa3yBaTH KUTBKICTh OakKaHWX KJIACTEpIB, 1€ MOJENb
MAaIIMHHOTO HaBYaHHS 0€3 BUUTEIIS.

Dbscan Bu3Ha4ae Taki Kjacu TOUOK SIK:

- OCHOBHA TOYKa: A € OCHOBHOIO TOYKOIO, SIKINO i1 OKOJHILI (BU3HAUYCHA €) MICTHTH NMPUHAHMHI
CTIBKK X abo0 Oinble TOYOK, HiX mapameTp MinPts(MiHiManabHa KUTBKICTH CIIOCTEPEKEHD Y
KJ1actepi);

- rTpanuyHa Touka: C — Iie TpaHWUYHA TOYKA, KA JIGKHUTh Yy KIACTepi, 1 il OKOJIHIlI HE MICTATh
OlIbIIIEe TOYOK, HIK MinPts, ajle BoHa Bce I1l€ € JOCSHKHOIO IS IIUILHOCTI 1HIIMMHM TOYKaMH B
KI1acTepi;

- BukuI: N — IIe TOUKa BUKH/IY, KA HE JIGKUTh Y )KOJHOMY KIIacTepi, 1 BOHA He MOB’s13aHa 3 0y /1b-
SIKOFO 1HIIIOKO0 TOYKOIO.

TakuMm 4MHOM, 1151 TOYKA MaTUME BIIACHU# Kiactep [27].

BusnaunMo mepeBarv Ta HEONIKU TaHOTO MeToy. Jlo mepeBar MO)KHa BiTHECTH HACTYIIHI:

TOYHO MPAIOE, SIKIIO MPOCTIpP 03HAK MOIIYKY BUKH/IIB € O6araTOBUMIpHUM,

- JIeTKa Bizyaji3allisi pe3yibTaTiB.
Cepen HEOMIKIB MOYKHA BUIIJTUTA HACTYITHI:
- 3HAYeHHS y MPOCTOpi PYyHKIIH HEOOX1THO BiIMOBIIHO MacIITa0yBaTH,;

- IIe HEKOHTPOJILOBaHA MOJIETIb, 1 Tl HEOOX1IHO MOBTOPHO KalliOpyBaTH 10pa3y, KOJIM aHaJli3y€eThCS
HOBHUH ITaKeT JaHUX.

Puc. 4.2 Ipuknao po6omu memody DBSCAN[28]

3) I3omsiiiamii Jtic — eeKTUBHUI METO T BUSBICHHS BUKHIIB (AHOMAIBHUX 3HAYEHb) B HAOOpax
nanux. el MeTox 3acHOBaHMH Ha OiHApHHX AepeBax pimieHb. OCHOBHUIA MPHHIUI 130JISAIIIHOTO JIiCY
TMOJISATA€E B TOMY, [0 BUKUIM € HEUNCIICHHUMU 1 JAJIEKUMU BiJ] PEIITH CIIOCTEPEKEHbD.

o6 moOyayBaTH OepeBO, aITOPUTM BUIAJKOBHM YHMHOM BHOWpae 00’€KT i3 MPOCTOPY O3HAaK i
BHUIIAJKOBE PO3LJICHE 3HAUCHHSI B Jlialla30H1 MK MaKCUMyMaMH Ta MiHiMymamH. 1le poOuThCs 11 BCix
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CIIOCTEpEKEHb Yy HaBuagbHOMY HaOopi. Jlns moOymoBm iCy CKiIamaeTbes aHcamOIL IepeB i3
yCepeIHEHHSIM YCiX AepeB Y Jici.

Janunii MeToa OPiBHIOE CIIOCTEPEIKEHHSI 31 3HAYSHHSIM PO3LICTIIICHHS Y BY3JIi, LIeH By30JI MaTuMme ABa
JIOYIpHIX By3Ja, Ha AKUX Oyae 3po0JeHo Ie OJHe BHITaIKOBE MOPIBHSIHHA. KiTBKiCTH PO3IIEIUICHB,
3pOOJICHUX aNTOPUTMOM JIJIsl €K3EMILTSPA, HA3UBAETHCS JIOBKHUHOIO IUISIXY. BUKUITM MAaTHMYTh KOPOTIITY
JIOBXKUHY LIUISXY, Hi’K PEIITa CIIOCTEPEKEHb.

Omninky aHomaiii Mo)KHa OOYHCIHATH 32 GOPMYIIOIO:

E(h(x))

S(x,n) =2 em (4.2)

ne E(h(x)) — cepenust nomxunHa uuisaxy BubOipku, C(N) —HeBaanuii momryk IoBXHHH, N — KUTbKICTh
30BHIIIHIX BY3IiB.
Posrnssaemo mepeBaru Ta HeoNiku MeTory. Jlo mepeBar MoXHa BiTHECTH BIICYTHICTh HEOOX1THOCTI
MacImTadyBaTH 3HAYEHHS Y TPOCTOP1 PYHKIIIH.
Cepen HeAOMIKIB MOKHA BUAUTUTH HACTYITHI:
- CKJaJHa Bizyali3amis pe3yabTariB,;
- TIpY HeTPaBWIBbHIN ONTUMI3allii, A1 BEIUKOTO HA0Opy MaHMX, TOBIUHA Yac HAaBYAHHS.

4) Local Outlier Factor (LOF) — MeToA MaIIMHHOIO HaBYaHHS 0€3 BUNTENS /IS BUSBIICHHS aHOMAJIII,
KU OOYMCIIOE JIOKAJIbHE BiIXWJICHHS IMIJIBHOCTI TOYKHW IMOAO ii cycimiB. JlaHuii MeTO; BBaXkae
BUKUJaMH 3Pa3KH, SIKi MalOTh 3HAYHO HIKYY HIUTBHICTB, HiXK 1XHI CYCiAH.

KinpkicTh CycifiB, Mo po3risiIatoThCs 3a3BUYail BCTAHOBIIIOETHCS:

- OinpIIOIO, HK MiHIMaJbHA KUIBKICTh BUOIPOK, SIKY MOBHHEH MIiCTHUTH KJAacTep, TakK L0 iHII
BHOIPKU MOXKYTh OyTH JIOKaJTbHUMH BUKHIAMH IIIOJI0 IIEOTO KJIACTEPa;

- MeHIIe, HK MakCUMallbHa KUTBKICTh ONIM3BKUX CYCiiB 32 BHOipKaMH, SIKi MMOTEHIIIHHO MOXYTh
OyTH TOKaIbHUMHU BUKHAIaMH [29].

LOF nae kpari pe3yabTaTH, aHDK TNI00aIbHUMA MiAXIA 0 MOIMYKY BUKHUIIB. OCKIIBKM MPaHUYHOTO
3HadeHHs LOF Hemae, BuOip TOUKM SIK BUKHIY 3aJI€KUTh BiJ KOPHCTYBaya.

PosrissHeMo niepeBaru Ta HeI0MIKU MeToTy. J{o epeBar Mo>kHa BiJIHECTH, 1110 TOUKA Oy1e BBAXKATUCS
BUKHJIOM, SIKIIO BOHA 3HAXOJUTHhCS HAa HEBENMKIM BiJICTaHI BiJ HaJ3BHYAHHO NIUILHOTO CKYITYCHHS,
MIO0ANBPHUM TiAXix MoXke He posrisaatd Iieil MoMmeHT sik BuOid. Ame LOF moxe edekTuBHO
inmeHTr(diKyBaTH JIOKaJIbHI BUKH]IH.

Cepe HEIOMIKIB MOYKHA BUJIIJIMTA HACTYIIHI:

- HEMA€ MEeBHOT0 MOPOTOBOT0 3HAYEHHS, BUIIE SIKOTO TOYKA BU3HAYAETHCS SIK BUKH/;
- igeHTH(IKAIS BUKHUIY 3aJIS)KHUTh BiJ] MPOOIEMH Ta KOPUCTYBaya.

4.2 MeToau riiu00KOro HABYAHHS JJIs1 BUSIBJIEHHS BUKHUAIB ( aHOMAJILHUX 3HAYEHD )

Cepen MeTo/1iB TTHOOKOTO HABYaHHS MOKHA BUIUTUTH HACTYIIHI.

1) ABTOCHKOIEPH - 1Ie HEWPOHHI MepexXi, MPU3HAYEHI IJIsl BUBYCHHS! HU3bKOPO3MIPHOTO YSIBICHHS 32
JISIKUMU BX1JHUMH JaHumu (puc. 4.3). BoHU CKIIagar0Thest 3 TBOX KOMITIOHEHTIB: KOJyBaJIbHUKA, SKHI
BUMTHCS BiOOpakaTH BXigHI JaHi B HU3bKOPO3MipHE YsIBIEHHS (Tak 3BaHE BY3bKe MicIe), i JeKOJep,
SKHI BUNTHCS BIJOOpaXkaTH 1€ HU3bKOPO3MIpHE YSBJICHHS Ha3all y BUXiAHI BXigHi AaHi. CTPYKTypyIOUH
npo6JeMy HaBYaHHS TAKAUM YHHOM, Mepe)ka KOAyBaJIbHIKA BUBUAE €EKTUBHY (YHKIIIIO CTUCHEHHS, KA
BioOpakae BXi/IHI JlaHi B TIOMITHE YSIBJIGHHS HMKYOI PO3MIPHOCTI, TaK IO Mepexka JEeKoiepa MOXe
YCHIIIIHO BiIHOBJIFOBATH BUXIi/IHI BXi/IHI JaHi.

Mogenb HaBYAETHCS  IUIAXOM  MIHIMI3alii MMOMHJIKM  BIJHOBJCHHS, sKa €  PI3HHIICIO
(cepeAHBOKBAIPATUYHOIO IOMIJIKOIO) MK BUX1THUM BBEJCHHSM 1 BITHOBJICHMM BUCHOBKOM, CTBOPCHHM
nexkogepom [30].
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Reconstructed
Input -« Ideally they are identical. -
p input
X~ X
Bottleneck!

Encoder Decoder ,
> < > g¢ > - > fo 3 I

An compressed low dimensional
representation of the input.

Puc. 4.3 Apximexmypa AutoEncoder[31]

3acTocyBaHHsS aBTOCHKOJEpa ISl BUSBICHHS aHOMAJIH CIifye 3araJbHOMY HPHHIMITY: CIIOYaTKY
MOTPIOHO 3MOJENOBATH HOPMAIbHY IMOBENIHKY, a IMOTIM T€HEepYyBaTH OIIHKY aHOMalii KOXKHOI HOBOI
BuOipku  ganux. Ll[o0 3MomentoBaTH  HOpMalbHY  MOBEAIHKY, CIIiJl BHKOPHUCTOBYBAaTH
HAIIBKOHTPOIFOBAHHUHA MMiIXi/l, TOOTO KOJM HAaBUAHHSI MOJIENI MPOXOIUTh HAa HOPMAIbHUX BHOIpKax
MaHuX. TakuM YWHOM MOJeNlb BHUBYA€ (PYHKIiIO BimOOpaXKeHHs, SIKa YCHIIIHO BiTHOBIIOE€ HOPMaJbHi
BUOIPKH JTaHUX 3 JY’KE€ HEBEJIMKOI IMOMMJIKOIO BiHOBJICHHs. Taka IOBEIiHKA BiITBOPIOETHCS IIiJ Yac
TECTYBaHHS, KOJMU TIOMHIIKA BiJHOBJICHHS Maja IjIsi HOPMaJIbHUX BHUOIPOK IaHMX Ta BEJHKA IS
aHOMAaJbHUX BHOIPOK JTaHUX.

o6 imeHTH(diKyBaTH aHOMAalii, BUKOPUCTOBYEThCS OOpPOOKAa MOMWIIKH BiJHOBIICHHS SIK OIIiHKa
aHoMaJtii, Micisl MbOTO MOJKJIMBO BHOpATH 3pa3kd 3 TOMHIJIKaMHU BiJIHOBIICHHS, IO MEPEBUILYIOThH
3a/1aHui MOpir.

Posrnssaemo nepeBaru Ta HeAOIiKK MeToay. [lo mepeBar MoXHa BiTHECTH HACTYITHI:

- KOMIIaKTHICTb Ta MIBUAKICTh KOJTyBaHHS;

- 3MEHIICHHS PO3MIPHOCTI TaHUX, IO MPUCKOPIOE HABYAHHS MOJIEITI.

Cepen HEIOMIKIB MOYKHA BHJIUTUTH TaKi SIK:

- CKJIaJIHA Bi3yaui3aiis pe3yJbTariB;

- CKJIaJHE HABYaHHS.

2) Bapiamiiinuii aBroerkozgep (VAE) - 1e posmmpenHs aBroenkonepa (puc. 4.4). IomibHOo 10
aBTOEHKOJIEpa, BIH CKJIAJa€ThCsl 3 KOJYBAIBHUKA Ta MEPEKEBOTO KOMIIOHEHTa JIEKOJiepa, ajie BiH
BKIIIOYAE€ BaXKJIMBI 3MIHM B CTPYKTYpi 3aBJaHHS HaBUYaHHs, MO0 MPHCTOCYBAaTHCS 10 BapialliiHOTO
BHCHOBKY.

Ha BigmiHy Bij HaBYaHHS 3iCTABJICHHS BXIJIHUX JaHUX 3 (PIKCOBAaHMM BEKTOPOM BY3bKOI'O MICIIS
(ToukoBa ominka), VAE BuBYa€ 3iCTaBJICHHS BXIJAHHMX JaHHX 3 PO3IOJIJIOM 1 BUUTHCS BiIHOBIIIOBATU
BUX1/IHI JJaH1 UIIXOM BUOIPKH IOTO PO3MOLTY 3 BAKOPUCTAHHSM MTPUXOBAHOTO KOITY.

Input Probabilistic Sampled Probabilistic Reconstructed
Encoder Latent Vector Decoder Input

Puc. 4.4 Mooenv sapiayitinoeo asmoenkooepa [31]
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Mogens VAE HaB4aeThCs IUISTXOM MiHIMI3AIT PI3HHILI MiX pO3paXyHKOBUM PO3IOJIIIOM, CTBOPECHUM
MOJICJUTIO, Ta PealbHUM PO3MOJIOM JaHuX. Ll pi3HHUIA OLIHIOETHCSA 3a JONOMOTOIO JIMBEPICHI
Kynn0aka-JletiOnepa, ska KUIbKICHO BU3HAYAE BiJICTaHb MK IBOMA PO3IO/Ii1JIAMHU, BUMIPIOIOYH, CKIIEKH
iH(pOpMaIlii BTpA4a€ThCsl, KOJU OJIH PO3MOJIIT BUKOPUCTOBYETHCS IS TIOJaHHS 1HIIOTO.

Buxopucranas VAE pans BusBieHHs aHOMaliid: momiOHO aBTOeHKOAepy, HaBuaHHi VAE
NOYMHAETHCS HA HOPMAIbHUX BUOIpKax AaHux. [1ig yac TecTyBaHHS MO>KHA BU3HAYHUTH OLIHKY aHOMAJTi1
nBoma criocobamu. [o-mieprre, BIITyduTH 3pa3Ki NPUXOBAHOTO KOy 3 KOZAEpa 3 ypaxyBaHHSIM HaIIUX
BXIJIHUX JaHWX, BIJCTEKUTH BiTHOBJCHI 3HAYCHHS 3 JEKOoAepa Ta OOYHCIHTH CEPEIHI0 IOMUIIKY
BiJIHOBJICHHS. AHOMAJIIT MO3HAYAIOTHCS 3 YpaxXyBaHHSIM MOPOTY MOMIJIKH BiZTHOBJICHHS.

B sikocTi anpTepHaTHBH MOTPIOHO BUBECTH CEPEIHE 3HAUCHHS Ta apaMeTp TUCIepcii 3 JeKoaepa Ta
OOYMCIUTH HMOBIPHICTH TOTO, IIO HOBA TOYKA JAHUX HAICKHTH PO3MOALTY HOPMAIBHHX TaHUX, HA
sikoMy OyJia HaBYeHA MOJENb. SIKIO TOYKa NaHUX 3HAXOJUTHCS B 00JIACTI HU3BKOI HIUIBHOCTI (HIDKYE
JIeSIKOT0 TIOpOra), 1ie MO3HAYAEThCS K anoMaltis (puc. 4.5).

PosrnsiHeMo mepeBaru Ta Heoiku Metoy. Jlo mepeBar MOXKHA BiIHECTH HACTYITHI:

- YITKHWH cHOCIO OLIHKY SIKOCTI Moieni (JiorapudmMiyHa HMOBIpHICTS);
- Jlerka Bizyami3amis.
Cepen HEOMIKiB MOYKHA BHUILIN TakKi AK:
- HEONTUMaJbHi (PaKTOPH Bapialii;
- MO)K€ MaTH I'PaJiEHTH BUCOKOT JHCIEpPCii.

Normal

Variational

Abnormal Autoencoder

L 2] =

Input Reconstruction
Probability

Puc.4.5 Oyinxa anomaniii 3a donomozoio VAE. [31]

3) DI'eneparuBHi 3maranbHi Mepexi (GAN) — 1me HelpoHHI Mepexi, po3poOiyieHi Uil BHUBUCHHS
TeHEepaTUBHOI MOZENI PO3MoNily BXigHUX AaHuX (puc. 4.6). Y xiacuuyHOMy (GOPMYJIIOBaHHI BOHH
CKJIaJAl0ThCs 3 TapH (3a3BHYail 3 MPSIMUM 3B'SI3KOM) HEHPOHHUX Mepex, a came 3 reneparopa G i
muckpuMinatopa D. OOuzaBi Mepexi HaBYAIOTHCS CHUIBHO 3 KIHIIEBOIO METOI0 BU3HAUYUTH PO3IIOJILNT
BUXIJHHMX JaHUX X.

Generated

Samples

Generator

e 4l Judgement

Real
Samples —

Discriminator

Puc. 4.6 Knacuuna mooen» GAN [31]
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o0 imeHTHGIKYBaTH aHOMAaii, BHKOPHUCTOBYETHbCS HAMIBKEPOBAHUHM IMiaXiZ, TOOTO MOTPIOHO
HABYATHU MOJEIb BiJl MOCIIJOBHOCTI J0 MOCIIJJOBHOCTI Ha HOPMAJIbHUX JaHuX. Mojemi mocii0BHICTh-
MOCITiTOBHICTE (Sequence-to-sequence) - 1e kiac HEHPOHHUX MEpPEX, B OCHOBHOMY NMPH3HAYCHUH Ist
BMBYEHHSI 31CTaBIIEHb MIX TaHUMH, SIKi HallKpaIle IpeAcTaBiIeHi y BUTIsial nociigoBHoctel. [loTim mix
yac TECTyBaHHS MOXHA TIOPIBHITH PI3HUIIO (CepeIHbOKBAIPATUIHY MOMMJIKY) MK BHXIIHOO
MOCITIIOBHICTIO, 3reHEPOBAHOIO0 MOJICIUIIO, Ta ii BXITHUMH NaHUMHU. [[e 3HaueHHS BUKOPUCTOBYETHCS SIK
MMOKa3HUK aHOMAaJIii.

PosrnsiHemMo mepeBaru Ta HEAONIKH MeTONy. HeomiKoM TIeHepaTUBHHMX 3MarajbHHX MEpex €
CKJIQJIHICTh OLIIHKH Mojieni. Jlo mepeBar MO>KHA BITHECTH HACTYITHI:

- GAN resepylo€ JaHi, CX0Xi BXiJHIi;
- GAN peranizye maHi Ta MOXKe JIETKO IHTEPIIPETYBATHCS Y Pi3HI Bepcii.

5. Orasn pe3yibTaTiB Ta e(peKTUBHOCTI MeTOiB

B sxocti HabopiB manux Oymm oOpaHi pi3Hi BHOIPKH, SKi BUKOPHCTOBYIOTHCS JJISI OIIHKH SIKOCTI
METO/IB BUSBICHHS BUKHIIB, Hanpukiaja ForestCover, Satellite Ta iHmi. Takox Oyno cTBopeHO BiIacHUit
Habip nmaHuX, skuii Oyne mosHadartucs, sk «Economical (mamr)». Ile#t wabip maHux BimoOpaxae
COIIaTbHO-eKOHOMIYHHN pO3BUTOK KpaiH 3a 2012-2020 poku. Bin npexacrasisie 115 anprepratus 3 32
3MiHHMMU cTaHy. HaGip manux BimoOpaxkeHo Ha puc. 5.1.

EGI.2020 EPI_2020 0S1.2020 HCI_2020 TI 2020 EGI_2018 EPI_2018 QS1.2018 HCI.2018 TII 2018 .. ICT_16 ICT_15 ICT_13 ICT_12 SPI.20 SPI_18 SPI_17 SPI

Country
Name

Albania 7399 84.52 8412 80.01 5785 6519 7584 7361 T8I 4378 . 480 4T3 462 4L T TITT 165 70
Algeria 573 1548 2765 6966 5787 227 2022 21.93 6640 3889 .. 432 371 446 422 6992 6683 0683 65
Argentina 82.79 85.71 8471 9100 7265 7335 6236 7500 8579 5927 .. 668 640 662 638 8066 7498 7484 T4
Armenia 71.36 75.00 70.00 7872 6536 5944 56.74 56.25 7547 4660 .. 556 532 564 555 7646 7087 7053 69

Australia 9432 96.43 9471 10000 8825 90.53 98.31 9722 10000 7436 .. 808 829 823 814 9129 8832 8823 4T

United
States of 9287 100.00 9471 %0239 9182 87.69 9831 98.61 8883 7564 .. 813 819 778 TS 8571 8478 8527 86
America

Uruguay 85.00 85.71 84.12 85.14 8574 7858 9157 88.89 7719 6967 .. 675 670 705 680 8299 7940 NaN N
Viet Nam 66.67 7024 65,29 6179 6694 5931 6910 7361 6543 3890 .. 478 428 448 439 6885 NaN  NaN N
Zambia R4 3095 25.88 6145 3394 an 3089 419 589 1853 . 219 204 268 263 3534 NaN  NeN N

Zimbabwe 5019 45.24 5235 6135 3688 3692 2153 3204 %068 2144 . 28 280 312 289 5226 4526 4376 42

Puc. 5.1 Habip oanux «Economical (naw)»

Byno mpoBeneHo nocimipkeHHS M0N0 €()EKTHBHOCTI TPAJULIHHMX MaTeMaTHYHUX MOAeNed Ta
METO/IIB JUIS BUSIBJICHHS BUKU/IIB. B KOCTI moka3HuKa eeKTUBHOCTI OyJI0 3HaYeHHsI 00paHOl METPHKH
PR-AUC.

Jlns TecTyBaHHS Ta OLIHKH SIKOCTi OyJI0 po3pO0JIeHO MpOrpaMHe 3a0e3MeUeHHS, SIKe T03BOIISIE:

- BHKOHYBAaTH TPEHYBaHHs MaTeMaTHYHUX MOJEJICH Ta METO/IIB;
- KJIacTepu3yBaTH BUOIpKHM Ha pi3HUX Habopax JaHUX;
- pO3paxoBYBaTH NOKa3HUK €PEKTHBHOCTI.

IIporpamue 3abe3rneucHHs Po3poOJieHO 3a jJomomoror MoBu Python. Takox Oymu BuKOpUCTaHi
HactynHi 6i0miorexu: scikit-learn, NumPy, Pandas i ixmi.

B sixocti HaOopiB nanux Oynu BUKOPUCTaHI Pi3HI BUOIPKH, Ki OyJIK CTBOPEHi came ISl OLIIHKH SIKOCTI
MaTeMaTHYHHUX MOJIeJIeH Ta METO/IiB BUSIBICHHS BUKUAIB (AHOMAJIbHUX 3HAYEHB).

JlocmipkeHHsI IKOCTI IPOBOJIMIIOCS TAKMM YHUHOM, 1110 HAOOpH JaHWX TOAABAIHCS JIO MPOrPAMHOTO
3a0e3neueHHs, SKe B CBOIO Yepry BUKOHYBAJIO YCi HeoOXiHi Jii 3 HuMu. B pe3ynbraTi podoTn nporpamu
BUIABAJIMCS PE3yJbTaTH BUABJICHHS BUKHUIB Ta 3HaueHHs MeTpuku PR-AUC.

PesynbpTaTy OLIHKY SKOCT1 BUSIBICHHS BUKHUIIB JUISL Pi3HUX HA0OPiB AaHWX NpuBeneHi B Tabnmi 1.
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Tabauys 1. Pesynomamu mecmy8anus mpaouyiiHux memooie 011 8UsGIeHHs UKUOI8

PR-AUC

Habip nanux [30mauikHMM Iic DBSCAN LOF Z-o1iHka
Http (KDDCUP99) 0.90 0.60 0.45 0.50
ForestCover 0.85 0.83 0.72 0.60
Mulcross 0.89 0.33 0.37 0.41
Smtp (KDDCUP99) 0.83 0.80 0.65 0.60
Shuttle 0.81 0.60 0.55 0.67
Mammography 0.86 0.77 0.67 0.65
Satellite 0.82 0.68 0.72 0.66
Pima 0.71 0.65 0.52 0.60
Breastw 0.67 0.71 0.49 0.85
Arrhythmia 0.87 0.86 0.37 0.41
lonosphere 0.80 0.78 0.73 0.63
Economical (uarmr) 0.84 0.73 0.65 0.54

Takox OyJ0 MPOBEACHO OCTIMIKSHHS IIOA0 SPEKTUBHOCTI MAaTEMAaTUYHHX MOJICJICH Ta METOIIB
TJIMOOKOTO HAaBYAHHS I BUSABJICHHS BUKUAIB. Lle qociiKeHHs € MoMiOHUM JI0 TOTO, IO MPOBOAMIOCS
JUTSL OI[IHKY SIKOCTI TpaJAWIIHHUX METOJIB BHUSABIICHHS BUKUAIB. BiAMIHHICTH TOISATAE TINBKU y PI3HUX
MaTeMaTHYHUX MOJENAX 1 METoJAaxX, IO OIUIHIWThCS. Tomy, Oylno TpoBelcHa iMILIEMEHTAlis
aBTOCHKOJICpa, BapialiifiHOr0 aBTOCHKOAEpa Ta TCHEPATUBHUX 3MarajlbHUX MeEpex. [ 0JIOBHOO
6i6mioTekor0 s iX peanizamii Oyma Tensorflow, ska € KOMIUIEKCHOIO TIATGOPMOIO 3 BIAKPUTUM
BXIIHMM KOIOM JJII MAIlIMHHOTO HaBYAHHSL.

PesynbraTu A0CHiIKSHHS OI[IHKY SIKOCTI BUSBJICHHS BUKU/IIB (AHOMAJIbHUX 3HAYCHB ) JJI BU3HAUCHUX
HaOOPIB TaHUX MPHUBEJICH] B TAOIHIII 2.

Tabnuysa 2. Pesynemamu mecmy8anHs memooie 2iuboK020 Ha84aHHs O/ BUsEIEHHS BUKUOIE

PR-AUC

Habip natux ABTOEHKOJIEP Bapianiiiamii GAN

AaBTOCHKOACP
Http (KDDCUP99) 0.90 0.97 0.95
ForestCover 0.88 0.93 0.97
Mulcross 0.92 0.95 0.76
Smtp (KDDCUP99) 0.89 0.91 0.90
Shuttle 0.93 0.95 0.94
Mammography 0.87 0.89 0.90
Satellite 0.85 0.87 0.88
Pima 0.81 0.84 0.86
Breastw 0.75 0.77 0.79
Arrhythmia 0.89 0.90 0.93
lonosphere 0.85 0.86 0.90
Economical (uamr) 0.88 0.90 0.86

Bubupatoun Haiikparii METOIu cepell TpaAULIHHIX Ta IITMOOKOT0 HaBYaHHS, HE BAXKKO 0a4MTH, 11O
KPAIIUMH € 130JISIIHHIN JIiC Ta METO/I, 110 0a3y€eThCs Ha TeHepaTUBHUX 3MaraibHux Mepexax (GAN).

[Mobynyemo rpadiky AIMKIB 3 Bycamu Ui KOXHOT 3MiHHOI CTaHy i3 BXiJJHOrO Ha0Opy JaHHX Ta
Pe3yIbTyI0uoro Habopy, Je BUKHIM Oynd BHIAJNEHI 3a JONOMOIOI0 HaiKpammx MeToAiB. B skocTi
BXiJHOT BUOIpKku Oyze Habip manux «Economical (Hamn)y. I'padik suukiB 3 Bycamu JUtst BXiJHOI BUOIpKH
MIpPEJICTaBIEHO Ha puc. 5.2.
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Numeric Distribution of Features

EGI_2020
EPI_2020
05172020
HCIZ2020
I 2020
EGI 2018
EPI2018
05172018
HCI"2018
I 2018
EGI 2016
EPI 2016
05172016
HCI_2016
2016
EGI 2014
EPI 2014
05172014
HCI'2014
T 2014
EGI 2012
EPI"2012
05172012
HCI"2012
2012
NRI_19
ICT 17
ICT 16
ICT"15
ICT"13
ICT 12
SPIT20

Feature names

10° 10! 10?
Numeric values
Puc. 5.2 I'pagix awuxis 3 8ycamu 011 3MIHHUX 6XIOHOI 6UOIPKU

Ha puc 5.2 moxHa noGaunTy, 0 A€sKi 3MiHHI CTaHy MarOTh BUKHIH, SIKi BiZOOpa)keHi TOUKaMHu Ha
rpa¢iky SIUKIB 3 BycaMu. Bukopucraemo 130JSILiHHUH JiC A7l BUSBICHHS TA BUAAICHHS BUKHUIIB 3
BXiHO1 BUOipKH i moOyayemMo rpadik SIIUKiB 3 BycaMu Utk HA0Opy NaHUX, e BUKHIU Oy BUIAJICH 3a
JOIIOMOT 010 130utsiiiiHoro Jicy. Leit rpadik BinoOpaxeno Ha puc. 5.3.

Numeric Distribution of Features

EGI_2020
EPI_2020
05172020
HCI_2020
T 2020
EGI 2018
EPI"2018
05172018
HCI_2018
T 2018
EGI 2016
EPI 2016
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HCI~2016
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EPI 2014
05172014
HCI~2014
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EPI 2012
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HCI"2012
2012
NRI_19
ICT"17
ICT"16
ICT_15
ICT_13
ICT 12
P 20

Feature names

Il

4

10! 10°
Numeric values
Puc. 5.3 I'pagix swuxis 3 gycamu 011 HAOOPY OAHUX, Oe GUKUOU OYIU 8UOANEH] 3a OONOMOO0 I30AYIIHO20 JICY
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TakoX BHUKOPHCTAEMO TEHEPATHBHI 3MarajbHI Mepexi AJsl BUSBICHHsS Ta BHUIAJICHHS BUKHUIIB 3
BXiHO1 BUOipKH 1 moOyayemMo rpadik SIIUKiB 3 BycaMu Ui HA0OPY JaHMX, 1€ BUKUIU OyJM BHIAJICH 32
TeHepaTUBHUX 3MaraisHuX Mepex. Llei rpadik Bigoodpaxeno Ha puc. 5.4.

Numeric Distribution of Features

EGI_2020 —
EPI_2020
051_2020
HCI~ 2020
TI"2020
EGI 2018
EPI"2018
05172018
HCI 2018
T 2018
EGI_2016
EPI_2016
0S1_2016
HCI_2016
T 2016
EGI"2014
EPI2014
0S172014
HCI_2014
Ti_2014
EGI_2012
EPI_2012
051_2012
HCI_2012
T 2012
NRI_19
ICT"17 '
ICT"16 ¢
ICT"15 '
ICT"13
ICT"12
SPI_20

Feature names

Numeric values

Puc. 5.4 I'paghix awuxie 3 eycamu onst Habopy danux, oe GUKUOU OYIU GUOANEHT 3a OONOMO20I0 2EHEPAMUBHUX
3MA2ATLHUX MEPEXHC

6 Pe3yabTaTu Ta BUCHOBKH

[IpoBeneHo aHami3 METPUK, SIKi BAKOPUCTOBYIOTHCS TIPH OILIHII SIKOCTI MaTeMaTHYHUX MOAEJEH Ta
METO/IB BUSBJICHHS BUKHUIAIB. Bu3zHaueHo, mo Haiikpamoro € metpuka PR-AUC. Lls merpuka Oyna
oOpaHa HaKpaIIoro, Yepe3 Te 10 BOHA (POKYCY€EThCs Ha MATUX TIO3UTHBHUX KJIacax, B HAIOMY BUITAJIKY
BHKHJIAX, Ta J03BOJISIE 00’ €EKTUBHO OI[IHUTH AKICTh MATEMATUYHUX MOZENIEH Ta METOIIB.

Buxonano knacudikariito MeToAiB (Moneneil) BUSBICHHS BUKUAIB. Lli MeToan MOMINSAIOTHCS Ha
TpaauIiliHi Ta TIMOoKoro HaBYaHHs. Ha ocHOBI aHaNi3y pe3ynbTaTiB AOCHiKEHHS 1010 e()EeKTUBHOCTI
TpaIUIIHHUX MaTeMaTHYHUX MOJIEJICH Ta METO/IB 1 aHaJli3y iX IepeBar Ta HeIOJiKiB, OyJI0 BU3HAYCHO,
10 HaWOIMbII e(EeKTUBHUM € METOA «i30JsuiiHuil jicy. Lleit Meron 3100yB HaMKpalli pe3ysbTaTu
NoKa3HMKIB edekTuBHOCTI. IlepeBaroro merony € BiacyTHICTH HeoOXimHocTi MacmiTaOyBaTH AaHi B
MPOCTOPI Ta BIJACYTHICTh BEJIMKOI KiJIBKOCTI MapaMeTpiB, 110 POOMTH HOTO HAAiMHMM Ta MPOCTUM B
nig0opi mapaMeTpiB sl MOKpAIIEHHS POOOTH METOY.

Cepen MareMaTHYHHX MOJEJel Ta METOIIB IIIMOOKOrO HaBYAHHS JJIsI BHUSBICHHS BUKHIIB OyJi0
BU3HAYEHO, 1[0 HAHOLIBII e)EeKTUBHUM € METOJ, 110 0a3yeThCsl Ha TEHEPATUBHUX 3MarajlbHUX MepexKax
(GAN). BiH pmocsar Hakpalux IOKa3HHKIB €(pEKTUBHOCTI cepejl yCiX MaTeMaTU4YHHUX MOJeei Ta
METO/IB BUSIBJICHHS BUKHIIB, SIKi OyJHM PO3IJISIHYTI B pOOOTi, BUKOPUCTOBYIOUH Pi3HI HAOOPH JaHHX.
[lepeBaramMu JaHOI'O METOMY € T€, L0 METOJ JAETali3ye JaHl Ta MOXKE JISTKO IHTepIPeTyBaTHCS Y Pi3HI
Bepcii. Ilelt MeTon norpedye BeauKi 00YMCIIOBAIBHI MOXKIIMBOCTI, TOMY HOI'O CJIiJi BAKOPHUCTOBYBATH
IpY X HasIBHOCTI.
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Oo6uparoun Mix i30oysmiiHuM jicoM Ta GAN citij miaKpecauTH, mo o0uBa METOIH MAIOTh TOCUThH
BUCOKI TIOKa3HUKH €()eKTUBHOCTI BUSIBJICHHSI BUKH/IIB HA MPOOHUX BUOipKax. Bubip Mixk HUMU 3aJI€KUTh
BiJl O0YHCITIOBATBHUX MOKITUBOCTEH Ta IMOCTABJICHUX I[IJICH, 010 SIKOCTI BUSBJICHHS BUKHU/IIB.

Takum arHOM, B pOOOTI OYIIO OTPUMAHO:

- OIJISII METPUK, SKi BUKOPHCTOBYIOTHCS UIA OIIIHKH €(PeKTHBHOCTI MaTeMaTHYHUX MOJETEH Ta
METO/IIB BUSBIICHHS BUKU/IIB;

- OTJIAI TPATUIIIMHUX METOIIB Ta METOIIB TIMOOKOTO HAaBYAHHS JIJIs1 BUSBIICHHS BUKHU/IIB;

- pe3ynbTaTH MOCIiKEHHS, MOA0 e()EeKTHBHOCTI Ta SKOCTI MaTeMaTHYHHX MOJENeH 1 MeToiB
BUSIBIICHHS BUKH/IIB, BUKOPUCTOBYIOUH 12 MpoOHHUX BHOIPOK;

- BUCHOBKH PO HalKpally METPHUKY Ta HalKpalli MaTeMaTHYHi MOJICITi 1 METOAM IS BUPIIICHHS
Mpo0OJIeMH BUSBIICHHS BUKHIIB B TPOOHMX BUOIpKax MpH YIIPaBIiHHI IPOIECAMH B CHCTEMaXx 3a
CTaHOM.
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The article is devoted to the usage of identification algorithms based on biometric personal data (biometrics) in the electronic
trust services. This theme is of considerable interest due to the fact that it is becoming one of the most used tools in everyday
life. It can include such things as fingerprint and facial scanners in modern cell phones as well as more official aspects such as a
personal passport or signature.

The main problem of electronic identification is that the most effective algorithms: based on abstract-minutiae cylindrical
codes, where minutiae are unique to each fingerprint and determine the points of change in the structure of the capillary lines
(ending, splitting, breaking, etc.), the orientation of capillary lines and coordinates at these points.

Also, algorithms based on fuzzy extractors, where by fuzzy extractor we mean the system (object, algorithm) which
transforms biometric data into random sequences, providing the opportunity to apply encryption methods for biometric security.
Although they perform their role, they do not always work correctly and present a possible danger to a user. A comprehensive
analysis of the advantages and disadvantages of such algorithms requires further investigation and combination of these
algorithms to solve existing problems and improve overall response.

Not only could that provide a higher level of protection, but also greatly simplify the mathematical complexity of data
processing, as well as lead to an increase in the number of correct triggers and overall increase the efficiency of using biometric
technology in electronic trust services.
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OcHoBHa npo6iIeMa 3aCTOCYBaHHS eJIEKTPOHHO] 1JeHTH(hiKanii BUPaXKAETHCSA B TOMY, III0 HAHOUIBIT e(heKTUBHI aJITOPUTMU:
Ha OCHOBI aOCTPaKTHO-MIHYyaTHMBHUX IMTIHAPWYHUX KOIB, A€ MIHYNIS — Il€ YHIKIbHI JUI1 KOXKHOTO BIIOMTKY O3HAKH, IO
BU3HAYAIOTh ITYHKTH 3MIHH CTPYKTYPH NAIUISPHUX JiHIN (3aKIHYCHHS, PO3JBOEHHS, PO3PUB Ta iH.), OPIEHTAMLII0 MAMIIPHAX
JHINA Ta KOOPJMHATH B LUX ITYHKTaX. TakoX aJrOpUTMHU HA OCHOBI HEUITKUX €KCTPAKTOPIB, 1€ il HEYITKUM €KCTPaKTOPOM MU
po3ymieMo cucteMy (00'€KT, alrOpuUTM), sKa MEPeTBOPIO€ OIOMETPWUYHI JaHI B BHIIAJKOBI IOCITIIOBHOCTI, IO HaTaroTh
MOXKJIMBICTh 3aCTOCYBaTH IMIM(PyBalbHI MeToau it OiomeTpuyHOi Oe3mekd. BoHHM Xo4a ¥ BHKOHYIOTH CBOIO POJib, aje
CIIPAlbOBYIOTh HE 3aBXKIH KOPEKTHO, HApAXKAIOYH HA MOXKIIMBY HEOE3MeKy KOPHUCTYBaya.

BceOiunmii aHami3 mepeBar 1 HEIOJNIKIB TakWX alTOPHTMIB IOTpedye MOJANBIIOTO X PO3BHTKY Ta BHUKOPUCTaHHS
CBOEPITHOTO CMM0i03y IMX aJTOPUTMIB IS BUPIIICHHS iCHYIOUHX IPOOJIeM Ta MOKPaIIeHHs 3arajJbHOTO CIIpaboByBaHHs. [le
TIOBUHHO HE TiJBbKHU 3a0e31ednTH O1IbII BUCOKHH PiBEHb 3aXHUCTY, ajle ¥ 3HAYHO CIPOCTUTH MaTeMaTHYHY CKJIQJHICTh 00pOOKH
JTAaHWX 32 aJropuTMami. | came 1ie mpu3Be/e 0 MiBUIICHHS KUTBKOCTI BIpHHUX CIIPAallbOBYBaHb Ta ITiIBUIICHHS ¢()EKTUBHOCTI
BUKOPHUCTaHHS 010METPUYHUX TEXHOJIOTIH y CHCTEMax eJIeKTPOHHUX JOBIPYMX MOCIYT.

Knrwwuoei cnosa: 6iomempis, MiHyyis, Heuimkuil eKCmpakxmop, ancopumm, Koo.

Introduction

Nowadays different identification systems are increasingly being used. We use them for electronic
payments, for limiting access to objects, for identity authentication, etc.

Nowadays, the problem of correct identification and authentication of a person is more important than
ever. And what can be more personal than individual biometric features, such as voice, retina, gait,
fingerprints and, of course, DNA. All of these things together are covered by the term "biometrics."
Today, the idea of using biometrics for the authentication and identification is very relevant. Moreover,
almost all of us use them, for example, to unlock the phone screen with our fingerprint, or the so-called
"Face ID" or face identifier. Biometric mechanisms are also applied in the modern identification
documents, both foreign and Ukrainian. But unfortunately, the above-mentioned methods, especially the
more complex ones, do not work quite correctly. For example, "Face ID" can unlock the screen only if a
person’s photo is presented to its scanner. And the fingerprint doesn't work when the fingers are wet or
something else makes it difficult to access the fingerprint pattern.

Types of biometric features used
for identification

DNA
(DEOXYRIBONUCLEIC
ACID) MATCHING RETINA SCANNING

FACIAL

RECOGNITION VOICE
RECOGNITION

VASCULAR FINGER
(VEIN) GEOMETRY

GAIT RECOGNITION

Fig.1 The types of biometric features used for identification

Such systems require more detailed study, all-around improvement and further development in order
to avoid false positives and achieve a fully correct identification and authentication, where an error can
be an extremely "costly".

1. Problem Statement

To analyze potentially better identification algorithms and determine directions for their further
development in order to solve existing problems:

- confidentiality and delimitation (data obtained during biometric registration can be used for purposes
that the registered individual did not consent to (was not aware of);
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- dangers to owners of protected data (there is a possibility of an attempt on the part of the holder of
biometric identifiers to gain access);

- the possibility of cancelling biometric data (the advantage of a password over biometrics is the
possibility of changing it). Mainly, the cancellation of biometrics is a distortion of the biometric image
or properties prior to their approval.

2. Main points

Fingerprint identification (dactyloscopy) is the most common technology used in biometric access
control systems today. The technology is based on the unique pattern of fingerprints on people's fingers.
The fingerprint obtained with the scanner is converted into a digital code, which is stored in a database,
and then compared to previously entered and converted fingerprint codes.

The biometric access by fingerprint is easy to use, convenient and reliable. The devices that scan the
fingerprints are very reliable and cheap. The disadvantages include distortion of the papillary pattern by
small scratches, cuts, chemical reagents; inability to read the fingerprint by some scanners if the skin is
too wet.

Two types of features can be identified in each fingerprint — global and local. Global features are those
that can be seen with the naked eye.

Papillary pattern:

- pattern area — a highlighted fragment of the fingerprint in which all global features are localized;

- core or center — a point localized in the middle of the imprint or some selected area;

- the "delta” point — the starting point. The place where there is a separation or joining of the papillary
furrows, or a very short furrow (can reach to a point);

- line type — the two largest lines that start as parallel and then diverge and circle the entire image area;

- line count — the number of lines on the image area, or between the core and the "delta” point.

Papillary pattern types:

- "loop" type patterns (left, right, central, double),

- "delta" or "arc" type patterns (simple and sharp),

- "spiral" type patterns (central and mixed).

Another type is local features. They are called minutiae (peculiarities or special points) which are
unique for each fingerprint and determine the points of capillary lines structure changes (ending, splitting,
breaking etc.), the orientation of capillary lines and coordinates in these points. Each fingerprint can
contain up to 70 or more minutiae.

Practice shows that the fingerprints of different people may have the same global features, but it is
completely impossible to have the same minutiae micropatterns. Therefore, global features are used to
separate the database into classes and at the stage of authentication. At the second stage of recognition
local features are used.

Comparisons of prints by local features (minutiae) include:

1. Improving the quality of the original image of the print. Sharpness of the borders of the lines of
strokes is increased.

2. Calculation of the orientation field of the fingerprint's lines. The image is divided into square blocks
with sides more than 4 pixels, and the angle t of line orientation for a fragment of the fingerprint is
calculated using brightness gradients.

3. Binarizing the image of the print. Binning to a black and white image (1 bit) by thresholding.
4. Thinning the lines of the fingerprint image. Thinning is performed until the lines are 1 pixel wide.

5. Minutiae extraction. The image is divided into blocks of 3x3 pixels. After that, the number of black
(non-zero) pixels around the center is counted. The pixel in the center is considered to be a minutia if it
is non-zero, and there are one (minutiae "ending") or three (minutiae "branching") neighboring non-zero
pixels. Coordinates of detected minutiae and their orientation angles are written in a vector. When
registering users, this vector is considered a reference and is written to the database. During recognition,
the vector determines the current fingerprint.

6. Matching minutiae. Two fingerprints of the same finger will differ from each other by rotation,
offset, change in scale, and/or area of contact, depending on how the user places the finger on the scanner.



Bulletin of V.N. Karazin Kharkiv National University
44 series «Mathematical modeling. Information technology. Automated control systems» issue 53, 2022

Therefore, it is impossible to tell whether a fingerprint belongs to a person or not by a simple comparison
(the vectors of the reference and the current fingerprint may differ in length, contain mismatched
minutiae, etc.). Because of this, the comparison process must be implemented for each minutia separately.

Comparison stages include data registration, searching for pairs of matching minutiae, evaluating the
print matching.

During registration the parameters of affine transformations (rotation angle, scale and shift) are
determined, at which some minutiae from one vector correspond to some minutiae from the second vector.

The results of a search are up to 30 rotation values (from -15 to +15 degrees), 500 shift values (from
-250 px to +250 px, though sometimes even smaller limits are chosen), and 10 scale values (from 0.5 to
1.5 in steps of 0.1) for each minutia, up to 150,000 steps for each of the 70 possible minutiae in total. (In
practice, all possible options are not enumerated — after selecting the right values for one minutia, there
is an attempt to substitute them for the other minutiae, otherwise it would be possible to match almost
any prints to each other).

The assessment of print matching is done by the formula
2

D
K =—=%100,
pq

where D — the number of matching minutiae,
p — the number of minutiae of the reference,
g — the number of minutiae in the recognized print). If the result exceeds 65%, the prints are considered
identical (the threshold can be lowered by setting another level of vigilance).

If authentication has been performed, this is the end of the process. For identification this process must
be repeated for all fingerprints in the database (then the user with the highest matching level is selected
(of course, the result must be above the 65% threshold)).

3. Current identification algorithms

The main directions of solving the specified problems are the algorithms abstract-minutiae cylindrical
codes, and the algorithms based on fuzzy extractors. They are the most used in biometrics to provide a
high probability of a correct identification.

ACTUAL
ALGORITHMS

Abstract-
Minuative Fuzzy
Cylindrical extractors
Codes

+ Much more
Error- complex math
correctable Certain accuracy
More flexibility |8 is not available

¥ A lot of "rejects"
High accuracy Unnecessary
Low error rate mathematical
calculations

Fig.2 The used algorithms

Abstract-Minutiae Cylindrical Codes.

Abstract-Minutiae cylindrical codes are based on the small details of fingerprint descriptors, which
take into account the smallest information in a fingerprint image to match them. Minutiae are features
unique to each fingerprint, defining points of change in the structure of the capillary lines (termination,
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bifurcation, break, etc.), the orientation of the capillary lines and the coordinates at these points. Each
fingerprint can contain up to 70 or more minutiae. It is thanks to their comparison that the local features
are compared.

The algorithm based on minutiae cylindrical codes uses three-dimensional data structures called
cylinders, where each cylinder is oriented in the direction of the central minutiae throughout the image.
Minor locations are spatial points where the orientation, frequency, and energy have a higher differential
of change.

The orientation image computed by STFT analysis differs from traditional orientation images
computed using simple derivatives. With the exception of the core and delta points, any local area of the
fingerprint image provides consistent texture information using STFT. This is not the case in traditional
gradient orientation estimation.

The approach by which it is created is called the default function, where not every cell in the cylinder
will accumulate the specified contribution. Thus, cells that lie outside the valid territory mask are
considered invalid, and cells without neighbors have zero contribution. The cylinder is kept or discarded
according to validity constraints. These constraints include the minimum number of neighbors around the
central minutiae at constant radius, as a percentage of the total number of valid cells. Only valid cylinders
will be part of the imprint pattern.

The disadvantage of this approach is the complexity of mathematical calculations of a large number
of minutiae and a significant number of cylinders that are processed but discarded for one reason or
another (considered invalid).

Fuzzy extractors.

A fuzzy extractor is a system (object, algorithm) that converts biometric data into random sequences
that provide the ability to apply encryption methods for biometric security. They are used to encrypt and
authenticate user transactions. In this case, the biometric input is treated as a key. The word "fuzzy" in
the extractor's name implies that the values of the resulting sequence have a form close enough to the
original and can confirm the authenticity of the identity.

The algorithm using fuzzy extractors is a method that allows us to uniquely recover the secret key
from inaccurately reproduced biometric data involving auxiliary data, which is open. According to the
algorithm, a sequence of actions is performed:

- initialization, where a security parameter is specified that defines the length of the public and secret
keys and the triggering threshold, based on which the algorithm generates a secret master key and public
parameters;

- extraction, where a specific identity and the secret master key are specified, and the algorithm itself
processes the data and returns the user's secret key;

- encryption, where the algorithm returns a ciphertext based on the user's secret key, his identity, and
the embedded message;

- decryption, where by the secret key and the ciphertext encrypted with the identity, the algorithm
returns the message if the identity data is confirmed, or stops working otherwise.

Subsequently, the stability of such an algorithm is evaluated from the point of view of force attacks,
such as full brute force, collision creation, etc. The stability to them being obtained, the algorithm is
moved to the analysis of its stability against analytical attacks.

The disadvantage of this approach is the complexity of mathematical apparatus of data processing in
the presence of a significant number of errors and the inability to provide the necessary accuracy when it
is necessary to correct these errors.

Conclusions

Thus, the most important and promising areas for further research are those related to the incorrect
operation of fuzzy extractors and abstract-minutiae codes, which address the issues of correct
identification and authentication of the person. The identification and authentication based on the
synthesis of the "strengths" of both algorithms will balance their individual drawbacks.
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Cy4acHi TeXHOJIOT1i Bakko ysiBuTH 6e3 chepu 3D-monemoBanus ta 3D-Bizyanizariii. HaliBaxxuBiioro ii mepeBaroo € eKOHOMist
4acy, OCKUJIbKM 3a pomomoroio 3D-monenell Mo)kHa BipTyalbHO IOCHIIKYBAaTH OyIb-siKi 00’€KTH, HE CTBOPIOIOYM IX B
peanbHOMY KUTTIi. 3BHYaiiHO, cTBopeHHs 3D-Moneneii 06’ exTiB NOTpeOye 3HAYHO MEHIE Yacy Hi’K CTBOPEHHS IMX 00’€KTiB
¢iznuHO. 3a IOMOMOror naHoi cepH CTBOPIOIOTHCS MyJbTQUIBMH Ta (iTbMH, PEKIaMYIOTHCS TOBapH, CTBOPIOIOTHCS
BIpTyaJsIbHI Typu OyIb-sikoi MicueBocTi. Y Hall yac icHye Garato mporpam Juisi cTBopeHHs 3 D-Mopeneid, siki OHOBIIOIOTHCS Ta
PO3BHBAIOThCA OyXKe CTpiMKO. Y poboti OyB ommcanumii mporec cTBopeHHs 3D-Moneni ayauTopii yHiBepcureTy imeni B. H.
Kapasina, 3a 1onomororo SKux MOXHa MPOBOJUTH BIpTyaJIbHI €KCKYPCii MO MM aymuTopisM. Bymu nocmimkeHi MOKIHBOCTI
3D-mozeni aynuropiit. Pozpobiena 3D-Monens Mae MOKIHBICTh IHTEpPAKTHBHOI B3aeMofii 3 kopuctyBadem. s Toro, mob
KO’KEH KOPUCTYBa4 Mir' OTPUMATH JOCTYI 10 MOJeTi, ii Oyno po3MmimeHo Ha caiiTi. KopuctyBaui MatoTs 3Mory obupaTt 00’ €KT
abo 30HY OIJIAdy, pakypc, KyTH Haxuiay. MoskHa 30UIbIIMTH a0 3MeHINTH MacmrTad 300paxeHHs. TakuM 4uHOM, 3a
JIOTIOMOT010  po3pobieHoi 3D-mozeni MOXKHa OTpUMATH YSBICHHS NPO ayauTopii Ta 00’€KTH, sAKi TaM 3HAXOAiThCcsi. B
MaiibyTHBOMY IUTaHYETHCS PO3POOUTH CIIOCOOU MPUIIBHIIICHHS po3po0ku 3D-Moaeneit ayauropii NUIIXOM CTBOPCHHS aII0HIB
1o nporpamu Blender na Python.

Kniouosi crosa: Blender, mooens, 3D-mooens, 3D-gizyanizayis.
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It is difficult to imagine modern technologies without the 3D modeling and 3D visualization. The most important advantage of
this technology is the possibility to create and inspect virtually 3D models of any objects which takes much less time than creating
these objects physically. Therefore, this technology allows creating cartoons, films, virtual tours, and advertisements. Nowadays
there are many programs for creating 3D models, which are constantly developed and updated. In this work the process of
creating the 3D model of the V.N. Karazin University classrooms is described, which allows conducting virtual tours of the
university. Blender, the free 3D computer graphics software tool has been used to develop the model. The main advantage of
Blender over other programs is that, each user is able to create applications for this program. The development stages, namely,
a concept phase, a 3D modeling, an application of textures and colors, lighting, and rendering are described. In order to
understand the capabilities and functions of the created 3D-model, the methodology of functional modeling IDEFO has been
used. With the help of IDEFO notation the scheme of 3D-model has been created. The processes of users’ interaction with 3D-
model have been considered. The opportunities presented by the 3D model of classrooms have been investigated. The developed
interactive 3D model is available to users on the university site. Users can choose an object or field of view, angle, and tilt angles.
Users can also zoom in or out of the image. Thus, using the developed 3D model, users can learn about the classrooms and their
interior. We are planning to increase the efficiency of the process of creating such 3D models by creating add-ons to Blender in
Python language which allows automating the process of creating a 3D object. Their using can reduce the time needed to create
3D models of remaining classrooms, as well as, the number of developers required.

Key words: Blender, model, 3D-model, 3D-visualization.

1 Betyn

Mopens — 1e ITYyYHO CTBOPIOBaHUHN 00'€KT, SIKUH 3aMiHIOE COO0I0 NESKHiA 00'€KT pealbHOTO CBITY
(00'exT MOZIEMIOBaHHSA) 1 BIATBOPIOE OOMEXKEHe YMCIO Horo BiactuBocTei. [Iporec mobymoBn momemi
HA3MBalOTh MOJICIIIOBAHHSIM. MOJEIIOBaHHSA — II€ METOJ| Mi3HAHHS MIMCHOCTI, BUKOPUCTOBYBaHHIA
pi3HUMU HaykaMu. Ha choroHiIIHil JeHb, MOJICITIOBAHHS € JIOCUTh aKTyaJIbHUM.

Mopeni J03BONSIOTH PO3POOIATH Ta IOCTIIKYBaTH 00 €KTH Oe3 BHUKOPUCTAHHA MaTepialbHUX
pecypciB Ha iX BUTOTOBICHHs. MOJENIOBAaHHS NTO3BOJISIE CKOPOTHTH Yac, BUTPATH Ta PECypCH NpHU
BBEJICHHI 00’€KTIB B TOCIOJAPCHKUII O0Ir Ta €KCIUTyaTrallii Ha MPOTSA31 BChOTO >KHTTEBOTO IIUKIY.
Hampuxiran, mpu TecTyBaHHI MOJIENi KOpalOIisi: MOJENb CIoYaTKy po3pobnserbes y 3D, a motim
CTBOPIOETKC ii MaTepiajbHa KOMis, SKa Ma€ MEHIINI po3Mip, Ta HAa SIKy BHUTPAaueHO HA0araTto MEHIIe
PECYpPCIB Ta Yacy HiXK Ha CIIPaBXXHIN KOpadelb.

3a IOmOMOrol Mojeneil MOKHa IMPOBOJUTH JAOCHIKEHHS Ta O3HAWOMIJIEHHS 3 00 €KTaMH y
BignaneHoMy pexkuMi. Hampukian, 3a momomororo cxemu B rpadiunid HoTamii IDEFO moxna
03HAWOMUTHCS 3 TIEBHUMHU MPOIECAMH Ta CHCTEMaMH, HEe B3a€MOJIIOYHM 3 HUMH B PEATbHOMY JKUTTI.
MogentoBaHHS HaJa€ MOXJIMBICTH iMiTallii Ta CTBOPEHHsI TPAaHWYHUX CHUTYyallii MPH BUKOPUCTaHHI
00’exTiB 0€3 Oe3nmocepeHLOro pu3nuKy. ToOTO MPU TECTyBaHHI MOJIEINI, SKIO CTBOPIOETHCS TPAHUIHA
CHUTYyallis, caMe MOJICJb 3a3HAE PU3KKY, 4 HE pealibHi 00’ €KTH.

3D-MozeII0BaHHsT € OJHUM 13 HamlpsMIB MOJEIIOBAHHS 1 sIBJIs€E COOOK TMpPOIEC CTBOPCHHS
TPUBUMIPHUX MOJIENed MiIcIeBOCTI abo O0O0’€KTIB 3a JOMOMOTOK0 KOMIT'IOTepHHX Imporpam. 3D-
MOJICTFOBAHHS € IIy’)K€ KOPHCHUM, KOJIA MOTPIOHO 32 HEBEJIHMKY KUIBKICTh Yacy BiITBOPUTH 00’ €KT,
MPOBECTH Ha HBOMY HEOOXITHI JOCIIKEHHS, 3pOOUTH TEeBHI 3MiHH. TakuM YMHOM, BHTPAYaETHCS
Habarato MeHIIIe pecypcCiB, HiXK HAa CTBOPEHHS peaibHOro 00’ ekTa [1].

Pospobnena 3D-monens ayauTopiii 103BONUTH BIpTyanbHO, 3 OyAb-KOTO MiCIsS OTJSHYTH IIi
npumimeHHs. KopuctyBaui MaioTh 3MOTY OTpUMATH TOBHE YSBICHHS NP0 HUX, 00 €KTH, SKi Tam
pO3MilleHi, iX 30BHINIHIA BUIIIA[ Ta NMpu3HadeHHs. KoxeH Mmae noctymn Juis nepersiny 3D-moneneit
ayautopii. B ymoBax kapaHTHHY Ta AMCTaHIIHHOIO HABYAHHS 1€ Ma€ 0cOOIMBE 3HAUCHHS.

2 lpouec po3podxu 3D-momeni
Buxozsuu 3 mpu3HaYeHHS CIIOYaTKy 0 po3po0iitoBaHoi Mojeni Oyii BUCYHYTI HACTYITHI BUMOTH:
1. HapanHs mOBHOI ysIBM MPO MPUMILIEHHS ayAUTOpii, po3TalioBaHi TaM 00’ €KTH, BiAMOBITHO O
X 30BHIIIHBOTO BUIJISILY, IPOIIOPLiH PO3MipiB, KOJBOPIB.


https://en.wikipedia.org/wiki/3D_computer_graphics
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2. Jleranizamis Mae OyTH Ha TaKOMY PiBHI, KWl 3MOXKE HAJaTH YSBY NPO CIPaBXKHIA BUTIIST Ta
NpU3HAYCHHs O0JIaJIHAHHS B ayIUTOPIsX, CKIAI0BUX MPEAMETIB Ta OKPEMHX YaCTHH 00’ €KTIB,

SIKi TaM pO3MILIEHI.

3. TloTpibHO HamaTH MOKIUBICTH ormany 3D-momeni 3 pi3HUX pakypciB, 30epiraloyu Ipu HbOMY
nponopuii. B MonensoBaHOMY pUMIILIEHH] OTJIsiT Ma€e OyTH 311HCHEHUH B yCiX TPHOX IUIOIIMHAX
3 MICIISl CIOCTEPEIKEHHS.

4. TloTpiOHO HajgaTH KOPUCTYyBayaM MOJMIIMBICTH IHTepakTHBHOI B3aemonii 3 3D-mozemmo 3a
JIOTIOMOT 010 IHTYITHUBHO-3pO3yMLIOTO iHTEp(EHCy.

5. 3abe3neunTn po3poOIIOBaHY MOJIENIH MOKIMBICTIO TIONANIBINIOI MOEPHI3aMii Ta HAPOIILyBaHHSI.

6. CTBOPUTH MOXKJIHMBICTH BIJIAICHOTO JOCTYITY 10 3D-Mo€ei 32 JONOMOT 00 3aC00iB KOMYHIKaIlii
B MEpEexi.

IIporniec po3podku 3D-momeni MoKHA MOMUIMTH HAa HACTYNHHI eTamu: ¢asza konuemuii, 3D-
MO/ICTIFOBaHHSI, HAHECEHHS TEKCTYP Ta KOJBOPIB, OCBITJICHHS, PEHICPHHT.

2.1 da3za kounenii

Cnouarky Oyna cdopMyibOoBaHa ies, po3poOiieHa KOHICMIsS Ta oOpaHi ayauTopii s
MoJemoBaHHs. byo nmpomymano, sik came BurisinatuMe 3D-mMoens Ta Oynu po3po0ieHi BUMOTH /10 Hel.
st 6inb11 3pydHOr0 MOJENOBaHHA Oynu 3p0o6ieHi (OTO MPUMILIECHb 3 PI3HUX PaKypciB, a TAKOX (HOTO
o0nagHaHHs B UX ayauTopisax. s pisHux 00’ exTiB Oyna 3pobieHa HeoOXiaHa KibKiCTh poTo ass TOTO,
o0 MoxHa OyJI0 MaKCHUMaJIbHO TOYHO iX BigTBOpHUTH. Ilicis mporo Oyma obpaHa mporpama jis 3D-
MOJICTIIOBaHHs. 3pOOMBIIM aHali3 TporpaMHOro 3abesmedeHHs mis crBopeHHs 3D-moneneii, Oyma

obpana nporpama Blender [2].

2.2 3D-monen0BaHHS
Ha npyromy eramni Oynu 3MoaensoBaHi oOpani aynuTopii. 3a JOIOMOror0 BOYAOBaHUX IHCTPYMEHTIB
nporpamu Blender 6ynu moGymoBani 3D-moneni 00’€kTiB BIANOBIIHO 10 iX po3mipiB Ta (opMm B

peanbHOCTI [3].
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2.3 HaHeceHHSl TEKCTYP Ta KOJbOPiB

Hactynaum kpokoM 0yi10 HafaHHS KOJIbOPY Ta TeKCTyp cTBopeHuM 3D-mozemnsim. O6’ekTu, CTBOpeHi
3a gonoMmoroto 3D-MopenroBaHHS, MalOTh IJIOCKMH Cipuid KoOdip, AKWW HasBHUU B mporpaMi 3a
3aMOBUYyBaHHAM. 3D-TeKCTYpyBaHHS - I1e, B OCHOBHOMY, 00ropTanHs 2D- TekcTypu HaBkosio 3D-06'ekTa
1 BH3HAYCHHS BIUIMBY CBITJIa Ha HBHOrO0. BOHO BIAMOBiTa€e 3a 3aCTOCYBaHHS aTpHOYTIB KOJBOPY Ta
noBepxHi 70 3D-00’ekTiB. 3araibHa MeTa TOJSTa€ B TOMY, 1100 TOBEPXHS MOJENI BiAmoBigana ii
KOHIICTITYaTbHOMY JH3aifHy a00 aHAIOTy B PEaTbHOMY CBITI.

Puc.2.2 - T excmypa nionocu

3a mporec HaHeCEHHS TEKCTyp B mporpami Blender BimmosimaroTh mameni, ski Ha3HBAIOTHCS
meinepamu. [loenHyroun i 1ieiaepu Mik co000, MOXHa CTBOproBaTH pi3Hi Marepianu. llleinepu
MOB1IOMJISIFOTH MPOrpami, SIKMi MaTepia Mae Toi uu iHmuil 00’ext. Koxken meiinep Mae B codi eBHY
KUTBKICTh HANAIITYBaHb, SIKi MOXKHA 3MiHIOBaTH. HanecTn MaTepian MO>KHA HE TUTBKH Ha MIEBHUH 00’ €KT,
aJe i Ha oKpeMy Horo yactuny[4].
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Puc.2.3 — Kombinayis wetidepis 0151 CmeopeHHs meKcmypu nionocu

2.4 OcBiTnenns

Ha erami ocBiTiieHHs OyJin BHCTaBJIEHI JKepena cBiTia. Sk i B peallbHUX ayAuTOPisiX OyJIo CTBOpPEHE
CBITJIO BiJ| JIaMII, a TaKOX BiJ| COHIl. BoHM Oyiu po3milleHi 3rifHO 1X MO3HIIiA B ayIUTOPIsLX, TAKOXK
Oynmu wHamamToBaHi ix xapakrtepuctuku [5]. Imomi mobpe 3momenboBanmii 3D-00’€KT BHIIISIAE
HENEPEeKOHJIMBO Yepe3 moraHy peanmizamito 3D-ocBiTieHHs. | HaBmaku, MpaBWIbHUN BHOIP TEXHIKH
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OCBITJICHHS. MOXKE€ 3HAYHO MiJABHIIUTH SKICTh KOMIT'IOTEPHOI CleHH. ToMmy IbOMYy TIpollecy Tpebda
MIPUALISTA 3HAYHY YBary.

» Custam Properties

O Playback « Keying v| View Marker

140 120 100

'

Puc.2.4 — Posmiwenus oxcepen ceimia

2.5 Pengepunr

PenpepuHr — e npouec OTpUMaHHs OCTATOYHOTO 300pakeHHs ayauropii. [y uporo B mporpami OyB
CTBOpEHUil 00’ eKT “kamepa” 1 po3MIILEHUI TAKUM YHHOM, 1100 B KaAp MOTparisiia Ta AUIsSHKa, sSiKa Oyze
B pesynbraTi. OgHak, Mg toro, mo0 3D-monmens MoxkHa Oyllo OMMIsSAaTH 3 YCiX pPakypeiB, y
HaJNaIITyBaHHAX Kamepu Oyna obpana onuis “360 rpagycis”. Takum 4nHOM Ha BUXOJi OyAe OTpUMAaHO
300pakeHHs, SIKe MOXKHA OTJISIIATH 3 PI3HUX CTOPIH Ta 3MiHIOBAaTH Horo mMacmrad[6].

Puc. 2.5 -3D-mo0env ayoumopii 317
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CrBopeni 3D-momeni Oynmu po3mimieHi Ha caiiti. KopucryBaui MOXYTh MEpedTH 3a HACTYITHUMU
NOCHJIaHHSIMU Ta oryIsHyTH iX: https://kuula.co/post/7wOgp - ayauropist 317, https://kuula.co/post/73k96
- aynuropis 320.

3 Mo:xymBocTi po3podiaoBanoi 3D-momeri

Hdns toro, mo6 kpamie 3po3yMITH MOXJIIMBOCTI Ta QyHKHii ctBopenoi 3D-momeni, moxHa
CKOpHUCTATHCS METOJI0NOTier0 QyHKIioHanpHOTo MoaemoBanus IDEFO. 3a nomomororo Horanii IDEFO
MO’KHA PO3TIISTHYTH MPOLIECH, SIKi BiIOyBaIOThCs MPH B3aeMOJIiT koprcTyBaua 3 3D-monemtto [7].

ApXIiTeKTypa, elleMeETIH IHTep’ €py,
KOMILIEKTAIliA 00maHaHHI

BuOip NpHMIEHHA
P HPEREH Bubip
[IPUMIIIEHHS
Buoip pakypcy omany
Bubip By Ta
paKypcy oraany

Bubip eneMeHTy oAy Bl .
H0ip eneMeHTiB

OrIATY

Peayisrar

‘VABIIeHH: 1IpO
TIpUMiMIeHHA

Puc. 3.1 - Mooenv 3D-sizyanizayii ¢ nomayii IDEFO

Ha pucynky 3.1 npeacrasnena mozens B HoTauii IDEFO. BXigHuMy TeXHIYHUMHU JaHUMH MOJENI €
apxiTeKTypa IpUMIIIEeHb, EIEMEHTH iHTep €py, KOMIUIEKTallis obnamHaHHsa. He3amexHo Bix TOro, sKa
came ayaurtopist Oyne oopana anst 3D-MonentoBaHHs, CIOYATKY MOTPiOHO OTpUMAaTH iHpOpMaLito Tpo ii
BUIIISA, 00 €KTH, iX po3mip Ta popmy [8].

Sk mokazaHo y nepiioMy Oori 3 00Ky KopucTyBada MOXe OyTH 3iiiCHeHUH BUOIp MPUMIIIEHHS IS
Oy 31 CIIUCKY, KUK NPONOHye Mozenb. Ha nanumii MoMeHT MoxxHa ormsaHyTy 3D-mozmeni ayauTopii
317 ta 320. B maitOyTHhOMY MO3KHa cTBOpUTH 3D-MO1emi iHINX ay TUTOPiid, 1 TAKMM YHHOM Oy/ie Oinblie
BapiaHTIiB JUIS OTJISY.

ITicnsa mporo, sk MoXKHa MOOAYUTH y APyroMmy OJomi, KOPUCTYyBad MOXKE OOpaTH BUJA Ta paKypc
ormsany. Ha caiiti mis xoxHoi 3D-mMozmeni Oynu cTBOpeHi KOHTPOJIBbHI TOYKH. HaTUCHYBIIM Ha HHX,
MOYKHa, TAKUM YHHOM, BIpTyaJIbHO TIEpeMIIIaTHCs 110 ayAUTOPil 1 3MiHIOBaTH Micle orsiny. Hanpukman,
st 3D-moneni ayauropii 317 Oyino cTBopeHo 4 KOHTPOJIBHI TOUKH. BoHM Oyiu po3TarioBaHi o pi3HUM
KyTaM ayAuTopil [u1g Toro, o6 MoxHa OyJI0 OMJIAHYTH i 3 pi3HUX cTopiH. KopucTyBay Moke OrfisiHy TH
00’ €KTH Iij] pi3HUM KyTOM, MEPEMIIIyI0UN KaMepy 3a JOIMOMOTO0 MHIIIi. MOXKHA OTJISIHYTH IPUMIIIEHHS
y maHopaMmHoMy B/l 2060 B niepcriekTuBi. JuBnsunck Ha cxemy IDEFO Ha pucyHky 5, MmoxxHa mo6aunTH,
110 MICJISt IBOTO KOPHCTYBAY BXKE MOXKE TOCATTH Pe3yiIbTaTy Ta cHOpMYBaTH YSABJIECHHS PO NPUMIILEHHS
1 OTpUMaTH PO HUX THPOPMAILiTO.

3a HEOOXIAHOCTI KOPUCTYBAa4 MOXE OOpaTH Ta JETAJbHIIIEC OrJITHYTH OKPEeMi €JIEMEHTH MOJIENI,
30inpmMBIIM 1X 300pakeHHs. Lle mokazano y tpersomy Omoni cxemu IDEF0. 3a gonmomororo kojieca
muii abo knagim Z ta Q kopuctyBad MoxKe 3MiHIOBaTH Maciitad 300pakeHHs. TaKHM YHHOM, MOYKHA
JeTajbHIlle PO3rIsIaTH OKpeMi 00’ekTH abo ix wactuHm. [licns mbOro KOpUCTyBad B Pe3ysbTaTi
OTpUMY€ HEOOXinHy iHpopMaLito Ta GopMye ySIBICHHS PO MPUMIIIEHHS Ta 00’ EKTH.


https://kuula.co/post/7w0gp
https://kuula.co/post/73k96
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Puc 3.2 — [Nouamxose 300paxcenuss 3D-mooeni ayoumopii 317

Ha npuxnani tectyBannas 3D-moneni Burisinae HacTymHuM 4uHOM. [Ipu mepexoai 3a mocuiIaHHAM
KOpPHCTYBau MOXe MOOa4uTH mepe] coboro nouatkoBe 300paxkeHHs 3D-moneni. Bynmo BucraBiene
[IOYaTKOBE MOJIOXKEHHS KaMepH, sIKe KOPUCTyBad B IpoLeci Moxe 3MiHIOBaTH. KOHTPOJIbHI TOUKH MOXKHA
1mo0avnTH Ha caMOMy 300paKEHH1 y BUTTISAI IOMapaHUeBUX KPYTiB. Tako CIIMCOK KOHTPOJIHUX TOUOK
HasBHUH Y IPAaBOMY BEPXHBOMY KYTi.

rovere.. @) & & aspplepentorcom Classroom 317 2 |

Puc 3.3 — 306pasicennss 3D-mo0eni nicist sMiHU KOHMPOILHOT MOYKU

[Ticns HaTUCKY HA KOHTPOJIBHY TOUKY KaMepa 3MIHUTh CBOE MOJIOKEHHS SIK TIOKa3aHO Ha PUCYHKY 3.3.
TakuM 4MHOM, KOPUCTYBad MOXE IEpeMilaTucs 1Mo KOHTPOJIBHUM TOYKaM i1 oryspata 3D-mozxens 3
pi3HUX CTOpiH. 3a J0MOMOror O0OepTiB «MHII» KOPHCTYBad TAaKOX MOXE 3MIHIOBATH PaKypc
300paKeHHs.

Tako KOPHCTYBa4 3a JIOTIOMOT'0 KoJIeca «MHUIII» MOXKE MTPHOJIM3UTH 300paKeHHS 1 OTJITHYTH 00’ €KT
neranpHime. lle mokazaHo Ha pucyHky 3.4. lle MoxHa 3poOHTH, 3HAXOASYHCH y OYAb-SKOMY
MiCIe3HaXO)KeHHI. TakuM UYMHOM MOXHA BIPTyaJlbHO OrisiAaTd iHmi 00’ekth B aynuTopii. B
3aJIeKHOCTI BiJl TOTO, IO MOTPIOHO KOPUCTYBAUYy.
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Puc 3.4 — 3mina macwmaby 3o0bpadicenns

B maii0yTHbOMY TUIaHYETBCS 301TBIIMTH €EKTHBHICTD Tpoliecy cTBopeHHs Takux 3D-mozxeneii. Le
MOXKHa 3pOOMTH LULSIXOM CTBOPEHHS aJoHIB g0 mporpamu Blender va mosi Python. Amnon — ue
JIOTIOBHEHHSI JI0 CaMOCTIiHOI mporpamu. BiaminHzicTio mporpamu Blender Bix iHmmx € Te, mo koxeH
KOPHUCTYBay Ma€ JOCTYII 10 CTBOPEHHs I0AATKiB [0 Wi€i IporpaMu. IX 3acTocyBaHHS MOKeE 3MEHIIUTH
yac Ha cTBopeHHsI 3D-Monerneit iHmMX ayauTopiii a00 OKpeMuX 00’ €KTIB, SIKi TaM 3HAXOASITHCS, @ TAKOXK
3MEHIINTH BUTPATH JIOACBKUX pecypciB. ko ams Toro, mob crBoputh 3D-06’€ekT, moTpiOHO 3poduTH
PN HEOOXITHMX Jiid, 3aCTOCYBAaTH TEBHI IHCTPYMEHTH Ta Omepallii, TO 3a JOIOMOTOI aJJIOHIB Lieh
Mpoliiec MO>KHa aBTOMAaTU3yBatH [9].

4 BucHOBKH

Y xoxi poboti mpoanamizoBaHi MoxJuBOCTI Mojeni 3D-Bi3yanizamii HaB4anbHUX MPUMILIEHB
kadeapu. Criouatky Oynu onucani Bumoru a0 3D-moxeni. Ha ocHoBi iux Bumor Oyna po3poOiena 3D-
mogens. Ilicis nporo Oynu onucaHi eranu po3poOku. Bonn BrirouatoTs B cede: a3y konuenii, 3D-
MO/ICITIOBAHHSI, HAHECEHHSI TEKCTYp Ta KOJBOPiB, OCBITICHHS, peHAepHHr. s Toro, mob 3po3ymiTu
MOXUIMBOCTI Ta GyHKIIT cTBOpeHoi 3D-Moxeni, BHUKOpHUCTaHA METOAOJIOTIS (YHKIIOHATBHOTO
mopaemoBanus |DEFO0. 3a nonomororo HoTtauii IDEF0 cTBopena cxema 3D-mozeni, po3risHyTi nporecy,
AK1 BiIOYBalOThCS TIpU B3aemojii kopuctyBada 3 3D-mogemmo. CriouaTky KOpUCTyBad Moke oOpaTu
ayJUTOpito Juts orasiyry. [Ticist Iboro MoKHa 00paTH paKypc OISy 3a JIOTIOMOT OO0 KOHTPOJIBHUX TOUYOK.
Ha ocHoBi wi€i inpopmarii KopucTyBad Moke cOpMyBaTH ySIBICHHS PO NpUMilIeHHs. 3a He0OXiIHOCTI
MOYKHa 3MIHUTH MaciuTal 300paKeHHs 3a JOTIOMOT 010 KoJieca «Muii». MosxkmuBocti 3D-mozeni Takox
Oynu pO3MIISIHYTI Ha TpUKIani. B mopanpmioMy miiaHyeThCsl 30UTBIIUTH €()EeKTUBHICTH MpOIECY
cTBOpeHHs Takux 3D-mozneneit.
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OyHKIIIOBaHHS CyJacHUX KOHCTPYKLIH BinOyBaeThcs B yMOBax [il MiJBHINIEHHX TEXHOJOTIYHMX HaBaHTaXeHb. OOOJIOHKH
o0epTaHHs BITHOCATHCS JO HAMOUIBII 3aCTOCOBHHX €JEMEHTIB KOHCTPYKLi. YMOBH eKCIUTyaramii TakMX eJIeMEeHTIB
nepenbadyaoTh BIUIMB OTOYYIOUOTO CEpeloBHUIIA, TOOTO (YHKIIIIOBAaHHS KOHCTPYKIIH BiZOyBaeThCs B yMOBaxX B3aeMOJil
MPY>KHAX OOOJIOHKOBHX €JIEMEHTIB 3 pianHOI0 abo razoM. B poOoTi po3risHyTO KONMHMBAaHHS MPYXKHOI 00O0JOHKH OOCpTaHHS,
YaCTKOBO 3allOBHEHOI PiWHOIO, 33 YMOBHU Aii 30BHIIIHIX HABaHTAQKEHb B BEPTHKAIBHOMY Ta FOPHU30HTAIPHOMY HAMpPSIMKaX
OIHOYAacHO. BBaxkanoch, MmO piguHA € iIeaJbHOI0 Ta HECTHCIHMBOIO, a ii pyX MiJ Ai€l0 MPUKIAICHUX HABAaHTAXEHb €
Oe3BuxpoBuM. Lle mano 3Mory BBeCTH HMOTEHLial IIBUAKOCTEH TSI OOYMCIICHHS TUCKY PIIMHH HA MOBEPXHI 0OOJOHKH Ta AJIs
BU3HaYeHHs (YHKIIi, 10 OMHMCye piBHSA mixiioMy BibHOI moBepxHi. Ha mepmomy erari BU3Ha4eHi yacToTH a GOpMHU BUIBHHX
KOJIUBaHb OOOJIOHKH 3 pinmuHOI0. L1i 9acTOTH 3a3BM4ail MOINAIOTH Ha JIBa BiJOKPEMJICHI CIICKTPH: YaCTOTH KOJMBAaHb BITBHOT
MOBEpPXHI Ta YaCTOTH KOJIMBAaHb IPYKHHUX CTIHOK. J[J1 4MciIOBOI peasizamii BUKOPUCTAHO METOJ I'PaHUYHMX elIeMeHTiB. B
I[bOMY JOCHIPKCHHI BCTaHOBJIEHO, IO JUI JOCHTh TOHKUX HPYXHUX CTIHOK pe3epByapa (yHAaMEHTalIbHa 4acToTa IpU
3B’A3aHUX KOJMBAaHHAX MOXKE€ OyTH Ha0araro MEHIIOI0, HiK 4YacTOTa DPIiOMHM B OOOJIOHII 3 >KOPCTKHMH CTiHKaMH. 3i
30LIBLIICHHSM TOBIIWHH CTiHKH pe3epByapa meil eeKT crae He3HauHHM, a HIDKYa 4acTOTa KOJMBAHB OOOJIOHKHU 3 PiAMHOIO
HaONMMKAEThCSA HO YAaCTOTH KOJHMBAHBb PIAMHHU B KOPCTKOMY pe3epByapi. Jpyruit eran qociigKeHHs MOB'A3aHUI 13 aHATI30M
KOMOIHOBaHMX TOPHU3OHTATbHUX Ta BEPTHKATbHUX HABAaHTa)XCHb. PO3INISHYTO BHIIAJKH, KONM YaCTOTH HABAaHTAXKEHb €
OMM3bKUMHU 10 (YHIaMEHTAJIBHOI YaCTOTH IUIECKaHb Ta JIO HW)KYOT YaCTOTH KOJIMBaHb IPY)XHHUX CTiHOK. JlocmifkeHo eexT
MapaMeTPUYHOTO PE30HAHCY. 3’SCOBAHO BIUIMB HAsSBHOCTI IEPEropofiok Ha PyX OOOJOHKHM 3 DiAMHOIO INPU BUIBHHUX Ta
BUMYIICHHX KOJMBAHHSX.

Kniouosi cnosa: obononku obepmanms, nNpys#CHICMb, KOMUBAHHS, KOMOIHO6AHI HABAHMAICEHHS. MeMOOU CKIHYEHHUX md
SPAHUYHUX eleMeHMIB, i0ealbHa HeCMUCIUBA PIOUHA.

Hydroelastic vibrations of shells of revolution under combined vertical and
horizontal loadings

Usatova Olga PhD student
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st. 2/10, Kharkiv, 61046, Ukraine

Kriutchenko Denis leading engineer
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st. 2/10, Kharkiv, 61046, Ukraine

The operation of modern structures occurs under conditions of high technological loads. Shells of rotation are among the most
applicable structural elements. The operating conditions of such elements provide for the influence of the environment such as
the interaction of elastic shell elements with liquid or gas. The oscillations of the elastic shell of rotation, which are partially
filled with liquid, under external loads in the vertical and horizontal directions simultaneously, are considered in the paper. The
liquid is supposed to be ideal and incompressible, and its motion under the applied loads is irrotational. This allows us to
introduce the velocity potential to calculate the pressure of the fluid on the surface of the shell and determine the function
which describes the level of the free surface lift. At the first stage, the frequencies and forms of free oscillations of the shell
with liquid are determined. These frequencies are usually divided into two separate spectra: the free surface vibration
frequency and the elastic wall vibration frequency. The boundary element method is used for numerical implementation. It is
found that for sufficiently thin elastic tank walls, the fundamental frequency of the coupled vibrations can be much lower than
the frequency of the fluid in a shell with rigid walls. As the tank wall thickness increases, this effect becomes insignificant, and
the lower vibration frequency of the shell with liquid approaches the vibration frequency of the liquid in a rigid tank. The
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second stage of the study is related to the analysis of combined horizontal and vertical loads. The cases when the load
frequencies are close to the fundamental frequency of sloshing and to the lower frequency of vibration of elastic walls are
considered. The effect of parametric resonance has been investigated. The influence of the presence of partitions on the motion
of the shell with the liquid at free and forced oscillations has been found out.

Keywords: shell rotation, elasticity, oscillations, combined loads. finite and boundary element methods, ideal incompressible
fluid.

1 Beryn

3HayHa KIJTBKICTh €JIEMEHTIB Cy4acHOTO OOJamHaHHS B €HepreTH4Hii, XIMIYHIM MPOMHCIOBOCTI, Ha
TPAHCIIOPTI, B aBialliiHIA Ta KOCMIYHIH TEXHIIll MpPAaIIO€ B YMOBaxX MiJIBUIICHUX TEXHOJIOTIUHUX
HaBaHTa)XeHb, TPM BUCOKUX TeMIlepaTypax Ta piBHSAX TUCKy. [lpu mpomy 3a3Buuail oOyamgHaHHS
MiAaeThCs Aii 30BHIMIHIX HABAaHTAXXEHb Pi3HOT mprpoAn. BaXXIMBIME MUTAaHHSAME TYT € TiIpO Ta aepo-
npyxHi epexrtu. Lli sBUIIa npuTaManHi mpolecaM KOJIHBaHb KPUILOK TiIpoTypOiH [1], pobouux komic
riapotypOiH [2], tonareii moBiTpsHUX ycTaHOBOK [3]. ['iapoanHamMiuHi eeKTH CroCTepiraloThes il mpu
JIOCTPKEHH1 SIBUII MiATOIUIEHHS MICEKHUX TepuTopiil [4], ['impomnoyxHi siBHIa HEOOXiTHO BPaXOBYBaTH
1 TpW TPOEKTyBaHHI Ta MOJepHi3alii pe3epByapiB Ta CXOBHWIN JJsi BOTHEHeOe3meyHoi Ta
JIETKO3aMMUCTHX PEYOBHH. SIK Mojeni IHMX pe3epByapiB 3a3BU4aii BHUKOPHUCTOBYIOTh OOOJIOHKH
obepranHsa [5], [6] Ta ckimaxeHi o0omOHKM obeprTanHsa [7]. BrumB pi3HOro BHAYy Neperopojok Ha
YaCTOTH Ta aMIUTITYJW KOJHMBAaHb pe3epByapiB BuBUaBcs B pobortax [5], [8], [9], [10]. Bumymeni
KOJIMBaHHS pe3epByapiB IpPH YacTKOBOMY 3allOBHCHHI piauHOI BHBYaiuch B [S5], [11], [12].
3a3Ha4nMo, 110 BUBYCHHSI BUMYILIEHIX KOJMBAHb PiJMHU B pe3epByapax B yTOUHEHOMY (popMyIroBaHHi
3aIUIIAETHCS  AKTyallbHUM MUTAHHSM, OCKUIBKH Ja€ 3MOTY BU3HAYUTH TPAHUIN CTIHKOCTI pyXy, IIO
JI03BOJISAE 320€3MeUNTH HAAIHHICTD Ta Oe3MeYHicTh QYHKIIOHYBaHHS 00JaIHaHHSI.

2 ®opMyJIIOBaHHS 33/1a4i TA OCHOBHI CIiBBiTHOIIEHHS
Hnst omiHKM edeKTiB TPYKHOCTI CTIHOK OOOJOHKM TpW KOJWBAaHHAX KOHCTPYKIIN 3 PpiIUHOIO
po3po0JicHa MaTeMaTHYHA MOJIENb, IO 0a3yeThCs HA TaKWX TIMOTE3aX: PilMHA € HECTUCIHMBOIO 1
HEB’A3KOI0, PYX PIIMHH € OE3BUXPOBUM, BPaXOBYIOTHCS JIMIIC Malli KOJIMBAHHS MPYKHUX E€IIEMEHTIB
[12]. BBegemo noTeHmian miei 38’ A3aH01 3aa4i K CyMy IBOX (DyHKITii

&(t,x,y,2) = ®(t,x,v,2) + &, (t, x,7,2), (2.1)
ne notenmian ®(t,X,y,z) BU3HAYa€ KOJUBAHHS BiIbHOI moBepxHi, a pyukuis @.{t x,v,z) omucye
BHECOK IPY)KHHUX KOJIMBaHb CTIHKH.
Jlns Gymkuii @, (t,x,y,2) chopmynboBaHo TaKy KpaiioBy 3amauy [12]:
GOR
on

oD,

_aw oo,
on

s, ot at

S

VD, =0,

)

oD
=0,W=(U,n), [|—2&dS,=0. 2.2
. ( ”) g an 020 (2.2)

TyT 3MoueHa MmoBepxHs O0OJOHKH TojaHa SK 51 = 5,.US,, ne 5, 1 5, € )KOPCTKOIO Ta MPYKHOIO
4acTUHAMU MOBepXHi o6ononky Binosigno, U = U(x,v,z,t)- BexTop npyxHoro nepemimenns, i W e
HOro HOpMaTbHUM KOMIIOHEHTOM.

Hexait u,;(r,z), k=12,.. - BuacHi (hopMHu KONMBaHBb MPYKHOI MOPOKHBOI OOOJOHKH, SKi
BiJIMIOBI/Ial0Th XBHIJILOBOMY 4HCIy N. JlJIs 4MCIOBOTO aHaji3y BHKOPHCTOBYEMO METOJI PEAYKOBaHUX
CKIHUEHHHX €JIEMEHTIB, OnucaHuii y [5]. BexTop-QpyHKIis B MIJIIHAPUIHUX KOOPIUHATAX KOOPAMHATAX
U=U(#,r zt) moxe 6yTH I10J]aHA TAKMM YHHOM:

U=Z)oocosn 6 5,2, Cs (Dt (1,2). (23)
306pazumo ¢yHkiio &, (t,x,v,2) y HWIHAPUIHUX KOOPIUHATAX SIK PSIJ|
o, =%N_cosné@ Zf;lf,zk{:t]cp;k{:?‘, z), (2.4)
ne GasucHi QyHKIIT @F, BU3HAYAOTHCS 3 TPAHUYHMX 3a]a4
V28, =0, a;"nﬁk -0, OZEK =(u,.n), .;p;k|5n = 0. (2.5)
S s,

Juns dynkuii D(x,y,z,t) 3rigHo 3 [13] Maemo Takuii Bupas,
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N My
b= Z cosn EZ A pie (E) e (1, 2)
n=0 k=1

TakuMm 9uHOM, I CYMapHOTO TOTEHITiaTy &(t,6,7,2) MaeMo moaHHs
~ N . . . M, . . .
O(t,0,r,2)=TN_ycosn 8 [T, do (O (r,2) + T2, C()Z, (r,2)]. (2.6)

Awnanoriuno, 11 GpyHkiii £(t,0,r) 1m0 onucye noJoxeHHs Ta GOpMy BiIbHOT IOBEPXHi, OTPUMAEMO

}. @.7)

KpaitoBi 3amadi (2.2) Ta (2.5) po3B’s3aHi METOAOM TPAHHYHHUX CJIEMEHTIB 3 BHKOPHUCTAHHSIM
CHeIlialIbHUX MPOLEAYD, 1110 onucani B [13], [14]

Omxe, mst GyHKIIT ®(t,8,r,2) 3rigno 3 (2.6), (2.7) maemMo Taxi CITiBBiTHOIIECHHS:
20 oD oW oD o

E "ot 'on ot

N 1 M M a e r,Z
£= 3 cosno L] 3120 Dhonc(r0)+ e ()201:2)
n=0 9 k=1 k=1 on

V2D =0, = =0.

Sl’ 0
Tomy a7st po3B’si3aHHS 3B’sI3aHOT 3aj]a4i 3 BU3HAUCHHS KOJMBAHb MPYXHOT 000JIOHKH, 3aII0BHEHOIO
PIAMHOI0, HEOOX1HO OOUHCIIMTH HEBIOMI KOS(IIIEHTH, IO 3aJIKATH JIUIIIE BiJl 4acy
c () dy@®)n=01..N,k=12,..M,k=12,..M,.
Jns 3HaXomKeHHST [UX KOe(]ili€HTiB BUKOPHUCTAHO IWHAMIYHY TPaHWYHY YMOBY Ha BUIBHIH
noBepxHi [15]

%)+ax(t)x+(g+az(t))gzo.

BukopucroBytoun piBHsiHHS (2.6), (2.7), 3HaX0AUMO

icosne{%dnk (ko (r,0)+ %énk (tholk (r,O)} +a,(t)rcoso+
n=0 k=1 k=1
2.8)

n=0 k=1

oS00 23780, Dateo) S5 r0) o

Ille o1HO CITIBBIMHOIIEHHS JIJI BA3HAYCHHS HEBIZOMUX, 3aJICKHUX BiJl Yacy KOe(]ili€eHTIB OTPUMAHO
3 piBHSIHHS pyXy 000JOHKH y BUTIIAI [12 ]

LU+MU=pyn, py =—p{%)+ax(t)><+(g +az(t))f;] (2.9)

TyT L Ta M - MaTpuIIi )OpCTKOCTI Ta Mac, BiAMOBITHO.
Hexaii Q,, € BIaCHUMH 9aCTOTaMH TIOPOKHBOT PYKHOT 0OO0JIOHKH.

MaeMo cIiBBiHOIIEHHS
2 2
Luy =QpMuy,  (Mug,uy) =38y, (Lug,Uy) =Qqdy - (2.10)

Bukopucras piBHsiHHS (2.7)-(2.10), mpUX0AUMO J0 TAaKOTO CIiBBIIHOIICHHS:

L{ze{zw()}}m{ze[zayp()}

=—p, %cosne{%d}]k (thpp (r.z)+ éénk ()l (r, z)} +a,(t)rcosd+

k=1

(2.11)
o) Ecom Ea, %), S, 02 1)

>

3

PiBusinns (2.8),(2.11) onucytoTs 3B’s13aHy 3aady BU3HAUEHHS KOJMBAHb OOOJIOHKH 3 PIIMHOIO MPH
OJTHOYaCHOMY BpaxyBaHHI IIPY>KHOCTI CTIHOK Ta KOJIMBaHb BUILHOI TTOBEPXHI PiJJMHH.
Bpaxosyroun pesynbraTi CKanspHoro n00yTky piHsAHHA (2.10) Ha Qynkuii cosn By . i piBHAHHA

(2.11) Ha pyHKUIT U}, T2 OPTOTOHATILHICTH POPM BIACHUX KOJUBAHb PiIUHM B )KOPCTKUX pe3epByapax
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[16], oTpumaemo cuctemy AuQEpEeHIIATEHUX PiBHIHD APYTOro MOPSIKY I BU3HAYCHHS HEBIIOMHX
Koe(iLieHTIB €,y (£), d,y; (1),
SIKII0 pO3MIISAIA0THCS 3a/1a4i BIACHUX KOJMBAaHb, BBAXKAEMO, III0

Cre(t) = Cppeexp(iwt),  dpy(t) = Dpeexp(iwt), a,(t) =0, a.(t) = 0. (2.12)

Toni 3 pieasiab (10), (12) oTpumMyemo 3amady Ha BIIACHI 3HAYEHHS Il BU3HAYEHHS BJIACHHUX YaCTOT 1
¢dopM 3 ypaxyBaHHIM SK TPYKHOCTi, TaK i e(]eKTiB IuieckaHp BiUTbHOI moBepxHi. TyT ® - BiacHa
qacToTa, £y, Dypy -HEBIIOMI KOHCTAHTH.

3 BuzHa4yeHHs BJIACHUX YACTOT

SIK TpUKIan YUCIOBOTO MOJIENIOBAHHS PO3IIISIHEMO LHIIHIPUYHY OOOJIOHKY 3 TUIOCKUM JIHOM,
pagiycom R = 1m, tommuoro h = 0.01 m, Bucororo L = 2 m, 3 moxynem IOmra E = 2:10° MPa,
xoedinientom Ilyaccona v = 0.3, rycTuHOIO0 MaTepiany obononku g5 = 7800 kg/m?®, ryctunomo pigunu
o/ = 1000 kg/m®, piBuem 3amoBuenns H = 1.0 m. [TonoxeHHs meperopoaky npuitmaemo sk Hy = 0.5m,
paniyc meperoponkud Ry, € 3minauM, 3HadeHHs Rp = O BiamoBimae pe3epByapy 0e3 Meperopojku.
[lepembagaerbes, moO 00OMOHKA JKOPCTKO 3aKpiluieHa 3a KOHTYPOM KOHTYPOM, TOOTO MAaeMoO Taki
TPaHWYHI YMOBH: U, =U; = Ug =0 npuz=-Hir =R, puc.3.1. Bnacui ¢opmu KonrBaHs TOPOKHBOT
00O0JIOHKH OTPHMaHO 3a JAOMOMOTOI0 METOAY CKiHYEHHUX EJIEeMEHTIB, sIK omucano B [15] (ume mepma
cuctema 0a3ucHUX QYHKIII).

R 1
So
e 82 H2
) Slmf' R
SmL- - —
, Sl
Hl
- Sbot
Ri

Pucynox 3.1 Hunindpuunuii pezepgyap 3 nepezopooxoro

®opmu 3amOBHEHOI PIJMHOKO NPYKHOI 000JOHKM 0O€3 ypaxyBaHHs CWIM TKIHHA @7, (apyra

cuctemMa Oa3uCHHUX (QYHKIH) 3HaieHI MeTronoM, po3podneHuM B [17]. basucHi GyHKIIT @nkio
OIMCYIOTh KOJMBAHHS BUIBHOI MOBEPXHI 3HAXOIMMO 3 BUKOPHUCTAHHSAM METOJY IHTErpaJibHUX PiBHSHb
[14]. Konu BCi cuctemu 6a30BuX (DyHKIIA BU3HAYCHI, MiJCTABIIsAEMO iX y piBHsHHA. (2.10), (2.11) Ta 3
BUKOpUCTaHHSIM (2.12) mpuxoamMo 0 pPO3B’s3aHHA 3ajadi Ha BlacHi 3HaveHHS. [lpu 1mpomy
BPaxXOBY€EIOTHCS K KOJIMBAHHS MPY>KHUX CTIHOK OOOJIOHKH, TaK 1 IJIECKaHHS PiAWHHU.

Hami  jmocnmipkeHO BIUTMB HAsBHOCTI TIEPErOpOJOK Ha BIIACHI YacTOTH KOJIUBAHb CHUCTEMHU
«000JIOHKA-P1INHAY.

VY 1abn. 3.1 HaBeAeHI YMCIIOB] 3HAYECHHS BJIACHUX YacTOT KOJIMBAHb Ul HOPOXKHIX Ta 3allOBHEHUX
PLAMHOI IUITIHAPUYHUX NPYKHUX pe3epByapiB 0e3 neperopook. TyT koedinieHTH ns, NL BKa3ylTh Ha
KUTBKICTh (hOPM KOJIMBAaHb CTIHOK O0OOJIOHKH Ta ()OPM IUIECKaHb PiJIMHH, 1[0 BPAXOBYIOTHCS B 3B'I3aHUX
BiOpauisx, K - Homep 3B'13aHOi (hopMH KOIMBaHb. [ YMCIOBOr0 MOJIEIIOBaHHS BUKOPHCTAHO YOTHPH
(bopmMH KOJTMBaHb 00OJIOHKH Ta I1’ATh (POPM IUIECKaHb.



Bulletin of V.N. Karazin Kharkiv National University
60 series «Mathematical modeling. Information technology. Automated control systems» issue 53, 2022

Tabauys 3.1 — Yacmomu nopod;cHix ma HanoSHeHUX PIOUHOIO NPYICHUX pe3ep8yapie be3 nepecopoook, n =
0,1, Iy

n=0 n=1
K O6onon | O6on0H O6ononk | OGosoHKa
Ns nc Ns nc .

ka 0e3 | ka 3 a 0e3 | 3 piTMHOK
piouHA PIIHHOIO piauHA

1 1 0.9739 1 0.6418

2 2 1.3208 2 1.1509

3 3 1.5909 3 1.4564

4 4 1.8209 4 1.7054

5 5 2.0249 5 1.9212

6 1 1,2 23.233 7.6591 1,2 48.520 21.902

7 2,1 91.101 43.308 2,1 139.70 79.712

8 |32 205.25 117.03 3,2,1 232.44 178.42

9 1432 365.79 230.31 4,3 277.30 210.00

Hageneni Tyt pe3ynbTaTé MOKa3yIOTh PI3HHUINIO MK 4aCTOTaMH 3allOBHEHUX PITUHOIO Ta MOPOXKHIX
0007I0HOK. Aue 31 30iNbIICHHSIM HOMEpa YacTOTH sl Pi3HHLS TOCTYNOBO 3MEHIIYEThCs. YacToTu
pe3epByapiB 3 MPYKHUMH CTIHKAMH ICTOTHO MEPEBHIIYIOTh YaCTOTH, IIOB'S3aH] 3 IJICCKAaHHIMH.

Pe3ynpraTi BIUIMBY Neperopo/IKM Ha YaCTOTH KOJHMBaHb HaBeleHi B Ta0i. 2. [leperopoaka, mo mae
dopmy xinbusg 3 Rp = 0.5 M, BCTaHOBMIOETbCA Ha BUCOTI Hi = 0.5 m B mumiHApUYHY OOOJIOHKY,
napameTpH sIKo1 onucaHi Buie, puc. 3.1.

Tabnuys 3.2 — Yacmomu nopoicHix ma HANOBHEHUX PIOUHOIO NPYIHCHUX pe3ep8yapis i3 nepe2opooxamu, o =
0, I'y 4 Bioomocmi npo asmopie ma opzauizayiro.

K Ns n. O06oJioHKa 0O€3 O00J10HKA 3
piauHH PiOMHOIO
1 1 0.9475
2 2 1.3028
3 3 1.5900
4 4 1.8209
5 5 2.0249
6 1 1 23.2338 5.5213
7 2 1 40.4818 15.172
8 3 2 91.1015 43.769
9 4 2 205.253 119.145
10 5 2 213.551 168.052
11 6 1 365.794 196.125
12 7 2 553.183 370.881
13 8 3 572.280 401.324

Hagejieni TyT pe3ysibTaTH MOKa3yKOTh PI3HUIIO MK YaCTOTAMH 3alIOBHEHHMX PIAMHOIO Ta MOPOXKHIX
000JIOHOK. Auie 31 30iNbIICHHSIM HOMEpa YacTOTH ISl Pi3HMIS TOCTYNOBO 3MEHIIYEThCs. YacToTu
pe3epByapiB 3 MPY)KHUMH CTIHKAMH ICTOTHO MEPEBHUIIYIOTh YACTOTH, TIOB's13aHi1 3 MJICCKAHHSIMH,

Y nopiBHsAHHI 3 JaHUMU Ta0J1. 3.1 GaUMMO BIUIMB HAsIBHOCTI NIEPETOPOIKH.

®dopMH  OCECUMETPUYHHUX KOJIHMBaHb IIMIIHIPUYHOT OOOJOHKH 3 KIJBIIEBOK IIEPErOPOIKOI0
300pakeHi Ha puc. 3.2.
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\\/

_-'-'-’-—_-
k=1 k=2 k=6 k=7
Pucynox 3.2: @opmu ocecumempuunux Koaueanb 000I0HKU 3 Kilble80I0 NepecopooKoio

[TopiBHIOIOYM YACTOTH Uil KPYTOBHX IHMJIIHIPUYHUX pe3epByapiB i3 meperopoikamu i 0e3
MEPEeropo/Iok, MOXKHA IMOOAYMTH, [0 HAWHMKYI YaCTOTU OCECUMETPHUYHUX KOJIMBaHb I 000X

pe3epByapiB NPaKTHYHO OJHaKoBi. Hikua yactota (D)5 i 000X MOPOXKHIX IPYKHUX PE3EPBYapiB
My = 23,233 I', 111 hopma Binnosinae nepuriii Gopmi 0OCECUMETPUIHMX KOJNMBAHb JHUINA. YacToTa

(y; IS IOPOKHBOTO pe3epByapa Ta 4acTota (Dyg JUIS pe3epByapa 3 IEPEropoAKOr CTAHOBIATH

91.1015 ' 1 BiANOBiAAIOTH APYTiid (OPMI OCECUMETPUIHNX KOJIHUBaHb THUIIA.
Crig 3a3Ha4MTH, M0 BCTAHOBIICHHS MEPErOPOAKH MPU3BOAHUTH 10 OUIBII iCTOTHHX 3MiH YacTOTH

KONMBaHb JHUIIA. YacToTa (D), BiANOBilae mepurii ocecumeTpuuHii popmi neperopoaku. Ioxioro

TI0 pe3epByapa 0e3 MmeperopoIoK, YaCTOTH Pe3epByapiB 3 MPYKHUMHU CTIHKAMH, iICTOTHO MEPEBHUILYIOThH
YaCTOTH, MOB'A3aHI 3 TUNICCKAaHHIMHU.

3a3HaynmMo TaKOX, IO 3MCHIICHHS TOBIIWHU O6OHOHKI/I MNpU3BOAUTL A0 3MCHUICHHA YaCTOT
MpyXHOi 000MOHKK. YacToTW TOPOXKHIX Ta 3allOBHEHHWX PITUHOI0 pe3epByapiB 3 KiJIBIIEBOIO
MIEPETOPOJIKOIO /TS Pi3HOT TOBIIIMHY HaBeeHi B Ta0. 3. 3.

Tabnuys 3.3: 3anexcnicmes yvacmom 6i0 moswunu 060IOHKU

Ilycra oGosonka, [ | O06oJ0HKa 3 piauHOI0, ['11
K h,m
0.01 0.005 0.003 0.0015 0.01 0.005 0.003 0.0015

23.233 | 11.838 | 7.1805 3.6308 5.5213 2.8187 | 1.7096 0.8644

40.482 | 20.612 | 12.495 6.3132 15.172 7.9277 | 4.8058 1.5780

91.101 | 46.271 | 28.023 14.153 43.769 22.249 | 13.479 7.0064

OO

205.25 100.01 | 62.922 31.747 119.14 58.148 | 36.587 15.716

10 213.55 | 109.10 | 66.127 31.778 168.05 85.909 | 52.069 18.692

Bignosigao mo puc. 3.1, y tadn. 3.3 Homep K = 6 BiamoBimae mepmiiii ocicuMeTpu4Hid ¢Gopmi
KOJINBaHb MPYKHOTO AHWIIA, a K = 7 BiInoBigae mepiriidi ociciMeTpu4Hii GopMi KOJIUBaHb MPYKHOI
neperopojiku. Yactoru, HaBeneHi B Ta0u. 3.3 s toBmuHU A =0.01m h =0.005m, h =0.003m, BUIIEC
HIK YacTOTH TuleCKaHb. Pe3ymbraTH TaOu. 5.3 cBiguaTh mpo Te, IO HAWHWKYI 4YacTOTH MPYKHUX
000JIOHOK 3MEHINYIOTHCS 31 3MEHIIEHHSIM TOBIMUHH 000IOHKH. OTXKe, JUIsl Jy)Ke TOHKUX MPYXKHUX
CTIHOK pe3epByapa (yHIaMeHTalbHAa YacToTa NPH 3B’SA3aHUX KOJHMBAHHAX MOXe OyTu Habararto
MEHIIIOI0, HiXK YacTOTa PiJMHA B OOOJOHIII 3 )KOPCTKUMHU CTiHKaMmHu. 3i 301IbIIEHHSIM TOBIIWHU CTIHKH
pesepByapa 1ed e(QeKT cTae HE3HAaYHUM, a HWXKYa 4YacToTa KOJIMBaHb OOOJIOHKH 3 PiJHHOIO
HaOJIMKAeThCSl 0 YaCTOTH KOJMBAaHb PIAMHU B KOPCTKOMY pe3epByapi. AJle BUKOPHCTaHHS TaKUX
TOHKHX OOOJIOHOK fIK €JIEMEHTIB BiANOBIJANbHUX KOHCTPYKLiH, IO MpPaLIOOTh NPH iHTEHCHBHUX
30BHIIIHIX HABaHTAXCHHSX, BUMara€ peTebHOI0 aHaji3y HanpyXeHO-Ie(OpPMOBAHOIO CTaHy, 100
YHHUKHYTH BTPATH CTIHKOCTI.
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VY poborti [18] Oynm oTpuMaHi YMOBH, KOJHM BIUIMB IUICCKAHb CTa€ HE3HAYHWM IIPW BHBYCHHI
KOJIMBaHb TIPY>KHOI 000JOHKW. TakuM YMHOM, JJIs OI[iIHKM HAWHWKYUX YaCTOT KOJIUBaHb OOOJIOHKH,
3aIMOBHEHOI PIIMHOI0, JAOIIBHO OOMEKUTH JOCIIKEHHS dKOPCTKUMH 000JIOHKAMH, TTPUHAWMHI, SKIIO
BiTHOIIIEHHS TOBIIMHU JI0 XapaKTepHOTO po3Mipy 00omoHKH Oinsire, Hixk 0.003.

4 JlocaigkeHHs1 B3a€MHOI [ii TOPU30HTAJLHUX TA BEPTHKAJbHUX HABAHTAKEHb HA NMPYKHUN
pe3epByap 4acTKOBO 3alIOBHEHUI PiAHHOIO

Posrnsnmaerpes 3amada mpo BUMYIIEH! KOJMBAHHSA PIOMHHA B MPYXHIH obomoHmi. [lepenbadaerpes,
IO piJvHA ifeandbHa, HECTUCIHBA, a il PyX, IO TI0YaBCs 31 CTaHy CIIOKOI0, € 6e3BuXpoBUM. [lo3HaunMO
3MOUYEHY TOBEPXHIO OOOJIOHKM uepe3 Si , a BiIbHY MOBEpXHIO 4epe3 So. CHucTeMy piBHSIHB PyXy
000JIOHKOBOI KOHCTPYKIIii 3 BiZICiIKaMH, 9aCTKOBO 3aIIOBHEHOIO pinnHOI0, Ta iHTerpan Komi-Jlarpanxa,
3aCTOCOBYEMO Y BUTIIsAIL (2.9).

Bynemo mrykaTtu BiacHi popMu KOJIHBaHb pe3epByapy 3 piAMHOIO y BUIIIAAL (2.3).

[Ipuxomumo no cucremu mudepeHIiHHUX piBHAHL (2.8), (2.11) s 3HaXOMKEHHS HEBiIOMI

(ynkuiit uacy ¢, (£) Ta d, (). [lna ix 0A1HO3HAYHOTO BU3HAYEHHS BUKOPUCTOBYEMO OYATKOBI YMOBH

Ck(o):CkO’ Ck(o):Ckl’ dk(o):dkov dk(O):dkl_
[Ticist BUKOHAHHS CKIAPHOTO AOOYTKY OTPUMAEMO
v M

i

e1(8) + 02, (6) = —pz &, () (use, 1) + Z i (O Dager 1) + @ () (11y) +
- ta. Bz u) =0, (4.1)

- . o, .
d@ay, @21) + xedi (@, 02) + (a(t) +Q}Jt'kd (@1, 02) + Ek 1Ck :! ::) + a,(t)(x, @) =

0. (4.2)

Po3B’s30k cucremn (4.1) - (4.2) nmae 3Mory MpoaHaji3yBaTH BHMYIICHI KOJMBAHHS CHCTEMH
«000JIOHKA-PIMHAY» 3 PI3HUMH CHJIAMH, IO 30YIKYIOTh.

Ilpy umMcnOBOMY MOJIENIOBAHHI PO3IVISHYTO LWIIHAPUYHY OOOJOHKY 3 IUIOCKUM JHUILEM, 3
napaMeTpaMHu, ONMCAaHUMH B TAPO3iIi 3.

3 HaBeJeHuX B Tabmuui 3.2 AaHUX LIOAO TUIECKAHb PIMHU y pe3epByapi, 0aunMo, IO HaWHIKYI
gactotdl € 0.64 I'm ta 0.97 I'm. Lli yactoTy BiAMOBiZarOTH TepImiii Ta HyIbOBil TapMmoHikam. [lari
Tabmuui 3.1 cBiguaTh Mpo Te, 10 HAHHMKYA 4acTOTa KOJMBaHb CTIHOK LIMJIIHAPHUYHOTO Pe3epByapa €
0.947 T'n.

Bynemo posrmsmaTd  OJHOYACHY [il0 TOPH3OHTAJIBHHMX Ta BEPTHUKAJIBHUX HABaHTAXKEHb.
[Ipunycrumo, mo

a,(t) = aycosawyt, a.(t)=a,cosw,t.

3ayBaXMMO, IO HIK4YAa YacTOTa IICCKaHb BIJAIMOBIJA€ TMEpINii TrapMOHII, a HW)XYa YacToTa
KOJINBaHb TNPYKHUX CTIHOK BI/IMIOBIJIA€ OCECHMETPUYHUM KOJIMBAHHAM JHUIIA. 3 IIbOTO BUILIMBAE,
wo(x, u; ) = 0 ockineku ¥ = pcos 0. Tomy B piBHsAHHAX (4.1) Gy/1e HAABHOIO JIMILE /il BEPTUKAIBLHOTO
30y KkeHHsI. AJle B piBHSHHAX (4.2) OyAyTh HEHYJHOBHMH BCI JIOJIAHKH, IO BIAMOBINAIOTH 33 BIUIKUB
30BHIITHHOTO HABAHTAXKCHHSI.

[Tpunyctumo, mo w;=w,=0.945 I'm. OGuucnumo Qynkuii d;,c;,l = 0,1ta mobyayemo rpadix
3MiHH PiBHS BUIBHOI IOBEPXHI pe3epByapy B Toulli 3 koopanHatamu Zz=H, R=1, 6=0.

:Z\_/\/\/\/\/\/\/\/\
IR AVAVA]

o
(=]

~

-0.4

-0.6-

Pucynox 4.1: Pigenv niotiomy inbHOI nogepxwi 3a ymosu wjo wnh=wy =0.945 I'y.
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3arooBky noBuHHI HaOupartucs 11 kersem mpudry Times New Roman, BUpiBHIOBATHCS 110 JIIBOMY
Jani po3riissHeMO BHIAIOK, KO wh=wy =0.969 I'u. 3MiHa piBHS BiJbHOI OBEPXHI 3a YaCOM TOJaHa
Ha puc. 4.2.

O.G-C _

N VAVAY \/

-0.4-

_0.6 -

Pucynoxk 4.2: Pieenwv niotiomy inbHoi nosepxui 3a ymosu uwo wn=wy =0.969 'y

3 nmaHux, HaBeJeHUX Ha puc. 4.1 ta 4.2, 6aynMo 110 HAOMMKEHHS YaCTOTH CHII, IO 3MYIIYIOTh, 0
HWKYOT YaCTOTH KOJMBAHb MPYKHUX CTIHOK MPHU3BOIUTH JI0 BTPATH CTIHKOCTI PyXy.

C

0.04 1

[\\/\ /\ /\\/\ ; [\v/\ ; /\U/\ o [
SV |

Pucynox 4.3: Pieenwv niotiomy 6inbnoi nosepxui 3a ymosu uwo wn=wy =0.639 Iy

Ha puc. 4.3. HaBeneHo rpadik 3MiHM pIBHSA BiIbHOI MOBEPXHI PIJMHHM 32 YMOBH HAOIWKCHHS
YaCTOTH CHJI, IO 3MYIIYIOTh, 0 Nepiioi (yHAaMeHTaIbHOI YaCTOTH IJIECKaHb.
Puc.4.4. BignoBijae Tii 4acTOTI CHJI, IO 3MYIIYIOTh, 110 JIOPIBHIOE MOJIBOEHIH (DyHIaMEHTAIBHIH.

0.10

L e ,\

v V \/ v \/40 V\'\}so '\/Vmo | VIIZIG

-0.051

-0.104

Pucynok 4.4: Pigenv niotiomy 6inbHoi noéepxwi 3a ymosu wo wn=wy =1.28 I'y.

Puc. 4.5 nemoHCTpye 3MiHy piBHS BIJIbHOT MOBEPXHI MpH 4acToTi, sika nopiBHioe 0.3 I'm, Ta He €
OJM3BKOIO aH1 JI0 HWKYHX YacTOT TUIECKaHb, aHi J0 HHKYO1 YaCTOTH KOJIMBaHb MPYKHUX CTIHOK.
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-0.05
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Pucynok 4.5: Pigenv niotiomy 6inbHoi nosepxwi 3a ymosu wo wn=wy =0.3 I'y.

3 HaBeJCHUX pe3yJlbTaTiB MOXHA 3pOOMTH BHUCHOBOK NPO T€, IO B BHUMAAKY IOCHTH TOHKHX
000JIOHOK, KONM HW)XKYa YacTOTa KOJNWBaHb NPYXHUX CTIHOK CTa€ MPUOIU3HO PIBHOI HIDKYAM
YacTOTaM IUIeCKaHb, BiOYBA€ThCS BTpaTa CTiMKOCTi. B mpoMy BHIagKy CHEKTpH 4YacTOT KOJHMBaHb
NPYKHUX CTIHOK Ta KOJIMBaHb BUILHOI MOBEPXHI PiAMHYU HE € BIJOKPEMIICHUMHU, 1 BIUIMBOM TPY>KHOCTI
CTiHOK HEMOJKJIIMBO HEXTYBATH.

5 BucHoBku

Po3risiHyTO KOJMMBAaHHS MPYKHOT OOO0JOHKHM OOEpTaHHS, YaCTKOBO 3allOBHEHOI PiAMHOIO, 32 YMOBH
Jil 30BHINIHIX HAaBaHT@XEHb B BEPTUKAIFHOMY Ta TOPH30HTAJBHOMY HAampsMKax OIHOYACHO.
BcranoBieHo, mo U AOCHTh TOHKHX INPYKHHX CTIHOK pe3epByapa (yHAaMeHTaJbHA 4acTOTa MpPH
3B’s13aHMX KOJHMBaHHIX MOXKe OyTH HabaraTto MEHIIOI, HiXK YacTOTa PiAMHU B OOOJIOHIII 3 KOPCTKUMH
cTinkamu. 3i 30UTBIIEHHSM TOBIMHY CTiHKH pe3epByapa Iiei eeKT crae He3HAYHNM, a HIDKYa 9acToTa
KOJIMBaHb OOOJIOHKY 3 PiIMHOI0 HAOIMKAETHCS A0 YaCTOTH KOJIMBAaHb PIIMHU B )KOPCTKOMY pe3epByapi.
PosrasiHyTO BHNAAKHM, KOMM YacTOTH HABaHTAXEHb € ONM3bKUMH 10 (yHIAMEHTaIbHOI YacTOTH
TUIECKaHb Ta O HWXKYOI YaCTOTH KOJIMBaHb MPYKHUX CTiHOK. BcTaHOBIEHO, IO CHEKTPU YaCTOT
KOJIMBAaHb MPYXXHUX CTIHOK Ta KOJIMBaHb BUTFHOI MOBEPXHI PIAMHA HE € BIIOKPEMIICHHUMH, 1 BILTHBOM
MPY>KHOCTI CTIHOK HEMOXKJIMIBO HEXTYBATH.
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Relevance. The study is a fundamentally new approach to such an extremely important problem as the congestions in large
cities. The solution of this global problem is a step in the realization of a smart city concept.

Goal. The aim of the study is to create basic elements of technology that can stabilize urban traffic and bring it to a qualitatively
new state. To achieve this goal, the following tasks have been formulated:

— to create a model of a city transport network in the form of an oriented weighted non-planar multigraph with dynamically
loaded arcs;

— to activate a city electronic map in the Traffic Management Centre (TMC) which allows tracking each vehicle;

— to navigate the time-optimal routes for all those vehicles that request the route;

— to implement the work of the software algorithm in real time with constant updating of the route of each tracked vehicle. That
will allow monitoring changes in city traffic in real time and making adjustments to the route of each vehicle.

Research methods. The research is based on the use of mechanisms for modeling and working with various networks — the
graph theory and the A-star algorithm. The latter traces the route on the graph (transport network) between two selected positions
of the vehicle graph theory — origin and destination. The heuristic A-star algorithm —a powerful computational method of graph
theory has been used in the study. This makes it possible to synchronize vehicles flows and therefore provides a qualitatively
new level to the control of urban traffic.

The results. The problem of traffic load registration for the city transport network essential for navigating a vehicle route in
metropolis has been solved. Traffic data of the real transport network have been reproduced on the city electronic map. Each
vehicle received a unique marker consisting of an origin-destination pair and can be tracked on the map. Since each vehicle is
under control of the Traffic Management Center (TMC), it is possible to track it along the optimal route, taking an urban traffic
dynamic into account. Support is provided via the General Packet Radio Service (GPRS) channel, which allows each driver to
receive instructions as to an optimal travel path.

Conclusions. The study has proposed a working software module that navigates a time-optimized route on the graph that
represents the model of the real transport city network.

Key words: weighted oriented graph, A-star algorithm, city traffic, traffic jams, congestion, Traffic Management Centre, graph
model of city traffic network.
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AxTyalabHicTh. JloCTiIKEHHS € MPUHIUIIOBO HOBUM MiJXOZOM JIO0 BUPIIICHHS Takoi HAJ3BUYAHHO aKTyaJIbHOI MpoOIeMu
CY4acHOCTI, SIK MpoOJIeMH 3aTOpIiB y BEIHKHX MiCTax. PilleHHs 3a3Ha4eHOi Tri00adbHOI MPoOJIeMH € MPSMHUM IDIIXOM JI0
peadizaiii OCHOBHOTO 3aB/IaHHS PO3yMHOT'O MiCTa.

MeTor0 OCTIZXKEHHS € CTBOPEHHs 0a30BHX €IEMEHTIB TEXHOJIOTII, sIKi 3MOXKYTb CTablIi3yBaTH MICBKHH PyX 1 MPUBECTH
iforo B sKiCHO HOBHIi cTaH. [|JIs1 OCSATHEHHS MOCTABJICHOT METH OYIJIM MOCTABIICHI HACTYIHI 3aBAaHHs:

— CTBOPUTH MOJEJTb TPAHCIIOPTHOI Mepeki MicTa y BHIVIIII OpPIEHTOBAHOIO 3Ba)KEHOTO HEIUIOCKOro MynbTUrpada 3
JMHAMIYHO HaBaHTKCHUMH JyTaMHU;

— aKTUBYBATH €JIEKTPOHHY KapTy MicTa B LlenTpi KepyBanns Tpadikom (LIKT) i 3a mormoMororo 1i€i KapTu CynpoBOIKYBaTH
KO’KEH TPaHCIIOPTHHH 3acil;
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— 3IICHIOBAaTH ONTHMAJbHY II0 Yacy HaBiramilo 3a MapIIpyTaMH UL BCIX TPAHCIIOPTHHUX 3acoOiB, sIKI 3aMOBMIIM TaKi
MapHIpyTH;

— peaizyBaTH poOOTy IPOrPaMHOTO AITOPHTMY B PEXKHMI PEabHOTO Yacy 3 IIOCTIHHIM OHOBJICHHSIM MapupyTy KOXKHOTO
CYIIPOBO/KYBAHOT'O TPAHCIIOPTHOTO 3aC00Yy.

Ile mO3BOJMTH CBOEYACHO BiACHIAKOBYBATH 3MiHH Yy MICBKOMY TpadiKy Ta BHOCHTH KOPEKTHBU B MapIIPYT KOXHOTO
CYIPOBO)KYBaHOT'O aBTOMOOIIIA.

Metonu pocaizxkenns. JlocmimkeHHs 0a3yeThCs Ha BHKOPHCTAHHI MEXaHI3MIB MOJENIOBAHHS Ta POOOTH 3 pI3HHMH
Mepexamu — Teopii rpadis Ta anroputMy A-star. OctanHi# mpocTexye MapipyT Ha rpadiky (TpaHCIOPTHIM Mepesxi) Mk JBOMa
00paHUMHU TMO3MLISMH TPAHCHOPTHOTO 3ac00y — IOYAaTKOBOIO Ta KiHIEBOIO. JlOCHIDKEHHS BHKOPHCTOBYE EBPUCTUYHHUI
anroputM A-star — moTy>kHuid 00YHCITIOBaTbHUI MeTo Teopii rpadis. Lle nae 3Mory CHHXpOHI3yBaTH TPaHCIIOPTHI MOTOKH, a
TOMY MICBKHH pyX BHXOAUTH Ha SKiCHO HOBHUI PiBEHb.

PesyasTaTn. s HaBiranmii mo MapmpyTy TpaHCHOpTHOTO 3aco0y B Meramojici BHpimeHo mnpoGieMy peecTpamii
TPaHCHOPTHOTO HaBaHTAXXEHHS TPAHCIIOPTHOI Mepeski MicTa. JlaHi Ipo pyX pearbHOI TPAaHCIOPTHOI Mepexi BIATBOPIOIOTHCS Ha
eJIEKTPOHHIM KapTi Micta. KoxeH TpaHcmopTHuil 3aci6 oTpuMye yHIKaJbHHH Mapkep, IO CKIAAEThCS 3 HMAapH IIyHKT
BIZIIPaBJICHHS - MYHKT Npu3HaueHHA». KokHa Taka mapa BiICTEXKYETbCS Ha EJIEKTPOHHIN KapTi Mmicta. OCKITBKH KOKEH
TPaHCIOPTHHH 3acib 3HaxoauThes mia KoHTposeM LIKT, € MoxIIMBICTS CynpOBOAKYBAaTH HOTO IO ONTHMAIFHOMY MapIipyTy 3
ypaxyBaHHsIM Micbkoi muHaMiku pyxy. Iliarpumka Hamaetbcst uepe3 kanan General Parket Radio Service (GPRS), sikwuii
JIO3BOJISIE€ KOXKHOMY BOJII€BI OTPUMYBATH 1HCTPYKLIi IIOJI0 ONTUMATIBHOTO MApIIPYTY PYXY.

BucHoBKU. Y 1OCITiIKEHH] 3aIPONOHOBAHO POOOYHH TPOTPaMHHIA MOYJIb, SIKMiA 3a0e31euye HaBITalliio 32 ONTUMAILHIMHU
0 Yacy MapIIpyTaMu Ha rpadi, KAl € MOAEIUTIO peabHOI TPAHCIIOPTHOI MEPEXi MiCTa.

Kniouoei cnosa: 3eascenuii opienmosanuil epagp, A-star aneopumm, micekuti mpagix, 3amopu, Llenmp Kepysanmns
Tpaghikom, epaghosa modenv micokoi mpancnopmuoi mepexci.

1. Introduction

The research is based on a use of mechanisms for modeling and working with various networks — the
graph theory and the A-star algorithm. The latter navigates the optimal route on the graph (or in city
transport network) between two selected positions of the vehicle — origin and destination. To navigate the
optimal route, it is necessary to know the traffic load of a city transport network. The load of traffic lanes
corresponds to the arcs weights of the graph that simulates the city transport network. This kind of
comparison allows using an oriented weighted multigraph to model the city transport network. In turn,
the graph theory has a number of algorithms that allow, in particular, calculating the optimal routes. In
this study we are discussing the optimal routes, namely those that take a minimal time.

In order to track each car along the optimal route, each vehicle assigned a unique marker consisting
of an origin-destination pair. Since each vehicle is under the control of the TMC, its tracking on the
selected route is equivalent to the tracking of the marker on the city electronic map. In turn, a real support
of the vehicle involves online interaction with a driver of the vehicle, which is carried out via a GPRS
channel. This allows each driver to receive dynamic real-time instructions for the optimal travel. It is
important for such instructions to be correlated with the dynamics of urban traffic at each moment of
time.

The end result of this research is: i) support of an optimal route of each guided vehicle, that minimizes
a travel time between origin and destination (ordered); ii) synchronization of traffic flows; iii) optimal
use of transport arteries throughout the city; (iv) significant reduction in the duration and frequency of
congestions.

Therefore, the main goal of the work is creating the algorithm for optimal routes navigating for each
vehicle involved in traffic. Research methods: i) the methods of modeling complex systems theory; ii)
the methods of graph theory; iii) java programming technologies; iv) optimization methods; v) the A-star
algorithm.

The aim of the study is to create basic elements of technology that can stabilize urban traffic and
bring it to a qualitatively new state. To achieve the stated goal, the following tasks have been set:

— to create a model of a city transport network in the form of an oriented weighted non-planar
multigraph with dynamically loaded arcs;

— activate a city electronic map in the TMC which allows tracking each vehicle;

—to navigate the optimal routes for all those vehicles that request the route;

— to implement the work of the software algorithm in real time with constant updating of the route of
each tracked wvehicle. That will allow monitoring changes in city traffic in real time and making
adjustments to the route of each vehicle.
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2. Analytical review of the literature

A fundamental issue of the urban traffic regulation is the representation (bijective reflection) of real
urban traffic on the city electronic map [1-3]. The example of real picture of visualization of traffic flows
in a big city is shown in Fig. 1 as a rose diagrams applied to the spatiotemporal analysis of traffic
congestion in Helsinki. The transparency of each circular segment is used to depict the number of
occurring traffic jams. The size of each circular segment represents the duration of traffic jams. Rose
diagrams applied to stops and congestion analysis [4].

I el Sty | P Y X
oy S5 " - > -
Fig.1 Visualization of traffic flows in Helsinki.

Understanding the city congestion level is a starting point in solving the problem of traffic
regulation. If vehicles get redirected from the central congested streets (in Fig. 1 the corresponding roads
are highlighted) to unused ones, the traffic state will approach equilibrium.

The question of equilibrium for any system is a fundamental point in game theory [5,6]. The state
of equilibrium is especially relevant for dynamic systems, where deviations from this state are quite
common. One of the highly dynamic systems is a transport network of a large modern city. Therefore,
the main issue is to create an algorithm for bringing the mentioned system to a state of Nash equilibrium
[5], which means an absence of congestion in the transport network.

The study of networks of different nature, including neural, allows making predictions as to urban
transport networks [7-9].

Monitoring of the city transport arteries is relevant, in particular, due to the possibility of a certain
periodicity (during the day, week, season) in city traffic. This circumstance allows forecasting traffic
processes.

Particular attention is paid to a choice of optimal routes in the urban transport network, as this issue
is key in terms of urban traffic strategy. In particular, the macroscopic mathematical model to control the
dynamic factors of traffic — speed, intensity and congestion of vehicles is used for solving this problem
in [10].
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It is expedient to study the transport networks principles functioning in different modes. Particular
attention in this regard should be paid to the overloaded mode, which causes congestion. The research
presented in [11] is devoted to the dynamics of the transition between different phases of traffic.

The authors of [12] propose a real algorithm that allows navigating time-optimized route for travel.
It is important that there is a constant correction of the route taking into account the dynamics of changes
in the city transport traffic. Each intersection is equipped with special sensors that allow monitoring the
load of lanes at any given time and respond to such changes in a timely manner. The transport network is
modeled as a weighted planar oriented multigraph. The weight of each arc of the graph corresponds to
the load of the real city lane. Drivers who interact with the TMC via GPRS channel have an opportunity
to receive constantly updated data as to the optimal route. Plotting a route in the graph that simulates the
city transport network is performed by a computer program that implements the A-star algorithm.

The main target of an optimization of urban traffic processes is an urban intersection. It is one of
the main causes of congestion on urban transport networks. Therefore, the main task is to maximize the
throughput at each intersection. A lot of research has been devoted to this problem. Let's focus on the
results of [13] which analyzes a Connected Vehicles Technology (CVT). This work proposes an
algorithm to optimize travel through a controlled intersection. The algorithm allows recording a location
and speed of connected and identified unconnected vehicles within an area of interest around the
intersection. As a result of the algorithm, the optimal sequence of switching phases of the intersection
traffic lights and their length is obtained: the algorithm provides for the minimum delay time of vehicles
at the intersection. [14-19] are also focused on a similar problem.

The research in [20] is devoted to the prospects of using self-driving cars. The advantages of such
innovative approach and real prospects of their use have been described. This problem has recently
received special attention from researchers around the world and number of publications in recent years
has increased dramatically.

3. Results of the work

Let us formulate the stages for solving a problem of optimal mode of urban traffic management.
The first step is a modeling of a city transport network by using a weighted oriented non-planar multigraph
(Fig. 2). The fundamental point is that each arc of the graph is compared in accordance with the weight
— the dynamic value which matches the actual load in each urban lane. In graph theory this graph is a
bijective (maximum objective) reflection of a distribution of vehicles on a city transport artery. The
second important point is the A-star algorithm, which is used to plot optimal routes between two pointed
vertices.

The next stage is a software algorithm for navigating specific routes, taking into account all features
of a transport network dynamic. Such features include high mobility and different levels of congestion at
separate lanes on the same section of the road and separate streets — the central highways are usually
congested, while the secondary ones — underloaded (Fig. 1). Therefore, one of the tasks of the proposed
algorithm is to organize a more or less uniform distribution of vehicles over the city arteries. It could be
said, that analyzing the data on the distribution of cars presented in Fig. 1, the task of the study is to
achieve uniform color over the entire area, which will mean a uniform distribution of vehicles over urban
transport arteries. And, finally, the main — the fourth — point is the registration of the vehicles on the city
electronic map through the use of special sensors located near the intersection. The data from these
sensors used as input values for the software module that implements the A-star algorithm. As a result of
the implementation of above steps, there will be a complete synchronization of traffic flows, which leads
to a fundamentally new quality and, consequently, to the disappearance of congestion (or a sharp
reduction of it) in the transport network. This will allow each driver to arrive at their destination in the
shortest time possible. Thus, urban traffic is transformed into a fundamentally new state — the state of
Nash equilibrium [5,6].
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Fig.2. Weighted oriented non-planar multigraph which models a fragment of the city transport network. The
vertex 17 is a special case of the intersection, where a circular motion is organized and therefore intersections 5,
6, 8, 10, 11 and 12 are connected by means of 17. The symbol "O" symbolizes the starting position of vehicle, and
the symbol "D" — its destination. Between the vertices 5 and 6 there are lane designations (for example, the
designation c6_5 means the third lane from the axial dividing line, directed from the intersection 6 to the intersection
5). The intersections 2 and 8 form a transport interchange (the road connecting these intersections, runs over the
intersection 5).

The graph (Fig. 2) simulates not just a road between intersections, but reproduces individual lanes,
that is a fundamentally important point, because the load of different lanes, as a rule, differs significantly.
Therefore, it is necessary to record the load of each lane separately. Full program code for our research
is available on a GitHub service [21]. The code navigating a route of vehicle from the starting position
O to the destination D (Fig. 2) is presented. The fundamental question is to navigate a time-optimized
route for each vehicle. To do this, we need to introduce the basic concepts, which are formulated as
follows:

Definition 1. Traffic resistance Rg (t) of any intersection j astime function of traffic observation

tin the direction of intersection | for the vehicles arranged along line h is computed as time interval for
which the cars were delayed at the intersection . Such resistance of the intersection is defined as

RIM=si®) 1)), 1)
where Thj :tjfe‘]I (h) +t§"" () is duration of traffic light switching cycle at the intersection j (duration
of yellow signal is included in tEEd (h) : Sr{ (t) specified as follows:

o
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where value 6 <<1 corresponds to the ratio time of travel by vehicle at intersection/duration of a
switching cycle of traffic lights Thj (t) ; that is, in the case of the first term, vehicle crosses the intersection
without delay; the value in the second term is obtained when the vehicle approaches the intersection at a
time of red light, delayed for a while rr{ ® /Thj (t) + o and passes this intersection immediately after the

inclusion of the green phase; the value z'g t)y/ Thj (t)+Crf (t) in the third term consists of a fraction

rr{'red (t)/Thj (t) plus the number of traffic light switching cycles (Cr{' (t)>1), during which the car is

delayed at an intersection; rr{'gree” (t) /Thj (t) +Cr{' (t) — the part of the fourth term value consisting of a

fraction Thj (t) in sum with an integer number of traffic light switching cycles (Crf (t)).
Delay time of car at an intersection

5Tl

ity+s.T
NP ®+5-TJ(®) -

A m+cio)-TI0+5-TI®

9N+l )T 0+ T )

The weight Whj (t) of each arc of the graph (Fig. 2) is a sum of the resistance Rg (t) of an

intersection jon the side of the lane h plus the length LE] of the lane, i.e.
wlty=Rri@®-vJ +Li. 4)

Here th means the vehicle average velocity along the lane h to the intersection j.
The strategic goal set in this paper is as follows:

. S
> (RIM)-V] +LL)—>min . (5)
h=1
Here | is the set of all city lanes along vehicle trip. The expression (5) consists of variable (the first
term) and constant components (the second term). The variable component is a function of time because
a traffic in city is highly dynamic. In order to synchronize an actual traffic in a city and the program data,
a constant recalculation of a route for each vehicle is performed. Thus, the problem of navigating an
optimal route in the graph/(city network), synchronized in time with the real situation with the traffic on
the city transport network, solves the A-star algorithm by constantly correcting a calculation of an optimal
route between selected vertices of the graph. The route adjustment process is shown in Listing 1, and the
basic algorithm code is shown in [19].

The value Sr{ (t) represented by (2) can also be specified as follows
) | |
sim=2 N /(X mlL ). (6)
n=1 n=1

Here Nr{h(t) is the number of cars entering the lane n (numeration of this lanes goes in
perpendicular direction of median strip of the road) in the direction of the intersection j; the value
mrJ; p (1) is the number of cars passing through the intersection j from the lane n. The dynamics of traffic

along the road i — j in the direction of an intersection j is due to a ratio between a number of vehicles
on the road i — j to the number of vehicles leaving this section of the road for a time equal to a green
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light rr{’gree” at the intersection j. Technically the process is organized as follows: a sensor i, (input

sensor) located near the intersection i in the direction of the intersection j, registers the geolocation

position of vehicles in accordance with their code marker. The range of such markers is determined by
the ratio

R={(O1,Dy),(07,Dy),...(Ok, Dy),---(On ., Dn)} - (7)

Here N is a number of vehicles involved in a city traffic. Each car receives its own unique code,
consisting of a pair of "origin-destination”. Since a geolocation position of the vehicle are projected on
an electronic map, it allows tracking a vehicle movement: as soon as the vehicle crosses the input sensor
the next instruction from the TMC concerning the further route is transferred by using a GPRS channel.

A complex of output sensors (Fig. 2), located near the intersection j on the lanes directed in i — j

direction, registers vehicles that have left the roadi — j . Input sensors detect vehicles entering the road

section i — j. The ratio Sr{ (t) of these values indicates a dynamic of traffic on a particular section of

road in a particular directioni — j . It is clear that the cIoserSr{ (t) to the unit, the higher dynamics of

traffic on the road in the directioni — j . The task is to find in the web of the urban transport network the

sequence of lanes with the minimal total weight (relative to the vehicle travel time). That sequence forms
the time-optimized route. The value (6) in the software algorithm [21] is used as a key parameter that
determines the values of the graph arcs weights.

The expression (5) can be represented as a record

>WJ () > min, @)
h

which is an objective function of the problem: the total weight of all lanes, which are located
consecutively along the route, should be minimal. The minimization of the function (7) is performed by
the A-star algorithm, the main code of which for the graph in Fig. 2 is shown in Listing 2 [21].

Definition 2. The weight of the route (7) is a minimum virtual path traveled by the vehicle from the
starting position to the destination. The passage of such route takes a minimal time (taking into account

the same average speethj of the car movement in the city).
The expression (7) is equivalent to the following

. .
t .
=3 (7} + L 1v)) > min, (8)
h=1
where P is the travel time of a vehicle from its starting position to the destination.

Definition 3. Equivalence of the expressions (7) and (8) allows us to consider the optimization of
vehicle travel time for the selected route. Accordingly, the total time spent by all vehicles involved in
traffic will be optimal (minimal) as well.

Thus, the algorithm proposed in the study minimizes an actual travel time of the vehicle on the
selected route.

As mentioned above, the calculation of an objective function of the forms (7) and (8) is performed
by the programmed A-star algorithm, the code of which is presented in [21]. In order to simulate the
weights wy, of the graph arcs a random variable generator Random k = new Random() has been used in

the program
double wy, =(1+ (double)k.nextint(10)) - Ly, . 9

Thus, the weight of the graph arc is represented as the sum (4), the value of which correlates with
the congestion of urban transport arteries. Each arc of the graph (Fig. 2) receives a time-varying weight,
a value of which corresponds to an actual load of urban transport arteries.

Fig. 3 shows a pair of neighboring intersections — i and j.
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Fig.3. The pair of adjacent intersections on the city electronic map. The route of the vehicle V is shown.

At the moment of crossing the input and output sensors of an electronic map with geolocation
marks the signal arrives to the ICC and initiates the start of a re-routing procedure [22] for cars with
markers (O;, Dj, i eN).

The procedure of constant recalculation of updated routes is necessary in order to respond to
changes in urban traffic, in other words — for synchronization between the traffic dynamics and procedure
of route navigation. Let us elaborate by presenting the example. In the illustrated case of the vehicle V
movement (Fig. 3), the program at the ICC calculates a new route as soon as the vehicle crosses the
intersectioni . This process initiates a transmission of a control signal via the GPRS channel. A vehicle
driver will receive the calculated software instructions for the further route selection at the beginning of
each road lane (this is important!). Therefore, the driver has the time and ability to move to a
recommended lane to perform the right maneuver at the next intersection, after which the driver will
receive new instructions until the destination is reached.

The scheme of interaction of each vehicle with TMC is presented in Fig. 4.

CITY ROAD NETWORK TRAFFIC MANAGEMENT CENTRE

CITY ROAD
ELECTRONIC MAP

Fig. 4. Scheme, which shows the vehicles interaction with TMC [24].



BicHuk XapkiBCbKkoro HawjioHanbHoro yHisepcuteTy imeHi B. H. KapasiHa
cepis «MaTtematuuHe MogentoBaHHs. IHpopmaLiiHi TexHonorii. ABTOMAaTM30BaHi CUCTEMW ynpaBniHHSY, Bunyck 53,2022 75

In [23,24] the problem of map-matching of GPS markers (points) of vehicles with electronic maps
is considered in detail. The essence of the map-matching algorithm is to correctly compare the GPS-
trajectory of a vehicle with corresponding road segment. In particular, the comparison of GPS data with
the city electronic map is carried out by using Automatic Vehicle Location (AVL) systems that are used
to track the movement of the vehicle. In turn, an information collected by using AVL can be compared
with electronic maps via the Internet or by using special software. For this purpose, the so-called device-
based sensors are used, which constantly record and transmit information about the location and
movement of the vehicle [25]. The latest applications of urban vehicle mobility visualization systems are
based on the use of Geographic Information Systems (GIS). This system allows linking data to an
electronic map, in particular to display a geolocation position of the vehicle on the map (Fig. 4).

The study [26] shows that finding the shortest route by using the A-star algorithm facilitates the
procedure of comparing vehicle geolocation with road segments on electronic map. That means the
Dijkstra or Floyd algorithms is less effective in this case.

A compact representation of congestion of urban transport networks can be done by using matrix
analysis, as shown in [27]. The elements of the matrix are the values that represent a ratio of an average
flow rate of vehicles in the road segment jto speed of free movement in this segment.

It is principal that an interaction between each vehicle and ICC takes place both in real time and
in a mode of constant route correction due to the program, the code of which is presented in [21]. The
program actually works and navigates specific routes. The program being run, one of possible options is
presented as in Listing 1. The specific form of Listing 1 depends on an operation of random number
generators Random k = new Random().

Listing 1

Course-1: [bl_2-Liberty avenue, a2 _5-Heroes street, a5 8-Victory street, a8 10-Lincoln street,
al0_14-Candy street, al4_13-Cherry street, al3_14-Cherry street]

Course-2: [a2_5-Heroes street, a5 _8-Victory street, a8 10-Lincoln street, al0_14-Candy street,
ald 13-Cherry street, al3_14-Cherry street]

Course-3: [a5_8-Victory street, a8 10-Lincoln street, al0_14-Candy street, al4_13-Cherry street,
al3_14-Cherry street]

Course-4: [a8_10-Lincoln street, al0_14-Candy street, al4 13-Cherry street, al3_14-Cherry street]

Course-5: [a10_14-Candy street, al4 13-Cherry street, al3_14-Cherry street]

Course-6: [al4_13-Cherry street, al3_14-Cherry street]

Course-7: [al3_14-Cherry street]

Between successive Courses the delay phase takes place, which corresponds to the time required
for vehicle to travel one lane with subsequent passage of an intersection. In [21], the delay phase is
implemented by using the Thread.sleep (long (t2-t1)) method. That is, this phase is the time required for
a vehicle to travel between two adjacent successive lanes halong the route. The visual interpretation is
presented in Fig. 3: car V crosses two adjacent input sensors — on the road i — j . It is the time between

the moments of intersection of these sensors that is the delay phase. The program is "waiting™ until a
vehicle reaches a new lane. As soon as a vehicle crosses an input sensor of this new lane — the program
immediately navigates an updated route, which, in turn, will be recalculated when a vehicle crosses an
input sensor of a next lane along the route. And so on until a vehicle reaches a route destination.

The method AstarSearch() has been used to build a route between the selected graph vertices [21].
In fact, the driver is given only the directions to the next lane along the route (these lanes in Listing 1 are
highlighted in bold). Therefore, the previous route is related to the next one (it is very important!) — the
second lane of the previously calculated route is intercepted by the program using the software procedure
Node node = path.get(1). Thus, the new calculated route correlates with changes in traffic. That allows
the program to follow an urban traffic dynamic. This means that the optimal time routes will be laid for
all vehicles in metropolis. Therefore, if the traffic jams do not disappear, the probability of their
appearance will be significantly reduced.

We will now describe some features of the program presented in [21], which consists of three
classes — Astar, Node and Edge. The first class is very voluminous because it contains the constructors
of all nodes (e.g. static Node ni_j = new Node("ni_j-Liberty avenue™, 1250)). Number 1250 represent a
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heuristic distance measured in a straight line from the intermediate vertex of the graph to the lane where
the route ends. Each node of the graph is extended, i.e., it covers the adjacent lane, for example, the node
al 2 includes the node 1 itself and the lane 1_2 propagated from this node. That is done in order to
register cars, which, of course, are located in lanes, not at intersections. And when a real route is laid, the
starting position of the vehicle, as well as its destination are located on an arc of the graph (Fig. 2), and
not in nodes.

The public static void initGraph() method of the Astar class specifies constructors ni_j.adjacencies
= new Edge[], which form an interaction between graph arcs. The traffic regulations must be taken into
account when forming incidental arcs with help of such constructors. For example, from lane a6_5 (Fig.
2) it is impossible to return to lane a5_2 — this is prohibited by traffic regulations. Therefore, the program
will not include such route element. The interaction between all incidental arcs of the graph is similarly
presented.

The public static void AstarSearch (Node source, Node goal) method of the Astar class implements
the A-star algorithm [16]. This algorithm has a slight algorithmic complexity O(D), where D is an amount
of input data. The peculiarity of this algorithm is that it cuts off obviously unpromising routes by
introducing so-called heuristic distance.

Class variables are declared in the Node class field, and the public Node(String val, double hval)
method returns a variable value.

The Edge class returns the values of target and cost variables used for routing in method public
static void AstarSearch (Node source, Node goal) of the A-star class.

It should be noted that the study [28] considers a similar problem but solves it by using the Dijkstra
algorithm.

4. Conclusions

1. A multigraph model that reproduces the transport network of a city district, simulates all actually
existing lanes. Each arc of the graph receives a weight that is changed synchronously according to changes
in traffic.

2. The use of sensors, which are located on an electronic map in an area of each intersection, allows
for registration of a traffic flow. That means the entire city transport network is under control of TMC
making it possible to track all changes in traffic and calculate the optimal routes for each vehicle
dynamically in real-time in order to avoid congestions.

3. The working software module [21] that navigates an optimal time route in graph, and hence in the
real transport network has been developed. The heuristic A-star algorithm — a powerful computational
method of graph theory — is used. This makes it possible to synchronize vehicle flows and therefore urban
traffic takes a qualitatively new level.

4. The implementation of the proposed technology is possible without significant additional costs.
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