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[lepcriekTHBHI MaTeMaTUYHI METOAM ISl pAHHBOI TIaTHOCTUKHU TOPYIIECHb
CHUCTEMH KPOBOOOITY JIFOIUHU

J.M. Aunapeesa, T.B. Bnosiuenko, H.M. Kizinora, A.C. Hikonaes
Xapriecokuil HayionanvHuil yHieepcumem imeni B.H. Kapasina, maiioan Ceoboou 4, m. Xapxis, 61022, Vkpaina
e-mail: andrejeva_darja@ukr.net

JlocmikeHi CTATUCTHYHI 3aJIe)KHOCTI MiXK KPHBUMH 00’ €MHOT IIBHAKOCTI KPOBOTOKY B310BK aopTh Qc(t), mo BepxHix Qq(t) i
Q,(t) Ta mo mmxkHIX Qa(t) i Qut) kiHumiBok. ITokaszaHo, o y Oinpirocti BunpodyBaHux kpusi Qi(t) i Qx(t) BiamoBimarTH
TiHiMHIN 3anexHOCTI, ToAl sk KpuBi Q3(t) 1 Q4(t) cmabkoKkopeIbOBaHi, XapaKTEPH3YIOThCS 3aIli3HEHHSM, 3HAYHOIO UCTICPCIEr0

Ta O3HAaKaMM HellependavyBaHoi (XaoTHYHOI) JuHamiku. OG4MCIeH] iHAeKCcH KoBapialii Jj j s BCiX TMap KpPHUBUX, CIEKTP Ta
3HAueHHS eKkcrioHeHT Jlamynosa A;. ITokasaHo, mo y MonozuX 3710poBux Bunpobysanux ei snauenns jj > 0.87, cmextp
mae 3-4 ocrosHi rapMoniku, a Aj<0. Y 6inbwmocti niTHix BUIpoGyBaHNX  Yjj € [0.35;0.68] , ocobmuBo mns KpUBHX HUKHIX

KIiHIIBOK, CIIEKTp YCKJIaTHECHUIL, a /1]- >0, 1m0 BiAMOBia€ MOXKIIMBOCTI PO3BUHEHHS XaOTHYIHOI AUHAMIKH. Y BHIIPOOYBaHUX Ge3

3aXBOPIOBAHb Ta BIKOBHX JCTCHECPATUBHUX 3MiH CCpHeBO-CyI[I/IHHOi CUCTEMHU CHOCTepiFa}OTLCSI OerMi YCKIIAAHCHHA CIICKTPY,
HasIBHICTb SIK ﬂ.j <0, Tak i lj >0. TakuM YUHOM, 3HAUCHHS Zij» lj 1 CIIEKTp JUCKPETHUX CUTHATIB MOXXYTh OYTH BaKJITHBUMHU
nmapameTpaMHu Ui paHHBOI JiarHOCTUKHU BIKOBUX 3MiH Ta MOPYIIEHb CUCTEMH KPOBOOOITy.

Knrouoei cnoea: mamemamuune MO@eJlfO@aHHﬂ, CmMamucmu4Hul aH(lJli&’, peosazoecpama, ekcnepnia cucmema.

The aim of the study is elaboration of efficient mathematical models for early diagnostics of the cardiovascular diseases based
on the blood flow rate curves Q(t) measured noninvasively in different parts of human body. Ultrasound, rheography, magnetic
resonance imaging techniques could be useful for the purpose. In this research a set of rheographic curves Q(t) has been
measured in the abdominal aorta Q(t), left and right upper Q(t) and Q(t) and lower Qs(t) and Q,(t) extremities of 36
volunteers of the age 36-65. The correlation analysis has been used for each pair {Q;(t),Qj(t)} of the measured discrete signals.
Some statistical indexes significant for reliable early diagnostics of blood insufficiency due to arterial narrowing, improper
control and age-related degenerative changes in the blood vessel walls have been found. It is shown that for the most subjects
the digital curves Q4(t) and Qx(t) correspond well to a linear correlation with a small dispersion, while the curves Qs(t) and
Q,(t) are usually weakly correlated and characterized by some time shift between them, significant dispersion and for some

patients unpredictable (chaotic) dynamics. The covariance indices Zij for all the pairs {Qj(t),Q;(t)} of the curves, their spectra
and the Lyapunov exponents /1j have been calculated. It is shown that for the young healthy subjects all the covariances
Xij > 0.87, the spectrum has 3-4 fundamental harmonics, and all Lyapunov exponents /11- <0 which corresponds to regular or
quasi-regular dynamics. For most of the elderly subjects the covariances ;j € [0.35;0.68] , especially in the curves measured

in the lower extremities, the spectra are complicated, and Lyapunov exponents /1j > 0 which corresponds to the possibility of

chaotic dynamics. For the young healthy individuals without diseases and age-related degenerative changes of the
cardiovascular system, some complications of the spectrum can be observed, the presence of both /1j <0 and /1j > 0 can be

seen. Thus, the values Zijs /1]- and the spectrum of curves can serve as important parameters for early diagnosis of age-related

changes and circulatory disorders. They can be easily computed by using any type of cheap and noninvasive ultrasound or
impedance rheography curves. Regular measurements and accumulation of data in a personal database can increase the quality
of individual and mass healthcare.

Key words: mathematical modeling, statistical analysis, rheovasography, expert system.
HccretoBaHbl CTATHCTHYECKHE 3aBUCHMOCTH MEXy KPUBBIMH 00BEMHOM CKOPOCTH KPOBOTOKA BIOMB aopThl Qq(t), B BEpXHUX
Qi(t) m Q,(t) u B HmxHUX Q3(t) M Q4(t) KoHeuHOCTSIX. TTOKa3aHO, YTO y GONBIIUHCTBA MCHBITYeMbIX KpuBbie Qi(t) m Q(t)

COOTBETCTBYIOT JHMHEiHOH 3aBucumocTH, Torma kak KpuBble Qa(t) m Qu(f) crmaGokoppernpoBaHBI, XapaKTEpH3YHOTCS
3ama3/bIBAHUEM, 3HAUUTENBPHOM OWCIIEpCHell M TpH3HAKaMH HENpelcKa3yeMoH (XaoTW4ecKol) NWHAMUKH. BeranciieHsr

MHJIEKCHl KOBapHaIlX JJIS BCEX Iap KPHUBUX, UX CIIEKTP M 3HAUCHHUS JKCIOHEHT JIsmyHoBa ﬂj . [lokazano, 4To y MOJIOJBIX
3/I0POBEIX HCTIBITYEeMBIX BCE 3HAYCHHS Jjj > 0.87, crextp umeer 3-4 OCHOBHBIE I'apMOHUKH, a /lj <0. V OompmuHCTBA

TOXKHIIBIX HCIBITYEMBIX jj € [0.35;0.68] , ocoberno mis KpHBBIX HIDKHHX KOHEUHOCTEH, CIIEKTp KPHBHX YCIOXKHEH, a Aj>

0, YTO COOTBETCTBYET BO3MOKHOCTHU Pa3BUTUA XaO0THUYECKOW NTUHAMHKHU. Y HCHOBITYEMbIX 0e3 3abojeBaHUN U BO3pAaCTHBIX
JACTCHCPAaTUBHBIX M3MEHEHUN CepI[e‘lHO-COCyI(PICTOﬁ CUCTCMbI Ha6JIIOZ[aIOTC$I OTACJIbHBIC YCJIOXHCHUSA CIICKTPA, HAJIMYUC KaK

ﬂ.j <0, Tak u ﬂ,j > 0. Taknum 006pasoM, 3Ha4CHHA [jj, /1J-, U CIIEKTP CHI'HAJIOB MOTYT OBITh Ba)KHBIMH IapaMeTpaMu UL

paHHeﬁ JAUArHOCTUKU BO3PACTHBIX W3MEHEHUH 1 HapyH_IeHI/Iﬁ CUCTCMbI KpOBOO6paHIeHI/I$[.

© Angpeesa [1.M., Boosiuenko T.B., Kisinoea H.M., Hikonaes A.C., 2020
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1. Beryn

Peorpadis - ne metoa qocmiKEHHS MyI-COBUX KOJIMBAaHb KPOBOHATIOBHEHHS CYJMH Pi3HUX OPraHiB
1 TKAaHWH, KA TOB'3aHAN 3 TPapidHOIO PEECTPAIEI0 3MiH MOBHOTO EIEKTPUYIHOTO ONopY Z. TKAaHWH
3a TOTIOMOTO0 KpyroBux enekTpofiB (Puc.la). MeTos 3acTOCOBYETHCS B KIIIHIYHINA TIaTHOCTHIN Pi3HAX
CYIMHHUX TOpYIIEHb KpPOBONOCTayaHHS BHYTPIIIHIX opradiB. Haii0inplm mommpeHi Ha ChOTOIHI
peoenuedanorpadis - METOI OLIIHKH MO3KOBOTO KpoBooOiry Ta odramsMopeorpadis - METOA OLiHKH
KpPOBOITOCTaYaHHA OYHUX SOMYyK Ta 0o9yHUX M’s13iB [1]. OCKIIbKM 3MIHU €JIEKTPUIHOTO OMOpPY TKAaHWH B
0inb-sIKOMY Tiepepi3i Tina JIOAMHU MOB’S3aHi 31 3MiHaMU 00’€My KpOBi, SIKMiI TpUTIKae 00 OpraHy B
cicToiy Ta BIATIKAE B IiacToiy, nepioguyHi konuBaHHs Z.(t) MoXyTh OyTH nepepaxoBaHi B KOJIWBaHHS
06’emuoi Burpatu kpoBi Q(t) Ha BigmomimHiil mimsHmi Tiza. Metox peorpadii mpocTHii, MBUIKAN Ta
JICIeBUI Y MOPIBHAHHI 3 YJIbTPa3ByKOBOK a00 MarHiTOPE30HaHCHOKO TEXHIKOK BuMiproBaHHs [1,2].
Bin 103BOss€ epEKTUBHO MPOBOJUTH AIarHOCTHKY KpOBOOOIry HMKHIX [3] Ta BepxHiX KiHIIBOK [4],
OLIIHIOBAaTH e(eKTUBHICTh JIIKyBaHHS arepockieposy [5] Ta iH. Po3ramyBaHHs elIeKTpOAIB mij yac
BUMIPIOBAaHHs 3QJICKUTh Bim el mocmipkends. Otpumani kpuBi Q(f) mami  oOpoOmsroThCS
3BUYaHUMH METOJaMH OOpPOOKM KpHBHUX Ta CTaTUCTHYHOTO aHaji3y d4acoBUX psniB. OCKiIbKH
a0COITIOTHI 1 HaBITh BiTHOCHI 3Ha4eHHS Z, PI3HUX YaCTHH Tijla MAIOTh 3HAYHUH 1HIUBIAYaTbHIH PO3KU],
HaNOUTBII JTOCTOBIPHUM € TIOPIBHSUTPHHI aHAJI3 IMapaMmeTpiB KpUBUX, HAPUKIA, y JiBiil Ta mpaBwid
KiHITIBKaX, 10 Ta TMICJS JIKyBaHHSA a00 (i3MYHOTO HABaHTAXXEHHS Ta iH.

OcTaHHIM YacoM MOUIMPIOIOTHCS HOBI METOJM MAaTeMaTHYHOTO aHalizy iHdopMamii y BUIIIAL
4acoBUX PsAiB [6], sSKi 1al0Th MOMIIHBICTH OTPUMATH MOKA3HUKH, HAWOUIBII Yy TJIMBI U OYIb-SKUX
MOpYIIeHb KPOBOIIOCTAaYaHHS, HABITh KOJIM CUMIITOMH imemii 1me BifcyTHi. B maHiit poOoTi HaBeneHi
NepIri pe3yibTaTH 3aCTOCYBAHHS TAaKUX METOJIB /IO aHAIli3y peorpadiuHiX KPUBHUX.

2. Marepiaau i MeToau

KonuBanust 06’emuoi BuTpatukposi Qj(t), mo Oynu BUMipsAHI 3 KPOKOM At =4 Mc Ha IONEPEYHHX
nepetuHax rpyaHoi kimitkd (j=c), BepxHix (j=1,2) Ta HwkHiX (j=3,4) KIHI[IBOK pa3oM 3
enekrpokapaiorpadiunum (EKI) curnanom (Puc.la) Oymu BimiOpani 3 BiakpuToi 0a3u JaHUX
dizionoriunoi indopmanii’ amst 36 BunpoGysanux (18 uonoBikis BikoM 36-54 p. Ta 18 xiHok 40-65 p.).
[lpuxman wHabopy K puUBHX s OAHOTO 3 BUNpoOyBaHMX HaBeneHwid Ha Puc.16. Ilomepenni
JOCHTI[DKEHHST peorpadiyHUX JaHUX TOKa3ajiM, L0 Y MOJIOAMX 3A0pOBHX BHUIPOOYBaHUX
CIIOCTEPIraeThCs 00pe Y3ro[KeHHs MiK BciMa mapamu KpuBux Qj(t) y BHIUIALl Maibxke JiHIHHHX
sanexnocteid Qj(Qx), Tomi sAK y BUIPOOYBaHMX CTAapuIOro BiKy Ta y IALI€HTIB 3 IOPYLICHHSIMH
KpPOBOOOITYy B KiHIIIBKaxX CIIOCTEpIrar0ThCS HENiHIMHI HECHMETPHUYHI 3aJIeKHOCTI  OULTBIIOCTI 3 map
Qj(Q«) 3 BeTMKUM PO3KHIOM BiJl CKOPOUCHHS JI0 CKOPOYEHHS CEpIls Ta HaBiTh IIEPEX010M 10 XaOTHYHOT
nuHamikd [7]. TakuM YHHOM, BHKOPUCTaHHS KOPEJSIIHHOTO aHaui3y Ta METOMIB OI[HKH Mipu
Xa0THUYHOCTI IWHAMIYHMX KpPUBHUX MOXYTh JaTH HOBI IOKa3HUKH IS MEOUYHOI JiarHOCTHKH
NOPYLIEHb KPOBOOOITY.
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Puc.1. Posmawysanms kpy2oeux enekmpooie nio uac sumipiosans (a) ma npuxiad kpueux Q.(t) i Q,.4(2) (6).

1 .
www.physionet.org
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Bci BuOpaHi KpHBI 3TiaKyBajiCh METOJOM 3BaXEHOTO KOB3HOTO CEPEIHBOTO, IO JO03BOJISIE
30epiraTu 3Ha4YeHHs JIOKAJIbHUX MaKCUMYMiB 1 MiHIMyMiB KPUBHUX:

) S 1, i=1n
F(ti):MZj'f(ti_j), $=13, i=2,n-1,
= 5 2<i<n-1

ne f(t;) 1 F(t;) - BuxinHi 1 3rmampkeHi 3HaUeHHS] BUMIPSIHUX JUCKPETHUX KPUBHX.

ITortim 3a mikoBumu 3HaueHHIMH ECG Ha kpuBHX Py(t), Py(t), Qa(t) BumiIsIHCS OKpeMi KOTHBAHHS.
OCKUTbKA PUTM CEPIEBUX CKOPOYCHb XapaKTEPU3YETHCS ICTOTHOI BapiaOCIBHICTIO 1 BUIAIKOBHUMH
KOJIMBAaHHAMH aMILTITY/IH, BCE OKpPeMi KOJWBAaHHS HABOJMIMCS IO CTAaHAAPTHOI JOBXHWHI t=T*=1 Ta
3HAYCHHID MakCcUMyMy Q=Q*=1, ge T* - Oe3po3MipHHU MEpiojJ] CKOpOYEHb cepl, a Q* -
MaKCHMaJlbHa IIBUAKICTh MPUTOKY KpOBi y crucTomy. OCKiNBKY 3Ha4eHHS T* 1 Q* pi3HI y pi3HUX
MAI[iEHTIB PI3HOT MacH Ta POKY, MPUBEACHHS 1O 0S3pO3MIPHOTO BHIVIY MA€ BAXKJIMBE 3HAYCHHS IS
BUSIBIICHHSI BHYTPIITHBO TPYTIOBUX 3aKOHOMIPHOCTEH.

CnekrpanbHuii aHani3 kpuux Qj(t) mpoBoauBes 3a gomoMororo BOynoBanux ¢ynkuiii Python 3.8.2.
st po3paxyHKiB CIIEKTpa BUKOPHCTOBYBAJIOCS CTaHAAPTHE IIBUAKE AUCKPETHE MepeTBopeHHs Dyp'e.

HasBHicTh KOpemsmii MK yciMa mapamM# IJUCKPETHHX KPHWBHX BHBYAjacs Ha OCHOBI IJIiHIHHOTO
KoedilieaTa KoBapiamii

1 N
cov(Q;. Qj) = zij :_Z<Qi(tn)_<Qi>)(Qj(tn)_<Qj>) ,

N n=1

e <Qi’ j> - cepeaHi 3HAYCHHS BiAMOBITHIX JUCKPETHUX KPHBHX.

B sKoCTI Mipu XaOTHYHOCTI AWHAMIYHOTO TMPOIECY BHUKOPHUCTOBYBajacs ekcroHeHTa JIsmyHoBa,
sika oGuncmoBanacs 3a popmyioro [8]

; . 1 x(t —y(t

A= 1lim  lim LX) -ytro)]
rox|X(1)-y(1)->0 7 [ Xx(t)-y(t)]

ne x(t) 1 y(t) - ABiI AMHAMIYHI TPAEKTOPIl, 110 HE3HAYHO BiJPi3HIIOTHCS B TOYATKOBUI MOMEHT 4acy.

Skmo auHaMiuHUM mpouec cTilikuii, yepe3 wyac z 30ypeHi TpaekTopii OyAyTb BiApi3HSATHCSA Bifj
MOYaTKOBUX SIK | X(t+7)—y(t+7) |4 x(t)—y(t)|exp(ir), ne A<0. SAkmo A>0, mpouec MOXKe CTaTH
XAOTHYHHM.

3. Pe3yabTaTH i 00roBOpeHHs

Ha Puc.2a-B nipencraiieHi giarpamu po3ciroBaHHs s nap kpuBux Q11 Qp ta Q31 Qg4 , 110 Oyiu
BUMIpsIHI B BEPXHIX Ta HWKHIX KiHIIBKax BiAmoBigHO. Taki 3aie)kKHOCTI XapaKTepHi Uil OUTBIIOCTI 3
BUTIPOOYBaHWX. TakuM YHMHOM, KOJUBaHHS 00 €MiB KpOBI, SIKi TOCTA4alOTHCS B JIBY Ta MPaBy BEPXHi
KiHIIIBKH, Mal>ke CHHXPOHHI SIK B CHCTONY, Tak 1 B miacrony (Puc.2a,B). KoedimieHT kopensmii y Bcix
BUMAAKaX Oau3bkuii 10 oxuuuil ( « >0.88), a qucnepcis He3HayHa. BianoBijgHa MaTeMaTHYHA MOJIENb
MOJKE TPYHTYBATHCS Ha MOJIENi apTepialbHOrO pycliia KiHIBKH sK JiHiIHHOI a00o crnabko HemiHiHHOT
B’SI3KOTIPYKHOT Kamepu [7]. 3Ha4HI HENiHIMHI KOJHMBaHHS 13 3alli3HEHHSM MK JIBOMa KiHI[IBKaMH
CIOCTEpiranucsi TIABKH y ABOX BHUINPOOYBAaHMX CEPEIHBOIO BiKY 3 BHPaKECHHM aTEPOCKIEPO3OM.
AHaJIOTI4HI 3aJIe)KHOCTI MK KPOBOIIOCTayaHHS B JIBY Ta MpaBy HIKHI KiHLIBKM OLTbII CKiIajgHi. Y
BIJIHOCHO MOJIOJUX BUMPOOyBaHHX 3aeKHOCTI Q3(Q4) MarOTh BUIJIS KOJMBAaHb HABKOJIO JIIHIHHOTO
TPEeHly 3 BIJHOCHO HeBeNMKow aucnepcieto (Puc.26). V Oinbimocti BUMPOOYBaHUX MOXWIOTO BIKY IIi
3aJIe)KHOCTI 3MIHIOIOTH CBOIO MOBEIIHKY BiJI CKOpPOYEHHS JO CKOPOYEHHS Ta HemnependadeHo
BiZIOMBaIOThcs BUIle abo Huk4Ye JiHii Tpenay (Puc.2r), mo Bka3zye Ha XaoTH4HY MoBeiHKY. OcTaHHS
Moxke OyTH TIOB’si3aHa 3 HECHMETPUYHHMM PO3LIMPEHHSM, ITiJBUIIECHOI 3BHBUCTICTIO Ta TPOMOO30M
IMOOKUX CYIMH HIKHIX KiHIIiBOK.

Pesysnbratn obuncienns xoediuieHTiB KOBapiawii yjj MU BCIX map AMCKPETHHX KPUBHMX MOKa3ajw,

10 Y MOJIOAMX 3/I0POBUX BUIPOOYBAHUX € 3HAYHA KOPEJALiS apaMeTpiB IEHTPAIbHOI TeMOAMHAMIKH
Ta KpPOBOIOCTAYaHHS JO BCIX KIHIIBOK, TaK caMme SIK i MDK JBOMa BEpXHIMH Ta BOMa HIKHIMH
kiHuiskamu (Tabu.1). Tlpuy npomy BCi 3HadeHHA yj; >0.87. YV OLIBIIOCTI JITHIX BHIPOOYBaHHX

KOpeJsIiss MiX IICHTPAIBHOIO Ta PETIOHATBHOI T'eMOJUWHAMIKOK Ccia0ka, TaKk camMo SK 1
KPOBOIOCTaYaHHs /10 000X BEPXHiX ab0 000X HIWKHIX KiHUiBOK. [Ipn ubomy yj; €[0.35;0.68] ; 3HaueHmHs
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Zij BULLC IS BEPXHIX KIHIIBOK, ajJ¢ 3HAYHO HWKYe JUId HIDKHIX KiHIIBOK (Tabi.l), HaBiTH KoM

BUIIPOOYBaHI HA MAaOTh BUPAXKEHUX CHMIITOMIB HEJOCTATHOCTI KPOBOITIOCTAYAHHS /IO KiHITIBKH.
AHaJIOriyHl BUCHOBKH OyJiM OTPUMaHI I1i/ Yac aHaji3y po3paxyHKIB eKCHIOHEHT JIsmyHoBa 4 BCiX

BUMIPSIHUX TUCKpeTHUX curHaiis (Taom.2).

Q
0.04 T

y =0.798x - 0.0004
R?=10.9568

0.01

0.02 0.03

0.04

y = 1.0689x - 0.0021
R?=0.9465

0.03

005 Q

y = 0.4355x + 0.0033

R%=0.659

*

Q4

y =0.934x + 0.0052

R?=0.4816

0.02 0.03

T

0.04 Q4

Puc.2. liazpamu poscitosanns nap xpusux Q1i Q, (a,6) i Qszi Q4 (6,2) 0ns sunpobysanux cepeonvozo (36 p.) (a,6)

ma noxunozo (65 p.) (8,2) 6ixy.

Tabn. 1. Koegiyicumu xosapiayii 05 pisHux nap Kpueux 0jis 300posux KiHYIGoK (Hudicue
0iazoHani) ma 3 NOPYWEeHHAMU KPOBOMOKY (8uye 0iacoHai).

Q Q. Qs Qs
Q 1 0.649 0.55 0.777
Q. 0.93 1 0.519 0.872
Qs 0.91 0.907 1 0.463
Qq 0.915 0.912 0.98 1
Ta6n.2. 3nauenns excnonenm Jlanynosa ons 7 epyn eunpo6ysanux (-10°).
Q. Q Q. Qs Qs
1 -0.95 0.3 -0.3 -0.035 -0.3
2 -0.48 0.5 0.6 0.4 0.85
3 -0.76 0.022 0.02 0.09 1.05
4 -1.2 -0.027 -0.07 0.03 0.037
5 0.0214 1.1 -1 0.5 0.92
6 0.1 0.1 0.18 0.19 0.0345
7 -1.4 -1 0.0854 -0.2 -0.5

V OuIBIIOCTI BUHAIKIB ITO3UTUBHI 3HAYECHHS

Aj Mall y NOpIBHAHHI 3 YacaMmy, Ha SKHX MOXKJINBHHA
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TIepexia BiJ peryJsipHOi AMHAMIKH 0 XaOTHYHOI 3 IOMITHIMH 3MiHaMH JaiarpaMm posciroBaHHs (Puc.2),
ajie HasiBHICTh BEJIMKOTO YMCIIa CKOPOUYCHB CEPIsl Ta MOXKIIMBOTO BIUTUBY HMPOTSATOM IIBOTO Yacy BETUKOI
CYKYIHOCTI 30BHIIIHIX (PI3UYHUX Ta BHYTPIlIHIX (i3i0JOTiYHUX (aKTOPiB YMOXKIMBIIOE MEpeXil 10
HenependadyBaHWX HEKOPEThOBAHWX OCIMIIALIA TeMOAWHAMIYHHMX IMapaMeTpiB y pI3HUX BiIjiiax
3B’s13aHOI CUCTEMH KPOBOOOITY JIFONWHY (Harmpukiay, Pruc.2B,r).

4. BucHoBKH
TakuM 4YHMHOM, Ha OCHOBI TPOBEACHOTO CTATUCTHUYHOTO aHATI3y EKCIEPUMEHTAIbHUX KPUBUX

nentpanbHoi Q. (t) Ta mepudepiitnoi Q;4(t) remoauHamikk OynaM  BCTaHOBJICHI HACTYITHI
3aKOHOMIpPHOCTI:

- Y MOJIOJIMX 37I0pOBHX BUNpPOOyBaHUX Koediuientn kosapiamii zj; Beix map kpusux (Qi(t), Qi(t))
MaloTh 3HA4YeHHS yjj >0.87, IO BIANOBIZA€ KOPEJIHOBAHOCTI MOKA3HUKIB LEHTPAIBHOTO Ta

nepudepiiiHoro KpoBoOoOiry, a TaKOX MK IpaBUMH Ta JIIBUMH BEPXHIMU Ta HIKHIMU
kiHniBkamu. Crektp kpuBux Qj(t) mae 3 (B okpeMHX BHIAaAKax 4) 3Hadylll rapMOHIKH Ta
3HAUCHHA eKCTIOHEHT JIsmyHoBa /11- <0, 110 BiJINIOBIIA€ PETYJIAPHIN TUHAMMIII,

-y Olnbuiocti niTHIX BUNpoOyBauux koediuientu Kosapiauii y;; €[0.35,0.68]; Bonu maioTh

OLMBII 3HAYEHHS JJIS BEPXHIX Ta HIDKYI 3HAYEHHS - ISl HIKHIX KiHIIBOK. CIIEKTp BCiX KPUBUX
Mae >4 3HavyIUX FapMOHIK, a NPAKTUYHO BCi A;>0, IO BIANOBIJA€ JUHAMIYHIM CHCTEMaM 3

XAOTHYHOIO JUHAMIKOIO;
- 'y BumpoOyBaHWX 0e3 SBHUX 3aXBOPIOBaHb a00 BIKOBUX 3MiH CHCTEMH KPOBOOOITY
CIIOCTEPIraroThCsl yCKIAJHEHHS CIEKTPY, HAsBHICTh 3HAaYeHb K y; >0.87, 2;<0, Tak i

Zij <0.87 y /1] >0.
Taknm YHUHOM, 3HAYCHHA }(ij, /IJ i CIICKTPp AUCKPETHUX CHUTHAJIIB € BaXXJIMBUMH napamMeTpaMu Ijisd

pPaHHBOI JIarHOCTHKH BIKOBHX 3MiH Ta MOPYIIEHb CHCTEMH KPOBOOOIrYy i MOTPEOYIOTH IMONATBIIOTO
JIETaJIbHOTO BUBYEHHS, 30KpeMa Ha 1HIIUX TeMOJUHAMIYHUX KPHBHX.
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besciTkoBmil MeToA /I YKCIOBOTO BUpimieHHs piBHIHHS KopTeBera-ne dpiza
CHOMOTO TIOPSAKY

L.B. I'apsiuecobka, J1.O. [IpoTekTop
Xapriscokuil HayionanvHuil yHisepcumem imeni B. H. Kapasina, maiioan Ceo6o0u 4, m. Xapxie, 61022, Yrpaina
e-mail: i.garyachevskaya@karazin.ua

V naHiif cTaTTi onuCyeThCs O€3CITKOBUN METOA, SKUH MPU3HAUYEHUN [UIS YHCIOBOIO BUPILICHHS HENIHIMHOTO OXHOBUMIPHOTO
HecTalioHapHoro piBHSHHSA KopreBera-me ®piza ceomoro mopsaky. besciTkoBa cxema peami3yeTbcsi Ha OCHOBI METOAY
KOJIOKaLii Ta pamgianbHUX 0a3ucHUX GYHKIIH. Y nboMy Hinxoai po3B’s30k audepeHuiansHoro piBHAHHSI KopTeBera-ne ®piza
ANPOKCUMYETHCS pafialbHIMU 0a3uCHUMH (DYHKLISMH, a METOJ KOJIOKALii BHKOPUCTOBYETHCS ATl 3HAXOMKCHHS HEBIIOMUX
koedimieHTiB. B sxocTi pamianbHuX 0a3MCHHX (YHKLIH B CTaTTi BUKOPHCTOBYIOThCS ['aycoBa, 3BOPOTHa KBaapaTH4HA,
MYJIBTHKBAIpaTHYHA, 3BOPOTHA MYJIbTUKBagpaTndHa QyHKIT, a Takox QyHkIis By 3 kommakTHUM HocieM. [luckpern3amis 3a
4acoM HENiHIHHOrO OJXHOBHUMIpPHOTO HecTarioHapHoro piBHsHHsA KoprteBera-me ®dpiza 3miliCHIOETBCS 3 BHKOPHCTaHHAM O-
cxemu. [laHuid MeToJ Mae mepeBary nepes TpaJuLiifHUIMU YUCIOBHMH METOJAMH, TAaKMMH SIK METOJ CKIHYEHHHX Pi3HHULB i
METO/I CKIHYCHHHUX €JIEMEHTIB, TaK K He MOTpedye moOyn0BU IHTEPIOILIHHOI CITKM BeepeanHi 001acTi kpaioBoi 3agayi. Y
0e3CITKOBIM CXeMi IO PO3TIAAEThCs, 00IAcTh PO3B’SA3KY KpailoBoi 3amadi sBsie co000 Hadip PIBHOMIPHO ab0 JOBUIEHO
PO3IOIUIEHHUX BY3IIiB, 10 SKUX «IPUB’A3YIOThCs» 0azucHi ¢yHKLUii. B poboTi mpencraBieHi pe3yabTaTH YUCIOBUX BHPIIICHD
IIBOX TECTOBUX 3ajady, sIKi OTPUMaHI 3 BHKOPHUCTAHHSAM TAHOTO MeTOXy. JI OIIIHKM TOYHOCTI ampOKcHMamii OTPUMaHUX
PO3B’SI3KIB B CTAaTTi BUKOPHUCTOBYIOTBCS CEPEIIHs BiIHOCHA TOXMOKa, cepeHsl abCONIIOTHA ITOXHOKa Ta MaKCHMaJIbHA IIOXHOKa.
UncnoBi eKCHEpUMEHTH JIEMOHCTPYIOTh BHCOKY TOYHICTh 1 HaAidHICTh JaHOTO METOAY BHPILNIEHHS HENMiHIHHOTO
OJTHOBHMIpPHOTO HecTalioHapHoro piBHsHHSI KopTesera-ne ®piza cboMOro Hopsaky.

Knrwwuosei crosa: neninitine 00nogumiphe pisusanna Kopmeseza-oe @piza cbomoeo nopsaoKy, HeCmayioHapHa Kpaioea 3adaua,
bezcimkosutl. Memoo, padianbhi 6a3UcHi QYHKYIT 3 KOMRAKMHUM HOCIEM, MEMOO KOJIOKAYill.

B naHHO# craThe oOmMCHIBaeTCs OECCETOYHBIH METOJ, IpEAHA3HAUSHHBI JUIS YHCICHHOTO pEIICHHS HEINHEHHOro
OJJHOMEPHOTO HecTaluoHapHOro ypaBHeHus Kopresera-ne @pusa cenpMoro mopsaka. beccerounas cxema peanusyercst Ha
OCHOBE METO/Ia KOJUIOKAIIUK U paJuaibHbIX 0a3MCHBIX QYHKIHI. B 3TOM moaxone pemenue audhepeHInalIb-HOro ypaBHEHHS
Koprepera-ne ®pusa anmpoKCUMHUPYETCsl paJHaibHBIMH 0a3MCHBIMH (GYHKIMAMH, a METOJ KOJUIOKAL[MH HCIIOJb3yeTCs Ul
HaXOX/CHNSI HEM3BECTHBIX KO3 GUINEHTOB. B KauecTBe paanaibHbIX 0a3UCHBIX GYHKIHMI B CTaThe UCHONB3YIOTCS [ayccuaH,
obparHast KBaJpaTWyYHas, MYJIbTUKBaJpaTUyHas, oOpaTHas MyJbTHKBagpaTHyHas (yHKuuM, a Tawke QyHkuus By c
KOMIAKTHBIM HOCHTeJIeM. [IMCKpeTn3anus o BpeMeH! HeJIMHEHHOT0 OJJHOMEPHOTO HecTallMoHapHoro ypaBHeHus KopTesera-
ne dpuza OCYIIECTBISIETCS C HMCIHOJIb30BaHMEM O-cxeMbl. JlaHHBIH METOJ] MMeeT MPEHMYINECTBO Iepel TPaJANIHOHHBIMH
YHCJICHHBIMH METOJIaMH, TaKMMH KaK METOJ KOHEUHBIX Pa3HOCTEH M MeTOJ KOHEYHBIX 3JIEMEHTOB, TaKk Kak He Tpedyer
MOCTPOCHUSI MHTEPIIOJSIIMOHHON CETKM BHYTPH 00JIaCTH KpaeBoi 3amaun. B paccmarpuBaemoil GecceTouyHol cxeme 001acThb
pelIeHNs KpaeBOi 3amauul mpeJcTaBisieT coboii Habop paBHOMEPHO WIIH MPOU3BOJIBHO PACHPENENCHHBIX y3JI0B, K KOTOPBIM
«IPUBA3BIBAIOTCS» OasucHble (yHKIHU. B paboTe MmpencTaBieHbl pPe3ysibTaThl YUCICHHBIX PELICHUH IBYX TECTOBBIX 3ajad,
HOJTy4eHHbIE C MCIOJIb30BAHWEM JAHHOTO MeToAa. I OLEHKHM TOYHOCTH alMpPOKCHMALMH MOJIYYCHHBIX PEIICHHH B CTaThe
UCHOJIB3YIOTCS CPEAHSS OTHOCHTEIbHAS MOIPEIIHOCTh, CPEAHsS abCOMIOTHAS MOTPEIIHOCT ¥ MaKCHMaJlbHas MOTPEIIHOCTb.
YucneHHbIE 9KCIEPUMEHTHl JIEMOHCTPUPYIOT BBICOKYIO TOYHOCTh ¥ HAJCKHOCTh OIMCHIBAEMOTO METOJa PpEeIICHUs
HEJIMHEHHOT0 0ZIHOMEPHOT0 HecTallMoHapHOTo ypaBHeHust Kopresera-ne ®pusa cepbMoro nopsjka.

Knrouesvie cnosa: neauneiinoe oonomephoe ypasuenue Kopmeseea-oe @pusa cedbmozo nopsoka, HeCmayuoHapHas Kpaesas
3a0aua, beccemounbvlii Memoo, paouanbiuie 6a3ucHble PYHKYUU C KOMNAKMHBIM HOCUMENEM, MEMO0 KOIIOKAYUU.

The meshless method for the numerical solution of the seventh-order nonlinear one-dimensional non-stationary Korteweg-de
Vries equation is described in the article. The meshless scheme is based on the use of the collocation method and radial basis
functions. In this approach, the solution is approximated by radial basis functions, and the collocation method is used to
compute the unknown coefficients. The meshless method uses the following radial basis functions: Gaussian, inverse
quadratic, multiquadric, inverse multiquadric and Wu’s compactly supported radial basis function. Time discretization of the
nonlinear one-dimensional non-stationary Korteweg-de Vries equation is obtained by using the 6-scheme. This meshless
method is preferable to traditional numerical methods, such as the finite difference method and the finite element method,
because it does not require an interpolation grid inside the domain of the boundary-value problem. In this meshless scheme the
domain of a boundary-value problem is a set of uniformly or arbitrarily distributed nodes to which the basic functions are
“tied”. The paper presents the results of the numerical solutions of two benchmark problems which have been obtained by
using this meshless approach. The graphs of the analytical and numerical solutions for the test problems have been created.
Accuracy of the method is assessed in terms of the average relative error, the average absolute error, and the maximum error.
Numerical experiments demonstrate high accuracy and robustness of the method for solving the seventh-order nonlinear one-
dimensional non-stationary Korteweg-de Vries equation.

Keywords: seventh-order nonlinear one-dimensional Korteweg-de Vries equation, non-stationary boundary-value problem,
meshless method, compactly supported radial basis functions, collocation method.

© lapsuescoka |.B., Mpotextop [.0., 2020
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1 Beryn
VY naniif cTaTTi pO3IJSAAAEThCs HENiHiIHHE OJHOBUMIpHe HecralioHapHe piBHAHHS Koptesera-ge
®piza cbOMOTO MOPSIKY:

0 1
%-ﬁ-ﬂll](x,t)

ou(x.t) o%u(x.t)

5 5 3%u(x.t)
2 6X3 3

x>
ne Bi, Ba. B, Pa — Binomi nocriiini koedinientn, x e[a, b], te[0, T].

.
45y 200 (1.1)

ox’

V3zaranpaene piBHsHHA KopteBera-ne @piza (1.1) mMpoKo BHUKOPUCTOBYETHCS B MPUKIATHHX
Haykax 1 TexHimi. PiBusaus Kopresera-ge ®piza Buepine Oyno otpumano B 1877 poti (hpaHIy3bKuM
BueHnM JKozedom bycineckom, 1 3HOBY Biakpuro B 1895 pomi HigepiaHACEKMMHA MaTeMaTHKAMH
Hinepixom KopteBerom i I'ycraBom ge @Dpizom, siKi BUKOPHCTOBYBAJIM HOTO B SIKOCTiI HENiHiHHOT
MOJIENi A7l BUBYEHHS 3MiHM (DOPMU TOBTUX XBUJIb, IO PyXaJUCs B MPSIMOKYTHOMY KaHalli. Y BUMAIKY,
kot f3 =, =0 oTpuMyemo Haiibinbm Bimome piBHAHHA Kopresera-ne ®piza [1], mo onmcye

NOIIMPEHHs XBHJIb Ha MIUIKOBOJJI Ta 10HHO-3BYKOBI XBW B Iuiasmi. Bumamok f3#0, £, =0

mocimpKyBaBcss XaciMoTo [2] misi XBWJIP Ha MUIKOBOAI TOONM3Y AEAKOTO KPUTHYHOTO 3HAYCHHS
MOBEPXHEBOTO HATATY, a TAKOX OYyB PO3IISTHYTHH YHCEIBHO NMPH JOCTIDKEHHSX MarHiTOAKyCTHKH Ta
TiIpOIMHAMIYHUX XBWJIb B XOJIOJNHIA Oe33iTkHeBii mna3mi Kapaxapoit [3], Kakyrani Tta Ono [4],
BIZIMOBIAHO. Y CTAaTTi OCHOBHA yBara MpUAUISETHCS BUMAAKY, KOJIH B piBHsAHHI (1.1) mpucyTHi obuasa

JUCTICPCIHHUX WICHA BHIIOTO MOPAIKY ( Pz #0, By # 0) .

B ocraHHE AECATWIITTA MIMPOKE 3aCTOCYBAaHHS OTpUMAald O€3CITKOBI METONH, SKi 3aCHOBaHI Ha
BUKOPHUCTaHHI patianbHuX 0asucHuX QyHKOiH. JaHi MeToau € anbTepHaTUBHHMU IO BiJHOLICHHIO JI0
TPaIUIIHHUX YUCIOBUX METOJIB, TAKMX SIK METOJ CKIHUCHHHMX Pi3HHIIb 1 METOJ CKIHUCHHHUX EICMEHTIB.
besciTkoBi MeTomM AO3BONSIOTH YHHUKHYTH TOOYIOBH IHTEPHOJSIMIHHOI CITKH BcepeawHi o0macTi
KpaioBoi 3aadi, 0 pOOUTH iX OOUHCIIOBATBHO €PEKTHBHIMH, OCKIIIEKH TeHEpallisl CiTKH, SK 1 paHiIle,
3aJIMIIAETHCS] HAWOUTBII TPYIOMiCTKOK YaCTHHOO OYyJIb-SIKOTO YHCIOBOTO MOJICIIOBAHHS, 3ACHOBAHOTO
HAa BUKOPUCTaHHI CITKOBUX METOMIB. JIOCHIDKeHHS, 10 MPHUCBSYEHI OE3CITKOBUM METOJIaM,
npeacrasieHi B pobortax [5, 10]. ¥V 1990 poui Ensapn Kanca [11] BBiB cxemy BHpilIeHHS
nudepeHIlialbHUX PIBHSAHb 3 YACTMHHUMH TOXIJIHMMH Ha OCHOBI METOJY KOJIOKAIll Ta pajiialbHUX
O0asucHuX (QYHKIIA. Y 1bOMY MIAXOAI pPO3B’S30K JH(EPEHIIATEHOTO PIBHAHHS alpOKCUMYETHCS
pamianbHUMH 0a3uCHMMH (DYHKILISIMH, a METOJA KOJIOKAlil BUKOPHUCTOBYETHCS [UIS 3HAXOKCHHS
HEBIJOMHX KoedimieHTiB. ['aycoBa, MyIbTHKBapaTH4Ha, 3BOPOTHA MYJIbTUKBAIPATHYHA Ta 3BOPOTHA
KBaJpaTHYHa — II¢ TJ00aibHI paiianbHi OazucHi (YHKIii, SKI HIMPOKO BHUKOPUCTOBYIOTHCS LIS
BUpiIIeHHs Au(epeHITiaTbHIX PiBHIHD 3 YACTHHHUMH ITOX1THUMHU.

MeTor0 1aHOTO JOCIIHKEHHS € YHCIIOBE BUPIMICHHS HEJIHIHHOTO OHOBUMIPHOTO HECTAIIOHAPHOTO
piBusiHHs KopreBera-ne ®piza cboMOro mopsiiky 3a OE3CITKOBOIO CXEMOK 3 BHKOPUCTAHHIM
panianbHuX 0a3ucHUX QYHKIIIH.

2 ITepaniiinunii MmeTon

PosrnssHeMo HelniHiHE OJHOBUMIpDHE HecTrallioHapHe piBHsHHA Koptesera-ge ®piza cbomMoro
nopsaky (1.1) 3 HACTYTHUMHY ITOYATKOBUMHU
u(x,0)=up(x), xe[a, b] (2.1)

Ta rpaHUYHUMH yMoBamu Jlipixie

u@t)=0(t) oy

u(bt)=gp (1) (2:2)

3nifiCHUBIIM JUCKPETU3AIIII0 32 YaCOM Ha OCHOBI f-CX€MH, OTPUMAEMO:
u(x,t)=ou™ +(1-0)u" (2.3)
vu(xt)=ovu™ +(1-g)vu" (2.4)
Vgu(x,t)z0V3u”+1+(1—0)V3u” (2.5)

Vou(x,t) = 0veu™t 4 (1-6)vou" (2.6)
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V7u(x,t)z0V7u”+1+(1—6')V7u” (2.7)
ou(xt u n+l u n
(1) 28)
ot T

ne u” =u(x,tn), t" =nz, n — kpok irepamii, 7 — Kpox 3a wacom, 0<6<1 — Barosumii KoedilicHT,

3 5 7
V:—,V?’:a Voo gr_9

oX ox3 oxd ox

[TincraBumo piBusinus (2.3) - (2.8) B piBHsiHs (1.1):

2.9)

+B3(0VAUT 4 (1-0) V" )+ By (097U 4 (1-0) V") =0

Heniniiinuii wieH B piBHsAHHI (2.9) JiHeapU3y€eThCs HACTYITHUM YHHOM [12]:
un+1Vun+1 zun+1Vun +unVun+1 —u"wy" (2.10)

[TincraBumo piBusiHHs (2.10) B piBHstHHS (2.9):
un+1 —u" 1 1
—+ﬁ1(9(u”+ V" +u"Vu™ )+ (1-20)u ”VU”)+
T

+5, (9V3u”+l +(1-0)Vxd" ) + (0V5un+l +(1-0)vu" ) + (2.11)
+B4 0V 4 (1-0)VTu") =0
Beakaroun 6 =1, 3anuiuemo piBHsHH (2.11) B HACTYITHOMY BUIJISI L

un+1+T[,Bl(un+qun +unVun+1)+,6’2V3un+l+ﬂ3V5un+1+ﬂ4V7un+lJ=un T+ oBuvu" (2.12)

. . N-1 . . .
PiBHOMIipHO 0OepemMo N —2 TOYKHM KOJIOKaIil {Xi }2 Beepenuni obmacti (@,b) Ta zBi Toukn Ha
rpaHuni obmacti X =a Ta Xy =Db. HaOmmwxenuit po3p’szok piBHsaHHA (1.1) Moxe Oytu

CKOHCTPYHOBAHUII 32 OTIOMOTOF0 pajiadbHUX 0a3uCHUX (PYyHKITIH gp(rij ) :

N
n n
u" (%)~ X afo(r) (2.13)
=
ae fj =HX—X J“ — EBKJIIZIOBA BIJICTaHb MK BY3JIaMH, a? — HeBigoMi Koe(]ilieHTH, 0 HiAIAralTh

BHU3HAYCHHIO.

[MincraBuBmm piBasHAS (2.13) B piBHsAHHS (2.12), OTpUMaeMo HACTYIHY CHUCTEMY JIiHIHHHX
anreOpaiYHUX PiBHSHB AJISl TOYOK BCEPEAMHI 00acTi

> ao(nj)+7 ﬂl[% M o(r )% oMo (1) + %a?(p(nj )% oM (1, )J+
=l j=1 j=1 j=1 =1
B, Z M 3)(rIJ )+53 Z Iy 5)(rIJ )+/34 Z an+1 )(rij )} - (2.14)

1

= Z afo(t;)+ Z oo (1 )Z a?(p( )(rij )
J:]. J:l j:l

Ta JUIs TOYOK Ha TpaHML 001acTi X =a Ta Xy =b:
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N n+1
> oo (nj)=a1(t) (2.15)
j=1
N n+l
> () =02 () (2.16)
j=1
Y nmaniif poOOTi, B IKOCTI pajialibHAX 0a3ucHUX (YHKIIH, BUKOPUCTOBYIOTHCS HACTYITHI (PYHKIIIi:
2
(p( fij ) = ef(crij) —Taycosa (2.17)
(p( B ) = rij2 +¢? — MynbTHKBaZpaTHYHA (YHKLLs (2.18)
1 .
(o( B ) =——— — 3BOPOTHA KBA/IpaTHIHa GbyHKLisA (2.19)
r” +C
go( fij ) = 1 3BOPOTHA MYJIFTHKBaIPaTU4HA (PYHKIIis
5 9\3 (2.20)
(1§ +<?)

_ 7 2,2 3,3 4.4 5.5 £.6.6 .
(p(rij)_(l—crij )+(5+35crij +101c”rj +147¢”rj +101c™rj +35C7K; +5C7K; ) — ¢ynkuis By 3 2.21)

KOMITAKTHUM HOCIEM
. 7 L
ne c#0 — mapamerp ¢opmu, O OOUPAETHCS IOBILIBHO, (1—Crij) — (QyHKIiA BiACiYEHHS, IO
+

BH3HAYAETHCA AK

PR (1—Cri-)7, AKmo 1—Cri >0
(1 cru)+_ J j

PiBusiHast (2.12) siBnsie coGoro pexypcuBHY Qopmyny. Omke, nane audepeHiialbHe pPiBHSIHHS
MOXKHa BHUPILIYBaTH KPOK 32 KPOKOM, MOYMHAIOYHM 3 MOYATKOBHX yMoOB (2.1). 3amumiemMo piBHSHHS
(2.13) pazom 3 rpaHMYHUME YMOBaMH (2.2) B MaTpHuHil Gopmi:

[u]" = A[e]" (2.23)

e [ =[uf 2R | o] =[of el | 70 A=[o(5;)] 220 0<N.

Marpuus A moxe Oyt posjiieHa Ha JBi MaTpuui Ay Ta Ay, mo BianosigaioTe N —2 Toukam

(2.22)
0, iHaxme

BCEpeIMHI 00JIacTi Ta JBOM TOYKaM Ha IPaHUIll 00JIaCTi, HACTYITHUM YHHOM:
A=Ay + A (2.24)
e
_{(p(l’ij), akmo 2<i<N-1, IS j<N

0, iHakme
(2.25)

B go(rij), akmo i=1,N, 1< j<N
0, iHak1e

OO0’ennaBmm piBHaHHA (2.14) - (2.16) 3 ypaxyBaHHSIM piBHSHHS (2.24), OTPHMAaEMO HACTYITHE
MaTpUYHE PiBHSIHHS:

{A\j +r[ﬁ1(diag(|3d [a]”)Ad +diag(Aﬁ [a]n)Bd )+,3sz + 3Dy + B4 Ey }F 'Ab}[o‘]n+1 = (2.26)
- rgla]" oAy fa]) (o] [T

ac
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oY (), samo 2<i<N-1, 1<j<N

By =
0, inakme
(), o
cy=1? (5j), mxmo 2<i<N -1, 1<j<N
0, inakme
(5) (2.27)
Dy = 2 (rij), akmo 2<i<N-1, I<j<N
0, inakme
U o
Eq = 4 (I’U), akmo 2<i<N-1, 1< J<N
0, iHake
diag(Ad [a]n) — JiaroHajgbHa MaTpuus 3 eleMeHTamMu Ay [a]n a ronosmiii aromai,
T
[G]n+1 = 9/",0,0,..,0,0,g8" | |, .*” osHauae nokoMmOHEHTHYI 10GYTOK ABOX BEKTOPIE.
—

N-2
PiBHsHHA (2.26) Moke OyTH BUPILIEHO BiTHOCHO HEBIOMUX KOE]iLi€HTIB [a] MetonoMm ["aycca.

. . . . n . o 5
[TigcraBnstoun 3HaYCHHS KOE(iliEHTIB [a] B piBHsHHSA (2.13), oTpuMyeMo HaONMKEHUH PO3B’ 30K

piBusHHS (1.1) HAa N-MY KpotIi.

3 YucsioBi pe3yasTaTn

B 1ipoMy po3mini JeMOHCTPYETBCS 3aCTOCYBaHHS OE3CITKOBOI'O METOAY JUISl YUCIOBOTO BHPILIEHHS
piBasiHHA KopTeBera-ne ®piza Ha MpHKIaai ABOX TECTOBHX 33/1a4 Ta OLIHIOETHCS TOYHICTH OTPUMAaHUX
PO3B’SI3KIB.

Jist OIiHKM TOYHOCTI arpoKcuMallii B poOOTI BHKOPHUCTOBYIOTHCS CepefHsl BiIHOCHA MOXHOKa

rerr(u), cepers abcomoTHa ToXuOKa aerr(U) i MakcnMalbHa moXubka Merr(U), siki 064YHCITIOTHCS

3a popmymnamu:

rerr(u) = %HN— (3.1)
>uf
j=1
1 32
aerr(u):\/WZ(uj—uj) (3.2)
j=1
merr(u)zm?x‘uj —Uj‘ (3.3)

Ae Uj Ta Uj € BIANOBIAHO aHANITHYHUMH Ta YUCIOBHMH PO3B’Si3KaMH B BY3IaX X;| e[a, b], aN -

3arajibHa KUTbKICTh IHTEPIONIALIHHAX BY3IIiB.

3aoaua Ne 1
Posrnsaemo Heniniiine piHsHHs Kopresera-ne ®piza cboMOro nopsaky:

au(xt au(xt 3u(x,t Au(x,t a'u(x,t
—uéf )+ﬂlu(xit)—u(x )+ﬁ2 ;E:; )+/33 ;E:; )+/34 ;E; )

=0 (3.4)

769

——, ¢=0.1.
2500

ne xe[-20, 20], dy =0.1, te[0,10], 7=0.01, B, =6, fo =1 fBy=-L1 fB4=
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ITogaTkoBi yMOBU 33/1aHi y BUTIIAII:

I'pann4Hi yMOBH MalOTh BUTJIISI:
86625
u(a,t)=
591361
u(b,t)= 86625
591361

AHaIITHIHUIN O3B’ 30K 33aHO piBH;{HH;{M

u(xt)= 86625
"/ 591361

0(x,0)= 86625 . 6( _5X
591361

sech6

sech®

1538

5
a-—

«¢1538

591361

6 (b 180000 j

\/1538 591361

5 (x-lSOOOOtj
| J1538\ " 591361

1sooootj'

(3.5)

(3.6)

(3.7)

(3.8)

Ha puc. 1 npeacraenena Bizyaizaiis HaOIMKEHOro po3B’ 3Ky 3amaui Ne 1

-20 -15

Puc. 1 Bizyanizayis HaOausiceno2o po3e sa3ky

-5 0
X

20

B Tabymni 1 HaBeaeH HOXUOKHU HAOIMKEHOro po3B’ 13Ky 3amaui Ne 1 B pi3Hi NIPOMIXKKH 4acy.
y Y

Taonuys 1. Hoxubxu nabausicenozo poss’a3ky 3adaui Ne |

rerr(u)

aerr(u)

merr(u)

7.98361413468731 x 10°
1.30365699236829 x 107
1.64791284183743 x 107
1.89100266827542 x 107
2.08159518270299 x 10°
2.23502675472742 = 10°
2.36322270572377 x 10°
2.47455738168823 x 10
2.57901867466870 x 10
2.73336652606637 x 10°

Boovouarwnr] ~

8.90251166252210 x 10°
1.45370522455223 x 107
1.83758421254748 x 107
2.10865317679884 x 10°
2.32118249661440 = 10°
2.49227372610114 % 10
2.63522476649887 x 10°
2.75937383369796 x 10°
2.87585840542116 x 10
3.04797137507376 x 10

2.73967997293928 x 10
4.08782804435931 % 10°
4.98815848004597 x 10°
5.53044721944423 x 10
5.77566265959756 x 10°
6.15998871260765 x 10°
6.45459904157625 % 10°
6.74311969199454 x 10
6.78026595746228 x 10
7.30919652554840 x 10
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Ha puc. 2 npeacrapnennii rpadik aHATITHIHOTO Ta HAOIMKEHOTO po3B’s3kiB 3amadi Ne 1 B MOMEeHT

gacy t=10.
0.16 T T T T \ \
O aHaniTMiHWin po3B'A30K
0.14 |- *  HabnXeHWA po3B'aA30K | |

_002 1 | 1 1 | | |
-20 -15 -10 -5 0 5 10 15 20
X
Puc. 2 I'paghix ananimuunoeo ma nabausxcenozo po3s 'a3Kie 6 (ikcosanuli MoMeHm 4acy
3adaua Ne 2

Sxmo B piBHAHHI (1.1) xoedinientn fy =p, =1 fz3=—1Ta f;, =0, To naHe nudepeHiiaTbHE
PiBHSIHHS TIEPETBOPIOETHCS B piBHsAHHS KaBaxapu. PosrisHemo HemniniliHe piBHsHHA KaBaxapu

au(x,t)+

ne x€[-20, 20], d, =0.1, te[0,10], 7=0.01, c=0.1,

3 HACTYITHUMH ITOYaTKOBUMHU

Ta FpaHI/I‘IHI/IMI/I yMOBaMI/I
u(a,t)= @sechd' L(a—ﬁt
169" |

u(b,t)zgsech4 —
169

AHaJITHYHUI pO3B’ 130K Mae Burisif [ 14]:

105 4] 1 36
u(x,t)=——sech™| ——| x——t
( ) 169 _2«/13( 169 J

3
( ’t)au(x,t) . o%u(x,t) ~ 85u(x,t)
ot oX ox3 ox°

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

Ha puc. 3 npeacrapiieHa Bizyanizallis HaOJMKEHOro po3B’ 13Ky 3agadi Ne 2.
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0.6

0.4

u(x,t)

0.2

10

20 -15

Puc. 3 Bizyanizayis Habaudiceno2o po3e ’a3xy

0
X

10 -5

20

B Tabmumi 2 HaBeneHi cepedHsl BiTHOCHA, cepenHsi aOCONIOTHA Ta MaKCHMallbHA TOXUOKH
HaOIMKeHOTo Po3B 3Ky 3azaui Ne 2 B pi3HI MPOMIXKKH Hacy.

Tabnuys 2. [oxubku nabausicenoeo poss s3ky 3adaui Ne 2

rerr(u)

aerr(u)

merr(u)

Boovourwnr]~

1.01845654833457 x 10~
1.31931024613584 x 107
1.66445839390280 x 107
1.77826695990643 x 107
1.96234919736284 x 107
2.11327850898946 x 10°
2.30503736222738 x 107
2.53819247640622 x 107
2.89427881906362 x 10°
3.33752388589199 x 10

5.13791480772239 x 10™
6.65566307802692 x 10
8.39686821017665 x 10°
8.97101023103128 x 10°
9.89966921970141 x 107
1.06610781478807 x 10™
1.16284641393765 x 10
1.28046861750834 x 10
1.46010722560749 x 10™
1.68371570502904 x 10

1.48729866269164 x 10™
1.78449611171396 x 10™
2.10307912127064 x 10*
2.06880668735390 x 10
2.54983134358699 x 10
2.87461533342600 x 10
3.03083215576009 x 10
3.38620132809713 x 10
3.77481923822717 x 10
4.43853647666853 x 10

Ha puc. 4 npencrasnennii rpadik aHaTiTHYHOTO Ta HAOIMKEHOTo po3B’A3KiB 3agaui Ne 2 B MOMEHT

gacy t=10.
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0.7 T 1

aHaniTMYHWIA PO3B'A30K

*  HabnUKeHW po3B'A30K
0.6 ﬁ’& .

01 I 1 I I I I |
-20 -15 -10 -5 0 5 10 15 20

X

Puc. 4 I'paghix ananimuunozo ma nabaudiceno2o po3s sa3Kie 6 Qikcosanuti MOMeHm yacy

Ha puc. 5 HaBeneHa Bizyaiisanis IIOpIBHAHHS HAOIMMKeHUX po3B’sa3KiB 3amaul Ne 1 ta 3amaui Ne 2.
Y

u(x,t)

Puc. 5 I[lopisusnus nabaudiceHux po36 a3Kie
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4 BUCHOBKH

VY cTarTi onuCyeThes OE3CITKOBUI METOJ JUIS YMCIOBOTO BUPIIIEHHS HEJIHIHHOTO OJIHOBHUMIPHOTO
HecTaiioHapHoro piBHsHHs KopteBera-ne ®piza cbomoro mopsiky. besciTkoBa cxema pearnizyeTbes Ha
OCHOBI METOJy KOJIOKaIlii Ta pamiadpbHuX 0a3ucHUX (QyHKIINA. Po3B’ 530K nudepeHmiaasHOro piBHIHHS
Koptesera-ne ®dpiza choMOro MOPSAKY ANPOKCUMYETHCS pamiadbHUMH Oa3UCHUMHU (QYHKIIISIMH, a
METO/I KOJIOKaIlii BHKOPUCTOBYETHCS IS 3HAXOKEHHsI HeBioMUX KoedilieHTiB. B skocTi pagianbHux
OazucHEX  (QyHKOIA B CTaTTi  BUKOPHCTOBYIOTbCA  laycoBa, 3BOpPOTHa  KBaJpaTH4Ha,
MYJIBTHKBaJpaTHYHA, 3BOPOTHA MYJIBTHKBaApaTHdHA (YHKINI, a TakoX (yHKIisS By 3 KOMIIaKTHUM
HocieM. JluckpeTn3allisi 32 4acoM HeJliHIITHOTO OHOBHMIPHOTO HecTalioHapHOTo piBHsHHA Kopresera-
ne dpiza CbOMOTO MOPSIIKY 3MIHCHIOETHCS 3 BUKOPUCTAHHSIM -CXEMHU.

B poboti mpencrasneHi pe3yibTaTH YHUCIIOBHUX BHPIMICHb IBOX TECTOBHX 3a1ad, SKi OTPHMaHI 3
BUKOPUCTAaHHIM JAaHoro merony. lns po3risiHyTHX 3amad moOynoBaHo Tpadiku HaOIMKEHHX Ta
aHAITUYHHUX PO3B’A3KIB, a TAKOXK IMOPaxOBaHi Cepe/iHs BiIHOCHA, CepeaHs aOCOMOTHA Ta MaKCUMAaIllbHA
nmoxuOku. OTpuMaHi pe3yibTaTH CBiAYATH MPO Te, MO0 JaHAa cXeMa € e(pEeKTHBHUM MiAXOIOM IS
BUpIIICHHS HENiHIHHUX PIBHSIHD TaKOTO THITY.
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OHTOJIOTi1YHA MOJIETH OLIHKH €(PEeKTUBHOCTI (DYHKIIIOHYBaHHS HayKOBUX YCTaHOB

JI.C. I'no6a, P.JI. HoBorpynckka, b.0O. 3amoenko
Hayionanvnuii mexniunuil ynigepcumem Yxpainu
"Kuigcoxuti nonimexuiunuti incmumym imeni leopsa Cixopcwvrozo” npocnexkm Ilepemoeu 37, m.Kuis, 03056,
Ykpaina
Hayionanvuuii yenmp «Mana akademis nayx Yrpainuy eyn. [Jeemspiscora 38/44, m.Kuis, 04119, Vrpaina
e-mail: rinan@ukr.net

B cratTi npezacTaBieHo miAXin 40 OIIHKH SKOCTI ()YHKIIOHYBaHHS HAyKOBUX yCTaHOB Ha 6a3i oHTonorii. Ha croromgmimmmii
JIeHb ICHY€ BeJHKa KUIBKICTh HAyKOBUX YCTaHOB Ta NMPOQIIBHUX OpraHizaliil e)eKTUBHICT (YHKIIOHYBaHHS SIKHX HaIpsMy
3aJIeKUTh AKOCTI MOCTYT SKi BOHH HaJarTh. B mpomeci cBOro (yHKIiIOHYBaHHS YCTAHOBH HAKOMHYYIOTHh BEJHKY KUJIBKICTh
iH(popMalii (HayKOBi CTaTTi, 3BiTH, PEUTHHIH NPAI[iBHUKIB, EKOHOMI4HI TIOKA3HUKH Ta iH.) fIKa MO>Ke OyTH BHKOPHCTaHA JUIA X
OLIHKK 3a 3arajJibHOACP)KaBHUMHU KpPUTEPiSAMH B aBTOMATHYHOMY pPEXHMi. B HaBeZeHOMY IOCTI[KEHHI NPOMOHYETHCS
BUKOPHCTOBYBATH OHTOJIOTIYHY MOJENb AJIs 30epiraHHs, IpeACTaBICHHS Ta MaHITyIIOBAaHHS Takolo iHpopmariero. OHTOOTIsA
JIO3BOJIMTH HE JIUILE CTPYKTYpPYBaTH Ta CHCTEMATH3yBaTH JaHI HAyKOBHUX YCTAHOB, ajle i BHKOHATH IPOLEAYPY OLIHKH SIKOCTI
3a paxyHOK MEXaHi3My OHTOJIOTIYHOTO JIOTTYHOTO BHBEACHHS. 3arajbHy OHTOJIOTIIO JUISl OIUCY JisNIBHOCTI HAYKOBHUX YCTaHOB
MPEJICTABICHO CHCTEMOIO II'SITH 3B’S3HMX KOMIOHEHT. ONMHCaHO CTPYKTYpy Takoi CHCTEeMH, BHAITEHO 0a30Bi eleMeHTH Ii
OHTOJIOTIH, a TAaKOX 3B’S3KM MDK HUMH. P03poOJIeHO OHTOJOTIIO HisIIBHOCTI HAayKOBOi YCTaHOBH Ha 0a3i TEXHOJIOTIYHOI
mwiatpopmu TOJAOC.

Kniouogi cnoea: naykosa ycmanosa, oyinka SKocmi, OLUIbHICHb, MOOEb NPeOCMAGLeH s 3HAHb, OHMONI02IsA, MOOelb, KIAC,
BIOHOWIEHHSL.

The article presents an ontology-based approach to assessing the quality of functioning of scientific institutions. Today, there
are a large number of scientific institutions and specialized organizations whose efficiency depends on the quality of the
services they provide. A large amount of information concerning these institutions is produced during their functioning
(scientific articles, reports, employee ratings, economic indicators, etc.). That information can be used for the automatic
evaluation by some universal criteria. The study proposes to use an ontological model to store, process and present such
information. Ontologies are new intelligent tools for finding resources on the Internet and new methods for representing and
processing knowledge and queries. They are able to describe accurately and efficiently the semantics of data for a certain
domain and solve the problem of incompatibility and inconsistency of concepts. The ontological approach allows improving
the model based on basic ontologies by contiguous developing and completing those ontologies. The ontology will allow us
not only to structure and systematize the data of scientific institutions, but also to perform the procedure of quality assessment
through the mechanism of ontological logical inference. A general ontology for describing the activities of scientific
institutions is represented by a system of five connected components. The structure of that system is described in the paper.
Basic elements of its ontologies and the connections between them are highlighted. The ontology of the scientific institution
activity is developed by using specific technological platform TEDAOS - “Transdisciplinary Educational Dialogues of
Applications’ Ontology Systems”.

Keywords: scientific institution, quality assessment, activity, model of knowledge representation, ontology, model, class,
relationship.

B crartee mpencraBieHbl MOAXOJ K OLICHKE KadecTBa (YHKIMOHMPOBAHHs HAyYHBIX y4IpexJIeHuil Ha Oasze oHrojorumii. Ha
CETOHSIIHUI JACHb CYIIECTBYET OOJBIIOE KOJMYECTBO HAYUHBIX YUPEKACHUH U MPOQHIBHBIX opraHu3anuii 3Gp(heKTHBHOCT
(YHKIMOHHPOBAHUS KOTOPBHIX HAMPSMYIO 3aBHCHT KadecTBa YCIYT, KOTOpbIe OHH IpPENOCTABIAIOT. B mporecce coero
(YHKIMOHHPOBAHUS yUPEKACHUS HAKAIUIMBAIOT OOJNBIIOE KONMYECTBO MHGpOpManuu (HaydHBIE CTAaTbH, OTUETHI, PEHTHHTH
paOOTHMKOB, OJKOHOMHYECKHE TIIOKazaTenn u J1p.), Koropas MokeT ObITh HCHONB30BaHA IS WX  OIEHKH
OOIIEeroCylapCTBEHHBIMH ~ KPUTEPHSIM B aBTOMAaTHYECKOM peXHMe. B TpHBEIEHHOM HCCIIENOBAaHWH IIPEAJIaraeTcs
MCIOJIB30BaTh OHTOJIOTMYECKYI0 MOJENb Ul XPaHEHWs, MPEACTABICHHS M MAaHHUIYJIHPOBAaHHsS TakoW HHQoOpMaIue.
OHTOJIOTHS TTO3BOJMUT HE TOJBKO CTPYKTYpPHPOBaTh U CHCTEMATU3UPOBAThH JAHHBIE HAYYHBIX yUPEKICHUI, HO U BBIIIOJHUTH
MpOIEeypy OLEHKU KauecTBa 3a CUET MEXaHM3Ma OHTOJIOIMYECKOro JOTHYECKOro BeiBoAa. OOIIyI0 OHTOIOTHIO ISl ONIMCAHUS
JIESITEIbHOCTH HAayYHBIX YUYPEXICHUI MpPEACTaBICHO CUCTEMON MATH CBSI3HBIX KOMIOHEHT. OmucaHa CTPYKTypa Takou
CHCTEMBI, BBIIEJICHBI 0a30BBIE 3JIEMEHTHI €€ OHTOJIOTHH, a TaKXKe CBA3M MEXTy HUMH. Pa3paboTaH OHTOJIOTHIO NesSTeTbHOCTH
Hay4JHOTO y4pexJeHus Ha 0a3e TexHonorudeckoil miarpopmsr TOJAOC.

Kniouegwie cnoea: nayunoe yupescoenue, oyenka kaiecmed, 0esimenibHOCMb, MOOeNb Npeocmasienus 3HaHull, OHMON02Us,
MOoOeb, KIACC, OMHOUEHUS.

1. Betyn

Ha crorommimmHiii 1eHb iCHye BeTWKa KUIBKICTh IEp)KaBHUX Ta IMPHBATHUX YCTAHOB SIKi HANAIOThH
MOCIIYTH Yy Pi3HUX cdepax KUTTENISIIBHOCTI CYCHiJIbCTBA. 3aTpeOyBaHICTh TAaKUX YCTAHOB HAMpPSAMY
3aeKUTh Bil eGEKTUBHOCTI ix (¢yHKmioHyBaHHA. OCOOIHMBO BaXKJIMBOK XapaKTEPUCTHKOO
e(eKTUBHICTh (PYHKIIIOHYBAaHHS € JUIS OpraHizalliif 3aisHuX B cepi HAyKH Ta OCBITH, OCKIJIBKH CaMe
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BiJl SIKOCTI TIOCIYT, SKi BOHHM HAJalOTh 3aJeKUTh MaWOyTHIN piBeHb pO3BUTKY JHepXKaBH Ta
KUTTENISUIBHOCTI ii TpoMaasiH. CaMe TOMY Ha ChOTOJHI iCHYIOTH NEBHI 3araJlbHONPHUHATI MPUHLIUIH
OIIIHKM TaKMX opraHizaiiii. [Iporiec Takoi eKCIepTHOI OIIHKY HABEJICHO Ta 3aTBEP/HKCHO Y BiIIOBITHUX
HOPMaTHUBHHX JOKyMeHTax [1].

BypxmuBuii po3BUTOK iHGOpPMAIIHUX TEXHOJNOTIH TPHUBIB [0 TOSBH BEIWKOi KUTHKOCTI
iHpopMaLiHHUX CHCTEM, sIKi MOXYTh OyTH BHKOPUCTaHI B mpoueci poOoTH cHiBpOOITHHKIB pPi3HHX
opramizamiii. 3a3BHYail Taki CHCTEMH HAJAaOTh MOJXJIMBICTH 30epiraTé meBHY iH(pOpMAIliio sKa
MPOAYKYETbCA OpTraHizalli€lo, peai3yBaTH MOXKIHUBICTE JOKYMEHTOOOITY Ta XapaKTepH3yIOThCS
HasBHICTIO B iX CEPEJOBHUINI OCOOMCTUX iH(OpMAamiHHUX CEpPeNOBHUIN JUIsI KOXKHOTO CHiBpOOITHHKA.
OpHak, BUKOPHCTaHHS TaKMX CHCTEM came JJIsi OCBITHIX Ta HAYKOBHMX OpraHi3allii He € JOCTaTHBO
obrpynToBanuM. [Iporec QpyHKITIOHYBaHHS TaKUX OpraHi3alliil MOB'I3aHU 3 MEBHUMH CIIeNU(DITHIMHE
0COONMBOCTSAMHU SIKI HE € XapaKTepPHUMH [Jsl 1HIIOTO THIy YCTaHOB. Tak, HaNpHKIAA, Ba)KITUBHMHU
MOKAa3HUKaMH OCBITHBOTO Ta HAYKOBOTO IPOILECIB € KUIBKICTh MyOJiKaliii, IUTyBaHHA, Pi3HOMaHITHI
HAYKOBi 1HJEKCH Ta PEUTHHTH, y4acThb Yy MDKHAPOTHHUX IMPOEKTaX Ta Mporpamax, BUKOHAHI HayKOBi
TEMH, MIATOTOBJIEHI CHEMialiCTH Pi3HUX KBamiikaliifHUX pIiBHIB 32 PI3HUMH CHEIalbHOCTAMH 1
cnemiamizamis MU Ta iHme. Came TOMy KiIacW4Hi iH(OpMaliliHi CHCTEMH HE € MPHIATHUMH IS
BUKOPHUCTaHHS B TAKMX OPTaHi3aIlisix.

B mporeci cBoro (yHKITIOHYBaHHS YCTAaHOBH HAKONWYYIOTH BEIIMKY KUIBKICTh iH(poOpMarlii (HayKkoBi
CTaTTi, 3BITH, PSUTUHTY MPAI[iBHUKIB, EKOHOMIYHI MIOKa3HUKH Ta iH.), sIKa MOXe OyTH BUKOPUCTAHA JJIs
iX OWIHKK 3a 3aranbHOJCPKaBHUMH KpuTepisMu Jns OmiHKKA e(peKTHBHOCTI poOOTH opraHizamii
BHUKOPHUCTOBYETHCS 1HPOPMAIIis, sIKa BXKE € HAKOIMMIEHOO Ha PiBHI opraHizamii. OTke, cucreMaTn3allis Ta
CTPYKTypH3allis Takoi iHhopMallii He JIUIIE MOJIETIINTh ii 00poOKyY Ha PiBHI YCTaHOBH, ajie i MOXKE HaJlaTH
MOXKJTMBICTh BUKOPHCTOBYBaTH ii BIINOBIIHMM OpraHaM B MpOLECI OLIHKH SKOCTI (YHKIIOHYBaHHS
yctaHoBU. Takoxk, 3BayKalouy Ha CYy9acHHM CTaH PO3BUTKY iH(OPMANIHHUX TEXHOJOTiH, BAXKIMBO 00
Taka OIliHKAa IPOBOJIWIACH B aBTOMATHYHOMY UM HAIliBABTOMATUYHOMY pexumi. s BupimeHHs
OIMCAHMX 3aJ1a4 HEOOXIHO pealli3yBaTH aBTOMAaTH30BaHy iH(OpPMaIliiHy TEXHOJIOTiI0, sika O HajaBajia
MOKITMBOCTI CHCTEMaTu3alii Ta CTpyKTypu3amii iHdopmaliii HakonmuueHoi Ha piBHI oOpraHizamii Ta
MOJANBIIOT  OLIHKKA Takoi iHdopMamii 3a 3aJaHUMK 3a3[AJEriIp KpUTepisMu. Po3poOka Takoi
iHpopMamiiHOT TexHoNoTll MOke 0azyBaTHcs Ha iH(OPMAIIHHOMY MOJICTIOBAaHHI 3 BHKOPHCTaHHSM
Cy4acHHX 3ac00iB Ta MOJIeJIeH IPe/ICTaBIICHHS 3HAHb.

Y po0oTi HaBemeHO MiAXiJ A0 TpeAcTaBieHHS iHQOpMaii sKa HAKOMUYYETHCS B PI3HOMAaHITHUX
HAyKOBUX YCTaHOBAxX 3a JJONOMOTOI0 OHTOJIOTIYHOI Mozeidi. OHTOJOTiYHE TMPEICTAaBICHHS O3BOJIUThH
NPOBOJMTH OLIHKY $KOCTi (DYHKIIOHYBaHHS HAyKOBHUX YyCTaHOB Ha 0a3i 3arajbHOJIEpKaBHUX
MIPUHLIUIIB Takoi oIiHKW. [HdopMallis mpo opraHizallito MpoIecy OMIHKH, a TAKOXK 3arallbHOTIPUIHSTI
KpUTepii OIIHIOBaHHA TaKOX 30epiraTuMyTbCcs B OHTOJIOTIYHIM Mojeni. BusHadeni B Moneni
acoliaTHBHI BiJTHOIIEHHS MiX 00’ €KTaMH, SIKi IPEACTaBIISIOTh TEPMIHH MPEAMETHOT 00JI1acTi T03BOJISAThH
OB’ S13aTH MOKA3HUKH JisTIBHOCTI OpraHi3allii 3 KpUTEpisiMU 32 SKMMHU TIPOBOIUTHCS OIIIHKA.

2. Orasia OCHOBHMX JIOCJTiKEHDb 32 HANIPSIMKOM Ta 0a30Bi MOHATTSI
B ocTaHHI pokH, 3aBISKH CTPIMKOMY PO3BHTKY Ta 3aCTOCYBAHHIO TE€XHOJIOTII IITYYHOTO 1HTEICKTY
JUTSE pO3pOOKU iH(POPMALIHUX CHCTEM IMOCTajla HEOOXiIHICTh CTBOPEHHS MiJAXOy OPIEHTOBAHOTO Ha
3pydHe IS KOPUCTYBada MPECTaBICHHS OMUCY 3HAHb, SIKI aKYMYJIIOIOTBCS B TakuX cucreMax. OqHUM
3 TaKUX MiJIXOIB € po3po0Ka KapT 3HaHb. KapTa 3HaHb - 11€ IHCTPYMEHT, SIKHM MpeACTaBiisie o0paHy
o0JlacTh 3HaHb Ta 3B’SI3KM BCepelnuHi Hei y rpadiunii ¢opmi [2] Tepmin xaprorpadyBaHHS 3HaHb
BU3HAYAETHCS SIK TPOIEC, METOAM Ta IHCTPYMEHTH aHaiily o0JlacTeil 3HaHb 3 METOH BUSBJICHHS
0coONMMBOCTEH YK 3HAYEHHS Ta Bi3yamisalii iX y BHYEpIHIM, Mmpo3opiii gopmi Taki, IO YITKO
i IKPECIIOI0THCS BAXKIIUBI 1715 Oi3Hecy pyHkmii [3].
Ha croroHinHil A€Hb BUIUIAIOTH JEKiIbKa BUJIIB KAPT 3HAHB:
— lepapxiyHa KapTa 3HaHb — NPEJCTABIIAIOTH KOHIIENTH 3aJICKHOCTI MK SIKHMH
MOJKHA HPEJCTABUTH BIAHOIICHHAM ITiAMOPSIKYBaHHS,
— MepexeBa KapTa 3HaHb — CTPYKTYpa, siKa 3a/1a€ BiAHOIICHHS MK KOHIICITAMU
y BUrIsAL rpady,
— KapTa mpoliecy 3HaHb (MIOTOKY 3HaHb) - BUKOPHUCTOBYETHCS K IHCTPYMEHT IS
OTINCY TIPOIICCIB.
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— KapTa JpKepena 3HaHb — OMUCYE TOHSATTS MPEAMETHOI 00JacTi Ta 3B’ SI3KH MK
HUMH B paMKaXx NeBHOT chepr 3HAHb.

Y po0ori [4] HaBeneHO AeKiIbKa KaTeropil, SIKi CTOCYIOThCS KapT 3HaHb.

1. 3mict kapTu: Onrcye eneMeHTaMu KapTH 3HaHb

2. KopucryBaui: [lesiki kapTe 3HaHb MOXYTh OyTH JHIe s OCOOMCTOTO
BUKOPHUCTaHHSI, a ISKi UIsl BAKOPUCTAHHSI LILIOI0 OpraHi3ali€lo.

3. ®opma KapTH: 3a7a€ Ta ONMUCYE CIIOCIO TpeACcTaBIeHHS KapTH 3HaHb, i1 GopMy
Bi3yaJIbHOTO MpEACTaBIeHHA. (TaONMuWIsl, KOHIENTyaJllbHAa CXeMa, Jiarpama MpoLecy,
1€EpapXigHUI CTIHCOK).

4, Crioci6 CTBOpeHHS KapTH: KapTh MOXYTb CTBOPIOBATHCS aBTOMATHYHO,
BpY4HY, peAaryBaTHCh iTepaTUBHO, TOILIO.

Hagirariss Ha OCHOBiI KapTu 3HaHb BHUIAETHCS IUTKOM MPHPOTHOI I PO3YMiHHS KOPHUCTYBadeM,
OCKLTBKU TPEACTABISIE OMUC KOHIIETITI Ta 3B’S3KiB MDX HUMH Yy Bi3yanbHii ¢opmi. B cBoro depry,
Bisyalizalisi Ta TONIYK 3HaHb € KIIOYOBUMH INpHHOMAaMH 3IiHCHEHHS e(EeKTUBHOTO YIpPaBIiHHS
3HaHHAMH [5]. BaXJIMBUM TakoX, € Te, IO KapTH 3HaHb HE JIUIIC MEPECTABIAIOTh 1HPOPMAIHIO Y
¢dopMi, sika 3po3yMmilla KOPHCTyBady, ajie i po3pobieHi 3a cTaHAapTaMu «3PO3YMITUMID) U MAITUHHOT
00po0OKH.

Kapra 3HaHb - 1€, SIK mpaBuUIlo, BizyajbHE 300paKCHHS «3HAHb NP0 3HAHHS», a HE CAaMOTO 3HAHHS.
Taxwuii migxia, B OCHOBHOMY JOIIOMAara€e BUSBUTH JKepela 3HaHb Ta CTPYKTYPY 3HaHb, IPEACTaBIISIOUH
€IEMEHTH Ta CTPYKTYpHI KOMIIOHEHTH AOCIiI)KyBaHMX oOJacTeil pi3HUX ramy3ei 3HaHb. OCKiIBKH
KapTa 3HaHb BigoOpakac BEpXHIH piBeHb NpEACTaBICHHS 3HaHb (Bi3yaJbHE IpEACTABICHHS), ii
po3poOka MOBMHHA OyTHW WiAKpIIJIEHa II€BHOIO 3arallbHONPHHHATOI METOAWKOI, MOJIEIUTI0 YH
CTaHIApTOM INpelCcTaBlIeHHS 3HaHb. OCTaHHI, B CBOIO 4Yepry, AO3BOJISIIOTh CaMe ONMMCATH 3HaHHA B Tid
(dopmi, sika Oyie NPUHHATHOIO JUIS MOJANBIIOI 00POOKH METOAAMHM IITYYHOTO 1HTEICKTY.

PosrnssHeMo OinbIl IE€TANBHO iICHYIOWI MOJENI MPEICTaBICHHS 3HaHb, SIKi BUKOPUCTOBYIOTBCS caMe
JUTS BUPILIEHHS 3a/1a4i Ipe/ICTaBICHHs 3HaHb IIEBHOI IIPEIMETHOI 00macTi.

Ipooykyitini moodeni npedcmaenennsi s3Hanb. [Ipoaykiii € HAHOUIbIN MOMYJISIPHUMH 3aco0amu
MPEJICTABJICHHS 3HaHb B iH(poOpMamiiHuX cuctemax [IpomykiiifiHa MOieab — IIe MOJIEJIb, 3aCHOBaHa Ha
MIpaBUJIaX, sIKA TO3BOJISIE TIPEACTABUTH 3HAHHS y BUTIISAII MPOMO3UIIN THITy «SKio (ymoBa), To (His)».
[6, 7]. ITix "ymoBOK" (aHTHIIEIEHTOM) PO3YMIETHCS JIesKa MPOTIO3HILiSt — 3pa30K, 3a IKUM 3/IHCHIOETHCS
MOIIYK y 0a3i 3HaHb, a Hij "mier0" (KOHCEKBEHTOM) — JIii, 1[0 BUKOHYIOThCS IPH YCHIIIHOMY Pe3yJIbTati
MOMYKy (BOHM MOXYTh OyTH MPOMiIXHHMH, BHCTYITAIOUMMHU Aalli K YMOBH, 1 TepMiHATBHUMHU a0o
iITHOBUMH, 3aBEPIIAILHUMH JIJIsi pOOOTH cucTeMu). HaifuacTime BUCHOBOK Ha Takii 0a3i 3HaHb OyBae
npsiMuid (Bif TaHUX J0 TONIYKY METH) a00 3BOPOTHUH (BiJl I[iTI JUIs 11 MIATBEPKEHHS 10 JTAHUX).

Bynp-sike mpaBuito poAyKIiHHOT MOZIETi CKIIalaeThes 3 OHIET 200 KiJTBbKOX Map aTpuOyT-3HAYCHHS.
VY poOouiil mam'ati mpoayKuiiHOI cUcTeMH 30epiraroThCs Mapu aTpuOyT-3HAYEHHS, ICTUHHICTH SKHX
BCTaHOBJIEHA B MpOIleCi BUKOHAHHS KOHKPETHOTO 3aBJaHHs. BMicT poOodoi mam'siTi 3MIHIOETBCS B
nporieci BUKOHaHHS 3aBnaHHs [8]. [Ilpu onwci 3HAHH KOHKPETHOI MpeAMETHOi o0macTi Juis
CTPYKTypH3allii pecypciB OKpeMy CYTHICTh MpPEIMETHOI 00JlacTi po3riIsgaroTh sIK 00'€KT, a AaHi, LI0
30epiratoTbesi B poOouiil mam'sTi, NpeAcTaBIAOTh 3HAYCHHS, SKi NIPUIMalOTh aTpUOyTH LBOTO 00'eKTa.
OjHi€I0 3 TepeBar Takoro MpECTaBICHHS 3HAHb € YTOYHEHHSI KOHTEKCTY, B SIKOMY 3aCTOCOBYIOTHCS
npaBuna. [IpaBuna 3 6a3u mpaBUiI MOXKYThH CIIPAallbOBYBaTH OiJIbIIEe OJHOTO pa3y B MPOLECi OJHOTO
JIOT1YHOTO BHCHOBKY, OCKIUJIbKH OJIHE MPABMIIO MOYE 3aCTOCOBYBATHUCS 0 PI3HUX €K3eMIUIAPIB 00'€KTa
(ane He OibIIEe OJHOTO pa3y J0 KOKHOTO EK3EMILIIPY).

Dpeiimosi modeni npedcmasnenus 3nanb. OperiMoBa MOJIEITb IPYHTYETHCS HA TAKOMY TTOHSTTI SIK
¢peiim (anrn. frame — pamka, kapkac). ®peiiM — e CTPyKTypa AaHUX Ul NPEICTAaBICHHS JIESKOTO
KoHIenTyansHoro o0'ekra [9]. [Hdopmarris, 1110 BIIHOCUTHCS 110 PpeiiMy, MICTUTLCS B CKIIaJIOBUX HOTO
cinotiB. Cnotu MOXXyTh OyTH TepMiHAIBHUMH abo OyTu (peiiMamMH, TaKUM YMHOM YTBOPIOIOYH LTy
iepapxigHy Mepexxy. @peliM Mae MaiKe OHOPIIHY CTPYKTYPY 1 CKIaTa€ThCs 31 CTAHAAPTHUX OTUHUITS.
KoskHa Taka omuHMIs (CIOT) MICTHTh Ha3By i Mae cBoe 3HaueHHs [10]. ®opmansHo (peiim — 11e THI

JaHWUX BUIY:
F=<N,S;, Sy S3>,
e N —iM’s1 00’ exTy;
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S;— MHOKHHA CJIOTIB, IO MICTATH (DaKTH, SKi BA3HAYAIOTH JCKIApaTHBHY CEMAHTUKY (permy;

S; — MHOKHHA CIIOTIB, 0 3a0€3MevyIOTh 3B'SI3KU 3 IHIIMMHU (peliMaMu (Kay3aibHi, CeMaHTHYHI 1
T. I.);

S3 — MHOXHWHA CIOTIB, IO 3a0e3MeYyroTh IEPETBOPCHHS, SKi BHU3HAYAIOTH IMPOLEAYPHY
CEMaHTHKY KaJpy.

Cxutan ¢peliMiB 1 CIIOTIB B KOXHIN KOHKpeTHi (peiimMoBoi mMomeni Moxke OyT pi3HUH, mpoTe B
paMKax OJHI€T CUCTEMH JIOIUIBHO €MHE MPEICTABICHHS U1l YCYHEHHs 3aiiBoro yckiuanHenHs [11, 12].
Y uinomy ¢peiiMoBa MoOJeNb JIONMYCKA€ BiHOMICHHS BCIX BJIACTUBOCTEW JCKJIAPATUBHUX 1
MPOIEAYPHUX 3HAHb. | THOMHA BKIIaIEHOCTI CIOTIB y (ppefimi (YMCIIo piBHIB) 3aJI€XKUTh BiJ MIPEIMETHOI
00JacTi Ta MOBH, IO Peali3y€ MOAECIb.

CykymHIiCTh ymopsiakoBaHuX (peiiMiB HazuBaeThesi cueHapieM. CTpykTypa ¢peiimy 3a3Buyaid
BUKOPHUCTOBYETHCS AJISI «PO3YMIHHS» MPUPOJHUX MOB, a TAKOXK Ul ONUCY MEXaHIYHMX NPHUCTPOIB Ta
nporecy ix ¢yHkmionyBaHHs. Lle moB’s3aH0 3 TUM, IO MEXaHIYHI MPHUCTPOI CKIANAIOTHCS 3 BEJIHUKOI
KUIBKOCTI €JIGMEHTIB, sKi MOB’si3aHi MK co0oro. KoxxeH ¢pelim moxke 30epiraté iHpopMaIliro mpo
KOHKPETHHH €JIEMEHT, a CYKYIHICThb (QpeiiMiB mMmoegHaHUX MK cobor Oyne clieHapiem,
NPEICTABIISIOYNM MTEBHUN MeXaHidyHUi mpuctpiid. [13].

Jozciuni moodeni npedcmasnennsi 3Hanv. JloriuHa (TpeAWKaTHA) MOJENb MPEICTABICHHS 3HAHBb
3aCHOBaHa Ha anreOpi BUCIOBIIOBaHb Ta MPEIUKATIB, HA CUCTEMi akcioM wiel anreOpu Ta ii mpaBuiIax
BUBOIY. 3 NPEAMKATHUX MoOJeNeil HalOinbplle MOLIMPEHHS OTPUMala MOJAENb MPEIUKATIB IEepIIoro
MOPSIKY, IO 0a3y€eThCs Ha TEPMaXx Ta MpeaukaTax. Bei 3HaHHS Ipo MpeaMeTHY 001acTh B TaKid MO
OIUCYIOTHCS y BUTIISIAI popMyit Takol joriku abo npasui BuBody [14]. Onuc y Burisiai Gpopmyn aae
MOJJIUBICTh MPEACTaBUTH JICKIapaTUBHI 3HAHHS, a TpaBWjia BUBOIY — NpOLEAYpHi 3HaHHSA. Mojenb
MpeaIMeTHOI 007acTi 3a JOMOMOTOIO JIOTiYHOI MOAENi MOKHAa BHU3HAYUTH CIIPOIICHO Yy BUIJISI:
<Mopenps npeaMeTHOI 00aacTi™> = <MOHATIHHI 3HAHHS> + <KOHCTPYKTHMBHI 3HaHHs>. JloriuHi Moneni
3pY4Hi JJIsi TIPEJICTAaBIICHHS JIOTIYHMX B3a€MO3B'SI3KIB MiK (akramu, BOHM QopmaiizoBaHi, Ui iX
BUKOPHUCTAHHSI € 3pyYHHH 1 aJIcKBaTHUH 1IHCTPYMEHTAPiid, HAIPUKIIa, MOBA JIOTIYHOTO NMPOrpaMyBaHHS
[Iponor [15]. B ocHOBI Mozeneit Takoro THITY JEKUTh (popMalibHA CHCTEMa, IO 33/1a€ThCS YETBIPKOIO
BUJTY:

M=<T, P, A B>,
Jie MHOXKMHA 1 € MHOKHHOIO 0a30BUX €JIEMEHTIB Pi3HOI MPUPOIH.
MHOXHHA P € MHOXXHHOIO CHHTaKCUYHUX TIPaBUIL.
MHOKHHA A € MHO>KHHOIO aKCioM.
MHOXHHA B € MHOXXHHOIO TIPaBHJI BUBEICHHSI.

Onmonoeiuni modeni. OTHAM 13 ICHYIOYMX Ha CHOTOJHINIHIA JeHb MIIXOMIB A0 ineHTHIKarii
INpeaMETHOI 00JIacTi, 3aCHOBAaHMX Ha i€l KOHLENTYalbHOTO MOJENIOBaHHS, € OHTOJIOTiYHE
MojemoBaHHs. KoHllenTyansHa abo MOHATIHHA MOJeNb MpeIMeTHOI 001acTi onucye i SIK CYKyITHICTD
MOHSATH (KOHIIENTIB, TEPMiHIB) i BIIHOIIECHHh Mi>K HUMH, SIKHM B1JITIOBIJJAIOTH CYTHOCTI 3 PEajbHOTO CBITY
[16]. LlpoMy BignoBigae KjIacu4He NPEACTABICHHS OHTOJIOTTYHOI MOJEN, B SKOMY OHTOJIOT1SI 3aJa€ThCS
TpbOMa KiHIEBUMH MIIMHOXKMHAMHM: KOHLIENTIB, 3B'SI3KiB 1 ¢yHKUil iHTepnpetauii. [Ipu MoaemoBanHi
npe/IMEeTHOI o0JacTi Ak cdepu MisTIbHOCTI, BIIHOMIEHHS MK TMOHSATTAMH TaKOX € TIOHSTTSM, IO
onucytoTs BigHowmeHHs [17]. [ToHATTS, BigHECEH] 10 KIacy BiTHOLIEHb, BAKOPUCTOBYIOTHCS JJISl OTIUCY
MIPOIIECIB 1 SIBUI peaibHOTO CBITY. 3MICTOBHA MOJIENb MPEIMETHOI 00JacTi i MOHATIHHOI Momeni
3aJIa€ThCSl OPIEHTOBAHUM TOMIYEHUM TpadoM, BEPUIMHU SKOTO IHTEPIPETYIOThCS SIK iH(pOpMaIliiiHi
€JIEMEHTH, 10 BIAMOBIJAIOTh peajbHUM 00'€eKTaM MpPeIMETHOI 00JacTi. BuuainsioThcs aBa THIH
BiJTHOIIIEHHh B 00'€THAHHI MOJeJNIeH: 3MiCTOBHI, 1[0 BU3HAYAIOTh BIJHOIICHHS OJHOTO 1H(QOPMAIIIHOTO
€JIeMEHTa JI0 1HIIIOr0, 1 MOHATIHHI, 1110 BU3HAYAIOTh BIJHOIICHHS €JIEMEHTA J0 KOHIIENTY 3 MOHATIHHOT
o [18].

DopMarIbHO OHTOJIOTYHA MOJIENIb MOKE OYyTH 3aaHa SIK:

O=<C R F>,
ne C — KiHIIeBa MHOYKHHA KOHIICNITIB (ITOHATB) MPEAMETHOT 00J1acTi,
R — kiHIleBa MHOKMHA BIJHOIIEHD MI’K KOHIIENITAMHU,

F — kinmieBa MHOXKHMHA (YHKIIIH IHTEpIIpETallii, 3aJaHUX Ha KOHIICNTaX 1/a00 BiTHOIICHSIX.
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OHTOJNOTIYHAN MiIXi[ MO3BOJSE MPOBOIUTH MOCTIHHE YIOCKOHAJICHHS MOJIENI Ha OCHOBI 0a30BHX
OHTOJIOT1H HUIAXOM iX H0OymoBH Ta po3BUTKY [19]. OHTONOrIS BKIIIOYAE SK OMUC MPEAMETHOI 00MacTi,
TakK 1 OMHUC peleBaHTHUX iif pecypciB. YacTHHA OHTOJIOT], IO OMUCYE KOHKPETHY NPEAMETHY 00IacTh,
BKIIFOYa€ B cebe CyKyIHICTh TEPMiHIB 1 BIJHOIIEHb CEMaHTHYHO 3HAUYIIUX JJIS JAHOI MpeIMeTHOi
o0racTi, a TaKOXX MPaBWJI, 3TIAHO 3 SKUMH MOKHA OyTyBaTH TBEPIKEHHS MPO €IEMEHTH MPeIMEeTHOI
o6unacri [20].

IIpoBenennii anHami3 J03BOJSIE CTBEPIKYBaTH, IO BHOIp BUAY MOJENI TPEICTaBICHHS 3HaHb
3aJIeKUTh BiJ] BUMOT SIKI BUCYBAIOThCS 1O NPOEKTOBaHOI cucteMu. Tak, 3 PO3TISIHYTHX MOJEJEH,
NPOAYKIIiHI JOUIEHO BUKOPHUCTOBYBAaTH B BHUIAAKy PO3POOKM CHCTEMH HAlpaBJICHOI HA peati3alilo
eKCIEepTHUX BHCHOBKIB 3 KOPCTKOI CTPYKTYPOIO «IIpHYHHA-HACTIAOK»; (peiiMoBl Mozeni
BUKOPHCTOBYIOTBCS UIS peajizallii CIIeHapHOro IMiAXOMy 3 METOI0 CTBOPEHHS CHCTEM OpPI€HOBAaHUX Ha
MPOTHO3YBaHHS Ta MOJCIIOBaHHA MAaHOyTHIX TMOMIM;, JIOTI4HI MOJENi 3aCTOCOBYIOTBCS IS
npeAcTaBieHHS iHQopManii y BHIIAAI (QOpPManbHUX MaTEeMaTHUYHUX CTPYKTYp, SKi JOLIIBHO
BUKOPHCTOBYBAaTH 32 HEOOXIAHOCTI omNTHMi3amii YW aBTOMAaTH3allii TMEBHWX IIPOILECiB Tia dac
MPOEKTYBaHHA 1H(GOPMAIIMHUX CHUCTEM; OHTOJIOTIYHI MOJENI MOXKJIMBO 3aCTOCOBYBAaTH K 3 METOIO
npezcTaBieHHs iHGopMalii B Mporeci MpOeKTyBaHHS CHUCTEMH, TaK 1 JUIS MOJANBIIOTO OIEpYyBaHHS
Takoro iHpopMmariiero. Came OHTOJIOTIYHI MOJIENI MO’KHA BUKOPHCTOBYBATH SIK YHIBEpPCAIIbHUH 3aci0 I
iHTEeTparii JaHuX Ta 3HaHb i3 PI3HOPIAHHUX pKepen iHdopmarllii. BUkoprcTaHHS OHTOJIOTIH H03BOJISE
CTPYKTYpU3yBaTH, CHCTEeMaTH3yBaTH Ta kiacuikyBaru iHpopmaiio. BakIMBOIO XapaKTEpHCTHKOIO
OHTOJIOTIYHMX MOJEJCH TpeACTaBICHHs 3HAaHb € Te, MO0 CTPYKTypa OHTOJIOTIYHOI Mojelni ampiopi
BIIUCYETHCS B MApagurMy CEMaHTUYHOI MaBYTHHM, L0 POOUTH MOXIMBUM aBTOMAaTH30BaHE
HaNAIITYBaHHS Ta BUKOPUCTAaHHS po3pobneHoi onromyorii B IHTepHer cepemoBumii. Taka
XapaKTEepPUCTUKA € 3aTpeOyBaHOI 3 TOYKH 30pY PO3POOKM CydacHUX iH(GOpMAIIHHUX CHUCTEM,
OCHOBHOIO BUMOTOIO JIO SIKMX € HaJaHHS OH-JIAIH JOCTYIly KOPHCTyBadaM y PEKHUMIi PEajbHOrO dacy.
Ille ogHiEr0 OCOONMBICTIO OHTONOTIYHUX MOJEINEH € MOXIIMBICTh TPOBEIEHHS JIOTIYHUX BHCHOBKIB, 32
paxyHOK HasBHMX B MOJCNI BiJHOIIECHb AacOI[iaTUBHOrO BHUAY. JIOTiuHI BHUCHOBKH JIO3BOJISIOTH
OpraHizoByBaTH 3MiCTOBHHH MONIYK N0 iH(OpMamiiHOMY MIPOCTOPY MOJIENI, 8 TAKOXK MPOBOAMUTH TICBHI
3aKJTFOYEHHS (YMOBHMBOJM) IO 3HAHHSM, SIKi 30epirarotbcs B Mojeni. Came Taka OCOOIUBICTH MOXKe
OyTH TIOKJIaJIcHa B OCHOBY OIIIHKH SIKOCTI ITOKA3HUKIB IEBHOI MPEAMETHOI 00acTi, AKIIO JaHHI Ta
3HAHHS TaKoi MpeAMEeTHOT 00JacTi MPeJICTaBUTH 32 IOTIOMOTOI0 OHTOJIOTIH.

3. CuctemMa OHTOJIOTIH /151 MOHITOPMHTY Ta OI[iHKH JisSNILHOCTi HAYKOBUX YCTAHOB

B mpormeci opranizaiii HaykoBOI IISUIBHOCTI, 3 TOCTIAYyIYOK 11 OIIHKOIO, 3ajisHi JeKijIbKa
OCHOBHUX IIPOLIECIB: OpraHizaiisi IissIbHOCTI (PYHKIIIOHYBaHHSI yCTAaHOBH, BH3HAYCHHS MOKAa3HUKIB, 32
SKUMH MO>KHA BUSIBUTH PiB€Hb BUKOHAHHS MIEBHOTO BUJAY MISJILHOCTI B HAYKOBill YCTaHOBI; HasBHICTb
KPHUTEPIiB OLIHKH TaKUX IMOKA3HUKIB, 32 JIOTIOMOIOK SKMX MO’KHA BUKOHATH SKICHY OI[IHKY JOCSTHCHb
oprasizaiii Ta BCTaHOBHUTH 4YH BIiANOBigae ii MisIBHICTH 3aTpeOyBaHUM BUMOTaM; OpTaHi3aIis
Oe3nocepeTHBO MPOIIeCy OIiHIOBAHHS YCTAHOBH 3 BUSHAYCHHSM ITOCIIJJOBHOCTI JIild, 00ITY BiIOBITHUX
JIOKYMEHTIB Ta 3a/iTHUX OpraHi3aliiii.

Buxozs1uu 3 bOT0, MPOTIOHYETHCS B OHTOJIOTIT JISUTBHOCTI HAYKOBUX YCTAHOB BHJIUIMTH JICKIJIbKA
OHTOJIOTIH. B pe3ynprari Takoro BUAUIEHHS 3arajibHa OHTOJIOTIS JisIbHOCTI HAYKOBUX YCTaHOB Oyne
SBIISITH COOOI0 CHCTEMY OHTOJIOTIH, KOXHa 3 SIKMX OyJie ONMHUCYBaTH BIJIOBIHUHN MiJIPOIEC B paMKax
K JSUTBHOCTI caMol yCTaHOBW, TaK 1 Tpolecy il OIHKKA 30BHINIHIME OpraHizamisiMd Ta
MmiHicTepctBamu. Cama X cucTeMa J03BOJUTH B IOBHIM Mipi omucaTH yci HEOOXigHI eleMEHTH,
MIPOIECH Ta X 3HAYCHHS I BU3HAYCHHS PiBHS €EKTUBHOCTI MisUTHOCTI YCTAaHOBH.

Cucrema OHTOJIOTIH JjIi MOHITOPUHIY Ta OLIHKH iSJIbHOCTI HAYKOBHX YCTaHOB SBJISIE CO0OOMO
CYKYITHICTh JIeKiIbKOX KoMIoHeHTIB (Puc. 1). Po3po0iena cuctema BKITIOYA€E Taki OHTOJIOTIT SIK:

— OnTONMOTIA AiIBHOCTI HaykoBUX ycTaHoB (OAHY) — BigoOpakae yci MOXKIUBI poLecH siKi
BiZIOYBAaIOTHCS B paMKax HayKOBOTO IPOIECYy B Meax JisuIbHOCTI HaykoBux yctanoB. OJJHY ommcye
mnporiec  (DYHKI[IOHYBaHHS Ta B3aEMOIlI HAyKOBMX YCTaHOB, O0’€KTH Ta CYyO0’€KTH SKI MaloTh
BiZTHOIIEHHSI JI0 TAKOTO Mpo1iecy, 6a30Bi eNeMEHTH SKi 3a/isiHi Ha BCIX PIBHSX HATJISAY, MOHITOPHHTY Ta
OLIIHKKA HAayKOBOT'O MPOLECY SKHH MPOXOAWTH B NMEBHIH HayKoBil ycTaHoBi. OHTOJOTIS AiIBHOCTI €
IHTETPaIbHOIO OHTOJIOTIEI0 Ta TMOEAHYE HACTYIHI OHTOJIOTII: OHTOJIOTIS oOpraHizamii HayKOBOi
JiSUTBHOCTI, OHTOJIOTISl OL[IHIOBaHHS E€(QEKTHBHOCTI MisUIBHOCTI, OHTOJIOTiS MOHITOPHHTY HayKOBOI
IISIIBHOCTI.
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— Omnronoris opranizamii misuieHOCTI yctaHoBH (OO/[Y) — omucye 3arambHi MOHATTS, SKi
CTOCYIOTBCS OpraHizauii HayKoBOi AisUTBHOCTI B IistoMy. OHTOJOTSI OpraHi3amnii HayKOBOi AiSIIBHOCTI €
OHTOJIOTI€I0 BEPXHBHOTO PIBHA, Ta BKJIIOYAE 3arajibHi MOHATTS CTOCOBHO MpOIECY OpraHizaliifHOro
MIPOIIECY, SIKUH BiIOYyBA€THCSA B YCTAHOBAX PI3HOTO THITY Ta BUY.

— OwnTonoris moka3HukiB AistibHOCTI yctanoBu (OILJY) — mo3Bonsie meTanbHO OMUCATH
MOKAa3HUKM IO YCIM acleKkTaMm [isUIbHOCTI ycTaHOBHM. Ha 0a3i Takmx MOKa3HMKIB 3 BpaxyBaHHIM
KpPHUTEPIiB OIIHKH B IMOAAIBIIIOMY MOXKHA MIPOBOJUTH SKICHY OIIHKY JisSTTHHOCTI YCTaHOBH.

— OHTOINOTIA OLIHIOBAHHA AisTbHOCTI HaykoBux ycraHoB (OOJIHY) BBoaWTh MOHATTS, SKi
JO3BOJIAIOTH TIPOBECTH OLIHKY €(QEKTHBHOCTI HAayKOBOI JisUTBHOCTI MEBHOI HAyKOBOi yCTAaHOBU B
pamKkax ii JgepikaBHOI MepeBipku abo BCTaHOBJICHHS ii HaykoBoro piBHsa. OOJHY Bkitouae B cebOe nBi
OHTOJIOTI{, OMMCYIOTH YCi HEOOXIAHI TS OIIIHKH YCTAHOBHU €IIEMEHTH.

— Ownronoris KpuTepiiB ouiHIOBaHHs IistibHOCTI yctanoBu (OKOHY) — 3amae xpurepii mis
OIIIHKM e(eKTUBHOCTI AisuibHOCTI ycTaHoBU. llomsatrs OKOJIY € KOHTEKCTHO-HE3aJICKHUMHU
CTPYKTypamu IJis BiTOOpaKeHHS TOKAa3HUKIB MiSTIBHOCTI yCTAaHOBH B PO3Pi3i OIIHKK TaKO1 TiSUTBHOCTI.
B onToOsOrii, TakoX, BU3HAYEHO LIKANy 3a SIKOIO MPOBOAMTHCS OLIHKA. MOXKHa CTBEpIDKYBATH, ILO
BukopuctoBytoun eneMeHTH OOE]l € MOXIIMBICTh BUKOHATH OLIHKY 1HJIEKCY SIKOCTI BUKOHAHHX POOIT
B TIporieci PyHKIIOHYBaHHS IIEBHOI yCTAHOBH.

— OwToJoris opraHizamii oriHoBaHHS HisutbHOCTI yctanoBu (OOO/lY) ommcye cam mporiec
MPOBEJICHHS OI[IHKY BIAMOBIJHMMM OpraHaMy. Taka OHTOJIOTiSI BKJIIOYAE €JIEMEHTH JIJIi BU3HAYCHHS
MOCIIZOBHOCTI JIi B MPOLECI OI[IHIOBAHHS, O0Iry BIiJNOBITHMX JOKYMEHTIB Ta 3aJiHUX B IMPOIECI
OIIIHFOBaHHS OpraHi3aIliii Ta mapo3aiiB.

— OuHromnorisi mpeameTHoi obmacti — 0a3yeTbcsi Ha CHUCTEMHIN Kiacudikamii HaykoBoi
JiSUTBHOCTI, OpraHi3amidHiil CTPYKTypl MiANOPSAKOBAHOCTI oOpraHizamii, rpagamii i knacudikamii
JIOKYMEHTIB JUIsl OWIHKH AisUTFHOCTI ycTaHOB. OHTOIOTIA MpeAMeTHOI 001acTi 3a/1ae CTPYKTYpPH IS
0e3mocepeTHFOT0 OMICY HAYKOBOTO Ta OPTaHi3aliifHOTO MPOIIECy, KU BiAOyBa€ThCS B OpraHi3aiii.

= OmnToJiorist OIIHIOBAHHA JISAJIBHOCTI HAYKOBUX YCTAaHOB
=
3
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(0] 4
- =25
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Puc. 1. Cucmema onmonozivi 0isibHOCMI HAYKOBUX YCMAHOS

Exzemmuisipy kmaciB 1 BiJHOIIEHb, BH3HAYEHUX Y OHTOJIOTii MisUTBHOCTI HAYKOBHX YCTaHOB,
YTBOPIOIOTH iH(pOpMaliliHe HallOBHEHHS OaHKy NaHHUX, SIKMH MICTUTh TEPMiHH, IO NPEACTABISAIOTH
NOHATTA TpeAMeTHol oOmacti. BuxigHUMM OaHuMH A7 MOJENi MpeCTaBICHHS 3HaHb, IO
XapaKTePU3yIOTh MPEAMETHY 00JacTh, € PI3HOMAaHITHI HOPMAaTHBHI JOKYMEHTH, SIKI PErIaMEHTYIOTh
NpoIec HAyKOBOi AisTBHOCTI, OpraHizalilo TaKoro MpoLecy, MOHITOPHUHTOBI 3aco0M Ta METOIJUKY
OLIIHIOBAaHHS SIKOCTI Horo mpoBefeHHs. TakoX, y SKOCTI BHXIIHMUX JaHWUX IUIS HAIOBHEHHS MOJEINi
MpEeAMETHOI 00JacTi BHUCTYIAIOTh PI3HOMAHITHI MIAPYYHHWKH, MMOCIOHWKH, Tepioauka, iHbopMariitHi
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pecypcu Ta iHIIe, 0 MICTATh HAYKOBY iH(opMariro sika ¢GopMye OCHOBY HAYKOBOI MisTbHOCTI. Taka
iHpopmais € 6a3or0 1 GOPMYBaHHS MPOCTOPY 3HAHB, AKMM OIEPye HayKa y MEBHIM NMpeaMETHIH
o0Omacri.

4. EfieMeHTH OHTOJIOTii JIsi MOHITOPHHIY TA OUIHKH TislIbHOCTI HAYKOBHX YCTAHOB
B mporeci moOymoBHM OHTOJOTIYHOI MOJEIl BHHUKAE HEOOXIAHICTH OMUCY 1i EJICMEHTIB.
OHTOJIOTiYHA MOJIENTb BKITFOYAE HACTYITHI €JIEMEHTH:

Onmonoeciuna modenv = <kiacu, ampuodymu, 6i0HOUIEeHHS, MUNU 3HAYeHb ampuoymis,
00MedICeH s HA 3HAYEHHs ampuOymis, eK3eMniapu Kiacie™>,

Je Kaiacu — eJIeMEHT OHTOJIOTIYHOi MOJENi, SKHH ONMHCYy€e TOHATTA JedKol mpeaMeTHoi abo
po0OsieMHoi 007acTi;
ampubymu — eJISMEHTH OHTOJIOTIYHOT MOJISII, SIKi OMIMCYIOTh BIIACTUBOCTI IIOHATH 1 BiIHOIIICHB;
BiOHOWEeHHsT — 3aJIAI0ThCS Ha KJlacaxX, Ta BiloOpakaroTh a0o 3B’SI30K KIAciB Mik co0or abo
3B’SI30K KJIACIB 3 JAaHUMH UM aTpHOyTaMu. ICHYIOTH BiTHOIIIEHHS HACTYITHUX BUIIB:
—  acolliaTUBHE BIJHOIICHHS — 32 PaXxyHOK YOr0 JO3BOJISE 3MIMCHIOBATH 3MICTOBHHM MOIIYK IO
iH(pOopMaLlifHOMY TIPOCTOPY OHTOJIOTI,
—  BIJHOIICHHS «YaCTUHA-IIIJIE» — JIO3BOJIAE BCTAHOBJIOBATH 3B'S3KM MDK KJIacaMd Ha piBHI
iepapxii,
— BIJHOIIEHHS HACIiyBaHHS — BHUKOPHCTOBYETHCS I Iepenadi aTpuOyTiB i BiHOIIEHH BiJ
0aTBhKIBCHKOTO KJIACy JI0 JOYiPHBOTO,
—  BIIHOIIEHHS «KJIAC-IaH1» — J03BOJISIE MOB'I3yBaTH €K3EMIUIPH TIOHATH 3 KIIACOM;
Muny 3HaYeHb ampubymié — 33Jal0Th CTaHAAPTHI TUNHM Ui 3HA4YeHb aTpHOYTIB KIaciB
(manpuknan: string, integer, real, date);
obMedicenHs Ha 3HaueHHs ampubymie TOHATH 1 BIJHOIIEHb — BUKOPUCTOBYETHCS HE JUIA BCiX
aTpuOyTiB, a JUIIE JUIA TUX, 3HAUYEHHS SKUX TOBHHHI JIe)KaTW B JesKid oOiacTi, HE MOXYTb OyTH
MeHIe/Oiible 3aJaHoi BeMUYWHM a00 BU3HAUYAIOTHCS IEBHUM TNPaBWIOM. Tak, HamNpHUKIaa, Ha
3HAYeHHS aTpulyTa «1ara novatky» kiacy C; oHrounorii O; HakianaeTbes oomexxeHns 7' (Oama) = date
F(T)>0.)
eK3eMNIsApU KAACi — eIEMEHT OHTOJIOTI SIKM BiIoOpakae KOHKPETHI JIaHi peaAMeTHO1 00acTi,
K1 MAMOPSAKOBYIOTBCS CTPYKTYP1 OHTOJIOTIYHOT MOJIEITI.

TakuM YMHOM, OHTOJIOTISI SIBJISIE COOOIO i€papxito MOHATH (200 KIaciB), MOB'I3aHUX BiTHOIICHHSIMU.
BukopucTaHHS BiHOLIEHb aCOIIATUBHOTO THITY JO3BOJISIE BU3HAYUTH OHTOJIOTIYHY MOJIENb HE TUIBKU
AK iepapXiuyHy CTPYKTYpY, aje i sIK CTPYKTYpY, IO BPaxOBY€ 3MiCTOBHHUI CEHC 3B'SI3KY MK pealbHUMH
00’extamu. Pi3HI BIACTHBOCTI KOXXHOTO TIOHSTTS OINHCYIOTHCS Ha OCHOBI aTpUOYTiB TOHATH 1
0o0MeXeHb, HaKJIaJJIeHNX Ha 00J1acTh iX 3HAYCHB.

OnwucaHi eneMEeHTH OHTOJIOTIYHOT MOjel IOBHHHI OyTH MNPHCYTHIMH Y BCIX OHTOJIOTISIX
3arponoHOBaHoi B po3aiii 3 cuctemu oHroJorii. [Iporec netanbHOro omucy eleMEeHTIB OHTOJOTIT €
BXJIMBUM €TalloM IMPOEKTYBAaHHS 3arajbHO1 OHTOJIOTTYHOI MOJENI, SKUI JO3BOJIMTH 3a1aTH CTPYKTYPH
JUTSI TTO/IaJIBIIIOTO HAITOBHEHHS OHTOJIOTIT 1H(QOpMAIIi€l0 PEeAMETHOT 00J1acTi (€K3eMIUIIpaMHU KJ1aciB).

5. OxroJoris opra”izauii AissabHOCTI ycTaHOBM

s npukiiagy HaBeaeMo ONHUC OHi€] KOMIOHEHTH CUCTEMH OHTOJIOTIH AJI1 MOHITOPUHTY Ta OLiHKH
JUSJIBHOCTI HAayKoBHMX ycTaHoB — OHTOJIOTIT opraHizaiii misiibHOCTI ycTaHoBU. HaBegemo omuc

Onrotorisi oprasizauii IisSUIBHOCTI yYCTAHOB BKIIOYA€ JI€B’SITh KJIACIB, SIKi ONHMCYIOTH 3arajbHi
MOHSATTS, SIKI CTOCYIOTHCS OpraHi3aliii AisyibHOCTI yctaHoBH. Lli ki1acu noB's3aHi BiAHOIICHHIMH Pi3HUX
TUMIB. Pi3HI BIIACTHBOCTI KOXKHOTO TMOHSTTS OMHCYIOTHCS Ha OCHOBI arpuOYTiB MOHSITH i OOMEXEHb,
HaKJIaJICHUX Ha oOyiacTh iX 3HaueHb. HaBenemo kiacu OHTOJOTIT opraHizailii HayKoBOI JisUTBHOCTI
HayKOBOI MisUTEHOCTI.

Ilepcona. Jlo mbOTO KJIAacy BIOHOCATHCS TOHATTS, TMOB'SI3aHI 3 Cy0'€éKTaMH HAYKOBOI IisSITBHOCTI:
JOCIiTHUKaMH, CIIiBpOOITHUKAMH 1 WieHaMH opraHizaliil. ATpuOyTaMu MEpCOHU €: TepCOHaNbHI JaHi
(npizBuie, iM’sl, MO0 OaTbKOBI, AaTa HAPOIKEHHS, TeaedoH, axpeca MPOKUBAHHA, NMACTIOPTHI JaHH1),
BUCHHUH CTYITiHb, 3BAHHS, HAIIPSIMKH HAYKOBOI MIsITEHOCTI, HArOPOaH, ITyOJIiKaIii, HAayKOBI TEMHU.
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Opeanizayia. TIoHATTS TBOTO KJacy OMUCYIOTH pi3HI HAyKOBI oOpradizaimii, Taki SK HayKOBi
IHCTUTYTH, aKaJaeMii, yHIBEpCUTETH, MiHICTEPCTBa, CIIIBTOBAPUCTBA 1 acolliallii, JOCTiAHUIBK] TPYIIH Ta
iHmi HedopMalbHI HayKoBi 00'enHaHHA. ATpuOyTaMu opraHizamii €: Ha3Ba (IIOBHA Ta CKOPOYCHA),
MICIIe pO3TallyBaHHS, PEKBI3UTH YCTAHOBH.

3axio. Y 1ei xirac BXOJATh IOHATTS, 110 ONMHACYIOTh HAYKOBO-OpraHi3amiiiHy abo HayKOBO-IOCIHTiTHY
nmisutbHicTh. Jlo Kiacy BXOIATH Taki HAyKOBI 3ax0gu fK: KOH(QepeHLii, ceMiHapu, BOPKIIOIH,
JOCTIAHUIIBK] TOT3AKH, TMPOEKTH, mporpamu i T.4. o arpubyTiB kiacy «3axim» BITHOCATHCS: Ha3Ba,
MicCIle TPOBEACHHA, JaTa MOYaTKy, JaTa 3aKiHYeHHS, CTYIiHb 3aBEpPIIEHOCTI, TeMaTWKa, Ha3Ba Ta
PEKBI3UTH OpraHi3aTopa, BiIMOBITaIbHUM 3a 3aXiJ (SK BiJl yCTAHOBH, sSIKa MPOBOIUTH 3aXijl, TaK 1 Bij
MIEBHOT YCTAHOBH SIKa IPUIMAE y4acTb y 3aX0/11).

Hisnvnicme. Kitac ommcye yci BHOM MIIBHOCTI SIKI BiOyBalOTbCA B HAYKOBIM Oprasizamii
(Hampuknam, Taki SK JOCHIDKEHHS, MPOCKT, Mporpama JOCIHiPKeHb, myOmikaiis). TloHATTS kiacy
«JisBHICTEY € CIIOYYHOIO JTaHKOI MIXK KJTacaMH SIKi ONMKCYIOTh TIOYaTOK Ta KiHellb MpoIecy HayKOBOi
TSUTPHOCTI, a TaKOX MiIKIIOYAI0Th YYaCHHUKIB Takoi MisIIBHOCTI Ta KJIAcH MpEeaMETHOI 00JjacTi, sKi
BM3HAYAIOTh HAYKOBI aCMIEKTH TaKO1 AisUTbHOCTI. TakuM YMHOM, MOYKHA CKa3aTH, M0 Kiac «/{isuTeHICTB
3aJa€ JIAHIFOT TOHATh THITY: BHJ MiSUIBHOCTI — YYaCHUKU JisUTBHOCTI - METOJIOM 1 00'€KTOM
JOCIKEHHS 3 MpeIMEeTHOI 00JacTi ki (irypyroTh B MPOLECi MiSUTBHOCTI — OTPUMAHHA HAayKOBHH
pe3ynbTaT (SK 3 OpraHi3aliifHoi, TaK i 3 HAyKOBOi TOYKH 30Dy ).

Ilybrixayia. Llel xnac ciyrye Ui OUCY Pi3HOTO poly MyOIiKalii: y mepioAuyHUX BUIAHHSX 1 THX,
SKI BUJAIOTHCSI B PE3YJIbTaTi MPOBEACHHS KOHQEpeHIid, HayKoBHX 3axofiB 1 T. n.). o aTpuOyTis
myOmikarii HaJe)kaTh: Ha3Ba, aBTOPH, KOPOTKUH OIMUC (aHOTAIisA, KIIOYOBI CIOBa), AaTa MyOmiKarii ta
MOBa MyOJIiKalii, XapaKTepUCTUKH XYpPHAIY Yy SIKOMY po3MilieHa myOumikaiisi (Ha3Ba, BUI, TOM, Cepis,
HOMED, piK BUAAHHS, BINOBIAabHI PEIaKTOPH, IEPIOINYHICTh, TOKa3HUKU nuToBaHOoCT, ISSN, URL)

Micyesnaxooacenns. el kmac MOHATH JO3BOJISIE ONMMCYBaTH reorpadiduHy Ta aaMiHICTPaTHBHO-
TEePUTOpiaTbHY JIOKAN3alil0 YCiX KOHIIETTIB, AKi 3afaHi KjacaMHd OHTOJOTidHOI Mojenmi (00'€KTiB
JOCITI/DKEHHS, Oprasizamii i T.1.). ATpuOyTamMu IbOI0 KJIaCy € Ha3Ba MiCIlsd pO3TalllyBaHHS,
reorpadiyHuil TUN, aaMIHICTPATUBHO-TEPUTOpPiajbHA MPHHANCKHICTh, KpaiHa pO3TallyBaHHS, [TOBHA
azpeca.

Jlimepamypa. Knac ommcye mniteparypy (IpeicTaBiieHy B JPYKOBaHOMY a00 €JIEKTPOHHOMY
¢dopmarax), sKa BUKOPUCTOBYETHCS 1 MPOJIYKYETHCS B MPOIECi HAYKOBOI IisUTBHOCTI (MoHorpadii,
KHWTH, TiApyYHUKH, CTaTTi, Tmpami KOHQEpeHIil, IepioJnudHi BUAAHHS, 3BiTH, pe3yJbTaTH
eKCIIePUMEHTIB Ta JOCTiKeHb, ()OTO Ta BigeomaTepianu, Tomo). Jlo arpubytis myOmikarii HaexarTh:
Ha3Ba, KOPOTKHI 3MIiCTOBHWI ONHC, JaTa Ta MoOBa MyOJikaiii, peKBi3uTH MyOumikamii (IpyKapchki
XapaKTePUCTUKH), BU]T IyOumiKartii.

Hoxymenmayin. lleit kimac CIyXuTh JJIsI ONMKUCY PIi3HOTO poay AOKyMeHTamii. Mo)kKHa BHUAUIATH
JIeKiIbKa IpyIl JOKYMEHTaIlli: 3aKOHO/aBua (sKa 3aJja€ HOPMH OpraHi3allii HayKoBOTO Mpoliecy Ha piBHI
kpaiam), crangapruzosana (I'OCT, ACTY, ISO), BHyTpimHS JToKyMeHTalis (oprasizaiiiiHa
JIOKYMEHTAIlisl, siIka periiaMeHTye poOOoTy Ha piBHI OjHI€i opranizamii). J[o aTpuOyTiB mokymeHTarii
BIJTHOCSTBCS: Ha3Ba, KOPOTKHIA 3MICTOBHHMM OITUC, JiaTa Ta MoOBa MyOJiKallii, peKkBi3uTH MyOmiKaiii
(IpykapchKi XapaKTepHCTHKH ), BH] ITyOTiKartii.

Hayxoeo-naguanvni mamepianu. el xnac MiCTUTh MOHATTA SKi BU3HAYAIOTh HAyKOBY JITEPaTypy,
SIKa BUKOPUCTOBYETHCS B IPOIIECI HAYKOBOI JisUTBHOCTI. {0 IIbOTO KJIACY MOXKHA BiTHECTH TaKi MOHATTS
AK: icHyto4l MOHOTpadii, KHUTH, MAPYYHUKH, TOBIIHUKY, HABYAIbHI TTOCIOHUKH, MaHyalld, PETo3uTapii
Ta xiacudikaropu. [lo arpubyTiB Kiacy BiJHOCSTHCS: Ha3Ba, OMKC, AaTa MyOJIiKaLii Ta MOBa.

Knacu onronorii opranizanii HaykoBOi MJisUTBHOCTI TOB’S3aHI HACTYHUMH aCOLIaTUBHUMH
BIJTHOIIICHHSIMM:

«bymu aemopomy» — BUKOPUCTOBYETBCS JUIS BCTAHOBJICHHS 3B'I3Ky MiX [lepconoro, ska €
aBTOpOM myOmikauii, i camoro [lybaikayiero,

«8xo0umu y» — noB'a3ye knac Opeanizayis i Ilepcona y pasi, Koau mepcoHa OyAb-sIKUM YHHOM
BiJTHOCHUTKCS JIO OpraHizatii;

«bymu yuacruxom» — nioB'si3ye 3axio 3 Ilepconoro abo Opeanizayicio, mo Oepe ydacTh y JaHil
MOJIiI;

«Oymu opeanizamopomy» — BCTAaHOBIIOE 3B'A30K Mix [lodicto 1 [lepconoro abo Opeanizayicio, M0
€ OpraHi3aTopoM IoIii;
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«HayKo8i npayi» — 3a1a€ 3B'A30K MiXK 3axodom 1 [1yonikayismu, MO BACBITIIOIOTH EW 3aXi;

«Oymu sudanum y» — oB'szye Ilyonixayiro 1 Opeanizayiio, 10 BUIA€ HAYKOBI MyOJTiKaIlii;

«po3mawiogyeamucsy — ONUCYE MicLe po3TalnyBanHs Opeanizayii,

«onucysamuy — oB's13y€ [1yonikayito 3 0yap-IKUM MOHATTAM OHMON02Ii 3HAHD.

«aacmuHa OisnbHocmi» — NoB's3ye [isnvnicmos 3 00'ekmamu, Memodamu ma Pesynbmamamu
JOCIIKEHHS.

CTpyKTYpHi BiTHOUICHHSI «4acTWUHA-IiJIe» TOB’A3YIOTh HACTYIHI KJach OHTOJIOTii opraHizamii
HAYKOBOI AisTTbHOCTI:

BinHomeHHSIM «9acTHWHA-TIJIe» OMUCYEThCS 3B'A30K MK KiacoMm Jlimepamypa 1 Kiacamu
Loxymenmayis, Hasuanwni mamepianu ma Ilyonikayis. OctaHHi € miakiacoM kiacy Jlimepamypa.

«YacTtuna-uine» aktyanbHe s knacy Ilepcona i kmaciB Jochimauku, CroiBpoOiTHUKK 1 Unenn
opramizarmiit .

Knac Opranizamis e mimam ans Opranxizaniii, HaykoBux cmimsHOT 1 Acomiamiii, [HCTHUTYTIB,
JocnifHALBKUX TPYII Ta iHIKX 00'€THAHB.

BinHomIeHHSM «4acTHHA-IIe» 3B'sI3yeThcs kimac 3axin 3 Kondepenmismu, JlocimiqHUIBKAME
noiznku, [Ipoexkramu, IIporpamamu.

3B'130K Kiacy [Joxymenmayisi 3 nokymentamu tuny [ OCT, JCTY, ISO Ta iH. 3MIHCHIOETHCS 3a
JIOIIOMOT'OX0 BIIHOIIEHHS «4aCTUHA-IIIJIEN.

BigHomieHHsT «4acTWHa-IiIe» omuCcye 3B'SI30K kiacy HaBuwampHi martepiamu 3 Ilimpyyrmkamm,
Hosinankamu, HapuanpanMy nocioankamu, MaHyanaMu.

BinHomieHHst HaciinyBaHHS. BigHOIIEHHS HAacHigyBaHHS BHKOPHCTOBYETBHCS IS BiJOOpasKEHHS
HACNiTyBaHHA aTpuOyTiB HOYIpHIMK Kiacamu Bij OatekiBebkux. s xmaciB OOHJ ski maroThb
MiKTaCH BiTHOIIEHHS HACIITyBaHHS TIepeiac BCl iX aTpuOyTH 0 TOTipHIX MiAKIACIB.

BigHomieHHs BUY «KJac-JaHi» BUKOPUCTOBYETHCS LIS 3B'I3KY KOHKPETHHX €K3eMIUIIPIB MOHATH 3
kiacoM. OnrcaHe BIAHOIICHHS aKTyajabHO JJIs BCIX KJIACIB JIaHOT OHTOJIOTI.

[HImIi oHTOMNOTII CHUCTeMa OHTOJIOTIM JJIi MOHITOPWHTY Ta OIIHKH MisUTbHOCTI HAyKOBHX YCTaHOB
ONKCYIOTHCS aHAJIOTIYHO.

6. Ilnardopma po3podku ourosoriunux pimenr TOAJAOC

[IpakTruHa peamizalliss OHTOJIOTIYHOI MOJEINi Isi MOHITOPHHTY Ta OIIHKH MisTIbHOCTI HAayKOBHX
YCTAaHOB Ta ii HAaNOBHEHHS BUKOHYBAJIIOCH BHKOpHCTOBYIOuUM Tuiatdopmy «TpaHcaucuummiiHapHi
Ocgitai [ianorn Armnikanifinux Ownronoriyaux Cucrem» (IT TOJAOC) [Puc. 2]. Ilnardopma
TOJAOC Hanae MHOXHMHY TIporpaMHO-iHQOpMAaIiifHUX 3ac00iB 1is 30epekeHHs Ta 0OPOOKH 3HAHb 32
PaxyHOK MOKIIMBOCTI PO3POOKH OHTOJIOTIH.

Pentunr 2019

PentuHr 2018

firo6aTIC.

/ . Pentudr 2017

,‘Kaq?eﬂpa Ll TS Peittuhr 2016

, ¥ PentuHr 2015

Kl im. Irops Cikopcbkoro _PeiTuHr suknagadis ITM
Kadeapa TeneKomyHiKaukiVI \
‘, Hoeorpyacbka PenTtuHr 2019
_THeTuTyT TenekymyHikauinHux Cuctem NN

Hogorpyaceka PJ1.
Kadeagpa TC PYRGOK

Hosorpyacbka PertuHr 2018

Puc. 2. @pacmenm onmonoziunoi mooeni 0151 MOHIMOPUHEY MA OYIHKU OISIbHOCE HAYKOBUX YCIMAHO8
po3pobaenoi 3 sukopucmannam niamepopmu TOJA0C

IInardhopma TOAAOC mpusHadeHa Il MATPUMKA TPOIECIB JTIHTBICTHYHO-CEMAaHTHIHOTO aHATI3y
BEJIMKUX OOCATIB IMPOCTOPOBO PO3MOILICHOI HecTpykTypoBaHoi iHdopmanii (Big Data), ix
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CTPYKTypH3aIlii, BCTAaHOBJIEHHS KOHTEKCTHHUX 3B S3KIB MK JOKYMEHTaMH, IO OOpOOISIIOTHCS,
NPOTHO3YBaHHA Ta MIATPUMKH TPOLECIB paliOHANBHOTO BHOOPY 3 HACTYMHHM (OPMYBaHHAM
iHpopmaniiiHo-ananiTnuHx WEB-opienToBanux pitens [21]. [IT-TOZOC 3abe3neuye (Puc. 3) [22]:

— MepeXeBYy B3aEMOJIII0 3 HECTPYKTYPOBAHOK i1 cllabo CTPYKTYpPOBaHOIO iH(OpPMAIIIE0

BEJIMKHX OOCSITIB;

— JIHTBICTHYHO-CEMAaHTUYHUI aHalli3 KOHTEHTY,

— arperyBaHHS Ta peHTHHTYBaHHA iHOpPMaLiHHUX pecypciB,

— TpaHcaucuMIUliHapHy iHTerpamil0o 3 I1HIIUMH MEPEXEBHMH iH(POpMaLiiHUMU

cuctemamu Ta WEB-0opieHTOBaHUMU JT0AaTKAMH,

— Takconomizariro HapaTHBIB JOBUIBHUX JAOKYMEHTIB Ta BifoOpa’keHHS IX CTPYKTYpH,

BKJIFOYAIOYH MI>KKOHTEKCTHI 3B’ SI3KH,

— CTBOpeHHS OHTOJIOTIYHUX IHTEPAKTUBHHUX JIOKYMCHTIB,

— BusBnenHs naTeHTHOI iHQopMaii B iHpopManiiHIX pecypcax, 1o aHaTi3yI0ThCs,

— I'nmuOunHe Ta MalIMHHE HABYAHHS,

— IligTpumMky dopmaTiB i mporokomniB Semantic Web,

— OmparroBanns Big Data.

019 08.04 & Y 625050
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Puc. 3. Inmepgpeticu nnamepopmu TOJAOC

\

OHOTO 3 OCHOBHHX XapaKTepHUX ocobnuBocTer nmporpamuoi miargopmu TOAAOC, € HasBHICTh Yy
HOMEHKIIaTypi 3aco0iB oHTOJOTIuHOTO iHTEepdeticy. OHToNOr N iHTepdeiic nependadae MOKINBICTD
iHTerpanii po3po0ieHoi KOpHUCTyBaueM OHTOJIOTI 3 MepexeBHMHU iHPOpPMaLiiHUMH pecypcamH Ta
IHTEepaKTHBHUMH CHUCTEMaMH 3HaHb, IO 3a0e3leuye aJanTUBHICTh IiJl TeMaTWYHWUH mnpodiib
JiSUTBHOCTI KOXHOTO cy0’ekta-kopuctyBaua B cepeposuuli [T-TOJAOC. Onronoriunuii intepdeiic
peanizyeTbCsi MPOLENYpOI0 aKTUBalii MHOXHHHUX OIHapHHX BiTHOIIEHb TakcoHoMmii. Lle
IHTEJIEKTyaJIbHUH 3aci0 B3aeMOIii KOpUCTyBaya 3 iH(GpOPMALIHHOK CUCTEMOIO Ha OCHOBI OHTOJIOTII, 110
JTO3BOJISIE Bi3yalli3yBaTH pe3yIbTaTH IHTErpallii Ta arperaiii po3moauieHux inGopMariitHux pecypeiB y
npolieci opratizamii KOMyHiKalii KOpUCTYBadiB y JIETKOAOCTYIHIH HaouHil Gopmi [23].
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7. BucHOBKH

VY cTarTi HaBeJEHO MiAXiN 1O OLIHKM SKOCTI (YHKIIOHYBaHHS HAayKOBHX YCTaHOB Ha OCHOBI
OoHTOJNIOTIYHOI Mogeni. OHTONOTiIA J03BOJIIE CTPYKTYpPYBaTH Ta CHUCTEMaTH3yBaTH iH(OpMaIilo
HAKONHWYEHY HAyKOBUMH YCTaHOBAMHM IS 1i MOJAJBIIOr0 BHUKOPHCTAHHS B TMPOLECI OIIHKH
e(heKTUBHOCTI (DYHKITIOHYBaHHS yCTAHOBH. 3arajlbHy OHTOJIOTII0 MOHITOPHHTY Ta OLIHKH AisTBHOCTI
HAYKOBHX YCTaHOB IMpPEICTABICHO CHUCTEMOIO B3a€MO3B’SI3aHMX KOMIIOHEHT, KOXKHA 3 SIKUX J03BOJISIE
OTIHMCATH BiJMOBIAHUHN MIANPOIEC B paMKax SIK TiSUTBHOCTI caMOi YCTaHOBH, TaK i MPOIECy ii OIiHKH
30BHINIHIMHU OpraHizamisiMi Ta MiHicTepcTBaMH. Cama X CHCTeMa JI03BOJUTH B TOBHIM Mipi OmucaTH
yci HeoOXifHI eleMEHTH, MPOLECH Ta IX 3HAYCHHS IUIsi BU3HAUCHHS PiBHSA €()EKTUBHOCTI IisUTBHOCTI
ycraHoBU. [IpoBeZieHO OmHC €1eMEeHTIB yCiX KOMIIOHEHT CHCTEMH OHTOJIOTiM MOHITOPHHTY Ta OL[iHKH
TSTBHOCTI HAYKOBUX YCTaHOB. [IpakTruHy po3poOKy 3arporroHOBaHOT OHTOJIOTIYHOT MOJIENi BAKOHAHO
3 BUKOPUCTaHHsIM TUIaTPopMu po3poOku onTonoriyaux pimens TOJAOC.

MaiiOyTHi gocnimKeHHs OyAyTh HaIlpaBJeHi Ha MoJaiblle HamoBHEHHs po3pobaenoi y TOHAOC
oHTOJIOTI iH(pOpMAaIIiero TpeaMeTHOT 00IacTi. 3 BUKOPHUCTaHHM 3aIPOITIOHOBAHOT OHTOJIOTIYHOT MOJIei
TUTAHYETHCS PO3POOUTH Ta OMUCATH METO| OLIHKH SKOCTI JIISUThHOCTI HAYKOBUX yYCTAHOB.
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JlocmiKeHHST Xa0TUYHOT TMHAMIKH BEPTUKAILHOT CTIMKHU Tija JIFOWHH Ha
MOJIEJTi TIEPEBEPHEHOTO MasTHUKA

I1.C. I'punesiu, H.M. Kizinoa

Xapriscokuil HayionanvHuil yHisepcumem imeni B. H. Kapasina, maiioan Ceob6o0u 4, m. Xapxis, 61022, Vkpaina
e-mail: grinevich.fob@gmail.com

Hocmimkytotbest QyHKIIT ynpaBiliHHS BEPTHKAIGHOIO CTIHKOI JIIOMMHU 3 ypaxyBaHHSAM HENiHIHHOI IMHAMIKH KOJHBaHb
uentpy Macu (LIM) (X¢,Yc) Tina. Yacosi psau Xc(t),Yc(t) BumiproBanucs 3a moromororo crabinorpadiqnoi miatrdgopmu y 28
MOJIOAMX 3AOPOBHX BOJIOHTEPIB; TPU BUAM CTIMKH HA JBOX HOTax 3 BIAKPUTHMH Ta 3aIUTIOIICHUMH OYMMa i OallaHCYBaHHS Ha
OIHIHM HO31 Oynu JocmimkeHi. J[Is KOKHOTO BHIIAJKYy HA OCHOBI MaTeMaTHYHOI MOJIENi MEPEBEPHEHOI0 MasiTHUKA OOYHMCIeH]
(YHKIIT KepyBaHHS HOro BEPTHKATBHUM TONOXKEHHsM u(t) y Brrmsiai u(t)=ky (r(t)-ro)+ ko(r(t)-r'y), ne r(t) — paxiyc-exrop LIM,
fo — fioro cepee 3a uac BUIPOGyBaHb 3HaueHHs, () 03HAYaE MOXiTHY 3a yacoM. 3a JONOMOTOI0 CTATHCTHYHOTO aHAMI3y
MOKa3aHa BIICYTHICTh KOpeJSLiil MiX (QyHKIISIMU KepyBaHH SIK JUI Pi3HUX BUIPOOYBAaHMX, TaK i U Pi3HUX MOJIOXKEHb Tila
OJHOTO BUNPOOyBaHOTo. ['pyHTYIOUNCH Ha OOYMCIICHHX eKCIIOHeHTH JIsImyHoBa, MpoBeaeHa Kiacudikarliss BUIpoOyBaHHX Ha
TPynud 3 CTIHKHM, CJIaOKO Ta CHJIBHO HECTIHKAM KEpYBaHHSM BEPTUKAIBHUM IIOJIOKEHHAM Tina. OOroBOpIOETHCS
MO/ICITIOBaHHS TaKMX JMHAMIYHHX CHCTEM B paMKaxX MOJEJICH HeleTepMiHOBAHOTO Xa0Cy 3 HENiHIHHUM KepyBaHHSIM.

Knrouogi cnosa: mamemamuune MOOent08anHs, nepeGepHeHuUll MAsmuux, @QYHKYis Kepyeanms, excnowewma JIanyHosa,
XAOMuyHa OUHAMKA, ONOPHO-PYX08A cUCmeMd, MeOudHa OlacHOCMuUKA.

Uccnenyroress GpyHKIMM yrnpaBiIeHNs] BEPTUKAIBHON CTOHKON YeloBeKa ¢ YUEeTOM HEIMHEHHON NTHHAMHKH KOJeOaHWH IEeHTpa
macesl (LIM) (X¢,Yc) tena. Bpemennste psisl Xc(t),Yc(t) usMepsiinchk ¢ moMolnpio crabunorpaduieckoil miarpopmel y 28
MOJIOIBIX 3OPOBBIX BOJIOHTEPOB; TPH BHIA CTOMKH HA IBYX HOTaX C OTKPBITBIMH M 3aKPBHITBIMHU TJ1a3aMU U GalaHCHPOBAaHHE
Ha OJHOM HOre OBUIM MCCIEROBaHBL JIs KaXHOro ciydas Ha OCHOBE MAaTEMaTHYECKOIl MOZEIM IEPEeBEpPHYTOrO MasTHHKA
BLIUHCIICHHbIE (DYHKIMH YIPAaBICHHS €ro BepTHKAILHBIM HoloxenneM u(t) B Bume U(E)=ky(r(t)-ro)+ Kn(r'(t)-ro), rme r(t) -
panuyc-Bektop LIM, rg - ero cpenHee 3a BpeMsl UCIIBITaHUI 3HaYCHUE, (.)' 03HAYAET MPOU3BOAHYIO 1O BpeMeHU. C MOMOIIBIO
CTaTHCTHYECKOTO aHAN3a MMOKA3aHO OTCYTCTBHE KOPPEIAIHil MEKIY DYHKIMAME YIPABIECHUs KaK s Pa3HbIX HCTIBITYEMBIX,
TaKk W U Pa3MYHBIX MOJOKEHMH Tena OJHOTO BONOHTepa. OCHOBBIBASCh HA BBIYHCICHMSX OKCIOHEHTH JIAMyHOBa,
IpoBeleHa KIACCH(UKAINS WCIBITYeMbIX HA TPYIIBI C YCTOMYMBBIM, CIa00 W CHIBHO HEYCTOWYMBBIM YIIPaBICHHEM
BEPTHKATBHBIM TIOJIOXKeHHeM Tenma. OOCyXIaeTcss MOJACIHPOBaHHE TaKMX AMHAMHYECKHX CHCTEM B paMKax Mojeseit
HE/IETEPMUHUPOBAHHOTO Xa0ca ¢ HEIMHEHHBIM yIPaBICHUEM.

Knroueevie cnosa: mamemamuueckoe Modeﬂupoeanue, nepeeepHyman MAAMHUK, ¢yHKI4u}Z ynpaejienus, SKCnonenma
ﬂﬂnynoea, xaomuuHas aMHLl.MKa, onopno-deuzameﬂbHa;z cucmema, Meduuuncmm ouaznHocmuxa.

Different postures of human body are studied in medicine and biology for quantitative estimation and clinical diagnostics of
impairments and diseases of the musculoskeletal, nervous and vestibular systems. Human body is composed of ~200 bones
and ~600 muscles, and its upright position is unstable due to high complexity of the system and its control mechanisms.
Among different techniques of the body sway recording the stabilography is one of the simplest and cheapest. The
stabilography uses a force platform that can measure the reaction forces in the areas of contact between platform and human
feet. The platform is portable and can be connected to any laptop via a USB port. The functions controlling a person’s upright
position have been studied in the paper accounting for the nonlinear dynamics of oscillations of projection (Xc,Y¢) of the
center of mass (CM) of a human body on a horizontal plane. The time series {X¢(t),Yc(t)} have been measured on 28 healthy
volunteers (age 21-42, height 156-182 cm, body mass 48-84.8 kg). The volunteers have been asked to keep a posture on two
feet, as well as similar postures with body mass shifted onto the left and then onto the right foot. Each posture has been
repeated for 30 second with open and closed eyes separately. After a short break a test of balancing on the left and then on the
right foot has been performed. Basing on the mathematical model of the inverted pendulum, the control functions u(t) in the
form u(t)=k(r(t)-ro)+ ko(r'(t)-r's) where r(t) is the radius-vector of the CM, r is its averaged value over time, ()’ is the time
derivative, have been calculated for each case. The absence of correlation between the control functions for different subjects
and for different body postures of the same volunteer has been shown by using statistical analysis. The individuals have been
classified into the groups with stable, weak and highly unstable control of the upright position of the body by calculating the
Lyapunov exponent. The modeling of such systems in the framework of nondeterministic chaos models with nonlinear control
has been discussed.

Keywords: mathematical modeling, inverted pendulum, control function, Lyapunov exponent, chaotic dynamics,
musculoskeletal system, medical diagnostics..

1 Beryn
JocnmipkeHHsl AWHAMIYHUX MapaMeTpiB BEPTUKANBHOI CTIHKW JIOAWHH € BaKIMBOIO CKJIaJOBOIO
KOMITOHEHTOI0 MEIMYHOI [iarHOCTHUKH 3aXBOPIOBaHb sIK omnopHo-pyxoBoi (OPC), tak 1 HepBOBOi,
BECTHOYIIAPHOI Ta PSIAY iHITUX CHCTEM JIFOAUHH [ 1]. 3a JOTTOMOTOI0 CIIEKTPATLHOTO Ta BEUBIIT-aHATIZY
OyJa TmoKazaHa HasiBHICTH SK KBa3i-peTyIIPHAX, TaK 1 XaOTUYHUX PEKUMIB KOJIUBaHb IeHTpY Mac (IL[M)
MPOEKIii Tijla JIOAWHU Ha TOPU3OHTANBHY HMOBEPXHIO cTabinorpadivnoi miatdpopmu [2], B 3aleKHOCTI

© I'punesiv MN.C., Kisinoea H.M., 2020



Bulletin of V.N. Karazin Kharkiv National University
36 series «Mathematical modeling. Information technology. Automated control systems» issue 45, 2020

BiJ il BIKy Ta HagBHOCTI 3axBOproBaHb. OCTaHHIM YacOM IOCHIIMIACSA 3aIliKaBICHICTh 0 BUBYCHHS
0COOJIMBOCTEW XaOTHYHOI JAMHAMIKH, PO3POOKH BIAMOBIIHHX MaTEMaTUYHUX MOJIEICH Ta 1HJCKCIB, 10
Moriau O BUKOpUCTAaTHCS B KIHIYHIN miarHocTHili. OJHMM 3 TakuX BaXKIUBUX IapaMeTpiB €
MakcumasbHa ekcronenTa Jlsmynosa (largest Lyapunov exponent, LLE).

Excnonenra JIsmyHoBa xapakTepusye IBUAKICTH cenapauii ST (t) o 1 (t) — F(t) |B dpasoBomy npocTopi
TpaeKkTopiil nuHaMiyHOI cucTeMH Ty(t) 1 F(t), AKi B MOYATKOBUH MOMEHT yacy t=0 3HaXoqUIHCA
HECKIHUYCHHO OJM3BKO OAHA Bif OAHOI JOT) = H(0)-T(0)|<e. Skmo |T(t)—T(t) |= ST -exp(At), TO
A =Re(4) Ha3uBaeThCs eKcroHeHTOlo JlsmyHoBa. SIkmo cucrema Hectiiika, Re(4)>0. Y Bumaaky,

KOJIW TPA€EKTOPil OMUCYIOThCS CHCTEMOIO N JiHIMHUX 3BHUYaiiHUX audepeHuiansHux piBHSIHE (3/IP)
TIEPIIIOTO MOPSAAKY 3 MOCTIHHUMH Koe]iieHTaMu

F(t) = A F(t) + () + T(t) , (1)

ne A - matpuis koediuientis cucremn, f(t) - 30BHimHiI cumm, T(t) - GyHKIA KepyBaHHA, TO AificHi
YacTUHU BiacHUX uucen {4,Ap,...,4,} € excrnoHentamu JlsnmyHosa. Skio Re{ﬂj}?:lz/lu >0, Bci

TPAEKTOPii CXOMATHCSA B ONHIN TOUIl. 3HAYCHHS (/1|_J-)’l Ha3WBarOThcs dacoM JlsmyHosa. Lle € dac, 3a

KU BiZICTaHb MK CYCiZIHIMU TPA€EKTOPISIME CUCTEMH 3pOCTaE B € pa3iB. B koHcepBaTUBHIM cucTemi
z/lj =0, a B IUCUIATUBHIN CHCTEMI Zﬁj <0.
J J
Oco0uBHiA IHTEpEC NPECTABIIsE MaKCUMalIbHa ekcrioHeHTa JIsmyHoBa LLE
b~ il [ @
t—m I, —> ol

Makcumanbhuii gac JIsnynosa LLE™ — ue inTepBan gacy, mpoTsroM sSKoro MOKIHBO MepeadadaTi

€BOJIIOLI0 CUCTEMH, TOMY IO 3MiHHM ii Ha4aJbHOTO CTaHy MPH t < (Anax )71 HE BENYThb JO CYTTEBOI

3MiHH Ti OBEMIHKH, aje TPH t >> (Angy) ~ «ITAM'AT» O apaMeTpax MOYaTKOBOIO CTAHY BTPAUYAECTHCS.

Maxkcumanbhuii yac JlsmyHoBa 3ajae Mipy Uil nepea0adyBaHOCTI CUCTEMH, ajieé YacTO CTAHOBJISATH
IHTEpeC OIlIHKM JIOKAIbHOI TepeadadyBaHOCTI HABKONO AESKOi TOYKK B (a30BOMY MPOCTOPI — Tak
3BaHOI KOpoTKouacHoi (short-time) excrmonentu JlsnyHoBa (STEL). Skmo auHamMka CcUcTeMH
BU3HAYAETHCA HENIHIMHOW cuctemoro 3/1Y, it OOYMCIEHHS 3HAY€Hb A BUKOPHUCTOBYIOTH iHII

METO/IM 1 YMCENbHI alropuTMH (JTiHeapu3allii Ta MOCHiJOBHUX HaONmmwkeHb). A.M. JlsamyHOB mokasas,
IO SIKIIO CHCTEMa MepIIoro HaOmwkeHHs peryisipHa, a ii LLE<O, To pimeHHs BuXimHOI cucTeMH
acuMnTotuuHo crifiko. IlisHime O. IlepoH nponeMOHCTpYyBaB, IO BHMOTra PErYJISIPHOCTI MEPIIOro
HAOJNIMKCHHS € ICTOTHOW0, 1 € mpukiamu, koiau LLE<O B370B HyJIBOBOrO pIllIEHHS MEPIIOTO
HaOJMKEeHHs, ajle 1ie pillieHHs € HecTiikuM 3a JlsmyrnoBum. Kpim Toro, 3nauenHst LLE>0 moxyTthb He
03HaYyaTu Mepexig CUCTEMH A0 Xaocy.

HasiBHiCTh XaOTHYHOI JAMHAMIKM y BUTJISII BUIIAIKOBUX 3MiH 3HakiB STEL enexrpoekiiedanorpam,
eJIEKTPOMIOrpaM, MOBHUX CHTHAJiB Ta crabimorpam Oyia mokaszaHa B psai myOuikariii [1-6]. Byso
BUSIBIICHO, 10 (YHKLIi KepyBaHHS OCHMJIILISIMU BO (pOHTANBHIN (BIiBO-BIIPaBO) Ta cariTajabHIH
(Bnepen-Hasaj) IUIOMIMHAX MalOTh Pi3HI BaactuBocTi. Ocuusanii LIM MoXHa npeacTaBUTH y BUTIISAL
CYMH KBa3iMepioJu4HOi Ta CTOXAaCTHYHOI KOMITOHEHT, MPUYOMY JIpyra KOMIIOHEHTa HE MaE€ camo
noaioHoCTI i ToMy He € aeTepMiHoBaHHM xaocoM [5]. [Tokasnuku LLE i STEL moxyTs BkasyBatu Ha
BikoBi mopymenas OPC [6], ame y 3m0poBHX BHIPOOYBaHMX MOTPIOHO BXHMBATH CHHTETHUYHI
koedimientr LLE 1 STEL mns yckiaaHeHUX CUTHAJIIB, HAPUKJIAJA, Y BUIJISIII aMILTITYT OCIIMIIALIN MK
PI3HUMH CErMEHTaMH Tijia a00 3 JI0JaBaHHSIM JI0JIaTKOBOI'O PyXy BEPXHIMH KiHI[IBKAMHU, HECIIOIBAHUM
pyxom crabinorpadiunoi miardgopmu ta iHmux [4]. B ganiii poOOTI BUBYA€THCS XAOTHYHA AWHAMIKA
OCLWIALIH Tia 3JOPOBUX BOJIOHTEPIB 3 BUKIIIOYEHHSIM 30pOBOI'0 KOHTPOJIIIO JJIs Pi3HUX CTaHIB Tijia.

2 Marepiaju Ta MeToan

Koopmunatu (Xc(t),Yc(t)) mnpoekmii I[IM Tinma BOJOHTEpIB Ha TOPH30HTAIBHY IOBEPXHIO
BUMIPIOBAJIMCS 3a JOMOMOIoi0 cradimorpadiunoi miaTdopmu adopaTopii OiomMexaHiku I[HCTHTYTY
marosorii xpebra i cyrnobis iMm. M.I. Curenko [1,2] (12 ronakiB ta 16 miBuar Bikom 31+ 11 i 33.5+
16.5, macoro 71.4+13.4 kr 1 64.4+16.4 kr ta 3pocrom 182+8 kr i 169+ 13 cM BigNMOBIAHO).
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[Ipouenypa BumiproBaHHs ckiaganacs 3 (i) yTpUMaHHS CIIOKIHHOI JBOXOIOPHOI CTIWKH B TOJIOXEHHI
«cmupHO» (Puc.la), moTiM «BiBHO» 3 TEepeHOCOM Macu Tila Ha (ii) mpaBy Ta (iii) JiBY HOTH,
OanancyBaHHsl Ha (iv) mpaBii Ta (v) JmiBiii Horax, mo 30 ¢ koxHuil Tect. Ilicna Tpu mepur TecTu
MIOBTOPIOBANIMCS 3 3aIumomeHuMu ounma (vi), (Vii), (viii). Habopu wacoBux psmiB (Xc(t),Yc(t)) ms
BOCBMH TecCTiB 30epiramucs B 0a3i manmx. [licias 3rmaxyBaHHS KpPUBHUX METOJIOM 3Ba)KEHOTO
CEpeHbOTO, SIKUM J03BONIsIE€ 30epiraTh 3HAYEHHS JIOKATbHUX MaKCHMYyMiB 1 MiHIMyMmiB (yHKMIT,
IISIXOM BUKJTIOYCHHSI 3 3aJISKHOCTEH yacy, OyayBanucs Tpaekropii Yc(Xc) (Puc.106).

20 | Yc(™

L -60 -40 20 20
! PRy -20
(111)
e )'\

a 0
Puc.1 IInamghopma cmabinozcpaga pazom 3 Komn 10OmMepHOIO CUCTNEMOTO (@), 8U2TA0 MPaeKmopiil
(Xc(t),Yc(t) ons mecmis (i), (ii) ma (iii) (6) i mpu nanxosa modenvb mina iOOUHU (8).

P

[psmokyTHHKM Ha Purc.10 moka3yroTh amiuniTyau konuBanb LIM y ¢ponrtanbhiii (B310Bxk 0Y) Ta
caritanpHil (B310BX 0X) mmomunaax. Acumerpis posramryBands LIM Ta xaoTnuHa quHaMiKa BIACTHBI
KO’)KHOMY 3 TecTiB. [lpu OanmaHcyBaHHI 3 3aIUTIONICHUMH OYMMa aMILIITyJa KOJMBaHb 3pOCTAE B
CepenHbOMY B 2 pa3H, TOJ SK MpH OallaHCi Ha OHIH HO31 CIIOCTEepIraeThes MapajoKkcaabHa cTadiTizamis
KOJIMBaHb 32 paXyHOK OLIbII 9iTKOTO KepyBaHHs [1,2]. lami npoBoauiiocs yrcenbHe AudepeHIiFoBaHHS
kpuBux Xc(t),Yc(t) i 6ynysamucs dasosi kpusi f(f), (), ¥'(f), ne f={Xc,Yc}. Jam npoBommmick
o0uHCIIeHHS eKCTTOHeHTH JISIyHOBa 3 BUKOPUCTAHHIM anroputMy Bonbda [7]:

1) dikcyemo meskwii Mauii 3cyB 7 KpuBux Xc(t),Yc(t) 3a vacom;
2) Busnauaemo nouatkose nojoxeHHs Xc(0),Yc(0) kpuBux;
3) 3HaxoauMO Take 3Ha4eHHs 1y, o6 | X(t;) —X(0) |< £, ne ¢ - 3agaHe Maje 3HAYEHH:, SIKe [IEPEBUIIY€E

yacToTy auckperusarii kpuBux Xc(t),Yc(t);
4) SIkuo TaKoro 3Ha4YEHHA t; He iCHYye, obupaemo ty Take, mobd | X(t;) —X(0) = min | X(tk) =X©O) [;
k

| Xty +7)-X(@)] .

5) ObuucmoemMo nepie HaOIMKeHHs ekcroHeHTH JlsmyHoBa /4 (0) = 1 In ;
| X(t) - X(0) |

6) 3HaxomMMo t, Tak camo sK B 3)-4);
| X(t +7) - X(27)]

7) OGuncroeMo apyre HaOIMKEHHS eKCIoHeHTH JIsimyHoBa 4y (7) = 1 In ;
| X(t2) = X(7) |

8) [NoBTOproemo 6)-7) i oburcIr0eMO HaOIMmKEeHHS 4 (27), 4 (37),... 10 JOCATHEHHS OTPiOHOTO Yacy t,
MICJISL 4YOTO TTOBEPTAEMOCS 10 1), TPOXH 301IBITYEMO 3HAUEHHSI 7 TA 3HAXOAUMO HAOIMKEHHS

%(0), 4 (7), 22 (22), 25 (32), ..

9) Iicns kinpKoOX iTepaniit anroputMy 1)-8) ocTaTouHO 0OUUCITIOEMO eKCIIOHEeHTY JIsmyHOoBa sIK

l:[mgzj‘l i [nk2+2j1 ”Z Alio), )

k=m/2 j=n/2

3 MareMaTH4YHa MOJeIb

Haii6insm nommpenoto moaemmo OPC monuam € 6araToxaHKoOBHH NepeBepHyTHi MasTHUK [1,2]. B
OJTHOJIAHKOBIA MO YIIPaBIiHHSA BEPTHKATHHUM ITOJIOKEHHSM TiTa 3MIHNCHIOETHCS 32 JOTIOMOTOIO
MOMEHTY CHJI, SIKi IPUKJIaJCHI B TOULI «IiABiCY» MasTHHKA (TOOTO B TOMIJIKOBOCTOITHOMY CYTJI001) 3a
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paxyHOK Hampy>KeHHSI-pO3Cla0iieHHs BCix M's3iB HIir. Haimpocrtime piBHAHHS KOJHBAaHb TaKOTO
MasTHUKa 0e3 ypaxyBaHHs TEpTS B TOUL MiJBICY Ta iH. YAHHHUKIB) Ma€ BUTIISL:

J
(m%}xm -mgH(®) =u, O, | Tk |50 -may(®) =u,0) (@)

Je M — Maca Tina, Jyy — MoMeHTH iHepuii BigHocHO oceit 0X,0Y, g=9.81 M/c? — IPUCKOPEHHS BLIBHOTO
manigasg U(t) =(Ux(t),uy(t)) — ympaBmiHHA KONMBaHHAMH Yy (DPOHTANBHIN Ta cariTanbHill MJIOIIMHAX.

Cuctema (4) moxe Oytu 3BeneHa a0 cucrtemu Burisagy (1) 3 n=4. Ilicns nmizctanoBku B (4) BUMIpSHUX
kpuBux Xc(t),Yc(t), ynkuii kepyBanHs Uy(t), Uy(t) MoXyTs OyTH Oe3m0cepeHbO 00UNCIIEHI.
JI1s1 p-JIaHKOBOTO MasTHHKA TIOJIOKEHHS J-TO JIAHIIOTa BU3HAYAETHCS KyToM 0j(t) Horo Haxmity jio

BEpTHKAi, a cucteMa (4) HaOyBae Burisin [8] (mpuknan amst p=3 HaBeneHuii Ha Puc.1B):
d 2

M-W§+C(§)2+N-é=0, (5)

e 07 =(6,,0,,...,6,), T - tpancnosunis, M, C i N — marpuui mac-inepuiiinnx, Kopionicosnx i

rpaBiTanifHux KoedinieHTiB. 15 3BUKIIO1 CTIOKIHOT CTOMKHM KyTH BiIXWJICHHS Ta iX MOXiTHI 32 YacoM
Mauti, i (5) 3BoUTHCS A0 JMiHIHHOI cucteMu, abo 1o cuctemu BursiAy (1) 3 n=4p. Metoan po3B’si3aHHS
HeniniiHux cucrem (5) st OPC Jr01uHN IIMPOKO 00TOBOPIOIOTHCS B Jtiteparypi [1,2,8].

4 Pe3yJIbTaTH Ta 00TOBOPEHHS

Tunosuii npukitan ¢yHkniin kepyBanHsa (Ux(t),uy(t)), oOunciennii 3 (4) A1 IBOXOIOPHOI CTOWKH
OJTHOTO 3 JIOCIiKyBaHWX, HaBeleHWH mpu HasBHOCTI (Puc.2a) ta BimcyrHocTi (Pmc.26) momatkoro
30pOBOT0 KOHTPOJIIO 33 MiATPUMAHHIM 1mo3u. CaMOKOPENSIii JUisi KOXKHOI 3 3aJIeKHOCTEH, a TaKOoX
kopemsnii Mix Uy(t) 1 uy(t) BigcyTHi, 10 BKa3ye Ha HE3B’A3aHUI XapakTep OOpPOOKH CUTHAIIB, SIKi
BUXOJSTh C KOXXHOTO 3 TIBKPYXHUX KaHAJIB OpraHy piBHOBard, HEPBOBOIO CHUCTEMOIO. MOXIIHBi
BAEMO3B’SI3KM TaKMMH CHTHAJIaMH TOKH M0 HeAOCTaTHhO BHBUeHi [8]. Haitmpoctimmit miaxim, sxuit
PO3rJIsiiae OKPEMO KEPYBaHHS 3a KyTOM BIIXWJICHHS Tijla BijJf BEPTUKAJI Ta 32 MIBUIKICTIO BIIXHMJICHHS
y Burmms Ug(t)=Kua (X(8)-Xo) + k(X' (1)-X0), Uy(t)=ky1 (Y (1)-Yo)+ Kyo(Y '(0)-Y'y), mokasye, mo e icaye
nocTiiHnX KoeimieHTIB Ky, Ky, Ky1, Kyo. AMIUTITY 1M KepyBaHHS BHIIi, a CIIEKTp OUIBII CKIIaIHIIINH
MiJ] 4ac 3aIUIIONICHUX OYeH, IO BIAMNOBITAE MaiKe NOJABIHHOMY 3pPOCTAaHHIO AMILTITYId CaMUX
KOJIMBaHb, 1110 OyJ10 BHUSIBJICHO B [1,2].
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Puc.2 Kepysanns Ux(t),Uy(t) o5t 30 ¢ 0soxonoproi cmoiiku 3 posnarowenumu (a) ma sanuowernumu (6)
ouumMa 051 00H020 3 BUNPOOYBAHUX.

Cepenni 3nauenHsa <LLE> pmns rpynm nociipkeHux BHIPOOYBaHUX UIS KOXKHOTO 3 BHKOHAHUX
TecTiB HaBesleHl Ha Puc.3a. 3aranbHi 3HaueHHs Ui 310poBux BunpoOyBanux (LLE<0.2) 3HauHO MeHmIi
HIK aHaJoridHl Koe(ilieHTH, 004HCIIeH] JUTS TPYI JIITHIX BUNMPOOYBAaHUX Ta MAIIEHTIB 3 MATOJOTISIMU
OPC (0.4<LLE<0.6) [4-6]. IIpu mepexomi Bix ABOXOMOPHOI (i) 10 MEPEHOCY MacH Tija Ha OIHY HOTY
(ii), (iil), HeBU3HAYEHICTH KOJIMBAHb B CEPEAHBOMY IiJBHUILYETHCS, X04a AJISI OKPEMUX BHUIPOOYBaHUX
criocrepiranacs 1 NpOTWIEKHA auHamika. [Ipu mepexomi 70 TeCTiB 13 3aIUIIOIICHUMH OYHMMa
XaOTHYHICTh KOJMBaHB pi3ko 3pocrana (iV), ajge 3 wacom mpu mepexomi a0 (v) s (vi) mOCTymoBoO
3MEHIIyBajlach, MOKJIMBO, 32 PaxyHOK 3BHUKaHHA CHUCTEMH KOHTPOJIIO JIO0 TECTiB TaKOTO BHUTJISAY.
banancyBanHs Ha OIHIM HO31 XapakTepH3yBaJlocs MEHIIMMHU 3HaueHHAMH <LLE>, moxmuBo, 3a
paxyHOK JOJaTKOBOTO HANPY)KEHHS CHCTEMHM KepyBaHHS, IO BiamoBimae morepeniM mammm [1,2].
[nnuBinyansHU po3kuy 3HaYeHb LLE Takox qye 3HAYHHI, 32 BUKJIFOUESHHSIM OaJlaHCY Ha OJIHIN HO3i
(Puc.36). Ina nomatkoBoi mepeBipku ganux Puc.3a,0 Tpeba mpoBecTH TECTH i-Viii B iHIIOMY HOPSIAKY,
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JUTST BUKJTFOUCHHS afanTailii CUCTeMH KOHTPOIIO (HEPBOBOI, Bi3yalbHOI, CIIyXOBOi, TaKTHWJIBHOI), IO
Oyze 3po0JIeHO B TIOJANIBIINX SKCIIEPUMEHTAILHUX JOCITIKESHHSIX.
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Puc.3 Ocepeoneni 3a epynoio snauenns <LLE> ons koopounam X(t), Y(t) (a) ma snauenns 3 oucnepcicio (6) ons
mecmig i-Viil.

S BucHoBKH

TakuM YMHOM, MiATBEpAMIMCS BHCHOBKHM IIONEPEIHIX IOCTIUKEHb O HAasBHOCTI IO3UTHBHHUX
3Ha4yeHb LLE craGinorpam sik Ha BCbOMY 4Yaci BUMiproBaHb, Tak i kopoTkoyacHux (STLE) naBiTe mns
KOMQOPTHUX JBOOMOPHUX TONokeHb Tina (i)-(iii). Cepenmni 3a TPYHO MOJOIUX 3J0POBUX
BUTpoOyBaHux 3HaueHHs LLE<(.2 3HayHO HIDKYe, yeM 3Ha4YeHHs, sKi Oynu paHime oO4uCIeHi AIs
JITHIX BUIIPOOyBaHUX Ta NawieHTiB 3 nopymeHHsMu OPC Ta HEpBOBOi CHCTEMH.

OyHKIIT KepyBaHHS BEPTHKAJIBHUM IMOJIOKEHHSIM Tijla OyJr 00YHCIeH] Ui KOYKHOTO BUMipIOBaHHS
y BUTJISIL JIiHIHHOT KOMOiHaIT KOHTPOJTIO 3a BiaxwieHHaM [[M Ta mBHAKICTIO BiaxwieHHs 3rigHo [8].
ITokazaHa BiICyTHICTh KOPEIAIiNd MiXK (DYHKIIISIMU KepyBaHHS SK JUIS Pi3HUX BHMPOOYBaHUX, TaK 1 JUIs
Pi3HUX TIOJIOKEHb TiJla OJTHOTO BHIIPOOYBAHOTO, IO BKa3ye Ha CKIAJHUA CTOXaCTUYHUH XapakTep
nporiecy kepyBanHs. Ha ocHoBi cepennix 3Hauenb LLE, STLE Ta inauBigyaqbHUX BiIXHJICHH MOXHA
npoBecTH Kiacu(ikaiio GYyHKIH KepyBaHHs BHIPOoOyBaHMX Ha rpymu 3 criikum (LLE<0.1), ciabko
(LLE<0.15) ta cumpro (LLE>0.15) HectilikuMm KepyBaHHSIM BEPTUKAIBHHM IOJOKEHHSM Tina. Takum
YHHOM, PE3YJIbTaTH JAOCIiPKEHHS BKa3yIOTh, 110 3HaueHHs1 LLE, STLE MoxyTh BUKOpHUCTOBYBaTHUCS SIK
NPOTHOCTHYHI iHAeKcH cucteMu KoHTpoo OPC inamBiza HaBiTh y MOJIOIUX MOTEHLIMHO 30pOBUX
nmociimkenux. Kpim Toro, HeoOXigHi Oinbin aeranbHi gociimkeHHs OPC sk nmuHamMivHOT CHCTEMH B
paMKax MojieNnell HeJJleTepMiHOBaHOTO Xa0Cy 3 HEJIIHIHHUM KepyBaHHSIM.
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The mathematical model of the thermal process in Spoke-Type Permanent
Magnet Synchronous Machines
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This paper presents the mathematical model for the prediction of temperature field distribution in spoke-type permanent
magnet synchronous machines. The mathematical model which takes into account both radial and axial heat transfer streams is
presented as a boundary problem in a multilayer non-canonical region with conjugation conditions at the boundaries of the
layers, with different thermal physical properties. The entire study area is divided into five simple subdomains: a shaft, an
inner fan-shaped magnet, an outer fan-shaped magnet, a slot, and a slot opening. Moreover, on the border of a slot and the
inner and outer fan-shaped magnets in a slot opening, a perfect thermal contact is maintained. The problem is solved by the
finite element method. The model allows controlling the temperature field of the machine in the real-time and calculating the
temperature of its individual parts which is necessary for its proper maintenance.

Key words: electric machine, mathematical model, temperature field, finite element method.

V¥ po6orti npeacraBiaeHa MaTeMaTHYHa MOZENb PO3IOIILY TEMIIEpaTypHOTO ITOJIsl B CHHXPOHHIN MaIlvHi 3 TOCTiHHNM, Y Gopmi
CHHIb, MarHiTOM. MaTreMaTu4Ha MOJENb BPAaXOBY€ SK pajialbHUI TaK 1 OCHOBHII MOTOKH IEpeAadi Temia i MpeACTaBILiE
co00I0 KpalioBy 3ajauy B OaraTonrapoBiii HeKaHOHIYHiH o0JacTi 3 yMOBaMH CHpPsDKEHHA HAa TPAaHULAX IMIApiB, 3 PI3HUMH
Tem1o(i3MYHUMHI BIACTUBOCTAMH. Besi 00macTe AOCTIKEHHS pO3/iieHa Ha M'STh TUIIB MPOCTHUX Migo0iacTei, a came Ball,
BHYTPILIHIA BiSUIOMOAIOHWH MAarHiT, 30BHIIIHINA BisUTOMONIOHWI MarHiT, ma3oBuil oTBip 1 ma3. [Ipwdomy, Ha TpaHuUIL
BHYTPIIIHEOTO 1 30BHIIIHBOIO BiSUIONOMIOHUX MAarHiTiB Ma30BOT0 OTBOPY i Ma3y Mae Micle iZeallbHUI TeIUIOBHiI KOHTAakT. B
JaHid MamuHi 4 mapu moociB 1 9 crotiB. J[keperno Teria piBHOMIPHO PO3MOIICHO B 0OMOTKax craropa. Y LEHTpi cioTa
pO3TalIOBY€EThCS OOMOTKA, IUIONIA KO JOPIBHIOE CyMi IUIONI BCIX MIJHHMX IPOBOAIB. 3ajada po3B’SI3YETBCS METOIOM
KIHIIEBUX €JIEMEHTIB. Y IMOpPIBHSIHHI 3 iCHYyIOUMMH MaTeMaTUYHHMH MOJAEISIMH TEIUIOBUX IIPOLECIB B CHHXPOHHIN MaluHi 3
MOCTIHUM, y (OpMi CIIUIb, MAarHiTOM, OPUTIHAIBHICTH I[LOTO JOCIIKEHHS MOJATae B MOOYZOBI KOMIUIEKCHOI TEIIOBOI
MOJIETl, sIKa BPaxOBY€ XapaKTep TEIUIOBOTO OOMiHY Ha MeXi PO3IiTy CKIaJOBHUX YaCTHH MAaIIWHH. Pe3ynbTaTH MpoBeAECHUX
JOCIIPKEHb € OCHOBOIO ISl MPOEKTYBaHHS CHHXPOHHOI MAIIMHM 3 TIOCTIHHHM, y (OpMi CHHIb, MarHiTOM, po3poOKH
ANTOPUTMY KEpyBaHHsS TEMIIEPaTYpHHM IOJIEM CHHXPOHHOI MAalllMHH, JIO3BOJISIOTH BPAaxOBYBaTH TeMIeEpaTypHi e(dexTH,
0CcOONMMBO B THUX Migo0iacTsaxX, Ja¢ poboda TeMmmeparypa MOKe 3MIHIOBATHCSA. 3alpoIlOHOBaHA MAaTeMaTHYHA MOJICIh
TEeMIIepaTypHOTO TOJIS B EJIEKTPUYHII MalllMHI JO3BOJIAE€ KOHTPONIOBATH TEMIIEPATypy B PeXHMi peajbHOro vacy. Mozens
JI03BOJISIE PO3PAaxOBYBAaTH TEMIEPATypy OKPEMHX YacTUH MAIIMHH, 10 BAXJIUBO JUIS IIBHJIKOTO PETYIIOBAHHS YMOB ii
EKCIUTyaTaIlii i 0XOJIOKECHHS.

Knrouosi cnosa: eJleKmpudHa mawiuna, namemamuina /l/loae./lb, memnepamypHhe noJe, Memoo KiHueeux eemMeHmia.

B nanHOI! cTaThe mpeacTaBlieHa MaTeMaTHYecKas MOJENb paclpeaeIeHusl TeMIIEPaTypPHOro MO B CHHXPOHHBIX MalllHAX C
MOCTOSHHBIMU CIMLEBUIHBIME MarHuTaMu. MaTeMaTudeckass MOJeNb YYHUTHIBAeT KaK paJuajbHbIA Tak M OCEBOIl MOTOKU
nepefaynd Tella W TPEACTaBIseT coO0OW KpaeBylo 3agadyy B MHOTOCIOWHONW HEKaHOHHYECKOW OOJIACTH C YCIOBHSIMHU
CONPSDKEHUS] HA TPAHMIIAX CJIOEB, C PA3NIUYHBIMU TEIIOGH3WIECKIMH CBOHCTBAMHU. Best 006macTh mccinenoBaHus AENUTCS HA
MSTh THUIIOB TPOCTHIX MOA00JACTel, BKIIIOYas Bajl, BHYTPEHHHAN BeepoOOpa3HBIi MarHUT, BHEITHUN BeepOOOpa3HBI MAarHHT,
na3oBoe OoTBepcTHE M ma3. [Ipudem, Ha rpaHuIe BHYTPEHHETO U BHEIIHETO BeepOoOOpPa3HBIX MarHUTOB MAa30BOTO OTBEPCTHS M
na3a UMeeT MECTO HJealbHbIH TEIUIOBOM KOHTAKT. 3ajada peliacTcs METOAOM KOHEUHBIX 3JIEMEHTOB. Mozens 1mo3BossieT
paccuuThIBaTH TEMIIEpPaTypy OTAENBHBIX YacTed MalIMHBI, YTO BAXKHO JUIi OBICTPOTO PETYJIUPOBAHUS YCIOBHH ee
SKCIUTyaTalluu U OXJIAKACHUSL.

Knroueswie cnosa: dJIeKmpudecKas mawtuna, wamemamudeckas ,MO()eflb, memnepamypHoe noiie, Memoo KOHEUHbIX IIeMEeHMO8.

1 Introduction

High-speed electric machines with excitation from permanent magnets are widely used in various
industries, including automotive industry. Recently, interior permanent magnet synchronous motors
have become known as a good candidate for hybrid electric vehicle traction drive application due to
their unique merits. Synchronous electric machine with different geometry and permanent magnets
(PMSG) became the object of numerous studies. In this paper we consider electric machine with a
spoke-type PM rotor and an internal permanent magnet [1-2]. In [1-2] the magnetic field in the spoke-
type PM rotor is investigated, and an attempt to account for the impact of the end effects (form of end
winding reactance or magnetic leakage flux) in a two dimensional approximation is made. The
analytical model for the prediction of magnetic field distribution in spoke-type permanent magnet
synchronous machines with rectangular magnets and magnetic bridges is presented in [1]. The

© Demyanchenko O., Kobilskaya E., Lyashenko V., Nabok T., 2020
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equivalent stator slot model used in temperature field of high torque-density permanent magnet
synchronous in-wheel motor is investigated in [3]. The new layered winding model based on the law of
heat transfer in a stator slot is advanced in this paper. Service life and electromagnetic performance of
high torque-density permanent magnet synchronous in-wheel motor are related directly to winding
temperature [2]. Interior permanent magnet (IPM) synchronous machines which characterized by high
efficiency and power density are employed in commercialized electrified power trains and other electric
vehicles [4-5].

The thermal field distribution of two conditions: the rated speed and rated load condition; the low
speed and rated load condition is analyzed in [6]. The influences of temperature variation on the
characteristics and performance of spoke-type interior permanent magnet (IPM) machines are
considered in [7]. Key machine performance metrics, such as flux linkages, torque, and inductance
variations as the functions of temperature are simulated and discussed. However, the complete
mathematical model of the thermal process in the permanent magnet synchronous machines which
makes possible to determine the temperature regime at any point given has not been considered before.

The mathematical model of the thermal process in an electric machine created in [7-8], is presented
in the form of a three-layer cylinder, in which the internal heat sources operate in one layer, while the
heat is transferred to another by thermal conductivity. The multilayer cylinder, where the internal
sources of heat operate in one part of the layers and the external ones in the other part is suggested as
the model for solving boundary value problems for the heat conduction equation in a complex region.
The method of solving the problem in conditions of uncertainty/absence of one of the boundary
conditions on the boundary of the layers with conductive heat exchange between the layers is proposed.
The essence of the method is to average the temperature distributions along the radius in the inner
layers. As a result of transformations at the boundary of the layers, the boundary condition of the
conjugation of the impedance type appears. The mathematical model of the temperature field of the
radial section of an electric machine is proposed in [9]; the temperature distributions in the separate
subdomains of the machine are considered and then the summation of the resulting solutions is
performed. The complete mathematical model of the thermal process in synchronous machines with
spoke-type permanent magnet is investigated in the paper. The temperature distributions in the
windings and in the air gap are very important for designing an electric machine and analyzing its
temperature field of the whole machine. Stator and rotor sheets have open, semi-closed or closed
grooves in which current conductors (windings) are located. In the stator semi-enclosed grooves of
rectangular or oval shape are most commonly used, in high-power machines - open grooves of a
rectangular shape. The distribution of the conductors in the slots has a certain influence on the
maximum temperature of the windings [10].

In comparison with other studies of thermal processes in a permanent magnet synchronous machine
[11-15], the originality of this study lies in creating the complete mathematical model of the thermal
process in synchronous machines. Moreover, the synchronous machine is represented as a multi-layered
region with different thermal physical characteristics of the layers. Let us consider a synchronous
machine with a spoke type permanent magnet rotor in the form as in [1]. Fig. 1 shows an example of
spoke type permanent magnet rotor.
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Figure 1. Spoke type permanent magnet rotor with eight poles
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2 Purpose of the Paper

The purpose of this paper is to create and consider the complete mathematical model of the thermal
process in spoke-type permanent magnet synchronous machines with four pairs of poles and nine slots,
which takes into account the nature of the heat exchange at the interface between the parts of the
machine.

3 Study resources and results

Figure 2. Machine geometry

In this paper, a mathematical model for the rotor shown in Fig. 2 is created.

Fig. 2 shows the model with rectangular magnets and magnetic bridges [1], where 6 is the
circumferential position, the position of initial axis is defined as 6=0; ri is the angular position of the i-
th magnet with reference to initial axis; sjis the angular position of the j-th slot; a1 is the width angle of
the magnet outer edge; o is the width angle of the magnet inner edge; c: is the width angle of the slot
opening; cz is the width angle of the slot; r,, ry, r,and r;, ryare the radii of the shaft, the stator bore, the

slot top, the slot bottom, and the machine respectively.

To achieve the goal, the entire field domain is divided into simple subdomains of five types (Fig. 3),
i.e. a shaft (1), an inner fan-shaped magnet (I1), an outer fan-shaped magnet (111), a slot opening (1V)
and a slot (V). There are four pairs of poles and nine slots in the considered machine. Besides, there is a
perfect thermal contact on the border of the slot and the inner and outer fan-shaped magnets.

Figure 3. Subdomains of electric machine
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Determination of the temperature distribution T(r,¢) in the multilayer region
Q:{0<r<r;, 0<p<2z}, where the internal heat source is concentrated in the windings (region V),
can be written as a boundary value problem with conjugation conditions in the form

1295 c, c, -
sz p ST <Ig,S;j —?<¢7<SJ— +?, 1=12,.
10, 0T 1 07T, a, az
AiFg(ra—r')+ﬂi—za—(p2': 0, O<r<r1,r5sr<r6,(0<go<2;r),rl<r<r2,(ri—7<¢)<ri—?)
p <r < (g —ﬂ<(p<ri+ﬂ),r3<r<r4,(sj—&<¢)<sj+&)
2 2 2 2
M)
ATa (13, 0) = —a(T; - T,) _50'0-34 _Tc4)l 2)
T (5=0,0) =T, (r;+0,9), 3)
TI(r-l _O’¢):Tl(rl +0’¢)’ |:11214 (4)
Mr (15,9) = —a(Ts =T;) —e0(T5" ~T2), (6)

4 are the coefficients of heat conductivity of the rotor, stator iron, conductors of electric current and
isolation, respectively, T, is the ambient temperature, o,,1, p,,&,0 are the corresponding heat transfer

coefficient, the current strength, the resistivity of current conductors, the emissivity factor, the Stefan-
Boltzmann constant, T, —T; are the machine subdomain temperatures, T, T, are the temperature

derivatives in the corresponding subdomains.

An perfect thermal contact takes place at the boundaries of the second and fourth regions. When
describing the perfect thermal contact at the boundary of the inner and outer fan-shaped magnet, the slot
and slot opening, the equality of temperatures and heat fluxes at the boundary surfaces is considered.

Here S is the area of the slot, that is, the region V. The parameters for the calculations have been
taken from [1]. The following assumptions for calculating the temperature field have been taken by
using the finite element method. The convective and radiation heat exchange has been considered.
Radiation heat transfer always occurs, especially when the speed of the rotor rotation is very small or
the rotor is still. The heat source is evenly distributed in the stator windings. The winding is in the
center of the slot, the area of which is equal to the total area of all copper wires.

TABLE 1.Thermal parameters of the machine materials

Position Materials Thermal coefficient
(W/m K)

Shaft 45# 50.2

Rotor core DW 310-35 42.5

Winding Copper 387

The solution of the problems (1) - (6) in the Partial Differential Equation (PDE) Toolbox is
implemented with the help of finite elements [16-18].

At first, the complex form of the region is constructed by combining intersection and subtraction
operations. Then we set Equation 1 and, after specifying the coefficients of the differential equation,
construct the computing grid using the Delaunay triangulation. The fundamental property is the
Delaunay criterion. In the case of 2-D triangulations, this is often called the empty circumcircle
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criterion. For a set of points in 2-D, a Delaunay triangulation of these points ensures the circumcircle
associated with each triangle contains no other point in its interior.

We divide the domain Q into triangles A;,i=12,..n. Such a partition is called triangulation.
Triangles with two vertices on the boundary of the region may have a curved side. We replace this side
with a segment of a straight line and denote the resulting region by & . Then we number the vertices of

the triangles which are called triangulation nodes. Let D, be the set of nodes belonging to the boundary
D, be the set of internal nodes, and D = D, UD, be the set of all knots of triangulation. Further, finite
elements are constructed, triangles in this case.

Consider any triangle A; = Q. For each vertex of this triangle we define the function v(r,¢),
which is equal to one at this vertex and to zero at other vertices (here i is the number of the triangle, j is
the number of the vertex in the set of all nodes D). The simplest function is a linear function in the form
z =ar +bp+c, moreover, z = 1 in one of the vertices of the triangle and z = 0 in the other two vertices.
We associate an arbitrary parameter to the j-th node, T;, j =1,...J Let the vertices of a triangle A; have
numbers j;, j,, j; in the set D . We define a new function

@ (r,p)= Ujll/lgl(r’qg)JrUJ'Z'/’ijZ (r"ﬂ)+Uj3W}3(r1(ﬂ),(r,(p) €A,
| 0, (ro)eA

The function ¢, (r,(p) is called a finite element. After the regionQ has been triangulated, a finite

element mesh has been regularized. The finite element mesh has been rearranged in such a way that the
irregularity of all finite elements does not exceed the value set in the PDE Tool. Then we build the
system of equations.

Fig. 4 shows that the highest temperature is observed in the windings of an electric machine. A
significant number of failures of an electric machine is associated with the stator windings. The
statistics of failures in electric machine operations indicates that they occur due to overheating of the
windings. The temperature of the electric machine during operation increases with increasing current
strength of the device; this can be caused by a decrease in the supply voltage to 95% and below.
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Figure 4. Solution of the problem (1) — (6)



Bulletin of V.N. Karazin Kharkiv National University
46 series «Mathematical modeling. Information technology. Automated control systems» issue 45, 2020

The following parameters of the electric machine were used. Geometric dimensions of the electric

machine as in [1]. Current density in DRM slots is J :10612. Number of pole pairs is 4, number of
m

slots is 9. Thermal parameters of the machine materials are presented in table 1.

5 Conclusions

The complete mathematical model of the thermal process in spoke-type permanent magnet
synchronous machines is proposed in this article. The investigated field consists of five subdomains.
There is an perfect thermal contact on the border of the inner and outer fan-shaped magnets, the slot and
the slot opening. When describing perfect thermal contact (boundary conditions of the fourth kind),
boundary conditions consider the equality of temperatures and heat flow on the surfaces. The boundary
conditions of the fourth kind essentially give the rule of coupling of temperature fields of the study
volume and the external body, where the heat is transferred by heat conduction. The problem is solved b
y the finite element method. The solution to the problem described in the mathematical model is
implemented in the Partial Differential Equation (PDE) Toolbox. To implement the solution algorithm,
a regularized computational grid has been constructed by using Delaunay triangulation. The results
present in this paper set a foundation for developing a control algorithm which takes the temperature
effects into consideration, especially in the cases where operating temperature varies significantly. This
proposed mathematical model of the temperature field allows controlling temperature of the whole
machine. The model allows calculating the temperature of individual parts of the machine. This is
important for quick adjusting its operating and cooling conditions.
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CratucTUyHUM aHaNi3 JaHUX MOHITOPUHTY KOPOHAPHOT'O KPOBOTOKY JIJIst
reéMOJIMHAMIYHO1 OI[IHKU CTYNEHS CTEHO3y KOPOHApHUX apTepii

H.M. Kizinosa, JI.M. ITakki

Xapxiecokuu nayionanvuuii ynieepcumem imeni B.H. Kapasina, Ykpaina
email: dimapakki95@gmail.com

JloCTiIKYIOTBCSI CTATUCTHYHI 3aJICKHOCTI MiXk KpUBHMH TUCKY P4(t), Py(t) 1 mBuakocti kpoBoTOKY V,(t), 110 3apeectpoBani in
Vivo B KOpPOHApHHX apTepisx IamieHTiB Oe3MoCepemHbO IO 1 IMicis IUITHKA CTEHO3y B paMKaxX CTaHJapTHOI KIIHIYHOL
npouenypyu po3paxyHnky auHamiuaux iHnekciB FFR, HSR, CFR, i psiny iHmuX, sKi 3aranbHONPUHHATI B XipypridHiil MpaKTHL.
TokasaHo, 1110 IPU HE3HAYHOMY CTEHO31, SIKMil He BUMarae OlnepaTHBHOTO BTPYYaHHS, € KOPEIALs MiXK KPUBUMH, a iX CIIEKTp
HpeCTaBICHHI TPhOMa OCHOBHUMH TapMOHiKamu. IIpu 3HaYHOMY CTEHO3I, 110 BUMarae HeraiHOro CTEHTYBaHHS, O3UTHBHA
kopersiis Mixk Py(t) i Py(t) Bupaxena cnabuue, a 3 kpuBow V,(t) € HeratueHa kopensiis. CeKTp KpUBUX 3HAYHO CKIIAHIIIHI
1 MICTHTh BHCOKOYACTOTHI TapMOHIKH. JIJIsl MAaIlieHTiB 3 Tak 3BaHOI «cCipoi 30HW» EKCIEpPTHE PIlIeHHS NpO HEOOXiTHICTH
CTEHTYBaHHS MOKe OyTH NPUHHATO HA MiACTABI IOSIBH JOJATKOBHUX M'APMOHIK B CIIEKTpI i HETATHBHOI KOPEJSALIT MiXK KPUBHMH
Pa(t), Py(t) u V4(t). 3anpornoHoBanuii minxix Moxke OyTH BUKOPUCTAHUM ISl aBTOMATHYHOTO TIPHHAHSTTS PIlIEHHS HA OCHOBI
MalIMHHOTO HAaBYaHHS i PO3POOKH BiIIOBIJHUX MaTEMaTHYHUX MOJEIEH.

Knrouogi cnosa: mamemamuune MoOen0OBaHHs, CIMAMUCTMIUYHUI AHANT3, CMEHO03, KOPOHAPHI apmepii, eKcnepmHa cucmema.

The purpose of the article is the exploration of features of, and the relationships between the patient’s medical data. The data
have been obtained by measuring the pressure of blood flow before the stenosis - Pa(t), after the stenosis — Pd(t), the flow
velocity— Va(t), and ECG. The statistical relationship between the pressure curves P,(t), P4(t) and the blood flow velocity V,(t)
recorded in vivo in the coronary arteries of patients before and after stenosis, as a part of a standard clinical procedure for
calculating dynamic indices such as FFR, HSR, CFR, and others accepted universally in surgical practice have been studied. It
is shown that in the case of insignificant stenosis which does not require surgical intervention, there is a correlation between
the curves, and their spectrum is represented by three main harmonics. In the case of significant stenosis which requires
immediate stenting, the positive correlation between P,(t) and Pq(t) is less pronounced, and there is a negative correlation with
the V,(t) curve. The spectrum of the curves is much more complex and contains high-frequency harmonics. The 2-phase
relaxation with two different relax-times for the curves of pressure has been explored. To develop the mathematical model for
automatic detecting of threshold values of stenosis level the additional spectral analysis has been performed. For patients in the
so-called “gray zone”, an expert decision on the need for stenting based on the appearance of additional harmonics in the
spectrum and a negative correlation between the P,(t), P4(t) and V,(t) curves can be made. The proposed approach can be used
for automatic decision-making based on machine learning and the development of appropriate mathematical models.

Key words: mathematical modeling, statistical analysis, stenosis, coronary arteries, expert system.

Hccnenyrorest CTaTHCTHYECKHE 3aBUCHMOCTH MeXAy KpuBbiMu maBieHusi P,(f), Pg(t) u cxopoctu kpoBotoka V,(t),
3aperUCTPUPOBAHHBIC i ViVO B KOPOHAPHBIX apTEepUsIX MALMEHTOB HEIOCPEICTBEHHO JI0 U MOCJa y4acTKa CTEHO3a B paMKax
CTaHIAPTHOW KIIMHUYECKOH MPOLeTypsl pacyeTra tuHaMuieckux nHaekcoB FFR, HSR, CFR, u psaga npyrux, oOmenpuHATHIX B
XUPYpPruueckoil mpaktuke. [loka3aHo, 4TO MpH HE3HAUMTENILHOM CTEHO3€, He TPeOyIOIIeM ONEepaTHBHOTO BMEIIATENICTBA,
HUMEETCsl KOPPENSIHsl MEKIY KPHBBIMH M HX CIEKTP MPEACTABICH TPeMs OCHOBHBIMH TapMOHHKaMH. [IpH 3HAYHTEIBHOM
CTeHO3e, TpeOyIoIeM HeMEUICHHOTO CTeHTHPOBAHMSL, TOJIOKHUTENbHAST KOppeIsiius Mexay P,(t) u Py(t) Belpaxena cabee, a ¢
KpuBOii V,(t) mmeercst otpunarensHas koppessius. CIeKTp KPUBBIX 3HAUMTEIBHO CIIOXKHEE W COJCPIKHT BBICOKOYACTOTHBIC
rapMOHUKH. JIJIs TMalMeHTOB M3 TaK Ha3bIBAEMOH «Cepod 30HBD» JKCIEPTHOE pelIeHHe O HEOOXOJMMOCTH CTEHTHPOBAHHS
MOXKET OBITh HPHHATO Ha OCHOBAaHHM MOSBJICHHUS JIOTOJHUTEIBHBIX TApPMOHHMK B CIIEKTPE M OTPHULATENIBHOI KOppESIUu
Mexay KpuBbIMU P,(t), Py(t) u Vy(t). IIpensnoskeHHbIil MOAX0M MOKET OBITh HCIOJIB30BAH IS aBTOMATHYECKOTO HMPHHSITHS
pEIICHNs Ha OCHOBE MALIMHHOTO 00y4eHHs 1 pa3paboTKU COOTBETCTBYIOIIMX MaTEMaTHUECKUX MOJIeNEHt.

Knrwoueevie cnosa: mamemamuueckue MO@EﬂupOGCZHue, cmamucmu4eckull  aHanus, CmeHos, KOpPOHApHble apmepuu,
JOKcnepmHas cucmema.

1. Beryn

CreHO3 KOpPOHApHHX apTepid € OJHI€I0 3 TNPOBIJHUX NPUYMH TMOTIPIICHHS SKOCTi JKHUTTS,
PO3BHHEHHS CEpIEBOI HEAOCTATHOCTI Ta iH(APKTy MioKapAa HE TUIBKM y JITHIX, a i y BiZHOCHO
mMonoaux mnamieHTiB [1]. CTeHO3 € 3BYKEHHsS CyIUHH, SKE TMOCTYNOBO PO3BHBAETHCS BHACIHIJIOK
MOLIKO/DKEHHsI i1 CTiHKHM, 3MIHM CTPYKTYPH 1 HAaKONWYEHHS BCEPEAMHI KaJbIlifo, JIMiAIB Ta iHIINX
KOMIIOHEHT Yy BUIJISIII ATEPOCKIEPOTUYHOI OJALIKH, 3aKyHOPKH TPOMOOM, a TaKOX I1HIIMX IPUYUH.
Bnacminok 3ByXeHHs apTepii KpOBOTOK HYepe3 3BYKEHY IUITHKY Pi3KO 3HIDKYETHCS, a PO3TAIlIOBaHI
HIDKYE 3a TEYI€I0 TKAHWHU BiMYYBAaIOTh HECTAady KUCHIO 1 MOXUBHUX pedoBHWH (imremiro). Ha »xams,
CHUMIITOMHU CT€HO3Y KOPOHAPHUX apTepiil NPOABISAIOTHCS JIMIIE HA TOCUTH Mi3HIX CTaAifX, KOJIU CTYIIiHb
3BY>KeHHS cTaHOBUTH 50% 1 BuIlle Bi BUXiAHOI IUIOLI MPOCBITY apTepii 1 Koyiu B OiBIIOCTI BUMAKIB
MOTPiOHO HEBIAKIAAHE PO3IMIMUPECHHS [IISHKA CTEHO3y IINITXOM BBEIACHHS CTeHTa (Oomeparis

© Kizilova N.N., Pakki D.M., 2020
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creHTyBaHHs1). JIJsi TPUUHSATTS PIMICHHS PO HEOOXIJHICTh CTEHTYBAHHS MPOBOAUTHCSA N VIVO
MOHITOPHHT TeMOAMHAMIYHHX MMapaMeTpiB Oe3mocepeiHb0 MOOIN3Y JUISTHKA CTEHO3Y, a AJIS IPUHHATTS
pillIeHHS 100 CTEHTYBaHHS BHKOPHUCTOBYIOTHCS Pi3HI 3araJbHONPUIHATI iHAEKCH HEAOCTATHOCTI
KpoBoIocTadanus [2-5]:

1) Stenotic index SI=Dy,i/Dy (%) — BigHOIIEHHS MiHIMAIBHOTO JiaMeTpa Ha AUISHILN CTEHO3Y Diin
0 jgiaMerpy cynumHu 0e3 creHo3y Dy, a0o aHaymoriyHwii iHAEKC, SKUH po3paxoBaHUM 3a
BIIMOBITHUMH TUTOIIIAMH TIPOCBITY cyauuaud, Minimal lumen area MLA=Aqi/An (%);

2) Fractional flow reserve FFR= Py/P,, ne P, i P4 — THCKy, BuMipsiHi 6e3mocepeHbo mepes i mcs
creHo3y (Puc.la) Bigpa3y micis BBEJCHHS CYAMHOPO3IIUPIOBAIBHOI areHTa, M0 Pi3K0 3HMKYE
BIUTMB OTIOPY CHCTEMH MIiKPOLIMPKYJIALIi HA Pe3ylbTaTH BUMIPIOBAHHS; 1HIEKC MOKA3y€E BTPATH
THCKY Ha CTEHO31;

3) Hyperemic Stenosis Resistance HSR=(P, - Py)/Q, nme Q. — MakcuMaibHa HIBHAKICTH
KPOBOTOKY, 1110 BUMIpSIHA TIEpe] CTCHO30M; 1HICKC XapaKTepPHU3ye TiPpaBIidYHHNA OIip CTCHO3Y;

4) Coronary flow reserve CFR=Vpyp/Viest , 16 Viyp 1 Viest — CEpeHI IIBUAKOCTI KPOBOTOKY IPU
rimepemii i B CIIOKOI; iHAEKC TMOKa3ye pe3epBHI MOXKIUBOCTI MUISTHKH pyclia A0 1i MIBHIKOT
nepe0yIOBH B YMOBAX TillepeMii;

5) Index of microvascular resistance IMR=V}y, Py 103B0JIsIE OLIHNTH BUTPATH €HEPTii 38 paXyHOK
TiApaBIIYHOTO OTIOPY AUISHKU PyCIIa;

6) Instantaneous wave-free ratio iFR= P4/P, i instantaneous wave-free pressure gradient iFG= (P,
- Py)/L — BimHOIIIEHHS THCKIiB 1 TPaJi€eHT THCKY Ha MIISHIN CTEHO3Y, SAKi BUMIpSHI Mg 4ac
JacTONH, KOJU BIUTMB BiJOMTHX MyJHCOBUX XBWJIb Ha PE3yJIbTaTH BUMIPIOBAaHHS MiHIMAIbHUN
0e3 BBeJICHHS Cy/IMHOPO3IIHpIoBaibHOTO areHTa (Puc.106).

Ha croromuimHiii JeHh HEMAE €IMHOTO MiAXOMY IO BUKOPUCTAHHA iHACKCIB 1) -6) mpu mpuiHATTI
pimeHHs TIpo BUOIp JiKyBaHHS y KOHKpeTHoro marjienta. [agexc FFR BBaxkaeThcs «30motmm
crangapTom» [5], mpote 6araro xTo BoJie 6imbIn mpocti ingexcn ST i MLA, a6o x ingexc iFR, skuii He
BUMAara€ IH'€KI[Id Ba30AMJIATATOPIB XOua CKJIAMHIINIMKA JUIS PO3paxyHKiB. Y BIIMOBITHOCTI 3i
CTaHIapTaMu MPUHHATTA pitneHHs Ha ocHoBl FFR, manienTn 3 FFR> 0.8 He BUMaratoTs onepaTHBHOTO
BTPYYaHHS, TaK SK CTEHO3 HE BUKJIMKAE KPUTHYHOTO 3MEHIIIEHHSI KOPOHAPHOTO KPOBOTOKY. [lamieHTn 3
FFR <0.7 BuMararoTh HeraiiHoi iMIuiaHTarii creHta, a jjis namienrtis 3 FFR = 0.7-0.8 (tak 3BaHa «cipa
30Ha») pilllEHHS TPUAMAETbCA KOHCHIIIYMOM JIiKapiB Ha OCHOBI IIIKapChKOTO JOCBiMY Ta IHTYIII.
TakuMm 4rHOM, 3a/1a4a MOPIBHSIIHHOI e()eKTUBHOCTI PI3HUX MOKA3HUKIB, BUSBIEHHS 1X (Di3MUHOTO CEHCY
Ha MaTeMaTUYHUX MOJENSAX i po3poOKa iHAEKCIB JUIs MPUHHATTS pillieHb ISl MAIEHTIB «Cipoi 30HU»
3aJIMIIAETHCS aKTYaJIbHOI. Y JaHii poOOTi HaBeIeHI Pe3yNIbTaTH CTATUCTUYHOTO aHalli3y KpuBHX Pjy(t),
Pa(t), Qa(t) i xopemsuii mapamerpiB 1mx kpuBux 3 ingekcamu SI, MLA i FFR, mo notpiOHi mis
MOJANBIIO] pO3p0oOKH MaTeMaTHYHHX MOJENel, sSKi MOTJIH O BUKOPUCTOBYBATHCS IPH MPHHHSATTI
pilleHHst PO HEOOXiTHICTh CTEHTYBaHHSI [T KOHKPETHOTO MAaIliEHTa B pealIbHOMY Yaci, B TOMY YHCIHI 3
BUKOPHUCTAHHSIM METOJIB IITYYHOTO iHTeNeKTy [6].

@ P Va 180 . I. i ,I I. || | L |
u CTeHO3 p, ¥ \ II\ ll\ I\ f |l_ |\ I|| \ ,| |f

/

100 \ \ \ I\ II"-.

an i

i 1000 t(ms) 2000
a 0
Puc.1. Cmenos dinauku apmepii i 10Kanizayisi Micyb UMIPIOBAHHS NAPAMEMPIE KPOBOMOKY () 3 NPUKIAOAMU
sumipsanux 3anedxicrnocmett Py(t), Py(t), Va(t) 0o ssedenns eazoounamamopa (6).
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2. Marepiaju i MeToau

3anexxHocTi Py(t), Pqy(t), Qa(t) (Puc.2a-B), siki Oynau BuUMIpsSHI Ha PI3HUX Tpynax Mali€HTIB 3a
JOToMOTor0  ctapmaptHoi  Metoauku Volcano CORE™/CORE™T™Mobile/S5/S5i™ FFR/IFR®
Software with Case Manager, Oynu B3sTi 3 Biakpuroi 6a3u maHuWX. BUMIprOBaHHS MPOBOAMINCH 3
KpokoM 3a gacoMm At =5wmc. Ilig yac BuMiproBanbs TpyOKa KaTeTepa BBOJIUTHCS B KOPOHAPHY apTepito, B
AKil panime 3a qaanmu Komir'torepHoi Tomorpadii (KT) abo anriorpadii (Al') Oyiio BuABIEHO CTEHO3
(Puc.la). ITicns dikcariii BHYyTpillIHS YacTHHA KareTepa (TOHKHHA THYYKHH APIT) MPOCYBAETHCS KPi3b
cTeHO3 i (ikcyeTbest Ha neskiit Bigcrani (~ 1 cM) 3a HUM. Tucku Py(t), Py(t) i mBuaKicTh KPOBOTOKY
V,(t) BUMIpIOIOTBCS B CTaHi CIIOKOI0 CHHXPOHHO 3 Kapaiorpamoro (ECG) Puc.16. ITiku amrutitynn ECG
BIJIMIOBIIAlOTh HYacy MOYATKy CKOpodeHHs cepis. Ilicima 1mporo depe3 karerep BBOAWUTHCS TOPIIS
Ba30ijaTaTopa, TIAPaBIiYHUN OMip MIKPOCYIWH Pi3KO Maja€, KPOBOTOK 3pPOCTAE, i MPH LLOMY 3HOBY
BUMIPIOIOTECST KpUBI Pq(t), Py(t), Qa(t). Beboro mnst ananmusy Oyno BiniOpano 30 HaGopiB maHHX 3i
snadenusamu FFR>0.8 (9 marmientis), FFR<0.7 (11 marientis) u 0.7<FFR<0.8 (10 mamienris).
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Puc.2. Tunosi 3anexcrnocmi Py(t), Py(t), Va(t) npu cunepemii ons 30oposoeco nayienma (a), sxuit nompebdye
HeeallHo2o cmenmysants (0) i nayienma i3 «cipoi 30Hu» (8).

Pawnimre 3a3Havamocs (IuB. s jgiteparypu B [4,6,7]), mo mpu momipaomy ctenosi (MLA> 80%,
FFR> 0.85) nmunamika kpuBux P,(t) i Py(t) B miactomy Bimpisuserbcs HesHauno (Puc.2a). Ilpu
kputnuHoMmy cteHo3i (MLA <50%, FFR <0.7) na kpuBux Pgy(t) 3’sBinsetbest nByxdasHa penakcaiis 3
JBOMa DI3HMMH 4YacaMH - MmBHIKa i moBineHa (Puc.26). Jlns mamientiB 3 «cipoi 3oHm» (Pic.2B)
CIIOCTEPITAETHCS MPOMIKHA PEAKIIisl, IKy Ba)KKO ONMMCATH OJHO3HAYHMMH Habopamu 3HadeHb SI, MLA,
FFR Ta in. byno noka3zaHo, mo pi3Hi BUIU 3aIeKHOCTEHN P,(t), Py(t), V,(t) MOKHA MOSCHUTH HA OCHOBI
TPHOXKaMEPHOT MOJIeNl apTepii, B sAKiM cepeaHs Kamepa BiAMOBIJA€ JUISHII CTEHO3Y 3 ITiJBHIICHUM
rigpasiaigauM omnopoM [7]. [Ipu meBHHX Habopax 3HAYEHH IMapaMeTPiB MOJEII BIAETHCS OMUCATH BCi
TpU BUAHM 3aneskHOCTel (Pric.2a-B), BKIIOYAIOUYH HiTKY pesIaKcallilo 3 JBOMa YacaMH 3aracaHHs TUCKY. Y
3B'SI3KY 3 TPYJHOIAMH OI[IHKH JIOKAIFHUX OlOMEXaHIYHUX MapaMeTpiB Mojelni [7], BeNUKUH iHTepec
NPEJICTABIIsIE MOXKIUBICT JIOJaTKOBOI Kiacudikamii CTyneHs BHPaXEHOCTI CTEHO3y MUISXOM
CTaTUCTUYHOTO aHAJIi3y 3apEECTPOBAHUX MEMOIMHAMIYHUX KPUBHX.

Bci BuMipsiHI KpHBI 3TI1aJKYBallICh METOZOM 3BKEHOTO KOB3HOTO CEPENIHBOTO, IO J03BOJISIE
30epiraTv 3HaUEHHS JIOKATLHIUX MAKCUMYMIB i MiHIMyMiB ()yHKIIIi:

2 s 11 i=l,n
F(ti):MZj-f(ti_j), s=43, i=2,n-1,
= 5 2<i<n-1

ne f(tj) 1 F(tj) - BUXiaHI i 3r7aJDKeHI 3HAUYSHHST BUMIPSHUX JIMCKPETHUX KPUBUX.

[Morim 3a nikoBumu 3HaueHHsAIMH ECG Ha kpuBux P,(t), Py(t), Qu(t) Buainsimcs okpeMi KoIMBaHHS.
OCKIIBKH PUTM CEPLEBUX CKOPOUYCHb XapaKTEPHU3YEThCS iCTOTHOIO BapiaOeNbHICTIO 1 BHIIAJIKOBUMHU
KOJIMBAHHSIMH aMILUTITYIH, BCI OKpeMi KOJMBAaHHS HABOJIUIUCS JIO CTaHAAPTHOI MOBXKHHI t=T*=1, e
T* - 6e3po3MipHHIA ITepio CKOPOUEHB CEpPIId, 1 3HAYCHHIO MakcuMyMma P =P*=1, ne P* - cucromuHuii
TiCK. OCKUIBKY 3HAYeHHS T* 1 P* pi3Hi K y pi3HUX HAIlI€HTIB, TaK 1 y OJTHOTO TAIIEATA JO 1 MicIs
BBEACHHS Ba30JWJIAaTaToOpa, NPHUBEIEHHS 10 OE3pO3MIPHOTO BUTIJISILY Ma€ BaKIUBE 3HAUCHHS JUIS
YCYHEHHSl KOJHMBaHb, fKi OOyMOBIEHI HE MIpOIO CTEHO3y apTepii, a pi3HUMHU (i3ioNOriYHEMH i
30BHIITHIMY (haKTOPAMH.
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CrnekTpaibHuil W Kopensminauid aHami3z KpuBHX Py(t), Pqy(t), Qa(t) mpoBomuBcs 3a momomororo
BOynoBanux ¢ynkmiii Python 3.8.2. Jlns po3paxyHKiB CIEKTpa BHKOPHCTOBYBAJOCS TUCKPETHE
neperBopeHHs Dyp'e

N .
27 ) .
X; = exp| ———Kj |, j=12,...,N.
j kZ:le p( Nl J] j

3. Pe3yabTaTH i 00roBOpeHHs

Ha Puc.3a-B mpeacTaBieHi pe3yabTaTH CIIEKTPANTBHOTO aHami3y KpuBUX Py(t), Py(t), Va(t), sxi Oymu
HaBeJlleHi Ha Puc.2a-B. AHanoriyHi 3anexHocTi Oynu oTpumani uist Bcix 30 HaOopiB aHUX B CIOKOT i
micyis BBEJCHHs Bazoamiaratopa. B Tabm.l mpepctaBneHi pe3ylbTaTd po3paxyHKiB Koedilli€HTiB
KOpeJsiii BCix map kpuBHX 3 HA00py P,(t), Py(t), Va(t).
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Puc.3. Amnnimyou A(%) nepwux K=6 capmonix xpusux Py(t) (@), Py(t) (6), Va(t) (8) ors nayicnmis, sxi
npeoCcmagisionts mpu 2pynu 3 PizHol 8UPA3HICHIO CIMEHO3Y KOPOHAPHUX apmepill.

OcCHOBHa TapMOHIKa CIIEKTpa KPUBHX THCKY 1 IIBHJIKOCTI BIJIIMOBIJZa€ CKOPOUCHHSIM CEpIls, SKi
TeHepYIOTh 30ypeHHsl THCKY 1 IIBHAKOCTI 32 paXxyHOK pi3KOro 30UIbLIEHHS apTepiaibHOrO THUCKY Ha
BXOZ1 B pyclio i BOpocy nopiii KpoBi 3 JiBOro HUTyHo4Ka. 30ypeHHs MOUIMPIOETHCS B3AOBXK pycia, 110
reHepye BiJOUTI XBWIII Ha JIITHKAX PO3ralyKeHb apTepiil Ta iHIIMX HEOJHOPITHOCTSIX, B TOMY YHCII Ha
BX1JTHOMIH 1 BUX1JIHOMIH JiNSTHKaX cTeHo3y. OCHOBHUMHY rapMOHIKaMH CIIEKTpa TUCKY Y Bunaaky FFR>
0.8 (mamienT 1 Ha Puc. 3) sk 10, Tak i micyis BBeAeHHS Baszogunararopa € 1, 2 1 4 rapmoniku. B criektpi
HIBHJIKOCTI MPHCYTHI Tepln 5-6 rapMOHIK 1 X YaCTKM MOHOTOHHO 3MEHIIYIOThCA. Y TMAIl€HTIB 3i
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3HagHUM cTeHo3oM (FFR <0.7, mamient 2 wa Pmc.3) cmektp THCKY YCKIamHIOETHCS: BKiapn 1-i
TapMOHIKHU Pi3KO 3HWKYETHCS 1 3pOCTa€ YacTKa 2-4 TapMOHIK, a B IeSIKMX BUMAAKax 1 5-if rapmoHiku. B
CHEKTpi MIBHAKOCTI TAaKOX 3HAYHO 3MEHIIYETbCS BHECOK |- TapMOHIKM, a PO3MONINT PEHITH IO
aMILTITY/Ii CTa€ HEMOHOTOHHHM. Y TAIEHTIB 3 «cipoi 30HM» (mamnieHT 3 Ha Puc.3) mposBIsSIOTECS prCH
SK TIepIIOoi, TaK 1 APYToi TpyH, B 3aJI€KHOCTI BiJl CTYIIEHS BIUIMBY CTEHO3Y Ha YIOBUIbHEHHS Tedii KPOBi
3a paxyHOK BiIOMTHX XBWJIb Ta HiJABUIIEHOTO TiIPaBIidHOTO OMOPY CTEHO3Y. TakuM YMHOM, 3HHKEHHS
aMIUTITYIX OCHOBHOI TapMOHIKH, IOSBA B CIEKTpi THCKY 3- 1 5-if rapMOHIK, HEMOHOTOHHICTBH
aMIUTITYl TapMOHIK MIBHIKOCTI MOXHa BBa)XKaTW MAOJATKOBHMH TapaMeTpaMH, SKi JIO3BOJSIOTH
BUAUTUTH 3 TPYIH MALI€HTIB 3 «Cipoi 30HW» TaKUX, sIKi MOTPEOYIOTh HETAITHOTO CTEHTYBaHHS.

Tabn. 1. Koeghivienmu xopensyii piznux nap kpusux 015 nayicumis 1-3.

& (P4,Pg) K (Pa,Va) K (Pg,Va)
ITanuenrl 0.9419 0.1522 0.2613
IManuent2 0.9576 -0.6108 -0.6419
IMaruent3 0.8809 -0.5791 -0.6514

VY Bcix JOCHIDKEHUX BHMaAKax crocrepiranacs mosutuBHa kopesiist (K~0.9) kpusux Py(t) i Py(t)
(Tabmn.1). ¥ nmamienrtiB 3 FFR>0.8 kopensii TrckiB i IIBHAKOCTI OynM HEe3HAYHI, ane Takoxk 3 x>0,
tomi sk y Bumaaky FFR<0.7 mi xopemsmii Oynn 3aBIu HEMIaTHBHUMHU. B rpymi «cipoi 30HM» y
BUTAJKAaX 3 OMMCAaHUMH BHIIE 3MIHAMH CTHEKTpa KOeillieHTH KOPEesIii OyiIu TaKoX HETaTUBHUMH, 110
MOYKE CITY>KUTH JOJATKOBUM J1arHOCTHYHHUM MapaMeTpoM Uil IPUHHSATTS PillicHb.

4. BucHoBKH

Ha ocHOBI TIpOBEICHOTO0 CTATUCTHMYHOTO aHANI3y BCTAHOBJICHO 3aKOHOMIPHOCTI Yy BHTIJISAI
CIIBBIJJHOIIICHb MK aMIUTITYIaMH TapMOHIK 1 KoedilieHTaMu Kopessiiiid kpuBux TUCKIB P,(t), Py(t) i
MIBUJKOCTI, SIKi JIO3BOJISIFOTH BHJIUIUTH B TPYII MAIi€HTIB «Cipoi 30HW» Ti CTEHO3M, SKi BUMAararwTh
HEeTalfHOTO CTeHTyBaHHs. B iHINMX BHMaakax MOTPiOHE JONATKOBE OOCTEXKEHHS 3 METOI BUSBIICHHS
CTCHO31B, sIKI HaHOLIbIlIE 1CTOTHO BIUIMBAIOTH HA MOTipIICHHS KPOBOMOCTaYaHHS Miokapnaa. Orpumai
Ha0OpH JOJATKOBUX JiarHOCTUYHUX TMapaMeTpiB JIETKO (hOpMaTi3yrOThCsl, MOXKYTh OyTH MPOTECTOBaHI
Ha MaTeMaTHYHUX MOJEISX BUIIIAAY [4,6,7], BUKOPHCTaHI sl MAIIMHHOTO HABYAHHS 1 BIIPOBAPKCHHS
METO/IiB IITYYHOT'O 1HTENEKTY AJIsl IPUHHATTS PillieHb B peaIbHOMY Yaci B PaKTHIIl Kapaioxipypra.
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TeCTI/IpOBaHI/IC MMPON3BOAUTCIBHOCTH IIPOIrPaMMHOI'O oOecreyeHus

O.M. Menko3wsopoBa, C.I'. Paccomaxin
Xapriscokuil HayionanvHuil yHisepcumem imeni B. H. Kapasina, matioan Ceo600u 4, m. Xapxis, 61022, Ykpaina
olja.mex@gmail.com

B Hactosimee BpeMsi KadecTBO MPOTPaMMHOTO OOECIEUEHHs MMEET OUYCHb BBICOKHMI NpHOpHTET. ['paMOTHBIN moAaxXox K
PEILICHHUIO JaHHON MPOOIEeMBbl YaCTHYHO OOEeCIeYMBaeT aBTOMATU3UPOBAHHOE TECTUPOBaHKE. [IJIst ero BBEJIECHUS HEOOX0IUMO
00ecreynTh ONPEIENCHHbIE YCIOBUS W IPOBECTH COOTBETCTBYOIIME MeponpusaTus. CucremMa, KOTOpas IOJJIEKHUT
TECTUPOBAHMIO, IOJDKHA OBITh TAKOBOW, YTOOBI €€ MOXKHO OBLIO JIETKO TeCTHPOBaTh. OJJHO U3 CaMbIX BaJKHBIX MEPONPUSTHH -
BHIOOpD MHCTpYMEHTa Ui aBTOMATH3HPOBAHHOTO TECTUPOBAHHSA, K HEMY HpeIbsBIsieTcs psaa TpeOoBaHui. OH ITOIDKHBI
obecrieurBaTh: BHEPEHNE aBTOMAaTH3UPOBAHHBIX TECT-KEHCOB, MOHUTOPUHT ¥ KOHTPOJIb BBHIIOJHEHHUS] aBTOMATU3MPOBAaHHBIX
TECTOB, JOJDKHO IOJANEPKHMBATHCS HHTEPIPETUPOBAHUE, BHUIHBI PE3yJbTAaThl IIPOXOXICHUS TECTOB B BHJAE OTYETOB,
norupoBanusi, rpapukoB [1]. DTUM TpeGOBaHHAM OTBEYACT MHCTPYMEHT [UIsl TECTHPOBAHHS IPOU3BOAMTENBHOCTH Jmeter.
Jmeter nmoanep)KUBaeT TEXHOJIOTHIO aBTOMATH3MPOBAHHOTO TECTHPOBAHMS 3allCH U BOCIIPOM3BEACHMs, YeM obecrednBaeT
BO3MO>KHOCTb BHEJIPEHHSI aBTOMATU3MPOBAHHBIX TECT-KeHCOB. [lJIs1 JEMOHCTpALU Pe3yIbTaTOB TECTUPOBAHUS B BUJIE TaOJHIL,
rpaduKOB, qHarpaMM ecTb KoMnoHeHTHl «Ciymarenn» (Listeners). B craThe mpuBeneH 0030p CyHIECTBYIOMINX HA JaHHBIN
MOMEHT THUIIOB TECTHPOBAHHS IPOU3BOAMTENBHOCTH. PacCMOTpEeH TecT IUIaH C HCIOJIb30BaHHEM HHCTpyMeHTa Jmeter,
MOKa3aHa BO3MOKHOCTb COCTaBJICHUS TECTOB U MX aHAJM3a JUIS MOJNYYCHHUs Pe3yibTaTa Ipu 00eCIeYeHNH COOTBETCTBYIOLIETO
KauecTBa M y10o0CTBa HCIOJIB30BaHUs. TecTUpOBaHUE MIPOrPaMMHOTO O0ECIICUeHNs — OIMH U3 HanOoJiee BAKHBIX ATAIOB IIPH
pa3paboTKe MPOrpaMMHBIX IPOAYKTOB. YHHUBEPCAIBHBIH MOAXOA K pa3pabOTKe TECTOB YCIOXKHSETCS OONBIINMU 0OBeMaMU
JTAHHBIX, HATMYUEM Pa3HOOOPa3HBIX METOMUK M MHCTPYMEHTOB. OCO0YyI0 3HAaUMMOCTh UMEET TeCTHPOBAHHE BEIYHUCIUTEILHON
MPOU3BOJUTEIBHOCTH NPHIOKEHUH. [1o cpaBHEHHIO ¢ IPYrMMH BHAAMH TECTUPOBAHMS, TO HMEHHO STOT BHJ TECTHPOBAHMS
KpaiiHe cJoXeH M TpeOyeT ONpENeICHHBIX HABBIKOB IepcoHata. IIPOM3BOAMTENBHOCTh B OCHOBHOM HCIIBITHIBACTCS
ABTOMATH3UPOBAHHBIMU METONAMH, OAHAKO IIPU IApaMETPHUYECKOM MHCCIIC[OBAaHHM IPOrPAMM BaKHBIM CTaHOBHTCS
CTaTUCTHYECKOE TECTUPOBAHHE.

Knroueewie cnosa: mecmuposanue np0u360()ume/1bnocmu, asmomamusayus, UHCmpymenm, Jmeter, Hazpys3Ka.

VY rtenepimHiii yac SKiCTh MpPOrpaMHOro 3a0e3NeyYeHHs Mae BUCOKWH mpiopuTeT. ['paMOTHUH MinXiny OO BHpIMICHHS ITi€i
mpoOJIeMH 4acTKOBO 3a0e3meuye aBTOMaTH30BaHe TecTyBaHHA. [y #ioro BBeZeHHS HEOOXiAHO 3a0€3IEYHUTH MEBHI YMOBH Ta
MpOBECTH BiAMOBiAHI 3axomu. Cucrema, siKky Tpeba TeCTyBaTH TaKOX MOBHHHA OyTH Takoro, Mo il MOXHa OyJo JIeTKO
TectyBatd. OfHE 3 HAWBAKIMBILIMX 3aXOMAIB — BHOIp IHCTPYMEHTY, 10 HBOTO TIPE SBISIETHCS PsJi BHUMOT, BiH IOBHHEH
3a0e3neyyBaTi: BIPOBA/DKCHHS AaBTOMATH30BAaHMX TECT-KEHCIB, MOHITOPHMHI Ta KOHTPOJb BHKOHAHHS aBTOMATH30BaHHX
TECTIB, MOBUHHO MiATPUMYBATHCS IHTEPIPETYBaHHs], BUAHO PE3yJbTaTH MPOXOJDKEHHS TECTiB y BHIJLII 3BITIB, JIOTYBaHHS,
rpadikis [1]. [{lum BuMoram BiJmoBiae iHCTPYMEHT IJIsl TECTYBaHHS MPOIYKTUBHOCTI Jmeter. Jmeter miATpUMy€e TEXHOJIOTIO
aBTOMAaTH30BaHOTO TeCTyBaHHs 3ammcy Ta BinTBopeHHsA (Record and playback), uum 3a0e3medye MOXIMBICTE BBEIECHHS
aBTOMATH30BaHUX TecT-KeWciB. s meMoHcTparii pe3ynbTaTiB TeCTyBaHHS Yy BHUIJLNI TaOMuIb, TrpadikiB, miarpaMm €
cnenianbHi KoMmoHeHTH ,,Ciryxadi” (Listeners). Y craTTi HaBeIeHO OIIAA ICHYIOUHMX THIIB TECTYBaHHS INPOAYKTHBHOCTI.
PO3IIISIHYTO TECT IUIaH 3 BUKOPHCTOBYBAHHSM 1HCTpyMEHTY Jmeter, MoKa3aHa MOXKJIMBICTb CKJIAJIaHHs TECTIB Ta IX aHaI3y ULt
OTpPHUMaHHSI pe3yJbTaTy Npu 3abe3ledeHHi BiAMOBIAHOI SKOCTI Ta 3pYYHOCTI BHUKOPHUCTaHHS. TecTyBaHHS MPOrPaMHOrO
3a0e3neyeHHss — OAMH 3 HAWOUIBbII BaXKJIMBHX €TalliB NMPH Po3poOIli MPOrpaMHUX MPOAYKTIB. YHIBEpCAIBHUI MigXix 10
PO3pOOKH TECTIB YCKIAHIOETHCS BEIUKHM 00’€MOM JIaHMX, HAsBHICTIO Pi3HOMAHITHHX METOAMK Ta iHCTpyMeHTIiB. OcoOInBy
BKIIMBICTh Ma€ TECTYBAHHs OOYHCITIOBAIBbHOI IPOAYKTUBHOCTI A0JATKIB. Y MOPIBHSHHI 3 iHIIMMH THIIAMH TECTYBaHHS, caMe
Heil BUA BKpail CKIaiHWA Ta moTpeOye IMEBHUX HAaBHYOK IMEepcOHaly. IIpOJYKTHBHICTH B OCHOBHOMY BHIIPOOOBYETHCS
ABTOMATH30BaHMUMH METOJIAMH, OJJHAK [PH TTapaMEeTPHYHOMY JIOCII/KEHH] POrpaM CTae BaKHUM CTAaTHCTUYHE TECTYBaHHS.

Kniouosi cnosa: mecmysanns npodykmugnocmi, asmomamusayis, incmpymenm, Jmeter, HA8aHMAa}CEHHA.

Currently, software quality is of high priority. A competent approach to this issue is partially provided by automated testing.
For the introduction of such testing it is necessary to provide certain conditions and take appropriate measures. The system to
be tested should be easy to test. Choosing the proper testing tool is one of the most important measures and has a number of
particular requirements. It must provide for the introduction of automated test cases, monitoring and control of automated tests
and must support the interpretation of test results, as well as the presentation of test results in the form of reports, logging or
graphs [1]. The Jmeter performance testing tool meets all of those requirements. Jmeter supports automated recording and
playback testing technology, which supports the introduction of automated test cases. To demonstrate the test results in the
form of tables, graphs, charts (View Result Tree), the "Listeners" special components are provided. The article presents an
overview of existing types of performance testing. The test plan by using the Jmeter tool is considered. The possibility of
obtaining the results by compiling and analyzing tests while ensuring the appropriate quality and usability is shown. Software
testing is one of the most important steps in software development. The universal approach to test development is complicated
by large amount of data, as well as the availability of various testing techniques and tools. The computing performance testing
of applications is of particular importance. Compared to other types of testing, it is extremely complex and requires specific
skills. Performance is mainly tested by automated methods, but in the parametric study of applications, statistical testing
becomes important.

Keywords: performance testing, automation, tool, Jmeter, load.
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1 lIpuHUMOIBI TECTUPOBAHUSA TPOU3BOAUTEIBLHOCTH

TecTtupoBaHre MPON3BOIUTEILHOCTH UTPAET BXKHYIO POJIb JJISl TOCTHXKEHUSI HEOOXOTUMOTO YPOBHSI
Ka4ecTBa MPOTrpaMMHOIO MPOJYKTa, a Takke obecrieueHus: ynodctBa ero ucnonbzoBanus (Usability)
NOTCHIHANBHBIM MOJIb30BaTeNeM. XapaKTePUCTUKH (DYHKIMOHAIBHON NPUTOJHOCTH M yHOOCTBa
UCIIOJIb30BaHMS TECTUPYEMbIX NPUIOKEHHH OLIEHUBAIOTCSA IIPHU YCIOBUSX WHTEHCUBHON HArpy3Kd U
JUINTETFHOTO ~ HUCIONB30BaHUS.  DPQPEKTHUBHOCT  HMCIBITYEMOW  CHCTEMBI IO  TOKa3aTelro
POU3BOUTEIILHOCTH OIICHMBACTCSI B COOTBETCTBHH C MEXTyHapoaHbiM cranmapTom 1SO 25010 [1].

OOUIenpUHATEIMY SIBJISIOTCSI TPH OCHOBHBIX ITOKA3aTeNsl, XapaKTepU3YyOLUINX IPOU3BOAUTEIEHOCTh
HpOrpaMMHOTO MpoayKTa [2]:

OneHka BpeMEHM OTKIMKAa. OJTO camas paclpoCTpaHEHHas 3aJadya Mpd TECTHPOBAHUU
IPOM3BOAUTENBHOCTH. OJTOT AaCHEKT TECTUPOBAHMSA OIPEIEISIeT CIOCOOHOCTh KOMIIOHEHTOB WIIH
CUCTEMBI OTBEYaTh IIOJH30BATEII0 WM CHCTEME 3a OINPEAEJICHHOE BpeMs IpU ONpeAcTICHHBIX
YCIIOBHSIX.

Hcnons3oBanue pecypcoB. JlocTymHOCTh pecypcoB (Hampumep, pacrpeielieHne OIepaTHBHON
NaMsITH) MOKET OBITh UCCIIEIOBAHO NIPH MPOBEACHUU ONPEACICHHBIX TECTOB 10 IPOU3BOIUTEIBHOCTH.

Mommnocts. Ecnam moBeneHue cucTteMbl Tpu TpeOyeMoW MOIHOCTH OTpPaHUYUBACT CUCTEMY
(HarmpuMep, KOJMYECTBO MOJIb30BaTeNe MM 00beM JAaHHBIX), TECTHI IO MPOU3BOAUTEIBHOCTH MOTYT
OBITH HEOOXOIUMBI, YTOOBI OLIEHUTH IPUTOAHOCTh APXUTEKTYPhI CUCTEMBI.

TCCTI/IpOBaHI/Ie IMPOU3BOAUTCIIBHOCTH IMPOUCXOAUT SKCICPUMCHTAJIBHO, IMPU 3TOM HOOJIKHBI 6I>ITI)
JOCTYIIHBI UBMEPCHHUA U aHAJIN3 CHGHI/I(bH‘I@CKI/IX CUCTCMHBIX MMapaMETpPOB. TGCTI/IpOBaHI/IC MOXET 6I)ITI)
NPOBEIEHO WTEPAlMOHHO NIPU CHUCTEMHOM AaHalu3e, AW3aiiHe M HMMIUIEMEHTALMH apXUTEKTYPHOTO
peueHus.

[pu TecTUPOBAHHUHU TPOM3BOANUTEIBHOCTH HCIIOIB3YIOTCS CIICAYIONIME PHHIHIIBI [ 2]

TECTBI JOJDKHBI OTBEUATh O’KUAAHUSM I10JIb30BaTelNeH, AU3aiHEPOB U IIEpCOHaa;

TECThI AOJKHBI OBITH BOCIIPOM3BOJUMBIMH, TO €CTh IOBTOPEHHE TECTOB Ha HEM3MEHHOH CHUCTEME
JOJDKHO NIPUBOJUTH K CTATUCTUYCCKU UACHTUYHBIM PE3YyJIbTaTaM,

pe3yiabTaThl 1O TECTUPOBAHUIO TMPOU3SBOAUTCIBHOCTU  OOJIKHBI 6LITI) IIOHATHBI W JICTKO
COIIOCTAaBUMBI C OKHJIAHUEM I10JIb30BaTEIS;

TECTBI MOI'YT 6BITB MMPOBECACHbBI C HCIIOJIB30BaAHUEM JOCTYIIHBIX PECYpPCOB — Ha MOJHON WIH
YaCTHIHOU CHCTEME;

TECTBI JOJKHBI ObITh JOCTYIIHBI M UCIIOJHSIEMBI B OTBEIEHHOE BPEMSL.

2 Tunsl TECTHPOBAHHUS MPOU3BOANTETLHOCTH

Jlis TecTUpOBAaHUST MPOW3BOJUTEIBHOCTH MOTYT OBITh ONPENCNICHbl Pa3IMYHBIC THUIBI TECTOB,
KOTOPBIC 3aBUCAT OT IieJiei TectupoBanust [2,3,4].

Tepmun «TecTupoBaHue npousBoauTeabHocTH» (Performance Testing) Bkimtodaer B ceds Jr0b6oe
TECTHPOBaHHUE, KOTOPOE CPOKYCHPOBAHO Ha MPOW3BOIUTEIHHOCTU (OTBETHOW PEaKIMU, CKOPOCTHBIX
MOKA3aTeNsIX) CUCTEMbI MM KOMIIOHEHTOB TOJ] Pa3JIMYHBIMUA 00bEMaMHK U XapaKTepaMy Harpy3KH.

Harpy3zounoe tectupoBanue (Load Testing) doxycupyercss Ha cCIOCOOGHOCTH CHCTEMBI CIIPABIIATHCS
C BO3pPACTAIONIVMMU YPOBHSMH OXHJAEMOH HArpy3KH, BO3HHUKAIONIEH B pe3yibTaTe 3alpocoB
KOHKYPHPYIOLIMX I0JIb30BaTeNIed WM mporeccoB. Kpome Toro, 3To mccienoBaHue poOaCcTHOCTH
(3amaca MPOYHOCTH) — CIIOCOOHOCTH CHCTEMBl COXPaHATh 3aJaHHBIE IIOKAa3aTeNd KadecTBa IpH
JIOITyCTUMBIX TIpeJieiax Harpy3KH U MPH HEKOTOPOM MPEBBIICHUH dTHX MPEJIEIIOB.

CrpeccoBoe TectupoBanue (Stress Testing) ¢okycupyeTcs Ha CHOCOOHOCTH CHCTEMBI WIH
KOMITOHEHTOB TIO/IZICP)KUBATh IMUKOBBIC HArpy3Kd, KOTOPbIE HAaXOMATCS HAa YPOBHE WJIM IPEBBIIIAIOT
npeziensl 0KunaeMbpix. MakTHYECKH, 3TO MCCIICA0BAaHUE TOBEJCHUS TIPUIIOKEHHS MPH «aHOMAJIbHBIX)
U3MEHEHUSIX Harpy3kd. JlaHHBIH THI TECTUPOBAHHS TAKXKE HCIOIB3YETCS JIJISl TOTO, YTOOBI OIICHUTH
CHOCOOHOCTh CHUCTEMBI MOJACPKUBATh MMOKA3aTeNH, TaKUe KakK JOCTYIHAs KOMIIBIOTEPHAs MOIIHOCTE,
JIOCTYITHAS TI0JI0CA MPOIYCKAHUSI U TIAMSITh.

TectupoBanne wMacmrabupyemoctu (Scalability Testing) mposepsieT CcHOCOGHOCTH CHCTEMBI
YBEJIMYMBATh CBOIO MPOM3BOIAUTENBHOCTh. LleTh 3TUX TECTOB — OMPEAETHUTH CHOCOOHOCTH CHCTEMBI
pactu (Hampumep, ¢ OOJBIIMM KOJIMYECTBOM IIOJIb30BaTeNIeH, C OOJNBIIUM O0BEMOM JaHHBIX) 0e3
HapylIeHUsl OIpPEJCICHHbIX TpPeOOBaHWI 1O TNPOU3BOTUTEIBHOCTH. JIpyrumMH ClIOBamMH, 3TO
UCCIICIOBAHNE CIIOCOOHOCTH TPHIIOKEHUS yBEIMYMBATH IIOKA3aTEId  POU3BOJUTEILHOCTH B
COOTBETCTBHH C YBETUUYEHHEM KOJUYECTBA JOCTYITHBIX MPHIOKEHUIO PECYPCOB.
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Oo6wemuoe Tectuposanne (Volume Testing) — uccmenoBanne MPOU3BOIUTEIBHOCTH CHCTEMBI IIPH
00paboTKe pa3TUYHBIX 00BEMOB JaHHBIX.

BemneckoBoe TectupoBanue (Spike testing) — ocHoBbIBaeTCS Ha CHOCOOHOCTH CHCTEMBI OTBEYATH
KOPPEKTHO TIpYM BHE3aIMHBIX BCIUIECKAX ITMKOBBIX HArPY30K ¥ BO3BPAIICHHH BIIOCICACTBUU K
HOMUHAIILHOMY COCTOSTHHIO.

TectupoBanue Ha BeiHOCIMBOCTH (Endurance Testing) ¢okycupyeTcs Ha CTaOMIBHOCTH CHCTEMBI.
DTOT THIT TECTHPOBAHUS MPOBEPSET Hanuuue NpobiieM ¢ pecypcamu (HanmpuMmep, HEXBaTKa MaMSTH,
coeJiMHEHNe ¢ 0a30i JAHHBIX, MMOTOKaMH), KOTOPBIC BJIHSIOT HAa MPOM3BOJMTEILHOCTh, WM MOTYT
CITy)KHTb IPUYNHAMHU COOCB B KPUTUUICCKUX TOUKAX.

TectupoBanue HaaexHoctu (Reliability Testing) — owenp OnmM3koe MO CBOEMY CMBICIY K
OpefbIyIEMy BHIY TECTHPOBAHHS. IJTO MPOBEPKA CIIOCOOHOCTH TPWIOKEHHS BBIOIHATH CBOH
(GYHKIMU B 3aJaHHBIX YCJIOBHSAX Ha MPOTSHKCHUM 33JaHHOTO BPEMEHHM WM 3aJaHHOTO KOJIMYECTBA
onepaunuu.

KonkypentHoe TtectupoBanue (Concurrency Testing) ¢dokycupyercst Ha BIMSHHH CHUTYyallld, B
KOTOpO#l OJMHOBPEMEHHO MPOUCXOMIAT MHOXECTBEHHbIC creruduiyeckue IeiicTBus (Hampumep,
OJTHOBpEMEHHasi paboTa OONBIIOro KOJMYEeCTBa Moib3oBareneit). [Ipu sToM mccnenyercs moBeaeHUE
CHUCTEMBI TIpU 00pabOTKe OONBIIOr0 KOJMYECTBA OJHOBPEMEHHO IOCTYMAIONIMX 3alpoCOB, YTO
BBI3IBACT KOHKYPEHIIMIO MEXIY 3ampocaMH 3a pecypchl (0a3y NaHHBIX, MaMsiTh, KaHAI Tepelavu
JAHHBIX, IUCKOBYIO cHcTeMy). MHOraa mnoj KOHKYPSHTHBIM TECTUPOBAHMEM IMOHHUMAIOT TaKkKe
UCCIIeI0BaHNE PadOThl MHOTOTIOTOYHOTO MPHIIOKEHHSI M KOPPEKTHOCTh CHHXPOHHU3ALUH JICHCTBUH.

TectupoBanne momnoctu (Capacity Testing) ompenenser, Kak MHOTO IOJb30BaTeeii MOXET
00CIyXKUBaTh CUCTEMA.

[Ipu TecTUPOBAHHUM MTPOM3BOAUTEIBHOCTH PA3IMYAIOT CTATHYCCKOE U JTMHAMUYECKOE TECTUPOBAHHE.

CraTHyeckoe TECTUPOBAHHE 3a4acTyro 00Jiee BAXKHO JIJISl TECTUPOBAHHUS MPOU3BOJAUTEILHOCTH, YeM
TeCTHpOBaHUe (DYHKIIMOHATIBHON MPUTOTHOCTH. DTO SBISCTCS CIEACTBHEM TOrO, YTO OUYEHb MHOTO
KPUTHYECKUX JC(EKTOB BHOCATCS B apXUTEKTypy M JHM3ailH CHCTEMbl Ha 3Tane MpPOCKTHPOBAHMS.
JedexTsl MOTYT BO3HHMKATh M3-3a HEJONOHMMAHWS WM HEJIOCTaTKa 3HAHUW JU3allHEPOB H
apxuTeKTOpoB. DYHKIMOHATBHBIC TpPEOOBAHMS, II€JM HWCIOJNB30BAHMS, OXHJIacMas Harpy3ka |
CYIIECTBYIOIIHNE OIPAHNYCHHUS] MOT'YT OBITh HEJIOCTATOYHO M3YUYCHBI B YCIOBHUSX JC(PHUIIUTA BPEMEHH.

MeponpHsTHsi IpU TECTUPOBAHUH ITPOU3BOAUTEIBHOCTH MOTYT MPEIyCMaTPUBATH:

® MPOCMOTp TpeboBaHMH, KOTOpbIE C(HOKYCHPOBAHBI Ha AaCMEKTax MPOU3BOJUTEIHLHOCTH U
PHUCKOB,;

®  POCMOTp cXeM 0a3 IaHHBIX, UarpaMm, poLeayp U 3alpOCOB;
® TIPOCMOTp CHUCTEM U apXUTEKTYPBHI;

® IIPOCMOTP KPUTHYCCKUX CCITMEHTOB U CUCTCMHOI'O KOAa (HaHpI/IMep, aJIFOpI/ITMOB).
I[I/IHaMI/I‘IeCKOC TECTUPOBAHUEC OOJDKHO IMPOBOJUTCA Ha BCCX YPOBHAX TCCTHUPOBAHUSA, TO €CThb BO
BpEM MOAYJILHOTO, MHTCTPAllMOHHOI'0, CUCTEMHOI'O0 U IIPUEMOYHOTO.

3 Ucnoan3oBanue uHcTpyMeHnTa JMeter niist TecTUpOBaHUSI MPOM3BOANTEIbHOCTH

Apache JMeter — oTKpsITOE TIPOTPaMMHOTO OO€ecIieueHre. ITO TMPUITOKEHHE, KOTOPOE MCITOIB3YETCS
Java st TectupoBanHus QyHKIIMOHATIBHOTO MTOBECHHUS U TPOM3BOIUTEIBHOCTH TIPHIOKEHHH [4].

PaccmoTpuMm mpumep, B KOTOPOM AJISi MCCIIEIOBAHUS MPOM3BOAUTEIBHOCTH ObUIa HMCIOJIb30BaHA
Bepcust Apache JMeter (2.11.20151206) (pucynok 3.1), Ha BupryansHO#l mammHe VirtualBox mosx
yIrpaBjieHHeM orepaioHHoi cuctembr Ubuntu. TecTupoBaHuio moJBepraioch Bed-npuioxenue. s
TECTUPOBaHMA ObUI 3aIlKICaH TECT-TUIAH JUIS TPEX CCHUIOK (PHCYHOK 3.2).

[lepedeHs 371eMEHTOB, U3 KOTOPBIX BO3MOXKHO COCTaBJIeHHE TeCT MiIaHoB B JMeter:

e ['pymmst notokoB (Thread groups);

e Jlornueckue kouTposeps (Logic controller);

e Tumossie koHTpOIIEpH! (Sample generating controller);
o Cuymarenu (Listeners);

e Taiimeps! (Timers);

e CootsercrBus (Assertions);
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e Kondurypamunonnsie 3nements! (Configuration elements).

Thread groups — HavajbHBIC TOYKH JIFOOOrO TecT IwiaHa (pucyHok 3.2). Bce KOHTposutepsl u
0o0pa3ipl JTOMKHBI OBITh B TPYMIE MOTOKOB. [lpyrue 3JIeMEHThI, Takhe KaK CIIYIIATeIH, MOTYT
pacrnojiaraThCs MOJ TECT MAaHOM, B KOTOPOM OHH NMPHMEHSIOTCS JJIsi BCEX IOTOKOB TPYIIL. DJIEMEHT
TPYMITBI MOTOKOB YIPABISET KOJIMYECTBOM IOTOKOB, KOTOphld JMeter OymeT wucmonb3oBaTh st
BBITIOJTHEHUS TECTA.

Apache JMeter

ty B m ¢) 2234 %

Dashboard «Ubuntu Wor: x &3

€ ) > @ |localhost/wordpress/wp-admin/
Apache JMeter (2.11.20151206)
Eile Edit Search Run Options Help

| @ ||Q search

Clela]valal[x[C[o +[-[#][s]r]e/e [b% 2 «[u oy 68 04 o101
h Test Plan Dismiss

Name: [Test Plan |
S \

User Defined Variables

Name: Value

farted

[ petail |\ Add from clipboard || Delete |\ Down |

[JRun Thread Groups consecutively (i.e. run groups one at a time)

[[]Run tearDown Thread Groups after shutdown of main threads
[Functional Test Mode (i.e. save Response Data and Sampler Data)

Selecting Functional Test Mode may adversely affect performance.

Add directory o jar to dasspath | Browse... || Delete |[ clear |

Library

|l 1Page

Anerror has occurred, which probably means the feed is down. Try

Pucynox 3.1 -1 pa_qbultecmzl unmepdhetic uncmpymenma Oas usmepenus npoussooumenvinocmu Apache JMeter

X Apache JMeter (2.11.20151206)

File Edit Search Run Options Help
g | & Q ¥ — . : .
EOOECICIREFIR R IR ORI
TS 2 o
- i \fiew Results Tree
¢ | Thread Group i
/7 HomePage Name: |view Results Tree
#’. about testing Comments:
#7 Helloworld TectMnax | write results to file / Read from file
#™? Response Assertion : .
Filename |
WorkBench / ‘"Sampler
W w,

Pucynox 3.2 — Cocmaenenue mecm nuana Apache JMeter .I

Listener — 3T0 KOMIOHEHT, KOTOPbIi MOKAa3bIBaCT Pe3yJbTaThl 00pas3ioB. Pe3yabraTel MOTYT OBITH
NOKa3aHbl B JiepeBe, Tabiwmie, rpadax wid 3amucadsl B Jjior-dain. K npumepy, B TecT-IiaHe Ha
pucynke 3.2 BeiOpan Listener view result tree, mpu momoriy KOTOPOro MoJy4aroTcsi pe3ysibTaThl B BUJIE
tabiui ¥ rpadukos (pucynku 3.3, 3.4, 3.5).

Ipu CHCTEMHOM THHAMHYECKOM TECTUPOBAHUM CHCTEMY TECTHUPYIOT B 3aBUCHMOCTH OT XapakTepa
Harpy3ku. [Ipu 5TOM MOKHO BBIICIUTH BO3MOXHBIC BApHAHTHI TECTOB:

HapammuBanue Harpysku (Ramp Up) — mo3BoIISET OIpEaeINTh TOUKY Hachimerus (Saturation point),
T.e. MOKAa3aTellb HArpy3Kd, MOPH KOTOPOW TMPOHM3BOJUTEIBHOCTh CHUCTEMbI HAYHHACT YXY/IIATHCS.
IpoBeneHne HECKOIBKMX Ramp UpP TECTOB MpH YBEIWYCHHH IOCTYMHBIX AalMapaTHbIX PECypcoB
MTO3BOJISIET ONPEAEINTh CTENEHb MacTabupyemoct cucteMsl (Scalability).
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Huskas, cpenusisi u Bbicokas Harpyska (Low, Mid, High-Load) — mo3BossieT ompenenuts Bpems
OT3bIBA CHCTEMBI

Tecr na BbpkuBanume (Longevity Test) mokasbiBaeT CHOCOOHOCTH CHCTEMBbI pPabOTaTh IMOJ
JOCTaTOYHO BBICOKMMH Harpy3KaMH.

.00% 686.00 171 1691 1691.00 1691.00 1691.00 1.39
HelloWorld 1 0 0.00% 171.00 171 171 171.00 171.00 171.00 685 3149 230
about testing 1 0 0.00% 196.00 196 196 196.00 196.00 196.00 510 27.47 201
HomePage 1 0 0.00% 1691.00 1691 1691 1691.00 1691.00 1691.00 0.59 3.16 021

a — 00UH noIb308amels

Total 6712.95 1202 15346 12743.80 14691.15 15346.00 281 14.04 0.99
about testing 20 0 0.00% 5590.90 2960 11967 693490 11817.05 11967.00 1.60 8.61 0.63
HelloWorld 20 0 0.00% 2726 60 1202 6194 4079.80 6089 .45 6194.00 195 1049 077
HomePage 20 0 0.00% 11821.35 8851 15346 15002.10 15330.35 15346.00 1.30 6.95 045

6 — 0sadyams nonvzoeamernet

.00% 9888.14 762 17887 16642.40 17493.40 17887.00 279 14.99 1.08
about testing 30 0 0.00% 9411.87 6048 16852 13421.00 16752.45 16852.00 1.48 797 0.58
Helloworld 30 1] 0.00% 6208.00 762 12802 10199.10 12660.65 12802.00 218 11.72 0.86
HomePage 30 0 0.00% 14044 .57 10973 17887 17545.20 17792.95 17887.00 167 8.94 0.58

6 — mpuoyams norv3o8amerell

.00% 16015.81 1068 29822 23844.70 25834.25 29616.90 15.55 11
about testing a0 0 0.00% 1468774 10782 29622 20876.00 25701.00 29622 .00 1.47 791 0.58
Helloworld 50 a 0.00% 11765.00 1068 20325 16962.20 19746.70 20325.00 232 12.52 091
HomePage &0 0 0.00% 21594.70 16090 20612 25053.50 27546.05 20612.00 169 9.01 0.59

2— namvoecsam nojb3oeamerei

.00% 28937.40 283 72818 38236.30 42575.30 60841.37 15.84
about testing 100 0 0.00% 27553.36 20936 72619 3832930 5703375 7251562 1.31 705 0.52
HelloWorld 100 0 0.00% 25833.86 263 46713 20418.70 38150.05 46689 .90 1.88 1013 074
HomePage 100 0 0.00% 3342498 24830 44574 40439.40 42043.90 44570.40 224 11.96 078

0 — cmo nov3osamerneil

5.83% 83855.28 134 298704 161982.70 224214.60 291610.34 10.22 0.70
about testing 200 0 0.00% 7643519 3699 22451 138996.50 194804 25 211290 .60 0.80 429 031
HelloWorld 200 0 0.00% 5680241 1341 169677 88192.50 12797145 161631.09 1.09 589 043
HomePage 200 35 17.50% 118328.24 51271 208704 261944.20 285046.95 297426.02 0.67 3.24 0.19

e— dsecmu noiv3osamenell

Pucynox 3.3 — Cmamucmuxa yaca omxnuka 0Jis paziuyHO20 KOIUYeCma8d Noab3oeamenet
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100%

a — 00UH NOIb308aMeNb 0— 0secmu noavzosamenell
Pucynox 3.4 — Onucanue 3anpoca (Summary Request)

Tecr ,,uac mukx” (Rush Hour Test) mo3BossieT OLEHUTH PEAKIUIO CUCTEMbI HA PE3KOe M3MEHEHHE
Harpy3ku. PaccMOTpUM CTaTUCTHKY BBIIOJIHEHUS TECTOB Ha IPOU3BOIAMUTEIBHOCTh AJSI PA3IUYHOIO
KOoJHM4ecTBa mojb3oBateneil (pucyHok 3.3, 3.4, 3.5). Ilpu yBenuueHMM KOJIHMYECTBA IOJIb30BaTEINICH
ObUTO OBl HEIUIOXUM pe3yJbTaTOM JIMHEHHOE YBENIWYEHHE BpeMs OTKIMka. B Tabmumax 3.1 u 3.2
IPUBEJCHBl pealbHOE M OXKHJaeMoe IOBeleHHE CHUCTeMBbl. [I0 3THM HaHHBIM NOCTPOEH Trpaduk
3aBUCHMOCTH BPEMEHH OTKJIMKA OT KOJHYECTBA MOJIb30BaTeNel (pUcyHoK 3.6).

17500

15000

12500

10000 ;

7500

Fercentile value in ms

5000

2500 ! I I | I

0.0 10.0 200 300 400 500 60.0 700 80.0 90.0
Percentiles
a — dsadyams noab308amenel

20000

17500

15000

12500

10000

7500
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00 100 200 300 400 500 60.0 T0.0 800 90.0
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6 — mpudyams novzoeamerneu
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2 — Ccmo nonvzosamerei
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Pucynox 3.5 — Cpeonee spems omkauka cepeepa na 3anpoc noab308ameis npu pasHoll HazpysKke cepsepa
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Tabnuya 3.1 — Peanvroe nosedenue cucmemvi

Cobika KoanuecTBo mojip3oBaTenei
1 20 30 50 100 200 300
1 171 5590 9411 14687 27553 76435 119345
2 196 2726 6208 11765 2533 56802 123664
3 1691 11821 14044 21594 33424 118328 123820

Tabauya 3.2— Odcudaemoe nogedenue cucmemvl

Cobika KoanuecTBo mojib3oBaTeneh
1 20 30 50 100 200 300
1 171 3420 5130 8550 17100 34200 51300
2 196 3920 5880 9800 19600 39200 58800
3 1691 33820 50730 84550 169100 338200 507300

[Ipumep cocTaBieHHs TeCT-IUIAaH [MOKa3aH Ha pucyHke 3.7. B Hero ciemyer mo6asuth Thread
Group — Requesting home page, HTTP 3ampoc, Cinymrarenu (Listeners) View Result.

Tree Graph Results — gepeBo OTBETOB BCex 00pasIloB, MO3BOJSIOT YBHICTh OTKIHK ISl BCEX
o0pasioB. B mobaBieHne K Mmoka3zy OTKIMKAa WHAWIMPYETCS Bpems 3Toro oTkiuka (Sampler Result —
PHUCYHOK 3.8) ¥ HEKOTOpBbIE KOJBI 3TUX OTKIHKOB (Hanpumep, B HTML dopmare — pucyHok 3.9).

Bpems oTKnukKa, ms

140000

120000 |
100000 ’

80000 A
60000 //(
40000 ///

20000

N
A

KOHM‘-I?CTBO nonb3pBartenen
I

0 50 100 150 200 250 300

PucyHOK 3.6 — 3asucumocmo 6pEMEHU OMKIAUKA om Koauvecmeda noav3osameinell OCHOBHASL TUHUS — peajibHoe
nogeoenue cucmembul, NYHKMupHas JuHusl — ooxrcuoaemolil pesyiomam

Wuctpyment Jmeter takke mossonseT tectupoBare APl (Application programming interface). vV
9TOr0 BHJA TECTHPOBAHMUS CYLIECTBYIOT IpenMymiecTsa, B cpaHeHnn ¢ GUI (Graphic User interface)
TECTUPOBAHHEM:

1) Ha srame paHHEro TeCTHpPOBaHHUS, IOCKOJIBKY BHauaie paspabateiBactcs API, a moroMm yike
rpaduueckuii uHTEpdEiic, CyIIecTBYeT BO3MOKHOCTD ITPOBEPUTH JIOTHKY paHbliie, yeM mossutcs GUI.

2) I'padnueckoro naTepdeiica BOOOIE MOKET HE OBITh.
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3) CxopocTh — BBI3BATH OAMH 3aIPOC 3aHUMAET 0NN CeKYHMABI. A BOT uepe3 nHTep(eic MOBTOPUTH
npouenypy ObIBaeT CI0XKHO.

4) ABTomaTu3alMsa — JaKe €CIIM HET aBTOMATHU3UPOBAHHBIX TecTOB Ha ypoBHe API mpunoxkenus,
BCETJa MOKHO HX CO3aTh Bpy4YHYIO uepe3 Jmeter.

-
"\, Testjmx (D:lInstalls\apache-jmeter-2.10\apache-jmeter-2.10\bin\Test\Test jmx) - Apache JMeter (21011533061 l‘:' o x|
- - -~
File Edit Search Run Options Help
& 3 v =
Delacjaal D@ +-4ex EICHE = 14 ot
9 {& TestPan 1~
? E‘Raquesing home page H REqueSt
/’Geﬁmme page Name: ‘Gel home page
View Results Tree
32| workBench
e Web Server Timeouts (milliseconds)
[Sewer Name or IP: ‘]meler.apacne.org |Port Number: ‘ [Conllem: Response:
- HTTP Request
i Implementaﬁon:l:lﬂ Protocol [hitp]: |https Method: H Content encoding:
|
path: |/
[] Redirect Automatically Follow Redirects Use KeepAlive [ Use multipartform-data for POST [] Browser-compatible headers
|
f Parameters | Body Data
| Send Parameters With the Request:
Name; | Value | Enwde'i‘ Include Equals?
||
|
i ‘ Detail || Add H Add from Clipboard || Delete “ Down |
| Send Files With the Request:
| File Path: | Parameter Name: | MIME Type

Pucynox 3.7 - 3anonnenue HTTP 3anpoca

[locne 3amycka TecT IlaHa, MOXXHO YBHIETh OTBET Ha 3ampoc (pucyHok 3.8), cooOmieHue (OTKIMK
200 OK). Ecnu umerorcst Kakue-mubo MpoOJeMbl, TO COOOLICHUE OyAeT BBIMISAACTH CICAYIOIIUM
obpazom — pucyHok 3.9. Pesynbrar 3amycka TecT-utana npu BeimonHennn Graph Result mokaszan Ha
pucynke 3.8.

View Results Tree

Name: View Resulls Tree

\Comments:
Write results to file / Read from file

Filename lﬁ

&b Gethome page [¢ result i q data [ £) Géthome page ‘Sampler result | Request | Response data |
| Thread Name: Requesing home page 1-1 :ﬁ;"_f‘
| Sample Start 2018-05-07 11:51:19 EEST
| Loadtme:109 Apache JMeter™

| Latency. 108

j:Slca inbytes: 12471 The Apache JMeter™ spplication is open source software, a 100% pure Java application designed to load test
| Headers size in bytes. 317 functional behavior and measure performance. 1t was originally designed for testing Web Applications but has
| Body size In bytes: 12154 since expanded to other test functions.

| Sample Count: 1

‘What can I do with it?
:| Error Count 0
| Response code: 200 Apache TMeter may be used to test performance both on static and dynamic resources, Web dynamic applications
| Response message: OK It can be used to simulate a heavy load on a server, group of servers, network or object o test its streagth of to
| analyze overall performance under different load types.
' Response headers: Apache TMeter features include:

| HTTP/.1200 OK

| Date: Mon, 07 Iday 2018 08:51:20 GMT

| Server; Apachei2.4.18 (Ubuntu)

| Vary. Host Accepl-Encoding

| Last-Modified: Tue, 30 Jan 2018 07:49:14 GMT
| ETag. "2172-563199962¢bad”

| Accept-Ranges: byles

| Content-Length: 12154

| Keep-alive: imeout=30, max=100

A Connection: Keep-Alive

i Confent-Type: texthiml

@ Ability to load and performance test many different applications/server/protocol types:

- © Web - HTTP, HTTPS (Java, NodeJS, PHP, ASP.NET, ..)
ATML v ASOAP  REST W i

HTa

Pucynox 3.8 — Pesynomam 3anycka mecm-niana npu evimonnenuu \'iew Result Tree
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4 |Gethome page f Sampler result r Request r Response data

§§ Thread Mame: Requesing home page 1-1

§§ Sample Start: 2018-05-07 11:57:30 EEST

:| Load time: 39993

|l Latency: 0

i\l size in bytes: 1954

:| Headers size in bytes: 0

‘| Body size in bytes: 1954

“|l Sample Count: 1

2|l Error Count: 1

f§ Response code: Mon HTTP response code; java.net. SocketException
?i Response message: Non HTTP response message: Socket operation on nonsocket: connect

Response headers:
| HTTPSampleResult fields:

;| contentType:
§§ DataEncoding: null

Pucynox 3.9 - Pesynomam 3anycka mecm-niana npu éuinoanenuu View Result Tree

BuiBoabI

TectupoBaHue MPOU3BOJUTEIBHOCTH — OYEHb CIIOXKHBIH W OTBETCTBEHHBIH 3Tall pa3paboTKU
nporpaMMHoro oboecrnedyenusi. Paccmorpennas kinaccudukanys BUIOB TECTOBBIX UCIBITAHUI SBISETCS,
(akTuuecku, TONHOPYHKIMOHATIHHON 3aMKHYTOW CHUCTEMOW BCECTOPOHHEW OIICHKH KauecTBa
IIPOTrPaMMHBIX NPOAYKTOB. IIpuM NHMHAMHYECKOM CHCTEMHOM TECTUPOBAHUM IIPUIIOKEHUH, TECTHI
pa3pabaTeIBalOTCSl Ha OCHOBE (DYHKIIMOHAJIBHBIX TpeOOBaHMH HMCXOAS W3 YPOBHS IpeaIosaraeMoiu
Harpy3Ku Ha IPOEKTUPYEMYIO CUCTEMY.

OmauM w3 HambOonee d(PQEeKTUBHBIX WHCTPYMEHTOB aBTOMATH3MPOBAHHOH  peasn3aliu
OOBEKTHBHOW KOJIMYECTBEHHOW OIIGHKM TOKa3aTelell KadecTBa sBisercss npuioxenue JMeter.
PaccMoTpeHHBIE OTambl  HCIOJB30BAaHUS JAHHOTO HHCTPYMEHTa MOXKHO paccMaTpuBarbh, Kak
MPaKTUIECKOE PYKOBOJICTBO JUISl CIIEUATUCTOB-TECTUPOBIINKOB. OCOOCHHO OTBETCTBEHHBIM SIBIISCTCSI
9Taln COCTaBJCHHUS TECT-TUIaHa, KOTOPOMY MBI YACNTHIM 0co00e BHHUMaHHE B TEKCTE JAHHON PabOTHI.
[lpuBeneHHast cxema TECTUPOBAHHS IPOHM3BOAUTEIBHOCTH  BEO-TIPUIIOKEHUS, HIUTIOCTPHPYET
BO3MOXKHOCTU TIOJIyY€HHS KOJIMYECTBEHHBIX JAHHBIX JUIS aHaIM3a MPOM3BOJUTEIBHOCTH B YCIIOBHUSX
Pa3IUYHBIX YPOBHEH Harpy3kud. YaA00CTBO M TpakTU4eckas IIeHHOCTh JMeter 3akimouaercs B
JOCTaTOYHOU MH(OPMATUBHOCTH M WJUTIOCTPATUBHOCTH PE3yJIbTATOB HCIBITAHHUN (TaOIHIBI U TpadUKH)
JUISl BCECTOPOHHET'0 aHaJIM3a BBHITIOIHEHUS TPEOOBAHUI IO TPOM3BOAUTEIBHOCTH.

CylIecTBeHHBIM TIPEUMYIIECTBOM HWHCTpyMeHTa JMeter sBisercst ero mpucrocoOJIeHHOCTh JIIs
ocymecteienuss APl TectupoBaHMs, MNO3BOJNAIONIET0O HE TOJBKO OLEHUTH KOM(QOPTHOCTH
NEePCHEKTUBHON 3KCIUTyaTallMy MPOrPaMMHOTO MPOJYKTa, HO U BBISIBUTH BO3MOXHBIE 1€(EKThI JIOTHKH
BBITIOJTHEHNS BEIUYMCIIUTEIBHBIX aITOPUTMOB.
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Empirical probability distribution validity based on accumulating statistics of
observations by controlling the moving average and root-mean-square deviation

V.V. Romanuke
0.S. Popov Odessa National Academy of Telecommunications, Ukraine
e-mail: romanukevadimv@gmail.com

Knowing probability distributions for calculating expected values is always required in the engineering practice and other
fields. Commonly, probability distributions are not always available. Moreover, the distribution type may not be reliably
determined. In this case, an empirical distribution should be directly built based just on observations. So, the goal is to develop
a methodology of accumulating and processing observation data so that the respective empirical distribution would be close
enough to the unknown real distribution. For this, criteria regarding sufficiency of observations and the distribution validity are
to be substantiated. As a result, a methodology is presented that considers the empirical probability distribution validity with
respect to the parameter’s expected value. Values of the parameter are registered during a period of observations or
measurements of the parameter. On this basis, empirical probabilities are calculated, where every next period the previous
registration data are used as well. Every period gives an approximation to the parameter’s expected value using those empirical
probabilities. The methodology using the moving averages and root-mean-square deviations asserts that the respective
empirical distribution is valid (i. e., it is sufficiently close to the unknown real distribution) if the parameter’s expected value
approximations become scattered very little for at least the three window multiple-of-2 widths by three successive windows.
This criterion also implies the sufficiency of observation periods, although the sufficiency of observations per period is not
claimed. The validity strongly depends on the volume of observations per period.

Key words: empirical probability distribution; accumulation of statistics; a moving average; root-mean-square deviation;
observations; measurements; an expected value approximation.

3HaHHS PO3MOJUIIB IMOBIpHOCTEH U1l OOYHMCIIEHHS OUiKyBaHUX 3HAUeHb 3aBXKIH IMOTPIOHO B IH)KEHEpPHIN MPAKTHII Ta 1HIINX
chepax. 3a3Buyail IMOBIpHICHI PO3NOALIM HE 3aBKAM AOCTYIHI. bBimbmie Toro, THII po3mominy Moxke OYTH HEBIpHO
BU3HAUYCHHH. Y IIbOMY BHIIQJKy €MIIPHYHUHA po3Mofin Mae OyTH moOymoBaHHH OGe3rmocepeqHbO Ha OCHOBI CIIOCTEPEKEHB.
Tomy Mera mojsirae y po3poOIi Takoi METOHONOTii HaKOMWYEeHHS Ta OOpOoOKM NaHWX CIIOCTEPEKEHb, MI00 BiAMOBITHHI
EeMITIPHYHAN PO3MOALT OYB TOCUTH ONM3BKHM /0 HEBIZIOMOTO PealnbHOro po3moAaity. i mporo ciig oOTpyHTYBaTH KpuTepil
IIOA0 JOCTATHOCTI CHOCTEPEXKEHb Ta OOIPYHTOBAHOCTI pO3MOALTY. B pe3ynprari mpencraBiseThCs METOIOJOTIA, sKa
po3risigae OOIPYHTOBAHICTh EMIIPUYHOTO PO3MOAITY HMOBIpHOCTEH BITHOCHO OYiKYBAHOTO 3HAYEHHS MapaMeTpa. 3HAUYCHHS
mapamMeTpa PEECTPYIOTBCS MPOTIArOM TEpioay CHOCTepekeHb abo BHUMIpIOBaHb I[bOTO Tapamerpa. Ha mili ocHOBI
OOYHUCITIOIOTECSL  eMIIpHYHI HMOBIPHOCTI, 1€ KOKHOTO HACTYIIHOTO IIepiofy NONEpeAHi JaHi peecTpamii TakKox
BHUKOPUCTOBYIOThCSI. BUKOpHCTOBYIOUHM 1Ii eMIipHyiHi IMOBIPHOCTI, KOXKEH TepioJl Aa€ anpoKCUMAIIII0 OYiKyBaHOTO 3HAYCHHS
napamerpa. BHUKOpHCTOBYIOUM KOB3HI CepeiHi Ta CepeAHbOKBAIPATHYHI BIAXWJICHHS, METOJOJIOTIS CTBEpIXKYE, IO
BIJIMIOBITHUI eMIIIPUYHUI PO3MOALT € AiHCHUM (TOOTO BiH TOCTATHRO OJM3BKHUI 10 HEBIJOMOTO PEANBEHOTO PO3IOJILTY), SKIIO
anpoKcHUMallii 04iKyBaHOTO 3HAUEHHS MTapaMeTpa CTAIOTh Ty)Ke MaJio PO3CITHUMH NMPHHANMHI JJIs1 TPhOX BIKOH, JOBKUHH SKUX
KpaTHi 2, yIpoJOBX TPHOX IOCIITOBHUX BiKOH. Llell kpuTepiil Takox mependadae JOCTATHICTh MEPIOJiB CIIOCTEPEKEHD, X09a
PO AOCTaTHICTh CIIOCTEPEKEHB 3a MEepioJ He CTBEPAKYeThC. OOTIPYyHTOBAHICTh CHIIBHO 3aJISKHTD BiJl 00CATY CIIOCTEpeKEeHb
3a mepiof.

Knirouogi cnoea: emnipuunuii po3nodin imosipnocmeil; HaKONUYEHHs CMAMUCMUKU; KOB3HE CePeoHE, CepeOHbOK8a0pamuite
BIOXUNIEHHS; CHOCMEPEICEHHS; BUMIDIOBAHHSA, ANPOKCUMAYIA OUIKYBAHO20 3HAYEHHSL.

3HaHMe paclpee/CHUN BEPOSITHOCTEH JIJIsi BBIYHMCIICHHS OXKHIACMBIX 3HAUCHHWU BCETJa HY)KHO B MH)KCHEPHON MpPaKTHKE U
npyrux cdepax. OOBIYHO BEpOSITHOCTHBIE paclpeeeHns He Bcera JOCTYIHEL. boee Toro, THIT pacnpeneneHust MOXKeT ObITh
HEeBEpHO omnpenenéH. B 3ToM ciydae sMmupHyeckoe pactpesesieHne T0JDKHO OBITh MOCTPOSHO HEMOCPEJACTBEHHO Ha OCHOBE
HaOmonenuii. [loaToMy 1enb 3akimovacTcs B pa3pabOTKe TaKoil METOOJOTMH HAKOIUICHHS W OOpabOTKH JaHHBIX
HaONMIONeHNH, YTOOBI COOTBETCTBYIOIIEE AMIMPHUUECKOE pacIpelesicHne OBUI0 OCTaTOYHO ONHM3KUM K HEU3BECTHOMY
peansHOMY pacrnpeneneHuro. st 3Toro ciiemyer 000CHOBATh KPUTEPUH JOCTATOYHOCTH HAOMIOAEHHN M 000CHOBAHHOCTH
pacrpenenenus. B pe3ynbrare MPEACTABISAETCS METOIOJIOTHS, KOTOpas pacCMaTpHBaeT OOOCHOBAHHOCTH JMITUPHUYECKOTO
pacrpe/eneHns: BEpOsITHOCTEH OTHOCHUTENBFHO OKHIAEMOTo 3HA4YeHHs MapameTpa. SHaueHHs MapameTpa PerucTpUpyroTCs B
TEUeHHWE Mepuojga HaOIIONECHUI WIM H3MEepeHHit 3Toro mnapamerpa. Ha 3TOi OCHOBE BBIYHUCISIFOTCS OSMITHPHIECKHUE
BEPOATHOCTH, I'I€ B KAXKIOM CJ'[e)ly}OLL[CM nepuoac nNpe€ABapruTEIbHbIC TaHHBIC PETUCTPALIUU TAKKE HCHOHbSy}OTCﬂ. I/ICHOHb3y$[
9TH IMIHUPHIECKHE BEPOSTHOCTH, KaXKABIH MEPHO] JaeT amnmpoKCHMAIMI0 OXHMIAeMOro 3HaueHus mapamerpa. Mcmomip3ys
CKOJB3SIIIME CPEIHHE M CPEAHEKBAAPATHYSCKUE OTKJIOHEHUS, METOJOJIOTHS YTBEPXKIAaeT, YTO COOTBETCTBYIOIIEE
SMITUPHUYECKOE pacHpeesieHUe SBISIETCS ACHCTBUTEIBHBIM (TO €CTh OHO JOCTATOYHO OJIM3KO K HEW3BECTHOMY DPEalbHOMY
pacrpesiesieHlI0), eCIId alMPOKCHMAIIMK OXHIaeMOTO 3HAYEHHs IapaMeTpa CTAHOBSTCS OYEHb Maj0 PACCESIHHBIMU IO
KpaiiHeil Mepe Uil TpEX OKOH, JUTMHBI KOTOPBIX KPaTHHI 2, B TeUSHHE TPEX MOCIENOBATENBHBIX OKOH. DTOT KPUTEPUH TaKKe
[peIyCMaTPUBAET JOCTATOYHOCTD TIEPHUOI0B HAOIIOAEH A, XOTS O JOCTATOYHOCTH HAOIIONEHHH 3a TIEPHO/] HE YTBEPIKIACTCSI.
OO00CHOBaHHOCTH CHITBHO 3aBHCHUT OT 00bEMa HAOIIOICHHH 32 MTEPUO/I.

Knroueevie cnosa: amnupudeckoe pacnpebeﬂeﬁue eepwzmnocmeﬁ; HAKoONnjieHue cmamucmuku, CKoJlb3suee cpec)Hee;
cpedHeK@adpamuuec;coe OMKJIOHEeHUe, Ha6modenuﬂ; usmepenus, annpoxkcumayus 02HCUOAEMO20 3HAYCHUSL.

© Romanuke V.V., 2020



Bulletin of V.N. Karazin Kharkiv National University
68 series «Mathematical modeling. Information technology. Automated control systems» issue 45, 2020

The problem of probability distribution estimations

The engineering practice and many other fields dealing with uncertainties always require knowing
probability distributions for calculating expected values. Commonly, probability distributions are not
always available, unless a presumption about a distribution is given a priori. Even the type of the
probability distribution may be unknown [1]. In particular, however, if the probability distribution type
is presumed to be given, the distribution parameters still need to be estimated [2]. This leads to a series
of additional tasks like substantiation of the estimation procedure for each parameter, suggestion of a
criterion of reliability or validity, control of stability, preservation of unbiasedness, etc. On the other
hand, when the distribution type is unknown or its determination requires resources which exceed
available or reasonable expenses, the problem of probability distribution estimation might be solved
without learning the distribution type [3]. In this case, an empirical distribution is built directly from the
observations [1, 2, 4]. Nevertheless, this approach can lead to multiple probability distribution
estimations inasmuch as criteria of validity and sufficiency of observations have not been suggested and
studied yet [5].

Goal

Due to the lack of a theoretical approach to building valid and stable empirical distributions directly,
the goal is to develop a methodology of accumulating and processing observation data so that the
respective empirical distribution would be close enough to the unknown real distribution. Therefore, a
criterion of sufficiency of observations should be formulated. Besides, a supporting criterion of the
distribution validity is to be substantiated. The methodology will be thoroughly discussed and practical
aspects of its implementation will be underlined.

Empirical probabilities obtained from observations

Let x be a value of a parameter whose probability distribution is to be estimated. The step along the
abscissa axis of the distribution is defined by the accuracy of measuring or observing this parameter.
Indeed, if x.,, is the minimal value of the parameter, whose accuracy is o, then only probabilities of

values

n

Xnin + Xmin F Oy Xoin + 200, vy Xy + Mg @ (1)
are of interest, where h_,. isan integer and X, =X, + 0 is the maximal value of the parameter.
Suppose that value x=x_, +ha is registered u® times during a period of observations or

measurements of the parameter. Obviously, "’ e N U{0} by h=0,h,, . Then the very first rough
distribution estimation is a set of relative frequencies

hmax
R® = ugn/z u® by h=0,h., . )
i=0

Relative frequencies (2) are empirical probabilities after the first (initial) observation period.
Accumulation of statistics
The next period the parameter is continued to be observed (measured), and value x=x;, +ha is
registered u® times, ;" € NU{0} . The second estimation of the distribution can use now both counts

hmax hmax .- . age, .
{u?} ™ and {u} ™ . Therefore, a set of empirical probabilities

i} .
R? = (u® +u®) Z(ui(l) +u?) by h=0,h, @)
i=0

becomes the second distribution estimation.
This process can be continued until a stop criterion fires or by other critical circumstances (events).

In general, when value x =x,, +ha is registered u{™ times during the m -th period of observations, a

set of empirical probabilities
m Npax M
PO =3 /3 U by h-0.R,, @
j=1 =0 j=1
becomes the m-th distribution estimation, m=1,2,3,... (there is no constraint to the number of
observation periods).
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A sequence of the parameter’s expected value approximations
It is uncertain whether empirical probabilities (4) obtained from a series of periods of observations
are close enough to the unknown real distribution. This is so because they cannot be compared, even
roughly, to an available pattern. Nevertheless, such a pattern may exist for the parameter. Therefore, it
is reasonable to consider an approximation to the parameter’s expected value using empirical
probabilities (4):
Ninax Ninax m N M
%= D (Yoo +hot) R =Z((xmm +ha)Zurﬂ”J D> u? by h=0h,, and m=123,... (5)
h=0 h=0 j=1 i=0  j=1

Eventually, the expected value approximations %, %,, X;, ... can be used to develop and substantiate
the criteria of sufficiency of observations and the distribution validity.

The moving average and root-mean-square deviation

Obviously, using the law of large numbers, the sequence of the parameter’s expected value
approximations %,, X,, X, ... is expected to converge to the unknown expected value of this parameter
(if the observations or measurements are performed methodologically and instrumentally unbiased).
Although some information about the unknown expected value may be available, it is still impossible to
confidentially claim how close the approximations are to the unknown value. However, it is possible to
study how badly approximations %, X,, X,, ... are scattered, and whether the scattering decreases as m
increases.

Let At be a window between measurement periods (I-1)At+1 and IAt, where Are N\{l} (the
case with At=1 does not make sense as then the window is “singular”), 1=1,2,3,... (there is no

constraint to the number of such windows). Then the average of the parameter’s expected value

approximations across this window is
1At

1
[ (1-1)At+1, IAt |=— £ (1=1,23,..). 6
[(1-1) J== > % (1=123..) (6)
m=(1-1)At+1
The root-mean-square deviation of this average (across window At) is the square root of its variance:

[\

cx[(l—l)A'Hl,IAt]:\/i Z (Xm—i[(l—l)AHl,lAt])z (1=1,2,3..). (7)

m=(1-1)At+1

The moving average (6) and the respective root-mean-square deviation (7) depend on the window.
Fig. 1 shows an example of calculating values (6) and (7) by At =400 along 2000 observation periods.
The averages in windows 2 — 5 are rather close. Fig. 2 shows how the moving averages and deviations
change when the window is twice as narrow as the previous one.

7 Er. w
4 # Y P il N g
W

TN, i, LY,

M, e LY,
R TV e

Fig. 1. An example of the moving averages and the respective deviations bounding the averages by At =400
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Fig. 2. The example (see Fig. 1) of the moving averages and the bounding deviations by At =200

It is well seen from the shown example how the moving averages may disperse as the window is
made narrower. Indeed, the example supplemented with Fig. 3 by At=50 (an extremely short length
for this example) shows that the narrow moving averages roughly reproduce the wave with two maxima
and the minimum between them.

=
= o S .

Fig. 3. The example (see Fig. 1) of the moving averages and the bounding deviations by At =50
So, how to select an appropriate window width in order to conclude on the sufficiency of
observations? Obviously, a single window width can hardly be selected and, therefore, a few window
widths are to be studied until the most appropriate window width is empirically found.

Validity of the empirical probability distribution
At first glance, the most preferable relationship here is to have a descending sequence of deviations:

o [ (1-1)At+L 1At ] > o, [ 1At +1, (1 +1)At | ®)

(not for every | but starting with some |). Another potential condition is to require that the succeeding
neighboring averages be not farther from each other than the preceding neighboring averages, i.e.

[#[iar+1,(1+1)Ar | =3[ (1=1)Ar+ 1,06 ]| = [#[ (1+ D) A+ 1 (14 2) Ar |- & Iac+ 1, (T+ 1) A ] (9)

Nevertheless, requirements (8) and (9) are too primitive and can be satisfied only in special cases with
wide windows. Even the example in Fig. 1, which seems to fit for (8) and (9), satisfies neither (8) nor
(9). So, requirements (8) and (9) must be converted into more flexible conditions. Thus, the following
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two inequalities should additionally hold starting at some 1. for the narrowest Window T, !

- 41 Lr*]
o[ (k) +L L] ,(LT?*)L L. %= 2L+
n(t)= K[(L-1)t.+1 Lt ] <e and u(l.)= f[(L-1)r+1 L. |

for some £>0 and A >=1. In practice, it is relevant to set £=0.005, £=0.001, or even less. Now, the
example in Fig. 3 seemingly satisfies requirements (10), but that wave is a sign of an instable empirical
distribution. To spot such cases, it is better to widen the window and see whether both inequalities in
(10) are still true. Having satisfied requirements (10) by t.=At, the widening can be fulfilled for
1. =2At and t,=4At (this can be named a rule of three windows). If the rule of three windows is
satisfied at windows I., L. +1, L. +2, the observations are sufficient to estimate the probability
distribution. Therefore, validity of the empirical probability distribution is ensured by requirements (10)
which should hold for at least the three window widths by three successive windows.

An example based on the example in Fig. 1 — 3 is presented in Fig. 4 showing how the validity is
achieved for the requirements by €=A=0.001 (there are 4400 observation periods altogether, for
which window widths of 100, 200, and 400 are used). It should be noted that the observation period in
this case comprises from 800 to 1000 measurements for x ;. =1, =1, X, =60. The expected value

of the parameter (unknown to the observer) is 12.6021, which is shown in Fig. 1 as the horizontal line
on the plots of the parameter’s expected value approximations, the moving averages and deviations.
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Fig. 4. The averages and the bounding deviations for the three window widths, where the functions in
requirements (10) are plotted below (the thicker line corresponds to the wider window) along with the horizontal
level of € =2 =0.001 showing that 1600 observation periods (in this case) are sufficient to obtain a valid
empirical probability distribution (starting off 1600 observation periods, the difference between the moving
average and the unknown expected value of the parameter does not exceed 0.3648 %)
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Discussion and conclusion

In practice, it is worth remembering that the validity strongly depends on the volume of observations
per period. The bigger is this volume, the faster is the convergence. Otherwise, when the number of
observations per period is relatively small, a much greater number of observation periods may be
required. Besides, the empirical probability distribution validity herein is substantiated with respect to
the parameter’s expected value. So, if the parameter is badly influenced by a lot of weakly controllable
factors, then either ¢ and A should be increased or the duration of observations should be prolonged.

In general, the presented methodology of accumulating and processing observation data is based on
the rule of three windows, where the moving averages and root-mean-square deviations are used. It
asserts that the respective empirical distribution is valid (i.e., it is sufficiently close to the unknown real
distribution) if the parameter’s expected value approximations become scattered very little for at least
the three window multiple-of-2 widths by three successive windows. This criterion also implies the
sufficiency of observation periods, although the sufficiency of observations per period is not claimed.
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