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A. ®@. Bepananb, 1-p TeXH. HayK, Ipodecop

[HCTHTYT IPOOIEM MOAENIOBAHHS B €HEPIeTHI
imeni I'. €. [TyxoBa HAH VYxkpainu, M. Kuis

IHBEPCHO—QB'-IVICHK_)_BAﬂbHVIVI naxiay 3A0AMI
ANHAMIYHOI KOPEKLII BUMIPIOBAJIIbHUX CUCTEM
I3 3ACTOCYBAHHAM IHTEMPAINIbHUX MOAEJIEN

P03BUTOK CydacHHX CHCTEM BUMIPIOBAaHHS, KOHTPOJIO, YIPABIIiH-
HSI 1 IarHOCTUKY XapaKTePH3Y€ETHCS IMIBUILCHHAM BHMOT 10 SKICHHX
MOKa3HUKIB, PO3MIMPEHHSIM (YHKIIOHATBHUX MOXKIJIMBOCTEH, 3poc-
TaHHAM CKJI3JIHOCTI JOCHITHHUX 1 TIPOCKTHUX 3a/1ad MPH 1X CTBOPCHHI.
SIk mpaBIIIO, OCHOBOIO (DYHKIIIOHYBAaHHS 3a3HAYEHHX CHCTEM € METO-
I 1 3aco0r 0OpOOKH eKCIIePHMMEHTATBPHIX JaHUX 1 KOMITTOTepHOT pe-
armizarii MaTeMaTHIHUX Mojenel. Y 0araTboX MPaKTHYHO BaXKIIMBHX
3a1a4ax ONepaTUBHA OIJHKA JTOCII/DKYBAHHMX IPOLIECIB 1 SBHII 3a TI0-
Ka3aHHAMU BUMIPIOBAJIGHUX TMPUIAiB Ma€ TEPIIOpSIHE 3HAYCHHS.
Tlozi6Hi 3aqa4i Ha PAKTHLIL BiZOMI SIK 33/1a4i BITHOBJICHHS CHTHANIB.

3acTocyBaHHs 3ac00iB OOUYMCITIOBANLHOT TEXHIKM JUIS BiJTHOB-
JIGHHS CUTHAJIIB J]a€ TMPUHIUIIOBY MOXJIUBICTh BUKOPHCTAHHS B CHC-
TeMax BUMIpIOBAaHHS Ta KOHTPOJIIO MAJIOBHUTPATHUX IEPBHHHUX BH-
MIPIOBAJIBHUX TIEPETBOPIOBAUIB 3 HEBHCOKOIO PO3ALIBHOIO 3aTHIC-
T10. EdheKkTHBHICTB 3acTOCYBaHHS OOUMCITIOBATBEHUX IIPUCTPOIB B CH-
CTeMax BHMIPIOBAaHHS Ta KOHTPOIIIO OOYMOBIIIOETHCS HAacaMIIepes
HI3BKAMH BUTPAaTaMH Ha iX po3poOKy B MOPIBHIHHI 3 BIOCKOHAJICH-
HSIM (PI3MIHOI KOHCTPYKIi MEBHUX €JIEMEHTIB IIMX CHCTeM. biipmn
TOTO, B JICSKUX BHUIAJKaX TaKa MOXJIMBICTh BUSBILIETBCS OOMEKe-
HOIO HE TaK €eKOHOMIYHUMH, CKUTbKH (DI3MYHUMH MeXKaMu.

Po3BuTOK MeTOZIB onepaTHBHOI 00pOOKH iH(pOpMAaLLii XapaKTepH-
3y€ThCs 30UTBIICHHSM YacTKH OOSpHEHMX 3a71ad B 3arajbHOMY Iepe-
JKy BUPINIYBaHMX 3ajad CHCTEMaMH JaHoro kiacy. [Ipu nmpomy ma-
€ThCS Ha YBas3i, IO MPUHIAIIOBO BCi 33/1a4i MATEMaTHYHOTO MOJIEIIO-
BaHHA MO’KHA PO3JIUTNTH Ha JBI TPYIH: MpsAMi 3amadi, TOOTO 3amayi
aHaIT3y, KOJIH BiIOMI IPUYMHH TTEBHUX TPOLECIB 1 HEOOXiAHO 3HANTH
CITIICTBA, @ TAKOXK 3BOPOTHI 33/1adi, KOJIHM BiZIOMi CITIICTBA i MOTPIOHO
3HAWTH TpuarHA. OHIE0 3 HANBAKITMBIIINX 337144 BiJHOBJICHHS CHT-
HAJIB € 3a/1a4a CTPYKTYPHOI KOPEKIil XapaKTepUCTHK JUHAMIYHUX CH-
cTeM, sika MoJsrae B MOOYIOBi i BUKOPHCTaHHI B TIEPETBOPIOIOYOMY
KaHaJli 200 KOHTYpi CHCTEMH TaKoro OJIOKY, K 3aBISKH CBOIM CIIe-
HiaJbHO c(hOPMOBAHUM JHHAMIYHHM BIIACTHBOCTSIM INEPETBOPIOE He-
00XiIHMM YHHOM 3arajibHi JMHAMIYHI BJIACTUBOCTI CUCTEMU.

KirouoBi ciioBa: sumipiosanvia cucmema, 6iOHOBNEHH CUSHATY,
CIMPYKMYPHA KOPEKYIs, OUHAMIYHI BUMIDIOBAHHS, THEEPCHULL NIOXIO.

© A. ©. Bepnans, 2019
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Beryn. Po3BHTOK CydacHHMX CHCTEM BHMIpIOBAHHS, KOHTPOJIO, Y-
PaBIIIHHA 1 JIaTHOCTHKH XapaKTEePH3YEThCS MiIBUIICHHSAM BHMOT JI0 SIKiC-
HUX TIOKa3HHKIB, PO3MIMPEHHAM (YHKIIOHAIBHUX MOXIHUBOCTEH, 3poc-
TAaHHSIM CKJIAJHOCTI JOCIIAHMX i MPOEKTHHUX 3a/a4 IIPH iX CTBOpEeHHi. Sk
MIPaBUJIO, OCHOBOIO (DYHKIIOHYBaHHS 3a3HAYEHUX CHCTEM € METOIM i 3a-
co0u 0OpOOKHM EKCIIepHMEHTANBPHUX ITaHWX 1 KOMITIOTEpHOI peamizamii
MaTeMaTHYHUX Mojenei [13]. 3a3HaveHi THINU TEXHIYHUX CHUCTEM BiTHO-
CATBCSL 10 KJIacy KOMITIOTEPHO-IHTErPOBAHUX CHUCTEM, IO BKIIIOYAIOTH B
ce0e criibHO (YHKIIOHYI0Ui 00'€KTH OBiIBbHOI (hi3ndHOI mpupoH i 00-
YHCIIIOBAIBHI MPUCTPOi. XapaKTEepHOIO 0COOJIMBICTIO JaHOTO BUIY CUCTEM
€ HeoOX1IHICTh POOOTH B peabHOMY Yaci 1 JKOPCTKI BUMOTH JIO KOHCTPYK-
TUBHOTO BUKOHaHHsA [17]. Y miacyMKy Lie CBITYUTH MPO T€, 110 KOMIT'FOTE-
pHa YacTWHAa CHUCTEMH IOBHHHA 33/JI0BOJIHSTH BHUMOTaM 10 HEOOXigHOT
MIBUIKOIT 1 00MEXEHOMY pecypcy HMaM'aTi. 3BiICH BUILIMBAIOTH BiAIOBI-
JTHI BUMOTH JI0 YHCEIBbHUX aJITOPUTMIB i1 IPOTpaMHUX 3aco0iB, o 3a0e3-
MeYyIOTh (DYHKIIOHYBAaHHS KOMITTOTEPHHX 3aC001B CHCTEM.

3ajgavya nuHamMivyHOi Kopeknii BUMipOBaJbHUX cucTeM. Y Oara-
ThOX MPAaKTUYHO BAXKJIMBHX 3ajJadaX OMEPaTHBHA OIlIHKA IOCIIHKYBAHHX
TIPOIIECIB 1 SBUII 32 IMOKa3aHHSIMH BUMipIOBAIGHUX TPHIIAJIB Ma€ MEPIIO-
psanae 3HadeHHA [14]. [ToxiOHI 3amadi HA TPaKTHI BigOMI K 3amadi Bia-
HOBIICHHS curHaJiB. [1if] BIiTHOBICHHSM CHTHAIY MAaeTbCA HA yBasi Taka
00po0OKa BUXITHOTO CUTHAIY BUMIpIOBAJILHOTO MEPETBOPIOBAYA 3 BUKOPH-
CTaHHSAM BiZJOMOCTEH PO HOTO NUHAMIYHI XapaKTEPUCTUKH, KA JO3BOJIIE
OTPUMATH CHTHAJI SIKOMOTa OJMKYHIA 0 ICTHHHOTO BXIHOTO CHTHAITY.
[Tpu BUrOTOBJICHHI NIEPBUHHUX BHMIPIOBAIBLHHUX MEPETBOPIOBAYIB i BHUKO-
HaBYMX EJIEMEHTIB CHCTEM aBTOMATHYHOTro KepyBaHHs [15] HeoOXimHi
XapaKTEePUCTHKH MIIHOCTI, SIK MPAaBUIJIO, MOXHA OTPUMATH BUKJIOYHO 3a
pPaxyHOK MOTIPHICHHS SKOCTI 1X IMHAMIYHHUX XapaKTEPHUCTHK, 30Kpema
MiABUIICHHS 1X 1HEPIIHHOCTI II0J0 CHOPUHHSTTS PEECTPOBAHUX ab0 Kepy-
I0YMX CHUTHAJIB, IO 3YMOBIIO€ HU3BbKY TOYHICTh TakuX cucteM. 1o peuli,
3aCTOCYBaHHS 3aC00iB OOUMCIIOBATHFHOI TEXHIKH IS BiTHOBJICHHS CHTHA-
JB J]a€ MPUHIUIIOBY MOXIINBICTh BUKOPUCTAHHS B CHCTEMAaX BUMIpPIOBaH-
HS Ta KOHTPOJI MAaJOBUTPATHHUX IEPBHHHUX BHUMIiPIOBAJIFHUX IEPETBO-
PIOBadiB 3 HEBUCOKOIO PO3ILIHHOIO 31aTHICTIO.

EdexTuBHICTS 3aCTOCYBaHHS OOYHCIIOBAIbHUX MPHUCTPOIB B CHCTE-
Max BHMIPIOBaHHS Ta KOHTPOJIIO OOYMOBIIFOETHCS HACAMIIEPE HU3bKUMHU
BUTpaTaMM Ha iX po3poOKy B MOPIBHAHHI 3 BIOCKOHAJIEHHSIM (i3U4HOI
KOHCTPYKIIii IEBHUX €JIEMEHTIB IUX CUCTEM. BiJIbIl TOTO, B JACSIKUX BUTIA-
JIKaxX TaKa MOJKJIMBICTh BMSBIISIETHCS OOMEXEHOIO HE TaK €KOHOMIYHUMH,
CKITBKH (i3MYHNMHU MexaMmu. Tak, HaupuKiIal, 3HIKYBaTH 1HEPUiHHICT
JaTYMKa TEILUIOBOIO MOTOKY 3a PaXyHOK 3HIJKCHHS HOTO TEILIOEMHOCTI
0Ee3MEKHO HEMOJXKJIMBO, TOMY IO BiH IMPOCTO 3TOPHUTH B MOTY)KHOMY TeIl-
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JIOBOMY TOTOIli, OCOOJIMBO KOJIM MOBa #ie PO poOOTY B arpeCHBHHX Ce-
penoBHUINaX, 30KpeMa, IPH YIPaBIiHHI IPOIECOM CIIATIOBAHHS NAINBa B
TOTIKAaX KOTJIOArperaTiB TEIUIOBUX €JIEKTPOCTAHIIIH.

Po3BuTok MeroniB orepaTuBHOI 00poOkm iH(pOpMAIl XapaKTepu3y-
€TbCS 30UIBIICHHSAM YacTKH OOCpPHEHHX 3a/1ad B 3arajbHOMY IIEpPeINiKy BH-
pilIyBaHUX 3a/ad CHCTEMaMH JaHOTO Kiacy. [Ipu 1iboMy MaeTscs Ha yBasi,
1110 MPUHIMIIOBO BCi 33/1a41 MaTEMaTHYHOT'O MOJIEJIFOBAaHHSI MOXKHA PO3/ILITH-
TH Ha JIBI TPyNU: NpsMi 3a/1a4i, TOOTO 3a1a4i aHasi3y, KOJIH BiIOMI IPUYUHA
MEBHUX MPOIICCIB 1 HCOOXITHO 3HAWTH CIIJICTBA, a TAKOX 3BOPOTHI 3aaui,
KOJIM BiIOMI CJiJCTBa i HOTPiOHO 3HAWTH NPUYMHU. TeOopeTHIHUM 1 MpaKTH-
YHUH 1HTEpEeC A0 CTBOPEHHs, AOCITIPKEHHs 1 3aCTOCYBaHHS METOIB 1 3ac0-
0iB po3B's3aHHsT OOCPHEHMX 3aa4 BU3HAYAETHCS HEOOXIAHICTIO B PO3p0O0-
KaX HOBHX METO/iB 00pOOKM CHTHANIB, a TAKOXK IiIBUILICHOI, 1O BiIHOIICH-
HIO JI0 TIPSIMHX 33/1a4, CKJIQIHICTIO 0OEpPHEHNX 3a/a4, OCKUIPKH OCTAaHHI HE €
KOPEKTHHMH 3 MaTeMaTHYHOI TOYKH 30pY 1 BOJIOAIIOTH PSIIOM OCOOJIMBOC-
teil. Tpyasoi, 30KpemMa, TOJIATal0Th B HEOOXITHOCTI BKUTTS 3aXOJIB U
3a0e3meveHHsT YMOB iCHYBaHHS i € IMHOCTI PO3B 3Ky, TaKOXK MOTPiOHO Bpa-
XOBYBaTH BIJICYTHICTh Oe3NepepBHOI (PEryisipHOi) 3aJIe)KHOCTI PO3B’S3KY
BiJl BUXIIHHMX JaHHUX, OCKUIBKU BXIJTHOIO 1H(OPMAIIEI B 3BOPOTHUX 33ja-
Yax € eKCIEePUMCHTANIbHI JTaHi, SKi BU3HAYAIOTHCS 3 JCIKOO MOTPIIIHICTIO, 1
OJICPKYBaHUH PO3B’SI30K MOXKE CHIIBHO BiIPI3HATHCS BiJl TOUHOTO.

OnHi€r0 3 HaWBaXKIMBIIIMX 3aJay BIJHOBIIEHHS CUTHAJIB € 3ajada
CTPYKTYPHOI KOpEKLil XapaKTepUCTHUK JMHAMIYHHUX CHUCTEM, SIKa TIOJISITAE B
moOy/I0Bi 1 BUKOPHCTaHHI B IEPETBOPIOIOYOMY KaHaNi abo KOHTYpi CHCTe-
MH TaKoro OJIOKY, SIKMH 3aBJISKH CBOIM CHeLiaJibHO ChOPMOBAaHUM JWHA-
MIYHAM BJIaCTHUBOCTSIM IEPETBOPIOE HEOOXiTHIM YHHOM 3aralibHi JHHAMI-
YHi BIACTUBOCTI CHCTEMH.

[pu opranizarii cuCTeMH YIpaBIiHHI JOCTIKYBAHIMH TPOIIECaMH
BUMOTH JIO TIPOTYKTHBHOCTI TAKOTO OJOKY 3a 00CSATOM 1 HMIBHIKICTIO 00-
poOKu iHpopMaIiil ICTOTHO YCKIIAJHIOIOTH a00 MPOCTO BUKIIOYAIOTH MOXK-
JIMBICTh BUKOPUCTaHHS YHIBEPCAIBHUX KOMII'FOTEpHHUX 3aco0iB. BuHukae
HEeOOXiIHICTh MOOYAOBH CIIEIiali30BaHUX OOYHCIIOBAIILHUX MPUCTPOIB,
1110 BOJIOJIIOTH BUCOKOIO LIBH/IKOII€IO0.

[HepmiiiHICTF BUMIpIOBAIFHIX KaHATIB CHCTEM BHMIPIOBAHHS INIPH3-
BOJUTH 10 AWHAMIYHUX MOMMIOK. TakuM YHMHOM, BUKOPHCTaHHS 3ac00iB
TEXHOJIOTIYHOTO Ta MPENH3iHHOr0 BUIOTOBJICHHS BUMIPIOBAJIbHUX MEPET-
BopioBauiB (BII), mpuHIMIIOBO HE MOKEe NPHUBECTH IO iACAIBHHUX IEpeT-
BOPIOBAYIB 3 MAJIOIO JAUMHAMIYHOKO OXubKoio [1; 2].

Haii6inpm edexkTHBHIM B I[bOMY BHUIAJIKY MiIXOIOM JO IiBHIICHHS
JIMHAMIYHOT To9HOCTI siK BIT, Tak i cucteM BUMIpIOBaHHS B LILIOMY, MOJIATAE B
3aCTOCYBaHHI NPUHIMITY CTPYKTYPHOI Kopekuii [16], konu BUMiproBalbHUN
KaHaJl JIOTIOBHIOETHCS MPUCTPOEM BTOPUHHOT 0OPOOKHM OZIep>KyBaHOTO CHIHA-
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ay Bix BII i mursixoM MateMaTHdHOI 0OpOOKH BHPINIYEThCS 33/1ada BiTHOB-
JIEHHS BXiTHOTO CHTHAJTY 3 MiHIMAIBFHOIO JUHAMIYHOIO MOXHOKOO [12].

THUMOBOIO CHCTEMOIO 3 €EMEHTaMH CTPYKTYPHOI KOPEKIil € BHUMi-
proBanbHuit kaHan (BK), ctpykrypa sikoro HaBenena Ha puc. 1, me BII —
BUMiproBanpHHN TepeTBopioBad, KII — xopuryroumit mpuctpiit, PIT —
peecTpyrounii npumnai.

Bxig, Buxig,

BIM KN PN

Puc. 1. Bumiproganvruti Kanan

[HepmiffHIMHU BIACTHBOCTAMH MOXYTh Bojoxmitu sk BII, tak i PIL
Tak, HanpuKIaA, B 3a7a4i peecTpallii TEIIOBOrO MOTOKY OCHOBHUM iHEp-
uiiiHuM (ctBoprorounM) enementoM € BII, a inepuiiinictio PIT moxna
3HEXTYBaTH 4epe3 MajJicTh 3Ha4yeHHs. |, HaBNakW, B CHCTEMIi YIpPaBIIiHHS
IHepLIHIM BUKOHABUYMUM MEXaHI3MOM (HarpiBajJlbHUM IPUCTPOEM) OCHO-
BHA IHEPLIHHICTE 30cepemkena B enementi tuny PII (puc. 3, 4). B cucte-
Mi TUIy JiHIT 3B'S13Ky MoxuBe BukopuctanHs aBox KII sik o, Tak i micis
CIIOTBOPIOIOYOTO eleMeHTa (pHc. 2). SKIIo BCi eIeMEeHTH CHCTEMH JiHiN-
Hi, TO B CHJIy IPUHIUITY KOMYTaTHBHOCTI MOCIIZOBHO 3'€THAHHUX €JIEMEH-
1iB KII M0O’kHA MIHATH MICIISIMM 3 1HIIHMH €JIEMEHTAMHU, a JIBa IIOCJIIIOBHO
3'eqaannx KII o0'exnatu B onuH KII, B 3B'3KY 3 MM BCi HaBeICHI IPUK-
JaJ¥ MOXHA 3BECTH JI0 TIEPIIOT TUIIOBOI CHCTEMH.

Bxia, [pKepeno . Buxig,
K UBNEHHA =R

Puc. 2. Peecmpyiouuii npunao

Bxla-H
Xu(t)
———| HaBaHTaeHHA
A
eanbHa i
oxepeno P BUXIA,
Kn [BUMYH yactota —————————
SKUBNEHHS
obepTaHHA
BXif-
A5 €TanoHHa Hes’'A3Ka
Xs(t
yacrora
obepTaHHA

Puc. 3. Cxema asmomamuuno2o pe2yniogants 4acmomu ooepmants 08U2yHa

nepesasay KN 3:’I:3I?<y KN npuiimay

Puc. 4. Cucmema muny ninii 36'a3xy
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3amava cTpyKTypHOI KOpeKMii (B JTiHIHHOMY BHITAJKY) ITOJISTAE B TO-
My, o6 nodyaysatu KY 3 Takoro dyskuiero nepemaui Wyy(p), mob me-
penaBanbHa (QYHKIIS BCHOTO BIMIPIOBAILHOTO KaHATY Oylia MaKCHMaIbHO
6musbkoro g0 omuuui (Wxy(p) ~ 1), 1o BiAmoBinae MiHiMaIbHOMY PiBHIO
JUHAMIYHHUX CIIOTBOPEHb peecTpoBaHoro curHaiy. IlepenaBanmbHa QyHK-
Iis TTOCTIOBHO 3'€MHAHMX AMHAMIYHUX JIAHOK JOPIBHIOE NOOYTKY mepe-
JATOYHHUX (QYHKIIH KOKHOTO 3 HUX:
. Wak(p) = Wai(p) Wrin(p) Wen(p),
3BIJKH
W (P) . )
W (P)W 7 (P)
B Gesineprriiiniit cuctemi Wen(p) = 1, Wep(p) = 1, 3rimso (1) Wxn(p) = 1,
0 BHKJIIOYa€ HEOOXIMHICTh 3aCTOCYBaHHSA IHHAMIYHOTO KOPUTYIOUOTO
TPHUCTPOIO.
s tumoBoro BuMiproBaibHoro Kanany We(p) # 1, Wen(p) = 1, i

W](H(p) =

BiamoBigHO 10 (1) Wy, (P) :WB]% (p) , To6T0 mns cuaTe3y KII HEoOXigHO

3HaTH MateMatH4Hy mMoneis BII. OnHak He y BCiX Bumaakax Taka iHdop-
Marlis € qoctatHboro. Tak, skmo ¢yakuis Wai(p) € apoGoBo-pariioHab-
HOK, i MOPAZOK MOJIIHOMa YMCEIbHMKA MEHIIE MOPAAKY INOJiHOMa 3Ha-

-1 . .
MeHHUKa, TO Wy (p) ¢isndHO He peanizoByeThcst. TOUHOTO PO3B’SI3KY B

[IbOMY BUIIAJIKy 3a7a4a He Mae. AJie Ii¢ He O3Hauae, 110 3aJa4a Hepo3B'a3-
Ha, OCKIJIbKH JIOCTaTHHO OTPUMATH HaOJM)KEHHH PO3B’S30K 3 MOXHOKOIO,
1110 HE MePEBHIIYE NOXUOKH BUXITHUX TaHHX.

Ha puc. 3 mpezcraBiieHa cxema CHCTEMH aBTOMAaTHYHOTO PETYIIIO-
BaHHs 4acTOTH oOepTaHHs JBUryHa. Kopuryrouuil mpucrpiii B naHomy
BUIAJKY BUKOPHUCTOBYETHCS B SIKOCTI PETYJIATOpa 1 € y3arajJbHEHHSAM I10-
HATTA TIPOIOPIHO-1HTeTpanbHO-audepeHiansHoro perymstopa (IT1JI-
perynsaTopa). 3aCTOCYyBaHHS TaKOTO YHiBEpCAJILHOTO PETYJISITOpa J03BOJISE
pearizyBatu ORI CKIIAJHI 3aKOHU YIpaBiiHHS B mopiBHsHHI 3 [11]] 3a-
KOHOM YTIpaBIiHHSA. | B JaHOMY BHIAJKY 3a0€3MEUNUTH MOTPiOHY TOYHICTH
crabimizauii yactorn oOepTaHHS NpPU LIBHIKOIUIMHHUAX HAaBaHTAXKEHHIX
ab0 IBHUIKICTH CTEXEHHS 38 MBUAKO3MIHHUX eTamoHoM [9].

Junamiuni BumiproBanHa. /[mHaMiuHi BUMipIOBaHHS OTPHUMYIOTh
Bce Oinbllie MOIIMPEHHS B TEXHili i HAYKOBHX MOCHiIKEeHHIX [3—6].
Ponp nmuHaMiYHMX BUMIpIOBaHb OCOOJHMBO BENMKA, MO-TIEeplle, B obiac-
TAX HayKH, MOB'A3aHUX 3 JOCTIDKECHHIM CTPYKTYPH MaTepii, aHami30M i
CHUHTE30M HOBUX PEYOBHMH 1 MarepiajiB, BUBUEHHSIM 00'€KTiB B €KCTpe-
MaJIFHUX YMOBaX, 1, MO-Apyre, B Taly3sX TEXHIKM i BUPOOHHITBA, IS
SAKUX XapaKTepHE CTBOPEHHS HOBUX TEXHOJOTIYHHMX IPOIECIB 1 TeXHIU-
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HUX 00'€KTiB, 30KpeMa, JJIs TEXHOJOTIYHOTO KOHTPOIIO IapaMeTpiB BH-
poOiB B mpoleci BUTOTOBJICHHS, ISl €KCIUTyaTal[ifHOr0 KOHTPOJIIO TeX-
HIYHUX MPUCTPOIB B IpoIeci iX poOOTH, Asis1 BUIPOOYyBaHHS 3pa3KiB HO-
BO1 TEXHIKH, B TOMY YHCIIi B HECTAllIOHAPHUX PEKUMAX, A JOCIiIKEH-
HSl HOBUX (Di3UYHUX 00'€KTIB 1 SBHII, JUI BUBYCHHS MOBEHIHKH 00'€KTiB
B ekcTpeManpHHX ymoBax [8; 10; 11]. JIpyra TeHmeHIis — pO3BUTOK
«BTINOY», TOOTO MiABHUIEHHS TOYHOCTI BUMIipIOBaHb, OOyMOBJICHE IIpar-
HEHHSIM JIOCIIKYyBaTH BCE OULIBII TOHKI SBHMINA MPUPOAM i CTBOPIOBATH
BCE OUIBII TOCKOHAJI TEXHIYHI MPUCTPOT.
[Ipu mpoBeneHHI TWHAMIYHUX BHMIpIOBaHb HAWOUIBIINN MPaKTHY-
HUH 1HTEpeC MPEICTaBIAE BUMAAOK, KOIM 3HAYHY YaCTHHY OCHOBHOI MO-
XMOKU CTAaHOBHUTH JUHAMIYHA MOXHWOKA. BHACTIIOK I[OTO B TeOpil JAMHA-
MIYHAX BHMIpIOBaHb HaiOULIbIIC 3HAUYCHHS Ma€ MpoOiieMa BiTHOBIICHHS
BUMIPIOBAaHOTO CHUTHANY. BHIiNeHHS CTaTHYHOI Ta ITWHAMIYHOI MOXHOOK
3ac00iB BUMIpIOBaHb, K aIUTHBHUX CKJIAaJOBUX, JOIMYCTHMO B pa3i, KOJH
3aci0 BUMIpIOBaHHS sBisie cOOOI0 JiHIHHY AWHAMIYHY JIAHKY abo CyKyI-
HICTP JIHIHHUX IWHAMIYHUX JIaHOK. Toxi mpuBeAeHa 0 BUXOAY IMOXHOKa
MEPBHHHOTO MEPETBOPIOBaYa NP BIUIMBI Ha HOro BXiJ MIHJIMBOIO CHI'HA-
Ny HaOy/ie BUIIISATY:
Aﬁux = Acm + A()ul—t' (2)

e Ac‘m — CTaTU4Ha, a A — ,Z[I/IHaMi‘IHa moxuoKa IEepeTBOPrOBaia.

oun

OCHOBHOIO YaCTHHOIO CTPYKTYPH BHMIPIOBAJIBbHOI CHCTEMH, B SIKIH
BUHMKA€E JIMHAMI4YHA OXMUOKA, € TIEPBUHHUI BUMIPIOBAILHUI MIEPETBOPIO-
Bad, B SIKOCTI SIKOTO MOe OyTH JaT4MK, BUIIPOOYBAIBHUN CTEHA 3 AaT4H-
KOBOIO amaparyporo abo BumpoOyBaHi mpuctpiid. [lepBuHHMIA BUMipIoBa-
JIbHUIT IEPEeTBOPIOBaY, JIOMOBHEHUH KOPUTYIOUUX IPUCTPOEM abo0 ajaropu-
TMOM 00p0oOKH iH(pOpMALl IMHAMIYHUX BUMIPIOBaHb, YTBOPIOE HAWOIIBII
BOXJINBY (DYHKI[IOHAJIbHY YaCTHHY BUMIPIOBAJIbHOI CHCTEMH.

Bynp-sxa inpopmauiiiHo-BuMiptoBanbHa cuctema (IBC), He3anexHO
BiJl KOHKPETHOT'O MPU3HAYECHHS, CTPYKTYPHO CKJIQIAETHCS 3 TPHOX OCHOB-
HHX YaCTHH: IEPBUHHOTO MPUCTPOIO, TPU3HAYCHOTO IS 300py, MiArOTOB-
KM 1 Iepeadi BUMIpIOBaIbHOT iHPOpMAIIii; JTiHIl 3B'I3Ky — JPOTOBUX ab0
0e31pOoTOBHX; KOMIUIEKCY arperaTHUX 3aco0iB. Ha puc. 5 300paxkena Ttu-
noBa ctpykrypa IBC, B sikiii 610k 00poOKH TaHUX BKIIIOUA€E B cebe KOMY-
TaTop IMITYyJIbCHUX CHTHAJIIB, OOYMCIIIOBAY, HAKONMYyBaya JaHUX, ajro-
puT™M 00pOoOKM AMHAMIYHMX BUMiproBaHb. Ha MadroHKy BKa3aHi CHTHAJIM:
X(t) — BumiproBanmii curnan, e(t) — moxnuOka BiTHOBICHHS BUMipIOBAHO-
ro CHrHaIly, OOyMOBIJIEHa BXiJTHUMH INEPEIIKOJaMH TIEPBUHHOTO NaT4YHKa,
NoXH1OKa B3a€MOJi{ MEPBUHHOTO IEPETBOPIOBaYa 3 00'€KTOM BHUMIpIOBaHb,
aJUTHBHUMH TIOXHOKaAMH BUMIPIOBAJIbHOI CHCTEMH, iHEPIIHHICTIO Tep-
BUHHOTO JIaTYHUKA.
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x(t) y(t)
OYA > N3 > NAN » AUN > BOA | —— oA

nepBUHHE NepeTBOpPeHHs NPOMiXKHe NepeTBopeHHA

e(t)

Puc. 5. Tunosa cmpykmypa 00HOKAHANbHOI IHPOPMAYIIHO-8UMIDIOBANLHOT
cucmemu. J[JVA — ananoeoeuti 0amuux 3 yHighiko8aHum 6XiOHUM CUSHATIOM
nanpyeu abo cmpymy; JI3 — ninii 3¢'a3xy,; [1AJI — nepemsoprosau ynigixosanux
CUSHANIB AHANI0206020 be3NePePEHO20 6 AHAN0206Ull De3nepepeHul;

AL — ananoeo-yugposuil nepemsoprosay Hanpyeau, cmpymy, nepiooy, Yacmomu,
inmepsany uacy 6 k00, bOJI -6nok 06pobru danux, O] — 3acobu 6idobpadicenHs;
1 — 3aci6 y320001cenns; x(t) — uMipro8anull CUeHa,

e(t) — noxubra ioHoG1EHHS BUMIDIOBAHO20 CUSHATY

Skiro 00'eqHATH B MOHSTTS «IaTYUK» BCi 3aCO0M MEPBHUHHOIO 1 MPO-
MDKHOTO TICPETBOPEHHS, XK 0 aHAJIOTO-IM(POBOTO IEpEeTBOPIOBAYa, TO
PO3IIIIHYTY BUMIPIOBAJIbHY CHCTEMY MOYKHA TIPEACTABUTH Y BUIVISII pHC. 6.
[Ipu boMy BXiITHI IEPEITKON 1 ITyMU MIPHUBEACHI IO BUXOAY JaTUHKA.

e V(”i y(t)
O —X—> B04 | » 0Of

x(ig»

e(t)

>

Puc. 6. Cnpowgena cmpykmypa oonoxananvhoi IBC

BumiproBaneHi ¢ysakmii IBC — BuMiproBaHHS 3HaueHb (i3HIHHX
BEJIMYHH, I110 BIUTMBAIOThH HA BXIJ CHCTEMH 1 XapaKTePU3YIOTh OKPEMi Biia-
CTHBOCTI 00'€KTiB.

Bu3HaueHHs1 BXiJJHOTO CUTHAJly, JIWHAMIYHO CHOTBOPEHOI'O 3ac000M
BUMIPIOBaHb, PO3TIIAAETHCA B 3aralbHOMY BHUITAJKY SIK 3BOPOTHA 3aja4a
BUMIPIOBaJIbHOT TexHiKU. TepMiH «3BOPOTHA 3aja4ay 3'SBUBCS B MaTeMa-
TUYHIN (i3UI 1 BITHOCUTHCSA 10 3a7adi BiTHOBJICHHS BXiTHOTO CHUTHAITY 32
BiJOMOI0 iH(poOpMaIliero mpo onepaTop (Gi3HUHOrO MpUiaLy, 10 BigoOpa-
JKae BITYK I[bOTO NPHITaay Ha BXiTHHH CUTHAI. 3BOPOTHA 3ajada € Xapak-
TEPHOIO 1 TpaAWIIHOIO 3amadelo BUMiproBambHOI TexHikn. llle B
1871 poui Peneii hopmysoBas 1o 3a1ady SK «pPEeIyKLil0 A0 1J1€aJbHOTO
npmwiagy». Y pizHHX poOoTax 3BOPOTHY 3a7ady BU3HAYAIOTH SIK KOPEKIIif0
YACTOTHUX XaPaKTEPUCTUK 3aCO0IB BUMIipPIOBAHHS, BiJHOBJICHHS BXiTHOTO
CUTHAITY, KOPEKIIi}0 CUTHAIIIB, KOMIICHCAIIII0 JUHAMIYHUAX TOXHUOOK.

3agaua BU3HAYEHHs MUTTEBUX 3HAU€Hb BXIMHOTO CHTHATY 3aC00iB BH-
MIPIOBaHHsI MOXKe OYTH IIPOLTIOCTPOBaHA JIAHIIO)XKKOM IIEPETBOPEHb, 300pa-
*eHux Ha puc. 1.7. Ha Buxosi 3ac00y BUMiprOBaHHSI CIIOCTEPITa€ThCS MPOIIEC:

y(t) = ALx(t)+ 2 () +£ (1) ]+ n (1), @)
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ne X (t) — BxigHuii BuMiproBanuit curHai; £(t) — 3aBana, IKepenoM sKoi
€ o0'ext BuUMiptoBaHb; &(t) — 3aBama, BHKJIMKaHA B3a€EMOJIEI0 3ac00iB
BUMIpIOBaHHS 3 00'ekTOM BUMiproBauHs; 77(t) — amTuTHBHI TOXHOKH 3aC0-
Oy BUMIpIOBaHHSI.

3ajaucio BUMIpIOBaHHs € BH3HA4YCHHs HeBimomoro mporecy X(t) 3a
BUXimHuM curaanom Y(t) i omeparopom A.

£(t) &(t) n(t)
x(t) i i A %y(t) q Z(t) ) x(t)

06’ekT
BUMIpIOBaHHA

e(t)

>
>

Puc. 7. Cxema po3ss'szanns obepuenoi 3adaui: &(t) — 3asadu, doicepenom aKux
€ 00'ckm sumiprosans,; Et) — 3asada, suriukana 63acMo0i€lo 3acodu GUMIPIOBANHSL
3 06'ekmom eumiprosannsi; 1(t) — adumusni noxubku 3acoby UMIPIOSAHHSL,

A — onepamop nepemegopents npoyecy x(t); y(t) — uxiOHutl cueHau,

M — onepayis nopisnanns 3 00unuyero 6UMIpy, X (t) — oyinka npoyecy x(t);
e(t) — noxubka poss'azantna obepHeHoi 3a0aui

Po30ixHicTh 3BopoTHOTO A7t A omeparopa H 3 TOUHHM 3BOPOTHHM
OIepaTopoM BifIOYBAETHCSI 3 HACTYITHUX MIPHYUH: HAsBHICTh MOXHOOK (1),

&), n(t) sMymye Hamaati omepatopy H inmbTpyroui BIaCTHBOCTI; ome-
patop, TOYHO 3BOPOTHHUH, (DI3MUHO HEe peami3yeThes. SIKIO MpsIMHUI Orie-
paTop — Le onepaTop 3 MICIAAIE0, TOOTO 3 MaM'sTTI0, TO 3BOPOTHHI fo-
My HOBHHEH OyTH OIEpaTopoM 3 MPOTrHO30M, 10 (i3WYHO peanizyBaTh
HEMOXJIMBO. [IpsMuid oneparop € IIJIKOM Oe3lepepBHUM, OTXKE, 3BOPOT-
HUI OrepaTop He € Oe3MepPEepPBHUM 1 OOMEXEHHM. Y [[LOMY MOJIATae HEKO-
PEeKTHICTE 00epHEHOI 3amadi. SKmo mpsmuid onepaTop 3aco0iB BUMIpIO-
BaHHs € J00pe 3IIIaJUKYBaHUM OIIepaTOpoOM, TO 3BOPOTHHUI orepaTop Mo-
BHHCH BOJIOAITH 3BOPOTHUMH BJIACTUBOCTSIMH — IOCHJIFOBAaTH BCi Haii-
MEHIII MIBHU/IKI TPOLIECH, HAsSBHI Y BiTHOBJICHOMY CHUTHANI, B TOMY YHCII i
aJIUTUBHI MMOXUOKH, BJIACTUBI BYKHBAHOMY 3aC00Y BUMIPIOBAHHS.

HaBenemo BXinmHiI 3aBamu 10 BUXOAY 3ac00y BHMIPIOBaHHS 1 Ipe-
CTaBUMO CXeMy pHC. 7 B crpolieHomy Burisiai (puc. 8). HaBeneni moxuo-
KU OyIyTh MaTH BULJIS:

y(t)=Ale(t)+&(t)]+n(t). 4

y(t)
£ y(t) R X(t)
A A

e(t)

xt) |

>
>

Puc. 8. Cnpowena cxema po3se'szanms obeprenoi 3a0aui
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IHmumu cnoBamu, oOepHEHA 3ajada 3BOJUTHCS IO BUPIIICHHS OIIe-
PaTOPHOTO PiBHSIHHS
AX(H) = y(H) (®)

3 HETOYHO 3aJIaHOI0 MIPABOI0 YaCTHHOIO.

P03B’s30K BiJIIYKY€EThCS 32 KpUTEPiEM MiHIMyMY MOXMOKH abo 3a
KpuTepieM MiHIMyMy HeB'si3kd. OCKUIBKM TOYHHUIT 3BOPOTHHH oIeparop
HeoOMeXXeHHH 1 BTpauae Oe3nepepBHICTb, Ul PO3B'A3aHHA OOEpHEHOI
3a/1a4i 3aCTOCOBYIOTh CITEI[ialTbHI METOIH PeTyIIpr3allii.

[aBepcHMi (IHBEpCHO-O00UYHCITIOBATIGHIUI) IMiAXII IO OpraHi3arii mpore-
CiB ITMHAMIYHOI KOPEKIlii BUMipPIOBAIFHHUX CHCTEM, 3aCHOBAaHHI HA aJTOPHT-
MIigHIi{ iHTepIpeTarii pe3yabTaTiB BUMIpIOBaHb, 3HAXOUTHCS Ha CTAil aKTH-
BHOTO PO3BHUTKY. /{0 TOSIBM LIbOTO MiAXOAY PO3MIITHYTA 3a/ada JUHAMIYHHIX
BUMIPIOBaHb BHPIIIYBaJacs Ha OCHOBI CXEMHO-TIAPAMETPHUYHOTO ITiIXOY IS
HACTYITHUX JIBOX BHIIAJIKiB TOOY0BH BUMIPIOBAILHOTO KaHAITY.

VY nepuioMy BHNAAKY PO3IJISAAAETHCS KaHAI, SIKMH MPECTABISIE COOO0
eJICKTPHYHUHI JIAHIEOT (0JqHOPIAHY (i3nuHy cuctemy). s nocsrHeHHs ede-
KTy «i/IeallbHOTO BUMIpHHKa» CXeMa JIOMIOBHIOETHCS EIEMEHTAaMH, 110 3a0e3-
MEeYyIOTh BITHOBJIGHHS BXiJIHOTO CUTHAIIy Ha BUXOJI IpWIIajy, a MapameTpu
JIOTIOBHIOIOYO] YaCTHHU BU3HAYAIOTHCS 3 YMOB BUKOHAHHSI BUMOT JI0 CTIHKOC-
Ti 1 MAKCUMAJBHO JOMYCTUMOI TOYHOCTI KaHaiy. [Ipu mpomy QakTiaHO BU-
pilIyeThCS 331a4a CHHTE3Y €IEKTPUIHOTO KOJIa 32 33/laHUMH KPUTEPIIMH.

Y npyromy BHIIAIKy pO3IJISJA€TbCs BHMIPIOBAIBHUM KaHAN, IO
CKIIamaeTbesl 3 (i3MIHO PI3HOPITHUX ONIOKIB, 00'€qHAHUX B CTPYKTYPY,
NOAIOHY CTPYKTYpl CHCTEMH YNpPABIIHHS, SIKa CHHTE3YETHCS SIK CHCTEMa
MOHITOPHHTY, IO 3a0e3Meuye sIK MO>KHA OUTBIN TOYHE BiTBOPCHHS BXiJ-
HOTO CUTHAJTy Ha BUXO/I1 3 IOTPUMaHHSIM HEOOXIHUX YMOB CTIHKOCTI.

SIk BUIHO, JAHMU MIIXiJ Mae Ha yBa3i 3aCTOCYBAHHS METOJIB CHHTE3Y,
IO BiTHOCATHCS a0 JI0 TeOpii eJIeKTPUUHMX JIAHIFOTIB, a00 IO Teopil yrpas-
minsst. [Ipu poMy nporiec noOy/I0BU BUMIPIOBAJIFHOIO KaHATY CYIIPOBOKY-
€TbCS BITOMUMH TPYIHOLIAMH i OOMEKEHHSIMH, LIO IIPUBOJIATH JIO CKIIAJTHUX
NPOLIe/lyp MPOCSKTYBAaHHS Ta MPUHIMIIOBUM MpOOIeMaM JOCSTHEHHS HEeoO-
XiJTHOT SIKOCTi, YOrO MOYKHA YHWKHYTH B paMKax iHBepcHOro mimxoxmy. IIpo-
MDKHAM MiX iHBEPCHHM 1 CXEMHO-TIAPAMETPUIHIM MiIXOJaMH € 3aCTOCY-
BaHHS B SIKOCTI KOPUTYIOUOTO JIAHKM aHAJIOTOBHX OOYMCIFOBAIHHHUX OJIOKIB.
AHaNOTOBHUI TiIXiJT ITKOM peali3yeMHid 1 OTpUMaB IIEBHUI PO3BUTOK, OTHAK
crienmdika HOro 3acTocyBaHHS BHUMArae OLHKH SKICHUX 1 KOHCTPYKTOPCHKUX
pimrens. Kpim Toro, #oro cTpykTypHa peanizaiss MOXJINBAa B IU(GPOBOMY
BUKOHAHHI, HATIpUKJIaJ, B cuctemi Matlab/Simulink.

Sk BKe 3a3HAYAIIOCS, 3 MATEMAaTHYHOT TOYKH 30py TIOCTaHOBKa 00epHe-
HOI 3a/1a4i (puc. 8) € HeKOPeKTHO0. TOMY MpaKTUYHE PO3B’sI3yBaHHS 3a/1adi
BiIOYyBa€eThCS 3 TpaHChOpMANi€ro i 10 KOPEKTHOI IMOCTAHOBKH Ta 3HAXOJDKeE-
HHIO PETYIIPHUX (CTIHKUX J0 Meperkos) po3s’s3kiB. [Ipu oMy OLTBIIICTE
PETYISPU30BaHUX PO3B’SI3KIB OTPUMAHO HA OCHOBI METOMYy peryJisipu3ariii
A. H. TuxoHOBa, 1110 BUKOPHCTOBYE MIHIMI3allif0 pErysIpU3yI040i J00aBKH.
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BucHoBku. [HBepCHO-00UHCITIOBAIFHAIN TMiXi]], 32CHOBAaHUH Ha BU-

KOPHCTaHHI 1HTErpalbHUX PIBHSAHB, 3aJHINAETHCS MEHII JOCIIIHKEHUM i,
CyISYd 3 AESKOTO JIOCBiMy PO3B’s3aHHS MPaKTUYHUX 3a7ad [7], € TOCHTh
e(eKTHBHHUM i IIEPCIIEKTUBHIM, TUM Tade, 10 IeH MiXiJ IPyHTY€EThCS Ha
peaizarii JeTepMiHOBaHHUX aITOPHUTMIB i TOTpedye MiHIMAaIBHOTO 00CATY
anpiopHoi iHpOopMarii.

10.

11.

12.

13.
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INVERSE-COMPUTATIONAL APPROACH IN THE PROBLEM
OF DYNAMIC CORRECTION OF MEASUREMENT SYSTEMS
WITH APPLICATION OF INTEGRAL MODELS

The development of modern systems of measurement, control, man-
agement and diagnostics is characterized by an increase in requirements for
quality indicators, an increase in functionality, an increase in the complexi-
ty of research and design tasks in their creation. As a rule, the basis for the
functioning of these systems are the methods and means of processing ex-
perimental data and computer implementation of mathematical models. In
many practically important tasks, prompt assessment of the processes and
phenomena under testimony of measuring instruments is of paramount im-
portance. Similar tasks are known in practice as signal recovery tasks

The use of computer equipment for signal recovery makes it possible to use
low-cost primary measuring transducers with low resolution in systems of
measurement and control. The efficiency of the use of computing devices in
measurement and control systems is primarily due to the low cost of their de-
velopment in comparison with the improvement of the physical design of cer-
tain elements of these systems. Moreover, in some cases, such a possibility is
limited not just by physical boundaries, but more so by economic factors.

The development of methods of operational processing of information is
characterized by an increase in the proportion of inverted tasks in the total list
of solved problems by systems of this class. This implies that in principle, all
the problems of mathematical modeling can be divided into two groups: di-
rect problems, i.e. problems of analysis, when the known causes of certain
processes and one has to find the consequences, and inverse problems, when
the consequences are by physical boundaries and one has to find the reasons.
One of the most important tasks of signal recovery is the task of structural
correction of the characteristics of dynamic systems, which is constructing
and using in the conversion channel or circuit of the system such blocks,
which, due to their specially formed dynamic properties, transform in a nec-
essary way the general dynamic properties of the system.

Key words: measuring system, signal recovery, structural correction,
dynamic measurements, inverse approach.
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METHODS OF COMPLEX DYNAMIC SYSTEMS’
MODELS’ EQUIVALENT CONVERSION

Proposed and considered the formal description of equivalent
conversions which can be applied to obtain the various models of
different kinds of complex dynamic systems (including electrical
systems, power installations, etc.), as well as for transition from
one representation to another. The set of basic operations which re-
alize elementary conversions of models is described. The methods
and algorithms for conversion of differential equations into integral
or integro-differential are considered.

Key words: Dynamic systems, model conversion, integral
equations.

Introduction. For investigation of dynamic systems their modeling
on the base of differential equations is used in most cases. Appropriate
models and methods of their solution are well known and widely applied
in practice. At the same time, it is not always evident what kind of model
is better to use for a particular system. Selection of the adequate and at the
same time enough simple model is actually an art from many points of
view. Besides differential equations, there are many other means for de-
scription of dynamic systems. Those are, primarily, integral and integro-
differential equations. For many problems integral equations are preferable
than differential ones. Thus, it is obviously important to create and devel-
op mathematical methods and computer tools which would allow to con-
vert one model description to another.

Formalization of equivalent conversions’ description. Let us consider
the formalized description of equivalent conversions which can be applied
to obtain the various models of the researched dynamic system and for
transition from one representation to another.

Let we have an operator model defined by the equation
®1(u) = d,(u). The basic operations realizing elementary conversions of
the model are:

o the additive conversion

D1(u) = D2(u) = D1(U)+D3(u) = D2(u)+D3(U);
o the multiplicative conversion

Dy(u) = D(u) = Da(u) Ds(u) = D(u) Ds(u);

16 © A. Verlan, Jo Sterten, 2019
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o the additive splitting
D1(u) = Dy(U) = D11(U) + D12(U) = D(u);
o the multiplicative splitting
D4(u) = Dy(u) = D11(u) D12(U) = Do(u);
o the partial additive inversion
@1(u) = Dz(u) = u = O 13(u) (D2(u) — D12(u));
o the partial multiplicative inversion
D1(u) = D(U) = D1p(u) = D 11(u) (P2(u)).
Combining these basic operations, we can obtain more complex con-
versions of mathematical models.
Let's consider some realizations of algorithms of equivalent convert-
ing differential equations to integral or integro-differential ones [1, 2, 4].
In general case, it should be noted that precise reverse transition from in-
tegral to differential form of mathematical model is not always possible.
The integral form of mathematical models representation is more universal
than the differential one. It allows to describe much more physical objects,
both with lumped and distributed parameters.
Method of analytical inversion with operator splitting. Let a model of
the object is given in a form of the ordinary differential equation (ODE)

Dly]=y" (t)+iai y " ()= (1), y(0)=Ci=0n-1 (1)
i=1

or, in the functional form,
D[y] = f. (2
To obtain a series of equivalent integral dynamic models [3, 5, 6],
i. e. relations containing integral operators, rather general method based on
different versions of splitting the initial differential operator can be ap-
plied. Indeed, splitting the operator D into two operators, i.e. putting
D = D, + D, we obtain the following differential equation

Dilyl=v, 3)
where y(t) = f(t) — D2[y]. Choosing such form of decomposition which
admits analytical solution (3) is available, can allow us to get the equation

y=0r"[v], C)

The operator D;* which is inverse to D: is in integral operator,
therefore (4) is the integral or integro-differential equation.

The considered method of equivalent conversion can be applied both

to linear and nonlinear problems. If for example the nonlinear differential

equation Dy[y] = f with a given nonlinear operator Dy, then for its decom-

position it is reasonable to separate its linear part, i. e. to use the represen-
tation Dy = D1 + Dan, where Dy is a linear operator. Then the initial equa-
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tion is reduced to the form (4), which is generally the nonlinear integro-
differential equation.
Let's consider this method in more details on the example of the

equation (1), which can be rewritten as
n

Zay” T()=1(1)- 2 ay" () 5)
i=m+1
After the substltutlon of variables

u@®=y"" (@) O =y""T @ d™ )=y 1), 6
we obtain the m-th order equation

e a0 =w (1) ™
where :
v(t)= 1)~ 2 ay™ () ©

Converting the equation (7) to an equivalent the 1st order ODES sys-
tem and building its solution, e. g. using fundamental solutions of this sys-
tem, we obtain the equation with exponential kernel:

t

u(t)zeAtu0+J'eA‘cD(a,u,r), )
0
where
u(® = [u'@®), u"(©, ..., uU™O1, ue(t)=[u'(0), u*(0), ..., U™(0)],
®(a, u, 1)=[0, 0, ..., W),
and we get the following m-th order matrix A:
0 1 0 0
0 0 1 0
A= . . ‘
L_am —An_1 8y _alJ
The unknown variables in the equations (1) and (9) are connected by
the relation
)n m-1

(s)ds. (10)

o'—.'-'

t I
== [ J
O 0
n m
The transition from one form of a model to another is carried by
modifying value of m from 1 to n.

The method of sequential integration. If we put m = n in the regarded
method, decomposition of the operator D is reduced to solution of the ini-
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tial equation with respect to the higher derivative. In this case the solution
of the equation (3) is carried out by n sequential integrations. As the result
we get the following integral equation:

t

y(t)+IK(t—s)y(s)ds:F(t), (11)
where i _
" (t-s)
K(t_s)zéq‘ (i-1)!
F(t):j%f(s)ds+§Citi—l!+CO§qi%+...+ (12)
n-2 i+1 tn—1

C i —+.+C L, —
< (1) "2 (n-1)!

The method of higher derivative. This method is usually considered
in the literature. It represents a special case of the splitting method based
on the substitution

t
u(t)=y™ (1), fu(s)ds+c =y (1),
0

It allows to obtain the equivalent integral equation with respect to the

higher derivative of the initial equation (1):

y(™ (t)+jzn:ak gy(”) (s)ds =o(t),

-s
Dkt (k-1)!
o(t)=1(t)-Crya —(Coyt+Cpp)a, —..m (14)

tn—l
—C,,—+..+Ct+C, |a,.
n—l(n_l)! 1 0 n

The analytical methods of equivalent transition from the ordinary dif-
ferential equations to integral ones can be effectively implemented using
the packages oriented to analytical conversions (Mathematica, Maple etc.).

The structure of the algorithm which allows to carry out the most general
method of analytical inversion with operator splitting is shown in the Fig. 1.

This method at m = n is reduced to the sequential integration method,
and at m = 0 — to the higher derivative method. In general case it allows
us to obtain an integro-differential equation, and in the two last special
cases we obtain pure integral equations.

It is useful to develop intelligent program environments for selecting
appropriate models oriented to simulation and modeling of dynamic sys-
tems. Some approaches to solving this problem were discussed in [3].
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s )

I

1. Definition of mathematical model
of the n-th order in the form (5), m=m,

¥

2. Splitting of the operator D=D,+D,

!

3. Substitution of variables (6)

1

4. Analytical integration of ODE m times

i

5. Numerical solution of |E

!

‘6. Numerical integration of solution n-m times

Check of mathematical model
properties

7. Change of parameter m

( END )

Fig. 1. Algorithm of analytical inversion with operator splitting

Comparing the sequential integration method and the higher deriva-
tive method, we have to note that only in the first respect to the required
function u(t) = y(t) is obtained. In the rest cases (at m < n) we obtain the
equation with respect to derivative of required function, and obtained solu-
tion should be integrated m — n times.

Continuing a comparison of the methods of transition from differen-
tial to integral form of mathematical models, we have to note that for the
sequential integration method in algorithm in the Fig. 1 the item 6, and in
the higher derivative method the item 4 are omitted. Anyway the problem
of numerical integration remains. In the sequential integration method we
have to integrate the right hand side of the differential equation, and in the
higher derivative method — the obtained solution.

For an investigation of dynamic models with approximate initial data
(for example, obtained by measurements) the sequential integration meth-
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od is preferable. In this case approximate initial data are integrated on the
first step of algorithm. In this case the influence of errors in initial data
(especially if errors look like a white noise) can be considerably reduced.

Conversion of nonlinear models. Let’s consider a possibility to ob-
tain the equivalent integral equations for nonlinear object in the case when
one of derivative is included into the initial differential equation under the
sign of continuous nonlinear function, i. e. when the nonlinear differential
equation has the form

za +F(y( )(t)): (1), (15)

with the initial condltlons y(')(to) = C;, and continuous variable coefficients
ai(t),i=0,...,n-1.

We suppose that a, = 1, am = 0 and m = n.

An integral equation with respect to the m-th derivative can be ob-
tained integrating the equation (15) n — m times.

Let's consider at first the case of m = 0. Integrating the equation (15)
n + 1 times, we reduce it to the following form that does not contain de-
rivatives:

}[u}mn (é.s)dé} y(s)ds +j (t_nf)n F(y(s))ds= }cpn (s)ds. (16)

t, s

Here .
(5)=3 (-0 c o >((f)1)

@, (t)= j (t(:)ln)!l f(s)ds+P, (t),
(-3 3 0) ”z e (fff(])H;;

In a special case when the higher derivative is included into the equa-
tion under the sign of continuous nonlinear function F, i. e. when the non-
linear differential equation has the form

F(y™ 1))+ Za ()= 1 (1), (17)

with the |n|t|al conditions y(')(to) = C. and continuous variable coefficients
ai(t), i = ,n—1, the equivalent integral equation can be written as
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F (20 (0)- [ Ko (15)2, (5)d5 = 0 (1), (19)
where ’
gy
Kn(t’s)——émai(t)r

Z,(t)=y" (1),
n-1n-1 (t—t )n—j—l

)= 2

i-j-1-
i=0 j-1 (n - J_ )
The equation (18) is obtained by substituting the derivatives y@(t),
expressed in terms of y(™(t), into (17):

t n—-i-1 n— | n—i—j
Oy (=8, —b) ,
o) {[(n—i—l) Z (n=i— gy it
In the case m = 0 the equation (15) can be represented as
Y a )y O+ F (Y™ )+ za =1 (1).
i=m+1

Taking into account (18) it can be wrltten in the following form:
1

i Ay ( +)(t)+F(Z jK (t,s)Z, (s)ds =g, (t). (19)

n

i=0

Sequentially integrating (19) and considering (16), we obtain the
nonlinear integral equation

j[l_jMn—m—l(g's)d§‘| +j.

t S t

)nml

Z, (5))ds -

0 0

—_[ I ”’m’l[Km (t.s)]Zy (s)ds =w (1),
where D

t t t—S)n m-1

1
_[J' (n=m 1) @ (s)ds+Pn—n— 1()Jd

I"™1[Kn(t, s)] means the application of the operator
t
[ K (t5)] = [Kp (£,5)dé

S
n — m — 1 times. The operator | arises when the integration limits are
changed:

22
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t S t t

[ds[Kpn(8,6)Z (£)dE = [Z, (£)dE[ Ky (s,€)ds =

tO t!) tO ;

= [Zy (s)ds[ Ky (&:5)dE = [Z (s)1 [ K (t,5) Jds.

0

Thus, the integral equation equivalent to (15) has the following form

I((tn_—srzwil;! F(Zn(s))ds=[Qs)Zn (s)ds =w (1), (20)
where O '

Q(t,s) :—1+JMn_m_l(§,s)d§+ 1K (6s) ], (m = (ﬁ)

It follows from the formulas (16), (18), (20), that the left-hand side of
the integral equation, equivalent to the given nonlinear differential equa-
tion, in which one of derivatives is included nonlinearly, consists of two
components. One of these components is the nonlinear with respect to the
function y™M(t), and the second one is an application of integral operator
with the kernel Q(t — s) to y™M(t).

If a model is represented by a system of differential equations, we
have more wide opportunities to transform it to integral or integro-
differential form then in the case of a single equation. Every equation in
the system can be transformed in different way, equations can be com-
bined etc. We can also reduce the model dimension decreasing the number
of governing equations. This can be done more flexible than if we use the
differential approach: the higher derivatives demanding special treatment
at numerical solution do not appear, and resulting integral equations are
solved in usual way.

To illustrate these opportunities, we consider the following example.
The simple quarter car model of automotive suspension (Fig. 2) is de-
scribed by following system of ODEs:

mbx.b:_Csl(xb_xw_xsz)_mbgr (21)
mw)'éw = Csl(xb — Xy _XSZ)_Ct (Xw _Xr)_/ut (Xw _Xr)_mwg’
where my and my, are masses of the body and the wheel, xp, xw are their
displacements, xs. is a displacement in the second section used as the lam-
inated spring model, C;, x4 are stiffnesses and viscosities in the models of

the spring and the tire, Fy is the friction force in the spring model.
Instead of the last equation in the system (21), on the stage when the

second element of spring model is deformed we can use a differential
equation with respect to the spring tension Fs= Cs1(Xb— Xw— Xs2):
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. . Cy,X+Fisgn(x
ST it i (2)| (22)
n A

Hs
Csl + CsZ
X = X, — X,, IS the spring deformation.

where n= is a characteristic relaxation time [1], and

Cs1 ;
Ks Cs2 < Fl“
P
My,
Ct § H_‘ p2ss
\;.Xr(t) - \\

Fig. 2. Automotive suspension

Solving this equation analytically, we obtain the following relation
t-s
which includes integral operators with the relaxation kernel e " :
t—t,

Fs (t) = (Fso _Cslio)e "o+

s (23)
nX(s)ds|.

c t _1*75 t E
+C51[7(t)——51.[e n Y(s)ds+.|‘isgn(>'<SZ (s))e
Hs ¢ t, Hs
The substitution of (23) into the dynamic equations (the first two ones in
the system (21) leads to a system of integro-differential equations. Integrating
them twice, we obtain two Volterra integral equations of the 2nd kind [4].
Conclusions. Using the proposed approach, we can obtain integral
equations for each of the variables xp, Xw and Xs» or Fs by the sequential
integration method. Also, we can obtain the simple system of integral
equations (but with larger number of equations) by transition from (21) to
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the 1st order ODEs system and integrating it. One integral equation with
respect to a single governing function (e. g. the car's body displacement or
acceleration) can be obtained instead of two dynamic equations.

Thus, the obtained equivalent conversions’ formalized description along
with the proposed conversion algorithms provide the possibility to create vari-
ous models of different kind of complex dynamic systems and make conven-
ient and effective conversion of the models from one representation to another,
i.e. from differential equations to integral or integro-differential.
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METOAM EKBIBAJIEHTHOIO NEPETBOPEHHA
MOQOENEWN CKNAOHUX ANHAMIYHUX CUCTEM

3anponoHOBaHO Ta PO3TJSTHYTO (HOPMATBHHUI OMUC CKBIBAJICHTHHX TIC-
pEeTBOpEHb, SKi MOXKHA 3aCTOCYBaTH [UIsi OTPUMAaHHS PIi3HHX MojeseH
CKJIaJIHAX JUHAMIYHUAX CHUCTEM (BKJIFOYAIOUHU EJIIEKTPUYHI CHCTEMH, CHEp-
rOYCTaHOBKH TOIIO), @ TAKOXK ISl IEPEXO/1y BiJl OZHOTO MPEACTABICHHS 10
iHmoro. OnucaHo Habip OCHOBHHUX OMEpalliid, sIKi peati3yroTh HepeTBO-
peHHst Mojeneil. Po3risiHyTO METOAM Ta aNrOpUTMHU TIEPETBOPEHHS aude-
PEHIaTbHUX PIiBHSIHB B IHTErpalbHI Ta iHTErpo-AudepeHIianbHi.

KiwuoBi cnoBa: ounamiuni cucmemu, nepemeopenus Mooeni, inmee-
DanbHi PIGHAHHA.
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[Moxinbcbkuii epkaBHUN arpapHO-TEXHIYHUI YHIBEPCUTET,
M. Kam’ssneus-Iloninbcpkuii

MATEMATUYHE MOLENIOBAHHA KONMMBHUX NMPOLIECIB
Y HEOBMEXEHOMY KYCKOBO-OAHOPIAHOMY
KNAHOBUAHOMY NMOPOXHUCTOMY LIMNIHAPI

AKTyaJIbHICTb Teopii KpaloBHX 3amau Iy Ju¢epeHLiaTbHUX PiB-
HSHB 3 YaCTHHHYMH IOXIJHUMH, SIKa IHTEHCHBHO PO3BHBA€ETHCS, 00Y-
MOBJICHA SIK 3HAUMMICTIO il pe3yJbTaTiB 11 PO3BUTKY Oaratbox po3zi-
JIB MaTeMaTHKH, TaK 1 YHUCICHHUMH 3aCTOCYBAaHHAMH Ii JOCSTHEHB
NPH MaTeMaTUIHOMY MOJIETIOBaHHI Pi3HUX MPOIECIB 1 ABUI (Pi3UKH,
MeXaHIKH, 010J10T11, MEAULIMHY, €EKOHOMIKH, TEXHIKH.

JloOpe BimoMo, IO CKJIAIHICTh JOCIIDKYBAaHUX KPAaHOBUX 3a1ad
CYTTEBO 3JICKHThH BiJ KOeillieHTIB PiBHIHL Ta reoMeTpii obnacTi B
SKI po3ramaeThbest 3agada. Ha 1eit yac 1OCHTH IeTaabHO BHBYEHO
BJIACTHBOCTI PO3B’A3KIB KpaloBUX 3a1a4 IS JHIMHAX, KBa3UTIHIMHIX
Ta NEBHUX KJIACiB HEJHIHUX PiBHSHB B OJJHO3B’SI3HHUX 00JaCTSIX.

BonHouac Garato BaJIMBUX MPUKIAJHHUX 3a/ad TEIUIO(I3HUKH,
TEepMOMEXaHiKH1, Teopii MPYKHOCTI, TEOpil eIEKTPUIHUX KiJI, Teopil
KOJIMBaHb MPHUBOIATH 10 KpaloBHX 3agad IS AU(EPEHIIanbHUX
PIBHSHD 3 YACTHHHIMH MOXITHIUMH HE TUTBKH B OJHOPIIHUX 0Oa-
CTSAX, KOJM KOe(illieHTH PiBHSIHB € HENEePEepPBHUMH, aje il B KyCKO-
BO-OJTHOPITHUX Ta HEOTHOPIMHUX O0JIACTAX, KOIU KoedilieHTH pi-
BHSHHS € KyCKOBO-HETICPEPBHUMH.

VY mpomoHoBaHid POOOTI METOIOM IHTETPANBHUX 1 TiOpHIHHUX
IHTErpabHUX IEPETBOPEHb Y IOEIHAHHI 3 METOJOM TOJIOBHHX
PO3B’s3KiB (MaTpHIh BIUIMBY Ta MaTpuilb [ piHa) 3a HailOubIm 3a-
TaJIbHUX MPUITYLIEHb MOOYI0BaHO TOYHI aHATITHYHI PO3B’SI3KU Ma-
TEMAaTUYHUX MOJIeNell KOMMBHUX MPOIECiB (TimepOoTiyHIX moYar-
KOBO-KpalOBHX 3a/ad CIPsDKEHHS) B HEOOMEKEHOMY KYCKOBO-
OJTHOPITHOMY KJIMHOBHJTHOMY MOPOKHUCTOMY LIMITiHAPI.

OpneprkaHi po3B’sI3KM MAIOTh aJTOPUTMIYHMIT XapakTep, Henepe-
PBHO 3aJeXaTh BiJl MapaMeTpiB 1 MaHWX 3aJadi Ta MOXKYTh OyTH
BHUKOPHUCTaHI SIK B MOJANBIINX TEOPETHIHUX JOCHIIKEHHAX, TaK 1 B
MPaKTHIL {HKEHEPHUX PO3PaXyHKIB peanbHUX EBOJIOLIHHUX Mpo-
II€CiB, SIKI MOJETIOIOTHCS TiMepOONIYHUME KpaHOBHUMHU 3a1adaMu
(3amaui aKycTHMKH, TipOJMHAMIKH, TEOpii KOJMBaHb MEXaHIUHHX
CHCTEM), SIKi OITHCYIOTHCS IIIHAPUIHOIO CHCTEMOIO KOOP/IMHAT.

KiurwuoBi cioBa: wmamemamuune moO0enioeants, KOAUSHUL
npoyec, einepboniuHe pIGHAHHA, NOYAMKOGI MA Kpauogi yMosu,
VMOBU CRPSNCEHHS, THMe2PATbHI ma 2iOpuoHi iHmezpanvHi nepem-
6openHs, mampuys enaugy, mampuys I pina.
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Beryn. KonmuBHi nponiecu BifirparoTh BaXJIUBY poOJb Y CydacHill BiO-
pariifHii TeXHiIl, HOBITHIX TEXHOJIOTISIX, CYTTEBO BIUIMBAIOTH HA MIITHICTH 1
JIOBTOBIYHICTH JeTajieil MamuH i MeXaHi3MiB, OyAiBeTbHUX KOHCTPYKIIiH
NP BpaxyBaHHI MEXaHIYHHX 1 TEXHOJOTIYHMX yMOB iX eKCINTyaTaIlii.
Hatinpocrimoo MaTeMaTHIHOIO MOJEIUTIO TaKOTO Iporiecy € xodpe i gaB-
HO Bimome JiHifiHEe Au(epeHmianbHe PIBHSIHHS KOJIMBaHb (XBHIIBOBE PiB-
HSHHS, piBHAHHA /[ anambepa) rinepOoiuHOro TUILY 2-T0 HOPSIAKY

2
a—;J—aZA?,u =f(t,P),
ot
Je A, — TpuBMMipHUH onepaTop Jlamnaca y BianmoBiaHii cucTeMi KOOp-
IUHAT (DEKapTOBIH, MMITIHAPUYHIHN, CPEpUIHiil TOIO) TPUBUMIPHOTO CBK-
JiJOBOrO MpocTopy, a=const, f — neska Hamepex 3agaHa (YHKILiS,
P — touka npoctopy.

3po3yMio, 10 st aIeKBaTHOTO MOJETIOBAHHS KOJIMBHOTO TIPOLIECY 10
CKJIaJly MaTeMaTUYHOI MOJIEI KPIiM XBHJILOBOTO PiBHSHHS TOTPIOHO JI0JTy4H-
TH 11Ie TIEBHI NOYATKOBI Ta KpaiioBI yMOBH, a Y BUIIaAKy KYCKOBO-OHOPITHHUX
CEpe/IOBHII — YMOBH KOHTAaKTy Ha TOBEPXHAX CHPsDKCHHSA. TakuM YHHOM,
MAaTeMaTHYHOIO MOZIEIUTIO KOJIMBHOTO TIPOLIECY € TinepOoiyHa KpaiioBa 3a/1a-
4ya MateMaTraHO! Qizuku [1]. Ha meit yac mocHTh neTalbHO BUBYCHO OITHO-
BUMIpHIi, TBOBUMIpPHI Ta TPUBHMIpHI TilepOOIiuHi KpaifoBi 3aa4i MaTeMaTH-
YHOI (Di3UKM OTHOPIJHUX CepefoBHIIL. AJle y 3B’SI3KY 3 IIMPOKUM 3aCTOCYBaH-
HSAM KOMITO3UTHUX MaTepiayiB (HaAWIpPOCTIIMA KOMITO3UT Ma€ IBi TOYKU
CIPSDKEHHsT) y OYAIBHHIITBI, TEXHIIll, Cy4aCHUX TEXHOJIOTISAX K MAaTEMATHIHI
MOJIeJI TIEBHUX MPOLIECIB BUHUKAIOTh KpaloBi 3a/adi Jyuis AudepeHIianbHuX
PIBHSIHb 3 YaCTUHHMMH TOXIJHMMH PI3HHX THIMIB (EMNTUYHUX, Hapabosiiy-
HHX, TilepOoJIIYHNX) HE TUIBKH B OIHOPIIHUX 00JIACTSX, KOJMH KoedilieHTH
MOJIENIbHUX DPIBHSHb € HENEpepBHUMH, aje il B HEOJHOPIAHHX 1 KYCKOBO-
OJIHODIJIHMX CEPJOBHUINAX, KON KOe(DILIEHTH PIBHSIHb € KyCKOBO-HENepepB-
HHMH, 9H, 30KpemMa, KyCKOBO-cTaimu [2—4].

Kpim MeTomy BimokpemiieHHs 3MiHHEX [1, 6] Ta #oro y3arajipHEeHs [5],
OJTHAM 3 Ba)XXJIMBUX 1 e()eKTUBHHUX METOMIB JOCTIDKSHHS JIHIHHNX MaTeMa-
TUYHHAX MOJIeIeH (JTiHIHHIX KpaioBHX 3a7a4 MAaTEMAaTHIHOI (DI3UKH) € METO
IHTETpAIFHUX TIEPETBOPEHB [6], SIKUIA Ja€ MOMIIMBICTD OYIyBaTH B aHAJITHI-
HOMY BUIVISZl PO3B’SI3KM THX YM IHIIMX MaTeMaTHYHHX Mojeneil (kpaiioBnux
3a7a4) yepe3 iX iHTerpanbHe 300pakeHHs y BUTIAJKY OJJHOPITHUX CEPEIOBHIIL.
Y Toi1 ke "ac, AL JOCHUTH IIMPOKOTO KIJIAcy 3a1ad y KyCKOBO-OJHODITHHX
cepenoBUIIax eQEeKTUBHIM METOIOM iX JTOCIHI/PKEHHS! BUSBUBCS METOJ Ti0-
PUIOHMX IHTErPaTbHUX HEPETBOPEHB, SIKi MOPOPKEH] BIATIOBIAHIUMH TiOpHI-
HUMH JH(EepeHIaTbHIMHI OIlepaTopaMy, KOJIM Ha KOXHIM KOMIOHEHTI
3B’SI3HOCTI KYCKOBO-OJIHOPITHOTO CEpeIOBHINA PO3TIISAAIOThCS abo kK pi3Hi
JudepeHLianbHi oneparopy, abo  audepeHIiianbHi ONepaTopu TOro X ca-
MOTO BHIJISILY, alie 3 Pi3HUMH Habopamu koediuienTis [7-11].
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V wiii crarri, siKa € JIOTIYHUM MTPOIOBXKEeHHM [12-14], My nmpomnony-
€MO TOYHUI aHAJITUYHHUHA PO3B’SA30K y3araJibHEHOI MaTeMaTHYHOI MOJei
KOJIMBHOTO TIPOIECY B HEOOMEKEHOMY KYCKOBO-OJHOPIIHOMY KIMHOBHI-
HOMY TOPOXXHHUCTOMY LJIIHJpI, MOOYJOBaHUN METOIOM IHTETrpalbHUX i
riOpuaHNX IHTErpajJbHUX NEPETBOPEHb IIPH HaWOUIBII 3aralbHUX oOMe-
JKCHHSIX Ha BUXIIHI JaHi 3a/1a4i.

HocTranoBka 3agayi. PosrisiHemo 3agagy moOyqoBr 0OMEKEHOTO Ha

MHOKHHI
n+l

D={(trp2z)t>0rel, :nleIj =U(Rj4:R;).Ry >0,
o 4

Ryp=R<+0; pe(0i9), 0<pp <27 ZG(—OO;+OO)}

KIIACHYHOTO PO3B’S3KY JIHIHHUX IU(EpEHIiabHIX PIBHAHB 3 YaCTHHHU-
MH TOXITHUMH TinepOoIigHOro Tty 2-ro nopsaky [1, 6]

62“1‘ | 2 0* 10 aéi 0? 2 o?
5 _Larj R +as; — uj+
ot

ar2 rar) r? 99?2 ¥ oz?
+;gj2uj =fj(trpz),rel;; j=Ln+1

1)

3 IOYaTKOBUMH YMOBaMH

| =gt (r Z'au—j =g (r,p,z):rel;j=Ln+1 (2)
th:o—gj(,(D. ), p —gj(,(D, ), eljir=4 )
t=0
KpallOBUMM YMOBaMHU
aSUj asuj .
=0, — =0;s=0,1j=1Ln+1 3)
07° 07°
Z=—0 7=+
(afli"'ﬁloljul :go(t:¢rZ);(agzﬂiJrﬂznzﬂjuml =g(t,¢,z);
or r=R, or r=R (4)

0 0 . 0 0 . n+1 n+l . n+1 n+1
a1 0,6, 20; |0‘11|+ﬂ11 =0, a5 20,85 20, az” + fy #0,

OJIHMMU 3 KpaOBUX YMOB Ha IpaHsIX KiuHa [7]

uj|¢:o = gl,-(t,r,z); uj|¢=% = a)lj(t,r,z); j=1,n+1, (5)
ou; L —
”i|¢,:0 =0z (L1, 2); 0l T —w,;(t,1,2); j=1,n+1, (6)
P=¢,

ou; -

_J :gsj(t,r,z);uj| ~ =a)3j(t,r,z);j:1’n+17 (7)
99,20 =0,

u; ou; L —

—|  =gytrna)i—{ =-o4trz;j=lLn+l  (8)
op »=0 o9 P=0,
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Ta yMOBaMu crpsokeHHs [12]
Kk O ok Kk O | ok |
|:(ajla+ﬂjljuk_(ajzg"‘ﬂjzjukﬂj

ae
k k . ..
A, 8,j, A, Xj, Ajss Pjs — ACAKI CTAIL;

Cix Eagjﬂlkj _alkjﬂ;j #0; Cy -Cy >0;
ft,r,pz)= { fit,rp,2), It r0,2),.., f L tr e Z)},
0'(r.9.2) = {91 (1.0, 2 93 (1, 0. 2)..es G (1, 0, 2) |
0% (9.2 = {67 (0. 2 05 (1 9. 2).0 G (0 D) :

95 (.12, oy(tr2) (p=1,4 j=1n+1),0,(t ¢ 2),9(t¢,2) —
3amaHi failicHi oOMekeHi HerepepBHi QyHKIIT;
ut,r,e,z) = {u(t,r,e, z2);u,(t,r,e,z),...u,, (t,r,0,2)} —
IIyKaHa JiificHa Biui HenmepepBHO AU(epeHIiioBHA (HYHKIIiS.
3ayBaXKuMo, 110:
1) y Bunanky y; =0 piBHsanHs (1) € KIACUYHMM TPUBUMIPHUM HEOJIHO-
PiIHUM PiBHSHHSM KOJIMBaHb (XBHJIBOBHM PiBHSIHHSM, PiBHSHHAM [1’a-

nambepa) Ui OPTOTPOIHOIO CEPEOBHUINA Y HMTIHIAPUYHIA CHUCTEMI
KOOp/JIMHAT;

2) skwo agy =04l =Lay =0,4f =Lay = E, B3 =03, = E;, Sy, =0,
e Elk , Eg — wmoyyni ¥Omra (k =1,n), To yMoBH cripsukenmst (9) 36ira-
I0ThCS 3 KIIACHYHHMH YMOBaMH 11€aJIbHOTO MEXaHIYHOTO KOHTAKTY.

Orxe, rinepbosiuni nMo4aTkoBo-Kkpaitosi 3anaui crpsokenns (1)—(4),

(5), (9); (1)=(4), (6), (9); (1)—(4), (7), (9); (1)—(4), (8), (9) moxkHa posrus-
JIaTH SIK y3araJbHEHI MaTeMaTHUYHI MO/l KOJIMBHUX MPOIECIB y HEOOMe-
JKEHOMY KYCKOBO-OJHOPIHOMY KJIMHOBHIHOMY ITOPOKHUCTOMY IIHIIH/IPI.

OcHoBHa yacTuHa. [Ipunycrumo, mo po3s’s3ku 3agad (1)—(4), (5),
9); (L(4), (6), (9); (L~(4), (7), (9); (L)~(4), (8), (9) icuyroTs i sanani i
nrykaHi ¢GyHKIii 3a10BOJIBHIIOTh YMOBH 3aCTOCOBHOCTI 3aJTydCHHUX HIDKYE
IpSAMUX Ta 00EPHEHNX IHTErpaIbHUX 1 TIOPUAHNX 1HTErpANIbHUX IIEPETBO-

pens [11, 15, 16].
Busnaunmo ckimdenHi mpsme F ;. Ta obGepHeHe Fn;lik IHTErpanbHi

neperBopenHst Dyp’e 10710 KyToBoi 3MiHHOT ¢ € (0; ¢, ) 3a popmynamu [15]:
Po
Fon,ik [f (40)] = _[ f(@)Uni(@)e= T (10)
0
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_ 2 &
Fm,lik [ fm,ik] = Z ng: fniUmix (2) = T (), (11)
%o m=0
e
m i 71'(2m +l) X
B = {0_1 Unii(e)= S'n(ﬁm,11¢);ﬂm,12 = 20 Uni(0)= S'n(ﬂm,12¢)3
o o

Bn21 = Pz Unoi(9)= cos(ﬂm,21¢);ﬂm,22 = Prnar Un2o (#) = Cos(ﬂm,zz(ﬁ);
e =0, e =1 mpm ik =11,12,21; m=1,2,3,.... ;

1
852:5, g,izzl mpu m=12,3,..... .

Besnocepennbo (IHTErpyBaHHIM YaCTHHAMM) TIEPEBIPSIETHCS, IO IS
omeparopa F, ; BHUKOHYETbCS OCHOBHA TOTOXHICTbH iHTETPAJIbHOIO Iepe-

TBOPEHH Ju(epeHIianbHOTo nepeTBopeHHs Dyp’e:

d?f .
Fon,i {_2 } = —ﬁnzq,ik foik * Prics Lk =12, (12)
do
ne
m 1 7(2m+1 df
O =2 100+ 1 () 0o - 2 g 0 &
Do 20 de =0,
df z(2m+1 df df
Qo == +(_1)m ¥ f(00): Prpp =~ +(_1)m o
do =0 200 de =0 do =0,

Interpansuuit oneparop F, ;. , AKkuii mie 3a Gpopmysroro (10) BHaci-

JIOK TOTOXXKHOCTI (12) TpUBUMIpHMM IOYaTKOBO-KPalOBUM 3ajadaM CIIpsi-

xerns (1)=(4), (5), (9); (1)—(4), (6), (9); (1)—(4). (7). (9); (1)—(4). (8). (9)

CTaBUTh Yy BIAMOBIHICTH 3aJ[auy MM00yJOBH OOMEKEHOT0 Ha MHOXKHHI
D' = {(t r, z)|t >0rel’, ze (—oo;+oo)}

n»
PO3B’S3KYy ABOBUMIpHUX IuepeHIiaTbHuX PiIBHSIHD
2 2
0 Ujm ik 2 o> 190 Vim, ik 2 0?
2 || o2t o T T 2
ot orc ror r

a,; —— U« +
Zj aZZ jm,ik (13)
2 T
+ZJUJm'|k :Gjm,ik (t,l",Z), r Elj, J =1,I’1+1
3 MIOYaTKOBUMHU YMOBaMH
OU jm ik
ot

zgj?m,ik(r’z)’ (14
t=0

U jm, ik |t=0 = g}m,ik (r.z);

KpaliOBUMM YMOBaMHU
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o°u. o%u . -
—mik g K _05=0,1 j=Ln+], (15)
oz° 0z°
7=—0 Z2=+00
0 a 0 _ t .
allg"'ﬂll Uy, ik = Gom.ik (1.2);
=R, (16)
0
(055" e 5 i = O (2)
or r=R

Ta YMOBAMH CIPSKECHHS

0 0
p p p p
Kajl " +ﬂj1jupm,ik —[O‘jz o +:Bj2]up+1,m,ik:|

Ie
2 -2 . -1
Gimik (L1.2) = Finu (tLrz)+as,r @ 0 (L1,2); Vini =85 8 B ik
Jlo nBOBUMIpHOI MOYaTKOBO-KpaiioBoi 3amadi crpspkenHs (13)—(17)
3aCTOCYEMO iHTerpanbHe TmeperBopeHHss Dyp’e Ha nmekapToBiit oci

—0;j=12p=1n, (17)

r=R,

(—o0;+0) mono 3minmoi z [16]:
F[g(z)]: j g(z)e"i"deE@(a),i:\/z, (18)

0

Fi3(0))= 2  a(okdo =g (). (19
F{%}‘“ZF[guﬂz—az@w» 20

Inrerpanbuuii oneparop F, sikuit nie 3a Gpopmysioto (18), BHacHizok
toroxnocri (20), 3anadi (13)—(17) cTaBuTh y BiANOBIHICTH 33/1a4y 1100Y-
JIOBH OOMEKEHOI0 Ha MHOKMHI D' = {(t, r)|t >0;re I;} PO3B’SI3Ky OIHO-
BUMIpHUX Ju()epeHITiabHIX PIBHAHB B-rimepOonigHoro tTumy

0°d imik 25 ~
T2 AP [Gjmic ]+
+(a22jo-2 +;{j2)l]jm’ik = éjm'ik (tro); rel;; j=ln+1

(21)

3 NIOYaTKOBUMHU YMOBaMU
ou

jm,ik

= g?m’ik(r,o-),re lj;i=1n+1, (22)
t=0

~ _ &1 .
ujm,ik |t:0 = gjm,ik (I’, O'),
KpalfiOBMMHU YMOBaMH
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0 - .
(afla"'ﬂloljulm,ik = Gom,ik (t.);
R (23)
0 . -
[O‘g;la—"'ﬂggljumlm,ik = Om,ik (t,d),
r r=R

Ta YMOBAMH CIPSKECHHS

0 " 0 -
K“jpngrﬂjpljupm,ik _[O‘jpz a*ﬂjpzjupu,m,ik}

2 2
0 10 Vimik N . N
e B, —5+t-———,— — KiacnuHuil audepeHuianbHuii onepa-
ink ar r or r
top beccens.
Jlo 0HOBUMIpPHOT OYATKOBO-KpaitoBoi 3amaui cipsoxerns (21)—(24)
3aCTOCYEMO CKiHUCHHE TiOpuaHe iHTerpanbHe MepeTBOpeHHs THIy ['aHKke-

=0;j=12p=1n, (24)
RF

r

st 2-TO POy Ha KyCKOBO-OJHODIHOMY CErMeHTi |, 3 N TodYKamu Cripsi-

JKEHHS 111010 pamiansHoi 3MidHoi ' [11]:
R

o[ FO]= [ FWV(r4)e(r)rdr = £(4), (25)
RO

ma[fa]-Sie, "\)’((:l ))" - (), (26)

. n+1 R

Msn[B(m,ik,[f(r)]}—ﬂff(zs)—kzyf [ FVi(r 4oy rdr +

=1 R,

J{— i Roo—l ]V (RO:/ls)[all il +/3101f} + (27)
0‘11 dr r=R,
+%Vn+1(R:}~)( n+l df ﬂz+1f]
7] r=R

VY dopmynax (25)—(27) GepyTh ydacTh BeJUUMHH 1 QYHKILIT, BUIH-
n+l

cani B [11], By i) = Za O(r-R;1)O(R; - I’)BVWk — TiOpuaHNi 1u-

depenuianpuuii oneparop Beccenst, ©(x) — omunmuna GyHkuis I'esi-

caiima [17].
3amumemo nudepeHLianbHi piBHIHHS (21) Ta moyaTKoBi yMoBH (22)
y MaTpu4Hii dpopmi
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_ , o .
[(’ft_zalzBmk + 0 (U)Julm i (t.r,0) Cimi (.1 0)
) .
{;—Z—atim +q§(o—)J62m,ik (tro) |_ Canic(L10) | - g

n+1,m ik

o? < G (N
[at_zar?+le +q§+l(a)]un+l,m,ik (t,l’,o‘) - n+1'm’|k(l :O')_

Gy i (8,7, ) Gimik (r.0)
Upmik (61, 0) _ g;m,ik(r'o-)
Un sy m,ix (1, 0) t=0 g%wl,m,ik(r’o-) (29)
Uy ik (61, 0) ’7 g~12m ik(ro)
0 Uy ik (1,1, 0) ‘ g2m ik (1,0)
at ........................ ’
Unsymix (8.1,0) ]| L amik (1.0)

e

qJ?(O')ZaZZJ-O'Z+;{j2; j=1n+1

Interpansuuit oneparop Mg, , sAxuii i€ 3a popmynoro (25), 300pa-

3UMO y BUTJISI/II ONIEPaTOPHOT MATPHUILi-psIKa
Rl 2

[ va(r, 4y Yoy rdr [ Va(r, 45 )o,rdr

R, R, (30)

M

sn []:

R, R
) j =V (r, Ag Yo, rdr J““Vn+1(rr/15 )0 bdr
Rr\fl Rn
1 3aCTOCYEMO 32 TIPABUIIOM MHOXKEHHS MaTpHIb 10 3anadi (28), (29). BHa-
CIiI0K TOTOXHOCTI (27) onepxyemo 3amauy Korri myist 3Buuaitnux mude-

PeHIIaTBHUX PIBHSIHD 2-TO TOPSIKY

n+1 dZ ) ) ) ~
> PSS +07(0) Ujmi (t, A, 0) =
j=1

n

+

~ 2
Gt ﬂs,a){ &ff‘l]vl(reo,zs)gmk (to)r (D)

i=1 ag
a§+1R6n+1 ~
Tvn+l(Rr As)gm,ik (t’ O—)’
2]
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n+l . n+l -
ZU mlk(t’ SYG)L:O :Zgjm,ik(ﬂ“sno-);
. i (32)

n+1

d e =
d_zujm,ik (t,ls,U)L:o = Z gJ?m,ik (ﬂs,d),
] =1

ne
Ri
Ujm i (6 A5,0) = [ Gjn i (LT, 0V (r, A)ojrdr; j=1n+1,
R,
~ RJ
Ginik(t,45,0) = [ G (t,1, 00V, (r, A)ordr, j=1n+1,
R,
RJ
Gh i (A5 0) = j G P (oW, (r A)ordr; j=1n+1 p=1.2.
R,
[pumyctnMo, HE 3MEHIIYIOYHM 3aralbHOCTI PO3B’SA3KY 3ajadi, IO
ax{qf (), 05 (), '\ G2 (o-)} =q/(c) i nokmagemo  Bcioau

yJ? =qf (o)- q? (o); i =1,n+1 3anaua Kowi (31), (32) HaOyBae BUIIsI 1Y
24
Jik =
%+A2(ls'o-)um,ik = mlk(t' As,0)+

(33)

2

a, o a,.o..4R N

+£ 1—ij (RO'ES)QOm ik (t O-) %le(R'ﬂs)gm,ik (t,O‘),
ayy ayy

T s,o>|t:0=§;,ik(ﬂs,a>: Ui (ts,0) = Gnalis0) (34)
t=0

e

n+l n+l ~

mlk(t’ S’U)_Zujmlk(t7 S:O') Gmlk(tv S’O-)_ZGjmlk(t’ S,G),

n+1
Ik (4. 0) =Y. G5 (. 0) A% (4, 0) =22 +aio” + 47 s=12.
j=1

Bigomo [11], mo enuaumM po3s’s3koM 3anadi (33), (34) € pyskuis

- =~ d =~
Uik (8, A5, 0) = N(t|ﬁsv0')9§1,ik(ls:0)+—’\|(tvﬂsﬁ)grln,ik(ﬂsyo')Jr

alo'l 0

t -
+.([N (t—r,ls,a){ém’ik (z',ﬂ.s,d)+[ ]Vl(Ro 25)Gomi (L) + (35)

“11
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a0, 4R
—"”njl*l Vo1 (R A) G i (to) [dz,
22
sin(A(A., o)t
ne dynkuis Kowri (poss’ssyroua dynkuis) N (t, A, 0)= %.
i

Ockinbky cynepnosuuis onepatopiB My, Ta M _1 € OJTMHIYHHM OTIe-
paTopom (M oMy _1 =M _1 °Mg, = I), TO omepatop M, sn , SIK 00epHEeHHI
1o orieparopa (30), 300pa3umMo y BUTII L or[epaTopHm MAaTpPUIi-CTOBIIIS
*f’ Vi (r, 4)

2
0 [V (ra)l
+j'_0 Vz(l’,ﬂs)
Mal-]=| o |V (ra) (36)
+J30 Via(r, 4g)

o VAl

i 34CTOCYEMO 3a IMPAaBHUJIOM MHOKCHH MaTpullb N0 ManI/ILIi'eJ'IeMCHTa

[ﬁm’ik (t,ls,o)] e GyHKIis ﬁm'ik(t,ﬂs,o-) Bu3HaueHa (opmyiow (35).
OnmepxyeMoO €IWHUH PO3B’SI30K OJHOBHMIPHOI TillepOOTIYHOT MOYATKOBO-
KpaiioBoi 3amayi cupsokerns (21)-(24):

V r,A
jmlk(tro-)_zN /1 agmlk ( )

= Vel

+giN t, 4,0 gm,ik(j's* (r }L)
Vsl
+ZIN (t-7,2,,0)G m,k('r A, o)dr Y, (r’ﬂ'S) (37)

s=10 "VI’l"

_{ alalRO]i (r'ﬂs)

t
IN (t-7,25.0 )Vy(Ry, &) Gom i (t.o)d
0

ol
2 o t .
+WZIN(FT%,U) Vo (RA) G i (t,0) vi(r )2 j=ln+l
"V
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3acTocyBaBIIU TOCTIAOBHO A0 GyHKIiH U jm.ik (t,r,o), BU3BHAUYCHHUX

-1

dopmymamu (37), obepHeni omepatopu F ' Ta Fnik, | BUKOHABLIM He-
CKJIa/IHI TIEPETBOPEHHS, OJEePKyeEMO (pyHKIii

Ujix(t,r,e,z) =

J Eiji;(t—r,r,p,(p,a,Z—§)fp(r,p,a,§)0ppd§dadpdr+
0

p=1 R,, 0 —»
P n+1l Rn Py +o0 " .
1
o [ [ERCr. ppaz-8)0,(pa &o,pdédadp +
p=1lR , 0 —o
nil Ry @+ . (38)
+ I _[E;l;(t'r'p’(o*a*Z—f)gi(P,a,é)Gppdédadp+
P=1R,, 0 —o
n+1l t Ry 4o

+Z:1a;pj'j J'Q%(t,r,r,p,qp,z,§)crpp’1d§dpdr+
p= OR_,—

+00

7

t
+Ij J [ler'ik (t—z,r,p,a,2-8)gy(7,a,&)+
00—

S

+Wj2r’ik(t—r,r,(p,a,z—§)g(r,a,g“)}dfdadr; j=Ln+1,
SKi BHU3HAYAIOTh E€JIUHI PO3B’SI3KM TiNepOOJIIYHHX IMOYaTKOBO-KpaoBUX
sagau (1)-(4), (5), (9); (1)—(4), (6), (9); (1)—(4), (7), (9); (1)—(4), (8). (9)
npH BignoBimHux 3HaueHnsx ik (11, 12, 21, 22).
VY dpopmynax (38) 3acTOCOBaHO KOMIIOHEHTH

. 2 ©
K k pm,ik
E;p tr.ppaz)= g Z &m PJTJI (trp2Wnik (@)U (@)
0 m=0
Mmarpuui BIuiMBy (pyHkuii BruiuBy), dyHkuii ['pina

i 2 & ikgmi
ij)(t,f,r,p,gz),z,f):—Zganjp'k(t—r,r,p,z—f)‘bm’ik(T,p,g)Um’ik(go)

P m=0
KOMIIOHCHTU
2
a, o R, _;
1 11" ik
er,ik(trrv¢rarz):_WEjl(tvrrRO'(plarZ)
22

niBoi paniansHoi Matpuni ['piHa (miBi pamiansai QyHKIii 'piHa) Ta KOM-
MTOHEHTH

2
2 a, O R ik
Wit reaz)= % Elj,n+l(t’ r,R,¢a,z)
22
npaBoi pagianbHOi Marpuni ['pina (mpaBi pamianeHi ¢yHkuii ['pina) Big-

HOBiHHI/IX HO‘laTKOBO-KpaﬁOBPIX 3aAa4 CIIPSKCHHA, 1€
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) V. (r,A. )V A
Pjrg,lk(t,r,p,z ZJN t;i o COS(o-z)d J( s) p(p s).

o v (roze)f

3ayBaxkenHs 1. Anamni3 po3B’s3kiB (38) B 3a1eKHOCTI BiJ| THITYy Kpa-
HOBMX yMOB Ha TpaHAX KIMHA ¢ =0 Ta ¢ = ¢, HOBTOPIOE BiINOBigHHI

anani3 B [12].
3ayBaeHHsi 2. V BUNajky a,; =a,; =a, =a; >0 dopmym (38) Bu-

3HAYAIOTh CTPYKTYPH PO3B’S3KIB PO3TIIHYTHX 3a/a4d B i30TPOIMHOMY HEOO-
MEKEHOMY KYCKOBO-OJJHOPITHOMY KIMHOBHJHOMY MOPOKHUCTOMY LIMITIHIIPI.

3ayBaseHHs 3. Bumajgok 3MiHH ¢ B MeXaX ¢ <@ < @, 3BOAUTCA
JI0 PO3IIISIHYTOTO HAMH 3aMiHOI0 @' =@ — ¢ (@) = @, — ;).

0 0. n+l 1
3ayBamenns 4. [lapametpu oy, fi1; @5+ Byy JO3BOJSIOTH BHJ-

nata 3 Gopmyn (38) po3B’SI3KH KpalOBHX 3aJad y BHIAJKAaX 33JaHHSI Ha
paziasbHUX MOBEPXHSAX KpaloBUX YMOB 1-T0, 2-T0 if 3-T0 poy Ta iX MOX-
auBUX KoMOinariii (1-1, 1-2, 1-3, 2-1, ... ,3-3).

3ayBaskeHHs1 5. AHaui3 po3B’a3kiB (38) B 3aJIeXKHOCTI BiJ aHATIITHY-
Horo Bumy Gynkuiii f;(t,r,¢,2), g?(r,go, 7), 94(tr.z), a4(tr,z),

j=1n+1s=12;k =14, 0o(t,@,2), g(t,p,z) mpoBoauTBCS Oe3moce-
PEIHBO i3 3arajbHUX CTPYKTYD.

BucHoBkn. MeTooM iHTETpadbHUX 1 TIOPUAHUX IHTErpaNbHUX IIe-
PETBOPEHb y TOEJHAHHI 3 METOJIOM T'OJIOBHUX PO3B’SI3KiB ((YHKIIIH BIuH-
By Ta ¢(yHkuiii ['piHa) Bnepiie noOyaoBaHO €MHI TOYHI aHANITHYHI
PO3B’SI3KH y3arajJbHEHUX MaTeMaTHYHUX MOJIENIel KOJMBHHUX IPOLECIB Y
HEOOMEKEHOMY KYCKOBO-OJTHOPIJHOMY KIJIHHOBHHOMY IIOPOKHUCTOMY
utiHapi. OzeprkaHi po3B’sI3KM HOCSITh aFOPUTMIYHHMN XapakTep, Herle-
PEPBHO 3aJICKUTH BiJ MapaMeTpiB 1 TaHUX 3a7adi i MOXYTh OyTH BUKOPH-
CTaHI K B TEOPETHYHHX JOCHIDKEHHSIX, TaK 1 B MPAKTHUIl IHKCHEPHHX
PO3paxyHKIB 3 BAKOPHCTAHHSAM YHCEIBHUX METOIIB.
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MATHEMATICAL MODELING OF OSCILLATING
PROCESSES IN UNLIMITED PIECEWISE-HOMOGENEOUS
WEDGE-SHAPED HOLLOW CYLINDER

The theory of boundary value problems for differential equations with
partial derivatives develops intensively and its results are important for the
development of many sections of mathematics. Its achievements are ap-
plied in the mathematical modeling of various processes and phenomenon
of physics, mechanics, biology, medicine, economics, engineering.

It is well known that the complexity of a boundary-value problem signifi-
cantly depends on the coefficients of equations and the geometry of domain in
which the problem is considered. Properties of solutions of boundary value
problems for linear, quasilinear, and some classes of nonlinear equations in sin-
gle-connected domains have been studied in enough detail.

However, many important applied problems of thermal physics, thermo-
mechanics, theory of elasticity, theory of electrical circuits, theory of vibrations
lead to boundary value problems for differential equations with partial deriva-
tives not only in homogeneous domains when the coefficients of the equations
are continuous, but also in piecewise homogeneous and inhomogeneous do-
mains when the coefficients of the equations are piecewise continuous.

In this article the exact analytical solutions of mathematical models of
oscillating processes (hyperbolic initial-boundary problem of conjugation)
for unlimited piecewise-homogeneous wedge-shaped hollow cylinder are
obtained by means of the method of integral and hybrid integral trans-
forms, in combination with the method of main solutions (influence matri-
ces and Green's matrices).

The obtained solutions are of algorithmic character, continuously de-
pend on the parameters and data of problem and can be used in further the-
oretical research and in practical engineering calculations of real processes
which are modeled by hyperbolic boundary-value problems that are de-
scribed by a cylindrical coordinate system (problems of acoustics, hydro-
dynamics, the theory of vibrations of mechanical systems).

Keywords: modelling, oscillating, hyperbolic equation, initial and
boundary conditions, conditions of conjugation, integral transformation,
the influence matrix, Green's matrix.

Otpumano: 7.08.2019
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VECTOR-MATRIX METHOD OF NUMERICAL
IMPLEMENTATION OF THE POLYNOMIAL INTEGRAL
VOLTERRA OPERATORS

The article deals with the quadrature method for the numerical im-
plementation of polynomial integral operators. With the computer im-
plementation of Volterra-type integral models, the typical problem is
the accumulation of calculations at each step of the computational pro-
cess. For its acceleration it is suggested to apply the vector-matrix ap-
proach. The suggested approach is based on quadrature methods: rec-
tangles, trapezoids, and Simpson's. For homogeneous polynomial inte-
gral Volterra operators of the first-, second- and third-degree, respec-
tively, the objects in the form of vectors, matrices, and three-
dimensional structures containing the coefficients of the corresponding
quadrature formulas have been constructed. The suggested vector-
matrix approach involves the reduction of computational operations to
the elementary multiplication of elements of the corresponding struc-
tures and allows efficient use of parallel algorithms, which significantly
accelerates the execution of computational tasks for the implementa-
tion of integral operators. In the research work the complexity of im-
plementation is estimated depending on the number of possible parallel
flows. The estimation of the suggested approximations of integral rep-
resentations is researched by model examples, in which there are mod-
els in the form of second- and third-degree polynomial integrals of
Volterra. The results of computational experiments showed that among
the considered quadrature methods, the trapezoidal method is optimal
in terms of «precision — complexity of implementation». The accura-
cy of the numerical implementation of integral models depends on the
chosen method, the simulation step, the type of kernel, and does not
depend on the dimensionality of the operator. The vector-matrix ap-
proach allows building of efficient algorithms for the numerical im-
plementation of integral models and greatly simplifies their software
implementation, as it allows easy scaling to a multidimensional case.
Such representation allows to use advantages of matrix-oriented pack-
ages of applications (Matlab, Octave, Scilab), the peculiarity of which
is the high speed of execution of matrix operations.

Key words: polynomial Volterra integral operators, quadra-
ture method, vector-matrix method.
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Introduction. The constant extension of the scope of integrated
models stimulates the development of methods and means of their numeri-
cal implementation [1, 3-8]. Moreover, depending on the objects studied
and the tasks, the basic ones for modeling linear dynamic systems based
on integral models are Volterra operators, and for nonlinear dynamic sys-
tems, polynomial Voltaire operators [4, 7, 8].

One of the effective methods of numerical implementation of integral
models is the method of quadrature formulas, which includes replacing of
the integral by an approximating system of algebraic representations with
respect to the discrete values of the desired function [2, 6, 9]. At the same
time, the upper bound of the integration is fixed in the Volterra models, and
formulas are used for approximate calculation of the integral. There are
many quadrature formulas. They include the formulas of Newton-Cotes (in-
cluding rectangles, trapezoids, Simpson), Gauss, Chebyshev, and others.
This gives rise to many approaches and methods for applying the quadrature
method. Cubature formulas [2] are applied to approximate polynomial inte-
gral models, but there is no general approach and definite recommendations
for their application, depending on the form of the integral model.

The key problem of applying the algorithms of the quadrature meth-
od in the numerical implementation of Volterra integral models with an
arbitrary kernel is the accumulation of the number of calculations at each
step of the computational process [2]. This especially becomes apparent in
the numerical implementation of polynomial integral operators. Therefore,
developing new approaches to the numerical implementation of Volterra
polynomial integral models that will accelerate the execution of necessary
operations at each step of the numerical implementation is an urgent task.

Algorithms for numerical implementation of the integral poly-
nomial Volterra operator. Consider the possibility of using quadrature
formulas of rectangles, trapezoids and Simpson for the numerical realiza-
tion of a nonhomogeneous Volterra integral polynomial operator of the
third degree

t
y(t):jKl(s)x(t—s)ds+
0
tt

+[ Ky (s1,5,) x(t=5,) x(t =5, ) ds,ds, + 1)
00
+.t[j..t[ K3(81’82’52)X(t_sl)x(t_sz)x(t_S3)d51d52d33.

000
By entering a sustainable breaking down and replacing the inte-
grals (1) by quadratic sums, we obtain [2, 9]:
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y(t) =D ALK ()X —t)) +
=t

0 Ay 1o Ko (11 )X(G —t)X(G —tg) + )
j=1g=1
13303 Ag K (t g 5)X(E — )X —t)X(G ~t),i =1n.
j=lg=11=1

In this formulation, the problem of numerical implementation arises
because of the complexity of describing multidimensional approximation
representations of integral operators and the considerable number of com-
putational actions. It is suggested to apply a vector-matrix approach with
the reduction of all operations to elementwise multiplication.

Consider separately homogeneous operators of the first, second and
third degrees. The coefficients 4;,, 4,, Ajare represented in vector-

matrix form. In the case of a one-dimensional operator of the coefficient
4, is determined by a vector that has a different view, depending on the
method used:
e rectangles:

A'=h(1 11 .11 0);

e trapeze:
Af:hlll...lll;
2 2
e Simpson:
. 1 4 2 2 41
4 =hl= — — .. — = =
(3 3 3 3 3 3}

When approximating a two-dimensional operator, we obtain matrices
that determine the coefficient 4, :

o for the method of rectangles:

11 1 ... 1 1
11 1 .. 1 1
11 1 .. 1 1
Ay =h?*| .. s
1 1 1 1 1
1
0 0 O 0 0
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o for the method of trapeze:

/4 1/2 1/2 .. 1/2 1/2 1/4
2 1 1 .. 1 1 12
2 1 1 .. 1 1 12
A2T=h2 PP
2 1 1 .. 1 1 12
2 1 1 .. 1 1 12
/4 1/2 1/2 .. 1/2 1/2 1/4

o for the Simpson method:

/9 4/9 2/9 .. 2/9 4/9 1/9
4/9 16/9 8/9 .. 8/9 16/9 4/9
2/9 8/9 4/9 .. 4/9 8/9 2/9

Il
>
N

4;
2/9 8/9 4/9 .. 4/9 8/9 2/9
4/9 16/9 8/9 .. 8/9 16/9 4/9
/9 4/9 2/9 .. 2/9 4/9 1/9
Replacing the triple integral with (1), we obtain a three-dimensional

structure containing the coefficients of quadrature formulas. It can be rep-
resented as a cube (Fig. 1). This structure can be determine as following:

A=A A AT L AT AT AT (3)
where A)'; AYZ AN L AT AT AT matrices of coeffi-
cient, which determined by the basic quadrature methods applied to each
dimension A; ;, As g, Ag)-

Using the rectangles method, we get the following matrices:

Y A i
111 ..110
111 .11
111 .11

:h3 :
111 11

1
0 0 0 0 0
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0
A" =h%|
0
\ M,
AZ
le—]
\An,n—l
2
M,N-2
/¥g A, A
[+~ M3
A.w,Z A2
[~ 2
Ml
A3

A

Fig. 1. Graphic representation of the structure (3)
Applying of the trapezoid method results in matrices:

At =430 =
18 14 14 .. 14 14 1/8
14 12 12 .. Y2 12 Y4
Y4 Y2 y2 .. 12 12 14
14 12 12 .. Y2 12 Y4
Y4 12 12 .. Y2 Y2 ya
Y8 14 Y4 .. Y4 14 18
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Va Y2 Y2 .. Y2 Y2 Y4

Y2 1 1 .. 1 1 12
Y2 1 1 .. 1 1 12
A=A == A" = = L
Y2 1 1 .. 1 1 12
Y2 1 1 .. 1 1 12
Y4 Y2 Y2 .. Y2 Y2 Y4

Applying the Simpson method, we have:

127 4/27 2/27 .. 2/21 4/27 1/27
4/27 16/27 8/27 .. 8/27 16/27 4/27
2/27 8/27 4/27 .. 4/271 8/21 2/27
A" =A™ = h3 L |
2/27 8/27 4/27 .. 4/271 8/27 2/27
4/27 16/27 8/27 .. 8/27 16/27 4/27
127 427 2/27 .. 2/21 421 1/27
AP = AT == AT =
4/27 16/27 8/27 .. 8/27 16/27 4/27
16/27 64/27 32/27 .. 32/27 64/27 16/27
8/27 32/27 16/27 .. 16/27 32/27 8/27 |.
8/27 32/27 16/27 .. 16/27 32/27 8/27
16/27 64/27 32/27 .. 32/27 64/27 16/27
4/27 16/27 8/27 .. 8/27 16/27 4/27
A§,3 :Ag,s :M:A;,Zm—l _
2/27 8/27 4/27 .. 427 8/27 2/27
8/27 32/27 16/27 .. 8/27 32/27 8/27
4/27 8/27 8/27 .. 8/27 827 4/27|
4/27 8/27 8/27 .. 8/27 8/27 4/27
8/27 32/27 8/27 .. 8/27 32/27 8/27
2/27 8/27 4/27 .. 421 8/21 2/27

Fig. 2 shows the structural representation of the specified operations
for different homogeneous operators and their programmatic analogy in
the Matlab environment.
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Structural representation and program implementation
Operator of the first degree

SA K X1 ]
sum(A.*K(1:3).*X1);
Operator of the second degree
PIDY A K X1 X2

sum(sum (A.*K(1:3,1:3) .*X1.*X2));
Operator of the third degree

XXX A K X1 X2 X3

sum (sum (sum (A.*K(1:3,1:9,1:3) .*X1.*X2.*X3)));
Operator of the n-th degree
sum (... (sum(A.*K(1:3,...,1:3).*X1.*....*Xn)));
Fig. 2. Structural representation and program implementation
of the vector-matrix approach
When implementing a first-degree operator: A — vector that defines
the coefficients of the quadrature formula in accordance with the shown
above; K — vector of kernel values according to the entered time variable
partition; X1 — vector of values of input influence. The programmatic
analogy of such representation is: sum (A.*K (1:73) .*X1). When the
implementation of operator of the second degree: 4 and K are matrices, X1
is a matrix consisting of identical rows of vector x; X2 is a matrix consist-
ing of identical columns of vector x. Elementwise operations are used in
software implementation. The general expression for calculating an opera-
tor is sum (sum (A.*K(1:73,1:73) .*X1.*x2)). Similarly, when im-
plementing an operator of the third degree, everything is reduced to ele-
ment-by-element operations, but already of three-dimensional structures.
This approach greatly simplifies the software implementation of pol-
ynomial operators because it allows easy scaling to a multidimensional
case, as shown in fig. 2.

Model experiments. The estimation of the suggested approximations
of integral representations was investigated on model examples.
Consider the model in the form:

tt 1 S, +S, — —_
Y(t):_[ %e o )Sin[T\E%Jsin[T\Esz]x(t—sl)x(t—sz)dsldsz.(4)
00

Figure 3 shows graphs of the transient characteristic of an object, de-
scribed by model (4), using the method of rectangles, trapezoids, Simpson,
and exact transient characteristics. Figure 4 shows the calculation errors.
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To analyze the numerical implementation of polynomial homogene-
ous Volterra operator of the third degree, consider the model

y(t) = jj‘jﬁe%@ﬁsﬁsﬁ) sin [ﬁsl]sin(ﬁszjsin[ﬁ%]x
000 4 2 2 2 5)
xx(t—s;)x(t—s, ) x(t—s;)ds;ds,ds,.
The transient characteristic obtained by the considered methods and
its exact value are presented in Fig. 5, calculation errors — in Fig. 6.

1.4 . .
Exact solution
Method of rectangles
12+ + Method of trapezoids ||
Method of Simpson
1k
c
S 08 4
=
c
Q
o
=06 il
=
04F 1
0.2 il
0 I I I I I I I L L
0 1 2 3 4 5 6 7 8 9 10

Fig. 3. Graphs of the transient characteristic (4) obtained by different methods
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Fig. 4. Absolute errors of the calculation of transient characteristic for the model (4)
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1.6 T T
Exact solution
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Method of Simpson
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Fig. 5. Graphs of the transient characteristics (5) obtained by different methods
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Fig. 6. Absolute errors of the calculation of transient characteristic for a model (5)

The obtained results of the computational experiments showed the ef-
fectiveness of the suggested methods, with the Simpsons method being the
most accurate among the considered methods but applying of this method
requires more computations that are associated with additional partitioning
to find intermediate values at interpolation points. Optimal in terms of
«accuracy — complexity of implementation» is the method of trapezoids,
which allows obtaining solutions with a relative error of less than 1%,
which is enough for engineering calculations.

It is important to note that the accuracy of implementation of integral
models depends on the method chosen, the simulation step, and the type of
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kernel and does not depend on the dimensionality of the operator. There-
fore, the choice of the «best» method should be based, first, on the analysis
of the kernel of the integral inhomogeneous polynomial Volterra operator.

Depending on the type of kernel, computational algorithms can be de-
veloped based on the use of different quadrature methods that are applied sep-
arately to each dimension. Moreover, not only the considered methods (of
rectangles, trapezoids, Simpsons), but also methods based on the combination
of Newton-Cotes quadrature formulas of higher order can be applied. Such
approach will allow obtaining different cubature formulas and will expand the
set of algorithms for approximation of integral models with finite sums and
will allow choosing the best method depending on the set initial problem.

The suggested approach makes it possible to accomplish natural par-
allelism of computational algorithms, which greatly accelerates the numer-
ical implementation of integral operators. Table 1 shows the complexity of
the numerical implementation of polynomial integral operators depending
on the number of possible parallel threads.

Table 1
The degree of complexity of the numerical
implementation of polynomial integral operators
Operator Operator Operator
of the first degree |of the second degree| of the third degree
Usual approach o(n) 0?(n) 0% (n)
Vector-matrix 0 (n) 02 (n) 03 (n)
kp kp kp

n — number of partition points, kp — number of parallel threads

Conclusions. Thus, the representation of quadrature and cubature formu-
las in vector-matrix form allows developing of effective algorithms and software
means for numerical implementation of integral models. This representation
allows taking advantages of matrix-oriented application packages (Matlab,
Octave, Scilab), the peculiarity of which is a high speed of matrix operations.
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BEKTOPHO-MATPUYHUIA METO[, YUCNOBOI PEANI3ALIT

NONIHOMIAINBbHUX IHTErPAIIbHUX ONMEPATOPIB BOJIbTEPPU

50

VY cTarTi po3IIAAAEThCS METO I KBAApaTyp UL YMCIOBOI peati3arlii modi-
HOMIaJIbHUX IHTErpaTbHUX oreparopiB. [Ipyn KoM toTepHiil peasizamii iHTer-
panbHUX MOzienel THITY BobTeppH XapakTepHOO MPOOIECMOI0 € HAKOMNYCHHS
KUTBKOCTI O0YHCIICH Ha KOXXHOMY KPOIIi OOUHCITIOBAILHOTO Tporiecy. [l io-
TO NPHIIBUIIICHHS TPOIOHYETHCS 3aCTOCOBYBATH BEKTOPHO-MAaTPUYHUH ITiT-
XiZ. B 0CHOBI 3aIponOHOBaHOTO MiIXO/Y JIKaTh METOIH KBaJpaTyp: IPsSIMO-
KyTHHKIB, Tparrerid, CimmicoHa. /I 0ZHOPIIHHUX MOJMIHOMIaIbHUX IHTETPalb-
HHX oreparopiB Bossreppy meprioro, Ipyroro Ta TpeTsoro CTEMeHs modyno-
BAHO, BI/MIOBITHO, Y BUIJIAAI BEKTOPIB, MaTPHIb Ta TPHUBHUMIPHHX CTPYKTYP
00’€eKTH, SIKi MICTATH Koe(ilieHTH BiINOBIIHUX KBagpaTypHHX (opMyi. 3a-
MPOTIOHOBAHHH BEKTOPHO-MAaTPUYHMI MiIXiJ Ilependayae 3BeaeHHs 00UHCITIO-
BJIBHUX ONEpaliil /0 MOENEeMEHTHOTO MHOXKECHHS €JIEMEHTIB BiJIITOBIHUX
CTPYKTYp Ta J103BOJIsI€ e(h)eKTHBHO BUKOPHCTOBYBATH MapaJieiibHi alrOPHTMH,
1110 3HAYHO MPHIIBHAIIYE BUKOHAHHS OOYMCITIOBAIBHIX 3a/1au peatizarii iHTe-
TPATBHUX OMEpaTopiB. B poOOTi OIIHEHO CKIIAHICTh peati3allii B 3aIeKHOCTI
BiJI KUTBKOCTI MOKJIMBUX MapaiebHUX MOTOKIB. OIIHKY 3aIpOHOHOBAHUX all-
pOKCHMalliif iHTerpaJbHUX MPECTaBIeHb JOCIIPKEHO Ha MOJIETIbHUX MPHKIIa-
J1aX, B SIKKX MPUCYTHI MOJIENi Y BHIVIAI MOJIHOMIANTBHHUX IHTErpalbHUX OIle-
patopiB BonbsTeppu Ipyroro ta TpeThoro creneHs. Pe3ynbsraTi 00uncIioBaib-
HUX EKCTIEPHMEHTIB MOKa3aJIH, IO cepesl PO3IVITHYTHX KBaPATYPHHX METOZIB
OINITUMAJIBHUM Y BiTHOIIECHHI «TOYHICTh — CKJIAJHICTh peai3amii» € MeTo
Tparrentiit. TOYHICTH YMCIOBOI pealti3allii iIHTerpalbHIX MOJEIICH 3alIeXKUTh BiJ
BHOPAHOTO METOMY, KPOKY MOJCITIOBaHHS, BHAY spa, 1 HE 3aJIeXUTh Bijl PO3-
MIpHOCTI omieparopa. BekropHo-MaTpuaHMil miaxia no3Bossie OyayBaTh edek-
THBHI aJITOPUTMH JUIS YMCIIOBOI peati3allii IHTerpalbHIX MOJIeIeH Ta 3HaYHO
CIIPOIIYE iX MPOTpaMHy peai3allifo, OCKUIBKU J03BOJIIE JIETKE MacIITabyBaH-
Hs1 710 6aratoBHMIpHOTO BHITQ/IKY. TaKe MpeICTaBIICHHS Ia€ 3MOT'Y BUKOPHCTO-
BYBaTH IEPEBard MaTPUYHO-OPIEHTOBAHMX TAKETIB MPUKJIAIHHX HPOrpam
(Matlab, Octave, Scilab), 0coOIHBICTIO SIKHX € BHCOKA IIBHIKICTh BHKOHAHHS
MaTpHYHHUX OTeparliil.

KuiouoBi ciioBa: noninomiansui inmeepanvhi onepamopu Bonvmeppu,
Memoo Keaopamyp, 6eKMOPHO-MAMPUUHUL MEMOO.
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KOMM’'IOTEPHE NMPOrHO3YBAHHA AQCOPBLIAHOI
AOOYMCTKU BOAN BIA AOMILLOK Y LUBUAKUX
BArATOLLAPOBUX oINIbTPAX KOHYCONOAIBHOI ®OPMU

VY crarti chopMOBaHO MaTeMAaTHYHY MOZENb I KOMI I0TEPHOTO
MPOTHO3YBAaHHS IPOLIECY aICOPOLitHOI JOOYUCTKY BOIM BiJl JIOMi-
IIOK Y IIBUAKKX OaraTomapoBux (iIbTpax MpH JOAEpIKaHHI cTajol
MIBUIKOCTI (DUTBTPYBaHHS 3 ypaxyBaHHSIM 3BOPOTHOTO BILUIMBY Xapa-
KTEPHUCTHK Mpoliecy (KOHICHTpAIliil JOMIIIOK BiIMOBITHO y (ijbT-
pauiifHOMy MOTOIIl 1 Ha TOBEPXHi aICOPOCHTY 3aBaHTaKCHHS, TEM-
neparypu (QUIBTPAIlifHOrO0 MOTOKY) HA XapaKTEPHCTHKU 3aBaHTa-
skeHHs (KoedimieHTH (inpTpanii, akTUBHOI MOPUCTOCTI, ancopOuii,
necop6iii). BixnmosinHa MopensHa 3amada MICTUTh PIBHSHHS PyXY
(hinpTpaLiifHOr0 MOTOKY 3TiAHO i3 3akoHOM Jlapci, piBHSAHHS HEpO3-
PHBHOCTI, piBHAHHA OallaHCY MacH Ta TeIUla 1 piBHAHHA IS JOCITi-
JUKEHHSI 3MIHM XapaKTepPHCTUK KYCKOBO-OJHODPITHHMX IOPHCTHX 3a-
BaHTa)XeHb (koediuieHTiB (inbTpanii Ta akTUBHOI mopucTocTi). 3a
YMOBH, I1I0 KOHBEKTHBHI CKJIaI0BI TEIUIO- 1 MaconepeHeceHHs i aj-
copO1Iis IepeBaxatoTh Hall BKIagoM mudysii i qecopOiii, orpumano
AITOPUTM YHCIOBO-aCHMITOTHYHOTO HAOJIMKEHHS pO3B’SI3KY BiaIO-
Bi/THOT HeJiHIHHOT CHHTYIIsIpHO-30ypeHoi KpaifoBoi 3amadi 41 Mojie-
JBHOT 00JacTi KOHycomnoaiOHOT Gopmu, 0OMEKeHOI IBOMa EKBIIO-
TEHIIaIbHUMHU TIOBEPXHSMH 1 TIOBEPXHEIO Teii Ta PO3IiIeHOI 1e-
SKAMH 3a[JaHUMA EKBITIOTCHIIAIbHAMH TTOBEPXHAMH Ha KiJIbKa ITi-
nobractel. 3ampornoHoBaHa MOJENb JI03BOJISIE MIJISIXOM IPOBEIICHHS
KOMIT FOTEPHHX EKCHEePUMEHTIB JOCIIIUTH 3MiHY XapaKTepHCTHK
KYCKOBO-OJJHOPIZTHUX MOPHMCTUX 3aBaHTaXeHb (KoedilieHTiB (inbT-
patii i aKTHBHOI TOPUCTOCTI PUIBTPYBAIFHUX MaTepiajiB y KOXKHO-
My Imapi), CpOrHO3YBaTH ONTHMAJIbHI BapiaHTH BHKOPHCTAHHS aJl-
COpOeHTIB 1 30LMBLICHHST TPUBAIOCTI PoOOTH (UIBTPIB 32 PaxyHOK
BHOOpPY 1X ()OpMH Ta BHCOTH ILIAPIB 3 YpaxyBaHHSIM BIUIMBY Ha MPO-
1ec ancopOLiiftHOI JOOYMCTKI BOMU HE JIMIIE 3MIHM IMBUIKOCTI ¢i-
JIETPALiHOTO OTOKY B3/IOBXK BHCOTH (inbTpy, ane it TeMreparypu.

KuarouoBi ciioBa: mamemamuuna mooens, KoMn 1omepue npo-
SHO3VBAHHSA, Npoyec OOOUUCKU 800U, OOMIWKA, A0CopOYis, mem-
nepamypa, Kycko80-00HOPIOHe NOPUCMEe 3A6aHMANCEHHSL, WUEUOKULL
bazamowaposuil pinemp, KoHyconoodibua gopma.
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Beryn. AncopOrmiro MmMpoKO 3aCTOCOBYIOTH JJISI TIIHOOKOI OYMCTKH
BOJH Bif pizHUX gomimiok [1, 2]. IlIBuaki ¢ineTpu abo KOMOHU 1711 ancopo-
iifHOT TOOYMCTKU NMUTHOI BOAM 3a3BHYAll BUKOPUCTOBYIOTH HA 3aKITIOYHIN
cTazii BOJOMIITOTOBKH, KONK 3 Hel BiICTOIOBaHHAM, (QUIbTpaIi€ro, Koary-
JSMi€I0 BXKE BUIAJICHA OCHOBHA YacTWHA JoMiMIoK [3—7]. [Ipuammn podotn
MBHAKUX (UTBTPIB 3aCHOBAHWI Ha HamipHIA (iNbTpaIli Boan depe3 oxauH
a0o0 KiybKa IIapiB 3epHUCTUX MaTepialliB — aJCOPOEHTIB, SIKi CIy)KaTb Ul
BUJIAJICHHS SIK MEXaHIYHUX JOMIIIOK 33 PaxyHOK CHII ajresii—cyosii i iHe-
PIIMHOT B3aEMOIIT, TaK 1 PO3YMHEHHUX JOMIIIOK 32 PaXyHOK anacopOuii. Sk
a/IcopOEHTH BUKOPUCTOBYIOTh IPHPO/IHI (OEHTOHIT, MOHTMOPHJIOHIT, TOP(®),
IITY4H] (aKTUBOBAaHE BYTULIS, IITYYHI LEOJITH, MONICOPON) Ta CHHTETHYHI
Mmarepiaian (HaHOCTPYKTypoBaHi ByrieneBi copOeHtu) [8]. besmepepshe
PeryJIIOBaHHS MIBUAKOCTI (QUIBTPYBaHHS € OCHOBOIO JUIS JOCSTHEHHS ONTH-
MAaJIbHOTO TEXHOJIOTIYHOTO PeXUMY podotu inbTpiB. [linTprMka mocTiitHOT
3aJaHOl IIBUAKOCTI (PiIBTPYBaHHS MOXKE OYTH AOCSTHYTO JIMIIE 32 TOTIOMO-
TOI0 aBTOMATHYHOTO peryiroBaHHA. [locTiifHa IMIBHUAKICTH (UIBTPYBaHHS
JIOCSITAETHCSI 30UTBIIICHHSAM BIIKPHUTTS 3aCYBKH Ha TpyOompoBoi pimbTpaTy
B Mipy 30UIBIICHHS ONOpPY 3aBaHTAXCHHS (UIbTpa depe3 HAKOMMYCHHS B
HbOMY YacTHHOK JoMmimok. Koiu 3acyBka BiJKpHTa MOBHICTIO, QIIBTP BH-
MHKA€ThCS 3 POOOTH Ui MPOMHUBAHHS. IMITyJIBCOM IS 301TBIICHHS BiIK-
PUTTS 3aCYBKM Ha TpyOOIpoBoi (UIBTpaTy CIyKHTh 3MiHA PiBHS BOJM HA
GiTbTPi (KOHTPOIOETHCS TIOMJIABKOBUM HPHCTPOEM) ab0 BHUTpaTH BOIHM B
Tpy6onpoBoai (inkTpary (KOHTPOJFOETHCS 32 JIOMOMOTOK JPOCETHOHY0ro
IpUCTpPOIO 1 audmaromeTpa) [9].

[ocrtiftHO 3pocTarodi MOTpedH Y TOCMOAAPCTBI B OUHMILICHIH BOI Ta 3po-
CTaHHS BapTOCTi (UTBTPYBAJIBHUX MaTepialliB (aIcOPOCHTIB) BUMAraroTh Ipo-
BEJICHHS JIOCNI/KEHb 1X OLTBII ONTHMAaJbHOTO BHKOPHCTAHHS 1 30UIBIIICHHS
TPUBAJIOCTI pOOOTH (PIIBTPIB 32 PaXyHOK BUOOPY iX (POPMH Ta BHCOTH IIAPIB,
30KpeMa, 3 ypaxyBaHHSIM BIUIMBY Ha IPOLEC aacOPOLIiHHOT JOOYMCTKU BOIH
3MIHHM TeMIepaTypH QuIbTPALiHHOTO IOTOKY B3JIOBX BUCOTH (LIBTDY.

AmHaui3 ocrannix gocaizxens. [IBuakicTs mporecy agcopOrii 3ame-
JKUTB BiJi KOHIICHTpAIIii, TPHPOIH i CTPYKTYPH ITOMIMIOK, ITBUIKOCTI (iITbT-
PYBaHHS Ta TeMIlEpaTypu (iIBTPANifHOTO MMOTOKY, BHIY 1 BIACTUBOCTEH
ancopOenty [10, 11]. ¥V 3aranmpHOMY BUIIAIKY MPOIIEC aICOPOIIii CKIIaTaeTh-
sl 3 TPHOX CTa/Iiif: MEpeHOCy JOMIIIOK /10 TIOBEPXHI 3epeH aJcopOeHTY (30-
BHIITHBO-TU(Y3iiftHa 007acTh), BIACHE aaCcOpOIiTHOTO TpoIieCy, MEPEHOCY
JIOMIIIIOK BCEPENUHI 3epeH aJcOpOeHTy (BHYTPIIIHBO-AH(Yy3iiiHA 00JaCTh).
IIpuitHATO BBaXkaTw, MO MIBUIKICTH BJIACHE aJcOpOIIii BeNrKa i He JIMITye
3arajpHOI MIBHIKOCTI mporiecy. OTke, JIMITYIOUOIO0 CTaji€lo Moxke OyTh
30BHIIIHS a00 BHYTPIMIHA Iudy3is. Y NesKux BUMAAKAX MPOLEC JIMITYeTh-
cs oboMa IMMH CTamissMU. Y 30BHIIIHBO-AN(Y3iHHIN 0071acTi MIBHIKICTH
MacoIepeHoCyY NEepEeBaKHO BH3HAYAETHCS IHTEHCHBHICTIO (ibTpaniiiHOro
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MIOTOKY, IO TIepeAyCiM 3aJIeKUTh BiJl IIBUAKOCTI QimbTpamnii Boau. Y cepe-
THBO-IH(Y3iiHI 007acTi iIHTEHCHBHICTD MacOIIEPEHOCY 3aJIEKHUTh BiJl BUILY
1 po3mipiB mop agcopOerTy, GopM i po3MipiB HOTO 3epeH, pO3Mipy MOJIEKYI
ascopOyroUrx pedoBrH, KoedillieHTa MacOIpPOBiTHOCTI.

AxncopOrist — mporiec 000poTHHI, TOOTO amcopboOBaHa TOMiIIKa
(amcopbat) Moke TIEPEeXOTUTH 3 aACOpOCHTY Hazal y (QiibTpamiiiHuid mo-
TiK. 3a IHIIMX PiBHUX YMOB HIBHUAKOCTI MPOTIKaHHS HpsiMoro (copOris) i
3BOPOTHOTO (J1ecopOltist) MPOLECiB MPONOPLiiHI KOHIEHTpaLil JOMIIIOK Y
(hinpTpamiiHOMY MOTOIII 1 HA MTOBEPXHI 3ePCH aJICOPOCHTY.

AJicopOiiist — mporec eK30TEPMIYHUIMA 1, OTHKE, 3HIDKCHHS TeMIIepaTypu
Ma€ CHPHATHU IIBUAKOCTI foro npotikaHHs. [TinBUIIIEHHS TeMIIepaTypH CIIpH-
si€ iecopO1ii, BHACIIIOK YOTO KUIBKICTh a/IcOPOOBAHOT IOMIIIKH 3MEHIITYETh-
cs. Y mporteci ¢iznaHOI agcopOrii 3a3Buyaii Bunisietbess 8—40 k/x TemoTn
Ha | Mob ancopOoBaHoi JoMimkw. TerroTa XeMocopOIlii, SIK IPaBUIIO, TIepe-
Burnye 80 x/Ix / Momb. JIist KO>KHOT TeMIiepaTypH iCHYe CBiif CTaH PiBHOBAIH.
Yum BUIa KOHICHTpAIis aacopdaTa, THM OiibIa amcopOris, a YuM BHIIA
TeMIIepaTypa, THM MeHIIA (i3udHa afncopOIis.

Sk mokasye aHami3 JNiTepaTypHHX Kepel, 30kpeMa [12-19], cyrre-
BUIl BKJIQJ Y PO3POOKY TEOPETUUHHX OCHOB JOOYMCTKH DiJJMH BiJ| JOMi-
IIOK LUIIXOM iX (inbTpyBaHHS uepe3 MOPHCTI 3aBaHTAXKEHHs 3poOuio
0araro sk BITYM3HSHHX, TaK i 3apyObKHUX BUeHHUX. BinmiTumo, 110 B KO-
CTi MaTeMaTU4HOi MOJENI MPOIeCy NOOYHCTKH PIAMHM Bill JTOMIIIOK BIT-
YM3HSHUMHU  JIOCHIIHUKAMK HalyacTilie BUKOPHUCTOBYETBCS MOJIEIb
J. M. Minna [13] npu craniii mBuIKOCTI QITPTPYBaHHSI Ta TEeMIIEpaTypi
a6o nmesika 11 Moaudikaris (BIOCKOHAICHA MOJIEIb).

VYV [20] 3amponoHOBaHO ii MPOCTOPOBE Yy3arajibHEHHS Ul MPOrHO3Y-
BaHHsI TIPOLIECY JOOYMCTKH BOAM BiJl JOMIIIOK y IIBHAKHUX OararorapoBUX
KPHUBOIIHIHHUX (QITBTpax MpH JOJEpKaHHI CTaIol IBUAKOCTI (PIIBTPyBaHHS,
sKa € OUTBII e(heKTUBHOIO IS TIPOBEICHHS TCOPETUIHHUX JOCHIPKEHb, Halli-
JIGHHX Ha OITHMI3allil0 TapameTpiB mnpoiecy (inbTpyBaHHS (TPUBAIOCTI
pobotu, Gopmu, po3MmipiB (ijgbTpa, BUCOTH IIAPIB TOIIO) 32 PAXYHOK BBe-
JICHHS JIOZIaTKOBOT'O PIBHSHHS JUIsl BU3HAYCHHSI 3MIHM aKTHBHOI IOPHUCTOCTI
3aBaHTA)KEHHS B3/IOBXK BHUCOTH (iNbTPY, BpaxyBaHHs Audys3ii y dinbrpaitiii-
HOMY TTOTOIII 1 Ha IOBEPXHi 3epeH 3aBaHTaXeHHS. Y [21] BoHa BIOCKOHANICHA
MUISTXOM BBEJIEHHS JIOJIATKOBOTO PIBHSHHS JUIsSl BU3HAYECHHS 3MiHU Koedirtie-
HTa (UIBTpalii 3aBaHTAXEHHS B3ZI0BXK BUCOTH (UIBTPY, 30KpeMa, OTpPHUMaHi
y poOOTi pe3yNbTaTH YHCIOBUX €KCIEPHMEHTIB MiATBEPAIA HEOOXiTHICTH
BpaxyBaHHs y MOJIEJSIX 3MIHM XapaKTEPHCTUK KyCKOBO-OJXHOPIIHHUX ITOPHC-
THX 3aBaHT)XEHb. Y [22] 3aIpOIIOHOBaHO POCTOPOBE y3aralbHEHHS MOJEII
J. M. MiH1a a7 pOrHO3yBaHHSI MPOLECy JOOYHUCTKH BOJH BiJ] IOMIIIOK Y
MIBUJIKKX (iIbTpax KOHYcONnoioHOi opMu NpH TOAEpKaHHI CTaiol MIBU/I-
KOCTi (UIbTpYBaHHS. AKTYaJIBHOIO 33Ja4ei0 € y3arajlbHEHHs BiAMOBiTHOI
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MOJIETI TSI KOMIT FOTEPHOTO TIPOTHO3YBAHHS TIPOIIECy aacopOLiitHOl 1009H-
CTKH BOJAY BiJ] JOMIIIIOK Y IMIBHAKHUX 0araTomapoBuX QiTbTpax 3 ypaxyBaH-
HAM 3MiHH TeMIepaTypu (QiIbTpamiifHOro MOTOKY B3IOBX BHCOTH (iIBTPY
TpU JOJepKaHHI CTaloi MBHUAKOCTI (iNbTpamii, OCKITEKH JTO3BOJUTH M-
XOM MPOBEACHHS KOMIT FOTEPHHUX SKCIICPUMEHTIB JIOCIIINTH 3MiHY XapaKTe-
PHCTHK KYCKOBO-OJHOPITHUX MOPUCTUX 3aBAaHTAKCHB (KOoe]ilieHTiB (imbT-
pauii Ta akTHBHOI OPHCTOCTI (IIBTPYBAJIBHUX MaTepialliB y KOXKHOMY Ila-
pi), CIPOrHO3yBaTH ONTHUMAJIbHI BapiaHTH BUKOPHCTAHHS aJICOPOEHTIB 1 30i-
JIBLICHHS TPUBAJIOCTI poOOTH (IIBTPIB 3a paxyHOK BUOOpY iX popmu Ta BU-
COTH IApiB 3 ypaxyBaHHSM He JIMILE 3MiHH IIBUAKOCTI (GUIBTpaIifHOroO Mo-
TOKY B3JIOBXX BUCOTH (DUIBTpY, aie i TeMnepaTypH.

MaremaTH4HA Mo/eJIb. 3MOZICIIIOEMO IPOIIEC aACOpOLIHHOT Joouuc-
TK{ BOAM BiJ JOMIIIOK y IMIBHAKOMY 0araTomrapoBoMy (iTbTpi KOHYCOIIO-
IiOHOT (hopMH 13 KYCKOBO-OIHOPIHUM ITOPHCTHM 3aBaHTa)KEHHSIM — IIPOC-
TOpOBilf 0mHO3B’s13HIN obmacti G, (z=(X,Y,z)), oOMexeHiil TIanKuMu,
OPTOrOHANBHUMH MDK CO00I0 MO pedpax, IBOMa eKBIMOTEHI[IaIbHIMH T10-

BepxHsaMu S,, S”.1moBepxHero Tedii S Ta posaineHiil nesKMMH 3a0aHU-
mMu p-1 exinoreHuiansHuMu nosepxHamu S;, (r=1,p-1) Ha p migo-

onmacreit G (r=1,p) (puc. 1, a). BRaxaeMo, M0 KOHBEKTHBHI CKJIaIO0Bi
MacoIlepeHeceHHS W ajcopOIlis mepeBakaloTh HAJ BKIagoM audysii i me-
cop6mii. Kpim Toro, y 3B’s3Ky 3i 3MiHOIO TeMIiepaTypu (UIBTpaIiifHOTO
MOTOKY 32 PaxXyHOK afcopOLiHMX 1 AeCOpOIIIHUX MPOIIECiB BPaXOBYETHC
BIUIMB TEMIEPaTYpHUX e(eKTiB Ha BHYTPILIHIO KIHETHKY MacOIIepeHOCY.
Taxum ynsHOM, st obmacTi G = G, x (0,00) BiANOBiAHA MPOCTOPOBA MOJIE-
JbHA 3a]a4a 3 ypaxyBaHHSIM 3BOPOTHOTO BIUIMBY XapaKTEPUCTHK HPOLECY
(KOHIIEHTpaMiil JOMIIIOK BiAIIOBITHO Y (QUTBTpaIiifHOMY ITOTOL 1 Ha TOBEP-
XHi aJcopOeHTY 3aBaHTAXKCHHS, TeMIIEpaTypy (QLIBTPaNiifHOTO IMOTOKY) Ha
XapaKTEePUCTUKU 3aBaHTaXEHHs (Koe(illieHTH (uIbTparii, IOpUCTOCTI, aj-
copOitii, mecopOitii) CKIaaTUMEThCS 3 CUCTEM PIBHSHb:

{\7zrc8~grad (p,diV\7=0,(x,y,z)eGZ',r=1,_p, (1)
(6-C), =div(D-grad C)-v-grad C—a-C+f-U,
(c-U),=div(D"-gradU)+a-C-4-U,

)
|(c-T),=div(D™-grad T)-v.-grad T +y-(a-C - 5-U),
ki=-p-U,o/=-1-U,(xy,2)eG.,r =ﬁ,
f{Ki JOIIOBHIOKOTHCA HaCTyHHI/IMI/I KpaﬁOBHMH yMOBaMI/I:
{‘P|s‘ =0, 9l =" 05 =0, ®3)
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{C|SA =cl,C’ |s‘ =0,C’ |s*' -0, (4)
ul, =uu|=our| =0, ()
i, -7, -0, o ©

IMOYaTKOBUMH YMOBAMU:

0 0 0 0 0
{C|t:0 =cy,U |t:0 =Uy, T|t:0 =Ty, K|t:0 =Ky, o-|t:0 =0y (7
Ta yMOB y3TrOJUKEHOCTI Ha MoBepXHsX posainy S, (r=1,p-1):

,r:]-;p_lf (8)

+

_ .0 ’
=Kr Q5

{¢|s(, =9lg =i K70

Srf Sr

S,

e

’ 0 ’ 0
C|S,7 :C|SH ! Dr 'Cﬁ ~Vrn .C‘S = Dr+1'Cﬁ —Vin 'CL ’
U|s,,:U|sH’D;ﬁ'uiﬁS :D:+1'U}ﬁs ,

' 0 ' 0
T| :T|s ’ Dr'Tﬁ_Vrn'T‘S :Dr+1'Tﬁ_Vrn'T‘s ) )

D, -Ci-V,,-C+D;-U}

_ ' * ’
s Dr+1,j 'Cjﬁ Vi 'Cj +Dr+l'Uﬁ S

r r+

(e-(C+U))s = (e-(C+U))[s ,r=1p-1,
ne ¢=@(xy,z) i V=V(V,,Vy,V,) — BilNOBiHO MOTeHUian i BEKTOP
mBHKOCTI Ginbrpanii, 0< ¢, = ¢, < @) <..< @, 1 <@., = QP <o,

i ¢" — 3anaui xgilicHi yncna, (p:l, (pfz, e (/)Z(pfl) — HEBIJIOMI 3HAYEHHS

notenniany, v =|v|= \/vf(x, Y, 2)+Vi(X, Y, 2)+V(X,y,2) >0, K3 —

MoYaTKoBUH KoediieHT ¢inbTparii, K‘g ={K‘:) , (X, y,2)eG,,r=1np},
k>0 (r=1p), i — 30BHIIHS HOPMAalb 10 BiANOBIAHOI MOBEpXHI,
C=C(x,y,z,t) i U=U(X,y,z,t) — KOHIEHTpAIlil TOMIIIOK BiJIIOBiIHO
y QirpTpaniiHOMy MNOTOII 1 Ha IOBEPXHI aJCOpPOEHTY 3aBaHTAKEHHS,
T =T(X,Y,z,t) — temneparypa ¢igpTpamiiHoOro MOTOKy B TOUmi (X, Y,Z)
y MoMmeHT uyacy t, x=x(X,y,z,t) — KoediuieHT ¢inbTpamii,
o =0o(X,Y,2,t) — akrtuBHa nopucTicth, D i D" — koediuieaTu audy-
311 TOMIIIOK BiMOBIAHO y (GiNbTpamiifHOMY MOTOIII 1 Ha MOBEPXHi aJcop-
Genry sapantaxenns, D ={D.,(x,y,z)eG],r=1p}, D, =¢&-d g,

do>0 (r=1p), D'={D;,(xy,2)€Gl,r=1p}, D =¢-d;,,

r
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dio>0 (r= 1,p), D™ — Kkoe(illieHT TeMIepaTypoIpoOBiAHOCT] (inbT-
pauiiiHoro motoky, D™ ={D’* (x,y,z)eG',r=1p}, D= e-dg,
d:,*o >0 (r= l,_p ), @ 1 B — xoediuieHTH, IO XapaKTEPU3YIOTh BiAIO-

BiTHO OOCSATH JOMIIIOK, aJcOpPOOBaHUX HA TIOBEPXHI aJCOPOCHTY 3aBaH-
Ta)XKeHHS Ta 1ecOpOOBaHMX 3 MMOBEPXHI aIcOPOCHTY y inmbTpamiiHui mo-

TiK 3a oguHuUIIO Yacy, a ={a,, (X,Y,2) € Gzr, r=1, p},
2 2
A =Cpgg+E- Qg Ve a0V +
+g‘ar01-T+52-ar02-T2+82-ar22-v-T,

eR (r=1,_p, slzﬁ, szz(ﬁ),

r.8,,8,
p=Ap. (xy.2)€Gl, r=1p}, B =¢-p, ,
B =PBroo+& PraoV+e" Broo Ve Broy T+
+6% Broa T2+ Broy VT, B s €R
(r=1p,s=02,s5,=0,2),
y — Koe(ilieHT, MO XapaKTepHu3ye IBUAKICTG 3MIHH TeMIepaTypu ¢i-
JMBTPAIIfHOTO MOTOKY 32 PaxyHOK MPOTIKaHHSA aJcOopOmiHHUX i mecopO-

uiiaux npouecis, y ={y,,(x,y,2) G, r=1p}, y,=¢-7, (r :l,_p),
M 1 A — KoedilieHTH, 10 XapaKTepU3YIOTh BiIIOBIAHO IIBUIKICTH 3Mi-

a

HU KoedimienTa GinpTpamii i aKTHBHOI MOPUCTOCTI 3aBaHTaKEHHS 3a pa-

XYHOK ajcop6uii jomimok, u={x,, (X,y,z)eG,, r=1p}, My =& [

,Er:yryo+g~,ur’1~T+gz',ur’2~T2, 4R (r=1p, s=0,2),

2={A,(x,y,2) G}, r=1p}, A =¢c-2, (r :1,_p), a, =a,(xy,z1),

ﬁ_r :ﬂ_r(xvyvzrt)1 77r :;7,(X,y,z,t), ﬁr :ﬁr(xl Yy, z,1), zr :Zr x,y,z,t) —

HerepepBHi ooMexeni QyHkiii (r =1, p ), & — manuii napametp (& >0),
¢ ={c’, (x,y,2) €G] r =1,p}, ug ={ul, (x,y,z) €G!, r =1,p},

T ={T2, (x,y,2) G/, r =1,p}, ol ={c?,(x,y,2) €G!, r =1, p},
ci=ci(M,1), ¢f =cl(x,y,2), ui =ui(M,1), uf =ul(x,y,2),
T=TIM, T =T (6 y,2), o7 =07 (x,,2) (r=1p)—

JIOCTaTHRO TIIafKi (PpyHKIi, y3ro/pkeHi Mixk co0or0 Ha pedpax obmacti G

[23], M €5,, V?n iv,, (r=1p-1)— BiAMOBIAHO MOYATKOBI i MOTOYHI

HOPMaJlbHi CKJIaJ0Bi IIBUAKOCTI Ha NOBEpXHsX po3ainy S, (r=1,p-1).
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£ ) 4 B. F. C.

Puc. 1. IIpocmoposa 08ouiaposa mooenvHa 001acmy:

a — obnacme pinempayii G, 3 ymosnum pospizom T (konyconodionuii pinemp);
6 — obracmb komnaexcno2o nomenyiany G,
Anarorigdo [23] noraxoM ¢ikcamii Ha TOBepxHI S, IESKOi TOUKH A
(A =B ) Ta HOCTIIOBHOTO BUKOHAHHS YMOBHHX po3pi3iB I'; = ALMDBLMC
i ', = ADD,A,BCC,B, B310BX BiINIOBITHUX NIOBEPXOHB Teuii (1A 3py4HO-
cri nozagmmo I' =T, UT', ) 3amaqa (1) — (9) 3BommThCA 10 PO3B’SI3aHHS B
OZIHO3B sI3HiHl KyCKOBO-OHOPifHIi obmacti G, \I' — KpHBOmiHiliHOMY Ta-
pasenenineni ABCDA,B,C,D,, 00MeXeHOMY JBOMa €KBIOTCHIIIATBHUMU
noBepxusima  ABB,A,, CDD,C, 1 doTupMa TMOBCPXHSIMH  TeUii
ABCD = ALMDuUBLMC, AB.C,D,, ADD,A, =BCC,B, Ta po3niie-
HOMY €KBIlOTeHIiabHUMH HoBepXHsMu E F F, E,, (r = 1,p——1) Ha JesKi
p migoOnacTeit
GI\T! = ABF,E,A.B,F,,E.;, ---,
GM\1? =E, ,F, ,CDE,, 3F.(, 1C.D.

1_ p_

(I'* = AE,E,,ABFF,;B, , ..., T? =E__,DD,E,(, 1F, 1CC.F.(p 1))
(puc. 1, a), siKi € TIaAKUMHU 1 OPTOTOHAJIBHUMH MK COOOI0 B KYTOBHX TOY-
Kax Ta B3IOBX pebep, 3 10JaBaHHSIM yYMOBHM HEIPOHHKHOCTI q)r%| r=0
B3JIOBX po3pidy I' 3amadi, mo ommcyeTthest cucreMamu piBHSHb (1), (2) 3
HACTYIHUMU KpPaHOBUMU YMOBAMU:

¢| ABB,A = P« ¢|CDD~C~ =9 (10)

1
@5 | ABcDUAB.C.D, LADD.A UBCC.B, = 0

* ’
C|ABB~A =¢,,Cilcopc, =0,

(11)
c

ADD_A UBCC.B,UABCDUAB.C.D, = 0
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u| = . _0
ABB,A. «1 Y5 cDD,C, '
(12)
7| ADD,A UBCC.B.UABCDUAB.C.D, = 0»
T| T -0
n [CDD,C, '
j (13)
’ i
[Tﬁ ADD_A UBCC.B,UABCDUAB.C.D, = Os

MOYaTKOBUMH yMOBaMH (7), yMOBaMH Y3TOKECHOCT] Ha TMIOBEPXHAX PO3Ii-
1y E.FF,, *r(r—lp 1):

» |ErF,F,,E,r =9 |E,F,F,FE‘, = Pur (14)
K ‘P EFF,E._ —K?+1'(/’r%|E,F,F,,EW r=1p-1
c |E FF.E._ =C |E EF.E, "
D, -Cj *Vrn ’C|E Fre, =D Ch *VEn ‘Clerre, -
E,FrF_rE‘r =U |ErF,F”E‘H
EFF.E, = =Dy -Uf e FF.E.
Tlepre =T |E,FrF,,E,H (15)
D" T v/, T |E FF,E, = =D/l T -, T |E FF,E,
D, -Cki—v, C+Dr Ut EFFE, =
=Dy, -Ci =V, -C+ Dy U EFF,E, °
(@ (C+U)|erre, =(@(C+U)\|erre. r=1p-1

1 MOJANTBIIIOTO «CKJICKOBAHHS» OEperiB yMOBHOTO po3pizy I' i3 BHKOpHC-
TaHHSIM YMOB:

_ ’ _ ’
(/7|A|_MD —(P|BLMC -§0ﬁ|ALMD —€0ﬁ|BLMc )

(16)

— ’ — ’
(/7|ADD*A_ = ¢|BCC‘B* » @5 | ADD,A = Pr |BCC.B,

Ta Y3rOJDKEHOCTI BEJIMYMH KOHLEHTpALiil JOMIWKK y QinbTpamiiiHomMy
MOTOII 1 HA MOBEPXHI aZCOPOCHTY 3aBaHTAXXCHHS, 3HAUYECHb TEMIIEPaTypH
Ha YMOBHHUX HOBEPXHSX PO3Pi3y i3 BUKOPUCTAHHIM YMOB:

C|ALMD = C|BLMC ) CrL]|ALMD = Cr% |BLMC ) (17)

C|ADD*/-\ :C|BCCiB‘ ) ADD,A, — “n [BCC,B, '

— ’ — ’
U |ALMD _U|BLMC lUﬁ|ALMD _Uﬁ|BLMC'

(18)

U |ADD*A* =U |BCC‘ 3 ADD,A, — BCC.B, °
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{T |ALMD :T|BLMC 'Tﬁ’|ALMD :Tﬁ,|BLMC ) (19)

T|ADD*/-\ :T|BCC*B, 1Tﬁ' ADD,A — ﬁ’ BCC,B, *

Ananoriugo [20-22] nuisixoM BBeieHHS Mapy GYHKUIH v =y (X, Y,Z) ,
n=n(X,¥,z) (IPOCTOPOBO KOMIUIEKCHO CIpsDKEHHX 13 (PyHKII€O
o(X,Y,2) ) Takux, M0 Kg -grad ¢ = grad y x grad 7 [24] i 3aMiHOIO OCTaH-

HIX 4YOTHpbOX 3 rpaHuuHuX ymMoB (10) Ha ymOBH: 1//| Ao A =0,

V/|BCC,B‘ =Q., 77|ABCD =0, 77|A«B,C‘D, =Q", zamaua (1), (10), (14), (16)

3aMIiHIOETBCSL OUTBII 3araJIbHOKO TPSAMOIO 3a]1a4ei0 Ha 3HAXODKECHHS IIPOCTO-
POBOTO aHAIIOTY KYCKOBO-KOH(OPMHOTO BiTOOpaXKeHHS OHO3B SI3HOI 0071acTi
G, \I' Ha BinoBizHy 007aCTh KOMIUIEKCHOTO MOTEHLIATy — MPAMOKYTHMI

napaneneninen G = A'B'C'D'A/B,C,D,, sikuil po3iNeHWI ITOBEPXHIMU
E/FE. F., (r= 1,p)Hagesxi p mizoGnacreii
G! = AB'E/JF/AB.ELF),, G! = E/F/F/ E ,E. F. F. ,E!
(r=2,p-2), G? =E| ,F; ,C'D'E., ,F., ,C.D]

#r4+1

(puc.1, 6), me G, ={w=(o.v,1): @1 <P<@,, 0<y<Q,,
0<7<Q°} (r=1p), ¢, (r=1p-1), Q,, Q" — Heigomi napamerpu,
Q=0,-Q" — nosHa ¢iTpTpaIliifHa BUTpaTa, 1 HACTYITHOTO «CKIICFOBAHHS»
OeperiB yMOBHOTO po3pizy I' . ANTOpUTM po3B’sI3aHHA i€l 3a1a4i OTPUMAHO
B [25], 30Kpema, 3HaiiIeHO ToJIe IBUAKOCTEN V , mapameTpu Q, , Q*, Q Ta
psi iHIMX BenwuuH. 3AiCHUBIIM 3aMiHy 3MiHHEX X = X(@,y,77),
y=Y(p.w.n), z=2(p.w,n) y piBmiHui (2) Ta ymosax (11)~(13), (7),

(15), (17)~«(19) orpumaemo BinmoBinHy 3axaudy s odnacti G,, x (0,00) :
2

(&-c)'t:D-(bl-c;¢+b2~cu",w+b3~c,’;ﬂ+b4~c,;,+b5~c;7)—v—~c(;—d~c+,é-u,
K
(6-u) =D" (b -ul, +by-ur +by Ul +bou) +bs U )+d-c-fou,
(6-T), =D"-(b,- T" +b, T oy T03° T" +hy T +hg - T],) (20)

\72~
— Ty +7(@c-pu),
K

Rl =—jiu,6{=-4-U, (p.w.m) €GL, T =1p,
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{c|¢=¢’ :(E*,c(/,‘(p:(p~ =0, cW|W =c’ |W Q. |,7 0= "U:Q. =0, (21)
{u|(ﬂ=w~ =0, uc:)‘:pzfp” =0, ur/'/|l//=0 =u |I//=Q~ :uf,7|r7=0 :ur;‘z;:Q‘ =0, (22)

‘/"«7 b =0T 0 = ~v;|u/=Q~ =T, |0 :Tn",;:Q' =0, ()

{C|t=0 =6 Ul o =00, T|o =T K|io =50, G|i0 =55,  (24)

< -~

—_—~—
—

N
—lz

lim c= lim ¢, lim (D,-c, — Ky -C) = lim (Dr+l c, — K00 -C),
PP, PP, 90, Pl
lim u= lim u, lim D/ u, = lim D/ u,
PP, PP PP, P00
lim T= lim T, lim (D;" T, -« -T)= I|m (D LTkl T), (29)
P PPl PP P9,
lim (D, -¢', -k, -C+ D, - U,)= lim (D, -C, K, 4 C+ D, ,-u o)
P9, P90
, ) B -
lim (¢-(c+u)), = lim (G-(c+u),, r=1p-1,
PP, PPl
- _ ¢k —CsA ]
C|f7:0vv/:v? - C|’7:0:W:Q*—V/ 1 Cii | p=0,y=p = Cii |n=0,y=Q.—y (26)
— A =c.
C|v/:0 - C|W:Q‘ + Cd |u/:0 =Cily=q."
= _ Uk —u ]
u |f7:0,w:v? =u |n:0,w:Q‘—t// »Ug |f7:0,w:w = Ug |77:0,u/:Q~—u/ ' 7)
— A =u-
u|u/=0 - u|u/=Q‘ Usi =0 =Ya|y=q.
f| _f| T -7 ]
n=0,y=y ~ ' [7=0,y=Q.~y  'n |n=0,y=y ~ 'n|n=0,y=Q -~y ° (28)
- - . _ =
T|u/:0 _T|W’Q ’ ﬁ|¢/:0 T on|y=Q,

e
Cc= C((D,'l/vﬂ,t) = C(X(gﬁ,(//,?]), y(¢!Wl’7)! Z((P,‘//J?)vt) U= U((D,l//qﬂlt) )

T=T(p.w. 1), £=&(p.w.n1), 6=6(p.y.nt), & =E(y.nt),

0 =0y, T =T (w.n1), & ={& (p.w.n) G, r=1,p},
i ={07, (p.w.m) €Gl r=Lp}, Ty ={T°, (p.w.7) € G}, r =1, p},
6o ={67. (p.w.m) Gl r=1p}, & ={a,, (p.w.n) €G], r=1p},
B={B,. (pw.n)eGl.r=1p}, 7={/;. (@) G, T =,_p},
={i, (pw.m)e €Glr=1p}, A={ (p.w.n)€G}, r=17p},
7={,.(p.w.m)eG., r=1p}, by ={b s, (., 17) €G,, r=1,p}

(s=15), a, :ar,o,o+‘9‘ar,1,o‘\7+52‘0‘r,2,0"72+
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£2 F2 2 o 2
te o1 T+e g T+ oo, VT, fo=¢-p,
=~ _ - 2 ~2 g 2 -2
Be=PBrootE Brao V+e ProoV +e-Bror T+e Brog, T+

2 "~ =~ =~ ~ =~
+& 'ﬂr,Z,Z'V'T1 Ve =€ Ve Hp =& Hp

Hy :#r0+5'#r1'T+52'#r2'T2 de=ed, & = (py),
a7 =, (<ou/n) T2 =T (p.w.n), 60 =62(o.w.n), & =a, (e, 1),

ﬂr((pwnt) Ve =7elow nit), gy = i (pw,mt),

r:/lr((/)'l//rnvt)' r =V ((/”//77) (r_l p) brs brs((p l//vn)

r=1p,s=15), b, =07 +0} +¢, 2 =02 (x0)?,

12 /2 '2 ’ / / 14 " 14
br,2 SV Wy TV, br,3:77x +ny +1; br,4 SV TWyy t¥Wos

b, s = Mex + U;y

Po3B’sizanns 3aaauvi. Ananoriuno g0 [19-23] 3uaiizeHno uucioso-
aCHMIITOTHYHE HaOMKeHHA po3B’s3ky C={c., (p,y,n) e Gw, r=1, p}
U={u. (o ) eGlr=1p}, T={T, (pwmeGl r=1p}, #=
={%. (p.w.m) Gl r=1p}, &={6, (p.w.n) G/, r=1,_p} sazavi

(20)—~(28) 3 Tounictio O(e"*™) Y BT TaKUX PSJIIB:

n+1 2n+1

C —Zg -c, +Zs (P, )+Zg'/2 (Pr,+P +P + )+an+1,
i=0
n+1_ 2n+1

[
£
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BucnoBkn. CdopMoBaHO MareMaTHYHy MOJENb Uil TPOTHO3YBaHHS
Tporiecy aACOpONiHOI JOOYHNCTKY BOIH BiJl JOMIIIOK y IIBHAKHUX OaraTolra-
POBUX (DLTBTPaX KOHYCOMOAIOHOI (POPMH 3 KYCKOBO-OTHOPITHIMH MOPUCTH-
MH 33aBaHTOKCHHSIMH 3 YpaxXyBaHHSAM 3MiHH TeMIEpPaTypu (UIBTpaIiifHOTO
TIOTOKY B3/IOBX BHUCOTH (PUIBTPY TPH JOJAEp KaHHI CTaNol MIBHAKOCTI (PiIbT-
parii. 3a yMOBH, 110 KOHBEKTHBHI CKIIaJIOBI TEIJIO- i MacOTIepeHECEHHS H afl-
copO1isi epeBakaroTh HaJ BKIAIOM Iu(Y3il i mecopOrii, OTpUMaHO airo-
PHUTM YKCIIOBO-aCUMIITOTHYHOTO HAOJMKEHHS PO3B’SI3KY BIJNOBIHOI Heli-
HIHOT CHHTYJISIPHO-30ypeHol KpaioBoi 3aj1a4i JJIs1 MOJIENIbHOT 00J1acTi KOHY-
conoaioHoi popmu, 0OMEKEHOT ABOMA EKBIMOTCHIIAEHIMHI MOBEPXHIMH 1
MOBEPXHEI0 Tedil Ta PO3IIICHOI NESKUMH 3aaHUMU CKBIOTCHIIATbHUMU
MOBEPXHSIMHU Ha KiIbKa mifgoOnacTeil. 3ampornoHoBaHa MOJENb AHAIOTTYHO
[20, 21] ans 3ananoi cranoi WBHAKOCTI (LIBTPaLi JO03BOJISE HUIIXOM POBE-
JICHHsI KOMIT FOTEPHHX €KCIIEPUMEHTIB CIIPOrHO3YBAaTH HE JIMILIE 3MiHY Xapak-
TEPUCTHK KYCKOBO-OIHOPITHNX MOPUCTHX 3aBaHTAXEHb (KoeilieHTiB (inb-
Tpauii i aKTUBHOI IOPUCTOCTI), ajle i BU3HAYNTH ONTUMAIbHI BapiaHTH BUKO-
pucTaHHs aJIcOPOEHTIB 1 30UIBIIEHHST TPUBAJIOCTI POOOTH (QUILTPIB 3a paxy-
HOK BHOOpY X (DOpMH Ta BUCOTH IIapiB 3 ypaxyBaHHsM SIK 3MiHU IIBUAKOCTI
(inbTpaliifHOro MOTOKY B3/IOBX BUCOTH (UIBTPY, TaK i TEMIIEPaTypH.
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COMPUTER PREDICTION OF ADSORPTION PURIFICATION
OF WATER FROM IMPURITIES IN RAPID MULTILAYER
FILTERS OF CONE-SHAPED FORM

In the paper a mathematical model for computer predicting of the pro-
cess of adsorption purification of water from impurities in rapid multilayer
filters while maintaining a constant filtration rate, taking into account the
reverse influence of process characteristics (the concentrations of impuri-
ties respectively in the filtration flow stream and on the surface of the ad-
sorbent load, the temperature of the filtration flow) on characteristics load
(coefficients of filtration, active porosity, adsorption, desorption) is formu-
lated. The corresponding model problem contains the equation of motion
of the filtration flow according to Darcy's law, the continuity equation, the
equation of mass and heat balance, and the equation to study the change in
the characteristics of piecewise-homogeneous porous loads (filtration coef-
ficients and active porosity). Provided that the convective components of
heat and mass transfer and adsorption predominate over the contribution of
diffusion and desorption, an algorithm for numerically-asymptotic approx-
imation of solution of the corresponding nonlinear singularly perturbed
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boundary value problem for a model region of a conical shape, bounded
two equipotential surfaces and a surface flow, separated by some given
specified of the equipotential surfaces on several subdomains, is devel-
oped. The proposed model allows through computer experiments to inves-
tigate changes in the characteristics of piecewise homogeneous porous
loads (coefficients of filtration and active porosity of filter materials in
each layer), to predict the optimal use of adsorbents and increase the dura-
tion of operation of filters by selecting their shape and height influence on
the process of adsorption purification of water not only changes in the fil-
tration flow rate along the height of the filter, but also the temperature.

Key words: mathematical model, computer prediction, process of wa-
ter purification, impurity, adsorption, temperature, piecewise-homoge-
neous porous load, rapid multilayer filter, cone-shaped form.
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REFINING THE TYPICAL SCENARIOS BY ADDITIONAL FACTORS

The problems in the quality assessment modeling scenarios
collecting information flow on an extensive network of the exam-
ple of the problem of building and further optimization scenarios to
analyze the budget process on an extensive network. Shown use
structured approach to the ontology as considered most appropriate
to the task of presenting the structure as a graph. Moved assess-
ment of the effect of the use of partial information previously ob-
tained by constructing scenarios collecting information flow on the
network, described the count, with further refinement information.
An formalized description of the hierarchical structure of the sys-
tem. An example of the structure of the interaction of ontology el-
ements for the problem of budget analysis is presented.

The use of an integrated approach based on finding the shortest
path in the graph and model ontology as a graph that realizes the
possibility of using algorithms based on traversing vertices in lay-
ers of hierarchy.

An approach to building breadth-first search algorithm that
significantly reduces the time to find ways of building scenarios
collect information on streaming extensive network. Described in
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the article approach to building quality assessment algorithm simu-
lation scenarios collect information on flow tested an extensive
network in the development of pilot systems, financial analysis of
regional budgets. The algorithm allows to develop a set of software
tools that provides plenty full and holistic problem solving refine-
ment and optimization scenarios searching and collecting infor-
mation flow on an extensive network. One of the promising areas
of application of this approach to assessing the quality of the simu-
lation scenarios are used to build its capacity information and ana-
Iytical systems. This will significantly reduce the time and improve
the quality of finding the necessary flow of information.

Key words: quality assessment, modeling, data collection, on-
tology graph analysis, budget analysis.

Introduction. Today many methods to select the appropriate quality
and efficiency of the plurality of possible scenarios or acceptable scenarios
based on analysis of the nature and the factors that affect the planning sce-
nario. In practice, the planning situation stands, different number of factors
on which the decision and determine the fundamental differences between
the procedures necessary formation scenarios. One of the very complex
and pressing problems today that require building effective scenarios for
its decision, the task of building and further optimization scenarios to ana-
lyze the budget process on an branched network. The problem of optimiza-
tion scenarios collect information on streaming branched network is one of
the most important tasks of handling large amounts of data [1, p. 29-30; 2,
p. 78-80; 3, p. 29; 4, p. 20-25].

The most important tool to address the budget process is the financial
analysis of regional budgets. In the conditions of crisis of the economy and
regions of the country, strengthening the role of regions and regional
budgets in solving economic and social problems, problems of stability of
regional budgets are very relevant [5, p. 103; 6, p.39-45].

Financial analysis allows the state budget to sum up over time, to de-
termine the effectiveness of budget spending, predict the state budget for
the next quarter or year and make decisions that will improve the financial
condition of the state budget. One measure of financial condition is con-
sidered to be the level of financial stability budget. Resistance budget al-
lows conclusions about the possibility of the normal functioning of public
power and the strength of its financial base of operations.

The main result of the analysis of financial stability is to get the
budget estimates of stability analysis for each subject over time and opin-
ion on the state budget stability for this subject. Based on these results,
you can make general conclusions about the financial condition of the
state budget, to make predictions about the state forward and decide on
actions to improve the economic situation to achieve stability and inde-
pendence of the state budget [7, p. 103].
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Software development for financial analysis of the state budget and de-
termine the stability of the budget can significantly reduce the time of analysis
and facilitates the work of state institutions and authorities [8, p. 300].

The overall structure of the network, determines the ontological
analysis features for solving the problem of the budget process on an
branched network rather complicated structure and a large number of ele-
ments for which it includes.

One of the most common solutions to such problems is characterized
in that at build script based on a particular ontology that describes the
space provided in determining benefits when evaluating the quality and
effectiveness of scenarios considered only one factor. However, other fac-
tors are not taken into account. Another common approach is determined
that the required scenario is determined taking into account two or more
factors may be taken into account in varying degrees.

Determining the required quality and performance scenarios for situ-
ations where the planning is based on one factor may be using these strat-
egies, using hierarchical graph describing the relevant ontology.

You can select the following basic quality assessment scenarios:

on the vector of priorities, according to the hierarchy of the ontology;
assessment of income and expenses from the sale of each scenario;
subject to peer review;

the results of the impact of implementation scenarios.

Determining the necessary quality and effectiveness of scenarios in
accordance with the second situation where planning controls a number of
factors, a number of features that require the selection of two different
planning procedures in hierarchical systems of several factors.

An important element of consideration of the impact of a number of fac-
tors to determine the necessary quality and effectiveness of scenarios is a
method taking into account the benefits of the effects of certain factors on the
value assessment scenario. The choice can be built as one of the strengths of
the factors and on the basis of the trade-offs between several or all factors

Automation solve such problems needs to build algorithms that can
enable unambiguous choice scenario based on a hierarchical structure de-
scribing ontology data on which to construct scenarios [9, p. 29-35; 10,
p. 260-262; 11, p. 262-265].

The purpose is to develop models and algorithms determine on the
basis of the constructed ontology defined some real hierarchical storage
network and the formation of the current data. This problem concerns the
choice of the most efficient scenarios by identifying and using the most
appropriate scenarios to the terms of a specific request.

Constructing scenarios based on ontology network storage. There
are many models for solving the problem of constructing scenarios based
on ontologies describe the subject area, which are based on various math-
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ematical methods. Among them are fairly common model for constructing
scenarios based on the structure data storage on an branched network,
which is typical analysis problems of regional budgets. Based on these
models and their various modifications built modern information-
analytical and information retrieval systems [12, p. 504].

This notion of ontology is considered as follows and defined as:

O ={T,AR,D}, Q)
T — set of terms that denotes objects and concepts of a domain, A — set
of attributes of concepts, R — set of relationships (links) between terms,
D — set of concepts and relationships.

In ontology graphically represented as a network, which peaks labeled
domain concepts, and edges indicate the connection between them. The base
is such hierarchical relationships of the «class— the class» and «part—
whole» that define the structure of the branched structure of the network stor-
age. Thus, ontology is a description of the structure of the subject area, provid-
ing insight together concepts and relationships between them.

To describe ontologies for tasks to select the appropriate quality and effi-
ciency of the plurality of possible scenarios or acceptable scenarios widely
used methods for describing and mapping are based on graph theory. The
most widely descriptions in a hierarchical graph tend to estimate both the
weight and the number included in the scenario description edges of the graph.

There are many methods to assess the number of ontology, but there is
no comprehensive approach to this issue. These methods examine some spe-
cific aspects, but most do so incompletely. An important factor for assessing
ontology is perspective from which it is viewed. It depends on which domain
it is applied and that is a priority for the user. It is therefore necessary to de-
termine which of the methods is most appropriate for a particular case.

Today has models which were to quantitative and qualitative advantages
of one over the other. Therefore, the development of new algorithms and
methods based on the combination of the advantages of different approaches
in building models is very relevant and needs to develop new solutions.

Evaluation of scenario models based on network storage
ontology. The structural approach to the ontology is most appropriate to
the task, because the presentation as a graph structure makes it possible to
measure its properties using the metrics by which you can determine its
quality and form recommendations for its improvement.

An important aspect of the structural approach is the need to assess the
effectiveness of building ontological model-based estimation cost reduction
finder graph describing ontology, compared with non-directional search path,
which corresponds to a script that is based on ontology described as a graph.

To estimate the reduction of search costs by the graph describing the
ontology, one can conduct an assessment of the effectiveness based on
assumptions, which is quite simple and can accurately assess the value
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selected for comparison characteristics. These estimates can be built on the
difference between full and partial passage through the column, which is a
graphical representation of ontology analyzed in describing the scenario.

The basis for such procedures can be obtained before passing on in-
formation about the count in the implementation of other requests that
overlap with current that the information obtained in the previous passage
through the column. This information is stored in the appropriate
knowledge base for each ontology, and hence for a the corresponding
graph. In addition, for the measurement of the efficiency of the approach
as a whole, reducing the degree of generality, we can consider some typi-
cal types of graphs for describing ontologies. This makes it possible to
determine the boundary for efficiency assessment approach in general.

In general, this situation can be seen that search query data for ontol-
ogy that consists of n levels already known based on the analysis of previ-
ous requests stored in the knowledge base, the results of the passage (ie,
partial search) form levels where

m<n. (2)

Then the effect of using previously obtained information for this case

will be

£ = on /(2n _ 2n—m) (3)

Thus the number of inspections during the passage of the count be
reduced to E again.

As shown in the Miller ontology evaluation suggest that the nhumber
of ties in one concept in fully connected graph describing ontology should
not exceed 9 [13, p. 81-90]. Thus, we can assume that in most cases the
actual total number of incoming and outgoing edges do not exceed 9.

Based on this assumption the maximum benefit from the use of pre-
viously received information possible way to construct a scenario for this
case can reach

Emax —g" /(9” _gn—m) (4)

To assess the effectiveness of building ontology model can be used
methods are based on finding the shortest path in the graph that describes
it.

In general, we can write that implementation choices to count the
ways to achieve the goal T according to the request:

T ={x|A(x)}, (5)
x — where all possible avenues on the graph. A(x) — the characteristic fea-

ture that captures the essence of a specific request and will lead to results.
Then
VadxVc(ce x < c<a), (6)

72



Cepia: TexHiuHi Haykn. Bunyck 20

¢ — all paths in the graph leading to the goal, a — the minimum distance
on the column corresponding to the target.

Thus, there is always a minimum distance on the column correspond-
ing to the goals that demand, then there is always

Trin = min(a) @)

Problem finding the shortest path in the graph (Single Source Short-
est Path — SSSP) [14, p. 370-385] are formed based on common charac-
teristics graph model describing ontology.

Let a given graph with weights arcs and dedicated source of top — u.
The sequence of arcs called by that goes from the top u to the top v.

It is necessary for each vertex v, accessible from the top source u,

specify the path that has the smallest possible total weight: P (u,v)
f*(v):f(P*(u,v))zminf(P(u,v)). (8)

Objectives can be set for both targeted and for an undirected graph. This
kind of problem can apply in both cases. The problem satisfies the principle of
optimality if the path is part of the shortest path, that is the shortest path from
the source to the top u w. The principle of optimality means that for each ver-
tex v shortest path instead of just enough to keep it past the arc.

Consider the weighted graph with n vertices and m arcs with weights.
For it is necessary to construct the shortest path from vertex u (initial) to
top v (final).

The shortest path from u to v can be restored if the time starting from
the top v, place ribs in the opposite direction until, until the top has u. Ribs
can be restored bust curves for each vertex:

e, e{(u,v)eE|f (v)=f (u)+ f(u,v)} )

To find the shortest distance (v) on a set of curves, it is necessary to
build a tree on which to search with the ability to parallelize. The most
common processing tasks to streaming information on the network is
branched breadth-first search algorithm [15, p. 285-292; 16, p. 350-360].

This algorithm can be used to solve the problem of finding the shortest
path for all pairs of vertices. For this algorithm should run for each vertex.

For optimization problem scenario analysis of the budget process on an
branched network based ontologies describe the structure of storing data in a
hierarchical graph search algorithm in width allows us to calculate the short-
est distance from the selected vertex directed graph all the other nodes. In
addition, the breadth-first search can solve the problem of checking range,
ie, whether there are ways between the top of the source and the other verti-
ces of the graph. The algorithm is based on the vertices traversing the levels
of hierarchy. The idea of breadth-first search algorithm allows to develop
different versions of the algorithm according to the specific tasks to be
solved with desired properties and actions that it should include.
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To solve the problem of optimization scenarios analysis of the budget
process on an branched network based ontologies describe the structure of
storing data in a hierarchical graph, offered the following modified breadth-
first search algorithm that significantly reduces the time to find ways of build-
ing scenarios collect information on streaming branched network.

Let a given graph without weights with a dedicated source of top u.

In this way P (u,v) between vertices u and v is the set of arcs

(Uv), (VY5 ) s (Voga V). (10)

Path length d(u, v) denote the number of arcs in this way between
vertices u and v. Breadth-first search finds the shortest path from vertex u
to all other vertices.

At the beginning of the algorithm, the distance to the top of the source

d(u)=0, (11)
for other peaks
d(v)=o00,Vvu. (12)

Computing core algorithm is circumvention of vertices adjacent to the
selected vertex v, followed by the addition of not yet visited peaks in the set P.
This operation is performed at each step for each vertex, suchthat veV .

The algorithm consistently clarifies the function d(v). To take into
account the features of construction problems scenario based on a hierar-
chical ontology introduce an additional function as the process of forming
a scenario with desired properties and actions, that it should come in the

form: F(v;,v;)=1, if v; corresponds to the implementation of at least

one of the actions that are a part of the script actions under construction.
F(v;,vi)=0, if v;is not responsible enforcement is not one of the ac-

tions that are a part of the script actions under construction.

Number of levels in the column is r, and the number of items in each
level e.

The sequence of actions to assess the quality of the modeling of the
analysis of information on the network can be as follows:

1. Selection on the lower layer of the vertices of the graph corresponding
to the quality function.

2. Analysis of the links of the selected vertices with the vertices of the
next level, which is located higher in the model hierarchy.

3. Saving the edges of the graph corresponding to the found relationships,
for subsequent analysis and use in search operations.

4. Repetition of iterations to the exit to the search source at the top level.

5. Consolidation of all collected edges and vertices of the graph, which is
built on the basis of the quality function, that is, the request for infor-
mation search.
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6. The ordering of all paths on a constant graph in accordance with the
function of quality.

7. Analysis of the scenario model based on the selection of the shortest
paths with the minimum number of edges on the graph.

vi=ag fori=Il, .., e
vi=ag; forj=1, ..., e

Y
k=k-1
No v

A 4
I

+
—~

Yes

h
E*l(v; vy) defined

Process is completed

Fig. 1. Algorithm structure

The work developed a simplified version of the algorithm passes
(Fig.1) to count layers (into layers) below the top of the last layer of the
first. Obtained at the previous iteration result identifies one of the curves
e(vj, vi), which is the basis for finding a new arc on last layer on top v;. If

any layer except the bottom, you cannot find e(vj,vi), which complies
with the quality features
F(vj,vi):l. (13)
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Then the process is repeated with the transition to a single layer and
find your way back repeated. This excludes from consideration arc, poorly
chosen. If any condition layer generally cannot be done, it means that the
scenario cannot be built on this column. Then it is necessary to make
changes and rebuild ontology graph that describes it, and then to re-build
script on a new ontology.

As result of actions described algorithm we get a script that meets these
criteria, in accordance with the basic ontology that describes the graph. The
algorithm reflects the sequential process of identifying a sequence of arcs con-
necting the vertices of the bottom layer to the top of the parameters of life.

When you search for information on loved ones in the form request-
ed, we use an existing model script, which significantly reduces construc-
tion time by reducing the number of layers in question, but does not pre-
clude the need to revise the ontology and its restructuring.

Conclusions. In the paper the problem of optimization, scenarios
streaming collection of information on branched network of the example
of the problem of building and further optimization scenarios to analyze
the budget process. Shown use structured approach to the ontology as con-
sidered most appropriate to the task of presenting the structure as a graph.
Moved assessment of the effect of the use of partial information previous-
ly obtained by constructing scenarios collecting information flow on the
network, described the count, with further refinement information.

The use of an integrated approach based on finding the shortest path in
the graph (SSSP) and model ontology as a graph that realizes the possibility of
using algorithms based on traversing the vertices in the hierarchy, i.e. layers.

An approach to the construction of a modified breadth-first search al-
gorithm that significantly reduces the time to find ways of building scenarios
collect information on streaming branched network. Described in the article
optimization algorithm approach for constructing scenarios collect infor-
mation on flow tested on branched network in the development of pilot sys-
tems, financial analysis of regional budgets. The algorithm allows to devel-
op a set of software tools that provides plenty full and complete optimization
problem solving scenarios searching and collecting information flow on an
branched network. One of the promising areas of application of the algo-
rithm is used to build its capacity information and analytical systems.
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YTOYHEHHA TUNOBOIO CLUEHAPIIO
3A JOOATKOBUAMU MOKA3HUKAMMU

Y poOoTi po3riIsHYTI 3amadi OLIHKH SIKOCTI MOJICTIOBAaHHS CIICHApiiB
300py MOTOKOBOI iH(OpMaIlii Ha po3raly)keHili Mepexi Ha MpHKIaai 3amadi
noOyIOBH Ta MOJAIBLIO] ONTUMI3ALI]l CLEHApiiB Ui aHaN3y OIIKETHOTO
HPOLIECY Ha PO3ralyXeHil Mepexi. [lokazaHO BUKOPHCTaHHS CTPYKTYPHOTO
MiIXOY 0 PO3IJIAAY OHTOJIOTII, IK HaHOLIBII BiAOBIAHOTO O PO3TJISIHYTOT
3a/1adi, 3 MPeCTaBICHHsIM CTPYKTYpH y BUIIsiAl rpady. [lepeBeneHo omiHKy
edexTy Bix BUKOPHCTAHHS paHillle OTPHIMAHOI 9acTKoBOI iH(popmarii 1o mo-
OynoBi cuieHapiiB 300py ITOTOKOBOI iH(poOpMAamii Ha Mepexi, 0 OMHCYEThCS
rpacoM, IpH MOJAIBIIOMY YTOUHEHHI iHpopMmanii. HaBeneHno ¢popmanizona-
HHH OIHC iepapXivdHOi CTPYKTypH cucteMu. IIpencraBneHo mpukiang CTpyk-
TypH B3a€MOJIi1 €lIEMEHTIB OHTOJIOTI1 IS 331a4i OI0/KETHOTO aHai3y.

3anponoHOBaHO BUKOPHCTaHHS KOMIUIEKCHOTO MiIXOAYy Ha OCHOBI
MOUTYKY HAMKOPOTIINX IUISXiB MO Tpady Ta MOIET OHTOJIOTI] y BUTJIAII
rpady, o peaizye MOKIJIUBICTh BUKOPUCTAHHS aJTOPUTMIB, IO 3aCHOBA-
Hi Ha 00X0/i BepIIHH rpada 1o napax iepapxii.

3anporoHOBaHO MiIXi/ 10 MOOYJOBH ANTOPUTMY ITOLIYKY B IIMPHHY, IO
3HAYHO 3MEHIIY€ Yac IMOUIyKy HIIAXIB UL MOOYJOBH CLeHapiiB 300py MoTO-
KOBOi iH(opManii Ha posraidykeHii Mepexi. Onucanuil y craTTi miaxig 10
NMOOYIOBH AITOPUTMY OIUHKHU SIKOCTI MOJEIIOBaHHS CIIEHapiiB 300py MOTO-
KOBOI iH(OpMarii Ha po3raiyKeHiil Mepexi anpoOoBaHUI MPU Po3poOdL Ti-
JIOTHOTO TIPOEKTY CHCTeMH (hiHAHCOBHIT aHANI3 perioHanbHuX OromKkeTiB. Po-
3pOOJICHUI AMTOPUTM JO3BOJISIE PO3POOUTH KOMIUIEKC IPOTPaMHHX 3ac00iB,
o 3abe3rnevye ITOCTaTHHO TOBHE 1 IUTiICHE PIilICHHS 33ja4 YTOYHECHHS Ta
ONTHUMI3allisl CIICHAPIB, M0 3AICHIOIOTH MOIIYK Ta 30ip MOTOKOBOI iH(pOP-
Malii Ha po3ramyxeHiit Mepexi. OHUM 3 TePCIEeKTUBHUX HAMPSIMKIB 3aCTO-
CYBaHHS OIMCAHOTO IIJXOAY 0 OLIHKHU SKOCTI MOJETIOBAHHS CILEHApIiB, €
BUKOPHCTaHi HOro MOXJIMBOCTEH Ul MOOYIOBH iH(OpMaIiiiHO-aHaTi-
THYHHX cucTeM. Lle 1acTh MOXKIIMBICTD 3HAYHO CKOPOTHUTH Yac Ta IiJABHILH-
TH SIKICTB MTOIIYKY HEOOX1THOT MOTOKOBOI iH(pOpMaAIIii.

Kiwuosi ciioBa: oyinka sikocmi, mooenosanns, 30ip ingpopmayii, on-
Mono2is, ananiz 2payy, 6100Hcemnutl ananis.

Otpumano: 27.08.2019
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CEPEQOBMLLE MOOENOBAHHA HENPOHHUX MEPEX
anda PO3B’A3AHHA 3AOAYI KNTACTEPU3ALII

3amaua KIacTepu3allii po3B’s3yeTbes B OaraTboX NPHKIAJAHUX Ta-
ny3sx. JlocsrHyTH 1 IIBHAKOTO Ta JOCTaTHHO TOYHOTO PO3B'SI3aHHS
MOJKHa 3a JIOTIOMOTOIO CTIeI[iaJTbHIX HeHPOHHUX MEPEeK — KapT CaMo-
opranizanii Koxonena. lleit Tum HEHPOHHUX MeEpEeX MOCTIHHO BIOC-
KOHAJTFOETHCS SIK Ha PIBHI aJITOPUTMIB, TaK 1 Ha piBHI IPOrPaMHOTO 3a-
OesreyeHHs. ToMy JOIIBHO CTBOPIOBATH CIICI[iNbHI MPOTpaMHI iH-
CTPYMEHTH, IO JO3BOJIIIOTH B OJHAKOBHX YMOBAX MPOBECTH HABUYAH-
Hi Ta Oe3mocepeHb0 OOUUCITIOBATIEHI €KCIIEPUMEHTH 3 PO3B’SI3aHHS
3aa4i KiacTepu3anii Uil KOPEeKTHOTO MOPIBHUIBHOTO aHaJi3y OTpH-
MaHUX Pe3yIIbTaTiB. J|pyriuM 3aBIaHHSIM TAKOTO CEPEIOBHIIA € BU3HA-
YeHHs. ONTHMAJIBHOTO IPOTPaMHOTrO IHCTPYMEHTAapilo pO3B’SI3aHHS
NPHKIIATHAX 3329 TEXHIYHOI AiarHOCTHUKH, HaIPHKJIa, IOIIYKY aHo-
MaJtiH, Kiacugikallii CHrHaTy 3 BTpaTaMu.

VY poborti 00TpyHTOBAaHO OOpaHHs iCHYIOUNX NMPOTPaMHUX pea-
mizaniii kapt camoopranizanii SOM (self-organizing map) rta Bia-
noBiHUX iM OaratomapoBux meprenponis  MLP (multilayer
perceptron) msst po3s's3aHHs came 3aj1adi knacudikarii. Bei obpai
MpOTpaMHi peatizalii € BUIbHOZOCTYITHUMH Ta PO3NOBCIOIKYIOTh-
Csl 3 BIAKPHUTOIO JILIEH3I€T0.

Busnaueno mapametpu SOM ta MLP, Ha siki MOKe BILTHBATH
ekcriepuMenTarop. O6paHo kputepii HopiBHAHHS peaiizawniii SOM.

HaBezneHo apXiTeKTypy cepeqoBHIa MOJIESIIOBAHHS 1 pencTa-
BJIEHO ()YHKITIOHAI 1Or0 KOMITOHEHTIB.

Jns neMoHCTpamii 3acTOCYBaHHS 3alpONOHOBAHOTO Cepelo-
BUII[A TIPUBEJCHO PO3B'SI3aHHS KIACHIHMX TECTOBHX 3a]ad MAIIHH-
HOTO HaBuaHHSA. lle M03BONMIIO MPOBECTH KOPEKTHE MOPIBHSIHHS
pe3yabTaTiB OOYHCITIOBATBHUX SKCIIEPHMEHTIB, @ TAKOXK e(EeKTHB-
HOCTI NMPOTpaMHUX peaiizalliil sk 3a 6a30BHM, TaK i 3a ONTHUMI30-
BaHHUM aJIrOpUTMaMH.

KiwouoBi cioBa: HelpoHHI Mepexi, KapTH caMoopraHizarii
Koxonena, SOM, GSOM, ESOINN.

Beryn. besnepepBHuii aBTOMaTHYHWN aHaJi3 CHTHANIB HEOOXiTHUMA
JUTSL TITATHOTO (DYHKIIOHYBaHHS TEXHIYHUX cucTeM. J[is fioro peamizarii
IIHPOKO BUKOPUCTOBYIOTHCS CIICIialibHI 3aCO0M pO3Mi3HABAHHS, HAacaMIIe-
pen, HelipoHHI Mepexi. [ po3B’si3aHHs B pealbHOMY Yaci 3aJad Kiiacte-
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pu3anii curHaTy, HalpUKJIaA, IPU PO3Mi3HABaHHI NepeqaBapitHuX peXH-
MiB po0oTH 00JIagHAHHSI, AOIIFHO BUKOPHUCTOBYBATH HEHPOHHI Mepexi
Koxonena — SOM (Self-organizing map). LIi Mepesxi 103BOISFOTH PO3ITi-
3HABAaTH BXiMHUH CHTHAJ 3MIHHOTO PO3Mipy i MPOBOJUTH HAaBYAaHHS Ha
obMmexxeHi#t BuOipmi. Po3B’s3aHHS KOXXKHOI MPakTHYHOI 3a1adi IMOTpedye
MIOITYKiB apXiTeKTypH HelpoHHOI Mepexxi SOM Ta HamamTyBaHHS 1i ma-
paMeTpiB, TOMy CTBOpEHHsI ()peiiMBOpKa AJIsl MOPIBHAHHS SKOCTI KiacTe-
pu3aLii akTyalbHe Ta Ma€ NPaKTHYHY 3HAUyLIICTh.

OcHoBHi BrockoHasieHHs: SOM MO»KHa YMOBHO TOJIJINTH Ha ONTHMi3a-
IF0 32 KPUTEPisMU MIBUIKOCTI HABYAHHS Ta TOYHOCTI poOOTH. OCKIIBKU B
pobodoMy pekuMi KOHTPOJIIO OOJIaJHAHHS BUKOPHUCTOBYETHCS HaBUCHA Me-
pexa, oJabIii JOCITIIKEHHS OyJIM CIIPSMOBaHI Ha ITiIBUIICHHS! JOJi KOpEeK-
THOI Kimactepm3anii SOM. HaiiBimominmmMy cydacHHMH ONTHMI3amissMH 3a
kputepiem TouHocti € amroputmMu: GSOM (Growing Self-Organizing
Maps) [1], SOINN (Self-Organizing Incremental Neural Network) [2],
ESOINN (Enhanced self-organizing incremental neural network) [3].

[porpamHi pearizamii Mepex BUIIE3a3HAYCHUX aITOPUTMIB € BUTHHOIO-
CTYIIHUMH Ta PO3MOBCIOKYIOTHCS 32 BIAKPUTOIO JlilieH3iel0. Bonu npezacTas-
neni Ha pecypei Github [4]. Bei 11i peaizarii po3paxoBaHi Ha KJIACTEPU3AIIIO0
HETIEPEepBHOTO CUTHAITY 32 TUCKPETHUMH 3HAYCHHSIMH Yepe3 CTall MPOMIKKH
yacy. OfHaK B TEXHIYHII AIarHOCTUII € 337124, B IKMX HEMOKIJIBO OTPUMATH
TaKWil CHIHaJ, HANpPUKIAJ, NMPU PO3B’s3aHHI 33ja4 MOLIYKY aHOMaiiili abo
PO3Mi3HaBaHHI CUTHAJY 3 BTpaTaMu. [ momiOHuX 3amad HEOOXITHO po3po-
OWTH HOBI JTOPUTMH, TOTOBHEHI BiTHOCHO OasoBoro ayropurmy SOM, i,
BIJINOBIIHO, TPOBECTH iX Basmifariro. [Ipuknan takoi po3poOKU HABEICHO B
craTTi [5] s 3amai Kinacugikarii 3a XapaKTepUCTHIHAM CHTHAJIOM 3 BATIATI-
KOBHMH BTpaTaMH Ha OCHOBI KapT caMOOpraHi3arlii.

AnpobyBaHHS HOBHUX po3pobok SOM motpebdye CTBOPEHHS YMOB IS
X HaBYaHHS 1 IPOBEICHHST KOPEKTHOTO MOPIBHSAIBHOTO aHAJI3y pe3yJibTa-
TIB TECTYBaHHSA 3 ICHYIOUMMH MPOTPAMHUMH peainizanisMu. Kpim mporo
JUIsl PO3B'sI3aHHS KOXKHOI NMPUKJIAIHOT 3a/a4l TOUIBHO MPOBOAUTH MOJE-
JIFOBAHHS 3a MapaMeTpaMy iX aJITOPUTMIB UIsi OOpaHHS ONTHMAJILHOTO B
KO’KHOMY TOTOYHOMY BUMAJIKY. [yl po3poOKH BIOCKOHAJIIEHUX aJITOPHT-
MiB SOM Ta onTuMi3alliii po3B’si3aHHs NMPUKIAJHUX 33]a4 Ha OCHOBI ic-
HYIOUHX pO3p00OK HEOOXiZTHO CTBOPUTH CEPEIOBHIIE MOJCIIOBAHHS KapT
camoopranizanii KoxoHeHa 3 BOysmoBaHUMH anpoOOBaHUMH peai3auisMu
anroputMiB SOM i MOKITMBICTIO TiAKJIFOUEHHSI HOBUX PO3pOOOK.

Meta: po3poOUTH CepeloBHINE MOJIEIIOBAHHSI HEHMPOHHHX MEpEx
KoxoHnena 1 mopiBHAIBHOTO aHANI3Y ICHYIOUMX MPOTPaAMHUX peatizariiit
SOM 1pu po3B’si3aHHI 33a7adi KJIACTepU3allil Ta JOBEACHHS KOPEKTHOCTI
HOBUX MO/IM(IKOBAHUX AITOPUTMIB.

Jlist nocSTHEHHS TIOCTaBJICHOT METH BUPIIIIEHO TaKi 3ajadyi:

1) BuU3HAYMTH KPUTEPii MOJCTIOBAHHS B CEPEIOBHIIL;
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2) po3poOMTH apXiTeKTypy cepemoBuia momemtoBanus SOM, intepdeii-
CH Ta IHIIWHA JOTOMDKHHUHA (pyHKIiOHAN, 30KpeMa 0a3m JaHUX Ta Bia-
TIOBiTHY IPOTPaMHY peaji3allio;

3) mpoBecTH OOYMCIIOBANBHI EKCIIEPUMEHTH B 3alPOMIOHOBAHOMY cepe-
JIOBHILI MOJIEJTFOBAHHS.

IMocTranoBka 3a7a4i Mo/eIIOBAHHA /IS HeiipoHHOi Mepexi SOM.
IIpu cTBOpeHHI cepenoBuIa HEOOXiMHO BpaxyBaTH, 0 SOM BHKOHYE Tillb-
KU 3a/a4dy Kiactepusarii. s KiHIIeBOro BH3HAYCHHS HAJICKHOCTI CHUTHATY
JI0 TIEBHOTO KJIACYy HEOOXiTHO IONATKOBO PO3B’SI3YBATH 3a/1ady PO3IICHHS
kiaciB. HaifgacTimre 11 1[bOTO 3aCTOCOBYIOTH JOAATKOBY HEMPOHHY Mepe-
&Ky — Gararomaposuii iepuerrrpod — MLP (multilayer perceptron).

TakuM 4MHOM 33/1a4a PO3Mi3HABaHHA PO3B’sA3yeThes moeTanHo. Cro-
yatky SOM HaBuaeThCsl 32 MOJAHUMH XapakrepucTukamu. Ilicis mporo
JIBOMipHa Matrpulsl 3HaueHb pelliTKH Wsom EPETBOPIOETHCS B OJHOMIp-

HUH BEKTOP-CTOBINUMK X KWW paii momaeTses Ha Bxim MLP. Has-

mlp *
yanHs MLP npoBoauThecst 3a mpHKIanamMy, OTPUMAHUMH Ha 3a3/aJierib
HaBueHii SOM. Ha pucynky 1 300paxkeH0 etanu po3B’si3aHHs 3a]a4i Kia-
cuikamii 3 BU3HAUSHHSM BX1IHOI 1 BUXiJHOT iH(popMaIlii.

Knactepuzaujin . Knacudpikauia
o AMOBIpHICTL
BXxigHwii curHan Buxip, pewikik npuHanexHocTi 4o
SOM : Knacy
—— P SOM : P  MLP S
< : % P
X W, ———t— Xy

Puc. 1. Emanu naguanns KOMNieKcy Hetipomepelc

Cepenosumie monemoBanHsI SOM Moxke OyTH 3aCTOCOBaHE y JIBOX
BHUIIAJIKaX:

1) nnst oOpaHHs ONTHUMANBHOI peaiizallii KapTH caMoopraizaiii npu
PO3B’s3aHHS MOTOYHOT IPUKJIAIHOT 3a/1a4i;

2) nnst Bepuikallii Ta KOPEKTHOTO MOPIBHSHHS HOBHX po3pobok SOM 3
ICHYIOUHIMH.

Tomy npu MpoeKTyBaHHI CepeJOBHUILAa MOAEIIOBaHHs OyJIO MpoBeie-
HO aHaJi3 icHylo4ux peanizaniiit SOM, sk 3 TpaAULIHHUMH TaK 1 3 OTITHMi-
30BaHUMH aJITOPUTMaMi (QyHKIIOHYBaHHS.

CepenoBuliiie TOBUHHO MaTH MO>JIMBICTb BUKOPHCTOBYBATH iCHYIOUI Ta
3py4HO JI0/1aBaTH HOBI po3po0KH Helipomepesk KoxoHeHa Ta IHIIMX THITIB.

st BOYZIOBM HOBHX MEpeX Iepe10aueHO 00rOpTKH — wrappers, sKi
B32EMOJIIIOTH 3 yciMa MepeXaMH, B TOMY YHMCII 1 3 THMH peaizallisiMu, sKi
IMIUIEMEHTOBAHO Ha iHIIMX MOBAX MPOTPaMyBaHHS.

B cepenosuine BOyoBano taki pizHoBuan SOM: GSOM [6], SOINN
[7], ESOINN [8], SOMbase, SOMmod [5], Encog [9], NeuroPH [10].
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Mepexi Encog, NeuroPH € anpoGoBanumMu pearizamissMi 6a30BOTO anro-
putmy SOM. Mepexi GSOM, SOINN, ESOINN € omanmu 3 HafieeKkTH-
BHIIIMNX aJTOPUTMIB ONTHUMI30BaHMX KapT camoopraizamii. Mepexi
SOMbase Ta SOMmod € npukiagaMy JOJaHUX MEpex 3 BiAMOBiIHO Oa-
30BHM Ta ONTHUMIi30BaHWM anroputMoM. Lli Mepexi BHKOPHCTaHO IS
PO3B’sI3aHHS 3a/1a4i PO3Ii3HABAHHS BXiTHOTO CHTHAJIY 3 BTPAaTaMH.

B Tabmumi 1 HaBeneHo Ha3BH Bcix SOM, siki BKIIOYCHI B CUCTEMY
MOJICIIOBAaHHS, Ta Bigmosigai im MLP.

Jns cepenosuiia 0yio po3po0JieHO BIacHHI OaraTonrapoBHil EPLCIT-
por — MLPbase. OHak 3aB/ISKY Pi3HAM MPOrpaMHUM peatizamisiM SOM, 1o
MepeXy He MO)KHAa BUKOPHCTOBYBAaTH Ha BCIX KapTax camoopraHizaiii. Tomy
Juts peantizaniit Encog ta NeuroPH Brukopuctano MLP 3 ixHix 6i0mioTex.

Tabmums 1
Bionogionicme neiipomepesc SOM ma MLP 6 cepedosuyi
Ne Mepe:xa SOM Mepe:xa MLP
1 GSOM MLPbase
2 SOINN MLPbase
3 ESOINN MLPbase
4 Encog Mepesxa i3 Encog
5 NeuroPH Mepexa i3 NeuroPH
6 SOMbase MLPbase
7 SOMmod MLPbase

I[J'IFI HaBYaHHA KOMIIJICKCY r[epez[6aqu0 3alaHHs TaKHuX r[apaMeTpiB:

1) koedimient mBuakocti HaBuanus (learning rate) aas SOM;

2) xoedimient mBuaKocTi Hauauus (learning rate) aast MLP;

3) KimbKiCcTh €moX 10 3MEHIICHHs KOC(IliEHTy MIBUIKOCTI HABYAHHS IS
SOM;

4) koedillieHT 3MEHIIIEHHS IBUIKOCTI HaB4aHHs 171t SOM;

5) BenuumHa 3MeHIICHHsS KoedilieHTa HaByanHs MLP npu Buxoxi #ioro
Ha mato (Learning Rate Scheduler).

[Mepiui 1Ba mapameTpy BILIMBAIOTh HA IIBWJKICTh HaByaHHs. Tperii
Ta YETBEPTUIH — MOTPIOHI 11st OLIbII TOUHOTO HaB4aHHI SOM, I’ aTHA —
JUIst KOpeKTHOro HaBuaHHs MLP. [l BU3HaU€HHS TPEThOTO Ta YETBEPTO-
ro IapameTpy HEOOXiJHO NMPOBOJUTH EKCIIEPUMEHTH 3 JOCIIUKEHHS I10-
MMJIKH Ha TE€CTOBIH BHOIPIIi MPH ITOBHOMY LUK HABYAHHSL.

Edexrupnicts peamizanii SOM s po3B’s3aHHs NOTOYHOI 3a/adi
BU3HAYAETHCS 32 TAKUMHU KPUTEPISIMU:

e uac HaBuauHs SOM (Tsom);
® yacTKa KOpeKTHOI kiacudikanii Ha kommiekci SOM ta MLP (D);
e yac poOoTH Ha IeBHOMY Habopi nanux (T).
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ApxitekTypa cepenouma. OcHOBHa mpoOiieMa MOJATAaE B TOMY,
10 TOTPiOHO MOETHYBATH ICHYIOUI peaiizamii HSHPOHHUX Mepex Ha pi3-
HUX MOBax IporpamMyBaHHi. ToMy B apXiTeKTypi BUKOPHUCTaHO MOAYII —
00ropTKH (Wrappers) At KOxHOI 3aBaHTakeHoi SOM.

Ha pucynky 2 BimoOpa)keHO apXiTeKTypy cepenoBuima. Ha pucyHky
BHOKpPEMJIEHO KYPCHBOM BCi KOMIIOHEHTH, SIKi Peai30BaHO B JaHOMY IIPO-
exTi. Peanizanii HeHpOHHUX Mepe peayi3oBaHMX Ha IHIINX MOBAaxX Ipo-
rpaMyBaHHS, BUOKPEMJICHO CipuM KoibopoM. CepenoBuile pealizoBaHO
Ha MoBi C++ 3 BUKOpuCTaHHsM OibmioTekn Qt aist B3aemonii 3 6azamu
nanux ta JNI mig B3aemonii 3 MoBoro Java.

Main

Bba3a

Input \,
Preproceso\

~
3

=

=

Params

Modeling

SOINN

SOMbase

SOMmod

NeuroPH MLP__ o

I

Encog ‘ MLPm,g ‘

Puc. 2. Apximexmypa cepedosunuja MOOeI08aHH s KAPM CAMOOP2AHI3ayii

CepenoBuiie peai3oBaHO Yy BUTIISII 3aCTOCYHKY, SIKMH CKIIaIa€ThCs
3 TAKMX OCHOBHHX MOJIYJIIB:

e 0aza JaHMX — MICTHTh TECTOBI Ta HaBYaJIbHI BUOIPKH;

e wmoayns InputLoader — 3aBaHTaxye HaBUaIbHY BUOIPKY 3 0a3u TaHHUX
abo ¢aitnoBoi cucremu. Moaynb Miciisl 3aBaHTaKCHHS Iepejae BCIO
BUOIpKy B Moayib InputPreprocessor;

e Moaynb InputPreprocessor — o6po0isie HaByasbHy BHOIpKY. Momyib
JIO3BOJISIE TIPOBOJMTH €KCIIEPUMEHTH 3 BTPAT, CIIOTBOPEHHSI CHUTHAIY,
BHECCHHS aHOMANii B CHUTHAI a TaKoX (OpMye MOCTAHOBKH 3ajadi
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knacudikamii Ta Kiaacrepusanii B pododomy pexumi. [Ipn HaBuanHI
MIPUKJIAIN TIOAAI0THCS Oe3mocepenHko Ha 00pany pearnizarito SOM;

e wmoxyns NNComplex — peaizye iHTepdeiicu HaJ pi3HUMH peaizaiisiMu
Heripomeperxk (SOM ta MLP). Ims mepexx GSOM, NeuroPH, Encog
3po0JIeHO 0OTOPTKH JUIS B3a€EMOJIiT JOJATKY 3 peali3alisiMi X MOB;

e wmoxyms ModelingParams — MicTuTh TlapameTpu HaBYAHHS, Taki K
mBUAKICTE HaBuaHHss MLP ta SOM Ta iHmmi;

e MOIyNh Main — peanizye OCHOBHMI (DYHKITIOHAIN, SIKHH Oe3mocepeaHbo
B3a€EMO/II€ 3 YciMa MOYJISIMH, IPOBOJIUTH HaBUaHHS Ta 301p CTATUCTHKH.

Kosna 3 peanizaunii SOM wmae Binnosiany iit peamizamiro MLP, sika

BHUKOPHCTOBYETHCS aBTOMATHYHO.

OO0uHCTIOBAIBbHI CKCIIEPUMEHTH. ATIpo0Oarliiro po3po0IeHOro cepeio-

BHIIA IIPOBEJCHO HA TaKHX 33/1a9ax:

e wiacudikairis ipucis @imepa [11];

e po3mi3HaBaHHS PyKOMUCHUX [P 3a 6a3oro manux MNIST [12].

i 3a1a4i € KTACHYHUMU TECTAMH JJIs1 HCUPOHHHUX MEPEK.
Ipucu ®@imepa — 1e 3agayda kiaacudikalii ipuciB TPpOX BHIIB 1O YO-

THPBOM XapaKTEPHCTHKAM:

JOBXXMHA 30BHIIIHBO{ YACTKH OLIBITHHY;

MIMPYHA 30BHIIIHBOI YaCTKH OLBITHHH;

JOBXHHA BHYTPILIHBOI YaCTKH OLBITHHHU;

HIMPYHA BHYTPIIIHBOT YaCTKU OLBITHHH.

Habip nanux 3 knacudikanii ipuciB mictuts 150 npukiauis.

MNIST — 6a3a gaHuX pyKOMUCHUX DU(P pO3MIpHICTIO 28X28 miK-
ceniB. Lleii Habip nanux mictutb 70000 npuknamis.

B 1aHuX 00YMCIIOBAJIBEHHX SKCIIEPUMEHTAX CTAaBHJIACS 3ajada Mmopi-
BHSHHS e(DeKTHUBHOCTI peaizanii 6a30Bux Ta ontuMizoBanux SOM.

st po3B’si3aHHs OyJI0 MOCTITOBHO HABYEHO BCl HEHPOHHI Mepexi 3a
TaKOI0 HOCIIJIOBHICTIO:

1. 3aBanTraxxeHHs BUOipku 3 aiiry abo 06a3u naHMX.

3aBaHTaXyeThCS 3 PO3MOAUICHHAM Ha TPEHYBaIbHY Ta BallilaliiHy
BUOIPKH.

2. Hauanus SOM.

SOM HaBYa€eThCS 3 MOYATKOBUM KPOKOM HaB4YaHHA. Uepes MeBHY Ki-
JBKICTh €TI0X MPOBOANTHCS 3MEHIIEHHS KPOKY HaBUaHHS Ta ITOBTOPCHHS
ILOTO IUKITY 10 KiHIs HaB4aHHI SOM.

3. HaBuanus MLP.

[Micns 3aBepiienns HaBuaHus SOM, BinOyBaerbest HaBuanHs MOP.
[Ticns xoXHOI ernoxu BigOyBaeThCsl MepeBipka ToyHOCTI podotn MLP. ¥V
BHIAJIKY, SKIO TOYHICTh HA BaNiJAIiiHiA BHOIpII HE 3pocTae 5 emox mo-
CIIiJIb, 3MEHUIYETHCS KOE(DILIEHT MIBUIKOCTI HAaBYaHHS Ta MPOLEC MPOJIO-
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BXKYETHCS 3 HOBHMH MapamMeTpamu. SIKIIO TOYHICTh HAa BaNiJaiiiHilA BU-
6ipui He 3poctae 12 enox — HaBuyaHHa MLP 3aBepuryerscst.

B Tabnuiii 2 3BeneHO mapaMeTpu HABYAILHOTO KOMILICKCY, SKi 3a-
CTOCOBYBAJIUCS Y 3a/1a4ax.

Tabmurs 2
Ilapamempu naguanus komniexcy
IMapameTpu HaBYAHHS KOMILIEKCY Ha6opu n1anux
Ipucu ®@imepa MNIST
Koedimient mBuakocti Hapyauus SOM 0.2 0.2
Koedimient mBuakocri Hapuanus MLP 0.2 0.2
KinmpKkicTh emox 10 3MeHIIeHHs KoeilieH- 50 30
Ty MIBUAKOCTI HaBUaHHA At SOM?2
KoedimieHT 3MeHIIICHHS MIBUIKOCTI HaB- 5 5
yagHs 111 SOM
KoedimnieHt 3meHImenHs koedimieHTa HaB- 5 5
yanHs MLP npu Buxoni ioro Ha riaTto

Jis OIiHIOBaHHS pe3yNbTATIB EKCIEPHUMEHTIB Oyio oOpaHO Taki
KpHTepil:
® YacTKa KOPEKTHOI KITacHu(piKarlii;
® yac HaBYaHHS;
e yac 00poOKH HAOOPY MaHMX.

OcranHi 2Ba KpuTepii BU3HAYaI0Th €(DeKTHUBHICTh PO3B’SI3aHHS 3a/1a4i.
Pesynbratn eKCIepUMEHTIB 3BEACHO 0 Ta0mIIi 3.

Tabmmns 3
Pezynomamu po3s’sasauns 3a0ay
Peanizaunia SOM > =z % % § Q E
5| Z|s|<|E|8]¢
) o o = S (Z) 5
Kpurepiii oninroBanus o n @ 8 8 w| Z
Knacugikamis ipucis ®imepa
Yac napuanus SOM (Tsowm), cex. 32 1311|3112 |12|13]|13
Tounicts knacudikanii (D), % 92 | 91 | 92 | 86 | 86 | 86 | 86
Yac po6oru (T), cek. 55161 (54|31]31]33]33
MNIST
Yac naBganas SOM (Tsowm), cek. 211 | 197 | 195|173 | 169 | 175 | 178
Tounicts knacudikauii (D), % 95.4195.6 {96.1|90.1]90.1|90.2(90.1
Yac podotu (T), cek. 270 | 220 | 210 | 140 | 140 | 152 | 154

Ockinbku ipucu Pimepa MatoTh 0OMeXeHU Habip JaHUX, MpeacTa-
BIIEHHSI BCiX MPUKIIAJIB IOTO HabOpy 3aiiicHoBaiock 10000 pasis.
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PCSyHLTaTI/I GKCHCpI/IMeHTiB 3a KJJACHYHHMH TCCTOBUMH 3agadaMu

MiITBEP/DKYIOTE Te, mo MoaudikoBani Mepexi, Taki sk i, ESOINN,
GSOM e edexTuBHIMUME 3a peaiizaimito 0a30BOro aaroputMy QyHK-
iOHyBaHHS.

e

10.

11.
12.

86

BucHoBku:

3anponoHOBaHO KOHIENINIO TOPIBHAIBHOTO aHAJ3y AalTOpPHUTMIB i
BIINOBITHUX peamizamii KapT camoopranizamii Koxonena mis mose-
JICHHS] KOPEKTHOCTI HOBUX MoudikoBaHuX anroputmis SOM.
[IpencTaBneHo mporpaMHy peanizalilo CepeloBUINA MOJEIIOBAHHS
HEHPOHHUX MepeX Ui pO3B’sI3aHHS 3a7adi KIIacTepu3allii.

HaBeneno npukian o0YMCIIOBAIBHUX EKCIEPHMEHTIB 3 JOBEICHHIM
e(eKTHBHOCTI BIIOMHX peasizaimiid 3a 0a30BUM Ta MOAU()IKOBAHHUMU
AIITOPHTMAaMH.
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AN ARTIFICIAL NEURAL NETWORKS MODELING
ENVIRONMENT FOR SOLVING A CLUSTERING TASK

The task of clustering is solving in various fields of application. In or-
der to achieve a fast and sufficiently accurate clustering solution, it is pos-
sible to use special neural networks like Kohonen's self-organization card.
This type of neural network is always improved both at the algorithm level
and at the software level. So, it is necessary to create special software tools
that provide the opportunity of training in the same conditions and quickly
computational experiments to solve the clustering problem. And also to
carry out a comparative analysis of the received results.

The second task of such software is to create examples of tasks in
technical diagnostics, such as: search of abnormality, classification of sig-
nal with losses, and others.

This paper include such existing software implementations of SOM
(self-organization map) and their respective MLP (multilayer perceptron)
to solve precisely the classification problem.

All selected software implementations are freely available and spread
under free license.

SOM and MLP parameters have been defined that may be influenced
by the researcher.

Criteria for comparing SOM implementations have been selected.

This paper presents the architecture of the modeling environment and
functionality of its components.

For the demonstration is taken the solution of classical problems of
machine learning. It helps properly compare the results of computational
experiments and to implement the effectiveness of software implementa-
tions on both basic and optimized algorithms.

Key words: neural networks, self-organizing map, SOM, GSOM,
ESOINN.

Otpumano: 14.08.2019
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BU3HAYEHHA JXKOYNEBOI'O TEMJIA
TATNOHOAEPOMOTOPHOI CUIN Y MITACTUHYACTOMY
ENEKTPONPOBIAHOMY ENEMEHTI 3A Al 30BHIWLWHBbOIO
HEYCTAJIEHOIO ENEKTPOMAIHITHOIO nons

CdopMynb0BaHO OJHOBHMIPHY —IIOYaTKOBO-KpaioBY 3amady
SNIEKTPOANHAMIKH UL €JIeKTPOIPOBITHOTO HeepOMarHiTHOro Ima-
Py 3 IUIOCKOTIapesIeIbHUMU MeXaMH 3a Iii 30BHIIIHEOTO HeycTalle-
HOTO eJIEKTPOMAarHiTHOro noiisi. EnexrpomarsitHe mose 3agaHe 3Ha-
YEHHSIMU OJHOPITHOT JOTUYHOI /IO OCHOB IIapy KOMIIOHEHTH BEKTO-
pa Hampy>KeHOCTI MarHiTHOTO HOJIs Ha Horo ocHoBax. Jlist HeycTane-
HOTO eJIEKTPOMArHiTHOTO ITOJIs Ha PO3IJIAyBaHUH IIap MPOSIBIISIETh-
cst 1BoMa (Hi3MYHUMH YMHHUKAaMU — JDKOYJIEBHM TEIUIOM 1 MOHJe-
POMOTOPHHMMH CHJIAMH, SIKI BIMOBITHO /IO 30BHIIIHBOT ENIEKTpOMAr-
HITHOI Jil MalTh TAaKOX HEYCTAJCHWI XapakTep 3MiHH B 4Yaci.
OTpuMaHO 3arajbHUN PO3B’SI30K  C(HOPMYJIBOBAHOI IOYATKOBO-
KpaHoBOi 3a1adi 3a TOBUIFHOT OJHOPITHOT HECTAIlIOHAPHOI EIEKTPO-
MarHiTHOI fii. i moOynoBH po3B’sI3Ky BHKOPHCTaHO KyOiuHy am-
POKCHMAIi0 KITIOYOBOI (PYHKIIT — JOTHYHOI 10 OCHOB IIapy KOM-
MOHEHTH BEKTOpa HANPYKEHOCTI MarHiTHOTO TOJIs 32 TOBLIWHHOIO
koopanHaToro. KoedimieHTH armpoKCHMAIliifHOTO MONiHOMa TTOJIaHO
gepe3 iHTerpaibHi XapaKTepHCTHKA KITIOYOBOI (YHKIIT Ta 3a/1aHi ii
3HAYCHHS Ha OCHOBaX IIapy AK BiIMoBigHi GyHKIIT acy. Y pe3ymb-
TaTi BUXi/THAa TOYaTKOBO-KpaiioBa 33/1aua eJIeKTPOJMHAMIKA Ha KITFO-
4oBy (YHKLiO 3BefcHa 10 3amavi Komm Ha iHTerpanbHi (3amexHi
JIMIIE Bl 9acy) XapakTepucTuku miei QyHkiii. 3arampHi po3B’s3Ku
3amaqi Komri 3HaiiIcHO 3 BUKOPUCTaHHSIM IHTETPabHOTO IIEPETBO-
perns Jlammaca i OTpUMaHO y BHUTJIAIL 3TOPTKH (YHKIIH, IO ONH-
CYIOTh 3a/IaHi TpaHWYHI 3HAYCHHs KIOY0BOI (PYHKIII HA OCHOBaxX
nrapy Ta OJHOpimHI po3B’s3ku 3amadi Komri. Ha ocHOBI oTpuMaHmx
3arajlbHUX PO3B’S3KIB 3alHCaHO PO3B’S30K BHUXIIHOI 3a1adi eNeKT-
POIMHAMIKHM 32 JIil HEYCTAICHOTO eIeKTPOMArHiTHOTO MOJIs Ta BUpa-
31 JUKOYJIEBOTO TEIUIa i MOHAEPOMOTOPHOI ciin. Pesynbraty uncio-
BOTO aHaNi3y BUPA3iB PO3IIIAYBaHHX BEIMYMH 3aJIXKHO Bij Iapa-
METpPiB HEYCTAJICHOTr0 EJIEKTPOMArHITHOTO MOJISI PafiodacTOTHOrO
Jiana3oHy HaBeIEHO Yy BMIVIAAI BiANoBiAHUX rpadikiB. Beranosne-
HO, III0 32 TPUBAIOCTEH MEPeXiJHOrO PEKUMY 30BHIIIHBOI HEycTa-
JIEHOI eJICKTPOMArHITHOI i MEHIIMX 3a YBEPTh MEpiofy HECYdHX
e.]'lel(TpOMal"HiTHPIX KOJIMBAaHb MaKCI/IMaJ'[bHi 3HA4YCHHA JHKOYJIEBOI'O
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TeIuIa i TIOHAEPOMOTOPHOI CHJIM MOXKYTh OYTH CYTTEBO OLIBIIMMHE 32
X 3HAUCHHS B YCTAJICHOMY PEKHMI eJIEKTPOMAarHiTHOTO MOJISL.

KawuoBi ciioBa: erexmponposionuii wap, nHeycmanene enek-
mpomacHimue nozie, Oxcoyiege menio, NOHOEPOMOMOPHI CUNU, KY-
OiuHa anpoxcumayis, IHMeZPanbHi XapaKkmepucmurxu.

Beryn. EnexTponpoBijiHi IIIACTUHY MOCTIHHOT TOBIMHY € KOHCTPYKTH-
BHHMMH €JIEeMEHTaMH 0araThoX MPHIAAIB i MPUCTPOIB, B Tporeci (QyHKIIOHY-
BaHHS SIKMX BOHHM 3a3HAIOThH BILIMBY 30BHIIIHIX HECTALlIOHAPHUX €JIEKTpOMar-
HitHux noniB (EMII) [1, c. 57-83]. Lli EMII wacto mMaroTh HeycTaleHui Xa-
pakTep 3MiHH B Yaci. Y JiTepaTypi BiIOMi METOJM BU3HAYEHHS! 1H/yKOBaHOTO
y IDIaCTHHI 30BHIITHBOIO EIEKTPOMATHITHOIO Hiero ycraiueHoro EMII Ta 3y-
MOBJICHHX HHM JDKOYJEBHX TEIUIOBHIUICHh 1 NMOHIEPOMOTOPHHX CHI [2,
c. 36-42]. OnHak, HENOCTaTHRO BUBYEHO BIUIMB 30BHIIIHBOTO HEYCTaJIEHOTO
EMII Ha 3aKOHOMipHOCTI 3MiHH JHKOYIICBHX TEIUIOBHIUICHD 1 TOHICPOMOTO-
PHUX CHJI, SIKi € BOKIMBUMH I PO3PAXYHKY TEMIIEPATYPHO-CUIIOBUX PEXKH-
MiIB (D)YHKITIOHYBaHHS EJICKTPOTIPOBITHHUX TIACTHHYACTHX CJIEMCHTIB.

VY po6oTi 3 BUKOPUCTAHHIM aIllpoKcUMalii KyOiYHUM ITOJIIHOMOM pO-
3MOJITy 32 TOBIIMHHOK KOOPAMHATOIO JOTHUYHOI O OCHOB €JIEKTPOIPO-
BIIHOTO MIapy 3 IUIOCKONAapalelbHUMU MEXaMHU KOMIIOHEHTH BEKTOpa
HaIpy>X€HOCTI MarHiTHOTO MOJs 3HAWJCHO 3aralbHUH PO3B’S30K IMOYaT-
KOBO-KpaioBoOi 3a1aui eJIeKTpOANHAMIKH, CPOPMYIHOBAHOT CTOCOBHO IIi€l
KOMIIOHCHTH, 3a OJHOPIAHOI HecTallioOHapHOI elekTpomarHiTHOI mii. Ha
OCHOBI IILOTO PO3B’SI3KY 3aIllMCAaHO BHPA3W NaHOI KOMIIOHEHTH BEKTOpa
HaIpy>K€HOCTI MarHiTHOTO TIOJISL Ta JPKOYJIEBOTO TeIlIa i MOHAEPOMOTOp-
HUX CHJI 32 Jii 30BHIOTHROTO HeyctaneHoro EMII. YucensHO mpoaHaizo-
BaHO 3aKOHOMIPHOCTI 3MiHM JKOYJIEBOTO TEIIa i MOHJEPOMOTOPHUX CHII
3aJIeXHO BiJ| TapaMeTpiB 30BHIMIHBOTO HeycTargeHoro EMII.

MareMaTH4YHa NOCTaHOBKA 3ajavi. Po3rmamaeMo omucannii BUILE
SJIEKTPONPOBITHUH 1Iap 32 OJHOPITHOT HECTAIlIOHAPHOT eICKTPOMAarHiTHOT
aii (puc. 1).

| BTY

Puc. 1.
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VY npomy Bunaaky EMII 3agane nwuine 3anexHUMH Big 4acy t 3Ha-
YCHHSMH BIIMIHHOI BiJf HYJA HOTHYHOI KOMIIOHCHTH Hy (z,t) BEKTOpa
HAIpPYKEHOCTI MaruiTHoro mom. s H(z,t)= {O; H, (z,t);O} Ha OCHOBAax

mapy z =zth.
3a xii Takoro EMII kirouoBa QyHKuis H, 3a1exuTh IMLIE BiJ TOB-

[IMHHOT KOOPJMHATH Z i4acy t Ta omucyeThes piBHAHHSM [3, ¢. 57-59]

o*H,  oH, 0 O
—ou—2>r =0,
oz H ot
KpailOBUMU
+
Hy(xht)=Hy(t) 2
Ta HYJbOBOIO IOYATKOBOIO
H, (z,0)=0 3)

YMOBaMH.
Tyr H; (t) — sanani pynxuii yacy, o — Koedinient enexTponpo-
BiJHOCTi, 4 — MAarHiTHa NPOHHKHICTH MaTepialy Iapy.

3a 3HaiineHo0 QyHKUi€ H, NUTOMI TYCTHHH IKOYIEBUX TEILIO-

BUAUICHh Q 1 OHAEPOMOTOPHOI CHITH F 3aMCyIOThCS BUpa3aMHu.
2
1(0oH - oH
Q==|—%|., F=10:0F, =—u—%H, . (4)
o\ oz 0z

MeTtoauka nodyaoBu po3B’sa3Ky. s moOy1oBu po3B’s3Ky MOYaT-
KOBO-KpaiioBoi 3aaaui (1)—(3) anpokcuMyemMo po3moii Kiar4doBoi (HyHKIT

H y 3@ TOBIIMHHOK KOOPAHHATOIO Z KyOiYHHM TIOJTIHOMOM, TOOTO ToJia-

emo 1 GyHkii y Burmsmi [3, ¢. 109]
3 .
H, (zt)=>a(t)z". (5)
i=0

Koedimientn a; (t) ampoxcumariiiroro mosiHoma (5) BHpakarOThCs

yepe3 IHTerpajbHi 32 TOBIIMHHOI KOOPIUHATOI Z XapaKTEePUCTHUKHU WIY-
KaHoi QyHKuii
h
s-1
Hys(t):J'Hy(z,t)z dz,s=12 (6)
-h

. . _ +h . H + e
i 3ajiani Ha ocHOBax mapy z=+h rpanwuni sHavenns H,~ (t) Qymxuii

H y (Z, t) , TOOTO TIOJJAFOTECS Y BUTIIAI
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3 (t) =auH,, (1) +a,Hy, (1) +agH " (t)+a,Hy " (1) (7
JJis oTpUMaHHS CHCTEMH DIiBHSHB Ha IHTETpalibHI XapaKTEPUCTHKH
H s (t) mykanoi kmouosoi ¢ynkuii H, (z,t) Buximse pisusuns (1) na

dynxuiro H, (z,t) interpyemo Binmosinno crisigHomenuo (6) i Brko-

PHCTOBYEMO TIpH TIepeTBOpeHHsX criBiguomenus (5) i (7). V pesynbraTi
JUIsl KOMIIOHeHTH H (z,t) Bextopa H OTpMMyeMO MosaHHs

Hy<z,t>=}Hﬂ(t)[l—[m%Hyz(t{ﬁ—(ﬁf]—
_%[H;(t)+ Hy(t)][l—s[ﬁjz}%[ﬁ(t)— Hy(t)J[?»%—S(%JS},

Jie iHTerpasbHi XapakTepUCTHKH H g (t) BM3HAUAIOTHCS 31 CUCTEMH PiBHAHB

dHyl 3 3

(8)

+ H HY +H,
dt  ouh? n- ouh? ( )
dH
2 152Hy2— 52(H +H;). 9)
dt ouh ouh

Cucremy (9) po3B’si3yeMo 3a BpaxyBaHHS HYJIbOBOI II0YaTKOBOI yMO-
Bu (3) Ha QyHKui0 H, (z,t), TOOTO 32 HyJILOBUX MOYATKOBUX YMOB

Hys(z,0)=0. (10)
Jlist mo6GymoBu po3s’s3kiB chopmynpoBaHoi Buie 3a1a4i Korri (9)—(10)
Ha iHTerpaibHi XapakTepucThku KommoHentd H, (z,t) Bektopa H 3a-

CTOCOBYEMO iHTErpajibHe NepeTBopeHHs Jlamaca 3a 4acoBOO 3MIHHOIO t .
BukopucroByroun TeopeMy po3KiIany i TeopeMy Ipo 3ropTKy (QyHK-

Wi}, 3aIKCYEMO BUPA3H IIYKAHWUX IHTETPalbHUX XapakTepHCTHK H (t)

(s=1,2) 1OTMYHOI KOMIIOHEHTH Hy(z,t) BEKTOpA H
t 2 ()
Hy, (1) =3[e" [H;(T)m;(r)]df,
0

L)
Hyo (t)=5[e™" [H;(r)-H, (r)]dr (12)
0

Po3p’s130k 3apaui 3a aii Heycranenoro EMII. 3oBHintHe HeycTane-
He EMII mepeximHoro Tumy 3ajaHe 3HAYECHHSMHU OJHOPIAHOI ITOTHYHOI

ckrmanosoi H, (z,t) BeKTOpa H 1o Ha moBepxHAX Z = +1 BUpazoM
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+ - ib
Hy (7)=Hy (L) = Ho (1-e77" )™ (12)
Tyr H, — 3a7aHa BeJIMYMHA aMILTITYyJ1 HAIPYKEHOCTi MarHiTHOTO

nons, [ — mapameTp, [0 XapaKTepU3ye 9ac BUXOIY HEYCTAJICHHUX EJIeK-

TPOMAarHiTHMX  KOJIMBaHb Ha  yCTalleHWi pexuM, bh=1/ (2502 ) ,

-1/2 . )
Oy = (Za)o;uhz) — mapamerp, 10 XapaKTepH3ye BiTHOCHY IO MiBTOB-
IWHY mapy h rmOuHy NpOHUKAaHHS IHAYKUIHHUX CTPYMIB, @ — 4YacTo-

Ta HECYYHMX €JIECKTPOMArHITHUX KOJWBaHb, T :t/(a,uhz) — 06e3po3Mip-

HUH XapaKTepHUH IS eIEKTPOMArHiTHAX TporieciB 9ac, z =z /h.
Mincrasnstroun Bupas (12) y popmynu (11) ta (8), a rakox (4), 3anu-

cyemo Bupasu Qyskuii H(z,7) Ta 3yMOBIEHHX HEIO DKOYIEBUX TEILIO-
BUJIIJIEHB 1 TIOHIEPOMOTOPHUX CHJI 33 PO3IIIALYBAaHOI HEYCTAICHOI €IEeKT-
poMarHiTHOI aii. OTpuMyeMo:

1 i | 6-ib+3ibz® 5 6-ib+ B +3(ib- p)z°
Hy(zn‘[):Ho _elbr . —e pr ﬂ ( ﬂ)

2 ib+3 ib+3-p

} (13)

9 1- 22 _3r
+=f— > - e ;
2" (ib+3)° - p(ib+3)
4 )
Jyis TOJaHKIB TUTOMOI MOTYKHOCTI JKOYJIEBOrO Temia Q = Z Q(J)
j=1
3aIUCcyeMO BUpa3u:
_ 1
Ho' QY @) = — (6 +02)2° ~ 20050, +0e)2* + (@ +)2° |;

Oo

1

Ho?Q?(z,7) =
40'0

h2 { [Gl(Z) + iGz(z)]eiZbr +[(31(2) _iGZ(Z)]e—isz};

5
Hy2Q® (z,7) = q—ghze 2" ([ (2,7) +1G4 (2, ) ]e™ +
O

0

+{[[G3(z, 7)-iG,(z,7)]]e ™ } +

+%{[G5 (2,7) +iGq(2,7)]"®” +[Gs(z,7) —iGg(z,7)]e™'* };
4o,h

1 1
Ho?QW(z,7) = ?qge_‘r" (922 -62% + 26)+ . G,(z,7). (14)
O

2
0 ooh
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Jns monaHkiB mmTOMOI ryctmHH F, = i F BiZIMIHHOI BiI HYJS
cknanosoi F,(z,7)=F(z,7) HOHL[epOMOTopHoJI:i:HnH OyIieMo MaTH BHPAa3H:
HO’ZF(l) (z,7)= %ﬁ(zq24 +230,5 - 25q26);
Ho2F P (z,7) = %ﬁ{[ea (2)+iGq (2)]e™ +[Gy(2)-iGq (2)]e™ };

HgZF(S) (z,7)= ﬁ<%[em (z,r)(eib’ +e‘ib’)+Gn(z,r)(eib’ +e b )}L

h
1 . i2br - —i2br | \.
+Z{[G12(z,r)+|613(z,r)}e2b +[Gy, (2,7) -G (z,7) ] }>
ua,
HOZF(“)(Z,T):%{ngNe 2 (25_423+32)+Gl4(2,‘r)}. (15)
Tyr:

Gy (2) = (dg — 05 ) 2* —~2(dstly — gls ) 2* + (7 — 05 )2°;
G, (2) = ds0s2” —(sCly +0sTg ) 2* + 017 g2° ;
Gy(z,7)=¢"" [Sqlz2 —(ql+3q3)z4+q226J+
+[3q522 -(3q; +q5) 2" +q726J;
G,(z,7)=¢"" [quz2 ~(3q, +0,)2* +q426}+
+[3q622 ~(30g + 95 ) 2" +q826J;

Gs(z,7)=e7"" [(qf —qg)z2 +2(0,04 — 0305 ) 2° +(q32 —qf)z‘a}
+2¢777[ (405 — 0205 ) 2° = (G40 + dglls — Az —Ua0ls ) 2* +(0laly —lyllg ) 2° |:
Ge(2,7)= Z{e’zﬁr [qlqzz2 — (0,04 +9,03) 2* +q3q4zeJ+ 2e 77 x
X[ (a0 +0205) 2° = (040 + Ayl + Al + A0 ) 2* +(dsd + ey ) 2° |3
G, (z,7) =" [(qf +q§)z2 ~2(0y05 + 0,0, ) 2* +(q§ +qf)ze}+
2677 (405 + 005 ) 2° — (007 + Tgls + Tz + Gl ) 2° +(0p0ly +0uGs) 2° |;
Gg(z) =03+ Z3qs4 + 25%5? Gy (%g) =20y, + z3q43 - 25q44 ;
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Gy (2,7) =g (32 23)[975/27 (a0 + qull)_e_(ﬂ+5/2)r (00 + %05 )J +
1) (-0 (- ]
A T R
o) 1) -] |
Gy (2,7) = 2 (2057 + 2205 + 20150 ) + €777 (200 + %005, + %05, );
Gy (2,7) = 7" (2030 + 2°0Ug0 + 204y ) — €72 (2056 + %05, — 2°055 );

Gy (z,7)= %[eizﬁr (25q20 — 2%ty — 20,4 )+eiﬂr (ZQ21 +2%0y, +2°05 )]

~ (5/2—,B)ﬁ—b2_i . b 5/2p)
q1_3|: qo 12ﬁ ’ q2_3 y

12 q,
5/2-8)B-b% 5 5 5/2b 25 b?
q3=¥f—ﬂ; U, =—b- ;g =——
o 12 12 o 8 .
_125b b _25b°  125b 5,
® 16 g 4 ' 24q,  © 484q, 12
25[(5/12-B)g-b? B2 5 2
Qo = — (Bl22F)p=b" b7 Qo =| =B | +b%;
24 qO qO*
25 118-b?
o« = ——+b% Gp =———;
’ 72 94p?
g o3 0 s L (136 ) D
11 29.p2 12 29.p2 13 = g e T (S—ﬂ)2+b2 ;
13b°-35(3-5) 9 b _
q15:_—221 Qg =— 7 o 2’
2 (3-8) +b 2(3-8) +b
9 9-bh%-3
q17:Eﬂ s

2 ;
(9-b°-3p) +b%(6- )
Oig = UhOia +A206: Gig = GyOis — U3lis + U2016 — UsGiss
U0 = U305 + U406
U21 = 0100 — 95914 — Y616 — U2Ghos
94



Cepia: TexHiuHi Haykn. Bunyck 20

O22 = %1 —Us3Go +G7%hs —Usths —Ys%he + Ysthe + U2ths +UsChos
Uz23 = U705 — U3ty T g%he —Uaths: Y24 = UsCho — UsCha:
O25 = 0G50h1 — U700 + UgChs + Aglha:
U26 = Ugths: G27 = U2tie —hChas U2s = U2the —Usthe —hths +Ustha;
G20 = U3ths — YsGhs:
Q30 = 01%1o — 95014 +UeChe + 02012,
Os1 = %G1 —Y3%0 —Us%is + A7%ha +UsChe —Agthe —Y20hs —UaChi2;
Us2 = 0705 — U3ty —Ygthe +Usths: Y33 = UsCho + Usha:
O34 = U5%1 —U7%0 — %3 — Gio%hs:
Uss = Ugtiz —U70h1: Use = Y20ha + UiChse:
O37 = 02015 — 04014 + Ui — A3%16>
Usg = Usths +U30hes Uz = U200 —Us%ha —Usthe — ththas
G40 = U201 —Y4%ho —Y6%s + Ustha —Usthe + U70he + Ghlhs + Usthos
U1 = Ugthis — a1 — Chzls + U7 Gss:
U2 =Us%ho —UOsChz: Gaz = UsGir —Ys%ho + stz + U7 G2-
3ayBakumo, 110 y Bupaszax (14)~(15) cknamosi QW ., F® pignosina-
I0Th YCEPEIHCHUM 3a TIePio]] CICKTPOMATHITHUX KOJMBaHb f = 2;” 3HaYeH-
HaM Q 1 F ; ckimamosi Q(z) , F @ BITIOBIAIOTh YCTaJICHUM KOJIIBHUM B

® BIJIIIOBIAAIOTH

yaci 3 mepiogiom 2 f 3Hadennsm Q i F ; ckiazmosi Q(3) , F
3aTyXaruMM KOJIMBHUM B 4aci 3 mepiogom f 3Hadennsm Q i F ; ckiamosi
Q™ F™ pignoinarots aTepioJMIHO 3MIHHHUM Y Yaci 3Ha4eHHsM Q 1 F .
YucnoBmii aHamgi3. Pe3ympraTi 4ncIOBUX TOCIIHKEHh BUKOHAHO JUIS
CKanoBoi E, HANpPYKEHOCTI eEKTPHYHOIO OIS E(z,t) ={E, (2,t);0;0}
Ta HETMEePIONYHMX CKIIAJOBUX JDKOYJIEBOro Temia Q = Q(l) + Q(4)i TIOH/IE-

pomoropHoi cuum F = F W@ Y PO3TIAYBaHOMY IIIapi TOBIIMHOIO 3 MM,
BUTOTOBIICHOMY 31 HepxkaBHOI ctani X18HI9T. Ha puc. 2 xpuBumu 1 mokaza-
HHUW PO3MOALT MATTEBUX 3HAYEHb HAIPYXEHOCTI €IEKTPHYHOTO TTOJIS Ha TI0-
BEpXHi mapy npu 6e3po3mipHoMy daci 7, =18 (4 =0.26 ). CyninbHi JiHii

. . . 1 . 27
BIAMOBIJIAIOTh BUXOJY Ha YCTaJeHUH pEXUM 3a 5 nepiony f =—
w

1 2 . 1 . 1
to=—7F; 0,°=8.3), mTpmxoBl— 3a — TIEPIOL ,=—1"F;
(7o 50 0 ) 3y 10 piony (7 10
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. . 1 . 1
502 =20.8 ) i WITPUX-IlyHKTUPHI — 32 7 niepioxny (7, = " f ;(502 =104.2).

KpuBumu 2 1 TMX e BENMYHH O, NpUBEJCHI aMIUNTY]HI 3HAYEHH:.

OtpuMaHo, IO NpY 3MEHIIICHH] Yacy BUXOAY MOPIBHSHO 3 MEPIOJIOM CYTTEBO
30UTBIIYEThCSA PI3HAIT MK MaKCHMaJbHUM 3HAYCHHSAM HAINPYKCHOCTI Ha
TIEPEXiTHOMY PEXHMi TIOPIBHSHO 31 3HAYCHHSM B YCTaJICHOMY pekuMi. Tak,

1 . .
A 7 =—f BIJHOMICHHA MaKCHUMaJIbHOI'O 3HAYC€HHS HAIIPY>XCHOCT1 Ha

nepexiiHoMy peskumi E . /10 3Ha4EHHS B yCTaneHoMy pexumi E . nopis-

E 1 1
HIOE N = —22% ~ 42 : s fo=Ef — n=8,an TO:Zf —n=3.

yer

Puc. 2.
3ayBakuMoO, M0 Y JUKOYJICBUX TEIUIOBUALICHHSX aHAJOTIYHI BiJHO-

HIEHHA N, = COmax 6yayTh cKagaTd N, = n2.
ycr

KpuBnmu 3 Ha pHCYHKY ITOKa3aHi 3aJI€KHOCTI aMIUTITYAHUX 3HAYCHb
HAINpy>K€HOCTI €JIEKTPUIHOTO IOJIS Bl 4acy 7 MpPH THUX K€ 3HAYCHHSIX
napaMeTpa &, i 4acaX 7, — BHXOJAY Ha YCTal€HUH DPEXUM piBHUX
7o #5+7f . OTpuMaHo, 10 3a TaKWX CIIBBIJHOLIEHb MIX YacoM 7, i
nepiogom f Bke HacTyIae KBa3iyCTaJICHUI PeXHM.

AHAIOTI4HI 3aJIe)KHOCTI ISl HETIEPIOANYHHUX CKJIAZOBUX ITOHAEPOMO-
topuoi cumn F = F® + F®) napeneni na puc. 3.
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0.06

0.04

0.02

Puc. 3.

BucHoBKkH. 3anponoHOBaHA METO/IMKA BU3HAUECHHS [PKOYJICBOTO TEILUIA i
MOHJIGPOMOTOPHOI CHJIH y TUTACTUHYACTOMY €JIEKTPOIPOBIHOMY €JIEMEHTI 3a
Jii 30BHIIIHBOrO HeycTaneHoro EMII nae 3Mory OLiHWTH BIUTHB HEYCTaJICHO-
ro xapakrepy EMII Ha MakcuMaibHI 3HAUEHHS PO3IIISIYBAaHUX BEIHUHH.
JocnimkeHHs, IpoBesieH] 13 3aCTOCYBaHHIM JaHOI METOJWUKH TOKa3aIH, IO
TPUBAJICTh MEPEXiTHOTO PEKUMY MOPIBHIHO 3 MEPiooM HECY4HX eNeKTPO-
MarHiTHHX KOJIUBaHb CyTTEBO BILIMBAE HA TEIUIOBUII i CUIIOBHI PeXXUMH (YH-
KI[IOHYBaHHsI €JNEKTPOIPOBIIHOIO IUIACTUHYACTOTO eneMeHTa. lle Mae Bak-
JIMBE 3HAa4YeHHsI NIPH TPOTHO3YBaHHI Ha/IiitHOCTI POOOTH 1 Yacy eKcIuTyaTarii
0araTbOX MPHUCTPOIB, 1110 MICTATh TaKi EJIEMEHTH.
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DETERMINATION OF JOULE HEAT AND PONDEROMOTOR
FORCE IN A PLATE ELECTROCONDUCTIVE ELEMENT
UNDER THE ACTION OF AN EXTERNAL NONSTATIONARE
ELECTROMAGNETIC FIELD

A one-dimensional initial-boundary value problem of electrodynamics
for an electroconductive non-ferromagnetic layer with plane-parallel
boundaries is formulated under the action of an external nonstationare elec-
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tromagnetic field. The electromagnetic field is given by the values of the
homogeneous tangent to the bases of the layer components of the magnetic
field intensity vector at its bases. The effect of the nonstationare electro-
magnetic field on the considered layer is manifested by two physical fac-
tors — Joule heat and ponderomotor forces, which in accordance with the
external electromagnetic action also have an nonstationare nature of
change over time. The general solution of the formulated initial boundary
value problem with an arbitrary homogeneous non-stationary electromag-
netic action is obtained. A cubic approximation of a key function, tangen-
tial to the base of the layer, is a component of the magnetic field intensity
vector in thickness coordinate. The coefficients of the approximation poly-
nomial are given through the integral characteristics of the key function
and given its values on the basis of the layer as corresponding functions of
time. As a result, the initial initial boundary value problem of electrody-
namics for a key function is reduced to a Cauchy problem for the integral
(time-dependent) characteristics of this function. Common solutions of the
Cauchy problem are found using the Laplace integral transform and are ob-
tained as a convolution of functions describing the set boundary values of a
key function on the bases of the layer and homogeneous solutions of the
Cauchy problem. Based on the obtained common solutions, we write down
the solution of the original electrodynamics problem by the action of an
nonstationare electromagnetic field and the expression of Joule heat and
ponderomotor force. The results of numerical analysis of the expressions
of the considered values, depending on the parameters of the nonstationare
electromagnetic field of the radio frequency range, are presented in the
form of corresponding graphs. It is established that the maximum values of
Joule heat and ponderomotor force can be significantly higher than their
values in the stationare state mode of electromagnetic field during the tran-
sient mode of external nonstationare electromagnetic action of less than a
quarter of the period of bearing electromagnetic oscillations.

Key words: conductive layer, nonstationare electromagnetic field, Joule
heat, ponderomotor forces, cubic approximation, integral characteristics.
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MODELLING THE OPTIMAL SCHEMES OF POPULATION
VACCINATION USING EPIDEMIOLOGICAL DATA

Considered creation of a mathematical and computer model of the
various infectious diseases and epidemics’ spread problem. The devel-
oped system uses an epidemiological SISV computer model. The pro-
posed model gives an opportunity to determine the optimal individual
and social costs for vaccine prophylaxis The article analyses the posi-
tivity of such a model under the proposed vaccination strategy. SISV
(Susceptible-Infectious-Susceptible-Vaccinated)-model, where infec-
tion does not confer immunity (or there is waning immunity) with in-
clusion of vaccination. The software uses epidemiological models that
allow us to explore the process of spreading infectious diseases, to
make a forecast for the future, to determine the effectiveness of vaccine
prophylaxis, to select optimal vaccination schemes using epidemiolog-
ical data. Due to the use of epidemiological models a timely prevention
of infectious diseases epidemics is possible.

Keywords: computer modelling of the optimal schemes, ep-
idemiological model, SISV-model.

Introduction. The problem of the spread of various infectious dis-
eases and epidemics is important for all humanity. Rotavirus infection
(RVI) is the leading cause of acute viral gastroenteritis among young chil-
dren and high infant morbidity and mortality worldwide. To reduce the
rate of infection, vaccine prophylaxis is used. In the context of limited
resources, it is not possible to carry out vaccination of the entire popula-
tion, therefore the problem of determination of the optimal social and indi-
vidual costs for vaccination and treatment remains relevant.

Considering that, there are many approaches to solving vaccine-
related problems at the moment, but various diseases have some peculiari-
ties that need to be taken into account when developing epidemiological
models. That is why modern practice has not developed universal software
or computer model for monitoring the effectiveness of vaccine prophylax-
is. Because of the considerable variety and complexity of the parameters
none of the existing software products is a universal means.

The developed computer modelling system uses an epidemiological
SISV model (Susceptible-Infectious-Susceptible-Vaccinated-model).

Constructing an epidemiological model. The basic principle of
constructing an epidemiological model for RVI: the whole population is
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divided into several categories; the model is a dynamical system that
changes in time, therefore, when passing a certain time period, a part of
the population moves from one category to another. In epidemiological
models there are the following categories:

e S — susceptible individuals: susceptible to infection;

e | — infected persons: infected with an infectious disease being of in-
terest, capable of infecting others;

e V — vaccinated persons who have received immunity, are inaccessible
to infection.

The transition of persons from one category of population to another is
characterized by parameters, for example: the power of the infection, speed of
healing, birthrate, mortality, migration rate, etc. The power of infection A is the
probability of a certain person’s being infected at a certain time. The speed of
healing y is the probability of a certain person’s being cured at a certain time.

The use of the SIS computer model presupposes that infected indi-
viduals (I) recover when some time passes and become susceptible to the
disease again (Figure 1).

A ﬂ\'fv
)B_r.. S P > |
Y
Fig. 1. SIS-model
where: B — birthrate, N — the whole population, S — susceptible per-
sons, | — infected persons, A — infection power, #— parameter of the

pathogen transmission, y — speed of healing (loss of infectiousness).

Parameters of the model, like the system as a whole, can be dynamic.
The SIS mathematical model can be described using the system of differ-
ence equations [2]:

B .
Sty1 =B +S — tN LSy

t
@)
ﬂt.lt.s -y -1

Nt t t Tt

g =1+

where: t — period of time.
If vaccination being added to the SIS-model, we will get the SISV-
model (Figure 2)

A\ S

Fig 2. SISV-model
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where: V — vaccinated persons, v — population coverage by vaccination,
w — decrease of immunity.
Mathematical model can be described by the system of equations:

Stir =St =V S+ W Vi =4 S+ 1

g =l +A4 S —r- )
Vigr =V +V, - S —w, -V,

Thus, using the SISV-model, one can determine the optimal scheme
of vaccination for the population to prevent from the spreading of infec-
tious diseases.

The software uses epidemiological models that allow us to explore the
process of spreading infectious diseases, to make a forecast for the future, to
determine the effectiveness of vaccine prophylaxis, to select optimal vaccina-
tion schemes using epidemiological data [1]. Due to the use of epidemiologi-
cal models a timely prevention of infectious diseases epidemics is possible.

The system consists of three software modules: data access module,
business logic module and presentation module. The data access module is
in charge of reading, processing and storing of incoming epidemiological
data. The processing of incoming epidemiological data is necessary to
eliminate the excess data and to automate the process of collecting and
calculating statistics [3].

The module of business logic carries out the construction of epidemio-
logical models, making a forecast for the future. The module defines optimal
vaccination schemes depending on incoming epidemiological data.

The presentation module uses a graphical user interface to output the
obtained results of the system work (Figure 3).
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Fig. 3. The main window of the developed system
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The developed system gives an opportunity to determine the optimal
individual and social costs for vaccine prophylaxis (Figure 4).
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Fig. 4. Optimization of costs

UML use case diagram shows the possible options available to users
of the system (Figure 5).

Type in population data

—————————— Type in epidemiological data

Type in prognosis date

Type in birth rate

| <<include>> Type in death rate

<<include>> A e e ———
Type inincoming data J b

Select the type of optimization
of the vaccination problem

Type in vaccination parameters

<<include>>

Kopuctysau Check through the results

Check through the optimization results

Save the results

Check through the results of the clinical model

Check through the SIS-model results without taking
into account the age structure of the population

Check through the SISV-model results with taking
into account the age structure of the population

Check through the SIS-model results with taking
into account the age structure of the population

Fig. 5. Diagram of the precedents of the developed system
The developed computer modelling system can be used for the study
of RVI, the compilation of morbidity prognosis, the selection of optimal
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vaccination schemes, as well as the determination of the costs for treat-
ment and vaccine prophylaxis.

Conclusions. Thus, in the article, considered the developed computer
modelling system can be used for the study of RVI, the compilation of
morbidity prognosis, the selection of optimal vaccination schemes, as well
as the determination of the costs for treatment and vaccine prophylaxis.
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MOJENOBAHHA ONTUMAJIbBHUX
CXEM BAKUUHALII HACENEHHA 3 BUKOPUCTAHHAM
ENIAEMIONONYHUX OAHUX

Po3risiHyTO CTBOpEHHSI MaTeMaTHYHOI Ta KOMII'FOTEpPHOI MOJeNi B IIpo-
Gy1eMi MOIIMpPEHHs Pi3HKX iH(EKUIHHNX 3aXBOPIOBAHb Ta emifeMii. Po3podie-
Ha CHCTeMa KOMIT FOTEPHOTO MOJIEIIFOBAHHS BHKOPHCTOBYE CMiAEMiOJIOTIUHY
SISV-monens. Lls Mo/ienb BH3HAYA€E ONTUMAIIBHY CXeMy BaKIHHALLi HaCceleH-
Hi. Y CTaTTi MpOaHAIi30BaHO MMO3UTUBHICTH TaKOi MOJENI Y 3alpPOIIOHOBAHIH
crparerii BakimHari. SISV (cipuiHATIMBHA-1HPEKIIHHNA, CIPUHHATINBAIL
JI0 BaKIMHAILiT)-MOJIeNb, 1 iH(EKIlisl He Haae iMyHITeTy (a00 € 3MEHIIICHHAM
JI0 IMyHITETY) 3 BUKJIFOYEHHSIM BaKIMHALi. Y IporpaMHoMy 3a0e3nedeHHi BU-
KOPUCTOBYIOThCS CITiIEMIOJIOTIUHI MOJIEi, SIKi JIO3BOJIFOTh TOCIIIUTH TIPOLIEC
HOLIMPEHHs 1HQEKUifHUX 3aXBOPIOBAaHb, 3pOOMTH MPOTHO3 HA MaiOyTHE, BH-
3HAYATH e(EKTHBHICTh BAaKIWHOMPO(MIIAKTHKH, BUOPATH ONTUMAIIBHI CXEMHU
BaKIMHAMIl 3 BUKOPHCTAHHSIM EITiIEMIOJIOTTYHUX IaHUX. 3aBASKH BHKOPHC-
TaHHIO €MiIEMIONIOTIYHAX MOJIENEH MOXKIIMBA CBO€YacHa Mpo(ilaKTHKa erTi-
JeMiii iHpeKIiHHNX 3aXBOPIOBaHb.

KuarouoBi ciioBa: xomn'iomepne mMooeniogants onmumaibHoi cxemu,
enioemionoziuna mooenw, SISV-wooenw.
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CONDENSATION HEAT AND MASS TRANSFER
AT DIRECT CONTACT OF THE REACTING PHASES

Condensation upon direct contact of the phases can be divided
into the following types: condensation of the steam stream in the
volume of unheated liquid; condensation of vapor bubbles in lig-
uid; condensation of steam by liquid droplets (dispersed liquid);
vapor condensation on a jet of liquid.

In visual experiments, the study of the process of condensation
of the jet of steam in space was noted by the presence of a white
emulsion at the collision of steam with liquid, due to the crushing
of a jet of steam into small bubbles. The high intensity of the heat
transfer process was explained by the sharp increase in the contact
surface. When considering the structure of the flow taking into ac-
count the two-phase region, it can be noted that there is a smooth
conical surface of the separation between the phases and the for-
mation of dispersed bubbles and droplets in the flow. This allows
to determine the dependence of the geometry of the contact zone of
the phases on the temperature head.

An increase in the surface area of the contact phase can be
achieved by dispersing one of the contacting phases. Existing lig-
uid spraying machines have significant energy costs as a result of
doing some work to overcome the surface tension that causes the
liquid to reduce the free surface.So the heat transfer between a lig-
uid drop and a saturated vapor is determined by the heat distribu-
tion along the drop radius. The vapor condenses on the surface of
the liquid droplet, and the released heat condensation must be dis-
charged inside the droplet. According to the equation of thermal
conductivity under the relevant conditions of the problem under
consideration, the intensity of condensation is determined by the
rate of heat runoff per drop. Studies of heat exchange on dispersed
jets of liquid have proven high intensity of the process.

Condensation on a jet of liquid is used in many industrial de-
vices (deaerators, condensers of mixing type, jet heaters).

Theoretical and experimental studies of this type of condensation
are scarce. Studies of heat exchange during condensation of a dis-
persed steam stream on a swirling stream of water are absent at all.

The results of the experiments of heat exchange at the contact
condensation of steam on jets of water, consisting of a continuous
section and a section that falls into drops, are represented by the

104 © I. E. Furtat, 2019



Cepia: TexHiuHi Haykn. Bunyck 20

criterion equation. Recent studies are related to the development of
a mathematical model for the calculation of jet condensation and
analysis of past developments with its application.

Key words: condensation, steam, liquid, jet, phase contact,
heat exchange.

Introduction. By analyzing the condensation in direct contact of the
phases, it can be divided into the following types:

e condensation of steam stream in the volume of underheated liquid;
¢ condensation of vapor bubbles in the liquid,;

e condensation of steam on liquid droplets (dispersed liquid);

e condensation of steam on a liquid jet.

Note that during the condensation the non-condensing gas contained
in vapor leads to a decrease in the heat transfer coefficient due to the addi-
tional diffusional thermal resistance.

The first studies of the condensation process of a steam jet in a liquid
filled space are based on visual experiments [1; 2]. The presence of a white
emulsion was noted when the vapor collides with the liquid, due to the crush-
ing of a steam jet into small bubbles. The high intensity of the heat transfer
process was explained by the sharp increase in the contact surface.

Earlier researches of the steam penetration into water. As stated
in [3], the penetration of steam into water due to the difference of partial
pressures of steam in the vapor medium and in the liquid causes the leak-
age of steam at high speed, which explains the presence of the emulsion.
Studies [4; 5] determined the theoretically obtained and experimentally
confirmed position of the condensation surface depending on the parame-
ters of the vapor and the liquid. The condensation process is said to end on
the surface of the «condensation conex. This is due to the high intensity of
turbulent mixing. On the basis of previous studies, [6] obtained a relation
that determines the position of the condensation surface, and presents the
dependence of the change in the full angle of the «condensation cone» S
depending on the temperature of the liquid tiig .

Later publications [7-9] consider the structure of the flow taking into
account the two-phase region. The presence of a smooth conical surface
between the phases and the formation of dispersed bubbles and droplets in
the flow are noted. The result of these recent studies [9] is to determine the
dependence of the phase contact zone geometry on the temperature head
At. The condensation process ends at the height of the contact zone, which
is equal to the penetration depth h of the steam stream. In addition, the
condensation cone pulsations were noted [8; 9], as a consequence of the
use of stabilizing screens in heaters of the mixing type. According to [10],
the heat transfer equation has the form:
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Nu =6,5-Re”®. Pr". 1)

Describing the features of the mechanism of vapor bubbles condensation
in liquid volume, one distinguishes the first stage of bubbles collapsing (large
radius bubble), which is due to the intensity of heat exchange, and the second
stage — (small radius) with the influence of inertial forces [11].

In publications [12] analytical and experimental material was ob-
tained, characterizing the condensation of fixed steam bubbles. The inten-
sification of the destruction of steam bubbles under the influence of their
translational motion has been studied [13-16].

Models of steam-water interaction with condensation. Under con-
ditions of mass bubbling [17], with the number N, of steam jets, the stud-
ied temperature fields along the length and height of the two-phase layer
are exponential in nature. The formula of the coefficient of heat transfer
from steam to liquid is obtained:

a'-u
a=6,05-10°-C’ - p"- 0 )
P
\/NE-L(”

where C is the specific heat of the liquid; p’ — liquid density; a’ —

coefficient of thermal conductivity of the liquid; L — length of free run of
the bubble (jet); ¢ is the steam content of the layer.

In [18; 19], a model of periodic renewal of turbulent surface moles is
used to calculate the intensity of heat transfer through an interfacial sur-
face, and a universal dependence is obtained, which determines the coeffi-
cient of interphase heat exchange in a turbulent flow:

Nu =0,23-Re®’.pro°. A%?, (3)
where A is the correction that characterizes the steam content in the stream.

Formula (3) is applicable to sufficiently large bubbles in the region
Pr>0.3+0.5; A<0.04 - (dn/D) - Re®"- Pros,

It is known that there are no experiments, calculations for the detec-
tion of theoretical laws of heat and mass transfer when mixing a dispersed
jet of steam with a jet of liquid. This process is complex enough, so there
is a need for experimental studies. An increase in the surface area of the
phases contact can be achieved by dispersing one of the contacting phases.
Existing liquid spraying machines have significant energy costs as a result
of doing some work to overcome the surface tension that causes the liauid
to reduce the free surface. It is known that for spraying liquid energy con-
sumption of most existing dispersants is in the range of 3.5 +~ 10 (KW-h)/t.
Liquid dispersion also has the disadvantage of having an additional ther-
mal drop resistance. So the heat transfer between the liquid droplet and the
saturated vapor is determined by the heat distribution along the droplet
radius. The vapor condenses on the surface of the liquid droplet, and the
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released heat of condensation must be discharged inside the droplet. Ac-
cording to the equation of thermal conductivity under the relevant condi-
tions of the problem under consideration, the intensity of condensation is
determined by the rate of heat runoff per drop.

The coefficient of heat transfer from steam to a drop of liquid [10] is
determined by the formula:

Nu =2+0,74-Re%" . Pro%, 4)
Studies [20] of heat transfer on dispersed jets of liquid have proven the
high intensity of the process and have recommended the following formulas:

2
Q) 426, Regyo: X 027 K™ -{1—exp{— - H )

r-G PeOS,qu

where Q, (x) is the local density of heat, W; G — mass flow rate of liquid,

kg/s; K = 7.62 + 17.80; Re o3, n = 2.0 + 167.0; Pe o3iq = 2740 + 15800;
X=6+412.

The experimental data is described by the equation:

©=1,25-10" . Lp®62. K 045 A 059 008 /0002 7003 026 (6)

when changing values are within: We = 6.6 + 28.6; Lp = (6.6 + 29.3)-10°;
K=76+187; A =113+1.70; ¢ = (0.1 +84.0)-10*; Z = 0.42+9.37;
X = 4.65 + 47.40; while ®=0.20 + 0.98.

Condensation on the jet of liquid is used in many industrial devices
(deaerators, condensers of mixing type, jet heaters).

Theoretical and experimental studies of this type of condensation are
scarce. The recommended calculation formulas for estimating the heat
transfer during condensation of steam on a liquid jet differ by the methods
of determining the basic parameters and components.

In experimental studies of I. V. Vasilyev in CCTU [21] a formula is
obtained when water flows out of holes with diameter d = 3 +7 mm ; jet
height H = 0.2 +0.55 m; initial velocity of water w = 0.2+1.4 m/s and
temperature t = 20 + 90 °C:

0,2 0,7
|gts_t1:0,029-(g'glj (ij , @)

w d

2 tl
9% yo.a0< H <100,
w? d

The formula theoretically obtained in [22] to determine the heat
transfer coefficient has the form:

a:377~Cppm-ppm~Wo-d)(K), (8)

at Re > 1500; 1 < Fr=

where @ (K)) is the function of the parameter K = rl[cppio (t, —to)] .
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The theoretical formulas are proposed in [23; 24] according to the
hypothesis that the coefficient of turbulence is proportional to the cross
section and the absolute flow velocity:

|
0 = —Z-exp(—ﬂi2 - f (x))

i=1 Mij

1,25 ‘|
.q.- 4.5 W2 I L0%.q-
f(x) =, Ao w .H“” ‘“] 1)

w,-di 5-9%°.g-d, wZ

©)

where ¢ is the factor of the jet narrowing; ¢, = 0.0005; ©® — relative
underheating of the jet.

Studying of the jet heaters. Valuable experimental studies of the exter-
nal thermal and hydraulic characteristics of the jet heater were conducted in
VTI [25; 26]. The effect on the heat exchanger desigh and mode factors was
investigated. It is known that the shape of the nozzle does not affect the water
heating and pressure value renewal Apc. The operation of the jet heater under
the influence of mode factors was analyzed depending on the flow of working
water, water temperature, injected steam pressure. In [28], the dependences of
the underheating of water on the saturation temperature and the heating steam
on the jet length are given. They prove that at high flow rates, the main heating
occurs at a short initial jet section, at lower ones — over the entire jet length.
The experiments were conducted using the formulas given above.

On the basis of theoretical developments [22], the process of conden-
sation at the outflow of a cold jet of liquid with velocity wo from an aper-
ture of radius R into the vapor space was studied in [27] with the assump-
tion that «the molecular heat flow is less intense than turbulent». The de-
pendence of the dimensionless temperature ® and the criterion St on the
geometric relation £'=x/ R and the dynamic parameter o is thus obtained:

St—f(a())—f(z'g'R], (10)

2
Wo

where St = @

plig lig

Experimental studies [28] for water jets in the transverse stream of

steam in the region p = 1-100 kPa; wo= 0.8+1.7 m/s; p, ~w,f = 4+60 kPa;
d=2+15mm;1=0.2+ 0.5 m are described by the criterion equation:

.WO

t, —t [
lg—= —2 :0,085-E-Lap°'33-K*°'13-Pr*°'62- Fro®.(1-7)%, (1)

H

2
Mis the Laplace criterion; r = Sar the ratio of
o mix

the mass of air to the total amount of mixture of air and steam.
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Experimental studies [29] of the operation of the jet capacitor were
performed depending on the design features of the apparatus and the oper-
ating conditions. Later, experimental data [30] for vertical jets in vacuum
conditions are described by the dependence:

0,75
Nu =0,02-m-Re"?.pr®43. K 01 (—} , (12)

At
where m=—22

v ; under conditions p = 15 +~ 100 kPa; wo = 9 + 26 m/s;
log
Wy =10 + 30 m/s; do = 3 + 20 mm; | = 0.2 +~ 1.2 m; number of jets 1 + 46.
The results of the experiments of heat exchange at contact condensa-
tion of steam on jets of water, consisting of a solid section and a section
that splits into droplets, [31] are represented by the criterion equation:
-0,75
[0
Nu =2,7-Rep?- P KO .we®* '(E) : (13)
in the range Reiq = (1,4 + 9,0)-10° ; Priqg = 2.5+4.0; K = 9+60;
We = 1.6-10?+3.0-10%; | / d = 12 + 60.
In the conditions of cross-motion of coolants for a large number of
nozzles from which water flows, the formula is obtained:

0,75
Nu :1.57-623;15 KO w228 (Z—zj , (14)
C-zp -y Wi -d? . S .
where Gz = lig * Vliq | liq is the Gretz criterion : FZ — relative
/lliq :

pitch of the jet.

The total surface of the condensation was equal to the surface of a single
jet of liquid (lateral surface of a cylinder with a nozzle diameter ds and height
equal to the length of the jet, 1) multiplied by the total number of jets.

Relative heating ® of a laminar jet in liquid [32] depends on the Fou-
rier number Fo and dimensionless radius &:

—_ >4
0= —2~exp(—gi2 . Fo), (15)
i=1 €j

where Fo= 222!

From the thermal balance of the jet it was obtained that:

d 1
4.5t=-2.In=. (16)

| ®
In the following experiments, the dependences of heat exchange for a
continuous jet flowing from the nozzle from top to bottom into a large

volume of steam are described [33]:
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-0,42
4.5t = 0,134-['—J Re 0. pr009. K 013 035 17

c

c

-0,41
= [
4~St=o,133-[—] -Re 8. pr0%. K% exp(0,16-We), (18)

where dl— = 4+180; Re = (1.5 + 10.0)-10*; Pr = 1.8 ~ 6.4; K = 6 + 50;
C
We=0.4+55,
Equation (17) is recommended for We > 2.7 and equation (18) for
We <2.7.
The influence of the criterion We on the heat exchange is revealed [34]:

I -0,54
at 595 4-st- 5,15-10° exp(O,l35-We)-(dLJ : (19)

| -0,27
at i 95 4.St=1,5-10" exp(O,lSS-We)(é—J (20)
for Re = (1.5+10.0)-10% We =1.1+4.1; k= (4.2 + 17.4)-10?; dl_ =12+178.
c
In the accompanying motion of the vapor with a pressure
p = 0,196 + 0,245 MPa and a current of liquid flowing from the cylindrical

nozzle from top to bottom:

-0,59
4.5t = 0,33-[(1—] -Re 0. pro09. K 013 \yg033 (21)

c

atWe=2.7+74; dl— =45+120.0; dc = 2.18;4;6 mm ; | > 50 d; Re > 10*.
Cc
The publications [35; 36] present the data of studies of heat exchange
under condensation on laminar [35] and turbulent [36] jets of liquid, taking
into account the initial inlet section:

X -0,8
St=f,-f,-f,- ) 22
S = (22)
where f,, f,, f;, are the functions of the numbers Re, Pr, We and the

complex ZL obtained by changing We from 10 to 5; Re from 200 to

RO
1000; Pr from 1 to 50.
In [37] the formula is obtained:

-0,52
j .Re 0033, p 0,074 [ 0,064 (23)

St =0,047-
2-R,
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The calculation of formulas (22) and (23) was consistent with previ-
ous experiments by Kutateladze S. S., Isachenko V. P., Dementyeva K. V.

Recent studies [38] have been associated with the development of a
mathematical model for the calculation of jet condensation and the analy-
sis of past developments with its application.

As is known, there is no study of heat transfer during condensation of
a dispersed steam stream on a swirling stream of water. With regard to the
above dependencies, we can conclude about their individuality due, firstly,
to the method of obtaining, and secondly, to the differences in the method
of determining the input parameters.

Conclusions. Formula (8) is obtained for a flat turbulent jet of liquid
according to the statement that a turbulent mixing layer develops at the
boundary. Formulas (9, 10, 15, 16) have the same theoretical origin under
the same conditions at the boundary of the two phases. Formulas (11, 12)
describe experimental studies of condensation under vacuum conditions.

The determination of the physical parameters of the liquid by tem-
perature also differs:

o for formulas (10-14) it is the average liquid temperature tag= (t. + to) / 2;
o for formulas (9, 15-21) it is the liquid temperature at the inlet to;
o for formula (14) it is the saturation temperature ts.

The quantities pn, o, r were determined by the saturation temperature
ts of the vapor.
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KOHOEHCAUIMHUA TENNTIOMACOOBMIH
NPU NPAMOMY KOHTAKTI PEAINYIOUNX ®A3

Konnencariro mpu npsMoMy KOHTakTi (a3 yMOBHO MOKHA PO3IUTUTH
Ha Taki BHIW: KOHJAEHCAIs] CTPYMEHIO Mapu B 00’€Mi HEIOTPiTOi piluHM;
KOHJIeHcallis Oynp0OaIlok mapy B piiuHI; KOHACHCAIlsd HapH Ha Kparwmix
piavHM (ZucmieproBaHa piluHa); KOHAEHCALlS APy Ha CTPYMEHI PiHHU.

[lpu Bi3yadpHHX EKCIEpUMEHTaX MOCTIIKEHHS Mpolecy KOHAEHCAIii
CTPYMEHSI TTapH y MPOCTOpi BiiMivanacss HassBHICTb 01101 eMyIIbCii mpu 3iTK-
HEHHI IapH 3 PiANHOIO, 32 PaXyHOK APOOJIEHHS CTPYMEHIO apy Ha MaJIeHbKi
OynpOamky. Bricoka iHTEHCHBHICTB MpOLECY TEIIOOOMIHY IMOSCHIOBAJIACh
PI3KHM 30UTBIIEHHSM ITOBEPXHI KOHTAKTY. SIKIIO PO3IIAAATH CTPYKTYPY HO-
TOKY 3 ypaxyBaHHAM JBO(a3HOi 00JacTi, MOXKHA BIIMITUTH HAsBHICTH SIK
TJIaaKoi KOHIYHOI TIOBEPXHI PO3IUTy MK (ha3aMu, Tak i YTBOPEHHS JIHCIIepC-
HUX Oynp0anIok Ta Kpamens B notoui. lle 703Bosse BU3HAYNTH 3aJIXKHICTh
TeOMETpii 30HU KOHTAKTY ()a3 BiJl TEMIIEpaTypHOTO HATIOpYy.

30ibLICHHS IO TTOBEPXHI KOHTAKTY (ha3 MO)ke OyTH JOCATHYTO BHa-
CITZIOK JWCTIEpTyBaHHs OfHIET 3 KOHTAaKTyIounX (a3. IcHyroui amapatu 3 po3-
MWICHHSM PiAVMHA MalOTh 3HAYHI €HEPrOBUTPATH SIK HACIIJOK BUKOHAHHS Jie-
SIKOT POOOTH IS TTOOJIAHHS TTOBEPXHEBOIO HATSATY, SIKUH NMPHMYIIYE PiUHY
3MEHIIIYBaTH BUIbHY HOBEPXHIO. Tak TErioMacooOMiH MK KParuIMHOKO Pifu-
HH 1 HAaCHYEHOIO Mapo0 BU3HAYAETHCS PO3MOALIOM TEIUIOTH B3JIOBXK pajiyca
kparuti. [Tapa KOHIEHCYeThCsl Ha TOBEPXHI KPATLTi PiZIMHY, PH [IBOMY TEIUIOTa
KOHJICHCAIis1, 110 BUBLIHHIOETHCS, MA€ BiZIBOJUTHCH BCEPEAMHY Kparuii. 3riHO
3 PIBHSHHAM TEIUIONPOBITHOCTI MPH BiJIOBIHUX YMOBAaX PO3MJIHYTOT 3a1aui,
IHTEHCHBHICTh KOH/ICHCAIlil BU3HAYAETHCS [IBUJIKICTh CTOKY TEIUIOTH y Kpar-
mo. JlocnipKkeH s TeIuI000MiHy Ha JUCTIEPrOBaHUX CTPYMEHSIX PIIMHM J0Be-
JI BUCOKY IHTCHCHUBHICTb TIPOIIECY.

Konnencariss Ha CTpyMeHI piAMHH BHKOPHUCTOBYETHCS B 0araTbox
MPOMHCIIOBHX amapaTtax (mAeaepaTopy, KOHICHCATOPH 3MINIyBaJbHOTO TH-
My, CTPYMEHEBi HarpiBadi).

TeopeTnuHi Ta eKCIIEpIMEHTAIBHI JOCHTIDKSHHS IOTO BUTY KOHCHCAIT
HeOararouncelbHi. JlociKeHHs TEI00OMIHY TIpH KOHJICHCAIlii TUCTIeproBa-
HOTO CTPYMEHS [TapH Ha 3aKPYYEHOMY CTPYMEHI BOJIM B3araii BiJICYTHi.

Pesynmbraty mocHiiB TEIUIOOOMIHY TpH KOHTAKTHIN KOHJICHCAIIii apy Ha
CTPYMEHSIX BOAH, IO CKIIAJAETHCS 3 CYHUIGHOI JUITHKY Ta JUITHKH, IO PO3-
MaaeThesl Ha KPATUIMHK, TIPE/ICTABIIIIOTHCS KPUTEpiaTbHIM piBHAHHAM. OcTa-
HHI JJOCTIPKEHHS TOB’5I3aHi 3 PO3POOKOI0 MATEMAaTHYHOI MOJIENI PO3PaXyHKY
CTPYMHUHHOI KOHJIEHCAIII] Ta aHaIi3y MIUHYJIUX PO3POOOK 3 11 3aCTOCYBaHHSM.

KurwuoBi cioBa: xoudencayis, napa, cmpymins, piouna, KOHMAKm
¢asz, mennoobMin.

Otpumano: 20.08.2019
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[HCTHTYT TPOGIIEM MOIETIOBAaHHS B CHEPTETHII
imeni I'. €. ITyxoBa HAH Ykpainn, M. Kuis

BNACTUBOCTI IHTEIPANbHUX AUHAMIYHUX MOLOENEN
Y BUrnsAQl ornePATOPIB | PIBHAHDb TUMY BOJNIbTEPPA

To4HICTH pe3yNbTaTiB MOJIEMIOBAHHS AMHAMIYHAX 00 €KTIB 3ale-
JKUTb BiJl TOXHOOK PI3HHX THIIB: HOXHOKH BHXIJHHX JaHHUX, TIOXUOKU
o04HnCIIeHb Ta IOXUOKM MOJEN, o onmcye 00’ekT. BrumB moxubox
NEPBUHHKX MAHUX HAa TOYHICTH PE3YJbTaTy 3HIHCHIOETHCS IUIIXOM
BUKOPHCTAHHS Ta YHCENBHOI peatizanii MaTeMaTHyHoi Moneni. IcHy-
I0Th pi3Hi (OPMHU TUHAMIYHHX MOJEINCH, B TOMY YHCII 3BHYAiHI JH-
(epeHLiaNbHI PIBHSHHS, IHTErpaJbHI PIBHSAHHS Ta OIEpPaToOpH, Hepe-
naTHi (YHKUI{, PIBHAHHSA B YaCTWHHHX MOXigHHX. HaiOinemr posmo-
BCIOJDKEHUMH THHAMIYHUMHI MOJIEISIMH U OIUCY TPOLECiB BUMIPIO-
BaHHS € 3BUYalHI IM(EpeHIlianbHI PIBHIHHIL. AJle MaTeMaTH4HI MO-
JIeTTi y BUIVBIL iHTErpaIbHUX PiBHAHD MAIOTh MIEPEBary 3a paxyHOK TO-
TO, 110, Ha BiMiHY BiJ Au(epeHLiaIbHAX PiBHAHB, BKIFOYAIOTh B ce0e
MOBHY ITOCTAHOBKY 3a/1a4i pa3oM 3 IIOYAaTKOBUMH (IPAaHMIHUMH) yMO-
BaMH, JJOITYCKAIOTh OAHOTUITHHH iXi] IPH YHCIOBOMY PO3B'SI3KY.

CKJ1aI0BOIO YaCTHHOIO OyIb-SKOTO IHTETPAIbHOTO PiBHSAHHA, IO
BH3HAaUa€ HOTrO OCHOBHI BIJIACTHBOCTI, € IHTErpalbHUH OIepaTop.
MHOXHHA 3a7a4d aHal3y IWHAMIYHIX CHCTEM IPH3BOAHTH J0 MaTe-
MaTHYHUX MOJENeH, M0 MICTATh JiHIHHUNA IHTErpalbHUIA OnepaTop
Bomnsteppa, HeniHilHi onepatopu Bonbsreppa-I'amMepruTeiina Ta orme-
paropu Bonbreppa-Ypucona. [arerpaasHumMu piBHSHHSIME BosibTeppa
11 pomy, six TiHIHHAMH TaK 1 HETIHIHHUMH, ONIMCYIOThCS 33/1a4l aHATIZY
JIMHAMIYHOI CHCTEMH 3 SIBHO BUPaXKEHOIO OJTHOHAIIPSMIICHOIO 3MIHOIO
HE3aJIOKHOI 3MIHHO1, HAMPUKIIA]] Yacy. XapaKTepHUM TPHKIAIOM Ta-
KHX 3314 € CUCTEMH 31 3BOPOTHIM 3B'SI3KOM.

AHaniz 0co6aMBOCTEH IHTErpaJbHOIO METOJYy MAaTeMaTHYHOTO
MOJICTIIOBaHHS TUHAMIYHUX 00’ €KTIB CBIIUUTH IO Te€, IO MEBHI
nepeBard TUHAMIYHUX MOJENICH Y BUIIALI IHTErpaqbHUX PiBHSIHD
Ta OMeparopiB 3a0E3MeUyrOTh MO3UTHBHI MOXKJIMBOCTI MOOYIOBH
e(eKTHBHUX METO/IB Ta 3aC00iB CTBOPEHHS, TOCTIHKEHHS, ITPOCK-
TyBaHHs Ta (YHKIIOHYBaHHS BHMIipIOBAJBHUX CHCTEM 3 BOyIOBa-
HUMH 3ac00aMH TUHAMIYHOT KOPEKIlii TOYHOCTI.

KuawuoBi cioBa: ounamiuna modens, inmespanvhe piGHAHH,
inmezpanvhuli onepamop, inmezpanvie pienanns Boremeppa, eu-
PpoOdaicene a0po.

Beryn. TouHicTh pe3ynbTaTiB MOJETIOBAHHS OYb-SIKOTO JHHAMIiY-
HOTO 00’€KTY 3aJIeKHUTh BiJl TAKUX CKJIAIOBHX SK MOXMOKAa BHXIIHUX Ja-
HUX, TTOXHWOKa O0YKCIIEHb Ta MOXHOKa MOJEN, Mo onmucye 00’ekT. Bei i
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CKJIa0Bi 000B’A3KOBO MalOTh Miclie Ha IpakTuii. [Ipu mpoMy BIUIHB 1I0-
XHOOK MEPBUHHUX JaHUX HA TOYHICTH PE3yNbTaTy 3MIHCHIOETHCS MUITXOM
BUKOPUCTAHHS Ta YUCENHHOI peaiizamii MaTemMaTwaHoi Mozewi. SKicTh
MaTeMaTHUYHOI MOJENl BU3HAYAECTHCA K i1 aJIeKBaTHICTIO, TaK 1 11 MOYKIIH-
BOCTSAMH /s €(peKTHBHOI YHCEThHOI 1 KOMI ' FOTepHOI peamizamii. 3 1iei
TOYKH 30py 3HAYHA POJIb HAJICKUTH BHOOPY GOpMH (BHILY) MOJEITI.

IcHyr0TB p13H1 bopMH JUHAMIYHHX MoJeiel, B TOMY YHUCIi 3BUYaiHI
zmq)epeﬂmanbm PIBHSIHHS, 1HTErpajbHi plBHHHHH Ta OTMepaTopH, repesia-
THI (QyHKUii, pIBHSHHSA B YacCTUHHUX NOXiAHUX. [Ipu mpoMy Maiixe Bci
BOHH MOXKYTb OyTH aHAJIITHYHO €KBiBAJICHTHUMH MK COOO0IO 1 3aCTOCOBY-
BaTHCS JUIS ONHUCY AWHAMIKM KOHKPETHOTO THUHaMiuyHOro o6’ekry. ToOTo
Ma€ Miclle IPUHINIT ATBTEPHATHBHOCTI NP BHOOPI TOI 4M iHIIO! hopMu
OIUCY 3a/1a4 AMHAaMiKU. AJie CJIiJ] MaTH Ha yBas3i, IO Il MOJIel, K IpaBu-
70, HE € PIBHOIIIHHUMH TIPH YUCENBHIN peamnizallii, OCKUTBKH pPO3B’SI3KU
BIAMOBITHUX PIBHSHb OTPUMYIOTHCS PI3HUMHU 32 CBOIMH BJIACTHBOCTSIMH
YHCEIbHIMH NpoLeypaMu (aIropuTMaMu).

AJIbTepHATHBHICTH BHOOpPY auHaMiuHOi mMopgemi. HaiOimpmr pos-
MOBCIOJDKEHUMHU JTMHAMIYHUMH MOJEISMH JJIsl ONKCY MPOLECIiB BUMIPIO-
BaHHS € 3BHYaiHI AudepeHianbHi PIBHSIHHSA, SKi B 3aTaIbHOMY BUIAJKY
MarOTh BHUIJISIA:

F (x,u (x),u’(x),...,u(“) (x)) =0,
u(0)=Cy,u’(0)=Cy,. Y (0)=C,,
ne F — neska ¢yHKIis, 110 BU3HAYAE 3aIEKHICTD (B 3aralibHOMY BHUIAAKY
HEiHIWHY) MK HE3aJIe)KHOI 3MIHHOIO X, IIYKAaHOK (QYHKIIEW u = u(x) i
il moxigHUMH 10 N-ro mopsaKy Bkio4HO, Cy, ..., Cy — Bigomi 3HaueHHs
MOYaTKOBUX YMOB.

Ha Binminy Bin qudepeHuianbHUX piBHSHb, MaTeMaTH4HI MOJETI Y
BUIJIA/I IHTETpaJbHUX DIBHSAHb BKJIIOYAIOTh B cede MOBHY IOCTAHOBKY
3a/a4i pa3oM 3 TMOYATKOBHMHM (TPaHHYHHUMM) YMOBaMH, JOIYCKAIOTh OJI-
HOTHITHUH TMiXiJ] IPU YHUCIOBOMY pO3B'si3ky [1; 2].

B nocratHpo 3aranbHOMY (HENiHIHOMY) BHNAJKy IHTErpajbHa MO-
JIeTIb MOXKe OyTH NpecTaBiIeHa y BUTIISL

IK(x,y,u(y))dy:F(x,u(x)), )
Q
Je inTerpan oeperbes o obaacti Q, u(X) — mwykana GyHkuis; GyHkuii K
(sapo) i F — 3anaHi.

CKJ1a710BOIO YaCTHHOIO OYAb-SKOTO iHTErpajbHOTO PIBHAHHS, 110 BH-
3Ha4Ya€ HOTro OCHOBHI BIACTHUBOCTI € iHTErpaJbHUH omeparop. MHOXHHA
3324 aHali3y JUHAMIYHMX CHUCTEM HPHU3BOJMTH O MAaTEMAaTHYHUX MOjIe-
JIeH, 0 MICTATH JIIHIHHUH 1HTerpassHUH onepaTop BonsTeppa, HemiHilHI
oneparopu Bonbrepa-I'ammepiireiina ta onepatopu Bonsreppa-Ypucona.
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IaTerpamsanMu piBasHESAME Bosbreppa Il pomy, sk miHIHHAMHE Tak i
HEJIHIITHAMH, OTMCYIOTHCS 3a7adi aHali3y TMHAMIYHOI CHCTEMH 3 SBHO BH-
PaXEHOIO OTHOHATIPSIMIICHOIO 3MIHOIO HE3aJIe)KHOI 3MIHHO, HAIIPHKIIA] 4acy.
XapakTepHUM TPUKIIAJIOM TaKHX 3339 € CHCTEMH 31 3BOPOTHIM 3B’S3KOM.

Ho piBesEp BombTeppa BimHOCATH iHTErpanbHI PiBHAHHS, IO MicC-
TATH omeparop Bombreppa, BKIIIOUatOUYH B el KIIac i pi3HI BUAU HENiHIN-
HUX piBHAHB. J[0 HAalOLBII MOMIMPEHUX PIBHSIHB LLOTO THITY BiJTHOCATBCS
HaBeJleHI HIK4e piBHAHHA [5; 6].

Jliniiine onHOMIipHE (ckamspHe) piBHsHHS Bonbreppa Il pony mae Bur-
TS0

X
y(x)—IK(x,s)y(s)ds: f(x), xe[a,b). 3)
a
3 pi3HUMHU 0OMEKEeHHSAMHU Ha sipo piBHsHHS K(x, S) 1 npaBy yactuny f
(x) moB's3aHi MeBHI YMOBHM iCHYBaHHS Ta €JIMHOCTI 3HAXOJDKCHHS PO3B'S3KY.
30KpeMa, po3B'SI30K ICHYE 1 €qUHUH, SIKIIO SApO Oe3MepepBHO BCEPEANHI i Ha
CTOpOHAX TPUKYTHHKA, OOMEKEHOr0 MpsAMUMU S = @, X = D, X =S (pu b > a),
a Qynkis f(x) Ha npomixky [a, b) Mae KiHIEBY KiIBKICTh TOYOK PO3PHUBY,
b
MPUYOMY BOHA MO)Ke OyTH 1 HEOOMEKEHOIO, SIKIIIO Hf (S)|ds Ma€e KiHIIeBE
a
3Ha4YeHHs. SImpo 3anoBosbHsie ymMoBi K(x, ) =0 npu s > x . 3amintoroun B (3)
IHTerpaj KBaIpaTypHOI (OPMYIIO, MOXKHA OTPHMATH alpOKCUMYIOUY CHC-
TeMy JIHIHHUX anreOpaidHiX piBHAHB BiTHOCHO 3HAYCHB IIYKAHOI (DYHKIIT y
(hiKCOBaHUX BY3JIaX 3 TPUKYTHOKO MAaTPHUIICIO KOS(IIiEHTIB.
PiBusiHHs (3) BMILIY€E iHTErpalbHUIN OTIepaTop

X
ABq)(x)zjK(x,s)(p(s)ds, X<s, 4)
a
Ba)XJIMBA BJACTHBICTH SIKOTO IOJSITA€ B TOMY, IO 3HA4YEeHHsS (QYHKINT
w(x) = App(x) npu Oynb-IKOMY X BH3HAUYAIOTHCS 3HAYEHHSIMH (QYHKIUT ¢
TIIBKH TipU S < x. [HTerpasbHi ONMEPaTOPH, M0 XaPAKTEPHU3YIOTHCS IIEI0
BJIACTHUBICTIO, B TOMY YHCJIi 1 HEJiHiiHI, HA3UBAIOThCS omepaTopamu Bo-
JBTEppa i MIMPOKO 3aCTOCOBYIOTHCS MIPH OMFICI MPOLECiB 3 micisaieto. Ja-
Ha BJIACTHBICTh IHTETPAJIBHOTO OIlEpaTopa J03BOJISIE 3aCTOCOBYBATH TIPHHA-
OM pO3B'si3aHHS PIBHSHHA (3), IO MOJATaE B TOMY, IO PO3B'SI30K MOXKE
OyTH 1oOYyJI0BaHO TUTBKM HA YaCTMHAX MPOMDKKY [a, D), Hanpuknazx, Ha
JesikoMy iHTepBal & < X < X1, KOPUCTYIOUUCH BUPA30M

y(x)=] [K(xs)y(s)ds+f(x) +_X[K(x,s)y(s)ds.

a X,
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BaxxnuBuMm 711 MPaKTUKU YHCIOBOIO PO3B'SI3KY € BUIMAIOK BHPO-
JOKEHOTO sifipa (sapa, MO PO3IUIIETHCS):

K(x,s)ziai(x)ﬂi(s), (5)

ne ai(X), Bi(S) — Bimomi dyHKIii oHiET 3MiHHOI, IKOMY BiAmOBigae pis-
HSHHA

m X

V(X)—Z_lai(x)fﬂi(s)y(s)d5= F(x). (6)

Po3noBcromkeHnM Ha MpakTulli € piBHSHHS Bonbreppa Il poxy tumy
3TOPTKH (OTHOCTOPOHHE):

y(x)—}K(x—s)y(s)ds: f(x), xe[0,2), @)

a6o piBHsHHS Bonbreppa Il pony THIry 3ropTKH (IBOXCTOPOHHE)
X

y(x)- j K(x—s)y(s)ds= f(x), xe(-ow,x). (8)

PiBusinnst Bonbreppa Il pomy 3 oneparopom I'ammepiureiina (piB-
HsaHHA Bonereppa-I'aMmmepireiina):

X
y(x)—jK(x,s)F[s,y(s)]ds: f(x), xe[ab). 9)
a
Pipasinas Bonpreppa-T'ammepinreitaa I poxy Tumy 3ropTku:

y(x)—}K(x—s)F[s,y(s)]ds= f(x), xe[0,o),

abo
X

y(x)- j K(x-s)F[s,y(s)]ds=f(x), xe(-o0,0) (10)

Pipasiaas BomsTeppa Il pony 3 omeparopom Ypucona (piBHsHHS Bo-
npTEppa-YpHUCOHa):

X
y(x)fJ'K[x,s,y(s)] ds=f(x), xe[ab]. (11)
a
BbazoBoro (opMoOr0 MaTeMaTHYHOI MOJIEI MPOIIECiB TUHAMIYHOI KO-
pekuii € iHTerpasnbHi piBHsHHSA Bonbreppa I poxy.

JliniliHe onHOMIipHe iHTerpaibHe piBHSHHS Boibreppa I pomy mae
BULJIS

AyzjK(x,s)y(s)ds:f(x), xe[a,b]. (12)
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BaxnuBuil 1 IIMPOKO PO3MOBCIOKCHUI B JOJATKaX Pi3HOBH PiB-
HSHb (12) — pIBHAHHS THIy 3TOPTKH, B TOMY YHCII DPIBHSHHS BHIJISLY
(ABOCTOpPOHHE):

X
_[K(x—s)y(s)ds:f(x), —0<X<w, (13)
—00

a TaKoX (OJJHOCTOPOHHI):

X
[K(x=s)y(s)ds=f(x), xe[o,b]. (14)
0
Pipasinas BomeTeppa I poxy 3 omeparopom "ammeprureitaa (piBHAH-
Hs Bonprepa-I'ammepmreiina I poxy):

X
jK(x,s)F[s,y(s)]ds: f(x), xea,b]. (15)
a

PiBusinus Bombreppa-Iammepinteitna I poay THIy 3ropTKd IBOCTO-

POHHE:
X

jK(x—s)F[s,y(s)]ds: f(x), —o<x<o0, (16)
abo O,Z[HOCTOP_(;X)HHC (Ha miBBici)

IK(X—S)F[s,y(s)]ds:f(x), x €[0,b]. (17)

0

Heminitine piBHstHEs BombTeppa I pomy (piBHsHHA Bombreppa-
VYpucona I pony):
X
_[K[x,s,y(s)}ds: f(x), xe[ab]. (18)
a
InTerpanbHi oneparopu. Bru3HauanbHOIO CKIIAJIOBOIO YaCTUHOIO Oy/ib-
SIKOTO 1HTErpajIbHOro ab0 IHTErpO-AH(epeHIIiaIBHOTO PIBHSIHHS € IHTEerpaib-
HHH oneparop. 3aB/sIKU IIHPOKOMY 3aCTOCYBAaHHIO Ha MPAKTHII TTOHSTTS Ba-
roBoi (amaparHoi) (YHKLIT, JIHIHHI iHTErpaIbHI ONEPaTOpy MalOTh 1 BEJIUKE
CaMOCTIMHE 3HAYEHHS SK SIBHI MOJENI JIHIMHMX AUHAMIYHUX 00'ekTiB. Hermi-
HiIlHI IHTErpayibHI OIEpaTopH, NPHUPOAHO, MPEICTABISIOTH COOOI0 MoJei
HEeNiHIHHNX 00'€KTIB, X0ua 33/1a4a ()OPMyBaHHS IILOTO BUJLY MOJIENICH 3HAYHO
CKJIaJIHIIA JIHIHHOTO BHUIAIKy [3;4]. 3a3HaAYMMO KOPOTKO JEsKi OCHOBHI Bi-
JIOMOCTI TIPO iHTErpaJibHi ONepaTopH, 10 SBISIOTH COO00 HAHOLIBII po3Io-
BCIO/DKEHHI BUJ TMHAMIYHAX MaKpOMOJIEIICH.
InTerpanbHe nepeTBOpEeHHs

u(t)=

—

K (t,s)p(s)ds, (19)

—

S
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B sikoMy ¢ (t) e Cty,T], asmpo K(t, S) — 3amana byHKLis, MO HATEKHTH
obmacti (kBanpaty) P{t, <t,s<T}, e inTerpansunm omeparopom Ppe-

roJibMa, OKPEMHM BHIIAJIKOM SIKOTO € omeparop Bomnbreppa
t
u(t):IK(t,s)Y(s)ds. (20)
tO
[MonsATTs Ge3nepepBHOCTI JIIHIHHOI CUCTEMH B MOBHIN Mipi Y3romKy€eThb-
Cs1 3 TIOHATTSIM OE3MEePEPBHOCTI IHTETPATBHOTO OIIEPATOPA, IO ii OMHCYE.
Skuio B iHTerpanmeHOoMy omepatopi siapo K (t,s) B oGmacrti

P{t, <t,s<T} 3am0BONBHsE yMOBi
TT
”Kz(t,s)dtds:Bz<oo, (21)
tD tO

toxi interpan (19) ichye amst oBinbHOI GyHKIii @ (t)e Ly [to,T].

Jnst nocnipKeHHsT aCUMITOTHYHUX BJIACTUBOCTEH ITUHAMIYHUX MO-
Zened, 3'ACyBaHHS YMOB 301KHOCTI Ta CTIHKOCTI HaOJNMKEHHUX, B TOMY
YHCIII YUCIOBUX METOMIB aHANi3y, BOKJIMBUM 1 JOCHTH CKIAaJHHUM € IIH-
TaHHS BU3HAYCHHS HOPM IHTETPajbHUX ONEpaTopiB. Y TaKMX BHUIIaAKaxX
YacTO BUKOPUCTOBYIOTH OL[IHKM HOPM.

JlinifiHicTs Moneni (18) moka3yeTbest 3aBIsIKM BIAacTHUBIN Ti aJuUTHB-
HOCTI:

T T T
[K(ts)[ o (s)+ @, (s)Jds = [K(t,;s)gy (s)ds+ [K(t,s)p,(s)ds
t, t, t,
Ta BIIACTHBOCTI OJHOPITHOCTI
T T
j K(t,s)ap(s)ds = aj K(t,s)p(s)ds.
t, t,
InrerpanpHuii oneparop Ge3MOCEpPEHBO BIAMOBIAE PO3MOBCIOKE-
HIifl MOZIENI «BXIJ-BHXiI» SK OMHCY 3B'SI3KY BXIJHUX 1 BUXIJHUX CUTHAJIIB
TUHAMI9HOT crcTeMu. HeoOXiMHICT B TAKOMY OIIUCI 3'IBISETHCS PH PO3-
TISZIaHHI TOBEIIHKH K OKpeMHX OJIOKIB 00'€KTa Tak i BChOTO 00'€KTa B
nutoMy. MateMaTHIHI MOZAETI «BXIA-BHXiI» IO CYTi MPEICTABISIOTH CO-
6010 MaKpOMOJIETi 1 OTPUMYIOTECS €KCIIEPUMEHTAIBHO.

BucnoBku. TakuM 4uHOM, aHaIi3 0COOIMBOCTEH IHTETPATHHOTO Me-
TOJy MaTeMaTHYHOTO MOJICNIOBAHHS AMHAMIYHHUX 00’€KTiB CBIIYHUTH NPO
Te, IO TEBHI NEpeBaru AWHAMIYHUX MOJENeH y BHUIVIAAI IHTETPaTbHHIX
PIBHSIHB Ta oIepaTopiB 3a0e3NedyloTh HO3UTHBHI MOXKJIMBOCTI IOOY10BH
e(eKTHBHUX METO/IB Ta 3ac00iB CTBOPEHHSI, JOCIIKCHHS, IPOCKTYBaHHS
Ta (QYHKIIOHYBaHHS BHUMIPIOBUIFHHX CHUCTEM 3 BOYJOBaHMMH 3aco0aMu
JIMHAMIYHOT KOPEKIIil TOYHOCTI.
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PROPERTIES OF INTEGRAL DYNAMIC MODELS IN THE FORM
OF OPERATORS AND EQUATIONS OF THE VOLTERRA TYPE

Accuracy of dynamic object modeling results depends on the errors of dif-
ferent types: source data errors, calculation errors and model error. Errors of the
primary data influence the accuracy of the result through the use and numerical
implementation of the mathematical model. There are various forms of dynam-
ic models, including ordinary differential equations, integral equations and op-
erators, transfer functions, partial differential equations. The most common dy-
namic models for describing measurement processes are ordinary differential
equations. But mathematical models in the form of integral equations have the
advantage over them because, unlike differential equations, include the com-
plete formulation of the problem together with the initial (boundary) conditions,
they allow a one-size-fits-all approach to numerical solutions.

An integral operator is an integral part of any integral equation that defines
its basic properties. Many dynamical systems analysis problems result in mathe-
matical models containing a linear integral Volterra operator, nonlinear Vol-
terra-Hammerstein operators and Volterra-Urison operators. Volterra I1-type in-
tegral equations, both linear and nonlinear, describe the problems of analyzing
a dynamic system with a pronounced unidirectional change in an independent
variable, such as time. A typical example of such tasks is feedback systems.

The analysis of the peculiarities of the integral method of mathematical
modeling of dynamic objects shows that certain advantages of dynamic models
in the form of integral equations and operators provide positive possibilities for
constructing effective methods and means of creation, research, design and op-
eration of measurement systems with integrated means of dynamic correction.

Key words: dynamic model, integral equation, integral operator,
Volterra integral equation, degenerate nucleus.

Otpumano: 9.08.2019
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HaunioHansHu TEXHIYHUH yHIBEpCUTET YKpaiHH
«KuiBchkuii oniTexHiyHUA 1HCTUTYT iMeHi Iropst Cikopcebkoro», M. Kuis

PO3B’A3AHHA NOMNM4YHUX 3AO0AY
HA OCHOBI MALLUHHOIMO HABYAHHSA

VY cTaTTi 3ampomoHOBaHO cHOciO pO3B’S3aHHSA JIOTIYHHMX 3a-
J1a4-TOJIOBOJIOMOK Ha OCHOBI MaIlIMHHOTO HaBdaHHs. Crioci0 po3paxo-
BaHO Ha TOMePEHI0 (HopMaTi3allio 3a/1a4 Y BUTIIAII OIUCY BIACTHBO-
cTell Ta BimHOIIEHb MDK HUMH. OCKIUIBKM KOXKHAa BJIACTHBICTH Mae
MHOXXHHY MOJJIMBUX 3HA4€Hb, PO3B’SI3aHHS 3a/1adi METOIaMHU Iepe-
0opy Mae KOMOIHATOpHY CKJIaaHicTh. [Ipy BenmuKiil KiTBKOCTI BIacTH-
BOCTe#l Ta 1X 3HaYECHP Yac PO3B’I3aHHS CTPIMKO 3pOCTaE.

B ocraHHI poKH OKpEeMHM HampsMOM JOCITIIKEHb 3 MallHHHO-
TO HAaBYAHHSA CTaJIO0 PO3B’sI3aHHS JIOTIYHMX 3a7ad Takoro tumy. On-
HaK iCHYIOUi PIIEHHS I[bOTO HAlpsIMy MalOTh PsAI HEIONIKiB, Ha-
caMIiepes; BOHH He 3aB)KIU FapaHTYIOTh KOPEKTHE PO3B’sI3aHHSI.

VY poOoTi MpeACTaBICHO CIIelianbHy MepeKy 3B SI3KIB UL Ha-
BYaHHS PO3B’SI3aHHIO JIOTIYHMX 3a/1a4, a TaKOXK iX (opmarizaiito
IUTS TIpEICTaBIICHHS Lilf Mepeki. Mepexa MIiCTHTh 00YHCITIOBAIBHI
BY3IIH, SIKi BiJOOpaKaIOTh BiTHOIIEHHS M)XK BIaCTHBOCTSIMH, Ta BY-
3JTM BXIIHUX IAPIB, SIKi 3aJaF0Th 3HAYCHHS IIUX BiJHOIICHB.

Po3B’s13aHHs KOXKHOT 3a/1a4i BiTOyBA€ThCS IIIXOM aBTOMATHYHO-
TO CTBOPEHHS Mepexi 3B’S3KiB 3 11 ONAJBIINM HAaBYaHHAM 10 OTPH-
MaHHS po3B’s3Ky. [IpruBeIeHO TeOMeTprUyHy iHTEepIIpeTanito N-MipHOT
Mepeski 3B’s13KiB Ta ii (N — 1)-mipHux mapis. Hasesnerno dopmaisariro
TIPE/ICTAaBIICHHS] HAaBYAIBHOI BUOIPKM Ta alropuTM HaByaHHs. [Ipen-
CTaBJICHO MEXaHi3M PO3B’I3aHHSI JIOTTYHHX KOMOIHATOPHUX 33/1a4.

HaBeneHo mpuknaau 3afad, SKi € TpaAULifiHUIMH TeCTaMH B
CHCTEMax JIOTIYHOTO MPOTpaMyBaHHS Ta MPOXYKUIHHUX (eKcIepT-
HMX) CHCTEMAax, a Takoxk 3ajad 3 pecypcy bAbI Takux kiacis: two
supporting facts, two arguments relations, positional reasoning.

ExcniepuMeHTaNbHO TOBEJCHO €(EKTUBHICTH 3alpONOHOBAaHO-
TO Cc1oco0y.

Bu3HaYeHO MEPCHEKTUBH MOJANBIINX JOCIIIKEHb, SKi IO-
B’sI3aHi 31 CTBOPCHHSM JIGKCHKO-CHHTAKCHYHOTO aHaji3aropa uis
ABTOMATHYHOTO MPEJICTABICHHS BIACTUBOCTEH, X 3HAYCHb Ta Bill-
HOIICHb MK HUMH.

3anponoHoBaHHl CIOCI0 € YHIBEpCaJbHUM 1 HE 3aJIeKHUTh Bif
XapaKTepPUCTUK MOTOYHOI 3a1adi, TAKUX K KUTBKOCTi BIACTHBOC-
Teil Ta X 3HaYEHb.

Ki1ro4oBi ci1ioBa: oziuni 20108010MKU, MAUUHHE HABYAHHSL.
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Beryn. B cydacHuX NpUKIaHUX MPOTPAMHHIX CHCTEMax YacTO BUHUKAE
HEOOXiIHICTh Y PO3B’sI3aHHI JIOTIYHUX 3a/1a4. Pi3HOBHIOM Takux 3ajiay € 3a-
Jada migdopy 3Ha4YeHb BIACTUBOCTEH Ha OCHOBI OIMMCY OO’€KTIB i 3B’S3KiB
MDK HUMU. B Takux 3amagax KokeH 00’ eKT Mae Halip BiacTuBocteil. Koxna
BJIACTHBICTh Ma€ MHOYXHHY MOXJIMBHX 3HAa4€Hb. 3a/1a4a TOJISIra€ y BU3HAYCH-
Hi Takoi KOMOIHAIIIl 3HAYCHBb BIACTUBOCTCH BCIX 00 €KTIB, III0 HE Cylepeyarh
3ajanuM ymoBaMm. [IpuKIaaMu TakuXx 3aad € CTBOPEHHS PO3KIAIIB, JIOTIC-
THKa, PO3TIOJILI pecypciB Sk mpaBmIIO, ANTOPUTMH po3B’>13aHHs[ MAarTh KOM-
OiHATOPHY CKJIAIHICTD, 3aBISKI Hepe60py 3HAUCHb apTyMEHTIB 3amad. 3i 30i-
JBIICHHSM KiTBKOCTI apTyMCHTIB Ha MOPSIKH 3pOCTaE uac poss “si3aHHs. 31
CTPIMKAM DPO3BUTKOM HEHPOHHHX MEpEeX 3 SIBIIIHCS JOCITIKECHHS 3
PO3B’s13aHHS [UX 3aa4 HA OCHOBI MAalIMHHOrO HaBuaHHS. OIHAaK iCHYHOUI
PiLIEHHSI [IOTO HAMPSIMY MAIOTh Psi/l HEIOMIKIB, HACAMIIEPE/l BOHU HE 32BN
rapaHTyioTh KOPEKTHE PO3B ’si3aHHs. ToMy 3a/1aua aBTOMaTHYHOIO PO3B’si3a-
HHS1 JIOTIYHUX 33129 HAa OCHOBI MAIlIMHHOTO HABYAHHS € aKTYaIIbHOIO.

AHaJIi3 ocTaHHIX J0caixkeHb. Po3B’13aHHA KOMOIHATOPHUX JIOTi4-
HHUX 3a/1a4 BIJHOCHUTHCS JI0 OJHOT'O 3 ICTOPUYHO MEPIINX HANPSMIB MITYY-
HOro iHTenekTy. s X po3B’s3aHHS Oy CTBOPEHI CIIeliaNbHI MEXaHi3-
Mu. OHUM 3 HAWOLIBII BiTOMHUX MEXaHI3MiB JIOTIYHOT'O BUCHOBYBAHHS €
Prolog. ns nepeBipku eheKTUBHOCTI HOTO peaizaliii BHKOPHUCTOBYIOTHCS
TecToBi 3ajaui (benchmarks), ssikuMu € came JIOTi4HI 3a7a4i 3a3HAYEHOTO
tuny. Konekmii Takux 3agad mpeacTaBieHo Ha pecypeax [1, 2].

[HITMH TAXiq TpeacTaBieHo B poOoti [3]. ABTOp 3alporoHyBaB Mpe-
CTaBJICHHS JIOTIYHOI 33j1a4i y BUIVLNI HaOopy OyneBux BUpasiB. Ha ix ocHOBI
OY/IYrOTBCS 1 3aTIOBHIOFOTHCS TaOMHII BiacTHBOCTeH. OJTHAK METO/T HE I03BOJISIE
pealti3oByBaTH CKJIaJIHI BiJHOIICHHS 3HAYCHb BIIACTUBOCTEH JIOTTYHOT 3a1a4i.

VY poborti [4] 3agaua MPeaCTaBISETHCS TAOIMICIO 3B A3KIB MK 3Ha-
YEHHSIMH BIIACTUBOCTEH. ABTOpPHM 3alpOIIOHYBAJIN YHIBEPCAIBHHH ajro-
PHUTM pO3B’si3aHHS JIOTTYHHX 3a/1a4 HA OCHOBI PO3PAaxyHKIB CYyM ICHYIOUHMX
3HaYeHb TaKWX 3B s3KiB. OfHAaK el METOJA BpaxoBYe JIMIIE HasBHICTH
3B’S13KY MiXX aTpHOyTaMU 1 He T03BOJISIE IPU3HAYUTH JTOIATKOBI YMOBH.

Cy4yacHOIO TEHJICHIIIEI AOCIIHKEHD 31 IMITYYHOTO 1HTEIEKTY € CIPO-
Om po3B’s3aHHS TaKHWX 33124 HA OCHOBI MAaIIMHHOTO HaBYaHHI. B poOoTi
[5] 6ymno npexacrasieno cuctemy Sherlock, sika Bupimiye JIOTidHI 3a1a4i Ha
OCHOBI MapaJiuTMu 00’ €THAHHS 1HIYKTHBHOTO HaBYAHHS 1 JIOT1YHOTO TPO-
rpamyBaHHs. J[Js CHIPOIIEHHS JIOTIYHOIO BUCHOBYBaHHS SIK HPaBHJIO 3a-
Jada (hopMai3yeThCsl B TIPEICTABIEHHS, NPHCTOCOBAHE AJIsI KOMII O-
TepHOI 00p0o0KHM. B 1iii po6OTi 3amaya mpeAcTaBIsIETHCS 32 JOIMIOMOTOIO
3aIpOIIOHOBAHOT aBTOPAaMH MOBH 3 CHHTaKCHCOM, cX0XuM Ha Prolog. On-
HUM 3 HEJIONIKIB JaHOi CUCTEMH € 3aJIeKHICTh BiJ] YMOB 3ajadi.

B pobori [6] HaBeneHO pe3yibTaTH PO3B’S3aHHS JIOTIYHUX 3a/ad
npoekty bAbI [1] 3a gqomomororo HeHpoHHUX Mepex. OmHaK I JeSTKUX
PI3HOBHIIB 3a/la4 BiJCOTOK KOPEKTHHX BIJIIOBiNEH € MOCHUTh HU3BKUM,
3okpema Jurs 3agad Counting, Lists/Sets, Positional Reasoning, Path Find.
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ToMy HEOOXiTHO PO3pPOOHUTH YHIBEpCaTbHUN MEXaHi3M aBTOMATHY-
HOTO PO3B’sI3aHHSI JIOT1YHUX 3a/1a4 Ha OCHOBI MAIIMHHOTO HABYAHHSI.
Mera i 3aga4i. MeToro poOOTH € CTBOPEHHS O0YHCITIOBAIBLHOI CTPY-
KTypH, sIka pO3B’sI3y€ JIOTI4HI 3a7a4i HA OCHOBI HaBUaHHA 3a 1X (opmali-
30BaHUM OMHUCOM. J[JIs1 BAKOHAHHSI TaHOI METH HEOOXIIHO OYJIO BUPILIUTH
Takl 3aBAAHHA.
1. BukoHatn opmaizariio JJOTIYHHX KOMOIHATOPHHX 3aad.
2. Po3poOuty crieniajgbHy MEpexy AJIsl HaBYaHHs PO3B’S3aHHIO JIOTTYHHUX
3amad.
3. Po3pobutu anroputM HaBYaHHS.
4. TlpoBecTu 0OUYHMCITIOBANBHI EKCIICPUMEHTH Ha TECTOBHX 3a/1a4ax.
®opmamizamisa JoriuHoi 3agayi. Jloriuaa 3amaga cKkiIamaeTbes 3 Ha-
00Opy BIACTUBOCTEH, KOJKHA 3 SIKMX Ma€ HaOip MOXIIMBUX 3HaucHb. Hexaii
3a/ava CKIaJaeThes 3 N BIACTUBOCTEH, KOYKHA 3 AKMX Ma€ m 3HadeHb. Ha-
npuknaz, it 3amadi EfHimnTeiiHa: N = 6 (Homep OymuHKY, HOTO KOJip,
HAIlIOHABHICTD MEIIKAHIA, HOro yIroOJeHI Hamild, IUTapKu Ta TBapHHA),
m = 5 i BCix BIAacTUBOCTEH (HoMepu OyauHKiB — 1, 2, 3, 4, 5; Kombopu
OyanHKiB — OLTHH, XKOBTHUH, 3€JICHUI, YepBOHMI, CHHII, HaliOHAIBFHOC-
Ti — aHIJIElb, JaHCIb, HIMEIb, HOPBEXKEIh, IIBESI;, HAITOT — BOJA, KaBa,
MOJIOKO, muBO, 4aif; rurapku — Dunhill, Marlboro, Pall-Mall, Philip
Morris, Rothmans; TBapuHu — Kirka, KiHb, nTaiika, puda, cobaka).
TakiM YMHOM, KOKHY BIAcTHBICTh P (property) MOKHa MpeJICTaBU-

TH MHOXHHOIO i 3Ha4ens v, (value):

ae B — i-Ta BJIACTUBICTH, i=1..n, viJ — 3HAYeHHS | BIACTHUBOCTI I,
i=1l.n, j=1l.m.

Jns 3agadi Eifnmreiina: P, — nomep 6yansky, P, — Komip OymuH-
Ky, ... , Py — TBapuHa. Hanpuknan, P, ={anrumiemnp, naHeis, HiMelp,

HOPBEXXEIb, IIIBE]}.
Koxna k-ta Mo>xiBa KoMOiHaIis 3HaueHs BaactuBocrteit Cy (combi-
nation), MmaTuMe BUI:

C, =(xﬁxfx£) ()]
Je K — Homep motoyHoi KoMOiHAaIL1, vik — MOJKJIMBE 3HAYEHHS 1-1 Bjac-
THBOCT, vik eh.
Hanpuxnan, C; = (1, Oumii, anrmens, Boga, Dunhill, kimxka),
C, = (1, 6inuii, anrniens, Boga, Dunhill, kinp), Ta iHm.

MaxkcuManpHa KUTBKICTh KOMOIHAIiN 0e3 ypaxyBaHHS OJAaTKOBUX
YMOB:

123



MaTtemaTtunyHe Ta KOMI'I'K)TepHe MoAentBaHHA

n
g=m", O]
e N — KUIBKICTh BJIACTHBOCTEN 3amadi, M — KUIBKICTh 3HAYEHDb BJIACTH-
BOCTEM 3a7aui
Pimennsam 3amadi Oyne MHOXKHMHA KOMOIHAIM, IO HE cymepedarb
BCIM yMOBaM 3ajadi:
S ={Cy.CpriCol ®
Jie 0 — KUIbKICTh KOPEKTHUX KOMOIHaIliif 3HaUueHb BIIaCTUBOCTEH, 0 < (.

Jnst BupilIeHHs 3a/a4i BUKOPUCTOBYIOTHCS YMOBH BIIHOIIEHb MiX
JIBOMa 3HAUYCHHSIMH BIACTUBOCTEH:

j1 jZ
U rel > Vi (@)
ge V" — sHaueHHs j Bmactusocti iy, j;el.m, i el.n, v — 3na-
YeHHs j, BJACTUBOCTI i,, j, €l.m, i, €l.n, <rel> — Bu3HaueHE

BiJIHOIIIEHHS MK BIIACTUBOCTSIMM 3 3a3HAYEHHMH 3HAYEHHAMHU.

Ipu popmaizarii 3agadi BCi 3B°A3KA MPEAMETHOT 001acTi 3BOAATHCS 110
TBEPHKEHb PO HASBHICTH/BIICYTHICTD BiTOBITHOTO 3B 513Ky, IO MO3HAYAE-
Thesl < € = [ < ne e > . Hanpuknam: 1 < ¢ > 6inuil, 2 < ne € > 3eienul.

O0unciaoBajJbHA CTPYKTYpa PO3B'S3aHHA JOriyHMX 3axa4. [ns
PO3B’sI3aHHS JIOTIYHUX 337a4 OyJI0 pOo3pOOJICHO CIIeliadbHy CTPYKTYpY —
Mepexy 3B’s3KiB. Mepexa mpeacTaBiisie o000 N-MipHY «pEIIiTKY» BY3-
7iB. Po3MIipHICTB Mepexi N TOPIBHIOE KiJIbKOCTI BIACTUBOCTEH 3a/1ai.

[Mpuxnag Mepexi B IMOYAaTKOBOMY CTaHi JJisi 2-X BIIACTUBOCTEH,
KOJXKHA 3 SIKMX Ma€ 1Mo 3 3HaueHHs, 300pakeHo Ha pucyHKy 1. Lle npu-
KJaa BigoOpakae yacTuHy 3ajaadi EWHImTeliHa Ui TphOX OYAMHKIB 3
HoMmepamu: 1, 2, 3, Ta MOXKJIMBHUMH KOJIbOPAMHU: CHHIM, YSPBOHHUM, 3€-
JICHUM.

BxigHUM mIapoM Mepeki 3B’S3KiB € BY3JIH, SKi IPEACTaBISIOTH CO-
6010 3HaUYeHHS BiIAacCTHBOCTEH 3anaui. Ha pucyHky 1 BmacTuBicTh «HOMEp
OyMHKY» 3i 3HaUeHHsIME 1, 2, 3 IPeACTABIAETHCS BY3IaMu V; —Vo Birmo-
BiJTHO, a BJIACTUBICTD «KOJip OYAWHKY» 31 3HAUCHHSIMH CUHIH, YePBOHUIA,
3eJIeHHIT — By3/MaMH Vi —Vs .

[Ticna BU3HaYCHHS BXiJHHUX IMIApiB HEOOXiTHO MOOYIyBaTH BHYTPIII-
HIO CTPYKTYPY MEpeXi, IKa MiICTUTh OOUNCITIOBAJIbHI BY3JIH.

KoxkeH o0uuciioBajgbHUN By30s (akTHuHO mpezacrarise Cy komOi-
HAI[if0 3HaYeHb BCiX BIaCTUBOCTEH (2). 3araibHa KibKICTh BY3JIiB CKJIJIa€
g (3). Ha xoxHOMy erami OoOYMCIIOBAaJIbHUI BY30Jl MICTUTh BJIACHE 3Ha-
yerHs Nv (Node value), otpumane npu iHimianmizanii, 800 BHACTIIOK HaB-
yaHHs1. By3o0:1 Mosxe npuiimarn 3HaueHHs 1, ToO6TO KoMmOiHamis Cx MoxIH-
Ba, 200 0 — KOMOIHAI[is HEMOXKIIHBA.
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Vi e Nvy=1F— [Nvy=1r— |Nv3=1r—

P1— Ne 6yauHky,

1
] e
! v Nva=1| [Nvs=1/| [Nvg=1F
V1—2
g i i s
Vi € Nv; =1h NV8=1 Nvg=1

2 3
V2 V2 V2

P,— Konip 6yauHKy,
Voo — CUHIN
vyl - YepBOHUI
vz3 — 3eNeHnn
Puc. 1. IIpuxnao mepedici 36 ’s3xie
[puknaa HaBEeJACHO I JBOMIPHOI MEPEXki 3B’SA3KIB JJI1 HAOYHOCTI
rpadiyHOro mnpeacTaBiIeHHS. AJie NMPUHUMIIM MOOYJOBH MOXHA PO3MO-
BCIOJIMTH Ha N-MIpHY MEPEKY.
B anroputmi BUKOPUCTOBY€EThCS MOHATTS (N — 1)-MipHoro miapy. Ta-
KA TIap MpeCcTaBIsie ASIKUA 3pi3 3 piKCOBaHNM 3HAYCHHSM OJHIET BIIAC-
tuBOCTi. B HaBenenomy npuknaai (N — 1)-mMipauM mapom st pikcoBaHO-

rO 3HA4YEHHS vl2 Oyne Habip By3miB 3i 3HaueHHAMHU NVi, Nvs, Nve, s

v% — 31 3HaueHHAMU NVi, Nvs, Nv7. Buxozasau 3 reoMeTpuuHUX MpecTa-
BiteHb (N — 1)-mipHuit map mMepexi npu:
1) n = 2, € psakom abo cToBOIIEM;
2) N = 3, € IWIOLIMHOIO;
3) n = 4, e mapanenenineaoM.

3anporoHoBaHa Mepeka MOXe MaTH OyAb-iKy pO3MIpHICTh, OJHAK
JUISL BUITA/IKIB N > 3 11e Ba)KKO iHTEPIIPETYBATH T€OMETPHYHO.

Jnst otpuMaHHS pO3B’sI3Ky 3ajadl MoOynoBaHa Mepeka MOBHHHA
MPONTH HABYAHHSL.

HaBuanusa Mmepesxi 3B’a3kiB. HaBuanHA monsrae y BCTaHOBIJICHHI
3Ha4eHb NV Ui Bcix By3miB Mepexi. Kpurepiem 3akiHUeHHS HaBYaHHS €
BiZICYTHICTh 3MiH 3HadeHb NV BCiX BY3JIiB IO BiJHOIIEHHIO JIO TTOTIEpEa-
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HBOT enoxu. ENoxXor BBaKaeThCs MPECTABICHHS MEPEXi BCIX HaBYANb-
HUX MPUKJIAIIB 3 MOJAIbIINM yTOYHEHHSM 3HAa4YCeHb BY31iB. HaB4aapHUM
MIPUKJIIAIOM € BiIHOIICHHS MiXK 3HAUEHHSIMH TBOX BIIACTHBOCTEH (4).

Ilpeocmagnenns npukiady NONATae B IOCHIJOBHOMY IEPEPAXYHKY
3Ha4YeHb BCiX BY3JiB Mepexi. [lepepaxyHOK 3HaueHHs IMOTOYHOTO BYy3Ia
3IIIHICHIOETBCS 32 TAKUM aJITOPUTMOM:

1. BusHauyeHHS KUJIBKOCTI 30iriB 3Ha4€Hb BJIACTUBOCTEHN B IIOTOYHIN KOM-
oinanii Cx 3 MOTOYHUM MPUKIIAIOM.
2. OHOBIICHHSI 3HAYCHHS By3Jia:

N, = N, xF(S,R),
ne N, — HoBe 3HaueHHs By3na, N, — 3HA4YCHHS, BCTAHOBJICHE MiCIIsA

MPEICTaBJICHHS IMOTEPEIHBOT0 MPUKIANY, S — KUIbKICTh 30iriB 3HaUYCHBb
BIACTHBOCTEH, R -— BIiOHOMmMEHHA MK 3HAYCHHSIMH BIACTHBOCTEIA,
F(S,R) — ¢yHKuis, sKa 3aJ1eXKHUTh BiJ KUILKOCTI 30iriB 3HAYECHBb BIACTH-

BOCTEH 1 BU3HAYAETLCS B Tabmuui 1.

Tabmus 1
3nauenns gynkyii onoenenHs
Bxinni napamerpu 3HaveHHs pyHKLii
R S F
<e> 0 1
<€> 1 0
<€> 2 1
< He€ - 0 1
< He € - 1 1
< He € - 2 0

[Ticnst mpeacraBieHHs] BCIX NPUKIAAIB 3IHCHIOETHCS YMOYHEHHS
3HAYeHb Mepedici 32 TAKUM aITOPUTMOM:

1. BuokpemiieHHs BCix MOMBHUX (N — 1)-MipHUX 1IapiB.

2. OOuncieHHS CyMH BCTaHOBIICHHX 3HAYCHB BCiX BY3JIiB HIOTOYHOTO S-TO
wapy Sls (Sum of layer).

3. OHOBIIEHHS 3HAYEHD 34 CXEMOIO:

3.1. fxmo cyma SI=1 — ¢dopmyeTbcs ToAaTKOBAa HaBuyajibHA BHOiIpKa
31 BCIX BIJTHOILIEHb «€», IKi BiT0OpaXatoTh MOTOYHMH BY30J:

Xy <€ > xk’,izl..n,j =1l.ni#j,
Jie K — HOMep MOTOYHOTO By3/a, N — KiJbKiCTh BIACTHBOCTEH 3a/adi.

[Ticna mporo 3MiHCHIOETHCS MPEICTABICHHA BCiX IHX NPUKIANIB 3a
BHUIIIEONMCAHIM aITOPHTMOM.
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3.2. 5xkmo Sl =1 — s3miiicHioeThCs 00poOka HacTymHOTO (S + 1)-rO
I1apy MOTOYHOTO BY3JIa.
4. TlepeBipka 3aKiHYECHHS aITOPUTMY YTOUHEHHS:

4.1. SIxkmo € HeoOpoOJIeHI MIapy MOTOYHOTO BY3JIa, 3IIHCHIOETHCS 00-
poOKa HACTYIHOTO IIapy — ITOBEPHEHHSI 10 MyHKTY 2 TOTOYHOTO
ANTOPUTMY.

4.2. SIkmio BCl apy MOTOYHOTO By3ia 00poOIIeHO, 3/1iHCHIOEThCS Tie-
pexin 1o 00pOOKH HACTYITHOTO By3Jia — MOBEPHEHHS JI0 MYHKTY 1.

Hasuanna BinOyBaeThCs 32 CXEMOIO:

1. Imimiamizaris By3JiB Mepexi: B KO)XKHOMY BY3JIi BCTAHOBITIOETHCS 3HA-
yeHHd 1.

2. HaBuaHHS 32 IOTOYHOKO €MOXOK: INPEJICTABICHHS BCIX HaBYAIBHUX
NPHKIIAIB 3 TOJAJIBIINM YTOYHSHHSIM MEPEXi 32 KOXKHHM 3 HUX.

3. IlepeBipka 3akiHYCHHS HaBYAHHS: SKIIO YMOBa 3aKiHYCHHS HaBUYAHHSI
HE BHKOHYETBhCS — IEpeXill 0 HACTYNHOI emoxu. B iHmomy Buman-
Ky — OTpPHMaHHs po3B’s3Ky 3aja4l y Burisiai (5).

O0uncioBanbHi excnepuMeHTH. [l anpoodarii 3arrpomoHoBaHOTO
aNropuT™My OYyJI0 BUKOPUCTAHO IMPEICTABICHHS N-MipHOI Mepei 3B s3KiB
Y BHTIIAI OMHOBHMIpHOTO MacuBy. [IpencTaBieHHS N-MipHOCTI OpraHi3o-
BaHO 3a JIOTIOMOTOI0 BUPaXyBaHHS 1HICKCIB.

Ha pucynky 2 HaBezieHO (hparMeHT iHTepdeiicy nporpaMHoi cucteMu
3 (hopmarizamiero 3aaa4i EfiHIITeHA 32 BIACTUBOCTSMY Ta 1X 3HAYCHHIMU.

Homep Byamnky
Konip

Hanii

Teapwna
Unrapian
HauioHaneHicTh

Binuid
Koemmi

JeneHui

Puc. 2. @opmanizayis 3a0aui Etnwmeiina
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Hapuaisna Bubipka 1y 3aaui EffHIITeliHa peicTaBieHa Ha PUCYHKY 3.

HaujoHaneHice->Hopeexeus - = - Homep Gyauniy->1
HawjoHanbHicTh- > AHraieys - = - Konip->Yepeonwii
Konip->3enexnii - < - Konip->binwi

HauioHaneHicTe- > [laTyaHwH - = - Haniid->Yaii
Liwrapim->Rothmans - <> - Teapuna->Kiuka
HaujonaneHicte->Himeus - = - Lwraprn->Marlboro
Howmep Gyaunky->3 - = - Haniii->Manoko
Lurapim->Rothmans - <> - Haniii->Boga
Lmrapia->Pall Mall - = - Teapuna- »Mrawka
Haujonanenicte->Wlsep - = - Teapuna->[lec
HaujonaneHicte->Hopeexeys - <> - Konip->CuHii
Teapwha->Kine - = - Koaip->Cunii
Lwrapim- = Phillip Morris - = - Haniii->Muse
Konip->3enenwii - = - Hanid->Kasa

Puc. 3. Hasuanvha eubipka 01a 3adayi Etnwumerina
Po3B’5130K 3a/1a4i pe/ICTaBICHO HA PUCYHKY 4.

Homep EyanHky  Konip Hanii Teapua Limrapxsm HauwicHanbHicta
1 |Komrwi Boaa Kiwka | Dunhil Hop

2 CwHii Yaii Kinn Rothmans Jatuanvn

3 Yepeonwii Monoko Mrawka Pall Mall Anrnicup

4 3enenui Kaea Pubu Marlboro Himevps

5 Binuii MNueo Nec Phillip Morris lleeg

Puc. 4. Pozé’si30k 3a0aui Etnwmetina

VY BUMazKy, SIKIIO 3ajada Mae JEKUIbKa Po3B’sI3KiB, CHCTEMa BHJA€
pilIEHHS SIK TepeNTiKk KOpeKTHUX KoMOiHamii 3HaueHb mapametpiB Cy. Ta-
KWl MpUKIIaj] 3 BapiaHTaM¥ po3B’si3aHHs 3anaui EWHIITEHHa 1pu BHaa-

JIeHH] nepiioi yMOBH HaBEACHO Ha PUCYHKY 5.

Homep Gyamnky  Konip Hani# Teapuna Linrapku HaujonaneHicts
1 S KosTuid Bo,q,a Kil.ux.a ] Du.ni'liil ] I-.ID;;Bex.(.mb
1 KoeTtuii Boaa Pubu Dunhill Hopsexeus
1 Kostuii Bopa Mec Dunhill Ween
1 Koetuii Yaii Kiwka Dunhill JaruanuH
1 Koetuii Yaii Pubu Dunhill JarianuH
1 3eneHwii Kaea Kiwka Marlboro Himeys
1 3enenwii Kaea Kiwka Rothmans Hopsexeus
1 3enenwii Kaea Mrawka Pall Mall Hopsexeus
1 3eneHwii Kaea Pubu Marlboro Himeys
1 3enenwii Kaea Pubn Rothmans Hopsexeus
1 3eneHwii Kaea Mec Rothmans Wsen
1 YepsoHuid Boaa Kiwka Rothmans AHrnieyn
1 YepsoHuid Boaa Mrawka Pall Mall AHrnieyn
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Po3pobnene mporpamHe 3abe3ledeHHs] peai3oBaHO Ha IutaThopmi
.Net Framework 4.6, mosoto C#. TecTyBaHHs Ta anmpoOartis CHCTEMH Bij-
OyBanmcs i KepyBaHHAM orepamiitHoi cuctemu Windows 10 x64.

s excepuMeHTiB 0yi0 oOpaHO 3a1adi, AKi € TPaIUIiHHUMHU Tec-
TaMH B CHCTEMax JIOTIYHOrO POrpaMyBaHHs Ta IPOXYKLIIHUX CHCTEMaX:
3anmaua Eitamreiina, po3mimenHs 3a ctoioM. Kpim Toro, O6yio po3s’s3aHo
3agadi 3 pecypcy bAbI [1] takux kmacis: two supporting facts, two argu-
ments relations, positional reasoning.

B tabmuiro 2 3BeneHo iH(opMallito 3 TECTOBUX 3a/1a4, a TAKOXK Xapa-
KTEPUCTHUKH iX PO3B’A3aHHS.

Tabmums 2
Peszyromamu o6uucniosanrpHux excnepumenmis
l.'[apa.MeT l/l.3alli.l‘ll Yac  |Kinn- KiabkicTb
Ha3sga Kinbkicts | KinbkicTb , . KOPEKTHHX
Ne . po3B’sA- | KicTh .
3ajpavi BJIACTH- | 3HAYEHb KOMOiHa-
. 3aHHS, C| enox .o
BOCTE# N m wiii 0
1 [3amaua Eiinmreiina 6 5 5.71 6 5
2 |Po3MmileHHs 3a CTOJIOM 3 4 1.12 3 4
3 |Po3mileHHs 3a CTOJIOM 4 3 1.53 3 3
4 |bAblI, two supporting facts 2 3 0.76 3 3
bADbl, two arguments
5 relations 2 3 0.83 3 3
6 |bAbl, positional reasoning 3 4 1.78 4 4

TakuM YMHOM, MPEJICTABICHO MEXaHI3M PO3B’sI3aHHS JIOTIYHUX KOM-
OiHaTopHHX 3amay. Po3B’s3aHHS KOXKHOI 3a7adi BigOyBaeThCS IDIIXOM
ABTOMATHYHOI'O CTBOPEHHS MEPEexki 3B’S3KiB 3 il MOAAJIbIIMM HABYAHHSIM
JIO OTPUMAHHSI PO3B’S3KY.

BucHoBknu.

1. Po3pobneno ¢dopmanizaiito JOriuHMX KOMOIHATOPHUX 3a/1a4 SIK Habo-
Py BJIACTUBOCTEH Ta IX 3HaYCHb.

2. Po3pobinieHo mpencTaBieHHs 3aadi y BUIVIAL MEPeXi 3B’S3KIB JUIs
HaBYaHHS PO3B’SI3aHHIO JIOTTYHHX 3a7ad.

3. Po3pobiieHo anropuT™ HaBYaHHSI.

4. ExKcneprMeHTaIbHO JOBEICHO e(heKTUBHICTB 3aIIPOIIOHOBAHOTO CIIOCO0Y.

[TepcrieKTHBOO MOAATBIINX JOCIiIKEHb € CTBOPEHHSI CUCTEMH 3 Jie-
KCHKO-CUHTAKCUYHUM aHAJi3aTOPOM ]ISl aBTOMAaTUYHOTO MPEACTABICHHS
BJIACTUBOCTEH, iX 3HaYEHb Ta BIHOIICHb MK HUMH.

Cnucok BUKOPUCTAHHUX JI’KepeJi:

1. bAbl — Facebook research // Facebook research. — 2015. — Access mode:
https://research.fb.com/downloads/babi/.
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LOGICAL PUZZLES SOLVING BASED
ON MACHINE LEARNING

The article proposes a method of solving logical puzzles on the basis of
machine learning. The method is designed for the preliminary formalization of
tasks in the form of description of properties and relations between them. Be-
cause each property has a set of possible values, the solution of the puzzle by
the methods of search has a combinatorial complexity. With a large number of
properties and their values, the time of the solving is rapidly increasing.

In recent years, a separate area of research in machine learning has
been the solution to logical tasks of this type. However, existing solutions
to this area have a number of shortcomings, first and foremost, they do not
always guarantee a correct solution.

The paper presents a special network of connections for learning the
solution of logical puzzles, as well as their formalization for the representa-
tion of this network. The network contains computing nodes that represent
the relationship between properties, and the nodes of the input layers that
specify the values of these relationships.

Every task is solved by automatically creating a network of links with
its further training until the solution is obtained. The geometric interpreta-
tion of the n-dimensional network of bonds and its (n-1) -dimensional lay-
ers is given. The formalization of the presentation of the study sample and
the learning algorithm are presented. The mechanism of solving logical
combinatorial problems is presented.

The article presents examples of tasks that are traditional tests in sys-
tems of logical programming and production (expert) systems, as well as
tasks from the resource bAbl of such classes: two supporting facts, two ar-
gument relations, positional reasoning.

The efficiency of the proposed method has been experimentally proved.

The prospects of further researches, which are connected with the crea-
tion of a lexical-syntactic analyzer for automatic representation of proper-
ties, their values and relations between them, are determined.

The proposed method is universal and does not depend on the characteris-
tics of the current task, such as the number of properties and their values.

Key words: logical puzzles, machine learning.
Otpumano: 13.08.2019
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YNCENbHA PEANI3ALISA IHTETPANIbHUX AUHAMIYHNX
MOJEJNEN HA OCHOBI METOAY BUPOOXEHUX AOEP

BuxopucraHHs MaTeMaTHYHUX MOJENCH AMHAMIYHHUX 00 €KTIB Y
BUTJISI/II IHTETPANIbHUX PiBHSHB THITY Bonbreppy n03BossiE €hEeKTUBHO
PO3B’s13yBaTH IIMPOKHIT KJIaC TEOPETUYHUX Ta MPAKTUYHUX JIOCIITHU-
OpKUX 3a7ad. TpagumifiHAM MiIXOIOM IIOJO0 PO3B’SI3aHHS LHUX PiB-
HSHB € 3aCTOCYBaHHS KBaIpaTypHUX aITOPUTMIB Pi3HOTO HOPSIIKY TO-
YHOCTI, sIKa 3aJISKHUTh BiJl BUIJIILY sapa Bosereppr Ta KpoKy THCKpe-
TH3aLii, 0 YacTo MPH3BOAUTH 10 3HAYHOI KUTHKOCTI OOYHCIIOBAIb-
HHX OIepalliii Ta TPYIHOLIB IIPOTPaMHOi peati3alii B 3aralbHOMY BH-
naaKy. [lepCrieKTHBHIM € BUKOPHCTAHHS aIrOPUTMIB METOXY BHPO-
JDKEHUX sifiep ULl po3B’si3aHHs piBHAHb Boswteppu 11 pony, sixi ma-
I0Th CYTTEBY TIEpeBary 3a 00CsIroM OOYHCITIOBATEHUX OTEPAIlii 1Mo Bi-
JTHOIIEHHIO 10 TPAIUIIIHHUX aJITOPUTMIB IIPSIMOTO METOY KBaJpaTyp.
PosrmstHyTO anroputmu moOynoBH PEe30IbBEHTH, IO JO3BOJIIE 3a0€3-
MEYATH €(PEeKTUBHICTh PE30JHBEHTHOTO METOJIY pO3B’s3yBaHHS PiB-
HSHB JIAHOTO KJacy. 3ajadya 3acTOCYBaHHS JIAHOTO METOJY JIO PO3B’s-
3yBaHHs piBHAHb BonbTeppy (a00 piBHAHB IHIIOTO TUITY) IPHU3BOINUTH
0 OTPHMAHHS HU3KH HOBUX YHCENBHHMX AITOPUTMIB, BIACTUBOCTI
SIKUX TTOBHHHI OyTH JOCHTiDKeHUMH. [IpakThdHa HiHHICT arOPUTMIB,
IO PO3POOJISFOTHCS, MOJIATAE Y MOMKIIMBOCTI CTBOPEHHS Ha 1X OCHOBI
BIJNOBITHUX TPOrPaMHKX 3aC00iB, SIKi HE MICTATBCS Y ICHYIOUMX Ce-
pIMHMX TaKeTax KOMITIOTEPHOTO MoAemoBaHHA. [lpum 1BOMY
3’SIBJIIETHCS. MOYKIIMBICTD TOPIBHIOBATH OTPHMAaHI allTOPHTMH 3 Bilo-
MHMH KBaJIpaTypHUMH alIrOPUTMaMH 3a HIBHIKOIIEI0, K HaHOLIbII
BaXJIMBOMY MOKAa3HHUKY JULSI TMHAMIYHUX MOJENel CHCTEM KepyBaHHSI.

Kiwuosi ciioBa: inmeepanvhe pisusnns Boremeppu 11 pooy,
K8aOpamypHuil Memoo, Memoo 8uUpoO*CeHux s0ep, pe3oibeeHma.

Beryn. TpaauiiiHuM NpHU3HAYEHHSAM METOAY BHPOKEHUX SIep €
PO3B’A30K JiHIMHMX iHTerpanbHUX piBHAHB TuUny ®penromsma Il pomy.
ToMy 3amada 3acTOCYBaHHA JAaHOTO METOAY JO PO3B’S3yBaHHS PIBHSIHD
Bonbreppu (ab0 piBHAHB IHIIOTO THUIY) MPUBOAMUTE 10 OTPHUMAHHS HU3KH
HOBHX YHCENBHUX AJTOPHUTMIB, BIACTHUBOCTI SKMX IMOBHHHI OyTH IOCIIi-
JokeHUMH. [Ipu 11bOMY 3’SBISIETHCS MOKIIMBICTH MOPIBHIOBATH OTPHMAaHI
ITOPUTMH 3 BIJOMHMHU KBaJpaTypHHUMHU aJrOPUTMaMH 3a HIBUAKOMIEIO,
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K HaHOLIBII BaXKIMBOMY MOKA3HUKY U TWHAMIYHUX MOJEJCH CHCTEM
kepyBaHH [1].

[pakTr4Ha MIHHICTH ANMTOPUTMIB, IO PO3POOIITIOTECS, MOJATAE Y MOXK-
JIMBOCTI CTBOPEHHS HA iX OCHOBI BIINIOBITHMX MPOTPaMHHX 3ac00iB, SIKi HE
MICTATBCA Y iICHYFOUHX CEPIHHMUX MaKeTaX KOMIT FOTePHOTO MOJICTFOBAaHHI.

OcHoBHa 4yacTtuHa. [Ipu yncenbHil peanizauii iHTETPAILHOTO PiB-
HsiHHA Bonbreppu I pony

go(x)—ij(x,s)(p(s)ds:f(x) (@)

mepexiJ A0 AUCKPETHUX OOUHCIIOBANIFHUX CXEM 3IIHCHIOIOTHCS 3a JIOTMO-
MOTOI0 BUPa3y
X

¢(xi)—jK(xi,s)¢(s)ds:f(xi). (2)
a
bepyuu 3HaueHHs X; B SAKOCTi By3JiB KBaApaTypHOi (opMynu i 3a-
MIHIOIOUH iHTETpal CKiHYEHHOIO CYMOIO, OTPUMA€EMO CHCTEMY anreOpaid-
HUX piBHSIHB [2-5]

i
g])(xi)—ZAjK(xi,xj)(ﬁ(Xj)é f(x), (3)
j=1
me X;=j-h, h — xpox kBanparypu, ¢(¥;) — HaONMKeHi 3HauYEHHS

¢ynkuii ¢ (%) B Bysmax X . [t moGymoBH e)EKTHBHOTO airopuT™My
JIOIIBHO OTPUMATH PEKypEeHTHHH BHpPa3, KOPUCTYIOUHCH THUM, IO LI MO-
JKHa 3poOMTH came Uis piBHSHb BonbTeppu, Ha BiIMiHY BiJ pIBHSHB
®penronpma. 3acTOCOBYIOUH, HAaNpHKIa, GOpMyIy Tpameuiii MoKHa 3a-
MICAaTH HACTYIHI PO3PaXyHKOBI BUpa3u:

JUISL 3MIHHOTO KPOKY (3¢2anbhutl 6Unadox):

h
%)+ 2K (% %) (%)
(/N’(Xl):f(xl)’(;’(xz):( i j
1—?2K(x2,x2)

(|

h
1-—LK (%, %
K (%)
ne i=3,4,..,n; h ;=X;—X;_4; manocriiinoro kpoky (h = const):
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P(x)=f(x).

f(Xi)+gK(Xi:X1)'¢(X1)+h§ K(Xi'xj).w(xj)]
. (®

j=2

P(%)=

h
1-—K(X,X
S K (xx)

Crig Bi3HAYXTH, IO MPU BUKOPUCTAHHI TPAAUIIIHHOTO PO3PaXyHKOBO-
ro Bupasy (5) yac oOumCIeHHS IIyKaHoi (DYHKINi 3aJIeKUTh BiI KUTBKOCTI
KPOKIB JFICKpeTH3aIlii, 301IbIIeHHS SKUX TIPU3BOIUTH 1O 30LUIBIICHHS KiJIbKO-
CTi O0UYHCITIOBANIFHUX OTepalliif. Po3paxyHKOBHIA BHpa3, OTPHIMaHU y BHIIA]-
Ky S7pa, 10 PO3IUISEThCS, 13 3aCTOCYBaHHAM (OPMYNM Tparewii, Mae BHU-
TJISL; TIPY 3MIHHOMY KPOIIi TUCKpeTH3allil (3arajibHUi BUMAJIOK):

o(%)=1(x),
)2 30 ()4 (1) 0 ()
P(%;)= h Ij '
1—?2§a| (%) A (%)
(%)=
fx+h—2ma %), ( x+ma X 5 i
) (%) ZE (X081 (X)) e (%) E i |)J=2 ? ﬂl( J)(/’( j) ©6)
1_Zial(xi)'ﬂl(xi)
ne i=3,4,.,n; h;=X;—Xj_4; IpU MOCTIHHOMY KPOLi AMCKpETU3ALii
(h=Const):
¢(0) = 1(0),
f(xu)+hzm:al(xi)'l_il AB (%) (x)
P(x)= S , ™)
1_EK(0)
0,5, mpu j=1,

i=23,..,n;A = .
e ! {1,Hp1zlj>l.

AHaNoriyHo MOXyTb OyTH OTpHMaHi pO3paxyHKOBI BHpa3H s Po3-
B'SI3aHHS CHCTEM IHTEeTpaJbHUX piBHAHD BombTeppu I poxy.

Ipuxaan 1. Po3s's3yeTses inTerpanbae piBHAHHSA Bonsreppu 1 pony
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go(x):x-SX—'[ISx’s-go(s)-ds 8)
0

B iHTepBaii Bix 0 mo 0,4 3 kpokom muckpermsamii h = 0,02 . Bukopucro-
BYIOUHU TPaAUIiiHUNA anroputM (5), OTPUMYEMO CITiBBiTHOIIECHHS BiJHOC-
HO ¢ (%)

or (0)=(0),
i —thjsx‘ o (X))
or (%)= S , )
1-—
2

a TPH BUKOPUCTAaHHI BIACTHBOCTEH BHPOKEHOCTI simpa MoaudikoBaHe
PO3paxyHKOBE CITiBBiJHOIIEHHS Ma€MO BiTHOCHO @y (X;)

Pwm (O) = (0)

)

VY Tabmumi 1. mpeacraBieHi pe3yabTaTH OOYHCIICHB 332 PO3PaxXyHKO-
BUMH criBBigHomeHHAMH (9) 1 (10), a Takok TOUHMI PO3B'A30K @ (X;) -

om (%)=

(10)

Sk BumHO 3 Tabuuil 1. O TOYHOCTI OOM/BA aNTOPUTMH 30Irar0ThCS; IMO-
XUOKa OTPUMAaHOTO po3B’s3Ky He nepesuirye 0,0008.

Taomus 1
Pezynomamu docnidsicenns ons npuxiady 1
&(x) = .

X [or (%) | @0 (%) :|qu (Xi)_%(xi)l om (%) E(X)*|¢T (Xi)_‘/’o(xi)l

0 | 0,0000 |0,00000 0,00000 0,00000 0,00000
0,02| 0,0202 [0,02024 0,00004 0,02024 0,00004
0,04| 0,0409 [0,04097 0,00007 0,04097 0,00007
0,06| 0,0622 |0,06221 0,00001 0,06221 0,00001
0,08] 0,0839 |0,08395 0,00005 0,08395 0,00005
0,10,1062 |0,10622 0,00002 0,10622 0,00002
0,12] 0,1290 [0,12902 0,00002 0,12902 0,00002
0,14| 0,1523 |0,15237 0,00007 0,15237 0,00007
0,16| 0,1762 |0,17628 0,00008 0,17628 0,00008
0,18| 0,2007 |0,20076 0,00006 0,20076 0,00006
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Yac posp'szanns 3a anropurmom (9) npu kpoui h = 0,02 craHOBUTH
0,08 cexynawm, a 3a anroputmoM (10) — cranoButs 0,06 cekyHau, TOOTO
ANTOPUTMH, OTPHMaHI Ha OCHOBI BHUKOPHCTAHHS PO3IUIBHOCTI sIIpa €
OLITBII IBUIKOTIFOYMMH, HiJK TPAAUIIITHI aITOPUTMHU.

Pe3osbBeHTHUIT MeTOA. Pe301b8enma. 3aralbHOI0 aHATITHIHOIO (o-
PMOI0 po3B’si3anHs piBHsAHH Bonbteppu 11 poay € Bupas [4, 6]

y(x) = f(x)+jR(x,s)f(s)ds, (11)

ne Gyukiis R(X,S) € pe30apBeHTOI0 (PE30JIbBEHTHUM 200 PO3B’SA3YI0UNM
STPOM).
Imeposani sdpa. PesonbBenTa piBHsAHHSA (11) BU3HaYaeThCcs BUPA30M

R(x,8) =Y K ,1(x5), (12)
n=0
ne K, (x,s) — iTepoBaHi (IIOBTOpHI) AApa, AKi BU3HAUAIOTHCS PEKYPEHT-
HHMMU CIIiBBIIHOIICHHIMHU
K, (x,8) = K(x,5),

X
K, .1(X,8) = j K(x, K, (t,s)dt, n=1,2,3,.... (13)

S
BusHaueHHS pe30JIbBEHTH 1 YHCeNbHA a00 aHANTHYHA peaizallis
Bupasy (12) o3Havae, mo cyTi, onepariito 0OepHEHHs onepaTopa 00'ekTa,
10 MOJEITIOETHCS, TIPEACTABICHOTO JiBOKO YacTHHO piBHSHHSA (11). Kpim
TOTO, TAKUH MiJXiJ O TOIIYKY PO3B’A3KY BIAKPHUBAE MOMIHMBOCTI OTPH-
MaHHS psly HOBHX YHCEIBHHUX aJITOPHTMIB MOJICIFOBAaHHS, IO PEATi3yIOTh

sIBHE MOJJaHHs 00EPHEHOT0 oreparopa 3ajaaui.

Hpuxiag 2. TexHiKy Oiid 3 ITEPOBaHIMH SAPaMHI MOXKHA TIPOLTIOCTPY-

BAaTH Ha NPHUKIIA/li BU3HAYCHHs pe3obeeHTh sitpa K (X,s) =K, (x,s)=e"".
3rigHo (13)

X X

K, (x,5)= J'ex"zez"sdz = e""sj'dz =" (x-5),
S S
X

2
Ks(x,5)= J'e"’zez’s (z-s)dz=¢*"* %

S

1t -s)°
K4(X,S) :EJ'ex—zez—s(Z_s)zdz — XS %,
. !

a00 B 3araJlkHOMY BHTJISIL

n
Kml(x,s):ex'su, n=012....
n!
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Tenep 3a Bupazom (12) MoxHa 3HANTH

R(X S)—iK (X S)_ex—si(x_s)n — X SgX=s _ez(x—s)
)= na1 (%)= o = .
n=0 n=0
Pignuanns gionocno pesonveéenmu. JIns pe3oNbBEHTH MOxe OyTH
OTPHUMaHO IHTerpajibHe PiBHIHHS, siKe 11 BU3Havae:

X
R(x,s):K(x,s)+fK(x,t)R(s,t)dt. (14)
S
Crpykrypa orpuManoro piBHsHHA (14) 30iraeTbes 31 CTPyKTYpoOIO piB-
HaHHA (12), sIKe po3B’sBYETHCS, MPUUOMY BUXITHOIO iH(POPMAIIIETO, IO TTOPO-
IDKY€ pe3oNbBeHTY, € 3anane sapo K(X,S). BukopuctaHHs pe30ibBEeHTH BUSIB-
JSIETHCS. BUKITIOYHO KOPHCHHUM TIPH SKICHOMY aHAIIi3i 3a/1ad 1 BUKOHAHHI Pi3-
HOTO pOIy CKBIBaJICHTHHUX i CIPOIIYIOYMX IMEPETBOPSHb. MOXKIIHMBI TaKOX
BHIIAJIKH, KOJIM TOJIOBHOKO 33/1a4€i0 TOCIIDKEHHS € caMe 3HaXOKCHHS pe3o-
JBBEHTH, TOOTO aHAMITHYHOTO ab0 YHCENBHOTO po3B 3Ky piBHAHHA (14), mo
Ma€ 3Ha4YHUN NPaKTUYHUY ceHC. Benuke 3HaueHHs Ma€ 3HAXOPKEHHS Pe30Jib-
BCHTH B 3a/1a4ax, sKi JOBOIAUTHCSA PO3B’sI3yBaTH Oarato pasiB MpH Pi3HUX Ba-
pianTax mpasoi yactuuu f(x) i mpu omHOMY 1 ToMy % simpi. HasiBHicTh Bupasy
JUIsL pe30JIbBEHTH y 0araThOX BHIIaJIKax J03BOJISIE OTPUMATH PO3B’SI30K BHXIi-
JTHOTO PIBHSHHS B aHAIITUYHOMY BUIJISIL
Memoo eupoodcenoi pesonveéenmu. Po3risiHeMo iHTerpajbHE piB-
HSHHS

y(x) = f(X)+}K(X,S)f(S)dS (15)
Bicevo norTia mnpokerof pesosacr

R(x,s) = Zm:aRi (X) Bgi(s) (16)

Toni pisusmns (11) Matnve BI/IFJ‘Iﬂi;l
y(x) = f(X)+}Zm:aRi(X)ﬂRi (s)f(s)ds 17

a6o "
y(x) = f(X)+_§;aRi(X).xfﬁRi (s)f(s)ds. (18)

0

Takum 9yMHOM, TIpY PO3B’SI3aHHI IHTETPAIBHOTO PIBHAHHS HEMae He-
00XiTHOCTI 3HAXOAWTH iHTETpal Bif (YHKIIi 1BOX 3MIHHHX, a JIUIIE iHTe-
rpax Bix GyHKIil oxHiel 3miHHOI. [Ipn uncenpHi peanizamii MeToxy BH-
POKEHOT PE30JIbBEHTH MAEMO CHIBBIJHOIIEHHS M << N (N - KUIBKICTh
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JUCKPETH3YIOUNX aireOpaidHuX piBHSAHB UL METONY KBaApaTyp), TOOTO
Ma€EMO BIJIMOBiTHE CKOPOUYCHHS KiJTBKOCTI ONepariil mpu 3adisHHI METOxy
BUPOJKEHOI PE30JIbBEHTH.

€ 1Ba HACTymHI CHOCOOM OTPHUMAaHHS BUPOIKEHO! PE30JIbBEHTH 32
JIOTIOMOTOI0 METOIy iTepoBanux simep [7—10].

IHepwuii cnoci6. ApOKCHUMY€EMO BXiJHE SAPO IHTETPAIBLHOTO PiB-
ml
usaHHA (15) K(X,8) =Zai(x) S (s), a MOTIM 3aCTOCYETbCS METOJ| iTepo-
i=1
BaHHMX SIAEp A0 Bnpozm(enoro sapa. Y TaKOMy BUIAJKy MaeMo:

Koo (x,8) = I S (x)ﬂ.(z)ZaK (DB ;(2)dz =
s i=1 . (19)
= Z Z g (X)ﬁKnJ (Z)Iﬁ| (Z)aK J(Z)dZ

i=1 j=1
BanOByIOlII/I CHIBBI}IHOIJ_ICHHH

X X
I,Bi (2)ag j(2)dz = I7iKnj (2)dz =i (%)= 7ik j(5), (20)
S S

piBasaHHEA (19) 3amUImeMo HACTYITHUM YHHOM:

Kna(x,8) = 2 Zzlai () Brnj )ik j (X) =7k j(5)) =

i=1 j=1

m, (21)
Z[ai(xm(x)]ﬁK",-(s)—ai(x)[ﬂKnj(s)]mKnAs).

”MS

OT)KC, TiCIIs IPOBEICHUX NIEPETBOPEHb ITEPOBAHE PO MpUIIMae BH-
TJIS1T BUPOJPKEHOTO:

m3
Ko (x9) = Y (08, (), @2)
i=1
Jae my =2mm,. Lle cBifY4UTH NpO iCTOTHI BUTpAaTH pecypciB mam’sATi i
MPOLIECOPHOT0 Yacy Ha KOX)KHOMY KpOIli OOUMCIICHHSI iTepOBaHOTO s/pa.
Jlpyeuii cnoci6. bynyemo pe3onbBeHTY R(X,S) 32 JOIMOMOTOIO METO-
Iy itepoBaHuX saep 3rigHo 3 (13). [ani BUKOPHUCTOBYEMO METOJ alpoK-
cuMarii pe3osibBeHTH y BUTIIsAL GinminiiiHOTO psimy [10] (mampukman, ite-
pamiifHo-BapianifHUM ab0 TPaIieHTHUM METOAOM) i OTPHMAEMO PE30Jb-
m
BeHTY y Burisimi R(X,S) = ZaRi (X) Bri () . Ockinbku npu npoMy 6e3mo-
i=1
CepeHbO OTPUMYEMO CIIBBIIHOIIEHHS M << N, TO JaHWUH BapiaHT METO-
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Iy BHPOKEHOI pE30IbBEHTH Oyae e(EeKTHBHUM IIOJO0 BHUKOPHCTAHHS
maM’sITi Ta KOMIT I0TEpHOTO Jacy.
OtprMmaHi BHCHOBKH MiATBEPIDKYIOThCS OaraTbMa OOYHCIIOBAIBHIMHI
eKCIIEpIMEHTaMH, B TOMY YHCIIi IIPH PO3B’I3yBaHHI HACTYITHOTO IPUKJIALTY.
Mpuxnan 3. [aTerpansue piBHAHAS Bonbreppu 2-ro pony

X
y) - [e *y(s)ds = e*,
0

3 TOYHMM po3B’si3koM Yy =1 y kBanpati [0,0.1]x[0,0.1] (xBagpaTypu 3a

dopmynamu Tpamneuiit npu nocriiiHomy kpori h=0,005) po3s’s3yBaiocs i3

3aCTOCYBaHHSAM HAaCTYITHHX METO/IB.

1. Metomom KBaapartyp: 3HaH0OMIOCT 0,2369-10_2 C.

2. Pe3onbpBeHTHHIT METOX: PE30JIbBEHTa BU3HAYAETHCS METOJOM iTepaTH-
BHHUX sjep, NOTpiOHO Oyyio 5 iTepaTHBHUX snep. Butpatu dacy —
0,2567-10 % c.

3. Mertox BupomkeHux saep: 3Hagoomiocs 0,1859 1072 .

4. Meton BHPOMKEHOI PE30JbBEHTH, PE30JIbBEHTA OTPHMAaHA METOJOM
iTepaTHBHHX sinep (2-# cmocib), 3HagoOmIocs 5 iTepaTUBHUX sSAEp, IMO-
TpiGHO Gyno 0,1859 1072 c.

I'pacdiku moxmbGOK BUKOpUCTAHMX METOJIB HaBeieHI Ha puc. 1. Pe-
3y/lbTaTH PO3B’SI3yBaHHS MPHUKIALY JOCTATHHO 00’ €KTHBHO XapaKTepH3y-
I0Th BJIACTHBOCTI METOJIB, SKi 3aCTOCOBYBAINCH, B TOMY YHMCII TIepeBary
METO/IiB BUPOKEHUX sIJIEp 1 METO/ly BUPODKEHOT PE30JIbBEHTH.

107 MeTox KEAXPATYP x 10" Pes0oIbEeHTHEE MeTox
&
g
2
4
1
2
Q 0
0 0.05 0.1 1] 0.05 0.1
MeToa BHFOTECHAY HACD MeTox BEpOXEeHO pPeI0JLECHTH
0.5 o005
o 0.01
04305 0.005
Q 0
0 0.05 0.1 1] 0.05 0.1

Puc. 1. I'paghixu noxubok 0o npuxiady 3
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CyTTeBe NpakTHYHE 3HAUCHHS MAlOTh 3a7a4l MOJICJIIOBAHHS 3 Ta0JH-
YHUM IOJaHHSIM BHXITHUX NaHUX. Llelf BUMagok pos3rissHeMO Ha HacTyII-
HOMY IIPHUKIIAJI.

Hpuxnan 4. fAnpo K(x,s) impasa yactuHa fi (X) piBHAHHA

y(x)+ [ Kr (x,8)Y(s) = fr (x)
0

[OJAIOTHECS TaOJIMYHO BIAMOBIAHO A0 Tabyumi 2 1 Tabmuui 3.

Po3B’s13kM OTpUMaHI: METOJJOM KBaIpaTyp 3a 0,9353-1072 ¢, pe3o-
JBBCHTHUM MeToioM (19 iTepoBaHmX siziep) 3a O,7945~10’2 ¢, METOAOM
BUPOKEHUX SJIEP 32 0,9924‘10_2 C, METOJIOM BHUPOJIKEHO1 PE30JIbBEHTH

3a 0,6399-107 c.

Pesynbratu po3B’s3KiB piBHAHHS HaBeACHI B TaOMHI 4, a TIOXHOKHU
PO3B’S3KIB IpeICTaBICH] B TAOIHUII 5.

I'padiku anpokcumyrounx (YHKIIH U sSiApa HaBeICHI HA puc. 2.
Mosxna 6aunty, mo y GyHKIIAX og(X) 1 B5(S) MposBIA€TbCA KyCKOBO-

nmiHifEMA BuTIAA. ['padiku mOXmOOK, OTpUMaHUX BKAa3aHUMH METOJAMH,
HaBeneHi Ha puc. 3. [Ipukmax LTFOCTpYeE Mpane3aaTHICTh aNTOPUTMIB IPH
TaOIMYHOMY ITOJIaHHI BUXiTHUX JaHUX.

Alpha1 Beta 1
06 1.5
08 1 /—\
-1 0.5
o 1 2 3 4 0 1 2 3 4
5 «10-16  Alpha2 ’ «1018 Beta 2
1} o \
5 -2
h] 1 2 3 4 0 1 2 3 4
«10-16  Alpha3 Beta 3
0 5
) /\/\f\/\ , M
-2 -5
o 1 2 3 4 0 1 2 3 4

Puc. 2. I'paghixu anpoxcumyiovux @ynxyii
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Tabnuus 2

Tabnuune nooanna aopa K(x,s)

K(X, S)

0,0000

0,3491

0,6981 | 1,0472 | 1,3963 | 1,7453 | 2,0944 | 2,4435 | 2,7925 | 3,1416

0,0000

-1,0000

-0,9848

-0,9397 | -0,8660 | -0,7660 | -0,6428 | -0,5000 | -0,3420 | -0,1736 | 0,0000

0,3491

-0,9848

-1,0000

-0,9848 | -0,9397 | -0,8660 | -0,7660 | -0,6428 | -0,5000 | -0,3420 | -0,1736

0,6981

-0,9397

-0,9848

-1,0000 | -0,9848 | -0,9397 | -0,8660 | -0,7660 | -0,6428 | -0,5000 | -0,3420

1,0472

-0,8660

-0,9397

-0,9848 | -1,0000 | -0,9848 | -0,9397 | -0,8660 | -0,7660 | -0,6428 | -0,5000

1,3963

-0,7660

-0,8660

-0,9397 | -0,9848 | -1,0000 | -0,9848 | -0,9397 | -0,8660 | -0,7660 | -0,6428

1,7453

-0,6428

-0,7660

-0,8660 | -0,9397 | -0,9848 | -1,0000 | -0,9848 | -0,9397 | -0,8660 | -0,7660

2,0944

-0,5000

-0,6428

-0,7660 | -0,8660 | -0,9397 | -0,9848 | -1,0000 | -0,9848 | -0,9397 | -0,8660

2,4435

-0,3420

-0,5000

-0,6428 | -0,7660 | -0,8660 | -0,9397 | -0,9848 | -1,0000 | -0,9848 | -0,9397

2,7925

-0,1736

-0,3420

-0,5000 | -0,6428 | -0,7660 | -0,8660 | -0,9397 | -0,9848 | -1,0000 | -0,9848

3,1416

0,0000

-0,1736

-0,3420 | -0,5000 | -0,6428 | -0,7660 | -0,8660 | -0,9397 | -0,9848 | -1,0000

Tabnuns 3

Tabauune nooanns npasoi uacmunu f,(X)

0,0000

0,3491

0,6981|1,0472|1,3963|1,7453 | 2,0944 | 2,4435|2,7925 3,1416

X
f(x)

1,0000

0,7053

0,4975|0,3509 | 0,2475|0,1746]0,1231 | 0,0869 | 0,0613 | 0,0432

Tabmuus 4

Ompumani pe3ynomamu

X

o

0,3491

0,6981 | 1,0472 | 1,3963 | 1,7453 | 2,0944 | 2,4435 | 2,7925 | 3,1416

Y TOuHE

10,4605

0,15861| 0,0054 |-0,0578|-0,0691| -0,053 |-0,02440,00746]0,03762

M.
Ksan-
paTyp

110,45419

0,15101| -0,001 (-0,0619(-0,0708(-0,0524| -0,022 (0,01129|0,04239

M.

pe-
30716B.

1]0,41001

0,08849|-0,0666 |-0,1223(-0,1218 (-0,0927 |-0,0517 | -0,0088 | 0,03061

M. Bup.
aaep

110,45419

0,15101| -0,001 (-0,0619(-0,0708(-0,0524 | -0,022 (0,01129|0,04239

M. Bup.
pes.

110,46144

0,16036{0,00764 |-0,0554| -0,067 (-0,0512-0,0232|0,00804|0,03758

Tabmuus 5

Toxubxu po3s’s3xie

KBan-
patyp

0 | -0,0063

-0,0076 | -0,0064 | -0,0041 |-0,0016| 0,00063 |0,00247|0,00383|0,00476

pe-
301IbB.

0 | -0,0505

-0,0701 | -0,072 |-0,0645 |-0,0527| -0,0397 |-0,0273 | -0,0162 | -0,007

M. Bup.
aaep

0 | -0,0063

-0,0076 | -0,0064 | -0,0041 | -0,0016 | 0,00063 |0,00247|0,00383|0,00476

M. Bup.
pes.

0 | 0,00094

0,001750,00224|0,00236|0,00218| 0,00177 |0,00121|0,00058 | -5E-05

140



Cepia: TexHiuHi Haykn. Bunyck 20

5 x10°3 M. kBappatyp 0 M. pe3onbBeHTs!
-0.02
0
-0.04
-5
-0.06
-10 -0.08
[v] 1 2 3 4 0 1 2 3 4
. «10°3 M. Buip. Agep 3 «10M. pe3o. BeIp. AQep
2
0
1
-5
0
-10 K
o 1 2 3 4 0 1 2 3 4

Puc. 3. ['paghixu ompumanux noxu6ox

Bunaoox pisnuyesoeo cmenenesozo siopa. J|is 3HaAXOIKCHHS Pe30-
JBBEHTH MOXHA CKIIACTH Ta PO3B'SI3aTH BH3HAYAIbHE IU(EpeHIiaIbHEe
piBHsiHHs. L[e MOXIJIHBO B OJHOMY 3 BaXKITUBHX Ul MPAKTHKH BUIA[KIB,
KOJIU s7IpO piBHSAHHA (1) € pI3HUIICBUM 1 Ma€ BUTIIS

K(x,s):ao(x)+al(x)(x—s)+...+m(x—s)”’l. (15)

(n-1)!
3a ymoBu GesnepepsHocTi koediuientis a, (x),k =0,n-1 B (a,b]

pe3onbBeHTa s (15) BU3HaYaeThCs BUPa3oM

d"g(xs
R(x,s):%, (16)
X
ne Gyukitist g(X, S) € po3B'SI3KOM PiBHIHHS
dng dn—lg dn—2g
o - ao(X)W+al(x)m+...+anfl(x)g =0 a7
npu
dg dn—2g dn—lg
9 ls &'x:s:’“: dx"2 ly=s=0, W'x:szl' (18)

Mpukaan 5. 3HalgeMO pE30JIBBEHTY PIBHIHHS 3 SIPOM
K (x,8)=x—s, sike € okpeMuM BumaaxoM siapa (15) mpu a, (x) =1 i pis-

HUX HYJIIO iHIIMX KoedinienTtax. PiBusuus (17) npuiimMae BUIIIA
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2
273— (x,8)=0,
3BiIKH
g(x,5)=Cy(s)e* +C,(s)e ™™ .
Ymogu (18) mpuBOIATE 10 cucTeMH
C,(s)e*+C,(s)e® =0,

C,(s)e’-C,(s)e™* =0,

. 1 _ 1
po3B'si30k sikoi C, (s) = Ee *,Cy(s)= Ees , ILI0 JI03BOJISIE 3AITHCATH

1Ir “(x—
g(xs)= E[ex s_g(x S)} =sh(x-s).
3rigHo (16) ocTaToOYHO MaeEMo
R(x,s)=[sh(x—s)],. =sh(x-s).
He3Baxxaroun Ha OOMEKEHICTh aHANITHYHUX CIIOCOOIB 3HAXOKEHHS
PE30JIbBEHTH, ii 3aCTOCYBAaHHSI BHSBISETHCS JOUUIBHUM Uil MOOYIOBU
HaOMIDKEHUX 1 YHCENbHUX aJTOPUTMIB PO3B'S3aHHS IHTETPANbHUX PiB-

HiHb. Po3paxyHKOBI BHpa3u Ul YUCEJIBHOTO OTPUMAaHHS PE30JbBEHTH
MOXyTb OyTu orpumani 3 BupasiB (13) i (14), sKImO B HUX NOKJIACTH

s=s;,i=01,...S, To6TO po30HTH POMIXKOK [a, D) 3MiHHM 3MiHHOI S Ha S
Binpi3kiB. Tomi 3rimHo (13) 1 (14) oTpumaemo
X
Kot (%5) = [K () K, (t ;) dt, (19)
SI
X
R(x,si):K(x,si)+.[K(x,t)R(t,si)dt. (20)

S

Bupa3z (19) 3Boauts 3a1a4y OTpUMAaHHS iTEPOBaHUX siAEp IO 00YHC-
JICHHS 1HTETpallbHOTO omeparopa BomeTeppu, a Bupas (20) sBise coboro
piBasHHES Bonereppu 11 poxy, ne snpo € pyHKIiero oaHiel 3MiHHOI 1 30ira-
€ThCA 3 IPABOI0 YACTHHOIO.

Jlemo iHmM NUIIX 3aCTOCYBAHHS PE30JIBBEHTH MAa€ MICIe MPH Takii
arpoKCcUMAIIiT sipa, KOJIM MOXKHA BU3HAYMTH HAONMKEHY PE30JIbBEHTY aHa-
mituyHo. [IpHKIIaI0M 3aCTOCYBaHHS TAKOT'O MiXOAY € HACTYITHUIH METOI.

SAxmo anst piBHAHHAS (12) po30UTH MPOMIKOK 3MIiHM 3MiHHOI X TOY-

- b-a .
KaMH X = X; =a+ih,i =0,n, 3 kpokoM h =—— Ha N OJHAKOBHUX IIPOMi-
n

KKIB X;, A€ X3 <X<X 1 X, — 3aKpUTHH NPOMDKOK, TOAl HpsAMI
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X=X, i :ZL,_n, S =8; =X;j, j=0,n-1 po3aisATh OCHOBHHU TPUKYTHHUK
D(a<s<x<b) nan TpukyrHnki D, (Xi_1 X< X, S <8< sj) . Tic-
nst3aminn K (x,8)1 f(x) B piBustani (1) GyHKiismu:

K(%,5)K;, x,se D;,i=1n

k(x,s)= - (21)

K(Z,E)Kij, x,s€Dy,i=2n ,j=0n-1

f(x): f(x)="f.xe Xi,izﬁ, X; :Xi_l+E,§j =Xj, OTpUMAEMO piB-

HSHHS
X
V(X)—J'k(x,s)y(s)ds =f(x). (22)
0
Pe3onbBenTa anpa (21) mae BUIIILL
(xs) KieK‘(X_S), x,s €D, i=1n
r(x,s)= _
LijeK.(x—x,,1)+K,(5r5), x,seDy, i=2,n, j=0n-1,
e
Lijia =Kjjig,i=2n,
i1 GKh_g
Lij:Kij+zKil Ly, i=3n,j=2
I=j+1 [
e 1

(mpu K, =0 n1pib6 3aMiHIOeThes Ha h).

[
Po3B's130Kk HaOMIKEHOTO PIBHAHHSA (22) Ma€e BUTIIAA

7()() = CieK'(Xfx"l), Xe X, i :]], (23)

e
i-1 K. h
e -1
C,=f,C =" +2Kij
j=1 i

Ji=2,n.

Oyukuis ¥(X) Mae po3puBH B TOukax X =X;, j=1,n-1, 3i crpud-

K;h
KOM & =‘Ci+1—Cie ‘

BucHoBoOK. BJIOCKOHaJI€HO alrOPUTMU METOJY BUPOKEHUX SIAEp
JUTA po3B’si3aHHSA piBHAHE Bonbreppu Il pony, Ski MaioTh CyTTEBY IepeBa-
Ty 3a 00CSIroM OOYMCITIOBAIBHUX OTEPAIliid 10 BiIIHOMICHHIO J0 TPaIHIIii-
HUX QJITOPUTMIB MPSIMOTO METOAYy KBaIpaTyp; pO3poOJICHO aIropuTMH
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MOOYIOBH PE30JIEBEHTH, IO J03BOIISIE 3a0e3rednTi e(eKTUBHICTD pe3o-
JBBEHTHOTO METO/Y PO3B’s3yBaHHsI PIBHSHb JAHOTO KJIACY.

TakuM 9YWHOM, MOXJINBICTH €(EKTHUBHOI alpoKCcHMarii siaep MOBi-
JBHOTO BHUIJIAY JO3BOJISE 3aisTH MPOJYKTHBHUIA MOTEHIIAT PE30JIbBe-
HTHOT'O METOJY PO3B’S3YBaHHS IHTETPaJbHUX PIBHSIHb YHCCIHHHUMH MeE-
TOAaMH 3 TOOYJOBOIO BIATOBIMHUX IIPOTPAMHHUX 3aCO0IB KOMII'FO-
TEPHOr'0 MOJICIIOBAHHS TUHAMIYHHUX 00’ €kTiB. Kpim TOrO, maHwii miaxin
JTI03BOJIIE B 0araThOX BHUIAIKAX BHKOPHUCTOBYBATH aHANITHYHI MEPETBO-
PEeHHSI 3 OTPUMAaHHSAM CHPOIICHUX MUIAXIB PO3B’s3aHHs 33734 MOJCIIO-
BaHHS.
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144



Cepia: TexHiuHi Haykn. Bunyck 20

NUMERICAL REALIZATION OF INTEGRAL
DYNAMIC MODELS BASED ON THE

METHOD OF DEGRADE KERNELS

The use of mathematical models of dynamic objects in the form of
Volterra-type integral equations enables us to effectively solve a wide
range of theoretical and practical research problems. The traditional ap-
proach to solving these equations is to use quadrature algorithms of differ-
ent order of accuracy, which depends on the form of the Volterra kernel
and the sampling step, which often leads to a lot of computational opera-
tions and software implementation problems in the general case. It is prom-
ising to use degenerate-kernels method algorithms to solve Volterra Il kind
equations, which have a significant advantage over the volume of compu-
tational operations over traditional direct-square algorithms. Algorithms
for resolvent construction are considered, which helps to ensure the effi-
ciency of the resolvent method of solving equations of this class. There-
fore, the task of applying this method to solving Volterra equations (or
equations of another type) leads to several new numerical algorithms
whose properties need to be investigated. The practical value of the algo-
rithms under development is the ability to build on them based software
that is not contained in existing serial computer simulation packages. This
gives the opportunity to compare the obtained algorithms with the known
quadrature algorithms for performance, as the most important indicator for
dynamic models of control systems.

Keywords: Volterra integral equation Il kind, quadrature method, de-
generate kernels method, resolvent.

Otpumano: 19.08.2019
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