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Hccnenyercs arperaiys 4yacTUll B TEXHUYECKUX HAHOKHUJIKOCTSAX KaK MEXaHHU3M UX cTapeHus. IIpennoskeH Koau4ecTBEeHHbIN
MHJIEKC CTapeHMs] Ha OCHOBE ITOKA3aTeNsl CKOPOCTH OCEAaHMs YaCTHUIl HAHOXKHUAKOCTH B TpyOKke. [IpuBeneH 0630p M3BECTHBIX
9KCIIEPUMEHTAIBHBIX JAHHBIX [0 arperalud U OCEJaHHI0 Pa3HOTO THUIIA HAHOYACTHUII, a TAKKE UMEIOIUECS TEOPETUIECKUE
MOJENHU, KOTOpBIE IIOKa3alu CYIIECTBEHHBIE pa3IH4YMs TEOPETUYECKHX M HKCIIEPHUMEHTAIbHBIX KPHUBBIX OCEIAHUs.
IIpennoxxena Moaudukans MeToaa AMHAMUKY JaCTHUI] C YUETOM YCJIOBUI MPOCKANb3bIBAHUS BTOPOTO MOPSAKA M IPOBEICHBI
pacdeThl OcelaHusI B IPSIMBIX M HAKIIOHHBIX TpyOKax. [IokazaHo Xopolee COOTBETCTBUE TEOPHUHU € IKCIIEPUMEHTOM.

Knrouesvle cnosa: mamemamuueckoe MO@@ﬂMpOGaHM@, MuKpouacmuybsvl, Hanovacmuybsl, azpecayusl, ceauMeHmauuﬂ, Memoo
OUHAMUKU uacmuy.

JocnimkyeTbess arperamis 4YaCTHHOK B TEXHIYHHX HAaHOPIOMHAX SK MEXaHi3M iX CTapiHHA. BcTaHOBJIEHO, MO 32 paxyHOK
arperaiii B'SI3KICTh HAHOPIIMH 3pOCTa€, a TEIUIONPOBIIHICTH 3MeHIIyeThesl. I1in yac ocimaHHS y BepXHIH YacTHHI TPYOKH
YTBOPIOETHCSL 00JIACTh Hecydoi pimuHH, BimbHOI Bin wacTuHOK (30Ha I). Ilorim posramoByerscs 30Ha Ila, 3amoBHeHa
OCIJAFOYUMHU OJJMHOYHMMH YACTHHKAMH 1 arperataMd i3 HEBEIUKOrO YHcla YacTUHOK. Ilicis cmimye 3ona 116, 3amoBHeHa
BEJIMKMMH arperatamu. 3oHa [IB ckilaaeThes 3 BEIMKUX arperaris, siKi yTBOPIOIOTH MOpHUCTHI Kapkac. Camuit HykHIN map 11
CKIIaZIa€ThCsl 31 HIUIBHO YIIAKOBAaHMX arperariB Oe3 piamuu. JuHamiuai kpuBi H(t), oTpuMmaHi 3 eKCHEPHMEHTIB, AAlOTh
MOXIIUBICTh OWIHUTH TEOPETHUYHI MOAENi, M0 PO3poOIIroThCsa. HaBeneHO ormsan BiZOMHX EKCIEPUMEHTAIBHHUX NaHHUX II0
arperamii i OCiIaHHIO Pi3HOTO THITy HAHOYACTHHOK, a TAaKOK HAasiBHI TEOPETUYHI MOJEI, sIKi MOKa3aJd iCTOTHI BiMiHHOCTL
TEOPEeTHYHUX 1 eKCIIepUMEHTAIBHUX KPUBHUX OCigaHHSA. [ 4HMCENbHUX PO3PaxyHKiB BHKOPHCTOBYETHCS AUCKPETHHH METOX
JUHAMIKH YaCTHHOK, KW JJO3BOJISA€ NMPOBOAUTH KOMITIOTEPHI CUMYIIILIi Ipy Oynb-sKildi reoMeTpil 1 po3TalryBaHHI TPyOKH.
Pesynbraté po3paxyHKIiB 3 BUKOPHCTAHHSAM TEOPETHYHHX i eKCHEPUMEHTAJIbHUX JaHUX MMOKa3aly, 0 OCITaHHS IIBHIUIE 32
HasBHOCTI IIPOKOB3YBAaHHS Ha MOBEPXHAX YaCTHHOK, IO OUIbIIIE BUPAKEHO B MOXMWINX TPyOKax. 31 30LIbIICHHSIM KyTa HaXHILy

. . (o] . .
TpyOKH IBHIKICTH OCinanHs 3poctac mpu O <45, a mpu BenMKHX KyTax - 3MEHIIYEThCS, IPUYIOMY Bipasy INCIs MOYATKY

ocigaHHs. TakuM 4MHOM, OLIHKA CTYICHS CTapiHHA HAHOPIAMH MOXe OyTH NMPUCKOpEHa IPH NPOBEACHHI TECTY B MOXWIIH
TpyOui. 3ampOMOHOBAHO KUIBKICHHH iHAEKC CTapiHHS Ha OCHOBI NMOKa3HHKA IIBHAKOCTI OCiJaHHS YaCTHHOK HAHOPIAWH B
TpyOui. 3anpornoHoBaHO MOAM(IKAIII0 METOAY TUHAMIKH YaCTHHOK 3 YpaXyBaHHSIM YMOB IPOKOB3YBaHHS APYTOro MOPSAKY i
MPOBE/ICHI PO3PaxXyHKH OCiJaHHS B MPSIMUX i HOXMIMX TpyOKax. [lokazaHo rapHy BiAIIOBIAHICTE TEOPii 3 EKCIIEPUMEHTOM.

Knwwuoei cnosa: mamemamuune Mooeno8anis, MikpOUACMUHKY, HAHOYACIMUHKY, depe2ayis, ceOuMenmayis, memoo OUHAMIKU
YACMUHOK.

The aggregation of particles in technical nanofluids is investigated as a mechanism of their aging. It have been established that
nanofluid viscosity increases, and thermal conductivity decreases due to aggregation. The region of particle-free fluid is
formed during the sedimentation in the upper part of the tube (zone I). Zone Ila, filled with sedimenting single particles and
aggregates of a small number of particles is located next. Zone IIb filled with the large aggregates is followed. Next zone Ilc
consists of the large aggregates that form a porous framework. Bottom layer Il consists of the compactly placed aggregates
without a fluid. Dynamic curves H(t) obtained from the experiments make it possible to evaluate the developed theoretical
models. A review of the known experimental data on the aggregation and sedimentation of various types of nanoparticles is
presented and the available theoretical models that have shown significant differences between the theoretical and
experimental sedimentation curves are reviewed. The discrete particle dynamics method which allows performing computer
simulations with any geometry and location of the tube is used for numerical calculations. The results of calculations using
theoretical and experimental data shows that the sedimentation is faster in the presence of sliding on the particle’s surfaces
which is more evident in inclined tubes. With an increase in the inclination angle of the tube the sedimentation rate increases at

o< 45", and at large angles it decreases immediately after the start of sedimentation. Thus the evaluation of nanofluid aging

may be accelerated if the test is conducted in an inclined tube. A quantitative indicator of aging based on the nanoparticle
sedimentation rate in a tube is proposed. A modification of the particle dynamics method which accounts for the second-order
slide condition at the fluid-solid interface is proposed. Computer simulations of the sedimentation in straight and inclined tubes
have been carried out. A correspondence of theory and experiment has been shown.

Key words: mathematical simulation, microparticles, nanoparticles, aggregation, sedimentation, particle dynamics method.
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1. Beenenue

B HacTosee Bpems HabIOAaeTCs BCIUIECK TEOPETHUECKHX M SKCIIEPUMEHTABHBIX UCCIIEIOBAHUH B
o0nacTH HAaHOHAyK W HAHOTEXHOJOTHH, 4YTO CBS3aHO C pa3padOTKOW HOBBIX MAaTepHaloB C
YHUKQJIBHBIMA (DU3UKO-XMMUYECKHMHU CBOMCTBaMHM, CO3MaHHEM HCKYCCTBEHHBIX KIETOK M TKaHEH,
JedeHueM OoJIe3HEeH Ha KJIETOYHOM ypOBHE, KBAHTOBOH SJIEKTPOHUKH M KOMIBIOTEPHBIX BBIYHCICHHH,
HAHOONTUKH, HAHOMOHUKU U MHOTHX JPYIHX NEPCIEKTHBHBIX HaHOOMoTexHosorui [1-3]. Mukpo- u
HaHO(DITIONINKA 3aHUMAETCS CO3JJaHNeM, N3ydeHHEeM (PU3UKO-XUMUYECKUX CBOWCTB M T€UCHHH MHUKPO-
U HAHOXKHUIKOCTEH, T.e.  pa30aBICHHBIX M KOHIEHTPHPOBAHHBIX CYCIICH3MH MHKpOdYacTH (C
JuameTpamMu dp~1-100 MKM) U HAHOYACTHI] (dp ~1-100 mxm) [3-5]. MUKPOKUAKOCTH MOTYT OBITH

TAK)Ke MPEACTABICHBI PACTBOPAMH M PACIUIaBaAMHU MOJIHUMEPOB, SMYJIbCHAMH M MHKPOIOPUCTHIMU
NeHAMH, OHOJIOTHYECKUMH JKUAKOCTSAMH, CYCICH3USMH MHKPOOPTaHU3MOB M KJIETOK, HAIpHUMeEp, B
OvopeakTopax WM 3aMCHUTEIAX KpPOBH, CHHOBHAIBHOW W JPYTMX OHMOJIOTHUECHX IKHIKOCTEH.
Haubosnee yacto MCmosbp3yeMble HAHOKUAKOCTH — 3TO KOJUTOMAHBIE B3BecH HaHowactui Al,Oz CuO,
Si0,, ZnO ¢ mmamerpamu dIO =20—60HM, Ha OCHOBE BO[bI, INIMIEPHHA, YTHICHIIMKOJA, a TAKKe

cycnensun ¢pymieperos (d p =1.6 —1.8 um), HaHOTPYGOK ( dp =5-100 HM), HAHOKPHUCTAIUIOB U APYTHX

yactull. Takue HaHOXKHIKOCTH OONaNar0T YHHKAIBLHO BBICOKOM DIEKTPO- M TEIJIONPOBOIHOCTEHIO,
MO3TOMY IIMPOKO HCIONB3YIOTCS B  KA4eCTBE OXJKIAIONIMX JKUIKOCTEH B  Pa3sIHYHBIX
MHKPOXHIKOCTHBIX YCTPOMCTBAX, TOIUIMBHBIX 3JEMEHTaX M MHKpojaBuratessix [3-6]. Hanoxuakoctu
HUMCIOT YHHUKAJIBHBIC TCPMOMEXAHUYCCKUC, JJICKTPUUCCKHUEC W MArHuTHBIC CBOIiCTBa YK€ Npu MajlbIX
(<5-10%) KkoHUEeHTpaIMsIX HaHovyacTHll. JloOaBIeHHE BCEro Cp=1.8% Hanoyactur Al,O; B

OXJIQXKTAIOIIYIO KUJIKOCTh MPUBOJUT K YBEIMUEHHIO OTBOJAA Teria oT Mukpormporeccopa I1K na 32%
[3]. Bompoc 006 onTHManbHBIX KOHIIEHTPAIMSIX, MPH KOTOPBIX TEILIOMPOBOAHOCTD IKHIKOCTH
OKa3bIBaeTCA BBICOKOM, a TUHAMHYECKAs BSI3KOCTh - HHU3KOW, OCTAETCS OTKPHITHIM, MOCKOJIBKY OTBET
CWJIBHO 3aBHUCUT OT TIPUPOABI YaCTHUI], UX pa3Mepa, (OPMBI, HICPOXOBATOCTH M AJATC3MBHOCTH
moBepxHocTH [4,5]. B o0030ope [7] mnpuBeAcHBI 3aBUCHMOCTH O(PQPEKTUBHOCTH Pa3IHYHBIX
HaHOXKHJKOCTEH B auamna3one Re=1-1200.

H3BecTHO, 94TO B XOZ€ IKCIUTyaTalliy TAKWUX KUJIKOCTEH HAHOYACTHUIIH CTAHOBSTCS HECTAOMILHBIMU
U 00pa3yrT arperarbl, BCJICACTBUE 4YETr0 KHJIKOCTh «CTapeer» - €€ BA3KOCTh BO3pacTaeT, a
TEIUTONPOBOHOCTh  yMeHbmmaercs [8,9]. Jmd mpemoTBpallleHHst arperaiid W - IOCIeIyIoIeH
TPaBUTAIMOHHON CeIMMEHTAIIN HAHOYACTHIIHI CTAOMIM3UPYIOT IEKTPOCTATHUECKU (ITyTEM BapHAIlHH
pH 06a30Boli JKUAKOCTH) WK CTEpUYECKH (TTyTeM aacOpOIMH JIHHHBIX MOJIEKYJ Ha HX MOBEPXHOCTSIX)
[10].

JisT TUarHOCTUKH COCTOSIHMS HAHOXXHUIAKOCTEH HCITONB3YIOTCS METOJABl 3MITMPUYECKOW OIICHKH
CKOPOCTH OCEIaHHs arperaToB B BEePTHKaIbHBIX Kamwuisipax [6]. Jlis pa3paboTKu HaaekKHBIX
KOJIMYECTBCHHBIX METOJIOB OLIEHKH BO3PAcTa HAHOKHUIKOCTH HEOOXOAMMO PEUICHHE COOTBETCTRYIOIIUX
TEOPETHUYECKUX 3a/1a4. J[J1si MUKOXHUIKOCTEH, HalpuMep, CyCIIEH3UH KPOBH, COOTBETCTBYIOIINX BYX- H
TpexdazHple Mojenu pa3pabOoTaHbl M TPOBEACHA WX BalWIAlUs HA JAHHBIX JKCIIEPUMEHTaIbHBIX
uccimenoBannii [11,13]. [l HaHOKHMAKOCTEH B JaHHOW pabOTEe HWCIONB3YETCSA TUCKPETHAs MOJENb
MAHAMUKH 9aCTHII.

2. MateMaTHueckass MoaeJb M MOCTAHOBKA 3aa4H

2.1. ®opmyaupoBKa 3a1a4u.
PaccmarpuBaeTcsi ocejaHue CyCHEH3UHM arperdpyIOINX YacTUI B TOHKOW JUTMHHOM BEPTUKAIBHOM
MUKPOTPYOKE B TIOJIE CHJI TSDKECTH § WIIM IEHTPOOEKHBIX CHIT EHTpH(YrHu NG, KOTOpbIE HANPABJICHBI

BeprukanbHo BHU3 (Puc.la). KoHuentpanus dvactui cuurtaercs jgocraTouno Beicokoi (C=>0.05),
9TOOBI TIPOUCXOAMIIO Ocenanre. [T0CKOIBKY CKOPOCTh OCEMaHMs OJMHOYHOM YaCTHIIBI B )KHIKOCTH TIOJ
JEHCTBUEM CHJ TsDKeCTH, ApXuMenoBoi W compotuBiicHus CTOKCA OIMUCHIBACTCSA AHATUTHYCCKOMN
¢dopmynoii [11]
2
~ xngdpAp

2.1
41(C) @3
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TA€ |l - BI3KOCTh CYCIICH3HH, dp - TMaMeTp YacTHUIlbl, Ap - pa3HOCTh IUIOTHCTEH YaCTHIIBI U HECYIIeH

KHUIKOCTH, ¥ - (haktop dopmbl yacTul, i cheprueckux yactun ¥ =2/9, To CKOPOCTh OCEIaHUS

HEArperupyroMx YacTUIl MPH MaJbIX KOHIEHTPAIMAX M HU3KUX 3HAYEHUSIX N MOKET OBITh
COMOCTaBUMa ¢ GPOYHOBCKMMH (IIYKTyalrissMu. [Ipy IOIOJHATENBHOM CTaOMIM3AINK TIOBEPXHOCTH U
OTCYTCTBHH DJICKTPOCTATHYECKUX B3aMMOJCHCTBHI TaKHE CYCIEH3WH MOTYT OBITh YCTOWYHMBBI H
HAaXOJMTHCS BO B3BEIICHHOM COCTOSIHHM TogaMu [3,4]. IIpu MCHONB30BaHUHM UX B MHUKPOYKHIKOCTHBIX
CHCTEMAax YHCJIO CTOJKHOBEHHM YBEJIMYMBAETCA M, 3@ CYET BBICOKOW AJre€3WBHOCTH IMOBEPXHOCTEH
YaCTHI, OHH daIle o0pas3yroT arperaTbl. Takum o0pa3om, Hopor KoHueHtpaiuii C, MpH KOTOPbI
YACTHIBl arperupylOT U OCEIAI0T B IMOKOSIIEHUCS >KUIKOCTH, ONMPENEISIETCS 3HAYUTEIBHBIM YHCIOM
(hakTOpOB, HO, TI0 Pa3IMYHEIM OIleHKaM, O30k k C* ~0.05 [3-5].

TaK, B BOJHOH CYCIICH3UM HYJIb-BAJICHTHBIX MCTAINIMYCCKUX HAHOYACTUI] C dp:20 HM IIpH

KoHIeHTparusax 2mr/1 u 60 mr/m gepe3 10 MuH 00pa3oBBIBAINCH arperatbl CO CPEIHUM PaIIyCcOM
125am u 1200 HM COOTBETCTBEHHO, KOTOpPBIE OBICTPO ocenanu B Boje [14]. Eciau Hecymas uaKocTh
OTJIMYHA OT MTUCTWUTMPOBAHHOW BOJBI (Hampumep, MOA3EMHbBIE BOJBI, MUThEBAs BOJA), TO arperamus u
oceJlaHue B3BEIICHHBIX HAaHOYACTHII, HAIIPUMEP, HCITONB3YIOMINXCS TTPH OYHCTKE BOJBI, 3aBUCUT OT pH,
WOHHOU cwiibl, Hanmnuws npumecerd [15]. Hanowactuier okcuma mmHKa ZnO 00pa3yrloT arperarbl
OBICTPO BBIMIAAAIOT B OCAIOK YKE MIPU dp >50 am [16].

B cooTrBercTBMM € MHOTOYHCICHHBIMH HAOMIONCHHUAM M OSKCHEPUMEHTAMH C CYCIICH3USIMH
mukpouactu [11,13], Bckope mocne Hadana ocelaHusl B BEpXHEH 4acTH TpyOKa oOpas3yeTcsl y4acTOK
HecyIeH KuaKoCTH, cBoOOaHBIN OT wacTul (30Ha | Ha puc.2.1a). Huxe pacnomaraercs ydacrok lla,
3aMI0JHEHHBIA OCEeNAoIIUMKH OJUHOYHBIMU YacTUIAMU U arperaramM M3 HEOOJBIIOro YMCIa YacTHILL,
KOTOPBIY IIJIABHO MTEPEXOIUT B ydacTok 116, 3amomHeHHbIH KpymHBIMU arperaraMu. 11o peonorudeckum
CBOMCTBaM MaTepuaibl, 3anoyHsomui 30861 [la u 116 — BA3KOynpyrue XUIKOCTH C COOTBETCTBEHHO
MEHbIIEH ¥ Oosblield Bs3KOCTAMH. MIMEHHO mModTOMYy Ooliee KpymHble dYacTHIbl W3 30HBL 110,
oOmagaronre 0ojee BBICOKUMH CKOPOCTSIMH OCENAaHHS, HE MOTYT YCKOPHUTbCS H3-3a OOJBIIMX IO
3HaueHuto cuyl CTOKcOBa compoTHBIEHHs. TakuM oOpaszom, rpanuna mexay lla u 116 ocraercs
HeueTkol. 30Ha IIB 3amonHeHa KpymHBIMH arperaTamMy, KOTOPBIM KOHTaKTUPYIOT APYT € JIPYroM U
00pa3yloT MO CyTH TOPHCTHI Kapkac, T.e. Bs3Koympyroe TBepmaoe Teno. Cambrii HwkHuN cioi I
3aIl0JIHEH arperaramy, yIakOBaHHBIMU IIJIOTHO, IPAKTUYECKU O€3 HaJM4Hsl B IPOCBETaX MEXAY HUMH
HecyIel xuakocTu (kommakTHeIH cnoi). Co BpemeneM BeicoThl obnacteit [ u |1l yBennumBatorcs, a
obnacreit Il a-B — ymensmmaroTcsi. O CKOPOCTH OCEAaHMS MOXKHO CyauTh 1Mo BeicoTe H 30mb1 I [11]. Ilpu
NPOBEIEHUH S3KCIIEPUMEHTOB IO OCENAaHHI0O HAHOYACTHL[ IPOBOISATCA H3MEPEHHS ITUHAMUYECKUX
kpuBbix H(t), KOTOpbie UCTIONB3YIOT ISl BAJTMIAIMH pa3padaThIBAEMBbIX MOJIEICH.

Wmeromuecss B JuTeparype MOJENTH JJS CYCIIEH3WH HAHOYACTHII OCHOBAaHBI Ha MOJU(PHKAIUSIX
METO/a AMHAMHMKH YacTHI C yueToM cuil Ban-nep-Baanbca, rpaBuranun, bpoyHoBckux u CTOKCOBBIX
CHJI HAa OCHOBE MOJYIMIIMPHYECKHX 3aBUCHMOCTEH JUIsI CKOPOCTEH arperanuu M JAe3arperanuy MpH
cronkHoBeHUs X [17-19]. Tem He MeHee pasnuyusi B pPACCUMTAHHBIX KPUBBIX ocemaHust H(t)
3ECIIEPUMEHTAIBHBIX KPUBBIX I cycneH3ui QyiepenoB B Boxe [18], ¢pymiepeHoB M okcuaa Meau
CuO B wmacne [17], wanmowactuiy muokcumoB Tutana 110, u uepus CeO, [19] ocrarorcs
CYIIIECTBEHHBIMHU.

B nmanHOW paboTe W3ydaeTcs AMHAMHKA OCEJIaHWs HAHOYACTHIl B BEPTUKAIBLHOW TPYOKe IpH
HAJIMYMU arperaudd M HM3HA4albHO OJHOPOJHOM pacmpeneneHu yactul B npsmbix (Puc.2.10) u
HaKIOHHBIX (Prc.2.1B) mox yrioM ¢ K BepTHUKaIM MHUKPOTPYOKax.
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Puc.2.1. Pacnpedenenue pasiuunsix 30H 8 CYCHEeH3UU 0CeOAOwWUX yacmuy (a) u ceomempus 3a0ayu 8 NPIMbIX
(6) u naxoHHBIX (0) MpYOKaAX.

Jlns YUCICHHBIX PACYeTOB HCIOJIB3YEeTCS JUCKPETHBIA METOJ NUHAMHKH YaCTHIl, KOTOPBIH
M03BOJISIET TIPOBOJIUTH KOMITBIOTEPHBIC CUMYJISIIMU TIPH JIFO00H T€OMETPUH U PACTIONOKEHHH TPYOKH, a
TaKKe pasMepa U (GOpPMBI YaCTHUIl, OCHOBBIBASICH TOJNIBKO Ha (DU3MYECKHX 3aKOHAX B3aUMOJICHCTBUS
YaCTHUI] U HMX T'COMETPHUH, MOCKOJbKY NMPH KOHTHHYaJIbHOM MOJCIMPOBAHUU IHMHAMUKU CYCICH3UN
HeoOxomumbl ammupuueckue 3aBucumoct W(C), p(C) [11], koTopble MpH KOHUCHTPAIMAX YACTHUI]

BbIe 5% HeomHo3Ha4HEL. [IpoBoaMTCS TpoBEpKa THUMOTE3BI O TOM, YTO OTIWYHS TEOPETHUECKUX H
OKCIIEPUMEHTAEHBIX KPHUBBIX CBSI3aHBI C WCIOJB30BAaHMEM BBIPAKEHHWH UIsi BpOyHOBCKHX W
CTOKCOBBIX CHJI, HE YUUTHIBAIOIINX YCIOBHE MPOCKAIB3BIBAHUS BTOPOTO MOPSI/IKA HA TPaHUIIE pa3eia
JKUAKOCTh-CTEHKA, KOTOPOE CYIIIECTBEHHO ISl OMIFICAHUS TUHAMUKA HaHOXKHUAKOCTeH [11].

2.2. MeToJ TMHAMHUKHU YACTHL B MOA€IMPOBAHUH IBOJIIONMY JUHAMUYECKOI CHCTEMBI

Merton nuHamuku yactul (Particle dynamics method, PDM) unu MeTon MonekyasipHON THHAMUKA
(Molecular dynamics method) — sto muckperHas mMaTeMaTH4ecKas MOJENb, B KOTOPOH OT/E/IbHbBIE
aTOMBI, MOJICKYJIbI, HaHO- WM MHUKPOYACTHIBI PAacCMATPUBAIOTCA KaK TBEpIble  CQepsl,
B3aMMOJICUCTBHE KOTOPBIX OMPEEIIeTCS 3aKOHAMH KJIACCHYEeCKOW MeXaHWKH. [Ipu 3ToM BpemeHHas
SBOJIOLIMS CUCTEMBI B3aMMOJICHCTBYIOIIAX YaCTHUI] ONPENEesieTCs MyTeM WHTETPUPOBAHUS YpaBHEHHUN
MuHaAMUKH HEBIOTOHa ¢ y4eToM BceX MapHBIX B3aMMOJCWCTBHH Ha MallbIX TPOMEXKYTKAaX BpPEMEHHU.
Briepeeie MeTo ObuT mipeyiockeH B [20] aist TBEpABIX U KUIKUX MaTepraaoB. CHIIbl MEKYaCTHYHOTO
B3aMMOJICHCTBUS  PacCMaTpPUBAIOTCS B BHUJE KJIACCHYECKMX TOTEHIMAIbHBIX CHJI, HO W
HETNOTEHIMAIILHBIEC CUIIBI, HATIPUMEP, TPEHHE U APYTUE HEYIPYyTrHue B3auMOIEHCTBHUS cep, TAKKE MOTYT
OBITh TPUHATHI BO BHUMaHWE [21]. BbIUMCIICHHE TPacKTOPHIl JBUKEHHS CHUCTEMbI Ha OOJBIINX
MPOMEXYTKaX BpPEMEHU TMPOM3BOAMUTCS IIYTEM IOCJIEAOBATEIBHBIX  WTEpaIldii  MPOLETypPhl
WHTETPUPOBAHMS TPACKTOPHA HAa MallbIX BpPEMEHaX C TIOCIEIYIOIIMM I[IepepacueToM BCEX CHII
B3aUMOJICUCTBUM JIsI KaXXJ0M U3 YacTUll. BBIJIO MOKa3aHO, YTO MyTEM TaKUX PacueToOB IOJIy4YaroTCA
HAOOpbl KOH(Urypaluii YacTHIl, KOTOpPbIC paclpee/ieHbl B COOTBETCTBUM C  HEKOTOPOM
CTaTHCTUYECKON (YHKIIMEH, HapUMep, MUKPOKaHOHMIECKUM pacTpeelieHUEeM.

CymiecTByeT OOIBIIOE KOTMYECTBO PA3IMYHBIX BUIOB cO()Ta IS IIPOBEIEHUS PACUYETOB C IIOMOIIIHIO
PDM B pamkax Lattice Boltzmann methods wmu npyrux, mHanpumep, XMD [22] s MoeTUpOBaHHs
nporeccoB B Metamrax u kepammke, LAAMPS (Large-scale Atomic/Molecular Massively Parallel
Simulator) [23], u mHorme apyrue [24]. IlepBblii 3Tam MOJETMPOBAaHUS CBSI3aH C TeHepaluen

N
onpesieieHHOro Habopa KOOpJAMHAT {(Xj,yj,z j)}j_1 LEHTPOB C(hEepPUUECKUX YacTHUIl, PABHOMEPHO
pacrpezieseHHbIX B 3amaHHoM o0beme, tie N=V-C/Vp, V - obbem sxuakoctd, Vy - 00bem

YaCTHULBI.
JBMKeHne Kax10M 4acTHUlIbl onpesenaercs ypaBHeHueM HbroToHa
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dv; .
] -
m:—=>fi+0;, 2.2
I gt Ej” gj (2.2)

rae i, j- HoMepa gacTui, m j - Macca 4acTHIIBI, fi j - CHIIBI ITAPHBIX B3aUMOJICUCTBUH, NEUCTBYIONIUE HA

YacTUIy | CO CTOPOHBI YACTHIIBI i, fih - CHJIBI, JCUCTBYIOIIAE TOJHKO HA YACTHIYy | CO CTOPOHBI
HECyIIeH KUIKOCTH Y BHELTHUX TIOJICH.

2.3. Cuibl B3aUMOJEHCTBHSA YaCTHI B HAHOKHAKOCTAX
Ha gacTuiiel HAHOXKHUAKOCTEH JEHCTBYIOT CICAYIOIINE CHIIbI MAPHBIX B3auMoieicTBuil [7-9]:
1) cumer Ban-nep-Baanbca ¢ moTeHImamoM

go A L 1 o M2 2.3)
12 {(a+0% MA+D) (412

rae Ap - noctosiHHast 'amakepa, A =h/ dp , dp - nuamertp dactuipl, h=h(C, dp) - PacCTOSIHUE MEXTY

[EHTPaMH YaCTHII;
2) CHITBI OTTAIKUBAHUS C TIOTCHIIHATIOM

® = 321k g Td ppjc2th?| LiPO. |g=ch (2.4)
akgT
BO3HHMKAIOIIME IPH CONKCHWHM YacTHI] 3a CYET B3aMMOJCHCTBHS MX HOHHBIX 00NakoB, rae Kg -

nocrosiHHas bonsiMana, T - Temnepatypa, k - noctosiHHas Jlebas, pj,@q - INIOTHOCTb 3JEKTPUIECKOr0
3apsia U MOTEHIMAl JBOMHOIO CJI0s Ha INOBEPXHOCTH YAaCTUIBI, KOTOPBIN OIpelenseT ee A3era-
noreHuman Cp =4mppeVy [ €pf , Epf - MUAIEKTPHYECKAs IPOHUIIAEMOCTh HECYIICH JKHIKOCTH;

3) 9JEKTPOCTATUYECKOE OTTATKUBAHNE
¢ Qidj .
fe =—3=Tj (2.5)
rij
rze 0j,0j - 3apsiabl 4acTuL, fij = Tj -, ?j,f - paJryC-BEKTOPHI YaCTHUI[ B HEKOTOPOH (PUKCUPOBAHHOM
cucteme koopmuHar. Hambonee vacto ¢ momornpto PDM paccMaTtpuBaroTes skuakocTu JIleHHapna-
Jlxonca [25] ¢ mapHbIMU B3aumozeicTBusimMu (2.3), (2.4).

Co CTOPOHBI HECYIIIEH KUIKOCTH Ha YaCTHUIIBI ICUCTBYIOT CIEIYIOIINE CHUITBL:
1) MaccoBble chJIbl, paBHBIC PA3HHIIE CHITBI TSDKECTH U APXHMEIOBON CHITBI

T .
fg =5 p (Pp —Por)N. (26)

TI€ Pp,Ppf - IIOTHOCTH YaCTUIl M XKHAKOCTH, §- YCKOPCHHE CBOOOLHOIO HaJCHHs, N — Meperpyska

(TIp¥ IpOBEICHNH SKCTIEPUMEHTOB B IIEHTPUPYTE);
2) Cunst CTokca

fs Z_SHbfdp(vp —Vpt), (2.7)
rue \7p,\7bf - CKOPOCTH YaCTHI[ U KHUAKOCTH, 3 = CONSt - pakTop HOPMBI YacTHUIB, 1T chepruueckux
yactul 3=37;

3) BpOYHOBCKI/Ie CHUJIbI, CBA3aHHBIC C XaOTUYCCKUMU NUCKPECTHBIMU CTOJIKHOBCHUAMU

fg = ——%KEI—qnp%, (2.8)
3npprdp
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TIe [pf - BA3KOCTb 0A30BOM XKUAKOCTH, Ij- CIIydaifHBIN BEKTOP C HYJIEBBIM CPETHUM.

[lpn HammUuM BHENIHMX DJEKTPOMATHUTHBIX TIOJIEH, YYHTHIBAIOTCS TAKKEe IMOJSIPH3ALMOHHBIC
B3aMMOJICHCTBHS, MOHACPOMOTOPHBIE W JpPYyrHe CHJIbl M B3auMojeicTBUs. B mone Temmeparyp
J00ABJISIOTCS TAKKe TePMO(OPETUUSCKHE CHJIBI, @ BO BHEITHEM CIBUTOBOM IOTOKE — CHJIbI MarHyca u
psan opyrux [12]. Ilpym Hanwmuum BBICOKMX CKOPOCTEW ABMKEHWS (B ra3zax) JOOABISIOTCS yCIOBHS
YIPYToro WX HEYNPYTroro OTTAIKUBAHUS YaCTHII, JBHKYIIUXCS C pa3HBIMUA CKOPOCTSIMH, MPU MapHbIX
CTOJIKHOBEHHMSIX (0aJUTMCTUUCCKHE B3aUMOICHCTBUS).

[TockonpKy Ha MHUKPO/HAHO YPOBHE HE BBITIOJHSIOTCS YCIOBHUS NPHIMIIAHUS BS3KOW KHUAKOCTH K
TBEpABIM IIOBEPXHOCTSIM YAaCTHUII M CTEHKaM COCYAOB, a BMECTO HHX BBIIIOJHSCTCS YCIOBHE
NPOCKAJIb3bIBaHMS TIEPBOTO/BTOPOTO MOPSAKA sl MUKPO/HaHOCYCIeH3ui [3-5]

2
v—vW—ClKn(;—a\r:+C2Kn28—\2/ _0, 2.9)
on 50
rae V. U V- CKOPOCTH JABWKCHHS KHUAKOCTU U TBEPAOW MOBEPXHOCTH 9, O/ 0N - MpOU3BOJHAS IO
HopMasd K moBepxHoctH, Kn=A/L - ugucino Kuymcena, A - mimHa cBoOomHOro mpobera, L —
xapakrepHass aiauHa, Cq,Co)- KOHCTaHTBHI, 3aBUCAINME OT MaTepHala M LIEPOXOBATOCTH CTEHKH, TO

BMecToO (2.7) momyunm [11]
fo =—9pupedy (V) — Vs +CK o oK 262\7'0) (2.10)
=— Vy —Vps +C KN—=-C,Kn“—-), :
S HpfUp(Vp = Vpf 1 on 2 on2

3nauenus Cq,Co 1 HEKOTOPBIX HAHOKHMKOCTEH MpHUBeIeHSI B [5,6].

2.4. AIrOpuTM YMCJIEHHBIX PACYeTOB.
[Tpu ucnonszoBanum PDM nocie 3ajaHus BHEITHUX CHJI, CBOMCTB YacCTHUIL U HECYIIEH KUJIKOCTH U

N
reHepalyy HavyajJbHOTO pacIpellelieHrs] IEHTPOB YacTHIL {(Xi YiiZj )}i=1 MIPOBOJIATCS UTEpaTHBHbBIE
pacyeTbl HHAWBUAYAIBHBIX TPACKTOPUH YacTuIl 1o (2.2) B cleayoneM nopsiIKe:

1) Jinst kaxpoii wactnuel (Xj,Yj,Zj) ONpenessoTcs Te KOOPANHATEI M3 00mero Habopa {(Xi, i, Zi)}iNzl,

TIOJIO’KEHUE KOTOPBIX YIOBIETBOPSAET YCIOBHUIO ‘ﬁj‘ <2h, a mapHble B3aUMOJICHCTBUS 00JI€ yIaJICHHBIX

YACTHUI[ CAUTAIOTCS] HECYIIICCTBEHHBIMH [25];

2) Jlas TeKymiero IIOJIOKEHWS KaKIOW W3 YacTUI[ W ee OJNIDKaWIIero OKpPYXKEHHUS MPOBOAATCS
BBIUMCIICHHS BCEX CHII, BOJAIINX B MPABYIO YacTh (2.2) 1 3aTeM ypaBHEHHE HHTETPUPYETCS, HAITPUMeED,
C HUCIONb30BaHUEM, HanpumMep, aiaroputma Bepie (L. Verlet, 1967)

Fi(t+At) = 2(t) - F(t - At) + (1) (AL)?, (2.11)

rae At - mar mo BpeMeHH, dj - YCKOPEHME j-i HacTHIBI, PacCUMTBHIBAEMOE 10 NpaBod wacty (2.2).

MeTto BTOpOro MopsaKka TOYHOCTH M yCTOMUYMB, HO TpeOyeT HaTU4Ms 3HAYCHUH KOOpIWHAT Ha JIBYX
MpeAbIAYIUX IIarax [0 BPEMEHM, IOATOMY Ha IEPBOM LIare JUisi MHTETPUPOBAHUS HCIIONb3YETCS
MEHEE TOYHAs CXeMa IEPBOro MopsaKa

Fi(t+At) = F(t) +8;()At. (2.12)

3) JIiast pacCYMTAaHHBIX HOBBIX ITOJIOXKEHMI IIEHTPOB YACTHII I KA)KIOW Iaphl MPOBEPSIOTCS YCIIOBHS
‘fij (t+ At)‘ >(dj +d J-) /2 ; ecru ycIioBHe HE BBITIONHSACTCS U KIMEET MECTO MEePEKPhITHE 00BEMOB YACTHIL,

4yero (U3MYECKH HE MOXXET OBbITh, MPOU3BOIUTCS KOPPEKIMS TOJIOKEHHH WX LEHTPOB C YYETOM
HebaeBckoro (s MOJNEKyn) WIM ynpyroro (Ajsi HaHOYACTHI) OTTAJKMBAaHHA. AHaJOrHYHas
KOPPEKIIHsl TIPOBOJMTCS TIPU YCJIIOBHH HAIWYHS TBEPJOW CTEHKH (cocynaa, TpyOku, koHTeiHepa). [Ipu

HAJIM4YMsl arperalydyd 4YacTUI[ W BBIIOJIHCHUU YCIIOBHUS ‘fij(tJrAt)‘S(di +dj)/2, nBe wacTuubl
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3aMEHSIOTCST Ha OJHY C OKBUBAJIGHTHOM CyMMapHOM Maccod M KOOpJAMHATOM IIEHTpa
(mj G (t+At) +m;ri(t+At))/ 2;

4) Tlocne ompeneneHuss HOBBIX KOOPAMHAT BCEX YACTHUIl, ITPOBOJUTCS pacyeT MO KOHIICHTpaluil
METOJOM KOHEYHBIX 00BeMOB. IIpu 3TOM paccMmarprBaeMblii 00BEM KHUAKOCTH NEITUTCS Ha 3aJaHHOE
YHCIIO PABHBIX MaJIbIX 00beMOB AV = AXAYAZ , B K&XJIOM U3 KOTOPBIX MOJCYUTHIBACTCS OO0IIas Macca

MOMABIINX YaCTHIl W KOHIICHTpalWsi B TOYKe (MH(OUHUTE3UMAIBHOM o0BeMe cpensl). [lo moimo
KOHIIEHTpaIMH onpesensercs HoBast dpPEKTUBHAS BA3KOCTb |lgff HAHOKUIKOCTU, KOTOPAsk CTAHOBHUTCS
HEOTHOPOIHOM 3a cueT 3¢ deKTa arperaiind HaHOYaCTHIT

Hpf
1-o(d, /dg) 3¢ 103

Heff =

1/3 o o
) - MOJICKYJIIpHasgd MacCa W 3KBHUBAJCHTHBIM JUAMETP 0a3oBoi

rae Mps 1 dp =(6Mps /7N apps
xuakoctd, Np - uucino Aporagpo, o=const - xodddumment dopmbl dacTuL, AT cHEPHISCKHX

vacTul o = 2.5. BpIuKciIeHHOe 1MoJie BSI3KOCTEH KUAKOCTH MCIONIB3YeTCs VIS PacieTa JOKAIbHBIX CHII
Crokca u BpoyHOBCKuX cui.

3. Pe3yabTaThbl YMCJICHHBIX PACYETOB H 00CY:KIEeHUe

YucneHHble pacyeThl MPOBOIWINCH UISI HAHOXKUIKOCTEH, HAOOpBI MapaMeTpOB U PE3YJIBTaThl
SKCIEPUMEHTOB [JIs KOTOpBIX MpeacTaBieHsl B [17-19], a Takke nmns KpOBH Kak CyCICH3UU
MUKpOYACTHIl C JUaMETpaMu dp ~5-10mkm [11-13] B COOTBETCTBUHM C aITOPUTMOM, OMHCAHHBIM

BhIre. Habops! 3HaueHmit mapameTpoB mpeactasieHs B Tadn. 1, T=300 K.
[TockonbKy anroput™ TpeOyeT CiIydallHOro HauvalbHOTO pacHpeieNeHMs YacTHUll, IS KaXKA0ro
Habopa 3HaueHui u3 Tab:n.1 MpOBOAUIUCH MOBTOPHBIE pacyeThl MU

Tabnuya 1. 3nauenus napamempos Hamnodcuokocmell Oas uucienuvix pacuemos no (2)-(4),(6),(8),(9): F —
dyunepenvr, Cy — nHauarvnas Konyewmpayus, tna — maxcumanvhoe eépems Habmodenus, hy — nauarvnoe
PACCmOosiHUe MENCOY YACHUYAMU, OCTATIbHbIE NAPAMEMPbL — CM. 6 MEKCme.

F+H,0 F+macno CuO+ Al,O5+ KpoBb
[17] [17] maciio[17] H,0[18] [11,13]
Co 0.005 0.005 0.005 0.02 0.35
(1) 2.8 2.8 2.8 80 3
d, (M) 10 10 33 30 5000
epf (D/m) 7.1-107° 2510 2.5-10™ 7.84-10° 9:10™
£p(MB) 25 25 35 40 15
1ps (Ta-c) 107 3-107 3-107 107 15107
Ppf (Kr/nC) 1000 915 915 998 1050
pp (kr/v%) 1600 1600 6320 3880 1100
ho (M) 15 15 15 10 50

koHneHntpammsax C=5;10;15;20;30%, mo 20 HaYalbHBIX CIYYalHBIX PACTIPEACICHUNA IS KaKIOH
KOHIeHTpaIuu. Pesynbrupytomnue kpusbie H(t) oOpaOaThIBaIUCh CTATUCTHYECKU M IPEICTABICHBI B
Bune H(t)=<H(t)> + {H(t)}, rzme <> wu {'} COOTBETCTBYIOT CpEIHEMY 3HAYCHUIO U
CPEJHEKBaPATHYHOMY OTKJIOHEHHIO OT CpeJHero. Pe3ynbraThl pacyeToB C HCIIOJIb30BaHUEM
TEOPETUYECKUX U IKCIIEPUMEHTABLHBIX JaHHBIX U3 [11,13,17-19] npeacrasnens! Ha Puc.3.1-3.2.

Jns cnyuaer cemumenTaruy Hanodactuil Al,O3 B Boge u CuO B Maciie pacdeTsl ¢ UCTOJIb30BAHUEM
yCIIOBUS TIpocKanb3biBaHus (2.9) matot kpuBble H(t), Oonee Onu3kue K JaHHBIM IKCHEPUMEHTOB, YeM
pacueTsl 1o Mojiesu 6e3 ydera npockaib3biBanus (C;=0,C,=0) (Puc.3.1a). s cycniensuit GpyiepeHoB
B BOJIC U MacJje COOTBETCTBUE DKCIIEPUMEHTY B 000X ciy4asx (C MPOCKalb3bIBAaHHEM U 0€3) He TaKoe
xoporuee. [lo-Bumumomy, ¢ysuiepeHsl Kak IByMepHbIe c(hepruueckre HaHOOOBEKThI XapaKTePU3YIOTCS
WHBIMU YCJIOBUSIMH OOTEKaHHS Ha IOBEPXHOCTH, MpeAcTaBicHHON rpadeHoM. Ilpu ocenanuu B
HAKJIOHHBIX TpyOKax HaOmogaercss Oonee ObICTpOE HaYadbHOE OCENAHWE C IOCIEIYIOIIM
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3amemieaneM (Puc.3.16), koTopoe cBs3aHO, O-BUIUMOMY, ¢ HaKaIUTMBAaHUEM OCEBIIHMX arperaToB Ha
HAOXHEW TMOBEPXHOCTH TPYOKM WM WX MEJJICHHBIM COCKaJIb3bIBAHWEM BIOJIb HEE KO JIHY TPyOKH B
komrnakTHyro 3oHy III (Puc.2.1a). Bo Bcex pacdyerax ocemaHue ObICTpee TIpU HAIWYHH
MPOCKaIb3bIBAHUA HAa TOBEPXHOCTSAX YACTHI[, YTO OONbBIIE BBIPAKEHO B HAKJIOHHBIX TpyOkax. C

YBCIMYCHUCM YTIJIa HAKJIOHA pr6KI/I CKOpPOCTb OC€AaHuA pacTECT IpU , a [Ipu OOJIBIINX yriax —

YMEHBIIAETCS, NPUYEM Cpasy IMociae Havana ocemanus. HauGonbmve 3sHauenus H° npu =24
ormeuarorcst mpu ¢=32—38", B 3aBUCHMOCTH OT HAYalbHOW KOHICHTPALMH W BHIA YaCTUI[ H
Hecymed XuakocTh. Takum o00pa3oMm, OIIEHKAa CTENEeHHW CTapeHHWs HAHOXHUIKOCTH MOXKET OBITh
YCKOpEHa MPH MPOBEICHUH TECTa B HAKIIOHHOH TpyOKe. [10CKONIbKY BajkHA OIIEHTa CKOPOCTH arperariuu

HAHOYACTHII BO B3BEIICHHOM COCTOSIHUM, TO UMEET CMbICT OIlcHWBaTh Beqnuuny  npu t=30-60 MuH B
3aBHCUMOCTH OT 3HaueHud Cy. B cilydae HakJIOHHOW TPyOKM Jydille MPUBECTH HAHOXKHUIKOCTH K
HavabHOU KoHIeHTparwu Cy=0.1, mpoBecTH TecT

HO
0
02f
04t
06}
08}
1 : . : : : - 1 : - - - . :
0 20 40 60 80 100 t(mmm) 0 20 40 60 80 100 t(MuH)
a 0

u o« o
Puc.3.1. Ceoumenmayuonnvie kpusvie oas cycnensuu Al,O3+H,0 ¢ npamoil (a) u naxaonnoi ¢ =10" (6)
mMpyoKax ¢ NPOCKANb3bl8aAHUEM (CHIOWHbLIE TUHUL) U D3 NPOCKANb3bIBAHUS (WMPUX08ble TUHUL), Kpuegsle 1-3

coomsemcmeyrom konyenmpayusim Cy=0.05;0.15;0.3; mouku obosnauarom sxcnepumenmanvHvle 3HAUeHUs, -
bespasmepHas gvicoma 30mbl 1.

BIUIOTh 0 t=20MuH mpu yrie HakioHa ¢@=25-30", 4T0 MOATBEPXKIAETCS pacuyeTaMu Ui BCEX

rccaenoBaBmuxcs sxuakocreit (Tabm.1).

IIpu mpoBeaenun pacyetroB A 20 pa3HBIX HAYaJIbHBIX CIy4YalHBIX pacHpene’eHUil dacTull ObLI
oOHapyxeH pa30poc kpuBbix H(t) (Puc.3.2a,0). Anamoru4yHoe SsBJICHHE OBUIO BBISBICHO B
IKCIEPUMEHTaX 10 OCEIAaHHIO CYCIIEH3HI KIETOK KpOBHU B MUKpokammiisipax [11,13], uro oObsICHSIOCH
CYCIIEH3MOHHON HECTaOWJIBPHOCKIO KpOBHU [26]. AHAJIOTHYHBIA pa30poc A ciaydas HaHOXKHIKOCTEH
TOXKE MOXKET OOBSCHATHCS Pa3UYHBIM TIOBEJCHUEM CYCIICH3MHM B Ciydae CIy4aifHOro oOpa3oBaHUs
KpPYIHOHO arperara B BEpXHEHl 4acTu TpyOKH, KOTOPBIH 3a cdyeT Ooyiee BHICOKOH CKOPOCTH OCEaHUA
Oyzer mpucoenuHATH Bce Oosbliee 4acTH HaHodacThl. KuHeTnka Takoro mporecca Oblia J€TajabHO
paccmotpena B [15]. Kpome 3T0T0, 0 HECTaOMIBHOCTH CETUMEHTALMU TOBOPSIT HEMOHOTOHHBIE KPHUBBIE
ocenanus [14-17]. Pa30poc BbIlIe MpU HAMYUM TPOCKAIB3BIBAHUS U MaJbIX YIJIaX HaKJIOHA, YeM B

npsiMoii TpyOke. [lpu OoJbImMx yriax HakioHa ¢ > 45 pa3bpoc MeHblme, YeM B MPsSIMOi TpyOKe,

IMOCKOJIBKY OCEAaromMre 4YaCcTUIbl IMPAKTUYCCKU CKOJB3AT KO JHY BIOJb HAXCEICKAIIUX CJIOCB
HAHOYACTHUIl U arpe€raToB U3 HUX.
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BNy el
| I T

1 : : : - : : 4 : : ; , ; :
0 20 40 60 80 100 t(vuH) 0 20 40 60 80 100 t(MuH)
a 0
Puc.3.2. Ceoumenmayuonnwie kpugwie 0ns cycnensuu CuO+macno 6 npsmotl (a) u HAKIOHHOU (6)

mMpyoKax ¢ NPOCKAnb3bl8aAHUEM (CHIOUWIHbIE TUHUY) U Oe3 NPOCKANb3bI8aHUs (Wmpuxogvle aunul) 01 20 pasHvix
Hauanvuslx pacnpedenenuil yacmuy npu Co=0.1.

4. BeiBoabI

B pabote mpezncraBieHbl KpaTKHi 0030p 3KCIIEPUMEHTAIBHBIX JTaHHBIX, MAaTEMaTHYECKUX MOJeen
U Pe3yJIbTATOB YUCICHHBIX PACUETOB 110 HUM JUIS TIOHUMAHUS 3aKOHOMEPHOCTE! arperayy 1 OCeTaHus
MHUKPO- W HAHOYACTHI[ B TEXHHYECKHX CYCICH3HAX, KOTOPHIC IIMPOKO HCIOJB3YIOTCS B MOCIETHEE
JECATHIIETHE B PA3IMYHBIX MHUKPO/HAHOKHIKOCTHBIX YCTPOWCTBaX, a TaKXkKe SBILSIFOTCS IKUIKHAMHU
OMOJIOTMYECKUMHU TKaHSAMHU M WX HMCKYyCCTBEHHBIMH 3aMEHHTEIIIMH. MHUKPOYACTHIBI TPEIICTABISIOT
cO0OH arperupyoIume KIeTKH KPOBH, MUKPOOPTaHU3MbI U JAPYTHE KIETKH B MHUKPOOHOJIOTHYECKUX
peakTopax MO MPOU3BOACTBY (apManeBTHYeckoil W Apyrod mpoaykiuu. CyCHeH3WHM HAaHOYACTHIL
pasHOil TpHPOAbI (OKCHABI METaioB, (yJepeHsl, HAaHOTPYOKHM M p.) HA OCHOBE BOJBI, Maced,
MOJVATHICHIIIMKONSA ¥ Ap. 3(QQPEKTHBHO HCIOJI3B3YIOTCI B MHKPOXHIKOCTHBIX yCTPOMCTBax.
Hanpumep, 3a cueT yHHKaIbHBIX TEPMOMEXaHWYECKUX CBOHCTB HAHOYACTHI, TAKUE HAHOKUAKOCTH
CYIIECTBEHHO YBEIMYMBAIOT MEPEHOC TEIUIa U CHIKAIOT TEMIEepaTypy padOTaIOMUX MHUKPOMOPOTOB,
TOIUTUBHBIE DJIEMEHTOB U MUKPOIJIEKTPOMEXAaHUIECKIX CUCTEM.

[IpennoxkeHHble K HACTOSIIEMY BpEMEHH MaTeMaThyeckhue MOJed HaHOKHAKOCTEH He
COOTBETCTBYIOT pe3yJIbTaTaM W3MEPEHUH KPUBBIX OCENIaHMS arperHpyIOIINX CyCHEeH3Ui HAaHOYACTHII B
BEPTHKAIIBHBIX TpyOKax. B pabore mpemnmokeHa momudukanus monenu PDM Ha chmywait ycnmoswid
MPOCKAB3bIBAHUSL BTOPOTO TOPSJIKA Ha TpaHHWIAX pasfena >KUAKOCTb-TBEPAOE TeNo, KOTOpPHIC
CBOMCTBEHHBI YacTUIIaM Ha HaHOypoBHe [3-7]. B ciydae ydera 3TuX ycloBHii, pacCUUTaHHBIC KPUBBIC
cemuMeHTarmu  H(t) Jydimme COOTBETCTBYIOT OSKCHEPHMEHTAIBHBIM JaHHBIM, IIOJYYEHHBIM Ha
Pa3INYHBIX HAHOXKHKOCTSX M CYCIICH3MU KPOBH KaK MUKPOKUAKOCTH. K coxanieHnto, Habop JaHHBIX
U3MEpPEHHNH CTATUCTUYECKH HEOCTATOUEH M HE MO3BOJISIET BBISICHUTH TPUPOJTYy U TUHAMUKY CTapeHHs
KOHKPETHOH TEXHUYECKOH HAaHOXUAKOCTH. Kpome TOro, maHHbIE M3MEpPEHWI HE YKIIAJIBIBAIOTCS Ha
MOHOTOHHYIO KPHBYIO OCEIaHHs, YTO MOXKET OBITh BBI3BAHO M3BECTHOM JUIS CYCIIEH3MH MHKPOYACTHI]
arperalMoHHON HEYCTOWYMBOCTBIO OCEAAaHUSl CYCIIEH3WH TEXHWYECKHX YacTUI[ M OHOJIOTHYECKUX
KJIeToK [26]. MccnenoBanue cycrieH3MOHHOH HECTaOMIBHOCTH CYCIIEH3WH arperupyronmx HaHOYaCTHIL
COCTaBUT IPEIMET HAIINX JAIBHEHIINX HCCIIeIOBAaHUH.
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The article describes the approach to the assessment of code reuse in Dynamic Product Line lines (DSPL). Some existing
mechanisms to realize software variability in DSPL, such as machine learning, adaptive configurations based on Java
programming tools which allow developing DSPL, especially in mobile applications domain, have been reviewed. During the
development, some methods for the implementation of the variability specific to the selected programming language have been
tested. For each of these mechanisms, such as Weighted Methods per Class, Response for a Class, Depth of Inheritance Tree,
Coupling Between Objects, Number of Children, the code complexity metrics have been calculated. Based on these results the
code reusability extent can be estimated for each of given variation mechanisms.

Keywords: software product line, dynamic variability, complexity metrics, code reusability, mobile application.

Jus 3abe3medeHHss €(QEKTUBHOTO NPOEKTYBAaHHA Oyab-AKOi CKJIAQAHOI PpO3MOALICHOI NPOrpaMHOi CHUCTEMH HEOOXiTHO
320€3MEeYNTH MOXKIIHBICTS TOBTOPHOTO BHKOPUCTAHHS IEBHUX PECYPCIB MPOEKTY, OCOOIMBO BUXITHUX KOMIB 1 BUKOHYBaHHX
KOMIIOHEHTIB HpOrpaMHOro 3adesmedcHHS. Lle m03Boisie CKOPOTUTH Yac PO3pOOKH Ta 30€perTH iHII BaXKIWBI MPOEKTHI
pecypcH. Y 6araThOX CydacHHX JKepeliax BUBUAIOTHCS MUTAHHS, MOB'SI3aHi 31 3aTHICTIO OIIHIOBATH MOXITUBICTH TOBTOPHOTO
BHUKOPUCTaHHS KOJy BXK€ Ha €Tall MPOEKTYBaHHs IpOrpamMHOro 3adesnedeHHs. CTaTTs ONHUCYe MiAXiJ 0 aHANI3y CTYNEHS
MOBTOPHOTO BHKOPHCTAHHS KOAY y NHHAMIYHUX JIiHiHKax mporpamHux npoaykrtiB (DSPL). ABropamu 3poGneHo crucimit
oms iCHyIOUHMX miaxoniB no moOymoBu DSPL, 30kpema, Taki sIK MallMHHE HABYaHHS Ta BUKOPHUCTAHHS aJalTHBHUX
KoH(pirypamiii. Ha ocHOBI 1iporo Oyna po3poGiieHa JOMEHHA MO IS aHaJi3y albTepHATUBHUX MEXaHi3MiB BapiaOeIbHOCTI
y DSPL st MOGITbHEX 3aCTOCYHKIB i3 BUKOPHUCTaHHS MOBH mporpamyBaHs Java. Ilig yac po3poOku Oyiar BUKOPHUCTaHHI
JIesiKi MEeTOAM iMIIIeMeHTalii BapiabenpHOCTI cienudivHi a1t 06paHoi MoBH. [leprmmiit MexaHi3M Bapialii BAKOHAHHS BU3HAYAE
CIIUCOK CepBepiB, IO BiAMOBifa0Th 3a KOHGiryparii 30upanus: debug aGo release. JIpyruii Bu3Hauae, yu Mae MpaIfOBATH
pydYHe BU3HAYEHHs cepBepa (KOJIM BHOUPAETHCS TECTOBHII cepBep) a00 BUKOPHUCTOBYETHCS MOIEPEAHBO BH3HAUCHUH CepBeEp.
Tperiit MexaHi3M BU3HAYa€ cepBep 3a yMOBUAHHSM, SIKMI OyJie BUKOPUCTOBYBATUCS, SIKIIO HiYOT0 He BUOpaHo. J{i1s1 KOXKHOTO 3
IUX MiIXoZiB OyiaM po3paxoBaHi Taki METPHKH sKOCTI sK “JlepeBo rimOuHM ycmagkyBaHHS, “3B'I30Kk MiX 00'ekTamu”,
“KinpKicTh DOUIpHIX KJIaciB”, a TAKOXK OyJia OLiHEHA CTYIiHb HOBTOPHOTO BUKOPUCTAHHS KOy KOKHHM 3 ITUX METOIIB.

Knwwuoei cnoea: niniiika npoepamHux npooyKmis, 6apiabenvHicmb, Mempuku sIKOCMI, NOSMOPHe GUKOPUCHAHHS KOO,
MObGInbHA po3pobKa.

st obecniedenus 3pheKTHBHOTO MPOEKTHPOBAHUS JIIOOOH CII0XKHOH pacrnpeereHHOW POrpaMMHON CHCTEMBI HEOOXOUMO
00ecTeYnTh BO3MOKHOCTH TTOBTOPHOTO HCIIONB30BAHUS OMNPEACICHHBIX PECypcoB MPOEKTa, OCOOEHHO MCXOIHBIX KOJOB H
BBIITOJTHSIEMBIX KOMIIOHEHTOB IPOTPAMMHOTO OOeCHedeHrsl. DTO TO3BOJISIET COKPAaTHTh BpeMs pa3paOOTKH M COXPaHHUTh
IpyTHe BaKHBIE NPOEKTHBIE pecypchl. Bo MHOTHMX COBPEMEHHBIX HCTOYHHKAX HM3YYalOTCS BOIPOCHL, CBSI3aHHBIE CO
CIIOCOOHOCTBIO OIIEHMBATH BO3MOXKHOCTH MTOBTOPHOTO HCIIONB30BaHMS KOJa YK€ Ha dTare MPOCKTHPOBAHUS MPOTPAMMHOTO
oOecrieueHus. CTaThsl ONMCHIBAET MOJAXOJ K aHAJIU3Y CTEIEHU IMOBTOPHOIO HCIIOIb30BaHUS KOJAa B JMHAMUYECKUX JIMHEHKax
nporpaMMHbIX MpoaykToB (DSPL). ABTopamu cienaH KpaTkuii 0030p CYIIECTBYIOIIMX MOJAX0M0B K moctpoennto DSPL, B
YaCTHOCTH, TaKHe KaK MallMHHOEe 00y4eHHe U UCIIOIb30BaHKUE aJalTUBHBEIX M3MeHeHHni. Ha ocHoBe sToro Obuta pa3zpaborana
JIOMEHHAsT MOJENb JJIsl aHalIu3a albTePHATHBHBIX MEXaHW3MOB BapuabenbHocTH B DSPL mis MOOWIBHBIX MPHIIOKEHUH C
WCTIONIF30BaHUE SA3bIKa MporpaMMupoBanus Java. [1pu paspaboTke OBUTH HUCTIONB30BaHBI HEKOTOPHIE METOIBI HMILIEMEHTAIIHN
BapuabenpHOCTH crienuduyeckrue Ui BEIOPaHHOTO s3bIKa. [lepBbIii MEXaHW3M BapHAIMU BBIIOJHEHHS OMPENENSIeT CIHCOK
cepBepoB, OTBewaromux 3a KoHpuryparmu coopku: debug wmm release. Bropoii ompenensier, umeer au paborats pydHOE
ompeneneHne cepBepa (Koraa BBIOMPAETCS TECTOBBIM CepBEp) HIIM HCIIONB3YETCs MPEIBAPUTENBHO OTPENEIICHHBIA CepBep.
Tperuii MexaHM3M OIpenesseT cepBep MO YMONYAaHHIO, KOTOPBI OyIeT MCHONB30BaThCs, €CIM HUYEro He BeIOpaHO. [lyis
KaXIOTO W3 3TUX IOJIXOJOB OBUIM PACCUMTAHBI TaKMe METPHKH KadecTBa Kak "JlepeBo riayOuubl HacienoBanus", "CBs3b
Mexy obbexTamu", "KomnuecTBO JodepHHMX KIaccoB', a Taioke ObLIa OLlEHEHa CTENEeHb HMOBTOPHOT'O HCIIONb30BaHMS KOJA
KaXXIbIM U3 3TUX METOI0B.

Knwouesvie cnosa: nuneiixa npocpammHwix npoOYKmos, 8apuabeibHOChb, MEMPUKU Kauecmed, NOGMOPHOE UCNONb306AHUe
K00a, MoObGUNbHAS pa3pabomKa.

1 Introduction

Nowadays with the growth of businesses and expansion of markets, it is necessary to produce
software products at a lower cost, in shorter time, but provide higher quality at the same time. Also, the
practice of using the so-called production line takes over the old-fashioned individual product creation.
The main disadvantage of the traditional production line approach is lack of diversification. This is
where the software product lines come into play. They enable developers to create families of systems

© Gamzayev R.0O., Karaguha E., Tkachuk M.V., Tovstokorenko Q.Y., 2018
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faster and cheaper as in the production line approach, but at the same time give an opportunity to
customization. The motivations for product line engineering include reduction of a development cost,
an improvement of the quality and a reduction of product delivering time. It also allows for coping with
evolution and complexity.

One of the most important activities in the early stages of software product line development process
is the definition of commonality and variability of the product line. While the commonality simply
describes the reusable assets that systems have in common, what we like to investigate is the variability,
i.e. the features that are unique for each system belonging to the family. It is worth mentioning that
research on handling the variability at runtime has led to the creation of dynamic software product line
engineering, which is the modern approach to developing software product lines.

A lot of researches in software product line engineering area are concerned with the variability
management. The following main questions have been recently considered:

- which software components can be varied,;
- how to handle variability on different levels efficiently;
- how variability can be achieved.

Considering the speed of development and growing complexity of mobile application market [1], the
DSPL can be introduced on it as well. Taking this into account, the questions concerning a common set
of software requirements, development approaches and technological complexity are still open. So the
goal of current research is to analyze the reusability evaluation tasks during the DSPL development and
developing the approach to its management.

This paper is structured in the following way: in the first section, some technological approaches to
design variable software are presented; in the second section Dynamic Software Product Lines (DSPL)
is overviewed, in the third section, the usage of some Android-related technologies for variability
management is discussed. Then our case study is presented and in the conclusion our future work is
discussed.

2 Related work

The problem of the system adaptation in response to context changes is covered in [2]. This is why
traditional feature models that describe DSPL are augmented with a set of rules that explicitly
determine under which condition a reconfiguration should occur. Developing an effective set of
adaptation policies is a challenge for developers due to the complexity of the context and its dynamic
nature. While usually in DSPL context changes can be anticipated at design time, in some systems it is
not possible due to the uncertainty of runtime context changes.

There are several approaches that may help with this kind of uncertainty [2]. The first one, machine
learning, aims at learning unanticipated context changes and creating new adaptation rules dynamically.
The second approach, evolution, focuses on changing variability of the DSPL, while derived
configurations are running. Both learning and evolution address specific problems of uncertainty, which
is why they are not used in isolation [3].

The overall adaptive system model to compare with [3] is shown in Fig. 1. Learning and evolution
both are the parts of the process.

?

-
.
Configuration \l/
s

Updated
Feature model
+ Feedback needed Update
. -===="""|adaptation rules

Adaptation Management J

Adaptation feedback needed
Feature
P bindings
C )

feedback

Execution (Managed element)

Monitored data feedback needod

Fig. 1 Workflow Learning and Evolution in DSPLs (to compare with [3])
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In the mobile development, this topic can be presented by a number of tasks that could be solved
using variability mechanisms, such as multilingual support, the presence of several feature sets for
different types of users, as well as the access levels of these users (paid / free accounts). Moreover,
taking into account the growing popularity of cross-platform languages for mobile development, it is
necessary to pay attention to the specifics of adaptation possibilities for each of the platforms and, in
accordance with their requirements, to limit some functionality on one or another end platform.

3 The problem statement: Assessment of code reusability extent in DSPL development

To ensure an efficient design of any complex distributed software system it is necessary to ensure
the possibility of reuse of certain project assets, especially a source code and executable software
components. This can help to reduce the development time and save other equally important resources.

In many modern sources, issues related to the ability to assess the code reusability already at the
design stage of the software development are studied. In particular, the relationship between the
complexity of the code and the reusability is indicated in [5].

The complexity of the software code is determined on the basis of the values of the following
structural complexity metrics [6]:
- Depth of Inheritance Tree (DIT);
- Response for a Class (RFC);
- Number of Children (NOC);
- Coupling Between Objects (CBO);
- Weighted Methods per Class (WMC).

Also, the correlation between the values of the above metrics and the level of code reusability using
the following analytic expression is determined in [6]:

Bx100
Cr = T, (1)
where a is the total number of classes available for each of the aforementioned metrics;  is the number
of newly redesigned classes with the help of reuse.

According to the stated assertion about the correlation between the code reusability level and the
values of code structural complexity metrics, an approach to assess the reusability level based on the
metrics of the structural complexity of the code is proposed in [7,11]. The evaluation process is shown
in Fig. 2.

The input will be the target domain in the form of user stories. Next, based on the requirements, a
domain model is constructed using each of the chosen domain-driven design methods and source code
is then generated. Then the resulting code complexity is analyzed using structural complexity metrics.

DM methods
(JODA, ODM, ...)
A 4 o
] 0OO0P Code
UoD (User DM construction Complexity
stories) and code mefrics
generation Domain model
vy i and source v
code
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» Code analysis ratio (CC. Cr)  AHP
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DM tools (EMF, Domain IR CC metrics
Actifsource, ...) expert values A \ Code
0O0P Code Reusability
> Reusability Cxtent »
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Metrics tols (Metric 1.3.6, Analistdj, A3
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Fig. 2 The information technology to provide a code reuse assessment



BicHuk XapkiBcbKoro HawioHanbHoro yHisepcuteTy imeHi B. H. Kapasita, 20 1 8 19

In order to obtain the reusability extent, the analytical hierarchy process (AHP) is used [8], which
supposes that a synthesis of priorities is to be calculated on the basis of subjective expert assessments.
[5] presents statistical data on the values of structural complexity metrics and the reusability level.
Applying the weight coefficients the following formula for estimating the integrated value of the
reusability level can be used:

CRoxtens = 0,1198WMC + 0,0398RFC + 0,2801DIT + 0,3603NOC + 0,2CBO )

The approach presented in the formula (2) allows computing the numerical results of assessing the
complexity at different variation points. Therefore, it is possible to provide the appropriate data for a
further decision on the particular option usage in any module of DSPL to be developed.

4 The proposed approach to assessment of code reusability in DSPL development

Software, specifically in mobile DSPL, supposes to provide the appropriate options in different
variability points, so that the complexity of managing the amount of variability becomes a main
problem in their development. In [9] it is recognized that a unified approach to variability management
still has to be defined.

There are four characteristics that are essential to this approach and therefore have to be defined:
consistency, scalability, traceability and means for visualization.

Software engineering for single systems has thus far been done in two dimensions. One dimension
represents the phases of software lifecycle and the other, levels of abstraction. All development artifacts
can be placed somewhere in these dimensions. With the addition of variability in software product line
engineering, the third dimension is added that explicitly captures variability information between
members of the product line.

One of the most effective ways to resolve this problem is reusing different project solutions (assets):
domain knowledge, requirements specifications, software architectures, design patterns, and finally
source (program) code.

The conceptual variability model that addresses traceability of variations at different levels of

abstraction and across various generic development artifacts will be presented later. In this model
different software development stages will be shown with the respect to variability modeling space and
level of abstraction.
The information technology to support the approach to evaluation of code complexity based on (1) can
be modified for the purposes of DSPL. It should also be noted that for the final conclusion on the
effectiveness of using one or another variability method in order to increase the level of reuse
CRoxtent, it is also necessary to estimate the costs associated with the construction of the appropriate
domain models in the process of developing SPL[10].

In order to do so it is necessary to introduce the concept of variation mechanism. These mechanisms
are applied at the source code level so it will be done just after the code generation. Let us decompose
the activity Al in order to show where the variation mechanisms will appear (Fig. 3).
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Fig. 3 Introducing variation mechanisms
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So after “Code generation” stage, the variability is introduced to the generated code framework. To
apply variation mechanisms they are the first to be selected. To select appropriate mechanisms variation
mechanism experts are to be consulted with. As a result the approach analyzes not just the generated
code framework, but variants obtained after application of some variation mechanisms.

In the next chapter variation mechanism and dynamic adaptation techniques will be analyzed in the
context of DSPL implementation on the Android (Java platform) with respect to the code reusability.

5 Case study: dynamic variability used to implement the prototype

As mentioned in the previous chapter, the experiment to support the proposed approach to the
assessment of reusability extent has been carried out. For this purpose the sophisticated class has been
selected from the developed DSPL, where the variation mechanisms are applied at runtime, namely
ServerSelectionActivity. The purpose of this class is to let a user choose the server endpoint or
manually define it, which can lead to different system behavior depending on the selected server.

As already mentioned, we have decided to choose 2 variation mechanism types for the experiment:
runtime conditional (implemented in Java through “if” statement) and inheritance. These mechanisms
have been chosen because of relative simplicity of the implementation and also they affect the value of
metrics that are used to calculate the reusability extent with the help of the proposed approach. Runtime
conditionals affect WMC and inheritance affects DIT.

Also we have decided to choose one more variation mechanism, namely the configurator, and show
how little it affects the code reusability. In this case the configurator has been implemented in the form
of a property file.

The visual representation of the possible variants after application of these variation mechanisms is
given in Fig. 4 in the form of a feature model.

SenverSelectionActivity Legend
_— | T o Optional
— (=" 0 0 A Altemative
List of servers Seleclt_id__'sener Supe_rclass Abstract
A - _“-ﬁf:“'-i'““-nn _ Pt Concrete

Dehu.g list  Release list | Testsenver| Semver2 Semverd Conﬁguréiit}n server Obj‘ect AbstracfAclMty

Manual input
Fig. 4 Feature model for ServerSelectionActivity

The first runtime conditional determines the list of servers to be shown with respect to a build
configuration: debug or release (Fig. 5). The second one determines whether the manual server
definition should work (when test server is selected) or the predefined server should be used.

The third variation mechanism determines whether ServerSelectionActivity extends java.lang.Object
or has an intermediate superclass AbstractActivity.

if (BuildConfig.DEBUG) ({
serversArrayld = R.array.servers_array_debug;
serverNamesArrayld = R.array.servers names_array_debug;
} else {
serversArrayld = R.array.servers_array;

serverNamesArrayld = R.array.servers names array;

Fig. 5 Assigning different server list based on version type
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The fourth variation mechanism determines the default server to be used if nothing is selected. Two
ways of implementing this mechanism can be observed: property file (Fig. 6) and configuration class
(Fig. 7). It is worth mentioning that the second approach cannot be considered as a runtime adaptation
technique, because it is a compile-time case. The absence of this property file means that these
properties are configured in fields. Using the configuration class only moves these fields out of this
class to the other class. In this case one more dependency appears and the CBO value changes.

protoceocl = http
ip_pc:rt = 192.168.0.100:8080
folder = tesd

Fig. 6 Configurator based on property file

public class C

public static final String protocol = "http":;
public static final String ipPort = "192.168.0.100:8080";
- public static final String folder = "test";]|

}
Fig. 7 Configurator based on configuration class

The experiment has been conducted in the following way. First, all the variation mechanisms have
been removed and the code reusability extend (CRE) has been calculated for this situation. Then the
CRE have been determined for each variation mechanism separately and finally they have been applied
simultaneously. To calculate the appropriate values of CRE the software tool presented in the previous
section have been used.

The results of the experiments are shown in Table 1.

Table 1 — Results of the experiments

Variation WMC RFC DIT CBO NOC CRE
mechanisms /
Complexity metrics
Without variability 2 1 1 3 0 1.159
mechanisms
With runtime 5 1 1 3 0 1.518
conditionals
With inheritance 2 1 2 3 0 1.439
With configurator 2 1 1 3 0 1.159
(property file)
With configurator 2 1 1 4 0 1.359
(configuration class)
Together (with 5 1 2 3 0 1.79
property file)
Together (with 5 1 2 4 0 1.999
configuration class)

To sum it up, applying variation mechanisms increases the CRE. Moreover if applied
simultaneously they provide for higher CRE than when applied separately. Applying runtime
conditionals and inheritance separately in the case of this class shows similar results. Applying the
configurator implemented as a configuration class gives a higher CRE than the one implemented as a
property file. It results from the fact that obtained results don’t take the property file into account, as it
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is not a part of the code. The results of the experiment may help developers to solve the problem of
variation mechanism selection.

6 Results and future work

With respect to external validity, the main issue is that the experiment has been conducted in context
of Android Java platform. There is the possibility that implementing different variation mechanisms in
other platforms, such as .NET, PHP, will result in different CRE values. So, this work does not answers
the question whether the same results can be applied to other platforms and programming languages.

The second issue in the category of external validity is the CRE formula introduced in the paper.
Since it takes into account only code complexity metrics on class or package level, it cannot be applied
to some variation mechanisms like aspects or plugins.

Internal validity focuses on how sure a researcher can be that the results of the experiment
unambiguously determine which variation mechanisms should be selected. Code reusability is not the
only criteria according to which the given mechanism should be chosen. The selection of an appropriate
variation mechanism also depends on the application domain where DSPL has to be designed, on
specific user’ requirements, etc. and these issues can be the focus of our future work.
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Bumy1iieHi KoauBaHHS PIAUHU B IWITHAPUIHUX pe3epByapax il JIE0
BEPTUKAILHOTO 30y I’KSHHS
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Ilix wac excruryaranii o0OJOHKH Ta OOOJOHKOBI KOHCTPYKIIi, IO MICTATH PI3HOTO POJY piAKi 3allOBHIOBadi, MOXYTh
MiTaBaTuCs Jii IHTCHCUBHHX JWHAMIYHUAX BIUIHBIB. J aHamizy MIIHOCTI KOHCTPYKIIH B IIMX YMOBaX HEOOXiTHO
BpaxOBYBaTH HEJIHINHI SBHINA IPU PYCi PIIMHHU, OCKUIBKH 3aCTOCYBAaHHS JIHIMHUX PIBHSHB HE JIa€ aJIeKBATHOI OIIHKY IS
BU3HAYEHHS THCKY Ta aMIUNTYAM IUleCKaHb B maHiii poOOTI MpoBeNeHO NOCIIUKEHHS KOJIHMBaHb PiIWHH B JKOPCTKOMY
LITTHIAPUIHOMY pe3epByapi MPpU YacTKOBOMY 3allOBHEHHI PiAMHOIO 32 YMOBHU BEpTHKAIBHOTO 30ymKeHHs. HaBeneHi cucremu
nudepeHIiagbHIX PiBHIHD, SIKI BiAMOBIJAIOTH JiHIHHOMY Ta HeNiHIHHOMY (OpMyTOBaHHI 3amadi. BBaxkaeTbes, 1110 piauHa €
17IcabHOIO Ta HECTUCIUBOIO, a ii pyX, IHAYKOBaHUI 30BHILIHIMU BIUIMBAMH, € O0€3BUXPOBHM. B IIMX yMOBax iCHye MOTEHIial
HIBUIKOCTEH, 110 33JI0BOJIBHSE piBHAHHIO Jlammaca. SIk rpaHIYHI YMOBH JUTs PO3B’sI3aHHS KpaioBoi 3aa4ui 00MParOTHCsl YMOBH
HE TNPOTIKAaHHSA Ha 3MOYCHHX IIOBEPXHSAX 000JOHKM. Ha BiNbHIA MOBepXHI 3aJar0ThCS KiHEMaTH4YHA Ta CTaTHYHA YMOBH.
CraTtiyHa yMOBa IOJIATa€ B PIBHOCTI TUCKY HA TIOBEPXHI PiMHHU aTMoc(hepHOMY THCKY. Tuc BH3HauaeThes 3 iHTerpary Komri-
Jlarpamxka. [Ipu npoMy niHeapusaiis interpany Komi - Jlarpanxka Beze 0 JiHIHHOTO (OopMyITIOBaHHS 3a1adi. B HenmiHiHOMY
(hopMyITIOBaHHI BPaxOBYIOTHCS KBaApaTH4HI JoNaHKU. st (opMysIrOBaHHS KiHEMAaTHYHOI YMOBM BBOIHTBCS JOJATKOBA
HeBioMa (hYHKIIs, SIKa OMHCYE caMe PyX BUIbHOI MoBepxHi. KiHeMaTHuHa yMOBa MOJISTaEe B PIBHOCTI MIBUAKOCTI PiJMHH, SKa
OTIACYETHCS MOTSHLIAIOM IBHIKOCTEH, Ta MIBUAKOCTI caMol BUIBHOI MOBEPXHi. SIKIIO 3a1a€ThC BepTHKAIBbHE 30YIKECHHS, TO
e Bele A0 MOSBH J0JATKOBOro mpHcKopeHHA. [Ipu oMy B miHIHHOMY (QOPMYIIOBaHHI OTPHMYEMO CHCTEMY HE3B’SI3aHUX
IuQepeHIiaTbHUX PiBHAHB, KOXKHE 3 SKUX € PIBHAHHAM Martse. Lle 103BoIIsi€ JOCTIANTH SBHIIA TAPAMETPUIHOTO PE30HAHCY.
Ilpn ananizi gudepeHniaabHUX PiBHAHB, 30 BHHUKAIOTH B HENiHIIHIN 3amadi, BHABWIOCH, IIO PO3B’S3KM TaKUX PIBHSIHb
CYTTEBO 3aJIe)KaTh BiJ MOYATKOBUX yMOB. HaBeneHi (a3oBi MOpTpeTH IMHAMIYHOI CHCTEMH 3i 3a3HAYEHHSM pPE30HAHCIB.
IIpoBeneHo uncnoBuit aHani3 AU(epeHIiaTbHOT0 PIBHIHHS, 10 BiIOBIIA€ HENiHIHHOMY (OPMYITIOBAHHIO.

Knrwwuoei cnosa: 06o10nKu 00epmans, KOIUBAHHS PIOUHU, YUTTHOPUYHULL pe3epa8yap.

The shell and shell structures containing various types of liquid fillers can be exposed to intense dynamic effects during the
exploitation. In order to analyze the strength of structures in these conditions, it is necessary to take into account nonlinear
phenomena in fluid motion, since the application of linear equations does not provide an adequate assessment for the
determination of the pressure and amplitude of the splashing. In this paper, a study of fluid fluctuations in a rigid cylindrical
reservoir partially filled with the liquid under condition of vertical agitation has been carried out. The systems of differential
equations that correspond to the linear and nonlinear formulation of the problem are presented. The fluid is believed to be
perfect and incompressible, and its movement induced by external influences is non-vortex. Under these conditions there is a
velocity potential that satisfies the Laplace equation. The conditions of non-leakage on the wetted surfaces of the shell are
chosen as the boundary conditions for solving the boundary value problem. The kinematic and static conditions are specified
on a free surface. The static condition consists in the equality of pressure on the liquid surface with atmospheric pressure. The
pressure is determined from the Cauchy-Lagrange integral. In this case the linearization of the Cauchy-Lagrange integral leads
to the linear formulation of the problem. Quadratic components are taken into account for the nonlinear formulation. To
formulate the kinematic condition an additional unknown function describing the motion of the free surface is introduced. The
kinematic condition is the equality of the liquid velocity described by the velocity potential and the velocity of the free surface
itself. If there is a vertical agitation, an additional acceleration will be present. Therefore for the linear formulation we obtain a
system of unbounded differential equations, each of which is the equation of Mathieu. This allows us to investigate the
phenomena of parametric resonance. When analyzing differential equations which occur in case of a nonlinear problem, it has
been found that the solutions of such equations depend essentially on the initial conditions. The phase portraits of a dynamic
system with indication of resonances are presented. A numerical analysis of the differential equation corresponding to
nonlinear formulation has been carried out.

Key words: rotation shells, fluid fluctuations, cylindrical reservoir.

Bo Bpems skcmuTyatanuu 000J09KH M 000JI04EUHBIX KOHCTPYKIMM, KOTOPbIe COJEepIKaT PasHOro poJja )KUAKUE 3aIlOIHNTEINH,
00OJIOYKH MOTYT TIOJBEPTaThCsl BO3/CHCTBHIO WHTEHCHUBHBIX JUHAMHYCCKHX BO3JeHCTBHHA. [l aHanm3a NpoOYHOCTH
KOHCTPYKIIMH B STHX YCIOBUSIX HEOOXOIWMO YYHTHIBATH HEJNMHEHHBIC SBICHUS ITIPH JBWKEHHU >KUIKOCTH, IMOCKOIBKY
IPUMEHEHHE JUHEHHBIX YpaBHEHUH HE NaeT aJeKBaTHOW OLECHKU U1 ONpEAEICHUs AaBICHUS U aMIUIMTY[bl IUleckaHuil B
JaHHOM paboTe MPOBEAEHO HCCIEIOBaHNE KOJIeOaHUH KHUAKOCTH B JKECTKOM HIIMHAPHIECKOM pe3epByape IpU JaCTHIHOM
3aMOJIHCHUHM OJKUIKOCTBIO TIPH BEPTHKAJIGHOM BO30YKaeHHHU. I[lpuBeneHsl cucTeMbl AuddepeHInanbHbIX YpaBHEHHI,
COOTBETCTBYIOIINE JIMHEHHBIM M HEJIMHEHHBIM (OpMYIUpoBKaM 3anad. CUUTaeTcs, 4TO >KHIKOCTh SIBISIETCS HICANbHOH U
HEC)KMMaeMOH, a ee ABMKEHHe, WHIYyLHUPOBAHHOE BHELIHMMH BO3JACHCTBHAMH, ABISETCS O€3BUXPEBBIM. B 3TuX ycrnoBusx
CYILIECTBYET MOTEHIMAN CKOPOCTeH, KOTOPHIN yHoBIeTBOpsieT ypaBHeHHIo Jlammaca. Kak rpaHuuHble yClnoBHUS U PEIICHUS
KpaeBoil 3aauy M30MPArOTCs YCIOBHUSI HEMPOTEKAHMS HAa CMOYCHHBIX NTOBEPXHOCTAX 0Oosoukn. Ha cBOOOIHON MOBEPXHOCTH
3aJal0TCsl KHHEMAaTHIeCKOe M cTaTudeckoe yciuoBus. CTaTHdeckoe YCIOBHE COCTOUT B PAaBEHCTBE JABICHUS HA MIOBEPXHOCTH
JKUJKOCTH M aTMocdepHOM naBieHnd. JlaBneHue ompenensercsa u3 unaTerpana Komm-Jlarpamka. Ilpu sToM nnHeapu3amus
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unaTerpana Komm - Jlarpamka BemeT K JIMHEItHOMOH (OpMynupoBKe 3anadn. B HenmHelHOW (GopMyIHpOBKE YUUTHIBAIOTCS
KBaJIpaTH4HBIE ciaraeMble. s (QOpMyIHMpOBKM KHHEMAaTHYECKOTO YCIOBHS BBOAWTCS JOIOJHHUTEIbHAs HEW3BECTHAS
(yHKIMS, KOTOpas OIIMCHIBAeT JBIDKCHHE CBOOOJHONW NOBepXHOCTH. KHHeMaTHdeckoe YCIOBHE COCTOMT B PaBEHCTBE
CKOPOCTH JKHUIKOCTH, KOTOpas OIMHUCHIBACTCS MOTEHLMAIOM CKOPOCTEH, M CKOPOCTH camoil cBoOomHOH moBepxHOCTH. Eciu
3a71aeTCsl BEPTUKAIBHOE BO30YKAEHHE, TO TO BelET K MOSBICHHIO JOMOIHHUTENBHOTO ycKopeHus. IIpu 3ToM B IHHEHHOMH
(GOpMyIMpOBKE TIOMyYaeM CHUCTEMY HECBSI3aHHBIX OUGQEpeHIMaIbHBIX YPAaBHCHUH, KaXI0€ M3 KOTOPBIX SBIACTCS
ypaBHeHHeM Martbe. DTO MO3BOJISIET MCCIIEOBATh SBICHHS MapaMeTpuueckoro pesonanca. [Ipu anamuse nuddepeHIranbHbIX
YpaBHEHUI, KOTOpbIE BOSHUKAIOT B HEJIMHEIHOH 3a/1auy, 0Ka3aJloCh, YTO PEIlICHUE TAKUX YPABHEHUH CYIIECTBEHHO 3aBUCHUT OT
HayaJbHBIX ycloBUH. [IpuBeneHHble (Da3oBBIE IMOPTPETHl AMHAMHUYECKOH CHCTEMBI C YKa3aHHeM pe30HaHCOB. [IpoeneH
YHCIICHHBIH aHamm3 1uddepeHansHoro ypaBHEeH!s, COOTBETCTBYET HEJIMHEHHOM (hOpMyIHPOBKE.

Knrwuesvie cnosa: ob6onouxku gpawenust, Konebauus HCUOKOCMU, YUTUHOPUHECKULL pe3epeyap, 6EPMUKAIbHOe 8030YicOeHue.

1. AKTyaJIbHiCTB podoTH

O06010HKH Ta 00OJIOHKOBI KOHCTPYKIIiT 3 BiJICIKaMH, SIKi YaCTKOBO 3allOBHEHI PiJIMHOIO, 3HAXOAAThH
IIMPOKE 3aCTOCYBaHHS B PI3HUX Taly3siX cydacHoi mpomwmcnoBocTi. [lim 9ac excmmyararii Taki
KOHCTPYKIIII MOXYTh MiJAaBaTHCA [ii IHTEHCHMBHAX JAWHAMIYHUX BIUIMBIB, HANpPUKIAA, MpH
3eMJIETPYyCax, pyci TaHKepiB 3 HAQTOI B yMOBax IITOpMY, Ta iH. J[J1s aHaIi3y MIITHOCTI KOHCTPYKIIiH B
IUX yMOBax HEOOXiJHO BpaxOBYBaTH HENiHIWHI SBUINA MPH PYyCl PIIWHHU, OCKIIBKH 3aCTOCYBAHHS
JTiHIAHUX PIBHSHb HE Ja€ aJCKBATHOI OIIHKH /I BU3HAYCHHS THCKY Ta aMIUTNITYAM IUIeCKaHb [1].
IcHyrOTH MeTOOM 3 BHBUCHHS HENIHIMHUX piBHSAHb, SIKI 3aCHOBaHI Ha BUKOPUCTaHHI TimoTe3
NOTCHIIWHOI Tedii, TpH [BOMY PpO3TJSAAIOTECS TapMOHIYHI HABaHTAKEHHS Ha OOOJIIOHKOBY
KOHCTpYKIito. dopma BiTbHOI MOBEPXHI Ta THCK PIAMHA y TAKUX BHUIAJKaX 300paKyIOTHCS Y BUTISAL
psaiB 3a OasucHumu GyHKUisiMuA. Y [2] moBemeHo, 1m0 y sKOCTi 0a3ucHHMX (yHKIIH MOXYyTh OyTH
oOpani (hopmMH BIaCHUX KOJMBAaHb PIAMHHU B MPUIYIICHHAX JiHiiHOT Teopii. B poboTi [3] npoBeneHo
eKCIIepIMEHTANbHE Ta YHCEIbHE MTOCIIIKEHHS pe3epByapa, Ha SKHU Ji€ ceiicMidyHe abo iMIyJbCHE
HAaBaHTAXEHHs y JHIHHOMY Ta HeliHiiHOMY (opMyiroBaHHsSX. B crarri [4] mocmimkeHO BIUTHB
BEPTUKAIBHUX TEPErOPOJOK HA YACTOTH KOJHMBAHb PIMHU Y IUIOCKOMY NPSIMOKYTHOMY pe3epByapi.
[Ipu po3B’si3aHHI 3amavi 3 ypaxyBaHHSIM HENiHIHHUX SIBHII BHHHUKAE€ HEOOXiTHICTH PO3B’SI3aHHA
HEeNHIHHNX Ou(EepeHniiHuX pIiBHAHB Ta IX CHCTeM. 3ajadi IUIeCKaHb PIAWHU B HENiHIHHOMY
(hopMyJTIOBaHHI JIOCIIDKEHO B poOoTi [5]. s po3B’si3aHHS HENIHIMHHX PIBHAHB BUKOPUCTOBYETHCS
MeToA rapMoHiyHoro Oanancy. [Ipw LbOMY 3aCTOCOBYIOTH TapMOHIUHY JIiHEapi3alilo HeJiHIIHOTOo
TUHAMIYHOTO 00’ €KTY, TOOTO BUKOPHUCTOBYIOThH 3aMiHy BXiTHOI 3a/1a4i JTiHIHHOIO MOJIEIIIIO, 5IKa OMHCYE
MepIry TaApMOHIYHY CKJIaI0BY BIIKIMKY 00’ €KTa HA BXITHUN CHHYCOINAIbHUH BIUIMB.

Hoseneno [5], mo HenmiHiiHI cucTeMu TpH 30yHKEHHI TapMOHIYHUM IMITYJIbCOM JAlOTh BIATYK 3
HECKIHYEHHOIO KiTBKICTIO TAPMOHIK.

Meron rapMOHIYHOTO OalaHCy 3aCTOCOBYIOTH JUIS PO3B’S3aHHS HENIHIMHUX IUQepeHIliaTbHIX
PIBHSIHb, SIKI MICTSITh TOJIIHOMIiaJbHY HEiHIHHICTh HeBimoMux ¢QyHKiN [6]. ¥ [7] posrisHyTO MeTO
HENHIMHUX HOpMaJbHUX (GOpM. 3ayBakKHMO, IO aHaNi3y came AU(EpeHIINHNX HETIHIHHUX piBHSIHbD
NPUIUIEHO HEJIOCTaTHBO YyBard. TakoK HE3HaHy yBary HpPWAIICHO JJOCTI/DKEHHSM BHMYIICHHX
KOJIMBaHb pPE3epBYapiB 3 PIAMHOI 3a Jii BEPTHUKAJILHOTO HABAHTAKEHHS, SK B JIHIHHOMY, Tak i1 B
HeNliHITHOMY (QOpPMYITIOBaHHI.

2. @opMyJII0BAHHA 32124l Ta OCHOBHI CIiBBiIHOIICHH S
JocniauMo KOMUBaHHS PIAMHU B JKOPCTKIM MUTIHIPUYHINA 00OJIOHIII BHACIIIOK JIii BEPTUKAILHOIO
rapMoHiyHoro 30ymkeHHs, puc. 1. Tyr S, - BiIbHa NOBEPXHA PIAMHH, S, - 3MOYEHA IOBEPXHS

00010HKH, h — piBeHb 3aMIOBHEHHS 000JIOHKH PiHHOIO.
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X

Puc. I Huninopuuna obonouKa, 4acmro8o 3an08HeHd PiOUHOI0

[MpunycTuMo, 1m0 pigvHA € igeaJbHOI0 Ta HECTHUCIWBOI, a il pyX, 1HAYKOBaHHMU BiOpamisMu
00010HKH, € moTeHniiHuM. Toi icHye morenmian mBuakocteid D(X,y,z,t), Takuii, 1o

VXZGE;VVZ GB;VZ: 82
OX oy oz
et moTeHmian 3a BKa3aHUX YMOB 3aJ0BOJIBHsIE PiBHAHHIO Jlaruraca
o0 0D | 0D
Tttt T
OX oy 0z

0.

Hexait pynxmis ¢ = ¢(t, X, y) OIIMCYE JIOKALIIO 1 pyX BIIbHOI OBEpXHi. B cTaHi crokoto, 10 moyaTrky
Jii cun 30YDKSHHST MAaEMO

¢(0,x,y)=0, &(0,x,y)=0. (1)

PosrnssHemo 3amady B akcialibHO-CUMETpUYHOMY (opMyitoBaHHI. KpaiioBa 3amada B ciaOkomy
HeNiHIHHOMY (popMyTroBaHHI s 3HaXoMkeHHs noTeHmiany @ ta ¢yrkmii { B mumiHAPUYHIN cucTeMi

xoopmHaT (p,0,2) GopMyITIOEThCS TaKUM YnHOM [8]:

0. 0P

0P| _ 06 OGO,
" on

2
vip=0. 0P _%, . p-pof, =0, (2)
s, Ot 0Opop °

" on

S,

IIe po — aTMOC(EpHUH THCK, N - 30BHIIIHS OJIMHUYHA HOPMAJIb JI0 BiAMOBITHOI TOBEPXHI.
Bennunny THCKY P 3Haxonumo 3 interpany Komri-Jlarpanxa

oD 1 2
o= o =p 22+ a0 )+ SIvof | ®

s BUKOHAaHHS YMOB iICHYBaHHSI PO3B’SI3Ky KpaloBoi 3aaadi (2) HeoOXiJTHO TaKOX 3aJ0BOJBHUTH
ymoBy Helimana

J' J' a0, S, =0.
e on
0
B po6orax [9,10] noBeneHo, 1110 MOTEHIIAT MBUAKOCTEH Ta QyHKIIIO { = Q(t, X, y) JUISL PO3B’sI3aHHA

HEJHIMHOT 3aJaul MOXKHA HaOJMKaTH psgaMyd 3a O0a3MCHUMHU (QYHKISIMH, IO € pPO3B’SI3KaMHU
BiNOBITHOT JTiHiHHOT 3a/1a4i [11,12]. Tomy 306pa3zumo Heigomi pynkuii @ ta { y Burmsai

@ =>d, (tho, . (4)
k=1

=36 )% (5)
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B Bupazax (4), (5) 3anexHi BiJ yacy QyHKLIi C, (t), dk(t) BHU3HAYaTHUMYThCS 3 KpalOBHX YMOB Ha

BUIBHIH noBepxHi. J{ist 3HaxopkeHHs GyHKLiH @k B [13,14] oTprMaHO Taki KpaiioBi 3a1adi:

V2o, =0, 2| _o. 6
Oy on s, (6)
OP, oG, 0@,
el 25 =0. 7
anl, " a at+9§ (7)
g

[Mponudepenuiroemo apyre piBHsAHHA B (7) 1o t i miacTaBUMO OTpUMaHy PiBHICTH IS 2t B mepuie

piBustaEs 3 (7). Mami 300pasuMo ¢YHKLIIO @ SK (pk(t,x,y,z):ei"ktcpk(x, y,z). [Ipuxonumo no
npoOJIeMH BIIACHUX 3HAYECHBb
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Vi, =0 =
P S ' on g

Py

0
i [ Deas, =o0. ®)
roon s ¢ on
0 0
VY pasi, K0 KOHCTPYKIIis, SIKa PO3TISAAETHCS, € 0D0JIOHKOK 00epTaHHSI MOXKHA 3aCTOCOBYBATH TakKi
HOJAHHS:

9,(r,z,0)=o,(r,z)cosas, 9)

Ie o - HoMmep TrapMmoHikd. OCKUIBKM B JaHI pPoOOTI pO3IIANAETHCS aKCialbHO-CHMETpHUYHE
¢dopmymoBanHs, To o = 0.
ToOTO crioyaTKy pO3TIISIIaEMO 3a7]aqy BUTBHUX KOJMBAHb PIAMHU B JIIHIKHOMY (OPMYITIOBAaHHI.
INonmanus (4) ta (5) 3a0e3neuyr0Th BUKOHAHHS PiBHSAHHA Jlaruiaca, a Takok 3aJI0BOJIBHSIOTH YMOBI
Ha JKOPCTKHMX 3MOYCHMX CTiHKax pesepByapy. s po3B’si3aHHS 3aadi Mpo BHMYIIEHI KOJMBAHHSI
piowHH B pe3epByapi B HeNiHIHHOMY (OpMyITIOBaHHI Tpeba 3aI0BONFHUTH TAaKMM yMOBaM Ha BUTBbHIN
MOBEPXHI:
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a Ha BITBHIN TTOBEpXHI
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Ay (0) + (g + 8, (0)g 520 (0 + ﬁ > d, (0, Vo, (p.O) Vo, (0.0 =0,

k,I=1

Al 0)-¢, 2 e, () 20120 l00) ()
(‘va(Pm K.I=1 op
Po3B’s3anns cuctemu (14) motpeOye 3aBaanHs 2M nmodaTkoBux yMOB. Lli yMOBH OTpUMY€EMO 3 piBHSHb
(1) Ta (10). Maemo
¢ (t)=0, d (0)=dy, k=1LM. (15)
TakuMm 4rHOM, 3324y TPO BUMYIICHI KOJMBAHHS PIAWHU B IMIIHAPUYHIN 000JOHI, miagaHii il
BEPTHKAIILHOTO 30Yy/DKEHHS, 3BEICHO 10 pO3B’si3aHHS cucTemMu audepeHmiadbHuX piBHAHB (14) 3
rpaHUYHUMHU yMoBamH (15).

3. AHaJi3 pe3yJbTaTiB

3.1 Jliniiine popmy/iroBaHHA

Hexryroun kBagpatndHuMu jgonaHkamu B (14), MaeMo Taky He3B’si3aHY CUCTEMY TU(epeHIliaTbHAX
PIBHSIHB:

dy (1) +(9 +a, (t))g " xrCa () =0, dy(t)—¢,(t)=0 (16)
3 rpannyHuMHU yMoBamH (15).
[ponudepennipyemo mepine 3 piBHsSHBb (16) 3a t Ta mijcTaBUMO B OTpUMAaHy pIBHICTB Jpyre
piBHsHHS 3 (16). Maemo Taky cucremy:

dp (1) +(g+a,(t))g 2, (1) =0 (17)
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3 I'paHUYHUMHU YMOBaMU

Bynemo posrisimaTh KoJWBaHHS PiIMHH 32 il TapMOHIYHOTO BEPTHKAJILHOTO 30ykeHHs. Lle
30yIKEHHSI ONUILEMO K 8 (t) = —acos((o t). Toni piBasiaHs (17) HAOYAYTH BUTTISLY

dp (1) +%2d,, (1) —acos(wt)g "y 2d,, (1) =0. (18)

3ayBakxuMo, 1o piBHsiHHA (18) — e kiacuuHi piBHsSHHS Matbe [15].
Hami moOymyeMo ¢a30Bi mopTpeTn AMHAMIYHOI CUCTeMH. Po3risimaeMo Taki MOYaTKOBI YMOBH:

d,(t)=0, d,(0)=0.05 k=1M.
[Ipunyctumo, mo a =1. PosrisaeMo XOpCTKy HWTHIPHYHY 000JIOHKY 3 po3mipamu R=1, H =1.
Maemo Taki 3HaYeHHS IEPIINX YaCTOT BUIBHUX OCECUMETPUYHUX KoJuBaHb [8,9]

%, =6.1224 y, =8.2962

BuBYMMO BIUIMB 4acTOTH cWiM 30ypeHHS Ha TMOBEIIHKY MUHAMIYHOI cHcTeMH. [Ipuimyckanock, 1o
4acToTa 30ypeHHs MpUIMaE TaKi 3HAYCHHS
o=1 6.1283 105 2-6.1283 8.2962 18.36.
Ha puc. 2 300paxkeHi ¢a3oBi mopTpeTH dl(t), dl(t) JUTSL HABEJICHUX BHUIIEC YACTOT BEPTHKAIBLHOI CHITU
30ypeHHsl.

-0.04 -003 -002 -00L 0| 001 002 003 004
3

014

o=1 ®»=6.1283

0.1+

-004 -003 -0.02 -001 O 001 002 003 004

~0.14

®w=2-6.1283 ®»=28.2962 =105

Puc.2. ®azosi nopmpemu ounamiunoi cucmemu

CriocTepiraeMo HasiBHICTb JBOX PE30HAHCIB, IO BiANOBIIAIOThH MEPIii YaCTOTI BUIBHUX KOJUBaHb
piIvHU B IWIIHIpHYHOMY pe3epByapi w=6.1283ta moxBoeHniii mepmiii yacrori w=2-6.1283. Lle
BiAnoBigae orpuMaHuM B [13] TeopeTmuHMM pe3ynbTaTaM, SIKi CBiUaTh MPO Te, IO MapaMeTPUUHHUH
PE30HAHC Ma€ MicIle, KOJIH
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IIpu 1IbOMY TOJOBHHIM MapaMEeTPUYHHHA PE30HAHC BiAOYBa€ThCS caMe TPH IOABOEHIM YacTOTi
BUIBHHUX KOJIMBAaHb, KOJIM aMILIITy 11 dl(t),dl(t) HEOOMEKEHO 3pOCTaIOTh.

3ayBaXMMO 1110 B JIiHIHOMY (OpPMYJIIOBaHHI MAaeEMO CHCTEMY HE3B’ s3aHUX IU(EPEHIIaTbHIX
piBHSIHB, TEpexiJ 0 HEIHIMHOI 3aaadi, OKpIM MOSBU KBaJpaTUYHUX JIOJIAaHKIB, MPHU3BOJIUTH JIO
3B’s13aHOCTI cucTeMd. i CIPOIICHHS aHami3y PO3TIITHEMO CIOYaTKy PIBHSHHS HeJNiHIHHOI 3amadi,
KOJIM BPaXOBY€ETHCS JIUIIIE OWH WieH psuty B po3kianax (4), (5).

3.2 JocaimkeHHs HeJIIHIHHOTO PiBHSIHHS
Oo6mexumoch M = 1y piBasuusx (14) B mpumyIeHHi BiICyTHOCTI cuin 30ypeHHs. Maemo

(z+h)
iy [cmp)“’s“(@“ <)
0 R h

cosh(qu)

O0uncnMo KBaapaT rpaieHTy miei GyHKIil gae

(z+h) . (z+h)
%_aj(co@j”m(c“ =) G (cmpjs'”“(% -

% R R cosh[thj C R cosh(gmhj |
R R
(z+h)) i : ( (z+h))2
2 2 h G5 hi G,
(%] (ai) _ _ﬁj[cmpj“’s (C R )| | Ca s (”] R
% oz R LR cosh(g hj RUR cosh(@ h)
OlR OlR
Ha BinbHiit noBepxHi (z=0) maemo
%, 2{%):_@002 552 o 5 Yani e,
op oz R | LR "UR R

PiBHsIHHS Ha BUIbHIN noBepxHi s BusHadenns O, (t) npuiimyTs Bix

d'l(t)cpl(p,ongdl(t)a‘Pal—z(")+%|V<p1<p)|2 =dg(t)%(%p}g%%[%pjtan{%jdlah

U REDEIEDELC)

BBe,Z[eMO IIO3HAYCHHA

(D — COl tan’,((;()l

|
oAl

Toxai maeMo
d, (1), (0,0) + gd, (t) 22:(P) “’1(") +|vo. o) =d (t)Jo(
3 KiHeMaTI/I‘-IHOl yMOBI/I Ha BIIH)HOI HOBerH] MaeEMO

d'l(t)Jo(% j+mld ®, (iglp +%d ®(p) =0 (19)

% j%fdl(t)*%(dl(t))z’:@)
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3Haiinemo ckansapauil 1o0yTok (19) Ha J o(% pj

; ) 105 b (1(0).3,(0) _
d,(0) + o}d, 0+ (d.mf BRI 0. (20)

IIpu HyTEOBUX MOYATKOBUX yMOBax piBHAHHS (11) Mae TpuBianpHuUil po3B’s130K. ToMmy posristHeMo Taki
HEHYJIbOBI IT0YAaTKOBI YMOBHU

d,(0)=0; d,(0) =1
3HaiiieMo aHaniTHuHuit po3B’ 30k piBusHHs (20) 32 ymoBH, 1m0 T(p) =0, TOOTO KoK HeNiHiNHI edeKTH
HE BPaXOBYIOTHCS
1
0‘)1
Ha puc 3. 300paskeH0 3MiHy piBHSI BiJIbHOI TOBepXHI y meHTpanbHiid Touli (r=0, z=H). [lynkTupHa
JiHIs BiAMOBIfa€e aHATITHYHOMY po3B’si3Ky (21), cyminbHa JiHis Biamosigzae po3s’si3ky piBHsHHS (20),

OTPUMAHOTO YHCEIHHO 3a JoroMoroio Meroxy Pynre-Kyrra 4-5-ro nopsaxy. baunmo, mo ypaxyBanHS
HEINHIHOTO e()eKTy CYTTEBO 301IBLIYE aMIUTITYAy KOJIMBaHb.

[IpoanamizyeMo BIUTUB MOYAaTKOBMX YMOB Ha ITOBEAIHKY PO3B’SI3KiB IJIIHIHHOTO Ta HENTIHIHHOTO

PiBHSHB JUIS 3HAXOJPKEHHs 3MinM piBHs BinbHoi mosepxmi. IIpu d,(0) =0, dl(O) =1.1 6auumo

d,(t) = —sin(m,t) (21)

CyTTeBe 301IbIICHHS AMILTITY 1M KOJIMBAHb NIPU He3HAYHOMY 30inbmenHi noyarkopoi meuakocti d,(0).
Ille Ginbin wikaeuii pesymbrar 6yino orpumano npu 0,(0) =1.17. Bauumo edekt «maminHs XBUIIi».

Bigmitumo, mo npu dl(O) =1.16 namimas XBWiIi e HE BiIOYBa€THCS, aje aMILTITYAH KOJHBaHb MPH

BpaxyBaHHI HeNiHIHHUX e(]eKTiB cyTTeBo 3pocia. lle moxe OyTH MOSCHEHO HEBHKOHAHHSM YMOBH

IlenneBe [14], ska momsirac y HACTyMHOMY: 3BHYaiiHe audepeHiiiiHe piBHAHHSA Ma€ BIACTHBICTb
IenneBe, sAKIO HOro 3araJibHUH PO3B’SI30K HE MA€ PyXOMHX KPUTUYHHX OCOOIMBOCTEH.
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Puc 3. 3mina pisna (y yenmpanvhii mouyi 8inbHOI N08EPXHI 3a Pi3Hi NOYAMKO8I YMOBU.
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(x(p). J,(p))
(36(P), Jo(P))

diy (1) + w?d, (t) + ady (1) =0

3BOJIUTHCSI [0 JIIHIHHOTO TU(epeHIIaTbHOTO PiBHSAHHS MEPLIOTO MOPSIKY

1 . - i .
BBeznemo no3HayeHHs o = > . IInsxoM 3aMiHU 3MiHHOT W(dl) = (dl('[))2 PIBHSIHHS

W+ od, +aw=0,

sKe Ma€ Takui aHaiTU4IHUH po3B’ 30k npu d,(0) =0:

. 2 . 2
6200 2o~ o] (L0 - 2 fool-2a0,) @

2
3 piBHAHHA (22) 6aynmo, mo npu d,(t) <0 Tta y'(0)? —% > 0 criocTepiraeTbesl MIBUAKE 3POCTAHHSI
o

dl(t) (puc. 3), mo Beme OO0 <«MAmiHHS XBWI». 3ayBaXHMO, [0 B PO3TISHYTOMY BHITQIKY

2
mf ~37.556 20’ ~30.109, a came, OTpI/IMyeMOZO)—lz ~1.2473 +/1.2473~1.168. Came 1110 TPAHHMIIIO
o

JUTSL BTPATH CTIHKOCTI OTPUMAHO YHCIOBUM METOIOM.

3ayBaxMMO, 10 Kok mnodatkoBi mani Taki, mo 0,(0)<0, d;(0)=0, Brpatu criiikocti He
crocTepiranoch, HaBiTh Ui JOCUTh BeMUKUX Bix'emHux 3Hauenb d;(0). Ili pesynbratu
MPOLITFOCTPOBAHO Ha puC. 4.

& & & & a
LT L] e o
L LI L o % o
L e @ ®
0104 o = e o s @ s © s ©
o °
z z
i s s ] ®
0.03 4
i ° ® * @
° ® ° -

-0.03 4

-0.10 4

L
o
&

d,(0)=-0.15, d,(0)=0.0 d,(0)=-15, d,(0)=0.0

-0.15 %

Puc.4. [logedinka po3e’s13Ky HENIHIUHO20 PIGHAHHS 3a PI3HI 2PAHUYHI YMOBU

TakuM YHHOM, BpaxyBaHHS HETIHIHHOCTI NPHU3BOAUTH JO HEOOXITHOCTI JOCIIDKEHHS piBHSHb,
PO3B’SI3KM  SKHMX CYTTEBO 3ajJieKaTh BiJ IIOYaTKOBMX YyMOB. 3a JESKMX I[OYaTKOBHX YMOB
CIIOCTEPIraeTbesl BTpaTa CTiHKOCTI.

4. BucHOBKH
B poboti orpumani audepeHuianpHi PiBHAHHS, IO ONMCYIOTH BHUMYIICHI KOJMBAHHS PiAWHU B
HWITIHAPUYHOMY pe3epByapi MiJ MAi€l0 BEPTUKAIBHOIO TapMOHIYHOTO 30Yy/DKEHHS B aKciaJbHO-
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cUMeTpuYHOMY (QopMmyaroBanHi. [IpoBeneHo YrcaoBHI aHai3 3a1adi B JiHiHOMY (opMmysroBaHHi. Ha
BiZIMiHY BiJ] TOPH30HTAJIBHUX 30Yy’KE€Hb CIIOCTEPIracThes MosiBa MOABIHHOI pe3oHaHCHOI YacToTH. s
aHalizy HeNHIHHMX KOJHMBAaHb MPOBEIEHO TMOMNEPEAHE JOCT/HKEHHS OJHOTO XapaKTEpPHOTO
mudepeHIiaTbHOTO PIBHSIHHS 32 BIACYTHOCTI cwid, mo 30ymkye. Lleil amamiz 103BONHMB BHUSBUTH
CYTTEBHH BIUIMB IOYATKOBMX YMOB Ha MOBEAIHKY JHHAMIYHOI CHCTEMH. B momampmoMy IiaHyeThCs
JOCHIDKEHHS HeNIHIMHUX KOJNHMBaHb PIJMHU B pe3epByapax, IO € 000JOHKaMu oOepTaHHA, 3a Iil sK
BEPTHKAIBHUX, TaK i TOPH30HTAIBHUX CHII 30y DKEHHS.
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OOcyxmatoTcsi 0COOEHHOCTH pabOTHl HMHTEUIEKTYaJIbHBIX CHCTEMaxX JIOTHYECKOTO BBEIBOJA, a TAaKXKe WX CpaBHEHHE C
JeATeNbHOCTBI0 HEeHpOHHBIX ceTed. [losicHseTrcss kakuM oOpa3oM (opMupyeTcs HOBOE 3HAHHE B CHCTEMax JIOTHYECKOTO
BBIBOJIA U KaK HAKAIUIMBAIOTCS JAHHBIC B HEHPOHHBIX CETAX, OPTaHU3ysl CHCTeMy HOHATHH. OTMedaercs, YTO HAIOJHEHHE
0a3bl JTaHHBIX W IPaBHII B CHCTEMaXx JIOTHIECKOTO BEIBOJIA SBIAETCS IPOILECCOM, KOTOPHIA TpeOyeT 3HAUYNTEeNIBHBIX PECYypCOB U
HOTOMY HMMEET OTpaHHueHHyI cdepy npumeHeHus. Hakomnenue nHpopManuu B OOMIMPHBIX HEHPOHHBIX CETAX 3a CYET
HOJKIIIOYCHHS K TPOMAZTHOMY YHCIY COOCCEIHHKOB — areHTOB HAaNPOTHB IO3BOJIIET HajesAThca Ha 3d(dekTuBHOE 00ydeHHe
MAIllMH ¥ OTKPBIBAET HOBBIC NEPCHEKTUBBHI JUIS CO3JaHMs CHCTEM HCKYCCTBEHHOTO MHTEIUICKTAa. EQMHCTBEHHOIT mpobiemoii
37€Ch MOTYT OBITH TPYIHOCTH OOy4YeHHs HEHPOHHBIX cHCTEM (OPMAIBHBIM OIUCAHUSM, MCIIOJIB30BaHHUIO aOCTpPaKIUH,
KOJIMYECTBEHHBIM pacueTraM. PaccMOTpeHBI mepcrneKkTHBEl (GOpMHUPOBAHUS IUIAHETApPHOTO pa3yMmMa M JAIBHEHIIEro pa3BUTHS
IUTAaHETapHON HWHTEIUICKTYalbHOH cHcTeMbl. HeolHO3HAYHOCTh pelIeHNs paHee CIep)KUBajla IMPOLECC YBEIMYCHHsS YHCIa
JJIEMEHTOB HEHpOHHEIX cucteM. Ho celfuac mosryueHHe MHOXKECTBA PEIICHUH BMECTO OJHOTO €IMHCTBEHHOI'O HHCKOJBKO HE
BOJIHOBaJIa CO3/aTeNieil TMraHTCKUX HEHPOHHBIX CeTel, CBS3aHHBIX C IPOMaJHON ayauTopued. IIpexne Bcero, OHM BpsA JH
0CO3HABAJIM BKHOCTb TPEOOBAHMUS €IMHCTBEHHOCTH PEIICHHS, a C APYroi CTOPOHBI - YEJIOBEK BCET/Ia IPH Pa3peLICHUH CBOUX
Hpo0IeM HaXOUT MHOYKECTBO BO3MOXKHBIX CLICHapHeB moBeneHHs1. OOCYKIar0TCs BO3MOKHOCTH TIOSIBICHHS HCKYCCTBEHHOTO
MHTEJUICKTa, CPaBHHMOIO C BO3MOXKHOCTSMH HPHpOJHOro. IIpencraBieHbl HpoOIeMbl OOy4EHHS SKCIEPTHBIX CHCTEM M
HEHPOHHBIX CeTel, KaK OHM OBUIM ONpeNeNieHbl paHee W YTO CIydmiock mo3aHee. Oco00 HHTEPECHBIM MOXKET OBITH
NpUMEHEHHEe HEeYeTKOH JIOTHKH, KOTopas CHocOOHa chopMHpPOBATH SI3BIK OOIICHUS C HEHPOHHBIMU CETSIMH, CBOOOIHBIH OT
HEoOXOJMMOCTH JBOIHOTO MepeBoia Ha €CTECTBEHHBIC SI3BIKU U YIIPOCTHT Iepenady HHGOpMaIuu HelmoCPpEACTBEHHO MEXIY
YeJIOBEYECKUM MO3roM M ceThio. OOCYKIAroTcsi HEWpOHHBIE CETH Ha OCHOBE HEUYETKHUX HEHPOHOB, KOTOPHIE CIIOCOOHEI
00BEIMHATH BO3MOYKHOCTH IKCIIEPTHBIX CHCTEM JIOTHYECKOTO BBIBOAA M HEHPOKOMIBIOTEPHI.

Knroueevle cnosa: cucmemvl n02u4eckoco ebleo()a, HelZpOHHble cemu, ()onycmu/wocmb MHO2O3HAYHOCMU pemeHuzZ,
pacuiuperue ay()umopuu o6y11a}0u4ux azenHmoe, 00veoduHenue cemell Ha HeYemKOU 102UKe U IKCNEPMHBIX CUCmem.

OOroBOPIOIOTHCS 0COOIUBOCTI POOOTH IHTENCKTYaIbHAX CUCTEMAaX JIOTIYHOTO BUCHOBKY, & TAKOXK iX MOPIBHIHHSA 3 JisIBHICTIO
HEHpPOHHUX Mepexk. IIOSICHIOETBCS SKUM YHMHOM (OPMYEThCS HOBE 3HAHHS B CHCTEMax JIOTIYHOTO BHMCHOBKY 1 SIK
HaKOMUYYIOTHCS JaHi B HEHPOHHUX Mepekax, OpraHi3oBYIOUYH CHCTEMY HOHATh. Big3HadaeThes, 10 HAIIOBHEHHS 0a3u IaHUX i
MpaBWJI B CHUCTEMax JIOTIYHOTO BHCHOBKY € MPOLECOM, SKHH BHMarae 3HAYHHX PECypCiB i TOMy Mae oOMexeHy cdepy
3acrocyBaHHs. HaxonnueHHs iHpopMalii B BEMUKMX HEHPOHHUX Mepexkax 3a paxyHOK IiIKITIOUECHHS /10 BEJIHYE3HOTO YHCIIa
CITIBPO3MOBHUKIB - areHTiB HaBIIAKW JIO3BOJISIE CIOAIBATHCS Ha e(eKTHBHE HaBYAHHS MAIIWH i BiJKPUBAE HOBI IEPCIIEKTHBU
JUISL CTBOPEHHS CUCTEM IITYYHOTO iHTENEeKTy. €MHOI0 MPOOIEMOI0 TyT MOKYTh OyTH TPYIHOII HaBYaHHsS HEHPOHHHX CHCTEM
(opMaIIBHUM OIMCaMH, BHUKOPHCTAHHS aOCTpaKLiif, KiJbKiCHUM pO3paxyHKaMu. PO3IIISTHYTO NepcHeKTHBU (OpMyBaHHS
IUTAaHETapPHOTO PO3yMY 1 MOJAJBIIOr0 PO3BUTKY IIAHETAPHOI IHTENEKTYaJIbHOI CHCTeMH. HeoaHO3HauHICTh pillleHHs paHilie
CTpUMYBaJIa MMpoIiec 301IbIIEHHS YHCiIa eJIEMeHTIB HEHPOHHUX CUCTEM. AJle 3apa3 OTpUMaHHs Oe3JIivi pillieHb 3aMiCTh OJJTHOTO
€IMHOTO aHITPOXM HE XBHJIIOBAJIA TBOPIIB TirAHTCHKUX HEHMPOHHHUX MEPEXK, MOB'A3aHMX 3 BEIMUE3HOI ayauTopieto. [lepmr 3a
BCE, BOHU HAaBPSA YW YCBIJOMIIIOBAJIH BaKJIUBICTH BUMOTH €IHOCTI pilllEeHHsS, a 3 IiHIIOr0 OOKy - JIIOAWHA 3aBXIH TpU
BUPILICHHI CBOiX MpOOJEeM 3HAaXOAWTh O€3Tid MOXKIMBHX CIEHapiiB MoBeHiHKH. OOrOBOPIOIOTECS MOMIIMBOCTI TOSBH
IITYYHOTO iHTENEKTY, SIKHH MOJKHa MOPIBHATH 3 MOKJIMBOCTSIMU NpUpoIHOTO. [IpeacTaBieHi npobaeMu HaBYaHHs eKCIIEPTHIX
CHUCTEM 1 HEHpPOHHHMX MEpEeX, SK BOHH OyNM BH3HAUCHI paHimie i mo cramocs misHime. OCoOIMBO I[iKAaBUM MOXE OYyTH
3aCTOCYBaHHsI HEYITKOi JIOTiKM, ska 3JaTHa c(opMyBaTH MOBY CIIIIKYBaHHS 3 HEHPOHHHUMHM MepeXaM¥, BUIBHUHA BiX
HEeoOXIHOCTI MOABIIHOTO MepeKiay Ha MPUPOIHI MOBH i CIIPOCTHUTH nepenady iHdpopMaiii 0e3mocepeHb0 MiXK JIIOACBKHM
MO3KOM 1 Mepexero. OOroBOpIOIOTECSI HEWPOHHI MEpeXi Ha OCHOBI HEWITKUX HEHPOHIB, AKi 374aTHI 00'€qHATH MOMIHUBOCTI
eKCIIEPTHUX CHCTEM JIOTI4YHOTO BHCHOBKY Ta HEHPOKOMIT FOTEpPH.

Knwwuoei cnosa: cucmemu 102iuH020 UCHOBKY, HEUPOHHI Mepedci, 00NYCmMUMICmeb 6a2amo3HAUHOCMI pilleHb, PO3ULUPEHHSL
ayoumopii HaguaIbHUX azeHmis, 00'edinenie Mepedc Ha HewimKiil 102iyi | eKCnepMHUX CUCmeM.

The features of the intelligent logical systems have been discussed. Their comparison with the activity of neural networks has
been made. The processes of forming new knowledge in the logical systems and accumulating data in neural networks by
organizing a system of concepts have been explained. It has been noted that filling the base of data and rules in logical systems
is a process that requires significant resources and therefore has a limited application range. On the contrary, the accumulation
of information in extensive neural networks by connecting it to a huge number of agents could provide for effective machine
learning and opens up new perspectives for creating artificial intelligence systems. Although teaching the formal descriptions,
the usage of abstractions and quantitative calculations to neural systems can present a difficult problem. The prospects for the
planetary mind formation and the further development of the planetary intellectual system are considered. The process of
increasing the number of elements of neural systems was held back by the ambiguity of the solution before. But, the
multiplicity of solutions did not bother the creators of giant neural networks associated with a huge audience. First of all, they
were hardly aware of the importance of the solution uniqueness because resolving the problems a person always develops a lot
of different scenarios. The possibility of the emergence of artificial intelligence comparable to a natural one in his capabilities
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has been discussed. The problems of teaching the expert systems and neural networks, how they were defined in the past and
what has changed later are explained. The usage of fuzzy logic which is able to form a language of communication with neural
networks, free from the need for double translation into natural languages and to simplify the direct transfer of information
between a person’s brain and a network may be of a particular interest. Neural networks based on fuzzy neurons which are able
to combine the capabilities of expert logical systems and neurocomputers are discussed.

Keywords: inference systems, neural networks, the admissibility of polysemy solutions, the expansion of the audience of
training agents, unification of networks on fuzzy logic and expert systems.

1.CucTeMBbl JIOTHYECKOT0 BHIBOIA U/WJIN HEi{pOHHAsI CeTh?

Pemrenne 3amad B MareMaTHYecKOW JIOTHKE OCHOBAaHO Ha (OPMHPOBAHWUH IMOHATHH (TIEPBBIMA
YpOBEHb — 3TO, HANPUMEP, JIUTEPATIbl B TCOPHUH MPEIUKATOB) M CO3JAHUM IPABUJ, IO KOTOPHIM OHH
B3aMMOJICHCTBYIOT (BTOPOH YpPOBEHb — B TEOPUH TNPEAUKATOB 3TO mpemioxkeHus). [IpaBumia
B3aMMOJICHCTBHS TPEMIOKCHHH CHOPMHPOBAHEI Ha OCHOBE (QopMaau3Ma pPe30IONuH. ITO
SKBUBAJICHTHO YTBEP)KICHHUIO, YTO PEIICHUE 3a/Jlad OCHOBAHO Ha JeAyKiwuu. [Ipsmas neaykuus ot
(aKkTOB K BHIBOJAaM MMEET TPYIHOCTU C BHIOOPOM ITyTH PEIICHUS M HE HAIlIa IPUMCHCHHS B SI3BIKAX
JIOTHYECKOTO TMporpamMmmupoBanusa. OIHAKO OHA TOJNE3HA IS CaMOOOYYEHHs, IUIA TONYYeHUS HOBOTO
3HaHHAA W3 Tpexnae npencrapieHHoro. OOparHas nmeaykuws, ((pakTHUEeCKH — 3TO JOKa3aTEebCTBO

TEOpeM) — OT BONPOCOB K (akTaMm, HAMNPOTHB IMOJy4YWIa Pa3BUTHE B SI3bIKaX JIOTHYECKOTO
nporpammupoBanus (Hanpumep, [IPOJIOT).
JanpHeiee pa3BUTHE JIOTMYECKHX CHCTEM — O3TO CEMaHTHYeCKas IayTHHA, (OpPMUpPOBAHHE

MPENKATOB BBICOKMX IMOPSAKOB U NAIBHUX, U OJMKHUX CBSI3eH MEXAY NpPEISIOKCHHAMHU. B a3bIkax
JIOTUYECKOT0 TPOrpaMMHUpPOBAaHUS, OCHOBAaHHBIX Ha JIOTMKE IPEAMKATOB IEpBOro mopsaka (U B
MIEPCIIEKTHBE HAa CEMaHTHUYECKHUX CeTSX, O(POpPMIIEHHBIX MOAOOHBIM 00pa3oM), alIrOPUTM pEIICHHS
(pe3ommonyst) MOCTPOEH Ha COTJIACOBAHWHU BETBEH (IIPEIJIOKEHHI) SBHO WJIM HESBHO CO37aBa€MOTO
MalmMHON Tpada pemenus (To e€cTh, 3TO JOKA3aTeNbCTBO TeopeM). KBammukanus MMoIb30BaTENs
MOJKET OBITh JOCTATOYHO HEBBICOKOW, YTO IMO3BOJSET MPHUMEHSATH IMOCTPOCHHBIE HA JTHUX SI3bIKaX
AKCIIEPTHBIE CHCTEMBI MTOBCEMECTHO. [IporpaMMHUCT MOKET MOCTPOUTH JIOTHYECKYIO CHCTEMY CBS3EH,
OpUEHTHPYSCh Ha TUN 33Ja4l, MEXAY 33JaHHBIMH B HAYaJIbHBIX YCIOBHUIX MOHATUAMHU. M mo3BonuTh
MalllMHEe WCKaTh YCJOBHUSI COTJIACOBaHMS HAadyallbHBIX JAHHBIX M BBIOpAHHOHM Normyeckoil cxemsl. Ilo
CYIIIECTBY, PEIICHHEM SIBJISIFOTCSI OTH IMO00paHHBIE MAITUHON YCIOBHS.

Ha ocnoBe ¢ynknmonanbubix s3e1ikoB (tuna JIUCII u ero Mmoaudukaiuii) ¢ pa3BUThIM JIOTHIECKUM
(dbopManu3MoM, 3TO BIOJHE MOXHO Jenartb. OpHako, TpeOOBaHWS K KBaTU(HUKALWU MPOTrpaMMHUCTa
3HAYUTENLHO BHIIIE, Ye€M B CIy4yae MPUMEHEHUS SI3BIKOB JIOTMUYECKOTO IMpOorpaMMHUpoBaHus. Tak Kak
pOIb MPOTpPaMMHUCTA TPH HUCHOJIH30BAaHMM (YHKIIMOHAIBHBIX SI3BIKOB 0OJI€e OTBETCTBEHHAs, cama
JeSITeTbHOCTh HOCHUT SIBHO TBOPYECKHI XapaKTep, HHTEIUIEKTyajlaM 3TOT MOX0]l OOJIbIlIe HMITOHUPYET.

Uro xe co0oil TMpeACTaBIsUIA TPAJAUIMOHHBIE HEHpOHHBIE ceTh? 37ech Ha BXOJ CETH TOJaeTcs
3aMpoc—CHUTHAN, W CEeTh pearupyeT Ha HEro Ha BBIXOJAE paclpelieisis CHUTHAIBI B N—MEpPHOM
MPOCTPAHCTBE 3HaueHWil. B mpocteiiieM ciiyyae — 3TO OJIHOMEPHOE MPOCTPAHCTBO 3HaueHWil. B
JBYMEPHOM — 9TO 3HA4Y€HHsl paclpeliesieHbl Ha IUIOCKOCTH JBYX BBIXOJHBIX MapamerpoB. [lomoOHbIe
(6mm3KHe IO CMBICITY) PEIIeHUs JOKATU3yITCS B KAKOM-TO OJIHOM MECTe MPOCTpPaHCTBA BbIBojA. s
TOT0, YTOOBI Pa3ACiATh PEIICHUs pa3HOro Tuma (Kjiacca, BUJa) HYKHO, YTOObI 00J1aCTH JIOKAIU3aAI[H
pelIeHnit pa3Horo Kjacca He MepeKpbIBaIich. IMEHHO MO3TOMY IepBble HEHPOHHBIE CETH Ha3bIBAJIUCH
MepcenTpoHaMu, OHH OBUIH OPUEHTHPOBAHBI HAa y3HABaHHE OOBEKTOB.

TakuMm 00pa3oM B MepCenTPOHE CO3/AETCs MEPBBIA YPOBEHb — cucTeMa MOoHATHHA. C yCIOKHEHHEM
HEHPOHHON ceTH (HOPMHUPYETCS BTOPOM YPOBEHb — CBSA3b MEXKIY CO3JaHHBIMH B HEH TMOHATHUSIMH, TO
€CTh TPEIOKEHUS-TIPaBUIIa, YeMY TOXe TPUAETCS ceTh 00y4arh. [lanpHelniee pa3BuTHE HEHPOHHOU
CeTH — 3TO yke (OPMHUPOBAHHE CEMAHTHUYECKOW MAyTHHBI, — MPSAMBIX (CHIIBHBIX) W aCCOIMATHBHBIX
(cmabbIx) cBsI3ed MEXAY NPEIOKEHUIMU-TIPABIIIAaMHA. ECTECTBEHHBI WHTEIUIEKT (YETOBEUYECKUI
pasyMm) — IpuMep AaJbHEHIIEeTo Pa3BUTHA U YCIOKHEHNS HEHPOHHOW CETH, TJIe IPOUCXOAUT YCUIICHHE
BO3MOXHOCTEH CHCTEMbl CBA3ed — TO3BOJIsIOIIAs (OPMHPOBATH JUHAMHUYECKHUE KapTHHBI
MIPEJICTaBIEHUH, TO, YTO PUHATO HA3bIBATh BOOOPaKEHUEM.

2. O nepcnekTHBAX JaNbHeHIIero pa3sBUTHA IVIAHETAPHON HHTEIEKTYAJIbHOM CHCTEMbI

IIpupona co3nana HEHPOHHYIO CETh KOPHI FOJOBHOIO MO3ra, KOTOpas MO3BOJSET BBICIIMM YKUBBIM
opranu3MaM peiuaThb 3ala4yv BbBDKHBAHHA B 9TOM MHPEC. PocT 00Bema KOPEI T'OJIOBHOT'O MO3ra, TO €CThb
HaAKOIUIEHWE KOJHMYECTBEHHBIX W3MEHEHHWI TMO3BOJIMIIO IIOSBUTHCS M3MEHEHHMSAM KauyeCTBEHHBIM.
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Cunraercs, 9TO POCT CBs3el B paCIIMPSAIONICHCS HEUPOHHOM CEeTH KOpHI mpuBel K 3Pdekty
NEPKOJISILUK, TO €CTh PE3KOMY YBEIWYCHHUIO B3aUMOACHCTBHA MEXIY HEHpOHaMU B pa3HBIX 00JacTsaX
MO3ra M CTOJIb K€ Pe3KOMY YBEIWYCHHUIO CKOPOCTH Iepedadd u oOMeHa MHPOpManuu. 3aMeTHM, YTO
SBOJIIOLIMOHHOE PA3BUTHE KOPBHI TOJOBHOTO MO3ra COMPOBOXKIAIOCH UM Pa3BUTHEM CHCTEM,
MOJIEPKUBAOMNX €€ (YHKIMOHHUPOBAHHE, a TaKXKe CHUCTeM, OOECTeYMBAIOIINX CBS3b C BHEUTHUM
MHUPOM U C MEXaHHW3MaMH BO3ICHCTBUs Ha Hero. IlocTosiHHAA AedparMeHTalM OCBOSHHBIX 00bEMOB
uH(popMaIi B HHOOPMAIIMOHHOM OKPY>KeHUU (HampuUMep, PU OJHOW M3 TaKuX JAeparMeHTanii MBI
3a0bIBaeM JIETCTBO) MPHUBENIA K 3aJepXKKe Pa3BUTHSA YeJOBeKa (BpeMs pOCTa JIMIIh B HECKONBKO Pa3
MEHBIIIC BPEMCHHU KHU3HH, Y )KUBOTHBIX 3Ta BEIMYMHA HA TIOPSI0K MEHbIIIE).

OO0BanbHBIA pocT uncia Opay3epoB, POCT YUCIA CBA3EH MEXKAY HUMH NPUBOIUT K (OPMHUPOBAHUIO
HEUpOHHOM CeTH, CPaBHUMOMN C HEMpPOHHOM CEThIO KOPbI TOJOBHOIO Mo3ra uenoBeka. IlapamienbHo
Pa3BUBAIOTCS CHCTEMBI MOAJCPKKH U obOecriedueHus] (QyHKIMOHHMpoBaHWsA HHTepHeTa, yCIOXKHSIETCS
ceTeBass CTPyKTypa. IIOHSATHO, YTO HACTYNMUT MOMEHT, KOIJa CTENEeHb CJIO0XHOCTH, OOBEMBI
nH(pOPMAITUH TI00ATFHON CETH JTOCTHTHYT YPOBHS, MO3BOJISIONIETO HE3aBUCHUMO OT HAIIETO >KETaHUs
JIaTh Hadayo mporeccy GOpMUPOBaHUS B HEll BTOPOW cMTHAIBHOU cucTeMsl [1]. OcHOBHOU mpoOieMoit
YeJ0BEUYeCTBa MPHU Pa3BUTHH TakOW TIII00aJIbHOM TUIAHETAPHOM WHTEIEKTYaJIbHOW CHCTEMBI OyJeT
mpo0IieMa B3auMOJISHCTBYS C HEll IMBUITH3AITHH.

U 3neck moTpedyeTcsi OCBOCHHE SI3bIKa, Ha KOTOPOM C 3TOH BOOOIIE TOBOPS HE 3aBHUCSIIEH OT JIFoIei
TUTAHETAPHON WHTEIUICKTYaJIbHON CHUCTEMOH MOXXHO OyJeT oOmmarbes. TakuM sI3BIKOM MOXKET OBITh
S3BIK, pa3paOOTaHHBI HA OCHOBE HEYETKOW JIOTMKW. Mnu mpuuercs oOyduTh HHTEIUICKTYalbHYIO
CHUCTEeMY TJI00ATBHOM CEeTH S3bIKaM YeJIOBEYECTBa, YTO, COOCTBEHHO, Ceyac W MPOUCXOANT, HO 00 STOM
HUXKCE.

3. MoxXHO JIM HaJesThCS Ha NOSIBJICHHE HMCKYCCTBEHHOI0 MHTE/UIEKTa, CPABHHMOIO €
BO3MOKHOCTSIMU IIPUPOAHOr0?

Ho uenoseuecTBO He XO04eT *kJaTh. VICKYCCTBEHHBIN MHTEIUIEKT BBICOKOI'O YPOBHS, CPaBHUMBIM C
YeJI0OBeUYeCKUM, XO4YeTcs MOJy4YuTh 37Aech U ceifuac. Korga MBI XOTHM c€O37aTh HMCKYCCTBEHHYIO
(MMEHHO) MHTENJIEKTYaJIbHYI0 CUCTEMY M HAMEPEHBI 3allOJTHUTh ¢ 0a3y JaHHBIX U 3HAHWH, BOT TYT-TO
Y BO3HHUKAIOT MpoOsieMbl. Bo-mepBrIX, y YenoBeka mMacca 3HAHWH, KOTOPBIE OH IMOJIaraeT M3BECTHBIMU
(10 yMOIUaHHIO), MAIIMHE BCE 3TO HAJIO Pa3KeBaTh U MOSICHUTD.

Bo-Bropeix, 3amonHeHue 0a3bl NAHHBIX MAIIWHBI JOJDKHBI JA€laTh 3KCIEPTH, a HX pabora —
BBICOKOOIIauMBaeMasi. B-TpeTbux, BpeMs, KOTOpOE 3aTpadMBaeTCsi Ha 3alojHeHue Oa3 JaHHBIX,
IIPOBEPKHU M MEPEIIPOBEPKU 3TOT'0 3AIOIHEHUSA JOCTATOYHO 3HAYUTEIBLHOE. YK€ OT 3TOTO OIIyCKAIOTCA
pyku. IlotoMy, monaranu, 4ro moka He HaWAyT 3()()EKTUBHBIN MAIIMHHBIA COCOO aBTOMAaTHYECKOTO
3arogHeHus 0a3 JaHHBIX, €0 OBICTPO HE MOMIET, pa3Be YTO Y BOCHHBIX.

Kcraru, xak y HelpoHHBIX ceTedd. Tam okasaics BechbMma MOJIE3eH MAIIWHHBIA PEXUM O0O0ydeHHS
HEWPOHHBIX ceTel, B 4acTHOCTH, ceTeil TéyBoBo KoxoHHeHa. CMyIiaeT TOJIbKO SIBHOE HECOOTBETCTBHE
CKOPOCTH PEaKIMH IPUPOJHOIO HEHMpOHA M HEHpPOHa HCKYCCTBEHHOM CETH, TO €CThb CKOPOCTH
OTZEJBHBIX OIEPALMil BBIYMCIMUTEIBHBIX CHCTEM. T€M HE MEHEE CKOpPOCTb IOJYUYEHUS PEIICHMS
YEJI0BEKOM YaCTEHBKO 3HAYUTEIBHO IPEBOCXOJUT CKOPOCTh JOCTHKEHHUS PE3YJIbTaTa Y COBPEMEHHBIX
MaiuH. OcOOEHHO B YCIIOBHAX OJHOBPEMEHHOIO PEIICHHUS] MHOTHX 3a/1ad.

B uem xe neno? Jleno ckopee BCero B TOM, YTO MO3T YEJOBEKAa — 3TO MYJIbTHIPOLIECCOpPHAs
CHCTEMA, IPUYEM KOJIMYECTBO MIPOLIECCOPOB — OTAEIBHBIX HEMPOHOB U HEMPOHHBIX y3JI0B—CKOILJICHUM,
UCYHCIISIETCS] COTHAMY MHJUTMOHOB. OZJHOBPEMEHHOE M HE3aBUCHUMOE MOJKIIIOYEHNE ITOIO TUTaHTCKOTO
YHCJIa IPOLECCOPOB K BHEIIHUM PELENTOpaM M JaT4MKaM yCKOPSET MOMyYEHUE PEIICHUS B TaKOE XKe
yucno pa3. [losTomy ycunus wuccieqoBaTened IOJIC3HO NPUMEHHTh B 00JacTH  pa3pabOTKU
MYJIBTHIPOIIECCOPHBIX (CKOpEEe Jake METaNpOIECCOPHBIX) CHCTEM HOBBIX MOKOJICHHH.

4. Kak 00y4nTh HEPOHHYIO CETh TOMY, YTO MbI CAaMHU 3HaeM?

Hesun Pymensxapa u Ixedhdpu Xunton (1986) npemioxuin Hanbosiee paciipoCTpaHEHHBIH HbIHE
MeTo 00ydeHHs CETH — METOJl 0OpaTHOTO pacnpocTpaHeHus: omHrOKu: OLEHUB CTENEHb OTKJIOHEHUS
OT HY)KHOTO OTBETa OHH PEKOMEHAOBAIM MPOMTUCH B 0OPaTHOM MOPSAAKE MO CIOSM CETH U MOIPaBUThH
HacTpoliku. M 1o cell jgeHb, Bce HEWPOHHBIE CETH, HEWPOKOMITBIOTEPHI, OMOIMOTEKH KOTOPBIX
HACUUTHIBAIOT MUJITHOHBI, 00y4YaroTcs MO 3TOM cXeMe, XOTsl CYIIECTBYIOT CETH, KOTOpble B 0OyUeHUH
HE HYXJIAIOTCS. DTa Hles MOJy4uia Pa3BUTHE — CTalM HCKaTh Oojiee Msrkue (HOpMbl aKTHBALIUH
HEHWPOHOB, YCIOKHEHHE CBsI3eH HEHPOHOB Pa3HBIX CI0EB (Hampumep, apxutekrypa ResNet u mogo0HbIe
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eif). Ho oOydenune mmeer cBoM HpoOJIEMBI — HYXHO OOJBIIOE KOJMYECTBO NMPABMIIBHO PEHICHHBIX
3a7a4 — MPUMEPOB (U1l 3TOrO JaXKe CO3JaBajiil KOJUIGKTHUBBHI Pa3pabOTYMKOB TaKUX MPUMEPOB), MPH
0OJBIIOM KOJMYECTBE CJIOCB BIUSHHE KOPPEKTUPYIOIIUX MOMPABOK OCIA0NISIETCS, KPOME TOrO HYKHO
MIPOBOIUTH MHOTO OTIEpAIHii TT0 HACTPOiKke — (haKTHUECKH B pexkuMe nreparuii. Okazamoch, HampuMep,
MOJIE3HBIM IIPEBAPUTENILHO T'OTOBUTH CETh Al OOpabOTKH NAHHBIX ONPENCIICHHOTO THIIA — METOJ
npenoOyuenust cetu [I. Xunrtona (2006). IlepcnekTuBHON MpoLEaypOl SIBISETCS HCIONIB30BaHHE
MapaJuieIbHBIX BBIUMCICHUM MpU HacTpoiike cetn ¢ TexHonorusMu CUDA Ha rpadudeckmx kaprax
(GPU — graphics processing unit). Yske 1J1st COTOBOM CBSI3M CO3/IaHbI CIIEIHaIbHbIe porieccopsl — NPU
(neural processing unit), Tak Ha3bIBa€MbIe YCKOPHUTENN UCKyccTBeHHOro mHTeiekTa (Al accelerator)
JUTSL yBETIMUEHHS MTPOU3BOJUTEIBHOCTH NapajuledbHbIX BeIuMciaeHnd anajgorndyno GPU mpu 3ameTHOM
9KOHOMMU 3HEPTHH.

Ecnu mocne 00y4eHusi, TECThl MOKa3bIBaJIM, YTO OIIMOKH YOBIBAIOT, TO 3HAUYUT ITOBE3JI0, HAYUMIIH. A
ecli OIMOKH Ha TECTOBBIX MPUMEpaxX pacTyT, 3HAYUT CETh MPOCTO 3alIOMHUIIA BCE YTO €l COOOIIMIIH,
BO BpeMsi O0y4€eHUs, a peajibHO HUUeMy He HayduiIach. DTO IOJUTKOPPEKTHO Ha3BaJlU IepeodydeHueM
(overfitting). ITepeoOydenue GONBITNX CEeTEH O0KHUIAEMO, HOO YBEIHUCHHE CBOOOIHBIX YIPABIISIONINX
napamMeTpoB SKBHBAJCHTHO YBEIMYCHHUIO cTerneHeil cBoOoasl. HemocrtaTtounoe umcino oOyuarommx
3a[a4 I03BOJIIET 00ECIEUNTh NPAaBUIBHOCTE HEOOXOAUMBIX OTBETOB, OJJHAKO APYTHE NOAOOHBIE 3a0aUu
MOTYT OBITh peELIeHbl HemnpaBWiIbHO. Kpome TOro, Hemp3s o00ecHeuuTh NPSMOE COOTBETCTBHUE
HAyYaIbHBIX YCIIOBHH KOHEYHBIM pe3ylbTaTaM. Pa3nuuHble HayadbHBIE YCIOBHS MOTYT JIaBaTh OJIUH U
TOT e WU ONM3Kuil pe3ynbpTaT. BopoThest ¢ mepeoOydeHHEM CII0)KHO, HO HEKOTOpHIC MOJXOJbI
OKa3aJIUCh yJIaUHBIMU.

Hanpumep, yacto npuMeHSIOT ociabieHne BO3JICHCTBUS COCEIHUX HEHPOHOB ApPYT Ha Jpyra (s
KOJINYECTBEHHBIX KPUTEPHUEB TAKOTO OCJIAOJIEHHs HCIOIB3YIOT W3BECTHBIE B MaTeMaTHKE METOJIbI
perymsipuzanyuy THXOHOBA), HCHOIB3YIOT OTKIIIOYEHUE BO BpeMsl 00ydeHHs OOJIBIINX yYaCTKOB CETH —
opurnHaimbHast Mertoamka oOydenwms J[. XwnToHa Dropout (2012). DTO BpeMeHHO yMEHBIIAeT
CJIO’)KHOCTB CETH, CO3/1aBasi YCIIOBHS IMOJIABICHUS MEpeoOyUeHHs, a 3aTeM TPHU MOAKIIOYCHUH MPEKIe
BBIKTIOYEHHBIX YYacTKOB, MX aJanTalus K HOBOMY COCTOSHHUIO yiyumiaercsa. Kpome Toro,
YEIIOBEYECKHIA MO3T HAIIeN e crocod 00poThes ¢ mepeolOydeHneM (IycTh AaKe He TaK YCHEIIHO, KaK
XO0Tenu Obl MaTEMAaTHKH), OTKIIFOYAs LENbIE OTJENbI KOPhI FOJIOBHOTO MO3ra, HE HY)KHBIE Ul PEIICHUs
IIPOCTOH 3a7a4H.

Ho ecnu Bce 310 HE mOMOraeT, Toraa ceTb UCKPEHHE CUNTaI He00y4aeMOoi U OTKa3bIBaJINCh OT HEe.
XoT4 ecTh U WHas IPUYMHA TOSBJICHUS HEOXKUIAHHBIX OTBETOB. Koraa ceTh J0CTaTOYHO MOIIHAS, OHA
CrocoOHa BBIMTH M3 HaBSI3aHHOTO €l mporpaMMmoii oOyueHHs Kiacca PelICeHUH M MPEAJIOKHUTH CBOH,
HECKOJIbKO MHBIE, KOTOpBIE 3KCIIEPUMEHTATOPbl HE mpexanojaranu. [l HHUX ceThb Hapymaer
CIIOJKUBIIYIOCS KapTUHY MHpa. Takas cooOpa3uTeIbHOCTb CETH TOXKE HE MPHUBETCTBOBAJIACH U OT 3TOU
W3JIUIIHE YMHOM CETH TOXKE OTKAa3bIBAJIUCH.

XOoTs palroHATBHBIM BBIXOJIOM MOTJIO OBITh MEPMAaHEHTHOE yBEIMUYEHHE KOJMYECTBA M KayecTBa
(obmrHOCTH, Pa3HOOOpa3ysl) 00YUAIOLINX 3a/1a4 JJIsl COXPaHEHUs YCTOMYMBOCTH KapTHHBI MUpa B kaure
aBTopa «O TOJb3e pa3MbBIILIICHUI», OBIJIO BBICKAa3aHA TUIOTE3a «HEOOXOAUMOro pa3BuTHs». Jltobas
SBOJIIOLIMOHUPYIOIIAs HWHTEIUIeKTyalbHas cucTeMa (B YaCTHOCTH LMBWIM3AIMs), BCE BpeMsd
YBEJIMUMBAECT CBOM MHTEJUIEKTyaJbHbIE PeCypchl (TO €CTh MOJKIIOYAIOTCS BCE HOBBIE M HOBBIE OJIOKH
MHTEJUICKTYaIbHOW CeTH) pacTeT ee ycinoxHeHue. UM mnpexHuit o0bem oOydaommx 3amad H
COOTBETCTBEHHO MPEUIOKEHHBIX PEIIEHUN BCKOPOCTH OKa3bIBAaeTCS HEJOCTAaTOYHBIM. B ToM cwmbIcie,
YTO MNPH 3TOM BO3HUKAIOT MpoOieMbl ¢ (OPMHPOBAaHHEM NPOM3BOAHBIX PpEIICHUH, pacTyT
paccoriacoBaHus, KOTOPble BOCIPHMHUMAIOTCS Kak OMmMOKM. To ecTb Hapyliaercsi yCTOHYMBOCTb
KapTUHBI MUpa. EAMHCTBEHHBIM BBIXOJIOM 37I€Ch MOXKET OBITh yBelMueHHe 00bheMa W3BECTHBIX 3aj1ad,
obOecnieunBaomux 3pdekTuBHOE O00ydYeHHE TIJI00AIbHOW CETH. OJTO YBEJIUYEHHE MOXKET ObITh
NoJ/Iep’KaHO MIMEHHO HayKOH, BEIXOJOM M3 3aMKHYTOTO Kpyra IPEXHHUX IMOHATUH U MPEJICTaBICHUH.

5. Cern Ha oCHOBE HEYETKOI JJOTHKH

O0benuHeHne Oosee OJIM3KOW K MPHUPOJE €CTECTBEHHOTO S3bIKa M C(HOPMUPOBAHHBIX YEIOBEKOM
MOHATUN CUCTEMBI HEUETKOW JIOTHMKU [2] ¢ MCKYCCTBEHHBIMH HEHPOHHBIMU CETSIMH OBLIO BIIEPBBIC
BoimoiHeHo K —C. P. Yanrom wu3 TaiiBanckoro ynuBepcurteta [3]. HeueTkue HelpoHHBIE ceTH
MTOCTPOEHBI TI0 CIEAYIONEMY TPUHITUITY: BBIBOBI Aeal0TCsl Ha OCHOBE amlmapara HeYeTKOW JIOTHKH, a
(YHKIIMHM TPUHAIEKHOCTH TOJCTPAaUBAIOTCS C UCIOIB30BAHUEM AITOPUTMOB OOYYEHHUsT HEHMPOHHBIX
cereil. Ponb HEYeTKOM JIOTMKM OKa3bIBACTCS CTOJb BEJIMKA, YTO I03BOJSET BEPHYTHCS K HM3BEYHOU
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npo0jeMe OCO3HAHUS MOMCKA PELIeHWH HEWPOHHBIMU CETSIMHU BOOOIIE M 4YEIOBEUYECKUM pa3yMoOM B
gacTHOCTU. [leno B TOM, 4YTO TMpeIOKEHHas JPEBHHUMM YYEHBIMH CHUCTEMa JIOTUYECKHX H
MaTeMaTHYECKHX METOJIOB COJACPIKUT Uy KAbIE /Uil HEHPOHHBIX CeTel crmocoObl OMMCaHUs U MPOLEAYPHI
pewennii. HelipoHHast ceTh MIIET OTBETHI, UCIOJIB3YSI MHBIC NMPUHIMIIBI M MOAXOIbI, OCHOBAHHBIE HA
CPaBHEHMAX «OOblIe—MeHbIIey. JleHCTBUTENbHO, CTyIIasi Ha IPOE3KYyI0 4acTb, YEJIOBEK HUKOTAA HE
pemaeT B yMe 3a7jady BCTpEUH, OMMPAsCh Ha MaTeMaTHYECKUW ammapar, a OLIEHMBAaeT BO3MOXKHOCTb
Hae3a MNPUOIIDKAIONMMCS aBTOMOOWMIIEM Ha OCHOBE CpaBHEHHUS HAONIONaeMOW CHUTYyalldd C
HPEIBIAYIIIM OIIBITOM.

[lpupona cosgana yHHKaJdbHBI WHCTPYMEHT — 4YeJOBEUYECKHH MO3T, MPEACTAaBISIOMNN cOoOO0i
HEHPOHHYIO CETh CO MHOYECTBOM BCIIOMOTaTENBHBIX CHCTEM, OOECHEUYMBAIOIIMX €ro 3(PQeKTHBHOE
¢yakronupoBanue. KoTopslii neficTByeT mpHONMH3UTEIHHO TaK, KaK OMMMCAHO HEYETKOW JIOTHKOMH, T/Ie
KKABIA TPEIMET, ABJIEHUE WU JCHCTBUE MMEET MHOTOYMCIIEHHbBIE CTOPOHBI, IpaHu. OLeHKa 3THX
3JIEMEHTOB, COCTABJISIFOINX MPEAMET, SIBICHUE WK JCHCTBUE MOXKET OBbITh MPEJCTaBIeHa HEKOTOPBIMH
XapaKTePUCTUYECKUMH (DYHKIMAMU, ONPEACISIIONIMMU CTEIIEHb NMPHHAIJICKHOCTH K ONPEAEICHHOMY
noHATHIO. [loX0%Ke, YTO MOUCK pelIeHns] B HEHPOHHOM CEeTH MPOUCXOIUT MOAOOHO TOMY, KaK ONHucall B
cBoeli maremarudeckoil Teopum Jlotdu A. 3ame. HecomHEHHO, YTO YEIOBEYECTBO HEMPEMEHHO
0CO3HAET BaXKHOCTh TAKOTO ONMCAHMA U IONBITAETCS MOHSTh, KAK UMEHHO YCTPOECHA CHCTEMa MIPUHATHS
pelIeHni TPUPOAHBIM U UCKYCCTBEHHBIM MHTEIIEKTOM B (hopMe HelpoHHBIX ceTeil. U Torma, ocBouB
S3BIK HEMPOHHBIX CeTel, MPUHSB Ha BOOPYKEHHE METOABI ero (DYHKIMOHWPOBAHHMS, JIIOJH OOpETyT
BO3MOXXHOCTh OOIIAThCA JPYr C JPYIOM, HE HCIOJIb3ys OOCHHCHHBIC AMOIUSIMH W YyBCTBAMHU
COBpPEMEHHBIC SI3bIKH, HE NEPEBOJS MHTYUTHBHBIE 00pasbl M NOragkd B (OpMaNbHBIE CHMBOJbHBIC
omucanus. OcraBisis IMOCJICAHHUM TOJIBKO MPSAMBIC PACUCTBI U BBIYUCICHUA, III€ UHTYUIIUA U OOTaAKU
YK€ BBIIIOJIHUIIU CBOIO POJIb. BBGI{GHHBIG B OIIMCAHUEC TaK Ha3bIBA€MbIC HCUCTKHUC HCI>'IpOHI>I TIO3BOJINIIN
MOHATH XapakTep padOThl TAKMX HEHPOHHBIX CUCTEM C HEUETKOW JIOTMKOW M MOSBHIIACH BO3MOXHOCTD
IPOCMAaTpPUBATh MIPOLIECC PEILICHHUS.

DTH CUCTEMBI IMMO3BOJIAIOT, IIpaBJa C TpyaAOM, HO BCE—TaKW IMMOHUMATh, YTO MMPOUCXOJUT CO 3HAHUCM
B IIpOLIECCEe pEelIeHHs TaKoil HeMpoHHOH ceTbio 3amay. TakuM 00pa3oM MPOU3OLUIO HCTOPHYECKOe
o0beliHEHHe UCKYCCTBEHHbIX HeHPOHHBIX ceTeil U IKCHEPTHBIX CMCTeM NPHHATHS pPelleHui Ha
OCHOBe JIOTMKHM. DTOT IpOLIECC ellle He 3aBeplIeH, HO €ro TeUYEeHHE BCENsieT YBEPEHHOCTh B €ro
YCIIELTHOCTH.

6. UTo y:ke MeHsIeTCsl B MOAX0AaX U Yero KIaTh 0T Oyayiiero?

Jlronmu, oOMEHWBasCh MHEHHSMH, COOOIIas JAPYr JPYyry O MHEHHUSIX TPEThbHUX JIMI, MOCTEINEHHO
(hOpMUPYIOT IPEICTABIEHHUI O TOM, YTO CJIEIYET U He CIeAYeT JIeNaTh, MOpallb, CTAHIAPTHI TIOBEICHYS,
BOOOIIE BCE TO, YeM OHH PYKOBOJCTBYIOTCS B CBOEH >KM3HH. JTO M €CTh MeToJa (hOpMHUpOBaHUS
HAOOPOB pEIIeHUH Ha OCHOBE OCO3HAHHUS MHOXECTBAa COOBITHM, sBIICHUH M MHeHuN. Takum oOpa3om
bopmupyeTcs HehopMaTH30BaHHOE 3HAHKME OTIENBHOIO YelIOBEeKa, 3HaHUE, KOTOPOe TPYTHO WIIH JJaKe
HEBO3MOJKHO 3aITHCaTh B BUJIE TEOPHIA, AITOPUTMOB U CXEM.

Ho OOAHOBPEMEHHO C 3THUM, NBITAACH IMOHATH MEXAHNU3MbI HBHGHHﬁ, JIIOAW CTAJIM aHAJIM3UPOBATh UX
J€Talii, HCKaTb CHOCOOBI OMHUCAHUS U npumJim K TEOpHUiAM, HAYUYWIHUCHL pPACCUUTBIBATL U
MPOTHO3UPOBATh. DTH CIIOCOOBI (POPMHUPOBAHMSI 3HAHUI OBUIM TTOCTPOSHBI HA MOHATHX, a0CTPAKIIUX,
MO3BOJISUIH (DOPMAIM30BaTh ONMHKCAaHUE sBIeHUH. Dopmanu3alus MO3BONHMIA PAa3BUTh HAYKY, METOIBI
OIMCAHUS SIBJICHU.

[lombITKM CO3MaHUS MaIlIMH, KOTOPBIE OBl MOTJIM KaK YeJIOBEK pa3o0paThcs B XapakTepe MPOIECcCoB,
CIIPOTHO3MPOBATH PE3yJIbTATHI, MOSICHATH SIBIICHUS U BHIPA0ATHIBATh PEIICHUS IMOHAYATY OTHPAIHUCH Ha
chopMyJIMpOBaHHbIC U (OPMAIN30BAHHBIC 3HAHUS M TaKUe k€ (DOPMaIM30BaHHBIC OIEPAIUM C HUMH.
OTO JOTHYECKUi BBIBOJ M pacyeThl. DTOT MOAXO0A ObUT XOPOII JUTSI 337249 8bIYUCIUMBIX, TIO3BOJISIOIINX
MCIIOJIb30BaTh ()OPMaTN30BaHHYIO 0a3y JaHHBIX M MPaBUJIA B3aUMOICHCTBHS €€ DIIEMEHTOB.

Ho JIsL O6BGMHI)IX, CIIOKHBIX U MAacIITaOHBIX 3a4a4 CO3JaHuC 6213])1 JaHHBIX CUCTEMBI JIOTHUYECKOT'O
BBIBOJIa CTajO HEMOABEMHOW 3ajadeii, KoTopas TpeOoBasa, B YaCTHOCTH, OONBIIUX 3aTpat
YeN0BEYECKOTo TpyJa Mo GopMaln3aluy JaHHBIX U (OPMHUPOBAHUIO OOMIMPHOW 0a3bl STHX JAHHBIX.
OObeMBbl TaHHBIX, KOTOPBIE COOMPAET YEJIOBEK 3a BCIO KM3Hb, (JOPMHUPYS CBOIO MaMsTh, aHAJIOT 0a3bl
JTAHHBIX MAIIWHBI, CTOJIb BEJIMKH, W CTOJL Pa3HOOOpa3HbI, 9TO (OpMaIn30BaTh MX BPSJI JIX YIACTCS.
Kpome Toro, HUKTO W HE BO3bBMETCS 3a 3Ty 3agady. [103TOMy MOIX0MA, OCHOBaHHBIA Ha (HOpPMaLHOM
JIOTHYECKOM BBIBOJIE, UCTIOJIB3YIOIIMI (POpMaIN3alii0 JaHHBIX MOXKET OBITh MPHUBICKATESILHBIM JIHIIb
1A YaCTHBIX 3aJ1a4. HaanMep, TaKuX 3a71a4, rac¢ MOXET HOTpeGOBaTI)Cﬂ BBICOKAaA TOYHOCTH, T'JEC
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MOJKHO HCIIOJIb30BaTh HAy4yHbIE TEOPUM, IZIeé HYXKHO OOECIEUHUTh OCO3HABAEMYIO DPa3pabOTUYMKaMU
BapuabenbHOCTh M, KOHEYHO, T/I€ PAacXOAbl M BpeMs MAJs CO3JaHds TakuX HOporpaMm OyayT
MIPUEMIIEMBIMHU.

Ho mmup Bcernma BeiOMpaer Hambosiee MPOCTOW MyTh. YBIIEUEHHBIE CO3/ATeNd HEHPOHHBIX CETEH,
3HAYUTENBHO YBEJIMYWIN YHCIO DIEMEHTOB- HEWPOHOB, NOBEAs WX YHCICHHOCTb 1O BEIMYUH,
CPaBHUMBIX C YEJIOBEUYECKUM pasyMoM. Kpome TOro, HeMpOHHBIE CETH YCHENIH OOYYHTH OOLICHHUIO C
YeJI0BEKOM, Il BO3MOXHOCTh IOHMMATh MAalIMHE YeJIOBEUECKYIO pedb. HeTpyaHo MOHATH, Kak ObLI
CAETaH CIEAYIOIIMH IIar: MalldHy CBA3alM C TMTAHTCKUM YHCJIOM JIIOJEH B JIIOOMMOM Ul YeloBeKa
pasBiekaTenbHON PopMe HHTEPAKTUBHOTO OOLICHUSI.

W oOHapyXuIock, YTO BCE 3TH JIIOJU 3aHSIMCh COBEPIICHHO OECIIaTHO, a TO M 32 COOCTBEHHBIN
cyer o0ydarh 3TH HedpoHHBIE ceTH. [Ipobiema oOy4deHWs] HEWPOHHBIX CETEeH MMONydHiIa MOIIHBIH
umIynsc passutus. Kpome toro, mpobiema nepeoOydeHHs] oKas3ajach HE CTONb OMAacHOW, Kak OHa
MIpeJICTaBiIsIach MaTeMAaTUKaM M HHTeNsIekTyanaM. HeonHO3HAa4YHOCTh pelIeHHs paHee cAepKuBaia
MPOLIECC YBEIMYEHHUS 4YHCIA DIEMEHTOB HEHpOHHBIX cHcTeM. Ho ceddac moiydeHHe MHOXKECTBa
pEIIEHU! BMECTO OJHOIO €IMHCTBEHHOIO HHUCKOJIBKO HE BOJHOBAJlA CO3JaTeNed THMTaHTCKUX
HEUPOHHBIX CETEH, CBA3AHHBIX C IPOMajHON aymuropueil. IIpexne Bcero, OHU BpsAJ M OCO3HABAIU
BOXHOCTb TPeOOBAHUS EOUHCTBEHHOCTH PEIIEHMs, a C IPYroll CTOPOHBI - YENOBEK BCErza IpH
paspelIeHNuH CBOUX MIPO0IeM HAXOAUT MHOXKECTBO BO3MOKHBIX CLICHAPHEB MOBEIEHHS, U3 KOTOPBIX IO
HAWTHUIO, TI0 COBETY JApyra WM TEeIeBH30pa, BBIOMpAECT Kakoe-To OJHO. Tak 4To HUYEero CTPaIIHOro B
npobiemMe nepeoOyueHHs B 3TOM ClTydae HUKTO HE yBHJEI.

C pa3BUTHEM HEWPOHHBIX CceTel, C KAYeCTBEHHBIM VBEIMYCHHEM MX DJJIEMEHTHOH 0as3bl,
YCIIO)KHEHHUEM HX apXUTEKTYpbl, MOSBUIACh BO3MOXKHOCTH 3arpy3UTh B MaMATh MAaIIMHBI TUTAHTCKOE
KOJIMYECTBO CLIEHAPHUEB TOBEJCHMS, TaHHBIX W BAPHUAHTOB PEIIEHUS YaCTHBIX 3a/1ad, YTO MOJHOCTHIO
noJ00HO TOMY, KaK YeJIOBEK CaM OCO3HAET OKPY’KaroIluil Mup. B 3ToM cilyyae Kak y yenoBeka, Tak U y
MAaIlMHBI IPOUCXOIUT BBIAEICHUE HAWOOJIee MOBTOPSAIOLIMXCS CLEHAPHUEB MOBENEHUS U PEaKUHH, TO
ecTb (QopMHUpyeTcss TMOHUMaHWE MHpa, YTO IMO3BOJSIET Oojee-MeHee aleKBaTHO pearnpoBaTh Ha
MOCTaBJIEHHBIE BOMpPOCHl. [IOHATHO, YTO Takoe 3HaHWE ocTaeTcs HeOopMalM30BaHHBIM, HE BIIOJTHE
OCO3HAaHHBIM, HHTYUTHBHBIM, HE €CTh PE3YyIbTaTOM NIPUMEHEHHS TEOPHIl, HO 3aTO MOJIE3HO B KU3HU U B
TEKYIIEHN AESITEIbHOCTH.

IloHsTHO TaKXke W TO, 4YTO, 33JaBasi BOIPOC TaKOH MAIlIWHE U YEJIOBEKY, MOXKHO CTOJIKHYTHCS C TEM,
YTO PELICHUE 3TO B MPUHLMIE HE BBIUYUCIMUMO, HE TOJIBKO IOTOMY, YTO HE SICEH crocol pacdera (To
€CTb, HEM3BECTEH alIrOpuUTM), HO W I[OTOMY, YTO peEIIeHHE OCHOBAaHO Ha BbIOOpe Hauboiee
npruemMiieMoro (TpuyeM OIeHKa 3TOW MPHEMIIEMOCTH TakXke He (opMain30BaHa) CICHApUs Cpeau
Macchl eMy nonoOHbIX. Ho m MammHa - 31ech 3T0 KOHEYHO HEHpOHHAsl CeTh, - M YEJOBEK, TEM He
MEHee 3TOT BBIOOp OTBETA HA 3TY HEBBIYMCIMMYIO 3a7ady CHENA0T, C YeM MPUIETCS NMPUMUPHTHCS.
[Monxmnrouast MamKHy K OOJBIIOMY YKCITY JIFO/IeH, KOTOpBIE O0INAsCh ¢ Hell ee 00y4YaroT, MOYXKHO CITyCTS
BpeMsl, JUIMTEIBHOCTH KOTOPOTO OOpaTHO TMPOIOPIMOHAJIbHA YHCIY YYaCTHUKOB JHAaJIOTOB,
00HapyKHUTb, UTO €€ OTBETHI CTAJIM MaJIO0 OTIIMIMMBIMU OT OTBETOB JIFOJIEH C HEW OOIABIINXCS U €€ TeM
camMbIM 00y4aBIIHX.

HanoMHuM, 49TO BBIYHCIUMBIE 33/1a4d — /i€ €CTh HMCYMCIMMOE YHCIIO BapHUaHTOB, - OCBAaWBAIOTCS
MCKYCCTBEHHBIM HMHTEJUIEKTOM C IIOMOIIBbIO MamMHHOro o0yueHus. IIporpamma AlphaZero 3a cytku
OCBOMJIa HWIPBI M MPEB30IIA YeJoBeKa. HeBpruucanmMele 3a1a4n penaT uHade — oopadaTbIBaeTCs U
BOCIIPMHUMAETCA TPOMaJTHOE YMCIIO JTAaHHBIX. B pe3ynbrare momydaercst y’ke OCO3HaHME Marepuaia 3a
CYET ONTHUMHU3ALUK peakuuii U pedIieKcuil, CpaBHEHUs] UX HAa YpOBHE OOJble-MEHbIIE - UMEHHO TaK
dopMupyeTcs YesnoBeuecKoe MOHMMaHue. JTo, HaupuMep, peann3oBaHo B nporpamme IBM Debater,
T7Ie peaklyu IMpOorpaMMBbl MOATOHSUIM TMOJA peakuuu yenoBeka (Tect Twiopunra). KoHkypc c Takoif
MporpaMMoi TMoKa BBIMTpan yenoBek (Xapum Harapaiian), HO Kak Ioiarajqy 3KCHEpPTHI 3a CYET
HEJOCTYITHOW MaIIMHE SMOLMOHAIBHOM MOAaYu MaTepHala, a He HAy4HOU CTPOTOCTH.

7. Kakum craner Uutepner? Semantic Web — st0 yxke apyroit MurepHer, rae uHpoOpMarms
npeaBapuTeabHO 00pabaThiBaeTcs MamuHaMH. TpaguunonHeld WHTepHer ocHoBan Ha HTML-
CTpaHHLaX, MHQOpMALHs M3BJIEKAETCS C MOMOIIBI0 Opay3epa caMuM mosib3oBareneM. CeMaHTHUYeCKas
e TIayTHHA WCIONB3yeT BO3MOXKHOCTH CEMAHTHYECKOW ceTH, oOpabaTbiBas WHPOPMAIHIO
MPOrpaMMOM—KJIMEHT W TPEAOCTABIIAA TOJIH30BATENIO PE3yNbTaT JIoTH4eckoil oOpaboTku. Tepmun
«ceMaHTHYecKasi nayTuHa» Obul BnepBble BBenéH T. JIx. bépuepcom—JIu (mait 2001 rona, »ypHan
«Scientific American») u ObLT ONpelelicH UM KaK «CICAYIOIIMIA IIar B Pa3BUTHH BceMUpHOI
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NayTHHb». B mayTmHe MOrYT HCHOJIB30BaThCid IOAOOHBIE TPaJUIMOHHBIM  BEO-CEpPBUCHI,
UCTIONIB3YIOIIME TPOrpaMMHYIO JIOTUKY. [loka 3¢)(pekTHBHOCTh MCIONAB30BaHUS CIIEHUATHU3NPOBAHHBIX
Be0-CEpBUCOB HEBENHMKAa HM3-32 TPYAHOCTEH CO3AaHUs CEPBHCHO-OPHEHTHPOBAHHOW apXWUTEKTYPHl H
YIAIOTCS [TOKA TOJIBKO Y3KOCIENHAIN3UPOBaHHbIE 3aIIPOChI Ha BEIOOP CEPBHUCOB.

Cemantudeckniit Web oObeIMHHAT pa3Hble BUABI HHOOPMAIIUN B SAUHYIO CTPYKTYPY, TIAe KaKIOMY
CMBICIIOBOMY 3JIEMEHTY IaHHBIX OyIET COOTBETCTBOBAThH CHEHUANBHBIH CHHTaKCHYECKUH OJOK (TAr).
HuartepecHas mis Hac cropona Cemantudeckoro Web cBsi3aHa ¢ HanmpaBICHUSIMHE, OJU3KAMH K 00J1aCTH
HCKYCCTBEHHOT'O MHTEIJIEKTa, TO €CTh C MCIIOJb30BAHUEM CHUCTEM JIOTHYECKOIO BBIBOJA M HEMPOHHBIX
ceteli OopIIOro MacmTada.

Ho ectp mpobnema, Ha KOTOpylo OOpaTHi Halle BHUMaHue u3BecTHBIH ¢umocod B. B. Ilkona:
«TaKue CEeTH MOCTENEHHO NPUBENYT K OTKa3y OT abCcTpakuuii, 3HaHue OyJeT NIPUHLIUINAIBHO HHBIM, HE
MOXO0XHM Ha Terepenneey. Cepbe3Hoil mpoOiieMoi, BO3MOKHO MEPBOE BPEMsl, MOTYT OBITh TPYIHOCTH
o0yyeHHs1 HEHPOHHBIX cHcTeM (OpPMaJbHBIM  OMHUCAHUSM, HCIOJB30BAHHIO  aOCTpaKIuid,
KOJINYECTBEHHBIM pacueTaM, TO YEM OIEepUpYyeT Hayka. YBJICUCHHE K€ HePOpMaIu30BaHHBIM
HCKYCCTBEHHBIM MHTEJICKTOM MOJXKET ellle O0JIbIle OTOABUHYTh HayKy Ha nepudeprto o0ImecTBEHHOTO
MHTEpeca, a 3HAUUT MIPUBEAET K CHIKEHHUIO €€ MaTepUaIIbHOTO ¥ (PUHAHCOBOTO 00ECIIeUeHHS.
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O MaTteMaTHYECKHX MOJIEISAX OMUCAHUA MAPAMETPUUECKUX U MOAYJISLIMOHHBIX
HEYCTOMYHUBOCTEN

B.M. Kykinn

Xapxiscokuu nayionanvhuii ynieepcumem imeni B. H. Kapas3inua,
matioan Ceoboou 4, m. Xapxie, 61022, Vrpaina
e-mail: kuklinvml@gmail.com;v.m.kuklin@karazin.ua

PaccmoTpeHo pa3BHTHE MOMYIIMOHHONW HEYCTOHYMBOCTH BOJHEI KOHEYHOH aMIUTHTYAbl. Moau¢unupoBaHHas S-Teopws,
paHee pazpabotanHas B pabotax B.E. 3axapoBa Oblia ncrosp30BaHa JUIsl OIMCAHAS HEYCTOMIHMBEIX peXUMOB. OTMEUEHO, UTO
BOJIM3M TOpOTra HEYCTOHYMBOCTH CaMOIIOJIOOHAsi MPOCTPAHCTBEHHAS BOJHOBAs CTPYKTypa MOXET (OPMHPOBATHCS B PAa3HBIX
MacmTabax. Bpamu oT mopora HecTaOMIBHOCTH AHANM3HPYETCS B MOJENH BBICOKOMHTEHCHBHOTO MPAKTHYECKH
HE3aTyXaloLIero OKeaHNIeCKOTr0 BOJHEHHUS, MOKa3aH MEeXaHNW3M (OpMUPOBaHHUS BOJIH aHOMAIBHOW aMIUTHTy bl OOCysKAaroTCst
pexuMBl  BO30YXKICHHS MapaMETPUYECKHX HeycToifumBocTeld. OTMEUEHO CXOACTBO B PA3BUTUH MOAYIALHOHHOW U
MapaMeTPUIECKOl HEYCTOWYMBOCTEH, OJHAKO €CTh M Pa3iIHYMs, CBA3AHHBIC C XapaKTepOM IHHAMUKH BOJIHOBBIX IaKETOB
HEYCTOMUMBBIX BO3MYyIIEHUH. XapakTep NapaMeTpUUYecKOil HEyCTOMYMBOCTU CBSI3aH C HAJUYUEM BBICOKOYACTOTHOM,
IPOCTPAHCTBEHHO OJHOPOJHOI COCTABILAIOIICH OJHOrO MM HECKOJIBKUX MapaMeTpoB cpeabl. I1oCKOIbKY BOJIHOBOE YHCIIO
TaKWX BBICOKOYACTOTHBIX KOJEOAaHWH paBHO HYJIO WJIM YPE3BBIYAWHO Mayo, 10 CPAaBHEHHIO C XapaKTePHBIMH JUIMHAMH
CHCTEMBI, CIEKTP HEYCTOHYHMBBIX BO3MYIICHHH TakKe PpaCHONOKEH CHMMETPHYHO, HANOMHHAs HECTaOWIBHBIA CHEKTp
MOJYIALUOHHON HeycToiunBocT. OHAKO pacTyIlue BO3MYILLICHMS MPAKTUYECKH HE JBIDKYTCS B IPOCTpaHCTBE. Bpamu ot
nopora mapaMeTpHUueckod HecTaOMIBHOCTH MOXeT ()OPMHPOBATHCS CHJIbHAs MeNkKoMacmrTaOHas MOIYISIMS IapaMeTpoB
OKpY’)Karomel Cpeabl, KOTopas 9acTo IPUHHUMAeT XapakTep mporecca ¢ obocTtpenuem. IlpencraeieHo ¢opMHpoBaHHUE
CaMOIOAO00HBIX IPOCTPAHCTBEHHBIX CTPYKTYP B PA3BUTON KOHBEKI[H TOHKOTO CIIOSI XKHUAKOCTH WIIH Ta3a BCIEACTBUE PA3BUTHUSL
MOAY/SIIHOHHOW HEYyCTOMYMBOCTH. TopoWmanbHble KOHBEKIMOHHBIE BUXPU CO3MAIOT IOJOHJAJbHBIE BUXPH OOJIBIIOTO
MacmTaba - 3(dexT ruapoarHaMuyYeckoro AWHamo. IIpencTaBieHBl AKCHEPHMEHTAJIbHBIE PE3yJbTaThl HCCIIETOBAHHS
CaMoIO00HBIX CTPYKTYP Ha rpadure.

Knrouesvie cnosa: mooynsiyuonnvle u napamempuieckue HeyCmMouyugocmu, camonooobHvle BOIHOBbIe CMPYKMYpPbl, BOJHbL
AHOMANLHOU AMIAUNYObl, MEAKOMACUIMAOHASL MOOYIAYUS RAPAMEMPULECKUX NPOYECCO8.

Po3rnsHyTO pO3BUTOK MOIYJISIIHHOI HECTIHKOCTI XBIJII BEMKOI aMILTiTyIu. MoaugikoBaHa S-Teopisi, paHilie po3podsicHa B
pobotax B.€. 3axapoBa Oyna BUKOpHCTaHa Ui OMKCY HECTIMKUX peXUMIB. Bi3zHaueHo, MO MOOIU3Y MOPOTY HECTIMKOCTI
caMmoro/ibHa MPOCTOPOBa XBUIIbOBA CTPYKTYypa Moxe GopMyBaTHCs B pi3HHX MaciTabax. J{aneko Bix mopora HecTabiIbHICT
aHaJI3y€eThCS B MOJIEINi BUCOKOIHTEHCHBHOTO MPAKTHYHO HEBIYXal0YOr0 OKEaHIYHOTO XBUIIIOBAHHS, [Ie TOKa3aHUN MeXaHi3M
(opMyBaHHS XBHJIb aHOMANbHOI aMmIUTiTyad. OOTrOBOPIOIOTBCS PEXKUMH 30yMKEHHS MapaMeTPHYHUX HECTIHKOCTEH.
BimzHaueHO CXOXICTh y PO3BUTKY MOIYJIALIHHOI 1 IMapaMeTpHYHOi HECTIHKOCTeH, MpoTe € i BiAMIHHOCTI, TOB'S3aHi 3
XapakTepoM JAWHAMIKH XBWJIBOBHX ITaKeTiB HECTIHKMX 30ypeHb. XapakTep MapaMeTPpU4HOi HECTIMKOCTI MOB'A3aHUI 3
HasBHICTIO BUCOKOYACTOTHOI, IPOCTOPOBO OJJHOPIITHOT CKJIaIOBOI OJHOTO ab0 JEKIIbKOX mapaMeTpiB cepemoBuina. OCKinbKU
XBHJIBOBE YHCIIO TAKMX BHCOKOYACTOTHHX KOJIMBAaHb JIOPIBHIOE HYJIO a00 HaJ3BHYalHO Majo, B MOPIBHSAHHI 3 XapaKTepPHUMH
JOBKMHAMH CHCTEMH, CIEKTP HECTIMIKMX 30ypeHb TaKoX pPO3TAIIOBaHWH CHMETPHYHO, HAraJylo4d HECTaOiIbHHU CIEKTp
MOIYJAINAHOT HecTilikocTi. OmHak 3pocrarodi OOYpeHHs MPaKTHYHO HE PyXarwThcs B mpocropi. Jlameko Bim mopory
nmapamMeTpuyHoi HecTabiabHOCTI MOke (opMyBaTHCS CHIIbHA ApiOHOMAcIITaOHI MOIYJIALIS TapaMeTpiB CepemoBHIIa, sKa
9acTo MPHUIMaE XapakTep MPOIecy 3 3arOCTPEHHAM. XapaKTep CaMOY3TOKeHHX NMapaMeTPUIHUX HECTIHKOCTEH aHaIOTidHHN
mpoliecaM MOIYJIIIUOHHON HecTilkocTi. [IpencTaBieHo GopMyBaHHS CaMOMOAIOHUX MPOCTOPOBUX CTPYKTYP B PO3BHHEHOIO
KOHBEKIIii TOHKOTO IIapy PiAWHH a00 ra3y BHACTIJOK PO3BUTKY MOIYISILiTHOT HecTiHKocTi. TopoinanpHi KOHBEKIiHHI BUXOPH
CTBOPIOIOTH  MOJIOINAJBHUM BHXOPH BEJIHMKOro Macmtady - edekT rigpoauHamidHoro auHamo. [IpencraBneHi
eKCTIepHMEHTAIIbHI Pe3YJIbTAaTH JOCITIPKEHHS CAMONIOAIOHNX CTPYKTYp Ha rpadiTi.

Knwwuoei cnosa: mooynayitini i napamempuyui Hecmitlkocmi, camonooOiOHi X6unbosi CMpPYKMypu, Xeuli aHOMAnbHOI
amnaimyou, OpiGHOMACUMABHA MOOYIAYIS NAPAMEMPULHUX NPOYECTS.

The development of modulation instability of a finite amplitude wave is considered. A modified S-theory, previously
developed in the works of V. Ye. Zakharov, was used to describe unstable modes. It is noted that near the instability threshold
a self-similar spatial wave structure can form at different scales. The dynamics of the instability is analyzed in a model of a
high intensity practically undamped oceanic wave, the mechanism of the formation of anomalous amplitude waves is shown.
The modes of excitation of parametric instabilities are discussed. It is noted, that there is a similarity in the development of
modulation and parametric instabilities, however there are also differences related to the nature of the dynamics of the wave
packets of unstable perturbations. The nature of parametric instabilities is associated with the presence of a high-frequency,
spatially homogeneous component of one or more parameters of the medium. Since the wave number of such HF oscillations
is zero, or extremely small, in comparison with the characteristic lengths of the system, the spectrum of unstable disturbances
is also located symmetrically, resembling the unstable spectrum of modulation instability. However, the growing perturbations
practically do not move in space. Far from the threshold of parametric instability, a strong small-scale modulation of
environmental parameters can form, which often takes on the character of a process with aggravation. The formation of self-
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similar spatial structures in the developed convection of a thin liquid or gas layer due to the development of modulation
instability. The toroidal convection vortices generate poloidal vortices of large scale - the effect of a hydrodynamic dynamo
and the experimental results of the investigation self-similar structures on the graphite are presented. The nature of self-
consistent parametric instabilities is similar to the processes of modulation instability.

Keywords: modulation and parametric instabilities, self-similar wave structures, waves of anomalous amplitude, small-scale
modulation of parametric processes.

Mooynayuonnvie neycmoiiuugocmu. Kaxk H3BECTHO, MOHOXpOMATHYECKash BOJHA KOHEYHOMH

avmmtymsr A(X, 1) -exp{iot —ikX}s  cpenax ¢ HamGonmee pacmpoctpaneHHBIM  BHIOM
JIOKAJIbHOW KyOM4YeCKOW HEMMHEHHOCTH, HAIIPIMeED,
2 2
o=+ f-K +a-|Al, 1)
OKa3bIBACTCS HEYCTOHUMBOW C BO30OYXIEHHEM ABYX CUMMETPHYHBIX WJIM HECUMMETPHYHBIX CIEKTPOB
BOJIHOBBIX BO3MYIICHHI B OKPECTHOCTU CBOETO BOJHOBOrO uncia [1-4]. Ypasuenue JlaiTxwmmia (4acto

HaseiBaemoe HYIII), onuckiBaroniee MEUICHHYEO SBOJIIOLUIO OrHOAIONICH KOJICOaHNH B 3TUX YCIOBHSIX
MIPUHUMAET BUJ

2
%:_5A_ia 'ZA‘
ot OX

rae O — JIEeKPEeMEHT MoromeHus 1 J — BHEIIHUI UCTOYHUK BOJIHOBOW dHepruu. Omupasch Ha yder

—IiA| AP +g, )

JUIIb ABYX AUArpamMM B3aUMOACHCTBUS, a UMEHHO
20, = (k) + w(—k) 3)

a(K) + o(—k) = o(k") + o(-k "), (4)
TAe ,- YacTOTa OCHOBHOW BOJHBI, ObUIM C(OPMYIHPOBAHBI MOJXOABI K ONHMCAHUIO HEIMHEHHOM

CTaJM{ MOYJISAIIHOHHONW HEYCTONYUBOCTH, YTO B JATbHEHIIIEM MMOIYYHIIO Ha3Banue S-reopuu [5]. Xots
JUISL KOPPEKTHOTO OMNMCAaHUS OTJENbHBIX BOJH MAKETOB IMPHUILIOCH YPaBHEHHUS S-TEOPUHM HECKOJIBKO
MoaupuImpoBats [6].

B cnyuae 60mb1I0ro ypoBHS MOTJIOIIEHHUS BOJHOBOM HEPTUH B CpeAe U IIPHU HAJMYUHU UCTOYHUKA,
KOTOPBIM MOANEP>KUBAET MHTCHCHBHOCTh OCHOBHOM BOJIHBI, BOHUKAIOT YCJIOBHS 11 ()OPMHUPOBAHUS
Y3KHX CIHEKTPOB, NMPAKTUYECKH JIMHEHYaTOro CIEeKTpa MOMAYJIHMPOBAHHOW BOJHBI, YTO MPHUBOIUT K
BBICOKOW MPOCTPAHCTBEHHOH YETKOCTH BO3HMKAIOLIEH KPYIMHOMACIITAOHOW MOAYJISLIUH. MOmymsius
OCHOBHOH BOJIHBI NPOMCXOAWUT HAa 3HAYMTENbHO OonbplieM Maciitabe. 3aMedaTelbHbIM SIBJICHHUEM,
oOHapykeHHbIM B paborax [7,8], crtano dopmupoBanue camomnogoOHBIX CTPYKTYp. I[lpuumHa wux
MOSIBJICHUSI - KAacKaJbl CIEAYIOIUX KPYIMHOMACIITAOHBIX MOMAYJISIUOHHBIX HEYCTOWYHBOCTEH,
BO3HMKAIOLINX B YCIOBUAX HOPMHUPOBAHUS TUHEHUATHIX CIIEKTPOB MOJYIMPOBAHHBIX BOJIH.

Jlayieko oT mopora MOAYJISIIIMOHHON HEYCTOWYMBOCTH BOJIHBI KOHEUHOM aMIUIUTYIbI, BO30YK/1aeMbIe
MOJBI (DOPMHUPYIOT BOJHOBBIC MaKETHI, MPEACTABISAIONIME cO00 HAaOOPHI CTOSYMX BOJH, KOTOPHIC
CMEIIAI0TCA HaBCTpeuy APYr Apyry, GopMHUpys OrHOAlONIyIo, aMIUIMTYAa KOTOPOW B CiIydyae MIIOCKUX
BOJIHOBBIX ()POHTOB B TPH pa3a MPEBOCXOIUTH CPEIHIO aMILIUTYLy OCHOBHO# BOHBI [9].

IloBepxHOCTHBIE BOJIHBI OOJBIION AMIUIMTYAbl Ha TMOBEPXHOCTH MOpEH M OKeaHOB (KOTOpHIE
Ha3bIBAIOT TPABHTAIIMOHHBIMH) BJAaJIH OT OEperoB B pPErHoHax, IJIe Pa3BHTO CYJOXOJCTBO, MOTYT
0Ka3aThCs OMAcHBIMU. /{1151 4aCTOTHI M BOJTHOBOI'O BEKTOPA 3TUX BOJIH CIPABEIJINBO BBIPAKEHUE

=g K-{l+|AP K12} )

34€Ch aMIUIMTyda OTKJIOHCHHI IMOBEPXHOCTU BOJbI paBHa A , JJI1 CKOPOCTHU BOJIHBI U YCKOPCHUA
CBO60)IHOI‘O naaCHusA HCIIOJIb30BaHBI obospauenus W u 0. Cne;[yeT O6paTI/ITL BHHUMAHHEC Ha

CPaBHUTEIHHO HEOONBUIYI0 IIUPHUHY CHEKTpa OSTHX BOJH. VIMEHHO MOSTOMY ypaBHEHHE Ui
KOMIIJIEKCHOM MEJUICHHON MEHSOLIENCS (3mech HCKJIKOYECHA 3aBHUCUMOCTD

oc exp{—ia)ot} = exp{—igkot}) aMILIMTYAbI IOJIS ko + K npoctpancTBenHoit MosibI TIpecTaBIsAeTCS B

BUJIE



BicHuk XapkiBcbkoro HawioHanbHoro yHisepcuteTy imeHi B. H. Kapasita, 2 0 1 8 45

e~ oA, il + K A, -3l + 1) g m, =

= —5A =3k + K) Tk A, ~iyfalR ) L L ©®)
IALIAF 42 Y | AP+ AT+ A% (AT + S ACADY,

K'#K,0 K=#K,0

Bun sToro BOTHOBOTO IMakeTa HEYCTOMYMBHIX BO3MYIIEHUIH OOHApY)XEH KakK MPH PacCMOTPEHHU
JMHAMUKA MOJYJISIIMOHHOW HeycToiunBocTH [9], Tak M mpH moucke MeTonamMu OoOpaTHOH 3amadu
ABTOMO/ICJIFHBIX PEIICHUI BOTHOBOTO JIBU)KCHUSI KOHEUHOI aMILTUTY/Ibl B KOHCepBaTHBHOM cpene [10],
4TO MOATBEPAIN dKcrepuMenTs [11]. TIpu McKaKeHHH BOIHOBBIX ()POHTOB, BO3MOXKEH €Ille OOIBIII
poct amruuTyabl orubarorieii [12], uto corymacyercst ¢ HaOMIOICHUAMH U SKCIIEpUMEHTaMH. Takum
00pa3oM 0coOEHHOCTH TMHAMUKHA MOAYJISIUOHHON HEYCTONUMBOCTH CBSI3aHBI C XapaKTEPOM Pa3BUTHS
BO3MYIIIEHUH pa3HOro MacmTada, KOTopble (OPMHUPYIOT WITH JIMHEIYaThIe CIIEKTPHI B Cpefie ¢ OONBIINM
YpOBHEM TIOTJIOMIEHHSI BOJIHOBOW AYHEPTMH M COOTBETCTBEHHO CaMOIOIOOHBIE CTPYKTYPHI, WM B
YCJIOBHSX MOYTH KOHCEPBATHBHBIX CPEJl KOPOTKOKUBYILUE BOSMYIICHUSI aHOMAJIbHOW aMILTUTY 6! [9].

/lpyeue 6uovt modynauuu nepuoouueckux cmpykmyp. MoaynaUMoOHHAS HEYCTOWYUBOCTH
PETYISPHON MPOCTPAHCTBEHHON CTPYKTYPHI MOKET BO3HHKHYTH U B HEBOIHOBOBIX cpenax. Hampumep,
BO3MOXKHa MOJYJISIIIMOHHAST HEYCTOWYHMBOCTH CHUCTEMbI KOHBEKTHBHBIX SYEEK B paMKax OIHCaHHS
Ype3BBIYAHO MPOAYKTHBHON Moxenu [Ipoxrtopa-CuamuHckoro-Ilucemena. IlomoOHas Momynsius
CHUCTeMBl KOHBEKTHBHBIX SY€eK (TOPOWIANBbHBIE BUXPH) BO3HHKAET MEXKIY HEIOCTaTOYHO XOPOIIO
MIPOBOIAIIIUMHE TEIJIO TOPU30HTAIEHBIMHA CTEHKAMH W OTIPEAETSETCS] BOSHUKHOBEHHEM ITOJIOMIaThHBIX
BUXPEBBIX JBWKCHUH. Pe3yapTaToM MOIYISIIMOHHON HEYCTOMYMBOCTH CHCTEMBI KOHBEKTHBHBIX STUECK
Takke ABIseTcs (HOPMUPOBAHUE TUIOCKUX TOJOWJAIBHBIX BHXPEW 3HAYMTENIBHO OOJBIIEro Macmirada
[6]. Hdpyrumu cioBamu, 310 3(D(EKT THAPOAUHAMHYECKOTO (BUXpeBoro) muHamo [9]. st ero
BO3HMKHOBEHMsI, Kak mojaran euie npodeccop Moucees C.C., He 00s3aTeIbHO TOJIKHA CYILIECTBOBATh
HECKOMIICHCUPOBAHHAS CITUPATBHOCTh M BIIOJHE BO3MOXKHA PETYJsIpHAsi AMHAMHKA Pa3BHTHUSI TAKOTO
mporecca. Takum o0pa3oM Mpu MOIYISIIMOHHONW HEYCTONYUBOCTH CHCTEMBI Pa3BUTHIX KOHBEKTHBHBIX
SYEEeK HE TOJILKO MOSIBIISIETCSl CaMOINo100Hasi CTPYKTypa — KOHBEKTHUBHBIC SUCHKHM pa3HOro Maciurtada,
HO U OpMHUpYeETCsl KPYITHOMACINTAOHBIH MONOUIAIbHBIN BUXPh. BEICOKast MpocTpaHCTBEHHAst YeTKOCTh
BUXPEBBIX  CTPYKTYp  ONpedensuiach  HeOONBIIMM  TPEBBIICHHEM  Topora  00CyKIaeMbIX
HEYCTOMYMBOCTEH, KOTOpble (OPMHUPOBANM JIMHEHYAThIE CIIEKTPBI, OOECIEUYHBAIONINE PA3BUTHE
MOCEAYIONINX KaCKa0B MPOIECCOB.

Kaxnas ctpykTypa KpucTamia Kak B o0beMe, TaKk U Ha MTOBEPXHOCTH, BOSHUKAET B PE3YJIbTATE
mporiecca ynopsioueHus mpu Gpa3oBbIX mepexoaax. ITo (hopMaiabHO SBISETCS MEPBUYHBIM ITPOIIECCOM,
KOTOPBI XapaKTepU3yeTcsi HEKOTOPHIM XapaKTepHBIM BPEMEHEM M HACHIIAIONIEH HEeTUHEWHOCTHIO.
HenuneiiHocTh cBA3aHa ¢ OTKIIOHEHHEM OT PAaBHOBECHS OJIHOPOJIHOM CHCTEMBI aTOMOB WIJIM MOJIEKYII,
T7Ie B3aMMOJIEWCTBUS BAXKHBI JIUIIb MEXIY Onmkaiimumu ux cocensMu. 0o ocraimbHbIE HajibHEE
B3aMMOJICWCTBUS JIOCTATOYHO CIIA0Bl U B TIEPBUYHOM IIpoIiecce ce0s 3aMeTHO He MposBisioT. Cucrema
B II€JIOM YyBCTBUTENIbHA K HANPSHKCHUSM U TIEperpeBaM, a BEBIHOC SHEPTHH O00YCIIOBICHHBIH YIPYyTHMH
BOJIHAMHU- ()OHOHAMHU, OIpeNeisieT 3HAUUTENbHOEe ocnabieHOne Mo0bIX BO3MYyIIeHHH. HelnHeiHOCTh
00bIYHO KyOWdYeckas TIO0 aMIUTUTy[e BO3MYIIEHHWH, WMEHHO U3-3a OCIa0NieHUsS JallbHUX
B3aMMOJIEUCTBUH.

Ho kpoMme ocHOBHOroO mporecca yHnopsiioueHHs, KOTOPbIi (OpMHUpYeT MEepBHYHYIO CHCTEMY,
BO3MOXKHBI BTOpPHYHBIE HEYCTOWYHBOCTH, OoJiee cnadble, KOTOphIE MOTYT TOJBKO MCKaXaTh
BO3HHKIINYIO CTpYKTypy. OHH TIpOSBISIOT ceOs yxe Tocie 3aBeplieHHs (HOPMHUPOBAHUS
NEPUOJIMUECKON CUCTEMbI KPUCTAILIOB. [I0BEPXHOCTh KPUCTAJIa UMEET HECKOJIBKO UHYIO CTPYKTYpY,
OTIMYHYIO OT TOMH, KoTopas (opmupyercst B o0beMe. Bo3MyiieHns: moBepXHOCTH TakKe MOTYT OBITh
NEPUOJUYECKIMHU, MpUYeM HaOmogaeTcss MoAoOue MeXIy MHKPOCTPYKTYpOH Ha  YpOBHE
JJIEMEHTAPHBIX SUECK U MACIITA0OHBIMHA BO3MYIIIEHUSIMU TIOBEPXHOCTH.

Xopomo HcciIeAoBaHbl KpyImHOMacIITaOHble POMOOBHIHBIE DEryJIsipHbIE 00pa3oBaHUS Ha
MMOBEPXHOCTH MOHOKpPHUCTAJIa KpeMHHs (Tak Has3piBaemasi, "7x7 sueiika". 37ech MOXHO YBHUACTH
JIOKMHY BO3MYILEHHH 3JIEKTPOHHOM TUIOTHOCTH, KOTOPBIE OTBEYAIOT TOJIOKEHHSIM OTAEIBHBIX aTOMOB.

DKCHEePUMEHTHI C TOMOIIBIO CKaHUPYIOIIEr0 MHKPOCKOIA, KOTOpble 00cyxnarorcsi B kuure [9],
MOKa3aJy, YTO Ha MOBEPXHOCTH 00pasloB rpadura MOXXHO YBHAETH MEPUOIWYECKYIO MOIYISIINIO
(rodpUpOBKY) AIEKTPOHHOW IIOTHOCTH, C KOI(PQPHUIMEHTOM IMMOAOOWS PAaBHOM JECATH WM CTa, YTO
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OTBEYaeT pa3HBIM BUIAM BHYTPEHHEH CTPYKTyphl rpadura. OmHako, B OTIMYHE OT TNPEIBLAYLIHX
UCCIIeIOBaHUH 31ech HaOmogaeTcsi BepTHKalbHas roQpUpOBKa, IMPUUEM B MEPBOM Cllydyae MOI00He
KpYIHOMAcIITaOHOH MOAYNSIMHM KaK B TOPH30HTAJIbHOM, TaK M B BEPTUKAJIbHOM HANPABICHUH C
AJIEMEHTAPHOH STYCHKON Ha TTOBEPXHOCTH 00PA3IIOB MOTHOE.

Hapamempuueckue neycmouiuugocmu. 1lpupona napamMeTpuyecKux HEYCTOMYMBOCTEH CBS3aHA C
HaJIMYUEM BBICOKOYACTOTHOM COCTaBIISIONMIECH Yy OTHOTO MJIM HECKOJIBKUX MapamMeTpoB cpenbl. [Ipu aTom
BO3MOXXEH POCT aMIUIMTYIbl HHM3KOYACTOTHBIX BOJH WIM BO3MyIlleHMH. OOBIYHO paccMaTpUBAIOT
OIHOPOJHBIE B TIPOCTPAHCTBE U OCIHWUIMPYIOIIME BO BPEMEHU BBICOKOYACTOTHBIE BO3MYILECHUS
MapaMeTpoB CPEIBI.

[lpuunHOW TaKMX OCHWISIMA MOTYT OBITh HMHTEHCHBHBICE OIHOPOIHBIE B MPOCTPAHCTBE
nepeMeHHbIe most. Tak kak BoJgHOBoe umcio Takux BU komebGaHWil paBHO HYJIO, WIIM Ype3BBIYANTHO
Majo, B CpPaBHEHMH C XapaKTepHBIMU IIMHaMU cucTteMbl, To cnektp BU m HY HeycToiiumBbIX
BO3MYIIEGHUH  pacmoyiaraeTcsi TakKe CHMMETPUYHO, HANOMHHAs  HECTaOWIBHBIA  CIIEKTp
MOJYJISIIMOHHON HeycTOH4MBOCTH. OHAKO pacTylIMe BO3MYIIECHUS IPAKTHUECKH HE NEPEMEILAI0TCS B
npoctpancTBe. BOnu3u nopora HeyCTONYMBOCTH B HETMHEHHOM PEXUME TaKKe MOTYT ()OPMHUPOBATHCS
y3KHE CHEKTpabHbIC JMHUM W aHalU3 YCTOMYMBOCTH TaKOTO HEITMHEWHOrO peIeHusl MoJ00eH
o0cyk1aeMOH BBIIIIE OKOJIOTIOPOTOBOI MOAYIISIIIMOHHON HEYCTOWYHBOCTH.

Bmanmm or mopora mapamMeTpHYecKodl HEYCTOWYHMBOCTH MOXET (OpPMHPOBATHCS  CHIIbHAS
MeJIKoMaclTabHass MOIYJISIIMS TapaMeTPOB CPeibl, KOTOpasl YacTo MpUOOpeTaeT XapakTep mpolecca ¢
oboctpenueM. Ha st1o siBnenue obparun BauManue B. E. 3axapoB, 0OHapyKWBIINH TaKHe PEKUMBI IPH
pacraze OIHOPOAHBIX B MPOCTPAHCTBE JICHTMIOPOBCKMX KOJNEOAaHMH B JIByXKOMIIOHEHTHOM
HenzoTepMuyeckoii masme [13].

I110THOCTB PHEPIHUHM OIS IIPU 3TOM IpeIoiarajach MHOIO MEHbIIE TUIOTHOCTH TEIJIOBOM 3HEpPTUn
J0JIEKTPOHOB (a HOHBI CYUTAIUCH XOJOAHBIMH). BbI1O0Op Takoro BuzAa moss o0bsSICHSUICS 3HAYNTEIIbHBIMU
JUIMHAMH JIEHTMIOPOBCKHX BOJIH, BO30Y)XJaeMbIX B IUIA3MEHHBIX NPHOOpax KOPIYCKYJISPHBIMU H
Ja3epHBIMH MMOTOKaMU. B cpaBHEHHH ¢ XapaKTepHBIMU pa3MepaMu 3ajad, AJIUHBI 3THX JIEHT MIOPOBCKUX
BOJIH OBUIM BEChbMa 3HAYMTENBHBIMU U KaK TPEACTABISUIOCH (U3MKaM, MOJIE 3TUX KOJeOaHMs MOKHO
ObUIO CUMTaTh NPOCTPAHCTBEHHO OJHOPOAHBIM. Hamnune KaBepH IUIOTHOCTU IJIa3Mbl IIO3BOJISUIO
TOBOPUTH O MOAYJISIIMU €€ TUIOTHOCTH, MO3TOMY IMPOLIECC paclajia MOIIHOTO JEHTMIOPOBCKOIO MO B
HEU30TepMHUUECKON TuiasmMe ¢ Jjerkod pyku B. E. 3axapoBa Obul Ha3BaH «MOIYJISIIMOHHOMN
HEYCTOHUYMBOCTBIO JICHTMIOPOBCKUX KosebaHuil». bosee ctporoe paccmoTtpenue pacnana 0JHOPOAHOTO
MOIIHOTO JIECHTMIOPOBCKOTO MOJIsl, HO AJIs Clydas XOJOAHOM mia3mbl (PpHU3nUecKn 3TO COOTBETCTBYET
CJIy4aro, KOTJia MIOTHOCTh SHEPTUH OIS OblJIa MHOTO OOJIbINE TETUIOBON SHEPTHH 3IIEKTPOHOB I1J1a3MBbl)
6bu10 mpoBeaeHo B. T1. CusuabiM U ero kosuieramu [14-15]. D1oT mporiecc 0600CHOBaHHO ObIT Ha3BaH
«TapaMeTpUUECKO HEYCTOMYMBOCTHIO JICHTMIOPOBCKUX KoseOaHuit». Tak kar jopmansHO onucanusi B.
E. 3axapoa m B. II. CunmunHa oTBeuyanu ciaydasM MapaMeTPUUYECKOTO pacmhana HWHTEHCHBHBIX
OJTHOPOZHBIX B TMPOCTPAHCTBE JICHTMIOPOBCKUX KoJlieOaHMId, TO M3 HEJWHEWHBIX ypaBHeHud B. TI.
CunmHa, KoTopble ObUTH 00001IeHbI B padoTax [16-17] MoxHO GbuTO Ge3 TpyAa MOJTYyYHTh ypaBHEHHS
B. E. 3axapoBa, 1o kpaiiHeii Mmepe B oiHOMepHOM citydae [18].

2 A2
i % Ve 82 EJr—a)pe2
ot o, OX 32Mc:n,
82ni 2 ﬁzni 1 o°
+cC = —
o> ox* 167M ox

Te (- YacTOTa JCHIMIOPOBCKOIl BOJIHBI, Vi, -TEIUIOBASl CKOPOCTH JICKTPOHOB U Cg - CKOPOCTH

|[E|* E=0. @)

|EJ. (8)

3BYKa, M - macca HOHa, nO - INIOTHOCTD ITJIa3MBI.

CnexyeT OTMETHTh, YTO IapaMeTPUUECKHE HEYCTOMYMBOCTH, paccMaTpHBaeMble B IUIA3Me,
TPAIWIIMOHHO SIBIAIOTCA CaMOCOTJIACOBAaHHBIMH, B OTJIMYME HANpuUMeEp ypaBHEHUs Marbe nim Xwuiia,
r7ie y4eT oOpaTHOTO BO3ACHCTBHS Ha MCTOYHMK OCLMIUIALUI apaMeTPOB Cpebl HE TPOBOIUTCA.

Boibop B. E. 3axapoBeiM Ha3BaHHS 3aBEIOMO NapaMETPHUYECKOH HEYCTOWYMBOCTH Kak
MOJYJISIIMOHHOW OBUT CBSI3aH IIMINL C TOCHIEACTBUSIMH €€ Pa3BUTHS, WOO PAacCMOTPEHHBIH UM ¢
KOJUIeraMHd paHee Cciay4dail BO3JAEHCTBHA OJHOPOJHOTO MArHMTHOTO TIONS Ha MaTepual, TIae
BO30Y)KIaliCh CHMHOBBIE BOJIHBL, OBbUT KOPPEKTHO Ha3BaH «IapaJIebHOH HAKAaYKOHW HIIH
napaMeTpHYECKUM BO30YKICHUEM CITMHOBBIX BOJH» [5].
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TTosiBneHre riTyOOKUX KaBepH IIOTHOCTH IIIa3Mbl OBIIIO CIIOCOOHO MPUBOANTH K OBICTPOMY HarpeBy
IUIa3Mbl, KaK MOHayaly moJjaraiu 3a cuer 3aryxanus Jlanmay [19]. DTo oOCTOATENBCTBO MPUBENO K
OOWJIMIO HCCNEJOBAaHUHA KaK TEOPETHYECKUX, TaK W OKCIEPUMEHTAIBHBIX, NPHYEM MOCICTHHIE
moATBepaniId 3P PEKTUBHOCTL Takoro HarpeBax. OmHako, GopMHpoBaHHE OOJBIIOrO YHCIA KaBEpPH
npu 0ojiee KOPPEKTHOM TEOPETUYECKOM OIMCAHWU HMOHOB YaCTHLIAMH, IPAaBAa JIMIIb B OJHOMEPHOM
cilydae, MPUBOAWIO K (OpMUpOBaHHI0O MaKCBEJUIOBCKOIO PAaCHpeAeiIeHUs] YacTULl TI0 CKOPOCTSIM 3a
CYET paccesiHUsA MX Ha HEOJHOPOAHOCTSX IOJISA, TO €CTh MEXaHU3MOM TEPMaIM3aLUM, 110 KpailHe Mepe
nonos [18], okazancs spdext Depmu.

[Ipoueccel, onucsiBaemblie B mojensax B.E. 3axaposa u B.Il. Cununa onucanus mapaMeTprUuecKux
HEYCTOHYMBOCTEH JICHTMIOPOBCKMX BOJH KOHEYHOW aMIUTUTYABI TOAOOHBI, YTO 3aKOHOMEPHO, MO0
yYpaBHEHUS MOAENIM 3axapoBa, MOTYT ObITh IOJIy4eHbl M3 YypaBHeHMH Mozaenu CuiMHA IIpH
YMEHBIICHUH WHTEHCUBHOCTH TIOJIS JICHT'MIOPOBCKOW BOJIHBI I TIPH YU€TE TEMIIEPATyPhl JICKTPOHOB.

C ymenbiienueM 3atyxanust BU mon ¢yHKuus pacnpeneneHus HOHOB BCE MEHBINE OTINYAETCS OT
MakcBeII0BCKOH, YTO O3BOJIIET TOBOPUTH O TEMIIEpAaType HOHOB, IpuieM B Moaenu CHUiIMHA IpoLece
HEYCTOHUYMBOCTH XapaKTepU3yeTcs HATM4IUeM OOJIbIION 10U OBICTPHIX YacTHII.
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Modeling the influence of electron beam energy distribution on quality of
radiation processing
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The obtained values of most probable energy and practical range have been compared to values calculated according to the
formula proposed by the internationally recognized documents. The presented results of the study are focused on the issue of
the influence of electron beam energy spread on the depth dose distribution and practical range of electron beam in the
irradiated material. The computational experiments have been performed using the Monte-Carlo simulation method for
modeling the electron beam energy spectra and depth dose distributions of electrons in aluminum target. Obtained values of
most probable energy E,and practical range R, have been compared to the values calculated according to formula proposed by
the internationally recognized report. The value of a practical range of electrons R, strongly depends on electron beam energy
spread, even in case when value of most probable energy E, of electrons in the beam is unchanged. Results of computer
experiments show that in case of a large energy spread, and presence of asymmetry of electron energy distribution, the
electrons energy can’t be determined properly by empirical formulas included to the international standards.

Keywords: Monte-Carlo simulation, computational experiments, modeling of beam energy spread, depth-dose distribution,
radiation processing.

3MiHHM €HEepreTHYHOro PO3MOALTY €IEKTPOHHOTO ITy4YKa MAaroTh NEBHUH BIUIMB Ha TEXHIKO-CKOHOMIYHI MapaMeTpH oOpoOKH
BUIIPOMIHIOBAHHAM O00'€éMHHX IoJiMepHUX mHpucTpoiB. lllomeHHa BiATBOPIOBAHICTH PO3MOALTY €HEpril ENEeKTPOHIB MOXKe
MOTIPIIMTHCSA 3 KUTBKOX PI3HUX NPUYMH, TaKUX SK MOTaHa SKICTh EKCIUTyaTalii, BIUIMB 30BHIIIHBOI TeMIepaTypd Ha
nmapamMeTpy MPUCKOPIOBaya, ciabka abo moraHa SKicTh KOMIIOHEHTIB, BiIIIOBiIaNbHUX 32 MPOIEC NPUCKOPEHHS ENEKTPOHIB.
Crix TakoX 3ayBaKUTH, IO B JAHWH Yac, PO3MOMALT €HEprii eIeKTPOHHOTO MyYKa Ha PamialiifHO-TEXHOJOTIYHHX JIiHIsIX, HE
BUMIpIOETECS. TOMy, IPOBECHHS JOCIIIKECHBb BILIMBY PO3IMOIUTY €HEpTii eIEKTPOHHOTO MyYKa Ha PO3MOALI MMOUHHHX 103 B
ONPOMIHEHOMY TIPOAYKTI € aKTYaJIbHOI HAayKOBO-IIPAaKTUYHOIO 3ajadelo MIoN0 pafjialiiHuX TexHoiyorid. Haseneno
pe3yabTaTH JOCIHIUKEHHS, IPHCBSIYCHI INUTAHHIO BIUIMBY EHEPreTUYHOTO PO3MOALTY IIydKa eJIEKTPOHIB Ha PO3MOALT
MIMOMHHMX 703 1 MPaKTHYHOTO MPOOITy eNEeKTPOHHOro ITydKa B ONPOMiHEHOMY Matepiani. OTpuMaHi 3Ha4eHHS HaHOLIbII
HMOBIpHOT1 €Heprii eJeKTpOHHOro mHydka E, Ta mpakTmdHOro mpoOiry enekTpoHiB R, mHOpiBHIOBANM 3i 3HAYEHHSAMH,
po3paxoBaHMMH 32 (OPMYJIOI0, 3alpONOHOBAHOK Yy MDKHApOTHHX cTaHgapTax. OOYHCIIOBaJIbHI EKCIEPHUMEHTU
BUKOHYBAJINCS 3 BUKOPHUCTaHHSAM MeToAay MoHTe-Kapno mpu MozentoBaHHI CIEKTPIB €IEKTPOHHOTO IMyYKa Ta TITHOMHHUX
PO3MOJINIB 103 €IEKTPOHIB B alOMiHIEBMX MillleHsAX. 3HAYECHHS NPAKTUYHOIO MPOOITy €NeKTPOHIB R, CHIIBHO 3a/eXKUTh Bif
€HEPreTHYHOTO PO3MOJiTy €IEeKTPOHHOIO IyYKa HaBiTh Y BHINAnKy, KOJNHM 3HA4eHHs HaWOinbm HMoBipHOi eneprii E,
SJIEKTPOHIB B My4Ky He3MiHHO. [IpoBemeHa cepis KOMITIOTEPHUX EKCIEPHUMEHTIB 3 BUSBICHHS BIUIMBY acHMeTpil
€HEePreTHYHOr0 PO3IMOJTY €IEeKTPOHHOTO IMydYka Ha PO3MOALT IJIMOWHHUX 103. Pe3ynbTaTH KOMITIOTEPHUX EKCIEePHMEHTIB
MOKa3yloTh, II0 B pa3i BEIUKOTO PO3KHJIY EHeprii eNeKTPOHIB B IMy4YKYy Ta HasBHOCTI acHMeTpii B po3moniii eHeprii
€JICKTPOHIB, CTaHIAPTHI XapaKTEePUCTHKU EHEPTisl eJEeKTPOHIB HE MOXYThb OYTH BH3HAUCHi 3a JOIMOMOTOI0 EeMITIPHYHUX
CHIBBiTHOIIEHB, TPEACTABICHUX B MIXKHAPOTHHUX CTAHIAPTAX.

Knrouosi cnosa: mooenosanns 3a memodom Monme-Kapno, 00uuciioganvHi excnepumenmu, MoOemo8ants po3noodiny enepeii
nyuKa, po3nooin 2ubuHHUX 003, 00podKa padiayicero.

Tomyuennsle 3HadeHHs Hanboiee BEPOATHOM IHEPTUH HIEKTPOHOB B IMyYKE M IPAKTHUECKOTO Tpodera 3NIEKTPOHOB OBLIH
COMOCTAaBICHBl C 3HAYEHWSMH, PACCUNTAHHBIMH 10 (OpPMyJIaM, TNPEIOKEHHBIM B MEXIYyHapOAHBIX CTaHAApTax.
IIpencraBieHsl pe3yabTaThl UCCIIENOBAHNI BIMSHHS pa3dpoca SHEPTHH >IEKTPOHHOTO IMydka Ha paclpeleneHue TITyOHHHOM’
JI03BI ¥ BENMYMHBI MPAKTUYECKOTO MpoOera 3MEKTPOHOB B OOIydaeMOM MaTepHase. BEMHCIHTENbHBIE 3KCIHEPUMEHTHI 110
MOJICIIMPOBAHMIO IHEPreTHYECKUX CIIEKTPOB JJIEKTPOHHOTO Iy4YKa M paCHpeNeNIeHUH 03Bl DJIEKTPOHOB IO IIIyOHMHE B
TIOMUHHMEBOM MHIIEHH TPOBOAWIINCH C HCHOJb30BaHMeM MeTona MonTte-Kapno. IlomyueHHble 3HaueHus Haumbolee
BEPOATHOH 3Heprun E, 31eKTPOHOB M NPAaKTHYECKOTO Mpo0Oera 371eKTPOHOB R, COMOCTaBIEHb! ¢ 3HAYEHUAMHM, PACCUHTAHHBIMH
no ¢GopmynaM MPeANOKXEeHHBIM B MEXIyHAPOJHBIX CTaHJApTaX. 3HaueHHe MPaKTHYECKOro Mpobera 3MeKTpoHOB R, cuibHO
3aBUCHT OT pa3bpoca SHEPTHMH JJIEKTPOHHOIO My4Ka, JaXke B TOM Cllydae, KOrja 3HauyeHue Hanbosee BepoATHOH sHepruu E,
SNIEKTPOHOB B ITydKe HE M3MEHsSeTCs. Pe3ynbTaTsl KOMITBIOTEPHBIX JKCIIEPUMEHTOB IOKa3bIBAIOT, YTO B CIIydae OONBIIOrO
pa3bpoca PHEPrUM >JIEKTPOHOB B IyYKe M HAIMYMSA ACHMMETPHH B PACIpeleleHHN SHEPIHU 3JIEKTPOHOB, CTaHIAPTHEIE
XapaKTePUCTHKU DHEPTHS JIIEKTPOHOB HE MOTYT OBITh ONpeJeleHbl C MOMOINBI0 3MIHMPHYECKHX COOTHOIIEHHH,
MPE/ICTAaBICHHBIX B MEXIyHaPOIHBIX CTaHJApTaX.

Knrwouesvie cnosa: mooenuposarue memooom Monme-Kapno, eviuuciumenvuvle 9KCnepuMeHmbl, MOOEIUPOBAHUE
pacnpedeneruil SHepeuU nyyKa, pacnpeoeierue 003vl no 2iyoute, 00padomKa usydeHueMm.

1. Introduction
Electron beam energy spread variation may have some influence on technical and economical
parameters of radiation processing of bulk polymer devices. High energy electron accelerators powered

©Lazurik V.T., Lazurik V.M., Popov G., Zimek Z., 2018
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by magnetron type of RF source are frequently used in radiation sterilization process [1]. Such device
implementation in accelerator may lead to relatively high instability of electron energy and electron
energy spread [2]. As an example, Fig.1 shows spectra of electrons in electron beam accelerator in
Warsaw, Poland [3].

S(E)

1.5 4

0.5 A

6 7 8 9 10 E

Fig. 1. Spectra of electrons s(E)for different accelerator parameters (S, — magnetron RF source average
current: 600 mA; pulse current of electron gun: 400 mA, and respectively: S, — 700 mA; 500 mA, Sz —550 mA;
300 mA)

Day-to-day reproducibility of electron energy and energy spread may be deteriorated by several
different reasons like bad quality exploitation, influence of outside temperature on accelerator
parameters, weak or bad quality components responsible for electron accelerating process. It should be
also noticed that electron beam energy spread is not currently measured in radiation facilities.

The variation of electron energy spread in sterilization facility was investigated with application of
computational method for determination of e-beam energy on the base of two-parametric fitting depth
dose distribution curve [4.5]. Method can effectively consider electron energy spread value influence on
experimental data obtained by the use of aluminum wedge with a continuous polymer strip of dosimetry
film [6]. The total effect corresponds to energy losses in accelerator output window, distance between
window and irradiated material surface and initial energy spread of electron beam. The e-beam energy
losses due to window and air presence are constant for certain electron energy level and specific
geometry of irradiation zone. Those energy losses can be estimated on the base of existing literature
data [7]. Therefore initial e-beam energy spread and its variation can be evaluated by processing the
depth dose distribution data connected to R, (practical range) measurements by two-parametric fitting
method. The practical range R, is defined as the depth where extrapolated straight line plotted through
the steepest section of electron depth dose curve meets the depth. It should be noticed that influence of
electron energy spread on conditions of radiation processing were investigated experimentally long time
ago [2]. The following conclusions were formulated: information about the energy spectrum of electron
beam is necessary for proper general description but it is less essential for the given radiation
installation. The presence of energy spectrum in electron beam can change intensity of the scanned
electron beam, what should be considered by suitable arrangement of a beam scanning device.

Paper objective is related to investigating the influence of e-beam energy spread on the depth
dose distribution within an irradiated product. The following investigation methods have been applied:

o Computational experiments with e-beams of different spectra; selection of mathematical models of
the e-beam spectra and determining the sets of spectrum for performing the numerical
investigations;

e Modeling the depth dose distribution of electron radiation in an aluminum target with Monte-Carlo
method based on detailed physical model covered by RT-Office software [8];

e Processing of computer experiments results with standard methods, that is used in the electron

radiation dosimetry with techniques of dosimetry wedge;
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e Procedures described in “Radiation dosimetry: electron beams with energies between 1 and 50
MeV” [7, 9];

e Comparison results of the computer experiments to identify the characteristics dose distributions
dependency from the model parameters of the e-beam spectra.

2. Models of the energy spread of electrons used in the numerical investigations
The depth dose distribution initiated by e-beam with energy spread in aluminum has been
investigated. Dose distribution can be described by the formula:

E max
D,, (X) = jS(E)-DM (x, E)dE (1)
E min
Where: S(E) - electron beam energy spectrum,
D,, (x) — depth dose distribution of electrons radiation in material M,

D, (X,E)— depth dose distribution in material M irradiated by monoenergetic electron beam with

energy E.

The numerical studies have been performed for which uniform and triangular probabilities of energy
distribution have been used to describe the spectrum of electrons. The spectrum of the model with
uniform distribution of the electron energy has been defined by two parameters: E, (minimum) and
Emax(maximum) value of the energy of electrons within the beam. The spectrum in the model of the
triangular distribution of electron energies has been defined by three parameters: Eni, and Eqx as in the
previous case and E, the most probable value of the electrons energy in the beam. The most probably
energy E, is defined as an energy at which electron energy spectrum curve has the maximum. Physical
guantities with the stochastic nature, such as the electrons spectrum or the angular distribution of the
electrons (the terms of probability theory) have been used for description. For example, when the
electron energy in the beam is a random variable, the energy spread of the electrons (the term in physics
electron spectrum) describes the density function of the random variable probability. Herewith, the
value E, is called the mode of the probability density of a random variable.

The notation S(Enmin, Emax) has been introduced for describing the model spectra of uniform electron
energy distribution. The notation S(Emin, Ep, Emax) has been applied for the triple parameters,
describing the triangle distribution of electron energy spectrum. According to the abovementioned
notations, the expression S(10,10) or S(10,10,10) describes a mono-energetic electron beam with
energy 10 MeV energy in the model of uniform or triangular electron energy distribution in the beam.

As an example, Fig.2 shows electron spectra for uniform and triangular models of the electron
energy distribution in the beam. The dashed curve shows the spectrum of electrons in a symmetrical
pattern of the triangular electron energy distribution. Examples of entries symmetric S(6,8,10) and
asymmetric S(6,10,10) spectra of electrons in the beam can be noticed.

S(E)

0.50 +

Emin Ep Emax

Fig. 2. Models of the electron beam spectrum: uniform and triangular distributions of the electron energy.
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The ratios for the mean value M (&) and variance D?(&) of the random variable & having a
uniform probability distribution:

M(g):(Emm +Emax)/2 (2)
D2(§) = (Emax - Emin)2 /12 @)
For a triangular probability distribution:
M(é:):(Emin+Ep+Emax)/3 (4)
Dz(g) - ((Efim + E; t Eriax)_(Emin ' Ep + Ep ' Ernax + Emin ’ Emax ))/18 (5)

3. Computer experiments

The first series of computer experiments have been performed for studying possibility of calculating
the most probable energy of electrons beam E, with using the value of practical range R, of electrons [7,
9]. The value of practical range R, of the electrons has been determined by measuring the depth dose
distribution results in a standard dosimetry device (aluminum dosimetry wedge). Determining the value
of the most probable electron energy E, in this particular model is out of interest, since the triangle
electron energy distribution of the beam defines its value (Fig. 2).

A set of model spectra of electrons has been selected with different energy spread for performing the
numerical experiments with the fixed (the same) most probable energy of the electrons in the beam
E,= 10 MeV. Fig.3 presents examples of the spectra in this set.

r 1.0

+ 0.8

+ 0.6

1 04

+ 0.2

r T T T 0.0
0 2 4 E. MeV 6 8 10

Fig. 3. Electrons spectra in the model of triangular distribution the electrons energy with different energy spread,
but with fixed the most probably energy of the electrons in the beam (E,=10 MeV)

Table 1.Parameters and integral characteristics of the model distributions of electron energy E in beam.

Name S(a,b,c) M (E) D?(E) o(E)
SO (10,10,10) 10.00 0.000 0.000
s1 (8,10,10) 9.33 0.222 0.471
S2 (7,10,10) 9.00 0.500 0.707
S3 (4,10,10) 8.00 2.000 1.414
S4 (1,10,10) 7.00 4.500 2.121
S5 (6,10,10) 8.67 0.889 0.943
S6 (2,10,10) 7.33 3.556 1.886

Table 1 show the main integrated characteristics of the model spectra of electrons which have been
used for the first series of numerical experiments. The column “Name” contains the Ssymbols spectrum
instance, column “S(a, b, ¢)” model parameters, “M(E)” (mean values), “D?(E)” (dispersion) and

“o (E) ” (variance and standard deviation) of the electron energy distribution within the beam.
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Calculations of depth dose distributions of electron radiation in an aluminum target have been
performed according to Monte Carlo method according to detailed physical model applied at RT-Office
software [8]. Calculations have been performed with mono-energetic electrons beam (energy 10 MeV)
and electron beams with different energy spread, which are shown in Fig. 3 and presented in Table 1.
Some results calculations of the depth dose distributions of electron radiation are shown in Fig. 4.
Irradiation has been performed by mono-energetic electron beam (with energy 10 MeV) and electron
beams with different energy spread (spectra are shown in Fig. 3 with solid lines marked: 2, 3 and 4).

25 4 Dose, kGy

20

15 +

10 4

0

0 05 1 15 2
Depth, g/cm?

Fig. 4.Depth dose distributions in aluminum target irradiated by electron beams with different energy spread.

4. Results calculation and discussion

Fig.5 shows smooth curves, drawn through the middle of the histogram cell, shown at Fig. 4. The
points (open circles) in the middle of the histogram have been selected for the calculation of the
practical range R, of the electrons with the linear approximation method (lines passing through the
points). As it can be seen at Fig. 5 the depth dose distributions are strongly modified for different value
of by electrons energy spread within the beam. To assess the possibility of determination the most
probable energy of electrons E, on the basis of depth dose distribution data in the standard material
(aluminum), the value of practical range R, of electrons and the depth of half dose reduction Rs, have
been identified.

D(x)/D(0)

15 4

0.5

0

05 1 glem? 15 2

Fig. 5. Procedures for determination the practical range R, of the electrons for normalized depth dose
distributions curves.

Fig.5 illustrates procedures for determining the practical range R, of electrons and adequately the
depth of half dose reduction Rg,for normalized depth dose distributions. The data are related to the
energy spread distributions presented above and illustrate the change of practical range R, for selected
cases of the electron beam energy spread value. It can be seen from Fig. 5, that value of practical range

R, of electrons strongly depends on the energy spread of electron beam. It contradicts the statement,
presented in the international reports [7, 9], about a direct correlation between the value of the most
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probable energy of electrons E, and the value of practical range of electrons R,. The value of most
probable energy E, for all spectra presented in Fig. 3 is 10 MeV, but the values of practical range R, of
electrons are significantly different. In respect to that there is a principal question: for which case of the
energy spread the formulas are correct. This question is related to empirical relationships of electron
radiation dosimetry performed by using the aluminum wedge method:

E, =5.09-R, +0.2 )

E, =6.2-R 7)

The results of calculation values of practical range R, of electrons and depth of half-dose reduction

Rso in aluminum irradiated by electron beams of various spectra are shown in Table 2. The values of

most probably energy E*p and average electron beam energy E,:V have been calculated according to the
formulas (6) and (7) respectively.

Table 2. Practical range R, of electrons and depth of the half-dose reduction Rs in aluminum irradiated by
electron beams with different spectra (energy in [MeV], ranges in [cm]). E,=10MeV.

M (E) Rp Rso Ep Ea
SO | 10.00 |201]|1.61 | 10.46 | 9.98
S1 9.33 1.89 | 1.50 | 9.82 9.3
S2 9.00 183|144 | 949 | 893
S3 8.00 1731128 | 9.02 | 7.94
S4 7.00 168 | 1.18 | 8.77 | 7.32
S5 8.67 1.78 | 1.38 | 9.28 | 8.56

S6 7.33 169|122 | 878 | 7.56

Comparison of the most probable energy of electrons E,, for model distributions of electrons energy
E within the beam, with those obtained on basis of the standard depth dose distribution processing

procedures values E; leads to the conclusion, that for asymmetric electron beam spectra, the

recommendations presented in [7, 9] may not be correct. Comparison of the mean energy of
electrons M (E) , for the model of electron energy E distribution within the beam, with those obtained

on the basis of the standard depth dose distribution processing procedure, reveals that values of the
average energy of electrons in the beam E:\V shows their correlation, even for large values of the

relative standard deviations of the energy of electrons.

The conclusion formulated on the base of results obtained from series of computer experiments,
allows supposing that development of scientific bases and formation the recommendations on dosimetry
of electron radiation in the international reports have been performed using the model of energy
distributions of electrons with a small asymmetry. The high-power electron beams in practice have
widely and significantly asymmetrical energy distribution of electrons. Therefore first series of
computer experiments have been performed with the maximum asymmetric model distribution of
electron energy in the beam.

The second series of computer experiments has been devoted to study the influence of asymmetry of
electron beam energy spread on the depth dose distributions. At the same time, it has been considered
that the main changes in depth dose distribution are associated with change the value of average energy
of electrons within the beam having an energy spread.

Fig. 6 shows an example of a set of model spectra of electrons with a fixed value of the average
energy M (E) = 8 MeV, but different with symmetry (curves 1 and 2) and asymmetric (curve 3) spread

of energy relative to the average energy of the electrons.

Table 3 presents the main integrated characteristics of the model spectra of electrons that have been
used for second series of numerical experiments. It contains the integral characteristics of electron
spectra which correspond to the description given in Table 1.
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S(E)
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Fig. 6. The spectra of the electron beams with an average energy M (E) = 8 MeV. Curves 1 and 2 are
symmetric; curve 3 is asymmetric (energy spread of electrons, regarding average value of the electron energy).

Table 3. Parameters and integral characteristics of the model of the electron energy distribution in the beam.

Name S(a,b,c) M (E) D?(E) o(E)
S7 9,9 9.00 0.000 0.000
S2 (7,10,10) 9.00 0.500 0.707
S8 (8,9,10) 9.00 0.167 0.408
S9 (8,10) 9.00 0.333 0.577
S10 (8, 8) 8.00 0.000 0.000
S3 (4,10,10) 8.00 2.000 1.414
S11 (6, 8,10) 8.00 0.667 0.816
S12 (6,10) 8.00 1.333 1.155
S13 7.7 7.00 0.000 0.000
S4 (1,10,10) 7.00 4.500 2.121
S14 (4,7,10) 7.00 15 1.225
S15 (4,10) 7.00 3 1.732

The calculations of depth dose distributions after aluminum target electron irradiation have been
held by Monte Carlo method with application a detailed physical model of RT-Office software [8]. The
calculations have been performed with assumptions related to electron beams with different energy
spread. The electron beam parameters are presented in Table 3. Calculations results of depth dose
distributions of electron radiation in an Al target have been grouped by value of the average energy of
electrons in the beam M (E) . They are shown in Fig. 7.

The values D,, (x) of the depth dose distribution of electron radiation are normalized to maximum

dose D, in the target. The dashed curves are marked as the depth dose distribution in target irradiated

by mono-energetic electron beam (S7, S10, S13).

As it can be seen from Fig. 7, the depth distribution of electron radiation dose depends on dispersion
and asymmetry of the electron beam energy distribution. The results of calculating the values practical
range R, of electrons and the depth of half-dose reduction Rs, in aluminum for the second series of
computer experiments are given in Table 4. The practical range R, of electrons and the depth of half
dose reduction Rsy have been calculated according to the formulas (6) and (7). The values of the most

probable electron energy E; and average energy of electrons within the beam E",, are presented in
Table 4.
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M(E) = 9 MeV.
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M(E) = 8 MeV. M(E) = 7 MeV.

Fig. 7. Depth dose distribution of electron radiation in the aluminum target irradiated by electron beams with
different energy spread and average energy of the electrons M (E)

Table 4. Practical range R, of electrons and depth of the half-dose reduction Rs in aluminum irradiated
by electron beams with different spectra (energy in [MeV], ranges in Al in [cm]).

Name | E, | M(E) | R, | Ry | E; | EL

p p
S7 9.00 9.00 181 | 144 | 9.42 | 8.93
S2 10.00 9.00 1.83 | 1.44 | 9.49 | 8.93
S8 9.00 9.00 181 | 144 | 9.44 | 8.93
S9 -- 9.00 182 | 144 | 9.44 | 8.93
S10 8.00 8.00 161 | 1.26 | 8.38 | 7.81
S3 10.00 8.00 173 | 1.28 | 9.02 | 7.94
S11 8.00 8.00 163 | 1.29 | 851 | 8.00
S12 -- 8.00 167 | 1.26 | 8.72 | 7.81
S13 7.00 7.00 139 | 1.10 | 7.28 | 6.82
S4 10.00 7.00 168 | 1.18 | 8.77 | 7.32
S14 7.00 7.00 148 | 1.09 | 7.71 | 6.76
S15 -- 7.00 159 | 1.09 | 8.27 | 6.76

The assumption of symmetry of the electron energy distribution allows establishing a correlation
between the average energy of the electrons in the beam Ea, and a depth of half dose reduction Rs,. The
value Rs, corresponds to the point of intersection of the curves of depth depending on the dose with the
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dashed line shown in the figures. In the case of a large energy spread the presence of asymmetry in
electron energy distribution does not allow determining the average energy of the electrons in the beam,
using empirical formulas recommended in the international standards [7, 9]. To assess accuracy of

empirical dependence of the average energy E of electron beam calculated with the half depth dose
reduction Rs, range (equation (7)), one should take into account results of calculating the average
energy Ea, of electron beam with approximation proposed in [4]:

Ry, (E,,) =0.1691-E,, —0.0965 . (8)

Comparing the data within the columns “E,,,” and “ E,, ” allows estimating the errors of empirical

dependences of the average energy of electron beam on the depth of half dose reduction. The value
<4% can be achieved on the basis of estimates of the error of empirical formula which can be seen in
Table 5.

Table 5.Evaluation of the results of errors according to computer experiments.

Name M(E) E:\V EL Ap Ag
S7 9.00 8.93 9.09 0.16 0.07
S2 9.00 8.93 9.09 0.16 0.07
S8 9.00 8.93 9.09 0.16 0.07
S9 9.00 8.93 9.09 0.16 0.07
S10 8.00 7.81 8.02 0.21 0.19
S3 8.00 7.94 8.14 0.2 0.06
S11 8.00 8.00 8.20 0.2 0
S12 8.00 7.81 8.02 0.21 0.19
S13 7.00 6.82 7.08 0.26 0.18
S4 7.00 7.32 7.55 0.23 -0.32
S14 7.00 6.76 7.02 0.26 0.24
S15 7.00 6.76 7.02 0.26 0.24

*

A —distinction values of energy calculated with different empirical formulas A, =E,, —E,,

A —distinction values of energy calculated with standard empirical formula from the average value of
energy in the spectrumA, = M (E) - E,

Av !

5. Conclusions

The depth dose distribution can vary greatly with changing the energy spread of electrons within a
beam. The value of a practical range R, of electrons strongly depends on the energy spread of the
electron beam, even in the cases when the value of the most probable energy of the electrons in the
beam E, is unchanged. This contradiction result of computer experiments was revealed on the base of
the international technical reports for standards of electron radiation dosimetry based on measurements
of depth dose distributions with wedge or stack. The possible explanation of arisen contradictions is
proposed according to the results of numerical studies in the first part of this paper. We suggest that the
conclusions presented in [7] are based on the investigated cases where electron beams are characterized
by a small asymmetric energy spread distribution.

The series of computer experiments on identifying the influence of energy spread asymmetry of
electron beam on the depth dose distribution have been planned and performed. The results of computer
experiments show that in the case of a large energy spread, the presence of asymmetry in electron
energy distribution does not allow determining properly the energy of electrons by empirical formulas
recommended in the technical reports [7, 9].
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The exact minimization of total weighted completion time in the preemptive
scheduling problem by subsequent length-equal job importance growth

V. V. Romanuke
Polish Naval Academy, Poland
romanukevadimv@gmail.com

For the preemptive scheduling problem in case of subsequent job importance growth, it is studied whether the optimal schedule
might be found faster within an exact model. It is ascertained that when the number of jobs up to six (except for the case of
four jobs) and there is no randomness in problem forming, a little advantage of weight-descending job order exists only on
average. As the number of jobs increases, the advantage of either weight-descending or weight-ascending job order becomes
more certain. When priority weights are formed randomly, weight-descending job order is expected to be faster than weight-
ascending.

Key words: optimal schedule, job order, preemption, total weighted completion time, exact solution, computation time gain.

Teopist po3KIagiB € BAXIUBOIO Taly33l0 MPHUKIATHOI MaTeMaTHKHU, CIIPSIMOBAHOIO HA OpraHi3amilo 0araToeTamHHUX MPOLECiB
KOMITOHYBaHHS, BAPOOHUITBA, OyIIBHULTBA, TUCTIETUYEpU3allii, o0uncieHs Tomo. OAHUM 3 TOJOBHUX KPHUTEPIiB € MiHIMIi3amis
3arajbHOTO 3BaXKEHOTO 4acy 3aBeplleHHs. ICHye Kiac 3ajad IUIaHyBaHHS 3 NMEPEMHKAaHHSMH, y SKAX BHKOHAHHS OJHOTO
3aBIaHHs MO)ke OyTH IepepBaHO HAa KOPHUCTh BUKOHAHHS IHIIOTO 3aBJaHHs. Y IBOMY KJaci iCHye miIkiac 3ajiad, y sSKOMY
3HAUYIIICTh HACTYIHHX 3aBJaHb 3pocTae. Taki 3amadi IUIaHYBaHHS BUHUKAIOTh y CHCTEMax, YMH PO3BUTOK CTa€ OibLI
CKJIQTHMM Pa3oM 31 3pOCTalOYNMH BHTPATaMH JUIS MATPUMKH IIbOTO PO3BUTKY. Ko KibKiCTh 3aBIaHb csra€e KiJIbKOX COTEHb,
Taki 3aJadi MOXKYTh PO3B’S3yBaTHCA 3a JOINOMOTOI0 EBPHUCTHK. AJie 3HaXOMKEHHS TOYHOTO MiHIMaJbHOTO 3arajibHOTO
3BaKEHOTO Yacy 3aBEPIICHHS € IIJIKOM MOXKIMBUM JUTA BUITAIKIB 3 KUTPKOMa 3aBIaHHAMH, X04a 1€ 1 ToTpedye 3HAYHO TOBIINX
oburcieHp. OMHAK, OCKUTBKH €BPUCTUKU MOXYTh JAaTH JIMIIE HAaOIMKEHI pO3KIAAN, TOYHI PO3KIAIN A KOPOTKOCTPOKOBUX
3a1ad IUTaHYBAaHHA BCe LI TPEACTABIAIOTH iHTepec. TOMy METOI0 € 3’4CyBaTH, UM ONTHMAIBHUHA PO3KIAA Mir Ou OyTH
3HAMJCHNH MBHUNIE y paMKaxXx TOYHOI MoJeii. BcTaHOBMIOETHCS, IO 3a YMCIa 3aBJaHb JIO IIECTH, Oe3 BUITQJAKOBOCTEH Y
(dopMyBaHHI 3a7adi, 32 BUKJIIOUCHHSIM BHUIIAJKY 3 YOTHPMa 3aBJaHHIMH, cilabka mepeBara MopsIKy 3aBIaHb 3i CIIaJarouyiMu
BaraMy iCHye JIMIIIe Y CepeAHbOMY. 31 3pOCTaHHAM KITBKOCTI 3aBIaHb IepeBara IMopsIKy 3aBlaHb a0 3i CllalaloYlMK Baramy,
abo 3i 3pocTalouMMK Baramu ctae Oinbin 4iTkoro. Konm Baru mpiopurteTiB copMOBaHI BHIAIKOBO, OUYIKYETHCS, IO came
HOPSITIOK 3aBAaHb 31 CIIaJal0YUMH BaraMu OyJie MIBUIIINM.

Knwwuosi crosa: onmumanvhuil po3kiad, nopsiook 3a60aHb, NePeMUKAHHS, 3A2AbHULL 36AXCEHUL YAC 3A8EPUICHHS, MOYHUL
PO36 30K, guepaul y 4aci 0O4UCIeHHs.

B 3amaue mnaHnpoBaHus ¢ HepEeKITIOYEHUSAME IIPH BO3PACTAHUU 3HAYNMOCTH MOCIEAYIONINX 3aAaHIN H3ydaeTcs BOIPOC O TOM,
MOJKET JIM ONTHMAJIbHOE pachucaHue ObITh HaliIeHO ObICTpee B MpejeNax TOYHOH MOJENH. Y CTaHABIMBACTCS, YTO C UHCIOM
3aJaHui 10 mecTH, 0e3 ciaydaifHocTel B (OPMUPOBAHHH 3aadH, 32 UCKIIOYEHHEM CITydas ¢ YeTBIPbMS 33aJaHHsAMH, c1aboe
MPENMYINECTBO MOPSAAKA 3aJaHUi ¢ yOBIBAIOIIMMH BECaMM CYIIECTBYET TONBKO B cpegHeM. C Bo3pacTaHMEM KOJIHYECTBA
3aJaHuil MPEUMYIIECTBO MOpsKa 3aJaHui MO0 ¢ YOBIBAaIOIIMMHU BecaMH, JHOO C BO3PACTAIOIIMMH BecaMH CTagr Ooiiee
yétkuM. Korna Beca mpuoputeToB c(hOPMHUPOBAHBI CIIy4ailHO, OXKUAAETCS, YTO MMEHHO MOPSJOK 3alaHMil ¢ yOBIBAaIOIMMHU
BecaMH OyJieT ObIcTpee, YeM C BO3paCTaIOINMU BeCaMH.

Knroueevle cnosa: onmumanvhoe pacnucarue, I’lOpﬂaOK 3(1()(1Hu1/7, nepexiiodenue, 0614466 B36CUICHHOE 6peMsl 3A6EPUIECHUSL,
moYHoe peweHue, e6blucpovlil 60 6PEMEHU BbIUUCTICHUSL.

The preemptive scheduling problem by subsequent job importance growth
The scheduling theory is a quite important field of applied mathematics helping in organizing
multistep processes of assembling, manufacturing, building, dispatching, computing, etc. [1, 2]. Given a

number N of jobs, where N < N\{l} and each of them has its own importance designated as a weight,

one of main criteria is minimizing the total weighted completion time (TWCT) [2, 3]. There exists a
class of preemptive scheduling problems (PESPs), wherein a job can be interrupted in favor of another
job [3]. A subclass of this class contains problems in which importance of subsequent jobs grows. Such
PESPs arise in systems whose development becomes more complicated along with its growing costs.
When N is of order of hundreds, PESPs can be solved only by using some heuristics [1, 2, 3].
Meanwhile, finding the exact minimal TWCT is surely possible for a few jobs, although it requires
much longer computation time compared to heuristics [3, 4]. However, whereas heuristics may give
only approximate solutions, exact solutions for short-termed scheduling are still a matter of
interest.

© Romanuke V. V., 2018
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An approach to find the exact minimal TWCT by the Boolean linear programming model
Let job n have a processing period (PP) H, (job n is divided into H, equal parts), a release date

(RD) r,, and a priority weight (PW) w,, n =1, N.. Vectors of PPs, PWs, and RDs are
H :[Hn]lw eNY, W :[wn]lm, eN', R= [rﬂ]lxN eN", @
respectively, where r_ is the time moment, at which job n becomes available for processing, and

k
Elnle{l,_N} such that r, =1, 1+ZE’,,>F,(+1 vk=1 N-1 )

by having sorted components of R in ascending order to vector R =[T, ] » Whereupon vector H
becomes respectively sorted after R =[T, [FRLY H :[I—Tn ]1 " The goal is to minimize the TWCT, i. e.

iwne(n; H,) (3)

would be minimal, where job n is completed after moment 8(n; H, ), which is

o(n;H,)efL T} by T:iHn. (4)

Let X, =1 if the h -th part of job n is assigned to time moment t; otherwise, X, =0. The
respective triple-indexed weights are calculated as follows:
Ane =0 by r,—1+h <t<T-H, +h, Vh=LH -1 (5)

to schedule the jobs so that sum

and
Aone =0 by when double inequality in (5) is not true, (6)

N T
where o >0 is a sufficiently great integer (similar to the meaning of infinity), e. g., a = Zant ;
n=l t=1
A‘ant:Wnt by i’“—l+Hn\<\I€_T (7)
and
Ao =0 by when double inequality in (7) is not true. (8)
HH

;
Denote an aggregate of all variables by X :{{{thnt}Nl} } e A, where A is a set of all possible
1

"=h=

aggregates. The factual goal is to find such an aggregate

X*={{{x:m}n“ S } carumind 3" ©)

n=l h,=1 t=1
by constraints which constitute set A (an integer binary lattice):
Xni €{0,1} by n=L N and h =1L H and t=1T, (10)
Znht—l by n=L N and h =1 H_ ZZ =1 by t=1T, (11)
n=l h,=
Zz J+Hx, <H, by n=L'N and t=1T -1. (12)
J=t+l =1

Formulae (1) — (12) is the Boolean linear programming model (BLPM) [4] allowing to find the
optimal job schedule S =[sf]m by s e{l_N} for every t=1,T and its exact minimal TWCT [3]
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p ( N ) = iii}\‘nhﬂtx:hnl (13)

n=l h=1 t=1
for those N jobs. However, problem (9) by the BLPM is NP-hard [1, 2, 4]. It becomes hardly tractable
for a few tens of jobs. So, reducing the BLPM computation time even for a few jobs is very important.

An example of that the job order into the BLPM matters
Consider a PESP by subsequent job importance growth of eight jobs:

H=[H,]..=[2]..,, W=[w,],=[1 3 7 16 33 44 55 67], R=[r

o

=[n]lx8. (14)

Here the total processing time isT =16, and the optimal schedule given by the BLPM (1) — (12) is

*

S=[s],=[1133557 788664422 (15)

The exact minimal TWCT by schedule (15) is 2138. However, this problem might be stated as
H=[H, ], =[2].,, W=[w,],,=[67 55 44 33 16 7 3 1], R=[r,] , =[8-n+1] ,.(16)

Then, obviously, the optimal schedule given by the BLPM (1) — (12) remains the same, that is
S'=[s/], -[6866 442211335577 (17)

giving the exact minimal TWCT of 2138, but it is obtained at least by 25 % faster than schedule (15).
Thus, the job order in the BLPM (which uses the branch-and-bound approach for solving [4]) matters.

The object of studying

Taking into account that the job order in the BLPM may determine the computation time, the
purpose is to study whether the optimal schedule is found faster in the PESP by subsequent length-equal
job importance growth (SLEJIG) when the job order is weight-descending (just like in the example
above). The PP will be set at 2 for simplification. To achieve the goal, the three following tasks are to
be accomplished:

1. To compare computation times of weight-descending job order (WDJO) and weight-ascending
job order (WAJO) for PESPs with trivially increasing PWs and RDs. RDs will be set trivially as

R=[r],y =[n],, forWAJO and R=[r]  =[N-n+1]  for WDJO. (18)

2. To compare computation times of WDJO and WAJO for PESPs by SLEJIG, whose PWs are
formed randomly by definite statistical laws along with (18) and sorted. The comparison will be a ratio

B(N):].OO TAS(N)_TDGS(N) ,
Toes (N)
where 1,,(N) and 1, (N) are averages of computation times for WAJO and WDJO, respectively.

3. To finally conclude on the statistical results and find out regularities/laws, if any, of solving
PESPs by SLEJIG with WDJO/WAJO by the BLPM. Then practical recommendations are to be given.

(19)

PESPs with trivially increasing PWs and RDs
Here, two versions of PESPs with WAJO and WDJO are given as

H =2, r,=n by w =n (WAJO)and r,=N-n+1 by w,=N-n+1 ¥n=1 N (WDJO), (20)
and
H,=2, r,=n by w,=2n-1 (WAJO)
and r=N-n+1 by w,=2N-2n+1 vn=1 N (WDJO), (21)
respectively, for N =2,10. Fig. 1 shows ratio (19) for cases (20) and (21), whence it follows that
WDJO is definitely computed faster for N e{2, 3, 6}. This particular conclusion is confirmed by
disclosing the averages — see Fig. 2, wherein two bunches of ratios (19) for cases (20) and (21)
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obtained separately in the repetitious solutions of the same problem (9) by BLPM (1) — (12) are really
tight, especially when N increases. On average, only PESPs with nine jobs are solved slower by
WDJO than by WAJO.
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Fig. 1. Ratio (19) for cases (20) and (21): on average, PESPs by WDJO are 13.4 % solved faster than by WAJO
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Fig. 2. Two bunches of ratios (19) for cases (20) and (21) obtained separately in the repetitious
solutions of the same problem (9) by BLPM (1) — (12)

Obviously, cases (14) and (16), (20) and (21) do not confirm that PESPs by WDJO are solved faster.
Moreover, Fig. 1 and 2 prove that WAJO by SLEJIG is preferable for 4, 5, 8, 9 jobs by case (20), where
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PWs are the most compact, and for 7, 9, 10 jobs by case (21), where PWs are slightly loose.
Nevertheless, the averaged time-advantage of WDJO is an evidence of that the job order in the BLPM
might be optimized for other cases of PWSs generated by the certain laws (e. g., see [5]).

PESPs whose PWs are formed randomly along with (18) and sorted
Let PWs for WAJO be generated by the following law:

H,o=2, r,=n by w,=w”+yd,, ye{0,1}, W =y(Ng+1) vn=LN

and w’, <w” V1=2,N but 3L.e{2 N} such that w°; <w’, (22)

-

where { is a pseudorandom number drawn from the standard uniform distribution on the open interval
(0;1), function \u(ﬁ) returns the integer part of number &, and

d,=1, d,=3, d =y(d,,+d,+ok), k=3 N by o, =i/8, i=0,8. (23)
PWs for WDJO are generated similarly to (22) by (23):
H,=2, r,=N-n+1 by w,=w" +ydy ..., v€{0,1}, w® =y(Ng+1) vn=L N

1

and w” >w” VI=2,N but HLe{Z,_N} such that w®, >w". (24)

Fig. 3 shows ratio (19) for 10 cases by (22) — (24), whence it follows that WDJO is computed faster
for N e{4,6,10}. It is preferably to use WAJO for PESPs with three jobs. The average computation
time gain by ratio (19) is 15.9 % for PESPs with 10 jobs. This gain is over 28.7 % for PESPs with four
and six jobs. The lowest gain has been revealed for PESPs with five and eight jobs. Moreover,

disadvantage of WDJO has occurred for every studied number of jobs (see Fig. 4). The averaged
advantage of WDJO is nonetheless observed, although it doesn’t grow as the number of jobs increases.

70 T T T T \
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Fig. 3. Ratios (19) for 10 cases by (22) — (24), wherein PESPs with the even number of jobs seem to be better to
be solved by WDJO when using BLPM (1) — (12)
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Fig. 4. Bunches of ratios (19) for 10 cases by (22) — (24) obtained separately in repetitious solutions

Discussion

Even if the plotted polylines suggest that WDJO is computed faster, some of results appear quite
contradictive. For instance, considering only polylines in Fig. 1, the inference about the averaged time-
advantage of WDJO for the even number of jobs is a bit inconsistent. Polylines in Fig. 3 are more
convincing for the case of the even number of jobs, although the case with eight jobs just falls out the
mentioned inference. After all, during a single repetition of the problem solving, a negative ratio (19) is
not excluded for case (22) — (24), where monotonic PWs are nonetheless formed randomly. So, on
average for randomly monotonic PWs, it is better to solve PESP by SLEJIG by the BLPM with WDJO.
However, a small possibility of a slower solution (compared to WAJO) still exists.

Cases (20) and (21), which do not contain any random parameters, show us in Fig. 2 that an assured
conclusion on WDJO/WAJO advantage must be made for PESPs with six to ten jobs. Indeed, those
polylines in Fig. 2 become more “stable” as the number of jobs increases up from 5. Thus, it is faster to
solve PESPs with WDJO for 6, 7, 10 jobs in PESP (20), and 6 and 8 jobs in PESP (21). Conversely,
PESPs with WAJO for 8 and 9 jobs in PESP (20), and 7, 9, 10 jobs in PESP (21) are solved faster. Note
that this time-advantage of WDJO/WAJO here is not averaged. A similar conclusion on 5 and 4 jobs,
and especially for 3 and 2 jobs, is not possible. Even by implying “on average”, only the case with 4
jobs is consistent: PESPs (20) and (21) are solved faster by WAJO and WDJO, respectively.

Conclusion, practical recommendations, and a further research outlook

WDJO is not definitely better (i. e., faster) than WAJO. For PESPs without randomness with the
number of jobs up to six, except for the case of four jobs, a small advantage of WDJO exists only on
average. As the number of jobs increases, the advantage of either WDJO or WAJO becomes more
certain. For PESPs by SLEJIG which do not have such “regular” PWs, WDJO is expected to be faster
than WAJO. However, this averaged time-advantage of WDJO is not truly reliable for all cases (like
reliability of just cases with 4, 6, 10 jobs by Fig. 3).

Solving PESPs by SLEJIG with WDJO/WAJO by the BLPM does not have a statistical law of the
averaged time-advantage of WDJO or WAJO, which (i. e., the law) could be described in general. To
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obtain the gain in computation time, it is recommended to study statistics as per Fig. 1 — 4 before using
either WDJO or WAJO. A further research outlook will be focused on WDJO/WAJO in heuristics.
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