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Y emammi posenamymo ocnoeni emanu no6yoosu ma O00CHiONCEHHs MAPKOBCLKUX Mooenell QynKyionanbhoi be3nexu
ingpopmayitino-ynpasnsarouoi cucmemu (I¥C) na ocnosi camoodiaenocmosanoi npoepamosanoi niameopmu (CAIII). Muoocumny
cmanie mooeneti ompuMano Ha niocmasi nobyoosu i ananizy oepeea GiOM08, WO GKIIOYAC BUSGIEHI | HeUsGIeHl 8i0MO8U
anapamnux xkananie 1VC. Ha niocmasi 3anpononosanoeo nioxody ompumani mooeni 1VC @ pescumi nopmanvhoi excniyamayii,
Wo 8paxosyOmy pisHi pigni JiazHOCMYBaHHs. 3aCmMOoCy8ants Mooeneti 003601UN0 GUSHAYUINU MediCi 00nacmell mpemvo2o pieHsl
nogromu 6e3nexu (SIL3) IVC 6 0s0sumipromy npocmopi 3minu 6XiOnux napamempie i 4acy exchiyamayii cucmemu.

Knwowuosi cnoga: inopmayivino-ynpasnaiova cucmema, Qynkyionanoha 0Oes3nexka, MapKoO8CbKa MoOenb, pieeHb
nognomu besnexu.

WNudopmanmonno-ynpasisitomue cuctemMbl (MYC) KpuTHYECKHX OOBEKTOB, KOTOpPHIE BBITIOIHSIIOT
(YHKIMK, BakHbIE Uil OE30IIaCHOCTH KPUTHYECKUX OOBEKTOB, OLIEHMBAIOTCS C MO3UIMHA (DYHKIMOHAIHHOU
6e3omacHocTd. DyHKIMOHATIbHAS 0€30MACHOCTh 3aBUCHT OT MPABUILHOTO (DYHKIMOHUPOBAHHS AJIEKTPUUECKHX,
QJIEKTPOHHBIX W mporpamMMmupyembix anekTpoHHbix (E/E/PE) cucteMm, CcBs3aHHBIX ¢ 0€30MacHOCTHIO
TEXHOJIOTUYECKHX CHCTEM U O0O0OpYyAOBaHMS Uil CHIDKEHHS BHemHero pucka [1]. IlpuHnunel ananmza
(yHKIIMOHANBHON 0€30MacCHOCTH U3JIOKEHBI B [2].

OnennBanue (GpyHKIMOHAIBFHOM 0€30MacHOCTH — ATO ONpeesieHne IT0Ka3aTeNns YPOBHS pUCKa B 00IacTH
Oe3omacHocTH. Ero 3HaueHWe SBISETCS KOMITO3UIMEH BEPOSTHOCTH ONACHBIX CUTYallMd Ha IPOHM3BOJICTBE U
TSHDKECTH BCEX IIOCIIENCTBHH, KOTOPbIE MOI'YT BO3HHUKHYTH 3a BpeMsl dkciuryatanuu. Ocoboe MecTo 3aHuMaer
oleHKa (hYHKIIMOHAJIBHOW 0€30MaCHOCTH JUIsl CHCTEM aBapHUHOW 3aIlIUTHl PEaKTOPHBIX YCTaHOBOK.

Mopnenu oneHuBaHus (HYHKIMOHAIBHOM O€30IIaCHOCTH JIETaIbHO PacCMOTPEHBI B 6 yactu crannapra [EC-
61508 [3]. B aTOM mOKyMEHTE NpEACTaBJICHBI MPUMEPhI MOJENEH: OJIOK-CXeMbl HAJCKHOCTH, IepPeBa OTKA30B,
MapkoBckue U MynabTH(dasHble, cetr [lerpu 1 MonTe-Kapiio, ¢popManbHbIX sS3bIKOB. Takke, B TAaHHOM CTaHIApTe
OTMEUYEHO, YTO NPUBECHHBIE MOJEIH SBJISIOTCS JIUIIb PUMEPAMH ISl TOCTPOSHUSI MOZIENEH PEeabHBIX CUCTEM.
Tak, B pabortax [4; 5] aHATM3UPYIOTCS MOJEIN (PYHKIMOHATIHHON OC30MAaCHOCTH CHCTEM YIPABICHUS SICPHBIMU
peaKkTopaMu M CEHCOPHBIX CUCTEM 3aIUTHI C YYETOM UX OrpaHMYCHUH W YCIOBUH (QyHKIMoHUpoBaHMs. [loaTomy
B JIaHHOH paboTe pPacCMOTPEHO IOCTPOCHHUE MAapKOBCKUX Mopenel Oe3omacHoctn MYC CA3 B pexume
HOPMAaJIBHOM SKCIUTyaTallid W HCCIIENOBAHO BIMSHHUE BXOJHBIX IapaMETPOB MOJENIW Ha 3HAYEHHE ITOKa3aTels
(yHKIIMOHATBHON O€30MacCHOCTH.

AHanu3 ycjaoBuii (PYHKIMOHHMPOBAHUSI CHCTEM ABAPHIHON 3alIUTBI B PpeKUMe HOPMAJIbHOM
IKCIITyaTanuu. AHanu3 QyHKIMOHAIBHOW OE30IaCHOCTH CUCTEMBI aBAPUIHHON 3aIUTHI SBIISETCS 00s3aTEIIbHBIM
npu npoekTupoBaHuu Onoka. Cucrema aBapuiiHO# 3ammtel (CA3) peaktopa sBisieTcss OJHOM M3 HauOolee
Ba)KHBIX CHCTEM 0€30MaCHOCTH M OT €€ HaJeKHOCTH BO MHOTOM 3aBHCHUT O€30ITaCHOCTh PEAKTOPHOW YCTAHOBKH B
nenoM. CA3 peakropa BKIIOYAET B CE0sI AIEKTPUUECKYIO M MEXaHUYECKYIO YaCTH.

MexaHuueckasi 4acTb OpraHa peryjJupoBaHMsl cucTeMbl ympasieHus 3amuroid (OP CVY3) cocrout us
Pa3IMYHOTO YKCIIa NPUBOAOB C TOIJIOMIAIOMIMMH CTEPXKHAMHU (Uit coBpeMeHHBIX OnokoB — 121 OP CVY3, Ha
nercTByromux Oiokax — 61, 89, 103 u np.) a Taxke ammaparypbl KOHTpossi HedtponHoro notoka (AKHID),
CHCTEMBI TIPYIIIOBOro W WHAMBHAYyalbHOro ynpasnenus (CI'MY), aBromarnzupoBaHHbIX padbounx mect (APM),
perynsaTopoB orpanuueHust MmorHoctd (POM) u cuctem snekrponutanus [6,7].

Otkassl B CA3 BO3HHMKAIOT 107 BO3JIEHCTBHEM pa3zHOOOpa3HbIX (pakTopoB. ITockonbKy Kaxplil (hakTop B
CBOIO OYepeb 3aBUCUT OT MHOTHX IPHYHH, TO OTKa3bl HIIEMEHTOB, BXOJSIIUX B COCTAB CHCTEMBI, OTHOCSTCS, KaK
MIPaBUIIO, K CIy4aiiHBIM COOBITHSIM, a BpeMsi paOOTHI 10 BOSHUKHOBEHHUSI OTKAa30B — K CIIyYailHBIM BEJIMUMHAM.

Cucrembl aBapuiHOW 3alUTHI MOTYT OBITh PEATN30BaHBl HAa OCHOBE IUIATQOPM C HCIOIB30BAHUEM
nporpaMMupyeMbix Jstormdeckux uHterpaibHbix cxem (ITJIMC). OcHoBHOe BHUMaHWE B Takux IuaTdopmax
JIOJDKHO OBITh YIEJIEHO CaMOIMarHOCTUPOBAHUIO ISl OTNPEENICHNs] ONACHBIX U 0€30MaCHBIX OTKa30B CHCTEMBI.

AHanu3 OTKa30B BHINOJHAETCS METOAAaMHU cOopa W uccieqoBaHus MH(POPMAlUH 00 OTKa3aX CHCTEMBI B
LIEJIOM, JIHOO AIIEMEHTOB CHCTEMBI. BOJIBIIMHCTBO METOJIOB OCHOBBHIBAETCS Ha NPOBEIEHUU OMPOCOB JKCIEPTOB,
MIPUMEHEHUH YHCJIEHHBIX METO/OB, JKCIIEPUMEHTANbHBIX MHCCIEIOBAHHUAX, METOJAaX TEOPUU BEPOSATHOCTH U
MaTeMaTU4eCKON CTaTUCTUKH [7].

Pe3ynpraToM Takoro aHanmmza MOXeET OBITH IMOCTpoeHHE jepeBa orkazoB CA3, a Kak CleiCTBHE,
MapKOBCKOH MOJIENI COCTOSIHUI cucTeMbl. CTpYKTypHasi cXxeMa HaJeKHOCTH, YYUTBHIBAIOIIAs Ma)KOPUTAPHBIN
KOHTpPOJIb NpeCTaBlIeHa Ha puc. 1.

OcHoOBHBbIE [IONMYIEHUST MAPKOBCKHX Mojejeid HHQOPMANHOHHO-YNPABJSIONIEHl CHCTEMBI.
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Paccmorpum pabory UYC, xoropas siBiusiercss 4yacteio CA3 B pexume HOpMaibHOW Skcrutyatanmu. Ilop
HOpPMaJIbHOM  3KcIUTyaTammed  (normal — operation) TMOHMMAaeTCs — DKCIUTyaTallis B YCTAHOBJICHHBIX
9KCILTYaTal[MOHHBIX mpenenax u yciaoBusx. MY C BkiIrouaeT Tpu HE3aBUCHMBIX allapaTHBIX KaHaua, KaXKIbli U3
KOTOpBIX JMAarHOCTHPYETCsS Ha HAJIWYMe OMAacHBIX OTKAa30B CHUCTEMOH KOHTpossi. PaccmarpuBaemas cuctema
(YHKIIMOHUPYET B PEXHMME C HHU3KOW YacTOTOH 3ampocoB K (yHKIMsAM Oe3zomacHOCTH. COOTBETCTBEHHO, IS
OIIEHKU (DYHKIMOHANBHON 0e30MacHOCTH He0OXOINMO UCIIONB30BaTh MoKazaTenb PFD,,, — cpenneit BeposTHOCTH
onacHoro otka3a @b o 3anpocy.

CucreMa KOHTpOJsl xapakTepusyetcsi mapamerpom DC — oxBaT auarHoctukod. B ormuume oT Mojenew,
Npe/CTaBieHHbIX B [3; 5], B paccMarpuBaeMod CHCTEME KOHTPOJb BBITIONHSIECTCS HENpephIBHO (a He
MIEPHO/INYECKH) U BBISBJICHHBIE OTKa3bl YCTPAHSIOTCSI HEMEIJIEHHO Tociie oOHapy:keHusl. OcTalbHbIe JOITYIIEHUs
TIPY TIOCTPOCHHH MOJIEIH CIIETYIOIINE:

— COOBITHSI OTKAa30B M BOCCTAHOBJICHHH aIlllapaTHBIX KaHAJIOB COCTABJSIFOT TPOCTEUIINE ITOTOKH
(cranmoHapHble, OpAWHAPHBIE U 0€3 MOCIENeHCTBYS), C MOCTOSHHBIMU apaMeTpaMu A (HHTEHCUBHOCTh OTKa30B)
U | (MHTEHCHBHOCTH BOCCTaHOBJICHHUS);

— B CHCTEME HCIIOJIB3YIOTCS WICHTUYHBIE allllapaTHbIE KaHAJIbI C OMHAKOBEIMU HHTEHCHBHOCTSMH OTKa30B;

— MHTEHCHBHOCTh OTKa30B Ma)KOPHTAPHOTO OpraHa M CHCTEMBI KOHTPOJS NPEHEOPEKHUTENHHO Mana U B
paccMaTpuBaeMOi MOJIENN 3TH CHCTEMBI ITPUHSTHI a0COIIOTHO HaJICKHBIMU;

— B MOJENH PAacCMaTPUBAIOTCS TOJBKO ONACHBbIE OTKa3bl ammapaTtHeiXx kaHaioB MYC, MHTEHCHBHOCTH
OTKa30B KOTOPBIX PacCUUTHIBACTC Kak Ap = 0.5%A [3];

— IOJIsT OTKa30B IO OOIIeH NpUYMHE NPEHEOPEKHUTENFHO Mala, MMOTOMY B JAHHOW MOJENH OHHU He
paccMatpuBarores [2];

— P JAWArHOCTUPOBAHWHM YaCTh OIACHBIX OTKAa30B BBISBIISETCS, COOTBETCTBEHHO WHTEHCHBHOCTD
OOHapY)KEHHBIX OIACHBIX OTKa30B App = Ap*DC, a HWHTEHCUBHOCTh HEOOHApPYKEHHBIX ONACHBIX OTKa30B
Apu = Ap*(1-DC);

— B IIPEAJIOKEHHOW MOJIENN HE paCCMaTPUBAIOTCS OTKA3bl POIPAMMHBIX CPEJICTB.

IHocTpoenne MmuokecTBa cocTossHUi Monesieit MY C CA3. Kaxnapiit anmapaTHBIN KaHaJI MOAETH MOXKET
HaXOJIUTHCS B OJJHOM U3 TPEX COCTOSHHIA:

— paboTocmocobHoE;

— TIPOSIBIICHUE OITACHOT'O OTKa3a, BBISIBICHHOT'O CUCTEMOI KOHTpOJIs (0OHAPY)KEHHBIN OMAaCHBIN 0TKa3);

— MPOSIBJICHHE OMACHOTO OTKa3a, HEBBISIBJICHHOI'O CUCTEMOW KOHTPOJIsI (HEOOHAPY)KEHHBIH OMACHBIA OTKa3).

[Mpumeyanue: Tak Kak B JAHHOW CHCTEME PEMOHT IPOU3BOIMTCS Cpasy e IOcie IMPOSBICHUS SIBHOTO
0TKa3a, TO COCTOSTHHE PEMOHTa HE pacCMaTPUBAETCS, & MOJIEIIMPYETCsl BO3BPAT B pab0OTOCIIOCOOHOE COCTOSIHHE C
WHTEHCUBHOCTBIO L.

Ha puc. 6 mpezacrasieHo aepero otkazoB MYC, mpu 3TOM UCMONb30BaHa rpaduueckas HoTamus (+, —, X)
JUIE OTOOpa)KeHHs COOTBETCTBEHHBIX COCTOSHHI: pabOTOCIIOCOOHOr0, OOHAPY)KEHHOTO ONAcHOr0 OTKa3a M
HEeoOHapy)XKEHHOT'0 OMACHOT0 OTKa3a.

Hcxonst u3 crenu@uKanyyd CUCTEMBI, OJHO U3 COCTOSHUM — COCTOSIHHE C TpeMsi OOHapyXEHHBIMH
OITaCHBIMHU KaHallaMH, SIBJISIETCS aOCTPAKTHBIM, TaK KakK IOCIe OOHApYXKEHHUsS JIBYX OIIACHBIX OTKAa30B CHCTEMa

OCTaHaBJIMBACTCA 10 BBIXOJAd U3 PEMOHTA OAHOI'O M3 HUX.
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Puc.1. Ctpyktypnas cxema Hagexunoctdu UYC CA3 B pexume
HOpMaJIbHOW IKCIUTyaTalluu Puc. 2. lepeBo orkazos UYC

Pazmeuennsiit rpad (oprpad) momenu ¢dynkumonupoBanus MYC B yCIOBHSX NpOSBICHUS ONACHBIX
OTKa30B IIpe/CTaBiieH Ha puc. 3. [laHHBIN rpad MOCTPOEH MO KIACCHYECKOMY MOAXOAY, omucaHHomy B [3] u
COJIEPIKUT TOTJIOUIAIONIEE COCTOSIHAE C HEOOHAPY)KEHHBIMHU OIACHBIMHU OTKa3aMH Sg. B kilaccuueckoit mozenu He
MIPEyCMOTPEH BBIXOJ U3 COCTOSHUS HEOOHApY)KEHHOTO OMAaCHOrO OTKa3za 0e3 MpPOBEAEHHS JOIOIHUTEIBHBIX
MEpONpUATHI (HarpuMep, IEPUOANIECKUX TPOPUIAKTHK ¢ MOBbImeHHBIM DC).
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3Ap(1-DC) 2hp(1-DC) __ %(1-DO) s 3Ap(1-DC) 2p(1-DC) __ %(1-DO)

Puc. 3. Pa3meueHHbIi rpad}y&ouenn ¢dynxumonuposanus UYC CA3 Puc.4. Pzigmeqeﬁnuﬁ rpa(_’[;;louenn ¢dynxumonuposanus 1Y C CA3

¢ rorJiomar MM cocrossHusamu (M®b1) 6e3 moronatonmx cocrosuuit (MPB2)

Hcxonst n3 noruku (GyHKIIMOHUPOBAHUS CUCTEMBI KOHTPOJISI M MaKOPUTAPHOTO OpTaHa, COIEPIKHT:

a) paboTOCIIOCOOHBIE COCTOSIHUS: Sy (BCE KaHaJbl MCIPaBHBI), S; (B OXHOM W3 KAaHAJIOB MPOSBUICS U
O0OHapy>KEH OITacHbIH 0TKa3) U S; (B OJJHOM M3 KaHAJIOB ITPOSIBUIICS, HO HE OOHAPY)KEH ONACHBIN OTKa3);

0) HepabOTOCIIOCOOHBIE COCTOSHUS: S, (B IBYX KaHAJIAX MPOSIBHINCH U OOHAPYKEHBI OMTACHBIE OTKA3bl), Sy
(B OMHOM W3 KaHAJIOB TPOSIBWICS M OOHapy)KEH OMACHBIA OTKa3, B JPYroM — IPOSBUICS, HO He OOHapyXeH
OIIaCHBIN OTKa3) U Ss (B ABYX KaHaIax MPOSBUINCH U OOHAPYKEHBI OMACHBIE OTKA3bl, B TPETHEM MPOSIBUIICS, HO HE
O0OHapYKEH OIacCHbIH O0TKa3);

B) COCTOSIHMSI C HEOOHApy)KEHHBIMH OINACHBIMH OTKa3aMH, KOTOpbI€ HECIIOCOOEH NaphpOBaTh
Ma)KOpUTapHBIN opraH: S¢ (B ABYX KaHaJlaX MPOSBHIIKCH, HO HE OOHApPYKEHBI OIACHBIE OTKa3bl), S; (B OJJHOM U3
KaHaJIOB ITPOSIBUJICS M OOHApYXXEH OIAacHBIA OTKa3, B JBYX KaHajax IPOSBHJIMCh, HO HE OOHAPYKEHBI OITacHbIE
OTKa3bl), Sg (B TpeX KaHAJIaX MPOSBIIIMCH, HO HE OOHAPY)KEHBI OMACHBIE OTKA3bI).

[locne oOHapyxeHHs TpPOSBIICHUS OINACHOTO OTKa3a, HepabOTOCHOCOOHBIM KaHaJl OTKIIOYAeTCs |
BOCCTaHABJIMBAETCSI C MHTEHCUBHOCTBIO lp,, 3TO MOJIETIMPYETCS COOTBETCTBYIOIUMMHU NepexofnaMu S;—Sy, Sr—Sy,
S;—8S;, Ss—S4, S;—Ss. Ilokazatens PFDavg onpenensiercst kak:

PFD,,, =1-Py(t) Py (t)~Py (1) (1)

[IpakThka HCMOIB30BaHHUS pAacCMaTpUBAEMBIX cUcTeM [4] IOKa3bIBaeT, YTO anmapaTtHblii KaHal C
MPOSIBUBIINMCS HEOOHApY)KEHHBIM ONAcHBIM JAe(EeKTOM IPOJODKAET HCHONIB30BaThes. B mporecce ero
UCIIOJIb30BAHMSI BEPOSITHO TPOSIBJICHUE JPYTUX JE(EKTOB, KOTOPHIE MOTYT OBITh BBISIBJIEHBI CUCTEMOIN KOHTPOJIS.
CootBerctBeHHo, Y C, mocine mposiBiieHHs: HEOOHAPY)KEHHOT0 OIACHOTO OTKa3a W MOCIEAYIOMIETO MPOSBICHUS
HOBOrO AedexTa (00Hapy)KEHHOT0 OMACHOTO OTKAa3a) MOXKET IEPEHTH B COCTOSTHUE PEMOHTA KaHaa.

IIpu »>TOM, B XOHE BOCCTAaHOBUTENBHBIX OIEpalnuii TPOBOMUTCS IIOJHAs IUACHOCTHKA KaHaja C
yCTpaHEeHHEM BceX (OOHAPY)KEHHBIX U HEOOHAPY)KEHHBIX) 1e(EKTOB.

Taxke 3TO BIMSET Ha JJIMTEIBHOCTH BOCCTAHOBJICHHS, COOTBETCTBEHHO pp=1/(MRT+Tp)<<pp. 3mech
MRT - cpenssist ;yUTeNbHOCTS peMoHTa ogHoro kanana MYC, Tp — IOMONMHUTENBHOE BpeMsl JUarHOCTUPOBAHUS
HEBBLIBIICHHBIX OTKa30B. Pa3MedeHHsbIi rpad Takoil MOJey NpeICTaBIIeH Ha puc. 4.

[ToBTOpHOE MpOSsIBIIEeHNE OOHAPY)KEHHBIX OMACHBIX OTKAa30B HAa rpade MPOHLTIOCTPUPOBAHO IEPEXONaMH
Sg—S7, S;—8Ss, S¢—S4, S4—S,. Takum 00paszom, rpad Ha prc. 4 HE COACPIKUT IOTTIOMIAFONTUX COCTOSHUM.

ObocHoBaHMe BXOOHBIX MapameTpoB MapkoBckoil wmogean HNYC CA3. 3HaueHus BXOJHBIX
rapameTpoB OBUIM ONpe/eNeHbl MCXO/s W3 OIbITa NMPAaKTUYECKOH SKCIUTyaTalluk paccMaTpHBaeMOro Kiacca
CHCTEM, a TaKXKe UCXOS U3 PEKOMEHIANH, U3I0KEHHBIX B [3].

Tak xak TpeOyeTcst 00eCIeUnTh 3HAYCHUE MOKa3aTels (PYHKIIMOHAIBHON Oe3omacHocTd Ha ypoBHe YIIB3
(SIL3), To ectb PFD,,, € Jle-4...1e-3], To HEOOXOAUMO TMPOBECTH AOMONHUTENbHBIE UCCIIEOBAHUS MOJENeH ¢
LeNbi0 MoA0Opa 3HAUYEHHWH BXOAHBIX IMApaMeTpoB. 3HAYEHHS BXOIHBIX IMApaMETPOB, OTHOCHTEIBHO KOTOPBIX
MIPOBOJISITCS UCCIEIOBAHMS, CYMTAIOTCS 0a30BBIMHU M NIPE/ICTABIICHBI B TaOM. 1.

Tabnuya 1
Ba3oBbIc 3HAYCHUS BXOIHBIX MTAapaMETPOB Mojenel GhyHKInoHanbHoM 6e3omacHocT UYC CA3
[Tapametp BazoBoe 3Hauenue Jlnamna3oH U3MEHEHHS Enununa u3mep.
Ap=0.5*A 2.5e-5 [0.05 ... 5]*1e-5 1/gac
App=Ap*DC 2.25e-5 1/4ac
Apu=Ap*(1-DC) 2.5e-6 1/4ac
up=1/MRT 1/8 1/4ac
wpp=1/(MRT+Tp) 1/(8+4) 1/4ac
DC 0.9 [0.01...1]

Taxxe B Ta0I. 1 npeaACTaBJICHbI BaApUAaHTBI UBMCHCHUA BXOAHBIX IMapaMETPOB )"DU u DC JUIA UCCIIEAOBAHUA

WX BJIMSHMS Ha MOKa3aTeldb (QyHKIMOHAIBHON 0€301acHOCTH.
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IMocTpoenne u wuccienoBanne mapkoBckoid mogenn HYC CA3. Cucrema auddepeHIHanbHbIX
ypaBuenuii Kommoroposa-Uenmena, 11 rpada Ha puc. 3 OyaeT UMETh CISIYIOIIUN BUI:

dsto=_|:3)‘DDC+3)\D (1-DC) Py +p, P,

dp

dt] =—|:2)\DDC+|Jp+2)‘D (1-DC)] P +3ApDC Py +2p,P,,
dst2=_2ppP2+2)\DDCP1,

ddPt3 =‘[2)‘D (1-DC)+2)\DDC]P3+3)‘D (1-DC)P0+|JpP6,

Lt = [ApDC*Ap (1-DC)+, JPy+2hp DC Py +2Ap (1-DC)P; #2041 Py,

2
dstS=-2ppP5+)\DDCP4, @

dstﬁL[AD (1-DC)+ApDC|Ps+2Ap (1-DC )Py +p P,

dp
d—t7=-ppP7+)\DDCP6+)\D(1-DC)P4,
dPg

—==A 1-DC )Pg;

T-=hp (1-DC) P

S P (=1 P (0)= 1P (0)=0.

i=0
a Juis rpada Ha puc. 4:
P,

—0 =3\, P, + P,

at pFo*Hpp F

P
dd_t]='[2AD+ppD]P]+3ADDCP0+2ppDP2+ADDCP3,
P

ddt2 =-2UppP, +2Ap DC P +Ap DCP,,

P

dd—t3=-[2)\D+)\DDC]P3+3)\D(1-DC)P0+IJPDP6’

dp,

It =—[)\D (DC+1)+upp ]P4 +2Ap DC (P; + Py )+2)\D (1-DC)P, +2upp Ps,

dst5=_2ppD Ps+Ap DC P, +2ApDC Py, ¥
dstéL[)\D +2ApDC]Ps+2Ap (1-DC )Py +upp Py,

dst7=‘[lJpD +2ApDC]P; +ApDC Ps+Ap (1-DC)Py+3Ap DC Py,

dst8=_3)\DDc Py +Ap (1-DC)Pg;

S P ()-1 Py (0)= 1P 5 (0)- 0.

i=0

Pemenne CAY KonmoropoBa Obuto BhINONHEHO B cucTteme Matlab ¢ momomipio mMeronma odelSs s
BpemeHHoro uHTtepsana [0...10000] gyacoB. Pe3ynbraTsl MOAETHMPOBAHUS NMPEACTaBIEHBI HAa pHUC.9 1 Moaenu
NYC c nornomaromuMu CoCTOSHUAMU.
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Puc.5. 3aBucumocts nokasareis PFD,,, oT Bpemenu skcmutyartanuu juist mojeneit M®B1(a) 1 MOB2(6)

U3 puc. 5 xopolo BUIHO, YTO HAJUYHUE ITOTJIOMIAIONIMX COCTOSHUI OOYCIaBIUBAET HEIPEPHIBHBIA POCT
nokazatenst PFD,, C apyrod cTopoHbl, Momenb 0e3 MOMIOMAIOMUX COCTOSHHUI —MITIOCTPHPYET
aCUMITOTHYECKOE CTPEMIIEHHE MTOKa3aTens (yHKIHOHAIBHON 6€30MacHOCTH K CTAlMOHAPHOMY 3HaueHHt0 PFD,,,
= 0,028 uepe3 16000 gyaco pabotsl. IIpu sToM TpeboBanus YIIB3 (SIL3) obecrieunBaroTCs Ha BPEMEHHOM
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Bunyck 8 (I)

untepBane 10 7200 vacoB skcruryatanuu (10 mecsieB skcruryaramuu) st monenda M®B1; n Ha BpemMeHHOM
unTepBaie 10 8000 gaco 3xcutyatanuu i Moaenu MOB2.
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Puc. 6. 3aBucumocts nosefenus GpyHkin PFD,.(t) ot BXxogHoro napamerpa DC (oxsara uuamocmxo?ﬁ) st MOB1 (a) u MOB2 (6)

Ha puc. 6 B TpexMepHOM IpeICTaBICHUU IIOKa3aHa 3aBHCUMOCTh (YHKIMOHAJIHHOH O€30MacHOCTH
PFD,(t) oT 3nHaueHuil BxogHoro mapamerpa DCe[0...1]. Anamusupys rpa@UKu MOXHO OTMETHTh, YTO IPH
OTCYTCTBUM JWArHOCTUKU omacHbix orkazoB (DC = 0), obe Moaenu MOKa3bIBAIOT HICHTHYHOE ITOBEICHUE
¢ynkiuu PFD,,(t) (rpaduku copnanarot). [Ipu BeIsABIEHNN BeeX omacHBIX 0Tka3oB (DC=1) Momeny moKa3pIBaroT
onuHakoBoe moseneHne QyHkuun PFD,(t): acuMnToTnueckoe CTpeMIEeHHE K YCTOSBHIEMYCSl 3HAYEHHUIO; TpU

9TOM Tpa(UKH OTIHYAIOTCS B CUITY PA3HOCTH BXOIHBIX apaMETPOB Lip U [pp (pHUC. 7).
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Puc.7. Pazmnune mexny Gpynkuusmu PFD,.e(t) Moneneit MOB1 n

M®B2 npu DC=1
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Puc.8. IIpoekuun nokasarenst PFD,,, Ha miockocts [t,DC] no ypoBHio

PFD,,,=1e-3 B macmrabe t[0...10000](a) u te[4000...10000](6)

JluHaMyKa n3MeHeHHs MokasaTens (QyHKIHoHambHOH 6e3omacHOCTH PFD,,4(t) mOKa3bIBaeT, 4To B 00EUX
Mozesix (M®B1 u M®B2) 3HaueHne BXOAHOTO MapamMerpa oxBaTta Auarnoctukoid DC Biusier Ha JUIMTEIBHOCTD
BPEMEHHOT0 TepuoAa BbIOMHEeHUsT cuctemord TpeboBanuit YIIB3 (SIL3). Bomee nmeranbHO Takoe BIHMSHUE
WUTIOCTPUPYIOT IrpaduK MpOeKIUHU TpexMepHoi ¢uryps! Ha miockocts [t,DC] no yposHio PFD,,,=1e-3 (puc.8).
Jlis mydmeli HarasiAHOCTH TpadyKy MOKa3aHbl B pa3HbIX MaciuTabax oTHocurenbHo ocu DC.

Ha puc.9 B TpexmepHOM Ipe[CTaBIEHUU IIOKa3aHa 3aBHCUMOCTh (YHKIMOHAJIHHOH O€30MacHOCTH
PFD,(t) OT 3Ha4YeHUs] MHTEHCUBHOCTU OIMACHBIX OTKa30B Ap md Mozeneit MOb1 u M®B2. Ha nepsblit B3rmsz,
Mozenib M®B2 (0e3 morIomaromuX COCTOSHIN) WUTFOCTPUPYET JYUIIHKA Pe3yibTaT, Tak Kak B Hel IOKa3aTeb

PFD,(t) cTpemutrbcss K ycTosBIIeMycs 3HadeHUIO PFD,,

komOuHarnwmert mapamerpoB DC = 0.9 u ppp = 0.0833).

U
)

a)

Puc.9. 3aBucumocts nosenenus Gpynkimu PFD,

{
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= 0,028 (3HaueHHE OOYCIOBJICHO CTAOMIBLHOU
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ave(t) OT BXOHOT O MapameTpa Ap it MBI (a) n MDB2 (6)
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Bunyck 8 (1) Cepis: [Ipo61eMu MeTOAMKHU Pi3MKO-MaTeMaTHUYHOL HAYKOBI 3AIINCKH
i TeXHOJI0TiYHOI OCBITH

Mogens M®B1 wummroctpupyer crpemnenue mnokaszaTens PFD,.(t) x emunume. M uyem Gomblue
MHTEHCUBHOCTb OINIACHBIX OTKa30B, TeM OblcTpee QyHKImMS PFD,, (t) mpubamkaercs K yCTOABIIEMYCS 3HAUCHHUIO.

4 -4
x 10 22 x10 ;
— M®B1 \
----- M®E2 2 !
i 18 \“ —M®Bb1|]
2 \, |~ M®B2
1.6
£ (<° \
1.4
X 12 :
- %‘“%
0.8
2000 4000 6000 8000 10000 0 500 1000 1500 2000
t, yacos t, yacos
a) 0)

Puc.10. ITpoexiun nokaszarens PFDavg Ha mockocts [t, Ap] 1o ypoHio PFD,,.=1e-3 3 B macmTabe te[0...10000](a) u te[4000...2000](6)
OpHaKo, ecy MOCMOTPETh MPOEKIMIO TPEXMEPHBIX (PUryp pUC.9 Ha MIOCKOCTH [t, Ap] IO BEpXHEMY cpe3y
tpedoBanuii YIIb-3 (SIL-3), To paznuna Mexay pesyabratamu monenupoBanus M®B1 u M®bB2 He npebimaer
At=100 ygacoB npu Ap =le-4 (puc.10).
BbiBoabl. AHanM3 TOMYYEHHBIX DPE3YJIbTATOB MOJETHPOBaHHs (yHKIMOHaIbHOW Oe3omacHoctn UYC
MOKa3aJl, 4To:
a) MpU y4eTe BTOPUYHOTO TPOSBICHUS OIACHBIX OTKA30B W BBIABICHUS HMX CHUCTEMOH KOHTPOIS ISt

0a3MCHBIX 3HAYEHWH BXONHBIX IApaMETPOB JOCTHTaeTcsl ycTosBiueecs 3HadeHne PFD,, = 0,028, uro
HEIOCTATOYHO JIIs cucTeM Oe3onmacHoctu ypoBHs YIIB3 (SIL3);
0) npyu 3HAYCHHWM WHTCHCHBHOCTH OIIACHBIX OTKa30B = 2.5¢-5 (l/gac) paccmaTpuBaemasl cCHUCTEMa

ynosneTBopsieT TpeboBanusaMm YIIB3 (SIL3) B Teuenuu nepsbix 8000 yacoB pabOTHI; IS MPOAJICHHS 3TOr0 CPOKa
1o 10000 yacoB HEOOXOTUMO MOBBICUTH OXBAT AUATHOCTUKOM 10 ypoBHs DC=0.92;

B) €CIM HEBO3MOXXHO TIIOBBICHTH OXBAT JUAarHOCTUKOW, TO MU TPOUICHHS BPEMEHHOrO Iepuoja
obecnieuenus tpedosanuiit YIIB3 (SIL3) mo 10000 yacoB HEOOXOMMO CHU3UTH HHTCHCUBHOCTh OTKA30B KaKIOTO
KaHaya 10 A = 2*\p = 4e-5 1/4ac.

[MpakThueckuii WHTEpeC NPEACTAaBISIOT pa3paboranHble Matlab-porpaMmbl, KOTOpbIE  MOXXHO
UCIIONIb30BaTh B WH)KEHEPHOH MPAaKTHKE.

CyIecTBEHHBIM HE JOCTaTKOM pa3pabOTaHHBIX MOJENEH SBISETCS OTCYTCTBUE Yy4eTa BIHSHUS
MPOrpaMMHBIX OTKa30B B kaHanax WYC. Yuer mposiBIeHUs IPOrPAaMMHBIX €EKTOB U YCTpPAaHEHUs HX B XOJE
PEMOHTHO-BOCCTAHOBUTEINBHBIX paboT, Kak OnucaHo B [8], siBiseTcss HalpaBIeHHEM JajlbHEHIINX WUCCIIEeI0OBAaHHUI
W pa3BUTHUS pa3paOdOTaHHBIX MOJIEIIEH.
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Byan6a Eprennii HuxosmaeBnd — crapmmii HaydHbIil COTPYJHUK HAay4HO-IIPOM3BOJICTBEHHOTrO NMpeanpuaTus «Pamuii»,
Kuposorpan, Ykpaunna.

HBacok Anexcangp OJieroBHY — 3aMeCTHTENb JTUPEKTOPA TEXHUYECKOTO HAYYHO-NPOM3BOJICTBEHHOIO MPENNPHUATHS
«Pannit», Kuposorpan, Ykpanna.

Kpyz nayunvix unmepecos. COBPEMEHHBIE TEXHOIIOTH.

YIK 371.3

HEE®EKTUBHICTb TPAJULIHHOIO MACUBHOI'O
(TPAHCMICUBHOT'O) BUKJIAJAHHS

Aaexc MannoJini (M. Meab0ypH, ABcTpadtisi)

Cmamms npucesiuena npobremi YOOCKOHANEHHSI MeMOOUKU Hagyamus Gizuxu y euwii wkoni. Mosa iide npo
BNPOBAOICEHHS. Y HABHANLHULL NPOYeC [HMEPAKMUBHUX MEMOoOi8 HAGUAHHS Yepe3 3anpo8addiCeHHs aKMUuGHUX Memooie
3anyyennss cmyoenmie 0o camocmiiinoi pobomu. Ipugedeni npoepamu FOHECKO «Axmushe eusuenns onmuxu i pomomnixuy.

Knrouogi cnosa: memoouxa naguanns gizuxu, akmusHe HaguanHs, Memoou Hag4aHHs..

IMocTanoBka mpodiaemu. Un 3MiHMIACS METOMKA BHUKJIAJaHHS y BUILIHM IIKOJI BHOpoJoBXk cromite? Ha
kaptuli Hamucaniit y XIV cromitri (0m. 1355 p.) JlaBpeHrtiem i3 BonbroniHu 300pa)keHO CcepeaHbOBIYHOTO
JekTopa B yHiBepcuteri. KapTuHa Haraaye npoBeieHHs TpaauliiHOI nekmii. Slkuii mporpec BinOyBcs 3a
650 pokiB? Jlys1 6araTthox i3 HAaC CIIPaBH MOKPAIIMIKCE, aJie HE HACTLIBKH, K MU CIIOZi BaJIUC.

AHaJi3 ocTaHHIX gocaimkeHb. Jleski mnemaroru cepelHbOBIYYS BH3HABAIM ICHYBaHHS MpoOIEMU
akTuBizanii HaBuyaHHA. Tak, y SIlHa Amoca Komencbkoro (1592-1670) — yechbkoro memarora, BHKJIajada i
MUCbMEHHUKAa Ha (poHTHCIHCI Horo «Bemukoi mumaktuku» (Didactica Magna) y Bumanui 1628 p. HamwmcaHo:
«Hexaii noBri Ta KOpOTKi OyAyTh Hallli MOBYAHHS VISl AOCII/KEHb Ta BIJKPHUTIB, IIe O3HAYa€, 1[0 BUYUTEIh MaE
HaBYATH MEHIIIE, a YYHi JI3HABATUCS OiIbIIE».

Hami criocrepexeHHs! cBigyarTh, 110 Cepe]] BUKJIaladiB MPOSBISETHCS TEHIEHIIisS HaBYaTH 32 JIONOMOT OO
TPaJULIHHNX «TPaHCMICUBHUX» METOJIB, a HE CIPUSATH 3allPOBA/PKEHHIO OLIBII iHTEPAKTUBHUM METOIaM, I
CTY/IEHTH PO3POOJISIOTH CBOE BJAacHE PO3YMIHHS (DI3MYHHMX TOHATH HUISIXOM 3allyd€HHS BIIACHOTO JIOCBiAY
HaBuaHHA. ToOTO OaraTo menaroriB HaJalOTh IEPEeBary BUUTENICICHTPUYHOMY MiJIXOMy, a HE OCOOHCTICHO-
opienToBaHomy. OCBITHI JIOCIIJDKEHHS [TOKA3aJIH, 1[0 METO]] IHTEPAKTUBHOTO a00 aKTUBHOTO HABYAHHS € 3HAYHO
e(QEeKTUBHILINM, HDK TPaIWMidHI METOIW MAaCHMBHOI'O HABYAHHS JUIS PO3BUTKY I'PYHTOBHOTO KOHIIENTYaJIbHOTO
PO3YMiHHSI SIBUII T NPOLECIB TIPUPOIH.

Meta crarTi monsrae y akryamizamii YyTTEBOTO JOCBiLy NpoghecopChbKO-BHKIAIANBKOIO CKIary [0
po0JIeMH 3aNpOBaJPKEHHS B ITPAKTUKY POOOTH BUIMX HABYAJIHHUX 3aKJIAiB aKTHBHUX METO/IIB HABYAHHSI.

Bukiax ocHoBHoOro Mmartepiamy. Metaananiz oxomuB pe3yiabratd 6 000 crymeHTiB Ha 62 Kypcax.
BinpuricTe cTy/EHTIB Ay)Ke MOraHo BIOPAIKCS 3 TONEPEIHIM TecTOM (OCHOBHM MexaHiku). HopmanbHuii npupict
obpaxoByBascst 3a popmynoro Hy, = 100 x (kiHLeBUHA-mouaTkoBuit)/(100-moyaTkoBHil).

[Micns 3ampoBajpKeHHS METOJy AKTHBHOIO HAaBYaHHS IPHUPICT 3HAYHO OUIBIIMHA Yy TIOpIBHSHHI 3
TpamuIliiiHuM MeTofoM. TpaauiiliHa JeKiis uu JadopaTopHa poboTa faia mpupict y Bumii mkoii 20 % (3 5 mo
25 %) 8 %, y xonmemki 11 % (3 8 mo 19 %).

3a migcymkamu icriutiB 6akanaBpiB cepen kKypciB STEM axtuBHuii MeTox oxonus 225 mociipkeHb. [Ipu
TpaauIliiiHIA JIGKTypi cepemHiii Oan exk3aMeHy MOKpaiuBcs Ha 6 %, a CTyAeHTH B KJlacaxX i3 TPaIulliifHOO
HAYHUTKOIO JICKIIi# B 1,5 pasu vacrime He ckiagany icnuta (S. Freeman et al., PNAS, 2014).

YoMy BHKIagau He CIpHMae MeToil aKTHBHOro HaBuaHHsA? Ha Hamy nymKy icHye 0arato NpUYdH
HECIIPUIHATTS METO/AY aKTHBHOT'O HAaBYaHHS, HaBITh SKIIO € JaHi Mpo Horo edeKTHBHICTh. barato BUKIaga4iB
BBa)KAIOTh, 110 OCKIIBKM iXHS JIEKIis 3B’S3HA Ta 3pO3yMiJia, BUKJIAJeHa B SICHIH Ta MOKJIaIHIH MaHepi, yBakHi
CTY/IEHTH MAIOTh 3p0O3yMiTH OumbImicTh mouytoro. (TpaHcmicuBHuIT Meron BukiagaHnHus). lle, MaOyTh, OCHOBHE
NPUMYIIEHHS, 10 JISKUTh B OCHOBI OLIBLIOCTI MPUXWIBHUKIB TPAJWIIIHHOTO IOETAITHOTO HAaBYaHHSI, IO
3actocoByeThesl y (izuui i HaBiTh y STEM. Buknanadi npuiiMyTh 3MiHM 32 YMOBU HE3alepEYHOr0 HAYKOBOTO
JIOCITI/PKEHHS 13 1X BIACHUMH CTYJEHTaMU, 10 BUSBUTH 1 KOHCTATYe MPOOIEMY.

[TiarpyHTss MeTOAY aKTUBHOTO HaBYaHHS eNeKTpoHiui y CBiHOepHi nomsrae y HactynHomy. [IpumitHsTO
MiAXiA Tak 3BAHOrO «3MILIAHOTO HABYAHHS», KOJIM Ha JIEKIHi 3 EJNEKTPOHIKHM: CTYIEHTH MaloTh § TOAWH
TpaJULIHHNX NACUBHUX JIEKHiH, a mofanbmi 2-3 roaunu — IHTepakruBHa nekuis-imroctpaist (IJ11) 3 ximogoBux
TEM PO3AiTy, 0 BUBYAETHCS. I3 morictmynux npuuud LJII BinOyBaroThbesi HANPUKIHII CEMECTpY, SIK TIOBTOPEHHS
Ta y3arajJbHEHHsl CKJIaJHUX Te€M. 3 HelaBHIX Iip MU BUKOPHUCTOBYEMO ITYJIBTH-KIIKEPH, 100 3MEHIIUTH 00’ €M
MarepoBOro JIOKyMEHTOOOIr'y Ta mojinmeHHs 300py naHux. Jlis CTyIeHTIB, sIKi HaBYaIOTBCS Ha Kypci
CIICKTPOHIKH, OCTaHHA HE € TPO(UIIOI0YNM IPEIMETOM, 1 OUIBIINICTh i3 HUX MAlOTh HEBEIUKUH I1HTEpEC YU
€HTY31a3M JI0 Hel.

Lo noxa3sano nawe oceimue OOCAIONHCEHHA NPO HABUAHHS CNYOeHMI6 Ha HAWOMY KYpCi?

37



