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IlpeancaoBue

HaHnHoe yueOHOe 1ocobme HABJIAeTCA MCIHPaBJIEHHEIM U
IONOJIHEHHEIM I[epeusnaHmeM ydeOHOTro nocobuda
«MomenmpoBaHMe: CUCTEMHOEe, MVMMUTALMOHHOE, aHaJMTUUeCKOoe»,
KOTOpoe OBIO OTMedeHO DOHIOM
Pa3sBUTUA OTEUYECTBEHHOTO
obpasz30BaHMAa U [OOJAYy4dMJIO UIIJIOM
JlaypeaToB KOHKypCa Ha Jydllylo
HaydHyio kHury 2006 rozma.

KoMneioTepHOE MOIOEJIMPOBAHUE
IIprMe—HAeTCA B HacTOdAlee BpeMA
BO BCex cdpepax IOedaTeJIbHOCTU

©OHA PASBWTWA OTEYECTBEHHOIO OBPA3S0BAHMA

yejioBeka. OTcoIa
IAYPEATOR ROHRSECS ] LeJIeCOODOpPa3HOCTL  BKJIOUEHUS
Hayrauyio nayano LRy 2006 20da OVCUUII-JIMHEL «MomesimpoBaHMe» B
HAMPAXLAETCS KONIEKTUB ABTOPOB DOJIOK CIieliM—aJIbHEBEIX OVICUMIIJIVIH npm
Memyxoe Onez AnekcaHdposuy HNOOT'OTOBKE ]'/IH)K@HepOB MHOTWIX
Moposoe A.B. L %
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norpe®HOCTL, KakK I[IpaBUJIoO,
IogaBpJjigeTcsa B Tex Cllydadax,
KOT'JJa UYeJIOBEeKY HeOOXOOMMO [NIPMHATH KakKoe—-TO pelleHMre.
OcobeHHO, ecyiM H5TO pPeleHMre OTBEeTCTBEHHOEe, MOXEeT
[IOBJIeUb 3a coboy OoJsgpure (QUMHAHCOBHE WIIM BpPEMEHHBE
pacxomel WM I[IOCJIEOCTBMS MOT'yT OKa3aThb BpenHoe
BO3IOEVCTBME Ha OKPYXaolMX.

MOXHO IOOJITO TIEepeducsisaTb CcOepsl BO3MOXHOTO
IIPMMEHEHNMA TEeopnm MOOEeJIMPOBaAHMA : IIPOMEIIJIEHHOCTE,
TPaHCIOPT, CBS3b, TOPIOBJA, 3IpaBooxXpaHeHMue, CJyxba
OelTa, Hayka U obOpa30BaHMEe, IOedaTeJIbHOCTh OPI'aHOB
BHYTPEHHUX JeJl U ©OCTUMLIMM UM, KOHeuHO, objlacTb OOOPOHH
CTPAaHH. Bcé HasBaHHOe TpebyeT CO3OaHu4ag, a
COOTBETCTBEHHO, BO3MOXHO, M MOIOEJIMPOBaAHMA I[IPOLIECCOB
OYHKUMOHMPOBAHMSA COOTBETCTBYKUIMX CUCTEM W CUCTEM
yIOpaBJIeHMA, BBUMCIMTEJIBHBEIX CUCTEM U CceTel,
aBTOMAaTM3UPOBAHHEIX CUCTEM ylOpaBbJieHus, ©0a3 HOaHHEIX U 0a3
3HAHUN.

[lon MOmenMpPOBAHMEM I[IOHMMAETCH 3aMelleHMe OIOHOTO OOBeKTa
OPYyI'MM C LEeJIbID [OJIydeHMS MHOOpMaluMM O BaXHEMIMX CBOMCTBAX




O0BEeKTa-OpUI'MHAJIa C [IOMOWBI OOBeKTa-Momeam. B obmwemM BuUIe
MONEeJIMPOBAaHME OIpenesyigdeTCcsa KaK [NpelcTaBJIeHMEe MCCIJIenyeMoI'o
obBeKTa MOIEJNbI0 IJIS INOJIydeHMd MHOOpMaLMM OyTeM NIPOBEeIOeHUS
SKCIEPUMEHTOB. Teopusa 3aMelleHMsa ONHMX OOBEKTOB (OPUIMHAJIOB)
OpyIMMM  OOBeKTaMM (MOOesiaMM) UM MCCJIeIOBaHMe CBOMCTB
OOBEKTOB Ha MX MOIEJIAX HAa3EBaeTCHa TEeOpMEeM MOIeJIMPOBAHMA.
YueOHOe T1ocofbMe TIIOCBALIEHO M3JIOXKEHMI OCHOB TeOopun
MOIOEeJMPOBaHMA, NPUEMOB IIOCTPOEHMS MMUTAUMOHHBEIX U
aHAJIUTUUYECKUX MOOeJielM, peajamM3auuu MOoIeJiell Ha
COBPEMEHHBEIX [IPOTPaMMHEIX CpeICTBax.

BeBeneHue

MomenupoBaHMe pasnesdinT Ha of(uanueckoe wu

MaTeMaTmyeckoe. llpeMMymecTBO OM3MUECKOTO MOISJIMPOBAHMUA
rnepen HaTYPHBM SKCIEPMMEHTOM OUeBMIHO, OJaromapsa
SKOHOMMM BpPEeMeHM ¥ CpencTB, HO OHO uMeeT OoJee
OTPaHMUEeHHOE IpPYMEeHEeHMe TII0 CpPpaBHEHUI C MaTeMaTudeCKUM
MOIEJIMPOBAHMEM.

Ilonm MaTeMaTde CKIVIM MOIOeJIMpOBaHMEM IIOHVMMAaIT crioco6
ncciyiengoBaHMA Pa3JIMYHBEIX IIpoueccosB IIyTeM N3y4YEeHNA

ABJIEHUM, UMeEIMX pPa3JIMyHoe O(uilmdeckoe CcoIepXaHue, HO
OINMCHEBAEMEIX OIMHAKOBEIMM MaTeEMaATUUECKMMM COOTHOUEHUMAMN.
BaxHBEIM 4gBJISEeTCS TO OOCTOSTEJIBLCTBO, UYTO IIPU UIYUEHUU

Joboro mpollecca  MeTOIOM MaTeEMAaTUUEeCKOT'O MOIOeJIUPOBaAHUA
HeoOXOoOuMMO B IIEPpBYK oOouUepenb [OOCTPOUTH €TI0
MaTeMaTudeckoe OonMcaHue, TO €eCTbhb MaTeMaTUUeCKyKn MOIelb.
[lon MaTeMaTMUEeCKOM MOIEJIbK pPeaJIbHOM CUCTEMBl I[IOHMMAaKT
COBOKYIIHOCTBb COOTHOWEHMUY (HanpuMep, ©GopMmyJs, ypaBHEHUM,
HEpPaBEHCTB, JIOTUUYECKHUX YCJIOBUM, onepaTopoB M T. II.),
onpeneNanlux XapaKTEePUCTUKM COCTOSHMM CUCTEMHBl (a uepes
HMX WM  BBIXOLHEIE XapaKTEepPUCTMKM) B 3BaABUCUMOCTM OT €€
napaMeTpoB, BXOIOHHIX XapaKTEepMCTMK, HadaJibHEIX YCJOBUM U
BPEMEHU .

MaTeMaTmdyeckas MOIEJIb pPeaJIbHOM CUCTEMEl SABJISEeTCH
TeM abCTpakTHBEM (QOPMaJIbHO OIMCAHHEIM OOBEKTOM, MIYyUEHUE
KOTOPOT'O BO3MOXHO MaTeMaTUUYECKMMM MeTOomaMy, B TOM UYMCJIe
M C IIOMOIBI MAaTeMaTUMUYeCKOTO MOIeJIMPOBAHUS.

CkaszaHHOE OlIpenenmio CTPYKTYypPpY LOaHHOT'O ydebOHOTO
nocobdbmusd, cocTodmero w3 TpEx uJacrTeu, IIOCBSIIEHHBIX
OCHOBaMm CUCTEMHOTO, MVMUTALUMOHHOTO ¥ AaHAaJIMTUUECKOI'O
MOIOEeJIMPOBAHMA, a TakKxe MeToOMKaM peaau3aumMm MoIOejiey C
MCIIOJIb30BaHMEM PasJIMUHEIX [IPOTPaMMHEIX CPEenCTB.



HeobxoomMOoCTh U3OaHMA Iocobusa oOyCJIOBJIEHA TEM
OOCTOATEJIbLCTBOM, UYTO CIMCOK PEKOMEHIOYEeMOM JIMTEePpaTypPsl 10
OUCUUIINIMHEe «MomenmpoBaHMe» I[IOCTOSHHO pacTeT, C OIOHOU
CTOPOHE, a C JOpyTroM — PEeKOMeHIyeMasd JuTepaTrypa OUeHb
OBICTPO CTaHOBUTCA OMOIMOTpadmMueckoM penxKoCTbi. Bce
JIMTEePaTyPHEE MCTOUYHMKM, KOTOPBEE MOIJIM OBl 3aMHTEPEeCOBaTh
uyTaTesd, NOpUBeOeHs B OuOIMorpadmMueckKoM CIMCKE.
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I'maBa 1. OCHOBbBI TEPMHUHOJOTHHA MOAETMPOBAHUA
I'nmaBa 2. TexHoJioruss MOAeJIMPOBAHUA
I'maBa 3. Kinaccupukanusa MareMaTH4yeCKHX MoOAeJIeH

I'nmaBa 4. Moaean cucTteM MaccoBOro 00C/IyKUBAHUS

Co3maHue CHOXKHBIX CHCTEM, MPOU3BOACTBEHHBIX KOMIIJIEKCOB, CUCTEM
yOpaBJICHUS ITUMU KOMILJIEKCAMU YacTO TpeOyeT MCIOJIb30BaHUsI 3HAHUM O
KOJIMYECTBEHHBIX M KAYECTBEHHBIX 3aKOHOMEPHOCTSIX, CBOMCTBEHHBIX
paccMaTpuBaeMbIM  cucTeMaM. [JaBHBIMM — mOpoOJeMamMud  TpU  ITOM



SBJSIOTCS ~ OOIIECUCTEMHBIC  BOMPOCHI,  BKJIIOYAIOIIWE  OMPEICIICHUE
CTPYKTYPBHI, OpTaHU3AIUIO B3aMMOCBSI3HU MEXKTY 3JIEMEHTaMHU,
B3aUMOJICHICTBUE C BHEIIHEW Ccpeoi, ympaBieHue (YyHKIIMOHUPOBAaHUEM
KaK BCEH CHCTEMbI, TaK M €€ OTACIBHBIX DJICMECHTOB.

[IpuBeieHHBIN IIepedYeHb IPOOJIEM, SBJISIONIUICA JajJeKO HE IOJIHBIM,
OTHOCHUTCA K  3ajadyaM  CHCTEMHOTIO aHaJm3a M CUCHIEMHO20
Mmooenupoeanusa. OCHOBHBIE TOHATHS OTOrO NOAXOJA MPUBOISITCA B
MEepBOM YacTW AaHHOro ydeOHoro mocoous [1,2,7-9, 22,31, 41].

I'naBa 1
OCHOBbI TEPMHUHOJIOI'MN MOJAEJIUPOBAHUS

[leHTpadbHBIMU TOHATHUSIMU CHCTEMHOI'O MOJCIUPOBAHUS  SIBJISIOTCS:
cucmema, CUCHMEMHbBLI NO0X00, MOOENb, MEOPUA MOOETUPOBAHUA.

Cucrema

[loqg cucTeMoii OOBIYHO TIOHMMAETCAI COBOKYIHOCTH  OOBEKTOB,
9JIEMEHTOB WJIM COCTaBJIAIOUIUX IMPOU3BOJILHOTO XapakTepa, oOpa3yrollux B
HEKOTOPOM CMBICIIE OIPEACICHHYK IEI0CTHOCTh. Kpome TOro, wacro
UCIIONB3YETCA TEPMUH CaoxcHas (bonvwas) cucmema. B sTOoM ciydae
npeanojaraeTcsa, Yro B  CHCTEME HMEETCs  OOJIbIIOE  KOJUYECTBO
CBSI3aHHBIX U B3aWMOJCHCTBYIOIIMX  MEXKIYy  COOOMl  DJIEMEHTOB,
00€CMEeUUBAIOIIUX  BBIMOJIHEHUE CHCTEMOM  OMNpPENENIEHHOW  JTOCTATOYHO
CJIOJKHOHM 3aJauH.

[Ipumepbl CIIOXKHBIX CUCTEM, BCTPEYAIOIIHUECS B OKPYXKAIOIMIEM MUPE,
MOXHO TEPEYHCHATh JOCTaTOYHO JOJro. OJTO MW KOMIIBIOTEp, H
aBTOMAIlIMHA, W TeJeOHHBIN ammapaT, ¥ aBTOMAaTH3UPOBAHHAs CHUCTEMA, U
BBIUHCJIUTENIbHASA CHUCTEMA, W JEKAaHAT, WU TPOWU3BOJICTBEHHBIA KOMIUIECKC, U
TaK JaJyee.

[loHsTHEe »>JIeMEHTa CHCTEMBlI W PACWICHEHHWE €€ Ha OTJHCJIbHbIC
KOMITOHEHTBI SIBJISIETCSI OTHOCHUTEIBbHBIM. DOPMAIBHO 3JEMEHTOM MOMXKHO
CUMTaTh OOBEKT, HE MOJJICKAIIMI MAIbHEUIIEMY PACUJICHEHUI0O HAa YacCTH.
Hanpuwmep, paccMmaTtpuBas B KayeCTBE CJIOKHOU CHUCTEMBI
BBIUMCIIUTEIIBHYIO CE€Th, MOXHO CUMTATh €€ DJJEMEHTAMH OTJICJIbHbIC
KOMIIBIOTEpPBI. ECIM XK€ CI0XKHOM CUCTEMOM CIYXUT KOMIBIOTEDP, TO
AJIEMEHTAMH MO>XHO CUMTaTh IPOILECCOpP, MaMsATh, MOHUTOP M TaK Jaliee.



CucreMHBIH IOAXO0M

CucTteMHBIM MOAXOA 3aKJIIOYACTCdI B TOM, YTO HCCJIEI0BATEIb
MBITAETCA H3y4YaThb NOBEJCHUE CUCTEMBI B LEJIOM, @ HE KOHUEHTPUPOBATH
CBO€ BHHMAaHHE Ha OTIEIbHBIX €€ YacTAX. [aKOW MOAXOJ OCHOBBIBAETCS
Ha MOPU3HAHUU TOTO, YTO €CIM JAKE KaXKIbId 3JIEMEHT WIM IMOJICUCTEMa
MMEET ONTUMAJIbHBIC KOHCTPYKTUBHBIE 158105 GyHKIIMOHAIbHBIC
XapaKTEPUCTUKU, TO PE3YyIbTUPYIOLIEE IIOBEACHUE CHUCTEMBI B LEJIOM
MOXET OKa3aTbCsl JUIlb CyOONTHUMAalbHBIM BCIEICTBUE B3aUMOJICUCTBUS
MEXAY €€ OTHECIbHBIMU YaCTSIMH.

Bo3spacraroimas CiI0KHOCTh OpPraHU3allMOHHBIX CHUCTEM U TOTPEOHOCTH
MPEOJIONETh ATy CJIOXHOCTh IPUBEIA K TOMY, 4YTO CHCTEMHBIM TOJXO/I
CTAaHOBUTCS Bce Oonee u Oojee HEOOXOIUMBIM METOAOM HCCIEAOBaHUSA
[31].

Tak, Hanpumep, B kHure P. llleHHOH «/IMUTaIMOHHOE MOAEIUPOBAHUE —
UCKyccTBO U Hayka» (M., 1975) orMmedaeTcs: « ApXUTEKTOP MOXKET paccmar-
pUBAaTh JIOM BMECTE C €ro JJIEKTPUYECKOM, OTONMUTEIBHON U BOJONPOBOJHOU
CUCTEMaMM Kak OJHYy Ooiblnyio cucteMy. Ho MHXKEHEp-TEIIOTEXHUK BIIpaBe
paccMaTpuBaTh OTONUTEIIBHYKO CHUCTEMY KaK 3aKOHUYCHHYKO CHUCTEMY, a JOM
KaK OKPY>Karolyro cpeay. st conuoncuxoiora oM MOXKET paccMaTpUBaThCs
KaK CpeJla, OKPYXKAIOIIAs CEMbIO, a MOCICAHAS — KaK CUCTEMA, UCCIICIOBAHUEM
KOTOpOW OH 3aHuUMAaeTcCs. J[JIsT HEro CBsi3b MEXAY OTONMMUTEIBHOM W 3JIECKTPH-
YECKON CUCTEMaMM MOET HE UMETh HUKAKOI0 3HAYCHUS, HO JJISI apXUTEKTOpa
3Ta B3aUMOCBA3b MOXET OBbITh OYEHb BakHOW». Takum oOpasowm,
HEOOXOMMO TPOSIBISATh 3HAYUTEIIBHYIO OCTOPOXKHOCTH TPU ONPEAECICHUU
M3y4aeMOW CUCTEMBI M TPAHUIl MEXIY HEW U OKPYKAIOUIEU €€ CPEeHou.

OnpeneneHHass COBOKYMHOCTh 3JIEMEHTOB PACCMATPUBAEMOUW CHUCTEMBI
MOXET TMPEACTaBIATBCA Kak ee moacucrema. (Cuuraercda, 4YTO K
MOJCHUCTEMaM OTHOCST HEKOTOpPhIE CaMOCTOSITENIbHO (PYyHKIITMOHUPYIOIIHE
yacTh cucTeMbl. [loaToMy st ynmpomeHuss Npoueaypbl HCCIECIOBaHUS
MEPBOHAYAIILHO HEOOXOJMMO TPAMOTHO BBIJICIUTh MOACUCTEMBI CJIOKHOU
CUCTEMBI, TO €CTb - ONPEAECIUTh €€ CTPYKTYpY.

CtpykTypa cucTeMbl

CTpykTypa cucTremMbl - 3TO YCTOWYMBAas BO BPEMEHM COBOKYMHOCTH
B3aMMOCBSI3€ MEXKIy €€ KOMIIOHeHTaMu (moacucrtemamu). W npu
CUCTEMHOM MOJXOJE BAXHBIM JTAllOM SBIIETCS ONPEACIICHUE CTPYKTYpPbI
M3y4aeMOM, OMHUCHIBAEMOM CHUCTEMBL. DTO CBA3aHO C TEM, YTO TPAMOTHOE



BBIJICTICHHE HOJACUCTEM CIIOCOOCTBYET YIPOILECHUIO 11001 (14%0)
UCCJIEAOBAaHUS W aHAJIu3a PE3yJbTaTOB.

B wuccnenoBaHuM CTPYKTYpPBl CHCTEMBI CYHIECTBYET Psifi HaIlpPaBJICHUM,
OCHOBHBIMU M3 KOTOPBIX SBISIOTCA CTPYKTYpHbIH U (YyHKIMOHAIbHBIN
noaxoasl. Ha3BaHusi MOAXOI0OB yXKE€ TOBOPAT O CMBICIE U COJEpKAHUU
UCIIOJB3YyEMBIX METOAUK. CTPYKTYpPHBIA MOJXOJ IOJPa3yMEBAET OMUCAHHE
COCTaBa DHJIEMEHTOB CHCTEMBI M CBSI3M MEXKAy HUMHA. DOYHKIIMOHAIbHBIN
NOAXOJ 3aKJIIYaeTCs B MCCIEJAOBAHUU OTACIBHBIX  AJITOPUTMOB €€
HOBEJECHUS.

B cimoxHBIX cucTemMax OJHOM W3 TJaBHBIX SIBIIETCS  3ajlaya
yIIpaBjCHUs, KOTOpas IMpeacTaBisieT coOoM mpolecc cOopa, Iepeaadyud u
nepepaboTk UHQPOPMAIMHU, OCYIIECTBISEMbIH CHEIUATbHBIMUA CPEICTBAMU.
OT »SJE€MEHTOB CHUCTEMbl K YNPABISIIONMM YCTPOMCTBAM  IMOCTYHAET
OCBEJIOMUTENbHASA HH(OpMaLMs, XapaKTepU3yrolas COCTOSHUS 3JIEMEHTOB
cuctrembl. Kpome Toro, cpencrBa  ympaBl€eHHsT ~MOTYT  MOJIy4aTb
“HpOpMAIIUI0 HW3BHE B BHUJE YIPABISIOMIUX KOMaHJ OT BBIMIECTOSIIUX
OpPraHOB VIIPABJICHUS WA BO3JICUCTBUM BHEIIHEW CpEIbl. YIIPABIAIOLINE
YCTPOMCTBA TiepepadaThiBalOT BCIO MOCTYMHAloNIyl0 K HUM HH(popmamuio. B
pe3yibTaTe 3TOM MepepadOTKHU CUHTE3UPYIOTCS YIPABIAIONIME KOMAH/IbI,
KOTOpBbIE H3MEHSIOT COCTOSIHUSI U PEXKHUMBbI (DYHKIIMOHUPOBAHUSI SJIEMEHTOB
CUCTEMBI.

PeaibHbIE CIIOXKHBIE CUCTEMbl OOBIYHO (DYHKIIMOHUPYIOT B YCIOBHUAX
BO3JICUCTBUSA HA HUX OOJBIIOrO KOJMYECTBA CIy4allHbIX (DaKTOpOB, B
KaueCTBE HCTOYHUKOB KOTOPBIX MOTYT OBITh BHEIIHHE (COCEIHUE)
CHUCTEMBI, CTOSIIIIME Ha JpPYyrux YypoBHsIX wuepapxuu. Kpome Toro,
CllydyallHbIMU (pakTopaMy BO3ACHCTBUS MOTYT OBITh OIIMOKH, IIYMbl U
OTKJIOHEHHSI  Pa3JIMYHbIX BEJIMYUMH BHYTPU CHUCTEMbl. BHemHune wu
BHYTPEHHHUE CJIyYyaillHbIE BO3JIEUCTBUS, €CTECTBEHHO, BIMSIOT Ha PEKUMBI
paboThl JIEMEHTOB CUCTEMBI M MOTYT CYIIECTBEHHO MEHSTh XapakTep ee
(GyHKIIMOHUPOBAHMUS.

B wmonorpaduu H.II. bBycnenko [7] mokazaHo, 4YTO JJiS CJIOXKHBIX
CUCTEM, BCTpPEYAIOLIMXCS Ha TMpaKTUKE, KaK TMpaBWIoO, oOelicmeue
CAYUAUHBIX (PaKmopoe npueooum K CMEW|CHUI0 CPEeOHUX 3HAYEeHUIl
pe3ynomamos ux @QyHKuuonuposanusa. ITO OOCTOATEIBCTBO TpeOyeT
0cOO0Or0 BHHUMAaHHUS K YYE€Ty CIy4ailHbIX (PaKTOpPOB TIPU HCCIIECIOBAaHUU
CJIOKHBIX CHCTEM.

Ha  ocHOBaHMHM  CKa3aHHOIO  MOXHO  NEPEYUCIUTh  OCHOBHBIE
OTJIMYUTEIbHBIE TPU3HAKU CJIOKHBIX CHUCTEM:



1. Hamuuyume  OGOJBIIOTO  KOJMYECTBA  B3aUMHO  CBSI3aHHBIX U
B3aMMO/ICUCTBYIOIINX MEXIYy COOOW 3JIEMEHTOB.

2. CnoxHOCTHh (DYHKITUH, BBIMIOJHIEMONW CHCTEMOW WM HAIlpaBJIICHHOW Ha
JOCTHIKEHHME 3aJlaHHOM 1Menu (YHKIIMOHUPOBAHUS.

3. Bo3MOXHOCTh  pa30MEHUs  CHCTEMbl Ha  MOJCUCTEMBI,  IIEIU
GyHKIIMOHUPOBAHUS KOTOPBIX ITOTYMHEHBI oOrein LEJIH
(GYHKIIMOHUPOBAHUS BCEH CHCTEMBI.

4. Hamuume  ynpaBieHuss  (4acTO  HUMEIONIETO  HMEPAPXUUYECKYIO
CTPYKTYpY), Ppa3BETBICHHOM WHOOPMAIIUOHHOW CETM ¢ HMHTEHCHUBHBIX
MOTOKOB HMH(MOpMAIINH.

5. Hanmnune B3auMoACHCTBUSL C BHEIIHEW cpeaoll U (yHKIMOHU-
pOBaHHE B YCJIOBHUSX BO3JECUCTBHUS CIy4alHBIX (PaKTOPOB.

IMoka3zarTeab 3¢Q(PeKTUBHOCTH

B coorBeTrcTBUM ¢ TNyHKTamMM | — 3 TEpEUUCICHHBIX MPU3HAKOB
CUMTAIOT, YTO CJIO)KHAs CHCTeMa, paccMaTpuBaeMas KaK COBOKYITHOCTH
00BEKTOB  (DJIEMEHTOB, IOACHUCTEM), IMpeJHa3HAuYeHa I BBINOJHEHMS
ONpPEACTCHHBIX PadOT WM PENIEHUs HEKOToporo kiacca 3amad. [loatomy
nporecc (GYHKIIMOHUPOBAHUS CJIO)KHOM CHUCTEMBI SIBJISIETCSA COBOKYIMHOCTBIO
JICUCTBUH €€ 3JIEMEHTOB, NMOJYMHEHHBIX €IMHOM IICHH.

Ecoiu menn u 3agaum CHCTEMBI ONPEAECIEHBI, MOXXHO CTaBUTh BOIPOC
00 ompejaeneHurd KadecTBa €€ (YHKIMOHUPOBAHUSA, KOTOPOE OIICHHUBAETCS
pH TIOMOIIA nokazamens Iphexkmusnocmu. DOTa 4uciaoBas
XapaKTEpUCTUKAa, C OJHOM CTOPOHBI, OIEHUBAET CTENEHb MPHUCIOCOO-
JIGHHOCTH CHCTEMbI K BBIMIOJTHEHUIO IMOCTABJICHHBIX IEpe HEK 3ajad, a C
JIPYro — CyIIECTBEHHO BJIUSAET Ha PE3yJbTAaThl €€ HCCIEIOBAHUS.

JInsl MOSICHEHHSI CKa3aHHOTO MOKHO PAacCMOTPETh HEKOTOPBIA MPOU3BOJ-
CTBEHHBIN mporiecc. [lpu omucanuu 1ener W 3amad HEOOXOAMMO YKas3aThb
nepeyeHb W3JEIuN, JJIsI  BBINYCKA KOTOPHIX MpeJHa3HayeHa JaHHas
cucrema. Ho, mpuBenss TOJIBKO HTOT NEPEYEHb, HEBO3MOXKHO MOJYYUTh
CBEJICHUS ISl OIpEJENICHUs] OIICHKM KadecTBa (PyHKIMOHUpOBaHMS. Ecim
BbIOpaTh B KayecTBe IoKazarens d(PEPEeKTUBHOCTH paccMaTpPUBAEMOIO
MPOU3BOJICTBEHHOIO TPOLIECCA HPOUIEOOUMETbHOCHMb, U3MEPSIEMYIO KOJIH-
YECTBOM M3JIEIMI, BBITYCKAEMBIX B TEUEHHWE (PUKCUPOBAHHOTO HHTEpBAIA
BpEMEHU (CMEHa, HeJNeJs, MECAI]), TO MOXET OKa3aTbCs, 4TO (HOpPMaJIbHO
npeAnoyTeHne OyJIeT  OTJAaBaThCs dakTopaM,  CHOCOOCTBYIOIINM
JOCTHXKEHUIO MaKCHUMalbHON MPOU3BOJUTEIBLHOCTH. ODTO MOXKET NPUBECTU
K YXYAUIEHUIO JPYTUX XapaKTEPUCTUK MPOU3BOJACTBEHHOTO IMpolecca



(3KOHOMHUSI CBIPBSI, HM3HOC O0OOpYIOBaHMS, pacxoa H3Hepruu). Eciam xe B
KauecTBe TMokazarensd 3((PEKTUBHOCTH HCHOJIb30BaTh ceHeCmouMocmy
OPOIYKIMHK, TO, HAOOOPOT, SKOHOMHS CBIpbA, HW3HOC OOOpPYJIOBaHUA,
pacxod OdHepruu ©W GOHJ 3apabOTHOW IUIaThl OYAYT HMETh BaKHOE
3HAQYEHUE, B TO K€ BPEMS OKAXKETCS, YTO MPOU3BOAUTENBHOCTh MOMXKET
BOOOIIlE HE YYHUTHIBATHCS.

B wurore myis mpoW3BOACTBEHHOIO TMpolecca HEOOXOIWMO BbIOMpATh
Takue  nokazarenu  3(P(YEKTUBHOCTH,  KOTOPHIE  YUYUTHIBAIOT  Kak
ce0ECTOMMOCTh TPOAYKIIMH, TaK M MPOU3BOJUTEILHOCTH OO0OpPYIOBAHUA,
HarpuMep BEIWYMHY NPUOBUIM, PEHTAOEIBHOCTD.

Jlns Toro 4toObl IOKazaTelb A(POEKTUBHOCTH IIOJHO XapaKTepHu30oBall
Ka4eCcTBO pabOThl CUCTEMbI, JOJDKHBI YYHUTHIBATHCS BCE OCHOBHBIC
OCOOGHHOCTM UM  CBOMCTBA  CHCTEMbI, a  TaKXe  YyCIOBHS €€
(YHKIIMOHUPOBAHUS W B3aUMOJICUCTBUA C BHEIIHEH cpenod. Takum
oOpazom, mokazareinb 3PGEKTUBHOCTH JOHKEH 3aBUCETh OT CTPYKTYpPHI
CUCTEMBbI, 3HAYCHUN €€ TmapaMeTpoB, XapakTepa BO3JCHUCTBUS BHEUIHEH
Cpelbl, BHEIIHUX W BHYTPEHHUX CIIyYallHBIX (DaKTOpOB.

Ha ocHoBaHuu cka3aHHOrO MoKa3arelb 3(PQPEKTUBHOCTU OIpeaenseTcs
npoyeccom ynkyuonuposanus cucmemst. OH OTpaxkaeT TMOBEJCHUE
CUCTEMBl BO BpPEMEHM U NPEACTABISAETCA KAaK  IOCIEI0BATEIbHOE
U3MEHEHNE €€ COCTOSHUWU. Ecnm cucrema M3MEHSET CBOE COCTOSHHE, TO
TOBOPAT, YTO CHUCTEMa Hepexooum W3 OJHOTO COCTOSHHS B JIPYToOE.

[ToaTOMy MOXHO MNPEICTABUTh MHOMCECHME0 BO3MOXHBIX MPOIECCOB
(GYHKIIMOHUPOBAHUSI CUCTEMBI, 3JIEMEHTBHl KOTOPOTO OTJIMYAIOTCA APYr OT
Apyra 3a CYeT pa3jJu4yHbIX YCJIOBUHA M PEXKUMOB pabOThl CHCTEMBI.
KaxnoMy 537eMEHTYy 3TOr0 MHOECTBA CTaBUTCSI B COOTBETCTBUE 3JIEMEHT
APYyroro MHOXECTBA, a HWMEHHO MHOXECTBA 3HAYEHUW MOKA3aTels
3¢ PexTuBHOCTH cUCTEMBbl. Tak Kak 3HAYE€HHsS TOKa3aTessl MPEJICTABISIIOT
coOOl JIeMCTBUTEIbHBIE YHUCIA, TO MOXHO TOBOPUTH 00 OTOOpa)XeHUU
MHOXECTBA TMPOILIECCOB  (PYHKIIMOHUPOBAHUSI CHUCTEMBbl Ha MHOXECTBO
JEHCTBUTENIbHBIX YHCEJ, 3aKJIIOYEHHBIX BHYTPH HEKOTOPOro HHTEpBajia (B
npeAenax  M3MEHEHWs 3HaueHud  mnokazarens dddexktuBHoctH). Ha
OCHOBaHUM CKa3aHHOTO TMoka3arelb J(P(OEKTUBHOCTH MOXKHO CUHUTATh
¢ynkyuonanom ot npoinecca GyHKIMOHUPOBAHUS CUCTEMBI.

B cBA3M ¢ TeMm, UYTO CIOXHBIE CHUCTEMBI pPabOTAlOT B YCIOBUAX
JACUCTBUS CIy4YalHbIX (PAKTOpPOB, 3HAYCHHUS (PYHKIIMOHAJIOB OKa3bIBAIOTCS
CAyuaiiHblMu  BEIMYMHAMH. OTO CO3/1a€T HEKOTOphIE CJIOXHOCTH U
MOATOMY MpH BbIOOpE MoKazaress 3(HPEKTUBHOCTH MOJIB3YIOTCS CPEIHUMHU



3HAQYEHUSIMU  COOTBETCTBYIOIIMX  (yHKIMOHaNOB. [lpuMepammu  Takux
CpPEIHMX 3HAUYCHMM (DYHKIIMOHAJIOB CIyKaT CpeIHHE KOJIMYEeCTBA H3JCTUH,
BBIITYCKAEMBIX 3a CMEHY, CpeaHss ce0eCTOMMOCTh MPOAYKIMU, CPEaHSS
npuObLIbL ()11 MPOW3BOACTBEHHBIX TIPOLIECCOB), CPEAHSAA JIJTUTEIBHOCTh
MOE3JKH, CPEJIHSAsS CTOMMOCTb TMEPEBO3KU (JJIS TpaHCHoOpTa), CpeaHee
BpeMs OXHUJaHUA B odepenu (Uisi CUCTEM MacCOBOTO OOCITy>KHWBaHUS).

Nuorma B KadecTBe ToKazaTeiss A(P(EKTUBHOCTH  UCMOIB3YIOTCS
6€POAMHOCIMU HEKOTOPHIX CIIYYalHBIX COOBITHH, HANpPUMEpP BEPOSTHOCTH
YCIEIIHOW  TOCajgku  camosieta (Il  CUCTEMbI  CJIENON  MOCAJKH),
BEPOSTHOCTh 3acTaTh aOOHEHTCKYI JIMHUIO 3aHATOM (I CHUCTEM
TeeOHHON CBSI3M), BEPOSITHOCTH IMOMACTh B OYepeaHOM aBTOOyC (ist
naccakupa, HaxXOJAIIEerocsi B O4Yepeau) U, B OOIIeM ciiydae, BEPOSTHOCTH
TOr0, YTO 3asiBKa, MpHUIIEAIIas B CUCTEMY, OyAeT oOcCyXKeHa.

Mopein

Mogens (bp. modele — obpazenr) sBiasieTcss MpeACTaBICHUEM OOBEKTA,
CUCTEMbl WJIM TOHATHUS (HUJIeW) B HEKOTOpPOoW ¢dopMme, OTIUYHOU OT (POpPMBI
WX peaTbHOro CYyIIECTBOBaHHSA. Mojenb OOBIYHO CIYXXHUT CpPEICTBOM,
MOMOTAIOIIMM B OOBSICHEHWM, TOHUMAHWUU WM COBEPIICHCTBOBAHUM
cucTeMbl. MOXXHO MPUBECTH HECKOJBKO OMPEACIICHUN ATOTO TMOHSTHS.

Mooens — >TO UCHOJNB3YEMBIM JUISI NOPEACKA3aHUS U CPaBHEHUS
WHCTPYMEHT,  IO3BOJISIIONIMN  JIOTHYECKUM  IIyTEM  CIPOTHO3UPOBATH
MOCJIEJCTBUSl abTEPHATUBHBIX JEUCTBUM M JOCTATOYHO YBEPEHHO YyKa3aTh,
KaKOMYy W3 HUX OTHarTh npeamnoureHue [44].

Mooenv — 3T0 HEKOTOPOE TMPEICTABICHUE O CHUCTEME, OTpa)karolee
HanOoJiee CYIIECTBEHHbIE 3aKOHOMEPHOCTHM €€ CTPYKTYypbl U Mpolecca
(GYHKIIMOHUPOBAHUS U 3a(UKCUPOBAHHOE HA HEKOTOPOM f3bIKE WIH B
HekoTopor (opme [13].

Mooenv — 3T0 00BEKT-3aMECTUTENb OOBEKTa-OpUrMHaja, O0ECIeYnBalO-
M W3YyYEHUE HEKOTOPBIX CBOWMCTB opuruHania [41].

Takum oOpa3oMm, MoOjENIb €CTh MAaTEpPUAIbHO WM TEOPETUUECKHU
CO3JaHHasg CHUCTEMa, NpeJHA3HAYEHHAas 3aMEHUTh WM TMPEICTABISAThH
OOBEKT WuCCIEOBaHUA B TIpollecce To3HaHus. Monenb O0KHA ObITh
Oonee ynoOHOUN nnsi uccinenoBaHud. M3ydeHuwe MoJenu U peanusanus ¢ e€
MOMONIBIO  PA3JIUYHBIX 33Ja4 MO3BOJIAET MOJY4YUTh HHQPOPMAILUIO O
peaTbHOM OOBEKTE HCCIICIOBAHUS.

MoaeaupoBaHue



O MOJenupoBaHUU ECTECTBEHHO TOBOPUTH JIMIb NPU HCIOJIb30BaHUU
MOJICJIM JIJIsl TIO3HAHUSI OpUTHHAIA.

3amenieHue  OofHOro  OOBEKTa  JIPyTMM € IEJIbI0  TOJy4YEHUS
uHpopMaIiu O BaXHEUIIMX CBONCTBAX OOBEKTA-OpUTHHAJA C TOMOIIBIO
00BEKTa-MOJICNIU HA3bIBACTCS MoOdeauposanuem. OTO OIWH U3 Hambojee
pacIpoOCTPAaHEHHBIX  CIIOCOOOB  HW3YYEHHS  PA3JIUYHBIX  MPOIECCOB U
ABJICHUU.

CylIecTByeT MHOTO MOJXOJOB K KJIacCHU(UKAIUM METOJOB U MPUEMOB
MOJCIMPOBAHUS, HO OCHOBHBIM SIBJISICTCSI TIOApPA3JCICHUE Ha @puzuueckoe
U Mamemamuyeckoe MOJICTMPOBAHUE.

[Ipu ¢uszndeckoM MOIETUPOBAHUU MOJCIH BOCIPOU3BOAMUT H3ydaeMbId
mporiecc (OpuUrHMHAI) C COXpaHEHHEM ero (HU3WYeCKOW MPUPOABI M
MO3TOMY, KOHEYHO, UMEET OTPAaHUYEHHOE MpPUMEHEHUE.

MaremaTuueckoe MOACJIUPOBAHHUEC - 3TO CII0co0 HCCIICAOBaHUA
Pa3/IMYHBIX IIPOHCCCOB IMYTCM H3YUYCHHA }IBHGHHfI, HUMCIOIIUX PA3JIMYHOC
(1)I/IBI/III€CKOC COACPIKAHUC, HO OITMChIBACMBIX OAMHAKOBBIMHU

MaTEeMaTUYECKUMU COOTHOIICHUSIMM.

I[lon Mmamemamuueckoii mooenvi0 PEATBHOW CHUCTEMbI ITOHUMAIOT
COB0KynHOCMb  coomHouwtenuii  (Harpumep,  GopMys,  YpaBHEHHUH,
HEPABEHCTB,  JIOTMUYECKUX  YCIIOBUH,  OIEPATOPOB),  ONPEOeaANOUUX
XaApaKmepucmuKku COCMOAHULI cucmemvl (a uepe3 HUX U BbIXOOHblE
CUZHAIBL) 6 3A6UCUMOCHU OM  HAPAMEMPO8 CUCHIEMbl, 6XOOHbIX

CUCHAN06, HauanbHblX  ycnoeuut u  epemenu [7]. To  ectb
MareMaThyeckas MOJIeJIb KOHIUEHTPpUPYEeT B ceO€ HalMCAaHHYI0 Ha
ONpPEIETEHHOM A3BIKE (ECTECTBEHHOM, MaTeMaTUYECKOM,

QITOPUTMUYECKOM) COBOKYIHOCTh 3HAHUW, MPEACTABICHUNA M THUIOTE3 O
COOTBETCTBYIOIIEM OOBEKTEe WM sBICHUU. OOBIYHO MOJEIb TOJBKO
NpUOMIKEHHO OINUCHIBACT TOBEJACHUE pEaTbHONM CHCTEMBbl, SIBISISICH €€
aOCTpakiueld, Tak KakK 3HaHUS O pealbHOM CHCTEME HMKOrAa HE ObIBAaIOT
aOCOJIIOTHBIMM, A THUIIOTE3bl YacTO BBIHYXKJICHHO WJIM HAMEPEHHO He
YUYHUTHIBAIOT HEKOTOPBIE (PAKTOPHI.

3ayeM pa3pabaThIBAIOTCA MOJICIU M peau3yercs MojenupoBaHue? B
OOJIBIIIMHCTBE  CIy4aeB  HEBO3MOXKHO  IOBTOPUTH  AKCIEPUMEHT  Ha
OpPUTMHAJIE B OJHUX M TE€X XK€ YCIOBUIX (HAmpuMep, H3MEHSIOTCA
MOrOAHBIE YCJIOBUS — MOpPU  HCCICAOBAaHUM TMPUYUH BO3HUKHOBEHHUS
HaBojHeHU B HeBckoil rydoe MUHCKOrO 3aJiMBa), WA 3TU SKCIHEPUMEHTHI
YPE3BBIYANHO OMACHBI JJIsl MCCIEAoBaTelie (Hampumep, SKCIEPUMEHTHI Ha



B3opBaBiieMca Onoke YepHoObuibcko ADC), WM MPOCTO SKCIEPUMEHTHI
C CHUCTEMOH SIBIISIOTCS JOPOTOCTOSIIMM U TPYIOEMKUM JCIIOM.

MoaenupoBanue 11€7€c000pa3HO, KOTJa Yy MOJEIU OTCYTCTBYIOT T€
NPU3HAKA OpPUTHHATA, KOTOPBIE MPEMSATCTBYIOT €ro HCCICIOBAHUIO, WU
UMEIOTCSl OTJIMYHBIE OT OpPUTHHAjJa MPHU3HAKH, CIOCOOCTBYIOIIHE (UKCAIIUU
WIM W3Y4YCHUIO CBOWCTB Mojenu. M3 cka3aHHOTO MOKHO CHAeNaTh BBIBO,
YTO TMOJbh3a OT MOJCIUPOBAHUS MOXKET OBITh TMOJy4Y€HA TOJBKO IMpHU
COONIOJIEHUH  JABYX  YCIOBUW:  MoOjeNb  OOecleurnBaeT  aJeKBaTHOE
OoTOOpa)keHUE CYIIECTBEHHBIX CBOMCTB OpWTMHAIa W MOJEIb TO3BOJISET
YCTPaHUTh  CYIISCTBYIOIIME  TPOOJEMBbI,  NPUCYIIHE  IPOBEACHUIO
HKCTICPUMEHTOB Ha PEAJIbHOM OOBEKTE.

Teopusst moaeupoBaHus

Teopuss MOJENUPOBAHUSL  MPEJCTABISACT COOOM  B3aMMOCBS3aHHYIO
COBOKYMHOCTh TOJIOKEHUM, OMpENeICHU, METOJOB U CPEICTB CO3IaHUS U
U3YUYCHHUST Mojeied. DTU TOJIOKEHUsI, OIpEeeSIeHUs, METOAbl U CpEJCTBa,
KaK U CaMU MOJEIH, SIBJIAIOTCS MNPEAMETOM TEOPUU MOJCIUPOBAHUS.

OcHoBHasl 3ajlaya TEOPUM MOJICIMPOBAHUS 3aKIIIOYAECTCS B TOM, YTOOBI
BOOPY)XUTh  MCCJEJOBATENIsl TEXHOJOTHEH CO3JaHusl TaKuX  MOJIEJIEH,
KOTOpbIE JOCTaTOYHO TOYHO U TMOJHO (PUKCUPYIOT HHTEPECYIOIINE
CBOMCTBA OpHUTHHANa, NpoIIEe U OBbICTpee MOAJNAIOTCS HCCICIOBAHUIO U
JTOMYCKAIOT TMEPEHECEHUE €ro Pe3yJbTaTOB Ha OpPUTHHAI.

dopMallbHO MOJIENIb O0BEKTa MOJCIUPOBAHUS S MNPEACTABISIOT B BHUJC
MHOXeCTBa BenuuyuH [41], omuchiBaronux Tmpoiecc (yHKIIMOHUPOBAHUS
peaJbHOM CHCTEMBl M OOpa3yIONMIMX CIEAYIONIHME MOAMHOMXKECTBA:

— COBOKYMHOCTb 6XO0OHBIX 8030€elCmeuil Ha CUCTEMY

x,eX, i=12,..,ny;
— COBOKYITHOCTb 6030€UCmEUll 6HeUutHel CpPeobl
vieV, =12, ny;

— COBOKYITHOCTb GHYMPEHHUX RAPAMEmPOE CUCTEMbI

hoeH, k=12, .. ny;

— COBOKYITHOCTb 6bIXOOHbIX xapakmepucmuk CHCTCMbI



yjeY, j=L2,.., ny.

B mepedncieHHBIX MOAMHOMXKECTBAX MOKHO BBIIEIHTH YIPABISCMBIE U
HCYIpaBisieMble IepeMeHHble. B obmem cimywae x;,v;, fiy,y; SBISIOTCS

DJIEMEHTAMHM  HEINEPECEKAIOIIUXCS  MOAMHOXECTB UM COJIEpXKAT  Kak
JNETEPMUHUPOBAHHBIC, TAK M CTOXACTUYECKHE COCTABJISIOIIUE.

[Ipy MoaenMpoBaHWMM CUCTEMBI S BXOJHBIE BO3JACHUCTBUS, BO3ICUCTBUS
BHEIIHEW CpeAbl M  BHYTPEHHUE  MapaMeTpbl  CUCTEMBI  SBIISIIOTCS
HEe3A6UCUMBIMU  NEPEMEHHbIMU, KOTOpPhlE B  BEKTOpHOU  (opme
3aMUCBIBAIOTCS TAK:

x(f) = (x1 (1,35 (1), X, (z));
V() = (W (03 (s v, ()
h(t) = (0. (1), ),

a BBIXOJHBIC XAapaKTEPUCTUKA CHUCTEMBI  SBIISIIOTCS  3AGUCUMBIMU
nepemeHHvIMU W B BEKTOPHON (opMEe HMEIOT BUJ

YO = (710, 32D, (1):

[Iporiecc (PyHKIMOHUPOBAHUS CHUCTEMBI S OINKHCHIBAETCS BO BPEMEHU
oneparopoMm Fg, koropeli B 00meM ciydae npeoOpasyeT He3aBHCUMBIE

TIEPEMEHHBIC B 3aBHCHMBIC B COOTBETCTBHH C COOTHOIICHHSMH BHIa
y(#) = Fg (y(0),v(£),h(?),). (1.1)

COBOKYMMHOCTh 3aBHUCUMOCTEH BBIXOJIHBIX XapaKTEPUCTUK CHUCTEMBI OT
BpemeHu  y;(f) s Beex  j=1,2,..,ny Ha3bIBACTCA  6bIXOOHOIU
mpaexkmopuen  y(t). 3aBucumocth  (1.1)  Ha3pIBaeTCI  3aKOHOM
@yukyuonuposanus cucmemvt S n oboszHadaercs Fg. B obmem ciydae
3aKOH (QYHKIUMOHUpOBaHMs cucTteMbl F¢ MoxeT OBITH 3alaH B BHIE

dbyHKIMd, (YHKIIMOHANA, JOTUYECKUX YCJIOBUH, B aJITOPUTMHYECKOU U
TaOJUYHOM (opMax WM B BHUJIE CIOBECHOTO IpaBUjia COOTBETCTBHUS.
Jlng  omucaHusT MW UCCIEAOBAHUS CHUCTEMBI S  BaXHBIM  SIBJISIETCS



MOHATUE aANZOpUMMa GYHKUUOHUpo6anus Ag, TON KOTOPBIM IIOHUMAETCA

METO.I MOJYYCHUS BBIXOAHBIX XapaKTEPUCTHK C YyYETOM BXOIHBIX
BO3JCHCTBUN X(f), BO3JACUCTBUM BHEIIHEW cpeabl V(f) W COOCTBEHHBIX

napameTpoB cuctemsl h(z). Ogun u TOT ke 3akoH (yHKIMOHUpOBaHUs Fg

CUCTEMBl S MOXET OBITh peaJu30BaH pa3IMYHBIMU CIIOCOOAMHU, T.€. C
MIOMOILBI0 MHOXKECTBA PA3JIMYHBIX aJITOPUTMOB (YHKIIMOHHPOBAHHUSA A .

B 3akntoueHue HAHHOM TJIaBbl MOXKHO TIEPEUMUCIIUTh IATh TJIABHBIX
MPUHIIMIIOB, HAa KOTOPBIX Oa3upPyeTcsi TEOPHS MOJCIMPOBAHUS M KOTOPBIC
MOJIOKEHBI B OCHOBY TEXHOJIOTMM MojenupoBanus [12, 13]:

1. Ipunyun ungpopmayuonnoii oocmamounocmu. MonenupoBaHue
CHUCTEMbI OCCCMBICIICHHO, €CIIM HMMEETCS HCYepHbIBaoIias uHOpMAIus o
e€¢ (QyHKIIMOHUPOBAHUHU. [IPOTHBOIOI0XHOCTHIO JTaHHOMY TE3UCY SBIISICTCS
cleAyrolee: €CiM HET HUKaKou WHGOpMAIMU O CUCTEME, TO OCYIIECTBUTH
MOJICJIMPOBAHUE  TAaKOW  CUCTEMbI  HEBO3MOKHO. [IpomexxyTOUHBIM
BapUAHTOM SIBIISIETCA TpeOOBaHWE HATWUYUSA OMNPEASIEHHOTO TOPOTrOBOTO
YPOBHS  alpUOPHBIX 3HAHMM O cucremMe (MMEHHO JTO  SBJISETCS
OPUHIONIIOM  HWHGOPMAIMOHHOM  JOCTATOYHOCTH), KOTJa  CYIIECTBYIOT
YCJIOBUSI TIOCTPOECHUSI MOJENHW, AJCKBATHOW MCCIEAYEMOM CHCTEME.

2. Ilpunuyun ocywecmeumocmu. OCyIIECTBUMOCTh 3aKJIIOYAETCI B TOM,
qTO0  pa3pabaTbiBaeMas MOJACHIb JIOJDKHA  JOCTHTHYTh — peau3aliHl  ICIIH
UCCJICIOBAaHUS C OTJIWYHOM OT HYJIS BEpPOSATHOCTBIO 3a  OMNPEACIEHHOE
(koHEuHOE) BpeMs. To ecTh JOJDKHO BBIMOJHSATHCS COOTHOIICHUE

P(ty) =z py,
rae P(fy) —BepOATHOCTh JOCTWKEHMs LIE€NM MOJCIMPOBAHUSA 33 IIPHEMIIEMOE
BpeMs  fo; Py — 3ajaHHasg  (KemaeMasi)  BEPOATHOCTb  JIOCTMIKEHMS — 1IEJIH

MOJICTTUPOBAHUSI.

3. Ilpunyun mnoxcecmeennocmu mooeneit. B pazpabaTbiBaecMoit
MOJIEJTM HEO0OXOJIUMO pEeaiu30BbIBATh TOJIBKO TE€ CBOWCTBA CHUCTEMBI WIIH
SABJICHUS, KOTOPBIE OKAa3bIBAIOT CYIIECTBEHHOE BIMSHUE Ha IIOKa3aTesb
sbdextuBHOCTH. M3 3TOrO CleAyer, YTO HCIOJIb30BaHUE MOJTYUYECHHOU
MOJIETM  OTPAXKAET  TOJBKO  ONpeneliéHHble  (YUYTEHHBIE)  CTOPOHBI
(XapakTepuCTUKH) pealbHOTO mporecca. [loaToMy [ HCYEPHBIBAOIIETO
UCCJIEAOBaHUA  MOJEIMPYEMOTO  Mpolecca, BO3MOXKHO, MOTpeOyercs
NOCTpOEHHE Habopa MoOJeed, KOTOpble Obl MO3BOJWIM C Pa3HbIX CTOPOH
U C pa3sHOM CTENEHbIO JeTalli3allui AaHaJW3UPOBATh XAPAKTEPUCTUKU
pealbHOTO mpouecca.

4. Ipunyun acpecupoeanusn. Jr00as CIIOXKHAsA CUCTEMA MOXKET OBITH



npejacTaBjieHa HaOOpPOM HEKOTOPBIX TMOACUCTEM (arperatoB), a njsi HX
MAaTEMATUYECKOTO  OMMUCAHUSA MOXXHO  HCIOJB30BAaTh  ONPENCIEHHBIE
MAaTEMATUYECKAE CXEMBIL. OJTOT NPUHLMIT JAET BO3MOXKHOCTH JIOBOJIBHO
JIETKO TepecTpauBaTh MOJENb B 3aBUCHUMOCTH OT BO3HMKAIOIIMX MpoOiieM
Y 3a7a4 UCCIICIOBaHUS.

5. Ilpunyun napamempuzayuu. Yacto BCTPEYAIOTCS CHUCTEMBI, B
CTPYKTYPY KOTOPBIX BKJFOUEHBI JIOCTATOYHO H3OJUPOBAHHBIE KOMITOHEHTBI
(moacuctemsl). Ecnu 3T MOACUCTEMBI  XapaKTEPU3YHOTCS HEKOTOPHIM
[MapamMeTpoM, TO TMPEACTABISECTCS BO3MOXHBIM 3aMEHUTh WX B MOJCIHU
COOTBETCTBYIOIIMMHU  YHCJIOBBIMM  3HA4YeHUsMU  (WIM  TpaduKaMu,
Tabnuuamu win ¢GopMyiIaMH) M HE OMNUCHIBATh HUX (PYHKIIMOHUPOBAHMUE.
Hcnonp30BaHMEe  3TOr0  NPUHLMNA  COKpallaeT o00bEM U BpeMs
MOJICIMPOBAHUS, HO CJIEAYET YYUThIBaTh, 4YTO MpPU OTOM, €CTECTBEHHO,
CHIDKAETCSl aJIEKBATHOCTh MOJEIU.

I'naBa 2
TEXHOJIOTUSA MOIAEJIUPOBAHUSA

Pacmmpenuto chep NOpUMEHEHUS MOJCIMPOBAHUS CIIOCOOCTBOBAJIO,
KOHEYHO, Pa3BUTHE U MPUMEHEHHUE BBIUYUCIUTENIBHBIX MalIMH U cuctem. C
YBEPEHHOCTHIO  MOXHO  CKa3aTb, UYTO HE CYIIECTBYyeT oOJjacrei
YEJIOBEUYECKON AESATEIbHOCTH, T/ie Obl HM HMCIOJI30BAIOCh MOJAEIHPOBAHUE.
OT0 W (PYHKIMOHUPOBAHHME ATOMHBIX PEAKTOPOB, U  HCCIIEIOBaHUE
MaKpOSKOHOMHUYECKUX MPOIIECCOB, U MPOU3BOJICTBO MAIlIMH U arperatroB, U
pa3BUTHE OMOJIOTHYECKUX CHUCTEM, U aHAJIM3 IIOCIEJICTBUN HCIOIb30BAHUS
MPUPOJHBIX PECYPCOB U IKOJOrMYECKuX Karactpod [1].

Camu BBIYUCIUTENBHBIE KOMIUIEKCHl CTAJIM HE TOJBKO HWHCTPYMEHTOM
UCCIIC/IOBAHUSA, HO U OO0BEKTaMH MOJCIUPOBAHUS. BBIYHCIUTEIbHBIC
MaIllMHbI, KOMIUJIEKChI, CHUCTEMBbl M CETH Oyiarojaps CBOEH CJIOKHOCTH H
JIOPOTOBU3HE, €CTECTBEHHO, SBIAIOTCA OObeKTaMu MojenupoBanud. [lpu
3TOM MOJICJUPOBAHUE 1I€J€cCOO0pa3HO KaK Ha JTamnax MIpOEeKTUPOBAHUS
BBIYMCIIUTENIBHBIX KOMIUJIEKCOB, TaKk M [JIs aHaiu3a (QYHKIMOHUPOBAHUS
JNEUCTBYIOIINX CUCTEM B OKCTPEMAJbHBIX YCIOBHUSX WA TPU H3MEHECHHUU
X COCTaBa, CTPYKTYpbI, CIIOCOOOB ymIpaBieHHUS WM paboueil HarpysKwu.

[IpyuMeHeHre MOJIEIMPOBAHUSI HA JTale NPOCKTUPOBAHUSA IO3BOJISIET
aHAJIM3UPOBATh BapUaHTHl MPOEKTHBIX PEHICHUM, OMpPEeaeyiaTh paboTOCIOCO-
OHOCTh ¥ TPOU3BOJMUTEIBHOCTb, BBISIBISATH JICPUIIUTHBIE U Maylo3arpy>KeH-
HBIE PECYPChI, BBIUHUCIISITH OKHIAEMBIE BPEMEHA PEAKIUMU M MPUHUMATH



peuieHuss 10  palMOHAJIbHOMY HW3MEHEHHIO COCTaBa U CTPYKTYpHI
KOMIUIEKCAa WJIM MO CHOCOOy OpraHu3alliy BBIYMCIUTEIIBHOTO Mpolecca.

[{enecooOpa3HO HCHOIB30BAaHUE MOJACIUPOBAHUS I JACHCTBYIOIIHMX
BBIYMCIIUTENBHBIX ~ KOMIUIEKCOB, TIOCKOJIBKY MOYHO OMNBITHBIM IyTEM
NpPOBEPUTHh aJCKBATHOCTh MOJCIM M OpUTrHMHajza W 0ojiee  TOYHO
ONpPENCINTh TE€ TMAapaMeTpPbl CUCTEMbl W BHEIIHUE BO3JICUCTBUS Ha HEE,
KOTOpbIE  CIy’)KaT  UCXOJIHBIMU  JIaHHBIMM 111 MOJICJIUPOBAHUS.
MoaenvupoBaHie peabHbIX  BBIYMCIUTEIBHBIX KOMILUIEKCOB  TO3BOJISIET
BBISIBUTH €T0 PE3epPBbl M IPOTHO3MPOBATH KAdueCTBO (DYHKIIMOHUPOBAHUS
npu  JIOOBIX HM3MEHEHMSX, T[I03TOMY IIOJI€3HO HMETh MOJIENId  BCEX
Pa3BUBAIOIINXCSI CHUCTEM.

OcyuiecTBieHUEe MOJEIUPOBAHUS NPEAYCMATPUBAET KOHKPETU3ALUIO
eI MOJICIMPOBAaHUs, CO3JlaHHE MOJEIH, MPOBEACHUE €€ HCCICIOBAHUS U
aHaIu3 TIOJYyYEHHBIX pe3yibTatoB. Jlake mpoiecc co3gaHusi MOJENu
COCTOMT M3 HECKOJbKUX 3TanoB. OH HAauyWHAETCA C W3YYECHUSI CUCTEMBI H
BHEIIIHUX BO3JCHCTBUH, a 3aBepiiacTcs pa3padOTKOW WIM BBIOOPOM
MaTeMaTUYeCKOM MOJEeIM W NporpaMmHoOro ootecrneuenus. EcTtecTBeHHO,
YTO  HEKOTOphIE€  KJIAacChl  MaTEeMaTUYeCKUX  MOJENe MOryT  ObITh
UCCIIe/IOBaHBl U 0€3 MPUMEHEHHUS KOMIIBIOTEPHOM TEXHHUKH.

TakuM 00pa3oM, MOACIUPOBAHUE MPEANOJAracT HaJU4yue CIEAYIOIINX
YKPYIHEHHBIX 3TAIlOB:

— TOCTAHOBKA IIEJIM MOJICIUPOBAHUSI,

— pa3paboTKa KOHIIENTYaJbHOU MOJIENH,

— MOJrOTOBKA HMCXOJHBIX JAHHBIX,

— pa3paboTka MaTeMaTUYEeCKOW MOJIENH,

— BBIOOP MeTOJila MOJCIUPOBAHUS,

— BBIOOpP CPEACTB MOJCIUPOBAHMS,

— pa3paboTka MPOrPaMMHOIO OOecTeUYeHUs,

— TPOBEpPKa aJIEKBATHOCTU U KOPPEKTUPOBKA MOJICIIH,

— IUIAHUPOBAHHE MAIIMHHBIX SKCIEPUMEHTOB,

— MOJICIMPOBaHNE HA BBIYMCIUTEILHOM KOMILJIEKCE,

— aHaJu3 pe3yJIbTaTOB MOJICTUPOBAHUS.

[IpuBen€HHbIM  IIEpEUYEHb,  KOHEYHO, HE  jaorma.  PasnuuHble
MCCIIEIOBATENN B COOTBETCTBUM CO CBOMM ONBITOM W IPUCTPACTUSIMHU
M3MCHSIIOT ~ COJAEPKaHWE W KOJWYECTBO  JTAllOB, HO  JIOTHKa

MMOCJICHOBATCIIBHOCTH OO0JIDKHA COXPAHATBHCA.



2.1. TlocTaHoBKAa WeJM MOAEJTUPOBAHUS

JIrobast cucremMa MOXET TPEACTABIATHCI  HEKOTOPHIM  HAOOpOM,
OTJIMYAIOIIMXCS APYr OT npyra, mojened. OTIuyus MOTYT COJAEpPKAaTbCs B
CTENECHU JIeTAIM3AMM W Y4€Te€ Pa3JIMUYHBIX OCOOCHHOCTEH U PEXKUMOB
(GyHKIMOHUPOBaHUS. MoOryT OTpakaTbCsl HEKOTOpPbIE TPaHH CYUIHOCTH
CUCTEMBbI, MOXXHO OpPHUEHTHPOBATHCS HA AaHAIM3 HEKOTOPHIX HAOOpPOB
coiictB. IloaTomy pa3paboTKe MOJACIH, €CTECTBEHHO, MPEAIICCTBYET
noctaHoBka ((popMyIHpOBKa) IEIH MOJETUPOBAHUA.

Kak mnomoutu K pemeHuro 3ToM 3amaun? Tak Kak CO3JaHUE MOJIEIU
OOBIYHO  OCYIIECTBISICTCSI TPU MOPOCKTUPOBAHUU WJIM  MOJEPHU3BALUU
CHUCTEMBbI, TO €CTECTBEHHO BO3HHUKAIOT 3aJayd oOmpeacsieHus €€ (CUCTEMBbI)
3 PpeKTUBHOCTH, pelraeMblie 10 MO/JICJIMPOBAHMUS. OTOT aTan
3aKaHUYMBAETCSl MPUHSATHEM PEIICHUS O MEJIECOOOPa3sHOCTH WM, HA00OpOT,
HEIIeJIECOOOPA3HOCTU TMPOBEJICHUSI MOJECITUPOBAHUS.

HeoOxoauMo MOMHHUTH, 4YTO TI0J00ME Mpoliecca, MNPOTEKAIIIEro B
MOJIETIM, pEaJbHOMY TMPOILECCY HE MOXKET OBbITh IEIbI0. OTO TOJBKO
YCJIOBHE MPABUIBHOTO (DYHKIIMOHUPOBAHUS MOJCNH, J]a U TO HE BCErJa.

OnpeneneHre 1MeAd  MOACIUPOBAHUS — OTO  pacdy€T  3HAYCHUH
BbIOpaHHOrO TOKa3areyst A(QPEKTUBHOCTH JUIsl PaA3IMYHBIX BapUAHTOB
peaM3anuu MPOECKTUPYEMOM WIIM HCCIEAyeMOM cucteMbl. Hampumep, npu
OMpE/CIICHU BapUaHTa IIOCTPOCHUS KOMIBIOTEPHON CETH, KOTopas Obl
oOJlajilajla MUHHMMAJIbHOW CTOMMOCTBIO MPHU COOJIIOJICHUM TPeOOBaHUN MO
MPOU3BOAUTEILHOCTH W MO HAAEKHOCTH, LEIBIO MOIECIUPOBAHHUS MOKET
OBITh OTBHICKAHME TIApaMETPOB CETH, OOECIECUMUBAIOINIUX MHUHUMAJIbLHOE
3HayeHue Tokazarens dAPdextuBHocTH. OJHUM U3 OTUX TAPaAMETPOB
MOET OBITh CTOMMOCTD.

3agaya MoxkeT GopMyIupoBaThCcs HHave. M3 HECKOIbKMX BapUaHTOB
KOH(QUTypauuu KOMIIBIOTEPHOM ceTH HeoOXOoAuMo BbIOpaTh Haubosee
Han&xkHBIM. B gaHHOM cnydae mokazateieM A(PGEKTUBHOCTH MOKHO
BBIOpaTh OJMH U3 TIOKa3aTeledl Haa&KHOCTH (cpeaHsss HapaOOTKa Ha
OTKa3, BEPOSTHOCTh  0O€30TKa3HOM  paboOThl W  Tp.), a  IeJblo
MOJICJIMPOBAHMS SIBJIACTCS CPaBHUTENbHAs OICHKA BapUaHTOB CETU IO
TOMY IMOKa3aTelo.

OIHOBpEMEHHO C O3TUM PACCMOTPEHHAs KOMIIBIOTEpHasi CETh BYy3a
MOXXET HCIOJB30BaThCA B CHUCTEMax OOy4YeHHS M yIpaBjieHUs HaboOpoM
CTYJICHTOB, B CHCTEME€ HAyYHO-TEXHMYECKHUX pPa3padOTOK M mp. ITa xKe
CETh MOXET OBITh 3JIEMEHTOM CHUCTEM DSHEPrOCHA0XKEHUS, TEXHUYECKOIO



oOciy>kuBaHMs W CHaOkeHus. B 3ToMm ciydae mokaszarenb 3¢G()EKTHBHOCTH
KOMITHIOTEPHON CETH HEBO3MOXKHO OIICHUTH ¢ Tomombio eauHui; CU.

Torma VICTIOIB3YIOT II0Ka3aTeib TEXHUKO-3KOHOMUYECKOU
abdexTuBHOCTH FE, KOTOpHIA YUUTHIBAET HE TOJIBKO 3aTpaThl, HO U
HEKOTOPBIC HU3MEPSEMbIC BBIXOJIHBIE XAPAKTEPUCTUKH CHUCTEMBI

E=EW), (1.2)

r7€ 2JIEMEHTBl MHOXKECTBA XapakKTepucTuk wy, € W (s =1, 2, ..., n, ) —
YaCTHBIC noKa3aresu Ka4eCTBa  CHCTEMBbI (MpOU3BOUTEIIHLHOCT,
HaJIEKHOCTh, CTOMMOCTh, Macca, radapuThl U 1p.).

Ecnmu wu3BecTHBl aHaiuTHueckue cootHomenus (1.1) u (1.2), TO
nokazaresib  3(QPEeKTUBHOCTM  E  BBIUMCISIETCS  DJIEMEHTApHO 1O
COBOKYITHOCTH BHYTPEHHHUX IIapaMeTpOB CHCTEMbl H TIpuU OIpeaeEHHbIX
BHEITHUX Bo3jAcicTBUAX V. WMmm, Ha0o00pOT, MO 3aJaHHOMY ITOKa3aTeio
3(PEKTUBHOCTU BBIYUCISIOTCS TpeOyeMble MapamMeTpbl CUCTEMBI.

IIpy orcyrcTBUM  aHaauTHdeckux 3aBucumoctert (1.1) wu  (1.2)
UCIIOJIB3YIOT MIOJIXO/IbI, Ha3bIBaCMbIC OJTHOKPUTEPHUAIILHOM 17R0
MHOTOKPUTEPHAIBHON oleHKaMu [31].

OnHokputepuanbHasi oneHka. [IpousBogutcs oneHka 3QPEKTUBHOCTH

o OJHOMY YAaCTHOMY IIOKA3aTCJII0 Ka4dCCTBa Wo, a4 Ha JOIMYCTHMBLIC
3HAYCHUA [IpoYnx JJIEMCHTOB MHOXECTBA w HaKJIaAbIBAOTCA
OT'PpaHUYCHUS:

o]
E=Ew), (1.3)
< < 1.4
Wsmln - WS - Wsmax ? ( )
rae w U w — TI'paHU4YHbIC 3HAUYEHUI S — 'O YaCTHOIr0 IIOKa3zareis
S S

min max

KauecTBa.
OCOOEHHOCTBIO TAaKOro MOAXOJIa K OlEHKE 3(P(EKTUBHOCTU SBISACTCS
BO3MOXHOCTh  TIOJIyYCHHMSI  HECKOJIbKUX  BapUaHTOB  CUCTEMbI  JJIS

ONpPENeIEHHOr0 3HAYCHWs W  OpH  PA3IMYHBIX 3HAYCHHUAX IMPOYUX
YaCTHBIX TOKA3aTeliel KauyecTBa, YJOBJIETBOPSIONIUX HepaBeHCTBY (1.4).

MHuorokputepuajbHasi ouneHka. B 3Tom  ciyuae — Haumbonee
pacupoCTpaHEHHBIM  MOAXOJIOM  SIBJISIETCSL  NPEJICTABIICHUE HEU3BECTHOU
dbynkuuu (1.2) mpu moMoImM HOPMHUPOBAHHOTO AJAUTHUBHOTO KPHUTEPHUS:



E:ZW:gsy(Ws)s (1.5)
s=1

rne  y,(w,) — 3Ha4YeHHA OLIEHKM YacTHOIO IIOKas3aTels  KayecTsa,

o0ecreunBaroIe HUCKIIOUYEHUE Pa3MEPHOCTH M TMOJ0OpaHHBIC TaK, YTOOBI
y,(w,)e [0, 1]; g, — BecoBble KOI((UIUEHTHI, KOTOPBIE YYHUTHIBAIOT

BOXHOCTh §—TO IOKAa3aTelisl U yAOBJICTBOPSIOT YCJIOBHIO
SW
Z g, =1 g,>0.
=1

YTouHeHne uead moaeaupoBaHus. Takum o0pa3oM, Ha OCHOBaHUU
aHalln3a  B3aMMOJCHCTBUS  CUCTEMBI C  OKPYXAloNIIEW  Cpeaou |
IpeABAPUTEIHLHOTO H3YUYCHUS BHYTPEHHUX CTPYKTYPHBIX U
(YyHKIIMOHAIBHBIX ~ OCOOCHHOCTEHW  OMpeAeisieTCs I1e7b  MOICITHPOBAHUS
nyTéM ompenesieHus Buia Kputepus dS(PEPEKTUBHOCTH CUCTEMBL. 3aTeM
UCKITFOYAIOTCS T€ XapaKTePUCTHUKH, KOTOPBIE MOXKHO OIpeaeianTh 0e3
MojaenupoBaHus.  MToroBoe  MHOXKECTBO  YYHMTBHIBAEMBIX  BHEIIHHMX
BO3JICUCTBUM JOJDKHO BKJIIOYATh TOJBKO CHOCOOCTBYIOIIME (ITOJIE3HbBIE
BO3JICUCTBUS) WJIM  TPEMATCTBYIOIIHME  (BO3MYIIAIONIME  BO3JICHCTBUSA)
(YyHKIIMOHMPOBAHUIO CUCTeMBbl. Ho, ecTecTBeHHO, MpU MOJCIUPOBAHUU HE
yaa€rcs, Ja W HeuenecooOpa3HO — BKIOYATh BCE  MHOrooOpasue
BO3MYyIIAIMKUX (akTopoB. M 3TO dYacTO NPUBOAUT K HJACATIHU3AIUN
YCJIIOBUH M, BO3MOXHO, K MCKOKCHHIO PE3yJhTaTOB MOJCIUPOBAHMS.

Ecniu MopenupoBaHue mpecieayeT 1eidb He TOJbKO  (uKcaluu
CBOMCTB, HO WU ONTHMH3AIMM XapaKTEPUCTHUK, TO HEOOXOIUMO BBIIBUTH TE
napaMeTpbl, KOTOPhIE MOXKHO M3MEHATH B TIPOIIECCE MOJICTUPOBAHUA.
Korga craBuTca 3amada omnpeneneHus 3aBUCHUMOCTH XapaKTePUCTUK OT
HEKOTOPBIX mapamMeTpoB cuctembl (1.1), TO OSTH XapaKTEPUCTUKH U
napamMeTphl JIOJDKHBI OBITh TOYHO 3a()UKCHPOBAHBI.

OneHka 11e71ec000pa3HOCTH  OCYILECTBICHUS MOJCIUPOBAHUS  SBIISIETCS
3aBEPIIAONIAM MOMEHTOM JTala OIpEACICHUS IEeJId MOJCIUPOBAHMUS.
[IpoBenenre MoaenMpoBaHHUS TpeOyeT HEKOTOPHIX 3aTparT: 4YeM CHCTeMa
CJIO)KHEE M YeM BbIIE TpeOOBaHUS K TOYHOCTH PE3yJIbTaTOB, TEM
3aTpaThl Oombie. Eciau 1enpio sBiIsieTcs 000CHOBaHHE PabOTOCTIOCOOHOCTH



CUCTEMBI, TO 3KOHOMHUYECKHH 3(DPEKT OT ISKCIUTyaTallMd JAHHOW CHUCTEMBbI
JIOJDKEH TPEBOCXOJUTh pacxXoJbl Ha MojenupoBaHue. [lpu ontumuzanuu
CUCTEMBbI 3aTpaTbhl Ha MOJECIMPOBAHHE JIOJDKHBI OKYINAaThCs 3a CUET
pPa3HULBI MEXKJy HAWJIy4YlIUM W HAUXYJIIAM BapUaHTAMU CHCTEMBI.

Ecmu pe3ynpTar MOAETMPOBAHUA MOKA3BIBAET, YTO MCCIEIYEMBIN
BAPUAHT  CUCTEMbI  SIBJISIETCSA  NPUEMIIEMBIM  (ONTUMAIbHBIM),  TO
HelenecooOpa3Ho  MPUHMMATh  PEIICHHEe O HalpacHbIX 3aTpaTax Ha
MOJICJIMPOBaHUE. BaxkHO, YTO MOJEITUPOBAHUE MOATBEPIWIO MPABUIBHOCTH
MPUHSTHIX MPOEKTHBIX PEIICHUH.

2.2. Pa3paboTka KOHIENTYaJIbLHOM MOJeJIH

KonnenryanbHas (comepxkaTeiabHas) MOJCIh —3TO aOCTpaKTHAs MOJIEIb,
OTpeNIeTISAoNIasl COCTaB U CTPYKTYPY CHCTEMBI, CBOMCTBa €€ SJIEMEHTOB U
MPUYUHHO-CIICICTBEHHBIC CBSA3M, MPHUCYIIHE MCCICAYeMOU CHCTEME U
CYIIECTBEHHBIC I JOCTHKCHHUS IS MOJCIIUPOBAHMS.

Kak BuIHO, 3TO BCEro-HAaBCETO CIIOBECHOE OIKCAaHUE TMPUPOJBI,
napaMeTpoB M YCIOBHUM  B3aWMOJEHUCTBHUS  OTHEIBHBIX  KOMIIOHEHTOB
CHUCTEMBI. JTO II€pBOHAYAJILHOS TIPEJACTABICHUE MOJEIIH, BO3MOXKHO, B
BOOOpaKeHMHM HccieaoBaTens. B To ke BpeMs KOHIIENTyalbHas MOJACIb —
’TO B HEKOTOPOM CMBICIE CyOCTpaT CHCTEeMbI, OOECTICUYMBAIOIINMA
JTOCTIDKCHHUE TICTM MOJISITHPOBAHUA.

HeoOxoauMocTh OOOCHOBaHUS BKJIIOUYEHHSI B MOJEIb OINpPEEIEHHBIX
BOKHBIX JJIEMEHTOB M CBOWCTB, a TaKXe WCKIIOYEHUS U3 MOJENU
HECYIIECTBEHHBIX CBOMCTB, TpeOyeT TIIyOOKHMX 3HAaHMH O caMOil CHCTeME.
D10 TpoTHBOpeure (BKIIOYEHHWE OJHMX DJJEMEHTOB U  HCKIIOYCHHUE
IPYTuX) MPUBOJUT K ONPEACIEHHBIM TPYAHOCTSIM, TaK KakK BBISBICHUE
BIUSHHSI HWCKIIFOYCHHUS TOTO WM MHOTO (pakTopa Ha CTEMEeHb HCKaKCHUS
pe3yabTaTOB TpeOyeT CO3MaHMs YKe JBYX Mojened: ¢ ydéroM u 0e3
yu€ta 3TOro (¢axktopa. A TaKk Kak 4YacTO KOJUYECTBO DJIEMEHTOB OBbIBAET
‘IpGSBbI‘I&ﬁHO BCJIUKO, TO U KOJIHUYCCTBO MO)IGJ'IGﬁ MOKCT YBCINYHNBATLCA
JAaBUHOOOPA3HO, MPUBOJS K 3HAYUTEILHOMY BO3pPAaCTaHUIO 3aTpart.

Ilpocmoma moodenu u eé adekeamuHoCmvb UCCIE0YeMOoll cucmeme —
BOT TOT PEIKO M C TPYJAOM HAXOAUMBIH KOMIIPOMHUCC, KOTOPBIM JOJKEH
OBITh JOCTUTHYT TPHU MOJCIUPOBAHUH.

OTBETCTBEHHOCTh JIOKHUTCS Ha pa3pabotruuka. IMeHHO OH Ha
OCHOBAaHMHM CBOMX 3HAHWW M OIBbITA MPUHUMAET pPEIIeHHEe 00 HCKIIOYECHUH
M3 MOJIEId HEKOTOpOro HJIEMEHTa WU Habopa 3JIEeMEHTOB 0€3 MOJIHOU



YBEPEHHOCTH B TOM, YTO OTH JCHUCTBUS HE NPUBEAYT K IOJYYEHUIO
3HAUUTEJIbHOW IIOTPELIHOCTH Ipu  MojaeaupoBanuu. [loaromy wyacto
FOBOPAT, YTO MOJCIUPOBAHUE SBISECTCA HE TOJNBKO HAYKOW, HO U
uckycctBoM [17, 44].

Pa3paborka cratu4eckoil COCTABJIAIONIEH KOHUENTYAJbHOM MOJEJH

Coznanue pa3paboOTUNKOM KOHIIEITYyaIbHOM MOJIEIHN MOKHO
dbopManu3oBaTh, T.€. pa3OUTh Ha JIBa CICAYIOIIUMX JIEHCTBUSA: pa3padoTKa
CTaTHUECKOM M AuHaMuueckou Mojeier. Ha stame co3gaHus cTaTHUECKOU
MOJICTTU OCYIIECTBISIIOTCS CTpaTU(uKaius, JaeTaau3aius, JOKaJIu3aluus Hu
CTPYKTYypH3aIus.

Crparudukanms. OOs3aTeIbHBIMH ~ CBOMCTBAMHU ~ CHUCTeMBI (|
BBIYUCIUTEIBHOM B TOM 4YHCIIE) SBISIOTCSA, C OJHOW CTOpPOHBI, €€
IIEJIOCTHOCTh, a C JAPYrod — CHOCOOHOCTh K pa3OMEHUIO0 CHUCTEMBI Ha
COBOKYMHOCTh  3JIEMEHTOB. B cBol0 ouepenb W MOJ€Ib — 3TO

COBOKYMHOCTh 4acTeW, 00ECIEeUMBAIOIIUX COXPAHEHHUE IIEJIOCTHOCTH.

Paznenenne cucTeMbl Ha COBOKYIHOCTH 3JIEMEHTOB  (WICHHUMOCTH
CUCTEMbl W €€  DJIEMEHTOB) MOXET IPUBECTH K  MOCTPOCHUIO
HepapxXxu4eckol  IMocleNoBaTeIbHOCTH  Mojeneid. B wurTore  cucrema
peCTaBIsieTcss HAO0OpOM MoJenel, OToOpakaromux €€ TIOBEeJACHUE Ha
Pa3JIMYHBIX YPOBHSX JAEKOMIO3WIMHU (3TH YPOBHHU HA3bIBAKOTCS CTpPATAMMU).
Kaxapiii ypoBeHb YUMTHIBAE€T MPUCYIIHE €My CBOMCTBA, IEPEMEHHBIC H
3aBUCUMOCTH, a TPOIECC BBIICICHUS YPOBHEUW Ha3bIBaCTCA CTpaTU(UKAIIUEH.

B Momenb, Kak NOpaBWIO, BKIIOYAKOT BJEMEHThl OJHOIO YPOBHSA
neranuzanuu — K-ro crpara. MHorma, B cilyyae TMOSBICHUS 3aTpydHEHUM
B OINHCAaHUM DJIEMEHTOB, BKIIOYAIOT B MOJCIb UX JETAIU3UPOBAHHOE
npejcraBiieHue U3 HwkHero (K — 1)-ro crpara.

[TocTpoenue cTpaTu(PUIIUPOBAHHOMN KOHIIENITyaJIbHOU MOJIETH
npeaycMaTpyUBaeT BKJIIOUYEHUE B HEE MapaMeTpoB, C IMOMOIIBI KOTOPBIX
BO3MOXHO  BAapbUPOBAaHHE CBOWCTB TMPHU  MOAECIUPOBAHUM, KOTOPHIC
oOecreuynBaloT  OMNPEACICHUE  HEOOXOJAMMBIX  XapaKTePUCTHUK  TMPH
KOHKPETHBIX BHEIIHUX BO3JCHCTBUSIX HA 3aJlaHHOM BPEMEHHOM HHTEpBAJIC
GyHKIMOHUPOBAaHUS CUCTeMBbl. OcCTallbHble TapaMeTphl 03 COXaJICHUS
UCKIIIOYAIOTCS U3 MOJICIIU.

HMeramu3zanusa. DyHKIMOHUPOBAHHME  JIFOOOM  CUCTEMBI — €CTh
peanuzanus ONPEACIEHHOTO KOJIMYECTBA TEXHOJOTMYECKUX IMPOLECCOB
npeoOpa3oBaHusi BEIIECTBA, JHEPTrUM WM UHOpMauuH. DTH TPOLECCHI
CKJIAJIBIBAIOTCSl M3 TMOCJIEI0BATEILHOCTA AJIEMEHTApHBIX ONepanuii, a



BBITTIOJTHEHUE KaXXI10U1 AJIEMEHTAPHOU orepanumn oOecrieunBaeTcs
onpenenEéHHbIM  pecypcoM. OTcroja ciaeayer, 4To B MOJEIH JOJKHBI
IIPUCYTCTBOBATh COCTABIAIOIIME DJIEMEHTBI, PEAIU3YIOLIAE  BBIIIOJIHCHUE
BCEX TEXHOJIOTMYECKUX TpoueccoB. [loMMMO TOro B MOJEIb MOTYT
BKJIFOYATBCS ~ BJIEMEHTHI,  CIYXKAlllu€  YIPABICHUIO  pecypcamMu U
pOLIECCAMHM, A TAaKXKE DIJIEMEHTHI, [MPEAHA3HAYCHHBbIE JUISI XPAHCHUS
uHpopmaliu, HEOOXOAUMON ISl yIpaBJICHHUS.

['myOvHa netanu3alu  OCYIIECTBISETCS 1O TaKOro YpPOBHS, YTOOBI
MMEJIUCh 3aBUCHUMOCTH IApaMETPOB BBIXOAHBIX BO3ACHUCTBHM IS KaKIOTO
JEeMEHTa.  OTW  TapaMeTpbl  JOJMKHBI ~ OBITh  CYIIECTBEHHBI  JJIS
(GYHKIIMOHUPOBAHUS CHUCTEMBI U ONPENCTICHUS eé BBIXO/THBIX
XapaKTEPUCTUK OT NMapaMETPOB BXOJHBIX BO3JCHCTBUU.

[loBhIlIEHHE YPOBHSA JCTAIM3AIMUA ONKWCAHHUS CUCTEMBl MPUBOAUT K
nojydyeHutro Oojiee ToyHOM €€ wmoxaenu. Ho 3To yCIOXKHSET Tmpoluece
MOJICIMPOBAHUSI M  BEOET K POCTY BPEMEHHBIX 3aTrpar HA  €ro

OCYIIIECTBIICHHE.
M3 Ka3aHHOrO BBITEKAeT IIPABUJIO: 6 MOOelb  OONJICHbL  OblMb
BKIHOYEHDL 8ce napamempuol, obecnevusarouyue onpeoeieHue

UHmMepecylowux uccied08amesisi Xapakmepucmux cucmemvl HA 3A0AHHOM
8DEMEHHOM uHmepsane e€ @OYHKYUOHUPOBAHUS, OCMATbHble NaApamMempbl,
O BO3MONCHOCMU, UCKIIOUAOMC U3 MOOEenU.

Jlokanau3zaumsi. DTO TpeACTaBICHHME BHEIIHEH cpeabl B BUJIEC
T€HEPATOPOB BHEIIHUX BO3JCUCTBUM, BKJIIOYAEMBIX B COCTaB MOJCIU B
KadyecTBe 31eMeHTOB (puc. 1.1). X MOXHO moapa3nenvTh Ha:

— TeHepaTophl pabodeil Harpy3kH, IMOCTaBJIAIONIME HAa BXOJ CHCTEMBI
BEILIECTBO, DPHEPTUI0 WU JIAHHBIC;

— TEHEpATOpbl YNPABISAIONIMX M BO3MYIIAIOIINX BO3IAECHCTBUMU.

Pe3ynbTaThl (YHKIIMOHUPOBAHUS CHUCTEMBI TOJPa3CISIIOT Ha:

— TMPOJYKTHI MpeoOdpa3oBaHusl,

— MHQOpPMAIMIO O COCTOSSHUM CHUCTEMBI,

— YIPaBJISIIONMIME BO3JCUCTBUS HA APYTH€ CHUCTEMBI.

['ereparopsl pabodeil HArPy3KH _ IIpomyKTel npeoOpa3oBaHus
['enepaTopbl BO3MYIIAOIIAX Nudopmaruss 0 COCTOSHHIX

BO3/ICHCTBUN - S -
Yrpaistonye BO3ACUCTBUS
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Puc. 1.1. IIpencraBnenne BHEIMIHEN Cpenbl CUCTEMBI B BHUJAE T'€HEPATOPOB
BHEIIIHUX BO3JICHCTBUN

Crpykrypu3auusi. OTO TIEPEUMCICHHE CBSI3€M MEXKIY DJJIEMEHTAMU
mozaenu.  CBa3u  OBIBAIOT  BEIICCTBEHHBbIE W WH(OpPMAIIMOHHBIC.
BemiecTBeHHbIe  CBSI3M  TOKA3bIBAKOT IIYTH BO3MOYKHOI'O IEPEMEILICHUS
OPOJIYKTOB IpeoOpa3oBaHUs OT »dyleMeHTa K »3jeMeHTy. C moMoIbio
MH()OPMALIMOHHBIX CBSI3€M OCYIIECTBIACTCS Tepefada MEXIy 3JIeMEHTaMu
yOPaBIAIONIUX BO3ACUCTBUI M HMHGOpPMAIIMM O COCTOSHUSIX. OTHU CBSI3H
MOTYT H HE MNOPEICTABJIATBCA B CUCTEME KAKUM-TO MAaTE€pHUAIIbHBIM
KaHAJIOM.

B cnydae, ecaum cucTteMa COCTOMT U3  OJHOQYHKIIMOHAIBHBIX
AJIEMEHTOB C OJIHOM BBIXOJHOM BEIIECTBEHHOW CBSI3bI0, MH(GOPMALIMOHHBIC
CBSI3M, €CTECTBEHHO, OTCYTCTBYIOT, a yIpaBieHue (YyHKIHOHHUPOBAHUEM
OPOU3BOJIUTCA  CaMOM  CTPYKTypOH. OITO  HOPUHLUI  CTPYKTYPHOTO
yrpaBlieHUs. B kauecTBe mnpumepa MOJOOHBIX CHUCTEM OOBIYHO MPHUBOJSIT
JIOTUYECKUE DJIEMEHTHI BBIYMCIUTEIIBHBIX KOMIIJIECKCOB.

Ecin cucremMa BKIOYAET JJIEMEHTBI C HECKOJBKUMH BBIXOJIHBIMU
BEUICCTBEHHBIMUA  CBA3SIMMU W  HUMEIOTCA  YIPABIAIOIIME CPEACTBA U
uH(pOpMalIMOHHBIE CBA3U, TO OHAa (YHKIUOHUPYIOT B COOTBETCTBUHU C
POrpaMMHBIM WJIM AITOPUTMUYECKUM YIIpABICHUEM. B 1aHHOM ciydae
yopaBjeHUe TpeOyeTrcss Jid ONpEeAesieHUsT CaMoro dJEMEHTa, KakKylo
orepanuio mpeoOpa3oBaHusl BHIMIOJIHUTh M KyJa TEpenath.

KoHuenryanpHass MOJ€Ib KOHKPETHO COJEPKUT TMEPEUUCIICHUE U
coJiep)KaHUE BCEX MpaBWI U aJITOPUTMOB YyIpaBieHHsS padoueil Harpys3Kkoi,
dJIEMEHTAaMU U MPOLECCAMMU.

Pa3padoTka AMHAMHMYECKOH COCTABJISIONIECH KOHUENTYAIbHOH MO

Bc€  BbllenepeyncieHHOe HalpaBieHO Ha pa3paboTKy CTaTHYECKOU
MOJEJIM, TO €CThb OTpa)kaercs €€ cocTaB M CTPyKTypa. A JUisl ONMUCaHUsA
OUHAMUKY  (QYHKIIMOHUPOBAHUS  CUCTEMBl  HEOOXOAMMO  YUYUTHIBATH
QITOPUTMBl  YIPABJIEHUS W IAPAMETPbl  BXOJHBIX  BO3JACHUCTBUUA U
AJIIEMEHTOB.

Kak yxe ynomuHasnoch, B Tmporecce (YHKIMOHUPOBAHUS CHUCTEMBbI
peanu3yeTrcsi TEXHOJOTMYECKMM Tmpolecc NpeoO0pa3oBaHUs  BEIIECTBA,



3HEpru W wuHbopManuu. B BBUKMCIHUTENBHBIX MalllMHAX pean3yeTcs
MYJIBTUNPOTPAMMHBIM  PEXKUM Pa0OThl. A TEXHOJIOTMYECKUM TMpoIecC B
HUX PEAIM3YET HEKOTOPYIO MOCIEAOBATEIBHOCTh SJIEMEHTAPHBIX ONEPaLUH,
YacThb W3 KOTOPBIX BBINOJHAECTCS NApPaUIEIbHO PA3HBIMH  3JIEMEHTAMHU
(pecypcamn).

B o6mem ciydae cymiecTByeT JBa MOJXOJa K pealu3aldyd MpOoIeAyp
YIOPAaBICHUS  TEXHOJOTUYECKMM  MPOLECCOM. JTO  MOPOTPpaMMHBIA |
CTPYKTYPHBIN TOAXO/IBI.

TexXHOJOrMYEeCKU TMPOLECC, 3aJaBAEMBIA  IPOrPaAMMOM, PEAIU3IYETCS
HEKOTOPHIM aHAJIOrOM QJITOPUTMA YHOPaBICHUA. AJICOPUTM  OIPEIECIISIET,
KaKME PECypChl CHCTEMbI, B KAKOW TMOCJIEAOBATEILHOCTH M  KaKUe
onepanuu JIOJKHBI BBITIOJIHATHCS TSt JIOCTUKEHHUS uenu
(G YHKIIMOHUPOBAHUS.

CylllecTByeT HWHTYUTUBHOE MPEJACTaBICHUE 00 ajIroputMe Kak o
(dopMaNbHOM COBOKYITHOCTH OIEpaliii M TOPSAKE WX BBITOJHEHHUS IS
pelieHus 3ajaad Kakoro-iunoo tuma [3].

[Ton  anropuTMoM  OOBIYHO TOHMMAETCS  TOYHOE  IMpeINucaHue,
ONPECIISIONIee MPOLECcC MNepepadOTKU HCXOJHBIX JAaHHBIX B TpeOyeMbIid
pe3yJbTar. JIroboii aJTOPUTM XapaKTepU3yeTcs MAaCCOBOCTHIO,
JNETEPMUHUPOBAHHOCTBIO U PE3yJIbTATUBHOCTHIO.

B cnydae wucCnonb30BaHUS CTPYKTYPHOTO MPHHIMWIIA YIOPABICHUS IS
KaXJ0r0  JJIEMEHTa  CHCTEMbl  BBIOMpPAIOTCS  MapaMeTpbl, KOTOpPBIC
M3MEHSIOTCSI BO  BPEMEHM UM, COOTBETCTBEHHO,  OTPAXalOT  XOJI
TEXHOJIOTUYECKOr0 Ipouecca. MHOXKECTBO ITHUX IAPAMETPOB OTPAKAKOT
COCTOSTHUE€ CHUCTEMBbI, a (PYHKIIMOHUPOBAHHE CHUCTEMBbI IPEICTABIISIETCS B
BUJC IIOCJIEI0BATEIILHOM CMEHBI COCTOSHUKW. MHOXKECTBO BO3MOXHbBIX
COCTOSTHHUM CUCTE€MbI HA3bIBAIOT IMPOCTPAHCTBOM cocTostHuil (1.1).

Ha 3aBepmiaromeM  3Tane  CcO3JaHUS  KOHIENTYaJbHOHW  MOJEIHU
HEeoOXoIMMa TpoBepKa €€ aJeKBaTHOCTU HCXOAHOM cucteme. Ho Tak kak
caMoii Mojaenu B (U3NYECKOM CMBbICIE TIOKa HE CYIIECTBYET, TaKyro
MPOBEPKY [IOJKEH OCYIIECTBUTh 3KCHEPT, HO, HHM B KOEM Cllydae, HeE
pa3pabOTUUK MOJEIH.

2.3. IloaroroBKa MCXOAHBIX JAHHBLIX
Hy»XHO mNOMHUTB, 4YTO pa3pabOTIMK B TIPOIECCe CO3JaHUS MOJCIH

B3aHMO,H€ﬁCTByeT CO MHOI'mmMmHu CcClenuajaiucraMu, 3HAKOMBIMH C caMou
cucteMon. A Tak Kak Tp€6OBaHI/IH K MOACIM MOI'YT H3MCHATLCA B



npolecce  M3y4eHUsi CHUCTEeMbl, TO  pa3pabOTYMKy MOJACIH  MOXKET
MOHAJO0UTHCSI  MOCTOSIHHAsT ~ KOHCYJIbTallUsl CO  CHEHHAIMCTAMH 1O
UCCIelyeMbIM  BompocaMm. [7aBHOe, YTO TpPU  CO3JaHHU  MOJICIIH
pa3pabOTUUK JOJDKEH MCIIOJIB30BaTh BCIO JIOCTYNHYK HH(pOpPMAIIHIO,
KOTOpasi MOXeT OBbITh IOJIydeHa pa3HbIMH MeTojaaMu [18]. DTm MeTosbl
TaKOBBI:

— KOHCYJbTalldM CO MHOTUMH CHEIHUATUCTAMHU IO UCCIEAYEeMOMY
BOIIPOCY;

— HaOJroJIeHWE 3a CUCTEMOM (eciau cHucTema, I0JI00Has HCCIIeayeMOM,
yXKe€ CYIIeCTByeT, TO COOpaHHbI€ JaHHble OyJayT TIOJIE3HbI MpH
MOJICTUPOBAHNM); OJHAKO TMPU HUCHOJIH30BAHUM TaKUX JAHHBIX MOTYT
BO3HUKHYTh HEKOTOpPHIE HEYJOOCTBA: a) JaHHBIE HE MPEACTABIISIIOT TO, YTO
B JIEWCTBUTEJIBHOCTH HEOOXOAUMO MOJICIUPOBaTh, O) JaHHBIE HE HMEIOT
NOAXOMSIIEro Tunma Wik Qopmarta, B) B JaHHBIX MOTYT OBbITh OIIMOKH
U3MEPEeHUS, 3aluCH WIM  OKPYIJIEHWsA, T) JaHHbIe MOTYyT  OBITh
HEOOBEKTUBHBIMU JJISl TOJYYCHHUS OMNPEACTIEHHON BBITOABI, J) JIaHHBIC
MOTYT OBITh TMPEACTaBICHBI B HECOBMECTHUMBIX €IUHUIIAX;

—  pe3yabTarhl, TOJYyYE€HHbIE B XOJI€ MOJCIHUPOBAHUS TOJAOOHBIX
CUCTEM;

— ONBIT W UHTYUIUMA pa3pabOTyMKa — OCOOCHHO, €CIW CHUCTeMa,
nojo0Has MOJEIUPYEeMOW, Ha JaHHBII MOMEHT HE CYIIECTBYET.

Takum o0Opa3zoMm, cOOp, IIOJArOTOBKA, TII€pBOHAYajdbHas o00paboTKa
UCXOOHBIX JIaHHBIX (KAYECTBEHHBIX M KOJWYECTBEHHBIX) IMPOU3BOAUTCA Ha
MPOTSKEHUM  HECKOJBKUX  MCXOJHBIX O3TAaloB  Mpollecca  pa3padOTKH
Mojenu. JlaHHbIE MOTYT MOCTOSIHHO KOPPEKTHUPOBATHCS U yTOUHSITHCS.

KosnuecTBEHHbIE TapaMeTpbl CHUCTEMBI JOJKHBI HMETh KOHKPETHBIE
3HAQYEHHUs, TaK KakK OHH peIIalolUM 00pa3oM BIHUSIOT Ha YCHeX
MOJIeTUpOBaHusl. TOYHOCTh M TIOJHOTAa HCXOJHBIX JaHHBIX BO MHOTOM
ONPEACIISIIOT JIOCTOBEPHOCTh PE3YJIbTATOB MOJCIUPOBAHUS.

[TapameTpsl Monenu (HMCXOJHBIE JaHHBIE) B OOIIEM Clydae MOTYT
OBITh JIETEPMUHUPOBAHHBIMU WM cToXacTuueckumu. C JIpyroil CTOPOHHI,
OHM YacTO OKAa3bIBAIOTCA HecTalmoHapHbIMH. M Tak Kak B OOJIBIIMHCTBE
CIy4yaeB  3TH  JAaHHbIE  JOJDKHBI  XapaKTepH30BaThb  (OIMKCHIBATH)
MPOEKTUPYEMYIO (HE CYIIECTBYIOUIYIO) WJIM MOJCPHUZUPYEMYIO CHUCTEMY,
TO Tpoleaypa cOopa UCXOAHBIX JaHHBIX [MpeBpallaeTcss B  OYCHD
CJIOKHYIO U OYEHb BaXHYIO MpoOieMy.

BONBIIMHCTBO MapaMeTpoB, IO CBOCU NPUPOJE SBISAACH CIyYalHBIMU



BEJINYMHAMHU, npu MOJEIUPOBAHUUI 4acTo IPEACTABIISIIOTCS
JNETEPMUHUPOBAHHBIMHA CPEAHUMHU 3HAYCHUSIMU. OTO JOMYCTUMO B TEX
ClIy4asix, KOrja cliydailHble BEJIWYMHBI MMEIOT Maslbli pa30poc, WM Korja
JONYCTUMO YYUTBIBATh B MOJENM TOJBKO cpenHue 3HadeHus. Ho »3to
BCETJa BEAET K MOSBJICHHUIO ONMPEIACIEHHONM MNOTPEIIHOCTA MOJICIUPOBAHUS,
TaK KaK BO3JEUCTBUE CIIy4yalHBIX (HAaKTOPOB MOXKET MPUBECTH HE TOJIBKO
K pacCEMBAHWIO, HO M K CMEIICHUIO CPEIHUX 3HAYECHUN pPE3YyJbTaTOB [7,
16].

Nuorma BO3MOXKEH W OOpaTHBIM TOAXOM, KOTJa JIEeTEPMUHUPOBAHHBIC
XapaKTEPUCTUKU 3aMEHSIOTCS CiIydyaHbiMH BeluurHaMu. OOBIYHO 3TO
HampaBJICHO Ha COKpalleHue OoObEMOB HCXOJHBIX JaHHBIX. IlycCTb,
HalpUMEpP, MOJECTUPYETCS 00pabOTKa JAHHBIX BBIYUCIUTEIBLHONW CUCTEMOM.
B sTtoM cnywae st MHOTOKPATHBIX MPOIECCOB PEAIM3ANMUA MPOrpaMM C
pa3HbIMH  O0bEMaMU  MCXOJHBIX  JAaHHBIX  MOXKHO  3aJaBaTh  BCIO
COBOKYITHOCTh ~ KOJMYECTB 3TUX [JAHHBIX. A MOXHO UX 3aMEHHUTh
CIIy4yailHOM BEJIMYMHOW C 3aJlaHHBIM 3aKOHOM pachupeacieHus (MEeTOaAuKa
peanu3alii CIyYalHbIX BEJIMYMH T[OKa3aHa BO BTOPOM 4YacTu Y4eOHOro
mocoous).

ITonOop 3akona pacnpeaejenusi. J[n4 cucTemMaTH3aluv 3HAYCHUM
CIIy4aliHBIX TapaMeTPOB HEOOXOJMM COOp CTAaTUCTHYECKUX JAaHHBIX U HX
o0paboTka Uil ONpeAeiCHUS BO3MOXKHOCTH TIPEJCTABJICHUS MapaMeTpOB
KaKUM-JIMOO TEOPETUUECKUM 3aKOHOM pacIipeeeHuUsl.

[Iporiemypa mombopa BHJa 3aKOHA pacHpeACICHUS 3aKII0YacTCsS B
cienyromem [1, 5, 10, 16, 44]. 1lo COBOKYIIHOCTHM YHCJICHHBIX 3HAYCHHU
rmapamMeTrpa CTPOMTCS THCTOIpaMMa OTHOCHUTEIbHBIX YacCTOT — OMIIUPHU-
yeckas TIUIOTHOCTh — paclpenelieHus. [ 'ucrorpamMma  anmpoOKCHUMHUPYETCS
IJIaBHOM KpuBOHW. llonydeHHas KpuBas IIOCIENOBATEIbHO CPABHUBAECTCA C
KPUBBIMU TIJIOTHOCTH PACHPEACICHUS Pa3IMYHBIX TEOPETUYECKUX 3aKOHOB
pacmpeneneHus. BpiOupaercss OAWH W3 3aKOHOB [0  HaWJIydIIeMy
COBIIQJICHUIO BHJa CpPaBHUBAEMbIX KpHUBBIX. [l0 sMIHMpHYECKUM 3HAYCHHUSIM
BBIYUCIIAIOT ~ TapaMeTpbl  3TOr0  pacClpelesieHus. 3aTeM  BBIMOJHSIOT
KOJIMYECTBEHHYIO  OILIEHKY  CTEIIEHHM  COBIQJACHUS  AMIIMPUYECKOTO |
TEOPETUYECKOTO  pACHpENeSICHUd [0 TOMY WA JIPYrOMy KPUTEPHIO
cornacus (Hampumep, Ilupcona (xu-kBaapart), KoamoropoBa, CmupHOBa u
np.). llepeuncieHHsple HSTambl JAOCTATOYHO JACTaIbHO pa3pabOTaHBl M
OMHMCAaHbl B MaTEMaTUYE€CKOW CTaTHUCTHUKE.

C Jnpyroil CTOpPOHBI, MCXOAHBIE JaHHBIE MOTYT OBITh MPEACTABICHBI



yke B oOpabotanHoM Buzae. I[Ipum 3ToM TOXE BO3HHMKAIOT MPOOJIEMBI:
pacmpenieieHue  MOCTPOGHO MO  Majoil  BbIOOpKe,  HUH(pOpPMaLUS
npejacTaBicHa B KaueCTBEHHOW ¢opMme, MMEIOTCS TOJbKO arperupoBaHHbBIC
OIICHKH, JIaHHbIE YyCTapeld WIM TOJYYeHbl B JPYrOM MECTe WU TpHU
JIPYTUX YCIOBHUAX, B BBIOOPKE OTCYTCTBYET YacTh JaHHBIX.

Anmpokcumanuss (yHKUMd W BbIABH:KeHHMe rHnoTe3. Kaxmomy
AJIEMEHTY CHCTEMBbl B JI0OOM MOMEHT BpPEMEHH MOKHO I[OCTaBUTH B
COOTBETCTBHUE (DYHKIIMOHAIBHYIO CBA3b MEXIy IMapaMeTpaMH BXOIHBIX
BO3/ICHCTBUI u €ro BBIXOIHBIMU XapaKTepUCTUKAMU. Ota
(GyHKIIMOHAJIbHAs 3aBUCUMOCTh 4YacTO OYEBHUJIHA, WJIM MHOTJA JIETKO
ompenenseTcss B pe3yibTaTe aHauM3a MOpUPOAL  (DYHKIIMOHUPOBAHUS
CHUCTEMBI.

Ho 1nd HEKOTOphIX 73JIEMEHTOB YAAETCS TOJIBKO TMOJY4YUTh HaAOO0p
ASKCIEPUMEHTAIBHBIX JAHHBIX O KOJMYECTBEHHBIX 3HAYCHUSIX BBIXOIHBIX
XapaKTepPUCTUK TMPU PA3IMYHBIX 3HAUYCHUSAX MapaMeTpoB. B 3ToM ciydae
BBOJUTCA  HEKOTOpass  TUIOTe3a O  xapakTepe  (YHKIMOHAJIbHOU
3aBUCUMOCTH. 10 €CTh OCYHIECTBISETCA AMITPOKCUMAIUS 3TOM 3aBUCHMOCTH
OnpeACEHHBIM MaTEeMaTHYeCKUM ypaBHEHHEM. [[1s 3TOro HCHoib3yroTcs
METOJIbl  PErPECCUOHHOIO,  KOPPEIAILMOHHOTO WU  JUCHEPCUOHHOIO
aHaJIN30B.

Bun ypaBHeHUsT MOXET 3ajaBarthcs paszpaborunkoMm. HawmbGomnee mpocto
ATO OCYUIIECTBJISIETCA JUISl JIByX NEPEMEHHBIX 110 pe3ysibTaTaM CpaBHEHUS
rpaduka C AKCIIEPUMEHTATbHBIMH TOYKAMU U rpadguKoB
pacnpoCTpaHEHHBIX ANMPOKCUMUPYIOMUX (YHKIMK (mpsiMoi, mapaboJIbl,
TUIepOOoIIbl, SKCIOHEHTHI W TMp.). 3aTeM, sl OOECIEUCHHUS HAWIYUIlIero
OpUOIIDKEHUST KPUBOM K  OKCIIEPUMEHTAJIBHBIM  JTAHHBIM,  HUCIOJIb3YS
PErpPECCUOHHBIM aHAIW3, BBIYMCIISIOTCS 3HAYEHHUS KOHCTAaHT BBIOPAHHOTO
ypaBHeHUs.  OOBIYHO  MOPUONMKEHHUSI  OLICHUBAIOTCS MO  KPUTEPHIO
HAaWMEHBIINX KBAJIPaTOB.

Ecnu mapaMeTpbl OTpa)karOT HOBBIE 3JIEMEHTHI CO37aBa€MON CHCTEMBI
WM HOBBIE yciaoBUS €€ (QYHKUIMOHUPOBAHUS, TO HET BO3MOXKHOCTH
coOpath  (akThyueckue JgaHHble. B 3TOM  cioydae — MpUBIEKAIOTCS
CIEHHMAINCTBI, XOPOIIO  MPEACTABIAIOINIME  OOCYyXKIaeMyr  mpoOjiemy,
KOTOPBIE CIOCOOHBI BBIABUHYTH TMIOTE3bl O BO3MOXXHBIX 3HAYCHHSX TaKHUX
napameTpoB. CrTeneHb CyObEKTHBHOCTH MOXKET OBITh YMEHBIIICHA, €CIIU
BOCIOJIb30BAThCA METOJWKAMHU HSKCIEPTHBIX OILICHOK.

Dram  cOoopa u  0OpaOOTKM  HMCXOJAHBIX  JIAaHHBIX  3aBepIIaeTCs



Kiaccupukaled WX Ha BHEIIHUE MW BHYTPEHHHUE, TOCTOSHHBIE U
IIEPEMEHHBIE, HEMPEPBIBHBIE W JAUCKPETHBIC, JIMHEUHBIC W HEJIUHEUHBIE,
CTallMOHAPHBIE 51 HECTAllMOHAPHBIE, JNETEPMUHUPOBAHHBIE 51
croxactuyeckue. Kpome TOro, omnpenensrorcss TpaHULbl U3MEHEHUs IS
MIEPEMEHHBIX KOJMYECTBEHHBIX MapaMETPOB, a JJs JUCKPETHBIX BEIWYMH —
UX BO3MOKHBIE 3HAYECHHS.

2.4. PazpaboTrka MaTeMaTH4eCKOH MOJe/H

B 11 (570):10)1 rJiaBe o IpoOHO paccMaTpUBaJIOCh MOHSITHE
MaTeMaTU4YecKor Mojaenu. MaremMarudeckas MOAeJb — 3TO COBOKYIIHOCTH
MaTEMAaTHYECKUX OOBEKTOB M OTHOIIEHWW, KOTOpPBhIE OTOOpa)karoT OOBEKTHI
U OTHOIICHHS HEKOTOpPOM mpenMeTHol obnactu (00JacTh peasbHOTO
mupa). M3BecTHO, YTO OJHUMH M TEMH K€ MaTEeMaTHUYCCKUMU MOJEIAMU
MOTYT OMHCBHIBATHCSI COBEPIICHHO PA3JIUYHBIC MO MPHUPOJE IPOIIECCHI.

OcHoBOM  Juisi  pa3pabOTKM  MaTeMaTHYECKOM  MOJENM  CIy>Kar
KOHIICTITYaJlbHasl ~ MOJEIb M  KOJIMYECTBEHHBIE  HCXOJHBIC  JIaHHBIC.
[IpecnenayroTcs JABe TIeNM: TMOJYYUTh OJHO3HAUYHOE (HOPMATU30BAHHOE
OmMHMCaHWe CTPYKTYpbl M Tporiecca (yHKIMOHHPOBAHHS CHCTEMBI, a TaKKe
NPEACTaBUTh TMpolecc (YHKIIMOHUPOBAHUS C HCIOJIb30BAaHUEM OIHOM W3
BO3MOKHBIX OOOOIIEHHBIX (OPMATU30BAHHBIX CXEM. OTUMH HauboJjee
pactpoCTpaHEHHBIMM ~ CXEMaMU  SBJISIOTCS, HampuMep, HEIpephIBHBIC
JICTEPMUHHUPOBAHHBIE  CHCTEMBI,  aBTOMAThl, arperaTMBHBIC CHUCTEMBI,
CHUCTEMBbl MACCOBOTO OOCITY>KHBaHUS U TIP.

HenpepbiBHBIC eTepMUHHMPOBAHHbIC cHCTeMbl. [IpocTenmmMm BuaoMm
MOJIeJIel TaKUX CHCTEM SIBJIACTCS JIMHEMHOE COOTHOIIEHUE (mpsiMas
MPONOPIHUOHATBHAS 3aBUCUMOCTb ) MEXTY JIBYMSI YU CIIOBBIMU
nepeMeHHbIMH Yy =kx, rA¢ k— kKodhduIMEHT (YUCITOBON mMapameTp),

OTpaXKarwIMi CBOWCTBA Mojaenu. MCronp30BaHME TAaKOW 3aBUCUMOCTH
MO3BOJISIET OMHUCHIBATH MHOTHE IIPOIECCHl B peabHBIX CHUCTEMax (3TO H
3akoH HploToHa B MexaHuke, W 3akOH Oma B 3JIEKTPOTEXHUKE).

B ©Oonee oOmem ciy4ae, €cid HE YYMUTHIBACTCS BO3JCHCTBUE
CIy4aliHbIX (DAKTOPOB, a MaJjibleé M3MEHEHHMS BXOJIHBIX BO3JICUCTBUM
NPUBOAAT K TAKOrO JKE€ TMOpSAKa MajdbIM HW3MEHEHHSIM BBIXOJHOTO
BO3JCHUCTBUS W COCTOSIHUSIM CHCTEMbI, cooTHomeHus (1.1) MoskHO
MPEJCTaBUTh B BHUJE BEKTOPHOTO (P (HEpEeHITMATLHOTO YpaBHEHHS



% =F(x(¢), v(¢),h(2),1), (1.6)

rae F — BekTop-QyHKIMsa 3akoHa (YHKIIMOHUPOBAHUS CHUCTEMBI; X,V,h,y —

BEKTOPBI BXO/JIHBIX, BHYTPEHHUX u BBIXOJIHBIX BO3/ICHCTBUI
COOTBETCTBEHHO.

B cimyyae JMHEWHOCTHM CHCTEM, KOrjla IIepeMEeHHble 00J1aaoT
CBOWCTBOM OJIHOPOJAHOCTH U  aJJAUTUBHOCTH, BHUJA ypaBHeHud (1.6)
yOpOILIAETCS, YTO  TMO3BOJISIET  pelllaTh WX  aHAIUTUYECKUMH WU
YUCJICHHBIMU (MPUOIMKEHHBIMUA) METOoJIaMu [6].

ABTOMATBI. ABTOMATHBIE MOJEIM MCIOJB3YIOTCS UIA  aHaIu3a
(GYHKIIMOHUPOBAHUS u MPOCKTUPOBAHUS OT/ICJIbHBIX y3JIOB
BBIYUCIIUTENIBHBIX CUCTEM, JJI1 pa3pa0OTKH MPOrpaMMHOIO oOecrnedyeHus, a
TaK)K€ MOTYT OBITh HCIOJb30BaHbl MPU CO3JAaHUU MOJIEIEH B JPYTrHX
00JIacTsIX TEXHUKH, OMOJIOTHUH, MEIUIIMHBI U Tip. [4].

ABTOMAT TPEJCTABJISIOT KaK HEKOTOPOE YCTPOMCTBO (UEPHBIN SIIUK),
Ha KOTOpPOE€ TMOCTYMAKOT BHEIIHUE BO3ACUCTBHUS (BXOIHBIE CHUTHAIIbI),
U3MEHSIONINE BHYTPEHHEE COCTOSIHME  aBTOMaTa, TMpUYEéM  peakius
aBTOMaTa Ha KaXJ0€ BO3JIeUCTBHE (BBIXOJHON CHUTHAJI aBTOMAaTa) 3aBUCHT,
KaK OT KOHKPETHOTO 3HAYEHUS BO3JCUCTBHUS, TaK W OT COCTOSIHUA
aBTOMaTa.

MHOXeCTBa  IHCKPETHBIX  BO3JICUCTBUU, pPEAKUUW W COCTOSHUU
NPEACTABISIOTCS B TEOPUM  AOCTPAKTHBIX aBTOMATOB C  IMTOMOIIBIO
COOTBETCTBYIOIIUX ajipaBUTOB: ajdaBuTa (MHOKECTBA) BXOJHBIX CHUMBOJIOB
V'={v}, andaBura (MHOXXECTBA) BBIXOAHBIX CHUMBOJIOB W = {w}, a Takxke
andaButa (MHOXECTBAa) coOCTOosiHUM aBTomMara S = {s}. Kaxnpii BXxoaHOMH
CUMBOJI VeV 0TOOpakaeT BXOJHOE BO3JCUCTBUE, a BBIXOJHOM CHMBOJI
weW — peakuuio aBTOMAra.

IIpenmnomaraercs, yto MHOXecTtBa V' u W KOHeuyHbl. ECiM MHOXECTBO
S KOHEYHO, TO aBTOMAT HA3bIBAETCS KOHEUHBIM, a €CiM S OECKOHEYHO, TO
aBTOMAT HA3bIBACTCS AaBTOMATOM C OECKOHEYHBIM YHCIOM COCTOSTHHIA.
Ecnu aBTOoMaT umMeeT BCEro JMIIb OJHO COCTOSIHME, TO OH Ha3bIBACTCS
TPUBUAJIBHBIM WJIM aBTOMATOM 0O€3 MaMsTH.

B mnpounecce (QpyHKIMOHUPOBAHHS B PE3YJbTaTe€ OYEPETHOIO BXOJHOTO
BO3JCHCTBUSI aBTOMAT C MaMsITbIO HM3MEHSIET CBOE COCTOSIHUE W
BbIPA0ATHIBAET BBIXOJHYIO PEAKIMI0O B JUCKPETHBIE MOMEHTHI BPEMEHHU.



[TockoNbKy KOHKpPETHBIC 3HAY€HHUs] BPEMEHHM B MOJEIHW aOCTPaKTHOIO
aBTOMAaTa HECYIECTBCHHBI, MCIOJb3YIOT IUCKPETHOE AaBTOMATHOE BpeMs [,
MIPUHUMAIOIIEE TIOCJIEA0BATEIbHO LEeJIo4YuciIeHHble 3Havenus 0, 1, 2, ...,
npuuéM ¢ = 0 COOTBETCTBYET HAYAIILHOMY MOMEHTY, C KOTOpPOTrO
paccMarpuBaeTcs (pyHKIIMOHUPOBAHUE aBTOMATA.

Cetn Iletpm mnpengHa3HayeHbl IS  MOJACITUPOBAHUA  JTUCKPETHBIX
ACUHXPOHHBIX MpoueccoB. MIX OCHOBHBIE OTJIIMYKS OT ABTOMATHOM MOJEIIH
— BO3MOJKHOCTb OTOOpa)kaThb Mapajuleiu3M, aCHUHXPOHHOCTh M Hepap-
XUYHOCTh MOJICIMPYEMBIX OOBEKTOB.

ArperaTuBHbleé CHCTEMBI. OJTO IIMPOKO PACIPOCTPAHEHHBIM IOIXO,
MO3BOJISIIONIMM  ONMKUCHIBATh (DYHKIIMOHUPOBAHWE HEMNPEPHIBHBIX W JUCK-
PETHBIX, JTETCPMUHUPOBAHHBIX M CTOXACTUUYECKHUX CHUCTEeM. Arperatr Impe-
CTaBJISIETCS OCHOBHBIM 3JIEMEHTOM JIFOOOW CUCTEeMBI (3TO arperatHoe mnpej-
craBieHue cucrembl) [7]. OOmas cxema arperara m3o0pakeHa Ha puc. 1.2.

CpoiicTBa ¥  (PYHKIIMOHUPOBAHHME JIIOOOTO arperara  OINPEICISIOT
cieaytomue QpakTopsl:

1. Bxomnas  unHdopwmarusi,  oOpabarbiBaemasi  arperatom.  JTa
uHpopmals TPeACTaBISIET €000 COOOIICHUS BHUJIA aj? k=12, .., k*),
MOCTYNAIOIIe B MOMCHTBI Bpemenu ¢; (j=1,2, ..., 7). B obmem ciyuae

BXOJHasg HHGOpMaLUs MOXKET OBbITh (DYHKIHEH BpPEMEHM M MpEACTaBlICHA
%
(k +1)— MepHBIM BEKTOPOM

— —k 1
a; =aj(tj,aj,a

2 k"
j )

j’..-’aj

o k
KEDKI[OG Hu3 COO6HI€HI/II/I {Clj} B 3aBHUCUMOCTH OT BHAA arperara MOKCT

XapakTepU30BaTbCA  3aKOHOM  pPACOPEAENEHHWS  MOMEHTOB  BPEMEHH
NOCTYIUICHHS, TUIIOM, MPUOPUTETOM, IJIMHOM, HapamMeTpoM OOCIYyKUBaHUS
U Ip.

2. Bxognas wuHpopmanug, ynpasisiomas — (QyHKIIMOHUPOBAHUEM
arperata. OJTa uHpOpMAIMs TPEACTaBIeHa cooOmeHusamMu Buma g (n =1,

* . ok
2, ..., n), MNOCTyHNAlOIIMMU B MOMEHTBl BpemeHu 7; (i=12,.0"), u

ompenenser wu3MeHeHuss anroputMa (. JlaHHBIE COOOIICHHS  TaKXKe
*

SABJISAIOTCA (YHKIUSIMHA BPEMEHM W MOTYT OBITh 3adaHbl (n + 1) — MEpHBIM

BEKTOPOM
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CooOmienus, ympapisitomye (QyHKIIMOHUPOBAHUEM arperara, MOTYT
XapaKTEepU30BaThCA 3aKOHOM  pacIpeieeHHs MOMEHTOB IOCTYIUICHUS,
JUTUTEIFHOCTHIO, TUIIOM M JIPYyTMMH (haKTOPaMHU.
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Puc. 1.2. O6mas cxema arperara

3. KoopouHatsl arperara, TO €CTh COBOKYIHOCTb HEKOTOPBIX BEIUYUH
* V)
X! (!=1,2,..,]"), onpenenstonMx COCTOSHUE arperata B KaKIbII MOMEHT

BpeMeHn t. KoopawHaThl arperara TakKe MOXKHO TMPEJICTABUTh B BHUJC
%
(I +1)— mepHoro BekTOpa

=l =l 1 2 I*

B 3aBucuMOCTH OT BHJa arperata KOOpAMHAThl TaKKEe MOTYT OBITh
pa3ouThl Ha psii TPYNIl B 3aBUCUMOCTH OT UX THIIA.

4. Beixomnas wuHopMalusa arperata, BbIJaBaeMas UM B JIpyrue
arperaTbl WJIM BHEUIHIOW cpedy. OTa wuHOOpMalUs MOpeaCcTaBISETCS

CcOOOIIeHUIMH  BHJA qo,f’ (h=1,2,..,h"), BBIABAEMBIMH arperaroM B

%k [
MOMEHTHI BpemeHH ¢, (r=1,2,...,r ). OHa Takxke sBisgercd (QyHKIUEH

*
BPEMEHM U MOXET ObITh TpejcTaBiieHa (h +1) — MEpHBIM BEKTOPOM

—h —h 1 2 h
O =0, (L, P Pr sty @) ).

Coo011eHnst BBIXOJHON HHGOPMAIMK TaKKE MOTYT XapaKTepU30BaTHCS
TUIIOM, TIPUOPUTETOM, JJIMHOW U APYTUMH (PaKkTopamu.



5. [IlapameTpsl arperarta, TMpeACTABISAIONIME COOOM COBOKYITHOCTB
BenmuunH [7'(f), KOTOphIe SBISIOTCS BBIXOAHOM HMH(OpMaIlMell arperara u

onpecaC/IOT 3HAYCHHUA €TI0 BCKTOPA X l.

6. Anroputm G, peanu3yeMbId arperaroM, KOTOPbIM B 3aBUCHMOCTHU

oT 1}, 5]1; 1 fl-l () ompenenseT (5,,}’ U HOBBIE 3HaueHus mapamerpos [ (7)

(UITOpUTM BBIXOJIOB).

7. AnroputMm H, mnosBoyisromuii 1o u3BeCcTHBIM mapamerpam P"(¢), a

TaK)KC 3HAUCHUSIM BCJIUYUH [ j n a_Jk onpcaACIUTb KOOPpAWHATHI arperara

=l
X (¢t) nnsa 1:000r0 MOMEHTa BPEMEHH ¢ (QJITOPUTM IIEPEXOO0B).
Takum 00pa3zoM, arperaT MOXXHO OINPEACIHTh KaK OOBEKT

A:A{Ek,gﬁh,fl,G[gn},H[Em},t},

COCTOSAIIMHA M3 HEMYCTBIX MHOMKECTB {Ek},{gﬁh},{fl},{gn},{ﬁm} u

anroputMoB G u H, omnpenenéHHbIX COOTBETCTBEHHO HAa MHOXKECTBaX
@ e {7 )

—k —
3)16013{61 } — MHOXKECTBO BXOJIHBIX CHI'HAJIOB, {gn} — MHOKECTBO

—1 o =
YIIPABJISIOIIMX CUTHAJIOB, {x }— MHO>KECTBO COCTOSIHUU arperara, { p m} —

MHOKCCTBO €10 I1apaMCTpOB, a {(0 } — MHO>KCCTBO BBIXOJHBIX CHI'HAJIOB.

W3noxeHHoe omucaTeabHOE OMNpEACICHUE arperatra sBIsSETCS OOUIUM.
Ha mpakTthke dYacTo mNpUXOAUTCS UMETh JIeI0 C arperatamu Ooliee
npoctoro Tuma. Mx ¢yHKIIMOHUpPOBAHWE W CBOWMCTBA OMNKMCHIBAKOTCS JIWIIb
YacThI0 TMEPEUYUCICHHBIX (AKTOPOB, TO €CTh OHU OYIyT YaCTHBIMU
CIy4astMA OIIMCAHHOTO arperara.

M3BecTHBI pabOThI, HamNpaBICHHBbIE HA ONTUMH3AIUI0 KOHKPETHBIX
CHCTEM AarperatHbiM IMPEACTABICHUEM HX JJIEMEHTOB [24].

CucremMbl MaccoBOro oO0ciay:kuBaHusi. B OCHOBYy MNOCTpOEHUS



Mojene  cucteM — MaccoBoro  oOciayxkuBaHusa ~— (CMO)  monoxeHa
dbopManuzoBaHHAas cxema, KOTOpas o/ipa3yMeBaeT HaJTU4ue
00CITyKUBAIOIIMX MPUOOPOB (KaHAJIOB OOCITYKMBaHMs), BXOJHOTO ITOTOKA
3asBOK Ha OOCIyXMBaHHE, BO3MOXKHO OYEpEeId M3 3asBOK, OXKMJIAIOIINX
Hayaya OOCIyXKWBaHHS, W BBIXOJHOTO IOTOKAa OOCHTYKEHHBIX 3asBOK WIIU
3aBOK, MONyduBIIMX OTKa3 [7, 11, 28, 33, 43]. Pa3paborana u mHpPOKO
UCIIOJIB3YETCS B TOBCEIHEBHOM NpaKTUKE ISl CO3JAaHUS M UCCICAOBaHUSA
MaTEeMaTHUYECKUX MOJIEJCH COOTBETCTBYIOIIAs TEOPHUS — TEOPHUS MacCCOBOTO
oOcimykuBaHHWs. OJTO  TO3BOJIET BO  MHOTHX  CIy4asx  IIHPOKO
ucnoib3oBaTb CMO 171 MOCTPOEHUSI MOJEIIECH.

Takum o00pa3om, IsI TOCTPOCHHS MAaTeMaTHYECKOW MOJETH MOXKET
UCIIOJB30BAThCSl OJHA M3 BBIINIE OMUCAHHBIX (POPMATU30BAHHBIX CXEM.
BpiOop TON WM WHOW CXE€Mbl OCYUIECTBIISIETCS B PE3yJbTaTe aHalu3a
KOHUENTYAJIbHOU MOJEIU U HUCXOIAHBIX TaHHBIX.

I'maBa 3
KJACCUPUKAIIUSI MATEMATHUYECKHUX MOJIEJEN

Mopenu, Ucmoigbp3yemble B 3aJadyax MaTeMaTUYECKOTO MOJICIMPOBAHUS,
MOXXHO  OYEHb  YCIOBHO  pa3lejuTh HAa TPU  OCHOBHBIX  KJIacca:
aHAJTUTUYECKUE, WMHUTAIMOHHBbIE W HEueTkue (ceMuoTruueckue). B mepBom
clydyae yCTaHABJIMBAIOTCSA (QOPMYJIbHBIC, AaHAJIMTUYECKUE 3aBUCUMOCTH
MEXIy MapaMmMeTpaMu CUCTEMBbL. J[d omnucanust  3TUX  3aBUCUMOCTEU
pazpaboTaH s3BIK anredpanyeckux, AudQepeHnanbHbIX, UHTErpalbHbIX U
Ip. YypaBHEHHM. B TepMHMHAX aHAIMTUYECKUX MOJECIIEH IIOCTaBJICHbI U
pelIEHbl JOCTATOYHO IIPOCTBHIE YMNPABJIEHUYECKUE 3aJjadd, B OCHOBHOM
IJJAHUPOBAHUSA HA MAKPOUHTEpPBAIaX  BPEMEHH. IJTH MOJEIH MOXKHO
MOJIy4YUTh, HANPUMEP, B paMKax MATEMaTHYECKOr0 MPOrpaMMUPOBAHUS
(IMHEWHOE, MEIOYMCICHHOE, HEIMHEMHOEe, JUHAMHUYECKOE, CTOXAaCTHYECKOE)
U TEOPUU MACCOBOTO OOCITY>KMBaHMSI.

s 3amad, TpeOyrommx ydeTa OOJIBIIOrO KOoJuuecTBa (PaKTOpPOB, B TOM
Yucjie W CIy4YalHBIX WIM HEUYETKHX (Heompeaen€HHbBIX), pa3paboTaHBbI
METOJbl UMUTAIMOHHOTO U HEYETKOro mozenupoBanus [30].

IIpakTka pemeHus CIOXHBIX IPHUKIAAHBIX 3a7ad I[OoKa3ajia, 4YTO
HAWJIYYIIUX PE3YJbTaTOB JOOMBAIOTCS IIPH UCIOJIB30BAHUU JIBYXYPOBHEBBIX
Mojieiel. AHATUTUYECKHWE MOJICNIM 3a CYET OrpyOseHHUs ACHCTBUTEILHOCTH
MO3BOJISIIOT ~ COCPEIOTOYNTh BHUMAHHUE HA CYIIECTBE  SIBJICHMUSA, €r0



OCHOBHBIX 3aKOHOMEPHOCTSIX, @ YTOYHEHHE W KOHKPETH3AIUd PEUICHUN
BBITIOJIHACTCSL Ha CTATHUCTUYECKUX MOJENsAX (CM. 4acTu 2 W 3 JaHHOIO
y4eOHOro Mmocooust).

OnHako B IEJIOM pslie  ClIydaeB (Hampumep, IpU  MOJCIUPOBAHUU
paboThl aucneTyepa B OOJIBIIMX CUCTEMaxX, Korja TpeOyeTcsl Y4YUThIBaTh
HE TOJHKO AHAJIMTHUYECKUE CBA3M M CiIydalHble (AKTOpPhl, HO U IIUPOKUN
CIIEKTP MNPOCTPAHCTBEHHBIX, BPEMEHHBIX, MPUUYUHHO-CICICTBCHHBIX U JIPYy-
rUX OTHOIIEHUW, a TaK)Ke€ HEYETKUE TMOHSITHUS ECTECTBEHHOTO S3bIKA)
pPacCMOTPEHHBIE BBIIIE METOAbl OKA3bIBAKOTCS MAaJONPUTrOAHbIMU.  Jist
aBTOMAaTH3allMd 3ajlad 2TOro Kjacca HWHTEHCHMBHO pPa3BUBAECTCS arapar
HEUETKOro (CEeMHOTHYECKOT0) MOJCIMPOBAHUS, OCHOBAHHBIM Ha OJIM3KOM K
€CTECTBEHHbIM  SI3bIKaM  NPEACTABJICHUM  3HAHUW W Mpoueaypax
JOTUYECKOT0  BBIBOJA  PEHIEHUM €  KCIOJIb30BAaHUEM  BPEMEHHBIX,
MPOCTPAHCTBEHHBIX U Jpyrux joruk [30].

Kakum o00pa3zomM MNpUHUMAIOTCA PEIICHUS IPHU MOUCKE TEX WU MHBIX
BApUAHTOB TIOBEJACHUA CHUCTEMBI, YCTpOWCTBa WM uyeiaoBeka? IlpuHsThIC
penieHust 00BIYHO MOTYT  OBITH XOPOUINMH, MJIOXUMH,
YAOBJICTBOPUTEIbHBIMHU. TO €CTh BCErJla CYIIECTBYET MOTPEOHOCTH OIEHUTH
Ka4eCTBO  NPHUHATOrO  peIIeHWs. ITO MNPUBOAUT K  HEOOXOIUMOCTH
WCIIOJIb30BAHUS TIOHATUS KPHUTEPHS.

OOBIYHO 3aJayu, BCTAIOIIME TMI€pe]l YEJTOBEKOM, paHO WJIM IO3IHO

pemarorcs. Cam  mpolecc  NPUHATHS —~ pEIICHHS  MOXET  OBITh
He(OpMaIM30BaHHBIM U dbopmanuzoBaHHbIM  [23]. [Ipunstue
He(DOpMaTuM30BaHHBIX PEIIEHHWH — H3TO TBOPYECTBO, HCKYCCTBO. (ueHb

4acTO pelIeHus TPUHUMAIOTCA BooOIe 0e3 Bcskux obocHoBaHuil. [Ipu
3TOM PYKOBOJICTBYIOTCS OIIBITOM, 3/IPABBIM CMBICJIOM, WHTYMUIIUEH U TIp.

dopMaIU30BaHHBIE JKE€ PELWICHUS MPUHUMAKOTCA MO ONPENCICHHBIM
npaBujlaM W PEKOMEHAAIUsIM. Pa3nuyHble JTIOAM, HWCIOJB3YS 3TH IpaBuia,
MPUHUMAIOT O/INHAKOBbIE pelieHusl. [Toromy YTO TMPUHSTHE
dbopManM30BaHHBIX pEIIEHMH — 93TO Hayka. Ee MOXHO H3y4YuTh U
HCIIOJIB30BaTh B JaJIbHEUIIIEM.

[Ipunarue  ¢Gopmann30BaHHBIX  pelIeHUWH  Oazupyercda Ha  JABYX
OCHOBHBIX NOAXOJAaX — JIOTUYECKOM MOJEIMPOBAHUH M ONTHMHU3ALINM.

B OCHOBE JIOTMYECKOTrO MOJAECIUPOBAHUA JIEKUT HCIOJIB30BAHUE TakK
Ha3biBaeMbIx mpaBwi npoaykuuu Buga: ECIINM ..., TO ... u HEKOTOpHIX
nornueckux (ynxuuii W, WM, HE. Ilpumep, oaHOTO U3 MpaBWII:

ECJIA XUBOTHOE HMMEET KPbUIbS



N KUBOTHOE yMEET JETaTh,
TO Ha3BaHHWE XMBOTHOIO — MTHUIA.

Hcnonp3oBanue HabOpa MNOJOOHBIX IpaBWJl IMO3BOJISIET J1aBaTh JIOCTATOYHO
KOHKPETHBIE PEKOMEHIAIMN 110 IPUHIATUI0 PENICHUM B BECHbMA CIIOMXKHBIX
cuTyauusix. Peanuzanus JOrnudeckoro MOJEIUPOBAaHUS CTajda  JIOBOJIBHO
IIPOCTOMN 151 IEPCIIEKTUBHOM rocJie CO3aHUsA CIIELUAJIBHOTO
anroputmudeckoro s3pika PROLOG (PROgramming in LOGic) [34, 35].

Ontumuzanys WM TNPUHSATHE ONTUMAJBHBIX pElICHUN Oa3upyercs Ha
UCIIOJIb30BAHUM MAaTEMATUYECKOW MOJENM, PELICHHMM 3a7a4 Ha KOMIIBIOTEPE
M Ha MCXOOHBIX JOaHHbIX. (O MareMaTH4eCKOM MOJCIUPOBAHUU H O
MOJEJSIX JOCTATOYHO MOAPOOHO CKa3aHo B TwaBax 1 u 2.

JIONONMHUTENPHO K CKAa3aHHOMY, K CYHIECTBEHHBIM NPEUMYLIECTBAM
MaTeMaTUYECKOIO MOJICIIMPOBAHUSA OTHOCAT BO3MOKHOCTB:

1) monmydarh OBICTPBIA OTBET HA MOCTABJIEHHBIM BOMpOC (B peanbHOM
AKU3HU HA 3TO MOXXHO 3aTPATUTh TObI);

2) NpPOBOAUTH IKCIEPUMEHTHI, KOTOPHIE HA PEATbHOM OOBEKTE MPOCTO
HEBO3MOKHBI.

JIns  yCcnemrHoro  MOJEIUPOBaHUS HEOOXOAMMO  BBINOJHEHHE TpeX
ITPaBUIL:

— YMETh OTIEIUTH TIJaBHBIE CBOMCTBA OT BTOPOCTENEHHBIX,

— YUYUTBHIBATh IJIaBHBIE CBOMCTBA MOJEIUPYEMOTrO OOBEKTA,

— TMpeHedperaTtb €ro BTOPOCTENEHHBIMH CBOMCTBAMHU.

C »oJramamMu COCTAaBJIEHHS MAaTEMAaTHYECKOW MOJEIM M METOJMKOU
MOJEIUPOBAHUS MOXHO O3HAKOMHUTBCS B IPEABIAYIIEH TJIABE.

Kak BBITISIUT MOCTaHOBKA 3ajayd ONTUMM3aluu B oOmeM Buae? B
HEE BXOJAT TPU COCTABIISIIOLIME: LieNieBass (PYHKUUS, OTPAHUYCHUS U
IPaHUYHBIE YyCIOBUSA [22].

HeaeBas ¢pynkuusa (L{P) uiau kpurepuii ONTUMAIBHOCTH MOKAa3bIBACT
B KakOM CMbICIIE pEUIeHUE AOHKHO OBbITh ONTHUMAJIbHBIM, T.€. HAWIYUILHM.
[Ipu 5ToM BO3MOXXHBI TpU BHJIa Ha3HA4YEHUsS IeNeBOM (yHKIUM f :

MaKCUMU3AIHs, MUHUMH3AIUSA W JOCTH)KCHHE 3aJaHHOTO 3HAYCHWS, T.C.
f = f(x) > max (min,cons),

rne X =(xy, Xy ,..., X,) — n-BeKTOp, f — (YHKIMSA, apryMEHTbl KOTOPOH —
JOMYCTUMbIE 3HAUCHHUS TIEPEMEHHBIX, a €€ 3HAYeHUsS — YHCIIa, KOTOpPHIC



OIUCBHIBAIOT MEPY JOCTHXKEHUs TocTaBiicHHOM uenu. [P mnoka3piBaer, B
KaKOM CMBICJIE PEIICHHUE JOJDKHO OBITh ONTHMAaJIbHBIM.

OrpaHdyeHusi YCTaHABJIMBAIOT 3aBUCUMOCTH MEXIY IEPEMEHHBIMU.
OHU MOTYT OBITh KaK OJJHOCTOPOHHHMH, HaIpUMEP

g(x)<h, (i=1,2,...,m),
TaK W JIBYCTOPOHHUMHU

FpaHH‘lele YCiaoBHUslI II0OKAa3bIBAOT, B KaAKUX IIPCACIaX MOTYT OBITH
3HAYCHHUA HCKOMBIX IICPEMCHHBIX B OIITUMAJIBHOM PCHICHHUH

OnucaHHas IOCTAaHOBKA 3aJaud ONTHUMM3ALUM, MOXKET OBbITh 3amucaHa
B KOMIAaKTHOU opme:

Jf=/(x)—> max,
gi(x)gbia
d]- ij SDJ-,

i=1L2,....m;, j=12,..,n

Pemenue 3agaum onTuMU3aldy, YJIOBJIECTBOPSAIONIEE BCEM OTPaHUYECHUSIM
Y TPAHUYHBIM YCIIOBUSAM, Ha3bIBA€TCA AOMYCTHMBbIM. Eciu maremarnueckas
MOJIEb 3aJa4d ONTHUMHU3AIMM COCTaBJ€HA IMPaBUIBLHO, TO 3a7adya OyJner
UMETh 1INl psij perieHud. UToObl M3 BCEeX BO3MOXKHBIX PEIICHUN BBIO-
paTh TOJBKO OJHO — Hawilydllee (ONTHUMAalIbHOE) PEHNICHHE, HAaJA0 YETKO
MPEACTABIATh B YEM 3aKJIOYACTCA ONTHUMAIBHOCTh PEMICHUs, T.€. IO
KaKOMY KPUTEPHUIO NMPUHUMAEMOE PEIICHUE JOJKHO OBITh ONTUMAaIbHBIM.

3agaya TMPUHATHSA PEIICHUS CBOAUTCS K HAXOXKICHUIO MAaKCHUMAaJIbHOTO
(WM MUHUMAJIBHOTO) 3HAY€HMs LieNieBOM (yHKUMHM (KpUTepHus), a Takke K
HaXOXJIEHUIO TOrO0 KOHKPETHOTO pelIeHus (COBOKYIMHOCTH apryMEHTOB),
IPA KOTOPOM OTO 3HAYECHUE JOCTUTACTCH, T.€. SIBIETCS ONTUMAJIbHBIM.
HNrak, 3amaya UMEET ONTHUMAJIbHOE PEIIEHHWE, €CIM OHA YIOBJIETBOPSET
JBYM TpeOOBaHUSAM: €CTh peajibHasi BO3MOXXHOCTb HMETh 00Jie€ OJIHOTO
pelIeHus, T.€. CYHIECTBYIOT JONMYCTUMBIE PEIIEHUS, U HUMEETCS KPUTEPUU,



MOKa3bIBAIOIIUM, B KAaKOM CMBICIIE€ MPUHUMAEMOE PEIICHUE AOJKHO OBbITh
ONTHUMAJbHBIM, T.C. HAWIYYIIUM W3 JOMYCTHUMBIX.

Kak ocymecTtBurh KJIacCHPUKALNMIO MAaTEeMATHYECKHUX MoJaesien?
Hanpuwmep, MOXHO TPOU3BOJUTH  KJacCU(PUKAIINIO o BUTY
MATEMATUYECKUX  MOJIENICH, yYUTHIBas HCHOJB3YEMBIE UMM HCXOIHBIE
JAHHBIE, UCKOMBIEC TEPEMEHHBIC U 3aBUCHMOCTH.

HUcxoaHbIMM  JAHHBIMH I MAaTeMaTUYECKOM MOJENU  SIBJISIFOTCS:
neneBass QyHKuMs [F(X), JeBble YacTH OrpaHUYEHUNl g;(X) M HUX IIpaBble

qacTu bl" OTn HCXOOHBIC JAaHHBIC MOI'YT OBITH ACTCPMHUHHUPOBAHHBIMHU H

CllydalHbIMU. JleTepMMHUPOBAHHBIMU  HA3bIBAIOTCA TaKHUE HCXOHBIC
JJAaHHBIC, KOTJIa MPU COCTABJICHUU MOJECIM WX TOYHBIE 3HAYECHUS W3BECTHHI.
N HaoOopoT, caydyaMHBIMM - KOTJa WX 3HAUYCHUS HEU3BECTHHI.

HNckomble mepeMeHHbIE MOTYT OBITh HENPEPHIBHBIMHU W JHUCKPETHBIMH.
HenpepbiBHBIE BEIWYMHBI B 3aJaHHBIX T'PAHUYHBIX YCJIOBUSX MOTYT
NpUHUMATh  JII0Oble  3HadyeHUs. JIMCKpeTHBIMH  HA3bIBAIOTCA  TaKUE
IIEPEMEHHBIE, KOTOPHIE MOTYT NPHUHUMATh TOJIBKO 3aJlaHHbIC 3HAYCHUA.
[lesouncaeHHBIMHA  Ha3bIBAIOTCS  TakKUE€  JUCKPETHBIE  IEPEMEHHBIE,
KOTOpPbIE MOTYT MNPUHHUMATh TOJIBKO II€JIbIE 3HAYECHUS.

3aBHCHUMOCTH MeXKAY IepeMeHHbIMHM (Kak IieJieBble (DYHKIIUHM, TaK W
OTpaHUYEHHUsA) MOTYT OBbITh JMHEHHBIMH WM HETUHEUHBbIMHU. JIMHEHHBIMU
Ha3bIBAIOTCSI TAaKWE€ 3aBUCUMOCTH, B KOTOPBIX II€PEMEHHBIE BXOJSAT B
MEPBOM CTEMEHW M C HUMHM BBINOJHAKOTCA TOJIBKO JEWCTBUS CIIOXEHUS H
BbIUMTAHUs. ECIIM XK€ NEpEeMEHHbIC BXOJAT HE B MEPBOM CTEINECHU WU C
HUMH  BBINOJHSAIOTCA APyrU€ JCHCTBUS, TO 3aBUCHUMOCTH  SIBIISIIOTCS
HeJlMHeliHbIMU. HeoOxommmo uMeTh B BHJY, YTO, €CIH XOTS ObI OJIHA
3aBUCUMOCTb HEJMHEWHAsA, TO BCS 3aJla4a SIBISECTCS HEJIMHECUHOW.

CoueraHue pas3dyYHBIX JJIEMEHTOB MOJCIM O0pasyeT pa3iuyHbIe
KJIacChl 3aJad  ONTUMHU3ALMH, KOTOPBIC TpeOYyIOT pa3HbIX METOJIOB
pemiennsi. OCHOBHBIE KJAcChl 3aJa4 ONTHMHU3AIMKA TMPUBEJEHBI B Tabm. 1.1.

Bce kmaccel 3amad, npuBeAcHHbIE B TaOn. 1.1, SBISIOTCS 4aCTHBIMU
ciydasmMa  oOmied 3agaum  onTtmMmuzanuud. (OCTaHOBHMCS Ha  KpaTKOH
XapaKTEPUCTUKE KJIACCOB MATEMAaTHYECKUX MOJICJIE W METOJIOB.

Ecin W3BECTHO aHAIIMTUYECKOE BBIPAXKEHHE MATEMATHUYECKOM MOJCIIH
00bEKTa, a Takke (OpMaIbHO 3alMCaH KPUTEPHH OICHKH KadecTBa
yIpaBjJ€HUs, TO  PEHICHWE 3aJadyd  ONTUMH3AIMA  HE  BBI3BIBACT
MPUHUMUIIAAIBHBIX ~ TPYAHOCTEHM. B yacTHOCTHM, TIOCTaHOBKA  3aJa4u
JUHEMHOTO mnporpammupoBanus [20, 22] cBogurcs K TIOUCKY TIpHU



3aJJaHHBIX ~ OTPAHMYCHUSIX Habopa MepEeMEHHBIX (mommycTtumoe
pelIeHue), KOTOpbI€  JIOCTABISIOT  JKCTPEMyM  IelIeBOM  (YHKUHMHU
(ontumanbsHOe penieHue). Ilpy 3ToM Kak orpaHWYeHHUs, TaK M lieJeBas
GyHKIMS ~ JOJDKHBI  OBITH  3aJlaHbl  JIMHEHHBIMM  aJreOpandecKuMU
ypaBHeHusiMu (cM. Tab6n. 1.1). Hwmwke mnpuBeneH KaHOHUYECKUN BapUAHT
GOpMYIUPOBKH JIMHEHHOW MOJICIH — 3aa9M JIMHEHHOTO ITPOrpaMMHUPOBAHHS.

Tabnuya 1.1
Hcxonnbwie Hckomele 3aBHCUMOCTH Knaccer 3amau
JTAaHHBIE TIEPEMEHHBIE
JerepMuHu- Hernpepobis- Jlunerinbie JIuHerHoro
pPOBaHHBIE HBIC IIPOrPaMMUPOBAHUS
JerepMuHu- Iemoumnc- JInHEHHBIE LlemouyuncneHHOro
pPOBAaHHBIC JICHHBIE MIPOrpaMMUPOBAHUS
Herepmunu- | HenpepoiBHble, | HenuHennbie Henunernnoro
pPOBAHHBIE | IEJIOUYHNCIICHHBIC MIPOrPaMMUPOBAHUS
Cnyuaitnele | HempepbiBHbBIC JIlunelinbie CTOXacTUYECKOro
MIPOrPaMMUPOBAHUS
Hantu Bextop X =(x;, X5, ..., X,), YIAOBJICTBOPAIOIIUNA YCIIOBUSAM:

Xj2 0, j=12,...,m;

n
g(x) =Y a;x; =b, i=12,..,m
j=l1

U MaKCUMU3HUPYIOIIHUI LENeBYI0 (YHKIUIO

f(x)=chxj.
j=1

Cpenu METOJOB HAaXOXJCHUS ONTUMAJIBHOIO pELICHUs Haubojee
pacupoCTpaHEH METOJA  MOCHENOBATEIBHOTO  YIYUIIEHHUS  AOIYCTHUMOTO
pelieHus, UMEIMMI OO0JbIIOE YHUCIO BBIYUCIUTEIBHBIX pealn3aluii
(CUMILIEKC-METO/, METO/I OOpaTHOM MAaTpUIlbl, MYJbTUIIMKATUBHBIA METO/I,
METOJ, TOTEHIMaJoB U Jp.). B 3amagax ¢ OOJBIIMM KOJUYECTBOM
IIEPEMEHHBIX  HCIOJB3YIOTCA CIEUUAIBHBIE  METOABbl  MPOBEPKHU
ONTHUMAJIbHOCTU PEUICHUS, HANPUMEDP, NUHAMUYECKOE MPOrPaMMHUPOBAHUE.



Ecnu Ha HMCKOMBIE MEPEMEHHBIE HAIOXKEHO JOMOJHUTEIBLHOE YCIOBHUE
LEJOYUCIEHHOCTH, TO IPUXOAUM K IIOCTAHOBKE 3aJa4y¥ LEJIOYMCIECHHOIO
(mnodaHTHOTO, AMCKPETHOIO) MporpaMMHUpoBaHus. B ciywyae, korma He Ha
BCE IIEPEMEHHBIC HAIIOKEHO 3TO YCJIOBHE, HMEEM ITOCTAHOBKY 3a/a4H
YAaCTUYHO  I[EJOYMUCICHHOTO  IPOrpaMMUpOBaHus.  [IACKpETHOCTH U
LEJIOYNCIIEHHOCTh BO3HUKAKOT W B 33Ja4ax C JOTUYECKUMH YCIOBHUSIMH.

Co  3HAUUTENBHBIMH  OTOBOPKaMHM  METOABI  PEUICHHS  3a7a4
LEJIOYMCIICHHOTO  MPOrPpaMMHUPOBAHUS MOYKHO  pPa3leiuTh Ha  METOJbI
OTCeUeHHs: Tpu anroputmMa lomopu u wux wmoaudukamuu [22],
KOMOMHATOPHBIE M NPHUOMKEHHBbIE (CIy4ailHbIA TOUCK, dBPUCTUUYECKHUE
MIPUEMBI).

B cCBiA3M ¢ T1IOCTAHOBKOM W PELICHUEM JIMHEWHBIX 3a7a4 4acTo
BCTpEYAeTCs TEPMHUH «OJI0YHOE mporpammupoBanue». [lo cymiecTBy, 3TO
pazien JIMHEHHOro MPOTpaMMHUPOBAHUS, OXBATHIBAIOIIMN PsJl MPUEMOB,
CBOJAIIMX PEIICHUsS] JHUHEHHBIX 3a7ad OOJbIIOr0 00BbEMa K PEIICHUIO
JUHEHWHBIX 3a7a4d MeHbliero obbema. FEcim neneBas (yHkius u (win)
OTpaHMYCHUS HEJIMHEHHbIE, a MPOILIECC OJHOATAMHBIN, MPUXOIUM K
MOCTAHOBKE 3aJ]a4 HEJIMHEWHOTO MPOTrpaMMHUPOBAHUS.

OcHOBHas 3aja4a HEJIMHEWHOTO MPOrpaMMHUPOBAHUS (HOPMYIUPYETCS
CHEAYIOLIM o0pa3oM: npu 3aIaHHBIX (byHKITHAX
f(x), g(x), g(x), ..., g,(X) OT n  IOCUCTBUTEIBHBIX IEPEMEHHBIX

(X — 7 - MEpHBII BEKTOP) OINPEAEIUTh TAKOM BEKTOP X = (X, Xy,..., X, ),
YJIOBJICTBOPSIOIINKA YCIIOBUSIM:

X; >0, j=12,...,n;
g,(x)<0,i=12,...m

U JIOCTABJISIIOIIUN TJIOOATBHBIH MUHUMYM IiejieBord (GyHKIuu  f(X).

B HenuHetHOM NporpaMMHUpPOBaHHUM, B OOLIEM Clydae, JOMYCKATCA
JHOOBIE COOTHOLICHUS MEXIYy n U m, T.e. n>m, n=m, H<m .

TeopeTnyeckn HEIMHENHOE NPOTrPAaMMHUPOBAHHUE HCCIECIOBAHO TOJIBKO
s BBIOYKIBIX  (QyHKmMi  f(X) ¥ g;(x). OTOT pasmen Ha3bIBaeTCs

BBIMYKJIBIM  NPOTPAaMMUPOBAaHUEM, B  KOTOPOM  Hambojee  pa3BHUTO
KBaJpaTUYHOE IPOTPaMMHUPOBAHUE. Mertobl pereHus 3a/1a4
KBaJpaTUYHOIO0 NPOrPaMMHUPOBAHUS BKIIOYAIOT TPU TPYIIIBL: aJTOPUTMBI,



UCIIONB3YIOIINE  CHUMIUICKC-METO  (HampuMmep,  MeToa  bapaHkuHa-
JopdbmaHa, rpaJiIu€HTHBIE M CIICIUAJIBHBIE METOJIbI).

OgHuM #U3 THOKMX METOJIOB MOUCKA ONTHMAJIBHOTO PEIICHUS SBISETCS
JTUHAMUYECKOE  MNpOrpaMMHUPOBAaHME, B  OTJIMYHME  OT  JIMHEHHOIO
IporpaMMUPOBAHMS, HE TpeOyroriee JTMHEHHOCTH HCXOJTHBIX
3aBUcUMOCTe. OgHAKO METOJ] OCHOBAaH Ha TMPHUHLUIE ONTUMAJIBHOCTU
bennmvana ¥ TpUMEHHMM TOJNBKO K (QYHKIUSAM, JJI1 KOTOPBIX 3aBEJIOMO
ATOT TPUHLUMI BBIIOJIHUM (Hampumep, cemnapadenbHbIM). B cioydae
TUHAMHUYECKOTO TMPOTPAaMMHUPOBAHUS 3ajadya ONTHMAJIIBHOTO yIIPaBJICHUS
pemaercsi  pa30MEHMEM  HEMPEphIBHOTO  Mpollecca  yIpaBJCHHS  Ha
JTUCKPETHBIE YYAaCTKU U TIOCTPOCHUEM IIOATAITHOTO YIPaBJICHUSA IyTEeM
MOATATHOTO PEIICHUSI COOTBETCTBYIOIMIETO (PYHKIIMOHAIBHOTO YIIPaBICHUS.
Ha kaxaom »orame, HauMHas C KOHIA, JENal0T Iepedop YIpaBieHUNU U3
KJlacca JOMYCTHUMBIX W BBIOMPAIOT ONTHUMAJIbHOE.

OdyeHp dYacTo B MOACISIX MAaTeMaTHYECKOrOo  IMPOTPaMMHPOBAHUS
HEKOTOpPBbIC TIEPEMEHHBIE MOTYT  OKa3aTbCs  HEOINPEACICHHBIMH  WIIH
crydaiHbIMH. B omHMX ciydasx yAaeTcs yYCTaHOBUTh TE€ WM HWHBIE
BEPOSITHOCTHBIE XApAaKTEPUCTUKH TapaMeTpoOB YyCJIOBHM 3amauu. B apyrux —
HET OCHOBAHUW I CYXICHUHW O CTaTHCTHYECKONH OCOOCHHOCTH SIBJICHUM,
CIIOCOOHBIX HW3MEHUTh 3HAdYeHUs MmapameTpoB. CuUTyallud TIEpBOro THUIIA
Ha3bIBAIOTCS CHUTYAlMSIMU, CBSI3aHHBIMM C PHUCKOM, a CHUTyalldd BTOPOTO
TUNIA — HeompeneleHHbIMA. M Te W japyrue — mnpeaMer HCCIeAOBaHUS
CTOXaCTHYECKOTO IPOrpaMMUPOBAHMUSI.

PaccMOoTpuM  TOCTAaHOBKY  OJHOSTAHOW  3a/layd  CTOXAaCTHYECKOTO
IpOrpaMMHUPOBAHHS:

D a;(O)x; <b(0), x; 20;
j=1

n
ch(é)xj%max; j=12,..,n; i=12,..,m.
j=1

Bennuuner  a;, b;, ¢; MOIyT NpHHHMATbh CIy4aiiHbC 3HAYCHHS B

3aBUCUMOCTH OT 3HAYCHHUA IMapaMcTpa 6.

PazButne METOJIOB pelieHus 3aaa4 CTOXACTUYECKOTO
POrPaMMUPOBAHUA HMIET N0 JBYM HampaBicHUsIM. J[JI1 OAHUX KJIaccoB
CTOXAaCTUYECKUX  3aJad CTPOAT DKBUBAJICHTHBIE JETCPMUHHUPOBAHHBIE



3a7a4d  MaTeMaTUYeCKOTO MPOTrpaMMHUPOBAHUS W TIPUMEHSIOT HW3BECTHBIC
anropuT™Mbl. Jlns  apyrux — pa3pabaThiBalOT  CIELMaIbHBIE  METO/IbI,
UCTIOJIB3YIOIIUE TEOPETUKO-MHOKECTBEHHYI0 HHTEPIPETAIMI0 TEOPETUKO-
BEPOSATHOCTHBIX 3adad. bojee moapoOHO ¢ Teopueld BoOmpoca MOXKHO
1o3HakoMuThCs B [8, 10].

KadecTBeHHO HOBBIM HAIPaBJICHUEM pPa3BUTHUSL SBISIOTCA HEYETKHE
(ceMUOTHUYECKHE) MOJIeNId, Oa3upyroluecss Ha JBYX OCHOBHBIX THIIOTE3aX:

1) Bce cBenenus o0 o0OBEKTe ympaBieHUs (CTPYKTypa, COCTOSHUE,
3aKOHbl TOBEJCHMS, I1I€JIb CYIIECTBOBAHMS, KPUTEPUU OIICHKM KadyecTBa
(YHKIIMOHUPOBAHUSA ) MOTYT OBITh COOOIIIEHB KOMIBIOTEPY Ha
ectecTBeHHOM s3bike [30, 34];

2) HEBO3MOXKHOCTh CO3JaHWs 3aMKHYTOW YIIPABIISIIOIIEH CUCTEMBI, T.€.
nporecc GopMUPOBAHUS MOJICTW HE MOXKET OBbITh 3aKOHUYEH B KaKOH-IMOO
U3 MOMEHTOB BPEMEHHM (HEMPEPBHIBHOCTH OOYYEHUS MOJICIIN).

Heuérkyto (CEMHUOTHYECKYIO) MOJENIb MOXHO  33/JaTb B  BHUJE
paciupeHusi oObIYHOW (PopManbHON JEAYKTUBHOW CHUCTEMBI

§S=<T, QA4 E>,

raie 7 — TepMUHBl (OpMaIbHOM cHUCTEMBbI; () — TpaBuUjia MOCTPOEHUSA
ITPaBUJIbHBIX dbopmyn (IIID); A — AKCUOMBI (MCTHHHO
untepnpetupoanneie [I11D); £ — mpaBuna BbIBOJA.

[Ipu 3amaHHON HAYaJIbHOW HHTEPIPETALMA B BHUJE AKCUOM IpaBuia £
MO3BOJISIIOT MOPOJUTH BCE UCTUHHBIE MMpaBuia B S (POPMYIIbL

CemuoTHyeCKME MOJENM B OTIWYHAE OT S JOMYCKAalOT BO3MOXKHOCTh
JOTOBOPHOW HHTEPHPETALMH, YTO JIOCTUTAaeTCs W3MEHCHHEM CHUCTEMBI
akcuoM (mojacucrema F) WIM CHUCTEMBI MPaBWI BhIBOAA (moacucrema L)

M=<T Q A E F,L>.

JInst omucaHus TPOLIECCOB, MPOTEKAIOIMMX B M, NPUMEHSIOTCS SA3bIKU
TPAJULIIMOHHON JIOTMKM (Hampumep, HCUHUCICHUE TMPEIUKATOB TMEPBOIO
nopsigka [3, 43]), A3bIKM CETEBOro THUmNa (HanmpuMep, CEMUOTHYECKUE CETH),
a TakkKe peIIMOHHBIE S3bIKM (Hampumep, anreopa Koama, s3bIk
CUTYallMOHHOTO ympaBiieHus) [22].



Jns  peanuzanmyM  MHOTHX  COBPEMEHHBIX  3aJlad, CBSI3aHHBIX C
pElICHHEM TMPOOJIEM «UYEJIOBEK M KOMIBIOTEP», «UEIOBEK M TEXHUKAY,
HEO0OXOUMO, YTOOBI, C OJHOW CTOPOHBI, KOMIIBIOTEPHl MOHUMAJIH JIIOJICH,
C JpYrom - KaXIbld MOI TIOJb30BaTbCd HX BO3MOXKHOCTAMHU. K
COXAJICHUI0, COBPEMEHHBIE KOMIIBIOTEPHl MOHUMAKOT TOJBKO CIICIIUAIIBHBIE
YETKUE  SA3BIKM, CTPOrO0  MATEMATHYECKHM  ONMUCHIBAIOIIME  PEHIAEMBIE
npoOJeMbl M 3HaHMs, BKJIAJbIBAEMbIE YEJIOBEKOM B KommbioTep. Ho moutu
BCE TMOHATUS B €CTECTBCHHOM S3bIKE HEYETKH, TAKKE KaK HEYETKW HAIU
3HaHUST B OonblIMHCTBE  oOsacteit. I[lomoOHoe — pasznuume  Mexay
€CTECTBEHHBIM W MAllMHHBIMH  SI3bIKAMH  CAEPKHUBAET  IPOILECC
uHpopmaTuzanuu  oOIIeCTBa, B  YAaCTHOCTH  OrPaHUYUBAET  KPYT
MIOJIb30BATENIE KOMITBIOTEPOB.

Marematnyeckass Te€opusT HEYETKMX MHOXKECTB, mpeaioxenHas JI. 3ane,
MO3BOJISICT OIUCHIBATH HEUYETKUE TMOHSATHS W 3HAHMS, ONEPUPOBATH ATUMU
3HAaHUSIMU W JeyaTh HeuéTkue BbhIBOABI [30]. OcHOBaHHasi Ha ATOW TEOPUM
HOBasg METOJOJIOTHSI ITIOCTPOEHHUSI KOMIBIOTEPHBIX CHCTEM, a WMEHHO
HEUETKUX  CHCTEM, CYIIECTBEHHO pacIIUpseT 00JacTh IPUMEHEHUS
KOMIBIOTEPOB. Takue CHUCTEMBbI YyXK€ CO3Jal0TCsI BO MHOTHX OO0JacCTsIX
YEJIOBEUECKOM JIESATEIIbHOCTH.

[Touemy Heu€TkOoe MojJenMpoBaHuE (MPUMEHEHUE HEUYETKUX MOJIEINIECH)
HAaXOJUT IIUpOKoe mnpuMmeHeHue? B Hacrosiee BpeMsl TEOpUs HEYETKHUX
CUCTEM — 9TO €IWHCTBEHHAs TEOpHUs, KOTOpas MaTEeMaTHYECKU OIEepUpyeT
CO CMBICJIOBBIM COJIEp)KaHHEM CIIOB 4eloBeka. MOXKHO MPUBECTH MPUMEPHI
YEJIOBEKO-MAIIMHHBIX CHUCTEM, KOTOpbIE TNpeJHa3HauYeHbl isi 00paboTKU
HEYETKUX  3HaHWMK. B TeXHWMYeCKMX  00JacTAX — aBTOMATHYECKOE
yhOpaBlieHWE, aBTOMATUYECKUNM TEpPEBOJl, HMHTEIICKTyalbHble  POOOTHI,
CUCTEMBbl  TMOJJEPKaHUS  I[EJOCTHOCTH  0a3  JaHHBIX W CHUCTEMBI
oOecrieueHusi 0€30MaCHOCTH, paclo3HaBaHWE H300paXEHUW U peuu,
aBTOMaTUYECKOE TMPOCKTHPOBAHHME, IOWCK wWHpoOpMaIuy, O0a3bl 3HAHUMH,
WHTEJUICKTyaJbHbIE TEPMHUHAJBI, aBTOMATHU3allMd JOMAIIHUX padoT u np. B
chepe OwuzHeca — MOMOIIb B MPUHATHM DKOHOMHYECKMX PEIICHUM,
MapKETUHI, COBETbl MO  BJIOXEHUIO  KamuTaua, pas3IuyHoro  poja
yOopaBjieHUE U IUIAHUPOBAHHUE, TOMOINb B MOJTOTOBKE KOHTPAKTOB U .
Kpome TOro, oIreHka COCTOSHUS OKpYXKaIoIIed Cpeabl, aHalIW3 pPHUCKA,
npe/icKa3aHue 3eMIICTPSICEHUM, MPOTrHO3blI MOTObl, CHCTEMbBI CaMOOOYUYEHUS,
JerycTanun, o0paboTKa JaHHBIX aHaIW3a W T. 1.



Tenepr HacTallo BpeMs CAelaTh OJHO OYCHb Ba)XXHOE 3aMCYAHHC
(momymienue). B cBsA3M ¢ TeM, 4TO B paMKax OJHOIO0 y4eOHOro IOCOOHS
HCBO3MOXXHO ONKCaTh BCE MHOrooOpasue CYIICCTBYIONIUX IIOJXOJ0B K
IOCTPOCHHIO M HCCJICAOBAHUI0O MaTEMaTHUYCCKUX MOJCICH CHCTEeM, B
JanbHEHINIEM W3JIOKEHWH OyACeT CJCIaH aKIEeHT Ha OCYIICCTBICHUU
MOJICIIMPOBAHMS  TOJBKO CHCTEM  MAacCOBOrO  OOCITY)XKMBaHHS. ITUM
BOIIPOCAM IIOCBSILICHBI BCE OCTaJbHBIC CEMb TIJIaB JAHHOIO Y4eOHOTO
rocoous.

I'naBsa 4
MOIAEJIU CUCTEM MACCOBOI'O OBCJIYKUBAHUS

dopmanbHOE ONWCAHWE IIPOLECCOB B BHJIE CHUCTEMBI MACCOBOIO
o0CITy’KUBaHHS IIUPOKO TPUMEHSETCI B CaMbIX pPa3JIMYHBIX 00JACTIX
HAyKM M TPAKTUKU. TeopeTuueckoil 0a30i MOCTPOCHUS U HCCIICIOBAHUS
CMO sBnsietcs Teopusi maccoBoro obciyxupanus (TMO).

Teopusi maccoBoro o0Cay;KMBaHUSI — ATO O0JacTh MPHUKIAJTHOU
MaTeMaTUKH, 3aHUMalolascs aHaiau3oM mpoiieccoB B CMO, B KOTOpPBIX
COOBITHSI  MOBTOPSIIOTCST  MHOTOKpaTHO. (C  MOMOIIBIO 3TOM  TEeOpUHU
pa3palaThIBalOTCS  METOAbl  pEUICHWS  TUIOBBIX  3aJlad  MacCOBOIO
obciykuBanusi, crpositcs  moaenu  CMO  uw ompenensiorcs — HUX
KOJIMYECTBEHHbBIC XAPAKTEPUCTHUKHU.

Metogamu TMO aHanu3upyroT (GyHKIIMOHHMPOBAHME OOBEKTa, a 3aTeM
pelIaloT BOMPOC O CHHTE3E OOCITY>KMBAIOIIUX YCTPOMCTB M O BHIOOpE
ONTUMAJIBHBIX MHapamMeTpoB cuctemsbl [8, 9, 11, 14, 20, 33].

CrpykrypHast cxema CMO u eé KOMIIOHEHTBI

MoXHO paccMOTpeTh pPaboTy HEKOTOPOTO CKjIaja, B KOTOPOM €CTh
HECKOIBKO (S) pasrpy3oussix TepMuHaioB (mycts S = 10). Hcnomssys
TEOPUI0 MAacCOBOTO OOCIYyKHUBaHHS, MOXHO CKazaTh, 4To umeercsi CMO c¢
S xa”amamu oOCHyXMBaHMS. JJIMTENBHOCTh OOCITYKMBAHHUSI TPaHCIIOPTHBIX
CpPEeACTB (JUIMUTENBHOCTh PA3rpy3KH) B 3aBUCUMOCTH OT THUIIA CPEIACTBA U
ero rpysza kojeonercs oT 1 mgo 2 dacoB. Korma Bce TepMHUHAIBI 3aHSTHI,
TO NPUOBIBIIMN TPAaHCIOPT CTAHOBUTCS B ouepelb Ha pasrpysky. Kaxmoe
TPAHCIIOPTHOE CPEACTBO HUMeeT Trpaduk mnpuObITHSA, HO H3-3a TAKEIOU
O0OCTaHOBKM Ha Joporax (HempeaBUIICHHbIE OOCTOSTEILCTBA) ITOT Tpaduk,



o0bIyHO, Hapymiaetcs. IlosTomy cuMTaeTrcsi, 4TO MPUOBITHE TpPaHCHOPTA
ABJISIETCS CIIy4aliHbIM cOOBITHEM C KaKUMU-TO 3HAYCHUSAMU
MaTeMaTUYECKOTO OXHUJAHHUS U JUCIIEPCHH.

B cmywae, korga Bech TpPAaHCHOPT OJWHAKOB (C TOYKHA 3pEHUS
OPUOPUTETHOCTH  OOCHyKHMBaHuUsA) cuuTalor, uyro B CMO mnocrymnaer
OIHOPOJIHBIA TMOTOK 3asBOK, T.€. BCE 3asiBKM Ha pPa3rpy3Ky pPaBHOLICHHBI.
Ho 4acTto BO3HMKAlOT M HEKOTOpPbIE HEOOHOPOAHOCTH. Hampumep, B ciydae
MOCTYIUICHUS] ~ CKOPOMNOPTAILETOCS  Ipy3a 3adBKE Ha  OOCIyKMBaHUE
MPUCBAMBAETCA  HEKOTOPbIM  MpUOpUTET  (MPUILICAIIMN  MOCIETHUM
obciykuBaetcs nepBbiM). [Ipocteiimas cxema CMO uzobpakena Ha puc. 1.3.
B ob0mem ciyyae UWHTEpBajbl MEXAYy MNOCTYNAIOIIMMU  3asiBKaMHU
HEOJMHAKOBBI: ATO CJIy4YaillHbIE BEJIUYUHBI, OMPEIECIAEMbIE BEPOSTHOCTHBIM
3aKOHOM pacHpe/ielieHUs] BXOAHOTO IMOTOKA. 3asBKH, BCTABIIWE B OYEpPE.lb,
OKHMJIAIOT Hayaja OOCHYKMBaHUA B COOTBETCTBUU C JUCUUILIMHON
ouepenu (IUCHUIUIMHON oOcykuBaHus). OHU MOTYT OBITh Pa3TUYHBIMU:
NEepBbIA  TMpUIIEN — MEepBbIA  HMAET Ha OOCHyXKMBaHHE WIH, HA000pPOT,
NOCJICIHUIN TPUILET — MEPBBIA 0OCITYKUBAETCS.
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Puc. 1.3. Ctpykrypa npocrermein CMO

OOcnyxuBartolue  ycrpoiictBa  (OpuOOpBHI,  KaHalbl)  MPOU3BOIST
00CITy’)KMBaHHE CBOEW 3asBKU (MOCTYNHBIIEH HA BXOJl) B COOTBETCTBHUM C
3a/IaHHBIM JNETEPMUHHUPOBAHHBIM WIH CIy4yalHbIM 3aKOHOM
pacnpenenenusi. OOcCy)KeHHasi 3asBKa TMOCTYHaeT B BBIXOJHOW TOTOK,
KOTOPBI OTJIMYAETCA OT BXOJHOTO M 3aBUCUT OT AUCUUIUIMH OYEpPEIn H
00CITyKUBaHUS.



XapaktepHas ocobeHHoctb CMO — Bce SBIEHHSI OIUCHIBAIOTCS C
MIOMOIIBIO COOBITUM, MOSBISIOMIMXCS B T€ WM HHBIE MOMEHTBHI BPEMEHH.
Ha BpemenHoM ocM  BXOOHOW TIOTOK  3asgBOK  OTMEYACTCA  Kak
MOCJIEA0BATEIbHOCTh  COOBITHH, BBIOOpPKAa 3afBOK W3 OYEpPEAM WM
OKOHYaHHWE OOCIYy>KUBAaHUS — O3TO TOXE COOBITHMS B COOTBETCTBYIOIIUE
MOMEHTBI ~ BpeMEHHU. BaXHBIM  OOCTOSTEIbCTBOM  37eCh  SIBJISETCS
a0CTparupoBaHWE OT BCEX IMPOYUX HECYIIECCTBEHHBIX CBOMWCTB peabHOM
CHCTEMBI, HE BIIMCBHIBAIOIIMXCS B CXEMY IIOCJIEI0BATEIILHOCTH COOBITHH.

4.1. Knaccupukanus cucTteM MacCOBOr0 O0CIYKUBAHMS

MoxHO wucnonb30BaTh OoJblIOE pazHooOpasue Moaeneit CMO wu
NOAXOA0B K HUX Kiaccupukanuu. [lepBoHAYalbHO MOJIENTW pa3AeiAlOT Ha
MapKOBCKME€ M HEMAapKOBCKHME. OJTO HalpaBJIEHUE CBA3AHO C KJIACCOM
HEKOTOPBIX MAapKOBCKUX Cly4alHbIX mponeccoB. Moaenu CMO, B
KOTOpPBIX  IPOTEKAIOT MMEHHO  MAapKOBCKHE  CIy4alHbIE  MPOIIECCHI
OMHUCHIBAIOTCS  cucTeMor  audPepeHImanbHbIX  ypaBHEHUW, WIH, B
OpeAeIbHOM Cily4yae, CHCTEMON JIMHEWHBIX alreOpanyvyeckKux ypaBHEHUM.
PemieHue »>THX ypaBHEHMH JaéT BO3MOXXHOCTH JIETKO TIOJIYYUTh HaOOop
«KpacuBBIX», JIETKO  3allOMHHAIOLIUXCS, BBIPAXKECHUM,  OMPEASISIONINX
nokazarenu 3¢pdextuBHocTH (PyHKIHMoHUpoBaHuss CMO (cM. rnaBel 8 u 9
naHHoro mnocobwus). Ilpm Hamuuuu HemapkoBckux mpoieccoB B CMO
AHAJIMTUYECKOMY HCCJIEJOBAHHUIO MOJJAKOTCS JUIIb HEKOTOPHIE YaCTHBIC
Cllydald M OHM B MOCOOMU HE paccMaTpPUBAIOTCS.

OOBIYHO UCHONB3YIOTCS CHEAYIOIINE KIACCU(PUKAIIMOHHBIE MPU3HAKU:
opraHu3aius  MOTOKa  3asBOK,  XapakTep  oOpa3oBaHHUs  OYEpEIH,
OTpaHUYCHUS ouepe.iu, KOJIMYECTBO OOCITy>)KMBAIOIIMX  KaHaJOB,
aucuMIuinHa odepenu (puc.l.4).

[Io uyucny kananoB CMO mnoapa3fensitoTcs Ha OJHOKAHAJIbHBIE U
MHOTOKaHaJIbHbIE CUCTEMBbI. MHorokaHaibHeie CMO, B CBOIO oOuepenp,
JENSATCST  HAa  CHUCTEMbl C  OJIMHAKOBBIMU  IapaMeTpaMHU  KaHaJIOB
oOcimykuBaHusi (pPaBHOICGHHBIMU KaHaJlaMH) W CHCTEMBbI C Pa3IMYHBIMU
napaMeTpaMyd KaHajJoB OOCTY)XKMBaHHS (HEPAaBHOIICHHBIMHM KaHAJIaMHU ).

CucremMbl MaccoBOTO OOCITY>KHBaHHMSI




XapaxTep 00pazoBaHuUs KonuuectBo kaHamoB

ouepeaun
OnHoKaHaJILHBIE
— C oTkazamu
—| MHOrokaHaJbHEIE
_ | C oxunanuem
OrpanuueHus Ha ouepelb JucuuniavHa ouyepenu
C HCOI'PaHNYCHHBIM OKHAAHHUCM C [IPUOPUTETAMU
C orpaHM4eHHBIM OKHJIAHUEM be3 npuopurera
Bun orpannyenus [TpaBmito oTOOpa 3aBOK

Ha mnmmny ouepenu [lepBblil mpuien -

MepBbIA  00CITyKEH

[lo BpeMeHu O)xHMIaHUA

Ilocneqnuii mpumen
— TEPBBIM 0O0CITyX)eH

B ciyyaitHom mopsizike

Puc. 1.4. Knaccudukamusi cucreM MaccoBOTO 0OCITyKHBaHUS

B 3aBucuMoOcTH OT B3aMMHOIO  pacrnojoxeHus kaHamoB CMO
NOAPA3JCNAOTCS Ha CHCTEMBbl C MOCJIEIOBATEIbHBIMU U TMapaljIeIbHBIMU
kaHataMu. B CMO ¢ napaulenbHBIMA — KaHajJaMyd BXOJHOW TMOTOK
SABJSETCS OOIMM, W 3asBKa MOXET OOCITY>XHMBaThCsl JHOOBIM CBOOOIHBIM
kaHaioM. A B CMO ¢ mnocnenoBaTeabHbIM PACHOJNIOKEHUEM KaHAJIOB
KaXIbIM KaHal MOXHO paccMaTpuBaTh Kak oOaHOKaHaibHyro CMO, wu
TOT/Ia BBIXOJJHOM MOTOK OJHOTO M3 HHUX OJHOBPEMEHHO SIBJISETCA
BXOJHBIM JUISl TIOCJIEAYIOIIEr0 KaHama. Takue CUCTeMbl Ha3bIBAIOTCS
COOTBETCTBEHHO MHOrodazHpiMu U oaHOdazHbiMH. B o0mem ciydae c
HEKOTOPBIMH JonylieHusiMu MHoro(dazHas CMO sBisieTcs HECKOJbKUMU
MOCJIE0BATEIbHO  COCAMHEHHBIMHU  OaHO(Ma3HBIMM  cuctemMamu. B
nanpHEeHIeM OyIyT paccMaTpuBaThes TOJIBKO onaHOdasHeie CMO wu, ecnu



OHM MHOTOKAaHaJIbHBIE, TO — C PABHOIECHHBIMU KaHaJIaMH.

B 3aBucumoctn oOT Xxapaktepa oOpazoBaHus ouepeau CMO MOXHO
pa3enuTh Ha JBa THUIA: CHCTEMBI C OTKa3aMHd B OOCITY)XHUBAaHUU H
CUCTEMBl C OXHUJAHUEM OOCIyXUBaHUS, T.e. C ouepeAblo. B mepBoM
caydyae 3asBka, mnoctynuBmas B CMO wu 3acraBmias kaHan (s
OJIHOKaHAJIBHOM CHUCTEMBI) 3aHSTHIM WM — KaHajbl (AJII MHOTOKaHaJbHOMN
CUCTEMBbI) 3aHSTBIMM, TMOJdy4aeT oTka3 u yxomur wu3 CMO He
00CTy>KEHHOM.

Ocob6ennocteto CMO c OXHMIaHHEM SBIISICTCS XapaKTEPUCTHUKA CaMOM
ouepenu (OrpaHMYECHUS HA ouepelb). Takue CHUCTEMBbI TMOAPa3NCsIOTCS Ha
CMO c HeorpaHMYE€HHBIM OXHJAaHUEM (HEOrPAaHUYECHHBIM KOJIMYECTBOM
Mect B ouepean) U CMO ¢ orpaHuyYeHHbIM OKHUJAHUEM (OrPAaHUYEHHBIM
KOJIMYECTBOM MECT B ouepeau). llepBblii BapuaHT  OTpaHUYCHUS
3aKJIIOYAETCd B TOM, YTO 3asBKa BCErJa CTAaBUTCS B OYEpPEeAb M KOI/AA-TO
Oymer oOcmyxkeHa. BTopoit BapwaHT I TOCTAaHOBKM 3asBKM B OYepelb
TpeOyeT HaJau4usi CBOOOAHBIX MeCT B Heil. M TOabKO B 3TOM Ciydae
3asiBKa CTAaBUTCS B odepeab. Ho BO3MOXEH W JApyroil BUJ OTPaHUYCHUS —
0 BPEMEHU OXUJAaHUS 3asBKM Hadaja oOciykuBaHus. B 3Tom ciydae
3asiBKa TMOKHJAET CUCTEMY HE OOCIY>KEHHOW, €ClIM JUIMTENbHOCTh €€
BO3MOKHOTO TMpeObIBaHUS B OuYepeld TMPEBBINIACT 3aJaHHBIA  pecypc
BPEMEHU OXUJAHUS (3TO TaK HA3bIBAEMbIE «HETEPIEIUBHIE» 3asIBKH).

[lo puciuniuHe ouepenu (T.e. MO KPUTEPUIO BbIOOpa W3 oOudepenu
ouepeaHor 3asBku) CMO moapa3nenstoTcs Ha CHUCTEMbI C MPUOPUTETOM H
06e3 mnpuoputeta. B mepBom cnydae 3asBke, mnpumenmeidr B CMO,
MPUCBAMBACTCS HEKOTOPHIA IPUOPUTET, B COOTBETCTBUU C KOTOPHIM Ha
0o0CIIy’)KUBAaHME  OTIPABISCTCA 3asBKa C HAUBBICIIMM  IMPUOPUTETOM,
HECMOTpPST Ha TO, YTO, BO3MOXHO, OHa IMpHUILNIA B CHUCTEMY I[OCIE
npuxoja MpoYuX 3asBOK. B 3ToM ciaydae Ha camoMm Jene oOpasyercs
HECKOJIKO odYepeaed ¢ pa3HbIM YpoBHeM Tmpuoputera. Ilpu peanuzanuu
TUCHUIUIMHBI ouepeau — 03 MPUOpUTETa BO3MOXKHBI PAa3UYHBIC MpaBHIIA
orOopa 3asBOK Ha OOCIy>XHMBaHUE: TEPBBIM MPHUILE] — MNEPBbIA OOCITYKEH,
NOCJICIHUM TPUIIEN — MEepPBbIA OOCIY)KEH WIM B CIy4ailHOM MOpsAKe
(HampuMep, ¢ 3aJlaHHBIMH BEPOSITHOCTSIMU BBIOOPKH M3 OYEpE.IH).

Cucrembl ¢ MPUOPUTETOM, B CBOIO OuY€pEelb, MOTYT MOAPA3ACIATHCA Ha
CMO c¢ npepbiBanueM u 0e€3 mnpepbiBaHus. B cucremax ¢ mpepbiBaHUEM
3asBKa C BBICIIMM TPUOPUTETOM TMPEPHIBACT OOCTY)KMBAaHUE 3asiBKU C
Oojee  HUBKMM  mOpuoputeToM. lIpepBaHHas  3asBKa  MOXET  OBITh
MOCTaBJI€HA B OuYepe/lb M, BO3MOXHO, KOrja-HUOyJb OyJer oOciyXKeHa B



COOTBETCTBUU CO CBOUM IPHUOPUTETOM.

Y1100HO moap30BaThcs (HOPMaIbHBIM KIACCU(DHUKAIMOHHBIM OIMCAHUEM
CMO «kak abctpaktHoit cuctemoit. Ilpum stom mox abcrpaktHoit CMO
MOHMMAIOT ~MATEMaTHYeCKUil OOBEKT o | B |y | O, XapaKTepU3yIOIHics

CICAYIOIIMMHU  YETHIPbMS  BJIEMEHTaMH: O —  BXOISAIIUM  IMOTOKOM
TpeOOBaHMH, [3 — MOTOKOM OOCIYXWBaHUS, Y — CTPYKTYpPOM CHCTEMBI
(KOTMYECTBOM 00CITy>KUBAIOIIINX KaHaJIOoB), o — JTUCHUTUTMHOMN

o0CIyXuBaHUS  (XapakTepoM  OOpa3oBaHMsl odYepead U  HaJIUYHUEM
OTpAaHUYCHHUSI Ha O4Yepenb).

XapaKTepUCTUKH TIEPBBIX JABYX DJJIEMEHTOB CHCTEeMbI o H [ Oyayr
JOCTaTOYHO MOJAPOOHO paccMoTpeHsl B § 4.3. AOcCTpakTHas CHCTEMa,
Hanpumep, Buma M|M|3|5 —a3to CMO ¢ MapKOBCKHMH BXOJHBIM ITOTOKOM
U TOTOKOM OOCIyKUBaHMs, YHUCIOM OOCIY>KHBAIOLIUX NpUOOPOB, PaBHBIM
3, 4HCIOM MECT B OYEPE/IH, PABHBIM I.

Iloka3zareau 3¢¢exrtuBHocTu padorsi CMO

KaduectBO  QYHKUMOHMpOBaHUS  JIFOOOM  CHUCTEMBI  OIpEHEIIsIeTCs
KOJMYECTBEHHBIMU  MoOKazarensaMu  dddexktuBHocTn e€  pabotel. B
3aBUCUMOCTH OT IIeJIe MCCIEOBaHUSI JTHU IOKa3aTeId MOTYT OBbITh
pa3auuHbiMU. Hampumep, s oneHkd padoTbel HekoTopoir CMO MOXKHO
UCIIOJb30BaTh CPEAHIO BelIWunHy TmoTeps C B €IUHUIY BPEMEHH,
MPOUCXOIAIIMX B MPOILIECCE AKCIUTyaTallu CUCTEMBL:

C= klcl + k2C2,

rae k; — cpeaHee YHCIO 3asgBOK B OYepeAuM Ha OOCTy)XUBaHHUE, C| —
CTOMMOCTb OKHMJIAHWSA B O4YepeAd B E€IWMHULY BpEeMEHH, Kk, — cpelHee
YUCJIO CBOOOJHBIX KaHaJOB, C; — CTOMMOCTh IPOCTOSI OAHOrO KaHajlda B
€AUHULLY BPEMEHHU.

[Ipunsaro ouenuBath 3¢dextuBHOCT CMO 1O TakuM TOKa3aTeNlsM,
KaK:

— CpelmHss JUIMTENbHOCTh TnpeObiBaHusa 3asBku B CMO — KiIMeHT
BBIOEpET 1Ji1 CBOEr0 OOCIYyXUBAaHUS Ty CHUCTEMY, B KOTOpPOW, TMpHu
OJIMHAKOBOM KauecTBE OOCIY>KMBaHHUs, OH NPOBEAET MEHBIIE BPEMEHU;

—  BEpOSITHOCTb  HACTYIUIGHMS  3aJJaHHOTO  COOBITHS,  HalpuMmep,
BEpPOSITHOCTh TOr0, 4TO 3asdBKa, npumeamas B CMO, Oyaer oOciyxeHa;

— CpeIHEe KOJMYECTBO 3aHATHIX KAHAJIOB — €CJIH, HampuMeEp, CpelHee



KOJIMYECTBO 3aHATHIX KaHAJIOB 3HAYUTEIHLHO MEHbINE OOIIEro KOJIMYeCTBa
KaHaJOB B CHUCTEME, TO 3TO TOBOPUT O TOM, YTO HEKOTOpPbIC KaHAJbI
MOCTOSIHHO MPOCTAWBAIOT, a 3TO YK€ HIKOHOMHUYECKHE TOTEPH;

— CpellHee KOJUYECTBO 3aHATBIX MECT B OYepeAu — MOpU OOJIBIIOM
CpeHEM KOJIMUECTBE 3aHSThIX MECT B OuYeped BEJIHUKAa BEPOSTHOCTD
OTKa3a B OOCITY)XKMBaHUM, a B O3TOM CJIydya€ BO3HHUKAeT MOTPEOHOCTH B
YBEIIMYCHUU KOJMYECTBA KAHAJOB WJIM YBEIMYEHUW HWHTEHCUBHOCTH
OOCITy>KUBaHUSI 3a4BOK HUMEIOIMIMMCSA KOJMYECTBOM KaHAJIOB U TIp.

[IpuBen€HHbBIN HEOO0JIBIION IIEPEYCHb XapaKTEPUCTUK yKE
CBUJICTEIILCTBYET O TECHOW UWX B3aMMOCBS3M UM IPOTUBOPEUYHUBOCTH.
Yaydiienue mnokaszaTenedl OJHUX M3 HHUX OOBIYHO BJICYET YXYIUICHUE
apyrux. Orcroma cienyer, 4to npu mpoektupoBannn CMO xkematenbHO
YCTAaHOBUTh Pa3yMHO€ PABHOBECHE MEXAY pPa3JIUYHBIMU IMOKa3aTEIsIMU
3(pHEKTUBHOCTH CHUCTEMBI.

Jlns  pemieHWss OSTOM 3aJaddM  JKeJaTEIbHO BBIOpaTh OOOOIEHHBIN
nokazarenb  (C)  addextuBHocT  CMO, HalpuMep  KpUTEpUil
SKOHOMHUYECKON A(PGHEKTUBHOCTH, KOTOPBHIM BKIOYAT Obl W HU3JICPKKU
obpamernus (C,,), n u3aepxkku mnorpediaenus (Cyy):

C=(Cy t+ Cyy) = min.

[lepBoe ciaraemoe OOOOMIEHHOTO TIOKa3aTessl BKIIOYAET 3aTparthl,
HampuMep, Ha OHKCIUTyaTallul0 CHUCTeMbl W MPOCTOM  OOCTYKHBAOIINX
KaHaJoB. BrTopoe cmaraemoe — TIOTEpH, CBSI3aHHBIE C YyXOJOM He-
00CITy’>KCHHBIX 3asBOK U C IPEOBIBAHUEM B OYEPEIIH.

Metoauka pacué€ra OTIeNIbHBIX XapakTepuctuk CMO OyjaeT ocBelicHa
HIKE TPU MOCTPOCHUHU Mozenell KoHkpeTHbix CMO.

4.2. Buabl mopeaupoBanus CMO

Anmapatr TMO pa3BuT Ui CUTyalMii, KOrja CIy4ailHbId Ipouecc,
MPOTEKAIOIIUM B pacCMaTpUBAEMOM CHCTEME, MapKOBCKMM WM OJM30K K
MapKOBCKOMY. lleNblil psl OrpaHUYECHUN HA XapakTep BXOMSALIETO IOTOKA
MO3BOJISIET I PEANbHBIX CHCTEM pPAacCMaTpUBATh JIMIIL YACTHBIC 33aJa4u
(cm. ygacte III manHOrOo ydeOHOro mocoOus). MaremMaTHUeCKHil Ke armapar
TMO He Bcerga JaeT COOTBETCTBYIOIIME AHAJTUTHUYECKHE 3aBUCUMOCTH. B
ATUX CIIy4yasX MPUMEHSIOT METOJ HMMHUTAIMOHHOTO MOJICIUPOBAHUSL (METOA
CTaTUCTUYECKUX  uchnbITanuii, wmeton Monre-Kapno). OOmas cxema



OPUMEHEHHUs] MeToJla, MOAPOOHO paccMmarpuBaeMoro B yactu Il gaHHOTO
y4eOHOro mocobusi, coctouT B  (HOPMHUPOBAHMU U  3aAMOMUHAHUU
BO3MOKHBIX 3HAYEHUM HEKOTOPOW CIyYaWHOM BEJIWYWHBI, 3aBHUCAIIEU OT
TPAEGKTOPHM CIIy4alHOro Impouecca. Ee cpenHee 3HaYeHHWE, TOIYYEHHOE B
pe3yJibTaTe BBIMIOJTHEHMS OOJBIIOrO YHCHIA pealu3aluil mpoiecca, u
OKa3bIBAETCSI UCKOMBIM PEIICHUEM.

Takum  o00pa3om, HauOosiee pPacHpOCTpaHEHHBIMM  MOAXOJAMU K
uccinenqoBannro  CMO  gBISIOTCA  AQHAINTUYECKOE W UMHUTAIMOHHOE
MojaenupoBanre. Hukxe naHa KkpaTkas BBOJHAasT XapaKTEpPHUCTHUKA H3TUX
MeTosoB, a B dyactax Il m III coorBeTrcTBEeHHO — 0OOJee WIM MEHEE
MOJAPOOHOE U3JI0KEHUE.

AHAJIUTHYECKHE MOJIeJIN

AHanuTuyeckass MOJEIb — 3TO MaTEeMaTUYECKOE OMUCAHUE CTPYKTYpPhl U
nporecca (YHKIIMOHUPOBAHUS CHUCTEMBbI, a Tak)Ke€ METOJWKa OIpeeicHus
nokazarenet e€ sddextuBHocTH. Takas MoAenab MO3BOJSIET OBICTPO U C
BBICOKOM TOYHOCTBIO XapaKTEpU30BaTh IMOBEICHUE CHUCTEMBI.

Haunbonee »ddexkTuBHBI W HariasgHbl AHATUTAYECKHUE MOJIETU  IpHU
onucaHuu (GYHKIIMOHUPOBAHUS CHUCTEM MAacCOBOTo obOciykuBanus. Ilox
cuctemMoil  MaccoBoro  oOciyxuBanuss (CMQO) 0OObIYHO  TOHUMAIOT
IUHAMHUYECKYI0  CHCTEMYy,  TpeAHa3HauYeHHYr0 i1 3(P¢EeKTUBHOIO
00CITy>KUBaHUSI CIIy4alHOTO MOTOKA 3as1BOK (TpeboBaHui Ha
0oOCIIy’)KUBAaHHE) TIPU OrPaHUUYCHMUSX Ha PECypchl CHUCTEeMbL. Jlpyrumu
CJIOBaMU MOXHO CKa3aTb, YTO OCOOEHHOCTHIO MacCOBOTO OOCIYy>KUBaHUS
ABJISICTCS  HaJIMUYME  TIOTOKA  OJHOPOJHBIX  (MICHTUYHBIX)  COOBITHI
(TpeOoBaHuii, 3asBOK), KOTOpPBIC TMOJBEPraroTcs oOchayxuBaHuw. Kpome
Toro, juisi mojsiHoro onucanus CMO W TOCTaHOBKH 3aJadyd HCCIEIOBAaHUS
HEOOXOAMMO ONPEACIUTh CTPYKTYPY CHUCTEMbl WU JUCIUIUIMHY (MpaBuia)
oOCIIy’KMBaHMs, a TakKe I[IOKa3aTeJM KadecTBa OOCITY)XUBaHUS, T.€.
HEKOTOPBIE YHCJIOBBIE IIOKa3aTeIM, MO 3HAYEHUIO KOTOPHIX MOKHO OBLIO
Obl CynuTh 0 KauecTBe (pyHKumoHupoBaHusa ucciaeayemoir CMO. Crpykryp-
Hasi CXeMa CHCTEMbI MacCOBOTO OOCIIY>KMBaHUs TpeACTaBlieHa Ha puc. 1.3.

PemiennemM miepedyMCICHHBIX MpoOJeM U 3a7ad 3aHUMAETCi TEOopHs
MacCOBOI'0 OOCTY>KMBAHHUS, SBISIONIASCA Pa3/IeioOM TEOPUU BEPOSTHOCTEH.
BoTr HeckolbKO 3aady W NPUMEPOB, OTHOCAIIUXCS K MOpoOJIeMaTHKE
TEOPUH MacCCOBOTO OOCITYKUBAHMUS:

1. B xoMmprOTEp, HMCHONB3YEMBIM JJISI YNPABIEHUS TEXHOJIOTHYECKUM
MpOIECCOM, BpeMsi OT BPEMEHM TMOCTYNAalOT CUTHAJIbl OT JaTYUKOB,



CBA3AaHHBIX C yIpaBisieMbiM o0bekToM. Kaxkaplii curHan  TpeOyer
00pabOTKM B TEUYEHUE HEKOTOPOro CIy4aHOrO BpPEMEHU (3aBUCSIIETO OT
colepxkaHus curHaiga). Takum oOpa3oMm, pabOTy KOMIIbIOTEpa MOKHO
paccMaTpuBaTh Kak OINEpPalMi0 MacCOBOTO OOCTYKMBAHHUS, COCTOSIIIYIO U3
AJEMEHTApPHBIX  COCTABIISIIOIIMX — OOpa0OTKM  OTAEIBHBIX  CHUTHAJIOB.
TpeOyercs pemuTh 3aAady: CIOCOOEH JIM KOMIIBIOTEP C JaHHBIM OOBEMOM
naMsITH U OBICTPOJAEHCTBHMEM  CIPaBUThCI C  00pabOTKOM  Bcex
MOCTYMAOIIUX CUTHAIOB?

2. B rpy30oBOM MOpPCKOW TIOPT, HUMEKONIAA HECKOJBKO MPUYAJIOB,
NpUOBIBAIOT CyJa Ha Pasrpy3Ky-NOTPY3Ky B  CIIydyailHblE MOMEHTHI
BpeMeHU. BpeMsi pasrpy3ku-morpy3kud (0OCIy>KMBaHHUS) CYJ0B KoJjeOJeTcs
B HEKOTOPOM HHTEpPBAJIE B 3aBUCHMOCTHM OT THUNAa CyJHa M rpy3a. Eciu
BCE IMpUYAJIbl 3aHATHI, TO NPHUOBIBIIIEE CYJHO CTAaHOBUTCS Ha peiae U
KIET cBoer ouepenu. Kaxapiii kopabib MMEET pacHuCaHUE MPUOBITHS, HO
U3-32 HEMNPEIBUACHHBIX OOCTOATENIBCTB OHO, KakK IMPaBWIO, HapPyIIAeTCs.
[TosToMy cuuTaeTcs, 4YTO TNPUOBITHE CYJIHA SBISETCA  CIIy4yalHBIM
COOBITHEM C KAKUM-TO MAT€MaTUYECKHUM OXHUIaHUEM, IUCIEpCUEH U T.J1.
CopammBaercsi: 4eMy paBHa CPEAHSA JIMTEIbHOCTh Pa3rpy3KU-MOTPY3KHU?

3. B cOopoyHOM Ii€X€ OCYIIECTBISIETCS COOpKa H3ACIUN pPa3IUUHbBIX
BujoB. [Ipu HexBaTke XOTs OBl OJHOTO BHUJA JETajled MNPOU3BOJICTBO
ocTaHaBnuBaeTcsi.  V30bITOYHBIE  J€Talidi  TOCTYMalOT B OYHKeEpHI
onpeaenéHHoM BMecTUMOCcTH. Ha mporiecc moOCTyIuieHUsI JeTajiei, Kak Hu
Ha BpeMmsi COOpKM W3JEeNus, BIMSAIOT ciydaiiHble QakTopbl. Kakoa
BEPOATHOCTh  MPOCTOSI  MPOW3BOJACTBEHHOW  JuHUM?  Yemy  paBHa
BEPOATHOCTh IEPETNOJIHEHUA OYyHKEepoB? DJeMEHTapHOM omepanueid B
JAHHOM cllydae sBJSIeTCSl cOOpka OJHOTO U3JACIUST U3 TOTOBOIO
KOMIUJIEKTa JIETaJIEH.

UckombiMu  xapaktepuctukamu  CMO  cudrtaroTcss — moOKaszaTenu
3 PpeKTUBHOCTH, noJ ~ KOTOPBIMM  TIOHUMAIOTCSI  KOJUYECTBEHHBIE
MOKAa3aTeli, YaCTUYHO WM TIOJHOCTHIO  XapaKTEPU3YIOIIUE YPOBEHb
BBITIOJTHEHUSI CHUCTEMOM MAacCOBOTO OOCTYKHBAaHUSA BO3JIOKEHHBIX Ha HEE
¢dbyukuuii. Hanmpumep, Takue XapaKTEpPUCTUKHU: BEPOSITHOCTb OOCIYKHWBaHUS
3asBKM (9TO BEPOSITHOCTH TOTO, 4YTO 3asBKa, mpuienmas B CMO, Oyner
oOciy’)keHa), BEpOATHOCTb OTKa3a B OOCIYXMBaHUU, CpPEAHEE BpEMs
OXHUJaHUS 3asiBKM Haudajia OOCIyXUBaHUS, CpeJAHEe Bpemsi MNpeObIBaHUS
3asiBku B CMO, cpenHsisi JjiMHA o4depeau U IIp.

Ha mepBblii B3I MEPEUYHCICHHBIE XAPAKTEPUCTUKH CBUAETEIBCTBYIOT
TONbKO O (pakTe ux BhuMcieHuda. Ho Ha camMoM Jene 3TO JaJIeKO HE Tak.



[IycTp BBIUKCIIEHHAs] BEIWYMHA BEPOATHOCTH OOCTY>XKMBAaHUS 3asiBKM paBHA
0.65. O 4ém 3TO TOBOPUT? DTO 3HAYWUT, YTO M3 CTA MOCTYNHBIINX 3aBOK
Ha OOCIy»XHBaHHWE TONBKO 65 W3 HHX OyAeT 00CTyXeHO. A 3TO, B CBOIO
odepellb, TOBOPUT O TOM, 4YTO 35 3asBOK IOJIYYHT OTKa3, T.€. TPETh U3
yucna mnoctynuBmuX. Kaxaas TpeTbs 3asBKa (KaXIbId TPETUM KIIMEHT)
MOJIYy4UT OTKa3 B  OOCITY)XKMBaHMU. A 3TO yIyIIEHHas MPUOBLIb,
YOYIIEHHBIM  KJIMEHT, VYIOyIIeHHas BO3MOXHOCTb pacIIupeHusi cdepsl
YCHYT.

Nnu npyrasi XapakTEpUCTHUKA: CPEIHEE KOJMYECTBO 3aHATHIX KaHAJIOB.
[lycTe mpu KonMYecTBE OOCITY>KMBAIOIIMX KaHAJIOB PaBHOM TPEM, CpellHEe
KOJIMYECTBO 3aHATHIX paBHO 1.75. DTO CBUAETENLCTBYET O TOM, 4YTO, IO
KpalHEM Mepe, OJIMH KaHAI IIOCTOSIHHO TPOCTaWMBa€T W, BO3MOXHO,
HY>)KHO 3aJyMaTbCcsi O ILEIecOO0pa3HOCTH €ro cyuecrtBoBaHus. Wi
IPOTUBOMOJIOKHBIM ~ ClIydad: TMpU TPEX KaHajlax CpeaHee KOJIUYECTBO
3aHATBIX paBHO 2.98. DTO MOXKET CBHACTEIBCTBOBATH O TOM, YTO
BEPOATHOCTh  OTKa3a B  OOCIy>XHBaHUM  Beduka  (OMATH  MOTEpPH
MOTEHIIMATBHBIX KJIMEHTOB) M, BO3MOXXHO, HEOOXOJIWMO 3aayMaThCs 00
YBEIUYEHUN KOJMYECTBA OOCIYKMBAIOIIMX KaHAJIOB WU 00 yBEIWYEHUU
WHTCHCUBHOCTH OOCITY)XMBaHHUSI 3adBOK KaHajlamMu (HampuMmep, IOKyIKa
HOBOT'O 00OpY/IOBaHUA).

Yacto ObIBaeT O4YEHb TPYAHO TMOJYYUTh MCKOMBIE XapaKTEPUCTUKU
nokazarenet 3ddexktuBHOCTH CMO U3-3a  CIOXKHBIX  AHATUTHYECKHUX
pacuétoB. Ho ecnu B CMO mnpoTekaeT MapKOBCKUW CIy4alHBIM MPOIIECC,
TO aHAJUTHUYECKass MOJENb (AHATUTUYECKUE 3aBUCHUMOCTH) 3alUCHIBAKOTCS
(3aIMOMHUHAIOTCA) MPOCTO M KPACHUBO.

NMuTanMoHHble MOJeIH

NHorma aHaJIMTUYECKOE WCCIEIOBAaHUE ITOBEACHUS CIIOKHOM CHCTEMBI
OKa3bIBAaCTCSI BEChbMa  3aTPYJHUTEIBHBIM  BCIEICTBHE  CIIOKHOCTH €€
MAaTEMATUYECKOIO0 OIKUCAHUs. A B Ciaydae BO3JECMCTBUA HA CHUCTEMY
CIIy4aHbIX (PAKTOPOB TPYAHOCTH aHajM3a YacTO CTAHOBATCS COBEPIICHHO
HEMPEOJOJUMBIMHA. Torga SKCIEPUMEHTAIBHOE HWCCIEIOBAHNUE ITOBEACHUS
CHUCTEMbl B PEAIbHBIX YCIOBUSIX €€ (YHKIIMOHUPOBAHUS MPUHIUIIUAIBHO
MOTJIO Obl MO3BOJIMTH MOJYyYUTh HaubOoJee TMOJHYI0O U JIOCTOBEPHYIO
uHPOpMaIMI0 O CBOMCTBEHHBIX €W KOJWYECTBEHHBIX M KAa4€CTBEHHBIX
3aKOHOMEpHOCTsX. (OJHAaKO 4YacTo OHO HEOCYUIECTBUMO B  Ciydae
BPENHOCTA WM YIOAJIEHHOCTH CHCTEMBI OT DJKcliepumeHraropa. HWnm
AKCIIEPUMEHTAIbHOE HCCIEJOBAHUE TaKXKE€ HEBO3MOXKHO, HaIlpumep, Ha



CTaauyd pa3paOOTKu CcHUCTeMbl (Korjga oOHa emé He cos3laHa). B atux
CIy4asix CO3JaHUEC WMHUTAIMOHHOM MOJIEIM W TPOBEACHUE 3KCIEPHUMEHTOB
Ha HEW OCTAETCS YaCTO E€IWHCTBEHHO BO3MOXHBIM ITYyTEM IIOJYYEHHUS
KEeJTaeMbIX XapaKTePHUCTUK mpoliecca (HYHKIIMOHUPOBAHUS CUCTEMBI.

CylmHOCTh  MMHUTAlMOHHOTO  MOJCJIUPOBAHUSA  CJIOXKHOW  CHCTEMBI
3aKJIFOYAETCS B CIIETYFOLIEM. Ha OCHOBAaHUH ONIMCAHUSA
(YHKIIMOHUPOBAHUST CUCTEMbl M YHUCJIEHHBIX METOJIOB [6] pa3pabarbiBaeTcCs
MOJCIUPYIOIINN  AJITOPUTM, HUMHUTUPYIOIIUKA BHEIIHUE BO3JICHUCTBUS Ha
CUCTEMY,  NOBEIEHHWE €€  JJIEMEHTOB, WX  B3aUMOJIEUCTBHE U
MOCJIC/IOBATEIbHOE HW3MEHEHHE COCTOSHUWA BCEM CHUCTEMBI BO BpPEMECHHU.
Pa3paboTaHHbli  MOJETUPYIOIMIMM  QJITOPUTM  pealu3yercss 3areM  Ha
KoMIblOTepe. Takod MOAXOJ JHUIIEH BCEX HEIOCTATKOB IPUBEAEHHBIX
BBIIIIE MPUEMOB UCCIEAOBaHUSA cHUCTeM. llomHOTa ©  JIOCTOBEPHOCTH
MOJIYYCHHOM TyTEM HMMUTALMOHHOTO MOJICIMPOBAHUS HHPOPMALUU O
CBOMCTBAaxX HCCIEAYEMOUW CHCTEMBI 3aBHUCAT OT TOYHOCTH MaTEMaTHYECKOTO
ONMCAHUS CHUCTEMbI, B34ATOTO B OCHOBY MOJICIUPOBAHUS, W TOYHOCTH
BBIUHCIIUTEIIbHBIX METO/JIOB, VCTIOJIb30BAHHBIX npu pa3paboTke
MOJICJIMPYIOLIETO AJITOPUTMA.

Ilpumep 1.1. MoxHo paccmoTperh Tnpocreimyro CMO, a HMEHHO
ouepelb TOKyMareyneil K KOHTposu€py (kaccupy) B marasuHe. Ilyctb
MHTEPBAIIBI  BPEMEHH  MEXKIY  MOCIENOBATEIBHBIMU  IOSIBICHUAMU
MOKYNaTeJIe pacupeaenaoTcss paBHOMEpHO B wuHTepBaie [1, 10] mun, a
JUTUTEILHOCTh OOCITyKUBaHUA — B UHTepBajie [l, 6] MuH.

HeoOxonumo onpenenuTs cpeaHee BpeMs f,, KOTOpPOE€ IOKylaTelb

NpOBOAUT B cucteMe (OXUJaHUE U  OOCITY)KMBAaHUE), M  MPOLECHT
HEIPOU3BOAUTEIBLHOTO BpEeMEHHU (IIPOCTOs) Kaccupa ¢ (Tadm. 1.2).

Jnst MOJenMpoBaHUsI CUCTEMBbl HMCKYCCTBEHHO CO3JAETCA JKCIICPUMEHT,
OTpaXKaroluii yciaoBusl 3amauu. HyxHO co3gaTe npoleaypy HMHUTAIUU
HCKYCCTBEHHON MOCIEI0BATEILHOCTA NPUOBITUS TMOKYyIaTeled U BPEMEHU
Ul OOCITY>KMBaHMS KaXJoro u3 Hux. [mga storo mnotpedyercss AecATh
¢umek ¢ HoMepamu OT 1 a0 10 u OOBIYHBIN WrpadbHBIA KyOUK C
mecTelo TpaHamu. IlomectuB (¢uIIKM B YypHY U Jo0CTaBas TIOCIIE
NEPEMEIINBAHUS OAHY W3 HHUX, CUHUTHIBAIOT BBINABIIEE YHUCIO, KOTOPOE H
ONpeACIUT  MHTEpPBAJ  BPEMEHH  MEXIYy  NPUXOJOM  OYEPEIHBIX
nokymnareneid.  bpocas — KyOMK,  MOXHO  HCKYCCTBEHHO  IOJIy4aTh
JUTUTEILHOCTh OOCITY>KMBaHUSl KJIMEHTOB. Bo3BpaTuB (UIIKYy Ha MECTO H



BCTPSIXHYB ypHY, a TakKe TMOBTOpSAsS JpYyrue Omepanu, MOoJydaroT
BPEMEHHBIC  PANbI, HWMHUTHPYIONIME BPEMEHHBIE  MHTEPBAIBI  MEXIY
OpUOBITUEM KIMEHTOB, a TAK)KE COOTBETCTBYIOUIME BpEMEHa IJIUTEIbHOCTH
00CITyKUBAHMUSI.

Takum oOpazoM, 3amada CBOAUTCA K PErUCTpalliki U 00paboTKe
pE3yJbTATOB HMCKYCCTBEHHOTO (MMHUTAIMOHHOTO) 3KCHepuMeHTa. Bompockl
ONpEJeNeHUs]  pa3MepoB  BBIOOPKM  JUIsl  TOJYYEHHUS  CTaTUCTUYECKU
3HAYUMBIX PE3yJbTATOB OYyIyT paccMOTpeHbl Huxe (cMm. § 5.6).

Tabnuya 1.2
ITo- NnTepBan Jmute- | MonensHoe | Haua- | Konen | JlnutenbHo- | JliuTe-
Ky- MEXKITY JBHO- BpeMs B J10 0o0c- | ctu mpeldbl- | NpHOCTH
ma- | MOMCHTaMH CTh MOMEHTBI 00- y- BAHMS 110~ | 11pocTOs
Te- MPUOBITHUS o0Ociy- | mpuOBITUA | CIIy- | )KMBa- | KynaTenei Kaccupa,
Jb | MOKyHaTesieu, | >KuBa- | TMOKymaTe- | KUBa- | HUS, Ha 00cITy- MUH
MUH HUS, JIeH, HUS, MUH JKUBAHMU,
MHH MHH MHH MHH

1 - 1 0 0 1 1 0

2 3 4 3 3 4 2

3 7 4 10 10 14 4 3

4 3 2 13 14 16 2 0

5 9 1 22 22 23 1 6

6 10 5 32 32 37 5 9

7 6 4 38 38 42 4 1

8 8 6 46 46 52 6 4

9 8 1 54 54 55 1 2

10 8 3 62 62 65 3 7

Bceero 31 34
to =31/10=3.1 Mumn; t, =(34/35)-100 =52.3%.
MoxHO MOJIBECTH UTOT CKa3aHHOMY. NMuTannmoHHOE

MOJICIIMPOBAHKE, SBIISISACH PA3HOBHUIHOCTHIO UYHCICHHBIX INMPUEMOB PEIICHUS
pasIMYHBIX 3a7a4, IMOJYYWJIO0 B TIIOCIeqHEe BpeMs OYCHb IIHUPOKOE
pacrpocTpaHeHue. ITO OOBSCHACTCS PSJOM €ro MPEeuMYIIECTB:

— METojA TO3BOJSET IIOJYYHUTh OTBETHI HAa MHOTHE  BOIIPOCHI,
BO3HHUKAIOIIME HAa CTAJUM 3aMbICIa W TIPEABAPUTEIHHOTO MPOCKTUPOBAHUS
Oyayiieit cucteMbl 0€3 JOPOroCTOSIIUMX IMPOO0 M OIIHOOK;

— UMUTAIUMA Ha KOMIBIOTEPE IIO3BOJISIET HCCIEAOBaTh OCOOCHHOCTH
(YHKIIMOHUPOBAHUS CUCTEMBI B JIFOOBIX BO3MOXKHBIX YCIIOBUSIX, IIPH 3TOM
nmapaMeTpaMyd CHCTEMbI M OKPYXKAIOIMIeW Cpeabl MOXKHO BapbHpOBATh IS



MOJy4YeHUs: Jr000H OOCTaHOBKHM, B TOM UYHCJIE, WU HEpeaIn3yeMol B
HATYypPHBIX DKCIICPUMEHTAX;

— TpUMEHEHHUE KOMITbIOTEpa COKpariaeT MPOJIOTKUTENHHOCTh
UCIIBITAHUA CHCTEMBI, 3aHUMAIONIUX B PEAIbHBIX YCIOBUSAX JHH WIH
MeCAIbl, A0 JO0JICM MHHYT W CEKYH]I;

— TaK KakK aHaju3 HEKOTOPhIX OYEHBb CJIOKHBIX CHUCTEM M HX OIICHKHU
HE MOTYT OBbITh BBHIIIOJHEHBI HH C TIOMONIBIO JIAOOPATOPHBIX, WIH
HATypHBIX DKCIIEPUMEHTOB, HU AHAJUTHYECKUMH METOJaMH, TO BO MHOTHX
CIyyasx peanu3anys WMHUTAIMOHHBIX MOJENIed Ha KOMIIbIOTEpax SBISETCA
CAMHCTBEHHBIM PEaIN3yeMbIM CIIOCOOOM pEIICHUs ITUX 3ajad.

4.3. IloTtoxku coObITHI

ITepexonpt CMO wu3 OZHOrO COCTOSIHHSL B JAPYrO€ MPOUCXOIST MO
BO3JICCTBUEM BIIOJIHE ONPEACIEHHBIX COOBITUM — MOCTYIUIEHUE 3asBOK U
X 0O0CIy>XKHBaHUE.

IHorokoM cOOBITHMH Ha3bIBAETCS MOCIEIOBATEIBHOCTh  OJHOPOIHBIX
COOBITH, CIEIYIOUMX OJIHO 3a JAPYTUM B HEKOTOPblE MOMEHTHI BpPEMEHHU.
Hampumep, 5T0O MNOTOK OTKAa30B WM TMOTOK 3aABOK Ha OOCIYy>KMBaHUE
BBIYMCIIUTENIBHOTO KoMmIulekca. COOBITHS MOTOKA MPOUCXOIAT B 3apaHee
HEU3BECTHbIE (OOBIYHO CIy4YailHble) MOMEHTBI BPEMEHU f;, [, ..., TIOITOMY

NOTOK COOBITHI yAOOHO M300pakaTh pSAJIOM TOYEK Ha OCH BpPEMEHH !
(puc.1.5).
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Puc. 1.5. Ocp BpemeHnu ¢

PeryasipubiM (WM 1€TEPMUHUPOBAHHBIM) ITOTOKOM COOBITHUI HA3bIBAETCS
OTOK, B KOTOPOM COOBITHSI CIIEIYIOT OJHO 3a JIPYTUM Y€pe3 OJUHAKOBBIC
IIPOMEXYTKH BPEMEHHU.

BaxxHOW  XapakTepUCTHKOM JIO00OTO TMOTOKa SBISETCA YUCIO M
COOBITHM, mpoucHieamux 3a BpeMs 7. Ecium m cioyyailiHas BeIWYMHA C
BO3MOKHbIMU 3HaueHusiMu x € {0, 1, 2, ...}, TO paccMaTpUBaIOT WU BEPOAT-
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HOCTH p(mzx), WM MAaTCMATHUYCCKHUC OXUWIaHusds m, W JUCIICPCHHU Oy,

3aBUCSIINE OT 7.

[ToTok CcOOBITHII Ha3bIBA€TCS CTAIIMOHAPHBIM, €CJIM IpU JOOOM X
BeIMUYMHA p(m = X) 3aBUCHUT TOJBKO OT JJIMHBI y4acTKa 7 H HE 3aBHCHT
OT €Tr0 PACIOJIOKEHUA HA OCA BPEMECHH.

OpaMHaApHBIM  TIOTOKOM COOBITHH HAa3bIBAa€TCS TaKOW TIOTOK, JIJIs
KOTOPOTO BEPOATHOCTh p(m >2) momagaHus Ha OTPE30K 7  MPEHEeOPEKUMO
Maja 10 CpaBHEHHIO C BepOATHOCTBIO p(m=Xx). To ecTh NpPaKTHYECCKH
HEBO3MOXHO TIOMAJaHue JIByX M 0Oojiee COOBITUH Ha JIOCTAaTOYHO MAJIbIA
WHTEpBaI 7.

ITotokom 0e3 mocjeneidcTBUA HA3BIBACTCSA IOTOK COOBITHH, B
KOTOPOM Il JIOOBIX JIByX HENEPECEKAIOIUXCsS HMHTEPBAJIOB 7; U 7, OCH

{ 4UCO COOBITUI m;, NMONAJAIOIMX HA 7|, HE 3aBUCUT OT TOr0, CKOJIBKO
COOBITHH m, TONAJO0 HA 7,. OTO TOBOPUT O TOM, 4YTO COOBITHH,

o0Opasyroniue MmoToK, NOSBISIOTCS B MOCIEAOBATEIbHBIE MOMEHTBI BPEMEHU
HE3aBUCHUMO APYr OT Jpyra.

[ToTok coObITHI Ha3bIBa€TCA MNPOCTEHIMM (WM  CTallMOHAPHBIM
MyaCCOHOBCKHMM), €CIIM OH OO0JIaJla€T OJHOBPEMEHHO TpPEMs CBONCTBaMU:
CTAalMOHAPHOCTH, OPJAMHAPHOCTA H  OTCYTCTBHEM MOCJIEAEHUCTBUS.
NHTepec K 3TOMY MOTOKY BbI3BaH MPOCTOTOM  (POpMambHOrO ONHCaHUs
€ro CTaTUCTUYECKUX  XapakTepucTtuk. Kpome TOoro, mnpum CloxeHUH
HECKOJIbKMX  HE3aBUCHMBIX  CIyYalHBIX IOTOKOB, CTallMOHApPHBIX M
OpJIMHApHBIX,  o0Opa3yeTrcss  CyMMAapHBbIH, KOTOphIH  TO  CBOUM
XapakTepucTUKaM  npubiamkaercs K Opocredmemy.  [loatomy, mnpu
UCCIICIOBAHUN PEATBHBIX MOTOKOB CTPEMATCS CBECTH HMX K IPOCTEHILINM.
JIns 3TOrO0 HecTauuMOHAapHbBIE ITOTOKH MPEACTABIAIOTCS KaK CTalMOHAPHBIC
Ha OIPaHUYEHHOM OTpe3Ke BpeMeHu. HeopauHapHble NOTOKH CBOIAT K
OpJIMHApHBIM, pPaccMaTpuBasi HECKOJBKO OJHOBPEMEHHO HACTYHAOIINX
COOBITMH KaK OJHO COOBITHE, U T. 1.

HecTanuoHapHbIM IMyacCOHOBCKHUM IMOTOKOM SIBJISIETCSI TOTOK COOBITUI,
KOTOPBIM HE MMEET IOCIEACHUCTBUS, OPJANHAPEH, HO HE CTAI[MOHAPEH.

B mpocrtelieM moToke (Kak CTallMOHAPHOM, TaK M HECTAIMOHAPHOM )
BEJIMUMHA M TONUYUHAETCA pacupeneneHuto Ilyaccona:

G0 e

pm=x)="=
X!



DTO BEPOSITHOCTH TOTO, YTO B IMPOMEKYTOK BPEMEHHU 7 IMOMAAET POBHO X
COOBITUH, A — MHTEHCHUBHOCTh IIOTOKa (CpeaHee YHCIO0 COOBITHUM B
€AUHUIY BPEMEHH).
Eciu a — cpenHee 4uciio COOBITHM, MPUXOAIEecs Ha MPOMEXYTOK 7,
TO I  CTAallMOHAPHOIO  MPOCTEHIIero mnoTtoka a=Ar, a [ud
HECTallMOHAPHOTO IyaCCOHOBCKOro motoka A=A(7) u
ly+T
a= [ Ayt
Iy
BaxxHoil  XapakTepUCTHKONW TOTOKa COOBITUH  SIBISAETCS  3aKOH
pacnpenesieHusl JUIMHbI MPOMEXYTKAa MEXIYy COCETHUMHU COOBITUAMH. Jljs
MPOCTEUIIIET0 MOTOKA C WHTEHCUBHOCTHIO A JJIMHA 3TOr0 MPOMEXKyTKa 7T
(puc.1.5) pacnpeneneHa Mo MOKa3aTEIbHOMY (3KCIIOHEHIIMABHOMY) 3aKOHY
C TUIOTHOCTBIO:
t 0, r<0,
s de M, 1>0.
HucnoBple XapaKTEPUCTUKHA CIYYAWHOM BEJIWYHHBI, PaCHPENCICHHON

MO0 TOKa3aTeJIbHOMY 3aKOHY, a UMEHHO, MaTEeMaTUUECKOE OKUJAHUE U
1 1
Y Dt = Gtz - .
2
A A
Iloroxkom IManbma (WM TOTOKOM C OTPAHUYECHHBIM TMOCJEACHCTBUEM)
HA3bIBACTCSl MOTOK COOBITUM, JJII KOTOPOTO MPOMEXKYTKH BPEMEHH MEXIY

MOCIEN0BATENbHBIMU  cOObITUAMU 11, T, ..., T;,.... TPEIACTABIAIOT  COOOU

AUCIICPCUA COOTBCTCTBCHHO PABHBI: m, =

HE3aBUCUMBIE, OJIMHAKOBO PACIHPEACICHHbBIC CIyYalHbIE BEJIWYMUHBL.

OueBHAHO, YTO TMPOCTEUIIUM TMOTOK TPEJACTABISIET COOOM YaCTHBIN
caydyaii motoka Ilambma, Korga HHTEpBalbl MEXKAY COOBITUSIMH HMMEIOT
MMOKAa3aTeJIbHOE pachpeniesicHne. Tak, MyCTh HMMEETCS CHCTEeMa, COCTOAIIAs
U3 Kakoro-TO KOJIMYECTBA JJIEMEHTOB, KOTOPBIE HE3aBUCUMO JPYr OT
JIpyra BBIXOIAT W3 CTposA. HeuwcnpaBHBIM 3JIEMEHT TYT JKE€ 3aMEHSIETCS
HOBBIM. [loTok HeucmpaBHOCTEl 00pa3yeT motok [lambma.

OcoOwiii  wiacc moTokoB IlagpMa o0O0pa3yroT mOTOKH JpJiaHra,
KOTOPBIE TIOJYYAIOTCS IyTEM IIPOPEKUBAHMUS IIPOCTEUINMX TMOTOKOB, T.€.
OTOpachlBAHMEM  HEKOTOPBIX COOBITUM Kak HecocTosBIIUMXCS. Ecium B
IPOCTEHUIIIEM TIIOTOKE COXpaHSIETCAd Kaxkiaoe Kk—e coObiTue (cuurtas oT
YCJIOBHOTO TIEPBOr0), a OCTaJIbHbIE IIPOCTO HE YUYUTHIBAKOTCS, TO



BO3HUKAET MOTOK OpiaHra k—ro mopsaka (k= 1, 2, ..), obo3Ha4aeMbIii
D.. Ha puc. 1.6 npuBeneH moTok IpjaHra 3-ro mopsjaka (1Ba COOBITHUS
IPOCTEUIIETr0 MOTOKA MPOIYCKAIOTCA, & TPEThE YUYUTHIBACTCS).

oo S DS

Puc. 1.6. ITorok Opmnanra 3-ro nopsaka

OueBuAHO, 4YTO HHTEPBAl BPEMEHH 1, MEXKIY JIOOBIMU COCEIHUMHU

COOBITHSIMU B TIOTOKE O — €CTh CyMMa k HE3aBUCHUMBIX CIIy4alHBIX
BEJIMYMH, @ MUMEHHO PACCTOSHUM MEXIYy COOTBETCTBYIOUIMMHU COOBITUSMU
MIPOCTEUIIIETO  ITOTOKA. OTH  HE3aBUCHMBIE CIIy4YalHbIE BEJINYMHBI
pacrpezeseHsl 0 IOKa3aTeIbHOMY 3aKOHY:

200

D] , t>0.

Jr(@®) =

A o o
Mpu k=1 monyuator f,(t)=Ae ™, t>0, T. e. mpocTelimmii MOTOK
aBisieTcd Op. YHUCIIOBBIE XapaKTEPUCTHKH BEJIWYMHBI 7, (MaTeMaTH4ECKOE
OXXHUJAaHUE U JUCTIEPCHUs) CIETYIOIIHE:

Cnenyer oOpaTWTh BHMMAaHHUE HA TO, YTO MOTOKHM OJpJiaHTa SBIISIIOTCS
CTallMOHAPHBIMU YW OPAMHAPHBIMH, HO O0JaJalOT  MOCIEICUCTBUEM,

A
YCUIIMBAIOIMIMMCSL C YBEJIMYEHUEM k TIpu A = rae A, — MHTEHCUBHOCTb

[IOTOKa .

*
4.4. HﬂaHHpOBaHI/Ie H opranm3anmus KOMIBIOTECPHOIO 3KCIICPUMEHTA

Komnerorepubiii  skcniepumenT (KD) ¢ Momenpro cuctembl mnpu €€



UCCIICIOBAHUM UM NPOCKTUPOBAHUU MPOBOAUTCA C€ UEIBIO MOJYYEHHUS
uHpopManuu O  XapaKTEepUCTHKaxX  mporecca  (QYHKIHMOHUPOBAHUS
paccmarpuBaeMor cucreMbl. B Hamem cnydae KD npeanonaraer B
OonplIel cTeneHu HaOJII0JICHUE 3a TMOBEACHUEM HMMUTALMOHHOW MOJETU
(cm. Yacte Il nmanHoro yweOHoro mocoOwust). Ilpuuem Kaxaomy MHOpPOTOHY
MOJCJIIM  COOTBETCTBYET  OINpeeiieHHAas  KOMOWHAIMAg  3HAYeHUh  e€
napaMeTpoB W JUIMTEIBHOCTh HHTEpBaJia BpPEMEHH, oOecleunBaromas
HaOOp HEOOXOAMMOM CTAaTUCTUKH, IPH YCIOBUM OOECICUCHHUS 3aJaHHOM
TOYHOCTH MOJENH.

[lenbt0  TUIAHUPOBAHUS  DKCICPUMEHTOB  SIBISICTCS  JIOCTHOKCHUE
MUHUMYyMa 3aTpaT Ha TMPOBEJACHUE BCETO KOMIUIEKCA SKCIEPUMEHTOB MpPHU

OTPAaHUYEHUAX Ha OO0BEM U CTATUCTUYECKOE KayecTBO coOMpaemoit
kk

uH(opmauu.

Teopusa  IUIAHUPOBAHUS ~ BKCOEPUMEHTOB  HCIOJIB3YET  METOJbI
MaTEeMaTHYECKONH CTaTUCTUKU MU TpeOyeT OT HCCienoBarels oOecreyeHus
BO3MOKHOCTU  yHOpaBJieHUs dKcrepuMeHToM. Ilpu 3TOM  ocoOeHHoe
3HAYEHHUE MPUOOpETAIOT JIErKOCTh MOBTOpeHus ycinoBuih KO ¢ Mopenbio
CACTEMBI M BO3MOYHOCTH YNPABICHUA JKCIEPUMEHTOM C MOJENBIO,
BKJIIOYAsi €ro TMpepbiBaHUE, BO30OHOBIECHHE U JIETKOCTh BapbUPOBaHUS
BO3JICMCTBUM BHEWIHEW cpenwl [1, 5, 16, 36, 41].

[IpeumymectBamu KD gBIgeTCS BO3MOXKHOCTH MOJHOTO BOCITPOU3BE-
JIEHUSI YCJIOBUWA DJKCIEPUMEHTA C MOJEIBbI0 HCCIEAYEMOM CHCTEMBI H
IpOCTOTa TPEPHIBAHUS W BO30OHOBJICHMS SKCIEPUMEHTOB. A MpepbIBaHUE
SKCIIEpUMEHTAa Ha BpeMs 4YacTo HEOoOXOoauMoO JUIs  aHajiu3a  yXKe
MOJYYEHHBIX PE3yJbTaTOB M TMPUHATHS PEMIEHUA O €ro JaJIbHEUIIEM
XO0Je€.

3
OToT maparpad HamucaH TpPU aBTOPCKOM Y4YacTHM KaHJ. TEXH. HayK, JOIEHTa

kadenpel nunpopmatuku C3TY, IleryxoBoit H.M.
kK

Ilo noruke »TOT maparpad AOMKEH OBITh paclojiokeH mocie maparpada 2.4,
HO TaK KakK JaHHBIH MaTephall BKJIIOYEH B TOCOOME TO3KE, TO, UYTOOBI HE MEHSTh
pyopukanuio B Yactu I, oH oka3zancs 37ecCh.

Il1anMpoBaHne 3KCHepUMEHTA

B OoCHOBy MeETOAONOTMM TUIAHUPOBAHUS JKCIEPUMEHTOB IIOJIOKEHA
aOcTpakTHasi cxema, Ha3biBaeMas «4€pHbIM simukom»  (black  box).



PaznuuaroT BxoaHBIE NEepeMeHHbIE ((PaKTOpbl BXOJAHOTO BO3ACHCTBHS) X,
X2, ..., X, W BBIXOJHBIE TMEPEMEHHbIC (pEaKUMsi, OTKIHUK) Vi, V2, ..., Vi
Kaxnaprii daktop x;, misg i = 1,2, ..., x, OOBYHO NPHUHUMAECT OJHO WIIH
HECKOJIbKO 3HaueHud (ypoBHel). Eciam wuccneayercs BIUSHHE JBYX
(akTOpOB € UHCIOM YypOBHEW KaXJOro, pPaBHBIM TOXE JBYM, TO
TpeOyeMoe KOJIMYECTBO ONBITOB pPaBHO 4YeThIpéM. Eciam ke dYucio
(dakTopoB n =35, a YUCIO YpPOBHEH Vv KaxaA0ro u3 (pakropoB OJUHAKOBO U
v =23, TO KOIHYECTBO DKCIHEPUMEHTOB N = V", KOTOpBIE HAJ0 IPOBECTH,
MOJIy4aeTCss paBHBIM yxke V'= 3°=243. A npu Jecatu (pakrtopax W MATH
YPOBHSAX KaXJOTr0, KOJIMYECTBO OKCICPUMEHTOB YXKE€ TMPUOIMKAETCS K
10 mua. OtTcroma mnosIBWIACH HEOOXOJIUMOCTh BbIOOpa  ONpeNesIEHHBIX
couyeTaHuil (aKTOpPOB BXOJHOTO BO3ACHCTBHUS M TIOCIIEIOBATEIbHOCTU
MPOBEJICHUST DKCIIEPUMEHTOB.

AHanu3  cUTyalldil, 3aBUCSIIMX OT  Pa3IUYHBIX, OJHOBPEMEHHO
JIeHCTBYIOMMX (haKTOPOB, BBHIOOp HamOoJsiee BaXXHbIX (DaKTOPOB M OIICHKA
WX BJIMSIHUS OCBEIIAIOTCS B MaTEeMaTHYECKOW crathcTuke. B 3aBuUcHMOCTH
OT KoJindecTBa  (haKTOpPOB, BKJIIOUEHHBIX B  aHaK3,  paziMvaroT
KJIaCCUPUKALIMIO TI0 OAHOMY TMPUBHAKY — OOHOQAKMOPHBIU aHAIU3, TIO
HECKOJIbKUM TPU3HAKAM — MHO20()aKMOPHbIU AHATU3.

[InaHupoBaHrWe  HSKCIEPUMEHTA HA4YMHAETCS C  BbhIOOpa  OOBEKTA
UCCIICIOBAHUSA, M3Yy4aeMOro ¢ ONpEeACIEHHONW MENbl0 pPagud OTHICKAHUS
OnpeAeNEHHBIX YCIOBUM TMPOTEKaHUs Ipolecca (PYyHKIMOHUPOBAHUS (CM.
raBy 2 gaHHOro ydeOHoro mnocoowus). Llenb wuccienoBanusi onpenensercs
11 (N (9:10) 7 byHKIMEH (mapameTpom ONTUMM3ALINH, KpUTEepUEM
ontumu3anuu). JlJIsi TOPOTHO3UPOBAHMS 3HAYCHUW 1I€JIeBOM  (DYHKIIUM
napaMeTp ONTUMU3AIUKU CBA3BIBAIOT C (PaKTOpamMu BXOJHOTO BO3JCUCTBUS
HEKOTOpOW (YHKIIMOHATBHOM 3aBUCHUMOCTBIO Y = flx|, X, ..., Xx,). Orta
3aBUCUMOCTb Ha3bIBaeTCAd (YHKIMEH peakluu, WIM MOJEIbI0 00bEeKTa
UCCIICIOBaHUSA. A TeOMETpUYECKUd 00pa3, COOTBETCTBYIOIIUN (DYHKIIUU
peaKkiui, — MOBEPXHOCTHIO PEaKIINU.

OObIYHO  BHJ  3aBUCUMOCTH f  3apaHee HEU3BECTEH, I[103TOMY
UCMOJIB3YIOT MPUOMMKEHHOE COOTHOIIEHUE f(X, X», ..., X,) = (X1, X2, ...,
X,). OyHKIUA @ HAXOAUTCA MO JAHHBIM SKCIHEPUMEHTA. A SKCHEPUMEHT
HEOOXOMMO  peaJM30BaTh IIPpU  MUHUMAJBHBIX  3aTpaTax pPeCypCOB,
HampuMep NpH MHUHUMAJIBLHOM YHCJIE HUCTBITAHHM.

OOBEKT  HCCIENOBAHUS  MOXET  HMMETh  HECKOJBKO  BBIXOJHBIX
MepeMEeHHbIX (YpOBHEH peakiuh, OTKJIWKa), KOTOPhIE OOBIYHO MBITAKOTCS



COKpaTUTh 0 MUHUMyMa. Eciu yga€rcs OrpaHUYMTBCS OJIHOM BBIXOJHOMU
NEPEMEHHOM, TO BEKTOp Y TpeBpallaeTcss B CKAISAPHYIO BEIUYUHY ).
Ecau nepeMeHHBIX COCTOSHUN HECKOJbKO, JKCIEPUMEHT MPOBOAUTCSA MO
KaKJI0M M3 HHUX, a 3aTEM PEIIAETCS KOMIIPOMUCCHAS 3a/1a4a.

[Ipu  BeIOOpe  (PaKTOpPOB  MOJKHBI  BBINOJHSITHCS  CIEAYIOLIWE
TpeboBaHusl — GAKTOPHI JIOJDKHBI OBITh PErYJIUPYEMBIMU M YIIPABISIEMBIMH.
PerynupyeMocTh Ma€T BO3MOXXHOCTh HW3MEHATH 3HA4YeHUE (Qakropa oOT
HEKOTOPOTO MHHUMAJIBHOTO JI0 MAaKCHMAaJbHOTO 3HAYEHHUS. Y NPaBISIEMOCTh
dakTopa — 3TO BO3MOXXHOCTH YCTAaHOBKM U TIOJJIEPKAHUS BBIOPAHHOTO
3Ha4YeHUs (aKTopa TOCTOSIHHBIM WJIM U3MEHSIOIMIMMCS B 3aJaHHBIX
rpanunax. Jlpyrum TpeOoBaHuMeM K BBIOOpPY (akTopa SBISETCS €ro
HEMOCPEJICTBEHHOE BO3JCHCTBUE HA BEJIWYMHY BBIXOJHBIX MEPEMEHHBIX,
TaK KakK TPYJAHO YIHPaBisATh (HAKTOPOM, €CJIM OH sBISeTCS (GYHKIUEH
apyrux (axkTopos.

[Ipy wWCHOIB30BaHUM HECKOJBKUX (DAKTOPOB OHHM  JOJKHBI  OBITH
COBMECTUMbI W HE3aBUCUMBI — TO €CTh BCE€ HX KOMOWMHAIUU JOJKHBI
OBITh OCYIIECTBUMBI W YCTAHOBJICHHE 3HAUYEHUS HEKOTOpOro Qakropa
HE3aBUCUMO OT 3HAYECHUM IPYTHX.

JInsi  TOBBIMICHUS ~ BO3MOXKHOCTH  TOJYYEHUS  TOJIOKHUTEIBHOIO
pesysbrata oT KO K BBIXOJHBIM TEPEMEHHBIM MPEABSIBISIIOT CIETYIOIINE
TpeOOBaHUA: OHHM JOJDKHBI HMETh KOJHWYECTBEHHYIO XapaKTePUCTUKY, TO
€CTb  M3MEPSIThCA; OJHO3HAYHO U3MepATh IPPEKTUBHOCTH  OOBEKTA
uccienoBanus (3TO TpeOOBAHME SKBUBAJIECHTHO KOPPEKTHOM MMOCTAHOBKE
3a71a4uM); JOJDKHBI OBITh CTAaTUCTUYECKUA A(PPEKTUBHBIMU, TO €CTh 00JIa/1aTh
BO3MOXXHO  MEHBIIEeH  aucnepcueil. Peamuzamuss 3tux  TpeOOBaHMIA
MOBBIIIAET MIAHCHI MOJOXUTEIBHOTO 3aBepuieHust KO.

[Ipu mpoBenenuun KD ¢ wMojaenbio HEOOXOAWMO C€O3/1aTh TaKue
YCJIOBHS, KOTOPbIE€ CIOCOOCTBYIOT  BBISIBICHUIO BIUAHUS  (DAKTOPOB,
HaxXoOsIIMuXcsd B (YHKIMOHAIBHOW CBSI3M C KMCKOMOM XapaKTEPUCTUKOM.
Hns atoro mnoxbuparor daktopel x;, [ = 1, 2, ..., x,, BIUSAIOIIHME Ha
HUCKOMYIO XapaKTEPUCTHUKY, W OIUCHIBAIOT (YHKIMOHAJIBHYI 3aBUCUMOCTD
f win @; yCTaHABIWBAIOT JUANA30H HU3MEHEHUS (AKTOPOB X;min & X i maxs
ONPENENAI0T KOOPAMHATHI TOYEK (PAKTOPHOTO MPOCTPAHCTBA {X|, X3, ...,
X,}, B KOTOpPBIX OyAE€T MPOBOAUTHCS MOJEIUPOBAHUE.

Brigenstor nBe cocrtaBisironue riaHupoBanus KD3: crparernueckoe u
TaKTUYECKOE  IUIaHWpoBaHusd. Ilpu  cTpaTermnyeckom  IUITAHUPOBAHUH
pemaercs 3ajgada IOJdydYeHuss TpeOyeMod uHpOpMaluu O CHUCTEME C



MOMOIIbI0 KOMITBIOTEPHOTO MOJCJIMPOBAHUS C YUYETOM OTpaHUYEHUN Ha
BBIUMCIIMTENIbHBIE U BpeMeHHble  pecypchl.  Ilpu  TakTHyeckoM
IUIJAHUPOBAHUM  PEATU3YETCSl  COBOKYMHOCTh  METOJIOB  YMEHBIIEHUS
JUIMTEIBHOCTH ~ KOMIIBIOTEPHOT'O  J3KCIEPUMEHTa  IpU  O0eCreyYeHuu
CTaTUCTUYECKOM JOCTOBEPHOCTH pe3yJbTaToB. Ha UIMTENBHOCTH OJHOTO
DKCHEPUMEHTA BIIUSIET CTEIICHb CTAalMOHAPHOCTH CUCTEMBI,
B3aMMO3aBUCUMOCTH XapaKTepPUCTHUK M 3HAYCHUS HAYaJIbHBIX YCIOBUU
MOJEIHUPOBAHUS.

[Ipu TakTMueckoMm maHupoBaHun KD pemaroT uenwiil psg npoOsiem:

1. OmnpenensitoT HayaldbHbIE YCJIOBUS M HMX BIUAHHE HA JOCTHXKEHUE
YCTAHOBUBILETOCS PE3yJIbTaTa.

2. OnpenenstoT TOYHOCTh M JTOCTOBEPHOCTh PE3YJbTATOB MOJAEIHPOBA-
HUS (cM. § 5.6 maHHOTO y4eOHOTO TOCOoOus).

3. YMEHBIIAIOT  JUCIEPCHUI0  OLEHOK  XapaKTepUCTUK  Ipollecca
(GYHKIIMOHUPOBAHUS MOJCIUPYEMON CHUCTEMBI.

4. BpiOuparoT mpaBuia aBTOMaTHYECKOW OcCTaHOBKU K0O.

[TogBoast utor obOCyxkaeHUIO TpobieM maHupoBaHus KD, HeoOXxoaumo
OTMETUTh, YTO TAaKTUYECKOE IUIAHHUPOBAHUE PEATU3YETCA HEMOCPEACTBEHHO
nepea monaenupoBanueMm. M BooOle, MiaHUpPOBaHHUE SIBISETCS MPOLIECCOM
UTEpAIlMOHHBIM, TaK KaK TpH  yTOYHCHHMH  HEKOTOPhIX  CBOMCTB
MOJCIIMPYEMOM  CUCTEMBI  3Talbl  CTPATErMYECKOIO W TAKTHYECKOTO
IJIAHUPOBAHUN MOTYT TMOBTOPSITHCA.

PaccMoTpeHHbIE ~ BONPOCHI  CTPAaTErMYECKOr0 M TaKTHYECKOTO
IUIAHUPOBAaHUM  TECHO  cBsizaHbl C  3¢@dexkTuBHOM  00paboTKOM U
npeAcTaBieHueM pe3yiabTaToB KO.

O0padoTka pe3yabTaTOB IKCIIEPHUMEHTA

Ha  peanuzanuio  MeTOAOB  OOpabOTKM  CYHIECTBEHHO  BIIUSIOT
ocobenHoctn KD, a wuMEHHO — BO3MOXKHOCTh IIOJy4YaThb B MPOIECCE
MOJCIMPOBAaHUSA  OOJbIINE BBIOOPKM  KOJWYSCTBEHHBIX  XapaKTCPHUCTHK
GYyHKIIMOHUPOBAHUS CUCTeMbl. Ho TyT ke TOSBIAIOTCA IPOOJIEeMbI
XpaHEHUs1  MPOMEXKYTOYHBIX  PE3yJbTaTOB  MOJIEIUPOBAHUS, KOTOPHIC
pemaroTcs MyTéM HCIOJIb30BaHUSI PEKYPPEHTHBIX AJITOPUTMOB OOpPaOOTKH.

Hpyrou O0COOEHHOCTHIO SIBJISIETCS OJIouHast KOHCTPYKILIUSA
KOMITBIOTEPHONH MOJIETM W BO3MOXHOCTh Pa3/ebHOIO  HMCCJEAOBaHUs
0JI0oKOB. JTO wyacTto TpeOyeT pealu3aludyd MOpPOrpaMMHOM  HUMHUTAIUU



BXOJIHBIX TEPEMEHHBIX KaKOro-TO W3 YacTHBIX OJIOKOB MO OLIEHKaM
BBIXOJIHBIX IEPEMEHHBIX APYroro (MpeaiecTBYIONIEro) OJioKa.

Yacto mpu  o0paboOTKe  pe3yJbTaTOB  OAKCIEPUMEHTA  BO3HHUKAET
HEOOXOJUMOCTh B TMOAOOPE AHAIMTUYECKOTO BBIPAKECHHS [IJIi OMHCAHUs
(GYHKIIMOHAIBHOM  3aBUCHUMOCTH MEXJAY BEJIWYMHAMHU (IIE€PEMEHHBIMH),
MOJIYyYCHHBIMU B PE3YJIbTaTe 3KCHEPUMEHTA.

[lyctb wu3BecTHO, YTO JABe cly4aiiHple BenuuuHbl X u YV (X
He3aBHCUMAas, a Y 3aBuUcHMasi NEPEMEHHbBIC) CBSI3aHbl (HYHKIIMOHAIBHOU
3aBUCUMOCTBIO ¥ = f{x). B pe3yibTare KD IIOJIYYEHO n
AKCIEPUMEHTAIBHBIX TOYEeK (X1, V1), (X2, V2), ..., (X,, V,). OTa 3agada
pelmaercss B JBa JTala: CHayajga BbIOOpP 3aBUCUMOCTH M 3aTE€M YTOUYHECHHUE
KO3 (HHUITMEHTOB 3TOM 3aBHUCHMOCTH.

Jis  onpeneneHuss Buja (PYHKIMOHAIBHOW — 3aBUCUMOCTH ) = f(x)
MOXHO HCIIOJb30BaTh TEOPETUUECKUE COOOPAXKEHUS W OMNbIT MPEIbLIYIINX
AHAJIOTUYHBIX HCCIIEIOBAHUM.

MoXHO HCTHOJIB30BaTh TpauUecKkuii MeETOa, KOTOPBIM IMpesrnoaraet
MOCTPOEHUE KOppessiiuoHHoro 1mojist. KoppensiimoHHoe mojie — 3TO
TOYCUHBIA TpapuK B CHUCTEME KOOpAWHAT (X, ), KaXaas TouykKa KOTOPOTO
COOTBETCTBYET OJIHOMY HaOmojeHutro (x;, y;). 3aTeM OCYIIECTBIISIETCA
OJ00P AMIIMPUYECKON JHMHUU PErpecCHu, CBSI3BIBAIOIICH IepeMeHHbIE Y
u X. K Hum «moabupaercs» (QYHKIMOHAIbHASA 3aBUCUMOCTh. llocine
nepedopa HECKOJbKUX (PYHKIMH IJIsI KaKIOW U3 HUX CTPOUTCS YpaBHEHUE
perpeccuu W BBIOMpAETCS JIydlllee M3 HUX IO TMOKa3aTelisiM KadecTBa.

Hanpumep, B Tabn. 1.3 mpencrtaBieHbl HEKOTOPhIE JKCIECPUMEH-
TaJlbHBIC JaHHbBIC, a MO HUM IIOCTPOEHO KOppediuoHHoe moje (puc. 1.7).
[Tonoxxenne Kaxaoll TOUKM Ha rpaduKe OINpeNeNsaeTcss BEIMYMHON JBYX
NPU3HAKOB: (AaKTOPHOTO X; U pe3yiapTatuBHoro y;. Puc. 1.8 ... 1.10
WUTIOCTPUPYIOT ~ «IIOJ00p» cpeactBamu  Excel  (QyHKIIMOHAJIBHBIX
3aBUCUMOCTEN — JIMHEHHOM, AKCHOHCHIMAJIbHOW M NOJMHOMHAJILHOM.

Yem Onuxke TOUYKM KOPPETSLUMOHHOTO TMOJdS MOAXOASIT K JIMHUM per-
peccuu, TeM Jydllleé JTaHHOE€ YpPaBHEHHUE MOJAXOAUT K MCXOJHBIM JIaHHBIM.
N3 puc. 1.8 ... 1.10 BumHOo, uto X m Y cCkopee BCEro CBSI3aHbI IOJU-
HOMHUAJIbHON 3aBUCHUMOCTBIO (IMIOJJTMHOMOM BTOpOM cTemeHu — puc. 1.10).

Ecnu  ypaBHeHHME  perpeccMud  IPOXOJIUT  4Yepe3  BCE€  TOUKHU
KOPPEISILUMOHHOTO TOJISl, TO OHO TIOJHOCTHIO OIKUCHIBAET HMCXOJHBIC
nanuele. Kak mnpaBuio, B NPaKTUYECKUX  MCCIEAOBAHUSAX  TaKOro
pe3yJibTaTa MOAyuYuTh He  yaaércs. OOBIUHO HUMEETCsl  HEKOTOpoe



pacceMBaHHWE TOUYCK KOPPEISAIMOHHOIO IOl  OTHOCHUTEIBHO  JIMHHH
perpeccum.

T(x)
5 -
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X y s + [+ v]
og 2B ] * *
16 14 ¥
21 iE v : . : .
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Puc. 1.10. IMonuHomuaneHas (mapabonudeckasi) MOJElb

Yame Bcero 3aBUCUMOCTH MeXAy X U Y OIHUCHIBAKOTCA CICAYIOIAMU
dbopmynamu: y = a + bx (MHEWHas 3aBUCUMOCTB), )y = a + b/x
2 b

(runepOonuueckas), y = a + bx + cx° (mapabojuueckas), y = ax



(cremennast), y = ab' (mokasarempHas), y = a + bx + ox° + dv’
(moJMHOMUANBHAS) U JIp.

Onpegenuth  BUJ  (YHKIMOHAIBHOW  3aBUCUMOCTH  MOXKHO U
IKCTIEpUMEHTANBHBIM MyTEM. OH 3aKi04yaeTcs B TOCTPOCHUU YpaBHEHUU
perpeccuy pa3Horo BUJA JJIA omucaHus 3aBucuMocTu Y = f(X) (Hampumep,
JMHEHHOMN, SKCIOHCHIIMAIBPHOM WM TOJMHOMHAIBHON) U BBIOOpE ITydIleH
U3 HUX TI0 TIOKa3aTeasiM KayecTBa, HampuMmep MyTEM CpaBHEHUS
BEIMYMHBl OCTATOYHON JMCICPCHH O o, PACCUMTAHHONW UL  PA3HBIX
noA00paHHbIX (DYHKITHH.

UeM MeHbIIE BeJIMYMHA OCTAaTOYHOM  JUCHEPCUU, TEM  JIydllle
YpPABHEHHE PErPECCHM MOIXOAUT K MCXOIHBIM JAHHBIM. ECIH 67oe;=0, TO
nofpoOpaHHasi JUHUS PErpecCUd TMOJHOCThIO COBIIAaeT C¢ HUCTUHHOW (HO
HEU3BECTHOM) 3aBUCUMOCTBIO Y = f(X), M ypaBHEHHUE PErPECCUU MPOXOJIUT
yepe3 BCE€ TOUYKM KOPPENAIMOHHOTO mojid. Eciu octatoyHas aucnepcus
OKa3bIBACTCSl MPUMEPHO OJMHAKOBOW JJII HECKOJBKUX BHJOB (PYHKIHM, TO
npeanoyYTeHue oTnaércss 0osiee MPOCThHIM BUJAM (YHKIUMWA, TaK KaKk OHU B
OOJbIIIEN CTENEHU TMOJJAIOTCA HWHTEPNPETaAllMd W TPEOYIOT MEHBIIEro
o0béMa HaOIIOICHUM.

Pe3ynbTaThl HMCCIIENOBAaHUM TMOKA3bIBAIOT, YTO YHUCIO HaOJIIOJACHUN
JOJDKHO B 6 — 7 pa3 MpeBbIIATh YKMCJIO PACCUUTHIBAEMBIX MAapaMETPOB MpPHU
nepeMeHHoOM x. [loaTOMy HCKaTh JMHUIO PETPECCUU, €CIIM MUMEETCS YHCIIO
HaOmoneHud  MeHblie 7, OeccMmbicieHHo. Ecnm  Bun  QyHKuuun
yCIOXKHSIETCsS, TpeOyeTrcss yBeauueHue o0béma HaOmoneHuil. Eciou
BBIOMpaeTcss Tmapaboia BTOpPOM  cTemeHH, TpeOyeTrcas HeE MeHee 14
HaOITFO e HU.

IlapHas perpeccHOHHAsi MOJeJIb

[TapHas perpeccusi — 3TO ypaBHEHHE CBSI3U MEXKIYy 3HaUeHUSIMU Y u X
(y =fx)), tne Y= {y1, V2, ..., Vu} — pE3YyAbTUPYIOUIUN mpHu3HAK, X = {X1, X;,
.., X,b — GakTopHBIi  Tpu3HaK. JlaHHOE€  ypaBHEHHUE  Ha3BIBACTCS
«UCTUHHBIM»  ((pakTUYECKUM) ypaBHEHUEM OJHO(DAKTOPHOW PErpecCUm.
ITocne omnpenenenus Buaa GYHKIHOHAIBHOM 3aBUCUMOCTH ) = f(X)
TpeOyeTcsl OIEHUTh IMapaMeTpbl Mojenu. J[as omnpeneneHus «HAUITYUITHX»
napamMeTpoB  MOJEIM, TO  €CThb  MOJEIHM, B  KOTOPOH  TOYKHU
KOPPEJAILMOHHOTO TI0JiI OJMXKE BCEro MOAXOAAT K JIMHUM PErpeccuu, B

6OJ'IBHII/IHCTB€ CﬂyqaeB HCIIOJIB3YIOT MCTO/ HAaUMCHBIITUX KBaaApaTroB
(MHK).



MCTO,Z[ HAMMCHBIIMUX KBAJAPATOB II0O3BOJIICT IIOJIYYHUTH TaKHC OLCHKH
mapamMCcTpoB MOJACIHU, IIPH KOTOPbBIX CyYMMa KBaApaTOB OTKJOHEHUM

(pakTHUUECKMX  3HAYEHMM  pe3yJbTaTUBHOIO Mpu3HaKa )  (3aJaHHBIX

Ta0JUYHO) OT TEOPETHYECKUX )V (BBIYUCICHHBIX C TOMOIIBIO YpPaBHEHUS
perpeccun) MUHUMAJIbHA!

n
A~ 2 .
2. (y = 3)" - min.
i=1
To ecTh W3 BCEro MHOXKECTBA JIMHWM JIMHUS PErPECCHHM BHIOMpaeTcs Tak,
4TOOBl CyMMa KBaJpPaTOB PACCTOSHUN IO BEPTHKAIM MEXIYy TOUKaMH (X,

;) ¥ 3T nuHuedt (To ectb Toukoit (X, Y;)) 6blLIa MHHHMAJIbHA (puc. 1.11).

600 -

y=bhy +bx
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Puc. 1.11. Ilpumep ompeneneHuss OTKIOHEHHs (AKTHUYECKUX 3HAUYEHUH )

N

OT TeOopeTHYecKux YV
OtkiaoHeHHE (PAKTUUECKOrO 3HAYeHUs ); OT TEOpeTHYecKoro JV;

0003HAYarOT 4epe3 e; = y;— V; U Ha3bIBAIOT OCTATKOM:



Zeiz :Z (yi - .);i)z
i=1 i=1

[IycTte mpepmosaraercsi, 4YTO CBSI3b MEXAy 3HaueHusmMu X u Y
ABJIACTCA JIMHEMHOW, TO €CTh «HUCTUHHOE» YPAaBHECHUE PETPECCHU HMEET

BUn Y =04,+taX, rae ay u a; — HEU3BECTHBIE MapaMmeTpbl MoOACIH. A

TEOPETUYECKOE YPaBHEHUE PETPECCUU ONPEACIAIOT B BHUIE JV = b, +b,x,

rae by u b; — OIEHKUM TapaMeTpoB a, U a; Tpu ucnoiab3doBannu MHK.
Torna

F(by,b) = Z(J’i —b, _blxi)2°
i1

M3BecTHO, 4TO HEOOXOAMMBIM YCIOBHEM CYIIIECTBOBAHHS DJKCTpEMyMa
(GYHKIIMU SBJISICTCS PABEHCTBO HYJIIO BCEX YACTHBIX MPOM3BOJAHBIX. Jis
paccmaTpuBaeMoil (DYHKIIUM 3TOT SKCTPEMYM — MHUHHMYM.

Jlns HaxoxaeHus MUHUMyMa (QYHKIUU JABYX TMepeMeHHbIX F(by, by)
HEOOXOJMMO  BBIYMCIUTH YAaCTHbICE TMPOM3BOJHBIE IO KaXIAOMY U3

apryMeHTOB by U b, WM TPUPABHATH MX K HYJIO: d%b =0 y %gb =0,

byner momydeHa cucrema ABYX ypaBHEHHM:

“* db, ~ 22[% — (b, +bx)](-1)=0

dr db, = 2; [y: =Dy +bx)](=x,) =0

n

i(—yi +b, +bx,)=0, —iyi +b, il +b, ixl. =0, byn+b, ixl. = Zy,.,

l:1 l:1 l:1 l:1 l:1 l:1 ) (1 .7)

i(—xl. Y, +byx; + blxl.2 )=0. |- ixl. v, +b, ixl. +b, ixlz =0. (b, ixl. +b, ixf = le. V.
i=1 i=l i=1 i=1 i=1 i=1

i=l

PemmB cucteMy ypaBHeHuUi (1.7), MOXHO MOTYYUTh 3HAUYCHUS TAPAMETPOB

b()I/I b1:



”inyi—zxizyf le?Zyi—ininyi 1
=l i=1 i=1 —

, , , , 1<
i=1 i=l1 i=1 i=l1 _
2 b, = 2 ’ bO__Zyi_bl_in‘
o ( n o n n n
nzxi - in ”in - in

i=1 i=1 i=1 i=1

| =

[IpousBoasiTCsl HEKOTOpPBIE TpeoOpa3oBaHusd. YUCIUTENhr UM 3HAMEHATEIb
2
neanuTca Ha n-. BBomgarcsa 00O3HAUYECHUS:

in B Zyi o inyi
; _ =l

N _ =l _ =1
- ’ y - > 'xy -
n n n

Torna — )<C )*f boz;—bly_c.

=

Cucremy ypaBHenuit (1.7) MOXHO 3amucaTh B MaTpu4HOU (dopme:
X, -B=Y, (1.8)

rae

n > x, >y, b

i=1 i=1
X, = Y, = , B =

Z X; Z xi2 i XY
j j i=l1

DOneMeHThl BEKTOpa B — UCKOMbIE 3HAauYeHMsI mapameTpoB by u by. Jns
pemieHuss  ypaBHenus (1.8), mpeacTaBieHHOro B MaTpu4yHOM  ¢opwme,
CJeAyeT BBIIIOJIHUTH IpPeoOpa3OBaHUsL:

»

XX B =X"Y, X' X)) B=X"Y, E-B=X""-Y,
-1
B=X,-Y,. (1.9)

Torma, pemuB nOpUBEIEHHOE YpaBHEHHE, MOJY4YalOT KO3(PhUIIMEHTHI
YPAaBHEHHS IMAPHOM PETPECCHUM.



Eciu npeanosioxkuTh, 4TO CBSI3b MEXAY 3HAUCHUAMU Y u X SBIsETCA
napaboJIM4ecKor, TO €CcTb y = ay + a;x + azxz, e apg, a; U a, —
IapaMeTpbl MOJECIH, TO TEOPETUYECKOE YPaBHEHUE PETPECCHH MOMKHO
MPEJCTaBUTh B BUJIC }7=y=b0+b1x+b2x2, rne by, by m b, — OICHKH
mapaMeTpoB day, a; U a,. Ucnonwszys MHK, momydaror:

F(by,b,,0,) = Zeiz :Z(yi -3)' = Z(yi —b, —byx, _bzxiz)z — min.
i=1 i=1 i=1

VYcioBue  CyIECTBOBAHUS JKCTPEMyMa NPUMET CICAYIOLIMW  BHUI:

db, = 0, d%bl =0 y d%bz =0. B pesynprate muddepeHIpoBaHs

M TPUPABHHUBAHUS K HYJIK BCEX YaCTHBIX MPOU3BOJHBIX IOJYYarOT
CUCTEMY TPEX JIMHEUHBIX alreOpanyecKux ypaBHEHUM:

dF

-

ar _ 23 (3, —by —byx, —byx2)(=1) =0,
dbo i=1
) d_F — 2Z(yf —b, — bx, —ble.z)(—xl.) =0,
db1 i=l1
d_F — 22 (v, —b, —bx, — ble.z)(—xiz) =0.
dez i=l1

byn +blzn:xl. +b22n:x,.2 = Zn:yi ,
i=1 i=1 =1

n l n l n l n
bOle. +ble,.2 —|rbzle.3 = le.y,. ,

=1 =1 =1 =1

ll’l Z n l}’l l n
boz:xi2 —lrblle.3 4—1)22)@4 = le.zyl. ,

i=1 i=1 i=1 i=1

uiu B MatpuuHoit ¢opme X -B =Y, rue



n n n

n ZXI- zx,z Zyi

i=1 i=1 i=1

[=)

n n n n

X=Dx D dYxll, Y=Dyix|, B=

i=1 i=1 i=1 i=1

n n n

2 3 4 2
z i z i z i z it X
-1 -1 i-1

T & o

PemuB cucteMy ypaBHEHHWH, MOMy4YaroT 3JeMeHThI Bektopa B (1.9), TO
€CTh MCKOMBbIC 3HAUCHHsS IMapaMeTpoB Mojenu by, by u b,.

MHokecTBeHHAs perpeccus

MHOKECTBEHHasi perpeccusi MPEICTaBIsIET CO00M ypaBHEHHUE CBSI3U
pe3yJIbTaTUBHOTO  TpuM3Haka Y C  HECKOJIbKMMU  HE3aBUCHMBIMHU
nepeMmeHHbIMU — (daktopamu (X, X>,...,.X,). Eciaum npeamoysoxuTh, YTO
MEXIy (akTopaMu CYUIECTBYET JMHEHHAas CBs3b, TO HMCKOMOE YypaBHEHUE
perpeccun umeeT BUA: y = by + byx; + byx, +...+ b,x,, tne by, by, by, ..., b,
— OLIEHKA HEW3BECTHBIX MapaMeTpOB ap, a, a, ..., 4, WCTUHHOIO
ypaBHEHUS perpeccud. [[ns TOCTpOEHUS ypaBHEHUS MHOKECTBEHHOMU
pErpeccuy HCMOJBb3YIOT U JApyrue (PyHKIUH, OPUBOJUMBIC K JHUHEHHOMY
BU]TY.

Ucnone3zys MHK, mnosnydaroT cuctemMy ypaBHEHHH, PELICHUE KOTOPOU
MO3BOJISIET TIOJIYYHUTh OIIEHKH TMapaMmeTpoB perpeccuu. Ecmu y = flx, xp),
TO PErpecCUOHHAsl MOJEINb SIBISIETCA NBYX(pakTopHOW BUAa: ¥ = by + bix; +
b>x,. Ilpumenss MHK, momy4aroT cieayrollyro CHUCTEMY ypaBHCHHI:

n n n
2 _
byn +bllei +b22x2i = Zyi )
il i1 i-1
n n n n
2 _
boz x,; + b, Z Xy +b, Z XiXoi = Z YiXii o
i1 i1 i1 i1
n n n n
2 _
boz X,; + by Z XXy + b, Z Xy = Z YiXai
i1 i1 i1 i1

.

\

uiu B MatpudHo ¢dopme X -B=Y, rue



n

n n
(DI 2% 2
i=1 i=1 i=1

b
n n n n
_ 2 _ _
X = lei lei me' ESTE Y = Zyi Xy |, B=b].
i-1 i=1 i=1 i-1 b

n n n

2
szi lei "Xy szi Zyi "Xy
i-1 i=1 i1

PemmB cucremMy ypaBHEHMH, NOJY4YarOT 3HAYECHUs I[apaMETPOB MOJEIHU
b(), b1 41 bz.

[lonyunB 3HaueHUs HapaMeTpoOB MOJIENMU, CIEAyeT OLCHUTh €€
KayecTBO. JUIsA 3TOro HMCHONB3YHOTCA IIOKa3aTeild KayecTBa  yPaBHEHMUS
perpeccum [5].

IIpoBepka KayecTBa ypaBHEHHUSI perpeccuu

AHanmyM3 KadecTBa YypaBHEHUsI pErpeccud — 3TO TMpOBEpKa aJeKBaT-
HOCTH  (COOTBETCTBHSI) MOJEIM  perpeccud  (aKTUUYECKUM  JAHHBIM.
[IpoBepky aJeKBAaTHOCTHM MOXHO MPOMU3BOJIUTH HA OCHOBE aHaIu3a

ocTatkoB ¢; = y; — Vi (i = L,n), 10 ectb oOTKIOHEHHH (aKTHYECKHX
3HAYEHUU J; OT 3HAYEHUHM, [OJYYEHHBIX PACUYETHBIM MYTEM, TO €CTh
BBIYHCIICHHBIX C HCIIOJIb30BAHUEM YPaBHECHUS ;.

Ecmm e,=0 (i= Ln), 1o mma Bcex wHabmoneHnuii Qaxkruueckue

3HQYEHUS COBMNAJAIOT C TEOPETUYECKUMU (pacdy€THbIMH) — J; =JV;.

I'paduuecku 3TO oO3HAYaeT, 4YTO TEOpeTUYECKass JIMHUS  PErpeccuu
MPOXOJUT YEepe3 BCE TOUYKU KOPPEISIMOHHOTO TMOJIsI, a 3TO BO3MOXHO,
ecmn Mexny Y uw X uMmeeTrcss crporas (yHKIMOHAIbHAs 3aBHCHUMOCTH
(puc. 1.12).

Ha  mpakThke  UMEET MECTO  HEKOTOpPO€  pacCeMBaHUE  TOYEK
KOPPEISLIMOHHOTO TOJiI OTHOCUTEIBHO TEOPETHUYECKOW JIMHUU PErpecCUu
(cm. puc. 1.8 — 1.10), To ecTp — OTKIOHCHHE HAOIIOJAEMBIX 3HAYCHUH OT
teopetnueckux (e;# 0) (puc. 1.13). BeauuunHa 3TUX OTKIOHCHMH JISKHUT B
OCHOBE pacuéra aJeKBAaTHOCTH YpPAaBHEHUW HCXOJHBIM JIaHHBIM.

[Ipu ananmm3e KauecTBa PErpeCCUOHHONM MOJEIN HUCIIOJIB3YyeTCS TeopeMa
0 paznoxkeHun aucnepcuu. CoryacHO 3TOM TeopeMe oOIas AucCIepcust
pE3yJbTaTUBHOTO  MpPHU3HAKAa  MOXKET  ObITh  pa3jiokEHa Ha  JIBE
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Puc. 1.12. Bce ¢akTnyeckne 3HaYeHHs ) COBNAJAIOT C TEOPETHYECKMMU
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Puc. 1.13. ®akTuueckue 3HAYCHHS y HC COBIIaJalOT C TCOPCTHYCCKHMU

(ei;éoa = I’_n)

COCTaBJIAIONINE — OOBACHEHHYIO ypaBHEHHEM perpeccud ((akTOpHYIO) U
HEe OOBACHEHHYIO ypaBHEHHEM perpeccuu (OCTaTOYHYIO):



2

n
1 5 )\2
ian T nz(y i Y i) — ooOmrag JUCIICPCHUS PE3YyJIbTAaTUBHOIO IIPHU3HAKA.
i=1

o)

n
2 1 NS 2 .
O saco = nz (Y, =¥)" - obbsacuéunas YpPaBHEHHEM  PETPECCHUH,
i=1

JUCTIEPCHST PE3YJIbTaTUBHOTO MpH3HaKa ((akTopHas).

n
2 _LZ —7.)? .
Tio =w2.(Vi=Y)" _ ue obbicuéHHAs YPAaBHEHHEM PETPECCHH,
i=1

JUCTIEPCUST PE3YJIbTATUBHOTO MpHU3HAKa (OCTATOYHAs).

Ha ocHOBaHMM  HWCIONB30BaHUS  3TOM  TEOPEMBI  PACCUUTHIBAIOT
MOKa3aTelId KadyeCTBA MOJEIU.

I. CranpaprHas ommodOka S. OnHa 1pelacTaBiIsieT Cco0O0Ml cpeaHee
KBaJpaTUYECKOE OTKJIOHEGHHE HAOII0IaeéMbIX 3HAYCHHH pPE3yJIbTaTUBHOIO
MPU3HAKA OT TEOPETUUYECKUX 3HAYCHUM, PACCUUTAHHBIX MO MOJECIIHU:

S=+5?
rae S° — HecMeleHHas OIEHKA IMCIIEPCHU:
1 1
S2 = . A. 2 = - 62,
n_h;(y, ) n_hzl ; (1.10)

rae n—h — 4Yuciao cTeneHed cBOOOAbI (/4 — 4MCIIO TapaMeTpoOB MOJEIH).
Jlns mapHO#t perpeccuu h =2, Tak Kak MOJCIb HMMEET JABa IapaMmeTpa b
41 bl.

Bennuuny CTaHJAapTHOM OIINOKHU S CPaBHUBAIOT co
CPEIHEKBAJPaTUYECKUM OTKIIOHEHMEM pE3yJbTaTUBHOIO NpH3HaKa Y (o).
Ecimn §<6,, TO HCHOJIB30BAHUE MOJAEIH BO3MOXKHO.

2. CpegHsasa owmnbka annpokcumauunm

DTO cpelHee OTKIOHEHHE PACUYETHBIX 3HAYEHUH OT (PaKTUUECKUX:

n

A=1YE = LR 4100 %.

y n
i=l

UeM MeEHbIIE pacCcessHUE TOYEK KOPPEIALMOHHOTO TIOJS  BOKPYT
TEOPETUYECKON JIMHUM PErpeccud, TEM MEHBIIE CpeIHss  OlIMOKa



anmpokcuManuu. Omubka anmpokCUMalMu MeHble 7 % CBUIAETEIbCTBYET
0 XopomeM noadope MOJeId K HCXOJHbIM JaHHbIM. J[lomycTtumoe
npeaenbHoe otkiioHenue 10 %.

3. KoopdpuumenT JUHEHHON NMAPHOH KOPPEJSAUUH Fy,

DTO TmoOKa3arelib TECHOTHI JIMHEHHOW CBSI3M MEXAY pe3yJIbTaTUBHBIM
NPU3HAKOM H (PAKTOPOM:

Xy—x-y
rxy = )
o0,

n n n

xy=1>»x x=1>x y=41
FI[C y n iyi ’ n 12 n yi ’
i=1 i=1 i=1
o, H 0 —  CpPCAHCKBAAPATUUYCCKHUE OTKIIOHCHUA aKTopa X WU

y

PE3YJBTUPYIONIETO MPU3HAKA } COOTBETCTBEHHO.

O0nacTh JAOMYCTUMBIX 3HAUYCHHN KoOd(hPUIMEHTa JUHEWHOW MapHOU
xkoppemsuun: -1 < r,, <1.

Ecmu 5,>0, To 0<r, <1I.

Ecmm 56,<0, Tto -1<r,, <O0.

3HaK «+» Kod(hPuIMeHTa KOPPEISIUM O3HAYaeT, YTO C YBEJIMYCHUEM
X 3HaueHus y yBennuuBarorcs (b;>0); 3HaK «—» O3HA4aeT, YTO C POCTOM
X 3HaueHHs y ymeHbmarotcs (H<0).

IIpu r, = + 1 KoppemsiUUOHHAs CBA3b IPEICTABIIAET IIOJIHYIO
JTUHEHHYI0 (YHKIIMOHAIBHYIO 3aBUCHUMOCTH (BCE TOYKH KOPPEISIMOHHOTO
MoJIsl pacrnoJiararoTcs Ha OJHOM JuHHUM perpeccuu) (puc. 1.14, 1.15).

fix)

goo

500
400 /'L

+ Papi -
300 r=1

e [TMHERHENA (FALT)

200
100




Puc. 1.14. 5,>0, r,=1.

ix)

50 20 41 =
100
450 \\ * Pagl r=-1

=200 \ NMuHelHBI (Pag1)
250

-300 \\

=330

Puc. 1.15. 5<0, ry=-1

Ilpu r,, =0 juHEHHas KOppENALMOHHAs CBA3b OTCYTCTBYET. biamsocts
ry| K HyIIO HE O3HAa4aeT OTCYTCTBME CBA3M Mexay x u y. IIpu BeIOOpe
PErpECCUOHHOM MOJENM Jpyroro Buja (Hampumep, MapaboIMYecKO,
CTEIEHHOM, ...) CBSA3b MEXKIY HUMH MOKET OKa3aThCsl JIOCTATOYHO TECHOM.
Yem Omwxe |ry,| K €AMHUIE, TEM CHIIBHEE JIMHEHHAA CBA3b X W ).

Cuuratror, uto mpu r,, < 0,3 HaOmomaercs ciabas JWHEWHAs CBS3b;
npu 1y, = 0,3 +0,7 — cpennsas IuHEWHas CBA3b,

Fy=0,7+0,9 — cunpHas TMHEWHAs CBS3b,
Fyy > 0,9 —BecbMa CWIIbHAs JIMHEWHAs CBA3b;
Fyy = 1 — IOJIHAs JTUHEWHAs CBS3b.

Jlns mapHOM JMHEWHOM perpeccu KOd(POUIMEHT KOPPENSIUU MOXKET

OBITh paccyuTaH 1o (dopMye

ry = b,

Oy
GJ’

Jd  HEMMHEWHOW PETrpecCuU TECHOTY CBSI3M  OLICHUBAET HMHJIEKC
KOppeJISIn

4. Koa¢ppuuueHT (MHAEKC) AeTEPMHUHANMU
Koaddumuentr aerepmuHaiuu R - ME€pa KayecTBa  IOJATOHKH
N 2
PErPECCUOHHON MOJICIM K HCXOJHBIM JIaHHBIM. R° XapakTepus3yeT HOJII0



JTUCTIEPCUN  PE3YJbTaTUBHOTO Tpu3HaKa Y, OOBACHEHHYIO perpeccueii B
o0wIeil UCIIepPCHH Pe3yIbTaTHBHOrO mpm3Haka. (1 — R®) — xapakTepusyer
JOJIF0  JUCTIEPCHUU  PE3yJIbTATUBHOIO  NpH3HaKa Y, HEOOBICHEHHYIO
YPaBHEHUEM  PErpPECCHUH, 4, CJIEAOBATEIbHO, BBI3BAHHYIO  BIIMSHUEM
HEYUYTEHHBIX (pakTopoB. UeM Oousble A0ys1 OOBSICHEHHOW IUCHEPCHUM, TEM
Jy4Ill€ MOJIENIb ANMPOKCUMUPYET HCXOJHBIC JIAHHBIE.

JI1st BBIYMCICHHST R® MOXHO IIOJIb30BATHCS dbopmynamu:

2 2
R2 — g — | — Zio_ -
— "2 2

o or.

iau iau

Z(JA’I'_)TI')2 Z(yi_j;i)2
— =l — 11—

R® = =
D iy’ D (=)
i=1 i=1

R* — He yObBaromas (yHKIMS OT umcna (akTopoB. BiimodeHne B
MOJICJIb JIFOOOTO JOTOJIHUTENBHOrO (DakTopa HE TMPHUBEIET K CHIKCHUIO
kod(pdunmenta aerepmuHanuu. [losToMy He Bceria sCHO, 3a CUET 4YEro
BO3pOC R® —3a CUYeT pEaIbHOTO BIIMSHHS HA PE3YJIbTAaT JOIOTHHTEIBHO
BKJIIOUCHHOTO (DaKTopa WM 3a CUeT YBEJIMYECHHUs uuciia (PaKTopoB.

Uto6bl R* GBUIM CPAaBHEMBI II0 PA3HBIM MOJEISM, HEOOXOIHMO Y4ECTh
guciao  QakropoB B mojenu. Jlus  3TOro  MCHOJIB3YeTCs R2CKop
(HOpMUPOBAHHBIM Rz), KOTOPBIM  ONPENENSICTC  4epe3  JIUCIIEPCHUH,
BBIYMCIICHHBIE HAa OJIHY CTE€NEHb CBOOO/IBI.

CymiecTByeT paBEHCTBO MEXKAy UYHCIOM CTelmeHeld CBOOOABI O0OIIeH
JUCTIEPCUU U CyMM (PaKTOpHOW M OCTATOYHOW JHCIICPCHH.

| & S S R ?
_Z(yi_)_/i) :_Z(j}i_)_}i) +_Z(yi_j>i) >
n i=1 n i=1 n i=1

2 2 2
O, . = o) + O

iau 0aéo 7o

(n—1) = 1 + (n—"2).

OnpeneneHue JUCOEPCUM Ha OJHY CTENEHb CBOOOJABI  IPHUBOJUT



OUCTIEPCUM K CPABHUMOMY BHIY.

Zn: el [(n—h)
i=1

Rr?éfé =1-— — )
D =y n-1)
i=1
n—1
158101 Rﬁzéfé :1_(1_R2).n— :

Yem Ooublire RZCKop, TEM JIY4llle KAa4eCTBO MOJIEIU IO CPABHEHUIO C
JIpYTUMH BapUaHTaMH.

Kopenr  kBagpaTHbii U3  Ko3(dulMeHTa  JeTepMUHALIMM  €CTh
KO3 PUIIMEHT MHOXXECTBEHHOW KOPPETSAIIUN:

R, =VER.

s mapHOW JTHUHEWHOW PErpeccuu R = ry,.

Ecin BCe TOUYKH KOPPEISLMOHHOTO TIOJSA JIEKAT HAa TEOPETUYECKOU
JIMHUU perpeccuu, 10 R, = 1; claenoBaTenbHO, CBA3b MEXAY ) U X
GyHKIMOHAJbHAS, W YpPaBHEHHUE PErPECCUM OYEHb XOPOIIO OIMCHIBACT
paxrtuueckne namnelie. Ecom R,y = 0, TO ypaBHEHHME PETPECCHH ILIOXO
OIMCHIBAET UCXOJHBIC ITAHHBIEC.

llpumeuanue, omnocsaweecs Kk MHO2OQHAKMOPHOMY AHATU3Y.

Hcnonp3oBanue MHOTO()aKTOPHBIX MOJIEIEN MIPUBOJIUT K
BO3HUKHOBEHHUIO HOBBIX MPOOJIEM, CBS3AHHBIX C HEOOXOIUMOCTBHIO OLICHKU
HE TOJIbKO BIIMSIHUS KaXJIOW HE3aBUCUMOM IIEPEMEHHOW Ha 3aBUCHUMYIO,
HO W pa3rpaHUYCHUEM MX BO3JCHUCTBUS Ha pe3yiabTar. Cruemyer
ONPENCIINTh, KAaKW€ HE3aBUCHUMBIE TEPEMEHHBIE HYXHO BKJIIOYUTH B
YPaBHEHHE PETPECCHU, a4 KAKUE HCKIIOYUTh.

dakTOpbl HE JODKHBI OBITH KOPPEIMPOBAHHBI MEXAYy coboi. Ecmm xe
(bakTOphl MMEIOT BBICOKYIO KOPPESLMI0 MEXIy CO000M, 3TO MOXKET
MPUBECTH K HEHaAEKHOCTH Kod3(duiuueHTtoB perpeccun. Ilostomy otbOop
(akTOpoB TpoMCXOAWT B aBa drTama. CHadana moaOuparoT (aKTOpPHl M3
CYIIHOCTH 3aJadyd, a 3aT€éM Ha OCHOBE IIOKAa3aTeJIe KOPPEISLUU MEXKITY
OOBSICHAIONIMMHU TEPEMEHHBIMU HUCKIIIOYAIOT W3 MOJEIU JIyOIupyroume
dakToper. Cumraror, 4To 1Ba (pakTOopa SBHO KOJUIMHEAPHBI MEXKIYy COOOH,

ecni KOd(hGUIMEHT KOppersiiud Meay HEMH i, = 0.7. Ocrasmsor B
MOJIETU TOT (PaKTOp, KOTOPBIN MPU TOCTATOUHO TECHOM CBSI3U C PE3YIbTUPYIO-



MM TPU3HAKOM UMEET HAUMEHBIITYIO TECHOTY CBS3U C APYTUMHU (aKTOpaMH.

@dakTopbl, BKIIOYaE€Mble B MOJEIb, JOKHBI OBITh KOJUYECTBEHHO
u3Mepumbl. Eciam ke B MoJeiab HEOOXOAMMO BKJIIOUUTH KadeCTBEHHBIN
dakTOop, HE HMEIOIMNA  KOJMYECTBEHHOTO  H3MEPEHHUsA, €My  Hajo
MPUCBOUTH KOJMUYECTBEHHYIO OMPEACIEHHOCTb.

B  maremaruueckoil cTaTUCTUKE pa3paboTaH ammapaT IPOBEPKHU
CTaTUCTUYECKOW 3HAYUMOCTH (HAAEKHOCTH) YpaBHEHHUS PErpeccuu B
[EJIOM, CTaTUCTUYECKOM 3HAUYUMOCTH KOA(PPUIIMEHTOB perpeccur W
KOpPpEISILIMKM, OIEHKU LEJIECOOOPAa3HOCTU BKIIIOYEHUS JOMOJHUTEIBHOIO
dakTopa B YpaBHEHHME PErpecCUM, Pacu€TOB JIOBEPUTEIIBHBIX HHTEPBAJIOB
st kod(pduimenToB perpeccun u npodee [5]. Ho mnepeuuncieHHoe He
BXOJWUT B JIaHHBIA KypC H3-3a OIPaHUYEHHOCTH OO0BEMA.

BuIBOALI IO NEepPBOW YaCTH VYEOHOr0 MmMOoCoOus

[Ipenmerom paccMOTpeHUs JTAHHOM JUCIIUTITUHBI SIBJISICTCSI
MOJICIMPOBAHUE CHCTEM. ODTUM BOIPOCAM IMOCBAIIEH BECh MATEPUANl 3TOTO
y4eOHOTO ITOCOOUSI.

Cucrema — 3TO  COBOKYNHOCTb OOBEKTOB, (PYHKUMOHUPYIOIIUX U
B3aUMOJICMCTBYIOIUX APyl C JAPYroM JJid JOCTHMIKEHUSA OIPEACIEHHON
nenu. Ha mnpakTUKe MOHSITHE CUCTEMBI 3aBUCHUT OT 33/1a4 KOHKPETHOIO
uccienopanus [18].

CocTosiHUE CHUCTEMBI OMNPEACISETCS KaK COBOKYIMHOCTb IEPEMEHHBIX,
HEOOXOAUMBIX JIJIi ONMHCAHUS CHUCTEMbl Ha ONPENENEHHBIA MOMEHT
BpEeMEHH B  COOTBETCTBMM C  3aJadyamMu  uccienoBaHus.  OOBIYHO
UCCIIeIOBAaTENb pellaeT cieayroume Bonpockl (puc. 1.16):

— OCyYILIECTBIATh APKCIEPUMEHT C PEATBHOM CHUCTEMOM WM C MOJEIBIO
CHUCTEMBI?

— HccnenoBath (U3MYECKYI0 MOJIENb WM CO3/1aBaTh MAaTEMAaTHYECKYIO
MOJENB?

— Ilpou3BoauTh  aHAJIUTHYECKOE  pEIICHHWE WIM  HWMHUTAIIMOHHOE
MojaenupoBanne? M emé MHOrHe BOIMPOCHL.

[logBoAst UTOr  pPAacCMOTPEHHMIO  OOIIMX  BOMPOCOB  CHUCTEMHOIO
MOJICTUPOBAHMS, MOXHO TPUUTH K BBIBOAY O TOM, 4TO TpeOyercs
NPWIOKUTh MHOTO YyCWIHM, HampaBiICHHBIX Ha pa3pabOTKy U aHaIu3
CI0KHOM CHCTEMBI MOCPEACTBOM MozenupoBanus. Ha pwuc. 1.17 moka3zanbl
00OOIIEHHBICE  TUIMHWYHBIC  JTallbl  IOCJEIOBATEILHOCTH  HCCIIEIOBAHUS
CUCTEMBI TMMOCPEICTBOM MOJIECIUPOBAHMUS.



OKCIIEPVMEHT OKCIIEPMMEHT C
C peayibHOU’ MOIEJIbI0 CUCTEMH

cUuCcTeMOMm

duRmueckadga MaTeMaTHuecKasd
MOIIeJlb MOIOeJlb
AHaauUTHUUYECKOEe VIMUTALMOHHOE
MOLEJIMPOBAHNE MOJeIMPOBaHMe

Puc. 1.16. Obmee mpeacraBlIeHHE O CIIOCOOaX HCCIICIOBAHHUS CHCTEM

[Io cpaBHEHHIO C TMEPEYHEM HTANOB MOACIUPOBAHUA, IPUBEIAEHHBIX HA
c.17, »oara cxemMa HECKOJBKO OTJIMYAETCA MOCIEAOBATEIbHOCTBIO H
cTeneHpto aetanu3ainuu. JOtanbl 4 — 10 (puc. 1.17) B pa3nuyHOi CTENEeHH
netanu3anuu OyayT ocBemienbl B Yactsax II u IIIL

['1aBHBII  MOMEHT, O KOTOPOM B  [pOLEcCe  MOJEIUPOBAHUSA
HEOOXOAMMO BCE BpeMsl IOMHHUTb, — 3TO Ipo0jeMa aJeKBAaTHOCTU
MoJenu,  Meroma, noxaxoma. Ha  pue. 1.18  mnpuBemena  cxema
KOPPEIMPOBAHHOM TMPOBEPKU CO3JAHHOM MOJEIIH.

[TommyasipHOCTH ~ MOJETHUPOBAHUS  CIIOCOOCTBYIOT  CJICAYIOIIHE  €T0
MPEUMYILECTBA: MOJCIUPOBAHUE IMIO3BOJSICT OICHUTHh JKCIUTyaTallMOHHBIC
MOKa3zaTeld  CYIIECTBYIOIIEHM CHCTEMBl IIPU  HEKOTOPBIX  IIPOEKTHBIX
YCIOBUSIX OKCIUTyaTalliM WM CPaBHUTH MPEHJIaraéMbl€ ajlbTepHATUBHBIC
BapUaHThl TMPOEKTOB CHUCTEMBI, WU oOecreunth Oojee I(HPEKTUBHBIM
KOHTPOJIb YCIIOBHUM OJKCILTyaTalluy, HEXEJIM IPH SKCIICPUMEHTHPOBAHUU C
CaMOM CHCTEMOHM.



PopMyJIMPOBKA 3amaur U
[IJIAHMPOBAHME MCCIIeIOBaHUA
CHUCTEMEL

[lporpaMMHasd
MOIeJib
BEpPHA?

Her

COop IHOaHHEIX U
onpenejieHHUe

MO IOeJIn

Konuenry-
aJibHaAd MOJIeJib
BepHA?

Ha

CoszpmaHue
IPpOTPaMMEl U €&

KOMIIBIOTEPHOM

npoBepka

\ 4

A

[ImaHmMpoBaHUE
SKCIEepMMEeHTa

BrIrmosiHeHUe
npenBapmTesibHBIX
I[IPOT'OHOB

8

\ 4

10

JoxkyMeHTaJIbHOE
odpopMIIEHME U
MCIIOJIb30BaHMeE

BrinnosiHeHUe

paboumx
IIPOT'OHOB

A4

Puc. 1.17.

AHAJINM3 BBIXOIHBIX
ITaHHBIX

OTtanbsl MOJEIUPOBAHUS




CucreMHEBIE BXOJHBIE
JJAaHHBIE 3a MPOUIIOE

BpeMsI

PeanbHas cucrema

MaremaTuueckas
MOJIEJIb

A 4

CucreMHbIe
BBIXOJIHBIE JTAHHBIE

_CpaBHeHHE |

Puc. 1.18. CxemMa KOppeIMpOBAaHHOW MNPOBEPKH CO3IaHHON MOJEIHU

UTo MOXKET MmoMemarh MPOBEACHUIO MOICIUPOBAHUS? ITO CIEIYIOLINAEC
HEMaJIOBaXXHbIE (PaKTOphI: HEUETKas ITOCTAHOBKA 3aJayd, HEJIOCTAaTOYHBIN
CUCTEMBI

YpOBEHb MPOPaOOTKH  MOJAENH, TOIXO]

MOCPEICTBOM  MOJEIUPOBAHUS
IpOrpaMMHUPOBAHNH, HEMOAXOALIEE

KaK K

MopenbpHBIE
BEIXOJIHBIE JTAHHEBIE

K HCCIICAOBAaHUIO

IPOCTOMY  YIPAKHEHUIO
IIPOTPaMMHOE

UCIOJIb30BAHUE HEMPABUIIBLHBIX KPUTEPHUEB OLICHKU PaOOTHI.

oOecreueHue,
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I'maea 5. TeopeTrmueckme OCHOBH MeTOza
MMUTALIMOHHOTI'O
MO eJNIMPOBaHUSA

I'maBa 6. MopgenupoBanme CMO MeTOZOM
VMMUTALMOHHOTI'O
MO EeNIMPOBaHNS

I'maBa 7. MogmenumpoBaHme Ha GPSS

MMuTamoHHOE MOJAENMpPOBaHUE — OAMH M3 Haubosee
pacupoOCTPaHEHHBIX METONOB, @ BO3MOXKHO, M CaMbld PacHpOCTPaHEHHbIN



METOJl MCCIIEOBAHUS OIepalliid U TEOpUM ylpasieHus. lIpeanonoxum,
YTO HMEETCS] UMUTAIMOHHASI MOJIEeNIb, KOTOPYIO TpeOyeTCs HCCIEeN0BaTh.
CHayana JOJDKHO OBITh NMPUHSTO PEIICHHE O CpeACTBaxX €€ HCCIeqOBaHUA,
TO €CTh HEOOXOIMMO KJIaCCU(UIMPOBATH UMHUTALIMOHHBIE MOJEIU IO
HECKOJIbKUM TPU3HAKAM:

- Crarmuyeckasa wiIM IOuHaMmudeckas? CraTtudeckas — B3TO CcucTeMa C
3adUKCUPOBAHHEIM BpeMeHeM, WIM CcucTeMa, B KOTOPOM BpeMsa He MMeeT 2BHadeHUd.
InHaMmMueckass — BTO CHUCTeMa, M3MeHA Iasacd BO BpPEMEHN.

-  IeTepMmMmHMpOBaHHASA MM CcToXacrTmuyeckasda? Monmesb, He comepxallasd
BEPOSATHOCTHHIX  (CJIydyaMHBIX) KOMIIOHEHTOB, Ha3bBaeTCd »OeTepPMUMHMPOBaHHOM. WU
HaoBopoT, CTOoXacTuUeckas MMMTALMOHHAS MOIEeJIb XapaKTepusyeTcsd CJydYalHEMU
BXOIHEIMM  HOAHHBEIMIU.

— HempeprlBHasa wWiIM OUCKpeTHasA? B HaHHOM cCcjlydae pas3TroBOp MOET O
COCTOAHMAX CUCTEMEI. B nepBoﬁ mus3 HUX IIEepPEMEHHEIE COCTOAHMA MEHAKTCHA HEIIPEPBEIBHO
BO BpEMEHM, a B IMUCKPETHOM CHUCTEeMe I[epexol M3 COCTOSHMSA B COCTOSHUE
NPOMCXOOUT MI'HOBEHHO.

MMTALUMOHHEIE MOIEeJM, MeTOoOMKa I[IOCTPOEHMsa KOTOPHIX paccMaTpMBaeTCsa HUXe,
OynoyT HOUCKPETHEMM, IOMHAMUYUECKMMM M CTOXAaCTHUYeCKMMM. Takme MOIesM HasHEBalTCHd
,JZU/ICerTHO—COGI:ITI/HZHbIMM VIMUT allVIOHHBIMIM MOIOeJIAMU .

'maBa 5

TEOPETUYECKME OCHOBH METOIA WVMUTAIMOHHOI'O MOJIEJIMPOBAHUA

Hpexne geM OIIMCEIBATb MeTOIOVMKIM IIOCTPOEHMA )28 @yHKLU/IOHMpOBaHMH VIMNTaUVMOHHBIX
momesnierr CMO HeoOXOOMMO O3HAKOMUTBCHA C TEOPEeTHMUECKMMM OCHOBaMM MeToma. OITO
peanmu3yeTcsa B HacTofAwWeM rjaBe 5. B3Brxeck wusaJaraeTcsa CyMNHOCTb MeTona, MEeTOHOJIOIMS
IIOCTPOEHMS TEeHepaToOpOB CJydYaMHBIX BeJIMUMH UM [NPOBEPKM MX KadecTBa, NOAOXOOE K
IOJIydeHMI0 IOCJIeIOBaTeJIbHOCTEM  CJlydaMHBIX BEJIMUMH, pPacClOpenesieHHBIX [0 3alaHHBIM
3aKOHaM, MeTOIOMKN OLIEeHKM TOYHOCTU XapakKkTepmucTrTmk, I1OoJIy4YaeMbIX npm VCIIOJIb30BaHUN
MeTOola MMUTALMOHHOT'O MOINEJIMPOBaHUSAI, bukcaumm m 06paboTkM PEe3yJIbLTATOBR
MOIOEeJIMPOBaHMUA (7, 12, 13, 17, 18, 20, 26, 33, 39, 40].

5.1. CymHocTh MeTOAa M 00JIaCTH €ro NpUMEHEHUs

3apoxIeHMre MeToHma CBA3aHO C paboron o Hemmana u Yiama, B 1940-e
TOOEl MPMMEHMBIMX €TI0 K pelleHMI0 3adad 5SKPaHMPOBAaHMA SOEPHBIX M3JIYUYEeHUN.
OCHOBHOM IPMHLUMII MeTOoIa MMMTALUMOHHOTO MOIEJIMPOBAHMS (ero wYacToO HaBlHBAaT
MeTomoM MouTe-Kapisio, wmIM METOIOM CTATUCTUYUECKOI'O MONEJIMPOBaHMSA) COCTOUT B
NOCTPOEHUM MCKYCCTBEHHOTO BEPOSATHOCTHOTO Mpollecca, [apaMeTpsl KOTOPOIro nOabaju OH
pelleHMe IIOCTaBJIEHHOM 3ajaumu, NOpMdYeM caMma 3ajada MoXeT U He OHTb
BEPOATHOCTHOM. IIpM 5TOM MOXHO COOPMyJIMPOBATE IOBe 3alauM: OpaMylon M 00paTHY.

lpsMass Bapmava. HeobBxommmo pealMs0BaTh Ollepaliyio, MCXOI KOTOPOM
onpemesysgeTcsa ClydaMHeIMM QakTopamm. lloaToMy 3Ta oIepaumMsa OpencTaBidgeT cobon
ClydaMuHbelM Hnpouecc. IlyTeM NOPOBEIEHMS CepuM 5SKCIEPMMEHTOB C IOocJenylmelr
CTaTUCTHUUECKOV 00paboTKOM pe3yJIbTaTOB OTIEJIbHEIX HaOJIeHUN MOXHO HaMTHU
NPpUOJIMXEHHOE 3HAadYeHMe BepPOSATHOCTHBIX XapaKTepMCTMK DSTOTO Npollecca. MOisg 2Toro
OCyWEeCTBJISeTCsa MHOT'OKpAaTHOE I[IPOBEeeHMEe DSTOM onepaumyu Ipu OUMKCHMPOBaHHBEIX
ycaoBmuax. Kaxpmoe HabomeHMe NOpencTaBjsgeT CcoOoy peanmMs3aumio CJIydalHOT'O INpollecca,
a KaxIelM pesydabTaT - CJHydYalHyl BeJIMYUMHY, [NOOYUMHEHHYI TOMy 3aKOoHY
pacrnpenesneHus, KOTOPEM U OTHCKMBAaeTCs INIPpM I[IPOBEeNeHUM B3KCIEPUMEHTOB.

Ob6paTHass Bajava. J3BEeCTHH BEPOSATHOCTHEE XapPaKTEePUCTMKM I[Ipolecca u
HeOoOXOIMMO BOCHPOM3BECTM OIOHY M3 ero peanmus3auui. I[lpolnecc BSTOT0 BOCIPOMBBEOEeHUSI
Ha3BIBAlT CTATUCTUUECKMYM MCIBITaHMeM. [IpyM MHOTOKPATHOM MCIOHTAHMM ¥ [IOCJenyoleln
oBpaboTKe MOXHO HaMTM CTaTUCTUYUECKME OLEHKM MCXOIOHBIX BEPOATHOCTHEIX
XapakKTepnuCcTUK .

[lycTs M3BECTHO, UYTO BEPOATHOCTL COBEPIEHUSA
KaKoTro—-TO CcoOwmTMsa pabBHa 0.6 (Haopumep, 5BTO



BEPOSATHOCTb 0Oe30TKas3HOM paboTel BHOBbL YCTAHOBJIEHHOTIO
obopynoeaHmd ©Oes3 COOTBETCTBYKUENM HACTPOWKU) .
JOJIEMEHTAPHOM CTAaTUCTUUECKOM MOIeJIb Ipolilecca paboTH
ODOpPYyInOBAHMA MOXEeT HABJATbHCA OOBUHAA TpaIMLMOHHAHA
ypHa ¢ 10 mapamm (6 ©OejelIx M 4 UEpPHHBIX) .
Peanuzauusa OIOHOT'O MCHBITAHMA COCTOUT B M3BJEUEHUU

mapa, rnociiegymumeM er1ro BO3BpaAlleHUM B YPHY nu
IepeMellMBaHM mapoB. HpM OOJIBIIOM

qlrcriie UCIIBEITaHMUM CTAaTHCTHMUECKAaA OLlEeHKAa BEPOATHOCTIM
PaBHA O, 6, T.C. CcoBIaIaeT C BEPOSTHOCTHOM XapaKTEepMUCTUKOM IIpolecca.
Ho, mno-BuImMMoOMYy, He LejyiecoofpasHoO CTPOUTL MOHEJIb c LeJIbo OJIydYeHUs
3apaHee M3BECTHOTO pes3yJbTaTa. HO rax xax cooxHent mpouecc Moxer

CKJIaObIBATBCH M3 KOMILJIEKCa [POCTHIX IIPOLEeCcCCOB M IIpM BSTOM CBS3b MexIy HUMU
MOXeT OBITHb HeMBBeCTHOﬁ, KpomMe nx BEPOATHOCTHEIX XapakTepmucTrTmuk, TO OKa3zkIBaeTCd
BO3MOXHBIM HaXOXIOeHNe C IIOMOIIB IO VIMUTALIVOHHOTI'O MOIOEJIMPOBAaHMA BEPOATHOCTHEIX
XapaKTEepMCTUK BCEeTrO IIpollecca.

[IlycTb, HaOpuUMep, CTpoaTcsa Mozmenr OQyHKUMOHMPOBAHMSA CUCTEM MacCCOBOIO
oBCHyXUBaHMA. M3BeCTHO, UTO CJIOXKHOCTBL IIOCTPOEHMS BEPOSTHOCTHHX MoIeJiel, B KOTOPHX
HeOoOXOOMMO YUMTHIBATE BJIMSAHME pAOa CJHydaMHEIX (GaKTOpOB, pPe3KO Bo3pacTaeT C
YBeJIMdeHeM nx yyciia. HOQ’I‘OMy IIOCTPOEHME aHAJIMTUUECKUX Moneneﬁ cucrTeM wmIIn
IPOLIECCOB, OCHOBAHHEIX Ha MaTeMaTUUYECKOM allllapaTe TeopuM BEPOSTHOCTEMN, yOaeTCs TOJIBbKO
IpY BHAUMTEJIbHEIX YIPOULEHMAX MM Iaxe IPpM OTKase OT TexX WM MHEX (QaKkTOpOB.
AHaJIMTUUECKME MeTOIE TEeOPUMM MaCCOBOT'O OOCJYyXMBAHMSA, OI'PAHMUEHHHE paMKaMM MapKOBCKUX
CJIydaMHBEIX IIPOLIECCOB, MOT'YT OBITbH MCIIOJIb30BAaHE TOJIBKO OJia MccJjenoBaHmusa CMO HpPOCTHX
KOHCTPYykUMM (cMm. YacTte III maHHOTO yueOHOTO NOCOOUA) .

Vmed MeTona MMMTAaLMOHHOTO MOIEJNIMPOBaHMSA [IPOCTa M COCTOMT B cJjelyomeM. BmecTo
OIMCAaHUA CJYyUaMHOT'O SABJIEHMS aHAJIUTUUECKMMM 3aBUCUMOCTSAMM [IPOUI3BOOUTCH MOIEJIMPOBAaHUE
(POBHITPHII) BTOTO CJYyYaMHOT'O SBJIEHMS C IIOMOUIBI HEKOTOPOM MNPOLEeNypH, Haklel ciydal-—
HBEIM pes3ynabTaT. B pesynbTaTe HOJydaeTCHd OIHa peanm3almMsa  CIydaMHOTIO aBJIeHMda. [locie
npoBeleHMa OOJIBILIOTO KOJNMUEeCTBa TaKMUX peayM3aluui 3TOTO SABJIEHMS [IPOM3BOOUTCSH
obpaboTKa Pe3yJbTAaTOB MOIEJIMPOBAHUSA MeTOoIaMM MaTeMaTUUeCKOM CTaTUCTUKM. OTUMU
POBHIPHIIAMM MOXHO pPelaThb JIoOHe BEepPOSTHOCTHHE 3amaul, HO ONPaBHOaHHEIMM (BEIT'OIOHBEIMM) OHU
CTaHOBATCA TOoIr'zma, KoOI'Ina Ipoluenypa MOIOeJIMPOBAHMA IIpOolle IIPVMMEHEHMA aHAJIMTUYECKUX,
BBIUMCJIIUMTEJIbHEX METOIOB.

M ewme pas3, NOyCTb MCCIenyeTcsa MHOTOKaHaJjibHasa CMO, HO mpouecc, IpoTeKaoumy
B HeM, He MapkoBckum [8, 9, 26, 33]. 3akoH pacnpele-JIeHMS MHTEPBaJIOB MexXOy
MOMEHTAaMM I[IOSBJIEHMS 3agBOK He I[IOKa3aTeJIbHEN, a [NPOM3BOJIbHBEIM. IJIMTEJIbLHOCTL BPEMEHU
OOCIIyXMBaHMSA 3asgBOK TOXEe He IIoKasaTeJIbHAas, a MMeeT KaKoe-TO JpyIroe paclIpelejieHNe.
Kpome TOTrTO, KaHaJBE MOTYT MHOT'IAa BHXOIOUTbL M3 CTPOS, a BpeMsa ©0Oe30TKa3HOM paboTh
VMeeT TIPOM3BOJIbHOE pacnpenesieHue. TpebyeTcsa HaAWTUM BEPOSATHOCTM cocToaHuM CMO wu
nokazsarenn ee sdpbexTMBHOCTU. CO3IOaHMe aHAJIUTUUECKOM Momesyim Takom CMO moxeT OBITb

3aTPYyIOHUTEJIbHEM. I[IOBTOMY HYXHO (Jlerde) MNOCTPOMTL MMMTALMOHHYI MOIEJb WU
MCIIOJNIb30BaThH yXe TOTOBYH.

VIMMTALMOHHOE MOIENIMpOBaHMe 0OasupyeTcs Ha MICIIOJIb30BaHMM T'€HEPaTOPOB
CJIy4YaMHEIX BEeJMUMH B COUYETaHMM C MHTEeIpajibHOM byHKUMEN pacHpenesieHus
BEPOATHOCTEM mIJA MCCJeIyeMOoTo mpolecca. I['eHepaToOpoM MOXeT OBTb HIPOCTO KOJIeCO
pyJneTku, Tabiauia, OpoTrpaMMa KOMIbTepa MM »OPYyTOoM WM3BECTHHIM VICTOUHMK
PaBHOMEPHO pPacClHpeleJIeHHEX CJy4YaMHHX uYucesi (cM. § 2.2). PaswrpeBaeMoe paclpe-

OeJjieHVe BEepPOSATHOCTEM OCHOBAHO Ha SOMIMPMUYECKMX IaHHBEIX WM ABJISETCS M3BECTHBM
TEOPEeTHUECKMM BaKOHOM.

B ocHoOBe ofmey CxeMH MeToma MMUTALMOHHOTO MOIEJIMPOBAHUS
JIeXUT leHTpalJibHas [pelejibHas TeopeMa Teopuu BepOsATHOCTEN.

TeopemMa 2.1. Ecnu }Yi,}Yé,.”,)YjJ —  HEe3aBMCUMBIE CJIyYaWHBEE BEJIMUMHEL,



rMempmre OIOMH n TOT Xxe 3aKOH pacrnpeneljieHnA C MaTeMaTmuye CKMM OXMIOaHVEM mx n

noucrnepcuen Cfx, TO TPV HEOTPAHMUEHHOM yBEJIMUESHMUU N  saxom pacnpenesieHns

N
CYMMBEL Z X k
k=1

HEOTPaHMYEHHO NpubamXaeTCcsa K HOPMAaJIbHOMY.

B cuny TeopeMmel 2.1 uMeeT MeCTO COOTHOLIEHUE

1 & 3
PI=> X, —m, | <22£1~0,997,

N& JN

rIe )(k’ k'::1,2,“.,pJ-— 3HAYEHMs CJIydallHOM  BEJIMUMHE ;¥', [IOJIydaeMble B KaXIOM
13 N WUCHOHTaHuM. ITO COOTHOUIEHME OINpeNnesyiseT HeM3BEeCTHOE  UMCJIIO 7nx u
OOHOBPEMEHHO JaeT OleHKYy I[OTPelHOCTM (O MHNOTPEMHOCTM nogpobHee cM. B S 5.6).

[lpy TaxoM noxmxome ofmas CcxeMa [OIPOLEenypEl pPacCMaTpMBaeMOI'O0 MeToIa
BEITJIAOMUT OUYEHb IIPOCTO:

1. Ha OCHOBE SMIIUPUYIECKOTO pana uycest IIOCTPOUTH rpadukr WIIN
TabauLy MHTEeTpajibHOM (QyHKUMM pacHpenejyieHMsa. SHadeHMs CJydarHOM [IepeMeHHOU
oTKJIaIEBATCAa [0 ocu abcumcc, a 3HaueHus BeposTHocTew (or O mo 1) - 1o
oCM OpIMHAT.

2. TIlonyunTs CllydyayHoe YMCIIO (C4), PaBHOMEPHO pacnpenesyéHHOE
B MHTepBaje [0,1].

3. IpoBecTu TOPUBOHTAJIBHYIO IpaMyIo oT TOUKU Ha ocu opIuHAT,
COOTBETCTByWIEN BHOPaHHOMY CJIydaVHOMY UMCIy, IO IlepeceudeHrs C KpPUBOU
pacnpenesyieHMs BepPOATHOCTeM. JM3 2TOoM TOUYKM ONYyCTUTL I[EepPlIeHIUKYJISIP Ha OCh
abcuucc.

4. TprHATBL TM[OJIydeHHOe 3HaueHume X  3a BHOOPOUHOE SHAUESHUE.

5. HoBTopurh nmn. 2 — 4 TpebyeMoe KOJIMUECTBO pas3.

IIpmvep 2.1. IlycTb MMeeTCs CuUCTeMa, B KOTOPOM 3a KaxIbl OeCSTUMMHYTHBI
Iepron dYMCJO 3asaBOK, [OCTyNaRIMX Ha OOCJHyXMBaHME, I[NOOUMHAETCA paclIpelesIeHMI
n3 Tabm. 2.1.

Taoauma 2.1

Unmciio 3adBOK | BepoarHocT |JVHTerpaljibHada
b BEpPOATHOCTbH
0 0.40 0.40
1 0.25 0.65
2 0.20 0.85
3 0.15 1.00

HNCKyCCTBEHHBI HWMUTALMOHHBIA  OKCIIEPUMEHT MPOBOJUTCS IS
HIECTU  TEPUOJOB  BPEMEHH. [locTtpoennsiii  rpadux  QyHKIUU
pacrpenesieHus BEpOATHOCTEN MpEACTaBieH Ha pwuc. 2.1.



N3 mr000¥ TaOMUIBl CIyYalHBIX BEJIMYMH BBIOMPAETCS IIECTh YHCEIL.
Torma B COOTBETCTBHMH C MPOLEAYPOH HWMHUTAIIMOHHOTO MOJCIUPOBAHUS
MOJIy4aloT Pe3yJbTaThl, MPEACTaBICHHbIE B Ta0’d. 2.2.

Ecnu reHepupyeMele dYMCJla paclpenesieHbl pPaBHOMEPHO, TO 3HadYeHUe VCKOMOM
BeJIMYVIHEL B nponecce VMU Talunm GyneT IIOABJIATBECSA C TakKoMm Xxe OTHOCUTEJILHOM
Y4acToOTOM, Kak M B pPeajibHOM CHUCTEMe.

Taoanma 2.2

[lepron BpeMeHU CiryuanmHoe dmciio
YMCJIIO 3a8aBOK
1 0.35 0
2 0.13 0
3 0.28 0
4 0.83 2
5 0.56 1
6 0.75 2
F(x)
1,0 — ’7
0,8 —
0,6
04 —
(C(U“—_ ______ _-lr
|
02 - |
= |
|
! | |
0 1 2 3 x

Puc. 2.1. OSunupuueckas OGyHKUMSA pacHpenesyeHms
BEPOSATHOCTEM

IIpumep 2.2. PaccMaTpMBaeTCsd KJjaccuueckasd sBalada O CJydaMHOM OJIyXIOaHUM.
[IlycTb MHNPOXOXWUM, HaAxXOIACb Ha YyIUIy YJMIE, pellaeT COBEPUUTL MNPOTYJKY, IIJIOXO
3Hasg TOopoX. BeposaTHOCTM TOTO, YTO, IOCTUTHYB OUEpPeIHOTO IlepekpecTKa, OH



nommeT Ha ceBep, I, 3alan WIM BOCTOK — OIMHAKOBH. KakoBa BEepOATHOCTb TOTIO,
uyTto, npounsa 10 kBapTaJjloB, NPOXOXMM OKaXeTCsa He »Jajlee IBYyxX KBapTajloB OT
MecTa Hadajla [OPOTYyJIKM?

KoopomHaTEH NPOXOXero Ha I[epeKpecTKe O0003HadalnTCAa IBYMEPHBM BEKTOPOM

(xhy), rme X — HampaBJIeHME «BOCTOK — 3anama» Uy — HalpaBJIeHMe «CeBep — I».
[lepemMmenmieHe Ha OIOVH KBapTaJ K BOCTOKY maeT nOpupaleHrme x = x + 1, a K
3anany — x = x — 1. Ilo a”Hanoruu, [NEepenBMXEeHMI0 Ha KBapTajl K CeBepy
COOTBETCTBYET IpupalleHue y =y + 1, a K oIy - y =y — 1. HcxonHoe
IOJIOXEeHMEe 0003HAYanT (0,0).

TakuMm oOpasoOM, eCcJiIM B KOHIEe MNPOIyJIKM [IpOoTaSxXeHHOCThr 10 KBapTalloB
okaxercs, uTo |x| + |yl > 2, TO IIPOXOXUN yies OT TOUKU (0, 0) foJipme, UYeM
Ha JIBa KBapTaja.

[IoCKkOJIbKY Ha IepeKpecTKe (BKJOUAA MCXOOHYID TOUYKY) BEpPOATHOCTL IaJibHeNeTo
nepeMeneHrs B JOOOM HalOpabkJieHMM OIOMHaKoBa, TO OHa paBHa 0.25. Heobxonmumo
3aKpenuUTh HalpaBJIeHUs I[IepeMelleHMs 3a MKHTepBaJjlaMM SHaUYeHUM PaBHOMEPHO
pacrnpemesieHHEIX CJIYyYaMHBEIX UpceJi: Ha BocTtok — (0.00 - 0.24), =Ha Banam - (0.25
- 0.49), =Ha <ceBep - (0.50 - 0.74) wm =Ha BT - (0.75 - 0.99). AJITOPUTM
VIMUTALMOHHOTO MOIEJNMPOBAHMSA Bajaduy IpMBeNeH Ha puc. 2.2, a pesyJsibTaThl  OaHEB
B Tabnx. 2.3.

IOisa 1oJjiydeHMs IOOCTOBEPHEIX OLIEHOK I[IPOBEHOEeHHOI'O uMcjla OIBITOB  SBHO
HeIJOCTaTO4YHO. HHH npoepeneHMA VICIIEITAHMA B Tp@@yeMOM obweme MOXHO OIIMCEIB aEeMbBI

aJTOPUTM 3aNpOoTPaMMMPOBATLE M PEaJM30BATH Ha KOMILIOTEpPE.

%ﬂ{ X=OI Y=Or
=10
[0,1] a
n 5 |
A

X ¢.X—l y

x = x+1
| |
v Y v %
N=N-1 v

< =1

Puc. 2.2. AJNTOPUTM pPelmeHMsS 3aldauu O CJydarHOM OJIyXIaHUM

Tak, KpaTkKas I[IOCJeIOBATEJIbHOCTh 3TAllOB MMUTALMOHHOTO MOLEJIMPOBAHMA :

— pazpabaTeiBaeTCd M peajinm3yeTcsa Ha 3BM meTepMMHMpPOBaHHAas MaTeMaTUdecKasa MoIeJib
CUCTeMH, oTobOpaxamnlas CBA3b BHAUEHMM BHXOIHEIX [IapaMeTPOB CUCTEME CO 3HAUEHUSIMU
BXOIOHBIX BOBﬂeﬁCTBMﬁ, HadaJIbHBIX yCHOBMﬁ n CTPYKTYPEI CUCTEMEI,;

— ofbecneumMBaeTcd IMoJiydyeHMe Ha 9BM OTHEJIbHEIX peajiM3alMy CJIyJYaMHBIX COOBITHUM,
BenuuMH, QyHKUUM, T. €. MOIEJMPpYyeTCsd CJlydallHOe 4BJIeHMEe C 3BaIOaHHEIMM XapaKTepucTUKaMM,



COOTBETCTBYNUMMY XapaKTepPUCTUKaAM CJIydalMHBIX SBJIEHUM, COINPOBOXIALIMUX bYyHKUMOHMPOBaHME
peajibHOM MCCJIeIyeMOW CUCTEMEH;

— IOPOM3BOOMTCSA MHOT'OKPATHAsS peanM3almsa IeTEPMMHUPOBAHHOT'O IMIpollecca, T'Ie B KaxXIou
U3 peanu3aluui YUUTHIBAETCHA BJIMSHME CJIYUYAMHBIX SBJIEHUN;

— IPOMBBOIOMUTCSA CTATHUCTHUUECKas oOpaboTKa I[IOJIyUeHHEX pPes3yJlbTaTOB B COOTBETCTBUM C
XapaKTepoM MMUTUPYEMOT'O IIpollecca.

Tabguia 2.3

OmeiT 1 OmnelT 2 OmnelT 3
[lpomoeno | Cinyuam | Mecto- | Cinyuan | Mecto- | Ciyuam | MecTo-
KBapTajgo -HOe IIOJIOXE —-HOe I1OJIOXEe - I1OJIOXEe
B UMCJIO —HUE UMCJIO - HOe -
HUe UMCJIO HUe
1 0.73 0,1 0.10 1,0 0.06 1,0
2 0.21 1,1 0.89 1,-1 0.95 1,-1
3 0.45 0,1 0.14 2,-1 0.04 2,-1
4 0.76 0,0 0.81 2,2 0.67 2,0
5 0.96 0,-1 0.30 1,-2 0.51 2,1
6 0.94 0,-2 0.91 1,-3 0.95 2,0
7 0.53 0,-1 0.06 2,-3 0.73 2,1
8 0.57 0,0 0.38 1,-3 0.10 3,1
9 0.96 0,-1 0.79 1,-4 0.76 3,0
10 0.43 -1,-1 0.43 0,-4 0.30 2,0
Yenemso? | |x|+]y > Ia Ix|+|ly - Hert |x|+ly =2>Ia
| =2 | =4 | =2

[IlpakTHUueckas peaau3alusa MeToma MMMTALUMOHHOT'O MOIEJMPOBAHMSA IpennojaraetT
rnocyienoBaTesIbHOEe (B HEKOTOPHIX CJlydasxX COBMECTHOE) BHIIOJIHEHME CJeOYyRIMX 3TalloB:
IIOCTAHOBKA BallauM MCCJlemoBaHMA, pas3paboTka MeTOIMKM MOIeIMpOBaHMS U 00paboTKU
Pe3yJIETATOR DKCIIEPMMEHTa, [IOCTPOEHME MOINEeJsM, NIPeICTaBJISeMOM B BUIE OJIOK—CXEMH
MOIOEJIMPYIETO ajilopuTMa, pas3padoTka OpOorpaMMHOTO ofecleudeHMsa, KOTopoe MOXeT OBThb
BBIIIOJIHEHO JIMOO Ha YHMBEPCAJIbHOM aJITOPUTMMUECKOM S3HKe, JMOO Ha CIeuMaln3UPOBaHHOM
d3blke MoInesMpoBaHMA (Hanpumep GPSS [26, 33, 37, 42, 44]1), peanuzauusd MMUTALMOHHOT'O
BKCIIEPUMEHTA, aHalu3 U obobleHMe Pe3yJIbTaTOB MOIEeJIMPOBaHMA.

[IMpokoe MCHIOJIL30BAaHME MMMUTALMOHHOTO MOINEJMPOBAHMSA, NOJYUMBIETO OOJbIIOE
pacnpocTpaHeHre Kak B Halle CcTpaHe, Tak K 3a pybexoMm, OOBACHSAETCS PAIOOM
IpeuMylecTB, IPUCYIMUX DTOMY MEeTOoIy . Bo-NepBbEIX, MeTOI I03BOJISET I[IOJIYUMTL OTBETEH
Ha MHOTME BOIIPOCH, BO3HMKAKIIME Ha STallaxXx 3CKUBHOI'O IIPOEKTUPOBaHUS CUCTEME, 0e3
IIPMMEeHEHMSI JOPOTOCTOAlETO MeTola npo6 u ommboK. BO-BTOpPEIX, MMMUTALMUSA Ha
5BM [IO3BOJIAET MCCJIeNOBaTh OCODOEHHOCTM OGYHKLUMOHMPOBAHMA CUCTEMB B JIOOBIX BO3MOXHEIX
YyCJIOBMAX . [IpM ©TOM HapaMeTphl CUCTEMH MOTYT M3MEHSATbBCH B JIOOBIX BalaHHBIX IIpeneslax.
[IosTOoMy yMeHbUIAETCS NOTPeOHOCTHL B BKCIJIYATALMOHHEIX MCIBTAHUAX CUCTEMEL. Hakoner,
npuMeHeHMre OBM cokpamaeT NIPONOJIXMTEJIBHOCTL MCIETAHMM CUCTEMHl OT MeCsHleB IO
ooJied MMHYT M CEeKYHI, a TakKxXe cokpallaeT CPOKM I[OoJIydeHus U o00paboTKM BKCIEepU-—
MEHTAaJIbHEIX HAHHEIX O XapaKTepe [NOBeIeHUS MCCIEeNyeMOM CUCTEMEL.

Ha IIONYJISPHOM npumMepe BBIUMCJIIEHUS OIpenesleHHOT'O MHTeTIpajia

1
= j F£(x)dx
0



MOXHO IIPOCJIEINTh peaJi3allMio OCHOBHEIX 2TalloB MMUTAULMOHHOI'O MOIEJIMPOBAHMA. HpM S5TOM

OJig IIPOCTOTHE NPMHMMAaeTCs O < f(X) < 1 . BruamcreHue MHTerpana (puc. 2.3)

CBOIOUTCS K OINpPenesyieHuin IIJIomany KPMBOJMHENHOW Tpaneumm 0ABI.
COOTBETCTBEHHO MOXHO COOpPMyJIMpPOBATH CJEOyRUyld 3alady: OINPemesIUThb

BEpPOATHOCTDb TOI'O, YTO cnyqaﬁHaH TOYKa C KoOOopIaMHaTaMM X' : OKaxXxeTcHd B
727

obnactu 0ABI, T.e. HUKE KPUBOM ]p(X). prueM uyucia Xy " J{i ABJIAITCA

CJIy4YaVHEIMM BeJIMUMHAaMM, PaBHOMEPHO paclpelelieHHEMU B MHTepsaje [0,1].

[locTaBJyieHHasa 3azada peaju3yeTcsa noyTeM OQOpMMPOBAHMA KOOPAMHAT N
CﬂyqaﬁHbIX TOUEeK B SOV HVMUYHOM KBagpaTe )28 ornpeneJyiIieHnAd KoJIMuyecTBa m TEeX TOUEeK,
KOTOpEE [ONaJM OO KPMBYK MIM Ha CcaMy KpuUByoO. B 3TOM CJlydae MCKOMBIM

m

VHTeTpasl 1>==]7¢3'——n Ecium N 1OOCTAaTOUHO BEJIMKO (MeTOoIMKa OlpelesieHusd
KOJIMUeCTBa pealmMs3aluM nOpolecca MOIEJNIMPOBaHMS M3JIoXeHa B § 5.6), TO IIOJydeHHOe
3HaUEeHMEe MCKOMOI'O MHTerpajla CTaHOBUTCH IIPUEMIIEMEIM.

KoopmomHaTH TOUek MOXHO COOpMMPOBATL IyTEM MCIOJbL30BAHUSI

IIOCJIenOBaTEJIbHOCTHU cnyqaﬁHux uncesI ki PaBHOMEPHO pacrnpeneljiIeHHBIX B MHTEepBase

[0, 1]. O9TmM umcyga [OOJYy4YamnTCsa C IIOMOWIBI TEeHepaTopa CJy4JYaMHBIX BEeJIMUMH.
[IPUMHLIUIIEL [IOCTPOEHMUS BSTUX TeHepaTopOoB [IOOPOOHO M3JIOKEHH B paszesie 4.2 yueOHUKA
[41], a MeToOMKM I[IPOBEPKU KayecTBa OTUX TI'eHepaToOpoB - B paszmejne 4.3 Toro
xe yuebHUKaA.

Y

a0 Zj AN
Pyc. 2.3. BbUMCIIeHME UHTeTpajla MeTOIOM WVMUTAIIMOHHOTO

MOIOEeJIMPOBAaHMA
Biiok-cxeMa aJiTOpUTMa pPacCCMOTPEHHOM 3alady BHUMCJIEHUS SHAUYEHUS
VHTEerpajla I[pencTaBjieHa Ha puc. 2.4. I[IpPOKOMMEHTUPYEM CMEICJI onepauui,
peanmM3yeMelXx B B5TOM aJITOPUTME.

Biok 1 — c TeHepaTopa CJy4YamHBIX BEJIMUMH (I'CB) noJjryyalnTCcs OBa yycJia
ki 128 k}+1, 3TO CJydYaVHEE BeJIMUMHBE, PaBHOMEPHO paclpenesieHHbe B MHTEepBaje
(o, 11.

Biiok 2 — bopMUPYIOTCS KOOPIOMHATH CJIydaMHOM TOoukM M (CM. puc.

2.3 (x],y])
Biiok 3 — BLUMCIISETCH 3HaUueHMre QyHKUUU ]F(X) B TOUKe Xy.

Bisok 4 - BBEIACHAETCHA, roe HaxoomTrc4d TO4YKa M: non KpMBOﬂ JZNNZE Han KpMBOﬁ



]fCX). Ecau nom xpueoyM (Touka M), TO OCyULEeCTBJIIeTCs IIepexon k ©OJgoky 5,

a ecau Han KpuBOM (Touka M,), TO - k OJyoky 6.
Biiok 5 - K comepxuMoMy CUeTUuyMKa m KOJMUYeCTBa TOYEeK, IIOINaBIMX non
KPpMBYI MJIM Ha CcaMy KpuBYyL, »IOpubabBjgeTcd eIMHMLIAa: m = m+l .
Biiok 6 — k CoOHOepxXuMMOMy cueTumka N ofmero KkoJjMUecTBa TOouek (KOJMUeCcTBa
peanmzalMy Opollecca MOOeJIMpOoBaHMA) nOpubaBiasgeTcda eauHuua: N = N + 1.
Brok 7 - mnpoBepseTcsa ycjoBue N < N1, 1me N1 — 3amaHHOoe KOJMYECTBO
peanmzauuy, HeobxommMmoe ImJjisa obecrneueHusa TpebyeMmMoM TOUHOCTM pacueTa.
Broxk 8 - BHuuciaseTcsa NpuOIMXeHHOE 3HaUeHMe MCKOMOTO MHTerpaja I.

Puc. 2.4. ANTOpMTM 3aladM BHUMCIIEHMS SHAUYeHMd MHTeIpalla

PacCMOTPEHHEM IPUMEP MIJINCTPUPYET elle OOHO MNPEeMMYIEeCTBO MeTona MMMUTALMOHHOIO
MOOENMPOBAaHMA: [NPM peanmMs3aluuM MeToIa He TpebyeTcsa 3aloOMMHAHMA BCeX  CJIy4YalHHIX
uyces, BeHpabaTEBaEeMEIX B Ipollecce MOIeJMpPOBaHMA. B OaMATM KOMIBITEpPa XPaHATCSHA
TOJIBKO 3HadueHMda m u N. KpomMe »TOTO, METOH YCTOMUMB K CJydalHeM cOosaM B
pabore 5BM, T.e. MCKaxeHME HECKOJIbKMX pes3yJbTaTOB OTHOEJIBHEIX peajlu3auuy OIpu
foJspmoM Mx OfmeM Uucjie He BemeT K CyHlleCTBEeHHBIM ommbKaM.

MeTomoOM MMMTALMOHHOTO MOIEJIMPOBAHMSA B HaCToOsAllee BpeMs pemaeTcs MIMPOKMA
KPpYyT MNPakKTHUUeCKMX Balad, Cpenos KOTOPHEIX MOXHO BHIEJUTL IOBEe: BO-IEPBHX, DTO
IpUMeHEeHMe IJid MB3YyUeHMs TI[IPOLEeCCOB B TaK HAaS3BBAEMHX BEePOSTHOCTHHIX CHUCTEeMax
yhopaejieHus (MaccoBoe OOCHayXrBaHME, [IPOXOXIEeHMEe SNepPHEIX YacTHUll uepes BemecTBO,
HaOeXHOCTbL CJIOXKHHIX CMCTeM, paclo3HaBaHmMe o0pas30B); BO-BTOPHX, OTOT MeTON

MCIIOJIB3YyEeTCHA B OETEPMMHMPOBAHHEIX 3agauvax pacueTa OInpelneJIEHHBIX OIOHOMEPHBIX n



MHOT'OMEPHEIX MHTETIpPajioB, I[IPpK pPelUeHUNU anrebparyeckux ypaBHeHMM, B olepaumsax C
MaTpulaMu (ocoBeHHO ofpalleHre MaTpull), OPpUM OINTMMM3ALUMM OUCKPETHBIX [IPOLIECCOB
ynpasJjeHusa. Tak, OpM pPeUeHMM ajarebpardecKux YyPaBHEHMM METOOOM MMMTALMOHHOTO
MOIEJNIMPOBAHMSA KOJIMUECTBO BHUMCIIMTEJILHEIX OlNepaluy OPOMNOPLMOHAJBLHO  UUCITY
YPaBHEHMM, a [OIPpX MCIOJIb30BAaHUM HOETEPMUHMPOBAHHLBIX BBUMCIMUTEJIBHEIX MEeTOIOB OHO
IPONOPLMOHAJIBHO kyDy UYucja YypaBHEHUN.

BoJsiblioe TeopeTHUecKoe U IIpakTHUUYeckoe 3HAaueHMe I[OJIyuMJiM MCCJIeIOBaHuS C
IIOMOIIB IO VIMUTALUVMOHHOTI'O MO,IIeJIMpOBaHMH HpOLLeCCOB Hepenaqm COOGH.[GHI/HZ, KMHETUKM
XVMUUYECKUX pPeakumy, a Takxe OYHKUMOHMPOBAHMUA  CJIOXHEIX IPOM3BOICTBEHHEX,
MHQOPMALIMOHHEIX M aBTOMATU3MPOBAHHBIX CUCTEM YIpaBJIeHMS, SKOHOMMUECKUX U
OMOJIOTUUYECKUX OOBLEKTOB.

5.2. CayualiHile umMcia

CnyanZHble gnciia HeOGXO,HMMI:;I B LI€JIOM pAane IMNpuMKIIagHBIX obJjlacTen: VIMUNTALVMOHHOE
MOIENMPOBaHMEe, UMCIIEHHBM aHalM3, NpoTpaMMMPOBaHMe Ha KOMIbBITEpe, NPMHATUE PEUeHUN U
Op. B 3TOM CBA3M BaXHO I'PaMOTHO BHOMPATh CIOCOOB IOJYyUYEeHMS [NOCJIeOOBaATEeJIbHOCTEN
CﬂyqaﬁHbIX uycesi, peajsimzyemMble C HaVIMEHBUVIMM 1O BO3MOXHOCTM 3aTpaTaMM U O6eCHeqMBaIOLLLMMM
NpOCTOTY M yIOBCTBO MNOCJEeNylMxX Npeobpas3oBaHui.

STuM TpeBGOBaHMAM YIHOBJIETBOPSIOT CJyYaMHEE dYMCJIa C PaBHOMEPHEIM
pacnpenenenueM B mHTepBane [0,1]. MoXHO HAIOMHMTL, UTO HEIPEPHBHAas CJydalHas

BeJMUMHA MMeeT paBHOMEepHOe paclopelejleHre B MHTepBaje [a,b], ecnu ee OQyHKUMM
HHOTHOCM4Lf(XD u pacnpeneeHms }T(X), a TakxXe MaTeMaTHMUeCKoe OXMUIaHMue

m,,

PaBHEL:

IOUCIIEPCHUS Cfx ¥ CpenHee KBaIpaTUUYECKOE OTKJIOHEHME Cfx COOTBETCTBEHHO

0, npu x<a,
f(x)=<1/(b—a), npu a<x<b,
0, npu x> b.

0, npu x<a,

F(x)=<)b€;a, npu a<x<b,
—a
1, npu x> b.

b 2
1 1 x* » b+a
m,=|xf(x)dx=—\|xdx=—— | =——,
o /(%) b—aa b—a 2 |“ 2

a

0t = [ v=m,) fax ==



/ b—a
O, = Cf% =='E£:7§T.

CrryualiHass BeJIMUMHA HaszblBaeTCHa PaBHOMEPHO PaclpelesiIeHHOW B

unrepsane [0,1], ecau ee IUIOTHOCTL pacHpeleseHus vf(XD uMeeT BUI

1, xe[O, 1],

A P

OyHKIUMSA pacHpenejyieHrMs B DTOM CJlydae ¥MEeT BUI:

0, npu x<0,
F(x)=<x, npu 0<x<],
I, npu x>1.

MaTemaTtudyeckoe oxumanve M u amucnepcua O,  COOTBETCTBEHHO paBHH:

X

Jo T[OsSBJIeHUS KOMIIBITEPOB LIMPOKOE PAaCHIPOCTPaHEeHMEe ¥MeNIu GuiandeckKue
TEeHEepaTOopPEl CJyYaMHBIX BEJIMUMH, B OCHOBE KOTOPEIX JIEXUT ECTECTBEHHEN MEeXaHWU3M,
OCHOBAHHHEIM Ha OpTaHM3almuu BHOOPKM M3 CTAHOAPTHOTO (QIYKTYALMOHHOTO I[Ipoliecca.
[IpocTenumMM YCTPOMUCTBOM, OCHOBAHHOM Ha DSTOM [IpPMHLUUIE, SABJISETCS MexaHrueckKas
pyseTrka. IllomydaeMele OT (QuBMUECKMX T'€HEPATOPOB uMCJa IO CaMo¥ CyTu
«CJIydyamHEE», I[OCKOJIbKY OCHOBHBAKWTCS Ha OGIYKTYAaUMOHHEIX I[IpOolleccax, CTOXaCTUUHOCTD
KOTOPEIX IOKasaHa I[IPaKTUKOM.

PasBUTKE KOMIBLIOTEPHEX TEXHOJIOTMM IaJiO MOIHBM TOJYOK COBEPLIEHCTBOBAHUIO
MaTeMaTUUYECKUX METOINOB TEeHEePUPOBAHMUSA CJYyUaMHBIX BeJuuMH. HO 5TM BEJMYUMHE, B
OCHOBE IIOJIyUEeHMS KOTOPHEIX JIeXaT COOTBETCTBYKIME IeTEePMUHMPOBAHHBIE AJITOPUTMEl, IO
CyTM CBOEM He [BJIATCS CJydalHeMM. [losToMy 6OoJjiee HOpaBMJIBHO ObJIO OBl  HAa3BIBATH
MX I[CEBIOOCJyYaMHBIMM. XOTS OHM M MMEKnT COOTBETCTBYWIME CTaTUCTUUECKUE
XapaKTEPUCTUKA . Hamypyuymme M3 WM3BECTHHX CEeTOOHS T'€HepaTOpPOB CJIyYalHEIX BEJIMUMH
peanuM30BaHEl Ha OCHOBE KOHTPYSHTHHX METOINOB — JIMHEMHOTO, CMEeWaHHOTO U
anouTuBHOTO [18, 19, 25].

B OCHOBY TIIOCTPOEHMUS BCeX TIMPOTPAaMMHEIX T'€HEepPaTOPOB CJyUYaMHHEX BEJIMUUH
IIOJIOXKEHO MCIIOJIL30BAaHME CJIENYyRIET0 PEeKYyPPEeHTHOTO COOTHOIEHMS

§i+1 - f(éz) ’
T.e. KaXnooe oyepenHoe CHy‘IaTZHO@ YMCJIO él'i‘l InoJjiyyaeTrcsa B pesyjirTaTe

HEeKOTOpOoIro HpeO@paBOBaHIAH f Han InIpenelnyuym UM CJIOM él miim rpynnoﬁ Inpenelnymmx

CJlydyaMHBIX uuceli. llpeobpas3oBaume f — BTO HEKOTOPOe IIepeMelMBaHMe MNPemsIylmx
YyyceJsl M BHIIOJIHEHME KakKux—HuOynb apudbMeTrdyeckmx OIepaLui.



Hanpumep, IyCThb éb = 2061, BO3BOIA ero B KkBaIpaT [OJydalT éb =

04247721. Brimesss w3 IIOCJHeIOBaATEJBHOCTM uLUubp, HaAIPpUMMEep, UYeTHpe CPeIHMUX

2
paspsana 2477, TOBOPAT, UTO éﬁ = 2477. 3aTrem éﬁ = 06(1355)29 wmu éé = 1355

T.IO. Ecnmm x wMTOTOBOM HocjemoBaTesbHoCcTM umcen 2061, 2477, 1355, .. mOpunmcarThb
HOJIb C 3anaTom (C TOUKOM), TO nojyuaemele umcja 0.2061; 0.2477; 0.1355;
OeVICTBUTEJIbHO HaxomsaTcsa B wumHTepBajse [0,1]. O T1poBepke PaBHOMEPHOCTHU

pacnpepesieHMa 3TOM NOCJIeIOoBaTesJb—HOCTM OyHmeT CcKas3aHO B cjlenypoueM naparpade
5.3.

MoxHO HOpMBECTHU OOVMH IpPUMEP M3BECTHOTO ajITOpMTMa I[IOJIyYeHUsd
I0CJIeNOBaTEJIbHOCTHU CJIyYaMHbIX BEJIMYUH, XOTsA Ha IpaKTUKe BTUX aJTOPUTMOB
MCIOJNIB3YIOTCS COTHM MM JaXe THCAYM. BJIOK-CcxeMa aJjiropuTMa BSTOoI'0 I'eHepaTopa
n3obpaxeHa Ha puc. 2.5. JVCXOOHBMM HaHHBEIMM B aJITOPUTME DPUCYHKa 2.5 ABJIADTCA
BeyuumHel Uy = 0.5421 wu U; = 3.1416. g - 2TO IoJIydaeMele  CJIydalHbe
BEJIMYUMHEL, I - Texkywmn

HOMEP BEJIMUMVHEL é, U — 3amaHHOe KOJIMYeCTBO IMoJIy4dyaeMbIX BEJIMUVH .

Ja

Beogn
' It =T_4
=0 l P
' c=0I11/4 |
T=T/0 4+ |
I Beoxm §
In=1n1 '
l Ir=717+1
Il =T
I
V=T_-4

Puc. 2.5. Ilpumep ajaropuTMa OPOTPaMMHOI'O I'eHepaTopa
[Ipy OPOTrPaMMMPOBAHMM Ha PasJIMUHBIX aJITOPMTMMUYECKUX sA3BKax (Belcuke,

Ilackane, Cu, [lpojiore u T.H.) BCerga MOXHO BOCIIOJIB30BATBLCHA CTaHOAPTHEIMU
OyHKUMAMM, peajM3yoUMMM IIOJIydeHMe IIOCJeNOoBa-TeJIbHOCTEM CJIydYaMHBEIX BEeJIMUUH,
PaBHOMEPHO pacHnpenejieHHEx B uHTepBajse [0,1]. D310 odyHkumsa random. AJTOPUTM
paboThe, Kak I[paBUJIO, HEU3BeCTeH. I[lo3ToMy OCOOEHHO THAaTEeJIbHO HYXHO MPOBEPATH
KadeCTBO IOCJeOOBATEJIbHOCTM BEeJIMUMH, I[OJIydaeMEIXx C I[IOMOIBI 3STOTO
reHepaTopa (06 s3TOM clenyiommMy naparpad) .

dparMeHT OpoTpaMMel Ha Illackajie MCIOJIb30BaHMs TI'eHepaTopa random u
OBaIlLaTh UYMCEeJ, [NOJIYYEeHHHEX [IpM peajmM3aluy BSTOT0 TI'eHepaTopa, INIPUBEINEHH HUXE.

program demoranl;
uses crt,;
var
i: integer; {i- KOJWYECTBO F'€HEPUPYEMBIX UHCEI. }



n: real;  {n - reHepUpPyeMOE€ YUCIIO. }
begin
clrscr,
writeln (' TlporpamMmma reHepupyeT ABaLATh');
writeln (' ciyvaiinbix yucen ot 0 go 1');
writeln (' ¥ BBIBOAUT X HA SKPaH B YETHIPE CTPOUKH');
writeln (' 10 5 yncen B Kaxa01.');
writeln;,
randomize,
fori:=Ito 20 do
begin
n:=random;,
write(n:8:3);
if i mod 5 = 0 then writeln,
end;
readln;
end.

CnyqaﬂHme BEJIMUVHEL, IIOJIYYEHHEIE IIPV MCIIOJIE30OBaHUU CTaHHapTHOﬁ @yHKHMM random:

0.123 0.005 0.976 0.588 0.342
0.496 0.903 0.005 0.427 0.349
0.427 0.526 0.637 0.923 0.437
0.846 0.457 0.439 0.752 0.376

5.3. IpoBepka kadecTBa IIOCJIEeLOBATEJILHOCTEN CJIy4YaMHEIX BeJNYMUH
UTOOEl OBITE YBEPEHHEIM B pe3yJjibTaTax MMUTALMOHHOTO DSKCIEPUMEHTAa,
npeaBapmTeJsIbHO HeoOX0oOMMO y@eﬂMTbCH B CﬂyqaﬁHOCTM MCIIOJIb 3y EMBIX
HOCHeHOBaTeﬂbHOCTeﬁ cnyqaﬂme BEeJIMYVIH . A KauecCTBO cnyqaﬁme yucelJi, I1OJIydYaeMbIX
IIPOI'PaMMHEIM criocobom Ha KOMIIBIOTEPE, 3aBUCUT oT TOI'O, HACKOJIBKO YoadHO
IIOCTPOEH aJITOPUTM, WM  [IO0JOOpPaHE KODQOMUMEHTH M HadaJlbHble SHAUEeHMs I[apaMeTpoB

TeHepaToOpPOB.

CraTucTHdeckas Teopusa IpenjaraeT ULeJElM pal KOJIMYECTBEHHHX KPUTEpHeB
ciaydamHocTu. O»OHAKO, eClM [OOCJIeHOBATEeJIbHOCThE YHOBJIETBOPAET OTHOCUTEJBHO TeCTOB
]],]é,.“,];, BCE X& HeT YBEPEeHHOCTM, UYTO U TecCT 7;+1 OHa BEIOEPXUT CTOJIb
Xe ycHonemHo. J Bce-Taku dYeM OoJblle TEeCTOB [Ipolyla [IOCJIeOOBaTEJIbHOCTh, TEM
HaexHee [OJydalTcsa pes3yabTaTel. Kak HOpaBuJo, CJydaMHbe uYKucjla [IPOXOOAT
NPpOBEPKY C TIOMOIBID CJeOYKIMX TEeCTOB: YHMBEPCAJIbHEIX TECTOB (KpMTepMﬁ;( («xm—
KBagpaT»), kpurepum Kommoroposa — CMmmpHOBa (KC-kpuTepmuit)) mu OSMIMPUYECKMX TECTOB
(mpoBepka NO MOMEHTAaM paclIpenejyieHursa, [NIPpOBepKa Ha pPaBHOMEPHOCTBb, [POBEpPKAa
cepmiyt, TNpoBepka MHTEpBajioB, MNpOBepKa KOMOMHALMM, [OpOoBepKa C I[IOMOUBI0

BEIUMCJIEHMS KAaKOM-HUOyIOb OOmemM3BeCcTHOM KOHCTAHTH) .

[lpoBepka o0 MOMEHTaM pachnpeneneHmsi. Kak OTMEUYaJIoCh B § 5.2,
MaTeMaTUUeCKoe OXMIaHMe U IOUCIEepCUMsS PaBHOMEPHO PacHpelesIEHHOM CJlydaMHOM
)8

[IOCJIeNOBATEJIbHOCTM B MHTepBaje [0,1] PaBHEL — COOTBETCTBEHHO. IlycTb



MeeTcHd IIOCJIeIOBaTEJIbLHOCTD urcesI éaj éé)"ﬂ é}v, IIOJIydYeHHad C VICIIOJIb 30BaAHMEM

KakoTo-HMOyIOb NPOTPAMMHOTO TeHepaTopa. IS BTUX UKCETT
1 N
mé: ~ Nzé’
i=1
2
N N
2 1 > 1
Cig “’]V, é; -_‘Afz é; .
i=1 i=1
Ecnn TeHepUpyeMble uycra OIU3KU K PaBHOMEPHOM CJly4anHOM
[IOCJIeDOBATEJIbHOCTM B MHTEepBaJle [0,171, TO IHOPM OOCTAaTOYHO Oojbumx N

1, 1

x— ~—.
m, 2, O, D
[lpoBepka Ha pPaBHOMEPHOCTB. JMHTepBan [0,1] paz®mumBaeTca Ha N PaBHHX
IIOOBEIHTEPBAJIOB u @MKCMpyeTCH, B Kakom ns3 IIOOBEIHTEPBAJIOB IIornagamnT duciia é;.
IIycTe m — KOJIMUECTBO CJyYaMHBEIX 4YMUCeJI, IOoNaBUIMX B I[IEPBHM MHTEPBAJ; m, -
BO BTOPOM M T.I. SIcHO, UYTO

m + mp, + .. + m, = N.

BaTeMm BEIUMCIIATCA JaCTOTEI IIornamaHmAa CﬂyqaﬁHHX qnmceJ B KaXﬂHﬁ nus3
IIOOBIHTEPBAJIOB

Ecomu cJayyayHas [IOCJEIOBATENIbHOCTL UMCEeJI paBHOMepHas, TO Opu Oojnbumx N

1

rMcTOIpaMMa  (JIoMaHas JIMHMA) OOJDKHA NPpUOIMXAaTbCad K TEeOpeTHUUeCcKOoM IpaAMOM )7==——.
n

Ecnu umcio pa30mueHumt n ::10, TO }722———. Ha pwmc. 2.6 [NOpWBEeIeHH pPes3yJbTaTkl
MCCJIEOOBAHMS IIOCJIEOOBATEJIBHOCTM CJIYYaMHBIX  UMCEelT (mna N = 1000), T[OJNYYEHHEIX C
MCIIOJIb30BAHMEM CTaHIAPTHOM OGyHkUMM random s3plka llackajb.
[lpoBepka MO KPUTEPHIO xz. [IpMeHEeHMEe BTOI'0 MeTOoIa OCHOBAHO Ha Cclenyomeln
npouenype:

1. Orpesok [0,1] pazbuBaeTCcad Ha N MNOIBHTEPBAJIOB (n npwHMMaoT paBHeM oT 10 mo

20) .

2. o COBOKYIIHOCTMU N uyces IOOCUMUTEIBAETCS KOJINUECTBO n%,

ronaBmmx B 1-¥ nomeHTepBas (1 =1,2, .., n).
3. OnpenengeTcs OSMIMPUUECKOe 3BHAaueHUEe

22M !



YactoTa nonagaHus crniydalHblX YMcen B KaXAbl MHTepBan
0,14 -

0,12

0,1

0,08

0,06 -

0,04

0,02

01 02 03 04 05 06 07 08 09 1

Puc. 2.6. Pe3yJbTaT MCCIEIOBAHUSA I[OCJEIOBATEJbLHOCTU UMCEeJ
Ha PaBHOMEPHOCTD

4. Insa DOBEPUTEJILHOU BepoarHocty O wn 4ucia cTeneHen

CBOOOIEL l ::71—'1 onpenesifseTCca TeOpeTHMUeCKOe SHaYeHMe KpUTepusd
2 _ 2
Zm _Zm(laa)

2< 2
5. Ilpy BHIIOJHEHUM yCJIOBUA ;(9 __;an TUroTesa O PAaBHOMEPHOCTU

InprMHVMaeTc4d, B IIPOTVBHOM ciiyuae - IIPM3HaAeTCA HEeCOCTOSTEJIbHOM .

I[IpoBepka C MOMOWBI BHUYMUCIEHUST KaKOM-HUBYIOB oBmensBeCcTHOM KOHCTAaHTH. g

peanmzaumMy 2TOM I[IPOBEPKM BuOMpaeTcHd, HanpuMep, BHIUMCJIEHME UMCJla II. 3HaueHME
ero mM3BEeCTHO M OIpenejieHO ¢ OOoJjploM TOYHOCThI: @ = 3.1416... . HyxHO BHOpPaTh
KaKyo-HMOyns QopMmyJy, B 3BalMCKU KOTOPOM YydacTBYeT UMCJIO II. Hanpmumep,

momalbs  KpyTa: S = 7Z'R2 u, ecamn R :1, TO S =7. To ecTb, BHUYUCIUB
METOOOM MMMTALMOHHOTO MOIEJMPOBAHMSA I[IJIOWAObL Kpyra C paguycoM, PAaBHEM eIMHUILE,
¥ TPOBEPMB, Ha CKOJIBKO DTa JoWanb OTJIMYATCH oT BeJauumMHel 3.1416, MOXHO
CyIMThE O KaueCTBe T'€HepaTopa, BHIAKWETO I[I0CJeIOBATEJIbHOCTE CJIyUaMHBEIX BEJIMUMH,
PaBHOMEPHO paclpenesieHHEIX B uHTepBaye [0,1].
IOnsa  BEUMCIEeHMS S HeoOXOoOoMMO 3HaATh YpPaBHEHME OKPYXHOCTM, a OHO

2

2
M3BECTHO : X +xy ==1. BrluyciyieHMe [OPOMBBOJIBHOM  IIJIOMAanyu (BEIUMCIIEHME MHTeTIpaja)

METOHOOM MMMTALMOHHOT'O MOIENIMPOBaHMA omnmcaHo B § 5.1. [nd 53TOr0 HYXHO MMETbh
AQHAJIMTUUECKOE BHPAXeHMe IIONBHTeIpPaJibHOM (QYHKUMM, KOTOpOoe IJigd paccMaTpuUBaeMOI'O

mpuMepa  3amMCEBA€TCA OYeHb MpocTo ) :ZjIV],—mx . Tax xak BCe HOENCTBUSA

IPOM3BOIATCSH B IEpBOM KOOPOMHATHOM YTy, To J = 1—x ) 1365[0,1], U Tak

Kak BHIUMCJISETCS IIJIollalb TOJIBKO UYeTBEPTM Kpyra (cM. § 5.1 u puc. 2.3), TO
m

MCKOMas BeJMuMHa YeTBepTM Kpyra LS )X —. A rmjomams BCero kpyra S u,

N



4dm

CJIenIOBATEJSIbHO,  UMCJIIO 7Z'z4S=— 3mecs M — uuciao ToUuek, MNONABIMX NPU

VMUTALMOHHOM BKCIEPMMEHTE IO KPUBYIK }72: 1“]? WM Ha caMy KpPUBYD, a pJ'—

obmee KOJIMUECTBO TOUekK, OpPOWEHHHX B eIMHUYHEDI KBagpaT [0,1]><[0,1].

UeM MeHblIle OTJIMYAaeTCsa BBUMCJEHHOE 3HadeHuMe I OT TOYHOTO (3.1410), TeM
Cc DomblmeM YyBEPEHHOCTBI MOXHO CUMTATb, UYTO CTaTUCTUYUECKME XapaKTePUCTUKNU
TeHepaTopa CJlydaMHBIX BEeJIMUMH, KOTOPBM MCIIOJIB30BAJICA I[IPM PEeleHuM BTOoM 3amadun,
ABJISIOTCH YIOOBJIETBOPUTEJNBbHEMM. IIpM 3TOM HeOOXOIMMO YUMUTHBATL, UYTO TOUYHOCTH
BBHIUMCJIEHMS 3aBUCUT, KOHEUHO, OT KOJIMUeCTBa Touek, OpPOUEeHHEX B eIMHUYHHEM
KBagpaT, T.e. OT KOJIMUeCTBa peajMs3aluuyi I[Opollecca MoIenupoBaHmMsa. Ho »To
OTIEJILHE BONPOC ¥ OH OCBellaeTcsa B § 5.6.

5.4. MogenmpoBaHMe CJIy4YaMHEX MOPOLIECCOB
HpM MOZIIeJIMPOBaHUU npornecconB @yHKHMOHMpOBaHMH crucreM MaCCOBOTI'O O@CﬂyXMBaHMH

YacToO BOBHUKAET HeOoOXOIMMOCTL UMUTHPOBATHL CJIydaMHele COOvTMS. Ilpu 3ToM
YUUTEIBAETCSA, YUTO BHIIOJIHEHMEe JIOOOTO COOBITMA (JI0OOM I[IOCTABJIEHHOM 3anadn)
XapaKTepusyeTCsa ONpeneJIeHHBIM 3HaueHMEM BEePOSATHOCTM XeJIATEJIBHOTO (MM
HexeJlaTeJIbHOT'O) Mcxoma. TakuMy COOBITMAMM MOTYT OBTB: SBKa CTyIeHTa Ha
3aHAaTKSa, [OCTYIUJIeHMe 3alpoca B CUCTEMY, COCTOSHME TEeXHUUECKUX CPEeACTB CUCTEMEL
yhnpaeJjieHys ¥ I0Op. Kak MoOeJupoBaThb Takye U IOHOOHEIEe COORITMA? Hanpumep, Kak
oTpas3uThb B MoOIeam TOT GaxT, UTO K Havally OQYHKLUMOHMPOBAHMS (k MOMEHTY
BKJIOUEHMUT) OO0BeKT OyIoeT HaxXOOUTbCH B MCIPABHOM COCTOSHMM C BEPOSTHOCTHI,
pasHoOM, gmonyctmM, 0.997

B sToMm Haparpa@e paccMaTpruBamnTCAd TUIIOBEIE IIPVeMBblL MOIEeJIMPOBaHMA IIPOCTHIX n
CJIOXHEIX cnyqaﬁme CO6HTMﬁ, BEPOATHOCTN CBEpUEeHMA KOTOPHEIX M3BECTHEI.

CuyTaeTrcsa, UYTO B pPaCIOPSXEeHMM BKCIepuMeHTaTopa (muccijemoeatTensa, cybwekra),
peanmu3ypnlero OpolLecC MMMUTALMOHHOTO MOIEJMPOBAHMS, MMeeTCd BO3MOXHOCTL IIOJIydaTh
IIOCJIENOBATEJIBHOCTL  CJIy4YaMHEIX BEeJIMUMH, PaBHOMEPHO pPacClpelesIeHHBX B MHTepBaje
[0,1] (cMm. § 5.2).

PeammsBaumuss cobmrust A. OTO eIMHMUYHOE CJiydalHoe COOBTHe 14 (nocrynaeHue
3agBxku B CMO, oTka3 annapaType M T.II.), HacTylaolee C BepOATHOCTbI P(A).
MomeJibio TakKoIro COOBITUSA aBJIA€TCHA IIONalaHue SBHAUEeHUSA CIlydyanHoOM BEeJIMUMHEL é}
PaBHOMEPHO paclpeleJiIeHHOM B
VHTEepBaJe [0,1], =B wuuTepBan [0, P(A)]:

P(A) P(A)

PO<E<P(A)= [ f(x)de= [ldx=P(A).

CiemoBaTeJIbHO, O TOM CBEPUMJIOCH WJIM HE CBEPWMIIOCH COOHITHE 14, cymaT o

3HAUEHUI0 pPaBHOMEPHO paclpelejleHHOM CJIydalHOM BeJIMUMHEL é;. Ecnim 3HaueHUe

CcIIy4yanrHOM BEJIMUMHEL YIOOBJIETBOPSAET YCJIOBMIO

i < P(4)
(2.1)

TO CUMTAT, YTO COOBITHUE 14 CBEepUMIIOCH. Ecim xe

ci > P(4),

TO CBEPUUBUMMCA CUMTAaETCA I[IPOTMBOIIOJIOKHOE COOBITUE 14.
Hanpumep, N0OyCcTb BEePOSATHOCTb P (A) nocrynjeHus sasaBku B CMO paeua 0.75,



CllydalHOe  UYMCJIO é; 230.95.. 3To TOBOPMT O TOM, B 1I-U peanmsauuM 3asBKa

B
cucTeMy He 1nocTynmia (HacTynomjio CcoObTue 14 - puc. 2.7). Ecam xe
é; ::0.53, TO — cumTanT, UyTO COOBITME A HaCTyIMUJIO.
p(a) = 0.75
p(a) = 0.75
1 ! | ! | |
[ T I I I |
0
1 0
1
| VAR | Vi |
| 751 I 73 I
0 0.95 1
0 0.53
1
Puc. 2.7. Peanmuzaumsa coOOHTHMS A: COOBITME He [IPOU3OILIO
(cyema), COOBITME TIPOMSBOULIIO (cniparea)
Peanmsaumst rpynns cobmrmiz. IycTb [ﬂ,142,.“,14n — TIOJIHad TIpynmna
n
HECOBMECTHEIX COOHTMI, HaCTylaomMx C BepPOSTHOCTAMU ]91,]92,.“,]9n; E ]% ::1.
i=1

Peanusanumsa TaKUX COOHTUNA [POUSBOOUTCH CJEeOylIMM 0BpasoM:

1. Orpesox [0,1] pasbupaerca Ha n dacren c gmuHamu P, Posy ey Py -

Touku IeJjieHn4A oTpe3Ka MeKnT Taxkue KOOpIOVHAaTHL:

IO:O’ llzpl, 12:p1+p2, vee ’ZS=p1+p2 +"‘+pS’ .

n
[, =Zpl- =1.
i=1

2. IlycTb 434' i-s craydyarHas BeJMUMHAa, PAaBHOMEPHO paclpelnejyieHHas B
VHTEepBaje [0,1]. Ecmm
lk—l <:é% S;Zk / (2.2)
TO CUMTAKT, UYTO I[IPOMUIOIUIO COOHTHUE 14k' e ICTBUTEJILHO, I[IPU  BHIIOJIHEHUN
COOTHOUEHUS (2.2)

P(Ap) =Pl <& <lp) =l =l = py-



Takas »npolelypa MONENMPOBaHMS HABBIBAETCS CXEMOM WMCIBITaHUM no xpebumo.

IIpmvep Z.3. KaHajsl nepemadM OaHHBIX MOXET
HaxXOOIUTLCA B UeTHPEexX COCTOAHMAX C COOTBETCTBYUMMU
BEPOATHOCTAMM &

1.VcnpareH wm cBobomeH, p; = 0.20.
2.VlcnpaBeH u 3aH4aT, p, = 0.35.
3.HeucnpareHn, p3; = 0.15.
4 .llomaBJyeH noMmexamyu, p; = 0.30.
PacueT 1,: l, = 0.20;, 1, = 0.20 + 0.35 = 0.55;,
1 = 0.55 +40.15 = 0.70, 1, =
1.00.
[lycTe [OpKM HepBOM peanu3aluu ¢, = 0.95. Taxk kax
13 < &1 < 1,
TO CUMTAlT, UYTO I[IPOM30MWJIO COOHTMe 4 — KaHaJl TI[OoHaBJIEeH
noMexaMu. Ecom xe &, = 0.05, TO0 - cobmTMe 1 - KaHaJI
rucnpaBeH u cBobomeH (puc. 2.8).
I Bd 22 JoE] B I | Ed Ea JoE] B4 |
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Puc. 2.8. MomenupoBaHMEe TPYINBE K3 UYeTHPEexX HeCOBMECTHEIX
COOBITUM

PeanmBaumsi CJIOXKHOIT'O COBHTHSI, COCTOSWEIro U3 OBYX HEeBaBMCHUMBIX CoO6mTHi A

m B. IlycTb He3aBUCUMEE COOBTMS A ¥ B HacTynaoT C BepPOSTHOCTSIMU 19A " ]?B

COOTBETCTBEHHO. Ecnm mnocjemoBaTeJIbHO IOJIB30BATHLCS COOTHomeHueM (2.1)
OTHOCUTEJIbHO COOmTmii A wm B, TO 1ojydaeTcs axropmrMm 1, OJOK-CcxeMa KOTOPOTIO
npencrapjieHa Ha puc. 2.9. To ecTh g peanmM3aluuy HACTYIJIEHMS OIOHOTO M3

coOrTMM TpebyeTcs MCIOJb30BaHME OBYX UMCeJ é; u é;+l M IOBEe I[POBEPKU

COOTHOIIEeHUS (2.1).
Ecnm xe [IOJIb30BaTLCH COOTHOIIEHNEM (2.2), TO peanmszaumns
CJIOXHOT'O COOBITMS NIPOMBBOOUTCS IO aJIT'OPUTMy 2. s ero ocymecTt-
BJIEHUSA HeoBXOIOUMO paccumMTaTb BEPOSTHOCTM HACTYIJIEHMS  CJIOXKHBIX  COOBITUI
AB, AB, AB, AB:

papPg> pP4U0-pp), (=pHpg, (A=pH1-pg).



Ia

HemT

Puc. 2.9. Braok-cxeMmMa aJropmuTMa 1 OpM peaau3aluMM CJIOXHOI'O
COOBITUSI, COCTOSAUWEIO M3 IBYX HE3aBUCUMBIX COOBITUNM

BEPOATHOCTEM COOBTUM AB, AB, AB, AB BynyT

3arey, Kak

Korma KOHKpPEeTHBEE BHAUYeHUS
paccumMTaHe, TO UX MOXHO OOO0B3HAUUTL COOTBETCTBEHHO: D1, P2, P3, Pa-
yXe TOBOPWJIOCBH, MCIOJIB3YEeTCS COOTHOmeHMue (2.2).

Ipumep 2.4. OCymWEeCTBUTL POS3BITPHII HACTYIJIEHUS
CJIOXHOTO COOBITHUSA, cocTOoduero M3 He3aBUCUMBEIX COORITUM A

n B. BepodaTHOCTM COOBTUM pa= 0.3 m pg =0.4.
PaccuntreiBaroTcst COOTBETCTBYIOIIME BCPOATHOCTH CJIIOKHOI'O COOBITHS:
P1 = Pa Ps =0.3 - 0.4 =20.12,

P2 = pa(l - pg) = 0.3- 0.6 = 0.18,
p3= (1 - pa) pg =0.7 - 0.4 = 0.28,
) .7

ps = (1 - pa) (1l —ps) =0 0.6 = 0.42.

n
Ecnm EApiZI, a »To, OeNCTBUTEJILHO, TakK, TO
i=l1

IJiS MCIOJIb30BAHMUA COOTHOWEHMSA (2.2) pacCUMTHBATCSH

BEJIMYVIHEL lS

1020, 11=p1=O.12, 12:p1+p220.12+0.1820.30,
[3=03+028=0.58, [,=058+042=1.

Ecnm 51 = 0.95, TO B COOTBETCTBUM C COOTHOIEHUEM



(2.2) wHacTymnaer cobetue AB, eciamu  xe & = 0.05,

TO COBLBITHE AB u T.m.

PeanmmBaumsi CJIOKHOIT'O COBGHTHMSI, COCTOSIer0 M3 JOBYX BaBUCHMMEIX COGmTMII A u

B. [Ipn >TOM, NyCThb BanaHbl BEPOSTHOCTM COOBITUN 114,]23 u ]9(13//4). BenmuumHa

BEPOSATHOCTHU 1?(l3/14), HeoOxonmumasa nOJjisgd JaJjlbHEMIMX PacuéToB, BHUMCISAETCS II0

bopMyJie IIOJIHOM BEePOSATHOCTU

pg =p4p(B/A)+ p1p(B/ A).

—  pp—p4pP(B/A)

p(B/A)=-8_F4 .
1-py

KaK mn B cnyqae He3aBUMCVIMBIX COGHTMﬁ, VIMernTCsda IBa BapmaHTa HOCTpO@HMH

aJITOPUTMOB peanMs3aluy CJIOXKHOTO COOBTMSA, nNpudyeM o0a BapMaHTa AaHAJIOTMUYHEL
PAaCCMOTPEHHEIM  BHIUE .

OTkyma

B ciiyuae WMCHOOJIB30BAHMUS COOTHOIEHUS (2.1) anropuTM 1 aHajorMUeH Npolenype,
IOoKal3aHHOY Ha puc. 2.9.
B crnyyae Xe MCIOJBb30BaHMSA COOTHOUEHMUS (2.2) (anmropuTm  2), Kak ¥ IOpexne,
OJIS eT0 OCYUEeCTBJIEHUS HeoOXOOVMO paccumMTaTb BEPOSATHOCTM HACTYIJIEHMS  CJIOXHBIX

COOBITUM AB,AB, AB,AB Ho Tak xak CcOOBTHUS 3aBUCUMEE, TO

p1=p4p(B/A),
P2 =p4(1-p(B/A)),
p3=(0-py)p(B/A),
py=(1=p)(1-p(B/A)).

Korma KOHKpPETHHE BSHAaUeHUs BEPOSATHOCTENM COOBITUM AB,AB,AB,AB OynyT

pracCumMTaHEel, nx MOXHO, Kak 3TO CcoeJiaHO BEHIIE, 0D0OBHAUUTH COOTBETCTBEHHO:

]?1,]92 ,]%3,]94. 3aTeM, KakK yXe TOBOPWJIOCh, MCHIOJb3YyeTCS COOTHOIleHue (2.2).

Ipumep 2.5. Peanms0BaTh CJIOXHOE COOHTHME, COCTOdlee
M3 IOBYX SaBUCUMEIX COOBITMI A u B. 3amaHel BepPOSATHOCTU
cobuituin pa = 0.3, pg= 0.4 wu p(B/A) = 0.8 .

Bemnununa BepoarHoctu p(B/A) eoumcnserca no dopmydse

(2.3):

0.4-0.3-0.8 0.16

= ~0.23.
0.7 0.7

p(B/A)=




PaCCUMTHBAOTCSA BEPOSTHOCTM CJIOXHHX cobermit  AB,AB, AB, AB :

p=pup(B/A4)=0.3-0.8=0.24,
p,=p,(0—p(B/A)=0.3-0.2=0.06,

22 =(1—pA)p(B/A7)_= 0.161,
ps=1-p, - p(B/A))=0.539.

g IIPOBEPKMU IIPaBMIJIBHOCTU MaTeMaTnUUdeCKMUX BEIKJIQOOK
BBHIUMCJIAETCA CyMMa BepOHTHOCTeﬁ HeCOBMECTHEIX COOBITUM l%,

KOTOpad IJOJIXHAa PaBHATBCHA eIOVMHNMIIE ©

4
Zpl- =0.24+0.06+0.161+0.539=1.0.
i=l1

A Temnepb TakKk Xe, Kak B I[IpedplOylleM [IpuUMepe,
PacCuUMTEBATCH &, yTOOBl MOXHO OBJIO IIOJIB30BATLCH

cooTHOWeHueM (2.2) wu T.n., Kak B OpuMepe 2.4.

Peanmusaumsi OLHOPOIHOM uUenm MapkoBa. Ilpexze BCerO HEOOXOIVMMO OINPEeIeIMTLCH
Cc TepMmMHOJIOTMEV. CiydayHasi NOCJIEAOBaTEeNLHOCTE COOHTHII HaBHBaeTCa MapKOBCKOM
Lenso, ecnM 4SS Kaxgoro lara BEepPOsTHOCTB Iepexofa M3 COCTOsHuMsI S; B Joboe
cocTositHme S; HE BaBMCMT OT TOI'O, KOI'Za M Kak CuCTeMa IpuMa B COCTOSIHME
S; [22, 41]. IlycTb xXapakKTep CMEeHH COCTOSHUM ONpenesyiseTCsa MaTPULEeV [NepexoloB:

Pu P12 - P
P21 P -+ P

Pnl Pn2 -+ Pmn

roe  JHoOOM  BJIEMEHT ManMuHZ9y — YCJIOBHAs BEPOATHOCTbL HACTYIJIEHUS COOHTUS
(cocTogHus) é;i npM yCJOBMU, UTO [PEIBIOYymMM OBIJIO  COOHTUE é%. CrucTeMa MOXeT
HAXOOUTHLCA B COCTOSHMAX AS&,Agz y.q‘S% . HauasibHHE COCTOSHMS MOTYT 3aIaBaTbCd
pacnpeneyieHMeM BEPOSTHOCTEN ]%)1,1702,..” 170n . Vuu, ecim pacnpenejyieHue He

3amaHo, TO

Poi=—> we I=L2,.., n.
n
Ina peanmmusauuu OIHOPOIHOM MAapKOBCKOM LeNM MUCIHOJIb3YyeTCsa COOTHOIEeHMre
(2.2), KoTopoe IpMMEeHseTCcs K KaxXIOM CTPOKEe MaTPMULE [epPexXOOHBIX BEepOSATHOCTEN.



Heo®xonomMoO IOMHUTL, YTO CyMMa DJIEMEHTOB JIOOOM CTPOKM MaTPULE II IOJDKHA

PaBHATHLCHA eOMHMIEe, KaK CyMMa BEPOSATHOCTEMNM IIOJIHOM TPy HECOBMECTHHEIX COOBITUM .
Ipumep 2.6. HOiaa MaTpHULBE HepexXxonoB cucreMe S = {5,
Sz, S3}
0.2 03 0.5
I[T=103 04 0.3
0.7 0.2 0.1
peanu30BaTh OOHOPOONHYID MAapKOBCKYK Lelb. HaudaJbHBEE

COCTOSAHMSA CUCTEMBI PaABHOBEPOSTHH.

Kaxk ObBJIO CKa3aHO BHIIE, OIHOPOIHAs MapKOBCKAasd
Lenb peaamsyeTcsa IIPpM UCIOJIB30BAHUM COOTHOmEeHus (2.2).
Tak KakK HaydaJibHEIE COCTOSHMSA PaBHOBEPOSATHH, a KOJUUECTBO

cocroaHui B cucreme S BCero Tpu, TO py; =1/ 3,

T.E. pOl = 0.33; p02 = 0.33 iz p03 = 0.33.

Ternepb, HeOOXOOMMO TIIPOU3BECTU IOIATI'OTOBKY K
DaJIbHeMmeMy MCIOJL30BAHMIO COOTHOIEHUS (2.2), mT.e. HYXHO

paccumMraThb BeJIMYIVIHEL % IOJIA Had4daJIbHBIX COCTOSHUMN 1z IOJIA

KaxIo¥ CTPOKM MaTPMLE I[IEePexXONHEIX BeposaTHoCcTen. s
onpenesyieHusd HadaJIbHOTO COCTOSHUA:

JIns mepexo 0B M3 MEPBOTO COCTOSHUS (B COOTBETCTBUHM C MEPBOW CTPOKOH
matpuubl [1):

110 ZO, lll = P11 202, 112 = D1 +p12 =0.2+0.3 205,
113 = D11 +p12 +pl3 =0.2+03+0.5=1.
;19 BTOPOM CTPOKMU:
123 =P +p22 +p23 =03+04+0.3=1.0.

M, HaKOHell, OJid TpeTbeIZ CTPOKM:

Teneps, obpamasach C T'e€HepaTopy CJy4YaMHBEX BEeJIMYMH,
IoJIydanT IIOCJIeJOBaTeJIbHOCTD 5} ¥, CpaBHMBAA KaxIiyn M3

HMX C COOTBETCTByUMM HabopoM BeJMuMH I, (TO eCTb



[IOJIb3YACh COOTHOWEeHMeM (2.2)), HOOoJydalnT peajms3allio
OOHOPOIOHOM MAapKOBCKOM LenM (IoJydaknT II0CJeNOBaTEeJIbHOCTD
Iepexonoe CcucTeMsl S M3 COCTOSHMA B COCTOSHMEe) . MOXHO
BOCIIOJIB30BATbLCHA I[IOCJIEIOBATEJIbHOCTBIO CJIyYaMHBIX BEJIMUMH,

npMBemeHHEIXx Ha c. 80. IlycTh fi = 0.123, TOT Ia lop <
fi < 1ly;, cCJemoBaTeJIbHO, B HayaJIbHBIM MOMEHT BpPEMEHU
cucreMa S Haxomomijlacb B cocTodHuMM S;. g [OPOOOJIKEHUA
BSKCIepuMeHTa nyctb ¢, = 0.005, a Habop BeamumH Ig

IOJDKHEI COOTBETCTBOBATHL II€PBOM CTPOKE MaTPHULBE [IepexOoloB
[I, Torma B COOTBETCTBUM C COOTHoumeHueM (2.2) 19 < &
< 1,;, a BTO CBHUIOETEJILCTBYEeT O TOM, UYTO cucrema S,
Haxomsack B CcoCcTOdgHMM S;, B HeM xe S; M OCTaHeTcCcHd.

Barem nycrte &3 = 0.976, Torma 1, < & < 13, a 92T0
TOBOPMT O TOM, dYTO cCmMCcTeMa S M3 COCTOAHMA S
nepexoouT B Si3. Jajiee HYXHO TIIOJIB30BaThbCd BeJMUYMHaMu Ig,

pPacCuMTaHHBIMM IOJIS TPeTbeM CTPOKM wMaTpuus II, ©m T.51.
B wuTOorre mnojsyuyaeTcsd cJgenyomas II0CJIegoBaTeJIbHOCTD
peanmuzauum (IepexonoB)

.31 ')'.Sl ')'153 ') .Sl ')'132 ') 152 ')' n T.Io.

5.5. IonyueHMe CJIydaiHEX BeJMYMH C BaJaHHEM 3aKOHOM pacIpeleleHMus:
Ba,uaqa IIOJITyYEeHMA CﬂyqaﬁHbIX BeJIMMUVH C 3aaHHBIM 3aKOHOM pacnpeneneHMH

MOXeT OHTb CPOPMYyJIMPOBaHa TaK: MIpeob6paBoBaTkL BOSBMOXHEE SHa4YeHUsI CIy4anHoMu
BeJIMYMHEI £i/ uMeren
pPaBHOMepHoOe pacnpefeneHue B uHTepBane [0,1], B BOBMOXHHE SBHaAYEHUS X;
ClIydaMHOM BEeJMYMHE C SafaHHEM SaKOHOM paclpeleJeHus:.

CymecTByeT BCero IBa NIYyTM pelleHMsa DSTOoM 3ajauu. [lepBel Has3HBaAeTCHd

OPAMEIM M [PedyCMaTPMBAET peajM3almio HEKOTOPOV Omepaumy Ham HYMCIIoM &,
bopMmmpyImEr  YMCIIO X%, nogumMHsALeecss 3alaHHOMYy 3akKOHY paclpezejieHus. Bropon

crioco® OCHOBaH Ha MOIEJMPOBAHMUM YCJIOBUM NPEeHeJIbHHX TEOPEeEM Teopuu
BEPOSATHOCTEMN.
CymecTBO IIepBOTO IIOOXOIa BEITEKaeT M3 Ccjenyolell TeOpeM:H.

TeopemMa 2.2. Eciu ciydalHas BeJIMYMHA X  umeer mmorHoCT pacnpeneeHns

]p(X), TO paclpenejieHMe CJIydYaVHOM BeJIMUMHEL

X
£= [ f(x)dx

ABJIS€eTCH pPaBHOMEPHEM B uHTepBaje [0,1].

Orcoma, YTOOB [OJIYUMTBH UMCJIO M3 COBOKYIHOCTU {X&}, yMeumnx  QyHKLMIIO

[IJIOTHOCTU ]fCX), HEeOBXOOMMO paspewnTs OTHOCHMTEeNbHO X; ypaBHEHUEe

l



[ reode=¢

(2.4)

Ipmvep 2.7. IlodyuuTh BEPAXEHME IOJIS BHEUMCIIEHUS
3HAUEHUM CJIydaMHBIX BEJIMUMH X;, PABHOMEPHO pPacClpeleJIeHHBIX
B WuHTepBajyle [a,b], T.e. T[NOOUMHANIMXCH PaBHOMEPHOMY
3aKOHY paclnpelesieHUd

L a<x<b;

f=1""

0, x<a,x>b.

Vicrioslb3yd  COOTHOIIEeHUEe (2.4), nonyyamnT

n ajiee

x; =a+((b-a)i;.
(2.5)

[IycTe HeOoOXOOMMO IIOJIYUMTH IIOCJIEeIOBaATEJIbHOCTD

CJIydaMHBIX BEJIMUMH, PAaBHOMEPHO pPacCIpenesieHHBX B
MHTEepBaJe [-10, +20]. Torma, OOACTABJISIT [IPenOeikH
MCKOMOTO MHTEpBaja B I[OJydYeHHOEe COOTHOUEHMUE (2.5) :

x; =10+ (=(=10))& = —10+30¢..

I IOJIydeHMs PaBHOMEPHOM IIOCJIeIOBATEJIBHOCTU B
MHTepBaJe [-30, O] OIIATE IIOJIL3YITCA CoOOoTHomeHmeM (2.5):

x; =30+ (0-(=-30))¢ =-30(1-¢;).
B [OJJydeHHOM BEPAXEHUM Pa3HOCTHb l—wé ABJISETCSH  TOXe

CJIy4alHOM BEJIMYMHOM, PABHOMEPHO pPaCIpeleJIEeHHOM B

VHTEepBaJe [0, 1], w® 5Ty PpPas3HOCTb MOXHO YCJIOBHO



3aMEeHMUTH Ha HeKoTopyl BesmuuHy & @ & =1-&,.

B wurore mnosyuaercsa  X; =-30¢,.

Ipumep 2.8. TIoJyudMTb BHPAXeHMEe 1OJIS BHUMCIIEHUS
BHAUEHUN X; CJIYy4YanHON

BEJIMYMHEIL, IIOOUMHSRIENC S SOKCIIOHEHLMaJIbELHOMY 3aKOHY

pacnpenesyieHnsd
f(x)=ae™, x>0.
B cuny COOTHOIEHUS (2.4) MOXHO 3anmMcaTb
Xj
Afe =,
0

[Iocaoe BBIUMCJIICHNMA mHTEerparsa

l_e_ﬁxi - it

9TO ypaBHEHMEe pa3pellaeTcsa OTHOCUTEJIBHO  X;

1
x; =——In(1-¢;).
A
Ecim ydyecTb, Kak ¥ B IpelbaylleM IIpuUMepe, UYTO
Bemmunta 1—¢& Takxe paBHOMEPHO pacnpenesieHa Ha

mHTteprajge [0, 1], TO WMCKOMOE COOTHOIIEHME IIPUMET
ciaenymouum  BUI :

1
x; =——In¢,.
l ﬂ, 1
3akaHuUMBasg pPacCMOTPEeHMEe MNIpSMOTO MeTona, CJelyeT I[NIOOYEePKHYThb, UYTO B
OONBIIMHCTBE CJlydaeB (HanopuMep, IOJd HOPMajlbHOT'O paclpenesjieHuda) ypabBHeHue (2.4)
He pemaeTcsa TOYHO OTHOCUTEJBHO Xj. B msTOoM cioydae LeJlecooOpas3HO
BOCHNOJIb30BATbLCSA BTOPHIM CIIOCOOOM, KOTOPEIM OCHOBAaH Ha MCIOJb30BAHMM [IPenesibHBEIX
TEeOpeM TeOpUM BEpPOATHOCTEN.
B cuity UeHTpallbHOM M[OpelneJIbHOM TeopeMmel (cM. Teopemy 2.1 Ha c.67) cymma

OONBIWLOTO UMCJla OOMHAKOBO pPacClIpelelIeHHEX HEeSaBUCHMMEIX CJyYaMHBIX BEJIMUMH IIPU
BeCbMa Of0mMX YCJIOBMAX MMeeT NIPpUOJIMXEeHHO
HOPMaJIbHOE paclpenejieHue.



[IycTsb éi) éé,...,é% CJlydyalHele uMcila, PaBHOMEPHO paclpeleJieHHEEe Ha

1 51

nuTtepsane [0,1] wu wumMenmme in§ ::Eg u CTf ::i——. Torma cyMMa

)(>::éa'+ gé +'".+'§h OKa3bIBAETCHa CJIydaMHOM BEeJIMUMHOM C paclopelejieHMeM, BOIMBKUM

n 2 n
K HOpPMaJIbHOMY, a In)( =— u CXX':Z———. TaxkyuMm o6pasoM, npm n = 12
oucrepcmsa  paBHa C?X'::l. Eciu w®3 CcyMMBE BHYECTb UYMCJIO 6, TO IOJIy4YanT
WRX'::O. Orcoma, ecan é;'— PaBHOMEPHO paclipellejieHHEe Ha uHTepBaje [0,1]
yycia, TO MOXHO IOJy4dMTh X& - BHAUEHMS CJIy4Y4aMHOM BEeJIMUMHEL, pPacClIpeneJIeHHON

2
HOPMAaJIbHO C mX = O n O'X :1 no dopmyse

12
i=1

(2.6)

[Ipy wMCCcJIeOoBaHUM peajMs3aluMM¥ BhHpPaxeHMs (2.6) ObJIO ODHaPyYXeHO, UWTO
bopmysia paboTaeT IJIOXO IIPM MOIEJMPOBAHUM «XBOCTOB» HOPMAJIbHOT'O paclpenejieHus,

a 3a npemenamn My ::2C7Af UMeeT MEeCTO CUJibHAs [OTPEellHOCTb. B  3TOM CBA3M

MOXHO MCIIOJIB30OBAaTH CJIEeIYIIYIO
bopmysy :

x; =(((C,R* +C,)R* +C,)R* +C,)R* + C{)R"?,
roe
12
2.8 —6
R==L .
4 2

C; =0.029899776; C, =0.008355968;, (5 =0.076542912;
C, =0.252408784; (5 =3.949846138.

S9Ta QopMmyJsia pacumMpdaeT IOIpenesitl MeTonma OO Zt3CTX@

Bce BERIIEM3JIOXEHHEBIE MeTO OBl OTHOCUMIJINCDH K 3allade IIOJIy4YEeHMA 3HAUYEHUN

HEIIPEPBIBHEIX CﬂyqaﬁHHX BeJIMYVH C 3alaHHBIM 3aKOHOM pacrpeneJyieHA . A Kak
dOPMUPYITCS 3HAYEHMUS OUCKPETHHIX  BEJIMUMH?

lycTe HOMCKpPeTHas CJydalHas BejmumHa ] NpUHUMAeT CYeTHOe MHOXECTBO
3HAUEHUNA 7h c BepoarHocramu pP; (i =1, 2, .), a pP; sanmaerca COOTHOWNEHNEM

pi=Pm=n;).



0
SICHO Takxe, UTO Zpl = 1 .
i=1

T'enepupyetrcsa ouepernHoe 60{ ’ rMemrluee PaBHOMEPHOE paclrpenesyieHmne Ha

MHTepBaJle [0,1]. MeTomoM IIOCJIEOOBATEJILHEIX [PUOJIMXEHUN ONpPelesisSinT Takoe 77&‘

KOTOpoe JOCTaTO4YHO TOYHO YIOOBJIETBOPAJIO OBl PaBEeHCTBY

Zp(m) = 50{'
i=1

%
Ecnu 770{ COBIlagaeT C OIOHVM nus3 771, TO OHO n IIPMHYIMaeTCHd B KauecTBe

3HAUEeHUS OUCKPETHOM CJy4daMHOM BEJIMUMHE 77. VHaue uMeeT MeCTO HEePaBEeHCTBO

i1 < 77; <7,

M MOXHO TPMHATL 3a OuepenHoe 3HaueHwe J] Benuumny Th.

IIpumep 2.9. Kak ¥MMUTUMPOBATBE Ha KOMIbKTepe  (MOJIyUMTb IIOCJIENOBATEJILHOCTE)
CIIy4YarHyKl BEeJIMUUHY 77, VMEBIY paclpenesieHue IlyaccoHa

AT
p,=——e€ ’1, n=0,1, ...
n!

g 2TOIO IIoJiydyamnTCc4d él n IIpoBepAeTCA ClipaBeJIMBOCTb HepaBeHCTBa

L,_,<é& <L,

(2.7)
p) a ﬂ}
Toe La =e E - (0[—0, 1, 2,..., L—l —0)
. I
i=0

Ecnmm cooTHomeHUe (2.7) BBIIIOJIHEHO, TO OuepelHOoe CJlydarHOe UMCJIO TL
npuHrMaeTcsa pasBHem M. B sToM ciaydae 77 YMeeT paclpenejieHue, OJIM3Koe K
IyaCCOHOBCKOMY .

TJlIaBHEIM HeIOCTaTOK MeToIa - MeIJIMTeJIbHOCThL. B 2TOM CBA3U UMBBECTEH
aIToOpPUTM, padboTawmMM SBHAUUTEJNbHO OBICTPEE, B OCHOBE KOTOPOIO JIEXUT
TeHepUpOBaHMue é; oo Tex TIIop, I[IOKa He CTaHeT
ClipaBeOJIVIBEIM COOTHOIIeEHNE

n 1 n—1
I I é‘ Ze I I fi :
i=0 i=0

Ecam nOpsaumele MeTOIB IMNPMMEHUTH HEe YyIaeTCsd WJIM BSTO He BHETOOHO C
BEIUMCJIMTEJIBHOM TOUKM 3PEeHMs, MOXHO BOCHOJIB30BATHCS YIOOOHBIM U YHUMBEPCAJIbHBIM
npmueMoM npeoBpasoBaHMS CJydaMHBIX UMCeJI, OCHOBAHHEIM Ha KYyCOUHOM allIpOoKCHMMalluu

byHKLUMM JIOTHOCTM.



5.6. OuneHka TOYHOCTM XapaKTepuCTuk. HeoBxoAmMoe UMCIIO peanmBauui
Benuuunvl, nonyuaemvie 6 pezyromame UCCIE008AHUA  PA3TUYHBIX
npoyecco8 MemoooM UMUMAYUOHHO20 MOOeIUPO8aHUsl, 0ObIYHO AGAIOMCA
CYYAUHLIMU, NOMOMY, UYMO 8 OCHO8Y Memood MNOJIONHCEHO UCNONb308aAHUe
npeoeybHblXx meopem meopuu eepoamuocmeti [6, 29, 32]:

TeopeMa 2.3. HpM HEeOT'PaHMUYEHHOM YBEeJIM4YeHUN dumcjia OIIBITOB N uacToTa COBBITUA
A cCXomonuTcsa I10 BEPOATHOCTU K eTro BEPOATHOCTNU.

TeopeMa 2.4. [lpy I[OOCTATOUHO OOJBIIOM UMCJIE HE3aBUCKHMEIX OIBTOB N cpenHee

apubMeTrueckoe HaOJIOOAEMBEIX BHAUEHUM CJIydaVHOWM  BEJIMUMHE 4Xf CXOOUTCHA IO
BEPOATHOCTM K €€ MaTeMaTMUeCKOMY OXMIOAHMIO.

Taxum oBpasomMm, mnnasa obecnedyeHMsa CTATUCTUUECKOM YCTOMUMBOCTU

COOTBETCTBYNIIME OLIEHKM BBUMCIIAITCSH no 60JbLIOMYy KOJIMUECTRY pealu3auud. CopaBelJIMBO
CIPOCUTH, HACKOJIBKO BeJiMKa ommbKa OT 3aMeHH BEepPOSTHOCTM COOBITMA €0 4acTOoTOoM, a
MaTeMaTUUYEeCKOT'O OXMIAHUA — CPeIHUM apubMeTrueckmuM? VM KaKOBO IOJDKHO OBITH
4uMuCcJo peanms3aumuy N Ojasa  ToTro, dYTOOB 5Ta oummbKa C TpakKTUYeCKOMU

OOCTOBEPHOCTLIO He BHILIA 3a JaHHHE npenesie? To ecTb CTaBUTCA Bompoc 0O
OllIeHKE TOUYHOCTM XapaKTEePMCTHMK CJydarHOTO Mpolecca.
[lycTe B KayeCTBe OLEHKM IJisg HeKoToporo napamerpa ( , oueHMBaAeMOr'o IO

pesyJsbTaTaM MONeJIMPOBaHMA X&, BEIOMPAETCSa BEJIMUMHA )(, geaamasgcsa QyHkUMEM oT
X&. B cuiy Ccoy4daMHBIX ~IIPUYMH )( 6ymeT B obmeMm Cciydae oTJauuarbca or .
3TO OoTaMYMEe XapaKTepuslyeTcsd cienymouyM  o0pa3oM.
Bemnumuy g, Korma
‘a—X‘<5, (2.8)
Ha3bIBAT TOYHOCTEBI OLEHKU ;¥', a BEpOATHOCTbL O TOI'O, UYTO HEPaBeHCTBO
BEIIIOJIHAETCH, €& [HQOCTOBEPHOCTEBI, T.C.

P(‘a—)?‘<5):a .
(2.9)

TaxkuMm O6paBOM, eCJin Jid OLl€HKM ITapaMeTpa a CucreMaTm4deCKM MCIIOJIBE3YyeTC4d

BeJIMMUVHA X 7 C TOUHOCTBIO S )Z8 JOCTOBEPHOCTEBIO o, TO B cprenHeM Ha KaXIOele
100 crnyyaeB TI[OpPMMEHEeHMs 5Toro npaBmia, B 1000 croyuasx, ;Y’ OymeT OTJInYaTbCHd
OT a MeHblle, YeM Ha €&, U TOJbBKO B (1 - o) *¥100 crayuagx pa3HMLA MexIOy HUMU
MOXET TIIPEBOCXOIUTH €.

[Ipy oTBEeTe Ha BCE IIOCTABJIEHHBE BOIIPOCH IIOJIE3YITCSH LeHTPaJIbHOM
IpenesyibHOM TEeOpeMOo¥ TeOopUuM BeposaTHOCTEeM (cM. TeopeMy 2.1). CorjlacHO 3TOM
TeopeMe IPMHMMaeTCs, YTO HnpM OOJIbIIOM UYMCJEe ONBETOB N MX CpemHuM pes3yJbTaT

(uacToTa COOBITMS A WIM CpeOHee apudMeTHueckoe HabJoIOaeMEX 3BHAUeHUM CJIydalHOM

BEJIMUMHEL ;XV) pacnpenenseTcsa NPMOIMXEHHO II0 HOPMaJlbHOMY SBaKOHY .

3akoH pacnpeaejieHUsT 4acTOThbl COObLITUSA



IIPpH 00JILIIIOM 4MCJ€ ONbITOB

[IycTe MOOeNMpyeTcd COOBTME A, MMeolee BEPOSATHOCTb [OABJIeHMA p. OOO03HAUUM
uepes A% BeJIMUMHY, PaBHY eIOVHULE, ecaM B 1-M MCHOHTAHUM [OPOMB3OLUJIO COOHEITHUE
A, M  PAaBHYK HYJIO, e€Clu coOruITHE A He IPOM3O0LIIO . OBbo3HauUMM udepes
m — YMCJIO MCHOEITAHMM, B pes3yJbTaTe KOTOPHEX COOBETME A I[IPpOM30UJIO:

m= E X; .
i=1
3nece N — ofbmee YMCJIO MUCHEITaHuM. OTOeJsbHEE MCIBTAHUS CUMTAaKnTCH

HEe3aBMCUMBIMYM OPYyI' OT IOpyra.

MOXHO ONPEemNeNMTh MaTeMaTUYeCKOoe OXUIaHUEe Ad&% U IOVCIEPCUD Cfx
1

cIydyamHoMm BEJIMUMHEL X&:

Mx;=0-(1-p)+1-p=p,
G)‘Z‘l_ =M()cl?‘)—(Mxl-)2 =O-(1—p)+1~p—p2 =

=p-p°=p(d-p).

m

YacToTa IIOABJIEHNA COBBITUA A PaBHa nu ABJIAETCHA cnyqaﬁHoﬁ

BEJIMUMHOM, MUMeKllel MaTeMaTUuecKoe OXMIAaHUE :

m) 1 1 & Np
M| —|=—Mm)=—)) Mx,=——= (2.10)
v | = M) N; (=P

M OUCIIEPCUIO

Om/N = Oy =

N
2 1 - 1 » Np(l-p) pl-p)
—2 Zo‘xi — - .

2" 2 N
N N*‘5 N
Tenepr MOXHO I[OCTaBUTb M pPeUMTb Cjlefyllye 3anadu.
Bagaua 1. Ilpom3sBemeHo N HeBaBUCKMMEIX peanmsalui, B KaxXIoM M3 KOTOPHX
COOBITME A TMHOABJAETCHA C BEPOATHOCTR p. B pesynpTaTe 3TMX ONBITOB MNOJydeHa
m m
Jyacrtora T cobelTa A. HauTm BepOATHOCTB TOTO, UYTO dYacToTa ~—
oTyMuaeTcAa OT BepoaTHOCTM [p) He OoJsbme, dYeM Ha 3aJaHHyo BenmuuHy & > 0.
Pemenne. Cumrasa umcjgo N »OOCTAaTOWHO OOJpWMM OJId TOT'O dYTOOH HOJIaraTh
m
YacToTy "~ paclhpelesIeHHOM IO HOPpMajlbHOMY 3aKOHYy C xapakTepucTtumkamm (2.10),

(2.11), [IOJIy4YaloT :



m £ eNN
P ‘——p <e|=20| —f |=20| 2 2.12)
N Om/N vp(=p)
roe d :(D(X) — oyukxuma Jlanjgaca.
Urak, eciu BEpPOATHOCTL ) COOHTMA A WM3BECTHA, MOXHO OLEHUTh TOUHOCTD
m
omnpemeJsieHUsa 5STOM BEepPOATHOCTM IO dYacToTe —— U BaBUCKMMOCTL BTOM TOUYHOCTU OT

uycia peaymusaumii N. B OpakTuKe MOAENMPOBAHMUA BEPOATHOCTE ) obwuHO

HEeM3BeCTHa, IIO3TOMY BHEOUpPAT ]VO ::S(l..IO(), o pesyneTaraM Ny peanm3aumui

ompenessgiTr m/Ny,, a 3areM OIPUHMMAKLT,

uTo p ~ m/Ny .

Bagauva 2. [lpowsBOOMTCHA pPSaO HE3ABUCUMEIX OIBTOB, B KAaXIOM U3 KOTOPBIX
COBHITME A TOABJISETCS C BEPOSATHOCTHI p. KakoBO MHOJKHO OBITH UMCJIO OIBITOB
(peanmmuzauuy) mjg TOro, YTOOBL C  3amdaHHOM, HOOCTATOYHO BEICOKOM BEPOSTHOCTBHI Q MOXHO

m
OBUIO  OXMOAaTh, YTO YacToTa ~—— COOBTMS A OTKJIOHMTCS OT €TI0 BEepPOSTHOCTH ]?

MeHblle, YeM Ha §&7?

PemeHue. HeobxommMo 3BamaTbCcsa KakMM-HUMOYIOb OOCTATOYHO OJM3KMM K eIuHUILIE
3HaAUYEHMEM BepoaTHOCTM (@, KOTOpas Ha3kBaeTcsa YpPOBHeM noBepusa. Ecau
BEpPOATHOCTL TOI'O, UYTO UYacTOTa UM BepOSATHOCTbL pacxoOsATcs MeHblle, YeM Ha ¢g,
Oymner Q wim OOJiblle, CUMTAKRT 3anady pemeHHOM. Ha NOpakTMKe YpPOBEeHb JoBepusa Q0
BHIOMpPAaeTCsa 3HauyeHueM, OJM3KMM K enuHMuLle, HaIpuUMep, 0.95, 0.99 wmymm 0.995 wm
T.O., B 3aBUCUMMOCTM OT BaXHOCTM 3amauM, KoTopas Inpecjenyercsa. lIpenmnojoxmuMm,

YTO BEPOATHOCTL (Q 3anaHa. IlpumpaBHSeM 2TOMy 3HadeHuo (Q MNpaByl dYacTb

paBeHCTBa (2.12) :
eNN

=0,
Jp(-p)

20

(2.13)
1 paspeluMm ypaeHeHue (2.13) oOTHOCHTeJNbHO N:
edN (1
N )CD EQ’
-1
rne (D — obyHKUMUSL, obpaTHasa OyHkumm Jlanjnaca.
OTcona nojsydaeTcsa GopMmyJia IOJIA 4uMcjia OIBITOB N:
2
NyoPd=D)| p-1(1
= -0 1] . (2.14)
& 2
Ecau 1o dopmyJe (2.14) N oxkaswBaeTcsd He 1LeJlBElM, €TI0 OKPYyIJISnT B
OoJIbIIyI0 CTOPOHY OO OJjumxaumero LeJjioTo.
I BBUMCJIEHMM IO QopwMmyJie (2.14) ymoBHO MMEeTb B PaCHOPSXeHUM TabJuiy
-1 2
3HAUYEHUN byHKUIMM q) (§2/2) . B Tabmn. 2.4 IpUBEIESHEL

3HAYEeHMs DBTOM OQYyHKUMM [JIS HEKOTOPEIX BEeJMYMH YyPOBHSA posepmusa Q.



Tabmauia 2.4

Q 0.80 0.85 0.90 0.95 0.97 0.99 0.999 0.9995

1.64 2.08 2.71 3.84 4.49 6.61 10,9 12.25

o 1(0/2) ?

3akoH pacnpegeneHus CpefgHero apmubpMeTMdyecKOIro mpm GOJNBIIOM UYKMCIE ONBTOB
[IlycTs MOOeNIMpyeTCcs [Opolecc, B KOTOPOM IIpM KaxmooM mu3 N He3aBUCHUMBIX
VICTIEITAaHUM, cllyyavHas BeJMuMHa K [OIpMHMMaeT 3HaUYeHMUs:

Xy X geees Xjpeein X

N
HpeﬂHOHOXMM, gTo oTa BeJIMMUMHA OGHaHaeT KOHEUHBIM MaTeMaTrnue CKMUM
OXUIaHUeM ]k[xi U  Oucnepcuen CTx . Torma cpenHee apudMeTHUUSCKOE

i

X—Nle-
i=1
pacropenejigeTrcs an@nmerHo 10 HOPMaJIbHOMY 3aKOHY C MaTeMaTUUYECKVM OXMIOaHMEM

MX = Mx; (2.15)

n CpelHVM KBagpaTnudeCKMM OTKJIOHEHMEM

O,
Oy =——. (2.16)
X
N

Ha OCHOBaHMM CKAaBaHHOT'O MOXHO PEUMTL elle IBE 3alaul.
Bagauva 3. IlpowmsBomuTCca N HE3aBUCHUMEIX OIHETOB, B KaXIOM U3 KOTOPHIX
HabJgoIaeTcd SHAUEeHMe CJIYYalrHOM BEeJIMUMHEL K, MMEeIeM MaTeMaTuuecKoe OXuIaHue

A43% U CcpenHee KBaIpaTUUECKOe OTKJIOHEeHUE CTx_. BuumcigeTcsa CcpenHee
1

apubMeTrueckoe HaOJIIOIaEeMBIX 3HAUYEHMM CJIy4YaMHOM BEeJIMUMHEL K:
1 N
)(.—-Ei; X&.
i=l1

HayTu BepOsSTHOCTbL TOI'O, UTO CpelHee apupMeTmueckoe X orxnonserca ot

MaTeMaTUYECKOI'O OXMIaHMA AIXi MEeHblle, 4YeM Ha S3alaHHYI BEJIMYMHY €2

P(|X - M,

<s)

Pemernmne. Ha OCHOBaHMM LEHTPAJILHOM [PEenesIbHOM TeOpeMbl, CuMTas YMCJIO OIETOB

OoNpmMM, MOXHO YTBEPXOATh, UTO CJydarHas BeJMUMHa QX' pacrnpemejsieHa HOPMAaJIbHO,

C XapaKTepMUCTUKaMU (2.15) u (2.16). OTcoma
ENN
20| ——|.

P(|X - Mx;| < ) =20| = | =

(2.17)
CTj? Cﬁ&
IIo dopwmyie (2.17) MOXeT OBITb OLleHEeHa TOUYHOCTBL OIlpelesieHUs

MaTeMaTnUu4deCKOI'o OXNMIOaHMA I10 CcCpelHeMy apM@MeTquCKOMy.
Heobxonumo OTMETUTE, uTo OJIA OLl€EHKMA TOYHOCTIU onpeneJyIeHrMda MaTeMaTUdeCKOI'O



OXMIOaHMA Alxi MeTOIOM VIMMTAUVMOHHOT'O MOZIEJIMPOBAaHMA He Tpe6yech 3apaHee 3HAThb

CaMOI'0O MaTeEMaTUYECKOTI'O OXMIOaHNA cnyqaﬁHoﬁ BEJIMUVHEIL, 3aTo BaXHO 3HaThb ee

cpenHee KBaIpaTHUeCKOe OTKJIOHEHME CTx , KOTOpOe BXOIMT B I[paByld dYacTb
i

bopmymel (2.17) .

OBHIUHO Ha IIpakTukKe, OIPUCTyIas K MOIEJMPOBaAHUI CJYy4YaWMHOT'O HABJIEHUS He
V3BECTHO HM MaTeMaTHUUECKOe OXMIOaHME, HM CpeIOHee KBaIpaTUUeCKOe OTKJIOHEHUE
CJIy4yarHOM BenuuuHbl. OIHAKO OJisg NPUOJIMXKEHHOM OLEeHKM TOUHOCTM MOIEJIMPOBAHMSA  MOXHO

B IEPBOM MNPUOIMXEHUM BMECTO CTX- BOCIIOJIL30BATLCSA €e CTATUCTUUECKOM OLIeHKOM,
l

IIOJIydeHHOM B CcaMoM cepum u3 N peanm3alui:

1Y, -
Gxi ~ ﬁzxi - X7,
i=1

e )XV — cpenHee apudmMeTmueckoe. ECHIM TOUHOCTL OKaXeTCsa HEeIOCTATOUHOM, CJjenyeT
NPOOOJIXUTL MCIHTAHMS, BHOCS B CpelHee KBaIpaTUUecKoe COOTBETCTBYyWIME IIONPaBKM IO
Mepe yBeJMUeHUs Uucia peajn3alui.

Bamava 4. [IpoM3BOAMTCHS pPSAI HE3ABUCUMBEIX OIBTOB HaI CJYYaWMHOM BEJMUMHOM K.
CKOJIBKO HAaZIoO CcHejlaThb OIBTOB, YTOOE C 3aOaHHOM BEPOATHOCTBIO (YyPOBHEM »OBEepHU)
Q oxmumaTb, UYTO CpedHee apudMeTHMuecKoe HaOJOIOALWMXCHA BHAUEHUN CJIyUYaWHOM BeJIMUMHEL
OTKJIOHMTCS OT e€ee MaTeMaTMUYecKOoI'0o OXuIaHus He 0Oojee, ueM Ha €°?

Pemenme. TIOJIOXKVM MHOpaByKw dYacTb oGopmysel  (2.17) paBHOWM ypPOBHK JoBepus QO :

20 ﬂ =0 (2.18)

CT%
¥ paspemmM ypaBHeHue (2.18) oTHocuTenbHO N. IlojryumM
2 2
oy | .11
N=—-10 | -0 || . (2.19)
& 2
-1 2

roe Q) (£2/2) — byHKUMS, TnOpuBeneHHas B 2 Tadbn. 2.4.

5.7. @&uxkcaumss m obpaboTka peBSylnbTaTOB MOAENIMPOBaHUS

HpM MO,IIeJIMpOBaHI/H/I CJIOXHBIX cucTreM OJida y,JZLOBJIe’I‘BOpeHI/IH Tp@GOBaHI/Iﬁ TOUHOCTU
npoBoOomMTCa OOJiblIOe KOJUMUECTBO MCIBITAHUN (cMm. § 5.6), UTO CONPSXeHO CO
3HAUUTEJIbHEIMM 3aTpaTaMM KOMILIOTEPHOT'O BPeMeHM IJiSd OpraHM3aluM XPaHeHUS
nHQopMalUMM O COCTOSHMM CUCTEMEl, YCJOXHIeT Iocjenyiluyiln o0paboTKy M aHajlus
pesynbTaToR. OTcioga cJjenyeT HeOoOXOIMMOCTL TakoM OpllaHM3alMM BHUUCIUTEJIBHOTO
rnpouecca, OpM KOTOPOM OLEeHKM MHTepecyllMxX [IapaMeTpoB MOIJIM Obl OBITb I[IOJIyUYEeHEL
B XOIe MOIeJNIMPpOBaHMUA M He TpeboBanau OB SalOMMHAHMA UM IHOCJenyluen
nepepaboTky OoJbUMX OOBEMOB  HOAHHBIX.

Huxe NOpPpMBOOSATCH OCHOBHBE IIpMeMH OGQOPMMPOBAHMS OLIEHOK  IJjig
VICKOMEIX BEJIVMUVH .

OueHka BEpPOATHOCTUN COCTOSIHUS CHUCTEeMEI. IycThb Tpe@yeTCH onpenejimThb

BEPOATHOCTDb HEeKOTOpOoTI'o COCTOAHUMA A. Torma OLIEHKOM IJIA MCKOMOM BEJIMYIMHEL



BEepOATHOCTM OyIeT yYacToTa HACTYIJIEHUS BTOTO COCTOSHMS A TI[IpM HEKOTOPOM uuCJe
VCOBITaHUM. IyCcTb B pes3yjbTaTe pPasbHTPHBAHNA N BHOOPOK MHOpoOLEecca I[IOJy4YeHO m
cllyyaeB [OABJIeHMS cocTogHms A. Torma OLEeHKOMU ]7(/4) IOJIS  BEPOATHOCTU ]?([4)

COCTO4AgHUA A C.J'[y)KI/IT BeJIMTUMHA
_ m
p(A)=—.
N

OleHKka BEepPOATHOCTM BOSMOXHEIX BHAYeHMM CliydamHOM BenuumHbl. OOjacTb
3HAQYEeHUM CJIy4dallHOM BEeJMUMHEL pas3duBaeTCcsa Ha N MHTEPBAJIOB. BBOOATCHA [epPEeMeHHHE

Ink, (k = 1,2, .., n), IpUMHMMaKIME SHAUYEHMs UYKCJa [OONalaHui B STY MHTEPBAJEH.

Torma OLEHKOM IJigd BEPOATHOCTM IONamaHMsa CJYydYaMHOM BeJMUMHBL B K-¥ MHTepBaJl

nik
CIIyXUT BeJIMYMHA pk =—.
OleHKa CpengHero SHAYeHMsl CHAydYarHOM BeJMYMHEI. J[JId 5TOr0 HeoOXOIOMMO
HakalJaMBaTb CyMMYy E X%. BO3MOXHHEIX 3HAUEHUMN ;xk, CJIyYaVHOM BEeJIMUMHBE, KOTOPHE
OHa TINPMHMMAaET I[PV PasJIMYHBEIX peaamMs3aumsax Opouecca. Torma MOXHO ONpPenesiuThb

MaTeMaTUUYECKOEe OXMUIAHME, KOTOPOe MNPUOJIMKEHHO PaBHO CpPeIHEMYy 3HAUeHU ;Y' npu
BomsbmwoM uyMcyge N peanmsauui npolecca

OueHKa [OUCIEePCUM CJydYalHON BeNMuMHB. Kak BUIOHO, OLEHKY

(2.21)

oJia IOUCIepCUM CJydalHOM BeJIMUMHEL HENOCPeLCTBEeHHO IO Gdopmyse (2.21) noJydaThb

HeynoBOHO, TIOCKOJIbKY B IIPOlleCCe BHEUMUCIIEHUM [OCTOSHHO M3MEeHSeTCs }(, 4dTo
TpebyeT 3anoMmHaHma N 3HAUEHUN X%.

B ©5TOM CBSA3M MOXHO BOCIOJIB30BaATbCS GOPMYJIOM, I[IOJIYUEeHHOM B pe3yjibTaTe
npeobpa30BaHMsa BhpaxeHus (2.21),

I L D) 2
S X ,
Z NN - =7

2
4yTO mnoTpefyeT HaKalJIMBATh  CyMME E X%. u E X%




Ipmumep 2.10. ITlolydyeHO HOeCAThb peajdM3aluM CJIydaMHOU
BEJIMUMHEL X (Tab.
2.5). HamTm OLEeHKM CpeOHeI'0 SBHAYeHud U »OUCIepCUun

BEJIMUMHE X .

Tabomuia 2.5

Homepa 1 2 3 4 5 6 7 8 9 10
peanmuzauumn
Xy 28 277 30 32 | 29 | 32 | 31 | 27 31
33
o dopmyse (2.20) wumMmeeMm
1
my =—-300 = 30.
10
o dopMmyse (2.21) mnojgyuyaem
1 1
o? =——.9042 —————.90000 = 1004,7 —1000 = 4, 7.
10 -1 10(10-1)
OleHKa KOPPEeJSIIMOHHOT'O MOMEHTAa CJy4YarHOM BeJMYMHEI. KOPPEeJISUMOHHE MOMEHT
Ky 1A CJlydalMHBIX BEJMYMH & ¥ I C BO3MOXHEIMM 3HAUYEHUAMU .Xk " .Vk MOXHO

paccumMTaTh [0 QopwMmyJie

1?=—Z(xk X) (v =Y),
N-1y
(2.22)
a 1nocjie npeobpaszoBaHMA BHpaxeHus (2.22) nonyqawT

Z YV ™ Z kak-

N(N Dia i3
(2.23)
lpmmep 2.11. TlolydeHO UeTHpPE peanu3aluM CJydalHBIX

BequumH X wm Y. Ilpom3BecCcTr I[IpenBapUTEJILHEIE BBUMCIIEHUA
IJId OIpeneJsleHMs KOPPEeJIALUMOHHOI'O MOMeHTa (rTabjn. 2.6) 1o

bopmysie (2.23).



Tabouila 2.6

K Xk Yk Xk Vi
1 0 1 0

2 2 4 8

3 2 3 6

4 3 5 15

4 4
Zxk=7 Zyk=7 Zxkyk:29
k=1

k=1 k=1

Inasa 6
MOIEJIUPOBAHUE CMO METOJIOM
UMUTAIIUOHHOI' O MOJEJIUPOBAHUA

B enase 5 paccmompenvl  npunyunvl, NONONCEHHbIE 8  OCHOB)Y
UMUMAYUOHHO20 MOOeruposanus. Tenepb HeoOXOOUMO O3HAKOMUMbBCA C
Memooonocuel  NOCMPOEHUs — MOOEIUPYIOWUX  Al2OpUmMo8  CUCmeM
maccosozo obcnyxcueanusn [7, 12, 13, 17, 18, 20, 24, 26, 33, 37, 39, 40].

6.1. Mooenuposanue nomokoe 3aa60K

CMO pazpensiorca Ha ogHo¢a3Hble U MHOrogasHble, OJHOKAHAIbHBIC U
MHOTOKaHaJIbHBIE, CHCTEMBI ¢ OTKa3aMHU U CHCTEMBI C OKHMJIAaHHEM, KOTOPHIE B
CBOIO OYEpEe/Ib JCIATCS Ha CUCTEMBI C HEOTPAHUYEHHBIM OKHJIaHUEM 3asBKHU B
oueped U CHUCTEMbl C OrpaHUYEHHBIM  OXHJaHWeM. B cucremax c¢
OTpaHUYEHHBIM  OXKHJAHUEM Ha TMpeObIBaHWE 3agBOK B  OdYepeIU
HAKJIQJIbIBAIOTCS T€ WJIM WHBIE OTPAaHMYCHHSA. OTH OrpPaHUYCHUS MOTYT
KacaThCsl JJIMHBI ouepenr (Yuciia 3asBOK, OJHOBPEMEHHO HaXOJAIIUXCS B
odepenu), BpPEMEHU MNpeObIBaHUS 3asiBKU B ouepeau (MOcie KaKoro-To
CpoKa TIpeOBIBaHUS B OUYEpEIM 3asBKa IOKUAACT oOdYepeb M YXOAUT HE
oOcny>XKeHHOM), 001ero BpemMeHu TmpeObiBaHus 3asBku B CMO wu T. 1.
Oo6cnyxxuBanue 3a1Bok B CMO MoOXeT ObITh yHopsI04YeHHOE (B TOPSIKE
MOCTYIUICHUSI), HEyHopsiAoueHHoe (B cly4yalHOM  MOpSAKE) U C

npuoputreTamu (cM. puc. 1.4).

OcHoBHBIMU xapakTepuctukamu CMO, omnpenensroimumMi 0COOCHHOCTH ee (PYHKIIMOHUPOBAHHMSA,
SBIIIIOTCS XapaKTep BXOJIIETO IMOTOKA 3asBOK (T. €. IMOCJIEIOBATEILHOCTh COOBITHIA,
CliequaJIbHbBIM O6p330M YHOOPAAOYECHHBIX BO BpeMeHI/I), a TaK¥XeE JUCHUINNIMHBI OXUIOAaHUA U
00CITy)KHBaHUS.




Bxoguom IIOTOK BasIBOK Ha obcayxmuBaHUe .

Ecnu [I0 OTHOIEHUK K OO CIIyXIMBaHMIO BCE 3a9BKU
[IOTOKa pPaBHOIIPAaBHE, TO B IJAHHBIM MOMEHT BPEeMEHU
BaxeH, JIVUIb cam baxkT HaCTYIJIEHUA COOBITIA
(mocrynjgeHmus 3a4adBKU) . Taxkue IIOTOKMU Ha3BIBATCHA
[IOTOKaMMU OIOHOPOIHEIX COOBITUM . Kaxnoe COOEITHE
[IOTOKa XapakKTepmusyeTcs MOMEHTOM BpeMeHn f;, B
KOTOPHEIN OHO HacTylaerT. B cilyyae BIIOJIHE
IeTEPMUHMPOBAHHOTO [IOTOKA OOHOPOIHEIX COOBITUM
[IOCJIeNOBATEJILHOCTD {; MOXHO IOJY4YUTh, [IEPEUMCIINB
X (HanpumMmep, chopMMmpOBaB OOHOMEPHEIM  MaCCUB B
naMsaTy  KOMIIbITEPa), 3alaB bYyHKLIMIO tj:QfO)
Wi, HaKOHelLl, MCIIOJIb30BaB

PEKYPPEHTHEIE COOTHOUWEHMH, [103BOJISIIME [IOJIYUUTH

TeKylee 3HadYeHMe {; [0 [NpensnyleMy.

Hiig OIIMCaHMA CﬂyqaﬁHbIX IIOTOKOB OIOHOPOIOHEIX

COOBITUM 3amaeTcd 3aKOH pacrnpenesieHnd,
XapaKTepn3yoIni [MOCJIENOBATEJIbHOCTD CJTyYaMHBIX
BEJIMUVH Loty seislyysenn s OBeraHO 1 ejiecooOpasHo
3aMEHATH BeJIMUMHAMU Sj OoInpenesISlMy OJINHY
MHTEPBAJIOB  BPEMEHM  MexXOy  MOMEeHTaMM  IIOCTYIJIEHUH

3a9BOK 6:

h =3¢,

=8 +&,
ty=6+& 4+ + 8.

COBOKYIIHOCTb ;i 3amaeTcHd COBMECTHEIM 3aKOHOM
pacnpenesieHusda. CJilydaMHBEIM IIOTOK OIHOPOIOHBIX  COOBITUM
Ha3BBAIT IIOTOKOM C  OI'PAHMYEHHEIM  [OCJIENEVCTBUEM,
eciu §j ABJIAITCH He3aBUCHMEIMU CJIy4alHEIMU
BEJIMUMHAMMU . B 3TOM cilyyae MHTepBaJl éi MOXET

OBITH BamaH CcBoeyr OGYyHKUMEeNM IIJIOTHOCTH fﬂz).

MHOT'OUMCJIEHHEIE [IPVIMEHEHIMA VMeEeT CTalMOHaAPHEE
OpIOMHAPHEIE IIOTOKM C OT'PaHMYEHHEIM IOCJIEOEMCTBUEM



(rmoToxu [laneMa) . [ToTOoK OOHOPOIOHEIX COOBITUM
HasBBaeTCcda CTallMOHAPHEIM, ecJiu BEPOATHOCTbD pkﬁmf)

[IOABJIEHUHA k COOBITUN Ha MHTepBaje BPEMEHU
(ty,ty+t) He BaBuMCUT OT t,, a BaBUCUT TOJIbKO OT
t n k (T.e. BEPOSTHOCTHEIN PEeXUM [IOTOKA He
3aBUCUT OT BPEMEHN) . [ToTok Ha3bBAETCA
OPIOMHAaPHEIM, €CJIM BEPOATHOCTE @(f,!) NOABJIEHUA IOBYX

1 ©GoJjlee 3asBOK 3a I[IPOMEXYTOK BpeMeHU (f,,f)+?!) 14

Jboro ¢, Maja [0 CpaBHEHMoO C [:

fim 20020 _ ¢

t—0 f
Tois CTALUMOHAPHBIX ITOTOKOB c OTPaHUYEHHBEIM
MOCJIeOeMCTBUEM CIpaBenJIMBO crenmymoumee
coorHomenue: f,(z)= f3(z)=...= f,(z) = f(z), o3Hauawomee, UYTO

npm j>0 MHTEPBAJIb ;i pacrnpenesyieHE  OIOMHAaKOBO.

MaremMaTudeCcKoe OXMIOaHME Mg CJIy4YalHOVM  BEeJIMYMHEL ;i

npu j>0 paBHO

mg = Tzf(z)dz.
0

BenuuuHa Mg, 1o CylecTBY, eCThb cprenHsasa

IOJIVMHAa MHTEepRraia MeXy I10CJIe JO0OBaTeJIb HEIMM 3a4ABKaMIN.
Toroa JJIA CTalVMOHAPHEIX IIOTOKOB C
OI'PaHMYEHHEIM [IoCJIeIelCTBUMEM BeJIMYMHA

il

Mg
orpeneJigmlad cpenHee KOJIMUEeCTBO COOBITUM B
eﬂMHMHy BpeMeHM, Ha33BIBaeTC4d ITIJIOTHOCTLBLIO il
MHTEHCVMBHOCTGBLIO IIOTOKa. Hﬂﬂ paCCManMBaeMHX
[IOTOKOB ClipaBenjmBa bopmysia [TasibMa, CBA3BIBAIAA

A n f():
fz) =4 1= [ fw)du
0

(2.24)



9TO COOTHOMEeHME TI[IO3BOJISeT MOJYUUTH QYHKIINMIO HHOTHOCTMifi(Zl) 10 M3BECTHOM

IIJIOTHOCTU f(z).

Opumep 2.12. THOJaydmUTH dyuxumio miorHocTn fi(z)) mma
MOTOKA C PAaBHOMEPHEM pPacHpellesIeHVeM MHTEPBaJioB .
dyuxumsa rorHocTu f(Z) B 3TOM Ciyyae uMEeT BuJ

f(z)=1/b, 0<z<h.
[IOCKOJIbKY n%::b/z, TO A =2/ b. Torma (2.24) ©6yner

MeTb CﬂeIDHUHMﬁZ BUII:

_2) fdu|_2() 2 _20-z) _,(, .
filz) = 1 j = (1 j_ b2 _}‘(1 ) 1)-

b o b b b
Ciry4yalHbI [IOTOK OOHOPOIHEIX COOBITUN C
OT'PaHMYEHHEIM [IOCJIeneICTBMEM Ha3bBAETCHA [TIOTOKOM
6es oCcJyieneucTBUA, ecu BEPOSTHOCTE  py(ty,t)
[IOCTYIIJIEHN I k COOBITUN 3a [IPOMEXYTOK BpEMEHNU

(ty,ty+t) He  BaBMCUT OT UepedoBaHMA  COOHTUM IO
MOMEHTa [ .

[Ton MOIeJIMPOBaHUM CMO BaXHYIO POJIb nurpaeT
[IPOCTENIMN (CTauMOHAPHEIM, OPIOVHAPHEI, tes
[1OCJIeNeCTBUA) [IOTOK, IJIs KOTOPOTI'O BEPOSATHOCTD
D (2) HaCTYIIJIEHUA k COOBITUN 3a MHTepBaJl

BpeMeHu I
BEHIPAXaeTCAa 3aKOHOM paclpenesieHusa IlyaccoHa

k
p =L,

(2.25)

OTcroma IOpoCcTeuuMy I[IOTOK MHOT'Ja Ha3BEBaKT
[IyaCCOHOBCKMM.

Opumep 2.13. Tonyunts Oyukumo mjmorHocTtr fi(z;) ons
npocremmero IIOTOKa.
N3 (2.25) cremyeT, uro  dyHruma mioTrHocTH [ (2)



CJIy4J4aliHOM BEJIMUMHEL fj npu j>0 B os5TOM Ccoyuae umeer

BUI

f(z2)=2e%,2>0.

B coorBeTCcTBUM C (2.24) noJjiydaeMm

filz) =2\ 1= [ A du | = 2 1+ [ e M d(=qu) | = A1+ —1) = 2e .
0 0

TakuMm o6paszoM, B OTJAMUYME OT T[OTOoka I[lajbMa, mpu
[IyaCCOHOBCKOM IIOTOKE f1z))=f(2) .

Kpome PaCcCMOTPEHHEIX MMOTOKOB, NpaKTUUYEeCKU

MHTEPEeCHH  [OTOKM  JpJlaHTa. B OTIEeJIbHEX caydasax

pPaccMaTpmMBaKRT HeCTaAUMOHAPHEIE BXomdume IIOTOKM.

Iucumnnnmuaa OXMIOAHWMS . B odueM crgyuyae CMO
MeeT n KaHaJIOB (muUM) , rnapajijieJibHO
ODOCHyXMBAKIMX BXOOHOM TIIOTOK 2BagdBokK. Kaxdgelll KaHal
MOXET OBITb hpiZieJe) cBOOOIEH, hpiziele) BaHAT. Ecam B
CMO MMETCHA CBOOOIIHEIE KaHaJHl, 3a4dBKa
obcayxXmpaeTcsd, MHade OHa oOXmImaeT B ouepenun

BpeMsa 7, IIOCJIe YeTro IIoJiydaeT OTKas3 U I[IOKKIaeT
CUCTEMY .

B 3aBMUCUMOCTM OT S3HaueHmMsa T PasIMYanT :
CHCTEMHI C OXMIaHUEM
(=), cucreMel ¢ orTkasamm (7=0) u CMellaHHBIe

cucrtemMel (0<7<h).
B pgame ciaydaeB OIUTEJILHOCTH OXMIOAHMS WM BooOOIe

BO3MOXHOCTbB BCTAThb B oduepenb 3aBUCHAT oT
OT'PaHMUEeHMM Ha IOJMHY  OouYepenu. OTcroma pasjanyanT
CMO Oes OT'PaHUUEHUN 10 IOJyHe ouepenu 1z C
OT'PaHMUEeHMeM I[I0 OJIMHe ouepenn.

[To XapakTepy «paccacCeBaHMA» oduepenmu
PasIndanT CMO C YIIOPAOOUEHHOU n aOCOJIIOTHO

HEeYyTIOPAIOUeHHOY ouepenbin. B [epBHX -

IV CHOUIIJIVIHAa ouepenm IIOOYMHAETCH IIpaBMILYy «KpPaHBlIIE



npuuesl - pPaHble [IOCTYIINII Ha OOCIIyXMBaHME, B
opyrmx - Jiwobad 13 3a49BOK, CTOAMMX B ouepenu,
npu OCBODOXIEHUN KaHarsa C paBHOU BEPOSATHOCTBIO
MOXEeT TIIOCTYNMTh Ha OOCIyXMBaHME.

HakoHel, ecJun 3a4BKU, rnoctTyrnamnimme B CMO,
HEepPaBHO3HAUHEIE, T.E. VMEKT  PAa3JIMYHBIE [IPUOPUTETEHL,
TOBOPAT O cucreMax tes npuopuTeTa Ha
OO CIIyXMBaHME 171 C IPUOPUTETAMMA . Heobxonmmo
OTMETUTH, 4yTo cucTeMa [IPUOPUTETOB 171
COOTBETCTBYKIIME en OVICLIIJIVHEL OXMIOAHUSA MOT'YT
OBITH OOCTATOYHO  CJIOXHBIMU .

ducumnniamHa OBCNIyXMBaAHMS . [To UnCIly KaHaJIOB
CMO [Ionpas3nelianTCcHd Ha OOHO -— n MHOT'OKaHaJIbHEIE .
[locnenumue, B CBOI  OuUepenb, OeJyiIATCa Ha  CUCTEMBEL C
PABHOLIEHHEIMM U HEPAaABHOLIEHHEBEIMM KaHaJlaMM.

HIIMTEeJNIbHOCTE ODCIIyXMBaHMAI ABJIAETCH CJIy4aMHOM
BEJIMUMHOM C [I0Kas3aTeJIbHEM 3aKOHOM  pacllpenesyieHnd 121
pexe — DSPJAaHTOBCKUM.

ITo BpEeMEHU OOCIIyXMBaHMA pasamnyanT CMO C
HEOT'PaHMUEHHON IOJIMTEJIbHOCTBIO OOCIIyXUBaHUSA " C
OT'PaHMUEHMEM I[I0 OJIUTEJIBHOCTU OOCJIyXMBAHUSA.

Kpowme TOT'O, 4acTo YUMTEIBAETCH HaIEeXHOCThb
KaHaJIOB ODOCIIyXVMBAHUA . B 5TON CBA3MU pPa3aMdanT
CUCTEMH C BBEIXOJOM ns3 cTposa KaHaJIOB. HaxkoHel,
ocJjiegHme  nompaspesdorcd Ha CMO ©e3 BOCCTAHOBJIIEHUA
BEHIIIE O X M3 CTpOdA KaHaJjoB obcayxmeaHuda umu CMO ¢
BOCCTAHOBJIEHMEM KaHAaJIOB.

MomenupoBaHMe TIMOTOKOB BasABOK. Ilycte B CMO
IoCcTyraeT CTAUMOHAPHEM  [NOTOK  OIHOPOIHEIX COOBITUM
C OT'PaHMUYEHHEIM [IOCJIEOEeMCTBUEM (moToxk THUIIA
[TasibMa) .

[IoTok THUIIa [lanmeMa 3anmaercd byHkLMEN
TIJIOTHOCTU f(z) CJIyYalMHBIX MHTEPBAJIOB zj,j::13r“
MexXny IOCJIenOoBaTeJIbHBEIMM MOMEHTAaMM l;= =l 1+z;
[IOCTYIIJIEHUA 3a4BOK. Hiisa ero uMmMTaumum Ha

KOMIILIOTEPE TpebyeTcsa IIOJIYUUTH HeobxommMmoe UMICJIO
peanmszaumm, T.E. TaKUx HeCJIyUYalMHHX



o % %
rnocyienoBaTeJIbHOCTEM  f,l,, ... MOMEHTOB [IOCTYIIJIEHUA

* *
3a8gBOK B CMO, wuMHTEepBAaJIb MEXITY KOTOPBIMM  [; —1;

OBLIIN ObL 3HAUYEHUAMU CIIydaMHOM BEJIMUMHEL Zjy
ONMMCHBAaeMbBIMM  GYyHKLUMEN [JOTHOCTU  f(2).
PaccMoTpuM npouenypy bopMMpOBaHMUA

* %k
MOCJIeNOBATEJILHOCTU [ ,lp, ...t

1. dopmMUpyeEM h=2. OYyHKIIMSA nmjoTHOCTM  f1(27)
ompenenseTcsd IO
(2.24) .
2. [oyuyM  CJy4damHOe  UMCJIIO é} C  PaBHOMEPHHM
pacrnpeneseHmueM Ha
mHrepBajye [0,1].
3. dopmupyemMm Z1 nJis uyero OIOIHUM nus

ONMCAaHHBEIX B S 5.5 METOHOB
npeobpasyeM ¢; B CIy4YarHy® BeJIMYMHY z, VMewIyo
byHKUMIO IIOTHOCTHM  fi(z]) .
4. [Tonaraem ﬁkzzf.
5. dopMmpyeM I, =f+2z,. 14 yero, MOJIyUMB
$j+1, Tpeobpasyem
ero B Z;, uMempmee QYHKUMIO IIJIOTHOCTU f(z2).
6. IosaraeMm t;=tf+zj.

*
7. OuepenHoe tj BEIUMCJIAETCH 10 bopwmyIie

% * %
tj—tj_1+Zj.

llpmmep  2.14. [IoTyumnThb IIOCJIENOBATEJIBHOCTE  MOMEHTOB

* ~
[NOCTYIUJIEHUA 3aABOK  tj 0JiI4 I[POCTeMlero BXOIHOTO IIOTOKA.
Ha ocHOBaHuUM BEBOIA B  IIpUMepe 2.13 OBLJIO  TIOJIYYEHO

COOTHOIIeHUE f1(zy) = f(z). Orcrona oyisa MOIOEJIMPOBAHUS
peanmusauum IpocTenmero IOoTOKa HeoOxXOoOuMO VMETb
TeHepaTop CJTy4dalMHBIX BEeJIMUUH, pacrnpenesieHHBIX 1o 3aKOHY
IIyaccoHa (cMm. npuMep 2.9): Ni, MN2r o 7+ Mk- Torma
IOCJIeJOBATEJILHOCTD MOMEHTOB IOCTYIIJIEHUS 3ag9BOK OoymeT

VIMETb BUMIO:



£, = N7 t," = N + M2; .7 Cx

=M + N2 + .+ Mk (2.20)
Ipumep 2.15. [IoyumThb [IOCJIENOBATEJIBHOCTD MOMEHTOB
[IOCTYIJIEHUHA 3ag9BOK tj* nJis IoTOKa C PaBHOMEPHBIM

pacnpenesieHMeM  Zi.
PemeHue OyoeM  OCHOBHEIBATH Ha  pes3yJbTaTax IpuMepa

2.12.
dopMmmpoBaHue zj, j = 2, 3, .. CBOIMTCHA K IIOJIY4YEHUI
iy PaBHOMEPHO pacrnpenesyieHHBIX Ha VHTepBaJe [0, bl "
COOTBETCTBYIMX
1) 1/b, 0<z<b;
Z)=
0, z<=0, z>=b.
;s ®TOro JOCTATO4YHO §;, PAaBHOMEPHO paclpeneJjyleHHHEe
Ha MHTepBajJe [0, 11, [IpUBECTU K MHTepBaly [0, b],
T.C.
Zi = b Ei-
Torna [1OCJIeNOBATEJIbHOCTD MOMEHTOB [IOCTYIJIEHUS

3ag9BOK PABHOMEPHOTO IOTOKa 3aJaeTcsa CUCTEMOM YPaBHEHUMN
(2.206) .

Jli1 HEKOTOpBIX JAPYrMX MOTOKOB MHTerpan B ¢opmyie IlanbMa He MOXeT OBITh MOJIyYeH B
KOHEYHOM BHJI€ MU HEOOXOJUMO MCIIOJb30BaTh CIELUANbHBIE YHCIEHHBbIE METOJBI [6].

6.2. O6paboTka pesyabpTaToB MO eNMpOBaHNS
CMO

[Tpum M3yUdeHUN HadaJIbHOTO, HEeCTalLUMOHAPHOTO
rnepuonma OYHKLUMOHMPOBAHMA CMO MOIeJIMpOBaHME
npencrasjsgeT, IO CyWeCcTBY, PasbIPEHBAHME MHOXECTBA
peanm3annm npoluecca, a HYXHEIE XapaKTePUCTUKA
(BEPOSATHOCTD oTKasa B ODCIIyXUBAHUM, cpenHee
UM CJIIO 3a4BOK B ouepenu) [10JIy4daKnTCcsd obpaboTKOM
SMIIVPUYECKUX IaHHBIX KakK CTATUCTUUECKOE cpenHee
[I0 MHOXECTBY peaJiu3alun.

[Ipu MOIEJINPOBAHUM CTaLMOHAPHBIX [IPOLIECCOB
MOXHO BOCIIOJIB30BATHLCHA TOJIBKO OIOHOM, HO

IIOCTaTOUHO OJIMHHOM peanmsaumen, a MHTEepecynime



XadpPaKTepPpnMCTUKNM pacCumMTaThb Kak cpelHmne I10

BpPEMEHU.

JonycTuM MMeeTCcsd IOBYXKaHaJlbHad (n = 2) CMO
C oyepenso, MaKCHUMaJIbHAS IJIVMHA KOTOPOU TPU
3aSaABKN. Ecim BCe TpM MecTa B 2 odUepenM  3BaHSTH,
BHOBB IOCTYNIMBIIAS 3a4dBKa oJiyyaer OTKas u
IOKMIaeT CUCTEMY . [IoToKk 3adBOK — IIaJIbLMOBCKUM.
Bpewms ODCIYyXMBAHMUSA OIIHOM 3aSBKU — cJyualMHada
BeJIMUMHA, pacrnpenejyieHHad 1o [IOKa3aTeJIbHOMY
3aKOHY .

OnpenenuMm 110  OIHOM, HO IOOCTATOYHO  IOJIMHHOM
peanmuszaumm clienymoiuue XapaKTEPUCTUKNA : BEPOATHOCTD
BaHATOCTHA o, 1, 2 KaHaJIOB — Do, D1, P27
BEPOSTHOCTM TOTO, yTO B Oouepemum Oynmer 0, 1, 2,
3 BadABKU  — p,, Pis Prr Psi CPEIOHEE UMCJIO SaHATHX
KaHaJoB — z; CpenmHee BpeMsa OXMIOaHMS  3afagBKM B
oyepenu - Low 7 cpenHee BpeEMS ODOCIIyXMBAHUSA
3ag9BOK — Il ; BEepOATHOCTBL OTKasa B OOCIYXMBAaHUU
- Pomx -

BpemeHHasa orarpaMMa OYHKLIMOHUPOBAHMA CMO
n300paxeHa Ha pucC. 2.10. Beepxy naHa OCb
BpPEMEHU (0) C OTMEUeHHBIMM MOMEeHTaMM IIOCTYIIJIEHUS
3a9BOK (€1, .., tis). Ha ocax 1 u 2 [IOKA3aHbI
COCTOSHUSA 1-ro u 2-T0 KaHaJIOB COOTBETCTBEHHO
(TOHKaAsg JMHMAI — «CcBobozmeH», XKUPHAA —  «3aHAT») .
Ha ocax 3 - 5 bukcHupyoTCH COCTOSHUS 1 - 3
MeCT B oyepenm COOTBETCTBEHHO.

[lepen [IOABJIEHMEM repeoun 3aABKU t1 Bce
KaHaJbl 171 MecTa B ouepenu CBOOOIOHHI. B
MOMEHT t1 [IoCTyIaeT 3asaBKa U 3aHMMaeT
[IEPBHIM  KaHaJ. Bpemsa  oOciyxuBaHMA 11 OdopMupyeTCHd
B pesyibTaTre PabOoTH TeHepaTopa, IOy CTUM, us
rnpmuMepa 2.8. B MOMEHT to npmxona cllenypuen

3a8aBKM I[I€PBBEIM KaHAaJI 3aHAT M OHa I[OoCTyllaeT Ha
BTOPOM.
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Puc. 2.10. BpemMeHHas 1ouarpaMMa QYHKUMOHUPOBAHUSA
IByXKaHaJbHOM CMO Cc oTkKaszaMu

T'enepupyercsa eue OIHO 3HAUYEeHUE BpEMEHU
OOCIIYyXVMBAHUS T». BagBKa t3 nOpmuxomomuT B cucrTeMmy,
kKorma ofa KaHajJjla 3aH4TE, I[IOCTyllaeT B OuUepenb U
XIoeT OCBODOXIOEHUA OIOHOTO "3 KaHAaJIOB. PaHbiie
3aKaHuUMBaeT OO CIIyXMBaHME KaHaJ 2 " TPEeThbA
3a4BKa HadyHaeT VM obpabaTeRaTbHCHA (BpemMmsa
ODOCIIYyXMBAHMSA T3 I[OJIydaeTCsa  aHaJIOTMYHO T U T2) .
Hariee npolecc [IOBTOpAEeTCH. Hi1a HAaIJIAOHOCTU Ha
puc. 2.10 m©nom KaxIplM YYaCTKOM 3aHATOCTM  KaHalJa
IpOoCTaBJIEH HOMEP 3aABKHU, uTo [I0O3BOJISAET
[IpOCJIEeONTE €€ «IyTb» B CMO.

ObpaboTaeM pe3yJbTaT MOOEJIMPOBAHUA. B nepBywn
ouepenb HammeM po, pPi, DP2. g 2TOoro  pasneiuMm
BPEMEHHYK OChb Ha Yyd4YacTKu M o0OO03HaumM ux Ludpom
0, ecyu He 3aHAT HU OIOUH KaHall, 1 - ecinmn
3aHAT OIOMH M 2 — €eCJM 3aH4Te JOBa KaHaja.

Bribepewm OOJIBbLON Yy4acTOK BPEMEHU
MOOEeJINMPOBaHUA T (pexoMeHIOyeTCH OpaThb He C
caMOoI'0 HadaJjla Ipolecca, TOe CKas3blBaeTCd  BJIMAHUE
Ha4vaJlbHBIX yCJIOBUMN) , Ha KOTOPOM [IPOCYMMUPYEM
TJIVHEI Y4aCTKOB, [IOMEUYEHHEIX HYJIEM, eOVHULIEN u



IBOMKOM. O4ueBMOHO, UyTO

Ty
+ Tl + T2 = T.
Toroa
plle/T; pozTo/T;
p,=T,/T.
AHAJIOTUYHO [IOCTYIIVM Jidg onpenejyieHnsd
XaPaKTEPMCTHUK 507519529 53:
T, T
— 0 — 1
e S PET
ﬁzzﬁ l73z§
9 M
T T
Tae 7}— cyMMa IJIVIH YyU4aCTKOB, [IOMEeUEeHHBIX 1-m
uuodpon.

CpenHee UMCJIO 3aHATEIX KaHaJIOB z oripeneJyinmrTcHd

Kak
E:1p1+2pr

CpenHee BpeMs OXUIOAHUA 3aaBKU B ouepenu
t.,. OINpememmMrcs Tak: BeOepeM OoOJbwoi ydacTok T
M PacCcMOTPUM 3asaBKU, MOCTYNMBIIME B  MOMEHTH  tg,
txs1, oy Creis o, Cren, IOJI9 Kaximou us KOTOPHIX 1o
SMIUPU-—UECKMM HOaHHEIM I[IOJOCUMTAEM BpPeMS OXUIAHUSA B
ouepenu tgz, paBHOE HYJIIO, ecJin k+i - a 3asaBKa
Oela Ccpas’y oOOCJyXeHa (Mm  noJgiydmijia oOTkKas), NI

CyMME BpPEMEH OXMIaHMa DTOM 3asgBKM Ha ocax 3 —
5. Toroa



CpenHuee BpeMda ODOCITyXMBaHUSA 3a4dBKU 10
aHajgorum C t,,. MOXHO HauWTu 10 ¢QopmyJsie

1 J k+i

- _ i

t06c Zt06c'
i=0

N7
k+i Py
roe ly. — Bpema obcuyxuBaHuda @ (k + 1)-1U 3a9BKU.
BepoaTHOCTb oTKasa MOXHO paccumrarh o
bopmMmysie
*
N
pOI’I’lK: >
N
*
roe N - UMCJIO 3adBOK, I[OJYUYMBIIMX OTKas;
N — ofwee dYMCJIO 3a4BOK 3a Bpemsa T.

6.3. Hﬁogmeﬁmue MO0€e/ iU OOHOKAHAIbHOU U MHO20KAHAIbHOU

Kak yxe OBJIO CKas3aHO, M3 BCEro MHOTOO0OpasMsa MMMTALMOHHBIX MOOeyieln
CMO ©OynyT paccCMaTpuBaTbCSa TOJIBKO OUCKPETHO-COOBITMMHEIE MOIeNIM. OTO Takue
MOIesM, KOTOPHE pasBMBaKWTCA BO BpPEMEHM, a COCTOAHMA CUCTEME M3MEeHHAKTCH

MI'HOBEHHO B KOHKpPETHEIE MOMEHTEL BPEMEHN.

[lpy MOmDeNIMPOBAHUM  MCCJIefoBaTeJlb MMEeeT  IOeJio
C PasJIMUHBEIMM [IPEOCTaBJIEHUAMM  BPEMEHMU. Bo-nepBHX,
TpebyeTcsa YUMTEBATH peaJyibHoOEe BpEMS, B KOTOPOM
OYHKLUMOHUPYET MMUTUPYEMa S cucreMma. BO-BTOpPEIX,
paboTa MO e OCyLlECTBJIAETCH B ONnpeneJyIEHHOM
mMacurate - 5TO MOIEJIBHOE (cucTeMHOEe) BpeMHd. n
HaKOHell, B-TPETHUX, —  3aTpaTeH MallMHHOT'O BPEMEHU
(BpeMeH paboTE KOMIBIOTEpPA) Ha peaaM3aluMion CcaMoM’
VMUTALUN . [lepBEIE oBa M3MEPEHUA BpPEMEHU VIMET
BaXxHeNee 3HAUEHME rnpu [IOCTPOEHUMU MOIEeJIN . C
y4yeToM DTUX BPEMEHHEIX baKTOpPOB peanmn3yrnTcsHd
rIepexonrl CUCTEMEI "3 COCTOAHUSA B COCTOSAHUE,
OCyLEeCTBJISETCH CUHXPOHMU3ALMA OYHKIMOHUPOBAHUA
BJIEMEHTOB CUCTEMEHI, 3amaéTcHd Macurabd BPEMEHU
OYHKLUMOHMPOBAHUA («KUBHU) VMUTUPYEMOM CUCTEMHI,
OCYyUECTRBJISETCH yIpaBJIeHME TEXHOJIOTUUECKMM
[IPOLEeCCOM MOIEJILHOTO JKCIEpMMEHTA.

Ecau He YUMTEIBATH PasJIMUHBIE BapPMAaHTEH u



TOHKOCTU [IOOXOOOB K peanmsanmum BpPEMEHU npu
VMU TALVOHHOM MOLOEJIMPOBAHUM, MOXHO Ha3BaThb BCETO
TPU MeTona peanmnsanmnm MoIeJien - IPAHLIAIL At
(IMIOCTOSHHBM mar M3MEHEeHUS BPEMEHN) , IPAUHLIAIT
O0CcObs5IX COCTOSIHUNA U NPHHLIAIL ocJjenoBaTeJNbHOHU
npoBonky BasBokxk [/, 12, 13].

[Tpun MCIIOJIb30BAaHUMA [IepBOTO IPUHLIMIIA B
MO OeJIMP Yy IleM aJITOPUTME OIpenesidnTCcHd
[IOCJIeIOBaATEJIbLHOCTHU COCTOAHUN CUCTEMEL uepes
HEKOTOPEIe bUKCUPOBAHHEIE MHTEePBAaJIb BpeMeHM At.
S9TOT Ionoxomn 20PeKTUBEH, Korma UM CJIO COOBITUM B
MOIEeJIMPpYyeMOM cCrucTeMe BEJIVIKO, MHTEPBAJIBL MeXIy
MOMEHTaMM UX [IOABJIEHUA OJIM3KU n COOBITUSA
[IOABJIAITCHA PETYJISAPHO (nx pacrnpenesieHue BO
BpEMEHU IIOCTAaTOUYHO PaBHOMEPHO) ", uTo camoe
TJIaBHOE, HEBO3MOXHO 3apaHee OonpenesyiuThb MOMEH THI
COBEpUWEHUS COOBITUM.

lVcriosie30BaHME NpMHLMIIA At JacTo
MaJIODOPPEKTUMBHO . Tak §nOpm Majelx Warax (MayeIx At)
TPaTUTCH KOMIIBLIOTEPHOE BpeM4da Ha Oecriojyie3Hoe
bUKCUpOBaHMUE MHOXECTBA He OCOOBIX COCTOSHUMN. A
npmu YBEeJIMUEHUN At MOXHO [IPONYyCTUTH BaXHBIE
oCcoOBuIe COCTOSAHUSA, uTo [IPUBEOET K [IOJIYUYEHUIO
HEOOCTOBEPHBIX Pes3yJibTaTOB (cMm. puc. 2.11). Ha
3TOM PUCYHKE:

t — OChb pe€eaJIbHOTO BpPEeMeHN,

t1 NI t, — OoCM MOIEJLHOT'O BpPEeMeHM IIpHu
mare Aty uiam At,,

T — peallbHBEM MOMEHT HACTYIJIEHMA COOHTHUS,

Ty wnnn T, — OQUKCHPpYyEeMBIe MOMEHTEl HaCTyIJIEHUHA
COOBITUS, COOTBETCTBEHHO nJjga mara Aty wim At,.

Aty

v

Aty
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Puc. 2.11. IlpuMep WMCIOJb30BaHMA PaA3JIMUYHBIX BEeJIMUMH Iara
At
[TpuMmep pucC. 2.11 [IokKas3eBaeT, 4yTo

[IOTPEWHOCTh QUKCaALUMM MOMEHTa HACTYILJIEHUA COOBITUNM
CJIMIIKOM  BeJIMKa W I10OJi4d mara At; paBHa - T, a
oJidg mara At — T, - T. Insa BEIXOIIA nus3
co3maBlleroCcHd [TOJIOXEHMS, KoT'Ima noJiyyamnTcd OUEeHb
TpyObIe pesyJibTaTE, MICIIOJIb 3YIT BO3BpAaT K
IpenenyieMy MOMEHTY BpPEMEHU nJisd OCYIIECTBJIEHUA

[IOBTOPHOT'O [IpOI'OHa TpyDboTo yyacTKa C MEHB MM
maroMm At.

[TomHLIMIT OCOOEIX COCTOSHUMN oTJIMUuaeTCcHd oT
IIPUMHLIMIIA At TeM, JTO BKJIIOUaET npouenypy
onpernesieHnd MOMEHTAa BpeMeHH, COOTBETCTBYIIEIO
crlenymoliemy ocobomy COCTOAHUIO 10 3BECTHEIM
XapakKTepucTuKaM IaHHOTO ZNgNZE Ipenelayumero
COCTOSHUMN .

[MpyHLMI [IocJylenoBaTeJIbHOM [IPOBOIOKMA 3a4BOK
[IOJIYy YUl LPOKOE pacrnpocTpaHeHue VMMEHHO npu
MOOEeJIMPOBaHUNM OGOYHKLUMOHMPOBaHMA CMO. OcylmecTBJISdeTCHd
bopMUpPOBaAHUE MOMEHTAa [IOCTYIJIEHU A 3a8aBKU B
cucremy, M 3aTeM BTa 3adBKa «[IpoT4arMBaeTcsa»  II0
BCEM sTanaMm ODOCITyXMBaHUSA n Tak [IOCTYIIAnT C
KaxIooy  3adBKOU. STOT IIPMHLMUII I[IOJIOXEH B  OCHOBY

[IOCTPOEHUHA BCeEX MOIeJIMP YoM X aJITOPUTMOB CMO,



PaCCMOTPEHHBIX B 5TOM TJlaBe. Crnenyer OTMETUTDH

TakKxe, UTO [IPUHLINII IocJyiegoBaTeJIbHOM [IPOBOOKMA
3a4BOK B coueTaHum C IIPUHLIUIIOM At JIeXUT B
OCHOBE BCeX H4A3BEKOB MOIOeJIMPOBaHUSA (cm. T3. 7).

B STOM naparpage cHaudaJa paccMaTpuBaeTCHd
VMMUTALMOHHASA MOIEJIb OIOHOKaHaJIbLHOM CMO C
OT'PaHUYEHHEIM BpEMEHEM OXUOaHMI 3aadBOK HaudaJja
ODOCIIYyXMBAHUS . OnmcaHmMe »TOoM MOIeJIM, a Takxe MoIeJyieMm

B IoclienyiommMx Iaparpadax, U MUIJIOXKEHME  MIPUHLUIIOB UX
PaboOTE OCYIECTBJISETCS B IMIPEenlnoJIOXeHUM, UYTO UMTaTeJb

O3HAKOMMJIICH C METOIOUKOM MOOEeJIPOBaHMSA ITIOTOKOB
COOBITUIM, MBJIOXEHHOM B Haparpabde 6.1 IIaHHOTO
yueObHOT O nocobusg, VI B pasznmeiax 5.1 u 5.2
MoHOTpPadum [7], wim pazzgene 4.4 yuebHuka [41].
[Ipouecc OYHKUMOHUPOBAHUA CUCTEMEI
paccMaTpMBaETCSa 3a I[IepMuMol BPEMEHU (0, T]. Ha BXOI
B CJIydayHbBIE MOMEH TEI BPEMEHU IOCTyHnaKnT 3asaBKU.
Ecnu B MOMEHT [IOCTYIJIEHUA ouepenHoOM 3aaABKU

KaHaJl cBoboIeH, TO 3asaBKa I[IPUMHMMaeTCd K HeMeIn-
JIEHHOMY  OOCJIyXMBaHMI. B [IPOTUBHOM  CJly4yae 3adaBKa
CTAHOBUTCH B oduepenb Ha OOCIyXMBaHMe. Bpewmsa
npeOBBaHMA 3aaBKU B ouepenmu OT'PAHMUEHO.
IJIMTEeJIBbHOCTD ODCITyXMBaAHUS 3a8gBOK TAKXE ABJISETCHA
CIydarMHOM BeJumumHOM. IlokasaTenaMu s0pexkTuBHOCTM CMO
MOXHO CUMTAaTh BEJIMUMHE BEPOATHOCTHU TOTO, uTo
3as8aBKa, npuie oua g B cucremMy, 0Oynoer obciayxeHa,
MY T[POMBBOIMTEJIBLHOCTM paccMaTpuBaemom CMO.

CyTp nomxoma Kk wmMmmTaumm paborer CMO mnpocTa
— CJly4YalHBM Ipolecc paboTel CMCTEMEl B MHTepBaje

[0, T] paccMaTpuBaeTCHd KakK »OeTEepPMUHUPOBAHHEI, HO
CcO CJIy4alHO BEIOPaHHBEIMM IapaMeTpaMm. Hiia
obecrieueHmda CTATUCTUUECKOM YCTOUUMBOCTU MCKOMBIX
Pes3yJIbTAaTOB npolecc MOIOENIMPOBaAHUSI MOBTOpPSETCH
3alaHHOE KOJIMUECTBO pas N1 (cm. § 5.0).
[TokazaTenu S50PEKTMBHOCTHU bopMUpPYIOTCH Ha OCHOBE
CTATUCTUUECKON obpaboTkM PE3YIBETATOB OTHOEeJIbHEIX

peanmsauuy nOpolecca  MOOeJMPOBaHMUA.
NTak, paccMaTpmMBaeTcd OnHOKaHalsibHadg - CMO, B



KOTOPYID IIOCTyHIalT  3asaBKU, obpazywnume  OpIVHAaPHBIM

IIOTOK OIOHOPOOHEIX COOBITUN C 3aaHHBIM 3aKOHOM
pacnpenesyieHusa £(t) VHTEPBAJIOB MEXIY MOMEHTaMU
[IOABJIEHMA  3a4BOK. 3agBKM OCTYyNAaKT B  CJy4YaMHEE

MOMEHTEI BpeMeHNr tj ’ OHIU O@CJ’Iy)KMBa]EOTCFI B TEe4UeHl e

BpeMeHu T*;, ¥ OOCJyXMUBaHMe 3akKaHuMBaeTCAd B MO-

MEHT t*;. CinydarHas BeJIMUMHA OJIMTEJIbHOCTU
OOCJIIYXMBAHUSA T onpeneyideTcsa B COOTBETCTBUU C
3adaHHBIM 3aKOHOM pacrnpenejyieHuda f(t*).

Cynobba rnocyenymouem BaSBKU 3aABUICUT (puc.
2.12, a) oT MOMEHTAa ee [IOABJIEHUA t;
OTHOCUTEJILHO MOMEHTAa OKOHUAHUSA oBCIIyXMBaHUS
penenyumen t*1. Taxk, eCcJin OFLL paccMaTpmBaliachb
CMO ¢ oTkaszsaMmM U oduepenHasd 3agBKa [nocrynwmuiaa  Obvl
paHblIe HACTYIIJIEHUSA MOMEHTAa OKOHUAaHMSA
ODCIYyXMBAHUSA npenenyuen, T.E. t; < t*5.1, TO
Takasg BagBkKa @ I[IoJiyuuyla OB 0oTKa3z (puc. 2.12, ©),

ecimn  xe t; >= t*;,, TO 3adABka Owyila Ob OOCJYyXeHa
(cm. puc. 2.12, a).
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Puc. 2.12. [JeTanmr BPEMEHHOM »OMaT'PaMMEL

B <c¢pa3m C TeM, 4UTO B paccMarpueaemMom CMO
IOOJIDKHO  YUYMTHBATBLCA OTPAaHMUEHME BpPEMEHM BO3MOXHOIO

OXUIAHUA, HeoOXOIOMMO bopMUpPOBaATH T; — CJIy4YalHy
BEJIMUMHY IOJIMTEJIBHOCTM OXMIAaHMS -V  3agBKM  Haudajla
OOCIIyXMBAaHUA C COOTBETCTBYIIIMM 3aKOHOM
pacnpenenieHusa f(t). Korma ¢t; < t*;_;, TO Jj-a 3a-
IBKAa nojiyyaetT oTKans (puc. 2.12, B), ecJiu t'; <
t*51 roe t's = t; + T3 — MOMEHT OKOHYAaHUA
OXMIOAHUA Jj-u 3aSIBKU HadaJa OOCIIYyXVBaHUSA . Ecnau
xe t';>= t*_, (pmc. 2.12, 1), TO OOCIyXMUBAHUE J—
1 3asBKM HAUMHAETCS B MOMEHT BpeMeHu t75 = t*j_;.

VIcxXOmHBIE IaHHEBIE I0JIS MOIEJIMPOBAHMUSA: SBaKOHH

pacnpenenenusa £ (t), (1) u ft*), BeJIMUMHEL T ™



N1, a TakKxe COCTOSHUE CHCTEMEI npu t = 0,
HalpuMep, t*5.=¢t;=0, m=n=N= 0. Cuuraercsd,
yTo 3a4dBKWU, oJjida KOTOPHEIX  MOMEHT [IOABJIEHUA t; >=
T, B CUcCTeMy He rnornagamnT nu He OOCIIyXMBAKWOTCH.
3adBKM, IOJId KOTOPBIX BpeMda OKOHUAHUA ODCITyXMBAHUS
t*;, > T, cumMTamnTCcd [IOJIYUMBUIMMMA oTkKas, a nJis
KOTOPHIX t*; <= T, ABJIATCA OOCJIYyXE€HHEMMN.

dparmMeHT OJIOK—CXEeMEl MOIeJIMPpYyoIeIo ajropmuTMa

OOHOKaHaJibHOM CMO nmnpencTaBJIeH Ha  puc. 2.13, a
HIXE naercsa ONnMCaHme OOJILIIMHCTBA MCIIOJIb 3y EMEIX
OJIOKOB :

1 - dopMupoOBaHUE oUepenHOT O MOMEHTA ts
MOCTYIIJIEHUSA 3afaABKM B CUCTEMY;

2 - T1poBepKa YCJIOBUSA t;<T NIPMHAOJIEXHOCTU
MOMEHTa I[NOCTYIUJIEHMA OdUepenHOM 3adABKM t; MHTEepBaly
ucciyiegoBaHmusa cuctemer  [0,T];

3 - mnpoBepka ycjgoBua t; < t*;,, rTHme t*;4 -
MOMEHT OKOHUAaHMS OOCIIyXMBAHMS NPEeneOyiie SasdaBKU;

4 -  ObopMuMpOBaHME CJTy4alHOT' O 3HAUYEHUHA

OJVNTEJIbHOCTU OXMIAaHMA T; B COOTBETCTBMM C 3aKOHOM
pacnpenesieuda £ (1) ;

S5 - BHUNMCJIEHUE MOMEHTa t's = &5 + 15 (B
MOMEHT t’; 3asgBKa IIOKUOaeT cucremy, ecJu OHa
He OyIoeT TIOpMHATa K OOCIHYyXMBAHUI) ;

6 - mnposepka YCIIOBUA t'y < t*5 (3adBKa
[IOKMOaeT CUCTEMY pPaHblle, dYeM ocBODOOMTCSH KaHal) ;

7 - BHOOP B KauecTBe MOMEHTa Hauala
ODCIYyXMBAHUSA Jj-m BaAaABKU MOMEHTAa OKOHUYAaHMSA
ODCIYyXMBAHUSA (7 -1)-1m 3agBkKu t%j = t*5.17

8 - Bobop B KayeCcTRBe MOMEHTAa HadajJa
oOCHyXMBaHMa  Jj—-M  3agBKM MOMEHTa  ee IOCTYIIJIEHUS
B cucremy t'; = t;;

9 - odopmMupoBaHUE OJIMTEeJIbHOCTHU OBOCITyXMBaHUS
T 3a4BKM  (BpeMeHU 3aHATOCTHU KaHaJa) B

COOTBETCTBRUM C S3akoHOoM f(T%*);
10 - BEIUMCJIEHUE MOMEHTa OKOHUAaHMA
ODCIYyXMBAHUSA Jj-m 3aSBKU (MOMeHTa OCBODOOXIEHUS



KaHaJa)
11
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— IpoBepKa ycJjoBuA t*;
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Puc. 2.13. Momejynb oIOHOKaHalbHOM CMO



13 - BHUMCIIEHUE OIMTEJIbHOCTU npeOEBaHUS B

ouepenm j-¥ BagBKM, tox; = 45 - ti ;

14 - nozncuer KOJIMUeCTBa 3a8aBOK n,
[IOJIYUMBIIMX OTKA3;

15 - momcueT KoOJMUeCTBa peaauzauum N;

16 - npoBepka ycyioBus N < N1, rone N1 -
KOJIMUEeCTRBO peanm3aluiy, HeoOxoaouMoe nJis
obecrnedeHmda 3aO0aHHOM TOYHOCTU.

Kak [IpeBpPaTmUThb OIIMCAaHHYIO MOIeJIb CMO B

MOoneJib C OTkKasaMy, B KOTOpPOM 3adBkKa, 3acTabBlad
KaHaJl 3aHATHM, nojiydaeT oTkasz? [jag 2TOTO  HYXHO
B  MOIeJu (cm. puc. 2.13) JUKBUIVMPOBATL  OJiokM 4
...7 m wu3z O6joka 3 10 IOpMBHAKYy «Ja» TIepexonuThb
B ©OJsioxk 14.

Kak [IpeBPaTUThb OIIMCAHHYI  MOZIEJIb CMO B
MOIEJb C HeOT'paHM—YEeHHBEIM OXUIOaHVeM 3aABKU
Hayajla OOCHyXmMBaHMA? A OJId 3TOTO HYXHO B MOIeJU
JIVKBUIVPOBATH OJIOKU 4 ...6 n U3 BJyoKa 3 1o

npmus3Haky «Ida» nepexomuTb B OJoxk 7.

I[IlycTe MHOTOKaHalJibHadgd CMO wumMeeT K kaHaJos,

BIIOJIHE  MIEHTMUHEBIX (C TOUKM 3peHMuS  OJIUTEJIBHOCTHU
ODCITYyXVMBAHUSA ) 171 PaBHOIIPABHEIX (B CMEICJIE
BO3MOXHOCTM MCIIOJIb30BaHMSA IOJId OOCJIYXMBAHMA HOAHHOU
3agBKM JIOOOTO CBOOOIHOTO KaHajja). B cucremMmy 10—
IpexHeMy nocTynaeT OPIOMHAPHEIN [IOTOK 3aABOK C
3aOaHHBIM 3aKOHOM pacnpenejyieHnsa £(t). Bpewmsa
BO3MOXHOTO OXMIOAHUSA bife) Hauyaja OOCIIyXMBAHUSA T -
cilydyalHasa BeJIMUMHA C 3aKOHOM pacnpenejeHusa (1) .
HIMTeJIbHOCTD OOCITyXMUBAHUS T+ MeeT 3aKOH
pacrnpenejyieHnda r(t*). [Ipouecc OYHKUMOHMPOBAHMA
CMCTEMBI pacCMaTPUBaAEeTCS B MHTEpPBAJIE BPEMEHU [0,
T].

3aaBkU IPUMHVMAITCA K OO CIIYyXVBaHUIO B
rnopsamnke ouepenu (B mnopganke [IOCTYIIJIEHUA B
CUCTEMY) . Ecnu nJis OBOCITYyXMBAHUS IOaHHOM 3asgaBKU
MeeTCHd HECKOJIbKO CBOOOOHEIX KaHaJIOB,

TO KaHaJIbL IIPMBJIEKAKTCHA K O@Cﬂy)KMBaHMEO B



nop4anke ouepenu (B [IEepPBYID oUepenb [IpuUBJIeKaeTCH
TOT  KaHalji, KOTOPEIM paHee  IOpyIMxX OcCBOOOOMIICA  OT

obOCIIyXUBaHUS) .

OnmcaHHa#d 3IeChb cucrTemMma OJm3Ka 10
Xapakrepy K OOHOKAHAaJIbHOM CMO. [TosTOMY MHOTHUE
OJIOKU MOTYT OBITb MCIIOJIE30BAaHH g [IOCTPOEHUHA

MOOeJIMpyrmeIro aJiropmMTMa B STOM CJlydyae. 3IOechb TaKxe
COXPAaHAKTCHA BCe VICIIOJIE 3OBaAHHEIE BEHIIIE oO03HaAUEeHMd.

Briiok-cxeMa ajropmTMa MHOT'OKaHAaJIbHOM CMO
npencrTaBJieHa Ha puc. 2.14. B Helm  OONOJIHUTEJIBHO
MCIIOJIb30BAHE CJleOyK uue OJIOKM :

3 - npoeepka ycJyoBua t; < min t*,
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6 - nmnpoBepka t' ;< min t*g,

7 - BHOOP B KadeCcTBe MOMEHTAa Hadaja
oBcryxmuBaHus t"; , BEJIMUMHEL min t*;,

10 - BLUKCIIEHUE t*;x — MOMEHTa OKOHUYAHMUSA
ODCIYyXMBAHUSA 1-m 3a9BKU k—-m KaHaJIOM (MOMeHTa
ocroObOXIeHMsa K-To KkKaHajJa, Kk = 1K),

_ H
E*ix = thax + T*,
rae the - MOMEHT Hauyaja OOCJIYXMBAHUSA 1-mn

3a9dBKM K-M KaHaJIOM.

6.4. Moougukayuu mooeneii CMO
BcrTpeuamuyecda Ha OpakKTuMkKe pas3HoBumHocTu CMO He

VCUEepPIEBAanTCA PacCMOTPEHHBIMUA BHILIE [IPOCTENIMMU
MomesiaMm. MOXHO BEIIEJIMTE OCOODEHHOCTM MOIOeJIMPOBaHUS
HEKOTOPEHIX IPpYyITUxX KJIaCCOB CMO. [lpBOOVIMEIE HIIXEe

bparMeHTH aJITOPUTMOB CJlenyeT pas30MpaTrb COBMECTHO C
[IPOCTEeNMMM MOLEJISMU .

CucreMsl C OTIpaHMYEHMEM IO [HOJIMHE ouepenu.
B MO eNINPpyeMOoM CMO  mMmoxeT YCTaHaBJIMBATbLCA
OT'pPaHMUeHMre IO OJMHe oduepenu. [lpym 5TOM B  MOMEHT
[IOCTYIJIEHMA  3aa9BKM  HeOoOXOOMMO  I[IPOBEpPSAThH YyCJIOBUE
1" < 1, r1vme 1 - KOJIMYECTBO MEeCT B ouepenu, 1" -
KOJIMYEeCTBO 3aHATHIX MeCT B oOouepenrM B MOMEHT tj.
Ecnmu npoBepgeMOe  yCJIOBME  BHIIOJIHAETCH, TO 3adBKa

CTaBUTCH B ouepensb 171 XIeT OCBOOOXIOEeHUS
KaHajla, a SYehni He BHITTIOJIHSAETCH, TO  IIOJIydaeT
OTKa3. Takasga  OpPOBepkKa  OCYINEeCTBJISEeTCS TOJIbLKO B
TOM  CJly4dae, ecamM  BCe  KaHaJikl  3aHSTH. A ecnu

XxoTd OB OIOMH KaHaJyl cBoOOIeH, 2TO CBUIETEJIBCTBYET
o TOM, 4yTO OoUepemM HeT UM IIpOoBepKa He  HYXHa,
a 3BadpkKa WUIeT Ccpal3y Ha obciayXMBaHUE.

CucrTeMsl c OI'PaHMNYEHUSIMU o OIINTEeNBEHOCTN
obCNIyXMBaAHUSL U OJINTEeJEHOCTHU npebrBaHNUS . s
obecrieueHmsa MOIEeJIMPOBAHMA BTUX OT'PaHUYEeHUN B
MOIIeJib BBOIATCH u peanmusynTcsa COOTBETCTBYIOIME

IPOBEPKU. Tak, npM  OT'PaHMUYEHUM 110 OJIUTEJIbHOCTU



obcyXMBaHMA IpoBepdaeTcda ycjoBue 1*; < 11, TOe 1%y
— pacyeTHad OJIMUTEJIbHOCTb OOCJHyXUBAHMA J-U 3aABKU,

a T; — IpenejibHad IJINUTEeJIbHOCTL OOCIyXMBAHMA 3adABOK.
[IopM BEIIIOJIHEHUM 23TOI'O YCJIOBUHA OOCIIyXMBaHME TaKoOU
3aABKU npomoJjkaeTrcHd, a npm HEBBIIIOJIHEHUNA
OOCIIyXMBaHME [IpEepPHBAETCH 171 3adBKa [IoJjiydyaet
OTKa3.

Hiisa peanms3aumnm OT'PAaHUUEHMA I[10 OJIUTEJIBHOCTU
NpelOrBaHMAa 3adaBKU B CMO HeOoOXOOMMO [IPOBEPATH
yCcJoBue Tjomer <= Tz roe Tjomer = %5 — t5 -

OJIMTEeJIBHOCTDb Hp@@bIBaHM,q S3a4dBKU B CrucrTemMe, a To
- HnpenejibHasd IJIMTEJIBHOCTBL OpebblBaHMsa 3asaBok B CMO.
[Ipy BHIIOJIHEHUM DTOTO YCJOBMA OOCIHyXMBaHMEe J-U 3a-
ABKM  [IPOHOJIXaeTcHd, a [IPM  HEBHIIOJIHEHUU 3aaBKa
nojlydyaeT OTKa3.

Mogmens CMO C NDpPennoOuYTHUTENBHBIM OOCHyXMBaHMEM

BasiBOK, paHee IpyITmUx NIOKMOAIoWMX cCHuCTeMy . B
PaCcCMOTPEHHEBIX npmuMepax OIOHO— 178 MHOT'OKaHaJIb HOM
CMO 3a8aBKM  OOCIHyXMBAaKwTCSa B I[OopdOKe IIOCTYIIJIEHMUS.
OueHb JyacTo 3aaBKU, MeIme npaBo (B nopsanke
ouepenm) Ha HeMeIJIEeHHOe obcryXmuBaHue, MOT'YT
npebelBaTh B cucrTeMme IOBOJIBHO IOJITO U

ODCHIyXMBaTbCsa IIOCJIe 3afgBOK C MaJlelM T ¥ OBHCTPO
YyXOOAmMX U3 CUCTEMH.

PaccMoTpuM MOIOMOUKALIMIO ajropmTMa
MHOT'OKaHaJIbHOM CMO (cmMm. pmc. 2.14). Biok-cxeMa
aJropuTMa, n3obpaxeHHad Ha puc. 2.15, [IO3BOJISET
BBECTU [IPUOPUTET nJjida 3a4BOK, paHee OIPYyTmx
[IOKMOAIUMX CUCTEMY .

Ecnu odepenb COCTOUT "3 k 3a4BOK, TO
HeOoOXOoOMMO HauTu Takyio, KOoTOopad VMeeT
HaVMEeHbUMM MOMEHT OKOHUaHMsa oxmImaHmda t'yin. Ilocae
onpenesyieHus t'nin  YIOPaBJIEHUE rnepenaercsa 6OJOKYy 3,
yCTaHaBJIMBaolleMy BO3MOXHOCTb ODCITyXMBaHUA 3TON
3a8aBKU. [Toun HEBEIIIOJIHEHUU YCJIOBUSA
yIpaBJieHUE epenaeTrcsd oIepaTopy,

bopMMUpyRIIEeMy " -



g 9
Onpedenerue et ( S )
’ =
bmin
Puc. 2.15. ©OparmeHT wmomenu CMO C HOpennodTUTeJIbHBIM

ODOCIIyXMBAHMEM 3asBOK

MOMEHT HauaJjJla OGCJ’[V)KMBB.HMH B OCHOBHOM aJiITOpUTME.

B ciaydae oTKaszsa (7. e. 3adBKa oOCJIyXeHa He
OymeT) BHUMCIISETCH UMCJIO OTKaz30B n, a ouepenb
yMeHbIlaeTCad Ha eImHuiy: Kk — 1. Ecam odepenb elue
He mcuepIlaHa, T.E. k > 0, npouenypa NOBTOpPAETCH,
VHaue yIpaBJIeHUE rnepenaeTcsd ornepaTopy OCHOBHOTO
aJITopPUTMa, bopmMmupyoIEMyY tjy1 — MOMEHT npmxona

oOUepenHOM 3BasSaBKMU.

Mogmens CMO cO ClnydYaMHBIM INOPSIAKOM OOGCIYyXMBAHWUS .
Ha puc. 2.16 n300paxeHa OJIOK—CXeMa  MOOeJIMPYIEeTO
aJropmTMa .

T'pynmna onepaTopoB 1 .. 7 BEIOMpPAET 3a4BKU,
KOTOpPEIE MOTYT OBTbE OOCJIYXEHH, T. €. nna  Hux t'y
> t* . MoMeH TE BpEMEHU t'; bOopPMUPYIOT MaCCUs,
"3 KOTOPOTO 3aTeM B OJIoKe 8 OCylUlEeCTBRJISETCH
BEIOOD 3a9BKU. [Tocaie [IpOoCMOTPa BCEX 3a4BOK,
cTodmMxX B odyepenu, OJiok 6 nepenaeT yIpaBJIeHUE
ojoxky 1 wu, ecaM  MacCHuB t'; He nycT (a > 0),
TO OJIOK 8 BEIOMpPAET 3a8aBKU B COOTBETCTBUMA C
3alaHHBEIM 3aKOHOM pacrnpenesieHmus . s 5TON
3a4BKU OJIOK 9 bopMUpyeT BpeMda Hauyaja

ODOCITyXVMBaHNUA . Ecim permcTp 0OyCcT (T.e. HY  OIHAa



3agBKa M3 odvepenuM He MoxeT OblTh OOCJyXeHa), TO
yIpaBJieHue oT ©OJIOKa 7 repenaeTcsd B OCHOBHOM
aJITOPUTM ornepaTopy, bopMupyLIIEMY BpeMs
MOCTYIIJIEHUS OUEepPeOHOM SBasaBKMU.

e

Peayiusayus
CHYYaLHO Bb/-
000KU FAFEKU
us macecusa

Popmuposarue
maceusa &f

@

Puc. 2.16. OdparmMeHT w™Mmomesim CMO cCcO CJIydaMHBEIM TIOPSIOKOM
obCITyXUBaHMA
Ecrnmn COOTBETCTBYIINUM obpasz3oMm U3MEHUTDH
CIIy4damHyIo cxeMy BHOOpPa BasBKU (byok 8),
HanopuMmep, XKEeCTKOU IEeTEPMUHMPOBAHHOM  CUCTEMOMN

[IPUOPUTETOB, TO NIPUXOOVMM K OUEpeIHOM MOIMOUKALIUU
CMO

Mogmene CMO c BanaHHEM [IOPSIAKOM BEIOOPA
obCcnyxMBaKIMX KAaHAJIOB. Ha pwuc. 2.17 wmzobpaxeHa
OJIOK-CXeMa MOIesiMpyrlero aJjropmTMma.
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Puc. 2.17. dparmenT wMomesim CMO C 3alaHHBEIM I[IOPSIKOM

BEHIOOpPaA OOCHyXMBAKIMX KaHAJOB

s KaxXIOoM 3adBKM, [NOCTyNMBIIEM B t; MOMEHT
BPEMEHN, IPOCMaTPUBATCH BCE KaHaJbl u
onpenesidTca CcBOOOIOHEE. [lpoBepseTca ycJjoBue 1 < n
(1 = Tekyuee, n = 4MUCJIO KaHaJIOB B CMO) .
3aHATOCTL KaHalla TIpoeepseTcsa OJoxkoM 3. HesaHaTHE
KaHaJkl chopMUPYIOT Maccue ;7 (bqiox  4), a
X KOJIMYUECTBO HaKalJMBaeTCcsd B CcUeTuMke n* = = n¥*
+ 1. [locse TOI'O Kak  CBOOOIHEE K  MOMEHTY ts
KaHaJiel OTOOpaHe, YyIpaBJIeHMe ILepenaeTcsa OJoky 7,
peanusypueMy OpPaBuJO BHOOpa KaHajda. Eciam n* = 0,
T. €. HeT HM OIHOTO CBOOOIOHOTO K MOMEHTY t;
KaHala, nepexongMM B  OCHOBHOM aJITOPUTM K OJIOKY,
bopMmpyRIIEMY HOBEIE 3HAUYEHUHA ts, u TOBTOPSEM
OoTOOP KaHaJIoB IJjigd MOMeHTa  tj1,

Mogmenes CMO C BHXOIOM M3 CTPOsI KaHAaJIOB.
OCOBEeHHOCTBIO 2TOTO KJlacca CMO ABJIdeTCHd
BO3MOXHOCTb cboda B pabotTe KaHamna. KaHan MOXET



P

OBITH BOCCTAHOBJIEH 3a BpeEMA T n BCTYIIMTDH B

CTPOM B  MOMEHT t = t°° + 17, roe t°© — MOMeHT
cbos. HamexHOoCThb KaHaJla 3amaeTcsd byHKLUMEN
pacrnpenejyieHmns MHTepBaja 06e30TkalHOM pabore P(E),

a ™ onpenesyideTCcHd Kak clly4yalHas BeJIMUMHA C
HEKOTOPEIM 3aKOHOM paclpenesyieHud.

Cobonm 17 PEMOHT KaHaJa MOXHO
VHTEPIPEeTUPOBATE Kak OOCIIyXMBaHME OUKTUMBHOM

3aaABKU c MOMEHTOM HauaJa OBCIYXMBAHUIA £°°,

IJINTEJILHOCTEI  OBCIyXMBaAHUA  TF 171 TEPBLHIM [IPUOPU—

TETOM. Ecnamu 3asaBKa IPUXOIOUT B MOMeHT c6osg, TO
OHa IIoJlydaeT oTKas I MOXeT OBITH obciTyXeHa
rnocJjie PeMOHTa KaHala.

PaccMmoTpmMm sTOT kJjlacc CMO Ha I[puMepe
OIOHOKAHAaJIbHOM CUMCTEMEl CO CJIeOYI MMM CRBOMCTBaMM: KaHall
BEIXOOUT M3 CTPOA B MOMEHTEH tfﬁ, onpeneigaeMule
3aKOHOM P(t) ,; KaHaJ PEMOHTHPYETCSH cJyuaMHoe

BpeMs Ts°, 3amaHHOe 3aKOHOM pacnpeneneuus £ (1°);
3agBKa, Opu OOCJIyXMBAHUM KOTOPOM mHnpom3omes cbou,
nojlydyaeT OTKa3.

Ha puc. 2.18 n300paxeHa OJIOK—CxXeMa
MOIeNMpyllero ajJropuTMma. Bjok 1 mnposepseT yCJOBUe

v>0, T. e. omnpenensgeT CcOOPMUPOBAHO U BaHECEHO JIM
B Maccus 3HAUeHUue £°°, Ecnau 3TO Tak, TO
yIpaBJieHMe InepepnaeTcsa ©OJjioky 3, wumHaue B OJjioke 2
bopmmpyercs t°°. Janee mnpoBepseTcs Y CIJIOBUE £<°
< tE°R. Ecnu OHO He BEI[IOJIHEHO, T. e. cBot
IPOM30UIEeT rnocie OKOHUAHUS OBCIIyXMUBAHUSA, TO
3asgBKAa MOXeET OBITE OOCJIYXEeHa. B osTOoM ciayuyae £<°
3anmMcelBaeTcd B MaccuB, a Yy = 1.

Eciu xe £<° > t°F, yIIpaBJIeH/E rnepenaeTcsd
6ioxy 6. Eciu @t <= t;7 (cboit mOpomsomes  IMOCHe

HadvaJjla OOCJHyXMBaHMSI), TO 3BadBKa I[IOJiydaeT OTKa3 U
yIIpaBJIeHME IepenaeTcd B OCHOBHOM ajir'opuTM OJIOKY,
bukcupymnieMy KOJIMYECTBO OTKas0B. lHaue, T.E.
ecJu cobom Iponus3omIeT bige) HadaJja ODOCITyXMBaHUS,
yIpaBJjieHre Iepemaercs OJoky 8, roe bopmMupyeTCHd



BpeMsa PeMOHTa, M zJajiee OJOKy 9, TI'Ie BHUMCIAETCH

MOMEHT OKOHUAaHMA pPeMOHTaA. Temneps, ecyin tP < ty'!
T. €. PEMOHT 3aKOHUUTCH paHblle, uyeM ucreuerT
BpeMda OXMIOaHMS, YyIpaBJIeHMe IepemaeTcd B  OCHOBHOM
aJITOPUTM OJjioKaM, 3aHMMAIMMC g oBOCIIyXMBa—HUEM
3asaBKM, WMHade — OJIOKY, [IOOCUMTEIBAKIIEMY OTKAa3El.
Bxod @
5 8
¢
3aﬂeceyaez: @opruposa-
6 MHG‘&‘H& Hue z°°
fl?apMuposa—
Hue t°0
g I
Beidop 10
U3 macecusa
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Puc. 2.18. ©®parmenT wmomenm CMO C BEXOIOM M3 CTpPO4A
KaHaJIOB
6.5. Mogens MHOT'OKaHAaJILHOMN CMO C

OT'PaHNYEHHOMN OIIVHOM
ouepenn 17 OT'PaHUYEHHEIM BpeMeHeM OXMIOAHNST



BasTIBOK Hayvajla oObchyXmMBaHUS

AJITOPUTM MHOT'OKaHAaJIbHOU CMO (cMm. pucC.
2.14) naeT TOJIBKO OOfllee  npencraBjieHrMe o  pabore
CMO IODOBOHOTO TUIIA . B 5TOM aJITOPUTME HeT
KOHKPETHOTO KOJIMUEeCTRA KaHaJIOB, onpenesgeTcsd B
odueM BUIE t*1x — BpeMda OKOHUYAaHUA OOCIIyXMBaHUA
1-m 3a4BKU Ha KaKOM—TO k—M KaHaje n T. I.
[IToeTOMYy IJId IIOJIYUEHMA KOHKPETHOTO MNpencTaBJIEHUI O
CJIOXHOCTMU IOCTPOEHUS VMU TAaLUMOHHOM MOIEJIM HWXEe
OIVICEIBAETCH MOILEJIb MHOT'OKaHaJIbHOM CMO (puc.
2.19) (komMuecTBO KaHaJoB I1) Cc ouepenbio (OJaIMHA
ouepenu OT'pPaHMUeHa M paBHa JZ1) M  OT'PAaHUUEHHBEIM
BpeMeHeM [NpebeBaHMSa 3asgBOK B oUuepelu.

B MoImenm OPMHATE Cclenywoume OOO0O3HAUEeHMA :

T — BpeMd MOIOeJIMpoBaHMA,

Tl - MOMEHT TIIOABJIEHMHA OUEepenHOM 3adaBKIU,

T2 — pacuyeTHasd IOJIUTEJIBHOCTE  OXUIAHMA  3BaSBKU
HauyaJia OOCIHIyXMBAHUS,

T3 — MOMEHT OKOHUaHM4a OXMIaHMHd,

T4 — 1QgeVcTBUTeJIbHAad OJINTEeJIBHOCTD OXMIaHUA
BagBKM HadaJla OOCJHIyXMBAHUS,

TS5 — cCcyMMapHasa OJIUTEJIbBHOCTBL  OXMIOAHMA  3asaBOK
HadaJia OOCHIyXM—-BaHMUA,

T6 — OJUTEJILHOCTBL OOCJYXMBaAHMA 3BasaBKU,

T7 — cyMMapHasa OJIMTEJIbHOCTD OOCIYyXMBaAHUSA
3a8aBOK,

I - HOMED KaHala,

Il - KOJIMUeCcTBO KaHaJIOB B CUCTeEMEe,
I2 — KOJIMUECTBO SBaHATHX KaHAaJIOB,
I3 - HOMep CBODOOIOHOTO KaHaja,

F — MMHMMAJIBHOE BpeMdA OCBOOOXIOEeHMA KaHajla C
HOMepOoM I3,
Z — HOMEp MecTa B ouepeny,

Zl - xoJmMuecTBO MeCT B oOuepeny,

Z2 — KOJIMUYEeCTBO 3aHATEIX MeCcT B oudepenyu,
M — KoOJIMUeCcTBO OOCJIIYXEHHEIX 3a4BOK,

Ml - xKOIMUYeCTBO 3aABOK, I[IOJIYUMBIIMX OTKAa3,

M2 -  KOJIMYUEeCTBO 3a4BOK, OXMIABIIMX  HAdaJio



OOCITyXMBAHUS,

N - KOJIMUEeCTBO peanm3lauum npolecca
MOIeNVNPOBaHMA,

N1 - 3amaHHOEe KOJIMYUECTBO pealm3alum.

Ina obecrneueHuda paboOTEl MOLOEJU B PasJIMUHBIX
CUTyalUUax, BOSHUMKAKIMX B [IpollecCe MOIOeJMPOBaHUA,
BBEIEHE CJlenyuye IIPU3HAKU:

X = 1 - npusHak TOTO, 4TO ouepenM  Her, He
BCEe KaHaJBl BaHATH M HYXHO Cpal3y CTaBUTh 3asaBKY
Ha oOCIIyXMBaHME Ha TOT KaHal, KOTOPEM  pPaHblie
BCEX oceobommTCH oT OOCIIYXMBaHMA npenpayummx

3a4dBOK, B INIPOTMBHOM cJjydae X = 0;
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Puc. 2.19. Mogmgensr MHOTOKaHanbHOM CMO (cMm. Takxe c. 151 mu
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Puc. 2.19. IlponoinokeHue



— Z2=1 [M=M+f
G =50 @ !
58
B(Z2.1)=T1 |-
M1=M{1+1
51—
- ©®
..59 :
02— & Mthf
BZ22)=B(Z2
i Zppesle o
M1
- S1=
5;]3/ 0 Hem M‘*’M/
> :
S2=T5/M?
SF=T7/M
=
S$4=82+53 |

Puc. 2.19. OxOHUAaHUE
V = 1 — BCe KaHaJIbI SAaHATEI 1 HYXHO CTaBUTH
3adBKY B ouepens, B IIPOTMBHOM CJiydae vV = 0;



R = 1 - Bce MecTa B ouepenu 3aHSATH, B

[IPOTMBHOM ciyyae R = 0;

K =1 — nepBasd 3adBka B oOodUepenM He IOOXIEeTCH
HadaJjla OOCJHYXMBAHUSA;

P =1 - N-4 peanmn3aumd 3aKOHUEHa, OoJsibiie
3a4BOK B BTOM peajamM3auuyM I[IOCTylaThb He OymeT u
HeOoOXOOMMO noobpaboTaTh 3adBKU, elle Haxonmaumecsd
Ha OOCIyXMBaHMM U B OUepenu.

s buxcauum MOMEHTOB [IOSBJIEHUA 3a49BOK
(7T1) , [IOCTAaHOBKU nx Ha obCIayXMUBaHME Ha
KOHKPE THEIN KaHaJ I Ha KOHKpPETHOE MEeCTO B
ouyepenu, MOMEHTOB OKOHUAHUA OXMIOaHUA (T3) u

OKOHUAHMA OOCJyXMBaA-—
HMSA MCIOJIb3yeTCd IOBa IOBYMEPHEIX MacCCHBAa.

A(I,J) — Maccus COCTO4HMA KaHaJIOB, roe I
=1/1 - HOMEp KaHajJa (HoOMep CTpOKM MaccCupa), J =
1, 2 - HomMep cToJbla. [leppell CcTOJIOEL, OTBOOUTCHA
oJisg ¢MKCcauMM MOMEHTa Hadajla OOCHyXMBAHMA 3agBKM I
- M KaHaJioM, BTOPOM — MOMEHTAa OKOHUYAaHMSA
ODCIYyXMBAHUSA .

B(Z,W) —= mMaccus COCTOAHMUA ouepenu, z = L, Z1
— HOMEep MecTa B ouepenu (HOMEp CTPOKM MaccCuba),
w= 12 - pomep crTombua. IepBwil cToOJBEl, OTBOOUTCH
oJjad ouKCcauum 3a4aABKU (MomMeHTa T1 ee npmuxona) B
ouepenu (MecTO B ouepenu HOMEDP z), BTOPOM —

MOMeHTa T3 OKOHUaHMA PaCUeTHOT'O BPEMEeHM OXUIOAaHUA
STOM RadBKM Hauajla OOCIYyXMBaHMA.

B I[IOCJIe OHUX OJIoKax MOIIeJIu (59 ... ©63)
[IPOUBBOOUTCSH obpaboTKa pes3yJibTaTOoB MOIIEJIMPOBAHUA .
[Tpm 3TOM onpenesidnTrcda clJenympouue BEJIMUNMHEL S -
BEPOATHOCTL  OOCJYyXMBaHMA  3asaBKU, Sl — BEepPOATHOCTH
oTkKaszsa, S2 - cpenHee BpeMsa IOpeObBIBaHMSA  3a8aBKM B
ouepenu, S3 — cpenmHee BpeMda TIOpeOeHBaHMA 3agBKM  HaA
OOCIIyXMBaHUN, S4 - cpenHee BpEeMHA npeOrBaHMA
3a9BKM B CcucremMe, SO — NPOM3BOOUTEJILHOCTHL CUCTEMEH.

[lTomnpoOHO C MEeTOOMKOM IIOJIydeHusa U oOpaboTKU
Pes3yJibTAaTOB MOIEJIUPOBAHUSA MOXHO O3HaAKOMUTHECH B



naparpadax 5.7 m 6.2 ODAHHOTO YyUebDHOTO HOCOoDOUuA

u B paznene 3.4 yuebHuMKa [41].

6.6. MeTognmuka onpenesyieHus IPUOPUTETOB
obCNIyXMBaAHMUSI BasiBOK

[ToTpeBbHOCTH [IOCTPOEHMA 20PEeKTMBHOTO
aJropuTMa OpraHM3alLmnm OOCIYyXMBAHUSA 3asBOK
NPUBOOUT K HeOOXOOMMOCTM [NPUCBOEHMA UMM HEKOTOPHIX
MIPM3HAKORB, KOTOpPEIE OOBIUHO Has3BIBAKTCH
IPUOPUTETAMM .

Kak yxe OBLJIO CKas3aHo, 3aaBKU Ha
oD CIyXMBaHME [IOCTYIIanT B CMO B CJIy4JalHbIEe
MOMEHTEI BpPEMEHU u CTAHOBATCSH B ouepenb. [Tpm
3TOM BO3HMKAET BOIIPOC, B KakKom
MOCJIeNOBaTEJIbHOCTM MX obcayxmuBaThb? Kak pas 3»echb
BCTyIaeT B IeicTBUE cucrTeMa IPUOPUTETORB . Ho

OCTaéTCcd HEeSACHBIM [NPMHLUI [OPUCBOEHUS  [IPUOPUTETOB.
STy  OPMHUMIBEL MOTYT  OBITb  COBEPUWEHHO  Pa3JIMUHBIMIU.

BoT OIOVH IZ86 BO3SMOXHEIX aJITOPMTMOB pealim3aumm
nogoOHOM 3amaun:

- Ha OCHOBAHUU aHaM3a XapaKTEPUCTUK
3a9BOK Ha OOCITyXMBaHME (OB CIIYXMBaEeMBIX 3a7ad)
YyCTaHaBJIMBAETCHa MHOXECTBO IapaMeTpoB BTMX  3adBOK
(3anmau) " 3JIeMeHTaM MHOXeCTBa IprOanTCHd

HEeEKOTOPEIE SHA4YEeHINA,
- B CoOOTBETCTBUU CO SHaAUYEHNMAMMA OJIEMEHTOB

MHOXeCTBa napamMeTpoB BEIOMPAKTCH MeE T O OhI
VIIOPAOOUEeHMS  BBIIOJIHEHMS 3adBOK  (3anmayd) ;

— CpaBHMBAKTCS BaPMAHTH YHOPSOOUEeHMS 3asSBOK
(3amau) 10 Pa3JIMYHEIM BJIeMeHTa MHOXEeCTRBAa
napamMeTpoB;

- pazpabaTHBaeTCH IpaBUJIIO MCIIOJIb30BAHUS
BHIOPAHHOT'O MeTOonoa U OlleHMBaeTCcHd ero
250PEeKTMBHOCTSE .

[lpenmnosoxmumM, YIaJIOCh BBEIIEJINTH HEeCKOJIbKO
2JIEMEHTOB X; MHOXeCcTRa [IPM3HAKOB X ={x1, Xx», ..}.
[IycThb 2TO oyoyT, HanpmuMmep, clenymoimme

XapaKTEePUCTUKIA : noTpeOHBIM pecypc Ha BEITIOJIHEHME



IaHHOM 23aaBKU, OTHOUIEHMI C 3aKas3uYMKOM (c

MCTOUHUKOM 3agdBKM) , XapaKTepnucTMKa CPOUYHOCTHU
BBIIIOJIHEHU I 3aadBKU, oXxXmiaeMmas IPMOBLIIE U Tak
mayee. [Topanoxk yUuerTa IPM3HAKOB IyCThb
COOTBETCTBYET HOMepaM MHIOEKCOB IPMBHAKOB X; (1 =
1, 2, ... SJyIeMeHTaM MHOXEeCTBAa X npmnaKnTCcsd
HEKOTOPEIE 3HaueHMd, HaIlpMUMep, COOTBETCTBYIIOIME

CMEICJIY, WJIM BaXHOCTM, WIM BeCy DBTUX DJIEMEHTOB.
[lpyHLUMI  y4é€Ta DBJIEMEHTOB MHOXecTBa X 3akJKoyaeTcsd
B [OPpMIOaHUM DBJIEMeHTaM 3HAauyYeHuM y;, paBHEX 0 wIn

1. IlycTe S3HadeHMe 1 COOTBETCTBYEeT CJyualn, KoTIma
oOTHmaéTcsd NIpennodTeHue foJibueMy 1o aOCOJIITHOMY
3HAUEHUI DBJIeMeHTy MHoxecTBa X, a 0 — MeHbleMmy.

MeToOouky MCIIOJIbE30BaHMUSA BJIEMEHTOB MHOXEeCTBa
MIPM3HAKOB MOYXHO ITIOSCHUTH Ha IpUMepe. [IycThb
McrnoJsb3yerca Tpu (1 = 3) BJeMeHTa MHOXeCTBa X:
X1, X, X3. [Ipruém yvi = 1, vy, = 0, ys = 1. B

oyepenM  Ha ODCIIyXMBaHME HaxoOomTCcH, HanpmuMep, 5
3aA4BOK u TIPMHATEL crilenymouye SBHaAUEeHWA SJIEMeHTOB
X; MHOXecTBa X IOJId KaXIOM 3BasaBKU:

x1(y = 0.4, X2 (1) 0, x3(1) = 1,

x1¢2) = 0.4, X202y = 0, X302y = 1,

x13 = 0.2, X2(3) = 2, X3(3) = 3,

x14) = 0.4, X2y = 1, X304y = 4,

X1(5) = 0.2, X2 (5) = 2, X3(5) = 5.
lHomexkc B CkoOOkKax OTHOCUT SHAUeHMe IapaMeTpoB K
OOHOM M3 pacCMaTpMBaEeMHBIX 3agBOK.

Beibop [IOCJIeIOBATEJIbLHOCTHU 3adadBOK oJis
peanmszaumm [IPOUCXOONUT CcJie Oy IlyM obpas3oMm. [Tpun
aHaJiuze 1o [IEPBOMY BIJIIEMEHTY X1 MHOXECTRBA X
OyoyT BEIOPAHEL 1, 2 u 4 3aaABKU. [fTom  aHammsze
10 BTOPOMY BJIEMEHTY X, MHOXecTBa X — 1 un 2
3aABKU. A npu aHaJamsze 1o TPeETbEMY DJIEMEHTY
OKOHUATEJILHO OynoeT BEIOpPAaHa 2-4 3a4dBKa. Ha
cregynueM  sTalrne (ocTajsiochb 4 BagBKU) , yXe - I[IocJe
aHamsa 1o BTOPOMY DIJIEMEHTY X2, oyoerT BEIOpPAaHAa
l-g 3asaBKa. [Tocrme 2TOTO yxe Ha [IepPBOM aTarne

OymeT BEIOpPAaHAa 4-g 3a49BKa. Ocraércsa BEIOPATH



[IOCJIEIOBATEJILHOCTD BEIIIOJIHEHU S 3-m n 5-m 3a9BOK.
[Tou aHajmse 10 X1 " X> He yOoaéTrcs HUYEeTro

BbI6paTb, Tak Kak X1(3) = X1i(5) u X2 3y = X2(5) Z
TOJIBKO [PV aHaju3e [0 DBJIEeMeHTy X3 [epBou Oyner
BEIOpPAaHAa 5-4 3a8aBKa. n ocJyiegHen BEIIIOJIHAETCH
oCTaBllasagCcHa 3-4a 3aABKa . TaxuMm obpasoM,
YyCTaHOBJIEHA cllenymuasa [IOCJIeNOBATEJIbHOCTD
BHEIIIOJIHEHUSA 3asgdBOK: 2, 1, 4, 5, 3.

dTo MOXHO cCKaszaThb O TaKOM rnonxone K
BEIOODPY [IPUOPUTETOB OOCITyXMBaHUSA ? Bo-nepsBrX, B
ouepenu MOXET HaXOOUTbCHA B pazsHoe BpeMsa
pasyiMuHoOe KOJIMUECTBO 3a9BOK, OXMIOAKIMX IIPUCBOEHUA
npropuTeTa M Hadajla OOCJHyXMBaHMA. BO-BTOPEIX, CaM
AJITOPUTM BEIOOPA [IOCJIENOBAaTEJIbHOCTHA BBIIIOJIHEHU A
3a4BOK  (QJITOPUTM IIPUCBOEHUSA IIPUOPUTETOB) IOOBOJIBHO
TPOMO3IOKUMN 171 Ha CBOI peanmnsanmo MOXEeT
norpeboBaTh HEKOTOPBIN BBIUMCJINTEJIb HBIN pecypc,
BO3MOXHO, CPaBHUMEBEIM C I[OJIydaeMEM BBMI'PHIIEM. VI B
TPETbUX, IJ1s peanmus3aumnm [IOOOOHOTO aJITOPUTMa
[IPMUCBOEHUA [IPUOPUTETOB HYyXeH penBapmnTesIbHEM
MO EeJIb HEIM SKCIIEPVMMEHT nJisa nnonbopa BJIEMEHTOB
MHOXeCTBa X, BEIOOPA rnopAanka 1924 YIIOPAOOYEHNH,

SHaueHMAd STUMX SJIEMEHTOB 2 [IPVMHLNMIIA "X yqéTa .
Ecmnm Xxe BCe OTU [npelrndrcremA ImpeOoad0JIEHH, TO B

HEKOTOPHBIX CJlydasax OH MOXeT IaThb 3HAUYUTEJIbHBIM
s0pexT.

Bo3zmMoxeH 171 VIHOM IoOxom K onnpenesyiIe HUIO
[IPUOPUTETOB Ha  ODOCIyXMBaHUE 3a4BOK. OH  OCHOBAaH
Ha yuére HEKOTOPEIX PaCCUMTEIBAEMBIX CJIyYaMHBIX
baxTOpPOB [39, 40]. [IycTb pu bopMUpPOBaAHUMU
ouepen 3adBOK Ha  OOCJHyXMBaAHME  YUMTEBAKTCH  IOBa
baxTopa z1 u Z2, [IPMHVMAaIME S3HAUEHUA 0 VI
1. MOXHO cKaszaTh, UTo bopMUupyeTCH CJIy4daMHBIN
BEKTOP INPUOPUTETOBR Z, BKJIOUAKWMY IOBE  KOMIIOHEHTEH
Z1 u Z2, TO ecThb BEKTOP Z(z1, 22) . [leprasa
KOMIIOHEHTaA [IPpMHMMAaET oBa 3HAUEHUHA z11 = 1

(HanpumMmep, CylleCcTBYyeT BO3MOXHOCTb NpenorjaTH) u



z1, = 0 (BOBMOXHOCTbD IpenornjiaTel OTCYTCTBYET) .

KoMrnioHeHTa Z TaKXe MOXET [IPMHVMAThb nBa
3HAUEeHUHA Zy1 = 1 (Hanpumep, CylmecTByeT IOOTOBOP
Ha OOCJIIyXMBAHME 3a4BOK 3aKas’4unKa) u Zoo = 0
(DoroBopa HeT) .

3aKOH pacrnpenesyieHus BEKTOpa Z YIOOBOHO

3aI1aTe B 2 Bume Tabja. 2.7.

TabJiimuiia
2.7
Z21 Z22
i
Z1

Z11 P(z11 P(z11
Z31) Z32)

Z12 P(z1> P(z1
Z51) Z52)

3pecb P(z11 z21) — BEepOATHOCTbL COBMECTHOrO MNOSIBrIeHUA
KOMMOHEHT Z41 U Z2¢ (Hanpumep, ecTb npepgonnara U OOroBop);

P(z11 z22) — BEpOATHOCTbL COBMECTHOIrO NOSABIEHUA
KOMMOHEHT 241 U Z; (Hanpumep, eCcTb npegonnara, HO HeT
aorosopa);

P(z12 Z21) — BEpOATHOCTbL COBMECTHOIo NoOsiBJIeHUS
KOMMOHEHT 212 U Z21 (Hanpumep, HeT npegonnarbl, HO eCTb
AOroBop);

P(Z12 222) — BEpPOATHOCTb COBMECTHOIo nosiBrieHus
KOMIMNOHEHT Z12 U Z22 (Hanpwmep, HeT npeponsmnartbl, U HeT
Aorosopa).

Beposithoctu P(z11 z21), P(z11 222), P(z12 221), P(212 222) MOTYT BBIYUCISTBCS Ha OCHOBE aHaIM3a

CTaTUCTHUYECKOro Mmarepuaina (Tadum. 2.8). 31ech KpoMme BBIIICTIEPEUUCICHHBIX (aKTOPOB
YUUTBIBACTCA OTKa3 B O6CJIy)KI/IBaHI/II/I.

Tabmguiza 2.8



ﬂaHHble 00 06CJZ)A?7‘CM€CIHMM no Keapmaiam

Keapman Ofwee [To I[To [Tonyuwnnm | [Ipouune
4JMCJIO | JOTOBOPY | IpenonjaTe oTKas3 3aSaBKU
3a89BOK

1 1856 920 400 37 499
2 2004 883 671 49 401
3 1639 764 528 23 324
4 1922 952 594 34 342

Toro 7421 3519 2193 143 1566

3a TOoxn

CuuTtaeTtcs, YTO 3asABKM MNOJNy4yalT OTKa3, Hanpumep, B
cnyJasx:

— opeznjlaraeTcsa He IOpenorJjiaTta, a obaprTep;
— mpenomiara coctaBisier MeHee 50 %, a B 0aze HaAS&KHOCTU y 3aKa3zuMKa HEBa)KHAs
XapaKkTepucTHKa (WU BOOOIE OTCYTCTByeT B 0ase);

— HCET JOCTATOYHOI'O0 BbIYHUCIHUTCIBHOIO peCypCa AjId Kad4CCTBCHHOI'O
06CJ'IY)KI/IBaHI/I$I 3asiBKU.

MoXHO paccuuTaTb BEpPOATHOCTU COOLITUU C YYETOM
cBegeHUNn u3 Tabn. 2.8. lnAa 3Toro cHavana paccuyuTbiBalOTCS
BEPOATHOCTU ANSA KOMMOHEHTbI Z4:

P(Zl = Zi11 :1) = 3519 /
7421 = 0.47,

P(Zl = Zi>o :O) =1 - 0.47
= 0.53.

[TonyuyeHna Tabiaulla pacrnpenejyieHusda I[IepBOM KOMIIOHEHTEI
z; (Tabmx. 2.9).

Ta0Juuna 2.9
Zl Z11 = 1 Z1o = O
P 0.47 0.53

3aTeM PaCCUMUMTHBATCS BEPOSTHOCTMU IJIS
KOMIIOHEHTH 2z, (M3 Tabjn. 2.8).




P(22 = Z2 :l) = 2193 /
7421 = 0.30,

P(22 = Zoo :O) =1 - 0.30
= 0.70.

[TonyyeHa Tabiuila pacopenesyieHMsad BTOPOM KOMIIOHEHTH
Z, (Tabm. 2.10).

Taoauma 2.10

Z2 Zo; = 1 Zzo = 0

P 0.30 0.70

Ternepb MOXHO PacCuMTaTh BEPOSTHOCTU COOBITUMN
oja4a Tabia. 2.8.

P(z1; 221 ) = P(z11)*P(zy1) = 0.47
* 0.30 = 0.14,

P(z11 220 ) = P(z11)*P(z) = 0.47
* 0.70 = 0.33,

P(zi2 z21 ) = P(z12)*P(z21) = 0.53
* 0.30 = 0.16,

P(z12 220 ) = P(z12)*P(z) = 0.53
* 0.70 = 0.37.

TakuM ofOpaszoM, pacHnpenejieHre BeKTopa 24 OJd
[IPUBEOEHHEIX CTATUCTUUECKMX TAHHEIX MOXHO CBECTM B
Tabn. 2.11.

Taoauma 2.11

\ Zo1 = 1 Zoo = 0
Z3

A
Z11 = 1 0.14 0.33
z1, = 0 0.16 0.37

Hcexond U3 MONMy4deHHBIX PE3YyJbTATOB IIPU MMUTALMOHHOM MoOAenupoBaHuu peanbHoii CMO,
3asiBKE€ TPHUCBAMBAETCS HAWBBICIIMI (HYJEBOM) MpUOPUTET, €ciu z; =1 U zp=1; NepBbIA NPUOPUTET
—z1=1m z,=0, Bropoil npuoputer — z;=0 u z=1 u Tperuil npuopurer —z;=0u z,=0. B
UTOre 3asiBKHM, NPUXOJSALIME HA BXOJA C OJHOMEPHBIM pACIPEAEICHUEM HHTEPBAJIIOB BPEMEHU
MOCTYTJICHHS, BBICTPAUBAIOTCS B OYEpE/b, JUIMTEIBHOCTh MPEObIBAaHUS B KOTOPOW OIpPEeIseTcs




JIBYMEPHBIM 3aKOHOM pacmpenenenus (tadm. 2.11).

KonndecTBO yuuTHIBa€MBIX NapaMETPOB NpPU MOAEIUPOBAHUU NPHOPUTETOB MOXKET ObITh U
6onbme. Ecnu, HanmpuMmep, NepeMEeHHbIE z; U z; NPUHUMAIOT IO TPU BO3MOKHBIX 3HA4YEHHUS, TO
YHCIIO MPHOPUTETOB Oyaer paBHO 9. Ecnm yuuteiBatotcss Tpu Qaxrtopa (Z(zi, z2, z3)) IpU ABYX
3HAUYEHMSX KaXKJIOro M3 HUX, To — 12. Eciu 3 mpu Tpé€X 3HAYEHHUAX Kaxkaoro, To — 27 U Tak
nanee. Yucino MoJENUpyeMbIX HNPUOPUTETOB MOXKET YBEJIMYMBATHCS, HO METOAMKA MX 3a/aHus,

YCIOXKHSSICh, COXpaHIETCS.

[maBa 7

MOOENMNPOBAHNE HA GPSS

ABEIK GPSS (General Purpose Simulation System -
cucTeMa VMUTALMOHHOTO MOIOeJINPOBaHMS obmero
HasHaueHMsd) npenHal3HayveH JJis I[IOCTPOEHUS IMCKPETHBIX

MOIeJIe M NPOBEINEeHMA MMUTALUMOHHOTO MonempoBaHuda. OH
co3maH B oGoupmMe IBM B  HauaJe 1960-x rTOmOB M
ABJIA€eTCHA HauboJjlee TIIONYJIAPHEIM B MUPE MHCTPYMEHTOM
VMUTALUN . OCHOBHad OpMeHTaLuusa  H[3BKa —  CHUCTEMEL
MaCCOBOT'O OOCIYyXMBAHMA I[IPOMI3BOJIBHOM CTPYKTYPEL [21,
26, 33, 37, 42, 45].

3a BpeMda CBOEI'O CYUWEeCTBOBAHMSA  S3BK I[IPOLIE]
Oy pPHBIM IyTh Pas3BUTUA " B HacTodlee BpeMH
ABJIAETCH [IONIYJIAPHEIM M HauboJjiee  pPacClIpOCTPaHEHHBM
S3BIKOM VMUTALUMOHHOT'O MOIEJIMPOBAHNUSA . EcTb
TPAaHCJIATOPH IJ1s OIlepalMOHHEIX cucTeM DOS -
GPSS/PC, nna  0S/2 w  DOS - GPSS/H wu  nns
Windows - GPSS World. B HacTodluen TJaee B
paMKax IOOCTYIIHOTO obBvEMaA omnmMcaHa MeTOOMKa
npoBeneHms VMUT AL MOHHEIX SKCIIEPVMEHTOB Ha
«CTYyIOeHUEeCKOM» BEpPCUU GPSS World 4.3.5, najee
MIMEHYEeMOU [IPOCTO GPSS. OHa OecnjaTHO
pacrnpocTpaHsaeTcs uepes VHTepHET (PIIEKTPOHHBMN
ampec www.minutemansoftware.com) .

B oTJIMumue oT TPaOULIMOHHBIX METOLOB
NporpaMMMpPOBaHUI paspaboTka VMUTALMOHHOM MOIOEeNM
TpebyeT [IEPECTPONKU [IPVHLIUIIOB MOIOEeJIMPOBAHUS .
Henmapowm [IPVHLMUIIEL, [TOJIOXXEHHEIE B OCHOBY
VMUTALMOHHOT'O MOIEeNIMPOBaHMA, naJjn TOJIYOK K
PAsBUTUI OOBEKTHOTO TMNPOTIPaAMMUMPOBAHMA.



http://www.minutemansoftware.com/

7.1. Beeoenue ¢ sazvik GPSS
CucremMa GPSS npencraBijidgeT coboun A3BIK "
TPAHCJIATOP. KakK KaxXOblM S3BIK  OH COIEPXUT CJIOBaphb
n IpaMMaTUKy, C [IOMOIIBIO KOTOPHIX MOT'YT OBITH
pras3paboTaHEl MOIIeJin CUCTEM ONpPEeneJyIEHHOT'O TUIIA .
TpaHcaaTop A3BIKa paboTaeT B oBe ®asml. Ha
neppoy Gase  KOMOMISLUMM  [OPOBEpSAeTCd CUMHTAKCUC U
CeMaHTMKa HalnMcaHmuAa CTPOK GPSS-nporpaMMEL WNIIN
BCeu IPOT'PaMMEL B LeJIoM, a Ha BTOPOM
(MHTepHpeTHUpPYyKRLEN) OCYLIECTRJIAETCHA [IPOOBMXEHNUE
TPaH3aKTOB IO Momejsm OT ©OJoka K OJIOKY.
llcnoslb30BaHME A3bIKA GPSS IIPUBOIOUT K
IOCTATOUYHO  BBICOKOM CTEIEeHM aBTOoMaTM3alUuMM IIpoliecca
VMUTALUMOHHOT'O  MOIEJIMPOBAHUSA ojaronap4d TOMY, uTo
JIOTUKA MOIOENIMPOBaHUA MCCJIe Iy EMBIX OVCKPE THEIX
[IpOoLIeCCOB BCTPOEHAa B MHTeprnpeTaTop GPSS, a
TaKXe Ojaromapsa TOMY, uTo aBTOMATUUECKU
[IPOM3BOOUTCH cbop CTATUCTUUECKUX IaHHBIX,
XaAPaKTEPU3IYIULMX [IOBeIeHue MoImesi, aBTOMATUUECKU
1o OKOHUAHUM  MOIEJIMPOBaHUA BEIBOOSATCSH  Pe3yJibTaTH
MCCJIEeOOBAHMUA .

Momersin CMO, HalMCaHHEe Ha A3BIKEe GPSS,
OoJiee KOMIIaKTHEI, ueM MO IIeJi, HallMCaHHBE Ha
YVHUBEPCAJIbHBIX A3BIKAaX IpOoTrPaMMUPOBAHMA : [Tackamnsb,
Cu, Bervicuk © gp. S3bIK GPSS 0OOJdyduJl B I[OCJIeJHUE

Tomel HambOoJibllee  pPacHpoOCTpPaHeHMe [0  CPpaBHEHMI  C
A3BIKaMM  MomenmposaHmsa  SIMULA, SIMSCRIRT, SOL wu

Ip .
Jliobasa MOIIEeJIb UCCIIenyeMOM CHUCTEMEI MOXeET OBIThb

IpencTaBjieHa OINMCAaHMEM abCTPaKTHEIX BJIEMEHTOB  —
OOBEKTOB U JIOI'MUECKMX I[IpaBUJI WUX B3aMMOOEUMCTBUA —
CTaHIapTHEIX onepauum. KoMOuHmpy 4 OOBEKTEHI 1z
CTaHIapTHEE onepaumnm Han HVIMU, MOXHO
OCYIECTBJIAThE HSKCIEPMMEHTH Hall MKHTepecyw ey Mucclje-
noBaTesid CUCTEMOM (MOIleJsibo) . KowMmmyiexkc mnporpamy,
OIIVICEIB AV X OYHKLUMOHMPOBAHUE ODOBEKTOB 17
peanm3ynmx JIOTUYECKUE orepaumnm, [IOJIOXEH B

OCHOBY CO3IOaHNA nporpaMMHOTI'O KOMIIJIEKCa CUCTEMEI



MonmenimpoBaHMA  GPSS.

OO BEKTEL nejyiarcya Ha yeTHpe KJlacca:
OVHaMU4eCcKue, obopynoBaHue, CTATUCTUUECKUE u
OlepalVOHHEE. InHaMmyecKue OO BEKTEL Ha3bBBAKTCHA
TpaHzakTaMu. TpaHBakT - 3TO abcTrpakuus, KOTOpOu
pazpaboTuuk MOIeJIM IpuIaeT OonpeneJsyieHHEM CMEBICJI,
T.e. YCTaHaBJIMBaeT eI'0 COOTBETCTBME C OOBeKTaMU
peaJsibHON CHUCTEMEI. TpaH3aKTH co3marnTcHa 121
YHUUTOXAKTCSH B COOTBETCTBUMA C JIOTMIKOU
MOIEJIMPOBaHMA . C TPpaH3aKTaMu CBA3BBAKNTCHA
HEKOTOpPBE XapaKTepusywouue MxX IIapaMeTpH.

OOBEKTH, Ha3EIBaeMbele obopynoBaHMeM, — TOXe
abCTpakKTHEE SJIEMEHTEHL, yIpaBJigeMEe TPaH3aKTaMM :
YCTPOMCTBO, namMsaThb 171 JIOTHMYECKUE KJIIOUM .
YCTPOMCTBO oDCIIyXMBaEeT OOHOBPEMEHHO OOVH
TPaH3aKT, a HAKONUTEJIb — HECKOJIbKO TPaH3aKTOB.
JJoTrMyeckum  [epekJjindaTesib 101  BJAMAHMEM [Ipolenmero
TpaH3akKTa M3MEHAET IyTh IOIBVOKEHU S OIPYyIT'MX
TPaH3aKTOB B COOTBETCTBUU C JIOTMKOUN PaboTH
MOLEJIN .

s OLleHKM  IIOBEeIeHUHd CUCTEeMBl  MCIIOJIb3YITCH
CTaTUCTUUECKUE OOBEKTEL OIBYyX BUIOB : ouepenu 1z
TaOJIMLIEL.

Jlormka PaboTH CHCTEMEL bopMupyeTCca
ONEePaLMOHHEIMM  OOBEKTaMM, HAS3BIBAEMBIMM  OJIOKAMM. OHM
OIpeneJisdnT nyTu IOIBVDKEHU S TPaH3aKTOB, IakBad M
yKasaHue, Kyla MWOTM UM UYTO »OeJaThb »Oajble.

Cxewmy, OV CHIBAILYIO CTPYKTYPY CUCTEMEL "
3aKOHOMEPHOCTU ee OYHKUIMOHMPOBAHMA, MOXHO
pencTraBUTh, cocTodauen M3  I[IOCJIeNOoBaTEeJIbHOCTU
OJIOKOB " COeOVHARINMX "X JIVIHUN . [Tom
MO EeJINPOBaHUNU [IPOU3BOOUTCH TeHepauusa TPaH3aKTOB,
MIPOOBVXEHUE X yepes OJIOKM " BBIIIOJIHEHUE
nercTBUM, COOTBETCTBYIINUX DTUM BJiIoKaM.
[IponBmxXeHME TPaH3aKTOB OCYIIEeCTBJIAETCH B
onpeneJjieHHEEe MOMEH TEI BPEMEHU . Iiia 3TOTO
MOIEJIMPYITCA dYache, I[IOKa3eBawlMe TeKyllee BpeMdA B
MCCJlenyeMou cucrTeMe. Bpewmsa B MOOeJIM — TOJIBbKO



LEeJIOUMCJIEHHBIE BEJIMUMHEI. EIOMHMIIA BpeMeHM (CekKyHIa,
MecHdll ¥ T.II.) BHOMpaeTcd I[IOJIb30BaTeJiIeM M IOOJIXHA
OBIT b eIVHOU B MOOEeJIN . [Tpm MOIENIMPOBaHUN He
aHaIM3UPpyeTCHd COCTOAHMUE CUCTEMEI B KaX OB
IO CJIE oYUM MOMEHT BpEMEHU (BHaUeHUe TEKyeIro
MOMEHTa IJIC enuHuia) . OHO M3MeHdeTcsda Ccpal3y oo
BpEMEHU HAaCTYIJIEHUA OJvpxkammero 13
paccMaTpMBaEMEIX  COOBITUM .

AnpaBuT A3BIKA BKJIOUAET JJATUHCKUE OYKBEIL,
LUMOPEL u crieumallbHbele CUMBOJIBL . CriyxeOHbBIE CJIOBa
HabupawnTcHd 3aIJiaBHEIMU OyKBaMM, a VHIOIUBUOYAJIbHBIE
yMeHa OOBEeKTOB — CTPOUHBIMM, HauMHasa C 3aIlJlaBHOM.

7.2. Mooenuposanue cayuaiHvlx 6eIUYUUH
ComepxaTeJyIbHBIM  CMBICJI  TPAaH3aKTOB omnpenessseTcs

paspaboTumMKOM Momesu. VIM @ yCTaHaBJIMBAETCS aHAJIOTUA
MEXITY TPaH3aKTaMM u peaJib HEIMI OVMHaMUue CKMMU
BJIEMEHTaMU MO OeJINPpyeMOoM CUCTEMEHL. STa aHaJjioTmsd
HUT Oe He yKaseBaAETCHA u oCcTaércd TOJIbKO B
MEICJISAX paszpaboTumKa MOLEJIN . 3TO MOTYT OBITb

IIOKYyIllaTeJil, KJIMEHTEHI, CUIT'HAJIEI, 3aABKU 7 Inp.
TpaHSaKTH HyMepYyKrRTCHAd I10 Mepe nx IIOABJIEHNMA

B MoOmeJwu, a "X IapaMeTpe  OTOoOpaxamT CBOMICTBA
MOIEeIMPYyeMOT O OVHAMUUECKOTO oOBEeKTa. Hanpumep,
ecnmM  MOoIeJiMpyeTcsd cucrTeMa repenadu IaHHBIX, TO
napaMeTrpamMmm TpaH3akKTa (cooBbueHmnsa) B 3aBUCYIMOCTMH
oT ueJsien MOIEeJIMPOBAaHMUSA MOT'YT OBITb CKOPOCThb
rnepenavyy, OOBEM coofmeHrsa ¥ Op. TpaH3akKkT UJMeeT
NpaMylo aHajJiorMio ¢ 3adBkoy B CMO.

[Tpm MOIEJINPOBaHUMU TPaH3aKT HauyMHaET
IOBIVIXeHVIEe, BEIXOIIHA M3 HEeKOTOpOoIo VICTOKAa, InIpoxXxoImT
onpenejyieHHele OJIOKM M  3aKaHuMBaeT [IepeMelleHre B
CTOKE, T.E. rcye3aeT 13 MOIEJN . VcTokam 17
CTOKaM cooTBeTCTBYKT OJiIoKkM GENERATE (reHepupoBaTh)
1 TERMINATE (3aBpepuMTh) COOTBETCTBEHHO.

B MOMEHT BXOIa TpaH3akKTa B OJIOK
BHI3BEIBAETCSH COOTBETCTBYKIAA 3TOMY OJIOKY

noanporpaMMa . Iasnee TPAaH3aKT  IETaeTcsd  BOWTU B



crenywoumy — OJIOK. ETro nepeMmemeHMe nOpomojikaeTcd IO
Tex Iop, [IOKa He  BHIIOJHUTCHS OIOHO M3 CJIeOyllux
BO3MOXHEIX YCJIOBUN:

- TPaH3aKT BXOIOUT B 6JI0K, byHKLMEN
KOTOPOTI'O ABJIAETCH 3aIepxKa TpaH3aKTa Ha
OonpeneJyiEHHOEe BpeMd;

- TPaH3aKT BXOIOUT B OJIOK, byHKLIMEN
KOTOPOT'O 4BJIS€TCHd yIOaJleHMe TpaHs3aKTa U3 MOIeJiu;

- B COOTBETCTBUMA C JJOTUKOMN MO IO eJin
TPAH3aKT IelTaeTcsda BOMTU B cJIenyommm OJIOK, HO
OJIOK He IIPpMHMMaeT eTro. B o»5TOM cJliydae « TpPpaH3akKT

ocTraercd B OJoOKke, B KOTOPOM HaxXooMTCd B IOaHHOe
BpEMH, HO TIO3Xe OymeT TOBTOPATH  IIOINBITKM  BOUTHU
B cJyenywoummm  OJIOK. [loy MBMEHEHUM YCJOBUM  MOIEJIU
OOHa M3 TaKMx TIONBITOK MOXEeT OKas3aThbCHd YCIEIHON.
[locsie 3TOTO TpaH3akKT IIPOOOJIXKMT CBOE IOBMXEHMEe II0
MOIIEeJIN .

Korma TpaH3axkT BXOOUT UYepe3s OJjiok GENERATE,
VHTEPIPETAaTOP [JIaHUPYyeT BpeMsda Ipuxona CJelyrlero
PasBII'PEIBAHMEM  CJIYy4alMHOI'O uycjla B COOTBETCTBUU C
pacrnpenesieHMeM MHTepBaJja INOCTYIJIEHUMS W OpubaBJigeT
ero K TekKylleMy SHAUeHMI MOIEeJIbHOTO BpeMeHu. Ilpwm
IOCTIVKEHUU B5TOTO BpPEMEHU crie oy oumm TPaH3aKT
BBOOUTCHA B MOIeJlb U T.Zn.

[lpy MOmDeNIMPOBAHUM  BXONOAWMX IIOTOKOB C  PAaBHO-
MEPHEIM 3aKOHOM paclpenejieHrsa ofbuwmm Bun OJIOKa:

GENERATE A, B,

C, D, E,

T.E. TeHEPUPYITCSH TPAaH3aKTH yepes A e IVHULI
BPEMEHN, B — [OJOBMHOM [1IOJIS  OOIIyCKa  PaBHOMEPHO
pacrnpenejyieHHOT'O VHTepBanua, C 3a0ePXKOM C, D
TPaH3aKTOB, C [IPMOPUTETOM E. OnepaHn E
yCTaHaBJIMBaeET IJId TpaH3akKTa VYPOBEHD npuopmreTa,
3aIaBaeMoTo umcJiaMm oT 0 bife) 127. Uem ©OoJiblie

dncCrIJio, TEeM BEHIIIE IIpnmopmTEeT.




Ipumep  2.16. V/IMUTUPOBATH BXOOAWMM  [IOTOK U3 100
3agaBoK 30-T0 ypOBHS I[IPUOPUTETA  BHUMCIMUTEJIBHOM CUCTEMH C

PaBHOMEPHEIM pacrnpenesyieHMeM  MHTEPBAJIOB MeXnoy 3aABKaMMU
Ha oTpeske [10, 207. g 2TOTO0  IJOCTATOUYHO 23anmMcarTh :
GENERATE 15, 5, , 100, 30.

Hiia yIoaJIeHnsd TpaH3aKTa n3 MoImeJyim, T.Ee. oJida
MMUT AL BBEIXOIOAIIMX [IOTOKOB, MCIIOJIB3YyEeTCHd OJIOK
TERMINATE. OH BCerzma pa3pewaeT TPaH3aKTy  BHUTH,
a KOJIMUeCTBO DTUX OJIOKOB B MOIOeJin He
OTPaHMUEHO.

Obumy BMO OJIOKa:

TERMINATE A.

OnepaHn A 3amaeT BeJIMUYMHY, BEUMTAEMYI M3 CUeT-
uyKa  3aBepleHM) KaxIell pas3 I[IpM BXOIe  TpaH3akKTa
B Osioxk TERMINATE.

B CcueTuMK 3aBEpPIIEeHUM MHTEPIPEeTaTop 3aHOCUT

ejoe [IOJIOXUTEJILHOE UMCJIIO n3 [10J14 OIlEPaHIOB
orneparopa START (HauaThb) . [Tpm MO EeJNIMPOBaHUNA
TPaH3aKTEL rnornamgamnT B OJIOKM TERMINATE, u
COOEepXrMoe CUueTuMKa YyMEHbllaeTCHd. [lopy  OOCTWMXEHUU

VM HYJIEBOI'O SHadYeHMA MOIOeJIMPOBaHME 3aBeplaeTcHd.

Ipmvep 2.17. BEIMOJIHUTE MOIeNMpOBaHKE [IOBEeOEeHUA
BBIUMCIIUTEJIEHOM CHCTEeMEL IJIs 50 3a4aBOK. JINEC 3TOI'O
3alMChlBaeTCH:

TERMINATE 1

START 50

B CTaHIOAPTHOM Bepcum GPSS uMeeTcHda BOCEMb
PasJIMYHEIX MCTOUHMKOB PaBHOMEPHO pacrnpenesyie HHEIX
CJIyYaMHEIX urceJI CcCO CJIe Oy oVIMM CYMBOJIMUE CKUMU
VIMeHaMM : RN1, RN2, ..., RNS. Bce OHU (RN;)
BEIOAOT MIOEHTUUYHEIE [I0CJIeOBaATEJIEHOCTHU CJIyYaMHEIX

yuycel B MHTEepBaJe 0 .. 0.999. B GPSS wWorld



KOJIMUECTBO TE€eHEepaToOpOB He OT'PaHUUEHO, a
BeIDaBaeMele 3HaueHuda 0 .. 0.999999.

PaBHOMEPHO pacrnpenejyieHHBIE CJTydJalHbIE yrciia
[IPUMEHSITCA IJ14 [IOCJIeOynieIro npeobpal30BaHmMAa B
CJTydJalHbIE urca C MHTEepPEe CYy M [IOJIb30BaTEIA
pacrnpenesieHUeEM : [IyaCCOHOBCKUM, DKCIIOHEHUMAJIbHEIM U
op. B »TOoM  CcJllydae - MHTEPIPETaTOop  MCIOJb3yeT  MMHA
OOHOTO "3 T€eHEepPaToOpOB B KayecTBe apryMeHTa
COOTBETCTRBYyWIEN ((OYHKLMUM, obpabaTeiBada KOTOpPYy, OH
obpaTmuTcHa K TeHepaTopy, [IOJIy4UYUT PaBHOMEPHO
pacrnpenesyieHHOe CJlydalrHoe 4MCJIO U Ipeobpal3yeT ero
B BEJIMUMHY C 3alaHHBEIM 3SaKOHOM paclpenejyieHud.

3HaAUEeHUd TeHEePUPYEMBIX uyrces 3aBUCHAT oT
KOHTEeKCTa : ecnu MM TeHepaTopa — apryMeHT
byuxLMM, TO BEIIATCS e CTU3HAUHBE yurca B

MHTEepBaJje [0.000000; 0.999999], MHadve  popMUpyeTCsHd
Tpex3HauHoe umcygo oT 000 mo 999.

Ipumep 2.18. Kak bopmMupyeTCHa [1I0OCJIEeNOBaATEJIBHOCTD
CJIyYdaWmHBIX BeJIMUMH PaBHOMEPHO pacrnpenejyieHHBEIX B
MHTepBajJe [10, 20] B npuMmepe 2.16. Hiisa [IJIaHMPOBAHMSA
npmuxola IIepBOIO TpPpaH3aKTa pPasHI'PHBAETCS CJydalHOoe  UMCJIO
B MHTEepBaJe (0, 107. Ionsa 3TOTO VHTEepPIpeTaTop
obpamaeTcsa K RN1, TeHepUpyoleMy 3HaUeHue 0.000573.
CnyuanHasa BEeJIMUMHA x; = 10 + (20 -10)RN1 uMeeT
PaBHOMEPHOE paclpenejieHue Ha uHrepraye [10, 20]. Torzma
x; = 10 4+ 10*0,000573, a Cc yyeToM ILeJIOUMCJIEHHOCTH X; =

10 n T. I.

s [IOJIYUEHU A urcesl C O TJIVMUHEBIM OT
PAaBHOMEPHOTO pacrnpenejyieHueM UCIIOJIb3YITCH
CrielmaJjibHbIE OOBEKTEL — QYHKLUM, KOTOPEIE OBIBAT
OVCKPETHBEIMM, HENPEPEBHBEIMM U TaOJIMUHBIMUA.

IMckpeTHasa GyHKLUMA npencrapijideT coboun
KYCOUHO-TIOCTOSAHHYIO GYHKLMIO, Trpapmrueckoe
npencrapJieHMe KOTOpOM COCTOUT ns3 TOPU30OHTAaJIbHEIX
CTyIIEHEN. HenpepreBHa4d OYHKLUMA — D3TO KYCOUHO-
HeIllpepsBHad byHKLUMA . OHa B GPSS COCTOUT ns3

COEeOVMHEHHEBIX MEeXIy cobon [T AMBIX OTPES3KOB n



npencraepjgeT CcoOoM  JIOMaHyl JIMHUIO.
s 3alaHusd OMCKPETHOM OYHKL MU HeobOXOIOMMO

3alaThb KOOPOMHA TH KPaMHMX NpaBHIX TOUEK
TOPU30OHTAJIbHEIX OTPE3KOB. s HEIPEPEBHOM  —
KOOPOMHA TH BCEX TOUEK, ABJISOMMXC S KOHILIaMM
OTPE3KOB.

s onpenesieHUd OMCKPETHOM byHKLMM
YKAa3BEBaKTCA : CMMBOJIMUECKOE I UMCJIOBOE VIMS ;
APTYMEHT (RN;) ; YMICJIO 3HAUEeHNN, [IpUHVMaeMoe
CJIy4aMHOM BEJIMUMHOW ; 3HAUEHUA [IepeMEeHHOM 1z

GYHKLUMM paclHpenesieHus.
STa MHOOPMAaLMI BBOIOUTCHA orepaTopoM FUNCTION
(byHKLIMSA) . FEro obumm BUI:
M
FUNCTION A, B

X1, ¥V / X2,

2/ . . . /Xa, ¥Va

OnnepaHn A — BTO CCBJIKA Ha TI'€HepaTop, B oOlIepaHze
B 1neppeM cTOMT CcuMBON D wmim C  (OUCKpEeTHas WK
HeIllpepsBHA A byHKLMA) , 3a KOTOPBEIM  YyKas3aHO  UYMCJIO
3HAUEeHUMN n CIIydanHOM BEJIMUMHEL X. Hajee (B
cyenywoieyn CTPpOoKe, HauuMHasa C I[IepBOM [DO3ULUUM  [I0JI4
VMeEH) 3alMCHBAKNTCHA X1, X, ee., Xn u CO—
OTBETCTBYKIIME MM 3HAUYeHMUS OQYHKLUU pacrnpenesieHus
Yis Y27 ooy Yne

Ipumep 2.19. dparMeHT GPSS-Momenu  OJid  VMMMTALUUM IOUC—
KPETHOTO BXOIAWETO I[IOTOKa I[PenCcTaBJIeH HUXe:

DRAS FUNCTION RN3, D5
.15, 2/ .35, 5/ .6, 8/ .82, 9 /1, 1.2
GENERATE RN3 DRAS

Kornoa VMeeT MEeCTO [IyaCCOHOBCKUM BXOOAWMUN
I[I0OTOK, MHTEPBAaJIH MexIny IIpuxomamMm 3adBOok B CMO
pacnpenesieHul 10 BSKCIIOHEHIMAJIb —~HOMY 3aKOHY . s
pacueTa 3HAUYEHUN CJIy4dallHOM BSKCIIOHEHUMAJIbHO
pacrnpenejyieHHON BEeJIMYMHE] X; MCIIOJIb3yeTCH

dyHKLMA X; = O (- Ink;) =



= Of(k;), 1vme O - MarTeMaTMueckoe OXMIAaHUE, a k;
- CcJaydamHoe PaBHOMEPHO pacrnpenejyieHHOe Ha
mHTepsBajse [0, 1] wdywmcimo. B GPSS HeT OOONPOI'PaMMEI
pacueTa 3HAYEHUM HaTypaJIbHOTO Jiorapudma, IIO3TOMY
f(k;) AnnpoKCUMMPOBAHa 23 OTpeskKaMwu, yero  BIIOJIHE
IOCTATOUHO IJIg TPAKTUUECKUX LieJIen.

Ipumep 2.20. dyHKIMA f (ki) 3amaércsa Kak HeIlpepLEBHAA
byHKUMSA CJenyourM ofpasoM:

EXPON FUNCTION RNI, C24
o, 0 /.1, .104 / .2, .222 / .3, .355 / .4, .509 / .5, .69 /
.6, .91 / .7, 1.2 / .75, 1.38 /.8, 1.6 / .84, 1.83 / .88,
2.12/
.9 ,2.3/ .92, 2.52 / .94, 2.81 / .95, 2.99 / .96, 3.2 /.97,
3.5 /.98, 3.9 /
.99, 4.6 / .995, 5.3 / .998, 6.2 / .999, 7 / .9998, 8 /
GENERATE 10, FN3 EXPON,

T.E. IOJId OIpenesieHMd 3BHAUeHUM CJy4YaMHOWM  BEJIMUMHEL, pac-
IpeneJjyieHHOY IO  DBKCIOHEHLUMAJIbHOMY  3aKOHY, oJdg  4Jmcia C
RN1, HanpuMmep 0.45, oOTHICKMBaeTCHd 3HaUeHue 0.599
(cpennee wmMexnmy 0.509 wu  0.69) 1  BHUMCIJIeTCcd x; = 10 *

0.599 = =5.99 ~ 6.

PAasHoOMepHO pacnpedenéHHol Ha uumepsane [2, 5]. Oma eenuvuna mooxcem Obims
CMOOENUPOBanHa HYyHKYUell.

INN
FUNCTION RN2,C2
0 2/1 &
U&7 +7 9
Cospemennass  cucmema — GPSS, «kpome  onucamnvix  npuémos,

no360/5em  UCNOIb308aMb  OubIUOMEKy  npoyedyp, exkmouaowyro 24
8EPOSIMHOCMHLIX  pacnpedeienus:  Hopmanavhoe  (Normal),  Ilyaccona
(Poisson), pasnomepnoe (Uniform), sxcnonenyuanvrnoe (Exponential) u np.

Ipumep 2.22. Jjid TeHepauumM TIIOTOKa TPaH3aKTOB  MOXET
OBITb MCIIOJIb30BaHa OubnanoTeyHasd npouenypa
SKCIOHEHUMAJIbLHOTO  paclpenejyieHus c napamerpom A = =0.25

M MCIOJIb30BAaHMEM TeHepaTopa CJdydauHbBIXx BeJnuuH RNI1:
GENERATE



(Exponential(1,0,(1/0.25))).

7.3. Mooenv oonoxkananvnou CMO

s COCTAaBJIEHUHA MO e OOHOKAHAJIbHOM CMO
HeOoOXOOMMO npexinue BCETro OCBOUTH MCIIOJIb30BaHMUE
Os1oxkoB GENERATE un TERMINATE .

CraTmueckue BJIEMEHTEL CMO MOOeJINPYTCH
CreuraJjibHEIMM  OOBeKTaMU GPSS - npmubopaMm. [Tomubop
MOXeT OOCIIyXMBAaTh JIVIIB OOHY  3BasaBKY, Ipy  BTOM
OHa 3alepXMBaeTcsda Ha BpeMd OOCHyXMBaHUA. 3aHATHUE
u OCBODOXIEeHMUE npmubopa MOIEJIVMPYITCH B GPSS
OJIOKaMM SEIZE (3aH4Th) u RELEASE (ocroboIMThE)
COOTBETCTBEHHO. 00w BUL OJIOKOB :

SEIZE A 1z RELEASE A.

OnepaHno A oDO3HauvaeT CHYIMBOJIMUECKOE VI
UYMCJIOBOE M 3aHVMMaeMOTI'O I OCBODOOXIAaeMOTI'O
npmubopa. Ecan npmubop He 3aHAT, TO TPAH3aKT
BXOOUT B SEIZE. Ecinmu npmubop yXe 3aHAT, TO
TPaH3aKTy He pa3l3pemaeTrcd  BxXong B 2 0Ojgoxk SEIZE u
OH OXMIaeT ouepenu. Biiok RELEASE BCermga
paspeumaeT BXOL TPAH3aKTy.

Ecnu TpeOyeMBIN npmubop OKas3EBaeTCHd 3aHATEM,
TO TPaH3aKT OXMIaeT OCBOODOXIEeHMHA, HaxXonsaCh B
npenumeCcTByoIeEM SEIZE Oiioke, 171 CTaHOBUTCH
BJIEMEHTOM ouepenu. Ecrnu B Hel OoJiee OOHOTO
TpaH3aKTa, TO II€PBBEIM IIOCTYyIIaeT Ha  OOCJyXMBaHUE
(mocye ocBoOOOXIOeHMA Npubopa) IpMIIEeOUMM pPaHble.

IInma  cbopa CTaAaTUCTUKM IO oUuepenmu (obmee wu
cpenHee UMCJIO TPaH3aKTOB, HaxXOOUBUMXCS B
ouepenu, cpenHee BpeEMA OXUIOAHUA " p.) B
MOIleJylb, BKJIKUaeTCd perucrpaTop oudepenm. JVx MOXeT
OBITH  HECKOJIBKO, pasImMyanumMxcsad  CUMBOJIMUECKMMM  WJIU
UMCJIOBEIMM  VMEHAaMU.

PermucTpaTop oduepenn 3agaeTcsd napomn
B3aMMOIOIIOJIH AR X OJIOKOB QUEUE (BCcTaThb B
ouepenb) 1 DEPART (MOKMHYTB OUepenb), MWMUTUPYIIMX

COOBITUA  «IIPUCOEeOMHEHMe K  oduepenm» U  «KyXoIo U3
ouepenm» COOTBETCTBEHHO. OOwmm BuUIL OJIOKOB:



QUEUE A, B 171
DEPART A, B.

OnepaHn A yKaseBaeT MMA  permcrpaTopa (o
yYMOJIUaHMIO — ommbka), a B — d4ywucio BJIEMEHTOB, Ha
KOTOpOE M3MEHSAEeTCda 3HAaueHMe CUeTUMKa COOEPXVMOTO
ouepen (o yMOJIYaHMIO — €OMHMUILA) .

[Ton BXOIe TPpaH3aKTa B OJIOK QUEUE 3HaUEeHME
cueTuMKa BXOIOB IJig odepenu A yBeJMUMBAETCH  Ha
eIVHNIY , a CcuUeTuMKa COOEepPXMMOITO Ha BeJaMuuHy B,
TPaH3aKTYy [IPUNIMCEHBAETCH VIMA ouepenu u
3allOMMHaeTCH BpEMH BXOXIEHUA B Hee. TpaH3aKT
rnepecrTaeT OBTH BJIEMEHTOM  oOdUepenuM  TOJIBKO rocJje
rnepexona B DEPART, BEITIIOJIHAKIE T O OEeVICTBUSA,
obpaTHele QUEUE. TpaH3aKT MOXeT OBTb OIOHOBPEMEHHO
5JIeMeHTOM He 0OoJiee [NATM Ouepenen.

Ternepb MOXHO pPacCMOTpPeThb MOIeJb I[IpOoCcTeNlen

OOHOKAHAJIbHOM CMO. [IycTob cucreMa obpabaTeBaeT
3a9BKU Ha ODCIIyXMBaHUE C noKasaTeJIbHO
pacrnpenejie HHBIMIU MHTepBaJjaMm MexXIy CMEXHEIMM
BaABKaMIM n OJINMTeJIBbHOCT AMM O6Cﬂy>KI/IBaHI/IH .
llcnomnbpsyeTcd [IPUHLNII «IIEPBBIM npuieJl — I[IEePBBEM
ODCIIYyXEH .

MomenupoBaHUE BHIIIOJIHAETCSA B clenymoiueM
nop4anake : paszpaboTka CXEeMBI CMO, bopMmMpoOBaHME
T8.6JTI/ILU:>I OHpeHeﬂeHMﬁ, BbI@Op CIOVMHVIIIEI MOIOeJIBHOTI'O
BPEMEHY, COCTaBJIEHUE IPOTPaMMEL 128 oBCyXIeHMe
PeE3YyJIETATOB. BmecTO TaOJINLIEL onpeneseHUMN HIDKE
[IEPEUNICIIAITCA OCHOBHEIE OOO3HAUEHMUA:

- 3adBKa — TPAaH3akKT I[IepBOI'O CEeTIMEHTa,

- TauMep — TPAaH3akKT BTOPOI'O CeTMEHTa,

- oduepenb - permMcTpaTop ouepemM C CHUMBOJIMYUECKUM
nMeHeM OCH,

- cucreMa — nOpubop C CVIMBOJIMYE CKVM VIMEeHEM
PROCE.
[lporpammMma, cocToAlasda ns3 IBYX CeIMeHTOB,

npencTaBJi€EHa HIVIXEe .



3anyck cucreMel — GPSS OCylleCTBJISEeTCH OIHVM

us CIIOCODOB 3amnycka IPUIIOXEHUM Windows,
HanpuMep, WEJIKHYB JIeBOM  KHOIIKOM MBIV I[IO0 MKOHKE
GPSS Ha pabouem crTosie, winm - Ilyck - IllporpaMMsl -
GPSS World. [logsnsgeTcsa pabouee OKHO CUCTEMEL
(bparmMeHT KOTOPOT'O npencraBlieH Ha puc. 2.20),
comepxaluee, KakKk  OOBIUHO, CTPOKY MEHK U IaHeJb
MHCTPYMEHTOB.

2 GPSS World

File Edt Search “iew Command ‘Window Help

D|2|E] #|z2] &2

Puc. 2.20. OparmMeHT pabouero OKHa CUCTEMEH

Peanuzorar koMmaHny File — New, B OTKPHBIIEMCS
IMaJIOTOBOM OKHe HoBrm OOKYMEHT (puc. 2.21)
BEIOpaThk koMaHIy Cospmare Model.

Cospate oK

| ok |
Text File OTHeHa |
_Crpsara |

Cnpaeka

Puc. 2.21. JImanoroBoe OKHO HoBM HOOKyMeHT

OrxkpoeTcsa okxHO Untitled Model 1 (Momenp 1 ©e=3

VMEHN) , B KOTOPOM MOXHO yxe HabupaThb TEKCT
[IPOTPaMMEL. [Tociyie Y CIIEIIHOM OTJIaIKM MOXHO
COXPAaHUThH MOIEeJb rnon MMeHeM Model OSMOl.gps

(puc. 2.22).



i Model 0SHMO1.gps

e el e ol - i i i e e i e e e

* Momens mwémS 1/ w
TEFEFET A F T AT EFEAFESAFESTAESTATESTETESEST SN

, JCHOBHOM celnMFHeHT

GEMERATE [Exponential(l,0,1))
QUETUE OCH

SEIZE FROCE

DEPART Oz H

ADVANCE [Exponentiali(Z,0,0.9])
RELEAZE FROCE

TEERMIMNATE

; CerMeHT TalMepa
GENERATE 5000, ,, 1
TEERMIMNATE 1
START 1

Puc. 2.22. IlporpaMMa MOOeJIM OIOHOKaHaJibHOM CMO

Kaxk BUIOHO "3 pucC. 2.22 IOy CTUMO
MCIIOJIb30BaHME KOMMEHTAPUEB C OyKBaMM  KUPWUJIIJIMLIEL.
OHM HaUYMHAKTCH " 3aKaHUMBAaKnTCH 3BE3IOUKON NI
HauMHAaTCda IIOCJIe TOUYKM C 3aldaTou.

Momesip cocTOMT M3 IOBYX CEeIMEHTOB. B  KaxmoMm
CerMeHTe MO eJINn MeeTCHd oTHeJibHasa rnapa OJIOKOB
GENERATE - TERMINATE, HO TOJIbLKO OOVH nus3
TERMINATE MOXEeT 3aaraTbCH C OIIepaHIIoM,
BEIUMTAEMEIM M3 CUETUMKA 3aBEepUIEeHUN.

[lepBEI CEI'MEHT OIMCHEIBaeT «Ororpadmo»
HanpaBJigdeMOM Ha  OOCJyXMBaHMEe  3adBKU. Bo BTOpOM
TeHepUpyeTCcsa eOUMHCTBEHHEN (cMm. YEeTBEPTHM  OllepaH
GENERATE) TPaH3aKT, KOTOPHEI obecrieumBaeT
3aBepleHre MOIOENIMPOBaHUSA rpu 3HAYEHUU TarMepa
mMomesniy 50000 (nepmBemr onepaHn) . OTOEeNIBHBIML CETMEHT
TamMepa yOEICTPAET paboTy MOIleJiun, TakK Kak He
TpebyeT [IPOBEPKMA uycia OO CITyXEHHBIX 3a4BOK Jis
KaXIoT'O TPpaH3aKTa. Kpome TOTO, BTOT BapMaHT
[I03BOJIAET npmu HeOoOXOoOVMMOCTHU OpPr'aHM30BATH
BAKJIOUUTEJILHYIO obpaboTKy, BEIIIOJIHIEMYIO OOHOKPATHO
rocye 3aBepleHn s cbopa CTATUCTUKU "



nporpaMMUpyeMyio HernocpencTeBeHHO Iepen TERMINATE 1.

Ternepsb obCcynuM [IE€PBLIM CEeTMEeHT. B HEeM
GENERATE bopMupyeT HEeOT'PaHMUEeHHOEe  UYMCJIO 3a4BOK
yepes BSKCIIOHEHUMAJIbHO pacrnpenesi€HHBE VHTEePBaJIbl
BpPEMEH!, IOCTaBJISIEMEIE BCTPOEHHOM byHKLMEN
Exponential. [lepBEIM OrepaHm OYyHKLMM yKasbBaeT
HOMEDP MCIIOJIb 3y EMOT'O reHepaTopa (1), BTOPOM —
CMelleHUE SKCIIOHEHTEL (HyJeBoe), TpeTUM — eé
CpenHee 3HauveHue (enmHula) .

Boumenmasga 3a4dBKa oOTMEeUaeTcHd B ouepenmn QUEUE
1o MMEHU OCH u IelTaeTcsd 3aXBaTUThb (SEIZE)
YCTPOMCTBO 10 VIMEHU PROCE. Ecau YCTPOMCTBO

3aHATO, TPaH3aKT I[OMellaeTCd B  CBSA3aHHYI C  HUM
Lenb 3aIepXKy, KoTopasa IIpocMaTpuBaeTCsa B  MOMEHTEH
OCBODOXIOEeHMSa yCTPOMCTBA.

Ecamum  yCTpOMCTBO CBRODOOHO, TO osioxk  DEPERT
bukcupyeT KOHelL] npeOrBaHMA B ouepenu OCH.
CoOTBETCTBEHHO  HaKallJIMBaeTCd  CTaTUCTMKA  OXMIaHUA,
CBA3aHHa4a C 3TOM ouepennio. Biioxku QUEUE u
DEPERT OIpPEeneJIdnT TOJIbBKO HeOOXOOMMOCTE cbopa
CTATUCTUKM IO HOAaHHOM ouepenm: UX OTCYTCTBME He
BJIMAET Ha peasibHOE CylleCTBOBaHME 121 OIVHAMUKY
ouepenu.

3axBaTuUBlIaA YCTPOMCTBO 3afdBKa 3alepXuBaeTcsd
B HEM (briok ADVANCE) Ha MHTEPBAJl C
[IOKasz3aTeJIbHO pacnpenesyiéHHOM IJINTEJIbBHOCTHIO 121
cpenHeu 3aEePXKON 0.9. Hiia ero bopmMmpoBaHMA
MCIIOJIb3YyeTCH IPyTOn (BTOpPOM) TeHepaTop. ITo
MCTEeUYeHUN 3a0epPXKU OJIOK RELEASE OCBOOOXIaET
KaHaJ PROCE, 1z TpaeKToOpMda TpaH3aKTa
3aKaHUYMBAETCH bes BO3IOENCTBUA Ha CUETUUK
3aBEPIIEHUN .

ITo pesybTaTam MPOTOHAa NPOT'PaMMEL
aBTOMaTUUECKU bopMupyeTCca CTaHIIAaPTHBEIM OTUET.
[Tocye 3ar0JIOBKA OTUETa B HEM yKaseBaeTCHd
CUCTEeMHOe BpeMsa Hadajla WM OKOHUAHMSA MOIOeJIMPOBaHMA
121 cocTasn CHUCTEMEI. Hanee crylenyer Tabnuia
BHYTPEHHUX  aIpecos, [IOCTABJIEHHBEIX B COOTBETCTBUE



MeTKaM. SaTeMm IedaTaeTc4d TabJsmia C KOJIMYeCTBOM

BXOOOB B OJIOKU (ENTRIES) , KO20OUMLMEHTOM
nucnoJyb3osaHmua (UTIL), cCpenHuMM BpeMeHeM [IpeObBaHUA
TpaH3aKTa B YCTPOMCTBE (AVE.TIME) n p. IIee
[ocryiegymoimme BEIIAYN comepxartT MHOOPMAa LI 00
YyCTpOMCTBaAxX U ouepenax.

MonmenupoBaHMe HauMHaeTCcsd rocye TOTO, KakK
VHTEPIIpeTaTop OOHaAPYyXUT orepaTop START "
[IOMEeCTUT B CUeTUMK 3aBEPIEeHUN eIVHULLY (START
OOBIYHO HaxXoOMUTCHA B KOHIIe [IPOTPAaMMHL) . [lopanoxk

CJIeIOBaAHMA CeI'MEeHTOB [IPOM3BOJIEH.

7.4. Mogmens MHOTOKaHaneHOM CMO

[Ton MO LOEeJIMPOBaHUN MHOT'OKaHaJIbHBIX CMO C
OLOHOPOIHEIMI 1o CBOMICTBAaM 121 rapaJjiyieJyIbHO
praboTaKrUMM npmubopamm MCIIOJIb3yeTCH crieumaljibHOe
CpenCTBO — MHOT'OKaHAaJIbHOE YCTPOMCTBO. B MO EeJN
MOXeET OBITb HECKOJIBKO  MHOTOKAHAaJIbHEIX YyCTPOMWUCTB,
pPasInyaKnumuxcsa CUMBOJIMYE CKMMU NI UVICJIOBEIMU
VMIMEHaMU . UJnciio npmbopos, MO OEeJINP YWV X
MHOT'OKaHAaJIbHEIE YCTPOMCTBAE, omnpeneyiseTcsa II0JIb30-
BaTEJIEM 121 Ha3BEBaeTCHd EMKOCTHBIO MHOT'OKaHAaJIbHOT'O
YCTPOMICTBA.

MHOTOKaHAaJIbLHOE YCTPOMCTBO BBOIOUTCHA rnapoun
B3aVMOIOOIIOJIH MM X Apyr npyra OJIOKOB : ENTER
(BOoMTU) 1 LEAVE (BRIMTH) . Korma TpaH3akKT BXOIOUT
B II€PBHM W3 HUX, MOIJeJMPyeTCcsa COOnTUe «3aHaTtue
OOHOTO 13 TPYIITIHE rapajjiesyibHO paboTanmmMx
IprbOopPOB», a Korgma OH rornazmaeT BO BTOPOU —
«OcBODOOXIOEHME IapaJiJieJIbHO paboTanmero npmubopa».

Obwmm BULO OJIOKOB:

ENTER A, B n
LEAVE A, B.
OnepaHno A YKas3eBaET M MHOT'OKaHAaJIbLHOT'O
YyCTPOMCTBA (mo yMoJuaHmMio - ommbka), a B — 4dmcJo

nprubopoB, BaHMMAEMHIX [IPM BXOIe OIOHOTO TpPpaH3akKTa



(mo yMOJIUAHMIO — eIMHMIA) .

B KOHIIE [POTOHa MHTEPIPETATOP aBTOMATUUECKU
pacrnedyaTeBaeT CTATUCTUKY 1o MHOT'OKaHaJIbHEIM
YCTPOMCTBAM. EMKOCTB MHOT'OKAHaJIb—HOTO YyCTPOMCTBA
3amaeTcd orepaTopoM STORAGE (MHOTOKaHaJIbHOEe
ycTpomcTBO) . OOumy BuUIO OoIepaTopa:

STORAGE A,

rae UMSA - COOTBETCTBYET CYIMBOJIMUECKOMY WIIN
UMCJIOBOMY  HAMMEHOBAHMIK MHOTOKAHAJBbHOTO  YCTPOMCTBA
(onnepann A B ©OJjsiokax ENTER wm LEAVE) . OnepaHn A
onpeneyiieT EMKOCTb MHOT'OKAHAJIbLHOT'O YCTPOMCTRBA.

PaccMoTpuM MOIIEJIb MHOT'OKaHaJIbHOM CUCTEMHI.
[IlycTb CMO COCTOUT "3 30 PaBHOLIEHHEIX,
rnapaJjijieJibHO MO OKJIIOUEHHBIX KaHaJIOB, KaX b "3
KOTOPHEIX OQYyHKUMOHMPYeT 1o 24 dYyaca B CYTKM IIATb
IHeN B HeneJo. Bpewmsa X HapaboTkM Ha oTKa3z
100 = 15 JacoB. Bo3mMmoxeH PEMOHT ONHOTO NI
OOHOBPEMEHHO IOBYX BHIEOUMX U3 CTpOS KaHaJIoB 3a
4 + 2 ywaca. A Tak KakK KaHaJlbll MOTYT BHXOIUTHL U3
cCTpo4d, TO MMeeTCcd pesepB — 3 KaHaJa. HeobxonmmMmo
BEIIIOJIHMTE MOIEeJMPOBaHMe 3a 12 wMecdueB (B Mecdle
4 Hepmenu). OnpeneauTb 3arpy3Ky PEMOHTHBIX MeCT U
CpeIHee UMCJIO KAaHaJIoOB B pe3epBe.

B KayecTBe TaKOU CMO MOXEeT OBITH
PAacCCMOTPEHO TexXHMUeCKOe YCTPOMCTRO, cocrTodlee U3
PaBHOLIEHHEIX OJIOKOB, MO OKJIIOUEHHBIX rnapajijieJibHO.
PeMoHT OCYILIECTRBJIAETCH B MaCTEepPCKOM IBYyMS
paboummu .

MonmenmpyemMmasd cucTeMa n3o0paxeHa Ha pucC.
2.23. PeMOHTHBIM YUYacCTOK, Toe InOea paboumx MecTa,
M CHUCTeMy, roe paboranT napajaiaenbHo 30 OJIOKOB,
yOOOHO  MOIOeJaupOoBaThb MHOT'OKaHAJIbHBEIMM  YCTPOMCTBaMU,
a camm OJIOKM — TpaH3akKTaMu. [IycThb BCE KaHaJbl
MCIIPaBHH, TOTOa pPesepBHBEIE OJIOKM He MOTYT BOWUTHU
B MHOT'OKaHaJIbHOE YCTPOMCTBO 17 OXMIOAIT B



ouepenu. Kak TOJIBKO KaHaJl (BJiok) HapabaTeBaEeT
Ha OTKa3, OH I[OoCTyllaeT B OdYepelb Ha PEeMOHT, a

ero MECTO 3aH/MaeT PE3EPBHEN OJIOK. [Tocrne
pPeMOHTa OJIOKM [IOCTyIalT B peseps, T.e. B
ouepenb. Taxkum oOpasoM, B MOIOENM UUPKyJIupyeT 33
OJioKa — TpaH3akKTa.

CoorBeTCTBME OOBEKTOB cCcucTeMel M GPSS: ©OJok
— TPaH3aKT [IEPBOTO cerMeHTa, TayMep — TpPaH3aKT
BTOPOTO cerMeHTa, KaHaJ - MHOTOKaHaJIbHOE
YCTPOMCTBO C CUMBOJIMUE CKMM MEeHEM KANAL,
PEMOHTHAaA MacTepcKad — MHOT'OKaHaJIbHOE YCTPOMCTBO
C CcuMBOJIMUeCcKMM umMeHeM REMM, pesepB — oOuepenb

C CYMBOJIMUECKMVM MMeHeM REZ.

\ 4

‘///\\\\\\‘PesepB

N L(///

<

OxmgaHme
peMoHTa
PemoHT
Puc. 2.23. CxeMa MOIOeJIuMpyeMo¥ MHOT'OKaHaJibHOM CMO
B MO IIeJin HeobxoIOMMO MCIIOJIB30BATH OJIOK
TRANSFER (nepenmars) , npengHa3HadYEeHHBIN OJis
6e3yCJIOBHOM repenaumn TPpaH3aKTa B DJIOK B,

OTJIMYUHEIM OT cJenymuero : TRANSFER , B. Onepann B
yKaseBaeT CMMBOJIMUECKOEe WMJIM 4YMCJIOBOe mMsa ©OJIoKa,

KOTOPOMY epenaeTrcd TPaH3aKT. B pexmMme
6e3yCJIOBHOM repenaum TRANSFER He OTKAa3BIBaAET
TPaH3aKTy BO BXoIe, a cpasy Xxe [IelTaeTcd

IPOOBMHYTE €TI0 B ©Ojgok B. Ecmm sT0oT OJOK OTKa-
3LIBaEeT, TO TPaH3aKT ocTaeTcd B TRANSFER 17



TOBTOPSET TIONBITKM B  CJenylolye  MOMEHTH  BPEMEHMU.
[lporpamMMa MOIesM MNIPUBOOUTCS  HMXE:

KANAL STORAGE 30
REMM STORAGE 2
; CermeHnT 1
GENERATE ;s 33
NNN QUEUE REZ
ENTER KANAL
DEPART REZ
ADVANCE 100,15
LEAVE KANAL
ENTER REMM
ADVANCE 4,2
LEAVESFER REMM
TRANSFER , NNN
; CermeHT 2
GENERATE 5760
TERMINATE 1
START I

7.5. Mopmenr MHOTOKaHanNepHOM CMO C OI'PaHMYEHHOM
OIIVHOM

ouepenn

Bo BpEMHA MOIOENIMPOBaHUSI VMHTEPIPpEeTaTOop
perucTpupyeT 171 KOPPEKTUPYET MHOOPMa LI 1o
obwvekTaM GPSS: npmubopam, ouepensaM, MHOI'OKaHaJlbHBEIM
YyCTPpOMCTBaM " T.II. [ToaTOoMy [IPOLIeCCOM
MOIEeJIMPOBAHUSA MOXHO YIIPaBJIATH OVMHaMUUEeCKM  —
BO3IEVCTBUEM co CTOPOHEL aTpUbyYyTOB MOIEJIN .
Hanpuwmep, B peaJibHBIX CMO BpeM4d ODOCITyXMBaHUS
MHOTZa 3aBUCUT OT IOJMHEL OUepenn. B nocobum [11]
[IPpVBE OEHE HEKOTOPEIE 4acTo MCIIOJIb 3y EeMEIE
CTaHIOapTHEE UMICJIOBEIE aTPUOY TH (CUA) . Ha-
MMEHOBAHME C4ya, Kak npaBmiio, COCTOUT nus3
TPYIIOBOT'O  MMEHU (F — npubop, S - YyCTPOMCTBO WU
Q - ouepens), THUIA MHbopMaumm  (HanopmMMep, CUeTUUK

SaHFI'I'I/IIZ, MaKClVMaJIbHOE SHadYeHNE JJIVIHBL oduepenm nu



op.) ¥ VMEeHM UYMCJIOBOTO — j WM CHUMBOJIMUECKOTO.
PaccMmoTpuM MOJIIEeJIb ONIMCAaHHOM HIDKE CUICTEMEHL.

B MHOOPMAaLIMIOHHOM crucreme paboTraetT [IATH
OepaTopos, OHU, [IpUBJIeKad TEeXHUUECKUE cpencrea
CUCTEMEL, OTBEUAaIT Ha 3ampockHl, rnocryramimme 1o
KaHajlaM CBA3U. Ecam y kaxmoro orneparopa o 2
3amnpoca B ouepenu (T.e. ee obuasda IJIVHAa 10
3a4BOK) , OUepenmHOM 3alpoc IIoJjlydaeT OTKa3. 3adBKU
[IOCTyHnanT Jepes 5 & 3 CEeKYHIHI, a ODCIIyXMBAKTCH
3a 30 £ 20 CeKyHTn. HeobxoomMmo BEIIIOJIHMUTD
MOIeJupoBaHMe pPaboTel CcUCTeEMBl 0O obOciayxuBaHmio 150
3a49BOK. OnpenenmTb UMICJIO OTKas0B " 3arpy3Ky
ornepaTopoB. CxeMma CMO npruBeIeHa Ha puc. 2.24.
CooTBEeTCTBMUE ODBEKTOB cucrtemMel m GPSS: 3agaBKa —
TPaH3aKT, ouepenb — permucTpaTop ouepenn C
CUMBOJINYE CKUM MMEeHEM TLF, oIepaToOpPEHL -
MHOTOKaHaJIbHOE YyCTPOMCTBO C CUMBOJMUECKMVM MMEHEM
KOM.

JIN 8 [IPOBEPKU 3HaAUEeHUM cua OymeT
MCIIOJIbE30BAaH OJI0OK TEST (mpoBepUTh) . Ero oowMM
BUL:

TEST

X, A, B, C.

OnepaTops

yxon
He0oOCJTyXXEeHHBIX

O OO

ouepenn >107?

Ilpuxon

3aaBOK Ouepenb 3aABOK OB cityXeHHBIX

3aaBOK

Puc. 2.24. OdparmMeHT w™Momesm CMO C OTPId@HEWMHYEHHOM OuUepenbio
BcriomMoraTesib HEI orepaTop X yKas3eEBaeT OTHOLIEeHME
cpaBHeHua 1nryx CYA, wmMeHa KOTOPHEIX OIpeleJsyieHEl B
A u B:

G - A > B?,



GE - A >= B?,
E - A = B?,
NE - A <> B?,
LE - A <= B?,
L - A < B?

Onepann € He ofbd3aTejyleH U CcomepxuT uMda OJIoKa,
B KOTOPBIM I[epexOoIuT [NpoBepdanlMM  TpPaH3aKT, ecimn
OTBET Ha BOIPOC, comepxaummcda B X, oTpuLaTeJIeH.

Ecrnn C OTCYTCTBYET, TO TEST paboTaeT B
pexuMe OoTKasza M, Kor'Jga TpaH3akKT I[OeHTaeTcd BOWUTH,
BXOI 3anpelmaeTrcsd, eciun oTBET Ha BOIIPOC
OTpHULIATEJIEH . Torna TPaH3aKT 3amepXmrBpaeTcsd B
npeneinyumeM  OJoKe. [loy  ouepenHOM IIPOCMOTPE  Lelu
TEKYIIMX COOBITUM [IOTIEITKA [IOBTOPSETCH. Ecau
MCIIOJIb30BaH onepaHn C, TO TPAaH3aKT [OIpOoXOoouT B
crnenyioumy  3a TEST  6OJ0K, ecaM OTBeT Ha  BOIpPOC
[IOJIOXMTEJIbHEIN, NI B OJIOK c - ecJin
OTpPMLIATEJIbHEIN .

[l[porpamMmMa MOIOenM IIpMBEIEeHAa HMXE:

KOM STORAGE 5
GENERATE 5,3
TEST G QS$STLF,10, NNN
NNN QUEUE TLF
ENTER KOM
DEPART TLF
ADVANCE 30,20
LEAVE KOM
TERMINATE 1
START 150
OCODEHHOCTBI MO OeJIu ABJIIEeTCH OTCYTCTBUE
cerMeHTa - TayMepa. ITo YCJIOBUIO TpebyeTcsa
orpaborare 150 =Bagrok. B »TOM Ccllydyae B CUETUUMK

3aBepueHur omnepatopoM START 3anocurcsa uywmciyio 150.



PesyJibTaThH MOIOENIMPOBAHMA : YYCJIIO OTKas0B PaBHO
10, a =zBarpyska omneparopos — 0,981.

7.6. Mogmenr CMO c mnpuopuTeTamm
[lpy BXOHEe TpaH3akTa B MOIEJIb YPOBEHbB €TI0

npuopurTeTa - onpenesdgercsa OjokoM GENERATE (onnepaHno
E). g IVHaMUYECKOTO M3MEeHEHNA npropmuTeTa B
xone MOLOEJIMPOBAHMA MCIIOJIb3yeTCHd OJIOK PRIORITY

(Ha3HAUUTEL I[IPUOPUTET) :

PRIORITY A.

Onepann A onpenejydeT YPOBEeHb  Has3Ha4YaeMoI'o  IIpUo-—
puteTa, 4gpjadwpmerocd B GPSS CUA ¢ wmMeHeM PR,
PaccMOTpuMM MOIEJIb TOBAPHOM  CTaHLUMU, K KOTOpOu

C MHTEPBAJIOM 8 = 3 yaca MNOOXOOAT noesna C
HEKOTOPBIM  CHEIPbEM. Cpeon Hux 20 % COCTaBOB  CO
CKOPOIIOPTHAIWMMCSH CEPbEM MMEKT IIepPBHM IPUOPUTET, a
OCTaJIbHEIE - HYJIEBOMW . Cra”Huma obpabaTeBaEeT
(pasrpyxaeT) COCTaBEHI 3a 6 £ 2 yaca. Ecnmu
COoCTaB OXMIOaEeT B ouepenu boJiee 10 uyacos, TO

pasrpy3kKa TepsSeT CMBICJI M OH YyXOIOMT Ha IJPYyIyo
CTAHLMUD.
Heobxoommo BHIIIOJIHUTE MOIEeJINPOBaHME CUCTEMH

B TeUYeHME 5 CYyTOK : OnpenesyinTh UM CJIO
HeOOCJIyXeHHEIX COCTAaBOB, cpenHee BpeMsa IIpeOeBaHUA
B ouepenM M 3Barpysky craHumm. CxeMa CUCTEMEl C
[IPUOPUTETaMU n300paxeHa Ha puc. 2.25, a
COOTBETCTBUE ODBEKTOB cucrtemMel m GPSS: cocTap -—
TPaH3aKT IepBOTO CerMeHTa, TarvMep —TpPaH3akKT
BTOPOT'O CEeIMEeHTa, ouepelb — permcrTpaTop ouepenm C
cuMBoJIMueckM uMeHem  OCH, a CcTaHumsa — 1npmubop C

CUMBOJIMUECKVM wmMeHeM STAN.

Ouepenb

%<> <>| Q?%

OxunaHue Yxom Heobcay-—

> 10 u ?
KEHHBIX

20% CocTaBHe CO

CKOPOIOPTSWMMC S

CraHuMsa

yxon
OTTPYXEHHEIX
COCTaArROR




Puc. 2.25. ©O®parmenT wmomenu CMO C »OpuOpUTEeTaMU

OCOBDEHHOCTBI MO OeJIn ABJISETCH MCIIOJIb30BaHMUE
cya M1, OIpemnesidnlero UM CJIO e oVHMILL BpEMEHU
npeOeBaHMA TPpaH3aKTa B MO EeJIn (pesunmeHTHOE

BpeMs) . Kpowme TOTO, npmMeHdgeTrcda  OJIOK TRANSFER
B pPexuMe CTaTUCTUUYECKOM Iepeladn:

TRANSFER A,
B, C.
OnepaHn A 3ajaeT dYacToTy I[epemauM TpaHs3akKTa B
ook C. B oOCTaJIbHBEIX CJlydasaxX TPaH3akKT I[IepexonuT
B OJIOK B. TaxkumMm obpaszom, B 80 % CJIyJyaen
TPpaH3aKT InepexomuT B OJOk MMM, a B 20 % - B
NNN.
GPSS - mnporpamMMa IIpPMBOIOMTCA  HUXE:

; CermeHntT 1

GENERATE 8,3

TRANSFER .8, NNN, MMM
NNN PRIORITY 1
MMM QUEUE OCH

TEST L MI, 10, TTT

SEIZE STAN

DEPART OCH

ADVANCE 6,2

RELEASE STAN

TERMINATE
TTT TERMINATE
; CermeHT 2

GENERATE 96

TERMINATE I

START I

[Io wuToramM MOIEJUPOBaHMSA BCE COCTAaBH
Pas3TpPyXeHE, CpenHee BpeMa IIpebOrBaHuAag B ouepenmn
- 0.083 waca, a Barpyska crtaHumu - 0.656.

7.7. Mogmens CMO Cc BHXOIOOM M3 CTPOs u



PEMOHTOM KaHAaJIOB
TpauzaxkTel uMenT no 100 napamMeTpoB, KOTOPHE
paccMaTpmMBaknTCd Kak nOpmHamiexauye uM CYA. 3HaueHUud

napaMeTpor YCTaHaBJIMBAKLTCS M MOIMOULIMPYIOTCSH 1o
XeJIaHMI  [IO0JIb30BaATeJId, a TakKXe  MCIOJIb3YITCH Kak
OIl€PaHIEl OJIOKOB. UMCJIIO rnapaMeTpoB 3amgaeTcsd B
orepaHme F  ©Ornoka GENERATE (rto YMOJIUaHUIO 12) .
Nvs rnapameTpa COOEPXUT CUMBOJI u MOPAOKOBEIM
HomMep  (Hanpmumep, P11, P2, ..., P100), a camm OHU
MIPVHUMAT TOJIbBKO LIeJIOUMCJIEHHEIE 3HAUEeHUH CO
3HAKOM. [loy BXOOE  TpaH3akKTa B MOIeJlb BCe eTro
rnapamMme TPEbl PaBHEI HYJIO, a Hal3HayvamnTCcd 7
us3MeHdgTcd OHM B OJjioke ASSIGN (HazHAUUTH) :

ASSIGN A, B.

IaHnHEle M3 onepaHma B oQukcupyoTcd B [IapaMmMeTpe,

MMS ~ KOTOpOIro 3amaeTrca B A. B pesyabTare Ipe-

IOpIOyIlee SBHadeHMe IapaMeTpa 2SaMeHSeTcsd Ha HOBoe.
PaccMoTpuM HEKOTOPEIE OJIOKU ASSIGN.

Hanpumep, 3alMcCh

1 ASSIGN 3, 15 o3BHauaeT, UYTO IIPM BXOIOEe TpPaH3aKTa

B BJIOK 1 3HaAUEHUE ero TPEeTbeTro rnapameTpa

cTaHOBUTCsA paBHEM 15, a 3anmuce 2 ASSIGN P2, 4 -
OJI0OK 2 3allMCEBAET 4 KakK 3HaUeHUe rnapamMeTpa,
HOMEp KOTOpOoIro YykazaH B P2, T.e., ecim B P2
yycjo 6, TO WecToM IapaMeTp IpMMET 3HaueHue 4.
B ©OJoke

3 ASSIGN P1, FR

S TRAN
BeJIMUYMHAa HaTpy3KMU npmudopa TRAN 3anumeTcHd Kak
3HaUeHMe apaMeTpa, HOMEDP KOTOPOTO B P1l.

UeTBepTEIM WM OATEM OJIOKMU

4 ASSIGN
2+, Q § OTH
5  ASSIGN



P3-, 6

paboTanT B pexmuMe npupameHua. B YyeTBEPTOM
3HaAUEeHUE rnapaMeTpa 2 yBeJIMumuBaeTCH Ha TeKyllee
comepxmumoe ouepenm OTH. B ©OGOjnoke 5 w3 3BHaueHUd
rnapameTrpa, HOMED KOTOPOTI'O yKasaH B P3,
BHIUMTAETCH 6. Ecinu, HaIIpUMEDP, P3 = 4, TO us
3HAUEeHMUs UYeTBEepPTOI'O IlapaMeTpa BbHUMTaeTCcs 6.
TpaH3aKTH s 3aHATUA npmubopa XOY'T, Kak

npaBuJio, CBOEM ouepenu. B HexoTopex CMO BHOBBb
[IPUOEIBALIIEMY paspeumaercsd 3aMEeCTUThH TPaH3aKT Ha
3aHATOM npmudope. B 5TOM ciiyyae npuodop
oTbupaeTcd (3axBaTBEIBAETCHd) Yy €lle He 3aKOHUMBIIETO
OO CIIYyXMBaHME TPaH3aKTa, a BHOBb MIPUXOOAleMy
paspemaeTcsd HeMeIJIEHHO 3aHaTh  npubop. 3aMelle HHEIN
TPAaH3aKT Nasziele! xXOeT OCBODOXIEeHUSA npubopa, hanziele!
repeMelnaeTcda Ha OIpyITon. Takad CUTyaLmd 4acTo
BCTpeuaeTrcd B CMO C HeHaIeXHBIMU KaHaJlaMu u
3alaHHBEIM BpeMeHeM HapaboTKM Ha OTKas.

S3axearT " BO3BpalleHUE npmubopa B GPSS
MomenupyeTcsa OsokamMy PREEMPT (saxBaTMTh) M RETURN
(BEPHYTH) . dopmaT OJioKka:

PREEMPT
A, B.

B onnepaHnme A yKasbeBaeTcsd MS 3axXBaTEIBAEMOTO
npmbopa, a B B — yCclIoBMA BO3HMKHOBEHMHA 3axBaTa.
Hmxe pacCMOTPEHHE JMIb OPOCTEeNlMe U3 HUX.

Ecom B  omIyleH, 3axBaT IPOMCXOONUT, KoT'ma
OO CJIYXMBaEeMBIN TPAH3aKT cam He aBJjIideTcHd
3aXBaTUMKOM. [Ton VICIIOJIB30BAHUU B (koMOMHALIMA
PR) 3axBaT paspeleH, Kor'na Yy 3axpaTumka 0OoJee
BEICOKMNM YyPOBEHb IIpUOpUTeTa, dYeM Yy OOCIyXuBaeMoI'O
TpaHz3aKTa. Kak B TOM, TakKk ¥ B JOPYyI'OM CJy4Yasax
TPaH3aKT, npeppaBumy  OOCIIyXMUBAHUE, oxXmInaeT  KOHILa
3axBaTa.

TpaH3aKT-3axBaTUMK OCBOOOXImaeT  npmubop, T.E.
BO3BpalaeT ero oXmIaplueMy TPaH3aKTy, TOJIbKO



Bomng B 6OJjgioxk RETURN:

RETURN A.

OnepaHn A yKal3BBaeT MMS BO3BpallaeMoro npubopa.
s TOT'O UTOORI [IO3BOJIUTH TPpaH3aKTaM

oOMeHMBaATBLCHA MHOoOpMaLMerm Jpyr' C  OpyIoM, B GPSS

MCIIOJIb3YITCSH [IOCTOSHHEIE AYEVIKU namsaTu,

HasbIBaeMble COXpPaHSaEeMbIMHA . nx 3HaAUEeHUA 3MEHSIOTCS

TOJIbEKO o YyKas3aHUII MOJIb30BATEJA OJIOKOM

SAVEVALUE (COXpPaHUTh BEJIMUMHY) :

SAVEVALUE A, B.

OnepaHn A - HoMep 1ZN8Z1 CHUMBOJIMUECKOE VM S
COXpPaHAeMOMN BEeJIMUMHEL, a OolepaHn B - BeJMuMHa
MOIOUPUKALIUAN .

Korpa TPaH3aKT BXOOUT B OJIOK SAVEVALUE,
BeJIMUMHA B CTAHOBUTCH 3HaUEHMEM COXpaHAeMOM

BEJIMUMHEL, MMA KOTOPOM olpenejieHo B A. Hanpuwmep,
IpM BXOIe TpaH3akTa B OJOK

SAVEVALUE 1, 500

coxpaHsgeMmasa BejguumHa N1 npumMer 3sHaueHue 500, a
npm BXOome B OJIOK

SAVEVALUE 2, P3

coxpaHsgeMasa BejuumHa N2 cTaHeT pPaBHOM  3BHAUEHUD
BTOPOT'O IapaMeTpa TpaHs3akKTa. biok

3 SAVEVALUE
MAR, QSOCH1

omnpenesideT CoXpaHdeMyrn BeJnMuMHy MAR KakK TekKylee



comepxuMmoe ouepenm OCHl1. Biok

4 SAVEVALUE

P2, VSWAR
IprcCBamuBaeT coxXpaHsaeMOoMn BeJIMUMHE C HOMEPOM,
3anMCaHHEM B p2, 3HaUYeHMe apudmMe TMUeCKOM
rnepeMeHHoy WAR. IlaTemr » wWecTom OJIOKU

5 SAVE VALUE
1+,20,

6 SAVEVALUE
5- ,FN$ GAMMA

paboTanT B pexuMe IIpUpalleHMsa UM yMeHblleHud. llpwu
BXOIe TPpaH3akKTa B [1S T OJI0K coxpaHsaeMasa
BemumHa N1 yBeamumBaerca Ha 20, a B mecTom -
YMEHBbIIaeTCH Ha BEJIMUMHY, onpenesiaeMyo byHxuMen
GAMMA , 3HaUeHMe CcoxpaHgeMoy BeJuduHeE N5.

[lycThb HeOoOXO0OVMO BBIIIOJIHUTE MOIOeJIMPOBaHUE
PaboTH CUCTEMEH, B KOTOPYK NIPUXOOAT 3a89BKU Ha
OOCIIyXMBaHME C MHTEPBaJIOM 5 + 2 wMuH 171
obpabaTeBanTCA 3a 4 + 3 MuH. Bpewmsa HapaboTKMU
CUCTEMEL Ha oTKas
150 £ 20 wuyacos. PeMOoHTUMpPyeTCSa CuUCTeMa B CpeOHeM
5 + 2 wuaca. 3aaBkKa, oDCIyXMBaHME KOTOpOu
IpepBaHoO, OXMIaeT YyCTpaHeHMsa OoTkKasa. BBIITIOJIHUTB
MOIOeJIMpOBaHMe 3a 3 Mecdla. OnpenenuThb  3aTrpy3Ky

CUCTEMEl U I[IOTepwH, ecim dyac npoctosa ctouT 8 000
pPy0o.

YCcJioBHAa4a cxema PaboOTH CMO IoKasaHa Ha
puc. 2.26, a COOTBETCTBUE OOBEKTOB GPSS 171
CUCTEMEL TakKoe: 3a8aBKa — TpPaH3aKT [1epBOTO
CerMeHTa, OTKas — TpPaH3akKT BTOPOTO CerMeHTa,
TavMep — TPaH3aKT TPETHETO CerMeHTa, cucreMa -
npmdop C CHMBOJIMUE CKVIM VMMEHEM PROZ, BpeMHd
[IpoCTOA — COXpaHAeMasd BEJIMUMHAE, paeHada 1. 3a

S IVHUILY MOIOEeJIBHOTI'O BpeMeHNM [IPVMHATAa 1 MmH.



[lpuxon ! !
yxon ! B3aHATh ObpaboTka OcBobomuT i
SaABKA i cucremy b |
3a9BKM ! pmmnn s ! .
g — —> : >
[lpuxon i i
Yxon | BaxBaTu PeMOHT BepHYTH i
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OTKa30B ! i ~
—> —> — | >
Puc. 2.26. YcimoHasa cxema CMO ¢ oTkaszsamu
GPSS—-nporpamMMa IIPUBOOMTCHA  HMXE:
; CermeHT 1
GENERATE 5,2
SEIZE PROZ
ADVANCE 4,3
RELEASE RROZ
TERMINATE
; CermMeHT 2
GENERATE 900,120
PREEMPT PROZ
MARK 1
ADVANCE 300,120
RETURN PROZ
ASSIGN 2, MpP1
SAVEVALUE 1+,P2
TERMINATE
; CermeHT 3
GENERATE 4320
TERMINATE 1
START 1
[lepBEIM CEI'MEHT uMUTHUPyeT o00paboTKy 3asaBOK,

a



BTOPOM — BBEIXOXO M3 CTPOA CUCTEMH, €€ PEMOHT U

HaKOILJIeHUe BpeMeH [IPpOCTOA. Biiok MARK npu
BXOOEe B Hero TpaH3akKTa I[epeHOoCUuT B [IapaMeTp cC
HOMEPOM, YKa3aHHBM B orepaHzme A, 3HaAUEeHMe
TarMepa abCOJIOTHOT'O BPEMEeHM, T.e. JOejlaeT OTMETKY
BpeMeHM. Korma TpaH3aKT »OOoCTUI'HeT OJokKa

ASSIGN 2, MP1,

MHTEPIPpETATOP  BHUMCISEeT 3HadeHue CYA MPj, rTmne j
— HOMEep IapaMeTpa TpaHsakTa C OTMEeTKOM BpeMeHU.

IInmga  2Tor0 OH BHUMTAET 3HadeHue  J-TO rnapamMeTpa
ns3 TEeKYIEeT O 3HAUEHUS TavMepa aB®COJIITHOTO
BpeMeHr. B wmrTore B P2 3aHOCUTCS BpeMs TIIPOCTOA

CUCTeMbBl WM3-3a OTKaszsa.
B pesyjabTaTe MOIOEJMPOBAHMUSA 3arpy3Ka CUCTEME
0,827, a mnorepum oT npoctoa — 172 400 pyo. OHHM
MIOOCUMTEIBATCH YMHOXEHMEM 3HAUEHUSA X1 Ha 133
py0O./MUH.

BEBOOR IO BTOPOM dYacTM ydebHOTro nocobusi

I/IMI/ITaHI/IOHHaH MOJCIb — JOTO OIIMCAaHUE JIOTHKH (I)YHKI_II/IOHI/IpOBaHI/ISI
HCCHGHYGMOﬁ CHUCTCMBbI H BSaHMOﬂeﬁCTBHH OTACJIBbHBIX €€ DJIEMEHTOB BO
BPCMCHHU, BBITIOJIHECHHOC Ha HCKOTOPOM (I)OpMaJIBHOM A3BIKE,

YUYUTBHIBAIOIIEE HAMO0O0JIEe CYIIECTBEHHBIE MPUYUHHO-CIICICTBEHHBIE CBSI3U U
oOecrieunBaroiiee IPOBEACHUE CTAaTUCTHYECKUX OHKcmepuMmeHnToB [11, 12].
[IpyHIIMIIBI, Ha KOTOpPBIX Oa3upyeTcss BCS TEOpUS  MOJACITUPOBAHUS
(TpUHIHUTIBI MH(pOpMaIMOHHON JIOCTaTOYHOCTH, OCYIIECTBUMOCTH,
MHO>KECTBEHHOCTH MOJICJIEH, arperupoBaHUsi M IlapameTpus3anuu) (CMm. C.
15-16), ocratoTcs NEHCTBEHHBIMH W MPU WMHUTAIMOHHOM MOJICTUPOBAHUMU.

NmuraumoHHass  MOJIENIb ~ CUMTACTCAd  PEAM3YEMOW W UMEKOUIEH
MPAKTUYECKYIO0 IIEHHOCTh TOJBKO B TOM CJydyae, €CIM B HEH OTPaKECHBI
TOJIBKO TE€ CBOMCTBAa PEATbHOM CHUCTEMBI, KOTOpPHIC BJIUAIOT HA 3HAYCHHE
BBIOpaHHOTO MoKazaTess 3(PGheKTHBHOCTH.



[IpuMeHeHrEe  MMUTAMOHHOTO  MOJCJMPOBAHUS  I€J€cOO0pa3HO B
CIIETYIONIUX CIy4asx:

— eCIM HEe CYHIECTBYeT 3aKOHYEHHOW IIOCTAaHOBKM 3a/laud  Ha
UCCJe0oBaHue, U UAET MPOUECC MO3HAHUS OOBEKTa MOJEIUPOBAHUS;

— €CJIM XapakTep NPOTEKAIoMUX B CHCTEME IIPOIIECCOB HE ITO3BOJISICT
omucaTh 3TH TMPOIECCHl B aHAJTUTHYECKOU (opme;

— eClIu HeoOXOJMMO HaOII0JaTh 3a IMOBEJICHUEM CHUCTEMbl B TEUCHHE
omnpeneN€HHOTO Iepuoja, B TOM 4YHCIE C HM3MEHEHHEM CKOpPOCTH
IIPOTEKAHUS TPOIECCOB;

— TMpU U3YYCHUH HOBBIX CHUTyalldid B CHCTEME JMOO TIpU OICHKE
(GYHKIIMOHUPOBAHUSI €€ B HOBBIX YCJIOBHSX;

— €CJIM HUCCleAyeMasl CHCTeMa SIBJSICTCS DJIEMEHTOM 0oJiee CIOXKHOM
CUCTEMBI, JIPyTHE DJEMEHTHl KOTOPOW HMMEIOT pPEaIbHOE BOILIOIICHHE;

— Korja HeoOXOAMMO HCCJIEAOBaTh IMOBEJICHHUE CHUCTEMbI IPU BBEICHHUU
B HE€ HOBBIX KOMIIOHCHTOB,;

— TIpU TIOATOTOBKE CIEIHAIMCTOB M OCBOGHHM HOBOM TEXHUKU (B
Ka4eCTBE TPECHAKEPOB).

NMuTarimoHHbIe MOJICTM MMEIOT psJl HeaocTaTkoB. Ha ux pa3paborky
TpeOyIOTCSl 3HAYUTENbHBIE 3aTparbl BpemMeHH W cuil. Kpome Toro, mrobas
MMUTAIIMOHHAS MOJI€NIb CHUCTEMbl 3HAYUTEIHLHO MEHee OOBEKTHUBHA, YeM
aHAJIUTUYECKasl MOJeJb, TaK Kak B HEH OTpaxarwTcsi CyObEKTUBHbBIC
npeAcTaBiaeHus  pa3paboTyMka O  MOJCIMpyeMoW cucreme. briBaer
JOCTaTOYHO  3aTPyAHUTEIBHO  OOOCHOBaTh  aJE€KBATHOCTh  CO3JIAaHHOU
MMUTAIIMOHHOM MOJIETIM, OCOOCHHO €CIu pedb HAET O MPOEKTHUPYyeMOu
cucteMe. Pe3ynbTaThl UMUTAIIMOHHOTO MOJEIMPOBAHMS, KaK M MNpHU JOOOM
YUCJICHHOM METOJIe, BCerJa HOCAT YacTHBIM xapaktep. Jimsg mnonydeHus
O00OOCHOBAaHHBIX BBIBOJIOB HEOOXOJUMO TPOBEICHUE CEPUH MOMACIbHBIX
OKCIICPUMEHTOB, a o0paboTKa  pe3yJabTaToB  TpeOyeT  MNpPUMEHEHUS
CIEIUANIBHBIX CTATUCTUYECKHUX MPOICAYD.

NmMutarimoHHO€ MOJAEIMPOBAHUE MHOTHMHM YacTO BOCIPUHMMAETCS Kak
«METOJl MOCJEIHEeW HaACXKIbl», U B ATOM BHAMUTCS TOJHMKa mpasasl. Ho B
OOJIBIIIMHCTBE CUTYyallud pa3pabOTUMK OBICTPO OCO3HAET HEOOXOAUMOCTH
NpUOCTHYTh HMMEHHO K JTOMY CPEICTBY, IIOCKOJIbKY HCCJIEAYEeMbIC
CUCTEMbl W MOJCIH JIOCTAaTOYHO CJOKHBI M HMX HYXHO TIPEACTaBUTH
JOCTYIHBIM CIIOCOOOM.
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I'maBa 8. MapkOBCKkME CJly4YaMHbsle IIPOLIeCCHI
I'maBa 9. Mogpenuporanme CMO
aHaANUTU4YEe CKUMA

MeTomaMmy Teopumn
MAaCCOBOITO Ob6CIyXMBAHMUS

I'maBa 10. MeTommMkKa BHIIOJHEHUSI MHXEHEPHBIX
pacueéToB B cpeme Maple



Muorue 3alladn, paccMaTprBaeMbele B MIOBCEeIHEeBHOM IIpakKTMUKE, OIIMCBEIBAKTCHA Kak
cny'iar}'n-me IIpoIeCccCsl B CBA3MU C TeM, qTo @_)aKTOpr, BJIMARIME Ha ITapaMeTPEI OTUX

3anmay4d, ABJIAITCHA CﬂyqaﬁHbIMM BeJIMYVMHaMIM JZ0)8%8 CﬂyqaﬁHbIMI/I @yHKLU/IHMM . 3TO npnepogmuT
K TOMy, UYTO B OOJIbLIMHCTBE CJlydaeB CTAHOBUTCS TPYOHO MM Jaxe HEBOS3MOXHO
NIOCTPOUTL TOUHYID MaTeMaTUMUeCKyl MOIEeNb paccMaTpmBaeMoTo Ipoliecca. Ho HauTu

XapaKTeEPUCTUKM 2OOEeKTMBHOCTM pacCMaTpMBAEeMHX I[IPOLEeCCOB U 3alad MHOT'Ia BCe Xe
ymaeTrcda. IlpoucxoIuT ©TO ToI'Za, KoI'Ja McCcJenyeMas CcuUCTeMa, [Ipollecc MWIM 3Balaua
MOT'YyT OBITH IIPeNCTaBJIEHEl B TEPMMHAX MaAPKOBCKMX CJIy4arHEIX IIPOLIECCOB .

B osToMm wuyacTtu yuebBHOTO nocobusa, BKIOUYAKOIEN TPM TJIaBH, JIaHH OCHOBHBIE
IIOHATHKS U OlpenejleHMs MAapKOBCKMX CJIyUaMHBIX [IPOLIECCOB, NIPMEMBE MOIEJIMPOBaHMSI
CMO aHaJUTHUUECKMMM MeTOoIaMM TeOopUM MacCCOBOI'O OOCIYyXMBAHMA U MeTOoOMKAa

peanmMszaluy MHXEHEPHHBIX pPacuéToR B cpene Maple (8, 9, 11, 14, 15, 25, 28, 33,
36, 43].
I'nmaBsa 8

MAPKOBCKHUE CJYYAMHBIE NPOILIECCHI

Ciiy4yaMHEIM [pollecc, IIpoTeKawnlry B CHUCTEMe ‘g, Has3bHBaEeTCA MapKOBCKMM

(mmm npoueccoM «Be3 [OoCJIeneMCTBUI»), ecan nOia  Jioboro  MOMEHTa BpPeMeHU’ tO

BEPOSATHOCTHHE XapaKTEePUCTUKM IIpollecca B OyznyuweMm (nopu t >’t0) 3aBUCSAT TOJIBKO
OT ero COCTOSHMS B HOAHHBEM MOMEHT BPEMEHU to ¥ He 3aBucaT OT TOTOo, KOoTma
¥ Kak CcucTeMa IIpuijla B BTO COCTOSHMe. M3 TI[IpUBEOEeHHOT'O OlpelejleHus OueBUIEH
BEIBOL: €CJIM pPacCMaTPMBAEMEM [IpPOLEeCC CJIydaWHHM, T. €. HelpeIcKa3yeMHl, TO
MNOBeIeHre CUCTEMBl B OyOyleM TOUYHO onmcaTb HeJyb3sg. OIHAaKO HEKOTOPHE
BEPOSTHOCTHHE XaPaKTEPUCTUKM MOBEIEHUS CUCTEMH MOXHO ONpPelesiMTh JIETKO, ECJu

yOaeTCcsd CBEeCTM CJy4YaMHBM IIpollecC K MapKOBCKOMY.

8.1. Ilpoueccvl ¢ OuckpemHuviMu COCMOAHUAMU U  HENPEPbIGHHIM

6PDeMEHEM
CriyyalHbele MPOLIECCH MOXHO pPas3lesiMTh Ha INPOLECCH C IOMCKPETHBIMUM M HEINPEPHEIBHBIMU
cocTosaHMAMM. IIpM paccMOTPEHMM Mpollecca C OUCKPEeTHHMM COCTOSHUAMM BceTrza
BO3MOXHO BCe COCTOSHMSA ONMCaTh (IIepeHyMepoBaThb, [IepPedMCcCJMTh), a IIepexon us3
COCTOSHMS B COCTOSHME OCYHECTBJISeTCs CKAaukoM (MI'HOBEHHO) . [IpMHUMNMAJIBHO
OTNIMYATCA OT HMX IPOLECCH C HEIPEPLBHEIMM COCTOSHMAMM, B KOTOPEIX IIPOMUCXOIOUT

JIaBHEIM I[epexold M3 COCTOAHMA B COCTOSHMe. [lpuM JajibHeMmeM M3JIOXKeHMM MaTepuana
npennojiaraeTcd, dYTO ONMCHBAKRTCA M aAHaJIM3MPYITCA TOJIBKO IIPOLECCEl C IOUCKPEeTHBEMU
COCTOSHUAMA .

I HaATJIAOHOCTM M300pPaXeHMs CJydaMHEIX IIPOLLECCOB C IOMCKPETHBEMU
COCTOSHMAMM yHOOHO I[OJIE30BAThCS TrpadaMm cocTostHMii. BepumHel Tpada — 2TO
COCTOAHUA CMHCTEeMB, a HOyI'M — BO3MOXHHE I[EepexOoIrl M3 COCTOAHMA B CcocTodHue. Ha
rpade n300paxanTCad TOJIBKO HENOCPEeICTBEHHHE I[epexOnsl M3 COCTOAHMA B

COCTOAHUE . Ecnun Sl, S2, vy Sn - OVICKPETHEIE COCTOAHMA CHrCTEMBL S n eCJin

nepexon wus3 fﬁ B Sé BOBMOXEH JIMIIb UYepes Sé, TO CTpeJskaMM (OyraMu) Ha

rpade oOTMeUawnTCs Clenyouue IIePexOIH: éﬁ - Sé - Sé. [Ip BTOM HYXHO ele

ras IIOOUEPKHYTH, qTo nepexon npomcxoomr CKa4YKOM (MI‘HOBeHHO) .

Iprmvep 3.1. CucreMma S (HampuMep, KaKOe-TO TEexXHMYeCKOoe YCTPOMUCTEO)

MOXeT HaxXoIMTbCHd B OIOHOM us3 COCTOSHUMN : Sl - MCIIpaBHa, S2 — HeNucCIIpaBHa,

Sé - ocMaTpmMBaeTrcHd, S, — PEMOHTUPYETCH. I'pad



COCTOSHMM TakoOM CMCTeMbl IpelncTaBJieH Ha puc. 3.1.

Sl SZ 53 S4

1. Tpad cocTogaHUM CUCTEMH S

IlycTb cucreMa Ag nmepexoomT nus COCTOAHMA éﬁ B CcocTOodHUME AS

m Y u3
‘Snl B :%1. Bpems MexIy DSTUMM »OBYyMs IIOCJIeIOBaTeJIbHEIMM IepexolaMu, T. €.
BpeMsa HaxXOXIeHMS CUCTEeMH B COCTOSHUMU Lgnl MOXeT OBTb IOUCKPETHOW WU
HEIPEPEIBHOY TIEepeMeHHOM BeJuuuHoM. OTcioma uuneT pas3bueHme CUCTEM UM CJYyYaMHBIX

NpolLeccOB Ha INPOLEeCCH C OUCKPETHEIM BPEMEHEM MM Ha [IPOLECCH C HeNPEepPBBHBM
BPEMEHEM.

CryualHBEM [pollecc, B KOTOPOM BO3MOXHEIE [epexOoIs M3 OOHOT'O COCTOSHMSA B
Opyroe OCyWeCTBJIATCHA JMIb B 3apaHee olpenesieHHBE (dMKCUPOBAHHEE) MOMEH THI
BPEMEHM, Has3eHBaeTCsA IIPOLEeCCOM C HOMCKPEeTHEHM BpeMeHeM. J COOTBETCTBEHHO, eCiu
nepexoIsl BOBMOXHH B JIOOOM CJIlydallHEIM MOMEHT BpPEMeHM, TO 5TO MHOpouecc ¢
HeNnpepHBHEM BpeMeHeM (cMm. S 8.2).

B ueM CyThb IIpoliecca, IMPOUCXOOAIEro B CUCTEME Ag, KOTOpas MOXeT,

HalpyMep, HaxoOUTbCA B COCTOSHUAX éﬁ, ASé, Agé, ASZ (puc. 3.2)7?

S1 s,
S3 Sy
Puc. 3.2. TIpad COCTOSHUM CUCTEME S’
3Ta cucTeMa B MOMEHTH BpPEeMEeHU tk (k =0,1,2,3,..) MOXeT HaAXOOUTLCH,
HanpmUMep, B CJAEOyIMX COCTOSHUSAX:
Sl — S2—>S1 —>S3 - S5,

IV S2 —>S3 - S; = S2
Ipy 5TOM HYXHO YUYMTHIBATL, UYTO cucTeMa S' B MOMEHTEH tk MOXEeT OCTaBaTbCH
(BamepxmBaTLHCH) B IPEeXHeM COCTOSHUMU:

S2—)S3 - S5 = S —)Sz

TakuMm 00pasoM, [OPYM PACCMOTPEHMM OUCKPETHOTO CJIyYalHOT'O mpoliecca «C

IVCKPETHEIM BpeMeHeM B CUucTeMe S C BOBMOXHBIMM COCTOSAHMAMU Si (l=1,n) n
MOMeHTaMu to, t1, t, ..., tk' .. nepexona (Ha3bIBaeMBEIMM — maraMu, Wiy 2Tamnamm

epexola) M3 COCTOSHMSA B COCTOsSHME OO0O3HAualT uepes S;¥ cobBmTme, cocTosmee B
TOM, UYTO IIOCJIe K wWaroe CHUCTEMa HaxXOIMUTCA B COCTOSHUU ‘S-. Torma, oOcCylecTBUB

1
IIPMBA3KY K MOMEHTAaM BpeMeHM (pTanam HepeXOHOB), IIoCJIefOBaTEeJIbHOCTDb



CMEHEI COCTOSHUM MOXHO npenCcTaBuThb TakK:

3,0 > St S0 o St o 80

MapkoBckast uwens. CiyuarHas I[OCJIeHOBaTEeJIbHOCTE COOBITMI HABHBASTCs MapKOBCKOM

oensi, eCIi nJida Kaxnmoro mara BEPOATHOCTDHb nepexonma nus3 COCTOAHMA AS' B soboe

1

COCTOSAHME é;f HEe 3aBUCHMT OT TOTO, KOT'Da ¥ Kak CucTeMa Ipuijia B COCTOsSHUE
S;. MapxoBCkas Lelb ONMCHBAeTCS C IIOMOIBD BEePOSITHOCTEM cocTosHMM. [nsa k =1
pi(l) = P(SiY), pa(1) = P(S:Y), ., pa(l) = P(S)),
oaa k = 2
pi(2) = P(S%), p.(2) = P(S)"), ., Pa(2) = P(S))

u B ofOmeM BUIe
pi(k) = P(S/").

To ecrs  pi(k)= p(sH

Imocre k-To0 mara. Heobxommmo IIOMHUTBE , qTo Ha k-m mare oCcylmecCcTBJIA€eTCA OIOHO

eCThb BEPOATHOCTDb i-To COCTOAHUA CHrCTEMEBIL S

M3 IIOJIHOM TPYINBEl HECOBMECTHBEIX COOBITUN S,k (l::I,n) u uTO IJIsT  KaxIoTIo k

p+p,+..+p, =1,

Tak Kak Z?i(k) — BEPOSITHOCTM HECOBMECTHHX COOHTHUM, of0pasyoumx IOJIHYID TPYIIY.

Kak HalMTM BepOSITHOCTM COCTOSHMIA [%(k) anst guoboro k ? Jna  STOTO

NOJIE3YITCA TpadoM COCTOSHMM CUCTEMEL LS. MapkoBCKasa LENb [IpencTaBlideTcd
TOUKOM, IepeMemamumerica 1o rpady ¥ NepeckKaku-Baplled M3 COCTOSHMUSA B COCTOsSHUE
B MOMEHTH ty, ti, .. WIM 3aIepXMBaAKOIENCa B HEKOTOPBX COCTOAHMAX. OUueBMOHO, YTO
OJ14 JIOOOTO  MOMEHTA tk CYWEeCTBYIT BEPOATHOCTU Iepexola CHUCTEMEl U3
COCTOSHMA S; B é;f (HexoTOpEIE M3 HMX MOT'YT PAaBHATHCA HYJKO IpU
HEBOBMOXHOCTM IIlepexona), a Takxe MOT'yT CyUWeCTBOBATb BEPOATHOCTM 3aIepXKU
CHCTEMEl B OIpPeleJIeHHEIX COCTOAHMAX. OHM HA3BBATCH I[epPexXOIHEIMM BEPOSTHOCTSIMU
MapKOBCKOM LIeNu.

B 3aBmMcuMMOCTM OT TOTO, WM3MEHAKTCA WM HEeT I[epexOolHbe BEepOATHOCTU IIPpU

YBeJIMdeHUM HOMepa mara k, paccMaTpuBamnT OIOHOPOIOHEIE i HEeOIOHOPOIOHEIE
MapKOBCKMUE nernm.

OnuHoponHasi MapKOBCKAasi LeMb. Ecanm 19i(k) He 3BaBucgaT oT Kk, Takas Lelb
HasHBaeTCs ONGHOPOIOHOM MAapKOBCKOM. A eciu ]9i(k) 3aBUCAT OT HOMepa mara Kk —
HEOQHOPOXLHOM .

IlycTb M3BECTHEI BEPOATHOCTU l%y rnepexonna 3a OIVIH mar CrucTeMbl S nus3

COCTOSHUSA é% B COCTOSIHME éij (1, ] ::1,n>. [IprueM l%i eCTb BEpPOSTHOCTL 3BalepXKu

CUCTEMEI B COCTOSHUU é%. Sl BEPOSATHOCTU ynoBHO

3anMCHBaTL B BUIe KBaZpaTHOU Ma TPWLIEL II IepexXOIHEIX BEPOSATHOCTEN



Pu P2 - P
P21 P -+ DPop

Pm1 Pn2 -+ Pun

HeKOTOpre BSJIEMEHTEI pl] clie) s MaTpMLIEL MOT'YT PaBHATBCHA HYJIIO, €CJin HEeEBO3MOXEH
rnepexon CHCTEMEBL 3a OIOVIH mar nus3 COCTOAHUMA Sl B COCTOAHME S] .

HepexongIe BEPOATHOCTU pl] MOXHO 3aliMcaTb Kak YCJIOBHEIE BEPOATHOCTU :

py =P(SEISFh,

T.E. [Ef ecTb yCJioBHAa BEPOATHOCTL TOT'O, UYTO CUCTEMAa S 6ymer B

COCTOAHUMN S] Ha k-m mare Inpn ycJoeBmmM, dYTO OnlIa B COCTOAHUM Sl Ha

(k=1)-M mare. 3 o»TOTO CyenyeT, uTOo oJjias  Bcex i::ijg
n
E:py::L
j=1
TaKk kKak IJig  Jiodoro Kk coOwTUS (cocTosHMS) Si“) (i::i:E) HECOBMECTHH U

o0pas3ynT I[IOJIHYyK Tpyliy.
Ipu wUCHOJb30BaHUM I'pada COCTOSHUNM MaApPKOBCKOM LielM Ha HEM Yy CTPEeJIOK

OOB[UHO CTaBAT COOTBETCTByKUME IepexOnOHbBle BEePOATHOCTU ]%7. Taxom rpad (puc.
3.3) Ha3bHBaeTCs PaBMeUYeHHHIM.
P21 P42
S
1 S,
>
Py P3 Py
Sg 54
P13

Puc. 3.3. PasMeueHHHM TIpad COCTOAHUM

Ha rpade (pmc. 3.3), dYToOBH He 3BarpoMOXIaTb PUCYHOK, He [POCTAaBJIEHH

BEPOSATHOCTHU l%i (l::I,n), HO OHM JIeETKO BHUMCISITCS, Tak Kak Jiodon

OVATOHAJIbHEI B2JIEMEHT MaTPMLE [IE€PEXOOHEIX BEPOSTHOCTEN
OOMOJIHAET OO eIOMHMIE CyMMYy SJIEMEHTOB COOTBETCTBYWIEN CTPOKM:

P =1=(pip + pi3), Do =1=(py; + P23),
P33 =1-p34,  Paa=1—pa.

Ecim xe w3 1-¥1 BepumHH rpada He BEXOOUT HM OOHOM CTPEJKM, TO DBTO

CBMAETeNbCTBYeT O ToM, dro [ =1.



Kak onpefenuTe BepPOSITHOCTMU COCTOSITHMIA 19i(k) (i::],ll) nocne nw6oro k-ro

mara, ecaM WMSBSBeCTHa MaTpulla [IepPexXOIHHX BEPOATHOCTEM K MB3BECTHO HadalbHOe
COCTOsIHMe Cucremsl S?
I[IycTs M3BECTHO, UYTO Iepel IepBbIM wWaroM (B HadaJIbHBIM MOMEHT BPEMEHMU)

cucTemMa S HaxXOIMTCA B COCTOAHUU éin. Torma mOusd MOMEHTAa
BpEeMeHU to = k = O MOXHO 3alucaThb pm (0) = 1 ,

a P1(0) = p2(0) = ... = Pu1 (0) = pra(0) = ... = pa(0) = 0.

Tenepb MOXHO onpemenauTtb p; (1) (l==1,n). VI3BECTHO, UYTO Iepen IepPBEM

maroM CcucTeMa ObUla B COCTOSHUM AS nosToMy 3a 1-}1 mar OHa IepenneTr B

m’

COCTOAHUME Sl C BEPOATHOCTAMMN pml ’ KOTOPEIE HaxomgAaTCc4a B m-u CTpOKe MaTpPMIEL

n . —
| , T.e. pi (1) = pmi (l = 1,7’1) , WM MHade
PiD=pu, P2 =Puas s Dy(D) = Py

M=,

BeposATHOCTM COCTOSHMM IIOCJIe BTOpPOTO wara 19i(2) HYXHO PacCCuMTHBAaTL IO
bopmyJie MOJIHOM BEPOSATHOCTM C YydYeToOM TOrO, UYTO I[OCJie [epBOTo mara CcucTeMa
AS MoTJla OBITb MJIM B COCTOSHUMU S&, NI Sé, NI Sé n T.n. IosToMy IO

bopmysie MOJHOW BEpPOSATHOCTU oJid
cocTogHMA S; MOXHO 3alMCaTh:

pi(2)=p()-p;; +p(1)- py; +...+ p, (1) p;

)ZB)8%8 B COKpalleHHOM BUIOE

pi(z)zz pj(l)'pji (i=Ln).
j=1

Ilocsme k-ro mara

n
Pi(k)zz pj(k_l)'pji (i=1n).
j=l1
(3.1)
Kax umTaeTcsa 5TO BhpaxeHMe? BeposaTHOCTL 1I-TO COCTOSHMS Ha Kk-M Lare
paBHa CyMMe IO BceM Jj OT 1-TO COCTOSHMS OO nN—-T'O IIPOMU3BEINEHUM BEPOSATHOCTEN

Jj—X CcoCTOSgHMM Ha npemsnymeM (k-1)-M mare Ha YCJOBHEE BEPOATHOCTM I[IE€PEXOIOB
U3 Jj—-X COCTOSHMM B 1-e.

TakuMm oOpasoM, [OJydeHa peKyppeHTHas OGopMmysa (3.1) omnpemeseHud
BEPOATHOCTEM COCTOSHMI CUCTEMEL Ag nocye k-ro mara 1o pPacCunTaHHEM
BEPOATHOCTSAM COCTOSHUM IJId (k—=1)-ro mara.

Ipmvep 3.2. Ina pasMedeHHOTO rpada COCTOAHUM CUCTEMB Lg (puc. 3.4)

paccumMTaTb BEPOSATHOCTM COCTOSHUM [h(kj nna k=0, 1, 2, 3 Opu yCJIOBMM, UTO

npnm k - O cucreMa HaxXxononiiachb B COCTOAHUN S2 .

S1 s,




Puc. 3.4. PasmMmeueHHBHM Tpad COCTOAHUM IOIpuMmepa 3.2

s yoobcTea pacueToB [IepexolHele BEPOATHOCTHU ]%7 (puc. 3.4)

npenCcTaBJIdAnTCA B BHUIOE MaTPMILEL

05 03 02 O
05 0.1 04 O
0 0 04 06
0 08 0 0.2

B HauvalbHBM MOMEHT BpEMEHM IJid k - O p2 (O) - 1 , T.e. cucTeMa S

HaxonomiiacCb B COCTOAHUN ASZ, a IJI4 OCTaJIbHEIX COCTOSHUMN BEPOATHOCTU PaBHEI

HYJIO :
Pl(o) —Ps(o) —P4(0) =0.
ﬂﬂﬂ k =l NCIIOJIb3YyITCA nepexonHme BepOHTHOCTM, B34dTHIE Z8E] BTOpOﬁ
CTpOKM ManMHH, T.E€. cumuTaeTrcsd, gyTo npenmnymee COCTOH4dHUE GHHO CTpOFO
onpeneJieHo :

() =py; =05,
p2(1) = pyy =0.1,
p3(D)=py3 =04,
Pa() = prs =0.

Ina nocjenyommMx SHaUYeHUM kf BEPOSATHOCTHM COCTOSHMM BBUMC-JISOTCA C Y4Y4EeTOM

TOT'O, UYTO B [NPEeObOyWUM MOMEHT (Oyia [OpenbpOyllero 3HAUYEeHUS kf) cucrtemMa S
MOTJla HaxoOUTbCSa B JIOOOM M3 COCTOSHUM é% (l::1,2,3,4) C COOTBEeTCTBYIIMMA
BEPOSATHOCTAMU ]Oi(l). [ToeaTOMYy MCIIOJIB3YyeTCsS COOTHOUIEH E (3.1), a nepexonHEEe

BEPOATHOCTU 6€pyTCH

s coorTmercTBybmero  cromnbua MaTpuus L1 .
p1(2)=pip+ pr (D) pay + p3s(Dpsy + pa(Dpy =
=0.5-0.5+0.1:0.5+04-0+0-0=0.30;
P2(2)=pi(D)pio+ pr(D)poy + p3(D 3y + Pa(Dpyy =
=0.5-0.3+0.1-0.1=0.16;

p3(2)=p (D p13+ pr(Dprs + p3s(D) 33+ pa(Dpgs =
=0.5-0.2+0.1-04+04-0.4=0.30;



P4(2)=p (Dp1y + py(D)pog + p3(D) P34 + ps () pyy =
=0.4-0.6=0.24;
P13 =p2)p1 + P () pay + p3(2) P31+ Pa(2) pyy =
=0.3-0.5+0.16-0.5=0.23;

P23)=p1(2)p1y + P (2) oy + P3(2) p3p + P4 (2) pyy =
=0.3-0.3+0.16-0.1+0.24-0.8=0.29;

P33)=p1(2)p13+ P2 (2)pr3 + P3(2) P33 + Pa(2) paz =
=0.3-0.24+0.16-0.4+0.3-0.4=0.244;

P4(3)=pi(2)p14 + P2 (2) oy + P3(2) p3g + P4 (2) pyy =
=0.3-0.6+0.24-0.2=0.228.

BEIMOJIHAS ~ BBUMCJIIEHMS p; (k) , HeoBxomuMmo IJIS KaxIoI'o K IPOBEPSATH
NPaBMUJILHOCTL  BHIKJIAIOK, I[IOMHS, UTO

4
Zpi(k) =1.
i=1

HeopgHopomHasi MapKOBCKas Uelb. I5ia HEeOOHOPOIHOM MAapKOBCKOM Lienu

BEPOATHOCTU rnepexonoB pl] CrCTEMEL S MEHAKTCHA oT mara K mary. Ecnu plj (k)

B COCTOSHUE AS’ Ha Kk-M

J

— BEPOATHOCTbHb nepexona CHucCTeMbL us3 COCTOAHUMA Sl

mare, TO ee MOXHO 3almcaTb KakK

YCJIOBHYID BEPOSTHOCTH
p;(k)=P(S;(k)/S;(k=1)).

[IlycTs 3amaHel MaTpMlE BEepPOATHOCTEM IIepexona Ha kaxnmoMm wmare. Torma Ha
OCHOBaHMM cooTHomeHus (3.1) MOXHO IOJIyUMTH BBEIPAXEHME IJIS BBUMCJIIEHUS

BEPOATHOCTU TOTO, uTo cucrTeMa S IIocrie k-T0 mara oKaxercd B COCTOAHUMN

S. :

i

pl-(k)=z pilk=1)-p;(k), (i=Ln). (3.2)
j=1

BrlpaxeHue (3.2) oTJaMYaeTcsa OT (3.1) TeM, YTO B HEM YUaCTBYIT
BEPOSATHOCTU I[IE€PEXOIOB l%j(k) U3 COCTOsSHMS B COCTOsHME, 3aBuUCAIMEe OT HOMepa
mara k. To ecTep mia Kaxmoro Kk OOJKHa OBTh 3adaHa CBOA MaTpMla I[IepexOIHBIX

BEPOATHOCTEN II(k) nns Bcex k or 1 @mo n.
8.2. HenpepsBHasti ULens Mapxoea

[sa ommMcaHMsa TaKMx NPOLEeCCOB, KOI'Za B MAapKOBCKOM LeNM MNPOMUCXOIAT I[epexOons U3
COCTOSHMS B COCTOSHME B CJIydalHbHEe MOMEHTH BpPEeMeHM, MCIOJIb3YyeTCsa Cxema
MapKOBCKOT'O CJIydayMHOTO IIpollecca C IOUCKPETHBIMM COCTOSHUSAMM U HEIPEPLIBHEM
BpPEeMeHeM, HaBLIBaeMas HENPepHBHOM Lensio Mapxoea.



Kax omnpeneanMTb BEPOATHOCTM COCTOSHUMU l%(f) oja  Juwodoro  t? A 3TOTO

HYXHO 3HATb XapaKTepMUCTMKM I[polecca, aHaJIOTM4YHEE II€PeXONHEM BEPOSTHOCTAM IOJId
MapKOBCKOM lLienuM. BMecTO NepexOIHEIX BEPOSTHOCTEN 19U B HOaHHOM CJydae
VCIIOJIb3YITCS IIJIOTHOCTM BEPOSTHOCTEM Iepexona ﬂum

Yy

Ecim cucrema S B MOMEHT t HaxoOMTCd B COCTOSHUU é% n  ecinu Z&f -

BJIEMEHTAPHEY [POMEXYyTOK BPEMEeHM, [IPUMBIKAOIUT K MOMEHTY t, TO IJIOTHOCTBIO

BEPOSITHOCTKM MNepexona ,%“ (cooTHOWEHMUE (3.3)) HaswHBaeTCcsd Openejyl OTHOUEHUS

Yy

BEepPOATHOCTU rnepexona T At CHCTEMEBL 3a BpeMda At "3 COCTOAHUMA S B
P P ij P i

COCTOSHUE :;i K IOJIMHE [IPOMEXyTKa Z&t:
. Pij (A?)
Aﬂﬁ = lim ——
At—0 At
(3.3)
V3 BeHpaxeHusa (3.3) cJaemyeT, UTO IOJg MaJiElx At BepOSTHOCTL Iepexola
lﬁj(lxt) (c TouHOCTBIO IO ©OECKOHEeYWHO MaJlblx BBICHIEI'O IIopAnKa) paBHa ;%jZXf:
(3.4)
Ecim BCe IJIOTHOCTM BEpPOATHOCTEN Iepexona )%/ HE 3aBUCAT OT t,
MapKOBCKMM IIPOLIeCC Has3BBaeTCsa OJHOPOMHEIM, B I[IPOTMBHOM CJllydae — HEOJHOPOXHEIM.

Ypasuenua Konmozoposea ona eepoammunocmen cocmoanuu. Ecau

U3BECMHbL  NIIOMHOCMU — 8epOMHOCMel  nepexoda  A; 0ii  6cex nap

cocmosnuiS; u S;, mo, nocmpous cpag cocmosnuu cucmemvl S,

YOOOHO npomué Kadcoou Oyeu epagha cmasumv COOmMeenmcmayioujee
sHauenue A;. Tonyuumcs pasmeuennviu epagp cocmoamui (puc. 3.5). Hmes

8  PACNOPAJNCEHUU  PA3SMEUEeHHbll 2pag) COCMOSHUU  cucmembl, J1e2Ko
nOCMpoOUms Mamemamu4eckylo Mooeib O0AHH020 npoyecca, a Nno mMooeu
onpedeaumsv epoamuocmu cocmoanun p;(t). [na smozo cocmaenaiomea u

pewiaiomcss maxk Hazvleaemvle ypasHenus Koamoeoposa. Memoouka ux
cocmasienuss moxcem Oblmb J1e2KO NPOOEMOHCMPUPOBAHA HA KOHKPEMHOM
npumepe.

s, s,




Puc. 3.5. I'pad coctosinuii cuctemsl S

I[IlycTe cucTeMa S UMeeT UeThpe BO3MOXHEIX COCTOSHMUSA: éﬁ, Agz, AS3 n Sﬁ
(pmc. 3.5). Kax Ha¥TM OXOHY U3 BEpPOATHOCTENM COCTOSHMUM, HaIpPUMED, 191(1), T.Ee.

KakKoBa BEpPOATHOCTL TOT'O, UYTO B MOMEHT ! cucrema OymeT B COCTOSHUM S&? s

STOTO BpeMeHN t JaeTcda MaJIoe IIprpalleHue t+ At u HaxXoomuTcCcHd BEePOATHOCTDb

pl(t+Af) TOTO, UYTO B MOMEHT t+At cucrtemMa OymeT B COCTOSHUM Sl' 31O

MOXEeT TIPOM3OUTM nOByMs crnocobamMmm (B COOTBETCTBMM C puc. 3.5):

1) ecaM B MOMEHT t cucreMa Obla B COCTOSHUU éﬁ, n  3a Z&f OHa He

BEHIIJIa nus3 HeTOo;

2) eCJIIn B MOMEHT t cucreMa HaxogmiiacChb B COCTOAHUMN S2 ’ u 3a At
OHa repeuja nus S2 B Sl .

Jpyrux mnyTey [nepexola CHUCTeMbH S B COCTOSHMUE éﬁ» 3a I[IPOMEeXYyTOK Z&f HET

(B coorBeTcTBUM C Tpadom puc. 3.5). [na 1IepBOI'O BapuaHTa [epexola MCKoMas

BEPOSATHOCTL PaBHA I[IPOMBBENEHMIO BEPOSATHOCTU 191(1) Ha YCJIOBHYK BEPOSATHOCTL TOTO,

qTo nus3 COCTOAHUA Sl cucreMa 3a BpeMA At He nepeﬁnem HU B S2 ;y HU B

Sé. BeposTHOCTBL TOT'O, UYTO 3a ZSf cucTeMa BHEMIET U3 COCTOSHUS éﬁ B
COOTBETCTBUM C BHPaXeHUEM (3.4), paBHa
(M2 + A13) At,

a BEPOATHOCTDb TOITO, uTo He BRIMAIET :
l - (7\412 + }\.13)At.

Torma nJjisa [epBOTO CJjlydasd BEpPOSATHOCTL pPaBHA:

p1(t) (1 = (hx+ Ai3)At).
Ina BTOPOTO Ciiydas — paBHa BEPOATHOCTM TOTO, UTO B MOMEHT BPEMEHU t
cucreMa Orly1a B S2 ’ a 3a At OHa Iiepeuja B Sl 7 T.e. OHa PaBHa:
D2 () Ao At.

ITo npaBmity CJIOXEHMA BEPOATHOCTDb

p1(t+tAt) = pi(t) (1 = (A + A3) At) + po (t) AnAt.

[lepeHecs ]91(1) B JIEBYH YaCThb I[OJIYUEHHOTO YpPaBHEeHMI U pasnenme obe

JacTm ero Ha At ’ MOXHO 3arnmcaThb :

pi(t+At)— p(2)
At

llepexons K npeneny([&t-—>()), nonyyaeM nubbepeHuMasbHOE ypPaBHEHME :

=102 () = (Ao + 43) 1 (D) -

d,
%:%1192—(/112+/113)P1- (3.5)

[lonoOHEIM 00pPasOM MOXHO BBIBECTM €lle OIHO YyPaBHEHMEe IJiS BEPOSTHOCTU



COCTOSHMSA [92(f). IOisg DTOT0 pacCMaTPMBAKT COCTOSHUE Asz
Y  HaAXOIAT BEPOATHOCTH 1?2(t-FZSf) OIOHMM M3 CJeIyollMX CIOCODOB:

1) B MOMEHT t cucreMa Obvla B COCTOSHUMU ASZ u 3a Z&f OHa He [epeua
M3 BTOT'O COCTOSHMA HU B éﬁ, HM B Sﬁ;

2) B MOMEHT t cucrema Oblla B éﬁ, u 3a Z&t OHa Iepeuma B A92;
3) B MOMEHT t OoHa OpJIA B COCTOSHUMU Ag3 u 3a Zst nepemyia B ASé.

BepoATHOCTL MEepPBOTO BapvaHTa:
p2(t) (1 = (ho1 + Azg) AE),
BEPOATHOCTL BTOPOTO BapMAaHTa:
p1 () hALE,
BEPOSTHOCTL TPEThEero BapPMAHTA:
Ps (t) AsAt.
CkJlafbBas [EepeurClIeHHHE BEPOATHOCTM M MNPMpaBHUBAS UX K p, (t +At), mnosyyawor:
po(t +AE) = po(£) (1 = (Ror + hoa) At) + pr(t) At + ps(t)AsAt.

BelmesiMM B 3TOM PaBeHCTBE Pa3HOCTHOE OTHOIEHME

p2(t+AAti_p2(t) :_(/121 +/124)p2 —I—plﬂlz +p3/132-

[lepexonsa k Mnpeneyly Opu ZSf-—)() nonyumm aubbepeHUMaTbHOE ypaBHEHUE:

dp
7: =Aap1+ Aops — (1 + gD -

(3.6)

[lojlyyas IO M3JIOXKEHHOM MEeTOOMKEe YypPaBHEHMS IJIig COCTOSHMM Sz U Sy "
[IPMCOeIMHAA K HVIM YPaBHEHUA (3.5) m (3.6), MOXHO  3alucarhb
cucreMy IoubdepeHLUMaJIbHEIX YPaBHEHUM IJiSd BEePOSATHOCTEM COCTOSHUM:

dp
7; =A1py — (A + 43) 1

dp
7; =Aap1 + Ao ps — (1 + g s,

(3.7)

dp
7; = AoP1 + Ag3ps — 3003,

dp,
s _ 4 n -
5 AaPr —A43D4

YpaBHEeHUSA (3.7) HaseHBaKNTCA ypaBHeHusMum KosMoropoma. OTO cucTeMma yeTHpexX
JVHEeVHEX nOubbepeHlMaNbHEIX yYPaBHEHUM C  UeTHPbMSI



HEM3BECTHEMM (QYHKLMAMNI ]?1, ]22,1?3, ]94. HauajibHEIE YCJIOBMSA 3aIalnTcsa B

3aBUCUMOCTM OT TOT'O, KakOBO OBJIO HadaJlbHOE COCTOAHME CUCTEMEL AS. Hanpumep,
ecu B HadaJIbHB MOMeHT BpeMeHu (npu t=0) cumcrema Oblla B COCTOAHUA é%,
TO ]9i(0) ::1, a BCe OCTaJlbHEEe BEepPOATHOCTU PaBHEL

HYJIO :

pi)=0 (i# ),

Tak, HanpuMep, ypaBHeHMs (3.7) MOXHO pellaTb [IPU HAUYAJIbHEX YCJIOBUAX:

p1(0)=1, py(0)=p3(0)= p,(0)=0.

HyXHO OTMeTMTbL, UYTO BCe UeThpe YypaBHeHMS cucTeMsH (3.7) MOXHO He
3amMCHBATH, TAK Kak MOXHO BOCHOJNB30BAThCA ycnoBuem P + V%) + D3 + P4 = 1. MosToMy
OOy M3 BEPOSTHOCTEM MOXHO BHPABUTH uUepe3’ OCTaJIbHEE UM I[IOJIYUMTH CUCTEMY Tpex
YPaBHEHUN .

AHanM3uUpysa CUCTeMy ypaBHeHuM (3.7), MOXHO BHBeCTM oOllee NIpPaBUIIO

bopMMPOBaHMA TaKMX YPaBHEHMM HENOCPEeOCTBEHHO 10 pa3MedeHHOMY TIpady COCTOSHUM,
nopmuronHoe IJjsa  JioOoM  HEeNPEepPHBHOMU
MapKOBCKOM Llenu.

B ;neBOM yacTu KaXgoro YpPAaBHEHMSI HAaXOOMUTCsI IIPOMBBOILOHAsT BEPOSITHOCTHU
COCTOSAHNUS , a npaeast qacTe cogepxmuT CTOJIBKO cllaraeMsix, CKOJIBKO CTpEeJIOK B r'paq:ne
CBSsIBAaHO Cc AdaHHBIM COCTOSHMEM. Ecnn CTpeJKka HalpapBJiIeHa #M3 COCTOSIHUSA,
COOTBETCTBYyNIee cilaraemoe nMeeT BHAK «MMHYC>», eCqin B COCTOsiIHMe — BHaK «ILJIIOC>» .
Kaxnpoe cnaraeMoe paBHO IIPOMBBEOEHMI IIJIOTHOCTM BEPOSsITHOCTHM IIepexomna,
coo'rBe'rc'rBymer& ,u;ax-moir cTpelke, Ha BepOATHOCTHB TOTI'Oo COCTOSAHNUSA , nus KOTOpOoTo
ncxogmurT cTpelka.

I[Ipumep 3.3. Ionsa rpada COCTOSHUMN CUCTEMEL S, IpenCTaBJIEHHOTO Ha
puc. 3.6, cocTaBuTh cucremy aubbepeHUMANBHEX ypaBHeHMI KoJjiMOTOpoBa M HAaNMCAThb

HayvaJIbHEE YyCJIOBMSA, yuuTHBasg, 4YTo nopmu t = 0 cucrema ObUla B COCTOSHUU Ss.

VckoMmasa crucTeMa ypaBHeI—H/HZ:
dp,

=—A,p, +A + A, D4
Jt 12P1 21P> 21 P4
dpz

dt
dp,

dt

d,
% =—(Ay tAp) Py + A3y ps.

HauaJsibHEIE YCJIOBUS: apu t = 0: p, =1, p1 = p3 = pg = 0.

==Xy +Ap) Py + AP+ Ay Py + Ay, Py,

—(Ay, T A3)P5 + Ay,
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Puc. 3.6. I'pad cocTodgHMUM cCUCTeMH S [OpuMepa 3.3

8.3. Ilpeoenvnvie eéeposmunocmu coCmMoOAHUI

Ecim B cucreMe S [OPOTEeKaeT MapKOBCKMUI CJIy4aMHBIM [OPOLECC C HEIPEPHEBHBM

BpemeHeMm (cm. puc. 3.5.), TO cuMTaeTcsda, UTO peajiM3yeTCcsa HeNpepeBHasa Lelb
MapkosBa. Ilpu )%i = const cumMTaeTcd, UYTO NOTOKM COOBTMM B CMUCTEME [IpOoCTeNmmne

(cTauMOHAPHEIE I[IYaCCOHOBCKUE) .

[IycTb MMeeTCs HelpepblBHas Lelb MapkoBa. MCnojb3ysa MeTOOMKY COCTaBJIEHUS
cucteMu IubdepeHLMANILHEIX ypaBHeHUM KoJIMOTOpoBa M pellag BTy CUCTEMY IpY 3alaHHHX
HaudaJIbHBIX YCIJIOBMAX, MOXHO Haﬁ[’I‘M BepOH’I‘HOC’I‘M COCTOHHVIﬁ Kak C_byHKLU/H/I BpeMeHVI

n
pl(t)' pZ(t)' cee pn(t), 1z Zpl(t)zl mpm  JmoBoMm  t.
i=1

[Ipy BTOM BO3HMKaeT BONPOC, UYTO OyOeT [OIPOMCXOIMTH C CucTeMou S npu t

— 00? JIMenT JM IIpM  3TOM QYHKLUUU ]9i(f) npeneJsiel?  OTU  Opeleel, eCJIUM OHU

CyLWEeCTBYIT, HA3EBAKOTCsS NPefelbHEMU («dMHANBHEIMM») BEPOATHOCTSIMM COCTOSIHMIA. VX
CylLeCTBOBaAHME yCTaHaBJIMBAETCS JPIOOMYUECKOM TeopeMoM MapkoBa M TeOPeMOM O IIpeneibHBIX
BEPOATHOCTAX cocTosHuM. Teopema MapkoBa CHOpaBemjiMBa IJiSd TPaH3UTUBHEIX
IPOLIECCOB.

MapKOBCKMM CJIy4alHBIM MNPOLIECC Ha3bBAETCS TPaAHSUTMBHEIM, €CJIM CYHIECTByeT TakoM
IIPpOMEXYyTOK BpPeMeHM t, B TeueHMe KOTOPOI'O BO3MOXEH Iepexol CUCTeMel S us3
JI000T0  COCTOSHUS B Jioboe mpyroe. TakuMm ob6pa30oM, IOJd TPaH3UTUMBHOI'O I[Ipolecca

cymecTByeT Takoe t > 0, UTO I[EepPexOnHHE BEPOSTHOCTHU }OU(Z) >0 (ixj ::1,2,“.,n

), t — [NPOMEXYyTOK BPEMEHN.

[loka3aHHE Ha puUc. 3.6, Tpad COCTOSHUNM CUCTEMH YIOBJIETBOPSET YCJIOBUI
TPAH3UTUBHOCTU: M3 JIOOOTO COCTOSHMS MOXHO PaHO WM IIO3IHO IepeuTu B Jiwodoe
opyroe, a Ha puc. 3.7 — He YIOBJIETBOPHSET YCJOBMIO TPAaH3UTUBHOCTHU.

St 5) S3 Sy ’_;95

Puc. 3.7. TIpad, He YyOOBJIETBOPAKIMM YCIJOBUIO

TPAH3SUTMBHOCTU



Sproguueckas TeopeMma MapkxoBa. [us Ja060T0 TPaHSUTUMBHOT'O MAapKOBCKOI'O
npouecca

lim p; (1) (i,) = 1,n)
t—0

CYIleCTByeT M HEe BaBMCHUT OT «i».

dMBMUECKMM CMBICJI TEOPEMH CJleOyllMi: BEepOSsTHOCTbH TOI'O, YTO CcucreMa S
HaxoOUTCs B KakoM-JmMOO COCTOSHUU é;f’ NPaKTUUECKM He 3aBMCUT OT TOIO, B

KaKOM COCTOAHUNM cucreMa HaxXxooniiachb B IJaJIeKOM IIPOIJIOM .

TeopeMa O HpeleNbHEX BEPOATHOCTHX COCTOSIHMMI. [IJIS TOI'O YTOGH BEPOSTHOCTM 19i(t)

(l:: ,71) opy t—0 CTPEMMJIMCE K HEBaBMCSIMM OT HAYaJNbHHX HAHHBX dKMCIaM 19]

(] :=1,n), HeOBXOAMMO M JHAOCTATOYHO, UWTOGH K TEeM Xe I[pefejlaM CTPEeMMINCh

COOTBETCTBEHHO IMEePexXOfHHe BEepPOATHOCTH ]Oy(f) npy Jo60M BHaAYeHMM 1.

B cucremMe S npu t — o0 yCTaHaBJIMBAETCHd I[IPEeIeNbHEM CTAaLMOHAPHEM pPexXuM,
3akjoyUanmumMuca B TOM, UYTO CUCTeMa CJydalHbM ofOpasoMm MeHsSeT CBOM COCTOSHUSA,
HO BEPOATHOCTDBb KaXIoo1ro nus3 HUX YyXxe He 3aBUCUT oT BpPEMEHN. dUBUUE CKUMN CMEBICJI
3TOM BEPOATHOCTM CJlenyllMM: OHa IIpencTaBjigeT CcoOoM CcpelHee OTHOCUTEJIbHOe BpeMsd
npebelBaHMsa CUCTeMBl S B JOAHHOM COCTOSHUM.

Kak BHYMCIUTE MNOPeLejbHEE BEePOATHOCTM COCTOSITHUIA ]?i(l::jhll)? B mnOpenenbHOM

(YyCTAaHOBMBIIEMCS) PEeXMMEe BCE BEPOSTHOCTM I[IOCTOSHHH. CJIegOBaTeJIbHO, WUX
IPOMBBOINHEIE PAaBHE HyJIO. [l03TOMYy, eCciIM B ypaBHeHMAX KOJIMOTOpPOBA, ONMCHBAOIMX
BEPOSTHOCTM COCTOSHMM CMCTEMBI, IOJIOXMUTHL BCe IIPOMBBOINHLHE PAaBHEIMM HYJIO, TO 3Ta
cucTeMa IpeBpaTuTCca B cucTeMy ajnrebpamyeckmux ypaBHeHuyri. COBMECTHO C
n
HOPMMPOBOUHEIM  YCJIOBMEM E }% ::1 3TV YPAaBHEHMS [AKT BOBMOXHOCTBL BHUMCJIMTL BCE
i=1

npenesnsHee BepoaTHOCTU: Py, Poy.eeey Py -

IIpmvep 3.4. Tpad cucreMsl S C TpeMsa BO3MOXHEMM COCTOSHMAMM Sy, S, S;
npencraBJeH Ha puc. 3.8.

Puc. 3.8. Ipad cucrems npumMepa 3.4

HeoBxoImMMO COCTaBUTHL ypabBHeHus KoJjMoTropoBa, 3aTeMm 3anrcaTh CUCTEeMY
JVHEWHEIX ajrefpaMdyecKmUx YPaBHEHUM U pemlmuTh ¥MX, HalOa SBHAUYeHUs [OIpeletibHBIX

BepoATHOCTEN cocrosHmit P (i:=1,2,3).



YpaBHeHMNa KojsmMmoropora:

r dpl
—_—— + )
i PrTP3

dp,
1T—==-2p, + p; +2ps,
1 Py T D1 P3

dps

=—(1+2)p3 +2p,.
gy (1+2)p3+2p;,

(3.8)
CucTteMa JMHEMHEIX aJilreOpandecKMxX YPaBHEHUM SalMCEBAeTCHd [IPUPaBHMBAaHMEM

HYJIIO JIeBBIX dYacTey YypaBHeHuM (3.8):
0=-2p, +p;+2ps, (3.9)
()::'—3193'+'2192.

BelpazsuM u3 1-TO ypaBHEHUS p1 = p3, a 3 3-T0 ypaBHeHUsd p2 :—p3

3

M I[ONCTABUM MX B HOPMMPOBOUHOE YypPaBHEHUE 1?14‘]92 +‘1?3 =1. Orkyna

2 3 2

OKOHUATEJIbHO IOJIYyUMM : pl =—, DPr=—, p3 =—
Ipr peweHun cucTemsl (3.9) He MCHONB30BAaJIOCE BTOpoe YypaBHeHMe. OHO
ABJISETCS CJEeACTBMEM OCTaljlbHEX (l1-To M 3-T0): eciam CJOXUTb BCE TPM ypaBHEHUs:d,

TO MMOJIYUNTCHA TOXIECTBEHHBIM HYJIb .

UToBEl B IOajIbHEeMIIEM Cpal’y 3alMCHBATL TaKMe YPaBHEHUS, IIOJIE3HO II0JIb30BATHCH
cJie oyoimM MHEMOHMUECKUM IIPaBUJIOM. Ins KaXJZOI'O COCTOSIHMSI CyMMa CJlar'aeMhIX,
COOTBETCTBYIMX BXOASAIMM CTpPeJIkaM, paBHa CyMMe CJllal'a€MbBlX, COOTBETCTBYIIUMX
BRHIXOIOSAUMM CTpeJikaM («4YTO BTEeKaeT, TO M BHTEKaeT»); Kaxljoe cllaraeMoe paBHO
MHTEHCHMBHOCTM I[IOTOKa COOHTHI, NEepPeBOISAllerc CHMCTEMy NO NaHHOM CTpeJike, YMHOXEeHHOM Ha
BEPOSITHOCTE TOT'O COGHTHS, M3 KOTOPOI'O BHXOLUT CTPENKa.

IIpmmep 3.5. T'pad COCTOAHMM CMCTEeMBl S MpencTaBJieH Ha puc. 3.9.
CocTaBuUTh CcucCTeMy ajnrebpaMyeckKmux ypPaBHEHUM IJIS HaXOXIEHMUs IIPeleJibHEX
BEPOSATHOCTEM COCTOSHUM.

Aog a2

Sy
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1Py = (A + 43) 1,

Mapr+ Agp Py = (o1 + 123) P2
Ai3p1 + o3Py = A3 ps,

3403 = A Py

8.4. Ilpouecc «PaBMHOXEHUST ¥ ITHubenm»

Ha mnpakTuMke dYacTO BCTpeYamnTCcsa CUTyaluur, KoI'a HEKOTOPHE CJlydalHble
[IPOLIeCCEl, OTHOCAWMEeCs, HaopuMep, K pas3JIMuHeEM OO0OJlaCTAaM 3HAHUM, MMET
OIOMHaKOBEHe Tpadsl cocTogaHmMM. Torma, eCIM paccMaTpMBaeMble I[IPOLIECCH ABJIAITCH
HEINPEePHEBHEIMM  LensaMy MapkoBa M MMEOT OIOMHAKOBEE TIpadsl COCTOSHMM, MOXHO HauTu

aHaJIMTn4YeCKuMe BEIPAXEHMA OJIA IIpeneJyibHBIX BepOHTHOCTeﬁ COCTOSHUMN TUITOBEIX
IIpoLecCcoB B obueM BUIE, a 3aTeM IIoOCTaBUTh BMECTO )Qj cooTBETCTBYyKIME

3Ha4YEeHUs.
[IlycTe HEKOTOPBI MapKOBCKMUM CJIy4aMHBM I[polLecC, NpoTeKauuM B CUCTeMe
S', MOXeT OBTb IpelcTaBJjieH I'padoM COCTOSHMM, Kak Ha puc. 3.10, T.e. Bce

COCTOAHUA MOXHO BEITAHYTb B OIIHY Lerioukry, B KOTOpOﬁ Kaxngoe nus3 CpeIHMX

COCTOSAHUM (S&,S&,“.”Sn_l)CBHBaHO NpsAMOM U ODOPaTHOM CBA3BK (CTPEJNIKOM) C  KaXIbM

13 COCemHMX COCTOSHUM, a KpalHMe COCTOSHUA (‘SO u :%1) — TOJILKO C OIHUM

CocenHVMM COCTOAHUMEM.

Aol S, 5% S, M3 Ak S, Mkl An2n-l S, Anim

XD X XS

Mo Ao A2 Akl Atk Anine Ann-i

Puc. 3.10. T'pad® mnpoluecca «pasMHOXeHUS U Tubesm»

[IpolleCcCE TakoT'O pola ONMCHBAKNT, B YAaCTHOCTM, WM3MEHEHWUsS UMCJIEHHOCTU
BMOJIOTHUUECKOY IMONYyJSaLUMM, YTO U [IOCJYXMJIO OCHOBAHMEM IJisg I[OSBJIEHMS TepMuHa —
IpOLleCC «PaBMHOXEHUST ¥ IMOenm».

Cxema «KPasMHOXEHMA U Tmbesm» BCTpeuaeTCd BO MHOI'MX IIPaAKTUUECKUX 3aladvax,
IOBTOMY LeJIeCcOOBPa3HO ONpenesIMTh aHaJIMTUUECKME BHEPaXeHMUs [IPelesIbHEX BepOSTHOCTEN
COCTOSHUM CuUCTeMel, Tpad koTopoM mnpuBemeH Ha puc. 3.10, wm B [pajdbHENIIEM
IOJIb30BATHCA TOTOBEMU QopMyJiaMu.

CorJylacHO TIpaBUJly <«4UTO BTEeKaeT, TO M BHTEKaeT», 3alMCHBaeTCsa CcUCTeMa
YPaBHEHMM IOJI9 HAaXOXIEeHMs [peleJIbHBIX BEPOATHOCTEM COCTOSAHMM IIpollecca
«Pas3MHOXEHUS ¥ Tubesam».

Ira COCTOAHMA Sb IIoJIyyaem:

Aorpo = 7¥10P1,
(3.10)



a OJI4 COCTOAHMA éﬁ:

Ai2p1 + Aiop1 = AoiPo + Aoipo.
(3.11)

YumreBasa (3.10), w3 BHpPAXeHUS (3.11) nomayyanT OJ4g Sl :

A1z = k12 P1 o

(3.12)
a maJjiee aHaJIOTUMUYHO :
- ana 5 A32p3 = A3D7,
(3.13)
- ans S A je=1Pk = -1 Pic—1
(3.14)
e ﬂn,n—lpn = ﬂn—l,npn—lﬂ
(3.15)
3anumeM HOPMMPOBOUHOE YCJIOBUE :
Potpt+..tp,=1. (3.16)
WTak, TI[oOJiyyeHa cucTtema ypaBHeHur (3.10), (3.12) - (3.15) m HOPMMPOBOUHOE

ycyoeue  (3.16) . U3 ypaBHeHusa (3.10) Haxomum ]?1:

U3 ypaBHeHUd (3.12) c yuetoM (3.17) HaxXxOOUTCH p2 :

n3 (3.13) ¢ vyuerom (3.18) mosydawonT 1?3:

/101/112/123

P3=
%2221/110

n Tak najiee.

TakuM obpaszoM, nJjsa Joboro kf yMeeT MecTo GopMmyJia:

Aot Ao Ao k-1 A1k ,
0>
A -1 Mi—1k—2--21 Ao

Pr =



(3.19)

CrpykTypa oGopmysel  (3.19) crenymmas. B uUMcaMTeJIe HAaXOOUTCS [IPOM3BEeIeHUE
BCeX ﬂﬁ" cTodAmMX Y CTpPeJIok, HallpaBJIeHHHIX CJleBa HalpaBo, oT S, ® ©OO TOM,
KoTOopas uIeT B Sk, a B 3HaMeHaTeJle -NPOU3BEeIeHMe BCeX Zﬁ’ UOYIUX B
oOpaTHOM HAalNpaBJIeHMM - ClpaBa HaJlIeBO OT 5}7 no Sp.

Ecau BCe ]% (kpome cayuas, kxorma 1=0) mnomcraBuTh B BHpPaxeHue (3.16),
TO MOXHO IIOJIYYMTH BHIPAXeHMe IJisd [70:

+%1 o+ o112 /101/112323 /101112--- n— ln ) =1
— - Pt ,
/110 A 1o %2/121/110 /7/21/110

Po

-1
201 ﬂoyﬁz ﬂOP%2 n—1,n
Po=|1+ + +...+ (3.20)
]’10 /121%’10 ﬂ’n,n—l/?“n—l,n—Z"'ﬂ’IO
Qopmysiel (3.19) m (3.20) maoT oflmee peleHMe Balaul  «KPa3MHOXEHUS U
mubenm». OHM OyInyT WMPOKO MCIOJIBE30BATHCH B CJenyolei IJlaBe I[IPpM PaCCMOTPEHUM
KOHKpPEeTHHxX Mogzejney CMO.
IIpmvep 3.6. TI'pad cocrTogHMM cucTeMbBl S MpencTaBJieH Ha puc. 3.11.

OHpe,HeJ'H/ITb npenejibHele BEPOATHOCTU COCTOSHUMN.

Puc. 3.11. Tpad cocTOogHUM CHUCTEeMH Opumepa 3.6

[Ipouecc, ONMCAaAHHEM TIpadoM Ha puc. 3.11, TPaH3UTUBHEIL, 3HAUYUT, IIpenelibHbEe
BEpPOATHOCTM CYUWEeCTBYIT. B To xe BpeMsa CTpykTypa TIpabda nDoxaspBaeT, UYTO DTO

IPOLIECC «Pa3MHOXEHMS ¥ Tubesm».

BrinumeM 10 rpady MHTEHCUBHOCTU

dor=1L Ap=2, A=l A3y=2
ho=2, =1 Ay =1 Ag=1



Hone3ysack dopmysiamu (3.19) wm (3.20) MOXHO paccuuTaThb l% (i=1, 2, 3, 4):

1 1.2 1-2:1 1-2-1-2)
po=|1+=+ + +
2 1.2 1-1-2 1-1-2-1 11

P1=—=Po=_7>

[lpoBepKa M[NOKAa3HBaeT, UYTo E D =1.

I'maBa 9

MOIOEJIMPOBAHME CMO AHAJIMTUYECKNMU
METOIOAMM TEOPMM MACCOBOI'O OECIIYXMBAHUA

OcHOBHas 3amada, CTOdllas [epel TeOoprel MacCOBOTO OOCIYyXMBAHUA, 3aKJIOUaeTCsd B

YCTAHOBJIEHUM 3BaBUCUMMOCTM MeXOy XapaKTepoM IO0TOokKa 3asgBOK, UYMCJIOM KaHAaJIOB, Ux
IPOU3BOOUTEJILHOCTLIO, npaBuiiaMm paboTel CMO ¥ yCHeWHOCThH (20OeKTUMBHOCTHI)
oDCITyXBAHUSA . Pemenme =amad aHaJiM3a CMO CBA3aHoO c [IPMBJIEUEHUEM
PasJIMYHBEIX MeTOIOOB OIITVMMI3ALIVN JIMHEMHOT'O WJIN HEeJIMHEMHOTO nporpaMMmMpOBaHMA,

OVHAMUUECKOT'O NPOTpaMMMPOBaHMsa, TEOPUM MUIP, MeTOoOda MMUTALMOHHOTO MOINENMPOBaHMSA M T.
Io.

MaTeMaTnueCcKum aHams paboTEL CMO BHaAUMUTEJIBHO ynpoumaeTcs, ecqn
CJIydYaVHEM IIpollecc, IMpoTekawomuii B CUCTeMe, SBJISeTCS MapKOBCKMM. B 3ToM ciyudae
pabory CMO I»OOBOJIBHO IPOCTO yIaeTCsa ONMCaTb C I[OoMOmbl IOudbepeHLMaJlbHBIX
YPaBHEHU, a B IpeneJibHOM CcJydae - JIVTHEMHEBIX anrebpandyecKkux, u
BEIPABUTH B SBHOM BUIOE
OCHOBHEIE XapaKTepUCTUKM 5OOeKTMBHOCTM OOCIyXMBaHMA depes napamMeTpel CMO wu
IoTokKa 3asBOK.

B kauecTBe XapaKTepUCTUK D3OOeKTMBHOCTM OOCJIYyXMBAHMS MOTYT MIPUMEHATLCSH
Pasz3JMuHBE BEJMUMHEL ¥ OYHKLUMM, HalpuUMep: CpeIHee KOJIMUEeCTBO 3asBOK,
oDCIyXMuBaeMslx B eIMHUIY BPEMEeHM; CpeIHMM NOPOLEeHT 3asgBOK, [OoJydallMx OTKa3z U
MOKMIOAMNX cucTeMy He OOCJIyXeHHBMM; BEpPOSATHOCTHE TOI'O, UYWTO [IOCTyNMBIIASA 3adaBKa
HeMenJIeHHO OyneT OpuHAaTa K OOCIyXMBAHMUIO; cpenHee BpeMda OXMIaHMA B ouduepenu;
3aKOH paclpelesieHUss BPeMeHM OXMIaHMUSA; CpeldHee KOJMUeCTBO 3asBOK, HaAXOOAWMXCSH
B oOouepenmu ¥u T. I.



9.1. Mnozoxananvnaa CMO ¢ omkazamu

CucTemMa MaccoBOTO OOCIyXuUBaAHUA, onmcelBaeMasa cxemoum M|M|n|m=0, aBjisgeTcs

npocrenmey wu3 Bcex CMO - sTO MHOT'OKaHaJIbHaA cucreMa C oTkasamm. KoOHeuHO,
omHOkaHasJbHasg CMO Buma M|M|1|m=0, IBJISSICb YaCTHBIM CJlydaeM MHOT'OKaHaJIbHOM,
yMeeT OoJiee IPOCTHE XapaKTEepMCTMKM, HO OHM MOTYT OBITH IIOJIyYEeHB W3
XapakKTepUCTUK MHOTOKaHaJibHOM CMO npu n = 1.

B cucreMy NOCTyllaeT NpPOCTeNuNMy, T. €. [IYaCCOHOBCKMM IIOTOK 3asgBOK Ha
obCIyXMBaHMe C MHTEHCHMBHOCTBIO ﬂ,, roe /% — UMCJIO 3asBOK, [NOCTylaluMX Ha
obCcIyXxmBaHMe B eIMHUIY BpPEMEHN. VHTepBaJibl MeXIy MOMEeHTaMMu IOCTYIJIEHMS
3a4BOK npennojiaralnTcsa CJTyYaVHEIMU u
pacrnpeneseHHBEMHU IO I[OKazaTeJIbHOMY 3aKOHY

fy=reM, t>0.

3agBka, 3BacTaBmas KaHAaJk 3aHATBEIMM, I[IOKMIAEeT CUCTeMy He OOCIIyXeHHOM.

OBcnyxmMBaHME BasgBKM I[IPOIOJIKAETCS B TEeUeHME CJIyU4alHOT'O BPEMEHU ];50’

pacrnpeneJIeHHOT'O 1o IIOKasaTeJIbHOMY 3aKOHY C MHTEHCUMBHOCTEBIO O@Cﬂy?KMBaHMFI

1 —ur
p=_—: f@)=pe ™", >0.
06¢
M3 3TOr0 pacnpenesieHrs BPEeMeHM OOCHIyXMBAHMSA CJEOyeT, 4YTO MNOTOK OBCIIYyXMUBAaHMA

IpoCTEeNnA .

OCHOBHBEIMM XapakTepucTukamm Takom CMO ABJIATCA: abCOoJIIOTHAA IIPOIIyCKHasA
criocobHocTs CMO A, OTHOCUTEeJIbHas INPOIyCKHasa crnocobHocTs CMO q u
BEpPOATHOCTb OTKa3a Porx. HOJIa HaAXOXIOEHMA DBTUX XaAPaKTEPUCTUK CMO
paccMaTpuBaeTcsa Kak o¢usuuyeckas cucreMa S, koTopasd HaxXxOOUTCH I[OOUEepenHO B
OOHOM M3 n+l COCTOSHUN, a VMEeHHO:

Sb - BCe KaHaJiBl CBOOOXIHELI;

éﬁ_ — BaHAT OOMH KaHaJl, ocCcTaJibHee n — 1 CBOOOIHE;

Sk, — B3aH4aTH k kaHaJIoOB, OCTaJlbHHEe n — Kk CBOOOIHEL;

n 3aHATEL BCe n KaHaJIOB.

PasMeueHHE Tpad COCTOSHMM MCCJIenIyeMOV CUCTEeMB NpencTaBJieH Ha puc. 3.12.
Bcero B 7r1pade n + 1 cocrosHme. CTpesikKM HaIpaeOo I[IepPeBOnAT CUCTEMYy U3 COCTOSHUSI

S} B Ipyroe COCTOAHME, KOTOpOe OINpenesysgeTCs HadaJioM OOCIyXMBaHMA Opullenuelnt
3asaBKM ouepenHuM (j+1)-M kaHayioM. IlpM 53TOM I[JIOTHOCTL I[EPEexXOOHOM BEPOSATHOCTM U3

OIOHOTO COCTOSHUA B ApPyTroe (nocjenyplee) ONpenesseTcsad MWHTEHCUBHOCTLI A [NOCTYMJIEHUS
3agBOK B CHMCTEMy, TO €eCTb Kaxias IIoCTylnawnmas 23asBka nepesoauT CMO wu3

COCTOAHMA S B COCTOAHUE S+1 C MHTEHCUBHOCTBIO A.

J J
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Puc. 3.12. T'pad cocTodgHMM MHOTOKaHajJbHOM CMO cC
OTKa3aMM

Kax pasmedawnTCcs Iepexomsl CUMCTEeMBl CcHIpaBa HajJeBo? Eciam cucrTeMa HaxoOUTCH

B COCTOSHUU S&, TO, KaK TOJbKO 3BaKOHUMTCSA OOCIyXMBaHME 3aaBKM, 3aHMMaoUeEN
3TOT KaHaJl, CuCTeMa [epeuneT B COCTOSHUE Sb. SToT nepexon Oymer
onpenenaTbCAa MHTEHCUBHOCTBIO /l obCITyXMBaHMS KaHaJiIOB. Ecam cucrema HaxogmuTCsda
B COCTOSHUU S,, TO eCTb B cucTeMe OOCIyXMUBaHUEM 3asgBOK 3aHATO IBa KaHajua,
TO MHTEHCMBHOCTBL Ilepexonma "3 S; B S; BepacTaeT BIOBoe (2u). O4yeBUIOHO, €CIU

OOCIIyXMBAHMEM BaHATO kf KaHaJIoOB, TO MHTEHCMBHOCTBL DTOTO OOCJHyXMBaHuA OyneT B

kf pas BHille, UeM OpY OOCHYyXKMBAHUM OOHMM KAaHAaJIOM (kT/J).

WTak, mpolecc, NpoTekaouui B maHHou CMO, ABJIAeTCA UYaCTHEM —CllydaeM
PAaCCMOTPEHHOTO paHee Mpolecca <«pPa3MHOXeHMS M rubenu». IloJb3ysach GopMyJiamm
(3.19) wm  (3.20), MOXHO 3BalMcaTb BHpPaXeHUs IoJdg

pacuéTa BEpPOSATHOCTEM COCTOSHUM:

2 3 n 7
A A A A
p=|1+—+ sttt ——
aoout2! 3! 1!
p _ip P = i Po> P3 = a p Pn = A p
1 U o2 12! 7 103! 0> o u'"n! v

A

Bromsa BeJIMUMHY /?::'——, Ha3blBaeMyl I[IPUBEIEHHOM MHTEHCUMBHOCTBIO IOTOKA

7

3asgBOK, TO eCThb CpemHee UMCJIO 3asgBoK, npuxonsaummx B CMO Ba cpenHee BpeMmd
OBCIIyXMBAHMSA OOHOM 3asBKM, MOXHO MOJIYUUTHL (OOPMYJIE

IoJia pacyeTa [OpeleJibHBEIX BEpPOSTHOCTEM COCTOSHUM (Ipu k'::l,n):

p.p . P Al
Po=|1+=+—+—+. . +—
2t 3 n!

Rz B BoJee KOMIIaKTHOM 3arnmcnm:



k
_P 1.
pk__k! Do, k=1n.

dopmysier (3.21) HocaT HazBaHue oOGopmyn OpJaHra. OHM  BHPAaXalnT [IpenOeibHBe

BEPOSATHOCTM BCeX COCTOSHMM CHUCTEMH B 3aBUCHMMOCTM OT IapaMeTpoB n, ﬂl n /l.

[IoNnb3ysaCh MMM, MOXHO HAaUTKM XxXapaKTepucTuku sdbbexTmBHOCTM CMO: Porwr g wm A.
BrrumcieHue Porx CBOIMTCHA K OIpelesieHMI0 BEepPOATHOCTM 3aHATOCTM BCEX n
KaHaJIOB CMUCTEME, T.e. K OlIpeneJIeHMI0 BEePOSATHOCTM nN—-I'O0 COCTOSHUA:
n

o :7170- (3.22)

OTHOCHUTEJIbHaA IPOIyCKHas CIOCODOHOCTbL g — 2TO BEPOATHOCTb TOIO, dYTO 3afdaBKa
OymeT nOpuHATaA K OOCHyxuBaHMIO. Tak kak oOOCJHyXMBaHMEe M OTKas ©BTO I[I0JIHAad
Tpynna HECOBMECTHBIX COOBITMM, TO

qzl—POTKz l _pn.

(3.23)
AGCOJIIOTHaS [IPOIyCKHas CHOCOBHOCTHL A - D»TO CpelHee UMCJIO BasBOK,
OBCHYyXEHHEIX CUCTEMOM B eIUMHUILY BpPEMEHN :
A = Ag
= A1 - pa). (3.24)
KpoMe MnepeumcyieHHBIX XapakTepucTuk (3.22) ... (3.24), MOXHO OINpPeleJIUTL elle
LeJIll  PsSO  BaxXHHEX BeJuuuH. CpenHee KOJMUYECTBO 3BaHATEIX KaHAaJIOB k’ MOXeT OBITb
BEIUMCJIEHO KakK MaTeMaTuuecKoe OXuiaHue M(kf) CIIy4YarHOM  BEJIMUMHE k’. IrucKpeTHasa
ciyuyarHasg BeJIMuMHa kf = {0, 1, 2, .., n} (kOoIMUeCcTBO SAHATHIX KAaHAJIOB) HacTyaeT
C BeposgTHOCTAMM p; (Tadbix. 3.1).
Tabsmiia
3.1
0 1 2 k n
Pi Po | D1 | P2 Pk Pn
Torma MaTeMaTHUUyecKoe OXMIOAaHMEe CJYUaMHOM  BeJIMUMHEL
M(k) =0 pot 1 p+2p+3 p3t+t ..+ kpet .. +n pg,
u, ecnn yXe WMB3BEeCTHE BCe ]% (1 ::O,H), TO kf JIETKO BHUMCIIASTCH.
Ho cpemHee KOJMMUECTBO SaHSATHX KAaHAJIOB k' MOXHO BHPa3UTL U Uepes
aOCOJIOTHYID TIMPONYCKHYK CIOCOOHOCTL A, TIme A €eCThb CpenHee uMCJO 3asaBoOK,
oBCIIyXMBaEMEX B eOMHMIY BpeMeHu. OOMH 3aHATEM KaHajl ofCcJayXuBaeT B CpenoHeM 3a

SIOVHUILY BpeMeHN UL 3aABOK, a CpenHee YU CIJIO 3aHATHEX KaHaJIOB



A
7,

k = =p(l-p,). (3.25)

Ipumep 3.7. 3amaHa dYeTHpé&xkKaHajlbHas CMO ¢ orkazamMm (M | M | 4 | 0), A =2 (c
Y, wnw=1 (¢'). Beumciure p; (i=0, 1, 2, 3, 4), Pow, g, A, k .

B yueOHBEIX UeJax nOJa pPeleHrsa 5HSTOoM 3azmauu (M  BOpelIb B »OAaHHOM yuyeOHOM
nmocobum B HOCJHEenyoIMX MIPMMepax) HeoOXOoouMMO I[OCJeIOBaTeJIbHO pPeaJiM30BHBATH

yeTHpEe DBTamna:
1. IocTpoeHue Tpaba COCTOSHUM.
PasmeTka Trpada.

2
3. BriumcJjeHue ]%.
4

BriumcyieHmne rnokasaTejer sddexTuBHOCTM (B OAaHHOM 3ajade -

P a8, k) .

I [OPaBUJIBHOTO IOCTPOeHMsa Tpada COCTOSAHMM HeOOXOOMMO I[IePeUMUCIIUTh
BOBMOXHEIE COCTOSHMA:

Sy - BCe KaHaJiel CBOOOIHEL;

S, - 1 «ka”ajm B3aH4aT, ocTajyibHEIe 3 CBOOOIHEL;

S, - 2 kaHajJa 3aHATH], ocTajibHEle 2 CBOOOIHH;

S; - 3 kaHajJa 3aHATH, 1 cBobomeH;

S, - BCe KaHaJIbl BaHSATH.

PasmeueHHEM Tpad, B KOoTOpoM n + 1 = 5 COCTOAHMM, IpencTaBJIeH Ha puUcC.
3.13. 3TO0 TOBOPMUT O TOM, UTO YXE& peaJM30BAHE I[I€PBEE OBa STala.

[lpyBeneHHass MHTEHCUMBHOCTBL OOCJIyXMBaHUSA /?::'——3: 2.

7

PesynbTaTE peanmnmszaumnm IIOCJIEIHUMX IBYX STarioB nepaCTBJIEHBL HIMXe .

4 8 16, 1
=(1+24+=+—+—) =—,
Po=( 2 6 24) 7

g=1-P, =0.905,
A=2g=181(c)",
k=p(l-p,)=181.



Puc. 3.13. TIpad coCTOAHUM CHUCTEMB »IOpuMepa 3.7

AHanM3 pes3yNbTaTOB IIOKa3eBaeT, dYTo npuMmepHo 90 % 3Bageok Oyner

oBCIIyXuBaTLCSA ¥, COTBETCTBEHHO, ToJsibko 10 $ mnojxyuaT oTkas. OTO I[oJjiydaeTcsa 3a
CueT CPaBHMUTEJIBHO BHICOKOM MHTEHCUBHOCTM oOcyxuBanus 3aasox [l . Bcrencreue

3TOTO B CpelHeM OOCIIyXMBaHMEM 3asgBOK OyzmeT 3aHgaTO BCeTo IIPMMEPHO 2 KaHaja,

k'::1.81, a COOTBETCTBEHHO 2 KaHajla - CBOOOHOHEI. OTK pPEe3yJbTaTh NIPUBOIAT
K MBICJIM O TOM, UYTO, BO3MOXHO, BBEI'OOHO OBUIO OB COKPaTUTH YMCJIO
obciyxuBalmMx KaHajlioB. CllegoBaTesJIbHO, BOBHMKaeT BONpoc 060 ONTuMMM3aLuu

CTPYKTYPH  CUCTEMEI
(kommuecTBa OOCHYXMBAKRIIMX KAHAJIOB) .

B BEIPAXEHUSIX (3.22) ... (3.25) OCHOBHEIM mapamMeTpoOM ABJIAeTCH
NpMBEeOEHHASA MHTEHCUBHOCTB OOCJIYXMBAHUA /?52'——. [MosTomMy Jmobasa CMO
paccMaTpMBaeMoro TMIa C n  KaHajJaMu paboTaeT OOMHAKOBO XOPOoWO (MM OOMHAKOBO
JIOXO) TpPY  JIOOBIX ﬂ, V71 /1, IJIs1 KOTOPBEIX HEeM3MeHHa BeJMuMHa p. Hanopudep,

ecimm  CMO C  KakMM-TO KOJMYECTBOM KaHaJIOB M C [OpomssomurensHocTen A = 5

rnomBepraeTcs BO3IEMCTBMIO IOTOKa SBafgBOK MHTEHCUBHOCTHU 2,2:5, TO Takas xe CMO

C T[OPOMBBOOUTEJILHOCTBHIO [l=50.1, B3aMMOIENCTBYIAS C IIOTOKOM ﬂ,=:0.1, VIMeeT

Te Xe BEeJIMUMHE ]90, ]9k, 1%n”<, q, k7 M  TOJBKO A WU3MEHSeTCHd I[IPONOPLMOHAJIBHO

A.

Kaxk BaBuUCAT oT n xapaxtepuctuxkmu sbbexTuBHocTM CMO npm p = const?

[lpr yBeIMUYEHUM n BEPOATHOCTM Py U Px, HIOpu k'::l,n, YMEeHbIIalnTCH, TakK Kak
ma n=1 py=(1+p7",
mis n = 2 po= (L +p + p?/2)7,
mna n o= 3 po= (1 +p + p>/2'+ o°/3)F u . o.,

a px B coorBeTCcTBMM C (3.21) OpPONOPUMOHAJNIBHHE pPo. TO €CTb, MIPU yBEJMUEHUN
yycyla COCTOSHMM n CHUCTeMH S, OCYWeCTBJSeTCsa IlepepacnpenejieHue BEPOSATHOCTEN

n
COCTOSHUM NOpU oblmeM OTpaHUYEHUN p0+ E pk =1.
k=1

TakuM oBpasoM, ocT n Opu =cCconst npueomuT * yryumenuwo BCex
P p p p

xapakTepucTuk CMO. A MMEHHO

o N—w: P 0, g1, A> A, ko p.

OmkK

[Ipy 3amaHuM BEPXHUX [IPeIesioB OJjid P mmm (] MOxHO BHOPaTh KOHKPETHOe

OMmK
Po
n!

3HaueHue n. IlycTe, HamnpuMmep, :1 " P SOO?) Tornoa SOO3 Orcona
OmkK

HaxXOIUM —233, T. e.



n! 1+l+i+l+..+i >33.
1 2t 3l n!

[locyienHee HEPaBEHCTBO HAauMHAET BEIIOJIHATBECA Inpu n = 4.

Kax B8aBUCAT OT P XapaKTepuCTUKN sbpexTuBHOoCTMH CMO npm BamarHoM n? C
YBeJIMYeHEM /? 3a4ABKM I[IOCTYIIAKT B CpedHeM dalle, 4YeM OCylleCTBJIdeTCsa UX

obcllyxuBaHre, yMEHbIAaeTCs BEpPOSATHOCTb ]?0, cCyMMa BEPOATHOCTEN I?k (k'::l,n)

COOTBETCTBEHHO yBeJjimdymMBaeTCHd, Tak Kak

n
po+ . pp=1.
P

Taxum obpasoMm, mnpu BospacTaumu [ 3HAYEHUA PomK —>1, g —> 0, k—n.

[IoaTOoMy HeOOXOOMMO YyMEHbIAThb /? 3a CcUeT yBeJMUeHMa [ OJa  yJIydlleHUus
nokasareney 500exTUBHOCTM paccMaTpuBaemor CMO.

Vcnonb3ysa pa3MeUYeHHEN rpad COCTOSHUM, IpenCTaBJIEHHEM Ha puxuc. 3.14,
¥ MeTOOMKM, OIMCAaHHEE B MNpeludymmx naparpadax, MOXHO

A

So S1

Puc. 3.14. ofHOoKaHaJIbHOM CMO

IIOJNIyUMTh xXapakTepucTuku CMO, OIIMCEI cxemom M | M | 1 | O.

Cucrema mubdepeHUMANIBHEIX YypaBHeHMM KoJMOTOpOBa SBalMCHBaeTCd [0 MEeTOOUKeE,
M3JIOXEeHHO B S 8.2:

dp o(t)
dt
(1) _ Ap,(t) — up,(2),

dt

o)+ p (1) = 1.

= up, (1) = Ap,y(2),

3Ty CHUCTEeMYy MOXHO PEelMTh OpM CJeOyllMX HadaJlbHBEIX YCJOBUAX: B MOMEHT BpPEeMeHU
t = 0 cmcTema Haxomujacb B COCTOSHUM S;, TO €CTb B HaAYaJIbHEM MOMEHT BpPEeMeHU
KaHaJ ceBobomeH, Torma po(0) =1, pi(0) = 0.

Brlpaxasa OOHY IIepeMeHHyl dYepes3 IOpyIrykl, M3 CHUCTeMbl ypabBHeHuM Kosmoroposa
MOXHO IOJIYUMTb IOudbepeHLUMaAJIbHOE YpPaBHEeHME NOJIa OlpelneJieHMsa BepOSTHOCTU Py (t)

cocTogHMsa Sy:
P s )y 1)+

9TO JIMHENMHOe YypaBHEHMEe I[IepBOr0 MHNOopsalKa. YUMTEBAS HadajlbHOE YyCJIOBME Dy
(t) = 1, MOXHO TOJIyUMTL €TI0 peleHMue B CcJenywnieM Buae:



Toroa

A A (AN

) =1-py(t) = -
n(@) Po(?) Ain A+a

Tpadmky 3aBUCUMOCTU 190(t) n ]?l(f) oT t TmpencTaBjyieHH Ha puc. 3.15

OJIS  PAas3JIMUHBIX  COOTHOUEHMA ﬂ, u lLl :a) ousa /1 > ILI , 0) OJ1s ﬂ, < IU , u
B) s A2,==/I. Kpusas ]90(1) ompenesyiseT YMEHBUAKNIYICHS BEPOATHOCTH TOTO, UTO
KaHayn cBobomeH: mnpu t = 0 pO =1 , U Tpu t — ©

Y7
t) > ——.
Po() A+

(3.26)

Kpueas pl(t)’ OOMOJIHSAET KPUBYD po(t) OO eIOUWHMIE, [OIPpUUYEM pl(O)ZO n

npm t — ®©

A
t)y > —. )
Pl() P (3.27)

CoorHomeHusa (3.26) wu (3.27) ABIAOTCHA MNPEOEJIbHEIMM BEepPOSATHOCTSAMM COCTOSHUM
CHCTEME M| M| 1 | O.
Ina paccMaTpmMBaeMoOM OJHOKaHasJlbHOM CMO ¢ oTkasaMuM IoKas3aTellu

300eKTUMBHOCTM PaCCUMTHBAKLTCA IO CcJlenyiommM QopMyJsaM:

_ L, M
9= Po At
A=A1q, (3.28)
A

P =l-g=——r
mK q A+

o
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QS
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1 A=

oo I Po
Py ——
)k |

A+

o+

0

Puc. 3.15. T'padmukm 3BaBUCUMMOCTU Py U p; oT ¢t

ABcoJyoTHaS OPONyCKHAas CHOCOBHOCTL A uMeeT pasMepHoOCcTh 1/c m  onpepesnsger

MHTEHCUBHOCTL II0TOKa, of0pas3oBaBUIErOCda Ha BXOIe kaHajlla OOCIyXMBaHUA C YUYeTOM
YACTOTH I[IOCTYIIJIEHMS B KaHaJl 3BasBOK ¥ MHTEHCUMBHOCTM UX OOCIYXMBAHMUSI /1.
Ecim cpaBHUTBE OGopmyser  (3.21) ... (3.24) c oopmysmamm (3.26) ... (3.28), TO MOXHO
YyBUIETH, UYTO IOpu n = 1 1epBHEe BHPAaXeHMsS CBOOSTCS KO BTOPBM, YUTO
eCTeCTBEHHO, Tak Kak CMO BUIIA M| M| 1| 0 SBJIAETCSH UYaCTHBIM
cinyuaem cucrteMel M | M | n | O.

IIpumep 3.8. Cucrtema oOCHyXMBaeT KaxAOyl 3asaBkKy B TeueHue 30 MHMHYT.
3asaBKM OpuxomaT B cpemHeM 1 pas B 40 wMumHyT. EcamM cucTteMa 3aHATa (OHa
onHOkKaHaynbHas Buma M | M | 1 | 0). OnpenenuTsb

xapakTepucTuku sTom CMO.

VI HTEeHCUBHOCTb IIOCTYILJIEHUA 3a4dBOK B cucremy

ﬂ, = 60 v / 40 MmuH = 1.5.
VHTEHCHMBHOCTL OOCIYyXMBaHMUA 3agBOK

/I = 60 M / 30 MmH = 2.



BepoaTHOCTHL TOT'O, dYTO 3asgBka, Opumwenmas B CMO, 6ymeT obciyxeHa

2
Po=—t—=-22057,
A+u 3.5

TO ecte 57 % 3BasgBok OymeT OOCHyXMBaAThbCSa. A BEpPOATHOCTE OTKaza p; =1 — py =
1 - 0.57 = 0.43, TO ecTh 43 % 3agBOK IOJyuaT OTKas.

MoxHO ewWwé€ onpenejuTb OOJI0 BpeMeHM paboTel CMO, Hasz3pBaeMyon KoO30OuLUMEeHTOM
3aTrpPy3KM  CUCTEMEL

L _A_A 154
3azp P Po 7

0.429.

kS
| w

B 3BakjioueHMe HDaHHOTO IHaparpada OpoaHalMaupyeM BrepaxeHus (3.28). Kak
B3amMoneycrTeyer CMO ¢ noToxkoM 3agaBok? Tak, Opu ﬂ, >>IU P()mK —)1, g — 0.

Mlpu ﬂ,<<,u ljomK —)O, g— 1, A — A. OueBMOHO, |TO HeJb3A HaUTM KaKue-JIU6O

npenrnodTmTeJIbHBle COOTHOIEHMA MeXIy ﬂa nu ILI IJIA OIITMMM3al rnoxkasarTeJyen

sbbexTMBHOCTM paccMaTpuBaeMolr CMO, HO BBIOPATH BHI'OOHEE 3BHAUEHMS [ [OpM KaKOM-—
TO ﬂ, = const MOXHO, B3alaBasdchb KakuMu-JmMOO MNpenejaMM yBeJIUUYeHus A U q WIn
ymeHpmenns L, . Hanpmvep, misa  nosydyeHns Igﬂnk S;O.l HeoBxoOomMMO, UTOOH

,legl, a nis QZOS —IIJZ4E u T.I.
9.2. Mooenv oonokananvnoii CMO c¢ ouepeovio

PaccMoTpMM OpocTeNuylo 3alady: uccijaenyemMas CMO opmHokaHajsbHas (n = 1) c
OI'PaHMYEHHBIM YVICJIOM m MeCT B ouepenyn, IIOTOK 3a4BOK C’I‘aLU/IOHapHI:Iﬁ

IYyaCCOHOBCKUM C MHTEHCUBHOCTHLIO /%, BpeMsa (IJIMTEJIbHOCTHL) OBCIIYXMBAHUS
pacnpeneyieHo IO I[I0KAa3aTeJIbHOMY 3aKOHY C IlIapaMeTpoM M . 3Bassxa, mnocrynuBmas
B MOMEHT, KOTIa KaHaJl 3aHaT, CTAaHOBUTCHA B oOuepelnb, eCJauM ee »JuMHa
(KOoIMYeCcTBO 3ag9BOK B Ouepenyu) He I[peBHmaeT m. B [OPOTUMBHOM CJiyyae BasgBka

nojiydaeT OTKa3 M [OKMIOAeT CUCTeMy He OOCJIyXeHHOM, TO eCThb paccMarpupaercsa CMO
Buna M | M | 1 | m.

CucrtemMa B I[POMB3BOJILHEIM MOMEHT BPEMEHM MOXeT OKasaTbCd B OIOHOM U3
cocTogHuM: Sy (xaHajn cBobonmeH, oduepemum HeT), S; (kaHaJN BaH4T, Oouepenu HeT),
S, (xaHa;l BaHAT, B ouepeIM OHOHa 3asaBKa), Ceey ASk (kaHanm 3aHAaT, k-1 3asaBka
B ouepenu), c ey A9m+4 (kaHaJ 3aHAT, m 3asBOK B odyepenu) .

PasMeueHHEl TIpad COCTOSHMM CUCTEMBl IIpelCTaBJIeH Ha puc. 3.16. B 1pade
BCero m+2 cocTogHusa. CucTemMa IMIepexoOuT M3 COCTOSHUSA é% B COCTOSHUE é%+1

oo BOS3IEMCTBMEM I[IOTOKa SasgBOK C MHTEHCUBHOCTLIO /%, u, HaobopoT, U3

COCTOAHMA Sl+1 OHa nmepexoomuT B COCTOdHUE Sl oo BO3IOENCTBUEM IIOTOKAa

0B CITYyXEHHEBIX 3a9BOK (IIOTOKa OOCHYXMBAHMA) C MHTEHCUBHOCTBLIO /l.

Kax HalTM nOpenesyibHbElE BEPOATHOCTM COCTOSHUM CUCTEMH, TO €eCTb BEpPOATHOCTHU
COCTOSAHMM IOJid YCTAHOBMBIIEIOCHA (CTAaUMOHAPHOIO) pexmMa OQyHKUMOHMpOBaHmMa CMO? B
5TOM CJlydyae, Kak YyKaszsaHo B TIaparpade 8.3, B ypaBHeHusax KoJaMmMoropoma

dp.:
pi _ o
d

IIOCKOJIbBKY p; OnA BCeX COCTOSHUM ABJIAKTCHA ITOCTOAHHEBEIMUA BeJIMYMHaMM .



So S; S5 Sk o Sm+1

u n (VO [T

Puc. 3.16. TIpad cocTodHMM OZHOKaHaJbHOM CMO Cc ouepenbio

MOXHO HAIOMHUTL [PaBUJIO COCTABJIEHMS OTUX YPaBHEHUN:

-  @OJsg BCex TIIOTOKOB (Dy1a BCexX CTpPeJIOK pasMedeHHOIo rIpada COCTOAHUM)
VHTEHCVMBHOCTBL IIOTOKAa YMHOXAeTCS Ha BEPOSTHOCTHL TOT'O COCTOSHUS, M3 KOTOPOTO
BEIXOOMUT TIIOTOK (cTpenka) ;

- B JIeBOM UYaCTM PpPaBEeHCTBa CYMMUPYITCS I[IPOM3BENEeHMs, COOTBETCTBYyKIME
BXOOAMMM I[IOTOKaM;
- B npaBoﬁ JacTum paBeHCTBa CyMMMpyDTCH HpOMBBeHeHMH BBEIXOOAWMX IIOTOKOB.

Vnu, nOosb3ysACch OfDmMM  pEeleHMEeM IJiS  CXEeMbl «Pas3MHOXEHUS U ITudesm» (cmMm.
BBIPaXEeHMS (3.19) u (3.20) naparpagda 8.4), MOXHO
3aIMCaTh BEIPAXEHM ST nJjsa IpenesibHEIX BEPOATHOCTEN COCTOSHUIN :

-1
Po =(1+p+p2—|—p3+...+pm+1) ,
P1=PPo>

2
P2 =P Py

cee ceey

1
Pm+1 = Pm+ Po-

W B BoJee KOMIIaKTHOM 3anmcm:

m+1 -1

Po = :E: /DQV >
a=0

Dx :pkpo, k=1m+1.

(3.29)

B BHIpaxeHuUM IOJig ]%) bopmysr  (3.29) CyMMUPYITCS UJIEHH T'€OMEeTPUUYECKOM

2

1 m+1
nporpeccun s P P ey O « Ucrnomezysa bopMyJly CyMMEl UJIEHOB [IPOTPEeCcCcun,

MOXHO 3anmcaThb :

l-p
pwm-

Vo, 4YTO TOXe caMoe

.

po=(1-p)(1-p"* )_l



Toroa
m+2

k -1
pr=p d=-p)\1-p :

(3.30)
BelpaxeHus  Ojis ]?0 n ]9k cnpaBemymBe  ayia  BCex [, OTIMUHBIX OT 1,
ecym  Xxe /?3241, TO @OJ4 Bcex 1
]% =
m+2
(3.30a)
Ecoim m = 0, TO MNPOMCXOIMUT IIepexoX K OoZHOKaHajbHOM CMO Cc oTka3aMu.
Ternepb MOXHO MoCJIeNOBaATEJILHO ONpenesnTh OCHOBHHE XapPaKTEPUCTUKA
sbbexTuBHOCTM CMO: }znﬂc’ g, A, V'— cpenHee umucio 3adABOK, HAxXOOAWMXCH B Odepenu,
k’—' cpemHee UMCJIO 3afBOK, CBSSAHHEIX C CHCTEMOM (CTodmmxX B OUepeIuM U OOCIy-—
XUBAEMBIX) , tbwc cpemHee BpeMa OXMIAHMS 3SagBKM B OUepeIM U chnl cpenhee
BpeMsa npeObBaHUA
3a9BKM B CUCTEME.
BepoATHOCTL OTKa3a B OOCIyXMBAHMM (KaAHAJI SBaHAT ¥ BCEe MecTa B oOuepemm
BAHSATH)
P _ _ . m+l _ . m+l (1 ) 1 m+2
omk = Pm+1 =P  Po=PpP P P .
(3.31)
Tak Kak l%n+l — BEpOATHOCTBH TOTO, UYTO KaHal 3aHAT M BCE m MECT B
ouepeny SaHSTH.
OTHOCHTENIbHAS MNPONYyCKHAs CIOOCOBHOCTL CUCTEMH (BEPOSTHOCTBL TOTO, UTO

3a4aBKa, npumwenmas B CMO, byneT obciyxeHa)

g=1-P =1—,0m+1p0.

OMmMK
(3.32)
ABCoJIOTHASS OPOMNYCKHAas CIOCODBHOCTH (umMcyio 3agBok, OOCHYXMBAEMBEIX B eIUMHUILY
BpPEMEHN) :
A=Aq . (3.33)
CpemHee UMCJIO 3afABOK, HaxXOOAWMXCA B odepemu — F . Ina onpenejieHMsa 3TOM
BEJIMUMHEL HeOOXOOMMO PaCCMOTPETH CJyUYaMHyln BeJIMUMHY R — UMCJIO 3asBOK B
ouepenyu, BaKOH paclpenesyieHMs KOTOPOM CJIeOy luii: C BEePOSTHOCTHI 192 B ouepenu
HaxoIoMTCsa OIJHa 3asBKa (R == 1), c BEPOSATHOCTBI 1?3 — IBe BasBKU (R = 2),

C BEpPOATHOCTHLIO ]%n+1 - m 3agBok (R = m). Torma MareMaTUMyeCcKoe OXMIAHUE



DTOM CJIy4YaMHOM
BEJIMUMHEL PAaBHO CpeOHeMy KOJIMUEeCTBY 3asBOK, HAXOIANMXCS B ouepenu

r=MR)=1-py+2-py+..+m-p, =

2 k-2 +1
=p p0(1+2p+...+(k—1)p +..+mp" )
B IIOJIYUYEeHHOM BBEIPAXEHUM B ckobkax HaXoOonuTrc4da CyMMa HEKOTOPEIX CJIaT'a€eMBIX .

HyxHO BreBeCcTM OQOpMyJly mOJId BSTOM CyYMMEB, KOTOpad IIpencTaBjsgeT CcoOOM MNPOU3BOIHYI

no L CIIeNy IeTo  BHPAXSHMUA

m
Zpk =+ + P 4 p"
k=1

a yxXe IJsa TI[OJIYU4eHHOT'O BBPaXeHMsS MOXHO MCIOJIL30BATH (QOPMYJIy CYMMEL

TeOMeTPUUYECKOM NPOTPeCCUM:
j?: ‘) /)

—p

m+1

Huddepenunpys nmo O npaeyo u JEBYO YacTy 3TOTO PABEHCTBA MONyYHM:
142p+.+(k=Dp" 2+ . +mp™ ! =

:l—pm(m+1—mp)
(1-p)>

B murore BEIPAXEHME IJI4 CpellHeT' o dumciia 3a4BOK, HaXooAlnxc4a B ouepennu,
3allMcCelBaeTC4d B cllienyrnueM BHUIOE

- _p(=p"(m+l-mp))
(1-p" )1~ p)

(3.34)

Bepaxenue  (3.34) cmpasemmso mna O # 1, ecim xe P = 1, TO, MCIONbB3YySA

(3.30a) wm odopMmyny mjig CyMMBl PsSOa, MOXHO IIOJIYUMTE :

1 m(m+1)  m(m+1)
m+2 2 2(m+2)

r=py1+2+3+...+m)=

(3.34a)
OBo3HaAUMM CpenHee UMCJIO BasBOK, CBS3aHHBEIX C CUCTEMOM (CTosAmMX B oduepenu

u  ODOCJITYyXMBaEMbIX) k’. PaccMoTpuM  CIydamHY BeJIMUMHY 1(-::}24—£2, Toe l('—
YyCJIO 3asgBOK, CBSAB3aHHHX C CHUCTEMOM, 12‘— YyCcJIO 3asBOK B ouepeny, g)'— YMCJIO

3a4dBOK, Haxonmodaummxcs4d Ha ODOCITyXMBaHUA . YUMTEIBAA, YTO MaTeMaTUUYeCKOe OXMIaHMe OT



CYMMEBIL CJ'IyT-:IaTZHbIX BeJIMYMH €CTb CyMMa MaTeMaTnU4YeCKMUX O}I(M,J:LaHMﬁ, IIOJIYy4YMM

k=M[K]=M[R]+M[Q]=7 +a,

roe ¥V  Beumcaserca no  dopmysie (3.34), a BHpaxeHre g () HeoBxomuMmo
BEIBECTU .

B uccienyeMol CHUCTEeMEe MUCIOJbL3YyeTCH OOMH KaHajl, [IO03TOMYy ClydaliHas BeJnuuHa L2

-1
_ 1 1 m+2
NpMHMMaeT Julb OBa 3HadeHuA: 0 — C  BEPOATHOCTBLI Po —-( —'/?) o )
KOoTIa KaHajl CBOBOIEH U 1 - Cc BEepoOATHOCTLL ].—'[?0, KoTrma KaHaJl 3aHAT.
[TosToMy

o=M[Q]=0-py+1-(1- py) =(p-p"H)(1-p" )" (3.35)

CpenHee BpeMs OXMAaHMS 3asgBKM B ouepenu tbmc. Ecim yuecTb, YTO CpenHee
BpeMs OOCIyXMBaHMs OIHOM 3asgBKM pPaBHO ——, TO, paccMaTpuBas CJydalHYyI BeJIMUUHY
];mc — BpeMs OXMIaHUS B ouepeny, MOXHO OIpeIesyMTb 3akKOH pPacClIpellesIeHrs 3TOM

CJIy4YaVHOM BEJIMUMHEI: C BEPOATHOCTBI p; 3afdBKa OpuIeT B CUCTEMy BO BpeMmda
obCcIIyXMBaHMA npelvlnylley 3asaBKM, HO IepeXn HelM He OyHmeT ouepelX, U OHa OyImerT

1

XIOaTb Hadajia O@CJ’IyX(MBaHMFI B TEeUEeHVEe BpPEMEHU TOJfC — ; C BEPOATHOCTBIO Py, B

ouepenn Irnepel paccMaTpMBaeMOM 3asBkOM OyImeT CTOATh elle OOHa, M BPEeMsa OXUIAHUSA

2

];Om = — u, HaKOHel, C BEpPOATHOCTLI ]9k Ipuie ma st 3asABKa BacTaHeT B

k

cucTteMe k 3asBOk U OymeT XIOaTb ]Low — — enuHul BpeMeHUu. IlloaTOoMy

1 2 m
+‘Z92 * 4‘...+‘l?nl' o
H H H

be =M [T, 1= p1-

(09,16 0oHC

[loocTaBiAada B NOJIyUYEeHHOE BEHPAaXeHUue 19k (k':=l,n4) u 1npeobpas’ysda ero, IIOJIy4dMM:
- p(=p" (m+1-mp))
be =M|[T,,.|= -

(= p7 )1 = p)

Brlpaxenue (3.36) ¢  yueroM (3.34) MOXHO BanMcaTb B YIPOULIEHHOM BUIE:

. (3.36)



T. €. CpenHee BpEMA OXMIOaHMA 3adBKU Hadvala oBCITyXMBaHMA PaBHO CcpenHeMy Umnciry

3a4dBOK B ouepenu, OeJIEHHOMY Ha MHTEHCUMBHOCTBb BXOIOHOT'O IIOTOKa 3a4BOK.

Cpenuee BpeMmsa nNpelelBaHMS 3aSBKM B CHUCTEME lbuan’ 15 ompeneJieHNUs tbuan

BBeIEeM CJy4YalMHYyl BeJIMUMHY cucm.” BpeMA npebelBaHmsa 3asapku B CMO:

Toom =T, +0.

cucm.
TIe ];mc - BpeMs OXMIaHusa 3asgBKM B Oouepenu; 6? — crydarHasa BeJIMuMHa BpeMeHU’
oBcayxmuBaHusa. OHa paBHa BpeMeHU OOCIYXMUBAHUS ];5CH’ ecyu 3asaBKa
ofcayxXmuBaeTcsd, u HYJIIO, ecnu oHa He ofcayxmuBaeTcsa (mojgydyaeT oOTKas) .

TakuM obpasoM,

cucm. cucm.
=Tt qhge =0, +L
oo T 4lo6c 0oic
y
WIM MHade, C YydyeToM BrpaxeHus (3.37):
— Vv q
tcucm. =+ (3.38)

IIpumep 3.9. B CMO [DOTOK 3asaBOK HABJISE€TCH NIPOCTEMIIMM C MHTEHCUBHOCTLIO
2,2:2 3aAaBKM B MMHYTy. PaboTaeT oOAOMH OOCJHyXMBAKWLMM OPUOOP C MHTEHCUMBHOCTBI

OOCIIyXUBaHMA /13: 2 3aABKM B MMHYTY. OnpenenmTb XapakTepuctukm CMO npwm

ycioeum, qTo IJIMHa ouepenn Ha BXone CHrCTEMEBL OT'PaHMYEHa n m = 5 .

VIcXOOHBEIE IAaHHBE : Paccmarpusaerca CMO M | M | 1 | 5, Z,::;J::Z,

/?32 1. T'pad cucrTeMmel comepxuT m + 2 = 7 COCTOSHUMI.

Pemenne. CoryjacHO BepaxeHuo (3.30a) g /?32

BepoATHOCTE OTKas3a B OOCIYyXMBaHUM ])OmK = p6 = 0143

BeposaTHOCTE OOCIHyXMBaAHUA q = 1 - })OmK = 0857

[IPOUBBOINUTEJILHOCTE  CUCTEMEI A= //Lq =2-0.857=1.7 sassox / MUH.

OcTaJsibHEIE XapPaKTEPUCTUKM :



;_m(m_i_l) = 56 —1—5z21 3as8BOK,

C2m+2) 27 7

— 2 — 105 MUH,

2

;066‘]1 = i = ()Szi = 0428 MUH,

y7i
fewem =1.05+0.428~1.5 .

Loowe =

YR

IIpumep 3.10. Kak M B I[OpenwnylleM HOpuMepe 3.9, paccMatpuBaeTca CMO
| M| 1 | 5, A = 6 3asBok /MuH, t06c 252()0. OnpenenuTb xapakTepuctukm CMO.
VHTEHCUBHOCTEL OOCJIyXMBaHUSA ILl - == 3 3a9BKU /MUH.
tee 20
[lpyBen€HHASa MHTEHCUBHOCTBE OOCJIYXMBAaHUSA ,0 - = E - 2
BepoATHOCTE HYJIEBOI'O COCTOSAHMA — BTO HOOJIA BPEeMeHU IIPOCTOA

obcryxuBamoumero kKaHaJa:

- 1-2
po=—t = =—"250.008.
1-p™2 -2

BepOFITHOCTb OTKa3a B OGCJ’Iy}KT/IBaHT/H/I:

P, .=p""p,=2%.0.008=0.51.

OmkK

BeposgaTHOCTE OOCIIYyXMBaHMA :

g=1-P, =049

OMmK

[lpomspomouTesbHOCTE CMO:
A= /’lq =6-0.49=2.94 sasexu /MUH .

CpenHee KOJMYUECTBO BasBOK B oOuepenm:

—_p=p"mtl-mp) 22(1-2°(5+1-5-2)
(1- p"™2)(1- p) (1-27)1-2)

Cpe,ﬂHHH IJINMTEeJIbHOCTb OXNMIOaHMA 3a4ABKU B ouepennm:

=4.03.



- r 403
oc — —_ —

CpeﬂHHF{ OJINMTEJIBHOCTDb O@CJ’IY)KMBaHMFI :

- 0.49
Looen = 1 =

Y7 2

Obmee Bpemsa MNpebOblBaHMA 3asgBKM B CUCTEME:

tewem = 0.67 +0.245 ~0.91 e,

AHanmuz nokaszareyenn sbbexTuBHOCTM IOBYyx CMO B 5TOM OpUMEpe U NOPEeIHIOyIeM
IOKasLBAET, UTO CHUCTEMH OTJIMYATCHS TOJIBKO MHTEHCUMBHOCTBLIO BXOIOHOTO IIOTOKA

3aABOK: y BTopom CMO /% B Tpu pasa Oojbme, dYeM Yy IepBOM, a oTcoIa

cljenyeT, YTO MNpuBeOEHHadA MHTEHCHMBHOCTBL OOCIIYyXMBaHUA /? crajla BO BTOPOM
cyyyae B @OBa pasa bOojsbme. J9TO 00OCTOATENBCTBO BO BTOopom CMO yBeJIMuMBaeT
jznnK NpUBIU3UTETIEHO B 3.6 paza, a (] YyBEJIMUMBAET ooyt B IOBa pasa. Bo

BTOopo¥ CMO 1oOJIOBMHA 3asgBOK YXOIOAT M3 CUCTEMH He OOCJIyXeHHBEMU

(Iznnk =:O.5],). STy  obcrToATeNbCTBa TPeOynT KapAMHAJBLHOTO M3MEeHEeHUS
XapaKTeprucTuk BTOpoM CMO: yBeJIMUYeHMA KOJMYEeCTBa OOCIHyXMBaOIMX KAaHAJOB MJIM
YBEJIMUEHMSI MHTEHCUBHOCTMU OOCIYyXMBAHMS, WM M3MEHEeHMs TOTrOo U IJIPpyTroTro, WK
CHATKS OTPaHMUYEHMsa Ha KOJMYEeCTBO MEeCT B OuUepenu.

[looTBEepPXOeHMeEM TOTO, UYTO HeOOXOOMMEI HEKOTOPHE CTPYKTYPHHE M3MEeHEeHMUS B
CMO npumepa 3.10, CcIayxuT clenyomui BSJIEeMEeHTAapHBEM pacuéT: nycts CMO paboraeT
B cCcyTku 12 yacoB, HOpubBJIE CHUCTEMEI OT OOCIYyXMBaHMA OOHOM 3asaBku — 100 py6.,
}l—-3 3aaBku / MUH, fzmk —-0.51 .

Torma =3a 12 wuyacoB OyzmeT I[IOTEPSHO

1260/,1])0 =720-3-0.51~1102 zansxu.

mK

[loTepss BHPYYKM COCTaABUT 1102 - 100 = 110 TEC. PYD., UTO, KOHEUYHO,
HeXeJlaTeJIbHO .

Tenepb MOXHO PpaccMoOTpeTb paboTy oIOHOKaHaJbHOM CMO (n = 1) cC
OXMIOaHMeM nJisd CcJjydas, KkoI'la UMCJIO MeCT B ouepenyM He OI'PaHMUEeHO (m = = o).
[Ipouecc (QYHKUMOHMPOBAHMS TakoM CUCTEMBl ONMCEBAETCS IIyTeM I[IpeleJIbHOT'O Iepexola
or cucremsel M | M | 1 | m npu m — ©, TO ecTb OyHmeT paccMaTpuMBaTbCcsa cCcucrtemMa M
| M| 1 | o (puc. 3.17). O9ToT Ipelelib B pexuMm MOXeT CyIeCcTBOBATL TOJIBKO

npu [)<:1 ([l>’ﬂdl

Sh S S5 T Sk o

- ..



Puc. 3.17. TIpad cocTodHMUM OZHOKaHaJbHOM CMO cC
HEOTPAHUUYEHHOM OUYepenbi

Tak kak B IepBoy oGopmyJse (3.29) npencrTaBJjieHa CyMMa OECKOHEYHOT'O uYMcJa

YJIEHOB TeEeOMEeTpMUEeCKOol mporpeccum. lpu /?:> 1 ouepenr pacTeT 100 OEeCKOHEeUHOCTH.

[loeTOoMy B @»aljlbHEeMIIeM IoJlaraknT, gTo /?‘< 1 ’ Torma
u3 dbopmynn (3.29) mOpm m — o0 I[OJiydalT, UYTO CyMMa [IpPOT'PeCcCUMr
1+ p+p° +.+ p" + L
p+p +..+p +..= ,

1-p

oTKyIa

po=l-p, p=pd-p), py=p°1-p), ..,

i (3.39)
Bepoarnoctut P, P1s Pseees Pise  00pasyoT reoMeTpMHUEcCKy NPOTPecCMiO  CO
3HaMeHaTeJIeEM /?. MakcuMasbHas M3 HUX [?0 — BEPOSTHOCTL TOTO, UTO KaHaJ Oymer
BoOOme cpobomeH. 3TO CBUIETEJLCTBYyeT O TOM, UYTO KkKak Ov HM ObUla HaI'pyXeHa
cucreMa C ouepenbin, €eCcJM OHa TOJIbKO BOOOImE CIOpaBjgeTCcss C IIOTOKOM 3asgBOK

(/7‘<<1), caMoe BEpOSTHOE UMCJIO B3asBOK B cucrtemMe OyIeT PaBHO HYJWO.
OcHOBHEIE TIokaszaTen 200eKTUBHOCTM IOJjisg cucTtemMel M | M | 1 | o

onpemeJyigoTCca 1o cyaenyouyMm  bopmysaM  (3.40), I[OJIYUeHHEIM I[IyTEM IIPENeJIbHOTO

nepexoma Opu m —> © 13 cooTBeTCTByluUMx Gopmyn miug cuctemsl M | M | 1 | m.

Tak KakK IOpM OTCYTCTBMM OI'PaHMUEHUNM [IO IJIMHEe ouepelnu kaxias 3asaBka,
npuuenuas B 2 CcuUcTeMy, OyzmeT o06CciyXeHa, TO:




IIpumep 3.11. PaccmaTpmBaeTcsa omHOKaHaJibHas CMO, B KOTOpyl IOCTylaer

NPOCTENINMI I[MOTOK 3agBOK C MHTEHCMBHOCTBIO Z,::Z 3aaBku / uac. OBCIyXMBaHUE

IPOM3BOIUTCS CO CPEeOHVM BpPEMEHEM tb6c ::2() MMH. B cucTemMe eCcTb BHYTPEHHUMN
OyHKep C OBYMS MeCcTaMy, Ha KOTOPBIX MOTYT OXMIOAThL OOCITYXMBAHMSA OPpuOLBanIye
3agaBkM. Eciam ofa MecTa S3aHgTh, TO SasgBKM BHHYXIEHHE XIATh Ha  BHENHEM

Hakonurejye. TpebByeTcsa HaWTM OIS CTALMOHAPHOTO pPexmuMa XapakKTepUCTUKM CUCTEMEHL;

CcpenHee UUCJIO 3a4BOK, OXMIOamMMX Ha BHelIlIHEM HakKoInmrerse, BBEIUMCJIINTH
CpeIHeCyTOUHYyl BeJuuuMHy wmTpada Ba OPpOCTOM BO BHEHWHEeM HakonouTeje, ecamum 3a 1

Jac OXNMIOaHMA OIHOM 3a4ABKU cucreMa IJjaTmT (a en.

Pemenue. TIo yCJIOBUK 3alaul MMEEM: [l=:3 3aaBku / uac, 1/232 3aaBku / uac,

pL=—, p < 1, g=1.
CpenHee YyICJIO 3aBOK B crucTeMe :
CpeﬂHHH OJINTeJIbHOCTB HpeGHBaHMH 3a4dBKM B crucreMe :

— I 1

fcucm - '—21 Jac.
1-p
CpenHee YU CJIIO 3a4BOK B ouepennm:
2
yo, 4/9 4
l1-p 1/3 3
CpeﬂHHH OJINTeJIbHOCTB Hp@GHBaHMH 3aABKU B ouepennm:

_ p° 49 2

{ = = =
2 Al-p) 20-2/3) 3

— 2 BaadBKU.

r

3adBKU

OBo3HAUNM l%ﬁtHaK — IOJMHY ouepenM BO BHEMHEeM HakonmuTejsie. Torma IJig BHUMCIIEHUSA
cpenHey IJIMHE ouepelM HeoOXOoOMMO YUMTHBATL, UYTO COCTOSHUE AS4 — B»T0, KOTIIa
KaHaJl 3aHAT, OBe 3adBKM HaXOOATCHA BO BHYTPEHHEM BbyHKepe, u npuma emé
omHa 3agaBka, pasMemaeMas BO

BHCITHEM HAKOIIUMTCIIC, W TaK JaJIcC:



Cxema paccMaTpuBaeMom CMO YMeeT BUL: M| M| n| m TO ecTb
KaHaJIOB OTPaHMYEeHO M paBHO n (n >1), KOJIMYUECTBO MeCT B oOduepelu TOxXe
OTpPaHMYEeHO ¥ PpaBHO m (m >1). Ha BXOI CHUCTEME I[IOCTyIlaeT IOTOK 3asaBOK
VMHTEHCHUBHOCTBIO l ’ a MHTEHCUMBHOCTBL OOCJYyXMBAaHMSA KaxIoI'O KaHaJjJa lLl .

3.

Lyynar. =1 Pg+2-ps+3-pg+...=
=p*(1-p)+2p°(1- p)+3p°(1- p) +..=
=p* (1= p)1+2p+3p> +...) =

, 1
=p*U-p)l+p+p>+p +.), =p*(1-p) T

Yo
1 P’ _(2/3)4_3.16 16

— = ——3dA6KU

(—pY? 1-p 1-2/3 ~ 81 27

=p*-p)

Cpe[[HSISI JJIIUTCIIBHOCTD Hpe6LIBaHI/ISI 3aj4BKM BO BHCIIHCM HAKOIIUTCIIC:

_ _ Lywpar. _16/27 _ 8

TGH Haxk.
B A 2 27

M, HakoHel, cCcyMMa wmrpada:

gac.

8

S A -T ca=2-24-—-a=~14.2-a
27

wmpaga — ““cymku * 6éH.0uepednb

18.

1.

9.3. MaorokaHanbHast CMO c oudYepegsn

YUMCJIO

C

Iisa [OpaBUJIBHOTO [OCTpoeHud TIpada COCTOSHMM HeoOXOOMMO [IEepPedMuCIIUTh
BO3MOXHEIE cocTodgHMs CMO:

SO - BcCe KaHaJlbl CcBOOOMIHH, ouepenn HeT;

Sl - 3aHAaT OIOMH KaHal, ouepenmn HEeT;

S2 — 3aHATEH IBa KaHarta, ouepenmn HET;

Sl’l — 3aHATEH BCe n KaHaJIOB, ouepenn HEeT;

Sn+1 — 3aHATEHI BCe KaHaJIbL nu OIHa 3adBKa HaxoomTrc4d B ouepenn,;
Sn+2 - KaHarJlbl 3aHATEL n IoBe 3aaBKU B ouepenn;

n+m — 3BaHATH BCe n KaHaJiIOB n BCe m MecCT B ouepenn.

PasMeueHHElM Tpad, B KOTOpOM n + m + 1 COCTOSHME, TIIPENCTaBJIEH Ha
Kak pasmeuasnca sToT T1pad?
Y BCexX BEpPXHUX CTPeJIOK I[IOCTaBJIeHa MHTEHCUMBHOCTL BXOIHOI'O I[IOTOKa

puc.

3a4dBOK

C TakKom VMHTEHCVMBHOCTEBIO BXOoOgAamme 3aABKU nepeBonodaT cucremy nus JII0060T 0



COCTOAHMA B COCeIOHee IIpaBoe. Ternepe OTHOCUTEJIBHO HMXHUX CTPEJIOK. Ecmm CMO

HaxXxoomnrc4da B COCTOAHUNM S&, TO 3aHAT OIVH KaHalJl n OH obCTyXmUBaeT CBOIO

33a9BKY C MHTEHCHUBHOCTLIO /1. [losToMy y CTpedku B TIpabe Ha puc. 3.18,
coemmMHsAKIEN COoCTOosHMS S; U Sy IIOCTaBJIeHA MHTEHCUMBHOCTBL OOCIYXUBAHUS /l. Ecau
Xe cucTeMa HaxoouTcsa B COCTOSHMM S,, TO BaHATH IOBa KaHajlla M KaxIbe us

HMX OOCHayXmuBaeT CBOKO 3asgBKy C MHTEHCMBHOCTBI [, [OBTOMYy CyMMapHas
VHTEHCUBHOCTL Oyner 2/1 u y CTpeJyKM, COeIMHAKIEN COCTOSHUS Agz n S
HocTapJyieHa MHTEHCUBHOCTL OOCJYyXUBAHUA 2/1 M Tak pajee: 3/1, 4/1, ... Korma

xe CMO HaxoOIMTCS B COCTOSHUU é%i’

HYX OOCJHYyXMBaeT CBOK BasgBKy C MHTEHCUBHOCTLIO [l ¥ IO0BTOMY CyMMapHas

TO 3aHATEI BCe n KaHaJiIOB, KaXIIbIA us

VMHTEHCMBHOCTb MaKCHrMaJIbHa n PaBHa H/l. Ona IIoCTapJIEHa Y CTpeJiKM1,

coeIMHAKIEN COCTOSHUSA ELZ 128 Agn_l.

He ©Oymer, Tak kKak OyIOyT 3BaHMMaTbCsa TOJIBKO CBOOOIHEIE MecTa odepenu, IIO3TOMY

Hanee VMHTEHCVMBHOCTDb O@CHyXMBaHMH racrm

Y BCeX OCTaJIbHEIX HIVIDKHUX CTpPEJIOK B rpa@e IIOCTaBJIEHAa MHTEHCUMBHOCTb Hll.

G g

M ?ﬂ...b”ﬂ(*/zﬂ e p/z( /7/11/;/” ;/;(.

ﬁ 577*/ 0 Smrﬁ j 5})”77

Puc. 3.18. TIpad w™MmHOTOKaHajmbHOM CMO C OT'pPaHMUEHHOU

oduepelnbio
[Tone3ysaCchb BBEIOEHHEIM OOO3HAUEHUEM /?32'—— (70 nHOpMBeIEHHAS MHTEHCHMBHOCTD
0B CITyXMBaAHMS) ¥ TOTOBBIMM OGopMyJlaMM IIpollecCa <«PasMHOXeHMusa U ITubenm» (3.19) u
(3.20), MOXHO B3alMCaTh:
2 n

0
P1=PPo> Pr="77Po> > Py :n—I?Os

n+l n+2 n+m
_P _P _
an_}’l'I’l!pO, pn+2_n2'2!p0’ s Puim I’lm'l’l!po,
-1
2 3 n n+l n+2 n+m
Do = 1+,0+'0—+'0——|— 42 4P +'02 ot ——
2! 3! n! nn! n-n! nn!

[IpBenEHHEIE BEPAaXeHMs pacuéTa BeposATHOCTeM cocTosaHuM CMO MOXHO 3anmcaThb



KOMIIaKTHO :

k
0

Po =
o

Po

a=1,n,

9

n+pf

7 pB=1m,

}?n+¢3 1909

n”n!
(3.41)
-1
p” P& p’
Po= ol e P
a=1 7~ * p=1
[locyenHme m cJjlaraeMblx B BHPAXeHMM  OJI4 ]?0 (3.41) saBxasowTCa dYJeHaMM
TeOMEeTPUUYECKOM NPOTpeccuMM CO SHaMeHaTeJeM ~——, TI[IO3TOMYy
n
0 m+1 !
n a n |
|vel P n \n
Po= Z o! " n 1%
a:O . . 1_7
n
(3.42)
OnpenenuM xapakTepUCTuku 30QeKTUMBHOCTM paccMaTpuBaeMOM CMO. Korgpa
3adaBka, Opumedmas B CUCTeMy, [oJjiydaeT oOTka3? Korma BCE 3aHATO: BCe n
KaHaJloB M BCEe m MeCT B oOuepenmu:
pn+m
Pk = Pram = m o Po - (3.43)
nn!
pn+m
q=1- PomK_1 m Po
n n!
(3.44)
pn+m
A=2g=2(1-F—p)).
n n!



CcyMMe BepOHTHOCTeIZ TOTO, 4TO BCe

BeposaTHOCTL oOpasoBaHMsa oOuepenM paBHa
KaHaJiel 3aHATEL M B CcucTeMe OyjmeT Haxomureca n, n + 1, n+ 2, .., n +m-1
3a4BOK:

0 m
n+m+1 n 1-| =
_ _P n
Poy = E,Pk—n,' P "Po-
k=n : 11—
n
I51a HaxXOXIeHMs CpeIHeI'0 BPpeMeHM OXMIaHMA 3asaBKM B odepenu tOOfC HYXHO
r+1
PaccMOTpeThs CJy4YarHyl BeJuuuHy G, KOTopas MNPMHYMMAET 3HAUEHUSI c
ni
BEPOSATHOCTSAMU ]9n+r, ona  Bcex V, wsmenaomuxca or 0 mo m — 1
- 1 2 m
Lo = Pnt Ppy1 Tt Pnim-1~=
nu nu nu
n 2 m—1
_P P 2P 3P mp
=— +—+—2+...+—1 . (3.46)
nn!u n n n™
yrciia 3a4BOK, OXMIOammMx HadaJia OGCJIy)KMBaHMH 7 ’
r C

IJi8 HaxXOXIOeHUs CpemOHero
OMCKPEeTHasa CJydaMHas BeJuuMHa R,

Bcex V , usmeHawumxca oT 1 1o

IIPprMHMMaKa g 3HaA4YEeHU4A

paccMaTprBaeTCcs
m:

BEPOATHOCTBIO pn+r nsig

m
FZM(R):I'pn—H_I_Z'pn—l—Z+"‘+m'pn+m :Zr'prﬁr =

r=I1
n+l 2 m—1
2 3 m
=L Poly, 2P '02 +...+—'01
nn! n n n™"
(3.47)

BrlpaxeHMe (3.406) Cc yueToMm (3.47) MOXHO IIepenmcaTh:

Loowe = (3.48)

N

yo,

HaxoomTc4a IPOM3BOOHAA o -

B BEIpaXeHMUSIX (3.406) u (3.47) B CckoOkax
n

CYMMEI UYJIEHOB T'€OMETPMUYECKOM MNPOI'PeCcCuUm



i=I\ 7 1
n
Jo,
mubdepeHuVpysS KOTOPYyI0 IO ~—— ¥ I»ejlad HEeKOTOphle MNpeoBpasoBaHMd, I[IOJIyUaloT :
n
P m P m+1
l-(m+D)| ~| +m|—
~_ PP n n
y= . 5 ) (3.49)
n-n! P
n

AHAJIOTWUYHEIM OOpasz30M MOXHO I[OJIYYMTL BHPAXEHME  IOJIg tomc-

CpenHee UnCJIio 3aHATEIX KaHajioB Z ornpenejiaercsd C yueToM TOITO, uTo

KaxIbBM BaHATHY KaHajl OOCJHyXMBaeT B CpeIHEM /1 3asgBOK B eIVHMIY BpPeMeHM, a

BCca CMO obcayxmuBaer A 3asBOK, TOT oA

A pn+m
z:—:pl—’n Do |-
M n -n!
(3.50)
CpenHee UMCJIO SasBOK k-, CBABAHHHIX C CHCTEMOM, Olpeneysercs C YydeToM
BepaxeHu  (3.49) wu (3.50):
k=7r+ Z
(3.51)

HHH HaXOXIOeHMA CpenHeTro BPpEMEHU Hpe@bIBaHMH 3a4ABKU B cucreMe MOXHO,

VCIIOJIB3YS  BHPAXeHUE (3.48), BanucaThb:
_ — _ r o q
Lewem = Tooe T loge = Z + Z
(3.52)
TakuM o06pasoM, PaCCMOTPEHHE OCHOBHHE TIokazaTeiu »20QeKTUBHOCTM nN-KaHaJIbHOM
CMO ¢ oxmmaHMEeM, [OpMUueM IJIMHa OdYepenu OrpaHMYEeHa ¥ paBHa T.
Ilprmmep 3.12. B CMO B cpenHeM dYepes3 Kaxziele 30 MMH [OIPMOBIBAlT 3aABKM Ha

obcnyxmuBaHMe. CpenHada IOJUTEJIBHOCTb OOCJIyXMBAHMSA OIHOM 3asaBKM cocTaBjgeT 1.5 u.

ObpaboTky 3asgBOK I[IPOMBBOIOAT »OBa KaHajJla. B cCcuCcTeMe eCTb HAaKOIMUTEJIbHEM OyHKep,
B KOTOPOM MOTYT HaxXOOUTbBCH B OdYepenM B OXuIaHMM OOCHyXmuBaHMsa He Oojee 4
3a4BOK. OnpenenmTb OCHOBHEE XapakTepucTukm CMO.

Pemenne. PaccMmaTpuraetrcsa CMO Buoma M | M | 2 | 4, To ecTb n = 2, m = 4,



2 A
A =2 zasexun/uac, M = — sassxmu/uac, pP=—= 3, B
3 Y7, n

BelpaxeHueM (3.42) BepOATHOCTb HYJIEBOI'O COC-TOSHUSA

-1
3 (3

= 1+3+£+i-2_—2
BEUMCIIAETCA Tak: Py = 21 21 l_é

2

BepOHTHOCTM OCTaJIbHEIX COCTOSHUMN B COOTBETCTBUUN C

3
2
B cooTrBeTcTBUM C

=0.158.

1€ PBBEIMMA IBYyMA

bopMyJiaMM  BEIPAXEHUSA (3.41) :

32
=3-0.0158=0.0474, p, = 4-0.015820.0711,

3 34
=——-0.0158=0.107, -0.0158=0.160,
D 2.2 Py = 2 BY

35 36
=0.240, p, = Y -0.0158=0.360,

Ps=

HpOBeHéHHHX BHqMCﬂeHMM, Tak Kak CyMMa Pi

MOXHO IPOBEPUTH [IPABMIIBHOCTH
OKPYTJIEHUN — NPUOIMBUTEJILHO eIOMHUILE :

IOOJIXHa PaBHATBCHA [SPIZNzZ80LS] IZNaNZE C yqéTOM

0.0158 + 0.0474 + 0.0711 + 0.107 + 0.160 + 0.240 + 0.360 = 1.001 = 1.

BepoaTrHocTs TOTO, yTO 3asgBKa, npumenmasa B CMO, NOoJIydmMT OTKas (BCe
KaHaJIBL BaHATE M BCe MecTa B oOuepenu TOXe BaHATH) @
P, .= ps=0.36.
BepoaTHOCTE OOpa30BaHMA OUYepenn:
m 4

3

n+m+l n - = 32 1- )

n
Pouep = Z Pk ‘ P 'Po—7‘1_—3
n 2

-0.0158 = 0.58,

HO BTy BeJMUuMHYy (BEepOATHOCTbL OOpa30BaHMA oOuepenM) MOXHO BBEUMCIUTL, I[IPOCTO

IPOCYMMUPOBAB yXe& IIOJIyUdeHHBEIE SHAUEHMS BEPOATHOCTEM pZ’p3’p4 u p5.

BeposaTHOCTE TOTI'O, dYTO 3asgBka, Opuumenmas B CMO, ©OynmeT obOcJjyxeHa

BHIUMCJIAETCS 110 QopMmyJie (3.44) :

q=1-P . =0.64.

OmkK

[Ipou3BoouTeNIbHOCTE CMO  (3.45): A=2.0.64 =1.28 3assox / 4.



CpemHee KOJMYECTBO 3agBOK, HaxXOoOAWMXCS B ouepeny, (3.49):

4
33 - ; 1 ;
r=——=0.0158- ~2.6 sassxu.

CpenHsas OJIMTEJIbBHOCTL OXMIaHMS BasgBKM B ouepenu (3.48):

- 2.6

Loowe =

213 Jac.

CpenHas IJIMTEJIBHOCTBL OOCJIyXMBaHMA 3BasaBKU:

;05@2 212%20.96 yac.~ 58 muH.

A 2/3

CpenHas IJIMTEJIBHOCTL NpeObHBaHMA 3asgBKM B CUCTeEMe (3.52):

tewem =1.340.96=2.26 wac.

CpenHee dUMCJIO BaHATHEIX KAaHAaJIOB (3.50) :

- 1.28
zZ=—=
2/3

KosdomumeHT 3aHATOCTM KaHAJIOB:

= 192 KaHaJIoB.

2. =2-1.92/2=0.96.

3A4H
n

[lonydyeHHEle xXapakTepucTtuku CMO M | M | 2 | 4 CBUIOETENBCTBYOT O TOM, UYTO
OOJIS [OPOCTOS KaHAaJIOB OUeHb Majla ¥ CcocTaBjsgeT Bcero 1.58 % pabouero BpeMmMeHH,
a BEPOSTHOCTbL OTKa3a B ODCHyXMBaHMM OUeHb Oojbmasg: 36 % 3agBOK [IoJydaT
oTrkas. KosdduumenT 3arpysku kaHajoB — 0.96, a oTHOCHUTeJIbHas I[IPONYyCKHasd
CrIocoBHOCTL MaJleHbKasg (Tonmpko 64 % BagBok OymeT 0OCJIyXeHO). U3 BCero »sTOoTo
MOXHO cHmejiaTb BeBOon: CMO He cHopaBjifgeTcda C I[IOTOKOM 3asgBOK, UM HeOoDOXOIMMO

YBEJIMUNTH UmcCJIo KaHaJiIOB jZnjezs MHTEHCUMBHOCTB OB CITyXMBaHMA m, BO3MOXHO, YBEJINMYUTDb
YMCIJIO MecCcT B ouepenn.

[Io aHajoTMM C TI[OIOXOIOM, MCIOJb3yeMeEM B § 9.2, MOXHO TIIEPENUTM K CHUCTEME
C HeOoT'paHMUYeHHOM ouepensio. Illycts B CMO, COCTOfAWy W3 n KaHajoBb, I[IOCTyllaeT

npocTelmmMy [NOTOK 3asgBOK C MVHTEHCUBHOCTHIO /%, BpeMsa OOCJyXMBAHMUA OIHOM
3asgBKM NOOUMHEHO nokasaTeyibHOMY 3aKOHy pacnpemesienus c napamerpom U .

PasmMmeueHHBl Tpad® cocToAHUM Takux cucreM M | M | n | o© wmMeeT OeCKOHeYHOe
yucJo cocTosHuM  (pmuc. 3.19).



3un lq.L (k+l)|.1 nu

Puc. 3.19. TIpad MHOTOKaHaJbHOM CMO C HeOTpPaHUUYEHHOMU
ouepenbio

MOXHO IIepeumMcyMTbh BOS3MOXHEE COCTOSHMS B 2TOM rpabe:

Sb — BCe KaHajyiel CBOOOIHE, OuUepeny HeT;

éﬁ,__ 3aHaT OIWMH KaHaJjl, OouYepenu HeT;

Sé — 3aH4TH IOBa KaHaJjla, ouYepelu HeT;

Sh — B3aHATEH BCE n KaHaJIoOB, Oouepenu HeT;

S%+4 — 3aH4TH BCe KaHaJle, B OouepenaM OIHa 3aaBka;

Agn+2 — B3aHATH BCE KaHajJEl, B ouepeny mOBe 3BaaBKU;

S%%J — B3aHATH BCE KaHaJie, B ouepemu | 3asgBok;

Vcnonb3ys dbopmysel  (3.41) m (3.42), nojydyawnT BEPOSTHOCTM COCTOSHMUM  OJIA
paccMaTpuBaeMoy cucrtemMel M | M | @ | 00, OCyWeCTBJAS [NPeNeJIbHEM Iepexon (m — o).
OIpyTMM I[IOOXOIOOM MOXET SABJIAThHCS MCIOJb30BaHue Gopmyn (3.19) um  (3.20) npouecca
«pas3MHOXeHUs u Tubenm» (cMm. naparpad 8.4). B JmobdoM cilydae BHPaXeHUs O
BEPOSATHOCTEY COCTOSHUM cucTeMsl M | M | m | o© 3anmcaHsl HUXE.

n

=P Py D= p “Pos> - P, :p_'poﬂ
2! n!

n+l n+2 nH

_pP _pP P
P = 'pOa P2 = 'p09 s P = |
n-n. n -n. n-n

’ cees

2 n n+l -
Do = 1+p+p S —
2! n! nl-(n—p)

[TonmyyeHHBIE BBEIPAXEHUA MOXHO 3arnmcaThb BoJiee KOMITAKTHO :



a
p —_—
l?a = l70) (Z ::1,n
!l
n+l n+r
_P _p
Pna1 = Po> - Ppir = Po> - (3.53)
nn! n n!
n+l -1

n (04
p . _P
g0 al nn-p)

Po =

BripaxeHue 10jidg ]?0 B dbopmyrnax (3.53) nmonyyeHO B [OPEnNnoJIOKEeHUM, UTO
——'<:1, TaK kakK TOJIbKO IIPM BHIIOJIHEHUUM BTOIO YCJIOBUSA CYULEeCTBYEeT
n
YCTAaHOBUBIMICS PeXuM, a IIpu ——-Eil ouepens OECKOHEUYHO BO3pacCTaeT.
n

OnpenenMM OCHOBHEIE 3aBUCHMOCTHU OJIA BEIUMCJIEHU A rnapaMeTpoB 50beKTMBHOCTHA

paccMmaTpuBaemor CMO.
BepOH’I‘HOC’I‘b OTKa3za B OGCJIy)KMBaHI/H/I })OmK - O 7 Takrk Kak KOJIMYeCTBO MeCT

B ouepenmn He OT'PaHMUUYEHO n npn 3aHATEIX KaHaJiax npuuenua g

3agdBKa Bcerma OyneT T[OOCTaBJIeHa B 2 oOdUepenb UM KoOrma-HubOyns OyneT oBOCiyXeHa.
BepoaTHOCTE o0O0Opaz30BaHMA OdYepenyM BHUMCISAETCS KakK BEepOSATHOCTb TOI'O, UYTO

BCe KaHalJlkel 3aHATEL:

n+l

__r
}%qq7_'n!(n__/9) Po-

BeposaTHOCTE OOCHyXmMBaHMA g = 1, a abcojsoTHasa [OPONyCKHas CHOCODHOCTB

COOTBETCTBEHHO A = A.

CpenHsas mnvHa oudepemnu 1 HaxoIOIuTCsa U3 (3.49) opm T —> 00:
n+l1
r= B Po = ouep (3.54)
P n=p
n-nkll—=—
n
ns (3.40) wm (3.48) wm wus (3.54) CpenHsasa IJIMTEJIbBHOCTH OXMIOAHUS 3asSBKU

HadvaJjia OOCHyXMBAHUS



n

o,

Loowe = > Do- (3.55)

r_
A

n.ﬂ.n!- I_E

n

CpenmHee uMCJIO 3aHATHIX KaHajoB Z — — — . Kax ¥ 0Opexme cpeiHee UMCIO

3a4BOK, CBA3aAHHEBIX C CMCTeMOﬁ, k _ I" + Z a cpenHee BpeMH HpeGBIBaHI/Lq 3a4BOK B
CMO Zcucm - loofc +—

Ilpumep 3.13. PaccumaTpmBaercs CMO Tumna M | M | 3 | ©, TO eCcThb 3TO
TpEXKaHaJIbHas CHUCTEeMa C HEOI'PaHMUYEHHBM UYMCJIOM MECT B ouepelMr. JVHTEeHCUBHOCTb
BXOIOHOTO IIOTOKa BafgBOK cocTasjysgeT 5 3agBOoK B eIOMHMIY BpPeMeHM. JVHTEeHCUBHOCTD
OoBCHIyXMBaHMA BasaBOK KaXIbIM KaHajioM COCTaBJsgeT 2 3asaBKM B eOMHMIY BPEMEHU.
OnpenmennTbs xXapakTepucTuky CMO.

A 2.5
TaxuM ob6pasoM, 7’123, /1:5, IU:2, p:—:2.5, £:T<1.
y7; n

CorytacHo dopmysam  (3.53) :
2 3 4
D, =| 1+2. 5+25 2 + 2 ~0.045,
20 31 31.(3-25)

2.5 2.5
=25-0045~0.112, p, 70045~0141, P ?0045~0117

2.5 255 256

py= 004520098, p= ~0.068,

7 8
25 ~0057, p= 25 ~0.047, p,= 259

P = %0039,

AHaIM3 pPes3yJbTaTOB pacdéTa BEepPOATHOCTEM COCTOAHMM IIOKas3EBaeT, |YTO
BEPOATHOCTL TOTO, UYTO OOCHyXMBamlMe KaHaJlel CBOOOIHH (pPp), SBHAUUTEJIBHO MeHblle
BeJIMMUMH P, P, WIN O3 (TO ecTb BEpPOATHOCTEM 3BaHATOCTM OIHOTO, IBYyX WIN
TPE€xX KaHAaJIOB). 3aTeM, C POCTOM OuUepelM BEepPOSTHOCTM COCTOSHMM YMEHbUWAITCA U
OpM HOATM 3BaHATHIX MecTax B oOdepenM p, M pPg HOYTM PaBHE. OTO TOBOPUT O
TOM, dYTO B JaHHo¥M CMO MaJIOBEepOSaTHBE KaK [IpocCTamMBaHMEe BcCex OOCIYyXMBALIMUX

KaHaJloB, TakKk M odepenb M3 HOATM U OoJjiee 3adaBOK.
BeposaATHOCTE BOB3HMKHOBEHMA Oduepenn

n+l 4
P =22 0.045~0.586.
313-2.5)



3Ty BEeIMYMHY MOXHO BBUMCIAMUTL e€le€ UM [OyTEM BHUMTAHMA U3 EOUMHMIBEL CYMMEL
BEPOATHOCTEM TexX COCTOSAHMM, B KOTOPBIX oOdepenb OTCYTCTBYyeT:

Frep =1=(po+ 1+ Py +p3)=
=1-(0.045+0.112+0.141+0.117) ~ 0.586.

BeposaTHOCTE OOCJYyXMBAHMSA, Kak yXe TOBOPMJIOCH, BCerIga paBHa eIMHUIE (g
1), a TMpPOMU3BOOUTENILHOCTBL maHHo CMO A = Ag = 5 (3a9BOK B eOUHULY BPEMEHM) .

[Ipoure xXapakKTEePUCTUKNA:
- n 3
r :E'Poqep 2750045 z35,

=3.5/5=0.7,

tOﬂC

& | Y

- |
to6c_71 = — = 05,
u

Ecucm - 07 + 05 - 12,
z=p=2.5,

k=r+z=35+25=6.

TakuMm ofOpasoM, HOJId I[IPOCTOA kaHajla paBHa 4.5 % OT IOJIUTEJIBHOCTHU
MHTepBaja OQyHKUMOHMPOBaHMA CMO, BepOATHOCTB BOS3HMKHOBEHMSA OdUepenr IOOBOJIBHO
Bompmass — 0.586, HO @#iamHa ouepenu HeOOJbIIAS (3.5 =agBKM) ¥ BpeMsa OXUIOAHUSA
obcayXMBaHMa HeboJbloe (0.7 enmuHuMu BpeMmeHM). Pab®oTy IOaHHOM CUCTEMEl CJledyeT
IPM3HATL YIOBJETBOPUTEJILHOM.

9.4. CMO c ocpanuyeHHbIM 8peMEHEM OMHCUOAHUA

PaCCManMBaeTCH n—-KaHaJIbHa4d CMO C OXMIOaHMEM n HEeOI'PaHVM—4YEeHHBIM YMCJIOM
MecCcT B ouepenn. OmHako BpeMAda OXMIOaHMA 3a4BKIM HaudaljJia obCcaIyXMBaHMA B 3TOM

CUCTEME OT'PAHMUYEHO HEKOTOPHM CJIy4aVHEIM CPOKOM CO CPeOHMM 3BHAUEeHUEM ouep
(TO ecTp BasBKa CUMTAETCsS HeETeplnenmuBoM). Ecam OO mMUCTeueHUS BTOTO BPEMEHU
3agBKa He OymeT nOpuMHATA K OOCIYXMBAHMI, TO OHa I[OKMIOAeT ouepelb ¥ YXOOUT
3 CUCTEeMBl He OOCJHYyXeHHOM. B »TOoM Ccjiyyae MOXHO CKasaTb, UYTO Ha Kaxayo

1

3a4BKYy, CTOANyK B oOudepenu, JelCTBYeT «IOTOK YyXOIOB» uHTeHcupHocTu V =

4

ouep
Eciy 5TOT I[OTOK [IYyaCCOHOBCKMM, TO Mpoliecc, OpoTekaommii B CMO, saBjaseTcs
MapKOBCKUM .
Pa3MeueHHE rpad COCTOSHUM TaKou CUCTeMH IpencTaBJieH Ha puc. 3.20.
Ipy 5TOM y CTpesiok, HalpaBJIEHHEIX CIpaBa HaJIeBO OT Agn oo éﬂ), MOXeT

OBITH IIpoCTaBJIEHA CyMMapHasAd VMHTEHCMBHOCTb IIOTOKa O@CﬂyXMBaHMH 3AaHATHEX KaHaJIOB.



Y OCTajlbHEIX CTPEJIOK CIipaka HaJleBO MNPOCTAaBJIGHHE CyMMapHhHE MHTEHCUBHOCTM IIOTOKA
ODCIIYXMBAHMI BCex N KaHaJIoB n[l JIIOC COOTBETCTBYKIAS MHTEHCUMBHOCTL I[IOTOKA
YyXOOOB U3 ouepedaM. OTO ONATb CXeMa <«pPasMHOXeHMA U Trubenu». llosToMmy,

IoJIb3YSAChH  GopMmyJiaMu us naparpada 8.4 u obosHauad IOOIOJIHUTEJIBHO /3:='——,

MOXHO 3alimMcaThb :

Ouepeou nem
/\

3u kp (k+Uu nu ny+v np+2v np+rv np+U+Uv

Puc. 3.20. TIpad cocrosgHum CMO C OTpPaHMUYEHHEM BpeMeHeM
OXUIOAHUS

2 n

Do = 1+ 2Py Py

1! 2! n!

n 2 r

PPy P +ot i +
n!|n+p  (n+p)n+2p) (n+P)m+2B)...+1)

D
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B odopmynax (3.56) B BHpPaxXeHUM OJIdg ]?0 3anmcaHa cyMMa OeCKOHEUHOTI'O
psma, He 4ABJA0WErocsa nporpeccuer. Illpyr HeoOXOOMMOCTM OHa MOXeT OHTb BHUMCJIEHA
NPUOJIMXKEHHO .
Ecim B  dopmysax (3.56) nmnepeutn k npemeny npu y — 0 (i B —> 0), wo
npu /)<:Il [IOJIy4YalnTCsa  BHPaXeHUS (3.41) wm  (3.42), TO eCTb <«HETEPIEJVBLEE»

3a4ABKU CTaHyT LKTEPIIEeJIVIBEIMIMD .

Ternepb MOXHO OIPEenesIMTb OCHOBHBIE XapaKTEPUCTUKM pPaACCMAT-PUBAEMOM CUCTEME.
[loHaTMe BEPOSATHOCTL OTKaska, [IO-BMAOMMOMY, He MMeeT CMeCJla, Tak KkKak Kaxnas
3asBKa, [OCTyNMBIIAS B CUCTEMy, CTaBUTCsS B ouepelb. HO BasgBka MOXeT U He
OOXIOATbCS OOCHYXMBAHMUA, YyMUIOS U3 Oouepenu [0 MUCTEeUYEeHUM BPEeMeHM OXMIOAHUI.

CpenHee UVICJIO 3aAaBOK B ouepenn

;:M[R] :ernﬂf :1'pn+1 +2'pn+2 T
r=

criocobHocTs CMO A (cpemHee UMCJIO OOCJYXEHHEX

ADCOJIOTHAA I[NPOIIyCKHaA
ecaM ydecTb, YTO U3 CPeOHero

3agBOK B eIMHMIy BpPEMeHM) JIeT'KO oIlpenesyseTcHd,

dumciia 3a4BOK B ouepenn r Inon BO3OENCTBUEM «KIIOTOKa yxXooa» ObymeT YXOIoInThb,

He JOXOaBIINVICBb O6CﬂyXMBaHMH, ]/V 3a4BOK B SIOVMHUILY BpEeMEeHN . [IosToMy

A=A-7r,

Az
=770

MOXHO HauTu CcpenHee YMCJIO 3aHATHEIX KaHaJIOB :

2=2 o p-pr,
y7;

a oTCcrIa
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METOIMKA BHIIOJIHEHUS MHXEHEPHBIX PACYETOB
B CPEJE CHCTEMEI MAPLE
[IporpammMa Maple 9 (http: maplesoft.com), HaseBeMasd B HaJjibHeNIEeM
Maple, BRIyCKaeTcsa Kopnopaumen Waterloo Maple Inc. (KarHama) wmn 4asjufgeTcs
M3 I[OCJIeOHMX Bepcuy DSToM cucreMel. OHa SgBJISETCHS UYpe3BHUAMHO yIOOOHBIM
peanmnszaunumn AHAJINTUNUYECKUMX BEIUMCJIEHUN . HpM S5TOM HGOGXOIU/IMO YYUTEIBATE, gTo
MOJIL30BATHCS BCTPOEHHBIMM OGYHKLUMSAMM, KOTOPHX Oojyiee 3000.

CpeInCcTBOM



[IoJIb30BATEJIb CKUM UHTepbelic Maple IO3BOJISET co3maBaTh OOKY—MEHTEHI,
cocTosfmme us KOMaHT BXOIOHOTO S3BIKA, Pes3yJbTaTOBR BHIUMCJIEHUM, rpabnueckmUx
IOaHHBIX n KOMMEHTAapPMERB . Pesynb TaThl BHIUMCJIEHUM MOT'YyT OBITHb npenCcTaBJIEHBL B
YMCJIOBOM BMIE ¥ B BuIe  OOBUHBIX MaTeMaTUUYeCcKux  bopMyJ. YnpaBJeHUE  CUCTEMOMU
BO3BMOXHO C TIIOMOLIBID IJIABHOT'O CMCTEMHOI'O MeEHI, IIaHeJlell MHCTPYMEHTOB M [aJuTp,
a Takxe TIopSumMxX KJIaBMII. lloomepXMBaTCA MHOTME  BO3BMOXHOCTM  MBIIM, XapaKTepHble
nysa  Windows-npwuioxenuy [15, 38].

10.1. OcHOBH NpOrPaMMMPOBAHMSA B cpege Maple
3anyCcTmUTh Maple MOXHO OIHVM nus3 criocoboB 3amnycka IPUJIOXEHUM Windows,
HallpmuMep, BHIIIOJIHUB KOMaHIOy
Nyck — IporpamMel — Maple 9.

Moasutca Windows—obpasHoe okHO Maple. B HeM BepxHAdA
cTpoka — CTpoka 3aronoBka. Hwke — [laHenb rnaBHOro MeHHo.
Tpetbss cTpoka — NaHenb MHCTPyMeHTOB. E€ BMAg 3aBUCUT OT
ncnonHaemon 3agayn. Yereseprtasa cTpoka — MNaHenb
¢opmaTupoBaHua. log Hen pacnonaraetcss KOHTEKCTHOe MeHHo.
N HmxHAA cTpoka akpaHa — CTpoKa cocTOosiHUA. LleHTpanbHas
YacTb 3KpaHa Mexgy naHenbi opmaTupoBaHUA U CTPOKOM
COCTOSIHUA npeacTaBnser cobon pabodvee none Maple. Ha
paboyemM none pacnonoXxeHo okHo avna Introduction to Maple
9 (puc. 3.21). Ecnu He nnaHupyeTca O3HaKOMIleHMe C
cogepxaHmem 3atoro dawmna, TO MOXHO €ro 3aKkpblTb, HaXXaB KHOMKY
3akpbIiTb. OcTaHeTcsa nyctoe okHO Maple. Ecnn wenkHyTb no
kHonke Create a new worksheet vnu BbinonHUTL KomaHay Pann
— OTKpbITb ¢hpann, 10 noasBuTca okHO dhamna Maple, koTopomy no
ymon4danuto npuceamsaetca umsa Untitled (1) - [Server1] (puc. 3.22).



C:%\Program Files\Maple 9\vintro. mws
Paiin Pegaktvpoeare [lpocwmorp Boraewte  Popmar  WMHCoTpymeHTel  OkHo  [Nomowe

h@2Bed BB ¢ TP EE &= O @ O &
[P Heading 1 =l |Times Mew Roman | |18j lf I'U == I ¥ E
Welcome to Maple 9! =l

Maple 9 1z a comprehensive environment for explonng, teaching, and applyng mathematics. You can use Maple to
solve PDEs, wisuahze hydrogen orbitals, encrypt messages, compute option prices, lecture on Taylor series, run
error analyses on lab data, or accomplish any other task that requires mathematics.

Maple 9 contains thousands of math procedures, but vou can also create custom procedures using the Maple
programming language. Once you have created a Maple application, Maple 8 contamns tools for publishing it and
exporting results to other software applications.

= Maple Worksheet Interfaces

Iaple 9 provides users with two worksheet interfaces. Both have access to the full mathematical engine of
Maple 9 and take advantage of the new functionality in Maple 9.

By default, worksheets open in the enhanced and more modern Standard Worlisheet,. The Classic Worksheet,
available on Windows and NI platforms, has the traditional Maple worlsheet look and uses less memory. In
Windows, you can change the Maple worksheet file association using the Worksheet File Association Selector
application from the Tools folder of the Maple 9 Start menn,

If your system has less than the recommended amount of physical memory, it 15 sugegested that you use the
Classic Worksheet wersion of Maple 9.

= New to Maple?
To get started using Maple, select any of the followang options.
* Cotnplete the Quick New User's Tour, a focused overview of the Maple systern (about 10 tintes).

* Complete the Mew Uset's Tour, an in-depth, comprehensive overview of the Maple system. -
Kl b
Ok... |Bp..7.08: [ Mar.; 0180

Puc. 3.21. OkHo cpavina Introduction to Maple 9

B 1nepBOM CTPOKe CJieBa HaxXOOATCS  CUMBOJIH [ (xBazmpaTHas CckKobOkxa), > (3HaK
foJsibue) 128 |  (MepLaoUM  KYypPCOPp) . Ternepb  MOXHO  HAUMHATH ouajion C CcucTeMoy,
IpenBapuUTesIbHO  yOeOMBUUCEH, yToO KJlaBMaTypa HaxoIuTcda B 2 pexuMmMe Enter. Jlepasg
KBaIpaTHasas CKoOKa [ obo3HauaeT BHUMUCIMUTEJIbHYI CeKLMO, a BHak > — I[OpuIJlalleHue
K BBOIOYy. Mwurammas BepTHKaJIbHAsg UYepTouka — KypCcoOp BBoOZa. KaxIet BONpoOC (BBOI)
M [OOJIydaeMel OTBeT (BBIBOIT) 3aHMMaEeT OTHEJIbHYIO BBIUMCIIUTEJIBHYI0  CEeKLMO. Brox
OCyleCTRBJISeTCS B KOMaHIOHYI CTPOKY, HauMHalUyloncs CcO 3Haka >, M BCe BBOIUMHE
CUMB OJIEL VIMET Ha DKpaHe KpPaCHBI LBET. BrIBOIT (orTBeT) OoCylleCTRBRJISeTCH B

CJIeoyyo 3a KOMaHIHOM
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Puc. 3.22. Pabouee OKHO IporpaMmel Maple

CTPOKY n aBTOMaTUUECKHU BHIPABHUBAETCH 1o LEeHTPY . Bce BBEIBOIMMEIE CHUMB OJIBL
OKpalleHEl B CUMHUM LBeT. IOnuHa KBaIpaTHOM CKOOKM [ M3MeHAeTCa B 3aBUCHMMOCTHU
oT pasMepa BBOIMMOTO  BHPaXeHMs U pesyJjbTaTa OTBeTa. Bripaxenmne B Maple -
3TO oOBexKT, COOTBETCTRYII UMM OBOBIUHOMY MaTeMaTn4eCKOMY BEIPAXEHUIO . Ehele)3:
NPaBUIIBHO BBECTHU BEIPAXEHUE, HeoOxXOoOMMO O3HAKOMUTHCSA c npaBuiaMm ero
IIOCTPOEHUSA .

SneMeHTE BXOIHOT'O $IBHKa. AnQaBUT g3bKa COOEPXUT 26 MaJEXx M 26 OO0JbIMX
OykB JlaTMHCKOTO ajbaeura (oT a@a mo z wm or A pmo Z), 10 apabckux umbp (ot
0 oo 9) n 32 CrieuyaJlbHEIX CUMBOJIA . COBOKYIIHOCTb IpaBui, 1o KOTOPEIM
3a0MCHBanTCA onpenesieHUd BCEX ODBEKTOB Maple-gasukKa, HaseHBaeTCHd CUHTAKCUCOM.
Maple - sTO cCcucTeMa OJsg MaHUNYJIMPOBAHMSA MaTeMaTHMUECKMMM BBPXEHUSAMM.  BEpaxeHUs
cTposaTCsA ns UMCJIOBEIX KOHCTAaHT, II€PEMEHHHX, 3HaKOB OIEpPaTOpPOB " KPYTJIBEIX
CckOoBOK. BrlpaxeHMs SBanMCHBALTCA B OIOHY CTPOKY M BBUMCISIOTCS CJIeBa HaIpaBo B
nopsanKe CTapUMHCTBA Olepalui.

HonyckaeTcsa JMICIIOJIb 30BaHUE BeleCTBEHHEIX, LeJIEIX 1z PaLMOHAaJIbHEIX uyce.
TpeByeTcsa BEIIIOJIHEHMKE CcIle Oy mmMx npaBUil: nenas JacThb 4ucia oT OpoOHOM
oTmessaeTcs OecsaTUYHOM TOYUKOM; HyJleBasg MaHTMUCCa He oToBpaxaeTcs (umcio
HauMHaeTCcsda C paslesMTeJIbHOM TOUKM); MaHTMCCa OTIeJiseTcsa OT [opAnka nOpobesioMm;
yKa3aHue OeCATUUYHOM TOYKM B JIIOOOM  MecTe upcia [IO3BOJISET cCuMTaTh UMCIIO

BelleCTBEHHBEIM n nmepesogmuT BEIUMCJIEHUE B pexmMm pa@OTbI C Belle CTBEHHBIMN uncJjiaMm.
Beon BI::Ipa)KeHI/Iﬁ IIPOM3BOONTCA B OOBIYHOM IJIA A3BIKOB IIpOoIrpaMMMPOBaHMA



CTPOUHOW  dbopme. BelBO pes3ysbTaTOB  BHUMCIJIEHUM [0  YyMOJIUAaHUIO OCYUWECTBJISIeTCsS B
IIPUBLEUHOY  MaTeMaTUueCKOM 3anmcu. s YIIYUIIe H A HATJIAOHOCTM BBOIVMEIX bopmyst
MOXHO MCIIOJIb30BATh TEKCTOBHE KOMMeHTapum. [Jig BBOIA BHPAXEHMM U KOMMEHTapUeBnB
MCIIOJIb 3YI0T KOMaHIHBIe CTPOKM PasJIMUHBIX TUTIOB . Kaxk yxe TOBOPWUJIOCH, CTpOKa
BBOIa MaTeMaTMUECKMX BEPAXEHUM ¥VMEeeT OTJIMUMTEJILHEM CHMBOJ >, a CcTpoka BBOIA
KOMMEHTapMusa TakKoI'o npu3HaxKa He uMeeT. llepekJioyeHME TUIIa TeKkylen CTPOKM
oCylmecTBJIAeTCcd HaxaTmueMm kJjaBmmy F5.

IlepemeHnHble 3a7al0TCA CBOMMHM HAeHTHGUKATOpAaMU (HMEHAMH).
NneHTH(PUKATOPBI NPEACTABJIAIOT C000il MOCJIEI0BATEILHOCTL OYKB
JATHHCKOrO0 ajdaBuTa, NUpP M HEKOTOPbIX 3HAKOB, HAYMHAKIIYKCS
¢ OykBbl. B mgenrtudukaropax pa3im4anwTCid CTPOUYHbIC U IMPONMUCHBIE
OYKBBI, TaAK 4YTO Xpaxy M Xpax ABJISIOTCH MMEHAMH PAa3/IMYHbIX Iepe-
MeHHbIX. OrpaHvyeHuil Ha JJIHHY HICHTHPUKATOPA NPAKTHYECKH
HeT (IJIMHA He MO0JKHA mnpeBbliatb 524 275 cumBosioB). Heab3s B
UICHTU(PUKATOPbI BCTABJIATHL 3HAKH apupMeTHYECKHUX ONEePaATOPOB M
B KayecTBe HICHTH(PUKATOPOB HCHOJb30BATH KJKYEBbIe CJI0BA
S3bIKA.

KurouesBbie CJIOBA HCIOJB3YHOTCH  JIJIA KOHCTPYUPOBAHUA
OIepaTopoB, KOMAaHA M NPOUEAYP.

NMeHna mnepeMeHHBIX [J0JILKHBI ObITh YHHMKaJdbHbIMHU. I[Ipumepsi
uMeH nepemenubix: X, Y, x, y, prl, pr2, Xy Xmao S_T.

KoHcTaHThI — 3TO mpocreiiliie MMEHOBAaHHbIE O00bLEKTbI, HeCyllue
3apaHee  mnpeaomnpeneJeHHble  3HayeHust. WX  umeHa  3apaHee
omnpeaeJeHbl U He MOIYT MEHATBHCS.

Crpoka — 310 memouyka cumMBOJIOB. IlociieqoBaTeIbHOCTH CHMBOJIOB
paccMaTpUBAaeTCsl KaK CTPOKAa, €CJH OHA 3aKJIKYaercd B 00paTHbIE
anoctpodsl (). Hanmpumep: “crpoka’, "crogben, X, Y.

B cTpoky MoxkeT BXOAUTH JHO00Ee MaTeMaTH4YeCKOe BbIPaxKeHHe, HO
Mpu 3TOM OHO He BbINoJgHAeTcss. CTPOKM HMCHOJAB3YIOTCHA IJIA
CO31aHUsA KOMMeHTapueB. LIS 3TOro HaJA0 NepedTH B APYIOoMl pPexrum
BBOJAa, YOpaB M3 KOMAaHIHOM CTpPokM 3HaK >. Kak yke rosopmioch,
ITO JeJIAeTCHA MyTeM HaxaTus kiaasuimum FS.

IIpu HeoOXoaMMOCTH BBOJAAa KOMMeHTapusi B Maple-nporpammy
cjieyer Imepea BBOAOM KOMMEHTapusl NOCTaBUTh 3Hak #. JlwoOou
TEKCT, [a’Ke eCJM 3TO0 MaTeMaTH4YeCKOoe BbIPa)KeHHe, PacCMAaTPUBAETCH
KaK HEHCIOJHSeMBbIH.

Boipaxenus MOTYT BKJII0YATHCH B Ha0O0pBbI. Habopsbl
NPEACTABJSIOT CO00M COBOKYIHOCTH BbIPAXKEHHH, OTAEJCHHBIX JAPYyr



OT JPYyra 3ansiToi M 3aKJIYEeHHbIX B (urypHbie cko0Oxu {}. IlpumepsI
BbIpasKeHHUH NpuBeleHbl Ha puc. 3.23. Maple ycrpaHsier U3 MHOMXKECTB
MOBTOPSAIOIIMECS 3HAYeHUS] M paccTaBjsieT HX B  ONpeAeJeHHOM
nopsiike (Yucjia — B MOPHAAKE BO3PACTAHUA).

- 14,2,3,2,4,2,1};

{1,2,3,4}
=> {3+2,4+5,6+1) ;
(5,79
=> {b,a.d};
(b, d, al

> {'Petexr', ' Ann','Kate'l};
{Ann, Peter, Kate}

Puc. 3.23. Ilpumepsbl BbIpa:KeHU

Cnmcoxk — ynopsiiouyeHHbIi Ha00p BbIPAKEHHH, 3aKJIIYEHHbIX B
KBa/IpaTHbIe CKOOKHM [ | M OTAeJeHHBIX JPyr OT JApyra 3ansiTom.
IIpuMepsl CIMCKOB NpuUBeAeHbI Ha puc. 3.24.

> [4,2,3,2,4,2,1];

[4.2.3.2,4.2.1]
1—[3+2,4+5,5+1];
5.9, 7]
> [b,a,d];
(5 a. d]

> ['Peterxr','Ann','Kate'];
[Featar, Ann, Kate]

>

Puc. 3.24. IIlpuMepsl CNHCKOB

JIEMEHTBhI CIHMCKA NMpPeodpasylTcss M BbIBOAATCA B TOM IOPsSIKeE,
B KakOM OHH ObuiM 3agaHbl. CHHCOK MOXHO O0003HAYMTHL W IIPH
HEOOXOMMOCTH HMCHOJb30BATH €ro 3JJEeMEHT, YKa3aB B KBaJApPaTHbIX
CKOOKax HOMep 3TOoro jiemeHra (puc. 3.25).



[=> §:=["Pete”, "Bnn", "Kate']:
I o = [ Fete, Ann, Kaie ]
[> 8[2];

I Ann
[

Puc. 3.25. Ilpumep 3j1eMeHTa CHHUCKA

BekTopbsl M MaTpuubl CO3JAKTCA ¢ NMOMOIIbI (DYHKUMH array:

array(a...b, s1) — co3naer BeKTOpP ¢ MHAEKCAMH OT a X0 b wu
3HAYEHUSIMM B OJIHOMEPHOM cnmcke sl;

array(a...b, c...d, s2) — co3gaer MaTpuily, HOMepa CTPOK KOTOPOM
U3MEHAKWTCA OT a 10 b, Homepa cT0J0LOB — OT ¢ 10 d, co
3HAYEHUSIMM B JIBYMEPHOM MAaCCHBE CIIMCKa S2.

Hanpumep, ¢yukuusa array(1...3, [x, y, xt+y]) co3maer BekTOp ¢
3JIeMeHTaMu X, y, x+y; dynkuus array(1...2,1...2, [[a,b], [c,d]]) co3maer
KBAJIPATHYK) MaTpHUIY E cﬂ (puc. 3.26).

[> array(l..3, [x, v, x+v]]);
[z. 0 x+y]

;]

:> array¢(l..2, 1..2, [[a, k], [c, d]11):

[>

Puc. 3.26. Ilpumep co31aHUSA BEKTOPOB U MAaCCHBOB

B Maple MMeeTCH BoJipmoe KOJIMYECTBO ONepaTopoOB, KOTOPEHE MOTYT BOEITB
nomeJiIeHEl Ha  HOAThb OCHOBHHEIX  TMIIOB: OUHapHEE (binary) (c  OByMAa onepaHIamu) ,
YHapHEIE (unary), HyJbapHHEe (nullary - omepaTopsl ©e3 ONepaHIOB — OOHa, HOBe WK
TpU T3Pkl KaBBUEK) , ornepaTopPs CTapUMHCTBa (precedence), byHKUMOHAJIbHEIE
onepaToOpPH (functional) .

BKJIIOYEHO Boee TPUIOLATHU OMHaPHEIX ONepaToOpPOB: CJIOXEHMS, BEIUMTAHUSA,
YMHOXEeHMI, neJjeHus, BO3BEIEHUSA B CTeNeHb, onpeneJyieHusa ocTaTka duciua,
npMcBamMpBaHusa, JIOTMYECKMEe ONIepaTopsl. OnepaTops MCIOJIL3YITCS IOJ8 KOHCTPYMPOBAaHMSA
BBIPAXEHUM . OHU obecrneumBamnT BEI[IOJIHEHME OonpenesyieHHBEIX onepaumun HanIO IOaHHBIMU,

npenCcTaBJIEHHBIMU olnepaHIaMm.

Jasg  3anMcu  apuMeTHYECKHMX  BBIPAKEHMH  MCHOJIB3YIOTCHA
cleaylolue omepaTropbl: + — CJI0KeHMsl, - — BbIYUTAHUA, * -
YMHOKEHUS, / — JIeJICHUS, A BO3Be/leHU S B CTeleHb



(anbTepHaTHBHBIN  omepatop  **). BBoa  BbIpaxkeHHsi  0JI:KeH
OCYIIECTBJIATHCHA B OJHY CTPOKY M 3aKAHYMBATHCH TOYKOW C 3amsITOH
(5) wim aBoeroumeM (:).

Touka ¢ 3amsaToil (;) — omeparop BbIBOAAa pe3yabraTroB. Eciam
BbIPAKEHHE 3aKAHYMBAETCH TOYKOM C 3aNATOH, TO MOCJe HAKATUA
KHONKU Enter Oyayr mnpou3BeleHbl BbIYHUCJICHUS U  BbIBEJACH
pe3yJbTaT B ILEHTPEe BTOPOHM CTPOKHM JAHHOM BbIYHCJIUTEIbHOU
CeKIMH, B KAaKOM Obl MecTe HH Haxoawiacs Kypcop. Ha caenyromei

CTPOKE MOABATCH ATPUOYTHI CJeAYIOLIed BbIYMCIAMTEIbHOH CeKUuM: |
>

/IBoeToune (:) — omeparop oTkKa3a OT BbIBOAa pe3ydabrara. Ero
HUCIOJB3YIOT, ecJIu pe3yJabTar BbIYMCJICHUMN SIBJISIETCS
NMPOMEXKYTOYHBIM, He TpeOyHIIMM BbIBOAA Ha padouyMHl JIHCT.
/[BoeToyne MoOKeT OBbITH MCHOJb30BAHO MPH 3aMUCH HECKOJbKHUX
OIIePATOPOB B OJHOM CTPOKeE.

IIycts BBOAUTCH BbIpaxkeHue 3 +5 * 6 — 1, mocje Hero craBUTCH
TOYKA ¢ 3amAToM (BBOJ TMNPOMCXOAMT KPACHBIM LBETOM) H
HaxxuMmaercss FEnter. B umenrpe cieaywiied CTPOKH IMOSIBUTCH
pesyabrar 32 (cuHHM uBeroM). JleBas ckoOka (KBajparTHas),
0TMEYAIONIIAsE MEPBYI0 BBIYMCIUTEJIbHYI0 CEKIHIO, HMeeT JIHHY,
COOTBETCTBYKIIYI) Ppa3Mepy BBEJCHHOI0 BBIPAKEHUA U pa3Mepy
orBera (puc. 3.27). Ha ciaenywoimed CcTpoke MNOSABATCA 3HAKHU
cjleyolleil BbIYMCIUTEIbHON CEeKIHH.

> 3+5%6-1;
32

>

Puc. 3.27. llpumep BbIYMCJICHUI

Ecau nocsie BBoaa Bbipaxenus 3 +5 * 6 — 1 mocraButh aBoeToUYHE, TO
pe3yJbTaT BbIYUCJICHHMH He Oyaer BbIBeAeH (puc. 3.28).
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Puc. 3.28. IIpumep BBOAa BbIpa:keHUs 0e3 BBINOJHEHHUS] BbIYHUCJICHHUH

Onepamop npuceausanus. Imom onepamop UCHOAb3yemMcA OAA 3A0AHUA NePeMEHHbIM
onpeoenenno20 3Ha4eHus.

Hanpumep, /:=1 — nepemenHoil / mpucBauBaeTCsl IEJIOYMUCICHHOE 3HaueHue, paBHoe 1; X
: = 12.36 o3Havaer, 4YTO MEpPEeMEHHOI X MpHCBaNBaeTCs BEIISCTBEHHOE 3HAaueHue, paBHoe 12,36; f
: =13/ 17 — npucBanBaeT NMEPEMEHHOH [ palMOHANBHOE 3HA4YeHHe; Y := X" 2 — mepeMeHHoOu Y
IIPUCBAUBACTCS 3HAYECHUE BBIPAKECHUS X
[IpaBast yacTp BBIpa)KE€HHs MPUCBAUBACT MEPEMEHHOW, HAXOIALIEHCA B JIEBOM 4acTu
omnepaTopa NpPHUCBAaWBaHUs, OINPEIAECIEHHBIA TUIL. B paccmaTpuBaembIX NpUMEpax — LETOYUCIEHHBIM,
BEILECTBCHHBIN, PAallMOHAJIbHBIMN.
Ha pwuc. 3.29 1mnpuBeneHH MNPMMEPH BHIIOJHEHMS OIepaToOpoB IpucBampaHusa. Ilocie
Kaxngoro orepaTopa cTomUuT TOUKa C SaHHTOﬁ, IIO5TOMY Pe3yJIbTAaTEL BEITIOJIHEHIM A BCeX

ornepaTopoB BEIBOOATCH. PesysbTaTE BEIIIOJIHEHUM A npeneigymeIro orneparTopa VICIIOJIB3YITCHA
OJ14 BEIITIOJIHEHUM A crlenymumeInro orepaTopa.

> Hi=2;

=
I A=2
[ ¥:=X"3;
I =3
[ Z:=Y+1;
I Z=19
[ >

Puc. 3.29. Ilpumepbl BBIIOJIHEHUS ONEPATOPOB IMPUCBAUBAHUS

> X:=2: Y¥:=X"3: Z:=Y+1;

Puc. 3.30. [Ipyroii BapuaHT NpPEACTABICHUS WU BBINOJHEHUS ONEPATOPOB
MIPUCBaNBaHUS



Ha puc. 3.30 Bce omeparopbl, KOTOpblE OBUIM NPEACTABICHBI Ha PHC.
3.29, 3anucaHbl B OJHOM CTPOKE M pA3JCICHBI JBOCTOUYMEM M TOJBKO B
KOHIIE IIOCTaBJI€HA TOYKa C 3alsITOl, MO3TOMY BBIJAETCS  TOJBKO

OKOHYaTEJIbHBIN pe3yibTar. Bcee OIICpaTOPHI 3aHUMAaroT OJHY
BBIYHUCIIUTCIbHYO CCKIUIO.

OnepaTops! IOACTaHOBKU %, %%, $%%. llocnenHui, Ipen-IiocjyenHuM n
IPEIONPEennoCyeIHN  Pe3yJIbTaTH  BHUMCIIEHUN COXpa-HAWTCS M  MOTYT  OHTbH BEI3BaHE
omepaTopaMm %, %%, $%% IOJi94 TI[OINCTAaHOBKM B CTPOKY BBOIa WJIM B BHpaxeHue. Ha
puc. 3.31 IOeMOHCTpMpPpyeTCH VICIIOJIb30BaHUE onepaTopa %: pesynbTar BEIUMCJIEHUA
II€PBOTO  BEHPAaXeHUs, paBHBIL 32, He  BHBeIEH, Tak kak IIOCJle HeTro I[OCTaBJIEHO
oepoeToure. B 2TOM ke CTPOKe 3alMCaHO  BhbIpaxeHue, B COOTBETCTBUM C KOTOPBIM
K rocJjenHeMy pes3yubTaTy, IIoJIy4yaeMoMy c TIOMOIIBI0 ornepaTopa %, cienyer
npnbaBUTH eIVHULLY . [locie  HeTO CTOUT TOYKa C  3alsaToi, IO3TOMYy  pPes3yJabTarT,
paBHEM 32 + 1 = 33, BEHBeOeH Ha paboumy JMCT.

Vcnonp3ys omneparop IMOJCTAHOBKH, BBIYUCIICHUS, NMPEICTaBlIeHHbIE Ha pHC. 3.30, MOXKHO
3anucath uHaue (puc. 3.32).

l> I+h*5-1:%+1;

33
E
Puc. 3.31. BapmaHT MCHOJIB30BaHMA OlepaTopa [IOOCTaHOBKU
oxi=2: y:=%"3:Z:=%+1;
Z=59

[> |

Puc. 3.32. Ipyroii BapuaHT HCIIOJB30BaHMS ONEpPATOpa IMOACTAHOBKHU

OTmeHa onepauun npucBamBaHus. Maple coxpaHsieT B
NamMsaTN BCE 3HAYEHUSs, NPUCBOEHHbIE MNEPEMEHHBIM Ha pabo4vyem
nncTe, NO3TOMY pes3ynbraTbl BblYMCIEHUS OOQHOMO BbIPAXEHUS MOryT
3aBUCETb OT pPe3ynibTaToB NpUCBaMBaHUS 3HAYEHUN MEPEMEHHbIM,
MCNonb3yembiX ANA BblMUCNEHWA OPYroro BbipaxeHud. YTobbl 3Toro
n3bexartb MpU BbIYUCIIEHMM TOMO WM UMHOMO BbIPAXXEHUS, crenyet
CHATb onpefeneHns ¢ Tex NEPEMEHHbLIX, NMEHa KOTOPbIX
ncnosnb3oBanucb paHee. [nsi OTMEHbI NMpucBaMBaHUA 3HAYEHUS
nepemMeHHOW cnegyet NpUCBOUTb 3TOW MNEpPeEMEHHON e€ UMS,
3aKnyeHHoe B npsimble anocTtpodbl (puc. 3.33).



(> n:=™nrT;
[ m:=Tm";

[ n! /m/(n-mi! ;
#l

I ml (n— )l
(> n:=5: m:=2: n!/m!{n-m)!;

10

Puc. 3.33. IlpuMep BBIIOJIHEHMSA OTMEHB Olepalun
nprCcBaMBaHUS

IOins OTMeHH Olepauuu I[IPpUCBaMBaHMA Ccpas’ly BCeM IIepeMeHHHM pabouero JmcTa
MOXHO MCIIOJIL30BATHL KOMaHIy restart.

Bcerpoennble (ynxkuum. B Maple wumeercs Oomblioe
KOJIMYECTBO BCTPOCHHBIX (YHKLIHMH. B 3aBUCHUMOCTH OT 4YacCTOTHI
NpUMEHEHUS, (YHKIUM pa3feieHbl HAa BHYTPEHHUE, BXOJSIIME B
anpo  Maple w  3arpyxaemMble B OINEPAaTUBHYK  IaMsTh
KOMIIBIOTEpA IIPU 3aIyCKE CHUCTEMBI, U BHEIIHUE, OCTAIOLIMECs Ha
KECTKOM JTUCKE.

OnHM us HUX 3aTPYyXanTCI c [IOMOIIL 0 KOMaH Ik readlib (name) , opyrmue -

BHI3OBOM BCETro nakera, B KOTOPOM OHU HaAXOOATCS. B Maple VMeeTCcs OKOJIO
ceMunecsaTu IakeToRB, KOTOpPHE BBI3BBIBAIOTC S KOMaHIOoM with (name) . Co CIIMCKOM
IaKeToOB MOXHO OBHAKOMUTHLCS KOMAaHIOM ?packages; . CnpaBKy o OYHKLUMAIX MOXHO
MMOJIyUMThL, SBalaB BOIPOC ?functions.

Bcrpoennbie  (QyHKIMM  ACNSATCS HA HCMOJb3yeMble M WHEPTHBHIC.
Hcnonb3yeMble (PYHKIIMM HAYUHAIOTCS CO CTPOYHOM OYKBBI M BBIAAIOT
pesyabpTar. MHepTHble (QYHKIMHM HAYMHAIOTCS C MNPONUCHON OykBbl. OHHU
HE BBIYHCIAIOTCSA, a JalT BbIBOJ MATEMAaTHUYECKHUX BBIPAXKECHUM B
€CTECTBEHHOM MaTeMatndeckoil (opme. VX MOXHO NpUMEHSATH JJIS BBOJA

q)OpMy.]'I B TCKCTOBBIC KOMMCHTApPHUU.
@OyHKIMA 3a1aeTcsi BBOJOM €€ MMEHHM M CIIMCKOM IapameTpoB (yHKIuU (OZHOTO
WIN HECKOJIBKHX), 3aKJIIOUCHHBIX B KpyTJble CKOOKH. Ecnm mapameTpoB HECKOJIBKO, OHU
OTAETSIIOTCS. APYT OT ApYra 3alsTou.
Ha puc. 3.34 npezacraBiieHbl BbIpaXX€HUs,, B KOTOpPbIE BCTaBJIECHbI (PYHKIIMH. Hns
npeacTaBieHus (YHKLINHU, BbIBEIIEHHONW B CHMBOJBHOM BHJIE, B BHJE YHUCIIA MOXKHO
ucnonb3oBats (pynkuuio evalf() (puc. 3.35).



[ x:=3;

i x=3

[> sin{x)"2+cos(x)"2;

i ﬂn(B)z-Fcos{sz
(> x:=3. ;

x =3

= sinf{x)"2+cos(x) "2 ;

1000000000

[> |

Puc.3.34. IlpuMepH MCIOJb30BAHMUA BCTPOEHHBIX QYHKLUN
> s8in{3);

sinf 3
> evalfi(%x);
01411200081

[

Puc. 3.35. [IpyroM INOpMMEP MCIOJb30BaHUSI BCTPOEHHOM

OYHKLIUM

BBoax MareMaTH4yecKMX CUMBOJIOB. J[Is1 yCKOpeHUs
BBOJa MAaTe-MaTUYECKMX CUMBOJIOB B  BBIPAKEHHUS  YJIO0HO
ucnosb3oBare mnamutpy  BBIPAJKEHMWE. Owna BbIBOguTCS Ha
skpaH komannaoi IIpocmortp — IlanuTpa — Beipaxkenue (puc. 3.36).
[losButcss panHas mnamutpa (puc. 3.37). UToObl BCTaBUTH B
KOMaHJHYI CTPOKY OJMH W3 €€ CHUMBOJIOB, HAaJ0 MWIEIKHYTh IO
HEMy JIeBOH KHONKOM MBbIIIM, M €ro IIa0JoH IOSBUTCI Ha
MECTE, 3aHMMAEMOM KYpCOPOM BBOJA.

[.2 2
lIycTs TpeByeTcsa BBECTM  BBPAXEHME  IJIS  BEUMCIIEHUS xX“+y° . Ima »sTOTO
HeOBXOOMMO WEJIKHYTbh @O KHOmke Ad . Ha MecTe Kypcopa BBOIa NOSBUTCS wabJoH C
npurJjaleHreM BBECTHU BEJIMYUHY NOOKOPEHHOTO BEIDAXEHUSA (puc. 3.38). Beens

IIOOKOPEHHOE BHPAXEHME U HaxaB KHOINKY FEnter, mnojayuawoT pes3yiabTaT (puc. 3.39).
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Puc. 3.36. O3OTanel BH30Ba OanuTpe BHPAXEHUE

BLIpaXEeHHE M=l E3 |

[ d d '
Jo Jo Ee e 22 lime
b b=z b=c ik b—c

a+b o-b o=b ofb o=b o:=h

ob cLh\EIE"E |:L!||:L|

e In log sin cos tan

puc. 3.37. Bunm nanmuTpel BHPAXEHVE

P‘Smﬂiﬁﬁ;
BhipaXEHHE !E |

o d d ]
Jo Ji Ea e B lime
c  b=c ik  b-—sc

o+b o—b oxb o/b o=b o:=h
b 0y, ﬁl'ﬁ"ﬁ ol |I:L|

o . .
B | BrTagmWTe, KEAUPATHEIR KopeHE, |

Puc. 3.38. IlpuMep »OpuIJlalleHMsS BBOXa I[OOKOPEHHOTO
BREIPAXEHU S



-5 sgqrt {(x™2+y"2) ;
x +¥

F xi=3:y:=4:
F sgqrt{x"2+yT2) ;

>

Puc. 3.39. IlpuMeps BHUMCIIEHMS BEJMUMHBEL KBaZPaTHOIO
KOpPHS

@OyHknun mnoJab3oBarenasi. CaMbIM TPOCTBHIM CIIOCOOOM
3aaHusl (YHKIMM TIOJB30BATEIISl SIBJISIETCS MPUCBOCHUE HEKOTOPOM
NIEPEMEHHOM aHAJUTUYECKOTO BBIPAKCHUS:

MAa ! = BEIPaXeHMre.

3HaueHMe OGYHKUMM  BHUMCJISET BCTPOeHHas (QyHKUMS [OOICTaHOBkM subs(x=a, f).

Hanpumep, onpemenuMm QyHkUMO f(x) = x*2 + 5 ¥ BHUMCIAMM ee 3HadeHusa Opu x = 3
n x = 10 (pmuc. 3.40). [Ipy  TaxkoM  3afjaHuM  QyHKUMM HeT  OOBABJIEHHOTO CHnmcka
napaMeTpoB, OT KOTOPBEIX 3aBMCUT 3HaueHMe QyHKUMM, B HeM MUCHOJb3YITCS  TOJIbKO

TJj100aJibHEIE IIEepPEMEHHEIE n 3HaA4YEeHU4Ad IIEPEMEHHEIX nIPUXoOnTCHA 3agaBaThb OTHOEJIBHO .

(> f:=x"2+h;

i f:=x2+5
[ > subs({x=3,f);

i 14

[ > subs(x=10,f) ;

i 105

Puc. 3.40. Ilpumep 3amanusi GyHKUIUU TOJIb30BaTENsT 0€3 OOBSBICHHS CIHCKA
napameTpoB

IOpyroi crioco® 3a0aHus bYyHKUMM  JIMIIEeH 3TUX  HEJOCTATKOB M  OCHOBAaH Ha
npuUMeHeHUM OQYyHKLUMOHAJLHOTO oOnepaTopa. JVCHoJb3yeTcsa CcJenyolas KOHCTPYKLMA :

mMsr = (x, y, ..) —> BHpaxeHue,

I7I€ B KPYIVIBIX CKOOKax 3aIllMChIBA€TCS OJMH WM HECKOJBKO (POpMalbHBIX NapaMeTpoB
ompenensieMoil ¢yHkimu. [lepeMeHHble, yKa3aHHBIE B CIHCKE (OPMAIBHBIX MapaMETPOB, SBISIOTCS

JTOKAIBEHBEIMU. OHH COXPaHAIT CBOU 3HAYCHHA TOJIBKO B TCJIC q)YHKI_II/II/I
BeI3OB  GQYyHKLMM OCYHECTBJISETCS B CJeIyilleM BUIe:

mMa = (x1, y1, .),

r7e B KPYIVIBIX CKOOKax yKa3aH CINUCOK (haKTHUecKUx mnapameTpoB ¢yHkimu. [Ipu oOpameHun x
¢GbyHKIMA QOpMaTIBHBIM TMapaMeTpaM IPHCBAWBAIOTCS 3HAYCHHS (DAKTUUECKUX NapaMeTpoB, H
MPOUCXOMUT BbIuuciieHHe ¢yHkmuu. Omnpenenum QyHKIMO f(x) =x"2 + 5 3TUM crocoboM u

BBIYMCIMM €€ 3HaueHus npu x =3 u x= 10 (puc. 3.41).



(> fl:={x)->x"2+5;

i K :=x%x2+5
[= £1{(3) ;

i 14

(> £1(10);

105

Puc. 3.41. Ilpumep 3amanust GyHKIUHA TOJIB30BATENs ¢ OOBABICHHEM (DOpMaTbHBIX

mapamMcTpOB
OYHKLUMIO MOXHO 3alaThb KakK [IpoLUenypy NIPOIPaMMMPOBAHMA:

uMsl = proc(IEPEMEHHBIC)

BHIPaXeHue
end;
Hanpumep, cocTaBUM TaKyk npouenypy s BEIUMCJIEHU S byHKLUMM x*+5x+1
(puc. 3.42).
> vw:i=procix)
o245+l
> end;
v =proc(x) x"2+ 5% + 1 end proc
> (3
25
>
Puc. 3.42. IlpuMep 3adaHud [OPOLIENyPE
YCIIOBHEIE BHPAXEHMS . Ina peanmus3auuy pPasBEeTBILAOIMXCS  BHUMCIIeHMN B 2 Maple-
g3BIKE  UMMEKTCHS  YCJIOBHBIE OnepaTop:. Yame BCEr'o  MCIHOJIb3YITCH omepaTopsl  IOBYX
BUIOB:
if <ycnoBue > then < BrpaxeHue > fi -
ecyiu  yCJOoBUe BEIIIOJIHSAETCH, TO ByneT BEITIOJIHEHO BEIpaXxeHue, 3anMcaHHOe  IocJje

then, B T[POTMBHOM CJIydae HMUETO He BHIIOJHSAETCSH.

if <ycnoBme > then < BropaxeHue 1> else <BwolpaxeHue 2> fi -

ecnu  yCJIOBUE BHIIIOJIHAETCSH, TO BymeT BHIITOJIHEHO BEIpaxeHue, 3anmMcaHHoOe nocrie
then, B T[IPOTMBHOM CJlyyae — BHPAaxeHue, 3anMcaHHoe T1ocyie else.

fi - nmpwsHak KOHLlA OIepaTopa. Ons 3anmucu YyCJIOBUS VICIIOJIb 3YIOTCH JII00BIE
JIOTMUYECKMEe BHpaxXeHus Cco BHakamu <, <=, >, >=, =, <> U JIOTMUYECKMe OolepaTops and,
or, not, pesyJabTaTaMM BHIIOJIHEHUS KOTOPHIX  SABJSOTCSA JIOTMUECKMEe 3HaueHus true
" false.

[Ipumepbl KCTIONB30BaHUS YCIOBHBIX OIEPATOPOB IIPUBEJICHBI HA PHUC.
3.43.



[ x:=2h: if x=2h then print{ =mauer” )fi:;
I SN
[> x:=10: if x>=2b then print( mauer )fi;

(> x:=25h: if x>=25 then print( sauer’ )else print({ mesmauer )fi;

e
[> x:=10: if x>=25 then print{ =auer’ )else print{ umesmauer )fi;

HEFAL RN

Puc. 3.43. [Ipumepsl MCNIONB30BaHUs YCIOBHBIX OIIEPAaTOPOB
MOXHO MCIIOJIB30BAaThb n KOHCTPYKIIMIO crlienymumernro Bya:

‘if’ (ycrnoBme, BepaxeHnme 1, BopaxeHue 2) .

Ecnu ycnoBue BbINONHSETCA, TO OyJeT pealn30BaHO BbIpaKEHHE 1, B MPOTHUBHOM CIydae —
BoIpaxkeHue 2. [Ipumepsl npuBenensl Ha puc. 3.44.

[ x:=2h:
[= "if " (x>»=2h, print({ mauver ), print( Herauer )):
I FALEH
[> x:=10:
[> "if " {x>==25, print{ sauer '), print( Hesauer ));
I HEFALEM
Puc. 3.44. IlpuMepBl BHIIOJIHEHMS YCJIOBHEIX OIIEPATOPOB

VYciioBHBIE ONEpaTOpbl MO3BOJISIIOT  ONPENENaTh (YHKIUH, 33JaHHbIC
HECKOJIbKUMHU BbIpakeHusiMH. [lycTh TpeOyeTcs 3amaTh (DyHKIMIO BHUAA:

0, ide 6<=0,
f(x)=1{ 3x, ide O<x<=1,.
1 ige 6>1.

OnuH ¥3 BO3MOXHBIX BapUaHTOB 3aJaHUs IPENICTaBJIeH Ha puc. 3.45.



[ x:=0;
i x=10
> FY:="if"' (x<=0,0, " if" (x<=1,3%x,1));
=
i =1
[ x:=0.5H;

x=05
> F¥:="4if" (x<=0,0, if  (x<=1,3%x,1))

=135
> X:=3;
i x=3
(> F¥:="4if" (x<=0,0, if  (x<=1,3%x,1)):

=1

Puc. 3.45. Onpenenennie QpyHKIMU, 3aAaHHOW HECKOJBLKHUMH BBIPAKCHUSIMU

Oneparopbl mukga. s OUKIMYECKOTO ITOBTOPEHUS
BBIMIOJIHEHUSI ~ BBIPAXECHHUS  MCIIOJB3YIOT  ONEpaTopbl  IMKIIA.
OmnepaTop IMKJIa MOJKET OINHMCHIBAaTh IIOBTOPECHHE BBINOJIHEHUS
BBIDOKEHHS 3aJJaHHOE YMCIO pa3 WIM J0 TeX Iop, IOKa
BBIMIOJIHSIETCA ~ ONpeJesicHHOe  yclioBue. B mepBom  ciyyae
omnepaTop IUKJIa UMEET CIECAYIOIYI CTPYKTYpY:

for <uma> from <Hau. 3Ha4.> to <KOH.3Hau.> by <war M3MeHeHUsa>
do <Habop ob6wbekTOB> od; (mnmm end do) .

[IpyMepEl BHIIOJIHEHMS OINepaTOpOB LMKkJla I[IpencTaBJIeHEl Ha puc. 3.46.
Bo BTOpOM cCJyyae OIepaTop LMKIJIa MMEeT TaKylk CTPYKTYpPY:

for <mumsa> from <Hau. 3Hau.> by <war m3MeHeHus> while <ycsoBue>
do <Habop obwbekTOB> od; (mnmn end do) .

Ha pwc. 3.47 mnokasaH TIIPUMEP BHIIOJIHEHUS DTUX OINEePaTOPOB.



(> for i from 1 to b do i*? end do;

16
I 25
[> for § from 1 by 2 to h do "2 od;
9
I 259
Puc. 3.46. [Ipumep BBINOJHEHHS OINEPATOPOB LUKIIA
[»> for i from 1 while i<=5 do i™? od:;
1
16
I 20
[> for i from 1 by 2 while ji<=h do i"2 od:
9
I 23

Puc. 3.47. IpyTroy TNpMMEP BHIIOJIHEHMSA ONepaTOpOB LUKJA

VMeeTca eme ¥ Takas CTPYyKTypa oOlepaTopa LMKJa:
for <umsa> in <cnmucokx 3HaueHu> do <Habop oOwexTOB> od,
for <mms> in <cnmucok 3HaueHul> while <ycjnoBue> do <Habop 00BeKTOB> od;
B oneparopax Takom CTPYKTYPH  3alaeTcs CIMCOK 3HAYEHUN, KOTOpPHEIE OyneT

NPMHMMATL IepeMeHHasa. Uuka OyIzeT BHIOJHATLCHS, [NOKa He OyIoeT MCcUeplaH CIMCOK
M I[IOKAa BHIOJIHIETCS SalaHHOe YCJOBUE (puc. 3.48).



> for i in [5, 10, 15, 20] do i/5 od;

I B

> for i in [5,10,-15,-20] while i>0 do i/5 od;

—

Puc. 3.48. [Ipumep BBINOJHEHHS] ONEPATOPOB IUKIA C 3aJaHHBIM CIUCKOM 3HAYEHUU
MePEMEHHBIX

[Muknsl MoryT ObITH BiOXEHHBIMU. [lycTh TpeOyercs co3nmarh MaTpHily, pasMEepHOCTBIO 5 X 3,
AJIEMEHT KOTOPOH paBEeH MPOU3BEICHHIO HOMEpa CTPOKH Ha HOMEp CTojiOIa, Ha MEepeceuyeHUu
KOTOPBIX HAaXOAMTCS 3TOT 3JeMeHT (puc. 3.49).

[ > M:=arravy(l..5,1..3);

| M=array(1.. 5, 1.3 ]}
[ for i from 1 to 5 do for j from 1 to 3 do M[i,jl:=i*] od od;
[ > evalm({M) ;
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Puc. 3.49. Ilpumep HUCIIOIB30BAHUSI BJIOKEHHOTO LIMKJIA

IlocTpoenne rpaduxoB. B Maple nmeroTcss OrpoMHBIE BO3MOXKHOCTHU
JUIS. TIOCTPOEHUS MaTEMaTHUYEeCKUX TpadUKOB pa3IUYHBIX THIIOB.

IOIByMepHBle TI'paduky oTobOpaxalnT Ha I[JIOCKOCTM  3aBUCKHMMOCTM  Tura f(x). s
X TIOoCTpoeHmMsa wuMeeTcsa OoyHkuusa plot, koTopas 3BamaeTcsa B CJelyllleM BuIe:

plot (£, x, o),
plot (f, x, o, s)/

roe £ - OYHKLMS (mm byHKLUMM) , X — IepeMeHHasda c yKasaHueM obyacTu ee
M3MEeHeHUsd, o — HeoOgazaTeJsbHad IIepeMeHHad, yKaseBawouas obJyacThb M3MEeHEHUI, s -
Habop napamMeTposB, 3a0aommx CTWUJIb IOCTPOEHUA rpadbuka (uBeT, TOJIUMHY, TUIL

KPMBBIX ¥ T.O.) .
CaMpIMM TPOCTEIMM dopMaMM BaldaHMsa BTOM QYHKUMM  SBJISIOTCSA:

PlOt(f/ X=Xnin. - }‘max) 7



roe £ - uMa  QYHKUWMM,  XKpin - - - Xmax — OMAlla30H UM3MEeHEeHUs apryMeHTa OQyHKLWNA;

P1°t(f(x) s X=Xnin ... Xmax) ’
rone f(x) - dyHKUMOHANbHAS BaBUCUMOCTE.
OBriyHO TpadmkM 0O YyMOJIYAHMIO CTPOSATCS B IOOCTATOYHO IpPMEeMJIeMOM BuIEe, HO
MOXHO 3alaTh YyIHIpaBJdwolMe IapaMeTpsl M B  SBHOM BuIe. HamopuMmep, MOXHO 3alaThb
uBeT KPWBBIX mapamMeTpoM color, CTUIIb IOCTPOEHUS rpadmvka style (point -
TOUEYHHIN, line - nuHUSMM) , labels - Hamgnmucu OO KOOPAMHATHEIM OCSM B BUIE [x,
yl, rbe X w y — Haignmucu IO ocaM X u y Tpaduxa.
Ecnu 1nJjsa 1nocTpoeHusa  Tpabuxka dysxumm £ nOpennosiaraeTe BOCINO-JIb30BATLCS
byrxumerr plot (£, X = ZXpin - Xmax) s cryenyer npenBapuUTesIbHO B KOMaHIHYIO CTPOKY

BBECTU ee AaHaJIMTn4YeCcKoe BEIPAXEHUE .

10.2. Pacuer xapakxTepucTtuxk CMO

IIpounecc «pasmHo:kenusi u rudeam». B dopmyne (3.20) mis pacuera
BEPOATHOCTH P HMCHOJB3YIOTCA A

B oOmeM cinydyae BbIpaxkeHue sl p, - €CTh €IUHMIIA, JCJIICHHAs Ha
CAUHUIY, CIIOKEHHYI0O C CYMMOW 4YacTHOTO OT JCJICHUS MPOU3BEACHUS
Aik+1 TIpM U3MEHEHUM TepeMeHHOW k oT 0 110 i Ha TPOU3BEACHUE Aty
npu U3MEHEeHMH TiepeMeHHor k Toxke ot 0 mo i Ilostomy nns
BBIYMCIICHUSI  py  HYXKHO  peaji30BaTh  OMNEpallMM  MHOTOKPATHOTO
YMHOXXCHUSI U CIIOKEHUS.

Peanmnzanus BHGMCHTapHOﬁ ornepanun CJIOKCHHUA BbITVIAIUT Tak:

> a:=2; h:=h; x:=a+h;

Moo R
I
-1 ho2

A I BBINOJHEHUS OIEpallMd  MHOTOKPAaTHOTO CJHOXKEHUS MOYKHO
UCIIOJIB30BATh  CTAaHAApPTHYH0  (QYHKIUIO  CYMMHUPOBaHUS  Sum  C
napaMeTpamu:



> 1+8umf k", 'k'=1. .nj) ;

M
1+ 2.

k=1

Kpome Toro, HeoOXOOUMO UCIOJB30BATh CTAHAAPTHYIO (YHKIIHIO
BBIYMCIICHHS] TIpoU3BeAeHus product.

> product{lambdalk k+1] ,k=0..1};

B wuTOore BEPOSTHOCTH py U p; PACCUUTHIBAOTCA IPUBEACHHBIMU HUKE
KOMaHIHBIMHA CTPOKaMHU:



(> p[0]:=(1l+sum(product {lambda[k, ,k+1],k=0..1i) /product (lambda[k+1,k], k=0..i),i=0..n-1))"¢{-1);

py=

1+

k=0
I+ - [1 Mer ik

Hanpumep, mycrs:

Mi=1, Ma=2, M3=3;
7\,1’0 = 05, 7\42’1 = 15, 7\43’2 =25.

MoXHO TOJACTaBUTh JAaHHBIE 3HAUYCHUST B HUCXOAHbIE (GOPMYJBI U
UCIIOJIb30BaTh (YHKIMIO restart JJiA peanu3aluy BbluuciaeHud. B oOmem
ciydyae 9Ta  (QYHKIOUS  TO3BOJISIET  OTMEHUTb  BCE  MPEIbLAYIIHE
IPHUCBaNBaHUS.



[» restart:lambda[0,1]:

lambda[3,2]:=2.5; n:=3;

B wurore mus
0.1127819549.

3aJIaHHBIX

3HAYCHUU

=1; lambda[l,2]:=2; lambda[2,3]:=3; lambda[1,0]:=0.5; lambda[2,61]:=1.5;

pl[0]:=(1+sum({product {lambda [k, k+1] ,k=0..1i) /product {lambda[k+1,k] ,k=0..1),i=0..n-1))"(-1);

l&1:=1
lL2:2
l23:=3
lLOFUS
l21:15
l12:25

n=3

o = 0.1127815543

Aj W n BBIYHCIEHO po =

3arem, ucnosb3ys ¢dopmyiny (3.19), MOXKHO 3amucaTh BBIPAKEHHUE JIA
pacyeTa OCTAJIbHBIX BEPOSITHOCTEN COCTOSAHUM (P, ):

[ > p:=p[0]*product (lambda[k, k+1] k=0..

B npuBegeHHom (parmente
dbopManbHBIM MapaMeTPoOM i.

Wcnonws3ys 3Ty mnpouenypy,
BBIUUCIICHUS D),
BbIpaKeHUsA, (HOPMHUPYIOT CIUCOK M3

i-1)/product (lambda[k+1, k] ,k=0..i-1);
i-1
ot [T a

k=0
. o1
Mtk
k=0
nporpaMMbl  p  3TO  Tpoleaypa ¢
MOXHO 3aIlIUCaThb BBIpa)KeHI/IH JJIA

Cc I, npuHuMaromuMm 3HadyeHus 1, 2 u 3. Ilomyuyaemsle

TPEX IJIEMEHTOB.



(> [subs{i=1,p),subs{i=2,p),subs(i=3,p)];
[ 0 1 2 |
01127819549 | [T a . y| omiomsrosas) T a oo | ontemmiosas) Ty
k:o ,S.TZU .‘t:U
0 1 2
IR I IR
i k=0 k=0 k=0 ]

BbluMCIUTE  YKMCIOBBIE  3HAYECHWS JUII  p; MOXHO, HCHOJIB3YS
BCTPOCHHYIO (yHKIMIO evalf:

» evalf(®);
[0.2235639098, 03007518798, 0.3609022357 ]

B pesyJsibTaTe pacueTa TTOJIYYEeHEL clrlemymummre BEJIMUMVHEI &

Po = 0.113,
p1 = 0.225,
p2 = 0.301,
ps » 0.361.

MHOIrOKaHaNbHAas CMO c oTkKaszaMm. Cucrema MaccoBOTO oBbCIIyXMBaHMA,
OonmMcChBaeMas cxemo M | M | n | 0, gaBusgercs npocTenmey  u3 BCEX CMO - 3TO
MHOTOKaHallbHasd cucTeMa C OTKaszaMu.

3amaHMe  BHIPAXESHUM (3.21) B ¢QopMe HOpoLuenyps OPOTPaMMMPOBaHMS  BHEIIJIAIUT

TaK:

[> p:=proc(ro,n)

[> local q;

[> q[0]:=(sum{ro”i/il, i=1..0))"({-1);
"> [q[0], [q[0]*ro”i/il,i=1..n]];

COOTBETCTBEHHO MOXHO HAaMTU XapaKTepuCcTuku sbdexTuBHOCTM 2TOoM CMO: Porxr
g un A.




Ipmvmep 3.14. B CMO, B KOTOpPOM znOBa oOOCJyXmuBaoLMX KaHaja, NpUXOOUT B
cpenHem 8 3a4BOK Ha  oOCJayxmMBaHMEe B  uac, IpuyeM ecJiM  KaHajikl  3aHSaTH, TO
3a9BKM yXOOAT He ofbciyxeHHBMM. CpenHee BpeMsa OOCIHYyXMBAHUA OIHOM 3asaBku  1/6
JacThb yaca. ComepxaHue OIHOTO pabouero MecTa (oBcmyxmBamIero KaHaJa)
cocraBnager 100 py©6 B uac, a »moxonm oOT ofbcayxmuBaHusa onHou 3agaBku 50 pyd.

1. Hatu xapakTepucTuku sd0dexTMBHOCTM padoTel CMO.

2. OnpenenmMThb IOOXOXH, IOJIyUeHHBIM 3a dYac OYHKUMOHMPOBAHUA IOBYX KaHAaJIOB.
3. Hawntu XapaKTepUCTUKA s@bexTMBHOCTHU PaboTE CMO, ecnun OynyT
byHKUMOHMPOBATEL TpM  OOCIYyXMBAKMIMX KaHajla. BEIOOHO JM CO3HOaBaTb TPETUM  KaHAaJ

C TOUKM SPEeHUA obmwero noxona, IIoJIiydaeMoro 3a 1 Jac pa@OTbI CUCTEMEL?

Pemenne. 1. Ilo ycjoBMoO 3ajauu n = 2, X =8, u = 6,

p=A/u=4/3. C moMomp0 BBEACHHOW MPOIEIYPhl HAXOJHUM:

> eValf (6);

[.3103448276, [.4137931034, .2758620690]]

>p (4 / 3, 2);

CrnenmoBaTeJIbHO, BEPOSATHOCTDb oTKasza P = 0.276, OTHOCUTEJIbHAA NPOIyCKHAasA
CriocoBHOCTH g = 0.724, abcoJyoTHAaS NPONyCKHAas CroCOBHOCTH A = Ag = 5.792,
CpeIHee UMCJIO BaHATHX paboumMx MecCT }%-= A/ u=0.965.

2. CpemHuM »OOXOI 3a OIMH YacC INpM OBYX kaHajlax D, = 50A = 289.6 py0O.

3. BameHa B TIpouenype n =2 Ha n = 3 gpaér:

>p (4/ 3, 3);

[81 [108 7 32:”
293 21293 ° 293 293
> evalf (%)
[.2764505119, .36860068206, .2457337884, .1092150171]17].
B o>sTOM cayyae gmoxom Ds; , TIOJIydaeMeld OT OOHOTO KaHajla B3a OIOWMH dYac:

>50 *8 * (1 -p (4/ 3, 3) [2, 31);

104400
293
> evalf (%);
356.31399332.

BriBoa: D; = 356.3 py0. Co3manue TpeThero KaHaja HE BBITOJHO, TaK
kKaKk D3 — D, =356.3 —289.6 = 66.7 <100, rae 100 py6. — 3TO CTOMMOCTH
cCoAepKaHUsl OJHOIO KaHaja B dYac.




BeBOZH IO TpPeThbeMW dYacTM YydeBHoOro mnocobust

B Teopun MOIEJIMPOBaHMSI K Haubojee V3YUYEHHEM U MCCJIeOOBaHHBIM
OTHOCSATCH MOIEJM, Yy KOTOPHEIX CJy4daMHbBlM IOpoluecc OGYyHKUMOHMPOBAHUS I[IPUHALJIEXUT K
KJlaCcCy MapkKOBCKMX IIPOLIECCOB, TO €CThb MapPKOBCKME MOIEJM. CnydaMHE  [OPOLIECC,
[IpOTeKanuMi B cucreMe, HaszHBaeTCH MapKOBCKMM, ecnu OJs J060TO MOMEHTa

BPpEeEMEHMN BEPOATHOCTHEIE XapaKTepnuCTNUKN Inponecca B GYHYLHGM 3aBUCAT TOJIBKO oT
eIro COCTOAHUA B IOAaHHBIM MOMEHT BpeEMEeHN n He 3aBUCAT oT TOIO, KOI'ma n Kak

cucTeMa OpuuJjla B 2 2TO COCTOSHUE (cm. myaBy 8). IloHATMEe COCTOSHMSA 3aBUCUT OT
neJjiey MOIOeJMpOBaHMSA. B  oOHOM cCiydae, HalpUMEep, OHO MOXeT OBTb ONpenejiIeHO IIo
COCTOSHMSAM DJIEMEHTOB, KaxXIBM M3 KOTOPEX MOXeT OHTb «CBOOOIEH» MM «K3aHIT»;
B IOpyT'OM CJlydyae COCTOSHME CHUCTEME OIpenesyigseTcs UMCJIOM 3asgBOK, HaXONAWMXCS Ha
OOCIyXUBAHUM U B OUepelu.

HpI/I CCJIeJOBAaHUMU BEIUMICJIMTEJIb HEIX crucTreM AdHAJINTNYE CKVM MOIOEJIMPOBAHMEM
HauboJblee 3HaUYeHue VIMET MapKOBCKME CJIy4aVHEE IIPOLIECCEHL c OVCKPE THEIMM
COCTOSHUAMU u HeIlPEPHIBHEM BPEMEHEM. IIpouecc Has3BIBaeTCH IpOoleCCOM c
OVCKPE THEIMM COCTOSHUAMHA, ecnu ero BOBMOXHEIE COCTOSAHUSA yoaércsa 3apaHee
InepedYmcyimThe, TO eCTb COCTOAHUMA CHCTEMEL IIpMHanojiexarT KOHEUYHOMY MHOXeCTBY, 1Z8
nepexon CHMCTEeMBl M3 OIHOTO COCTOAHMSA B  IOpyroe HNPOMCXOOMT MI'HOBEHHO (cm. §
8.1).

IIpouecc Has3ElBaeTCA IpOolleCCOoM c HEeIIPEPHIBHEIM BPEeMeHeM, ecnu CcMeHa
COCTOSHUN MOXET IPOUBONTHU B Jobom CJly4YaVHbBI MOMEHT . CymecTByeT MeTOIOMKAa
COoCTaBJIEHUSA CUCTEMH onbbepeHUMalbHEIX YypaBHEHUM Kosmoroposa, peuas KOTOpPHE
MOXHO  BEUMCIMTBE BEPOATHOCTM COCTOSHMUM CHUCTEMB IOJIg JIOOTO MOMEHTa  BPEMEHU (cMm. §
8.2).

B TEeoOpUM  CJIyYaMHEIX  IIPOLIeCCOB IookasEBaeTcsd, uTo ecyi  YUCJIO COCTOSHUMN
CUCTEeMH KOHEYHO ¥ M3 KaxXIOoT'0 COCTOSHMS MOXHO IeperTu B Jwoboe Opyroe  3a
KOHEUHOe UMCJIO mwaros, TO CyLWECTRBYIOT npenejibHele BEPOSTHOCTHU COCTOSHUMN.
I[lpenesibHYIO BEPOSATHOCTDb COCTOSHUSA TPAKTYIOT Kak cpenHee OTHOCHUTEJIbLHOE BpeMsa
npebeHBaHMa CUCTEMBL B 3TOM COCTOSHUUMA. IOng wuxX  BHUMCIIEHMS BCe JIeBEle dYacTu
ypaBHeHUM KoJjiMOT'OpoBa MNPMPAaBHUBAITCSA HYJIO UM 3BaTeM peumaeTcs IIoJIydeHHas CcUucTeMa
JIMHEMHHIX ajrebpaMyeckux ypaBHeHur (cMm. § 8.3).

PasHOBUIOHOCTLIO MapKOBCKOM MO e c OVCKPE THBIM UMYCJIOM COCTOSHUM "
HENPEePEBHEIM BpPEeMEeHeM ABJISeTCHA MOoIellb (mpouecc) «pa3MHOXeHud ¥ Tudbenm» (cM. $
8.4). OH xXapakTepusyeTcsa TeM, uro Tpad COCTOSHMM MMeeT BUA Lelu (cMm. puc.
3.10). OCcoBEeHHOCTDb 3TOTO rpada COCTOUT B TOM, uTo Kaxmoe nu3 CpenHUx
COCTOSHUMN CBA3aHO IpsaMOM u obpaTHOM cCTpesikaMu C KaXIbIM us cocenHuUx
COCTOSHMM — IHPaBEIM UM  JIEBEIM, a KpayHHMEe COCTOSHMS — TOJIBKO C OOHMM  COCEIHUM
COCTOSAHMEM. B 3TOY  MOIeJMn (mpouecce «PasMHOXEHMUS U Tudenm») bopmyrnel OIS
onpeneJieHMS BEPOSTHOCTEN COCTOSHUM (3.19) n (3.20), [IOJIyueHHBle B pe3yJjbTaTe
peumeHus ypaBHeHuM KoJsmMmoroposa, IVMPOKO  MCIOJIB3YITCHS I[IPU PelleHUM 3aZad TeopuMu
MacCcCoOBOTO OOCJIYyXMBAHUS.

Obmactu [IPUMEHEHU A METOIOB Teopun MacCCoOBOTO OOCITyXMBaHMSA IIOCTOSHHO
pacumMpsAanTCcH . Anamms OYHKLUMOHVPOBAHMA CMO 3HAUMUTEJIbHO ynpoumaeTcHd, ecnu
CJIy4YaWHEM IIpollecc, IpoTeKawouul B CHUCTeMe, sABJdeTcs MapkoBCckuM (cMmM. 1. 9). B
DTOM IJlaBe PAaCCMOTPEH pal OpoCTeMumx MozmeJien CMO, HaumMHasg OT OHOHOKAaHAJIbLHOM
c oTKa3aMu M | M | 1 | 0) n 3aKaH4YMBasa MHOTOKaHAaJILHOM c HEOTPaHUUYEHHOM
ouepenbio M | M | n | o). Cnemyer [IOMHUTE, yTOo BCe MOIeJsin CBS3aHbI c
IIPEeONOJIOXEHNEM ¢} CTalLMOHAPHOCTHU n OPIOMHAPHOCTHU rnoToka 3a8BOK, a TaKxe
OTCYyTCTBUU B HEM IOCJIemeMCTBUS (mpocTenumi IIOTOK) . BaxHyi  poOJib UTpaerT n
IIOKABATEJNILHEY 3aKOH pPaclpelesyieHrs OIUTEJIBHOCTU OOCJIYyXMBAHUSA 3asSBOK.

IIpu HeOoOXOOVMOCTHU IPOBEeIEHUSA MHOT' OUMCJIEHHEIX IIOBTOPSMMXC I PacuéToB
XapaKTEePUCTUK CMO €CTeCTBEHHO BO3HUKAET IOoTPeBbHOCTH aBTOMaTU3aLUN 3TOTO
npolecca. PemeHreM 3TON IpoBJIEeMBL MOXEeT OBITb JMCIIOJIb30BaHUE OIHOTO nus
MHOT'OUMCJIEHHBIX SA3BIKOB IpoIpaMMMPOBaHNS : Cu, [TackaJib u np. OcobeHHO, ecnu
nuccrlenoBaTesb  BjageeT  OOHMM M3 HUX. Ecan xe pas3paboTuuky HeOoOXOOMMO OEICTPO
OCBOUTH METOIUNKY KOMIIbIOTEPHBIX pacuéTos, TO [IePCNEKTUBHEM MOXeT OBITH



MCIIOJIb30BaHue OOHOTO ns3 MMPOKO pacrnpocTpaHaeMBIx IIaKeTOB nJis VHXEeHEePHBIX
pacueToB: Mathcad, Maple wu np. TIsaBa 10 ©DocBsulleHa MMEHHO OCBOEHMIO METOIOUKU
VHXEHEPHEIX PpacdéToB B cpene Maple. IIpuBOOATCSA IIPMMEPH.

Ecim Xe  aHaluMTUdYecKoe MOIeNMPOBAaHME [0 KakuM-JmOOo  [OIpMYMHaM  HEBO3MOXHO,
TO NPUXOOUTCH oBpamaTbCcs K MeTony MCCJeIOBaHMsd, PacCMOTPEHHOMY  BO BTOPOMU
yacTu [ocofus, — MMMTALMOHHOMY MOOEJIMPOBaHMUIO.

BakiouyeHne

JlanHoe y4deOHOEe T10COOMEe TOCBAIICHO M3JIOKEHHI0 METO0JIOTHU
MOJCJIMPOBAHUS W  MCIHOJIb30BAHUIO KOMIBIOTEPHBIX TEXHOJOTHMH  JJis
peanu3alu pa3iuyHbIX MNPOLECCOB B CHCTEMAX MacCOBOIO OOCITY>KHUBaHUS
WA TPOCTO pPEaIbHBIMU YCTPOMCTBAMHU. YCTPOMCTBO WM  IPOLECC
Ha3bIBAIOT CUCTEMOM. JlJI1 HAy4YHOro HCCIEIOBAHMUS CHCTEMBI MPUOEraroT
K HEKOTOpPbIM JIOMYIIEHUAM, KacaromuMmca €€  (QYHKIMOHHPOBAHUS.
Onucanue mnpouecca (YHKIMOHUPOBAHUS B BUIE MaTEeMaTUUYECKUX WIIU
JOTUYECKUX  3aBUCUMOCTEW  (opMuUpyeT  MOAENb,  KOTOpas  JaeT
peAcCTaBiIeHWE O TMOBeACHUU cuctembl. HaGop mpouenyp dopmupoBaHus
MoAeIHM M €€ HCCIENOBAaHUS CO3MAa€T TEXHOJOTHI0 MOJIETMPOBAHUS,
U3JIOKEHHYIO B IEPBOM YacTU MOCOOHS.

Ecnu 3aBucumoctu, o0pasyronige MoOJAeNb, JOBOJBHO TMPOCTHI AJIA
NOJIy4eHUs TOYHOM HHpoOpMaluu O xapakrepe (YHKIUOHUPOBAHUS
CUCTEMBI, TO HCIIOJB3yETCA aHaluThudeckoe mojaenupoBaHue (cM. Yactp 11
JTAHHOTO TI0COOMS).

B OonpIIMHCTBE NPAKTUYECKUX CIIYyYaeB CYILIECTBYIOUIUE CHUCTEMBI
ABJISIIOTCSI OYEHb CJIOKHBIMU W JUISI HUX HE NPEACTABISETCS BO3MOXKHBIM
CO3JaTh pPEaJbHYI0 MOJIENb, OINMCAHHYIO AaHaJUTUYECKH. Takne mouenu
OOBIYHO HCCIIEYIOT C TOMOIIBI0 HMHUTAMOHHOTO MOJIETUPOBAHUSA (CM.
Yacte II mocobwus).

KoMmnbrorepHble  peanu3anuy ~ MOJENEH  MO3BOJISIIOT  IOJY4aTh
YUCJICHHBIE OLICHKM XapaKTepucTuk cucteM (cMm. rmaBel 7 u 10), a ¢
NOMOIIBKD  IMOJYYEHHBIX JAHHBIX MOXHO pacCuUUTaTb M  peaJbHbIC
XapaKTEPUCTUKHU. Pe3ynapTaTbl KOMIBIOTEPHBIX 3KCIIEPUMEHTOB IO3BOJISIOT
pa3BesATh  CYIIECTBYIOUIEE  BIEYATIICHWE O  MOJCIMPOBAHUU  Kak
YOPAKHEHUU B MPOTPaMMHUPOBAHHM, IYCThb W OYEHb CIIOAKHOM.

JlanpHelee pa3BUTHE METOAOJOTHMH MOJICIUPOBAHUS MOXKET ObITh
NOJIYYEHO TMpPU  H3Yy4YeHUMH CTyldeHtamu  crnenuainsHoctn  230101.65
CIIEIyIOUMX AUCHMIUIMH Y4eOHOro rpaduka: BBEJICHHE B HCKYCCTBEHHBIN
UHTEJUIEKT,  MaTEeMaTUYeCKHUE  OCHOBbI ~ TEOPUU  CHUCTEM,  METOHbI
ONTUMU3AIMHU, NPOCKTUPOBAaHUE WH(OPMALHUOHHBIX CHUCTEM, O3KCIEPTHHIE
CUCTEMBI W Tp.
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