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1 Bsegenue. O61acTu npuMmeHeHUs IBM B XUMHU4YeCKON TEeXHOJIOTHMH
Cpean pasHoob6pasHbIX NPUMeHeHU IBM B XMMWYECKOM TEXHONOTMN MOXKHO BblAENUTb
cneayrowme obnactu:

1. NepepaboTKka 60nbLIMX MAcCMBOB MHPOPMALUM.

2. ObpaboTKa aKCnepMMeHTabHbIX AaHHbIX.

3. MaTtemaTuyeckoe mogennpoBaHme.

4. ONTMManbHOe NPOEKTUPOBAHME.

5. ¥YnpaBsneHnue.

1. B HacToAWee BpeMAa UccaefoBaTeNAM NPUXOANUTCA UMETb AEN0 C OFPOMHbIMU MaccuBa-
MU MHbopmaunn. Hanpumep, TONbKO OpraHMYECKUX COeaAUHEHUN ceiryvac, M3BECTHO M OMUCaHOo
OKOJ10 YeTbIpex MUIJIMOHOB N OKONO TPEX MUIJIMOHOB HeopraHu4yeckmnx. Kpome Toro, cenyac He-
M3MEepPMMO BO3POC MOTOK HaydyHOU UHPopmaumn. Tonbko pedepaTuBHbIN KypHan “Xumua” nyb-
NIMKYeT exerogHo 6onee 120 Tbic. pedpepatoB MO PasMYHbIM 06/aCTAM XMMUU U XMMUYECKOM
TexHonormu. Kaxable 10 net 3ToT NOTOK MHPOPMAUUKM yaBanBaeTCcA. B TaKMX yCAOBUAX NMOUCK He-
obxoanmoit nHbopmaLumm NpeBpaLLaAeTCA B CAMOCTOATENbHYIO Npobaemy.

B XMMHUUYECKOI TEXHONOIMU TUMNYHBIMU NPUMepPaMm Nof06HbIX 33434, CBA3AHHbIX C Nepe-
paboTkoM 6onbWNMX MAcCMBOB MHPOPMaALIMK, ABNAAIOTCA y4ET NPOMbIWNEHHOM NPOAYKLMU, NNAHU-
poBaHue cHabxeHuA 1 cbbiTa, onepaTMBHOE yNpaBaeHne NPOU3BOACTBOM, KOTOpbie GOPMUPYIOT-
CA B BUAE aBTOMATUYECKUX CUCTEM YNpPaBAEeHMA NPOM3BOACTBEHHbIMM Npeanpuatnamm (ACYM).

2. Bce 3agauun O6pa6OTKVI 3KCNEPUMEHTA/IbHbIX AAdHHbIX MO CyWeCcTBY MOXXHO pasage/inTb Ha
ABa Knacca:

- onpeAeneHne HeM3BECTHbIX NapPaMeTPOB B 3aKOHOMEPHOCTAX, MOCTPOEHHbIX HA TEOPETU-
YeCcKMX NPeAnocblKaXx, YYNTbIBAIOLWLMX GU3NYECKYHO CYLLHOCTb paccMaTpMBAEMOro npoLecca;

- onpeaeneHne HeU3BeCTHbIX NapamMeTpoB B d)OpMal'Il/BOBaHHbIX 3aKOHOMEPHOCTAX, MNOo-
CTPOEHHbIX NO CTaTUCTUYECKOM o6pa60TKe ONbITHbLIX OAaHHbIX.

3. MatemaTtuyeckoe moaenuposaHue. Metos MaTeMaTUYECKOrO MOAENMPOBAHUA OCHO-
BaH Ha TOM, YTO peanbHbIA Npouecc, (NpoTeKawwWwmini B 06beKTe MoAeNMpoBaHuMaA), npeacTaBaseTr
coboit coyeTaHMe PasNUYHbIX ABAEHNIK, NOAYMHEHHbIX 3aKOHOMEPHOCTAM, U MOKET BbITb OMMCaH
MaTeMaTUYECKMMU COOTHOLLEHUAMU. M3yueHne 3TUX ABNAEHUIA, NX ONMCAHUE Ha A3blKe MaTemaTu-
KW NO3BONAET NPU NOCAEeAYIOWEM 06beAUHEHMM YPABHEHUIN B €4MHYI0 CUCTEMY NOYYUTb MaTe-
MaTMYeCKOe ONMncaHne nccnesyemoro obbekTa.

Camo no cebe matemaTyeCcKoe onncaHuMe elle He JaeT BO3MOXKHOCTU CyaAuTb O CBOMCTBAX
06bEKTA MOAENNPOBAHUA, B OCODEHHOCTU B TEX CAy4YasnX, KOraa OHO A0CTAaTOYMHO CAOXKHO. Heob-
XOAUM anropuTm peLleHua CUCTEMbI YPaBHEHUI MaTEMATMYECKOro ONMcaHMA, NO3BONSOWMIA On-
peaennTb 3HaYeHUA NepemMeHHbIX, XapaKTepu3yLWMX COCTOAHME OObeKTa MOAEeNMpPOoBaHWUS B
PasINYHbIX CUTYaLUSAX, T.e. MOAENNPOBATb NpoLecc.



MopaenupoBaHue:

1) PE3KO COKpawlaeT ob6bem IKCNEPUMEHTOB U O0MNONHAET UX UCChnefoBaHNAMKU Ha BbIHNC-
NNTenbHom MalKnHE,;

2) OTKpbIBae€T BO3MOXHOCTKN NPOrH03nMpoBaHUA nosBeaeHUA 06BHEKTOB B HEU3BECTHbIX CU-
Tyauunax,

3) N03BONAET U3YUNTb MHOTUE XaPaKTEPUCTUKN MPOEKTUPYEMbIX NPOLLECCOB;
4) no3BONAET OLEHMBATbL PA3/INYHbIE BapMaHTbl annapaTtypHoro opopmieHums;

5) no3BonseT UCNoNb30BaTb MaTeEMaTUYECKME MEeToAbl ONTUMM3AUUKU ANA OonpeaeneHus
ONTUMAa/IbHbIX PEXMMOB 3KCMNIyaTauum U cnocoboB ynpaBieHUA NPoLeccamm.

Pa3nnyaloT AeTePMUHMPOBAHHbIE U CTaTUCTUYECKMEe modenn. MaTemaTuyeckoe onucaHume
AETEPMUHMPOBAHHOM MOAEeNU NpeacTaBnseT coboil COBOKYNHOCTb YpaBHEHUM, onpeaensowmx
B3aMMOCBA3b BXOAHbIX U BbIXOAHbIX NEPEMEHHbIX COCTOAHUA 06bEKTA MOAE/IMPOBAHMA.

Mpwn oTcyTcTBMM MHPOPMALIMKM O XapaKTepe NPOLLeCcCoB, NPOTEKaloWwMmx B 06bekTe moaenm-
pPOBaHMUA, MHOTAA UCNONb3YIOTCA CTAaTUCTUYECKME MOAENM, NpeacTaBaatowme cobol cuctemy am-
NUPUYECKNX 3aBMCUMOCTEN, MONYYEHHbIX B pe3y/sibTaTe CTaTUYECKOro obcnesoBaHUA AENUCTBYIO-
ero obbekTa.

4. OnTMMmanbHoe NpoeKTUpoBaHue. YacTo npu co3gaHMM HOBOrO Mpouecca NpuxXoamTca
pelwaTb Lenblit pag 3ag4a4 onTMManbHOrO NPOEKTUPOBaHUA. Lleab ONTMManbHOrO MPOEKTUPOBa-
HWA: cOo34aHMe A0CTaTOYHO 3P EKTUBHOMO M SKOHOMMYHOIO NPOU3BOACTBa. ONTMMaNbHOE NPOEK-
TUpOBaHME (COBPEMEHHbIX XMMMUKO-TEXHONOTMYECKMX MPOLLECCOB) MpeAnonaraeT HaxoXaeHue
TaKMX BapMaHTOB annapaTypHoro opopmaeHus npoLecca, Npu KOTOpbIX onpeaeneHHbl ero noka-
3aTe/lb UMeeT Hanbo bllee NN HaMMEHbLLEE 3HAYEHME.

TUNUYHBIMW NPUMEpPaMU TaKUX 3aZay ABNAKOTCA NPOEKTHble Pa3paboTKKM, B KOTOPbIX Tpe-
byeTca obecneuynTb BO3SMOMKHOCTb peanm3auum Npouecca ¢ HauMeHbWUMU 3ampamamu Ha e2o
annapamypHoe ogopMsaeHue Unu TpebyeTtca BblIbpaTb BapuaHT annapaTypHOro opopmaeHus
npouecca, No3BOAOLWMNIA NONYYUTb MAKCUMAsbHbIU 8bIX00 MPoOyKmMa.

Kak npaBuno, peweHne 3a4ady oNnTMManbHOro NPOeKTUPOBaHMA TpebyeT HanMunsa maTema-
TUYECKUX MoAeNel NpoLLeccos.

C MCnoNb30BaHMEM 3TUX MOZENElN PeLlatoTCsa Kak 3a4a4Mm ONTUMabHOrO NPOEKTUPOBAHUSA
OTAENbHbIX CTaANN, TaK U 33434n 06beANHEHUA 3TUX CTaAUA B e4UHYI0 NPOU3BOACTBEHHYHO CXe-
My. MaTemaTuyeckme mMoZenu npoLeccoB No3BoNAT 3PPEKTMBHO MCMONb30BaTb MaTemaTuye-
CKMe meToAbl ONTUMM3ALUK, ONpeaenaTb ONTUMA/bHbIE PeLleHUs Ha TOM AU MHOW CTaauu Npo-
eKTUpPOBaHUA.

PeweHune 33434 ONTUMA/IbHOTO NPOEKTUPOBAHUSA, KaK NpaBuao, TpebyeT orpoMHoro obbve-
Ma BbI4MC/IEHWNI, BbINONHUTb KOTOPbIE BO3MOHO NN NPU AOCTaTOYHO MOLLHbIX CPeACTBaX Bbl-



YACNIUTENbHOW TEXHUKU M PaLMOHAZIbHOM WX MCMNOAb30BaHWUWU. [pOEKTUpOBaHME NPOLLECCOB
06bIYHO BbIMONHANOCL HA OCHOBE BECbMa NPUBAMMKEHHbIX PACYETOB U OLEHOK, YTO Ype3BblYalHO
3a[1epPXKMBaN0 CPOKM OCYLLECTBNEHUS U OCBOEHUSA HOBbIX NPOM3BOACTB. [N NPOEKTUPOBaHUA B
HacToALLee BPEMSA LUMPOKOE pacnpoCcTpaHeHne Noay4ymMam CMCTeMbl aBTOMaTU3MPOBAHHOIO NPoeK-
TupoBaHus (CAMP).

5. YnpasneHue. 3agaun ynpasneHua XTI Hepa3pbIBHO CBA3aHbI C 334a4aMu ONTUMAIbHOrO
NPOEKTUPOBAHUA. YacTO BO3MOXKHOCTb peann3aunm HangeHHOro NPOEKTHOrO peLleHna LeMKom
onpegenseTca BO3MOMXHOCTbIO OCYLLEeCTBNEHNe TOro AU MHOFO BapmMaHTa ONTUMAaAbHOMo ynpas-
NIeHNA NpoLeccom.

Ana 3ag4a4 oNTMMasIbHOrO yrnpaBaeHUA COBPEMEHHbIMU XMMUYECKMMM MPOU3BOACTBAMM
XapaKTEPHa YETKO BblpaXKeHHAA UepapXUYECKaA CTPYKTYPa B COOTBETCTBMUMN C KOHKPETHbIM Ha3Ha-
YeHnem CUCTeEMbI.

MepBblA_YypOBeHb - ynpaB/ieHWE OTAE/bHbIMU MpoOLEeccaMn NPOU3BOACTBA. DTM 3a4auu

pewaoTCA NOKabHbIMU CpedCTBaMN aBTOMATU3aUNN U HECNOXKHbIMU BbIYUCTUTE/IbHBIMU yCTpOﬁ-
CTBamMu.

BTOpOW ypoBEHD - ynpasaeHmne COBOKYNMHOCTbIO OTAE/IbHbIX MpoueccosB, COCTaBAAOLWMNX 3a-

KOHYEeHHOe MPOM3BOACTBO. Ha 3TOM ypOBHE peluatoTcs 3a4avyn ONTMMaNbHOrO pacnpeaeneHus
SHEepreTMYecKnx U maTepuasnbHbIX MOTOKOB. PelleHne 3TUx 3agay TpebyeT ncnosib3oBaHne 6onee
MOLLHbIX CPeACTB BbIYUCAUTENbHOW TEXHUKM U Pa3paboTKM cneuuanbHbIX aAropuTMoB ynpas/e-
HUS.

Tpetunit ypoBeHb - ynpasneHne GpyHKLMOHUPOBAHMEM COBOKYMHOCTU LLENOro paga npoms-

BOACTBA, NOAYMHEHHbIX €4MHOM NPON3BOACTBEHHOW NPOrpamme.

BO3MOKHOCTM COBPEMEHHbIX CPEACTB BbIYUCAUTENBHOM TEXHUKU U LOCTUMKEHUA BbIYUCAU-
TENbHOM MATEMATUKM NO3BONAIOT BECbMA IPPEKTUBHO MCNONb30BATb BbIYMCAUTENbHBIE MALLIMHbI
B 061aCTU XMMMYECKON TEXHONOTMWN BO BCEX PACCMOTPEHHbIX Bblille 061acTax ee npumeHeHus. OT
WH}KeHepa - uccnepoBaTenn Tenepb TpebyeTca npeaenbHO TouHaa GOPMYIMPOBKA 3a4a4M M pas-
paboTKa anropuTma ee pelleHus, N8 Yero HeobxoAMMOo CoBpeMeHHOe BNafeHue BblMUCIUTENb-
HbIMW METOZaMM aHaNN3a U BbIYUCIUTENIbHON MALLMHOM.



2 MareMaTH4YeCcKOe MOJe/JIMPOBaHUE XUMHUKO-TEXHOJIOTHYEeCKUX
MPOIECCOB

2.1 Buasl MOAaeMpOBaHUSA
OCOb6eHHOCTbIO COBPEMEHHbIX MPOLLECCOB XMMMUYECKOW TEXHOMOTUKU ABAAETCA MX 6onbluas
C/IOYKHOCTb.

3Ta CNOMKHOCTb MPOABAAETCA B 3HAYUTENbHOM UYMC/e U MHOroobpasvM napameTpos, onpe-
AEeNALWMX Te4eHNEe NPOL,ECCoB, B 60NbLIEM YNC/IE BHYTPEHHUX CBA3EM MeXAy NapameTpamu, B UX
B3aMMHOM BAMAHUK. [pUyeM M3meHeHne o4HOro napameTpa Bbi3biBaeT HEJIMHENHOE U3MEHEHUE
ApYrnx napameTpoB. Kpome Toro, Ha Npouecc HakNagblBaloTCA BO3MYLLEHWUS, CTaTUCTUYECKMU pac-
npeaeneHHble BO BPEMEHMU.

BHewWwHui noTeHuMan VIHd)OpMaLI,VIVI O XMMUKO-TEXHONOTNMYECKUX NpoLeccax Oo4YeHb BEUK.
M3-3a OrpaHN4YeHHOCTHU BO3MOMHOCTEN YEeN0BEYECKOro BOCNpPUATUNA, Mbl BblHYXXAEHbI YMEHbLLUNTDL
9TOT noTeHuuan. NMoaTomy No3HaHME Npouecca AoCTUraetTca Yepes mogeno. Mogenb - 3TO Takme
ynpoweHHble CUCTEMbI, KOTOPbIE OTPAXAKT OTAE/IbHblIE OrpaHN4YeHHble CTOPOHDbI ABNEHUN pac-
CMaTpMuBaeMoOro npotwecca.

PasnnyaloT ABa BUAA MOAENMPOBaHMA: GU3NUECKOe N MaTemaTuyeckoe.

Mpun dn3NYecKoM MOAENUPOBAHUM N3yYEeHME AAHHOMO ABNEHUA NPOUCXOANT Ha HEM CaMOM
npwu ero BOCNpoM3BeaeHMM B PasHbiX MaclwTabax n aHanmse BANAHUA M3MYecKux ocobeHHocTel
N NMHENHbIX pPa3MepoB. DKCNEPUMEHT NPOBOAAT HENOCPEACTBEHHO Ha M3y4aemom GU3NYECKOM
npouecce. OnbITHble AaHHble 06pabaTbiBalOT NpeacTaBieHnem Mx B dopme 3aBUcumocTent 6es-
pa3smMepHbIX KOMMNAEKCOB (Kputepmnes noaobua), cocTaBieHHbIX KOMBUHaUWEN pasindyHbIX GUsn-
YECKUX BEINYMH U IMHENHbIX Pa3mMepoB.

dusnyeckoe MoaennmpoBaHMe CBOAUTCA K BOCMPOU3BEAEHMIO NMOCTOAHCTBA ONpeaenatoLmx
KpuTepues Nnogobus B Moaenm u obbekre.

Takum obpasom, gepopmauma GM3MYEecKon MoAeNU NPOM3BOAUTCA HEMoCPeACTBEHHO Ha
camoM 0b6bekTe, rae npoTekaeT ¢M3MYecKMii npouecc. ITOT noaxosd TpebyeT BOCNpou3BEAEHMUA
npouecca Bo Bce 6bonbwmnx macwTtabax (BNAOTb A0 3aBOACKUX) M BECbMA C/IOMKHbIX CUCTEM, C KaKu-
MW NPUXOAUTCA UMETb €10 B XMMUYECKON TEXHONOTUN.

[na cpaBHUTENbHO NPOCTbIX CUCTEM (Hanpumep, rMApPaBANYECKUX UAM TENI0BbIX C OAHO-
$asHbIM NOTOKOM) NpMHUMN Nogobua u ¢usnyeckoe moaennpoBaHue onpasabiBaloT cebs, no-
CKONbKY MPUXOAUTCA OMNepupoBaTb OrpaHUYEHHbIM YUCAOM KpuTepueB. OQHAKO ANA C/AOXKHbIX
CUCTEM WM MPOLECCOB MCMNONb30BaHWE GUINYECKOTO NoA0bMA MPAKTUYECKU HEBO3MOMXHO MK 3a-
TPYAHUTENBHO.

Mo3TOMY OCHOBHbIM METO4OM pacyeTa CAOMKHbIX NPoLeccoB XUMUWYECKOM TEXHOJIOTUU CTa
mMeTo4 matematuyeCKoro moaennpoBaHuA, I'IO3BOJT’F|IOLLI,MI7I OoUueHMBATb ONTUMAJIbHblIE pPeEXNMbI
nposeageHnA Nnpoueccos N ycnosna ynpasaeHmna nimn.
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MaTemaTmnyeckoe moaenvMpoBaHue 06s3aTenbHO BKAOYAET TPU B3aMMOCBA3AHHbLIX CTa-
ann:

1) nocTpoeHne maTemMaTUYeCcKo Moaenu;
2) NporpaMmmMpoBaHUE peLLeHus;
3) ycTaHOBNEHMeE a4eKBaTHOCTU MOAENN U3yYaeMoMYy npoLeccy.

MpY NOCTPOEHUM MAaTEMATUYECKOW MOLENN peasibHOe ABNEHUE YNPOLLAETCA, CXEMATUIUPY-
€TCcA, W NoJy4yaemasn CXema OMMCbIBAETCA KaKUM-TMB0 MaTeMATUYECKMM annapaTom.

Mpyn nocTpoeHNn moaenn Hago UMETb B BUAY CeAyoLLMe NONOKEHMUA:

1) B MoZenn AoNKHbI BbITb yYyTeHbl Bce Hanbonee cyliecTBeHHble GaKTopbl, BAMAOWME HA
npouecc;

2) OHa He AO0J/1KHa 6bITb 3arpomoxKgeHa MHOXXeCTBOM MENTKNX, BTOPOCTEMEHHDbIX d)aKTOpOB;

3) Heobxoanmo, UTobbl MoAenb AOCTaTOMHO BEPHO OMUCbIBANA KayeCTBEHHO M KO/MYecT-
BEHHO CBOWMCTBA MOZE/NMPYEMOrO MPOoLEecca, T.e. OHa A0JIKHa 6bITb aleKBaTHa MoAeInpyemomy
npoueccy. Ana NpPoBEPKN aAeKBaTHOCTM MaTEMATUYECKON MOAENN PeasibHOMY MPOLLECCY HYXKHO
CPaBHUBATb pPe3y/abTaTbl U3MEHEHUI B XO4€e MpoLecca C pesy/bTaTaMu NpeacKasaHus Mogenu B
NOEHTUYHBIX YCNOBUSAX.

Taknm obpa3om, mMogesnb, OTPaXKaloL,aa COOTBETCTBYOWMI PUIMKO-XMMUYECKUIA NpoLecC,
npeAcTaBAAeTca B BUAe onpeaeneHHon maTeMaTUYecKon 3anucu, obbeauHAET onbiTHble GpaKTbl U
yCTaHaBAMBAET B3aMMOCBA3b MeXA4y NapameTpamu uccaeayemoro npouecca. Mpu 3Tom UCMONb-
3YHOTCA TEOPETUMYECKME METOAbI U HEOBXOAMMbIE SKCMEPUMEHTAIbHbIE AaHHble. KOHEYHOM Lenbto
pa3paboTKM maTemMaTUYECKMX MOogeNel ABNAETCA NPOrHO3 pe3y/abTaToB NpoBeAeHMA npouecca U
BbIPabOTKa peKOMEHAALMIN MO BO3MOKHbIM BO3AENCTBUAM Ha €ro Xoa,

Mpyn maTemaTU4eCKOM MOAENMpOoBaHUM Aedopmaums MOAEeNU MnpoLecca U3ydyaeTcs He Ha
du3nyecko moaenu, Kak npu GU3NYeCKoOM MOAENNPOBAHUKN, @ HEMNOCPEACTBEHHO Ha CaMoi Ma-
TeMaTUMYeCKol moaenu npu nomoiym 3BM.

MeToabl MaTeEMaTUYECKOTO MOAENNPOBaHUA (B codeTaHun ¢ IBM) no3BOAAIOT C BbICOKOM
TOYHOCTbIO BbICTPO MCCNEAOBaATb Pa3/iNUHbIE BapMaHTbl annapaTypHOro opopmaeHus npoLecca,
M3y4UTb €ro OCHOBHble 0COBEHHOCTM M BCKPbITb Pe3epBbl ycoBepLUeHCTBOBaHMA. Mpy 3TOM B pam-
Kax MCMO/Ib3yeMoi MOZenn Bceraa rapaHTUpyeTca OTbICKaHME ONTUMabHbIX PeLEHUN.

MeTozabl PU3NYECKOTO MOLENNPOBAHMNA B HACTOALLEE BPEMA MOXHO MCMNO/b30BaATb AN YC-
TAHOB/IEHMA ALEKBATHOCTU MOAENN N3YHAEeMOMY OO BEKTY.

MeToabl maTemaTUyYeCKoro MOo4EeNNPOBAHUA NPUMEHAKOT ONA N3y4YeHUA CBOMCTB MaTemMaTu-
YECKMN ONUnCaHHbIX npoLeccos. an mMmaTemaTn4eCKkom moaenmpoBaHUK npouecc nccnegyroT, Us-
MEHAA pPa3/InyHbIEe NapaMeTPbl, CBA3aHHbIE B BUAE MaTEMAaTUHECKNE MOOENIN, Ha 9BM. 310 no3Bo-
naer 6bICTpO noslyyaTb CBeAEHUA O Pa3NNYHbIX BapMaHTaxX M3ydaemoro npouecca. BaxHo oTme-
TUTb, YTO B OTHOCUTE/IbHO KOpOTKVIﬁ CPOK MOXHO OCyWweCTBUTb HA MmaTemaTuyeCkme mogennm on-
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TUMM3aLMIO rpouecca. MaTtemaTuyeckoe mogennposBaHue ropasgo aewesne ¢M3VNECKOFO MO-
AennpoBaHnAa, HeE3aBUCMMO OT TOrO, Bbipa*KeHa ero CTOMMOCTb B AE€Hbrax nan BO BPpeEMEHMN.

2.2 OcHOBHbIE BUAbI MATEMATHYECKHX MO eJIEN
MaTemaTuyeckne moaenu bbiBatoT:

- C pacnpegeneHHbIMU NapameTpamu;
- C COCpPeaoToYEHHbIMM NapaMeTpamMu.

EcAn OCHOBHble NepemeHHble npoLecca MU3MEHAIOTCA KaK BO BPEeMEHU, TaK U B NPOCTPAHCT-
Be, TO MOAE/IN, ONMCbIBalOLLME TaKMe NPOLECChl, Ha3biBalOTCA MOAENAMM C pacnpeneneHHbIMuU
napameTpamu 1 NpeacTasaAloT Ux B Buae andbdepeHumnanbHbIX ypaBHEHUN B YaCTHbIX MPOU3BOA-
HblIX.

ECnn M3meHeHMA OCHOBHbIX MepeMeHHbIX MPoLecca B NPOCTPAHCTBE HEe MPOUCXOLAT, TO MO-
[leNn, ONUCbIBAlOLLME TaKMe MPOLECChbl, HAa3biBalOT MOAENAAMU C COCPeAOTOYEHHbIMU Mapamer-
pamu.

CratuyecKkaa mopenb. CTaTMyecKkaa Moge/lb He Y4UTbIBAaeT MU3MEHEHUs MapamMeTpoB BO Bpe-
MeHWn. CoCTaBNEHUIO CTAaTMYECKOM MoAenu npouecca npeawecTsyeT aHanAus ero ¢usmnKko-
XMMUYECKOM CYLLHOCTU, LLe/IeBOr0 Ha3HAYeHUss U OCHOBHbIX YPaBHEHWM, ONMCbIBAOWMX AAHHbIN
Knacc npoL,eccoB U 0COBEHHOCTM 3TOro Npouecca Kak TMNOBOro.

[anee BbIABNAIOTCA BXOAHbIE U BbIXOAHbIE napameTpbl npouecca. K HUMm oTHOCATCA:

- NepemeHHble, N3MEHEHNE KOTOPbIX CBA3aHO C XapaKTepom MpoTeKaHua npolecca (ynpas-
naemble nepemeHHble);

- NepemeHHble, MU3MEHEHUE KOTOPbIX HEMOCPeACTBEHHO BAMAET Ha Xo4 npouecca (ynpas-
nalowme Bo3aencTems);

- NepeMeHHble, U3MeHEHME KOTOPbIX HENOCPEACTBEHHO B/AMAET HA X0, NpoLuecca - UX uene-
HanpasBAeHHOE M3MeHeHMEe HEBO3MOXHO (BO3MyLLaloWwMe BO34eiNCcTBUA);

- NepeMEHHbIe, U3MEHEHWNE KOTOPbIX KOCBEHHO CBA3aHO C XapaKTepPOM MPOTEKaHUA NpoLuec-
ca (npomerKyTouHble NepemeHHble).

3aTem onpenenatoT CBA3N MeXAY YKa3aHHbIMU NePeMEHHbIMU U FPAaHUYHbIE YCNIOBUA MPO-
TeKaHuA npovecca.

OvHamunueckaa mogenb. CocTaBneHne AMHAMMYECKOM MOAENM CBOAMTCA K MOMYYEHUIO TaK
Ha3blBaEMbIX AMHAMMYECKMX XapaKTEePUCTUK NPOLLecca, T.e. YCTAaHOB/IEHUIO CBA3U MEXAY ero oc-
HOBHbIMW NEPEMEHHbIMU MPU U3MEHEHUN UX BO BPEMEHU. [IMHAMUYECKME XapPaKTEPUCTUKMU MOXK-
HO NONy4YaTb TEOPETUYECKM, SKCMEPUMEHTANIbHO MU coYeTaHMeM 060MX MEeTOA0B.

[AnHamuyeckan moaenb NPoLecca CTPOUTCA:

- B BMAE NepenaToyHbiXx GYHKUWMM, CBA3bIBAIOLWLMX BbIOPAHHYIO 3aBUCUMYIO NEPEMEHHYIO C
OZHOW UNN HECKOIbKUMU NEPEMEHHbIMU;



- TEOPETMYECKU NONYYEHHbIX 0ObIKHOBEHHbIX AnddepeHLManbHbiX YpaBHEHUA NN ypaB-

HEHMM B YaCTHbIX NPoOn3BO4HbIX.

NMonHaa matemaTnyecKaa moaenb NpoLecca BKAKYaeT: OCHOBHbIe NepemMeHHble npouecca,

CBA3N mexay OCHOBHbIMU nepemMeHHbIMU B CTaTUKe, OrpaHN4YeHnAa Ha npouecc, KpMTepMﬁ onTun-

Ma/iIbHOCTH, d)yHKLI,VIVI ONTUMaNbHOCTHU, CBA3U MeXKYy OCHOBHbIMWN NEPEMEHHbIMU B AUHaMUKE.

2.3 BbIGOp ¥ MOCTPOEHME MO E/IH MpoLecca
B KaXXOM KOHKPEeTHOM Cnydae matemMmaTnyeCkada moaesib co3gaeTca, UCxoaAa mn3:

1) ueneBoit HaNpaBAEHHOCTU NpoLecca;
2) 3afay uccnenoBaHus;
3) Tpebyemon TOYHOCTU peLleHus;

4) pOCTOBEPHOCTU UCMOJIb3YEMbIX UCXOAHbIX AAHHbIX.

NocTpoeHne mogenm - camas OTBETCTBEHHAA YacTb MaTeMaTUYeCcKoro moaenmnposaHua. lMpu

3TOM Tpe6yeTc;| Heé TO/IbKO U HE CTOJIbKO 3HAHWE MATEMATUKU, CKOJZIbKO rny6or<oe NOHMMaHHKe

CYWWHOCTHN OonuncbiBaembiX ABNIEHU. MNocTtpoeHune noboit matemaTnyeckom Mmoaenn Ha4nHakoT C

bopmanm3oBaHHOro onncaHmna obbeKTa moaennposaHusa. Hanbonee obwmm npuemom paspabort-

KM MaTeMaTU4eCcKoro onmncaHus asnaseTca 6104HbIM npuHuMn. COrnacHo 3ToMy NPUHUMNY, COCTaB-

NEHUKD MAaTEMATUYECKOIo OMNMMCaHUA npeawecTtByeT aHa/ln3 OTAE/IbHbIX ’ISI'IEMEHTaprIX” npouec-

COB, NpOoTeEKaoWnx B obbekTe mogennpoBaHuA.

Mpu 6bl60p€ modenu HEO6XO,D,VIMO Yu4nUTbIBATb Caieayrowme NnosT0XKEHUA:

1 moaenb AoMKHa Hanbosiee TOYHO ONMUCHIBATbL NPOLLECC MPU AOCTaTOYHOM ee NPoCTo-

TE;

napameTpbl MOAENM MOTyT ObiTb onpeaeneHbl 3KCNEePUMEHTANIbHbIM UAN APYTMM
crnocobom;

Npu reTeporeHHbIX CUCTEMaxX MOAeNN BblbupatoTca Ana Kaxaon ns ¢as. NMpuuem mo-
aenv ana obeunx ¢pas moryT 6bITb OAMHAKOBLIMWU UNU PA3TINYHBIMU;

NPUMEHUTENBHO K NpoLeccam, NPOUCXOAALMM B TOMOreHHbIX cuctemax (c aocrta-
TOYHOM ANA NPAKTUKM TOYHOCTbIO) MOMKHO MPUHATL MOAENb C COCPEAOTOYEHHbIMMU
napameTpamu. [na NpoLLeccos, NPOUCXOAALLNX B reTEPOreHHbIX CUCTEMAX, MOAE/b C
COCPeAOTOYEHHBIMM MapameTpamm MOKET ObiTb MPUHATA NPU HAZIMYMU CNAOLHOWN
¢$asbl, @ MoAeNb € pacnpeneneHHbIMM NapameTpamu - NPy HaAMYUKU gucnepcHomn da-
3bl;

CnegyeT NpUHMMaTb BO BHUMaHME, YTO C U3MEHEHUEM TMAPOAMHAMUYECKOTO PENKN-
Ma CMCTEMbI MOTYT M3MEHSATb BUAbI Moaesie. TUM maTeMaTMYecKon Mmodenu cylie-
CTBEHHO BAMAET Ha BUA YPaBHEHUN, UCMNONb3YEMbIX ANA MOCTPOEHUA MaTemaTuye-
CKOro OnucaHuA.
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2.4 IJTamnbl COCTAaBJI€eHUS MAaTEMATUYECKOI'0 ONMMCAHUS
1 wuccneposaHue FM,D,pO,D,MHaMMHECKOVI moaenun npouecca Kak OCHOBbI CTPYKTYypbl Ma-
TEMATUYECKOIO ONUCAHUA,;

2 n3yvyeHne KMHETUKN XMMUNYECKUX peaKu,Mﬁ;
3 n3y4yeHne KMHETUKN NpoueccoB Mmacco- U Tensionepenayn;
4 cocTaB/ieHMe MaTEMATUYECKOro OMUCAHUA KaXK4oro u3s aTnx npoueccos;

5 o0bbeaguHeHMe onMcaHunii BCEX UCCIeA0BaHHbIX “31eMeHTapHbIX” npoueccos (610KoB)
B €4MHYI0 CUCTEMY YPaBHEHMI MaTeMaTMYeCKOro onucaHua obbekTa MoaennpoBa-
HUA.

[lOCTOMHCTBO 6104HOr0 NpUHUMNA (NOCTPOEHNE MaTeMaTUYECKOro ONUCaHMA) 3aKao4YaeTcs
B TOM, YTO €r0 MOXHO MCMNO/1Ib30BaTb Ha CTaAMM NPOEKTUPOBAHMA 06bEKTA, KOrAa OKOHYATE /IbHbI
BapMaHT annapaTtypHoro oGopmieHns elle Hem3BecTeH.

2.5 CocTtaB MaTeMaTH4€CKOro OnuCaHus
B coctaB matemaTMyeckoro onuvcaHma pas3paboTaHHOro Ha OCHOBe ¢hu3suyvecKol npupoosl
Mmogennpyemoro obbekTa BXOAAT cneaytolme rpynmnbl ypaBHEHUN:

1 YpaBHeHUA 6asaHca Macc U SHEPTUM.

2 YpaBHeHUA “3nemeHTapHbIx” npoueccoB. K 3ToM rpynne oTHOCATCA ONMMCaHWUA Mpo-
LLeCCOB MaCCo- U TENN00BMEHA, XMMUYECKUX Peakuuii u ap.

3 TeopeTuuyeckue, NOAYIMNUPUYECKME NN IMNUPUYECKME COOTHOLLEHUA MEXay pas-
JIMYHBIMKM MapameTpamu npouecca. Hanpumep, 3aBUCUMOCTb KO3IPPULMEHTA MacCo-
nepegayn oT CKOpocTel NOTOKOB ¢a3, 3aBUCMMOCTb TENJI0OEMKOCTU pacTBopa OT Co-
cTaBa U T.4.

4 OrpaHM4YyeHUs Ha NapameTpbl NpoLecca.

Mpu oTCyTCTBUM (MM BECbMA OrPaHUYEeHHOM Obbeme) TeOPETUYECKUX CBEAEHMI O MOoJe-
IMPyeMOM Ob6beKTe, ypaBHEHUA MaTEMATUYECKOTO OMMCAHUA MOTYT NPeacTaBaaTb coboi cuctemy
3MMNUPUYECKMX 3aBUCUMOCTEN, MONYYEHHbIX B pe3y/abTaTe CTaTUCTUYECKOro obcien0BaHMA AeincT-
BYIOLLEro 06beKTa. OTM MOAENN Ha3bIBAlOTCA CTAaTUCTUYECKMMU U UMEIOT BUA, KOPPENALMOHHDbIX
MU PErpecCUOHHbIX COOTHOLIEHW MEXKAY BXOAHbIMU UM BbIXOAHbIMM MapameTpamu ob6beKTa.
BbIBOZ, YKa3aHHbIX COOTHOLLEHWIA BO3SMOMEH LWL NPU HANNYMK AeUCTBYoWwero obbekta. Hepoc-
TaTKOM TaKUX MoAeNeil ABNAETCA OTHOCUTENbHAA y30CTb 061acTM M3MeHeHMA WMX NapameTpoB.
[aHHble MOAEeNn B CTPYKType YPaBHEHUI He OTpaxKatoT GM3MYECKMX CBOMCTB 06BbEKTa MOAeNnpo-
BaHWA, UTO 3aTpyAHAET 0606LeHNe pe3ybTaToBs, NOyYaeMbIX MPU UX MPUMEHEHUN.

B oT/iMuMe OT CTaTUCTUYECKMX MaTEMATUUYECKUE MOAENN, KOTOPblE MOCTPOEHbI C YY4ETOM OC-
HOBHbIX 3aKOHOMEPHOCTEN NPOLLECCOB, KayecTBeHHO Honee NPaBUNbHO XapPaKTEPU3YIOT ero Aake
NPW HaZIMYUN HEeAOCTAaTOYHO TOYHbIX B KOJIMYECTBEHHOM OTHOLIEHMW NapameTpoB moaenu. [o-
3TOMY C UX NOMOLLbIO MOXHO M3y4YaTb 06LLME CBOMCTBA OOBEKTOB MOAE/IMPOBAHMA.
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[Ana onucaHmAa CBOMCTB 0ObEKTOB MmogennpoBaHmMAa UCNONb3YHOTCA pa3/INdHble YpPaBHEHNA.

K anrebpanueckum ypaBHeHUAM 06blMHO cBoaMTca MO - CTaUMOHAPHbIX PEXMMOB 0bbeK-
TOB, PAaCCMaTPMBAEMbIX KaK 0OBbEKTbI C COCPEeAOTOYEHHbIMM NapameTpamm (peakTop naeanbHoOro
cmelleHus).

O6bikHOBeHHble gudpdepeHumanbHble ypaBHEHNA UCNOb3YIOT 419 MaTeMaTUYECKOro onu-
CaHMA HEeCTaUMOHAPHbIX PEXUMOB (AMHAMMKK) 0OBEKTOB C COCPe0TOYEHHBIMW MapaMmeTpamu, a
TaK)Ke CTaUMOHAPHbIX PEXKMMOB 0OBbEKTOB C pacnpeaeneHHbIMM NapaMmeTpaMmm, B KOTOPbIX 3Have-
HWA NapameTPOoB 3aBUCAT TO/IbKO OT OAHOM NPOCTPAHCTBEHHON KOOPANHATI.

OnddepeHymanbHblie ypaBHEHUA B YACTHbIX NPOU3BOAHbIX MCNOAb3YOT Ans MO guHamu-
KM 06BEKTOB C pacnpene/ieHHbIMU NapameTpaMmmn 1 CTauMOHAPHbIX PEXMMOB TaKUX OOBEKTOB, B
KOTOPbIX pacnpefenéHHOCTb UMeeTcA bosiee Yem No O4HOM NPOCTPAHCTBEHHOW KOOpAUHaTe.

2.6 Mopaenupyrlmi aJIrOPUTM
3apavert pa3paboTkn modenupyrow,e2o aa120pUMMa Yalle BCEro ABNAETCA peLleHne cucre-
Mbl ypaBHeHMVI MaTemMmaTmnyeCcKoro onmcaHumA.

B npocmeliwux cay4asax, Koraa BO3MOXHO aHAaAUTUYECKOE pelleHne CUCTEMbI YPaBHEHUIN
MaTeMaTU4YeCKOoro onucaHuna, HeobxoAMMOCTb cneumanbHoM pa3paboTkM moaennpyroLLero anro-
puTMa oTnagaeT. B aTom cnyyae Bca MHOpPMaLMA NOMYYaeTCa M3 COOTBETCTBYHOLLMX aHANUTUYe-
CKUX peLUeHWiA.

Korga matemaTtuyeckoe onucaHuve npeactaBaseT coboi C/I0#HYH cucmemy KOHEYHbIX W
andodepeHumManbHbIX YPaBHEHUN, OT BO3MOXHOCTU MOCTPOEHUA A0CTAaTOYHO 3PPEKTUBHOIO MO-
AEeNVPYIOLWEro anropuTma CyLeCcTBEHHO 3aBUCUT NPaKTUYecKada NPUMEHUMOCTb MAaTEMATUYECKOM
Moaenu.

Ons peweHna 3a4a4 MmaTemMaTMYeCKoro MogennpoBaHua npumeHaoTca IBM. Mpu atom
ANA pelleHna CUCTeEMbl YPaBHEHMI MaTeMaTUYECKOro ONMCaHUA HEOBXOAMMO UMETb YNCAEHHbIN
aNropuTMm.

CywecTBylowme B HacTosllee Bpema MeToAbl YMCNEHHOro aHa/nu3a MOo3BONAIT pellaTb
LWMPOKNUIM KpYr 3a4a4 mMaTemaTuyeckoro moaennposaHuma. OAHaKo, B HEKOTOPbIX C/y4asx BCTpe-
YaloTCA Cepbe3Hble 3aTpyAHEeHMA B NPUMEHeHMM obLMX MeTo40B YMCNeHHOro aHanmsa. K uucay
TaKUX Cly4aeB, NpeXKae BCero, OTHOCATCA cneaytolime 3a4a4n MaTeMaTUYECKOro MOAEIMPOBAHUA:

1 peweHMe cUCTEM KOHEYHbIX HENMHEMHbIX YpPaBHEHWN C BOAbLWIMM YMCIOM nepe-
MEHHbIX;
2 uvHTerpupoBaHue cuctem OBbIKHOBEHHbIX AnddepeHLmanbHbiX YPaBHEHUIN C Kpae-
BbIMW YC/IOBUAMMU;
3 uHTerpupoBaHue cuctem auddepeHUManbHbIX YPaBHEHUI B YaCTHbIX MPOM3BOA-
HbIX.
[na yKasaHHbIX NPobaemM B YACNEHHOM aHaM3e NOKa OTCYTCTBYHOT 3ddeKTUBHbIE 06LWMe
MeToAbl peweHnA. NMo3ToMy B KarKAOM KOHKPETHOM Cayyae Mpu MOCTPOEHUU MOLENUPYIOLLEro
anropuTma cneayet UCNONb30BaTb 0COBEHHOCTU pelaemor 3agavm. Hanpumep, npu npumeHeHnn
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MeTOoJa NOTape/oYHOro pacyeta PEKTUPUKALMOHHBLIX KOJIOHH, CUCTEMA HEJIMHENHbIX ypaBHe-
HWI € 6ONbLIMM YNCIOM HEU3BECTHbIX PELLAEeTCA UTEePATUBHbIM METOAO0M.

B HeKoTOpbIX CAyYyasx M3-3a CAOMKHOCTU MOAENMPYIOLLErO aAroputMma NpuXoamuTca M3me-
HATb GOPMYIMPOBKY UCXOAHOM 3a4a4M MOLAENNPOBAHUA ANS YNPOLLEHUS MaTeMaTUYECKOro Onu-
caHuA. DTO yNpolLeHMe 4acTo AOCTUraeTcsa NUlib LUEHOW CHUMKEHUSA TOYHOCTM MaTeMaTU4YecKoWn
MOAENN NYTEeM 3aMeHbl HEKOTOPbIX aHANUTUYECKUX BblparkeHui bonee NpocTbiMKU UAKN 3a cyeT
COKpaLeHNA NOSIHOTbl MaTeMaTUUYECKOro ONUcaHuA.

2.7 YcTraHOBJIEHME aieKBATHOCTU MaTeMaTU4YeCKUX MoJeJied pea/IbHbIM
00’bEKTaM
CTpyKTypa maTemaTtmyeckoin moaenu XTI onpepenserca, npexae BCero, rmapoanHammye-
CKMMM NapamMeTpamn 1 NPOABAAETCA B XapaKTepe pacrnpedeneHus spemeHu npeboisaHus yacmuy,
MOMOKa B paccMaTpMBaeMOn cucTeme.

I3TOT XapaKTep pacnpeneneHus NoABEPXKEeH CmamucmuyecKkum 3dKOHAM N HaxoauTca no
BMAY CUTHANa, NPOXOAALLEro Yyepes cUCTeMy. B KauecTBe TaKoro CMrHana Mcnosib3yeTtca nogava
BellecTBa (MHAMKATOpa) Ha BXOA, CUCTEMbI B BUAE CMYNEeHYamo2o, UMyabCHO20 UM YACMOMHO-
20 BO3MYLLEHMUSA.

I3TOT NpUem SABAAETCA OCHOBHbIM NPWU YCTaHOBAEHUWN afeKBaTHOCTU MaTemMaTUYyecKon Mo-
ANV N3y4aeMOMy OOBEKTY.

Mpu MccnenoBaHUKM CTPYKTYPbI MOTOKOB B annapaTtax, MPUMeEHAEMbIX B XMMUYECKON TEXHO-
JIOTUM, HENOCPEACTBEHHO ONPEAENAOTCA KPUBbIE OTKIMKA - QYHKUMA pacnpeaeneHuns cayvyainHom
BENMYMHbBI F(T) UNK NNOTHOCTL pacnpepenenua f(z) = C(7).

[na ycTaHOBNEHMA 3aKOHA U3y4aeMOoro ABJieHUA HEO6XO,£I,VIMO CpPpaBHUTb NOJIy4eHHOE 3KC-
nepumeHTanbHOE pacnpegeneHmne C TeopeTtnv4eCKkMm 3aKOHOM pacnpeneneHuA (HOpMa}'IbeIM,
3aKOHOM I'Iyacc0Ha, 9KCNOHEeHUMabHbIM U T.,CI|.).

Bbibop TeopeTMyeckoro 3akoHa pacnpefeneHus NpPousBOAUTCS MCXo4A U3 CBOWCTB pas-
JINYHBIX TEOPETUYECKUX pacnpedeneHnii, N B KaXKA0M KOHKPETHOM c/lyyae oTAaaeTca npeanoyre-
HWe TOMY UKW APYrOMY 3aKOHY.

MnoTHOCTb pacnpeaenenus f(t) n Kpueasa pacnpeaeneHuns F(z) cBasaHbl mexay coboi Bbl-
paxeHuem:

EO_rw-co

OCHOBHble CBOMCTBA pacnpeneneHuns Cy4amHon BeIMYMHbI MOXHO ONMCaTb HECKOIbKMMMU
YuCs108bIMU XAPAKMEPUCMUKAMU, KOTOPblE YMCAaMKN onpeaenatoT Hambonee cywecTBeHHble 0Co-
6eHHOCTN pacnpeseneHna. TakoW CUCTEMOW XapaKTEPUCTUK ABNAETCA MOMEHM CNy4alHOW Benu-
YUHBI.

HalifieHHble NO ONbITHbIM AAHHBIM MOMEHTbI NOACTAaBAAOTCA B BblOpPaHHbLIA TeopeTuye-
CKMM 3aKOH pacnpeaeneHuns, U OLEHNBAETCA COBNAaLEHME ONbITHOTO U TEOPEeTUYECKOro pacnpese-
NeHus.
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Mpy MOAENMPOBAHUMN NPOLLECCOB XMMMUYECKON TEXHOIOTMM meopemuyeckuli 3aKoH pac-
npedesneHUs MOXET 33[,aBaTbCA YPaBHEHUAMU Mmamemamuyveckoli modeau npoLecca, oLeHMBato-
Wen CTPYKTypy NOTOKOB B annapaTte. TakMm 06pa3om, AOCTOBEPHOCTb MAaTEMATUYECKOM MoAenn
npouecca TakXe NpoBepaeTcA CPaBHEHMEM TEOPETUYECKOro pacnpeneneHns ¢ HangeHHbIM 3Kc-
NepUMeHTaNbHO.

2.8 Cnoco6bl NOCTPOEHUS MaTEMAaTUYECKUX MOJe/Ier
CyLLecTBYHOT TpM cnocoba NoCTpoeHUa maTeMaTUYECKUX Moaenen:

1 aHanuTnyeckue,
2 3KCNEepUMEHTaNbHbIE;
3 3KcnepuMeHTaNbHO-aHaNUTUYECKHe.

|_|pl/l MCNONIb30BAHUN aHANIUTUYECKOIO METOO4a CTPYKTYypa ypaBHeHvuZ moaenun onpeaena-
€TCA cheayrownm o6pa30M. AHaJ'IM3MpyiOTCﬂ ¢M3VIKO-XMMM‘-I€CKM€ npoueccbl, npoTeKkaowmne B
06bEKTe, COCTaBNAKOTCA YypaBHEHUA MaTePUaAZIbHOIo N TeNI0BOIro 6anaHcos ANnA OCHOBHbIX y4acCT-
KOB 0ObEKTa. OTcroaa Haxo4UTCA 3aBUCUMOCTb BbIXOAHbIX KOOPAUHAT OT BXOAHbIX.

J10CTOMHCTBa aHanMTU4YeCcKoro cnocoba:

1 OH MOXKeT UCMONb30BaATLCA ANA NONYYEHUA MOoLeNeit BHOBb NPOEKTUPYEMbIX 06EKTOB.

2 Tony4yeHHas 3STUM METOAOM MOZEe/Nb MPUMEHMMa A/A OMNUCAHWUA BCEro Kaacca obbek-
TOB, K KOTOPOMY NPUHAANEKUT UCCAELYyEMbIN 0OBEKT.

3 MapameTpbl MOAEAN UMEIOT ACHbIN GU3NYECKMIA CMbICA.

Hepocratku metoaa:

1 TpyAaoemKoCTb NONyYEeHMA MOLENN.
2 Hu3Kaa TOYHOCTD.
3 [pOMO3AKOCTb YpPaBHEHMIA.

MpyY NPUMEHEHUN 3SKCNEPUMEHTANIbHOTO METOAA CTPYKTYPOM YpaBHEHUI MOAEeNn 3a4atoT-
CA. 3aBUCUMMOCTb BbIXOAHbIX KOOPAMHAT OT BXOAHbIX OMMUCbIBAETCA MOIMHOMOM.

[ocTonHCcTBa MeToaa:

1 BbICOKasa TOYHOCTb.
2 OTHOCUTENbHO HebosbLIaA TPYA0EMKOCTb.

HepocTtaTkn meTtoaa:

1 Mogenb, noaydeHHaa 3KCNEPUMEHTANIbHbIM METOAOM, MPUMEHMMA AN1A ONUCaHKUA
TONbKO TOro 06bEKTa, HA KOTOPOM NMPOBOANNCA SKCNEPUMEHT.
2 [apameTpbl Mogenu He umetoT GpMU3NYEeCcKoro cmbicaa.

3KCI'IepMMEHTaI1bHO-aHaﬂMTMHeCKMVI meTon npeacrtaBadeTr KOM6MH3LI,MPO BblleyKa3aHHbIX
mMmeToa08B. CprKTypa moaenn npu npumeHeHnn 3Toro MmeToa HaxoauTCA TaK e, Kak B aHaA/TINTU-
YeCKOM mMeToae, a NapaMeTpPbl — KaK B 3KCNEPUMEHTA/ZIbHOM.
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3 MaremaTHuyecKoe OnmMcaHue CTPYKTYPhbI IIOTOKOB B dAllllapaTe

NoBeaeHMe NOTOKOB B peasibHbIX annapaTtax BeCcbma CNoXKHoe. [JaTb CTporoe matemartumye-
CKOe onncaHme 1x He NpeacTaBaaeTcAa BO3MOXKHbIM. CTPYKTYpa NOTOKOB OKa3blBaeT CyL,eCTBEHHOe
BMsiHME Ha addekTuBHoCTb XTI, NosToMy ee HeEOHXOAMMO YYUTbIBATb NPU MOAENUPOBaHUN NPO-
ueccos. [Mpn 3TOM MaTemMaTUHECKNE MOAENN CTPYKTYPbl MOTOKOB ABAAKOTCA OCHOBOM, HAa KOTOPOWM
CTpouTCA MmaTemaTnyeckoe onmcaHme XTI, TeopeTnyeckoe onucaHue peasibHbIX MOTOKOB NPUBO-
OWT K Ype3BblvaliHO TPYAHbIM 4NA peweHuna 3agavam. [loaTtomy paspaboTaHHble MOAENN CTPYKTY-
pbl NOTOKOB B annapaTax ABASTCA AOCTAaTOMHO NPOCTbIMU U HOCAT NOJYIMNUPUYECKNIA XapaKTep.
Mpu nposegeHnmn XTI 4yacTo Ba*KHO 3HATb CTENEHb NOAHOTbI MX 3aBEPLUEHUA, YTO 3aBUCUT OT pac-
npeodeneHus spemeHu npebobl8aHUA Yacmuy NomMoka e annapame. PacnpeaeneHne BpemeHu npe-
6blBaHMA YacTUL, NOTOKa B annapate (PBI1) umeeT cTOXacTMYECKYIO NPMPOAY M OLLEeHMBAETCA CTaTh-
CTUYECKUM pacnpegeneHmnem.

3.1 MeToAbl HCC/IEJO0BAHUA CTPYKTYPhI IOTOKOB
CyLLI,HOCTb MeToaoB UccnenoBaHA CTPYKTypbl NMOTOKOB 3aK/NOYaeTCA B Cneayrolem (CM.
pucyHok 3.1.1):
B MOTOK Ha BXOA4e B anna-
paT BBOAAT UHAOWMKATOP, a
Ha BbiXOoAe MNOTOKa U3 an-

é% napata W3mepsaloT KOH-

o — LUEHTPaALMIO  MHAMKATOpA
S~~——— Kak OYHKUMIO BpemeHu

CBX C( T) C=f(z). 3ta BbIXOAHaA

— C><) - KPWBaA Ha3blBaeTCcA (yHK-

queﬁ OMKsIUKaG cucmemsl

C><> Ha munosoe 8o3myujeHue

Mo COCTaBYy NOTOKa.

B KayectBe wHAU-

PucyHok  3.1.1 KaTOpPOB MCMO/b3YIOT Kpa-

CUTEeNN, PacTBOPbI COMIEN U KMCNOT, U30TOMbI U Apyrue BewecTsa. MHAMKATOP BBOAAT B BUAE CTaH-
[APTHbIX CUTHANOB (CM. pUCYHOK 3.1.2): umMnysnbcHO20, CMyneH4Yamoz2o U 2apMOHUYECKOR20:

PucyHok 3.1.2

B 3aBMCMMOCTM OT BMAA BO3MYLUAIOLWLEr0 CUrHafa pas/nyaloT MeToAbl UccneaoBaHuA
CTPYKTYPbl MOTOKOB: UMMY/bCHbIU, cmyneHYamelil U 2apMoHUYecKu.
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3.1.1 HmMny/abCHBIA METOA UCC/IeJ0BAHUSA CTPYKTYPbI NIOTOKOB
B cooTBeTcTBME C 3TMUM METOAOM BO BXOLHOWM MOTOK MPAKTUYECKM MFHOBEHHO, B BUAE
Aenbta GyHKLMM, BBOAAT ONpesesieHHoe KOMYecTBO MHAMKATopa (Ccm. pucyHok 3.1.3).

_/ Cox Ceux=C(T)

PucyHoK
Y 3.1.3

[onyctum, 4to B annapaT BBE/NM MNPAKTUYECKM MFHOBEHHO MHAWMKATOp W onpeaenunun
bYHKLMIO OTKAMKA Ha 3TO BO3MyLLEeHWe: 0603HaYMm obbem annapaTta yepes V' n o6bemHyto CKo-
POCTb NOTOKA - Yepes V.

KonunuyectBo MHAMKaTOpa, Bpema npebbiBaHUMA KOTOPOro B annapaTe U3MEHAEeTCcs OT 7 A0
7+dr, cocTtaBndaer

dg =v((7) dr, (3.1.1)

rae Cs(7) - KOHUEHTPaUMa MHAMKATOPA Ha BbIXOAe M3 annaparTa.

OTHOwWweHune dg KO BCEMY KONn4yectsy MHAMKATOPA Lo BblpaxKaeT AO0NH0 UHAOWUKATOPA, Bbl-
weawero 3 annaparta 3a Bpema ot 7 40 T+dr.

_dg v-Co(r)dr
8o Eo

do (3.1.2)

Tak KaK nosegeHue MHAMKATOPa B annapaTe WAEHTMYHO MOBEAEHMIO OCHOBHOIO NOTOKa,
To BbipaxkeHue (3.1.2) npeacTaBnseT 400 NOTOKA, Bpems npebbiBaHUSA KOTOPOro U3MeHAeTCcs oT
T Ao 7+dr.

O6u.|,ee KOZIMYECTBO BBEAEHHOIO MHAMWKATOPA onpeaenAaeTca Bbipa*KeHnem:

9o = vf C,(Ddr. (3.1.3)
0

Torpa un3 ypasHeHus (3.1.2) cheayer:



19

d vC,(t)dt C,(t)dt
o 0 vo@d _ C@d 5.4
9o vf, G@dr [ C(r)dr
roe BblpaxkeHue
C(t) = oﬁi
Jy G(@dr
3a43eT HOPMUPOBAHHYIO (- KPUBYIO.
YpaBHeHue (3.1.2) MOXKHO NPUBECTU K BMAY:
vC,(t)dt C,(r)drt
9o 9oV
Vv
roe C(6) =C36(T);CO =%;9 Z%;TZ%;

Co- HA4abHAA KOHUEeHMpPayus 8 Nomoke;

C(6) - 6e3pazmepHasa KOHUeHMpPayus;

0- 6e3pasmepHoe spems;

T - cpedHee spemsa Npebbl8aHUA Yyacmuy NoOMoKa 8 annapame.

Torpa vn3 ypasHeHu (3.1.4) n (3.1.5) cnepyer:

C(0)de = C(t)dt
nnn
c@)=cC(r)-t. (3.1.6)

MocTponm aKCNepUMeHTaNbHYO KpMBYIO B KoopanHatax C(6) - 6. Takasa KpuBas HasblBa-
eTca C - Kpusoll.

cc)}

/ Cex Coux = C(e)

.

PucyHok 3.1.4

3alWTpMxoBaHHan NioWaab No4 Hel paBHa
0

f C(8)de, (3.1.7)

0
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N 03Ha4aeT A0/ NOTOKa, BpeMa npebbiBaHMA KOTOPOro B annapartax uameHsetca ot 0 go 0.
EctectBeHHO, UTO
[ee]
f c(0)de = 1. (3.1.8)
0
Taknm obpasom, C - KpnBasa ABAAETCA XapPaKTEPUCTUKON pacnpesesieHUs 3/1eMEHTOB NOTO-
Ka No BpemeHu nx npebbiBaHMA B annapare.
CpegHee Bpema npebbiBaHMA NOTOKA B annapare ecTb
1
T= jr-da. (3.1.9)

0

MocTaBUM B 3TO BblpaxKeHWe 3HaYeHne da 13 ypaBHeHus (3.1.4) u nonyumm

7 = f v C(D)dr. (3.1.10)

0

3.1.2 MeToj CTyIeH4aTOro BO3MyLIeHUs

Mpy ncnonb3oBaHMM 3TOrO METOAA, B MOTOK XXMAKOCTKU, NMOCTYMaoWMiA B annapaT U He co-
AepKalmii UHOMKATOPa, BBOAAT HEKOTOPOE KO/MYECTBO MHAMKaTOpa Takum obpasom, 4To ero
KOHLEHTpaLMA BO BXOAALLEM NOTOKE M3MEHAETCA CKayKom OT ( A0 HEKOTOPOro 3HavyeHua Cp 1 B
AanbHelleM NnoAaepKMBAETCA Ha 3TOM YPOBHe (CM. pucyHoK 3.1.5).

Ecnu C-Kpugas CNyXKUT OLEHKOM GYHKLMM NAOTHOCTM pacnpeneneHns 3N1eMeHTOB NoToKa Nno
BpemeHu npebbiBaHuA, TO F-Kpusas (OTKAMK CUCTEMbI Ha CTyNeH4YaToe BO3MYLLEHWe) ABaseTcA
OUEHKON GYHKUMKM pacnpedeneHus. Ha npakTuke yaobHO nepeinTy OT SKCNepuMeHTaNbHON F-
KpUBOWN F5(7) K HOPMUPOBAHHOM F(7), onpesensaemomn Kak:

F(z
F(r) = % (3.1.11)

KpuBas OTKAMKa, COOTBETCTBYIOWLAA CUTHANY CTyNeHYaTol GopmMbl, UMEET BUA,:

oA - o A : o bix
Fo(7) [C C F(9) C /~C_

Co 1

T

Y

PucyHok 3.1.5
Ecnn Bpems BbiparkeHO B 6e3pasmepHbIX eaAnHULAX, TO 3aBUCMMOCTb USMEHEHWA KOHLLEH-
TPauMM UHAMKATOPA BO BpeMeHW B NMOTOKe, BbIXOAAWEM M3 annapaTa, Ha3sbiBaeTca F - kpusod.
BennuunHa, pasHasa oTHoweHuto F/F(o0), Bo Bxoaswem notoke nsmeHsetca ot 0 go 1.

[lona snemeHTOB NOTOKA, Bpems npebbiBaHMA KOTOPbIX B annapaTe HaxoauTca B npeaenax
ot 8 po 0+d6, ectb:
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dF(8) = C(8)ds.

Jona sanemeHTOB NOTOKa, Bpemsa I'IpE6bIBaHVIFI KOTOpPbIX B annaparte meHblie 6, onpeanena-

eTca cneayowmm obpasom:
6

F(8) = j C(6)ds.
0
CI'IpaBeAﬂMBbIM ABNAETCA U paBeHCTBO

[00]

F(w) = j C(6)de = 1.

0

Cpep,Hee Bpema I'IpE6bIBaHVIFI NMOTOKa B afnaparte COCTaBNAET.

f=b[TC(T)dT=b[TdF=—bfrd(1—F).

[na HaxoxxaeHnA nocnegHero MHTErpasia BOCNosibayeMca MHTETPUPOBAHUEM MO YaCTAM:

F(T)A
1

1-Fr)

0 >
T

2y

PucyHok 3.1.6

de(l—F) =T(1—F)|8°—j‘o(1—F)dT= —f(l—F)dT.

Torpa cpenHee Bpemsa I'Ip86bIBaHWF| onpegenaeTca:

T= 0f(1 — Fdr.
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3.1.3 OcHOBHBIE XapaKTepHCTHUKH pacnpe/eeH’s 3J1eMeHTOB IOTOKa 10 BpeMeHH
npeobIBaHMUA B annapare (MoMeHThl QYHKIIUU pacnpeesieHus)

PacueT pacnpegeneHna BpemeHn npebbiBaHNA YacTUL, NOTOKA OCHOBAH Ha CTaTUCTUYECKOM
MOHATUM MOMEHTOB (M CBA3aH C pacnpeaeneHnem NNOTHOCTU BepoAaTHOCTelN). OCHOBHble CBOMCTBA
pacnpeaeneHua cay4yaliHoW BEIMUMHBI MOXHO OMMCaTb HECKONbKMMU YNCI0BbIMU XapaKTepuUcTu-
KaMu, KoTopble onpeaenatoT Hambonee cylecTBeHHble 0cobeHHOCTH pacnpeaeneHuna. Takol cuc-
TEMOW XapaKTEePUCTUK ABNAIOTCA MOMEHTbI pacrnpefeseHnA Cy4anHoW BENMYMHBI, KOTOpble CUc-
TeMaTU3NpPyHoTCA:

® N0 NopAaKY S MOMEHTa;
® 10 Hayany oTcyeTa Cy4alNnHOM BENNYMHBI.

Mopaaok £ MomeHTa MOXKeT HbiTb Nt06bIM Yncnom. MpaKkTUUEeCKK e paccmaTpmBatoT Mo-
MEeHTbI Hy/J1IeBOTO, NEPBOTrO, BTOPOTrO, TPETbEro U YeTBEPTOro nopaaKos, 1.e. =0, 1, 2, 3, 4.

B 3aBMCMMOCTM OT Hayana oTcyeTa CAyYalHOW BENMUYMHbBI PA3ANYAIOT HAYAsbHbIE U UeH-
mpasibHbie MOMEHTbI. OB BUA, HAYA/IbHBIX MOMEHMOo8 GYHKUMWN pacnpeaeneHnn Takos:

Mg = f‘rﬁ C(7)dr.
0

Kaxaplit U3 MOMEHTOB MMEET onpeaeneHHbln PU3NYECKUA CMbICA.
«* Hynesoit MOMEHT

M, = fro C(t)dt = J C(t)dt
0 0
3To naowaapb nog kpusoi C (7);
¢ TepBbli MOMEHT:

M, = jrC(r)dT

0
XapaKTepu3yeT cpegHee 3HaveHue cpedHee spemaA npebbisaHUA T UM MaTeMaTMYeCKoe OXuaa-
HWe CNy4aHOM BEINYMNHDBI BpEMEHU NpebbiBaHUA.

CnyyaitHble BEe/IMUYMHbLI, OTCYMTbIBAaEMbIE OT MaTEMaTMYECKOro OXMWAaHMWA, Ha3blBalOTCA
UeHmMpuposaHHbIMU. MOMEHTbI LEHTPUPOBAHHOW BEIMUYNHbBI HA3bIBAOTCA YEeHMpPAsbHbIMU.
O6wmii BUA LLEeHTPaNbHbIX MOMEHTOB TaKOB:

ug = f(r - DF C(1)dr.
0

BTopoi UeHTPaNbHbI MOMEHT XapaKTepu3yeT paccesaHue CAy4alHOM BENUYMHbI OTHOCU-
TeNbHO cpeaHero BpemeHmn NpebbiBaHuna, OH HasbiBaeTca ducnepcuell n 0603HavaeTca yepes o4:

02 =, = J-(‘L' — 12 C(7)dr.
0

TpeTuit LeHTpanbHbI MOMEHT XapaKTepusyeT acUMMempuro pacnpeseneHusa u paBeH
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uzs = | @t =1)°C(dr
|

nT.A.

B cuny cToxactuuyeckoi Nnpupoabl ABUMKEHUS 3N1EMEHTOB NOTOKa B annapaTe ux Bpema npe-
6blBaHMA ABNAETCA CNYYaliHOW BE/NIMYMHOM C HEKOTOPOW NNOTHOCTbIO pacnpeaeneHua. OUeHKoWM
GYHKUMKM NNOTHOCTU pacnpenenieHna 31eMeHTOB NOTOKa No BpemeHun npebbiBaHua ssasetca C-
Kpueas, CHMMaemaa Ha Bbixoge annaparta npu MMMy/bCHOM BO3MyLLEHMU. Toraa MomeHTbl C-
Kpueolii ABNAIOTCA OCHOBHbIMU XapaKTEPUCTUKAMM pacnpeaeneHns 3N1eMeHTOB NoTOoKa No Bpeme-
HW NpebbiBaHMA, ONpPeaenas TeM CaMbiM CTPYKTYpPY NOTOKa.

PaccmoTpum Tenepb CBA3b MOMEHTOB HOPMUPOBAHHOU n 6e3pazmepHoli C-kKpueolii.
3HauyeHns HopMUpoBaHHOW C-Kpueoii onpeaenatoTca Kak

C,(7)
) 000 C,(t)dr

HayanbHbIM MOMEHT nopaaKa S HopmupoBaHHo! C-kpueoli ecTb

C(r) =

Mg = jfﬁ C(t)dr
0
Bsoas 6e3pasmepHyto KoHueHTpauuio C(0) v spema € un yuutbisas, yto C(0) =T C(T)m
0 = 1/T umeem:

€@ 7do = fﬁfeﬂ C(6)do

0

Mj = f CHLE -
0

OTCl’OAa nonyyvyaeTca cnegyrouiee COoTHoWeHUE mexay pasMmepHbim n 6e3pa3MGprIM Ha-
Ya/IbHbIMN MOMEHTaMU NOPAAKa ﬂ:
T _ =B .0
MB =T Mﬁ
ﬂpOBep,ﬂ dHAa/IOTNMYHYO npoueaypy C BbipaxXeHnem AnAa UeHTpPalbHONro MOMEHTA IU; no-

pAAKa [ HOPMUPOBAHHOM C-KPWMBOW, NONYYMM COOTHOLUEHWE MEXKAY pasmepHbiM u 6e3pasmep-

HbIM UEHTPA/IbHBIMU MOMEHTAMMU:

¢®) Tdo

,uf;=f(r—f)ﬁC(T)dT=f(9f—f)B -
0 0

up =P f (0 — 1P C(6)do = TPuj
0
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3.2 Tunosble MaTeMaTH4YeCKHE MO/ e/IU CTPYKTYPhI NIOTOKOB B annaparax

B 3aBucumocTu ot Buaa GpyHKUMK pacnpeseneHusa Bcé mMHOoroobpasme matemMaTUYeCKUX Mo-
,a,enel7| NMOTOKOB, BO3HUKAOLWMKMX B Pa3HbIX annapatax, MoXeT npeacraBaieHo B sBnae TMnoBbIX MO-
,a,eneﬁ. PaCCMOTpMM HEKOoTOpbIE I'IpOCTef;ILIJMG moaenu.

3.2.1 Mojaenb HaeaJbHOI0 BbITECHEHHUS

B cooTBeTCTBMM C 3TON MOAENbIO MPUHUMAETCA NOpLIHEBOE TeyeHne 6e3 nepemelimBaHUA
BAO/Ib MOTOKAa NMPW PaBHOMEPHOM pacnpeneneHnun BeLLecTBa B HanpaBieHUW, nepneHaAnKynap-
HOM ABUXKEHMUI0. Bpemsa npebbiBaHMA T BCEX YacTUL, B CUCTEME OAMHAKOBO U PAaBHO OTHOLUEHUIO
ob6bema cuctembl V' K 06beMHOMN CKOPOCTM (06 bEMHOMY pacxoay KUAKOCTH) V:

T=—
v

[ns BbIBOAA YpPaBHEHUA MOLENM COCTAaBMM YpaBHEHWE MaTepuanbHOro 6anaHca ana ane-
MEHTa annapaTta dx Kak II0Ka3aHo Ha pucyHKe 3.2.1.

dx

Hakonnéerue
ac
a¢ Pacxog = wF(C + —dx)

=Fde 0x

PucyHok 3.2.1

B paccmaTpuBaembiii sneMeHT dx nocTynaer:
- KOHBEKTUBHbIN NOTOK WEC;

MoKknaaeT paccmaTpuBaeMblii 3N1EMEHT:
o ac
- KOHBEKTMBHbIV NoTok WF(C + de);
B coOTBETCTBUM C 3aKOHOM COXPaHEHUSA MacCbl PAa3HOCTb MEXAY BXOAAWMMM U BbIXOAA-
WMMM NOTOKAaMM A0/KHA COCTABAATb HAKOMIEHWE BELLecTBa B PpaCCMAaTPMBAEMOM 31emeHTe. Ha-
ac
KOmn/ieHVe BeliecTBa PaBHO Fdxa. YpaBHeHWe maTepuanbHOro 6anaHca Ana 3TOr0 3NeMeHTa

annapara:

HakonneHue = lMpuxod eewjecmea - Pacxod eewecmea

oc oc
Fdx— = wFC — wF (C +—dx>,
ot 0x

rae — F — cedenve annapata, M% € - KOHLEHTPaUMs WMHAMKATOpa, Kr/M>; T — Bpems, ¢; w -
IMHeNHan CKoOpOCTb NOTOKa, M/C; X — KOOpAMHATa, BAO/Ib KOTOPOM NepemellaeTca BeLecTso Co
CKOPOCTbIO W.

Mpeobpasya nocnegHee ypaBHEHNE NOAYYaEM:
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ac _ ac
ot Wax'

BbixogHble KpuBble Mpu MMMY/IbCHOM U CTYNeHYaToM BO3,CI,el\;ICTBVIM MMEIoT BUNA:

>

Hz) / Cox Corix

CBle

Bl
1]

QN <
ay

T

PucyHok 3.2.2

Mozaenu naeanbHOro BbITECHEHUS B MEPBOM NPUBANNKEHUM COOTBETCTBYIOT NPOLLECCHI, MPOMC-
XoAasume B TpybuaTbIX annapatax npuv OTHOLWEHUU AAuHbI Tpy6bi | K anametpy d 6onee I/d>100.

3.2.2 Mojaesb naeaJlbHOro CMelleHUusA
CornacHo 3Toli moaenu NPUHMMaETCA paBHOMEpPHOE pacnpeseneHmne BelecTsa no obbemy
annaparta. KoHueHTpauus BelecTsa B 1t060N ToUKe annapaTta paBHa KOHUEHTPauumM Ha BbIXxo4e 13
Hero.
Mpumem cneaytowme obosHayeHUsA: Czy — KOHLEHTpPa-
LMA BellecTBa Ha BXoge; C - KOHUEHTPaLMA BELLEeCTBa B annapare

M Ha Bbixode M3 annapata; V- o6bém annapaTa; V- 06bEMHbIN
pacxof, NoToKa Yepes annapar.

VCpx vC
B annapaT npuxoaut:
® [OTOK BellecTBa PaBHbIA Vi,
Vd_C Noknpaet annapar:
dt

® [OTOK BelWecTsa paBHbii vC

PucyHok 3.2.3
y B cooTBETCTBMM C 3aKOHOM COXPaHEHMA MACChbI

Pa3HOCTb mexay BXO4ALWNMMU N BbIXO4ALLMMU NOTOKaMU O0/13KHA COCTAaB/NIATb HAaKON/1IeHNE Belle-

ac
CTBa B annapaTte. HakonneHue BewecTBa paBHO VE

YpaBHeHne maTepmanbHOro 6anaHca AnAa annapara:

HakonuieHue = [Ipuxof BelecTBa - Pacxo/ BelecTBa

3aBMCMMOCTb MeXAy KOHLEHTPaLMEN BEWecTBa Ha BbIXxoAe annapata us cuctembl Cppx = C Y
Ha Bxoae Cyx UMeeT BUA;

V—=vC, - v(C. (3.2.1)
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1) Npu umnynbcHoM Bo3mMylLeHUN Cq= 0, TOraa pewan auddepeHunanbHoe ypasHe-
Hue (3.2.1)

Xop peweHua

VdC_ C- dc _ 1d _
dr % c - 7%
T
lnC=—%+D; D = lnCH;
_I I
che 7T e
_z C(T)= - T — T _E
C = CHe T; fo C,e Tdt fo e Tdrt

. 1 oo I
C y4éTom Toro, 4to - = fo e tdT, nonyuum  GYHKUMIO MAOTHOCTM pacrpeAeneHuUs BpemeHu

I'Ip@6bIBaHMﬂ C(T) ANA TaKoro annapaTta.

(1) =,

Ll

_ v
rae T = - - cpefiHee BpemA npebblBaHUA YaCcTUL, B cUCTEME

2) Npu ctyneH4yatom Bo3myweHun Cpx = Cp,. Pewana anddepeHumanbHoe ypaBHeHMe
(3.2.1) nonyuynm

< 1 o ) 11,0
= ©_10.9)
dr 1 dF 1
E=%(1— F); 1-F =%df;
—In(1- F)=%+D; D=0

byHKUMIO pacnpeaeneHuns BpeMeHu npebbiBaHMA YacTUL, NOTOKa B annapate F(T)

T

F =1—¢e =

BbixogHble KpuBble NpU CTyneH4YaTom BO3,CI,el\;1CTBVIVI N MMNYNbCHOM BO3MYLLEHUN MMEIOT BN,
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CBX

CBbIX

>

>

T
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Fo CCBX / Coorx

ay

PucyHok 3.2.4

Mopgenb naeanbHOro CMeLeHMA COOTBETCTBYHOT NPOLLECCHI B KYBOBbIX EMKOCTAX NPW HaNK-

YUUN MHTEHCUBHOTIO nNnepemelinBaHnA.

3.2.3 JAuddy3uoHHasa Mojelb

PasnnyatoT o4HOMapaMeTPUYECKYHO U ABYXNAPaMETPUYECKYIO ANDDY3MOHHbIE MOAENN.
OcHosHoe ypasHeHue odHonapamempuyeckoli dugppy3uoHHoli modenu
B ocHoBe AndPY3MOHHOM MOAENN NEXUT AONYLLEHME, YTO CTPYKTYpa NOTOKA OMMCbIBAEeTCA
YypaBHEHWEM, aHANOTUYHbBIM YPABHEHUIO MoNeKynspHoON anddysmn. MapameTpom mogenn asns-
etcAa Ko3adPpUUMeHT NPOAOIbHOIrO NepeMeLnBaHmnA, HasblBaeMbli KoadpduumeHTom TypbyneHTHOM
Anddy3nn nnm KosdduumeHTom 06pPaTHOro NepemeLlBaHuA.
MpeactaBUM aneMeHT annapata dx Kak Ha pucyHke 3.2.5:

dx

[Ipuxon = wFC

Pacxon = D, F

ac

0x

HakonneAve

S aC
£ xar

P = FC+aCd
acxog = WF( EP X)

[Ipuxon = DLFE (C + de)

B paccmaTtpuBaemblii 3neMeHT dx NoCcTynaoT:

- KOHBEKTUBHbIN NOTOK WFC.

PucyHok 3.2.5

- NOTOK, BbI3bIBaeMbIN TypbyneHTHOM anddy3snen DLF% (C+ Z—idx).

MoKMAaT paccMaTpMBaAEMbI S1IEMEHT:

o ac
- KOHBEKTMBHbIV NoTok WF (C + adx);

o o o ac
- NOTOK, BbI3blBaeMbIi TypbyneHTHOM anddy3men D, F —;

ox’

B cooTBETCTBUM C 3aKOHOM COXPaHEHMA MacCbl Pa3HOCTb MEXKAY BXOAAWMMU U BbIXOAALLMMMU

NOTOKaMW O0/KHA COCTAaBNATb HAKOMN/IeHMe BelLecTBa B paccMaTpMBaeMoOM 3nemeHTe. Hakonse-

ac
HWe Bel,ecTBa paBHO Fdxa
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ypaBHeHMe MaTepmnaabHOro 6anaHca ANA 3TOro azIeMeHTa annaparta:

HakonneHue = lMpuxo0d eewjecmeaa - Pacxod eewecmea

Fax 2l = FC+DF6(C+aCd> F(C+acd) p.rot
xar_w L™ ox ox x W ox x L™ ox

Mpeobpasya nocnegHee ypaBHEHWE, NOJly4aeM OCHOBHOE ypaBHeHune anddy3noHHOW moae-
nn:

BbIXO,D,HbIe Kpusbie Npn MMNYybCHOM BO3MYLEHNUN N CTYNEHYATOM BO3,EI,el\/’ICTBVIVI MMerT BUA:

A Cox
Cox Hz) i /’ Casix
Corix

Clo)

> T
T

PucyHok 3.2.6

3.2.4 f4yeeuyHas Mo/JeJib

OcHoBOW Mogenun ABAAeTCA NpeacTaBNeHMe PeakUMOHHOro NPOCTPaHCTBA B BUAE COBOKYMHO-
CTU A4YeeK paBHOro obbema. B npesenax KarKAon AYENKW, PaACNONOMKEHHbIX NOCNeA0BaTENbHO,
OCYLLECTBNAETCA UAeanbHOE CMeLLeHMe, a NepemelLMBaHNe MeXay AYerikamu otcyTctayeT. lNapa-
METPOM MOZAENN CNYXKUT YUCNO0 AYEEK m.

Co i Cis G Cn-1 Cn
> e > e e e

1 i m

PucyHok 3.2.7

MaTemaTmMyeckoe onMcaHne sYee4yHoW MOAENN BKAKOYAET M NIMHEHbIX AnddepeHumanbHbixX
ypaBHEHUI NepBoro nopsaaKa:

1dC 1
———==(Ci-1- )
mdt T
rae m-—4ncno syeek; Ciz- KOHUEHTPAUMA Ha BXoAe B i-t0 AYeliky; Ci- KOHUEHTPaUMA Ha Bbixode 13
i-ovi auenkun, T=V/v.

C-KpVIBaH ana ﬂqeeqHOVI moaesin onncbliBaeTCA ypaBHEHUEM!
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m m-1 mg
C(x) = —(mm_ 5 ) T

BbixogHble KpuBble MPU MMMNY/IbCHOM BO3MYLLEHUN U CTYNEHYaTOM BO3ﬂ,€ﬁCTBMM MMeET BN

F(Z')A i Csx C

ay

PucyHok 3.2.8
He Bce peanbHble NpoLECChbl yAaeTca onucaTe NPU NOMOLLM PAacCMOTPEHHbIX Bbille Moae-
Nnei. B 4aCTHOCTM, 3TO OTHOCUTCA K Mpoueccam, BKAOYAIOWMM 6annacHble U LUPKYAALNOHHbIE
NOTOKM, K MPOL,ECCAaM C 3aCTOMHbIMM 30HAMM, 3 TaK!Ke NpoLLeccam B anmnapaTax CAOXKHOMN CTPYKTY-
pbl. [1ns onucaHMa TaKMX CUCTEM MMEETCS LMPOKUI KPyr, TaK Ha3blBa€MbIX KOMOMHUPOBAHHbIX
MOJiefiei, B KOTOPbIX pPeasibHbli annapaTt npeacTtaBAseTcs Kakoh-nMbo KombuHaumen TUnoBbiX
cucTem.
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4 CocTaB/ieHHe MaTeMaTHYeCKUX Mo/JeJieH IKCIIepUMEeHTa/IbHbIM
METO/0M

4.1 MareMaTH4yecKHe MOJeJi1, COCTaB/IEHHbIE 3KCIIepUMEHTa/IbHO-
CTAaTUCTUYECKUM METOA0M
B Tex cnyyasx, Korga MHGopmMaLMM O pacCMaTPUBaEMOM MPOLLECCE HeAO0CTAaTOYHO MU MPO-
LuecC HaCTO/ZIbKO CN0OXKeH, YTO HEBO3MOXHO COCTaBUTb ero getTepMmmnHUPOBaHHYIO MOode b, an6e-
ratoT K 3KcriepumeHmarsibHo-cmamucmu4ecKkum MmeToaaM.

Mpouecc Npu 3TOM paccMaTpMBaeTCa KaKk “yepHbili AuUK”. Pa3nnyatroT naccusHsili  akmus-
HbIl 3KcnepumeHT. MNpu naccusHoOM 3KcrnepumeHme 3KCnepumeHTaTop He BMellnBaeTca B paboty
06beKTa, a NPOCTO PerucTpmpyeT M3MeHeHMa 3HaYEeHMN BXOAHbIX U BbIXOAHbIX BEANYUH B pe3y/b-
TaTe caydamHbix BosgeincTeuit. O6paboTKa OMbITHLIX AAHHbIX B A3aHHOM C/ay4ae Ana NoayyeHun
MaTemMaTM4YecKon Mogenn NPoBOAMUTCA METOLAMM KNACCUYECKOro pe2peccuUoOHHO020 N Koppenayu-
OHHO20 aHanu3a.

anI GKMUBHOM 3KCNEPUMEHTE IKCNEPUMEHTATOP CaM UIMEHAET 3HAYEHUA BXOAHbIX BeJIN-
YUH. lMpn npoBeaeHNUM aKTUBHOIO SKCNepMMEHTa BXOAHbIe KOOPAMHATbI MUSMEHAIOTCA B bonee LWMPOKOM AnanasoHe,

NnO3TOMY M nNoslyd4aemaa moaesib pa60Tocnoco6Ha B 6bonee LWNPOKOM gnanasoHe 3HaYeHuMn BXO4HbIX BETNYUH.

B obwem cnydyae o6beKT 6blBaeT ¢ M BXOAHbIMU (X7, X2, ..., Xm) W 1 BbIXOAHbIMU
(y1 ¥z ..., Yn) KOOpaMHaTamu (cm. pucyHok 4.1.1)

KoopanHaTa Ha3biBaeTcA BXOAHOW, €C/IM OHa OKa3blBaeT B/AMAHME Ha MPOLLECC, a ee 3HaYeHUe He 3aBUCUT OT
npoTeKaHua 3Toro npouecca. KoopanHaTa Ha3biBaeTCA BbIXOAHON, €C/M ee 3HaUYeHMe 3aBMCUT OT npoliecca, npore-
KaloLLero B 06beKTe, N 3HaUYEHWUI BXOAHbIX KOOPAMHAT.

Mamemamudyeckoli modesibto 06bEKTa HA3bIBAETCA COBOKYMHOCTb YPaBHEHWW, OMUCbHIBAtO-
WMX 3aBUCMMOCTb BbIXOAHbIX KOOPAMHAT OT BXOAHbIX KOOPAWHAT M MApPameTpoB YpPaBHEHWN.
YTOUYHUM, 4YTO B LAHHOM Cy4ae MOXKET CNYKUTb MOAENbI0 06BbeKTa.

A
v O

—_— >

X

OB BEKT
— > ——>

Xm _Vn

PucyHok 4.1.1 PucyHok 4.1.2

MOCKO/IbKY Ha BbIXOAHYI KOOPAMHATYy 06beKTa, MOMMUMO Y4YMUTbIBAEMbIX BXOAHbIX KOOPAU-
HaT, BCerga BAUAIOT U HE yYUTbIBaeMble NepemMeHHble, KOTOpPble PAacCMaTPUBAOTCA KaK HEKOTOPbIE
CNy4aiHble BEeAUYMHbI - ToMexu, 3TO onpeaensiemble 3KCNEPMMEHTA/IbHO 3HAYEeHUS BbIXOAHOWM
KOOpAMHATbI cnyyaiHbl. Toraa BbIXOAHAA KOOPAMHATA J/ 3aBUCUT OT BXOAHbIX HE GYHKLMOHANBHO,
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a cmoxacmu4ecKu, 86eposmHOcmHo. Kaxaomy GUKCMPOBaHHOMY 3HaYeHMIO BEKTOpa X BXOA-
HbIX KOOPAMHAT COOTBETCTBYET HE ONpeAe/ieHHOe 3HaYeHWe ), @ HEKOTOPas yC/108HASA MA0MHOCMb
pacnpedeneHus 3HaveHuli 'y — f(y/X) w onpepeneHHoe 3HaYeHWe YCs108HO20 Mamemamuye-

CKO20 0XUOaHUA BbIXOAHOM KoopamHaTtel — M{y/X } (cm. pucyHok 4.1.2).

3aBMCMMOCTb YCIOBHOTO MaTEMATUYECKOrO OXMUAAHMA BbIXOAHON KOOPAMHATbI )/ OT BEKTOpa
- Ar=2 = - o
X: y(x,a) = M{y/x} HasbiBaeTca pezpeccUoHHol 3aeucumocmsto. OHa N MOXKET CNYXWUTb B
[AAHHOM C/ly4ae MaTeMaTUYeCKOW MoAenbio 06beKTa, T.K. MO3BOAAET NPOrHO3MPOBATb 3HAYEHMUA
BbIXOAHOM KOOPAMHATbI 06bEKTa NPU AaHHbIX 3HAYEHUAX BXOAHbIX. MapameTpsbl d B TaKOW Moge-
M He nMetoT GU3NYECKOro CMbIC/A, @ ABAAKOTCA NPOCTO KOIPdMUMEHTAaMMN 3aBUCMMOCTUN. KpumBas,

onucblBatowwan 3aemcumoctb M{y/X} ot X HasblBaeTcs Kpusol pezpeccuu.

YacTo npu aKcnepMmeHTalbHOM MeToAe MaTeMaTUYECKON MOAENbo ABNAETCA hyHKUUA om-
K/UKQ, CBA3bIBAKOLWAA MapaMmemp onmumMu3ayuu, XapakTepusytoLLel pesyibTaTbl S3KCNEPUMEHTA, C
nepemMeHHbIMM NapamMeTpamMm, KOTOPbIMW SKCMEPUMEHTATOP BapbMpPYyET NPU NPOBEAEHUN OMNbITOB.

y= f(xlixZ' "'ﬂxm) (411)

He3aBucuMble nepemeHHble X7, Xz,.., Xm Ha3blBatOTCA PpaKTOpamu (BXOAHbIE KOOPAMHATbI);

KOOPANHATHOE NPOCTPAHCTBO C KOOPAUHATAMMU X7, X2, ..., Xm - (PAKMOPHbLIM NPOCMpPAHCMBOM; reo-

MeTpuyeckoe nsobparkeHne GyHKLMM OTKANKA B GAKTOPHOM MPOCTPAHCTBE - M08EPXHOCMbIO OM-
KAuka (cm. pucyHok 4.1.3).

= A
=
=
©
a
T
60 65
v 70
=
T
()
x
75

.
>

TemnepaTtypa

PucyHok 4.1.3

Mpy MCNONb30BAHUN CTAaTUCTUYECKMUX METO40B MaTemMaTUyeCcKaa mogenb npeacraBnsaeTca B
Bnae NnoaMHOMaA - OTpe3Ka pAaa Teﬁnopa, B KOTOpOVI pa3naraetca Hen3BeCTHaA 3aBUCUMOCTb:
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y=PpF+ Zﬁ;x] Z Bujxux; + Zﬁu (4.1.2)

u] 1
I
B cBA3u c Tem, 4YTO B peasbHOM npouecce Bcerga CywecTtBytoT HeynpaBademblie N HEKOHTPO-

IMpyemMble NepemMeHHble, USMEHEHME BbIXOAHOW BEIMUYNHBI HOCUT C/IyYaliHbIi XxapakTep. MNoatomy
npy 06paboTKe 3KCNepUMEHTaNbHbIX AAHHbIX NMOYYaAlOTCA TaK Ha3blBaemble BblIBOPOYHbIE KO-
duumenTol perpeccun by, by, by, bj aBnaolmeca oueHKaMmn TeopeTnyeckux koadpouumeHTos £y fF;

P By

YpaBHeHme perpeccuun, nony4yaemoe Ha OCHOBAHUU OMbiTa, 3aNUCbIBAETCA B BUAeE:

k K
y:b0+2bjxj+ Z by jxyx; Z . (4.1.3)
j=1 =

,11
#Jj

KoaddpuumneHt by HasbiBatoT cso6odelM Y4seHOM YypaBHeHUA perpeccuu; bj- AuHelHbIMU
sgppekmamu; bjj- KBaOpamuyHsIMU 3gppekmamu; by - agpdpekmamu 83aumooelicmeaus.

4.2 Tlapamerpuyeckas ugeHTuduKanmsa Mojeaeld MeToJ0M

HauMEeHbIINUX KBaJpaToB

MdeHnmudgpukayueli mooenu Ha3bIBAETCA OnpeaesieHMe ee NapaMeTpoB U CTPYKTypbl, obec-
NeymBaoWmMx HaMMeHbLUNE OTK/IOHEHUA BbIXOAHbIX KOOPAMHAT MOLENWN OT BbIXOAHbIX KOOPAMHAT
06beKTa NpU OANHAKOBbLIX BXOAHbIX BO3AeNCTBUAX. [Ipoyedypa, B KOTOPOW O4HOBPEMEHHO onpe-
AENATCA KaK CTPYKTYpa, TaK U nMapameTpbl, Ha3blBaeTcA UAEHTUDMKaLMEN MOAENN 8 WUPOKOM
CMbICsie. HacTo »Ke CTPYKTYpOM MOAENM 3a4al0TCA 3apaHee, MCNOo/b3ys MMetoLmneca ceeaeHuns ob
06beKTe, a onpeaenAT TONbKO NapameTpbl Moaenu. Takas npoueaypa HasbiBaeTcs UAEHTUDU-
Kaumen B y3KOM CMbICe 3TOrO C/I0Ba AU napamempuyeckol udeHmugpukayued.

[na napameTpuyeckon ngeHTMdMKaummn moaenen yacto ncnonbsyetca MHK.
MocmaHoeka 3ad0ayu. O6bEKT UMeeT I' BXOAHbIX X7, X2, ... Xr U OO4HY BbIXOAHYIO KOOPAMHATY J.

O603HauMmM X = (X1,X3,...X,) - BEKTOP
BXOAHbIX KoopauHaT. [poBeAeHO 11 3KcnepuMeH-
TOB. B KaXXA0OM M3 KOTOPbIX, NPU U3BECTHbIX 3Ha-

YEHMAX BXOAHbIX KOOPAMHAT X, Onpesenannchb

COOTBETCTBYIOLIME WM 3HAYEHWUA J; BbIXOAHOM
KoopZAuHaTbl. TpebyeTca nocTpouTb matemaTuye-
CKyt0 Mmogenb obbekTa. Kpusaa perpeccum Aox-

Ha npoxoaunTb 863K IKCNepUMeEHTaJIbHbIX TO-

Xi X yek. ToyHee, 3Ha4yeHwUA BbIXOAHOVI KOOpAunHAaThbI

Y

P(X, d) HaxoaMMble MO MOAENM, AO0NKHbI 6biTb

PucyHok 4.2.1 6AM3KM K 3HAYEHMAM BbIXOAHOW KOOPAWHATLI Vi

= y(X), onpeAeneHHbIM 3KCNEPUMEHTOM, HO MPU TEX e 3HAYEHMAX BXOAHbIX KOOPAMHAT. ITK
YCNOBUA U UCNOJIb3YIOTCA AN1A NOCTPOEHUA MOAENN.
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Onsa atoro dopmupyetca pyHKUMA F, OLLEHNBAIOLLAA HEBA3KY & - CTENEHb OTK/IOHEHUS y(a?)
ot (X, a):
e=y@) — (& a).
B meTose HaMMeHbLUMX KBAAPATOB B KAyecTBe TaKOM PyHKUMM MCNONb3yeTcA KBagpaT He-
BA3KU
F(e) =& =[y@ - @& D) (4.2.1)
Buaom, CTpyKTypOn 3aBUCUMOCTH ’37(9?, d) 3a4atoTcA, MO3TOMY MOCTPOEHUE MCKOMOM 3aBu-

CMMOCTM CBOAMTCA K OnpedeneHunio ee napameTpos d. OHM HaxoAAaTca Takum obpa3om, yTobbl
NPU 3TUX 3HAYEHUAX MAaTUMATUUYECKOE OXUAaHue GYHKLMM HEBA3KU F BblI0 MUHUMAbHbIM,

M(F) = M(&) = M{[y(X) — y(¥,d)]*} = min. (4.2.2)

MocKoNbKy MMeroLLanca BbiIbOpKa IKCNePMMEHTAIbHbIX AAHHbIX BCEerga orpaHn4YeHa, To one-
PaLMIO HaXOXAEHMA MAaTUMATMUYECKOE OXUAAHMA 3aMEHAIT onepaument BbIYUCIEHNA ero OLLEHKM
- cpegHero apudmeTUYecKoro:

S|

l

[y(X) — §(*,d)]* = min. (4.2.3)
=)

1 o
OT6poCHB BENNUYUHY —, CTeneHb 61130CcTN Mmoaenn n obbekTa byaem oueHUBaTb BENYNHOM

n

f@ = Y Y@ = 9E DI = min (4.2.4)

i=1
Takmm obpasom, npu MHK napameTpbl HaxogAaTca U3 ycaosus
f(a)—>min

T.€. ABNAOTCA peweHnem 3agayvym MMHMMN3aunm Cymmbl KBa4paToOB HEBA3KMN.

[na ncnonbsosanna MHK moaenb AonxkHa 6biTb UHeliHa Mo napamempam, T.e. NapaMeTpbi
d BXOAAT B MOJENb IMHENHO.

B kauecTBe 3aBucumoctn J(X,d) mcnonbayeTtca NonamvHom I- ol cteneHn. Hanpumep, ecan
06bEKT MMEET [1Be BXOAHbIE KOOPAUHATbI Z7 U Zz, TO MOXHO MCMONb30BaTb KBagpaTUYHbIM NOAN-
HOM:

y =ay + az; + az, + a3212 + a4222 + 52,2, (4.2.5)

B ntobom cnyyae ana 6osblueit KOMMNNEKTHOCTU BbIKNAAOK U ya06CTBa BbIUUC/IEHWUI Lieneco-
06pa3Ho nepeobo3HaUYUTb NEPEMEHHbIE, BXOAALWME B NPABYHO YacTb YpPaBHEHMA, U 3anucaTb ero B
BMAE NMHENHOro NOIMHOMA C APYTMMMN NMepeMeHHbIMM:

y = a0X0 + a1X1 + a2X2 +...+ arxr (4.26)
YpaBHeHue (4.2.5) npnBoaMTCA K TaKOMY BUAY C MOMOLLbIO 0603HaYEHN:

1. _ . - . _ 2. _ 2. _
Xo =1, Xy = 21; Xp = Zy; X3 = Z1; X4 = Z5; X5 = Z1Zy.
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K Buay (4.2.6) MOXXHO Bcerga nNpuBeCcTU MoAe b, ECIN Tapamemps! BXOAAT B UCXOAHOeE
ypaBHeHUe sIuHelHO, BXOAHble KOOPAMHATbI MOTYT NPY STOM BXOAMUTb B HEro HesUHeUHO.

Torpa ¢yHKUMA f(a) npumeT BuA:
n

f@ = Z[yi — @gXo; — A1X1; — GpXp; — ...~ QrXyi]” (4.2.7)

=1

Heobxoanmbim ycnosrem MUHUMYMa GyHKLMM f(a) ABNAETCA paBEHCTBO HY/NA ee YacCTHbIX
NPOU3BOAHbIX NO MCKOMbIM NapameTpam:

df df df
—=0,——=0;...... ; =0;
da, da; da, (4.2.8)
nnu
n
ZZ[% = QoXo; = QX1 — ApXg; — o — ApXpi] (—Xg1) = 0;
i=1
n
22[3’1‘ = QgXgi = A1X1; = ApXpp — o — GpXp] (—X1) = 0; (4.2.9)
i=1
n
ZZD’i - QoXoi = Ay X1; — ApXg; — o — GpXpi] (—Xp) = 0;

i=1

3anuwem 3Ty cuctemy B BUAe, yaobHom gns aHanmsa

n n n n
2 _
Qo Z Xo; T aq Z XoiX1; t ...+ ayr Z XoiXri = Z X0iYis
i=1 i=1 i=1 i=1
n n n n
2 _
Ao Z X1iXo; + a4 Z Xy t...ta, Z X1iXpi = Z X1iYi» (4.2.10)
i=1 i=1 i=1 i=1

n

n n n
2 _
ag Zxrixoi + alzxrixli + ..+ aerri = Zxriyi-
i=1

i=1 i=1 i=1

MonyyeHHasa cucTeMa NMHENHbIX anrebpanyecknx ypaBHEHUN, COAEPKUT CTONbKO ypaB-
HEHMI, CKO/IbKO B HEe BXOAMT HEM3BECTHbIX NapaMeTpoB d. 3Ty CMCTEMY NPUHATO Ha3blBaTb cUC-
memoli HOpMasbHbIX ypasHeHU.

C1ctema HOPMaJIbHbIX YPaBHEHUI MOXKET ObiTb pelleHa, Hanpumep, no npasuay Kpamepa.
PeweHne moxeT HbITb CPAaBHUTENBHO TOYHO HaMAEHO TakMm obpasom, ecan maTpuua CUCTEMBbI
HOPMa/IbHbIX YPaBHEHUI He ABNAeTCA rns10xoobycnosneHHol, T.e. onpegenntenb A cywecTBeHHO
OT/IMYaeTCA OT HynA. B npoTuBHOM cnyyae A, byaeTt AennTbca Ha BeNNUYUHY 6aM3Kyto K Hyato. Ma-
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Nble OTK/IOHEHMA B 3HAYEHUAX BXOAHbIX KOOPAMHAT (BO3MOXHO, BbI3BaHHbIX HaAMYMEM MOMEX

namepeHusn) byayT NpMBoAMUTb K CYLLECTBEHHOMY M3MEHEHUIO HAaXOAMMbIX OLEHOK MapameTpos.
3TO MOKeT b6bITb BbI3BaHO MBO NMHENHOM 3aBMCMMOCTBIO YaCTU BXOAHbIX KOOPAUHAT, INBO Tem,
YTO NPU NPOBEAEHUN FKCNEPUMEHTA 3HAUYEHMA BXOAHbIX KOOPAUHAT U3MEHAINCH CINLLKOM Mano,

A.
NNB0 HETOYHOCTbLIO BbIYMCAEHUA A B BblpaXKeHUn a; = Kl'

B 3TOM cnyyae Heob6x0AMMO, COOTBETCTBEHHO, MO0 MEHATb CTPYKTYPY MOAenn (MCKAYaTb
JIMHENHO 33aBUCUMbIE KOOPAMHATbI), MO0 MeHATb BbIOOPKY 3KCNEPUMEHTANbHbIX AAHHbIX, MO0
NpPoBOAMUTb BblYMCNEHUA € BONbLIEN TOYHOCTDIO.

[na peweHna cucteMbl HOPMAJIbHbIX YPaBHEHUI € NoMoL,bio IBM nyylwe ncnosib3osBatb me-
Toa, aycca-KapgoHa.

4.3 PerpeccMOHHBIY aHA/IU3
NMocne TOro, Kak YpaBHeEHWNE perpeccnmn HaVI,D,eHO, HEO6XO,CI,MMO npoBecTun cmamucmuyeckuli
dHa/nN3 pe3ynbTaToOB. 9TOT aHaNM3 COCTOUT B cneayrowem:

1) npoBepaeTcs 3HaYUMOCMb KO3PPULMEHTOB YpaBHEHUA perpeccuu;
2) ycTaHaBAMBaeETCA 00eK8aMHOCMb YPaBHEHMUS.

Takoe nccnegoBaHme HOCUT Ha3BaHMe pecpeccuoHHO20 aHanusa.
,D,OI'IyLLI,eHMH, ncnosb3yemblie Npu nposeaeHNN perpeCCMoOHHOro aHaaunsa:

1) BxoaHble KoopAuHaTbl X7, Xz .. Xr UBMEPAIOTCA C NPEHEebpeMmo masbimu
OWUBKAMU N MOTYT PacCMaTPMBATBLCA KaK Hecy4vaiiHble BENNYMHBI.

2) DKCnepuMeHTa/ibHble 3HAaYEHWUS BbIXOAHOW KOOpAMHATbl NpeacTaBAsloT cobou
3HaYEeHUA HEe3aB8UCUMbIX CNly4alHbIX BE/IMUYUH, UMEIOLLNX HOPMAsAbHOE pacrpe-
OeneHue.

3) Mpn U3MeHeHUN 3HAYEeHUN BXOAHbIX KOOPAUHAT U3MEHAETCA TONbKO Mamema-
muy4ecKkoe o#UOQHUe BbIXOAHOM KOOPAMHATbI, HO HEe U3MeHAeTCs oucrepcus ee
pa3bpoca, T.e. ancnepcua pasbpoca y Nnpn GUKCMPOBAHHOM 3HAYEHUUN X = X7
AB/IAETCA NOCTOSHHOM BEIMYNHOMN, HE 3aBMUCALLAA OT 3HAYEHUA X7.

4.3.1 IIpoBepka BOCIPOU3BOAUMOCTH ONBITOB
Mpexae Bcero, He0bxoaAMMO yb6eanTbCca B TOM, YTO OMbITbl BOCNPOM3BOANMbI. OUEHKY BOC-
NPOM3BOAMMOCTM OMbITOB OCYLLECTBAAIOT Tak Ha3blBaemoW - oucnepcueli socrnpouszsodoumocmu

2
cTBOCH-

1) Ana onpeaeneHusa aucnepcuu BOCNpPOM3BOAMMOCTU NPOBOAAT ceputo (/N — KonmyecTso
cepull ONbITOB) NAPAAAEesnbHbIX ONbITOB (ONbITbl, B KOTOPbLIX BXOAHbLIE KOOPAMHATHLI MPUHUMAOT

OZIHM W Te »Ke 3HAYeHUs; /11 — KOJIMYECTBO Napasi/ie/ibHbIX OMbITOB B KaxKao0Mn cepumn). B Kaxaom u3
TaKMX OMbITOB ONPEeAENAETCA B CTAaTUMECKOM PEXMM YCTaHOBMBLUEECA 3HAYEHME BbIXOAHON KOOp-

ANHATbl Vi1, V2, V3, vy Vi

2) Ana Ka)-KAOﬁ cepun napannenbHbIX ONbITOB BbIYUCNAKOT OUEHKY ANUCNEPCUN!
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m

1 _

af = HZ(}’W - y)? (4.3.1)
u=

rae m-41MCcno napannenbHbIX OonbliTOB, NPOBEAEHHbIX NP OANHAKOBbIX YC1OBUAX;
N -uncno cepvu71 napannenbHbIX ONbITOB,

m

_ 1 .

Yi=—) Yu~ cpegHee apudmeTnyeckoe 3HaveHue y, i=1, 2, ..., N.
u=1

3) Ana npoBEepPKKN BOCNPOMN3IBOAMMOCTN ONbITOB HAXOAAT OTHOLWUEHWNE Hanbonblien U3 oue-
HOK ,CI,MCI'IepCVIVI K CyMmMme BCEX OLLEHOK ,u,mcnepcmﬁ

_ Grznax
Gmax = SN 2 (4.3.2)
i=10;

rae 024, - MaKCMManbHoe 3HayeHue BbIBOPOUHOI AMCnepcum.
3Ta BEIMYMHA HA3bIBAETCA pacyemHsIM 3Ha4eHuem Kpumepusa KoxpeHa.
Ecnu BbinonHAETCA ycnoBue:
Go(N,m —1) > Gpax
TO OMbITbl CYNTAOTCA BOCMPOU3BOANUMbBIMU, @ OLLEHKM ANCNEPCUN OOHOPOOHbIMU.

Gp(N, m-1) - mabynuposaHHoe 3HavyeHUe KpuTepua KoxpeHa npu ypoBHE 3HAYMMOCTU D
(P =1-p rpe P- poBeputenbHasa BepOATHOCTb, Hanpumep P=0,95).

Ecnun BbI60p0‘-IHbIe ancnepcnMn ogHopoAHbl, PaCcCHNTbIBAETCA ducnepcus 60CI'I,DOU3600UMO-
cmu:

N
2 1 2
Ogocn = N 0 . (4.3.3)
i=1

CreneHb cBobobl 3TOM gncnepcun f= N(m-1).

4.3.2 OuneHKa 3HAYMMOCTH K0O3pPULIMEeHTOB ypaBHEHH S perpeccuu

Mpu noctpoeHnn moaenn obbeKkTa KenaTenbHO yMeTb BblAenATb nepemeHHble, cnabo
BAUAIOLWME HA BbIXOAHYIO KOOPAMHATY. X MOXKHO MUCKNIOYUTL M3 ypaBHEHMA. DTO NO3BONAET Y-
POCTUTb MOAENb, He CHMXKAA CYLLEeCTBEHHO ee TOYHOCTU.

OueHKa 3HaYMMOoCTUN K03pPMUMEHTOB NPOU3BOAUTCA NO Kpumeputo CmetodeHma:
|aj|
tj=—= (4.3.4)
O’ .
aj
rae aj - J-bii KoadOULMEHT ypaBHEHUA PErpeccun; Ogj- CpeHee KBaApaTUYHOE OTKIOHEHMWE J — 0

KoadPpuumeHTa.

Oq . onpeaendaeTca Nno 3aKOHY HakKonneHusA OWKNOOK:
]
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(4.3.5)

O6blHO 05 = 05 =...=

(4.3.6)

1. Ecnn tj 6onblue TabynnpoBaHHOrO tp(f) (15 BLIGpaHHOrO YPOBHA 3HAYMMOCTM P 1 Yncna cTe-

neHHoi ceoboapl f=N-2) T.e.

tj > tu(f),

TO K03¢¢MLI,VIGHT dj 3HA4YUMO OT/INYaeTCA OT HY/A. CI'Ie,D,OBaTe]'IbHO, OH He MoXeT bbITb NPUHAT
PaBHbIM HY/1HO, HE MOXXET ObITb UCKAIOYEH U3 Mmoaenu.

2. Ecnm tj< tp(f), TO j - bIih NapameTp C 3a4,aHHON BEPOATHOCTbIO HE 3HAaYMM. HesHauumble
Ko3pPULMEHTbI MCKNIOYAIOTCA U3 ypaBHeHMA perpeccun. OcTaBlumeca KoaddULMEHTbl NepecinTbl-
BAlOTCA 3aHOBO.

4.3.3 IIpoBepKa aileKBaTHOCTH MO/JeJIH

Mocne noctpoeHna moaenn HeobxoAMMO NPOBEPUTb, COOTBETCTBYET /M MOAYYEeHHaA MoO-
Aenb O6beKTy, T.€. aeKBaTHa /1IN OHa eMy. EcTecTBEHHO cYMUTaTb, YTO MoAenb COOTBETCTBYET O6'beKTy, ecnm
OHa NOo3BOJIAET onpeaesinTb 3Ha4eHNA BbIXOAHbIX KOOPAWUHAT, 6Au3KMe K TeM, KOTOpble nmenu 6bl MecTo Ha peanb-
HOM O6beKTe NPM 3afaHHbIX 3HaYeHNUAX BXOAHbIX KoopauHaT. CTeneHb OTKNOHEHUA BbIXOAHbIX KOOPAWHAT
§;, onpeaenaembix N0 MOAENN, OT HAWAEHHbIX SKCNEPUMEHTANbHO Jj;, NPU OAUHAKOBbLIX 3HAYEHUAX
BXOZHbIX KOOPAMHAT, OLeHMBaeT BEIMYMHA Ha3biBaeman ducrepcuell annpoKcumayuu

N
G:aznn = ! (yl - yi)Z' (4.3.7)
N—lZ 1 3.
L=

roe [ -4ncno 3HaYnMbIX KO3PPULMEHTOB B YPaBHEHUM PETPECCUN.

OHa KOMYeCTBEHHO OLEeHUBAET MOYHOCMb OMUCAHUA WU MOYHOCMb ANMPOKCUMAYUU 3KC-
NepUMeHTaNbHbIX AaHHbIX MoAeNbio. Ee conocTaBAAOT C TOYHOCTbIO CaMUX IKCNEPUMEHTANbHbIX
[AaHHbIX, OLLEHNMBAEMOI AMCNepcrein BOCNPon3BoOAMMOCTH.

Modenb cvumaemcsa adeksamHoli 06vbekmy, ecau pasau4yue oueHoK oucriepculi anrnpokcu-
Mayuu u 80Crpou3800UMocmu cay4aliHo.

AeKBaTHOCTb YPaBHEHUS, NpoBepsemas No Kputeputo dPuiuepa:

_ max (O-aZHH’ O-BZOCH)

= 438
min (02, 0cn) ( )
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YpaBHEeHUe perpeccumn cuntaeTca afeKkBaTHbIM, ecin TabanyHoe 3HadeHue Kputepua du-

wepa Fy(f1, f2), 8nA BbIBPAHHOrO YPOBHA 3HAYMMOCTU P U Yncen cteneHen ceoboapl fi=N-I u f>=N-

1, 6onblue BblMUCIEHHOTO 3HadyeHua F, T.e.

Fy (fi, f2) >F

Mpy OTCYTCTBMM MapanienbHbiX ONbITOB U AUCNEPCUN BOCMPOU3IBOAMMOCTU KpuTepuii du-

Wwepa HaxoguTcsa no popmyne:

rae

;&
op = HZ(}G —y:)?
i=1

B stom cnyyae, yem F > Fp(f1, f2), Tem nyywe.

(4.3.9)
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4.4 KoppeasiiiMOHHbIA aHAJIU3

Ecnn oKasanocb, YTO moaesb He aAeKBaTHa O6'beKTy, TO HEO6XO,CI,MMO, Mo U3MEHUTb
CTPYKTYPY Mmoaenu - A06aBUTb UAK oTOPOCUTL KaKkne-nnbo 4YieHbl moaenn, nmbo paclumputb Bbl-
6opKy 3KCNEepPUMEHTa/IbHbIX AaHHbIX. Mocne yero BHOBb PaCCYUTLIBAOTCA NMapPaAMETPbI HOBOM MO-
Aenun, n nposoaunTcA perpeCCMOHHblﬁ aHaAns3.

Kak BMAHO M3 U3N0XKEHHOro HamMbonee CNOXKHLIM NPWU NOCTPOEHUN YpPaBHEHUA perpeccumn
ABNAETCA BbIOOP CTPYKTYypbl YpaBHeHMUA. [TOCTpoeHMe MoAenu NpPousBOAUTCSA, Kak NpaBuio, uTe-
paTMBHO. MpKn 3TOM MCNOb3YIOTCA NOKa3aTeNMn, XapaKTepusyoLLme cTeneHb BAMAHUA O4HOIO Y/e-
Ha WM TPYNMbl YIEHOB HA BbIXOAHYIO KOOPAMHATY.

4.4.1 KoadpdunyeHT KOppeasinuu
KoadpduumneHT Koppensaumm cnyKUT mepon NMHEMHOMN 3aBUCUMOCTU ABYX CAYYalHbIX Benu-
YMH 1 onpeaenaeTca no popmyne:

1 Y- — )

Ty = N—1 \/?05 (4.4.1)
roe
N N
1 1
X = Nz Xi; Y= Nz Vi | CpeaHue 3HayeHus
i=1 i=1
N N
1 _ 1 _
o2 = Z(xl-—x)z; o} =N_1 Z(yi—y)z. < Aucnepcum x ny
1= 1=

KoadpodumumneHT Koppenaumm:

0 saBnsetca be3pasmepHON BEANUYUHOW;
XapaKTepuayeT cTeneHb IMHENHON 3aBUCUMOCTHU;
N3MeHAeTCA B MHTepBane oT -1 ao +1;
paBeH HY/0, ECNU BENMYNHBI IMHEMHO HEe3aBUCUMBI;

O O O O

npubaunxaetca no abCoONOTHOM BeAWYUHE K eauHuUe Tem 6onblue, yem
60/blie cTeneHb TMHENHOW 3aBUCMMOCTU BEJIUYUH,

Koagppuyuenm koppenayuu ryy MOXKeT CNYKUTb NOKaszaTenem LenecoobpasHocTn BKAOYe-
HWS MepemMeHHOM X B MOoAeNb NPW YCI0BUMU, YTO ApPYrne nepemMeHHble B MoAe/lb He BK/OYEeHbI
(oHa coaepKuT ToNbKO cBOBOAHbIN UneH). C 3Tol Lenbo NpoBepseTca cTaTucTUYeckasa rmnoTtesa o
3HAYMMOCTUN KO3PPULMEHTa KOPPensaumm - CyecTBEHHOM, 3HaYUTE/IbHOM OTK/IOHEHMMU €ero uc-
TUHHOTO 3HAY€HUsA OT HyAA.

Ecau ryy = 0, T0 BenYMHa

T,
t =—xy \/m

— 2

J1-—15
nmeeT pacnpegeneHune CTblogeHTa ¢ Yncnom cteneHein csoboapl (NV-2). BennunHa F=tZ nmeet
pacnpegeneHve duwepa ¢ Yncnom creneHen csoboapl f1=1 n f>=N-1. Nobas U3 3TUX BEANYUH
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MOXeT bbITb MCNO/Ib30BaHa B KayecTBe CTaTUCTUYECKOTO Kputepuna ana npoBepkn r’mnoTte3bl:

Iy = 0.

He3zHnayumocmoe KoagpgpuyueHma koppeasayuu (Npyu A0CTaToO4YHO 6ONbLION BbIOOPKE 3Kcne-
PUMEHTaNbHbIX AaHHbIX) ceudemenbcmayem o6 omcymcmeuu sAuHelHol 3a8ucumocmu mexcoy
8e/IUMUHAMU X U ¥ U HeyenecoobpasHocmu 8K104YeHUs nepemeHHol X 8 MoOessb.

4.4.2 YactHblil KO3PPULUEHT KOppeaauuu

YacTHbI KO3QPULMEHT KOPPENALUN CAYKUT MEPON IMHENHOM 3aBUCUMOCTU MEXKAY OBYMA
BE/IMYMHAMM, HANPUMEDP, /' U X C Y4ETOM IMHENHOMN 3aBUCUMOCTU I/ OT OCTa/IbHbIX NEPEMEHHDIX,
YK€ BKNHOUYEHHbIX B MOAENb.

[JonycTum, YTo NepPemMeHHbIe X7, X2, ..., Xr-7 YK€ BKJIOYEHbl B MOAEe/b. TOrAa YacTHbIN Koag-

UUMEHT Koppenauum y n x-byaem obosHayaTtb .
d) L pp L Y rOYA, pyxr-xlxz wXr—1

YNCNo NEepeEMEHHbIX, YXKE BK/OYEHHbIX B MOAE/b, HE CYUTAs PUKTUBHYIO NEPEMEHHYIO Xp

onpeaenseT NOPAAOK YAaCTHOro Ko3apduumMeHTa Koppenauum.

[onycTnm, 4TO B MOZENDb YXKe BKOYEHA OAHA NepemeHHan xz. YacTHbI KOadpUUMEHT Kop-
PenAuMM NepBoro nopaaka o, HaxoauTca no dopmyne:
T4l

B npaByto 4acTb 3TON POpPMYbl BXOAAT NPOCTbie KOIPDULMEHTbLI KOPPENALUM.

YacTHbIM KOabOUUMEHT KOppenaLmMm BTOPOro NopAgKa - Mexay nepeMeHHbIMU ¥ U Xr Npu
YC/IOBUU, YTO B MOAEND Y¥Ke BKAKOYEHbI NEPEMEHHbIE X7, X2

Pyx,xy — Pyxyxq * Pxyxpxq

\/1 - pjzle'xl : \/1 - p.%-er'xl

p)’xr X1Xz

M TaK Aanee gna noboro ymcna paHee BKNKOYEHHbIX MepeMeHHbIX.

YacTHbI KO3 PULMEHT KOppenauum MOXKEeT CAYXKUTb MNoKasaTesnem LuenecoobpasHocTu
BK/IIOYEHMA OYepeaHOM NepeMeHHON B MOAE/b, YXKe CoAep Kalllyto paa, YN1eHOoB.

Ecnv BennumHa yo = 0, TO BE/INYNHA

VXrX1X2 wXp—1

Py x1%3 wXr—1 VN—K—2

— p2
\/1 per X1X2 W Xp—1

roe K = r-1- Yicno y»Ke BKAOYEHHbIX B MOZENb NEPEMEHHbIX, UMeeT pacnpegeneHme CTblogeHTa

t1:

c umMcnom cteneHen ceoboabl N-K-2, a F1=t;? nmeet pacnpegeneHne duvwepa c YNcNom cteneHemn
csoboabl f7= 1w f2= N-K-Z. ltob6aa N3 sTUX BENIMYNH MOXKET ObITb MCNONb30BAHA AN NPOBEPKM
rmnoTesbl:
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py =0'

Xy X1X2 . Xp—1

T. €. onpeaeneHune Toro, 3AHa4Mmo 1um BanAHue nepemeHHoH Xr Ha y, eCan B MOLeNb yXe pa-
Hee BK/IIOYEHbI NeEpPeMeHHblIE X7, X2...Xr- 1.

4.4.3 MHOXXeCTBeHHbIA KO3} PHULMEHT KOppeaanuu

MHOKeCTBEHHbIN KOIPPULMEHT KOPPENAUNN CAYKUT Mepoit IMHEMHON 3aBUCMMOCTU Bbl-
XOAHOM KOOPANHATBI J/ OT COBOKYMHOCTU NEPEMEHHbIX X7, Xz, ... X» OH 0603HavaeTca RZ C ero uc-
NO/Ib30BaHMEM MOKHO OLEHWUTb AOK0 BAUAHUA HA BEIMUYMHY Y NEPEMEHHbIX, BKIOYEHHbIX B MO-
Aenb, oT obLwero BAMAHUA BCEX NEPEMEHHbIX, AENCTBYOWMX Ha 06beKT. C 3TOM Lenblo aHan3u-
PYIOTCA BEANYMHBI AUCNEPCUMN.

O6wmii pasbpoc BeMUYUHbI ) OTHOCUTENIbHO CpeaHero Y MoXKeT ObiTb npeAcTaBNeH Kak
cymMa pasbpoca y OTHOCUTE/IbHO IMHUK perpeccumn ¥ n pasbpoca IMHUK perpeccum oTHOCUTENb-
HO cpeaHero y T1.e.

N N N
D ei=97 =) =90+ ) G- (4.4.2)
i=1 i=1 i=1

roe

N
Z(yi — ¥)? - oueHuBaeT 06LWMit pa3bpoc BENUYNHDI I
i=1

¥ .~ \p - OLEHMBAEeT pasbpoc y OTHOCUTENbHO JIMHWW PErpeccuu, T.e. OCTATOYHbIN
Z()’i -9 pas6poc

i=1

N

Z(yi — ¥)? - oueHuBaeT pas3bpoc, 0bycn0BNEHHbIN perpeccueil

i=1

Yem 6onblie 3aBUCUMOCTb ) OT X7, Xz,...X;, (T.. YeM CUNbHEE BANAHME MEPEMEHHbIX Ha J),
Tem B bonblelt cteneHn pasbpoc y obycnaBanBaeTca Ha/MYMeEM PerpecCMOHHOM 3aBUCUMMOCTH,
Tem 6onbluyto gonto ot obuwero pazbpoca coctasnaeT pa3bpoc, obycnoBneHHbI perpeccnen. dT1a
[0NA U onpeaenseT 3Ha4eHNEe MHOMXKECTBEHHOro KoadpdpuumeHTa Koppenaymm

N (5 =32

Zi:l(yi - y)
N Y
i=1(yi y)

B npesenbHOM cnyvae sKCNepuUMeHTaibHble TOYKM NiexaT Ha KPUBOM perpeccuun, y; = 9; U

R? = (4.4.3)

R? = 1. Ecnv y He 3aBUCUT OT X7, X2, ..,X;, TOY; = Y n RZ=0.

Takum o06pa3om, MHOMKECTBEHHbI KO3QPULMEHT Koppenaumnu:
e OlEeHMBaeT Mepy IMHENHOM 3aBUCMMOCTM BbIXOAHOW KOOPAMUHATbLI OT IMHENHOW KOMbu-
HaLWW NepeMeHHbIX;
® ABNAETCA BENIMYMHOM 6e3pa3mepHo;
® u3meHAeTcs B guanasoHe oT 0 go 1, npubamkaack K eguHuue Tem 6onblie, 4em 60/b-
e cTeneHb IMHENHOM 3aBUCUMOCTU J OT X7, X2,...,.Xp
MHOeCTBEeHHbI KO3dPUUMEHT Koppenaumm moxKeT ObiTb UCNONb30BaH ANA OLEHKU 3Ha-
YMMOCTU BCEX NEPEMEHHbIX, BKNOYEHHbIX B MOAENb.
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OnpepeneHne napameTpPOB HeJNIMHEMHbIX PErPecCUOHHLIX Moaenen

B HeKoTOpbIX CAy4Yasax MOLENN, HeIMHEHble NO MapaMeTpam, YAAeTcA NPUBECTU K IMHEMHOMY BUAY C NOMO-
b0 CreLmManbHbIx NpeobpasosaHuii. Hanpumep, ypaBHeHne

j“/ — ajeazX
rae  dj dz- UCKOMble NapameTpbl MOAeu;
X, ¥ - BXOZHAA 1 BbIXOAHAA KOOPAMHATbI.
MoskHo nponorapudmmMpoBaTb, TOr4a NOAYHUM
Iny =1Ina; +az x
Besenem obosHaueHusa Iny =y, Ina; = by, az = bz, npuaem K nMHeiHOMY ypaBHEHUIO
yi=bo+b;x
YacTo 370 He yaaetca caenatb. Hanpumep, ypaBHeHue
y = kef¥ + k,
TakMm 06pa3om NpPUBECTM K IMHEMHOMY BMAY HE/b3s.

B aTom cnyyae nmpoueaypa MAEHTUOUKAUMKM YCNOXKHAETCA. 3a4adva onpeseneHns napameTpoB HesMHeHOM
MOZe/IM MOXKET bbITb CBeAEeHa K MMHUMM3aUMN CyMMbl @ KBaZpaTOB OTKAOHEHMWI 3HAaYEHUI BbIXOAHbIX KOOPAWUHAT J;
N y¥; PN OANHAKOBbIX BXOAHbIX BO3AENCTBUAX X = X;.

n
— S \2 .
¢ = Z()’i —¥)? > min
=1
IKCTPEMYM NONYUYEHHOM QYHKLMM TaKKe HAXOAMTCA MO COOTHOLIEHUAM

0P 0 Gl 0 Gl 0
ab, '0b, ' b,
O,CI,HaKO 3TN COOTHOLWEeHHUA 6y,£|,yT onpeaenaTb yxe cuctemy He/IMHEeNHbIX anre6pamqecr<mx WU TPpaHCUEeHAEeHT-

HbIX ypaBHeHMﬁ, peweHne KoOTopbixX NpeacrtaBadeT CaMOCTOATE/IbHYHO M HENPOCTYHO 3a4a4y.

MapameTpbl HEIMHEMHbIX MOAENEN MOTYT, TaKXKe, HaX0AMUTbCA UTEPaTUBHO. MpUYeM, Ha KaxaoMn nutepaunm mc-
xogHas GYHKLMA NMHeapu3yeTca nyTem passioxeHus B pag Teinopa. OAHAKO AaHHbIN anropuTm MoXKeT inbo BoobLue
He cxoamTbeA, NMBO CXOAUTLCA OYEHb MeA/IEHHO, C 6ONbLIMMM KoNebaHMAMM OLLEHOK NapameTpos.

B cBA3M € 3TUM Bonee 3pPEeKTUBHbIM ABNAETCA HENOCPEACTBEHHbIN NOUCK IKCTpeMyma GyHKUUKN @, OCHOBAH-
HbI Ha UCMOJIb30BAHUMN OAHOTO U3 METOAO0B ONTUMM3ALMN.
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5 MeToAbl ONTUMHU3ALUUA XMMHUKO-TEXHOJIOTUYECKHUX MPOLLECCOB U Ha-
X0XAeHUs IKCTpeMyMa (MUHMMYMa UJIA MaKCUMyMa) QyHKIUA

5.1 IlocraHOBKa 3aja4yu

MCCﬂe,CI,OBaHVIe XUMUKO-TEXHONTOTUYECKUX MPOLLECCOB 3aBepLIaEeTCA NMOUCKOM OMNTUMAJIbHbIX
YCNOBUI €ro oCyLLecTB/EHUA.

Ecnn cdopmynmpoBaHa 3aBUCUMOCTb

y =1f(x1, X2, ... Xr)

TO ONTUMU3aAUUNA 3aKNHOYaAETCA B no,u,6ope TaKMX 3HaYeHui X;, .. .,X;, NpPn KOTOpPbIX y6y,u,eT on-
TUMaAJZIbHbIM (T.e. MWHWUMAIbHbIM NN MaKCVIMaﬂbeIM). Kpome TOro, metoabl oNnTMMmm3aumnm mc-
NO/Nb3YIOTCA NPU NAPAMETPUYECKON NAEHTUDUKALUN HENUHENHBIX MOAeNeN.

5.2 TlouckoBble MeTOAbI AJ1s1 QYHKIIMA OAHOU NepeMeHHOU

MycTb dyHKUMA ¥ = f(X) B BO3MOXKHOMN 0BNACTU U3MEHEHUA apryMeHTa MUMeeT OAMH 3KCTpe-
MYM.

[na noucka skcTpemyma ¢GyHKUMW OAHOW MepeMeHHON MOryT 6biTb MCMNONb30BaHbl Cle-
Ayolme meToabl:

1) meToA, CKaHUPOBAHUA;

2) meToA, ANXOTOMUU (NONOBMHHOTO AieNieHns);

3) meToa PnboHaYYK;

4) meTo4, 30/10TOr0 CeYeHMuA.

5.2.1 MeToa cCKaHUpPOBAHUS

Ecnn € HauMeHblee N3MEHEHME X, KOTOPOE NPUBOAMUT K OLLYTUMOMY U3MEHEHUIO ¥, TO 06-
NacCTb NOWUCKA Xmax - Xmin MOXHO Pa3buTb (Xmax - Xmin)/E WHTEPBANOB U UCCNEAOBATb )/ Ha rpaHuLe
KaXK4oro uHTepsana.

CpaBHWBaA HaWAEeHHble 3Ha4YeHUA ¥, BbIBMpPatloT M3 HUX ONTMManbHoe. Takon meToa HasblBa-
eTCA CKaHMpoBaHWem (oberaHmem). OH NPOCT B NOCTAaHOBKE, NO3BONAET TOYHO ONpeAeInTb Noso-
YKEHWe 3KCTPeMyMa, HO TpebyeT o4YeHb AIUTENBHOW BbIYUCIUTENbHOM PaboTbl.

MN3BecTeH pAg BapuaHTOB 3TOr0 MeToAa, NO3BONAIOWMX YMEHbBLUUTD BbIYMCAUTENbHYIO pabo-
Ty NPW CKaHUPOBaHMWU. MOXHO, HaNnpPUMep, YBEANYUTDL LIAr MOWUCKa B 2 pa3 U NPOBOAMUTL PAcYeTbl
npu “kpynHbix” warax 8 2r ¢ . NpoBeaa pacyeTtbl, HabNOAAOT 33 BENIMYMHOWN J. Hanaa WwWnpoKyo
“onTMManbHyt0” 061acTb, HAYMHAIOT ABUMKEHME K HEMN, yMEHbLUMB War B ABa pa3a - 4o 21 ¢. Ero
npoueaypy NOBTOPAOT A0 NONYYEHUA Y3KOr0 MHTEPBAia B6AN3K SKCTpeMyMa.

5.2.2 MeTo/ AUXOTOMHHU (IIOJIOBUHHOTO /l€JIEHUS)

Bonee adpdeKTMBHbBI METOAbI, OCHOBAHHbIE HA TaK HAa3blBaeMOI MUHUMANbHOWM CTpaTermu.

HavyanbHbI MHTEPBan HeonpeaeNeHHOCTU COCTaBNsET:

Lo = Xmax - Xmin

PaccumTbIBalOT 3HaYeHWe GYHKUMWU I/ NPU ABYX 3HAYEHUAX aprymeHTa X: X7 U Xz pacnoso-
YKEHHbIX B6/IM3M cepeauHbl MHTEPBANA HA PACCTOAHUM &€ APYr OT Apyra. BUAHO M3 pUCYHKa, 4TO
V1> Y2, cnefoBaTeslbHO ONTUMYM NEXKUT B UHTEPBANE (Xmax-X1). UHTEPBAN (X1-Xmin) NCKNIOYAETCS
n3 obnacTn HeonpeaeneHHocTU. Toraa HoBbIM MHTEPBAN HeonpeaeNeHHOCTM COCTaBUT:

L= (XmaX - XJ)
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Cneaylouias napa pacyeToB AaeT HOBbIN MHTepBan, U T.4. PacyeT npoao/xKaloT 4o Tex nop,

NMOKa NHTEPBA/1 HE CYy3UTCA A0 BE/IMYUHDI, CpaBHMBBEMOVI Cé&.

Xomin +Xmax
2
Xmin X ] X7 X rmax
| | | | |
| i |
2 2 X, + Xmax
Xp X X3 Xy Xy
| | | | | | |
| [ I | S |£| I
2 2

PucyHok 5.2.1

5.2.3 MeTo0/ 30/10TOr0o cCe4eHus

CywecTteyeT metoa PnboHayuM, KOTOPbI 3HaUYUTENbHO 3dPEKTUBHEE METOAad AUXOTOMUMN.
Yucna PuboHauum onpegensatotca no popmyne:

Fi=F +F2 Fo=0; F1=1

Hepoctatkom metogsa ®unboHauum AsnAaetca HeobxoaMMOCTb NpeaBapuTesibHOro Bbibopa
Yymcna pacyeToB. ITOro HeAOCTATKA IMHUM METOZ, 30/10TOFO CeYEeHMUA.

HauyanbHbI MHTEpPBan HeonpeaeNeHHOCTU paBeH

Loz (XmaX'Xmin)

PaccunTbiBalOT 3HAYEHUA )/ B ABYX TOYKAX X7 U Xz PACNO/IOXKEHHbIX HA pacctoaHun 0,62Lg,

T.€. NPY 3HAYEHUAX X
X1 = Xuax - 0,62 (XMZX - Xmin)
X2 = Xmin + 0,52(Xmax - Xmin)

AcHO, YTO MHTEpPBaN (X7 - Xmin) HE COLEPKUT IKCMEPUMEHTANbHOIO 3HaYeHUA GYHKUUN V.
Mo3ToMy AaHHbIN MHTEPBAN UCKAKOYAETCA U3 MHTepBana HeonpeaeneHHoctu. HoBbIM MHTepBan
HeonpeAeneHHOCTU L1 = Xpax - X1 = 0,62Lp. HOBbIN NHTepBan L; AeNNTCA HA TPU YacTy MO Npasu-
Ny 3010TOT0 CEYEHMUA.

BbluncnaloTca 3Ha4YeHUA J Npu Xz U X4

X3 = Xuax - 0,62 Lq
X4 = Xmin - 0,62 L;

CnenyeT OTMETUTb, YTO 3HAYEHMA X2 U X3 COBMAZAIOT, @ CNeA0BaTENbHO: V2 = 3.

Takum obpasom, Npu nocneayowmx Warax pPaccymTbiBAeTCA NNUWb OAHO AOMNOAHUTENbHOE
3Ha4YeHue GyHKUMK . TaK pacyeT NPOoA0IKAETCA A0 MAaKCMMA/IbHON KOOPAMHATLI, MOKa MHTepBan

L; He Cy3UTCA OO0 3apaHee 3aAaHHOVI BE€/INMYUNHDbI &.
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PuUcyHOK 5.2.2

OTHOWeHMs HavanbHoro Ly u nonyyeHHoro nocne 20 pacyeToB UHTEPBAJIOB HeonpeaeneH-
HocTn Lg/L20no meToay:

1) nonoBuHHoOro aenexHma - 1024

2) dnboHayumn - 10946

3) 30/10TOrO CeYeHus - 9349

5.3 IlouckoBble MeTOAbI AJ1s1 QYHKIIMUA MHOTHMX llepeMeHHbIX

3apaya noucka 3KCTpeMyma OyHKLMUM MHOTUX NEepPeMEHHbIX, 33aJaHHAA ypaBHEHWEM
V =f(x1, X2, ..., X;), 3HAQUNTENIbHO CNOXKHEe, YeM Ansa GYHKLMIN OAHOM NepemeHHOW. 3Ta C/I0XKHOCTb
CBA3aHA, YTO GYHKLMN MHOTUX MNEPEMEHHbIX UMEIOT PAS, IOKAZIbHbIX MMHUMYMOB (MM MaKCcUmy-
MOB); KPOME TOro, ABUKEHNE K MMHUMYMY CBA3AHO C ABUKEHMEM NO nonoromy “ospary”.

MeToz CKaHMPOBAHMA MPAKTUYECKM HE MPUMEHUM ANA PYHKLMU MHOTMX MEepemMeHHblX, B
CBA3M € 60/bWNM YNCIOM PACYETOB.

5.3.1 Metoa 'aycca - 3eigesnis (MeToA NOKOOPAUHATHOIO MOUCKA)

Mo sToMy MeToAy OCYLLEeCTBAAOT NOC/NEA0BATENbHbIA MOUCK NO KaXKA0W NepemeHHOMN, Guk-
CUpyA ocTanbHble. Hanpumep, MeHAIOT NepeMeHHy X7 A0 Tex Nop, NoKa y He nNpongeT yepes
Hauny4ywee 3HaveHue. [lanee x; GUKCMPYIOT Ha HAaMAEHHOM HauUy4YlWEM YPOBHE U HAYMHAET U3-
MEHATb X2 NP HEM3MEHHbIX OCTa/IbHbIX NepeMeHHbIX. Takor “npocmoTp” NpoBOAAT I pa3, nocne-
[l0BaTe/IbHO MEHAS KaxAayl M3 I nepemeHHbIX. [nA HaxoKAeHUsA 3KCTpeMyma Mo OAHOM nepe-
MEHHOW MOryT 6bITb MCNO/Ib30BaHbl METOAbI NOIOBUHHOIO Ae/IeHUA, 30/10TOr0 CeYEeHUA.
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O — JIOKAJIbHBIC OIITUMAJIbHBIC 3HAYCHUS ICPEMCHHBIX; ® — KOOPIU-
HATHI TI00ATHFHOTO KCTPEMYMa; A — Ha4aJbHAS TOYKA.
PucyHok 5.3.1 - UntocTpanus Metoaa Naycca-3edaens

5.3.2 TloucK 3KCcTpeMyMa MeTOA0M JUHAMUYECKOr0 IPOrpaMMHUPOBAaHUSA

3TOT meToA, NPUMeEHAETCA A9 MHOTOCTaAMMHbIX MPOLECCOB, XapaKTePM3YIOLMXCA NOCNea0-
BaTe/IbHOCTbIO PeLUeHUI, Korga COCTOAHME CUCTEMbI 3aBUCUT TONbKO OT NpeAblAyLero Lwara U He
3aBMCUT OT paHee CAeNaHHbIX Waros. [luHamnyeckoe NporpammmpoBaHne MoxeT BbiTb MCNOb30-
BaHO A41A ONTUMMU3ALUN:

1) npoueccos pekTuduKaumm;

2) npoueccos abcopbumu;

3) KackaZa peaKkTMBOB;

4) MHOMeCTBeHHble agnabatnyeckme caou.

MpuHUMN onTUManbHOCTU PopMMPYEeTCA B CeayoLLEM BUAE.

OnTMmanbHas cTpatera obnagaeT TakKMM CBOMCTBOM, YTO, KAKOBO 6bl HM OblI0 HavyanbHOEe
COCTOSIHME W HayaNbHOEe pelleHue, nocneayroume peleHns A0XKHbI NPUHUMATLCA UCXo4a U3
ONTUMaNbHOCTM CTPATErMM OTHOCUTENIbHO COCTOSIHMA, NOJly4aeMOoro B pe3yabTaTe NepBoro pelue-
HUA.

MHoroctagmMinHbIN Npouecc NnpeacTaBMM CXEMOM:
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Karkpas ctagma xapakTepusyeTca BXOAHbIMWU Xj.7, BbIXOAHbIMU X; U NMapameTpamm ynpas-
nexHuvsa U;.

Mpy NOMOLWM yNpaBAAOWMX BO3L4ENCTBUI ONTUMU3UPYETCA Pe3y/ibTUPYIOLWAa OUEeHKa 3¢-

bEKTUBHOCTM MHOTOCTaZMIAHOIO NPOLLECCA - KpUTEPUIM ONTUMANbHOCTU Ry (LeneBas GpyHKumA)
N

Ry = Z 1 (i1, ),
i=1
rae ri(Xi1, Uj)- pe3ynbtaT, NoONyYeHHbI Ha 7- oM cTagun (Lenesas GyHKUMA ANA 1- OW CTaaum).
COBOKYMHOCTb YMpPaB/ieHWA Ha3blBaeTCcA cmpameauell ynpasaeHus MHOTOCTaAUAHbBIM
ynpasaeHnem.

MycTb oNTUMM3NPYIOLLLAA PYHKLMA NpoLecca, MakcumasibHoe 3HadYeHune Kputepus Ry

f(xo) = max{r;(xy_1,uy)},

uyel

roe makcumym 6epetca no Bcem Habopam ynpasBaAoLWNX BEANYUH Uy, ..., U

— *

f(xo) = max{r;(xo,us) + fy-1(x0,u1)},
uy el
OCHOBHOE ypaBHEHME AMHAMMYECKOro NPOrpamMmmMmnUpoBaHMS
fn(xy-1) = max{ry(xy_q,uy)},
uy el

fy—1(en—2) = maxy,  cplrv—1(tn—z un—1) + f*(xy_2, uy-1)}.
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6 O6pa6oTKa pe3y/IbTaTOB AKTUBHBIX IKCIIEPUMEHTOB
U ONITUMAJIbHOE IJIAaHMPOBaHME IKCIePUMEHTOB

Mpn npoBeaeHNU ONbITHbIX MCCﬂeAOBaHMVI pasnnyakoT NMacCUBHbIN N aKTUBHbIN IKCNEPUMEHT.

MeToA0NOrMA MACCUBHO20 SKCMEPUMEHMUPOBAHUSA NPeAnonaraeT nposeaeHne 60bLIon cepum
ONbITHbIX UCCNEA0BAHUIM C NOOYEPEAHbIM BapbMPOBAHMEM 3HAYEHWNI BXOAHbIX NEPEMEHHDBIX X U aHa-
I30M PE3yNbTaToB U3MEPEHWUI BbIXOAHOW NepeMeHHON y {n1abopamopHbili SKcriepumeHm 1 IKcrnepu-
MeHM Ha nuaomHol ycmaHoeke). K NacCMBHOMY 3KCNEPUMEHTY MPUHATO OTHOCUTb TaKKe 1 cbop onbIT-
HbIX JQHHbIX B PEXUME IKCM/yaTalMM NPOMbILLIEHHON YCTAaHOBKM — TaK Ha3blBaeMbll Mpomeblw-
f1eHHbIl 3KcrnepumeHm.

Ob6paboTKa pe3yNbTaToB MACCMBHOMO SKCNEPUMEHTA NPOBOAMUTCA METOAAMM PEFPECCUOHHOIO U
KOpPpPEeNALMOHHOro aHann3a, 1 BbIbop BMAA aIMNUpPUYECcKon moaenu (ypaBHEHUA perpeccum), T.e. pe-
LEeHMe 3a434M CTPYKTYPHOM MAEHTUOUKALMM, ABAAETCA AOCTAaTOYHO C/I0XKHOM 3a4a4ei. ITO CBA3AHO C
TEM, YTO BUA, YPABHEHUA perpeccnmn HeobxoaMMo onpeaensaTb N0 XapaKTepy U3MEHEHUA NepeMeH-
HbIX Ha rpaduKe SMNUPUYECKOMN NTMHUN PErPEeCcCUm, NONYYEHHOM NO BbIBOPKE IKCNEPUMEHTANbHbIX
AAHHbIX.

Ons peweHns aTol 3a4a4M Ana OAHOM BXOAHOM NepemeHHON X npeanoKeHbl 3pPeKkTuBHbIE
MeTOoAbl, B KOTOPbIX NpeaycMmaTpusaeTca npeobpasoBaHne CUCTEMbI KOOPAMHAT KaK ANA BXOLHOM
X, TaK U ANA BbIXOAHOM nepemeHHOM y. Mpu 6onblieM Yyncne BXOAHbIX NEPEeMEHHbIX X; ..., X, Ha-
AEXHbIX METOAO0B onpeaeneHns Buaa YpaBHEHUA perpeccum (Buaa aMmnmpuyeckor moaenu) B Ha-
cTosiLEee BPpeMSA He CyLLLeCTBYeT.

AKMUBHbIl 3KcrnepumeHm NPOBOAUTCA MO 3apaHee COCTaBIeHHOMY MNJ1aHy, B COOTBETCTBUM C KO-
TOPbIM CTAaBUTCA 3a4a4a He TOIbKO ONpeaeneHna ornmuMasibHbIX Yc108uli nposedeHus SKcrepuMmeHma,
HO M onMmumu3ayuu npouyecca (3T Age 334341 NPUHATO OTHOCUTb K 334a4aM ONTMMAsIbHOTO NaHMPO-
BaHUSA 3KCNepumeHTOB). MpyK 3TOM ypaBHEHUS perpeccum (3MNUpUYecKkme Moaenn) onucbIBatoT AaH-
Hble aKTMBHOIO 3KCMepUMeHTa, B OCHOBHOM, B ABYX OrpaHM4YeHHbIX 061acTaX U3MEHEeHUs nepemeH-
HbIX, XapaKTepPU3yoLWMX NPOLLECC, M MMEIOT CAeayoLWwmnin BUA,

B 800U OM 3KCMPEMAILHO20 3HAYEHUSA 8bIXOOHOU nepemeHHoU y.

k k
y=bo+ z bjx; + Z bujxux; (6.1)
u+j

W 86/1U3U 3KCMPEMANbHO20 3HAYeHUA 8bIXOOHOU nepemeHHOU y («B MOYTM CTAaLMOHAPHOW
obnactu»):

k k
y =by+ z bjx; + Z by jxyx; + bfjxf2 (6.2)
j=1

u,j=1 j=1
u*j
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MpuBeaAEHHbIE YpaBHEHNA ABNAKOTCA TMHENHBIMU OTHOCUTENBHO KO3 ULIMEHTOB perpeccum
b n UmeroT AOCTAaTOYHO NPOCTOM BUA,

OHM BKNIOYAOT CNaraemble C ABOMHbIM B3aMMOAEWNCTBMEM BXOAHbIX NMEPEeMEHHbIX U He
YYUTHIBAIOT B3aUMOAENCTBUA Honee BbICOKMX NOPAAKOB (TPOMHbIE, YeTBEPHbIE U T.4.), BEPOATHOCTb
KOTOPbIX CyLLLECTBEHHO MeHbLLE.

MocneaHee ypaBHEHME BK/KOYAET CAraemble C KBagpaTaMm BXOAHbIX NepeMeHHbIX, Koad-
dUUMEHTBI KOTOPOro noslyyaroTcAa Npu 0bpaboTKe pPesynbTaToB aKTUBHbLIX SKCrepumeHmos Il-2o
nopAoka.

YpaBHeHUe (6.2) He BKAOYAET CAaraemble C KBagpaTaMu BXOAHbIX MEPEMEHHbIX, U Ero Ko-
addUuMEHTbI Nony4YatoTcAa Npu 06paboTKe pe3yNbTaToB aKTUBHbIX IKCrIEpUMeHmos 1-20 nopAaoKa —
Hanpumep, NP3 — nosHo20 hakmopHoO20 sKcnepumeHma.

B TeopuM aKTMBHOIO 3KCMEPMMEHTUPOBAHMA BbIXOAHYIO (3aBUCMMYIO) NEPEMEHHYIO MPUHATO
Ha3blBaTb yHKYuUel OMK/AUKa, a BXOAHble (He3aBUCUMMbIe) nepemeHHble — hakmopamu. CooT-
BETCTBEHHO — KOOPAMHATHOE NPOCTPAHCTBO C KOOPAMHATAMM X1, X7 ..., Xm Ha3bIBAKOT (YAKMOPHLIM
MpPOCMPAHCMEBOM, a FeOMETPUYECKOE N306parkeHne GYHKLUMM OTKIMKa B paKTOPHOM NpoCTpaHcTBe —
M08EePXHOCMbI OMK/UKA.

AKTUBHbIV 3KCNEPUMEHT MIaHMPYETCA TakMM 06pa3om, 4Tobbl ynpocTutb 06paboTKy ero pe-
3yNbTaTOB METOA4AMMU PErPECCUOHHOTO M KOPPENALMOHHOIO aHaM3a.

6.1 IlosiHbIA GAKTOPHBIA IKCIEPUMEHT U 06pPa6OTKaA ero pe3y/ibTaTOB

MeTog, nonHoro ¢akTopHoro akcnepumeHTa (MP3I) cnyKUT ANA NONyYeHUAa maTemaTuye-
CKOro onucaHuMs npouecca B Buae oTpeska paga Telsopa, coOAep)Kallero AMHENHbIe YneHbl U
napHbie BSaMMOﬂ,EVICTBMH nepemeHHbIX BETNYUNH:

k k
j=1 u,j=1
u+j
y = boxO + b1x1 + bzxz + blexZ (64)

Yy =b,xg + byx; + byxy + b3x3+b1,X1X5+b13X1X3+Dy3X,X3  (6.5)

KoaddunumneHTbl ypaBHeHMA (6.3), onpeaensaemble No 3KCNEPUMEHTAIbHbIM AaHHbIM, He-
CYT Ha cebe MOrpeLlwHOCTb IKCNEPUMEHTA U ABNAIOTCA BbIOOPOYHBIMU OLEHKAMU UCTUHHbBIX
3HaYeHU Ko3dPULMEHTOB perpeccun.
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6.1.1 Marpuna noTHOro ¢pakTOpHOro 3KCIeprMMeHTa U eé CBOICTBa
MonHbIM (aKTOPHbIM IKCMEPUMEHTOM Ha3blBAaeTCA CUCTEMa OMbITOB, COAEp’Kallaa Bce
BO3MOHble HeNoBTOpAOLWMECA KOMOMHALUKN YPOBHEN BapbMpoBaHMA GaKTOPOB.

Ona ynobcTea Bbl4MCAEHNI KO3 PULMEHTOB perpeccnmn Bce GakTopbl B Xoae NoAHOro dpak-
TOPHOrO 3KCNepMMeEHTa BapbMPYHOTCA HA ABYX YPOBHSAX.

Ha3bIBaloT 04MH M3 3TUX YPOBHEN 8epXHUM, @ BTOPON — HUMXHUM. MHMeps8asom Bapbupo-
BaHMA GAKTOPOB HA3bIBAETCA HEKOTOPOE YMC/O (CBOE ANs KaxKaoro ¢paktopa), npubasneHune KoTo-
pPOro K OCHOBHOMY YPOBHIO [.aeT BEPXHWUI, @ BblYMTAHME — HUNKHUIA YPOBHWU dakTopa. Apyrumu
C/10BaMM, UHTEPBA/ BapbUPOBAHMUA — 3TO PACCTOAHUE HA KOOPAMHATHOM OCU MEXAY OCHOBHbIM U
BEPXHUM (MM HUKHUM) ypoBHEM. Takum obpa3om, 3aga4a Bbibopa ypoBHelM cBOANUTCA K bonee
npocTon 3aaa4e BbIbopa NHTEPBAa BAPbUPOBAHWA.

[nsa ynpouwieHma 3anncu ycnoBuin skcnepmmeHTa n ob6paboTKM aKcnepuMmeHTaNnbHbIX AaH-
HbIX MONb3YIOTCA KOAMPOBAHHbIMU NepemeHHbIMU. [lepexos K KOAMPOBAHHbIM MepeMeHHbIM
OCYyLLEeCTBAAETCA NO caeaytowen popmyne:

. = 93" Ko (6.6)
] I ,
1
r4e X; — KOAMPOBAHHOE 3HaueHWe dakTopa; X; — HaTypanbHOe 3HaueHue dakTopa; X, — HaTy-
panbHOE 3HaYeHne OCHOBHOTO YPOBHA; | — WHTepBan BapbMpOBaHUA; j—HOMep daKTopa.
MycTb NpoLiecc onpeaenseTca YeTblpbMA PpakTopamu. OCHOBHOU yposeHb U UHMepP8asbl

8apbUPOBAHUA BbIBPAHbI Creayowmm obpasom.

X1 X2 X3 X4
OCHOBHOW ypOBEHb 3 30 1,5 15
MHTepBan BapbMpoOBaHUA 2 10 1 10

OcTtaHoBMMcA Ha nepsom pakTope. OTMETUM HA KOOPAMHATHOM OCK TPU YPOBHA: HUKHWUM, OC-
HOBHOW N BEPXHUMN.

HaTypanbHble 3HaYeHuMA 1 2 3 4 5 %

KogupoBaHHble 3HaYeHUA -1 0 +1 X1

Ob6uwee yncno onbiToB NP3 onpeaenserca no popmyne
N =2k (6.7)
roe k — uncno ¢pakTopos.

MnaH npoBeAeHMA 3KCMEPUMEHTOB, HasblBaeTca mampuyel naaHupoeaHusa. OHa MoXKeT
6bITb COCTAaBNEHA B PU3MYECKMX 3HAYEHUAX COOTBETCTBYIOWMX YPOBHEN GaKTOPOB (3TOT BapuaHT

v
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MaTpUUbl NAAHUPOBAHUA HEObXoAMM NPW MOCTAaHOBKE 3KCMEPUMEHTAaNIbHbIX MCCenoBaHUiA)
nnn B 6e3pasmepHbiX (KOAMPOBAHHbIX) 3HAYEHUAX NEPEMEHHbIX (3TOT BapMaHT MaTPULbl UCNOJb-
3yeTcsa rnaBHbIM 06pa3om ANa pacyeToB KO3GMLUMEHTOB ypaBHEHMA perpeccum).

Bbibop MHTEpPBA/IOB BapbMpPOBaHMA U 6a30BbIX YPOBHEN PAKTOPOB ABASETCA C/IOKHOW 3a-
Aaden, onpegenstowen B page cayvyaes pesynbTaTbl IKCNEpUMEHTaNbHbIX UccaeaoBaHuii. Obwue
pekomeHAaumMn no BbiIbopy MHTEPBANOB BapbUPOBaHUA C/eAyoLLMe: UHTEPBAN AOMKEH ObITb A0C-
TATO4YHO BEJINK MO CPABHEHMIO C OLUIMOKOM IKCNEPUMEHTA U A0CTAaTOYHO Man, YyTobbl 6osiee TOYHO
onpesenvTb HanpaBaeHWe ABUKEHMA K ONTUMANbHOM obnacTu.

Ha npakTMke 06bIMHO MHTEPBAN BapbMPOBAHUA NPUHMMAIOT B pa3dmepe 15...35% ot 3Haue-
HMA pakTopa Ha Hynesom (6a3oBom) ypoBHe (B KauyecTBe 6a30BOro ypoBHsS ¢aKkTopa 4YacTo BblOU-
paloT ero 3HayeHwe B OTPaboOTaHHOM pexume GYHKLMOHUPOBAHUSA XMMWUKO-TEXHOJIOFMYECKOro
npouecca Uamn cXembl).

CnepnyeT 3aMeTUTb, YTO eCNU NPeABapUTENbHO BblGpPaHHbIA MHTEPBAN BapbMPOBaHMA OKa-
3a/1Cs, COU3MEPUM C U3MEHEHUEM PYHKLUWU OTKAMKA, 06YCNOBNEHHbIM NOTrPEeLHOCTbIO 3KCNepu-
MEeHTa, TO Noc/ieayloLLee 3HaYeHe UHTepBana BapbMpoBaHMA cneayeT B3aTb MPUMEPHO Ha nopsa-
[lOK BblLLE, YEM COOTBETCTBYIOLLAA OLEHKA NOTPELIHOCTM 3KCNEePUMEHTA.

MaTpuua NAaHMPOBaHUA SKCepUmMeHTa 2°

Tabanuya 6.1-MaTpuua nnaHMpoBaHMA

X24 2
X aKcrnepumeHTa 2
ZA 3 4
Homep onbl- X X
R . 1 2 y
X1

1 -1 -1 Vi
2

2 +1 -1 Vo

3 -1 +1 Vs

*1 4 +1 +1 V4
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MaTtpuua NP3 ana Tpéx ¢akTopoB NpmBeaeHa B Tabauue 6.2.

Tabnnuya 6.2-MaTpuua nnaHNMpoBaHMUA
aKCnepumeHTa 2°

Homep onbl- X1 X, X3 y
Ta
1 -1 -1 -1 yi
2 +1 -1 -1 Vo
3 -1 +1 -1 Vs
4 +1 +1 -1 Va
5 -1 -1 +1 Ys
6 +1 -1 +1 Ve
7 -1 +1 +1 V7
8 +1 +1 +1 Vs

MaTpuua nnaHmposaHusa NP3 obnagaet cheayroWwMMmN CBOMCTBAMU:

N

Z Xy =0, (6.8)

i=1
N
Z xf =N, (6.9)

XgXim =0, L#m (6.10)

-

-~
1l
=

roe i — Homep onbiTa; j— Homep ¢aKTopa.

CBOICTBO, BblpakeHHoe ypaBHeHMeMm (6.10), Ha3bIBAaeTCA 0PMO20HAAbHOCMbIO MATPULLbI.
OHO NO3BONAET BbIMMCAATL KOIDDULMEHTbI perpeccumn no NPocTbiM Gopmyanam He3aBUCUMO ApYr

oT gpyra.

6.1.2 PacueT K03¢PULMEHTOB ypaBHEHU perpeccuu

PacueT koadpduumeHToB perpeccun ana NP3 nponssoanTca Memoodom HaUMeHbWUX K8a0-
pamos. OcHoBHOe ycnosue metoga GopmynmpyeTtca cnegyowmm obpasam: KoapPuLmMeHTbl per-
peccun onpeaenatoTca Ha OCHOBAaHUM MUHUMM3ALMU CYMMbl KBapaTOB OTKIOHEHWIA; MeXAY IKC-
NePUMEHTaNbHBIMU U PACCUMTAHHBIMU MO YPABHEHUIO PErpeccumn 3HaYeHUAMU GYHKLIMM OTK/IMKA.
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Bnaropapa csoiicTBam MaTpuLbl NOJMHONO GaKTOPHOro skcnepumeHTa (6.8(6.10) nonyyatorca

[0CTaTOYHO NpocTble GOpMybl ANs pacyéTa KoaPpPULMEHTOB ypaBHEHUS perpeccum

bym =

N
=0 XjiYi

N

)

N
Zi:o XiuXimYi

N

)

l +m.

(6.11)

(6.12)

MpoBepKa rmnoTesbl 0 3HAYMMOCTU KOIPPUUMEHTOB YPaBHEHUSA PErpeccun NpPomn3BoanTCA

c nomoublo Kputepua CTblogeHTa. MpoBepKa afeKBaTHOCTU YPaBHEHUA PErPeccMm sKCNepuUMeH-

TaJZIbHbIM AAdHHbIM NMPOBOANTCA C NOMOLLBIO KpUTEPUA (DMLUEpa.

lMpumep ucnonszosaHus NP3,

Tabnunua 6.3-MaTpuua NNaHMPoBaHUA U pe3y/ibTaTbl TPEXPAKTOPHOIO IKCMNEPUMEHTA

6.2 JIpoOHBIA PAKTOPHDbIN IKCIEPUMEHT

Homep MaTtpuua nnaHMpoBaHuUA LleneBasa ¢pyHKLUMA
onbiTa X 0 X g X 2 X 3 X 11X > X 171X 3 X 2X 3 y yp
1 1 -1 -1 -1 1 1 1 14,55 13,42
2 1 1 -1 -1 -1 -1 1 45,3 46,43
3 1 -1 1 -1 -1 1 -1 12,4 13,53
4 1 1 1 -1 1 -1 -1 50,12 48,99
5 1 -1 -1 1 1 -1 -1 7,38 8,51
6 1 1 -1 1 -1 1 -1 27,52 26,39
7 1 -1 1 1 -1 -1 1 8,12 6,99
8 1 1 1 1 1 1 1 26,2 27,33
23,949 13,336 0,2613 -6,644 0,6138 -3,781 -0,406
by b, b b3 b b3 b 3

MeTopa, apobHOro pakTopHOro akcnepumeHTa (AP3) npegHasHayeH ANA NONyYEHUA Ma-

TEMaTUMYECKOro onuMcaHuMs npouecca B BUAe oTpeska psaaa Telnopa, CoAepiKallero AMHenHble

Y/1eHbl, @ TaK}Ke B pA4de CayvyaeB N NapHbie B3aMMOAeVICTBMﬂ nepemeHHbIX BE/INYNH.

k
y = by +ijxj +
j=1

u,j=1

k
Z bujquj
u%j

(6.13)

KoadpdpuumeHntbl ypaBHeHua (6.13), onpeaensembie No 3KCNEPUMEHTANbHbIM AAHHbIM

MEeToOAO0M HaMMeHbLWNX KBAaAPaATOB, ABNAIKOTCA Bbl60p0‘-IHbIMVI oueHKaMn UCTUHHDbIX 3HaYeHuM

KO3pPULMEHTOB perpeccumn.
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OAHUM M3 HeaoCTaTKOB MOMHOro pakTopHOro akcnepumerTa (MP3) asnaerca 1o, 4To C

yBean4yeHmnem Koam4yectea d)aI-(TOpOB, paccmaTpmBaemMbix nccnegoBsartesiem, pe3ko BO3pacTtaeT

YMUCAO ONbITOB NO/THOTIO d)aI-(TOpHOI'O sKcnepmumeHTa. lNpnyem KOAMYECTBO OMNbITOB N®3 3Haym-

TENbHO NPEBOCXOA4UT YNCNO onpeaenaembiX K03¢¢MLI,MGHTOB YpaBHEHUNA pPerpeccuun.

Uaen lCI|pO6HOFO d)aKTOpHOFO JKCNEPUMMEHTA 3aK/IKOYaAETCA B TOM, 4YTOObI COKpPaTUThb

ymcno onbiTos MNP u Nnpn 3TOM CTPEMUTHLCA K TOMY, 4yTOObI mMaTpuua N1aHNPOBAHUA COXPAHU-

/1a CBOMCTBO OPTOroHa/IbHOCTH.

LpobHbIM haKMOpPHbLIM 3KCIepUMEeHMOM HA3bl8Aemcsa cucmema ornbImos, NpPeodcmasnato-

wasa coboti yacmoe 13, no3sonsaWAA paccHumame KO3 puyueHMbl ypasHeHUs pespeccuu u

COKpamumeo obvem IKCrepumeHmasibHbIX pa6om.

[ns HaxoXaeHns maTteMaTUYecKoro OnMcaHusa npouecca MCNonb3yeTcs onpeaeneHHas

yactb NP3 1/2, 1/4, 1/8 n Tak Aanee. 3TN CUCTEMbI ONbITOB Ha3bIBAOT OPOBHbLIMU penauKamu,

a cam meTog, Hapagy ¢ AdDI, TakKe U memodomM OpobHbix penauk. Bo3amoxHble ApobHbie

penavkm ot MNP Tmna 23 npueeaeHbl B Tabaunue 6.4.

Tabnnua 6.4-MonHbIN TpexpaKTOPHbIA SKCNEPUMEHT U ero ApobHble

pPennKu
dakTopbI [Opob6Hble penavKkn
Homep
OyHKUMA
onbITa X; X X3 YHKL,
OTK/IMKA
1 -1 -1 -1 V1
}1/4
1/2
2 +1 -1 -1 V2
}1/4
3 -1 +1 -1
& }1/4
1/2
4 +1 +1 -1
5 -1 -1 +1 Y5
6 +1 -1 +1 Ve
7 -1 +1 +1 V7
8 +1 +1 +1 Vs

MocmoTpum, Kakum obpasom ocyuiecTsaseTca B AdD coKpalleHne Yncia sKcnepumMmeHToB.
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[axe He3HauuTenbHaa MHGOPMaLMA B TEXHOOTMYECKOM MpOoLLecce AAeT BO3MOMXKHOCTb
NPeAnoN0XUTb, YTO HEKOTOPbIE U3 B3aMMOAENCTBUI PAaKTOPOB HE3HAYMMbI B TOM UAN UHOWN 06-
nactn GakTOpPHOro NPOCTPaHCTBA.

Ecan BAanAHME HEKOTOPOro B3aMMOAENCTBUA NPU3HAETCA NPeHebpPEXMMO Manbim, TO, ec-
TECTBEHHO, YTO KO3PPULMEHT perpeccmn npu Takom B3anmogenctsmm byaet paseH 0. 3To gaer
BO3MOXHOCTb MCNONb30BaTb COOTBETCTBYIOLWMIA CTONOEL, PaCLUMPEHHOM MATPULLbI NAAHMPOBAHMA
MNd3 gnsa oUeHKN BAMAHMA A0NONHUTENbHOTO daKTopa.

MpeanonoXum, 4YTo HaZo  MCCNedoBaTb  BAMAHWE  HA  pe3ynbTaTbl  XMMUKO-
TEXHONOTMYEeCKOoro npouecca Tpex GakTopoB M NONYYUTb €r0 MaTeMATUYECKOe OMNucaHue B BUAE
JIMHEMHOro ypaBHEHMUA.

M3BecTHO, YTO B3aMmoaelcTene GpakTopoB X; (KOHEYHOM TemnepaTypbl Harpesa) U X, (CKo-
POCTU HarpeBa) HE3HAYMMO. DTUM 06CTOATENIbCTBOM BOCMO/Ib3YEMCA ANA U3YYEHUs BAUAHMA HA
napameTp COCTOAHMA npouecca y TpeTbero GakTopa X3 (M30TEPMUYECKONM BbIAEPIKKN NPU KOHEY-
HOW Temnepartype).

Bo3bmem maTpuuy nosHoro Asyx$akTopHOro skcnepumeHTa (Tabn. 2) n npupasHaem npo-
n3seseHune xixz K GakTopy X3 (Tak Kak NPomn3BeLeHNEM X1X; MOXKHO NpeHebpeysb).

Tabnvua 6.5-MnaHMposBaHne TUNa 2%t

Homep DyHKUMA
X1 X2 X1X2=|X3 X1 X3 XoX3 X1X2X3
onbITa OTK/IMKA
1 1 1 +1 +1 -1 -1 +1 Vi
2 41| 1 -1 -1 -1 +1 +1 Vs
3 1| 41 -1 -1 +1 -1 +1 Vs
4 +1 | 41 +1 +1 +1 +1 +1 Ve

Mo gaHHOMY NAaHy Mbl MOXXeM onpeaenntb KoapdouumneHTol perpeccuu by, by, b, bs, oa-
HaKo, OHW ByayT CMeLLaHbl C NapPHbIMU U TPOMHbBIMM B3aUMOLENCTBUAMM:

by =B + Ba3;
by, =B, + P13;
b;—B3 + P12;

bo—Bo + Pi23-
rae i — WCTUHHbIE KO3bdULMEHTbI perpeccuu;

b; — oueHKM Ko3pPULMEHTOB Perpeccuu, BbIYMCAEHHbIE NO AaHHbIM BbIBOPKM.
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Takum o0b6pa3om, COKpalleHMe 4Ymc/a ONbITOB B/ieYeT 3a coboM Koppensaumio mexay
cTonbuamm matpuubl AP, yTo He NO3BONAET Pa3Ae/ibHO OLEeHUBaTb 3PpPeKTbl pakTopos u adpdek-
Tbl B3aMMOZENCTBUIN. B pe3ynbTaTe Mbl Noay4YaemM TaK HasblBaemble COBMecCMmHbie (CMellaHHble)
OUeHKU. DTOT HeAOoCTaTOK pacCMaTpPUBaeMoOro nnaHa sBAsetcA cBoeobpasHoM «nnaTon» 3a
yMeHbLUeHMe obLero Yyncaa onbIToB.

6.2.2 IlnaHupoBaHHUe cO cMelIMBaHUeM. OnpejesieHre COBMECTHBIX OLleHOK K03ppu-
IIMEeHTOB perpeccuu
MnaHMpPOBaHWE IKCNEPUMEHTA, NP KOTOPOM HEKOTOpble M3 paKTOPOB NPUPABHUBAIOTCA K
Npou3BeAEeHUAM HECKONIbKUX GpaKTOPOB, HA3bIBAETCA MAAHUPOBAHUEM CO CMEWUBAHUEM.

Ob6uwee yncno onbitoB AP BbluMCAAETCA NO popmyne
N=2"P,

roe k — obuee 4yncno pakTopos;

p — 4uncno GakTopoB, NPUPABHEHHbIX K NPOM3BEAEHUAM.

CyliecTByeT NpaBuio, NO3BONAIOLEE ONPeAennTb, Kakne KoadduumMeHTbl perpeccumn on-
peaenatTca COBMECTHO MPU NAaHUPOBAHUM CO CMeLLMBaHNEM. PacCCMOTPMM 3TO NPaBUIO Ha KOH-
KpPeTHOM npumepe.

Metogom AP 6yaem McKaTb maTeMaTUYECKOE OMMCaHWe Npouecca B BUAE YpaBHEHMUA
perpeccum

y = boxO + b1x1 + bzxz + b3x3+b4x4+b5x5- (6.14)
BOCI‘IO/‘Ib3yeMCﬂ nAaHNpoBaHUEM TUNA 25_2 N npnmem
Xg = TX1X2;

(6.15)

x5 = x1x2x3.

PaBeHcTBa TMNa (6.15) Ha3bIBaOTCA 2eHepupyrOWUMU cOOMHoweHUAMU. OHWN NOKa3bIBatoT,
KaKoe U3 B3aMmMogencTBuil GaKTOpPOB MPUHATO HE3HAYUMbIM, @ NOSTOMY 3aMEHEHO B MaTpuue
NNAaHMPOBAHUA HOBOM HE3aBUCMMOW NepemMeHHOM. Hago 3ameTuTb, YTO BbIGOP reHepupyroLLMX
COOTHOLWeEHMN B obuem cnyyae npomssoneH. OgHAKO OH CyLLeCTBEHHO BAMAET HA XapaKTep co-
BMECTHbIX OLLeHOK K03 OULMEHTOB perpeccum.

MpaBuno onpeseneHus COBMECTHbIX OLEHOK KO3pdULMEHTOB perpeccum coctouT B Cie-
Ayowem:

1 anHMMaEM BO BHMMAHUME, 4YTO

(6.16)

2 YMHOXMKB 0b6e 4acTu reHepupyoLLmMx COOTHOLIEHWIN Ha X4 U X5, MONY4UM
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1= —X1 XXy, (617)
1 = x1x,%3%5.

3TW paBeHCTBA HA3bIBAOTCA onpedensowumu KoHmpacmamu. NMepemHOXKMB NOYNeHHO 1-1
N 2-1 onpepenaowmin KOHTPACTbl, NONYYUM

1 = —x3x4X5; (6.18)

3. CocTaBMM CUCTEMY PABEHCTB M3 eAMHULbI U MPaBbiX YacTeil BCeX OMpPeaenstolmnX KOH-
TpacToB. Mony4ynm BblpaxkeHne ana 0606warou,e2o onpenenatoLLEro KOHTpAcTa

1= —X1XX4 = X1 X3X3X5 = —X3X4Xs; (6.19)

4 YMHOXMB Kaxkablit U3 GpaKkTopoB Ha 0606w atoWmMin onpeaensaowWmii KOHTPACT, NOAYYUM
Ana pakTopa X;

X| = —X3X4 = XpX3X5 = —X1X3X4X5. (6.20)
OTclopa cnepyet, 4to KoabouumeHT perpeccun b; byaet oueHkomn

by —=B1 — B24 + B23s — P13as-

Taknm obpasom, 3HauyeHue KoapoduumeHTa b; ABNAETCA OLEHKOM pAaa COBMECTHbIX 3ddek-
TOB. AHA/IOTMYHO NONYYUM

by —>B2 — P14 + B13s — Bz3as;
bs >3 — P123a + Br25 — Pas;
by B4 — P12 + P123as — Bas;
bs —>Bs — P124s + P123 — B3

Cne,u,osaTeano, pe3Koe COoKpaweHne 4ncaa onbitoB NPUMBOAUT K CMELWaHHbIM OLEHKaM
K03¢¢VILI,M€HTOB YpaBHEHUA perpeccnn, a N0O3TOMy U K CHUXKEHUIO TOYHOCTHU BbIYNCNEHNNA.

6.2.3 Paspemamuias CnoCOOHOCTb MaTPpULbl MJIAHUPOBAHUSA

3¢ PeKTUBHOCTL CUCTEMbI CMELIMBAHUA GAKTOPOB M B3aMMoOAENCTBMIA GaKTOpPOB onpeae-
naetca paspewaroweli criocobHocmoto maTpuupbl. OHa ByaeT MaKCMMasnbHOW, €CAuM JNIMHENHble
addeKTbl cmeLlaHbl C NPOU3BEAEHUAMMN HAMBObLLEro KonYecTBa GaKTOPOB.

4-1 “
Hanpumep, npu Bbibope Nonypennkm Tuna 2~ BO3MOXKHbI 8 BApUAHTOB peLleHuni

1 Xg = X1X2; 5 Xg = X1X3;
2 X4 = —X1Xp, 6 X4 = —X1X3;
(6.21)
3 x4 = x2x3; 7 x4 = x1x2x3.
4 Xg4 = —XpX3, 8 X4 = —X1XpX3.

Hanbonbliasa paspelatowana cnocobHOCTb y penank 7-4 n 8-it. Mpun HanMuMmM anpuopHoOm
nHpopmaLMn 0 3HAYMMOCTU B3aUMOAENCTBMIA GAaKTOPOB MOXKHO pa3paboTaTb HauyyLlyO cucTe-
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MYy CMELUNBaHUA OLEHOK. Ecm Taknx cBegeHnM HET, TO BbIOMPAIOT peninKky ¢ Hanbonbllen pas-
pelatoLLeli cnocobHOCTbIO, TaK Kak TPOMHbIE B3aMMOAENCTBUSA MEHEE BaXKHbl, YEM ABOWHbIE.

6.2.4 PacueT K03 (PULUEHTOB perpeccuu

BbluncneHne koadpoduumneHTOB perpeccum npu ucnonb3osaHum P npoussoautca meTo-
AOM HauMeHbWwux Keadpamos no Gopmynam, KOTOpble NPUMEHAOTCA U ANAa 06paboTKM AAHHbIX
no3.

Mpu pacyete KO3GOUUMEHTOB pPeErpeccum cneayeTt y4vyecTb, YTO MNOAJNEXKAT BbIYUC/IEHUIO
TOJIbKO T€ KO3 PULMEHTLI MPU B3aUMOAENCTBUAX GaKTOPOB, CTONOLbI YPOBHEN KOTOPbIX B MaTpu-
Le NNaHUPOBaHUA He KOpPeauposaHsl CO CTONBUAMN OTAENbHbIX GaKTopoB. rHOpMpOBaHMe 3TO-
ro npasuna BeAeT K HapyLeHNo OPTOrOHaAbHOCTM NaaHa.

B obuwem cnyyae dopmynbl aAna pacyeta KoaddUUMEHTOB perpeccum no pesynbratam AP

MMeET BUA,
N s .
b, = w i=0,1,..k (6.22)
N . . .
blm — Zi:o xI:;XLmyl , | £m. (6.23)

lMpumep ucnonszosaHusa 4®3.

Tabnunua 6.6-MaTpuua nnaHMpoBaHMa 1 pesynbTatbl AP TMNa 2°2

Homep MaTpuua ni1aHMpoBaHUA LUenesan ¢pyHKUMA
onbITa X X X5 X3 |Xs4=xX;Xo2x3|Xx5=x;Xx Vs Vp
1 1 -1 -1 -1 -1 1 14,5 14,58
2 1 1 -1 -1 1 -1 41,0 47,20
3 1 -1 1 -1 1 -1 38,0 31,80
4 1 1 1 -1 -1 1 18,6 18,53
5 1 -1 -1 1 1 1 13,8 13,73
6 1 1 -1 1 -1 -1 51,0 44,80
7 1 -1 1 1 -1 -1 23,2 29,40
8 1 1 1 1 1 1 17,6 17,68
27,213 4,8375 -2,863 -0,813 0,3875 -11,0875
by b b, b; b4 bs
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6.3 BKCHepI/lMeHTbl HAd OCHOBE€ IIVIAHOB BTOPOro nmopAAaKa

6.3.1 O6mue cBeJeHUs O VIAaHAX BTOPOro NopAJKa

MnaHbl BTOPOro nopagka MCNoOb3ylT B TeX caydaax, Koraa GyHKUMS OTKAMKaA Cy-
uecteBeHHO HE‘fIUHeﬁHG N HE MOXeT 6bITb annNpoKCMMNPOBAHAa ﬂVIHeVIHbIM I'IpM6J'IM)+(eHVIEM B
paccmaTpuBaemon obnactu ¢GaKTOPHOrO MPOCTPAHCTBA. ITO MMEeT MecTO, Hanpumep, B
OKPECTHOCTU 3KCTpeMyMa PYHKLMUM OTKAUKA, rae

dy

de ]

38ecb y — QYHKUMA OTKAMKA; X; — KOAMPOBAaHHOE 3HayeHue 1-ro pakTopa; by — KoapPu-
UMeHT perpeccun; k — ymcno GpakTopos. YacTb NOBEPXHOCTM OTKAMKA, ANA KOTOPOM cnpaBea-
JINBO ypaBHeHue (6.24), NPUHATO Ha3bIBaTb «MOYTU CTaLMOHAPHOM» 0b1acTbio. O6bIYHO Kccae-
[oBaTeNb 06HapPYXKMBAET «NOYTU CTAaLMOHAPHYO» 06/1acTb B pe3y/ibTaTe oNTUMM3aLUMN NO Me-
TOAY KPYTOro BOCXOXAEHMA UMM CUMNAEKC-NNAaHUPOBaHUA. A afieKBaTHOro MaTemMaTU4YecKo-
ro onMcaHmsA 3ToM 061acTU YacTO UCMONb3YIOT NOIMHOM 8MOpPO20 NOPALAKA

k k k
— 2
y=bo+ z byx; + z byjxuxj + Z by (6.25)
j=1 ]=1
u#j

u,j=1

Y106bl HalTN KO3POUUMEHTbI 3TOFO NOAMHOMA, HEOBXOAMM 3KCMEPUMEHT, B KOTOPOM
Kaxabln paKTOp BapbupoBanca 6bl He MeHee YeM Ha TPeX YPOBHSX.

CTpyKTypa niaHa émopo2o nopsgka, NnpeaHa3sHauYeHHOro ANA HaxoXAEeHMA KO-
dvuMeHTOB KBagpaTMyHOW moaenn (6.1), AnA 3KCNEPUMEHTATOPOB MMEET CyLLeCTBEHHOE
3HauyeHue. [leno B TOM, YTO UccnedoBaTenb obpaliaeTca K NaaHam BTOPOro nopagka obbly-
HO MOC/ie TOro Kak emy He yAanocb Noay4ymTb afeKBaTHOW MoAenn B pe3ynbTate peanusauumu
NONHOro UnAn ApobHOro GakTOPHOro 3KCMEPUMEHTA, T. €. NAaHa nepso2o nopsagka. MNpu atom
€CTEeCTBEHHO BO3HMKAET }KenaHWe COXPaHWTb M B Aa/ibHellleM MCNo/b30BaTb Pe3ynbTaThbl
3KCMepMMEHTa, BbINOHEHHOTO NO NaHY Mep8o2o NopaAaKa.

Mcxoan 13 aTnx coobparkeHnin 6bi1m paspaboTaHbl Tak HasblBaeMble KOMMO3UYUOHHbIE NNAHbI
BTOpOro nopsaka. CTpyKTypa AaHHbIX NAaHOB NpeacTaBasaeT coboi KOMNo3nLMI0 13 NaaHa NepBo-
ro NopsAZKa U HEKOTOPOro KOMMYecTBa A06aBOYHbIX OMNbITOB. Mpy 3TOM OAWMH UM HECKONbKO OMbITOB
NpPoBOAATCA B LieHTpe naaHa. baarogapa cBoel CTpyKType Takue MaaHbl 3KCNepMMEHTOB Ha3blBakoTCs
UeHMpPanbHbIMU KOMMIO3UUYUOHHbIMU (LLKT).

Ha pucyHke 6.1 NokasaHO pacnosioXKeHMe ONbITOB LLEeHTPA/IbHbIX KOMMO3ULMOHHBIX N1AHOB
ana ayx gaktopos. CBeTnaA TouKa 0603HaYaeT UEeHTP NaaHa, 3a4epHeHHble TOYKU — A0PO NnaHa.
AAPOM NNaHa CAYKUT NOMHBIA UAN APOBHbIA GAaKTOPHbIN 3KCNepUMeHT. Ha KoopAMHATHbBIX OCAX Ha
PaCCTOAHUM @ OT LLeHTPa NaaHa 0603HaYeHbl CMMBOJIOM * OMbITbl B TaK HA3blBAEMbIX «3BE3AHbIX»
TOYKax. PacctoaHWe a Ha3biBaeTcA «3Be3gHbIM naedom». OKONO KaKAoro onbiTa yKasaHbl B CKOBKax
3HaYeHWA KOOUPOBAHHbIX NEPEMEHHDIX.
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X2
(0,a)
®
'(-1,1 ) (1,1)
* O L
(_ a, 0) (OI 0) (a/ 0)
.(-1,-1) (1,-1) ®
*(0,-a)

PucyHok 6.1 - CucteMa onbITOB IByX($aKTOPHOr0 KOMIO3UI[MOHHOTO IIJIaHA BTOPOTO
nopsiika

CoOTBETCTBYIOLLME MATPULIbI N1AHMPOBaHMSA NpMBeaeHbl B Tabamuax 6.7 n 6.8.

Tabnvua 6.7 - MaTtpuua AByxpaKTOPHOroO KOMMO3ULMOHHOIO N/1aHa BTO-
poro nopsAgkKa

Homep dparmeHT NnaHa X1 X y

onbITa
1 Aapo nnaHa +1 +1 V1
2 -1 +1 V2
3 +1 -1 V3
4 -1 -1 Ya
5 OnbITbl B «3BE34HbIX» TOYKaX +a 0 Vs
6 -a 0 1%
7 0 +a %
8 0 -a Vs
9 OnbIT B LEeHTpe naaHa 0 0 )
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Tabnuua 6.8 - MaTpuua Tpex$baKTOpHOro KOMMO3ULMOHHOTO
nfiaHa BTOPOro nops/ka

Flowmep ®parmeHT NnaHa X1 X2 X3 y

orbima
1 +1 +1 +1 V1
2 -1 +1 +1 V2
3 +1 -1 +1 V3
4 -1 -1 +1 Ya
5 Appe nnaHa +1 +1 -1 Vs
6 -1 +1 -1 Ve
7 +1 -1 -1 %
8 -1 -1 -1 Vs
9 +a 0 0 Vg
10 -a 0 0 Y10
11 0 +a 0 Y11
12 OnbITbl B «3BE34HbIX» TOYKAX 0 - 0 V12
13 0 0 +a V13
14 0 0 -a V14
15 OnbIT B ueHTpe nnaHa 0 0 0 V15

Ecnun uncno paktopos Honblue YeTbipex, TO B Ka4YeCTBe AApPa NaHa LenecoobpasHo NCnonb3o-
BaTb Op06HbIl GaKTOPHbIN sKcnepmumeHT. ObLuee umcno onbiTos LIKIM paccunTbiBaeTca no ¢opmyne

NqKn:Nﬂ"‘Nae""No
rae N, — 4ncno onbITOB B A4pe NIaHa;
N3 — 4MCNO ONbITOB B «3BE34HbIX» TOYKAX;
N, — 4MCNo UeHTPanbHbIX ONbITOB.
OueBnaHo, Nsg =2n, T. . BABOE NPEBbILAET KOAMYECTBO HaKTOPOB.
N3 cTpykTypbl LK cnegyeT, 4To Kaxkabiii GakTop BapbUPYETCA Ha MAmMu YpOBHSX:
-a, -1, 0, +1, +a.

Takmm o6pa30M, eC/in C NOMOLbIO NOSIHOIro nnn ApOGHOFO d)aKTOpHOFO 3KCNepMMeHTa HEBO3-
MOXHO MONYy4YUTb aAEKBATHOIO MaTeEMaTUYECKOro onncaHMAa NOBEPXHOCTU OTK/AIMKA, caeayet ne-
peﬁTM K UeHTpa/bHOMY KOMNO3UNUMWOHHOMY MNJ1aHY BTOPOro nopAaakKa, I,CI|O6€:IBMB onbITbl B
«3Be34HbIX» TOYKAX N B UEHTPE NaaHa.

M3BeCTHbI ABa BNAA LEHTPASbHOITO KOMMNO3ULMOHHOIO NIAHUPOBAHUA — O0PMO20HANbHOE
n pomamabesnbHoe. CoKpaweHHO ux HasbiBatoT OLUKIM n PUKIM. CywecTByOT U HEKOMMTO3UUUOH-
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Hblé NJ1aHbl BTOPOro nopAaaka. HeKOTOpre M3 HUX codepXaT mMmeHblwee YUCNO0 ONnbiTOB NO
CpaBHEHUIO C KOMNO3UNUNOHHBbIMU NMPU OANHAKOBOM YnUcne d)aKTOpOB.

Pa3pa60TaHo 3HA4YnUTE/IbHOE KO/INYEeCTBO NMNJ1IaHOB BTOPOIro nopAaaKa, yaosanetsopArowmnx
pPasnanyHbim cnelnasibHbim Tp66OBaHMHM.

6.3.2 OpToroHajibHOe LEeHTpPaJIbHOEe KOMIIO3ULIMOHHOE IUVIAHUPOBAaHUE

HasBaHue 3TOro BMAA NNAaHUPOBAHMA 0OYCNOBAEHO CBOMCTBOM OpPMO20HAAbHOCMU €ro
MaTpULbl. DTO CBOMCTBO 3aNMUCbIBAETCA ceayrowmm obpasom:

N
quxmi 0, lzmlm=12 .k (6.26)
i=1

T. €. CYMMa NapHbIX NPOM3BEAEHUIA 31EMEHTOB ABYX N06bIX CTONBLOB MaTPULbl NAaHUPOBA-
HUWA paBHa Hy/0. Ha 0OCHOBaHMM YKa3aHHOTO CBOMCTBA OLEHKM KO3hDUUMEHTOB perpeccum pac-
CYMTLIBAIOTCA HE3ABUCUMO APYT OT ApPyra N MMeeTCcsa BO3MOXHOCTb UCKAKOUYNTb U3 paccmoTpe-
HUA Te GaKTopbl, NPU KOTOPbIX KO3PPULMEHTLI OKA3bIBAKOTCA HE3HAYUMbIMMU.

CnepyeT, OA4HAKO, OTMETUTb, YTO CBOMCTBO OPTOrOHANbHOCTM HE BbINONHAETCA ANA
cTonbuoB, coaeprKkawmx KBagpaTbl 3HaYeHN GaKTOPOB, T. €.

N
lezixrzni #0, l+mim=12..,k. (6.27)
i=1

Hanpumep, ana OUKMN c asyma ¢paktopamu (cm. Tabauuy 6.7) umeem

9
Z X{ix5; = 4. (6.28)

i=1
[na obecneyeHMa OpPTOroHasNbHOCTM 8cex CTONBLOB MaTpWUbl NNAHUPOBAHUA BMECTO
KBaZpaToB 3Ha4YeHU GaKTOPOB BBOAAT HOBblE NePEMEHHbIE BEIMUYMNHDI

N
1
x;i = x%i _NZ x]%l', ] = 1, ,k, i = 1, ,N (629)
i=1

M3 ycnosmAa opTOroHanbHOCTU
N

Z X[iXmi # 0 (6.30)

i=1

NONYy4YEeHO ypaBHeEHKE ANnA 3BE34HOIO rnaeya a:

(6.31)
4a*+402Ns—Np(N3p+Ny) = 0.

PeweHwne storo YpaBHEHNA UMEET BN
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2

B OU,KH BTOPOro nopAaaKa He Hak1aablBaeTCA HUKaKUX orpaqueHMﬁ Ha Y1C10 ONbITOB B UEH-

\/\/Nﬂz + N,(N,, + Ny) + N, (6.32)
a = .

Tpe nnaHa N, O6bluHO NnpuHMmatoT No=1.
B Tabnunue 6.9 npuBeaeHbl OCHOBHble XxapakTepucTukm OLLKM.

Tabnanua  6.9- OCHOBHbIE XapPaKTEPUCTUKN OPTOTOHAZIbHOTO LEHTPA/IbHOrO KOMMNO3K-
LMOHHOrO NAaHNPOBAHMUA

n Na N3B No N (04

2 2? 4 1 9 1,000
3 23 6 1 15 1,215
4 24 8 1 25 1,414
5 2> 10 1 27 1,547

B Tabnnue 6.10 npeacTaBieHa MaTpMLA OPTOrOHA/IbHOIO LEHTPasbHOr0O KOMMNO3ULUMOH-
HOro naaHupoBaHuA Ans AByx ¢dakTopos. [pn ee NOCTPOEHUM UCMONb30BaHbI BCNOMOraTe nb-
Hble MepemeHHble:

1t 2
xi=xt-g) xh =xi-3; (632)
i=1
9
. 1 2 6.34
x;=xf -5 ) xh =x3 -3 (6:34)
i=1

Tabnuua 6.10-Matpuua OLUKN ana asyx pakTopos

Homep dparmeHT i} ) 2|, ) 2

onbITa nnawHa X X2 XXz X =Xp g =X g Y
1 +1 +1 +1 +0,33 +0,33 V1
2 -1 +1 -1 +0,33 +0,33 2]
3 Aapo +1 1 -1 +0,33 +0,33 V3
4 -1 -1 +1 +0,33 +0,33 Va4
5 +1 0 0 +0,33 -0,67 Vs
6 « 3Be3aHble» -1 0 0 +0,33 -0,67 Ve
7 TOYKMU 0 +1 0 -0,67 +0,33 V7
8 0 -1 0 -0,67 +0,33 Vs
9 LeHTp 0 0 0 -0,67 -0,67 7z
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C NOMOLLbIO OPTOrOHaNIbHOrO LEHTPaIbHOrO KOMMNO3ULMOHHOTO NAAaHMPOBAHMA ULLYT KO-
3¢ dULMEHTbI ypaBHEHMA PErPecCUm caeaytowero sBnaa:

k K k L&
— 2 2
y=bo+ Z bjx; + Z byjxux; + Z bij{ % — NZ Xij ) (6.35)
j=1 u,j=1 j=1 i=1
u*j

B cuny optoroHanbHocTn matpuubl OLUKI Bce KoapPpuumneHTbl perpeccum
onpeaenAlTCA He3aBUCUMO APYr OT Apyra:

N
b=, j=0,1,..,k; (6.36)
AN
i=1"ji
ZI.V: xl.x .y.
bim =Sy, l#m (6.37)
in1 (oixmi)
N -
=1 xfi)’i
bjj=———— (6.38)

?Ll(xﬁ)ZI

lNpumep ucrnonezosaHua OLKI

Tabnanua 6.11-Matpuua nnaHupoBaHuA TpéxdakTopHoro OLKIT wn pe3ynbTathbl

9KCNepmnmeHTa
Lenesasn
®parment nnana - [ Homep MaTpuua nnaHnpoBaHmA ByHKLA
onbita
X9 X X2 X3 x,* xg* x3* X =X )X =X 3| X2 X 3 ] Vs Yp

1 1 1 1 1 0,27 0,27 0,27 1 1 1 82 79,0

2 1 -1 1 0,27 0,27 0,27 -1 -1 1 82 85,2

3 1 1 4l 1 0,27 0,27 027 | 1| 1| 2 42 | 430

Anpo 4 1 -1 -1 1 0,27 0,27 0,27 1 -1 -1 70 64,2
nnaHa 5 1 1 1 -1 0,27 0,27 0,27 1 -1 -1 60 67,2
6 1 -1 1 -1 0,27 0,27 0,27 -1 1 -1 80 80,4

7 1 1 -1 -1 0,27 0,27 0,27 -1 -1 1 48 46,1

8 1 -1 -1 -1 0,27 0,27 0,27 1 1 1 70 74,3

9 1 -1,215 0 0 0,746 -0,73 -0,73 0 0 0 80 78,6

10 1 1,215 0 0 0,746 -0,73 -0,73 0 0 0 60 57,7

OnbITbl 11 1 0 -1,215 0 0,73 0,746 -0,73 0 0 0 54 56,3
B 38€3[, 12 1 0 1,215 0 0,73 0,746 -0,73 0 0 0 88 81,9
TOYKax 13 1 0 0 -1,215 0,73 -0,73 0,746 0 0 0 85 77,1
14 1 0 0 1,215 | 0,73 0,73 0,746 0 0 0 74 78,1

LeHtp 15 1 0 0 0 0,73 -0,73 -0,73 0 0 0 70 75,7

69,67 8,61 10,53 0,42 - 512 - 4,45 1,31 3,75 1,75 3,75
by b, b, b; by bs b b; | bs by




