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BBEJAEHUE

[Ipobmema ympaBieHHsS CHUCTEMaMU B PEAbHBIX YCIOBUAX BCEra
CBs3aHa C HEOOXOAMMOCTHIO yUeTa CIydyaHbIX (PaKTOPOB MO CIEAYIOIIUM
MPUYUHAM:

® HAYaJIbHOE COCTOSAHHE OOBEKTa YMpPABJICHHUS BCETa M3BECTHO C
HEKOTOPOM IOrPEMIHOCTHIO, TOATOMY MOYKET CUMTATHCS CIYYANHOU BEJIM-
YUHOMU;

e B TMpoliecce YyMNpaBieHUsS Ha OOBEKT YyIpaBiCHUS ACHCTBYIOT
BHEIIIHUE BO3MYIICHUS, IMMOATOMY TPACKTOPHUS €ro JBUXKEHUS SIBISCTCS
ciyyailHOM (DyHKIUEH;

® U3MEpPEHHE BBIXOJHBIX MapaMeTpOB OOBEKTa YIPABJICHUS TPOU3-
BOJIUTCS C MOTPEIIHOCTBHIO, MO3TOMY PE3YJbTAaThl 3TUX U3MEPEHUN MOTYT
CUUTATHCS CIyYaHBIMU BEJIMYMHAMH.

Cucrembl yrnpaBiaeHUs, HA MOBEICHUE KOTOPBIX OKA3bIBAIOT BIIUSHUE
Ciy4dailHble (DAKTOpbI, HA3BIBAIOTCA CTOXACTHYECKHUMHU (om Op.-2peu.
Ytoyo¢ — 1enb, npeanonoxenue). CiaydaitHble BO3IEHUCTBHUS MOTYT IIpH-
KJIQABIBATHCA K CUCTEME W3BHE WJIM BO3HUKATh BHYTPHU HEKOTOPBIX €€ BJIe-
MeHTOB. COCTOSIHUE TaKMX CHUCTEM OINHUCHIBAETCA KAaK BEJIMYMHAMH, KOTO-
pble MOTYT OBITh MPEJCKa3aHbl, TAK U BEIIMUMHAMHU CiIydailHbIMU. JIt000€
Pa3BUTHE TAKUX CUCTEM BO BPEMEHM SBJISICTCS CIyYaWHBIM IPOIIECCOM,
KOTOPBIN JOJKEH ONMUCHIBATHCSI B TEPMUHAX TEOPUU BEPOSITHOCTEN.

HucunmnHa «CiaydailHble MpOoIecChl B CUCTEMaxX yIpaBJICHUS» CTa-
BUT CBOEU 1€bI0 (DOPMUPOBAHUE CIICAYIONIUX KOMIETECHIIMN OyAyIlero
OakajaBpa 10 HampapiaeHUr0 noArotoBku 15.03.04 — ABToMaTuzaius
TEXHOJIOTUYECKUX MPOLECCOB U MPOU3BOACTB.

Kon DopMyIMpOBKa

-1k PaccunThiBaeT u MpOEKTUPYET CPEACTBA U CUCTEMBI aB-
TOMATU3ALUU B COOTBETCTBUM C TEXHUYECKUM 3aJaHUEM.

MNJI-31k-2 BrinosiHsieT cO0p U aHaIU3 UCXOIHBIX JAHHBIX IS

pacueTa u MPOEKTUPOBAHUS CPEJICTB U CUCTEM YITPABIICHUS




C UCIMOJIb30BAaHUEM COBPEMEHHBIX MH(GOPMAIIMOHHBIX TEX-
HOJIOTHUH.

['maBHBIMU 3a/1a4aMy TUCHUIUIMHBI SIBJISIFOTCS: YCBOCHUE CTYJAEHTAMU
MPUHIMIIOB aHAJW3a M CUHTE3a CUCTEM YMPABJICHUS, HAXOIAIIUXCS O]
BIIMSIHUEM CJIy4alHBIX BO3ACHCTBUM, MPUOOPETCHUE MPAKTUUECKUX HABBI-
KOB MCITOJIb30BaHMS METOJIOB TCOPHHU ONTHUMAIbHON (PUILTPAIIUH.

B pesynprare 0CBOCHUS AUCIHUILUIMHBI CTYAEHT JOJIKECH:

® 3HATh IIPUHIMIIBI ABTOMATHU3AIIMU ITIPOM3BOJICTBA;

® yMeTh pa3padarbiBaTh 000OIIECHHBIC BAPUAHTHI PEIICHUS MPOOIeM,
CBSI3aHHBIX C ABTOMATHU3allUEH MPOU3BO/ICTBA;

® BJAJICTh HABbIKAMH aHAJIM3a BapUAHTOB ONTUMAIBLHOTO MPOTHO3U-
POBaHMS MOCJEICTBUNA NPUHATOTO PEIICHHUS.

Y4ebHoe mocobue pazpaboTaHO HA OCHOBE Kypca JICKIIUH, YNTaeMOTO
aBTOPOM CTYJICHTaM HAIpPaBJICHUSA IMOJATNOTOBKM «ABTOMATH3alMs TEXHO-
JOTMYECKHUX MPOIECCOB M MPOM3BOJACTB», a TAaKXKe Ha 0Oa3ze Marepuasa
MPaKTUICCKUX U Ja00PaTOPHBIX 3aHIATHI IO 3TOMY Kypcy. YdueOHOe IMoco-
Oue JJOruYecKu pa30MBaeTCsl Ha 4acTH (TEMBbI):

® MOJICJIM JUHAMHUKHU CUCTEM;

® CIIy4YaliHbIE MTPOLECCHI;

® aHAJIN3 CUCTEM IIPHU CIYYaHWHBIX BO3JACUCTBUSIX;

® CHUHTE3 CUCTEM IIPU CIYyYaWHBIX BO3JACUCTBUSIX;

® J1a0OPATOPHBIN MPAKTUKYM.

Kaxxmast TeMa pazOuBaeTcs Ha pa3jielibl, KOTOPbIE MOCBSAIICHBI U3yYe-
HHUIO CBOEW KaTeropuy 3ajJad yIPABJICHUS CUCTEMAMH, HAXOIAIIMMMCS
IO/l BJIMSIHUEM CIIYYaMHBIX BO3IACUCTBHM. B mpenmenax kaxaoro paszaena
ydeOHHWKa MpeajiaraeTcs eANHBIN MOIX01 K U3JI0KEHUI0 MaTeprana, KOTO-
PBIY IIPEAYCMATPUBACT:

® IIpPeIOCTaBICHHUE HEOOXOAUMBIX TEOPETHUCCKUX CBEICHHIA;

® [IOCTAaHOBKY 33J1a4¥ aHAIM3a WJIHA CUHTE3a CUCTEM, HAXOIAIIUXCS
T10]1 BJIMSIHUEM CITyYaWHBIX BO3JICUCTBUM;



® ONUCAHWE METOJA PEIICHUS 3aJa4l aHAIW3a WA CUHTE3a CUCTEM,
HAXOJAIINXCS MO BIIMSHUEM CIIyYalHbIX BO3JIECHCTBUN;

e pa300p MpPUMEPOB PEIICHUS 3aJlauld aHaJIN3a WA CUHTE3a CUCTEM,
HAXOJAIUXCA MO/ BIASTHUEM CIIyYalHBIX BO3JICUCTBUM;

® BBINOJHEHUE J1a00PATOPHON PAOOTHI.

B Teopernyeckoil yacTu 0co00€ BHUMAaHUE YJEIAETCS MpaBUJIaM pe-
IICHUS KJIIACCUYECKHUX 3aJ1a4 TCOPUHU CIIYYaHWHBIX MPOLECCOB. B mpakTuye-
CKOM YaCTH aKICHT JEJIACTCS Ha aIrOPUTMax aHaJIN3a WA CUHTE3a CUCTEM
YIPaBICHUS B PAa3IWYHBIX PEKUMax MX (QyHKIHOHUpOBaHHS. M3n0xeHHE
COTIPOBOXKIACTCS OOJIBIITUM KOJTHICCTBOM MPUMEPOB.



1 CTOXACTHYECKHUE CUCTEMbI

[loBeneHne peanbHbIX CUCTEM MOXET OBITh OMUCAHO MOJIEISIMU JIBYX
TUIIOB: JETEPMUHUPOBAHHBIMU (MTOJIHOCTHIO OMPEACIICHHBIMU) M CTOXa-
CTUYECKUMH (BEPOSITHOCTHBIMU WJIM CTATUCTUYECKUMHU).

B aerepMMHHUPOBAHHBIX MOJEJAX ITOBEAECHHUE CUCTEMBI CUMTAETCS
IOJIHOCTBIO ONpeneNieHHbIM. [Ipenmnomnaraercsa, 4ro CTpyKTypa CHUCTEMBI
ABJISIETCS 3apaHEE M3BECTHOW; MApAMETPbl CUCTEMbl U BHELIHHUE BO3JICH-
CTBHS (BXOJHBIE CUTHAJIBI) ABJISFOTCS 3apaHEE 33/IaHHBIMU JIETEPMUHUPO-
BaHHBIMH (PYHKIMSIM BPEMEHHM; PEaKIHs CUCTEMbl Ha BXOJHBIC CUTHAJIbI
(BBIXOJHOM CHUTHAJI) TaKXKe SBJSIETCS ACTEPMUHUPOBAHHOM (yHKIMEH
BPEMEHH.

Ilpumeuanue. O6b1yHO 6 OeMEPMUHUPOBAHHOL MOOENU 8 Kayecmee
BXOOHBIX CUSHAN08 NPUHUMAIOMCS MUNOBble 8030elCMBUsL 8 UOe eOUHUY-

HOU cmyneHuamou yHKyuu 1(t), FyHKyuUu (UOeanrbHO20 UMNYIbCA) UL

HEKOMOopuIX Opyeux (pyHKyull epemenu, Komopule 8blOUparomcs, UcCXo0s u3
ONvIMA ULU UHMYUYUU UcCaedo8ames OJisl YO0OCmea pacuema Cucmem.

Camu neTepMUHUPOBAHHBIE MOJIETTU OMPEACIISIIOT 00HO3HAYHOE COOM-
gemcmeue Mexcoy peanu3ayusmu 6X00H020 U 8bIXx00H020 cucHanos. I1ose-
JICHUE CHUCTEMBI OIUCHIBACTCA OOBIKHOBEHHBIMU AU(depeHIInaTbHbIMU
ypaBHeHUsIMU. OHO OJTHO3HAYHO OMPENEISETCS COCTOSHUEM CHCTEMBI B Te-
KyIIMA MOMEHT BpeMeHU (HadyaJbHBIMHU YCIOBUSIMHU) U MOXKET OBITb TOYHO
NpeJICKa3aHo JJIs II0OO0TO MOCIEeAYIOEr0 MOMEHTa BpEMEHH.

HccnenoBanue TOBEAEHUS CUCTEM MOCPEICTBOM JACTEPMUHUPOBAH-
HBIX MOJIeJIe CBOJUTCS K M3YUYEHMIO Tpollecca MpeoOpa3oBaHus JeTep-
MUHHUPOBAHHBIX BXOJHBIX CUTHAJIOB B JIETEPMHUHUPOBAHHBIC BBIXOJIHBIC
CUTHaJIBbI. DTOT MPOIIECC TAKXKE CUUTACTCS I€TEPMUHUPOBAHHBIM.

B croxacTuueckux MoOAeJfAX BXOJHBIC CHUTHAJBI, TMapaMeTpbl U
CTPYKTYypa CUCTEMBbI B OOIIIEM ClIy4ae CUMTAIOTCS CIy4allHbIMU (YyHKIIHUS-
MU BPEMEHHM WJIM CIIyYalHBIMU BEJIMYMHAMH C W3BECTHBIMU CTATHCTHYE-
CKUMH XapaKTEPUCTUKAMH.



Ilpumeuanue. Heobxooumvle cmamucmuyeckue XapakmepucmuKku
Onpeoenamcs 8 xo0e CMmamucmui4ecko20 aHaiu3a ONbIMHLIX OAHHBIX O

noeeodeHuu cucmembl 6 PeAajIbHblX YCIOBUAX

CTaTUCTUYECKUE MOJCIH KAMCOOU peanu3ayuu 6X00H020 CUSHANA
Cmassam 8 COOmMBEemMcmaue MHOMCECMBO 8bIXOOHBIX CUCHANIO8, XapPaKTEePU-
3yeMO€ ONPEAECICHHBIM 3aKOHOM pacupeAeieHus. ECau U3BECTHBI CTaTH-
CTUYECKUE XAPAKTEPUCTUKNA BXOAHBIX CUTHAJIOB U JTUHAMUYECKUX CBOMCTB
CUCTEMBI, TO TTOBEJICHUE CUCTEMBI OYyI€T MOJHOCTHIO OMPEIEIICHO B CTaTH-
CTUYECKOM CMBICJIE (T. €. MOTYT OBITh HalJIEHbl COOTBETCTBYIOIIME CTATH-
CTUYECKUE XaPAKTEPUCTUKHU BBIXOJHOTO CUTHAJA).

N3yyeHne noBeneHrsi CUCTEMBI C IOMOIIBI) CTOXAaCTUYECKON MOJEIHN
B O0IIEM clly4ae CBOJUTCA K M3YYECHHUIO MPEeoOpa3oOBaHUSI CUCTEMOU CITy-
YaWHBIX BXOJAHBIX CUTHAJIOB B CIIyYalHbIE BBIXOIHBIE CUTHAJIBI.

Ilpumeuanue. Yacmuvivm cayuaem npumeHeHus cmoxacmuyeckux mo-
Oesell 561emcs U3yueHue NoBeoeHuUss O0emepMUHUPOBAHHOL CUCTIEeMDbL,
Haxoo0saueucss noo GIUsSHUEM CAYYAUHBbIX BXOOHbIX CUSHAN08. B opyeom
YACMHOM ClIy4ae 6XO0OHble CUSHANIbL CYUMAIOMCA 3apaHee U38eCHHbIMU
QYHKYUAMU 8pEeMeHU, a CIMPYKMYpPa CUCHeMbl U ee napamempsvl UMerom

CYy4auHbvli Xapaxmep.

Ilpumep. Cucmema cmadbunuzayuu Kypca jiemameibHo20 annapa-
ma. CmpykmypHas cxema cucmemvl umeem uo

if&)
2

o(t) x(t)

C nOMOUbIO saoamyuxa 1 yémaHaesaueaemcsid HYyHCHoe 3HAYCHUE Kyp-

ca g(t). Ha nemamenvnuiti annapam 2 Oeticmeyem 603MyujeHue ammo-
cghepnl f(t). 3adaua cmabunuzayuu 3aKa0uaemcs 8 n000epPHCAHUU Oeli-

CMBUMeNbHO20 KYPCad, PAGHLIM 3A0AHHOMY.
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HUccneoys npoyecc cmadbunuzayuu ¢ nomowpbio 0emepMuHuUpO8anHoU
MOOeNU, MONCHO CYUMAmMb, YMO 3A0AHHbIUL KYPC NOCMOSIHEH (g(t): do);

go3MyuleHue ammocgepvl 3a0aHO KAK (DYHKYUs epemeHu (Hanpumep,
f(t)= fy); Oounamuueckue ceovicmea cucmemsi onpedenenvl 6 ude Ough-

pepenyuanvroeo ypasueHus. BbixoOHou cucHan X(t) npeocmasisaemcs 8

8UOe KOHKDEMHOU (QYHKYUU 8peMeHU, ONpeoessieMOl KaK pe3yibmam oOe-
mepMuHupoB8arntHo2o npeoopazosarnus /] (cm. cxemy).

f(t)= f,
IR0 )

g(t)= g,
—» A

Ilpu maxom pewenuu 3adauu OuHaAMUYECKUE CBOUCMEA CUCINEMbL
NPUHAMbL NOJTHOCMbIO ONPEOeIeHHbIMU 80 8PEMEHU, a 3A0amyuUK Cuuma-
emcsi U0eaibHO MOYHbBIM.

Cucmema cmadbunuzayuu mMoxcem uccied08amuvcsi ¢ NOMOWbIO Cma-
mucmudeckou mooenu. Tax xax peanvhvie 3a0amuuku pabomarom ¢
OUUOKOU, MO HYICHBLU KYPC MOdHCEM Oblmb NPedCmaesiieH KaK CIy4auHblil
npoyecc G(t) = g(t)+ N (t) 20e g(t) — nonesnwiii cuenan, N (t) — nome-
xXa, onpeoensiemas CIVYAUHOU NOZPEUHOCMbIO 3a0anus Kypca. Bozmywe-
HUue ammocghepol npedCmasiiemcs CIy4auHbiM nPoUeccom F(t). Boixoo-
HOU CUCHAJL CYUMAEeMCsl CLYYAUHbIM NPOYECCOM X(t), NOJIYYeHHbIM 8 X00€

cmamucmuueckozo npeoopazosarusi C (cm. cxemy).

N(t) lF@
C

) X (t)

———»

g(t) G()

g

llpu maxom pewtenuu 3a0auu modxcem ObiMb NOJYYEH OMBEMm HA 60-
npoOC 0 MOM, KaK cucmema cmaduiuzayuu 8vloepicusaem 3a0aHHblil Kypc
8 CpeoHeM Npu MHO2OKPAMHOM ee UCNOIb308AHUU C PeanlbHbIMU 3a0amyu-
Kamu  peanvbHOU 8603MYWEeHHOU ammocgepe.
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Bb100p TOr0 MM MHOTO BUJA MOJEIHN 3aBUCUT OT UMEIOLIEHCS UCXO/I-
HOM MH(pOpMAIUH, OMbITA MPOECKTUPOBAHUS CUCTEM, YCIOBUN HX IpUME-
HEHUS.

JleTepMUHUPOBAHHBIE MOJIEIA BOCIPOU3BOJAT TOJBKO PETYIISIPHBIC
COCTABIISIIOIIAE PEATbHBIX CUTHAJIOB U HE YUUTHIBAIOT UX CIyYaWHBIX CO-
craBissroux. [103TOMy MX MOXKHO paccMaTpyBaTh KaK YaCTHBIM Ciydau
CTATUCTUYECKUX MOJIENICH, ONEepUPYIOIUX HauOojiee BEpOSTHBIMU 3Haye-
HUSIMU CUTHAJIOB.

JleTepMUHUPOBAHHBIE MOJEIU IO3BOJSIET CUHTE3UPOBATH CUCTEMBI,
ONTUMAaJIbHBIE TOJIBKO JJISI KOHKPETHOrO Ha0Opa BXOJHBIX CUTHAJIOB (Ij1s
JPYTUX, CYIIECTBEHHO OTJIMYAIOIINXCSI CUTHAJIOB OHU MOTYT OBITh JJaJIEKO
HE ONTUMAaJbHBIMU). CTaTUCTHYECKHE MOJIEIN JAOT BO3MOXKHOCThH CHPO-
€KTUPOBATh CHUCTEMBI, SABJISIONIMECS ONTUMAIBHBIMU JUISl LIEJOTO MHOXKeE-
CTBA PEAIbHBIX BXOJIHBIX CUTHAJIOB.

JleTepMUHUPOBAHHBIE MOJIEIM MOTYT WCIIOJIb30BaThCS ISl MTPOEKTH-
POBaHUSI CUCTEM MPHU CIydalHbIX Bo3AeHCTBUSAX. [Ipu »TOM 00BIYHO cuuTa-
€TCs1, YTO 3TH BO3JICHCTBHUSI MAKCUMAJIbHBI, U K CUCTEME MPEIbABIISIIOTCA 3a-
BEJIOMO 0oJiee KEeCTKHEe TpeOOBaHus, YeM 3TO He0OX0oauMo. B psne ciyyaeB
TaKOM IMOJXO0/1 OKa3bIBACTCS 11€1€CO00Pa3HbIM WJIH JaKe €AMHCTBEHHO TMPHU-
emsieMbiM. OJIHaKO MOJO00HBIE HEOJArONPUSTHBIE CUTYAIllMUd BCTPEUAIOTCS
penko. [lo3ToMy npuMeHEHHE CTOXaCTUYECKUX MOJENEHN, ONIEPUPYIOLINX HE
MaKCHUMaJbHBIMH, a HaUOO0JIee BEPOSATHBIMUA 3HAYCHUSIMU BHEITHUX BO3JICH-
CTBUM, TIPUBOJIUT K MOJTYUYCHHIO 00JIee pallMOHATBHBIX TEXHUYECKUX pellle-
HUN (€CTECTBEHHO, MPEIHAMEPEHHO JOIYCKAETCS CHI)KCHHE KauecTBa CHU-
CTEMbI B MAJIOBEPOSITHBIX CUTYaIIHsIX).

N3yyeHneM noBeleHUsI CUCTEM MNP CIyYalHBIX BO3JACUCTBUSX 3aHU-
MAETCAd CTATUCTHYECKAs] IMHAMHUKA cUCTeM. B Heil yuuThIBaeTcs, 4To
BXOJIHBIC CIIyYalHbIE CUTHAJIBI MOTYT COJEpPXaTh JIECTEPMUHUPOBAHHBIE

COCTaBJISIFOIINE, & CTPYKTYpa CUCTEMBI U €€ MapaMeTpbl MOTYT OBITH Jie-
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TEPMUHUPOBAHHBIMU. CTaTUCTUYECKAash JUHAMHKA H3y4daeT CIeayIolne
POOJIEMBI:

® CTAaTHCTUYECKOE OMHMCAHUE CIIyYalHBIX MPOIIECCOB, 3aKIIOYAIOIIe-
€Csl B OINIPEACIICHUN UX CTATUCTUICCKUX XapPaKTCPHUCTHUK;

® CTAaTUCTUYECKHI aHAJIM3 CHUCTEM, 3aKITIOYAIONIUICS B OOIIEM CITy-
4yae B HaXOXKJICHUHM CTATUCTHYECKUX XaPAKTEPUCTHK MX BBIXOJIHBIX CUTHA-
JIOB TIO 33JIaHHBIM CTaTUCTHYECKUM XapaKTEPUCTHUKAM BXOJIHBIX CUTHAJIOB
Y CTAaTUCTUYECKUM XapaKTEPUCTHKAM JUHAMUYECKUX CBOMCTB CHCTEM;

® CTaTUCTUYECKUN CHMHTE3 ONTUMAJBHBIX CHCTEM, 3aKIIFOYAIOITANCS
B HAXOXCHUU U peai3allii ONTUMAJIbHBIX B ONMPEEICHHOM CMBICTIE -
HAMHUYECKUX CBONCTB CHCTEMBI MO 3aJaHHBIM CTAaTUCTUYECKUM XapakTe-
PUCTHKAM BXOJHBIX CUTHAJIOB.

B xoHEYHOM HTOre CTaTUCTUYECKAsl TUHAMHKA MTO3BOJISIET ONPEETUTh
CTATUCTUYECKUE XapPAKTEPUCTUKU BBIXOJHBIX CHUTHAJIOB, C TTOMOIIBIO KO-
TOPBIX MOKHO OIIEHHUTh UX TOYHOCTb, HAJIEKHOCTh, IPOMYCKHYIO CIIOCO0-
HOCTB CHUCTEM.

BOITPOCHI 1151 CAMOKOHTPOJIA

1. Kakune momenu cuuraroTcs AeTEpMUHUPOBAHHBIMH? Kakoul BuUJ
UCXOAHOM WH(MOpMAIMKM OHU HUCHONBL3YIOT? Kakoe mpeoOpa3oBaHuE WH-
dhopMaluy OHU peaTnu3yroT?

2. Kakme monmenm cumrtarorcs croxactuyecknMmmu? Kakoil Bung uc-
XOAHOM MH(pOpMaIMK OHU HCIOJB3YI0T? Kakoe mpeoOpazoBaHue uH@op-
Malli¥ OHU PEATTU3YIOT?

3. B 4eM 10CTOMHCTBA M HEJOCTATKU JETEPMUHUPOBAHHBIX U CTATHU-
CTHUYECKHX MOJETIECH?

4. UYto n3yyaeT CTaTUCTUUYECKAsI TMHAMUKA CUCTEM?
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2 CIYYAHUHBIE MPOLIECCHI
2.1 Cay4aiiHbie mpouecchbl 1 UX XapaKTEePUCTUKHU

Cayu4aiinblie nmpoueccbl — ciy4yaiiHble (DYHKIIMM HE3aBUCUMON Tie-
peMeHHoil — BpemeHu t. CiyuyaiiHOW cuuTaeTrcsi PyHKIUA, 3HAYEHUE KO-
TOPOM Il Ka)KJIOTO 3HAYEHUS apryMEHTa SBJISETCA CIIyYallHOM BEIUYU-
Hou. [lo pe3ynmpraTam N OMBITOB CIy4YalHBIM MPOLECC X(t) MOET 0TOO-

pa3UTbCs N pa3INYHBIMA (DYHKIUAMU BPEMEHHU X; (t), rae i1 =1, ..., N, Ko-

TOPBIE HA3BIBAIOTCS peaju3alusMM (BO3MOXXHBIMU 3HAYEHUSIMH) CITydaii-
HOro mpoiecca (cM. pucyHok 2.1). [JomxHa u3ydarbes HE Kaxaasl peajiu-
3aIis B OT/ACIBHOCTH, @ CBOMCTBA BCEr0 MHOXKECTBA X (t)

X1 (t)

Xk(t) Xi .

WOV AN NN/

Pucynok 2.1 — Peann3zanuu ciaydaitHOTO nporecca

Jlist mio6oro (pUKCUpPOBAaHHOTO MOMEHTa BpeMmeHH t = tj peanuzamus
Xi(t j) ABIACTCS peryisipHOM (HecmydanHow), a X\tj) — ciydJaiiHon

byHKIMEH, MOTYyYeHHOW MyTeM CTaTHUCTHUYECKOTO YCPEIHEHMsI CBOWCTB
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pa3nuuHbIX peanuzauni. OyHKIUA X(tj) HA3bIBACTCAd CEYEHUeM CJy-

YalHOI0 NMPOoIEecca B MOMEHT BPEMEHU .

Ilpumeuanue. Henvszsn ymeepoicoams, wmo Ciy4atiHvlil npoyecc 8 OaH-
HbIUL MOMEHM 8PEeMeHU NPUHUMAEM HeKOMOopoe 0emepMUHUPOBAHHOE 3HA-
yenue. Mooicho 2o08opums auuib 0 MOM, YMO C HEKOMOPOLL 8EPOSTMHOCbIO
9MO 3HAaYeHUe HaxX00UMcsl 8 ONPedeNeHHbIX npeoelax.

CraTucThyeckue XapakTEPUCTUKU CIIYYalHOrO MpOoIecca OMpeneis-
I0TCSl €T0 hyHKyuel pacnpedeneruss (AHTETPATbHBIM 3aKOHOM pachpe]ie-
JEHUsA) U HnIomHocmuio epoamHocmu (auddepeHuanTbHbIM 3aKOHOM
pacnpeneseHus).

DyHKIMEH pacnpeaeeHUsl CIy4YalHOU BEJIWYMHBI X CUMTAETCS He-
npepbiBHas HeyObIBaromasi GyHKIMS, ONpeesaionias BepOITHOCTb TOTO,
YTO 3HAYeHUE X OyJET MEHbIIIE HEKOTOPOTO 3aIaHHOTO 3HAYEHUSI

Fy(£)=Pix <&},

Fy(-0)=0, F(+o)=1. -

BeposdaTHOCTh TOTO, YTO CilydyaliHas BEJIMYMHA X MTOMAAAET B 3aJaHHbIN
MOJIyOTKPBITBIN UHTEPBAJ, PaBHA

P{AS X< B}=FX(B)-FX<A)=in(s>ds, 22)

e wx(é) HerpepbiBHAs PYHKIIMS, Ha3bIBaeMasi JIOTHOCTHIO BEPOSITHO-

CTHU cnyqaﬁHoﬁ BCJIIMYUHEI X. CHpaBeI[J'II/IBBI COOTHOILICHUA

F (€)= [o,()c.
o0 (2.3)

dF, (£)

o, (£)= TdE
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B Teopum cuctem HaumbOoJsiee ynoTpeOUTEIbHBIMU SIBISIIOTCS PaBHO-
MEpPHOE, SKCITOHEHIIMAIbHOE U HOPMAJIBHOE PACTIPEACIEHUS.

PaBHOMepHOe pacnpee/ieHHe XapaKTEPHO Ui CIyYaWHBIX JKCIIE-
PUMEHTOB C PaBHOBEPOSTHBIMU HcxoaaMmu. Ero dyHKius pacnpeneneHus
U TJIOTHOCTh BEPOATHOCTH HAXOATCA 1O (hopmyiam

0, &£<a,
_Js—a
Fe@)=10—, £elabl (2.4)
1, &>D,
1
@,(&)=1b-a’ g<labl 2.5)
0, £¢la,b],

rac au b — HwKHAS 1 BCPXHAA I'PaHULA AUAITA30HA PACIIPCACIICHHAA.
3KCHOH€HHI’I3JII>HO€ pacnpeacJaCeHue XapakTcpHo AJIsI CUCTEM C OT-
CYTCTBUCM HOCHGI[CﬁCTBPIH, Koraa

P{x+s<¢&ls< &)= P{x< &}, (2.6)

B CBSI3M C YEM OHO SBJISCTCS OCHOBHBIM B TEOPHH CKAYKOOOpa3HBIX Map-
KOBCKHMX mpoliieccoB (cM. nainee). Ero ¢yHkiusa pacnpeneyieHus U IIoT-

HOCTb BCPOATHOCTH HAXOIATCA 110 (I)OpMy.]'IaM

( ) 0, £<0,

F, — 2.7
g 1—exp(-4-&), €20, &7
0, £<0,

@, (&)= 2.8)

A-exp(-=4-¢&), £20,

rne A — Ko PUIMEHT 3aTyXaHus.
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HopmajsibHOe pacrnipeaesieHue XapakTePHO ISl CIIyYaWHbIX BEJIMYUH,
OTPEACISIEMBIX CYMMapHbIM 3((PEKTOM OT JAEHCTBUSA OOJIBIIOTO YHCIa
ciydaitHeix (hakTopoB. Ero gyHkius pacnpeneneHus U TNIOTHOCTh BEPO-
SATHOCTU HaXOAATCs 1o hopmyiam

£ _ 2

O g Lo e @9)
_ 2

G =

rae Mx — MaTeMaTUYECKOE OKUJIAHHUE, O'x — CPEIHEKBAIPAaTUYECKOE OT-
KJIOHEHHE CIIyYalHOW BEIIMYMHBI X.
I'papukn pynkumii F, (f) Uw, (5) JUISl PA3JIMYHBIX BUJOB pacnpesie-

JIEHUM MIOKa3aHbl HA PUCYHKE 2.2.

JI1st ciydalHbIX MPOIIECCOB MOYKHO OMPEACIUTh Pa3iudHbie (YHKIIUU
pactipenenenusi. QonomepHou GyHKyuel pacnpeoenenus Cyuyauno2o npo-
yecca X(t) (pyHKIIMEN TIEpBOTO MOPSAKA) CUUTAETCS (PYHKIMS, ONpee-
JISIFOIIAsl BEPOSITHOCTh TOTO, YTO €ro CeYeHUe OyJeT MEHbIIE HEKOTOPOTO
3aIaHHOTO 3HAYEHHUS JJIs MOMEHTa BpeMEHHU t 1

|:1(4:1 ’t1)= P{X(t1)< 51}’

2.11
Fi(—o0,t;)=0, Fi(+o,t)=1. @11

Oynkius (2.11) xapakTepusyeT cirydailHbIi IPOLIECC N30JIMPOBAHHO B
OTACIBHBIX CEUCHUSX, HE OTpakas B3aUMOCBA3U MEX1y HUMHU. OHOMED-
HOM (YHKIIMEW pacrpeiesieHUs] OJTHO3HAYHO XapaKTepU3yeTcs TOIbKO YH-
CTO CJIy4allHbIM Mporecc uin 0esblil myM. Ero pa3indHbie ceYeHUs CO-

BCPIICHHO HC3aBUCUMBI APYT OT ApyTra.
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PucyHok 2.2 — ®OyHKuH pacrpenesieHus 1 INOTHOCTH BEPOSITHOCTH:
(a) paBHOMEpHOE pactipeseneHue; (0) SKCIOHEHITHAIBHOE PacpeiesICHIE;
(B) HOpMaJIbHOE PACIIPEICIICHUE
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Jlsymepnotl ynxyuell pacnpeoeneHus CIyYaiiHo2o npoyecca X(t)
Ha3bIBaeTCsl (YHKIIUS, OMpEEAtoNniasi BEPOSITHOCTh TOTO, YTO €ro ceue-
HUE OyJeT MEHbBIIIE HEKOTOPBIX 3aJaHHBIX 3HAYCHUM IS IBYX Pa3IMYHBIX
MOMEHTOB BpeMeHH t1 1 12

F2(51 158, ’t2)= P{X(t1)< 51’X(t2)< 52}’
Fo(—o,t;;&,,t,)=F, (& ,t, ;—0,t,)=0, (2.12)

F2(+ 00,1, ;+oo,t2)= 1.

MokHO onpenenuTs N-mepryro GYHKYUI0 pacnpedenerus

Fn(élitl;"';én’tn)= P{X(t1)< 51’---'X(tn)<§n}'
Fn(_oo’tl;"';fn’tn)= = Fn(é’l,tl;---;—w,tn)=0, (2.13)

F(+0,t;;.;40,t,)=1.

Yewm Bhillle MOPSAOK (PYHKIMH paclpeieiieHusi, TeM TOYHEe OompeJie-
JSI0TCS CBOMCTBA mporiecca. OaHako 3akoHOMEepHOCTH BHaa (2.13) 00bIu-
HO OBIBAIOT TPOMO3JIKHUMHU, TTOITOMY Ha MPAKTUKE OrPAaHUIMBAIOTCS (QyHK-
USMH TIEPBOTO UM BTOPOTO MOPSIIKOB.

CymiecTByeT 0COOBIM KJIacC CIIy4alHBIX IPOIECCOB, IS KOTOPBIX
GyHKIMU pacnpenesieHus: B JIF0O0oM MOMEHT BpeMmeHu t > 1o (B Oymyriem)
OTIPENIETISIOTCS TOJBKO 3HAUCHUEM X(to) (B HACTOSINEM), U BCE 3HAYECHUS

X(t) npu t < to (B mpolioM) HE YTOUHSIOT 3TO onucaHue. Takue mpouec-
Chl Ha3bIBAIOTCSI MAPKOBCKMMH (110 UMEHU BIIEPBBIE MCCIEAOBABIIETO UX
marematuka A.A. MapkoBa). OHH XapakTEpHbI JJIsI CUCTEM C OMCYM-
cmeuem namsamu (WIN CUCTEM Oe3 nocedeicmaust).

Ilpumeuanue. Ananocom Mapko8cKko20 Npoyecca MOMNCHO CHUUMAMb
peuierue ouphepeHyuaIbHo20 YPAasHeHUs NepP8o2o NOPAOKa

%x(t)= oft, x(t)],
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Komopoe sasucum om X(to) u He zaesucun om I/lpOZ/lS’@OaHblx 11006020 Nno-

paoka om X(t) no epemenu 6 momenm to.

ITo MaTemMaTM4ecKOMy OIMCAHMIO MAapKOBCKHME ITPOLECCHI IPOLIE
HEMApPKOBCKHX.
Jis cimydaiiHoro mporecca X(t) MO3KHO ONPEJACINUTh IIOTHOCTH BE-

POSITHOCTH TpeOyeMoro mopsijka

oF ,
w1(§11t1)= 1;2 tl),
(2.14)

6n y 11 n'*n
e it )= G )
1--- n

CpeaHee mo MHOXKeCTBY (MaTeMaTH4YeCKOe OKHUIAHHUE) OIPEICIIsi-

€TCSl Ha OCHOBE HAOIOJICHUM 3a peaju3alusMu CIy4alHOro mpoiecca B
OJIUH U TOT K€ MOMEHT BPEMEHH

%(t)=m, (t)= M[x(t)]{j: x- @, (X, 1)dx. (2.15)

Mamemamuueckoe odcudanue CayuauHo20 npoyecca — pecyasipHast
QpyHKYUsl, 3HAYEHUe KOMOopoU 8 000t Momenm epemenu tj paeno mame-
MAMUYECKOMY OHCUOAHUIO COOMBEMCMBYIOUe20 CeUeHUs X(t j ) OHo sB-

JISI€TCS pEe3yIbTaTOM BEPOSITHOCTHOT'O YCPEIHECHUS CIydailHON BEJIUYUHBI,
IpU KOTOPOM KaXKJ10€ €€ BO3MOXKHOE 3HaUECHUE OEPETCsl C BECOM @4 (X e )

MOHO onpeAenuTh HEHTPUPOBAHHBIN CJIYYalHbIN Mpouecc

X (t)= X (t)-my (t), (2.16)

MATCMAaTUYICCKOC OKUIAAHUC KOTOPOI'O
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M[)o((t)]= MIX ()= my O]= MX(O]-my =0,  @.17)

JIro0o# ciy4yalHbBIN MPOLECC MOXKHO MPEJICTABUTH KaK COBOKYITHOCTh
PEryJsipHOIN COCTaBIISIIOLIEH (MAaTEMAaTUUYECKOTO OXKUJAHUS) U LEHTPUPO-
BAHHOM CIIyYallHOW COCTABIISIIOIIEU

X (t)=my (t)+ X (0). 2.18)

CpenHee 1Mo BpeMeHH ONpEACIsIeTCS Ha OCHOBE HAOJIOJACHUS 3a OT-
JIEJIbHOW pean3aluen CIIy4anHOro Mpolecca B TCUEHUE T0CTATOYHO JIJIH-
TEJILHOTO BPEMEHHU, KaK

: }x(t)dt, (2.19)

€CJIM ATOT MpeJieNl CyIecTByeT. B 001iem ciiydae 3TO 3HaUY€HHUE Pa3InYHO
JUTA OTAETBHBIX PEAIM3AlAM CIIy4alHOIrO MpoIecca.

JAucnepcuen LEHTPUPOBAHHOIO CIYYAHHOTO IIPOLIECCA CUUTACTCS Ma-
TEMAaTUYECKOE 0KUJIAHUE €r0 KBaJapara

D, (1)= M| X2() =f° [x=m O)F -, (x,)dx. (2.20)

Jlucnepcus crnyuaiinoeo npoyecca — pecynapuas QyHKyus, 3HayeHue
KOmMopotl 8 11000t MomeHnm épemeHu 1j pagHo oucnepcuu coomeemcmay-
owe2o ceuenus X(t j )

CpenHekBagpaTu4HOEe OTKJIOHEHHE LICHTPUPOBAHHOIO CIYyYaHOTO
MPOIECCA HAXOIUTCS KaK KBAJIPATHBIA KOPEHB U3 €r0 IUCIEPCUU

oy ()= /Dy (b). (2.21)
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[To xapakTepy U3MEHEHHS CTATUCTHUYECKUX XapaKTEPUCTUK C TEUCHHU-
€M BPEMEHU CIIyYailHbIE MPOLECCHI AETAT HA CTAIIMOHAPHBbIC U HECTALM-
OHapHbIe. PaznmuyaroT CTallMOHAPHOCTH B Y3KOM M B IIMPOKOM CMBICIIE.

CmayuonapuvimM 8 Y3KOM CMblcle HA3bIBAIOT CIYyYallHbIA MIPOIECC
X(t), CTaTUCTUYECKUE XapaKTEPUCTUKU KOTOPOTO HEM3MEHHBI BO BpEME-
HU. OYHKIMSA pacnpeesieHus] U TJIOTHOCTh BEPOSTHOCTHU 000 pa3Mep-
HOCTHU HE 3aBUCAT OT Hayaljia OTCUeTa BpeMeHH to, T. €.

Fn(fl L5580 ’tn)= Fn(éfl B =155 8nth — 1 )’

(2.22)
@, (& 58 ) =@, (6t — 50 &yt — ),

rje to BEIOMpaeTcs npou3BOJIBHO.

CmayuonapueiM 8 WUpoKoM cMblcle Ha3bIBAIOT CIy4alHBIN mpouecc
X(t), MaTeMaTUYECKOE OXKHUJAaHHUE KOTOPOTO MOCTOSAHHO, a PYHKIIMH pac-
npeJeeHus] U TIOTHOCTH BEPOSTHOCTU JIFOOOM pPa3zMEpPHOCTH 3aBUCST
TOJBKO OT BEJIMYMHBI CABUra BCEX TOUEK 1j BIOJIb OCH BpEeMEHU Ha OJMHA-

KOBYIO BCIIMYUHY T(T. €. 3aBHUCAT OT HadaJia OTCUCTa BpeMeHI/I)

Fn(él ’tl +T;"';§n 'tn +T)= I:n(él ’---'gn ’T)’

(2.23)
@, (&1t +7558 t+7) =@, (&6, 7).

[Iporieccel, cTallMOHApHBIE B yY3KOM CMBICIIE, 00sI3aT€IbHO CTalllO-
HapHBI U B IIHUPOKOM cMbIciie. OOpaTHOE YTBEPKJICHHE BEPHO HE BO BCEX
cinyyasx. CiydaliHble MpOLecChl, HE 00JIalatolIrue CBOMCTBAMU CTallHO-
HAapHOCTH, CUUTAIOTCS HECMAYUOHAPHBIMU.

Ilpumeuanue. CmayuonapHviii Npoyecc MOMIcem CUumamsvcs aHajlo-
20M YCMAHOBUBUUE20CS PEHCUMA 8 0eMEPMUHUPOBAHHBIX CUCEMAX, d He-
CMAYUOHAPHBLIL NPOYECC — AHAN020M NEPEXOOH020 PeNCuMa npu aooom

CﬂyqaﬁHOM 8X00HOM CUSHAe.

CranuoHapHbIi CITy4alHbBIN MPOLECC CYUTAETCS IProAMIYeCKNUM, €CITU
ar00as CTaTUCTHYECKas XapaKTepUCTUKA, ONpeesieMasl YCpeIHEHUEM 10
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MHOKECTBY €ro peaju3alifii, paBHa COOTBETCTBYIOIIEH XapaKTEPHUCTHUKE,
omnpeaesieMOl YCPEAHEHUEM TI0 BPEMEHHU €ro MPOU3BOJBHOM JOCTATOYHO
JUTUTETILHOW pean3aiuu (3TO MO3BOJISIET, HAPUMEDP, MPUPABHATH CPEI-
HUE 10 MHOECTBY M MO BpeMeHU). Eouncmeennan peanuzauus 3p2oou-
YecKo20 CayuaiiHo2o npouecca 8 0ecKOHeUHOM UHmepeaie 8pemMeHuU
NOJIHOCMbBIO Onpeodenaem 6ecb NpPoyecc, 4To CYIIECTBEHHO YIPOUIAET
pacyeT ero CTaTUCTUYECKUX XapaKTEPUCTHK.

Ilpumeuanue. He kaxcowiii cmayuoHapuslil CIy4atiHslil Npoyecc s6-
nsilemes apeooudeckum. Illpumepom modxxcem cayxicums npoyecc X(t),

KAdxcOast peanusayusi Komopo2o noCMmosiHiHa 80 8pemenu (cm. pucynox 2.3).

X(t) Xl(t)

Pucynok 2.3 — Ilpumep CTamMOHAPHOrO HEIPTOAUYECKOTO
CJIy4aiHOro Iporiecca

OnvH U TOT K€ MPOLIECC MOXKET OBITh IPrOJAUYECKUM IO OTHOILICHUIO
K OJHAM CTATUCTUYECKUM XapaKTEPUCTUKAM M HEIPTOJAMYECKUM IO OT-
HOIIEHUIO K ApyruM. B nanbpHeimem OyJeT cYuTaThCsi, UYTO MO OTHOIIE-
HHUKO KO BCEM CTAaTUCTUUYECKAM XapPAKTEPUCTUKAM YCIIOBUSA 3PTOJIUYHOCTH
BBITIOJIHSIFOTCA.
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2.2 KoppeasinuoHHble (PYHKINH CJIYyYaliHbIX NMPOLIECCOB

CratucThueckne XapakTepUCTUKH, MEPEYUCIEHHbIE B 1. 2.1, HE OT-
paxkaroT B IIOJHOW MEpE XapakTepa ciydamHoro mpouecca. Hampumep,
MPOLECCHl HA PUCYHKE 2.4 pa3iuyHbI O CBOEH CTPYKTYpPE, XOTSA U UMEIOT
OJINHAKOBBIE 3HAYEHUSI MATEMATHUYECKOTO OKUJAHUS U AUCIIEpCHUH (IITpU-

XOBBIMM JIMHUSIMM IIOKa3aHbl 3HAYECHUS My (t)i 3.0 (t); IIPU HOpMaJib-
HOM pacCIIpeleJICHUN 3HaYCHUE My (t) [OMaaeT B OTOT JUANa30H C BEPO-

atHocThi0 0,997). Ilponecc Ha pucynke 2.4 (a) IpoTeKaeT OTHOCUTEIBLHO
IJIABHO, M CTAaTHUCTHYECKAs CBSA3b MEXKAY €ro CEUCHHSIMHU JOCTAaTOYHO
cunbHas. [Ipornecc Ha pucynke 2.4 (0) xapakTepusyeTcsi CUIIbHOM U3MEH-
YUBOCTBIO, CBS3b MEXK/y €ro ceueHUsIMHU ciaadas. OgHako HH MO MaTeMa-
TUYECKOMY OKHIAHUIO, HU 10 JUCIIEPCUN OTIPEICIIUTh 3TO HEBO3MOXKHO.

XM me)+3-04()  XO|  m(©)+3-04()

—

/. ,
0¥ —/= ‘.“\M“J g t
/ VY NON

My (t)-3-0x (1) ==
2 6)

Pucynok 2.4 — Ciy4aiiHble NPOLIECCHI PA3JIUYHON CTPYKTYPhI

YToObI yuecTb CTATUCTHUYECKYIO CBSI3b MEXKIY Pa3IMYHbIMU CEUCHUS-
MU CITy4afHOTO MpOoliecca, UCTIONB3YIOT KOPPEIALMOHHBIE (PYHKIINU.
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Koppeassunonnoi ¢pyHKIMen CIy4yalHOTO Mporecca X(t) Ha3bIBA-
I0T HECIyJaHy0 (PyHKIMIO IBYX apryMeHToB t1 m 12, KoTOpas ajis Kax-
JIO¥ TIapbl IPOU3BOJIBHO BEIOPAHHBIX MOMEHTOB BPEMEHHU pPaBHA

Ry (t,.t,) = M[)o((tl)- )O((tz)} =

(2.24)

+00 +00
= | I[Xl =My (t)]- [x =My ()] @5 (x4 .t %t Jdx;dx,
—00 —a0
KoppensauunonHas GyHKIUs CIIy4alHOTO IpoIecca, CTAallMOHAPHOTO B
Y3KOM CMBICJIE, HE 3aBUCUT OT Pa3HOCTH apryMeHToB t2 u t1. Koppemsuu-
OHHas (PYHKIMA CIIy4alHOTO TMPOIeCcca, CTAIMOHAPHOTO B IMIUPOKOM

CMBICJIE, 3aBUCHUT TOJIBKO OT OJIHOTO apryMeHTa 7=1t2 —t1

Ry (£)=Ry (t,t+7)= M|:)O((t). >°<(t+,)}=

= TT[Xl ~my (O] [xz =mx (t+72)]- @, (x;, %, ,7)dx;dx,

—00 —00

(2.25)

Ecnu orpaHnyuThCs paCCMOTPEHHUEM IPOLECCOB C HYJIEBBIM MaTEeMa-
TAYECKAM OXWJAHUEM, CTAMOHAPHBIX B IIIMPOKOM CMBICIE, TO MOYKHO
YIOPOCTUTH BBIPAKEHUE JJI1 KOPPEISIUOHHON (QYHKIINU

R (z)= M[>o<(t)->o<(t+r)}=

(2.26)

~+00 +-00

= I le - X5 'wz(Xl,XZ ,T)dxldXZ.

—00 —00

JUIst 3proguyeckux MpOLECCOB KOPPETSUUOHHYIO (DYHKIHIO MOYXHO
OIPEJIETUTh KaK CPEIHEE MO BPEMEHU OT MPOU3BEICHUS
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R (¢) = X0~ ¥ [+ )~ ¥

= T”L*;ﬁi[x(t)‘ x]-[x(t+7)- x]dt,

(2.27)

rae X(t) — J1r00as peanuzalus CIy4yailHOro mpoiecca X(t). Ecnu cpen-

HEE 110 BPEMEHH PaBHO HYJIIO, TO

Ry (£)= () X(t+2)= lim %-_Tij(t)- (et (228)

DOu3nvecKni CMbICJ KOPPEISIUOHHON (QYHKIIMU COCTOUT 8 OYeHKe
8EPOAMHOCIU MO20, YMO CeYeHUs CAYYAUHO20 Npoyecca 8 MOMeHNbl
gpemenu t1 u t2 omauuaromcsa ueznauumenvuo. llpu t2 —t1 BausHUE
X(tl) Ha X(tz) JOCTAaTOYHO BEJIMKO, U Ry (tl ,t2) CTPEMHUTCS K MaKCH-
myMy. ITo mepe yBennuenus pasHoctu t2 —ti1 BausHHe X(tl) Ha X(tz)
ociabeBaeT, U 3HaueHHe Ry (tl,tz) ymenbmaercs. [lpu t2 —t1 — +oo
BEPOSITHOCTh TOTO, YTO X(tl) Majo OTJIWYAETCs OT X(tz), MPaKTUYECKU
paBHA HYJIIO.

OcHOBHBIE CBOICTBA KOPPENALMOHHBIX (QYHKIIUN CIETYIOIIHE.
1) KoppensiimionHass (yHKIUSI CUMMETPUYHA OTHOCUTEIIBHO CBOMX

apryMEHTOB.
ﬂomwamejlbcmeo:
Re(i1,)= M[x(tl)-xaz)}= M[x(tz)-x(tl)}= Re(io.1,)

JIist cTalmoHapHBIX CIYyYalHBIX MPOIECCOB KOPPEISIMOHHAA (PYHK-

I[Ms €CTh YeTHast PyHKIHUS .

ﬂoxasameﬂbcmeo:
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R, ()= M[)O((t)- )O((t+r)}= M|:)O((t—z')- >"<(t)}= R, (7).

2) 3HaueHUEe KOPPEISIMOHHON (PYyHKIIMU CIydailHOTO Mpoliecca Mpu
t1 =12 =1paBHO ero aucnepcuu.

ﬂoxammeﬂbcmeo:

Ry (t1 1) = Ry (t.1)= M| X?(t) | = Dy (1)

HauanbHoe 3Ha4YeHUE KOPPEISIIIMOHHONW (PYHKIIMU CTAI[MOHAPHOIO
CJIy4aiiHOTO MTPOLECCA PABHO €r0 TUCIIEPCHUMN.

/Iomwameﬂbcmeo:

R, (0)= M|:)O((t)- )O<(t)i|= D,

3) 3HaueHue KOPPEIALUOHHON (PYHKIHMHU MO MOJYJIKO HE MOXKET Mpe-
BBICUTB CPEIHEr0 T€OMETPUUECKOT0 AUcTIepCcur npu t1 u to.

ﬂomwameﬂbcmeo. HCI’IOJZbSyeM UzeeCcnHoe ocpaHuvdeHue 05l K03d)-

Quyuenma xoppenayuu Pxy 08X CAYYAUHLIX GETUYUH X U Y

cov(x, y) _ ‘M[(x—mx)-(y—my)] _ M[x-y]-m,-m,|

o, O

o=

o, O o, O

y y y

Benuuuna COV(X,y) Haszvleaemcs Kogapuayueu (KoppeniyuoHHbIM

MOMEHMOM) CAVUaUHbIX eaudur X u Y. [nsa xoppenayuouHou @yHKyuu
CAYUAUHO20 NPOYECca MONCHO 3aNUCAmMy
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M) g
O'x (tl)‘o'x (tz) ) \/Dx(tl)' Dx(tz)

‘Rx (tl ,th < \/DX(tl)' Dx(tz)-

<1,

JIJ1st cTallMOHApHOTO MpOolecca 3HAYCHUE KOPPENSIIIMOHHON (DYyHKIIUU

IpH JTI000M 7 HE MOXKET IIPEBBICUTH IO MOAYJIIO €r0 JTUCTIEPCHUHU.

ﬂoxammeﬂbcmeo:

Ry (z) < /D (t)- Dx (t+7) < Dy = R« (0).

4) Koppemsironnas (ysxius nporecca Z(t)= X (t)+ g(t) (rme X(t)
— CJIy4allHBbIA TpOIECC, g(t) — peryisipHas (yHKIMS BPEMEHHU) Ompe-

R, (t;,t,)=Ry(t;.t,). (2.29)
Mokazamenvcmeo:
Z(t)= x(t)+g(t).
2(t)=[X )+ o(t)]-[my () + 9()] = X (©),
R, (t,.1,)= M[i(tl). i(tz)}= M[)O((tl)- >°<(t2)}= R, (t,.1,)

5) Koppensiimonnas dyrkmus nponecca Z(t)= X(t)- g(t) (rme X(t)
— CcIly4alHBIA TIpoIiecc, g(t) — peryisipHas (GYHKIMS BPEMEHHU) OMpe-

ACJIINTCA COOTHOIIICHUEM
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R,(t,.t,)=R,(t,.t,) o(t,)- o(t,). (2.30)
Jlokazamenscmeo:
Z(t)= X (t)- o(t),
Z(t)= X(t)- 9(t)-my (t)- 9(t) = [X (1)~ my )] 6(t) = X ()- o(t),

R, (t,.1,) = M[z(tl)- z(u)}= M{[x(tz)- g(tz)][x(u)- g(tl)}}.
yll?xll’l’lbl@dﬂ C@OI:ZCWIGQ mamemamuiyecKkoco oofcudanz,

R, (t1,t,)= M[i(tl)- i(tz)] o(t,)- 9(t.) = Ry (t1.,t2)- 9(t,)- 9(t,).

6) KoppensiiimonHasi (pyHKIUSI CIy4ailHOrO MPOIECCa, COAEPIKAIIEro
MOCTOSTHHYIO COCTaBJISIIONIYI0, TakKe OyAEeT cofepKaTh MOCTOSHHYIO CO-
CTaBJISIOIIYIO.

Jlokazamenvcmeo. Ilycmv nabnooaemviii npoyecc npeocmasisien
0001 NOCMOAHHBLU CUSHAL X(t)= Ay (cm. pucynok 2.5 (a)). Toeoa

Ry (t1.t;)= M[x(t,)- x(t;)]= M[Ay - Ag]= AG.

7) KoppensiiimonHasi (pyHKIUSI CIy4ailHOTO MPOIECcca, COAEPKaIIEro
NEPUONYECKYIO0 COCTABIAIONIYIO, Takke OyAeT coaepkaThb NEepUuoanye-
CKYIO COCTAaBJISIIOIIYIO.

Jlokazamensvcmeo. [lycmov nabarodaemvlli npoyecc npeocmasisem

cobotl hepuoouyecKull CUHal X(t) = A - Sin(ml T+ ¢1) (cm. pucynox 2.5

(6)). Beeoem oboznauenusn t1 =1, t2 =t + Tu ucnoawvzyem gpopmyny (2.28).
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1 T
Ry (7)=lim = [x(t) x(t + 7)dt =
x(z) Jim = _ITX() x(t +7)
Al T
= lim L. [sin(@, - t+@,) sin(@, - t+@, -7+, )it =
—>0 -T

2
T }[cos(a)1 7)—cos(2- @, -t + @, -7+ 2, ).
Tood T 5
Ilpumem T pasuvim nepuody ynxyuu X(t), m.e T,=2-n/w,. To-
20a, UCHONBL3YSL NEePUOOUUYHOCHb  NOObIHMESPANbHLIX  (DVHKYUU, Npu
T — +o0 unmeepan ¢ npeoenamu om —1T1 0o T MOd#CHO 3aMeHUMb CYMMOTU
unmezpanos ¢ npedenamu om (K—1)-T, 0o K-T,, 20e k = £I, £2... Yuu-

muleasl maxKyro 3dMery, MOMNCHO 3anucaniob

2

T, T,
Ry (7)= 26'1I'1 -Mcos(a)1 .7)dt - gcos(Z-co1 t+o T+ 2-qol)dtJ =

A2 T, A2 T,
=1 .cos(@, -7)- [dt——2—[cos(2-@; -t+@ -T+2 @ )t =
2'T1 0 110

A12 T, A12 . T,
- -cos(@, - 7)-t|,* - - Sin2- o, t+ @, - T+2-9) ) =
" Wl
Al

= cos(m, - 7).

Tonyuennas xKoppensyuounas QyHKyus He coOepIHcum HUKAKUX cee-
OeHuUll 0 pazosom cosuze.

Ecnu nabnooaemvlil cueHan onucvleaemcs (yHKyuel epemetu, pasia-
k -
eaemou 6 psao Dypve X(t)= Ag+ XA -Sln(wi -1+, ) Mo, UCNONb3YA pe-
i=1

3y1bmamol, NOJYYEHHbIE 8 NPEObLOYUUX NPUMEPAX, MONACHO 3ANUCAND

Ry ()= AC + Zk:%iz-cos(wi 7).
i=1



30



31

X(t) Ry (z) Sx(®)

Ay 2
Ik

x(t) R« () Sy ()
N N/
\/o

\

5) —); 0 (0} @
x(t)w\,\,\ R, (r) S, (o
R
) 0 g 0 @
X(t) Ry (T) Dy Sx(w)
OM*VM%M‘V t N\
2) 0 T 0 a
x(t) R« (7) Sx(@)
0 t / \
I/ I N \\
/ \
o) 0 g 0 @
Pucynok 2.5 — Koppensimonasie (QyHKIMH U CHEKTpalbHBIE

IUIOTHOCTH CIIyYalHBIX IPOLIECCOB PA3JIMYHON CTPYKTYPBI
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Koppensauunonnas yHKIUS CTAIlMOHAPHOTO CIIYYalHOTO TpoIecca, He
COJIEpIKaIllero MePUOIUYECKON COCTABIIAIONICH, MOXET OBITh aIMpOKCH-

MHUPOBAHA BBIPAKCHHUCM BH A
Ry (z)= Dy -exp(-a-|z]), (2.31)

r71€ @ — MapameTp 3aTyXaHwusl.

Koppemsimonnass ¢GyHKIUS CTAlMOHAPHOTO CIYyYalHOTO MpoIlecca,
COJICpPIKAIIEro MEPUOANUECKYIO0 COCTABJISIONIYI0, MOXKET OBITh arpOKCH-
MHPOBaHa BBIPAKEHUEM BHUAA

Ry (z)= Dy -exp(-a-|z])-cos(8-7), (2.32)

rie f— pe3oHaHCHAsl YaCTOTa CUCTEMBI.

Ha pucysnke 2.5 (B) u (T) nmpuUBEJEHBI IPUMEPHI CIyYalHBIX MTPOIIECCOB
U UX KOPPENIAIHMOHHBIX (PyHKIMI. OUeBHUIHO, UTO C POCTOM 7 CBSI3b MEXKIY
CEYEHUSIMH CIIy4alHOro mpoiiecca ociadbeBaer. Koppensaunonnas (pyHk-
1[MsI, COOTBETCTBYIOIIAS MPOILeCcCy C 00ee TOHKON CTPYKTYpoil (0O0JIbIINM
3HAUYCHUEM ), yObIBaeT ObicTpee. Tak Kak Juisl cllydallHOTO Ipoliecca Th-
na 0enoro mryma XapakTEepHO OTCYTCTBHE B3aMMOCBS3U CEUEHUSMH, €0
KOppemsiMoHHasi (PYHKIUS MpeACTaBIsIeTCs O-QYHKIUMEH, pacroioKeH-
HOM B Havayie KOOPAUHAT (CM. pUCYHOK 2.5 (1))

Ry (z)=N-6(), (2.33)

riae N — HekoTopas KOHCTaHTa.

Cratuctrueckas CBsI3b ABYX CIIYYaWHBIX IPOLIECCOB X(t) 17| G(t) Xa-
paKTepU3yeTCcss B3aMMHON KOppeJsuMOHHOM (GyHKUMel, KoTopas i
Ka)KJI0M Tapbl MPOU3BOJIBHO BHIOPAHHBIX MOMEHTOB BPEMEHH paBHA

R t,12)= M| X(1)-6()| -

= T flx=my ()]l —mo &) @, (x.ty: 9., Joxdl.

—00 —00

(2.34)
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J{714 3proinyecKnx Ciay4yaHbIX MPOLIECCOB
: 1 T - _
Rys ()= lim ——- [[x(t)- x]-[o(t +7)- gldt, (2.35)
Tow2-T T

rae X(t) u g(t) — Jr00bIe peanu3aly IpoLECCOB X(t) u G(t).
LleHTpUpOBaHHBIE CIIydaliHbIE MPOLECCHI CUUTAKOTCS KOPPEaUposaH-
HbIMU, €CIIA UX B3aMMHAas KOPpEJILMOHHAs (DyHKIUS HE paBHA Hyi0. B
IPOTUBHOM CIIy4ae OHU CUUTAIOTCS HEKOPPENUPOBAHHbIMUL.
B3auMHas koppensuuoHHas (YHKIMS HE SIBISETCS CUMMETPUYHOM
OTHOCUTEJIBHO CBOMX apIyMEHTOB, OJJHAKO CIIPABEJINBO COOTHOLICHHUE

Roa (t, 1)) = M[)O((tl)-é(tz)} _ M[é(tz)- i(tl)} = Ry (6,1, (2.36)

Ecnu B3auMHas KoppeisiiiioHHas GyHKIUS ABYX CIy4alHBIX MPOIec-
COB X(t) 151 G(t) 3aBUCUT TOJIBKO OT PA3HOCTHU CBOMX aPT'yYMEHTOB, T. €.

Rxe (tl ’t2)= Rxe (tz —t1)= Rxc (7) (2.37)

TO TAKHUC MPOUCCChI CUHUTAOT CMAUYUOHAPHO-CEA3AHHbLIMU. I[J'IH CTaluo-
HapHO-CBA3aHHBIX CﬂyqaﬁHBIX npouccCoB

Rxc(7)=Rex (- 7). (2.38)

KoppensiunoHHas (QyHKIUS CyMMBI JBYyX CIIy4aiHbIX IIpPOLIECCOB
Z(t)= X(t)+ G(t) Boraucnsercs no Gpopmyne

R (tl ’t2)= Rx (tl ’tz)"‘ Rs (tl ’tz)"‘ RXG(tl ’tz)"' Rox (tl ’tz)- (2.39)

ﬂoxasameﬂbcmeo:
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Rz (t1.t2)= M{X(t)+ G(ts)]- [X (t2)+ G(t )} =
= M[X(t;)- X(t,)]+ M[G(t,)-G(t, )]+
+ M[X(t,)-G(t,)]+ M[G(t,)- X(t,)]=

= Ry (t;,t,)+ R (t 1, )+ Ryg (t; ,t5)+ Ray (t1 115 ).

Koppensiimonnas pyHKUINS TPOU3BEICHUS ABYX HEKOPPEIUPOBAHHBIX
ciyuaiiaeix nponeccos Z(t)= X(t)- G(t) HaxomuTest 10 COOTHONIEHHIO

Rz (t1 ’t2)= Rx (t1 ’tz)‘ Rg (tl ’tz)- (2.40)
okazamenvcmeo:
Rz (t1.t2)= M{IX(t,)-G(t, )] [X (t)- G(t. )]} =
= M[X(tl)' X(tz)]' M[G(t1)‘G(t2)]= Ry (tl ’tz)‘ Rg (tl ’tz)-

[Ipu pemieHnn NMPaKTUYECKUX 3a7a4 4aCTO MOJIb3YIOTCS HOPMHUPOBAH-
HBIMU KOPPEIISIITUOHHBIMU (DYHKITUSIMU

Rx (T) Rxc (7)

, Pyelr)= ==
o 70 o, 0,

Koppensauuonanyto (yHKIIUIO MOXXHO HCHOJIb30BaTh JJIS BBISBICHUS

px(r)= (2.41)

MOJIE3HOTO MEPUOAMYECKOTO MOJIE3HOT0 CUTHalla Ha (DOHE CIydailHOM mo-
Mexu. {7151 3ToTo ee onpenenstoT Mpu OONBIINX 3HAYCHUSIX 7, KOT/Aa BIIUs-
HUE CIy4ailHOTO CHTHaja cKa3bIBaeTcs ci1abo (CM. pUCYHOK 2.6, TyHKTHU-
POM TIOKa3aHa KOppeNSIMoHHas (QYHKITUS TOMEXH).
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\ N\ / \ T
\VALVARCIEEERVARY

Pucynok 2.6 — ®OwibTpanus NoJ€3HOr0 NEPUOAUYECKOTO CUTHAJIA C

UCIIOJIb30BAHUEM €TI0 KOPPEISIIUOHHON (QYyHKITUU

2.3 CnekTpajibHble IIJIOTHOCTH CJIYyYaiilHbIX IPOIECCOB

CnekrTpajibHasi IJIOTHOCTh CTAallMOHAPHOTO CJy4YallHOrO MpoIlecca
omnpeesieTCs Kak mpeoOpa3zoBaHue KOppeasiiuoHHON GyHKIuU no dypwe

Sy (w)= J:jj:RX (c)-exp(- j-o-7)dz =

. . (2.42)

= [Ry(r)-cos(@-7)dz - j- [Ry(z) sin(w-7)dz.
Tax kak Ry (1') — YeTHas, a sin(co - z') — HeudeTHas QYHKIUS 7, TO B
(2.42) BTOpOM MHTErpai paBeH HYIIO. YUYUTHIBas, YTO COS(co-T) — Yer-

Hasg PyHKUUA 7, TOJy4aeM
Sy ()= 2- [Ry (r)- cos(@-7)dr. (2.43)
0

Ecnu cniekTpanbHas MJIOTHOCTh M3BECTHA, TO C MOMOLIBIO OOPAaTHOIO
npeoOpaszoBanus Oypbe MOKHO HANTH COOTBETCTBYIOIILYIO €M KOpPEISIIN-
OHHYIO (DYHKIIHIO
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R )=, 5. (o) exsli- 0 r)iar=
(2.44)
L. Sy (@)-cos(w- 7).

O'—-?i

T

MOXKHO yCTaHOBUTH BaXKHYK 3aBUCHMOCTb CTaTUCTUYECKUMHU Xapak-
TEPUCTUKAMU CIYYaWHOTO MPOoLIecca

Dy = RX(O)—— jsx(w)da) (2.45)

DU3HYECKUH CMBICJ CIICKTPAILHON TNIOTHOCTH 3aKJIFOYAETCS B TOM,
4TO OHA Xapaxkmepusyem pacnpeoenenue MOWHOCMU CIY4alH020 Npoyec-
ca no 4acmomHuom)y CReKmp).

Jloxkazamenvcmeo. Echu cuumamo X(t) peanuzayuer Cry4auHbix

Gaykmyayuil HanpsadxiceHusi Ha NPo8ooHuKe ¢ conpomusieruem 1 Om, mo,
CO2NACHO MeopuU NeKMPULecKUx KoieOAHUl, CPpeoHssi MOUWHOCMb, Pac-

ceusaemas Ha 3Mom NPosoOHuUKe 3a epems 2-1, pasna
P = 1 } 2 (t )dt
r 2.7 '
5

Ecau npunsame 2-T — +00 u ucnonvzosams gpopmyast (2.28) u (2.44)

npu Tt - 0, mo MOJCHO 3anucams

Py =Ry (0)=lim L. ;TXZ(t)dt_Zi +j:s (0)o.

Taxkum obpazom, cpeoHssi MOWHOCMb CUSHALA MOJcem Oblmb Hauoe-
Ha, KaK OECKOHEeYHAs CYyMMA 3/1eMEHMAaPHbIX CAa2aemblx Sy (a))da) 6 oua-
naszone yacmom om —o 0o +oo. Takum obpazom, Kaxcoas s1emMeHmapHas

MOWHOCMYb 0151 Yacmombl @ Oy0em nPoONoOpYUOHAIbHA Sy (a))
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Ilpumep 2.1. Onpedenenue cnekmpaibHOU NIOMHOCMU CAYHYAUHO2O
npoyecca, KOpperayuoHHas QYHKYus KOmopo20 HAXo0umcsi no COOMHO-

wenuio (2.31). Hcnonvsys popmyny (2.42) u yuumwisas, umo |t|=1 npu

720 u ‘r‘=—r npu T <0, 3anuwem
+00 _
Sx (@)= Dy -exp(-a-[r])-exp(~ j- @ r)dz =

-0 { forlla- i-0)-shr+ Torol-@+ -0 ol |-

2'DX ‘a
a’ +w?

Ilpumep 2.2. Onpeodenenue cnekmpaivbHOU HNIOMHOCMU CAYYAUHO20
npoyecca, KOppensYyuoHHAsE QYHKYUs KOmMopo2o HAX00Umcsi no COOMHO-
wenuio (2.32). Ucnonvzys gpopmyny (2.42) u npouszeoos sameny

Cos(ﬂ_7)=exp(—J'-ﬂ-r)2+exp(j-ﬂ-f)’
Sy (@)= TODX -exp(-a-[z])-cos(B-7)-exp(- j-@-7)d7 =

T)exp[—a-\r\— j -(a)+,8)-z']dz'+

X

s S

2

+ fexpl-a-[el- (0 p)-7ie

\

Oba unmezpana mocym ObImb HAULOEHbL MAK e, Kak u 6 npumepe 2.1,

nocae samenvi (@ + B) u (@ - B) na ®’u ®”. Tozoa
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a a
S =Dy - + =
X(w) X o2 +(a)')2 a2+(wn)2

a N o
o’ +(ao+,8)2 a’ +(6o—ﬂ)2

=D, -

OcHOBHBIC CBOMCTBA CIIEKTPAJIBHBIX IUIOTHOCTEU, OMPEACIACMBIC
CBOMCTBAMU KOPPEIAMOHHBIX QYHKIUH (CM. 1. 2.2), cleayolue.
1) CnekTpanpHas IJIOTHOCTh CIYy4allHOIO Ipoliecca SIBISIETCA -

CTBUTEIbHOW Y YETHOM (YyHKIIMEH 4aCTOTHI.

Hoxazamenvcmeo. [loovinmezpanvhoe svipasicenue 6 (2.43) cooep-
orcum npouszgedenue yemuvix gyuxkyui Ry (Z') u COS(a)-Z'), nosmomy 0y-

()em cnpaee()ﬂueo COOmMmHOUiLeHue
Sy (9)=2- [Ry (r)-cos(w-7)d7 =
0

= Z-T)RX (-7)-cos(-w-7)d7 = Sy (- @).

2) CnekrtpanbHasi IUIOTHOCTh CIIy4alHOTO Mpoliecca, COAEpKaIlero
IIOCTOSIHHYIO COCTaBJISIOINIYIO, OyJIeT MMETh MMIYJIbC (S-QYHKIHIO) TpH
4acTOTE, PABHOU HYIIIO.

Jlokazamensvcmeo. [lycmov nabarodaemvlli npoyecc npeocmasisem
Cco00Ul NOCMOSIHHBII CUSHAT X(t)= A, (cm. pucynok 2.5 (a)). Tozoa, uc-

noJb3yA nooxoo0 om npomueHo20, MOJNCHO 3anucamas



39

Sx(@)=2-7-A; - 5(®),

Rx(r)=$-ij902-7r-A§-5(w)-exp(j-w-r)da)=

Q0

=AS-explj-o-7), _ =A

ded)lﬂ(‘ Cl’leKmpaJleOIJ niomHocmu nokassleaem, 4mo 6CA MOUY-
HOCMb NOCMOAHHO20 CUcHAIA cocpec)omoqeﬂa npu H_)/JZ€6OIZ yacmome.

3) ChekTpanbHas IJIOTHOCTH CIIYYaHOTO IIPOIEcca, COJEPIKAIIero
NEPUOMYECKYIO COCTABJISIONIYIO C YaCTOTOM @1, OyAET UMETh UMITYJIbChI

(S-byHKINN) IPH YaCTOTaX @ 1.

Jlokazamenvcmeo. [lycmov nabarodaemvlli npoyecc npeocmasisem

cobotl nepuoouyecKull CUsHal X(t)= A - sin((ol T+ ng) (cm. pucynok 2.5

(0)). Toeoa, ucnonv3ys nooxo0 om NPOMUBHO20, MONCHO 3ANUCAMb

Sx(a))= Z-E-%?-[J(w—wlﬁ §(w+w1)],

® 2
Ry (r)= ZL.] 2-n-%-[&(w—mlﬁ6(w+col)]-exp(j @-t)dw =
T
AO2 +00 +00
= T{ [8(w-@,)-exp(j-o-7)do+ [5(o+ @, ) exp(] -a)-z')da)} =
2 2
— 22 fexpli- @y 7+ exp( -0y 2)]= - cos(o 7).

Fpa¢ul< CneKmpaﬂbHOﬁ njiomHrocmu nokassleaem, 4mo 6cCiA MOUY-

HOCMmb nepuO()MUQCKOZO cucHalia COCdeOmO'{eHCl npu Oeyx yacmomax.

Ecnu nabnooaemvlil cueHan onucvlgaemcs yHKyuel epemenu, pasia-

K
eaemou 6 pso Dypve X(t)= Ag+ YA -Sin(a)i 1+ @, ) mo e20 cnek-
i=1
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MpanvHas NIOMHOCMb Oyoem umemv U0 JIUHEUUAmMo2o cnekmpa ¢ o
QYHKYUAMU, PACNOTIOHCEHHBIMU HA NOJIONCUMENbHBIX U OMPUYAMETbHbIX
yacmomax 2apmMoHux. Vlcnonwv3ysa nojyuenHnvie pamee pe3yibmambl, MOAC-

HO 3anucamo

Sx(a))= 2-1- A02 -5(&))+ izzk:lATiz-[é'(a)—a)i)+5(a)+a)i)] :

CHCKTpaJ'IBHaSI IIJIOTHOCTD cnyqaﬁﬁoro mponecca, HE COACPKALICTO
HGpHOI{H‘ICCKOﬁ COCT&BJ’IHIOHIGI‘/JI, MOKET OBITH HpI/I6J'II/I)KeHHO npeacraBiic-
Ha BBIPAKCHUCM

2‘ DX ‘TX
1+T>% w?

Sy (@)= (2.46)

rae | x — IMOCTOsSIHHAsE BPEMEHU. Takoill CIEKTPaTbHOM IMJIOTHOCTU COOT-
BETCTBYET KOppesiinoHHast pyHkuums (2.31).

Ilpumeuanue. Dopmyne (2.46) coomeemcmeyem cnekmpanibhas

nIomHoCcms, nonyuennas 6 npumepe 2.1, eciu npunsmo o =11T .

Ha pucynke 2.5 (B) u (r) IpuUBEAEHBI TPUMEPHI CIIEKTPAJIbHBIX IIJIOT-
HOCTEH U KOPPETALMOHHBIX (PYHKIUNA CIIydyalHBIX MPOIIECCOB Pa3IMYHON
CTpYKTYpbl. O4eBUIHO, YTO, YeM IIHUpe rpaduK CIEKTPAIbHOU MIOTHOCTH,
TEM yXke TpauK COOTBETCTBYIOIIEH KOPPEISIIMOHHON (QYyHKIIMHU. ITO CO-
OTBETCTBYET (PU3UYECKON CYIIHOCTH Mpolecca (dem Oojiee BBICOKUE Ya-
CTOTBI TPEACTABIICHBI B CIEKTPAIBHOM TJIOTHOCTH, TEM BBIIIIE CTENIEHb €r0
n3MeHYnuBOCTH). CriekTpaibHasl MJIOTHOCTh OEJIOro IIyMa CYHUTAETCS IO-
CTOSIHHOM BO BCEM JMana3oHe 4acToT (CM. PUCYHOK 2.5 (1)).

Jlokazamenbcmeo (om npomuenozo):
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Ry (z)=N-&(z),

Sx(w)=iij 8(z)-exp(- j-o-7)dz =N -exp(—j-a)-z'){r=0 =N.

[ToCTOSHCTBO CHEKTPaIBbHOM IUIOTHOCTH OE€JI0TO IIymMa BO BCEM JIHa-
ma3oHe 4acToT (popMajabHO O3HAYAeT, YTO €0 PHEPTHsl pacipejiesieHa 1o
BCEMY CIIEKTPY PaBHOMEPHO, a CyMMapHasi dHEpTHs Ipoliecca paBHa Oec-
KOHEYHOCTH. DTO YKa3bIBAE€T HA HEBO3MONCHOCMb (DU3UYECKOU peanu3a-
yuu benoco wyma.

Hpumeltauue. Ecnu CNEKMPAJbHYIO NJIOMHOCNb CUcHAlId MOINCHO
CYUMams NOCMOAHHOU 6 00CMAMOYHO WUPOKOM 4ACMOMHOM 01/[61716130716,
a epaHuysl amoco ouUanazoHa HAxo0sAmcs 6He NoJaoCbl Yacmom nponycka-
HUA cucmemsl, mo udeaﬂwauuﬂ MaKo2o cucHala 6 euoe 06enoco wyma
6NnoJiHe L;eﬂecoo6pa3ﬂa.

B3anMHas cneKkTpaJibHas MJIOTHOCTH JABYX CTAallMOHAPHBIX CIIyYau-
HBIX IPOLIECCOB X(t) U G(t) OIIPENEIAETCS KaK MPeoOpa3s0OBAHNUE B3aUM-

HOM KoppensiunoHHo# ¢pyHKuu no Oypee
+00
Sxe(i-@)= IRXG(T)'eXp(_j'w'T)dT' (2.47)

B oranume OT CHEKTpalbHOM IIJIOTHOCTH Sx(a)) B3aUMHas CIIEK-
TpajabHas IUIOTHOCTb S XG(j a)) JNEHUCTBUTENBHON M YETHOM (yHKLIHEH

YaCTOTBI HE SIBJISIETCAL.

Ecmu mpoueccsl X(t) 51 G(t) HEKOPPEJIMPOBAHHBIE, 4 UX CPEIHUE
3HAYEHUs PaBHbI HYJIO, TO UX B3aUMHAasl CIIEKTPaJbHAS MJIOTHOCTH TAKKE
paBHa HYJIIO.

Ha npakTuke 4acto HCIHOJIB3YIOT HOPMHUPOBAHHYIO CIEKTPaJIbHYIO
IUIOTHOCTh, UMEIOIIYI0 Pa3MEPHOCTh BPEMEHHU, KOTOpPasl SIBISETCS MPeoo-
pa3oBaHKEM HOPMHUPOBAHHOMN KOPPEIAIMOHHON GyHKIMU 110 Dypbe
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Sxc (a))

_Sx(w) _
Bx = D, ’ﬂxe(w)—m-

(2.48)

CHoexTpalibHYI0 TUIOTHOCTh MOYKHO MCITOJIB30BaThCS JJIS1 BBISBIICHUS
MOJIE3HOTO MEePUOJUYECKOr0 curHaia Ha (one ciyuaiiHod nomexu. [Ipu-
CYTCTBHE NEPUOANYECKON COCTABIIAIOIIEH OOHAPYKUBAETCS MO BCIUIECKAM
Ha rpaduKe CIEKTPaIbHOM IIOTHOCTU (CM. PUCYHOK 2.7).

Sx (w)

- 0 [0,

Pucynok 2.7 — ®uibTpanus NOJE3HOI0 NEPUOANYECKOTO CUTHAJIA C
IIOMOILBIO €70 CIEKTPAIBbHON IIJIOTHOCTH

2.4  JKcnepuMEHTAJIbHOE  ONpeleieHHe  CTATUCTHYECKHMX
XapPaKTePUCTUK

OKCHEPUMEHTAIBHBIE METOAbBI ONMPEJCICHUS CTATUCTUUYECKUX XapPaAK-
TEPUCTUK OCHOBAHBI Ha TOM, UYTO MPHU JOCTATOUYHO OOJIHIIIOM YHKCIIEC UCIIbI-
TaHU BEPOSITHOCTH COOBITHUSI MOXHO 3aMEHUTh €TI0 OTHOCHUTEJIBHOM Ya-
CTOTOM, 4 MAaTEMATUUYECKOE OKUJAHUE CIIyYaWHBIX BEJIIMYUH — UX Cpel-
HUM apupMeTHdeckuM. CTaTUCTHUUECKUE XAPAKTEPUCTHUKHU, MOTyUEHHBIE
nyTeM OOpaOOTKU pe3yJIbTaTOB TAaKOTO SKCIEPUMEHTA, HA3bIBAIOT OYEH-
Kamuy ACTAHHBIX CTATUCTUYECKUX XAPAKTEPUCTHUK.

Ha npakTrke 4yuciio McnbITaHUK BCerjga orpaHuyeHo. B takux ycio-
BHUSIX OTHOCUTEJIbHAS 4acTOTa W CpeHee apu(PMETUUYECKOE MOTYT CUU-
TaTbCS CIyYaWHBIMU BEJIMYMHAMHU, [IOITOMY OLIEHKM CTATUCTUYECKUX Xa-
PAKTEPUCTUK OMPEAEISIOTCS C HEKOTOPOU OIIUOKOM.
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N

[Iycte & — uckoMasi cratucTuueckas XapakTepuctuka, a & — ee

omenka. Torga ommOka B ompenencHun & onpeaenurcs, kak € =&—&.

Tak xak 3Ta omMOKa ABJISIETCS CIIy4allHOM, TO B KQU€CTBE MEPbl TOUHOCTH
ONPENECIICHUSI CTATUCTUUYECKUX XapPaKTEPUCTUK MOXKHO NPHUHATH MaTeMa-

THYCCKOC OKNAAHHUC N TUCIICPCUIO OILIIMOKH

M[e]=M[£] - &, Dle]=DJ¢] (2.49)

Ilpumeuanue. Hcxomas xapakmepucmuxa & sensemcs neussecmuotl,

1o ue ciywaiinoti, nosmomy M[E] =& u D[¢] =0.

Ecnan matemMaTtnyeckoe 0XUJAaHUE OLIMOKHU & PaBHO HYJIIO, TO OLIEHKY
£ Ha3bpIBAOT HecMmeujeHHou. B NPOTUBHOM Cilyyae OHA CUHUTAETCS CMe-

W/eHHOU OLICHKOM.

[IycTp nmeeTcs BbIOOpPKA IKCIEPUMEHTANBHBIX JTAHHBIX, MMOJTyYECHHAs
nyTeM HAOJIOJCHUS 32 CIIy4ailHOM BEJIMUMHOW X C MAaTEMATUYECKUM OXKU-
naHveM Mx u aucnepcueil D x. JlaHHbIe MOTy4YeHbl B N HE3aBUCUMBIX HC-
NBITAHUAX, IPOBOAUMBIX B OJJUHAKOBBIX YCIIOBUSX.

Hcnonp3yss 4aCTOTHBIM MOAXOJ, AHAIOr (PYHKUMH pacnpeleieHus
CJIy4yallHOM BEJIMYMHBI X MOKHO HalTHU 10 (hopmyiie

A £)
Fdﬂ=§_% (2.50)

rae ,u(é‘) — YHUCJIO AJIEMEHTOB B BBIOOPKE, /7151 KOTOPBIX Xi < &,

Ipumeuanue. J{na X > X max 3uauenue F, (5) pasro 1. Eciu n — +o,

mo F,(&)— F,(£).

AHaJIOT IUIOTHOCTH BEPOSTHOCTH CIIYYaWHOW BEIUYMHBI X MOKET
OBITH HaiieH Mo popMmyie



£)
@, (&)= ni" % 2.51)

rae 77(5) — YKUCJIO 3JIEMEHTOB B BBIOOPKE, JII KOTOPBIX BBITIOJHSIETCS

A4 A4
ycioBue & — E <X <&+ E . lllupuny unTepBana A HaXOAAT, KaK

A:Xmax_X

Kk

min_ (2.52)

rae K — uucio uHTepBaioB (KBaHTOB), HA KOTOPOE pa30ouBaeTcs 00J1acTh
3HAYCHHM X, OIIPEIeIIEeMOe IO OIEHOYHOU (hopmyJie

k=1+32-Ig(n). (2.53)

OLeHKON MATEeMATHYEeCKOI0 OXHUIAHMSA CIy4alHOW BEIMYUHBI X
MOKET CIIY)KUTb CpesiHee apu(METHIECKOE €€ peaTn3alluid,

A 1 0
M, ==X X;. (2.54)
n =1
OmrOka OoIeHKH M x paBHA
o 1 Q2
g=mx—mx=ﬁ-2xi—mx. (2.55)
i=1

XapakTepUCTUKH OIINOKU

n n
m, = MF-in —mXJ=0, D, = DF-in —mXJ=&, (2.56)
n j=1 n j=1 n
MOKa3bIBAIOT, YTO Cpe/lHEe apu(PMETUUECKOE pean3aluil X SBISAETCS He-
CMEUICHHOW OLIEHKOM €€ MAaTeMaTUYECKOr0 OXHUIAaHWsA, a IUCHEPCUs
OIIMOKH 3TOW OLIEHKU HEOTPAaHUYEHHO YOBIBAET C pOCTOM N.
O1eHKa qucnepcuu MOKET ObITh HalifieHa 1o opmyJie
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D, = il i(x. —h, ). (2.57)

Ilpumeuanue. Ha npaxmuxe ona oyenxu oucnepcuu o6vigaem yOoOHO
UCNONb308aMb COOMHOUEHUE

D, = X; . 2.58
*“n-1 [n .21 J (2:58)
Ounenka Ijx ABJISICTCSI HECMEIICHHOM OLEHKOMN JUCTIEPCUU TIPHU JTF0O00M

pacupeneeHuu CIy4YanHOU BEJIMYUHBI X.
CrarucTuvyecKkue XapakTepUuCTHKH HEIProaAu4eCKoro Cjay4aimHoro
npoiecca X(t) MOTYT OBbITh HAWJEHBI 1O MHOXXECTBY €ro peaau3aruil

X; (t), rae i =1, ..., n. VX 3HaueHUs ONpEACIIIOTCS I MOMEHTOB BpeMe-

auutj,rnej=1,..40.

Ilpumeuanue. Momenmor epemenu tj yenecoobpasno vlbupams pas-
Hoomcmosawumu. Ilepuod Haba0OeHUll YenecoobpasHo 6vloupamov U3
YCI08USL YO0BIEMBOPUMENbHO2O 80CNPOU3BEOCHUsT Deanu3ayull Xi(t) no

IKCNEePpUMEerRmalbHbIM NMO4YKaAM.

OueHkn MaTeMaTHYECKOTO 0KUIAHUS, TUCIIEPCUNA U KOPPEISIHIUOHHON

(GYHKIMM CIIy4allHOTO Ipoliecca X(t) BBIYUCIISIOTCS IO popMyiam

iy (t;)= %% xi(t;) (2.59)

ﬁx(tj)=i'é[xi(tj)‘mx(tj)]z’ (2.60)
Ry (tj ’tk)= ﬁ i=Zl[xi (tj )‘ My (tj )] [x(t)-mx ) 6D
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Ilpumeuanue. Ha npaxmuke 011 oyeHKu oucnepcuu u KOppeisiyuoH-

HOU hyHKYUU Obl8aem YOOOHO UCNOIBb308AMb COOMHOUEHUS

[‘)x(tj)=L.F.__zn'ixi(tj)2—mx(tj)zJ, (2.62)

Ry (t; ,tk)=L-H-Zn‘,xi(tj)2 —rﬁx(tj)-rﬁx(tk)J. (2.63)

CraTucTHYEeCKHE XAPAKTEPUCTHKHU 3JProAUYeCKOro CJay4YaiHOro
mporuecca X(t) MOTYT OBITh HalWJI€HBI 110 €r0 €IMHCTBEHHOW pealn3annun
X(t), HaA0JII01aeMO B TE€UEHHUE TOCTATOYHO JIUTEILHOTO TOJI0KUTEIbHO-
ro IPOMEXYTKa BpeMeHU [. [[7s OLIEHKH MaTeMaTH4eCKOIO OKHIAHUS
(cpeaHero Mo BpEMEHM) U KOPPEISIITUOHHONW (DYHKIIMA MOXKHO HCHOJIb30-
Bath hopMyIinl (2.19) u (2.28), npencraBieHHbIC B BUJIE

1 T
My == [ x(t)dt, (2.64)
T 0
A 1 T -t A
Rx(r)=_|__z_ g[x() My |- [x(t+7)-rhy Jat. (2.65)

Ilpumeuanue. Ymenvuwienue 6 (2.65) uumepsara T na eenuuuny T
00vsCHAemCs mem, Ymo 3HA4eHUs X(t + r) U3BECMHbL MOJILKO 00 MOMEH-

ma eépemenu t =T — 7.

[IpoMexxyTok BpeMeHHM HaOMOJeHHUs | JOMKEH OBbITh pa3OUT Ha N
paBHEIX HHTEpBaNoB A =T /N Tak, 4to0sl 3a épems A gyuxyus X(t) usme-
HANACL He3HauyumenbHo (CM. PUCYHOK 2.8). Uem Oosbiiie T U 4eM MEHbIIIE
A, TeM TOYHEE OIIEHKA CTATUCTUUYECKUX XapaKTEPUCTHK.

[Tapamerpam t 1 7 IpUIAOTCS AUCKPETHBIE 3HAUEHUS

ti=i‘A, |=1,2,
(2.66)
Tj=j'A, J=O,1,
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x(t)
x(t;) it j
O AI 1T 1T 1T T T T 1 T T 1T 1 T T 1T 1 t
>
. T-7,=(n-j)-4 Jzi=i4 ]
< T=n-4 N
Pucynok 2.8 — Omnpenenenue KOPpEISIUOHHON (PYHKIUU TIO

SKCIICPUMCHTAJIbHBIM JJTAHHBIM

[Ipu cienaHHbIX AOMYIICHUAX UHTErpaibl B hopMyrax (2.64) u (2.65)
MOTYT OBITh MPUOJIMXKEHHO 3aMEHEHBI CYMMaMHU

2 x()=

i=1

fax(r,-)=fex(“‘)= A )=l Iy )- i ]-

T—i.
-4 (2.68)

—||b
3||—\

g x(t;), (2.67)

{
Tl () U | P (R B
-] iz
Berunciaenus o gpopmyiie (2.68) BBIIOIHSIIOTCSA J0 TAKKX 3HAUCHUH |,
Opu KOTOphIX Ry (z' j) HAYMHAET COBEPIATh HEOOJBIINE HEPETYISPHBIC
KoJieOaHusl OTHOCUTEIbHO HYyJA. [ momyuyeHus ommOku He Oosnee 2%

’KeJlaTeIbHO, YTOOBI BRITOJIHSIOCH yeioBue j<0,1-n.

Hucnepcuto D x MmoxxHO o1ieHUTH 1o (2.68) npu 7= 0.
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BOITPOCBHI JJIs1 CAMOKOHTPOJIA

1. Yro cuuraercs ciaydalHbIM mponeccom? UTo Ha3bIBaeTCA peau-
3aI[Meld U CEUEHUEM CIIyYalHOro mpoiecca?

2. Kakwue cityyaiiHble NPOLIECCH CYUTAOTCA MApKOBCKUMU, 3ProIu-
YECKUMHU, CTAIMOHAPHBIMU, IEHTPUPOBAHHBIMH ?

3. Urto moka3plBatOT (GYyHKIMS pacrpeereHus: U MIOTHOCTh BEPOSIT-
HocTh? Kakue OCHOBHBIE BU/IbI PACIIPEAEIEHUN CYIIECTBYIOT?

4. Yrto xapakTepu3yeT CpeIHEE IO MHOXKECTBY, CPEIHEE IO BpeEMe-
HU, JUCIIEPCUA U CPEAHEKBAAPATUUECKOE OTKIOHEHUE CIYy4YahHOTrO IPO-
necca?

5. Urto xapakTepu3yeT KOppesluoHHas (PYHKIUS CIy4ailHOro Mpo-
necca? KakoB ee ¢usnueckuit cmpici? KakoBbl CBOWCTBa KOPPEISIIMOH-
HBIX QYHKITAN?

6. Uro xapakTepu3yeT B3auMHas KOPpEISLMOHHAS (PYHKIHUS ABYX
CIy4dailHbIX mporeccoB? KakoBbl CBOWCTBa B3aUMHBIX KOPPEISIIUOHHBIX
bynkuuit? Kakue ciaydaifHble MPOIECChl CUUTAIOTCS KOPPETUPOBAHHBIMU,
HEKOPPEIUPOBAHHBIMU, CTAITMOHAPHO-CBSI3aHHBIMU ?

7. Kak MOXXHO WUCIOJB30BaTh KOPPEISAIUOHHYIO (YHKIUIO IS
buIbTpanMy MoJIe3HOro curHana’?

8. Uro xapakTepusyeT CHEKTpalbHas IUIOTHOCTh CIYYalHOTO MpO-
necca? KakoB ee gusnueckuii cmbicn? KakoBbl CBONCTBA CIEKTPATIbHBIX
IJIOTHOCTEN?

9. Uro xapakTepu3yeT B3aWMHAasl CIIEKTpaJibHAs IUJIOTHOCTh ABYX
CJIyYalHBIX MPOLECCOB?

10. Kak MOHO HCIOJB30BaTh CHEKTPAIbHYIO TUIOTHOCTD N7 (PUIib-
TpalHH MOJIE3HOTO CUrHaja?

11. Kakoii caydaitnblii mporiecc Ha3pIBaeTcs 0eabiM myMmoM? KakoBbl
€ro OCHOBHBIE CBOMCTBA?

12. Kak omnpenennTh CTaTUCTHYECKUE XAPAKTEPUCTUKU CIyYaWHOTO
pOoLECCA IKCIIEPUMEHTAIBHO?
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SAJAYU JJIAA CAMOCTOATEJBHOI'O PEHIEHUA

2.1. Insg ctanMOHApHOTO CIYYalhHOTO mporecca X(t), VMEIOLIETO MO-

CTOSIHHYIO CIIEKTPAIbHYIO INIOTHOCTD S y (a)) = N B 1uama3zoHe 4acToT OT

—®@1 10 +®1 ONPENECIUTh MATEMAaTUYECKOE OXKHUJAHUE, AUCIIEPCUI0 H
KOPPEJISIITUOHHYO (DYHKITHIO.

2.2. KoppenauuronHasi GyHKIHS CTAIIMOHAPHOTO CIYyYalHOTO MPOIec-

ca X (t), UMEIOLIET0 MaTEMaTHUECKOE OKUIaHHe My =5, paBHA
Ry (z)=Dy -exp(— @-|z])+ m% =100 - exp(- 5 -|z[) + 25.
Onpenenurs CrieKTpalbHyIo IIJIOTHOCTh 3TOTO MPOIecca.

2.3. KoppenauuronHasi GyHKIHS CTAIIMOHAPHOTO CIYyYalHOTO MpOIec-
ca X (t), UMEIOIIIET0 MAaTEeMAaTHUECKOe OXKUIaHue My =5, paBHA

Ry (r)=Dy -exp(-a- \r\)-[cos(ﬂ 7))+ % .sin( - r)J

OHpC}IGJ’II/ITB CIICKTPAJIbHYIO IINTIOTHOCTD 3TOI'O ITponecca.

2.4. KoppensimonHast pyHKIMS CIy4aifHOTO Tpoiiecca X(t) ABJIACT-

Cs KYCOYHO-HETIPEPBIBHOU

rD -(1-@ | <T
X 1 - 1
Rx("):‘ T

0, [7|>T.

Onpenenuts CIEKTPAIBHYIO INIOTHOCTH 3TOTO MPOoIecca.

2.5. KoppensiuinonHasi (yHKIUSI CIIy4ailHOTO mpoiiecca X(t) paBHa
Ry (r)= Dy -eXp(— a’ -2'2). Onpenenutb CHEKTPAIBHYIO IIJIOTHOCTH

9TOro IIponecca.
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3 AHAJIU3 CUCTEM IIPU CJYYAHUHBIX BO3JEUCTBUAX
3.1 [IpeoOpa3oBanue CayYaiiHBIX CHUTHAJIOB JIMHEHON cMCcTeMOM

IIycte uMeeTca OOHOMEpPHAs JIMHEMHAS CUCTEMA, HA BXOJ KOTOPOHU
NOCTYIAET CIIyYalHBIN MPOLIECC G(t), UMEIONINM MaTEMaTHYECKOE OXKH-

JaHue Mg (t) U KOPPEJSIUMOHHYIO0 QYHKIMIO Rg (t1 ,tz). Cucrema mnpeoO-

pasyer €ro B BBIXOJHOW CIIy4alHBIA MPOLIECC X(t), CTAaTUCTHUYECKHE Xa-
PAKTEPUCTUKU KOTOPOro TpedyroT onpenenenus. COBOKYNHOCTL npeodpa-

30BaHUM, KOTOpbIE HEOOXOAMMO BBITIOJHUTH HAJ peanu3aiuen G(t), YTO-

Obl TMOJYYUTHb peaTnu3aluio X(t), ONPENEIIAET Onepamop Cucmembl
.Q(t){ } (BepXHUI HMHJIEKC YKAa3bIBAET HA apryMEHT, 10 KOTOPOMY MpUME-

Hsercst oneparop). IIpeoOpazoBaHue BXOJHOTO CIIy4alHOTO TMpoliecca ¢
MTOMOIIBIO TAKOTO OMEPATOPa MOKHO OMPEACIIUTh, KaK

X (t)=29{G(t)}. 3.1)

MaremMaTH4ecKoe OKMJaHuE CIy4alHOro Ipolecca X(t) HAXOIUTCS

e t
C Y4ETOM NEPEMECTUTEILHOCTH JIMHEUHBIX onepaTopoB M u ol ), KaK pe-
3yJbTaT MpeoOpa3oBaHus

my ()= M[2OGBE)] = 2O, )} (32)

Koppensunonnas QyHKIusa ciaydailHOro mpoiiecca X(t) HAXOIUTCA

t
TaK)Ke C YUYETOM MEePEMECTUTEILHOCTH orepaTopoB M u o] ), KaK pe3yib-
TaT JBOMHOIO MPe0Opa3z0BaHUs

R, (t,.1,)= M[)o((tl)- >°<(t2)}= M{Q(tl){é(’tl)}-Q(t2){é(t2)}:|=

(3.3)
= Q(tl)g(‘z){m [G(tl)- G(t, )}} = WoEMR (t,,1,))
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Ilpumeuanue. Ilopsook évinonnenus npeoobpazosanuil 6 (3.3) ne ume-

em 3HAYEeHUA.

Ilpumep 3.1. Onpeodenenue mamemamuyecko2o OHCUOAHUS U KOppe-
JAAYUOHHOU DYHKYUU CYYAUHO20 NPOYecca Ha B8biX00e CYMMUpPYIoue2o
36ena. byoem cuumams, umo Ha 6x00 makozo 36ena nocmynaiom N Ciy-
YAUHBIX NPOYECcos Gi(t), UMEnWuUx MmamemamuyecKue O CUOAHUS

Mg, (t) U KoppenayuouHvle QYHKYUU RGiGj(tl,tz), eoe 1,j=1,..,n.

Kaowcooui  onepayuu  npeobpazoeanusi coomeemcmeyem — onepamop

.Qi(t){ }= 1 }. Tocoa nocne cymmuposanus

me()=2 1fne, ()}=Zme, (1)
o = (3.4)
Rx (tl ’t2)= 2 1{1{RGiGJ— (tl ’tz)}}= Z Z RGiGj (tl ’tz)-

i=1j=1 i=1j=1

B uacmnom aiydae, K020a 8X00Hble CUSHAIbL ABJIAIONCS HeKoppeaupo-

6AHHbIMU ClellaleblMu npoyeccamu,

Ry (t; .t,)= éRGi (t,.t,). (3.5)

Ilpumep 3.2. Onpeodenenue mamemamuyeckoeo OHCUOAHUSL U KOppe-
JIAYUOHHOU (DYHKYUU CAYHAUHO20 NpoYecca HA 6blXx00e YCUIUMENbHO2O0
36eHa. Takoe  36eHO  GvlNOHAem — onepayurd  NpeodpPaA306aHUs
X(t)=C(t)-G(t) (eoe C(t) — HecnyuauHas QyHKyus), Komopou coom-
gemcmaeyem onepamop Q(t){ }= C(t)-{ } Tocoa

my (t)=c(t)- mg ().

(3.6)
Ry (t.t2) =clty)- c(t,)- Rs (ts 1)
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Ilpumep 3.3. Onpeodenenue mamemamuyecko2o OHCUOAHUSL U KOppe-
JIAYUOHHOU DYHKYUU CNYUAUHO20 Npoyecca HA 8bixooe oughgepenyupyro-
d

T
dt{ } 020a

t
uieco 36€end. ﬂJZ}Z makxkoco 36eHa onepaniop Q( ){ }=

my(t)= g 0),

d 2
dt, dt,

(3.7)

Rx (t1’t2)= RG(tl’tz)-

Ilpumep 3.4. Onpeodenenue mamemamuyecko2o OHCUOAHUS U KOppe-
JIAYUOHHOU (DYHKYUU CAYHUAUHO20 NPOYecca HA 8biX00e UHMe2PUpyrouje2o

t
36ena. [{ns maxkoz2o 36ena onepamop Q(t){ }= | { }dﬂ. Tozoa

to

()= fmo ().
tlfz (3.8)
R (tl ’t2)= JIRe (Z’ﬂ)dﬂdﬂ-

to tg

3.2 CtaTucTH4YeCKHEe XaPAKTEPUCTUKH CJIY4YailHBIX MPOLECCOB HA
BbIX0/I€ JIMHEHHON cMCTeMbl BO BpEMEHHOM 00J1acTH

IIycTe nMeeTcs ycTOMYMBas CTAMOHAPHASA JMHEHHAsA CUCTEeMA, 1S
KOTOPOM M3BECTHA MMITYJIbCHASA MEPEXOJHAA XapaKTEPUCTUKA (MM 8eCo-
8as (hyHKYUA) k(t) (cM. pucyHok 3.1). OyHkIus k(t) JOJDKHA YIOBJIETBO-

PATD VCI08UI0 PUULECKOU Peau3yeMOCmU CUCTEMbL

k(t)=0, ecm t <O. (3.9)
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Ycnosue (3.9) onpenensier, 4To peaklvsi CUCTEMbl HE MOXKET HACTY-
MIATh PAHBIIE MOMEHTA MOCTYIJIEHUS] BXOJHOTO CUTHAJIA

Ha Bxoa cucteMsbl momaercsl Cay4yalHbIA MPOLIECC G(t) C MaTreMaTu-
YECKUM OKHMIaHUEM Mg (t) U KOPpeIUMOHHON QyHKIMen Rj (t1 ,tz). On
npeoOpasyeTcsi B BHIXOJHOU CIydaiHbIN mporece X (t) (cm. pucyHok 3.1),

JUISl KOTOPOT'O TpeOyeTCsl ONPEACIUTh CTATUCTUYECKUE XapaKTEePUCTUKHU.

G(t) X(t)

mg (t), RG(tl’tZ)) my (t), Rx('[l’tz)>

k(t)

Pucynok 3.1 — Jlunelinasg cucrema ¢ BECOBOW (YHKLHUEH k(t),

HAXOAAIIASCS 0] BIUSHUEM CIIY4alHOTO BO3AEUCTBUSA

CBsi3p MEXKy peali3alusIMU CIIyYalHBIX MPOLECCOB HA BXOJIE U BBI-
X0J1€ CUCTEMbl YCTAHABJIMBAETCA HA OCHOBAHUM ()OPMYJIbI CBEPTKH

x(t)=jk(t-u)-e(u)du=jfi<(z>-e<t-zm, (3.10)

rae 7 A =t — g — He3aBHCHMBIC ITapaMeTphl HHTerpupoBanus. Dopmy-
t—to

na (3.10) omnpenaensieT oneparop CUCTEMBbI Q(t){ }= j' k(/i)-{ }d/l. Uc-
0

noib3yst npaBuia (3.2) u (3.3), MOKHO 3anucaTh

mx(t)=t_!)'t(i<(/1)- me (t— A4,

1—tp to—1g

Re(tit)= [ TR k() Ro s~ 4.ty — i), (11)

t—ty t—t

D, ()= | g‘k(a)-k(ﬂ)-RG(t-a,t-uwdu.
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Ecmn G(t) — CTAIMOHAPHBIN CIy4YaulHbIA MPOLECC, TO M = CONSt, a

R G 3aBUT TOJIBKO OT pazHocTH apryMeHToB t2 — t1 = 7. Torna

m, ©)=ms - [k

t1—tg tr—tg

Ry (ty,t2) = I Ik(’i) k(u)-Ro(to —t; + A - p)dadu,  (3.12)

t—tp t-1fy

Dy (t)= I Ik(ﬂ) k(u)- Rg (4 - p)dAdu.

@opmyisl (3.12) NOKa3bIBAIOT, YTO CAVHAUHBIU NPOYECC X(t) HA 8bl-
Xo00e yCcmou4ueou cCmayuoHApHoOU JUHEUHOU CUCmeMbl 8 NepexOOHOM pe-
arcume Oyoem HeCmayuoHAPHbIM, 0axce eciu C8OUCMBAMU CMAYUOHAPHO-

cmu 001a0aem 6x00HOU CYHALHbLL poyecc G(t)

B ycranoBuBmemcs pexume npu to — —oo (1 — +0)
My = Mg -Tk(/%)di = const,
Rx (7) = f f k(2)-k(u)-Re (7 + 2~ p)dadu, (3.13)
= T T k(1)-k(x) Rg (A — #)dAdu = const.

®opmyiibl (3.13) MOKa3bIBAIOT, YTO CIYUAUHBILUL NPOYECC X(t) HA 8bl-
Xo00e yCcmou4ugon CmayuoOHapHou JUHEUHOU CUCmeMbl 8 YCMAHOBUBULEMCS]
pedicume 6yoem CmayuoHaApHuIM, eClid CBOUCMEAMU CIMAYUOHAPHOCMU 00-
Jla0aem 6X00HOU CIY4auHbll npoyecc G(t).

Ecnu cucrtema siBISE€TCS HeCTAIIMOHAPHOM, TO €€ BecoBasi (PyHKIHUS
OyZIeT 3aBHUCETh HE TOJIBKO OT BPEMEHU HaOMOAEHUS t, HO U OT BpEMEHU
MNOCTYIUJICHUS] €IUHUYHOTO UMITYJIbCAa Ha BXOJ CUCTEMBI A. YcioBue Gpusn-

YECKOW Peain3yeMOCTH CUCTEMBI IIPUMET BU]]
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k(t,4)=0, ecu t < 4. (3.14)

CBsi3p MEXIYy peali3alUsIMU CIIyYalHBIX MPOLECCOB HA BXOJIE U BBI-
X0JI€ CUCTEMBI OIPEIENAET COOTHOILIICHUE, aHamoruyHoe (3.10),

X(t)= jk(t,ﬂ)-G(ﬂ)M. (3.15)

t
B aToMm cityyae onepaTtop CUCTEMBI Q(t){ }= _[ k(t ,ﬂ)-{ }dﬂ. Ha ocHoBa-
to

Huu npasui (3.2) u (3.3)

mx(t)=jk(t,/1)-me(ﬂ,)lﬂ,

tt
Ry (ty,t2)= [ [k(ty,2)-k(ty . 1) Re (A, p)dAda, (3.16)

to to

Dy (0)= ] [k(ts 4)-k(t, . 4)- Ro (2. )iAde

to to

Ecnu B (3.16) npuHsTh to —» —00, TO MOKHO MOJIYYUTh COOTBETCTBY-
fomue GopMynbl UIsT ONPEAEICHUsT CTAaTUCTUYECKUX XapaKTePUCTUK B
YCTAaHOBUBIIIEMCS PEKUME (€CITM OH CYIIECTBYET).

®opmyiibl (3.16) MOKA3BIBAIOT, YTO CIYUAUHBIL NPOYECC X(t) HA 8bl-
X00e HeCmayuoHApHOU TUHEUHOU CUCmeMbl 6ce20a Oyoem HeCmayuoHap-
HbIM, HE3A8UCUMO OM XApaKmepa 6X00H020 CYYAUHO20 npoyecca G(t).

Ha ocHOBaHHMM BBIIIEU3I0KECHHOTO MOXHO CJEJIaTh BBIBOJ, YTO He-
CTAIlMOHAPHOCTH TPOIlecca Ha BBIXOJE JTMHEHHON CHCTEMBI OTpPEIeIIsIeTCs
KaK MUHUMYM OJTHOHM U3 TpeX MPHYHH:

® HECTAallMOHAPHOCTh BXOJHOTO CIIYYallHOT'O MpoIlecca; Toraa s
CTAIlMOHAPHOMW CHCTEMBI B YCTAHOBUBIIIEMCS PEKUME

+00 +

Ryt t2)= | TK(A)-k(k)- Re (t, 4.t = r)dAdu
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® HECTAIMOHAPHOCTh PEKUMa pabOTHI; TOTIA IJISI CTAIIMOHAPHOM CHU-
CTEMBbI U CTAIMOHAPHOI'O BXOJIHOTO CIIy4ailHOTO Mpoliecca

1~ to—tp

t
Ry (t1.t2)= J Jk(ﬂ)‘ k(z)-Re (t, =ty + 2 — p)dAdu;
0 0
® HECTALMOHAPHOCTb CUCTEMBL; TOrJa
tyty
Ry (t1,t2)= J .[k(tl A)-k(tz,1)-Rs (2, u)dAdp.
toto

Ilpumep 3.5. Onpedenenue cmamucmuueckux Xapaxmepucmux CJy-
yauHo20 nNpoyecca HaA B6bIX00e CUCmeMbl C 8eco80U  PyHKyuell
k(t)= exp(—t), HA 8X00 KOMOPOU nocmynaem yeHmpupoeauHvlil C1y4all-

HblUL npoyecc ¢ eOUHUYHOU Oucnepcueli U KOppersyuoHHOU @YHKyuel

Rs ()= exp(— ‘TD

s onpeodenenus KoppensiyuoHHOU QYHKYUU 8bIXOOHO20 CIIYUAUHO20
npoyecca 8 YyCmanosusuemcs pedicume socnoavzyemcsi gpopmynamu (3.13)

+00 +

Ry(z)= | wexp(— A)-exp(— p)- exp(=|z + A — g )dAd .

0 0

Hucnepcusi 6bIX00H020 CYYANIHO20 NPOYECCA 8 NEePexOOHOM PeXCUME
nHaxooumcsi no gopmynam (3.12). Ipumem to = 0. Tocoa

D, (t)= iiexp(— A)-exp(= p2)- exp(=|A — p)dAdu =
= iexp(- A)- [i exp(— 1) exp(= |4 - ,U\)d;t}dﬂ.

llpu pacueme enympennezo unmezpaia yumem
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exp(u—14), p<a,
exp(d—u), u=A4.

s

Tozoa

fexol- ) expl-12.- uou -

= ieXp(— 1)-exp(p— A)dp + i exp(— 42)- exp(A — p)du =
- exp(-2)-du+ex0(2)-Jexp(- 2- b=

=1-exp(-=4)- % -exp(1)-[exp(-=2-t)-exp(-2-1)] =

=A-exp(-1)- % cexp(A-2- t)+%-exp(— ).

lloocmasum HatideHHOe 3HAUeHUe BHYMPEeHHe20 UHmezpana 8 vlpa-
Jicerue 0 onpeoeieHust OUCnepcuu

D, ()= iexp(— ,1)-[,1 exp(- 1)~ -expla—2- 1)+ - -exp(- 1)]d/1 _

1 1
_E_E.exp(_Z-t)—t-eXp(—2't).

B ycmanosuswemcs peacume npu t — +oo, D x = 1/2.

Ecnum Ha cucTemMy mogaeTcsl HECKOJIBKO CIyYalHBIX MPOIECCOB, TO Xa-
PaKTEPHUCTUKH BBIXOJHOT'O IIPOIECCa MOTYT OBITh OINpESICHBI 10 TPHH-
IUITY CYTNEPIIO3UIIUM C UcTioab3oBaHueM dhopmyi (3.4) u (3.5).
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G(t)
@, Re) Tl X
F(t) mx(t)’ RX(T)'

e, Ree) | =)

Pucynok 3.2 — Cucrema, HaxoAsmascsa IIOJ BIUSHUEM JBYX
CJIy4YalHBIX BO3/ICMCTBUMN

Ilpumep 3.6. Onpeodenenue KOppersyuoHHOU QYHKYUU CAYHAUHOSO
npoyecca X(t) Ha 8bIX00€ CMAYUOHAPHOU JTUHEUHOU CUCTEMbl, HA 6X00
KOMOpOU nooaromcs 08a YeHMPUPOBAHHBIX CMAYUOHAPHBIX CAVYAUHbBLX
npoyecca G(t) u F(t) (cm. pucynox 3.2) ¢ KoppensiyuoHHbIMU YHKYUSMU

R.(z) u R; (z') Peakyuto cucmemol no Kaxicoomy 6xo0y onpeoensiom ee-

cosvie pynxyuu K (t) u Ke (t)

Koppenayuonnas ¢yukyus cayyaiinozo npoyecca X(t) 8 YCmaHo-

susULeMCSL pedicume Modicem bvimb Hatioena no opmynam (3.4) u (3.13)

+00 +

Rule)= [ Tha () ke (1) Rolr + 2 inau
[ Tho(2) ke () Ror (e + 2 o+
[ T (2) ko ) Rec e+ 2 s+
+ ] T (3)- () Re -+ 2= )i

Ecnu exoonvie npoyeccsl cmamucmudecKu Heasucumsl, mo
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Ry ()= *g" +§° ke (1) ke (1) Ro 7+ A — pe)dAdu +

+00

[ The (0t (u)-Re e+ 2= )it

3.3 CraTucTH4YecKHe XapPaKTEPUCTUKH CJIYYalHBIX MPOLECCOB HA
BbIXO0/I¢ JINHEHHOU CUCTEMbI B YACTOTHOM 00J1aCTH

ITycte mMeercst ycTonuMBas CTallMOHApHAs JMHEWHAs CHUCTEMa, I
KOTOpPOW M3BecTHA nepenarodnas pyHkuus W (S) KOMIIJIEKCHOM ITepeEMEH-
HOH S (cM. pucyHOK 3.3). Ha BX0ox cucTeMbl IOAAETCS Coy4YalHbINA IPOLIECC

G(t) CO CIIEKTPAJIbHOU IUIOTHOCTBIO Sg (a)) OH npeoOpa3zyeTcs B BHIXOI-

HOM CIly4aliHbIA TPOIIECC X(t), JUIsL KOTOPOro TPEeOYyeTCs OMNpe/e/IUTh

CTATUCTHUYCCKHUC XaAPAKTCPUCTUKMU.

G(t) X(t)

me (). Se(@) | my ©), Sy (@)

Pucynok 3.3 — Jluneitnas cucrema c nepegatounor gpynkmuein W (S)

W (s)

, HAXOJA1asacsAa 1104 BJIMAHUCM cnyqaﬁHoro BOBI[GﬁCTBI/IS[

B nmogoOHBIX yCIIOBHSX BBIXOAHOM CIy4alHBIM mpoliecc OyaeT ooOna-
JaTh CBOMCTBAMHU CTAIllMOHAPHOCTH. HambonbIIui MpakTUYECKU HHTEpPEC
IPEACTABIISAECT ONPEACICHUE €r0 CTATUCTUUYECKUX XAPAKTEPUCTUK 8 ycma-
HOBUBULEMCSL pedicUuMe.

MaremaTnyeckoe 0XKUJIaHUE X(t) B YCTAHOBUBIIEMCSI PEXKHUME MO-

KeT OBbITh HaMieHO IO hopMmyIie

my (@)= [k(2)-mg(t-ApA. (3.17)
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Paznmoxum mg (t - ﬂ) B psan Teitniopa

o0 m@
me(t-4)=X(-1)" - mGil(t)-,i' (3.18)
i=0 .
Torga
o0 oo m® _
my (t)= I k() 2(-1)' m‘%,(t)-/vdh
= " (3.19)

L m<' 0

(-2)"- +f° k(2)- A'dA.
0
BecoBas u mepenarounas pyHKIIUNA CUCTEMBI CBS3aHBI COOTHOIIICHHEM
W(s)= | k(2)-exp(s- A)A. (3.20)
0
Huddepennupys (3.20) o S HyKHOE YUCTIO pa3, ONPEACTUM

%W (s)= —T k(4)- 4 -exp(=s- A4,

62 _+oo 2
o2 W)= [k(@)2*expl-s- 2p2 (321)

wO(s)=(-1) - { K(A)- A1 - expl=s- A)A.

[Ipunumas B (3.21) s = 0, nosyyum
wO©)= (1) - [k(A)- 4da. (3.22)
0

[Toncrasus (3.22) B (3.19), Halinem
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m@-3 0.

wih)=3 =

l(t) a' (){ . (3.23)

s=0

ITpumeuanue. ©opmynoii (3.23) mosucro nonvzosamscs Kax 0jisi cma-
YUOHAPHO20, MAK U OJisl HeCMAYUOHAPHO20 8XOOH020 CIYYAUHO20 NPOYec-
ca. Heobxooumo, umobwvi ynkyus Mg (t — /’L) packiaoviganacs 6 pao Tei-

JI0pa, CXO0AWUUCA NPU B8cCeX 3HAYEHUSAX apeyMeHma, a nepeoamoyHdsl
@pyuxyus W (S) oupgepenyuposanace mpebyemoe yucio pas.

®opwmyia (3.23) onpenenseT CIeAYIONUNA OIepaTop CUCTEMBI

20()=F 0.9y, 329

CnekrtpanbHasi IJIOTHOCTh CIy4ailHOTO Mpolecca X(t) MOXET OBITh
ofpeJieNieHa MO €ro KOPPEeNIIMOHHOW (QYHKIMHU C MCIOJIb30BaHUEM (op-
MyJbl (1.42). YuutsiBas (3.13), MOXKHO 3amucath

Sx(w)=z Ry (¢)-expl- j- @-7)dz =

400 400 400

= _{0 g gk(/i)- k(u) Rg(z+A—p)-exp(- j-o-7)dAdudr =

+00 +00 +

=11 gk(ﬂ)- k(e)-Re(z+4 - p)-expl- j- @ (z + A - p)]x
xexp(j-o-1)-exp(= j-o- p)dAdudz =

_ {{ K(2)-exp( -w-ﬂ,)dﬂ} - {g k(u)-expl- j- @ u)du}x

x{jERG(T+l—y)-exp[—j-a)-(z'+/?,—,u)]dr}. (325

BBenem 0003HaueHus
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W= i-@)= T@)-exli- - )2
W(j- @)= f k(u)-exp(- j- @- u)du, (3.26)
sG(w){ERG(Hz_y).exp[_j.w.(fm_,,)]df.

Tornma

S (@)=W(- -0} W(j-a)- 5o (0)-

=W(j-0) - Se (@)= A*(@)- S5 (@),

rae A (a)) — aMIUITMTYIHO-4YaCTOTHAs XapaKTEPUCTUKA CUCTEMBL.

(3.27)

Koppemsimonnyo (yHKIHMIO CIy4allHOTO Mpollecca Ha BBIXOJE CH-
CTEMBI MOKHO HaiiTH o popmyiie (1.44) ¢ yaetom (3.27)

Rx(r)=i-ij:8><(w)-exp(j -a)-z')da)=

o (3.28)
=5 [W(j-@)°-Sg(@) exp(j-o-7)dw.

Jlucrepcrio ciy4yaiHOTo Ipoliecca X(t) MOXKHO OIIPEICIUTh II0
dbopmyie (3.28)

(R
Dy = Rx(0)=ﬂ' ij(a))da)=
~ (3.29)

- W) scloba=2- TWG -0 5o akio

Ilpumeuanue. Pacuem oucnepcuu 8b1x00H020 CAYHAUHO20 NPOYeccd 8
VCMAHOBUBUUEMCSL PedcUMe Yepe3 CHeKMPAIbHYI0 NIOMHOCHb CUCHeMbl
no gopmyne (3.29) snauumenvno npowje, 4em AHANOSUHHOE ONPEOeieHUe
9MOo20 dce napamempa uepe3 KOPpeusyuoHHYIO QYHKYUw cucmemvl HO
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Gopmyne (3.13). Kpome moeo, 6 amom ciyuae oucnepcusi (Kak u cnek-
MpanbHas NJI0MHOCMb) Modicem Oblmb NPeoCmasieHa KaKk (YHKYus napa-
Mempos cucmemvl (UMNYIbCHASL NEPEXOOHAs XapaKmepucmuKa, Kax npa-
BUJO0, SIBHO Yepe3 Napamempol CUCTNEMbl He BblPANCAENC).

Ecin W(J - a)) nSg (a)) ABJISIIOTCS. APOOHO-PALIMOHAIBHBIMU (DYHKIIU-

SAMH @, TO 3aJlaya omnpeneneHus aucnepcuu no gopmyse (3.29) ceoaurcs K
BBIYMCIICHUIO CTAaHAAPTHBIX HHTETPAIIOB BU]A

1 * Bn(j-a))

Jo=—"
" 2@ _{oAn(j-w)-An(—j-w

do, (3.30)

r7ie MOJMHOMBI A (j . a)) u B, (j - a)) paBHBI

A(i-@)=a,-(i-0)" +a,-(i-0)"" +..+a,,
(3.31)

Bn(i-@)=bg-(j-@)"" " +b-(j-@)"™" +..+b, ;.

[TonuHoM Bn(j a)) COJICP’KUT TOJIKO YETHBIE CTEIIEHHM MHHMOU 4Ya-
CTOTHI. [[711 yCTOMYMBOM CHCTEMBI TTOJIUHOM An(j a)) MMEET BCE KOPHHU,
pacrojIOKEHHBIC B JICBOW IMONYIUIOCKOCTH |+ @. WMHTerpan (3.30) mpwu

11000M N BBIYUCTSAETCA 110 (hopMyIie

_(_1)n+1 _Un
2.3, A,

J, , (3.32)

rae An — crapiuii onpeaenurtenb ['ypBuiia, cocTaBieHHbIH U3 Kod(pdu-

[IUEHTOB MOJIMHOMA An(j -a)), Un — omnpenenutens An, B KOTOPOM Tiep-

Basl CTPOKa 3aMEHEeHa K03 PpuIMeHTaMu mojimHoma B, (j - a))
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a; az ag .. .. b, by b,
a, a, a5 .. .. a, a, a,
a T - 1

Tabnuia 3Ha4eHUN CTaHAAPTHBIX WHTETPajioB Jn MpUBElICHA B MpHU-
JTOKeHuu A.

Ilpumep 3.7. Onpedenenue cmamucmuyeckux XapaKmepucmux Cay-
YalHO20 Npoyecca HA Bblxooe CUucmemvl C NepeoamoyHol QyHKyue

W(S)= (S + 1)/ (82 + s+ l), Ha 6X00 KOmMOpOU nocmynaem yeHmpuposaH-
HblU CAVYAUHBIL Npoyecc ¢ eOUHUYHOU oOucnepcuell U CHeKmpaibHOU

NJIOMHOCMbIO S (a)) = 1/(1 +o° )

CnekmpanbHas nIOMHOCMb CIYYAUHO20 NPOYecca HA 8bIX00e CUCHe-

Mmbl Haxooumcsi no ypasnenuto (3.27)
2
(j -w)2 +1 ‘ 1
(j -w)2 +(j -a))+ 1‘ 1+ w°

Sx(@)=W(j- @) - Sg (@)=

oGerer |1
(i-0)+(i-0)+1 [1+(-0)°
(j-0) +1 °

(i-0)+2-(j-0) +2-(j-0)+1

I (S5 S
(-2-0") +0-(2-0’)

ﬂucnepcuﬂ CﬂyqaﬁHOZO npoyecca Ha 8bIX00€e Cucmembvl 8 YycCmaHo6Ue6-

wemcst pexxcume Haxooumesi no ypastenuio (3.29)
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1t (j-@)? +1 \2
C2m Lol +2-(0) +2-(-0)+ 1
oo Y’
=2.17;'+I U-@) +1 do.

=[(j-0) +2-(j-0) +2-(j-0)+1

B oannom cayuae n=3. Kosghguyuenmor nonurnomos A3(j a)) u

Bg(j a)) pasHbl
a, =1, a;, =2, a,=2, az =1,
bo=1, b; =0, b, =1.
3unauenus onpederumeneti naxoosmes no gpopmyne (3.33)
a, az 0/ (2 1 0
4; =a, a, 0|=]1 2 0/=3,

0 a; az] 0 2 1
b, b, 0] |1 0 0

0 a; ag] 0 2 1

3unauenue 0ucnepcuu 6 YCmMaHoBUBWEMCA peircume HAXO0O0UMcs. No

popmyne (3.32)

2
D = . = . — =
X 3

1
2-a, 4y 2-1 3

Nuterpan (3.29) MoxeT ObITh ONpPEACIICH YHUCICHHO MO MPUOIMKEH-
HOU hopMyTie
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[Sx(@)Xa, (3.34)
0

S

1

DX ~—-
T

IJle 4acTOTa @ BBIOMpAETCs TaK, YTOOBI B AMANIA30HE [O ,&5] COCpenoTauu-

BaJIaCh OCHOBHAs 4yacTh MoIHOCTH curHana (10 90%). Cxema 4nCIE€HHOTO
oTpeJieNICHUs TUCIIEPCUH TTOKa3aHa Ha pUCYHKe 3.4.

Sx(@)

0 @ 1)

Pucynok 3.4 — YucneHHoe onpeaeaeHue JUCepcuun

Eciiu Ha cHCTeMy TMOJIaeTCa HECKOIBKO CTydaifHbx mporeccos G, (t)

C B3aUMHBIMHU CIICKTPAJIbHBIMHU IIJNIOTHOCTAMU SGiGj (J . w), TO CIICKTpPAJIb-

Hasl IUIOTHOCTH BBIXOJIHOTO MPOIECCa MOKET OBITh OMNpEe/esieHa MO MPHH-
LUITY CYNEPIIO3ULIAU

Sx(@)=2 % W, (- j-0)-Ws, (i-0)- Seg,(i-0). 639

i=1j=1

Ecnu BXOoJHBIE clTy4aliHbIE MPOLIECCHI CTATUCTHYECKH HE3ABUCHUMBI, TO
BbIpaxkeHue (3.34) npumMer BuJ

Sy (w)=§1 W, (j-@)° - Sg, (@). (3.36)
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Ilpumep 3.8. Onpedenenue cnekmpanbHOU NIOMHOCMU CAYHYAUHO2O
npoyecca X(t) Ha 6bIX00€e CMAYUOHAPHOU JIUHEUHOU CUCTNEeMbl, Ha 6X00
KOMOpOU nooaiomcest 06a YeHMPUPOBAKHBIX CILYHAUHbIX Npoyecca G(t) u

F(t) (cm. pucynox 3.5) co cnexmpanvhoimu niomuocmamu Sg (@) u
SF(a)). Peaxyuro cucmemvl no xascoomy 6xody ompeoesnsirom nepeoa-

mounvie ¢yuxyuu W (s) u We (S)

G(t)
o). 5o(0) [ X0
() ), 55(0)

), 5 (@) | e ®)

Pucynok 3.5 — Cucrema, HaxoisIascs IIOJ BIUSHUEM JBYX
CJIy4YalHBIX BO3/ICMCTBUMN

Ce53b CneKmpanbHblX NIOMHOCIEU CYYAUHBIX NPOYEeCCO8 HA 8X00e U
8bIX00€ cucmemvl Npu 08yX 6XOOHBIX B030€UCMBUSIX ONPeOeisiemcs COOM-
HOWweHUuem

Sx(@)=Ws(j-®)° - Sg(@)+We (= j- @)W (j- @) Sge (j - )+
+Ws(j- @) We (= j- @) Ses(j- @)+ We (j- @) - Sk (@).
ECJZM 6XO0Hbl€ I’lpOl/;eCCbl cmamucmudecKu Hezasucumst, mo

Sx (@)=Ws (- @)" - Se (@)+ We (i~ @) - ¢ (@),
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3.4 AHAJIU3 TOYHOCTHU CHCTEM MPH CAYYAWHBIX BO31eHCTBUAX

ITycTth nmeeTcs JIMHEWHAs 3aMKHYTas CUCTEMA, Ha BXOJIbl KOTOPOH
MOJIAETCS TOJIE3HBIN CUTHAI G(t) Y IIoMexa F(t), MIPUIIOKEHHAS B IIPOU3-

BOJIBHOM TOYKE (CM. pUCYHOK 3.6).

me(t)
F(t) & F()
o) 60) | oo (0 — <0

Cucmema >
G(t)

Pucynok 3.6 — Cucrema, Haxoadmascs 1moJi BIASIHUEM JIBYX CIyYau-
HBIX BO3JICHCTBUM

B oOmem ciydae BO3ACHCTBUS HA CHUCTEMY HPEICTABISAIOT COOOM
IIPOM3BOJIFHO M3MEHSIOIINECS BO BPEMEHHU PETYJISIPHBIC CUTHAIBI, HA KO-
TOpBIC HAJIOKEHBI IICHTPUPOBAHHBIC CITYYaHBIC TPOIIECCHI

G(t) = mg 1)+ G(1),
F()=me (0)+F (),

rae mG(t), 1= (t) — DKBHUBAJICHTHBIC PETYJISIPHBIE COCTABIISIIONIUE T10-

(3.37)

JIE3HOTO0 CHUTHAJIa ¥ TIOMEXH, BKIIOUAIOIIUE B CEOSl KAK COOMBEmcmeyio-
WU pecylapHblil CUSHAT, MAK U MAmMeMamuyeckKoe 0dcCuoaHue coomeem-
cmeyouje2o cay4auno2o npoyecca.

Jr00y10 UCKOMYIO0 KOOPJMHATY CUCTEMBI MOKHO MPEACTABUTH B BHUJIC
JIIBYX COCTAaBJISIOIIMX: JKBUBAJICHTHOW PETYISAPHON U LEHTPUPOBAHHOU
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cinydaitHoil. Torga ommOKa CHUCTEMBI, XapaKTepuU3ylolas ee JuHaMude-
CKYIO TOYHOCTh, MOXKET OBITh OIIPE/ICNICHa, KaK

E(t)=G(t)= X(t)= me (t)+ E(). (3.38)

Ha ocHoBaHMM mNpUHIMINA CYMNEPHO3UIMNA COCTABISIONINE OIIMOKHU
CKJIQABIBAKOTCS] U3 COCTABJISIFOIIMX OT JCHMCTBUS MOJIE3HOTO CHTHANA U I0-
MEXH, KOTOPBIE MOKHO HaXOJAWUTh HE3aBUCUMO APYT OT JIpyra.

PerynsipHyto cOCTaBISIONLYIO OLIMOKKA M g (t) MOKHO PacCcMaTpuBaTh

KaK PEeaKIlHio CHCTEMBI Ha PETy/IAPHbIC BHEIIHUE BO3ICHCTRHS
me(t)=mE(t)+mg (t). (3.39)
B u306paenmsx 1o Jlamacy
Me(s)=MEg (s)+ Mg (s)=
=We () Mg (s)+Wee(s)- Mg (s),

rae Wge (S) u W (S) — mepeaaTouHbie (QYHKIIUU 3aMKHYTOW CHCTEMBI

(3.40)

10 KaHaJIaM «ITOJIE3HBIM CUTHAJI — OIIHOKa» M «IIOMeXa — OIIHOKa.

Ipumeuanue. CmpykmypHas cxema muno8ou 3aMKHYMOU CUCMEMbL

F(t)

%G(t) 20y W W ey BRAGA

Ecnu Wl(p)z 1, mo moocno cuumams, umo nomexa nooaemcs Ha

umeem 8uo

6x00 pasomnymoti cucmemsi, a ecnu W, (p)= 1 na ee 661x00.

llepedamounvle hyHKyuu no KAHALIAM «NOAE3HBIU CUSHATL — OUUOKAY
U «nomexa — owmubKay Haxoo0samcs no popmyniam
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1
Wee(p)= 1+W,(p)-W,(p)’ (3.41)
Wee (p)= - WeelP) .

1+W, (p)-W,(p)’

[Ipu MeaJIeHHO U3MEHSIOMINXCSI BXOJHBIX BO3JICUCTBUAX PETYISPHYIO
COCTABJISIFOIIYIO OIIMOKA OOBIYHO OMPEACISIOT MemoooM Kodghguyuen-
moe ouuooK.

BCJ’II/I‘II/IHy COCTAaBJISIONICH Mg (t) MOKHO HaWTH IO COOTHOILICHHIO,

aHamoruaHomy (3.23)

mg (t)= Z GE() mI(t)= +Z°° c,-m¥),
v =0 (3.42)
ce=|=

1 |' a |WGE(S) y i=1,2,...

s=0

rae C° — ko9 QUIHEHTHI OIMOOK CHCTEMBI [0 KAHAY «IIOJIE3HBIHA CHT-

Hal — omuOkay. Onpenenutb UX MOXKHO O€3 BBIIOJHEHUS Omeparui
i pepernunpoBanust W ;e (S) 1o ¢popmysiam

C(g; =WGE (SX s=0"'

3.43
CS= 1 [WGE(S) zc } L i=12,... G4
S 1=0 s=0

CootHomuienusi, aHamorudasie (3.42) u (3.43), MOTyT OBITh TOJTYUYEHBI
U IS KaHajla «IIoMeXa OLIMOKay.

Eciam perynsipHble BHEIIHHME BO3ACHCTBHUS TMOCTOSHHBI WM OTCYT-
CTBYIOT, a CIIy4alHbIE BO3JICHCTBUS MPEACTABISAIOT COOON CTallMOHAPHBIE
CIyyallHbI€ TPOILIECChl, TO OIIMOKAa OyAeT CTalMOHApHBIM CIIy4alHbIM
IIPOLIECCOM, MAaTEMAaTUYECKOE OXKUAAHUE KOTOPOro OIpPEIEISIETCS Yepe3
YPaBHEHUE CTATUKU CUCTEMBI
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Mg =Wge (0)- mg +Wez(0)- mg. (3.43)

[{eHTpHUpOBaHHYIO CIYYailHYI0 COCTAaBJISIONIYIO OLIMOKH E(t) MOKHO

paccMaTrpuBaTh KaK PEAKLUMIO CHUCTEMbl Ha LIEHTPUPOBAHHBIE CIy4alHbIC
COCTABJISIIOLINAE TOJE3HOIO CUTHAJIA M TIOMEXU U ONPEACHATH €€ 4Yepe3
KOppeJsInMOHHble (pyHKIMU Rg (z') u Rg (z'), WJIA 4epe3 CIEKTPAJIbHBIE

mnotHoctd S (@) m Sp (@) (ecim BXxOmHBIE BO3MEHCTBHA KOppEMHpPO-

BaHHBI, TO JOJDKHBI 3a7aBaThCsl UX B3aMMHAas KOpPPEJSIITUOHHAS (yHKIIUS
WIN WX B3aUMHAasl CIIEKTpajbHas TUIOTHOCTH). [Io 3TUM JaHHBIM HAXOIAT
KOPPEJSIITUOHHYI0 (DYHKIMIO WJIM CIEKTPAIbHYIO IUIOTHOCTH OIIMOKH, a
3aT€M — JUCIIEPCHUIO OITHOKH.

B mpakTuyecknx pacueTax daiie BCEro HUCMOJB3YIOT CIEKTPAIbHYIO
MJIOTHOCTh, PACCUYMUTHIBAEMYIO IO popMyJie

SE(w)=’VVGE(j ‘“’)‘2 - Sg (@) +
+Wee (- j- @) Wee(j- @) See (i - @)+
+Wee (j- @) Wee (- j- @) Sea (i - @)+

Wee(] ‘“’XZ - Se ().

YToObl HAWTH OUCHEPCHUIO OUIMOKHU TMpPHU CIy4YalHBIX BO3JIECUCTBUSAX,

(3.44)

HCO6XOJII/IMO BbIYHCJINTD UHTCTPAJI

D¢ =$-T}SE(w)ﬂw. (3.45)

Jlucnepcusi OIMOKK COCTOUT M3 OT/ACIBHBIX COCTABJISIOIINX, OIpeie-
JsIeMBIX ciaraembimMu (3.44),

D =Dg + DE" + DE® + DE. (3.46)

Bce COCTABJAOIUEC TUCIICPCHUN MOTYT BBIYHUCIIATBHCA OTACIIBHO. 3aTem
OHHU OOJIDKHBI CYMMHUPOBATLCA.
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Ilpumep 3.9. Onpedenenue oucnepcuu 6bIXOOHO20 CAYHAUHO2O HPO-
yecca. Ha 6xo0 3amxnymotl credsweti cucmemvl nocmynaem noJjie3Hbviil

CLYYaUHbIL Npoyecc €O CNeKMpAanbHOU NIOMHOCMbI0 Sg (a)) Ha 6xo00

pCZS’OMKHymOZZ cucmemsl nocmynaem C]ly’{aﬁHaﬂ nomexa co Ci’leKmpaJZbHOZZ

NJIOMHOCMBIO S,:(a)). Koppenayus mesncoy éxoonvimu npoyeccamu om-

cymcemeyem. BuewiHue 6030elicmeusi He cooepacam pe2yisipHbIX coOCmas-
nsarowux. CmpyKmypHas cxema cucmembsl umeem 6uo

F(t)

G(t) @ E(t) @ e x(t)

2‘ DG ‘TG
1+TGZ-co2’

W(s)= s+ (T l-<s+ 1)’ 56 (@)=

Se(w)=N.

llepeoamounvle hyHKYUU 3AMKHYMOU CUCMEMbl NO OUUOKE

1 T-s?+s
W = =
e (9) 1+W(s) T.52+s+K'
W (s K
Wee(s)= ) _

1+W(s) T-s2+s+K

Ci’leKmpaJleaﬂ NAOMHOCMb OUUOKU pasHa

@ T (J w)2+(J w) ‘2. l-w)+
R (e (P R B
+ A ‘2- (4]
T Gof ok )

COCI’I’ldGJZ}UOZMCZ}Z ducnepcuu OWU6KU, 06yC]l08JZ€HHCl}l NOJIE3HbIM ClUc-

HAJIOM, HAXO0OUMCSL U3 6bIPAINCEHUA
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1 -+oo T(Ja))2+(ja)) 2-2.DG.
2.7 T-(j-o)+(j-0)+K| 1+T¢ 0°

1 e T(a) (o) [ 20T
2.1 _wT(Jw)2+(Ja))+K ‘1+TG(JG))(2
1 .+oo TZ(Ja))A'—(Ja))Z
2% ot T (j0) + (T +T5)-(j- @) +
+(1+K-Tg)-(j-@)+ K

=2'DG 'TG 'J3.
B oannom cayuae n=3. Kosghguyuenmor nonunomos A3(j a)) u
B,(j- @) pasusi
ao =T‘TG, a1=T+TG, 8.2=1+K-TG, a3=K,
Toeoa

1 T+K-T-Tg +Tg

J, =
T2 T TH+K-TE+T,

Cocmasnarowas oucnepcuu ouubOKY, 0OYCI081eHHAS NOJIe3HbIM CJl)-
YAUHBIM NPOYECCOM, PABHA

D¢ =2.D~. . T~-J.=D. -
= T T KT 4T,

COCma&/'lﬂiOlMa}l ducnepcuu 0WM6KU, O6yCﬂ08Jl€HHCl}l I”lOM@XOlZ, HAXO-
oumcsi u3 6bIPAINCECHUA
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I K ‘2

Df =——-

"2 _{OT-(j-w)2+(j-w)+K‘
_K?.N 2 1

J

=[T-(-0) +(j-0)+ K[

- Ndw =

do=K?-N-J,.
2.7

B oannom cayuae n = 2. Koaghguyuenmor nonunomos Az(j a)) u
B,(j- @) pasnvi
aO =T, al =l, a2 - K, bo =O, bl =1

Tozoa

J2=

1
2-K
Cocmasnarowas oucnepcuu ouubKy, 00yCI061eHHAS NOMEXOU, PABHA

DE:KZ.N.\]2=%

Pe3yrvmupyrowee 3nauenue oucnepcuu.

D. =D
T Tk TE4T, 2

3.5 ®opmupywomue GUIbLTPLI

DopMHUPYOIIUM (PUIABTPOM HA3BIBAIOT IUHAMHUYECKYIO CHCTEMY,
KOTOpAas TIPA BXOAHOM CHUTHAIIE G(t) B BHUJIE 0O€JIO0ro 1ryMa UMEET Ha BbI-

X0Jie cilydaiiHblii mponece X (t) C 3aJJaHHBIMU CTATUCTUYECKUMU XapaKTe-
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pUCTHKAMHU (MAaTEeMaTHYECKUM OXXHUJIAaHUEM, KOPPEISUMOHHON (DyHKIuMen
WM CIIEKTPAJIbHOM MJIOTHOCTHIO).

Hcnonp3oBanue GopMupyromiero GuibTpa mo3BoOJIseT MIEPEUTH OT CH-
CTEMbI C TPOU3BOJBHBIM BXOJHBIM BO3JECHCTBUEM K IKBUBANEHMHOU CU-
cmeme, Ha BXOJ KOTOpPOH JEUCTByeT Oelblil myM. DTO JOCTUTAETCs TMO-
CJIEIOBATENIbHBIM COeMHEHUEM (popMupyroiiero GuabTpa U UccieryeMoi
CUCTEMBI (CM. pUCYHOK 3.7).

G (t) Qopmupyrowud X (t) Uccnedyemas Y (t)
unbmp cucmewma

>

Pucynok 3.7 — Cxema 3KBUBaJICHTHOW CHCTEMBI

Ecnu ciryyainbie mporeccsl G(t) u X(t) ABJIAIOTCS CTAllHOHAPHBIMU,

TO YaCTOTHYK XapaKTEPUCTUKY JHUHEWHOro (QopMupyroiero QuibTpa
b'd (j a)) MO’KHO HAaWTH U3 COOTHOIIICHUS

Sy (@)=17(j- ) - Sg (@). (3.47)

Ecmn Sg (a))= N, To

#(j-w) = Zz 8= le\fw)= SX&%W)- SX(JNM’). (3.48)

B kayecTBe MCKOMOI YaCTOTHOW XapaKTepUCTUKHU (uibTpa Oepetcs
TOT U3 COMHOXHUTeNEN (3.48), KOTOPBIM UMEET HYJIM U MOJIOCHI B JIEBOU
HOJIYTIOCKOCTH | * @

(j-o)= %Nw) (3.49)
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Ecmm Sy (a)) — JIpoOHO-parmoHanbHas GyHKIMS, TO YaCTOTHYIO Xa-

PaKTEpUCTUKY JUHEWHOro ¢opMupyromero Guiastpa no gopmyie (3.49)
OTIPEICTUTh MOXKHO BCET/a.

Ilpumep 3.10. Onpedenenue wacmommoui xapakxmepucmuku popmu-
pyioweeo gurbmpa OJisi NOJYYeHUs: CMAYUOHAPHO20 CIYYAiHO20 Npoyecca

CO CNeKmpanbHOU NIOMHOCMbIO Sy (a)) =2-Dy - Ty /(1+T>% -602) us

6en020 wyma co cnexmpansroii niomnocmoio Sg (@)= N .

I1o ¢hopmyne (3.48) naiioem

\/Z‘DX ‘TX \/Z‘DX ‘TX
_ 2-D, -T 1 N N

w(i.-o)° = XX, x : _
7(j- o) 1+T - w®> N 14Ty -(jr0) 1-Ty -(j- @)

Omcrooa

2.D, T 1 K
(i )= X" 'x . _ ’
(i-0) \/ N 14Ty (jro) 1+47-(j-o)

20e K = \/2- Dy - Ty /N, T =Ty. Ilepeoamounas ¢pynrxyus purempa 6

uzoobpasxcernusx no Jlannacy

K
1+T-s

W(s)=

OT0enuBawmuM (pUJIBTPOM Ha3bIBAIOT CUCTEMY, KOTOpasi mpeoodpa-
3yeT CIy4YalHBIM MPOIIECC G(t) CO CIEKTPAIBHOU IUIOTHOCTBIO Sg (a)) B
Gensrit mrym. J{mst cTammonapHsix mpoueccos G(t) u X(t) €ro 4acTOTHas

XapaKTEPUCTHUKA pPaBHA
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_UN
¥(j-w) Se(i-o)

o(j-0)= (3.49)

BOITPOCHI 1151 CAMOKOHTPOJIA

1. Kak BbinonHsieTcss npeoOpa3oBaHUE BXOJHBIX CIy4YalHbBIX CUTHa-
JIOB JJUHEWUHOM cuctemMon? UTo onpenenser oneparop CUCTEMBI?

2. Kakas CBs3b CyIIECTBYET MEXIY CTATUCTUYECKMMH XapaKTepH-
CTUKaMH CIIyYalHBIX MPOLECCOB HA BXOJAE M BBIXOJAE JUHEWUHON CHUCTEMBI
BO BpeMeHHOU oOnacTu? Kak onpenennuts UX aHaTuTUYECKH ?

3. KakoBpl yciioBHS CTAlHOHAPHOCTH CIIyYalHOTO MPOLIECCA HA BbI-
XOJI€ JIMHEWHON CUCTEMBI?

4. Kakas CBs3b CyIIECTBYET MEXIY CTAaTUCTUYECKUMH XapaKTEpH-
CTUKaMH CIIyYalHbIX MPOLIECCOB HA BXOJI€ W BBIXOJIC JINHEMHOW CUCTEMBI B
yacTOTHOU oOnacTu? Kak onpenennuTs UX aHaJTuTUYECKU?

5. Kakoit o0uiuii moaxoa K aHaIu3y TOYHOCTH CHUCTEM MPH CITydai-
HBIX BO3JICUCTBUSAX?

6. Kaxk Haxoaurcs peryssipHasi COCTaBJISAIONIAs OIIUOKH CUCTEMBI?

7. Kak HaxoauTCs ciydaiiHasi COCTaBIISIOIIAs OIIMOKHA CUCTEMBI?

8. Urto HazwiBaeTcs GopmupyronmM Guiastpom? KakoBo ero Ha3Ha-
yeHue?

9. Uro na3biBaeTcs orOenuBatomuM puiibTpoM? KakoBo ero HaszHa-
yeHue?

SAJAYA JJIAA CAMOCTOATEJBHOI'O PEHIEHUA

3.1. Ha BXo4 yCHMIMTEIBHOTO 3BEHA MOCTYMAET CIy4YalHBIM Mpolecc

X(t) C MaTeMaTH4eCKuM oxumanneM My (t) u xoppensumonnoit dyHk-
nuen Ry (t 1.t ) TpeOyercst HAWTH MaTEMAaTHYECKOE OKUIAHUE U KOppe-

JSUAOHHYI0 (YHKIIMIO BBIXOAHOTO CIYy4YailHOTO Tpoliiecca Y(t), €CIIN KO-

s duruent ycunenuss K = 8.
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3.2. OnpenenuTs KOppEIIUUOHHYI0 QyHKIHIO Ry (tl ,t2) CIIy4arlHO-
ro mpoiiecca Y(t) Ha BbIXOJi€ AU (EPEHIMPYIOIIETO 3BEHA, €CIIU Koppe-

JSMOHHAS (GYHKITHS BXOJHOTO CIIydallHOTO Tporiecca X (t) paBHA

2
Ry (t1.t2)= exp[— a-(t, -t,) ] :
3.3. Pemuts mpenpiaynryro 3agaqy npu yCiI0BUU

cos[w - (t, —t, )]
t, +1, '

Rx (tl 1t2)= Dy -

3.4. Cny4aliHbIi IIpOLIECC X(t) UMEET MAaTEMAaTHYECKOE OXUIAHHUE
m (t) U KOPPEISLUOHHYI0 (PYHKIMIO Ry (’[1 ,tz). Hantn maremarnue-

CKOE OKHMTAaHUE M KOPPEIAIHUOHHYIO (YHKITHIO mporiecca Y (t), eCJlI
t
Y (t)=[ X(4)-exp(- 4)dA.
0

3.5. Ha Bxon aud@epeHIupyomero 38eHa MOoCTylaeT Cay4dalHbIi
nporecc X(t) C MaTEMATUYCCKUM OXUIAHHEM M y (t) = A. sin(t) 1 KOp-

peNSUMOHHON (QyHKIIMEH

Ry (t;,t,)= 2-exp[— WJ .

Haiitu marematuueckoe oxkuaaHue u aucnepcuto Dy BbrIXogHOTO

ciry4aiiHoro mpomecca Y (t)

3.6. HaiitTu matemaTudeckoe OXKUIaHHUC U OUCIICPCHUTIO cnyqaﬁHoro

npouecca Y (t) Ha BBIXOJE AllEpUOJIUYECKOTO 3BE€HA

T-%Y(t)+Y(t)= K- X(t),
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€CJIM Ha €r0 BXOJI C MOMEHTA BPEMEHHU to MOCTYIIAET BO3MYILEHHUE, TTPEI-
CTaBJIsItOIee COOOM CTAallMOHAPHBIN CIy4alHBIA TMPOIeCC ¢ MaTeMaThde-
CKUM OXKMJIaHHEM My = CONSt 1 KOPPENSILIMOHHON (QyHKUIUEH

Ry (r)=Dy - exp(— a- \r\)

3.7. Halitn nucnepcuro Ciryd4aiHOro mporecca Y(t) Ha BBIXOJE alle-

pI/IO)II/I‘ICCKOFO 3BCHA
d
T-—Y(t)+Y(t)= X(t),
dt
€CJIM Ha e€ro BXOJl C MOMEHTa BpeMeHH o IMOCTyImaeT Oeblii IIIyM CO CITCK-

. 2
TPaJIbHOU INIOTHOCTBIO S y (a)) =C".

3.8. Ha Bx0o1 HecTaumOHapHOIrO 3B€HA C UMITYJIbCHOM MEPEXOJHON Xa-
PAKTEPUCTUKOU

k(t,7) = % : exp(— t_T_—TJ

IIOCTYITAE€T HECTAMOHAPHBIA CIyYalHBIN IPOLIECC X(t) C MaremaTuye-

CKUM OXUJAHUEM
my (t)=a, +a, -t
U KOPPEJISIITUOHHON (PyHKIIHEH

Ry (t,7)= Dy -exp[2'(t +r)—\t —1'\] :

OHpC}IGJ’II/ITB MATCMATUYICCKOC OXWIAAHHUC WU HUCIICPCHUIO BBIXOIHOI'O

ciy4aiiHoro mpouecca Y (t)

3.9. Ha oguH # TOT € BXOJ CIEASIIEH CUCTEMBI IMOCTYIAET IOJIE3-
HBI CIIy4aWlHBIN IPOLIECC G(t) U Clly4yailHas moMexa F(t). Cranuonap-
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HBIA  CIy4YalHBIA IIPOILECC G(t) UMEET MaTEMaTUYECKOE OKHMIaHHE

Mg = CONSt ¥ KOPPETIUMOHHYIO (PYHKIIUIO

R (z)=2-exp(~4-|z|).

[Tomexa F(t) SABJISICTCS CTALMOHAPHBIM CIIyYalHBIM MPOLIECCOM C HY-

JICBBIM MATCMATHUYCCKUM OXUAAHUCM U KOppGJ‘IHL[PIOHHOfI (I)YHKHHGIZ
Re (z') =3. exp(— 3. \r\)

Crny4aitHpie MPOIECCHI G(t) U F(t) B3aUMHO HE KOPPEIUPOBAHBI.

VMimyabcHas epexoqHast XapaKTEpUCTUKA CUCTEMBI
k(t)=4-exp(-2-1).

TpeOyerca ompenenuTb MAaTEMaTUYECKOE OXHUIAHUE WM JUCIEPCHUIO
ciyvaitHoro mporecca X (t) Ha BBIXOJE CUCTEMBI.

3.10. PemmmTh npeapiaymyro 3aaavdy, UCIOIb3YyS CIEKTPAIbHBIC THIOT-
HOCTH CITy4alHBIX TTPOIIECCOB U MEPEAATOUHYIO (DYHKIIMIO CUCTEMBI.

3.11. JIuneriHas cucrema ONMCHIBAETCA YPABHEHNEM BHJIA
d d
dt dt
CiydaliHBIN IIpoLIECC X(t) Ha BXOJI€ CHCTEMBI UMEET KOPPEIALMOH-
HYI0 (DYHKIIHIO
Ry (r)= Dy -exp(- a-[z]).
Haiitu aucniepcuto ciydaiinoro mpouecca Y (t) Ha BBIXOJI€ CUCTEMBL.

3.12. Ha BXOZ 3aMKHYTOW CHUCTEMBI ITOCTYIAET OEIBIN IIyM X(t) co
CIIEKTPAJIbHOM IIOTHOCTBIO Sy (a))= N . Ilepenarounas ¢yHKUUs pas3o-

MKHYTOﬁ CUCTEMbI UMECT BU
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K

W(s)= s-(T-s+1)

ITokasare, 4TO AMCIIEPCUs CUTHAjA Y(t) Ha BBIXOJIC CUCTEMBI HE 3a-

BHUCHUT OT MOCTOSIHHOM BpeMeHH .
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4 CAHTE3 CUCTEM IIPU CJIYYAHUHBIX BO3JIEUCTBUSX

4.1 O0mas MOCTAaHOBKA 32/1a4M CMHTE3a CHCTEM IPH CIYYaillHbIX
BO3CHCTBHUAX

IIycte mMmeercs cuctema, Ha BXOJbl KOTOPOM MOCTYHAKOT IOJIE3HBIN
CHUTHAJ G(t) U IoMexa F(t) (cM. pucyHOK 4.1).

JF©

PearnbHas X (t)
G(t) ’ cucmema E(t)
—— e
NdeanbHas
cucmema Z(t)

Pucynok 4.1 — Cxema npeoOpa3zoBaHus MOJIE3HOTO CUTHAIA

Cucrema JOJI’KHa KaK MOXHO 0oJiee TOYHO BOCIIPOU3BOJAHUTb HCKOTO-

Py QYHKIUIO OT G(t), KOTOpast 3aJ1a€TCs ONEepaTopoM (D(t){ }, T. €.

Z(t)=2W{G ()} (4.1)

B 3aBrcuMocTH OT Buaa oneparopa cD(t){ } CHUCTEMA MOXET peIlaTh
CIEIYIONINE 3aJa4UH:
e BOCHpPOM3BeJEeHHE, CCIIU (D(t) =Cc(t)- ecsim clt)=1, cu-
p

cTeMa CTaHOBUTCS cledsuieli);

o nuddepeHunHpoOBaAHHE, ECITU (D(t){ }= %{ };

t
® HMHTerpUpPOBaHMeE, €CIIU (D(t){ }=[{ Jd4;

to
® VIpEeKACHHE UIH IKCMPANnoaayus, €Cliu ¢(t){ }= 1(t”){ } (tme 7

— BpeMsl YIPEKICHUA).
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B o0mem citydae npeoOpasyroniyii orepaTop (D(t){ } MOKET OBITh
IIPOU3BOJIbHBIM.

Hoeanvrnoe npeobpazosaHue noniesHoco CUSHALA 8 COOMEEMCMBUU C
popmynoti (4.1) He803MOINCHO U3-3G HEBOZMOICHOCTNIU MOYHOU PEATU3AYUU
NOJIe3HO20 CUSHANA G(t) U 6IUAHUA NOMEXU F(t). BeIxoaHo# curHan cu-
CTEMBbI X(t) OyJleT OTIMYaThCsl OT TpeOyeMOoro curHaia Z(t) Ha BEJINYU-

HY OLIMOKH
E(t)= z(t)- X(t), (4.2)

MO3TOMY MOXET CTaBUTHCS 3aj[a4a MOJABJICHUSI TOMEX, KOTOPYIO Ha3bIBa-
10T 3a/1aueii PpuabTpaumu (Cria>KuBaHUs ).

Ecnu BXOIHBIE CUTHAJIBL G(t) u F(t) IPEACTaBIAIT COOOH Cilydaii-
HBIE MPOLIECCHI, TO OIIMOKA CUCTEMBI E(t) TaKxke OyJIeT SBIATHCS CIIydaii-
HBIM mporieccoM. [Ipu TakuX yCIOBUSIX CUHTE3 CUCTEMbI 3aKIII0YAETCS B €€
CTATUCTHYECKOI ONTUMU3AIUM, TIOC]IE KOTOPOH Oyner obecrieunBaThCs
HaWIyy4lllee 3HAYeHHE HEKOTOPOro Kpumepus onmumanbHocmu. OCHOB-
HbI€ TPEOOBAHUS K HEMY:

® BO3MOXXHOCTh KOJIMYECTBEHHON OIIEHKM KayeCTBa CHCTEMBbl U €€
YCHEIIHOCTH B JOCTUKEHUHU MTOCTABICHHOMN 1ENH;

® BO3MOXXHOCTh MaTeMaTHYE€CKOro (aHAJIUTHYECKOr0) pEelIeHUs 3a-
a4y ONTUMU3ALIIH.

HaubGosnee ynotpeOUTENbHBIM U IPOCTHIM KPUTEPUEM ONTUMATBHOCTH
CUCTEMBI ABJISIETCSI MUHUMYM CPEHET0 KBaJpaTa €€ OlInOKU

&2 = M[E2()] = M[z()- XxOF]=m2(®)+ De 5 min.  @3)
OueBUIHO, YTO KPUTEPUU min(;) YUUTBIBAET U PErYJISIPHYIO CO-
CTaBJISIFOLIYIO OIIUOKH M é (t), U ee ciydaiiHyto cocTasistomryto D .

HpI/I CTaTUCTUYECCKOU OIITUMH3AIIMKM MOI'YT pelIaTbCA CJICAYIOUINC

YaCTHBIC 3a4a4U.
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OmnpenesieHne ONTHUMAJIBHBIX MApPaMeTPoOB cucTeMbl. B aToM ciy-
yae CTPYKTypa CHUCTEMbl M CTAaTUCTHUYECKUE XapPAKTEPUCTUKU BXOJHBIX
BO3JCHUCTBUN CUHUTANOTCS M3BECTHBIMU. CUHTE3 CHCTEMBI 3aKIIFOYAETCS B
ONpECICHUN TAKUX €€ MapaMeTPOB, MPU KOTOPHIX BbIpaxkeHUe (4.3) nme-
€T MUHUMYM.

Ilpumeuanue. Ha npaxmuke Haubollee 4acmo peuiaemcss UMeHHO
maxas 3a0a4a, maxk KaKk Cmpykmypa cucmemvl 00bl4HO Onpedeisiemcs ee
DYHKYUOHATILHBIM HABHAYEHUEM, 8 MO 8peMs KAK napamempuvl CUCHeMbl
00NYCcKarom nooCmMpouKy.

CuHTe3 ONTUMAJILHOM CHCTEMBbI ¢ NMPOU3BOJBLHOM CTPYKTYpoOii. B
3TOM Cilyyae uMeeTcs HH(OpMalus TOJbKO O MPUHAJICKHOCTH CUCTEMBbI
K HEKOTOPOMY KJIACCYy, W M3BECTHBl CTATUCTUYECKHUE XaPAKTEPUCTUKHU
BXOJHBIX BO3/IeUCTBUIM. CHHTE3 CHCTEMBI 3aKJIIOYAETCA B OINPEICICHUU
TaKoW ee TMepeaTOuHON (PyHKIIUH W(S), npu KOTOpou BbipaxeHue (4.3)
uMeeT MUHUMYM. [Ipu 5TOM MOKHO YUHUTHIBATHCS YCIOBUE (uU3UUECKOU

peaiuzyemocniu cucniemasl.

Ilpumeuanue. B smom ciyuae cmano8uUmMcs 603MONCHLIM Meopemil-
yecKu ompeoenums npeoesl COBEPUICHCMBOBAHUSL CUCEM B8blOPAHHO2O
K1acca u UCHOIb308amb NOJVYEHHYIO UHGOpMayuio 01 KOPPEKmHO20
Gopmynuposanus mpeoo8aHull K HUM HA Imane npoeKmupo8aHusl.

CuHTe3 ONTUMAIBHONU CHUCTEMbI ¢ HENPOU3BOJIbLHOU CTPYKTYPOIi.
B sTOM ciydae CTpyKTypa OJHOM 4acTW CUCTEMBI (Hampumep, oObeKTa
yIpaBlICHUs) 3aJlaHa, a Apyras €€ 4acTb (Hampumep, YCTPOMCTBO yIpaB-
JICHUS) MOKET MPOU3BOJIBHO BBIOMPATHCA U3 HEKOTOPOIO Kiacca IMOJCHU-
creM. CTaTUCTHUYECKUE XAPAKTEPUCTUKU BXOIHBIX BO3JCHUCTBUN HM3BECT-
Hbl. CHHTE3 CHCTEMBI 3aKJIFOYACTCS B OMPECIICHUN TaKOM MepeaaTOuYHOU
(GYHKIUA U3MEHSIEMOM YacTH CHUCTEMBI W(S), MPA KOTOPON BBIPAKEHUE

(4.3) uMeeT MUHUMYM.
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Ilpumeuanue. Taxas nocmanogka 3a0aqu A61emcsi pealbHOU, Mak
KaK Ha NpaKkmuke 8bl00p CmpyKmypbl CUCmeEMbl 6ce20a 02paHudet. B psoe
cyuaes CmMano8UMCs B03MONCHBIM, UCHONb3YS peuleHue npeovloyujell 3a-
oauu, 8b10eIUMb U3 CUCMEMbL ONMUMATLHYIO NOOCUCTNEM).

B 3aBUCHMOCTH OT COOTHOIIEHUSI CIEKTPATIBLHOMN IJIOTHOCTH IMOJIE3HO-
ro CUTHaja ¥ MIOMEXH 3ajJjaya CHHTE3a MOXKET pelIaThCs MO-Pa3HOMY.

Ecnu crieKTphbl 4acTOT MOJIE3HOIO CUTHAla Sg (a)) U IIOMEXU S (a))
HE HaAKJIaJIBIBAIOTCS JIPYT Ha JpyTra (CM. pucyHOK 4.2 (a)), TO aMILUIUTYTHO-
yacToTHas xapaktepuctuka (AUX) 3aMKHYTOW CHCTEMBI A(a)) JOJIKHA
pacronaratrbcsi B 00J1aCTH CIEKTpa MOJIE3HOI0 CUTHAJa.

Ecau criekTp 4acToT moJie3HOro cUrHajga ObICTpO yOBIBaeT ¢ Bo3pac-
TaHHEM YaCTOTHI, @ CIIEKTP MOMeX OJM30K K OeloMy myMy (CM. pUCYHOK
4.2 (6)), TO aMIUIUTYJAHO-4YaCTOTHAsl XapaKTEPUCTHUKA PA3OMKHYTOW CH-

CTEMBI ‘W p(j a))( JI0JDKHA PAcroJiarathCsi B 00J1aCTH HU3KHUX YacTOT, TC
COCPEI0TaYMBACTCSl OCHOBHAS SHEPIHUs MMOJIE3HOTO CUTHAJIA.
Ecnu ciekTphl 4aCTOT MOJIE3HOTO CUTHAJIA M MOMEXHM HAKJIAbIBAIOTCS

JIpYyT Ha JIpyra U UMEIOT MPOU3BOJIbHYIO (hopMy (CM. pucyHOK 4.2 (B)), 3a-
Jadya CHHTE3a He MMEET TPUBUAIBLHOTO PEIICHUS.

4.2 OnpenesieHue ONTUMAJIbHBIX IAPAMETPOB CHCTEMbI

B 3TOM ciiydyae MUHMMyMa cpelHeN KBagpaTudHou omuoku (4.3) no-
OMBArOTCS IIyTEM U3MEHEHUS 3HAUEHNUI TapaMETPOB CUCTEMBI.

Ecnu Ha cucteMy OAHOBPEMEHHO JEUCTBYIOT IOJE€3HbIM CUTHAI G(t)
u nomexa F (t), TO M3-3a Pa3HOTO XapaKTepa UX BIUSHUSA IPOCTOU MOR00p

napaMeTpoB OOBIYHO HE O0OECHEeYMBAET ONTHUMAJIbHOCTH (HAIpuMep,

CTpeMJICHUE YMEHBIIUTH B (4.46) COCTaBIISIIOULYIO DE MOYKET IIPUBOJUTH

K pocty DE 1 Ha060por). JIOMKHO HCKAThCs HEKOTOPOE KOMAPOMUCCHOE

peuteHue.
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Pucynok 4.2 — CoOTHOIIEHHUE CHNEKTPAIBHON TNIOTHOCTH MOJIE3HOTO
CUTHAJIa U IOMEXH
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Jlnst pelieHust 3ajayd CHUHTE3a NepefaTouyHas (YHKIMUS CHUCTEMBI,

oToOpakarolias €€ CTpPYKTypy, IPEACTaBIACTCS B BUJIE
W(s)=W(s, B ... ), (4.4)

rae fi,.... By — NapaMmeTpbl CUCTEMBI, IOAOOPOM KOTOPBIX MUHUMU3UPY-

etrcsi Beipaxkenue (4.3). x BbIOOp A0MKEH ObITh 0OOOCHOBAaHHBIM. 3Haye-
HUs OOJBIIMHCTBA MapaMeTPOB OMPEIEAIOTCS TEXHUYECKUMHU WU KOH-
CTPYKTUBHBIMU COOOPaXEHUSIMH, TIO3TOMY M3MEHSITh UX TPYAHO WIH He-
BO3MOXXKHO. OOBIYHO JI1 KOPPEKUMH BBIOMpAIOT JBa-TpU MapameTrpa
(Hampumep, MOCTOSIHHBIE BPEMEHHM KOPPEKTHUPYIOLIUX 3BEHbEB, KOA(Pdu-
[IUEHT YCUJICHUS PA3OMKHYTOW CUCTEMBI U T. I1.).

3aaya CHHTE3a PelIaeTcs B CIACAYIOIIEM MOPSIIKE.

1) Omnpenensitorcsi mepegaTodHbie (PYHKIIMHM CHUCTEMBI IO KaHajaaM
«TOJIE3HBIM CUTHAJI — OLIMOKa» U «IoMexa — OIIMOKa» Kak (YHKIUU

MapaMeTPOB CUCTEMBI

Wee (S)=WGE (31,31 oo Brm )
Wee (S)=WFE (S'ﬂl s Brm )

2) Ilo coOTBETCTBYIOIIMM NEPEAATOYHBIM (YHKIUSIM U CHEKTPAIb-

4.5)

HBIM TUIOTHOCTSAM ITOJIE3HOTO CUTHAJIA U TTIOMEXHU OMPENCIAIOT CIEKTPaIb-
HYIO TUIOTHOCTh OIIMOKHM Kak (PYHKIHIO mapameTpoB cucTeMbl. [Ipu oT-
CYTCTBUHU KOPPESALMNU BXOIHBIX CUTHAJIOB

SE(@.51 - Bm) =Woe (- @81 o )’ - S (@),
SE@.B1Bn)=Wee (i @81 )’ - Se (@), (46)
SE(w’ﬂl ""1ﬂm)= S(E;(w’ﬂl ""'ﬁm)+ SE (w’ﬂl s P )

3) Ilo cnexTpaiabHON IJIOTHOCTH OUIMOKH OMPEACNSIIOT AUCIEPCHUIO
OIIUOKH KaK (YHKIIUIO TapaMeTPOB CUCTEMBI
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DE(ﬂl,...,ﬂm)=i-TSE(w,ﬂl,...,,Bm)jw. (4.7)

—0o0

4) Indpdepenuupys (4.7) no fy,.... [, ¥ OIpUpaBHUBAS HYJIIO MOJY-
YEHHbBIC YaCTHBIE MPOU3BOHBIC, ITOTYyYal0T CUCTEMY M YpaBHEHUM, pele-
HHUEM KOTOPOM HAXOJAT ONTHUMAIbHBIC ITapaMeTpPhl 'Bl,mm 'Bmonm’ o0ec-

MICYMBAIOIINE MUHIMYM CPETHEH KBaAPAaTHIHOMN OIIMHOKH.
5) 3nauennsa f; ,...,B,  OLECHUBAIOT, UCXOJS U3 BO3MOKHOCTU UX
onm onm

TEXHUYECKOW pean3allid U JIOMyCTUMBIX JUHAMHYECKUX IOKa3aTenen
CUCTEMBI (BPEMEHH PETYIUPOBAHUS, HATUYUS U BEJTUIMHBI TIEPEPETYITUPO-
BaHUSI, YCTOMYUBOCTH U T. 11.).

JlanHas MeToAMKa MOXKET Tak)Xe MPUMEHSIThCS MPU OJHOBPEMEHHOM
BO3JICCTBUY HA CUCTEMY PETYJISAPHBIX U CIIyYailHbIX CUTHAJIOB.

Ecnu cnexTpanbpHble TUIOTHOCTH CHUTHAJIOB M YaCTOTHBIE MEpeaaToy-
HbIe (YHKIIUM CHUCTEMBI SIBJISIIOTCS APOOHO-PAMOHAIBHBIMU (PYHKIIUSIMHU
@, TO ONTUMAJIbHbIEC 3HAYCHHS MapaMeTPOB CUCTEMBI MOTYT OBITH Halife-

HbI aHAJIMTUYCCKU.

Ilpumep 4.1. Onpeodenenue xoaghpuyuenma ycunenus pazomMKHymou
cucmemvl, paccmompeHnHou 6 npumepe 3.9, Komopwlil Obl obecneuusan
MUHUMATbHOE 3HAYeHUe ee cpedHeksaopamudnou owubku. Tax kaxk o2o-
BOPEHO, UMO BHeUlHUe B030elCMBUSL He COO0epHCam Pe2VISIPHbIX COCMAas-

JAIOWUX, cpedHekeadpamuieckas owubka £° 6ydem cosnadams ¢ Ouc-

nepcueu omudbku D E.

Ilonyyennoe 6 npumepe 3.9 3nauenue oucnepcuu ouUOKU

De(K)=D
=(€)=P T+K-TE¢+Ts 2

Jlna uccneoosanusi oucnepcuu OwWUOKU HA MUHUMYM He0OX00UMO
npupasuamu wynio npouseoouyio om Dg(K) no xosgpduyuenmy ycunenus

pazomkuymot cucmemot K
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(%IE—(K)=_DG ‘T (Tc32 _Tz)_,_ﬂ:o
oK r+k-12+7) 2

Omcrooda Haxooumcs. ONMuUMalbHoe 3Ha4eHue Koagguyuenma ycue-
HUSL PA3OMKHYMOU CUCTNEMDL

2- Dg -(TG2 —T2) To +T
Konm = 3 - .

N.-Tgs TS

MunumyM QyHkumu (4.7) MOXKET ObITh TaKX€ HaWJICH JIIOOBIM YHC-
JIEHHBIM METOJ/IOM.

4.3 CuHTe3 ONTHMAJIBHOI CHCTEMBbI € IPOU3BOJIbHOM CTPYKTYPOii

ITycTs mMeeTcs cucTeMa, CilysKaias JUisd IpeoOpa3soBaHUs MOJIE3HOIO
CUI'HAJIa G(t) [IPY HAJIMYMHU CIIy4alHOU IIOMEXHU F(t). BxonaHble cUrHambI
ABJIAIOTCS CTAIlMOHAPHBIMH CIIy4alHBIMH IIPOLIECCAMM C PABHBIMU HYJIO
MaTEMaTUYECKUMH OKMIaHUAMH. TaKk Kak CTpYKTypa CUCTEMBI HEM3BECT-
Ha, OyJeM CYHMTaTh, YTO G(t) u F(t) IPUIIOKEHBI K OHOMY U TOMY K€

BXOJ1y (CM. pUCYHOK 4.3).

Ilpumeuanue. Eciu cucnanv G(t) u F(t) NPULOJICEHbL K DPA3HBIM

6X00am, mo npueecmu Ux K 0OHOM) 8X00Y MONCHO MemOOOM IKBUBAICHM -
HbIX NPeobpaz08aHull.

X(t)
Z(t) E(t)>

> W(S)

H(s)

Pucynok 4.3 — Cxema npeoOpa3oBaHus MOJIE3HOTO CUTHAJIA

Y
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M3BECTHBIMH CUHTAIOTCA CIIEKTPAJIbHBIE FIOTHOCTH CUTHAJIOB S (a))
, SE (a)) U orepaTop mpeoOpa3oBaHuUs H(S). Pemienue mpoBoauTcs i

YIPOIIEHHOI'0, HO YaCTO BCTPEUYAIOIIErocsl Ciyyasi, KOrJla MOJIe3HbIA CHT-
HaJl U IOMEXa CTATUCTUYECKU He3aBUCUMBbI. CyMMapHBIN CUTHAII HA BXOJIE
CUCTEMBI OyJIET paBeH

U(t)=G(t)+ F(t). (4.8)

B n3oOpaxenusx no Jlaninacy BbIXOAHOW CUTHAJ CUCTEMBI X(t) CBSI-

3aH ¢ BXOAHBIM curHaiaom U (t) COOTHOIIEHUEM

X(s)=W(s)-U(s) =W (s)-[G(s)+ F(s)] (4.9)

rae W (S) — nepenaroyHas PyHKIMS 3aMKHYTOW CHCTEMBI.
JIroOast peanuzanusi CaydariHOM CyMMapHOM OLIMOKH MOXET OBITh

HalJieHa, Kak

E(s)=2(s)- X(s)=H(s)- G(s)-W(s)-[G(s)+ F(s)] =
=[H(s)-W(s)]- G(s)-W(s)- F(s)

BoipaxeHue 151 CHEKTPalbHOM MJIOTHOCTH OIIMOKH UMEET BU/L

(4.10)

Se(@)=|H(j-@)-W(j- @)’ - Sg(@)+W(j-@)° - Sg(w). (4.11)

YacTtoTHple TIepeaaTouHbIe (PYHKIIMH MOTYT OBITh MPEJCTABIICHBI ClIe-
JTyIOIKUM 00pa3om

W(j- @)= Al@)-explj - p(o)]=

= A(®)- cos[p(@)]+ j - A(@)- sinfp(a)],
H(j- @)= H(@)-expli-y(o)]=

= H()- cos[y(@)]+ j- H(@)- sinfy(@)]

(4.12)
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Torma

H(-0)-W(j- ) =

(4.13)

= H*(@)+ A*(@)-2- H(@)- Al@)- cosly (@) - p(@)],
rae A(a))= \W(j a)] — AaMIUIUTYJHO-4aCTOTHAs XapaKTEPUCTUKA 3a-
MKHYTOW CHCTEMBI, H(w) = \H(j a))( — AMIUIATYIHO-YACTOTHAS XapaK-

TEPUCTHKA IIPE0OPa30BaTEIIS.
N

-2-H (a)) A(w) Cos[y/(w) - qo(w) ° (4.14)
+ A2(@)- S, ().

SE(“’)={

Hucnepcus ommoku
1 oo}
De =——- [Se(0)o, (4.15)
2

6y216T MHHHMaHBHOﬁ, KOoraa HAaMMCHbIICC 3HAYCHHUC ITPUHUMACT IOABIHTC-

rpainbpHOe BelpakeHue. Tak kak Bxonsmue B (4.14) H (a)), A(a)), S¢ (@),
S¢ (@) monoxuTenHHEI TIPH MOGOM 3HAYEHHH YACTOTHI, I MUHHAMH3A-
un Sg (a)) HE00X0IUMO, 4TOOBI HAMOOJBIIEE 3HAYCHUE PUHUMAJIO BbI-

paxenue 2- H (a)) A(a)) Cos[y/(a))— go(a))] DTO JocTUTaeTCs IPU

o(0)=y (o). (4.16)

C yueroM (4.16) Beipaxkenue (4.14) 3anumercs, Kak

Se (0)= [H2(0)+ A2(0)-2- H(0)- A@)] - 56 (0)+
+ A2(0)- S¢ (o).

(4.17)
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Jnst onpeneneHuss MUHUMyMa (YHKIIMU CHEKTPAIbHOM IUIOTHOCTH

omunoKku Sg (a)) IPUPABHSIEM HYJIIO €€ TPOU3BOIHYIO I10 A((o)

0S¢ (@)
oA(w)

=[2- A(@)-2-H(®)]- Sg(@)+2- A(@)- S¢ (w)=0. (4.18)

OTCIOI[a HaXOAUTCA OIITUMAaJIbHAsA aMIUIMTYyJHO-49aCTOTHAS XapaKTC-
PHUCTHUKA BaMKHYTOfI CHUCTEMBI

Aw)=—8 @) H(@). (4.19)

O6benunsis (4.16) u (4.19), MOXKHO MOJIYYUTh ONTUMAJIBHBIE XapaKTe-
PUCTUKU 3aMKHYTON CHCTEMBI

Ss (@)
Ao @)= 5 (@) 5 (@) M) (.20

o (@) = ¥(0).

BoipaxeHue i1 ONTUMaIbHOM YaCTOTHOM MepenaTOYHOu (yHKIMU
3aMKHYTOW CUCTEMBI UMEET BUL

Wy (i - @)= A,,,,, (@) - X0[J - @ (@)]=

) Se(jffa;)p @) H@)-eoli-viel- @21
@) (o).

) Se(@)+ SF(“’)-

[TonyueHHast yacToTHas nepegaTodHast QPyHKUIUS Wonm(j a)) MOKET

OKa3aThCs (PUBNIECKU HEPEATH3yEeMOH.

Ilpumeuanue. 3namenamenv evipadxcenust (4.21) codeporcum cymmy 08yx
nonodicumenvHolx  @eauyur. Illocne paznodiceHuss e20 Ha  KOMNIEKCHO-
CONPSIdICEHHBIE COMHONCUMENU OOUH U3 HUX 0053amebHO 0)y0em umems Hyu 8
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npasoll NOynIocKkocmu |- @ . Mmnyibchas nepexoonas Xapaxmepucmura

onsi nepedamounon gyuxyuu (4.21) o6yoem cywecmsosamo u npu ompu-
UamenbHbIX 3HAYEHUSX 8PeMEeHU (00 NPUTIOHCEHUS BXOOHBIX 8030€UCMBULlL),
Ymo ceuoemebCmayem 0 Hepeaiusyemocmu Wonm(j a)) Kpome moeo, &

PEANbHbIX CUCTNEMAX 68Ce20ad CYUleCmByent C853b MeHcoy UX amMnaumyoHo-
YacmomHou U ¢Hazoe0-yacmMomHoOU XapaKmepucmukamu, Komopas He
yuumsi8anacv npu 6vleooe gopmynol (4.21).

Ecnu uckmrounts u3 (4.21) HepeanuzyemMyro COCTaBISIONLYI0, MOKHO
MOJIYYUTh K8A3UONMUMAILHYIO Nepedamoyryl0 (QYHKYU — JYUULVI0 U3
8CeX BO3MONCHBIX C MOUKU 3PEHUS MUHUMUZAYUU CPEOHEKBAOPAMUYHOU OUUD-
KU CUCEMblL.

Ecnu ucnonwizoBate memoouxy I. booe u K. Illennona, TO 3amada
CUHTE3a PEIIACTCS B CIAEIYIONIEM TTOPSIIKE.

1) Boimonusiercs pasnoxenue 3HameHaTenst (4.21) Ha KOMIUIEKCHO-
CONPSKEHHBIC MHOXKUTENH (T. H. «pakmopuzayus)

S (@) + S,:(a))=\‘l’(j-a)){2=S”(j-(0)-¥’(—j-a)), (4.22)

rae ¥ (j a)) — (YHKIIUSI, BCE TOJIIOCHI KOTOPOW JIe)KaT B JICBOM IOJY-
IUIOCKOCTH |+@ (B 00JACTH PEaM3yeMOCTH CHCTEMBI), Y’(— J a)) —
(GYHKIIHS, BCE MOJIIOCH KOTOPOM JIEKAT B MPaBOW MOJYIUIOCKOCTH |-@ (B

00JIaCTH HEepeaTnu3yeMOCTH CUCTEMBI).
Bripaxenue (4.21) nocne pakropuzanuu IpuMeT BU/T

Sg(i-®) - H(j- o)
v(j-0)¥(-j o)

W o (i - @) = (4.23)

2) BrinonnsieTcs pasnoxeHue BoipakeHus (4.23) Ha peanuzyeMble U
HEpealn3yEMbIE COCTABIISIIOIINE (T. H. «pacujenienHuey)
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1 _[SG(J-w)-H(J‘-w)}++

W0y | 9 -a)

L[l

"¥(i-0) | ¥(Ci-o)

(4.24)

/I peanu3yemasi 4acTb CUCTEMbI OTMEUYAETCSl 3HAKOM «IUTIOC)», a HEpeasu-
3yeMasi — 3HaKoM «MUHYC». [locie oTOpachiBaHusI HEpeaIn3yeMoi 4acTu
3aMUCHIBAETCA BBIPAKECHHUE ISl TIEpeAaTOYHON (PYHKIIMH 3aMKHYTOM CHU-
CTEMBI

W(j- @)= 1 '{SG(;(?)} Haf)l '“’)L (4.25)

3) BrlnonHsAeTCst pa3inoKeHue BbIpakeHus, cTosero B (4.25) B kBaji-
paTHBIX CKOOKax, Ha MPOCTEUIIINE CIaracMble

Sg(i-®) H(j-0)_Qi(i-0) Q,(i-)
P(- - o) P(j-0)  PCj-w)

U3 (4.26) uckmouaercss coctapmsomas Q,(j- w)/P(- j- w), coor-

(4.26)

BCTCTBYrOIIAaA HGYCTOﬁ‘IHBOfI CUCTCMC. TOFI[a KBa3uOIITUMAJIbHAA 4aCTOT-
Has 1nnepeaaTodHast (I)YHKI_II/IH BaMKHYTOﬁ CUCTCMbI ITIPUMCT BU/I

Qi(j-»)
¥(j-o)-P(j-0)

W(j-o)= (4.27)

[TepenaTouHyro (PyHKIHIO 3aMKHYTOH CHCTEMBI B M300PaKECHUSAX IIO
Jlanutacy W(S) MOJIy4arOT II0 HAWJACHHOM 4YaCTOTHOW IEepeaaToYHOMN
(bYHKIMH, 3aMEHSIS |+ @ Ha S.

dusndecku peannsyeMas nepenaTouHas (QyHKIUS Pa30MKHYTOU CH-
CTEMBI HAXOUTCS 10 COOTHOLLIEHUIO

W, (s)= % . (4.28)
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Ilpumep 4.2. Onpedenenue nepedamouHoli GyHKyuu cireosujei cu-
cmemwl ( H(S)= 1) no kpumepuro munumyma ee cpeoHeK8aOPaAMUYHOU
owudxu. Ha 6xo0 cucmemvr nocmynaem none3nsli CueHal G(t), Ha KOmo-
PpOlll HAKA0bl8AEeMCs CAYHAUHAS nomexd F(t) muna «oenviti wym» (cm.

pucynox 4.3). Cnexmpanvhble ni0MHOCIU BXOOHbIX CUSHANIO8 PABHbI

2'DG'TG_ SG(O)
14T 0 1+T2-0?

S (a)) =
Se(@w)=N=5(0)
CnexmpanbHas NIOMHOCMb CYMMAPHO20 6X00H020 CUSHANA DAGHA

S.(0)+ sF(o)-(1+TG2 -602)
1+TS - o° |

S (@) + Sk (@)=

Pasznooicenue smoco 6blpAJCEeHUSl HA KOMNJIEKCHO-CONPAINCEHHbLE

COMHO2MCUmelu ()acm pes3yibmam
S5 (0)+ S¢ (0)- (1+ T2 - 0?)
1+T¢ - 0?

] 14TE 075 (0) (S60)+ 5 0)
- [560)+ 5 O)] R -

l+a’- o’
=1S50)+ S (0)] =
[ G( )+ F()] 1+T(_;2'&)2

3 -1+j-a-a).1—j-a-a)=
_[SG(O)+SF(O)] 1+ T -0 1-|-Tg o

=¥(j-0) (- o)

20e @ =Tg -/Sk(0)/[Ss (0)+ S (0)].
Quesuorno, umo
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#(j-@)=(5a 0)+ ¢ 0)- T2
7(--0)= S0+ 0)- T

Ilocne PA3N0AUCEHUA HA IdlleMeHmdapHbvle dp06u UCKilrowaemcs 4acmeo,
coomeemcemeyrouad H@yCﬁ’lOlZ%UGOZJ cucmeme.

Se(i-@)-H(j-0) _ ss(0) 1 1-jTgro_
(- j- o) 1472 0? y5c(0)+5-(0) 1-j-a-o
S(0) 1

" /5500)+5.0) 0+ jTg-w)(-]j-a-w)

S¢(0) [ Te 1 a 1 }

= . . + .
JSc(0)+Sg(0) |Tg+a 1+jTg0 Tg+a 1-j.a -

Bmopoe crazaemoe 8 CKobkax umeem NnoJiroCsul, pAaACnolONCEHHble 6

npaeoll KOMNJIEKCHOU noayniockocmu |- @. Ono omopacwvieaemcs.

Onpedensemcs peanusyemas yYacmomHas nepeoamovHas QyHKyus

S’CIMKHyI’I’ZOZZ cucmemsl

W(j-0)= 1 [ S (0) Ts 1 J=

¥(i-0) | /55 0)+5:0) To+a 1+j-Tg o

_SG(O)-TG-l_ K
~5:(0)+Sc(0) To+a 1+j-a0 T-(jrw)+1’

20e K =55(0)/[Sc(0)+ SE(0)]-Tg /(T + @) — rospppuyuenm ycune-
HUSL 3AMKHYMOUL cucmemsl, T =& — ee NOCMOAHHASL 6DEMEHU.

3anucvieaemcs peanuszyemas nepeoamoyras OYHKYus 3aMKHYMOoU Cu-
cmembl 8 uzobpadxicenusx no Jlanaacy

K
T-s+1

W(s)=
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Haxooumcsa nepedamounasn ¢hynkyus pazomkHymotu cucmemobl

W(s K
W, (5)= 1—VE/23)=T-S+(1— K)

Onpeoensiemcs nepedamoyunas YYHKYus cucmemsl no ouuoke

1 T-s+(1-K)

Wae(s)= 1+W(s)  T-s+1

Haxooumcs cnekmpalbHas niomHoCmbs ouUOKU

Se ()= ’\NGE(J w] +Sa (i w)"“W(J w] -Se(j- ‘”)—

T-(j-0)+(1- K)2 2.Dg - Tg ‘ K

= + - -N =
T-(jrow)+1 1+ T2 - 0? T-(j-a))+1‘

=T-(j-w)+(1—K)2_ 2:Dg - Tg +‘ K \2-N=
T-(G-o)+1 | [14Te-(j-)® [T-(i-0)+1

2 . 2 2
_ ~T2.(j-0)* +(1-K) 2D To +
T Te-(-0) +(T+To)- i)+ 1
KZ
+ : 2
T-(j-w)+1

Ananumuuecxu onpedensiemces oucnepcus outuoku (cm. n. 3.4)

5 =T+TG-(1—K)-D +K_2_N_
E T+T, T
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4.4 ®uabTp Bunepa

B 1949 rony amepukanckuii Mmatematuk H. Bunep npenioxuin meToau-
Ky ONpEJENICHUs pealn3yeMon YaCTOTHOM NepeaTouHOM (PYyHKIIUN 3aMKHY-
TOM CHCTEMbI, OO€CIEeUMBAIOLIEH MHHUMYM €€ CpEeIHEKBaAPATHYHOU
omuOku (punvmpa Bunepa).

[Ipu cunrtese pubTpa BuHepa HMCXOIAT M3 MPEAIOJIOKEHHS, YTO Ha
BXOJl CUCTEMBI MOCTYIAET aJIUTUBHAS CMEChH U(t) CIIy4ailHOTO TOJIE3HOTO
CHIHaJIa G(t) U IIOMEXU F(t) (cM. pUCYHOK 4.3), KOTOpPBIE SIBJIAIOTCS CTa-
UOHAPHBIMU CIIy4alHBIMU IPOLIECCAMU C HYJIEBBIMH MAaTE€MaTUYECKUMU
OXXKHUJIaHUSIMU. VX CTaTUCTUYECKUE XapaKTEPUCTUKHU U3BECTHBI.

Heobxooumbim u oocmamounvim ycioguem OnmMuMaibHOCMuU cucme-
moul no kpumeputro (4.3) aensiemess omcymcemeue CMAmMUCmMuyeckol Ces3u
MmedHco0y oumubKo E(t) U 8bIXOOOM UOEANbHOU CUCTNEMDbL Z(t). Jls neH-

TPUPOBAHHBIX MPOLIECCOB

ME()- ()= MLz () - X (B)}- z(t)]=o. (4.29)

N3 (4.29) moxeT ObITh MOJYYEHO MHTErpajibHOEe ypaBHeHue BuHe-
pa-Xomndga, CBA3BIBAIOIIECE ONTUMAJIBbHYIO BECOBYIO (PYHKIIMIO 3aMKHYTOM
CHUCTEMBI U CTATUCTUYECKNE XAPAKTEPUCTUKH CITYHYANHBIX MPOLIECCOB

Ry (7)= [ Ko (7)- Ry (e =n)in, 720 (430)
0

Bv1600 ypasnenus Bunepa-Xonga. 3nauenus na 8b1xo0ax uoeaivbHou

U CUHmMe3Upyemou cucmem Z(’[) u X(t) Mo2ym Obimb HAUOEHbl, KaK
z()=2V {60} x1)=2VO)}

eoe @(t){ } npeosapumenbHo 3a0aHHbIL Onepamop npeoopaso8anus (Cm.

n. 4.1), Q(t){ } onepamop cucmemsl, NOOJEHCAUULE ONPEOEIEHUIO.

Jucnepcus owubku onpedensiemcs no popmyne
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pe = Mfiz®)- x(OF]= M[(z(t)_g<t>{u(t)})2].

chwzbs’yer NOJNIOSHCEHUA meopUuu 6apuayuOHHO20 UCHUCTIEeHUAL. Hpea—
t
noJjlosicum, 4mo onepamop .Q( ){ } Aesemcia onmumalbHbiM, U emy CO-

omeemcmeyent 3HadYeHue DEmin' 3aoasasn eco eapuayuio, Hatioem HoBoe

SHAYEeHUue 0ucnepcuu
Dz = M| (2()- 2V R)-7- 0V} |

t o
20e @( ){ } — NPOoU380JIbHbIU onepamop u3 paccmampuseaemozo Kiacca, y

— Manwli napamemp. Ima Gopmyna moxcem 6vlmv npeobpazosana

D: =De -2-7-M[z(1)- 2OU(©))- 0V )] -+
ERVIEINOEE

IIpenebpezas manvimu nopsaoxa y? u eviute, nonyyum sapuayuio D g

Mg =D; -Dg_=-2-7-M[z()- 20U E)}) @V U )] |

HHuggdepenyupya éDg no y u npupasnusas npouzgooHyio Hyal0, onpe-

oenum Heobxooumoe yciosue oOnmumMailbHOCmu .Q(t){ }
%aDE —2-M[z()- 29U @))- eV )0,
M[z()- 200V pE)=o

Bxooswue 6 Oannoe ycnosue suaueHus mocym Ovbimb HAUOEHbL NO
Gopmynam, ananoeuunsvim (4.15), m. e.
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QO = [K(t,4)-U(A)A,
U} = [6(.1)- UG

eoe k(t,/l) UCXOOHAsL ONMUMANbHASL 8€CO8ASL (DYHKYUSL CUCEMDL, 9(t, ,u)

npou3eonbHas eecosas ynkyus. Tozoa

y [z@)—ik(m)-u(z)dzj-je(t,m-u(u)du J

to

_ ;{M 2(t)-U(w)]- [k(t,2)- M[U(2)- U(p)]dl}-e(t, w)p.

to

s npoussonvHol yHKyuu 0(t, ,u) Mo svlpadicerue 6yoem pasHO

HYJII0 MOAbKO NPU PABEHCMBE HYJII0 BbIPAIICEHUS 8 (DUSYPHBIX CKOOKAX
M[Z(t)- U ()] - j K(t,2)- M[U(2)-U(u)ldA =0, t, < w<t.
:
Omco0a MOJ*CHO NOTYUUMb
Ry, (t.4) = [K(6,A)- Ry (A, 1)dA, to < p<t.
b

Tax kax 6xo0Hble npoyeccyl U cama cucmema A6IAIOmMes CmayuoHap-
HbIMU, MO 07 ycmanosusuie2ocs pexcuma (Lo — +oo) nonyuennoe ypas-
HeHUue MOMCHO 3anUcamsy 8 guoe

+00
Ry (t—u)= [k(t=2)-Ry(A—p)dA, t,<pus<t.
0

Bvinonnus sameny nepemennvix v =t—pu u n=t—A14, mooxcno nony-

yums ypasrenue (4.30).
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JUist  cTaMOHApHBIX BXOJHBIX CIIy4alHBIX MPOLECCOB YpPaBHEHUE
(4.30) pemaroT myTtem MpuUMeHEHHs npeoOpa3zoBanus Dypre F{ } K €ro

JIEBOW U IIPABOU YACTSIM.

Ilpumeuanue. B npasoui wacmu (4.30) evinonnsemcs ceepmra hymk-
yut K, (77) u Ry (1'—77), npeoobpazosanue komopou no Dypve pasHo

npousgedenuio npeobpazosarull ceepmouléaemvix @Gynkyui no Dypwve.
lIpeobpazosanue umnynrbcHou nepexoonou xapaxkmepucmuku no Dypve
onpeoenum onmuMailbHy0 nepeoamodnyro OYHKYU cUucmemol.

[Tocne BeIMOMIHEHHS TTPeOOpPa30BaHUM TTOTYYUM

F{Rzy (2)} = F{k o ()} F{Ry (2)}

Sz (j-@)=W,,,(j-®) Sy (@), (4.31)
Wonm(J-w)=%(ja;)‘"),

Sy(@)=5g(@)+ Ser (i - @)+ See(i- @)+ Sk (),
S (i-@)=55(j- @)+ S (j-0)= (4.32)
= H(j 0’) [SG (0’)"' SGF(j a))]

[Ipu OTCYTCTBUY B3aMMHOM KOPPEISAIMH MOJIE3HOTO CUTHAJA U IIOMEXU

W(J 'w)= Se (a?)G-I-(aS))F (w) H(J '0)), (4.33)

yTo coBnazgaer ¢ (4.21).
[lepenarounas pynkuus (4.31) B oOmiem ciaydae OyaeT puzndecku

HEpeanmn3yemMon. ECiIu CIEeKTpajdbHbIE IUIOTHOCTH BXOJHBIX CITyYaWHbBIX
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TIPOIIECCOB SIBJISFOTCS IPOOHO-PAIMOHAIBHBIMI (DYHKIIASMH, TO TIOJYIHUTh KBa-
3UONTUMAJIBHYIO TIEPEIATOYHYIO (DYHKITUIO CHCTEMBI MOYKHO, HCIIOJIB3Ys METO-
mky bone u lllennona (cM. 1. 4.3).

Ilpumep 4.3. Cunmes onmumanvrozo ¢urbmpa Bunepa ons creosuei
cucmemvt (H(j- @)= 1). Ha 6x00 cucmemvr nocmynaem ciyuaiinwiii npo-
yecc U(t), Ha ee 6bixo0e Habmooaemcsi hpoyecc X(t). Cnexmpanvhovie
NAAMHOCMU CUSHATIO8 PABHDBI

5,(0) Sxu(0)
Sy (@)= Sxu(@)=

1+T} 1+T2, -@w?

CDCZKW!OPMS’CIZ/;M}Z Cl’leKmpClJleOIJ NAOMHOCMU 6X00HO20 C]Zy’{aleOZO

npoyecca 0acm pe3yibmam
Sy(@)=¥(j-0)-#(- j- @)

yj(j‘w)=1+-ru_(] ) ( Ja))—

VSu(0)

1-Ty -(j-@)

Duzuuecku peanuzyemas yacmes nepeoamodyHou QYHKYuu 3aMKHYmou

cucmemabsl onpe@eﬂumc;l C NOMOUWBIO 6bIPANHCEHUA

qu(l a)) H(J a)) qu(o) 1-Ty - (J a))

(- jo) T /5,0 1472, - @?

qu(o) 1-Ty - (J a))
/s, (0) (l+j Ty @)1+ j-Tyy - a))

__Sxu (O) 1 [ Tu+Twxy Ty —Txy }
JSu (0 ) 2:Tyy [1+Txy-(ir@) 1-Ty -(j-0)]

Bmopoe crazaemoe 8 CKOOKAx umeem nojitocsl 8 I’lpCIGOZ:Z noJiynjiockKo-

cmu j-@. Ono ombpacvieaemcsi.

Peanuzyemasn uvacmomuas nepedamounas hynkyus pasra
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1 -[qu(j-w)} _
¥(j-0) [¥(-]-o)
_qu(o) Ty + Txu 1+TU'(j'w)
B SU(O)- 2-Txy .1+Txu'(j‘w).

W(j- @)=

=+

Keazuonmumanvuas nepeoamounasn oynkyus pagua

14Ty -8 K_qu(O)_Tu +Tyy
14Ty, s Sy(0) 2-Ty

[ToayunTh peann3yeMyro UMITYJIbCHYIO TIEPEXOAHYI0 XapaKTEPUCTHUKY
k(t), apisitonnytocst pemieHreM (4.30), BO3MOXKHO IyTEM NPUBEOeHUs.

BXOOH020 8030€UCMBUSL HA CUCMEM) K DeNOMY WYyM) .
Ilycte Ha BXOJ 3aMKHYTOM CHUCTEMbI MOJAETCS CIy4aulHbIM MPOLECC

V(t) Tuma Gemoro myma ¢ KoppemsuHOHHON (byHKIHEH R, (r)=6(z) u
CIEKTPAIILHOU IJIOTHOCTBIO Sy, (a))= 1. Jlng momy4yeHus: BXOOHOTO ITIPO-
1ecca ¢ 3aJlaHHBIMU XapaKTEPUCTHUKAMU MCIIOIB3YETCS OTOCIUBAIOIINI

(GUIBTP C YACTOTHOM XapaKTEPUCTUKOM ¢(j a)) (cm. 1. 4.5).

F(t)

X(t)
Z(t) E(t) g

G(t) u(t)

26 XYW e

> H(S)

Pucynox 4.4 — Cxema mnpeoOpa3oBaHHMs IOJIE3HOTO CHUTHaja C

UCIIOJIb30BAaHUEM OTOEIHUBAIOIIETO (PUIBTPa

YacToTHas xapakTepucThka otOenuBaroiiero GpuibTpa 3amaercs Gpop-

Mmyoit (4.49). s nasHoro ciryyvas
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11
¥(j-w) Sy(i-e)

?(j-w)= (4.34)

[Ipu ucnonp3oBaHuu (GUIbTPa ONTHMAJIbHAS 4YAaCTOTHAs NEepeaaToy-
Hast GYyHKIUS CUCTEMbI HAXOUTCS IO COOTHOIICHUIO

Woun (i @)=@(j- @)-W,(j- ), (4.35)

rae W, (j a)) nepeaaToyHas (yHKIUS 3aMKHYTOW CUCTEMBI, MOJjIeKaIas

OIPEIETIEHUIO.
Ucnonb3ys (4.30) u ycnoBue peanusyeMocTu cuctemsl (4.9), a Takxke
PaBEHCTBO €AMHUIIC MHTETpana OoT S~QyHKIHH B OCCKOHEUHBIX IMpeAeiiax,

MO>KHO HATH BECOBYIO (DYHKIIMIO 3aMKHYTON CUCTEMBI

R, (t), t>0,

k, (t) = (4.36)
0, t<O.

[IpeoOpazoBaB 00e yactu (4.36) no ypwe, NOTyIUM
+00
W3(J '0))= .[ks'(t) EXp(— J ‘- t)dt =
0
+00
= [ Ry (t)-exp(- j-@-t)dt =
0

(4.37)
szv(j-w)-exp(j-w-tww]exp(-j-w-t)dt=

O'—OS
1
l\)
[HEN
'—.

+ 8

[o¢]

=-i +_§O|:_[SZV(1 w)-exp(j-o- t)dw} exp(- j- @-t)dt.

B3anuMmHas crieKTpanbHAas MIOTHOCTE S, (j- @) MoxkeT 6HITH BEIMMC-

JIEHA 110 YPaBHEHUIO, aHaJOTHYHOMY (4.35).
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S, (j-@)=H(j-0) &(- j-0) S;(@)+
+H(j- @) (- j-0) See (i - @)=
=H(j- @) @(- j-»)-[Sc (@) + S (i- 0)] =
=0(-j-0) Sy (j-)

(4.38)

OnTrMalibHas YacTOTHAS TMepeaaToyHas GyHKIHMS CHCTEMbl HaXOIUT-
cs myteMm oObenuHenus (4.34), (4.37) u (4.38)

Wonm (J ’ 0)) =

- 20°0) F ol i) 5., (1-0)-exli-0 ko x4

—o0

xexp(— j- - t)dt.

Ecnu BXOIHBIE Cily4alHBIE IPOLECCHI G(t) U F(t) CTATUCTUYECKH
HE3aBUCHUMBI, CIIEKTPAJIbHAS IJIOTHOCTH IOJE3HOTO CUTHAJIA ONHUCHIBAETCS
IpOOHO-pallMOHAILHON (YHKIUEN BHIA Sg (a))=Q(a)2)/ P(a)z), a ciy-
YaifHas momMexa SABISIETCSl OelbIM IIYMOM CO CHEKTPaJIbHOW IIOTHOCTBIO
Se (a)) =S¢ (O), TO ONTUMAajJbHAsg YaCTOTHAas MepenaroyHas (QyHKIHUS

CJEMSIIEeH CUCTEMBI ONPEIEsAETCA MO YIPOIEHHOU (popMmyie

JSe(0)

Wonm(j‘w)=1_m,

(4.40)

rje 'P(j -w) BBIUUCIIAETCS C TIOMOIIbIO (4.22).

HMpumeuanue. Ecuu cnexmpanvnas niomnocmo Sg (@) e aensemes

OpOOHO-paAYUOHAILHOU (PYHKYUEl Yacmomsl UIU NOAYHYEHA IKCHePUMEH-
manvHo, mo 01a Haxoxcoenus W, (j - w) ee HYJICHO annpoKCUMUPOBAMb

OPOOHO-PAYUOHANBHOU (DYHKYUEL.
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Ilpumep 4.4. Onpedenenue nepedamounoli GyHKyuu cireosujei cu-
cmemMbl N0 Kpumepuro MUHUMYMA ee CPeOHeK8AOPAMUYHOU OWUOKU NO
oaunvim npumepa 4.2. CnekmpanivHvle NIOMHOCMU 6XOOHbIX CUSHANO08 CO-
CMassom

2- DG ) TG SG (O)

Se(w)=l+_|_2 a)2=1+T2 2 SF(m)=N=SF(O)'
G ° G °

Haiioennoe 6 npumepe 4.2 3nauenue ¥ (j . a)) PABHO

1+ j-a-w
1+J‘TG -0),

¥ (j-w)=1/55(0)+ Se(0)-

OnmumanvHas 4acmomuas nepedamoutds QyHKYus 3aMKHYmou cu-
cmembvl HAX00UMCsl Ce0yIouwuUM 00pazom

JSe(0)  1+jTs o
JSc(0)+S:(0) 1+j-a-o
=\/SG(O)+SF(O)_\/SF(O)_ 1

JSc(0)+ Sk (0) l+j-a-o

_a'\/SG(O)"'SF(O)‘TG‘m 1

JS6(0)+ S (0) 1+jao

W(j-w)=1-

+

+]-o

Tax rkax a=Tg ++/S¢ (0)/[Sc(0)+ S (0)], mo emopoe crazaemoe

pasHo Hymo. Peanuzyemas uwacmommuasn nepedamoynas (yHKyusi 3aMKH)-
Mo cucmemsl umeem 6uUo

W(j_w)=\/SG(O)+SF(O)_\/SF(O)_ 1

JSc(0)+ 5. (0) 1+j-ao

] |:1_\/SG(OS)F+(OS)|: (0)}' 1+ j-la.w'
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Peanuzyemas nepedamounas ¢)ynkyusi 3aMKHymou cucmemsl 8 u300-
padcenusx no Jlannacy umeem 6uo

20e K=1-./S:(0)/[Sc(0)+ S (0)] — xosppuyuenm ycunenus sa-

MKHymOMU cucmemabl, T =a — ee nocmosnnas 6pDEMEHU.

4.5 @uabTp Kanmana-berocu

B 1960 r. P. Kaniman u P. bprocu npeioxXuiam METOA CUHTE3a CHUCTE-
MBI, ONTHUMAJIbHOW MO KPUTEPUI0O MUHHMYyMa CPEIHEKBAJIPATUYHOM CIIy-
qaitHo#l omnOku (purempa Kanmana-borocu).

Ilpumeuanue. Qunomp Bunepa obecneuusaem MUHUMYM CpeOHe-
K8AOPAMUYHOU OWUOKU MOAbKO 8 YCMAHOBUBUEMCS pPedcuMe Npu ycio-
8UU, YMO CIY4alHble NPoyeccvl AGIAIOMCA cmayuoHapHvimu. Durbmp
Kanmana-bvrocu siensemes onmumanibHbIM U 8 nepexooOHoM pedcume (npu
KOHEUHOM 8peMeHU HAOI00eHUs), A NOJIe3HbIU CUSHANL U NOMeXd MO2Ym He
001a0ams C80UCMEOM CIMAYUOHAPHOCIU.

3amada CUHTE3a PEUIaeTCsl B npocmpancmee cocmosnutl (BO BpeMeH-
HOU oOsacT). OnTUMalibHasl OLIEHKA BBIXOJHOTO CUTHAJIA CUCTEMbl HaXO-
JUTCS pelieHueM cuctembl JudPepeHImaibHbIX YpaBHEHUM, YTO OOBIYHO
npoie penieHusi ypaBHeHus: Bunepa-Xornda, ocoOeHHO Jisi HeCTalHo-
HApHBIX CIyYaHBIX MTPOIIECCOB.

[Ipeanonaraercsi, YTo CUCTEMa JOJKHA BOCIPOU3BOJUTH IMOJIC3HBIN
CHUTHAJI Z(t) (B 00111EM ClTydyae — HeCTallMOHAPHBIN CIIyYailHbIN MPOIIECC).
Ha ee BXoze AeicTByeT momexa F(t) (B o0meM ciayyae — OBl IIyM C
HYJICBBIM MaTeMaTHYECKUM OXujaHueMm). Cxema BOCIPOM3BEIACHUS CHUT-
HaJIa MOKa3aHa Ha pUCYyHKe 4.5.
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20) T v X (1)

2V W (s) % E(t)}

PucyHnok 4.5 — Cxema BOCIIPOU3BEICHUS MOJIE3HOTO CUTHAa

3amada cuHTe3a onTuMaibHOro ¢uiabTpa KamMana-berocu 3akmitoua-
€TCS B OMPENENICHUH €ro MepeaaTOYHOu (yHKIIHH W(S), KoTOpasi Obl
oOecreunBaia MUHUMYM CpPeIHEKBAAPATHIHON OIInOKH (4.3).

OnTuManibHas cucTema, ooecrednBaroias B 11000l MOMEHT BPEMEHH
t > to Bocipou3BEIEHUE CUTHAJIA Z(t) IpU BBINOJHEHUU ycioBus (4.3),

onuckiBaeTcs quddepeHIuaibHbIM YPaBHEHUEM
£X()=00) X()+c()-U) (441)
rae U (t) — CYMMapHBIA BXOJHOM CUTI'HAJI, paBHBIN

U(t)=z(t)+ F(t). (4.42)

CityyaliHbliil ponecc Z(t) onpenensiercs nuddepeHuanbHbIM ypaB-

HEHHEM IEPBOTO ITOPsAaKa
%z@): At)- Z()+V (), (4.43)

rae A(t) — (byHKIUS BPEMEHH, 3aBUCSIIASA OT XapaKTEPUCTHK Z(t); V(t)
— HECTalMOHAPHBIN IPOLECC THUIA «OEIIbIA IIyM» C HYJIEBBIM MAaTEMaTH-
4eCKUM OxunaHueM. KoppersinuoHHble (YHKIMM HECTalMOHAPHBIX CIIy-

YaifHbIX IpoleccoB V (t) ukF (t) CUUTAIOTCS PABHBIMU
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Ry (t.7)= M[V(t)-V(z)]= L(t)- 8(t - 7),
Re(t,7)= M[F(t)-F(z)]= N(t)-8(t - 7), (4.44)
Rye (t,z')= 0,

rae L(t) >0 u N (t) >0 — HempepbIBHBIC HEMPEPBHIBHO AU EpeHITNpPY-
eMble (PyHKIMM BpeMeHH. J[I CTalMOHAapHBIX CIIy4aiHBIX IPOIIECCOB
V(t) u F(t) CIPABEJIMBBI COOTHOIIICHHSI

R,(r)=L-6(t-7), Re(r)=N-68(t-7),

R (7)=0,

(4.45)

rne L u N — xoHCTaHTEL
J1s mostyueHus Z(t) HeoO0XoauM popMHpYIOITHI PUILTP, CTPYKTYpa

KOTOpOTo, onpeernsiemas (4.43), mokasana Ha pucyHke 4.6 (W, (S) — TIe-

penarouHasi GpyHKIUsa GopMupyromero GuibTpa).

V(t) ] zﬁl
»% A(t)

W, (s)

Pucynok 4.6 — CtpykTypHas cxema GopMUpYIOIIETro GpuiabTpa

CtpykTypa oNTHUMalIbHOrO (QUIbTpaA, OMpeaeseMas ypaBHEHUEM
(4.41), nokaszana Ha pucynke 4.7 (W (S) — mnepegaTodHas PyHKIMS ONTH-

MaJbHOTO (PUIIBTPA).
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u(t) X(t)

> C(t) J —>
Q(t) j

w(s)

Pucynok 4.7 — CtpykTypHas cxeMa ONTUMaJIbHOTO (GUIbTpa

B teopun ontumManbHOW (PUIBTpalM JOKA3bIBACTCS, YTO MHUHUMYM
kpurtepust (4.3) nocturaercst npu

t)= Alt)-C(t), C(t)=—/5. 4.46
QD)= Al)-c(). )= (4:46)
DOyHKIHSA r(t) HaxXoOAUTCA NyTeM pemeHuss auddepeHnaIbHOro

ypaBHeHHs Pukkaru

%r(t) = L)+ 2- A)-r(t)- r2@Q)/N(). (4.47)

C yuetrom (4.46) ypaBHeHue onTuMaiibHOTO (puiibTpa Kanmana-berocu
MO>KHO 3aIMCaTh B CJIEAYIOIIEM BUE

% X(6)= A(t)- X(t)+ C(t)- () - X (V)] (4.48)

JI1s1 HecTallMOHAPHBIX CIIyYalHBIX MPOIECCOB (PYHKIIMU A(t), C(t),
Q(t) 3aBHCAT OT BPEMEHU, U ONTUMaIbHBEIN (puinbTp Kammana-berocu mo-
Jdy4daeTcsl HeCTalMOHApHBIM. JIJIsi CTalMOHAPHBIX CIyYaHBIX MPOIECCOB
A(t) = A. B ycmanosusuiemcs pescume guromp Karmana-bviocu 6yoem
CMAayUOHapHbiM, TaK Kak QyHKIIUH C(t)= Cu Q(t) = A-C =Q He 3a-
BUCAT OT BpeMeHH. OH onpenenserca AudpepeHinanbHbIM yPaBHEHHEM C
MOCTOSIHHBIMU KO3(ppuumeHTamu
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%X(t):(A—C)- X (t)+C-U(t). (4.49)

Ilpumeuanue. Jladxce npu CcmayuoHapHvlX 6030€UCMBUSIX QOUIbLMD
Kanmana-bvrocu 6 nepexoOnom pedicume A81Aemcsi HeCmMAayuoOHAPHLIM,

max Kax kodgguyuenm C(t) USMEHACMCS 60 6DEMEHU.

VYpaBuenuto (4.48) cOOTBETCTBYET CTPYKTypHas cxema (puibTpa, Imo-
Ka3aHHas Ha pucyHke 4.8 (0OHa PKBHBAJIEHTHA cXeMe ¢ pucyHka 4.7). Oue-
BUJIHO, YTO MPU TAKOM MPEACTABICHUU onmumanvhuli uremp Kaimana-
Bvrocu moorcno paccmampusams Kaxk OUHAMUYECKYIO CUCEMY ¢ OmMpUuya-
MelbHOU 0OPAMHOT CBA3bIO.

o).

x(t)>

c(t) J ?
At)

W (s)

Pucynok 4.8 — CTtpykTypHas cxema ONTUMAJIBHOTO (hHiIbTpa

Pelienue 3a7aun CUHTE3a ONTUMAIIBHOTO (PUIIbTpa CBOJUTCS K OMpe-
neneHnto (QyHKIUMR Q(t) u C(t), pU KOTOPBIX 00ECTIEYMBAETCS BBIMOJI-
HeHue ycioBus (4.3). OHO MPOBOAMUTCS B TPU dTara.

1) Onpenensitorcs mapameTpbl GopMHUpyIOIIero (GuiabTpa, KOTOPHIN
IIPU BO3JICUCTBUHU HA €T0 BXOJ| O€I0r0 Iryma V(t) CO CIIEKTPAIBLHOU IIJIOT-

HOCTBIO Sy (a)) MO3BOJISIET IOJYYUTh HA BBIXOJE CIYyYaWHBIM ITPOLECC
Z(t) C 3aJJaHHOM CIIEKTPAJILHOM IUIOTHOCTBIO S, (a))

Ecnu ciydaiiHple NOpPOLIECCHI SABJISAIOTCA CTAllMOHAPHBIMHU, a CIIEK-
TpaJbHas IJIOTHOCTb S Z(co) ABJISIETCS APOOHO-PALMOHAIBHOW (PYHKINU

4acTOTHhI, TO (cM. popmyiinbl (4.49) u (4.44))



W, (i -w)=M, (4.50)

rae Y’(j -w)-?’(— J -w)= Sz(w). 3amenuB B (4.50) S Ha |:@®, MOXHO
MOJIYYUTh MEpeaTounyo QyHKIMIO Gopmupytoiiero GuiabTpa B u3o00pa-
KEeHUsX 110 Jlamacy

qu(s):%f). (4.51)

[To nepenarounoit pynkuuu (4.51) moxxkHO HalTu ypaBHeHue (4.43),
CBSI3bIBAIOILIEE CITy4ailHbIE IPOLIECCHI Z(t) uV (t)

2) OnpenenseTcst ucnepeus ciyyaiinoit ommo6ku D (t) xak HexoTo-
pas (QyHKUHS BpeMEHU r(t) nyTeM (BO3MOKHO YHCJIEHHOIO) pEUICHUs
ypaBHeHus (4.47). Jlns 3TOro HeoOXOAMMO 3HATh HadyaJlbHOE 3HAYCHUE
r(to) npu to = 0. OOb4HO X(to ) =0, nosTomy

E(to)= Z(to)_ X(to)= Z(to )
r(to)=M[E(to)]= M[22(t0)]= Ry (t0 .10 )= D2 (o).

3). Haxonstcs nmapameTpsl onTuManbHOro ¢puibtpa (PpyHKIui C(t) 51

(4.52)

Q(t)). J171st 3TOTO MCOJBb3YIOTCS (hOpMYIIbI (4.46).

Ilpumep 4.5. Cunmes onmumanvrozo gurempa Karmana-bortocu. Ha
6X00 JUHEUHOU Cledsauell cucmemsbl NOCMynaem CmayuoHapHulil C1y4ati-
HbLU npoyecc Z(t) u cayuauHnas nomexa F(t) muna «benviii wym». Hx

CNneKmpdajlbHble Ni1onHocmu paeHsl

2‘Dz‘Tz_ SZ(O)
l+0? -T2 1+ -T2

Sk (@)=N=5¢(0).

Sz(w)=
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Cryuaunviti npoyecc Z(t) paccmampugaemcs Kak peakyusi popmu-
pyrouwe2o uibmpa Ha CMAYUOHAPHBIU CIIYYAUHbBIU NPOYEcc V(t) muna

«Oenblil UWYyM», UMEIOUWUTL CReKMPANbHYIO HIOMHOCb
Sy (a))= L=Sy (0)

B coomeemcmeuu ¢ (4.50) onpeodensemes uacmomuas nepedamounas
@yukyus hopmupyrowezo purbmpa
1/SZiOi 1/SZiO;
I+j0T, 1-j-0-T,
Y(j-0)  [S,(0 1

W.(]-w)= . :
o(i-0) @ VL 1+jeT,

3anucvieaemcs nepedamounasn QyHkyus opmupyrowe2o gurbmpa 6

S2(0)=¥(j-0) ¥(-j-w)=

uzobpasxcenusx no Jlannacy

s,(0) 1
W, (s)=, %~ .
o(s) L 1+s-T,

llonyuennou nepedamoynou @ynkyuu coomeemcmeyem cleodyioujee

oupgeperyuanvroe ypasHeHue, cesa3ol8aroujee Z(t) u F(t)

T, 200+ 2()= ,/SZL(") V()

d 1 s, (0
—Z(t)=——-ZIt -V (t).
2020+ P2Elv()

Umobwvr npueecmu smo ypasnenue k eudy (4.43), cnexkmpanvuas
niomuocms 6eno2o wyma L npunumaemcs pasnou 2 - D, /T, . Toeoa

\/E.sz(o)_\/ T, 2:D,-T, .

L T 2-D, TZ
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Oxonuamenvho Z(t) MOJCHO NPeOCcmasumo, Kax
4 2)=-L.2@)+v({)= A-2()+ V()
dt T,

e0e A=-1/T,. Coomeemcmeylowas 5momy YPAGHEHUIO CMPYKMYpa

Gopmupyrowe2o unrbmpa nokazana Ha pUcyHKe.

v (t) s Z(t) o Y(t)
ﬁ 1T, J =)
qu(s)

Ipu nocmosunvix A, L u N ypasuenue (4.47) pewaemcs kax oughghe-

PEHUUAIBHOEC YDABHEHUE CpCZS’aeJl}ZiOZMMMMC}Z nepemerHbviMU.

d

dr
—r=L+2-A-r-r?/N,
dtr + r r/ j

L+2-A-r—r?/

= | dt.
< =)

Ilocne UHmMezcpupoeaHus nojydaemcs 6blpastCerHue

1 N —r/N+A- A +L/N _t+1n(C)
JAZ4LN | =r/N+A+/AZ+L/N |

20e C — nocmosunas UHmMecpupOoeaHUusl.

Ilocneounee svipasiceHue MOMCHO nepenucams ciedyrouum oopazom

i-—r/N+A—q/A2+L/N . [
'”(c _r/N+A+m] PAATHUN,

B coomeemcmeuu c (4.52) r(0)= R5 (O ,O)= D, noomomy nocmosn-

HAaA UHmMezcpuposearusl pacHa
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C_—DZ/N+A—1/A2+L/N

—D, /N+A+|AZ+L/N

Moorcno 3anucame

—r(t)/N+A-JA’+L/N —D, /N +A+ A+ L/N _
—r(t))N+A+ /A +L/N —D,/N+A- /A% + L/N

= exp(t A%+ L/N )

Ilocne HeobxoO0umvlx npeobpazoearull OKOHYAMEIbHO ONpeoensemcs
dyuxyuar(t). pu L=2-D, /T, u A=-1/T,

r(t)=2 N (1—m)—(1+m)-e><p(ﬂ-t)
T, (2+p—2-\/m)—(2+p+2-m)-exp(ﬂ-t)’

20e B=~A*+L/N, p=5,(0)/Se(0). Hocre noocmarnosxu snavenus

t = +oo, onpeoensiemcs eeruuuna D g 6 ycmanosusuwiemcs pescume

r(OO)=D _ N - p'(1+'\/1+p) _ 2DZ
ST, 24p+42-f1+p 1+ fl+p

U3 ypasnenus (4.46) naxooumces ynkyus C(t)

C(t)— (1—m)—(1+m)-exp(ﬂ-t)
T, +p-2-y1+p)-(2+p+2-J1+p)-exp(B 1)

3nauenus ynxyuu C(t) 8 HauanbHblil Momenm epemernu (npu t=0) u

8 ycmanoguguiemcs pexcume (npu t — +0) pasmsi

cO)=,~ )= 7

Tz (1"‘\/@)'
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Jugpepenyuanvrnoe ypasuenue onmumanviozo gurvmpa Kaimana-
Bviocu, ananocuunoe (4.48), umeem 6uo

LX) == XO/T, +c0)-LE-x0)

Coomeemcmeyowas 5momy ypagHeHuio CmpyKkmypa OnmumanibHO20
Gurbmpa noxazawa Ha pucyHke.

vy C(t) —»(%)—» 1/s X(t)>
1/T;

W (s)

3amensan unmezpupyroujee 368e€HO, OXBAYEHHOE OOPAMHOU CB:3bI0,
UHEPYUOHHBIM 36€HOM, MOXCHO npedcmasums cmpykmypy gurompa Kan-
mana-bviocu unaue.

U _>($)—> c(t) Pl 7, /(1+5s-T,) X(t)>

W (s)

s yemanoguguie2ocs pescuma MO#CHO Onpeoeums nepeoamoyHyo
DYHKYUIO ONMUMATILHO20 PUILMPA KAK 3AMKHYMOU CUCTNEMBL.

Cw) T, /(1+s-T,) K

Wis)= 1+C(w)- T, /(L+5-T,) 1+s-T

C(°°)'Tz —1_ 1 Tz Tz

K= = —_, T = = .
14 C(w)-T, Ji+p 1+C(0)-T, 1+p
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BOITPOCHI JJIs1 CAMOKOHTPOJIA

1. B uem 3akirodaetcs oO1as 3ajaya CHHTE3a JIMHEUHBIX CUCTEM MPU
ciyyaiiHbIX BozaeucTBusax? Kakue mnpeoOpa3oBaHUs BXOJHOTO CUTHaa
MOXET BBINOJHITh CHHTE3UpyEMas cucrema’?

2. YUto moHUMAETCA MOJI CTAaTUCTUYECKOM ONTUMHU3ALUEA CUCTEMBI?
YTO cUMTaETCA KPUTEPUEM ONTUMAIBHOCTH CUCTEMBI IIPU €€ CTaTUCTHYE-
CKOM ONTHMMU3ALNUN?

3. Kakwue 3agaum MOryT pemiatbCsi B XOAE CTATUCTUYECKOW ONTHUMU-
3aI[UU CUCTEMBI?

4. Kak onpenensrorcs MapaMmeTpbl CUCTEMBI C 3aIaHHOM CTPYKTYPOU,
ONTUMAJIBHON MO0 KPUTEPUI0 MUHUMYMa CPEIHEKBAIPATUYHOM OIIUOKH?
[lo xakomMy NpUHIMIY OTOMpAIOTCS MapamMeTpbl CUCTEMbI JIJIsi €€ CTaTu-
CTHUYECKOU ONTHMU3AINHN?

5. Kak cunTe3upyercs cucrema ¢ MPOU3BOJIBHOU CTPYKTYPOU, ONTH-
MaJjbHas 10 KPUTEPUI0 MUHUMYMa CPEIHEKBAIPATUYHOMN OIIUOKH?

6. Uro cumraercs ¢uzMUeCKH peanuzyeMon cucrtemon? B uem 3a-
kimovaetrcss Meroauka bone u [llenHona, mpumeHsemas s cuHTe3a (u-
3UYECKOU pealn3yeMOr CUCTEMBI?

7. Uto cuurtaercs onTuMaidbHbIM (QuibTpoM Bunepa? KakoBa 00-
JacTh ero npuMeHeHusa? KakoB mopsI0K CHHTE3a ONTUMAJIBHOTO (PUIIbTpa
Bunepa?

8. Uto cuurtaercs ontuMalibHbIM (priibTpoM Kanmmana-berocu? Kako-
Ba o0JlacTh ero mpuMeHeHus? KakoB MOpSIOK CHHTE3a ONTUMAJIbHOTO
¢unpTpa Kanmana-berocu?

SAJAYA JJIA CAMOCTOATEJBHOI'O PEHIEHUA

4.1. IlepenaTtounast GyHKIUSI PA3OMKHYTOM CUCTEMBI UMEET BUJ (CM.

npumep 2.9)
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K-(T-s+1)_

SZ

W(s)=

Ha Bxox cucteMsbl mogaeTcs peryiasipHbIi CUTHAI

2
g(t)=a-t+b%

U Clly4alHas [oMexa F(t), IpeAcTaBistomas co0o0il Oenblil IyM O CIIEK-
TPaJabHOU IIOTHOCTBIO Sp (a))z N . OnpenenuTts 3Ha4YE€HHE IOCTOSHHOU

BpeMeHHu [, oOecrneunBaronieii MUHUMYM CPEIHEKBAJIPaTUYHON OIIMOKHU
CUCTEMBbI B YCTAHOBUBIIIEMCS PEXKUME, U BETUUUHY 3TOU OLITUOKHU.

4.2. PemnTh OpeAbIAYIIYyIO 3a7ady B MPEANOI0KEHUHU, YTO MOXKHO
U3MEHSTh KaK 3Ha4Y€HHE IOCTOSHHOM BpeMeHH [, Tak U KO3()PUIIMEHT
ycunenus K.

4.3. Pemuth 3a71auy 4.1 B NpeanoaoKeHuu, 4YTo nepegaTouynast pyHk-
1Sl pA30MKHYTOM CUCTEMBI UMEET BUJL

4.4. Ha BX0J cUCTE€MBI IOCTYNAIOT HE3aBUCHUMBbIE TOJIE3HBIA CITydaii-
HBIN Mpolecc G(t) U oMexa F(t) (cm. pucyHok 4.3). Onpenenuts ONTH-
MaJbHYI0 MO KPUTEPUI0O MUHHMYMA JMCIEPCUU OIIMOKU MEpPEeIaTOYHYIO
GYHKIMIO CHEsed CUCTEMbI (H(S)= 1). CrnektpanbpHble IUIOTHOCTU

BXOJHBIX CﬂyqaﬁHBIX IMponeCCOB PaBHbI

S¢(0)
1+T¢ @

5:0)
1+T¢ - 0°

Se(0) =22 5, (0)-

4.5. Ha BX0oJ cUCTEeMbI IOCTYNAIOT HE3aBUCUMBbIC TIOJIC3HBINA CITydaii-
HBIW TTPOIECC G(t) U roMexa F(t) (cM. pucyHok 4.3). Onpeaenurb ONTu-

MaJbHYIO 10 MUHHMYMY CPEIHEKBaJIpaTUYHON OLIMOKH TMEepelaTOYHYIO
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(GYHKIIMIO CHUCTEMBI, PeIIaroliel 3anadyy WHTETPUPOBAHUS (H(s)= 1/s).

CHCKTpaJ'H)HBIC INIOTHOCTHU BXO/JHBIX CﬂyqaﬁHBIX IMpoIcCCOB PAaBHLbI

S~ (0
S6(0)-= 1+'I?GZ()0)

;. 5¢(0)=5:0).

4.6. Pemuth mpeapIAyIyIO 3a7a4y B MPEINOJIONKEHUH, YTO CUCTEMa
pemaet 3anauy nuddepennuponanus (H (S) =S).

4.7. Ha BX0a CHUCTEMBI IOCTYIAIOT HE3aBUCHUMBIC IOJIC3HBIA CITydaii-
HBII TpoIiecc G(t) U roMexa F(t) (cm. pucynok 4.3). Onpeaenutsb M-
MyJbCHYIO MEPEXOTHYI0 XapaKTEPUCTHKY CIICAIICH CUCTEMBI, 00eCTIeUn-
BAaIOIIYIO €€ MUHUMAJILHYIO CPETHEKBAIPATUUHYIO OIIHUOKY, €CIIH

Rg (r)= 3- exp(— 2 - \1’\) Re (1')= 2 - exp(— \r\)
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5 JABOPATOPHBIN NPAKTUKYM

5.1 Opranu3anus JJa0OPATOPHOT0 MPAKTHKYMA

OCHOBHOH 1eJIbIO BBITIOJIHEHUS JTA0OPATOPHBIX padOT SBISETCS TIO-
JyYEHHUE YCTOMYMBBIX MPAKTUUECKUX HABBIKOB MCCJICIOBAHUS CIy4alHBIX
nporieccoB. B Xojie BeIMIOTHEHHUS pabOT y CTyJAE€HTa JOKHO CHOPMHPO-
BAaThCS MPEACTABICHUE O NMPUHIIMINAX aHAJNW3a U CUHTE3a CUCTEM, HAXO/Is-
IAXCS MO/, BIMSTHUEM CITYYalHBIX BO3JICHCTBUM.

Ilpumeuanue. Tax Kax 6vinonHeHUe 1AOOPAMOPHBIX paboOm npeono-
naeaem wWUpoKoe UCHONIb308AHUE UHDOPMAYUOHHBIX MEXHOA02UU, MO
BCNOMO2AMENLHOU YeNbl0 NPAKMUKYMA MONCem CUUMAMbCs U3VUEHUE
B03MOIICHOCEU NPOCPAMMHBIX CPeOCmE peuleHus 3a0ay Cmamucmuye-
ckoul ounamuxu (nanpumep, MathCAD wiu Matlab).

B xone BbINoOTHEHUS 1a00PaTOPHOrO MPAKTUKyMa JOJIKHBI PeIiaThCs
CHEAYIOIINE 3a1aYM:

® Pa3BUTHE JIOTUYECKOTO U AJITOPUTMUYECKOTO MBIIIEHHUS;

® BBIpa0OTKAa YMEHHS OICHMBATh CTATUCTUYECKUE XaPaAKTECPUCTUKU
JTAHAMHUYECKUX CUCTEM;

® BbIpa0OTKAa YMEHHUSI CaMOCTOSATEJILHO CTaBUTh W pelIaTh 3aJayu
aHAJIN3a U CUHTE3a JUHAMUYECKUX CUCTEM;

® U3Yy4YECHUE MPUHLMIIOB PadOTHI MPUKIATHOTO MIPOTPAMMHOI0 00ec-
MIEYCHUS.

J1J1s1 BBITIOJTHEHM S JTAOOPATOPHBIX padOT CTYICHT JI0JKEH 3HAT!

® OCHOBHBIE MOJIOKEHUSI TEOPUU BEPOSATHOCTEU M MATEMATUYECKOMN
CTaTUCTHUKU;

® OCHOBHBIC ITOJIOKCHUSI TCOPHUU (I)YHKI_II/II/I KOMIIJICKCHOT'O IICPCMCH-
HOT'O U OIICPAIIUOHHOT'O UCUUCIICHUA,

® OCHOBHBIEC XapaKTEPUCTHUKHU CIIyYalHBIX ITPOLECCOB;
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® 3aKOHOMEPHOCTH U CHEUU(PUKY MOBEACHUS CUCTEM IO/ BIUSHUEM
CIIy4alHbIX BO3JICCTBUN;

® METOJIbl aHaAJIM3a CHUCTEM, HAXOJAIIMXCS IOJ BIUSHHUEM Cllydai-
HBIX BO3ICHCTBUM;

® METOJIbl CHHTE3a CHUCTEM, ONTHUMAJIbHBIX MO BBIOPAHHBIM CTATHU-
CTUYECKUM KPUTEPUSIM;

® BO3MOXHOCTH HOBBIX HH(POPMAIMOHHBIX TEXHOJIOTUH pEIICHUS
MaTeMaTUYECKUX 3a]ad.

CTyZIeHT 1OJIKEH YMeTh:

e (hopmynupoBaTh TpeOOBaHUS K CUCTEMaM Ha 3Tamnax uX aHajiusa u
CUHTE3a;

® KOPPEKTHO HCMOJIb30BaTh MAaTEMAaTHMYECKUE 3aKOHOMEPHOCTH I0-
BEJICHUS CUCTEM B YCJIOBHUSX CTATUCTUYECKOU HEOMPEACICHHOCTH;

® [IPEJCTABIATh PE3YJbTAThl PEIICHUS OTJEIbHBIX 3a/a4 B YJI00OHOM
JUISl BOCTIPUSITUS U TAJIbHEHIIIETO UCTIOJIBb30BAHUS BUJIE.

[IpakTUKyM TpejmnoiaracT BBIIIOJIHEHHUE MSATH Ja0OpaTOPHBIX PadoT,
TeMaTUKa KOTOPBIX B IIEJIOM COOTBETCTBYET CTPYKTYPE HACTOSIIETO MOCO-
ousi. B kaxolt pabote pelraercss oJHa KOHKpeTHas 3anada. [lomydeHHbie
OJINH pa3 pe3yJibTaTbl MOTYT UCIOJIb30BaThCS HA BCEX MOCIEAYIOMMNX ITa-
nax JadopaTopHOro MpakTUKyMa.

OO0s3aTenbHBIM YCIOBUEM JIOMyCKa CTYJICHTA K BBINOJHEHUIO Jabopa-
TOPHOUN paOOTHI SIBISETCSI YCBOEHUE COOTBETCTBYIOIIETO TEOPETUUYECKOTO
Marepuana. Pabora cuntaeTcs BBHINOJHEHHON W 3alUILEHHON, €CIIN CTYy-
JIEHT OTBETUJI Ha BCE BOMIPOCHI IO METOJUKE €€ MPOBEACHUS U TEOPUH, T10-
Jy4rJT HEOOXOAUMBIE PE3YIbTATHI U Jajdl UM NMPaBWIbHYIO OIEHKY, MPO/Ie-
MOHCTPUPOBAJI YBEPEHHOE BJIAJEHUE COOTBETCTBYIOIIUMH HHCTPYMEH-
TaJlbHBIMU CPEACTBAMMU.

Ilpumeuanue. /{11 nposepku meopemuyeckux sSHAHULL MO2Ym UCHOJIb-
308ambCsi KOHMPOJIbHbIE BONPOCHL, NPUBEOEHHbIE 8 COOMBENCMEYHOWUX
pazoenax nocoous.
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[IpakTHKyM HE TIPETEHAYET Ha MOJHOTY OXBaTa BCeX MpoOJjeM, pela-
€MbIX MPH aHAINU3€ W CHUHTE3€ CTOXAaCTHMYECKUX cucteM. He craBumiiach
TAKXK€ IIEJIbI0 M3YUYCHUE MPUEMOB PEIICHUS NPUKJIAAHBIX 33Ja4 B KOH-
KPETHOM MPOTrPaMMHOU cpejie. Tem He MEHeEE, aBTOP HAJIEETCs, YTO peasn-
3alMsl NPEAJIaraéMor MPOrpaMMbl MPAKTHYECKOW MOATOTOBKUA TO3BOJIUT
aKTUBU3UPOBATH CAMOCTOSITEIIbHYIO pabOTy CTYACHTOB, YIIPOUUTh UX TEO-
pEeTUYECKHUE 3HAHUS M YCOBEPIICHCTBOBATh HABBIKU PEIICHHS 3a7ad B 00-
JIACTU CTATUCTUYECKOW IMHAMUKH CUCTEM.

5.2 Jlabopatopnasi padora Nel. OmnpeaesieHne CTaTHCTHYECKHUX
XaPaKTEePUCTHK CIYYalHBIX NIPOLECCOB

[lens paboTbl — mOpuOOpEeTEHHE HABBIKOB OLICHUBAHUS OCHOBHBIX
CTATUCTUYECKUX XapPaKTEPUCTUK CITyYalHbBIX MPOLIECCOB.

Conepxxanue pabOTbI — pacyeT CTAaTUCTUYECKHX XapaKTEPUCTUK
CJIy4yalHBIX TIPOLIECCOB C 3a/IaHHBIMKM 3aKOHAMU PacIHpeAesiCHUs Mo orpa-
HUYEHHOMY Ha0OpYy OMBITHBIX JAHHBIX.

J1o BBINOTHEHUS pabOThl HEOOXOIUMO CAMOCTOSTEILHO U3YUYHUTh:

® oOMpeeNieHue CIyYalHbIX MTPOIIECCOB U UX BUJIBI;

® OCHOBHBIC CTAaTHCTHYCCKHE XaPAKTEPUCTHKU CIyYalHBIX ITPOIIEC-
coB ((pyHKIMIO pacmpeieneHus, IOTHOCTh BEPOSTHOCTHU, MaTeMaTHYe-
CKOE OKUJIaHUE, TUCTIEPCUI0, KOPPEISIITUOHHYIO (PYHKIUIO, CIIEKTPATIBLHYIO
MJIOTHOCTH) U UX CBOMCTBA.

Bce HeoOXoamMbIe TEOpeTUUECKHE CBEJACHHUS U pacdeTHbIC (hOPMYJIIbI
coJiepKaTcsi B JAHHOM 1OCcOOMU. BapuaHThl 3a1aHuii 1715 BBITIOJIHEHHUS Jia-
OopatopHOi pabOThI MpuUBeeHbI B Tabmuie 5.1 (kononku B1 u B2 omnpe-
JIEJISIFOT 3aKOHBI pacripenesneHusi, KonoHku I11 w Il — 3HadeHus mapa-
METPOB pacHpeesICHUs U3 TaOIUIBI 5.2).

[Ipu BeITIONIHEHUY TAOOPATOPHON PAOOTHI HEOOXOIUMO:

e creHepupoBarth JiBe BbIOOpKU 00beMoM 50 — 100 ciaydaitHbIX un-
cell ¢ 33JJaHHBIMHM 3aKOHAMM paCIpeiesIeHUs, UMUTHPYIOIIUE CTallnOHap-
HBIE SPTOJNYECKUE CIIydailHbIe MPOIIECCHI;



123

® IS KaXJIOW BBIOOPKU CIIyYaWHBIX YHCEI ONpPEACNUTh (DYHKIUIO
pacnpeneyaeHus] M IUIOTHOCTh BEPOSITHOCTH, OLEHUTh MaTEMaTU4YeCKOE
OXUJAHUE U IUCIICPCHIO;

® ISl KOXJIOW BBIOOPKHU CIyYaHBIX YHUCEN ONPEeIUTh KOPPEISIn-
OHHBIE (PYHKIUH, CIIEKTPaJIbHbIE TJIOTHOCTH, B3aUMHbBIC KOPPEISLIMOHHBIE
(GYHKIMU U B3aUMHbBIE CIIEKTPAJIbHBIE TIIOTHOCTH.

Tabnuua 5.1 — BapuanTbl 3agaHuil Jyisi BBIIOJHEHUS J1a00OpaTOpHOH

padotsl Nel
Ne B 111 11, B> JI14 11,
1 1 0,0 1,0 3 0,0 0,2
2 2 0,5 — 1 3,0 50
3 3 1,0 0,5 2 2,0 —
4 1 0,0 2,0 2 0,5 —
5 2 1,0 — 2 1,0 —
6 3 0,0 0,4 1 4,0 50
7 1 0,0 3,0 1 1,0 2,0
8 2 15 — 1 1,0 3,0
9 3 2,0 0,3 3 1,0 0,3
10 1 0,0 4,0 3 2,0 0,4
11 2 2,0 — 3 0,0 0,5
12 3 0,0 0,2 2 1,5 —
13 1 0,0 50 2 2,0 —
14 2 0,5 — 1 2,0 4,0
15 3 1,0 0,1 1 3,0 4,0
16 1 1,0 50 1 1,0 4,0
17 2 1,0 — 2 0,5 —
18 3 2,0 0,1 3 1,0 0,4
19 1 2,0 50 3 2,0 0,3
20 2 1,5 — 3 0,0 0,2
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Tabnuna 5.2 — Tumnsl U mapamMeTpsl pacupeacacHun

Ne B 11 11,
1 Pasnomeproe pacnpeoenenue a b
2 OKCNnOHeHYUAaIbHOe pacnpeoenenue A —
3 Hopmanvhoe pacnpeoenenue m x OX

OYHKIMIO paclpeiesiCHUsI PEKOMEHIYETCA HAXOUTh IO BBIPAKEHUIO
(1.50). Ananor mNJIOTHOCTHM BEPOSTHOCTH PEKOMEHIYETCS MOJy4yaTh IO
dopmyne (1.51). KauecTBO IUCKpPETHOM anmpOKCUMAalUM XapaKTePUCTUK
MOYHO OLICHUTH ITyTEM WX CPABHEHUS C pE3yJIbTaTaMH, MOJTYYEHHBIMU C
MOMOIIbIO MPOTPAMMHBIX CPEACTB (CBEACHUS 00 OCHOBHBIX (DYHKIUSAX
pacupenenenus cucrembl MathCAD mnipuBeieHs! B Tabnuiie 5.3).

Tabauma 5.3 — Oynkuun pacnpeaenenus MathCAD

Dynxkyus Pezynomam

- BekTop N ciiydyailHbIX YHCEIl, UMEIOLIUX PaBHOMEP-

runif (n,a,b) P Y ’ Hx p P
HOE paclpeie/icHue B IMana3oHe oT a Jo Db.

BekTop N ciayyalHbIX 4KMCell, UMEOIINUX SKCITIOHEHIU-
aJbHOE pacmpeieNieHre ¢ 3aTyXanuem A.
BekTop N ciiydyallHbIX 4KCell, UMEIOLIUX HOPMAJIbHOE
rnorm(n,m,a) pacupeneseHue ¢ MaTEMaTUYECKUM OKUIAHUEM M U
CPETHEKBAIPATHYECKUM OTKJIOHCHUEM O.

rexp(n,A)

punif (x a b) QOyHKIUSA PAaBHOMEPHOI'O PacIpeAciiCHUs X B Juara-
o 30HE OT a 710 b.
pexp(x ﬂ) OyHKIMA KCIIOHEHIIMAIIBHOTO PACIpENceiIeHuss X C

3aTyxaHuem A.
DyHKIMS HOPMAJTLHOTO pachpenesieHuss X ¢ MaTeMa-
pnorm(x,m,o) | TaeckuM OKHZAHHEM M U CpeAHEKBaAPATHUECKAM
OTKJIOHCHHEM O.
: [110THOCTE BEPOSITHOCTH PAaBHOMEPHOT I -
dunif (x,a,b) OTHOC epOSTHOCTH DPABHOMEPHOTO pacmpesie
JICHMsI X B JIMAIIa30He OT a Jio b.
[T10THOCTH BEPOSATHOCTH AKCIIOHEHIIMAILHOTO pac-
d exp(x, 1) P H P
npejesieHus X ¢ 3aTyXaHuem A.
dnorm(x,m,a) [110THOCTh BEPOSATHOCTH HOPMAJILHOTO pacmpesese-
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Dynkuus Pezynvmam

HHSA X C MAaTEMAaTHYCCKUM OXHUAAHUEM M M CpEeaHe-
KBaJIPATUICCKHUM OTKIIOHCHUCM O.

hist(D, x) BeKTOp 4acTOTHOTO pacrlpesielieHds X 110 MHTepBa-
! J1aM, TPaHHULLI KOTOPKIX XpaHATCs B BekTope D.
. BexTop yacToTHOTO pacnpenciacHus X 1o k HHTEPBA-
hist (k, x) P pactipent P

JaM OT X min 0 X max.

®parments gokymenTa MathCAD, wntrocTpupyrolipe OleHUBAHUE
XapaKTEPUCTUK BHIOOPKH CIIy4alHbIX YKCeNl, TOKa3aHbl Ha pucyHke 5.1.

JIist BBIUMCIIEHUSI CTAaTUCTHYECKUX XapaKTEPUCTHK BBIOOPOK PEKO-
MEHJIyeTCSl MCHOJb30BaTh JUCKpeTHbIe cooTHomeHus (1.54) u (1.57).
HaiineHHble 3HAYEHUS PEKOMEHYETCS CPABHUTH C PE3yJIbTaTaMH, MOJIY-
YEHHBIMU C MOMOIIBIO CTAHJIAPTHBIX (DYHKIUN (CBEAEHUS O CTAaTUCTHYE-
ckux pynakmusx MathCAD mnpuBeneHs! B Tabnuie 5.4).

Tabauma 5.4 — Cratuctuueckue pynkiun MathCAD

Dyukyusn Pezyniomam
CpenHee 3HaU€HUE X, BBIYUCISIEMOE IO (hopMYyJie
mean(x 1 3
(x) mean(x)==- Y x; .
n i=1
Jucniepcus X, Beraucisiemas 1o gopmyiie
1 n
var(x)= = ¥[x; — mean(x)]* .
var(x) N =

HAnsa  npaxmuuecko2o UCHONbL308AHUA NOTYUEHHOE
3HaueHue 00NAHCHO OblMb UCNPABIIEHO HA YUCIO CMe-
neneii c60600b1 no cxeme var(x)-n/(n—1).

CpenHekBapaTUYECKOEe OTKJIOHEHUE X, BbIUHUCIISC-
Moe 1o hopMyJie

stdev(x) stdev(x) = +/var(x).

ﬂ]l}l npakmu4ecKkoco UcCnojib306AaHusl nNoJly4eHHoe
3HaYeHue 00INHCHO Obimb ucnpaeleno Ha 4ucio cnie-

nemeu c60000bl NO cxeme Stdev(x)- Jn/(n-1).
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HOCTH BEPOSITHOCTH (0)
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Koppensiimonusie (yHKIIMU BHIOOPOK M B3aUMHBIE KOPPEISAIUOHHBIE
(GYHKIIMA MOTYT ONIpeaesaThes 1Mo hopmynam Buja (2.68). UToObl CHU3UTH
MOTPEUIHOCTh WX OMPENCNICHUS] TIPU CYIIECTBEHHBIX U3MEHEHUSX CIydaii-
HOM BEJIMYMUHBI, PEKOMEHIYETCS BBIMOJIHUTH HHTEPIOISLIHAI HCXOTIHBIX
JAQHHBIX JJIsI MEHBIIIETO Iara 1mo BpeMmeHu (cM. pucyHok 5.2 (a)). Crek-
TpaJibHbIE TIJIOTHOCTH BHIOOPOK M UX B3aUMHBIE CIIEKTPAJIbHBIC MIOTHOCTH
MOTYT OBbITb HAWJEHBI IMyTEM YHUCJICHHOTO WHTETPUPOBAHUS HANUJICHHBIX
IKCTIIEPUMEHTAIBHO KOPPETSAUUOHHBIX (QYHKIMI C UCTOJb30BAHUEM YPaB-
Henwuit (2.43) u (2.47).

®parmentsl gokymenTa MathCAD, wnmrocTpupyroliye OleHUBAaHUC
ITUX XapaKTEPHUCTHUK, MOKAa3aHbl HA PUCYHKE 5.2.

Coneprxanue otuera o jabopaTopHoi padore:

® JCXOJIHbIE JaHHBIE JJIS BBIMOJHEHUS 1a0OPaTOPHOH pabOTHI;

® pE3yJbTaThl OICHUBAHMUS CTATUCTHUYECKUX XapaKTEPUCTUK CIIy-
YaKWHBIX MIPOLIECCOB;

e rpabukd (PYHKIUN pacrpeneseHus, IJIOTHOCTEH BEPOSTHOCTH,
KOPPEJISIITUOHHBIX (DYHKITUN U CIIEKTPAIBHBIX TIJIOTHOCTEH.

5.3 JlabopaTopHas padora Ne2. AHAJIU3 CHCTEMBI NPH CIAYYaliHBIX
BO31EHCTBUAX

[{enb pabOThI — MPUOOPETEHNE HABBIKOB pacueTa JIMHEHHBIX CUCTEM
IIPU CIyYaWHBIX BO3JICHCTBUSAX.

Conepxanue pabOThl — pacueT PeryJsipHON U CIy4alHOM COCTaBJIs-
FOIIEH CIIYYalHOTO MPOLIECCAa HA BBIXOEC JIMHEMHOWU CUCTEMBL.

J1o BbITIOJTHEHUS paOOTHI HEOOXOAMMO CAMOCTOSITEILHO U3YUHTh:

® [IPABWIA OMNPEACICHUS XAPAKTEPUCTUK CIIyYaWHBIX MPOILECCOB HA
BBIXOJIE CUCTEMBI 110 XapaKTEPUCTUKAM €€ BXOJHBIX BO3JCHCTBUM;

® TIpaBWJIa pacyeTa PEryJspHON COCTABISAIONICH OMIMOKU JIMHEHHOM
CHUCTEMBI 110 XapaKTEPUCTHUKAM €€ BXOJIHBIX BO3JICHCTBUN;

e [IpaBWIa pacyeTa CIy4alHOW COCTaBJIAIONIEH OIMMOKH JIMHEHHOMN
CHUCTEMBI 110 XapAKTEPUCTUKAM €€ BXOJIHBIX BO3JICHCTBU.
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Bce HeoOxoanMMBble TEOpPETUUECKUE CBEACHUSI U pacyeTHbIE (HOPMYJIbI
coJieparcsa B JaHHOM nocoOuu. BapuaHTel 3a1aHuil JJ1s1 BBITTOJIHEHUS Jia-
OoopaTopHoil paboThl npuBeAeHbl B Tabnuie 5.5 (mpuHsate K = 1). Ctpyk-
Typa pacCUYMTHIBAEMOM CUCTEMBI ITOKAa3aHa Ha PUCYHKE 5.3.

F(t)

Wi (s) W, (s)

G(t) E(t)

X (t )}

Pucynok 5.3 — CTpykTypa pacCCUATBIBAEMON CHCTEMBI

[Ipu BBIMIONTHEHUY JTabOpaTOPHOU PAbOTHI HEOOXOIUMO:

® OmpenenuTh nepeaaTounble GYHKIMH CHUCTEMBI MO KaHaJlaM «IIO0-
JIE3HBIA CUTHAJ — OIIMOKa» U «IIOMeXa — OIIHNOKa;

® OMNPENETUTh PETYISIPHYIO COCTABIISIIOULYIO OIIMOKH M0 KKIOMY U3
KaHAJIOB KaK PEaKIIMI0 CHCTEMbI Ha CTaHIApTHBIC SAWHUYHBIC CTyICHYA-
ThIC BO3/ICHCTBUS;

® OMNpENeNUTh TUCIICPCHUIO OMUOKH 10 KaXXIOMY U3 KaHAJIOB;

® TIPOMOJICITUPOBATH MTOBEJEHNE CUCTEMBI.

OnpeneneHue IUCIEPCUN OMIMOKU 1EIECOO0pa3HO MPOBOJUTH YHUC-
aeHHo. JJis MoaenmupoBaHUs TTOBEJCHUS CUCTEMbI PEKOMEHIYETCSI CTEeHE-
pUPOBATh TIOMEXY C HOPMAJIBHBIM 3aKOHOM pacTpe/ieleHNs, HYJIEeBbIM Ma-
TEMaTHYECKUM OKHUaHUEM, PACCUNTAHHOMN JUCTIEpCUEN U HAJIOKUTh €€ Ha
PETYJISPHYIO COCTABJISIONIYIO OITMOKHU (CM. pUCYHOK 5.4).
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Tabnuna 5.5 — BapuaHTbl 3aaHuii 1Sl BBITIOJTHEHHUS J1TA00paTOPHBIX
pabot No3 u Ned

Mo | W,(s) W, (Ks) S; () S¢ (@)
1| s+l K-s/(s+1) 04/(1+0?) 0,1
2 | (s+1)s K-s/(3-s+1) 03/(1+2-»?) 0,2
3 1/s K-s/(5-s+1) 0.2/(1+3-»?) 0,3
4 1 K-s/(7-s+1) 0,1/(1+4-?) 0,4
5 s K-s/(9-s+1) 0,1/(1+5-w?) 0.1
6 s+1 K/(s+1) 0,2/(1+6-®?) 0,2
7 | (s+1)s K/(3-s+1) 03/(1+7 - 0?) 0,3
8 1/s K/(5-s+1) 0.4/(1+8-w?) 0,4
9 1 K/(@7-s+1) 0,1/{1+9-?) 0,1
10 s K/(9-5+1) 0.2/(1+9-?) 0,2
11| s+1 K-s/(2-s5+1) 0,3/(1+8-0?) 0,3
12| (s+1)s  K-s/(4-s+1) 04/(1+7 - »?) 0,4
13 1/s K-s/(6-5+1) 0,1/(1+6-w?) 0,4
14 1 K-s/8-s+1)  0.2/(1+5-0?) 0,3
15 s K/(2-s+1) 03/(L+4-0?) 0,2
16| s+1 K/(4-s+1) 04/(1+3-»?) 0,1
17 | (s+1)/s K/(6-s+1) 01/(L+2-0?) 0,1
18] s K/(8-s+1) 0.2/(1+0?) 0,2
19 1 K-(2-s+1)/s?  02/[1+2-07) 0,3
20| 1/s K-(4-s+1)/s 0,1/(1+ »?) 0,4
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PucyHnok 5.4 — MonenupoBaHue MOBEJCHUS CUCTEMBI

ConeprkaHue oT4yeTa o JabopaTopHoi padore:

® UCXOJHBIC JaHHBIC JJIsl BHIMOJHEHUS Ja00paTOPHOU pabOThI;

® DPC3yJbTaTbl OIPCACICHUA IICPCAATOUYHBIX CbYHKHI/Iﬁ CHUCTEMBI 110

OIITHOKE JJIS1 KaXXA0I'0 U3 KaHAaJIOB,

® pe3yNbTaThl PACYETa PETYJSAPHBIX U CIYYaWHBIX COCTABIISIOIIUX

OILIMOKH JJIA KaXXOJ0T'0 U3 KaHaJIOB,

e TpaduKH NePEeXOAHBIX MPOILIECCOB I KaXA0T0 U3 KaHAJIOB.

5.4 Jlabopatopnasi padora Ne3. OmnpejaesieHne ONTHUMAJbHBIX
napaMeTpoB CUCTEMbI

enp paboThl — NpHOOpPETEHNE HABBIKOB CUHTE3a JIUHEHUHBIX CHCTEM
C 3aJIaHHOW CTPYKTYpO, 00€CleunBaroliX MUHUMYM CPEIHEKBAApaTUy-
HOU OIIMOKH, NPU CITyYailHBIX BO3JACHCTBUSIX.

Coneprkanne paboThl — OIpeJIeSICHUE TapaMeTPOB JIMHEHHON cUCTe-
MBI, 00€CIEUNBAIOIIMX MUHUMYM €€ CPETHEKBAIPAaTUYHOMN OLINOKH.

I[O BBITIOJIHEHUA pa6OTI>I HGO6XOI[I/IMO CaMOCTOATCIIbBHO U3YYUTD:
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e 0OIIKe MpaBWiIa CUHTE3a JIMHEHHBIX CUCTEM IPHU CIyYalHBIX BO3-
JICUCTBUSIX;

® [IPaBWJIa CHUHTE3a CUCTEM C 3aJaHHOU CTPYKTYPOM IPHU CIIyYaMHBIX
BO3/ICUCTBUSIX.

Bce HeoOxoamMbIe TeOpeTUUECKUE CBEJACHHUS U pacdeTHbIC (hOPMYJIIbI
coJiepKaTcsi B JaHHOM 1OcOOMU. BapuaHThl 3a1aHui 171 BBITIOJIHEHHUS Jia-
OopatopHOi palbOThI TIpuBeAcHBI B Taduuile 5.5. CTpyKTypa CUHTE3Upye-
MOW CUCTEMBI TTIOKa3aHa Ha PUCYHKE 5.3.

[Ipu BIMOJIHEHUHU JTA00PATOPHOUM pabOTHl HEOOXOAUMO:

® OMNpeneNuTh MepeAaTouHble (PYHKIIMU CHUCTEMBI 10 KaHaJlaM «IIOo-
JIC3HBIA CUTHAT — OIIMOKa» U «IOMeXa — OIMOKa» Kak PyHKIIUU KOI(D-
dbuLMeHTa YCUJICHHUS pa30MKHYTON CUCTEMBI;

® OMNpENeNUTh CHEKTPaIbHbIE MIOTHOCTH COCTABIISIIONINX OIIMOKU
[0 KaHajaM «IOJIE3HBIM CUTHAT — OIIMOKa» M «IoMeXa — OILIMOKa» U
CYMMapHYIO CIIEKTPaIbHYIO MJIOTHOCTh OMIMOKK Kak GyHKIMH KO3 Puiu-
€HTa YCWJICHUS] PA30MKHYTOU CUCTEMBI;

® OMNpENeNTUTh JUCIEPCUI0 OIMOKM Kak (PyHKIHIO KoddduiueHrta
YCUJICHUS PA30MKHYTOW CHCTEMBI,

® OMNpeNeNuTh ONTUMAJbHOE 3HAauCHHE KOd(PHUIMEHTA YCHUIICHUS
PA30MKHYTOM CHCTEMBI M3 YCJIOBHS MHUHHMYMa CYMMapHOW IHCIIEPCHUU
OIITNOKM;

® OMNPENETUTh PETYJISIPHYIO COCTABJISIONIYIO OIMMOKH ISl KaKIOTO
U3 KaHAJIOB MPU BBIOpAaHHOM KO3()PUIIMEHTE YCUIICHHUS PA30OMKHYTOU CH-
CTEMBI KaK PEaKIMI0 CUCTEMbI Ha CTaHJIapTHBIC CAMHUYHBIC CTYyIIEHYATHIC
BO3JICHCTBUSI,

® OMNpPENeNUTh AUCIEPCUI0 OMMOKHU ISl KaXIOr0o U3 KaHAJIOB MPH
BBIOpAaHHOM KOX((PUITMEHTE YCUIICHUSI PA30MKHYTOM CUCTEMBI;

® TIPOMOJICITUPOBAThH OBEJCHNE CUCTEMBI.

Pacuer nucnepcun u MOACIMPOBAHKME CUCTEMBI PEKOMEHIYETCS MPO-
BOJIUTH TakK ke, Kak U B paboTe Ne2.

Coneprxkanue otuera o JadbopaTopHOU padoTe:

® UCXOJHBIC JaHHBIC JJIs1 BHIMOJHEHUS Ja00paTOPHOU padOTHI;
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® CxeMa OMpeIeNICHUsT ONTUMAIBHOTO KO3hPUIIMeHTa YCUICHNUS;

® pe3yJbTaThl pacueTa PETYJSPHBIX U CIy4alHBIX COCTABJISIFOIIAX
OITMOKM JIJIST KaKIO0T0 U3 KaHAJIOB;

e rpaduKu IepeXoIHBIX NPOIECCOB IS KaXI0I0 U3 KaHAJIOB.

PexomeH1yeTcsl TakKe BBITIOJHUTh CPaBHEHHUE HAWJICHHBIX MOKa3aTe-

JIeli TOUHOCTH CUCTEMBI C Pe3yIbTaTaMM BBITIOJHEHUS paOoOThI No2.

5.5 JlabGopaTopHasi padora Ne4d. CuHTE3 ONTUMAJIBLHOM CHCTEMBI €
MPOU3BOJIbLHOU CTPYKTYPOH

[ens paboTbl — mpuOOpETEHNE HABBIKOB CHHTE3a JIUHEUHBIX CHCTEM
C IPOU3BOJIBHON CTPYKTYpO#, 00€CTIE€UMBAIOIINX MUHUMYM CpPEIHEKBA/I-
paTUYHON OIIMOKU, IPU CIYyYANHBIX BO3/ICUCTBUSIX.

Conepxxanue paboOTbl — oOINpeseeHrue NepeaaTouHon (PyHKIUU JTU-
HEMHOW CHCTEMBbI, HAXOAIICHCS MO/ BIUSHUEM CIIy4YalHOTO BO3JEHUCTBUS,
KOTOpas 00ecrneunBaeT MUHUMYM €€ CPEHEKBAPATUYHON OIIHOKHU.

J1o BBIMOTHEHUS pabOThl HEOOXOIUMO CAMOCTOSATEIILHO U3YUYHUTh:

e 0OIIME MpaBuia CUHTE3A JIMHEMHBIX CUCTEM IPU CIYYAUHBIX BO3-
JICUCTBUSIX;

® [IPABWJIA CUHTE3a CUCTEM C MPOU3BOJILHOW CTPYKTYpPOH IIPU CIIy-
YaHBIX BO3JICUCTBUIX.

Bce HeoOxoauMble TeOpETUUECKHE CBEJICHUS U pacueTHbIe (OPMYIIbI
cojiepKaTcsl B JaHHOM MOcOOMU. BapuaHThl 3a1aHuii 171 BBITIOJIHEHHUS Jia-
O0opaTopHOW pabOTHl IpUBEAEHBI B Taduuie 5.6. CTpyKTypa CUCTEMBI TO-
Ka3aHa Ha puCyHke 4.3.



134

Tabnuna 5.6 — BapuaHThl 3aaHU SIS BBITTOJTHEHUS J1aOOPATOPHBIX
pabot No4 u Ne5

K| Scl@)  Se(w) H(S) K| Sel@)  sc(o) H(S)
1| 04/li+w?) 01 11/03/(1+8-0%) 03

2103/(1+2-@2) 02 s |12]04/(1+7-0%) 04 1/s
3102/(1+3-02) 03 1s [13[01/[1+6-02) 04 1
4101/(1+4-02) 04 1 |14|02/(1+5-0%) 03 s
5|01/(1+5-*) 01 s [15(03/[1+4-0%) 02 s
6|02/(1+6-0%) 02 1s [16]04/(1+3-0%?) 01 1
7103/(1+7-9?) 03 1 [17/04/lt+2-0%) 01 s
8|0a/ll+8-0°) 04 s [18] 02/lt+w?) 02 s
o [01/1+9-w?) 01 s [19]02/[t+2-w?) 03 1
10/ 0.2/(1+9-@®) 02 1 [20] 01/{1+w?) 04 s

[Ipu BbIONIHEHUY TaOOpPATOPHON PAOOTHI HEOOXOIUMO:

® OmpeAennuTh (PU3NUECKH PeaU3yeMyl0 TEPeNaTOYHy0 (HYHKIIUIO
3aMKHYTOW CHCTEMBI, BBIMIOJHSIONICH 3a/laHHOe MpeoOpa3oBaHUE MOJIE3-
HOTO CHTHaja TP MUHUMYME CpeTHEKBaIPaATUIHON ONTHOKH;

® OIpEACNUTh MEePEAATOUHYI0 PYHKIIUIO PA3OMKHYTON CUCTEMBI;

® OMNpenenuTh MepeaaTouHble (YHKIIMU CUCTEMBI 1O KaHaJlaM «IIOo-
JIC3HBIM CHTHAJI — OIINOKa» U «IIOMEXa — OIIHNOKay;

® OMNpENETUTh TUCIIEPCUIO OIIMOKH JI KaXJA0ro U3 KaHaJIOB;

® TIPOMO/ICITUPOBAThH TOBEJCHNE CUCTEMBI.

Pacuer aucnepcun U MOJEIMPOBAHUE CUCTEMBI PEKOMEHIYETCS TPO-
BOJIUThH TaK K€, Kak U B paboTtax Ne2-3.

Copeprkanue otuera o 1abopaTopHOIl padoTe:

® WCXOJIHBIC JaHHBIC IS BBITOJHEHUS J1a0OPaTOPHOH PabOTHI;

e cxeMa ormpejelneHus (U3UUECKH pean3yeMol TMepesaTOuHON
(GYHKIIMY pa30MKHYTON CHCTEMBI;
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® pe3yJbTaThl pacueTa PEryJSIpHBIX U CIAy4alHBIX COCTABIISIFOIINX
OIIMOKH JUUIS Ka)KJIOT'0 U3 KaHAJIOB;

e TpaduKH NEPEXOAHBIX MPOLIECCOB I KaXA0r0 U3 KaHAJIOB.

5.6 JIabopaTopHasi padora NeS. CHHTe3 oNTHMAJIBHOI0 GUILTPa
Kanmana-bsrocu

[lenb pabOThl — MPUOOPETEHHUE HABBIKOB CHHTE3a B MPOCTPAHCTBE
COCTOSTHUM CHEIAIIUX CUCTEM, 00ECIEUMBAIOIINX MUHUMYM CPEIHEKBA/I-
paTUYHON OUMIKMOKU, IPU CIYyYaHBIX BO3JICHUCTBUSIX.

Conepxanue padOThl — ONpEJEICHUE MepeaaTouYHON (QYHKIUM JIH-
HEWUHOM CUCTEMBI, HAXOIALLIEHCS IO BIUSAHUEM CIIy4ailHOrO BO3AEUCTBUA,
KOTOpas 00ecrneuruBaeT MUHUMYM €€ CPETHEKBAAPATUYHOMN OIINOKHU.

J1o BbITIOTHEHUS paOOTHI HEOOXOAMMO CAMOCTOSITEILHO U3YUUTh:

® OCHOBBI TEOPUHU ONTUMAILHON JUHEWUHOUN QUIbTpAIUY;

® TIpaBWJIA CHUHTE3a onTUMaibHOrO PpribTpa Kanmmana-berocu B mpo-
CTPAHCTBE COCTOSIHUM.

Bce HeoOxoamMble TEOpETUUECKUE CBEACHUS U pacyeTHbIe (HOPMYJIIbI
cojiepxkarca B JaHHOM mocoOuu. CrneKTpaiabHble IUIOTHOCTH MOJIE3HOTO
CUTHaJia ¥ TTIOMEXH, HeOOXOAMMBIC /IS BHITIOJIHEHUS J1a00paTOpHOU pado-
ThI, MPUBEACHBI B TabIHUIIE 5.6.

[Ipu BeIIONTHEHUY JTabOpaTOPHON PabOTHI HEOOXOUMO:

® OMNpeNeNuTh MapaMeTpbl GOPMUPYIOIIETO DUIBTPA;

® pa3peuIuTh ypaBHEHUE PUKKaTH JUIsi OLEHKH IHUCIIEPCUU CIydau-
HOT'O TTPOIECCA HA BBIXOAE CUCTEMBI;

® ONpEACeIuTh MapaMeTpsl onTuMaibHOro GuibTpa Kanmana-beiocu;

® IIPOMOJCIUPOBATH ITOBEJCHUE CUCTEMBL.

MonennupoBaHue CUCTEMBI PEKOMEHIYETCS MPOBOAUTH TaK K€, KaK U
B MPEJBIAYIIUX padoTax.

Coneprxanue otuera o jabopaTopHO padoTe:

® UCXOJIHbIE JaHHBIE JJIS BBIMOJHEHUS Ta0OPATOPHOI pabOTHI;
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® pe3yJbTaThl pacueTa napaMeTpoB GpopMupyromiero GUiIbTpa;

® pe3yNbTaThl pacueTa JUCIIEPCUH BBIXOJHOTO CIYyYalHOTO IpoIiec-
ca (pemeHust ypaBHeHUs1 Pukkatn);

e pe3ysbTaThl pacyeTa MmapaMmeTpoB onTuMaibHOrO (pribTpa Kanma-
Ha-briocH;

e TpaduKu MepexoaHBIX POIIECCOB.
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IMPMJIOXXEHUE A
CTAHJIAPTHBIE UHTEI' PAJIBI
1 @ B, (j . a))
J n—~ ° j . .
2T An(J a)) An(— ] @

)da).

[TonnaoMEI A, (J - a)) u B, (J - a)) MOpsKa N UMEIOT BUJL
An(i-@)=2,-(j-@)" +a;-(j-@)"" +..+a,,
B,(j-@)=by-(j-@)*"* +by-(j-@)*" " +..4+b, 4,

U BCE KOpHU A, (j . a)) PacoJIOKECHBI B JICBOH MOJIYINIOCKOCTH |- @ .

IIlpun=1
b
J1=—0.
2:ay-a,
[Ipun=2
\J2= .
2-3,-a;
[Ipun=3
3 _—a, by +8y by —a, -a; -b, /a;
3_ .
2-ay-(ap-a3-2a;-a,)
[lpun=4
U
\]4=_4,
4,

U4=(a2‘a3_a1‘a4)‘b0_a0‘a3'b1 +a0‘a1‘b2+
+ag-(a0-a;5-a;-a,) by /2y,

A4=2-a0-(ao-a§+a12-a4—a1-a2-a3).
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IPUJIOKEHUE b

W30BPAXKEHUSA MO JAILIACY ®YHKIIUA BPEMEHU

H3zoo0pasicenue no
Ne Opuzunan f(t) Jlannacy F(S)
0, t=#0,
1 s(t)= :
+o00, t=0
0, t<O 1
2 1(t) = s
1, t20 °
tn—l 1
. el
(n-1) 5"
4 exp(a - 1) S 1a
_ @
5 sin(@ - t) 2 4 o2
S
6 cos(w- 1) 2 1 o2
| @
7 exp(a-t)-sm(a)-t) (s—a)z py
1 - >
8 g‘exp(a't)'[a'S'n(w‘t)+“"cos(a"t)] (s-a)’ + o’
A-expla-t)-sin(e -t +y), S+y
9 A=£-\/(a+y)2+a)2, V,:arctg( @ ) (s—oz)2+a)2
o a+y

Hpumeuauue. a u @O — eeuecCmeeHHaAd U MHUMAas dacmu KOpHel:Z

SHAMEHRAMEJIA F(S), Y — KOHCcmaHmada.
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HHPUJIOXKXEHUE B
PELIEHUSA 3ATAY
1 Cnyuaiinbie mpouecchbl

1.1. MaTemaTrnueckoe OXHWJIaHUE CIYYalHON BEJIMYMHBI PaBHO HYJIIO,
T. €. My =0, Tak KaK creKTpalibHas IJIOTHOCTh npu @ =0 He umeeTt oco-

oenHocrell Tuna o-pyHknuu. Jucnepcus papHa

1 +°° 1 +“’ ¥

Koppensimonnast GyHKIUs C1ydaitHOM BEJTMYUHBI

1

+o0

Rx(")=ﬁ' [Sx (@) exp(j-@-7)do =
+oy

_1 [N -cos(@w-7)dw = N sin(w, - 7).

T ) T-T

1.2. CnekTpanbHas MIIOTHOCTh paBHA

= -+ 2 .m2 . 5(w).
@=L o a0

1.3. CnekTpanbHas MIOTHOCTh paBHA

S _a - 2-f-w 2-f+w J
«(@) B Px |ﬂ 2+ (8- a))2 a’+(B+w)

+2.7-m2 -6(0).

1.4. CnextpanbHas IJIOTHOCTh PaBHA
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Sx(a))=Z-TRX(T)-COS(w-r)dr:

=2-D, -}(1—%)-cos(w-r)dr = Z'GE))X E(l—_lz_)d[sin(w-r)k

0

- z'a[))x [(1—%] sin(w-r){: +lsin(a%r)d(%ﬂ =

2‘DX
T -

-[1-cos(@-T)).

1.5. CnekTpanbHas MIOTHOCTh pABHA
+o0 ]
Sy (@)= [Ry(z)-exp(- j-@-7)d7 =
+00
=Dy - jexp(—a2 Tl — -a)-r)dz-.
[TpeoOpa3yem nokazarenab SKCIIOHEHTHI K MIOJTHOMY KBaApaTy

2 2 ; ( ; a ) 0)2
a ‘7T +)o-TtT=la-T+ ) — + .
2-a 4.q®

2 AHaJIU3 CHCTEM MPHU CIYYAHHBIX BO31eHCTBUAX

2.1. ITo bopmynam (3.2) u (3.3) moayuum
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my (t)=8-{my (1)} =8-my (1)
Ry (ttz)=8-{8-{Rx (1.t }}=64- Ry (t1 . t2).
2.2. KoppensiiuonHast QyHKITUs

d2
1 2

=2-a-[1—2-a-(t1 —tz)z]-exp[—a-(tl —tz)z].

2.3. KoppensiiuonHast GyHKIus

2 2
RY(t1’t2)= Dx‘(t1+t2) 0 +2-COS[a)-(t2—t1)].

(tl +1, )3

2.4. ITo popmynam (3.2) u (3.3) moayunm

m, (t)=£mx(ﬂ)-exp(—ﬂ)d/1,
Ry (t:t2)= [ TR (2.0 ex0(- 2)-exp(- s
2.5. Tlo popmymnam (3.2) u (3.3) mosydum
m, @):EA.sm(t):A.cos(t),
Ry (t;,t,)=——— d’ Ry (t;,t,)=2- exp{ %} [1 (tz—tl)z]

dt, dt,
D, (t)=Ry (t,t)=2.

2.6. [Ins nanHOM cucTteMbl BecoBasi (PyHKIUS paBHA

k(t, /1)_— exp( t_l).

T
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3HaueHHE MaTEeMaTUYECKOIO OXnaaHuA

my (0)= JK(t,2)-my (204 =

to

LK t—A1 t—t,
=|—-expl —— [-mydA=K-my -| 1—exp| - :
frood 15 mesa=ome 1o -5

Hucnepcus onpeaensiercs mo ¢hopmye

D, (V)= Ry (t,0) = [ [K(t.4)- K(t. 1) Ry (2, o)Akt =

toto

t—4 t-—
L e )

toto

=DX-K—2 exp(—T) He (

PazoOnem HHTCPBAJI UHTCI'PUPOBAHUA 110 HepeMeHHOﬁ J Ha IBC 4aCTHU

- y\]dmy.

[to ,ﬂ] U [}L,t]. OTO MO3BOJIUT OCBOOOIUTHCS OT 3HAKA MOAYJS U IONY-

YUTH TAOJIMYHBIE HHTCTPAJIbl BUA

K? 2-1
D, (t)= DX-T— exp( = )x

x j{jexp[l? —a-(A- ,u)]d,u + jexp['lT —a-(u- l)}d,u}di =

to | to
0 1—a-T—2-exp[—1+$'T-(t—to)]+

=Dy - - 2-4 , 9
1=a®-T +(1+a-T)-exp[—?-(t—to)]

"

r 3

2.7. Insg naHHOM cucTeMbl BecoBasi (DYHKIIHS paBHA



145

kt, /1)—— ex p( t_ﬂJ.

T

Koppensauunonnas GyHkIus 6€10T0 1ryMma UMeeT BUJ

Ry (4,p)=c*-8(2 - p).

I[I/ICHepCI/IH BBIXOAHOI'O CUI'HaJIa

D, (1) = [ [K(t,2)- k(t,z2)- Ry (4, p2)dAclus =

to o

c? tt 2.t—A-
- S o - A4, 50 - woasu -

2
T oty

— CZ .| 1—-ex (_ﬂ)
C2.77? U ))

2.8. 3HayeHHEe MAaTEMATUYECKOTO OKUAAHUS PABHO

mY(t)=Tl-£exp( t;_ )(a0+a1 L A)A =

=a,+a,-(t-T)-(a, —a, -T)-exp(— %)

Jucnepcust onpenenuTes, Kak

Dy (V)= [ [K(t,4)- k(b 1)- Ry (A, ) Acls =

toto

tt ot — ] —
=D—>2<-_”expl:—2t A 'u+2-(l+/l)—‘ﬂ—,u‘:|d/ld,u.
T 6t T

HNHTerpupoBanue Npou3BOAUTCS TaK Ke, Kak U B IIpuMepe 2.6.

2.9. MaTremaTh4ecKkoe OKHAAHUE CIYYalHOIro mpoiecca X(t) Ha BEI-

X04€ CUCTEMBI B YCTAHOBHUBIICMCS PCKHUME PABHO
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mx(t)=+§°k(a)-[me(t-z)+mF(t-z)]dz=
=+fok(1)-(mG +0)dA=4-mg -Texp(— 2-A)dA=
=-2-mg -exp(-=2-4) ;" =2-mg.

Hucnepcus ciaydaitHoro npomecca X (t) HaxoAuTCA 1o GopmyJie

- f [K(2)- K(1)-[Ra (3~ 1)+ R (2.~ )20 =

jexp(— 2-2)-exp(-2- p)-exp(= 4|4 — p)dAdu +

va8. exp(— 2-2)-exp(=2- p)-exp(- 3[4 — p)dAdy =

o'—.8 oo.—-.s

[ +c0
exp(—2-4)-| [exp(=2-u—4-|A— pl)dp |da +

g
2

+48- j exp(-2- 1) +jwexp(—2-y—3-\/1—y\)dp dA =
0

+00 +00
=32- [exp(-2-1)-1,dA +48- [exp(=2-4)-1,dA.
0 0
Pa300beM KaxkIblii M3 BHYTPEHHUX UHTErpaioB Ha ABa. [lomyuum

Il=§exp[—2-p—4-(/1—p)]dy++foexp[—2-,u+4-(l—,u)]dp=

~

=[exp(2- p—4-A)du+ jexp(4 A—6-pu)du=
0

=§-exp(—2-1)—§'eXp(—4'/1)’
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ul=jexp[-z-u-s-(z-ﬂ)]duﬁfexp[-z-u+s-(z-u)]du=

O =y N

exp(u—3-A)du+ +j°° exp(3-4-5- u)du=
A

_ g cexp(~ 2- 1) —exp(= 3- A).
OKOHYATEIBHO MoJIyuymnm

Dy = 32-+jwexp(— 2-1)-[§-exp(— 2-1)—%-exp(—4-/1)]dﬂ+
0

+48. T exp(-2-4)- [g -exp(=2-4)—exp(-3- l)}d/l =

= % [exp(-6-2)—4-exp(-4-1)])” +

+ 1—8 [exp(-5-1)-3-exp(-4-1)];” = % .

2.10. 3agaHHBIM KOPPEISILUOHHBIM (PYHKIIUSM COOTBETCTBYIOT Clie-
IYIOIIUE CIEKTPATbHBIE TNIOTHOCTH BXOAHBIX CIIyYaWHBIX MPOLIECCOB

16 18
.S = .
16 + @2 ,:(a)) 9+ w?

Sg (a))=

3aJlaHHOM MMITYJIbCHOW MEPEXOJTHON XAPAKTEPUCTUKE COOTBETCTBYET
nepeaaroyHasi GyHKIUS CUCTEMBbI

W(s)=——.

MaremaTndeckoe 0KMAAHUE CIYyYalHOro Iporecca X(t) Ha BBIXOJE

CUCTEMBI B M300paxeHus no Jlanmacy paBHO
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My (s) =W (s)[Mc (s)+ Mg (s)] =
B sjzl[msG +O}= 2:Mg E_i}

OpI/II‘I/IHaJ'I HJAHHOT'O BbIPAKCHUA

my (t)=2-mg -[1—exp(=2-1)].

B ycraHoBuBIIEMCS pEKUME
My (00)=2-mg -[1-exp(-)]=2-mg.

CHCKTpaJ'IBHaH IINIOTHOCTH BBIXOJHOI'O CUTHAJIa

Sx(@)=W(j-0)° - Ss(@)+W(j-0)° - Sk (0)=
_‘42- 16 +‘42_ 18
G-@)+2 ja+(jre)? l(-e)+2 B4(j)?
_ 256 N 288 |
-0y +6-(-0)+8  [(i-0) +5-(-@)+6]

I[I/ICHepCI/IH BBIXOJHOI'O CUI'HaJIa B YCTAHOBUBIICMCA PCIKUMC

1 +0o
Dy oz ISG(a))da)=

0 256 0 288
_ 256 |1 8| 288 |1 6| 112
2 6 0 2 |5 0 15°

1 8 1 6

2.11. lucniepcus ciny4alHOTO Ipolecca
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a-a,-bf +a,-bs
ay-a; -(a-a;+a,y)

2.12. Ilepenatounas pyHKIHS 3aMKHYTOM CUCTEMBbI paBHa

2(s)= 1\-I/-VV$28)=T-SZES+1'

CHeKTpaJ'IBHaSI IIJIOTHOCTBH BBIXOAHOI'O CHUTHAJIA HpI/IMeT BUJI
K?.N
. 2 . 2
T-(j-0) +(j-0)+1

Sy (0’)=‘¢(J. _w)‘z - Sx (‘0)=

WNurerpupoBanue Sy (a)) 110 BCEM YacCTOTaM JAaeT pe3yJibTaT

o _ 1+I°° K?-N 4o KN
Y 2m LN L (s 277 2
‘T-(J'a)) +(j-a))+1‘

OueBuaHo, uto aucnepcus Dy He 3aBucut ot T.
3 CuHTEe3 CHCTEM NPHU CIOydYallHbIX BO3/1elCTBHAX

3.1. Ilepenatounas pyHKIHSI CUCTEMBI TIO KaHATy «PEryJISIpHBINA CHUT-
HaJ — OIMOKa» paBHA

1 5
1+W(s) s?+K-T-s+K

Wee(s)=

Perynsiprasi coctapsitoiasi OMOKH B YCTAHOBUBILIEMCS PEKUME

d d?
me (t)=C, - 9(t)+C, o g(t)+C, -dt—zg(t)+

rae
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2

2

d d?
t)=a-t , —O\t)= b-t, —-glt)=b.
g(t)=a-t+ g dt)=a+b-t. o ot)

[IpouzBoiHbIE 0OJIee BHICOKOTO MOPSAJIKA OT g(t) 0 BPEMEHU PaBHbI

nymo. KosddurmenTs! ommbok, Haiinenusie nocie pasioxkenus We (s) B

crernieHHoit psn, pasuet Cy =0, C, =0, C, =1/K. Torga

me )=

[lepenarounast GyHKIMA CUCTEMBI MO KaHAIy «IIOMEXa — OIIMOKa»
paBHa
W(s) = K-(T-s+1)
1+W(s) s2+K-T-s+K'

Wee (s)=

Jlucniepcusi ciydaifHOM OITMOKH B YCTAHOBUBIIIEMCS PEKUME

=K2-N_+I°° -T2 (jrw) +1

(K-T2 +1)- N
27 l(j-0f +K-T-(j-0)+ K|

2-T

deo =

De

Cpennuii KBaJpaT CyMMapHOM OIIMOKU paBeH

k2 2.T

s2_ b +(K-T2+1)-N.

JI71s1 OTBICKaHWUSI MUHUMYMa 3TOTO BBIPAKEHUS MIPHUPABHSIEM HYIIIO €T0
MIEPBYIO0 MPOU3BOIHYIO 10 ITIOCTOSIHHOW BpeMeHu T

2.K-T2-(k -T2 +1)=0,
OTKyJa nojryuum T ,,,, = 1/VK..

3.2. MuddepeHumpyst BeIpakeHUE IJI1 CPEIHETO KBaipaTa OMUOKH T10
napamerpam [ u K, moay4uM cuctemy ypaBHEHUM
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T=1/VK,
2.b> T-N
+ =

0.
K3 2

Orcrona Haiinem K, = 5{/16 b*/N2, Tonm = 1/ VK pms -
3.3. Cpennuii kBajgpaT CyMMapHOU OIIMOKY paBeH

s2 b? +(K-T2+1).N |
K 2 2-(T-7)

OnTuMajibHOE 3HaU€HHUE ITOCTOSHHOMN BpEMCHU

| 1
Toum =T+ T+
K

3.4. CrextpasibHas IIIOTHOCTh CYMMapHOI'0 BXOJHOI'O CUTHAJIA paBHA

S (0)- (1472 @)+ S; 0)- (1+ 72 - 0?)
(1+T2 - 0?)-(1+T2 0?) |

S (@)+ Sk (@)=

Paznoxxenue »srtoro BBIpAXKCHHUA Ha KOMINUICKCHO-COIIPAKCHHBIC
COMHOKHUTCIIN JaCT PE3yJIbTAT

1+j-a-w

6 ®)(1+]-Te o)
1-j-a-o

G 'w)'(l_j'TF a))

#(i-0)= 500+ 5:0)- (1 5 7

(- | 'w)=\/SG(O)+SF(O)'(1_J‘.T

e @=Tg - |[S6 0)- T2 + S¢ (0)-72] /I56(0)+ S )]

[Tocine pa3znokeHus Ha AIEMEHTApHBIE APOOU UCKIIOYAETCS YacTh, CO-
OTBETCTBYIOIIAs] HEYCTOMYMBOU CUCTEME.
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Sg(j- @) H(i-o)_

(- - o)
_ Ss0) 1 -(1—j-TG-w)-(1—j-TF-w)=
1+TZ - w? JSg(0)+SE(0) l-j-a-o

_ ss(0) 1-j-Tr o _
~/Sc(0)+5:(0) (1+j-Ts @) (1-j-a-w)

_ S0 -[TG+TF- 1 JTe-e 1 }
JSc(0)+S0) [ To+a 1+jTgo Tg+a l-j-a-o]

BTopoe ciaraemoe B CKOOKax MUMEET MOJIOCHI B TPaBOM KOMILIEKCHOM
nonymiockoctu J-@. OHO oTOpackiBaeTcs. Peann3yeMas 4acToTHas Tie-

penatouHas GyHKIUS 3aMKHYTON CHCTEMBbI IIPUMET BT

W(j- )= 1 [ S (0) To +Te 1 J=

¥(j- ) \/SG(O)+SF(O)- Te+a 1+])-Tg-o
_ S6(0) -TG+TF-1+j-T,:-w_K-T,:-(j-w)+1
CS.(0)+S:(0) Tg+a 1+ja-0  a(jro)+1

rae Ko3QPUUUEHT YCUICHUS 3aMKHYTOM CUCTEMBI

_ S6(0) Te +T¢
- 55(0)+S£(0) Tg+a

Peanusyemas nepenartouHas PyHKIMS 3aMKHYTOM CHUCTEMBI B U300-
paxeHusx 1o Jlammacy umeeT BUJ

W(s)=K- .
(S) a-S+1

[lepenaTounas GpyHKIMS Pa30MKHYTOW CUCTEMBI paBHA

Te-s+1
(@-K-T)-s+(1-K)

W,(s)=K-
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3.5. Ilepenarounas ¢GyHKIMS 3aMKHYTOM CUCTEMBI paBHA

y-s+1
s-(a-s+1)’

W(s)=K-

/i€ 3HauYeHUs1 KO3 (PUIIMEHTOB

K = Sg (0) =T, - \/ F(O) Tg-a

5c(0)+5:0)" 5.(0)+8:0) " T +a’

[lepenaTounas ¢hyHKIMS Pa30MKHYTOW CUCTEMBI paBHA

. y-s+1
W)= K ) s e (=K

3.6. Ilepenarounast GyHKIMS 3aMKHYTOW CUCTEMBI paBHA

r/ie 3Ha4YeHUs1 KO3 (PUIIMEHTOB

SR 1T S . 20

5 (0)+5:(0) To+a’ S6(0)+ 8¢ (0)

[lepenaTounas GpyHKIMS Pa30MKHYTOW CUCTEMBI paBHA

W, (s)=

a- s+(1 K)

3.7. OnTuMainbHasi UMITYJIbCHASI XapaKTEePUCTUKA CUCTEMBI OyJET UC-
KaTbCs B BUJIC

k(t)=D, - 8(t)+ D, -exp(=d, - t).

TpeOyercs Haliti ee mapameTpbl Do, D1 u d1. YpaBHenue Bunepa-
Xorda B TaHHOM CIy4ae IPUMET BUJL
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Tk(’?)‘ RU(T—ﬂ)dﬂ— Rzu (T)=O, 7 > 0.

Tax Kak CHHTe3upyeTcs cremsmas cuctema, To Z(t) = G(t). Torza
Ry (r)= R (r)+ Re (r)=3-exp(- 2 [z])+ 2 - exp(~|z]),
Rzu (r)=Re (r)=3-exp(-2-I7]).

[ToncTaBuM 3HAYCHUSI KOPPEISIIMOHHBIX (YHKIUMA M HUCKOMON HM-
MyJIbCHOM MEPEXOHON XapaKTEepPUCTUKHU B ypaBHeHHEe Bunepa-Xomnda

+(I:03 -exp(=2-|r - 7])-[Dy - 8(7)+ D, - exp(~d; - )l +

+00
+ [2-exp(~|z—7])-[Dy - 8(7)+ D, - exp(-d, - 7)ldn -
0
~3-exp(-2-]¢])=0, r>0.

[Ipeobpazyem 3TOT UHTETPaT K BUY
+00
| D - 8(n)- [3-exp(= 2|z — )+ 2 expl= |z —7))ldm +
0
+[ Dy -exp(=d; -77)- {3 exp[~ 2+ (z ~ 77)]+ 2 - expl~ ( ~ )y +
0

++fD1 -exp(=dy - 17)-{3-exp[~ 2+ (7~ 7)]+ 2- exp[~ (7 — 7) -
—3-exp(-2-7)=0.

BpInoIHUB 371€EMEHTAapHBIE ONIEPALIMN UHTETPUPOBAHUS, TIOJIYUYUM
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D, -[3-exp(=2-7)+2-exp(-7)] +

L 3Dueplo207) oo 4y 0]- 1)

2_d,
+2'Dl'eXp(_T)-{exp[(l—dl)-r]—1}+
3:-D,-expl2-T
+ 12+dp1( )-exp[—(2+d1)-z-]+
+2'Dl'EXp(r)-exp[—(1+d1)-r]—3-exp(—2-r)=0.

1+d,

[IpupaBHsiB HymIO Kod(PhUIUEHTH TpH  (YHKIHIX eXp(— 2-2'),

exp(—7) u exp(—d; - 7), momyunm cucTeMy ypaBHeHHii

3-D
3-D, — L _3=0,
2-D
4 2-D, - L0,
3-D 2-D -D 2-D
L+ 1, 300 L0

W3 nepBOro ypaBHEHUs MOJIy9aeM
3-(1-d2)+(a-d2)=0.

N3 nByX KOpHEH 3TOr0 ypaBHEHHUS BHIOMPAEM TOT, KOTOPBIM COOTBET-
CTBYET YCTOMYMBOW cucTeMe (IOJIOKUTENbHbIN), T. €. d; = J7 / 2=132.
W3 nByx npyrux ypaBHeHU# cucreMsl HaxoauMm D; = -0,22 u D, =0,68.

C y4eTroMm 3THX 3HAYCHUW MUMIYJIbCHAS MEPEXOJHASI XAPAKTEPUCTHKA OIl-
THUMaJIbHON CUCTEMBI IPUMET B/

k(t)=0,68-5(t)-0,22-exp(-1,32- ).

DTOH XapaKTEpUCTUKE COOTBETCTBYET NEpeaaTouHas PyHKIUS
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0,22 s+1

W (s)=0,68 - =051 ————.
s+1,32 0,/6-s+1






