MaBa 6. Pagbl HabnrogaeMbiX — UCTOMHUK AaHHbIX ONS
MoaenMpoBaHus

[Ipu co3nanum Monenn U3 «IEPBbIX MPHUHIIMIIOB» MOJEJIbHBIE BEIUYMHBI
HACJIEyIOT CMBICI, 3aJ0KEHHBIA B OOLIMX 3aKOHAX MPUPOABI U MPOU3BOJHBIX
oT Hux ¢opMynupoBkax Tuna ypaBHeHuil Kupxroda. [lpm smmmpuueckom
MOJICTMPOBAHUM IO BPEMEHHBIM pealu3alisiM BBIICHEHHE B3aHMHOIO
COOTBETCTBHS MapaMETPOB MOJEIN U O0BbEKTa CTAHOBHUTCS OTIEIBHOMN 3a/1ayeil.
Jlameko He Bcerjga MOKHO OpraHM30BaTh M3MEPEHHE 3HAUYCHUN BCEX BEJIMYUH,
BKJIIOYCHHBIX B MOJENb, B MPHUHLUIE HIM C HEOOXOAMMOW TOYHOCTHIO (IO
pa3NUYHBIM TEXHUYECKHMM MpPUYMHAM WIM H3-3a CcHenu(uku oOBEeKTa).
[Ipuxoaurcs AOBONBCTBOBATHCA TEM, YTO JOCTYHNHO, M YYHMTHIBaTh 3TO
00CTOSITENLCTBO, MPOBOJIS JOMOJHUTEIbHBIE MPEOOPa30BaHUs JIAHHBIX MPU
MOCTPOCHUH MOJEIIH.

B sT0i1 rmaBe mMbl ocTaHOBUMCS Ha mpoOiemax MojlydeHus u oOpaboTKu
UHGOPMATUBHBIX CUTHAJIOB C OOBEKTa C IENbI0 MOJTYUYEHHUS MPEJCTaBICHUN O
BO3MOXXHOCTSIX U CHEIHU(PHUKE €ro MOICIMPOBAHUA — HA TOM, YTO B CXEMeE
npolecca MOJEIMPOBaHUS Ha puc.5.] 3HAUUTCA KaK «IIOJy4EHHE U aHaJIU3
BPEMEHHBIX PSAZI0B HAOIIOIaEMbIX» U «alpHOpHast HHPOpMAIHs.

6.1. HaoaromaeMbie 1 MOJEJbHBIC BeJINYNHBI

6.1.1. HaGmroneHus: 1 u3MepeHus

HeoOxomumyto st  MoOAETMpPOBaHUS WHMOPMAIMIO MBI TIOTydYaeM,
OpPTraHU30BaB HaO00eHUe 32 OOBEKTOM C TIO3UIIMA UMEIOIINXCS MTPEICTAaBICHIHA
— anpuopHbIXx Mozened (cMm. 1. 1.1). Pesynbrar — KadyecTBEHHbIE WIIU
KOJIMYECTBEHHBIE JaHHble. K KaueCTBEHHBIM BBIBOJAM MOKET IIPUBECTU MPOCTO
cozepyanue, KOIUYECTBEHHbIC JAaHHbIE JOOBIBAIOTCA MYTSAMH H3MEPEHUS H
noxacyera. [loocuem WCHONB3YIOT, HaNpuMep, JUIA PETUCTPALUU YHucia
HCITyCKaeMbIX 4aCTHUI, 0COOEH B MOMYJISALHUAX U B IPYTUX MOJOOHBIX CUTYaLUsX,
KOTZla HaOJIOaeTcsi COBOKYMHOCTh WJIM TIOCTEI0BATEIbHOCTh JTUCKPETHBIX
AJIEMEHTOB. M3mepenue — CpaBHEHUE C OJHOPOJHOM BEIWYHUHOM, MPUHATOMN 3a
€JIMHUILY, HOCUTEJIEM KOTOPOU SIBJISIFOTCA ATAJTIOHBI Pa3JIMYHBIX yYpoBHEH. [lanee,
TOBOPS O «HAONIOJIEHUN», «HAONIOMAaeMbIX BEIMYMHAX» W «PE3yJIbTaTax
HaOMOIeHUs», MBI Oy/leM HMMETh B BHUAY, COOTBETCTBEHHO, CAMH IIPOIIECCHI
U3MEPEHHsI WM  TOJCYETa, BEJIWYUHBI, KOTOPBIE OTUM MPOLELypaM
MOABEPraroTCs, M IOJy4YEHHbIE KOJIWYECTBeHHbIE JHaHHble [125]. Craemys
TPaJULUHU, CIOBO «BEIMYMHBDY OyJIeM OTOpachlBaTh M TOBOPUTH MPOCTO O
Habnooaemvix. g ux 0003HAYEHHs] HCMOJIB3yeM OYKBY 77, MOXOXKYIO Ha
BOIIPOCHUTEIbHBIN 3HAK, TOJAYEPKUBAsi ’TUM HaJIU4KHE HEMPOCTOTO BOIpoca 00 Ux
CBSI3U C MOJIEJIbHBIMU BEJIUYHHAMM.

Jlrobast peanpHas cucTemMa o0JIaaeT HEOTPAHUYCHHON COBOKYITHOCTHIO
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CBOWMCTB, HO JUISl IOCTHXKEHHS IIEJIE MOJEIUPOBaHUs (HUCCIIeTOBaHMsI) ObIBAET
JIOCTaTOYHO OTPAHUYUTHCS HEKOTOPHIM UX KOHEYHBIM HAOOPOM — MOOeNbHbIMU
GeUYUHaMy — TIEPEMEHHBIMHA X, X,,...,X;, U MapaMeTpaMu c,,C,,...,Cp. YHUCIO

HAOMIOJAEMBIX BEIMYUH U IEPEMEHHBIX MOJEIH, A2 U CaMH OHU (II0 CBOEMY
COACPKAHUIO, (PU3MUYECKOMY CMBICIY) MOTYT HAXOAUTbCA B Ppa3IUYHOM
coorBercTBUU. Tak, 4yMca0 k HAOMIOAAEMBIX 77;,77,,...,7]; OOBIYHO MEHBIIE

pazmMepHOCTH Mojenu D, a caMH STH BEJIIMYMHBI YaCTO HE T€, YTO 3aJ0XKCHBI B
MOJIEITb, a JIUIIb HEKOTOPBIM 00pa3oM CBSI3aHBI C €€ MEPEeMEHHBIMU. JTO MOXKET
OBITh CBS3aHO C YCIOBHSMHU OJKCIIEPUMEHTOB, BO3MOXKHOCTSIMH JIOCTyNa K
o0beKTy, ero ¢opMol win TabapuTaMHu, OTCYTCTBHUEM HE0OXOAMMOM
anmapaTypbl, HECOBEPIIEHCTBOM WHCTPYMEHTOB ¥ MHOTHMH JAPYTHMH
OOBEKTHUBHBIMH M CYOBEKTHBHBIMH (akTopamu. Hampumep, BO3MOKHOCTH
ANEKTPUYECKUX H3MEPEHU BHYTPH OHMOJIOTMYECKOW KIETKH OTPaHUYCHBI €€
ManbIMu pa3mepamu (puc.6.1,a). Konebmromascs ctpyHa Ha rutape OoJibliasi,
JIOCTYNl K HEH OTKPBHIT M MOXKHO HW3MEpHTh, HANpUMEp, CKOPOCTh WM
KOOPJAMHATY KaXJOW TOYKM ITOTO MEXaHHYECKOTO pPe30HaTopa, a JOCTYIN K
BHYTPEHHEMY O0BEMY 3aKpPBITOTO PE30HATOPA MOYKHO PEaM30BaTh JIHIIb Yepes3
OTBEPCTHSI B €ro CTEHKaX, T.e. IIOCIE€ YAaCTUYHOTO pa3pylIeHUs OOBEKTa
(puc.6.1,6,B).

Mmmnga
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2) 0) E)
Puc.6.1. DnexTpuyeckoe MOAKIIOYEHHE K KJIETKE C MOMOIIBIO CTEKISIHHOTO Kamujuisipa (a);
OTKPBITHIH (0) M 3aKPHITHIH (B) pe30HATOPHI

CBsi3p  HAOMIOHAEMBIX M MOJEIBHBIX BEIHYMH MOXKET OKa3aThCsd
OUYEBUIHOW, OHM MOTYT Jake coBmaaaTh. Ho damie mpocToil OoaHO3HAYHOM
3aBHCHMOCTH MEXKIY HAOJI0JJaCMbIMH U MOJICIbHBIMU BEJIMYMHAMHU, HE OBIBACT.
B o0mmem cirydae 3ToT BOIpoc TpeOyeT CrelualbHOrO aHaIu3a, HallpuMep:

1) npu MOIEIMPOBAHUU  DSBOJIOIUH  OWOJOTHYCCKOM  MOMYJISAIIUN
OTOOpaXCHHEM, TIOKAa3bIBAIOIIMM  3aBHUCHMOCTh  KOJHMYECTBA OCOOCH B
HOCNEAYIOMMNA ToA X,,, OT MX KOJM4YecTBa B mpenpyaymuii rox x,. Ecmm
OKCIICPUMEHTAJIbHBIC JIaHHBIE 77 COOMpArOTCs  HAONIOAATEISAMH  IyTEM
HEITOCPEICTBEHHOTO TIOJICYETa, TO MOOEIbHAL U HAOI00AeMas BeluyUHbl
coénadarom: x =1. Ho ecimnm HAOMOACHUIO OCTYIHBI TOJIBKO CIJIEIIBI
KU3HEACITSILHOCTH 0co0el (Cliepl Ha 3eMJle, OTMETUHBI Ha IEPEBBIX, IIOMET U
T.I.) U TI0 HUM OIIOCPEJOBAHHO JEJACTCS BBIBOA 00 HMX YHCICHHOCTH, TO
TpeOyIoTCs Kakue-To (pOpMyJibl Tepecdyera WM METOIUKH JIJIS yCTaHOBJICHHS
3A6UCUMOCIU MENCOY X U 1],
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2) ¢wusukam XOpoIIO 3HAKOMA CHUTyallus, CKJIAIbIBAIONIAsCA TIPH
U3MEPEHUH JJIEKTPOJABIKYIIEH Cuibl (3.1.C.) E HCTOYHMKA C BHYTPEHHHUM
COIIPOTHBIIEHUEM 7; C MOMOIIBIO BOJbTMETpa (puc.6.2,a,0). 3mech 0OBEKT —

WCTOYHHK TOKAa, MOJENIbHAas BeMuuMHa — 9.10.¢ (x = F), HaOmogaemas —
HanpspkeHue U Ha kinemmax uctounuka (77 = U). ns guxcanum HabmrogaeMoi
BOJILTMETP TMOJKIIOYAETCA K MCTOYHMKY, KaK 3TO IOKa3aHO Ha puc.6.2.a.
ComnpoTHBiIeHHE MEXIY BXOJIHBIMM KJIEMMaMM pealbHOro BOJBTMETpa R,

(BXOOHOE CONpPOTHUBJICHHE) HE MOXKET OBbITh OECKOHEYHBIM, IOITOMY TMIPH
MOJKIIOYEHUH Tpudopa Lenmb 3amMKkHeTcss u moTteder Tok /. Ilpm stom
HamNpsDKeHWE Ha KJIEMMax YMEHBIIUTCS IO CPaBHEHHUIO CO ClydyaeMm, Korja
npubopa me Obuio: U=E—-Ir=E(1-r/(r;+R,)). Takum o6pazom,
HaOmomaemMasi OyJeT OTJIMYaThCS OT BEJIMYUHBI, 3QJI0KEHHOW B MOJEIb, HO
uMeemcsi OOHO3HAYHAS (PYHKYUOHANbHASA C653b HAOII0JAeMON U MOJIENIbHOM
BEIUYUH 7] = f(X);

v

a)

Puc.6.2. Tlpumepsl xapakTepu3ymOIMX BEIMYMH M HAOIIOAAaEMbIX: a) HKCIEPUMEHT C
UCTOYHUKOM 37ic, 0) SKBHMBaJEHTHas CXeMa Ipolecca M3MEpPEeHus 3JC; B) HalioJaeMble
BEJIMYMHBI IPH aHAJTN3€ aKTUBHOCTH CEpJIlia U MO3ra

— ——_
i . %
= )

= "*"r" 3) npu 3aIncH AIEKTPUUECKUX
' Dﬁ'I:EKT "xl‘ D—P?f

\ X A I  IOTEHUHUaNoB Ha KOXe YesoBeKa

\53 2__ 51 s HAO0JII01aeMOM 77 CITY)KUT HANPSDKEHUE MEXITY

N I: JIBYMsI TOUKaMH Ha MOBEPXHOCTU Teja, OJHY

&, T2 WX KOTOPBIX NPHHUMAIOT 3a OMOPHYIO (CM.

puc.6.2,B). [Tpu cheMe

Puc.6.3. Cxema nonyuenms OJJIeKTpodHmedamorpamm (O3I) 3710, Kak

IAaHHBIX 00 00BEKTE HAOIIOIEHMS.

X; - BCJIIMYHMHBI,

1

XapaKTepHU3yIOIIHe
MOJICITUPYEMOe CBOMCTBO
o0ObekTa, 77; — HaOIIONAaEMBbIE.

To4ykM — JATYUKH, C KOTOPBIX
CUTHAJIBI c [TyMaMH &

INOCTYINAarOT Ha HU3MCPUTCIBHBIC

MPAaBUIIO, HAMPSHKCHHE MEXIY TOYKaAMH Ha
KOXe TOJIOBBI u HA  yXe, TUTS
anextpokapauorpamm (OKI') — mexy Toukoi
Ha Tpyad u Ha Hore. He Hamo ObITh
CHEIUATUCTOM, YTOOBI COTJIACUTHCS C TEM, UYTO
MU3MEpsIeMbIC HAINPSHKCHUS  SBISIFOTCS  JIMIIb
CHWJIBHO TPaHC(HOPMHUPOBAHHBIMUA OTTOJIOCKAMU
MPOLIECCOB B aHCAMOJSAX KIIETOK MO3Ta WU B
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cepaue. IlosTomy cBsi3p HaAOMIOJAEMBIX TOTEHLMAIOB 7] C BEIMYUMHAMH,
XapaKTEePU3YIOMUMHA  (PYHKIIMOHUPOBAHUE  YEJIOBEYECKOTO OpraHm3Ma X,
MPEACTABISIET MPEIMET CaMOCTOATENbHOro M3yueHusa. Ho ecnu mopenupyertcs
cama 3aluch MOTEHIMAJIOB, @ HE UX UCTOYHUKHU (aHAJOTMYHO KMHEMATHYECKOMY
OTMCaHWIO0 B MEXaHHKE), TO MOJICJIbHAS U HaOI0jaeMasi BEIMYMHBI COBIAIAIOT.
[Ipu nm0O60M H3MEpEeHHH Ha PE3yJbTaT BIMSIIOT OCOOEHHOCTH METOJUKH
SKCIIEPUMEHTA U MapaMeTphbl MPUOOPOB, BHEIIHUE PETYJISIPHbIC BO3JCHCTBUSA U
mymbl. Ha puc.6.3 nzobpakeHa cxema TUIMYHOW MNPOLERYpPbl MOTYUYEHHS
AKCIIEPUMEHTAIILHBIX HAOI0JaeMbIX: BHEITHEH M3BUIIMCTOMN JIMHUEH OTpaHUYCH
00BEKT MOACIIUPOBAHUS, YSPHBIMH TOUKAMHU 0003HAYCHBI TATYUKHA U3MEPSICMBIX
BEJIUYHMH, TPEYTOJbHUKH — MPUOOpHl (YCWIMTENH, OTPAHUYUTETN W T.IL),
npeoOpasyoolue JaHHblE C JaT4UKOB B HaOmomaemsle 77,. Haxe ecau

JIOTIONTMHHO M3BECTHO, Kak JAeQOopMUpPYETCs U3MEpsieMblid CUTHAJ NMpudopamu,
M YIAeTCs BBECTH COOTBETCTBYIOIIME IONMPABKH, HA MPAKTHKE HEBO3MOXKHO
MOJIHOCThIO HM30aBUTHCSI OT TOMEX — BIHMSHHS BHEIIHUX PETYJSIPHBIX |
CIy4YalHbIX BO3JICMCTBUHI 2, Perynsipabie BO3IEHUCTBHS pEalbHO NOAABHUTH, a
HEperyJsipHble, Ha3bIBAEMbIE IITyMaMU, — TOJIBKO 0ciaduth. LIlymbl MOTYT UMETH
KaK BHEIIHEE MPOUCXOXKJEHUE (MX HA3BIBAIOT UIMEPUMENbHbLIMU), TaK U OBIThH
OPUCYIIMMH CaMOMY OOBEKTY — HympenHue WU ouHamuyeckue (T.K. BIUSIOT
Ha JuHaMHKy oObekta). Ha puc.6.3 1mrymoBble n00aBKM IpeACTaBIEHBI
V3BWIMCTBIMU JIMHUSIMU CO CTpelKamu. V3MepUTEeNbHBIN IIyM MOKET OBITh
ammuTuBHBIM — 7= f(x)+ <&, MyJabTUIUIMKATUBHEIM — 7n17= f(x)-&, wim

BXOJHUTHh B (POPMYJIBI ISl CBSI3M HAOIIOJAEMBIX M MOJEIBbHBIX BEJIMYUH OoJiee
CJIOKHBIM 00pa3oM.

Bun ¢yHkuuu f, cBs3piBaromieli HaOI0aeMble M MOJICIbHBIC BEJTMYHHBI,
OTIpEIEISIETCS. W CBOWCTBAMHM W3MEPUTEIBHBIX TMPUOOPOB U TEPETAONIUX
nieneil. YToObI 3TH yCTPONCTBA HE BHOCWIM UCKAKEHHUH, OHU JIOJIKHBI 00J1a/1aTh

1) nocTaroyHO IMPOKMM JIUHAMU4YeCKuM auanasoHom U, . —U ..,
MO3BOJISIONIUM OJIMHAKOBO, HE Hapylllas MPOMOPIIMA, mepeaaBaTtbh OOJbIINE U
Manble curHaiael. Hampumep, B mpeactaBieHHOM Ha puC.6.4 mipuMepe
TMHAMHYECKAN JMAMa30H yCTPOMCTBA HEAOCTATOUYECH JUIS Mepeaadu OOJBIIOTOo
CUTHAJIA;

2) HeoOXOJHMMBIM YaCTOTHBIM AMANa3oHOM (TIOJIOCOM MPOIyCKaHUs) —
BO3MOKHOCTBHIO BOCIPUHHUMATh M OJIMHAKOBO TEpPE/laBaTh BCE TapMOHUYECKHE

! Hanpumep, B cityuae H3MepeHHs 3¢ BOTBTMETPOM MOYKHO BBECTH MOMPABKY HA KOHEIHOCTD
R, WM UCTIONB30BaTh KJIACCHYECKHMI OCCTOKOBBIM KOMIICHCAIIMOHHBIH METOJ] M3MEPEHUS C
nomouibio noreHomMetpa [84, c. 162-163], cBoOOAHBIN OT OTMEUEHHOTO HEAOCTATKA.

> Tak, ONBIT TOKA3BIBAET, YTO M B CIydYasX, NMOKA3aHHBIX HAa PHC.6.2, H aHAJIOTHYHBIX
CUTYalsIX W3MEPEHUs] DIEKTPHYECKUX CHUTHAIOB YYBCTBUTEIBHBIH LIMPOKOIIOJIOCHBIH
u3MepHTeNb (HampuMmep, pPaaHONPHEMHHUK), TOAKIIOYEHHBIH MapajjiebHO BOJIBTMETPY,
Kapauorpady M T.11., IOMOJHATEIBLHO OOHAPYKUT WIyM, YEIOBEYECKYIO PeUb U MY3BIKY U T.II.
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COCTABISIONIAE CIIEKTpa MOMmHOCTH (M. 6.4.2.1) BXOJHOrO CHTrHama W
HEBOCTIPUUMYHMBOCTBIO K CHUTHAJaM Ha «4Uy>KMX» dacToTax. M3numiHe mmpokas
10JI0Ca YacTOT, MPOITyCKAaEMbIX YCTPOHCTBOM, HEXeJlaTelbHa U3-3a ONACHOCTH
NPOHUKHOBEHUS B HAOJMIOJaeMbli CHTHaJI TOMEX H NIYMOB, HO U €€
YMEHBIICHHE YPEeBATO BHECEHHEM HCKAKEHHM U POCTOM HHEPIHOHHOCTH —
BPEMEHEM 7, pEaKkUUU Ha KOPOTKUM MMITYJbCHBIM cuUrHan (cM. puc.6.4,B).

VY3Ky10 M0JIOCy MPOIyCKaHUs MPeoOpa3yoIIero yCTPOMCTBAa YacTO UCTIOIb3YIOT
UL TIeJICHANpPaBICHHOW  (UIbTpanuu  curHaja. IIpomyckaHue  TOIBKO
«HHA3KOYAaCTOTHOW» YacTH CIICKTpa IMNPUBOAUT K €Tr0 CrIa)KHBAHHUIO. CDI/IJ'IBTp
BBICOKHMX YacTOT YJalsieT NOCTOSHHYIO COCTABJISIOILYIO U mpeHO (MEIJIEHHBIN
apeiid);

3) AOCTAaTOYHOW YYBCTBUTEIBHOCTBIO — YpPOBEHb COOCTBEHHBIX ILIYMOB
YCTPOﬁCTBa JOJIZKEH OBITh JOCTAaTOYHO Mall, YTOOBI HA UX (I)OHG MOKHO OBLIO
YBCPCHHO pa3jindaTb OJIE3HBIN BXOZ[HOﬁ CHUT'HAJI Ha BBIXOJC.

El) Lrsz.u A ﬁ) E’Tﬂu
. .
EIIS.I’ q}u
0/ = 1
U, ® _/ U | ] U
¢ =
0 - o == Y
4] |
o P ———
Y-S P
] T -—

Puc.6.4. VYctpoiictBo, mepenaromiee curHan (a), U ero meperaTodyHas XapaKTepPUCTHKa
U, = fU,.) (0). Manblil BXOJHOM rapMOHUYECKUM cUrHan (cepas KpHuBasi) nepenaercs 0e3
VICKA)KEHUH, a OobIIOoN (4epHas KpuBas) OrpaHUYEH, €ro BepXylKkH cpe3ansl. [Ipu nepenaye
KOPOTKOI'O UMITyJIbCa, HOCTYNHUBIIErO HAa BXOJ B MOMEHT ¢ = 0, OTKJIMK MOSBUTCS Ha BBIXOJIE
C HEKOTOpOH 3ajepkkoil 7 pacIUIBIBHIMMCS H3-32 KOHEYHOTO BPEMEHHM WHEPLUOHHOCTU
ycrpoiictsa 7, (B)

Cka3zaHHOE O HEHJICaJTbHOCTH U3MEPUTENIBHBIX YCTPOMCTB, O COOTBETCTBUU
MOJIEIbHBIX BEJIMYMH M HAOIIOAAEMbBIX UMEET OTHOIICHHE U K CTaTUCTHYECKUM
JAHHBIM, HCIOJB3YEMbIM IPU MOJEIMPOBAHUU OOILECTBEHHBIX IPOLIECCOB U
FYMaHUTapHbIX mpoOneM. WX wuckaxeHue MOABMHU U BpeMeHeM (B
HUCTOPUYECKOM  CMBICIE)  MOXET  ObITh  BecbMa  CYIIECTBEHHO U
HeKOHTposupyemo. [Ipu MoaenupoBaHWMM MO TAaKUM JaHHBIM HaJ0 OBITH TEM
0oree OCTOPOXKHBIM, €CIM JaKe paJAMOU3MEPEHUs] C HCIOJIb30BAHUEM

3 Imeth 0MHAKOBBI K03 uiment nepeaun U /U, IUIs BCeX KOMITOHEHT CIIEKTPa.

B8blX
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JIOCTaTOYHO «OOBEKTHUBHBIX» TPHOOPOB M METOJOB OOpPHOBI € IIymMamu
OCTaBIISIFOT MECTO COMHEHHUSIM U 3aCTaBJSIOT OBITh BHUMATENBHBIM TIPH
UCTIOJIb30BAaHUU TAHHBIX HAOIIOICHUS.

6.1.2. MeTonbl YBEIUUYEHUS U YMEHBIIECHUS YUCIA XapaAKTEPUYIOIIUX
BEJINYUH

Odyenp yacTo HaAOMIOJAEMBIX BEJIMYMH HE XBaTaeT, 4TOObI O0ECHEeUuTh
JMHAMHYECKOE ONHMCAHHE OO0BEeKTa — 3aJaTh €ro cocTosiHue X (D-MepHbIi
BEKTOp), 00€CreYrB 0JTHO3HAYHBIN POrHO3 OyAYLIUX COCTOSHUN MO TEKYILEMY .
Jlia yBenuueHus: 4yuciia MepeMEHHBIX (Pa3MEpPHOCTH BEKTOpa X) CYIIECTBYET
HECKOJIBKO TOJX0J0B. YacTh M3 HUX MMEET TEOPETUYECKOe 0OOCHOBAHHE (CM.
teopeMbl TakeHca B 11.10.1.1), Apyrue onuparoTcs Ha UHTYUIUIO | T.11.

Camblil TpoCTOM M MOMYJISAPHBIN CIIOCO0 — METO BPEMEHHBIX 3aJepikek. B
cllydae CKaJIpHOM HaOJII0aeMoil, COrJacHO 3TOMY IMOJAXOIY, B KadecTBe
KOMIIOHEHT BeKTopa X(¢) OepyTcs ee TocienoBaTejIbHble 3HAYCHWSI,

pa3feleHHble HEKOTOPbIM HHTEPBAJIOM 7 (BpEMEHEM 3alepxkku): x,(r)=n(),

x,O)=nt+7),..., x5()=0+(D-17).

Meron  mnocnepoBaTenbHOro  nuddepeHIpoBaHuss ~ COCTOMT B
WCIIOJIb30BAHUM  BPEMEHHBIX IPOU3BOAHBIX HAONIOJAEMOW B KadecTBe
JTUHAMUYECKHUX MIEPEMEHHBIX: x () =n(), x,(t) =dn(t)/dt, s

x,()=d” _177(t)/ dt®?. Ero npuMeHeHue 3aTPyJHHUTENIBHO INIPH HAIMYUK

WU3MEPUTENIBHBIX [IYMOB, 4YTO WIIIOCTPUPYET, Hampumep, puc.7.8,a,0: 4yTh
3aMeTHas «Oaxpoma» Ha rpaduke HEMHOIO 3allyMJIICHHOW TapMOHUYECKOM
3aBUCUMOCTH 77(f) =cos ¢+ &(¢) mocne auddepeHIrpoBaHUs MOXKET HapacTaTh

B TaKOM CTENEHM, YTO HE IIO3BOJIMT JAKE 3aMETHTh NPOQMIL OXKUIAEMOM
CHUHYCOUJIBI Ha Tpaduke dt/dt .

I/IMGIOH_II/ICCH IIYMblI YaCTUYHO TIIOHABJIANOTCA IIPpU HCIIOJIb30BAHUU JJISA
MMOJIY4YCHUSA HOHOHHHTCHBHOﬁ nepeMeHHoﬁ npoucaypbl HHTCTPUPOBAHHUA —

HCIIOJIB30BAHNHW  MHTCTpPAJIOB C INICPEMCHHBIM  BCPXHUM  MPCACIOM  OT
t

HabOmroaeMoit: x,(f) = J n(t)dt, HO Tipu STOM TepsieTcs 4YacTb UHOpMaLMHU O
0
HaOmoaeMoil. C MOMOIIBIO B3BEIIEHHOIO CYMMHPOBAHMSI MOXXHO COCTABHUTb
IIEPEMEHHY 10 u3 IIOCJIEA0BATEIBHBIX 3HAYECHUHN Ha0JTI0/TaEMOIA:
X, (1) =ayn(t) +an(t —At) +a,n(t - 2At) + ..., rae a, — BECOBBIE
ko3¢ duureHTel. BO3MOXHBI KOMOMHAIMM BCEX YHOMSHYTBHIX MOAXOJIOB U
JPYTHE CIIOCOOBI MOIYYSHHS PSAI0B MOAETBHBIX IepeMeHHbIX (cM. 1m.10.1.2).
Onnako  BcTpewaroTCs  CUTyalMH, KOIJla CTPYKTypa  ypaBHEHHI
JUHAMMYECKOM CHCTEMbl  W3BECTHA, HO MOJYYUTh 3HAYEHUS HEKOTOPBIX
JUHAMHYECKUX IIEPEMEHHBIX 110 HaOM0JaeMbIM HEBO3MOXHO. IIpu 3ToM
TOBOPST, YTO YacTh IMEPEMEHHBIX SBISIFOTCS «CKPBITBIMH». B TakoMm ciyuae
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orpezieNieHHbIEe MIAHCHl Ha YCIeX MAlOT CHelHaTbHbIe MTPUEMBbl MOJIEITHUPOBAHMUS,
ONMCaHHbIE B II. 8.2.

Ha mnpaktuke MOXeT BO3HMKAaTh M HEOOXOJUMOCTb COKPATUTh YHUCIO
HAOMI0JaeMbIX, €CIIM HEKOTOpble M3 HHUX HE HECYT JOTMOJHUTEIbHOU
nHpopMmalu 00 00BEKTe, MOJIE3HOMN I MOACIUPOBAHUS. DTO MOXHO JIEJIaTh,
HalpuMep, AHAIM3UPYS 0 HAOJIOJAEMBbIM JAHHBIM B3aMMHBIE 3aBHCHMOCTH
MEX]ly BEIMYMHAMM U YCTPAHSSI T€ BEIMYUHBI, KOTOPbIE SBISAIOTCS JIMHEWHBIMU
KOMOHMHAIMSIMU APYTUX. B HEKOTOPBIX CUTyalUsIX MOTYT OKa3aThCs MOJIE3HBIMU
mMemoowl pasmepHocmu u noooous [156, 163]. DddexTHbIl HCTOpHUECKUI
IpUMep Mepexojia OT BEIUYUH, U3MEPSIEMbIX HEMOCPEICTBEHHO, K MEHBILIEMY
gyucity 0e3pa3MepHbIX KOMOMHAIMI pa3MEpHBIX BEIUYUH (KPUTEPHEB MOAOOHS)
MO>KHO HalTH B [23]; OH CBsI3aH C PELIEHUEM 33J1a4l O MPOTEKAHUU KUIAKOCTEH
1o TpyOam.

6.2. Ananoro-uugposbie npeodpazoBaTen

[Ipn m3MepeHnH BENMYMH Pa3IMYHOM MPUPOJBI, KaK MOCTOSHHBIX, TaK U
U3MEHSIOIIMUXCS BO BPEMEHM, 4YacTO CTaparoTcs MpeoOpa3oBaTh UX B
JIIEKTPUYECKUE HANPSHKEHUS U TOKU. DJIEKTPUYECKHAE CHUTHAJBI JIETKO IepeaTh
C MPOCTPAHCTBEHHO YJAJECHHBIX JATYMUKOB, A MX OOpabOTKU CYIIECTBYET
apceHan CTaHJapTHbIX NpUOOPOB M METOAMK. PaHee u3MepsieMble 3HA4YEHUs
(UKCHPOBATUCH OTKJIOHEHUSIMU CTPEJIOK TaJIbBAHOMETPOB, ClIelaMU KpacKu Ha
JeHTax CaMOIIMCIEB M CBEUYEHHMEM Ha OdKpaHax ociwuiorpadgos. Ho
COBPEMEHHBIE U3MEPUTEIIBHBIE CUCTEMBI, KAK IPABUIIO, NIPEACTABIISIOT JAHHBIE
B IM(PPOBOM BHUAE, HUCHONB3Yys I OTOrO CIEIUAIbHbIE TPaH3UCTOPHBIC
YCTPOUCTBA — ananozo-yugposvie npeoopazosamenu (ALIl). 3amaga aramoro-
upoBOro MnpeodpazoBaHUs COCTOMT B MPeoOpa3sOBaHUHU HAIMPSDKEHHUS HA €ro
BXOJIE B MOMEHT H3MEPEHHUS B MPONOPLUUOHAIBHOE €My 4YHCIO, a €CIHU
HAIpPSHDKEHUE MEHSAETCA — B JUCKPETHYIO IOCIEA0BATENBbHOCTE yncen [27]. Ilpu
9TOM HEHUCKaXXEHHOE IMpejacTaBieHue (Gopmbl cuUrHaiza TpeOyeT cOOIH0AeHMS
YCJIOBHI TEOPEMBI KorenpHukoBa: 1o JMCKPETHOMN YUCIIOBOM
MOCJIEZIOBATEILHOCTH TOJIBKO TOTJIa MOXKHO 0€3 MOrpelIHOCTe BOCCTaHOBUTH
HENpPEephIBHBIA MCXOJHBIM CUTHAJ, KOT/Ia 4acTOTa BBIOOPKHU MO MEHbLIEH Mepe
BJIBOE MPEBBIILIAET HanOOIBIIYIO 4acToTy, IPUCYTCTBYIOLIY IO
(COOTBETCTBYIOILYIO HEHYJIEBOM KOMIIOHEHTE) B CIIEKTPE MOIIHOCTH UCXOAHOIO
CUTHAaJA.

[Tozmakomumcss ¢ mpuHIunoMm  pabotrer ALl w  npuymHamwy,
OTrpaHMYMBAIOIIMMU TOYHOCTh MOJYYa€MbIX C MX [OMOINBIO JaHHBIX, Ha
npumepe cxeMsl puc.6.5. B Hell peann3oBaH Tak Ha3bIBAEMBIM IapajuIeIbHbIN
NOAXOA: BXOJHOE HAIPSOHKEHUE OJHOBPEMEHHO CPAaBHMBAIOT C 7 ONOPHBIMH
(3TaJOHHBIMHM) HanpsDKeHUsMU. KoOJIMYeCTBO JTANOHHBIX HANPSDKEHUH U
MHTEPBAI MEXAY HUMHU ONpPEAENseTCS AMANa30HOM HU3MEPSEMbIX 3HAYCHHU U
TpeOyeMoil TOYHOCTHIO TPEeoOpa3OBaHUs — YHUCIOM JBOMYHBIX Ppa3psIoB
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oLn(ppOBaHHOIO 3HAYEHUS HA BbIXoJe mpudopa. [lyig peanusyeMoro B mpumepe
TpeXpa3psAIHOro IMPEACTABICHUS, IMO3BOISIONIETO 3allUCaTh BOCEMb PA3JIUYHBIX
quces, BKIOYas HyJb, TpeOyeTcs CeMb COOTBETCTBYIOUIMX SKBUAUCTAHTHBIX
STAJIOHHBIX HanpspkeHud. OHU  QOPMHPYIOTCS C TIOMOIIBIO PE3UCTHUBHOTO

JCTUTENS ONIOPHOrO HanpskeHust U, KOTOPOE ONPEACIISeT BEPXHUM NIpeaen

U3MEepsEMbIX HAapsDKEHUH (Ha cxeme oHO 0003HavyeHo kak 7U).
Nsmepsiemoe HampspkeHue U, CpaBHHBAeTCSl C STAJOHHBIMH YPOBHSIMH C

MOMOIIBIO CEMU KOMIIApaTopoB k;, HANpsDKEHUS Ha BBIXOAE KOTOPBIX

NPUHUMAIOT 3HAYCHUS, CUUTAIOIINECS PaBHBIMU
e 1 (B IBOMYHOI CHUCTEME CUMCIIEHUS), KOT/Ia HampsbKeHue Ha Bxoje (1)
MPEBBILIAET HAIPsHKEHHUE Ha BXoAe (—),
e (0 — B IPOTUBHOM CiyYae.
Tak, ecnu u3MepsieMoe HaNpsHKEHUE HE BBIXOJUT 3a Mpeleibl Juana3oHa OT
5U/2 mo 7U/2, To KOMIAapaTopsl ¢ 1-ro 110 3-ro yCTaHABIMBAIOTCSA B COCTOSIHUE

«l», a xommaparopsl ¢ 4-ro mo 7-i — B coctossHME «0». CnenuanbHas
Joruyeckasi cxema (MpUOpUTETHBIN MMpaTop) MpeodpazyeT 3TU COCTOSHUS B
IBOWYHOE 4YMCIO Zz,Z,zy; (B mpumepe 0l1) wim B COOTBETCTByMHOILIEE €My

necstuuHoe (B mpumepe 3). Ecnu ke HampsbkeHUe MEHSIeTCsl BO BPEMEHH, TO
MPUOPUTETHBIN UPPATOP HENb3S MOACOSAUHITH HEMOCPEACTBEHHO K BBIXOJaM
KOMIapaTopoB (MOXET OBITh TOJY4YeH OMIMOOYHBINH pe3yibTar), MOITOMY C
MOMOIIBI0  CXEM  BBIOOPKHU-XpaHEHUs, 0003HAYEHHBIX Ha  CXeMme
NMPSMOYTOMGHUKAMH, 3alIOMHHAIOT MTHOBEHHOE ' 3HAYCHHe HANPSKCHHS Ha
BBIXOJI€ KOMIIapAaTOPOB U YJCPKHUBAIOT UX HEM3MEHHBIMH B T€UCHHE BPEMEHH
u3MepeHus.  MoMeHTBl,  BbIOpaHHBIE Ui HM3MEpPEHHs,  JUKTYIOTCS
CHEUUANbHBIMA TAaKTOBBIMM CHTHAJIAMH; €CIM OHU TEPHOAMYECKHE, TO Ha
BBIXOJIE IIH(]paTopa OKaXETCsl MOCIEAOBATEIBHOCTh JIBOMYHBIX YHCET —
BPEMEHHOM psiA.

4
PeannHO BpEMs Cpa6aTBIBaHI/I$I 9THUX JJIEMCHTOB TO>XX€ KOHC€YHO, HO OHO OJOJIXKHO 6BITI>
MCHBIIC MHTCpBAJIa AUCKPETU3AINU.
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Puc.6.5. Cxema 3-pazpsnnoro ALII, peanusyromnas napamienbHbIi TOAX0/

OnrcanHoe peoOpa3oBaHNe aHATIOTOBOM BEJIMUMHBI B YMCIO ¢ KOHEYHBIM
KOJIMYECTBOM  Pa3psiioOB  COMPOBOXKIAETCS  «OIMMOKOW  KBaHTOBAHUS,
COCTAaBJIAIONIEH BEJIMYMHY, PaBHYI I[IOJOBMHE TMPUPAICHUS BXOJHOTO
HaANPSDKEHUsS, KOTOPOE HEOOXOIMMO JIJIsi M3MEHEHUS KO/Ia B MJIQIIIEM pa3pse.

8-paspsanbiii AL nmeer 2° =256 rpamaumii: Ax = x /256 ; 12-paspsiaHblii

ALl umeer 2'2=4096 rpamammii: Ax=x
CYILIECTBYIOT OLIMOKH, OOYCJIOBJIEHHBIE CXEMOH, JIpel(poM mapameTpoB U HUX
HEJIMHEWHOCTBIO, TaK YTO MOTPEUIHOCTh 3HAUYEHWUH HAOJI0IaeMbIX BEJIWYHH
ompezaensercss KoMOMHaIMe 5Tux (PaKTOpoB W yKa3bIBaeTCs B TMACIOPTE
npudopa.

OnucaHHbl MapajsieNbHBIA METOJ pea3allid  aHAJIOTO-IIU(PPOBOTO
npeoOpa3oBaHusl HEIKOHOMEH — JUISl KaKJIOTO 3TAJIOHHOTO YPOBHSA HEOOXOIMMO
CBO€ CpaBHHMBAIOUIEE YCTPOMCTBO. TO €CTh s Juana3oHa H3MEpsSeMbIX
3HaueHuit ot 0 70 100 ¢ enuHUYHBIM 11aroM Heobxoaumo 100 kommapaTopos, a
npu OoJblIeM paspeuieHud U Toro Oombine. [losTomy Obun paspaboTaHbl U
HIMPOKO HUCHOJB3YIOTCA 00Jiee COBEpPILIEHHbIE B 3TOM OTHOIICHHUU IOAXOJbI,

max

/4096.° Hapsmy c >TuM

max

5
Ecnin ¢ mnomompbio 1ugpo-aHaloroBoro mnpeodpasoBaresiss IMPOU3BECTH  0OpaTHOE

npeoOpa3oBaHe MOJYUYEHHOIO YHcia B HalpspKEHUe, OIMOKa KBaHTOBAHMS MPOSBISIETCS B
BU/JIE€ HAKJIAJbIBAIOILETOCS «IIyMay.
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HAMIPUMED, 6€COB0l, wucnosotr.’ [Ipu secosom memoode pe3ynbTar HE MOMKET
OBITH TMOJYYEH 3a OJUH IIIar, MOCKOJIbKY Ha KaXKJIOM IIIare OmpenesseTcs JTUIIb
ONMH pa3psaa ABOMYHOro ywciia. CHayalia yYCTaHABJIMBAIOT, IPEBBIIIACT JIU
BXOJIHO€ HAIPsHDKCHHE OIMOPHOE HAIpsDKEHWE cTapiiero paspsnga. Ecim oHO
BBIIIIE, TO CTAPIIUH pa3ps MOIydaeT 3HAUCHUE «1» M M3 BXOAHOTO HAIPSKCHHS
BBIYMTACTCS OnopHoe. OCTaTOK CPaBHUBAIOT C COCEIHUM MITQJIIINAM Pa3psaAoM U
T.4. O4YeBHAHO, YTO JJsi ATOTO0 HEOOXOAMMO CTOJBKO IIAroB CpaBHEHUS,
CKOJIbKO pa3psiioB B YHCIIE U CKOJIbKO OMOPHBIX HarpstkeHud. [Ipocreimmit
METOJ — uucnosou. B 3TOM ciydae MOACUYUTHIBACTCS YUCIO CYMMHUPOBAHHUI
OTIOPHOTO HANPSDKEHHUS MIIAJIIIEro pa3psga, HEOOXOAuMoe ISl TOJyYEeHHs
BXOJIHOTO HAampspDKeHUs. Eciii MakCcUMalbHOE YHCIIO0, KOTOPOE MOXKET OBITh
MPEICTAaBIICHO, PABHO 71, TO HEOOXOIUMO, CJIEI0BATEILHO, MAKCUMYM 71 IIAaroB
JUTsL TIOy4YeHHUs pe3yibTaTa. Ha mpakTUke 9acTo HMCHOJB3YIOT KOMOWHAITMH
Pa3IMYHBIX CITIOCOOOB.

6.3. BpemeHHbIe psAAbI
6.3.1. Tepmunsl

[Tpu ucnonb3oBanuu ALl ¥ BO MHOTMX APYIMX CUTyalMsX JaHHbIE 00
uccienyeMoM  o0bekTe  (Tmpolecce)  NPEACTaBISIIOT — COOOHW  KoHeuHyro
NOC1e008aMeENbHOCMb — 3HAYEHUU  HAOMI00aemMol  eluyUHbl 6  PAa3IudHble
MOMeHmMbL pemeHU, T.€. epemennol pao: 1(t,),1n(t,)....n(ty ), TOE t),ty,....ty —
MOMEHTBI HaOJIOJeHUM, a uX uuciao N HasblBaeTcs oOauHou psoa. Ecnu B
KQKIbIA MOMEHT BPEMEHH f; MU3MEPSETCA 3HAYCHHE TOJBKO OJHOW CKalIsApHON

BEJIMYMHBI, TO BPEMEHHOW psii Ha3bIBAIOT cKausApHuiM. Vcnonb3yercs
N N

o003HaueHue {77(2‘[)}[:1 W {77i }[:1, rae 7; =n(¢;). Ecnu ke OOHOBPEMEHHO B

MOMEHT #; M3MEpSIOTCS 3HAa4eHUs Kk BEIWYMH 77,....77;, (puc.6.3), TO psz

7
Ha3bIBAIOT GEKMOPHLIM ', T.K. 3TH BEIMYHUHBI MOXHO paccMaTpUBaTh Kak
KOMITOHEHTHI k~-MEpHOTO BEKTOpa 1). BEKTOpHEIH psim 0003HAYAIOT TaK ke, KaK U

CKJIIPHBIN, — {n(t,.)}fil WIIH {ni}ﬁl.

DneMeHTbl BPEMEHHOro psja (ducia WIA BEKTOPbI) HA3BIBAIOT TaKXKe
mouxamu. TIOpSAIKOBBIA HOMEpP TOYKH i HA3bIBAOT OUCKDEMHbIM BPEMEHEM.
Ecin  BpeMeHHblEe MHTEpBAJIBI MEXKIY IOCIEAOBATEIbHBIMU  MOMEHTaMU
HAaOMIONECHUN f; OOWHAKOBBI — f,—1,, =At,i=2,..,N, TO psal Ha3bIBAIOT

9K8MaucmaHmelM, B IIPOTHUBHOM CJIyda€ — HCIKBUIAUCTAHTHBIM. FOBOPHT

% B 0TedyeCTBEHHOI TUTEPATYpE MX YACTO HA3BIBAIOT METOJOM MOPA3PS/IHOTO B3BEIITHBAHMS 1
METOJIOM IIOCJIE0BATEIBHOIO CUETa, COOTBETCTBEHHO.

7 O6o3HaueHHE 77; € OZHUM HUKHUM HMHJEKCOM HMCHOJIb3yeTCsl HAMH, TAKMM 00pa3oM, B IByX
pasHBIX cnydasx: 1) CKansipHBI BpEeMEHHOW psJ, i O3HAa4aeT BPEMEHHOH WHICKC; 2)
BEKTOpHasi HaOmionaemas, i O3Ha4aeT HOMEpP KOOpAMHATHI. 3HAUYEeHUE OIpeelisieTcs
KOHTEKCTOM.
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TaKXKe, 4YTO BBIOOPKAa MpPOM3BENEHA PABHOMEPHO WJIM HEPaBHOMEPHO,
COOTBETCTBEHHO. MHTepBan Af Mexay MNOCIEAOBaTENbHBIMA HN3MEPEHUSIMU
Ha3bIBAIOT 6bIOOPOYHLIM UHMEPEAIOM WIA HHTEPBAIOM JHUCKpeTH3anuud. B
Cllydae HEIKBUAMCTAaHTHOTO psia BBIOOPOYHBIM MHTEpBAl €CThb BEIMYMHA
nepemeHHas: Af, =¢; —t¢, ;. Ha npakTuke yaie BCTPEYArOTCA U HUCIIOIb3YIOTCS

SKBHIUCTAHTHBIC PSIIBI.

C TOYKM 3peHHS MOJCIMPOBAHHUS TOJE3HO Cpa3y 3aMETUTh, YTO TIOCIEC
TOT0, KaK MOJICJIb TI0 BPEMEHHOMY DSITy TIOCTPOEHA, /U IPOBEPKHU €€ KadecTBa
(mompoOuee cm. mm. 7.3, 8.2.1.4, 10.4) xenarenbHO HUMETh €IIe BPEMEHHBIC
pAABl OT TOTO K€ MPOIecca, KOTOPbIe HE HCIOJB30BATUCH MPHU TOCTPOSHUHU
Mozenu. [loatomy, ecinu TO3BOJIAET 00BEM DKCIEPUMEHTATIBHBIX JTaHHBIX, BO

N
i=1

BpPCMCHHOM psAC {7]1} BBIACIIAOT ABC 4aCTH. OI[Hy N3 HUX UCIIOJIB3YIOT IJIA

MOCTPOCHUS (TOATOHKU MapaMEeTpOB) MOJENEH W Ha3bIBAIOT MPEHUPOBOUHbIM
BPEMEHHBIM DSIOM. A JpYyryl0 — HCHOJIB3YIOT JJsi TPOBEPKHM MOJEIH U
Ha3bIBAIOT MeCmoGblM BPEMEHHBIM PSJIOM.

6.3.2. IIpumepsl

PaccMoTpuM HEKOTOpBIE NpPUMEPHI BPEMEHHBIX PSAJOB M3 PA3IAYHBIX
o0nacTeil MpakTUKU M 3a7a4, KOTOPBIE PEIIAIOTCs ¢ OMOPO Ha TaKue JaHHBIE.
IlepBas u3 3THX 3a7a4 — MPOTHO3 Oy IyIIEro Pa3BUTHUS IIPOLIECCOB.

Memeoponozus (nayka 06 ammocgepHvix senenusx). Ha mereoctaHIMsaX
€XKEeYaCHO HM3MEpSIIOTCS pa3iMyHble MOKa3aTeNnH: TeMIepaTypa BO3AyXa U €ro
BJIQXKHOCTh, aTMOC(epHOe AaBlieHUE, CKOPOCTh BeTpa (Ha pa3iHyYHbIX BBICOTAX),
KOJIMYECTBO OCAJKOB W T.A. Ha HEKOTOpHIX M3 CTaHLMH 3amucu BeayTcs Oosee
100 ner. M3meHeHHMs] 3THX BETUYMH, XapaKTepHbIE BPEMEHHBIE MAacCIITA0BI
KOTOPBIX TOpsiAKa 1 CyTOK, OTHOCAT K noeooHwuim mporeccam [124]. Tlpornos
MIOTO/IbI — ATO 33]1a4a CUHONMUYECKOU MEMEOPONOCUU.

Bornee  MemieHHble MpOIECCHl, BPEMEHHBIE  MAacIITaObl  KOTOPBIX
IpeBbIIAlOT 3-4 Mecsla, OTHOCAT K xaumamuyeckum. OHH HU3y4arOTCS
KiumMamono2ueri.  IJTO  TeMIepaTrypa IOBEPXHOCTH  OKeaHa  (CpeaHss
TEeMIEpaTypa BEPXHEro MEePEeMENIaHHOIO CJIOs, TIIyOMHAa KOTOPOro — AECSTKU
METpPOB, pHUC.6.0), YpOBEHb OKeaHa (B pa3IWYHBIX MNPUOPEKHBIX IMYHKTAX),
TOJIIIMHA JIEAOBOTO MOKPOBA, IUIOMIA/b JbJ0B, PACTUTEIbHBIN MOKPOB 3eMIIH,
CyMMapHO€ MECSYHOE KOJMYECTBO OCAJKOB Ha JAHHOW TEPPUTOPHH, YPOBEHD
O0eccrounblx o3ep W T.Ja. Kpome TOro, k KIMMaTHUYECKUM MpOIECCaM

® B 06/1acTH MCKYCCTBEHHBIX HEHPOHHBIX CeTeil MPHHATA HECKOIBKO APYras TePMUHONOTHSL.
TecToBBIM PsSIOM HA3BIBACTCS PsJI, UCIIOIB3YEMbIH Il CPAaBHEHUS Pa3IMUHBIX MOJTyYSHHBIX
Mozenedl. OH MO3BOJISIET BBIOpATh HAWIYYIIYI0 W3 HUX. UTOOBI CPaBHUTH €€ «UECTHO» C
O00BEKTOM HCHOJB3YeTCsl elle ONWH PsNl, KOTOPBIA TaKk M HA3bIBAIOT — PSAA JUIS MPOBEPKH
azgekBaTHOCTH Mozenu (validation time series). TpeHUpOBOUHBIM BpEMEHHOW psJi YacToO
Ha3bIBAIOT 00y4YaromuM. MBI IpUAepKHUBaeMcsl BapUaHTa, YKa3aHHOTO B OCHOBHOM TEKCTE.
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NPUHAAIEKAT U3MEHEHHMSI MHOTHX XapaKTEpUCTUK MOroJbl, YCPEOHEHHBIX IO
3HAYUTEIILHOMY TPOMEXYTKY BpPEMEHM W/WIM O00JIaCTH TPOCTPAHCTBA:
CPEIHEMECSIYHOE 3HAYCHUE TEMIIEPATyphbl BO3AyXa B JAHHOM MECTE, CpPEIHEE
3HA4YEHUE TEMIIEPATypPhl B JaHHBI MOMEHT B IIpeaeax >-TpajlyCHOU IMUPOTHOU
30HBI, CPEAHET0/I0BOE 3HAYEHHE TeMIIepaTyphl Bo3ayxa CeBepHOro noiyiapus.
Uro kacaercsi yCpemHEHMs IO NPOCTPAHCTBY, TO B HACTOAILLEE BPEMs €T0
o0ecrieunBaeT HalIM4yue IriI00adbHON CETH METEOCTAHLIMNA, KOTOPBIE MOKPBIBAIOT
0O0JIBIIIYIO YaCTh MOBEPXHOCTH BCEX MATEPUKOB. PaccTosHUS MEXAy COCEAHUMHU
CTAaHUUSMHU COCTaBIAOT puMepHO 10-100 kM.

3

Ty

V/\\’\///\\//A_/'/\V/\U/\w

AHOMATHE TeMIIepaTypEL
MOBEPXHOCTH okeana,°C
)

3 L 1 1 A L 1 1 ) 1 1 2 1 1 1 1 I !
1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997

Puc.6.6. AHomManuu TeMiiepatypbl OBEPXHOCTH B BOCTOUHOM 3KBaTOpUaIbHON 30HE Tuxoro
okeaHa (cpejHue 3HaUeHU 3a 5 MecsieB). MaTepBan BeiOOpku Af = 1 mecsiir [256]

200 T T - T -+ T
150¢
100
50 A
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TOA

Puc.6.7. Yucna conHewHbIX msaTeH 1mo Bombdy (cpemnue 3a rox) [170]. MHTEpBan BHIOOPKH
At =1 rox. 3amereH 11-netHui 1inki CoJIHEYHOM aKTUBHOCTH

YKCHIO COMHEUHBIX ITITEeH

Quzuxa Coanya. Ha TNpOTSHKEHMM JOJATOr0 INEpUOJa  IOIYJISIPHBIM
00BEKTOM UCCIIEIOBAHUS SBJISETCS BPEMEHHOM PsJl TOJI0BOTO KOJIMYECTBA MATEH
Ha Connue (puc.6.7). Ota BenuunHa (UKCUPYETCS CO BPEMEHH H300peTeHUs
Teneckona, Tounee ¢ 1610 r. (T.e. yxxe moutu 400 sieT). DTOT MpoIIECC OTPaAKAET
MarHuTHYI akTUBHOCTH COJHIIAa, KOTOpas BJIMSIET, B YaCTHOCTH, HA DHEPTHUIO
M3JIy4YeHHS U CHITy cojiHeuHoro Betpa [170, 250, 260, 338], uTo B CBOIO ouepe/ipb
MPUBOAUT K U3MEHEHUSIM KJIMMaTa 3eMIIH.

Ceticmonoeus. 3eMIIeTPACEHUST TPOUCXOASIT B OJOYHOM, IepeceKaeMoi
MHOTOYHUCJICHHBIMA pa3JIOMaMH, CUJIBHO HEOJHOPOJHOM, TBEpAOM 000JI0UYKe
3emuin — nurochepe — B pe3yibTare ee AehOpMHUPOBAHUS MO JEHCTBUEM
TEKTOHUYECKHX CHUJI. YPaBHEHHUS, KOTOPBIM MOJYUHSETCS MPOIIECC, 10 CUX MOpP
He ycraHoBieHbl [151]. EcTh ocHOBaHMs mosararb, 4rO Ha CEHCMHUYECKUU
PEXKUM BIUSIOT pa3iuvHble (PU3UYECKHE M XUMUUYECKHE IMPOIIECChI: TEIJIOBBIC,
JJIEKTpUYECcKue U mp. Ha mpakTrke u3MepsroTcs: 3HaYSHUS OIS MEXaHUIECKUX
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HANPsDKCHUH B Pa3IUYHBIX Y4YacTKaX 3eMHOW moBepxHOCTH. [pyras dopma
MPEJICTABJICHUS  JAHHBIX —  BPEMEHHBIE  HMHTEPBAJIbl  MEXKAY  JABYMsS
IIOCIIEIOBATENbHBIMU CHUIIBHBIMU 3€MIETpsAceHusMu: Af, =¢, —t,,, rae t, —

MOMEHT i-T0 TOJYKa (YTO MOXOXKE€ Ha CIydail MEePEeMEHHOr0 BBIOOPOYHOTO
WHTEpBaja, €ClIM He MPUHUMATh BO BHHUMAHHE, 4YTO OOJIbIIE HHUYETO HE
u3Mepsercs). BennuuHel Af; CUIBHO MEHSIOTCS B 3aBUCHMOCTH OT PETHOHA U

nepuo/ia HaOIOACHUS.

I n3ydeHus CENCMUYECKOW aKTUBHOCTH MCITOB3YIOT U SKBUAUCTAHTHBIE
panel. Hampumep, u3MEpsOT BEJIMYMHY, HPOMOPUUOHAIBHYI YCKOPEHUIO
KoJIeOaHMI 3eMHOM TTOBEPXHOCTH, C IIOMOIIBIO ceiicmorpados [95].

Q@unancol. JIJI1 y9aCTHUKOB COOBITHH Ha PBIHKAX IIEHHBIX OyMmar Ba)KHO
YMETh MPEABUACTh U3MEHEHUS KYypCOB BAIIOT, aKUMK W T.1. Ha 3Tu mporecchr
BIIMSIET MHOXECTBO (PAaKTOpPOB, OHM BEChbMa CIIOKHBI M OBICTPO HM3MEHSIOTCS.
Bpemennbie psnibl Kypca BalIOT 3alUCBIBAIOTCS C BBHIOOPOUYHBIM HHTEPBAJIOM,
Haripumep, B 1 yac (M gaxke B 2 MUHYTHI), KypC aKIUi KaKOW-TMO0 KOMIaHUHU
dbukcupyercs exeaHeBHo (puc.6.8, 6.9) [45, 99, 112, 263, 277, 208].
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JTEHD (1960 T.)
Puc.6.8. Kypc aknuit IBM. UaTepBan Bei6opku Af = 1 neHb (3HaUeHUs Ha KOHeI AHA) [45]
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Puc.6.9. Kypc nomnapa CILIA k mapke ©PI" B 1991 1. [263]. UnTepBan BeiOOpku At = 1 neHb

Mapka ©FPT

—_

e |

o
L

Jormmap CITA /

AT

Qu3zuonocus u meduyuna. 37eCh Yalie BOZHHKACT 3ajJadya HE MPOTHO3a, a
IMAarHOCTUKU. DU3HOIIOTHYECKHE CUTHAJIBI, OTPAXKAIOIIHE JCSITeIHHOCTD
cepaia, Mo3ra ¥ T.JI., — OJWH W3 OCHOBHBIX HMCTOYHHMKOB HMH(MOpPMAIMH IS
Bpayell MpH IIOCTAHOBKE JWAarHo3a. MCHoJb3ylOTCsS 3JIEKTPOKAPIHOTPAMMEI
(pa3HOCTh TIOTEHITMAIOB MEXKIY pa3IUYHBIMH YYaCTKaMHd Ha ITOBEPXHOCTH
rpyau, puc.6.10), anexkrposHiedanmorpaMmpl (MIOTEHIIMATBI HAa KOXKE TOJIOBBI),
AJIEKTPOKOPTUKOTPAMMBI (BHYTPUKOPKOBBIC MOTCHIIUAJIBI MO3ra),
3JIEKTPOMHUOTPaMMbI (TTOTEHIIMAIBI BHYTPH MBIIIII U HAa KOXKE), 3alIMCH 3HAUYCHUIN
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YCKOpPEHUSI TIPU KOJICOAHWSIX TaJIbIIEB BBITSHYTOW pykKH ((PpU3MOIOrHIECKOM
TpeMOpeE), KOHIIEHTPAIIUU KHUCIOpoJa B KPOBH, YAaCTOTHI IyJIbca, 00bEMa TPyIU
(TaHHBIC O JBIXaTEIBHOU JCATENHHOCTH), U JIp. TUNUYHBIA MHTEPBAJ BHIOOPKH
MMeEET MopAJIoK 1 Mc.

a's !

[ ! 3
: R-R unrepsan :
Bpems, ¢
Puc.6.10. Onexrpokapaunorpamma [292]. Iloka3zan xapaxtepHblii PQRST-kommexkc u Tak
Ha3eiBaeMblii R-R nnTepBan. Marepsan Beidopku Az = 1 mMc

Baxxno cymeTrh 00HapyXKWUTh NPU3HAKK 3a00JIEBaHUs HAa PAHHUX CTaIHIX.
J1j1s 5TOTrO0 MOTYT TOTPEOOBATHCS BEChbMa TOHKHE METO/IbI aHAJIN3a CUTHAJIOB.

Tpaucnopm. B »oToii o0nacTh, Kak HW BO MHOTHX TEXHHYECKUX
MPWIOKEHUAX, YAaCTO BO3HHUKAET W peIaeTcss mpodieMa aBTOMAaTHYECKOTO
yIpaBJICHUS. Hamnpuwmep, 3aMKCBIBAIOTCS  JIaHHBIE, (bukcupyomue
OJIHOBPEMEHHO Kypc KopalOussi U yroia moBopoTa pyis (puc.6.11). Pacnonaras
UMH, MOXKHO CHpPOEKTUPOBAaTh aBTOMATHYECKYIO CHCTEMY, MO3BOJIAIOILYIO
HOBBICUTH 3(()EKTUBHOCTh YIPABIECHUS KOpadieM (COKPATUTh €ro «BHJISTHUS)
Y CHU3UTH pacxon torumsa [111].

'
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0
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150°F
7‘400 1 1
0 500 1000 t,c

Puc.6.11. OnHOBpEeMEHHO 3amnycaHHble BPEMEHHBIE PSAIbl — YToJl IOBOPOTA pyJs (CilydaiiHble
MOBOPOTHI) U Kypc kopabus [111]. Marepsan Ber6opku Az = 10 ¢

T'uopoounamuxa. Izyuenue TypOyJIE€HTHOTO JIBXKEHUS >KHIKOCTH — OJIHA
u3 crapedmux (um Hambonee CIOXKHBIX) 3a]ad HEIMHEWHOW JHUHAMHKH.
Xa0TUUECKUE PEXKUMBI PEATUZYIOTCS B IKCIEPUMEHTAX C KUAKOCTHIO MEXIY
JIBYMsSI UWJIWHIpPaMH, BpallalOMIMMUCA B Pa3JIMYHBIX HaNpaBlIeHUSX (WU B
MHUKCEpE, BHYTPH KOTOpPOTO Bpamiaercsi TypOuHa c jonacTsiMu). [laHHble O
MpOIECCe — 3TO, HAIIPUMEP, BPEMEHHOW Psii 3HAUEHUH CKOPOCTH B HEKOTOPOM
TOUKE XUAKOCTH, MU3MEPSIOIIMICS C TUIHYHBIM HHTEPBAjJOM BBIOOpPKH 1 McC
[265].
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Xumus.  3HAUUTENBHOE  BHUMAHUE  MCCIEIOBATENEW  IPUBIEKAET
Xa0TUYECKOE TMOBEICHNE BO MHOTHMX XHMHUYECKHX peakiusx. JlanHpie 00 3THUX
CUCTEMAxX NPEACTABIAIOTCA B BHUIE BPEMEHHBIX peaju3allii peareHTOB.
Hanpuwmep, kouuenTparus noros Ce'" B peaximn benoycosa — JKaGoTHHCKOTO
[201, 267].

Jlazepnas ¢husuxka. Habmomaemoe Cl0XXKHOE TOBEACHUE Jiaepa IpHU
HNEpUOAMYECKOM  HMITYJIbCHOM  XapakTepe Hakauku (puc.6.12) MOxHO
WCIIONIb30BaTh NIl BBIYMCIIEHUS HEKOTOPBIX MapaMEeTpoB Ja3zepa U jajnee i
M3YYEHHs 3aBUCUMOCTHU 3THUX MapaMEeTPOB OT BHEIIHMX YCJIOBHM (TeMmepaTypbl
u T.1.). JlaHHBIE — BpEMEHHOMN PsAJl MHTEHCUBHOCTH W3JTy4Y€HHUs, U3MEPSIOIIecs
¢ moMoIIbI0 GoToanoaa (B mpuBeAeHHOM npumepe Af = 1 MKC).

HuTeHcHBHOCTL

AU PP WAL

0 Bpems, mxc 60

Puc.6.12. JlanHbple ¢ KOJNBIIEBOTO Jlazepa B XaoTudeckoMm pexume [243]. Peamuzanms
WHTEHCUBHOCTH m3nydenus. MaTepsan Beioopku Af = 40 He

Acmpoguzuka. PaKkTUYECKH €IUHCTBEHHBIM HMCTOYHUKOM HH(POpPMAIUU
00 yJalleHHBIX OT Hac 0O0bekTax BcenmeHHOM — 3Be3/ax, SBISIOTCS BPEMEHHBIC
PSAbI MHTEHCUBHOCTU MX M3IyUY€HHs. DTH Psbl MOTYYalOT ¢ IOMOIIBIO PaHo-
Y ONITUYECKUX TEJIECKOIOoB (puc.6.13).

Apkocts

0 Bpe. o 12500

Puc.6.13. V3MeHeHust SIpKOCTH HM3Iy4eHUs 3Be3lbl — Oemoro kapiuka PG-1159. Ar = 10 c
[214]. 3anuceIBacs ps HEMpepbIBHO B TeueHue 231 yaca

[lepedyenn mpuMepoB, 3aJ1a4 U 0OBEKTOB MOXKHO ObLIIO OBl MpOAOIKaTE. Ux
KOJMYECTBO TMOCTOSIHHO pacteT. WccnenoBatento yxe npoctynHel ALl ¢

At =10"*-10" ¢ u 3amoMuHarOmue YCTPOIICTBA ¢ 0OBEMAMH MAMSTH B COTHU
rurabaiit. B pasBUTHM TEXHWUKH TIOJIY4YEHUS, 3allOMUHAHUS ©U O0pabOTKH
BPEMECHHBIX PSJOB €IIe OTHIOAb He HabmogaeTcss Hachimenue. J[laxe
MPUBEJIEHHBIX TPUMEPOB JIOCTATOYHO, YTOOBI TMOHSATH, YTO BPEMEHHBIE
peanu3aluy JIBIJKCHUM B PEaJbHBIX CHUCTEMax, KaK MPaBUIIO, UMEIOT OYEHb
CIIOKHBIM BHUJ, SBISIOTCS HEpEryJSpHbIMU. TeM He MeHee, cedlyac, Korjaa
W3BECTHO, YTO CJIO)KHBIC XAaOTHYECKHE PEeIIEHUsS MOTYT JIEMOHCTPUPOBATH
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OpOCThIE  HEJIWHEWHBIE JWHAMMYECKHE CHCTEMBI, 3a/Jada aHajiu3a W
MOJICIMPOBAHUS TIO psAgaM He Kaxercs Oe3HaIeXHOW, XOTs u Tpelyer
pa3paboTKU HEMPOCTHIX TEXHOJIOTUN PEIICHUSI.

6.4. JjieMeHTHI aHAJIN32 BPEMEHHBIX PS/I0B

6.4.1. «BusyanbHblil» SKCIIPECC-aHAN3

CnocoOHocTH JrOAe pa3nuyarh BUIUMBIE H300paxKeHHUs] (KapTUHKH)
pa3BUTHI HACTOJIBKO, YTO MPH PEHICHUU 33a1ad 0OpaboTKU 00pa3oB MBI MOXKEM
KOHKYpPUPOBaTh JIaXKe CO CHEIHaIH3MPOBAHHBIMH KOMIbIOTepamu. Cumnraercs,
YTO OKOJIO CEMHJECATH NPOIEHTOB HH(MOpPMAIMKM YENIOBEK IMOJIy4YaeT dYepes
rina3za. BusyanbHblii aHanu3 gaHHBIX 00 OOBEKTEe, €CIM OHM IPEICTaBIICHBI B
rpadgudeckoit hopmMe, MOKET 0Ka3aThCs BEChMa IMOJIE3HBIM U 3G (HEKTUBHBIM TTPH
MOJIEIMPOBAHUH — TOJICKA3aTh MOAXOJSAIINN BUI MOJCIbHBIX (YHKIMNA, BUA H
pa3sMepHOCTh MOJENbHBIX YypaBHeHHH. Hambonee ectecTBeHHa BH3yajbHas
OLICHKa M300paK€HUN BPEMEHHBIX pealu3aluil mpouecca — 3aBUCUMOCTEN
BEJIMUMHBI 77 OT BpeMmenH ¢ (puc.6.14).

Wi Al
Myl
’MMMWWWM W“MWWW

”WWWW "\q fh WWMM%W

Puc.6.14. BpemenHble peanuzaiiuu peryispHbIX (a,0) U HeperyJIsapHBIX (B-3) CHTHAJIOB: a)
MepUOANYECKUid; ©0) KBa3UIMEPHOAMYECKUN; B) IIMPOKOIIOJIOCHBIA CTal[MOHAPHBIN; T)
Y3KOIOJIOCHBIN CTallMOHAPHBIN; 1) MMUPOKOIOIOCHBIH, HECTAIIMOHAPHBIA MO JUCIIEPCUU; €)
Y3KOTIOJIOCHBIH, HECTAMOHAPHBIA M0 MAaTEMATHYECKOMY OKHIAHUIO; )K) HIMPOKOIOIOCHBIH,
HECTAI[MOHAPHBIA 10 MaTeMaTHYeCKOMY OXHIAHHIO; 3) Y3KOIOJIOCHBIH TMEePHOANYECKH
HECTAIIMOHAPHBIN 110 TUCTIEPCHU

HCO6XO,Z[I/IMO pacCMaTpuBaTb BpPCMCHHBLIC  pcajin3alluk  JOCTATOYHO
00abII0i MPOTSKCHHOCTH, yTOOBI B HEH ITOSIBHIIMCH OCOOEHHOCTH JABHUXKXCHUA,
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HO3BOJISIOIINE €r0 MAESHTHUPUUUPOBaTh. Tak, AN nepuoouyeckux IBUKEHUH
(puc.6.14,a) Takoii OCOOEHHOCTHIO SIBJISIETCSI TOJHAS IMOBTOPSEMOCTH 4Yepes
nepuon 7. JIBuXKeHUE KeazunepuoOuuHo, €CIM HUMeEeTcs JBa WU Oojee
XapaKTepHBIX  BPEMEHHBIX  MaciTaboB  (MEPHUOJOB  TapMOHHMYECKUX
COCTABJIAIONINX, CYNEPIO3UIEeH KOTOPBIX MOXKHO TMPEICTaBUTh JaHHOE
IBIKeHHe, puc.6.14,0), Ans KOTOpbIX OTHOuIeHue 7. /T |, MPPAIHOHAIBHO.

[leproguyeckre U KBa3UIMIEPUOANUECKHUE JBIKEHUSI HA3BIBAIOT pecyisipHbIMU B
OTJINYME OT BapUaHTOB, YbM peAJIM3allUd NpeAcTaBlieHbl Ha puc.6.14,B-3,
XaOTHUYECKHX, 0€3 BHIMMON 3aKOHOMEPHOCTH, HEPE2YIAPHBIX.

BepxHioro mosioBuHy puc.6.14 COCTaBIAIOT BpPEMEHHBIE peaTu3alnu
CMAYUoOHApHbIX TPOLUECCOB, KOTOPbIE KAYECTBEHHO M KOJIMYECTBEHHO HE
MEHSIOTCS € TEYEHHWEeM BPEMEHM — BapuaHTbl (a-r), HIDKHIO —
HecmayuoHapHulx, BapuaHTsl (A-3), Oosnee moapoOHo cMm. m.am. 4.1.3 u 6.4.4.
Hecranuonapusle JBUKEHHSI PAaClO3HAIOTCA (B MPOCTBIX CiIydasX BU3YaJIbHO)
0 HAJIWYUIO BO BPEMEHHOW peajn3alii KaueCTBEHHO WM KOJIMYECTBEHHO
HEOTHOPOJIHBIX HTAIOB.

Ecnu nena neneHuss Ha OCHM BPEMEHH HM3BECTHA, N0 PACCTOSHUIO MEXIY
SKCTpEMyMaMH BPEMEHHOW peaju3alii U KPYyTU3HE YYaCTKOB MOKHO OIIEHUTh
XapaKTEepHbIA MEPUOJ U YaCTOTy, W JaXe [MAaNa30H 4YacTOT FapMOHUYECKUX
cocTaBisamonMx curHama (1. 6.4.2.1). Hampumep, pacCTosHHE MEXIY
MakCUMyMaMu B mpouecce puc.6.14,r modTm MNOCTOSHHO BIOJIb BCEH
peanuzanny, a Ha puc.6.14,B MeHseTcs B IIMPOKUX MpEAenax, NpU 3TOM Ha
KpUBON MMEIOTCS U OYEHb KPYThI€ U MOJOTHE YYACTKH, CIEI0BATENbHO, CIEKTP
mporecca TOKPBIBa€T  OOJBIIYI0 TOJOCY 4YacTOT, Tmporecc puc.6.14.B
IIMPOKOTIOJIOCEH.

Jlpyroii pacmpocTpaHEHHBIH CIOCOO BHU3yaIbHOM OLIEHKM OMUpPAETCs Ha
IPOLEAYPY 80CCMAHOBIEHUS (hA3060U MPAeKmMopuy — 0 KOOPAUHATHBIM OCSIM
OTKJIQ/IbIBAIOTCS TOJYUYEHHbIE MO HAOJIOAAeMOM JMHAMHYECKUE MEpPEMEHHBIE
(cm. mm. 6.1.2, 10.1.2) U HaHOCATCS TOYKH, H300pa)kalollhe€ COCTOSHHUE B
OT/ICJIbHBIE MOMEHTHI BpeMeHH (prc.6.15). Bo3MOXXHOCTH BH3yaJIbHOTO aHAJIM3a
($a30BBIX MOPTPETOB BeChbMa OIPAaHUYEHHBI. be3 cCHelHanbHBIX CPEACTB
CYILIECTBYET BO3MOXXHOCTh pPAacCMaTpUBaTh TOJBKO JABYXMEPHBIE MPOEKIINH
dazoBoro mopTpeTra Ha TIIOCKOM dkpaHe (puc.6.15,6). Iluknael serko
UACHTU(DUIIUPYIOTCS HA M300paKEHUH 10 MaJOW TOJIIMHE JTUHHUHM (HAa PUCYHKE
cneBa). M3o0paxkeHne Topa Ha IJIOCKOCTH (BBEPXY) BBITJISIAUT, KaK JIEHTa C
YETKUMH TPAHHUIIAMH, YEM OTIUYACTCS OT O0Jiee «pa3zMa3aHHOTO» U300paKCHUS
MPOEKIIMU XaOTHYECKOro arTpakTopa (BHM3Y, clipaBa). bosiee nHpOpMaTHBHBI
JUISL pa3IMu€HUs XaOTHYECKOTO W KBA3HUIEPUOAMYECKOrO ABUKEHUN CEUECHMS

’ B oTJIMuME OT KHUTH TI0 SKCIIPECC-aHanu3y [78], e 5TU mpouecchl Ha3bIBAIOT CIyYailHBIMH,
MBI MOJYEPKUBAEM TOJBKO OTCYTCTBHE BHUIMMOM 3aKOHOMEPHOCTH, T.K. TaKHUE€ peasn3alliu
MOTYT OBITh MTOPOK/ICHBI MATIOMEPHON HETMHEHHON TMHAMUYECKOH CUCTEMOM (CM. riiaBy 3).
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dazoBoro moprtpera (CTPOOOCKONMMYECKHE WM C TOMOIIBIO BBIICICHUS
OKCTPEMYMOB Ha BPEMEHHBIX pea3alusiX MEPEMEHHBIX). Takoe CedeHHe it
TOpa TMpPEACTaBISeT COOON 3aMKHYTYIO JHHHIO, JUIS LUKJIA — TOYKY WU
HECKOJIbKO ~ TOYeK, JJII  XaOTHYEeCKOr0o  MHOXECTBa  —  CJOXHO
CTPYKTYpHpPOBaHHBIH HaObop muHUK (puc.6.15,0). Jnga wuaeHTHGUKAIN
CIIOKHBIX HETIEPUOINICCKIX JBMKCHUM aHann3 (a30BBIX MOPTPETOB Ooiee
NPOAYKTHBEH, YeM cneKTpanLHHﬁ aHAJIN3 CUTHAJIOB.

X

-i--....__ 1

’ﬁ‘{{(l‘?‘
Jm”‘»‘* '-"’

2

Puc.6.15. KauecTBeHHBI BHJ BO3MOXHBIX (Da30BBIX TPAaeKTOpUH B  TPEXMEPHOM
MIPOCTPAHCTBE, BOCCTAHOBIICHHBIX 110 HAOII0aeMOMy psAy (@) M UX MPOEKIUH Ha TIOCKOCTD
(TUnIMYHBIA BHJ Ha dKpaHe ocumuiorpada) (6). bensle muHMM Ha TeMHOM (OHE — CEYCHHUS
opTpeTa

6.4.2. MeTobl cieKTpaabHOTO aHanu3a (pypbe-aHaau3 v BEHBIIETHI)

Yaiie BCero TepMUH «CIEKTPAIbHBIN aHAIN3» OTHOCST K MCIOJIb30BAHUIO
npeoOpazoBanuss Dypwse (pas3noxkeHus CurHaga Ha rapMmoHuku). Ho B
0000OIIEHHOM CMBICIIE CHEKTPaJIbHBIM aHAJIM30M MOXKHO Ha3bIBaTh JHO00E
MpEACTaBICHHE HAOJI0aeMOr0 CUTHAJIa B BUJIE CYMNEPIO3UIIMU HEKOTOPHIX
bazucubix PyHKIUN, T.K. UCTIOIB3yeTCsa HAO0Op (CHeKTp) (PYHKIUNH-KOMITOHEHT.
31ech MBI KpaTKO pacCMOTPUM TPAJUIMOHHBIN (Qypbe-aHanu3, a Takxke Oosee
HOBBIN U «MOJHBIN» HHCTPYMEHT — BEUBJIET-aHAJIN3, KOTOPBIA OYEHb IOJIE3EH, B
YaCTHOCTH JIJISl UCCJIEIOBaHUS HECTAIIMOHAPHBIX CUTHAJIOB.

6.4.2.1. IlpeoOpaszoBanusi Pyppe M CHEKTP MOIIHOCTH. JTa Tema
SBIIIETCSL TIPEIMETOM PACCMOTPEHHSI OTPOMHOTO YHUCJIa KHUT M CTaTeH U JIEKUT
B OCHOBE IIENIBIX OTpaciieil MPUKIAIHOW MAaTEeMAaTUKH — CIIEKTPAIBHOTO aHAIN3a
[74] u undposoii punsTpanuu [147]. KocHeMcst KpaTKO HEKOTOPBIX MOMEHTOB.

HamomuauMm, mnpexnae Bcero, 4ro corjacHo TteopeMe Beuepmrpacca ¢
HOMOUIbI0 TPUTOHOMETPUYECKOIO MHOTOUYJIEHA MOYKHO CKOJIb YTOJHO TOYHO
NPECTaBUTh JIO0YI0 HENMPEPBHIBHYIO Ha OTpe3ke [a,b] dyukuuto 7= F(t) npu
F(a)=F(b). OOpatuMcsi K NpaKkTUKe NPUMEHEHHUs 3TOH HJEen B Cllydae
BPEMEHHOTO psifia. byneM cuutarh, 4TO psAJl SKBUIUCTAHTHBIN C YETHBIM YHCIIOM
Touek N, uHTepBan BbIOOpPKU Af, a=t, b=a+ N-At=t, +At. MoxHo
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o N
N0Ka3aTh, YTO MCXOAHBIA CHUIHAI <{77(z‘l.)}i:1 MOXET OBITh OJHO3HAYHO

IIPE/ICTABIICH BO BCE MOMEHTHI HAOJIIOICHUI B BUIC CYMMBI

NJ2 N/2-1
n@t,)=a,+ Y. a,cos(tkat,)+ > b, sin(kat;), i=1,..,N. (6.1)
k=1 k=1
2r 2
rIe  OCHOBHas  9YacTtoTa  ecTh @ = =——.  Koahouments
b—a NAt
TPUTOHOMETPHYECKOTO MHOTOWIEHA (6.1) HAXOAATCS MO MPOCTHIM (HOPMyJIam
1 N 1N _
ay=—).1:, ay,=—).(=D'n,, 6.2
0 N;’?z N/2 N;( )n (6.2)
N
a, :NZUZ. cos(kat,), k=1,..,N/2-1, (6.3)
i1
N
b, :NZni sin(ket;), k=1,..,N/2-1. (6.4)
i=1

®opmyisl (6.2)-(6.4), nepeBoasue 3Ha4eHUs 77, B KO3(Q(UUUEHTH a, U b,

Ha3BIBAOTCS MPSMBIM JTUCKPETHBIM TipeoOpazoBanueM dypre (I1D). dopmyna
(6.1), obecnieunBatoias pacuert 7; 1o a, u b, , HazpBaercsa oOpatHeiM 1.

Omnwupasice Ha 3TH IpeoOpa3oBaHUs, MOKHO MOCTPOUTH HPUOIMKEHHOE
ONMCaHWE WCXOJHOTO CHUTHaja (AalMpOKCHMAILMIO) WM TPOBECTH €ro
crnaxuBanue. Hanmpumep, BbICOKHE Y4acTOThI (COOTBETCTBYIOIIME OOJBIINM k)
9YacTO OTBEYAIOT NIOMEXaM U IIyMaM M OT HUX >KEJaTeIbHO W30aBUTHCS. DTOTO
MO>KHO JIOCTHYh B MPOCTEHINIEM BapHaHTe, MPUPABHIB HYJIO COOTBETCTBYIOIIUE
ko3 dunuenTs! a, u b, . BeimomHus Teneps oOpatHoe npeodpasoBanre Dypre

(6.1), momyuum Ooliee TIaBHO MEHstoUMCA («Oosee riaakuiiy) curHait. OTo —
BapUAHT (WIBTPA HU3KUX YaCTOT. AHAJIOTMYHO MOYKHO pPEaanu30BaTh (DUIBTP
BBICOKHMX 4YacTOT (OOHYJMB KO3(PPHUIMEHTHI, COOTBETCTBYIOIINE MaJbIM k) WU
MOJIOCOBOM (QMIbTp (COXpAaHWB HEHYJIEBBIMH TOJBKO KOA(DPUIIMEHTHI U3
HEKOTOPOM MOJOCHI 4acTOT). MBI yIOMSHYJIH JajeKo He cambie 3(PPeKTUBHBIC
BapHaHTHI HUPPOBBIX GUIBTPOB, MOAPOOHEE CM., Harpumep, [147].

C noMoIpl0 TPUTOHOMETPUUYECKUX MHOTOUJIEHOB YaCTO MOXHO TMOJTYYHUTh
JIOCTATOYHO XOPOIIYIO AaINMPOKCUMAIMIO HENpPEpHIBHOW Ha OTpe3ke (yHKIUH
F(f). llpyueM MOXHO HCIIOJIb30BaTh JIaKe TPUTOHOMETPUUECKHE MHOTOWICHBI
OUYEHb BBICOKOTO TMOps/Ka, TOrJa KakK MCIOJNb30BAaHUE alIreOpandecKux
MHOTOWJIEHOB BEJIET K CYIIECTBEHHBIM TPYIHOCTSM B TakoM ciyyae (CM.
n.7.2.3). Ecmu ¢yskuua F(f) nepuoaudeckas, TO €€ MOXHO XOPOIIO
NpUOIH3UTh TPUTOHOMETPUYECKUM MHOTOUJICHOM M Ha BCEH YHCIOBOW OCH.
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[TomuepkHeM, 4YTO TPUTOHOMETpPHYECKas CHUCTEMa OCOOCHHO IIOJIe3HAa W HE
UMEEeT «KOHKYPEHTOBY MPH aNMIPOKCUMAIIUN TTEPUOTNICCKUX (PYHKITUH.

Quzuueckan unmepnpemayusi — cnekmp mowHocmu. MOXHO TOKa3aTh,
YTO CpeIHUM KBaapaT HaOmonaeMoil (OH WMEET CMBICI MOIHOCTH, €CIU
HaOo1aemMasi — 3TO HaMpsDKEHHWE Ha yYacTKe SJIEKTPUUYECKOW IeNH WM Chjla
TOKAa) paBeH CyMME CpEIHUX KBaJpaTOB cjaraeMbix B TpaBoi dactu (6.1).
JlpyruMu cioBaMu, MOIIIHOCTh CUTHAJIA PACIPEACIIAETCS N0 YACmOmMaMm:

NJ2

1 N
—>nr=>S,, (6.5)
NS k=0

rae S, €cTh MOIIHOCTh TapMOHMYECKOM COCTaBIIOLIEH C 4YacTOTOH kw:
2 g2 2

S, =(a} +b?)/2 mpu 1<k<N/2, S, =a’ npu k=0,N/2. dusmuecku,

HaOJII0JAEMBIIl CUTHAJI 4aCTO MPEJCTABIAET COOON CyNEepIO3UIIMIO CUTHATIOB OT

HECKOJIBKUX ~ MCTOYHMKOB. EciaM  5TM  HMCTOYHUKM  JIEMOHCTPHUPYIOT

rapMOHUYECKHE KOJeOaHMsI KKl CO CBOEM 4acTOTOH, TO B HaOIIOJaeMOM
CUTHaJ€ MX MHTEHCUBHOCTb OyJeT OTpaXeHa BeIMYMHOM S, Ha

cooTBeTcTBytomel uactore. Koadduuumentsr S,, momMumo peuieHus 3aaadu

buabTpalMK CUTHaNA, TMO3BOJSIOT BBIIBUTh MPUCYTCTBUE M 3HAYUMOCTH
Pa3IMYHBIX UCTOYHUKOB KojeOanuil. Eciii kaxayro 3HaUMMYI0 YacTOTY CBA3aTh
C KoJIeOAHUSIMH OJHOTO0 TapMOHHUYECKOr0 OCHWUIATOpPA, TO YHUCIO TaKUX
CYIIECTBEHHBIX YacCTOT PaBHO HYUCIAY cHeneHeui c80000bl, BOBIICUEHHBIX B
nporecc. [lockonbky TONIHas  MOIIHOCTh CUTHama, corimacHo  (6.5),
MpEACTaBISIETCS B BUIE Ha0opa (CIEKTpa) HECKOJIbKUX COCTABISIONIUX, TO 3TOT
HaOop S, Ha3bIBAIOT cnexkmpom mowHocmu npouecca 77(t) . CTporo ropopsi, 3To

JIMIIH OLIEHKA CIIEKTPa MOIIHOCTH (CM. HIDKE).
[TonsiTie cnekrpa MOIMHOCTH TaK JIETKO BBOJUTCS TOJBKO  JIS
JIETEPMUHUPOBAHHON TIepUOIUYEcKOl (QyHKIMU 77(f) ¢ nepuogoM 27/,

[IOCKOJIBKY OHAa OJHO3HAYHO IIPEACTABIIAECTCS B BUIAE TPUTOHOMETPHUUYECKOTO
psana Oypee

o0
n(t)=a, + Y [a, cos(kat) + b, sin(kar)], (6.6)
k=1
BCce KO(PUIIMEHTH KOTOPOro B OOIIEM Cllydae HEHYJIEBBIE M BBIPAKAIOTCS
yepe3 UHTErpajbl OT UCXOTHON pyHKUUU 77(¢) .

Ho wu 3pmecy cnenyer yyectb, 4yTO moaydeHHbld ¢ noMmomibto IID mo
BPEMEHHOMY psily KOHEYHBI HaOop ko3 duimreHToB (6.1) sBIsIETCS TOIBKO
NpUOTMKEHUEM JUIS TEOPETUYECKOTO CHeKTpa. Eciu OCHOBHAs MOITHOCTH
COJICPKUTCS TOIBKO B HU3KUX YAaCTOTaxX, TO MPHOIMKEHUE TOCTATOYHO TOYHO.
N3BecTHO siBIeHHME MUMHUKPUU (MAacCKUPOBKH) YacCTOT, KOTOPOE COCTOUT B
cnenyromem. B monens (6.1) BXoauT MakcUMaibHash 4acToTa a)N/2:7z/At,
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KOTOpYX HasblBaloT 4acrtorod Haliksucra. Ilepuon coorBeTcTBYROLIEN
KOMIIOHEHTHI PaBEH JIBYM HMHTEpBasiaM BHIOOpPKU. COCTaBISIONINE C YaCTOTAMH
ke, Gonpmimmu yacToThl HaiikBucTa, B TOYKAaX BPEMEHHOTO psiAa SIBISIOTCS
JUHEHHON KoMOuHaiumeil Oa3ucHbIX (yHKUMH, BXoasmux B (6.1): ecnm ux
7100aBIATh B MOJENb, TO OOJiee HU3KHE YaCTOThl HY)KHO HCKIIIOYaTh, YTOOBI
o0ecreunTs JMHEHHYI0 HE3aBUCUMOCTh OasucHbIX (yHKIud. Jpyrumum
CJIOBaMH, COCTaBJISIOLIME C 00Jee BBICOKUMHU YaCTOTAMM HEJb3s OTIMYHUTH OT
HU3KOYACTOTHBIX COCTaBJISIOLINX, HanpuMmep,

cos((N/2 + k)jwAt) = cos(j + kajAt) =(-1) cos(jkwAt), tne k > 0, t, = jAt.

OnHu Kak Obl «KMaCKUPYIOTCSD MO IPYTHE.
Eme cioxxHee cutyarus B ciaydae Herepuoandeckor ¢pyukmuu 77(¢) . Takas

(yHKIUS HE MOXKET ObITh IPECTaBI€Ha TOYHO B BHJE psana (6.6) Ha Bcel ocH.
Ho nnst Hee mpu HEKOTOpBHIX YCIOBHSX (MHTEIPUPYEMOCTh Ha BCEH OCH,
TJIAJIKOCTh) MOXKHO 3amlucaTh aHAJOTHYHOE MPEJCTaBICHHE B BHUJE HMHTErpajia
@dypre, T.e. 3aMEHUTh JAUCKPETHBIE 3HAUEHUS 4YacToTel kw B (6.6) Ha
HEIPEPBIBHBIN Pl 3HAYCHUM:

n() = TA(a)) cos(at)dw + TB(a)) sin(wt)dw, (6.7)
0 0

A(w) = 71[ 0jgfy(t) cos(mt)dt, B(w) = 71[ Tn(t) sin(wt)dt.  (6.8)

[IpeoOpazoBanust  (6.7) u  (6.8) Ha3pIBalOT  HEMNPEPHIBHBIMU

npeoOpazoBanusivu ~ Dypre (0OpaTHBIM W MPSAMBIM, COOTBETCTBEHHO).
10

JluckpeTHbie mpeoOpa3oBaHUS — WX aHAJIOTH. OHEprus  curHama 77(t)

PaCKIIaAbIBACTCA B HCHpCpLIBHBIﬁ 3Hep2emuqea<m7 cnekmp

o0 o0
[7*(dt = [E(w)dw, E(w) = 4*(w)+ B* (w).
—o0 0

Hakonen, paccmotrpum cityuaii, korga 77(¢f) — peanusanusi CTallMOHApPHOTO
ciayvarHoro mpouecca. [loutn Bcerma ona He nmepuoaudeckasd. [Ipu 3TomM He
CyllecTByeT uHTerpaigoB (6.8), T.e. Hemb3s omnpeaenutb 4 U B gaxe Kak
ciyvalHble BenuuuHbl. CHEKTpalbHBIM COCTAaB NPOLECCAa XapaKTEPU3YIOT,
UCHONb3ysl ¢unumnoe tnpeodOpasoBanne dDypwre (cm., Hampumep, [172]), T.e.
BEJIMYMHBI

1 T/2 1 T/2
Ar(@)=— [n(t)cos(wr)dt, By (w)=— [n(t)sin(wr)dt . (6.9)
T _1/2 7T 1)2

1
% He MOIIHOCTb: CPEHSSt MOIIHOCTh PABHA HYINO, T.K. CHTHAJT 3aTyXaeT Ha GECKOHEUHOCTH.
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Jlaee pacCUMTBIBAIOT MAaTEMATHYECKOE OXUIaHue A;, B, MU OnpenensroT
CheKmp MOWHOCMU KaK

S(@) = lim M 4; (@) + B (@)]

T—w0 T

(6.10)

DTO HMMEHHO MOIIHOCTh, T.K. B 3HAMEHATEJIE CTOUT BEJIMYMHA BPEMEHHOTO
uHTepBasia 7. B 3TOM NOCTaHOBKE 3HA4YCHHA S, NOIYYECHHBIE C MOMOIIBIO

JUID, — 310 cnyuaiiHble BenuuuHbl. VX HaOop sBisgercs rpy0od OLEHKON
CHEKTpa MOIIHOCTH. Ee Ha3pIBaloT nepuoAorpaMMoi (€cid YMHOXHTH BCE
KOMIIOHEHTHI Ha N, T.€. MEPEUTH OT MOLIHOCTU K dHEpruu). YToObl MOITyUUThH
OLIEHKY C JIyYIIMMU CTaTHCTUYECKUMHU CBOMCTBAMHU, JKEIATEIBHO YCPEAHUTD S,

M0 HECKOJbKUM pealu3alusM Ipolecca WIA «CIVIAJuTh» OTIEIbHYIO
NEePUOIOTPAMMY.

BaxxHocTh MOHSATHS CHEKTpa MOIIHOCTH CBA3aHA C TE€M, YTO TMOBEICHUE
MHOTHX pEAIbHBIX CHUCTEM B pEXKHMaxX HEOONBIINX aMIUTUTY] KOJICOaHHA
aJIeKBaTHO OMMCHIBAETCS C TMOMOINBI0 TapMOHMYECKHX (QyHKuui. Takue
PEKHMBI TIOBEIEHUS XOPOILIO M3yYeHbl W TOHSTHl, OHU MOBCEMECTHO
pean3yIOTCsl Ha MPAKTUKE M IIHPOKO HCHOJIb3YIOTCS B TEXHHUKE, HalpuMep, B
cucremMax CBA3U. JIuHelHble cucTeMbl (QWIBTPBI, YCWIHTEIHM M T.[.)
OMHKCBHIBAIOTCS B TEPMHHAX MepeAaTo4yHbIX (YHKUMNA, T.€. HUX OCHOBHas
XapaKTepUCTHKA — 3TO CHoco0 mpeoOpa3oBaHUs CIEKTPa MOIIHOCTH BXOJHOTO
curHajia. 3adacTyr0 BakeH M (a3oBbIil CHEKTp — Ha0Op HayalnbHBIX (a3
rapMOHMYECKHX cocTaBistoumx B (6.1). MHorouucieHHble O0COOEHHOCTH
OLICHKH CIIEKTPOB Ha TMPAKTUKE M METOAO0B (UIBTPAIMU OTPAKEHBI B
auTepatype, cM. paboTsl [74, 147, 172] u cCbUIKM B HUX.

Ilpumep. Cuenan ¢ meHAIOWUMCA YACMOMHBIM COCMABOM U 0KoHHoe [I1D.
B 3akmroueHne oOCyauM paclpOCTPaHEHHYIO CHTYalMI0, KOTJa MCCIEAYEMBbIil
CUTHaJ NpeJCTaBIsieT Cco0OM  MOCIeNOBaTENbHOCTh ABYX  (PparMeHTOB
CHUHYCOU/IbI C PA3JIMYHBIMU YaCTOTAMM:

sin2t, -7 <t <0,

1) = 6.11
(0) sindt, 0<t<r. ( )

AHanmu3 mnpoBOAMTCS Ha OTpe3ke [-7, T] mo psaay mHOM 20 Todek ¢
UHTEpBAIOM BBIOOPKH Af = 77/10 W HaYaIBbHBIM MOMEHTOM ¢, = —7 (puc.6.16,a).

OTOT CUTHAJI MOXHO XOPOIIO OMMCATh C MOMOIIBIO TPUTOHOMETPUUYECKOTO
MHoOroungeHa (6.1), KOTOpBIi COAEPKUT MHOIO 3HAYMMBIX KOMIIOHEHT
(puc.6.16,a). Ho Oonee mnosie3Hyr0 HH(OpPMALMIO MOXKHO IMOJYYUTh, €CIU
pa30ouTh cUrHayi Ha JBa ()parMeHTa (OKHA) U MO KaXJA0My M3 HHUX MOCTPOUTH
CBOIl TpUroHOMETpUYeCKUi MHOrowieH (puc.6.16,6). DTo Tak Ha3bIBaeMoe
OKOHHOE TpeoOpa3zoBanue Dypbe. B KakJaOM OKHE TMOIYyYUM CHEKTp U3
€IMHCTBEHHON 3HAYUMON KOMIIOHEHTBI, 4YTO oOOJerdaer (Qpu3n4YecKyro

183



Yacrts II. Mooenuposanue no epemennvim psaoam

UHTEpIpeTauuio pe3yabraroB. [Ipu okonnom /JIII® BHIHO, YTO YaCTOTHBIM
COCTaB CHUTHAQJIa MEHSIETCS BO BPEMEHHU, YTO HE MOXKET OBITh BBISBIECHO C
nomoimpio eauHoro MHorowieHa (6.1). IlogoOHBIe HecTalMOHAPHBIE CUTHAIIBI
4acTO BCTpEYarOTCs Ha MpakTuke. [[ns MX aHamm3a MOXHO HCIHOJIb30BaTh
okonHoe /[II®d, HO cymecTByeT U ropazno Oosiee yAOOHBIA COBPEMEHHBIN
WHCTPYMEHT — BeUBIET-Ipe0Opa3OBaHHUE.

6.4.2.2. BeiiBier-npeo0pa3oBanne M BelBJeT-cniekTpbl. JlJ11 aHanmu3a
bynkumii 17 = F(f), *MEIOINUX HMITYJIBCHBIA XapaKTep, pPa3pbIBbl, H3JIOMBI H
npouyre OCOOEHHOCTH, BechbMa H(P(EKTUBHBIM OKa3bIBA€TCS HCIIOJIb30BAHHE
6a3uca, cocrosmero u3 QyHkuuil @, (), JOKAIN30BaHHBIX 110 BPEMEHU U IO

yacTtoTe, — BelBieroB. B mocimennue 20 5eT OHUM TPHUOOpPETH OrPOMHYIO
MOMYJISIPHOCTB, CM., HarpuMep, 0030pHbIe paboTh [17, 94] U CChIIKH B HHX.
1.5 1.2

1 o8

LE-] 04

Hoe #7oo
05 04
-1 08
t
A5 1.2 4
4 3 2 a0 1 z 3 4 4 a |z 10 1 z 3 4
04
'S.i:
0.3 l L = )
15 F 19k
0.2
2.1
i
o oA o 1] : kﬂ | k
o 1 2 a 4 5 & T 8 8 10 B 1 2 3 4 85 8 1 2 3 4 &
a) 0)

Puc.6.16. a) JIBa (parmMeHTa CHHYCOWABI H HAJIOXKEHHBI Ha HUX Tpaduk
ANNpPOKCUMUPYIOLIEr0 TPUTOHOMETpUYecKoro MHorouwieHa (6.1). ChHekTp MOIIHOCTH
COZEPKUT 5 3HAYMMBIX KOMIIOHEHT, CTPEIIKAMH TTOKa3aHbl YaCTOTHl ()parMeHTOB (CHHU3Y). 0)
Amnanorununsie Tpaduku ans okoHHBIX [IID, B cmekrpax mo onHoi uwactore. OHH
COOTBETCTBYIOT YHCIJIaM K, B JIBa Pa3a YMEHBIICHHBIM MO CPABHEHHIO C JIEBBIM PUCYHKOM, T.K.
YHUCIIO TOYEK B KKJOM M3 OKOH B JIBa pa3a MEHBIIIE YMCIIa TOUEK UCXOAHOTO PsJia

«MHorue wucciaegoBaTeIM Ha3bIBAIOT BEUBJIET-aHAIU3 ‘‘MaTEMaTHUYECKUM
Mukpockoriom™» [17]. Tlo-anrnuiicku «wavelet» (TrepmuH BBeneH B 1984 r.)
03HAYaeT MPUOJIU3ZUTENIBHO «MaJjeHbKasl BOJHA», HO YK€ U B PYCCKOSA3BIYHOMN
JUTEpaType MPHUHATO MCIIONB30BaTh TEPMHUH «BeuBieT». He BpaBasich B
CTPOTOCTh ~ MAaTEMAaTHYECKUX  ONPEACIICHUM, OrPaHUYMMCS  IOSICHEHHEM
OCHOBHBIX MOMEHTOB. BeliBiieToM Ha3bIBAOT GyHKIUIO ¢(f), KOTOpas

1) xopotiio JioKanrM30BaHa Mo BPEMEHH ¢ (T.€. OBICTPO CTPEMUTCS K HYJIIO C
pocToM \t\ ) u 1o yactote (ee Dypbe-00pa3 TOKE XOPOIIO JTOKATH3IOBAH);
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o0
2) UMeeT HyJIEBOE CpeiHEee I g(t)dt =0;
—00
3) yIOBIETBOPSET YCIOBHIO aBTOMOJEIBHOCTH (IIpU U3MEHEHUH MaciuTada
110 BPEMEHU YMCJI0 OCUMIUISILIMA HE MEHSIETCS).
Tpumep npescTaBieH Ha puc.6.17 — 310 Tak HassiBaeMblit DOG-BeiiBner' ':

dt)=e" T —0.5e" . (6.12)

Ha ocHoBe BeiiBiIeTa MOXXHO MOCTPOUTH CUCTEMY (GYHKIUNA MyTEM €ro
CIABUTOB M MacIITaOHBIX IPeOOpa30BaHUi (CKATUH M PACTSHKCHUM BIIOJIb OCH 7).
[Tonyuennsie pyHKIMHU y100HO 0003HAYATH JBYMS UHJEKCAMMU:

4, ()=2"¢(27t k), =0 < j k <o, (6.13)

rZe j U k — 1enble yucna. YBENIWYeHUEe MHJEKCA j Ha CIMHUILY JaeT U3MEHEHUE
MacmTaba TO OCH BpeMeHH B 2 paza («cxkatue» rpaduka (QyHKIHH), a
YBEIMYCHHE WHJIEKCA k Ha EIMHHIY [aeT CABHI Tpaduka QyHKUMH ¢, Ha

UHTEPBAI k/ 2/ Bmpao Bmonb ocH ¢ (puc.6.17). HOpMHPOBOYHEIH MHOKHTENH

2j/ 2 BBEJICH TOJIbKO I yA0OCTBA, YTOOBI COXPAaHATh HEU3MEHHON HOpPMY
2 2

(uHTerpan oT KBagpara GyHKIUK) ¢, , : H¢ ikl =le
0.6
¢-""’t i=0 i=0
0.4 k=10 k=20
0.2
o
.2 L
=10 o 10 20 30 40 50 80 T
06 d}”
J=1 i=1 i= i=1
o4 k=0 k=40 e = 80 k=120
0.2
o
0.2 f
=10 o 10 20 30 40 50 B0 T

Puc.6.17. Tlpumep BeiiBieTa W KOHCTPYMPOBAHHSI HA €r0 OCHOBE CHCTEMBbI 0Oa3HCHBIX
(hyHKIUH TTyTeM CIIBUTOB (CJIeBa HAIIPaBO) M CXKaTHH (CBEpXy BHH3) 0€3 ydeTa HOPMHPOBKH

CKOHCTpYHpOBaHHas CHCTEMa JIOKAJIM30BAHHBIX (QYHKIMH ¢, 3a cyer

CABUIOB M PAaCTSDKEHHMH NOKpBIBAeT BCKO och f. Ilpm ompeneneHHOM BbIOOpE
byHKIUN @(¢) OHa sBiIsieTcs 0a3MCOM B MPOCTPAHCTBE (PYHKIMA, CyMMHUPYEMBIX

' Or Difference of Gaussians — pazHocTs «rayccnam» (T.e. Gynkmmit Iaycca).
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C KBaJpaToM Ha Bceil ocH (TOJNbKO TOraa ¢(t), CTpOro roBOps, M HA3BIBAIOT
BeiiBaeToM [17]). DOTO BBINOJHSETCS A LIMPOKOTO Kiacca (PyHKIUH,
HaIpuMep, JUis PEe/ICTaBIeHHOH Ha puc.6.17. basucHsle QyHKUMH ¢, , YacTo
Ha3pIBalOT  BelBieT-QyHkuusamu.  [lockombky  Bce  OHM  TOJYYEHBI
npeoOpazoBaHusiMU  QYHKIIUU  @¢(f), TO TIOCIECAHIOID YacTO HA3bIBAIOT

«MaTEePUHCKON (DYHKIIUEH.

[Tpumepsl MaTepuHCKHX (GYHKIHA OYECHBb Pa3sHOOOpa3HbI, cM. puc.6.18.
bubnnorekn HacuumTHIBAIOT COTHHM Takux (yHkumit [350]. OTmerum yacTto
UCIIOJIb3YEMBIN KOMIUIEKCHBIN BerBiaeT Mopie

pt)=r e P (e — ey, (6.14)

rac @, OnpeacirieT KOJIN4CCTBO OCHI/IJIHSIHI/Iﬁ, a BTOpOfI YJIeH B CKOOKax BBCACH

JUTsl 0OecTieueHus HyJIeBOro cpeaHero. /lefictBurensHas 4acth BeiiBiera Mopie
IpeACTaBIeHa Ha puc.6.18,B i w, =6.

k] 12 1.2 12
b ¢ ¢ e =
08
04 0a b
0.4 0.4 |
04 |
o o a b
o0 o 44 D4 I :
) 04 48 08 |
08 | - t . [z —4 i
£ 4 2 0 2 4 8 £ <4 2 0 2 4 8 4 4 2 D 2 4 8 -1 o 1 2
) 0) E) r)

Puc.6.18. Ilpumepsr BeiiBneroB: a) WAVE-BeiiBner; 06) «MEKCHMKaHCKas IUIAMA»; B) BEUBIET
Mopre (aeiictBurensHas 4actb); T) HAAR-BeliBneT

[Ipn mocTpoeHuM anmpoKCUMHUPYIOUIEH (QYHKIHH MO BPEMEHHOMY DSy
HY)XHO OTPAaHHYHUTH OCCKOHECUHYIO CHCTEMY (YHKLIHI ¢, KOHEYHBIM UHCIOM

cocrapisitonux. Ha npumepe HAAR-BeiiBnera (puc.6.18,r) npousuiroctpupyem
annpokcumanuio  BeBineramu [276]. Ilycth uMmeeTcs 3KBUAMCTAHTHBIN

BpeMEHHOM psa mmuHod N =2", m — MON0KHUTENBHOE LEN0E YUCIIO, HHTEPBAI
BbIOOpKH Af=1/N, t, =0. B kauecTBe 0asucHbIX QYHKIHI YIOOHO B3ATH W3

oO1uieil cuctemMsl ¢ ;« CHeNyIolmue, OMONHUB ee GyHKIHEH-KOHCTaHTOM:
1,
Po.0(1) = (1),
0 (1) =9 (20), d1(0)=¢(2 1)
¢2,0 (1) = p(4), ¢2,1 (1) =¢(4t 1), ¢2,2 (1) =9¢(4t -2), ¢2,3 (1) =4t - 3),

ceey

¢m—1,0 ()= ¢(2m71 1), "o ¢m_1,2m—1_1 ()= ¢(2m71f i 1).

(6.15)

186



I'maBa 6. Psovl Haba00aembix — UCMOYHUK OAHHBIX OJ1 MOOENUPOBAHUS

HcxonHbiil BpEMEHHOM psifl IPEACTABISAECTCS B TOYHOCTH B BUJIE CYMMBI

m—1 271

n,=co+ ), zcj,k¢j,ks (6.16)

j=0 k=0

Kos¢ppuuuentel npu ¢yHKIMAX ¢ j=m—1 3aBUCAT TOJIBKO OT Pa3HOCTH

3HauYCHUI HAOII0/IaeMOM B COCEHUX TOYKAX, T.€. OT KOJeOaHUil C BpEMEHHBIM
Macmtabom 2A¢. Ilockonbky 5TU (QYHKIMM ONUCHIBAIOT TOJBKO CaMble
MeIKOMacITaOHble W3MEHEeHHs (M3MeHeHusi ¢ dvactorod HaiikBucra), TO
3HAYCHUSI COCTABIISIONICH HCXOMHOTO CHTHAJIA, PABHOW CyMMe THUX ()yHKITHA:

g
D, ()= Zcm—l,k m—l,k(ti)a (6.17)
k=0
Ha3bIBAIOT 0emaisiMu Nepeoco YposHs. A OCTaBIIYIOCS COCTABIISIOINIYIO
m=2 271
Al(ti):m_Dl(ti):Co"‘z ch,k¢j,k’ (6.18)
j=0 k=0
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Puc.6.19. BeliBneT-nipeoOpazoBanue: anmpoOKCUMAIIAH U JIETAIH Pa3HbIX YPOBHEH

Ha3bIBAIOT annpokcumayuel nepeoco yposHs. ANMPOKCUMAIS IEPBOTO YPOBHS
yKe HE COACPKUT HM3MEHeHuW ¢ macmrtabom 2Af (puc.6.19). Ananoruuso,
JaJIbIIE MOKHO BBIJENSATH JI€TAIW B aNMPOKCUMALMM MEPBOTO YPOBHS U T.I.,
YTO M OCYIIECTBIsETCS Oa3uCHbIMM (YHKUUSMU C MeHbIIUMHU j (puc.6.19).
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OOmiee ompezeneHue AeTajgel n-ro0 ypoBHS W aNNpPOKCUMAIIMU A-TO YPOBHSA
naercss aHaiornyHo (6.17) m (6.18): meranm D, ecTb MeEIKOMAacCIITaOHbIE

COCTABJSIIOIME CHUIHANa, anmpokcumauuu A, (¢;) — KpynHOMacIITaOHbIE.

AnmpoKkcUManus NOCIEAHEr0 m-T0 yPOBHS €CTh IPOCTO CPEIHEE 3HAYCHUE
curHajia. B wutore MCHUXOAHBIM CUTHAJ PAaBEH CyMME€ CpPEIHEro 3HAaYeHUs M
neraneu Bcex ypoBHen: 1, = A, (t,)+ D, (¢,)+ D, (¢,)+...+D,(t,).

Bennuuna j onpenensier macmtad paccMOTpeHHs (4eM OHa OoJiblIe, TeM
MEHBIIIE 3TOT MaclTal), a k — BpEMEHHYIO TOYKY, OKOJIO KOTOPOW IPOBOAUTCS
paccmotpenue. Ecnu mpoBecTy Aainbliie aHaJOTHIO BEWBIETa ¢ MUKPOCKOIIOM,
TO k — TO4YKa ero (OKyCHPOBKH, j ONpEIENIeT YBEIUYECHUE, a BUJ BeUBIETa
(bopma maTepuHCKON (PYyHKIIUN) — ONITUYECKUE CBOWCTBA.

Ecnu okazanuch 3HaYMMBIMU TOJIBKO HECKOJBKO BEHBIET-KOA()(PHUIIEHTOB
;4> TO OCTAJIbHBIC MOXXHO OTOPOCHTH (OOHYJMTB) M OCTAaBIIMECS CllaracMble

m—1

c

JaayT KOMIIAKTHOE U JIOCTATOYHO TOYHOE MPUOIMKEHUE UCXOIHOTO curHaina. B
3TOM CJIyyae TOBOPST TAaKXKe, YTO BEHBJIET 0OECIeUnBaeT C)kaTue MHPOpMauu
(MHOXECTBO H3MEpPEHHBIX 3HAYCHHWM psJa MOXHO 3aMEHUTh HECKOJIbKHUMH
BeBIEeT-KOA(Q(PUIIMEeHTAMU M XPAaHUTh TOJIBKO MX, MPU HEOOXOJUMOCTH TIO
KO3(pUIIMEHTaM MOXXHO BOCCTAHOBUTH HMCXOJHBI CHTHAI C  MaJloH
MOTPEUIHOCTHIO0). BeliBneTsl 3¢ (eKTUBHBI AN «CXKATUS) CUTHATIOB PA3TUYHOTO
XapakTepa, OCOOEHHO HMMITYJIbCHOrO. [l cXKaTWsl CUTHAJIOB OINpPEAEIIEHHOIO
BUJAa TOAATCA anreOpanyeckue WM TPUTOHOMETPUUYECKHUE MHOTOYJIEHBI, HO
o0nacTh MPWIOKEHUH BEWBIETOB Ha MPAKTHKE 3HAUMTENbHO Lmupe [276, 170,
350].

Beiignem-ananus. BeliBner-kodhPUIIMEHTHI TaKKe MOXHO aHAIM3UPOBATH
W Jienarb MO HUM HETPUBHAJIBHBIE BBIBOJABI O XapakTepe CHUTHajga. ITo
COCTaBIISIET COJAEpKAHHE BEUBIIET-aHAIN3a B OTJIMYUE OT ANMPOKCHUMAINH WIIH
BOCCTAHOBJICHHMSI 3HAYEHHM CHUTHAaja, 4TO OTHOCUTCS K 3ajadaMm cuHTe3a. B
NPEACTABICHHON IMOCTAaHOBKE TOBOPST O OUCKDEMHOM etligiem-ananuse, T.K.
UHJIEKCHI j, k cucTeMbl BeMBIIET-QYyHKIUN MEHSIOTCS AUCKpeTHO. Bee Gompiimii
UHTEPEC TPUBIIECKAECT HeNnpepvigublll Geuslem-anais, KOorga MepexomsT K
HEeNpepbIBHOZHAYHBIM «HMHIEKCaM» cABUra U maciraoa [17, 94]. MarerpansHoe
(um  HeTpepbIBHOE) BeiBieT-IpeoOpazoBanue curHana F(f) ompenensercs
BBIPAKEHUEM:

W(s,k)= I () ¢( )dl fﬂ(t) b, (t)dr, (6.19)

TI€ §, k — BEIlECTBEHHbIE YHCIa (HEIPEPBIBHO3HAUHBIE NTapaMeTphl MaciuTada u
CIBUra), BEUBIET-QyHKIMKM 0003HAYEHBI @ ; (t)= (1/ s )¢((t —k)/s), mapamerTp s

€CTh aHajor BequuyuHbl 27/ . OyHKIMS ABYX MEepeMeHHbIX W (s,k) Ha3bIBaeTCs

gelignem-cnekmpom curiaia 7(t). OHa uMeeT HarJsaaHbld (PU3NUECKUI CMBICI.
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bosbiioe 3Hauenue \W(sl,kl)\ yKa3bpIBa€T HAa TO, YTO B OKPECTHOCTA MOMEHTA
BpeMEHU k; MHTCHCUBHBI M3MEHEHHUSl CUTHAJa C BPEMEHHBIM MaciTaboMm s, .
I'py6o roBops, 3uauenus |W(s,k;) npu (UKCHPOBAHHOM k; IIOKa3bIBAIOT
YAaCTOTHBIM COCTAaB CUI'HAJIa B OKPECTHOCTH MOMEHTa k. Eciin BelIMKH 3HaueHUs

C MQJICHBKUMH S, TO MPUCYTCTBYIOT MEIKOMACIITA0HBIE — BRICOKOYACTOTHBIE —
KOMITIOHEHTHI. 3HaUYEHHUS \W(sl,k)\ npu (UKCHPOBAHHOM S, IOKa3bIBAIOT, KaK

MEHSIETCS. BO BPEMEHH WHTEHCHBHOCTh KOMIIOHEHTBHI CUTHAja C BPEMEHHBIM
MacitaboM u3MEHeHHus §,. TakuM o00pa3oM, BEWBJIET-CIEKTP COJEPKHUT

UHPOPMAILMIO M O YacTOTHOM COCTaB€ CHUTHaJa, U O €ro BPEMEHHOU
Jokamu3auuu (B oTiMuMe OT (ypbe-CIIeKTpa MOIIHOCTH, KOTOPBIM J1aeT
UH(POPMALIMIO TOJBKO O YAaCTOTHOM COCTaBe 0Oe€3 JIOKalIM3ald BO BPEMEHH),
MO3TOMY €T0 €IIe Ha3bIBAIOT YaCTOTHO-BPEMEHHBIM CIIEKTPOM.

Jlis BeMBIET-CIIEKTPA BBINOIHAETCS «IHEPreTHUECKOE YCIOBUEY, KOTOPOE
MI03BOJISIET CBA3ATh €T0 C Pa3I0KEHUEM SHEPTUU TI0 BPEMEHH U «HaCTOTEM:

[ P (O)dt = [ [w?s.h) dsfk : (6.20)
—00 C¢ —00 —00 s
rne C, — HOPMUPOBOYHBIM  KOd(p¢uuuenr. Ecnu  Benmuuny w?

MPOMHTETPUPOBATH IO BPEMEHHU Kk, TO MOIYYUM (YHKIHIO TOJIBKO BPEMEHHOTO
MaciTada, KOTOPYIO Ha3bIBAIOT 2100ANbHbIM IHEP2eMUUECKUM CNeKmpoM WU
CKANOSPAMMOU:

o
Ey(s)= [W*(s,k)dk . (6.21)
“o

Ee MoxHO MCTIOIB30BaTh AJIS TIIO0ATBHON XapaKTePUCTHKH YaCTOTHOTO COCTaBa
CUTHaja Hapsiay ¢ mepuogorpammoii. CkamorpamMma siBisieTcs 0oyiee TOYHOM

OIICHKOM CIIEKTpa MOIIHOCTH, OHA OJIM3Ka K CTIIayKeHHOH nepuogorpamme [17].
[Ipy npakTUYECKOM UCIOJIb30BAaHUU BU3YAIIU3UPOBATH BEHBJIET-CIEKTP
MO>XHO KaK IMOBEPXHOCTh B TPEXMEPHOM MpocTpaHcTBe. Ho yaille ucnoiab3yoT
KapTUHY JIMHUWA YPOBHS \W(s,k)\ WIM JABYXMEPHYIO KapTy €€ 3HAuYeHU Ha

mIockocTH (k, ) B CepbIX MOJYTOHAX, I/e Oenblid 1BET O3HAadaeT OoJibliue, a
YepHbId — HyJIeBble 3Ha4YeHUs. B03MOXKEH TONBKO MNPUOIMKEHHBIH pacyeT
uHTerpasia (6.19) mo BpemenHomy psmy. s 3TOro Hy»XHO ONpPENEIHUTH
XapakTep TMOBEJCHUS CHTHAJa W 3a MpeeiaMu HaOIoaaeMoro orpeska [a,b]
(4acTo TmMOMAraloT €ro paBHBIM HYJIO), YTO BHOCHUT CBOHM HWCKYCCTBEHHBIC
ocobeHHOCTH — KpaeBble 3¢ dexTrl. [IpommmocTpupyem «paboTy» BEHBIET-
npeoOpa3oBaHus Ha MPOCTOM MPHUMEpPE CHUTHaja C MEPEMEHHBbIM YaCTOTHBIM
COCTaBOM — JIByX (hparMeHTOB CUHYCOU/IbI C pa3Hoii yacTtoToi (puc.6.20,a) [172,
94]. Ucnonszyem DOG-BeliBier, BpeMeHHble psanbl mmHoM 1000 Touek Ha
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OTpe3Ke [-7,77] ¥ TONOJTHEHNE CUTHAIA HyJIeM BHe oTpe3ka. [ mobanpHbIi (yphe-
aHaJlM3 HE TMO3BOJISUT BBISIBUTH «CTPYKTYPY HECTAIIMOHAPHOCTHY», TOTNA Kak Ha
BEUBIIET-CIIEKTPE XOPOIIO BHUIHBI XapaKTepHBIE BPEMEHHBIE MacIITaObI
(puc.6.20,6). OH TO3BOMSAET BBIICIUTH KOJICOAHUS C HU3KOW YacTOTON B Hadase
psAla U CKadyoK 4acTOThI (Oeble TsATHA — OOJbIIue aOCOMIOTHBIE 3HaUeHus W —
COOTBETCTBYIOT IOJIO)KEHUIO JKCTPEMYMOB CHHYCOUIbl U €€ BPEMEHHOMY
Macutaoy).

. ~
Wl N N N\
/ [ /
{ 4 [ - HIMFEAT
0.4 Y [ o YACTOTA
o o
0 IL |I i |I I, [
/ 1 [ i | )
! / | | |
0.4 { [ [
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Puc.6.20. a) CurHan ¢ mepeMeHHBIM YaCTOTHBIM COCTaBOM — JIBa ()parMeHTa CHHYCOHIIBI C
pa3HBIMH YacToTaMu; 0) BEHBJIET-CIIEKTp, OIYUYCHHBIN ¢ momotbio DOG-BeiiBiiera

BeiiBner-ananu3 ~— HUCKIIOYMUTENBHO  TOJIE3€H  JUIsl  HCCIEAOBAHUS
HECTAllMOHAPHBIX CUTHAJIOB, COAEPKALIUX CETMEHTHI C Pa3IMYHBIM XapaKTepoM
noeneHusi. Kpome Toro, oH BechbMa JPQPEKTUBEH [UIsl CYIIECTBEHHO
HEOJHOPOJHBIX CHTHAJIOB (MMITyJIbCHOIO THUIAa H T.J.), CHTHAJIOB C
OCOOCHHOCTSIMU  (pa3pblBaMH, H3JIOMaMH, pPa3pblBaMU IPOMU3BOJIHBIX Ooee
BBICOKOI'O TMOPAJIKA), TOCKOJbKY IO3BOJIIET JIOKAJIU30BaTh OCOOCHHOCTH H
BBISIBUTh MX XapakTtep. BeiliBiaeT-cnekTp 0OOHapyXMBaeT XapaKTEPHYIO
peryisipayto ¢opMy Ui ppakTanbHbIX (TpyOO roBOps, CHIIBHO M3PE3aHHBIX U
CaMOIOAOOHBIX) CHUTHajOB. TakWe TNpPU3HAKK JEMOHCTPUPYIOT MHOTHE
peanbHble curHaibl. [Ipy 3TOM MOXKHO paccMaTpuBaTh HE TOJBKO 3aBUCUMOCTH
NEPEMEHHON OT BPEMEHHU, HO U, HAIIPUMEP, OT MPOCTPAHCTBEHHON KOOPIUHATHI.
Tax, B ceueHnn peibed MOBEPXHOCTU
JIyHBI BBITTIAINT, Kak IIOKa3aHO Ha AN
puc.6.21 [276], T.e. WMeeT OYEHHL Iff PN
CIOXHYIO (OpMy C  pasIMIHBIMH o |
Maciradamu, KOTOpbIE CBSA3BIBAIOT C
0oMOapAMPOBKOM JIyHbl  Puc.6.21. Pemped mosepxHocTH JIyHBI B
METEOPUTAMHU PA3JIMYHOIO pasMmepa.  CcedeHud (x —  KOOpAMHATa  BJOJb
BeiiBneTsl MPUMEHSIOTCS I/ aHaau3a  [OBEPXHOCTH, /i — BBICOTA) — HMHTAIMs
JaHHBIX B Treousuke, OHOJIOTMH, MEAULMHE, AacTpPOopU3UKE, CHCTEMax
oOpaboTkn wH(MOpMammM, JUIS pacmo3HABaHUS W CHUHTE3a pEUYd, CHKATUA
n300paxeHnt u T.A. MHOTO HMHTEpPECHBIX MaTepHalioB M OuOmmorpaduio Mo

xX —

191



Yacrts II. Mooenuposanue no epemennvim psaoam

BeiiBieTaM MOXXHO Haitu B [17, 94] m Ha caiite [350], rae npencrasieH
BEUBJIET-JalKeCT, BRIXoaammi ¢ 1992 rona.

6.4.3. ®a3a curHana v pa3aokKEHUE HA SIMITUPUYECCKUE MOIbI

B cambIX pa3HbIX 3aJadax OKa3bIBA€TCs OYEHb IOJIE3HBIM PACCMOTPEHUE
nuHaMuKY (as3el curnaia. CoBpeMeHHOe MOHATHE (Pa3bl MBI pACCMOTPUM HIKE.
I'py60 roBOpsi, 3TO — TmEpeMEHHas, XapakTepusylollas TMOBTOPSIEMOCTh B
CUTHaJle, OHA HapacTaeT Ha 27 Ha UHTEpBaJe MEXAY JBYMs
nocjaenoBaTelbHbIMU  MakcumMymamMu. OcoOeHHOe  BHUMaHHME K  3TOM
MEPEeMEHHON CBSA3aHO C TE€M, YTO OHA OOBIYHO OYEHb UYBCTBHUTEIbHA JAXKE K
ca0blM BHEIIHUM BO3ACUCTBUAM Ha cucTeMmy. [[ns M3MeHeHus: aMIUTUTY]IbI
Koje0aHul MOXeT MOTpeOOBaThCsl 3HAUMUTEIbHAsl SHEPrus, TOrjaa Kak Qasy
JIErKO H3MEHHTB CITA0BIM TOTIKOMY.

Tepmun «daza» — CHHOHHUM CIIOB «COCTOsIHHE», «dTam» [133]. Mb1 yxe
UCIIOJIB30BaIM €ro B 1. 2.1.3, TOBOpPS O BEKTOpPE COCTOSIHUSL M IMPOCTPAHCTBE
COCTOSIHMA JIMHAMHYECKOW CHCTEMBI, Ha3bIBald «(a30BOi» TPACKTOPHIO,
KOTOPYIO OIUCBHIBAET BEKTOpP COCTOSIHMSI CUCTeMbl. B Teopum 00paboTKH
CUTHAJIOB 3HAYEHHUsS 3TOr0 TEPMHHA HECKOJbKO HW3MEHMJIOCh. Tak, (a3zoii
FapMOHHMYECKOro curHana x(t) = Acos(wt + ¢,) Ha3bIBaIOT apryMEHT KOCHUHYCa

¢ =wt+¢,. OH oT4acTH OmpeleiseT 3HAYeHHE KOCHHYCa, HO U IIOJIHOIO
3aJIlaHUsl COCTOSTHUSI CUCTEMBI HY>KHA eIe ¥ aMIUTuTya A4, T.€. (ha3a — He ToaHas
XxapakTepuctuka coctosHus. Kpome da3pl  p=wr+¢@,, HazpIBaeMoOil
«pa3BepHyTON» (puc.6.22,0, BEpXHsA TMaHEb), UCIOJB3YIOT U «CBEPHYTYIO»
dazy: ¢(t) = (ot + ¢,)mod 27 , KOTOpas onpeaeneHa ToJIbKo B uHTepBaie [0,27)
(puc.6.22,6, HwxHAs maHenb). [lociaenHee wuMeeT CMBICH, T.K. 3HAYCHHUS
pa3BepHyTOH (has3pl, OTIWYAIONMIMECS Ha 27, COOTBETCTBYIOT OIMHAKOBHIM
cocmosanuam (3HAYEHUSIM KOCUHYCA).

¥ i ¢ Wy
i .
— /N
WA 0 t AR N
f @ II 2! ‘;ﬁ mod 2 .T'T |' \ W J/L' ﬂ/},.! J
. --’/_,« I. I, \Hﬂ:“ __: __,« P /
a) 0) r)

Puc.6.22. a) Tpaekropusi Ha KOMIUIEKCHOW TUIOCKOCTH JJIsi TAPMOHUYECKOTO CHUTHala, €ro
ammuTyna u (aza. 0) PasBepHyras m cBepHyTas (a3pl TapMOHHYECKOTO CHUTHalIA B
3aBHCHMOCTH OT BpeMeHu. B) OmnpeaencHue aMmIuTUTyabl W (a3bl HErapMOHHYECKOTO

12 .
Taxk, ¢da3y konebanuii MastHrKa (puc.3.5,a,B) MOXKHO U3MEHUTh, MPUACPKAB €T0 B TOUKE
MaKCHMAaJIbHOTO OTKJIOHEHUsI OT TTOJIOKSHUS] PABHOBECHSI, HE 3aTpayrBasi Ha 3TO DHEPTHU.
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Y3KOTIOJIOCHOTO CHTHajla ¢ MOMOINBI0 mpeoOpasoBanus [wuimsbepra, T) TO ke camoe Ui
IIUPOKOTIONOCHOTO curHata ((aza He SABISETCS XOPOIIOo ONpecIEHHON BETMUNHON)

HarnsinHoe reoMmeTpuyeckoe TOJKOBAHUE BBEICHHOIO TMOHATUS (a3bl
BO3MOXKHO, €CIIU NPEACTABUTh CUTHAN Xx(f) = Acos(wt + ¢),) KaKk BELIECTBCHHYIO

i([l)t+¢o)

yacTh Rez(¢) xommekcHoro curHana z(t)= Ae . Torma BexkTop z(f) Ha

mockoctu (x,y), e x(t) = Rez(t), a y(¢f) =Imz(¢), paBHOMEpHO Bpamaercs ¢

4acTOTOM @ MO OKPYXHOCTU paauyca A ¢ IIEHTPOM B Hayaje KOOpAUHAT
(puc.6.22,a). ®aza ¢=owt+¢, ecTb yroa MnoBopora z(f) OTHOCUTEIBHO

TIOJIOKUTEIBHOTO HampaBieHus ocu x. [lpm pacdere «pa3BepHYTOH» Qa3sl
YUUTBIBAETCSI YMCIIO MOJHBIX 00OPOTOB, I Yero Mpu KaxkaoM obopore dasa
yBenn4MBaeTcs Ha 2. JlJis rapMOHMYECKOTO CHUTHAalIa «pa3BepHyTas» (Qasa
pacTeT BO BPEMEHHM JIMHEMHO CO CKOpPOCTBbIO, PABHOM YIJIOBOM YacTOTE
Kosiebanuil, rpaduk «CBEepHYTOI» (ha3bl — KycOuHO-TUHEHHAs QyHKuuA (TIa),
puc.6.22,0.

HcxonHo BBEGHHOE TOJIBKO I TAPMOHUYECKOTO CUTHAJIa MOHATHE (a3bl
3areM ObL10 00001IEeHO U Ha Oosee cinokHble cuTyauuud. OCHOBHOM IyTh TAKOTO
0000111eHHs — onpenenuTh Pa3dy Kak yrojl IOBOPOTa BEKTOpA HA KOOPJIUHATHOM
IUIOCKOCTH, TJ€ 1O OCAM OTJIOXKEHbl 3HAYCHUS MCXOJHOTO CHTHAJIA W
CONPSDKEHHOTO eMy (B HEKOTOpoM cMbicie). Haumbonee u3BeCTHO W
pacrmpocTpaneHo 00001meHue (a3bl Ha Cilydyall HErapMOHUYECKHX CHTHAJIOB C
MOMOIILI0 TOCTPOCHUSI aHAJTUTUYECKOro curHaiga [228]. AHaJIUTHYECKUM
HA3BIBAETCS KOMIUIEKCHBIN CHTHAl, B KOMIUIEKCHOM (Qypbe-o0pa3e KOTOpPOTro
OTIUYHBI OT HYJSI TOJBKO KOMIIOHEHTHI C TOJIOKHTEIBHBIMA dYacToTamu. [lo
UCXOJTHOMY CUTHaIYy X(f) CTpOMWTCS aHANUTHYeCKUU curHan z(t) = x(¢) +iy(t),

rae y(t) — conpsbkeHHbld o ['mnbbepty ans x(¢):

x(t")dt'

ot (6.22)

o
y(@)=P.V.|

—00

P.V. o3mnawaer r1maBHOoe 3HaueHuWe HecoOCTBeHHOro wuHrerpana. ®aza
ompeJeNnsieTcss Kak apryMeHT z, T.€. KaK yroJl MOBOpOTa paJuyca-BeKTOopa Ha
KOMIUIEKCHOM TUIOCKOCTU (X, ¥). DTOT MOAXOJ UIMPOKO HCIOIB3YETCS B
pamuodusuke u ekTporexuuke [44, 137]. B ciaydae rapMOHHYECKOTO CUTHAJIA
x(t) = Acos(wt + ¢,) TOIMy4aeM COIPSDKEHHBIM curHan y(¢) =sin(wt+¢,) u

¢a3zy, COBNaAAOIIYIO C IEPBOHAYAIBHBIM onpeaenenueM. [[ist 6os1ee cioxHOTo
(HO «TTOX0’KEr0» Ha TapMOHUYECKHUI) CUTHaIa HaOII0aeTcs BpallleHue BEKTopa
Z HE MO OKPY>KHOCTH, a «IIOYTHU» M0 OKpYykHOCTH (puc.6.22,B). da3a HapacTaer
B CPEJIHEM CO CKOPOCTHIO, PABHOM CPEIHEN YTIIOBOM YacTOTE KOJCOaHUM.
ScHplid  Qusmyeckwii cmbicn  (pasza wWMeeT ISl CHUTHAJIOB C  SIPKO
BBIPOKCHHBIM OCHOBHBIM PHUTMOM KosieOanmid, moapoonee cm. [137,7]. B
Clly4yae CIIOKHBIX HEPETYJSIPHBIX CUTHAJIOB MOXKET OKa3aThCs, YTO MOCTPOCHHE
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AHAJIMTUYECKOTO CHUTHaja dYepe3 mpeobOpazoBanue [mnpbepra HEe OOHAPYXKHUT
BpaIICHUSI OKOJIO YETKO ompeaeseHHoro meHtpa (puc.6.22,r). Torma Ttakoe
dbopmasibHOe ompeneneHue (aspl, Kak mnpaBwio, Oecrmonesno. Ho ecnm
HAOJIFOMAEMBIA  CJHOXKHBIM CHUTHAJ SBJIIETCId KOMOMHAIIMEHM OTHOCHUTEIHLHO
MPOCTOTO CHUTHAJIA OT UCCIIEIYEMOM CUCTEMBI U HAJIO)KEHHBIX TIOMEX, TO MOKHO
MOTIBITATHCS BBIACIUTH OOJiee MPOCTOW CHTHAI W OMPENeIuTh ero ¢aszy, Kak
OMHCAHO BhIIIE. PacCMOTpUM JBa OCHOBHBIX MOJX0JIa K BBIJCICHHUIO MPOCTOTO
CUTHAJIa — TIOJIOCOBYIO (PUIIBTPAITUIO U PA3JI0KEHUE HA YMITUPUIECKUE MOJIBI.

Ilonocosas ¢gunempayus. CaMmplii TPOCTON CHOCO0 — HCIIOIB30BAThH
mosiocoBoi GrtbTp (1. 6.4.2.1), MPOMyCKAIOIIHA TOJBKO YaCTOTHI B HEOOJIBIIOMN
OKPECTHOCTH HEKOTOPOM BbIAEIEHHON YacTOThl. Eciu muprHa nonocel puibtpa
HEBEJIMKa, IMOJIydYMM CHUTHAJl C SIBHO BBIJCJIECHHBIM OCHOBHBIM PUTMOM, JUIS
KOTOpOro (a3a JIETKO ONpENeNseTcs ONUCAHHBIM BBILIE CIIOCOOOM, CM.
puc.6.22,8. Ho kakyto mnonocy ¢unbTpauun BblOpath? CBs3aH U
OT(QHUIBTPOBAHHBIM CHTHAT C HCCIEAYEMBIM TPOIECCOM WM  SIBISETCA
MCKYCCTBEHHOM KOHCTpyKuuei? Ha 3Tu BOmpOCHl MOXKHO OTBETUTh, TOJIBKO
NpUBJIEKast JOTOTHUTENbHYIO HHpOpMaIuio o0 uccienyemon cucreme. [lomoca
GuIbTpaluy He TOJHKHA OBITH CIUIIKOM Y3KOH (B MpEAEIbHOM Cllydae MOKHO
OoTGUIBTPOBATh  €IUHCTBEHHYIO TapMOHHUKY, (¢a3a KOTOpPOH  XOpOIIO
OTIpesieNieHa, HO HE HEeCceT MHTEPECHOM HH(pOpMaIMM) M CIUIIKOM IIUPOKOM
(vHaue He OyJeTr BpallleHWs BEKTOpa z BOKPYI OJHOIO LIEHTpa —
«IOBTOPSEMOCTH», C KOTOPOH CBsA3aHa (ha3a).

JlpyruM  pacrnpoCTpaHEHHbIM BAPUAHTOM TOJYUYEHHUS aHAJIUTHUYECKOTO
CUTHaJIa U3 UCXOJIHOTO SIBJISIETCS] KOMIUIEKCHOE BEeHBIET-TIpeoOpazoBanue [262]

(1) = % T x(t’)¢*(t,s_tJdt’ (6.23)

npu (UKCHPOBAHHOM MaciTabe s, HalpuMmep, ¢ MOMOIIbIO BeiBiieTa Mopie
(6.14): ¢(t)=7r_1/4[exp(—ia)0t)—exp(— g /2)]exp(—t2/2). DTO SKBHBAJICHTHO
M0JIOCOBOHM (DMJIBTPALIMK HMCXOJHOTO CHTHaja C TOCCAYIONUM MPUMEHEHHEM
npeoOpa3zoBanust ['mnpbepra. A UMeHHO, MPU @, =6 3TO MoOJOcAa IIUPUHON

Af/f=1/4 okono wyactotsl [ ~I/s. Tlpu WCIOJBL30BAaHUKM BEUBIET-
npeoOpa3oBanus (6.23) MeHbIIIE MPOSIBISIOTCS KpaeBble d3PPEKTHI.

Pasznoorcenue na smnupuveckue moowi. Kpome nuHelHON QuibTpanuu
BO3MOXXHBI M JIpyrue noaxojpl. Bce Oonbllyt0 MOMyJsPHOCTh B MOCIEAHHE
rojibl MpuoOpeTaeT HENABHO TMpPEUIOKEHHBIN B [242] MeTon pa3ioKeHHs
CUTHaJa Ha TaK Ha3bIBAEMBbIE «IMIMPUYECKUE MOJBD (3TO BapUAHT alallTUBHOM
HEeJIMHEeWHON QuubTpanuu). g Kaxka0oi U3 BBIIEIEHHBIX «MOJ» (aza XOpOoIlIOo
ompezensercss yepe3 npeoOpazoBaHue [ 'miabOepra, T.K. 00€CIeYeHO BpalleHHe
TPAEKTOPUM BOKPYI YETKO BBIIEJIECHHOTO LIEHTPA HA KOMIUIEKCHOM IIOCKOCTH.
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JIist 3TOrO Kaxaas «Moja» JOJDKHA TPEACTaBISITH cOOOW CHUTHAN C HYJIEBBIM
CPEIHUM, MAKCHMYMBI KOTOPOT'O TOJIOKUTEIIbHBI, &8 MUHUIMYMBbI OTPUIIATCIIBHEI,
T.C. MEXKIY KaXIbIM MaKCHMyMOM W MHHHMYMOM CHUTHaja Xx(f) 00s3aTelbHO
MUMeeTCs iepeceueHre ero rpaduka c npsmoi x = 0. Metox mpocT B peanu3aiuu
1 TpebyeT coBceM HeOOJBIIOTo 00beMa pacdeToB. BoT 00IIHiA anropuTM.

1) Haxondart Bce skCTpeMyMbl B curHaie x(7).

2) [IpoBOAST MHTEPHOIAINIO MEXITy MUHUMYMaMH U TIOJTYYalOT HUKHIOIO

orubaromyro e . (f). Hanpumep, cocenqHue MHMHUMYMBI COEIUHSIIOTCA
OTpe3KaMu TNpsAMBIX (IMHEWHas MHTEpHoNALuUs). AHAJIOIMYHO MOJy4aroT
BEPXHIOIO orudaroiyo e, . (f) Io MakcuMyMaM CUTHAJA.

3) PaccunThiBatoT cpennioro Bemmauny m(t) = (e, (¢) + e, (1))/2.

4) BbUMCISAIOT Tak Has3bpiBaeMble Odemanu (CMBICI TEPMHUHA aHAJIOTHYEH
UCIOJIb3yEMOMY B BeiiBieT-aHanuze, 1. 6.4.2.2) d(t)=x(t) —m(t). Bennuuny

m(t) Ha3BIBAIOT OCMAMKOM.

5) Ilpomomxkaror maru 1-4 nns BBIOENEHHBIX jAetanet d(¢f) (Tak
Ha3bIBaeMas npoyedypa omceusanusl) v noxydaroT HOBbIe JieTalnu d(¢) U HOBBII
octatok m(t). IlpomomxkaroT mporuecc ¢ HOBBIMHM AeTaisiMu U T.4. Urepauun

MPOJIOJDKAIOTCS 10 TEX TMOp, MOKa JETald He CTaHyT YJOBJIETBOPSATH JABYM
ycnoBusaM. Tekymuii ocratok m(t) OIM30K K HYJIO 1O CpaBHEHHIO C d(f) M

YUCJIO DKCTPEeMYMOB d(f) OTIMYaeTCs OT YMCla TepecedueHuid d(f) C OChIO

d=0 ne Oonee, yem Ha 1. Ilpu BBINOIHEHMHM HTUX YCIOBUH HTEpaALUU
OpeKpamaT W JeTand  d(f) Ha3bIBAIOT OMIIMPHYECKOH Moaou  f(¢)
(BHYTpEHHEH MOJIOBOM (yHKIIHEH).

6) PaccunThIBalOT OCTATOK — Pa3HOCTh MEXYy CHTHAJIOM M SMIUPHUYECKON
moqou: m(t)=x(t) — f(¢). laru 1-5 mpuBoasT ¢ octaTkoM m(t).
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Puc.6.23. Paznoxxenue Ha sMmnupuieckue Moasl [242]. CBepxy — UCXOIHBIN curHai. Jlanee —
BbIleNIeHHbIe MoAbl. [lepBas — mepHoaMyeckuii CHUTHajl TPEYroJbHOM (OPMBI C MaybIM
MEPUOJIOM, BTOpasi — CHHYCOHJA, TPeThsi — TPEyroyibHas BOJIHA C OOJBIIMM TMEPHOAOM.
[Mocnenumii rpaduk — WTOTOBBIN OCTATOK PA3NIOKEHUsS, KOTOPBIA COIEPKHUT BCEro OJUH
3KCTPEMyM

Bcro mpouenypy mpekpamaror, Korna B peanusarnuu m(f) CTaHOBUTCS

Majo 3KcTpemyMmoB. IIponecc nmpomsurocTpupoBaH Ha puc.6.23 Ha mpumepe
CUTHAJIa, SIBJIAIOLIETOCS CYMMOW CHHYCOHIBI U JBYX HMEPUOJUYECKUX CHUTHAJIOB
C TPEYTOJIbHBIM MpoQuIeM, PO OJHOTO U3 KOTOPBIX OOJNbIIE, a APYTroro —
MEHbBIIIE, YeM TMEepPHUOJ CHUHYCOMIbl. B pe3yibrare WMCXOIHBIA CHUTHAN
MPEJCTABISETCS KaK CyMMa TPEX KOMIIOHEHT (IMITMPUYECKHX MOJ) U OCTaTKa,
Onmu3koro K Hydo. lIpeMMyIecTBOM JaHHOTO METOAA TMepel IOJIOCOBOM
GuIbTpanueil SBISETCS €ro aJanTUBHBIA XapakTep: OH BBIIEISIET MOJIBI B
3aBUCUMOCTH OT CBOWMCTB CHUTHaJIa 0€3 OMOPBI HA NPed8apumesbHO 3A0AHHYI0
moiocy 4actor. B wactHoctH, oH 23ddekTuBHee Tmpu  pabore ¢
HECTAIIMOHAPHBIMHU CUTHAJIAMH.

6.4.4. AHaIM3 Ha CTAIMOHAPHOCTH/HECTAIMOHAPHOCTh

B ofmem ciydae cranuoHapHOCTH IMPOLECCa OTHOCUTENBHO HEKOTOPOTO
CBOMCTBA 03HA4YaeT HEM3MEHHOCTh ITOT0 CBOWMCTBA BO BpeMeHHU. OrpeneneHus
CTAallMOHAPHOCTU B Y3KOM U IIMPOKOM CMBICIE IpeAcTasieHsl B II. 4.1.3. Kpome
TAaKOW CTATUCTHUYECKOW CTALMOHAPHOCTH, CBA3aHHOM C HEM3MEHHOCTBIO 3aKOHOB
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pacrpeieneHrs WK UX MOMEHTOB, BBIJIESIOT TMHAMUYECKYIO CTAllMOHAPHOCTb,
03HAYAIOIIYI0 HEM3MEHHOCTh oneparopa sBoormu (1. 11.1).

B ocHoBe O00JBIIMHCTBA METOJOB aHAIM3a BPEMEHHBIX PSIOB JICKUT
IPEIIOJNIOKEHNE O CTAlMOHAPHOCTH Hcciexyemoro mnpouecca. OpHako
OONBIIMHCTBO PEANbHBIX CUTHAIOB B Ipupoje ((pusnonornyeckux, GUHAHCOBBIX
U Tp.) HecTanuoHapHbl. K 3TOMy HNPUBOIWT HajaM4uWe B CUCTEME ITPOLIECCOB,
XapaKTepHbId MaciuTad KOTOPBIX NPEBBINIAET BpeMs HAONIOACHUS, BHEIIHUE
COOBITHS, MPUBOASIIIME K MEPECTPOWKe AMHAMUKH (Hampumep, ajanTtaius B
OMOJOrMYeCKHX CcHUCTeMax). MHorue XapakTepUCTHKH, pacCUMTaHHbIE IIO
HECTallMOHAPHOMY pany, OKa3bIBAIOTCS 0€CCMBICIIEHHBIMU W
HEJOCTOBEPHBIMHU.

Mmuoro ycunuii uccrnenoBaTeneii ObUIO MOCBAIIEHO MpoOJieMe MPOBEPKU
cTaroHapHOCTH. Panee npu oOHapyKeHWU HECTAIMOHAPHOCTU BPEMEHHOM Psij
OTBEprajicss KaK HENPUIOJHBIM JI1 JETaIbHOIO aHalIW3a WIM JAEIWICi Ha
CerMEHTHI, JOCTAaTOYHO KOPOTKHME, YTOOBl  paccMaTpuBaTh UX  Kak
crauroHapHble. [lo3aHee aBTOpPBl Hayalu HMCHOJB30BaTh HH(MOPMALUIO O
XapakTepe HECTALMOHAPHOCTH KakK IIOJIE3HYI U1 MCCIEAOBAHMS IPOLECCa.
Bo3moxxHBI cHTyanuu, Korjga M3MEHEHMs] CBOMCTB IIpoliecca NpPEACTaBIISIOT
coboii Haubojiee MHTEPECHYIO 4acTb BpeMeHHoro psna. Hampumep, wnensto
aHaJlM3a JJIEKTPOdHIePaIorpaMM 4YacTo SIBISETCS OOHApY’>KEHUE H3MEHEHHM
COCTOAHMSI Mo3ra. Takue W3MEHEHUsS MPOUCXOAAT MEKIY pPa3InYHbIMU
CTaAUSMU CHA, MEXAY ANWICNTUYECKUM MPUIAJIKOM U HOPMAJIbHOM MO3rOBOM
AKTUBHOCTBIO, U T.J.

YroObl Oosee wiiM MEeHee HaJeXKHO MPOBEPUTH CTALMOHAPHOCTH Ipoliecca
II0 BPEMEHHOMY pAly, MJIATEIBHOCTh IOCIEIHEr0 JOJDKHA CYIIECTBEHHO
OpPEBBIIATh BCE MHTEPECYIOIIME HCCIENOBATENsl BPEMEHHbIE MAacIITa0bl
KoneOaHuit cuctembl. [lpy HaIWYMKM COCTaBISAIOUIMX C  XapaKTEPHBIMU
BpPEMEHAMM MOPSIIKA JUIMHBI Psiia, IPOLECC NMPU3HAETCs HecTalroHapHbM. Ho
3a4acTyl0 MPOLECC MOXHO CUMTATh CTALMOHAPHBIM M B TOM Cilydae, KOrja
JUIMHA BPEMEHHOTO psifa CYIIECTBEHHO MEHBIIE XapaKTEepPHBIX BpeMeH OoJee
MEJUIEHHBIX MpoOIlecCCOB B cucteMe. Hampumep, cepaedHble COKpALLEHUS Y
YyeloBeKa B PpacciabieHHOM COCTOSIHWM, Kak IpaBHJIO, TOMOTEHHBI Ha
MHTEpBaax MOpsiKa HECKOIbKUX MUHYT. bojee nianHHbBIE pparMeHThl, OHAKO,
OOHapy’>KMBalOT HOBbIE OCOOEHHOCTH, MOSBISAIOIIMECS M3-32 MEJJICHHbIX
Oouonormdyeckux  UUKIOB. [lockonbky — OObluHBIE  24-4acoBble  3alMCH
ANEKTPOKAPAUOIPaMM MOKPBIBAIOT TOJIBKO OJUH LUKJ LHHUPKATHOTO (CYTOYHOTO)
puUTMa, UX ropas3lo TpyAHEEe paccMaTpuBaTh KaK CTallMOHApHBIE, YeM OoJiee
JUIMHHBIE WK 00Jiee KOPOTKUE 3aIUCH.

Jlnis oGHapy keHUsI HECTAlIMOHAPHOCTH MCIIOJIB3YIOT CIEAYIOLINE CIIOCOOBI:

1) BblUMCIIEHHME KaKOW-TMOO XapaKTEPUCTHKHM B CKOJB3AIIEM OKHE
(¢parmenTe BpeMEHHOTO psija, CMELIAIOIIEeMcsl BAOJIb ocu BpeMeHH). Eciau ona
MeHsieTcs ¢1abo U 0e3 BUAMMBIX TPEHIOB, TO P CUMTACTCS CTAllMOHAPHBIM, B
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OPOTUBHOM ciiyyae — HeT. Ilpumepbl HeECTallMOHAPHOCTH OTHOCUTEIBHO
CpedHero W JUCHEepCUM TMpeacTaBlieHbl Ha puc.6.14,1-3. B cratuctuke
pa3paboTaHbl METOJIbI MPOBEPKH CTAIMOHAPHOCTA OTHOCUTENIHHO CpeAHero (-
kputepuil CTpIOJIEHTa, HENApaMETPUUYECKHM KpPUTEPUN CHBUIa, KPUTEPHIA
WHBepcuit), aucnepcuu (kputepuit duiepa, kpurepuit KokpeHa, kpurepuid
paccesiHusI), OJJHOMEPHBIX (YHKIMH pacrpeneneHus (kpurepuii Buiakokcona)
[87, 145]. Ha ocHOBe TeopuM NPOBEPKM THUIIOTE3 MOYKHO OIPOBEPTHYTH
YTBEPXKIECHUE O CTALMOHAPHOCTH OTHOCHUTEIBHO ATHUX BEIMYHMH C 3aJaHHBIM
YPOBHEM 3HAYUMOCTH;

2) CcpaBHEHHE XapaKTePUCTHK B pA3JIMYHbIX BPEMEHHBIX OKHaX.

Vcnonb3yloT pasidyHble Mephl M3 CTAaTUCTHKM (KpuTepun y°, Kpamepa —

Muzeca, KommoropoBa — CwmupHoBa [87]) W HEIMHEWHOW JUHAMUKH
(kpocckoppensaimoHHblid uHTEerpas [211], B3anmMHas ommOKa TpeacKa3aHus
[301,302], paccTossHME€ MeEXAYy BEKTOpamMH KO3(PPHUIMEHTOB IUHAMHYECKUX
mozaenei [235]). MmrocTpauu moxo/10B 3TOro TUMa npeacTaBieHsl B m. 11.1.

6.4.5. AHanu3 B3aMMHOW 3aBUCUMOCTH (KOPPEJISIHUs, KOT€PEHTHOCT,
CUHXPOHU3AIA )

Boime OblIM paccMOTpEeHBI BapUAHTHI aHANM3a CKAISIPHBIX BPEMEHHBIX
psanoB. Eciu >xe HaOIIOJaeTCs BEKTOPHBIN psijl, HANpUMEp, OJTHOBPEMEHHBIE
M3MEpeHHsl JByX BeMWYuH X(f) U )(f), TO BO3HHKAIOT HOBBIE BOIPOCH U
BO3MOYKHOCTH aHaiu3a. Bo MHOTMX cCiydasX Ba)XHO BBISSCHHTH B3aHMMOCBSI3b
Mexay x(¢) u y(f) u cnenaTh OTCIOZA BBIBOJBI O HAJTUYMHM M XapaKTepe CBS3H
MEXIy UCTOUYHUKAMHU ITUX CUTHAJIOB. JTa MHPOPMAILIHUS MOXKET OBITh TMOJIE3HA U
JUTE MOJENUPOBaHus. Tak, eciu CYIIEeCTBYEeT OJHO3HAYHAs CBsI3b MEXAy X(f) U
¥(f), TO AOCTaTOYHO HM3MEPSATH TOJBKO OAHY M3 BEJIMYWH, a Jpyras He HECET
HOBOM uH(popmanuu. Ecnu ke ecTb HEKOTOpash B3aMMHAas 3aBUCUMOCTb, HO
HEOJHO3HAYHasl, TO IEJIeCO00Pa3HO CTPOUTHh MOJIENb, YUYUTHIBAIOUIYIO0 HAINYUE
B3aUMOJICHCTBUS MEXIY UCTOYHUKAMHU JIBYX CUTHAJIOB, U T.I.

CylecTBYIOT pa3WyHbIe TMOIXOIbI JUIsl aHAllU3a B3aUMO3aBUCHUMOCTEM.
Hcropudecku mTEpBBIMH HHCTPYMEHTAMH OBUIM B3aWMHAsl KOPPEISAIMOHHAS
byHKIMS 1 QYyHKIHUS KOTE€PEHTHOCTH. JTH XapaKTEPUCTHKH Pa3BUTHI B paMKax
MaTeMaTU4ecKord CcTaTUCTUKH. OHM OTHOCSTCS K TaK HA3bIBAEMbBIM JIMHEHHBIM
METO/IaM aHaJI3a BPEMEHHBIX PSAIOB. B3aumuas Ko8apuayuowHas @OYHKyusl
OIIpeieNsIeTcsl KaKk KoBapualys 3HAaYeHUH X U y B MOMEHTBI BpEMEHHU ¢, U 7, :

K, (t.ty) = M[(x(t,) - M[x(t)])\0(t,) - M[y(t,)])].  (6.24)

I[JIH CTAITUOHAPHBIX TIPOHECCOB OHA 3aBUCHUT TOJIBKO OT pPa3HULbI MCKIY
paccMaTpuBaCMbIMU MOMCHTAMH BPCMCHU

K, (t)=M[(x(t) - M[x])(y(t + 7) - M[y])). (6.25)
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CornacHO OJHOMY W3 BapMaHTOB TEPMHHOJOTHH (MPUHSATOMY B MaTEMAaTHKE)
HOPMHUPOBAHHYIO B3aUMHYIO KOBapHAIIMOHHYIO (YHKIMIO HA3bIBAIOT B3aUMHOM
koppemsiuonHoit ¢pyHkiueit (BK®). 1o koapduiueHT Koppensiinmu MexIy X
u y. Jlnst craimonapHsix npoueccoB BK® umeer Buj

MI(x(t) - M[x]) (¢ + 1) — M[y])] (6.26)

K (7) = D[x]D[y] ’

rne D[x] u D[y] — mucnepcun mpouecco; —1<k, (7)<1. AbcomorHas

BenMuuHa k, (7) mocruraer 1 B ciay4ae JACTCPMHHUPOBAHHOW JIMHEHHOM

3aBucuMoctu: y(t+7)=ax(t)+ . Jaa CcTaTUCTUYECKH  HE3aBUCUMBIX
nporeccos k, () =0. Onxaxo, eciu MPOLECCHl CBSI3aHbI OJHO3HAYHO, HO HE

mmHeitHo, To BK® Moxer OBITH HyieBOl (Hanpumep, mis y(f)=x>(¢f) u

CUMMETPUYHOTO paclpeiesieHus] X OTHOCUTENbHO HYJsI), T.€. HE BBIABUT
Hanuuus 3aBucuMocTd. [loatomy roeopst, uto BK® xapaxmepuzyem nuneiinyio
3aeucumocmes Mexny curHanamu. s omenkn BK® ucnons3yioT oOBYHYIO
dbopMyITy IS SMITUPUIECKUX MOMEHTOB (11. 2.2.1.4).

Pa3Butsl MHOrouucinenusle Moaudukanuu u 0606menuss BK®. Taxk, mis
TOrO YTOOBI OXapaKTEPU30BATh 3aBUCUMOCTb MEX/y KOMIIOHEHTaMH CUTHAJIOB
TOJIbKO Ha KaKOH-TO BBIJIECICHHON 4YacTOTE, a HE MHTErPAJIbHO, UCIIOJIBb3YHOTCS
B3aMMHasl CHEKTpaJibHas IUIOTHOCTh M (YHKUUS KOTEPEHTHOCTH. YTOObI
BBISIBUTh HEJMHEHHbIE 3aBUCUMOCTH HCHOJIB3YIOT 0000IIeHus Kod(puuueHTa
Koppermsiuuu:  Koad¢uuueHT panroBo  koppemsuun  Croupmena  [87],
KoppemsiuonHoe oTHomienue [1], ¢ynkumio B3aumuol mHbopmanuu [227] u
T.J.

B HenuHEWHONW AWMHAMHUKE 3TH MOAXOJbI TOJYYWIM PA3BUTHE B JBYX
HarnpaBieHusix. [lepBast uaes — aHanu3 B3aUMHBIX (BO3MOYXHO, HEJIMHEHHBIX)
3aBUCUMOCTEN MEXKIy BEKTOpaMHU COCTOSTHUM X(f) U y(f), BOCCTAHOBIICHHBIMU T10
KaXJ0MYy M3 PsJIOB METOJOM BPEMEHHBIX 3aJCpPKEK WIH KAKUM-IMOO0 APYyTUM
(nm. 6.1.2 u 10.1.2). Metoguku onuparoTCs Ha MOMCK OJMMXKAWIIMX coceleil B
MpoCTpaHCTBax cocTtossHuii [186, 285] WM HAa TOCTPOCHHE B3aUMHBIX
nporoctuueckux wmognenenn [301, 226]. Eciam Mexay OIHOBPEMEHHBIMHU
BEKTOpPAMHU  COCTOSIHUS ~ CUCTEM  HMEETCS  OJHO3HAYHas  3aBHUCUMOCTD
x(¢) = F(y(?)), roBopsT 00 0606wennou cunxponuzayuu [297, 285, 195].

Bropast ugest coctout B aHanm3e monvko ¢ha3 MCCIACMYEMBIX CHTHAJIOB.
®aza SBIACTCA OYECHb YYBCTBUTEIBHOW NEPEMEHHOW, TIO3TOMY HAIHMYHUE
B3aMMOJEMCTBHS MEXKy CUCTEMaMU P JOBOJIBHO OOIIMX YCIOBUSAX B MEPBYIO
ouepelb MPOSBIIAETCA B HAJIMYMU 3aBUCUMOCTEN MeXIy MX (ha3amu, TOrJa Kak
aAMIUIUTY bl MOTYT OBITh HEKOPPEIUPOBAHHBIMH.

Ecnu pasHocts (pasBepHyThIxX) (a3 mocrosHHa ¢, (f) — @, (¢) = const, TO

TFOBOPAT, 4YTO MMEET MECTO pazosas cuuxpouusayus. IT0 dPPexT
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OCCIIOpOTOBBIN, T.€. MOXKET MPOSBISATHCS IMPU CKOJIb YTOJHO CaboW CBS3H
MEXIY CHCTEMaMH, €CITM MX OCHOBHBIC YACTOTHl OUYEHb OJNM3KH JIPYT K JAPYTY
[21, 137]. ITpu Hamuuuu gaxke ciaabbIX MTyMOB CTPOTOIO MOCTOSHCTBA PA3HOCTH
¢a3 OBITh HE MOXET, MOATOMY Ha TPAKTUKE pPACCMATPUBAIOT HECKOJIBKO

CMSATYCHHOE  yCJIOBHE P.(H)—9,(0) - const‘ <2m. DTO  OIpeneicHue

cMHXpoHM3auu 1 :1 WIM CUHXpPOHM3AallMM HAa OCHOBHOM TOHE. Moxer
HaOMIOaThCA W CHHXpPOHHM3AIUs Oojee BBICOKOTO Tmopsaka — m:n. OnHa

OTIPEJICIISACTCS  YCIOBUEM ‘m¢x (H)—ng, () - const‘ <2rz. llpu wHammuum

CYIIECTBEHHBIX IIYMOB JaXXe CMSTUYE€HHOEe TpeOOBaHHE OTrPaHUYEHHOCTU
pa3HOCTH (a3 MOXKET BBIMOJIHATHCS 3a4acTyIO0 TOJIBKO Ha KOHEYHOM WMHTEpBaJe
BpeMeHH. Torma roBopsaT 00 3((EKTUBHOW CHHXPOHU3ALMU, €CIH 3TOT
UHTEPBAJ BPEMEHH 3HAUUTENIBHO MPEBBIIAET XapaKTePHbIA MEPHOJ KOJIeOaHH
KQKJI0M U3 CUCTEM.

BBomsTcs  paznuuHble  YHMCIIEHHBIE ~ XApPAaKTEPUCTHKU  B3aUMHOMU
3aBHCHUMOCTH MEXIY (ha3amu, KOTOpbIe Ha3bIBalOT Ko3pduimenramu (Ha3oBoit
CUHXpOHM3alMM # T.J. Haubosee pacnpocTpaHeH TaK Ha3bIBa€MbIii
kod(dureHT cpemaHeit (Ha3oBoil KOTEPEHTHOCTH (OH UMEET WU MHOTO JIPYTUX
Ha3BaHUN):

R,, = \/<cos(m $.())—n, ) +(sinlmg, (6)~ ng, (1))

I7ie yIJIOBbIe CKOOKHM O3HA4aloT ycpeaHeHue mo BpemeHu. OH paBeH €IUHUIIE,
KOrJla pa3HocTh (ha3 ocraercs MOCTOSHHOU ((a3oBasi CHHXPOHM3AIMS), U HYIIIO,
KOorjJa KaKJasi U3 CUCTEM JEMOHCTPHUpYET KoJeOaHHs CO CBOEH 4acTOTOH, He
3aBUCHMBIE OT Jpyroi cucrembl. B ciyuyae He crpororo 3axBara ¢a3 (u3-3a
Imyma u T.1.) R, , MOXET NPMHUMATh IPOMEKYTOYHOE 3HAYEHHUE, XapAKTEPHU3Y sl

2
s

(6.27)

n
«CTETEeHb 3aBUCUMOCTH» Mexay ¢azamu Konebanuii cuctem. [lpumep
3¢ (}HEeKTUBHOTO MCIOJB30BaHUs aHaM3a (a3 KojaeOaHui Al peuieHus 3aJ1auu
MEIUITMHCKOM TMAarHOCTUKHA MOKHO HaWTH B [286].

B n. 11.3 u3noxxeH Meroj, OCHOBAaHHBIH Ha MOCIMPOBaHUU (Pa3oBOi
IUHAMHUKA W IIO3BOJIAIONINII BBIABUTL e€llle Oosiee ciaadble CBSI3M MU HX
HalpaBJICHUE.

6.5. DKcnepuMeHTAJBHBIM PUMEP BMECTO 3aKJII0YCeHUS

JlanHasi T7aBa MOCBSALIEHA METOJMKAM M MpoOJieMaM, BO3HHMKAIOUIUM Ha
HA4YaJIbHOM 3Talle MOJEIUPOBAHMS, NOJYUEHUIO U MPEIBAPUTEIBHOMY aHAJIU3Y
BpPEMEHHBIX psAA0B. BMecTo 3akioueHus, B KOTOPOM MOKHO ObUTO OBl CKa3aTh,
YTO BEPOSATHOCTh ycCIeXa MpU MOJEIMPOBAHUM TeM Ooublie, yeM O0beMHEE U
TOYHEE amnpuOpHBbIE CBEJIEHUS 00 OOBEKTE, PACCMOTPUM pealbHbIA MNpUMEp
MOJTy4eHUs HAOII0AaeMbIX U TOCTpoeHUs Mojeneid. OObEeKT — 3HaKoMas 1LIellb, K
KOTOpOM MBI  yXe  0Opallajuch: HMCTOYHMK  IOCTOSHHOM 3.1.C. C
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I'maBa 6. Psovl Haba00aembix — UCMOYHUK OAHHBIX OJ1 MOOENUPOBAHUS

MOJIKJIFOYEHHBIMA K HEMY COINpOTUBIEHUSAMHU (puc.6.2,a,0). Tonbko BMeCTO
pesucropa R, BKIIOUUM B Hee 00pasel] NoJIynpoBoJHUKOBOro marepuaina (InSb,

anTuMoHM wHaus).” Tlpm KoMmHaTHO# Temmeparype InSb — HpOBOJHHK,
MO3TOMY 3KCHEPUMEHTHI C HUM MPOBOJAT B KHUJIKOM a30T€, HAXOAIIEMCs MPU
TeMmIepaType KureHus — npubusurensio — 77 °C (puc.6.24). Mel BBIOpaH €ro
JUI WUTIOCTPAIlMM, HECMOTPS Ha BUIAMMYIO MPOCTOTY (BO BCSKOM Ciyd4ae, IO
CPaBHEHHMIO C KMBBIMH CHUCTEMaMH), M3-32 Pa3HOOOpaszus IAEMOHCTPUPYEMBIX
JBIDKEHHUM, BUJIOB MaTEMaTUYECKOIo ammnapaTa, TpeOyeMoro JJisi UX OMHCaHus,
U TPYAHOCTEH IOJYYEHHUs PsIOB HAONIONAEMBIX B 3aBUCHUMOCTH OT LEJIeH
MOJIETTUPOBAHUSI.

By r

-7

Puc.6.24. Cxema skcriepuMeHTa (a) W 3aBHUCHMOCTB CpPETHEro TOKa depe3 obpaserr / oT
cpenHero HanpsbkeHus Ha oopasiue U (0)

Kazamoch Obl, Kakod CIOKHOCTM MOXKHO OXHJATh OT IPOJOJTOBATOTO
oOpasiia, K KOHIIaM KOTOPOTO JABYMsI MPOBOJAMHU TOABEACHO HANPSDKEHUE OT
UCTOYHHUKA C NOCTOSHHOW 3.4.c.? OIHAaKo, B 3aBUCUMOCTH OT YCJIOBHUI
MIPOBE/ICHUS 3KCIIEPUMEHTA U HCIIOJIb3YEMBIX MPHOOPOB, 3/1€Ch MOKHO YBHJIEThH
MHOT000pa3ue MpoLeccoB OT TPUBUAIBHOTO MPOTEKAHHsI MOCTOSIHHOTO TOKA J10
KoJIeO0aHUI Ha CBEPXBBICOKMX YAaCTOTAX U JaXe M3IY4YEHHUS B MHJUIMMETPOBOM
JMana3oHe JUIMH BOJIH. Perucrpamus npoueccoB ¢ XapakTepHbIMU YaCTOTaMHU OT
1 T no 10" T tpeGyer NpHBIeUEHHs PA3IMUHBIX TPUOOPOB M AHAIOTO-
uugpoBblx npeoOpazoBaTeneid. bonee TOro, HaumHas C YacTOT MOpsKa
Heckonbkux [Tn, omudpoBka U, clIegoBaTeIbHO, MOJEIMPOBAHUE 1O
BPEMEHHBIM psAJlaM MOKa TEXHUYECKH HEBO3MOXKHBI. [Ipuyem maremaTudeckoe
MOJICTMpOBaHUE  HAOIIOZaeMbIX  (PEHOMEHOB  TpeOyeT  HCIIOJIb30BAHUSA
pa3IMYHBIX YpaBHEHUH — OT anreOpamdeckux a0 auddepeHInanbHbIX B
YaCTHBIX [TPOU3BOJIHBIX.

[Tpu manbix HampsbkeHusix U Ha KOHIax oOpaslia OH BeneT ceds Kak
OOBIUHBIM PE3UCTOP — YEPE3 HEro TEYET MOCTOSHHBIM TOK CHJIOHN /, a MpOoLecCHl
MOJICTIMPYIOTCS allrebpandyeckuM cooTHoIIeHneM — 3akonoM Oma [/ =U/R, rae
R — mapamertp (compoTuBieHue obpasua). Xapakrepusyomue Benuuunsl U u [
Jerko usMepswoTcs (3To HaOmogaembie). C  yBenuuenwem U JTHUHEHHOCTh
3aBHCHUMOCTH HapylLIaeTcsl M3-3a HarpeBa o0pasla, MPOBOAMMOCTb KOTOPOTO

13 .

B nacrosiiee BpeMsi ¢ 5TUM Y3KO30HHBIM MaTEpHAIIOM, XapaKTEPU3YIOMIMMCS OONBIION
MTOJIBIDKHOCTBIO HOCHUTENIEH 3apsijia, CBS3BIBAIOT HAJACKABl HA YBEIMUYEHUE OBICTPOICHCTBHS
MOJTYTIPOBOHUKOBBIX YCTPOUCTB.
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Yacrts II. Mooenuposanue no epemennvim psaoam

IIPU 3TOM BO3pACTaeT, CM. BETBb | XapaKTepUCTHKHU Ha puc.6.24,0.

C yBenuuenweM TOKa I, a, ClelOBaTeIbHO, U MHTCHCHUBHOCTH HarpeBa
PEXMM KHIICHHUS KHIKOCTH HEPEXOMHT OT My3BIPKOBOTrO K ILIeHOYHOMY . Ha
3aBUCUMOCTH CPEJIHETO TOKa OT CPEIHEr0 HANpPsDKEHHs] 3TO OTpakaeTcs B
mepexojie  paboueld TOYKM CHCTEMBI Ha BETBb 2. ITO COIPOBOXKIACTCS
MEPEXO0/IOM CHUCTEMBI «00pa3ell — UCTOUYHUK TOKA — OXJIAXK/IA0IIask )KUKOCTH B
KoJeOaTenbHbIN pexkuM. Ero xapakTepHble 4acTOThI — OT J0Jeil 10 equuull ['1 u
B panuoaunanasone (necatku kKl — enuuauibl MI'11) — mMo3BOJISIOT UCTIOJIB30BAThH
ANIl wu 3amucarh BpeMeHHbIe psabl. bojee HU3KOUACTOTHBIE KOJICOAHMS
ompeeNstoTcs 00pa3oBaHueM OOJIBIIIOTO YKCia My3bIPbKOB Ha TTOBEPXHOCTH, a
0oJiee BHICOKOYACTOTHBIE — PEAKTUBHOCTHIO TTPOBOJIOB, K KOTOPHIM MOAKIIOYEHO
OTpHUIIATENIbHOE COMPOTHBIIEHUE 00pa3ia. ITU SIBICHUS MOTYT MOAEINPOBATHCSA
¢ noMoubo croxactuueckux Y. Ilpu stom B moaens BXOIAT BEIMYUHBI,
HampsIMyr0 C HaOJII0JaeMbIMH HE CBSI3aHHBIC: TEIUIOBOM IOTOK C oO0pasia,
TeMIlepaTypHasi 3aBUCUMOCTb MPOBOJAMUMOCTH U PEAKTUBHOCTHU LIEMN MTUTAHUS.

Eme Oonee crnoxHas [ HaONIOACHUS W MOJECIMPOBAHUS CHUTYAIMs
CKJIQJIbIBACTCS, €CIIM JUIsl YMCHBIICHHS BIMSHUS HarpeBa TMeEpedTH OT
HETPEPHIBHOTO TMUTAaHUA K HUMITYJILCHOMY, KOTJa HalpshDKEHHE Ha oOpasery
MOJAeTCsl TOJIBKO Ha KOPOTKOE BpeMs, a 10 CJEAYIOIIET0 BKJIIOYECHHS OH
yCIeBaeT XopoIo oxJaauTbes. [Ipu aTom 6e3 TemnoBoro pa3pyueHus: oopasia
U W3MEHEHHUs DPEeKUMa KHUICHHS MOXKHO JOCTHYb HalpsiKeHUM (BETBb 3 Ha
puc.6.24,6), n0oCcTaTOYHBIX, YTOOBI B JIOKAJBHBIX 0OO0JAcTSIX oOpaslia Haydajcs
yAapHBIA TIPoOOH 1 CHOPMUPOBABIIHECS «KYCKH» TUIA3Mbl CTATH UCTOYHHUKOM
CBY-uznyuenus. [ns HaOmroaeHUs 3THUX MPOLIECCOB TPEOYIOTCS ClieHUabHAs
ocHactka 1 CBU-npreMHUKH, a UCTIOJIb30BaHUE B KAUECTBE HAOIIOJAaEMBbIX TOKA
1(¢) n Hanipsbxenus U(f) cTaHOBUTCST HepallMOHANBHBIM. [IpudynHa B TOM, 4TO HE
SICHO, KaK XapaKTEepU3YIOIIUE BEJIMYUHBI, BXOIAIMe B AuddepeHInaibHy0
MOJIEJIb 3TOT0 K0JIeOaTeThbHOTO MEXaHNU3Ma, CBS3aHbl C TAKUMU HAOII0JaEMbIMHU.
Bonee anekBaTHBIM 3a/1aue CTAaHOBUTCS BHIOOP B Kau€CTBE MEPEMEHHBIX MOJICIH
HAMpPsSHDKEHHOCTH TIOJIE B oOpaslle M KOHIIGHTPAllMd HOCHUTENEH, YYeT
3aBHCUMOCTH Jpei(OBOM CKOPOCTU OT HAINPSHKEHHOCTH MOjs, u T.0I. [lpumep
mudpepeHInaTbHON MOJIETTH 3TOT0 pekuMa (PYHKITMOHUPOBAHMS TPECTABICH
B [27]. Eme Oonee cTporme MOJEIM paccMaTpUBACMOM C BHIY THIPOCTOM
CUCTEMBI TpeOyIOT HCIOJIb30BaHUSI HEJIUHEWHBIX YpPaBHEHUH B YaCTHBIX
POU3BOAHBIX.

DTOT NPUMEP HEJb3s1 CYUTATh UCKITIOYEHUEM U3 MTPaBUJI Ha MPAKTHKE.

" JKumkuii a30T B TepMoce HAXOJUTCS MPH TEMIEPAType KHMeHus. IIpy MajoM TerIoBOM
IIOTOKE M3 00pasla Ha MOBEPXHOCTH O0pa3ylOTCsl OTAEIbHbIE My3bIpbKH, KOTOpBIE IPHU €Il
0oJiee MHTEHCUBHOM HarpeBe OXBaTBIBAIOT BCIO MOBEPXHOCTb. OOpa3yercs mapoBasi IJICHKa,
M30JIUpYIOIIas 00paser] OT OXJIaXKAAI0LIeH KUKOCTH.

202



