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OT NMEPEBOJUYHKA

PasBuTHe BHIYHCJHTEJAbHON TEXHHKH H YHCJeHHBIX MeETOA0B aHaJH3a
OTKpHLIO WHPOKHE NEepCHeKTHBH HCMOJIb3OBAHMSA WX IJIsi NOBBINIEHHA
sdpexTuBHOCTH pemuenusi oOpaTHbLIX 3ajau reodusukn. Moxno Ges
npeyBeJUYeHHs] CKasaTh, 4TO JaJbHeHlIHi mOporpecc pasBeJOvHON
reo(PH3HKH HeBO3MOKeH Oe3 IIMPOKOTO BHEIPEHHsI B NPAKTHKY pas-.
BeIOYHEIX pabOT caMblX COBPEMEeHHLIX METOJ0B MaIUWHHOH 06paboTKu
reo(u3uuecKux JaHHBIX.

C MoMeHTa BHIX0Ja NepBHIX HA PYCCKOM s3blKe KHUT 1o obpaboTke
ceficMuueckux 3anuceii na DBM! npoumio okoso BocbMH Jer. 3To
6Li0 BpeMst OYPHOTO PAasBHTHA MeTOJ0B 06paboTku reo(H3HYECKHX
it ocobenno ceficMuyeckux sanuceii na 9BM. Hopule BesHusa B Teopuu
¥ TpaktHke 00pabOTKH reodH3HuecKHX [AaHHBIX HAULIH OTPaMKeHHe
B psijle OTEUECTBEHHLIX M NepeBOAHBIX paboOT, BHILIEIUIHX B TOCJAeN-
wue roasl. Cpean Hux cienyer orMmeruth Monorpacdun Il. Pabuuepa
u B. Toyana «Teopus u npumenenue undporoii 06paboTki CHIHAJIOB»
(Mup, 1978), H. K. KonapateeBa «J/Iuneiitnbie o6pabarLiBaioniie Ccu-
creMul B ceficmopassenake» (Heapa, 1976), 10. B. Tumownna «HMm-
nyJbcHas ceiicMuueckas rogorpacusi» (Heapa, 1978) u ap. Ilpepaa-
raemMasi BHHMAaHHIO uUyTaTels KHHUTA H3BECTHOTO aMEepHKaHCKOIo
yuenoro dxona ®. Knaepboyra npeacrasisier cof0oil 10CTaTOYHO CHC-
TeMaTH3HPOBAHHOe H3JIOXEeHHe COBPeMeHHBIX MeToA0B 00paboTKn aan-
Holx reoduznuveckux HalmofeHuin wHa IBM.

B kuure nocaeloBaTeNbHO H3JaralTcAa HIAEH W METOAbl JHCKpeT-
HOI'0 aHaJH3a W MaTPHYHOTO HCYHCAEHHA, a Takxe crnocolw o6paboT-
KH FCO(bHBH‘-IECKHX JAaHHBIX: OT pPa3JHYHOTO poAa OJHOMEDHBIX H
JABYXMepHBIX (QUAbBTpalMil 10 pelleHus 0GpATHOH 3aadu ¢ MOMOIIbIO
AvddepeHnHasbyblX ypaBHEHMI B UacTHHX ITIPONM3ABOAHBEIX H HX KO-
HCYHO-PA3HOCTHHIX aHanoros. OrpaHuveHHbli o06beM KHHTH H 00Jib-
Ildasi HAcHIUIEHHOCTh €e pa3HoobpasnbiMH (aKTaMmu, ecTecTBEHHO,
NpHBEMN K TOMY, 4TO MHOTHe yTBepXKJeHHs B Hell maubl Ge3 jpokasa-
Teabnct, OAHAaKO 3TO, MO-BHAHMOMY, eIMHCTBEHHHl crnocol6 co3jarth
AOCTATOYHO TOJIHOEe PYKOB@ICTBO N0 MeToAaMm o0paborki reogusnye-
ckoit HHdopMauuu B ueaoM. KpoMe Toro, KHHra OUeHb NMoJie3HA /15
uMTaTeass, KOTOPHIl MOMKeT CAMOCTOSTENbHO aHANH3UPOBATH MpejJa-
raeMmble MeTO[bI, HAEH H J0Ka3aTeabcTBa. DTOH ke IeJH CAVKAT
MHOTOYHCJIEHHbIE YUPAXKHEHHS, NPUBOJUMBIE B KOHIE IOYUTH KaxJ0To
pasgena. Cpean HHX eCTb M OYeHb NMPOCTHe, H BechbMa Tpyauble. [Ias
nocjeaunx OOBIYHO JalOTCH YKasaHus, obJaervaipomme pemenns. He-
CMOTpst HA CPABHUTENLHO HeOOJbLIOH 00beM H KOHCIEKTHBHHII BO
MHOTHX MeCTaX XapaKTep H3JOMKEeHHA, B KHUIe Hapsily ¢ JAOCTATOYHO

{1, Hugpposas oGpaGorka ceificMuueckHx nanmmx. M., Hempa, 1973.
2. 0. B. Tumowur. OCHOBH AHQPAKUHOHHOrO npeospasoBauis CellcMHYECKHX
sanuceft. M., Hexpa, 1972.
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TOMHBIM OCBEIIeHHEM COBPEMEHHOTO COCTOSIHHSI TEOPHH W MPaKTHKH
o6paboTkn reodusHyeckux nanusix na IBM Goaeiioe sauManue yie-
JIeHO paccMOTPeHHI0O MaTeMaTHYeCKHX METOJ0B: TEOpHH AHCKPETHOrO
d4HaM3a W CTATHCTHKH, TEOPHH MATPHI[ ¥ MeTORa HAUMEHBIUIHX KBaJI-
paroB u T. n. Bece 370 mogroraBanBaer untaress K nonumanuio Oosee
CJIOXKHBIX MAaTEeMAaTHUYECKHX 3ajau 00paboTKu reodpmuamvecknux NaHHBIX
Ha 9BM.

Kunra uMeer I0BOJIBHO IPKO BLIPAXKEHHYIO HHYKEHEDHYIO Hanpas-
JleHHOCTh, B Hell npupoauTcs 11 MammuEbX nporpamm Ha @opTpakne,
peanusyloliHX OCHOBHHE Tponeayphl oGpaGoTKu JaHubix. B Hed
YAaYHO COYETAIOTCH JOCTOHMHCTBA ydyeOHHKA W MoHOrpaguu. DT1o mo-
3BOJseT HanesTbCHA, 4TO OHA MNpPHBJEYET BHHMAaHHe IIHPOKOro Kpyra
CNelHaJuCTOB-Te0H3NKOB: HHIKEHEPOB, HayuyHbIX PabOTHHKOB, Mpeno-
laBaTeJied H CTYAEHTOB BYy30B.



MPEAVCJIOBHE

2ta KHMra paccqu;raﬂa Ha WHIKEHEPOB M HAyyHbIX paboruukon. Ham
onerr paGorbi B CrenOpACKOM YHHBEDCHTeTE MOKasas, uTO OAHOCe-
MECTPOBBIif KypC MO TEOPHH HHIKEHEDHBIX CHCTEM JIerKO YyCBaHBaercs
i Oyler MOJIe3¢H KaMAoMy, KTO MHTepecyercs MAHMHHBIM MOAENHPO-
paHHeM W AHAJAW30M JaHHBHX B (u3ndecknx Haykax. EcrectBento,
yTO 3Ta KHHra OTpaiKaer HayuHble HHTEDECHl aBTOpa, KOTOpHle Ha-
npap/enbl TWABHBIM 0GpasoM Ha CeHCcMOJIOrHYecKHe HCC/eL0BaHHA.
BMecTe ¢ TeM 3a BOCHBMHJIETHHIl MepHOL HCCJAEA0BATEJLCKOH H Mpeno-
JAaBaTeabCKOll JIeSITENbHOCTH MEHsi WHTepecoBaJH MHOrHe 3ajaun 006-
pabotkn reousnueckux Aanubix. [Ipeamosaraercs, ato Kuura Oyaer
ckopee yueGHHKOM, yeM HayuHo# mounorpadueit. [Tpusoxnmeie BO Bcex
pasjenax YmpaxHeHHMs JOCTYNHBI JHIAM, HeNaBHO OKOHYHBIIHM
HHCTHTYTH. DOJBIIHHCTBO YNPakKHEHHi JO0JIKHO OBITB JOCKOHA/ILHO
NpoBepeHo.

1 B A0ATY y OTPOMHOTO MHOJKeCTBa ApYy3eil, KOJJer M TPexHHX
yumTeseii 32 MHOTO®, YeMy s HayuuJacs, Sl uMea MHOro IJOJOTBOPHBIX
Gecen co CruoMm Cumnconom, duapio PobGunconom u M:konom Byp-
roM 1o aHanniy BpeMeHHbIX psjaoB. Tex MsjaieH Hayuual MeHs MHO-
roMy w3 TOIO, UTO HAMHCAHO B 3TOH KHHIe O CJOHCTHX Cpefax, HO
BaikHee BCero, 4TO OH YBJEK MeHs TOH MBICJABIO, UTO TPHILIO Bpems
3anATLes cJaoHcTHIMH cperamu. Jizxon Illepsyn u  Ppencuc Miop
IIO3HAKOMHJIH MEHSl C TeopHeil cellcMHYecKoH pasBelKH METOHOM OT-
PaKeHHbLIX BOJIH W HEKOTOPLIMH HEOPTOAOKCAJbHBIMH CrmocobaMu
MblllIennss O Hed. MHoOro cryaeHToB oKka3ano MHe GOJbINYI0 NOMOIllb
B OOHapyKeHHH HeTouHOcTeH B Tekcre n ynpaxuenuax. Oua Ulyasn,
Moun K. Puneit u Crus JlorepTn NOArOTOBHAH PHCYHKH B SaKJIOUH-
TeabHbix raBax. Muccuce Cioszana DpauH orneuarana NOYTH Bech
TPYA # OpHJAOKHJZ OoJiplipe YCHIHA Ul OKOHYATeJbHOro odopmie-
Hus pykomucu. Mos zena, Jluana, BIOXHOBASIA MeHs BCe 3TO BpeMs
Ha OCYIUECTBJCHHE 3aMBICaa.

§1 Gnarojapen 3a (DMHAHCOBYIO MOAAEPHKKY, NOJYYEHHYIO 3a 10-
cjaeinne BOCEMb JeT, I1aBHBIM o6Gpasom Crendopackomy yHuBep-
cutery u Komnawam no passeake uedremocusix pafionos (Chevron
Oil Fild Research Company), a Takxke ®ouay neTanbX HccaeioBa-
HHil AMepHKaHCKOro Xumuueckoro obuiecrsa (Pefroleum Research
Fund of the American Chemical Sosiety), Hauunonanbiomy ouny
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no nayke i eaomctsy BBC no mayunsiv meenenoeanuam (Air Force
Office of Scientific Research). Hegasuss noMoump ot pupwm, cybeuan-
pylownx crendopackyio nporpammy ucenenosaunit (Stanford Explora-
tion Project — SEP), nosponuia 6mcrpo passutb 06paboTky ceficMi-
YECKHX AAHHHX HAa OCHOBe BOJIHOBOTO YypaBHEHHs; 3TOMY BONPOCY
nocBsIleHa NOC/eAHss riasa. DTu bupMbl caefyiomue: Amoco, Arco,
Chevron, Continental, Digicon, Dutch Shell, ELF (France), Exxon,
GSI, INA (Yugoslavia), Mobil, Petrofina (Belgium), Petty Pay,
Preussag (Germany), Seiscom Delta, Seismograph Service, Shell,
Sun, Teledine, Texaco, Total (France), Union, U. S. Geological
Survey, United Geophysical, Western Gegphysical.



BBEJAEHHE

O6paGoTka reo@H3HYECKHX NAHHBIX — 3TO NpPHMEHEHHE 9BM npn
anajnse pesyJabTaToB reopusnyeckux HaOuwonenuit. OcHoBHOW 3ana-
ueil reopusnKu sBjifercs Oojee TOYHOE ONpefesieHHE BHYTPEHHEro
crpoenusi 3eMad. Tam, rae Oypenne HepauHOHAILHO HIIH HEBO3MOXKHO,
NpOBOAATCS CefiCMHUECKHe, 3JeKTPOMArHHTHHIE H TIpPaBHTALHOHHbIE
H3MepPEeHHs C Ue/IbI0 MONYYEHHS HEOOXOAUMBIX CBeJEHHH HA OCHOBAHMH
JAAHHBIX 9THX H3Mepenuil. CucreMaTHyecky NPHMeHsAs 3aKOHB QU3HKH
H CTATHCTHYECKHE METOABI, MOXHO pPellIMTb HEKOTOpbie 3a/aduH HHTep-
nperalun JaHHBIX reodusnveckux Habuofennit ¢ momompio IBM.
Korpa koauuecTBO HAOJIIONEHHMHI HEBEJHKO, TO HX MOXKHO CUMTATh
COBNAfAIIUMH C NepeMeHHBIMH napaMeTpaMi B M3BECTHBIX aHaJu-
THYECKHX pelleHHsX ypaBHeHHi KiaccHyeckKoil ¢usukk. Oanako B Ha-
CTOsililee BpeMsi MOJy4ar0T OrPOMHble MAacCHBEI JaHHBIX HabJaioleHui,
KOTOpble COAEPHAT HaMHOro GoJpule cBeleHHii 0 3emie, ueM Te, KO-
TOphle MOTYT MOJeJHPOBATHCA MOCPEACTBOM AHAJNHTHYECKHX pelleHwuii.
Tax, oGbiunblil MOPCKOii KopabJb, BeLyLHi HCCHENOBAHHS METOIOM
OTPaKEHHBIX BOJH, MoxXeT cofupaTh okojo TpuaawoHa (10'%) 6Gut
HH(popMauuu B MecsilL

Takne Goabimue O6BeMHl AAHHBX TPeOyIOT KaK CTaTHCTHYECKOH
06paboTKH, TAK H BO3MOXKHOCTH MOJYY4eHHS TEOpeTHYeCKHX pelieHuil
AJs MHOTOnapaMeTpHYeCKHX Mojelleil 3eMHOoH Kophl. HMcmonbszoBanue
1ndposuix IBM 1as cTaTHCTHYECKOro aHaan3a reodH3WUECKHX HaH-
HBIX Hauya/joch rpynnoii reodusnueckoro amanusa (GAG) B 1953—
1957 rr. npu MaccauyceTcKoM TexHoJoruueckoM uuctutyte [1]. Teo-
peTHuecKHe pacyeThl B reodu3MKe Hauadd I[UHPOKO MPHMEHATHCA
¢ 1954 r, xorpa Hopmen Xsckean [2] onybamnkoBan wu3BecTHyio
CTaTLio, B KOTOPOil H3J0XKHJ BO3MOXKHOCTL BEIYHCJEHHS 1T0OJS ceHcMH-
uecKHX BOJH IS 3€MHOH KODBI, MOJe/HPYeMOil PpOU3BOJILHEIM YHCIOM |
MJOCKHX Mapajl/ieJbHBIX CJI0eB, Kax/Ibiii H3 KOTOpHX obnanaer mpo-
I3BOJIbHBIMH YUPYTHMH TapaMeTpaMu. 3TO MO3BOJHJIO HCHOJIL3OBATH '
noJHyio ¢GopMy CHrHaja CefCMHYECKO BOJHBL NDPH HCCJIEAOBAHHH
MOJIeNIH 3eMHON KODBI C NPOH3BOJIbHOH CJHOHCTOCTBIO (MOA «CJOHC-
TOCTBIO» MOHHMAETCH, 4TO CBOHCTBA MNOPOABI NBAAIOTCH (PyHKUHEN
TOJIbKO OAHOH KOOpAnHATH, 0OBIYHO raybunbl uau paiwyca). Meroabl
X3CKenna WHTEHCHBHO pasBuBajuch Gonee 20 nocaeIHuX JeT, Tak
‘ITE) Telepb MOXKHO JIETKO ONpeaesyuThb pesyJabTaTt pacnpocrpauemm
CEACMHYECKHX H _3JeKTPOMATHATHBLIX HMMMY/JILCOB OT NPOH3BOJILHOTO
HCTOUHHKA B JI0GOH €JIOMCTONl MOJean 3eMHON Kopel. Bmecte ¢ Tem
OKa3aJoch, YTO CJOHCTBIE CPEABI JErKO 3aMEeHSOTCS OXHOPOAHBIMH
cperamMu, ABJAAIOUIHMHCH Hanboaee INPpOCTHIMH MOJENIAMH B I'EO(pH-
3HKe.

CeilcMoOrpaMMBl 4acTo COAEpPKAT 3aNUCH COTEH KoJaebGanuli, npo-
HCXOXKeHne GOJBUIMHCTBA U3 KOTOPLIX HEBO3MOMKHO OOBACHHTb., BHIIH
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Pa3sBuTHl M AETAaJbHO paspaloramsl MeTOAMKH pacyera ceilcMorpaMm
AJs MOAEJIEH CJOHCTBIX cpen co cayyaiiHbIMH H3MEHEHHsIMH Tnapaver-
POB mnJjaacTos. yﬂHBHTe.ﬂbHo, HO TpH TOBTOPHOM BOSGYJKJIGHHH KoJge-
Gauuii CeHCMOrpaMMbl TOJIHOCTBIO MOBTOPAIOTCS €O BCEMH CBOHMH
CJOXKHBIMH, Heoﬁ'bHCHHMbIMH neraasMu.  Jlaxe ceﬁcmorpammu oT
semJaeTpsceHHil BOCNPOH3BOASITCS B TOM cjyuae, KOraa 006MmacTh HC-
TouHnka mana. Taknm obGpasom, BBOA cAy4yaiHbIX MepeMeHHBIX B aHa-
JiH3 JaHHBIX YacTO CJAYIKHT [JIaBHBIM 00pa3oM MAJs YCHJEeHus COOT-
BOTCTBHA A&HHBLIX pPeaJibHbIM CJOHCTHIM MOLENAM.

B npoTHBOMOJOMXKHOCTL HAlIHM XOPOLIO pa3pabGoTaHHbIM METOAaM
U3YYeHHS| CJOMCTHIX cpell Hanbojee MHTEPECHH B HacTOsllee BpeMms
HCCAEN0BAHHS OTKJIOHEeHHH CTpoeHHs 3eMJH OT CJOHCTOH MOJEJIH.
CCHOBHBIMH BONPOCAMH TPH 3TOM SBJAAIOTCHA: KOHTPOaL 3a apeiidom
KOHTHHEHTOB, NOHMMaHHe NPHYHH 3eMJETPACEHHH M MOHCK 3azexei
HeTH ¥ MHHepasoB. Takum o6Gpa3oM, sagaun o6pabOTKH reodusuue-
CKMX JAHHBIX JeXar B 00JacTH COrJacoBaHHsA MOJEBHX JAaHHBIX
C JBYX- M TPEXMEPHLIMH HEOJHONPOJHLIMH MOAEJSAMH 3eMHOH KOpbL.

O6Gpa6oTKy reodnsnuecKux NaHHbIX MOMKHO HauaTb C H3YUYeHUR
BPEMEHHOro NpeACTaB/J€HHS CHIHAJ0B OHpeleJeHHOH (OpMBEI C 1MO3H-
Uil TeopuH QHALTPOB M CIEKTPaJbHOIO aHaln3a. 3Jech OUeHb BaZKHbI
MaTeMaTHYecKHe OrpaHHYeHHsl, HaKjaajblBaeMble TPHHIMIIOM MpHYHH-~
HocTH. B JagbHefiiieM Moze/n 3eMHOH KOphl Pa3JHYHON CJ0MHOCTH
CTPOATCS € YUETOM 3TOrO MPHHUHAA. YCTOHYHBOCTL BBIYHC/AEHHH 4acTo
cnpefeasercs CTPOroCTbi0 MX BHIMOJHEHHA. 3aTeM paccMaTpHBAIOTCA
OCHOBHble TNOHSTHA paspellalonleli cnocobHOCTH, CTATHCTHKH H TEOPHH
MaTpHl, CO MHOMKecTBOM IpHMepoB. DTO NOArOTABJHBAET YUTATe]A
K NOHMMaHuio obulefl TeOpHH METOAa HAMMEHbIIMX KBaJApaToB, Mrpa-
ionero, 6e3yc/oBHO, NPHHUHNHAJBHYIO POJb IPH COIMIACOBAHHH IKC-
NEPpUMEHTAJbHBIX JAHHBIX C TeopeTHYecKuMu MoReasmu. [loka ou
HIpAaeT eule BazxKHYI0 PoJb, HO €My HPOTHBOCTOST METOJLI C BHICOKHM
paspeniednem (MakKcHMyMa SHTponuH) u Gojee TOUHBIE METOABI
(L,-HopMa u JuHEIHOE TIPOrpaMMHpOBaHHe).

CorjlacHo TakoMy pasBuTHIO HAell (yHIaMeHTa/bHOH 006paboTkn
JI@HHBIX TOCJAEAYIONIAs YacTb KHHMH MOCBSILIEHA MOJAENsM 3€MHOM KO-
pBHl C TOCTeNEHHO BO3pacTamuled choxuocTblo. PaccMmarpusaloTcs
mpejie BCEro MHOrOKPAaTHO-OTParKeHHbe NJOCKHE BOJIHBI B CJOHCTBHIX
cpellaXx HA OCHOBE MPHHIHIIOB HENPEPBIBHOCTH, NPHYHHHOCTH U COXpa-
HeHus SHeprun (Ge3 MpHBJIeYeHHA APYrHX npuHuunos). Boaunosble
noss Moryt ObITh paccyuTaHbl Ha OCHOBE 3HAHHS CTPYKTYPH u mapa-
METPOB Cpej, a CTPOEHHe cpeibl OmpejAejeHO HA OCHOBE BOJHOBOIO
rosisi. 3ateM paccMaTpuBaerca Gosiee ofmias TeopHI (H3HKO-MaTe-
MaTHYECKHX METONOB pelleHHs 3ajay JAJs CJOHCTHIX CpPef H HCeJe-
LYIOTCS OCHOBHBEIE XapaKTepHbie 4epThl KOHEYHO-Pa3HOCTHOIO MOAEJH-
poBaunsl Au(depeHUNaNbHEIX YypaBHeHHII B UYACTHBIX [POH3BOAHBIX.
3aKIIOUHTEJbHEIE TJ1aBbl NOCBALIEHBE! pAaclpOCTPaHEHHI0 BOJH H 00-
paboTKe AAHHBIX HA OCHOBe AH((PepeHUHaNbHbIX ypaBHeHHii B vacT-
HBIX TpoH3BOAHBIX. 51 paspabaThiBal 3TH BONPOCH CO CBOHMH NOMOII-

. HAKaMH B TedeHmne MOC/]eAHHX liecTH JerT B CreHd)opacKOM YHHBEpCH-

tere [3—8, 36, 37]. B nacrosilee BpeMs 3TOT MaTephal B CYLMIHOCTH
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HEH3BEeCTeH VUeHBIM W MHKeHepaum, He paboralomuMm B 006J4CTH reo-
duauku. OcHoBHAs 3ajava cXoka ¢ 3agaveii rojorpaduu. Boanosoe
noje ua6jofderes Ha NJOCKOCTH (NMOBEPXHOCTH 3eMJH) € 1eablo
co3pauus IOBYX- WIH TPeXMepHOIl MOJIeJH pacCedBalOIMUX OOBEKTOB,
PACIIOIOKEHHBIX TI0 OAHY cTOPOHY (cmu3y) mnuockoctH. OcHoBHbIE
BOTPOCH H HCHOJb3yeMasi TeXHHKa COBEPIIEHHO OTJAHYAlOTCS OT NpH-
MeHseMulX B onTnueckoil rojorpagpuu. CKopocTHasi HEOZHOPOAHOCTH
cpeabl, nudpakuus, HHTEpdEpeHuHs H MHOTOKPaTHOE OTpaKenne —
XapakTepHBIe 4epTHl [MpoOlecca pacnpocTPaHeHHs — CeHCMHUeCKHX
BOJIH — TIPAKTHUECKH HE BCTPeuaroTcs B MNOBcejHEBHOM onbite. Ha-
npuMep, rja3 Jerko obMaHbiBaeTcsi B 3€DKajJbHOM KOMHATE WJH NPH
B3IJisiZle B AKBAPUYM.

Marepuan no o6pa6oTKe AAHHBIX HA OCHOBE BOJHOBOTO YpaBHeE-
s GLICTPO ycTapesaer H €ro HeoOXOAMMO IepenuchiBath. [Ipo-
rpaMMa CT3H(QOPACKHX HCC/AEI0BAHHA B 00/1aCTH pasBelKH HbIHE
noAfepKHBaETCs AecsaThbio nedTsAubiMu KoMmnauuaMmu CIIA, socembio
pa3sBelOYHbIMH OPTaHH3AUUSAMH, YeTHIPEMA He@TAHBIMH KOMIIAHHAMH
B EBpore 1 ux ¢uinaszamu. MHOrHe M3 3THX TPYynm caMu NPOBOJST
uccaenosanus. Ilostomy B nocieanux paspenax a npupasan ocoGoe
3HaueHne OCHOBHHIM BOIIpOCcaM, npeHe0peras JeTajisiMH.

Haneemcs, uto Korga-HuGyAb Mbl GyAeM B COCTOSHHH MCIOJIb30-
BATb BOJIHbI, BO3HMKAIOUIHe IIPH 3eMJETPACEHHAX, JAAA TOJYYeHHS
ceilcMuyecknx u300pamenuii. Torma MBI CMOXKEM YBHIAETH TepBHE
YeTKHe KapTHHH 3eMHOH KOpH Ha raybunax 10 kv u GoJgslre.



1. TIPEOBPA3ZOBAHNUSA 3

[lepBuifi mwar aHainsa AaHHbIX — H3YUYEHHE CIOCOGOB NMPEACTABIEHHS
BOJIHOBBIX CHTHAJOE M 06paboTKa HX uHu(POBOH BBIUYHCAHTENBHOI
MawpHOW. BpeMsi u mpocTpaHeTBo 0GbiuMO paccMaTpHBAIOTCH  Kak
HENpephiBHbIE BEJHYHHBL, HO JJs aHalH3a $BJEHHA W [POLEeCccoB
¢ nomouiplo IBM HeoGX0AHMO AHCKPETH3HPOBATH HX. DTa onepauus
HaspiBaeTcss Takixke mpeolpasoBanneM HX B uugpposyio dopmy, HIH
KBaHTOBaHHEM. JluCKpeTHsanusi HenpepbiBHOH (YHKUMH BHauaje CuH-
Tajach BBIHYXKAECHHO MepoH, yxyamwaoueid pesyabTaTel U Heo0X0AH-
MOl JIHIIb TOCTOJIbKY, NOCKOJbKY JaHHble HaG/a0deHnii He Bceraa
SIBJISIIOTCH M3BCCTHBIMH aHaduTHuecKuMn (Qynxknusmu. OJHAKO nocne
HAKONJIeHHsT HEKOTOpOro onkra paGoThl ¢ JAMCKPETHBIMH (PYHKIHAMH
CTaJI0 fICHO, YTO MHOTHE MaTreMaTHUecKue INOHATHA Jerue BOCHPHHH-
MaiTCA NMPH OMHCAHHH HX B JHCKPETHOM BpeMeHH, YeéM B HenpepbiB-
nom. Hanpumep, B 370ii ruaaBe paccmarpusaercs Z-npeobGpasoBanue
U [OKa3biBAe€TCS €ro 3KBHBAJEHTHOCTh mnpeoGpasoBanuio Pypoe.
Z-npeobpasoBanye JerKo MOHATL HAa OCHOBe 3JeMEHTapHOH ajaredpwl,
Toraa Kak mnpeoGpasoBanue Pyphe TpeGyer 3HAYHTENBLHOTO OIBITA
B BBLIYHCJICHHAX.

1.1. JUCKPETHBIE JAHHBIE H Z-NIPEOBPA30OBAHHE

Paccmorpum (yHKUHIO BpeMeHH, n3o0pamenuyio na puc. 1.1. Hdas
aHajan3a 3Ty HAa6JIOJeHHYI0 QYHKIHIO ¢ noMmollbio IBM HeobGXxoaumo
annpoOKCUMHPOBATh KakuM-THO0 oGpasom Ttabauneit yunces. OObunbiii
AYTh [Js1 3TOr0 — BLIPa3HTh B HH(PPaAX HJIH H3MEPHTb 3HAYeHHs (YHK-
wan b(!) B paBHOylaJsieHHBIX APYr OT JApyra TOYKaX Ha OCH BPEMCHHU.
Ilns pauwero npuMepa uH@poBOe npejcTaB/eHHE HENPEpPLIBHOH (QYHK-
1M MOJKHO 3aMHCaTh B BHAE BEKTOpa

R TTIROT. h te1.0, 0, )

EcrecTBeHHO, 4TO NPH B3ATHH OTCUeTOB B OoJee GJIM3KHMX ApYr K Apy-
Iy TOUKax, MBI NOJAYuYHAH Obl GoJiee TOYHYIO aNlIPOKCHMANMIO QYHKIHH.
Tlownmo BekTOpa ,GYHKUHIO BpeMeHH MOXKHO MPeACTaBHTL TaKiKe
B BHIe TOJHHOMA, KOIPGHUYUEHTAMU KOTOPOro SBJISITCA 3HAYCHHA
b(¢) B nmocienOBATeNIbHBIX TOYKAX no ocH Bpemenu. [las paccemar-
pHBAEMOTO NMPUMEpa HMeeM

B(Z) =1+2Z402*—Z3—Z24, (1.1.1)
Aror noauHoM peaaunsyer Z-npeobpaszoBanue ¢ynkuuu b(f). Kakoit
CMBblC) HMEeT BequuuHa Z B 3TOM noaunHoMe? Bennunna Z He NpHHH-

MaeT YHC/JCHHBIX 3HAUYCHHI; CMBICA B@JHYHHH Z COCTOHT B TOM, 4TO
OHa fIBJIfieTCs ONMepaTopoM eAMHHUHON 3ajep:kkH. Has npumepa pac-
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CMOTPHM NOJHHOM
ZB(2)=2Z+-22*>—7*—1Z5,

k03 puIHEHTE KOTOPOro H300paKeHbl rpaduyeckd Ha puC. 1.2, 310
70T JKe cHTHAaJ, 4To u Ha puc. 1.1, HO 3ajepkKaunblfi Ha eLHHRIY
BpeMenu. Kak BHAHO, BpeMeHHas QYHKUHA by 3a2jepiKHBAeTCs Ha
f euHHL BpeMmenu, ecau nojuuoMm B(Z) ymHoXaercs Ha BeJHYHHY

b(t)

PHUC. 1.1. IuckpeTHoe npencrapiaenue PHC. 1.2, KosddwiHeHTs nOAHHOMA
HenpepuBHOIl PYHKIHM BpeMenH uepes ZB(Z) cABHHYTBL HA OAMH OTCHET KO-
OIHHAKOBLIE BPEMEHHbe HHTepBaJbl appuuuentamn nomunoma B(Z)

Zn. Onepartop samepxKu Z nMmeeT Ooablioe 3HaUeHHe B aHaJH3e BOJ-
HOBBIX IIPOIIECCOB Yy¥Ke TOTOMY, YTO BOJHBI 3aTPauyHBAIOT HeKOTOpOe
BPEeMs Ha NMPOXOXK/EHHE OT OJHOM TOYKH NMPOCTPAHCTBA K JIPYroi.

Onepatop 3ajepiKKH IO3BOJSIET TaKike CTPOuThb Gojee CAOKHBIE
(¢yukuuu BpeMeHu H3 GoJsee mpocrhiX. IIpeamonoxum, uro b(f) BH-
pamaer (YHKIHIO AKYCTHUECKOrO AABJEHHS HJH CceHcMOrpaMmy, Ha-
GJI0/leHHYI0 TocJie OTjaajdenHoro BapoiBa. Torma b(f) waswsiBaercs
umnyavcror peaxyueil. Ecan depes =10 BpeMeHHHX eIWHHI[ MOCIE
NepBOro TMPOHCXOAHT BTOPOM B3PHIB, TO CJAeAyeT OXHAATh (DYHKLHIO
nasgenns y(f), nzobpaxennyio Ha puc. 1.3.

C mnomoueio Z-npeobpa3oBanusi 3TY (QYHKIHIO MOXKHO 3amucaTth
B BH]Je

Y(Z)=B(Z) +Z"B(Z).

Econ Obl 32 NepBHIM HCTOUHHKOM BKJIOUHJCH OB CTOK NOJOBHHHOI
CHJIBI, TO

Y(Z)=B(Z)—— Z°B(Z).

Ecan curna/ibl HCTOUHHKOB MepeKphiBalOT APYr APyra BO BPEMEHH
[uro 6810 GBI Tpu crenenu B(Z), Gonbiedt 10], To curnanm makna-
AblBalOTCA APYr HA Apyra B o0jacT mepekphiTHs. [lpeamonoxeHnwe,
4TQ OHH CYMMHApPYIOTCA 6e3 Kakoro-auGo B3auMoeficTBHS, HA3LIBAETCS
donyujernuesm AuHednoCTw'. DTO HONMYUIEHHE OUEHb YACTO HOATBEP-
XKlaercss mMpakTHKoil. B ceficMosorun, HecMoTps Ha Goabmyio Heon-

! B oremecTBeHHOM JHTEpATYPe ITO HA3BIBACTCH NPHHURIOM JHHERHON Cynepno-
3HIHH WJIH NMPOCTO NPHHUMNOM cyneprnosuuuu ([Tpum. nepea.),
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HOPOAHOCTL 3€MHOIl KODHl ¥ pasimuHe CAaraplluX ee MOPOJ, ceificMH-
HEeCKHe BOJIHBEI, NPOXOJAs uepes 3eMaio, He B3auMOJEHCTBYIOT APYT
C JApyroM, T. €. OHH YJIOBJIETBOPAIOT MPHHIHITY JHHEeHHOH cynepro-
suuud. HennneliHoCTH nposiBasioTes JMINb MPH BO3MYUIeHHAX 00Jb-
woit amnautyabl. Henunelinoets He BO3HHKaer TNpH YCNOXKHEHHH
TeOMETPHH CPeLbl, '

Tenepb NPeANOJOKHM, UTO B MOMEHT BpeMeHH [=0 BKJIOUHJCH
HCTOYHHK, @ B MOMEHT {=1-— cjoK mNOJOBHHHOH CHJb, a 3aTeM
b(t)

PHUC. 1.3. Curnaa OT HBYX B3PHIBOB,
/\ pasfie/ieHHEIx npomexytkom B 10 Bpe-

0 \/ i \/Tt MEHHBIX eTHHHIL

B MOMEHT BpeMeHH [=3-— BTOpOii HCTOUHHK B 4YeTBEPTb CHJBI Nep-
BOro. 3Ta INOCJAENOBATEJbHOCTh COOBITHH ONMpefenseT <«HCTOYHHK®
HMITYJIbCOB

| 1
Xy = (l’ _"T, OI _4’)
Z-npeo6paszoBanne AJis TAKOTO MCTOYHHKA HMEET BHJ
X (Z)==t — g T4 2"

HaGmonennsiit cHrHAN y; AJ8 3TOf NMOCAeNOBATENBbHOCTH HCTOYHHKOB
W CTOKOB, MPHHATH ceficMOnpueMHHKOM, Hmeer Z-npeofpa3oBaHue
Y(Z), sanannoe caeayouuMm o6pasom:

Y(2)=B(Z) — 273(2)4- i—’B(Z):

=(1 _é+~?)8(2)=X(Z)B(Z). (1.1.2)

ITocneanee ypaBHeHHEe HJIOCTPUPYET TPHHLAMN, JieXkKallHil B OCHO-
 /Be TeOpHH JHHEHHBIX CHCTEM, KOTOpPHIi riacut, yto BHXoa Y (Z) Mo-
/ xer GHTh BHIpa)Ken Kak BXon X (Z), YMHOMNEHHBII HAa HMMIYJLCHYIO
. peakunio B(Z) cpensl.

CyuiecTByeT MHOrO nNpHMepoB JHHefHBIX cHcTeM. K JHHEAHBIM CcH-
cTeMaM OTHOCHTCS, B YaCTHOCTH, IIHPOKHH KJIacC 3JEKTPOHHBIX lLened.
Cil0KHLIe JHHEHHbIe CHCTEeMBI COCTABAAIOTCS [MOAKJIIOUEHHeM BBEIXOAA
O/HOii cHcTeMBl Ha BXoa apyro#. Ilpeanosokum, uro uMeloTcs JBe
JHHeHHbIE CHCTEMBI, XapakTepusyemule mnouunomamu B(Z) u C(Z)
COOTBETCTBEHHO, Bo3HHKaer Bonpoc, aBJsloTcs JH JB€ KOMOGHHHPO-
BaHHbBIE CHCTEMBI, NpHBEAEHHHle Ha puc. 1.4, skBuBajeHTHHIMH. [Ipu-
Mmenss Z-npeo6pasoBaHne, Jerko MN0Ka3aTe, 4TO 3TH QABe CHCTEMM
9KBHBAJIEHTHBI, TAK KaK NPOH3BeJeHHE TOJIHHOMOB KOMMYTATHBHO, T. €.

Y.(2)=[X(2)B(Z)]1C(Z)=XBC:; (1.1.3)
Y2(Z)=[X(Z)C(2)]B(Z)=XCB=XBC. (1.1.4)
14
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PaccMOTPHM CHCTEMY ¢ HMmyJabcHON peakiuei B (Z)=2—Z—Z2
DT0T NOJAHHOM MOXKHO pa3JOXHTh Ha MHOXKHTeNH 2—Z—Z2=
= (2+Z)(1—Z), BBHLY uero BOIMOXHBI TDH SKBHBAJIEHTHHE CHCTe-
Mbl, moKa3aHnble Ha puc. 1.5. Tak Kak /r00oit MOJHHOM MOXKHO pas-
J0KUTL HA MHOMKHTENH, TO MIO0YI0 HMIYJBCHYIO pPEeaKIHI MOMKHO

Brod = Buizod
1 2-Z—Z
(HhES =7

Zt) —= 6(Z) C(z)f—=y, (%) ! 242 o 17
Bxod Brizod
x(t)— C(z) B(2)——=1y,(t) §i7 2+7
PHUC. 1.4, [Ipe sxkBHBaNeHTHbC (QHILT- PHUC. 1.5, Tpn SKBHBaJeHTHHE QHIb-
PYIOIIHE CHCTEMBL TPYIOILHE CHCTEMBI .

CMO/leTHpOBaTh 10CJAe10BaTeNbHOCTIO ABYXUJCHHEX (PUIBTPOB, JH-
HEHHBIX OTHOCHTEJIBHO Z.

Yro posKHa Aesats DBM, 4ToOR NepeMHOXKHTH ABa Z-mpeobpa-
3oBanna? Ouabtp 24+ Z Mor 6wl OGBITH 3aaH B MallliHEe IyTeM 3aIo-
MuHaHus Kosbouumento (2, 1). ITogo6umm oGpasom aas ¢uabTpa
1—Z sanomunaiorcs uucaa (1, —1). [TporpamMma yMHOMKeHHS [TOJIH-
HOMOB J0JXHa NpeoGpasoBaTh 3TH HCXOJHEIE NaHHBIE B TOC]EA0Ba-

renbHocTh (2, —1, —1). IlocmoTpuM, Kak NpPOMCXOAHT mNpOLECC
BBIUHCJICHHSI B oOuleM caydae, HanpHMEP, JAJsi BHIPAXKEHHS
X(Z)B(Z)=Y(Z); (1.1.5)

(vo+x:1Z+x2224 ...) (bo+b, 240,22+ .. )=

= (Yo+91Z+y:22+ ...). (1.1.6)

[IpupaBuuBas KO3(QOHUHEHTH NPH MOCAEL0BATENAbHBX CTENEeHAX Z
MONYYHM:
yﬂ — xﬂbﬂ;
yi = xlbo + xobi:
Y — xzbn + xlbl + xobz;
Y, :xsbn +xzbr + x,b,;
y& = xcbo + x:bl + x:bz;
2

yk:z xk_,-b;. (1'18)

i=0

(1.1.7)

e e e o e g e’
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Buipaxenne (1.1.8) nasniaercs ypaenenuem ceeprxu. Takum 06-
pa3oM, npousBeleHHe JABYX NOAHHOMOB BHIDAXKAETCS TaKiKe I0JH~
HOMOM, KOS(Q@HIUHEHTE KOTOpOro HaXOAATCA C TIOMOIIbIO CBepPTKH.
[Ipocras mamuunas nporpamma na Qoprpake, KOTopas genaer cBepT-
Ky, legloqaa Kpaesble s(dekTHl Ha OOOMX KOHNAX, NpHBEAeHA HA
puc. 1.6.

DIMENSION X(LX),B(LB),Y(LY)
-

LY = LX+LB-1
PHUC. 1.6. Mamuunas nporpamma

DO 10 I=1,LY
AJA peaJiH3allHH CBEpPTKH

10 ¥(1) = 0.

PO 20 I=1,LX

Crnenyer ormeTuTb, 4To X(Z) u Y(Z) ne o06si3aTeqbHO AOJK-
Hbol OBITH CTPOro MOJHHOMaMH; OHH MOTYT COAEpKaTh KaK IOJIOXH-
TeJibHBIe, TAK H OTPHIIATE/JbHbIE CTeNeHH Z, T. e.

X2 = .+t +xZ+ .
(1.1.9)

Y (@) =.. 045 e+ v Z+ ...

Hcnoabsopanne orpunartenshuix crenedeii Z B X(Z) u Y(Z)
NO3BOJISET ONpEeAeNsTh CHrHAJB 0 MoMeHTa (=0 (a3 oTpuuaTeb-
HBIX BpeMeH). dddeKT HCNoNb30BaHHS OTPHIATENbHHX creneHell Z
B (uabTpe coBepllieHHO oOTaHyeH. Bruipaxenue (1.1.8) mokaswiBaer,
4TO BBIXOAHOR CHTHAJ Yk, KOTOPHI NOABJSETCS B MOMEHT BpeMe-
HH R, — 3TO JHHeHHadA KOMOMHALHA TEKYIIMX W NpeAbAYUIHX BXOAHBIX
CHTHAJOB, T. €. (xi, i<Ck). Ecau 6w ¢uaptp B(Z) BKMOUaA uieH
THna b_;/Z, TO BHIXOHO Y, B MOMEHT BpeMeHH k Oblnl Ohl JUHEHHOH
KomOuHauHel TeKyIHuX W NpeAbIAYLIHX BXOJO0B, a TaKikKe Xp4, BXOXa,
KOTOPbIi B AEACTBHTENbHOCTH ellle He NMoJydeH B MoMeHT k. Takoit
GuabTp HashBaeTcs (U3HUYECKH Hepeaausdyemoim (HILTPOM, TAK Kak
B peajlbHbIX YCJOBHAX B JIaHHBIi MOMEHT OH HE MOXET pearHpoBaTh
Ha BO3OyXK/AeHHe, KoTOpoe eule He BO3HUKI0. OIHaKo Hepeajn3yeMbie
GuabTpLl H3peAKa NOJe3Hh B MallWHHOM MOJEJIMPOBAHHH, TAe BCE
JladHble NpelBapHTeNbHO 3aMHCAHBL.

YnpaxkHeuus

1. Mycrs sanan noaunom B(Z) =14Z42Z%4-Z3+Z% HaoGpasnte rpaduyeckn kosd-
¢unuenter B(Z) B Qynxaun crenmenelt Z, a Taxxe xosppuunentw noannoma B2(Z).
2, Ecan x;==cos 0yf, rae { onpefleneio B oflleM BHAE BeaHUHHOH by= (by; by)
H Y(Z)=X(Z)B(Z), kaxost A u B B Qopmyne y=A cos wol+B sin wot?
3. Ilokasath, 4To ecan X;==¢o0s Wyl u by=(bo, by, ..., ba), TO Yy, Beerga HMeer
dopuyany A cos @oi--B sin wl.
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1.2. CBA3b Z-MPEOBPA30OBAHHA
C ®YPbE-NPEOBPAZOBAHHEM

Mul onpejednan Z-npeoGpasoBanne Kak

B(Z)= 6,2 (1.2.1)
i

Ecan caenats sameny Z =e’, 10 nonyunM ,cymmy QPypbe*:
B(Z) = B (e*") = D) be™". (1.2.2)
t

Jto noxoxe Ha HHATerpasa @ypbe, H, OYEBHAHO, MOMKHO CAeNaTh Npe-
NeNbHBI Mepexoix AJs NMOJYUYeHHA ero W3 cyMMhul uHrterpana. C apy-

rofi ctopousl, HuTerpan ®ypee

B (w) = +Tb{t) e'“'dt (1.2.3)

npusogutcsi K cymme (1.2.2), ecan b(f) ne sBasercss HenpepbIBHOMN
(yHKIHEe#H BPEMEHH, a OTpejessercs BhbipaMeHHeM

b(t)y= b8 (t — k), (1.2.4)
k

rae 8 — neabta-pyukuns upaka. ‘
B npeapiaylieM pasgesie Mbl BHIENH, YTO LJIS MEPEMHOKEHHS ABYX

NOJUHOMOB HeoOX0AUMO cBepHYTh uX Koadduuuents. Taxoit xe npo-
ecc Ha si3biKe Pypbe-npeoOpaszoBaHHs 03HAYAET, YTO NPOH3BEJEHHE
B 4acToTHO# 00J1aCTH COOTBETCTBYET CBEPTKE BO BpPeMEHHOI obiacTH.
Xots o npeobpasoBanun Pypnre 06BIUHO AyMalOT Kak o0 HHTerpade,
KOTOPHIfi TPYAHO HJH HEBO3MOXKHO BBIYHCIHTb, Z-npeoGpa3oBanue
Bcerja npolle, NPAKTHYECKH OHO TPUBHAJIBLHO. YTOGH NOJYYHTH
Z-npeobpasoBaHue, AOCTATOYHO TNPHCBOHTH MOCJELOBATENbHBIM TOM-
KaM jauubie crenedu Z. Hmest momunoM B(Z), MOXKHO cchlnaThed Ha
HEro KakKk Ha BpPeMEHHYI0 HJH YaCTOTHYIO Q)YHKIRH!O, B 3aBHCHMOCTH
OT TOro, MOCTPOEHHl JH KO3(pGhHIHEeHTH NOJHHOMA JHOO BHIYHCJIEHBI
# MOCTPOEHKI 3HAUEHHUS B(Z=¢e"") ans pasangHblX gactor w. Caexyer
OTMETHTb, UYTO, NMOCKOJBKY  MEHsleTcss OT HyJas [0 27, BeKTop
Z=e'"" =cos o+isinw menaer ofuH 06OPOT MO eNHHHUHON OKPYK-
HOCTH B HanpasJcHHHU NIPOTHB 4acoBOH CTPEJIKH.

Ecau ocymectsienne Z-npeo6pa3oBaHusi paBHO3HAYHO IPUCBOEHUIO
cTeneweil Z TOCJe0BATeIbHBIM TOUYKAM BpeMeHHOH GYHKIHH, TO
ofipathoe Z-nipeoGpasoBanie XOJNHKHO OBITh NMPOCTO MHACHTHQHKAUHEH
KO3((MHIHEHTOB NPH PA3JHYHBIX CTeNeHAX Z C Pa3JHYHBIMH TOUKAMH
Bo Bpemenn. Kak Moxer sta mpocrasi uaeHTHOHKauna Kosdduumuen-
TOB JNaBaTh TAKOl JKe pesyJbTar, Kak, oueBHIHO, GoJiee CcJIOKHAs
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«onepanus obparroro npeobpasosauns Pypve? OGpaThoe mpeobpaso-
Banne Pyphbe HMeeT BHJ

o
bl = 53 (o) e~ do, (1.2.5)
—0

2n

[Ipexnae Bcero omemm, yto urTerpupoBanne Z" BAOMbL €TUHHYHOM
OKpyRHOCTR Man '™ p HHTEpBAJlg — T<o < -~% JdeT HyJb, €CJH

4170, MOTOMY 4TO KOCHHYCOHJAa H CHHYCOMAA SBJSIIOTCSA KoJjebarelb-
HBIMH QYHKUHAMH, T. €.

=
1
2n

—x

={‘ ol (1.2.6)
0 n — ueJoe 4YuCJIO, HEpaBHOE HYJIO.

e’ dw :—2% S(cos ne -+ i sin nw) do =

B Tepmumax malreit AuCKpPeTHOH BpeMeHHOH (yHKuuH obpaTHoe
npeobpasosanue Pypoe (1.2.5) umeer BHI

b= 5= S (o b7 b, b ) e A, (1.27)

Kak BuaHo, u3 Bcex uieHoB uuterpasa (1.2.7) npu yuere dopmy-
abl (1.2.6) ocraercst TOibKO OAHH uJeH c Koa(guuHentoMm b;, a Bee
OCTaJbHble OCHHJJIMPYIOT H YHHUYTOXKaloTcA. JIpYrHMH CJOBamH,
HMEeTCsi TOJNbKO OJMH KO3(DOHIUIEHT NpPH WieHe ¢ HYJAeBOil CTEeNeHLIO,
KOTOpBI Jaer BKJIaj B HHTerpaJi, npusoisa seipaxende (1.2.7) k Buny

+=
by = -;;b,j' do =b,. (1.2.8)

310 mokasniBaeT, yTo oGparHoe npeobpasopanue Pypbe coBepLIEHHO
HAEHTHYHO Bbipaikaercs Kos(huuuenTaMu npu cremensax Z.

B 9TO0fl KHuMre, Kak MW BO MHOIHX JPYIHX, NPHHATO, 4TO BpeMs,
npoxojsiilee Mexay oTcueraMu AaHHLX Af=1, fBasercs eAHHULEI.
s npuMeHeHHs JIAHHOTO BbipayKeHHsi K APYTHM 3HauyeHuaM At HeoO-
XOAMMO 3aMEeHHTh @ Ha wAl, T. e.

mk=mkAtk—_=mgAfg, (129)

C nomoumbio Z-npeo6pasoBaHusi MBI TOJyYaeM CIEKTp, 3afaHHBI
B JAHanasoHe OT 2m A0 . B npenene BednynHa Alg crpeMuTcs K HY-
JI0, @ wg HMeeT, KaK u unterpan @ypoe, Te e GecKOHeUHbIe Npeaesbl.
IIpn annpokcuMaluy HeNpepbIBHOH AHCKPeTHOH (yHKUuH Heol-
X0oAMMO BHIGpaTh HHTEpBan BLIOOPKH (AHCKperusammn) Af, nocra-
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Touyno MmaauM. MaBecTHBIN pe3ysanTaTr 3akjalouaeTrcs B TOM, YTO €C/H
cHeKTpasbHble COCTaBJSIOIIME CHIHAJNA HA 4YacToTaX, NPeBbllaionux
HEKOTOPYI0 YaCTOTY Wmax, HE HECYT 3aMETHOH SHEPTRH, TO He byaer
omyTuMoil noTepa WHPOpMALHH, eC/IH HHTEPBAN BHOOPKH (wrar xBau-
TOBAHHS NO BpeMeHH) paBeH Al==n|®max. [PyruMu caoBaMmil, KOCH-
HyconAa H0MKHa ObITh KBaHTOBAaHA MO KpaiHed Mepe B ABYX TOUKax
na nepuox (Anuny Boansl). Puc. 1.7, mokassiBaer, 4To HeAOCTATOUHO
yacToe KBAHTOBAaHHE CHHYCOHAHI YacTo ObIBaeTr NpHYHHOR TOrO, 4TO
OHa KaxeTcsi CHHycoujoil ¢ Oonee Hu3KOH uacroroif. [lostomy Mak-

d

bos
18 e RE

AN A F=n
io #sin ™\ I0
PHUC. 1.7. Ipumep HeZOCTaTOMHO YacTOrn KBAHTOBAHHA CHHYCOWAH MO Bpemenn (a)

H MHeMmOHHYecKast TabaHua, WATIOCTPHPYIOmAS BIHSHHe Dyphe-npeofpazoBaHus Ha
CBOHCTBA 4YETHOCTH (HEYEeTHOCTH) H AelCTBHTENBHOCTH (MHMMOCTH) Qyukunit (6)

= a

CHMAaJibHAs YACTOTA KBAHTOBAHHA Wmax==m/Al, N03BOJAAIOLIAN BOCCTa-
HOBHTh CHIHAJI MCTHHHOH 4YacTOTH, HAa3bLIBAeTCS YacTOTOH cBepTKu!.
Bocnpoussesnenne 6ojiee BBICOKHX YacTOT OCYUIECTBAAETCA C MNOHH-
ZKeHueM yacTOTH. Ha npakTuke KBa3uCHHYCOHAAJbHBIE CHTHAJIbI BCEr-
JAa KBaHTyloTcsi Gojlee ueM B ABYX TOYKax Ha mepuof. COOTBeTCTBYIO-
liee TeopeTHYeckKoe 0OOCHOBaHHE JIJIsT KBAHTOBAHHA B BOCBMH M 00Jee
TOYKaX Ha NepHoJ NPHBOAHTCA B pasnene 2.8.

B naapnefillleM kKeJlaTeIbHO PACCMOTPETH HEUETHO-UETHBLIE CHMMET-
PHH C LeJIbl0 OLEHKH HX BJIHSIHHA Ha npeoGpasosanue Pypoe. Ueruyio
YacTh &; (pyHKUMH BpeMeHH b; OnpejesnM BHIpaKeHHeM

e =2t0t (1.2.10)
2 HCYeTHYIO 4YaCTh
0y =20t (1.2.11)

Pyuknus ABAAETCH CYMMOit 3TuX ueTHOHl H HeyeTHo#l uacrell, Ck.a-
auiBast BuipaxKenns (1.2.10) u (1.2.11), noayuum

bt=€g+01. (1212)

Pacemorpum npocTyio, AeficTBHTENbHYIO, YETHYIO (YHKUHIO BpeMeHH
suna (b, by, b1)=(1, 0, 1). Ee npeo6pasopaune Z+1/Z=2cos @
ABJIACTCA YeTHOH (YHKUHeH ®, Tak Kak c0s @=cos(—a). Paccmor-
PHM JlefiCTBHTENbHYIO, HeueTHylo Gynxuuio Bpemenu (b—;, by, b)) =
=(—1, 0, 1). Ee npeoGpasoBanne Z—1/Z=2(sinw)/i aBasercs
MHHMBIM H HEYeTHHIM, TaK Kak sin @=-—sin(—w). Anajaoruuso mpe-

"Yacroroit Hafikeucra (MTpum. nepes.).
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©ofpasoBanne MHEHMONK dwernoit ¢Qynkuuu (i; 0; i) aBasercs umuumoﬁ
ueTHOil QyHKIHel { oS ®, a npeoGpa3oBaHHe MHHMOI HEYeTHOH QyHK-
unn (—i, 0, i) sBAseTcs NeficTBHTENbHON W HedeTHON (yHKumei.
Tlyers r um i oTHOCAITCA K [AefCTBHTENbHBIM H MHHMBIM BEJHYHHAM
(puc. 1.7,6), e u 0 OTBEYAIOT YETHBIM H HEUETHHLIM BEJHYHHAM, 2 HHK-
HAS M BEPXHAsSl CTPOKH COOTBETCTBYIOT BPEMEHHOi W 4acTOTHOH (yHK-
IHAM.

Bonee ciioxnble BpeMeHHble @YHKIHH MOMKHO TOJAYYHTh CJIOZKEHHEM
JIBYX PaccCMOTpPeHHBIX HAMH paHee AucKpeTHbix GyHKuMiA. Tak Kak
CYMMBI 4eTHBIX OYHKIMA SBJAAIOTCA YeTHBIMH H T. 4., TO TabJnua,
npeicraBienHas Ha puc. 1.7,0, NMpUMeHHMa KO BCeM BPEMEHHBIM
yuxiuam, OTMeTnM, 4TO NPOH3BOJBHAS BpeMeHHAas (YHKIHA NPHHH-
maer Bua b= (re--ro)qi(ie-t-io). Ilpn npeobpasosanun b; Kaxnas
H3 ueTHIpex uacTeii mpeofpasyercs OTAeJbHO B COOTBETCTBHH ¢ Tal-
JIHILEeH.

YnpaxneHnue

O6buno Gynkuus onpeleisercs TOJbKO BO BpeMenHofl JHGO TOABKO B YacTOTHOM
obnacti. Ecnn oano H3BecTHO, TO ApYyroe ofpefetserca ¢ momoulsio npeobpasoba-
uus. Tlyere Tenepb mosoBuHa uHGOPMAIUHH ONpe/leieHa BO BpeMeHHOW obnacTu npu
yenopHd, 4to by=0 npu (<0, a nosoBHHA — B 4aCTOTHOH OGAACTH NYTEM 33jaHus
B Helt aeficteurensHoii wactH RE-4RO. Kak MoxKHO onpeaenauTh OCTaNbHYIO HaCTh
ADYHKLHR?

1.3. BBICTPOE NPEOBPA30OBAHHE $¥YPbE

3anucap Bhpaxmenne

B(Z)=by+biZ+ ..., (1.3.1)
NOJYIHM KakK BpeMeHHYI0 (PYHKIHIO, TaK U ee IpeodpasoBanue Dypbe.
Ecau rpaduaeckn w3o6pasuts Kozpuunents (bo, by, ...), TO noay-

UMM BpeMeHHyI0 OQYHKUuIO. Ecau BBHIYHCAHTE H MOCTPOMTB TpadHkK
poipaxkenusa (1.3.1) Ha MHOXKecTBe NEHCTBHTENBHHIX ®, TO MOJIYYIHM
pesyasrar npeoGpazosanua. OTMeruMm, uTo AJas AefCTBHTENbHBIX
YaCcTOT @ BEJHUYHHA Z HMeeT CAHHHYHY IO AMIIIHTYAY, T. €. HAXOJHTCS
Ha EIMHHYHOH OKpYXHOCTH. Tak Kak @ HemnpepblBHas NepeMeHHasd,
a B OBM ona Bcerja KoHeuHa, TO BO3HHKaeT BOMPOC: KaK BHOpPATh
KOHEUHOe YHCJIO 3HAYEHWH 4YacTOTHl @y NS NOCTPOeHHst rpaduka?
OGuivHo BHIOHPAOT paBHOMEPHO pacnpeAeleHHBle yacToThl. CaMas
HHJKHASL 4acToTra MoXeT ObThb pasna Hymwo. [Ormerum, uro
Z(w=0)=ei°=1]. Bbicokas uactora 0=2n[Z(0=2n)= e *=1]
MOZKET HE paccMaTpHBATbCS, TaK Kak Bepaxenue (1.3.1) naer ans
Hee TO Ke 3HAYeHHe, YTO H JJIf HyJeBOi uacTOThl. BeiGHpas pasHO-
MEpHO pacnpefeseHHbie B ITOM HHTepBaJe 4YacTOThl, HMeeM:

(1l M M~—1)2n ’ (1.3.2)

Wy =

rie M — nexoropoe menoe uncno. OGosnaunm B(Z(wy)) uepes B.
20



Nas uactHoro cayuas N-toueunoft @yHKuuH BpeMeHHd, Koria
N=4, poipaxenne (1.3.1) MOXHO MPeACTABHTL B BH/E MPOH3BEACHHH

MaTPHIL

T B, TE =t ¥ BT %
B, § W b, .
B’ e I W,, ‘x/‘ W. b’ ’ (] .3.3)
i B, Ll w2 wewnlil o, |
rae -
W =", (1.3.4

Heobssarteabno Bubupate N=M, Kak 3710 /jesjaloch B BbLipaxe-
uun (1.3.3), HO 370 yaoOno. IIpu 3TOoM He Gyier moTepu OGLIHOCTH,
Tak Kak Bcerga MOXHO NPpuHOABHTL HYJH K (YHKIHH BpPeMeHH Tnepen
moacTanoskoil ee B dopmyay (1.3.3). YapoberBo BhiGopa N=M 3a-
‘KJjouaetcst B TOM, 4To MaTpuua B Beipaxenun (1.3.3) 6yzer ksazpar-
Hoii w Touno oOpatumoil. B camom Jese, JlerKko 10KasaTb, 4TO
Bopaxenue, o6patHoe dopmyae (1.3.3), Gyler umers BHA

T b7 il 1 1 I TEBeS
b, |__ 1|1 yw ywr ywe B, 135
by N1 b ywe yws 1)we B, (1.3.5)
s, | Loooywoyws ywe 1B, |

Tak xaxk Beauuunsl 1/W n W spasioTcs KOMMIEKCHO-CONMpANKEH-
HBIMH, TO H MaTpHUB! B BhlpaxkeHuax (1.3.3) u (1.3.5) — KOMIJIeKCHO-
conpsKennble. [IpakTHUeCKH HeT CYULIeCTBEHHBLIX MaTeMaTHYecKuX
pasiuunii Mex/1y BpeMeHHBIMH H YaCTOTHBIMH (DYHKUHHSMHK. ITa «ABOH-
CTBEHHOCTB» Oblia Obl GOJiee BLIpAXKeHHOM, ecju OBl HCMOJbL3OBAJCH
Macwitabublit Kosdduuunent N-V2, B Kamzaom u3 Bhipamenuit (1.3.3)
H (1.3.5), a ue 1 B ¢opmyse (1.3.3) u N-! B popmyne (1.3.5). Orme-
THM, HYTO BpPEMEHHhle H YacTOTHBle (QYHKIHH MOTYT 3aMeHsTb HApYyT
Jpyra B MHeMOHHYECKOi Tabjuie, onuchipawouieid cumMmerpun. Heict-
BHTEJLHO, NPHBEAEHHOE paHee YTBEpPMKIAEHHE O TOM, UTO MNpPOH3Beje-
Hue ABYX (YHKIMH 4acTOThl PaBHO CBEpPTKe COOTBETCTBYIOLUHX HM
ABYX (yHKUHIT BpEMeHH, HMeeT MBOHCTBEHHYIO (OPMYJHPOBKY, KOTO-
pas riacut, UTO NpousBedeHHe ABYX (QPYHKIHH BpeMeHH paBHO CBEpPTKe
COOTBETCTBYIOUIMX HM JABYX (YHKHHI 4wacTOThl. Mbl He NPHBOAHM
3/1eCh JOKa3aTeabCTBA 3TOH .lIBOﬁCTBEHHOCTH, NOCKOJMLKY OHa COCTasB-
JsieT TpeaMeT KHUT 110 MareMaTHKe u Teopuu cucreMm. OAHaKo mpej-
JlaraemM 4YHTaTe/JIO MO BO3MOZKHOCTH yﬁemnbcn B TOM, 4YTO B A060#H
TeopeMe IMOHATHA <«BpeMf» H <«4acToTa» MABJAKTCA B3auMo3laMmelde-
MBIMH.

Ilpu nocrpoenun rpaduka npeobpasdopauns B, ana (k=0, 1, ...,
..., M—1) 3naveHus ®p HA OCH YACTOT H3MEHSIOTCS B JHAMA30HE
0<<w,<<2x. Yacro Gojiee eCTeCTBeHHLIM OKa3biBaeTCs Npe/ACTABJCHHE
€ro B uHTEpBaJe —n<<w<n. Tak Kak npeoGpa3oBaHde MNepHOIHYHO
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¢ nepuojgoM 2m, TO 3HAYeHuHst By B HHTepBaJe A< 2K MOXKHO
NPOCTO NMEPEMECTHTL B HHTepBal —a<<w<(.
Takum o6pasoM, npu N=8 MOKHO HaHECTH NOC.]JeI0BaTEAbHO

B.BsBgB7B,B\B;By
COOTBETCTBERHO M1 SHANEHHIl ©, PABHBIX

3=
A

™ o W
=g g STRES S

[TpenmymecTBo paceMaTpuBaeMOro WHTepBaJia COCTOHT B TOM, 4TO
AJISi HeNMPepBIBHBIX BO BPEMEHH CHTHAJOB, KBAHTOBAHHBIX [10 BpeMeHH
AOCTATOYHO YAaCTO, 3HAUeHHs Bj TMOJYYalOTCs MajeHbKHMH Ha O00HX
kKoHIaX. Eciu curuan ABasiercss NeHCTBHTEJNbHBIM, TO AelicTBHUTE/NbHAA
uacth Bj, HMeeT YETHYI0 CHMMETpPHIO OTHOCHTENbHO By, a MHuMan
yacTh — HeueTHY. IlpH 3TOM [OCTATOYHO BBIBECTH JIHIIb TMOJOBHHY
anavenuil. BuiGop HeueTHOoro 3sHauenus N mno3Boaua Obl NOMECTHTH
=10 cTporo B cepeauny unreppaja. OAHaKO YHTaTeJb BCKOPE YBUIHT,
noueMy MBI HCIOJb3yeM HeTHOe YHC/JIO OTCYeTOR JaHHBIX.

Omnepaunsi yMHOMKEHHst MATPHIL Ha BPEMEHHOI BEKTOp B BbipaXKe-
nun (1.3.3) tpebyer N? mepemHOMXKeHuil W caoxenuit. [lanee B sToMm
pasjiesie ONHChLIBAeTCH OCTPOYMHHIl MeTO], Ha3BaHHBI OLICTPEIM mpe-
obpaszosanneM @ypbe, nNO3BOJNAILKI BHNOJHATL NEpPEMHOKEHHE
martpul 3a N log; N onepauuii yMHOXKeHHA H cyMMHpPOBaHus. Tak Kak,
nanpumep, log; 1024 pasen 10, TO 3TO jgaer OTPOMHYI0 3IKOHOMHIO
MAUIHHHOIO BPEMEeHH.

Ocuosroit cranpapthelii 610K B 6bicTpom npeobpasosanny Dypue
Has3blBaeTcs yABOeHHeM. 3ajaB Pl (Xo, Xy, ..., Xx—)) H €ro JAUCKpeT-
Hoe npeo6pasoBanue Pypoe (Xo, Ay, ..., An—1), @ TakxKe Apyroit paa
(Yo, Y1,...,Yn—1) u ero npeobpasopanne Pypve (¥, ¥i,...,¥x11),
HaiilemM npeoGpasoBanue psila YABOEHHOI JJIMHBI, NOJYYeHHOTO Yepe-
JOBAHHEM YJIEHOB 3TUX ABYX PSAOB:

2r= (X0, Yo, X1, Y15 - . .y XN—1, YN-1).

[Tpouecc yaBoeHusi HCMONB3YeTCs MHOTO pa3 BO BpeMsi npoliecca Bhi-
upcdenuss Ouicrporo npeofpasoranns Pypee. Kak npeanonaraercs
nz cuaopa ydeoenue, Gyner ynoGHO cuuTaTh, uTo N SBJSIETCS IEJTBIM
YHCJIOM, KOTOpOe o0pasyercs BO3BeJCHHEM 2 B HEKOTOPYIO IEJNYIO cTe-
neus. Ilycts N=8=23. Haunem c pasGuenns Halllero 8-TOueyHOro
paaa Xxo, Xi,...X; Ha BOCeMb DPa3HYHBIX OAHOTOUEUHHIX psAAoB. [Ipu-
MeHenne npeoGpaszoBanHus Pypbe K KaxKAOMY OIHOTOYEHHOMY pPAAY
naer Touky. Ha caefyioliem mare yasoenue nmpuMeHnsiercs 4 pasa aas
noJiyuenus npeoOpasoBaHuil YeTHIpeX Pas3aHUHLIX PSAOB U3 ABYX TOYEK
(%0, x4), (%1, X5), (X2, Xg) W (X3, X7). 3aTem NPHUMEHHM yHBOEHHE ellle
ABAXKAB A MOJydYeHus npeo6pa3oBaHuii ABYX Pa3jHYHBIX PAJOB H3
YeTHIpeX TOUEK (Xp, X, X4, X5) W (x5, Xa, X5, ¥7). Haxoneu, npumenus
yIBOeHHEe ellle pa3, MOJYYHM NpeoOpasOBaHHE HCXOAHOTO psla H3
BOCbMH TOYeK (Xo, X1, Xo, ..., X1).
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Ocraercsa paccmoTpeTb AeTaju mnpouecca yasoenus. [lyctb

-2 V::emlm:: Wm; (1.3.6)
VW=e"=-—1. (1.3.7)
b TlpeoGpasoBaHnaAMH JBYX N-TOUeYHBIX PAJOB 10 ONPEAENEHHIO HB-
Af0TCHA
N1

Xk:-z x‘-V‘jk (k:-—o; an-I .N-—l),

=0
N1 ‘
Yy=> yV¥* (k=0,1,.., N—1).
j=0

IIpeoGpasoBanieM psjfla € YepeAyOUIMMHCH uJdeHaMu 2= (Xo, Yo,

X1, Y1, « o Xn—1, YN—1) 1O ONPELEICHHIO, TOAYTHM
A 2N—1
Zy= 3 zV* (k=0, 1,.., 2N —1).
=0

Hans noayuennsi Z, u3 X u Y, norpeGyiorca ase popMyabl: ofiua A
k=0, 1, ..., N—1 u apyras aaa =N, N+1, ..., 2N—1.
Bo-nepshiX,
28—1 -
Z,=3 zV* (k=0 1, ..., N—1).
=0
Pazo6beM CYMMy Ha JB€ 9acTH, YKa3elBasg, 4TO X; YMHOXaercsa Ha
yeTHbie crenedu V, a y; — Ha HeuyeTHBIE: .
' N—1 N—1
Zy= ) xf'/”"+ v* > y Vik= X, 4 VY, (1.3.8)
=0 i=0
OcraBliyiocsi NOJOBHHY YJAEHOB Zj MOJy4YHM cJaeayomuMm o06pasoM:

2N —1 2NM—~1

Z, = Z z, Vit — 2 g 5 )
=0 =0
(k=N,N+1,..,2N—1; k—N=m=0, 1,..., N—1);
2v_1] 2N—1 N
Z, = 2 zlvlnz(va)!= 2 zlvfn-:(_l)lz 2 x’_vlim__
=0 =0 =0
N—1
'S g vy
/=0

Boea Xy o~V . =N N bies =1, - (149
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Ileproe BLIYHC/EHME HA MallMHe TO 3TOMY AJTOPHTMY NPOH3BEIEHO
Bepuom I'epGepToMm, KOTOpBIi IIHPOKO NMPHMEHAJ ero IpH HHTeprpe-
TAlMH JAaHHBIX CeHCMHYECKOro MeTola OTpazKeHHBIX BoJH. O 3anpo-
rpammupoBan ero na 3BM IBM 1401 s 1962 r. B. I'epbepr HuKoraa
He ny6auKoBaJ cBoero Meroga. Oun ObJ 3anoBO Haiilen u onyGauKo-
Ban Kyan u Toloku B 1965 r. Takum 06pa3om, OH cTaj H3BECTEH Kak

SUBROUTINE FORK(LX,CX,SIGNL)
C FAST FOURIER 2/15/69
G X
C CX(K) = SQRT(1/LX) SUM (CX(J)®EXP(2*PIXSIGNI*T* (J-1)#* (K-1)/LX))
c J=1 POR K=1,2,..,, (LX=2**INTEGER)
. COMPLEX CX(LX),CARG,CEXP,CW,CTEMP
R L §
SC=SQRT(1./LX)
DO 30 I=1,LX
IF(1.6T.J) GO TO 10
CTEMP=CX (J)*SC
CX(J)=CX(I)*SC
CX(1)=CTEMP
10  M=LX/2
20 IF(J.LE.M) GO TO 30
J=J-M
M=M/2
IF{M.GE.1) GO TO 20
30 J=J4M
L=1
40 ISTEP=2AL
DO 50 M=1,L
CARG=(0.,1.)*(3,14159265*SIGNI* (M-1)) /L
CW=CEXP (CARG)
DO 50 I=M,LX,I1STEP
CTEMP=CW*CX (1+L)
CX(I+L)=CX (1) -CTEMP
50  CX(I)=CX(I1)+CTEMP
L=ISTEP
IF(L.LT.LX) GO TO 40
RETURN
END

PHC, 1.8 Tlporpamma Grictporo mpeoGpasopanus ®ypbe

anroput™ Kyam — Toioku [9]. Ilporpamma, Bunonusiomas GeicTpoe
npeobpazopanue ®Pypne (B Moaudukaunun BpenHepa), mpuBefeHa Ha
puc. 1.8. TloBTOpHBIH BHI30B 3ITOR NpPOrpaMMhbl NPHBOAHT K BOCCTAa-
HOBJIEHHIO MCXOAHBIX jaunbiX. Ilpym nepBoM ofpaulerun onepaTop
SIGNI nonxen ObTbL pased +1, a npn BropoM obpautennu —1. One-
parop LX nomxen GHITH CTENEHbIO JNBOHKH.

YnpaxHeHue

Tlposepkre, ABAsETCSE AM B CAy4Yae NPOH3BOJALHOH pasmepoctn NXN maTpuua B pH-
paxennn (1.3.5) B camom Jene obpaTHoll 10 OTHOWIEHHIO K MATPHIle B BBIpaXKe-
Han  (1.3.3).
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1.4. PA3OBAA H PYNNOBASA 3ALEPXKH

Muoryne GuIbTPH CHJIBHO H3MEHAIOT CHTHAJM, IPOXORALLKE YePes HuX.
Hpyrue xe QUAbTPbI He3HAYHTENbHO HIMEHSIOT CHFHAJABI HJIH BoOGIle
KX He H3MenaloT. KO BTOPOil B3 yNOMAHYTHIX KaTeropuit npuHajiesxar
npeobpazoBaTten (MPUEMHHKH) M perHcTpatopsl. B Takmx cayuasx

Bzad Buwzod

PHC. 1.9. Cunycouaga sinwf Ha Bxole
$uanTpa U 3ajepHKAHHAT CHIHYCOHAA
sin(wfi—@p) Ha ero BhIXOJe

OCHOBHBIM BHIOM H3IMEHEHHS CHIHAJa ABJAAETCA 3aJepXkKa ero BO
Bpemenn. OJQMH H3 cnoco0GOB ONpefeJNeHHs 3a4epHKKH (QHIALTPA 3a-
KJloyaercs B Mogade Ha BXOA (HAbTPA CHHYCOMJAAJbHOTO CHrHaja H
cpaBrenns ero (aspi ¢ (pas3oil BuIXogHOro cursana (puc. 1.9). Ecau
CHTHAJ HA BXO/e sin wf, a Ha BHXoje sin(wf—¢), TO TaK HasbHBaeMas
¢dasosas 3agepKKa fp, HAXOAMTCA CaeAylOHM 00pasom:

sin (of —@)=sinm (f —1,);

of —p=—=uof — of ;

’ b (1.4.1)
?

fpﬂ?_

MurtepecHee Tak HasbiBaeMas rpynnosas 3ajgep:xkka. Ona spiasercs
aHaJIOTOM TPYIMIOBOH CKOPOCTH B TEOPHH PpAacnpOCTPAHEHHA BOJH.
B camom jJene, NMpH MOMENHPOBAHHH BOJIHOBHIX MpoueccoB Ha DBM
pacnpocTpaHeHue BOJH, CKaxeM, oT ToukH A 2o toukn B, MoXeT GHITH
HMHTHpOBaHO ¢ nomoubio (uabtpa. Korna gopma curnana, uabiio-
Jensoro B ToukKe A, oTaHyaercsi Or (OpMLl cHrHana B TOuKe B, HO
orubapiias 3Hepruu B TOYKe A noxoxa Ha 3ajepKaHHYl0 oruGaio-
Llyl0 Hepruu B Touke B, TOrja BO3HHKAeT CHTyalusd, AJA KOTOPOil
HNOHSITHE TPYINMIOBOMl CKOPOCTH, XapaKTepusylleil CKOpocTh pacnpo-
cTpaHeHusa orudaiolleil IHEPruH, MoKeT OBITL OYeHb I0Je3HbIM.

Ilpn cyMMHpOBaHHH [BYX KOCHHYCOH/aJ/IbHBIX CHIHAJOB C OJu3-
KHMI 4acTOTaMu BO3HMKAIOT Onenus (nmysnbcauuu) (pue. 1.10). Koraa
CHTHAJ TaKoil (OpMBI NPOXOAHT yepe3 GUALTP, TO KaxKJAad H3 YACTOT
MOxKeT npuoGpecTH pasAHUHYIO 3alep:KKy, B pe3yJbTdre 4ero Oru-
Oaomas unn KoseGanus OyAyT HMETh 3aJepXKKYy, KOTOpas OTIHYAETCS
or «a3oBbix 3ajepxkex obeux yacToT. 3amepkka orubaoileil HJIH
rpynnoBas 3alepiKa He MOXKET paBHATLCA CpejHeMy 3HaueHHw ¢a-
30BBIX 3a/lepiKeK 3THX ABYX 4YacTOT. DTO MOXKHO MOHATH M3 CJEAYIO-
mwero. [Tpeanonoxum, 4to Gopma BXOZHOIO HMNYJbCA X; HMEET BHLI

Xt=c0s @f+cos wst. (1.4.2)
Henoabsys TPHIOHOMETPHYECKOE TOXAECTBO, 3aNHUIeM

W, —

Xpe=21008 t cos ——

t. (1.4.3)

W, @,
2
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BuauM, uTo cymMMa JABYX KOCHHYCOB MNpeicTaB/sieT cO00H npousBeae-
HHe KOCHHYyca cpeJHell 4acTOThl HAa KOCHHYC MOJIOBHHLI PA3HOCTH 3THX
yacror. Tak KakK YacTOTHl B3AThl OJH3KHMH APYr K ApYyry, TO COMHO-
MHTeNb PA3HOCTHON YaCTOTHL MEJICHHO H3MEHSeT aMIIHTYy CpelHed
yactoTel. Temeph mnoTpeOGyem, uTOOLI BHIXOAHOH CHIHaA ¢HJIBTPA

Y1=c08 (01—, ) +c0s (wgf—q2). (1.4.4)

Ipu 3TOM Jenaercs Aomyluende, uto KojeGaHns oOeHx 4acToT He
3aTyxaloT. Yuer 3artyxaHua no AuddepeHumaJbHOMY 3aKOHY I

: PHC. 1.10. TpadK aMmimTyano-Momy-
: JHPOBAaHHHX KojefaHHH BHAa COS wit+
-+ cos waf

2% ‘
—~— S
@y,
OJeHX YacTOTHBIX KOMIIOHEHT 3HAYHTEJbHO YCITOXKHHA O6bl anaaus. Hc-
0/15:3ysl TPHTOHOMETPHYECKoe TOXKAecTBO B dopmyae (1.4.4), moay-
UHM

ot o, + @, P11+ %2 W, — @, P1— %2
y,_i’cos( v e 5 )cos( TS 5 ) (1.4.5)

[Tepenucas MHOXKUTENb, XapaKTePH3YIOIIHA MYJbCAUHIO aMIHTY-
Abl KoseGanuil, B 0003HAaYeHHSIX BPeMEHHOIl 3allepXKHu fg, HMeeM

0, —® $1—92 \_ @, —
cos( 18y B ’)—cos[%(t—tg)]

HJIH
(0, — ®,) tg= i Ps

Torja rpynnosas 3ajepiKKa ONPEeJHTCS BHIPaXKeHHeM
R Lk L S (1.4.6)

Ha npaxrtike o0bIYHO HaGJIOAAIOTCS HE ABE YHCTHIE KOCHHYCOHIHI,
a KoseOanusi, 3aHMMalOllHe HEKOTOpPYy0 moJocy uacTor. [losromy
rpyNIoBas sajepikKa sIBJIfeTCH 4ACTOTHO-3aBHCHMOH (yHKLHei u 3a-
jAaercs BblpaxKenueM fg=dp/dw. Pa30BbIl yroa ¢ MOMKHO ONPEIECIHTD
KaK apKTaHTeHC OTHOIIEHHS MHHMOH M AelCTBHTEJbHONR uacTtell mpe-
o6pasoBanus Pypne: ¢(w)=arctg[Im B(w)/Re B(»)]. Unoraa yno6-
HO HCIIONIL30BaTh ONpejleieHHe KOMIIEKCHOTO Jiorapudma.
Torma

B=re'%; mB=In|r|+Ine*=In|r|+ip.
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Hrak,
¢=ImInB;

1 dB

d d
t, = jo-=Im = [InB (0)] =Im 5.

g

(1.4.7)

Yao6ubiM npuGaHKeHHeM B BLIUHC/JACHHAX JJIS ANCKPETHBIX 3HAYEHHH
B sBaserca opmyaa

~ 2 Bk-!-l‘—Bk
tg = T Im HB&-Q—gﬂI . (148)
BakublM acnmeKTOM TeOopHH pachnpocTpaHeHus BOJH ABJAAETCA pas-
audne Mexay ¢asosoil u rpynnosoil ckopoctaMu. Onu cXoaubl ¢ da-
30BOIi H rpymnoBoil 3ajgep:kamu. Hanpumep, ecan BoaHbl pacnpo-
CTPaHsioTCa B/0JbL JABYXMepHOi NMOBEePXHOCTH, TO (dasoBas (QyHKLHA
MOKeT ObITh 3a/laHa Kak

¢ (¥, y) =ke(x—2x0) +ky(Y—Yo)- (1.4.9)

3aech KOODAMHATHL (Xo, Yfo) ONPEAEAIOT MECTOMOJOMNKeHHe BXOJHOrO
curiana ¢uabTpa, a (x, y) — mecto HabmojeHus ¢asbnl (MoAOGHO
Boixoay ¢uiabTpa). Beanunnsl ke u R, 03HAYAIOT «NPOCTPaHCTBEHHbIE
YacTOTHI», T. €. Ry €CThb 27, JeJIeHHOe Ha NJIHHY BOJIHBI, H3MEPEHHYIO 1O
ocu x. CooTHOMCHHE MeXAYy ®, Ry H R, ycTaHaBJNBAeTCs MeTOJaMH
TeopeTnueckofi (usuku. OGBHIYHO OHO MOXKeT OBITh 3aJaHo B (opMme

0=0 (ks, k). (1.4.10)

ITockoabKy CKOpOCTh €cTh paccTosiHHe, Jle/leHHOe Ha BpeMs, TO (a3o-
BYIO CKOPOCTb IO HAllPaB/JEHHIO X MOMHO ONpEeReNHTb Kak

X — Xq w
(V¢33)x S —W—"’_=E ?

[pynnoBasi CKOpPOCTB AN X-KOMIOHEHTH

X — X, dw
(V,p)x_—:md;=(x—x,) 'a;‘ (1.4.11)
ITonoxkuM, uto Y=y, Torpa copmynaa (1.4.9) npuBoauTCE K BHAY
p="Fkx(x—xp).
Otkyza (B auddepenuuansHom BuIe)
oky 1
dp =~ x—x, °
C yuerom dopmyasl (1.4.11) sto paer
dw ok o
(Vrp)x=(x_ xn)%_df'=%. (1412}

Takum oOpasoM, BeKTopHasi TrpyImioBas CKOPOCTb ecTh (0w0/0kx,
Ow/dk,). Uunoraa du3uyecKkasi TeOPHs TAK CJIOXKHA, UTO COOTHOLICHHE,
nopobuoe BblpaxKeH® (1.4.10), nenb3s waiith B siBHOH ¢opmMe H
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BMECTO Hero HCMoJb3yercsi HesiBHasi 3aBHCHMOCTb F(w, &, Ry). B Ta-
KOM CJydae B COOTBETCTBHH C H3BECTHbHIM COOTHOIIEHHEM H3 TEOPHH
YAaCTHLIX MPOH3BOJAHBIX HMeeM

Jw o OF /oky

Okx 0F /0o *

B 3xcnepuMeHTa bHOM reou3dKe NOHATHE CKOPOCTH MOYTH BCErla
cBsi3blBaeTcs ¢ TPYNMOBOH CKOPOCTbIO, € KOTOPOH mepemeliaercs

PHC. 1.11. Ilpumep AByx Boan I m
P 2 3BYKOBOTO JaBJeHHN, KOTODHE
CYUMTAIOTCA Pe3yJLTaTOM  SAePHOro
B3puBa B A3uH (0HH GELTH 3aperH-
x cTpHpoBanbl B Kaandopuun OJHHM
f“‘-ﬁcﬂ n3 muxpoGaporpados asTopa)

[MTepboe
Gcmynnenue

Mepboe
Bemynnenue

sHeprus. Ha puec. 1.11 npucyrerByer usauumuuii «uym» (0OGbIYHBIA
B 3KCMepHMEHTAJbHON TreoH3uKe), OAHAKO MOMHO BHJAETb, 4TO BO3-
MyllleHHe MPOSIBJASETCS CHauaja B BHAe KoJeGaHuil ¢ GOJBIIHM MEpHO-
IOM, a 3aTeM yiKe B BuJe KoJebaHHii ¢ KOpoTkuMm mepuoioM. I'pyn-
noBas CKOPOCTh HaXOAHWTCHA NyTeM JAeJICHHSA paccToaHHs Ha BpeMd
pacrnpocTpaHeHus BOJHb. PazoBble CKOPOCTH MOMKHO H3y4arb, HMes
IBe CcTaHUMM HaOJI0eHHs HejaleKo Apyr OT Apyra H H3Mepad Bpe-
MEeHHYI0 3aJepKKy HEKOTOPbIX crnelHduuecKnx nepecedyeHHi HYyJeBOMH
guund. [Ipuinna, no KOTOPOH CTaHLHH pacnojaraloT HefallekKo Apyr
OT Apyra, 3aKJl04aercss B TOM, 4TO (opMa BOJHBl HENPEPBIBHO H3Me-
HAETCHA W eCJH CTAaHIHH OTCTOAT CJAHIIKOM JAaJeKo Apyr OT Apyra, To
He Oymer BO3MOMKHOCTH ONpeleleHHsi TeX I[epeceuyeHHH HyJeBOH
JIHHHH, KOTOpbIe A0JXHbI CPABHHBATbHCH.

1.5. KOPPEJISILILUS U CNEKTPBI

CrnekTp BpeMeHHOH (DYHKIHH eCTb BO3BeleHHOe B KBajapaT mnpeobpa-
3zoBaHne @ypre 3T0Hl (QyHKIHH. B cayuae neHcTBHTebHOH (QYHKUHH
npeoGpaszoBanue Pyppe HMeeT 4eTHyI0 AeficTBHTeJbHYI0 dacTh RE n
neveTHyio MHuMYyIo uacth 0. BasB kBaapaTe moayJeil, nMeeM:
(RE+i10) (RE—i 10) = (RE)2+ (10)2.

Ksajpat HedueTHOH (DYHKIMH TaK JKe KaK H KBaJpaT YeTHOH (yHKUHH
siBJII€TCs, OYeBHAHO, ueTHOH ¢yHKuueid. Takum oGpasoM, crekrTp
JeACTBHTEeIbHOR (PYHKIHH BPEMEHH €CThb ueTHas (YHKUHA, TaK 4TO €ro
sHauYeHHs B OOGJacTH MOJOXKHTENBHHIX 4YaCTOT COBNOAAAKOT C €ro 3Ha-
yeHHAMH B 00JaCTH OTpHIATeJbHHX uwacTor. Ilostomy Her ocoforo
CMBICJIa BHIIENSITD OTPHIATeNbHBIE 4YacTOThl. XOTsi GOJBLILHHCTBO
BCTPEUAIONIHXC HA NpakTHKe (YHKUHH BPEMEHH SBJSIOTCS AEHCTRH-
TeJbHLIMH, PACCMOTpPeHHe KOppeJfllHH H CHeKTpoB He Oyler marema-
THYECKH NOJHHM 0e3 GYHKUHH BPEMCHH C KOMIJIEKCHBIMH 3Haue-
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puamu. KpoMe TOoro, KoMIiLieKCHble (YHKIHH BpeMeHH BEChbMa I10J1e3HbY
BO MHOTHX (H3HYecKHX 3ajavaXx. B KawectBe nmpuMepa paccMoTpum
BEKTOPHbIA JBYXKOMNOHEHTHBI/i HHJMKATOP CKOPOCTH BETpa: OjHa
KOMIIOHEHTA, HANpaB/eHHash HAa CeBep, perHcTpupyer ny, a JApyras,
HampaBJeHHas Ha 3anaj, sanuchBaerT ;. Tenepp, ecanm COCTABHTL
BpeMEHHOHl PSi/l C KOMIJIEKCHBIMH 3HAUCHHAMH Up== ¢+ iws, TO MOAYJIH

View)

PHUC. 1.12. CnekTp KOMIIEKCHOTO Bpe-
Mennoro pama e " (@of+¥)

1] w o)

n ¢asoBble YI/bi KOMIUIEKCHBIX UHCE] HMEIOT OYeBHIHYIO (DH3HUYECKYI®
unrepnperanuio. Ilepsas yactb npeoGpasoBauusa (RE+i10) ortho-
cureds K n;, a Bropags (RO+iIE) —x w, Opauako cnekrp
(RE+RO)?+ (IE+10)? He saBasercs HH YeTHLIM, HH HEYeTHBHIM, a He-
pasenctBo V(+4w)s#=V(—o) nomxkHO HMeTb Kakoe-ToO 0ObICHeHHe,
JlelicTBHTENIBHO, OHO HMeEeTCs, H CMbIC/J ero COCTOHT B TOM, YTO + O
COOTBETCTBYET BPANIEHHIO 1O YacoBOil CTpPeJKe, a —@ — BPAUIeHHIO
B NPOTHBOINOJIOKHOM HampasJeHHH. UTOOH YBHIETb 3TO, NOJOMKHM,

uto ny=cos (wef+¢) u

Wy = — sin (o, +¢). Torna v,=e™" “'*¥  a npeobpaaopanse Dypbe
HMeeT BHJ
+0o s
V)= (e ™" e!a, (1.5.1)
—
V(0)=25 (0 — o)e " (1.5.2)

Cnekrp 8?(0—wo) moxkasan Ha puc. 1.12. M, nmaoGopor, ecin 6B we
HMes0 BHA Sin(wof+¢), To cnekrp 6bl1 Obl jAeabTa-QYHKIHEH InpH
—g, 03HAYAIOUIEH, YTO BEKTOP CKOPOCTH BETPA HANpPAaBJeH B APYryio
cTopony. B reodusuke umeloTcss W Apyrue NpHMEpH KOMIIEKCHBIX
BpEMEeHHBIX PAMLOB.

1. Buansinue rpaBHTalMOHHOrO NpuTsKeHHs JIyHbl Ha yHnpyrywo:
3eMJi0 BBI3LIBAeT JIOKaJbHBIEe HAKJOHBI MOBepXHOCTH 3eMaud. Hakiow
B HampaBJIEHHH CeBep — Ior MOT Gbl ONpejensTh BPeMEHHOH pfim Xi,
a HAKJIOH B HANpaB/IeHUH 3anaji — BOCTOK — BpeMeHHO! paj y: Toraa
PAR X¢+i Yy cTpeMHACA Obl HMETb OAHO 3HaYeHHE BPAlleHHS B CeBep-
HOM TOJYIIaPHH H NPOTHBOMOJIOXKHOE 3HAYEHHE — B IOXKHOM TOJY-
HIapHHu.

2. BeprukaiabHble H TOPH3OHTaJbHBle JBHIKEHHA ceficMorpada
TaKzKe COCTABJISAIOT KOMAJEKCHbBIH BpeMeHHOi psa.

3. Hyramun ocu 3eMHOro Hiapa BOKDPYT YIVIOBOH MTHOBEHHON OCH
(Yennnep Yob6un).

4. KpyroBast NOJAPM3aUHs 3JCKTPOMArHHTHON BOJIHEL






